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/] comprehensive line o f Coal-Tar Derivatives serving the following industries 
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T H E  L IS T E N IN G  POST

R a n c i d i t y  o f  F a t s  caused b y  oxidation may be postponed by- 
adding minute quantities of certain inhibitors. The relative 
values of various inhibiting compounds have been studied by 
Greenbank and Holm (page 243), who have shown that maleic 
acid ranks in effectiveness with some of the phenols.

L i g h t ,  as well as oxygen, affects the development of rancidity, 
and Coe and LeClerc (page 245) have investigated the effects of 
various light filters on this phenomenon, showing that green 
light is safest.

F u n d a m e n t a l  T h e r m a l  D a t a  for fats and fatty acids are given 
by Mills and Daniels (page 243) for the assistance of the chemical 
engineer in designing fatty-acid stills for greater efficiency.

T r e a t m e n t  o f  W a t e r  S u p p l i e s  to effect economies in its general 
use has been studied by Hopkins, Armstrong, and Baylis (page 
250). The savings to be made by communities (using water of a 
hardness not greater than 75 parts per million) by proper treat
ment of the raw water have been calculated on the basis of re
sults achieved in Baltimore, and the findings are applicable gen
erally to municipal water supplies.

W a t e r  S o f t e n i n g  saves corrosion of mains and hence may effect 
major economies in amortization of plant, according to Powell 
(page 254), without affecting potability.

P o t a s h  f r o m  G e o r g i a  S h a l e  with aluminum oxide as a salable 
by-product may assist in providing this essential fertilizer con
stituent for our farmers. Madorskv (page 256) presents a pos
sible method of recovering it.

S e n s i t i v i t y  o f  H y d r o c a r b o n s  t o  H e a t ,  even during the short 
period of the explosion in an internal combustion engine, may 
profoundly affect the nature of the explosion reactions. Rice 
(page 259) contributes data on the cracking of the compounds 
present in gasoline to the solution of the detonation problem.

P r o g r e s s  i n  t h e  U t i l i z a t i o n  of petroleum hydrocarbons as 
raw materials for chemical industry will probably be made by the 
discovery and development of direct reactions which avoid the 
cumulative losses of steplike processes. Wiezevich and Frolich 
(page 267) contribute a study of the direct catalytic oxidation of 
hydrocarbons with air, and not only give us the benefit of a large 
number of experiments but also include a lengthy bibliography. 
Although no process yet commercially satisfactory is described, 
much of the fundamental knowledge on which such a practical 
result will be based is included in their discussion.

D r y i n g  C h r o m e  L e a t h e r ,  important in arresting the reactions 
of tanning at the proper point, has in the past been conducted as 
a batch operation which is both expensive and in some respects 
uncertain. Continuous tunnel drying is being deYeloped for 
this industry as a substantial improvement in many ways. Hou- 
gen (page 333) has investigated the dry ing characteristics of skins 
and provides fundamental data for the design of such continuous 
driers.

A m o n g  t h e  M o s t  I m p o r t a n t  C h a r a c t e r i s t i c s  o f  c e l lu lo s ic  
m a t e r ia ls  i s  t h e ir  b e h a v io r  w i t h  w a t e r .  S h e p p a r d  a n d  N e w s o m e  

( p a g e  2 8 5 )  h a v e  lo o k e d  in t o  t h i s  a n d  s u p p ly  in t e r e s t in g  a n d  im 
p o r t a n t  d a t a  o n  t h e  w a y s  in  w h ic h  w a t e r  c a n  a t t a c h  i t s e l f  t o  c e l lu 
lo s e  t o  a f f e c t  i t s  p r o p e r t ie s .

How D o e s  S o l i d  M a t t e r  affect boiler operation, is the question 
Foulk and Whirl (page 263) have set themselves. In this second 
article on the subject they show that suspended solids lose their 
foam-stabilizing tendencies at high temperatures and pressures.

S i l i c a t e  o f  S o d a  as an added ingredient in soap at one time was 
the subject of vigorous argument between those who thought it 
valuable and others who considered it useless. Careful study 
and long experience indicate definitely that it is useful in many 
ways as a detergent. Carter and Stericker (page 277) have 
studied its effect on soap and report findings of value to soap 
makers.

A c a d e m ic  R e s e a r c h  often fails in its full usefulness because the 
conditions chosen for study are quite impossible or impracticable 
to realize in industry. Countless examples of beautifully planned 
and executed researches which fail to be valuable through lack of 
appreciation of industrial conditions are familiar to everyone. 
Frarv (page 231) is eminently qualified to suggest the landmarks 
and guide lines to be observed in planning academic metallurgical 
research to make it useful, and this he does in his paper on metals 
and alloys.

O r a n g e  J u i c e  is one of the most fragile materials in the ordinary 
diet and many methods of preserving it have been proposed to re
lieve the cook of having to prepare it fresh for every breakfast. 
Joslyn and Marsh (page 295) have studied the effect of freezing 
storage on its various properties and here report findings.

C r a c k i n g  C h a r a c t e r i s t i c s  of gaseous hydrocarbons and the 
mechanism of reactions initiated by their heat treatment are fun
damentally important to the petroleum refining industry' and to 
the utilization of this potential source of raw materials for organic 
synthesis. Dunstan, Hague, Wheeler, and Cadman (pages 307 
and 315) have gone into this subject experimentally in consider
able detail on both laboratory and plant scales and report their 
findings. Their paper deserves, and will no doubt receive, close 
attention from the petroleum industry as well as from organic 
chemists generally.

P h y s i c a l  F a c t o r s  fundamental to cracking petroleum and the 
design of cracking plants are evaluated by Brown, Lewis, and 
Weber (page 325).

S u l f u r  F u n g i c i d e s  possessing the toxicity of sulfur itself un
diminished and at the same time endowed with the colloidal 
properties of bentonite have proved to be extremely valuable 
in use. McDaniel (page 310) describes these interesting com
pounds and the method of their manufacture by fusing sulfur 
into the structure of bentonite clay. To one unfamiliar with the 
colloidal properties of this important earth, the finished material 
is the more remarkable since one might expect the sulfur fusion 
to destroy or materially modify its unique characteristics.

B u s i n e s s  i n  C h e m i c a l  P r o d u c t s  is definitely on the upturn, 
according to Wilson (page 351), who analyzes foreign trade 
during the past year in comparison with 1932. Although trade 
is far below what we hope will be normal, the definiteness of 
improvement and the indications of the first effects of business 
revival are unmistakable. Perhaps the most striking fact in the 
situation is that both imports and exports are increasing despite 
the vagaries of money during the period.

A N e w l y  D e t e r m i n e d  T a b l e  of the refractive index of pure 
glycerol, values of prime importance in the soap and glycerol in
dustry, is given by Hoyt (page 329).
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A NEW CODE OF 
ECONOMY FOR 
CHEMICAL GRINDING

Large profits from sm all units is the code of econom y that dictates 
the design o f Raym ond Screen M ills .

N o w , a com plete line  of these low  cost producers is ava ilab le , giving  
a capacity range from 2 0 0  to  4 0 0 0  pounds per hour, and a ll d e 
grees of fineness from granular m aterial to superfine powders.

The latest m odel of the N o . 0  Screen Pulverizer, shown with cover 
lifted , typifies this group of machines . . . s im ple, com pact and 
sturdy. N o te  the heavy castings, husky swing hammers, and liberal 
size shaft m ounted on ball bearings . . . every deta il w orked  out 
to insure long service and low m aintenance.

Its econom y is demonstrated in scores of installations where such 
materials as d ry colors, acid salts, phosphate products, dyestuffs, 
filter-press products and various chemicals, are ground to uniform  
fineness at substantial savings that more than justify replacem ent of 
old  equipm ent.

Economize when you pulverize b y  using the one-stage process of 
Raym ond Screen M ills  . . .  a cheaper m ethod of making a better 
product. W rite  and te ll us what you grind, and w e w ill advise you  
if a Screen M i l l  is practical for handling it. Raym ond Bros. Impact 
Pulverizer C o ., 1 3 1 3  N o rth  Branch Street, Chicago. O ffices  in 
N e w  Y ork  and Los A n g e les .

RAYMOND
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COPPERSMITHING
that \eeps pace 
with modem

In d u s t r ia l  Req u ir e m e n ts

f  I 'W E N T Y -F I V E  th o u sa n d  ga llon s o f  m ateria l in  ev ery  
b a tch  w ill b e co o led  an d  p rocessed  in th e  specia l

a ll cop p er p an , o n ly  h a lf  o f  w h ich  is sh ow n  in  th e  larger 
illu stra tion . O ver sev en  th o u sa n d  r iv e ts  ho ld  th e  tw e lv e  to n s  o f  copper  
sh ee ts  r ig id ly  and  secu re ly  in  p lace . T h e in side is p er fec tly  sm o o th — even  
th e  seam s and  corners; to  m eet th e  exa ctin g  sa n ita ry  req u irem en ts o f  th e  
food  p rod u ct to  b e h an d led . E v e r y  p art o f  th e  fifteen  h und red  sq uare foot 
b o tto m  is flat, b ecau se  th orou gh  drainage is im p ortan t.

T h e  largest d ish ed  copper b o tto m  ever  bu ilt in one*piece is sh ow n  in  th e  
o th er  illu stra tion . I t  is s lig h tly  m ore th a n  14' in  d iam eter  an d  w eigh s  
over  tw o  to n s . T h e  sh ee t h as b een  w orked  to  a d ep th  o f  51"; and  still 
th e  m eta l is un iform  in th ick n ess.

♦Fabricated wherever prac
ticable from  any of the new  
m aterials of construction.

W h en  y o u r  design  ca lls  for cop p ersm ith in g , or it  is n eed ed  for rep lacem en t—  
no m a tter  w h a t th e  in d u str ia l ap p lica tio n  is, w h y  n o t le t  BtlHcrAj< assu m e  
th e  resp on sib ilities for y ou ?  H ere  y o u  w ill find  en g in eerin g  ta le n t  and  
m odern  m an u factu rin g  fa c ilities  id ea lly  com b in ed  to  q u ick ly  an d  sa t is fa c 
to r ily  co m p le te  y o u r  a ss ig n m en t.

BUFFALO FOUNDRY & MACHINE CO.
1 5 4 9  Fillm ore A v e . ,  B U F F A L O , N . Y .

NEW  YORK CHICAGO ST . LOUIS
295 M adison  Ave. 1636 M o n adnock  B ldg. 2217 Olive S t.

SAN FRANCISCO, 972 R u m  B ldg.
In  C an a d a : BUFI-O^ AK COMI*AN\ O l  CANADA, LI.VIITFD, 1101 C an ad a  P e rm a n e n t B ld g .,T o ro n to

BREWHOUSE
EQUIPMENT

DISTILLATION
APPARATUS

‘ DRYERS

‘ EVAPORATORS
♦IMPREGNATORS
‘ FUMIGATORS
‘ VULCANIZERS
‘ CHEMICAL PLANT 

EQUIPMENT

CHEMICAL
CASTINGS

Reg. T rade M ark



8 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 26, No. 3

PHILADELPHIA QUARTZ COMPANY

ON THE SMOOTH ENAMELED TABLE TOP

a  g re a te r  e ffect from  expensive opacifiers.

O th e r industries also find need  fo r P. Q . S ilicate  

in various pro tective  coatings. The oil cracking  

plan t fo r instance uses a coating fo r steel 

reaction cham bers in which silicate is an 

essential in g red ien t. H ere  the m etal is p ro 

tected  from  corrosive substances and  gases.

Your process m ay req u ire  a sim ilar e ffective, 

econom ical coating . O u r  Technical D e p a r t

m ent w ill co -o p e ra te  in an y  research you m ay  

u nd ertake  to use P. Q . S ilica te  in your p lant. 

W e 'll b e  g la d  to suggest the p laces w here  

you m ight use it.

G en era l Offices a n d  Laboratory: 125 S. Third St., P h ilad e lp h ia , Penna. 
Chicago Sales O ffic e : 20 5  W . W acke r D rive. Stocks in 6 5  cities. 
Sold in C a n ad a by N A T IO N A L  SILICATES LTD., Toronto, O nta rio .

W orks: Anderson, Ind ., Baltim ore, M d ., Chester, Pa ., B uffa lo , N .Y .,  
Kansas C ity , Kans., Rahway, N . J., St. Louis, M o ., Utica, III.

THE LADY O F  THE H O U SE  

knows the  "a c id  test" fo r en am eled  w a re . "W ill 

it stand lem on ju ic e ? "  she asks. W h e n  P. Q . 

S ilicate  is used in the enam eler's  fo rm ula , ¡tw ill.

G re a te r  ac id  resistance of cooking utensils, 

sinks, gas ranges, etc., results with the a id  of 

the p ro per g ra d e  of P. Q . S ilicate  o f Soda. 

Im portan t benefits  from  the silicate in the 
enam el include a reduced  sm elting tim e and



March, 1934 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y 9

PHENOL •  CRESOL •  CRESOL U. S. P. •  ORTHO CRESOL •  CRESYLIC ACID •  CREOSOTE OIL •  XYLENOL 

HIGH-BOILING TAR ACIDS •  NAPHTHALENE •  ANTHRACENE •  PHENANTHRENE •  CARBAZOLE 

ACENAPHTHENE •  FLUORENE •  FLOTATION REAGENTS •  W O O D  PRESERVATIVES •  DISINFECTANT OILS 

REILLY CARBON •  COAL TAR •  COAL TAR PITCH •  ROOFING MATERIALS •  IN-DUR RESINS

DECADE
P L A N T S  a t

SEATTLE, W ASH. •  PROVO, UTAH  

M IN N E A P O LIS , M IN N . •  C H IC A G O , ILL. 

G R A N ITE CITY, ILL. •  IN D IA N A P O LIS , IN D . 

DOVER, O H IO  •  FA IR M O U N T, W. VA. 

NEWARK, N. J . •  N O RFO LK , VA. 

C H A T T A N O O G A , T E N N . •  MOBILE, ALA.

R eil ly  s e r v ic e  a n d  R e i l ly  d is tr ib u t in g  fa c i l i t ie s  —  n o w  in 

their fourth d e c a d e  —  have  kept step with the d e ve lo p m en t  

an d  growth of the m an y  industries in which Reilly products 

a re  used. •  These products co ver  the entire ra n g e  of co a l  

tar distillation. Tw elve  plants m ake them quick ly  an d  e c o 

nom ically  a v a i la b le  in ev ery  industrial district in the United  

States. W h a te v e r  your requirem ents in the co a l  ta r  distillation  

field, you will find Reilly serv ice  c a p a b le ,  a n d  intent to serve.

R E I L L Y  TAR & C H E M I C A L  C ORPORAT I ON
EX EC U T IV E O F F IC E S : MERCHANTS BANK BUILD IN G, IN D IA N A PO LIS, IN D IA N A

2 51 3 SO. D A M EN  AVEN UE 5 0 0  FIFTH A V EN U E ST. LOUIS PARK

C H IC A G O , ILL. N EW  YORK, N . Y . M IN N EA PO LIS , M IN N .
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For Equipment Exposed to Corrosion by

•  Feed end of one o f two large, oil-fired rotary salt dryers with 
MonoI M etal finings and flights. These dryers arc 66” dia. x  40 f t .  
long and were built by C. O. Bartlett & Stio7o Co., Cleveland, Ohio, 

for one of the plants of the International Salt Co.

•  Mon el Metal filter cloth is used as the filter 
medium on this “ D O R R C O ” filter in plant of 
D IA M O N D  C R Y S T A L  S A L T  CO., S t. Clair, 
Mich. M fd . by The Dorr Company, Inc., 247 

Park Avenue, N ew  York. N . Y.

•  ( R ig h t )  Close-up o f one 
o f the  H u tn -m er M onel 
Metal Salt Screens in use 
at the  K lc c r  S a l t  M in e  
(Morton Salt Company), 
Grand Saline, Texas. M an
ufactured by IV. S . Tyler 

Co., Cleveland, Ohio.

•  ( L e f t )  M onel M e ta l 
Rock Salt D IS S O L V E R  
and M onel M e ta l B r in e  
Supply Tank at one of the 
DuPont plants. These tanks 
are supplied by the IN T E R 
N A T IO N A L  S A L T  CO.. 
rNC. to  u sers  o f  IS C O  
Rock Salt. This unit is 
capable o f producing 100 
gallons of saturated brine 
per hour. Larger units are 
built of Nickel-Clad Steel.

•  ( A bove) Monel Metal Bolts used in contact with the pol
luted salt water of the K ill von K ull for fastening intake 
lines and condenser coils. 50,000 o f these bolts were installed 
in 1910. A  few  of them ivcre removed for examination in 1932 
after continuous sendee and found  to be in the same condition 
as when first placed in service. Top bolt has been cleaned, 

shows no evidence of corrosion.

•  ( A bove) A ll Monel Metal 
salt washing hopper built by 
L. O. Kovcn cr Bro., Inc.. 
Jersey City, N . J. for  a well- 
knozvn salt company. Salt 
Crystals arc washed w ith a 

saturated brine solution.
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S a l t . . .  B r i n e  . . .  or S e a  W a t e r  . . .

use Monel Me fa/...
it stands - a  v

Æ  ...........  ... iti

•  “F laklce’' S O D IU M  C H L O R ID E  E U T E C T IC  R IB B O N S  are 
frozen  on the flexible Monel M etal drums of the " F laklce"  machines. 
Temperature of — 20° to — 40° F. are used in freezing these salt 
ribbons. ( In  c irc le ,  abovf.) “Flaklce '’ E U T E C T IC  B R IN E  R I B • 
B O N S  are pressed into 10 x  10 x  8 inch blocks which are called 
S A L T  IC E. They are stored at — 100 F. This product is finding use 
in maintaining temperatures of 0° to 6* F. in the shipment of foods; 

ice cream and perishable goods.
P hoto*: C o u rte sy  o f  T he SALT IC E  C O R PO R A T IO N . IK6 M om ajrae 
S t . ,  B rooklyn , N . Y . cAlhiiated w ith  th e  In te rn a tio n a l S a lt C om pany)

EQ U IP M E N T  that handles salt, or is 
in  co n ta c t w ith  b rin e  or sea  

water, m u st. . .  as chemical engineers 
know from experience. . .  be made of 
unusually resistant material.

In all these applications, the first 
demand is for immunity from rust, and 
a high degree o f  resistance to corrosion.

Equally as important, in many in
stallations, are toughness and strength.

W herever salt crystals are handled  
there is an imperative need o f  ability 
to w ithstand abrasion in the presence 
o f  constant, grinding wear.

A nd in a large number o f plants, 
freedom from m etallic reaction is im
perative . . .  to  avoid contam inating or 
discoloring th e  product.

Monel M etal is the outstanding com
mercial metal that combines A L L  these 
qualities: absolute rust-proofness, stub
born resistance to corrosion, strengtheq ual 
to that o f steel, extreme toughness, ability 
to withstand severe abrasion, and the me
chanical and chemical stability that as
sures the complete purity o f the product 
handled.

S alt-m akin g service, severe

For m ore th an  25 years, M o n e l 
M etal has been used in many different 
kinds o f  salt refining equipm ent, and 
in installations that are exposed to  
brine. Pure N ickel and Nickel-Clad  
Steel have also found many uses.

A  roster o f  the users o f  M onel 
M etal-lined salt dryers is a blue book 
o f  the salt refining industry.

O ne o f  the most severe types o f  ser
vice is that o f  aprons on salt grainers, 
where M onel M eta l is subjected to a 
se t o f  corro sio n -a cce lera tin g  c o n 
ditions that include abrasion, temper-

ature, moisture, and com plete aeration.

Interesting new developm ents

N ew  and interesting uses o f  M onel 
M etal include its em ploym ent in  the 
flexible cylinders o f  “ Flaklce" ma
chines for freezing sodi
um chloride brine rib
bons; in rock salt dissolv
ing tanks for the brine 
supplies o f  industrial and 
food product plants; and 
in salt w ashing chambers 
w h e r e  c r y s t a ls  are  
washed in saturated brine 
solutions.

The  enviable records 
made by Monel Metal in 
resisting corrosion by salt 
and brine explains its wide 
specificatiori in installa
tions where metal must be 
exposed to contact with 
sea water.

It is also o f  interest that the metal 
parts o f  salt spray testing apparatus 
subject to corrosion are almost invari
ably made o f  M onel M etal.

In the adjoining list o f  M onel M etal 
salt manufacturing equipm ent, you

find many items w hich are adaptable 
to a variety o f  crystalline processing 
operations.

T h is equipm ent is available through 
leading fabricators. C onsu lt them, or 
w rite us for further information.

USES OF MONEL METAL IN SALT A ND  BRINE M ANUFACTURE
Baskets, centrifugal
Bolts and Nuts
Buckets
Chutes
Chains
Conveyors, Screw 
Conveyors, Piping 
Dissolving Tanks 
Drain Boards 
Dryers, Rotary 
Expansion Joints 
Filters

Filter Cloth 
Fittings
Freezing Cylinders 
G rainer Aprons 
Grainer Rakes 
Hoppers 
Hydraulic 

Press Parts 
Linings & Flights 
Machinery, 

Packaging 
N ails and Screws

M achinery,
W eighing

Parts,
Machine 

Perforated Sheet 
Pump Rods 
Pump Valves 
Rivets
Rotary Dryers 
Screening 

Equipment 
Shafting

Sheet Metal W ork
Shovels
Supply Tanks

Self-Supporting 
T ie Rods 
Tubing 
Utensils 
Valves
W ashing Tanks 
W ire  Cloth 
W ire, W inding

T H E  I N T E R N A T I O N A L  N I C K E L  C O M P A N Y ,
67 WALL STREET NEW YORK, N . Y.
Monel ^letal is a registered trade-mark applied to an alloy containing 

/VaONE jX  approximately two-thirds Nickel and one-third copper. Monel Metal is
mined, smelted, refined, rolled and marketed solely by International 

----------------------------------------------- Nickel.

I N C .
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2 0 8  S . L A  S A L L E  S T R E E T , C H I C A G O , IL L IN O IS

S U B S I D I A R Y  O F  U N I T E D  S T A T E S  S T E E L  C O R P O R A T I O N

Notice there ts no separation o f  the stainless steel veneer from the backing plate in 
either inside or outside bends. You can work Plykrome without danger o f fault or defect.

Plykrome is unique in its resistance to 
splitting or separation o f  the stainless 
steel veneer from the base plate. It  
may be worked as you would work an 
ordinary carbon steel. It may be welded 
without subsequent heat treatment.

T h is  o u ts ta n d in g  su p er io r ity  o f  
Plykrome is due to  the use o f  a spe
cial metallic bond sheet between the 
sta in less  s te e l veneer and the  
base plate. T he two metals are 
effectively bonded by an interme

diary alloy formed by the bond sheet. 
Plykrome is the only stainless clad plate 
embodying this important principle 
o f fabrication.

For many applications where corro
sion resistance is required only on one 
side, Plykrome is practical, workable, 
and economical.

For detailed information on the ap
plication o f  Plykrome to  corrosion 
resistance problems, consult our 
representatives.

U> S  S  CH RO M IU M -N 1C K EL ALLOY S T E E L S  A R E PR O D U CED  U N D E R ’ L IC E N S E S  O F  T H E  C H E M IC A L  FO U N D A TIO N . IN C .. N E W  Y ORK, AND F R IE D . K R U P P  A . G . O F  G ER M A N Y



nnouncing
the commercial production o f

Furfuryl Alcohol
(Fu ry l Carbinol)

C 4 H3 O — C H a O H

Boiling rang e  (91-96% ) . . 7 5 - 7 6 ° C / l 2  mm.

Density at 2 0 ° C ......................................... 1.128-1.133

A lcoho l content . . . . . . .  9 3 - 9 7 %

•  Furfuryl Alcohol is miscible in all proportions with water and with 
many of the common organic solvents. It exhibits the reactions of a 
primary alcohol but when treated with strong acids or acid agents 
secondary reactions occur which produce resinous products. For this 
reason some care is required in the preparation of the esters of Furfuryl 
Alcohol. On the odier hand, this same property has been applied to 
the formation of protective coatings for laboratory table tops.

Furfuryl Alcohol is a solvent for cellulose nitrate and many natural 
and synthetic gums. As a dye solvent it is used in textile printing. 
Because of its selective solvent action Furfuryl Alcohol is effective for 
the removal of undesirable products from wood rosin and mineral oils.

Furfura l  Div i s ion

THE Q U A K E R  OATS C O M P A N Y



AVERAGE VALUES 
FOR ALL AMERICAN CARS 

LISTED IN 
TRADE PUBLICATIONS

v  Displacement

Volumetric Efficiency, PerCent
A —Averages of all American cars listed 
in trade publications for annual change in 
five_ factors: (i) total displacement in 
cubic inches, (2) Brake mean effective 
pressure at maximum brake horsepower,
(3) Revolutions per minute at maximum 
brake horsepower, (4) Horsepower per 
cubic inch of displacement, and (5) Maxi
mum horsepower. Each of these factors is 
shown in percentage of gain over average 
value in 1925.

C —The power gains to be expected from 
increases in volumetric efficiency are in
dicated by this curve. The data were 
taken in tests at constant speed on a large 
six-cylinder engine.

B —These curves show data that were 
obtained in tests of a tvpical eight- 
cylinder engine at three different com
pression ratios. Each increase in compres
sion provides greater power and better 
fuel economy, and, although the data are 
not shown here, lower exhaust gas tem
peratures, decreased heat to cooling 
water, and lower extreme bearing loads 
also result.

Fuel 
Consumption Ethyl Gasoline contains sufficient lead 

(1tetraethyl) to make it the world’s quality 
motor fuel.

0 1000 2000 3000 4000
Revolutions per Minute

Id I N D U S  T  R I A L  A N D  E N G I N E E R I N G C H E  M I S T R Y Vol. 26, No. 3
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are you going to do

1935?
TAKING shape on the drafting 

hoards of power plant engineers are 
engines that will make obsolete the new 
wonders America is acclaiming today.

Some of these projected power plants 
will be born for success.

Because it is your intention to build 
one which will be successful, and because 
power increases will probably help 
toward that end, we print this resume:

Pow er h istory— w h a t is it?

On the opposite page, chart “A” 
illustrates the steadily increasing 
horsepower of the average Amer
ican car. It also points out the 
component factors which caused this 
general increase.

That is for the average car—all cars.

Who m ade the increases?

Ninety-four per cent o f all cars sold in
1933 bore one of 12 nameplates, and 
their power history is even more pointed. 
M ost o f them showed horsepower gains 
for both 1933 and 1934, considerably 
greater than the averages indicated in 
chart “ A.”

Of the ai different models made 
under the 12 names mentioned, 19 were 
more powerful in 1933 than they were 
in 1932, and 18 are more powerful in
1934 than in 1933. The average gain per 
model for the two years was 14.4  horse
power.

Apparently, people who buy automo
biles like power and MORE power. Cer
tainly, that idea seems to have occurred 
to the makers of these successful cars.

H o w  were the Power gains m ade?

In fundamental terms, there are only 
three ways to increase engine power. 
These factors may be expressed in simple 
algebraic form:

Any increase in horsepower for your 1935 
car will come from an increase in one or 
more factors in the numerator above.

G reater D isplacem ent?

Bigger engines mean longer and heavier 
chassis, more difficult cooling problems, 
lower cyclic efficiency, consequently: 
increased gasoline consumption, and 
comparatively low performance gains in 
proportion to power gains.

M ore R evolutions per M inute?

More revolutions per minute produce 
desirable results; however, they involve 
penalties which become increasingly sig
nificant as higher speeds are reached. 
Even increases o f comparatively small 
magnitude normally require changes in

one or more o f the following features: 
camshafts, bearings, ignition systems, 
pistons, piston rings, connecting rods, 
valves, valve springs, carburetion, mani
folding, cooling and lubrication.

H igher II. M . E. P .?

Three out o f four cars that have made 
power gains in the past two years got the 
added power, in whole or in part, through 

higher compression ratio. That 
is, o f course, the easy, cost-less 
way to increase brake mean effec
tive pressure. An example o f the 
effects o f increased compression 
on power and economy is shown 

in chart “ B.”
Another way of increasing brake mean 

effective pressure, which will be particu
larly helpful to those cars which already 
have the higher compression ratios, is 
improved volumetric efficiency. An ex
ample of the horsepower gains to be made 
in this manner is indicated in chart‘‘C.” 

Fuel o f sufficiently high anti-knock 
value to permit substantial increases in 
the brake mean effective pressures of 
most engines is available today in nearly 
every filling station in the United States 
and Canada.

Engineers of the Ethyl Gasoline Cor
poration will be glad to cooperate with 
you in any research or testing that may 
prove helpful in improving performance 
of your 1935 cars.

B.M .E. P .X  Displacem entX R. P. M. 
Horsepower  ----------------------- ------------------------------------
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What Are Evaporation Costs?

can be Reduced
E lim ination  of en tra in m en t losses is a l
ways one of th e  m ost prom ising fields for 
reducing evaporation costs.
If en tra in m ent losses can be elim inated  or 
reduced, th e  resu ltin g  gain  is a lm ost pure 
profit, as it m eans greater recovery from  a 
given am ou n t of liquor, w ith  no increase 
in  any operating cost— hence a lower cost 
per pound. T he proper design of equ ip 
m en t can m aterially  reduce en train m ent 
lo s s e s , su c h  a s— th e  e s ta b l is h m e n t  of 
proper body d iam eter and vapor space in  
natural circulation  evaporators—the use of

deflectors in forced circulation  evaporators. 
C atchalls of various types are desirable, 
b ut it  is im p ortan t th a t th e  correct design  
of th e  evaporator body m in im ize th e  en 
tra in m ent, and m ake th e catchall m ain ly  
a safeguard against careless operation.

R eduction  of en tra in m en t losses by proper 
design is a problem  th a t th e Sw enson  
Evaporator Com pany has long and thor
oughly studied.

If you do n ot have th e book—Swenson  
Evaporation—send for a copy.

S WE N SO N  E V A P O R A T O R  COMPANY
15671 L A T H R O P  A V E . ,  H A R V E y ,  I L L I N O I S

( C h i c a g o  S u b u r b )
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SC IE N C E  S U F F E R S  B L O W . W hen P resident 
R ooseve lt signed the C ode o f  Fair C om petition  for 
the G raphic A rts Industries on February 17 science  

and ed u cation  suffered the m ost severe blow  o f  a 
decade. T h e problem  o f  d issem in ating  the results o f  
scien tific  research in printed form  becam e m uch m ore 
difficult because adherence to the provisions o f  th is  
code w ill force upon the A m e r i c a n  C h e m i c a l  S o c i e t y  

and other scientific organizations an increase in  cost  
estim ated  at 15 per cen t as a m in im um . I n d u s t r i a l  

a n d  E n g i n e e r i n g  C h e m i s t r y ,  w h ich  rejected  35 per 
cen t o f  the papers su b m itted  in 1933, w ill find it  
necessary to enforce m ore rig id ly  its  editorial policy  
in se lecting  for publication  the reports o f  research con 
ducted a t great expense o f  tim e and treasure. W ho  
can sa y  w h ich  w ill be the m ost valuab le d ata  a genera
tion  hence? T h is  new  d ifficu lty m u st presently  con
front authors as w ell as editors. H ence th e  fo llow ing  
presentation  o f  facts.

B y  far the greatest am ount o f  p rin ting  done for 
scientific  organizations is carried on in  the sm aller  
cities. Som e o f  these estab lish m en ts h ave  grow n w ith  
th e  cooperation  o f  the societies concerned, not on ly  in 
size and im portance b u t in  expert sk ill, and being  
located  w here overhead  is  ob v iou sly  less than in m etro
politan  areas, th ey  h ave been ab le to  p ay  a w age scale  
sa tisfactory  to  em p loyees and w ithal afford low er costs  
to  th e  societies. T h e  d irect result h as been a greater  
vo lu m e o f  scientific publication . I t  h as been  a m u tu a lly  
sa tisfactory  arrangem ent in  nearly every  case. T h e  
sm aller com m unities h ave been furnished w ith  a 
dependab le in du stry  w hich  has p a id  good  w ages and  
w ide d issem ination  o f  scientific  in form ation  has been  
m ade possib le a t a reasonable cost.

T h e  situ a tion , how ever, has been  a thorn in  th e  flesh  
o f  m any m etropolitan  printers, w ho h a v e  preferred to  
s ta y  in large c ities, assum e a m uch greater overhead, 
and pay the h igher w ages w hich  are required for a 
scale o f  liv in g  often  inferior to  th a t p ossib le  in  the less 
crow ded centers at low er cost. T h e  so-called  country  
printer in h is effort to  expand has sought o ther orders 
and has been successfu l in  ob ta in in g  them . T h e  c ity  
printer h as looked upon th is as unfair com p etition  and

w ith  the com ing o f  th e  codes has decided  to  utilize  
this new est d evice to  strengthen  h is position .

T h e original plan o f the c ity  printers w as to  h ave  
accepted  as a part o f  th e  code a provision  w hereby  
charges w ould  be based  on th e  price p reva len t a t the  
point w here the order w as g iven , regardless o f w here the  
prin ting  w as to  be done. T h a t w ould have m ean t that 
m anuscripts ed ited  in  an y  o f  the larger c ities w ould  be 
printed  a t prices prevailing there, even  thou gh  the  
w'ork m igh t b e done in  a m uch sm aller and d istan t  
com m u n ity . A s th is in volved  bu ild ing a  tariff w all 
around a c ity , code au thorities held  it  to  be im possib le  
and the p lan  w as abandoned. In its  p lace, how ever, 
another schem e w as evo lved . T h is  im posed upon the  
sm all tow n printer a scale o f  w ages and a provision  
as to  apprentices w h ich  in effect forced h is co sts  to the  
level ex istin g  in m etropolitan  centers. W hile hearings 
w ere bein g  had on th ese several points, representatives  
o f scientific societies called upon th e  D e p u ty  A d
m inistrator, w ho then  had the m a tter  in  hand for the 
N ation a l Recovery' A dm inistration , and w ere assured  
that i f  the w ages o f  the planks in in terest w ere restored, 
as requested  b y  P resid en t R oosevelt, to  th e  level o f  
1929 or, as a  m inim um , advanced  10 per cen t beyond  
th ose  in effect Ju ly  1 , 1933, all w ould  be well. H ow 
ever, these statem enks proved to be com p lete ly  in  
error and provisions b oth  as to  rates o f  p ay  and  ap
prentices form ulated b y  a  com m ittee  com posed w holly  
o f  c ity  printers w as approved b y  the ad m in istra tion . 
T h e code as adopted  exem pts m o st o f  th e  prin ters o f  
cou ntry  new spapers, thereby reducing op position  to  
th e  new  order.

T h e  im m ediate effect o f  th e  cod e m a y  be expected  
to  spell a  30 per cen t increase in  labor costs  in prin ting  
th e  S o c i e t y ’s  journals, or a n et increase o f  15 per cent 
in  our publication  expenses, since ab ou t h a lf  th a t  
co st is th e  class o f  labor in d icated . W age ad vances  
o f th is sort are com m on ly  justified  on th e  p lea th a t the  
consum er is q u ite  w illing  to  p ay  an increased  cost: first, 
because h e  is glad to h elp  raise th e  plane o f  liv in g; 
and second, because h e  w ill g e t som e return from  
increased b u y in g  pow er. N e ith er  o f  th ese  applies to  
th e  publication  o f  lead ing scientific periodicals. F irst,
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the plants in which these journals have been printed 
have been paying a scale generally higher than other 
crafts in areas which of themselves were centers of 
good wages. Second, scientific societies responsible 
for such publications cannot pass on increased costs 
to consumers, nor will they profit from these higher 
wages paid to workers. The direct result will be an 
increase rather than a decrease in unemployment. 
This is obvious when we remember that the societies 
have a definitely limited income with which they can 
purchase a certain volume of printing. When the price 
goes up, the volume must go down, and the ones who 
will directly lose are those supposed to be helped by 
the NRA type of legislation. The situation has been 
explained repeatedly to the highest authorities, but 
apparently the city has again won against the country. 
Some of those who have had to do with the code have 
seemed more interested in protecting the large invest
ment of the city printer than in insuring continuance 
in business for his country competitor. It is a step 
in the direction of centralization and away from de
centralization advocated by the chief executive. 
Under the circumstances there will be an enforced 
diminution in the volume of scientific research re
corded. This is certain to retard industrial progress, 
which depends to an ever greater extent upon trends 
and developments in science. The blame, if any, for 
the results will not rest upon the scientific groups.

MIXED UNITS. Some years ago the Council 
of the A m e r i c a n  C h e m i c a l  S o c i e t y  voted 
that thereafter authors reporting research 

and presenting data from laboratory procedures should 
in all cases express their results in metric units, though 
provision was made for the introduction of either 
metric or English equivalents, as the case might be, 
if for any reason that seemed preferable to the authors. 
The task of enforcing the Council rule has rested al
most wholly with the office of I n d u s t r i a l  a n d  E n g i 

n e e r i n g  C h e m i s t r y .

There wras much in favor of the action, for scientists, 
pf all people, should be familiar with the metric system, 
especially having found it the most exact for their 
own uses. Furthermore, I n d u s t r i a l  a n d  E n g i n e e r i n g  

C h e m i s t r y  enjoys a world-wide circulation, and readers 
outside the English-speaking countries do their reading, 
thinking, and work in the metric system. However, 
the enforcement of the rule has involved no end of 
correspondence, has led to more than one discussion, 
and has made necessary extra time on the part of 
authors in recalculating tables of data and redrawing 
curves. Some of the difficulty has been with the data 
which are immediately useful in manufacturing estab
lishments, provided only they are presented in the 
system in vogue in such factories, so that authors who 
themselves prefer the metric units have felt impelled

to insist upon English measurements to further the 
utility of their work. Then, too, many testing ma
chines are regularly graduated by the maker in the 
English system, and that leads to further work on the 
part of the investigator, if he would present his data in 
metric equivalents.

As a result of all this, we have taken it upon our
selves to apply the Council ruling with some discretion 
and decided not along ago that if a paper were con
sistent within itself, the exact adherence to the rule 
might be waived. However, it is most surprising to 
find the extent to which chemical engineers in par
ticular mix their units of measurement. We strive for 
uniformity, but find the path almost as difficult as 
when we insisted on the metric system. Just why 
should an investigator who prefers degrees Centi
grade feel satisfied when he mixes pounds per square 
inch or grains per gallon in the same table? We have 
even wrestled with results reported in grams or milli
grams per ton, the exact nature of ton unrevealed, 
while cubic centimeters per gallon, likewise unidentified, 
are quite common. Really, any mixture of units, 
however absurd, seems possible and even formulas 
developed by chemical engineers can be found with 
both English and metric units freely admixed.

We appeal to our authors to save themselves and us, 
as well as our readers, from unnecessary work, not to 
say the jitters, by at least endeavoring to be consistent 
in the units of measurement employed in reporting 
their results. The irritation to be saved thereby will 
conserve nervous energy, which can be expended to 
far better advantage in the study of the paper and the 
assimilation of the truth it reveals.

EFFICIENCY. Some thought is being given in 
Washington to tariff programs, in which a point 
of far-reaching consequence has been raised. 

Would the United States profit by withdrawing tariff 
protection from inefficient industries? Presumably this 
would apply where, under our conditions, enterprises 
have not been developed to a place of importance in the 
national economy. So far no definitions have been 
offered, but with such points being given consideration 
in high places, industries may be doing themselves a 
good turn to learn from such reliable sources as qualified 
scientific opinion to what degree they are efficient. 
Data from such studies would serve to prove economic 
importance, and justification for reasonable tariff 
protection. Obviously all this involves problems of 
great complexity, going so far as population shifts, 
which might follow abandonment of certain industrial 
activities. Until some definite policy is announced 
discussion must be limited, but the present is a profit
able time for industry to question itself to advantage 
and be prepared to meet such an issue if, and when, it is 
raised.
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Antioxidants for Fats and Oils
G e o r g e  R. G r e e n b a n k  a n d  G e o r g e  E. H o l m  

Bureau of Dairy Industry, Department of Agriculture, Washington, D. C.

IN TE N SIV E  work on antioxidants began with the study 
by Moureu and Dufraisse (6) of the inhibiting effect of 
hydroquinone upon the oxidation of acrolein and of ben- 

z aldehyde. Their initial studies showed that substances 
having a phenolic group protected a number of autoxidizable 
compounds against the action of oxygen. Later work
showed that various compounds, not necessarily phenolic in
character, which under suitable conditions are easily oxidiz- 
able, act as antioxidants (5).

To explain the mechanism of antioxidants, these authors 
employ the theory of antagonistic peroxides. The principal 
steps therein may be illustrated as follows:

A + 0 , — > ¿ [ 0 , ] ;  A [02] +  B — >  AO +  B 0  
AO +  BO — A +  B +  Oj

or A +  Os — >  A [Os ]; B +  0 2 — >  B [Os ]
A [Os] +  B[Osl — >■ A +  B +  20s 

where A =  an activated molecule 
B =  the antioxidant

The antioxidative effect of phenol, alcohols, and other 
compounds upon fats and oils has been noted in a former 
publication from these laboratories (S). The present in
vestigations deal with a further attempt to determine what 
other types of compounds may be effective as antioxidants for 
fats and oils.

E x p e r i m e n t a l  M e t h o d

During the oxidation of fats and oils, peroxides are formed, 
their rate of formation being a measure of the ease with -which 
an oil will oxidize. The amount of peroxide formed in a 
definite period of time under specified conditions serves, 
therefore, as an index of oxidation.

Untreated samples and samples to which 0.01 per cent of the 
antioxidant had been added were stored at a temperature of 42° C. 
for 10 days, and the peroxide content was then determined as 
follows: 60 cc. of a solution consisting of two parts of acetic acid 
and one part of trichloromethane by volume was added to a 
weighed sample of fat. To this mixture was added one cc. of a 
saturated aqueous solution of potassium iodide. The mixture 
was kept in the dark for 3 minutes, and 50 cc. of distilled water 
were then added. The liberated iodine was titrated with 0.002 
N  sodium thiosulfate. The number of cubic centimeters of
0.002 N  sodium thiosulfate used per gram of fat is equivalent to 
the number of millimoles of peroxide per kg. of fat. The weight 
of the sample of fat used must be governed by the peroxide con
tent. In no case should the iodine liberated be equivalent to 
more than 15 cc. of 0.002 N  sodium thiosulfate. From 0.25 to
0.75 gram is usually a convenient and satisfactory quantity to 
use.

The results obtained have been expressed in terms of the 
relative amounts of peroxide formed in a sample of fat and in 
another sample of the same fat to which an antioxidant had 
been added. This has been designated as the protective 
factor (P. F.) and is obtained as follows:

P F — mi^im°les P cro x id c  p e r  k i lo g r a m  of u n t r e a t e d  f a t  
m il l im o le s  of p e r o x id e  p e r  k ilo g r a m  of t r e a te d  fat

A protective factor of 1.0 indicates, therefore, no protective 
action.

N a t u r a l  P i g m e n t s

Certain oils, especially those of plant origin, contain 
carotinoid pigments. These pigments are also constituents of 
some animal fats and oils, especially butter fat. That these 
pigments influence the rate of fat oxidation has been shown by 
Olcovich and M attill (8) who maintain that carotene is a 
procatalyst. Monahan and Schmitt (4), as well as Newton  
and Richardson (7), class this compound as an antioxidant. 
The results of Franke (I) agree in general with those of 
Olcovich and M attill. Franke found that carotene and 
lycopene were antioxidants for acids but not for their glycer
ides.

To ascertain the extent to which natural coloring matter 
might be a factor in determining the rate of peroxide forma
tion, the effect of the lipochromes carotene and lycopene, and 
a flavone, quercetin, when added to a fat has been determined. 
The results are given in Table I.

T a b l e  I. N a t u r a l  P i g m e n t s  a s  ANnoxiDANTa i n  C o t t o n s e e d
O il

P e r o x id e » i n :
U ntreated  Treated

sample sample P. F.
Millimoles per kilogram 

Carotene 25 .0  27.1
Lycopene 25 .0  24 .9  1 .0
Quercetin 25 .0  13.2 1.9

The results with carotene agree with those of Franke, 
w'hich showed that lipochromes accelerate oxidation of 
glycerides. Quercetin, on the other hand, seems to possess 
antioxidative properties.

P henols

Hydroquinone has been used extensively in the study of 
antioxidative action, but no systematic study of the action of 
its related compounds on fats and oils has been made, al
though Moureu and Dufraisse (6) found in their initial
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studies that hydroquinone, pyrocatechol, and pvrogallol 
possessed far greater antioxidative properties than did phenol 
and resorcinol.

The relative values of hydroquinone, catechol, and re
sorcinol as antioxidants were first determined:

OH

O il

Hydroquinone 
'P. F. = 3.7

OH

( r
Catechol 

P. F. = 2.0

OH

/OH

Resorcinol 
P. F. = 1.1

OH

0
OH

,011

Hydroxyhydro- 
quinone 
P. F. =  3.6

011

C e
Pyrogallol 
P. F. = 3.6

OH, OH

OH

Phloro- 
fdueinol 

P. F. =  1.0

U ntreated Treated
sample sample P. F.

Millimoles per kilogram
Hydroquinone 25.6 6 .9 3 .7
Phenol 29.4 29.6 1.0
Benzaldehyde 29.4 38.4
Phthalic acid 25.6 S. 1 3 .0
Cinnamic acid 31.7 25.7 1.2
Anthranilic acid 20.0 14.1 1.4

A l i p h a t i c  A c id s

The excellent keeping quality of raw vegetable oils is 
thought to Iks due to the natural antioxidants that are present 
in the raw oil but are destroyed or removed in the refining 
processes. An unsuccessful attempt was made to isolate an 
antioxidant from cottonseed. Of the various extracts 
prepared, only the water-soluble less the heat-coagulable 
protein fraction showed protective qualities. This extract 
was slightly acidic, and results with it in addition to the 
results already obtained with acids formed the basis for a 
further study of the antioxidative action of various organic 
acids.

In the choice of acids to study in this connection, the 
authors were guided somewhat by the assumption that 
protective action is in some way related to the structures:

II H
or —C = C —C(OII)—

H H H
OH

The similarity between the structure of maleic acid, which 
proved to be a good antioxidant, and that of hydroquinone is 
indicated in the following formulas:

OH
I

HC—C = 0
II

HC—C = 0
I

OH

OH
I

H—C—C = C —H 
II I 

II—C—C = C —H
I
OH

These results are, in general, analogous to those obtained by 
Moureu and Dufraisse in that 1.2- and 1.4-dihydric phenols 
give protection against oxidation of oils but 1.3-dihydric 
phenol offers little protection. It seems probable that the 
explanation may lie in the fact that the 1.2- and 1.4- com
pounds form quinoncs and are, therefore, capable of forming 
oxidation-reduction systems. The trihydric phenols—hy- 
droxyhydroquinone, pyrogallol, and phloroglucinol—were 
also tried as antioxidants with the following results:

In this experiment phloroglucinol, analogous in structure to 
resorcinol, failed to show antioxidative properties.

O t h e r  A r o m a t ic  C o m p o u n d s

Table II shows the protective action of hydroquinone and 
closely related compounds. The protective action of the 
acids, especially that of phthalic acid, is of unusual interest, 
as will be shown later.

T a b l e  II. A r o m a t i c  C o m p o u n d s  a s  A n t i o x i d a n t s  in  C o t t o n 
s e e d  Oil
P e r o x id e s  i n :

Former work with ricinoleic acid (S) had indicated that a 
hydroxy group on carbon atoms farther removed from the 
double bond is also effective in preventing autoxidation. 
This grouping in ricinoleic acid is considered to be as follows:

H H

ii ? r—c=c—c—c—
I I

I I  H

Maleic, fumaric, aconitic, and other acids were therefore 
studied with respect to their properties as antioxidants. 
The results obtained are given in Table III.

T a b l e  III. A c id s  a s  A n t i o x i d a n t s  in  C o t t o n s e e d  O i l

P e r o x id e s  i n :
U ntreated Treated

A c id  sample sample P. F.
Millimoles per kilogram 

Maleic 25.6 8 .2  3 .0
Malic 18.0 13.5 1.3
Citraconic 25 .6  12.8 2 .0
Itaconic 25 .6  13.4 1.9
Aconitic 25.6 16.0 1.6
Succinic 28 .6  22 .5  1.3
T artaric 25.2 21.2 1.2
C itric 25.6 14.2 1.8
Crotonic 25.1 49 .0  . . .
Fumaric 20 .0  15.3 1.3

As indicated, maleic acid was the most potent antioxidant 
of those tried. I t  is a surprising, as well as an important, 
fact from the standpoint of an explanation of the mechanism 
of action of antioxidants, that fumaric acid, the isomer of 
maleic acid, does not act as an antioxidant. The efficiency 
of maleic acid as an antioxidant when added to various fats 
that differ in their constituency of unsaturated fatty acids was 
determined in a manner similar to that already described. 
In each case the concentration of maleic acid in the treated 
sample was approximately 0.01 per cent, and the treated and 
untreated samples were stored at 42° C. for 10 days. The 
results are shown in Table IV.

T a b l e  IV. M a l e i c  A c id  a s  a n  A n t i o x i d a n t  i n  D i f f e r e n t
O il s

P e r o x id e s  i n : R a n c id it y A p p e a r e d
U ntreated Treated U ntrcateJ Treated

sample® sample®.b P. F. sample® sample ®* *
O il Millimoles per kg. Days Days

B utter 3 .2 1.2 3 .5 15 47
Cottonseed 25.6 8.2 3.1 10 28
Corn 60.9 11.5 5 .3 15 65
Sunflower 27.2 8 .2 3 .3 12 38
Peanut 25.7 8. 1 3. 1 13 37
Cod liver 25.7 8 .2 3 .2
Lard 15.1 5 .0 3 .0 ¿3 36
Linseed 40.0 13.3 3 .0
Oleic acid 20 .0 6 .5 3 .0

® Stored 10 days a t 42® C.
& Contained 0.01 per cent of maleic acid.

For every fat except corn oil the protective factor with 
maleic acid was approximately 3.0. For corn oil a P. F. of 5.3 
was obtained, probably because of the fact that this oil does 
not normally oxidize as readily as do the other oils tried.

With each fat the fact was noted that greater protective 
action was always obtained with an antioxidant when fresh 
samples of good keeping quality are used. In other words, 
the protective factor increases with improved keeping quality 
of the oils.
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Throughout the experiments it.was also noted that in the 
presence of traces of water the acids are not so effective as 
antioxidants as they are in dry oils. It was thought that 
compounds of maleic acid that are more soluble in fats, such 
as the salt, anhydride, or ester, would lend themselves better 
to a quantitative study of the antioxidant than did maleic 
acid. However, when these were tried, none of the com
pounds showed antioxidant properties except the anhydride, 
which may owe this action to a reversion of a small amount to 
the acid form.

S u m m a r y

Of the phenols, only the ortho and para types are active as 
antioxidants for fats and oils. Some unsaturated polvbasic

aliphatic acids (3), notably maleic, are also antioxidants for 
fats and oils.
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Photochemical Studies of Rancidity
Peroxide Values of Oils as Affected by Selective Light

M a y n e  R. C o e  a n d  J. A. L e C l e r c ,  Bureau of Chemistry and Soils, Washington, D. C.

T HE decomposition products of oils have heretofore 
been used as indices of the degree of rancidity. The 
presence of these split products has been indicated 

by the well-known Kreis test (8 ), the modified Schiff’s test, 
sometimes called the von Felienberg test (3), and certain 
other color tests. The peroxide value of oils likewise has 
been used as a measure of the degree of rancidity.

Heffter (5), Taffel and Revis (13), Lea (5), and more re
cently Wheeler (13), Royce (11), Kilgore (6), and King, 
Röschen, and Irwin (7) have studied the oil from this view
point.

Certain investigators have shown that occasionally an oil, 
known to be freshly made, will give a positive reaction for 
rancidity with these various color tests. For instance, 
Powiek (10) concludes: “A positive reaction in the Kreis 
test when the test is performed in the usual manner, is not 
always a reliable indication of rancidity in fats. A large 
number of compounds react with phloroglucinol-hydro- 
chloric acid to give a red color that, to the unaided eye, is 
indistinguishable from the color obtained with rancid fats.”

Recently Greenbank and Holm (4) studied with the use 
of the Mazda lamp the photochemical oxidation of cotton
seed oil as measured by the reduction of methylene blue 
and arrived at the conclusion that blue light was the least 
effective in accelerating oxidation as compared to green, red, 
or amber of the same light energy.

Davidsohn (3), in a discussion on the rancidity of fats 
and oils, gives the conclusion of the German Fat Analysis 
Commission, which declares that taste and odor are so far the 
only reliable tests for rancidity. It is generally admitted, 
however, that, when an oil is found to be rancid by these 
organoleptic tests, it will also give a positive Kreis or von 
Feilenberg reaction.

Wheeler, in a modification of Lea’s method, bubbled moist 
air through corn oil or cottonseed oil maintained at 100° C. 
in an enclosed compartment which happened to be light
proof, and found that peroxide values of the oil mounted 
to a certain point at which the oil became rancid. The 
peroxide value, however, continued to increase for a time but 
finally decreased. A curve was plotted showing the point 
at which, under the conditions of the experiment, an oil 
would become rancid. The entire curve up to that point 
could be considered as the measure of the induction period,

or the period during which the oil remained free from ran
cidity.

The present investigation is primarily concerned with the 
photochemical effect of light on the development of per
oxides as a measure of rancidity in oils, the purpose being 
to determine the trend of peroxide formation in oils kept at 
room temperature and protected from all light, and also in 
oils protected by green light delimited by 4900 to 5800 A.

R a n c id i t y  T e s t s  o n  O i l s

C o r n  O i l . This oil, which in previous experiments (1) 
had been used for frying potato chips, was divided into two 
portions. One was protected from light by wrapping with 
opaque black paper and the other was wrapped with un- 
glazed white manifold paper. Both portions were placed 
in a south window for exposure to direct sunlight. The 
same was also done with a portion of the original unused oil. 
The peroxide values were determined at the beginning and 
approximately at each week throughout the experiment. 
Table I gives the results.

T a b l e  I .  P e r o x i d e  V a l u e s  o p  C o r n  O il

D a t e O r ig in a l  O i L BEFORE U 8E Us ED Oil
Black Clear Black Clear

4 /15/32 8.4 8 .4 8 .8 8 .8
4/22/32 17.7 49.5 15.2 30.7
5 /3 /32 28.8 73.9  11* 20.5 44 .2  R
5/9 /32 31.5 111.5 R 28 .0 61 .2  R
5/17/32 36.3 207.6 VR 32.1 81 .2  R
5/26/32 44.2 205.6 VR 40. 1 105.5 VR
6/3 /32 49.6 240.3 VR 44.1 137.5 VR
6/10/32 54.4 • 269.5 VR 50.3 198.9 VR
6/17/32 65.1 340.0  VR 62.0 206.9 VR
7/11/32 99.1 489.2 VR 79.1 306.6 VR
7/25/32 - 117.2 616.0 VR 100.0 508.5  VII
• R  “  rancid; V R  =  very rancid.

Peroxide values increased rapidly in the sample unprotected 
from light, and the oil ’«Tapped with black paper remained 
free from organoleptic rancidity to the end of the experi
ment, even though it had at that time developed a peroxide 
value much above that of the unprotected oil at the time 
rancidity was first recorded (Figure 1). During the time of 
the experiment there was no decrease in the peroxide value 
such as was noted by Wheeler (IS) in his experiments carried 
on at 100° C.

C o r n  O i l  B u b b l e d  w i t h  A i r . In another experiment, air 
was bubbled through bottled samples of com  oil at the rate 
of 6 liters per hour, with the samples protected from light
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as follows : One bottle was wrapped with opaque black paper, 
one with green transparent cellulose adjusted to cut out most 
of the blue wave lengths, one with clear transparent cellu
lose; the fourth, or control, was not wrapped. These 
samples were exposed to the diffused light of the laboratory

and the peroxide values were determined at approximately 
weekly intervals until the oil in the clear bottles became so 
viscous that air could no longer bubble through it. The 
experiment covered a period of more than 7 months; the 
results are recorded in part in Table II.

T a b l e  II. P e r o x id e  V a l u e s  o p  C o r n  O i l  B u b b l e d  w it h  
A i r , P r o t e c t e d  a n d  U n p r o t e c t e d  f r o m  L ig h t

Original •Te 8t B ottles (Clear G lass) --------- »
T in COLOR OF WRAPPING N ot

D ate . C ontainer* Black Green Clear wrapped
8 /26/32 4 .9 4 .9 4 .9 4 .9 4 .9
8 /27/32 8 .0 9 .4 11.0 12.1 12.9
9/12/32 22.1 23.9 24.7 34.3 38.0
9/26/32 31 .0 33.7 36 .8 48.5 54.6
10/3/32
10/17/32

36.4 39.5 42 .0 54.8  R* 66 .4  R
41.3 43.1 46.6 59.2 R 73 .3  R

11/7/32 50.2 52.0 46.6 72.5  R 87.1 R
11/2/32 61.5 55 .8 64.7 81 .4  R 94.1 R
12/5/32 68.3 70 .0 71.5 9 3 .5  R 114.7 VR
12/19/32 77.9 73 .0 79 .0 106.9 VR 130.0 VR
1/10/32 87.1 78 .0 88.3 135,4 VR 197.0 VR
1/17/33 92 .0 82.3 91.3 146.5 VR 274.3 VR
1/31/33 96.6 85.7 98 .3 180.9 VR 828.0  VR
2 /7 /3 3 101.5 91.6 101.0 212.5  VR 950.5  VR
2/14 /33 98.3 84.6 96.8 330.5 VR Too viscous
2 /21/33 100.3 89.8 99 .7 609.9 VR
2/28/33 111.1 95.5 108.7 893.7 VR
4/11/33 134.8 116.4 138.5 Too viscous
•  N ot blown with air.
* R  -» rancid, VR — very rancid.

The results show that the oil in the original tin container 
and that protected by black or green wrappers remained free 
from rancidity throughout the experiment.

The peroxide values of the oils in the clear bottles increased 
gradually up to approximately 200 , and at the same time the 
color was gradually bleached. In the three succeeding weeks 
the peroxide value jumped to over 800, and by that time the 
oils had become not only fully bleached but very viscous 
(Figure 2). The characteristic rancid odor was strong.

A drop or two of the viscous oil that was spread on a block 
of wood solidified and dried just as does linseed oil. The 
oils that were protected from light remained limpid and re
tained their natural color far beyond the duration of the ex
periment.

C o t t o n s e e d  O i l . A third experiment using cottonseed oil 
was set up as follows: A portion of the oil was placed in each 
of fourglass flasks: (1) agreen flask transmitting light of wave 
lengths between 4900 to 5800 A.; (2) a clear Pyrex glass 
flask covered with green paper of similar light transmission; 
(3) a blue flask which transmitted violet, blue, and some 
green; (4) a clear Pyrex glass flask which allowed all 
visible wave lengths of light to be transmitted almost un
restrictedly (Figure 3). Air was bubbled through the oil 
in each of these flasks at the rate of 0 liters an hour. Per
oxide values were determined weekly.

Table III shows a comparison of peroxide values when air 
was passed through cottonseed oil contained in green, blue, 
and clear flasks, and exposed to diffused light of the labo
ratory.

It is significant that 
the o il  in  th e  g reen  
flask (1) and that in the 
c le a r  f la s k  (4) had  
practically th e  sam e  
peroxide value at the 
end of the experiment, 
yet the former was free 
from rancidity while 
the latter was appreci
ably rancid. The oil 
in the blue flask (3) - 
had an e v e n  h ig h er  
p ero x id e  v a lu e  than 
that in the clear flask 
at every stage of the 
experiment (Figures 4 and 5). I t  also became rancid at an 
early stage.
T a b l e  III. P e r o x id e  V a l u e s  o f  C o t t o n s e e d  O i l  B u b b l e d  

w it h  A ir , P r o t e c t e d  a n d  U n p r o t e c t e d  f r o m  L ig h t

F ig u r e  3 . S p e c t r a  o f  P r o t e c 
t iv e  AND N o NPROTECTIVE F l ASKS
A. F. Spectrum  lines of m ercury arc
B. Spectrum  of M azda light source
C. Transm ission of blue flask
D. Transm ission of green flask
E. Transm ission of flask covered with

green paper

1 2
— F l a s k -------------

3 4
14.8 14.8 14.8 14.8
18.1 14.4 21.1 20.0
26.8 19.6 34.9 30.3
42.8 30.7 54.0 47.9
71.2 48.2 85 .9  R* 76 .5  R
93.5 63.3 108.8 R 95.00  R
95.1 65 .5 114.5 R 100.9 R

111.0 78.4 126.4 R 114.1 R

D ate
4/26/33  
6 /9 /33  
5/16/33 
5/23/33 
6 /6 /33  
6 /13/33  
6 /20/33  
6 /27/33  

° R  =» rancid.

There are numerous references in the literature which show 
that the development of rancidity is a process of oxidation—
i. e., the result of the addition of molecular oxygen to the 
unsaturated double bond. If this is true, it might follow that 
an oil could be stabilized against rancidity by bubbling air 
through it in a black or green container. Therefore, the 
sample of corn oil which had been protected in a black bottle 
during aeration and which had developed a peroxide value of 
116.4 (Table II) was divided into two portions; one portion 
(1) was placed in a test tube protected with the special green 
paper and the other (2) in an unprotected clear test tube. 
Both were exposed to the light of an east window for 52 days. 
In sample 1 the peroxide value increased to 197, but no ran
cid odor or taste developed. In sample 2 the peroxide value 
increased to 210 , and the oil smelled and tasted rancid. 
These results show that molecular oxygen introduced by bub
bling air through the oil protected from light did not pro
duce a stable oil. It should be noted that the peroxide 
value of the portion protected by green is fully three times 
as high as the value given in Table II, columns 5 and 6 , 
where rancidity was first noted. This experiment seems to



March, 1934 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y 247

furnish evidence that organoleptic rancidity may not be due 
solely to the formation of peroxides as has been believed, 
but possibly to an independent compound whose formation 
accompanies the development of peroxides.

Further evidence that the compound giving rise to the ran
cid odor and taste is not developed when the oil is protected 
from light is shown in Figure 6 , which gives spectra of the 
light transmitted by the corn oil whose peroxide values are 
recorded in Table II. The first exposure represents spectrum

lines of a mercury lamp in order to establish the position of 
the various wave lengths of light; the second is the spectrum 
of the Mazda light source; the third is of Mazda light trans
mitted by 2 cm. of rancid corn oil (peroxide value approxi
mately 900); the fourth is that of Mazda light transmitted 
by 2 cm. of corn oil which had been protected from light 
(peroxide value 11G.4, but not rancid); the fifth is that of a 
different corn oil, not rancid, with a peroxide value 3.8.

The spectra of the light source and of the rancid oil are 
almost identical, indicating negligible absorption of light by 
the oil; those for the protected oil and the oil of low peroxide

value are similar to 
each other and in
d ic a te  s tr o n g  ab
so r p t io n  o f b lu e  
light. Disappear
ance of ability to 
ab sorb  b lu e  light 
a p p a r e n t ly  is ac
companied by de
velopment of ran
cidity (5). This is 
being studied at the 
present time.

D i s c u s s io n  o f  
R e s u l t s

T h e K r e is  and  
similar color t e s t s  
h a v e  h e r e to fo r e  
been employed as a 
means of detecting 
r a n c id ity  in oils. 
The peroxide value 

of an oil as a measure of incipient rancidity has recently 
been suggested as a  substitute for the Kreis and von 
Fellenberg color tests. Photochemical action in the de
velopment of rancidity has heretofore been given but little 
attention.

In a recent paper by the present authors (I) it was shown 
that green light (delimited by 4900 to 5600 A.) delayed the 
appearance or the development of rancidity almost to the

same extent as does the exclusion of all light. There is no 
doubt that oxidation takes place continually in oils and fats, 
but this action, as measured by the peroxide values, proceeds 
more rapidly in the presence of light than when all light is 
excluded. Furthermore this oxidation process, in the pres
ence of light, is accompanied by the development of organo
leptic rancidity; hence the formation of the compound 
giving rise to organoleptic rancidity may be credited chiefly 
to the effect of light.

In the present experiments the peroxide value of oils, kept 
at room temperature, did not decrease after reaching a certain 
point. On the contrary, the values increased gradually to 
about 200 and then increased rapidly until about 800 was 
reached, at which point the oil began to solidify. The 
oils protected by black, or by green of the proper light trans
mission, showed a relatively slow increase in peroxide value 
throughout the experiments, remained limpid, and retained 
more nearly their original color for more than 7 months. 
The unprotected oils used in these experiments became 
rancid at room temperature when the peroxide value was in 
the neighborhood of 60, which is about twice the value found 
by Wheeler whose oils were kept at 100° C.

The present experi
ments show that oxi- 
d a tio n  g o es  on  as  
fast in blue light as 
in c lea r  l ig h t ,  and 
much faster than in 
green light. Green 
light furnished by the 
f i l t e r  used  is to a 
large degree photo- 
chemically in e r t  in  
the development of 
rancidity because it  
absorbs the light in
c lu d ed  in  th e  blue 
and red ends of the 
spectrum. In no case 
were the p r o te c te d  
oils organoleptically rancid, although they gave the charac
teristic color reaction with the Kreis and von Fellenberg 
reagents. This reaction is frequently obtained with freshly 
made cottonseed oil.

A strong indication that oxidative rancidity is due prin
cipally to the effect of light and not entirely to the formation 
of peroxides is shown by the present results. The protected 
oil which had previously developed a high peroxide value, 
without, however, showing signs of organoleptic rancidity, 
became rancid after exposure to light. This observation is 
significant because it  furnishes evidence that the compound 
giving rise to the rancid state is the result of photochemical 
action due to absorption of light possibly by a compound 
already present in the oil. The formation of peroxides may 
be accelerated by the presence of light, but the process which 
gives rise to rancidity appears to be independent of, or ac
companies the formation of peroxides. The composite re
sults from the experiments here reported, in which the oil 
was protected from light, seem to invalidate the chemical 
tests heretofore used for the detection of rancidity or in
cipient rancidity of an oil, and apparently support the view  
that organoleptic tests are the only reliable tests for ran
cidity, regardless of whether or not an oil has been exposed 
to light.

Additional evidence that the compound which gives rise 
to the rancid state is independent of or accompanies the for
mation of peroxides is shown by the spectra of Figure 6 . 
Both the protected oil and the fresh oil have absorbed to a 
large extent the blue end of the spectrum. The rancid oil

F i g u r e  5 .  S p e c t r a  o f  C o t t o n 
s e e d  On. S a m p l e s

A . Spectrum  lines of m ercury arc
B. Spectrum  of M azda light source
C. Transm ission of rancid oil from clear

flask
D. Transm ission of rancid oil from blue

flask
E . Transm ission of nonrancid oil from 
p green flask
F. Transm ission of nonrancid oil from

flask covered by  green paper
G. Transm ission of fresn oil (not aSrated)

F ig u r e  6 .  S p e c t r a  o f  O i l  S a m p l e s  
P r o t e c t e d  p n oM  L ig h t

A . F. Spectrum  lines of m ercury arc
B. Spectrum  of M azda light source
C. Transm ission of rancid oil
D. Transm ission of nonrancid oil
E. Transmission of fresh oil (not aerated)
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has, because of exposure to light, undergone photochemical 
change to such an extent that its spectrum is nearly the same 
as for the light source alone. The fact that the spectrum  
for the nonrancid oil with a peroxide value of 116.4 corresponds 
almost identically with that for the fresh oil with a peroxide 
value of 3.8 further supports the view that oxidative rancidity 
is due apparently to photochemical action of light on a 
compound which probably exists simultaneously with or is 
produced from the compounds which give rise to the for
mation of peroxides.

Summary

1. The well-known color tests for rancidity and the 
I>eroxide test for the decomposition of an oil may not show 
conclusively that an oil is rancid. These tests are not re
liable when applied to oils which have been properly pro
tected from light.

2. Oils which have been protected from light with opaque 
black paper, or with green paper transmitting light delimited 
by 4900 to 5800 A., remain free from rancidity even though 
they may have a peroxide value equal to or higher than an 
unprotected oil which has become rancid.

3. Similar results have been obtained when air has been 
bubbled through the oils at the rate of 6 liters per hour.

4. Oils protected from light as described have not shown 
any organoleptic rancidity even after a period of 7 months, 
although they gave strong positive tests with both the Kreis 
and the von Fellenberg reagents, and also showed relatively 
high peroxide values.

5. A portion of a protected sample of oil still free from 
organoleptic rancidity but having a peroxide value higher 
than that of an unprotected rancid oil was exposed to dif
fused daylight. B y the end of 52 days it had acquired a 
rancid odor and taste, while the original protected portion 
of the same sample remained free from rancidity.

6 . In the case of cottonseed oil and corn oil the results 
of these experiments support the view that oxidative rancidity 
may be due principally to photochemical action of light 
on a compound which probably exists simultaneously in the 
oil or is produced from compounds which give rise to the for
mation of peroxides.
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Heat Requirements for Fatty Acid 
Distillation

V ictor M ills an d  R. C. D a n ie l s , The Procter & Gamble Company, Ivorydale, Ohio

WITH the old bottom-fired type of fatty acid still 
commonly used in the oil and fat industry until 
recently, there was little need for accurate data on 

heat requirement. W ith the advent of stills heated with 
steam or hot water, the need of dependable figures for latent 
heat of vaporization of fatty acids became more apparent.

A number of writers have reported theoretical values for 
latent heat of pure fatty acids. All of these values are calcu
lated directly or indirectly from vapor pressures by use of the 
Clausius-Clapeyron equation. The only experimental data 
of a technical nature seem to be those obtained in 1920 by 
Alsberg (I). Alsberg obtained values of 118 and 130 B. t. u. 
per pound (65.5 and 72.2 calories per gram) on two different 
runs of cottonseed fatty acids. A careful perusal of his 
method, however, leaves considerable question as to the 
accuracy of the results. There are far too many assumptions 
and estimates involved.

The writers recently had occasion to determine the steam 
usage in the heating coils of a Genseeke type of fatty acid 
still. Data were obtained from which a more dependable 
value for the latent heat of vaporization could be calculated.

E q u i p m e n t  a n d  M o d e  o f  O p e r a t i o n

The still illustrated in Figure 1 is a standard make manu
factured by the Lurgi Gesellschaft für Wärmetechnik and 
covered by Gensecke’s patents (2 ).

The heating element in the still, a, consists of two copper coils 
of approximately 270 square feet (25 square meters) mean sur

face. Steam at about 450 pounds per square inch (32 kg. per 
sq. cm.) gage pressure is supplied by a motor-driven compressor, 
b. Vacuum is maintained at 7 to 10 mm. of mercury by use of 
steam ejectors, c. Approximately 10,000 pounds (4536 kg.) 
of crude fatty acid are charged to the still at the start of a run, 
and thereafter for about 20 hours the feed is continuous to main
tain an even level. The crude stock going to the still is preheated 
by passing through a heat exchanger, d, which also serves as a 
partial condenser for the fatty acid vapors. Most of the dis
tillate is condensed in the jacketed coolers, e. A small amount 
of stock is condensed and.baffled out in separator/and measured 
in receiver g. The bulk of the distillate is received in h and 
pumped out, under vacuum, to storage.

H e a t  M e a s u r e m e n t s

Measurement of the heat used for distillation was accom
plished by weighing the steam condensate from the heating 
coils. In order to avoid loss of water due to flashing high- 
pressure condensate to atmospheric pressure, it was necessary 
to water-cool the pipe, k, leading from the trap to the weigh 
tank, m. The still was operated in the normal manner for 5 
or 6  hours to establish uniform temperature conditions before 
measurements were started. Following this period, all 
temperature and pressure readings as well as measurements of 
condensed steam and condensed fatty acids were taken every 
15 minutes during the 3 to 5 hour test period. This test 
covered the middle period of the complete 20-hour run. The 
stock level in the still was kept as constant as possible. 
Steam pressure variations were not greater than ± 7  pounds 
per square inch (0.5 kg. per sq. cm.). The temperature of the
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stock fed and the temperature in the still did not vary more 
than =*=5° F. (2.8° C.). The distillate receiver was pumped 
empty just before the first readings were taken and again 
just as the final reading was taken. The distilled fatty acids 
were measured in another tank.

A blank run was made to determine the amount of heat 
lost due to convection and radiation. The still was filled 
with crude fatty acids 
to the n orm al level, 
and the operating tem
p e r a tu r e  was main
tained with the high- 
pressure steam.. Dur
ing this test the vacuum 
equipment was shut off, 
and the still held at at
mospheric p r e ssu r e .
In this way the normal 
heat lo s s e s  from th e  
still occurred but no 
distillation took place.
As in the other runs, 
these conditions were 
maintained for 3 or 4 
hours to establish equi
librium and then a 4- 
liour measurement of 
steam condensate was 
made and from th e se  
m e a su r e m e n ts  th e  
heat loss w as c a lc u 
lated.

C a l c u l a t io n  o f  R f.s u l t s

The total heat supplied to the still during each test period 
was calculated from the observed steam pressure, steam 
temperature, and weight of condensate by use of Keenan s 
steam tables. N o question of steam quality was involved, 
as in all cases the steam was superheated because of com
pression from a much lower pressure. There is a possibility 
of some error in measuring the amount of condensate. If the 
trap on the condensate end of the heating coil should allow 
some steam to pass, along with the condensate, the present 
set-up would have measured it as condensate and caused high 
results. No evidence of this was found. The radiation and 
convection test showed a total heat loss from the still of 
129,800 B. t.. u. (32,550 calories) per hour under operating 
conditions. ThLs would, of course, vary with weather condi
tion in the still house, but all runs to which this loss is applied 
were made (luring a 12-day period in June, during which 
time the temperature was fairly uniform.

By deducting the heat loss from the total heat supply in the 
test runs, the total heat per pound of fatty acid can be deter
mined by direct ratio. Part of this heat is used in raising the 
feed from 353° F. (178° C.) to the still temperature of 432° 
to 442° F. (222° to 228° C.). In calculating this quantity 
the recent specific heat data of Lederer (S) were used, and it 
was assumed that the amount of stock fed was just equal to 
the amount distilled. This may not be strictly true, owing 
to  a small change in gravity of the stock in the still, but the 
error is small. After deducting the heat loss, the preheat 
required for raising the feed to distillation temperature, and 
the heat absorbed by the agitation steam from the total heat 
supply, the latent heat of vaporization was found. This was 
10S B. t. u. per pound (60 calories per gram) for recovered- 
grease fatty acids and 124 B. t. u. per pound (69.< calories 
per gram) for red oil under actual distillation conditions.

This seems to indicate that palmitic and stearic acids have a 
lower latent heat of vaporization than oleic acid. The 
recovered-grease fatty acid is a mixture of oleic, stearic, and 
palmitic acids, whereas the red oil is predominantly oleic acid. 
It is likely that most of the difference is due to the palmitic 
acid in the grease and not to the stearic acid. Theoretical 
values of latent heat of vaporization of pure stearic and oleic

acids calculated from 
v a p o r  p r e s s u r e s  by  
S k si r b 1 o m (4) a re  
practically the same, 
whereas the value for 
palmitic acid is lower 
than either.

C o n c l u s i o n

The present results 
on red oil are of the 
same order, it is true, 
as those on the some- 
wliat s im ila r  cotton
seed f a t t y  a c id s  ob
tained b y  A lsb e r g . 
The a u th o r s  believe 
however that Alsberg’s 
value is the result of 
compensating e r r o r s .  
For example, he as
sumed a specific heat of
0.46 as compared with 
th e  0.60 to  0.66  r e 
p o r ted  b y  L e d e r e r ,  

which was used here. This is a serious error, as almost 
one-fourth of the heat involved is sensible heat and not 
latent heat of vaporization. In addition, Alsberg esti
mated his heat loss which is probably much too low', 
whereas the authors measured their loss. They found 
nearly 25 per cent of the total heat supplied was lost by 
radiation and convection from the still pot. Further, ex
perience with the type of still used by ALsberg leads the 
writers to believe that much of the water he measured w'as not 
condensed steam but condenser leakage. Finally the figure 
obtained here for latent heat of mixed fatty acids from

T a b l e  I. D a t a  f o r  C a l c u l a t i n g  L a t e n t  H e a t  o f  F a t t y  
A c id s

Date 6/24/32 6/16/32 6/17/32 6 /28/32
Stork distilled Heat Recovered Recovered Red oil

loss grease grease
Length of run, hr. 1 4 3 5
Steam condensed, lb. 625 2,765 2,087 3,804
Steam pressure, lb ./sq . in.

435abs. 440 485 455
Steam tem p., ° F. 541 511 540 541
Total heat of steam , B. t. u.

/lb . 1,266 1,247 1,261 1,264
H eat of liquid, B. t. u ./lb . 435 434 446 439
H eat available, B. t. u ./lb . 831 813 815 825
Total available heat, B. t. u. 519,400 2,247,900 1,700,900 3,138,300
H eat loss, B. t. u. 519,400" 519,400 389,400 649,000
H eat taken up by  ag ita 

tion steam , B. t. u. 6,800 5,800 8,700
H eat supplied to fa tty

acid, B. t. u. 1,721,700 1,305,700 2,480,600
Total distillate, lb. 10,390 7,635 13,500
Feed tem p., ° F. 355 352 353
Still tem p., ° F. 448 432 442 434
M ean specific heat:

From 191° F. to feed
temp. 0 .60 0.60 0 .62

From 191° F . to still
temp. 0.64 0 .65 0.66

H eat required for preheat.
B. t. u. 589,000 487,000 808,000

H eat available for vapori
zation, B. t. u. 1,132,700 818,700 1,674,600

Latent heat of vaporiza
tion, B. t. u ./lb . 109.0 107.2 124.0

* 129,800 B. t. u. per hour.
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recovered grease is considerably lower than any others 
reported, in spite of the fact that any possible errors in these 
measurements were in the direction of high results.

The latent heat of vaporization will, of course, vary with  
temperature. However, the temperature range over which 
it is practical to distill fatty  acids and obtain good quality is 
rather limited, and it is felt that these results will cover most 
technical needs.
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Economics of Corrective Treatment for Cold 
Water Corrosion

Application in Public W ater Supplies

E dw aiid  S. H o p k in s , J am es W. A rm strong , Bureau of Water Supply, Baltimore, Md., a n d  J o h n  R. B a y l is ,

TH ERE are now in service 
many m ill io n  d o lla r s  
worth of iron pipe, and 

it does not seem probable that 
a metal less corrosive than iron 
will be used to any extent for 
large water pipes in the near 
future. Consequently, if there 
is to be a substantial reduction 
in corrosion, it  must be brought 
about by treatment of the water 
and not to the use of other ma
terials or m ore d u ra b le  pipe 
coverings. The mains are in
stalled, and, except in p la c e s  
where they are too small or have 
corroded to the extent that they 
will no longer withstand the pres
sure, it would not be economy 
to replace them by another ma
terial, regardless of how cheap" the other metal might be. 
Complete elimination of corrosion is not to be brought about 
by water treatment, but the value of the reduction where the 
water is fairly corrosive greatly exceeds the cost of treatment.

I t  is probably safe to  say that no neutral water would be 
satisfactory to all users in any city, and, if it should be treated 
to remove the constituent that is objectionable to some users, 
it would become objectionable to others. In considering 
the desirability of corrective treatment for water, the ques
tion should be determined on the basis of the most good to 
the majority of consumers.

The formation and continued maintenance of a thin film 
of calcium carbonate on the inside of pipe as a protective 
coating for prevention of corrosion results in a number of 
benefits. Any attem pt to evaluate the savings to a dis
tribution system resulting from the use of corrective treat
ment would be futile w ithout exact cost data extending over 
a long period of time, because of the many factors not charge
able to corrosion. I t  would however be a serious matter to 
permit the corrosion and pitting of the many miles of mains 
in our cities, which, for Baltimore and vicinity, are valued 
at over §30,000,000.

The corrosion of mains causes the formation of incrustations 
and tubercles that greatly increase friction losses and reduce 
their carrying capacity. In the case of small mains, they may 
become almost useless unless they are occasionally cleaned.

If mains are cleaned and the 
water not corrected, corrosion 
activity is increased because of 
the exposure of fresh iron sur
faces, and it  will be only a few 
years before they again require 
cleaning. The many buildings 
connected to water supplies are 
equipped with expensive piping 
systems of wrought iron, steel, 
and galvanized iron, -which are 
more readily attacked by corro
sive water than cast iron. While 
it  is not possible to determine 
accurately the cost of corrosion 
in such systems, it is very great 
where no provision is made for 
prevention.

An e n g in e e r in g  project is 
often decided exclusively on the 

basis of cost. The one estimated to be the cheapest is con
sidered the best. Such decisions omit the source of important 
factors such as a reasonable assurance of security, a satisfied 
public, freedom from complaints, and reduced maintenance 
costs. Should the “soft water” cities omit corrective treat
ment, the familiar “red water trouble” would cause innumer
able complaints from householders regarding the staining of 
clothes, bathroom fixtures, etc. In addition to the direct 
replacement cost of pipe due to corrosion, a host of indirect 
costs would accrue, occasioned by damage to plaster, furni
ture, and other goods.

While it is not possible to place a material value upon an 
intangible asset, freedom from complaints and ill feeling is 
worth much to any community or company and in itself 
justifies a large monetary outlay.

Corrective treatment in the Baltimore supply was inaugu
rated in 1922 (2) and utilized a pH value of about 8.3, pro
ducing a slight “egg shell” precipitate of calcium carbonate 
in the system as a protective coating on the interior pipe 
surface. This hydrogen-ion concentration has been gradually 
reduced because of changing buffer characteristics of the 
water and regulation by the von Heyer “marble test” (4) 
to a pH value of 7.9. This alkalinity has maintained the 
coating in good condition. I t  has been demonstrated (5) 
that water, when initially treated with lime to the calcium  
carbonate equilibrium point, will hold its pH value after

Bureau of Engineering, Chicago, 111.

A resume is given of the principles underlying 
water-pipe corrective treatment. Studies have 
been made to shoiv the economic relation of this 
treatment to the cost of steam generation and indus
trial water softening by the use of lime, caustic 
soda, and soda ash. Comparison of these costs 
with the lax rate has been made to indicate their 
economic distribution between industrial ac
tivity and the m unicipality. The question of 
soap consumption and p ip e  renewal by consum
ers is discussed. U tilizing the data obtained 
at Baltimore, an estimation of the cost and bene- 
fd s  in a selected group of cities is given. The 
value of this protection to the p ip e  system is 
demonstrated.
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R iv e r P l a n t I n
W  ATER E f f l u e n t c r e a s e

39 48 9
2 9 7

39 42 3
11.1 14.4 3 .3
4.1 4 .0

44 52 8 * ’
5
9

passage through an entire system, including a double set of 
balancing reservoirs and about 1500 miles of pipe; this 
proves the practicability of the treatment.

T a b l e  I .  I n c r e a s e  in  H a r d n e s s  o p  G u n p o w d e r  R iv e r  
W a t e r  C a u s e d  b y  L im e  C o r r e c t iv e  T r e a t m e n t

(Average for 1932 expressed as p. p. m.)

Soap hardness0 
Noncarbonate alkalin ity0 
A lkalinity0 
Ca 
Mg
1'otal hardness calculated from Ca and Mg 
CaO applied
CaO calculated as CaCO*

° As calcium carbonate.
& Or 18.2 per cent.

I n d u s t r i a l  S o f t e n i n g

As would be expected, laundries, ice manufacturing plants, 
and certain other establishments soften water to prevent 
soap loss or to produce a uniform product. These installa
tions range between 100,000 and 500,000 gallons per day 
capacity. A detailed estimate of the operating cost of four 
zeolite softeners from different plants is given in Table II. 
The figures presented are averages of the group and do not 
represent a single unit. It is believed that these data are 
typical of the industrial softening in the city. About 30,- 
000,000  gallons of water per year per installation are treated 
at a total cost per unit of SI 128 or S0.03S per thousand gal
lons for a total hardness of 52 p. p. m. of which 8 p. p. m. or 
18.2 per cent is caused by lime corrective treatment. This 
excess hardness cost is S0.00G9 per thousand gallons or 
S205.30 per year. Considered as a portion of the business 
overhead, this added cost is a small item.

T a b l e  II . C o s t  o f  S o f t e n i n g  W a t e r  w i t h  Z e o l i t e s
(Average of four industrial systems for 1932)

Time between regenerations, hr.
W ater softened per regeneration, gal.
W ater used per year, gal.
Regenerations per year 
Salt per regeneration, lb.
Cost of salt a t $15.40 per ton 
W ater wasted per regeneration, gal.
Cost of w ater a t  $0.75 per 1000 cu. ft.
Labor per regeneration 
Cost per year for regeneration of zeolite 
Depreciation of zeolite (20% of $1038.94)
D epreciation of softener (10% of $467.00)

29,

$S73.52
207.79

40.70

7 .5
114.000
580.000 

293 
225

$1.73 
7,343 
SO.74 
$0.80

Total cost per year $1123.01°
Cost per 1000 gal. . m 0 o w \
Additional cost per year caused by corrective treatm ent (18.2 /o) 
Additional cost per 1000 gal.

° Based upon average values for water of 70 p. p. m. hardness.

$0,038
$205.30
$0.0069

Cost data for softening and steam generation at the 
Point Breeze Plant of the Western Electric Company are 
shown in Table III. The yearly steam consumption was 
192,000,000 pounds for 1932, of which 40 per cent was “make
up” water, at a softening cost of SO.14 per 1000 gallons of 
water used. Their “blow-down” cost was approximately 
SO. 15 per thousand gallons. The cost of softening water 
in the boiler, including return, was S0.06 per thousand gallons. 
The high zeolite softening cost in this installation is caused 
by the short cycle of regeneration (18,000 gallons) increas
ing fixed costs when compared with that obtained in other 
industrial practice. In 1927 Powell (7) reported zeolite 
softening costs of S0.04 per thousand gallons for the Spring 
Garden Plant of the Consolidated Gas and Electric Company. 
In the plant under discussion here, GO per cent of water is 
returned, while in the Spring Garden plant recirculation is 
not possible since the steam generated is used for gas manu
facture.

T a b l e  I I I .  C o s t  o f  S t e a m  G e n e r a t io n , U s in o  C o r r e c t e d  
T r e a t e d  W a t e r  

(D a ta  for 1932)
P lan t horsepower 2,715
R ating a t 200° C. (392° F.) 94,012
W ater used for year, gal. 9,219,000
Yearly cost softening with zeolite $1,288.72
Cost of softening per 1000 gal. $0.14
Additional cost of softening due to corrective treatm ent (18.2%) $233.55
Additional coat per 1000 gal. $0,025
Steam generated for year, lb. 192,000,000
M ake-up water a t 60% return, lb. 76,S00,000
M ake-up w ater for year, lb. 9,219,000
Solids per year a t  71 p. p. m. (av. of city water), lb. 5,453
Additional solids caused by  lime treatm ent (8 p. p. m. or 11.3%), lb. 614 
W ater as blow-down per day a t 600 lb ./h r., lb. 14,400
Cost of heat loss in biow-down a t $0.25 per 1000 lb. $3.60
Cost of water lost a t $0.75 per 1000 cu. ft. $0.17
Total blow-down cost per year $1,376.05
Blow-down cost per 1000 gal. $0.149
Increased cost per year of blow-down caused by corrective

treatm ent or 4.5% $61.92
Increased cost per year per 1000 gal. $0,007
Total cost for treatm ent caused by  added hardness $295.47
Additional cost per 1000 gal. for added hardness $0,032
Additional cost per 1000 lb. of steam $0,001

In consideration of these facts, the increased cost caused 
by the lime treatment is S0.03 per thousand gallons of make
up water or S295.47 per year. The total industrial horse
power used by steam generation is not obtainable for Balti
more or any other city with accuracy. It is impractical, 
therefore, to compare steam generating costs in one plant with 
any other plant, since varying amounts are used in processes, 
lost in lines (whether heat exchangers are used or not), vary
ing make-up proportions, and other factors. Therefore, it

T a b l e  IV. S o a p  W a s t e  C a u s e d  b y  A d d e d  H a r d n e s s  D u e  t o  C o r r e c t i v e  L im e
(D ata obtained by test of twenty-five different brands)

T r e a t m e n t

S oap

Toilet

Average
Glycerol

Average
Kitchen

Average 
Soap powder

Average 
Scouring powder

U n c o r r e c t e d  W a t e r  (H a r d n e s s , 
Grams Lb. per Gal.

per 1000 gal. softened
liter per p. p. m. per lb. 
0 .34  352
0 .42 281
0 .46 261
0.47 255
0 .49 245
0 .46 261
0 .50 242
0.46 261
0.49 245
0 .49 245
0 .50  240
0.49  245
0 .46 0.11 261
0.58  206
1.01 118
0 .80  0 .17  162
0 .9 0  132
0.96  126
1.14 104
0.90  132
0.98  0 .23  123
0.75  159
0.47 255
0.61 0 .13  207

17.14 * 7

36 p . p . m .) 
Cost 
per 
gal.

$0.0014
0.0026
0.0006
0.0018
0.0019
0.0018
0.0017
0.0017
0.0056
0.0017
0.0008
0.0107
0.0027
0.0046
0.0050
0.0043
0.0006
0.0006
0.0019
0.0006
0.0009
0.0009
0.0007
0.0003
0.0162

C o r r e c t e d  W a t e r  ( H a r d n e s s ,
Grams

per
liter
0.39
0.52
0.56
0.53
0 .60
0 .58
0.62
0.59
0.62
0.62
0.65
0.67
0.58
0 .70
1.35
1.02
0.99
1.08
1.33
1.21
1.14
0 .80
0 .55
0 .67

21.45

Lb. per 
1000 gal. 

per p. p. m.

0 .10

0.16

0.19

0.11

Gal. 
softened 
per lb. 
307 
230 
214 
207 

• 198 
206 
193 
203 
193 
193
184 
179 
209 
171
89 

130 
121 
110
90 
99

105
151
218
185

49 p . p . m .)
Cost

god.
$0.0016

0.0032
0.0007
0.0021
0.0024
0.0023
0.0021
0.0021
0.0071
0.0022
0.0010
0.0148
0.0035
0.0056
0.0067
0.0062
0.0006
0.0007
0.0022
0.0007
0.0011
0.0009
0.0008
0.0009
0.0203

S oap
13 p . p.
Grams

per
liter
0 .05
0.10
0.10
0.11
0.11
0.12
0.12
0.13
0.13
0.13
0.15
0 .18
0 .12
0.12
0.34
0.22
0.09
0.12
0.17
0.31
0.16
0.05
0.08
0 .06
4.31

W a st e  C a u s e d  b y  
m . A d d e d  H a r d n e s s

Gal. 
softened 
per lb. 

45
51
47
48 
47
55
49
58
52 
52
56 
66 
52
59 
71 
65 
11 
16 
14 
33 
18
8

37
23

1

Cost
per
gal.

$0.0002
0.0006
0.0001
0.0003
0.0005
0.0005
0.0004
0.0004
0.0015
0.0005
0.0002
0.0041
0.0008
0.0010
0.0017
0.0014
0.0001
0.0001
0.0003
0.000?
0.0002
0.0001
0.0001
0.0001
0.0041



I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 26, No. 3

is impossible to draw economic conclusions predicated upon 
any given plant as characteristic conditions for a community.

S o a p  W a s t e  C o s t

In an effort to obtain some idea of the soap waste caused 
by corrective treatment, a study was conducted to determine 
the softening value of various commercial brands of soap 
and soap powders. As presented in Table IV, the added 
hardness caused by lime treatment produced a soap waste 
increase varying from 0.05 to 0.34 gram per liter for toilet

soaps, 0.09 to 0.31 gram for kitchen soaps, and 0.05 to 0.08 
gram for soap powders. The most popular brands of toilet 
soaps ranged from 0.10 to 0.15 gram per liter. These tests 
were conducted with alcoholic solutions of the soaps using 
50 cc. of water with an equivalent hardness to the city water 
at the time of testing and were carefully made. This was 
necessary since it was not possible to obtain sufficient infor
mation from the literature, as most studies reported therein 
were made for the purpose of deciding greater hardness dif
ferences and could not be applied. The cost of soap waste 
caused by corrective treatment varied from 80.0001 to 
80.0041 per gallon, depending upon the brand of soap 
used. When evaluating these costs in relation to soap 
waste, it must be remembered that many soaps are soft in 
texture and disintegrate u]>on standing in the dish, produc
ing excess loss not chargeable to that caused by the water. 
It is therefore recognized that evaluation of general soap costs 
cannot- be made with accuracy, but specific brands under 
controlled conditions can give a reasonable estimate of this 
expense to a family.

As a method of studying soap costs, carefully controlled 
use of water was maintained in one home of two jieople for 
a period of 15 days. All water for cooking, toilet flushing, 
and sprinkling was noted, and the residue from the total 
applied to washing. General flat laundry work was done 
commercially elsewhere and is excluded from consideration. 
Included in this consumption was a daily bath per person. 
Detailed data given in Table V disclose that 5.3 gallons of 
water per person per day were completely softened with 
soap. This amount is lower than that obtained by Snyder 
(S) of 8  gallons per person in her study of conditions in 
Columbus, Ohio, probably because she gave data on a family 
o f five including two small children.

This study indicates that about 1934 gallons per person 
per year are used for washing, with a soap waste caused by 
corrective treatment of 1.04 pounds per thousand gallons 
at a total cost SO. 19 or 80.024 per p. p. m. of hardness per 
thousand gallons. This amount probably represents the

maximum soap used per person as daily bathing is not char
acteristic of large population areas; therefore, the average 
soap consumption per person would be considerably lowered. 
Hudson and Buswell {(>) give the per capita soap consumption 
for several cities in which the hardness of the waters varies 
considerably. These data indicate that each p. p. m. of 
hardness caused a per capita increased soap cost of about 
80.01 per year. The above values were computed upon the 
usual retail price, and, since in most households soaps are 
purchased at reduced rates, it is obvious that these costs 

are somewhat higher than actually found in practice.
Emphasis must be placed upon the fact that the 

above data cannot be accepted as conclusive, except for 
the particular test. The cost data assumptions pre
sented should, therefore, be taken only in very general 
terms, but they do show that the family expense for 
corrective treatment in terms of soap waste is slight. 
The savings effected in pipe repair and maintenance by 
the prevention of corrosion more than compensate for 
the excess soap cost.

This problem is quite different from that of the ex
cess soap waste cost found in the “hard-water” cities in 
certain parts of this country. Comparison of soap waste 
caused by waters of varying hardness, on the basis of 
pounds per p. p. m. per thousand gallons, discloses un
related values, since it is well recognized that a certain 
minimum quantity of soap is necessary to produce a 
lather even with distilled water. Waters high in calcium 
and magnesium salts give the lowest soap loss per 
p. p. m., indicating that this minimum concentration 
has an im p o r ta n t b ea r in g  upon th e  total result. 

Therefore, it is clear that soap waste values above this 
minimum are comparable but, if based upon the total hard
ness, may be erroneous. This can be explained by review
ing the colloidal chemical factors involved in the shaking 
test.

T a b l e  V . H o u s e h o l d  S o a p  C o n s u m p t io n

Period of test, days 15
Persons in family 2
W ater for flushing toilets, gal. 948
W ater for cookiug, gal. 94
W ater for sprinkling lawn, gal. 557
W ater for washing (flat work laundry  excluded), gal. 516
Total water used, gal. 2115
W ater per person per day  for washing, gal. 17.2
Soap used a t 49 p. p. in. hardness for 516 gal. of w a te r ,g a l .  1.02
Soap per 1000 gal.,° lb. 1.97
Soap per 1000 gal. per p. p. m. hardness,® lb. 0 .04
Soap waste per 1000 gal. per p. p. m. a t  49 p. p. in. hardness, from

Table IV, lb. 0 .13
%  of completely softened water by soap used in household 30.8
E quivalent water per person per day, gal. 5 .3
Soap wasted per 1000 gal. for 8 p . p. in. added hardness, lb. 1.04
Soap waste cost per person per aay  for 8 p. p. m. added hardness $0.00098 

a Toilet soap, %  17.4
Kitchen soap, % 32.2 
Soap powder, % 50.4

100.0

The final solution contains colloidal particles of insoluble 
calcium and magnesium soaps. As shown by Briggs (.3), 
there is a relationship between the amount of soap in the in
terface and that still peptized in the water. It is a case of 
distribution of soap between the water and the interface. 
Bancroft (I) points out that there “will be some ratio of 
calcium to sodium at which the two oleates will practically 
balance each other, and the slightest relative change will change 
the type of emulsion.” Since a foam is controlled by similar 
laws, this relative change explains the slightly different 
analytical results obtained by a group of people with the 
same water, owing to the intensity of shaking developed by 
the individual. He also states: “To get a fairly permanent 
foam, the surface film must either be viscous in itself or must 
be stabilized in some way. This can be done by introducing 
a solid powder into the interface.” This is precisely what 
occurs when making the soap test for hardness, assuming the

L iq u id  A l u m  M a n u f a c t u r in g  P l a n t , M o n t e b e l l o  F i l t e r s , 
B a l t im o r e , M d .
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T a b l e  V I. C o m p a r a t iv e  N e u t r a l iz a t io n  C o s t  o f  C a r b o n  D io x id e  by  L im e  a n d  S o d iu m  C o m p o u n d s  
(Taxable basis of city for 1932, $188,934,444; 1 cent of tax rate a t $2.65 per $100 produces $105,490.35)

L a b o r a t o r y  D a ta  w it h  U n c o r r e c t e d  F il t e r e d  W a t e r  
C o n t a in in g  11.4 p. p. m . COt a t  pH of 6.4

D a ta  B a s e d  u p o n  P c m pa g e  a t  M o n t e b e l l o  F il t e r s  fo r  1932, 
130,380,000 G al .

T o O b ta in  a 
pH V a l u e  o f : C o m po u n d

P . P. M. 
N e e d e d

P. P. M. 
H a r d n e s s  
In c r e a se C o m po u n d T otal  C o st

C o st  p e r  
M il l io n  G al .

I n c r e a s e  in  
T a x  R a te  D ue  
to  T r e a t m e n t

7 .9 CaO 5 .5 7
T  ons 

1 ,1 6 3 .6 6 6 $ 7 ,9 1 2 .9 3 $ 0 .2 1 $ 0 .0 0 0 8
NaOH 8 .9 0 1 ,8 1 1 .1 0 2 9 8 ,1 6 1 .7 3 2 .6 4 0 .0 0 9 3
NasCOi 2 2 .2 0 5 ,9 1 9 .2 3 5 1 6 1 ,0 0 4 .5 5 4 .3 3 0 .0 1 5 3

8 .2 CaO 6 .1 11 1 ,2 9 0 .5 7 7 8 ,7 7 5 .9 2 0 .2 4 0 .0 0 0 8
NaOH 9 .4 0 1 ,9 1 2 .8 0 0 1 0 3 ,6 7 4 .0 9 2 .7 9 0 .0 0 9 8
NasCOa 2 4 .8 0 6 ,0 1 1 . 184 1 7 9 ,8 2 4 .1 5 4 .8 4 0 .0 1 7 0

8 .5 CaO 7 .2 13 1 ,5 2 3 .3 0 4 1 0 ,3 5 8 .4 7 0 .2 8 0 .0 0 1 0
NaOH 1 0 .3 0 2 ,0 9 5 .9 4 7 1 1 3 ,6 0 0 .3 3 3 .0 7 0 .0 1 0 8
NaiCOi 2 7 .3 0 7 ,2 7 7 .6 3 4 1 9 7 ,9 5 1 .6 4 5 .3 3 0 .0 1 8 8

solid colloidal olcate particles are introduced into the inter
face, thus stabilizing the foam. It is easily conceived that, 
with different concentrations and intensity of shaking, the 
amount so adsorbed may vary within wide limits, thereby 
explaining the divergence of results reported in the literature.

U s e  o f  S o d iu m  C o m p o u n d s  t o  R e d u c e  C a r b o n  D i o x id e

Neutralization of free carbon dioxide is practical with either 
caustic soda or soda ash to maintain a calcium carbonate 
film within the pipe system, but it is usually not economical 
for the production of such a film. The only justification 
for such treatment would be to prevent the slight hardness 
increase caused by lime, thereby increasing the efficiency of 
steam generating plants with resultant slight savings in their 
softening processes. But, since natural waters always con
tain a certain minimum of hardness, softening to a greater or 
less degree must be practiced everywhere.

Maintenance of pH values in the Gunpowder River (Md.) 
water between 7.9 and 8.5, which is the calcium carbonate 
equilibrium point, requires from S to 10 p. p. m. of caustic 
soda and from 20 to 30 p. p. m. of soda ash to protect a pre
viously formed film. To precipitate a calcium carbonate 
film would require from 12 to 15 p. p. in. of caustic soda and 
from 30 to 40 p. p. m. of soda ash. This would be costly, 
and, if these materials were used, only neutralization should 
be undertaken with precipitation of any needed coating 
by lime. The data for this conclusion are presented in 
Table AT. Converting these facts into money values, it is 
evident that to neutralize 11.4 p. p. m. of carbon dioxide to 
a pH value of 7.9 will cost, based upon 1932 pumpage, 
$98,000 if solid caustic soda is used and 81 (i 1,000 if soda 
ash is used. These costs would in
crease the tax rate $0.93 per $100 
of assessment for caustic soda and 
SI.53 for soda ash. The purifica
tion cost would be increased $2.64 
per million gallons for caustic soda 
and S4.33 for soda ash as compared 
with S0.21 for e q u iv a le n t  lime 
treatment.

Translating these values to the 
economic life of the community as 
shown in Table ATI, it is demon
strated that utilization of sodium 
co m p o u n d s  in  comparison with 
lime, for corrective treatment, is . 
not practical. However, when re
viewing these data, it must be re
membered that the only accurate 
comparable figures are those ob
tained in laundry practice. As 
previously stated, the many vari
able factors controlling the use of 
steam, together with erratic con
sumption of soap, make these values

unreliable except in the particular plant or home. They 
are offered in Table ATI simply as an index for compari
son, with full recognition of the fact that they are not 
ge nerally appl ica bl e .

T a b l e  ATI. C o m p a r i s o n  o f  A p p r o x im a te  S o f t e n i n g  C o s t s  
C a u s e d  by  L im e  C o r r e c t i v e  T r e a t m e n t  w i t h  I n c r e a s e d  

T a x e s  Im p o s e d  by  S u b s t i t u t i o n  o f  C a u s t i c  S o d a
(Based upon a tax ra te  of $2.63 per $100 assessment, and hardness of 8 

p. p. m.)

P r o per t y

5 steam plants 
4 laundries 
Home'*

A s s e s s a b l e
B a sis

$20,546,620
479,040

5,000

T a x  I n c r e a s e  
fo r  NaOH 

T r e a t m e n t  
$1,684.28 

41.20 
0.41

A d d e d  Y e a r l y  
S o f t e n in g  

C o st  C a u s e d  
by  C aO  T r e a t 

m e n t  
$1,477.35 

812.20 
1.40*1 
0 .3 5 « )

T y p e  of  
S o f t e n 

in g  
Zeolite 
Zeolite 
S oap

a Fam ily of 4.4 persons.
* Probable maximum per family.
c Com puted from Hudson and Bus well's da ta  (6), considered the moat 

nearly accurate for large population areas.

T a b l e  V I I I .  H y p o t h e t ic a l  C o s t  o f  C o r r e c t iv e  T r e a t m e n t  
o f  W a t e r  in  V a r io u s  C it i e s  S h o u l d  L im e  B e  R e p l a c e d  by  

C a u s t ic  S oda

I n  A ppp.o x .
c r e a s e d I n c r e a s e d

So a p E q u iv a  C o st  p e r
CaO H a r d  l e n t M il l io n

C ity p H U s e d n e s s NaOH G a l .
P. p. m. P. p. m.

Akron, Ohio 7 .9 6 .6 10 9 .4 $2.89
A tlanta, Ga. 7 .6 4.1 11 5 .8 1.78
Baltimore, Md. 7 .9 5 .0 9 7.1 2.18
Birmingham, Ala. 7 .2 9.4 2 13.3 4 .08
Cam bridge. M ass . 8 .6 10.6 13 15.1 4.64
Clarksburg, W. Ya. 8 .0 22.2 17 31.5 9.57
Hagerstown, Md. 7 .8 7Í8 5 11.1 3.41
Louisville, Ky. 8 .0 6.1 5 8.7 2.67
Philadelphia, Pa. 7 .0 7 .5 6 10.7 3.28
W ashington, D. C. 7 .8 10.3 11 14.6 4.48

S o u t h  F il t e r  G al 
M o n t e b e i

l e r y , O ld  P l a n t , 
,l o  F i l t e r s

Comparative cost data for several 
cities, assuming corrosion control 
by use of caustic soda, are shown in 
Table VIII. In most instances ex
cessive expense would be incurred 
by the municipality for this treat
ment.

C o n c l u s i o n s

The data and findings of tiiis 
paper are applicable only to waters 
in which the total hardness does 
not exceed 75 p. p. m.

The cost of corrective treatment 
with lime for corrosive waters of this 
type is amply justified for an entire 
community.

The cost of treating water with 
caustiesoda for the neutralization of 
carbon dioxide, thereby preventing 
corrosion with avoidance of an in
crease in hardness, in order to reduce
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soap consumption and save expense in preparing boiler feed 
water is not justified in a public water supply of this type.

The cost to steam generating plants for the treatment of 
boiler feed water to overcome the excessive hardness due 
to lime treatment is about equal to the additional taxes they 
would have to pay should the entire city supply be treated 
with caustic soda. This ratio would vary with local condi
tions in a given community.

Laundries would generally be direct gainers by the caustic 
soda treatment, but, as their increased cost is small, there 
can be no justification in taxing an entire community for the 
benefit of a few.

The increased burden to the householder for caustic soda 
treatment would in most instances be about equal to the pres
ent soap waste cost caused by lime treatment. This ratio 
is, of course, governed by the individual use of water for 
washing purposes. As a considerable amount of soap is 
discarded in household use, any exact financial saving can
not be determined.

Economic consideration necessarily based upon more or 
less indefinite data indicates that the great expense of caustic 
soda treatment is not justified to the municipality. The 
cost of treating water at the plant to prevent corrosion, to
gether with other costs to the consumer, is but a small fraction 
of the losses sustained should corrosive water be supplied.

It is therefore believed that corrective treatment with lime 
produces a water of the most economic value to the most 
users.

A c k n o w l e d g m e n t

The data given in Table III  were obtained through the 
courtesy of A. A. Ewing, assistant superintendent of the 
Point Breeze Plant of the Western Electric Company.
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Corrosion Inhibition by Lime Treatment
Effect on Industrial W ater-Consumption Costs

Sh e ppa r d  T. P o w ell , 330 N. Charles St., Baltimore, Md.

THE corrosion of water mains and service pipes resulting 
in "red water” has been a perplexing and costly problem 
in the operation of many municipal and privately 

owned water systems. Up to the present, the only relatively 
satisfactory method for inhibiting this condition has been the 
addition of sufficient quantities of lime to produce protective 
coatings on the inside of the mains and laterals of the distribu
tion systems. The classical studies by Baylis, Hoover, 
Hopkins and other investigators has added greatly to our 
knowledge on this subject.

The success of anticorrosion treatment by lime will depend 
largely on the intelligence of the operators in the proper 
adjustments to meet local operating conditions. Funda
mentally the theory of protective coatings to inhibit corrosion 
is sound, and assured success will be forthcoming if the rate of 
scale deposition can be adequately controlled. The difficulty 
that was experienced in the earlier periods of treatment was 
due largely to a lack of adequate control procedure, and there 
are many instances where inadequate treatment has resulted 
in excessively costly operation. There are numerous instances 
where the pipe line deposits have built up to such an ex
tent as to impose excessive pumping charges resulting from 
the diminution of the size of the mains. The ideal conditions 
for the prevention of corrosion by lime treatment is to secure 
an impermeable film of calcium carbonate and to adjust the 
treatment after the deposit has been produced so as not to 
dissolve the deposit already formed and to bold further 
deposition of calcium carbonate at a minimum. To produce 
these conditions requires extensive experience and constant 
accurate control of the treatment. Without such control, 
inadequate treatment will result, placing a heavy burden on 
both the domestic and industrial users of the water supply so 
treated.

Although many public water supplies now receive lime 
treatment to inhibit “red water,” little, if any, thought has 
been given to the economic phases of the problem. To most 
investigators and to water works officials generally, the avail
ability of a method for controlling “red water” has been the 
impelling motive for inaugurating the treatment, irrespective 
of any detrimental effect resulting therefrom for service other 
than purely domestic. Wherever the cost of treatment has 
been given consideration, the factors considered have been 
limited to the actual cost of chemicals used and to the capital 
investment for equipment necessary to apply the lime. 
Further, the savings resulting from the reduction in pipe 
renewals have been fully credited to the treatment. Fi
nancial losses to industrial users resulting from this form of 
treatment have been given scant consideration, although in 
some cases, especially where overtreatment has occurred, 
the burden on the industrial users has been very great. 
It is the purpose of the author’s comments merely to draw 
attention to these facts in the hope that, where such treat
ment is under consideration or now in use, consideration be 
given to the industrial consumer’s status.

S c a l e  F o r m a t io n

Possibly the most direct and calculable losses from the 
industrial user’s viewpoint are those sustained by the increased 
scale-forming solids added to the water and the financial 
losses incurred in steam generation. These are tangible 
losses subject to accurate estimates. From a recent study 
in one plant it was demonstrated that lime treatment of the 
public water supply which was used for make-up water 
imposed an additional cost for treatment of $15.04 per million 
gallons of water used, or approximately $1500 annually for 
the plant in question. I t  is interesting to note in this con
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nection that the amount of residual lime in the city water 
resulting from the anticorrosion treatment was only a half
grain per gallon. The itemized losses at the plant in question 
have been summarized in Table I. These figures are reliable, 
since the company maintains an accurate accounting system, 
but are probably lower than the actual losses sustained, since 
there are a number of intangible losses which may not be 
readily evaluated and, therefore, have not been given con
sideration in the figures reported. It is readily apparent 
that in a highly industrialized community, where large 
quantities of water are used for steam generating purposes, 
the total annual losses may run into large figures.

T a b l e  I .  S u m m a r y  o f  I n c r e a s e d  C o s t  o f  O p e r a t io n  o f  
Z e o l it e  W a t e r  S o f t e n in g  D u e  t o  I n c r e a s in g  t h e  H a r d n e s s  

o f  t h e  C it y  W a t e r  O n e - H a l f  G r a in  p e r  G a l l o n

A d d e d  C o s t  p e r  M i l 
l i o n  G a l l o n s  or 

B o i l e r  F e e d  M a k e u p
A. Increase in salt consumption $1.50
B. Increased sodium sulfate required to correct the ratios 0.99
C. Fuel losses due to increased boiler blow-down 1.83
D. Cost of city w ater required for increased zeolite

back washing and boiler blow-down 5.48
E . Increased depreciation and m aintenance 2.05
F. Increased labor 3.14

15.04
Increased cost (disregarding items C, E , F) 7.97

I n c r e a s e d  S o a p  C o n s u m p t i o n

Possibly the greatest single financial burden on a com
munity from lime treatment is the increased soap consump
tion resulting from the added residual lime in the treated 
supply. I t  is difficult to estimate these losses accurately, 
but even the most conservative calculation will demonstrate 
that the cost of soap consumed is an important item and may 
not be ignored in evaluating the actual cost of anticorrosion 
prevention measures as now practiced by municipalities.

Various investigators have shown that each part per 
million of hardness added to the water will increase the soap 
consumption from 0.07 to 0.3 pound per thousand gallons of 
water treated. Undoubtedly the figures in the upper range 
are excessive, and the actual amount is close to 0.15 pound; 
this is the factor used in the author’s estimate. This figure 
closely approximates the results obtained by the previous 
authors who have established a figure of 0.13 pound. Assum
ing the average cost of soap at 15 cents per pound, this would 
amount to $360 per million gallons of water used for washing 
purposes for each grain of increased hardness. It is readily 
apparent that in large communities such losses may not be 
ignored in an intelligent estimate of the value of such treat
ment as it affects the taxpayer.

F i n a n c i a l  L o s s  D u e  t o  I n c r e a s e d  H a r d n e s s

The penalty imposed on industrial users will vary greatly 
with the specific requirement of the processes affected. A 
short time ago the writer was consulted by a large textile 
industry relative to the effect of the use of water from a 
municipal water supply where lime treatment for the pre
vention of “red water” is practiced. Difficulty in processing 
was encountered shortly after the correction treatment was

undertaken. This study revealed the fact that continued use 
of the municipal supply would result in completely disrupting 
the process and would impose a great financial loss annually 
on the manufacturer. It was necessary to secure a new water 
supply requiring a capital expenditure of approximately 
$50,000. In addition to this burden on the consumer, the 
water company lost several thousand dollars revenue annually 
by discontinuance of service to one of its largest consumers. 
Such cases are by no means rare but are seldom reported in 
discussing the merits and cost of lime treatment.

The importance of this problem to industries was demon
strated in an experience in a highly industrialized textile 
community in the East within the past two years. Immedi
ately after the lime treatment of the public water supply 
started, complaints were received from silk dyers. The 
magnitude of the troubles resulting varied in different plants, 
but all appeared to be more or less seriously affected. The 
major complaints resulting from the difficulties in the tin 
weighting of silk were due to the detrimental action of high 
alkalinity, increasing the rapidity at which the tin salt 
deposited and thereby upsetting the normal functioning of 
this process. Adjustment of the pH value of the water by 
acid treatment corrected the difficulty in some plants, but at 
other factories these corrective measures were difficult to 
adjust on account of specific local operating conditions. 
The ultimate solution of the problem was effected by furnish
ing all the industries involved, with water from another 
supply which was not lime-treated. This procedure, how
ever, was costly and required the construction of large indus
trial water mains and the incurrence of other incidental 
losses in making the necessary change from one water supply 
to the other.

In the final analysis, the matter reverts to the preferential 
rights of the domestic or industrial consumers. It must be 
conceded that the first duty of any water company, either 
privately or municipally controlled, is to'furnish a safe water. 
In this respect the industrial consumers requirement should 
be given secondary consideration. The desire to produce a 
potable water should not be construed, however, as is so 
often the case, to mean that the industrial consumer has no 
rights and should be penalized unduly to meet the primary 
requirement. Careful analysis of these conditions in many 
cases will reveal the fact that no attempt has been made to 
synchronize the divergent water specifications for the two 
classes of consumers. The problem is difficult but not beyond 
equitable adjustment. It may not be corrected, however, 
if the industrial consumers’ requirements are completely 
ignored and will not be relieved until there are made available 
comprehensive cost data on this form of treatment. Up to 
the present, the majority of technical papers which have been 
presented by various groups interested in the matter have 
almost entirely ignored the ultimate effect of such treatment 
other than to direct attention to the success of the treatment 
in inhibiting “red water” and estimating intangible savings 
from predicted pipe losses.

R e c e iv e d  November 8, 1933. Presented before th e ' Division of W ater, 
Sewage, and Sanitation Chem istry a t  the  86th M eeting of the American 
Chemical Society, Chicago, 111., Septem ber 10 to  15, 1933.

W o r l d  N it r o g e n  S it u a t io n . Following two years of de
creases, the world consumption of nitrogen advanced almost 
13 per cent in the fertilizer year ended June 30, 1933, as com
pared with 1931-32, according to the annual report of the 
British Sulphate of Ammonia Federation. The production in 
Chile decreased over 58 per cent, while the output in other 
countries increased by 12.5 per cent, making a net world increase 
of 5 per cent.

The total nitrogen-producing capacity in the world at the

present time is estimated to be approximately 3,460,000 tons 
of nitrogen, exclusive of Chile. The “manufactured nitrogen” 
industry of the world thus operated at an average of about 46 per 
cent of capacity.

Agreements with the most important Continental nitrogen- 
producing concerns and a tentative agreement with the Chilean 
nitrate industry were concluded in July 1932, and as a result 
orderly selling was introduced into most of the world’s markets; 
these agreements have been continued for 1933-34.



Potash and Alumina from Georgia Shale
S. L. M a d o b sk y

Fertilizer and Fixed Nitrogen Investigations, Bureau of Chemistry and Soils, Washington, D . C.

THE large shale deposit 
near Cartersville, Ga., 
represents an important 

potential source of potash, pro
vided an economical method can 
be found for its treatment. It 
is a potassium aluminum silicate, 
carrying an average of 7 to 8 per 
cent potash. Various methods, 
such as volatilization of potash 
as potassium chloride from the 
rock at high temperatures (7) 
and extraction of the rock with 
acids (2 ,12), have been suggested 
for the recovery of potash from 
potassium aluminum silicates.
In these methods stress is laid
either on recovery of potash as a by-product in cement manu
facture or on the recovery of alumina as a by-product. This 
]>a]>er deals with certain reactions involved in the hydrochloric 
acid extraction of Georgia shale and the separation of alumina 
in pure form from the extract.

The Georgia shale used in the experiments had the follow
ing composition:

In  the chemical extract ion of potash from  shales, 
as typified by the extensive Georgia shales, con
taining 7 to 8 per cent potassium oxide, the separa
tion of alumina as a by-product enhances the 
economic potentialities of the operation. In  the 
present paper are described some studies of the 
separation of alumina in pure form  from  the 
other constituents of that mineral rendered 
soluble by a hydrochloric acid extraction. Sub
jecting the mixed chlorides to a heal treatment in 
an atmosphere of hydrochloric acid gas converts the 
aluminum chloride to the oxide, the. other constitu
ents remaining as the water-soluble chlorides.

SiOj
AUOj
FeiOj
KxO

%
5 6 .6 0
2 0 .5 3

7 .0 1
7 .1 3

MgO
CaO
1*039 on ignition

%
4 .0 0
0 .3 1
4 .3 1

The shale was ground to pass a 100-mesh screen and treated 
with boiling concentrated hydrochloric acid. The liquor was 
filtered off from the insoluble residue, mostly silica, for use 
in the following series of experiments, designed as a systematic 
study of methods of obtaining pure alumina from a mixture of 
chlorides.

The hydrochloric acid extract of Georgia shale contains 
the following chlorides: potassium, calcium, magnesium, 
ferric, and aluminum; since all of them are readily soluble in 
water, a separation by fractional crystallization would be 
difficult. It is well known that, with the exception of potas
sium chloride, all of these chlorides decompose when their 
hydrates are heated in air. This would furnish a means of 
separating the potassium chloride from the other chlorides

by simply evaporating the hy
drochloric acid extract to dry
ness and heating until the un
stable chlorides decomposed into 
oxides, followed by leaching to 
r e c o v e r  p o ta s s iu m  chloride. 
However, this treatment would 
throw’ together the iron and alu
minum oxides, and it would be 
difficult to separate the alumina 
in pure form, u n le s s  by th e  
Bayer process.

The literature on the decom
position of calcium, magnesium, 
ferric, and aluminum chlorides 
by heat discloses that, when the 
heating is done in an atmosphere 

of hydrochloric acid, the calcium, magnesium, and ferric chlo
rides can be dehydrated without decomposition, while alumi
num chloride is converted into the oxide (3-6, 8, 11, 13, I f ) . 
Thus, it would appear that by evaporating the Georgia shale 
extract at about 100° C. until most of the water distills off 
and then heating the mixture of salts in an atmosphere of 
hydrochloric acid to remove the remaining water, the residue 
would consist of a mixture of potassium, calcium, magnesium, 
and ferric chlorides, and alumina. Of the chlorides, ferric 
chloride sublimes at 314° C. (8), w’hile potassium, calcium, 
and magnesium chlorides have very high boiling points. By  
continuing the heating of the residue above 300° C., in an 
atmosphere of hydrochloric acid gas, the ferric chloride 
should sublime. On leaching the residue after the volatiliza
tion of the ferric chloride, the potassium, calcium, and 
magnesium chlorides would dissolve, leaving the alumina 
in pure form. The potassium chloride could then be sepa
rated from the other salts by fractional crystallization. This 
method of recovering potassium chloride and alumina from 
the Georgia shale extract and of separating pure alumina 
from a solution of alumina and ferric chlorides, in general, 
has been tested in a series of experiments described below’.

A p p a r a t u s

A diagram of the apparatus used in these experiments is 
shown in Figure 1.

Hydrochloric acid gas is generated in the flask A by dropping 
concentrated sulfuric acid, coming from bottle B through siphon 
a, on sodium chloride 6. The hydrochloric acid gas passes from A 
through tube c into bottles 6  filled with anhydrous calcium 
chloride. After passing through two beds of calcium chloride, 
the hydrochloric acid gas passes through flowmeter D and mixer 
E  into a large tube, G, packed with glass wool and P2Os. In 
some experiments, instead of PjOj, other drying agents such as 
anhydrone were used. These drying agents were kept in a bottle. 
In those experiments where a mixture of hydrochloric acid gas 
and air was used, the air was first led into bottle Ci, through a 
bed of calcium chloride, and from there through flowmeter D ,, 
into tube E  where it became mixed with the hydrochloric acid 
gas. It was found in the course of the work that drying of the 
gases was not essential and was abandoned. The manometer F 
was used for observing the pressure inside the apparatus, which 
was usually less than 1 cm. of mercury. The flowmeters and the 
manometer were filled with Nujol. The gas passed from drier G 
into the Pyrex glass tube K. In experiments made at high 
temperatures of about 600° C., the Pyrex glass tube was re
placed by a fused quartz tube. The tube K  was partly filled
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with broken quartz to preheat the gas before it reached the 
platinum boat, h. The salts were contained in h. The tem
perature of the flowing gas was measured by means of a plati- 
num-platinum rhodium thermocouple, P, placed inside a glass 
tube. The gas escaped through the tube Q provided with an 
outlet for the condensed water. The ferric chloride sublimed 
from h was carried in the hydrochloric acid gas stream and de
posited in a tube. The nichrome-wound furnace, L, was con
trolled by a series of rheostats, M, and an ammeter, N .

S e p a r a t i o n  o f  A l u m i n a  f r o m  a  S o l u t i o n  o f  
A l u m i n u m  a n d  F e r r i c  C h l o r i d e s

Obviously the main problem consists in separating the 
alumina in pure form, while the recovery’ of potassium chlo
ride presents no serious difficulties. A series of experiments

was first carried out on pure 
aluminum and ferric chlorides. 
Separate s o lu t io n s  of these 
chlorides prepared from c. r. 
anhydrous aluminum chloride 
and  c. p. h y d r a te d  ferric 
chloride, c o n ta in e d , respec
tively, 0.4090 gram of alumi
num chloride and 0.1590 gram 
of ferric chloride per 5 cc. of 
solution. In each experiment, 
o cc. of each s o lu t io n  were 
placed in the platinum boat, h, 
and evaporated to apparent 
dryness in an oven at 65° to 
75° C. The boat was then 
transferred to the tube G at 
a te m p e r a tu r e  o f  100° to  
110° C., the stream of hydro
chloric acid gas started, and 

I r o n  i n  R e s i d u e  o f  G e o r g i a  the temperature raised first 
S i i a l e  E x t r a c t  slowly and  th en  rapidly, as

fo llo w s :  In  th e  f ir s t  240 
minutes the temperature was raised to 180°. By this time 
most of the water evaporated from the boat. In the interval 
240 to 320 minutes, the temperature was raised quickly to 
the desired point, and for the next 80 minutes it was kept 
constant at that point. In every' case the rate of flow of 
hydrochloric acid was 300 cc. per minute. In those cases 
where air was mixed with the hydrochloric acid, the rate 
was 150 cc. hydrochloric acid and 150 cc. air per minute. 
The results of these experiments are shown in Table I. 
In experiment 2, 5 cc. of ferric chloride solution alone, and in 
experiment 3, 5 cc. of aluminum chloride solution alone were 
used. Table I shows that, when heated separately (experi
ments 2  and 3) to 265° C., most of the aluminum chloride 
decomposes into alumina, while most of the ferric chloride 
becomes dehydrated and volatilizes, but, when the two 
chlorides are mixed, a higher temperature is required to effect 
a separation by this method. At 4S5° C, the separation is

T a b l e  I . A l u m in u m  a n d  I r o n  i n  t h e  R e s i d u e  o f  
M ix t u r e s  o f  A l u m in u m  a n d  F e r r ic  C h l o r id e s

E x p t . T e m p .
R atio

H C I.A ir Ineol.
A d o m in u m ------------

Sol. Total Insol.
■ I kon 

Sol. Total
p c. % % % % % %

1 248 100:0 68.13 29.20 97.35 5.68 10.21 15.89
2 265 50:50 1.38 4.21 5.59
3 265 50:50 8o!06 lf>!80 10s!86
4 265 50:50 86.48 14.50 100.98 l i .8 2 ? !ö i 19.43

265 50:50 70.26 25.00 95.26 21.32 7 .3 0 28.62
6 353 50:50 90.66 10.30 100.96 2 .29 .03 2.92
7 353 100:0 76.52 19.03 95.55 1 .19 .63 1.82
8 350 1 0 0 :0 96.07 8 .55 104.62 1 .07 10.88 11.95
9 485 50:50 94.37 5.61 99.98 2 .52 .31 2.83

10 485 100:0 95.72 6.16 101.88 0 .3 5 .1 1 0.46
11 485 100:0 94.41 5.93 100.34 3 .08 0 .9 4 •4.0 2
12 485 100:0 92.64 4.12 96-. 7 t 1.09 0.27 1.36
13 485 100:0 89.85 13.05 102.90 0 0 0
14 485 1 0 0 :0 93.42 9.77 103.1 0 0 O
15 485 100:0 97.88 5.59 103.47 0 0 0
1C 485 100:0 99.08 3.05 102.13 1.08 0 1.08

Av. total A! recovered 100.7

257

almost complete. Admixture of air to the hydrochloric acid 
gas did not seem to affect the results to any considerable 
extent.

R e c o v e r y  o f  A l u m in a  f r o m  G e o r g ia  S h a l e  
E x t r a c t

The hydrochloric acid extract of Georgia shale had the 
following composition, per 10 cc. of solution:

Gram Gram
A1CL 0.8816 C»C1, 0.0041
FeCL 0.3208 MgCli 0.1085
KC1 0.5274

In each experiment 10 cc. of the solution were placed in a 
platinum boat, the solution was evaporated overnight at 
65° to 75° C., the boat was then placed in the furnace at 
100° to 110° C. and heated in the same manner as the mix
tures of pure aluminum and ferric chlorides. The hydro
chloric acid gas was passed at the rate of 300 cc. per minute. 
At the end of the heating the contents of the boat were washed 
with water into a beaker, and soluble and insoluble aluminum 
and iron, and also potassium chloride determined. Duplicate 
experiments w’ere made for each temperature, and in every 
case the duplicates are in fairly good agreement. The re
sults are shown in Table II and graphically in Figures 2  and
3. The experimental points on the graphs are averages of 
the duplicate experiments. At the highest temperature 
employed, 588° C., an almost complete separation of iron and 
aluminum takes place. At this temperature the yields of 
aluminum in the form of alumina are 99.81 and 95.40 per cent, 
and the amounts of insoluble iron in the form of ferric oxide 
are 1.71 and 0 per c e n t .
Any ferric oxide mixed with 
the alumina, after the ferric 
chloride has been washed out 
with water, can be removed 
by washing the residue with 
dilute hydrochloric acid, as 
will be shown later. M ost of 
the ferric chloride escaped 
from  th e  boat in the tem
p e r a tu r e  interval 400° to 
500° C., as seen from Fig
ure 2. Although potassium 
c h lo r id e  has a very small
vapor pressure at the temperatures employed [according to 
Morgan (9). it is 1.54 mm. at 801 ° C. ], a  good deal of it, 40 to 
48 per cent at 588° C., has left the boat together with the 
ferric chloride.

T a b l f .  II. P o t a s h ,  A lu m in u m , a n d  I r o n  i n  t h e  
R e s i d u e  o f  G e o r g i a  S h a l e  E x t r a c t

E x p t . T e m p . 1 nsol.
A l c m i n u

Sol. Total Insol.
—I r o n  -

Sol. Total KC1
# C. % % % % % % %

17 350 66.54 32.22 98.76 16.06 83.13 99.19 100.00
18 350 65.27 28.77 94.04 19.44 75.60 95.04 100.00
19 438 S t .81 20.17 101.98 13.22 66.40 79.62 99.05
20 438 79.55 18.45 98.00 9 .99 65.34 75.23 96.15
21 488 85.42 6.02 91.44 6.89 17.27 24.16 86.75
22 488 81.05 6.82 87.90 5.20 21.19 26.39 90.35
23 538 ' 85.20 6.06 91.26 6 . OS 5.13 11.21 63.85
24 538 91.86 4.84 96.70 4.86 2 .16 7.02 56.65
25 588 99.81 0.03 99.84 1.71 0 .28 1.99 51.80
26 588 95.40 1.05 96.45 0 0.81 0.81 60.00

The escape of the potassium chloride is probably due to the 
formation of a double salt, potassium-iron chloride (10). 
The curve for total aluminum recovered (Figure 2) has a 
depression between 4.50° and 550° C., indicating that some 
of the aluminum escaped from the boat. In view of the 
fact that, when pure mixtures of aluminum and ferric chlo
rides were heated, the total for soluble and insoluble alumi
num added up, on the average, to about 100 per cent, it

I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y

F i g u r e  2 . S o l u b l e  a n d
I V S O I . i m i . F .  A  I . I f  M l  IN! ITM  ANTI

F i g u r e  3 . P o t a s s iu m  
C h l o r id e  i n  R e s i d u e  o f  

G e o r g ia  S h a l e  E x t r a c t
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would seem that the escape of some of the aluminum from 
the boat might be due to the presence of potassium chloride, 
with which the aluminum chloride has a tendency to form 
double salts (I).

S e p a r a t io n  o f  A l u m in a  f r o m  G e o r g ia  S h a l e  E x
t r a c t  w it h o u t  V o l a t il iz a t io n  o f  F e r r ic  a n d  

P o t a s s iu m  C h l o r id e s

In this series of experiments the Georgia shale extract 
was evaporated to dryness by heating for several hours 
in an atmosphere of hydrochloric acid gas, up to 250° C. 
The resulting material was yellow, crystalline, and hygro

scopic. Experiments with this crude 
salt were carried out in a modified ap
paratus shown in Figure 4.

A glass tube, C, sealed at the bottom, 
was placed in a nichrome furnace, A. 
The crude salt was placed in this tube. 
Hydrochloric acid gas was led into the 
tube through a and out through b. A 
small nichrome furnace surrounded C 
above the side tube 6. This furnace was 
kept at about 200° C. and served to pre
vent water from condensing on the in
side of C and running back into the salt. 
The water vapor escaped together with 
the hydrochloric acid gas through 6. A 
platinum-platinum rhodium th erm o 
couple inserted in a glass tube served 
for temperature measurement. In each 
case 20 grams of the crude salt were 
placed in the tube C, and the furnace 
was heated as follows: During the first
120 minutes it was heated in every case 
up to 300° C. During the remaining 120 
minutes it was heated to the highest point 
desired. The heating was discontinued 

when the temperature reached this point, to prevent volatilization 
of any of the chlorides. The rate of flow of hydrogen chloride 
was 300 cc. iicr minute for the first 120 minutes, and 20 to 30 cc. 
per minute for the remaining 160 minutes. This precaution was 
taken also in order to prevent volatilization of the chlorides. 
At the end of the experiment the material was collected and 
analyzed for soluble and insoluble aluminum and iron. Two 
sets of analyses were made. In one set, 1 gram of material in 
each case was washed first with 10 cc. of 0.212 Ar hydrochloric 
acid and then several times with water. The solution and the 
insoluble residue were then analyzed for aluminum and iron. 
In the second set of analyses, 1 gram of material in each case was 
washed several times with water, and the residue and solution 
were analyzed for aluminum and iron. The results are shown 
in Table III and Figure 5, and are given in per cent of amounts 
present in the crude salt extract. It is evident that by heating 
the Georgia shale extract to 588° C. and washing the residue 
with hydrochloric acid solution, pure alumina representing a 93 
to 94 per cent yield can be obtained. The potassium chloride 
in this case will be in solution together with the ferric, calcium, 
and magnesium chlorides.

F i g u r e  4 .  D i a 
g r a m  o f  M o d i f i e d  

A p p a r a t u s

T a b l e  I I I . A l u m in u m  a n d  I r o n  i n  G e o r g ia  S h a l e  
E x t r a c t

A l u m in u m Ir o n
E x p t . T e m p . Insol. Sol. Insol. Sol.

• C. % % % %
R E S ID U E W A S H E D  W IT H  10 C C . 0.21Ï N O R M A L  H Y D R O C H L O R IC  A C ID

27 338 61.55 38.45 7.38 92.62
28 3SS 69.61 30.39 9.43 90.57
29 438 79.72 20.28 2 .20 97.80
30 4SS 82.15 17. S5 2.15 97.85
31 538 88.23 11.77 0 100
32 588 93. SO 6.11 0 100
33 588 92.89 7.11 0 100

R E S ID U E  W A S H E D  W IT H W A T E R

27 338 76.83 23.17 S .35 91.65
2S 388 83.64 16.36 14.99 S5.01
29 43S SS.00 12.00 13. S7 86.13
30 4SS 91.25 8.75 14.11 85.89
31 538 94.16 5.84 14.74 S5.26
32 5SS 98. a i 1.97 14.07 85.93
33 588 97.77 2 23 10.73 89.27

E f f e c t  o f  A i r  M ix e d  w it h  H y d r o c h l o r ic  A c id  G a s  
o n  H y d r o l y s is  o f  A l u m in u m  a n d  F e r r ic  C h l o r id e s

When mixtures of pure aluminum and ferric chlorides were 
heated, it was found that an atmosphere of air and hydro
chloric acid gas, in the ratio of 50:50, gave as good result« as 
100 per cent hydrochloric acid. However, in the case of 
Georgia shale extract the results were different as shown con
clusively in Table IV. Experiment 33 was described above 
and experiment 34 was made under similar conditions, 
except that the atmosphere consisted of air and hydrochloric 
acid in the ratio of 50:50. Rate of flow of gas mixture was 
the same here as in experiment 33. The presence of air 
caused decomposition of ferric chloride to ferric oxide, 
which could not be washed out even with dilute hydrochloric 
acid.

T a b l e  IV. E f f e c t  o f  A ir  o n  H y d r o l y s i s  o f  A l u m i n u m  
a n d  I r o n  C h l o r id e s

R atio W a sh e d A l u m in u m I ron
E x p t . Ft Cl: A ir i n : Insol. Sol. Insol. Sol.

% % % %
33 100:0 H*0 97.77 2.23 10.73 89.27
34 50:50 FItO 97.27 2.73 26.05 73.95
33 100:50 HCl 92.89 7.11 0 100
34 50:50 HCl 94.93 3.07 12.30 87.70

C o n c l u s io n

On the basis of the data presented, it may be concluded 
that a separation of alumina in pure form from the hydro
chloric acid extract of Georgia shale can be effected by heating 
to about 600° C. in the presence of hydrochloric acid gas, 
whereby, of all the chlorides present in that system , the 
aluminum chloride alone is converted to the insoluble oxide. 
By modifying conditions, the ferric chloride may be volatilized 
or by an alternative procedure may be quantitatively sepa
rated from the alumina by leaching. Of all the chlorides

F ig u r e  5 .  A l u m i n u m  a n d  I r o n  
In s o l u b l e  in  W a t e r  a n d  H y d r o 

c h l o r ic  A c id

in solution from the leaching, potassium chloride is the only 
one not readily converted to the oxide by heating in an at
mosphere of steam. This provides a means of separating 
the potash as high-grade potassium chloride with the re
cover}' of hydrochloric acid from the other salts.
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Thermal Decomposition of Hydrocarbons 
and Engine Detonation

A SURVEY of the litera
ture {12) on the subject 
of explosions and flames 

shows that the first step in such 
reactions is usually followed by 
an extremely complex series of 
reactions; the view is widely 
held that many of these subse
quent reactions are of the chain 
type since on this basis many of 
tiie peculiarities of explosions, 
such as s e n s i t i v i t y  to small 
traces of impurities and the 
existence of fairly sharply defined 
limits of pressure and tempera
ture, can be explained. Further 
evidence to this effect (4 ) seems 
to be found in the fact that these 
reactions are sometimes stopped 
by surfaces, sometimes start at 
surfaces, and sometimes are both stopped and started at a 
surface. Experimental work on the oxidation of gaseous paraf
fin hydrocarbons lias shown (2, 9) that the oxidation results 
in a complex series of intermediate oxidation products; the 
oxidation processes which occur in the internal combustion 
engine must, therefore, be extremely complex, and it is hardly 
possible to offer more than the most general interpretation 
of the course of the reaction.

However, it has occurred to the author that in tiie case of 
hydrocarbon-oxygen mixtures, a preliminary decomposition 
of the hydrocarbon into lower hydrocarbons, chiefly tiie 
lower olefins and paraffins, resulting partly from the purely 
thermal effect and partly from attack on the hydrocarbon 
by molecular fragments, probably takes place.

If this preliminar}' decomposition were extensive, the 
chemical composition of the mixture after the decomposition 
but before appreciable oxidation had set in would be approxi
mately the same for all hydrocarbons; tiie only substantial 
difference would be in the number of smaller hydrocarbons 
produced per molecule of the original fuel. Since the con
centration of the total hydrocarbon molecules probably plays 
a considerable role in determining the pressure of the hydro
carbon-oxygen mixture at which detonation sets in, it seemed 
worth while to calculate the products formed in the thermal 
decomposition of different hydrocarbons and to attempt to 
correlate the results with measurements of the knocking 
tendencies of different hydrocarbons.

There is considerable evidence both from the experimental 
and from the theoretical standpoint that the simple thermal 
decomposition of hydrocarbons plays an appreciable part in

the processes occurring during 
their oxidation (13). For ex
ample, experimental evidence is 
given in a paper by Pease (3) 
on the oxidation of propane and 
butane. The nonexplosive oxi
dation of these compounds at 
temperatures fa r  below those 
required to produce appreciable 
cracking of the hydrocarbons in 
the absence of oxygen yielded 
considerable quantities of hy
drogen, methane, and unsatu
rated hydrocarbons, the amounts 
increasing with increasing fur
nace temperature. The simi
larity between the composition 
of these products and those 
formed in the ordinary thermal 
d e c o m p o s it io n  led Pease to 

suggest that the oxidation of hydrocarbons was accompanied 
to a greater or less degree by a decomposition similar to 
that occurring in the absence of oxygen. The theoretical 
evidence which will be discussed in detail later supports tiie 
view that, even in homogeneous hydrocarbon-oxygen mixtures, 
thermal decomposition accompanies the oxidation of the hy
drocarbon to a considerable extent.

The lack of homogeneity of the gases which enter the 
cylinder of an internal combustion engine will naturally favor 
still more the thermal decomposition of the hydrocarbon 
molecule. Even under the best conditions— namely, when all 
the fuel is volatilized before entering the cylinder and tur
bulence is induced in the gaseous mixture— the mixing of 
air and hydrocarbon vapor must be far from perfect. When 
part of the fuel is not volatilized but enters the cylinder in 
the form of small droplets, we should expect to find many 
segregated volumes, each consisting mainly of hydrocarbon 
vapor. During the compression stroke and in the earlier 
stages of the explosion these segregated volumes may be ex
pected to undergo ordinary thermal decomposition into 
simpler products, independently of the decomposition induced 
by the oxidation reactions.

If thermal decomposition does occur to any appreciable ex
tent, it must have considerable bearing on the detonation of 
hydrocarbon-oxygen mixtures since through this decom
position process one molecule of hydrocarbon is suddenly re
placed by several smaller molecules. The effect of this is 
twofold: (1) Since the pressure exerted by a gas depends on 
the number of molecules and not on their size, this process is 
equivalent to raising the compression in the engine from 5 to

F. O. R ic e , Johns Hopkins University, Baltimore, Md.

The thermal decomposition of the fuel prolx- 
ably p lays an appreciable role in the reactions 
occurring in the internal combustion engine. 
This decomposition results in one molecule of 
the fuel being replaced by several molecules; this 
increase in concentration m ay greatly augment 
the rale of oxidation. Different hydrocarlxms 
yield  different numbers of molecules of products 
per mole decomposed, and calculation shows a 
strict parallelism between this and the knocking 
tendency. The knocking tendency increases with 
increase of number of moles of product per mole 
decomposed. One effect o f antiknock compounds 
is lo reduce the number of moles of products 
formed from the decomposition of one mole of 
hydrocarbon.
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T a b l e  I. T h e r m a l  D e c o m p o s i t i o n  o f  H y d r o c a r b o n s
(M ethyl, ethyl, isopropyl, and ferf-butyl radicals assumed to be stable; relative chances of loss of prim ary, secondary, and te rtia ry  hvdroRen atom s assum ed 

to be 1:2:10, respectively)

H y d r o c a r b o n

M o l e s  P r o d u c t  
p e r  M o l e  

H y d r o c a r b o n
A n il in e  

R a t io  (6’)
A -pentane 2.34 1
2-M ethylbutane 2 .0 9
2,2-Dim ethylpropane 2 .0 15

AT-iiexane 2.64 - 6
2-M ethylpentane 2.22 4
3-M ethylpentane 2,22 8
2,2-D im ethylbutane 2 .0 13
2,3-D im ethylbutane 2 .0 19

A’-beptane 2.94 -1 4
2-M ethylhexane 2.65 0
3-M ethylhexane 2.44 3
3-EthylpentaDe 2 .3 4
2,2-D im ethylpentane 2.38 8
2,4-D im ethylpentane 2.17 8
2,3-D im ethylpentaue 2.17 12
3,3-Dim ethylpeiitane 2 .3 13
2,2,3-Trim ethyibutane 2 .0 19

A-decan e 3.74 - 3 0
2,7-Dim etbyloctane 3.20 - 1 0
3,3,4,4-Tetram ethylhexane 2.62
3,4-Dimethyloctane 2.42
2,2,6.6-T etram ethylhexane 2.35 29

H y d r o c a r b o n

A-octane
3-M ethylheptane
2-M etliylhcptane
4-M ethylhcptane
2.2-Dimethylhexane
2,6-Dimethylhexane
3.3-Dimethylhexane
3-Ethylhcxane
2.4-Dimethylhexanc
2.3-Dim ethylhexane
3-M ethyl-3-ethylpentane
3.4-Dimethylhexane
2.2.4-Trim ethylpeutane
2.2.3-Triinethylpentane
2-M ethyl-3-eth vlpentane
2.3.3-Trim ethylpentane
2.3.4-Trim ethylpentane
2,2,3,3-Tetram ethylbutane

A-Nonane
2,6-D im ethylheptane
4-Etlrylheptane
3.3-Diethylpentane
3-M ethyl-4-ethylhexane
2.4-D im ethyl-3-ethylpentane
2.3.3.4-Tetram ethylpentane

M o l e s  P r o d u c t  
p e r  M o l e A n il in e

H y d r o c a r b o n R a t i o  (6)
3 .2 -2 1
2.97
2.95
2.77
2.65
2.65 " 5
2.63
2.49
2.49
2.41
2.38
2.33
2.26 i e
2.26 17
2.23
2.21
2.14
2 .0 26

3 .48 - 2 8
2.82 -  6
2.58
2.43
2 .36
2.18
2.16

25 per cent, depending on the fuel used and the richness of 
the mixture entering the cylinder. This effect is therefore 
comparatively small and in comparison with the second effect 
may be neglected; (2 ) since the rate of oxidation of the fuel 
is very sensitive to the number of fuel molecules per unit 
volume, decomposition of these molecules will obviously in
crease the rate of oxidation, possibly to a very great extent. 
In this connection, Thompson and Hinselwood (14) showed 
that the rate of oxidation of ethylene is proportional to the 
third power of the ethylene concentration. If this law holds 
under the conditions in the cylinder, the decomposition of a 
long chain hydrocarbon into ethylene molecules may increase 
the rate of oxidation by several orders.

Since different hydrocarbons yield 
different numbers of molecules of prod
uct per molecule decomposed, it seemed 
of interest to calculate these numbers 
and compare them with the experi
mentally determined knocking tendency 
of hydrocarbons. It is clear that on the 
basis of our premise we would expect the 
knocking tendency to increase with an 
increasing number of molecules of prod
uct formed per molecule of hydrocarbon 
thermally decomposed.

M e t h o d  o f  C a l c u l a t io n

Precise experimental measurements 
of the products of decomposition of the 
saturated hydrocarbons up to and in
cluding the pentanes and two of the 
hexanes are now available (3), but there 
do not seem to be any such data for the 
higher hydrocarbons. It is, however, 
possible to calculate the products to be expected on the basis 
of a theory recently proposed (10). This theory postulates 
that the decomposition of hydrocarbons proceeds through a 
mechanism involving the production of free radicals and the 
subsequent removal of hydrogen atoms from the surrounding 
hydrocarbon molecules by reaction with these radicals. If, 
for example, we consider butane, the removal of a hydrogen 
atom must leave either a Ar-butyl or an isobutyl radical. From 
the pentanes and higher hydrocarbons a greater variety of 
radicals will be obtained, depending on the number of different 
kinds of hydrogen atoms in the molecule. Most of these larger

F ig u r e  1. C o m p a r is o n  o f  T h e r m a l  
D e c o m p o s it io n  o f  H y d r o c a r b o n s  
( D o t t e d  C u r v e ) a n d  K n o c k in g  

T e n d e n c y  ( F u l l  C u r v e )

and smaller radicals. We may expect that substantially this 
same process occurs, at least to some degree, in the oxidation 
of hydrocarbons, except that a hydrogen atom may now be 
picked off from the hydrocarbon molecule by reaction with 
an oxygen molecule as well as with a molecular fragment 
produced in one of the steps occurring in the oxidation 
processes. The free radical produced by removal of a hydro
gen atom from a hydrocarbon molecule may now either de
compose into olefins and a smaller free radical, or it may react 
with oxygen to give an aldehyde in some such way as sug
gested by Bates and Spence (I). In general we can state 
that the large radicals are unstable (i. e., their decomposition 
has a low energy of activation) and so the unirnolecular de

composition will be favored as opposed 
to the bimolecular oxidation process. 
However the work of Pope, Dykstra, 
and Edgar (9 ) shows that under cer
tain c o n d it io n s  there is considerable 
aldehyde formation in the oxidation of 
the octanes.

In the following calculations of the 
decomposition products of hydrocar
bons the method described in previous 
publications (11) has been followed 
exactly, with one exception: it has 
been assumed that in addition to the 
methyl and ethyl radicals, the isopropyl 
and (erf-butyl radicals are also stable. 
This assumption is justified because:
(1) the decomposition in the cylinder 
must always occur under considerable 
pressure, and this favors the reaction 
of the r a d ic a ls  w ith  su rro u n d in g  
m o lecu le s  rather th a n  their decom
p o s it io n ;  and (2 ) these four radi

cals may lie expected to have a higher degree of stability 
than any other alkyl radicals because their decomposi
tion can occur only through the breaking off of atomic 
hydrogen.

It is not necessary to give all these calculations in detail 
because the method has already been fully described and 
applies to all the paraffin hydrocarbons. Consequently, 
the method will lie illustrated in detail with reference to only 
two hydrocarbons, .V-octane and 2, 2, 4-trimethvlpentane. 
Furthermore only the chain cycles will be given since these 
determine the products of the decomposition (R represents a

radicals are very unstable and rapidly decompose into olefins free alkyl radical or a hydrogen atom):



March, 1934 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y 261

N-octane : CHaCH,CH2CHaCHaCH2CH2CHa
A ,:  C J I . a  +  R  — >- R H  +  C H , C H j C H 2C H 2C H . C H , C H , C H i —

 >  RH +  Call, +  CHaCIIaCHjCHaCHaCH,—
— >- RH +  2C2H, +  CIIaCHaCâaCH,—
— v  RH +  3C,H, +  CHaCH,—

A,: CsIIia +  R — >■ +  CH,CHaCHaCH2CHaCHaCHaCH(CH,)—
 >  RH +  CaH, +  CHaCHtCHaCHaCHj—
 >■ RH +  C,H, +  Call, +  CHaCHaCHr—
— >  RH +  CaH, +  2CJL +  CH,—

A,: COI.» +  R — >  RH +  CHaCHaCH,CH2CH2CH2CH-
(CHjCH,)—

— >- RH +  CH,CHaCHaCHaCHaCH2CH:CHj+
CH,—

o r  — >- RH +  CHaCH,CH:CH2 +  CH,CII3CH,-
CH,—

— >  R H  +  C H ,C H a C H  : C H j  +  0 , 1 1 ,  +
CHaCH,—

A,: C,Hi, T  R — >■ RH T  CHaCHiCHaCH2CHaCH-
(CHaCHaCH,)— 

— >- RH +  CH,CHaCHaCHaCH:CH, +
CHaCHa—

o r — > RH +  CHaCHaCH,CH:CH, +
CH,CH2CHa— 

— >- RH +  CH,CH2CH2CH:CH, +
C,H, +  CH,—

The following is a summary of the decomposition in which 
the two alternative methods of decomposition in the chains 
A, and A, have been given equal weight; the ratio 1:2:10 
has been adopted for the relative chance of reaction of a 
primary, secondary, and tertiary hydrogen atom, respec
tively. This ratio corresponds to G00° C. and would have 
to be diminished slightly if the decomposition in the cylinder 
occurred at a higher temperature:

A i t  6 C , H „ — >  6 C , H ,  +  l S C a l l ,
A , :  8 C , H ] 8 — >  8 C H ,  +  1 6 C , H ,  +  S C ,H ,
A , :  8 C , H i 8 — >  4 C H ,  +  4 C 7H „ ( N )  +  4 C ,H «  +

4 C 2H ,  +  4 C ,H « ( iV )

A , :  S C s H ia  — >- 4 C 2H # +  4 C « H i ,( A r) +  4 C H ,  +  4 C a H , +
4 C sH io ( .iv )

Thus ^-octane decomposes according to four cycles; one 
molecule of Ar-octane produces either 4 or 2.5 molecules, ac
cording to whether cycles Ai or A,, or cycles A3 or A, are 
followed, respectively; the weighted mean of all the methods 
of decomposition is 3.2. There is, therefore, a considerable 
increase in the number of molecules present when N-octane 
decomposes thermally:

C H ,

C H , < i c H 2C H C H ,
I I 

C H ,  C H ,

2,2,4-Trimethylpentane :

C H ,

A , :  C , H i ,  +  R  — >- R H  +  C H . C H C I I a i c H , —

¿ H ,  C H ,
— >- R H  +  C H a C H C H 2C : C H 2 +  C H , —

¿ I I ,  ¿ H ,
o r  — >- R H  +  ( C H a ) 2C : C H 2 +  C H , C H C H , —

¿ H ,
— >- R H  +  ( C H , ) 2C : C H ,  +  C , H ,  +  C H ,

A , :  C , H „  +  R  — >  R H  +  ( C H , ) ,C C H [ C H ( C H a ) a ] —
— ->- R H  +  ( C H , ) , C C H  : C H C H ,  +  C H , —  

o r  — >- R H  +  ( C I I a ) , C : C H C H ( C H , ) ,  +  C H , —

A , :  C J I i ,  +  R  — >- R H  +  ( C H , ) , C C I I ,  C [ ( C H , ) , 1 —
— >  R H  +  ( C H a ) , C : C H s +  ( C H a ) ,C —

Summarizing as before we obtain:

A , : 6 C , H „ — >  3 C H ,  +  3 ( C H , ) , C C H 2C H : C H ,  +
3 C H ,  +  3 C , H ,  +  3 C , H , ( i s o )  

A , :  9 C , H „ — >- 4 . 5 C I I ,  +  4 . 5 ( C H , ) a C H C H 2C : C H ,C H a  +
4 . 5 C I L  +  4 . 5 C , H ,  +  4 . 5 C , H 1D( i s o )  

A , : 4 C , H „ — s -  2 C H ,  +  2 ( C H , ) , C C H : C H C H ,  +
2 C H ,  +  2 ( C H , ) a C : C H C H ( C H , ) ,  

A , :  I O C s H i , — >  1 0 C ,H n i( i s o )  +  1 0 C , H , ( i s o )

A , :  C s H u  +  R  — >- R H  +  ( C H , ) , C C H , C H C H , —

CH
— >- R H  +  ( C I I a ) a C C H 2C H  : C I I 2 +  C H , -  

o r  — >■  R H  +  C a H , +  ( C H j ) j C C H ,
— >■ R H  +  C , H ,  +  ( C H , ) 2C : C H ,  +  C H , -

Thus octane also decomposes according to four methods, but 
in this case one molecule yields only 2.5, 2.5, 2, and 2 mole
cules of products, respectively; the weighted mean of these 
is 2.26 so that the expansion of this hydrocarbon is decidedly 
less than Af-octane on thermal decomposition; the knocking 
tendency has also been found to be less, which is in agreement 
with the theory.

The final results of these calculations are given in Table I. 
To obtain these results it is not necessary to work out each 
hydrocarbon in the detailed way given for Ar-octane and 
2,2,4-trimethylpentane; after some practice it is possible to 
summarize the different chain reactions by inspection and 
obtain the final result readily. Table I also includes the 
aniline numbers of Lovell, Campbell, and Boyd (6) whenever 
these were available. Figure 1 shows a comparison of the 
calculated values for the heptanes with their experimentally 
determined antiknock values. The parallelism between the 
calculated and experimental results suggests that the thermal 
decomposition of hydrocarbon molecules is one of the con
tributing factors in engine detonation.

It should be possible to submit this theory to experimental 
test by withdrawing samples of the reaction mixture from 
the cylinder in the early stages of the combustion by some 
such method as that used by Lovell, Coleman, and Boyd (7). 
The products to be expected from the thermal decomposition 
of several paraffin hydrocarbons are given in Table II; on 
the basis of the present theory these products should be 
formed either before or just after the mixture is sparked.

A c t i o n  o f  A n t i k n o c k  C o m p o u n d s

In considering any theory of antiknock action, we must 
distinguish carefully between two effects which can arise

T a b l e  II. M o l e s  o f  P r o d u c t s  F o r m e d  p e r  M o l e  o f  H y d r o c a r b o n  T h e r m a l l y  D e c o m p o s e d

(M ethyl ethyl, isopropyl, and tert-butyl radicals assumed to be stab le; relative chances of loss of prim ary, secondary, and te rtia ry  hydrogen a tom s assumed 
to  b e *1:2:10, respectively; these products should be formed in the ordinary therm al decom position of hydrocarbons a t  600° C. and under pressure.)

H ydrocarbo n*
iV-hexane
3-M ethylpentane
2.3-D im ethylbutane 
AT-beptane
2.4-D im ethylpentane
2.2.3-Trim ethylbutane 
A-octane
2.5-Dimethylhexane
2.2.4-Trim ethylpentane 
AT-nonane
2.6-D im ethylheptane 
.Y-decane
2.2.6.6-Trim ethylhexane

CiH»
N - sec- Iso- Iso- H ig h e r

CH< CiH* C.Hs C ,H . C*H* C*H» C*H* C*H»o O l e f in s

0.546 0.01 0.455 0.364 0.182 0.182
0.74 0.223 0 .26 0.223 0.111 0Ü 48 0.52
0.81 0.188 0Ü 88 0.81
0.54 1Ü 7 0.463 0.308 0Ü 54 0.308
0.445 0.334 o !o556 0.556 0.278
0 .7 0.12 0.18 0.18 0 .1 S 0 .7
0.534 i a ' 0.'467 0.267 0 .Î3 3 0 .4
0 .75 0.15 0.15 0 .75 0 .5 0 .35
0.656 0.259 0.605 0.346 0.397
0.53 1 *65 o!471 0.236 o ! i i 8 0.471
0.455 0.591 0.364 0.546 0^455 0.41
0.528 1.9 o !474 0.211 0. iÔ5 0.526
0.5 0.347 0.347 o.'s* 0.654
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through the addition of small quantities of catalytic sub
stances to a reaction mixture; a catalyst may either influence 
the decomposition of the hydrocarbon, or it m ay act to 
lengthen or shorten the chain reactions occurring in the 
oxidation processes.

In regard to the first effect, on the basis of the theory here 
proposed, a substance, such as a metal alkyl, when mixed with 
a gasoline will initiate the decomposition of the latter at a 
much lower temperature. In general the effect of this will be 
that secondary and, more especially, tertiary hydrogen atoms 
will react relatively much more easily than the more strongly 
bound primary hydrogen atoms, and the lower the tempera
ture of decomposition the more marked will be this effect. 
In general the result will be fewer molecules of products per 
molecule of hydrocarbon decomposed, and consequently less 
knocking. In view of our lack of knowledge of the binding 
strengths of different carbon-hydrogen bonds it is not desir
able to attempt to make detailed calculations. However, 
even without precise calculations we obtain the surprising 
result that hydrocarbons, such as 2,5-dimethylhexane or 2 ,6- 
dimethylheptane which have tertiary hydrogen atoms near 
the end of the chain, should yield more molecules when 
decomposed in the presence of a catalyst such as tetraethyl
lead than in its absence; for such hydrocarbons, therefore, 
tetraethyllead should act as a knock inducer in so far as it 
affects the thermal decomposition of the hydrocarbon.

The chief requirement of an efficient antiknock compound 
lies in its ability to produce free radicals at a temperature 
such that these can initiate chains and thus promote the 
decomposition of the hydrocarbon. If the catalyst decom
poses at too low a temperature, the free radicals will recom
bine with each other; if decomposition takes place at too 
high a temperature, the compound will lose in efficiency 
through the fact that the chains involving primary hydrogen 
atoms will increase in relation to those involving secondary 
and tertiary hydrogen atoms, since the latter predominate 
more and more, the lower the temperature. The actual 
measure of this effect is determined by the activation energy 
of the decomposition of the antiknock compound. On the 
basis of this theory a great many of the compounds suggested 
as catalysts to lessen detonation cannot have any value be
cause the activation energy of the decomposition reaction is 
far too high. Judging from empirical experimental evidence, 
it  would seem that an activation energy between 30,000 and
40,000 calories is required for efficiency; of the compounds 
mentioned in this capacity in the literature (5) only certain of 
the metal alkyls meet the requirements.

A further experimental test is possible through a compari
son of the results of two experiments, in one of which a given 
concentration of an antiknock substance such as tetraethyl
lead is dissolved in the gasoline, and in the other of which the 
tetraethyllead is vaporized at the air intake in such amount 
that its concentration in the cylinder is approximately 
the same as in the first experiment. All the other factors in 
both experiments must of course be kept as nearly identical 
as possible. If the tetraethyllead really acts as a catalyst by

inducing the thermal decomposition of the hydrocarbon at a 
lower temperature than would otherwise be the case, it 
should be more efficient in the first experiment, where it is 
mixed directly with the hydrocarbon, than in the second, 
where it is first mixed with air.

There is the further possibility that some substances may 
exist which stabilize paraffin hydrocarbons by terminating 
the chains of their thermal decomposition. The effect of 
such a substance would be to raise the temperature at which 
the hydrocarbon decomposes and in this way to favor, rela
tively, the reaction chains involving primary hydrogen atoms, 
thus causing an increase in the number of molecules of prod
ucts per molecule of hydrocarbon, and therefore increasing the 
tendency towards knocking. N o substances which diminish 
the rate of thermal decomposition of hydrocarbons have so 
far been reported, but, in view of the property of some organic 
nitrites of inducing knocking, it would seem desirable to test 
this class of compounds for this effect.

So far only the possible effect of catalysts on the ordinary 
thermal decomposition of the fuel has been discussed. There 
is, however, a second effect that the catalyst may have by 
affecting the chain reactions that constitute the oxidation 
processes. The most characteristic property of these oxida
tion chains is their sharply defined critical limit of pressure 
and of temperature, at which the rate of the oxidation sud
denly changes from a very slow reaction to a violent detona
tion. It seems entirely possible that catalysts introduced 
into the cylinder may suppress or accelerate knocking by 
their effect on these oxidation chains. Since such oxidation 
chains are usually very sensitive to the effect of surface, it is 
quite conceivable that lead or tellurium dust formed by the 
thermal decomposition of the alkyls may favor destruction 
of the oxidation chains and thus diminish the violence of the 
explosion. This hypothesis could be tested by comparing 
the effect of tetraethyllead with that of another compound, the 
thermal decomposition of which has the same activation 
energy but does not produce a nonvolatile dust.
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U s e  o f  W o o l  F o u n d  N o t  F e a s ib l e  in  R o a d  C o n s t r u c t io n . 
Experiments with wool as a material for road construction con
ducted in Australia have not proved successful, according to a 
consular report from Melbourne, made public by the Commerce 
Department.

The exjtcriments were undertaken as a result of reports that 
graziers had been making use of low-grade wool for the improve
ment of private roads on their properties. The Department of 
Roads of New South Wales constructed a short trial section of 
road in a district where the soil was typical of that of the country 
roads in the state. It was found that the wool used as a binder

for pavement provided a good running surface when the road was 
dry and beaten down by traffic, but that in wet weather it col
lected on the wheels of vehicles and made progress extremely 
difficult.

The experiment has now had nine months of trial and the con
clusions are that, the wool does not impregnate the soil to any ex
tent but rather tends to work through and disassociate itself from 
the soil in dry periods. Reenforcement of the soil has not been 
apparent. It is probable, as a result of the experiments, that the 
Department of Roads will abandon any further attempts to em
ploy wool in road construction, the report declares.



Solid Matter in Boiler-Water Foaming
II. Loss of Foam-Stabilizing Properties a t Higher Pressures

C. W. F oulk  a n d  S. F. W h ir l , Ohio Stale University, Columbus, Ohio

Various kinds of finely divided solid mailer lost 
their foam -stabilizing properties in 5 to 10 minutes 
in a dilute salt solution (synthetic boiler water) 
at pressures of 7.0 to ¡0.6 kg. per sq. cm. (100 to 
150 pounds per square inch). The rate of loss in
creases with the pressure (temperature) of the solu
tion.

Solids that have lost their foam -stabilizing effects

not only no longer promote foaming and prim 
ing in a boiler but actually reduce it because of 
the greater smoothness of boiling induced. The 
work of Joseph and Hancock on the effect of solids 
on prim ing was repeated and their results were 
confirmed, if  the experiments were made in the same 
way, but their generalization that solids have no 
effect on prim ing is hardly warranted.

THE experiments of this paper had two objectives: 
first, to test the hypothesis advanced by Foulk and 
iiansley (2) that certain kinds of solid matter rapidly 

lose their foam-stabilizing properties at the high temperature 
of a steam boiler, and secondly, to see what bearing this 
hypothesis, if found true, would have on the conclusions of 
Joseph and Hancock (8)—namely, that solid matter in a 
boiler has no effect on the throw-over of water into the steam. 
With this second objective in view, an experimental boiler 
was built like the one employed by Joseph and Hancock. 
It also served for testing the hypothesis of Foulk and Iiansley.

E x p e r i m e n t a l  B o i l e r

The boiler is shown with its essential details and dimensions 
in Figures 1, 2, and 3. The glass windows are fiat glass water- 
level gages. With a light at the end of the boiler opposite 
the observer, the appearance of both steam and water could 
be followed.

The so-called charging cylinder, Figure 2 (an appliance 
not used by Joseph and Hancock), served for the addition of
solid matter after working pressure had been reached in the
boiler. Its operation was as follows:

With all valves closed excepting the 
top one, the finely ground material 
mixed with a little water was placed 
in the cylinder. The top valve was 
then closed and the one on the by-pass 
opened. In this way the pressure in 
the charging cylinder was the same as 
that in the boiler; therefore, as soon 
as the desired b o iler  pressu re  was 
reached, opening the lower valve of 
the cylinder allowed the solid matter 
to drop at once into the salt solution 
in the boiler.

Two valves (A and B, Figure 2) were 
employed on the steam line, valve A 
serving as an a d ju s ta b le  standard 
orifice. The boiler charged with dis
tilled water was heated to the desired 
pressure, and then, with both valves 
open, boiling was continued till the 
water level was lowered to the point 
at which priming1 ceased, determined 
by o b serv a tio n  through the glass 
windows. Valve A was then adjusted, 
valve B being wide open, so that the 
desired pressure would remain con
stant for 10 minutes, with rapid boiling 
and distillation going on. This setting

1 The word priming as used in this p aper  
means merely the passing of liquid w ater into
the steam  line. FlGURE 1.

C h a r y /n y  C h o m ô a r

S/ocA--.

/r r a io x -  a n a ' ¿ o T /a r- 
coi-'* »nre/ r.r//i /naa/a/rny ] 
.-na/ar/a/

of valve A was then retained for the entire series of runs made 
subsequently at that pressure. All that was necessary in starting 
a run was the rapid opening of B to its full extent. The agree
ment among runs made in this way was excellent when the 
nature of the experiments is considered. Figure 4 shows a graph 
of four runs, together with the average.

E x p e r i m e n t a l  P r o c e d u r e s 1

Two procedures were followed: (I) The cold boiler
charged with salt solution or solution and solid matter was 
heated rapidly with valve B  closed till the desired pressure 
was reached. Valve B  was then opened and evaporation 
allowed to proceed to the end of the run.

(II) The second procedure was like the first except in 
the addition of solid matter. This was not done till the boiler 
had reached the desired pressure. Then, by means of the 
charging cylinder the solids were added and the run was 
immediately begun.

A run during which 6  liters of ejectate were collected 
lasted about 10 minutes.

Priming was measured chemically by titrating portions 
of the ejected boiler water and condensed steam with silver 
nitrate solution. Percentage priming means the percentage 

by volume of liquid boiler water in 
the portion of the ejectate examined. 
The total ejectate was passed through 
a large condenser, and the mixed 
water a n d  c o n d e n se d  steam were 
collected in portions of 500 to 1000 cc. 
each. Since the total was condensed 
and examined, there was no ques
tion of sampling.

Water level in the boiler is indi
cated by the number of liters of solu
tion. The water level fell steadily 
during a run, which accounts for the 
rapid drop in percentage of priming.

J I t  is not clear in all cases in the paper by 
Joseph and Hancock (.?) w hether the salt solu
tions and solid m atte r used were placed in 
the cold boiler and heated to working pres
sure, or whether a  part of the m ixture was 
added (pumped into the boiler) a fter working 
pressure had been reached. Hancock has, 
however, kindly supplied the  necessary details 
and an inspection of the d a ta  in the light of 
this added inform ation shows as good agree
m ent with the results of this paper as could be 
expected in view of the lower concentrations 
of salts and solid m atter employed by Joseph 
and Hancock.

JiifdXfyÿ/o&s v/sk/ov 
n ôofo er>c/j o f  

¿>o/Ver

Wa/frferc/

V ie w  o f  B o il e r
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Water

F i g u r e  2 . S i d e  V i e w  o f  B o il e r

M etric dimensions: 30.5 cm. diam eter, 45.7 cm. long; end 
plates, 3.2 cm. thick; cylinder wall, 0.6 cm. thick; charging 
cylinder, 6.4 cm. diam eter, 36.8 cm. long.

The solid matter used consisted of limestone, dolomite, 
ground flint, bituminous coal, galena, and boiler scale, all 
finely ground and passed through a 150-mesh sieve. This 
material was chosen because of the wide variety of foam- 
stabilizing properties presented.

For the synthetic boiler waters, sodium chloride solutions 
were used because they are of medium foaminess. In order 
to keep down corrosion, 50 p. p. m. of sodium hydroxide were 
added in all cases.

The authors wish to anticipate at this point the possible 
criticism that the materials and the concentrations employed

were fr e q u e n t ly  
out of accord with 
actual boiler prac
tice. T h e  r e p ly  
is that, in ord er  
to  obtain convinc
ing e v id e n c e  on 
the point at issue 
— d o e s  s o l id  
matter ev er  lo se  
its foam-stabiliz
ing p r o p e r t ie s—  
th e  experimental 
conditions w ere  
exaggerated.

E x p e r i m e n t s  a t  
D i f f e r e n t  
P r e s s u r e s

Figures 5 to 8 
show the effect of 
s o l id  m a t te r  a t  
d if fe r e n t  p r e s 
sures. On each 
graph are three

curves, each curve being the average of four runs. One gives 
the priming of salt solution alone, one of salt solution to which 
the solid matter was added in the cold (procedure I), and one 
in which the solid matter was added after the working-pressure

F i g u r e  3 . P h o t o g r a p h  o f  B o il e r

had been reached (procedure II). Powdered limestone was 
chosen as the solid matter because previous experiments had 
shown that the specimen at hand lost its foam-stabilizing 
properties relatively slowly.

A study of the curves shows that, as the pressure in
creases, the increase in priming caused by the solid matter 
decreases, till at 7 kg. per sq. cm. (100 pounds per square 
inch) and higher there is no significant difference between 
the priming of a salt solution alone and one with solids 
present. A t the higher pressures, therefore, the results are in 
harmony with those of Joseph and Hancock. At low pres
sure, however, the solid matter greatly increased the priming, 
whereas these British investigators found little evidence of 
such an effect. These differences in results are not necessarily 
significant because they used different material and lower 
concentrations than those employed here.

On comparing the two ways of adding the solid matter, 
it is seen that a t the lowest pressure there was no difference. 
At 5.3 kg. per sq. cm. (75 pounds per square inch), however, 
and during the earlier part of the runs at 7.0 and 10.6 kg. 
(100 and 150 pounds), the priming due to the solids added 
after working pressure was reached (procedure II) was greater 
than that of the solids added in the cold (procedure I).

Since the d e ta i ls  
of foaming and prim
ing experiments are 
o f t e n  determining 
factors, it is worth 
while to analyze the 
conditions with these 
two ways of adding 
solids to the boiler.

When th e  so lid s  
were added in the 
co ld  (procedure I), 
their contact with the 
solution was longer 
than in the case of 
p r o c e d u r e  I I ,  be
cause they were in 
the boiler during the 
period of heating up 
to working pressure, 
and th is  p er io d  of 
heating was longer, 
the higher the pres
sure. Also the aver
age temperature of the solution during this period was higher, 
the higher the pressure. When the solids were added after 
working pressure was reached, their time of contact with the 
solution was limited to the time of the run which was the 
same at all pressures. The temperature was constant during 
this time and was higher, the higher the pressure. Owing 
to differences in temperature conditions, comparisons cannot 
be made on the basis of time alone. The following reasoning, 
however, seems justified.

A t 3.5 kg. per sq. cm. (50 pounds per square inch) the time 
of contact of solids with solution and the temperature of the 
solution were both relatively low; therefore little difference 
between the two procedures should be expected. At 5.3 
kg. per sq. cm. the time of contact of the solids added in the 
cold was longer than at the lower pressure and a considerable 
difference in the priming is observed on comparing the hot 
and cold curves. As the pressure was increased, the time of 
contact with the solution was longer during the heating-up 
period of the cold addition, and the average temperature of 
the solution during this period was higher. This apparently 
compensated for the higher temperature during the run, 
so that no material difference is observed on the graphs at

F i g u r e  4 .  F o u r  R u n s  a n d  A v e r a g e  
a t  P r e s s u r e  o f  3 .5  n o .  p e r  s q . cm .



March, 1934 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y 265

T a b l e  I. P r im in g  a t  D if f e r e n t  W a t e r  L e v e l s  a nd  P r e ss u r e s

P r im in g  a t  3 .5  k o . P r im in o  a t  5 .3  k o . pRIMINO AT 7.0 KQ.
W a t e r  L e v e l Sa C n S C n S C II

Liters % % % % % % % % %
23 61 71 71 30 36 41 13 14 12
22 37 52 51 11 19 25 3 3 3
21 19 31 31 4 7 14 0 .4 0.4 0
20 7 15 14 0 .5 1 0 0 0 0
19.5 2 6 0 0 0 1
19.0 0 .4 2 2 0 0 0
18.5 0 .0 0 .2 0 .3 0 0 0
18.0 0 0 0

a S, salt alone; C, solids added to cold solution; H , solids added after working pressure was reached.

P r im in g  a t  10.C 
S C
% %
0 0

H
%
0

7.0 and 10.6 kg. per sq. cm., except during the first part of 
the runs.

The results a t 7 kg. are out of step, in that they show less 
difference between the hot and cold additions than at 10.6 
kg. N o explanation of this can be offered at present, but it 
will be studied later. Since each curve is the average of four 
runs, it is not likely that experimental errors are the cause.

Different initial water levels were used in the experiments 
depicted in Figures 5 to 8 , and therefore the results at the 
different pressures cannot be compared among themselves 
without calculating them to common levels. At first this 
plan of using different water levels appears to be bad experi
mentation; but more information was obtained thus, by 
starting in each case with as higli a level as possible to give 
at the beginning of the run an ejectate high in percentage 
of boiler water, and still to show toward the end of the run 
some priming.

In Table I all results beginning with 24 liters in the boiler 
are tabulated.

Table I shows the marked effect of different pressures at 
the same water levels. Only the results at 7.0 and 10.6 
kg. per sq. cm. are comparable among themselves, however, 
because in these experiments the initial water levels were the 
same. The results at 3.5 and 5.3 kg. cannot strictly be com
pared with those at the higher pressures because these were 
obtained after 3 liters of ejectate had left the boiler.

M is c e l l a n e o u s  E x p e r im e n t s

In experiments 1 to 4 below, 5000 p. p. m. sodium chloride 
solutions were used and 5000 p. p. m. powdered limestone, 
except as indicated. The pressure was 3.5 kg. per sq. cm. 
(50 pounds per square inch). Solids were added in the cold.

1. E f f e c t  o f  R e 
t u r n in g  A l l  E j e c 
t â t e s  t o  B o i l e r  
a n d  R e p e a t in g  t h e  
R u n . This was done 
th r e e  t im e s , mak
ing a t o t a l  of four 
runs with the same 
s o lu t io n  and same 
s o l id s .  E a ch  time 
a considerable reduc
tion in priming was 
o b se r v e d  a s com
pared with the pre
ceding run, and in the 
third and fourth runs 
the priming was less 
than that of a salt so
lution containing no 
solids. This is dis
cussed below.

2. E f f e c t  o f  
U s e d  S a l t  S o l u t io n

í f D F r e s u  S o l i d  p IGUnE 5 E f f e c t  op  P o w d e r e d  
M a t t e r .  The solu- L im e s to n e  a t  P r e s s u r e  o f  3.5 k g .  
tion used in the last p e r  sq . cm.

run in experiment 1 (both the residue in the boiler and the 
total ejectates) was filtered and returned to the boiler, and 
5000 p. p. m. fresh solids were added. The priming was the 
same as when both salt solution and solids were used fresh.

3. E f f e c t  o f  U s e d  S o l id s  a n d  F r e s h  S a l t  S o l u t io n . 
The boiler was washed and charged with fresh salt solution 
and the solids that had gone through the four runs of experi
ment 1. This solid matter had been filtered and washed with 
distilled water. The priming was less than that of a salt 
solution alone.

Experiments 2  and 3 show that the drop in priming was 
due to a change in the solid matter and not in the salt solution.

4 . E f f e c t  o f  S m a l l  A m o u n t  o f  F r e s h  S o l i d s  A d d e d  t o  
S p e n t  S o l id s .  The total ejectates from experiment 3 were 
returned to the boiler, and 2000 p. p. m. of fresh solids added. 
The mixture then consisted of 5000 p. p. m. spent solids, 
which not only did not increase priming but actually reduced 
it, and 2000 p. p. m. fresh solids, an amount which by itself 
would have had scarcely any effect. The priming was 
comparable with that of 5000 p. p. m. of fresh solids, par
ticularly in the earlier part of the run.

This effect of fresh solids added to spent solids will be 
studied further because of its relation to boiler conditions 
under which fresh solids are constantly forming.

S o l id  M a t t e r  w it h o u t  F oam -S t a b il iz in g  P r o p e r t ie s

Foulk and Hansley (2) showed that ground flint had 
no foam-stabilizing effect at atmospheric pressure because it 
is instantly wet and sinks. Comparison sets of runs (four 
each) were therefore made to test the effect at 7.0 kg. per sq. 
cm. (100 pounds per square inch) pressure. The results and 
essential data of the experiment are given in Figure 9.

T h e  p r im in g  is  
distinctly less when 
th e  grou n d  flint is 
present. This is due 
to the greater smooth
n ess  o f  b o il in g  in
d u ced  by the non
s t a b i l i z in g  s o l id .  
F u r th e r m o r e , it  
makes no difference 
w h e th e r  th e  so lid  
employed is naturally 
a n o n s t a b i l iz e r  or 
w h e th e r  i t  has lost 
its stabilizing proper
ties on long contact 
with the boiler water 
— for e x a m p le , e x 
p e r im e n ts  1 and  3 
above. Close inspec
tion of Figures 7 and 
8  a lso  sh o w s that 
to w a rd  th e  end of

F i g u r e  6. E f f e c t  o f  P o w d e r e d  r u n s  ^ ie p r im in g  
L im e s to n e  a t  P r e s s u r e  o f  5.3 k g .  ls ' e s s  w i t h  s o l id s  

p e r  sq . cm. t h a n  w ith o u t .
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K G . P E R  S Q . CM .

D i s c u s s i o n  o f  R e
s u l t s

The point brought 
out here, that boiler 
solids, though initially 
possessing high foam- 
stabilizing properties, 
rapidly lose them at the 
h igh  te m p e r a tu r e s  
(pressures) of a steam  
boiler, is new. Only 
one o th e r  record  of 
such an o b s e r v a t io n  
h a s  b e e n  f o u n d .  
Holmes, in discussing 
a paper by Foulk (1), 
reported such a case 
in an e x p e r im e n ta l  
boiler and c a lle d  i t  
th e  “ a g in g ”  of the 
sludge.

The ca u se  o f th is  
lo s s  o f fo a m -s ta b i
l iz in g  p ow er as ad
v a n c e d  in th is  and  

in a former paper [2) is a progressive lessening of the solid 
matter’s resistance to wetting. If the solid wets instantly 
as in the case of ground flint, the particles sink at once and 
therefore do not collect on the bubble films and stabilize 
them. This resistance to wetting may be due to traces of 
oil in the solids, as in many boiler scales, and probably in 
the ground limestone used in these experiments. In some 
cases, however, it is a natural property of the material. 
For example, finely ground galena was found to have foam- 
stabilizing properties in boiling salt solutions and to be 
slower in losing these properties than any other material 
tried. This is interesting in showing that density of the 
solids plays a minor role.

The rate of loss of re
sistance to wetting varies 
greatly. F or e x a m p le , 
experiments in a flask at 
atmospheric pressure and 
also in the boiler at 10.6 
kg. persq. cm. (150 pounds 
j>er square inch) pressure 
showed that a specimen 
of dolomite lost its foam- 
stabilizing effect m uch  
faster than the limestone. 
P u lv e r iz e d  bituminous 
co a l w as a lso  tr ied  in 
flask experiments. This 
caused violent foaming at 
first but unexpectedly lost 
its effect in a few minutes 
of boiling at atmospheric 
pressure.

A natural suggestion of 
course is  to  u se  boiler 
sludge in these e x p e r i
m e n ts  in s te a d  of ma
terial such as limestone. 

The matter is, however, not so simple as it seems at first. Any 
actual boiler sludge would probably have been in a boiler 
long enough to have lost its stabilizing properties, and there
fore the use of old sludge is of doubtful value. A specimen 
of ground scale probably containing oil was nevertheless
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tried ¡11 a number of runs at 10.6 kg. It gave peculiar results. 
When first admitted to the boiler, it increased the priming, 
then decreased it, and toward the end of the run again in
creased it.

The results of Joseph and Hancock were confirmed when 
the conditions of the experiments were the same— namely, 
a not too brief time of contact between solids and salt solu
tion. Their broad generalization that solids have no effect 
on priming cannot, however, be substantiated. Much more 
evidence must be brought into court before the final verdict 
on the guilt of solid matter in promoting priming can be 
rendered.

Both the dissolved salts and the suspended solids increased 
in concentration during a run. This was not measured, 
h o w e v e r , b e c a u se  in  
b o th  c a se s  th e  effect 
would be to increase the 
priming, and it was not 
believed that the com
p a r a b i l i t y  o f  t h e  
curves was materially 
affected.

A larger proportion of 
the finer th a n  o f th e  
larger particles of the 
solids was carried over 
by the priming. This 
was also not measured 
b e c a u se  miscellaneous 
e x p e r im e n ts  1 and 3 
sh o w  th a t  th e  lo s s  of 
fine p a r t ic le s  was not 
the determining cause 
of the loss of foam-stabi
lizing effect.

T h e  th e o r y  o f lo s s  
of resistance to wetting 
has been challenged by 
Niehaus (4) who gives 
results to show that the 
priming of a commercial water tube boiler was due to solid 
matter just on the border line between colloidal dispersion 
and macrosuspension.

Niehaus, however, states that the foaming and priming 
to which he refers is not a gross throwover of water into the 
steam lines, such as is included in this paper, but rather that 
slight dampness of steam that escapes ordinary observation 
and measurement. His theory would therefore scarcely apply 
to the conditions recorded here.

Finally, an obvious question arises: If solid matter loses 
its foam-stabilizing properties in a few minutes at the tem
perature of a steam boiler, is not the effect the same as if 
the solids had never had such properties? Two suggestions 
occur by way of answer: (1) Only a small number of actual 
boiler solids have been examined, and almost 110 experi
ments have been made on the effect of small amounts of 
organic matter along with the boiler solids. (2) Solids 
precipitate in a boiler at a certain rate, and they lose their 
foam-stabilizing properties a t a certain rate. These rates 
van ’ independently, and it is easy to imagine that some ratios 
of the two rates will increase priming and other ratios will not. 
The authors at least hope that the new facts brought to light 
in this investigation may help in understanding some of the 
obscure problems in the behavior of boiler water.
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Direct Oxidation of Saturated Hydrocarbons 
at High Pressures

P e t e r  J. W i e z e v i c h  a n d  P e r  K. F r o l i c h , Standard Oil Development Company, Elizabeth, N. J.

THE possibility of obtain
ing commercially valu
able products by direct 

oxidation of saturated hydrocar
bons has b een  th e  subject of 
c o n s id e r a b le  discussion and  
debate. Although it has been 
successfully applied to the aro- 
inatics such as benzene, naph
thalene, and anthracene, no real 
p ro g ress  has been made with 
the aliphatic hydrocarbons, in 
spite of the enormous amount 
o f w ork  d on e  in  th is  f ie ld  
(Li, 23, 2.i, 48, 66). Mention 
has been made in the literature 
of a few commercial installa
t io n s  for the manufacture of 
oxidation products of natural 
g a s  (19) and  k ero sen e  (.9).
In spite of the fact that form
aldehyde is considered the main 
primary oxidation p r o d u c t of 
methane, about 40 per cent of 
the synthetic methanol at present produced from hydrogen 
and oxides of carbon in this country is converted over to 
formaldehyde by catalytic dehydrogenation (27).

In line with a general research program, this company some 
time ago undertook a thorough study of the direct oxidation 
of light saturated hydrocarbons. After some preliminary 
laboratory work, an experimental unit was erected in 1926-27 
in the vicinity of a casinghead plant in Texas where the 
processes were tried out on a larger scale. The hydrocarbons 
oxidized in a relatively pure state were methane, ethane, 
propane, butane, pentane, and heptane; a detailed discussion 
of each will be taken up separately.

P r e v i o u s  W o r k

A good deal of the work done previously appears to have 
centered in the search for selective oxidation catalysts. 
Among those which have been studied are copper and silver 
(66, 68, 69), iron (62), tin compounds (S3), alkali metal 
compounds (41), metallic oxides (42, 43, 45, 54), phosphates 
and borates (34, 55), other metals (44, 85), and salts (12), as 
well as chlorine (18, 19, 51, 53, 55), silica gel (66), asbestos, 
pumice (90), etc.

The oxidizing media used have been air, oxygen (24, 40, 4», 
71), ozone (23, 25), nitrogen oxides (6, 27, 49, 69), carbon 
dioxide (25, 39,50, 51, 90), and other reagents (24). In order 
to control the speed of the reaction, diluents such as nitrogen

(21, 51, 90), hydrocarbons (24), 
steam (43, 67, 69, 92), and hy
d rogen  (37), have been tried. 
Studies on the oxidation of hy
drocarbons also have been made 
under silent electric discharge 
(23), radiation (SO), and ultra
violet light (56).

O x i d a t i o n  o f  M e t h a n e  a n d  
E t h a n e

Laboratory experiments only 
w ere  m a d e  on  m e th a n e  and 
ethane. The assembly of the 
apparatus used was similar to  
that shown in Figure 1, which 
is s e l f - e x p la n a to r y  (75, 86). 
Some of the data obtained for 
these hydrocarbons are shown 
in Table I. Since it was diffi
c u lt  to  m ea su re  th e  e x a c t  
amounts of hydrocarbon used 
in these experiments, materia! 
balances were made on the exit 

products, usually only about 70 per cent of the inlet oxygen 
being accounted for in this manner.

M ost of the runs were made on a natural gas containing 2.1 
per cent ethane, 6.3 per cent propane, and 5 per cent nitrogen, 
the remainder being methane. In some experiments the 
ethane content was increased by the addition of the pure 
hydrocarbon to the gas. One run was made on specially 
purified methane containing only 0.36 per cent ethane and no 
higher hydrocarbons. The oxidizing medium was 99 per cent 
oxygen in all cases, although, later, air was found to give the 
same results, provided the pressure was increased to correct 
for the diluting effect of the nitrogen.

The temperatures at which measurable reaction was 
obtained were found by increasing the temperature gradually 
and rioting the change in exit gas analysis, as indicated in 
Figure 2. Care was taken to keep the oxygen concentration 
outside of the explosive limits under the operating conditions; 
(20); otherwise, explosions were apt to occur.

The liquid product was condensed under pressure and 
analyzed by chemical means as well as by fractionation. 
The exit gas, generally containing about 1.5 per cent carbon 
dioxide, 1.0 per cent hydrogen, and some unconsumed oxygen, 
was also scrubbed with water to recover as much of the 
oxidation products as possible.

E f f e c t  o f  C a t a l y s t s . Generally, metallic catalysts such 
as calcium, chromel, silver, and aluminum gave better 
results than empty tubes.

N atural gasoline hydrocarbons have been 
oxidized at high pressures to produce a number 
of useful derivatives. iMboralory and semi- 
commercial plant data are submitted on the use 
of methane, ethane, propane, butanes, penlanes, 
and heptanes as raw materials fo r this purpose. 
The products obtained m ay be separated into 
fractions having narrow boiling ranges.

Oxidation of methane at relatively high tempera
ture results in the production of some methanol. 
Higher hydrocarbons undergo a carbon-carbon 
scission during oxidation with the formation of 
lower derivatives in high yields. Recirculation of 
intermediate derivatives m ay M  resorted to for 
the manufacture of acids as main products.

Increase in pressure lends to lower the tempera
ture at which oxidation takes place. Further
more, the decomposition of intermediate products 
is greatly retarded by this means.
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F ig u r e  1 . A p p a r a t u s  f o r  H i g h - P r e s s u r e  O x id a t io n  o f  H y d r o c a r b o n s

E f f e c t  o f  P r e s s u r e . Blank runs made at 400° to 700° C. 
at atmospheric pressure showed only traces of methanol and 
formaldehyde. As would be expected, the effect of increased 
pressure is to increase the amount of methyl alcohol in the 
product. However, although the yield of methyl alcohol 
still continued to rise, the rate of increase of the total oxygen 
efficiency and carbon conversion to desirable products 
(methyl alcohol, formaldehyde, and formic acid) fell off with 
increasing pressure. M ost of the experiments were made at 
135 atmospheres.

E f f e c t  o f  R a t e  o f  F l o w . In the range investigated, 
increase in rate of flow through the reactor resulted in a 
corresponding increase in output of desirable products, but 
the total oxygen efficiency or carbon conversion were not 
altered to any appreciable extent. The limit at which the 
rate can be increased is determined by the ability to  supply 
the necessary heat to the gases, since, even though the reac
tion is exothermic, it is not sufficiently so to support itself 
with the concentrations of oxygen used in the present equip
ment, usually in the range of 5 to 8 per cent.

E f f e c t  o f  T e m p e r a t u r e . Increase in temperature from 
300° to 500° C. tended to produce 
more carbon monoxide, carbon di
oxide, and formic acid at the ex
pense of the other products. The 
minimum temperature at which 
reaction took place at a reasonable 
rate was about 370° C. at 135 at
mospheres pressure in the case of 
ethane oxidation, while for methane 
it was in th e  n e ig h b o r h o o d  o f 
500° C. Recently, lower reaction 
temperatures have been reported 
by Newitt and Townend (5SA).

E f f e c t  o f  G a s  C o m p o s it io n .
As mentioned previously, most of 
the experiments were performed 
with a natural gas at 300° to 500°
C. Of the d e s ir a b le  p r o d u c ts  
formed, methyl alcohol was present 
in p r e p o n d e r a n c e , generally in 
quantities of three to eight times

the amount of formaldehyde. Some formic acid was also 
formed, as well as considerable amounts of water. A t the 
time the experiments wrere performed, it was believed that 
the products were obtained by the oxidation of the methane, 
but a later run on purified methane showed that the tem
peratures employed (300° to 400° C.) were too low for 
methane to react, and therefore the products were mainly 
due to the ethane present. This observation was sub
stantiated later when increasing amounts of ethane were 
added to the reacting gas. Thus, Figure 3 showrs how the 
amount of methyl alcohol in the product increased with the 
ethane concentration, and that the main product of the 
oxidation of ethane was methyl alcohol. Some ethyl alcohol 
was also produced, generally in the ratio of one part of ethyl 
to ten or tw enty of methyl alcohol.

As mentioned previously, one run was made on natural gas 
carefully purified by rectification at lowr temperature so that 
the ethane content was reduced to 0.36 per cent. Except for 
about 7 per cent nitrogen, the ethane was the only impurity. 
In this case it was found that the lowest temperature at which 
reaction could be observed was about 520° C. even at 135 

atmospheres pressure. Since the 
temperature was high, a good deal 
of the desirable products decom
posed so that most of the liquid 
r e c o v e r e d  c o n s is te d  of water. 
However, it was shown that twice 
as m u ch  m e t h y l  a lc o h o l w as  
formed during the experiment as 
could be accounted for if all of the 
ethane present as impurity reacted 
quantitatively to p r o d u c e  o n ly  
methyl alcohol. Since such quanti
tative conversion has never been 
approached, this actually m ean s  
th a t  th e  a lc o h o l m u st h a v e  
been formed by the oxidation of 
methane.

Y ie l d s . W ith  a n a tu r a l gas  
containing 2.1 per cent ethane and 
0.3 per cent propane, a character
i s t ic  run  a t  135 a tm o sp h e r e s

F ig u r e  2 .  T i m e  C u r v e s  f o r  D e t e r m i n a t i o n  
o f  R e a c t io n  T e m p e r a t u r e  f o r  N a t u r a l  G a s
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pressure, with 5.4 per cent inlet oxygen concentration and 
a temperature of about 390° C., produced a liquid prod
uct of specific gravity 0.953, analyzing about 30.3 per cent 
methyl alcohol, 3.3 per cent formaldehyde, and 0.5 per 
cent formic acid. In this case 16.2 per cent of the inlet 
oxygen was present in the desirable products and 3.7 per cent 
of the ingoing carbon (including the methane) was converted 
to methyl alcohol, formaldehyde, and formic acid. When 
including the products recovered in the scrubber water, one 
cubic meter of such natural gas would yield 0.0615 liter of 
methyl alcohol, 0.008 liter of formaldehyde (calculated as 
liquid), and 0.0004 liter of formic acid.

O x i d a t i o n  o f  P r o p a n e

Since propane is a liquid at the pressures employed, ad
vantage was taken of the relatively high solubility of air in 
the hydrocarbon to effect a constant oxygen concentration 
as well as to avoid any explosion hazard in the reactor {82). 
As shown in Figure 4, the air dissolves in the propane to

F ig u r e  3 . E f f e c t  o f  E t i i a n e  
A d d e d  i n  N a t u r a l  G a s  u p o n  t h e  
P e r c e n t a g e  o f  M e t h y l  A l c o h o l  

i n  t h e  O x i d a t i o n  P r o d u c t s

C atalyst, nickel; in le t oxygen, 6 per cent; 
pressure, 2000 pounds per square inch (140.6 
kg. per sq. cm.).

produce a mixture containing about 7 mole per cent oxygen 
at 140 atmospheres pressure. The solubility increases 
somewhat in the case of pentane and butane. Oxygen is 
much more soluble in the h3rdrocarbons than nitrogen, and 
the solubility is not altered greatly when the temperature is 
raised to 90° C. It was also found that the presence of 
dissolved nitrogen did not affect the solubility of oxygen in 
the hydrocarbon to any appreciable extent. Use was made

F i g u r e  4 .  E f f e c t  o f  P r e s s u r e  o n  
t h e  S o l u b i l i t y  o f  A i r  i n  H y d r o c a r 

b o n s  a t  20° C.

of this property to enrich the oxygen content of the liquid 
propane by bleeding off nitrogen from the top of the saturator.

The semi-commercial plant is shown in Figure 5, the casing
head plant furnishing the raw materials being located in the 
background. In the foreground can be seen the pits in 
which were placed the preheater and reactor. All high- 
pressure equipment, with the exception of the compressor 
(which was located in the large building), was placed in pits 
having walls of concrete extending about 6 feet (1.8 meters) 
above the level of the ground. The saturator pit containing 
the vessel wherein the hydrocarbon was saturated with air is 
seen in Figure 6 , which shows also the remote control and 
automatic devices, as well as the indirect means for noting the 
liquid level. The propane, butane, etc., were fractionated 
out of the casinghead in a 24-inch (61-cm.) packed column 
and then redistilled.

One type of reactor, shown in-Figure 7, was constructed to 
facilitate by-passing various loops of 2.5-cm. high-pressure 
tubing. After passing through this reactor, the gases were 
run into the intermediate coolers (shown on top). The 
scrubbers for removing the products from the hydrocarbon

T a b l e  I. O x i d a t i o n  o f  M e t h a n e  a n d  E t h a n e

CH* - f  F ol-
LOWING % E x it  G as I n l e t

R u n CjH«: P r e s s u r e R ate O x y g e n T e m p . C a ta l y st

Aim. Liter $ /hour % 0 C.
44 2 135 6 8 8.1 410 Iron

136 0.36 133 132 6 .8 520 Nickel

62 2 132 70 8.6 410 Aluminum

74 A 2 130 135.5 3 .0 300 None

97 2 .5 132 52.3 5 .7 355 Nickel
100 7 131 51.0 6.1 385 Nickel
102 12 132 48.5 5 .2 389 Nickel

104 22 130 34 .5 5 .0 390 Nickel

105-6 22 131 58 6 .0 392 Iron

O t t o  U b e f c l
P ro d 

L iq u id  P r o d uc t u c t s
%  b y w eigh t %

35 CHaOH CHaOH, 11.7;

16.4 CHaOH
o th ers , 3 . 5

(2 8 .7  CHaOH)
] 7 .4  CHtO rf 
( 1 .3  CHtO* \

18
(2 9 .2  CHiOH )
 ̂ 7 .9  CHjO \ 14.1

I 1.7  CHsOi \
(2 1 .9  CHaOH ) 11.1\ 3 .9  CHjO )
30 .0  CHaOH

(2 8 .2  CHaOH )
\  6 .8  C H ,0  [ 15.0
I 0 .3  CH jOj \
(3 0 .0  CH,OH 1 14.41 6 .0  CtHjOH }
/  32 CHaOH \
) 4 CjH»OH (
)  1 .5  h ig h er  a lco h o ls  (
\  6  b e lo w  66° C. )
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are illustrated in Figure S, while Figure 9 shows a sixty-plate 
column used for fractionating the products formed (S3, S5).

E x p e r im e n t a l  W o r k . Laboratory experiments showed 
that the best conditions for the production of higher alcohols 
from natural gas hydrocarbons were as follows: pressure, 130 
to 200  atmospheres (higher pressure increased the yields only 
slightly); temperature, as low as possible; time of heating in 
reactor, under 10 seconds; concentration of oxygen, as high as 
possible below the limit for safe operation.

A representative experiment on the oxidation of 98 per cent 
propane with pure oxygen gave the following results:
(R eactor, em pty  steel tube; pressure, 170 atm ospheres; tem perature, 

350° C .; inlet oxygen, 7.9 per cent)

O x y g e n  C o n v e r t e d  t o :

O j  C o n 
v e r t e d

%
Acetaldehyde (and formaldehyde) 9 .4
Acetone 2 .3
M ethyl alcohol )
E thy l aclohol >• approx. ratio  of 13.4:8:5.2 26.6
Propyl alcohol ) 
B uty l alcohol 0 .7
Acetic acid (containing formic) 4.1

Total useful products 43.1
Carbon dioxide 10.1
Carbon monoxide 9 .7
W ater 30.7
U nconverted oxygen 7 .0

Assuming a production of approximately 25,000 liters of
products [K:r day, a propane oxidation plant would yield the 
following amounts of the various compounds:

Liter 8/d a y  Liters/day
Form aldehyde 210 Alcohols 16,000
Acetaldehyde 4,200 Acetic acid (con-
Acetone 1,960 taining formic) 1,360

The variation of reaction temperature of propane and 
oxygen with pressure was studied in an Enduro 18-8 reactor 
immersed in a lead bath. A long time of contact was em
ployed, the oxygen concentration being 6 per cent. The 
following results show that increase in pressure lowers the 
temperature at which appreciable reaction is noticed:

R e a c t i o n  T e m p . 
P r e s s u r e  ( L e a d  B a t h  T e m p .)

Atm . ° F. (° C.)
150 235 (112.8)
67 290 (143.3)
33 305 (151.7)

A c i d  P r o d u c t io n . Instead of removing all of the prod
ucts formed, several runs were made in which only the acids 
w ere rem o v ed  by  
neutralization, while 
the other p r o d u c ts  
were recirculated with 
the hydrocarbon until 
they were also con
verted to acids (79).
The following scheme 
(Figure 10) was tried 
out on a larger scale:
The liquid propane, 
which in this case con
tained some 3 to 7 per 
cent ethane and 3 to 7 
per cent higher hydro- 
c a r b o n s , was satu
rated with air at a 
pressure of 133 atmos
pheres by forcing the 
h y d r o c a r b o n  by
means of a high-pressure steam pump at a rate of 7.6 liters per 
minute into a bubble plate column, the average oxygen concen
tration of the liquid propane leaving the column being about 
5 to 6 mole per cent. The propane thus saturated with air was 
sent through the preheatcr which was immersed in a naphtha

lene bath kept at about 175° C. and allowed to enter the 
reactor immersed in a lead bath at 400° C.

From the reactor, the stream passed through a condenser 
and then to a steam-heated reducing valve where the pressure 
was decreased from 133 to 20 atmospheres. The propane plus 
product then passed into the aqueous layer separator where 
the water layer (containing about 40 per cent of the total acid) 
was removed and the reacted propane (containing liquid 
products in solution) was allowed to enter the gas bleed tank 
to strip out the permanent gases. This was accomplished by  
running the mixture around coils cooled by the expansion of 
an ethane-propane mixture.

The water layer was withdrawn from the separator inter
mittently to a storage tank and subsequently charged to a 
ehrome-nickel steel fractionating column, where the products 
other than acids and water were distilled off and returned to  
the reactor for further oxidation. The bottoms from the 
still were analyzed for acetic and formic acids and neutralized 
with lime.

After leaving the gas bleed tank the reacted propane was 
neutralized with dry lime in a semi-continuous neutralizer 
and returned to the saturator. D ry lime was used because in 
many cases a water slurry gave emulsion troubles. The 
oxidation products other than acids building up in concentra
tion in the propane did not interfere appreciably with the 
solubility of the air.

R e s u l t s . The yields, expressed in liters per thousand 
liters of liquid propane per pass, were as follows:

Acetic acid 1.5
Formic acid 1.1
Interm ediate products (remaining in system  after run ; these 

decreased as the run was continued over longer periods) 8 .0  
Form aldehyde (in bleed gas) 0 .4
Propane lost as COj and CO 7 .0
W ater 9 .5

At the end of 3.3 days of continuous operation, the propane 
contained only 7 per cent of nonacidic oxidation products. 
About 80 per cent of the total intermediate products remained 
undissolved in the propane. An examination of these showed 
that they were mainly methyl alcohol, ethyl alcohol, and 
acetone. Of the total acids made, 46 per cent by volume was 
formic. This corresponds closely to an equimolecular yield 
of formic and acetic acids. Acids higher than acetic kept 
building up from 9 per cent by volume of total acids to about 
14 per cent toward the end of the runs.

It can be seen that 
even at the high pres
sure employed, the 
oxidation r e a c t io n  
causes the formation 
of appreciable quanti
ties of products other 
than alcohols, such as 
aldehydes, acids, and 
water. Furthermore, 
the greater the num
ber of carbon atoms 
in  th e  hydrocarbon 
molecule, the greater 
also is the possibility 
of more products to 
occur. Thus, in the 
oxidation of propane, 
a mixture c o n ta in 
ing propyl alcohol, 

ethyl alcohol, acetone, acetaldehyde, formic acid, methyl 
alcohol, and water resulted in which the ethyl alcohol- 
propyl alcohol fraction was present in greatest quantity. 
It is also apparent that higher oxygen efficiencies are possible 
with higher hydrocarbons than with lower ones.

F i g u r e  3 .  S e m i-C o m m e r c ia l  P l a n t
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It was found that by recirculation of the alcohols, etc., 
with the propane through the reactor, only acids were re
covered. These acids were removed as salts without much 
contamination by neutralization of the propane with dry lime.

O x id a t io n  o f  B u t a n e

E x p e r im e n t a l  W o r k . The apparatus employed was 
essentially the same as in the case of propane oxidation. 
The reaction temperature of the 98 per cent ¿Y-butane was 
found to vary with pressure in the same manner:

I.HOB U T  A N E  

%
0
515

F o r m ic  A c id  
% by vol. 

10.2
13.1
18.2

P r e s s u r e

Atm.
160
100
67
33

T em p .
(L e a d  B a th  T e m p .) 

° C.
210
220
235
255

232 263
Air Oxygen
6.2 6 .4
160 140
410 281
155 126

21.9 18.6
1.5 1.0
8.7 11.2
6.1 16.4

38.2 47.2

18.5 21.0
37.8 29.5

the oxidation of

I n l e t  O x y g e n
P e r  C e n t  ok O x y g e n  
At At

G o in g  t o : 33 atm . 133 atm
Acetone 1.4 0 .7
M ethyl alcohol 15.0 8.4
E thy l alcohol 2 .5 6 .3
Propyl alcohols 
Butyl alcohols

3 .2 8 .9
0 .6 2 .5

Aldehydes 6 .9 15.9
Acids 16.7 4 .6

Total useful products 46.3 47.3

C 0 2 9.4 6.1
CO 3.8 9.4
Unconverted oxygen 15.0 9 .0

O x id a t io n  o f  P e n t a n e s

E x p e r im e n t a l  W o r k . A flow sheet employed in the 
large-scale high-pressure oxidation of substantially pure 
pentane (about sixty parts normal to forty parts isopentane) 
is shown in Figure 11. Two schemes were employed. The 
first consisted in the formation of alcohols as major products; 
the other dealt with the production of acids only. These 
processes will be taken up separately.

Characteristic data of the laboratory experiments on 95 
per cent butane are as follow s:

Run No.
Oxidizing gas
In let oxygen conen.,'* mole %
Pressure, atm .
T em perature, ° C.
R ate of exit gas, liters/hour (a t N. T. P.)
%  entering oxygen converted to:

Alcohols (methyl, ethyl, propyls; ratio  about 
1:2:3)

B utyl alcohol 
Acetic acid 
Aldehydes

Total useful products

W ater
Gaseous products 

1 Analysis reported on a  nitrogen-free basis.

The products which were identified in 
butane were: acctaldehyde, propionaldehvde, acetone, acetic 
acid, propyl acetate, and methyl, ethyl, isopropyl, JV-propyl, 
and isobutyl alcohols. The methyl-ethyl-propyl alcohol 
fraction was in preponderance with propyl alcohol as the main 
constituent.

The effect of pressure upon the types of products produced 
when oxidizing pure iV-butane is illustrated as follows:

T otal L im it
T e m p . P r e s s u r e M ix t u r e

0 C. Atm. Mole %
23 53.3 14.5
90 50.0 12.1
20 333.3 18.2

Low pressure tends to cause the formation of lower alcohols 
and acids; high pressure favors the formation of higher alco
hols and aldehydes.

A c id  P r o d u c t io n . As in the case of propane, the butane 
and intermediate products were recirculated and only the 
acids were removed from the system by neutralization with 
dry lime. The runs were made at 130 to 185 atmospheres 
pressure, 5 to 7 mole per cent inlet oxygen concentration, 
315° to 395° C. reactor temperature, and a butane circulation 
rate of about 7.6 liters per minute.

The yields of products, based as liters per 1000 liters of 
liquid butane circulated per pass, were as follows:

Formic acid 0.62
Acetic acid 3.62
Form aldehyde 0 .20
Interm ediate products (removed after run) 4 .9  
W ater 6 .3
COj. cu. m .a tN .T .P .  4.23
CO, cu. m. a t N . T. P. 4.32

The amount of formic acid present in the total acids 
appeared to increase with increase in isobutane content:

'■ A m im S B S n
F i g u r e  6. S a t u r a t o r  P it

E x r l o s iv e  L im it s . The explosive limits for pentane-air 
and jientane-oxygen mixtures obtained according to the 
method described by Cooper and Wiezevich (SO) were as 
follows:

M ix t u r e

Pentane-oxygcn 
Pentane-oxygen 
Pentane-air

A l c o h o l  P r o d u c t io n . Although the main products of 
this method were alcohols, it must be borne in rnind that 
other products such as aldehydes, acids, and acetone were 
produced in appreciable quantities. As shown in Figure 11, 
saturation of the pentane was effected at a pressure of 200 
atmospheres in an eleven-plate bubble-cap saturator having 
one 10-cm. cap per plate. Under these conditions the 
saturated pentane contained from 5 to 6  mole per cent of 
oxygen. Tests made on this vessel indicated that saturation 
was obtained on the first few plates.

The saturated pentane, preheated to about 180° C. in a  
steel coil immersed in boiling naphthalene, was introduced into 
a steel reactor which was kept at about 240° C. by a boiling 
diphenyl oxide bath. At this point it was mixed with a small 
air-free pentane stream which was superheated to about 
550° C. by a lead bath, serving to start the reaction and to  
give a better control of the temperature. The pentane and 
products were condensed in a ehrome-nickel steel condenser 
and run into a neutralize!1.

Under these conditions the time of heating in the reactor 
was calculated to be about 80 seconds. It was felt, however, 
that a decrease of time of heating to a fraction of a second 
might lower the decomposition of the products to an ap
preciable extent and, consequently, in one experiment the  
7.61-cm. reactor was plugged with a 7.30-cm. steel shaft, 
giving an annular space of about 0.16 cm. With this system  
the time of heating was reduced to 0.05 second. However, 
no reaction could be realized even with the highest jxissible 
temperatures.

Neutralization with lime was introduced in the pentane plus 
product stream between the aqueous layer separator and the
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F i c u r e  7 .  R e a c t o r

scrubbing towers. The first neutralizer consisted of a 3000- 
liter horizontal tank half filled with thick lime slurry contain
ing enough lime to take care of all the acid formed during the 
run. The pentane plus product stream was introduced 
through a perforated pipe at the bottom of the tank, and 
considerable agitation was obtained, mainly because of the 
nitrogen present in the mixture leaving the reactor. The 
main difficulty with this system was that very stable emul
sions were formed. It was found, however, that émulsifica
tion could be avoided and good neutralization effected by 
countercurrent circulation of a dilute lime slurry through a 
packed column filled with pentane which was always kept on 
the acid side (about 0.1 per cent acid).

The neutralized pentane was then scrubbed to remove the 
oxidation products. A 90 per cent aqueous solution of 
methyl alcohol corresponding to 15-25 per cent of the pentane 
was found very efficient for taking out most of the com
pounds present. The pentane was then washed with water to 
remove dissolved methyl alcohol. However, water scrubbing 
was later substituted for methyl alcohol scrubbing, owing to 
the fact that considerable losses of the latter occurred and also 
that methyl alcohol scrubbing caused the formation of 
complex constant-boiling mixtures of pentane and the lower 
boiling products in the distillation step. Although water in 
amounts equivalent to 50 per cent of the pentane was not as 
efficient a scrubbing medium, the other products were re
covered by continuous distillation of 15 per cent of the recycle 
pentane stream. Fractionation tests on the mixture of 
products in a sixty-plate column demonstrated that rerun 
stills would be necessary if very pure products were required.

The final method resorted to in preparing pure products 
from the aqueous extract was as follows: The products were 
first distilled out of the water, and the distillate, containing 
about 50 per cent water, was fractionated in a sixty-plate 
column, A crude acetaldehyde cut was obtained which, upon 
rerunning, produced a very pure grade of acetaldehyde. 
The bottoms from the rerun still were combined with the 
main bottoms, and a crude methyl alcohol-acetone cut was 
fractionated off. (This is a constant-boiling mixture of

methyl alcohol and acetone containing about 15 per cent of 
the former.) This cut was also rerun, leaving some methyl 
alcohol in the bottoms in an attem pt to keep the product free 
from ethyl alcohol. The product from the rerun consisted of 
fairly pure methyl acetone boiling between 54° and 64° C. 
The bottoms were again combined with the main bottoms, and 
a cut was made when a double layer was obtained in the 
distillate. This fraction, called the “intermediate cut,” 
consisted mainly of ethyl alcohol and propyl alcohols, al
though some methyl and some higher alcohols were present 
and were later removed by rerunning. This cut boiled 
between 70° and 94° C. (dry). The next fraction, consisting 
of alcohols and esters of limited miscibility with water, was 
further fractionated until no layer separation occurred in the 
condensate, indicating that the products were substantially 
anhydrous.

The last product (higher alcohols) possessed a brownish red 
color and aldehydic odor. These objectionable properties 
were removed by treating with 25 per cent by volume of 25 
per cent caustic soda solution and refluxing in a still for about 
3 hours. After cooling, the caustic layer lvas removed from 
the higher alcohols, and the latter were then steam-distilled 
and dried by the double-layer drying method. This ma
terial, when so dried, boiled between 70° and 120° C.

Y ield s . A conservative figure for the daily  yields of 
various anhydrous products, based upon runs of 7.6 liters per 
m inute pentane floiv, are as follow s:

Liters
Acetaldehyde (b. p., 19.5-20.5° C.) 23.7
M ethyl acetone (b. p., 53-64° C.) 
Interm ediate alcohols (up to  80° C.)

54.1
71.0

Interm ediate alcohols (80-110° C.) 46.4
Higher alcohols (110-130° C.) 37.5
Acetic acid 98.5

The intermediate product consisted mainly of a mixture of 
ethyl, propyl, and small amounts of ierf-amyl alcohols, while 
the finished higher alcohols were composed mainly of sec- 
amyl and small amounts of teri-amyl alcohol. The acids

F ig u r e  8 .  H y d r o c a r b o n  S c r u b b e r s

obtained were composed of acetic and formic acids in a 
volume ratio of about 92:8. The pentane balances showed an 
average consumption of 1.7 liters of pentane per liter of 
product produced.
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A c id  P r o d u c t io n . A s  with propane and butane, runs 
were made in which the products were recirculated and 
oxidized, only acids being removed by neutralization with 
lime. As the products built up in the pentane, the solubility 
of the air was gradually decreased to about 4 to 5 mole per 
cent oxygen in the inlet mixture at 135 atmospheres. A t the 
end of the runs an oxidized product remained which resisted 
the oxidation throughout the period of recirculation. This 
product was examined and found to consist mainly of tertiary 
alcohols and 4 -5  carbon atom ketones, showing that these 
compounds were the most stable under the conditions of 
operation.

As stated previously, without recirculation the acid com
position was approximately 92 per cent acetic and 8  per cent 
formic. With recycling, however, the composition of the 
acids was altered as follows:

A c id  % by vol. A cid  % by vol.
Formic 20 Propionic 14
Acetic 53 Higher 13

About 7 liters of acids were produced per 1000 liters of pentane 
per pass. The losses as carbon dioxide and carbon monoxide 
in the gas amounted to about 2 liters of pentane per 1000 
liters per pass.

The acids were best recovered from the calcium salts by 
regeneration with dry hydrogen chloride (85 per cent yield) 
and then purified by vacuum distillation. Analysis for 
formic acid was made by the A. O. A. C. method (S), and the 
other acids were determined by the Duclaux values {22, SO, 
89) and boiling points of the butyl esters. Practically no 
unsaturatcd acids were found present.

O x i d a t i o n  o f  H e p t a n e s

The products obtained by pentane oxidation consisted 
mainly of 2 and 3 carbon atom compounds. For this reason 
it was believed that, if a hydrocarbon such as heptane were 
oxidized, the main portion of the products would be in the 
amyl alcohol, or 5 carbon atom range. The heptane used was 
actually a close-cut fraction boiling from 70° to 97° C. and 
included nearly all of the heptane isomers present in the 
casinghead gasoline.

Attempts were made to react the heptane in the reactor 
used for pentane, but even at a rate of 2.84 liters per minute, 
no success was obtained. It appeared that the time of 
heating was insufficient for reaction. The reactor finally 
employed was a steel coil formerly used as a prehcater. 
In this coil both preheat and reaction were obtained, the 
temperature of reaction depending upon the rate of flow. 
At 2.84 liters per minute and 135 atmospheres pressure, 
reaction could be obtained at temperatures as low as 180° C. 
At a rate of 4.73 liters per minute, the average reaction bath 
temperature maintained was 225° C. Even this temperature 
was lower than the critical temperature of iV-heptane which is 
267° C., indicating that reaction was obtained in the liquid 
phase.

Neutralization was affected in the same manner as de
scribed under pentane oxidation. Since no extracting 
medium was available which would remove oxidation prod
ucts from the hydrocarbon, recourse had to be taken to some 
other means of separation. It was found that methyl alcohol 
and heptane formed a constant-boiling mixture at about 57° 
C., which separated out in two phases. The composition of 
this mixture was about 60 per cent by volume methyl alcohol 
and 40 per cent heptane. Since only small amounts of 
products boiling below 70° C. were formed when heptane 
was oxidized, it was felt that this methyl alcohol distillation 
offered the best means of separation.

After neutralization, the heptane plus product was fed into 
a 75-cm. diameter Everdur bubble-cap still. M ethyl alcohol 
was added, and the distillate was allowed to separate into two

layers. The bottom methyl alcohol layer was returned 
to the still, while the top heptane layer, containing about 
3 per cent dissolved methyl alcohol, was run into a packed 
column and fractionated until no methyl alcohol was present 
in the bottoms. The distillate was then returned to the first 
still while the hydrocarbon bottoms were recirculated to the 
oxidation system.

F i g u r e  9 .  S i x t y - P l a t e  F r a c t io n a t in g  
C o l u m n

At the end of the run, the bottoms from the first still 
containing the products were distilled with methyl alcohol 
until hydrocarbon-free, the later methyl alcohol fractions 
being freed from hydrocarbon by dilution with water. This 
system gave very little trouble and the loss of methyl alcohol 
at the end of the run was quite low.

R e s u l t s . Instead of obtaining amyl alcohols in pre
dominating amounts, the product consisted mainly of alcohols 
in the hexyl-heptyl range boiling between 140° and 180° C. 
These results differing from pentane to such a degree may be 
due to the fact that reaction occurred in the liquid phase.

Expanding to an 1100 liter per minute circulation rate, the 
amounts of products obtained per day by the oxidation of 
heptane under these conditions would b e:

Liters Liter*
Aldehydes 170 Higher alcohols (up to
M ethyl acetone 1155 140° C.) 1100
Interm ediate alcohols 2310 Higher alcohols (above

140° C.) 4860
Calcium salts 4480 kg.

C o r r o s io n  T r o u b l e s

Considerable corrosion was experienced with the various 
oxidation processes tried on a large scale. Ordinary steel 
could not be made to last one month of continuous service; 
especially was this true in the high-pressure condensers. Of 
the materials tried, high-chromium nickel steels, such as 
Allegheny metal, gave the best service. Everdur, monel 
metal, and copper also gave good resistance to this type of 
corrosion.
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F i g u r e  10. F l o w  S h e e t  f o r  t h e  D i r e c t  O x i d a t i o n  o f  P r o p a n e

t o  A c i d s

D is c u s s io n  o f  R e s u l t s

The fact seems to be established that the main useful 
oxidation product of methane at atmospheric pressure is 
formaldehyde. For instance, in the experiments of Layng 
and Soukoup (48) the products obtained showed a methyl 
alcohol-formaldchyde-formic acid relationship of about 
1:8:3 . The experiments of Bibb and Lucas (8) performed on 
a large scale showed a fprinaldehyde-methyl alcohol ratio of 
5-1 . Ledbury and Blair (49) also obtained formaldehyde as 
the chief product.

One factor which does not appear to have been taken into 
special consideration in most of the previous work is the 
purity of the hydrocarbon. Even so-called pure methane, 
especially that obtained from natural gas, is contaminated 
with small amounts of higher hydrocarbons which arc re
moved only with considerable difficulty. In the present 
work the writers have encountered the same problem when 
working with a natural gas containing a few per cent of 
ethane. At pressures of about 200 atmospheres the main 
product obtained was methyl alcohol, and so the yields were 
calculated on the basis of methane reacting. However, in 
one case, a sample of methane was obtained from a different 
well, and appreciable amounts of ethyl alcohol were observed 
in the oxidation product. This led to an investigation which

resulted in the conclusion that the reacting hy
drocarbon in the previous cases was ethane, the 
reaction temperature of methane under those con
ditions being considerably higher than the tempera
ture at which the runs were made. Since the amount 
of reaction per pass in this case was only about 2 
to 5 per cent, all of the product may be readily 
accounted for by the presence of the impurity.

In the case of Bibb and Lucas’ experiments (8) 
the gases contained as much as 7 per cent ethane ; 
hence the methyl alcohol might have easily origi
nated from the latter hydrocarbon. Furthermore, 
in a patent issued later (6), methyl alcohol was 
reported to be produced by the oxidation of ethane. 
The same impurities in the gases used by Layng 
and Soukoup (48) also may have been responsible 
to some extent for the methyl alcohol obtained in 
their experiments, although in this case the gas was 
recirculated until 27 per cent appeared as oxygen
ated products. The commercial process (2 ,90) for 
the oxidation of natural gas to produce methyl alco
hol and formaldehyde, mentioned by Egloff, Schaad, 
and Lowry (24), also operated with a gas rich in 
higher hydrocarbons. In this case, at 7 to 20 at

mospheres pressure and 430° to 480° C., a 25 per cent ethane- 
75 per cent methane mixture yielded a product consisting of 
4 per cent acetaldehyde, 00 per cent methyl alcohol, and 40 
per cent formaldehyde. Patents granted later (91) indicated 
that under these conditions the methane was left substantially  
unaffected.

In the case of methane, the reaction for the formation of 
methyl alcohol involves the greatest decrease in volume and 
therefore should be favored most by increase in pressure. 
However, it must be remembered that the reaction for the 
complete oxidation of methane proceeds with a much greater 
decrease in free energy, so that even at high pressures it must 
be expected that a considerable amount of the reacting 
methane would be burned to carbon dioxide and water.

Above 300° C. both formaldehyde and methyl alcohol 
decom]X)se according to the following reactions:

CH.O — 
CHsOH

CO +  II. 
CO +  2Hj

0 )
(2 )

Even at high total pressures, such decomposition would be 
possible because of the low partial pressures of these products 
in the reaction zone. Nevertheless, it can be predicted that 
reaction 2 would be suppressed by increase in pressure to a 
greater extent than reaction 1 . This has been substantiated
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by high-pressure experiments on formaldehyde and methyl 
alcohol in which samples were submitted to conditions similar 
to those present during the runs. The approximate calcu
lated values showed that at 260° C. about 2 per cent of the 
methyl alcohol was decomposed, and at 320° C. 4 per cent was 
decomposed; in the case of formaldehyde, the decomposition 
at 270° C. was about 3 per cent, at 310° it was 9 per cent, and 
at 340° the amount decomposed rose to 20 per cent. Like
wise, it was shown that any carbon monoxide and hydrogen 
formed by thermal decomposition of the intermediate prod
ucts may be further oxidized to carbon dioxide and water at 
the temperatures existing in the high-pressure runs.

A number of reaction mechanisms have been proposed as 
explanations for the complicated steps encountered during 
the process of oxidation (4 ,1 0 ,1 1 ,1 5 ,2 4 ,2 5 ,5 0 ,5 7 ,5 9 ,6 1 ,S7). 
It is difficult to interpret the results obtained in the paper by 
any one of the existing theories. The data show that it is 
possible to produce methyl alcohol by the oxidation of meth
ane at high pressure. This was also found to be the case 
recently by other investigators (5S, 60A). Furthermore, 
oxidation of ethane yielded methyl alcohol as the main 
product, while propane gave a larger number of oxidized 
compounds. Pentane oxidation showed that rupture of the 
molecule likewise takes place, giving products of lower molecu
lar weight. In the case of heptane, however, the reaction 
occurred in the liquid phase at a much lower temperature, 
and the products indicated that less degeneration to com
pounds of low molecular weight took place.

When oxidation is performed at relatively high tempera
tures, side reactions, such as dehydrogenation, cracking, and 
polymerization, will occur (17, 29 ,35 ,60 , 62, 71, 72, 76, 79, SI) 
tending to complicate and conceal the initial oxidation reac
tions, thereby giving an opportunity for leading to unjustified 
conclusions (70). Consider, for instance, the case of a pe
troleum crankcase oil in an automobile. Under the operating 
conditions of the motor, there are at least four types of reac
tions which are capable of taking place in the presence of air:

higher molecular weight are relatively unstable, reacting 
easily at low temperatures in the liquid phase.

The types of compounds formed in the present experiments 
would be determined, according to probability, by the number 
of impacts of oxygen molecules upon the hydrocarbon mole
cule, by the relative strengths of the bonds under the given 
conditions, as well as by the location of the reacting molecules 
when the reaction temperature is reached. For instance, the 
longer the hydrocarbon molecule, the greater would be the 
number of individual products formed and the greater would 
be the probability of attack at different points of the same 
hydrocarbon molecule. Likewise, the longer the time of 
contact of the hydrocarbon with oxygen, the greater would be 
the chances of attack on other portions of the molecule and 
further oxidation of oxidation products already formed. 
In the case of the lower hydrocarbons, the high temperature 
required for reaction and the small sizes of the reacting mole
cules residt in the production of products of low molecular 
weight, whereas the oxidation of wax (generally taken as 24 
carbon atoms) at the lowest reaction temperature involves the 
formation of products equally distributed from 1 to 24 carbon 
atoms, the average molecular weight ranging at about 14 
carbon atoms. Also considerable amounts of hydroxy and 
keto compounds are produced (1, 16, 31, 32, 36, 47). The 
structure of the hydrocarbon also plays an important role 
with respect to the ease of oxidation. For instance, Pope, 
Dykstra, and Edgar (61) have found that the straight-chain 
octane reacts readily with oxygen while 2,2,4-trimethyl- 
pcntime is so stable to oxidation that no reaction occurs at 
atmospheric pressure until such a high temperature is reached 
that reaction, once started, goes rapidly to completion.

In all these cases, scission of the carbon-hvdrogen bond 
appears to occur simultaneously with the oxidation. This 
would be expected since the carbon-carbon bond in general is 
weaker than the carbon-hydrogen bond (62). The over-all 
reaction in the case of the hydrocarbons discussed in this 
pajier might be expressed as follows:

1. Cracking of the hydrocarbons may occur with simultaneous 
production of fixed gases and olefins.

2. Direct oxidation of paraffin hydrocarbons or paraffinic 
groups may take place resulting in the formation of oxygen con
taining products such as acids, aldehydes, etc., capable of poly
merizing to materials known as sludge.

3. Dehydrogenation of hydrocarbons, particularly of the 
heavy naphthenes, can be brought about by oxygen, giving water, 
olcfinic compounds, asphaltenes, and other sludge-forming 
ingredients.

4. The olefins produced by these means, or even those present 
in the original oil, may be caused to polymerize by the initiating 
effect of the oxygen, to produce higher boiling hydrocarbons. 
Some direct oxidation of the olefins is also liable to take place. 
Furthermore, if some ozone is present, ozonides will be formed 
«4th possible production of aldehydes, ketones, and their poly
merization products.

Therefore, unless one is dealing with a pure hydrocarbon, 
oxidized under such conditions that no other interfering 
reactions are capable of taking place, one has an exceedingly 
difficult task in explaining the mechanism involved.

As has been shown in this paper, when pressure is applied, 
the temperature at which appreciable oxidation takes place is 
lowered considerably, the extent depending upon the pressure, 
so that excessive temperatures are not required for carrying on 
oxidations at high pressures. When the whole homologous 
series of saturated paraffin hydrocarbons is considered, the 
striking feature which can be noted is the great difference in 
reaction temperatures of the individual members (29). 
Although the hydrocarbons of low molecular weight, such as 
methane, ethane, and propane, possess exceptionally high 
stability, necessitating reaction with oxygen in the vapor state 
at high temperatures (even at high pressures), the homologs of
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A c k n o w l e d g m e n t

The laboratory data reported are the outcome of investiga
tions conducted by the writers and their associates several



276 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 26, No. 3

years ago in the Research Laboratory of Applied Chemistry of 
the Massachusetts Institute of Technology.

The writers wish to acknowledge their indebtedness to S. P. 
Coleman of the Humble Oil & Refining Company and to  
R. E . Tannich and J. M. W hiteley at that time connected 
with the Breckenridge Plant of that company, as well as to 
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R e c e iv e d  Septem ber 23, 1933.

I t a l y ’s  A l u m in u m  I n d u s t r y  G r o w in g . Italy’s aluminum 
industry has made noteworthy progress in recent years, according 
to the Commerce Department. While the country’s copper re
sources have declined to a low point, aluminum ores have been 
developed and production has rapidly increased since 1926. The 
1932 output registered an increase of 20 per cent over 1931 and 
more than 70 per cent over 1930. At the close of 1932, Italy had 
attained sixth place among the world’s aluminum-producing 
nations, the countries which outranked her being, In the order 
of their importance, the United States, Germany, Canada, 
Norway, and France. Progress in the Italian industry has been 
favored by extensive and low-priced hydroelectric power.

Prior to 1929 there were only two aluminum factories in Italy.

The augmented production during and since 1929 resulted from 
the opening of two modern plants in that year, the combined po
tential output of which is approximately 10,000 metric tons. 
There are four plants in the country manufacturing aluminum 
metal in the form of ingots, bars, castings, plates, wires, and 
tubes, the industry giving employment to about 2000 workers.

Because of the large world production of aluminum metal, 
Italian production in 1933 was substantially curtailed. The 
excess of production over domestic demand is approximately 
60 per cent, a situation which constitutes one of the problems of 
the industry. A partial solution was found in 1933 by opening 
up a new market in Japan. Russia also provided a favorable 
outlet.



The Value of Silicate of Soda as a 
Detergent

III. Siliceous Silicate in W ater Containing E ither Calcium 
Bicarbonate or Carbon Dioxide

J o h n  D. C a r ter  a n d  W illiam  Ste r ic k er , Philadelphia Quartz Co., Philadelphia, Pa.

IN TH E second paper (2) of 
this series1 it w as sh ow n  
that sodium silicates largely 

prevented the deposition of dirt 
or pigments from water sus
pensions on to cloth while other 
alkaline builders, except triso
dium phosphate, did not. The 
phosphate was n o t n e a r ly  as  
effective as the silicates. This 
deposition was shown to be a 
factor in washing because solid 
dirt was removed from one piece 
of cloth and deposited on another 
in the same detergent solution.
As would be expected, soap had 
marked ability to remove dirt 
and prevent it from being rede
posited, but mixtures of soap and silicates were as good or 
better than either alone with siliceous soils and pigments.

All the work reported in the preceding paper was with 
distilled water. In actual laundry practice, whether at home 
or in the power laundry, the water is either naturally hard or 
softened. The softening may be done by either the zeolite 
or the lime-soda process. The experiments described in this 
and subsequent papers were undertaken to discover what 
effect some of the constituents of such waters might have 
on the removal and redeposition of dirt.

E x p e r i m e n t a l  M e t h o d s

The results of two series of experiments are included. In 
the first series, half the strip of Utica sheeting was soiled with 
a mixture containing 0.6  gram gum tragacanth, 10 grams 
wheat starch, 20 grams pigment (except carbon black, of 
which only 5 grams were used), and 250 grams water. The 
other half was left unsoiled and a clean strip of sheeting was 
placed in a jar with the partially soiled strip. The washing 
was done in the launderometer for 20 minutes at 60° C. with 
ten rubber balls and 100 ml. of detergent solution made from 
the water being tested. There were then two rinses of 5 
minutes each with 100 ml. of the same water. The samples 
were dried and compared after four, nine, fourteen, and 
twenty cycles, and finally the reflecting power was measured 
in a Hess-Ives tint photometer.

This series indicated that the conclusions drawn about the 
effectiveness of various detergents in removing dirt were not 
changed with an increased number of washes. Since the ad
ditional washes took a great deal of time and the samples 
which resulted were harder to evaluate, i t  appeared desirable 
to decrease the number of washes. Burkhart and Falkman 
( / )  have shown that the shorter method leads to the same 
conclusions as the longer with a simple pigment soil. With 
fewer washes it is much easier to judge the degree of pro
tection, since pigments which are deposited in the early

1 P a rt I appeared in I nd . E ng. C hbm., 15, 244 (1923).

washes are washed out again in 
the later ones. In the second 
s e r ie s ,  undertaken later, the 
maximum n u m b er  o f washes 
was five.

In the second series, pieces of 
Utica sheeting (7.6 by 12.7 cm.) 
were made into bags, each con
taining fifty monel metal balls
0.25 inch (0.635 cm.) in diame
ter. To soil these bags they  
were placed in a jar in the laun
derometer with a suspension of 1 
gram of the pigment (except car
bon black, of which only 0.25 
gram was used) in 100 ml. of 
distilled water and rotated for 20 
minutes at 60° C. The bag was 

then removed and rinsed with tap water (Philadelphia’s Dela
ware River supply) until no more pigment was removed. This 
is a method which has been tried by the Detergents Committee 
of the American Oil Chemists Society and has been found to 
give satisfactory soiling (5). The bags were then cut open 
and dried on a smooth surface.

The washing tests themselves were made by placing one 
bag made of sheeting soiled by this method in a jar with a 
bag made of clean sheeting. Each bag contained fifty monel 
metal balls. They were washed 20 minutes at 60° C. with 
100 ml. of detergent solution made with the water being tested, 
One set of bags was given two such treatments and another 
five. The bags were then thoroughly rinsed, cut open, 
dried on a smooth surface, and their reflecting powers meas
ured with a Hess-Ives tint photometer.

Solutions containing 0.2 per cent sodium oleate and 0.2 
per cent sodium silicate (Na20:3.25 S i0 2) were made up with 
each water. Various mixtures of these were compared with 
the original solutions and the water alone, both for their 
ability to remove dirt and to prevent redeposition.

The pigments used were ferric oxide, raw and burnt umbers, 
and carbon black. The ferric oxide was Merck’s ignited 
rouge or crocus. The carbon black was extracted and 
readily wet by water.2 The raw and burnt umbers were 
commercial pigments.3

The Hess-Ives tint photometer was used for the determina
tion of whiteness as compared with a standard magnesia 
block. In the earlier work (2) and for the intermediate com
parisons in the first series, a Taylor photometer was used 
and the readings were given in percentages of whiteness com
pared Ruth the original cloth. The Hess-Ives instrument 
has been found to be much easier to use for this work. Com
parison of the figures for carbon black and raw umber in 
distilled water shows that the conclusions drawn would not 
be greatly altered whichever instrument was used (Figure 1),

* G rade J  obtained from L. M artin  Com pany, Philadelphia.
* Obtained from Eugene E . Nice Com pany, Philadelphia.

The abilily of sodium oleate to remove dirt 
from  cotton cloth and to prevent its redeposition 
on clean cloth is decreased by the presence of 
calcium bicarbonate in the wash water. M ix 
tures of sodium silicate (N a20:3 .25S i0 f) and 
this soap are less affected by the calcium salt and 
become equal to or belter than soap alone. Since 
the p H  of the solutions is below 10.2, they m ay be 
considered acid to soap, but they have marked 
detergent properties. Carbon dioxide alone does 
not have as much effect on sodium oleate as cal
cium bicarbonate. The addition of the sodium  
silicate largely neutralizes the effects due to 
carbon dioxide.
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T a b l e  I .  R e f l e c t i n g  P o w e r  o f  S h e e t in g  S o il e d  w it h  V a r io u s  A g e n t s  a n d  W a s h e d  in  D is t il l e d  W a t e r

(In  percentages of whiteness, m agnesia block standard)
Cloth soiled with:  ̂ C
No. of washes: 2

(A) W ater 38.5
(B) 0.2%  aoln. of N a:0 :3 .25S i0 i 36.5
(C) 4 parts of silicate with 1 of soap

soln. 40.4
(D) E qual parts  of silicate and soap

soln. 38.7
(E) 1 p a rt of silicate with 2 of soap

soln.
(F) 1 p a rt of silicate with 4 of soap

soln. 36.1
(G) 0.2%  soln. of sodium oleate 45.8

(A) W ater 57.2
(B) Silicate 60.2
(C) 4 silicate, 1 soap 65.6
(D) Equal silicate and soap 70 .0
(E) I silicate, 2 soap
(F) 1 silicate, 4 soap 70 .3
(G) Soap 70.5
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(A) W ater
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(C) 4 parts  of silicate w ith 1 of soap

soln.
(D) E qual parts of silicate and soap

soln.
(E) 1 p a rt of silicate with 2 of soap
(F) 1 p a rt of silicate with 4 of soap
(G) 0.2%  soln. of sodium oleate

(A) W ater
(B) Silicate
(C) 4 silicate, 1 soap
(D) E qual silicate and soap
(E) 1 silicate, 2 soap
(F) I silicate, 4 soap
(G) Soap
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but small differences are more easily read with the iless-  
Ives instrument because of its greater accuracy.

The original sheeting was 90.9 per cent white. Average 
figures for the soiled cloth in the second series were as follows: 
carbon black, 24.4 per cent; burnt umber, 19.5; raw umber, 
24.9; and ferric oxide, 26.5.

D i s t i l l e d  W a t e r

The results with distilled water in each series are included 
as a basis for comparison. Because of differences in the 
method of soiling and washing in the two series, the results 
given in Table I are not in entire agreement. In the first

se r ie s  o f  tw e n ty  
washes the addition 
o f s i l i c a t e  to  th e  
water increased the 
removal of all four 
pigments. The ad
dition of soap alone 
to the water caused 
g r e a te r  r em o v a l  
than that effected by 
the silicate. When 
m ix tu r e s  of so a p  
and s i l i c a t e  were 
used, th e  r e s u lt s  
with burnt umber 
an d  fe r r ic  o x id e

were intermediate between those with either detergent alone, 
and with carbon black were better than with either alone. 
The mixtures were less effective with raw umber. In the 
second series the results with two suds were more erratic 
than those with five but, in general, agree with them. Burk
hart and Falkman (1) have found that a certain minimum

F ig u r e  1. C o m p a r is o n  o f  W h i t e 
n e s s  R e a d in g s  w i t h  T a y l o r  a n d  

H e s s - I v e s  I n s t r u m e n t s

number of washes was necessary before discrepancies dis
appeared. For that reason, the results with five suds will be 
used in drawing conclusions. Again, sodium silicate showed 
that it had detergent powers but that they were not as great 
as those of soap. The mixture of four parts of soap and one 
of silicate removed more of the umbers and ferric oxide than 
soap alone. W ith carbon black there was practically no 
difference. The other mixtures were less effective than soap 
alone but more so than sodium silicate alone.

In the first series the maximum protection of the clean 
cloth was obtained with soap alone when ferric oxide (and 
raw umber) was the soil and with two-thirds soap and one- 
third silicate on carbon black and burnt umber. In the second 
series there was very little difference between soap alone and 
the mixtures.

C a l c iu m  B ic a r b o n a t e

A common constituent of hard water is calcium bicarbon
ate. In order to determine its effect on the removal and re- 
deposition of dirt, a solution was prepared by suspending 
1.53 grams of calcium carbonate in 18 liters of distilled water 
and adding gaseous carbon dioxide until all the carbonate 
dissolved on standing overnight. The hardness of the re
sulting solution was equivalent to 85.7 parts per million 
(5 grains per gallon) of calcium carbonate and its pH was 
5.6 (bromocresol purple). In the first series this solution 
was used for both the suds and rinses, but in the second the 
rinses were with distilled water. With soap a very turbid 
solution was produced but no visible curds formed, and there 
was no precipitation even after standing several days. The 
silicate solution was nearly clear.

The results are given in Table II. It is evident that, in 
genera], the calcium bicarbonate has prevented removal and 
increased redeposition. The effect on soap alone is greater
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than on silicate alone or on silicated soap. For example, 
cloth soiled with burnt umber and washed with soap five 
times dropped from 60 per cent when distilled water was 
used to 40 per cent whiteness when the bicarbonate was 
present; under the same conditions a mixture of 80 per 
cent soap and 20 per cent silicate went only from 56 to 52 
per cent. Some idea of the differences can be obtained by 
comparing Figure 2a with 26,4 or Figures 3a and 3d with 
36 and 3c, respectively.4 Since the silicate-soap mixtures 
are less affected by the hardness, they become equal to or 
better than soap alone for the removal of dirt. In every 
case except one (two washes, raw umber) they were superior 
in preventing redeposition.

Accidentally in this series of experiments the raw umber 
samples with five washes were duplicated. Figures for both 
sets of samples are given to show how close the agreement 
was (Table II).

When the detergent solutions used in the second series were 
prepared, their pH ’s were determined as shown in Table III.

3.. Distilled Water

b. C alc iu m  Bicarbonate

C- Carbon Dioxide

p H
C a l c iu m  B ic a r b o n a t e  

I n d ic a t o r

5.6 Bromocrcsol purple
6 .2 Bromocrcsol purple
6 .5 Bromocresol purple
8 .4 Phenol red
9 .0 Thym ol blue
9 .6 Thym ol blue

T a b l e  I I I .  p l l  o f  D e t e r g e n t  S o l u t io n s  w it h  C a l c iu m  
B ic a r b o n a t e

D e t e r g e n t  S o l u t io n  
W ater nlone 
Soap
80%  soap, 20% silicate 
50% soap, 50% silicate 
20%  soap, 80% silicate 
Silicate

Only a glance at the results is necessary to show that neither 
removal nor protection is proportional to the pH within the 
range studied. The low values, especially for the first three 
in Table III, do raise the question of whether the formation

* The samples washed with soap in hard water in the  first series had turned 
yellow’ to some extent before the photographs were taken. This makes the 
contrast more striking than  when the original readings were made. No 
such action took place in the second series where distilled water was used 
in rinsing.

i f  p |  %'Épi W&M 
m m

F ig u r e  2

Strips given tw enty washes w ith distilled water; lower 
portions were originally soiled with carbon black 
while upper portions were clean; letters refer to 
solutions described in Table I.

Strips given tw enty washes with water containing cal
cium bicarbonate and rinsed with sam e; soiled with 
carbon black as in 2a; samples E  and G were yellower 
when this picture was taken than  they were imme
diately after washing; figures given in Table II.

Strips given tw enty washes with water containing car
bon dioxide and rinsed with sam e; soiled with carbon 
black; figures given in Table V.

a.Distilled Water R em o val

Ä  i l
g  .§  P f l  s , s,më ■-! «ü (

b . C a lc iu m  Bicarbonate R em o va l

R em o va l

1 '*v < i

m h r * y i

d.Distilled Water

mm ■

e .C a lc iu m  Bicarbonate

Protection

Protection

i  Cl ■ i 

f. Carbon Dioxide
‘__

Protection

M"sa

F ig u r e  3
Strips soiled with b u rn t um ber; washed five times in distilled water

<fr* -* Clean strips washed five times with strips shown in 3a. 
Clean strips washed five tim es with those shown in 3b. 
Clean strips washed five times with those shown in 3c.

(Table I)
Strips soiled with burn t umber; washed five times in water containing 

calcium bicarbonate (Table II).
S trips soiled with burn t um ber; washed five tim es in w ater containing 

carbon dioxide (Table V).
(The capital le tte rs  refer to  the corresponding solutions given in Table II .)
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of acid soaps is not responsible for the failure to remove dirt 
and protect against redeposition.

Rhodes and Bascom (3) found that the maximum detergent 
effect was obtained at a pH of 10.7. They stated, however, 
that the complexities of sodium silicates were such that they 
were the subject of a special investigation, the results of which 
have not been published. None of the solutions used here 
was as alkaline as those of Rhodes and Bascom. Snell (4) 
has stated that any solution more acidic than a pH of 10.2 
is acid to soap solution. If we accept this statement, then 
all this work was done in a range acid to soap. In spite of 
this, a real detergent effect was obtained. A more extended 
investigation of the effect of pH with silicates is noiv under 
way.

C a r b o n  D i o x i d e

It was felt that the use of a solution containing carbon 
dioxide in place of calcium bicarbonate w'ould go far toward 
answering the question of acid soaps. The solution was pre
pared by bubbling the gas through the water until the pH  
had dropped to between 4 and 5. In the earlier experiments 
with the strips, the pH was 4.6. In the later series the values 
shown in Table IV  w'ere obtained.

T a b l e  IV. p H  o p  D e t e r g e n t  S o l u t io n s  w i t h  C a r b o n  
D io x id e

D e t e r g e n t  S o l u t io n  
W ater alone 
Soap
80% soap, 20% silicate 
50% soap, 50% silicate 
20% soap, 80% silicate 
Silicate

pH C a r b o n  D i o x i d e  I n d i c a t o r
4 .3  Bromocreaol green
7 .6  Phenol red
8 .4  Thym ol blue
9 .6  Thym ol blue
9 .9  N itro yellow

10.0 N itro yellow

Even though the initial pH was lower, the figures for the 
solutions of soap and silicate were higher than with the 
bicarbonate. This was without doubt due to the precipi
tation of calcium soap or/and silicate, leaving sodium bi
carbonate in solution which contained less active alkali to 
raise the pH.

Five suds with mixtures of soap and silicate in the presence 
of carbon dioxide removed more of the pigments than five 
suds with either detergent alone (Table V). The same was 
true with two suds, except raw' umber which was an exception 
in that soap removed it best. The optimum mixture varies, 
but with five suds, the cleanest cloth was obtained three 
times with equal parts of soap and silicate and once with 
four parts of soap to one of silicate. With tw'enty washes, 
in the presence of gum tragacanth and starch, soap alone 
gave the cleanest cloth although silicate and silicate-soap 
mixtures were equally good with carbon black.

The best protection with tw'o or five suds was given by the 
mixture containing four parts of soap and one of silicate. 
In the earlier series of twenty washes the best protection, 
except with ferric oxide, was with four parts of silicate and 
one of soap; the least ferric oxide was deposited with soap 
alone.

Table VI shows the average results W'ith the series given 
five washes. With no detergent, with soap alone, or with a 
mixture of four parts of soap with one of silicate, the presence 
of carbon dioxide decreases the amount of dirt removed but 
not as greatly as the presence of calcium bicarbonate. In  
general, the results w'ith two and five washes confirm this. 
With silicate alone or with mixtures containing more silicate 
than the one given above, carbon dioxide either has no effect 
or, apparently, a beneficial one (Figure 2c compared with 
2a and 2b, and Figure 3d with 3a and 36).

In spite of the smaller amounts of dirt removed and there
fore available for redeposition, the amount deposited from 
water containing carbon dioxide is greater than from distilled 
water but not as great as from water containing calcium 
bicarbonate (Figure 2c compared with 2a and 26 and Figure 
3f  with 3d and 3e).

These results indicate that the formation of acid soaps 
probably is a partial explanation of the adverse effect of 
calcium bicarbonate but not the entire one. The formation 
of insoluble calcium oleate and silicates with the eorrespond-

T a b l e  V . R e f l e c t in g  P o w e r  o f  S h e e t in g  S o il e d  w it h  V a r io u s  A g e n t s  a n d  W a s h e d  i n  W a t e r  C o n t a in in g  C a r b o n  D i o x id e

(In  percentages of whiteness, magnesia block standard)
C lo th  so il ed  wi th: ,— C a r b o n  B lack— » f— B u r n t  XJm b e r — » --------R aw  U m b e r .-------F e r r ic  O x i d e -------»
N o .  o f  wa shes : 2 5 20 2 5 2 0 2 5 2 0 2 5 2 0

(A)  W a t e r 3 5 . 7 4 1 . 0 4 6 . 0 2 4 . 4 2 9 . 9 3 8 . 7 2 9 . 8 3 7 . 2 3 9 . 3 4 0 . 6 4 7 . 2 4 1 . 6
( B )  0 . 2 %  sotn . of  N a * 0 : 3 . 2 5 S i 0 j 3 9 . 8 4 6 . 6 5 9 . 0 3 6 . 4 5 0 . 1 4 3 . 3 4 4 . 3 5 9 . 4 5 7 . 6 4 9 . 6 6 7 . 0 5 2 . 1
( C)  4 pa r t s  of  s i l ic a te  w i t h  1 of s o a p

soln . 4 4 . 7 4 7 . 8 5 9 . 0 4 0 . 0 5 1 . 7 4 6 . 2 4 4 . 6 6 6 . 3 5 9 . 6 6 1 . 0 7 8 . 7 5 5 . 9
( D )  E q u a l  p a r t s  o f s i l ic a te  a n d  s o a p  

soln . 4 2 . 3 5 4 . 7 4 1 . 2 5 3 . 3 4 8 . 3 7 0 . 0 5 9 . 1 8 2 . 1
(E )  1 p a r t  o f  s i l i c a te  w i t h  2 of s o a p

soln . 6 0 . 0 5 0 . 3 5 8 . 5 5 8 . 2
(F )  1 p a r t  of  s i l i c a t e  w i t h  4  o f  s o a p

soln . 4 1 . 8 5 3 . 6 4 1 . 4 5 9 . 4 4 9 . 6 6 7 . 8 5 6 . 2 7 8 . 0
(G )  0 . 2 %  soln . of s o d i u m  o lea t e 3 S . 6 5 0 . 6 6 0 ! o 3 2 . 6 5 2 . 0 5 é i ô 5 1 . 9 5 4 . 2 7 Ü 5 5 6 . 6 7 4 . 7 76^3

(A )  W a t e r 5 3 . 6
P R O T E C T IO N

5 6 . 6  7 0 . 0
o r  C L O T H  <

4 3 . 3
O R IG IN A L L Y

4 9 . 1
U N S O IL E D

6 6 . 3 4 9 . 1 5 1 . 0 6 3 . 3 5 3 . 5 5 5 . 3 4 8 . 1
( B )  S i l i ca te 5 8 . 6 7 0 . 8 7 9 . 0 5 7 . 5 7 8 . 0 8 3 . 4 6 6 . 9 8 0 . 7 8 3 . 1 6 3 . 4 7 8 . 9 6 2 . 4
(C )  4  s i l ic a te ,  1 s o a p 6 1 . 3 7 2 . 3 8 5 . 0 7 2 . 4 8 7 . 3 8 8 . 5 8 2 . 4 9 2 . 7 9 1 . 4 7 5 . 8 8 8 . 0 6 5 . 2
( D )  E ^ u a l  s i l ic a te  a n d  s o a p 6 4 . 8 7 4 . 9 7 7 . 0 9 0 . 2 8 7 . 4 9 2 . 7 7 7 . 8 9 1 . 3
( E )  I s i l ic a te ,  2 s o a p 8 2 . 0 8 0  ! 4 86  .*8 7 0  ! 4
( F )  1 s i l ic a te ,  4 so a p 6 7 \ 8 8 2 .0 8 0 . 0 93^3 88^9 9 3  .'3 82! 3 oi.’o
( G )  S o a p 6 6 . 5 SO. 2 7 4  !o 6 8 . 6 9 0 . 7 7 8 . 9 8 8 . 3 8 4 . 0 8 4 . 0 7 8 . 3 8 7 . 7 83^5

T a b l e  VI. A v e r a g e s  o f  F iv e  W a s h e s  f o r  F o u r  P ig m e n t s  (f r o m  T a b l e s  I, II, a n d  V) S h o w in g  E f f e c t  o f  D e t e r g e n t s  
a n d  I n t e r f e r e n c e  C a u s e d  b y  C a l c iu m  C a r b o n a t e  P l u s  C a r b o n  D io x id e , a n d  C a r b o n  D io x id e  A l o n e

D i s t i l l e d  W a t e r W a t e r  -f- CaCOi 4* CO* W a t e r  - f  .COt
Av. Gain due to Av. L o s s  in efficiency Av. Loss in efficiency

reading detergent reading due to CaCOa +  COt reading due to COi
R E M O V A L  O F  P IG M E N T

W ater, no detergent 43 .9 36.2  7 .7 38 .8 5 .1
Silicate alone 55.0 11.1 51.4  3 .6 55 .8 None
4 silicate, 1 soap 61.1 17.2 5 5 .S 5 .3 61.1 None
1 silicate. 1 soap 6 0 .S 16.9 5S.0 2 .8 65 .0 Gain
1 silicate. 4 soap 67.2 23.3 56.9  10.3 64.7 2 .5
Soap alone 64.9 21.0 4S.1 16.8 57.9 7 .0

P R O T E C T IO N A G A IN S T  R E D E P O S IT IO N

W ater, no detergent 60.9 50.1 10.8 53.0 7 .9
Silicate alone 77.6 1 6 > 68.2  9 .4 77.1 0 .5
4 silicate, 1 soap 86.7 25.8 76.1 10.6 85.1 1.6
1 silicate, 1 aoap 88.6 27.7 8 4 .5  4.1 87.3 1.3
1 silicate. 4 soap 89.6 2S.7 83.4  6.2 S9.9 G u o
Soap alone 89.8 28.9 76 .0  13 .S 85.6 4 .2
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big formation of sodium bicarbonate not only decreases the 
alkalinity, but probably the calcium soap sticks to both the 
clean and dirty cloth and holds some pigment. There is a 
distinct yellow tint on some of the cloth washed with soap. 
This is believed to be indicative of the presence of calcium 
soaps. It was much greater in the first series where the rins
ing was done with hard water. Apparently the calcium soap 
stuck more readily to the clean than the soiled cloth.

C o n c l u s io n s

1 . The presence of calcium bicarbonate in water inter
fered seriously with the action of sodium oleate in removing 
pigments from cloth and in preventing their redeposition 
on clean cloth in the same solution.

2. The effect on mixtures of soap and sodium silicate 
(N a20:3.25SiOj) or on the latter alone was much less.

3. Therefore, the mixtures become better than the soap 
both in removing pigments and in preventing their redepo
sition.

4. The effect is apparently partially due to the formation 
of acid soap and partially to precipitation of calcium com
pounds.

5. In the range studied, the detergent effect was not pro
portional to the pH.

6 . Carbon dioxide has an appreciable effect in decreasing 
the removal of pigments by soap solution and increasing 
redeposition.

7. The addition of sodium silicate (Na20:3.25S i02) 
largely or entirely neutralizes the effects due to carbon di
oxide.

8 . A duplicate run gave close checks.
The effect of other water constituents will be discussed in 

later papers.
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Research on Metals and Alloys
F . C. F rary

Aluminum Company of America, New Kensington, Pa.

THER E are two fundamental objectives in research on 
metals and alloys. The first may be said to be aca
demic or theoretical in its nature, and involves the 

investigation and the understanding of the complex physico
chemical intermetallic systems and the effects of variations 
in temperature, minor impurities, and other variables upon 
such systems. The second objective, which we might call the 
practical or commercial one, comprises the improvement of 
our present alloys and metals, so as to make them more widely 
adaptable or more useful to mankind, and the discovery of 
any possible new and useful alloys. Experience shows that 
the second of these objectives cannot be pursued to the best 
advantage without a simultaneous pursuit of the first one. 
Conversely, it would be suspected that even those investi
gators whose viewpoint, experience, and interest lie only in the 
theoretical realm, would do better work in their chosen field 
if they had more information as to the practical facts and 
conditions which are involved and are important in the 
commercial production and use of metals and alloys.

Research on metals and alloys differs from most chemical 
research in that, in general, we are never dealing with pure 
compounds but with intimate mixtures of elements with cer
tain more or less loose intermetallic compounds, and solid 
solutions of one in the other. Moreover, many of the changes 
involved take place at relatively high temperatures, and 
physical phenomena, such as melting, crystallization, pre
cipitation in the solid state, recrystallization, crystal dis
tortion by cold work, and many others complicate the prob
lems from a practical point of view. Also, in the case of 
metals and alloys, the physical properties are generally the 
most important; the chemical properties are generally of 
minor interest except in so far as the problem of corrosion 
resistance is involved.

E f f e c t  o f  I m p u r i t i e s  i n  M e t a l s

In the study of metals and alloys, increasing evidence is 
being found of the great effect which the presence or absence

of small amounts of certain constituents may have on many 
of the properties of the resulting product. The segregation 
and crystallization of such minor constituents at temperatures 
above the freezing point of the molten alloy may cause trouble
some dressing: if, on the other hand, they remain liquid at 
temperatures considerably below the freezing point, they 
tend to be concentrated in the grain boundaries of the crys
tals which form during the freezing, and this concentration 
may lead to a variety of effects, such as intergranular cor
rosion, hot-shortness, etc.

Some of these minor constituents may, by their behavior 
at the freezing point of the metal, interfere with the freezing 
and cause supercooling to a considerable extent. This is the 
case when about 0.01 per cent or less of sodium is present in 
certain aluminum-silicon alloys, where the molten sodium ap
pears to be precipitated out at the freezing point and, by its 
action on the crystal nuclei of the silicon, to prevent the nor
mal growth of these nuclei until the temperature has dropped 
about 10° or 15° C. belowr the point a t which freezing should 
begin. Thereupon the crystallization force of the silicon be
comes so great as to produce a perfect shower of nuclei, re
sulting in the crystallization of the silicon in almost sub- 
microscopic. crystals throughout the mass of the aluminum. 
Such a change also involves a considerable change in the 
strength and ductility of the resulting alloy and may be taken 
as a typical example of the pronounced effect which small 
traces of constituents may have in modifying the behavior 
of other constituents present in a relatively large amount.

The effect of traces of certain elements, such as arsenic, 
on the electrical conductivity of copper, the effect of slight 
variations of sulfur and phosphorus on the properties of iron 
and steel, and the effects of very small amounts of lead in 
brass, are all common illustrations of the importance of ex
tremely minor amounts of certain constituents, and the com
plications which may be involved in alloy problems by lack 
of knowledge or control of the presence of some minor im
purities. There are many less common examples of the same
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effect which need to be studied and may be of considerable 
importance.

Very often minor insoluble impurities may have a large 
effect upon the size of the crystals of the metal which forms 
the main body of the alloy. This effect may be exerted on 
the crystal formed in the original freezing of the alloy, where 
small amounts of solid constituents, if present, may act as 
crystal nuclei and thus facilitate crystallization from a 
multitude of centers and consequently produce a fine-grained 
structure in the castings (which is very much to be desired). 
Also, the same or other constituents in an extremely finely 
divided state may seriously interfere with or modify the 
effects of subsequent annealing and heat-treating processes. 
These minute insoluble particles in the solid metal seem to 
have a powerful restraining effect on the growth of new 
crystals, which is one of the important phenomena occurring 
during annealing. If present in the proper proportion, they 
may give rise to a very fine-grained and consequently very 
desirable structure, while a slightly different proportion may 
interfere in a different way with the crystal growth and re
sult in the formation of fewer and larger crystals which arc 
likely to be extremely objectionable if the metal is to  be sub
sequently worked. The presence of 0.1 or 0.2 per cent of an 
impurity may raise the annealing temperature of a metal over 
100° C. Electrical and thermal conductivity, corrosion re
sistance, and the brittleness or ductility of an alloy seem to 
be especially prone to be markedly affected by small amounts 
of minor constituents.

It is therefore obvious that a modern investigation of an 
alloy system demands as starting materials metals of the 
highest degree of purity, and it is this effect of minor im
purities which renders inaccurate much of the older work on 
alloy systems. It is for this reason that investigators have 
spent years of time and vast sums of money in producing 
metals in a state of as nearly spectroscopic purity as possible.

W OHK ABILITY

One of the important properties of a metal or alloy is its 
workability. This is often a function of its crystalline 
structure, in which the author includes not only the system of 
crystallization as shown by x-ray analysis, but also the size 
of the crystal units making up the solid metal. Certain types 
of metal crystals (for example, those belonging to the hex
agonal system) have inherently only a limited workability 
because of the arrangement of the atoms in the crystal. 
The frequent annealing required to overcome this difficulty 
adds considerably to the expense of working. Annealing 
consists essentially in heating the metal to such a temperature 
that its atoms become sufficiently free to move, so that they 
have a chance to rearrange themselves into new, undistorted, 
and unstrained crystal forms. Thus the internal effects of 
the prior cold-working are largely eliminated, and we may 
in a very real sense begin over again with our working op
erations.

For the best results, annealing conditions should be so 
chosen as to produce a finely crystalline rather than a coarsely 
crystalline structure. If the metal has sufficient strength 
and ductility to endure working at temperatures above the 
annealing point, much difficulty may be avoided by carrying 
on the operations at such temperatures. Then the rearrange
ment of the atoms after the working is substantially in
stantaneous, and consequently the speed of working can be 
much increased. Unfortunately, however, some of the alloy
ing constituents, as have been indicated, by segregation in the 
grain boundaries or in other ways, tend to produce a condition 
of hot-shortness which locally weakens the metal at elevated 
temperatures, making it very difficult to work without crack
ing and consequently spoiling the metal for commercial use.

Cold-working, on the other hand (except in the case of

metals such as tin, which anneal at or below room tempera
ture), by causing motion of the atoms in the crystals along 
certain slip planes, produces a considerable strain-hardening 
or strengthening effect; so that the tensile, yield, and com
pressive strengths of the metal are increased, while its elon
gation or ability to stretch is decreased. Since this is often 
a desirable improvement in the properties of the metal, the 
ability to withstand cold-working is an important one. Here 
again, the presence of certain constituents and their segre
gation during the freezing of the molten metal may result in 
local weakening, so that the metal will crack under the work
ing strains. Also, the increasing amounts of alloying ingredi
ents required to give increased strength generally tend to re
duce ductility and consequently make cold-working more diffi
cult.

The problems in annealing and heat-treating metals are 
often quite involved. Aside from possible allotropic changes, 
as in the case of iron, we have the possibility that constituents 
which were insoluble in the original cast alloy may go into 
solution and change their distribution upon heating, and may 
come back out of solution in quite a different form and po
sition upon cooling again. The rate of cooling is often de
cisive as to this latter possibility. Moreover, the rate of 
heating, especially the rate of passing through certain critical 
temperatures where the recrystallization or annealing proc
ess is just beginning, and the amount of cold work which has 
been accomplished on the metal before the annealing or heat 
treatment, often control the size of the grains produced. 
Also, cold-working lowers the recrystallization temperature 
more or less. A mistake in controlling one of these conditions 
may have quite disastrous results as far as the physical 
properties of the finished article are concerned. Conse
quently one of the aims of research in metals and alloys is to 
understand, as completely as may be, the theory of such 
crystal growth and its control, so that the practical man may 
know where to look for the causes of his trouble and how to 
avoid them.

P u o b l e m s  o f  M e l t i n g  M e t a l s

The problems of the melting room are both chemical and 
physical in their nature. Contamination by the chemical 
action of air, refractories, or any slag present, must always 
be considered and may be important, while the more or less 
mechanical inclusion of insoluble oxides, gas, etc., may cause 
serious defects in the finished articles. In some metals 
we have a real solubility of the oxide in the molten metal, 
and, as would be expected, even small amounts of such dis
solved oxides have marked effects upon the properties of the 
metal. On the other hand, hydrogen seems to be soluble in 
many molten metals, and to be given off again on freezing, 
to form blowholes. The tendency of the metal to form dross 
by oxidation or by the precipitation of undissolved particles 
at the casting temperature is of great importance, not only 
from the standpoint of making clean castings, but also from 
that of making the metal run properly in the molds, and thus 
produce castings which are free from what the foundryman 
calls “cold shuts,” or places where two semi-fluid streams of 
metal meet but fail to unite completely and fill the mold.

The questions involved in the behavior of the metal during 
solidification—i. e., the amount of shrinkage involved in 
freezing, and the temperature range within which freezing 
takes place, as well as the viscosity of the partially frozen or 
mushy metal—are of great importance in the casting of the 
metal. Since, in general, melting and casting are the first 
operations in producing any kind of a metallic body, it will 
be seen that these problems are fundamental.

In many cases we have special treatments producing a hard
ening or softening of the surface, such as the nitriding and 
malleabilizing processes used in the iron and steel industry.
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These usually depend upon chemical reactions between certain 
constituents of the metal and certain constituents of its en
vironment, both of which, of course, must be controlled. The 
fact that oxygen and nitrogen arc often involved in such 
changes may decidedly complicate many of the heating opera
tions necessary' in the commercial working of metals, so that 
the importance of thoroughly understanding these changes 
is apparent.

C u s t o m e r s ’ P r o b l e m s

There is also a great variety of what might be called 
“customers’ problems,” having to do with the utilization of 
the finished product. Thus the problem of machining certain 
alloys is difficult, and steps must be taken either to improve 
the material of the tools, change the alloy so as to make it 
more easily machinable, change the shape or speed of the 
tools, or otherwise alter the conditions so as to make the use 
of the alloy economical.

In many cases the customer is not so much interested in 
the properties of the article at ordinary temperatures as he is 
in its properties at relatively high temperatures. A good ex
ample of this is found in the heads for airplane engines where 
the important property is a high strength at temperatures 
of 300° to 450° F. (150° to 230° C.). Sometimes the 
physical properties at very' low temperatures become impor
tant. Fatigue phenomena—formerly erroneously ascribed 
to “crystallization” of the metal under vibration—are some
times very disturbing and very hard to understand. Their 
investigation is an important branch of the study of metals 
and alloys.

In the practical problems we always have to consider the 
commercial angle. The alloy must not only fulfill the technical 
requirements of the customer, but it must be salable; its 
cost in the form of the finished article must be reasonable and 
satisfactory to the customer. This requirement naturally 
includes not only the cost of the ingredients of the alloy but 
especially the costs involved in getting it into the desired 
form. These naturally depend upon the amenability of the 
alloy to various fabricating practices. In some cases we have 
a choice between a number of processes of producing the 
finished article; and there, of course, the intimate knowledge 
of the characteristics of the processes themselves and of the 
behavior of each alloy in such processes is of great importance.

C a s t i n g  P r o c e s s e s

The casting processes are often the simplest means of pro
ducing a given article, and here we have to choose between 
sand-casting processes, which may employ either green sand 
molds or the more expensive baked sand molds, and various 
types of chill-casting processes. The chill-casting processes 
are so called l>ecause they involve the use of a metal mold 
which, because of its high thermal conductivity, rapidly 
chills and freezes the molten metal. This has a general 
tendency to produce a casting with finer grain and higher 
strength and elongation, but the chill molds are naturally 
expensive and therefore out of the question unless a large 
number of pieces are to be made from the same pattern. 
Moreover, the size of articles which can l>e made in such metal 
molds is strictly limited, except for such simple shapes as 
rectangular blocks or ingots which are used as a starting 
point for working processes. These are practically always 
cast in metal molds and the technic of producing them has 
gradually improved, so that extremely large ingots are cast 
in some cases.

Where an article is to be cast which has very thin walls, 
difficulty is often experienced because of the freezing of the 
alloy before the thin-walled portions are completely formed, 
causing what the foundryman calls “miss-runs.” Obviously, 
there are two ways of avoiding this: the use of hotter molds
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or metal, or a more rapid introduction of the metal. The 
allowable metal and mold temperatures are usually limited, 
not only because of oxidation or other difficulties during the 
casting period, but also because higher temperatures usually 
give castings of coarser structure and lower physical pro{>er- 
ties. A rapid introduction of the metal, is, in general, 
feasible only if the metal can be introduced under pressure, 
and this is the basis of the so-called die-casting process 
by which millions of small thin-walled castings are made every 
year. The molten metal is usually forced into the die or 
metal mold by means of air pressure, which may be as high 
as several hundred pounds per square inch. The extremely 
rapid flow or squirting of the metal into the die naturally 
produces turbulence and the inclusion of a certain amount of 
air, so that these castings are likely to have air bubbles in 
them, but they can be made very accurately to size and can 
be provided with inserts of other metals and with cored-out 
holes in all directions, so that for a great many purposes 
they are practically ideal.

For each of these casting processes we have certain alloy 
requirements, and one of the important commercial prob
lems in the casting industry is the adjustment of the physical 
and chemical pro]>erties of an alloy so as to meet the cus
tomer’s requirements along these lines, and at the same time to 
permit the casting to be made by the process which will give 
the most economical results from the customer’s viewpoint.

The different methods of working metals and alloys each 
has its own peculiar effects and characteristic limitations. 
Hammer-forging was probably one of the earliest methods of 
working metal and is still used for many purposes. Here we 
have to deal with deformation under impact— heavy local 
compressive stresses suddenly applied to the hot metal. 
Because of the possibility of turning the article and applying 
these stresses in two directions at right angles to one another, 
or even in a variety of directions in the same plane, this 
method of working may be somewhat easier on the metal 
than rolling. The possibility of combining a rough shaping 
operation under the hammer with a finishing operation in
volving the hammering of the rough piece between two parts 
of the die, thus producing a worked article of irregular shape 
and thickness, makes this process particularly applicable to 
certain types of articles, such as connecting rods. Some 
metals and alloys, however, do not withstand the sudden 
application of such forces to the hot metal nearly as well as 
they do a more gradual application of pressure, so that the 
forging operation may in some cases be advantageously turned 
into a pressing or squeezing one.

A logical modification of the pressing or squeezing opera
tion is the process of extrusion, where heavy pressure is 
applied to an ingot in a confined space, and the hot plastic 
metal is forced through a die so as to produce a long member 
of uniform cross section, such as a rod, a piece of pipe or 
molding, etc. Here we obtain a thorough working of the 
metal, but we have decided limitations because of the vary
ing degrees of plasticity of different alloys at the allowable 
working temperatures, the surface-tearing effects of friction 
between the moving metal and the dies, and the high-pressure 
and consequent heavy and expensive construction of the 
press required for handling strong metals and alloys. In 
some extruded articles the final shape and finish are of chief 
importance, and soft, readily worked material may be used. 
In others we have requirements of color, corrosion resistance, 
machinability, flexibility, etc., and in some cases high me
chanical strength and ductility are necessary. Here again, 
the choice of the alloy and the adaptation of its composition 
to the requirements of the working process, as well as to the 
requirements of the customer, are of importance, and involve 
the accumulation and correlation of a great deal of detailed 
information.

I N D  U S T R I A. L A N D  E N G I N E E R I N G  C H E M I S T R Y
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M any metals and alloys are produced and used in the form 
of rolled sheet of varying gages, from foil a few ten-thou
sandths of an inch in thickness up to slabs or plates which may 
be several inches thick. Here again, we have a highly local
ized stress applied progressively across the surface of the ingot 
or slab as it passes through the rolls, producing severe 
compression stresses and also severe tension stresses in the 
metal as it is forced forward through the rolls. However, 
in this case the force can be applied only in one direction 
and may have a decided tendency to tear the edges of the 
sheet and produce cracks extending inwardly from the edge, 
which may cause the loss of a good deal of the product. In  
general, therefore, rolling is much harder on the metal than 
either forging or extrusion, and an alloy which is to be worked 
by rolling must be more workable at High temperatures than 
one which is to be forged or extruded. The rolled sheet 
after annealing may have to be drawn in dies or spun, and here 
other qualities of plastic flow at ordinary temperature be
come of great importance. In some cases the metal is re
quired in the form of wire or rod, which allows us to use a 
rolling process that is easier on the metal than the sheet- 
rolling process. This is followed by drawing through dies 
where the metal is elongated by stresses, both in tension and 
compression. In studying a new alloy, its behavior under 
all these different fabricating processes has to be determined 
experimentally before it  can be offered to customers.

In the customer’s plant the metal may have to undergo 
many auxiliary fabricating Operations such as shearing, punch
ing, bending, straightening or flattening, welding, riveting or 
soldering; each has its own peculiar set of difficulties and 
involves localized mechanical or thermal stresses, the effects 
of which must be thoroughly known. The working out of 
the proper technic for such operations, as each must be modi
fied by the varying properties of alloys and varying mechani
cal conditions in the articles to be fabricated, is of itself no 
small problem.

C o r r o s io n  P r o b l e m s

One of the major problems of the metal industry for many 
years has been that of corrosion. Of course the manufacturer 
does not wish his product to last indefinitely, but the customer 
is likely to have such a desire, and the manufacturer must 
try to m eet the demand. Studies of the cause and mecha
nism of corrosion are of great importance but not always as 
simple as they appear to be, because often the influence of 
a variety of manufacturing factors have to be considered 
which may be quite unknown and out of the control of the 
independent investigator. Changes or variations in methods 
of working, thermal treatment, slight variations in compo
sition, variations in soundness or in crystal size, may all 
decidedly influence the results. For this reason, such in
vestigations, like most of the investigations already men
tioned, require as their background a detailed knowledge 
of the metal-working industry, and particularly of the 
methods of fabrication of the articles being studied, and a 
considerable amount of control over such fabrication.

We have also the problem of protecting metal articles 
from corrosion by various surface coatings and other treat
ments, and the investigation of the specific effects of different 
corrosive media on different alloys. A branch of this problem 
which is of interest to chemists is the fact that even relatively 
slight corrosion of certain metals or alloys used as containers 
in some chemical or food industries, by putting traces of 
certain metals into solutions in the product, m ay have pro
found effects upon the reactions taking place in the con
tainer, particularly if these reactions involve bacteriological 
changes or the growth of molds or similar low forms of life, 
or if the product is affected by the presence or absence of

sensitive substances such as vitamins. Some puzzling dif
ferences in the behavior of apparently identical pieces of 
equipment in such processes have been shown to be due to 
the presence of small amounts of certain elements in the 
one case and their absence in the other. Even a slight cor
rosive effect of the vessel contents may be sufficient to dis
solve enough of the metal— in some cases only of a fraction 
of a part per million of the solution— to account for the 
differences.

When we consider the great changes in temperature in
volved in the fabrication of metal articles, it is not surprising 
that residual stresses should be encountered in the finished 
article. Some of these stresses are of a mechanical nature 
and some might be said to be of a chemical nature; that is, 
the article in question may be physically strained on account 
of sudden temperature changes to which it has been subjected 
or because of work which has been done upon it, or it may be 
constitutionally somewhat unstable because the constituents 
are not in equilibrium at room temperature, although they 
may have been in equilibrium at the higher temperature at 
which the article was formed. Thus in some alloys we have 
to consider the problem of stability on aging or machining; 
sometimes the removal of a very light cut from the surface 
of a beautifully flat slab will cause it to curl and twist because 
of the presence of internal stresses, some of which have been 
unbalanced by the removal of the surface layer. In other 
cases the article may gradually change its dimensions, usually 
in the direction of a slight increase in size, upon long stand
ing— that is, after it has been machined and put into service. 
This is particularly likely to occur in some alloys if the article 
is repeatedly or continuously heated to moderate tempera
tures. The prevention of such phenomena of growth and 
the removal of internal stress are problems which have taxed 
the ingenuity of investigators in the alloy field.

Simple as the metallic systems are in their constitution 
and their formulas as compared with the materials of organic 
chemistry, or even the more complicated of the fields of in
organic chemistry, it is hoped that this review has shown 
enough of the complexity of the problems of alloy investi
gation so that it will be clear that there is something involved  
in the production of a new commercial alloy beyond the mix
ing of a few metals in proportions not hitherto published, and 
the obtaining of a patent upon such a composition. I t  will 
also be clear why in this line, as in most other well-developed 
practical lines of research, investigation by persons not highly 
skilled in the art and not in close touch w7ith actual manu
facturing conditions is extremely unlikely to produce results 
of any real value, and why industries themselves must main
tain large staffs of men with a variety of types of training and 
fields of work in order to make progress in the development 
of new and useful processes and products in the metal in
dustry.

R e c e iv e d  Septem ber 27, 1933. Presented before the  General M eeting a t the 
S6th M eeting of the  American Chem ical Society, Chicago, 111., Septem ber 
10 to  15, 1933.

N e w  G e r m a n  Z in c  P l a n t  t o  C o m m e n c e  O p e r a t io n s  N e x t  
S u m m e r . The new German zinc works which is being con
structed at Magdeburg is expected to be ready for operation in 
July or August, according to information made public by the 
Commerce Department.

The plant will have an annual capacity of 40,000 metric tons 
of refined zinc, but provisions are being made so that the plant 
can be enlarged to produce 60,000 tons per year, if required. 
At the present time, Germany imports approximately 100,000 
metric tons of zinc each year.

It is estimated that the plant under construction will cost 
about IS,000,000 reichsmarks, the project being largely financed 
by the government with funds available for decreasing unem
ployment. The electrolytic principle will be employed to produce 
refined zinc from zinc ore originating chiefly in German Upper 
Silesia.



The Sorption of Water by Cellulose
S. E. S h e p p a r d  a n d  P. T. N e w s o m e , Eastman Kodak Research Laboratories, Rochester, N. Y.

THE relation of cellulose 
to water was regarded by 
those great pioneer cellu

lose chemists, Cross and Bevan, 
as a critical characteristic. It 
is true that they appear at one 
time (4) to have considered the 
water retained as forming a con
tinuous series of hydrates, a view  
which subsequent investigation 
has abandoned. But that is a 
question of terminology. The 
p e r s is te n c e  o f such terms as 
“hydrate cellulose” and “the 
h y d r a t io n  o f cellulose” illus
trates this. But in their empha
sis on the importance of cellulose 
hydroxyl groups for water attrac
tion and on the continuity of 
th e  p h en o m en a  for different 
forms and derivatives of cellu
lose, they d iv in e d  the funda
mentals.

We may distinguish between 
two main regions of interest—  
viz., c e l lu lo s e  (and cellulose 
products) in  the presence of 
water vapor and again in the 
presence of liquid water. The 
practical importance of humidity 
for the behavior of cellulose ma
terials needs no amplification, 
no more than does the relation 
o f liq u id  w a te r  ( in c lu d in g  
a q u e o u s  s o lu t io n s )  in  th e  
mechanical handling of cellu
lose pulps, the wet strength of 
cellulose p r o d u c ts , and  th e  
like. The contribution to be 
made here is a brief account of some investigations whose 
primary objective was the less hygroscopic cellulose deriva
tives (esters, etc.) which required consideration of the more 
hygroscopic celluloses themselves.

C e l l u l o s e  N o m e n c l a t u r e  

Because of the multifarious variety of cellulose materials, 
it is desirable in any account of experimental observations 
to specify as explicitly as possible the origin and previous 
treatment of the cellulose specimen in question. Raw cotton 
comprises both long staple and linters, but linters will gener
ally have received chemical treatment (kiering, bleaching) 
before being further examined. Again, the terms “oxy- 
cellulose, hydrocellulose, alpha-cellullose,” etc., require ex
plicit definition if and whenever used.

S o r p t i o n  A n a l y s is  o f  C e l l u l o s e  

The study of the sorption of water, as of other molecules, 
by cellulose materials, comprises three main devisions:

(1) Statics of sorption—i. e., adsorption and desorption 
isotherms. Such isotherms usually refer to the relations of 
moisture regain or retention to vapor pressure. But other 
isotherms are of interest here in imaging the relation of water 
molecules to the cellulose. Such are isotherms of electrical

resistance (or co n d u c ta n ce ) as 
function of water content, and of 
mechanical rigidity. (2) Kinetics 
of sorption—i. e., velocities of 
sorption and transpiration of water 
or other vapors and liquids. (3) 
Energetics of sorption—e. g., heats 
of sorption and wetting.

V a p o r  P r e s s u r e  I s o t h e r m s

Measurements of m o is tu r e  
regain and loss at different vapor 
pressures have been made by 
many observers on a wide variety 
of c e l lu lo s e  b o d ie s . In th is  
la b o r a to r y  th e  convenient 
McBain-Bakr adsorption balance 
has been largely though not re- 
strictedly employed, and its use 
for this purpose is extending. 
According to the purpose and  
requirements, the vapor pressure 
may be: (1) stationary final 
value of limited volume of Vapor 
in contact with cellulose sample, 
(2) equilibrium value of pressure 
of la r g e  b a lla s te d  volume of 
vapor, (3) dynamic equilibrium 
value of current of vapor. For 
most purposes under discussion 
these values are equivalent.

Typical isotherms at 30° C. 
obtained in this laboratory are 
shown in Figure 1. The standard 
cellulose was prepared according 
to the m e th o d  o f C o rey  and  
Gray (3) from good grade cotton. 
The linters were a good grade, 
merely alkalikiered, and slightly 
bleached.

The term “hydrated cellulose" in this paper is applied, 
in contrast with “ native cellulose,” to those forms of cellulose 
which show the x-ray diagram characteristic of soda cellulose 
after washing out the alkali (mercerized cellulose). The 
differentiation between the diagrams of native and mer
cerized cellulose is dealt with elsewhere {26). Essentially 
it appears that the most important characteristics of hydrate 
cellulose in comparison with native cellulose are accounted 
for by assuming that the hexose units of the primary valence 
chains are so rotated with respect to  each other that their 
planes become approximately perpendicular. As the basis 
(elemental) cells are at the same time somewhat separated 
in both directions, mercerization involves a slight pushing 
apart of the axially parallel cellobiose chains.

Compared with the configuration of the lattice of native 
cellulose, that of hydrate cellulose is a less strained one, lower 
in energy, and more stable. It is not surprising therefore 
that after operations such as (1) dissolution of cellulose in 
cuprammonium and regeneration, (2 ) dissolution of soda 
cellulose in carbon disulfide (xanthogenation, viscose) and 
regeneration, (3) estérification, solution, regeneration, in all 
cases the regenerated celluloses show the hydrate cellulose 
diagram. I t  is probable, however, that concomitant with the

The sorption of water by cellulose is one index 
of the fine structure of the gel. The sorption of 
water vapor is determined by two phases or stadia, 
continuous with each other. There is a primary 
surface or chemosorption, dependent on the free 
hydroxyls. Water molecules arc held to these by 
strong forces, considerably greater than for the 
condensation of water vapor. There is also a 
volume sorption, or capillary condensation.

Mercerization—i. e., treatment with caustic 
alkali solutions of 18 per cent or higher, followed 
by washing out the alkali—gives a cellulose with a 
coarser lattice structure and higher water ab
sorption at all vapor pressures. Similar ma
terials are obtained by “regeneration” of cellulose 
from cuprammonium solution or from viscose, 
as also by hydrolysis of cellulose esters re- 
precipitated from acetone solution. These are 
termed “hydrate cel lulosesOn the other hand, 
degrading treatments, such as acid tendering and 
oxidation, do not materially change the water 
adsorption.

Wood pulp (alpha-pulp) has a higher sorption 
than cotton cellulose, approaching mercerized 
cellulose. But the sorption of water vapor is 
unaffected by beating {“hydration’').

“Hydration” comprises effects depending upon 
increase of external surface or dispersity. This 
increase permits closer interlocking of the dried 
felt or sheet, hence, inter alia, lower absorption, 
and retention of liquid water thereby.

285



286 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 26, No. 3

distention of the lattice structure there occur greater or less 
secondary swellings, increasing the total surface. Thus the 
regenerated celluloses appear to have a somewhat more

b y :
O  S tandard  cellulose X H ydrate cellulose A 
A  C otton linters □  H ydrate cellulose B

®  H ydrate  cellulose C

open structure than the directly mercerized cellulose and, as 
simple celluloses, show the highest water adsorption which 
has been observed in this laboratory.

C o t t o n  a n d  W o o d  C e l l u l o s e

In comparing cellulose specimens of different origin in 
respect of a property such as sorption, it is evident that certain 
criteria of purification and treatment must be adopted which 
should bring them to a common level for the chemical species, 
cellulose. For, obviously, different raw materials may con
tain impurities (noncellulose materials) either hygroscopic, 
or, like waxes and resins, decreasing water sorption. The 
comparative data now presented cannot be regarded as 
strictly complying with these criteria. Again it can be 
demonstrated (and, as discussed later under "Hysteresis,” 
it is indeed an inherent characteristic of cellulose bodies) 
that the previous history of the specimen in regard to uptake 
(regain) and loss of water significantly affects its apparent 
equilibrium value under a specified condition. It is desirable, 
therefore, that investigators should agree not only on certain 
standard states but on the path by which the specimens are 
brought to these. Comparison of sorptions for specimens (1) 
dried at 100° to 105° C., then moistened; (2) dried by evacua
tion at x mm.; (3) dried over PAL then humidified at x 
per cent relative humidity will show minor but not very 
important differences inter sc. But comparison of any one 
brought to equilibrium vapor at 90 per cent relative hu
midity, then dehumidified at x per cent relative humidity, 
will show very large differences.

The data for comparing cotton cellulose and wood cellulose 
are still rather deficient in all of the forenamed aspects. 
B ut it is worth presenting them, if only to obtain a better 
comparison later. The writers have compared their own 
values for cotton cellulose with data from the invaluable work 
of Urquhart and Williams (33). and with these, data on 
cotton cellulose, wood, and pulp from Pidgeon and Maass 
(SI). The data of Oguri (19) are noted also in this connection.

T a b l e  T. C o m p a r a t i v e  M o i s t u r e  A d s o r p t i o n  o f  C o t t o n  
a n d  W o o d  C e l l u l o s e s  a t  2 3 °  C .

CoT- COT- C ot S pr u c e •S p r u c e  E x  ( S h e p p a r d  a n d
Vp  TON (33) TON m t o n  (21) W ood  (21) t r a c t e d  (21) N e w s o m e )

% % % % %
0.05 1.44 1 .04 1.25 2.01 2.57
0 .10 2.04 1 .71 1.9 1.90 3.66
0.15 2.44 2 .16 2.32 3.68 4.48
0 .20 2.84 2 .58 2.64 4.40 5.18
0.25 3.34 2 .98 2 .96 5. OS 5.86 3 i5
0 .30 3.74 3 .36 3 .28 5.74 6.52
0.35 4.18 3 ,74 3.60 6.40 7.20
0.40 4.58 4 .08 3.94 7.00 7.S9
0.45 5.14 4 .44 4.24 7.61 8.58
0.50 5.44 4 .81 4 .60 8.22 9 .30 6 .0
0.55 5.88 5 .26 4.96 8.85 10.02
0.60 6.38 5 ,69 5.33 9.49 10.78
0.65 6.88 6 .07 5.75 10.15 11.55
0.70 7.58 6 .65 6 .20 10.90 12.33
0.75 8.38 7 ..30 6.65 11.73 13.12 9 . 3
0.80 9 .38 8. 15 7.16 12.67 14.08
0.85 10.72 9. 57 7.70 13.77 15.35
0.00 12.56 11 54 8.40 15.27 17.10
0.95 15.3 14 .38 9 .28 17.60 19.80
0.98 17 .51 9 .90 20.65 23.0 24.8

The values o f moisture adsorption in Tables I., II, and III
refer to moisture regain, at the vapor pressures specified, 
of dry materials (evacuated and dried at 105° C.).

The values obtained by the authors for standard cellulose 
are slightly lower than those of Urquhart and Williams for 
their “soda boiled” cotton. This might well happen if their 
“soda boil” was a somewhat more drastic alkaline treatment 
than that of the authors. A slight tendency to soda cellulose 
formation, or mercerization, would give the difference. On 
the other hand, Pidgeon and M aass’ cotton values, while in 
reasonable agreement up to 50 per cent relative humidity, 
become surprisingly lower as the vapor pressure increases to 
saturation. Their values for extracted spruce wood do 
not disagree greatly with the few observations made by the 
writers on a high-grade alplia-pulp, which the latter do not 
wish to stress until extended. Their conclusion, that “cotton

F i g u r e  2 . A b s o r p t i o n  o f  M o i s t u r e  a t  3 0 °  C .  
b y :

O Standard  cellulose X Oxycellulose
A C otton linters [ i Hydrocellulose

cellulose is fundamentally different from the cellulose in wood” 
(this is brought out by the adsorption curves not coinciding 
over any portion of their length) does not appear to be com
pletely founded as yet. Grace and Maass (7), from later 
experiments exhibiting desorption curves, are somewhat more 
guarded. “The experiments of Pidgeon and Maass have 
been corroborated as far as these showed that the sorption 
of water vapor by wood is on a much greater scale than the 
sorption by cotton. This is true over the whole range of 
vapor pressures, both for the wood in its natural state and for 
extracted samples.” It appears fairly certain from existing 
data that the sorption by wood and wood pulp is generally 
higher than that of purified native cellulose, approaching 
more that of “hydrate cellulose,” and a careful examination
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of the x-ray diagrams is desirable. 1 However, treatments of 
cotton cellulose which do not give more than traces of change 
of x-ray diagram (peptization by calcium thiocyanate solu
tion, and reprecipitation) can also considerably raise the whole 
moisture regain, but more especially at higher vapor pressures.

Urquhart and Williams, and Newsome and Sheppard both 
dried their cotton cellulose at 105° C., whereas Pidgeon and 
Maass apparently took as dry weight material evacuated over 
P20 5.

Oguri (19) by comparison of cotton with bamboo pulp 
celluloses, concluded that “bamboo cellulose— i. e., the Kei- 
chikn cellulose and the bamboo pulp— are more hygroscopic 
than the native cotton cellulose and resemble the mercerized 
cellulose.” To summarize, the evidence available indicates 
that wood cellulose has a looser gel structure, greater inner 
dispersity, than native cotton cellulose.

D e g r a d a t io n  o f  C e l l u l o s e

Treatment with oxidizing agents under specified conditions 
(26) gives materials variously termed “oxycelluloses,” or 
“oxidized celluloses,” of which the latter is preferable. 
Undoubtedly part of the effect consists in a degradation, a 
shortening of the macromolecules or chains, which is the 
principal difference effected in so-called “hydrocellulose.” 
This is a term sometimes applied to cellulose treated with 
solutions of mineral acids whereby a greater reactivity to 
esterifying agents is obtained as well as a higher copper re
ducing number, greater extraction value by 17.5 per cent 
caustic alkali, and lower viscosity in cuprammonium solution. 
These partially degraded celluloses, when thoroughly washed 
and dried, sometimes show a lower moisture adsorption than 
the original from which they are prepared (Table II, Figure 
2).

T a b l e  I I .  M o is t u r e  A d s o r p t io n  o p  D e g r a d e d  C e l l u l o s e

M o i s t u r e  R e g a i n  a t  100%

Standard cellulose 
Linters
Hydrocellulose

V i s c o s it y

Centipoises
400.000

4.S00
10

R el a t iv e  H u mi di ty  (30
%

1 7 . 5  
1 5 . 0  
1 0 . 4

T a b l e  I I I . M o is t u r e A d s o r p t io n  o f C o t t o n  L in t e r s

R e g a i n  a t  25° C.
50% relative 100% relative

S a m p l e V i s c o s it y hum idity hum idity
Centipoises % %

b -16-596 75 5 .4 17.1
c - 16-596 215 5.4 17.3
e-16-596 360 5 .3 17.1
d -16-596 1038 5.4 17.4
f-16-596 1650 5.4 17.2
K-16-596 5770 5.4 17.9
h-16-596 7400 5 .6 17.7

The same thing was found for regenerated celluloses of 
different viscosities. Furthermore, regenerated celluloses 
of quite low viscosities (10 to 15 centipoises) showed sorption 
values much greater than those of native celluloses of much 
higher viscosities (2000 to 40,000 centipoises).

The conclusion from this is that the “fine structure,” or 
arrangement of atom groups in a lattice, as well as the nature 
of certain of these groups, is of much greater importance for 
the water sorption of cellulose complexes than the magnitude 
of the chain molecule. This is borne out by the behavior of

1 Since this paper was presented, a study of the x-ray spacings of wood 
cellulose has been made by S. Oguri [Cellulose Ind., 9, 7 (1933)]. He finds 
th a t the actual intervals are identical with those of native cellulose from 
cotton.

On the other hand, there is no evidence available that the 
molecular weight of the cellulose, in so far as indicated by 
viscosity measurements, shows any correlation with water 
adsorption. The data of Table III on different samples of 
cotton linters show this.

derivatives, such as esters and ethers, as contributing in
direct evidence on the case of cellulose. The essential facts 
are (26) :

(1) With degree of estérification, up to the triester, water 
sorption is progressively reduced.

(2) Esters produced by solution (dope-esterified) or repre
cipitated from solution, show higher water sorptions than un- 
dissolved fibrous esters of the same composition. These esters 
show transition to the hydrate cellulose lattice.

(3) Other things being equal, the water sorption is reduced 
with increase of molecular weight of the esterifying or etherizing 
group (24).

From these results two conclusions can be drawn with 
regard to water Sorption by cellulose: First, the fundamental 
part is played by hydroxyl groups, which are removed by 
estérification or etherization. Secondly, however, since 
complete e s t é r i 
f i c a t i o n  w i t h  
g r o u p s  o f  l o w  
molecular weight 
still leaves a con
siderable value to 
the sorption, while 
estérification with 
groups of higher 
molecular weight 
reduces this to a 
very small value, 
there must be a 
residual sorption 
independent of the 
p resen ce  o f free 
h y d r o x y ls ;  this, 
h o w e v e r , is re 
moved by increas
ing the weight of 
alkyl group com
bined.

To explain these and other facts to be noted, the theory 
has been proposed that water sorption by cellulose materials 
depends upon two stages or phases. One of these, chiefly 
effective at low vapor pressures, consists in a surface adsorp
tion of water molecules to free hydroxyl groups. On the one 
hand, it is evident that not every hydroxyl group is free in 
this sense, because, if it were, from the number of hydroxyl 
groups per hexose (C9) unit, the water sorption would be 
many times greater than it is. On the other hand, it appears 
also that the surface in question cannot be the apparent ex
ternal surface, because in that case the sorption would be 
much less than the actual value. Hence it appears that we 
must admit a certain porosity for water molecules and an 
inner surface. This is further consistent with the water 
sorption both of cellulose at higher vapor pressures and of 
cellulose triesters. The inner surface bounds the totality of 
inner pores or capillaries, in which fine gel structure water 
vapor is condensed (Figure 3).

The direct sorption of water is not followed by any sig
nificant change in the x-ray diagram, even though considerable 
swelling or increase of volume is attained. From this it is 
concluded that water molecules do not penetrate the ele
mentary space lattice but only interspaces between definitely 
oriented regions. Katz (5) has distinguished this as inter- 
micellar from intramicellar swelling. The micellar theory 
of cellulose structures (12) assumes that the fibers and other 
bodies are built up of ultramicroscopio crystallites, in which 
the atom groups are held in the space lattice, and that these 
crystallites are held together by looser secondary attractions. 
The attraction between the crystallites is all the stronger, the

A.
it.
c.
D.
/'.
Q-

Initial surface saturation  level 
Actual surface saturation  line 
Initial capillary condensation 
Actual capillary condensation 
Observed adsorption isotherm 
Observed desorption isotherm
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better the orientation of these is in the sense of the primary 
space-lattice structure itself.

According to this conception, the primary adsorption is 
on the inner micellar surface, the capillary condensation in the 
intramicellar spaces.

While this hypothesis has proved to be and is still useful, 
the picture of the fine structure of cellulose materials (fibers, 
etc.) to which a number of investigators appear inclined 
is somewhat different in that it gives much less definite 
significance to the micelles as self-consistent and persistent
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units. Contrasted with a hypothesis of more or less regular 
aggregation of finite micellar units (which we may term 
“micellar aggregation”), it presents one of variable, partial, 
or regional molecular orientation, with no explicit units other 
than the fundamental atom groups— e. g., hexose units, and 
the’primary valence chains, or macromolecules of these. The 
cellulose body or fiber then comprises regions of greater 
density of regular space-lattice orientation of these molecular 
and macromolecular units interspersed through, but continu
ous with regions of lesser degree of orientation and regular 
ordering. Linkage or bonding between adjacent atoms or 
groups varies from primary valence to electrostatic polariza
tions (dipole orientations).

Evidence against persistence (or existence) of primary 
micelles, other than chain macromolecules, in solutions of 
cellulose esters is given in papers by Sheppard and collabo
rators (85). This has been confirmed and extended by other 
workers— e. g., by Trogus and Hess (SI) from x-ray studies of 
swelling, by Katz and Samwel (9) from spreading of thin 
films. Again, arguments against assuming the rigorous 
micellar structure in cellulose fibers as conditioning nitration 
have been presented by M iles and Craik (15) and by Miles 
(14). Similar evidence, both from nitration and solution 
has been brought forward by Mathieu (11). The x-ray studies 
of Trillat (SO) lead him to a conception of organogels forming 
from solution to give, as by an arrest of motion of molecular 
units, a more crystalline part interspersed through a less 
crystalline or amorphous part. The repudiation of the mi
cellar hypothesis is most strongly voiced in recent papers by 
Neale (16) on cotton fibers, and by Astbury (1) for animal 
hairs (protein fibers). Neale’s results— (1) that degradation 
by acids or oxidizing agents (hydro- and oxycellulose forma
tion) while greatly reducing cuprammonium viscosity and 
tensile strength only slightly reduces moisture regain, (2) 
that mercerization little affects viscosity but greatly in
creases moisture regain (Neale’s ratio at 50 per cent relative 
humidity 1.50, Sheppard and Newsome 1.51), (3) that 
regeneration, accompanied by degradation, decreases v is
cosity but greatly increases moisture regain (Neale’s ratio

1.8 to 2 .0 , Sheppard and Newsome 1.9 to 2.0), are in good 
accord with those of the writers.

The data for the sorption of water are at present consistent 
with either hypothesis. For those who consider, with William 
of Occam, that entia non sunt multiplicanda praetor necessi- 
talem, the micelle, so far as concerns cellulose and proteins, 
will be cheerfully consigned to oblivion.

S w e l l i n g  a n d  H y s t e r e s i s

Some decision (at any rate, further evidence) on this is 
furnished by the facts of swelling and hysteresis in the sorp
tion of water by cellulose. As stated, the sorption is not 
accompanied by changes of the x-ray diagram. This re
quires, therefore, a distention which does not affect the well- 
oriented regions. The cause of swelling has been much dis
cussed (8). The hypothesis of osmotic pressure by solution 
of a more soluble portion within an insoluble portion pro
posed by Northrop and Kunitz (18) for gelatin hardly ap
pears applicable to well-washed and extracted cellulose 
materials. It appears more probable that we are dealing with 
a relief of local strains, consequent on the uncoupling of 
polarized hydroxyl groups. These are, however, relatively 
isolated and singular groups in less oriented, amorphous 
regions; otherwise changes of x-ray dimensions would be 
indicated.

The swelling, as change of total volume, is not completely 
reversible, and neither is the sorption of water. The de
sorption isotherm lies above the adsorption one. Repetition 
of the cycle reduces the hysteresis area but does not com
pletely remove it.

The existence of limited swelling with the nonrigid or 
elastic gels requires clearer explanation than it has yet re
ceived. As against the osmotic theory (certainly applicable 
in certain cases, where a Donnan equilibrium can be verified) 
the alternative, or complement, appears to lie in the change 
of locally coupled chain-molecule configurations consequent 
on primary adsorption of water or other polar molecules. 
This type of action may pass over more or less continuously 
into so-called intramicellar swelling, and ultimately solution 
as the term of unlimited swelling. This theory is sub
stantially an amplification of Urquhart’s explanation (38) 
of hysteresis in terms of imperfectly reversible uncoupling 
of hydroxyl polarizations. One consequence of this is that in 
these elastic gels the gel fine structure, inner surface, and 
porosity previously mentioned are not relatively constant, 
as with rigid gels, but increase with the sorption. This will be 
discussed further with reference to the absorption of liquid 
water.

S o k p t i o n  a n d  S p e c i f i c  V o l u m e

At various times investigators have suggested that ad
sorbed molecules, such as water in cellulose, are effectively 
under enormous compressive forces and have much lower 
specific volume (8 ). B ut the argument here, based on differ
ence of apparent densities, neglects the question of the true 
volume of the swelling solid. Davidson (5) has pointed out 
that, if the density of cellulose is determined in helium, the 
value obtained should, assuming no “compressive adsorp
tion” of helium, give the true specific volume. He obtained 
for cellulose, at 20° C., values around 0.64 for helium and 0.62 
in water, from which he computes a contraction of the specific 
volume of adsorbed water from 1.00 to 0.93, or a compressive 
force of around 2000 kg. per sq. cm. However, the specific 
volume found in such diverse liquids as acetone, chloroform, 
etc., was also of the same order (0.64) as in helium. I t  seems 
reasonable that, if the wetting of a solid of high specific 
surface is small, the probable error on specific volume will be 
correspondingly larger. The case of helium is similar, since



March, 1934 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y 289

repulsion forces will be operative. The so-called compression 
of water here seems to be actually composed of the probable 
error of apparent density of the solid determined in a non
wetting or incompletely penetrating medium. The writers’ 
values for cellulose in water and organic liquids agree with 
Davidson’s, but they do not consider that his conclusion is 
binding. D ata on the densities of a series of cellulose esters 
(acetates) point to the same conclusion. In water the den
sity is a linear function of the acetyl content, whereas one 
would expect the compressively adsorbed water content 
to be changing and disturbing such a linear relation. The 
latter follows for additive molar volumes.

I n n e r  a n d  S p e c i f i c  S u r f a c e s  a n d  P o r e  V o l u m e s

Evidently the question of true specific volume defines both 
the void or pore volume, and the total (inner plus external) 
surface (or specific surface per unit mass). Actually these 
values have no purely geometric significance. They are 
measures of penetrability by molecules of given size and 
character. Thus we have found, from comparison of the 
heats of sorption of a series of alcohols with the magnitudes 
of adsorption, that alcohol molecules above A’-propyl do 
not penetrate cellulose acetate. [The same limit was found 
by Speakman for wool fibers (28). This would indicate 
pore spaces of width not much greater than 7 A.] From 
these data, inner or total surface values could be calculated, 
assuming monomolecular adsorption (27). Stamm (29), 
assuming compressive forces of the same order as Davidson, 
has calculated a “total surface” for wood of 0.3 X 106 sq. 
cm. per gram. Kalberer and Schuster (compare citation 13) 
from assumed monomolecular adsorption of sulfur dioxide 
on native cotton cellulose, obtained 10 X  106 sq. cm. per 
gram. The writers’ values for “diacetates” of cellulose are 
6 X 10® sq. cm. per gram from direct adsorption limits (27) 
and from heat of wetting and adhesion tension 2.4 X 10®. 
Assuming (for cellulose bodies) adsorption only to hydroxyl 
groups, this would give 18 X  106 sq. cm. per gram and 7.2 X  
10® for cellulose. These values are nearer to Kalberer and 
Schuster’s than to Stamm’s.

H e a t s  o f  A d s o r p t io n

Measurements of the heats of adsorption of water vapor to 
cellulose have been made by Urquhart and Williams (S3) 
and by Oguri (19). The values of the former, calculated by 
application of the Clapeyron-Clausius equation to the change 
of adsorption with temperature, show a steady descent, for 
increment of water added, from 900 to 550 calories, the latter 
being substantially equal to the heat of condensation of water. 
Oguri’s results differ considerably, in that he claims to find 
the initial heat of adsorption also equal to the heat of conden
sation, and a slight rise only up to about 6 per cent adsorption. 
The writers have measured the heat of adsorption of water 
vapor by a cellulose acetate (17) of 38 per cent acetyl (ap
proximately diacetate). This was done both directly by calori- 
metric measurement and by calculation from the isotherms. 
In both cases Q, the differential heat of adsorption, fell with 
amount of adsorbed water, ultimately approaching also the 
heat of condensation. These results are in good agreement 
with those of Urquhart and Williams for cellulose itself. 
They confirm the view that the first adsorption of water 
as that operative at low vapor pressures— involves a binding 
or chemosorption of different character from the later, larger 
amounts which are held by capillary condensation.

M a t h e m a t i c a l  S t a t e m e n t  o f  T w o - P h a s e  T h e o r y  o f  
A d s o r p t i o n  o f  W a t e r

The two-phase theory of adsorption has been treated mathe
matically very ably by Peirce (20). Peirce’s premises are 
“there are two distinct ways or phases in which water mole

cules are held in the cellulose— the (a) phase in which one 
water molecule is definitely associated with one hexose (C6) 
unit as in a chemical compound, and the (b) phase in which 
the water molecules fill the spaces available under attractive 
forces like those in a liquid.”

F i g u r e  5 .  R a t e  o f  S o r p t i o n  o f  W a t e r  V a p o r  
b y  S h e e t s  o f  W o o d  P u l p  a t  5 0  P e r  C e n t  R e l a 

t i v e  H u m id i t y  a t  2 5 °  C .

There appears to be no experimental or theoretical basis 
for assuming one water molecule with one hexose unit, but 
actually the mathematical theory would not be affected by  
assuming one water molecule associated with one free hydroxyl 
— or indeed other assumptions. Peirce’s results are in agree
ment with experiments over a considerable range but fail 
at the highest humidities (90 to 100 per cent) and also take 
no account of hysteresis.

S o r p t io n  o f  L i q u i d  W a t e r  a n d  v o n  S c h r o e d e r  E f f e c t s

The writers’ results on the sorption of water by alpha-pulps 
slightly beaten (free pulp) and long beaten (considerably 
hydrated) agree entirely with those of Stamm (23) in the 
conclusion that the sorption of water vapor was unaffected 
(Table IV).

T a b l e  IV. S o r p t io n  o f  W a t e r  b y  P a p e r  P u l p s “ a t  25° C.

M a t e r ia l

Free pulp from paper mill 
Slow pulp from paper mill 
Slow pulp, ball-milled 4 hours, dehydrated 

with alcohol 
Slow pulp, ball-milled 4 hours, dried with 

water p resent11 
Slow pulp, ball-milled 48 hours, de

hydrated with alcohol
° The pulp was a slightly bleached, highly purified sulfite pulp {alpha- 

pulp).
& Gave hard, horny translucent sheet.

One hundred per cent relative humidity refers to equi
librium values obtained after 24 hours on specimens in large 
desiccators over liquid water, the desiccators being kept in a 
thermostat at 25° =*= 0 .1 ° C.

The vapor adsorption isotherm of the slow beaten, strongly 
“hydrated” pulp sheet was substantially the same as that 
for the unbeaten pulp, with the following difference: If 
the sheet was dehydrated with alcohol prior to drying, a 
very slightly increased sorption at all vapor pressures was 
observed. If, however, the “hydrated” sheet was dried 
directly out of water, the apparent sorptions at low vapor 
pressures were definitely lower than for the free pulp sheet 
(Table V and Figure 4).

The deviation of the directly dried "hydrated” sheet appears 
to be larger because of a great slowing down of the sorption 
process. This is brought out in Figure 5. This hom y sheet 
also showed evidence of discontinuities in the sorption process, 
as well as in the isotherm. These discontinuities may well be 
produced by a swelling process producing new adsorbing

5°%
R e l a t iv e

100%
R e l a t iv e L iq u id

H ü m id it t H ü m id it t W a t e r

% % %
6 .5 21.8 113
6 .8

t-f-v -A • 21.7 106
.

24 .3

18.5 60

24.1
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2 5 % 7 5 % 100% L iq u i d
R. 11.“ R. II. R .  H . W a t e r

% % % % %
3 . 5 6 . 0 9 . 3 2 4 . 8 154

(2.4) 6 . 2 9 . 5 2 5 . 3 60
3 . 6 6 . 3 9 . 7 2 6 . 8 20 6

areas, which successively allot new equilibria to the sorption 
process.

T a b l e  V. M o is t u r e  R e g a in  ok  W o od  P u l p  S h e e t s  a t  25° C.

S a m p l e

Free pulp
“ Hydrated,*' dried from water 
"H y d ra ted ,’’ b u t dried from alcohol

a R elative hum idity.

It is concluded, in agreement with other investigators 
(if), that the so-called “hydration” of paper pulps has nothing 
to do either with a chemical hydration of cellulose, or with 
any form of surface or volume sorption by the fibers. It 
appears to be rather a name for a complex of phenomena 
depending upon the grosser mechanical dispersion of the 
fibers (including fibrillation) whereby water in the mass 
is mechanically subdivided in greater degree and has to drain, 
under given hydrostatic head, through a greater number of 
finer and more complex channels. So far as the change in 
mechanical properties of the sheet with beating are concerned, 
they appear to be well discussed and satisfactorily accounted 
for by Campbell (2 , 2A ).

One aspect of water retention by colloidal materials which 
perhaps deserves a note in this connection is the fact that 
certain colloid systems apparently brought to equilibrium at 
100 per cent relative humidity will take up considerably 
more water in liquid water. It is called von Schroeder's 
paradox, since this investigator drew attention to it in con
nection with gelatin (22). It is not possible to discuss here 
the controversy about the reality and nature of this phe
nomenon (6). The argument that equilibrium has not 
been attained at 100 per cent relative humidity (saturation) 
does not meet the fact of the enormous discrepancy between 
certain materials admittedly saturated at 98 per cent relative 
humidity and soaked in liquid water. Nor does it meet the 
fact that it is clastic gels which show this behavior. Ban
croft’s explanation ( tA ) ,  in terms of extra large or oversize 
pores (too large to condense water vapor), appears satisfactory 
per se but inadequate in two respects: It does not explain 
how such pores are formed by the swelling process itself, 
when they did not preexist in the dry gel. (For if they did so 
exist, the gel— e. g., gelatin— would be opaque from light 
scattering.) Nor does he give an entirely satisfactory 
explanation of the retention of the extra water against 
gravitation and mechanical (centrifugal) drainage.

The writers have found that solvent swollen gels—cellulose 
xanthogenate, cellulose nitrate plus softener—coagulated in 
nonsolvent and then desolvated to give opaque xerogels, 
definitely show the greater sorption of liquid water. Here the 
cellular structure is clearly present. The production of it 
with transparent gels probably depends on the same process 
as hysteresis. In the primary adsorption, strains are released, 
and an internal cavitation is effected. If this extends to form

cavities of sufficient size, we obtain the von Schroeder effect 
with liquid water.

The lower absorption and retention of liquid water by 
more translucent paper sheets from “hydrated pulp” has 
been noted. It is consistent with greater shrinkage on drying, 
and closer denser packing of the fibers so that the inter- 
fibrillar space is smaller.

Since this paper was completed, the authors’ attention has 
been called to an important paper on “Some Chemical and 
Physical Observations on Hydration,” by Kress and Bial- 
kowsky (10).
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B y- P r o d u c t  N troc .e n  P r o d u c e r s  in  G e r m a n y  recently 
consummated a modified agreement regarding the position of 
their output in the total national nitrogen output controlled by 
the German Nitrogen Syndicate.

Under the syndicate agreement heretofore in force, coke 
producers were allotted a normal production quota of 92,000 tons 
of nitrogen annually. However, actual sale of this quota was 
regulated by the degree of utilization of the total quota for the 
entire syndicate, including the synthetic producers. Since, dur
ing the past year, the syndicate was able to utilize only 30 per 
cent of the normal quota, the eokc producers would be entitled 
to an output, without payment of any penalty, of 30 per cent of 
their normal quota, or approximately 27,600 tons. However, 
coke-oven ammonia occurring as an uncontrollable by-product

has actually been running around 55,000 tons a year, and since 
the coke producers have insisted upon disposing of this output, 
an arrangement was set up whereby they might pay indemnity 
to the synthetic producers for their sales above the 30 per cent, 
which indemnity has run between 2 and 4 pfennigs per kilogram of 
nitrogen. This situation was highly unsatisfactory to the coke 
producers, and they indicated their desire to withdraw from the 
syndicate. The modified agreement provides for the sale of the 
entire output by the coke plants but penaltv for exceeding the 
average utilization of the entire syndicate, wh'ch they must pay 
to the synthetic producers, will be appreciably reduced. The 
continued effective regulation of market conditions and avoidance 
of friction between the two groups of cokery and synthetic pro
ducers are thus assured to July 1, 1935.



Analytical Constants of Peanut Butter
H e l e n  L. W ik q ff , M a r ib o d in e  B u s e y , a n d  A. M. K a plan  

The Ohio State University, Columbus, Ohio

P EANUTS have been used as a food for two or three 
hundred years. The high calorific value of the oil 
and the protein content of peanuts make them a cheap 

and nourishing article of diet. Recent work tends to show 
the presence of vitamins in peanuts.

However, the whole peanut often proves rather indigestible 
because the nut meats are not broken into small enough 
particles in the process of chewing. For this reason the 
product consisting of finely ground nuts known as peanut 
butter has become a foodstuff of increasing importance, 
while the whole nuts are eaten chiefly as a confection.

Although peanut butters have been manufactured for a 
number of yeafs, little information concerning their analytical 
constants is available. No standards for the composition of 
peanut butter have been established by the Government. 
Therefore a study of the analytical constants of samples 
purchased on the market was made to determine whether 
variations exist between products prepared by different 
manufacturers and whether adulterations can be readily 
detected.

E x p e r i m e n t a l  P r o c e d u r e

Moisture was determined by drying 10-gram samples of peanut 
butter to constant weight in an electric oven at 100° C. Ash was 
determined by carefully charring these dried products and 
igniting to constant weight. These residues, reignited after 
washing with 10 per cent hydrochloric acid, comprised the acid- 
insoluble ash.

The ether-soluble substances (the oil) were extracted from 
dried samples with drv ether in a Soxhlet apparatus for 15 to 
20 hours. The insoluble residue left after boiling the fat-free 
meal successively with 1.25 per cent sodium hydroxide and 1.25 
per cent sulfuric acid consisted of crude fiber. This fat-free 
meal was also used for determining the protein content by the 
Kjeldahl method. Chlorides were determined by the usual 
Volhard procedure, using aliquot portions of the filtrate prepared 
by heating samples of peanut meal to boiling in measured 
volumes of distilled water.

Samples of meal were digested in alcohol, and tests were made 
for reducing substances in the filtrate with alkaline copper tar
trate solution. Total reducing substances were calculated as 
glucose after hydrolyzing the meal with hydrochloric acid on a 
boiling water bath. The amount of copper oxide formed by the 
reduction of the alkaline copper tartrate solution was de
termined volumetrically according to the Shaffer-Hartmann 
method.

The starch present in the meal was liquefied and partially 
hydrolyzed by a solution of diastase (102° Lintner) prepared 
from barley malt. Hydrochloric acid was used to bring about 
complete hydrolysis after the insoluble matter had been filtered 
from the solution. The glucose resulting was determined by the 
Shaffer-Hartmann method, and the starch calculated by use of 
the factor 9.4.

The pentosans in the meal were converted to furfural by the 
standard method of distillation with 12 per cent hydrochloric 
acid. The furfural was then determined volumetrically by the 
excess bromine method (/), and the pentosans calculated by the 
use of Krober’s tables.

D i s c u s s io n  o f  R e s u l t s

M o i s t u r e . The average amount of moisture found in 
the peanut butters examined was 1.74 per cent, while in
dividual brands varied from 0.87 to 3.7 per cent. The highest 
moisture content was found in an unroasted brand of peanut 
butter. Measured amounts of water were incorporated 
into one of the butters studied, and it was found that the 
only visible effect produced by the addition of small quanti
ties of water was a stiffening of the product. As much as 
20  per cent water could be added without seriously changing 
the appearance of the peanut butter, but these products 
spoiled rapidly.

A s h . The ash content of the ten brands of butter varied 
from 1.91 to 3.18 per cent with an average value of 2.37 per 
cent (dry basis). The acid-insoluble ash varied from 0.07 
to 0.25 per cent. As this figure is a measure of silicates, 
grit, and other acid-insoluble matter, the peanut butters 
examined seem to have been made from a clean quality of 
nuts.

C h l o r i d e s . Salt is usually added to peanut butter for 
seasoning, and the amount depends upon the taste desired. 
Heinz peanut butter, known by its salty taste, yielded a 
dry meal containing 3.45 per cent sodium chloride although 
the average amount of chlorides in all samples was 1.60 per 
cent on the basis of the dry meal.

Oil. The percentage of oil in the peanut butter samples 
varied more widely than any other constant determined. 
The range was from 39.45 to 52.34 per cent with an average 
value of 46.70 (dry basis). This difference in the oil content 
is probably due to the varieties or mixtures of peanuts used 
in the manufacture of the butter. Virginia varieties of 
peanuts make a dry gritty product while the Spanish nuts are 
very oily (2). Usually one part of Spanish nuts is mixed with 
three parts of Virginia nuts, or equal parts of each may be 
used. The manufacturer of one sample of butter with a 
high oil content added corn oil to the nuts before grinding 
in order to make the salt adhere.

R e f r a c t iv e  I n d e x . The refractive index of peanut 
oil is normally from 1.471 to 1.474. Values for tlfe oils ob
tained from this series of peanut butters ranged from 1.4540 
to 1.4749 with an average value of 1.4676.

P e r  C e n t  
W h o l e  

S a m p l e  a s  
P u r c h a s e d

i  174 
2..33 
0 .17  

45.89

.30.72
0.84

13.73
1 . 7 4
9 .38
3.14

T a b l e  1. A n a l y s e s  o f  P e a n u t  R u t t e r s  a n d  M e a l s  
B a t t l e  F r a n k -  F r a n k -

B e e c h 
C h a p m a n

U n 
C r e e k

U n 
C h a p 

m a n P r e 
l i n ’s

U n c l e
LIN

H i g h e s t F r a n k 's A v e r 
n u t r o a s t e d H e in z r oa st e d R oa s t ed mier B e n Q ua l it y C a pi t o l J um bo a g e

Refractive index of oil 1.4651 1.4730 1.4540 1.4631 1.4669 1.4682 1 .4673 1.4740 1.4749 1.4690 1.4676
M oisture 2.01 3.72 1.46 1.34 3.13 1.70 0.8S 1.09 1.24 0.87 1.74
Ash 3 .03 2 .38 3.18 2.33 2.27 2.31 1.91 2 .22 2.11 1.95 2 .37
Acid-insol. ash 0.12 0.07 0.17 0.16 0.16 0 .08 0.21 0.25 0.24 0 .25 0 .17
Oil 47.88 4S.15 48.34 48.87 52.34 39.45 

PEANUT m e a l s
46.78 41.68 46.54 46.96 46.70

Protein 58.84 59.12 56.38 62.45 59.43 54.64 59.31 56.43 61.26 58.59 58.65
Chlorides
Total reducing; substances

1.76 1.08 3 .45 1.50 1.51 1.17 1.43 1.12 1.54 1.73 1.60

calcd. as glucose 28.29 26.62 26.67 24.66 28.95 29.92 23.37 24.28 22.77 26.54 26.21
Crude fiber 3.58 3.38 2.87 3 .33 3 .46 3.46 2.99 3 .36 2 .67 4.31 3 .34
Starch 19.32 18.55 18.39 16.12 20.82 21.43 15.70 16.43 14.46 17.87 17.91
Pentosans 5.95 6.81 6.11 5 56 6.74

291

6 .20 5.13 6.17 5 .30 6.06 6 .00
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C r u d e  F i b e r . Crude fiber is essentially a measure of the 
cellulose content. The average value for the ten brands of 
meal was 3.34 per cent, varying from 2.67 to 4.31 per cent. 
This should be a valuable determination in case of adultera
tion with shriveled or dry nuts, or vegetable products such as 
shells, roots, and stems.

P r o t e i n . The protein in the dry meal examined varied 
from 54.64 to 62.45 per cent with an average value of 58.65 
per cent. This is equivalent to about 30 per cent (30.66) on 
the basis of the whole butter.

R e d u c i n g  S u b s t a n c e s . Qualitative tests showed the 
absence of reducing sugars before hydrolysis. Starch cellu
lose and pentosans were the polysaccharides found in the 
fat-free meal. After the hydrolysis, the reducing sugars 
calculated as glucose ranged from 22.77 to 29.92 per cent

(average 26.21) on the basis of the dry meal. This range in 
values was chiefly due to differences in starch content (14.46 
to 21.43 per cent with an average value of 17.91). The 
amounts of pentosans, 5.30 to 6.81 per cent, varied less than 
one per cent from the average, 6 per cent.

L i t e r a t u r e  C i t e d

(1) K line, G . M ., an d  Acree, S. F ., Bur. Standards J .  Research, 8,
25-35 (1932).

(2) T hurston , "P harm aceu tica l and  Food A nalysis,” p . 172, Van
N ostrand , 1923.

R e c e i v e d  Septem ber 10, 1932.  Presented in p a rt before the  Division of 
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Vitamin G Content of Canned Tomato 
Juice

R ay  G. D aggs a n d  A. G. E ato n , Department of Vital Economics, University of Rochester, Rochester, N. Y.

TOMATO juice has fast become a widely popular drink 
and has been highly recommended because of its vita
min content. The present report is part of a study of 

the vitamin content of a local commercially canned tomato 
juice and is intended as a demonstration of the fact that the 
tomato juice tested can be put up without suffering loss of 
vitamin C in the process of canning. It is also desired to 
emphasize the technic of assay.

There has been a considerable amount of work done on the 
vitamin content of raw tomatoes, strained tomatoes, tomato 
juice extracted in the laboratory, and cooked tomatoes, but 
very little on the vitamin C content of commercially canned 
tomato juice. Kohman, Eddy, and Gurin (4) have recently 
published an article on the canning of tomato juice without 
vitamin C loss in which they have incorporated what they  
term a “composite test” of five of the most popular brands of 
commercial tomato juice. They compare three batches of 
experimental juice with canned tomatoes, sieved canned to
matoes, and the composite of five commercial tomato juices. 
Doses of 3 and 5 cc. were fed, and two or three animals were 
used in each group. Concerning the five commercial juices 
(fed in succession in 5-day intervals), they state: “Of the 
six guinea pigs receiving the commercial tomato juice, only 
one animal on the 5-cc. dosage was free from scurvy symj>- 
to m s .. .  . The four animals receiving canned tomatoes were 
entirely free from scurvy symptoms, while the guinea pigs on 
the 3-cc. dosage of the juice made by sieving canned tomatoes 
had no more than dubious symptoms of scurvy.” Three cc. 
of canned tomatoes were protective and 3 cc. of the juice 
made by sieving canned tomatoes were nearly protective 
against scurvy, while 5 cc. of commercially canned tomato 
juice did not protect.

Some workers attach rather great importance to the growth 
curves of guinea pigs in a vitamin C assay. The writers be
lieve this to be a fallacy. There is little evidence to show any 
specificity of vitamin C for growth such as is found for vita
min B4. Growth is a complex phenomenon and is dependent 
upon many factors, and therefore cannot in itself be used as a 
criterion for any one. I t  is true that Sherman incorporated 
the growth curve in his assay method but only as a help in 
the interpretation of the results. Sherman distinctly points 
out the individual variation in the growth curves and places 
the major emphasis on the autopsy findings. Eddy (1) in a

study of the vitamin C content of string beans shows growth 
curves of tremendous variability. For example, animal 9 
on 18 grams of beans showed a gain of only a little over 100 
grams in 90 days while animal 8  on only 12 grams of beans 
showed a gain of about 400 grams for the same period. The 
main thesis of the paper, howrever, is devoted to a comparison 
of the Sherman method with that of Hojer (2). Eddy pre
sents evidence from his own studies of the validity of the 
Hojer method and states that it is a much more sensitive one 
than the Sherman scoring system.

Hojer (2) states that Sherman’s method often gives varia
tions of 100 per cent or more in determining the fully protec
tive dose. Hojer introduced an assay method of his own that 
is dependent upon the pathological changes in the tooth 
picture. He states that his method is just as good as that of 
Sherman and that single animals may diverge a good deal 
from the others of the same group. He recommends the use 
of “several” animals in each group.

U ntil such a time as we have a practical quantitative 
method for the estimation of “ascorbic” acid, the writers 
believe that Sherman’s method of assay must be carried out on 
at least five to ten animals per group with the tabulation of 
autopsy findings in order to justify in the slightest measure the 
drawing of even suggestive conclusions. The Hojer method 
also must be carried out on several animals in order to rule 
out the individual variations that Hojer himself admits exist. 
Workers in the vitam in field are too prone to draw sweeping 
conclusions from too few experiments.

The following experiments are short, but we feel that they  
are quite conclusive, especially in light of the work that has 
been done on canned tomato juice.

E x p e r i m e n t a l  P r o c e d u r e

Guinea pigs, weighing from 200 to 300 grams, were divided 
into groups of seven each, according to weight and sex. 
Each guinea pig was placed in a separate screen-bottomed 
cage and supplied with distilled water from a glass cup. The 
basal ration was fed ad libitum, and 20 grams of fresh cab
bage were supplied daily for the first week in order to accus
tom the animals to the cages and the ration, and to some 
extent to standardize the stores of vitamin C.

The basal ration consisted of the following parts:



F ig u r e  1 . P a t h o l o g ic a l  F i n d in g s  i n  T e e t h  E x a m in a t io n s

p. Pulp n. d. New dentine o. z. Odontogenic zone
d. Dentine od. Odontoblasts r. V'acuolation

ost. Osteodentine e. Enamel

Rolled oats (ground) 29 .5
W heat bran  29.5
Skim milk oowder (heated in shallow trays a t 110° C.

for 3 hours, stirred each hour) 30 .0
B u tte r fa t (freshly churned) 9 .0
Sodium chloride 1 .0

Fresh Patch’s cod liver oil was administered daily by 
pipet. The ration was mixed in small batches once a week 
and stored in the ice box.

A t the end of the first week the cabbage was withdrawn 
and graded doses of tomato juice were given, as indicated in 
the tables. The tomato juice was administered daily directly 
into the mouth by pipet, as preliminary trials showed that 
the animals would not consume the juice readily enough from 
cups to prevent the loss of vitamin C by oxidation.

W eights were recorded daily in order to obtain some infor

mation as to the general conditions of the animals as the ex
periment progressed. The experimental period was 60 days, 
at the end of which time all pigs surviving were chloroformed 
and autopsied according to the method of Sherman, LaMer, 
and Campbell (5), and the degree of scurvy was expressed 
numerically by adding up the plus signs.

I t  is generally customary to run vitamin C assays a little  
longer than this, but, since it was desired to make a direct 
comparison of the canned tomato juice with the fresh field- 
ripened tomatoes from which the juice was made, it  was neces
sary to shorten the experimental period. The writers con
sider a direct comparison with fresh tomatoes of far more im
portance than the few extra days of experimental feeding.

All of the tomatoes were of the John Baer variety. The
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T a b l e  I .  N e g a t iv e  C o n t r o l s “
T im e  

R e q u ir e d  
to  S how S co r e
S i g n s  o f  D u r a t i o n  

S o r e  J o i n t s  of  L i f e Jaw s
-------- B o n y  S

Teeth
TRUCTURE—-----

Ribs Joints Ribs
------------------H em o r rh

Intestines
AGES-----------
Join ts Muscles

( S um  of 
-f  S i g n s )

Days Days 

17 23 +  +  + ? +  +  + +  +  + +  +  + +  +  + +  +  + - f - f  +
S core

21
19 25 4- 4- 4- ? +  +  + +  +  + 4-4-4- +  +  + +  +  + +  +  + 21
15 23 +  +  + ? +  +  + +  +  + +  +  + +  +  + +  +  + +  +  + 21
17 24 +  +  + ? +  +  + +  +  + +  +  + +  +  + +  +  + +  +  + 21
2 2  24 +  +  + ? +  +  + +  +  + +  +  + +  +  + 4- +  + 18
2 0  31 +  +  + ? 4- 4- +  +  + 4- 4* +  +  + +  +  + +  +  + 19
23  34 +  +  + +  +  + + +  + +  +  + +  +  + +  +  + +  +  + +  + 23

Av. 19 26
a M ost of the anim als did not live long enough to show m ajor macroscopic tooth  changes, loosening, etc.

2 0 . 5

canning of the juice began in the last week of August and 
continued into the third week of October, the tomatoes being 
supplied fresh daily. This tim e lacked about 10 days of the 
60-day experimental period. In order to supply fresh to
matoes for these last 10 days, a large number of tomatoes from 
the last few days of picking were individually wrapped in 
paper and stored in the ice box at a temperature a little above 
freezing. Choice, firm, nondeteriorated, nonfrozen tomatoes 
were selected daily from these stored tomatoes for the experi
ment.

The canned tomato juice was prepared in the following 
manner at the packing house: The tomatoes were washed, 
and firm, well-ripened ones were selected, cored, and ex
tracted by a screw-type tomato juice extractor. The juice 
was heated in vacuum (below pasteurization temperature) 
and the cans were filled under vacuum. (The 1932 pack 
was not canned under vacuum but was heated in vacuum.) 
After the cans were sealed, they were pasteurized, labeled, and 
packed. Cans from each day’s pack were taken to the labo
ratory and used for that day’s feeding.

The fresh tomatoes were brought to the laboratory and kept 
in the ice box for a few hours before extracting. The toma
toes were cored and pressed through a kitchen sieve by  hand 
while still cold. This extracted juice was immediately cen
trifuged in order to express the air and was fed at once. This 
fresh tomato juice compared favorably in color and consist
ency with the canned juice, the only difference being a finer 
suspension of pulp in the canned juice owing to the use of a 
finer extracting screen. ■

All of the autopsies were performed by the same person. 
The results are summarized in Tables I  and II. The sum of 
the plus signs is shown as an index of the degree of scurvy. 
The actual Sherman score as suggested by Kenny (3) has 
not been calculated for those animals living less than the 
experimental period. Twenty-four is the maximum number 
of plus signs and indicates extremely severe scurvy. Only 
the averages of each group of seven animals are given, along 
with one illustrative table of the negative controls in order 
to show the method of tabulation.

In the canning of the 1932 pack the additional production 
of a vacuum during canning was eliminated. It was of some 
concern to learn whether or not this would appreciably alter 
the vitamin C content of the freshly packed juice. The 1932 
juice was tested in the same manner as the 1931 juice, and 
Table II shows the average results.

T a b l e  I I .  A v e r a g e  S c o r e  o f  P a c k s  o f  T w o  Y e a r s

F r e s h  J u ic e  D o s e  C a n n e d  J u ic e  D ose
1 cc. 2 cc. 3 cc. 4 cc. 1 cc. 2 cc. 3 cc. 4 cc.

1931 ftv. score 15.3 7 .5  2 .8  0 16.5 14.8 3 .1  0 .5
1932 av. score . .  5 .1  2 .1  . . .  S .5 3 .0  . . .

When the animals of the 1932 experiment were autopsied, 
the lower jaws were carefully removed, cleaned, decalcified, 
and fixed, and histological sections were made of the incisors. 
The sections were carefully examined, the procedure being 
essentially that of the Hojer method (2) with the exception

that the animals had been on experiment 60 days instead of 
the usual 2 weeks. (Hojer suggests that the method may be 
“made sharper by letting the animals live longer than 2 
weeks.”) N o attem pt was made to score the findings accord
ing to the Hojer method. The pathological findings in the 
teeth offered an additional check on the vitamin C content 
of the tomato juice. Figure 1 gives characteristic findings 
for the different groups of animals.

Figure 1A shows a complete cross section of a lower incisor 
of a guinea pig receiving no tomato juice and dying of scurvy 
in 29 days. The pathological examination reveals an almost 
complete disintegration of the pulp tissue and the presence of 
only a thin band of dentine bounded on its pulpal border by 
a layer of osteodentine. The disappearance of the odonto
blasts is typical of complete scorbutus.

The remaining photographs are of slightly greater enlarge
ment and show only a part of the cross section. In B  (2 cc. 
fresh juice) the odontoblasts are shown to be present but are 
shortened and irregular in appearance. The pulpal border of 
the layer of defective dentine is somewhat irregular and also 
shows a distinct line of demarcation from the old dentine 
(d). The defective dentine is indicative of faulty calcification 
because of the lack of fusion of the calcospherites formed by 
the odontoblasts. The inner layer of dentine (n. d.) unlike 
the outer layer of older dentine (d) lacks the normal tubular 
appearance of true dentine.

Figure 1C (2 cc. canned juice) presents conditions similar 
to those found in B. There is, however, a slightly greater dis
order among the odontoblasts and a greater degree of irregu
larity of the pulpal border of the new dentine. The degree 
of difference between B  (2 cc. fresh juice) and C (2 cc. canned 
juice) can hardly be considered significant because such a 
difference occurs as individual variation within the group.

Figures 1D  (3 cc. fresh juice) and E  (3 cc. canned juice) 
show similar tooth pictures. There is a slightly greater dis
integration in the canned than in the fresh. As the higher 
doses are reached, the distinct line of demarcation between the 
two dentine layers is lacking, and they tend to merge one into 
the other. There is still some engorgement of the blood 
vessels and vacuolation in the pulp and irregularity of the 
odontoblasts.

Figure IF  is taken from a group receiving 5 cc. of canned 
juice and is illustrative of a practically normal tooth picture. 
The dentine has the normal tubular appearance. The lami
nations of the dentine do not indicate an abnormal condition. 
The slight irregularity of the odontoblasts shown in this par
ticular section is probably due to tearing during sectioning.

D is c u s s io n  o f  R e s u l t s

Table I shows that the negative controls developed scurvy 
on the average at 19 days and died at 26 days. In the 1931 
pack, 4 cc. of fresh or canned juice were necessary to afford 
complete protection, but 3 cc. of the canned as well as the 
fresh juice gave very low scurvy scores. Only in the 2-cc. 
groups is the canned juice distinctively less protective than
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the fresh, and the wide difference here might well be due to 
animal variation. N o such variation occurred in the 2-cc. 
group for the 1932 pack or in any of the other dosages. 
The 1-cc. group shows only a slightly higher score for the 
canned juice. It is clearly evident that there is a slight de
struction of vitamin C in the canned juice in the process of 
packing, but this is slight indeed when one considers the ease 
with which the vitamin is oxidized.

It is evident from Table II (1932 pack) that sealing the 
cans under an additional mechanical vacuum is not essential. 
The results show slight destruction of vitamin C in the canned 
juice, but it is of about the same order of magnitude as in the 
1931 test.

The tooth sections confirm the findings of the Sherman 
method for the 1932 pack and serve as an additional check on 
the vitamin C content of the canned tomato juice as compared 
with the fresh.

The work indicates only a slightly lower content of vitamin 
C in this particular brand of commercial tomato juice as 
compared with the fresh tomatoes from which the juice was 
commercially extracted. The authors do not wish to imply

by this study that all brands of commercially canned tomato  
juice are satisfactory in vitamin C content just because this 
one brand proves so. There are undoubtedly many inferior 
products on the market. Neither do they want the reader 
to infer that the brand tested here is the only satisfactory 
brand available.

A c k n o w l e d g m e n t

The sections of the incisors of the animals in the 1932 ex
periments were examined by C. D . M. Day, Rockefeller Den
tal Fellow in the Department of Vital Economics, University  
of Rochester.
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The Keeping Quality of Frozen Orange Juice
M. A. J o sly n  a n d  G. L. M a r sh , University of California, Berkeley, Calif.

A study of factors that influence the keeping quality of frozen orange ju ice  stored over 2 years at 
0° F. { — 17.8° C.) has been made, and the results are here reported.

THE permanent and complete preservation of orange 
juice is rendered difficult by the complex nature of the 
changes occurring after extraction of the juice from 

the fruit. The chief undesirable changes in flavor are the 
development of bitterness, and formation of stale, limey, 
musty, or terpeney tastes, or flatness owing to complete loss 
in flavor. In addition, browning or discoloration commonly 
occurs. Investigations reported by Creuss (3), McNair (11), 
Joslyn (8), and Camp et al. ( /) , as well as common commercial 
experience in California, have demonstrated that the maturity 
of fruit markedly affects the extent and kind of change in 
flavor. M cDermott (10) found that the darkening and, to 
some extent, undesirable changes in flavor of pasteurized 
Florida orange juice at room temperature were caused chiefly 
by oxidation. He demonstrated that the darkening could 
be prevented and changes in flavor retarded by evacuating 
the juice and sealing under vacuum or replacing the air dis
solved in the juice as well as that in the head space above with 
an inert gas. Similar results were obtained by Gore (4) and 
Matthew (9). I t is also known (4, 6, 9) that discoloration 
of pasteurized orange juice can be almost completely in
hibited by storage at low temperatures.

Although the deterioration of orange juice is due in great 
part to oxidation, it docs not depend entirely on this cause. 
Deterioration in flavor is not always accompanied by darken
ing of the color. The color of orange juice may be success
fully preserved by cold storage or by reducing oxidation of 
pasteurized juice to a minimum; but deterioration in flavor 
is not entirely prevented by  such treatment. Chace and 
Poore (2), Gore (4), Irish (6), Joslyn ( 7 ,8), and Tumbow and 
Cruess (18), as well as others, resorted to freezing storage as 
the most satisfactory means of preservation. However, as 
pointed out by Joslyn (8), undesirable changes in flavor have 
occurred in untreated juice even at 0° F. ( — 17.8° C.).

E x p e r i m e n t a l  P r o c e d u r e

V a r i e t y  a n d  S o u r c e  o f  F r u i t . In the majority of the 
experiments it was necessary to prepare uniform samples of 
juice to be treated in various ways from fruit of known history. 
Valencia oranges grown at the University of California 
Citrus Experiment Station at Riverside were used in most 
of these tests, although Orange County fruit was also used. 
For studies on the effect of fruit maturity on the keeping 
quality of the juice, representative samples of Valencia oranges 
were picked periodically at Riverside and expressed to 
Berkeley where they were used immediately after arrival. 
Washington navel oranges picked periodically at Riverside 
and at an orchard in Thermalito, Butte County, and shipped 
by express to Berkeley were also used in studies on the effect 
of maturity. M aturity studies were made during the seasons 
of 1931 and 1932.

Fruit of approximately the same size was used, since a 
preliminary investigation had shown that a marked varia
tion of composition with size occurred in choice Valencia 
oranges picked at the same time from the same grove.

M e t h o d  o f  E x t r a c t i o n . The fruit was washed and 
burred on a revolving straight-ribbed conical extractor. 
Care was taken to minimize exposure of the halved fruit to 
the air and, by using only moderate pressure when burring, 
to incorporate as little as possible of the albedo. A lwut 2 
liters of juice were generally burred for each test. The juice 
was strained through cheesecloth at first and in later tests 
through an aluminum screen having eighty 1-mm. holes per 
square inch (6.5 sq. cm.).

It was later found that the juice absorbed a slight odor from 
the cheesecloth, and this practice was discontinued in favor of 
straining through a perforated aluminum screen. The time 
of burring and subsequent straining in this manner varied 
from 2 to 5 minutes.
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D irectly after straining, the juice was thoroughly mixed 
and the temperature recorded. This varied from 65° to 
72° F . except for juice from precooled fruit, in which the 
temperature was considerably lower.

D e a e r a t i n g  t h e  J u i c e . In some of t h e  early tests the 
juice was subjected to the highest vacuum obtainable in an 
aspirator pump for 10 minutes; however, in order to stand
ardize this procedure, 800 to 1000 cc. of the juice were exposed
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F i g u r e  1 . T e m p e r a t u r e  C h a n g e s  i n  O r a n g e  
J u i c e  i n  4 - O u n c e  (1 2 0 -c c .) G l a s s  C o n t a i n e r s  
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a n d  T h a w i n g  a t  R o o m  T e m p e r a t u r e  a t  

A b o u t  68° F. (20° C.)

to a vacuum of 28.75 inches (73 cm.) for a period of 10 minutes 
after this point was reached. The time to reach this degree 
of vacuum varied from 2  to 3 minutes. The juice, at room 
temperature, began to foam and bubbles of gas to form in the 
interior when a vacuum of 27 inches (68.6  cm.) was reached; 
below this vacuum the deaeration did not cause any apparent 
effect on juice at room temperature. During deaeration the 
bottle was shaken several times to aid removal of gases from 
the juice. At the end of this period, the vacuum was relieved 
with air, unless otherwise stated, and the juice filled into 
the storage containers.

C o n t a i n e r s . Four-ounce (120-cc.) wide-mouthed erown- 
cap glass jars, 4-ounce screw top, and anchor cap jars were 
used. The glass containers were chosen in order to permit 
observation of the juice during freezing and subsequent 
thawing, and because they were neutral to the juice. All 
containers were sealed at atmospheric pressure unless other
wise stated.

S t o r a g e  C o n d i t i o n s . Immediately after sealing, the 
containers, filled to about 90 per cent of their volume with 
juice, were stored in the freezing room at about 0 ° F .  
( —17.8° C .). They were generally solidly frozen within 3 
hours after storage. Temperature changes as measured by 
thermocouples and potentiometer during freezing and subse
quent thawing at room temperature are shown in Figure 1 . 
Temperature changes in the center of the anchor cap jar 
were but slightly different from those in the center of the 
screw cap jar. The storage temperature fluctuated from 
2 ° to 6 ° F . (1.1° to 3.4° C.) at first although in one instance 
the samples were subjected to a temperature of about 20° F. 
( —6.7° C.) for over a week.

E x a m in a t i o n  o f  t h e  J u i c e . Six samples of juice, as 
nearly alike as possible, were prepared for each test and stored 
as above. At certain intervals during the course of storage, 
samples were removed for examination. These were allowed 
to thaw for about 3 hours at room temperature. The appear

ance of the juice, settling of pulp, clumping of pulp, etc., 
were noted, and the samples were shaken, opened, and tasted. 
Independent observations as to flavor of the juice w*ere made 
by at least two individuals. It was found by practice that a 
critical tasting ability could be developed so that even slight 
differences in taste could be detected. The results of ob
servations by other tasters generally agreed with those made 
by the authors. No more samples than could be comfort
ably tasted were removed at one time, and the sampling was 
spread over a period of several days. Duplicate samples 
were so alike in appearance and flavor that in most cases 
single samples were tasted except in case of doubt, and then 
duplicates were examined. The frozen samples were re
moved for observation after about 2, 7, and 13 months 
storage.

A n a l y s is  o f  J u i c e . In an attem pt to find a correlation 
between gross composition and keeping quality of the juice, 
the specific gravity, total titratable acidity, and, for certain 
samples, the iodine number of the juice were determined as 
follows; all analyses w'ere made in duplicate and repeated 
if closely agreeing results were not obtained: The acidity 
expressed as per cent citric acid was determined by titrating 
in the hot with phenolphthalein as indicator. The specific 
gravity of the juice wras determined by means of a chainomatic 
Westphal balance with an accuracy of about 0.0002; from 
the specific gravity the Balling degree was determined from 
the Association of Official Agricultural Chemists official 
sugar tables and corrected for temperature to 20° C. The 
ratio of total soluble solids or Balling degree to acidity was 
calculated and expressed as ratio.1

The iodine number of the juice was determined by titrat
ing a 50-cc. sample of the juice with 0.01 N  iodine solution 
in the presence of a fewr cubic centimeters of a 1 per cent 
starch solution. According to Szent-Gyorgyi (IS), “the end 
point in the titration is reached when the reduction of iodine 
becomes suddenly very slow.” The end point chosen was 
that at which the dull brownish blue color of the starch 
persisted for about 15 or 20 seconds. The volume of 0.01 
N  iodine solution required to titrate 50 cc. of juice is desig
nated as the iodine number.

As was to be expected, the specific gravity of undeaerated 
juice, because of the gases present, was appreciably lower 
than that of the deaerated juice, being 0.3 to 0.6 lower in 
degrees Balling .2 After freezing and subsequent thawing 
there was no appreciable difference between the specific 
gravity of the deaerated and untreated juices. The acidity 
of the untreated juice which, because of its lower specific 
gravity, was expected to be somewhat lower than that of 
deaerated juice, was lower in some cases and higher in others, 
owing, perhaps to poorer end point and lack of uniformity 
in sampling. There was no appreciable difference in titrat
able acidity between fresh and frozen juice and also no ap
preciable difference in the iodine number.

T h e  K e e p i n g  Q u a l it y  o f  F r o z e n  O r a n g e  J u i c e

A p p e a r a n c e . In all cases it was found that, after thaw
ing, the pulp in undisturbed samples settled in deaerated 
juice but was partially suspended and partially settled in 
undeaerated samples. The separation of the pulp was

1 I t  is the practice to  express the ratio  of soluble solids to the acid na tu 
rally  existing in the fru it as the  ra tio  of Balling degree to  per cent acid as 
anhydrous citric acid. This is only approxim ately equivalent to the  sugar- 
acid ra tio  which is also used. T he ratio  of Balling degree to per cent citric 
acid is commonly called “ ratio”  and  given as such in the  litera tu re— for 
example, Baier, W. E ., and Higby, R. II., Calif. Citrograph, 16 (5), 202, 260 
(1931).

s The difference between specific g rav ity  of plain and deaSrated juice de
pends on the tim e the burred juice is allowed to  stand  before testing. Upon 
standing, m ost of the  a ir rises to the surface, and the  specific grav ity  of 
the plain juice becomes practically equal to  th a t  of the dea^rated juice.
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appreciable after storage for one month and quite marked 
after 13 months. The separated pulp was only slightly  
clotted and curdled in appearance at first but became mark
edly clotted upon prolonged storage. The supernatant straw 
colored liquid in the deaerated juices and the middle por
tion of the untreated juices were brilliantly clear and free 
from suspended colloidal particles.

Flash pasteurization at 165° to 185° F. (72° to 85° C.) 
prior to freezing did not prevent the separation and clotting 
of pulp, but did prevent complete separation of suspended 
matter from the suspension medium. The large pieces of 
pulp settled in all cases whether the juice was deaerated or 
not prior to treatment, but the supernatant liquid remained 
cloudy. However, the chromatophores, to which the color 
and flavor of the juice are due in great part, settled, and the 
supernatant layer was straw-yellow in color and similar in 
appearance to centrifuged juice. Preliminary observations 
showed that clotting and separation of the pulp from the 
juice cannot be entirely prevented by more rapid freezing, 
as reported by Camp et al. (1).

N o apparent change in color other than that caused by 
the separation and clotting of pulp occurred during freezing 
storage.

F l a v o r . Frozen orange juice subjected to oxidation 
during storage at 0° F. ( —17.8° C.) deteriorated in flavor. 
A change in flavor was detectable after a storage period of 2 
months and was quite marked after 6  months. The change 
in general was a decrease in orange flavor and aroma; the 
juice at first lost the fresh orange flavor and then progressively 
became flatter in taste until it finally lacked all orange flavor. 
The juice from immature fruit turned bitter and stale, even 
juice from mature fruit developed definite objectionable, 
stale flavors, in some cases. Deaerating the juice decreased 
the rate of loss in flavor even when the juice was exposed to 
air during storage. Closing the deaerated juice under 
vacuum, or under an atmosphere of inert gas, and especially 
precooling the fruit prior to extraction markedly decreased 
the changes in flavor during storage.

E f f e c t  o f  D e a I: r a t i o n . T o determine the effect of 
temperature and of vacuum, orange juice was deaerated 
under a vacuum of 28.75 inches (73 cm.) at 38°, 65°, and 
80° F., (3.3°, 18.3°, and 26.7° C.), respectively; and juice 
at 70° F. (21 .1° C.) was dcaerated under vacuums of 15, 25, 
and 29 inches (38.1, 63.5, and 73.7 cm.), respectively. After 
storage for 62, 222, and 399 days it was found that the juice 
deaerated under the 29-inch vacuum was superior in flavor 
to that treated at lower vacuums. Although the juice 
deaerated at 80° F. retained more orange flavor than the 
rest, it had a slight off-flavor. It was found that the length 
of time which elapsed between extraction and freezing stor
age was of as much importance as the degree to which the 
gases present were removed. Untreated samples which 
were handled more promptly held up as well in storage as 
the treated samples. Subsequent tests, however, proved 
that deaerated juices retained their flavor more completely 
than untreated juices.

In the experiments described above, the vacuum applied 
during deaeration was relieved with air, and the deaerated 
juice was exposed to air during filling and storage. Tests 
were made to determine the effect of closing the jars under 
vacuum. Samples of untreated and deaerated juice were 
closed at atmospheric pressure and under a vacuum of 20 
inches (50.8 cm.), respectively. It was found that closing 
under vacuum improved the keeping quality of both juices, 
but the improvement was more marked for untreated than 
for deaerated juice.

E f f e c t  o f  T r e a t m e n t  w i t h  V a r i o u s  G a s e s . Small 
portions of juice were subjected to a vacuum for about 10 
minutes, and the vacuum was then relieved by the introduc

tion of carbon dioxide, oxygen, hydrogen, ordinary air, and 
oxygen-free nitrogen, respectively, below the surface of the 
liquid. The gas was bubbled vigorously through the juice 
for about one minute after the vacuum was relieved. Simul
taneously with this series, these various gases were bubbled 
vigorously for a period of 5 minutes through portions of the 
same juices not previously treated in vacuum.

After storage for 2 months, the juices treated with oxygen- 
free nitrogen were found more nearly to have retained their 
original flavor; ordinary nitrogen was next best, then hydro
gen; treatment with carbon dioxide resulted in a carbonated 
flavor which masked the orange flavor, but little loss in the 
orange flavor occurred; the oxygen-treated juice was flat 
and stale and much poorer in flavor than the untreated juice. 
After 7 months the nitrogen-treated juices were better in 
flavor than the rest. There was, however, but little differ
ence between the juice treated with oxygen-free and ordinary 
nitrogen; the juice treated with carbon dioxide was next 
best, although it had less orange flavor than the nitrogen- 
treated juices; next in quality was the untreated juice, and 
last the oxygen-treated juice. The hydrogen-treated juice 
lacked orange flavor. After about 13 months of storage the 
order of desirability of the juices was nitrogen, hydrogen, 
carbon dioxide, untreated, and oxygen treated. After 20 
months of storage the nitrogen-treated sample was markedly 
superior to the rest, the carbon dioxide being flat and some
what off-flavor. The oxygen-treated sample was flat and 
stale. Similar results were obtained for the series in which 
the juice was treated with these gases at atmospheric pres
sure. The differences between the treatments was more 
marked in this series; thus the staleness of the oxygen- 
treated samples was more marked and so also was the differ
ence between nitrogen-treated and other samples.

A comparison of helium, nitrogen, carbon dioxide, and air 
treatment with untreated juice was made using several 
lots of Valencia juice. It was found that the helium-treated 
was about equal to the nitrogen-treated juice; the juice 
treated with carbon dioxide was carbonated in flavor and 
did not retain nearly as much orange flavor as the nitrogen- 
treated; the hydrogen-treated juice was poorer in flavor than 
the nitrogen-treated; the air-treated juice was flatter in 
flavor than the untreated which tasted somewhat stale.

E f f e c t  o f  O x i d a t i o n . In order to determine the effect 
of exposure to air or oxygen upon the flavor and keeping 
quality of orange juice, the following lots of juices were 
prepared: untreated, deaerated immediately after extrac
tion, treated with oxygen for 5 minutes and then deaerated, 
treated with oxygen for 30 minutes and then deaerated, ex
tracted from halved fruit exposed to air at room temperature 
for one hour prior to extraction. After 2, 7, and 13 months 
of storage the sample deaerated directly after extraction 
was markedly superior in flavor to the others. The samples 
treated with oxygen and not deaerated were stale and lacked 
flavor; those deaerated after oxygen  treatment were of 
fresher flavor. The treated samples in general were sweet 
and devoid of orange flavor.

In order to increase the effect of oxidation, 25, 50, 100, 
and 500 p. p. m. of hydrogen peroxide were added. The 
juice became progressively flatter in flavor with increasing 
concentration of hydrogen peroxide and time of storage, but 
was not disagreeably objectionable in flavor. The iodine 
number of the juice decreased with increase in concentration 
of hydrogen peroxide, being for juice containing 0, 25, 50, 
100, and 500 p. p. m. of hydrogen peroxide, respectively, as 
follows: 18.7, 13.6, 9.4, 3.4, and 1.3. The iodine number 
decreased slightly during storage. The added hydrogen 
peroxide did not affect the color of the juice at first. The 
juices containing 50 p. p. m. or over were gassy. The pulp 
was not bleached in color. After 13 months of storage,
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hydrogen peroxide had caused noticeable darkening of the 
juice. The darkening was perceptible at 60 p. p. m. and 
appreciable at 500 p. p. m. of hydrogen peroxide.

E f f e c t  o f  O r a n g e  O i l . In order to test the effect of 
orange oil on the keeping quality of Valencia orange juice, 
an orange oil emulsion was added to juice extracted from 
Riverside Valencias on August 21, 1931, so that the added 
oil content of the juice was 0.005, 0.01, 0.02, 0.05, and 0.10 
per cent, respectively. Cold-pressed orange oil made by the 
California Fruit Growers Exchange was used in these tests. 
One portion of each lot of juice was deaerated after the addi
tion of oil, and the other was untreated. In the fresh juice 
the presence of 0.005 per cent added oil could be readily de
tected by taste, and the flavor of the juice containing either 
0.005 or 0.01 per cent oil was favored. The addition of orange 
oil changed the color of the juice from orange to yellowish 
orange, the amount of yellow increasing with the concentra
tion of oil, confirming the results obtained by Camp et al.
W -

During storage for over 13 months the oil in both de
aerated and nondeaerated series remained fresh in flavor 
and aroma and was not “terpeney.” The addition of slight 
amounts of oil, about 0.005 per cent, gave a juice of fairly 
fresh orange flavor even after 13 months of storage, but 0.01 
per cent was a little too strong in flavor. Even the addition 
of 0.005 per cent oil gave a product that was slightly more 
like orangeade than orange juice. Deaeration did not 
appreciably affect the stability of the added orange oil.

E f f e c t  o f  A m o u n t  a n d  K i n d  o f  S u s p e n d e d  M a t t e r . 
In order to determine the effect of various tissues, juice was 
prepared from Valencia oranges from Riverside on August 
26, 1931, in a number of ways; samples consisted of burred 
juice, unstrained, strained through various thicknesses of 
cheesecloth, filtered brilliantly clear, burred with light and 
heavy pressure on the cone, hand-peeled and pressed juice, 
and strained burred juice to which was added varying amounts 
of ground albedo, flavedo, whole peel, and vascular tissue, 
broken seeds, and whole seeds. The unstrained burred 
juice or that from which seeds only were removed was too 
pulpy and deteriorated rapidly in flavor, acquiring a slightly 
bitter taste after 13 months of storage. Samples of burred 
juice that were strained too free of pulp or were filtered 
were flat and lacked orange flavor prior to storage, al
though they changed less in flavor during storage. The 
samples to  which albedo, flavedo, whole peel, and vascular 
tissue were added did not keep well in storage, large changes 
in flavor occurring after 2 months, and they eventually be
came flat or stale or both with varying degrees of off-flavors, 
depending upon the amount and kind of material added. 
Those containing pits, especially broken pits, became ex
tremely bitter. The best juice was that prepared by burring 
the halved oranges with moderate pressure, followed by 
straining through a single thickness of cheesecloth.

The undesirable flavors caused were due to the extraction 
of undesirable principles and perhaps to the catalytic effect 
of the pulp upon oxidative and other changes. They were 
perhaps caused in part by the action of oxidizing enzymes 
since an experiment showed the juices, to  which were added 
peroxidase preparation from the peel, and apple or pear juice, 
deteriorated more rapidly than the untreated juices.

E f f e c t  o f  A d d e d  A c i d s  a n d  S u g a r s . The effect o f 
acids, sugar, and dilution on the keeping quality of juice 
from Riverside Valencia oranges was tested. It was found 
that the addition of sugar, sirup, water, lemon, or grapefruit 
juice to orange juice for freezing preservation cannot be 
recommended. However, the addition of about 0.5 per cent 
citric acid may prove beneficial at times.

E f f e c t  o f  S u l f i t e s . In order to determine the effect of 
sulfites on the flavor and keeping quality of frozen orange

juice, 25, 50, 100, and 500 p. p. m. of sulfurous acid were 
added as such, and in another series equivalent amounts of 
potassium metadisulfite were added. It was found that 
small amounts of sulfur dioxide (25 to 50 p. p. m.) protect 
against flavor changes in freezing storage. This effect was 
most pronounced at first but decreased upon longer storage. 
The greater the concentration of sulfur dioxide the more 
complete was the preservation of the fresh orange flavor, 
although concentrations in excess of 50 p. p. m. were found 
undesirable because the sulfurous acid present was perceptible 
to the taste.

E f f e c t  o f  F l a s h  P a s t e u r i z a t i o n . Untreated and 
deaerated juices were pasteurized at various temperatures 
and cooled under various conditions. It was found that 
after prolonged storage deaeratcd or untreated juices which 
were rapidly heated to temperatures varying from 165° to 
185° F . (73.9° to 85° C.) and rapidly cooled in an ice and 
salt mixture were of fresher flavor than those which were not 
flash-pasteurized. Deaeration prior to flash-pasteurization 
or the temperature to which the juices were heated appar
ently had but little effect on the keeping quality of the 
juices. However, the rate of cooling had an important effect, 
the quicker the heated juice was cooled and the less time it 
was exposed to high temperatures, the less cooked flavor it 
had. Pasteurization deepened the yellow and reduced the 
orange color of the juice. Juice heated to 165° F. was of 
sweeter flavor than that heated to higher temperatures.

E f f e c t  o f  P r e c o o l i n g  t h e  F r u i t  P r i o r  t o  E x t r a c t i o n . 
The use of precooled fruit may increase the absorption of 
oxygen by the juice during extraction and render the removal 
of dissolved and absorbed gases more difficult; but on the 
other hand it decreases the rate of change of flavor during 
extraction and subsequent handling prior to freezing storage. 
A number of the previous tests were repeated, using Riverside 
Valencias stored at 32° F. (0° C.) for about 6 days and cooled 
to  32° to 35° F. (0° to 1.7° C.).

The fruit was burred at room temperature, but the initial 
temperature of the juice varied from 47.5° to 49° F . (8 .6 ° 
to 9.4° C.) and the temperature after deaeration varied 
from 57.5° to 59.5° F . (14.2° to l5 . 3° C.). Samples of juice 
deaerated under 15-, 25-, and 29-inch (38.1-, 63.5-, and 73.7- 
cm.) vacuums, respectively, and samples of untreated and 
deaerated juice closed at atmospheric pressure and under a 
vacuum of 20 inches (50.8 cm.), respectively, were prepared. 
After 13 months of storage all the samples were of remark
ably fresh flavor, considering the long storage period. The 
deaerated samples still retained their superiority, but the 
differences between the various members of the series were 
not very pronounced.

E f f e c t  o f  S t o r a g e  o f  F r u i t . About three dozen fruit 
stored at room temperature were removed at intervals of a 
week or less. Samples stored at 33° F. (83.8° C.) were re
moved at intervals of 2 weeks. The juice was extracted, 
frozen, and stored for subsequent examination. The juice 
expressed on progressive dates from fruit stored at 33° F. 
showed a loss in flavor during subsequent freezing storage 
of the juices; this loss increased in extent with increase in the 
storage period of the fruit. In all cases the juice extracted 
from the fresh fruit immediately on arrival—i. e., 2  days 
after picking—was fresher in flavor initially and retained its 
flavor better during storage. The flavor of frozen juice 
prepared from fruit stored for 2  weeks at room temperature 
and then stored for 79, 234, and 411 dax'S after extraction 
was about equal to that prepared from fruit stored 30 days 
at 32° F. (0° C .). Both, however, were inferior to the juice 
from the fresh fruit. As a result of this and other similar 
experiments, the authors do not recommend storage for 
longer than one week at room temperature, or about 2  weeks 
in cold storage. •
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Samples of juice were extracted from Valencia oranges 
picked at intervals of 2 weeks at Riverside from August 15 
to October 24, 1931, and from April 24 to September 24, 
1932. Samples of juice were extracted from Washington 
navel oranges picked periodically at Oroville from November 
10, 1931, to February 25, 1932, and from navels grown at 
Riverside from November 7, 1931, to April 16, 1932. No 
definite correlation between composition and keeping quality 
was found, and to conserve space the analyses, of the various 
lots of juices are not given. On November 16, 1932, when 
the samples of the first lot of Riverside Valencia series were 
removed for examination, it was found that untreated juice 
from fruit picked on August 29, 1931, was of fair to good 
orange flavor and had more orange flavor and aroma than 
the other samples; juice from fruit picked on September 12,
1931, was markedly flatter in flavor, and the juices from fruit 
picked after this date were flat, too sweet, and lacked orange 
flavor. On April 6 , 1932, no change was noted which would 
indicate that it was desirable to harvest Valencia oranges for 
freezing preservation later than September 1 under conditions 
such as existed at Riverside during the 1931 growing season. 
No bitter taste developed in this series.

Samples of the second series of Riverside Valencia oranges 
were removed for examination on October 5, 1932. Samples 
of juice from fruit picked prior to June 4, 1932, were sour, 
immature, bitter, and lacked orange flavor Those from 
fruit picked between June 4 and July 2, 1932, did not develop 
bitterness but were sour and immature in flavor. The 
samples extracted from fruit picked from July 2 to 29, 1932, 
were full flavored and of good aroma, while juice extracted 
from fruit picked between August 13 and September 24,
1932, were increasingly overmature, flat, and too sweet in 
taste. The light yellow color of juice from immature fruit 
changed to a yellowish orange color with increased maturity. 
Apparently the Valencias picked in Riverside during July 
1932, when they were at their optimum as determined by 
color, flavor, and growing conditions, were superior for 
juice to fruit picked earlier or later. Observations prior to 
and subsequent to this test have indicated that, in general, 
the fruit at its optimum stage of maturity yields a juice of the 
best flavor and keeping quality.

Juices from Washington navels picked at Oroville during 
the period from November 10, 1931, to February 25, 1932, 
were bitter. The fruit picked early in the season yielded a 
juice that was intensely bitter, sour, and rather stale in flavor, 
although the degree of bitterness decreased somewhat as the 
season advanced. There was but little difference in degree 
of bitterness of the deaerated and untreated samples.

After storage until October 4, 1932, the bitter taste was 
present in Riverside Washington navels picked during the 
period November 7, 1931, to April 5, 1932. The color 
ranged from light yellow to orange. The bitter taste de
creased with increase in maturity. The juice from oranges 
picked at the end of the season, although not bitter, was 
decidedly lacking in orange flavor and aroma. Apparently 
both the Oroville and Riverside Washington navels are not 
as suitable for juice purposes as Valencia oranges when the 
juice is extracted by burring, because early in the season the 
burred navel juice turns bitter, and late in the season it lacks 
flavor.

The bitter taste is not present in the freshly burred juice 
but develops upon standing if certain tissues of the fruit are 
present. The rate of development of the bitter taste in 
burred orange juice upon standing at room temperature 
decreases with maturity. A bitter taste can be detected 
in the juice of immature fruit within a half-hour at room

temperature, but this "incubation period” increases to 
several hours as the fruit becomes more mature. In some 
cases no bitter taste developed in navel juice brilliantly 
filtered shortly after extraction, but in other cases some 
bitter taste appeared. The bitter principle was found to 
be localized primarily in the inner peel and veins and locular 
wall tissues. This finding confirms the results obtained 
by Camp et al. (I) on this point.

Cruess (5) and McNair {11) have pointed out that “a 
bitter taste develops in the untreated juice if it is long ex
posed to air.” The writers have noticed that the bitter 
taste did not develop as rapidly in deaerated as in the un
treated navel juice. However, in a preliminary test, navel 
orange juice held under vacuum developed a bitter taste 
although at a somewhat slower rate than when exposed to 
the air. It is possible that the bitter principle may be present 
in a complex such as the glucoside-glucose complex postulated 
by Hall (5) for certain glucosides of the navel orange in which 
form it is not bitter, but that hydrolysis of this complex 
liberates the bitter principle. Tests are under way to isolate 
this bitter principle complex and to determine its mode of 
formation.

From the analyses of the juices it is difficult to determine 
the range of composition at which the flavor and keeping 
quality is best.

F r e e z i n g  S t o r a g e  o f  O r a n g e s . Since orange juice 
deteriorates less rapidly in the fruit than when extracted 
during storage at room temperature and at 32° F. (0° C.), 
it was thought that it might be possible to preserve whole 
oranges for subsequent extraction by freezing storage. A 
box of fruit was allowed to freeze in air at 0° to 10° F. ( — 17.8° 
to —12.2 ° C.) and after 2 months was removed for examina
tion. About half the oranges had burst upon freezing. Upon 
thawing, the flesh of the fruit was flabby but tough in tex
ture, the peel was markedly limp and somewhat browned 
and dried. It was easily separated from the pulp. The 
oranges were markedly stale and somewhat brackish in flavor, 
and the extracted juice was unpalatable.
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High-Temperature Carbonizing Properties 
of Coal

Splint and Bright Coal from the Elkhorn Bed in Letcher County, Ky.

A. C. F ie l d n e b , J. D . D a v is , D . A. R e y n o l d s , a n d  C. R . H olm es 

U. S. Bureau of Mines Experiment Station, Pittsburgh, Pa.

THE carbonizing proper
ties of a representative 
sample of Elkhorn coal 

from Mine 204, Elkhorn bed,
Letcher County, K y., have been 
determined at carbonizing tem
peratures, 500° C. (932° F.) to 
1100° C. (19S0° F .), over 100° 
intervals, and the results of the 
work have been, published (1).
In a later investigation (4) con
fined to the petrography of coal 
from this mine, it was found to 
contain considerable splint1 and 
it was desired to know how the 
splint content would affect its 
c a r b o n iz in g  properties— those 
manifested at high c a r b o n iz 
ing temperatures in particular.
The present report deals with  
th e  c a r b o n iz in g  properties 
at 900° C. (1652° F.) carboniz
ing temperature of to p -b e n c h  
coal which contains no splint, 
bottom-bench coal containing 
40 per cent splint, and s p l in t  
segregated from the b o tto m -
bench coal. For convenience in discussion and brevity in 
the tables these samples are designated, respectively, as top 
bench, bottom bench, and splint coal.

S a m p l i n g

The samples were collected from M ines 204, 205, 206, 207, 
and 208 at Jenkins in Letcher County, K y. Twenty large 
channel samples taken only at points actually producing

1 T he term  “sp lin t"  is synonomous w ith "d u ra in "  of the  English, and 
Maitkohle of the Germ an nom enclature. M acroscopically i t  is lusterless 
as compared w ith the rest of the  coal to which the  term  “ bright coal" is 
ordinarily applied. Under the microscope, splin t in th in  sections is dis
tinguished by  predominance of opaque bodies of undeterm ined composition 
and the prevalence of a  characteristic megaspore. Sem isplint has the  sam e 
microscopic appearance except th a t  i t  contains less opaque m atte r. M acro
scopically i t  has some luster and is not readily  distinguished from bright 
coal.

Representative samples of bright and splint 
coal and a sample containing 40 per cent of 
splint and 60 per cent of bright coal from the 
Elkhorn bed are carbonized at 900° C. (1652° F.) 
in the Bureau of Mines carbonizing apparatus, 
and the yields of carbonization products deter
mined and compared. The quality of carboni
zation products is also compared.

The yield of coke from the splint coal is 
higher than that from bright, and its quality is 
better. It is more resistant to shatter, and the 
softening temperature of the ash which it con
tains is 450° F. higher than that of the ash from 
the coke of the bright coal.

There is little difference in the yield and 
quality of gas from the bright and splint coals, 
that from the bright coal being slightly superior. 
The bright coal, however, yields appreciably 
more tar than the splint and its quality is different. 
It is more phenolic and less benzenoid in char
acter.

coal were combined to represent 
the output of the five mines. 
The samples representing the 
bottom bench were kept separate 
from those of the top bench, 
measurements of the layers of the 
bed for each sample being re
corded. The amount of splint 
coal in the bottom  bench was 
calculated from th e  a v e r a g e  
thickness of the splint and bright 
coal layers. A composite sample 
to represent pure splint w as  
taken at the points where the 
channel samples were obtained. 
Bureau of Mines petrographers 
inspected the samples on arrival 
at the station and estimated that 
the top bench was practically free 
from splint, t h a t  th e  b o tto m  
bench contained about 40 per 
cent splint, and that the splint 
sample was at least 90 per cent 
splint. The samples were coarse, 
having a large proportion of lump 
of 3-inch size. T h e  co lu m n  
sample of coal from Mine 204 

previously examined (4) contained 25 per cent semisplint in the 
top bench and 32 in the bottom. Since the sampler found no 
splint in the top bench and only 40 per cent splint in the 
bottom bench, it is evident that he did not recognize the semi
splint coal so characterized by Bureau of M ines petrographers, 
but considered it as bright coal. The samples were tested as 
segregated by the sampler because of the impracticability of 
distinguishing and separating semisplint1 by a macroscopic 
method. Both the top and bottom benches, therefore, must 
have contained semisplint. The segregated splint sample, 
because of its uniformly dull appearance and hardness, can 
be taken as practically pure splint. Several thin sections 
from lumps selected at random from the splint sample were 
made, and the structure of the coal was found to agree very 
well with that previously found for the splint coal from the 
column taken from Mine 204.

T a b l e  I. A n a l y s e s “ o f  S a m p le s  a s  C a r b o n i z e d

C oal

Top-bench b right coal, free from splint

L a b .
No.

A8917S

Bottom -bench b right coal containing 40%  splint AS9179

Splint from bottom  bench A89031

a 1, sample as received; 2, dried a t  105° C .; 3, moisture- and ash-free.

C o n d i 
^—P r o x i m a t e  A n a l y s i s —̂  
Mois- V olatile Fixed - U l ti m a t e  A n a l y s i s — C a lo r if ic

S of 
t e n i n g
T e m p .

t io n ture m atter C Ash H C N O S V a l u e  
B. t. u./lb .

o p  A s h  
° F.

5 1 1 . 8 3 6 . 4 6 0 . 1 1 .7 5 . 6 8 2 . 2 1 . 6 8 . 4 0 . 5 1 4 ,630 2 3 0 02 3 7 . 0 6 1 . 2 l .S 5 . 5 8 3 . 7 1 . 6 6 . 9 0 . 5 1 4 ,900
3 3 7 . 7 6 2 . 3 5 . 6 8 5 . 3 1 . 6 7 . 1 0 . 5 15,16 0

> 1 1 . 5 3 5 . 6 5 9 . 8 3 . 1 5 . 4 8 1 . 0 1 . 5 8 . 4 0 . 6 14 ,410 276 02 3 6 . 1 6 0 . 7 3 . 2 5 . 3 S 2 . 2 1 . 5 7 . 2 0 . 6 14,630
3 3 7 . 3 6 2 . 7 5 . 5 S 4 . 9 1 . 6 7 . 4 0 . 6 15,11 0

I 1 1 . 4 3 5 . 3 5 9 . 6 3 . 7 5 . 3 8 1 . 2 1 . 4 7 . 9 0 . 5 14 ,450 2 8 0 0
2 3 5 . 8 6 0 . 4 3 . S 5 . 2 S 2 . 3 1 . 5 6 . 7 0 . 5 1 4 ,650
3

¡- and ash-free.
3 7 . 2 6 2 . 8 5 . 4 8 5 . 5 1 . 5 7 . 1 0 . 5 15 ,220

300
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A n a l y s e s  o f  S a m p l e s

Table I gives the proximate and ultimate analyses of the 
samples as carbonized, and Table II the sieve analyses of 
the samples as prepared for carbonization.

T a b l e  II. S ie v e  A n a l y s e s  o f  S a m p l e s  a s  C a r b o n iz e d

M e sh A89178
------- S a m p l e --------

A89179 A89031
% % %

On 4 3 .0 4 .5 12.3
Through 4 on 8 28.4 39.9 48.7
Through 8 on 14 26.4 24.0 20.0
Through 14 on 35 25.1 20.3 12.8
Through 35 on 80 9 .6 6 .9 3 .8
Through 80 on 150 3 .2 2 .2 1.2
Through 150 on 200 1.2 0.7 0 .4
Through 200 3.1 1.5 0 .8

The splint coal is of no different rank from the bright coal 
as judged from its volatile matter content. In previous 
work on splint and bright coals it has been found that the 
volatile matter content of the splint may run higher or lower 
than that of the bright coal (2) from the same bed, depending 
on its spore content; that is, the richer the splint is in spores, 
the higher its volatile matter content. The splint from this 
bed is moderately rich in spores. The ash content of the 
splint coal and that from the bottom bench is practically 
twice as high as that from the bright coal, but it is much 
more refractory. The softening temperature reached 
1540° C. (2800° F.) as compared with 1260° C. (2300° F.) 
for the bright coal. The sieve analyses show the splint coal 
to be much more resistant to crushing than the bright coal, 
as would be expected.

R e s u l t s  o f  C a r b o n i z a t io n  T e s t s

Carbonization tests were made in the 13-inch (33-cm.) 
retort (41 to 45 kg. or 90 to 100 pounds capacity) in duplicate 
at 900° C. (1652° F.) carbonizing temperature, and the 
yields and quality of the carbonization products were de
termined. Tables III to X II , inclusive, give the results 
obtained.

Y i e l d s  o f  C a r b o n i z a t io n  P r o d u c t s

Table III gives the yields of carbonization products 
obtained. The bright coal gives a lower yield of coke and 
higher yields of tar and gas than either the splint or bottom- 
bench coal, although the differences in yields are not great 
except for the tar. But some of the differences are due to

differences in ash and moisture content and are not charge
able to variations in the coal substance. For example, if 
the heating value in gas per pound of coal carbonized (Table 
VII) is calculated to the ash- and moisture-free basis, one 
obtains: for splint coal 3392, for bottom bench 3334, and 
for top bench 3487 B . t. u. per pound of coal substance (4155, 
4084, and 4272 cal., respectively, per kg. of coal). Thus the 
yield of B. t. u. of gas from the bottom bench on this basis is 
4.4 per cent lower than that of the bright coal comprising 
the top bench, and the difference between the pure splint 
and the bright coal is 2.7 per cent. The yields of tar on the 
moisture- and ash-free basis are 67, 64, and 57 liters (17.7, 
17.0, and 15.0 gallons) per ton of 2000 pounds for the bright 
coal, bottom bench, and splint, respectively. Thus the 
bright coal substance yields 15 per cent more tar than the 
splint— a significant difference. Furthermore, there are 
significant differences in the quality of these tars, as will be 
shown later. On calculating the yield of tar from the pro
portions of splint and bright coal in the bottom bench, one 
obtains:

15.0 X 0.359 =  5.40 gallons
17.7 X 0.641 =  11.34 gallons

Total 16.74 gallons (63.4 liters)

This figure of 16.7 is in fair agreement with the figure 17.0 
found by carbonization.

Q u a l it y  o f  C o k e s

Table IV  gives the analyses of the cokes obtained, and 
Table V shows their physical properties. The bright coal 
or top bench is a little lower in volatile matter content than 
the other two cokes, and the softening temperature of the 
ash, as one would expect from similar determinations on the 
coal samples, is low. Otherwise there are no significant
differences in the coke analyses. However, there are con
siderable differences in their physical properties. The top- 
bench bright coal produces a light porous coke of low re
sistance to shatter and breakage as compared with that from 
the selected splint and the bottOm-bench coal containing 40 
per cent splint. Furthermore, there is a gradation in re
sistance of the cokes. The coke from the selected splint 
coal is much the strongest by this measure, the coke from 
the 40 per cent splint mixture comes next in order, and the 
coke from the bright coal is weakest. This splint coal con-

T a b l e  III. Y ie l d s  o f  C a r b o n iz a t io n  P r o d u c t s  o f  B r ig h t  a n d  S p l in t  C o a l , a s  C a r b o n iz e d  a t  900° C. (1652° F.)

C o al Coke* G asc Tar4

Splint 68.6 15.8 7 .0
Bottom -bench 68.4 15.9 7.7
Top-bench 66.9 16.3 7 .9

° 2000 pounds. 
b Dry.
e Stripped of light oil, satu rated  a t 60° 
d U. S. gallon, or 3.785 liters.

Light
oil

0 .93
1.14
0.92

J. J
Light

Ammonia Liquor Total Gas* T ar oil (NIX*),SO
Cu. ft. Gal.d Gal.d Lb.

0.15 6 .2 98.7 10,600 14.5 2 .6 21.6
0 .16 6 .8 100.1 10,300 16.2 3 .2 24.2
0.17 6.7 98.9 10,700 16.8 2 .6 22.4

F. and 30 inches of mercury.

C o a l

Splint
Bottom-bench
Top-bench

T a b l e  IV. A n a l y s e s  o f  C o k e , D r y  B a s is

- P r o x im a t e  A n a l y s is -
Volatile Fixed , --------------------------------------- U l t im a t e  A n a l y s is - C a l o r if ic S o f t e n in g
m atter carbon Ash H C N 0 S V a l u e T e m p , o f  A sh

% % B. t. u ./lb . ° F.
1.5 92.8 5 .7 0 .8 91 .1  1.4 0 .6 0 .4 13,700 2720
1.5 93.4 5.1 0 .8 91.6  1.4 0 .6 0 .5 13,820 2680
1.0 96.1 2 .9 0 .7 9 4 .0  1.5 0 .5 0 .4 14,140 2270

C o al

Splint
Bottom -bench 
Top-bench

T a b l e  V. P h y s ic a l  P r o p e r t ' e s  o f  C o k e  ( a s  R e c e i v e d )

S p e c if ic  G r a v it y  
T rue Apparent

1.84
1.85 
1.84

0.84
0.84
0.79

C e ll s

%
54.2
54.6
57.1

2-in.
sieve®

34.5
16.6 
7 .0

- S h a t t e r  T e s t , C u m u l a t iv e  
P e r  C e n t  o n :

° S tandard  sieves, actual dimensions of square openings

1.5-in.
sieve

70 .0
51.2
34 .6

1-in.
sieve

92.8
86.5
79 .0

- T u m b l e r  T e s t , C u m u l a t iv e -

0.25-in. 2-in.
P e r  C e n t  o n : 
1.5-in. 1-in. 0.25-in.

sieve sieve sieve sieve sieve

98 .6 0 .9 11.5 58.2 74 .8
98.3 0 4 .4 49.5 77 .7
98.1 0 0 .5 39.7 78.6
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tains some translucent attritus (approximately 25 per cent) 
U ) which may impart the degree of fusibility requisite for 
the production of a good coke. The bright coal- probably 
is much too fusible and therefore it produces a light porous 
coke.

T a b l e  VI. S c r e e n  A n a l y s is  o f  C o k e

 ------------------- C u m u l a t iv e  P e r  C e n t  o n :------------------- -
4-in. 3-in. 2-in. 1.5-in. 1-in.

screen0 screen spreen screen screen
0 18.2 59.5 86.4 97.0
0 15.3 53.4 82.9 94.2
1 .5 22.1 56.4 81 .0 94.3

C o a l  
Splint
Bottom -bench 
Top-bench

° S tandard  sieves, actual dimensions of square openings.

coal contains less tar acids and paraffins, and more benzenoid 
hydrocarbons, pitch, free carbon, and naphthalene and 
anthracene salts than the other tars, these constituents 
varying with the splint content of the coal. (2) On the 
basis of quantities of constituents recovered per ton of 
coal carbonized (Table X ) the splint coal contains less tar 
acids and paraffins than the other two, but the relationship 
of benzenoid hydrocarbons is reversed. The order of total 
pitch recovered is also reversed.

These points of difference are sufficient to show that there 
is an appreciable variation in quality of tar recovered from 
different types of coal from the same bed. It has also been

T a b l e  VII. P h y s ic a l  a n d  C h e m ic a l  P r o p e r t ie s  o f  G a s

G ross H eating Value0
PER HjS

PER CUBIC FOOT POUND PER 100
C oal Sp . G r. D etd. Caled. OF COAL C U . F T .

B. t. u . B. t. u. B. t. U . Grains
Splint 0.395 605 600 3210 150
Bottom -bench 0.409 616 605 3170 210
Top-bench 0.406 618 609 3300 170

* Stripped of light oil, sa tu rated  a t  60° F . and 30 inches of mercury.

COj Illum inants Oi
- C o m p o s it io n , D r y , P e r  C e n t  b y  Vo l u m e -

1.7
1. 6
1 . 6

5 .6
5 .3
5 .5

0 . 2
0 .4
0 . 2

H, CO CIU Ci Hi Ni

53.1 7 .3 30.5 1.0 0 .6
52.3 7 .2 30.2 1.9 1.1
52 .0 7 .6 29.8 2 .2 1.1

T a b l e  VIII. A n a l y s is  o f  D r y  T a r

- B o il in g  R a n g e  a t :-

C oal  

Splint
Bottom -bench 
Top-bench 

* A t 15.6°/15.6C

S p . G r .°

1.16
1.14
1.13

H e a t in g  
V a l u e  

B. t. u./lb.
16.410 
16,370
16.410

- U l t im a t e  A n a l y s is -

5 .9
6 .3
6 .4

90.2
88.6
88.0

N O
A n t h r a -  N a p h - 

F r e e  c e n e  t h a l e n e  
C a r b o n  S a l t s  S a lts

1.0
1 . 0
1 . 0

- Per cent by weight---------------------------------
2 .5  0 .4  6 .29  2 .23  4 .27
3 .7  0 .4  5 .19  1.63 1.05
4 .3  0 .3  5 .65  1.24 0.39

É4
o°
«  50 o CO Oeo

6.3  
6 .5
5 .3

C. (60V 60° F.)

J .  oo peo 
r-e o

16.6
20.3
20.3

6 .3
7 .2

co T

ÓSfr» kO

14.7
16.3
16.5

R e s id u e

56.2
50.6
50.7

T a b l e  IX. A n a l y s e s  o f  T a r  D is t il l a t e  a n d  L ig h t  O il

D is t il l a t e , P e r  C e n t  b y  V o l . 
o r  D ry  T ar

N e u t r a l  T a r  O il
Paraffins R e f in e d  L ig h t  O il  fro m  G a s

C r u d e  L ig h t  O il  
from  G as

N eutral and naph- Solvent N aph tha
C o a l Acids Bases oils Olefins Aromatics thenc8 Benzene Toluene Paraffins naph tha Olefins lene

%  by volume %  by volume % by toi. %  by wt
Splint 4 .7 1.9 30.6 12.3 83.8 3 .9  68.3 21 .4 4 .6  5 .7 10.0 0 .16
Bottom -bench 8 .8 21. 3 35.7 11.3 80.1 8 .6  57.1 21.5 10.0 11.4 14.7 0.14
Top-bench 10.2 1.9 35.6 10.7 79.4 9 .9  .5 7 .4 21.2 10.1 11.3 13.0 0 .19

T a b l e  X. T a r  a n d  T a r  C o n s t it u e n t s T a b l e  XII. T o t a l  L ig h t  O il  t o  338° F. (170° C.) and
(In gallons0 per ton) 392° F. (200° C.)

P a r a f - (In gallons per ton)
N e u  AND L ig h t T a r  t o : T o t a l  L ig h t  O il  t o :

T o t a l t r a l  O l e - A rom at-  N a p h - O il  i n  G as 338° F . 392° F. 338° F. 392° F.
C oal T ar A c id s B a s e s O il s  f in s ic s THENES P it c h ■ C oal (1) (2) (3) (1) +  (2) (1) +  (3)

Solint 14.5 0 .68 0.27 4 .44 0 .55 3.72 0.17  8 .15 Splint 2.58 0.91 1.52 3.49 4 .10
Bottom -bench 16.2 1.43 0.37 5.78  0.65 4.63 0 .5 0  8 .20 Bottom-bench 3.21 1.05 2 .15 4.26 5.36
Top-bench 16.8 1.71 0.32 5 .98  0.64 4.75 0 .59  8.52 Top-bench 2.60 0 .89  2 .07 3.49 4.67

° U. S. gallon (3.785 liters) per ton of 2000 pounds.

T a b l e  XI. L ig h t  O i l  a n d  L ig h t  O il  C o n s t it u e n t s

(In  gallons per ton)

C oa l

Splint
Bottom-bench
Top-bench

C r u d e
L ig h t

O il

2 .58
3.21
2.60

O l e f in s  B e n z e n e  T o l u e n e  
0 .26 1.58 0 .50
0.47  1.57 0 .59
0.34  1.30 0.48

P a r a f -  S o l v e n t  
f in s  N a p h t h a

0.11  0.13
0 .27 0.31
0.23  0 .25

Q u a l it y  o f  G a s e s

The bright coal from the top bench gives somewhat the 
best gas (Table V II), although as previously shown the 
variation in quality between the samples is only of the order 
of 4.4 per cent.

Q u a l it y  o f  T a r s  a n d  L i g h t  O i l s

Tables V III to X II, inclusive, give the physical and chemi
cal properties of the tars and light oils. The tar from the 
splint coal is appreciably different in quality from those of 
the top and bottom benches (Tables V III and IX ). The 
main points of difference are: (1) The tar from the splint

shown that there is an appreciable difference in the quantity 
of tar recovered. A higher proportion of tar acids is to be 
expected from the humic bright coal than from the splint, 
on the basis of the work of Holroyd and Wheeler (S), who 
have shown recently that durain (probably equivalent to 
splint coal) yields less of the phenolic oils than vitrain (equiva
lent to the anthraxylon of American bright coal), and that 
the tars from the former are the more benzenoid in character.

C o n c l u s i o n s

1. The bright coal gave a slightly lower yield of coke than 
the other two samples which contained splint coal, but the 
quality of the cokes from the splint-containing coals was 
decidedly superior as judged by results of shatter and tumbler
tests.

2 . There was little difference in the yield and quality of 
gas from bright and splint coal.

3. The top-bench, bright coal yielded more tar than the 
coals containing splint and its quality was decidedly different. 
It  was more phenolic and less benzenoid in character.
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4. These variations in carbonizing properties were not 
characterized by corresponding variations in the volatile 
matter content of the samples, as has been the case with some 
coals previously examined; the volatile matter content of 
the two types of coal and of the mixture is nearly the same.

5. The bright coal alone apparently is too fusible to 
yield coke of the best quality; the splint coal, ordinarily de
ficient in fusing properties, has in this coal sufficient trans
lucent attritus to impart the optimum fusing properties for 
the bed and hence it produces a better coke than the other two 
samples.

A c k n o w l e d g m e n t

The coal samples were collected by C. H . Forester, prepara
tion manager of the Consolidation Coal Company. The 
analyses of the coal samples shown in Table I were made by

H. M. Cooper of the Coal Analysis Section of this station. 
Analyses of the tar distillate and light oil given in Table IX  
were made by L. P. Rockenbach of this station.
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Thermal Properties of Rubber Compounds
I. Thermal Conductivity of Rubber and Rubber Compounding M aterials

C. E. B a r n e t t , The New Jersey Zinc Company, Palmerton, Pa.

A n  appara tu s is described fo r  m easuring the 
therm al conductivity  o f rubber an d  rubber com
pou n din g  m ateria ls using electric current a s  the 
source of heat.

In  the m a jo rity  o f cases the therm al conduc
tiv ities check those fo u n d  by W illiam s, using steam  
as the source o f heal. A s  reported by  W illiam s, 
no difference is fo u n d  between sm oked sheet an d  p a le  
crepe rubber, an d  the slate o f cure o f a  com pound  
has no effect on its heat conductivity.

V aria tions in  p artic le  size  w ith in  the p igm en t 
range have no bearing on the heal conductivity o f 
zinc oxide, but extrem ely coarse oxides have higher 
conductivities. Chem ical constituents, such as are

presen t in slow  curing zinc oxides, have no m eas
urable effect on therm al conductivity.

P artic le  shape has considerable effect on therm al 
conductivity . A c icu la r p igm en ts show higher con
ductiv ities when the calender gra in  is p a ra lle l to the 
direction  o f heal flow  rather than  across it.

F ast curing carbon black has the sam e heal 
conductivity  as the slow  curing variety; lam p
black an d  graph ite  show increased therm al con
ductivities.

The results o f th is work check those of W illiam s  
who showed that therm al conductivity  is a  straight- 
line fu n ctio n  o f the volume p er cent o f p igm en t a n d  
of rubber.

THE purpose of this series of papers is to present and 
analyze the experimental data on the thermal behavior 
of rubber compounds which have been obtained during 

the past few years in the writer’s laboratory. Because of the 
complex nature of the problem, it is impossible to say exactly 
what a given test measures, much less to correlate the data 
of the various experiments and to predict results in other tests 
and in performance. In general, the factors recognized in this 
laboratory as variables controlling the thermal behavior of a 
rubber compound are: (1) heat conductivity, (2) heat resist
ance, and (3) heat generation.

Heat conductivity is recognized as of great importance in 
vulcanization, in determining the running temperature of 
rubber tires, and, in general, wherever fairly large masses of 
rubber are subjected to repeated distortion. With relatively 
small test pieces, this factor does not have as great a bearing 
on the results as it does with larger masses of rubber, an im
portant consideration in interpreting laboratory results in 
terms of performance.

For the purpose of this investigation, heat resistance is con
sidered as a measure of the ability of a rubber compound to  
withstand high temperatures without undergoing reversion

or serious deformation under load. Thermal resistivity is 
frequently used to mean the reciprocal of thermal conduc
tivity or the resistance which a substance offers to the con
duction of heat.

The third factor, heat generation, is of importance in all 
kinds of tests involving thermal problems. This is probably 
the most difficult of the three factors to examine in a per
formance test because of the difficulty of eliminating such 
variables as thermal conductance and resistance. It is 
generally accepted that the area of the hysteresis loop formed 
when rubber is put through a cycle of extension and retraction 
gives an indication of heat generation. The work of Cotton 
(4 ) indicates that the area of this loop varies directly with the 
entire area under the extension curve, but this conclusion 
may apply only to one particular set of experimental conditions.

From the above discussion it follows that, so far as heat 
effects are concerned, the most satisfactory rubber compound 
would be one of high thermal conductivity and resistance and 
with low heat generation. Future papers are planned to dis
cuss h ea t. resistance and generation. The purpose of the 
present paper is to consider the first factor studied— heat 
conductivity.
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L I N E

F ig u r e  1. H e a t in g  C ir c u i t

The first practical work on the subject of the heat conduc
tivity of rubber was that of Somerville (7), and adequate 
data enabling the calculation of the thermal conductivity and 
diffusivity of compounds were determined by Williams (8). 
For the present investigation, however, more detailed in
formation was required on the effect of the variations obtain
able in zinc oxide, covering a range of particle size and chemi
cal analysis.

W illia m s  d e t e r 
m in ed  heat conduc
tiv ity  by covering a 
c lo s e d  c y lin d r ic a l  
vessel with the ma
terial to be s tu d ie d  
and  measuring th e  
water which collected 
w h en  s te a m  w as  
p a ssed  through the 
vessel, the o u ts id e  
te m p e r a tu r e  being 
controlled by immer
s io n  in  a constant- 
temperaturebath. It  

was felt that the substitution of electric current as a source of 
heat might result in an apparatus which would be more con
veniently operated than one using steam and, at the same 
time, would offer a check on published data by an independent 
method.

A p p a r a t u s  a n d  P r o c e d u r e

Figures 1 to 3 are wiring diagrams for the apparatus.
In Figure 1 the heating circuit is shown. Hi is a compensating 

heater which surrounds Hi, the calorimeter heater, to prevent 
lateral flow of heat. Ri and Rt are variable resistances control
ling the heaters. A is an ammeter for measuring the current in 
the compensating heater. B is a shunt, C a potential divider, 5  
a double-throw switch, and D a potentiometer for measurement 
of electrical energy entering the calorimeter heaters. In the 
case of alternating current, B, C, and D may be replaced by an 
a. c. wattmeter, but, since such an instrument of sufficient accu
racy was not available, it was necessary to use direct current and 
the rather complicated auxiliary circuit described above.

Figure 2 shows the calorimeter and the location of the thermo
couples. Plates 2 and 3 are heated with two circular elements in 
each plate, one inside the other. The outer element is used as a 
guard ring permitting the adjustment of the temperature so that 
there is no lateral heat flow, and only the area covered by the 
inner heater is used in the calculation of thermal conductivity. 
There are thirteen thermocouples on each of these two plates, 
one in the center and four in each of three circles radiating out
ward. The outer thermocouples (2B and 3B) are not read in 
determining heat conductivity but are used to measure the tem
perature differential between the compensating and the calorime
ter heaters. The remaining thermocouples are connected with 
the selective switch, Si, shown in Figure 3, which in turn is con
nected to a potentiometer and sensitive galvanometer provided 
for recording the average temperature of that portion of the

8  C D E D C 8

F ig u r e  2 . C a i-o r im e t e r  a n d  L o c a t io n  o f  
T h e r m o c o u p l e s

plate covered by the inner heater. It has been mentioned that 
the outer thermocouples (2B and 3B) on the hot plates are used 
in determining the temperature differential between the two 
heating elements. This is done by connecting these couples with 
those from the outer edge of the calorimeter heaters (2C and 3C)

by means of the double pole-double throw switch, Si, so that an 
opposing electromotive force is set up between 2B and 2C. Then, 
if these temperatures are not equal, a deflection will be shown on 
the sensitive galvanometer, G«, when the switch is thrown con
necting these couples. With this arrangement it is possible to 
control the temperature differential between the calorimeter and 
guard ring within 0.03° C.

The elimination of lateral heat flow is the most important 
factor in determining the accuracy of the apparatus. I t  was 
found that a groove cut almost through the hot plates be
tween the calorimeter and guard ring and packed with insu
lating material was effective in decreasing this error. Even  
before this refinement was made, if the differential was as 
much as 0.3° C., the average error would still be within 5 per 
cent.

Plates 1 and 4 are equipped with thermocouples in exactly 
the same manner as described for the hot plates 2 and 3. This 
permits the measurement of the temperature gradient through 
the rubber and from this the calculation of the conductivity 
constant.

Several experiments wrere made to determine possible 
sources of error and the extent of their elimination in the appa
ratus used. Previous workers {!) have commented on the 
effect of air films between the sample and metal plates on the 
conductivity constant. The error caused by such an air 
film would decrease as the thickness of the test specimen was 
increased, but experiments illustrated in Figure 4 show that 
with the present apparatus the thickness of the test piece 
could be varied from 0.4 to 2.0 cm. without affecting the con
ductivity constant.

In order to check the apparatus in general, as well as the 
effect of air films, an experiment was designed which would 
be entirely independent. A small spherical heater was cured 
into the center of a sphere of rubber 4 inches (10.2 cm.) in 
diameter. The location of this heater and of the two series 
of thermocouples for measurement of the temperature gra
dient is shown in Figure 5. The conductivity constant for a 
ten-volume zinc oxide compound as measured in this experi
ment checked results obtained with the flat plate tester almost 
exactly.

C a l c u l a t io n  o f  W o r k in g  F o r m u l a

The electric current has been used widely as a source of 
heat in determining the conductivity of metals and in a few 
cases for insulating materials (o, 6). In the case of good con
ductors a long rod of the material can be wrapped in an insula
tor and the factor of lateral flow of heat neglected. To apply’ 
this method to the present problem, the rod is compressed to a 
flat disk and the following conditions apply: Let two sides of 
the rubber disk of thickness 1 be kept at constant tempera
tures, Ti and Ti, T\ being larger than 7%. Heat flows through 
the sample from the higher to the lower temperature. The 
quantity of heat, H, passing through any area, A, is propor
tional to this area, to the temperature gradient, and to the 
time, i, during which the heat flow’s. Thus we obtain:
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KA 1

where K  =  a proportionality factor depending upon plate ma
terial. K  is numerically equal to the heat transferred in unit 
time through unit area of a plate of unit thickness, if unit 
difference of temperature is maintained between its two faces. 
H  is equal to the product of the number of watts, E l,  applied 
to the heating elements and the number of calories which are 
equivalent to one watt second or 0.2389. The working 
formula thus becomes:

K  = 0.2389EI X 1 
A (TI -  T,)

F ig u r e  4 . E f f e c t  o f  V a r ia t io n  o f  
T h ic k n e s s  o f  T e s t  P i e c e  o n  C o n d u c 

t iv it y  C o n s t a n t

F ig u r e  5 . L o c a t io n  o f  H e a t e r  a n d  T h e r m o c o u p l e  S e r i e s  
i n  R u B B E n  S p h e r e

R e s u l t s

Williams has shown that the conductivity of a rubber com
pound is the sum of the conductivities of its ingredients, each 
multiplied by its volume per cent in the compound. This 
means that the curve of volume per cent pigment plotted 
against heat conductivity is a straight line between the con
ductivity of rubber and the value for the pigment used. 
Figure 6 shows these curves for several zinc oxides. In Tables 
I and II the values for the conductivity of the different pig
ments were obtained by extrapolation of curves similar to 
those in Figure 6 .

Zinc oxides A, B, and D  in Table I are fast-curing oxides 
with particle sizes of 0 .10,0.40, and 0.20 micron, respectively; 
F is the same type of oxide but is above the pigment range in 
particle size. It is apparent that particle size, within the 
pigment range, has no effect on thermal conductivity but that 
very coarse oxides have high conductivities. Zinc oxide E  is 
similar to D  but is surface-treated for improved mixing prop
erties; this has no effect on its thermal conductivity. The 
remaining oxides in Table I are of the slow curing variety 
with particle sizes between 0.30 and 0.40 micron except for

the last one which 
is  c o m p o sed  al
most e n t ir e ly  of 
acicular particles. 
The results show 
that the slow cur
ing oxides have 
c o n s i d e r a b l y  
higher conductivi
ties than fast cur
ing oxides of corre
sponding particle 
size. This leaves 
chemical compo
sition and particle 
shape as the differ

ences in these two types of zinc oxide which could account for 
the differences in conductivity. It is possible experimentally 
to make a fast curing oxide slow’ and a slow curing oxide fast 
without changing particle size or shape. This has been done 
in the case of zinc oxides G and H, and no change in thermal 
conductivity has resulted. There remains particle shape as the 
chief variable affecting thermal conductivity, but the experi
ments on samples I and J show that the calender grain is a large 
factor in determining the conductivity of materials of irregu
lar particle shape. Sample J which is an acicular oxide shows 
the same conductivity as the fast curing oxides when the di
rection of heat flow is across the calender grain but has the 
second highest conductance when the direction of heat 
flow is parallel to the calender grain. Zinc oxide I, which is 
representative of the slow curing oxides available com
mercially, also shows a variation in conductance depending 
on the calender grain although the difference is not so great

as for the acicular oxide. In both cases sample I has the 
higher conductivity, the difference being small when the di
rection of heat flow is parallel to the calender grain.

T a b l e  I. T h e r m a l  C o n d u c t iv it y  o f  Z in c  O x id e s

V o l u m e V ol u me
C o n d u c 
t iv i t y  of

C o n d u c t i v it y  
C a lc d . f o r  

100%
o r % o r C om  P ig

Zi n c  O x i d e  P ig m e n t P ig m e n t p o u n d m e n t

A. F a s t  cur ing;  pa r t ic le  s ize 10 8 . 8
Calorie

0 . 0 0 0 4 3 5
Calorie
0 . 0 0 1 6 5

0 . 1 0 m 30 2 2 . 8 0 . 0 0 0 6 4 3 0 . 0 0 1 7 4
45 3 0 . 6 0 . 0 0 0 7 2 1 0 . 0 0 1 6 4
60 3 7 . 0 0 . 0 0 0 7 8 0 0 . 0 0 1 6 2
7 0 4 0 . 3 0 . 0 0 0 8 7 1 0 . 0 0 1 6 9

B .  F a s t  cur ing;  part ic le  s ize 10 8 . 8 0 . 0 0 0 4 3 0 0 . 0 0 1 6 0
0 . 4 0 m 30 2 2 . 8 0 . 0 0 0 6 3 2 0 . 0 0 1 6 8

45 3 0 . 6 0 . 0 0 0 7 3 0 0 . 0 0 1 6 6
60 3 7 . 0 0 . 0 0 0 8 1 7 0 . 0 0 1 6 7
70 4 0 . 3 0 . 0 0 0 8 6 9 0 . 0 0 1 6 9

C. S lo w  cur in g;  pa r t ic le  s ize 10 8 . 8 0 . 0 0 0 4 7 0 0 . 0 0 2 0 0
0 . 3 5 m 30 2 2 . 8 0 . 0 0 0 7 2 3 0 . 0 0 2 0 9

4 5 3 0 . 6 0 . 0 0 0 8 4 8 0 . 0 0 2 0 4
60 3 7 . 0 0 . 0 0 0 9 5 8 0 . 0 0 2 0 5
70 4 0 . 3 0 . 0 0 1 0 7 0 0 . 0 0 2 1 8

D. F a s t  cur in g;  pa r t ic le  s ize 30 2 2 . 8 0 . 0 0 0 6 2 5 0 . 0 0 1 6 7
0 . 2 0 m

E .  F a s t  curin g;  partic le  s ize 30 2 2 . 8 0 0 0 0 6 2 0 0 . 0 0 1 6 3
0 . 2 0 m; sur fa c e - tr e a ted  
w it h  f a t t y  ac id

F .  F a s t  cur in g;  e x t r e m e l y 30 2 2 . 8 0 . 0 0 0 7 4 0 0 . 0 0 2 1 6
coarse

G. S lo w  curin g;  pa r t ic le  s ize 30 2 2 . 8 0 . 0 0 0 6 8 9 0 . 0 0 1 9 3
0 . 3 5 m; orig inal

H .  S a m e  a s  G  b u t  fa s t  curin g 30 2 2 . 8 0 . 0 0 0 6 8 6 0 . 0 0 1 9 2
I. S l o w  cur ing;  par t ic le  size 30 2 2 . 8 0 . 0 0 0 7 3 3 0 . 0 0 2 1 2

0 . 3 5 m; c a le n d er  grain  
n orm al  to  d irec t io n  of  
h e a t  flow

I. S a m e  as  a b o v e  b u t  ca le nd er 30 2 2 . 8 0 . 0 0 0 8 0 2 0 . 0 0 2 4 3
grain paral lel  t o  direc- ♦
t io n  of  h e a t  flow-

J. S lo w  curin g;  ac icular; cal- 20 1 6 . 4 0 . 0 0 0 5 3 7 0 . 0 0 1 6 4
en d er  gra in  norm al  to  
d ir ec t io n  of h e a t  flow

J . S a m e  a s  a b o v e  b u t  ca le nd er 20 1 6 . 4 0 . 0 0 0 6 4 0 0 . 0 0 2 2 5
grain parallel  t o  d i r ec 
t io n  ol  h e a t  flow

T a b l e  II. T h e r m a l  C o n d u c t iv it y  o f  R u b b e r  C o m p o u n d s

T h e r m a l  C o n d u c t i v i t y  
P i g m e n t  Williams (5) N. J. Zinc Co.

Zinc oxide, fast curing 0.00166 0.00166 0.00167
Iron oxide 0.00132 0.00129 0.00134
Dixie clay 0.00058 0.00105 0.00107
Lithopone 0.00094 0.00092 0.00092
Blanc fixe 0.00078 0.00078 0.00079
Zinc sulfide 0.00108 0.00110
W hiting 0.00084 0.00083 0.00085
Talc 0.00058 0.00089 0.00090
Asbestine 0.00097 0.00098
M agnesium carbonate 0.00103 0.00057 0.00057
Antim ony sulfide 0.00021° 0.00027 b 0.00027*
Carbon black (slow curing) 0.00067 0.00068 0.00064
Carbon black (fast curing) .........  0.00067 0.00068
Lam pblack .........  0.00138 0.00142
G raphite (Acheson) .........  0.00217 0.00217
Dipnenylguanidine .........  0.00034
M ercaptobenzothiazole . . . . .  0.00045
Sulfur 0.00012 0.000296 0.000300

° 12 per cent sulfur.
* 0.9 per cent sulfur.

Table II shows the results obtained for rubber and several 
compounding ingredients. The figures given are not equiva
lent to the conductivity which the pigments would show as 
powders in air but are suitable for use in the calculation of the 
thermal conductivities of rubber compounds. Brown and 
Furnas (S) have measured the thermal conductivity of pow-
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dered ferric oxide and report values varying from 0.00092 
calorie at 125° C. to 0.00133 at 700°, while Bidwell (£) work
ing with a rod of fused iron oxide reported conductivities 
ranging from 0.00130 calorie at 160° C. to 0.00255 at 700°; 
the value obtained in the present investigation was 0.00132 
calorie.

As stated by Williams, no difference was found for smoked 
sheet, pale crepe, cured or uncured rubber. The values for 
zinc oxide, carbon black, iron oxide, lithopone, blanc fixe, 
and whiting checked closely. The conductivities obtained 
for antimony sulfide, sulfur, and talc are somewhat higher 
than the recorded values, while the values for clay and mag
nesium carbonate are alm ost exactly reversed. In this in
vestigation tliree clays of varying properties were tested, but 
all were within a few points of the value given above for Dixie 
clay. No difference was found in the conductivities of fast 
and slow curing carbon blacks, but lampblack had an in
creased conductivity while graphite was still higher.

I m p o r t a n c e  o f  T h e r m a l  C o n d u c t i v i t y  D a t a

In order to discuss the significance of the data on thermal 
conductivity and its importance in the broader problem of the 
thermal properties of rubber, it is necessary to make assump
tions regarding the heat generation of a rubber compound 
under some particular set of conditions.

For instance, the equilibrium temperature at the center of a 
sphere when heat is generated at a constant rate throughout 
the sphere may lie expressed by the equation:

T  center =  +  Tsolí
where c =  rate at which heat is generated 

r =  radius of sphere 
K  =  thermal conductivity of compound 
Ts =  outside temperature

Compounds of the type of A and B below 
have been used for a number of thermal tests in 
the writer’s laboratory:

Rubber
Slow curing zinc oxide 
F ast curing zinc oxide 
Sulfur
Carbon black 
Diphenylguanidine

K  for compound A is 0.00065, for B , 0.00058; 
if most of the zinc oxide is replaced by an equal 
volume of carbon black as in C, K  becomes 
0.000405. If the time is taken in minutes, 
these values must be multiplied by 60.

If it is assumed that heat is generated
throughout the sphere at the rate of one calorie
per minute, that the radius of the sphere is 5
cm. and the outside temperature 67° C., the 

equilibrium temperatures at the centers of the above com
pounds are 175° C. for A, 187° for B , and 235° for C. The 
figure given above for the rate of heat generation was de
rived from the time-temperature curve in a test using the 
high-zinc compound, A. If the early part of this curve is 
taken, the temperature difference between the inside and out
side of the rubber is small, and consequently the amount of 
heat conducted away is also small. Knowing the specific
gravity and specific heat of the compound, the rate of heat
generation necessary to produce the rise in temperature ob
tained may be readily’ calculated. The largest error in the 
above calculation must be that of assuming the same heat 
generation for fast and slow curing zinc oxides and for carbon 
black, but at least the temperatures obtained are compatible 
with experiments involving these factors.
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E x p l o it a t io n  o f  I t a l y ’s  O il  R e s o u r c e s  P l a n n e d . Inten
sive exploitation of Italy’s oil resources is planned for the next 
five years, according to a report from the American consulate, 
Genoa. All activities in connection with petroleum production 
and distribution, the report shows, are carried on by the Azienda 
Generale Italiana Petroli, 60 per cent of whose stock was owned 
originally bv the Italian Government.

During the three years ended June 1933, this corporation was 
granted an annual government subsidy of 6,000,000 lire to 
carry on its researches. In August the government authorized it 
to continue exploring and drilling activities for a period of five 
vears and appropriated for this purpose a total of 90 million 
lire.

According to a recent report of the A. G. I. P., development of 
Italy’s petroleum resources has thus far been encouraging. The 
company has not only perfected and consolidated its technical

organization for executing the vast and difficult task, but it has 
made detailed studies in all sections of Italy where oil-bearing 
beds would be likely to exist.

From the commencement of its explorations until June 30,1933, 
the A. G. I. P. had perforated one hundred twelve wells, of which 
fifty-nine have been abandoned. Thirty-seven wells are be
ing worked, and sixteen are either in process of being installed 
with equipment or are being sunk to further depths. During the 
fiscal year 1932-33 the output of petroleum amounted to 2722 
metric tons, compared with 2310 tons in the preceding fiscal 
period.

The A. G. I. P. plans to extend its fields of explorations, hitherto 
confined almost entirely to the foothills of Emilia, to a good part 
of the Padana Valley, the Apennine-Adriatic Coast, and to vast 
sections of south Italy and Sicily. It is calculated that a total 
of ninety borings will be made, some of very great depths.
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CONSIDERABLE atten
t io n  h a s  b een  g iv e n  
r e c e n t ly  to th e  possi

bility of utilizing gaseous hydro
carbons, such as natural gases 
and gases from o il-c r a c k in g  
plants, as sources of motor fuel of 
high antiknock value. Since the 
researches of Berthelot (2) which 
led to the first comprehensive 
theory of the mechanism of de
composition of hydrocarbons, 
m a n y  w o rk ers h a v e  demon
strated the conversion of ali
phatic hydrocarbons into liquids 
essentially aromatic in n a tu r e .
It is now seventy years since 
Berthelot began his researches on 
this subject and unproved steps 
are still to be found in all sug
gested m e c h a n ism s for  th e  
changes. Our knowledge of the 
mode of pyrolysis of even the 
gaseous hydrocarbons is still im
perfect, but certain of the normal 
ch a n g es  of these compounds, 
when su b je c te d  to  heat, are 
now reasonably clear. Furthermore, in many cases it  is 
possible to forecast with reasonable certainty the nature and 
the approximate quantities of the products obtained when 
even complicated gaseous mixtures are decomposed. In
vestigations on the laboratory scale, using pure single gases 
and synthetic mixtures, are largely responsible for these 
advances in knowledge.

From the industrial viewpoint, the production of liquid 
hydrocarbons from gaseous paraffins and olefins is of con
siderable importance owing to the vast quantities of these 
hydrocarbons available for development. In 1929 the quan
tities of paraffin hydrocarbons available, expressed in mil
lions of cubic feet, ivere stated (3) to be: methane, 2,015,000; 
ethane, 336,150; propane, 111,415; and butane, 64,980. 
The quantities of gaseous olefins available are more difficult 
to estimate because of the considerable variation in the gases 
produced in cracking operations. A figure of 275,000 million 
cubic feet m ay be taken as the volume of cracker gas pro
duced in 1930, and of this it  is estimated that the quantities 
of gaseous olefin hydrocarbons available from this source, 
expressed in millions of cubic feet are: ethylene, 16,500;
propylene, 22 ,0 0 0 ; butylenes 11,000 .

From these figures it is estimated that the potential yield 
of benzene from the paraffins and olefins (methane excluded) 
by pyrolysis is of the order of 4,750,000 tons per year. Al

ternatively, if quantitative de
hydrogenation of the paraffins 
to olefins and quantitative poly
merization of the olefins to low- 
boiling liquid hydrocarbons are 
assumed, the potential liquid 
yield is 17,750,000 tons per year. 
On the assumption of 60 per cent 
efficiency for the two processes in 
combination, the yearly produc
tion would be reduced to 10,650,- 
000  tons, but even this represents 
a q u a n t i t y  rather more than 
twice that produced by single- 
stage pyrolysis for aromatic hy
drocarbons. Here, then, are two 
alternative schemes for the uti
lization of large quantities of gas 
with gasoline as the product; of 
the two, the second method is 
the more efficient and the more 
flexible, since by varying operat
ing conditions it  is possible to 
vary the products from butylene 
to lubricating oils.

The scope of Part I is a general 
r e v i e w  o f w ork  on the labo

ratory scale on the following processes: (1) pyrolysis for the 
production of motor benzene, (2) pyrolysis for the production 
of olefins, and (3) polymerization and condensation of olefins 
to give low-boiling liquids.

The term “pyrolysis” throughout this paper is confined to 
thermal treatments above 600° C. with the rates of flow used; 
for, although pyrolysis is a term of general application to the 
paraffins, with the olefins complications arise. The above 
operations are covered by patents (I).

While processes 1 and 3 are both of direct application to 
gas containing olefins such as gas from oil-cracking plants, 
natural gas must approach process 3 via mild pyrolysis for the 
production of olefins, or, as an alternative, via process 1 . 
Figure 1 indicates the steps involved in these operations.

M e c h a n i s m  o f  D e c o m p o s i t i o n s

P a r a f f i n  H y d r o c a r b o n s . From their study of the action 
of heat on the unbranched chain paraffins from ethane to 
A-hexane the authors conclude that the degradation of these 
hydrocarbons proceeds by the reversible elimination of a 
molecule, H X , which may be either a paraffin of smaller 
molecular weight or, in the limit, hydrogen. The residue 
from this primary decomposition is an olefin. Thus with 
ethane, propane, and iV-butane the primary decompositions 
are indicated by:

Presented before the Division of Petroleum  Chemis
t r y  a t the 86th M eeting of the American Chemical* 

Society, Chicago, 111., Septem ber 10 to  16, 1933.

A review is presented of the mechanisms of 
thermal decomposition and polymerization of 
the gaseous hydrocarbons. Conversions to motor 
benzene, distilling below 200° C., of 16 to 25 
per cent with paraffins (methane excepted) and 
25 to 30 per cent with olefins are readily ob
tained by atmospheric pressure treatment at 
750° to 950° C. The gasoline fraction con
tains benzene, toluene, styrene, m- and p-xylenes, 
and indene, while the higher boiling products 
contain naphthalene, anthracene, phenanthrene, 
and chrysene. By the polymerization of olefins 
at pressures between 200 and 2000 pounds per 
square inch {14.05 to 140.5 kg. per sq. cm.) 
and temperatures 300° to 550° C. conversions 
into liquids up to 92 per cent are attained. Of 
the liquid hydrocarbons obtained, 86 per cent is in 
the gasoline range and has about five-sixths the 
blending efficiency of benzene. The gasoline 
fraction contains olefins and paraffins with 3 to 8 
carbon atoms to the molecule.

307
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Ethane:
CHsCH» =  CHS: CH» +  HH 

Propane:
CH3CH2CHs =  CH2:CHj +  CH,H 
CH,CH2CHs =  CHjCH:CII2 +  HH 

N-butane:
CH,CH2CH2CHs =  C II2:CH2 +  CHSCH2H 
CH.CHjCIIjCH, = CHjCH:CH2 +  CH2H 
CH2CH2CH2CH, =  CILCILCHiCHj +  HH

With each hydrocarbon the reactions are given in order of 
their importance. As the series is ascended, the tendency 
for hydrogen to be eliminated, leaving an olefin with the 
same number of carbon atoms as the original paraffin, 
rapidly diminishes.

NATURAL
ÇASCS.

F ig u b f . 1 . S t e p s  i n  P y r o l y s is  a n d  P o l y m e r iz a t io n  
O p e r a t io n s

CH»H • =CH, +  HH

2CH2:CH, — > CHjCH2CH:CH2 

CH2:CHCH:CH2 +  CH2:CH2 —  

/CH:CH .

CH< o h c h > CH

— CH2 :CHCH :CH2 +  II2 
/CH:CH v 

C H <  >CH2— >-
x h l c h , /

The exact mechanism of the addition of ethylene to butadiene 
is not clear, but cyclohexene has been shown to be an inter
mediate in the production of benzene. There are indications 
that a hexadiene precedes the production of cyclohexene and 
that a cyclohexadiene precedes the formation of benzene, but 
of this no satisfactory proof can be advanced as yet.

B y  analogy with the formation of diphenyl from benzene 
by condensation, it  is reasonable to suppose that butadiene 
can condense with benzene to form naphthalene, and that 
anthracene and phenanthrene can be formed from naphtha
lene in a similar manner. Styrene, a product found in 
benzene produced by pyrolysis, may similarly be formed by 
the condensation of benzene and ethylene.

O l e f i n  H y d r o c a r b o n s . With the olefins, ethylene, 
propylene, and the two unbranched chain butylenes, the 
principal primary changes, common to all, involve the forma
tion of either the two-carbon or the four-carbon (or both) 
atom members of the olefin series. These reactions may be 
represented by:

Ethylene: 2CJL =  CiHs 
Propylene: 2CjH( =  C2H( +  CtHs 
Butylene: C<Hs =  2C2II(

Butylene is not formed from ethylene by condensation to 
butadiene followed by hydrogenation; the change is a true 
polymerization. A secondary reaction which follows this 
polymerization is the elimination of hydrogen and the produc
tion of butadiene.

With propylene, an important secondary change, in the 
presence of hydrogen, is the production of methane and 
ethylene by scission of the carbon chain at the terminal 
carbon-carbon bond and subsequent hydrogenation of the  
radicals, as shown by:

CH2CH:CH2 +  HH CH2:CH2 +  CHjH

Methane requires separate consideration since the ab
sence of a carbon-carbon linkage causes its behavior to be 
different from that of the higher members of the series. 
Methane is far more stable than the other paraffins, and on 
decomposition the main reaction produces carbon and hydro
gen. A t comparatively low temperatures, however, ethylene 
is formed and the mechanism of the early decomposition may 
be expressed by:

two of the CII2 residues combining to form ethylene.
Above the range 700° to 750° C. under the conditions of 

these experiments benzene and other aromatic hydrocarbons 
are produced from each gas, methane included. Below this 
temperature range, when the primary reactions are taking 
place, each hydrocarbon follows its own course, but at the 
higher temperatures the secondary reactions are similar in all 
cases. At this stage of the syntheses, ethylene appears to be 
the starting point. The authors’ experiments show that 
ethylene readily polymerizes to butylene, that butylene by de
hydrogenation produces butadiene, that butadiene and ethyl
ene unite in equimolecular proportions to give cyclohexene, 
and that cyclohexene produces benzene. The mechanism 
appears to be as follows:

Of the two butylenes, Afl-butylene was found to be more 
stable than A “-butylene. Three changes appear to be opera
tive to approximately the same extent at 600° C. with the 
butylenes: (1) depolymerization to ethylene, followed by 
secondary hydrogenation of the ethylene to ethane, (2) 
scission of the carbon chain at the end single linking, with the 
formation of radicals which by hydrogenation give rise to 
propylene and methane, and (3) dehydrogenation of butylene 
to form butadiene.

A t higher temperatures hydroaromatic liquid hydrocarbons 
are produced from the olefins by the general method of addi
tion of butadiene and the olefin. This is followed by the 
elimination of hydrogen and the production of aromatic 
hydrocarbons.

P r o d u c t io n  o f  A r o m a t ic  H y d r o c a r b o n s  f r o m  P u r e  
P a r a f f i n s  a n d  O l e f i n s  o n  a  L a b o r a t o r y  S c a l e . Under 
suitable conditions of temperature and contact time all the 
gaseous hydrocarbons produce quantities of liquid aromatic 
hydrocarbons. Furthermore, in the approximate tempera
ture range 750° to 1100° C., the factors time and temperature 
are interdependent so that at the high temperatures it is 
possible, by adjusting the contact time, to obtain products 
similar to those at lower temperatures.

The effect of diluents on the production of aromatic hydro
carbons has been studied. Briefly, nitrogen is a true diluent 
and causes but a slow decrease in the production of aromatics 
with increasing concentration; oxygen in small quantities 
improves the yield of liquids, whereas hydrogen causes the 
formation of aromatics to fall off rapidly.

Some of the results obtained with a rate of flow of 4 liters 
per hour and a constant temperature reaction space of 52 cc. 
in a silica tube are given in Table I for the paraffins and in 
Table II for the olefins.

The pyrolysis of methane is an interesting problem. The 
conversion into benzene per pass through the reaction tube is 
low, but i t  is obvious that, if sonie economic method of hydro- 
gen-removal could be found, the total conversion into benzene 
could be increased to perhaps 50 or 60 per cent of the methane 
supplied. Apart from the liberation of hydrogen and carbon,
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any hydrocarbon formed during, the pyrolysis of methane 
would provide useful material for further pyrolysis. Carbon 
can be reduced to a minimum, and hydrogen-removal and 
utilization is the remaining problem. On the laboratory 
scale, hydrogen-removal could be accomplished by the use of 
copper oxide, but the problem is not solved commercially.

T a b l e  I. P y r o l y s is  o f  P a r a f f in  H y d r o c a r b o n s  i n  S in g l e -  
S t a g e  O p e r a t io n  f o r  P r o d u c t io n  o f  A r o m a t ic s  a t  A t m o s

p h e r ic  P r e s s u r e »
C o n v e r s io n

C o n v e r  Per Per
s io n  to C o n v e r sio n 1000 100

G a so l in e Per Per cu. ft. cu. m.
C o n v e r 

s io n
B o ilin q
b el o w

1000 
cu. ft.

100
cu. m.

gasoline
boiling

gasoline
boiling

to 170° C. total to tal below below
T e m p . L iq u id s (338° F.) oils oil 338° F. 170° C.

° C. % by wt. % Im p . gal. Liters Im p . gal. Liters
1050 8 .8 5 .0 0.44 7.1 0.25 4 .0
1850
1900

17.93 11.2 1.7 27.3 1.1 17.7
21.9 10.63 2.1 33.6 1.0 16.0

850 23.09 11.65 3.25 52.1 « 1.6 25.6
(800 20.4 12.91 4 .0 64.3 2.4 38.5
1850 24.55 11.64 4 .6 73.8 2.35 37.8

850 26.8 11.87
(800
(850

33.7 19.2
33.8 19.0

M ethane 
E thane 
Propane 
B utane 
Pentane 
Hexane

° All conversions and yields are calculated on gas inpu t and not on gas 
decomposed.

Various materials have been tested on the laboratory scale 
for use in the fabrication of tubes for large-scale pyrolysis. 
The main points when considering a material are that it (1) 
must be heat resisting, (2) should not be fragile, (3) should not 
be porous, (4) should inhibit carbon deposition, and (5) 
should encourage benzene production. Among the materials 
tested were silica, porcelain, graphite, copper, aluminum, 
iron, nickel, fireclay and a number of alloys, but not one of 
these materials proved perfectly satisfactory.

With the use of various metals and alloys is bound up the 
question of catalysis, and, in this, two separate factors are in
volved: (1) benzene formation and (2) carbon deposition.

Generally, these two factors are both unfavorable in a 
particular alloy or both favorable, but there are exceptions. 
Two of the best alloys are Fcrralloy (14 per cent aluminum, 
86 per cent iron) and H. R. 4 (26 per cent chromium, 0.3 per 
cent nickel, 1.5 por cent manganese, 0.9 per cent silicon, and 
0.15 per cent carbon); the former is better than silica in in
hibiting carbon deposition and encouraging benzene forma
tion. There are indications to show that carburization takes 
place in a number of alloy's and the catalytic properties may 
be affected.

T a b l e  II. P y r o l y s is  o f  O l e f i n  H y d r o c a r b o n s  i n  S in g l e - 
S t a g e  O p e r a t io n  f o r  P r o d u c t io n  o f  A r o m a t ic s  a t  A t m o s-  

p h e b ic  P r e s s u r e *
C o n v e r s io n

O l e f in

E thylene 
Propylene 

¿«-B utylene 

A/3-Butylene

Per
CONVER- CONVER- 1000 

SION SION CU. f t.
TO TO to ta l

T e m p . L iq u id s  G a so l in e  o ils  
% by %  by Im p .
iat.

36.1
35.6
40.6 
35.8
39.6 
37.0
39.6

wt.
17.7 
20.4 
19.0 
23.6 
22.45
25.8 
23.2

gal.
3.15
4 .7
5.32
6.25
6.85
6.4
6.S5

Per Per
ER8ION 1000 100

Per cu. ft. cu. m.
100

cu. m.
gasoline
boiling

gasoline
boiling

total below below
oils 338° F. 

Im p .
170° C.

Liters gal. Liters
50.5 1.6 25.6
75.4 2 .75 44.1
85.4 2 .5 40.1

100.2 4.1 65 .8
110.0 3.95 63.4
102.8 4.45 71.4
110.0 4 .1 65.8

° All conversions and yields a re  calculated on gas inpu t and not on gas 
decomposed.

With the exception of the liquids from methane, it is found 
that 50 to 60 per cent of the total liquid hydrocarbons pro
duced boil below 170° C., the chief constituent of this spirit 
being benzene. With methane, about 80 per cent of the 
liquid produced is benzene. When considering these figures, 
account must be taken of the small quantities of liquid treated 
and of the necessarily high handling losses. The spirit

figures are, therefore, conservative estimates. Recent work 
has demonstrated that the term "spirit up to 200° C.” 
means in practice 75 to 80 per cent of the “total liquids” 
recorded in the tables. On this basis, allowing 75 per cent, 
the figures become:

M ethane
Ethane
Propane
¿T-butane

C ru d e  G a so lin e  
up t o  200° C. 

Im p . ga l./ L iters/
1000 cu. ft. 100 cu. m. 

0 .3  4 .8
1.5 24.0
2 .4  38.5
3 .4  54.5

Ethylene
Propylene
¿«-B utylene
¿0-B utylene

C ru d e  G a so lin e  
up t o  200° C. 

Im p . ga l./ L iters/ 
1000 cu. ft. 100 cu. m. 

2 .4  38.5
3 .9  62 .5
5 .1  80.7
6.1 80.7

The experimental data are best indicated in graphical 
form (Figures 2 and 3). For one rate of flow— namely, 4 
liters of gas per hour— the yields are expressed in liters of 
l iq u id s  p er  100
cubic m e te r s  and  ¡------1------1------¡ ¡  r
Im p e r ia l g a llo n s  
per 1000 cubic feet 
a g a in s t  the tem
perature of opera
tion. This method 
of plotting has been 
adopted to present 
th e  r e s u l t s  in a 
form directly com
parable with large- 
s c a le  o p e r a t i o n .
F rom  F ig u r e s  2 
a n d  3 , a n d  th e  
corrected ta b le  of 
yields g iv e n ,  it is 
p o ss ib le  to  calcu
late the a p p r o x i 
mate benzene pro
duction from a gas 
of known constitution. Thus, a gas obtained during the re
moval of gasoline, containing:

7 0 0  7 3 0  tOO ft SO > 0 0   ,  
T E * p m *t u «IC- O t C W t i  C tK T .C R A O t

F ig u r e  2 . P r o d u c t io n  o f  L i q u id  
H y d r o c a r b o n s  f r o m  G a s e o u s  P a r a f 

f in s

M ethane
E thane
Propane

%
2.8
5.7

49.8

Butane
Pentane

%
39.6

2 .3

was expected to yield 2.7 Imperial gallons per 1000 cubic feet 
(43.3 liters per 100 cubic meters). In practice, on a semi
commercial scale, the figure realized was 2.6 Imperial gallons 
per 1000 cubic feet (41.7 liters per 100 cubic meters).

C o n d e n s a b l e  P r o d u c t s . The liquid products derived 
from pyrolysis operations may be conveniently' divided into: 
(1) fraction boiling from 0° to 200° C. and (2) fraction boiling 
above 200° C.

The nature of the liquid hydrocarbons produced by pyroly
sis has been shown to vary somewhat with operating condi
tions. In the region of optimum production of aromatic 
liquids, however, the variation is small and a representative 
example may be taken.

F r a c t io n  B o i l i n g  f r o m  0° t o  200° C. Up to 75 per cent 
by volume of this fraction was shown to be benzene itself. 
Toluene was present to the extent of 5 to 7 per cent. In the 
boiling range 135° to 150° C. the main constituent was shown 
to be styrene to the extent of 4 per cent of the gasoline frac
tion but m- and p-xylenes were also present. Indene was 
isolated and identified from the liquids boiling around 180° C. 
(For analysis made on the liquid product, see Part II, page 
319.)

F r a c t i o n  B o i l i n g  a b o v e  200° C. From this fraction 
naphthalene, anthracene, and phenanthrene were readily 
isolated and identified, and the presence of chrysene was in
dicated.
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O l e f in s

P r o d u c t i o n  o f  
G a s e o u s  O l e f i n s  
f r o m  P a r a f f i n  H y
d r o c a r b o n s . T he  
lo w er  p a ra ff in s  
present in natural gas 
provide a potential 
source of olefinic hy
drocarbons by the ap- 
p l i c a t i o n  of  mi ld  
p y r o ly s is .  On the 
assumption of quan
titative dehydrogena
tion of the paraffins 
Egloff, Schaad, and 
Lowry (4) have esti
m a t e d  the following 
production of olefins 
based on figures for 
1929 and expressed 
in millions of cubic 
feet: ethylene, 218,- 
700; propylene, 92,- 
750; and butylenes, 
59,980. This field is 
a w a i t i n g  develop
ment.

M e t h a n e  a s  a
source of olefins has not been considered here, since in 
normal pyrolysis the olefin concentration in the exit gas 
from methane is only from 1 to 4 per cent. With ethane 
the production of ethylene is a primary reaction, and it  
is possible by suitable adjustment of the time factor at 
900° C. to obtain a conversion into ethylene of 58 per cent 
(by volume) on the ethane pyrolyzed, or 67 per cent on the 
ethane decomposed by single-stage operation. Reference 
may here be made to the results of Cambron (3) which have 
shown an optimum conversion of 47.2 per cent on the ethane 
pyrolyzed or 90 per cent on the ethane decomposed.1 Fur
ther development of this treatment is required, but a con
version, in single-stage operation, of 60 per cent by volume 
of ethane should be readily achieved.

B y  the mild pyrolysis of propane and butane it is possible 
to obtain 90 to 100 per cent conversion by volume into gaseous 
olefins. The increase in volume of the treated gas over the 
untreated is between 80 and 100 per cent. One experiment 
with iV-butane at 700° C. is as follows:

In le t gas ra te , lite rs /h o u r 5 .0
O utlet gas ra te , l ite rs /h o u r 9 .9
Vol. of tube  a t  reaction tem p., cc. 52

Analysis by a Podbielniak gas analysis apparatus com
bined with separation of unsaturated and saturated com
ponents on the Bone and Wheeler gas analysis apparatus 
gave:

P e r  C e n t  b y  V o l u m e  
On exit gas On in let gas

5 .8  11.45
27.7  54.8

7 .8  15.4
11.85 23.4
2 3 .5  46 .5
18.4 36.4
4 .65  9 .2

Hydrogen 
M ethane 
E thane 
B utane *
E thylene 
Propylene 
Butylenes

The bu tane  used contained 97%  by  vol. V -bu tane, 3%  propane.

butane decomposed. On a weight basis these conversions 
are 58 and 76 per cent, respectively.

I n f l u e n c e  o f  P r e s s u r e  o n  P y r o l y s is  f o r  A r o m a t ic  
H y d r o c a r b o n s

From theoretical considerations the application of pres
sure to the pyrolysis of paraffin hydrocarbons is not sound, 
for the initial reaction must involve an increase in volume. 
This does not apply to the pyrolysis of olefins where, in the 
early stages, polymerization occurs.

The influence of pressure on the pyrolysis of the paraffins 
has only been considered experimentally in relation to ethane 
at pressures up to 150 pounds per square inch (10.5 kg. per 
sq. cm.) over the temperature range 700° to 800° C. The 
apparatus used consisted essentially of an electrically heated 
vertical reaction tube of a Hadfield, Ltd., special steel (H. R. 
4) connected at the inlet end to a single-stage compressor 
capable of operating at pressures up to 200  pounds per square 
inch (14 kg. per sq. cm.) and at the outlet to three condenser 
receivers in series. After the condensers, pressure was re
duced to atmospheric by means of a loaded ball valve which 
operated automatically at the set pressure. Gas was metered 
in and out of the apparatus, and liquid products wTere weighed 
and analyzed. The bore of the tube was 2.5 cm., and it was 
found that a length of 35 cm. was at constant temperature.

Under the conditions of experiment the maximum conver
sion into aromatic liquids was found at 750° C. and 150 
pounds per square inch pressure when aromatic hydrocarbons 
corresponding to 12.4 per cent of the ethane passed through 
the reaction tube were obtained. Of these liquids about 50 
per cent boiled below 150° C. The conversion at atmos
pheric pressure—namely, 22  per cent of the ethane pyro
lyzed— was therefore not approached under the conditions 
considered. The formation of ethylene from ethane was 
apparently inhibited by pressure, and instead more ethane 
decomposed to methane, hydrogen, and carbon. The ap-

This conversion is 92.1 per cent by volume on the N - 
butane passed through, or 120 per cent by volume on the

1 In  a more recent communication [Cambron and Bayley, Cart. J . Re
search, 9, 175 (1933)] the conversion of ethane to  olefins has been improved 
to 59 per cent on the  ethane pyrolyzed by the use of baffled tubes.

plication of moderate pressure such as 50 pounds per square 
inch (3.5 kg. per sq. cm.) is sufficient to reduce considerably 
the olefin production and the quantity of aromatic hydro
carbons.

The influence of pressure on the production of aromatic 
hydrocarbons from the olefins cannot immediately be de
duced. The influence of pressures up to 150 pounds per 
square inch on the pyrolysis of ethylene has been studied 
experimentally over the temperature range 600° to 700° C. 
The highest recorded conversion into liquid hydrocarbons in 
this range is 35 per cent. By a suitable adjustment of the 
temperature and the time factor this figure may be approached 
at several pressures. The production of 36.1 per cent of liquid 
aromatic hydrocarbons at atmospheric pressure has not been 
improved upon, but the working temperature can be reduced 
by more than 100° C. by the application of pressure, without
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loss of yield. Increasing the pressure in this temperature 
region appears to accelerate the deposition of carbon.

P olymerization o r  Olefins

It has been shown that the first stage in the reactions in
volved when ethylene is heated at atmospheric pressure is a 
polymerization to butylene. Owing to the decrease in volume 
which occurs when gaseous olefins polymerize, increase in 
pressure favors the production of polymers. The case for 
polymerization and condensation as opposed to pyrolysis for 
the production of aromatic hydrocarbons is strong and may 
be indicated as follows:

P o l y m er iz a t io n  a n d  
C o n d e n s a t io n

Tem peratures are com paratively 
low (up to 500° C.)

Pressures higher than  atmospheric 
are an  advantage, and conse
quently p lant size is reduced.

Yields of liquid hydrocarbons ap
proach theoretical (up to 92 per 
cent).

Under suitable conditions carbon 
deposition is negligible.

T ar production is negligible.
Dilution with hydrogen has no con

siderable influence on production 
under suitable conditions.

cient distance from the body of the autoclave to be quite 
cool. The thermocouple pocket in each autoclave was fitted 
in the lid. M etal-to-metal joints of the cone type were used 
throughout, and these could be made and broken usually 
about fifty times before refacing became necessary.

P y ro ly sis

(1) High tem peratures (800° to 
1100° C.) render necessary the 
use of expensive special steels.

(2) Operation a t  or near atm os
pheric pressure is advisable with 
necessity for large plant.

(3) Com parative low yields of 
liquid suitable for m otor benzene 
are obtained.

(4) Deposition of carbon appears 
inevitable.

(5)' Production of ta r  is large.
(6) D ilution with hydrogen may 

considerably reduce yields ob
tainable.

While this comparison is of direct application to olefins 
only, it is rendered applicable to natural gas hydrocarbons 
through the medium of mild pyrolysis. Under conditions 
less drastic than those necessary for aromatic production 
by 100° to 150° C., it is possible to achieve high conversions 
of paraffins into olefinic hydrocarbons with elimination of 
trouble due to carbon and tar fog formation. To a large ex
tent, also, the steel difficulties are obviated since the tem
perature range is now reduced to that common in industrial 
operations such as the methane-steam reaction. The gas 
produced by the operation of mild pyrolysis resembles gas 
obtained by the cracking of oil in the vapor phase and con
tains 40 to 50 per cent by volume of olefins, the rest being 
saturated hydrocarbons and hydrogen. Under these cir
cumstances it is essential to the application of polymerization 
that dilution with inert paraffin gases should not interfere 
considerably with the conversion into liquid polymers. In 
commercial operation it may be advisable to reduce the load 
on the plant by elimination of such gases as hydrogen and
m eth an e  a f te r  compression of the mixed gas.

The polymerization of the gaseous olefins has been studied 
in three different pieces of apparatus: (1) autoclaves, (2) a 
continuous plant supplied from cylinders of compressed gas, 
and (3) a continuous plant using a compressor, briefly de
scribed previously in the section on the influence of pressure 
on pyrolysis for aromatic hydrocarbons.

Of these the pressure limit of apparatus 1 and 2 was w000 
pounds per square inch (140.6 kg. per sq. cm.) and of 3, 200 
pounds per square inch (14 kg. per sq. cm.).

A utoclaves

Two mild steel autoclaves were used in this part of the 
work one of 500 cc. capacity and the other 750 cc. Of these, 
the latter was carefully enameled internally so that no 
steel was presented at operating temperature to the hydro
carbon gas. These autoclaves were heated in a specially de
signed gas furnace in which the heating gases were circulated 
bv a fan and it was possible to maintain a steady tempera
ture in the autoclave within * 2 ° C. over long periods of time. 
Each autoclave had a long tube of small internal diameter 
supporting the valve, pressure gage, and safety disk at a suffi

F ig u h e  5 . P o l y m e r iz a t io n  o f  O l e f in s  in  M il d  S t e e l  
A u t o c l a v e

The autoclave was filled in the cold with the olefin or gase
ous mixture under consideration, and charges were measured 
by use of a balance weighing to 0.05 gram. Where a mixture 
was being made up with a saturated gas, such as methane or 
ethane, the olefin was introduced first and notes were made of 
the weight added and the pressure when cold. It was then 
possible, by filling to a calculated pressure, to approach the  
desired composition of mixture. Finally, this composition 
was determined accurately by reweighing the autoclave.

The time-pressure curves for ethylene and propylene are 
shown in Figure 4 and the results summarized in Table III.

T a b l e  III. P r o d u c t i o n  o f  L i q u id  H y d r o c a r b o n s  f r o m  
O l e f i n s

V o l u m e  
C h a r g e  P r o p o r t io n s

%

58
42
49 .2  ) 
50 .8  1 
51.51 
48 .5  i
49 .2  \ 
5 0 .8 )

T e m p .
M a x .

P r e s s u r e

T im e  at  
W o r k in g  

T e m p .

C o n 
v e r s io n

INTO
L iq u id s

° C.
Lb./sq.

in.
K o./tq . 

cm . H ou rs

%  by wt. 
on olefin 
changed

380-388 1410 99.1 3 80 .5
400-404 1010 71 2 .5 80.0
390-400 1010 71 3 .5 87.7

380-390 1040 73.1 3 65.6

382-390 1390 97.7 3 85.3

387-392 1220 85.8 2 .5 65.1
385-390 1325 93.1 3 92

Ethylene
Propylene 

\ E thylene 
I Propylene 
[ E thylene 
\ Hydrogen 
[ Ethylene®
( M ethane 
f E thylene 
( E thane

Ethylene*»
® A possible explanation of the high yield of liquid is th a t dilution with 

m ethane tends to  repress the  production of m ethane during reaction.
* In  enameled autoclave.

W ith olefins alone, or mixed with saturated gases, the pres
sure increased as heating progressed and attained a maximum 
in the region 340° to 375° C.— that is to say, before the 
reaction temperature was reached. Subsequently, the pres
sure fell with time when the autoclave was maintained at the 
reaction temperature, rapidly at first and then more slowly 
until the pressure drop with time became negligible. The ex
periment was then'stopped and the autoclave allowed to cool.

With ethylene at 400° to 404° C. and pressures of 1200 
pounds per square inch (84.4 kg. per sq. cm.) the rate of drop 
in pressure was very rapid, of the order of 60 pounds per square 
inch (4.2 kg. per sq. cm.) per minute. In one experiment, 
under these conditions, a conversion of 73.2 per cent by weight 
into liquid products was obtained; 39 grams of ethylene 
produced 28.55 grams of liquid and 6.71 liters of residual 
gas. The residual gas contained only 15 per cent unsaturated 
hydrocarbons, and it would appear that these conditions were 
too drastic for complete conversion to polymers. The tem
perature range 380° to 392° C. was therefore used in later 
autoclave work with ethylene. In Figure 4 the differences 
between a mild steel surface and an enameled surface are
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clearly seen. The rate of reaction, as indicated by the pres
sure drop in unit time, was greater with the enameled surface, 
and the yield of liquid hydrocarbons was the highest reported 
(92 per cent by weight) and carbon deposition was negligible.

It is of interest that propylene required a temperature ap
proximately 10° C. higher than ethylene to cause polymeriza
tion to take place at a comparable rate.

F ig u r f . 6 . P o l y m e r iz a t io n  A p p a r a t u s

The next step in the development of polymerization work 
in autoclaves was a consideration of the influence of diluents, 
including therein other olefins, on the polymerization of 
ethylene.

The first mixture made up was 1 to 1 by weight of ethylene 
and propylene, followed by a preliminary investigation of 
hydrogen, methane, and ethane as diluents. The results are 
summarized in Table III, and time-pressure curves are given 
in Figure 5, from which it is obvious that none of the diluents 
reduced the conversion into liquids below 65.1 per cent by 
weight. These experiments demonstrated the possibility of 
treating gas rich in olefins, such as gas from an oil-cracking 
plant or gas from the mild pyrolysis of natural gas, without 
previous elimination of hydrogen and saturated hydrocar
bons. In practice it would be necessary to consider the eco
nomics of such a procedure by balancing the cost of any de
sired purification against the cost of the extra plant necessary 
to deal with the whole of the gas.

C o n t in u o u s  P l a n t . For many reasons an autoclave is 
not a suitable apparatus for effecting the polymerization of 
olefins; thus, the pressure is not constant and the reaction 
rate slows up with fall in pressure, while the products remain 
in the heated zone for a considerable period and suffer change 
with the deposition of carbon and the production of saturated 
gases. The next development, therefore, was a simple type 
of continuous plant "with a reactor of tubular form so that lin
ing tubes of different materials could be fitted.

A drawing of the plant is shown in Figure 6 . It consisted of 
a mild steel reaction tube 123.5 cm. long and of 2.5 cm. internal 
diameter, supported vertically and fitted at the top with an inlet 
tube and valve and at the bottom with a long axial thermocouple 
pocket, a gage, and an outlet leading through a condenser to a 
high-pressure separator of 1SS cc. capacity. The tube was elec
trically heated by a double winding applied to it over mica insu
lation, giving a distance of 25 cm. at constant temperature 
within =*=1.5° C. Metal temperatures were taken by two thermo
couples brazed into small screwed pockets. Ethylene was sup
plied to the plant from one of two special gas cylinders connected 
in parallel to a fine adjustment valve at the top of the reaction 
tube. These cylinders could be warmed in lagged electrical 
heaters.

Pressures in the tube reactor were controlled by hand adjust
ment of the valve on the cylinder and the fine adjustment valve 
at the top of the reaction tube. As the pressure dropped, more 
gas was admitted from the cylinder to maintain the operating 
pressure.

From the high-pressure separator, liquid could be withdrawn

to a cooled receiver and gas could be vented through a condenser 
to a gas meter. Normally it was possible to operate this plant 
without venting gas—that is to say, without the production of 
any considerable quantity of saturated gases. In this way gas 
was taken off at the conclusion of an experiment, measured, and 
sampled. It was usually sufficient to determine the percentage of 
olefins using the Bone and Wheeler gas analysis apparatus, but 
occasionally Podbielniak analyses, accompanied by absorption on 
the Bone and Wheeler apparatus, were carried out.

The conversion figures were readily determined by weighing 
the liquid polymers and the gas cylinders before and after an 
experiment.

M ild Steel Surface. With a surface of mild steel at 380°  
to 390° C. and 800 pounds per square inch (56.2 kg. per sq. 
cm.) pressure the polymerization of ethylene was rapid, and 
conversions up to 64 per cent on the ethylene supplied were 
recorded. Unfortunately, it was found that the carbon forma
tion under these conditions represented 6.6  per cent of the 
weight of the liquids obtained, and, even when the tempera
ture was reduced to 360° C., where polymerization was slow, 
the carbon deposition was not considerably reduced.

Other Surfaces. Various fining materials were tried, in
cluding copper, aluminum, stainless steel, and two steels of 
differing composition which proved reasonably satisfactory—  
namely, Era 131, or containing 0.3 per cent manganese, 0.5 
per cent chromium, 0.5 per cent copper, 0.7 per cent molyb
denum, 0.1 per cent carbon, and a heat-resisting steel known 
as H. R. 2, containing 22 per cent chromium, 7 per cent 
nickel, 1.5 per cent silicon, and 0.15 per cent carbon.

3T0 060 330 « 0  4D « 0  « 0  440 4M 4M 430 400 « 0  SW 5 »  520 500
TCMPUATutt -oc«E£s cw o iaua

F i g u r e  7 . I n f l u e n c e  o f  P r e s s u r e  o n  R a t e  o f  P r o 
d u c t io n  o f  L iq u id  H y d r o c a r b o n s  i n  t h e  P o l y m e r i

z a t io n  o f  E t h y l e n e
Lining tubes of copper and E ra  131 steel.

Using a fining tube of copper it was found that at a pressure 
of 800 pounds per square inch it was necessary to operate 
at 440° C.— that is to say, 50° to 60° C. higher than when 
using mild steel to obtain comparable reaction rates. The 
liquid hydrocarbons produced under these conditions gave 
Engler distillation figures of :

ig point, 0 C. 40
60° C., % 2 .5
75 12

100 27 .5
125 43 .5
150 57.5
175 71
200 79
300 95
303 96 .5

1.6
1.9

Residue, %
Loss, %

Following this preliminary test of copper as a fining, tests 
with other materials were carried out at varying tempera
tures from 370° to 530° C., and at pressures from 200 to 2000 
pounds per square inch (14 to 140.6 kg. per sq. cm.). Some 
of the results are summarized in Table TV and expressed 
graphically in Figure 7. As the pressure xvas increased, the 
temperature necessary to attain a given rate of production of 
liquid decreased.
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At pressures of 400 and GOO pounds per square inch (28.1 
and 42.2 kg. per sq. cm.) the curves obtained (Figure 7) pass 
through a maximum point, whereas at pressures above 600 
pounds per square inch, such points are not attained with 
lining tubes of copper. The explanation of this is that at 
pressures of 800 pounds per square inch (5G.2 kg. per sq. cm.) 
and higher, violent decomposition of the olefin (resembling 
the flashing of acetylene) occurred, accompanied by a copious 
deposition of soft carbon. The external evidence of this 
phenomenon was a rapid rise in temperature accompanied 
by a very rapid increase in pressure. Thus it is not ad
visable to employ copper liners in polymerization experiments 
above a pressure of 600 pounds per square inch unless the 
temperature is kept low and the attainment of the optimum  
conversion rate is not attempted. This violent decomposition 
of ethylene occurred both with an oxidized copper and a 
cleaned copper surface.

Conversion figures up to 85 per cent were obtained, but this 
was not a maximum, since it was not possible to account for 
all the ethylene passed into the apparatus. No material 
improvement in production is obtained by increasing the cop
per surface in the reaction zone by packing with Lessing rings.

A Podbielniak analysis of the residual gas after operation 
at 800 pounds per square inch and 445° to 450° C. gave:

Thus even at 1200 pounds per square inch pressure it is pos
sible to pass through the maximum conversion rate without 
interference due to violent decomposition; and, whereas at 
this pressure the temperature range with copper is limited to 
380° to 440° C., and at the higher temperature violent de
composition occurs, with Era 131 the range is 380° to 500° C., 
with maximum conversion rate at 470° C. At temperatures 
above 470° C. a surface deposit of hard carbon is formed, but 
even at 490° C. the carbon represents only about 1 per cent 
of the liquids produced.

With H .R .2 steel, temperatures over 500° C. could be used 
at 600 pounds per square inch, and, as with Era 131, no vio
lent decomposition of ethylene was observed. The liquid 
produced at 480° C. and 600 pounds per square inch gave the 
following Engler distillation test:

Initial boiling poin t, ° C.
Volume to  25° C ., %

50
75

100
125
150
175
200
225
250
275

F inal boiling point, ° C.

20
Few dropa 

9 .2
25.5
42.5
58.0
70.0
80 .0  
86.0
89.5
92.0
94.0 
278

%
Uncondensed (methane and hydrogen) 5 .1  
Ethylene 58.4
Propylene 10-0
Butylene* 16.0
Amylenes 10.0

so that only small amounts of saturated hydrocarbons were 
being produced under these conditions.

In this continuous plant, the influence of nitrogen as a dilu
ent was considered by first filling the apparatus with nitrogen 
to a pressure of 400 pounds per square inch (28.1 kg. per sq. 
cm.). Ethylene was then admitted until the operating pres
sure of 800 pounds per square inch was attained. No gas 
was allowed to escape from the system until the conclusion 
of the experiment. From a series of experiments with nitro
gen and ethylene, it was concluded that the partial pressure 
of the ethylene controlled the rate of production of poly- 
merides.

T a b l e  IV. P o l y m e r iz a t io n  o f  E t h y l e n e

R a te
o f

T e m p . R a n g e  A p p a r e n t  L iq u id
fo r  L iq u id  O ptim u m  F o r m a -

P r e s s u r e  P r o d u c t io n  T e m p . t io n » R e m a r k s

Lb./sq. in. .  _ Vol./tcX. reaction
(kg./sq. cm.) ° C. C. spacc/hr.

R E A C T O R  W IT H  C O P P E R  L IN IN G  T U B E

400 (28.1) 420-540 510 0 .27  ................
600 (42.2) 400-500 480 0.46
800 (56.2) 390-460 ■*60“ 0 .53

380-440 430-440° 0 .731200 (84.4) 

1600 (112.5)

Violent decompn.
above 460° C. 

Violent decompn. 
above 435° C.

360-415 410-415*1 0 .73  Violent decompn.
above 415° C.
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600 (42.2) 400-500 4S0 0.49

1200 (84.4) 380-500 470 0.79
“ These are not true  values owing to interference, due to deposition of soft 

carbon a t  these tem peratures before the maximum conversion is a tta ined .
6 A t apparen t optim um  tem perature.

Both the Era 131 and H. R. 2 steels showed distinct ad
vantages over copper as lining tubes.

The results of two series of experiments with Era 131 are 
given in Table IV for comparison with the results using a cop
per liner and are indicated graphically in Figure 7. At the 
lower pressures, copper and Era 131 resemble each other but, 
at pressures of 800 pounds per square inch and above, no 
violent decomposition is observed when using Era 131.

C o n t i n u o u s  P l a n t  U s in g  C o m p r e s s o r . This apparatus 
was designed for operation up to a pressure of 200 pounds 
per square inch (14 kg. per sq. cm.) for a study of the problem 
of pressure as applied to pyrolysis, and the plant has been 
briefly' described in the section of this paper dealing with that 
subject. With ethylene in the pressure region 150 to 200 
pounds per square inch (10.5 to 14 kg. per sq. cm.) this plant 
was useful in indicating that 550° to 600° C. is a transition 
region in that, above this range, the liquids produced are 
largely aromatic in constitution, whereas below this range 
polymerization occurs and the liquids are largely paraffinic 
and olefinic in nature.

T i m e  F a c t o r  i n  P o l y m e r i z a t i o n  o f  E t h y l e n e . With 
regard to the time factor in the polymerization of ethylene, a 
statement of the volume of the reaction space at constant tem
perature accompanied by the curves in Figure 7 are sufficient 
for the purpose of transferring these operations to a larger 
scale. The required volume, after making allowance for the 
thickness of the lining tube and the cover (of the same mate
rial as the liner) placed over the mild steel thermocouple 
pocket was 68.7 cc. Using a liner of H.R.2 steel at 1100 
pounds per square inch (77.3 kg. per sq. cm.) and 470° C., 
a reaction space of about 0.1 cubic foot is required for the 
treatment of 50 cubic feet (0.1 cubic meter for 50 cubic 
meters) of ethylene (measured at normal temperature and 
pressure) per hour. Expressed in a different manner, it  is 
found that, if the volume of ethylene reacting is corrected by 
the ordinary' gas laws for temperature and pressure and the 
contact time is taken as the number of minutes required for 
unit volume of ethylene (so corrected) to pass through unit 
volume of reaction zone, a figure of about 3 minutes is ob
tained. The deviations from the gas laws are considerable 
and no account is taken of volume change during reaction. 
It is thought that the former method of expression is preferable.

L i q u i d  H y d r o c a r b o n s  P r o d u c e d  b y  P o l y m e r i z a t i o n  a n d  
C o n d e n s a t i o n

The crude liquid from autoclave operation is turbid and 
dark in color; 60 to 70 per cent of it boils below 2 0 0° C., and 
88  to 93 per cent below 300° C., depending upon operating 
conditions. Engine tests of the liquid boiling below 200° C. 
indicate that the antiknock value as a fuel is about half that 
of benzene. The liquids produced in the “dilution” experi
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ments, where the diluent was not another olefin, were in
variably lighter in color than those obtained from the olefins 
alone, and the quantity of carbon was considerably reduced.

The liquid hydrocarbons from the continuous plant pos
sessed a light straw color and were quite transparent. The 
boiling range of these liquids varied with the conditions of 
temperature and pressure of their production, but the usual 
product had a specific gravity of 0.75 to 0.77 at 15° C., and 
80 to 86  per cent distilled below 200 ° C. The liquids obtained

using a cop p er  l i n in g  
tube have been fraction
ated four times through 
a short b u t e f f i c i e n t  
s p i ra l  f r a c t i o n a t i n g  
column, and the distilla
tion curve of the liquids 
boiling up to 150° C. is 
g i v e n  in F ig u r e  8 . 
“ Steps” occur a t 37° to 
39°, 64° to 6 6 °, 94° to 
98°, 100°, and 120° C. 
These steps, t o g e t h e r  
with the evidence sup
plied by gas a n a l y s i s ,  

indicate the presence of olefins or paraffins, or both, contain
ing from 3 to 8  carbon atoms to the molecule. Thus, from 
gas analyses, propylene, the butylenes, and the amylenes are 
present. Furthermore, the percentage unsaturation of the 
liquid fractions has been estimated and it has been found that 
this decreased with rise in temperature from 75 to 80 per cent 
in the region of 39° C., to 50 per cent in the 120° C. range. 
Thus the polymerides are largely olefinic, with an increasing 
proportion of paraffins as the boiling point increases. All frac
tions were stable when exposed to sunlight and gave no reac
tion with maleic anhydride. These facts are taken as evi
dence that hydrocarbons containing conjugated double bonds 
in the molecule were absent. There are indications of the 
presence of naphthenes.

F ig u r e  8 .  F r a c t io n a l  D i s t i l 
l a t i o n  o p  L i q u i d  B o il in g  u p  t o  
1 2 0 °  C . i n  t h e  P o l y m e r iz a t io n  

o p  E t h y l e n e

2 5  5 0  7 5  IOO 125  150 17 5
SOUNG PONT OF FRACTION *C.

F ig u r e  9 . R e l a t i o n s h i p  b e t w e e n  S p e c i f i c  
G r a v it y  a n d  B o il in g  P o i n t , a n d  R e f r a c t iv e  
I n d e x  a n d  B o il in g  P o i n t  a f t e r  F r a c t io n a 
t i o n  i n t o  2 °  C . C u t s  i n  t h e  P o l y m e r iz a t io n  

o f  E t h y l e n e

The specific gravities and refractive indices of the 2° C. 
cuts obtained by fractionation, plotted against boiling point, 
are shown in Figure 9.

In Figure 10 the results of several experiments on the solu
bility of ethylene in polymers are indicated graphically. 
This information was necessary to obtain some idea of the 
loss of the ethylene due to solubility in the polymers when the

F i g u r e  1 0 . S o l u b i l i t y  o f  E t h y l e n e  i n  P o l y 
m e r s

Volumes fa t normal tem perature and pressure) in one vol
ume of solvent per atm osphere of partia l pressure; B un

sen's absorption coefficient, <».

latter were withdrawn from the separator, and also to indicate 
the influence of temperature on this solubility.

A n t i k n o c k  V a l u e s

It has been stated that engine tests using 30 per cent blends 
of polymer from autoclave operation with standard stock 
indicated that the polymer gasoline, up to, 200° C., was 
about half as effective as benzene. The antiknock value of 
the polymerides is considerably increased by operation in a 
continuous plant, and in 30 per cent blends the gasoline 
fraction was five-sixths as good as benzene on a volume re
lationship. These tests were carried out on the Armstrong 
engine. The gasoline tested had Engler distillation figures as 
follows:

Sp. pr. a t  59.5° F . (15.3“ C.) 0.745
In itia l boiling point, ° C. 36
D istillate  a t  50° C ., % 1.6

76 17.5
100 37 .0
125 56.0
150 73 .5
175 88 .5
200 96 .5

Final boiling point, ° C. 212
Distillate, %  98
Residue, %  1.2
Loss, %  0 .8

W ien  considering the engine test results of the low-boiling 
polymers from ethylene, attention must be drawn to the spe
cific gravities of the liquid hydrocarbons concerned. On a 
weight basis it seems reasonable to suppose that the polymers 
form a rather better antiknock material than benzene.

D i e s e l  F u e l

It will be of interest to produce from the olefin polymers 
a fraction suitable for use as a diesel fuel. There is reason to 
suppose that the higher boiling polymerides will constitute a 
good diesel fuel. Tests are now in progress.

A c k n o w l e d g m e n t

The authors are grateful to the directors of the Anglo- 
Persian Oil Company, Ltd., for allowing publication of the 
work described in this paper. Acknowledgment must also 
be made for the assistance in the work of F . Booley, W . A. 
Hayward, and TV. L. Wood.

L i t e r a t u r e  C i t e d

(1) Anfilo-Persian Oil Co., B ritish  P a te n ts  309,455 (April 8, 1929);
327,715 (April 7, 1930); 385,981 (Jan . 9, 1933).

(2) B ertbelo t, Compt. rend., 62, 905, 947 (1866); 63, 788, 834 (1867);
Bull. soc. chim ., [2] 7, 217 (1867); A n n . chtm. phys.% 9, 471 
(1S66).

(3) C am bron, Can. J .  Research, 7, 646 (1932).
(4) Egloff, Schaad, and Low ry, J .  Phys. Chem ., 34, 1617 (1930);

35, 1S25 (1931).

R e c e iv e © Septem ber 7, 1933.



II. Semi-Industrial Production of Aromatic Hydrocarbons from N atural
Gas in Persia

March, 1934 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y  313

W. H. Ca d m a n ,  Anglo-Persian Oil Company, Ltd., London, England

The work described in Part II deals with the 
pyrolysis of natural gas at the oil fields in Persia 
on a semi-commercial scale for the production of 
liquid aromatic hydrocarbons. It was done simul
taneously with the more academic research on the 
thermal decomposition of pure hydrocarbons de
scribed in Part I. The whole of this work was 
planned primarily in connection with the utilization 
of natural gas in Persia. The yields of benzene 
under varying conditions of temperature and pres
sure were found and optimum conditions deter
mined.

The method of desulfurizing the gas is described, 
and the various furnaces and retort materials which 
were tested in the experiments are reviewed. Special 
heat-resisting alloy steel tubes in a radiant heat 
type of furnace were found to stand up best, but the 
ideal long-life metal for an industrial pyrolysis

plant has yet to be found. It is pointed out that 
the chemist in this field is ahead of the metallurgist.

Attention has to be paid to the catalytic action of 
the material on the gases, which influences both 
benzene formation and carbon deposition in the 
reaction tubes. The importance of turbulent flow is 
emphasized.

The reaction products identified were: benzene, 
toluene, xylene, styrene, indene, naphthalene, an
thracene, phenanthrene, chrysene, butadiene, and 
isoprene. The gases remaining after benzene produc
tion contained about 20 per cent of ethylene, which 
is a potential source of further liquid hydrocarbons.

Since the experiments described in this paper were 
completed our knowledge of the art of pyrolyzing 
hydrocarbon gases has advanced considerably, and 
further development work on a semi-commercial 
scale is now in progress.

F ROM the industrial viewpoint the production of liquid 
aromatic hydrocarbons from gaseous paraffins and 
olefins is of considerable importance owing to the vast 

quantities of these hydrocarbons available for development. 
In 1929 the quantities of paraffin hydrocarbons available, ex
pressed in millions of cubic feet, have been stated to be: 
methane, 2,015,000; ethane, 336,150; propane, 111,415; 
and butane, 64,980 (in millions of cubic meters: methane, 
57,059; ethane, 9516; propane 3127; and butane 1840). 
The potential production of aromatic gasoline from these 
gases, methane excepted, is 2,950,000 tons per year or 8100 
tons per day.

In Persia the natural gases are designated as follows:

(1) High-pressure gas is that part taken from the high- 
pressure separators operating under the natural pressure of the 
oil.

(2) Low-pressure gas is separated from the crude oil when 
the latter is reduced to approximately atmospheric pressure. 
This separation is made in flow tanks at 3 to 6 inches of water 
pressure.

(a) Unstripped gas is low-pressure gas which has not had its 
gasoline removed by absorption or compression.

(b) Stripped gas is low-pressure gas from which gasoline has 
been removed.

(3) Accumulator gas is obtained during the removal of gaso
line and consists mainly of propane and butane.

These gases vary in composition with operating conditions 
in the oil field and seasonal changes, but approximate analyses 
made on a Bone and Wheeler apparatus, and subsequently 
confirmed by a Podbielniak apparatus, when the work to be 
described was in progress are:

U n s t r ip p e d  S t r ip p e d  
H ig h -  L o w - L o w -

P r e s s u r e  P r e s s u r e  P r e s s u r e  A c c u m u l a t o r
G a s  G a s  G a s  G as

% % % %
H,S 4 .0  12 12 11.5
M ethane 76 29 40 2 .5
E thane  IS 24 ' 21 5 .0
Propans 1 21 18 44 O
B utane 1 10 9 35 .0
Pentane +  . .  4 Trace 2 0

The quantities of these gases available vary with the pro
duction of crude oil but are of the order of 142,000 cubic 
meters (5,000,000 cubic feet) per day of high-pressure gas;
852,000 cubic meters (30,000,000 cubic feet) per day of un
stripped low-pressure gas of which 681,600 cubic meters 
(24,000,000 cubic feet) per day appear as stripped, hydrogen 
sulfide-free, low-pressure gas, and 5,000,000 cubic feet per 
day of gas corresponding approximately to accumulator gas.

From considerations of the quantity and constitution of 
high-pressure gas the development work was carried out on 
low-pressure and accumulator gases, since these richer gases 
presented better prospects of successful commercial develop
ment.

T u b  H y d r o g e n  S u l f i d e  P r o b l e m

From the analyses given, it will be observed that natural 
gas from the Persian oil fields contains large quantities of 
hydrogen sulfide, and for the purpose of pyrolysis for the pro
duction of aromatic hydrocarbons it is essential that the 
hydrogen sulfide content should be considerably reduced. 
Two considerations for permissible hydrogen sulfide content 
are involved: (1) life of plant materials and (2 ) sulfur con
tent of benzene produced. Operating with unpurified gas 
caused excessive corrosion of the heating tubes and contamina
tion of the liquid products with carbon disulfide, thiophene, 
and traces of mercaptans. Thus, using unpurified stripped 
gas, a liquid product containing 7 to 8  per cent sulfur was 
obtained. Using undesulfurized gas, it  is interesting to  
note that a product resembling rubber was obtained from the 
cooling mains on opening these after pyrolysis. The per
missible maximum hydrogen sulfide content is probably in 
the region of one per cent.

Desulfurization may be carried out by one or more of the 
following methods:

(1) Partial oxidation by means of a ClausrChance type plant.
(2) Washing with sodium sulfide solution and reactilying the 

solution with air.
(3) Water-washing the gas under pressure.
(4) Other methods including (a) Koppers sodium carbonate 

process, (b) triethanolamine, (c) alcohol or glycerol.
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L a y o u t  a n d  M e t h o d  o f  O p e r a t i o n  o f  
P l a n t

F ig u r e  2 . P y r o l y s is  P l a n t  i n  P e r s ia

Left, recovery u n it; center, recuperative furnace; right, deaulfurization p lant with the 
Claus-Chance p lan t on the hillside.

When natural gases are subjected to high 
temperatures under controlled conditions for 
the purpose of benzene formation, complex 
thermal decomposition of the gaseous hydro
carbons takes place resulting in the production 
of gases, liquid aromatic hydrocarbons, tar, 
naphthalene, and carbon. Furthermore, it 
has been shown that the presence of a large 
quantity of hydrogen sulfide is highly destructive to metal 
furnace materials and has a deleterious effect on the product. 
For the treatment of Persian natural gases a pyrolysis plant 
therefore consists of:

Plant for removal of hydrogen sulfide.
Pyrolysis furnace and reaction chamber.
Cooler and tar eliminator.
Naphthalene scrubber.
Plant for removal of tar fog.
Benzene recovery plant.
Refining plant.

method was followed unless the pressure drop across the 
furnace indicated excessive carbon deposition, when the 
plant was shut down for cleaning. I t  was found that thermo
couple pyrometers often failed owing to radiation troubles 
and deposition of carbon on the pyrometer pockets. Optical 
pyrometers were used for reading the furnace temperatures.

F i r e  C l a y

For operation at temperatures in the region of 800° to  
1200° C. (1472-2192° F .) fire clay was one of the first ma

F ig u r e  1. F ir s t  B e n z e n e  P r o d u c t io n  P l a n t  o f  t h e  A n c l o - 
P e r s ia n  O i l  C o m p a n y  i n  P e r s ia

Condensers, in which a  rubber-like m aterial (latex) accum ulated, are shown to 
the right of the portable steam  boiler.

A detailed account of methods of desulfurization would be 
misplaced, but, to appreciate the operation of the semilarge- 
scale pyrolysis plants in Persia, it is necessary to outline 
briefly the process used for this purpose.

It was desirable to  have a sulfur recovery plant and the 
partial oxidation process depending on the reaction:

2H2S +  0 2 — >- 2S +  2II20

was developed. The plant consisted of a preheater in which 
the temperature of the gas was raised up to about 300° C. 
(572° F.); a mixing chamber where the necessary air was in
troduced; a catalyst-filled reaction chamber; 
and a glass-wool sulfur fog extractor. B y this 
operation the hydrogen sulfide content was re
duced from 12 per cent to 1.5-2 per cent by 
volume. Two serious objections could be 
raised against this method of hydrogen sulfide 
removal: (1) a second plant of the counter- 
current wash type was necessary to complete 
the desulfurization, and (2) the method loaded 
the pyrolysis plant with about 25 per cent by 
volume of nitrogen.

The other methods of hydrogen sulfide re
moval need not be discussed since they have 
been thoroughly worked out elsewhere.

In the large-scale development work in Persia (Fig
ures 1 and 2) the layout of the various plants followed 
the lines of the general statement indicated above. A 
line diagram of general application to the plants used, 
but omitting the desulfurization and refining sections, is 
given in Figure 3. After the furnace is seen a lagged 
reaction chamber; this was fitted with baffles but was 
not externally heated. This reactor was equivalent 
to a definite length of tube in the furnace, and its use 
was largely a question of equating cost of reactor to 
the cost of the equivalent quantity of what may be 
expensive special metal tubes. After the heating sec
tion the gas passed to a combined water-spray cooler 
and tar leg in which the gas temperature was reduced 
from 800-850° C. (1472-1562° F.) to about 90° C. 
(194° F.) and the bulk of the tar was removed. Thence 
the gas passed to a warm tar scrubber for naphthalene 
removal followed by a glass-wool filter for removal of 
tar fog. This method of tar fog removal was quite 
satisfactory as was the alternative form, tried out on 
the plant, of electrical precipitation. Before reaching 
the recovery plant, the gas was cooled in a series of 

film coolers. The benzene recovery plant was of the usual 
type of oil absorption followed by distillation.

The main line of research resolved itself into the testing 
of various furnace designs and materials from the viewpoints 
of satisfactory life at high temperatures, production of ben
zene, and efficiency of heat transfer. The plant was con
trolled by the specific gravity of the exit gas as determined 
at short intervals of time by use of the Edwards balance. 
With one gas feed, runs were made at decreasing exit specific 
gravities, and one gravity was held for approximately 24 
hours before passing on to more drastic conditions. This
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terials thought of for the construction of retorts and tubes 
for commercial development. A suitable fire clay will both 
withstand the temperature necessary for benzene production 
for long periods and also restrain the tendency of the hydro
carbon treated to decompose to carbon. Against any ad
vantages, however, must be set the necessity of using com
paratively thick-walled retorts to obtain the necessary 
strength. In this tubular form, therefore, heat transfer is 
decidedly bad and large furnaces are required, whereas, if 
the ■wall thickness is reduced to improve heat transfer, the 
tubes become very fragile. Pressure cannot be used with 
fire clay tubes, and there is difficulty in constructing gas-tight 
joints.

A brief account of the experimental work 
with fire clay retorts and tubes will be given 
here, since this was the material which first indi
cated the order of benzene yield to expect from a 
large-scale operation in Persia.

The furnace setting used with the fire clay 
tubes was built by British Furnaces, Ltd., and 
housed six fire clay retorts each 3 meters (10 feet) 
long [made from 1.5-meter (5-foot) lengths 
fitted with sleeves and joints cemented with fire 
clay]. Refractory tubes of different diameters 
and thicknesses were tested varying from 22.9 to 
7.3 cm. (9 to 3 inches) i. d., and having wall thick
ness varying from 7.6 to 1.9 cm. (3 to 0.75 inch).
The retorts were first arranged in parallel so that 
any one could be cut out at will. A normal tube- 
type preheater was used to deliver the gas to the 
retorts at 400° C. (752° F.) and under optimum 
conditions it was possible to pyrolyze 70.8 cubic 
meters (2500 cubic feet) of gas per hour.

Later, this arrangement was modified by the use of steel 
connecting bends so that three retorts could be operated in 
series. The preheater temperature -was raised to 650° C.
( 1202°

was no sign of corrosion, but the structure of the metal had 
definitely changed. In large-scale pyrolysis of natural gas, 
the petroleum chemist is ahead of the metallurgist and calls 
for his assistance in better heat-resisting metal.

Sir Robert Hadfield points out in his recent treatise on 
Special Steels that, while chromium is the chief agent in resist
ing oxidation in alloy steels at high temperatures, a high- 
nickel content gives greater stability to  the metal under long 
continuous service. In other words, the high-chromium heat- 
resisting steel may be liable to grain growth and embrittle
ment while the nickel-chromium types retain their original 
structure.

C.F .). Furnace temperature was about 1200 
(2192° F .). The results of this work are summarized in 
Table I.

M e t a l  T u b e s

The temperatures required for gas pyrolysis are high for 
tubes constructed of metal, and, on the large-scale develop
ment work, only certain special steels, costing 2  s. 6 d. to 
3 s. 6 d. per pound, proved satisfactory. M any metals and 
alloys have been tested in the laboratory and on the plant 
and of these an alloy steel sold by Hadfields, Ltd., as H. R. 4 
and containing 26 per cent chromium, 1.5 per cent manga
nese, 0.9 per cent silicon, 0.15 to 0.2 per cent carbon, and not 
more than 0.3 per cent nickel, wras the best. Even this steel, 
after continued use with a skin temperature of 1000° to 
1100° C. (1832° to 2012° F.) becomes brittle. After 3 
months of continuous operation under these conditions there

F ig u r e  3. D ia g r a m  o p  P y r o l y s is  P l a n t

Steels with a higher percentage of nickel than that of the 
H. R. 4 metal used in Persia are now available.

I t  is of vital importance, in order to keep conditions as 
favorable as possible, that a high degree of turbulence should 
exist in the gas flow through the tubes. Heat transfer under 
these circumstances is satisfactory, and the limiting factor 
in the coil type of tube furnace becomes the pressure drop 
across the furnace. This points to small-bore tubes 5 and 
10 cm. (2 and 4 inches) i. d., and in certain cases, cores, since 
it is found that a high surface to volume ratio is favorable 
to the formation of benzene. A method of avoiding small
bore tubes is by the use of a concentric-tube heating element. 
This consists of a nest of tubes arranged like a set of cork 
borers except that gas enters the small central tube and passes 
along the annulus between that tube and the next larger 
tube, and so on, finally coming out from the annulus formed 
by the largest and next largest tubes. This method of heat
ing has two distinct advantages: (1) It is possible to obtain 
very high over-all heat transfer rates of the order of 6800 
kg. cal. per square meter (25,000 B. t. u. per square foot) of 
external pipe exposed to the radiant furnace; (2) only the

T a b l e  I .  P y r o l y s is  o f  N a t u r a l  G a s e s  U s in g  F i r e  C la y  R e t o r t s

D e s c r ip t i o n  op  P r e h e a t
R e to rt  T e m p .

° C. (° F.) 
15.24 cm. (6 in.) i. d., 400 (752)

3.SI cm. (1.5 in.) thick;
4 re to rts in parallel

(  650 (1202)
15.24 cm. i. d., 3.81 cm. 

thick; 3 re to rts in series )
I  650 (1202)

7.62 cm. (3 in.) i. d.. 1.9 650 (1202)
cm. (0.75 in.) thick;
4 retorts in series

T y p e  o f  G as

Stripped low-pressure 
gas HiS reduced to 
1- 2 %

U nstnpped low-pres
sure gas. partly  
desulfurized 

Same as above

U nstripped low-pres
sure gas, H jS-free

S p . G r .

Y ie l d  op  
C r u d e  

B e n z e n e
OF Pe r Per  1000

F i n a l cu. m. cu.  ft .
G as in- in- Sp. G r .  a n d

Av. F u r n a c e S t e a m  (Air=* l e t  l e t  Q u a l i t y  o p
T e m p . A d d e d  1) gas gas C r u d e  B e n z e n e

° C. (° F.) % Liter Im p . gal.
1050 (1922) 5 0 .6 0.104 0 .65  0.870; (75% off

1190-1210 (2174-- 5 0 .60

be low 150® C.) 

0.176 1.1  0.829 (73% off2210) below 150° C.)

1190-1210 (2174- 
2210)

Exit tem p, from 
reaction tube» 
950 (1742)

5 0 .65  0 .128  0 .8

Nil 0 .65  0.189 1.18

0.880 (79% off 
below 150° C.) 

0 .869 (90% off 
below 175° C.)

T h r o u g h p u t  op  
G as

Cu. m. {cu. ft.)/h r . 
10.9 (385) per re to rt

33.7 (1190) per 3 re
to rts  in series

45 .9  (1620) per 3 re
torts in series 

31 .2  (1100) per 4 re
to rts  in series
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T a b l e  II. P y r o l y s is  o f  D e s u l f u b iz e d  N a t u r a l  G a s e s  U s in g  S p e c ia l  M e t a l  (II. R . 4 ) R e a c t io n  T u b e s

.------------------B e n z e n e  P r o d u c t io n  a n d  P r o p e r t ie s  —
. d is t il l a t io n

i o f  O p e r a t i o n —————— and
xylene

.... \-> O N D IT IO N 8
T H R O U G H  Y IE L D  O F B P . O R . D I8 T IL - Benzene Toluene

BP.  O R . P U T  O F C R U D E B E N Z E N E O F L IN O  U P fraction. fraction fraction
O F N j - f r e b Per Per 1000 C R U D E T O 70-90° C. 105-115° 130-145°

8 P .  O R . E X IT G A S P E R A V . E X IT  G A S T E M P . cu. cu. ft. B E N  176° C . (158- C. (221- C. (266-
O A S O F  O A S O A S H O U R T U B E  8 K IN  T E M P . F R O M  R E A C T O R m. gas gas Z E N E (317° F . ) 194° F.) 239° F.) 293° F.)

Cu. m. Cu. f t. ° C. (° F.) ° C. (° F.) Liter Gallons % % % %
Low-pressure 1.00 0.700 49 1730 980-1060 (1796-1940) S0O-900 (1472-1652) 0.153 0 .95 0.886 72.3 47 .8 6.4 4 .8

•tripped 1.00 0.650 41 1450 980-1060 (1796-1940) 800-900 (1472-1652) 0.184 1.14 0.S88 83.5 62.25 6.1 6.1
1.00 0.025 38 1350 990-1050 (1814-1922) 800-900 (1472-1652) 0.169 1.05 0.8SS 89.1 74.0 4 .0 4 .1
1.06 0.600 34 1300 1010-1055 (1850-1931) 800-900 (1472-1652) 0.155 0 .96 0.886 90.4 73.4 5 .3 5 .8
1.00 0.575 35.5 1250 1010-1055 (1850-1931) S0O-900 (1472-1652) 0.145 0 .90 0.886 90.3 75.3 4.1 5 .0

Low-pressure 1 .16 0.700 52.5 1850 980-1060 (1796-1940) 800-900 (1472-1652) 0 .195 1.21 0.866 88.5 57.6 14.7 7.1
unstripped 1.10 0.650 47 1650 980-1050 (1796-1922) 800-900 (1472-1652) 0.234 1.45 0.890 87.5 61.1 S .8 7 .5

1.16 0.625 41 1450 980-1050 (1796-1922) 800-900 (1472-1652) 0.244 1.51 0.8S8 85.1 65.2 7 .7 6 .9
1.16 0.600 38 1350 980-1050 (1796-1922) 800-900 (1472-1652) 0.236 1.46 0.889 91.7 69.1 6 .4 7.1

Accum ulator 1.55 0.700 35.5 1250 1000-1040 (1832-1904) 750-850 (1382-1562) 0.355 2 .2 0.886 82.1 55.8 7 .9 7 .4
1.55 0.650 34 1200 1000-1050 (1832-1922) 770-850 (1418-1562) 0.403 2 .5 0.S83 85.1 63.8 8.4 6 .5
1.55 0.625 33 .5 1190 1010-1050 (1850-1922) 750-850 (1382-1562) 0 .42 2 .6 0.892 87.0 70.0 5 .5 5 .6
1.55 0.610 32 .5 1150 1015-1050 (1859-1922) 750-850 (1382-1562) 0.29 1.8

larger tubes need be of special metal. This type is suitable 
for cast-metal elements but is both difficult to clean and un
suitable for operation under pressure.

The major part of the work with metal tubes has been car
ried out using a coil system constructed from straight lengths 
of tube and return bends connected by flanges. The fur
nace setting, made by British Furnaces, Ltd. (Figure 4) was 
gas-fired and of the radiant heat type. In the early work this 
setting housed six tubes 5 cm. (2 inches) in internal diameter 
and about 3 meters (10 feet) in length in scries forming both 
preheat and reaction sections; later, twelve 2-inch tubes were 
used, together with a well-lagged reactor 71 cm. (28 inches) 
in internal diameter and 96 cm. (38 inches) long. Tests were 
also carried out in this furnace using 10.2-cm. (4-inch) i. d. 
tubes.

Calorized tubes were tested and had an apparent life of 
2 to 3 weeks under operating conditions; tubes of an alloy 
steel containing 20 per cent chromium, 9 per cent nickel, and 
0.2 per cent carbon made by Hadfields, Ltd., and designated 
“C. It. 2” appeared to have a life of 4 to 6 weeks. Attention 
was later concentrated on the use of H . R. 4 steel in the hot
test zone. Using this heat-resisting 
steel, a full series of experiments was 
carried out with the various gases; the 
results are summarized in Table II.
This shows that the optimum conver
sions to crude benzene of stripped gas, 
unstripped gas, and accumulator gas 
are0.1S4, 0.244, and 0.42 liter per cubic 
meter (1.14, 1.51, and 2.6 gallons per 
1000 cubic feet), respectively. The 
figure of 0.244 compares favorably 
with 0.189 liter per cubic meter (1.18 
gallons per 1000 cubic feet) from the 
same gas using fire clay retorts.

R e c u p e r a t o r  F u r n a c e

An attempt was made to produce 
benzene in a recuperator type of fur
nace incorporating fire clay, silicon car
bide, and silicon blocks. Heating of 
the gas was by flue gases passing be
tween the blocks.

With this recuperative furnace a 
separate tubular preheater section was 
used, constructed of Green cast-iron 
elements in which the gas was heated 
to 600° C. (1112° F.) before entering 
the recuperator.

The throughput of this furnace using a fire box temperature 
of 1350° C. (2462° F ) was 10,000 cubic feet per hour of high- 
pressure gas giving an exit gas temperature of 850° C. (1562°
F-).

Trouble was encountered in the form of leakage between the 
recuperator blocks. Any positive pressure on the gas to be 
pyrolyzed caused gas to leak through and burn in the flues, 
while small negative pressures led to the dilution of pyrolyzed 
gas with considerable quantities of flue gases. Carbon depo
sition in parts of the system was sufficiently serious to choke 
the recuperator elements, and cleaning was a matter of con
siderable difficulty.

The average yield of crude benzene was 0.161 liter per 
cubic meter (1 gallon per 1000 cubic feet) of hydrogen sulfide- 
free stripped gas with a maximum of 0.197 liter per cubic 
meter (1.23 gallons).

In the type of furnace used, recuperator blocks must be 
ruled out for commercial operation on the ground of fra
gility, low heat transfer, and the difficulty of making the 
joints between the blocks gas-tight at high temperatures.

S u r f a c e  C o m b u s t i o n  a n d  S u b 
m e r g e d  F l a m e  H e a t i n g

These methods of heating gas for 
pyrolysis were tried out using several 
designs of furnace setting and heaters 
(Figure 5). Apart from the necessity 
of handling greater quantities of gas 
and the greater residual quantity of 
benzene left in the gas after stripping, 
there appears to be little objection to 
the dilution of pyrolyzed gases with 
flue gases. This leads to the possi
bility of using flue gases as a direct 
means of heating the gas to be pyro
lyzed with the elimination of the use 
of expensive-resisting metal tubes.

In every case it was found that on 
the grounds of both benzene yield per 
1000 cubic feet of gas and quality of 
benzene produced, these methods are 
considerably inferior to the metal tube 
heaters. Furthermore, in surface com
bustion, heater trouble was m et owing 
to back-firing.

O t h e r  M e t h o d s  o f  H e a t i n g

A r e g e n e r a t i v e  type of furnace 
was tried out for p y r o l y s i s  work

F ig u r e  4 . “ B r i t is h  F u r n a c e s , L t d ., 
F u r n a c e ”  U s e d  in  P e r s ia

Twelve 2-inch internal diam eter m etal tubes 
are arranged in series; the lagging box has 
been removed from the re tu rn  bends.
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on a semi-commercial scale with some success, but the tests 
were not sufficiently extensive to come to a final conclu
sion.

F ig u r e  5 . S u r f a c e  C o m b u s t io n  F u r n a c e  i n  P e r s ia

Silicon carbide blocks and tubes have been used on the 
plant, but for several reasons, including reduced yields of 
benzene and porosity under operating conditions, these ma
terials were not highly successful.

P r o d u c t s

Liquid products may be conveniently divided into two 
products: (1) boiling from 0° to 200° C. (32° to 392° F.) 
and (2) boiling 200° C. and over.

F r a c t i o n  B o i l i n g  f r o m  0° t o  200° C. The Engler dis
tillation figures for such a product are:

Sp. gr. of crude sp irit (cu tting  roughly a t 200-210° C.)
a t 60° F. (15.6° C.) 0.892

Initial boiling point, ° C. 45
D istillate to 50° C., %  Few drops

75 12
100 75
125 80
150 * 85
175 88
200 91

Total, %  93
Residue, %  4
Loss, % 3

If the crude gasoline fraction is distilled through an efficient 
column packed with Lessing rings, the results obtained may 
be set out as in Figure 6 . This method of drawing the dis
tillation curve indicates four peaks at about 80°, 110°, 140°, 
and 180° C.

The large fraction, boiling around 80° C. and representing, 
in the range 70° to 90° C., up to 75 per cent of the gasoline 
boiling below 200° C. was mainly benzene, although in the 
region 70° to 77° C. unsaturation was observed. The un
saturation may be due to the presence of a constant-boiling 
mixture. It is of interest that the presence of cyclohexene 
has been established in this fraction.

From the fraction 105° to 115° C. pure toluene was iso
lated and was shown to be the predominating constituent.

The bulk of the fraction 135° to 150° C. was shown 
to be styrene and in quantity this hydrocarbon represented 
about 4 per cent of the gasoline up to 200° C. Beside the 
styrene in this fraction, m- and p-xylenes were present.

From the fraction around 180° C. indene wras isolated and 
identified.

T ar. In the tar fraction has been included products boil
ing above 200° C. (392° F .). From this fraction naphtha
lene, anthracene, and phenanthrene were readily isolated and 
identified, and the presence of chrysene was indicated.

Attempts were made to determine the naphthalene content

of the pyrolyzed gases since this compound is troublesome in 
large-scale operation, and it has been stated that 10 grains of 
naphthalene will block a 0.5-inch pipe for a length of about 
one foot. Using picric acid solution, 0.23 pound per 1000 
cubic feet was obtained before the gas had passed through the 
tar leg.

In plant operation most of the tar was removed in the 
coolers, but the remainder was carried forward as a fog and 
was removed by glass-wool filters or by electrical deposition. 
The normal make of tar was about 4 pounds per 1000 cubic 
feet of gas.

G a s . In the pyrolysis operation, for production of 
aromatics, the volume of exit gas is normally about twice the 
volume of inlet gas, the exact change being controlled by the 
nature of the gas to be pyrolyzed. The exit gases from pure 
hydrocarbons have been extensively examined on the labora
tory scale and the exit gases on the plant resemble these 
gases in constitution.

Commercially the important constituents of the gases 
after heat treatment are the olefins, and determinations were 
made of the olefin content of these gases. The method used 
was devised by Manning, King, and Sinnatt. In outline, a 
measured volume of gas was passed through absorption ves
sels containing bromine in contact with water, the bromides

F ig u r e  6 . D i s t il l a t io n  o f  C r u d b  B e n z e n e  
F r a c t io n  u p  t o  20 0  ° C .

were purified and fractionated, the unsaturated hydrocarbons 
regenerated by use of zinc-copper couple, and finally the gas 
so obtained was analyzed by a special method on the Bone 
and Wheeler gas analysis apparatus.

With a gas equivalent to accumulator gas, the increase in 
volume due to pyrolysis was such that 1 volume of inlet gas 
gave 2.5 volumes of exit gas. When this was taken into 
account the results of the analysis were:

E xit G as I nlet  G as
(N*-Free) (HtS- and Nt-Free)

% %
Total unaatd. hydrocarbons 20.0 50.0
Ethylene 18.0 45.0
Propylene
Butylene

0 .96
0.51

2 .4
1.27

Butadiene 0 .43 1.08
U naccounted for 0 .10 0.28

Here, after benzene production, is a gas containing 20 
per cent olefins, essentially ethylene, representing a 50 per 
cent volume conversion on the ingoing gas. This exit gas is 
a potential source of further liquid hydrocarbons or alterna
tively other products such as alcohols, ketones, etc.

C a r b o n

The deposition of some carbon appears to be inevitable 
in pyrolysis operations for the production of benzene. Cer
tain materials inhibit the production of carbon and, when 
used under suitable conditions, carbon deposition in the reac
tion plant may become almost negligible. Cleaning, when
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necessary, may be accomplished by air-blowing after the 
hydrocarbon atmosphere has been replaced by an inert one.

R e f i n i n g  o f  B e n z e n e

Benzene derived from the pyrolysis of natural gas appears 
to differ from coal-tar benzene only in the relative propor
tions of its constituents, and the same general methods of 
refining are applicable in both cases. Where the product 
of pyrolysis is intended as a blending stock, the following are 
some of the methods of treatment available: inhibitors, 
sulfuric acid treatment, hydrogenation, fractionation and 
the separate treatment of the fraction, and vapor-phase re
fining.

Bound up with this question of refining is also the maximum 
permissible sulfur content of the benzene. The normal 
product using metal tubes contained 0.5 per cent sulfur, and 
this, for blending purposes, was considered satisfactory.

Pyrolysis benzene is a very suitable material for the testing 
of inhibitors, and considerable success can be expected by this 
method.

Sulfuric acid refining has proved satisfactory, in that the 
product, after treatment, is stable and of good quality, but 
this method is wasteful of what may be useful unsaturated 
material. Details need not be given as these follow the nor
mal refining lines.

Hydrogenation may be applied to the benzene as a whole, 
and this has been tried with some success, but attention was 
concentrated on the hydrogenation of such highly unsatu
rated fractions of the benzene as the styrene fraction. The 
purpose of this was to produce extremely useful antiknock 
materials like ethyl benzene and so avoid loss of unsaturated 
hydrocarbons in refining. The more saturated parts of the 
benzene might then be refined using sulfuric acid.

Vapor-phase refining methods, using such substances as 
zinc chloride, did not prove to be highly successful in the case 
of pyrolysis benzene.

I n f l u e n c e  o f  P r e s s u r e  o n  P y r o l y s i s  o f  H y d r o c a r b o n s

L a r g e -S c a l e  P y r o l y s i s  o f  N a t u r a l  G a s . On the semi- 
technical scale, tests were carried out using metal tubes in 
the furnace section at a pressure of 30 pounds per square inch 
gage. This, unfortunately, was a limiting pressure owing 
to the construction of the plant. The heating system con
sisted of 12 X 2 inch i. d. tubes in series, of which the first 
eight were ordinary 2-inch steel tubes and corresponding 
return bends, while the four hottest tubes were of II. R. 4. 
steel with return bends of the same material. A lagged 
expansion box was used.

Operation at 30 pounds per square inch was compared with 
operation at 6 pounds per square inch using stripped gas of 
specific gravity 1.00 to 1.01. The throughput was increased 
from 1800 to 2800 cubic feet per hour at the higher pressure. 
The benzene production was little changed and was of the 
order of 1.1 gallon per 1000 cubic feet of nitrogen- and 
hydrogen sulfide-free gas.

Under 30 pounds per square inch pressure the plant was 
easier to run than at the lower pressure, heat transfer was im
proved, throughput increased, and yield remained the same.
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Thermal Decomposition of the “ Goal Hydrocarbon”
H. H. L o w r y ,  Coal Research Laboratory, Carnegie Institute of Technology', Pittsburgh, Pa.

GOAL is not a hydrocarbon. Even if we leave out of 
consideration the technically very important con
stituents ash, moisture, sulfur, and nitrogen, the 

data in Table I show that, in a high-rank bituminous coal, 
there may be one to nine oxygen atoms to every hundred 
atoms comprising the coal substance. Only in the anthra
cites, which are not of commercial interest from the view
point of use in any process of recovering by-products from 
thermal decomposition, do we approach a substance having 
the composition of a hydrocarbon. An attempt will be 
made later to show that a study of the thermal decomposition 
of anthracite may lead to a clearer understanding of the 
nature of the solid residue obtained in all normal destructive 
distillations of solid organic complexes.

T a b l e  I. C h e m ic a l  C o m p o s it io n  o f  C o a l s

(In atom ic per cent®)
C oal C H O

Peat 38 ± 3 45 ± 3 16 ± 3
Lignite 47 ± 4 41 ± 4 12 ± 2
Bituminous 56 ± 8 39 ± 5 5 ± 4
A nthracite 78 ± 12 20± 12 l=kl

a Calculated on the bams % C + % H + % 0  *■ 100. For each 100 
atom s of C, H, and O, bitum inous coals norm ally contain 1 to  2 atom s of 
N and 0.3 to  3 atom s of S.

Free hydrocarbons exist in coal in only relatively in
significant amounts, if at all. That certain solvents may

extract hydrocarbons from coal at temperatures from 80° 
to 260° C.— temperatures below active gaseous decomposition 
of coal— is frequently' cited as evidence to the contrary. This 
argument appears to be insufficient. A substance dissolves 
in a solvent owing to the fact that its partial pressure in the 
solvent is less than its normal vapor pressure—in this respect 
solvent extraction is analogous to distillation. The fact that 
solvents extract materials from coal at lower temperatures 
than are effective in distillation does not necessarily signify 
their prior existence as such in the coal. For distillation a 
vapor-pressure gradient of an entirely different order of 
magnitude is necessary than for solvent extraction. In this 
connection consider, for example, sugar which may be dis
tilled only at extremely low pressures (20) but may dissolve 
readily in the appropriate solvent. Also, it is clear that 
thermal decomposition in the presence of a solvent is easier 
than in a vacuum (or at atmospheric pressure). Elementary 
electrostatics states that the attraction between two op
positely charged bodies is less the higher the dielectric con
stant of the medium in which the bodies exist. Referring 
specifically to coal, the presence of a solvent therefore loosens 
the entire solid structure in such a way that less kinetic energy 
in the form of heat is necessary to cause rupture of the bonds 
holding the solid together than in the absence of the solvent. 
This explanation accounts for the greater effectiveness of
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pyridine (dielectric c o n s ta n t  
9.4) than of benzene (dielectric 
constant 2 .1) as a solvent for 
coal at their n o rm a l b o il in g  
points, c o m p le te ly  ig n o r in g  
specific chemical reactions. Al
though coal is an organic solid 
showing macro- and microscopic 
heterogeneity, any attempt to 
distinguish between “chemical” 
bonds holding atoms together in 
a molecule and “physical” bonds 
holding atoms together between 
n e ig h b o r in g  molecules seems 
academic and of no real value.
It appears reasonable, therefore, 
to consider solvent extraction as 
a means for studying the mildest 
type of thermal decomposition.

C o n s t it u t i o n  a n d  F o r m a t io n  
o f  C o a l

If coal is neither a hydrocarbon nor contains free hydro
carbons, how can the presence of a large proportion of 
aromatic hydrocarbons in coal tars be explained? A con
sideration of the chemical constitution and the mode of 
formation of coal offers an explanation. Since Hawley and 
Harris (6 ) have shown that the aromatic compound, lignin, 
may be prepared from the aliphatic compound, cellulose, 
we need not concern ourselves with which of the two is the 
mother substance of coal. Furthermore, Schrauth (17) 
has shown that the products obtained by Willstatter and 
Kalb (21) from the reduction of lignin, cellulose, and sugars

A  B

F i g u r e  1

A . Hydrocarbon skeleton found by Schrauth {17) in 
the products obtained by W illstatter and Kalb {21) by 
the reduction of lignin, cellulose, and sugars.

B. Derivative of A  suggested by Schrauth as the 
paren t substance of coal.

may all be regarded as derivatives of the aromatic nucleus 
shown in Figure LA. Schrauth postulates the formation of 
coal as a result of condensation and polymerization of com
pounds containing this same nucleus, as shown in Figure IB. 
In this case, coal may be regarded as having as an essential 
element of structure the six-carbon ring characteristic of 
aromatic hydrocarbons and their derivatives. This con
clusion is supported by two other independent modes of 
reasoning.

In peat, the earliest recognized form of coal, alkali-soluble 
acids, called “humic” acids, have long been known to exist. 
During coalification these acids condense and lose their 
solubility in alkali but may be regenerated by mild oxidation 
(cf. citation 6). Humic acids may therefore be regarded 
as an important step in the formation of coal. Fuchs (4 ) has 
concluded that humic acids are condensation products of a 
compound having the aromatic structure shown in Figure 2 .

The free peripheral bonds may 
hold hydrogen atoms, hydroxyl, 
methoxy, or carboxyl groups 
which provide the means for con
densation.

The essential aromatic nature 
of the coal substance is further 
indicated by the work of Bone, 
Horton, and Ward (3) who ob
ta in e d  as high as 49 per cent 
yields of benzene c a r b o x y lic  
acids by o x id a t io n  of coals of 
various ranks by alkaline per
manganate at 100° C.

Evidence has been presented 
to show that coals from the peat 
stage through the higher ranks 
are a r o m a t ic  in  s tr u c tu r e .  
Keeping this in mind and con
sidering that the agencies effec- 
t iv e  in  c o a l i f ic a t io n  are 
co m m o n ly  reg a rd ed  to  be 
heat and p r e ssu r e , the data 

presented in Figure 3 may help to make clear the changes 
undergone in the metamorphosis of coal and in its thermal 
decomposition. On Figure 3, showing carbon, hydrogen, 
and oxygen as its three coordinates (ef. citation lo ) , there 
is plotted a coal band which includes a large majority 
of published analyses of coals. Furthermore, there are 
two lines: One, starting at the composition of water and 
ending at 100 per cent carbon, passes through a point 
representing the composition of cellulose (CaHio05)n, and 
may be characterized as the “carbohydrate line” or a “line 
of dehydration;” the other, starting at the composition of 
carbon dioxide, and only for purposes of illustration passing 
through CeHwOs, may similarly be characterized as a “line 
of decarboxylation” (loss of carbon dioxide). The coals all 
lie between these lines, and it may be concluded that the 
first effect of heat and pressure on the vegetable matter, 
from which the coals are formed, is the elimination of carbon 
dioxide and water, primarily the latter. Only when we reach 
the higher rank coals does another agency appear; we may 
infer that to form these higher rank coals more heat and pres
sure are required than for the lower rank coals, and that 
sufficient methane is lost during 
the later changes in rank to 
cause the observed change in 
curvature of th e  coal b a n d .
The loss in methane may be 
attributed directly to the higher 
temperatures involved. Figure 
3 indicates the modification in 
these conclusions necessitated 
if one postulates the loss of car
bon monoxide, ethane, or other 
hydrocarbons. It is of interest 
to note that, if decarboxylation 
of cellulose could be accom
plished with relatively little de
hydration, the result would be a hydrocarbon, possibly similar 
to petroleum. Treatment of cellulose in water (which would 
retard dehydration) containing high concentrations of alkali, 
favoring decarboxylation, has actually been shown by Berl (2) 
to yield an “artificial petroleum;” in weaker alkali (less de
carboxylation) the produ ct resembled coal. Both facts would 
be expected from consideration of Figure 3.

Throughout the greater part of the slow process of coalifi
cation, the progressive change in composition yields coals 
approaching more nearly to  hydrocarbons, as is also shown by

Evidence is presen ted lo show that coals fro m  
the p ea t stage through the higher ranks contain  
as an  essential p a r t o f their structure six-m em - 
bered carbon rings sim ila r  to those present in 
arom atic com pounds an d  graphite. Coal is 
not a  hydrocarbon an d  contains little, if  an y, free  
hydrocarbon. C onsideration o f the nature of 
the products obtained fro m  coal w ith  increasing  
severity o f thermal treatm ent suggests that the 
arom alics fo u n d  in  coal tar result p r im a r ily  from  
dehydrogenation an d  decarboxylation o f  de
polym erized  nuclei presen t in  the orig inal coal. 
F in a lly  data are presen ted which su pport the 
idea that “free"  carbon in  p itch , coke, an d  char
coal m a y  be regarded a s highly po lym erized  
arom atic hydrocarbons which gradually an d  
regularly approach graphite as the tem perature 
at which they are fo rm ed  increases.

F i g u r e  2 .  P o i .y n u c i .h a h  
A r o m a t i c  S k e l e t o n  o f  a  
U n i t  o f  S t r u c t u r e  o f  
H u m ic  A c id  a s  S u g g e s t e d  

b y  F u c h s  ( 4 )

The indicated free bonda con
tain hydrogen, hydroxyl, meth- 
oxyl, and carboxyl groups.
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O la Ä n e s  B e u l
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1 .2 .4 - T r im e th y l -  

benzene
X e s i ty le n e
1 . 5 . 5 -T r  l a  e th y 1 -  

benzene

T h e r m a l  D e c o m p o s i t i o n  o f  C o a l

D ata are, however, available in the literature that throw 
much interesting light on this question. Pictet (IS) has 
made a very comprehensive study of the benzene extract 
obtained from coal at 80° C. and a vacuum tar obtained at 
450° C. and 15 to 20 mm. pressure. The coal used in the 
solvent extraction was a high-volatile bituminous coal from 
the Saar, while that used in the distillation study was a coal 
of similar rank, Montrambert. 5200 kg. of coal, on extrac
tion for 4.5 days in two portions, yielded a total of 13.30 
kg. of extract. Vacuum distillation of 1500 kg. of coal pro
vided 60 kg. of tar. Both the tar and the extract were sub
jected to detailed separation and many individual chemical 
compounds were identified. In Table II is given a partial 
list of hydrocarbons isolated together with compounds of 
the same series identified by Mabery (11) in crude petro
leums. In many cases the structure of the hydrocarbons 
was identified, and the hydrocarbons containing more than

L in e  o f  Z e r o  C a r b o n

F i g u r e  3 .  D ia g r a m m a t ic  R e p r e s e n t a t i o n  o p  C o m p o u n d s  
o f  C a r b o n , H y d r o g e n , a n d  O x y g e n , I n c l u d i n g  t h e  “ C o a l  

B a n d ”

the data in Table I. I t  is to be expected that, in the more 
rapid processes represented by laboratory pyrolyses, the 
simple picture graphically shown in Figure 3 is not applicable. 
In addition to the changes taking place in coalification, under 
usual conditions of carbonization a more deep-seated break
down of the condensed and polymerized aromatic coal sub
stance occurs, and, since the distillate is free to escape and 
condense, coal tar results. The complexity of the units 
resulting from the pyrolysis depends entirely on the severity 
of the thermal treatment. Benzene and its homologs are 
to  be found only in high-tempcrature tar and do not represent 
the initial products of thermal decomposition of coal. Sol
vent extraction, vacuum distillation, and low-temperature 
carbonization represent increasing ̂ severity of thermal treat
ment of coal and yield progressively simpler products, all, 
however, more complex than the “secondary” products in 
high-temperature tar. N o one has yet treated a single coal 
by all these methods and compared the products quantita
tively. This is one of the objectives of the Coal Research 
Laboratory and should yield information on the actual mecha
nism of thermal decomposition of coal.

L o w -tem p era tu re  T ar

H apht
M e th y lc y c lo -  

h  exacte 
1 , 5 - , 1 ,4 - D i » e th y l -  

cy c lo h ex an e  
1 , 2 , 4 - T r in e th y 1 -  

cy c lo b e x a n e

Complex

1 ,5 ,5 - ^
l , i , s -  
1 , 2 , 4-  :
1 . 5 . 4 - }
1 .4 .5 - )

Xyl e n d s

F i g u r e  4 .  C o n s t i t u e n t s  o f  L o w - T e m p e r a t u r e  T a r  (IS)

F ig u r e  5 .  T o t a l  C u b i c  C e n t i m e t e r s  o f  H y 
d r o g e n  E v o l v e d  p e r  G r a m  o f  A n t h r a c i t e  C o a l , 
u p  t o  a n d  I n c l u d i n g  t h e  T e m p e r a t u r e  I n d i 

c a t e d

The figures in parentheses represent the number of hours 
the sample was m aintained a t  each tem perature.

eleven atoms of carbon did not all belong to the same series. 
In addition to the hydrocarbons both the vacuum tar and 
benzene extract contained small amounts of alcohols and 
bases, several of which were isolated and identified. No 
aromatic hydrocarbons were found by Pictet although the 
hydrocarbons did contain six-membered rings. This is to 
be contrasted with the occurrence of naphthalene reported 
by several investigators in petroleum (19). I t seems reason

able to assume that the aromatic hydrocar
bons in coal tar have been formed by dehv- 
drogenation of hydrocarbons similar to those 
listed in Table II as well as by further pyroly
sis of the coal substance itself at higher tem
peratures. Sufficient evidence is not avail
able to state definitely that aromatic hydro
carbons may not be formed by “primary” 
thermal decomposition of coal.

A comparison of the data reported by Pictet 
on the composition of vacuum tar obtained 
at a temperature not exceeding 450° C. with 
similar data on low-temperature tar indicates 
that aromatic hydrocarbons appear first be
tween 450° and 600° C. The most thorough 
published work on identification of the chemi
cal compounds in low-temperature tar has 
been presented by Morgan and collaborators 
working in cooperation with the Fuel Research 
Board in Great Britain. His results are con
veniently summarized in part in Figure 4 
(12). These data indicate clearly that tem-

“I.B e s in o ld s
N e u tra l
A c id ic
B a s ic
P h e n o lic

a ro m a tic  
h y d ro ca rb o n s

N a p h th a le n e
1 -M eth y ln ap h - 

th a le n e
2 -M eth y ln ap h - 

th a le n e
A n th rac e n e
2 -X e th y la n th r a -  

cene
2 .6 - ,2 ,7 -D in e th y l-  

a n th ra c e n e
2 . 5 . 6 - T r ln e th y l -  

a n th ra c e n e
2 ,5 ,e, 7-Tetraxethy1- 

anthracene
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peratures of 1000° C., characteristic of usualm ethods of coal 
carbonization, are not essential to the formation of the 
aromatic compounds found in high-temperature tar. It is 
true that high-temperaturo tar does contain a larger propor-

F ig u iv e  6 .  P e r c e n t a g e  H y d r o g e n  b y  W e i g h t  i n  t h e  S o l id  
R e s i d u e  o f  a n  A n t h r a c it e  C o a l  H e a t e d  t o  D i f f e r e n t  

T e m p e r a t u r e s  a s  a F u n c t i o n  o f  T im e

Circles represent observed points; curves are calculated from the equation 
given in Tablo I I I ,  footnote a.

tion of the simpler nromntics of the benzene series than does 
low-temperature tar, but this would be expected from cracking 
of the more complex aromatics.

T a b l e  I I .  H y d r o c a r b o n s  I s o l a t e d  f r o m  V a c u u m  T a i i  
a n d  B e n z e n e  E x t r a c t  o f  C o a l  (13) a n d  f r o m  

P e t r o l e u m  (11)
U n s a t u -
RATBD*
C lIIiO *
C.Hiifc*
C 9Unb.c
CioHn&,c
CiiHu*.«

S a t u r a t e d
U n s a t u -

RATBDa
Cl,H,*« 
CitHi*« 
CuHu&*e
C»Hufr

S a t u r a t e d

Cu'liiW

U n s a t u -
rated°
CuH„fc
Cull»«
C pH n

S a t u r a t e d

c .H Ü m *
C.Hu(?)6-«í 
CioH»t>c»á 
CiiHn*

° M arkovnikov and Ogloblin [Her., 16, 1873 (1883)1 have found in Rua- 
sian petroleum, members of the serias C nH tn-i, CnHin-io, and CnHta-ts-

b Benzene extract.
* Vacuum tar.
<* Petroleum.
• Galician petroleum (P ictet).

So much work has been reported on the composition of 
high-temperature tar that it does not appear necessary to 
present here any list of hydrocarbons that have been isolated. 
It has been the purpose of the paper thus 
far to present evidence regarding the source 
of the aromatic hydrocarbons found in coal 
tar although coal itself is not a hydrocarbon 
and contains little, if any, free hydrocarbon.
According to the point of view presented, this 
source is to be found in the chemical structure 
of the coal itself in which several investiga
tions have clearly shown the existence of poly- 
nuclear aromatic structures.

Such data as have been cited on the com
position of benzene extract, vacuum tar, and 
low-temperature tar are necessarily limited in 
their application to coals of ranks lower than 
anthracite. According to the figures presented 
in Table I, anthracite of all the coals approaches 
most nearly to a hydrocarbon in composition.
In the progressive metamorphism of coal, with 
the elimination of water, carbon dioxide, and 
methane, it seems unreasonable to expect that 
the aromatic structure characteristic of coals 
of lower rank would disappear during the transi
tion to anthracite, which therefore may be re
g a rd ed  as a highly condensed multinuclear 
aromatic hydrocarbon. This point of view 
is su p p o r te d  by x-ray evidence (<S), which

(E)

has proved the existence in anthracite of carbon atoms 
arranged in six-membered rings as in both benzene and 
in graphite.

T h e r m a l  D e c o m p o s i t i o n  o f  A n t h r a c it e

A study of the thermal decomposition of anthracite yields 
information on the nature of the more condensed hydrocar
bons, among which we may include the “free’' carbon 
in pitch, coke, and charcoal (cf. citation I) . When an
thracite is pyrolyzed, it behaves similarly to other complex 
molecules which contain the remarkably stable six-carbon 
ring structure, losing hydrogen and the simpler hydrocarbons 
(predominately methane) and leading to chemical con
densation through carbon-to-carbon linkage. In this way 
larger and larger molecules are formed (cf. citation 7), richer 
in carbon and poorer in hydrogen until the end stage, 
graphite, is reached. For each anthracite coal there appears 
to be a critical temperature (To) which must be exceeded 
before evolution of hydrogen begins. Above this tempera
ture the elimination of hydrogen progresses slowly and regu
larly as shown in Figure 5 (10). The composition of the 
residue is a function of both the maximum temperature to 
which the sample is heated and the time at this temperature, 
the former being more important as is evident from Figure 6 . 
(The percentage figures shown are on a weight basis; to 
change to an atomic basis it is necessary to multiply the 
percentage hydrogen by 10-11.) With different coals, the 
results of analyses (for method of analysis, see original paper, 
10), for carbon and hydrogen can be equally well expressed 
by suitable modifications of the values of the constants in the 
equation shown on Figure 6 . Similar data are given for 
fourteen coals in Figure 7 (10), each point representing the 
average of multiplicate analyses of samples heated to the in
dicated temperature =*=5° C. for 30 minutes in an atmosphere 
of hydrogen. For purposes of comparison, there are plotted 
also in Figure 7 two points, V, for wood charcoal (IS), a 
point, R, for activated coconut charcoal (16), and a point, P, 
for sugar charcoal (1J)).

It is of particular interest that the activated charcoal falls 
within the band of the coal residues, since “active” carbons 
have been frequently regarded to be a special form of carbon. 
The process of activation consists essentially in heating the 
carbonaceous residue from thermal decomposition of anthra-
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cite, nutshells, wood, or sugar in an atmosphere of steam or 
carbon dioxide. The data in Table III (10) show that the 
carbon to hydrogen ratio is essentially independent of the 
atmosphere in which the samples are heated. This has else
where (9) been interpreted as support of a hypothesis that 
for each given carbon to hydrogen ratio there is a specific 
adsorptive capacity characteristic of a definite degree of un
saturation of the solid and that the activation process is 
primarily one of increasing the surface by chemical action. 
As the residues are heated to progressively higher tempera
tures, they approach more and more closely to graphite in 
properties, the crystal size as indicated by x-ray studies in
creases (8), and the last traces of hydrogen are not eliminated 
until the carbon atoms have sufficient mobility to  take the 
most stable configuration of graphite. In accordance with 
this point of view, "amorphous” carbons are complex hydro
carbons of aromatic structure and represent a definite stage 
in the thermal decomposition of any organic complex which 
leaves a solid residue on pyrolysis.

T a b l e  III. H y d r o g e n  C o n t e n t  o f  S a m p l e s  o f  A n t h r a 
c it e  C o a l  T r e a t e d  a t  D i f f e r e n t  T e m p e r a t u r e s  

i n  H y d r o g e n , A i r , a n d  C a r b o n  D i o x id e  (10)
T e m p . II» Air CO» C at-cd.“

0 C.
900 0 .76  (4)& 0 .67 (9) 0 .67  (6) 0 .78

1000 0 .49  (4) 0 .48  (5) 0 .47  (3) 0.49
1050 0.33  (1) 0 .36  (3) 0 .36  (3) 0.37
1100 0.29  (2) 0 .28  (3) 0 .28  (6) 0 .28
1150 0.22  (7) 0 .22  (1) 0 .22  (8) 0.21
1200 0 .20  (2) 0 .18  (3) 0 .17  (15) 0 .15
1250 0.13  (1) 0 .13  (2) 0 .14  (1) 0.11
1300 0 .1 0  (2) 0 .09  (1) 0 .09  (2) 0.08

a These samples were calculated using the  following equation:
II -  2.10 X 10“° 00000317 (r-«o)i.87 

assuming -■ constant *» 1.105, which is combined with the  constant, 
o, giving the value 5.27 X 10“*.

o The figures in parentheses are the num ber of samples prepared a t the 
conditions indicated. The hydrogen content given is an average of this 
number.

S u m m a r y

Coal is not a hydrocarbon and contains little, if any, 
“free” hydrocarbon. It contains, however, as an essential 
part of its chemical composition, the six-membered carbon 
ring structure characteristic of aromatic hydrocarbons. 
This nuclear structure becomes more and more condensed 
as coal passes through its various ranks, peat, lignite, bi
tuminous coal, and anthracite. The condensation of aro
matic nuclei appears to be the main reaction in the solid 
residue during pyrolysis of coal and other complex organic 
substances and docs not end until graphite is formed.

The chemical nature of the condensed products obtained in 
the thermal decomposition of coal depends primarily on the 
severity of the thermal treatment. It is suggested that sol
vent extraction may be regarded as the mildest type of 
pyrolysis with vacuum distillation, low-temperature car
bonization and high-temperature carbonization representing 
successively severer conditions. The similarity in chemical

composition of a' benzene extract and a vacuum tar obtained 
by Pictet was pointed out. Neither the extract nor the 
vacuum tar contained simple aromatic hydrocarbons, though 
both contained saturated and unsaturated hydrocarbons 
having six-carbon ring structures and both contained hydro
carbons identical with those isolated from crude petroleums 
by Mabery and others. The simple aromatics appear 
first in low-temperature tar, and it is therefore suggested 
that they are first formed between 450° and 600° C., prob
ably not as “primary” products but by dehydrogenation of 
compounds such as were isolated from the benzene extract 
and the vacuum tar. B y further pyrolysis of the more 
complex hydrocarbons, represented by the “primary” 
products of coal distillation, high-temperature tar contains a 
still higher concentration of the simpler aromatics.
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R ic u y e d  Septem ber 7, 1933.

G a s o l in e  f r o m  C o a l  t o  B e  P r o d u c e d  b y  S t a t e -O w n e d  
P l a n t  in  S a x o n y . A plant to produce gasoline from coal will 
be constructed and operated by the State Government of Saxony 
if present plans materialize, according to a report from the 
Consul at Dresden, submitted to, and made public by the Com
merce Department.

The manufacture of gasoline, the report shows, is to be based 
on the resources of the State-owned mine in Bohlen. The new 
enterprise is to be in line with a national motorization scheme 
developed by the present German regime. Its close coordination 
with the national scheme is supported by the fact that the central 
government has offered to furnish 5,000,000 reichsmarks, the 
initial capital required for plant construction.

It is proposed to convert approximately 600 tons of lignite 
into gasoline daily by a special process, it is stated. The annual

output of gasoline from the plant is forecast at between 5000 and 
20,000 metric tons. At present, Germany depends largely upon 
imported gasoline. It is anticipated that total consumption in 
1933 will amount to 1,360,000 metric tons, of which 830,000 tons 
valued at 200 million reichsmarks will have to be imported. A 
marked increase in gasoline consumption is predicted for 1934 
as a result of recent developments in highway construction, re
duction of taxes, and other government measures. In the in
terest of national economy, therefore, Germany has a strong 
desire to produce its own motor fuel.

Compared with the total national demand for gasoline, produc
tion of 20,000 tons annually from soft coal does not appear im
portant. As a beginning, however, it is important, since suf
ficient raw material exists in Germany for the production of the 
largest part of the country’s gasoline requirements.



Physical Factors Governing Cracking Operations
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O N E  of the most impor
tant factors in the greatly 
in c r e a se d  e f f ic ie n c y  

achieved in cracking processes 
during the last fifteen years has 
been improvements in the meth
ods of separation of vapor from 
liquid in the cracked products or 
in the feed. During the period, 
the pressures and temperatures 
in the separation operation have 
steadily increased and have now 
reached a point where the com
putation methods satisfactory under former conditions are no 
longer adequate for requirements of modern design. Further 
progress in process improvement will probably not be achieved 
by the empiricism of the past but must be based on a sound, 
quantitative analysis of the influence of operating conditions. 
Such an analysis is possible only in case one has an adequate 
knowledge of vapor-liquid equilibria and of heat effects.

Developments during the last two or three yeafs make it 
possible to analyze these factors, complex though they be, 
with ever increasing certainty. It is the purpose of this ar
ticle to review the information on physical properties of hydro
carbons which must serve as the necessary basis for this analy
sis and to indicate the methods by which it can be employed 
to aid in design or operation.

During recent years the work of a number of investigators 
has made it  appear that the P-V-T relations of all hydrocar
bons are strikingly similar when considered on a comparable 
basis. The basis of comparison is the critical condition of the 
individual pure hydrocarbon. Calling the critical pressure 
P c, temperature Tc, and volume V, for the hydrocarbon in 
question, its pressure, P , may be expressed in terms of the 
critical pressure as P /P c. This ratio is called the “reduced 
pressure,” P,. Similarly the reduced temperature T , =  
T ¡T c, and the reduced volume V, =  V f Ft. Within the pre
cision of present data the reduced volume of any hydrocarbon 
with more than three carbon atoms per molecule may be con
sidered a unique function of reduced pressure and tempera
ture— i. e., V, — /(Pi-, Tr), w here/represents the same func
tion for all higher hydrocarbons. This relationship is equiva
lent to saying that such hydrocarbons obey a common, re
duced equation of state. The equation can be written in a 
different and, for engineering purposes, more convenient form 
by the introduction of a correction factor, Z, or m, in the gas 
laws, P V  =  N Z R T . For an ideal gas Z  =  1. A common 
reduced equation of state is equivalent to saying that Z  is a 
unique function of P r and T,, for all higher hydrocarbons. 
Figure 1 shows this compressibility factor, Z, plotted against 
Pr for various values of TV. If the critical temperature and 
pressure of the hydrocarbon in question are known, the value 
of Z  may be obtained for any desired value of P  and T  from 
this plot. B y inserting this value into the equation P V  — 
N ZR T, the P-V-T relation for any higher hydrocarbon may 
be obtained.

Unfortunately the data available on higher hydrocarbons 
under conditions where the deviations from the gas laws are 
great are extremely meager. The relationships in the case of 
three important hydrocarbons are shown in Figure 2. Along 
the low-temperature isotherms, the high-molecular-weight

is o p e n ta n e  gives values of Z 
lower than the low-molecular- 
weight methane and ethylene, 
whereas along high-temperature 
isotherms the reverse is true. 
Along the critical these differ
ences tend to disappear, and they 
apparently are relatively less for 
the h y d r o c a r b o n s  of h ig h e r  
molecular weight; thus, little if 
any appreciable error is intro
duced if all hydrocarbons of over 
three carbon atoms are treated 

by this common plot. As additional data needed on these 
higher hydrocarbons are obtained, it will perhaps be found 
that corrections should be applied for compounds of high mo
lecular weight and boiling point, but at the present time data to 
make such corrections accurately are not available. There
fore, for all hydrocarbons having more than three carbon atoms 
per molecule, the use of Figure 1 is recommended.

To employ these methods requires a knowledge of the criti
cal temperature and pressure of the individual hydrocarbon 
with which one is working. For the lower hydrocarbons these 
data are available (1, 2, 3), but for those of higher molecular 
weight experimental determination is out of the question be
cause of thermal instability. Clearly, therefore, methods of 
estimation of the critical conditions of the individual hydro
carbons are necessary. Charts that appeared recently in a 
paper by Watson and Nelson (5) for estimating the critical 
temperature, combined with a reliable vapor pressure chart 
(S), provide the most convenient and reliable means of estim at
ing critical temperatures and pressures.

F ig u r e  1

Knowledge' of the P-V-T relations of any material makes 
possible the calculation of certain important relationships 
betwreen the thermal properties, equilibrium between vapor 
and liquid, and conditions of temperature and pressure. In 
the case of any substance which does not deviate materially 
from the ideal gas laws, the relations are extraordinarily sim
ple. In the first place, the internal energy is a function of the 
temperature only, independent of pressure and volume, and is 
equal to f  C*dT on the basis of unit mass or f M C A T  per 
mole. Furthermore, the specific heat at constant pressure is 
also a function of temperature only, completely independent 
of pressure and volume. Change in enthalpy (total heat or 
heat content) is therefore equal to J ’CpdT on the basis of unit 
mass or J'M C pdT  per mole. These relationships have in the 
past been used almost universally in calculating the thermal

The information available on the P-V-T rela
tions of hydrocarbons is reviewed, methods based 
on these relations for calculating important ther
mal properties of hydrocarbon and hydrocarbon 
mixtures are indicated, and compulation meth
ods for evaluating the conditions existing at 
equilibrium in vapor-liquid mixtures are pointed 
out. Special emphasis is laid on the extrapola
tion of these methods and their application to the 
solution of cracking plant problems.
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F i g u r e  2

behavior of petroleum gases and vapors, but they introduce 
serious error as soon as one is dealing with pressures suffi
ciently high for the deviations from the gas laws to be serious.

In a. recent paper,(4) a chart, Figure 3, based on this com
mon reduced equation of state, gives the isothermal correction 
to internal energy for deviations from the ideal gas laws. A  
convenient plot for the more important isothermal correction 
to enthalpy (total heat), Figure 4, is taken from Watson and 
Nelson (5). B y use of these corrections for pressure and 
available' data on specific heats and latent heats at atmos
pheric pressure, differences in internal energy and in enthalpy 
or heat content between any two states may be calculated 
without serious error.

In the past the petroleum engineer has calculated heat 
effects on the assumption that deviations from the ideal gas 
laws could be neglected for all vapors. He has available 
numerous formulas, charts, and tables for the specific heats 
of liquid hydrocarbons, for latent heats of vaporization, and 
for specific heats of hydrocarbon vapors (5), all of which are 
based on low-pressure measurements. These methods of 
calculation are relatively satisfactory if the whole operation 
is, in fact, conducted at low pressure. However, none of these 
data or methods makes allowance for the influence of pressure 
on the operation. The charts just mentioned serve to make 
exactly this correction and can be used in conjunction with 
the customary procedure. The heat effect of the change in 
question is calculated by the methods hitherto employed, 
from the initial to the final temperature, but at pressures low  
enough so that deviations from the gas laws can be neglected—  
e. g., atmospheric or below— and then the final result is cor
rected by the use of these charts. If the material is in the

vapor state a t but one end of the operation, the correction 
need be applied at this end only, as no correction for pressure 
on liquids is usually necessary.

In heating and evaporating a liquid followed by superheat
ing the vapor, the heat quantity required may be computed as 
the sum of the sensible heat in liquid up to the boiling point 
under an applied pressure at which the latent heat and heat 
capacity of vapor are known, plus the known latent heat at 
this temperature and pressure, plus sensible heat in super
heating the vapors to the final temperature, plus the iso
thermal increase in enthalpy of the vapor at the final tempera
ture between the vaporizing pressure and final pressure, using 
data such as are given in Figure 4.

In this connection, increase in pressure at constant tempera
ture and the corresponding decrease in volume of a vapor 
always result in a decrease in both internal energy and en
thalpy. In other words, the corrections are always negative 
for an increase in pressure.

Relatively little difficulty is experienced in treating single 
pure hydrocarbons, but the petroleum engineer is interested 
primarily in mixtures usually of great complexity, particularly 
so in cracking operations.

M i x t u r e s

Although the data on P-V-T properties of hydrocarbon 
mixtures are extremely meager and lacking almost entirely in 
the case of the higher hydrocarbons, the known facts point to 
the advisability of using the mixture rule of Amagat; namely, 
when a vapor is formed by mixing other vapors at constant 
temperature and pressure, the volumes are additive. This 
assumption is equivalent to that of assuming ideal solutions
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and may also be applied with fair success to liquid solutions. 
Under these conditions or assumptions there is no heat effect 
on mixing, and the enthalpy of a vapor, or liquid, mixture is 
equal to the sum of the enthalpies of its components. There
fore, to calculate the enthalpy of a vapor mixture, the enthal
pies of each of its components should be calculated at the 
temperature and total pressure of the mixture itself. The 
sum of these individual enthalpies is the enthalpy of the mix
ture.

In dealing with mixtures, it should be remembered that hy
drocarbon vapor formed from a solution of hydrocarbons is

superheated in re
s p e c t  to  th e  pure 
liquid hydrocarbon. 
For example, pen- 
tane vaporized from 
absorption oil at 10 
pounds per square 
in c h  p ressu re  is  
n e c e s s a r ily  a t  a 
higher temperature
than that required 
for pure pentane to 
d e v e lo p  a v a p o r  
p ressu re  o f  10 
pounds per square

inch. If the oil is heated from 100° to 300° F. a t constant 
pressure in order to accomplish this vaporization of pentane, 
the heat required is equal to the total increase in enthalpy 
which may be computed over any of a number of paths with 
correct results, provided the initial and final states are correctly 
taken.

Thus, the heat required to raise the temperatures of the
S 'V X )

liquid oil is most easily determined as /  WCpdT  where IF
J ioo

represents the weight of oil. To this must be added the 
increase in enthalpy of pentane from liquid at 100° F. to 
vapor at 300° at 10 pounds per square inch pressure. This 
may be computed by a number of methods:

/*300
(1) Sensible heat liquid pentane 100° to 300° F. as I WC/1T

J 100
plus heat of vaporization from and at 300°F. and 10 pounds per 
square inch pressure.

(2) Sensible heat liquid pentane 100° F. to that temperature 
at which pentane exerts 10 pounds per square inch gage pressure 
(about 127°), plus latent heat of vaporization of pentane at 127° 
under its own vapor pressure of 10 pounds per square inch gage, 
plus sensible heat of pentane vapor under constant pressure of 10 
pounds per square inch between 127° and 300° F.

(3) Sensible heat liquid pentane 100° to 300° F.

plus heat of vaporization at 300° and under pentane vapor pres
sure at 300° (about 220 pounds per square inch), plus the in
crease in enthalpy upon isothermal expansion at 300 from vapor 
pressure of pure pentane (about 220 pounds per square inch) to 
the total pressure at the final state (in this case 10 pounds per 
square inch gage) as given by a chart such as Figure 4.

The first method is the most convenient when the latent 
heats of the hydrocarbons under pressures other than the 
normal vapor pressure at any desired temperature are readily 
available. Unfortunately these data are usually lacking, 
but may be computed as suggested later. The second method 
depends upon the heat capacities of hydrocarbon vapors at 
pressures other than atmospheric. Although these data are 
not readily available, no difficulty is experienced at low pres
sures where the heat capacities at constant pressure may be 
taken as equal to the heat capacities a t atmospheric pressure. 
The third method is convenient and satisfactory in all cases 
except when the final temperature is above the critical tem
perature of a component.

Similar calculations enable one to determine the heat of 
absorption of vapors in oils. B y use of a chart such as Figure 
4 in conjunction with available data on latent heat, vapor 
pressure, and heat capacity at atmospheric pressure, the 
differences in enthalpy between any two states of liquid and 
vapor may be computed.

This method is applicable even in the case of mixtures of 
great complexity. Such mixtures can be characterized by 
their true-boiling-point distillation curves, together with the 
molecular weight relationships. Thus, if for any weight 
fraction, w, the corresponding molecular weight is M  and the 
corresponding enthalpy per mole, at the temperature and total 
pressure of the mixture, is II, the enthalpy of one pound of the

mixture is equal to J ~ -7 7 -. This integral may be evaluated
M

by plotting values of H /M  as ordinates against the weight 
fractions and integrating, or measuring the total area under, 
the curve. This, or an equivalent method, may be employed 
for determining the enthalpies of high-pressure vapor mixtures 
such as those occurring in cracking operations.

Unless such methods are used which correct for deviations 
from the gas laws in any attempt to determine experimentally 
the heat of cracking at high pressure, the thermal data are 
likely to be misleading rather than helpful.

An apparent disadvantage to the use of this method is that 
it requires a fractional distillation analysis or true-boiling- 
point curve of the stock in question. With high-boiling stock 
this can be determined only by rectification under vacuum, 
but the effort is justified from other considerations, as a frac
tional distillation analysis is required for an adequate insight 
into the properties of mixtures. Fairly satisfactory results 
may be obtained by an empirical relationship between 
A. S. T. M. distillation and composition for a limited number of

components if a fractional distillation analysis is not avail
able. But in such cases the results obtained by using the 
critical temperature and pressure of the vapor mixture itself 
with a chart such as Figure 4 (assuming the mixture to be 
equivalent to a pure compound) as suggested by Watson and 
Nelson (5) are usually sufficiently accurate for present 
engineering requirements, because the correction to be added 
for a change in pressure is small as compared with the in
crease in enthalpy with temperature, and far more convenient.

E quilibrium  betw een  Vapob  and  Liquid

When treating single compounds, the equilibrium between  
vapor and liquid is obtained from the vapor pressure rela
tionships. But when dealing with mixtures, particularly at 
high pressure, other methods must be used if reliable results 
are to be obtained ( i ,  2, 8).

From the P-V-T relationship the fugacities of pure hydro
carbon vapors and correspondingly of the liquids in equilib
rium with them may be obtained (7, 2). If the ideal solution  
laws may be applied to mixtures of liquid hydrocarbons a3 
well as to vapor mixtures, the equilibrium between liquid and 
vapor may be calculated by means of the fugacities (1 ,2).



328 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y  Vol. 26, No. 3

The fugacity chart, Figure 5, based on the P-V-T data of 
Figure 1 may be used by writing y}> =  x/ l or:

: for an equilibrium vaporization
I ’where y =  mole fraction in vapor 

x =  mole fraction in liquid
/» =  fugacity of pure vapor at temperature and total 

pressure of equilibrium 
} l =  fugacity of pure liquid at temperature and total pres

sure of equilibrium

Actually the fugacity of the pure liquid may be taken at the 
saturation pressure with greater convenience and without 
appreciable error.

F ig u r e  5

These relationships assume that the laws of ideal solutions 
apply to liquid as well as vapor mixtures of hydrocarbons. 
Actually there are deviations (3) which must be considered for 
precise calculations on individual compounds, but in complex 
mixtures such as occur in cracking operations, such refine
ments appear unnecessary.

A difficulty in applying the fugacities directly to an equi
librium computation is the estimation of the fugacity of a 
pure component in the liquid phase at a temperature above 
its critical. This may be computed from known equilibrium 
data, and such data indicate that the logarithm of fugacity  
of liquid plotted as a function of the reciprocal of the absolute 
temperature may be extrapolated above the critical tempera
ture. There is usually an appreciable number of such com
ponents in cracking operations, and this may be an important 
difficulty.

The heats of solution of these components which at the 
temperature of the mixture are above their own critical tem
peratures are also an important factor. On the basis of ideal 
solutions and the extrapolated fugacity just discussed, the 
heat of solution is the decrease in enthalpy, corresponding to 
isothermal compression of the gas, from the temperature and 
total pressure at which it actually exists in contact with the 
liquid to that pressure corresponding to the fugacity of the 
component in the liquid state.

The following data represent the true-boiling-point curve of 
a stock with an extremely wide range and the tabulation 
shows the technic of calculating the performance of this 
stock for a specified set of conditions using the fugacity chart 
directly. Column 1, Table I, shows the weight per cent at the 
temperature of column 2  on the true-boiling-point curve; 
the molecular weight is given in column 3. The substantially 
permanent gas per pound of total mixture is about 0.0003S 
mole. The average molecular weight of the mixture is 176.

The first line of figures in these columns is estimated by ex
trapolation. The calculations are made to determine the 
compositions and amounts of the vapor and of the nonva
porized liquid which will result from heating this stock to 
900° F. under a pressure of 35 atmospheres (515 pounds per 
square inch absolute). The formula is as follows:

V
dw

m  + (jr. - N)M>'
N  -  n 

N

The formula is based on one pound of mixture, including gas, 
if any. The integral, evaluated graphically, is not from w =  
0 to w  =  1, but from w — weight of permanent gas in the 
total mixture to w  =  1, and y  =  1 — mole fraction of perma
nent gas in the vapor phase. The next to the last column 
of figures is the term,

m n  +  ( ^ o - a ) a / / ,

for the value of N  =  0.003. Plotting this term against w 
and obtaining the area gives the value of y — 1 — (n /N ) of 
0.873, which, when added to 0.00038/0.003 (mole fraction of 
gas), gives unity. In other words, in this case the mole 
fraction of the original stock evaporating is 0.003/0.00568 =  
53 per cent.

It is instructive to compare the values of ir /P  with those of 
U /f e  for this case. At the upper end of the boiling range the 
ratio of the two is over 4:1. In the middle of the range, it is 
lower, and at the lower end of the data the ratio becomes less 
than one. The character of the errors introduced by ignoring 
the deviations from the gas laws is obvious.

Another method of treatment (1) is to plot the ratio y /x  =  
K  as a logarithmic function of temperature at different pres
sures for each compound (3) and read the value for y /x  di
rectly for any temperature and pressure. Such plots lend 
themselves readily to extrapolation above the critical and 
have been drawn to include high temperatures, and to allow 
for the effect of pressure on fugacity of liquid and for indi
vidual deviations from the general plot, Figure 1. These 
charts avoid the necessity of estimating critical temperatures 
and pressures as must be done in using the fugacity chart 
(Figure 1) directly.

The heat of solution of a vapor or gas into a liquid may be 
readily estimated for any temperature or pressure condition, 
above or below the critical, by taking the slope of log K  
plotted as a function of temperature and using the well-known 
van’t Hoff equation:

d log. K  _  AH 
dT  =  R T1

The use of the equilibrium constants has been described in 
a recent article (3). When applied to the same stock and 
conditions as given in Table I, the computation indicated 
that 51.3 per cent by weight was vaporized, compared with 
53 per cent by use of the fugacity chart directly on only four 
liquid components. These results compare with an experi
mental value taken at another time, but under similar con
ditions, of 55 per cent by volume or about 51.5 per cent by  
weight.

T a b l e  I. C a l c u l a t io n  o p  t h e  P e r f o r m a n c e  o f  a  S t o c k  f r o m  a  F u g a c it y  C h a r t

if T  
’ F. 

100 1200 
70 685 
40 557 
10 360

Jf

515
239
193
135

1 / . U

0.00194
0.0041S
0.00517
0.00741

r
• c.
649
363
292
1S2

P*

30
7,000

20,000
42,900

* A t 900” F . -  4S2” C. -  755” K.

Pc P t

13.500 0.0022
16.500 0.417 
20.000 1.00

245,000t 1.75 
t  E stim ated.

1.97
1.5S
1.33
1.0S

800
560
482
385

-Tc *

(1073)
(833)
(755)
(658)

Tr

0.703
0.906
1.00
1.15

fP_
P

1.00
0 .78
0 .65
0.65

0.21
0.41
0.53
0.77

fP

30
5.450

13,000

5,580
10,900
14,100

fT
JP
186

2.00
1.09

MN -f

27,900 20,500 0 .74

%
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>.50
I.SS
.50

■*)£ t/P

886
3 .8
1.33
0.62
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N o m e n c l a t u r e

w  =  w eigh t frac tio n  in  to ta l  m ix tu re  boiling up  to  a  given 
te m p ., t, a n d  hence is th e  pounds in th e  to ta l  m ix tu re  
w hose tru e  boiling  p o in ts  lie below  th is  te m p e ra tu re  

N  — v ap o r (includ ing  p erm an en t gas, if an y ) in  th e  m ix tu re  
u n d e r  th e  co nd itions in question , m oles 

Mo =  av . m ol. w eigh t of th e  to ta l  m ix tu re  
M  =  m ol. w eigh t of a  g iven n arro w  frac tio n , dw, o f boiling  

p o in t t
n  =  in e r t (essen tially  insoluble gas) in th e  m ix tu re , m oles 
P  =  v a p o r  p ressu re  o f th e  com p o n en t in  qu estio n  a t  tem p .

of th e  m ix tu re  
7r =  to ta l  p ressu re  on th e  m ix tu re
/  =  fu g ac ity  of a  g iven  com p o n en t a t  tem p , of th e  m ix tu re

f p  =  fu g ac ity  a t  tem p , o f th e  m ix tu re  u n d e r  s a tu ra tio n  p re s 
sure , P , of a  g iven com ponen t 

f r  =  fu g ac ity  a t  tem p , o f th e  m ix tu re  u n d e r to ta l  p ressu re , 
jt, of a  g iven  com ponen t
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New Table of the Refractive Index of 
Pure Glycerol at 20° G.

L. F . H oyt, Larkin C om pany, Inc., B uffalo, N . Y .

T HERE are recorded in the 
literature fou r ta b le s  
showing the refractive 

index of glycerol at various con
centrations. Lenz (.5) published 
in 1880 the first table which 
gives th e  r e fr a c t iv e  index of 
glycerol over the complete range 
from 1 to 100 per cent at 12.5° 
to 12.8° C. Lenz constructed 
his table from observations on 
only ten  sa m p le s  of d ilu te d  
glycerol which he prepared from 
a pure glycerol of 96.04 per cent 
strength whose concentration he 
checked by elementary analysis.
Lenz estimated that the concen
tration of glycerol could be de
termined with the aid of his table 
with an accuracy of about 0.5 
per cent from an observation 
of its refractive index in the Abbé refractometer. In 1884 
Strohmer (8) published a similar table, covering however 
only the range from 50 to 100 per cent at 17.5° C. Strohmer 
prepared about thirty dilutions from a quantity of crystal
lized glycerol whose composition by elementary analysis 
coincided very closely with the formula of 100 per cent 
CjHiOj. In 1885 Skalweit (7) introduced another table of 
the refractive index of glycerol at 15° C., covering the entire 
range from 1 to 100 per cent. Skalweit gives few details 
concerning the diluted glycerols whose refractive index he 
determined, except to state that he had available numerous 
samples, prepared from a large quantity of crystallized glyc
erol, whose specific gravities and hence concentration he had 
accurately determined. In 1925 Iyer and Usher (4) pub
lished a table showing the refractive index of glycerol at 
25° C. This table however gives only the refractive index 
values at intervals of concentration of 5 per cent. In pre
paring their diluted samples, Iyer and Usher used Merck’s 
c .  p . glycerol whose concentration they determined by spécifié 
gravity to be 97.75 per cent, but they do not state the refer
ence table used in determining this critical value. They 
prepared what they considered to be a 100 per cent glycerol 
by blowing dry air through their 97.75 per cent glycerol main
tained at 90° C. until its refractive index became constant.

All four of these tables were pre
pared with the aid of the Abbé 
refractometer which rea d s to  
0.0001 b u t is  o f so m e w h a t  
doubtful accuracy in the fourth 
d e c im a l p la c e . Thus w h ile  
convenient, rapid, and appli
cable to only a few drops of 
material, the refractive index 
of g ly c e r o l as determined by 
th e  Abbé r e fr a c to m e te r  is  
distinctly less accurate as a 
method of determining the con
centration of g ly c e r o l than is 
the specific gravity method.

The immersion or d ip p in g  
refractometer was d e v e lo p e d  
just prior to 1900 by the firm 
of Zeiss at Jena. As originally 
introduced, this was a s i n g le 
prism instrument covering the 

limited range from 1.32776 to 1.36674, having an arbitrary 
scale reading from —5° to 105°, and provided with a 
vernier reading to 0.1°. With this instrument it is easily 
possible to observe differences in refractive index of the order 
of 0.00004. By 1907 a considerable literature had developed 
on the uses of this valuable instrument, and the available 
data were published in a book (9 )  containing about eighty 
tables for the quantitative estimation of organic and in
organic substances; Table 70 gives the refractive index of 
dilute glycerol solutions at 17.5° C. over the range from 0 to 
28.72 grams per 100 cc. This table is a refinement and ex
tension by Wagner of a similar table published in 1905 by 
Henkel and Roth (2).

Since 1927 an improved dipping refractometer with six 
interchangeable prisms has been available. The instrument 
provides an extremely accurate and sensitive method of 
determining refractive index over the extensive range from
1.32539 to 1.54581.

Early in 1933 Iloy t (3) published some data showing the 
refractive index at 20.0° C. as determined by the multiple- 
prism dipping refractometer of a series of twelve samples of 
diluted glycerols ranging in concentration from 25 to 99.8 
per cent, the samples being prepared by dilution of a glycerol 
of exceptional purity.

The refractive index of glycerol of unusual 
pu rity  has been determined at thirty-one different 
concentrations by means of the m ulliple-prism  
dipping refractometer. From these observed 
values a new table of the refractive index of pure 
glycerol of 20.0° C. is constructed, showing 
the refractive index of glycerol fo r each per cent 
from  1 to 100. With the a id  of this table and by 
using a bath controlled within ± 0 .1 °  of 20.0° C. 
it is possible to determine easily and quickly 
the concentration of pure aqueous solutions of 
glycerols within 0.1 per cent.

The refractive index of 100 per cent pure 
glycerol at 20.0° C. has been found to be 1.07399; 
its coefficient of refractive index per 1° C. over 
the range from  10° to 20° C. is 0.000225.
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This work has been continued and elaborated to include 
additional dilutions at intervals over the entire range from 
0 to 100 per cent glycerol, and from the data so obtained a 
new table has been constructed showing the refractive index 
of glycerol at 20 .0 ° C. to 0.00001 from 0 to 100 per cent., using 
the dipping refractometer.

D e t e r m i n a t i o n  o f  R e f r a c t i v e  I n d e x  

The earlier work of H oyt with the dipping refractometer 
was carried out at a time when laboratory temperatures 
remained remarkably constant at 20° C. because of favorable

The dipping re
fr a c to m e te r  is  so 
s e n s i t iv e  that, in 
order to secure reli
able and reproduc
ible results, the tem
perature at which 
observations are  
made must be con- 
t r o l l e d  w it h in  
± 0 .1 °  C. o f th e  
chosen temperature.

T h ro u g h  th e  
c o u r te s y  o f th e  
Bausch and Lomb 
O p tic a l Company 
there was placed at 
the author’s disposal 
fo r  th is  w ork  a 
multiple-prism dip
ping refractometer 
and a new type of 
temperature control 
device of their own 
design, only recently 
available. Observa
t io n s  w ith  th e  
dipping refractome

ter are made in small glass beakers, or in a special 
metal beaker fastened to the instrument, in a water bath 
shown with the instrument in Figure 1. The new Bausch 
and Lomb temperature control device shown in Figure 2 
provides a means of maintaining a flow of water at a prac
tically constant temperature through the bath. This device 
consists essentially of an enameled steel cylindrical chamber 
mounted inside a slide wire rheostat. Water from the tap 
is supplied at constant head through a 27-inch (68 .6-cm.) 
standpipe. In addition to the heating adjustment provided 
by the slide wire rheostat, there is a microadjustment on the 
valve between the standpipe and the heating chamber. In 
this way a very sensitive adjustment is readily obtained. 
This heat control device was found to function admirably. 
With the heating element operating continuously at mini
mum, with tap water at 15° C., and with a flow of about 1200 
cc. per minute through the bath which the apparatus delivers 
with the microvalve wide open, it was found that a tem
perature of 20.0° C. constant to within ± 0 .1 ° C. could be 
maintained for hours with only occasional minor adjustments 
quite independent of the fact that the air temperature in the 
room where the work was being conducted ranged from 28° 
to 32° C. In cases where it might be found impracticable 
to secure a flow of 1200 cc. or more of water through a bath 
owing to the restricted size of inlet and outlet orifices, this 
temperature control device may still be arranged to maintain 
the bath at not over 5° C. above that of the tap water supply 
(1) by increasing the head of water either by elevating the 
entire heat control device or lowering the overflow discharge

of the bath, or (2) by the expedient of by-passing an addi
tional amount of water through the heating device as follows: 
Interpose between the temperature control device and the 
bath a suction flask of any convenient size. The inlet of the 
water supply should be through a tube extending nearly to 
the bottom of the flask. Attach to the side arm of the suc
tion flask a T  tube, one arm of which is connected to the 
bath and the other to waste by a flexible rubber hose provided 
with a screw pinchcock. By using tubing of sufficient inside 
diameter, it is possible to by-pass enough water through the 
heating device to bring the total flow to 1200 cc. or more per 
minute and thus to reduce the temperature of the portion of 
the water flowing through the bath without interfering with 
the operation of the rheostat, already at minimum heat.

A supply of glycerol of unusual purity and high concen
tration was prepared in the Research Laboratory of the Procter 
and Gamble Company by fractional distillation of a double
distilled c. p . glycerol through a  48-inch (121.9-cm.) Vigreux 
column under 5 to 7 mm. pressure. The sample used repre
sents the middle portion only of the distillate which exhibited 
a very constant boiling point. This glycerol had a specific 
gravity of 1.2616 (25°/25° C.) corresponding to a  purity of 
99.84 per cent, calculated from the table of Bosart and Snoddy
( i) .  ■ M

From this glycerol were prepared thirty diluted samples 
ranging in concentration from 5 to 98 per cent. The proper 
amounts of glycerol and redistilled water were weighed into 
vials on an analytical balance, tightly stoppered, and sealed, 
and the samples were thoroughly mixed before any observa
tions were made.

T h e  w a te r  b a th  
used with the instru
ment was maintained 
for all t e s t s  w ith in  
± 0 .1 0 °  of 20.0° C., 
and  o b s e r v a t io n s  
were taken only when 
th e  b a th  ran ged  
between 19.95° and 
20.05° C. U n d er  
such conditions, after 
th e  sa m p le  had  
a ssu m ed  th e  te m 
perature of the bath, 
it was found that suc- 
c e s s iv e  r e a d in g s  
with the instrument 
consistently checked 
within 0.1° C. of the 
scale. To avoid any 
p o s s ib le  change of 
c o n c e n tr a t io n  of 
the glycerol samples F ig u r e  2 . B a u s c h  a n d  L o m b  T e m - 
while under observa- p b h a t u r e  C o n t r o l  A p p a r a t u s  

tion, as could easily
occur if the more concentrated samples of this hygroscopic 
material were examined in the open beakers ordinarily used, 
the metal beaker which screws tightly on to the instrument 
was used in every case.

Successive readings were taken in groups of ten with the 
temperature maintained between 19.95° and 20.05° C. at 
intervals of about 10 minutes until the averages of such read
ings checked within 0.1 ° C. on the instrument scale. Since
0.1 ° is the limit to which the instrument can be read, it is 
probably of doubtful accuracy to report averages of results 
beyond that figure.

Each time prisms are interchanged on the instrument, it is 
necessary of course to adjust the instrument to a correct 
reading with the test solutions or test pieces provided for

weather conditions.

F ig u r e  1 . B a u s c h  a n d  L o m b  D r i p 
p in g  R e f r a c t o m e t e r  w it h  H e a t in g  

T r o u g h



each prism. Table I gives the observed values for the various 
dilutions.

T a b l e  I. R e f r a c t iv e  I n d ic e s  o f  D il u t e d  G l y c e r o l  
S a m p l e s

R e f r a c t o m e t b r
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R e a d in g
Glycerol P r i s m  U s e d (20.0° C.) R e f r a c t i v e  I n d e x

%  bjj weight
W ater A 14.4 1.33303

4.95 A 29.5 1.33888
6.47 A 33.5 1.34041
9.87 A 44.5 1.34459

10.40 A 46.6 1.34539
14.69 A 60.5 1.35000
19.73 A 77.9 1.35700
20.77 A 81.5 1.35832
25.04 A 9 7 .6 1.36412
29.86 B 9 .9 1.37021
29.89 B 10.5 1.37045
34.39 B 25.3 1.37626
39.60 B 44.3 1.38360
44.40 B 60.7 1.38981
49.75 B 81.1 1.39741
49.91 B 82.6 1.39796
54.42 C 10.0 1.40428
57.80 C 24.8 1.40981
59.54 C 31.5 1.41230
64.38 C 49.4 1.41882
69.31 C 72 .4 1.42702
69.84 C 73.7 1.42748
74.41 C 92.4 1.43400
79.73 D 10.9 1.44217
85.13 D 35.5 1.45124
89.87 D 53.4 1.45760
92.10 D 64.4 1.46161
94.98 D 76.3 1.46579
95.26 D 78.0 1.46638
97.38 D 80.5 1.46932
98.80 D 93.1 1.47159
99.84 D 99.2 1.47367

T a b l e  II. R e f r a c t iv e  I n d e x  o f  G l y c e r o l  a t  20.0° C.
G l y c  R e f r a c t i v e D i f f e r e n c e G l y c  R e f r a c t i v e D i f f e r e n c e

e r o l

weight

I n d e x  

« 1»

f o r  1% e r o l

% b u
weight

I n d e x

_  20 « d

f o r  1%

100 1.47399 0.00165 50 1.39809 0.00149
99 1.47234 0.00163 49 1.39660 0.00147
98 1.47071 0.00161 48 1.39513 0.00145
97 1.46909 0.00157 47 1.39368 0.00141
96 1.46752 0.00156 46 1.39227 0.00138
95 1.46597 0.00154 45 1.390S9 0.00136
94 1.46443 0.00153 44 1.38953 0.00135
93 1.46290 0.00151 43 1.38818 0.00135
92 1.46139 0.00150 42 1.38683 0.00135
91 1.45989 0.00150 41 1.38543 0.00135
90 1.45839 0.00150 40 1.38413 0.00135
89 1.45689 0.00150 39 1.38278 0.00135
88 1.45539 0.00150 38 1.38143 0.00135
87 1.45389 0.00152 37 1.3S008 0.00134
86 1.45237 0.00152 36 1.37874 0.00134
85 1.45085 0.00155 35 1.37740 0.00134
84 1.44930 0.00156 34 1.37606 0.00134
83 1.44770 0.00160 33 1.37472 0.00134
82 1.44612 0.00162 32 1.37338 0.00134
81 1.44450 0.00160 31 1.37204 0.00134
80 1.44290 0.00155 30 1.37070 0.00134
79 1.44135 0.00153 29 1.36936 0.00134
78 1.439S2 0.00150 28 1.36802 0.00133
77 1.43832 0.00149 27 1.36669 0.00133
76 1.43683 0.00149 26 1.36536 0.00132

75 1.43534 0.00149 25 1.36404 0.00132
74 1.43385 0.00149 24 1.36272 0.00131
73 1.43236 0.00149 23 1.36141 0.00131
72 1.43087 0.00149 22 1.36010 0.00131
71 1.42938 0.00149 21 1.35879 0.00130
70 1.42789 0.00149 20 1.35749 0.00130
69 1.42640 0.00149 19 1.35619 0.00129
68 1.42491 0.00149 18 1.35490 0.00129
67 1.42342 0.00149 17 1.35361 0.00128
66 1.42193 0.00149 16 1.35233 0.00127
65 1.42044 0.00149 15 1.35106 0.00126
64 1.41895 0.00149 14 1.34980 0.00126
63 1.41746 0.00149 13 1.34834 0.00125
62 1.41597 ' 0.00149 12 1.34729 0.00125
61 1.41448 0.00149 11 1.34604 0.00123
60 1.41299 0.00149 10 1.34481 0.00122
59 1.41150 0.00149 9 1.34359 0.00121
58 1141001 0.00149 8 1.34238 0.00120
57 1.40852 0.00149 7 1.34118 0.00119
56 1.40703 0.00149 6 1.33999 0.00119
55 1.40554 0.00149 5 1.33880 0.00118
54 1.40405 0.00149 4 1.33762 0.00117
53 1.40256 0.00149 3 1.33645 0.00115
52 1.40107 0.00149 2 1.33530 0.00114
51 1.39958 0.00149 1

0
1.33416
1.33303

0.00113

When the observed values of Table I were plotted on a 
sufficiently large scale, they were found to fall along a curve 
which deviated somewhat from the straight line drawn be
tween the refractive indices of pure water and pure 100 per 
cent glycerol. Examination of this curve showed that it 
could be divided into three sections— viz., a curve from 0 to 
44 per cent concentration, inclusive, and another curve from 
80 to 100 per cent concentration, both of which are repre
sented by third-degree equations, while the central portion 
from 45 to 79 per cent, inclusive, was found to be practically a 
straight line. The equations for these various portions of 
the refractive index-concentration curve were found to be as 
follows:

I. Curve from 0 to 44 per cent glycerol, inclusive,
y  -  1.33303 +  0.001124* +  0.00000605iJ -  0.00000005551«

II. Straight line from 45 to 79 per cent glycerol, inclusive,
y = 0.00149.1 +  1.32359

III. Curve from 80 to 100 per cent glycerol, inclusive,
y  =  0.90799 +  0.0154z -  0.000155*« +  0.000000576*«

From these three equations the values of the refractive 
index of glycerol for each per cent from 1 to 100 were com
puted and are shown with the differences in refractive index 
for each per cent glycerol in Table II.

The values of refractive index for each concentration of 
glycerol in Table I were calculated from the proper equation 
and were found to deviate from the observed values on the 
average by only 0.00011. Since a change in concentration 
of glycerol of 1 per cent is equivalent on the average to a 
change of refractive index of 0.00141, the calculated values 
shown in Table II should permit the determination of the 
concentration of glycerol within at least 0.1 per cent.

The effect of temperature on the refractive index of pure 
glycerol of high concentration (99.84 per cent) was studied 
by taking observations of refractive index over a range of 
temperature from 10° to 20° C. The observed values are 
shown in Table III.

N E E R I N G  C H E M I S T R Y  331

T a b l e  I I I .  R e f r a c t iv e  I n d e x  o f  P u r e  G l y c e r o l  
(99.84 P e r  C e n t ) a t  V a r io u s  T e m p e r a t u r e s

(All readings made with prism D)
, S c a l e S c a l e

T e m p . R e a d i n g n /D T e m p . R e a d i n g r / d

° C. ° C.
10.2 105.9 1.47592 15.0 102.7 1.47485
11.2 105.4 1.47575 15.8 102.1 1.47464
12.2 104.7 1.47552 17.6 100.7 1.47418
12.8 104.2 1.47536 18.0 100.4 1.47408
13.8 103.5 1.47512 20.0 99.2 1.47367

Table III shows that the coefficient of the refractive index 
of pure glycerol (99.84 per cent) averages 0.000225 per 1° C. 
over a range from 10 ° to 20 0 C. This value is lower than has 
previously been reported in the literature for high-concentra- 
tion glycerol. Wolff (11) found a change in the refractive 
index of very pure glycerol of 86  per cent concentration of 
0.00028 over the temperature range 12.5° to 17.5° C., while 
van der Willigen (10) in 1869 reported coefficients of refractive 
index of glycerol per 1 ° C. ranging from 0.00021 for glycerol 
of about 44 per cent concentration to 0.00025 for glycerol of 
about 90 per cent concentration. Listing (6) in that same 
year reported a change of refractive index per 1 ° C. of 0.00032 
for glycerol of about 96 per cent concentration. Obviously 
the coefficient of refractive index of glycerol is a func
tion of concentration and would become numerically smaller 
with decreasing concentration, since the average coefficient 
of refractive index of pure water per 1° C. is 0.000081 over 
the range 10° to 2 0 ° C.

A difference in concentration of 1 per cent glycerol corre
sponds to a change of refractive index equivalent on the 
average to 0.00141 or practically 4° on the dipping refractome- 
ter scale. The change of refractive index of pure glycerol of
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high concentration with temperature is appreciable and 
amounts to 0 .6 -0 .70 on the scale for each 1° C. The need 
for accurate control of temperature while making observa
tions of the refractive index of glycerol with the dipping re- 
fractometcr is obvious.

% G ly  c e ro l , k, «*.

F i g u r e  3 . R e l a t i o n  b e t w e e n  R e f r a c t i v e  
I n d e x  a n d  G l y c e r o l  C o n c e n t r a t i o n

In some of the earlier work it was noticed that a long time 
interval— i. e., an hour or more— was often required to ob
tain constant readings of the high-concentration glycerols. 
This was probably due to the fact that in handling the instru
ment and its attached metal beaker the temperature of the 
sample under observation was raised above that of the bath. 
On account of favorable room temperature conditions which 
then prevailed, it was found possible to hold the bath tem
perature constant within less than 0.05° C. without a flow in 
water through the bath, but the sample under observation 
may have required a considerable time to assume the tem
perature of the motionless bath.

In the subsequent work with a bath maintained within 
0 .1 ° of 20.0° C. by means of the constant-temperature device 
it was found that the rapid flow of water (1000 cc. or more 
per minute) through the bath permitted constant readings 
to be obtained quickly and easily, even on the high-concentra
tion samples.
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Rate of Drying Chrome Leather
0 . A. Hougen, University of Wisconsin, Madison, Wis.

IN TH E process of chrome 
le a th e r  manufacture th e  
sk in  is  d r ied  a fte r  th e  

sequence of tanning, fat-liquor
ing, and dyeing, and before the 
finishing operations of staking, 
tacking, graining, seasoning, and 
glazing. This intermediate dry
ing operation is the one particu
larly referred to in this discus
sion. The purpose of this drying 
operation is to bring the tanned 
leather to a uniform state of dry
ness and to arrest all fu r th e r  
chemical changes before complet
ing the finishing operations of 
improving the appearance and 
handle of the product. A fte r  
dyeing, the leather is hand-set.
This operation consists of scrap
ing off all loose surface water and 
at the same time stretching the 
leather in all directions to re
move wrinkles and creases and to 
increase area. Following drying, the leather is piled in stacks 
and allowed to remain “ in crust’ ’ for at least 12 hours. In this 
step the leather is cooled and regains moisture to reach equi
librium with the atmosphere. The leather is then dipped in 
water for 10 minutes to produce a slight but not thorough 
wetting. The wetted leather is sammied overnight by piling 
and covering with wet burlap. This period effects a uniform 
redistribution of water through the stock. After sammying, 
the skins are staked by machine to stretch them in all direc
tions. The leather is then tacked on boards and dried before 
seasoning. The stock is dried again after seasoning previous 
to glazing and graining. This investigation deals solely with 
the drying operation after dyeing and hand-setting and not 
with the drying operation following tacking and after season
ing, although the same theory applies to all three drying 
operations, and the same drying coefficients are perhaps 
applicable.

The usual method of drying chrome leather is by means of 
a loft drier W'here the wet stock is suspended in a large room 
and allowed to remain until the desired dryness is obtained, 
drying being hastened by circulation of heated air. The 
modern trend in drying is toward the use of progressive 
driers wherein the wet stock is passed continuously through 
an enclosed tunnel countercurrent to a stream of heated air. 
The progressive drier has the advantages over a loft drier 
of being continuous in operation, requiring less handling, 
less labor, less space, less heat, and less time for drying, and of 
providing more nearly uniform drying conditions. The loft 
drier has the advantages of requiring less expensive equipment 
and of being more flexible in output and in time allotted. 
The original purpose of this investigation was to establish 
data for the design of a progressive drier in order to replace 
the less economical and slower method of loft drying.

T h e o r y  o f  D r y i n g  A p p l i e d  t o  L e a t h e r

The drying of a fibrous material such as leather proceeds 
in three stages. When dried under constant drying condi
tions, the rate of drying remains constant during the first

stage. In the second stage the 
rate of drying falls off directly 
with decrease in the free moisture 
c o n te n t  of the stock. In the 
third stage the rate of drying falls 
off more rapidly than the corre
sponding decrease in moisture 
content. B y u n ifo rm  drying 
conditions is meant that at any 
location on the surface of the 
leather the temperature of the 
stock and the te m p e r a tu r e ,  
humidity, velocity, and direction 
of the air stream remain constant. 
During the first stage of drying 
the entire surface of the stock is 
c o m p le te ly  w e t te d ;  and, if 
evaporation proceeds adiabati- 
cally, the surface attains the wet 
bulb temperature of the air. In 
the second stage, evaporation is 
still restricted to the surface of 
the stock, but the actual wetted 
area decreases as drying pro

ceeds, thereby resulting in a decreased rate of drying. During 
this stage diffusion of wateTis so rapid as to maintain a nearly 
uniform moisture concentration, and the water at the sur
face assumes a submicroscopic network exposing an effective 
wetted area proportional to the free moisture content of the 
stock. In the third stage of drying the surface of evapora
tion extends into the interior in which case there is no free 
moisture at the surface of the stock and vaporization pro
ceeds over an increasing zone of thickness.

In the particular problem of drying leather involved in 
this investigation, only the second stage of drying need be 
considered. The period of constant drying rate is avoided by 
the operation of hand-setting whereby all free surface water 
is scraped off. Wherever permissible this mechanical removal 
of excess water is good practice. The mechanical removal of 
water by hydroextracting, wringing, or scraping requires 
much less energy than by application of heat for evaporation. 
The thickness of chrome leather is relatively small compared 
to the area exposed per pound of dry stock so that the resist
ance to diffusion of wrater is negligible compared to the 
resistance to diffusion of vapor into the surrounding air. 
The free moisture concentration of the stock remains nearly 
uniform. Experimentally it was found that under constant 
drying conditions the rate of drying decreased directly with 
the decrease in the average free moisture content of the stock 
and inversely with the thickness of the stock, so that for all 
practical purposes the problem of drying chrome leather 
may be treated as one involving only the second stage of 
drying. All experimental data obtained can be satisfactorily 
interpreted on this basis so that even though an appreciable 
concentration gradient exists through the stock, and the 
surface of evaporation extends into the stock, no justifica
tion is warranted in complicating the problem by considera
tion of these minor effects. Since the primary purpose of 
this investigation was to obtain data for the design and opera
tion of progressive driers, it is undesirable and entirely un
necessary' to increase unduly the complexity of mathematical 
treatment.

The general equation for the rate of drying 
chrome leather has been found experimentally to

dO L

This equation holds for values of W below 
1.25 and for values of G above 10. For values 
of W above 1.25 the rale of drying is constant. 
The average density of leather, excluding water, 
before drying is 0.46 and after drying is 0.50.

The methods of experimentally determining 
the drying coefficients of leather and deriving 
the above equation are described. The method of 
applying this equation to the progressive drying of 
leather is illustrated in problems for calculating 
drying time, length of drier, optimum air velocity, 
and the most economical fraction of recirculated 
air.

333
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For this special case of drying, the fundamental drying 
equation reduces to the simple form derived by Walker, Lewis, 
and McAdams (6):

dIF -  -B W A H  (1)

where B =  V—j~~ (2)

IF =  free moisture content of stock
AH — unsaturation of air
G =  mass velocity of air flowing over sheets
L  =  thickness of stock
9  =  time elapsed
rn, n =  experimental constants

Sherwood (4) and later McCready and McCabe (2) have 
shown that, when water diffusion is the controlling factor, 
evaporation is not restricted to the surface of the sheet, but 
that the surface of evaporation extends inward as drying 
proceeds, and that the mechanism of drying then involves 
three resistances— the diffusion of water through the stock  
up to the evaporation zone, the diffusion of vapor through the 
evaporation zone, and the diffusion of vapor through the air 
film adjoining the surface of the solid.

Furthermore, in the zone of vapor diffusion through the 
stock, evaporation proceeds through the entire thickness of 
this zone so that the flow of vapor increases as the outer sur
face is reached. The case of drying where liquid diffusion is 
the controlling factor and where vaporization occurs only at 
the surface of the sheet has been fully treated by Sherwood 
(5) and Newman (3).

E q u i l i b r i u m  M o i s t u r e  C o n t e n t

When a hygroscopic material such as leather is suspended 
in unsaturated air, the water content of the leather changes 
until it comes into equilibrium with the air. This equilibrium 
moisture content increases w ith the relative humidity of the 
air, decreases slightly with increase in temperature, and is 
also dependent upon whether the material is losing or gaining

moisture. For dry
ing problems it is 
important to know  
th e  e q u il ib r iu m  
m o is tu r e  content 
when the stock is 
losing moisture, also 
called the “desorp
tion moisture con
tent.” In plotting 
equilibrium m o is 
ture content, it is 
preferable to plot 
values against rela
tive humidity rather 
than against per
c e n ta g e  humidity 
since the former are 
independent of at
mospheric pressure.

V a lu e s  o f  th e  
d e s o r p t io n  mois
tu r e  c o n te n t  o f  
chrome leather are 
plotted in Figure 1 

for both experimental and extrapolated values. In every 
case moisture content is expressed as a fraction of the 
weight of dry leather.

The free moisture content can now be obtained from the 
relation:

F i g u r e  1 .  E q u i l i b r i u m  M o i s t u r e  
C o n t e n t  o f  C h r o m e  L e a t h e r  ( D e 

s o r p t i o n  V a l u e s )

W  =  T -  E  (3 )
where T =  total moisture content

E x p e r i m e n t a l  P r o c e d u r e

I t  was the purpose of the experiments to establish values 
of the drying coefficient, B, to establish quantitatively the 
effect of air velocity, thickness of stock, and temperature of 
air upon this coefficient, and to determine the value of the 
constants, m and n, in Equation 2. An experimental drier 
was constructed large enough to dry thirty calfskins or kips.

F i g u r e  2 .  D i a g r a m  o f  E x p e r i m e n t a l  D r i e r

d. D ry-bulb therm om eter II. M otor
A. H eating coil J .  Fram e for supporting
B. Steam  inlet autom atic  leather

control valve K . P latform  scale
C. A utom atic tem perature L. L eather

control therm om eter M . In le t for fresh air
D. T em perature recorder N . O utlet for spen t air
E. H um idity  recorder 0 . Opening for recirculated
F. Shu tter air
Q. Blower P. Live steam  Bupply
w. W et-bulb therm om eter

This drier was of a compartment type, but, by recirculating a 
portion of the air, drying conditions could be made to simulate 
those in a progressive drier wherein the leather is progressively 
subjected to less humid air as drying proceeds. In this way, 
practical drying conditions are simulated, in contrast to 
the frequently used method of employing constant drying 
conditions in laboratory experiments. Using progressively 
changing drying conditions during an experimental run 
complicates the calculations involved but yields more reliable 
information for practical operation and design. In drying 
leather it  is important to hang it in vertical sheets and to pass 
the air downward over the vertical surfaces rather than to 
blow the air horizontally. This is necessary because of the 
irregular shape and size of skins. If air were passed horizon
tally, the stream would channel through the open spaces of 
the bottom end without effective contact w ith the surface. 
In a progressive drier for leather, air should be passed in a 
helical spiral through the drier, winding its way counter- 
current to the travel of the stock, the air passing downward 
through the sheets of leather, leaving at the bottom, and by
passing through side channels to the top of the next group of 
skins. Fans must be provided to effect each turn of the air 
stream, to maintain a helical flow, and to avoid a horizontal 
flow.

A diagram of the experimental drier is shown in Figure 2.

The temperature of the air entering the leather was controlled 
by automatic regulation of the steam supply to the heating coil 
by means of a Johnson thermoregulator. Each skin was hung 
from four supports with the butt ends up and adjustable to 
different spacings. A distance of 5 cm. apart was the minimum
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value found necessary to  avoid touching and to  allow a  free 
passage of air. Fresh  a ir was adm itted  through a  port in the 
side. T he proportion of fresh air adm itted  could be adjusted 
by varying the  size of these po rt openings. A special intake 
a t  the front perm itted  admission of higher proportions of fresh 
air. Air was circulated by  m eans of a  blower and th e  ra te  of 
flow varied by  changing th e  pulley ra tios on th e  drive shaft. 
A continuous prin ted  record of d ry- and w et-bulb tem peratures 
was registered by m eans of a  Foxboro recording psychrom eter. 
The leather was suspended on hooks fastened to  a  wooden frame, 
the  whole of which was suspended from a platform  scale m ounted 
above the drier. By th is scale a  continuous record of the weight 
of leather and its m oisture content could be obtained for the 
entire run.

W et- and dry-bulb therm om eters, precise to  0.1° C., were 
placed for m easuring the  tem peratures of fresh, spent, and re
circulated air. T he final m oisture con ten t of the  leather after 
drying was obtained by  cu tting  off sam ples for chemical analysis. 
Such samples were taken  from various parts of the  skin to 
determ ine uniform ity of drying and the average m oisture content. 
The hum id ity  of air was controlled by regulating the  supply of 
fresh a ir and also by admission of steam  a t  the  beginning of 
the run. T he fact th a t  the drier was constructed of wood in ter
fered with hum idity  control bu t did no t affect th e  experimental 
values of drying coefficients. T he velocity of a ir flowing down
ward between the  skins was m easured by an  anem om eter. R ead
ings were taken a t  twenty-one different points a t  a  horizontal 
elevation halfw ay down th e  skins. These velocities varied 
greatly  from point to  point owing to  the  irregularity  of leather. 
From  fifteen to  th ir ty  skins were taken for each test imm ediately 
a fte r the  operation of hand-setting.

T he following variations in drying conditions were tested :

Average air velocities, 14 to 142 kg. per square m eter per m inute 
Tem perature of satu rated  air, 26° to 60° C.
Tem perature of dry air, 26° to  93° C.
Initial m oisture content of leather, average 1.5 kg. per kg. of dry 

leather (60 per cent water)
Final m oisture content of leather, 0.025 to 0.155 kg. per kg. of dry 

leather (2.4 to 13.4 per cent water)
Fraction of water removed, 90 to 98.5 per cent 
Tim e of drying, 2.5 to  18 hours
Average thickness of stock, calfskins 1.03 mm., kips 1.4 mm.
Average density of leather excluding water, before drying 0.46, after 

drying 0.50

After drying, the  thickness of each skin was measured a t  five 
different places—namely, in the head, righ t b u tt, left b u tt, right 
brisket, and left brisket.. T he stock was placed “ in crust”  for 
a t  least 12 hours. T he dried leather was then dipped in water 
for 10 m inutes. After dipping, the  skins were passed through

■Ioc
e

th e  norm al operations of sam mying, staking, tacking, trim m ing, 
graining, and seasoning. Shrinkage of lea ther in drying was 
determ ined by  m easuring th e  area a fte r hand-setting and a f te r  
tacking. All area  m easurem ents were m ade by th e  sam e opera
to r and on th e  sam e m achine. T he average shrinkage in area 
during drying was 5.7 per cent.

D rying experim ents were conducted under different conditions 
in order to  ascertain  th e  varia tion  of th e  drying coefficient, B, 
w ith the variable factors such as tem perature, air velocity, thick
ness of stock, and spacing of skins. T em perature readings of 
dry- and wet-bulb therm om eters of the  fresh, recirculated, and 
spent a ir were taken  in duplicate every 10 m inutes. T o com
pensate for fluctuations in tem perature  due to  operation of 
the  therm oregulator, the  tem peratu re  readings were taken  in 
duplicate a t  half-cycle in tervals of th e  periodic operation of 
heater. For instance, if th e  therm oregulator operated  every 2 
m inutes, readings were taken  1 m inute a p a r t for each 10-minute 
interval. Average of duplicate readings were used in calcula
tions. The period of fluctuation increased as the  leather a p 
proached dryness. T he weight of leather was also recorded a t  
10-minute intervals.

In  sta rtin g  a  test th e  drier was first heated to  th e  desired tem 
perature, and th e  a ir was sa tu ra ted  by blowing in  live steam . 
All outside ports were closed, and air was recirculated for 15 
m inutes. A regulated fraction of fresh a ir was adm itted  and the  
drying was continued un til th e  leather reached a constan t weight.

A complete log of data for run 16 is given in Tables I, II, and 
III. Velocities were not recorded for this run.

T a b l e  I. E x p e r i m e n t a l  D a t a  f o b  R u n  16
(Stock, 30 L M calfskins; tem perature of air entering above leather, 49* C . ; 

tim e of drying, 3 hours 50 minutes; spacing, 2.5 cm. apart)

Moisture
W eight Content T hickness

o r per  ko. D rt AFTER
Stock Stock, T D rying
Kg. Kg. M m.

After hand-setting 34.5 1.52 Shoulder 1.04
After drying, average 15.4 0.118 Right brisket 0.89

In b u tt ,, 0.117 Left brisket 0 .86
In belly 0.122 Right b u tt 1.07
In shoulder 0.121 Left b u tt 1.02
In crust 15.9 0.154 Average 0 .9 8
In  sammying 25.5 0.852

Bone-dry 13.8 0 .0

T a b l e  I I .  E x p e r i m e n t a l  D a t a  f o r  R un  16
W e i g h i

o r
: W e i o h t  

o r FRESH AIR
— T E M PE R A T U R E  — 
RECIRCULATED AIR; SPEN T A IR

T i m e  S t o c k W a t e r Dry Wet Dry Wet Dry W et
ü/tn . Kg. Kg. °C . ° C. ° C. ° C. ° C. • C.

0 34.2 20.4 51.2 48.1 50.8 47 .6
5 33.8 20.0 49.5 45 .8 49.2 45.7

10 33.4 19.6 48.3 44.4 43 .0 44 .5
15 33.0 19.3 48.1 43.5 47.4 43 .8
20 32.6 18.8 48.9 44.2 47.8 44.2
25 32.2 18.4 49.7 44.4 48.2 44.3
30 31.8 18.0 49.0 43.0 48.2 42.1
40 30.5 16.8 49.0 42.8 48.2 42 .8
50 29.2 15.4 3Ü 1 21.1 49.6 40.5 48.0 41 .3
60 27.9 14.0 30.9 22.8 49.4 40 .0 49.0 40 .3
70 26.2 12.4 49.7 39.6 48.9 39 .8
80 25.1 11.3 3Ü 0 22!2 49.7 39.0 49.2 39.4
90 23.9 10.1 31.7 22.4 49.9 38.4 48.9 38.7

100 22.7 8.9 49.5 37.6 48.7 37 .8
120 21.7 6.85 3ü!ö 2Ü 2 48.3 35.6 47.8 36.1
130 19.8 5.95 49 .0 35.1 48.1 35 .6
140 19.1 5.3 31 * 8 2 Î ' 6 49.4 34.4 48.2 35 .0
150 18.4 4 .6 49.1 33.6 47.9 33 .2
160 17.9 4.1 3Ü 7 2Ü 3 49.1 32 .8 47 .9 33.4
170 17.3 3.5 48.9 32.2 48.1 32 .8
180 16.7 3 .0 ,, ., 49.0 31.7 48.1 32 .3
190 16.4 2 .5 49.3 30.7 48.1 31 .3
200 10.1 2 .3 30 .*9 19.*7 47.8 29.4 47.2 30.2
210 15.9 2 .1 .. 48.4 28.9 47.7 3 0 .0
220 15.6 1.8 ., 48.8 28.5 48 .0 29.7
230 15.4 1.6 48.5 28.0 47 .6 29.2

In  Figure 3 the following experimental values were plott

F i g u r e  3 .  E x p e r i m e n t a l  D a t a  f o b  R u n  16

Thickness of stock, 0.9S m m .; tem perature, 120° F. 
(¿ s .s 0 C.)

against time: total moisture content, free moisture content, 
unsaturation of air entering above the skin, and unsaturation 
of air leaving below the skin. Since the change in unsatura
tion of air in passing once over a single skin is slight, the mean 
unsaturation in the drier at any instant, AH „, was taken as 
the arithmetic mean of the entering and leaving values. 
This mean value was also plotted. The average integrated 
value of the unsaturation of air over any elapsed period of 
time, AH»,., was obtained by graphical integration of the 
equation:
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T a b l e  I I I .  C a l c u l a t e d  D a t a  f o b  R u n ' 16

a n  o*
T ime

R e c ir c u l a t e d
A ir

S p e n t
A ir

Recir
culated, Spent, Mean

M ix  fo r A //A v . for 
tim e time

A v e r a o e  in D r ie r —
Relative

O 
M in .

t
0 C.

t -  tu*
° C.

t — tu
° C.

Mix M l  j M lm  in terval 
■Kilograms per kilogram of dry

elapsed 
air---------'

T E W O A / / av. t t — t 10 hum idity

0 51.2 3 .2 3.2 1.355 1.355 1.355 1.48 0.27 1.21 0 51 .0 3 .2 83
5 49.6 3 .8 3 .45 1.62 1.45 1.52 1.44 1.44 1.45 0.255 1.195 7 .2 48.9 3 .7 80

10 48.3 3 .9 3 .45 1.665 1.475 1.57 1.545 1.49 1.42 0.257 1.161 14.9 48.1 3 .7 80
15 48.1 4 .5 3 .8 1.93 1.545 1.74 1.655 1.55 1.39 0 .25 1.14 23.2 47.7 4.05 79
20 48.9 4.85 3 .7 2.07 1.57 1.82 1.78 1.605 1.36 0.248 1.112 32 48.3 4.25 78
25 48.9 5 .3 3 .8 2.26 1.64 1.95 1.885 1.66 1.33 0.245 1.0S5 41.5 43.9 4.55 77
30 49.8 5 .9 5.1 2.52 2.19 2.34 2.195 1.75 1.30 0.23 1.07 52.5 48.6 5 .5 72
40 48.9 6 .2 5 .3 2.64 2.28 2.46 2.40 1.91 1.22 0.215 1.021 76.5 48.6 5.75 71
50 49.6 8 .55 7 .3 3.67 3.12 3.40 2.93 2.12 1.114 0.178 0.936 108 49 .0 7 .95 62
60 48.9 9 .5 8 .7 4.07 3.74 3.905 3.65 2.37 1.015 0.185 0.830 142 49.1 7 .9 61
70 49.8 10.2 9 .0 4 .38 3.86 4.12 4.01 2.61 0.897 0.17 0.727 182.5 49.3 9 .6 56
80 49.7 10.8 9 .8 4.62 4.19 4.405 4.26 2.81 0.819 0.158 0.661 225 49.4 10.5 52.5
00 49.9 11.5 10.3 4 .93 4.41 4.67 4.54 3.01 0.733 0.155 0.572 270 49.4 10.9 50

100 49.5 12.0 10.8 5.14 4.64 4.89 4.78 3.18 0.646 0.150 0.496 318 49.1 11.4 48
120 48.3 12.7 11.7 5.45 5.03 5.24 5.065 3 .50 0.496 0.14 0.358 420 48.1 12.2 44.5
130 48.9 13.9 12.5 5.95 5.35 5.65 5.445 3.64 0.431 0 .13 0.301 473 48.5 13.2 41
140 49.4 14.9 13.2 6.37 5.64 6.005 5.83 3 .80 0.384 0.13 0.254 532 48.8 14.0 39.5
150 49.1 15.5 13.7 6.65 5.88 6.265 6.135 3.96 0.332 0.122 0.217 594 48.6 14.6 37
160 49.0 16.3 14.5 6.96 6.21 6.58 6.42 4.11 0.296 0.115 0.181 658 48 .5 15.4 35
170 48.9 16.8 15.3 7.19 6.55 6.87 6.725 4.26 0.245 0.11 0.135 723 48.4 16.0 32 .5
180 49.0 17.3 15.8 7.43 6.74 7.095 6 .98 4.42 0.214 0.105 0.109 794 48 .5 16.6 30.5
190 49.2 18.6 16.8 7.9S 7.20 7.59 7.34 4.57 0.184 0.10 0.0S4 869 48.7 17.7 28
200 47.8 18.4 17.0 7 .90 7.25 7.555 7.57 4.72 0.164 0 .10 0.064 944 47.6 17.7 27
210 48.4 19.5 17.7 8 .35 7.60 7.98 7.77 4.87 0.148 0.092 0.056 1020 48.1 18.6 25
220 48.8 20.3 18.3 8.68 7.80 8 .76 8.37 5.02 0.132 0.09 0.042 1100 48.3 19.3 25
230

* t  -
48 .5  20.6 18.4 

dry-bulb tem perature; lw
8 .80  7 .88  8 .34  

wct-bulb tem perature.
8 .55 5.17 Ö.118 0.035 0.033 1190 48.0 20.0 22

/: A H „ d e

vhere AH . =
AHi AHj

These values are also plotted in Figure 3. Knowing the 
average integrated value of unsaturation, Equation 1 be
comes:

dir^  =  -B A H ^ .d Q

Upon integration, this becomes: 

W„In
IF.

B i f f , , ,  e

(4)

(5)

Instead of calculating B  for each value of 0 ,  an average 
value for the entire run was obtained graphically. Values 
of log IF were plotted against Q A H ... (Figure 4).

T a b l e  IV. S u m m a r y  o f  E x p e r im e n t a l  D a t a  o n  
D r y in g  C o e f f i c i e n t s

A rea D r y in g
M o is t u r e S h r in k  C o 

T im e A ir A v . C o n t e n t age e f f i 
D r t in o of V e  T h ic k  B efo re A fter IN c ie n t ,

R u n T e m p . R u n lo c ity n e s s ,  L d r y in g d r y in g D r y in g B
K g ./so. m .f

°C . Hr». mtn. M m. % % %
1 26-49 19 14.1 1.05 61.9 11.5 8 .6 1.305
4 49 3 .5 42.7 1.17 60.4 13.1 9 .0 1.90
5 55 2 .7 42.0 1.06 60.5 10.3 9 .1 2.71
6 51 3 .5 42.5 1.00 60.9 13.5 7 .2 2.61
7 43-49 6 .2 42.3 1.04 60.7 11.4 6 .3 2 .48
8 49 4.7 71.4 1.13 61.0 9 .0 7 .3 3.61
9 54 3 .7 70 0 1.02 61.7 9 .5 10.3 3.48

10 43-54 3 .0 71.4 0.9S 55.5 9 .7 8 .2 3.35
11 49 3 .2 117.0 1.02 59.9 11.3 7 .4 4.95
13 54 3 .5 115 1.00 62 .0 9 .9 S .8 4.38
15 60 3 .5 112 1.06 63.8 8 .8 7.6 4.63
16 49 3 .6 98 .8 0.9S 60.4 10.6 3 .6 3.11
22 32 2.5 124 55 .5 35.6 3 .5 4.67
28 54 2.5 114 lIÔ4 61.6 11.5 3 .6 4 .65
17 49 5 .0 99.6 1.32 62 .0 10.1 3 .3 3.18
30 54 4 .5 99.6 1.43 59.5 8 .4 5 .7 3.55

equal to 3.11. A summary of experimental data for all runs 
is given in Table IV.

E f f e c t  o f  Am  T e m p e r a t u r e

Variations in temperature affect the diffusion coefficient of 
vapor and also the viscosity of air, and hence it would be 
expected that values of m  in Equation 2  would also be affected 
by temperature. However, by plotting values of B  for 
constant values of air velocity and thickness of stock, it is 
seen (Figure 5) that the temperature effect is negligible over 
the rather limited range of temperatures employed in these 
experiments. The effects of temperature upon diffusivity 
and viscosity apparently offset each other.

E f f e c t  o f  Am V e l o c it y  u p o n  D r y i n g  C o e f f i c i e n t

By plotting values of log V vs. log G (Figure 6), the experi
mental points are found to lie on a straight line and hence 
may be represented by the equation:

log B =  log £  +  n log G

where the slope of the line is equal to n and the intercept to log 
m/L.

Evaluating constants m /L  and n, the equation for B  becomes

B =  0.274 G°-* (6)
where m /L  =  0.274 and n =  0.6

The data for this plot are as follows:

A ir V elo city B
M eiers/ min. Kg./sq. m ./m in .

12.2 13.7 1.30
39.7 42.4 2.60
66.0 70.9 3 .48

108.2 115.0 4.66

The deviation of points from a straight line is well within 
the range of experimental error. This indicates that the 
proposed theory of drying and the rate of drying expressed 
by Equation 4 is substantially sound and reliable. The slope 
of the straight line in Figure 4 multiplied by 2.303 represents 
the average value of the drying coefficient, B, for run 16 and is

E f f e c t  o f  T h i c k n e s s  o f  S t o c k  u p o n  D r y i n g  
C o e f f i c i e n t  B

It  was deemed important to check the assumption made 
that the rate of drying varied inversely with the thickness of 
the stock. If diffusion of water through the stock was a 
controlling factor, the rate of drying would vary inversely 
with the square of the thickness. In comparing the rate of 
drying calfskins (thickness, 1.03 mm.) with the rate of drying 
kips (tliickness, 1.37 mm.) at the same air velocity, the follow
ing values were obtained:
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T h i c k n e s s

M m.
1.03
1.37

4.34
3.36

tn/L

0.274
0 .2 1 2

0.282
0.290

Within the limits of experimental error it was concluded that 
the drying coefficient, B, varies inversely with thickness as 
assumed earlier, and that resistance to diffusion through the 
stock is a negligible factor. The shrinkage of leather during 
drying did not seem to alter appreciably the drying coefficient.

F i n a l  E q u a t io n

The final equation for the rate of drying chrome leather 
becomes:

G°-'« W A H (7)

<m
dQ

1.12 W M l (8)

d ir
Ade -0.065(7° ' i f  AII (9)

where F 
IF 
A 
G
A P

dW
=  (0.031 +  0.013510 APAdd

=  velocity of air, meters per second 
=» water, kg.
=  surface, square meters 
= time elapsed, hours
=  P -  Pj

( 10)

P  — vapor pressure of water at surface, mm. of mercury 
p.i = vapor pressure of water at dew point of air, mm. of 

mercury

Equation 10 holds for values of V from 0.5 to 4.0 meters per 
second and at at
m o s p h e r ic  p r e s 
sure.

Reducing Equa
tion 9 to the same 
units for the con
stant rate p er iod , 
there results:

dW  =  0.282
do L

where IF = free moisture content, kg. of water i»r kg. of dry 
stock

L =  thickness of leather, mm.
G = mass velocity of air, kg. of air-vapor mixture per

square meter per minute 
0  = time elapsed, minutes
AH = unsaturation of air =  //„  — II
IIa =  humidity of air at wet-bulb temperature, kg. per

kg. of dry air 
II =  humidity of air in main air stream

Equation 7 is suitable for the air-drying of chrome leather 
when the air flows vertically downward over and between 
vertical sheets of leather spaced 2.5 cm. or more apart and 
for values of sir velocity, G, above 10 kg. per square meter 
per hour, and for values of moisture content below 60 per cent, 
(T  =  1.5).

For drying leather in still air, it will be safe to use the 
equation:

dW
Add =  0.057V«-' AP 

( 11/

Over the velocity 
range in  q u e s t io n  
th is  la t t e r  e q u a 
tion is about 40 per 
cent h ig h er  th an  
the data of Himus 
an d  H in c h le y .
This d if fe r e n c e  is 
reasonable since it 
is to  be e x p e c te d  
th a t  th e  r a te  of 
e v a p o r a t io n  o f  
water from a ver
t ic a l  l iq u id  su r 
face will be greater than from a horizontal surface.

VALUl  or #41^,

F i g u r e  4 .  E v a l u a t i o n  o f  D r y i n g  
C o e f f i c i e n t  B i n  R u n  1 5

Thickness, 0.98 mm.; tem perature, 120° F. 
(48.9° C.)

To determine the rate of drying leather per square meter 
of surface on each side of the skin, Equation 7 reduces to:

In view of the great irregularity in the shape and thickness 
of leather, further refinement in these equations to take 
into account shrinkage and temperature effects were not 
deemed worth while.

It should be emphasized that Equation 7 applies to chrome 
leather and not to vegetable-tanned leather. Because of the 
much denser structure of vegetable-tanned leather the rate 
of drying is slower, the mechanism is considerably altered, 
and diffusion through the stock becomes an important factor 
and cannot be neglected.

C o n s t a n t  R a t e  P e r i o d

As previously stated, the constant rate period should not 
occur in the practical drying of leather because excess surface 
water is removed during the operation of hand-setting by 
scraping. It will be safe to use Equation 7 during this 
period by employing a value of 1.25 for IF. Drying during 
this period is equivalent to evaporation from a vertical 
surface of water. For a horizontal water surface, Himus and 
Hinchley ( f ) give the following equation when a stream of air 
passes over and parallel to the surface:

pz
g*
i
8 l

A p p l i c a t io n  o f  D r y in g  E q u a t io n

An accurate knowledge of drying coefficients is useful in 
problems dealing with the design of driers and especially in 
calculating the most economical conditions of operation. 
The fact that successful design and operation are accom
plished without such information is because ordinarily the 
operating conditions of a drier are extremely flexible as to 
time, temperature, recirculation, and air velocity, so that any 
shortcoming of the drier may be readily corrected by altering 
these conditions. However, the most economical design 
and most economical method of operation can be calculated

only from a knowledge of 
such c o e f f ic ie n t s .  The 
method of applying these 
coefficients will be demon
strated for three types of 
problems dealing with the 
use of a progressive drier 
for drying chrome leather. 
I t  is desired to calculate:
(1) the time required for 
drying and the correspond
ing length of drier, (2 ) the 
optimum velocity at which 

air should be passed over the sheets of leather, and (3) the 
most economical fraction of air to recirculate.

Assume the following general problem in the drying of 
leather: It is desired to dry 10,000 calfskins per 24 hours in a 
progressive drier operating continuously for 300 days in the 
year. The skins are to be suspended vertically 6.3 cm. apart 
and placed parallel to the direction of travel. The drier is 
of such dimensions as to accommodate 28.2 skins per meter of 
length. The average thickness of skin is 1.03 mm., the 
average dry weight is 0.527 kg., the average initial moisture 
content is 1.562 kg. per kg. of dry leather. Air enters the

0

6-70.*

—*©*- G-a.13

3 0  1 0  s o
TTMPEBATURE.’C.

V

F i g u r e  5 .  E f f e c t  o f  T e m 
p e r a t u r e  o f  A i r  u p o n  D r y 

i n g  C o e f f i c i e n t  B
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prelieater at 26.6° C. (80° F.) and 70 per cent relative hu
midity at atmospheric pressure, and is heated to 60° C. (140° 
F.) before entering the drier. The air passes in a helical 
stream through the drier, flowing downward through the verti
cal sheets of leather and by-passing through a side channel to 
the next adjoining bundle of sheets. The air flows through 
the leather at an average mass velocity of 39 kg. per square 
meter per minute. The total supply of dry air is 390 kg. 
per minute. It is desired to dry the leather to a final moisture

The cost of tunnel 
construction not in
cluding fans is $164 
per meter of length. 
The cost of steam is 
SI.98 p er m ill io n  
Calories, and the cost 
of power is 2.7 cents 
per k ilo w a tt-h o u r .  
The annual charge for 
interest, depreciation, 
and taxes on all in
vestment costs is 25 
per cent.

The symbols used 
in these p ro b le m s  

have the same significance as previously defined. Subscript 
0  refers to conditions at the end of drier where the leather 
enters and subscript 1 to conditions at the other end where 
the leather leaves:

t =  dry-bulb temperature, ° C.
i„ =  wet-bulb temperature, ° C.
r =  ratio of dry air to dry stock per unit time

For this particular problem the general drying equation (7) 
becomes:

dW = —2.40 IVAH (12)

Direct integration of this equation is not possible because 
the relationship between free moisture content, IF, and 
humidity, H , cannot be expressed by any simple formula. 
In a progressive drier the temperature and humidity of the 
air vary progressively from one end of the drier to the other, 
and also the conditions of the stock as to temperature and 
total, free, and equilibrium moisture contents vary progres
sively from entrance to exit. The water balance of the drier 
is given by the equation:

T, -  T, =  r (tf„ -  fl.)

For any given length of drier the weight balance is:

T, — T  =  r (Ho — H)

In terms of free moisture content the balance becomes:

(IF, +  E 0  — (IF +  E) = r (ff, -  H)

Since E  varies progressively through the drier and depends 
up>on a complicated relation to temperature and relative 
humidity, as shown in Figure 1, it becomes evident that a 
mathematical integration of Equation 12 becomes impossible. 
For the special case of countercurrent driers where AH  re
mains nearly constant, the equation integrates to the form:

In =  -2 .4 6  (AH )„. O

P r o b l e m  1 . D r y i n g  T i m e  a n d  L e n g t h  o f  D r i e r

Assume that the air is maintained at a constant temperature 
of 60° C. throughout the drier. This can be accomplished

by distributing heating coils in the side channels along the 
entire length of drier so that each time the air stream has 
passed over a sheet of leather, the heater restores its tempera
ture to 60 0 C. To solve Equation 12 by graphical integration 
requires a knowledge of conditions at every point in the drier. 
Assuming any given value of total moisture content, T, the 
corresponding humidity of air can be found from the weight 
balance:

To -  2’ = r( / / 0 -  H) or 1.562 -  T =  106 (0.0296 -  II)

Knowing the humidity, II, and the dry-bulb temperature, 
60° C., the relative humidity and wet-bulb temperature of 
the air can now be obtained from a standard psychrometrie 
chart. If the Grosvenor chart is used, it  is first necessary to 
convert relative humidities to percentage humidities. Know
ing the temperature and relative humidity of the air, the 
equilibrium moisture content of the leather, E, can be ob
tained from the chart of equilibrium moisture content (Figure 
1). The free moisture content follows from the relation, 
IF =  T  — E . The humidity of air at the wet-bulb tempera
ture can be obtained from the psychrometrie chart. The un
saturation of the air is found from the equation AII — 
II„ — H  or can be calculated from the relationship AII =  
0.000429 (t — ta). Values of l /W A I I  are calculated for 
each assumed value of T. Equation 12 can now be in
tegrated by plotting values of l /W A I I  against IF and in
tegrating graphically between the lim its TF0 and IF,. Typical 
calculations are given in Table V. The value of the integral 
is 300 units. Hence,

300 . .0  =  = 122 minutes2.46

Since in this particular problem the value of AH  varies but 
slightly through the entire drier, an alternative solution may 
be used. B y using an average value of AH =  0 0116, Equa
tion 12 can be directly integrated and becomes:

In =  2.46 X 0.0116 X G

Solving for known values of IF,, 0  becomes 120 minutes.
Since the output of the drier is 3.69 kg. of dry leather per 

minute, the capacity of the drier must be 3.69 X 122 =  445  
kg. The weight of dry leather per meter of drier is 14.83 
kg. Hence the required length of drier must be 30 meters.

T a b l e  V. C a l c u l a t e d  D a t a  f o r  G r a p h ic a l  I n t e g r a t io n

T II it«
° C. 
36.4

R elatives
H umidity IIu, A// B W

1
\V A / /

1.562 0.0296 23 0.0397 0.0101 0.078 1.484 67
1.4 0.0281 35.9 22 0.0385 0.0104 0.075 1.325 72
1.2 0.0262 35.0 20 0.0369 0.0107 0.070 1.13 83
1.0 0.0243 34.2 19 0.0354 0.0111 0.06S 0.932 97
0 .8 0.0224 33.7 18 0.0339 0.0115 0.065 0 735 113
0 .6 0.0205 32.8 17 0.0322 0.0117 0.060 0.540 161
0 .4 0.0187 32.0 16 0.0307 0.0120 0.058 0.342 244
0 .2 0.0168 31.1 14 0.0292 0.0124 0.052 0.148 555
0.099 0.0153 30.6 13 0.0289 0.0131 0.050 0.049 1610

A d i a b a t i c  D r y i n g . If the same leather were to be dried 
adiabatically with air entering at 60° C., the same procedure 
would be followed. In this case the wet-bulb temperature 
would remain constant at 30.6° C., and from a knowledge of 
humidity the values of dry-bulb temperature and relative 
humidity are obtained from the psychrometric chart. In  
solving this particular problem for adiabatic drying, it w ill 
be found that Ho =  0.0296 and IIva — 0.0289; hence AH» 
becomes negative. This means that for the given conditions 
the air becomes saturated before drying is complete; hence 
adiabatic drying is impossible for the stated conditions. In  
order to dry adiabatically, it  would be necessary either to  
increase the temperature of the entering air or increase th e  
velocity of air flow.

content of 90 per cent (T i =  0.099).

t
i
i

GO

I*
OC

4J

I
f'/0 10 30 HO SO 6010 60 JOO ISO

6-IUSS VELOCITY - Kumîak» A» pi« Jo«*«« Hrtn n$ M.*

F i g u r e  6 . E f f e c t  o f  M a s s  V e l o c i t y  
o f  A i r  u p o n  D r y i n g  C o e f f i c i e n t  B

Average thickness of calfskin, 1.03 mm.
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P r o b l e m  2 . O p t im u m  A i r  V e l o c it y  t h r o u g h  L e a t h e r

As the velocity of air passing through the leather is in
creased, the length of drier may be shortened; this results in 
a saving in the cost of drier and also reduces the cost of heat 
losses through the walls of the drier. On the other hand, as

equal the fraction of air recirculated and hi equal the humidity 
of fresh air the following weight balances will be obtained:

T a b l e  VI. C a l c u l a t e d  D a t a  f o r  O p t im u m  A ir  
V e l o c it y

O' a
Lb./sq. Kg./sq.

f t ./m in . m ./m in .
2 9 .8
4 19.6
8 39.2

12 58.6
16 78.2
20 97.6
24 117
28 137
32 156
36 176
40 196

P r o b l e m  3 .

L e n g t h

Invest
m ent,
drier,
fans

- A n n u a

Radia
tion

L C o s t s -  

Power Total

Meters
86 $3736 $615 $44 $4395
49.4 2270 354 86 2710
29.8 1525 214 316 2055
23 .8 1328 170 820 2318
18.7 1139 134 1470 2743
16.5 1080 118 2560 3758
14.8 1044 106 3900 5050
13.4 1012 96 56S0 6788
12.2 982 87 7640 8709
1113 962 81 10300 11243
10.7 962 76 13200 14238

Afin.
348
200
122
96
76
67
60
64
49.5
46
43

M o s t  E c o n o m ic a l  F r a c t io n  o p  R e
c ir c u l a t e d  A i r

In the particular problem illustrated for drying at a con
stant temperature of 00° C. (140° F.) and at an optimum air 
velocity of 39  kg. per square meter per minute, the air 
leaves the drier at a relative humidity of only 23 per cent. 
I t  is reasonable to believe that operation costs could be re
duced by recirculating a fraction of the air. As the fraction 
of recirculated air is increased, the length of drier must be 
increased with a corresponding increase in cost of drier and 
cost of heat lost through the walls. On the other hand, 
with an increase in fraction of circulated air the amount of 
fresh air will be reduced, and a corresponding decrease in 
heat required for preheating air will be obtained. Letting x

To — T, -  r (II, -  HO 
T , -  T, =  r (1 -  x) ( / / ,  -  h,) 0 3 )

The length of drier is calculated for a series of values of x in 
the same manner as outlined in problem 1. The heat required 
for evaporation, preheating stock, preheating air, and heat 
losses through drier can then be calculated for each value of 
x  and for the corresponding length of drier. The calculated 
results are shown graphically in Figure S. The most eco
nomical fraction of recirculated air is 55 per cent. At this 
fraction the annual cost of heat and investment charges is 
•S7600, whereas with all fresh air the annual cost is $9700.

T a b l e  V II. C a l c u l a t e d  D a t a  f o r  M o s t  E c o n o m i c a l  
F r a c t i o n  o f  R e c i r c u l a t e d  A i r

- A n n  u a i. C o s t s -

F ig u iie  7 .  E f f e c t  o f  V e l o c it y  o f  A ir  u p o n  
A n n u a l  C o s t s

air velocity is increased, the cost of power for blowing air 
and the investment cost of blowers will increase. Obviously 
the optimum velocity will be obtained when the total cost 
becomes a minimum. To determine this optimum velocity, 
it  will be necessary to assume a series of values of G and for 
each value to calculate the corresponding length of drier re
quired as described in problem 1.

For a particular well-insulated drier the heat losses are 500 
Calories per hour per meter of length. The power costs and 
size of blower can be obtained from the pressure required to 
blow the air through the leather and heater coils, including all 
bends, contractions, and expansions. With cost of heat SI.98 
per million Calories, cost of power 2.7 cents per kilowatt-hour, 
and an annual charge of 25 per cent for interest, overhead, and 
taxes on all investment costs, the results shown in Figure 7 
and Table VI were obtained. The optimum velocity of air 
is 39 kg. per square meter per minute. These calculations 
apply to a progressive drier operating at a constant tem
perature of 60° C. with no recirculation of air.

X e L e n g t h Investm ent II eat Total
M in. Meters

0 122 30 $1231 $8500 $9731
0 .2 131 32.3 1325 7420 8745
0 .4 159 39.4 1612 6400 8012
0 .5 186 45.8 1875 5850 7725
0 55 197 48.5 19S7 5650 7637
0 .6 246 60.6 2490 5450 7940

1 ?o» 

: im
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traction or a u  re c ir c u ia t c d

F ig u r e  8 . E f f e c t  o f  R e c ir c u l a t io n  
o f  A ir  u p o n  D r y in g  C o s t s

As the fraction of recirculated air exceeds 55 per cent, the 
length of drier required rapidly approaches infinity as the 
equilibrium moisture 
c o n te n t  of 0.099 is 
reached and costs rise 
accordingly.

In order to reduce 
leather to a moisture 
content of T  =  0.099 
with a ir  d r y in g  at 
60° C., the r e la t iv e  
humidity of the enter
ing air cannot be in
creased above 32 per 
cent (Figure 1); the 
c o r r e sp o n d in g  hu
midity of the entering 
air III =  0.0428 and
from the weight balance Ho is found to be 0.0565. Substitut
ing these values in Equation 13, we obtain:

1.502 -  0.099 =  106 (1 -  x) (0.0505 -  0.0158) or i  =  0.60

The maximum fraction of recirculated air is then 66 per 
cent. A larger percentage will result in inadequate drying.
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Colloidal Bentonite-Sulfur
A New Fungicide

A. S. M cD a n ie l , N iagara  Sprayer and C hem ical C om p any, In c ., M idd leport, N . Y .

T HE primary requisites of 
an entirely satisfactory 
or “ideal” sulfur fungi

cide for agricultural uses can be 
stated to comprise the following:
(1) safety to the growing plant;
(2 ) high toxicity to the disease 
organism; (3) high degree of ad
h e s iv e n e s s  u n d er  a d v e r se  
weather conditions; (4) wetta
bility or dispersibility in water; 
(5) low cost per control unit or 
dose; (6) convenience in use; 
(7) s t a b i l i t y  an d  uniformity

The essential requisites o f an  “ ideal" sid fur  
fu ngicide are outlined, and the properties o f 
the ncui product, known as colloidal bentonite- 
su lfur, are discussed w ith  reference to these re
quirem ents. The method o f com m ercial m an u 
facture is  described, and data  are given showing  
the close resemblance between the colloidal 
properties o f the new product and those of benton
ite itself. D a ta  on tox icity  by the spore count 
method and on the com m ercial control o f a  typ ica l 
orchard fr u it disease are presented.

under normal conditions; (8 ) 
compatibility with other classes or types of insecticides and 
fungicides in common use.

These requirements relate to the properties of the material 
before, as well as after, application to the growing plant to be 
treated, and they also apply, with almost equal pertinency, 
to materials adapted for liquid spraying or dry dusting.

as sodium silicate, are caustic in 
character and therefore tend to 
injure the plant.

The standard sulfur fungicides 
which were m ost extensively used 
at the time the present develop
ment was initiated were lime sul
fur solution for spraying, and 
ground elementary mineral sul
fur for dusting. These materials 
were believed to be seriously de
fective with reference to certain 
of the fundamental requirements 
outlined above. Thus, lime sul-

F ig u r e  1. D ia g r a m  o f  E q u ip m e n t  f o r  M a n u f a c t u r e  o f  
K o l o b a s e

fur solution is seriously lacking 
in safety and chemical stability, although highly toxic to the 
group of fungous diseases known to be susceptible to sulfur ma
terials. The inconvenience and expense to the manufacturer 
in packing and shipping and to the user in handling and mix
ing a somewhat noxious and chemically active liquid of this 
nature, as distinguished from a stable solid, is also objec
tionable.

On the other hand, ground mineral sulfur dust, which was 
developed partly for the purpose of overcoming these ob
jectionable characteristics of lime sulfur solution and partly 
in order to take advantage of the greater speed and conven
ience of the dusting method, was considered lacking in toxicity, 
adhesiveness, spreadability, etc. Improvement of ground 
sulfur dusts in these respects was therefore considered de
sirable.

G e n e r a l  S t a t e m e n t  o f  R e s u l t s  

In recent years, however, important advances have been 
made in approaching more nearly to this desired goal, and it is 
the purpose of this paper to discuss certain aspects of one 
of these recent developments represented by a highly colloidal 
product made from bentonite and molten sulfur, now gener
ally known in the insecticide and fungicide industry as 
colloidal bentonite-sulfur. I t  is marketed in the pure form

The fundamental and most difficult problem to be con
sidered in the development of a new fungicide is unquestion
ably the provision of a material which combines a wide margin 
of safety to the plant with a high degree of toxicity toward the 
fungous or disease organism, and the difficult nature of the 
problem lies in the fact that these two properties are dia
metrically opposed to each other.

A  further problem of almost equal difficulty is the provision 
of a product possessing the desired degree of adhesiveness 
and wettability. These properties, like toxicity and safety, 
are also inherently opposed to each other and cannot often be 
combined in one and the same material or mixture. This 
is due, in large part at least, to the fact that most adhesives 
or stickers, which are otherwise suitable, are reversible 
colloids in nature and tend to wash off under adverse weather 
conditions. Incidentally, with few exceptions, the adhesives 
proposed for this purpose, such as animal glue, casein, and 
the like, possess nutrient properties with respect to fungi 
and bacteria in general, and are therefore objectionable; 
those which do not have this objectionable characteristic, such

A B C  D
F ig u r e  2 . I l l u s t r a t io n  o f  G e l a t in o u s  P r o p e r t ie s  o f  

B e n t o n it e  a n d  o f  B e n t o n it e -S u l f u r
Powdered bentonite-sulfur C. Powdered bentonite
Bentonite-sulfur gel (6 parts water) D. Bentonite gel (6 parts  water)

for liquid spray use under the trade name of Kolofog, and in 
various combinations with other fungicides and insecticides 
for both spraying and dusting under the trade names of 
Koloform, Ivolodust, Kolotex, etc.

Briefly stated, the new product is made by absorbing molten 
sulfur into dry, ground bentonite clay and permitting the

340
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molten sulfur to solidify in  situ  in the dry 
bentonite. A mere mechanical mixture of sul
fur and bentonite does not give a product pos
sessing the desired properties. The details of 
the commercial method of manufacturing the 
new product are described later. The new prod
uct and various methods of production are 
patented (2), and commercial production and 
distribution are conducted under an exclusive 
license under the patents mentioned.

Colloidal bentonite-sulfur was first produced 
and marketed on a commercial scale in 1925 
and immediately m et with favorable reception 
by fruit growers generally.

An interesting incident of the commercial de
velopment of this new fungicide is the fact that 
the utilization of colloidal bentonite in connec
tion with the manufacture of the finished prod
uct now represents one of the most important 
commercial uses of bentonite clay itself.

S e l e c t i o n  o f  P r o d u c t  f o r  C o m m e r c ia l  
D e v e l o p m e n t

The selection of colloidal bentonite-sulfur 
for commercial development from several sug- F ig u r e  3. S i n g l e  P a r t ic l e  o f  K o l o f o o  (X  60) b e f o r e  (a t  L e f t ) a n d

gested products was n o t  in c id e n ta l  to the a f t e r  (a t  R ig h t ) F o r m a t io n  o f  G e l  b y  A b s o r p t io n  o f  W a t e r

utilization of waste material or by-products.
The gelatinous colloidal properties of the new product first 
attracted attention. Early in the investigation it was 
recognized that bentonite-sulfur, when dispersed in water, 
resembles closely the gelatinous colloidal properties of Bor
deaux “ membranes,” known to possess in a high degree the 
requisite adhesiveness and wettability. Thus, for the first 
time a sulfur fungicide had been produced possessing these 
highly desirable gelatinous or “membranous” properties 
of the best known copper fungicide. At the same time it 
was realized that possibly the new product could also be 
prepared in a substantially dry dispersible form for con
venient use as a spray without any home-mixing operations 
in the orchard or field by the user, as must be done in the case 
of certain other standard fungicides, such as Bordeaux 
mixture. This same fact also appeared important in con
nection with the storage and shipment of the material and 
also gave it an important advantage in these respects over 
lime sulfur solution which must be shipped and used in 
liquid form, representing considerable inconvenience both to 
the shipper and user. Incidentally, attempts to produce a so- 
called dry lime sulfur had not proved satisfactory.

An additional advantage was the fact that the raw ma
terials required for the production of the new fungicide—  
namely, elementary sulfur and bentonite— were commercially 
available in sufficient quantities to supply the entire re
quirements for a product designed for the uses mentioned, 
which annually require many thousands of tons of standard 
sulfur material in this country alone. The raw materials 
were also considered to be reasonably inexpensive.

M e t h o d  o f  M a n u f a c t u r e

The raw materials employed are W yoming bentonite or 
Wilkinite and ground mineral sulfur. A good grade of 99.9 
per cent Texas sulfur is used. Wyoming bentonite is pre
ferred because of its pronounced gelatinous colloidal proper
ties and the very high percentage of suspensoids which are 
practically permanently suspensible in water. The bentonite 
is tested before use by a standard quantitative laboratory 
method of determining the suspensibility of the bentonite-

sulfur which it produces. This test reproduces the actual 
manufacturing conditions closely and thus a uniform product 
is assured. Similar control tests are made regularly on 
samples from the regular factory runs.

Canadian bentonite, while apparently of good quality, 
occurs in deposits of thin strata and has, so far, not been 
conveniently obtainable in the market. Bentonite from 
California, Texas, and the eastern states has not proved en
tirely suitable.

The manufacture of Kolobase is conducted as follows: 
The bentonite is received loose in box cars, in pieces about 
the size of peas, and contains approximately 10 per cent 
moisture. It is ground in a Raymond four-roller mill until 
approximately 60 per cent will pass a 200-mesh screen and 
less than 1 per cent will remain on a G0-mesh screen. The 
sulfur is ground until 80 per cent will pass a 200-mesh screen 
and less than 0.5 per cent will remain on a GO-mesh screen. 
The equipment used in manufacture is show'n diagrammat i- 
cally in Figure 1. Four hundred pounds of the ground benton
ite and two hundred pounds of the ground sulfur are thor
oughly mixed in a flour blender, A , and elevated by means 
of the bucket elevator, B, to the hopper, C, which delivers 
the mixture to a feeding device, D . The latter passes the 
mixture to the first of four steam-jacketed insulated screw 
conveyors, arranged one above the other, E . The conveyors 
are heated by steam under 90 pounds pressure, and the steam  
line is equipped with a pressure gage and flowmeter (not 
shown). Each alternate conveyor is equipped with a re
cording thermometer, and all are provided with gas vents 
(not shown). The screws in the four conveyors are alter
nately right- and left-hand so that the material is passed 
back and forth through the set of four, while the screws may 
all be rotated in the same direction by chain drives from the 
speed reducer, N .

A s the mixture of bentonite and sulfur progresses through 
the conveyors, moisture and sulfur dioxide are evolved, so 
that, when it emerges from the last conveyor, it contains only 
about 0.5 per cent moisture and is slightly acidic to methyl 
red indicator, whereas the bentonite is slightly alkaline to 
phenolphthalein before being processed. Also, the sulfur
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is now thoroughly absorbed into the bentonite so that the 
mixture is granular in character.

The hot reaction 
product is delivered 
from  th e  lo w e s t  
screw  c o n v e y o r  
upon a slow-speed 
belt c o n v e y o r , F, 
which delivers it to 
a se c o n d  b u c k e t  
e le v a t o r ,  B l, and 
also allows time for 
the temperature to 
drop well below the 
melting point of sul
fur. The materials 
next pass through a 
h o p p er , G, to  a 
s lo w -sp e e d  rigid- 
hammer pulverizer, 
/ / ,  th e  g r id s  in  
which are sp a ced  
*/s in c h  a p a r t .  
A fte r  leaving the 
p u lv e r iz e r ,  th e  
product passes to a 
vibrating screen, J , 
equipped with a 24- 
mesh s t e e l  c lo t h .  
The fines collected 
in the hopper, K , 
are th e  p r o d u c t  
Kolofog. The over

size passes by means of the conduit, M , back to the bucket 
elevator, B \  and again to the pulverizer.

The granular product Kolofog is for use in liquid sprays. 
If a product suitable for use as a dust is desired, the material 
is removed from the hopper, G, by means of a conduit, not 
shown, and is ground in a Raymond mill to a fineness of not 
less than 95 per cent through a 300-mesh screen.

C o l l o i d a l  P r o p e r t i e s  a n d  P a r t i c l e  S i z e

The highly colloidal properties of bentonite-sulfur are at 
once apparent from the close resemblance of the finished 
product to the bentonite itself, both with respect to  its highly 
gelatinous character as well as to the particle size of its 
permanent suspensions in water, under high magnification.

The gelatinous or hydrophylic properties are illustrated by  
the photographs shown in Figure 2, which show powdered 
bentonite and powdered bentonite-sulfur, respectively, in 
each of the upright beakers. The corresponding gels ob
tained by the slow absorption of approximately six parts by 
weight of water are shown in the inverted beakers. Except 
for the yellowish color of the bentonite-sulfur jelly, its 
general physical properties are hardly distinguishable from 
those of the bentonite jelly. The gel structure is further 
exhibited when the beakers are tapped with the fingers or

F i g u r e  4 . S i x t e e n - H o u r  S u s p e n 
s i o n s  o f  B f . n t o n i t e  ( L e f t )  a n d  

K o i .o f o g  ( R i g h t )

rapidly shaken by any mechanical means which causes the 
gel to vibrate rapidly.

A further illustration of the highly hydrophylic or gelatinous 
character of the new product is given in Figure 3 which 
illustrates the appearance of a small single particle of benton
ite-sulfur (Kolofog) on a microscope slide, under a magnifi
cation of about 102 diameters, before and after absorbing 
a limited amount of water “floated” over the particle. The 
tendency of the gel to break up into more minute gelatinous 
particles around the edges of the mass is also clearly shown. 
With still more water (as in the case of the 16-hour sus
pensions, shown in Figure 4) most of the smaller masses of the 
jelly become completely dispersed, forming a practically 
continuous phase between the relatively few particles of 
suspensoids and also between the masses of the thicker por
tions of the jelly. The presence of this substantially continu
ous phase of thin jelly is disclosed under “dark-field” illumi
nation, which shows an enormous number of points of light 
exhibiting rapid Brownian movement (difficult to show 
photographically) corresponding to the ultramicroscopie 
particles of the bentonite-sulfur jelly between the larger 
masses and particles. Occasionally, with somewhat thicker 
suspensions or emulsoid solutions, the edges of this con
tinuous phase or relatively thin jelly are discernible under the 
microscope at lower magnifications with ordinary illumina
tion.

Exactly similar results to  those described in connection 
with Figure 3 are obtainable with small particles of pure 
bentonite. This is true with respect to the appearance of 
the more dilute suspensions under the microscope, both with 
ordinary illumination and with so-called "dark-field” illumi
nation. In fact, every microscopic procedure so far tried 
discloses no really definite characteristic differences as be
tween the particles or masses of bentonite-sulfur (jelly) and 
those of bentonite itself. On the other hand, characteristic 
differences are clearly discernible in mere mechanical mix
tures of bentonite and finely ground sulfur, although perma
nent (16-hour) suspensions cannot be prepared with such 
mixtures.

Figure 4 illustrates the rather close similarity in the 
appearance of suspensions of these two materials (bentonite 
and Kolofog) obtained after 16 hours of standing, using 1 
gram of powdered material to 500 cc. of distilled water. 
Furthermore, the proportion of total solids remaining in 
suspension under these conditions is only slightly greater for 
bentonite than for Kolofog when pure materials are used. It  
will be observed, however, that the Kolofog suspension is 
somewhat more milky in appearance, probably owing to the 
thicker or slightly more gelatinous character of the semi
fluid emulsoid masses rather than to any appreciable difference 
in the size of the ultimate particles, as will be explained more 
fully later.

Perhaps the most significant fact, as already indicated, in 
connection with the colloidal properties of bentonite-sulfur, is 
the lack of any certain difference in the particle size or 
appearance of its permanent (16-hour) suspensions (prepared 
as above) and those of the bentonite itself, which is recog
nized as a highly colloidal material, as observed under the

T a b l e  I. C o m p a r is o n  o f  T o x ic it y  o f  B e n t o n i t e -S u l f u r  a n d  o f  S u l f u r  t o  C o n id ia  o f  Sclerotinia fructicola (Americana)

S u l f u r  P r e p a r a t io n

Bentonite-sulfur containing ground 300-mesh sulfur fused 
in bentonite, using 10% sulfur (dust)

Same, 5%  sulfur (dust)
Same, 1% sulfur (dust)
Same, */»% sulfur (dust)
S tandard ground 300-mesh sulfur (dust)
Control
No. of spores counted for each test

E x p t . 1 (2 -1 6 - 3 2 )  
Germ tube

E x p t . 2 ( 2 - 1 0 - 3 2 )  
Germ tube

E x p t . 3 (2 -2 5 - 3 2 )  
Germ tube

E x p t . 4  ( 3 - 1 1 - 3 2 )  
Germ tube

Germ length Germ length Germ length Germ length
% Microns % Microns % Microns % Microns

3 . 7 10 0 .2 0 . 2 10 0
4 .1 10 6 .1 * iô 0 .1 10 0
5 .4 10 2 . 3 15 0 . 5 10 1 .4 ' i o

1 0 .9 10 1 0 .2 15 4 .0 15 2 6 .6 2 0
5 S .1 90 7 7 . S 150 2 3 .9 90 5 2 .3 90
9 7 .1 40 0

1100

9 7 .1 40 0

5 5 0

9 S .0 400

7 5 0

9 7 .4 40 0

5 5 0
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A B C  
F ig u r e  5. P h o t o m ic r o g r a p h s  (X 102) o f  S u s p e n s io n s

A. Bentonite suspension CIO hours)
B. Kolofog suspension (16 hours); ratio  bentonite to sulfur, approxim ately 77:23
C. Tem porary suspension of commercial wettable sulfur; ratio  bentonite to  sulfur, approxim ately 77:23

microscope even under very high magnification. In fact, it 
is extremely difficult to distinguish between the suspensions 
of the two materials in this way even when the suspensions 
are prepared in such manner as to contain the same propor
tion of bentonite to water. This is illustrated in Figure 5, 
which shows photomicrographs of permanent (16-hour) 
suspensions of bentonite (A) and Kolofog (B) prepared as 
described above and carefully concentrated to a slight extent 
so as to contain the same proportion of bentonite to water, the 
sulfur in the Kolofog suspensions representing an excess of 
suspended solid amounting to approximately 30 per cent of 
the weight of the bentonite present. The appearance, under 
the same conditions, of approximately the same percentage 
(30) of a well-known brand of commercial wettable sulfur 
temporarily suspended in the same amount of permanently 
suspended bentonite is shown in Figure 5C. I t  seems 
reasonable to conclude from this quantitative comparison 
that a considerable proportion, at least, of the suspended 
sulfur particles in Kolofog are really submicroscopic in di
mensions under this magnification of 102 .

The main significance of the preceding comparisons is 
that this new material possesses colloidal properties similar to 
those of the highest grade of bentonite, which, as previously 
stated, is generally recognized as a highly colloidal substance.

R e l a t i o n  o f  C o l l o i d a l  P r o p e r t i e s  t o  T o x i c i t y , S a f e t y , 
A d h e s i v e n e s s , e t c .

The extremely high toxicity of fused bentonite-sulfur in 
comparison with that of a mechanical mixture of pure 300- 
mesh ground sulfur and ground bentonite, or with merely 
wettable sulfur generally is best explained on the basis, 
of the submicroscopic character of a considerable proportion 
at least, of the sulfur present in the bentonite-sulfur and to its 
highly colloidal character generally, although other ex
planations have been suggested.

Numerous direct determinations, by the spore count 
method, of the relative toxicity of bentonite-sulfur (Kolofog) 
in comparison with ground 300-mesh sulfur and typical 
ground wettable sulfurs have been made. These tests were 
conducted in accordance with the technic worked out by 
McCallan (5) and Wilcoxon and McCallan (7). Such tests 
have uniformly shown that spore germination is prevented or 
reduced to a substantial minimum, with radically lower 
concentrations of sulfur in the form of bentonite-sulfur than 
in any other form. Control tests on the toxicity of bentonite 
itself were always carried out in connection with these tests. 
Tables I and II give typical results obtained by this method.

The dusts were placed on 1 X 3 inch (2.5 X 7.6 cc.) glass

slides by means of test tube dusters. Drops of a spore sus
pension w'ere then placed upon the slides which were put in 
inverted moist chambers and sealed with water. After a 
period of hours, generally around 24, the germination counts 
were made under the low powrer of a microscope. The 
method has been described in detail by McCallan (5).

With low concentration of sulfur, particularly around 1 
to 5 per cent, the toxicity, as determined by  this method, 
of the sulfur in the form of bentonite-sulfur is of an entirely 
different order of magnitude from that of 300-mesh ground 
“wettable” sulfur when calculated upon the basis of the 
proportion of sulfur present. Also, substantially greater 
toxicity is obtained by this method with bentonite-sulfur 
containing '/> per cent of sulfur than is obtained with 100 
per cent of standard 300-mesh ground sulfur, both being 
used as dusts and then moistened with water (Table I).

In connection with toxicity tests of bentonite-sulfur dusts 
(Kolodust, etc.), Wilcoxon and McCallan (7) state: “Ap
parently, Kolodust retains its effectiveness after the rain 
test better than the other modified dusts. A possible ex
planation for this lies in the fact that the modification has 
actually produced a change in the physical state of the sulfur, 
and therefore it has qualities superior to that of sulfur dusts 
modified merely by mechanical additions.” This statement 
is unusually significant in view of the extensive investigations 
carried on by these workers over a period of years on the 
toxicity of sulfur fungicides generally.

T a b l e  II. T o x ic it y  o f  F u s e d  B e n t o n it e - S u l f u r  M e c h a n i 
c a l l y  M ix e d  i n  B e n t o n it e  a n d  o f  G r o u n d  S u l f u r  

M e c h a n ic a l l y  M i x e d  i n  B e n t o n it e

E i p t . 3 (1-27-32) 
Germ 
tube

D ust Germ length
%  Micron»

5%  bentonite-sulfur (containing 33l/ j%  sulfur) equivalent
to l*/a% sulfur in the form of bentonite-sulfur 14.5 ___________

l/*%  bentonite-sulfur (containing 33*/a% sulfur) equivalent
to 0.111% sulfur in the form of bentonite-sulfur 50 .9  . . .

Ground 300-mesh sulfur 53 .5
5%  300-roesh ground sulfur (over 98% sulfur) equivalent to

over 4.9% sulfur in the form of wettable sulfur 67 .2  . . .
'/>% 300-mesh ground sulfur (over 93% sulfur) equivalent 

to  over 0.32% sulfur in the form  of wettable sulfur 81 .4
Control 97 .8
No. of spores counted for each test 900

It follows from the foregoing that field data on the amount
of sulfur remaining on the foliage and fruit after weathering, 
etc., must be interpreted in view of the toxicity or nature of 
the sulfur residue and not merely in terms of the total sulfur 
as has frequently been done. I t  has also been observed that 
the toxicity of bentonite-sulfur (Kolofog) is significantly 
increased by the addition of hydrated lime. This is contrary
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to the generally prevalent view that hydrated lime or a base 
producing an equivalent increase in the hydroxyl-ion concen
tration of sulfur suspensions produces a substantial decrease 
rather than an increase in toxicity.

Since Alexander (1) and Wherry (6‘) have shown that the 
ultimate particles of pure bentonite probably have a laminar 
structure with submicroscopic dimensions and also that a

limited proportion 
are j u s t  v is ib le  
microscopically in 
two d im e n s io n s  
( l e n g t h  a n d  
b r e a d t h )  b u t  
submicroscopic in 
thickness, it seems 
plausible that the 
su b m ic r o sc o p ic  
proportion of the 
su lfu r  in benton
ite-sulfur, previ
ously mentioned, 
is absorbed or ad
sorbed on or be
tween the flat sur
fa c e s  o f th e s e  
minute la m in a r  
particles of b e n 
to n i t e .  T h is  
seems more prob
able in view of the 
fact that Wherry 
(<?) has suggested 
that the water- 
adsorptive or gel- 
forming properties 
of bentonite are 
due to a similar ab
sorption or adsorp- 

F ic.u b e  6 . R e l a t iv e  S p e e d  o f  R e a c - t*on water bc- 
t io n  o f  V a r io u s  S u l f u b s  w it h  C a l -  tween the layers or 

CIUM I I y d b o x id e  leaflets o f th e s e
minute bentonite

particles. Since the gel-forming properties of bentonite are 
not appreciably affected by the adsorption of fluid sulfur, it 
further appears probable that in the gel formed from ben
tonite-sulfur the adsorbed water is superimposed over the 
layer of adsorbed sulfur.

Additional strikingly convincing evidence of the extremely 
minute dimensions of the sulfur particles in bentonite-sulfur 
is furnished by a determinat ion of the rate or speed of chemical 
reaction between the sulfur in this form and solutions or sus
pensions of calcium hydroxide as compared with that of other 
forms of commercially available wettable or suspendble 
Sulfur. In Table III is shown the amounts of materials 
which were placed in suspension and the amount of soluble 
reaction product calculated as sulfur. These results are 
shown graphically in Figure 6 .

In carrying out this comparison of the relative speeds of 
reaction of bentonite-sulfur and wettable sulfur, the reaction 
mixtures were placed in 100-ce. stoppered cylinders, in 100 
cc. of water and maintained at 96° F . (35.6° C.) in a thermo
stat, with equal stirring, in order to speed up the reaction 
so as to complete it in a reasonable time. The reaction 
progressed with unexpected swiftness. The transformation 
of sulfur into polysulfide was striking, and it was easy to tell 
the relative velocity of reactions by the depth of yellow color 
in solution. No attempt was made to determine polysulfide 
as such, owing to the fact that, in filtering the mixtures, con
siderable oxidation inevitably took place. Instead of de

termining the polysulfide, the total sulfur in solution was 
determined, which would include not only polysulfide but 
thiosulfate, sulfites, and sulfates. A  blank run on the Kolofog 
and on the sample of wettable sulfur showed no sulfur in 
solution in the case of Kolofog and a negligible trace in the 
case of the wettable sulfur. The wettable sulfur employed is 
stated by its manufacturer to have a sulfur particle size rang
ing between 1 and 5 microns with an average of 3 microns.

Since the speed of a chemical reaction between a solid in 
suspension and a reacting substance in solution is known to 
be proportional in general to the surface of the solid (other 
factors being the same), it follows that the relative speeds 
under these circumstances are an indirect measure of the 
relative particle size of the different suspensions.

The radical difference in the speeds shown by the above 
data seems conclusive evidence that the sulfur particles 
in bentonite-sulfur are radically smaller than those of any 
known commercially obtainable wettable sulfur; this applies 
to the temporarily suspensible portion of the bentonite- 
sulfur as well as to the permanently (16-hour) suspensible 
portions of the new product.

These data also demonstrate that electrolytes, which are 
known to decrease the suspensibility of bentonite-sulfur, do 
not have any pronounced effect upon the particle size of the 
sulfur itself; otherwise the speed of the reaction would rapidly 
fall off, as it progresses, which is not the case.

T a b l e  III. C o m p a r a t iv e  S p e e d s  o f  R e a c t io n  o f  B e n t o n i t e - 
S u l f u r  a n d  W e t t a b l e  S u l f u r

«■ T o t a l  S u l f u r  R e a c t e d  *
24 48 72 96

R e a c t i o n  M i x t u r e hours hours hours hours
% % % %

Kolofog, 3.07 g. (=* 1 g. sulfur);
hydrated  lime, 1 g. 20.12 28.98 51.83 94.42

W ettable sulfur, 1.29 g. (*» 1 g.
sulfur); hydrated lime 1 g. 2.42 4.47 7 .79 15.7

300-mesh sulfur, 1 g.; hydrated
lime, 1 g. 1.158 2 .29 3.96 6.63

Blank on 3.07 g. Kolofog 0 .00 0 .00 0 .00 0 .00
Blank on 1.29 g. w ettable sulfur 0.005 0.005 0.005 0.005

W ith respect to the safety of bentonite-sulfur, the fact that 
the sulfur is present in elementary form rather than in that 
of soluble sulfur compounds, as is the case with lime sulfur 
solution, for example, insures a wide margin of safety of the 
material to the foliage or growing plant. Thus, this new 
product represents really important progress toward the 
solution of the fundamental problem outlined at the beginning 
of this paper— namely, the provision of a sulfur fungicide of 
extremely high toxicity, which, at the same time, possesses 
a wide margin of safety.

On the other hand, the highly gelatinous and sticky 
character of bentonite-sulfur accounts for its adhesiveness, 
wettability, and sprcadability; the jelly becomes more fluid 
as more water is absorbed and finally, w ith the addition  
of still more water, as in the case of the spray tank sus
pension, forms a liquid dispersion of the extremely minute 
masses of the jelly with a substantially continuous phase of 
very thin jelly between these particles, as explained above. 
Upon drying down, the colloidal bentonite-sulfur tends to 
become irreversible or, perhaps more accurately speaking, 
partially coagulates, especially on the surface, forming a 
relatively insoluble coating over the foliage or the surface of 
the plant to which it  has been applied. In this respect the 
new product differs radially in an important respect from the 
ordinary “stickers” and wetting agents which have pre
viously been proposed for this purpose. Thus, the new 
product combines to a high degree the essentially inconsistent 
or opposed properties of adhesiveness or weather-resisting 
properties and w ettability as already emphasized above.

Electrolytes, except weak electrolytes or very dilute solu
tions, tend to break up the gelatinous structure of bentonite- 
sulfur jellies. In this manner the adhesiveness of the ma
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terial m ay be controlled, an important point in connection 
with the removal of arsenical residues where this is desired 
or necessary. Hydrated lime (added to the spray mixture) 
permits removal of the residue without decreasing the ad
hesiveness in any objectionable degree.

F i e l d  D a t a  o n  F u n g o u s  D i s e a s e  C o n t r o l

While it is believed that the final test of the control value 
of a fungicide is to be found in the actual commercial results 
obtained and the satisfaction which the material gives in the 
hands of the grower himself, nevertheless actual data on the 
percentage of total scab on the fruit, with and without the 
use of the fungicide, the percentage of scab infection on the 
foliage during the growing season, etc., is of considerable 
significance in this connection. Illustrative field data given 
by Boyd (S) are as follows:

F d n o i c i d e

Liquid lime sulfur 
Kolofog spray 
Check

A p p l e s  S p o t t e d  b y  S c a b  
M cIntosh Baldwin

% %
17.3 3.7
11.2 3.1
83 .3  50.4

T r e a t m e n t

Check
Kolofog, 3 lb. in 50 gal. 
Kolofog, 4 lb. in 50 gal.

S c a b

%
95.7

1 .6
1.5

A c k n o w l e d g m e n t

As illustrative of the almost perfect control of apple scab 
that may be secured with Kolofog when timely applications 
are made, the following data obtained by D ye (4) are pre
sented :
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Rubber Plasticity Control
Significance and Value of Recovery Measurement of Williams Plastometer

J. H. D i l l o n ,  Firestone Tire and Rubber Company, Akron, Ohio

T HE original compression plasticity test for rubber, as 
developed by Williams {14), consisted in measuring the 
compressed height (y  value) of a 2-ce. rubber sample 

after a standard time of compression under a 5-kg. load at a 
standard temperature. No account was taken of the increase 
in height— i. e., recovery, of the 
pellet after removal of the load.
The distinction between plastic 
flow and pseudoplastic flow in 
the compression test, as applied 
to rubber, was first made by van  
Rossem and van dor Meijden 
{10). They measured deforma
tion of masticated rubber under 
load as a function of time of 
compression, and then removed 
the load and measured the re
covery as a function of time.
They showed that the ratio of 
the plasticity to the elasticity 
in the masticated ru b b er  is a 
rapid function of temperature, 
increasing from zero at 16° C. to 
a v e r y  la r g e  v a lu e  a t  70°.
Karrer (i?) adopted the view
point of van Rossem and van der 
Meijden and suggested a defini
tion of plasticity which included 
the total deformation of a pellet 
of standard dimensions under a 
s ta n d a r d  c o m p r e s s iv e  force 
acting for one second and its re

covery after removal of the load. This definition, when given  
quantitative form, applied only to one type of measuring in
strument, the Goodrich plastomcter. Hence, the definition 
was purely arbitrary and was justified only in that it took 
account of one more variable than does the Williams y  value.

Karrer designed a plastometer 
(7) which was also adapted to  
the measurement of recovery, 
and in which the compressive 
force acted for a definite short- 
time interval. The plastome
ter platens were of the same type 
as those used by van Rossem and 
van der Meijden; that is, the 
platen faces were of the same 
area (one sq. cm.) as the ends of 
the cylindrical pellet. A  simpler 
plastometer {8) which differed 
only in that it operated under a 
dead load was designed for con
trol work.

The arguments of the various 
investigators {6 ,10 ,12) in regard 
to the significance of recovery in 
plasticity measurements have 
been of definite value in clarify
ing wbat had been a somewhat 
vague conception of plasticity 
a m o n g  ru b b er  technologists. 
Certainly the basic idea, as main
tained by Karrer, van Rossem, 
and van der Meijden, that the

Experiment lo determine the practical value 
of the recovery measurement of the Williams 
plastometer in rubber plasticity control testing 
are described. An empirical relation between y  
value and time of milling was found for gum 
rubber on a cold laboratory mill. This relation 
furnishes a convenient method of analysis of the 
Williams plastometer indices. The relation 
between these indices was investigated with re
spect lo amount and method of breakdown of the 
rubber and lo the degree of set-up of typical fac
tory stocks. No marked advantage of the re
covery measurement over the usual y  value meas
urement, from a practical standpoint, was dis
covered for the samples of crude rubber and rubber 
stocks tested. Some results obtained with an 
extrusion plastometer operating at high rates of 
shear are given which indicate that the extrusion 
type of plastometer offers a belter criterion of plas
ticity of rubber than does the compression instru
ment.
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Williams plastome- 
te r  y  v a lu e  is  a 
measure of both the 
plastic mobility and 
the elastic modulus 
o f th e  ru b b er  is  
correct. However, 
the proponents of 
the recovery meas
u rem en t h a v e  
neglected one im
p o r ta n t  fa c t o r —  
namely, the depend
ence of elastic re
covery upon speed 
of deformation. It 
has been shown by 
Dillon and Johnston
(3), in connection 
with experiments on 
an extrusion plas- 
tometer, that elastic 
recovery is a rapid 
fu n c t io n  o f  th e  
speed of deforma

tion of the rubber (rate of shear). Furthermore, it has been 
shown mathematically (S) that, for the Williams plastometer, 
the rate of shear for a given testing time varies inversely as 
the * / j power of y. I t has been shown also (3) that, for the 
Goodrich plastometer, the mean rate of shear is given by

F ig u r e  1 . W il l ia m s  P l a s t o m e t e r  
I n d ic e s  a s  F u n c t io n s  o f  T i m e  o f  

M il l in g  (8 )
Pale crepe; plastom eter a t 100" C .; cold 

30.5 x  15.2 cm. mill

where R 
V 

K

y »

Hence

do DRK
dy 16 V

original radius of pellet 
separation  of p lates a t  tim e t

t v»V
original height of pellet

QRy ( I  _  J _ \  
16i \ y J !/«*/

(1)

dv
dy

(2)

It would seem, because of the importance which recovery 
assumes in an academic sense, that the measurement of 
recovery should have practical importance in plasticity control 
testing. However, the author has been unable to find in the 
literature {1-15) any data to show that the measurement of 
recovery on different batches of a given stock provides any 
information in addition to that yielded by the simple meas
urement of y  value. Garvey (4) has presented some inter
esting results on the relation between the retentivity and 
softness, as measured by the Goodrich plastometer, as a func
tion of degree of vulcanization. H e plotted the softness 
against the retentivity for several testing temperatures. The 
resulting straight lines have different slopes, depending on the 
time of cure. These particular results are hardly applicable 
to plasticity control testing, although they suggest that the 
measurement of recovery at two or more temperatures may 
be very useful in this regard. He has also stated that the 
retentivity-softness relation is useful in differentiating 
tough, crude rubber from scorched rubber. Inasmuch as 
these latter results have not yet been published, they can n ot. 
be considered here. Karrer, Davies, and Dietrich (3) have 
given experimental data which show that recovery and y  
value, as measured by the Goodrich plastometer, are not 
simply related for 
different s t o c k s .
The data do show, 
however, that for 
crude rubber and 
gum stocks there 
is very good corre
lation between re
covery and y  value.
Furthermore, the 
curves giving the 
relation b e tw e e n  
recovery and time 
o f m ill in g  are  
s im ila r  to  th e

> 20 JO ¿oso /oo
6  { m in u le s )  -

W il l ia m s  P l a s t o m e t e r  
F u n c t io n s  o f  M il l in g  

T i m e  (8 )
Pale crepe and smoked sheet; plastom eter a t 

in n b c .  • rnid a n .a  v  i f ,  2 rm  mill

F ig u r e  3 . 
I n d ic e s  a s

For a given testing time, t, the mean rate of shear is a func
tion of y  for the Goodrich plastometer also. Thus the 
elastic recovery must be a rapid function of y  value in both

F ig u r e  2 . W il l ia m s  P l a s t o m e t e r  I n d ic e s  
a s  F u n c t io n s  o f  M il l in g  T im e  (8 ) , U s in g  

L o g a r it h m ic  C o o r d in a t e s

Pale crepe; plastom eter a t 100° C .; cold 30.5 X 15.2 
cm. mill

types of compression plastometer. It follows directly, then, 
that the recovery measurement is not only a measure of the 
residual elasticity of the rubber but also of the plastic prop
erties. It is to  be expected, therefore, for a given rubber 
stock at least, that the y  value and recovery measurements 
should correlate. This conclusion is verified by the results 
of the present investigation.

100!> C .; cold 30.5 X 15.2 cm. mill

c u r v e s  g iv in g  y
value (softness) as a function of time of milling. Since plas
ticity control consists mainly in comparing the plastic proper
ties of different batches of a given stock, it was necessary to 
perform some simple experiments described in this paper in 
order to decide whether or not factory control information 
could be obtained from recovery measurements with a Williams 
plastometer which could not be gained through measurement 
of y  value alone.

E x p e r i m e n t a l  P r o c e d u r e

Two somewhat different methods of measuring recovery 
were employed. The first consisted simply in obtaining the 
y  value, removing the compressed pellet from the press exactly 
at the end of the 5-minute compression period, and measur
ing the recovered thickness of the pellet 24 hours later at 
room temperature, with an ordinary thickness gage. This 
recovered thickness was recorded as y a .

The second method, which is more accurate than the first, 
is as follows: The thickness gage was placed in the plastome
ter oven and allowed to come up to the testing tempera
ture (85° C. for compounded stocks, 100° C. for crude rubber 
and master batches). The whole test was performed in the 
same oven at constant temperature. The 2-cc. cylindrical 
pellet (not preheated) was placed between the platens of the 
plastometer and compressed for 5 minutes. Readings of the 
plastometer gage giving the thickness of the pellet ( =  y) were 
taken at various intervals during the compression (usually 
after 1, 3, and 5 minutes of compression). Exactly at the 
end of the 5-minute compression period, the y s value was
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noted, and the load was removed from the pellet which was 
transferred quickly to the thickness gage (from which the 
loading weight and lifting handle had been removed) and 
allowed to recover for 5 minutes. The recovered thickness 
was then recorded as ya.

The second method appears superior to the first in that 
certain errors introduced by uneven shrinkage of the pellets 
during cooling are eliminated. In practice, however, it  was 
found that the results of the two methods correlated within 
the limits of experimental error.

Only the quantities y5 and i/s or i/»  were considered in this 
work. The recovery difference function, (ya — yi) or y »  — 
y6), was not employed for the following reasons: It has been

found that, when the re
covery (yii — yf) was of 
the same order of magni- 
tu d e  a s j/b, (ya -  y5) 
varied in practically the 
same manner as ya alone. 
W hen (ya — 1/s) w as  
much smaller than ya, 
(yrc — y5) v a r ie d  more 
rapidly than ya, but the 
p e r c e n ta g e  error in  
(ys — ys) w a s m uch  
larger than in ya. This 

is to be expected, of course, for the same total error exists in 
(ya — yi) as in ys. Thus, for ya — y6 -C ya, the value of (ya — 
y5 is of the same order of magnitude as the probable error in 
ya and calculation of the recovery has very little meaning.

E m p i r i c a l  R e l a t i o n s  b e t w e e n  W i l l i a m s  P l a s t o m e t e r  
R e s u l t s  a n d  T i m e  o f  M i l l i n g

The plastic state of a finished rubber stock is determined 
mainly by three factors: Initial plastic state of the crude 
rubber, nature and amount of mechanical treatment given the 
rubber, and amount of premature vulcanization (set-up) 
introduced during processing. In order to study the signifi
cance of the Williams plastometer indices (y value and re
covery), it was necessary to determine the dependence of the 
indices upon these three fundamental factors.

I
/ '  /O ZO 3 0  40  50 60

6  (m/zrutes) — -
F i g u r e  5 .  W i l l i a m s  P l a s t o m e t e r  I n d i c e s  as F u n c 

t i o n s  o f  M i l l i n g  T im e  (0 )

Carbon-black m aster ba tch ; plastom eter a t  100° C .; cold
30.5 X 15.2 cm. mill

The effect of mechanical treatment upon y value and re
covery was studied by investigating their relations to time of 
milling. Samples of the crude rubber or rubber compound 
were placed on the rolls of a cold 12 X 6 inch (30.5 X 15.2 
cm.) laboratory mill (ratio of roll speeds =  1.10) and were 
cut for 120 minutes or less. Samples were taken from the 
batches at intervals during the milling process, and measure
ments of y value (yi, y2, y3, ys) and recovered y value (ya or 
y „ )  were made as described under Experimental Procedure. 
Two determinations were made on each sample. The aver
age y values, recovered y value, and also the recovery (ya — 
y5) for a 1000-gram batch of pale crepe are plotted as functions

R eco vered  Hi. ''after Szz?/z?.
__ 1_______

'

F i g u r e  4 .  W i l l i a m s  P l a s t o m e 
t e r  I n d i c e s  a s  F u n c t i o n s  o p  

M il l i n g  T im e  (fl)

Smoked sheet; plastom eter a t  100° C.; 
h o t 30.5 X 15.2 cm. mill

of milling time in Figure 1 . The curves are of the familiar 
form and are all approximately parallel. These same data 
are plotted logarithmically in Figure 2; parallel straight lines 
result in the interval of milling times 8-65 minutes.

Figure 3 shows another logarithmic plot of these results for 
pale crepe, and also of those for a 1000-gram batch of smoked 
sheet. The curves are linear and have nearly the same slope.

F i g u r e  6 . W i l l i a m s  P i a s t o m e t e r  I n d i c e s  a s  
F u n c t i o n s  o f  M i l l i n g  T im e  (0)

Smoked sheet; p lastom eter a t  100° C .; water-cooled 
213.4 X 61 cm. mill

The linear form of these parallel logarithmic curves suggests 
the existence of an empirical equation of the form:

y , =  6 ,0 "  (3 )

w h e r e  y , =  y  v a lu e  o r  r e c o v e r e d  y  v a lu e  ( a t  t e s t in g  t im e  i )  c o r 
r e s p o n d in g  t o  a  m il l in g  t im e ,  0  

6 , =  a  c o n s t a n t  c h a r a c te r is t ic  o f  t e s t in g  t im e  1 
m  =  a  c o n s t a n t  c h a r a c te r is t ic  o f  t h e s e  t y p e s  o f  r u b b e r  

o n  t h i s  p a r t ic u la r  c o ld  m il l

Equation 3 applies to rubber on a cold 12 X 6 inch (30.5 X 
15.2 cm.) mill. The slope of the curves gives the value of m 
as —0.364.

The form of these logarithmic curves may be interpreted 
to mean, for this particular case, that both ys and ya obey the 
same lawr expressed by Equation 3 — i. e., are the same func
tions of the parameter, 9 .  Thus, for detection of plasticity 
variations in massed 
crude rubber due to 
different amounts 
of breakdown under 
these particular con
ditions, m e a s u r e 
ments of y value and 
r e c o v e r y  tell the 
sa m e s t o r y .  In  
other words, in so far 
as it is desired to 
d e t e c t  v a r y in g  
amounts of a given 
type of mastication 
of gum rubber, measurement of recovery appears to be a 
superfluous operation.

A similar logarithmic plot for smoked sheet on a hot 12 X  
6 inch (30.5 X 15.2 cm.) laboratory mill is shown in Figure 4. 
The data were obtained as follows: A batch of smoked sheets 
was cut on the laboratory mill with no cooling water in the 
rolls and the y5 and y„  values were measured on samples 
taken from the batch at various intervals during the milling. 
The curves are approximately linear, though not quite parallel 
in  the interval of milling times 5-30 minutes. A t 9  =  30 
minutes, the slopes of the curves change greatly, and they are 
no longer linear. However, the curves are similar and it  
seems that, for this case also, no information in addition to 
that furnished by measurement of y5 is gained by measuring 
y o . It is true that the curves indicate that y „  gives a slightly 
more sensitive measure of amount of mastication than does

n ft L f e k v  '

r e d
6 V C .

5am/>A• D * s {to n

F ig u r e  7 .  D ir e c t  C o r r e l a t io n  
b e t w e e n  y  V a l u e  a n d  R e c o v e r y

Twenty-six factory batches of a  tube stock; 
Williams plastom eter a t  85° C.
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3/5 . This advantage is nullified, however, by the larger chance 
of error in 3/» or ytt, whichever is measured.

In order to determine whether a highly pigmented rubber 
stock behaves in the same manner on the mill as does pure 
gum, a carbon-black master batch (‘28 volumes of carbon 
black, 100 volumes of rubber) was milled as follows: A 1200- 
gram sample of the master batch was placed on the hot labora
tory mill and cut for 5 minutes. The cooling water was then 
turned on and the batch was milled for 55 minutes more on

t h e  c o ld  m i l l .  
Samples were taken 
at appropriate in
tervals and 3/5 and yn 
were measured on 
them. T h e  lo g a 
rithmic c u r v e s  are  
given in Figure 5. 
The curves are ap
proximately linear 
b u t n o t  p a r a lle l .  
It is possible in this 
case, therefore, that 
r e c o v e r y  is  a 
slightly more sensi
tive measure of de
gree of breakdown 
th a n  is  y  v a lu e  
a lo n e ;  i. e., th e  
q u a n t ity ,  m, is  
larger for the (ijr — 
9 ) curve than for 
the (3/s — 9 ) curve. 
E x c e p t for th is  
slight advantage in 
s e n s i t i v i t y ,  how
ever, yn and 3/s obey 
th e  sam e ty p e  of 

power law in 0 . Hence they cannot be said to measure 
greatly differing properties, and it is doubtful whether the 
measurement of both y value and recovery is justified from a 
practical control standpoint.

All the results thus far discussed have been obtained from 
rubber on one particular laboratory mill. B y no means is it 
to be concluded that such results will apply accurately to 
the regular factory milling procedure. In fact, the logarith
mic J/-0 curves for a 300-pound batch of smoked sheet on a 
water-cooled 84 X 24 inch (214 X 61 cm.) mill (front roll 
speed =  115 feet per minute, back roll speed =  124 feet per 
minute) were somewhat different from those for the cold labo
ratory mill (Figure 6). Here the curves were neither linear 
nor parallel. In fact, they appeared to be approaching each 
other, as shown by the extrapolated dotted lines; i. e., the 
rubber was approaching the true dead-milled state where the 
recovery becomes negligibly small. The rubber is usually 
batched off at 0  =  18 minutes. Thus, from a practical 
standpoint no great advantage of the recovered y « measure
ment over the 3/5 measurement appears in this case, for the 
curves are of similar form in the interval 0 -18 minutes.

D i r e c t  C o r r e l a t io n  b e t w e e n  y  V a l u e  a n d  R e c o v e r e d  
y  V a l u e  f o r  C o m p o u n d e d  S t o c k s

A number of correlations have been made on factory batches 
of regular compounded stocks. For example, in Figure 7 
are shown the 3/5 and j/» data for twenty-four batches of a 
tube stock accelerated by an aldehyde amine type of accelera
tor. N o significant departures from good correlation 
appear. Thus, no practical advantage to be gained from the 
y  <0 measurement is apparent from this type of investigation.

W i l l i a m s  P l a s t o m e t e r  R e s u l t s  i n  R e l a t i o n  t o  S e t - u p

Premature vulcanization (set-up) of rubber stocks, result
ing from abnormally high milling temperature, too high tub
ing speeds, improper compounding, or storage in large rolls, 
is another important factor to which the results of a plasticity 
control instrument must be sensitive. In order to compare 
the 3/ value and recovered y  value measurements with respect 
to the degree of set-up, samples of typical tread and tube 
stocks were heated at 90° and 100° C., for times varying from 
0 to 3.5 hours, and plasticity measurements were made on 
them. Figure 8  shows the indices 3/5 and y a  plotted as func
tions of time of cure for a tread stock (26 per cent carbon 
black by volume; accelerator, mercaptobenzotliiazole). 
The curves for a given curing temperature are of nearly the 
same form. Here again it may be claimed that 3/ «  and the 
recovery (y  „ — y s) vary more rapidly with time of cure, and 
furnish therefore a more sensitive measure of set-up. Un
fortunately, percentage calculations of changes in 2/s, i / , and 
(3/ o, — 3/5) have very little significance. Hence, no quantita
tive proof can be given to show which of the indices is the 
most sensitive in respect to any variable. It should be re
membered, however, that the recovery measurement is sub
ject to the inaccuracies inherent in any quantity, which is 
the small difference between two large quantities. Further
more, in measuring ¡ /» o r  ijr, an additional measuring opera
tion is required, and hence 3/»  or ijr is subject to more error 
than is 3/5. This reasoning is fully borne out by experience.

A similar set of curves for a typical tube stock accelerated 
by an aldehyde amine is shown in Figure 9. The same re
marks made in connection with the curves of Figure 8 apply 
also here.

Another curve is plotted in Figure 9, obtained with the 
same samples (90° C. cure) with an extrusion plastometer de
scribed elsewhere (3). The efflux rate (volume extruded in 
unit time at a constant driving pressure and temperature, 
as measured in the extrusion plastometer, varies much more 
rapidly with time of cure than do the Williams plastometer 
indices.
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F ig u r e  9 . W il l ia m s  a n d  E x t r u s io n  P l a s t o m e t e r  
I n d ic e s  a s  F u n c t io n s  o f  T im e  o f  C u r e

Tube stock accelerated b y  an aldehyde am ine: W illiams plastom e
te r  a t 100° C .; extrusion plastom eter pressure “  3270 pounds 
per square inch (229.9 kg. per sq. cm.) a t  70° C.

Excluding the results of the extrusion plastometer from the 
discussion, these data fail to show that the recovery measure
ment of the Williams plastometer is superior to the usual 
y  value measurement in detecting set-up in these typical 
stocks.

F i g u r e  8 . W i l l i a m s  P l a s t o m e t e r  
I n d i c e s  a s  F u n c t i o n s  o p  T im e  o f  

C u r e
T read stock (26 per cent carbon black by 

volume on the  rubber, accelerated by mcr- 
captobenzothiasole); plastom eter a t 100° C.
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P l a s t i c i t y  M e a s u r e m e n t s  o n  P l a s t i c a t e d  a n d  M i l l -  
M a s s e d  R u b b e r

Two distinctly different types of masticating machines are 
employed in modern rubber plants, mills, and plasticators. 
The experience in this plant has been that rubber, plasticated

F ig u r e  10 . W il l ia m s  a n d  E x t r u s io n  P l a s t o m e t e r  I n d ic e s  
a s  M e a s u r e d  o n  F if t y -e ig h t  B a t c h e s  o f  P l a s t ic a t e d  a n d  

M il l - M a s s e d  S m o k e d  S h e e t

W illiams plastom eter a t 100® C.; E  =» efflux ra te  of extrusion plastom eter; 
heavy horizontal lines give average d a ta  in each group.

in  the Gordon machine, which gives the same j/6 value with 
the Williams plastometer as a sample of mill-massed rubber, 
appears much stiffer in factory processing operations than the 
mill-massed rubber. Thus, there is need of a method for 
detecting the difference, which certainly exists but is not 
revealed by the Williams plastometer, between the plastic 
properties of plasticated and mill-massed rubber.

In order to study this phenomenon, fifty-eight samples of 
plasticated and mill-massed smoked sheet were selected in a 
range of y  value (3.5 to 4.5 mm.), and three types of plasticity 
tests were made on them. The Williams plastometer indices 
y t and y*> were measured as described under Experimental 
Procedure. Plasticity measurements at 100° C. were also 
made with the extrusion plastometer (3) with two driving 
pressures, 2060 and 4480 pounds per square inch (145 and 316 
kg. per sq. cm.). The results are plotted in Figure 10 in the 
form of correlation curves. The data are separated into 
groups according to y t value and the type of the masticating

process employed— i. e. plasticated (P) or mill-massed (Hi). 
The averages of the readings in the various groups are indi
cated by the heavy horizontal lines.

I t is quite clear that the measurements do not correlate 
with the extrusion plastometer results. The latter are seen 
to be much more sensitive to variations in plasticity than are 
the Williams plastometer indices. The extrusion plastometer 
results indicate definitely that mill-massed rubber is softer 
than plasticated rubber yielding the same yt, value, thus 
agreeing with conclusions based on factory experience. The 
y => curve is contradictory, indicating that mill-massed rubber 
is softer than plasticated rubber of a given y6 value in two 
cases and the reverse in two others. Hence, it seems reason
able to conclude that, although the y a measurement is more 
sensitive than the 1/5 measurement and agrees in part with 
factory experience whereas the 2/5 measurement does not, still 
it does not furnish the consistently accurate information 
given by the extrusion plastometer results.

C o n c l u s i o n

The experiments described in this paper were undertaken 
in an effort to discover under what conditions the recovery 
measurement has practical value in plasticity control testing. 
No conditions were found where the recovery measurement 
yielded any important practical information which could 
not be gained by measurement of y  value alone. It must be 
borne in mind that no experiments of this nature can be con
sidered as perfectly general. Certain cases, not specifi
cally included in the experimental conditions employed, may 
exist where measurement of recovery has definite practical 
value. Furthermore, great caution should be exercised in 
applying these results to any types of compression plastome- 
ters other than the standard Williams instrument with 
which the tests were made.
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H e a t -St o p p e r . One of the biggest barriers to development 
of air-conditioning may be removed by the new type of glass 
announced by Corning’Glass Works. The new glass, christened 
Aklo, has the unusual property of transmitting 70 per cent of the 
visible energy in the sunlight which strikes it, but of holding back 
the heat rays so that barely 30 per cent of them pass through.

Thus the Aklo window pane brings in the wanted light with a 
minimum of the summer heat. Energy in summer sunlight is 
distributed with roughly 44 per cent in the visible region, 4 per 
cent in the ultra-violet, and 52 per cent in the infra-red or heat 
rays. The air-conditioning bills, in the case of Aklo-glazed 
houses, will be lower because heat does not come through windows.



Nitrazine Yellow, a New Indicator
H e n r y  W e n k e r , 425 Cherry St., Elizabeth, N. J.

M A NY  indicators have been introduced for the pur
pose of refining the methods of pH determination. 
While these newer indicators fill an actual need, their 

individual usefulness is necessarily restricted to a limited pH  
range, which in many cases lies well below or above the 
neutral point of pH 7. Litmus solution and litmus paper, 
because of their favorable pH range, still are widely used for 
the titration of acids and alkali to neutral, and for rapid tests 
whether a solution has an acid, alkaline, or neutral reaction.

A new indicator which has certain advantages over litmus 
is 2,4-dinitrobenzene-azo-l-naphthol-3,6-disulfonic acid, a 
yellow dye for which the author suggests “nitrazine yellow” 
as a convenient name.

Nitrazine yellow forms red crystals which dissolve easily 
in water and in dilute acids and alkali. The acid solution 
has a bright yellow color; the alkaline solution is bright deep 
blue. The solution in distilled water has a red-brown color, 
due to partial conversion of the dye into its blue ionogen 
form. The dyestuff also dissolves readily in SO per cent 
alcohol, but is almost insoluble in 96 per cent alcohol. The 
solution in concentrated sulfuric acid is bright blue.

The pH range of nitrazine yellow was determined by the 
use of buffer solutions made from 0.1 M  primary potassium  
phosphate solution (13.620 grams per 1000 cc.) and 0.05 M  
borax solution (19.110 grains of Na2B,07.10H2O per 1000 
cc.) according to Kolthoff (1). For 10 cc. of buffer solution, 
0.2 cc. of 0.05 per cent dye solution was used (buret).

T a b l e  I .  p H  R a n g e  o p  N it r a z in e  Y e l l o w

C o l o r  o f  S o l u t i o n  

Yellow
Yellow, slightly duller
Pale yellow
Pale gray
Pale blue
Blue

The pH range of nitrazine yellow, according to Table I, 
is 6.0 to 7.0, with a sharp neutral point at pH 6.6. However, 
the color change between pH 6.0 and 6.4 and between 6.8 
and 7.0 on the other side is so small that for practical titra
tion purposes almost the entire color change takes place 
between pH 6.4 and 6.8.

D ye solutions of the concentration given above show no 
dichroism; in more concentrated solutions, however, di- 
chroism is pronounced, the color of the solution changing 
from yellow through purple and violet shades to blue, es
pecially in thick layers.

In titration tests, 0.5 cc. of 0.1 per cent dye solution was 
used for 250 cc. of distilled water. Complete color change 
from bright yellow to bright blue and vice versa was caused by 
0.3 cc. of 0.1 N  caustic soda and 0.1 N  hydrochloric acid, 
respectively. The same result was obtained in concentrated 
solutions of neutral salts, such as sodium chloride, sulfate, 
or nitrate.

Because of its sensitivity and sharp color contrast nitrazine 
yellow is naturally well suited for the preparation of a high- 
grade test paper. For the same reasons, the preparation of 
nitrazine paper is a difficult process, requiring considerable 
care and experience to obtain uniform high quality. During 
these experiments it has been found that by addition of a 
certain amount of phenolphthalein to the dye solution the 
sensitivity of the resulting paper can be greatly increased. 
This is due not to the indicator properties of phenolphthalein,

P h o s p h a t e
S o l u t io n

B o r a x
S o l u t io n pH

Cc. Cc.
8.77 1.23 6 .0
8.30 1.70 6 .2
7.78 2 .2 2 6 .4
7.22 2.78 0.6
6.67 3.33 6 .8
6 .23 3.77 7 .0

but to the fact (2) that it reduces the porosity of filter paper, 
so that drops do not run out but remain for a long time on 
the paper. The red color of phenolphthalein shows only at 
a pH well above 8, causing a violet coloration of the paper 
with such strong alkaline solutions.

A test paper prepared in this way from a dye solution which 
has been carefully adjusted to the right pH has a slate-gray 
color. Using the same buffer solutions as in Table I, the 
paper shows the following colors:

p H
6.0
6.2
6 .4
6.6
6.8
7 .0

C o l o r  o f  P a p e r  
Y ello w 
Yellow 
Yellow-green 
Green 
Blue
Dark blue

As can be seen, the paper has the same sensitivity as the 
dye solution. Dichroism is not noticeable in these tests; 
the color changes continuously from yellow through green to 
blue.

The lim it of sensitivity of this paper is the same for acid 
and for alkali; it lies at 0.00001 N  for hydrochloric acid and 
for caustic soda. A t this dilution, the color change appears 
only in the drop, not on the paper which forms a neutral 
gray background; after 1 minute both the acid and alkaline 
drop show a definite change, to yellow and blue, respectively, 
compared with a drop of distilled water. (The water used for 
making up the caustic solution must be free from carbon 
dioxide.)

I t  is of theoretical interest to note the rearrangement which 
the dye molecule undergoes when changing from the yellow  
to the blue form. According to the theory of Hantzsch in 
its modification by Kolthoff (S), we have to assume that the 
dye in acid solution consists of the azo form:

OH NO,

f Y Y - O -N a O ,S \^ /k J s O j N a

In an alkaline medium this form, which is a pseudo acid, 
changes into the aci- or ionogen form :

O

This change causes the formation of two quinoid system s: 
N ot only does the benzene ring rearrange to a p-quinoid 
form, but simultaneously an o-quinone is formed in the naph
thalene ring. This conjugated system of two quinoid rings 
explains the color intensification of the dye in alkaline solu
tion. I t  has been found that all dyes made by coupling di- 
azotized 2,4-dinitroaniline w ith azo components in mineral 
acid solution show a similar color change. The 1-naphthol- 
3,6-disulfonic acid was selected as azo component because 
the dye derived from it shows the brightest colors and has 
the most favorable pH range of the dye series as far as it has 
been investigated.

L it e r a t u r e  C it e d
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Upturn in 1933 Foreign Trade 
in Chemicals'

O t t o  W ils o n ,  3025 Fifteenth Street, Washington, D. C.

S ELDOM  in our history has any peace-time year wit
nessed more internal and external disturbances to 
foreign trade than 1933. It is encouraging, therefore, 

to find that the year’s totals for both imports and exports of 
chemicals, just released by the Government, show a positive 
upward movement from the depressingly low levels of 1932. 
The gains were not excessive, and they left the record for the 
twelve months well below even the trade for 1931, but the 
movement was in the right direction and it enabled the 
chemical industry to close the year with a far more cheerful 
foreign trade outlook than seemed possible at the beginning. 
Export trade particularly was flushed with a new vigor at the 
year’s end, December seeing much heavier sales abroad than  
any preceding month of 1933.

So far as the full year’s totals were concerned, the returns 
seemed to fly in the face of one of the near-axioms of foreign 
trade economics. It is the common assumption that, when a 
country’s currency depreciates, its export trade is propor
tionately stimulated and its import trade depressed. With 
the United States off the gold standard during practically 
ten months of the year, it was to be expected that the gain in 
exports would be much more pronounced than that in im
ports, since the foreign buyer of our wares would find his 
pound or franc worth much more in terms of dollars than 
before and hence would be able to buy more American goods; 
conversely, American importers would find their dollar worth 
less in pounds or francs and less potent in the purchase of 
foreign wares. The figures, however, reveal that the import 
pick-up was nearly three times as large in percentage as that 
in exports. As compared with 1932, last year’s incoming 
trade in chemicals was 25 per cent heavier, and the outgoing 
trade 9 per cent. The result is to be ascribed, in part at 
least, to defensive measures against our exports adopted by 
foreign governments, such as tariff increases, quota restric
tions regulating the flow of foreign trade, and particularly 
the operation of various plans for controlling exchange.

T a b l e  I .  I m p o r t  a n d  E x p o r t  T r a d e  i n  C h e m ic a l s

M o n t h

b y  M o n t h s

(In  thousands of dollars)

1932 1933 1932 1933
January $4,794 $3,700 $6,459 $5,286
February 4,456 3,922 6,354 5,109
March 4,478 4,225 6,266 6,617
A pril
May

4,303 3,480 6 ,122 5,456
4,419 4,212 5,967 5,696

June 3,338 7,546 5,343 5,938

F irst 6 month« 25,788 27,085 36,511 34,102

July 2,503 4,879 5,231 6,195
August 4,673 5,553 5,104 6 ,110
September 3,698 5,772 5,563 6,799
October 4,014 5,921 6,165 7,504
November 3,918 5,290 5,663 7,322
December 3,259 5,438 6,171 8,739

Last 6 months 22,065 32,853 33,897 42,669

Total for year 47,853 59,938 70,408 76,771

try, since the country’s general imports showed almost ex
actly the same six-month rate of increase as imports of chemi
cals. Increased purchasing power on the part of the public 
and a general desire among dealers and manufacturers to lay 
in stocks of foreign goods in fear of still higher prices were 
probably largely responsible for these import gains. The 
course of the year’s trade and the general recovery beginning 
with June and July are shown in the month-by-month record 
of 1933 imports and exports as compared with the correspond
ing months of the preceding year (Table I).

Table I  shows that up to June the 1933 totals for both im
ports and exports were below even the low figures of 1932. 
From June to December last year’s totals were higher in 
each month, but the import trade of the last half-year showed 
a tendency to remain stationary or decline, while exports 
rose fairly steadily and reached their highest point in D e
cember, a promising augury for the present year.

While this general pick-up in business in chemicals is 
encouraging, our foreign trade has still a long distance to go 
before it  reaches the levels of the prosperous years. Except 
for 1932, it touched its lowest point last year in the whole 
period since the war. Exports are barely half what they were 
in 1929 and imports are nearly CO per cent less. In both de
partments of trade, however, the advance in chemicals is more 
notable than that of the general foreign commerce of the 
country, which showed a 9.5 per cent improvement in im
ports and a 4.5 per cent gain in exports as compared with 1932, 
and about a two-thirds decrease in both as compared with  
1929. Table II  shows the trade in chemicals in the last two 
years and in 1929 as compared with the total trade in those 
years.

T a b l e  II. T o t a l  U. S. F o r e ig n  T r a d e  a n d T r a d e
i n  C h e m ic a l s

(In  thousands of dollars) 
T o t a l  T r a d e C h e m ic a l  T r a d e

Y ear Im ports Exports Im ports Exports
1929 $4,399,000 $5,157,000 $144,062 $152,109
1932 1,323,000 1,570,000 47,852 70,408
1933 1,449,000 1,647,000 59,938 76,771

Increase 1932-33, % 
Decrease 1929-33, %

9.5 4 .5 25.3 9 .0
67 .0 6 8 .1 58.4 49 .5

A study of the course of trade during the year, however, 
discloses that the depreciation of the dollar, despite these 
hindrances, did actually have much of the desired effect in  
promoting exports during the latter half of the year. That 
imports of chemicals showed an even greater rate of gain was 
due, apparently, to conditions outside of the chemical indus-

1 All 1933 figure« are prelim inary:

C H E M IC A LS A N D  R E L A T E D  PR O D U C T S
Recovery in the export trade was not at all uniform among 

the broader groups of chemicals, three of which, in fact, 
showed smaller returns in 1933 than in the year before. Coal- 
tar products led all the others and is now less than one-third 
below the level of five years ago. Industrial chemicals and 
specialties, paints, and explosives showed fair gains, but the 
trade in medicináis, fertilizers, and soaps fell short of that of 
the preceding year. In the incoming trade, on the other 
hand, medicináis and paints registered greater proportional 
gains than any other group. Paints and related products 
were purchased in much larger amounts and all others 
except the comparatively unimportant group, explosives, 
shared in the general upturn. Medicináis, industrial chemi
cals, and paints are leading on the road back to the prosperous 
trade of 1929. Table III gives the records of the great 
groups of chemicals over the last two years and in 1929.

Trade in the leading commodities of the various groups in 
1933, and gains or losses as compared with 1932 and earlier 
years are detailed in the following pages.
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T a b l e  I I I .  U. S. F o r e i g n  T r a d e  i n  C h e m i c a l s  b y  
G r e a t  G r o u p s

(In thousands of dollars)
I n c r e a s e  ( + )  

o r  D e c r e a s e ( — )  
1932- 1929-

G r o u p 1929 1932 1933 1933 1933
%  %

IM P O R T S

$22,823 $9,158 $9,997 + 9 .2  - 5 6 .2
6,421 2,530 3,605 + 4 2 .5  - 4 3 .9

30,698 14,449 17,237 +  19.3 - 4 3 .9
3,823 1,446 2,033 + 4 0 .6  - 4 6 .8

72,340 17.S58 24,574 + 3 7 .6  - 6 6 .0
960 371 244 - 3 4 .2  - 7 4 .6

6.98S 2,041 2,184 +  7 .0  - 6 8 .7
E X P O R T S

18,061 8,752 12,423 +  41 .9  —31*. 2
21,283 10,027 9,816 - 2 . 1  - 5 3 .9
14,457 9,949 10,663 + 7 .2  - 2 6 .2
28,149 14,958 16,802 +  12.3 - 4 0 .3
29,111
20,441

10,366 11,834 +  14.2 - 5 9 .3
8,653 8,269 - 4 . 4  - 5 9 .5

4,549 1,281 1,527 +  19.2 - 6 6 .4
16,061 6,422 5,436 - 1 5 .3  - 6 6 .2

Coal-tar products 
M edicináis and pharm aceuticals 
Industrial chemicals 
Pigments, paints, and varnishes 
Fertilizers and m aterials 
Explosives
Soap and toilet preparations

C oal-tar products 
Medicináis an d  pharm aceuticals 
Industrial chemical specialties 
Industria l chemicals 
Pigm ents, paints, and varnishes 
Fertilizers and m aterials 
Explosives, fuses, etc.
Soap and toilet preparations

C o a l - T a r  P r o d u c t s

The feature of the year’s incoming trade in this group was 
the marked advance in our purchases of colors, dyes, stains, 
color acids, and color bases, which registered a total valuation 
of §6,061,000, a 27 per cent gain over the 34,688,000 of the 
previous year. The increased value was due both to heavier 
shipments, which rose from 4,245,000 to 5,020,000 pounds, 
and to higher prices, as indicated by an increase in the aver
age valuation of imports from 31.14 to S1.20 per pound.2 
Ninety-five per cent of these imports come from Germany and 
Switzerland. Trade with both countries increased in 1933, 
Germany sending us 83,338,000 worth of these goods, a gain 
of about 30 per cent, and Switzerland S2,514,000, or about 36 
per cent more.

Imports of dead or creosote oil continued to decline, 
amounting to 18,588,000 gallons with a valuation of 31,131,- 
000, as against 29,300,000 valued at S2,647,000 in 1932. 
Coal-tar intermediates rose sharply in value, acids increasing 
from 8202,000 to 3234,000 despite a decrease in quantity 
from 833,000 to 333,000 pounds, and other intermediates 
rising from S584,000 to 31,327,000. Trade in coal-tar 
medicináis was reduced about 45 per cent, the valuation of
890.000 last year comparing with 3164,000 in 1932.

Exports of coal-tar products made a handsome recovery
in 1933, and the trade is now well along on the road back to 
its high levels of 1929 and 1930. In aggregate value of foreign 
sales the coal-tar group stood second among great groups of 
chemicals, being exceeded only by industrial chemicals. The 
1933 total surpassed not only that of the preceding year but 
that of 1931 as well.

All classes of these products shared in the increased busi
ness. The greatest gain, however, came in the “all other” 
group, including all items not separately listed. These totaled
32.361.000 in value as against 31,033,000 in 1932. Among 
the listed articles the most notable increase was in the exports 
of benzene, of which 8,439,000 gallons valued at 31,594,000 
were sent abroad in 1933 as compared with 3,421,000 valued 
at S612,000 in the previous year. There was considerable 
shifting about of the trade from its 1932 lines. Sales to 
France increased from 520,000 to 4,692,000 gallons, to Germany 
from 535,000 to S68,000 gallons, and to Japan from 374,00*0

* Average valuation figures, obtained by dividing the  valuation  of an 
im port or export commodity by the quan tity  shipped, are not to  be confused 
with prices, although they m ay be taken  in a  general way as an index to 
long-term price fluctuations. Valuations of im ports, with few exceptions, 
represent foreign wholesale prices a t port of shipm ent. Among the  excep
tions are coal-tar interm ediates and finished products which are also made 
in the  U nited States. In  the past about half of the  im ports of finished coal- 
ta r  products have been included in the ‘‘American valuation” class. Aside 
from coal-tar chemicals all commodities of the  chemical group take  foreign 
valuation of im ports. Valuations of exports are based on the export declara
tions of shippers and represent American values and prices.

to 1,309,000 gallons. The Netherlands, which was credited 
with 1,102,000 gallons in 1932, dropped out of the trade en
tirely, but its place was taken by the United Kingdom with
915.000 and Belgium with 365,000 gallons.

Crude coal-tar shipments registered an increase of nearly 
50 per cent, rising from 400,000 to 591,000 barrels, w ith a 
proportionate gain in value. Coal-tar pitch enjoyed a smaller 
gain, from 188,000 to 199,000 tons, and from a total 1932 value 
of S2,125,000 to S2,414,000 last year. The largest class of 
coal-tar exports is that of colors, dyes, stains, and color lakes, 
in which a 1932 trade of 16,097,000 pounds with a value of
54.071.000 increased last year to 18,740,000 valued at S4,653,- 
000. Creosote oil, with 137,000 gallons, showed a 20 per cent 
gain.

M e d i c i n a l s  a n d  P h a r m a c e u t ic a l s

While the incoming trade in medicinals was piling up an 
increase of more than 40 per cent, the outgoing business was 
slightly dropping behind that of the year before. Heavier 
purchases were recorded in all the leading import items except 
menthol, which fell off from 351,000 pounds valued at S734,- 
000 to 304,000 valued at S629,000. Quinine sulfate rose from
462.000 ounces valued at 3154,000 to 1,639,000 valued at
3558,000, and other cinchona bark derivatives from 321,000 
ounces valued at S94,000 to 1,256,000 valued at 3357,000. 
Preparations in capsules, pills, tablets, etc., not separately 
listed in 1932, were imported last year to a value of S643,000.

Medicinals and drugs exported from the United States con
sist of a wide variety of preparations, more than half of which, 
in point of value, consist of proprietary medicinal prepara
tions. These dropped off slightly in 1933, the aggregate value 
of foreign sales reaching 34,956,000 as against 35,165,000 in 
the preceding year. The leading class of goods of this kind 
is that which includes tonics, blood purifiers, emulsions, and 
appetizers, of which 31,020,000 worth were sold last year as 
compared with 3828,000 in 1932. Among other items re
turning an increased business in 1933 were plasters, S307,000 
as against 3295,000, in 1932; druggists’ nonproprietary prepa
rations, 32,799,000 as against 32,712,000; white mineral oil,
3205.000 as against 3201,000, although the quantity increased 
much more, from 321,000 to 414,000 gallons; serums and anti
toxins for human use, S691,000 as against 3629,000; and 
glandular products, etc., 3621,000 as against 3596,000. 
Item s registering decreases included biologies for animal and 
veterinary use, 3349,000 as against 3390,000 in 1932; vac
cines for human use, S137,000 as against 3217,000; cold, 
cough, and bronchial proprietary preparations, S267,000 as 
against 3306,000; and laxatives, purgatives, and cathartics,
5593.000 as against 3802,000.

I n d u s t r i a l  C h e m i c a l  S p e c i a l t i e s

This group, comprising a number of articles largely for 
household and agricultural uses, appears only in the export 
trade. The popularity abroad of these American manu
factures is attested by the fact that they have made more 
rapid progress in recovery than any other export group of 
chemicals. Sales last year showed a fair increase over the  
year before and brought the group’s total business to about 
75 per cent of the value of that done in the good year 1929.

Gains were not evenly distributed among the various manu
factures last year, perhaps half of them showing losses as 
compared with 1932. Few large decreases or increases, how
ever, were registered. The largest single item  in point of 
value in the 1933 trade was household insecticides and ex
terminators, sold abroad to a total value of S I,189,000, 
a handsome gain of more than 40 per cent over the 1932 
total of 3827,000. Liquid preparations proved increasingly
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popular last year over those in paste or powder form, and 
they comprised more than 90 per cent of the total. Rubber 
compounding agents (accelerators, retarders, etc.) showed 
sales of $819,000, a satisfactory return as compared with the 
$759,000 of the year before.

Third in point of value was petroleum jelly, shipments of 
which reached 11,706,000 pounds with a value of $069,000 
as compared with 10,199,000 pounds valued at $611,000 in 
1932. In point of bulk the leading commodity of this group 
■was dextrin, or British gum. Exports in 1933 amounted to
14,600,000 pounds, a notable 50 per cent increase over the 
previous year’s total of 9,750,000 pounds. The value, how
ever, amounting to $486,000, represented only a 36 per cent 
increase.

Other important items showing increased business, with 
the percentage of gain in value over 1932, were: Cementing 
preparations, for repairing, sealing, and adhesive use, $430,- 
000, an increase of 16 per cent; "water softeners, purifiers, 
boiler-and-feed-w’ater compounds, $255,000, an increase of 
17 per cent; metal and stove polishes, $113,000, an increase of 
7 per cent; shoe polishes and shoe cleaners, $271,000, an in
crease of 5 per cent; leather dressings and stains, $363,000, 
an increase of 7 per cent; floor wax, and wood and furniture 
polishes, $150,000, an increase of 15 per cent.

Decreases in this group were registered by agricultural in
secticides, fungicides, etc., the value of which amounted to 
$775,000 as against $897,000 in 1932; baking powder, $579,- 
000 against $616,000; textile specialty compounds, $219,000 
against $240,000; tobacco extracts, $195,000 against $210,- 
000; and automobile polishes, $137,000 against $148,000.

I n d u s t r i a l  C h e m i c a l s

Trade in both directions in these commodities, of special 
interest to manufacture, was brisker than in 1932. Our 
purchases and sales of these articles practically balance each 
other, the imports going slightly ahead of the exports last year. 
Table IV shows the quantities and values of the trade in full 
detail in the last two years.

P i g m e n t s , P a i n t s , a n d  V a r n i s h e s

With an advance of over 40 per cent in our foreign pur
chases and a fair gain in sales abroad, our foreign trading in 
paints, varnishes, and related products was much more lively 
than in 1932. In general, imports have shown a better tend
ency to recover from the slump than exports, the outgoing 
trade being still about 60 per cent away from the 1929 move
ment.

Except for the small trade in varnishes every department of 
the import business in this group shared in the general gains. 
The leading class of these goods brought from abroad is 
paints, stains, and enamels, w’hich more than doubled in 
value last year, imports totaling $506,000 as compared with 
$212,000 in 1932. Mineral earth pigments registered a total 
value of $750,000, a 45 per cent gain over the previous year, 
and chemical pigments S745,000, an increase of 9 per cent. 
Of the former, iron oxide and iron hydroxide were imported 
to the extent of 13,202,000 pounds, valued at $257,000, a gain 
of 36 per cent in quantity and 50 per cent in value; and ochers 
and siennas to the extent of 11,147,000 pounds with a value of 
$171,000, representing gains of 44 and 58 per cent, respec
tively. Lithopone and zinc pigments led the class of chemi
cal pigments with 11,187,000 pounds valued at $313,000, 
an increase of 19 per cent in quantity and 15 per cent in value. 
Zinc oxide and leaded zinc oxide totaled 5,092,000 pounds, 
valued at $248,000, which compared with 5,345,000 valued 
at $242,000 the year before. Varnishes were brought in to 
the extent of 31,000 gallons valued at $33,000, practically 
the same in quantity but somewhat less in value than in 1932.

T a b l e  IV . I m p o r t s  a n d  E x t o r t s  o f  I n d u s t r i a l  
C h e m ic a l s

(In thousands)

I m po r t s

Acetylene, butylene, ethylene, and pro
pylene derivatives 

Acids and anhydrides:
Acetic or pyroligneous 
Arsenous (white arsenic)
Formic 
Oxalic
Sulfuric (oil of vitriol)
Tartaric  
All other 

Alcohols, including fusel oil 
Ammonium compounds, n. e. s.:a 

Chloride (muriate)
N itrate 
All other 

Barium compounds 
Calcium compounds 
Cellulose products, n. e. s.:°

Acetate 
All other:

Sheets more than  0.003 inch thick, 
and other forms 

Sheets and strips, more than  1 inch 
wide, not over 0.003 inch thick 

C obalt oxide 
Copper sulfate, free 
Copper sulfate, dutiable 

Gross weight 
Copper content 

Glycerol, crude 
Glycerol, refined 
Iodine, crude
Lime, chlorinated, or bleaching powder 
M agnesium compounds 
Potassium  compounds, n. e. s:°

Carbonate
Chlorate and perchlorate 
Cream of ta rta r 
Cyanide
Hydroxide (caustic)
Argols, ta rta r, and wine lees 
All other, n. e. s.a 

Sodium compounds, n. e. s.:a 
Sulfate (salt cake), tons 
Sulfate, anhydrous, tons 
Chlorate 
Cyanide
Ferrocyanide (yellow prussiate)
N itrite
Phosphate (except pyrophosphate)
O ther sodium compounds, n. e. s.°

Radium salts, grains (not in thousands)
Other industrial chemicals

(In thousands)

E x p o r t s  
Acids and anhydrides:

Organic (exclusive of coal-tar acids) 
Inorganic:

Hydrochloric (m uriatic)
Boric (boracic)
Other 

Alcohols:
M ethyl, gallons 
B utyl 
Other 

Acetone 
Carbon disulfide 
Form aldehyde (formalin)
C itra te  of lime 
O ther organic chemicals 
N itro- or acetocellulose solutions, 

collodion, etc.
Aluminum sulfate 
O ther alum inum  compounds 
Calcium carbide 
Calcium chloride 
Copper sulfate (blue vitriol)
Hydrogen peroxide (or dioxide)
Potassium  compounds (not fertilizers)
Sodium compounds:

D ichrom ate and chromate 
Cyanide 
Borate (borax)
Silicate (water glass)
Soda ash 
Sal soda
B icarbonate (acid soda or baking soda) 
Hydroxide (caustic soda) in drum s 
Sodium phosphate (mono-, di-, or tri-)
O ther sodium compounds 

Tin compounds
Gases, compressed, liquefied, and 

solidified:
Ammonia, anhydrous 
Chlorine
O ther gases, n. e. s.°

O ther industrial chemicals

a N ot elsewhere specified. 
b January  1 to  June 20. 
c June 21  to  December 31. 
d N o t separately stated .

-—— 1932----- » <-----1933— »
Pounds Value Pounds Value

334 $37 1,052 $99

13,976 843 32,759 2,070
13,768 358 21,167 513

139 8 249 13
265 13 121 6

1,498 11 2,049 19
1,818 298 597 104
1,191 183 2,566 391

11 11

4,431 113 6,304 154
6,415 146 7,901 134

215 10 830 71
1,780 39 1,572 61

465 11 691 16

10 7 1 2

178 143 89 112

19 17 75 24
226 220 569 414

3,243 b 89 b

f 64 c ) 2* f 54 ;I 2\ 16° ) I 13 t̂
5,382 204 6,205 233
2,334 141 2,778 167

632 2,226 1,412 2,936
2,252 62 1,907 61

11,479 146 11,433 161

10,457 429 13,487 663
11,404 416 13,766 580

37 4 11 1
54 19 86 31

4,979 258 6,735 394
18,108 996 13,494 721
2,692 168 3,114 213

61 644 89 885
d d 9 180

707 26 1,110 39
17,585 1,729 21,934 2,023

1,354 118 611 51
3 0 .5 4 1

64 2 17 2
484 393

' '  141 479 ' ’ 179 576
2,508 2,709

Is)
,____ 2Q3 2____ _ ____ i n n ____
Pounds Value Pounds Value

359 63 447 84

6.410 97 3,235 56
3,352 145 5,410 218
9,621 320 9,405 373

770 324 1,119 478
1,507 138 4,891 440
1,667 159 2,120 197
4,404 318 3,508 255
2,958 145 2,995 141
2,103 101 2,373 121
6,245 464 8,036 497
7,760 1,075 9,368 1,280

2,018 373 2,526 477
43,099 463 56,540 544

653 59 853 70
2,287 93 2,310 84

35,494 378 31,371 312
4,133 115 2,749 93

593 88 575 91
1,773 241 2,550 302

410,582 7,221 446,241 7,739
6,178 329 9,702 486

839 114 457 66
179,282 2,678 175,353 2,498

50,343 401 43,985 320
27,595 460 66,883 750

5,723 85 3,931 60
14,019 252 14,936 246

110,977 2,360 121,322 2,611
5,686 168 7,778 183
9,940 375 11,894 520

582 90 105 35

999 134 1,146 149
6,383 161 13,418 277
5,178 348 16,426 412

1,845 2,077
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A large advance in bulk and a smaller advance in value 
raised the export shipments of carbon black to 152,286,000 
pounds, valued at S5,552,000, and left it not only the out
standing export item in this class of goods but one whose value 
was almost as great as that of all others combined. In 1932 
exports stood at 100,072,000 pounds, valued at $4,436,000. 
This trade is scattered among most of the countries of the 
world, with the United Kingdom usually the largest buyer 
and France and Germany taking considerable amounts.

Ready mixed paints, stains, and enamels comprised about 
one-third in value of the rest of our exports of paints and re
lated materials. They registered a small gain over 1932, 
shipments amounting to 1,202,000 as against 1,045,000 
pounds, and total value to $2,147,000 as against $2,015,000. 
In the outgoing trade in nitrocellulose lacquers, pigmented 
lacquers and thinners enjoyed notable increases but clear 
lacquers were reduced. Exports of pigmented lacquers were
337.000 gallons having a value of $813,000, compared with
226.000 with a value of $604,000 in 1932; clear lacquers were
61.000 gallons valued at $117,000, against 79,000 valued at 
$160,000; and thinners 318,000 gallons valued at $281,000 
against 205,000 valued a t $220,000. Mineral earth pigments, 
nearly half of which consisted of forms of iron oxide, were 
sold abroad to the extent of 21,608,000 pounds, a 40 per cent 
gain, valued at $352,000, an increase of about 23 per cent. 
Other exports last year included kalsomine dry paints, $227,- 
000, slightly less than in 1932; bituminous paint, liquids, and 
plastic, $339,000, a 27 per cent gain; paste paint, $198,000, 
a 22 per cent loss; and varnishes, oil or spirit, including 
liquid driers, $391,000, an increase of about 9 per cent.

F e r t i l i z e r s  a n d  F e r t i l i z e r  M a t e r i a l s

Increased activity in this group of commodities in 1933 was 
confined largely to the import trade and to two or three 
commodities among the exports. The out-going trade as a 
whole suffered a slight decrease, but shipments to the United  
States from foreign countries were more than a third heavier 
in the aggregate than in 1932.

The gain in imports was due to much heavier shipments of 
nitrogenous and potash fertilizers. Phosphate imports 
showed a small decline, amounting to 61,000 tons in 1933 as 
against 67,000 the year before. The value also fell off from 
$942,000 to $919,000. About one-half of these imports 
consist of bone ash, dust, and meal, and animal carbon fer
tilizers, which amounted in 1933 to 29,000 tons, a 5 per cent 
loss, valued at $520,000, an increase of about 2 per cent.

Nitrogenous fertilizer imports rose from 493,000 tons with 
a value of $10,361,000 in 1932 to 6S9,000 with a value of 
$13,136,000 in 1933. About 50 per cent of the whole consist 
of ammonium-sulfate imports, which reached a total of 351,- 
000 tons with a value of $6,179,000 last year as compared 
with 307,000 tons with a value of $5,410,000 the year before. 
Sodium nitrate recovered somewhat from the tremendous 
slump in imports in 1932, when our purchases of the Chilean 
product amounted to only 50,000 tons, valued at $1,472,000. 
This trade, once so flourishing, as late as 1931 furnished us 
with more than half a million tons of nitrate, worth over $21,- 
000,000, and within a little  more than a decade it  had regis
tered a value in one year of more than three times that figure. 
The gain in 1933, when 123,000 tons valued at $2,343,000 
came in, thus seems almost inconsiderable although in point 
of value it  was nearly 60 per cent. The average import 
valuation last year stood at $19 as against $29 in 1932. 
Calcium cyanamide, with 63,800 tons, registered a small gain 
of about 1300 tons over the preceding year, but the total 
value, $1,416,000, was some 13 per cent less. Imports of 
guano more than doubled last year, amounting to about
60.000 tons as against 1932 shipments of 24,000 tons, and 
being valued at $1,118,000 as against $490,000.

Potash fertilizers made a smart recovery from the low 1932 
levels, all classes showing good gains. All told, we purchased
406.000 tons of these fertilizers from abroad last year and 
paid $9,238,000 for them. In 1932 the total shipments were
274.000 tons and their value $6,542,000, last year’s trade in
creasing 48 per cent in quantity and 41 per cent in value. 
Imports of the chief classes of these goods for the two years- 
are shown in Table V.

T a b l e  V. I m p o r t s  o f  P o t a s h  F e r t i l i z e r s
(In  thousands)

1 non .1 o n
Tone Value Tons

■IUiW "  —*
Value

78 $2795 106 $3792
49 457 102 968

101 1255 113 1329
28 1202 59 2262
17 831 26 880
a 3 b 7

273 6543 406 9238

Chloride, crude 
Kainito 
M anure salts 
Sulfate, crude 
N itra te , crude (saltpeter) 
O ther potash-bearing sub

stances

Total

° 351 tons, b 449 tons.

The slight falling off in exports of fertilizers was due almost 
entirely to a decrease in nitrogenous fertilizers, as phosphatic 
and potassic materials were sent abroad in considerably 
larger quantities. Nitrogenous fertilizers, which in 1932 
totaled 191,000 tons with a value of $4,922,000, last year 
reached only 117,000 with a value of $2,729,000. Ammonium  
sulfate exports of 14,000 tons valued at $362,000 compared 
with 15,000 valued at $408,000 in  the preceding year, and 
those of other nitrogenous chemical materials to a value of 
$2,152,000 as compared with $4,357,000. Potassic materials 
amounted to 25,000 tons and were valued at $910,000, an 
immense increase over 1932 when only 1816 tons valued at 
$70,000 were sent abroad. The increase was due to very  
heavy shipments to Japan, especially in the earlier part of 
the year, and to Canada.

The livelier trade in phosphate fertilizer materials is 
shown by the export figures in the last two years (Table V I).

T a b l e  VI. E x p o r t s  o f  P h o s p h a t e  M a t e r i a l s

Phosphate rock: 
High-grade hard rock 
Land pebble 

Superphosphate 
O ther phosphate materials

Total

E x p l o s i v e s , F u s e s , e t c .

Foreign purchases under this head, as usual, consisted al
most wholly of firecrackers, the value of which last year was 
$220,000. In 1932 it was $346,000. The chief export item  
was dynamite, of which we sold abroad 5,941,000 pounds 
valued at $777,000, which compares with 4,607,000 valued at 
$600,000 the year before. Safety fuses valued at $298,000, 
an 18 per cent gain over 1932, and blasting caps at $167,000, 
a 36 per cent gain, were the chief other exports.

S o a p  a n d  T o i l e t  P r e p a r a t i o n s

About half of the imports under this classification last year 
consisted of perfume materials, which totaled $1,022,000 in 
value, and half of the remainder consisted of perfumery, bay  
rum, and toilet water, $511,000. In 1932 these items stood 
at $873,000 and $342,000, respectively. Cosmetics, powders, 
creams, etc., were imported to a value of $206,000, the 1932 
figure being $242,000. Imports of soaps, of which castile 
was most important, totaled $441,000, against $578,000 the 
year before.

(In  thousands) 
____ i o n _____ 1933
Tone Value Tone Value

66 $406 42 $295
547 2390 787 3249

24 259 35 334
1 60 3 150

638 3115 867 4028
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Foreign sales under this head, as usual, included a rather 
wide variety of commodities, the largest single one being den
tal creams. Exports of these goods amounted to 1,268,000 
pounds valued at 51,001,000, a slight decline from 1932. 
Among the soaps, laundry soap with exports valued at $621,- 
000 and toilet soap, S716,000, were most important. The year 
before, these articles were sold to the extent of 51,215,000 
and 5708,000, respectively. Among the other considerable 
items were talcum powder, in packages, $447,000, an 11 per 
cent gain; hair preparations, 5348,000, a 7 per cent gain; 
scouring soaps, bricks, pastes, and powders, $243,000, a 7 
per cent decrease; and cold creams, 5202,000, practically the 
same as in 1932.

M A TE R IA L S R E L A T E D  TO C H E M IC A L  IN D U S T R IE S

M any manufacturers will be interested in other commodi
ties than those mentioned above, which are included in the 
Government’s statistical classification of Chemicals and 
Related Products. For a number of these articles the 1933 
foreign trade record is presented below.

M i n e r a l  O i l s

Imports of petroleum and products were greatly reduced in 
1933 while exports were only slightly under those of the pre
vious year in value. Comparative figures for trade in various 
classes of these oils for the two years are given in Table VII.

T a b l e  V II. I m p o r t s  a n d  E x p o r t s  o f  P e t r o l e u m  
a n d  P r o d u c t s

(In  thousands)
m ío ______IQ' qq______

Barrels Value
<* IV'
Bárrele

jo 1 —>
Value

IM P O R T S

44,700
30,227

$60,631
30,424
29,241

31,924
13,990

$25,893
17,718
7,212

21,724
12

8,394
78
19

11,401
116

17,286
116
322

13,933
19
25

9
4

6,839
157
90
55
71

E X P O R T S

27,391
308

69,348

208,381
27,106

533
168,139

36,584
1,657

61,419

200,016
31,979
3,395

151,269

33,823
10,867
8,118
9,713
6,732

79,081
23,732

9,295
6,877

48,282

25,996
8,764

10,232
8,223
8 ,111

57,520
19,209
12,348
5,962

55,389

38,152 29,392 32,272 27,103

000. Sunflower-seed oil, valued at $748,000, was the leading 
other item, imports showing a great advance from the $411,- 
000 of 1932.

Among the inedible vegetable oils, coconut oil, palm oil, 
and tung oil are outstanding. All three showed notable gains 
last year. Coconut oil remained in the lead with 316,078,000 
pounds, which compares with 249,117,000 in 1932. The 
total value for 1933 was $8,556,000 and that for the year be
fore S7,619,000. Palm oil imports registered 287,483,000 
pounds valued at $7,001,000 in 1933 as against 217,167,000 
valued at $5,998,000 the previous year, and tung oil 118,760,- 
000 pounds valued at $4,833,000 as against 75,922,000 valued 
at 53,434,000.

In the export trade refined cottonseed oil led the edible 
vegetable oils with sales of 9,292,000 pounds, valued at 5561,- 
000, a loss of 15 per cent in quantity and about the same in 
value. Crude cottonseed oil, with a value of 5778,000, repre
senting a 46 per cent decrease, was second only to coconut oil 
among the inedible vegetable oils. Coconut oil, valued at
5798,000, was slightly higher than in 1932.

Imports of essential oils in the last two vears are shown in 
Table n i l .

T a b l e  V III. I m p o r t s  o f  E s s e n t i a l  O i l s

Petroleum and nroducts, to ta l 
Petroleum, crude 
Advanced and refined oils:

Fuel oil, including topped 
petroleum 

Unfinished distillates 
Finished light products 
Illum inating oil 
Lubricating oil

Petroleum  and products, to ta l 
Petroleum , crude 
N atural gasoline 
Refined oils:

Gasoline, naph tha  and  other 
finished light products 

Illum inating oil (kerosene) 
Gas oil and d istillate fuel oil 
Residual fuel oil 
Lubricating oil

Fuel or bunker oil for vessels 
in  foreign trade (not in 
cluded in exports)

The heavy decreases in imports are to be ascribed largely 
if not entirely to the new duty on petroleum and its products 
which went into effect June 21, 1932, and applied to all im
ports throughout 1933.

S u l f u r

Last year saw a considerable increase in the exports of 
sulfur. Crude sulfur, in lump form, was sold abroad to the 
extent of 523,000 tons, valued at $9,878,000, which compares 
with 353,000, valued at $7,179,000 in 1932. Crushed, ground, 
refined, and sublimed sulfur and flowers of sulfur totaled 19,-
629.000 pounds in 1933, with a value of $317,000, as against
16.285.000 valued at $266,000 the year before.

V e g e t a b l e  a n d  E s s e n t i a l  O i l s

Imports of edible vegetable oils and fats were slightly higher 
in value last year, 57,806,000 as compared with $7,687,000. 
The great bulk of these imports consists of olive oil, of which
71.963.000 pounds were brought in in 1933 as against 74,274,000 
in 1932, the valuation also falling from $6,975,000 to $6,649,-

(In  thousands)
,-------1932 -------» ------- 1933
Pounds Value Pounds Value

Cassia and cinnamon 326 $158 410 $200
Geranium 145 463 128 480
A ttar of roses, ounces 15 105 33 205
Bergamot 40 73 75 91
Citronella and lemon grass 1508 483 1865 663
Lavender and spike lavender 212 228 270 385
Lemon 167 123 271 161
Orange 114 112 149 110
Sandalwood 5 19 3 13
Lime a a 41 215
All other 2962 982 2853 887

Total 2746 3410

a N ot separately stated.

Peppermint and pine oils are the chief essential oils sold 
abroad by American exporters. Both showed good gains in 
value in 1933, peppermint oil reaching 235,000 pounds valued 
at $567,000 as against 262,000 valued at $455,000 in 1932, and 
pine oil 841,000 pounds valued at $471,000 as against 435,000 
valued at $246,000.

D y e in g  a n d  T a n n i n g  M a t e r i a l s

Out of a total import value of $4,961,000 for dyeing and 
tanning materials in 1933, slightly more than half was credited 
to quebracho extract. A total of 121,871,000 pounds with a 
value of $2,526,000 were brought in, a marked gain over the 
previous year’s imports of 105,388,000 valued at $1,819,000. 
Quebracho wood, $313,000, and logwood, $335,000, were the 
leading raw materials for the manufacture of dyeing and 
tanning agents, and showed large increases of about 150 and 
75 per cent, respectively. Logwood extract (including hema- 
tin crystals) valued at $105,000, and chestnut extract, $132,- 
000, were the only two important items listed separately 
among the exports of dyeing and tanning materials, the total 
of which amounted to $1,630,000 last year as compared with 
$1,483,000 in 1932.

R u b b e r

Higher prices last year brought the total value of our im
ports of crude rubber up to a point more than 40 per cent 
above that of the preceding year while the total quantity 
showed little  increase. The 1933 figures stood at 938,340,000 
pounds with a value of $45,868,000 while those of the year 
before were 928,857,000 pounds with a value of $32,538,000. 
The growing interest in balata was reflected in 1933 imports
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amounting to 3,716,000 pounds valued at S2,262,000, whereas 
in 1932 only 1,585,000 pounds valued at 8147,000 were im
ported.

G u m s , R e s in s , a n d  N a v a l  S t o r e s

As usual, crude chicle took first place on the list of imports 
of this class of goods. Shipments of 4,066,000 pounds were 
valued at SI,081,000, a falling-off of 18 per cent in amount 
and 46 per cent in value. Shellac, with a value of S972,000, 
showed a 35 per cent loss and crude lac, 5873,000, a 14 per cent 
loss. Crude natural camphor was imported to the extent of
1,989,000 pounds valued at $411,000, an increase of about 10 
per cent in quantity and a decrease of 20 per cent in value; 
natural refined camphor, 1,630,000 pounds valued at 5490,000, 
gained 57 per cent in quantity and 37 per cent in value; and 
synthetic camphor, 1,460,000 pounds valued at S406.000 
in 1932, dropped to 880,000 valued at S216,000 last year.

Exports of naval stores, gums, and resins more than re
covered the ground they lost in 1932, the total value rising
S14,714,000, whereas in 1932 it  stood at S l l ,587,000 and in 
1931 at S14,304,000. Trade in the various articles in the last 
two years is shown in Table IX .

T a b l e  IX. E x p o r t s  o p  N a v a l  S t o r e s ,  G u m s , a n d  
R e s i n s

(In  thousands)

N aval stores:
Gum rosin, barrels 
Wood rosin, barrels 
Gum spirits of turpentine, gallons 
Wood turpentine, gallons 
T ar and pitch of wood, barrels 

O ther gums and resins, pounds

Total

R e c e iv e d  February  10, 1934,

.-------193
Quantity

2 -------.
Value

.--------193
Quantity

¡3--------.
Value

938 $5,345 994 $6,540
160 911 219 1,324

10,940 4,410 13,388 5,781
529 229 851 343

6 56 7 65
3,682 636 4,248 661

11,587 14,714

Tabular M ethod of Reading Arsenic Strips
B e r t r a m  D. T h o m a s ,  University of Washington, Seattle, Wash.

T RACES of arsenic in such common foodstuffs as fruit are 
usually determined by some modification of the Gutzeit 

evolution method. The sample after appropriate treatment 
is placed in an evolution flask and treated with stannous 
chloride to reduce arsenates to arsenites and with zinc and 
hydrochloric acid to reduce all the arsenic to  arsine. This is 
swept out of the flask by the excess of hydrogen which is 
formed at the same time, and passed over strips of paper 
impregnated with mercuric bromide. The arsine colors the 
strip, and by using suitable standards the amount of arsenic 
in the sample may be estimated by measuring the length of 
the stain produced on the strip and comparing with the 
lengths of the standard stains.

The comparison is usually effected by plotting the values 
of the standards and the corresponding stain lengths on co
ordinate paper, passing a smooth curve through the points, 
and reading the values of the samples graphically by inter
polating along the curve.

This is a somewhat laborious process; and since it must be 
repeated for every set of standards, considerable time is re
quired for the mere mechanical details of plotting the data. 
The method also has the additional disadvantage, common to 
most graphical methods, of allowing choice as to the way the 
curve is drawn. More than one curve may usually be drawn 
through a set of points, and the differences are sometimes con
siderable.

Where a large number of determinations are being made, 
the results may be obtained much more rapidly and probably 
more accurately by means of tables calculated for particular 
sets of standards. B y examination of a large number of de
terminations it has been found that while the lengths of a 
given standard vary widely from set to set, the relative lengths 
of the various standards in the sets are quite constant. The 
sum of the lengths of the standards is sufficient to character
ize the curve and therefore the table necessary to calculate 
the values of the samples.

Suppose values of the standards are taken containing 0.01, 
0.02, 0.03, and 0.04 mg. of arsenic trioxide. When these are 
evolved in the ordinary manner, the lengths of the stains of a

particular set are found to be 8.5, 13.5, 17.0, and 20.0 mm., 
respectively; and the total length, 59 mm. This total length 
suffices to determine the table from which the results m ay be 
read. Practically it  has been found that about 25 tables are 
necessary to cover a variation in the total length of the stand
ards from 45 to 70 mm. These may be arranged to permit 
interpolation for fractions of a millimeter, depending upon 
the requirements and usage of the laboratory and, if desired, 
to read directly in grains per pound if spray residues are being 
determined on fruit. Average values of the lengths of the 
standards are given with each table to permit immediate 
detection of a gross error.

Careful comparison of results calculated by the graphical 
method and those taken from the tables has shown that the 
differences are usually less than 5 per cent. Greater devia
tions can always be attributed to faulty standards, which are 
made immediately apparent by the average values given in  
the table, or to an actual choice in the curve drawn through 
the points. In this latter case the tables are much more re
liable. Even in the case of a relatively large error in one of the 
lower standards, the tables still seem to give results within 
the experimental error of the Gutzeit method (I).

The tables must be calculated to fit the particular condi
tions under which the determinations are made, although these 
conditions may vary quite widely without producing appreci
able change in the relative values of the standards. The 
tables may be easily computed by using the data which ac
cumulate during the determinations themselves, preferably 
by plotting the arsenic equivalent of particular strip lengths 
against the total length of the standards in the set from 
which the strip is taken and interpolating values for the tables. 
The 5-, 10-, 15-, and 20-mm. lengths are sufficient to permit 
the rest of the values to be interpolated. It is desirable, of 
course, to have as many sets of standards available as pos
sible in plotting the curves.

L i t e r a t u r e  C i t e d  

(1) B arnes and M urray , In d . E n o . C hem ., Anal. E d ., 2, 29 (1930). 

R e c e iv e d  December 8, 1933.



MARKET REPORT—FEBRUARY, 1934

TH ESE PRICES UNLESS OTHERW ISE SPECIFIED  ARE THOSE PREVAILING IN  TH E NEW  TO R E MARKET, FEBRUARY 15, FOR COMMERCIAL
GRADES IN  CARLOAD QUANTITIES

N e w e r  C h e m ic a l*

Acetaldehyde, drum s, lc-1., w k s ... .  .lb .
Acetaldol, 50-gal. d ru m s...................... lb.
Acetylene tetrachloride, tee Tetra- 

chloroethane
Acid, ab ie tic ............................................. lb.

Adipic.................................................... lb.
Furoic, tech., d ru m s..........................lb.
Linoleic.................................................. lb.
Naphthem e, d ru m s........................... lb.
Sebacic, tech. ..................................... lb.

Ammonium linoleate, d rum s...............lb.
Ammonium oleate .................................. lb.
Aroclors......................................................lb.
Butyl carbitol, tee D iethylene gly

col monobutyl ether 
Cellosolve, tee E thylene glycol 

monobutyl ether
Furoate, tech., 50-gal. d ru m s lb.

Calcium furoate, tech ., d ru m s lb.
C apryl alcohol, tech ............................... lb.

P u re ........................................................ lb.
C arbitol, tee D iethylene glycol 

monoethyl ether 
Cellosolve, tee E thylene glycol 

monoethyl ether 
Acetate, tee E thylene glycol mono

ethyl ether aceta te  
C rotonaldehyde, 50-gal. drum s, c /1 ..lb . 
Dichloroethyl ether, 50-gal. drum s,

c/ 1 ....................................................... lb.
D iethylene glycol, d ru m s.....................lb.

M onobutyl e ther, d ru m s..................lb.
M onoethyl ether, d ru m s .................. lb.

D iethylene oxide, 50-gal. d rum s lb.
Dimethylamine, pure 25 & 40%

sol.— 100% basis, d ru m s............. lb.
Dioxan, tee D iethylene oxide
D iphenyl....................................................lb.
E thy l acetoacetate, 110-gal. d rum s, .lb.
E thy l furoate, 1-lb. tin s ........................lb.
C arbonate, 90% , 50-gal. d ru m s .. .  .gal.

Chlorocarbonate, carboys................lb.
E ther, absolute, 50-gal. d ru m s .. .  .lb.
Furoate , 1-lb. t in s .............................. lb.

E thylene chlorhydrin, 40%, 10-gal.
cbys.....................................................lb.

Dichloride, 50-gal. d ru m s................ lb.
Glycol, 50-gal. d ru m s....................   . lb .

M onobutyl ether, drum s, wks.. .lb. 
M onoethyl ether, drum s, w k s.. .lb. 
M onoethyl e ther acetate, drums,

wks................................................. lb.
M onomethyl e ther, d ru m s lb.
Oxide, cyl..........................................lb.

Furfuram ide (tech.), 100-lb. d rum s, .lb.
Furfuryl aceta te , 1-lb. tin s .................. lb.

Alcohol, tech., 500-lb. d ru m s lb.
Glyceryl p h th a lla te ................................lb.
Glycol s tea ra te ........................................ lb.
Isopropyl ether, d ru m s......................... lb.
Lead dithiofuroate, 100-lb. d ru m s...lb .
M agnesium peroxide, 100-lb. cs lb.
M ethyl aceta te , 82% , d ru m s..............lb.

99% , tanks................ lb.
Celloeolve, tee E thylene glycol 

monomethyl ether
M ethyl hexyl ketone, p u re .................. lb.
Paraldehyde, 110-55 gal. drum s, c/l.lb . 
Phosphorus oxychloride, 175 c y l . . .  .lb.
Potassium  ab ie tate ................................. lb.
Sodium ab ie ta te ...................................... lb.
Sodium alginate . .................................... lb.
Strontium  peroxide, 100-lb. drum s., .lb. 
Sulfuryl chloride, 600-lb. drums,

crude.................................................. lb.
D istilled .................................................lb.

Tetrachloroethane, 50-gal. d ru m s .. .lb.
Trichloroethylene. 50-gal. d rum s lb.
Triethanolam ine, 50-gal. d rum s lb.
Trihydroxyethylam ine linoleate lb.
Trihydroxyethylam ine s tea ra te  lb.
Vinyl chloride, 16-lb. cyl....................... lb.
Zinc dithiofuroate. 100-lb. d ru m s .. .  .lb .

Perborate, 100-lb. d ru m s................. lb.
Peroxide, 100-lb. d ru m s................... lb.

.16

.27

.07

.72

.35

.16

.10

.58

.12

.10

.40

.60

.30
.85

2 .50

.26

.21

.14

.26

.15

.26

1.20

.15

.37
1.00
1.85

.30

.50
5.00

.76 
■ 05H 
.25 
.20 
.15

.16^

.21

.75

.30
5.00 

.40 

.26 

.18 

.07
1.00 
1.15
.12
.15

1.20
.16
.20
.06
.06
.50

1.25

.15

.40

.08H  
■ 09M 
.35 
.40 
.35 

1.00 
1.00
1.25
1.25

C h e m ic a l s  P r e v io u s l y  Q u o t ed

Acetanilide, U. S. P., powd., bbls lb. .26
Acetic anhydride, 92-95% , cbys lb. .21
Acetone, drum s, wks., c/1..................... lb. .11
Acetphenetidin, bbls............................... lb. 1.30
Acid, acetic, 28% , e/1., b b ls .. . . 100 lbs. 2.91

56%, c/1., bbls.......................100 lbs. 5 .50
Glacial, c/1., bbls.................. 100 lbs. 10 .02
Glacial, T7. S. P ., c/1., carboys

.............................................. 100 lbs. 10.52
Acetylsalicylic, bbls............................ lb. .70
A nthranilic, 99-100% , d rum s......... lb. .85
Benxoic, tech., bbls............................. lb. .40
Boric, bbls............................................. lb. .04
B utyric, 100% basis, cbys................lb. .80
Chloroacetic, mono-, bbls., w ks.. . .  lb. .18

Di-, cbys lb. 1.00
T ri- .b b ls ............................................lb. 2 .50

Chlorosulfonic, drum s, wks..............lb. .04V4
Chromic, 99% , d ru m s....................... lb. . 15H
Cinnamic, b o ttle s ................................lb. 3 .25
C itric, U. 8 . P., cryst., bb ls............. lb. .28
Cresylic, pale, d rum s....................... gal. .50
Formic, 90% , cbys., N. Y ................ lb. .11
Gallic. U. S. P ., bbls...........................lb. .77
Glycerophosphoric, 25% , 1-lb.

bo t........................................................lb. 1.40
H, bbls., wks......................................... lb. .65
Hydriodic, 10%, U. 8 . P ., 5-lb.

b o t........................................................lb. .67
H ydrobrom ic, 48% , cbys., w k s .. . .lb . .45
Hydrochloric, 20®, tanks, wks.

...................................................100 lbs. 1.35
Hydrofluoric, 30% , bbls., wks..........lb. .07

60% , bbls., wks............................... lb. .15
Hydrofluosilic, 35% , bbls., wks. . .lb . .11
Hypophosphorus, 30% , U. S. P.,

5-gal. dem is....................................... lb. .75
Lactic, 22% , dark , bbls..................... lb. .04

48% , light, bbls., wks.................... lb. .11
Mixed, tanks, wks   .N  u n it .07

8 u n it .08
M olybdic, 85% , kegs......................... lb. 1.25
N aphthionic, tech., bbls lb. nom.
Nitric, c. p ., cbys................................. lb. .11
N itric, 36°, c/1., cbys., wks.

................................................... 100 lbs. 5 .00
Oxalic, bbls., wks................................. lb. . W /i
Phosphoric, 50% , U. 8 . P ................. lb. . 14
Picramic, bbls   lb. .65
Picric, bbls., c/1....................................lb. .30
Pyrogallic ............................................... lb. 1.45
Salicylic, tech., bbls    ,1b. .33
Stearic, d. p., bbls., c/1...................... lb. .09
Sulfanilic, 250-lb. bbls   .lb . . 18
Sulfuric, 66°, c/1., cbys., wks.

...................................................100 lbs. 1.60
66°, tanks, wks............................... ton 15.00
60®, tanks, wks............................... ton 10.50
Oleum, 20% . tanks, wks..............ton  18.50

40% , tanks, wks.........................ton  42.00
Sulfurous, U. S. P ., 6%, c b y s ... .  .lb . .05
Tannic, tech., bbls............................... lb. .23
T artaric, U. S. P., cryst., b b ls . . .  .lb . -25M
Tungstic, kegs.......................................lb. 1.40
Valeric, c. p ., 10-lb. b o t......................lb. 2 .50

Alcohol, U. 8 . P ., 190 proof, bb ls .. .  gal. 4 .1 5 H
Amyl, from pentane, ta n k s ...............lb. . 143
Amyl, Im p. d ru m s............................. gal. 1.75
B utyl, drum s, c/1., wks...................... lb. . 10H
D enatured, No. 5, comp, denat.,

c/I., d rum s....................................... gal. .34
Isoamyl, d ru m s.................................. gal. 4.00
Isobutyl, ref., d ru m s.........................gal. .75
Isopropyl, ref., d ru m s.......................gal. . 50
Propyl, ref., d ru m s............................gal. .75
Wood, tee M ethanol

Aldol, 95% , drum s, c / i ...........................lb. .21
Alpha-naphthol, bbls............................... lb. .65
A lpha-naphthylamine, bbls...................lb. ,33

Alum, am m onia, lum p, bbls., wks.
...................................................100 lbs. 3.00

Chrome, casks, wks..................100 lbs. 7 .0 0
Potash, lum p, bbls., w k s .. .  ,100 lbs. 3 .00
Soda, bbls., wks.........................100 lbs. 4 .00

Aluminum, m etal, N . Y .............. 100 lbs. 22.90
Aluminum chloride, anhyd., com

mercial, wks., drum s extra, c/1 lb. .04
Aluminum stearate , 100-lb. bbl lb. .17
Aluminum sulfate, comm’l, bags,

wks............................................ 100 lbs. 1.35
Iron-free, bags, wks..................100 lbs. 1.90

Aminoazobenxene, 100-lb. kegs............lb. 1.15
Ammonia, anhydrous, cyl.,.... wks...... lb. . 15H

50,000-lb. tanks, wks lb. .05
Ammonia, aqua, 26®, tanks, wks.,

contained NH* lb. .05H
Ammonium acetate, kegs lb. .33

Bifluoride, bbls lb. . 15H
Bromide, bbls lb. .39
Carbonate, tech., casks lb. .08
Chloride, gray, bbls..................100 lbs. 5 .50

Lump, casks lb. . 10H
Iodide, 25-lb. ja rs .......................... . . . l b .  4 .30
N itra te , tech., cryst., bbls lb. .08H
Oxalate, kegs lb. .24
Persulfate, cases   lb. .20
Phosphate, dibasic, tech.,... bbls...... lb. . 0 8 ^
Sulfate, bulk, wks............................... ton  25 .00

Amyl acetate, tech., from pentane,
tanks, delivered    .lb . .135

Aniline oil, d ru m s lb. . 16H
Anthracene, 80-85% , casks, w k s ... .lb . .75
A nthraquinone, subl., bbls lb. .45
Antimony, m etal lb. .07M
Antimony chloride, d ru m s lb. .13

Oxide, bbls lb. . 08 H
Salt, dom., bbls.....................................lb. .22
Sulfide, crimson, bbls.......................... lb. .25

Golden, bbls   lb. .16
Vermilion, bbls..................................lb. .38

Argols, red powder, bbls........................ lb. .08
Arsenic, m etal, kegs.................................lb. .44

Red, kegs, cases.................................... lb. .14
W hite, c/1., kegs lb. . 04 H

Asbestine, bulk, c /1 ................................ton  15.00
Barium  carbonate, bbls., bags, w ks..ton  45 .00

Chloride, bbls., wks   ton  74 .00
Dioxide, drs., wks................................ lb. .12
H ydroxide, bbls   lb. .05
N itra te , casks lb. .08M

Barium thiocyanate, 400-lb. bbls lb. .27
B arytes, floated, 350-lb. bbls., wks.

 ton 23 .00
Benxaldehyde, tech., d ru m s...................lb. .60

F . F. C ., cbys.........................................lb. 1 .40
U. 8. P ., cbys.........................................lb. 1.15

Benzidine base, bbls............................ lb. .65
Benzol, tanks, wks.................................gal. -20>i
Benzoyl chloride, d ru m s   lb. .40
Benzyl aceta te , F . F . C ., b o tt le s . . . .  .lb . .75

Alcohol, d ru m s   gal. . 85
Chloride, tech., d ru m s........................lb. .30

B eta-naphthol, bbls............................. lb. .24
B eta-naphtbylam ine, bbls......................lb. .58
Bism uth, m etal, cases............................. lb. 1 .30
Bism uth, n itra te , 25-lb. ja r s ................. lb. 1 .20

Oxychloride, boxes.............................. lb. 2 .95
S ubnitra te, U. S. P ., 25-lb. j a r s . . . .  lb. 1 .40

Blanc fixe, d ry , bbls   ton  70 .00
Bleaching powder, drum s, wks.

....................................................100 lbs. 1.90
Bone ash, kegs ........................................ . lb .  .06
Bone black, bbls.......................................lb. .0 8 #
Borax, bags   lb. .018
Bordeaux m ixture, bbls......................... lb. .10^£
Bromine, b o t.............................................. lb. .36
Bromobenzene, d ru m s............................lb . .50
Bromoform. ja r s ....................................... lb. 1.80
Butyl aceta te , drum s, c/1.......................lb. .11
Cadm ium  bromide, 50-lb. ja r s .............lb. 1.25
Cadm ium , m etal, cases   .lb . .55
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Cadm ium  sulfide, boxes......................... lb. .60
Caffeine, U. S. P ., 6-lb. c an s  lb. 1.85
Calcium aceta te , bags.. .  ►.......... 100 lbs. 3 .00

Arsenate, bbls....................................... lb. .06%
Carbide, d ru m s.....................................lb. .05%
Chloride, drum s, wks., flake ton 19.60
Cyanide, 100-lb. d ru m s..................... lb. .30
N itra te , bags, 15% N ...................... ton 25.50
Phosphate, m onobas., bb ls ...............lb. .07%

T riba8., bb ls  lb. .11
Calcium carbonate, tech., bags,

................................................... 100 lbs. 1.0 0
U. S. P ., precip., 175-lb. b b l............ lb. .06%

C am phor, Jap ., slabs.............................. lb. .55
Carbazole, bbls..........................................lb. .75
Carbon, activated , d ru m s .....................lb. .08
Carbon bisulfide, d ru m s........................ lb. .051
Carbon b lack .............................................lb. ,04 t
C arbon dioxide, liq . cyl..........................lb. .06
Carbon tetrachloride, d ru m s lb. .05%
Casein, s tand, gr., bb ls .lb . .12
Cellulose aceta te , bbls............................ lb. .80
Cerium  oxalate, kegs.............................. lb. .25
Charcoal, willow, powd., bb ls .............. lb. .06
China clay, b u lk ..................................... ton  8 .00
Chloral hydrate , d ru m s......................... lb. .70
Chlorine, liq. c/1., cyl.* ..........................lb. .055
Chlorine, ta n k s .............................. 100 lbs. 1.85
Chlorobenzene, mono-, d ru m s.............lb. .06
Chloroform, tech., d ru m s.................... .lb . .20
Chromium acetate , 20° soln., bbls... .lb . .05
Coal ta r , bbls., wks   .bb l. 8.50
C obalt, m etal, kegs  lb. 2 .50
C obalt oxide, bbls....................................lb. 1.25
Cod liver oil, bbls.................................. bbl. 28.00
Copperas, c/1., b u lk ...............................ton  14.50
Copper, m etal, elec....................... 100 lbs. 8 .25
Copper carbonate, bbls., 5 2 /5 4 % ...  .lb. . 15 %

Chloride, bbls   lb. . 17
Cyanide, d ru m s   lb. .39
Oxide, red, bbls   lb. . 12%
Sulfate, c/1., b b ls .   ............   100 lbs. 3 .75

C otton, soluble, bbls ...............................lb. .40
Cream  ta r ta r , bbls ...................................lb. .17%
Cyanam ide, bulk, N. Y.

 Ammonia un it 1 .07%
Diaminophenol, kegs.............................. lb. 3.80
Dianisidine, bbls   lb. 2 .35
D ibutyl phthala te, drum s, wks.............lb. .20%
Die thy laniline, d ru m s............................ lb. .52
Diethylene glycol, d ru m s......................lb. .14
Diethyl ph tha la te, d ru m s ..................... lb. .23
D iethyl sulfate, tech ., d ru m s............... lb. ,20
D im ethylaniline, d ru m s......................... lb. .29
D im ethylsulfate, d ru m s........................ lb. .45
Dinitrobenzene, tech., drum s...............lb. .17
Dinitrochlorobensene, bbls................... lb. .14%
D initronaphthalene, bbls .......................lb. .34
Dinitrophenol, bbls................................. lb. .23
Diphenylam ine, bbls............................... lb. .31
Diphenylguanidine, bbls........................lb. .36
Epsom  salt, tech ., bbls., e/1., N . Y.

................................................... 100 lbs. 1 .70
E ther, nitrous, b o t...................................lb. .75
E ther, conc., d ru m s................................ lb. .09
E thy l aceta te , tanks, c/1....................... lb. .07%

Bromide, d ru m s................................... lb. . 50
Chloride, d ru m s................................... lb. .22
M ethyl ketone, d ru m s....................... lb. .30

Ethylbensylaniline, 300-lb. drum s., .lb . .88
Ethylene chlorohydrin, anhyd. drums.lb. . 75

Glycol, c/1., wks   .lb . .26
Feldspar, b u lk . ........................................ ton 6 .50
Ferric chloride, tech., bbls.....................lb. .05
Ferrous chloride, c ryst., bbls..................lb. .06
Ferrous sulfide, bbls......................100 lbs. 2 .50
Fluorspar, 98% , bags............................ ton  31.00
Form aldehyde, b b ls .   lb. .06
Form aniline, d ru m s................................. lb. .37%
Fuller's earth , bags, c/1., m in e s .. .  .to n  15.00 
Furfural, drum s, tech., contract,

w o r k s . . . .................................................lb. .10
G lauber's salt, bb ls .......................100 lbs. 1.10
Glucose, 70°, bags, d ry . . . . . . . .  100 lbs. 3.14
Glycerine, c. p ., d ru m s...........................lb. .11%
G salt, bbls................................................. lb. .42
Hexam ethylenetetram ine, tech., 

d rum s      lb. . 37

t  T his is the  approxim ate F . O. B. shipping 
point price. Quotations are now all on a  delivered 
oasis and vary with the section.

♦ F . O. B. destination.

Hydrogen peroxide, 25 vol., bbls lb. .05%
Hydroquinone, kegs................................lb. 1.20
Indigo, 20% , paste, bbls........................ lb. .12
Iodine, crude, 200-lb. kgs kilo 15s. Id.
Iodine, resubl., ja r s ................................. lb. 2 .25
Iron aceta te , liq., 17°, bbls., c /1 . . .  .Ib. .03
Kieselguhr, bags...............................ton 50.00
Lead, m etal, N. Y......................... 100 lbs. 4 .00
Lead acetate, bbls., w hite ..................... lb. .11

Arsenate, bb ls . ..........................  lb. .10
Oxide, litharge, bbls  .lb . .06%
Peroxide, d ru m s . 1 lb. .20
Red, bbls lb. .075*
Sulfate, bbls...........................................lb. .06
W hite, basic carb., bbls lb. .06%

Lime, hydrated , bbls....................100 lbs. .85
Lime, live, chemical, bbls., wks.,

 280 lbs. 1.70
Limestone, ground, bags, wks......ton 4.50
Lithopone, bbls......................................... lb. .04%
M agnesite, calcined, 500-lb. bbls.,

w ks.................................................. . to n  60.00
M agnesium, m etal, wks lb. .30
M agnesium carbonate, bags lb. .06%

Chloride, d ru m s........................... ton 36.00
Fluosilicate, cryst., bbls   lb. .10
Oxide, U. S. P., light, bbls............... lb. .42

M anganese chloride, casks lb. . 07%
Dioxide, 80% , bbls......................ton  80.00
Sulfate, casks........................................ lb. .09

M ercury bichloride, cryst., 100 lb s . . .  lb. . 82
M ercury flasks, 76 lbs................... flask 70.00
M eta-nitroaniline, bbls lb. .67
M eta-phenylenediam ine, bbls lb. .82
M eta-tolylenediam ine, bbls.................. lb. .67
M ethanol, pure, synthetic, drum s,

delivered, c/ 1 ...................................gal. . 3 7%
Tanks, delivered................................ gal. .35%

M ethyl acetone, d rum s gal. . 54%
Salicylate, cases................................... lb. .42

M ethyl chloride, cylinders lb. .45
M ichler's ketone, bbls lb. 2 .50
Naphthalene, flake, bbls lb . .06
Nickel, m etal lb. .35
Nickel salt, single, bbls lb. .11%

Double, bbls lb. A I M
N iter cake, b u lk ............................... ton 11.50
Nitrobenzene, d ru m s.............................. lb. .09
Oil, castor, No. 1......................................lb. .10%

C hina wood, bbls................................. lb. .07%
Coconut, Ceylon, tan k s ..................... lb. .03%
Cod, N . F ., bbls................................. gal. .40
Corn, crude, tanks, mill»................... lb. .04%
Cottonseed, crude, ta n k s ...................lb. .03%
Linseed, bbls..........................................lb. .095
M enhaden, crude, tan k a ..................gal. . 15
N eat's-foot, pure, bbls........................lb. .13
Oleo, No. 1, bbls...................................lb. .06%
Olive oil, denat., bbls........................gal. . 82

Foots, bbls......................................... lb. .06%
Palm , Lagos, casks..............................lb. .03%
Peanut, crude, ta n k s .......................... lb. . 04 %
Perilla, bbls............................................ lb. . 08 %
Rapeseed, bbls.................................... gal. .41%
R ed, bbls................................................ lb. .07
Soy bean, crude, ta n k s . . . . . . . . . .  lb. .06
Sperm, 38°, bbls................................... lb. . 108
Whale, bbls., natu ral, w in ter lb. .072

Ortho-aminophenol, kegs.......................lb. 2 .16
Ortho-dichlorobenzene, d ru m s lb. .08
Ortho-nitrochlorobenzene, d ru m s. . .  lb. .28
O rtho-nitrophenol, bbls.......................... lb. .85
O rtho-nitrotoluene, d ru m s.....................lb. .05%
O rtho-toluidine, bbls............................... lb. .14
Para-am inophenol, kegs......................... lb. .78
Para-dichlorobenzene.............................. lb. .16
Para-form aldehyde, cases...................... lb. .38
Paraldehyde, tech., d ru m s . lb. .20%
Para-nitraniline, d rum s.......................... lb. .48
Para-nitrochlorobenzene, drum s lb. .25
Para-nitrophenol, bbls............................ lb. .45
Para-nitrosodim ethylaniline, bbls— lb. .92
Para-nitrotoluene, bbls........................... lb. .35
Para-phenylenediam ine, bbls................lb. 1.15
Para-toluidine, bbls ..................................lb. .56
Paris Green, 250-lb. kegs.......................Ib. .23
Phenol, d ru m s........................................... lb. .14%
Phenolphthalein, d ru m s......................... lb. .52
Phenylethyl alcohol, 1-lb. bo t.............. lb. 3.75
Phosphorus, red, cases............................lb. .45
Phosphorus trichloride, cyl....................lb. .18

Phthalic  anhydride, bbls lb. .14%
Platinum , m e taL    oz. 36.00
PotfciBh, caustic, d ru m s lb. . 07%
Potassium  acetate, kegs lb. .27

B icarbonate, casks.............................. lb. .07%
Bichrom ate, casks............................... lb. .08%
Binoxalate, bbls....................................lb. .14
Brom ide.................................................. lb. .35
C arbonate, 80-85% , calc., casks., .lb . .07
Chlorate, kegs.......................................lb. .09
Chloride, crystals, bbls...................... lb. .04%
Cyanide, cases...................................... lb. .55
M eta-bisulfite, bbls............................. lb. . 10 %
M uriate, fert., b u lk ........................... ton 35.65
Perm anganate, d rum sv...................... lb. .18%
Prussiate, red, casks.. '.1. .  I    lb. .39

Yellow, c a sk s ,   lb. .18
T itanium  oxalate, bbls lb. .32

Pyridine, d ru m s......................................gal. 1.25
Resorcinol, tech., kegs lb. .65
Rochelle salt, bbls., U. S. P  lb. . 12%
R salt, bbls................................................. lb. .44
Saccharin, cans ......................................... lb. 1.70
Salt cake, bu lk ......................................... ton  13.00
Saltpeter, gran., bbls   lb. .06
Silica, ref., bags....................................... ton  22.00
Silver n itrate , 16-oz. bo t....................... o i. .31%
Soda ash, 58% , light, bags, contract,

wks  .....................................100 lbs. 1.23
Soda, caustio, 76% , solid, drum s,

contract, wks..............................100 lbs. 2 .60
Sodium acetate, bbls lb. .05

Benzoate, bbls lb. .45
Bicarbonate, bbls...................... 100 lbs. 1.85
Bichrom ate, casks lb. .06%
Bisulfite, bbls lb. .03
Bromide, bbls., U. 8 . P  lb. .35
Chlorate, kegs lb. .05%
Chloride, bags......................................ton 12.00
Cyanide, cases lb. .15%
Fluoride, bbls lb. .07%
M etallic, drum s, 121/ 4-lb. b rick s ..lb . . 19
M etasilicate, cryst.................... 100 lbs. 3 .25
M etasilicate, gran., bbls 100 lbs. 2 .65
N aphthionate, bbls lb. .52
N itra te , crude, 200-lb. bags, N. Y.

................................................... 100 lbs. 1.315
N itrite , bbls lb. .07%
Perborate, bbls lb. . 1 7
Peroxide, cases lb. .20
Phosphate, trisodium , bb ls .. .  100 lbs. 2 .60
Phosphate, disodium, bags. . .  100 lbs. 2 .10
Picram ate, kegs lb. .67
Prussiate, bbls lb. .11%
Silicate, drum s, tanks, 4 0 ° ... 100 lbs. .80
Silicofluoride, bbls...............................lb. .05
S tannate , d rum s  lb. .34
Sulfate, anhyd., bbls 100 lbs. 2 .20
Sulfide, cryst., bbls............................. lb. .02%

Solid, 60%  lb. .03%
Sulfocyanide, bbls lb. .30
Thiosulfate, reg., cryst., b b ls  lb. .02%
T ungstate, kegs................................... lb. .65

Strontium  carbonate, tech., b b ls .. .  .lb . .07%
N itra te , bbls lb. .09%

Sulfur, bulk, mines, wks....................... ton  18.00
Sulfur chloride, red, d ru m s.................. lb. .05

Yellow, d rum s  lb. .03%
Sulfur dioxide, commercial, cyl.......... lb. .07
Sulfuryl chloride, d ru m s........................lb. .10
Thiocarbanilid, bb ls .. . . . ......................lb. .25
T in ................................................................lb. .52
Tin tetrachloride, anhydrous, drum s,

bbls...................................................... lb. .25%
Oxide, bbls.............................................lb. .55

Titanium  dioxide, bbls., wks................lb. .17%
Toluene, ta n k s ........................................gal. .30
Tribromophenol, cases............................ lb. 1 .10
Triphenylguanidine, d ru m s..................lb. .58
Triphenyl phosphate, bbls.................... lb. .37
T ungsten, pow der.....................................lb. 1.65
Urea, pure, cases..................................... lb. .15
W hiting, bags........................................... ton  7 .0 0
Xylene, 10®, tanka, wks.......................gal. .29
Xylidine, d ru m s....................................... lb. .36
Zinc, m etal, E. S t. Louis............. 100 lbs. 4.25
Zinc am m onium  chloride, bbls............ lb. .05

Chloride, granulated, drum s............lb. .05%
Oxide, Amer., bbls.............................. lb. .05%
Stearate, bbls   lb. .18

Zinc dust, bbls., c/1................................. lb. .0625
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Citric Acid Iodine Resublimed

Tartaric Acid Calomel
Cream Tartar Corrosive Sublimate
Rochelle Salt Red Precipitate
Tartar Emetic Potassium Citrate

Bismuth Subnitrate Sodium Citrate

Bismuth Subcarbonate Strychnine & its Salts
Potassium Iodide Cinchophen
Phenolphthalein Chloroform

Gluconic Acid Calcium Gluconate

C h a s . P f i z e r  &  C o . ,  I n c .

M a n u f a c t u r i n g  C h e m i s t s

E t t a s u i b z d  1849

81 M a id e n  Lane 
NEW  YORK, N . Y.

4 4 4  West G ra n d  A v e n u e  
CHICAGO, ILL.

LAMMERT ROTARy GAS BOOSTER

ALMOST
HUMAN

LAMMERT & MANN CO.
2 1 7  N .  W o o d  Street Chicago, III.

TheLammert RotaryGas Booster 
maintains constant output pres
sure under variations of gas 
main pressure, vari- 
a t i o n s  o f  l o a d  
( w i t h i n  t h e  
Booster's capacity) 
and variations of 
p o w e r  w h i c h  
drives the Booster.

Maintains smooth, 
non-pulsating pres
sures for gas fur
naces and all other
purposes requiring constant gas pressure w ith in  the 
limits of 1 to 25 pounds.

Operates quietly. Requires no tanks, and works con
tinuously for years w itn  little  care or attention. Fur
nished fo r either electric motor o r be lt drive.

W rits  fo r operating data and quotations. Industrial Plants Use 
All Types and Sizes 

of Frick 
Refrigerating 

Machines

Whether you need Re
frigeration for processing 
foods, for air condition
ing, for making ice, for 
cafeteria service, for a 
drinking water system, for 
quick freezing work, lab
oratory research orspecial 
industrial operations— 
there’s a Frick Plant of 
the size and type to fill 
your needs exactly.

Write for literature 
and full details now.

Branches, Distributors and 
Stock Points in 100 Principal 
Cities Throughout the World

Freon Compressors for a recent 
air conditioning installation, on 

test before shipment.
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W hy not look over your o ld  obsolete steam 
traps to see if they are leaking live steam or 
costing more for repairs than new  Sarco Steam 
Traps. A lso  note w hether there are any un
trapped steam coils o r supply lines that are 
wasting steam.
Install a Sarco w herever needed. You w il l  
be surprised at the large saving effected in your 
coal b ills by

SARCO STEAM
TRAPS

W e have never asked anyone to accept our 
w o rd  for it that Sarco Traps w ill do the same 
w o rk  as big traps that cost several times the 
price and require an expensive p it o r platform 
to install.

FREE TR I AL
O u r po licy is to let you try a Sarco Trap for 30 days 
and make it prove its superiority. If it doesn't sell 
itself, return it and there w il l  be no charge. (

W hy not mail the coupon N O W ?

SARCO COMPANY, INC.
183 Madison Avenue, New York, N . Y .

Branches In Principal Cities 
Sarco Canada Limited, Federal Bids., Toronto, O nt. 

Canada

Your Pipewith r
S A R C O  

P I P E  S A V E R S

SARCO  C O ., Inc., 183 Madison A ve., New York, N . Y.

□  Send a Sarco Steam Trap on 30 days* free trial.

Size............................. for pressure............................lbs.
D  Send Booklet N o. D-95.

Name. . .  

A ddress. 

City..........
i________

T h is
T ra d e -M a rk

O n Every 
Carton

“IT  GOES FURTHER” 

D A R C O  SALES C O R P O R A T IO N
60 East 42nd Street 

N ew  York, N . Y.
G ab le  A d d re ss :T e le p h o n e : 

V A n d erb llt 3-0392 DARGOSALE, N ew  Y ork

N O R M AL — CONCENTRATED 

PROCESSED

RUBBER 
LATEX

•¡as

A reliable source of Supply and 
Service. Ample stocks for imme
diate delivery. The cooperation 
of our technical staff in selecting 
the most suitable form of latex for 
the results desired is available 
without ob ligation . Manufac
turers’ technical correspondence 
invited and treated in confidence.

H E V E A T E X  CORPORATION
7 8  G O O D Y EA R  A V E., M ELR O SE,M A SS.

BRILLIANT LIQUORS 
And

SPARKLING CRYSTALS!
These are yours for negligible cost and little 

trouble. A filtration with a fractional percentage 
of DARCO, the Quality Activated Carbon, will 
remove those last traces of impurities and color 
bodies that are responsible for dingy or discolored 
crystals.

Write for a sample of DARCO. Try it on some 
of your dye intermediates, for instance, and note 
the distinctive brilliance of your finished dyes.
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GEORGE F. OTT CO.
8 th  &  C l in t o n  S t s .— H o b o k e n , N . J .

V I B R O X

O T T  SINCE 1 8 7 0
Copper Equipment for All Industries

W e m ake a sp ec ia lty  o f  bu ild ing  apparatu s to  
su it you r particu lar needs. A m ong our p roducts 
are:

Stills 

Evaporators 

Autoclaves 

Heaters 

Jacketed 

Kettles 

Digesters 

Tanks 

Coils 

Pipes and
F i t t i n g s  A ce ta te  K e ttle  w ith  A g ita to r

W ill  Cut Your Packing Costs on 

Barrels-Bags--Other Containers
The VIBROX— a real cost reducing unit—operates contin
uously— no starting or stopping— no clutches to throw. 
Eliminates manual jiggling or shaking— packs the material 
as it falls into the container. No m atter what size or 
type of container you are using— from 5 lbs. upward— 
there is a standard VIBROX that will lower your operating 
costs. Why not get the facts? W rite for Bulletin V-26.

E s ta b lis h e d  1872 
E n g in e e rs  a n d  M a n u f a c tu re rs  

415-432 S. C linton St. Chicago, 111.

(SAUNDERS PATENT)

V A LV E
OFFERS THESE ADVANTAGES:

2 3 4 9  " 5 9  N E L S O N  ST .

W ORKING parts never in contact with ma
terials handled.

Liquid areas lined with Glass, Rubber or Lead, or 
made of Corrosion resisting materials, such as, Alloy 
Steel, Non-ferrous Alloys, Ceramics and Synthetic 
Resins.
No machine shop maintenance to keep valve in 

service. A wrench and oil can 
are the only maintenance tools 
needed.

Prices and literature upon re
quest. Please name liquids to be 
handled, pressures and tempera
ture.



34 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 26, No. 3

How the February issue of

P iastic
Editorial

The NRA Whirligig
We have had seventeen letters, two telephone calls, and a post
card commending this editorial— have you read it?

Feature Articles
Prem ium s From the Plastics Point of 

View
Do you know just where premiums stand under the NRA, and 
can you guess how many million pounds of molding powder is 
going into this trade in 1934? Nathaniel Williamson tells you 
both, and more too, in this article.

Measuring P lasticity of H ot Molding Com
pounds—The Flow Tester

Since the war, Bakelite has been experimenting to perfect a 
machine for measuring plasticity. Gilbert L. Peakes describes 
the design and construction of the Flow Tester they have ju st 
developed. The next two issues continue this story, with 
instructions to operate the machine and comparisons of a great 
many tests already made.

Applications of “ A cetate,” a review of 
typical uses of th is m olding m aterial

Spencer Palmer, who of all men ought to know, summarizes in 
detail both the product and the manufacturing advantages of 
cellulose acetate, and gives a complete table of its physical 
characteristics.

Chemical Tests for Transparent Papers
All that glitters is not cellophane, and here are detailed tests 
for distinguishing between the various transparent, plastic 
papers, according to the source of the raw material.

Industrial Coatings
How to  Sell Color

Packard “ stole the show" at both New York and Chicago with 
a display deliberately designed to sell color. How they did it 
and why is told in an interview with Herbert Thompson Strong, 
the colorist-in-charge, and it is full of practical hints for any
one whose goods have any color appeal whatsoever.

Turpentines—Artificial, Syn thetic  and
Su bstitu ted  Types. Reviewed and de
scribed by Ibert Mellan

Ibert Mellan reviews the artificial, the synthetic, and the sub
stituted types of these important solvents, with a good check
list of the basic patents involved.

Summary of
Helpful Hints

Plastic Molding—a book review 
Lacquers and Varnishes fo r  Railway 
Cellophane for Determ ining H um idity  
Titanium  in Paper—and in Plastics
Insoluble Coatings for Air Drying Resin  

Varnishes

Plastics in Pictures
Seventeen pictures in Sepia Ink on India tint paper, that show 
more new and novel applications of plastics and coatings than 
we usually have been able to collect in this departm ent, which 
is one of the most popular, regular features of PLASTIC 
PRODUCTS— a style-sheet and news-sheet that you certainly 
will enjoy and find exceedingly profitable.

N ovel Soap D ispenser

Banda S ta ir  C arpet G rip

New T ype o f  M eta l W all T rim

Jars— ideal fo r  d e lica te  fa c e  cream s

R otary  K n ife  Sharpener

B ridge Ash Tray

New Telephone Index

D isplay L igh t

S po t-O -L ite

Lapel M icrophone

A new  tree  w ire guard

P lastic closures

Plastic Patents
Cellulose, Coatings, Machinery: a com 

p le te  sum m ary of the last 30 days U. S. 
paten ts.
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P ro  dlu cct§
keeps its readers up-to-date
the Contents
News of 

Plastics and Coatings
Packaging Clinic
NRA and Packaging Problems
“ Clinic” Plans
Prem ium  Exposition
Newark, N. J. shows Plastics
Alliance Exhibit Plans
Exhibit of “Man-Made M aterials”
Williams, NRA, resigns
DuPont Viscoloid Suit Winner
Chicago Furniture S tyle  Show
Elton Succeeds McFadden
Glidden Acquires Patents
A.S.T.M . Projects
Coatings Standards
C om m ittee “ D -l’s” Program
Fabricators’ Code Su bm itted
Liquor B ottle Caps
Novel Molded Base
New Recruits to M olded Tops
Im portan t Litigation
Cellulose Survey
Safety Glass News
Sylvania Introduces
In Washington
Interesting Delivery Service
Personal—Personnel
From Foreign Plastics News
Company Booklets

I F you are interested in plastics 

do not  fail to  watch the  pages 
o f  the  only m agazine in America  

devoted  wholly  to  synthetic  resins, 

m o ld ing  powders and  m olded  

products ,  coated and  im pregna ted  

fabrics, lacquers,  synthetic  coatings, 
etc. N in e  out of ten  chemists 

agree th a t  the  great  chemical  de

v e lopm ent  o f  the  next ten  years is 

going to  be in the  plastics field—  

“ it pays to  be posted” — no o the r  
jo u rn a l  can give you th e  u p - to - th e -  

m in u te  information th a t  you will 

f ind in every issue of P L A S T I C  

P R O D U C T S .

U S E  T H I S  C O U P O N  T O D A Y

Plastic Products
25 Spruce Street, New York City

Of course I am  Interested in plastics. Enter m y subscrip
tion for 12 m onth s, and bill m e for $3.00.

N am e...........................................................................................................

Address.......................................................................................................

P osition ....................................................................................................



36 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 26, No. 3

P R O F E S S I O N A L  D IR E C T O R Y
Personal Services O n ly  

1-Inch Card, $ 4 .4 0  per Insertion. 0  2-Inch Card, $ 8 .8 0  per Insertion.

DR. H E N R Y  A R N ST E IN
191 E. Roosevelt Boulevard 

Philadelphia, Pa.

Expert in Fermentation and Distillation ;
Specializing In the construction and operation of

Breweries, Sugar Factories, Distilleries, A lcoholic M otor I 
Fuel Plants

and In the recovery of

By-Products (Yeast, Liquid & Solid Cos 
Cattle-Feed, Com O il etc.)

Complete Chemical and Food Producing 
Plants Constructed and Operated

OREGON B. HELFRICH
Jenkintown, Pa.

CH EM IST
Expert Knowledge of Lacquer Solvents 

and Plasticizers

SK IN N ER  & S H E R M A N , Inc.

Research Analyses Physical Tests | 
Engineering Bacteriology

1 246 Stuart St. Boston, Mass.

Dr. W alter Cross Dr. Roy Cross

K A N S A S  C ITY TESTIN G  
L A B O R A T O R Y

Chemists— Engineers— Inspectors
700 Baltimore A ve., Kansas City, M o.

FOSTER D. S N E L L , IN C.
Chemists— Engineers

A  technical organization offering 
complete consulting research 
operating and management service.

| 305 Washington St. Brooklyn, N . Y. j!

B E N JA M IN  T. B R O O K S
Chemical Ensineering and Development 

Since 1912 

114 East 32nd Street 
New York, N. Y.

L A B O R A T O R Y  O F  V IT A M IN  
T E C H N O L O G Y

Vitamin Assays of Food Products and 
Pharmaceuticals

Howard J .  Cannon, Director, 
1409 East 61st St. Chicago

IV A N  P. T A S H O F
Attorney and Counselor at Law

Patents
Specialist in the Protection of Inventions Relating to  1 

the Chemical and Metallurgical 
Industries

| Victor Bldg., Washington, D. C ||

GUSTAVUS J. ESSELEN, INC.
Chemical Research and Development

A n  Organization Experienced in the A p 
plication oi Chemistry and Chemical 

Engineering to Industry and 
Business.

Cellulose and its derivatives 
Textile fibres and fabrics 
Dyes and their applications 

Pulp Paper Leather Rubber 
Industrial Bacteriology Synthetic Resins

73 Newbury Street Boston, Mass.

M EIG S, BA SSETT & S L A U G H T E R
Incorporated

"From Research to Plant 
in Operation"

Chemical Engineers
Research— Design— Engineering 
Reports on Projects for Financing 

Drexel Building Philadelphia

E D W A R D  T H O M A S
Attorney-At-Law

Registered Patent A ttorney

Chemical Patent Problems 
Woolworth Bldg., New York G ty

RO BERT E. S A D T L E R
A ttorney at Law (Tenn.)

Registered Patent Attorney 
Chemical and Metallurgical Patents

! Hibiscus Park Gainesville, Fla.

T H O M A S  & H O C H W A L T  
L A B O R A T O R IE S

Incorporated
An organization offering complete chemical 
research and chemical engineering service.

| Pilot Plant facilities. Patents investigated.

j Nicholas Road Dayton, O hio

F. B. Porter R H. Fash 
B.S. Ch.E., Pres. B.S., Vice-Pres.
TH E FO R T W O R TH  L A B O R A T O R IE S

Consulting, Analytical Chemists and 
Chemical Engineers

W hen you have propositions In the Southwest 
consider using our staff and equipment to save 
time and money.

Fort Worth, Amarillo, Dallas, Houston and San Antonio

Established 1891

S A M U E L  P. S A D T L E R  & S O N , IN C.

Consulting and Analytical Chemists 
Chemical Engineers

Special and Umpire Analyses 
Small and Large Research Projects 

Legal Testimony and Patents

J 210 S. 13th S t ,  Philadelphia, Pa.

"N othing Pays Like Research"

TH E  W ESTPO RT M IL L
W estport, Conn.

Laboratories and Testing Plant of 
THE DORR CO M PA N Y

Chemical, Industrial and Metallurgical Engineers

FOSTER & C O D IER
Specialists In Chemical and M etallurgical Patents 
and Applications Involving Processes and Products. 

Ex-Examiners in Chemical Divisions,
U. S. Patent Office

726 9th St.
Washington, D. C

J O H N  PRICE W E T H E R ILL
2819 M cGill Terrace 

Washington, D. C.

Chemical and Metallurgical Laboratory Research. 
Patents consultation solicited.

Abstracts of Domestic and Foreign Patents and Trans
lations of German, French, Italian, Polish, Czecho

slovak Literature.

F R O E H L IN G  & R O B E R T SO N , IN C.
Established 1881

Inspection Engineers and 
Chemists

Richmond, V*. New York, N . Y.

Harvey A . Sell- Ph.D. Earl B. Putt, B.Sc.
SEIL, PUTT & RUSBY

Incorporated 
Consulting Chemists

Specialists In the analysis of 
Foods, Drugs and O rganic Products 
16 E. 34lh Street, New York, N . Y. 

Telephone— Asnland 4343—4344

A .  W. W IL L IA M S  
IN SP EC TIO N  C O M P A N Y

Specializing in the inspection of 
! POLES. PILING, CROSS ARM S, CROSS TIES. 
! CONDUIT, LUMBER, STRUCTURAL TIMBER anti 

PRESERVATIVE TREATMENTS 
Analysis of W ood Preservatives 

MOBILE, A L A B A M A  
Inspectors for Assignments at All Plants



March, 1934 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y 37

Laboratory Efficiency 
Speeds Up Production
How ab o u t your lab

o ra to ry  fu rn itu re?  Is it 
m odern? D oes it  take 
u p  to o  m u c h  r o o m ?  
Does i t  offer you all the 
new est tim e saving fea
tures? In sho rt, is your 
lab o ra to ry  efficient?

Industrial L aboratory 
Table No. H-1543

STEEL OR WOOD FURNITURE
R igh t now is the  tim e to get your labora to ry  in its best work

ing order, for ju s t ahead  there  is m uch w ork to be done. Perhaps 
you need steel fu rn itu re  or specially  designed furn itu re . M aybe 
all th a t  is required  is an  ex tra  tab le , desk or fum e hood.

Regardless of your needs K ew aunee can supp ly  them  a t reason
able prices. W rite  for a  K ew aunee E ngineer to  call o r ask for 
our big K ew aunee L aboratory  F u rn itu re  Catalog.

JfetimiazeetfCfy: Or.
LABORATORY FURNITURE ¿/^EXPERTS 

C. G . C am p b e ll, P res , a n d  G e n . M gr.
110 Lincoln S t., Kewaunee. W is.

E aste rn  B ranch: 220 E as t 42nd S t., New York. N . Y.
M id-W est Office: 1614 M onroe S t., E vanston , 111.

Offices in P rincipal C ities

U L T R A - F I N E

FILTRATION
Means M ore Sales For You

R u n  y o u r  p r e s e n t  f ilte re d  
p ro d u c t th ro u g h  th e  H Y - 
SPK ED  d is c  filte rs ;— y o u  
w il l  b e  a s to u n d e d  a t th e  
b r i l l ia n c e  a n d  sa le s  a p 
p e a l th a t  th e se  filte rs  ad d  
to  y o u r  p ro d u c t .  T h e se  
f ilte rs  a r e ,b y f a r , th e  m o s t  
a d v a n c e d  u ltra -f in e  filte rs 
ev e r  d e v e lo p e d  by  e n g i
n e e rs . T h e  sp e e d  a n d  e x 
c e lle n c e  o f  th e i r  w o r k  
w ill  b o o s t  y o u r  sa le s  
c o n s id e ra b ly  a n d  c u t  
y o u r  o v e rh e a d . H u n 
d re d s  o f  l iq u id  p ro c e s 
s e s  h a v e  to ld  us th a t.

H Y -S P E E D  d is c  filte rs  
c o m e  w ith  f ro m  2 to  1 0 0  
d isc s ; w il l  p o l is h  1 to  50 
o r  m o re  g a l lo n s  o f  l iq u id  

p e r  m in u te . T h e re  is  n o  in s ta l la t io n  c o s t;  n o  la b o r .

W e 'l l  p ro v e  th e s e  fac ts . A sk  fo r  a  10 d ay  f re e  t r ia l.  
T h  r e ’s n o  o b l ig a t io n ,  y o u  k n o w .

W rite for a  Free Catalogue

ALSOP ENGINEERING CORP.
39 W . 60th Street New York City
M ’f'rs of disc fillers, mixers, bottle fillers, glass coated tanks, etc.

T h e  C a t a l y t i c  O x i d a t i o n  o f
ORGANIC COMPOUNDS

in t he  V a p o r  Pha s e
L. F. Marek and Dorothy A .  Hahn

This book is of interest to industrial chemists, petroleum technologists, workers in 
the field of the internal combustion engine, organic chemists, research workers and 
technologists in the field of oxidation reactions and those interested in the general 
field of catalysis.

I t  deals with catalytic, vapor phase oxidation which has long been used in the oxi
dation of methanol. The vapor phase oxidation of aromatic hydrocarbons has made 
available cheap phthalic anhydride, synthetic anthraquinone, cheap maleic, malic, and 
succinic acids, chloride free benzaldehyde aud benzoic acid, etc. From petroleum 
oils oxidation is furnishing new chemical materials. Now, oxidation is being looked 
to as a means for the economic utilization of cheap gaseous paraffin hydrocarbons.

C O N T E N T S
I n t r o d u c t i o n — C a t a l y s i s  P r o d u c t i o n  o p  H y d r o g b n  f r o m  M e t h a n e
C a t a l y t i c  D e c o m p o s i t i o n  o p  A l c o h o l s  S u r f a c e  C o m b u s t i o n
O x i d a t i o n  o p  A l c o h o l s  t o  A l d b h y d f . s  a n d  A c i d s  T h e  C a u s e  a n d  S u p p r e s s i o n  o p  K n o c k i n g  i n  I n t e r n a l  C o m -
R e a c t i o n s  I n v o l v e d  i n  t h e  S y n t h e s i s  o f  H y d r o c a r b o n s  a n d  b u s t i o n  E n g i n e s

A l c o h o l s  f r o m  W a t e r  G a s  T h e  O x i d a t i o n  o p  B e n z e n e  a n d  I t s  D e r i v a t i v e s
O x id a t i o n  o p  M e t h a n o l  t o  F o r m a l d e h y d e  T h e  O x i d a t i o n  o p  N a p h t h a l e n e
O x i d a t i o n  o p  G a s e o u s  P a r a f f i n  H y d r o c a r b o n s  T h e  O x i d a t i o n  o f  A n t h r a c e n e  a n d  M i s c e l l a n e o u s  P o l y -
O x i d a t i o n  a n d  H y d r a t io n  o p  O l e f i n s  a n d  A c e t y l e n e  n u c l e a r  C o m p o u n d
O x i d a t i o n  o p  P e t r o l e u m  O i l s  A p p a r a t u s

A . C . S. M onograph N o . 61 48 6  Pages Illustrated $9.00

T H E  C H E M I C A L  C A T A L O G  C O M P A N Y ,  I NC.
3 3 0  We s t  4 2 n d  Street  N e w  Y o r k ,  U.  S.  A .
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^ ^ G E N E R A L ^ ^  
CERAMICS COMPANY 5>

NEW DEVELOPMENTS
We have done a great deal of development work during 
the past few years. This has resulted in several new 
stoneware compositions for special requirements— in
cluding, for example, thin-walled heat transfer appara
tus—and important improvements in our manufacturing 
departments.

A m on g the la tter  im provem ents are th e  la test facili
ties for de-airing.

If you need something new, or if you have an unusual 
problem in connection with the handling of chemicals, 
consult us. We are keeping pace with changing require
ments. Bulletins on request.

General Ceramics Company, 71 West 35th Street, N ew  York
Buffalo, 306 Jackson Building Chicago, 208 South  LaSalle Street San Francisco, 276 M onadnock Building
M ontreal, 1009 U niversity Tower M ember C hem ical Engineering E quipm ent In stitu te

A L PH A BE TIC A L LIST OF ADVERTISERS
A. C. S. M onographs.......................................... 30,37
Alaop Engineering Co...........................................  37
American M anganese Steel Co..........................  2
American Potash <!fc Chemical Co.....................  28
American Sheet & Tin P late  Co........................ 28
Arnstein, Dr. H enry .............................................  36

Baker & Co., Inc .................................................... 27
Barnsdall Tripoli Co.............................................  25
Barnatead Still & Sterilizer Co., Inc................  28
Blaw-Knox Co........................................................  17
Brooks, Benjam in T .............................................. 36
Buffalo Foundry & M achine Co........................ 7

Carbide and Carbon Chemicals C orp...............  18
Chemical Catalog Co..........................................30,37

Darco Sales Corp...................................................  32
Dow Chemical Co............................................. . .  1
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E astm an Kodak Co............................................... 25
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Illinois Steel Co....................................................... 12
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Philadelphia Q uartz Co........................................  8
Plastics P ro d u c ts .................................................34-35
Pressed Steel T ank Co.......................................... 40
Professional D irectory  .................................. 36

Quaker Oats Co......................................................  13

R aym ond Bros. Im pact Pulverizer Co  6
Iteilly T ar ¿c Chemical Corp..............................  9
Rochester Engineering «fc Centrifugal C o rp .. 42
Rossville Commercial Alcohol C orp................. 21

Sadtler, R obert E ...................................................  36
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Coolers
For Water and Other Fluids
No industrial or chem ical cooling problem is too unusual to be 

handled by one or more of the large variety of Foster W heeler 
coolers.

Cooling tow ers for industrial or pow er w ater are offered in all 
designs, including forced draft, induced draft, natu ra l draft and 
atm ospheric types. These tow ers are m ade of wood or various 
fireproof m aterials according to individual requirem ents.

V acuum  refrigeration system s are used for direct and indirect 
cooling of m any liquids and for direct cooling of w ater to tem pera
tures below the range of cooling towers.

Surface coolers include m any types for every conceivable prob
lem involving gases and liquids. F requently  used types include, 
plate, shell and tube, double pipe and atm ospheric coolers.

Foster W heeler Corporation, 165 Broadw ay, New  York.

B elow : F o rc ed  d r a f t  cooling  to w er in sta lled  b y  F o s te r  
W heeler fo r th e  N o r th  S ho re  C o k e  a n d  C h em ica l C o m 
p a n y . T h is  is a  single cell to w er eq u ip p ed  w ith  an  
ae ro p lan e  p ro p e lle r ty p e  fan  m o u n ted  o n  th e  sh a f t  o f  
i ts  d riv e  m o to r.

A bove: T en  to n  v a c u u m  re fr ig e ra tin g  u n it  fo r th e  d ire c t  cooling  
o f  w ate r. S ince serv ice w a te r  is used  in th e  conden ser th e  sy s tem  
h as n o  m ov ing  p a r ts .

L e ft:  L iq u id  to  liqu id  h e a t exchanger show 
ing th e  sp lit r in g  developed  b y  F o s te r  W heeler 
to  m a k e  a  co m p a c t floa ting  h ead  assem bly . 
T h e  tu b e  b u n d le  can  be  rem oved  even  th o u g h  
th e re  is b u t  s lig h t c lea ran ce  b etw een  th e  
shell an d  tu b es .
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OF THE MILLION-DOLLAR

CHEMICAL MANUFACTURERS

★
H ackney cylinders fo r  shipm ent and  hand
ling o f  chlorine, anhydrous am monia, 

chlorpicrin, sulphur dioxide, etc.

Consider the facts. 262 leading chemical manu
facturers . . .  33 of the million-dollar chemical 
companies . .  . use Hackney containers.

Hackney cylinders, barrels, drums and tanks 
are truly favorites o f  the industry. It is a 
dollars-and-cents favoritism— earned in hard- 
tested performance.

P R E S S E D  S T E E L

Hackney cylinders are an assurance o f safety. 
Wide experience has resulted in a design and 
construction that com bines great strength  
with lightness.

Write today for detailed information on the 
types o f Hackney containers that are saving 
money for chemical companies.

T A N K  C O M P A N Y
208 S. La Salle St. Bldg„ Room 113 7  Chicago, III. 1313 Vanderbilt Concourse Bldg., New York, N. Y. 6609 Greenfield Ave., Milwaukee, Wis. 67 0  Roosevelt Bldg., Los Angeles, Cal.

CONTAINERS FOR GASES,LIQUIDS AND SOLIDS


