
DR MAINTENANCE OF INDUSTRIAL QUALITY...
JRITY BY THE T O N  . . .  TO SPECIFICATION . . .  AT REASONABLE PRICES

PU R IT Y  . . . the reason Baker’s Industrial Chemicals 
are so w idely know n, so greatly  relied upon.

P U R IT Y  . . .  supplied in  a variety o f convenient form s— 
large and  sm all crystals, g ranular or powdered.

P U R IT Y . . .  to  special specifications to meet your exact
ing requirem ents.

Purity . . .  by the ton. H ow  was it achieved?
N o t by control m ethods alone. But by Baker 
men and m ethods — the same m en who 
achieved pu rity  to the th ird  and fourth  deci
mal in  B aker’s Analyzed C. P. Chemicals.

Because o f purity , because o f reasonable 
prices, it has been the privilege of the 
J. T . Baker Chemical Co. to  supply many

m anufacturing concerns w ith chemicals to special fo r
mula. In such cases, Baker m anufactures these chemicals 
under code number, and the names of these chemicals 
never appear on the com pany’s records. W e do this as a 
protection to the customer.

If  you have chemical requirem ents of 
standard o r  special specifications, we invite 
you to  discuss in  confidence your needs w ith 
a Baker representative. O r, if  you prefer, 
arrangem ents may be m ade fo r a conference 
w ith a Baker executive either at your p lan t 
o r at our offices a t Phillipsburg.

You can rely on J. T. Baker Chemical Co. fo r 
industrial chemicals to  definite specification.

J . T .  B A K E R  C H E M IC A L  C O ., P h i l l ip s b u rg , N . J .  
N E W  Y O R K  P H IL A D E L P H IA  C H IC A G O
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To protect its customers against the hazards of 
faulty shipment, M onsanto has continuously in
vested in highest-grade containers and transpor
tation equipment.

Its pioneering in the use of specially stabilized 
stainless steel drums for protecting water-white 
qualities in a highly corrosive product is one 
example o f its constant effort to provide the 
utmost in safety and insurance against contami
nation during shipment.

W ith its own fleet of tank cars, which includes

cars lined with nickel, tin, aluminum, lead and 
rubber... with durable drums and carboys carefully 
inspected before each shipment and conforming 
strictly to or exceeding the regulations o f the 
Interstate Commerce Commission, M onsanto has 
complete equipment to provide safe and prompt 
delivery o f any o f its many industrial chemicals.

M o n s a n t o  C h e m ic a l  C o m p a n y ,  St. Louis, U. S. A .
D istrict Offices: N ew  York, Chicago, Boston, Detroit, 
Birmingham, Charlotte, San Francisco, Los Angeles, 
M ontreal, London.

ON S A N T O
S E R V I N G  I N D U S T R Y . . .

H E M I  CALS
W H I C H  S E R V E S  M A N K I N D
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a Johns-Manville CELITE FILTER AIDS
FILTER-CEL . . . STANDARD SUPER-CEL .  . . CEIITE NO. 512 . . .  HYFLO SUPER-CEL . . . CELITE NO. 503 . .  . CELITE NO. 535 . .  . CELITE NO. 545

give maximum flow rates with required clarity 
on every filtration service

*DISTRICT OFFICES:
BOSTON, 49  Federal St.
BUFFALO, 2 2 0  D elaw are Ave.
CHICAGO, 2 2 2  North Bank Drive 
CINCINNATI, Central Pkw y. at Walnut St. 
CLEVELAND, 45 Prospect A ve ., N. W. 
DENVER, 17th and Glenarm  Place 
DETROIT, W est Grand Blvd. at Second 
LOS ANGELES, 81 6  W est 5th St.
NEW ORLEANS, 2 0 0  Carondelet St. 
PHILADELPHIA, 1617  Penna. Blvd.
SAN FRANCISCO, 116 New Montgomery St. 
ST. LOUIS, 1000 M arket St.
TORONTO, Laird Drive, Leaslde

NY OU can’t be too sure that 
-LL your clarification operations 

are as efficient as they should be. 
New and improved J-M Filter 
Aids are being developed right 
along. And there’s a good chance 
that one of them will save you 
money.

In scores of plants where the 
filtering system seemed satisfac
tory, J-M Filtration Engineers 
have been able to suggest new ma
terials and methods that brought 
higher flow rates, clearer filtrates, 
reduced operating costs.

The J-M line of filter aids is

complete. And each product is 
backed by over 25 years’ research 
and experience in solving indus
trial clarification problems.

W hy not call in a J-M  F iltra tio n  
Engineer today . . .  let him help you 
determine the Celite F ilter Aid which 
will give the required c la rity  and 
highest flow rate for your particular 
filtration operation? This valuable 
J-M  service is free. Just phone the 
nearest district office* or write direct 
to Johns-Manville, 22 E ast 40th St., 
New York, N. Y.
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•  1939 and the rapid gains of the science and industry of chemis
try  during th a t year fittingly are first subjects for 1940. An 
editorial account (page 3) describes high lights of the recent past.
•  V it r e o u s  E n a m e l s  serve an increasing number of useful 
purposes to which they have been adapted by developments and 
improvements of recent years. Poste (page 9) reviews this 
field both as to  applications and manufacturing processes.
•  D i k e t e n e , newly available in commercial quantities, is seen 
by Boese (page 16) to possess important potentialities in syn
thetic processes. Its constitution and properties are described 
with special emphasis on its high reactivity. The appended 
bibliography contains fifty-one items.
•  C a s e i n  P l a s t ic s , utilizing soybean meal or skimmed milk as 
the raw material, have been much in the limelight as industrial 
outlets for farm products. Brother (page 31) discusses these 
useful plastics and their applications.
•  N i t r o p a r a f f in s , now commercially available, form the basis 
of a huge family of derivatives of various chemical types. One 
of their promising reactions is condensation with aldehydes to 
form alcohols, details of which are given by Vanderbilt and Hass 
(page 34).
•  C o a l  T a r  and distillates from it have been found by Egloff 
and his co-workers (page 39) to lend themselves to cracking of 
somewhat the same type as th a t applied to petroleum. Gas, 
gasoline, coke, and ta r acids of altered composition are produced.
•  T h e r m o d y n a m ic  properties can be calculated for substances 
from data  on their behavior with respect to the gas laws by a 
method described by York (page 54).
•  C e l l u l o s e  from various sources has been studied by Bailey 
and Brown (page 57), who have sought to explain observed 
facts about this material. They find the basic cellulose units 
(fibrils) strikingly similar, regardless of source or treatment, 
and show th a t common tests of beating operations need revision.
•  H y d r o c a r b o n  vapor-liquid equilibria in the range of critical 
pressures were investigated by Gilliland and Scheeline (page 
48) with propylene-isobutane and propane-hydrogen sulfide 
as experimental systems. Their results have been put into an 
empirical correlation of general usefulness.
•  L i m e -B a s e  G r e a s e s , useful for many lubricating purposes, 
derive their viscosity principally from the lime soap around 
their yield values and from their oil content in other ranges, 
according to  B lott and Samuel (page 68). Mathematical ex
pressions of flow have been found which agree with experimental 
values except near the yield point.
•  S o l v e n t s  used in nitrocellulose lacquers must be mixtures to 
give satisfactory results. Ware and Bruner (page 78) compare 
hydrocarbon diluents of several types by the constant viscosity 
method with interesting and useful results.
•  C o a l , classified into bright and splint varieties, from a number 
of sources has been subjected to tests to  determine its usefulness 
for hydrogenation by Eisner and others (page 73). They con
clude from their experiments on splint coals tha t these are less 
well adapted than bright coals for the production of liquid fuels 
by this method.

•  R e s in s  formed by the copolymerization of different resinifying 
materials are coming into increasing prominence- R ust (page 64) 
describes the reactions, conditions, and products of the copoly
merization of glycol maleates with vinyl derivatives and limits 
of compatibility found by varying proportions in the mixture.

•  F l u o r in e  in fertilizer phosphates is shown by M aclntire and 
Hardin (page 88) to be responsible for their reversion to  insol
uble forms. The mixtures studied contained superphosphate 
and calcined rock phosphate, and the availability o f their phos
phorus content was not affected by mixing so long as both con
stituents were free from fluorine.

•  H ig h  P r e s s u r e  M e t h o d s , now so widely employed, fre
quently require physical data  hitherto unavailable. Wan and 
Dodge (page 95) have determined the solubility of carbon dioxide 
in benzene a t pressures up to the critical pressure of the gas a t 
various temperatures.

•  I s o p r o p y l  E t h e r - isopropanol mixtures have been investi
gated by Miller -and Bliss (page 123). Specific gravities, boiling 
points, and vapor compositions over the entire range of mixtures 
are given.

•  G um  F o r m a t io n  is used as a test of quality of cracked gasoline. 
Yabroff and Walters (page 83) have looked into the effects of 
varying conditions of the test and report their findings.

•  R e s in s  of several types have been modified by Ralston and 
co-w'orkers (page 99) with fatty  acid derivatives to  produce 
highly flexible products. Base resins of the dicyclopentadiene, 
coumaronc, and indene types when so modified showed promise 
of usefulness in the coating industry.

•  S il ic a  of high adsorptive power has been prepared from 
vermiculite by Hansen, Samuel, and Fom i (page 116), and its 
properties have been studied. D ata are given on preparation 
and use.

•  S e p a r a t io n  P r o c e s s e s —specifically, fractional distillation— 
operate most efficiently when designed on the principle of mini
mum dilution, according to  Randall and Longtin (page 125). 
The principle and typical applications are discussed.

•  W a t e r  can be softened by the lime-soda process to  certain 
limits only. The limits of the process and methods of improve
ment by other additions are described by Larson and Buswell 
(page 130). Colloidal effects and the electrical charges on dif
ferent colloidal particles in water softening are also discussed by 
these two writers (page 132).

•  C h e m ic a l  E n g in e e r in g  translates chemical processes from 
the laboratory to  the industrial scale, according to  Chilton (page 
23), who in his Chandler Lecture describes in some detail and 
with numerous examples the functions of chemical engineers in 
industry.



ACID PROOF

JARS and FILTERS
Knight-W are Jars are available in capacities 

from 1 to 500 gallons. Standard designs 

include the straight-side, tapered and the 
closed top storage types. A n y  of these 
can be made with or without covers and with 
outlets as desired.

These jars are stronger than ordinary earthen
ware crocks and are entirely acid-proof. A n y  
concentration of any solution except caustic 

soda and hydrofluoric acid may be safely 
handled.

Knight-W are Suction Filters are also entirely 
acid-proof and are made in standard sizes from 
2 to 200 gallons for full vacuum work. The 

perforated plate which carries your filtering 
medium may be integral with the top section 
or a separate piece ground to fit. A cid -p roof 
plug cocks and covers are available as acces
sories.

Kettles, Pipe and V alves are also made in 
standard or special sizes and designs. Specify  

Knight-Ware for econom ical, clean and lasting 
chemical equipment.

A  copy of our Plant Equipment catalog 
showing some standard designs will be sent 
upon receipt of your request.

MAURICE A . KNIGHT
Settlement St. Akron, Ohio

T O BEGIN a  new year properly, one must look backward and 
establish base lines to  plot his course ahead. Like the 
mariner, each of us will more surely reach objectives in the un

charted future by starting his journey or his search after careful 
study of known landmarks of experience. This month a few 
of our points of departure are reviewed. In  February we shall 
have a more penetrating analysis of one group of landmarks 
by a recognized expert in their applications.

Stine, acclaimed by the award of the Perkin Medal, will tell 
us, as only one intim ate with the whole subject can, of the rise 
of our organic chemical industry. The importance of the sub
ject and the vital role of the writer in the dram atic events he 
describes lend his words an interest and an authority seldom 
equaled.

Not to abandon so interesting a subject too quickly, we shall 
look into some of its future phases as well. This we shall do 
by considering the unit chemical processes, again distinguishing 
them from the unit physical operations. On these we shall learn 
of new developments in hydrolysis, methylation, amination, and 
fluorination. Some im portant new data on calculating the 
effects of high pressures on reactions, and on some new methods 
of producing more or less familiar compounds will be disclosed, 
all with an eye trained on the chemical aspects of the processes. 
On the whole, this group of papers supplies a substantial grist 
for the process development mill.

H ardly off this subject is the dehydrogenation of gaseous 
paraffins, a process widely practiced in making more and better 
superfuels out of gas from wells and from the cracking stills of 
the oil industry.

Which leads rather naturally to the question of refining oil 
products by the removal of sulfur. Since sulfur commonly oc
curs as mercaptans, their extraction with alkali solutions is to  the 
point.

Fuel, of course, brings up coal, which lustily carries on in 
spite of internal combustion, oils, and water power. About it 
and the old problem of its deterioration and spontaneous com
bustion in storage piles, we shall learn more.

Resins will not be neglected and new data will be provided on 
some of the synthetic members of this prolific family which include 
rosin in their make-up.

From resins it is scarcely any jum p at all today to the many 
aspects of the paint, varnish, and lacquer industry now using 
them in such rapidly increasing quantity  and variety. New 
information on formulation of solvent mixtures and the effects 
of different constituents on their characteristics can be expected. 
Behavior of titanium  pigments in exterior paints will also be 
discussed.

Agricultural wastes have been submitted to  destructive dis
tillation with interesting results of which we shall learn.

And th a t suggests insecticides. Nicotine is the one this time 
and some of its properties in spray mixtures will be the specific 
topic.

And there are more, bu t if these should be described there 
would be no room for a cheery Happy New Year from

Your humble spy
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L / N K - B E L T  S P R O C K E T S

*  25,000 ALWAYS IN STOCK-CUT OR CAST-TOOTH *

•  G et p o p u la r sizes o f cast-too th  sprockets 
th a t fit— gray  iron, cast steel, and the  fam ous 
>- F LIN T  - R I M  -<—r ig h t  fr o m  s to o k —bored 
an d  keysea ted  to  y o u r o rder, ready  to  install.

E v e ry  L ink-B elt cast-too th  sprocket is 
g round  to  fit th e  chain. T h is  final step  in the 
h igh lydevelopedL ink-B elt p rocesso f sprock
et m anufac tu re  elim inates th e  “ break-in” pe
r io d — a period of accelerated w ear on the 
chain, a s  w e ll—yet it co sts  you nothing extra.

CUT TOOTH SPRO CKETS
M axim um  efficiency from  finished steel roller 
chain, d rive  and  conveyor applications, is a s 
su re d  b y  th e  use of L ink-B elt cu t-too th  
w h e e ls ...a c c u ra te ly  m ade w ith  a too th  form  
w h ich  com pensa tes  for increase in chain 
p itch  du e  to  na tu ra l w ear.

T h e  L ink-B elt > - D O U B L E -D U T Y - <  cut- 
too th  sp rocket adds g rea ter convenience and 
econom y to  ro ller chain applications. Ask 
abou t it. . . . L ink-B elt sprockets of all types 
a re  stocked  a t L ink-B elt p lants and w a re 
h o u ses  lis ted  a t right, and  by  d istribu tors 
th ro u g h o u t th e  coun try .

^ F L I N T - R I M ^  cast-to o th  sp rocke ts a re  e s 
pecially res is tan t to  ab rasive  w ea r, an d  w ill 
last several tim es as  long a s  g ray  iron  w heels. 
T h e  s e c t io n  i l l u s t r a t e d  a b o v e  s h o w s  th e  
dep th  of th e ir  h a rd  chilled w earing  surfaces.

L I N K - B E L T  C O M P A N Y  »>«

Chicago, Philadelphia, Indianapolis, San Francisco, At
lanta, Dallas, Detroit, Boston, Los Angeles, Seattle, 
Portland, Toronto, Montreal, Vancouver, Swastika, Ont.

Distributors and  branch offices in  principal cities
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r Keys to 
f i t  YOUR 

problem

TH E
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— a  f il te r  t h a t  d elivers a c o n t in u o u s  flow  
o f u n ifo r m ly  dry  so lid s  a n d  c lea r  f iltr a te s .

— a  f i l t e r  t h a t  h a n d le s  so lid s  as coarse as 
%  in c h  or a s  f in e  a s  a fra c tio n  o f a m icr o n , 
w o r k in g  e f f ic ie n t ly  w ith  th ic k  or th in  
s lu r r ie s  a n d  a t  c a p a c it ie s  o f fro m  % to n  
to  20 t o n s  or m o r e  o f dry so lid s  per h o u r .

— a f il te r  t h a t  w orks sm o o th ly  a n d  a u to 
m a t ic a l ly  w ith o u t  f ilte r  c lo th s , v a c u u m  
or o th e r  a u x ilia r ie s , ta k in g  u p  l i t t le  f lo o r  
sp a c e  a n d  r e q u ir in g  lo w  pow er.

I n  o th e r  w ord s a

— a classifier (this same filter operated  w ith  con
tro lled  rate  o f  feed) th a t delivers sharp , positive 
fractions o f  solids according to  particle  she.

— a classifier that is capable o f  hand ling  a w ide 
range o f  w ork , w ith  opera ting  forces as h igh as 
1000 x gravity; th a t can do  an efficient job  even 
w ith slurries contain ing, in som e cases as h igh  as 
40%  solids; th a t produces consistently  accurate 
results from  day to  day.

— a classifier tha t is com pact, autom atic and con
tinuous, reducing  opera ting  and m aterials hand
ling  cost to  a m inim um .

In  o th er w ords a

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

BIRD CO N T IN U O U S 
C E N T R I F U G A L  C L A S S I F I E R

Why not fin d  out whether or not this is the one 
best filter or classifier for your job. Write

YOUR Idea of 
a FILTER

YOUR Idea of A 
CLA SSIF IER

BIRD MACHINE CO M PA N Y
S O U T H .  W A L P O L E  • M A S S A C H U S E T T S
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A N Y  a p l a n t  m a n a g e r  ha s  m a d e  a 

real  sa ving b y  install ing a Buffalo Fan 

------------- — built  s p e c i a l l y  t o  c o m b a t  t h e  p a r 

t icular  p r o b l e m  with w h ic h  h e  w a s  f a c e d .

W i t h  sixty - o n e  y e a r s 7 e x p e r i e n c e  in t h e  fan 

b u s i n e s s ,  Buffalo e n g i n e e r s  are c o m p e t e n t  t o  

r e c o m m e n d  t h e  t y p e  of  fan a n d  k i n d  of  metal  

whi ch  will g ive y o u  b e s t  resul ts.  A n d  re

m e m b e r ,  for  all t h o s e  hi ghly  c o r r o s i v e  fumes  

w h e r e  RU BB ER  is t h e  logical  c h o i c e — Buffalo 

has  fans  l ined  b y  t h e  B. F. G o o d r i c h  V u l c a l o c k  

P r o c e s s .

WRITE FOR DETAILS
W hy not write us today? Tell us what fumes you are 
handling, quantity o f air per minute. W e 'll recom 
mend the right equipm ent and give you prices.
No obligation.

BUFFALO FORGE COM PAN Y
153 Mortimer St., Buffalo, N . Y .
Branch Engineering O ffices in Principal Cities 

Canadian Blower & Forge Co ., Ltd ., Kitchener, Ontario

Buffalo N o. 4-R E Blower 
with G ear Increaser

Special metal 
type " R "  Fan

C h e c k C o r r o s i o n  

S p e c i a l  F A N S

Buffalo N o. 5-E 
Exhauster show
ing Flanged Inlet 

and O utlet
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can be furnished

TH E  S U B S T A N T IA L  S A V IN G S  in processing costs 

effected  by G enera l Ceram ics Acid-Proof Chem ical 

Stoneware are not lim ited to a few of the processing 

industries, but are  availab le to p ractica lly  every process 

in every  plant where corrosion and contamination are 

production problem s.

For this dependable and durable wear can be fur

nished in the w idest range of types, sizes, and shapes for

standard and special services . . . and whether a one-inch 

pipe or an 800 gallon storage vessel, each C eraw are  

Product is a c id -p ro o f through and through.

W h ateve r your corrosion problem , investigate G en era l 

C eram ics A cid -Proo f C hem ica l Stoneware. The com plete 

line includes thousands o f sizes and shapes . . . and special 

shapes dem anded by special processes can be made at 

little or no extra cost. W rite  . . . today  . . .  to

GENERAL  
CERAM ICS COMPANY

CHEM ICAL STONEWARE

GENERAL CERAMICS COM PANY
BU FFALO : 306 Jock*on Bldg. 
C H IC A G O : 208 S . Io  So lle  St.
LOS A N G E L E S : <415 South Control Ave .

30 R O C K EFEU ER  PLAZA , N EW  YO RK , N . Y .
PO RTLAN D : Roilw oy Exchange Bldg. 
SA N  F R A N C IS C O : 2 76  M onodnock Bldg. 
SEA TTLE : M il Fourth A ve . Bldg.

S P O K A N E : 1823 South M aple S t. 
TA C O M A : Tacom a Bldg. 
M O N TR EA L. 1537 M atthew* St.

FROM A 1 -INCH PIPE

TO AN 800-GALLO N

STORAGE VESSEL

General Ceramics Chemical Stoneware
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[ a u i s w p u m p s

H 2S O i P L A N T S  O F  T O D A Y — and to

morrow— are designed to use Lew is Vertica l 

A c id  Pumps because they are modern, up- 

to-the-minute units, built to deliver the great

est quantity of acid pumped for the lowest 

possible operating cost, every day.

H ig h ly  efficient, absolutely safe, and without 

danger of overload, L E W IS  P U M P S  give 

you profitable operation.

W R IT E  F O R  B U L L E T IN  112  E .

CHflS.  S.  L E W I S  & C O . ,  i n c .
T W E N T Y - S E C O N D A N D  P I N E

ST.  L O U I S ,  m o .

£ e n iU n a  P k e  P ^ i& c e A A - P n d M iis U e i. £ m c e



L I N E

t e  \ y  ^
«  r \  ö

<̂ EXAX^
BLUE K I M B L E  B R A N D

G & m m o t

K
><NORMAX

EXAX BURETTES NORMAX

with INTERCHANGEABLE STOPCOCKS

U S A -

1. Fabricated only of au tom atic-m achine-m ade tub ing  of extremely 
uniform  bore.
2 . S tra igh t and thick-walled. Free of blisters, stones and streaks.
3. Annealed in  special retem pering lehr.
4 . Calibrated a t 5 points a t  20° C. Lined and  num bered by 
au tom atic  m achines.
5. All lines and num bers arc deeply acid-etched , and Blue 
Line Retested Burettes are filled w ith a durable, b rillian t
BLUE GLASS, fused in . <Mm»> lines and num erals are filled 
w ith WHITE enamel.
6. <m5u?> graduations extend a t least halfway around the tube. 
Every 10th line is a circle; in term ediate lines are §£ circles.
Blue Line Retested B urettes use circles a t  m ain
points and short lines a t o ther points to speed reading.
7 . Stopcock barrels sealed directly to B urette  tubes for 
greater strength .
8. Delivery stem s will no t trap  air. Tip openings gauged 
for accurate delivery.
9 . R ubber washer prevents slipping, loss and breakage 
of stopcock.
10.Stopcocks interchangeably ground according to spec
ifications of CS 21-39, National Bureau o f S tandards.
11. All Burettes are retested  to these tolerances:
CAPACITY NORMAX IXAX

10 ml ±0.02 ml ±0.01 ml
20 0.03 0.06
50 0.05 0.10

JS'OTE: A ll  ty p e * o f  B u r e t te s  a re  n o n * a v a ila b le  u i t h  in te r c h a n g e a b ly  
g r o u n d  s to p c o c k s

Stocked by Leading Laboratory Supply Houses 
Throughout the United States and Canada

C O P Y R IG H T  1 9 « ,  K IM B L E  C L A S S  CO .

The Visible Guarantee o f Invisib le  Quality

I K IM B LE  G LA S S  C O M P A N Y  •
I • N s w C H I C A G O  • I H I U t l l i M l »  D E T R O I T  ■ i I  O T T O  N

V IN E L A N D ,  N . J .
C A T .  N O .  
1 7 0 3 0 - 5 T

JANUARY, 1910 INDUSTRIAL AND EN G IN EER IN G  CHEM ISTRY
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S H f l R P L f .
frnAocT^l

SOLVtNTS

^Pentasol (Pure Amyl Alcohol]
*Pent-Acetate (100% Amyl)

Normal Butyl Carbinol
Isobutyl Carbinol

Sec-Butyl Carbinol
Diethyl Carbinol

Dimethyl Ethyl Carbinol
Tertiary Amyl Alcohol

*Pentaphen 
(p-Terfiary Amyl Phenol)

Diamyl Phenol 
Ortho Amyl Phenol 

Monoamylamine

Diamylamine 
Triamy lamine 

n-Monobutylamine 
n-Dibutylamine 
n-Tributylamine 
Monoethylamine 

Diethylamine 
Triethyiamine 

Monoamyl Naphthalene 
Diamyl Naphthalene ?

Normai Butyl Chloride 
Mixed Amyl Chlorides

Amyl Mercaptan 
Diamyl Sulphide 

*PentaIarxn 
Amylenes 
Diamylene 

'Amyl Benzenes 
Diamyl Ether

Polyamyl Naphthalene| SEMI-COMMERCIAL PRODUCTS! 
Mixed Amyl Naphthalenes, LABORATORY PRODUCTS 

Normal Amyl Chloride fT»de Mark Registered
'

m s m

Ï 0 Ü R  S E Ä R C H I S  E N D E D

are

M IE W y O R K

One of the most important services offered to industry by the 
Sharpies Research Staff is our close cooperation with petro
leum chemists in developing new products and improving old.

It is frequently difficult to find a reagent or compound pos
sessing the desired combination of chemical and physical 
characteristics. Many such searches have ended by selecting 
one of the Sharpies Synthetic Organic Chemicals listed here. 
Again, we may have to "design" a new compound to fit your 
particular needs. In either case, the full resources of our 
laboratories and our extensive alkylation knowledge 
always available. When can we discuss your problem?

the SHARPLES SOLVENTS corp.
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• B U FLO V A K  DRY ERS •

Continuous... Low-Cost... Uniform DRYING  
for simple or complex liquids

THE profit-building, operating advantages of drum drying are being con
stantly extended to a growing list of products . . .  from simple dilute solu

tions to complex mixtures.

New developments in dryer design and feeding devices, along with im
proved operating methods, are offering new results with savings in produc
tion cost. Products dried by these methods can be better suited to market 
requirements or process demands.

Complex solutions, containing several ingredients, are a good example. 
Such liquids can be converted into a dried product with the ingredients in 
exactly the same proportion as they existed in the solution.

Other liquids having a critical period in their drying cycle, are continu
ously and economically dried on Multiple Stage Drum Dryers. This opens 
another field for converting such liquids as distillery slop and other waste 
materials, into usable dry products, with low moisture content. Solutions 
containing certain sugars requiring crystallization during drying, are also 
successfully handled in this manner.

Slurries and inorganic salts, and many solutions of crystal forming ma
terials, are successfully handled on Twin Drum Dryers. Chromium plated 
drums offer a smooth corrosion resisting surface from which these salts 
can be easily removed.

Although your product may be entirely different, there is a type and size 
BUFLOVAK Dryer suited to your production problem.

“ H o w  C a n  O u r  D r y in g  
P r o c e s s  b e  I m p r o v e d ? ”
A /fA N Y  nationally know n compa- 

nies have received money-mak
ing  answ ers and suggestions to that 
question from  the BUFLOVAK R e
search and T esting  Laboratories.

Frequently, this D epartm ent has 
been able to  show  the way to  m ore 
profitable m ethods, low er cost, and 
even to  better products.

H ere, accurate results can be deter
m ined in  advance of full production. 
Y our product can be dried, evapo
rated, o r  processed on a sem i-plant 
scale w ith m odern  p ilo t p lant equip
m ent. T hat saves time, money and 
m aterial.

The Research Staff has completed 
over 4000 such studies. They w ill 
gladly share their experience with  
you. Your problem can be studied in 
the strictest confidence, without obliga
tion, and  under the supervision of your 
technicians i f  you prefer.

Let us send you the new D rum  Dryer Booh

BUFFALO FOUNDRY & MACHINE CO., 1549 Fillmore Ave., Buffalo, N. Y.
N E W  Y O R K — 2 9 5  M ad iso n  Ave. C H IC A G O — 1 6 3 6  M o n a d n o c k  B id s . S T . L O U IS — 2 2 1 7  O liv e  St. SA N  F R A N C IS C O — 64 P in e  S t



A G IT A T O R S — In this ba t te ry  of agitators , p u re  milk o f  lime and  crystal c le an  V ic to r  p h o s p h o r ic  

acid jo in  in the  p ro d u c t io n  of Di- and  Tricalcium ph o s p h a te s .

C O N T R O L — A c c u r a t e  ad ju s tm en t  of the  c o n ce n tr a 
tions  of  lime and  p h o s p h o r i c  acid  is essentia l to  the  
p ro d u c t io n  o f  a p u r e  p ro d u c t .  H e r e  goes  a sample to  
th e  con tro l  lab o ra to ry .

M IL L IN G — M i l l e d  to  an im pa lpab le  p o w d e r  so  fine 
tha t  th e  la rge s t  p a r t i c le  is less than 2 0  microns  ( 1 / 1 2 0 0  
o f  an  inch) in d ia m e te r ,  V i c to r  Dicalcium Phospha te  
(D entifr ice  G r a d e )  is u sed  as  a pol ish ing  agen t- in  no n -  
a lka l ine  to o th - p a s te s  an d  p o w d e r s .

S H A K E R — A i r - s e p a r a t e d  V i c t o r  Tr icalcium P hosp  
is used  as a c o n d i t i o n e r  fo r  sa lt ,  so d a ,  an d  sugr 
p re v e n t  caking .  C o n d i t i o n in g  an d  lubr ica t ing  a< 
is m easured  w i th  the  a id  o f  this mult ip le  shaker.

Sodium Pyrophosphates 
Potassium Pyrophosphate 
Sodium Metaphosphate 
A lk y l  A c id  Pyrophosphates 
Formic A c id  
Alum inum  Formate 
N ickel Formate 
Sodium Formate 
Sodium Boroformate 
O x a lic  A c id  
Calcium O xalate  
Sodium O xalate  
Magnesium Sulphate 
Sodium Alum inum  Sulphate 
Tuff-LIte 
Ferrophosphorus 
Triple Superphosphate

Phosphoric A c id  
Pyrophosphorlc A d d  
Polyphosphorlc A c id  
Metaphosphoric A c id  
Phosphorus
Phosphoric Anhydride  
Phosphorous A c id  
Alkylphospho ric A c id s  
Am m onium  Hexaphosphate 

Dinitride 
Am m onium  Phosphates 
A lk y l Am m onium  Phosphates 
Flrcproofing Compounds 
Calcium Phosphates 
Magnesium Phosphates 
Potassium Phosphates 
Sodium Phosphates

VICTOR CHEMICAL WORKS
3002 Board of Trade Building Chicago, III

M A N U F A C T U R E D  

W E A T H E R —E ffect o f  h u m id ity  

a n d  te m p e r a tu r e  o n  s a l t ,  s o d a  

a n d  s u g a r  t r e a t e d  w i th  t r i-  

c a lc iu m  p h o s p h a t e  is r e a d i ly  

d e te r m in e d  in  th is  h u m id ity  

c a b i n e t  w h e r e  " w e a t h e r ”  

c a n  b e  m a n u fa c tu re d  a t w i l l .
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FOR COMPLETE DRYNESS IN COMPRESSED AIR 
FOR USE IN AIR OPERATED CONTROL EQUIPMENT

THOROUGH!

DEPENDABLE!

ECONOMICAL!

PITTSBURGH LECTRODRYER 
CORPORATION

Î 2 N D  S T *  &  A *  V *  R *  R *  P I T T S B U R G H /  P A *

L E C T R O D R Y E R  A N D  L E C T R O F IL T E R  
IN S T A L L E D  IN  C O M P R E S S E D  A IR  L IN E

L E C T R O D R Y E R  equipment is now beins w idely used for the 

prevention of the condensation of water and oil vapor in the com

pressed air lines and in the delicate control mechanisms in air 

operated control devices.

The L E C T R O D R Y E R  removes water vapor thoroughly, dependably  

and econom ically, using A ctivated A lum ina, a solid adsorbent as 

the moisture removing agent. There are no liquids and therefore 

no danger from leakage. There is no regular replacement of the 

adsorbent as Activated A lum ina lasts for years without noticeable  

deterioration.

There are no regular overhaulings or repairs necessary for the 

L E C T R O D R Y E R  is simply designed and sturdily built. Operation  

is by electricity or steam. W rite for additional details.

Lars«  L E C T R O D R Y E R  built for operation at 
8 00  pounds pressure. O ther units are available 
for operation on pressures up to 3 50 0  pounds 
per square inch.
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Solox Widely Used 
For Plane Propeller 
Anti-Icing Fluids

M ixed  W ith  G lycerin e  to A vert
D an gerou s F lig h t C onditions

Rapid growth of airplane transportation is 
expected to result in an increased demand for 
Solox, U.S.I.’s alcohol-type solvent, which is 
reported to find extensive use in propeller 
anti-icing mixtures.

All planes operating in commercial trans
port service are equipped with a device for 
supplying a de-icing mixture to a slinger ring 
at the propeller huh. From this point the mix
ture is further spread over the propeller sur 
face by centrifugal force, preventing ice for
mations on the propeller which might result 
in dangerous flight conditions.

A suitable mixture for the purpose is said 
to consist of 85 parts of Solox and 15 parts of 
C. P. Glycerine. The average plane carries 10 
gallons of de-icing solution on regular flights 
—more than enough for a trip from New York 
to Chicago under ordinary conditions.

WINTER FLYING. A mixture of Solox and glycer
ine, supplied to airplane propellers, aids in pre
venting ice formations.

Finds Way of Making Foam 
For Extinguishing Fires

FRANKFORT-ON-THE-MAIN, Germany— 
A new process of producing fire-extinguishing 
foam is revealed in a U.S. patent granted 
jointly to inventors here and at Bad Soden.

The foam, it is claimed, is prepared from a 
gas, a large quantity of water, and a relatively 
small amount of a concentrated aqueous solu
tion of an organic foam-forming agent. In 
addition, the solution contains a hydrophilic 
organic solvent, such as alcohol, glycol, or 
ethyl acetate, which, the inventors say, facili
tates the dissolving of the foaming agent in the 
water.

Alcohol and Ethyl Acetate arc U.S.I. Products.

A lc o h o l P roves H e lp fu l
In  B leach ing  o f  Wood

BUFFALO, N. Y.—'That alcohol can be 
used to facilitate the bleaching of wood has 
been revealed in a patent granted to an inven
tor here.

The alcohol, according to the patent, is used 
in connection with a peroxide and an alkali. 
The alcohol is allowed to evaporate from the 
wood, and thus increases the concentration of 
the bleaching agent.

Treatment With Curbay X Aids 
Efficiency of Coal Combustion

U.S.I. P roduct Valuable M edium Prom oting Quick Ignition
and Free B urning; Overcomes Caking and Air Slaking

Curbay X powder, specialty product manufactured exclusively by U .S.I., has 
definitely established its value as a medium for treating coal to increase the 
efficiency of combustion, Mr. F. A. Schleindl, coal conditioning specialist, told 
S o lv e n t  N ew s.

“Coal should be considered a raw material and not a finished product. In
order to attain its maximum usefulness, it 
must be processed like any other raw material 
to suit the specific job it is to do. In this 
processing, Curbay X has proved itself a valu
able and versatile assisting medium.

“This conclusion was reached after exten
sive laboratory research over several years 
here and abroad, followed by large-scale com
mercial applications on every type of hand- 
and stoker-fired equipment, involving hun
dreds of thousands of tons of coal from prac
tically every mining field.

Many Advantages Indicated 
“From this broad experience with Curbay X 

for coal conditioning, the following advan
tages in attaining fuel economy are noted:

“1. It reduces caking, with its concomitant 
disadvantage of high stack losses, caused by 
the excess air needed for combustion.

“2. It minimizes air-slaking.
“3. Substandard or low grade coals with 

inferior burning characteristics can often, 
through Curbay X treatment, be brought up 
to standard performance with obvious money 
savings.

“4. It reduces soot deposits and smoke.
“5. Curbay X under proper formulation 

with certain additions, serves to raise or de
press the fusion point of the ash, as desired, 
resulting in a neutral ash and clinkers easy to 
remove.

“6. It aids in preventing spontaneous com
bustion.

W ide U sefulness Foreseen 
“A particularly striking feature of Curbay 

X is the readiness with which it can be 
adapted to the processing of different types of 
coal. It is, of course, a recognized fact that

( C o n tin u e d  on  n e x t  p a g e)

Here is U.S.I/s new 1- 
gallon Solox can, de
signed for easy storing 
and quick sales in retail 
outlets. Its attractive 
colors make it particu
larly adaptable to dis
play purposes, and rec
tangular shape helps 
save v a lu a b le  sh e lf  
space. The can Is pro
vided with a convenient 
carrying handle, and Is 
equipped with a closure 
of the popular "U-Press- 
!t" type.

Higher Alcohols Used to
Extract Pure Cellulose

ST. PAUL, Minn. — How alcohol can be 
used to obtain relatively pure cellulose from 
wood is revealed in a patent granted to an in
ventor here.

Process is reported to consist in treating 
the wood with a water solution of a mono
hydroxy alcohol. The alcohol, it is said, should 
have at least four carbon atoms, and at least 
three of them in a straight chain; should be 
substantially insoluble in water at normal 
temperatures, but soluble at temperatures be
tween 100° and 200° C. In addition to the al
cohol, an inorganic alkali is used in amounts 
ranging from 2 to 10%.

The process, it is said, serves to dissolve in 
the water practically all of the non-cellulosic 
constituents of the wood, allowing the cellu- 
losic constituents to be separated out after a 
cooling process.

Curbay X, reported to hove shown excellent results In cool conditioning. Desiroble point of application 
is the chute between breaker ond gondolas, os shown In large photograph. Insert shows plant of 
Pittsburg ond Midway Cool Mining Co., where treatment with Curbay X is a feature of cool processing.
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Soybean Oil Paints Show 
Up Well in Exposure Tests
WASHINGTON, D. C.—Paints and var

nishes made with soybean oil compare satis
factorily with those made from tung, perilla, 
and linseed oils when subjected to exposure 
tests, it is indicated by reports received at the 
Department of Agriculture here from the Gov
ernment soybean laboratory at Urbana, 111.

While it is recognized that the soybean 
paints harden and dry a little more slowly 
than other types, the tests indicated that this 
factor did not have a harmful effect on the 
durability of the paint, it is said.

White exterior paints made from commonly 
used pigments with soybean oil appeared to 
be in good condition after two years’ expo
sure on outside fences, it is stated. Cheaper 
varnishes made with soybean oil are believed 
to offer interesting possibilities.

D iscusses P ro d u c tio n  A n d  
Uses o f  In d u s tr ia l A lc o h o l

BALTIMORE, Md.—L. A. Helfrich, Pro
duction Manager of U.S.I.’s plant here, deliv
ered an address on Production and Uses of 
Industrial Alcohol before the Baltimore 
branch of the American Pharmaceutical Asso
ciation on Thursday, December 14, in the 
School of Pharmacy Building, University of 
Maryland.

Curbay X Conditions Coal
( C o n tin u e d  fr o m  p re v io u s  p a g e)

coals vary widely in their chemical composi
tion, and processing for fuel economy must 
take into account both the chemical composi
tion of the coal and the nature of the applica
tion. By varying the proportions of Curbay X 
and using it either alone or in combination 
with other materials, it is possible to condi
tion a wide variety of coals for specific appli
cations.

Action Considered Catalytic
“Mixed with water, and with or without 

other chemical additions, Curbay X is applied 
to the coal in the form of a spray. Only a 
trifling amount per ton is needed with corre
sponding low cost.

“The action of Curbay X in increasing the 
efficiency of fuel combustion is both mechani
cal and catalytic. That the action is catalytic 
rather than chemical is indicated by the rela
tively small amount of Curbay X required in 
the conditioning process. In fact, this appli
cation of Curbay X may be regarded as an 
extension of catalytic chemistry into the coal 
combustion field.

“It is the custom to buy coal on a B.T.U.

P rin ts  A r tific ia l F ilm s  
A n d  F oils iv ith  N ew  I n k

LONDON, England—A printing ink said to 
be suitable for artificial foils, films, and simi
lar products is described in a U. S. patent 
issued to an inventor here.

The ink is reported to consist of a pigment, 
an organic derivative of cellulose, such as 
cellulose acetate, and a plasticizer, used in a 
proportion at least five times as great as the 
total weight of the plasticizable material, suit
ably with the use of carbon black, iron oxide, 
benzyl alcohol, acetone, benzene, and alcohol.

Acetone and Alcohol arc U.S.I. products.

U .S .I .’s F a ir fie ld  P lan t 
IF ins S a fe ty  M erit A ivard

Mr. F. C. Hettinger, Superintendent of 
U.S.I.’s Fairfield Plant, recently received, 
as representative of the plant employees, 
a certificate of merit awarded by the com
pany’s insurance carrier for the non-acci
dent record established by the plant.

The record was established during the 
period from January 19 to August 6. Dur
ing this time the plant operated for a total 
of 364,315 man-hours without a disabling 
injury.

P acks F o o d  w ith  S o lid  CO >

NEW YORK, N. Y.—A package that is said 
to preserve the flavor of foodstuffs, such as 
coffee, sauerkraut, etc., has been patented by 
an inventor here. Package is made with an 
inner container, in which is inserted a pellet 
of solid carbon dioxide (“Dry-Ice”* ). Outer 
container, says the inventor, is capable of 
supporting the walls of the inner flexible 
container when pressure is exerted by the 
vaporization of the pellet.

^Manufactured and supplied by Pure Carbonic, 
Incorporated, an associated Company of U.S.I.

basis, rather than on a basis of recoverable 
heat—the factor in which the user should be 
primarily interested. Coal conditioning, prop
erly applied, may serve to bring about a re
consideration of such purchasing policy. Cur
bay X is not, of course, to be regarded as a 
panacea for all coal troubles and its use should 
be recommended only after a study of specific 
conditions.”

U.S.I. invites both producers and users of 
coal who wish further information from Mr. 
Schleindl on coal conditioning with Curbay X 
to write to S o l v e n t  N e w s .

TEC H N IC A L DEVELOPMENTS

Further information on these items 
may be obtained by writing to U.S.I.

A new industrial finish is said to have exceptional 
low-temperature speed baking characteristics. 
Curing temperatures are reported to be the low
est ever obtained for a speed-baking finish with 
similar properties of adhesion, flexib ility , color 
retention, and toughness. The manufacturer 
claims that it can be used in conventional ovens.

(No. 290)
U S I

A latex preservative is said to be non-volatile at 
ordinary temperatures, odorless, effective, and 
permanent. According to the manufacturer, it is 
toxic to algae, bacteria, protozoa, fungi, and 
other micro-organisms, while it is no more harm
ful to human beings than many other chemicals 
in common use. (No. 291)

U S I
A soap anti-oxidant is reported to be effective in 
minute quantities in restraining the oxidation and
resulting rancidity, discoloration, and other ad- 

or s — ■ •
aps MR! i  I  . . .

table oils, filled or unfilled. (No. 292)

verse qualities of soap. It is said to be equally 
effective in soaps produced from animal or vege-

U S I
A protective coating is said to be suitable for 
wood or metal exposed to liquid acids or caustics. 
The manufacturer recommends it for lining tanks 
containing the usual commercial acids or caustics, 
or for protecting machinery from the spillage of 
these products. (No. 293)

U S I
A pH tester is described as a handy means of 
making approximate pH measurements. It is said 
to be a device for holding and dispensing pH 
paper in convenient form. According to the man
ufacturer, any desired length of paper can be 
drawn from the container, while a t the same time 
the paper is protected from contamination by the 
atmosphere. (No. 294)

U S I
An adhesive cement has been released for sale on 
a restricted basis, it has been announced. Accord
ing to the maker, the cement permits making 
strong, chemically-resistant joints between rubber 
and metals, and is useful in joining many other 
materials, such as woods, ceramics, and many 
synthetic resins. (No. 295)

U S I
A new mixer is said to be suitable for mixing 
viscous materials without incorporating air. The 
mixer is further reported to be silent and free 
from vibration. (No. 296)

U S I
White chromium plating is reported to be possi
ble with a new chemical for converting ordinary 
chromium solutions into white chromium solu
tions. The process is said to produce a plate free 
from bluish tints, and to effect savings in plating 
time. (No. 297)

U S I
An aluminum finish is said to produce a soft 
patina resembling that of tarnished silver. It  is 
Baked on, and is reported to show excellent adhe
sion and high resistance to mechanical abrasion.

(No. 298)
U S I

A pulley covering comes in the form of a plastic 
coating material which can be applied to a flat 
pulley after cleaning with benzol or carbon tetra
chloride, it is reported. (No. 299)

U C  I n d u s t r i a l  C h e m i c a l s ,  i
■ C J *  I  60 East 42 n d  St.. N. Y . b ranches in a l l  P rin c ip a l C ities

N C .

A SU B S ID IA R Y  O F U. S. IN D U S TR IA L  A LC O H O L C O .

ALCOHOLS
Amyl Alcohol 
Butyl Alcohol 
Fusel Oil— Refined 
Methonol

Ethyl Alcohol
Anhydrous 
Absolute 

,  C. P. 9 6%
Pure <190 proof)
Specially Denatured 
Completely Denatured 
U. S . I.(Denatured 

Alcohol Anti-freeze) 
'-Super Pyro Anti-freeze 
^Solox Proprietary Solvent

«ANSOLS
Ansol M 
Ansol PR 

ESTERS, ACETATES
Acetic Ether 
Amyl Acetate 
Butyl Acetate 
Ethyl Acetate 

ESTERS, ETHYL 
-Diotol 

Diethyl Carbonate 
Diethyl Oxatate 
Ethyl Chlorocarbonate 
Ethyl Formate 
Ethyl Lactate 

'-Registered Trade Mark

ESTERS, PHTHALATES
Diamyl Phthalate 
Dibutyl Phthalate 
Diethyl Phthalate 
Dimethyl Phthalate

OTHER ESTERS
Amyl Propionate 
Butyl Propionate 
Dibutyl Oxalate

INTERMEDIATES
Acetoacetanilid 
Acetoacet-o-chloranilid 
Acetoacet-o-toluidid 
Ethyl Acctoacetate 
Sodium Ethyl Oxalacetate

ETHERS
Ethyl Ether
Ethyl Ether Absolute— A.C.S.

OTHER PRODUCTS
Acetone, C .P .
Butyl-mesityl-oxide-oxalatQ 
Cellulose Acetote 
Collodions 

^Curbay Binders 
"Curbay X  (Dried Curbay)
* Derex 

Ethylene 
Methyl Acetone 
Nitrocellulose Solutions 
Potash, Agricultural 

"Vacotone
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CONSTRUCTION

E X P E R I E N C E D

E N G I N E E R I N G

A N D

ł f i o t  M e u r  

ß k e m i c & l i

T o those planning new  enterprises, il may he o f interest 

to learn that much o f Badger’s work o f late has heen  

"complete plant" work in connection w ith the develop

ment o f new  processes and the production o f new  

ch em ica ls. A m ong th ese are: C a ta ly tic  C ra ck in g , 

P etroleum  D eriv a tiv es , N itr o -P a ra ffin s , S y n th e tic  

Organic Chemicals, By-Product C oke C hem icals. T o  

this work is brought a balanced organization having 

the combined skill o f different specialists in processing  

and the experience o f a large stall ol engineers and 

draftsmen together with a full force o f manufacturing 

and construction men.

E. B. BADGER & SONS CO.
B o s to n  N e w  Y o rk  P h i la d e lp h ia  S a n  F ra n c is c o  L o n d o n  P a r is

•

Chemical Engineers and Contractors 
Specializing in Distillation, Evaporation 

Extraction and Solvent Recoi>ery



The pho tograph  shows a Blaw-Knox 
stainless steel, low tem perature, synthetic 
resin production unit, consisting of a 
steam jacketed and water cooled Process 
Autoclave, drip  type surface condenser, 
special reflux m easuring sight-box, and 
condensate receiver.

The Autoclave proper is equipped with 
an anchor type agitator, explosion proof 
drive unit, and a Blaw-Knox Flush Plug 
Type Valve.

Equipment for oil bodying, and varnish 
cooking, involving the use of special 
steels, are  a part of the broad line of 
p roducts  designed  and  fab rica ted  by 
Blaw-Knox for service in the process in
dustries. W e invite  you to send  for 
Catalog No. 1685— "Blaw-Knox Process 
Autoclaves."

B L A W - K N O X  D I V I S I O N
OF BLAW-KNOX CO.

Farmers Bank Building ■ Pittsburgh, Pa.
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MILK — like other liquid food products — 
must be piped with a maximum of sani

tation and safety. Bowman Dairy Co., Chicago, 
use Globe Stainless Seamless Steel Tubing for 
this important service.
Where sanitation is mandatory . . .  in the vital 
arteries of food processing . . . Globe Seamless 
StainlessTubesare specified for these advantages.
•  no seams or welds, no niches, cracks, or crev
ices to harbor bacteria.
• no dependence on thin coatings; the entire wall 
thickness is stainless steeL Daily scouring only

improves the polish and improves sanitation.
• the normal flow of liquids and cleaning com
pounds tends to keep seamless tubing naturally 
flushed.
• it is tubing that is chemically and physically 
inert to most process products — is not itself 
affected nor does it affect them.
• no lead is used in cold drawing Globe Stain
less Steel Tubes — eliminates lead dangers. 
Globe Stainless Seamless Tubes are available in 
18-8 and other analyses; a Globe engineer will 
gladly supply detailed technical information.

GLOBE STAINLESS TUBE CO. • 4060 W. Burnham St., Milwaukee, Wis.

S T A I N L E S S
P R O V I D E S

A N D  S E A M L E S S  STEEL  T U B I N G  
S A N I T A T I O N  A N D  S A F E T Y . . .

STAINLESS TUBES 
BOILER TUBES 

CONDENSER AND 
HEAT EXCHANGER 

TUBES 

MECHANICAL TUBING



r e c t r r g i i l r r
Styled by HENRY DREYFUSS

D e s ig n e r  o f  th e  “ T w e n tie th  C e n tu ry  L im ite d

BROWN ENGINEERS COLLABORATING WITH 
T H IS  W E L L -K N O W N  D E S IG N E R  H A VE  
PRODUCED AN INSTRUM ENT TH AT IS  
NOT ONLY A THING OF BEAUTY, BUT A 
TRIUMPH OF ACCURACY AND SIMPLICITY.

RECORDING, INTEGRATING FLOW METER

A d v a n c e d

ASSURES ACCURATE MEASUREMENT 
WITH SIMPLICITY FOR METERING 
FLOW AND LIQUID LEVELS

INDICATING FLOW  METER



A NEW LINE OF

m m  r m r i T T

W ith  ju s t if ia b le  p rid e  T h e  B row n  I n 
s tr u m e n t  C o m p a n y  p r e se n ts  th e  la te s t  
d e v e lo p m e n t in  F lo w  a n d  L iq u id  L evel 
R ecord ers, In d ic a to r s  a n d  C o n tro ller s .

T h ese  n ew  F lo w  a n d  L iq u id  L evel I n 
s tr u m e n ts  are e n t ir e ly  n ew  in s id e  as  
w e ll a s  o u t . A d van ced  d e s ig n  o f th e  
o p e r a tin g  m e c h a n is m s  p rov id es  a  n ew  
c o n c e p t io n  o f accurate measurement with 
simplicity—th e  r e s u lt  o f y ea rs  o f resea rch  
a n d  fie ld  t e s t in g  u n d e r  a c tu a l w o rk in g  
c o n d it io n s  b y  B row n  E n g in eers .

T h e  c la ss ic , s im p le  l in e s  o f th e  m o d ern  
s tr e a m lin e d  c a se —s ty le d  b y  H en ry  
D rey fu ss, d e s ig n e r  o f th e  “ T w e n t ie th  
C e n tu r y  L im ite d ” —g ive  a d d ed  b e a u ty  
a n d  d is t in c t io n  to  p r a c tic a l a n d  se r v ic e 
a b le  in s tr u m e n ts .

F or m o d ern  p a n e l m o u n t in g  th e y  b len d  
w ith  th e  p a n e l su r fa c e  a n d  su r r o u n d in g  
in s tr u m e n ts  to  p rov id e th e  m u c h -  
w a n te d  f lu sh  a p p ea ra n ce .

A v a ila b le  w ith  e le c tr ic a l a n d  m e c h a n i
ca l m e te r  b o d ie s  for th e  m e a s u r e m e n t  
a n d  c o n tr o l o f s te a m , air , o il, g a s  a n d  
o th e r  flu id s .

Advanced Design Embodies:
NEW ELECTRIC FLOW M ETER : Operates on the Induc
tance Bridge Principle; inherently independent of voltage fluctua
tions.
AUTOM ATIC PLANIM ETER PEN : Gives a record on
total flows over any period of time.
SIX  INTERRELATED RANGE T U B E S: With corresponding 
charts and scales make range changing easy, inexpensive.
INTERNAL M ECHANISM : All moving parts have been d e 
signed to reduce wear and lost motion.
NEW IN T EG R A T O R : Insures highly accurate totalizing at all 
rates of flow from 0 to 100%.
DIAL IN DICA TOR: A 12' dial and new pointer provides 
better readability.
SIM PLE FLOAT M ECHANISM  of Mechanical Flow Meter: 
Insures unhampered float movement and long trouble-free opera
tion. Single lever connects float to pressure-tight bearing shaft. 
No chains or complicated linkage to impede float movement or 
get out of order.
LARGE FL O A T : Provides ample power to accurately transmit 
to the pen minute variations in mercury level, thus assuring accu
rate measurement.
PR ESSU R E-TIG H T BEARING—Precision Made: Eliminates 
the necessity for a stuffing box. The bearing is packed with 
grease especially suited to the service and operating pressure for 
which the meter will be used. Automatic, built-in lubricator 
insures constant lubrication of the bearing under all conditions.
PRESSURE CHAM BERS: Designed to withstand the severe 
service demanded from this type of meter. High pressure cham

bers on all meters are forged steel. Sturdiness is built in to every 
part to insure long, trouble-free service.

MODERN RECTANGULAR CASE: Of die-cast aluminum, 
dust and moisture-proof and resistant to moist salt and acid atmos
pheres. Includes such desirable features as dust shield, con
cealed hinges with exceptionally heavy pins, dcor stop, oil resis
tant recessed gasket, and cam action handle-lock which draws 
the gasket firmly against the case.

UNIVERSAL M OUN TING : Universal case permits mounting 
flush on panel with concealed clamps or on floor stand, wall 
bracket or pipe saddle.

IM PROVED RECORDING SY STE M : Linkage is reduced to 
a minimum. Outboard bearing and hardened pivots on pen shaft 
insure unhampered pen movement and instant response. Stain
less steel pen arm is 8 '  long, with ribbed reinforcement, permits 
pen travel of 4 Pen and pen arm are non-corroding, easily 
removed, cleaned and replaced with no effect on calibration. 
Micrometer adjustment on pen arm assures precision setting.

SIM PLE CHART DRIVE: New chart hub eliminates chart 
slippage, screw knob and chain—chart is placed on over two 
tapered studs. Chart hub acts as a time setting device and fric
tion clutch facilitates setting chart for correct time.

RESILIEN T M O U N TIN G : A rigid, flat sub-plate with 3- 
int, resilient suspension mounting carries all moving parts, 

nsures permanent alignment.

ELECTRIC AND MECHANICAL M ETER BOD IES: Are
available in various models. Each meter body is tested at double 
its rated working range up to 5000 lbs. pressure.

poi
Ins

The above-mentioned features are but a few of the many new developments found in the
New Brown Electric and Mechanical Flow Meters

For full details write THE BROWN INSTRUMENT COMPANY, a division ol Minneapolis-Honeywell Regulator Co., 4480 Wayne Avenue, 
Philadelphia, Pa. Offices in all principal cities. Toronto, Canada: 117 Peter Street . . . Amsterdam-C, Holland: Wijdesteeg 4 . . .

England: Wadsworth Road, Perivale, Greenford, Middlesex . . . Stockholm, 16, Sweden: Nybrokajen 7.
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For agitating, blending, or pressure displace
ment. Where a process requires air it may be 
insured against contamination with a Nash Com
pressor, because only clean air, free from dust, 
heat, or oil, is delivered. One moving part, no 
pistons, no internal lubrication. Ask for Bulletin 
No. 236.

THE N A S H  E N G I N E E R I N G  C O M P A N Y  
SOUTH NORW ALK, CONNECTICUT, U. S. A.
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u n w a n t e d  in  y o u r  p r o c 
ess  is  d ifferen t fro m  an y  o f  
th e s e  sp ecific  ca ses . R e m e m 
ber PQ  S ilic a te s ’ versa tile  
p rop erties  ca n  b e  ad ap ted  to  
m a n y  o th e r  u se s . L e t’s ta lk  
o v er  y o u r  p r o b le m  s o o n .

PHILADELPHIA QUARTZ C0MPAN1
G e n e r a l  O f f ic e .  a n d  L a b o r a to r y  : 1 2 3  S .  T h ir d  S t . ,  P h i la d e l p h i a ,  P a .  C h ic a g o  S a l e .  O f f ic e :  E n g in e e r in g  

* U , .  S o ld  in  C a n a d a  b y  N a t io n a l  S i l i c a t e .  L t d . ,  T o r o n t o ,  O n t .  N in e  p l a n t . .  D i . t r i b u l o r .  in  o v e r  6 0  c i t i e . .

INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 3-, NO. 1
30    —-------————— ——
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STORAGE

a 22-year record of successful service
I N D I S T I L L E D  W A T E R  S Y S T E M S

T A N KS TO R A G E

DISTILLED WATE» D.5TR..UT.OH UHES A«D SWT,HO

Alum inum  is practically  im pervious 

to a ttack  by  distilled w ater. C on

stan t analysis of distilled w ater, 

stored and d istribu ted  in  Alum inum  

during the past 22 years, has rarely  

shown an A lum inum  con ten t o f more 

than  10 parts  in a billion. T h a t’s less 

th an  is often found in distilled w ater 

stored in non-A lum inum  system s!

A lum inum  storage tanks and  pipe 

lines are used w ith com plete success 

by  analytical laboratories and m an

ufacturing plants. H ere, high pu rity  

distilled w ater is essential. A lum i

num  helps to  guarantee it.

B uyers o f storage tanks and p ip 

ing should insist on the use o f A lum i

num  w herever m etal comes in  con

ta c t w ith the w ater. M anufactu rers 

of distilled w ater system s can supply 

you w ith A lum inum  equipm ent. 

A l u m i n u m  C o m p a n y  o f  A m e r i c a , 

2154 G ulf Building, P ittsb u rg h , Pa.

These huge Aluminum storage ta n k s  supply distilled w ate r 
to a pharmaceutical plant through a 3-inch Aluminum main.
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C a r b i d e  a n d  C a r b o n  C h e m i c a l s  C o r p o r a t i o n

U nit of Union Carbide and Carbon Corporation

30 East 42nd Street, New York. N. Y.

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

THE industrial history of the 60 new chemicals 
described in this book is just beginning. They are 

so new that we have not, as yet, given them a collective 
name —the term "Fine Chemicals” being adopted 
from our plant men. Once rare and costly curiosities 
with valuable properties, these so-called "fine” chem
icals, including members of ten organic families, 
should not be considered laboratory reagents but 
rather as important commercial products. Many of 
them are being shipped in 5- and 10-drum lots and 
several in tank-car quantities.

Their properties, specifications, and applications 
have been compiled for the first time to make this 
attractive new book. Its 32 pages are filled with 
myriads of new product ideas, new means for process

savings, and new ways to meet the changing needs of 
industry. For instance, Morpholine, one of the sixteen 
new amines described, has made it possible for manu
facturers of floor wax to produce a product that is 
unaffected by wet-mopping. Also included is a com
plete list of 150 products of Carbide and Carbon 
Chemicals Corporation with their physical properties 
tabulated for quick reference—a veritable summary of 
commercial aliphatic chemistry.

Everyone interested in keeping up with the newer 
things in synthetic organic chemistry should have this 
book. A request on your company letterhead to the 
Fine Chemicals Division will bring you a copy.
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EDITORIALS----------------------------------------

O ur President’s Greetings

TO THE ever increasing membership 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  I am glad to send 

greetings a t the beginning of the New Year. We are 
all gratified by the steady progress which not only our 
S o c i e t y  but also chemical science and industry have 
continued to make in the United States, even through 
the years of industrial depression.

Now that the world is again plunged into war, we 
can compare with satisfaction our position of chemical 
independence and preparedness with that at the be
ginning of the World War, twenty-five years ago.

We are all united in the abhorence of war and in the 
hope that chemists will not again be called upon for 
emergency service, either commercial or military. 
But if we should be faced with that necessity, we have 
the certainty of our enhanced ability to meet every 
need adequately and completely.

Through its highly trained members, its various pub
lications, its organization of scientific and technical 
divisions, of local sections, of national committees, and 
of student affiliates, the A m e r i c a n  C h e m i c a l  S o c i e t y  

is able and glad to serve all branches of chemistry and 
related sciences, as well as industry, in this country and 
throughout the world.

To our members and colleagues in other countries, 
especially those where progress is halted by the dis
orders of war, we send greetings and the hope that 
they will soon be permitted to resume their scientific 
activities in the midst of peace re-established on a firm 
international basis.

S . C . L i n d

Work

FEW things are more confusing than the employ
ment situation. If there is anything cheering 

about it, it is that we are far from alone in our inability 
to think the thing through. The picture is a mixture 
of extremes and inexplicable conflicts. A college 
graduate, unable to find employment in the field for 
which he was trained, to say nothing of the stipend, was 
willing to accept employment at the going wage as a 
garbage collector in the town where he lived. He 
preferred this to relief. In the same town lived an 
artisan who would rather accept relief than to take

jobs at less than union wages. There was no market 
at any price for the college man’s specialty. There 
was no market for the artisan’s work at the price he 
demanded. I t should be remembered that a t least in 
some localities today it requires $27 to buy seven hours’ 
labor on the part of a plasterer and his helper. We 
are not economists or social scientists, but such cases 
call for a lot of explanation, if not for some sort of 
remedial action.

Practically all professions today are overcrowded, 
with the pressure felt most by the poorer trained. 
Perhaps there is no other way now known of assuring 
the public a reasonable number of highly skilled pro
fessional men than by the wasteful process of training 
too many so that out of an excess number there may 
evolve the few with extraordinary talents. On the 
other hand, the cry arises from all sides that there are 
too few really expert mechanics with one or another 
specialty. Lists of the unemployed undoubtedly 
contain numbers of well-trained men. However, the 
experience has been too often that those called from the 
ranks of the unemployed lack skill or because of long 
months of unemployment have lost efficiency, pride in 
their work, or even the will to do good work. One 
consequence is that it becomes increasingly difficult 
to interest employers in the possibility of finding among 
the ranks of the unemployed those who will deliver a 
reasonable day’s work for a reasonable wage. There 
is still a long way to go before it will be generally ac
cepted that the right to share cannot be separated from 
obligation to produce.

The growing airplane industry is one of those reported 
to be suffering from a lack of skilled workers. Thou
sands could be used where only scores can be found. 
There is much to be said on the side of those who feel 
that the training of skilled hands is not sufficiently em
phasized in our educational system. But we suspect 
most of the fault lies with the people themselves. 
There has long been a trend to have the son of the skilled 
craftsman enter the professions, or at least become a 
member of the white-collar class. Many a parent 
has insisted on the son’s becoming an accountant when 
he was far better suited and much more interested in 
becoming a master mechanic. Any piece of work that 
contributes to the welfare of the community is worthy 
of recognition, and if the public was more generous in

I
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its praise of the man who does well even the most 
menial task, the trend might be sufficiently shifted to 
turn likely young men and women into the occupations 
where they can do their best and enjoy their work.

Perhaps someone should invent a type of white 
collar that could be worn by every worker, or maybe 
what we need to preach is the dignity of all labor 
honestly performed and really contributing to the pub
lic welfare.

Resolutions

IF YOU are one of those who find it  necessary to 
wait for the first of January to make good resolu

tions and turn over new pages, this will reach you after 
you have passed through that ordeal for 1940. How
ever, we see no reason why new and improved leaves 
should not be turned every morning, nor why good reso
lutions should not be made and kept whenever the oc
casion arises.

We have been told that in an office in Louisville the 
following statement of policy was framed and hung on 
the wall: “No complaints entertained unless accom
panied by a remedy.” Therein lies all the elements 
for a good resolution, solemnly vowed and rigorously 
maintained. If it could be adopted on a wider scale, 
it should a t least train critics to study their complaints 
before offering them. The effort to furnish the remedy 
may lead to much more constructive thought than is 
sometimes evidenced.

A still stronger and perhaps more potent resolution 
would be “I will offer no complaint unless I  can ac
company it with a remedy.” That would change the 
procedure from a negative to a positive require
ment, and might go still further toward provoking 
constructive thought and criticism. I t  is trite to say 
that it is easy to criticize. We have all tried that and 
know it to be true. But the idea of accompanying our 
destructive remarks with those which are believed to 
be truly helpful would be a new experience to a great 
many people. We recommend it for trial a t least 
during the new year.

Resources

FOR some years numerous agencies have busied 
themselves in taking a census of various resources. 

Details of manufacturing plants capable of certain 
types of production, transportation, and agricultural 
resources are subjects of some projects. European 
war conditions have led to inquiries designed to give us 
useful information regarding the deposits of minerals 
and all details concerning them. Still another group 
has determined the location of special types of scientific 
equipment and knows something of what might be ex
pected from the men who have access to it.

There remains, however, a very important though 
large task to be performed. We refer to details con
cerning the location, the abilities, and the scientific 
productivity of the research and technical men of the 
United States. A comprehensive survey is already 
under way with regard to industrial research facilities, 
and within a few months it is expected that a far- 
reaching report can be prepared on that subject. 
This has its importance, but we still need to know 
what our resources are in terms of capable, efficient, 
scientific man power.

There are many who will recall that twenty-five 
years ago, not only here but in countries overseas, in
sufficient care was exercised in the beginning to learn 
the value of scientific personnel. Some men were lost 
before the mistake was realized, and many readjust
ments had to be made besides the effort involved in 
calling men of special capabilities and scientific train
ing back to the places where they could do the most.

Such a mistake is not being made in Great Britain 
this year. British scientists have been indexed and 
classified, and a voluntary register containing more than 
eighty thousand names has been prepared. This is not 
regimentation. From this list some seven thousand 
names have been selected for work immediately in hand. 
The total represents a surplus over present requirements, 
but the mistake of twenty-five years ago will not be 
repeated and the chances are good that when men of 
special qualifications are needed they will be assigned 
to the work in hand without the hazard of the wasteful 
process once in vogue.

To collect such a register in the United States would 
be a large task. The several scientific societies might, 
undertake it, with financial assistance, for their respec
tive specialties. But there might be much duplication 
of work in such a procedure and we are more inclined 
to suggest that it  is a job for the National Research 
Council, where the sciences are represented and where, 
with financial assistance, machinery could be set up to 
make such a census.

We all hope that the United States can remain neu
tral, but there is nothing warlike in determining just 
what the scientific resources of the country are. Many 
a peacetime problem of national significance could be 
attacked with greater likelihood of success if there were 
available somewhere lists of the type we have in mind. 
A little consideration will show many uses for such in
formation. Its collection should proceed in a vigorous 
orderly fashion without delay.

The English language is the most important scientific 
instrument a t your disposal. Learn to use it with pre
cision.—C .  W. F o u l k

Engineering is the adaptation of knowledge written 
by research.—H e n r y  P. K e n d a l l



CHEMICAL INDUSTRY MOVES AHEAD 
IN 1939

WH E TH E R  or not the business boom which began 
to  make itself felt in the late summer of 1939 was the 
result of war in Europe need not trouble us. Im

portant is the fact th a t distinct improvement in all lines of 
business has developed a t an accelerating pace during the 
past several months.

Partly  this has been caused by optimism and partly by 
pessimism. Optimists have long been impressed by the 
necessity for re-establishing economic base lines a t new values 
as a result of years of depression. Pessimists, already alarmed 
by war clouds over Asia, saw in threats to Europe’s peace, 
now unhappily realized, cause to build up inventories against 
rising prices. They joined the optimists in laying in all 
manner of supplies, both groups expecting higher prices, 
albeit for opposite reasons.

The same cause, which spurred your wife and mine in 
early September to  stock up the family larder with sugar, 
flour, and other staples, has operated in industry. The 
results in industry’s markets were the same as those in 
neighborhood groceries: Low existing stocks were prom ptly 
moved, and prices took a sudden spurt upward. This ceased 
almost as quickly as i t  started when the inertia of idling 
production machinery was overcome. Strangely enough, 
when the first hurried rush of buying had spent itself by the 
end of September, prices and demand failed to react as 
much as had been anticipated and a comfortably active 
business boom was under way.

Obviously, war in Europe has been an im portant factor in 
the situation, bu t it has not been the sole cause. Memories 
of 1914 and the years of stringency following were easily
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revived, and not for some time was it  possible to  lay this 
ghost of former industrial unpreparedness. This reaction 
to war in Europe was intuitive and subsided readily when time 
allowed facts to  be considered.

These facts completely refute fear of shortages. Produc
tion within the United States had profited by its lesson in 
diversification learned in World W ar days. Progress toward 
a completely integrated industrial economy has been so 
signally effective as to care for domestic as well as somewhat 
increased export demands, w ithout dislocation. Certainly 
the chemical industry, once the prime offender, has been able 
to meet its problems of enlarged output with minimum in
convenience to anyone.

Satisfying variety of chemical production, achieved through 
years of effort, has so far proved its efficacy th a t no shortages 
of any chemical products are to be feared. P lant capacities 
have been great enough to meet the situation by the mere 
taking up of slack in the reduced schedules of the past few 
years. No lack of essential products has appeared to nullify 
claims of adequacy in this respect. B ut even more im
portant, no gaps are discernible in the ranks of experienced 
men to form the cadres of expanded personnel which may be 
required to  increase output materially should need require it.

Effects of t h e  W ar in E urope

The war in Europe raised frequent questions as to what 
constitutes contraband. Wood pulp was so considered in 
the sinking of one Swedish ship. In  the United States the 
m atter was determined by a list of exports prohibited under 
the so-called Neutrality Act. This was repealed subsequent 
to the beginning of hostilities in Europe and its place taken 
by a “cash-and-carry” act permitting sale of any American 
products to warring purchasers who would take title to  goods 
here and transport them in their own ships. One result 
was to force many ships previously under the American flag 
to seek foreign registry and foreign crews.

W hat is perhaps the most significant development of the 
European war from our point of view is the virtual cessation 
of Europe’s exports to South America. This has turned the 
eyes of our southern neighbors rather definitely on the United 
States as a source of supply of the goods formerly bought 
in Europe.

The demand for chemical products thus engendered has 
been indirect rather than direct. Although it is true tha t 
some products of American chemical industry are enjoying 
increased demand from Latin America, the greater part of our 
required chemical output has found its way south only after 
passing through various other industries here. A few of 
the heavy chemicals, alkalies, ammonia, and phosphatic 
fertilizers, have been sold direct, bu t the greater effective 
bulk of chemical demand thus created has taken the form 
of consumers’ goods, automobiles, paints, and a variety of 
other items, whose manufacture here has consumed chemi
cal products.

Noteworthy, too, has been the effect of stoppage of sup
plies of salt cake from Europe for use in our new southern 
paper industry. Cheapness and low water freights had 
encouraged makers of kraft and bleached sulfate pulp to 
supply their needs of salt cake largely by imports from Ger
many, among others. N atural deposits of sodium sulfate 
in the Southwest were a t a disadvantage because of freight 
costs, and the output of salt cake furnaces in the United 
States has never been large. However, the rise of ocean 
freight rates from Europe, necessitated by the enlarged 
hazards of war, and the inability of European producers to 
deliver have operated to arouse new interest in domestic 
natural sources and to promote new activity on the part of 
possible domestic producers in this item. The result has

been a substantial development in the recovery of salt cake 
from mineral sources in W est Texas and Arizona, particularly, 
and the manufacture of “synthetic salt cake” by the Mathie- 
son Alkali Works a t Lake Charles, La. The process for 
making synthetic salt cake uses soda ash and sulfur as its 
raw materials; the product, which is not sodium sulfate, 
is reported to be equivalent to salt cake when used in the 
sulfate pulp process.

Further supplies for this branch of the paper industry are 
coming from the viscose rayon process. The spinning baths 
in which viscose sirup is coagulated to filaments are initially 
made acid with sulfuric acid. As the process progresses, 
the soda from the sirup neutralizes this acid and the spent 
liquor contains substantial amounts of sodium sulfate. This 
is being recovered in view of the increased demand for salt 
cake and has become an im portant source of this raw ma
terial.

Other suggestions for amplifying the supply of salt cake 
include operation of salt cake furnaces with electrolysis of 
the hydrochloric acid by-product to yield chlorine and the 
use of the hydrochloric acid to acidulate phosphate for fer
tilizer purposes. These processes are being seriously in
vestigated, and plans are reported to be under way to operate 
them, but no definite confirmation of production is yet ob
tainable.

Generally throughout the chemical industry the year has 
been one of expansion. Confidence coupled with increased 
earnings by chemical companies has been effective in pro
moting numerous new plants in a  variety of fields. In 
addition to  the natural salt cake recovery units and the 
synthetic salt cake plant, potash production has increased 
in the Carlsbad district of New Mexico where International 
Agricultural Corporation is expanding the output of its 
subsidiary, Union Potash & Chemical Company, by some 
140,000 tons annually, equally divided between sulfate and 
chloride. Beyond these, it is difficult to trace chemical 
expansions to  the present war.

Expositions

Three expositions were of special chemical interest during 
1939. Both the New York W orld’s Fair and the San F ran
cisco Golden Gate Exposition showed many chemical prod
ucts, notably in the field of synthetic resins which virtually 
dominated both fairs.

The Seventeenth Exposition of Chemical Industries at 
Grand Central Palace, New York, devoted itself primarily 
to the display of new developments in equipment for the 
process industries and showed some new chemical products.

The A m e r ic a n  C h e m i c a l  S o c i e t y ’s  booth a t the latter 
exposition contained exhibits of products newly commercial
ized since the preceding exposition in 1937. Included were 
nylon, Vinyon, castor oil paint vehicle, castor oil resins, 
hydrogenated rosin, glass centrifugal pump, rubber filter 
media, threshold treatm ent of water, sulfamic acid and 
derivatives, nitroparaffins, organic phosphorus compounds, 
ethylcellulose rayon, products from waste sulfite liquor, and 
the synthetic vitamins. The pictures on pages 3 and 7 show 
two of the panels in the A m e r i c a n  C h e m i c a l  S o c i e t y  
booth.

In d u s tr ia l  D e v elo p m en ts

Industry generally has been able to  step up production 
and to expand plants with a minimum of dislocation. E thyl 
Gasoline Corporation recently completed a large new plant at 
Baton Rouge, La., and is already planning further expansion 
there. Along with this greater production of tetraethyllead 
and ethylene dibromide has had to go enlarged output of
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bromine by the Ethyl-Dow Company a t Kure Beach, N. C. 
Both nylon and Vinyon (synthetic resin fibers more like silk 
than customary rayons are, and hence usable in hosiery to 
replace silk from this last stronghold) went into production 
during the year. The former is a du Pont product and 
$1 1 ,0 0 0 ,0 0 0  are being invested in a plant for its production, 
now nearing completion. Vinyon, a vinyl resin derivative, 
was developed by Carbide and Carbon Chemicals Corpora
tion and is now on the market as fiber made by the American 
Viscose Corporation; as felt by American Felt Company; 
and as filter cloth, where its high resistance to acids and alka
lies make it particularly valuable, by Wellington Sears Com
pany. Both of these developments, coming to commercial 
importance a t the same time, are significant in view of the 
advancing prices of oriental silk which has heretofore held a 
monopoly of the hosiery market, and because both fibers 
are made of materials polymerized from small original mole
cules involving no cellulose in their composition.

In regard to cellulose fiber, the important developments 
have been in the expanded production of viscose rayons and 
in the announcement by the Dow Chemical Company that 
its ethylcellulose rayon is nearing commercial production.

Bearing upon the question of war stringencies is the de
velopment of a process for utilizing low-grade manganese

ores now operated by a subsidiary of the Freeport Sulphur 
Company, the Cuban American Manganese Corporation, in 
Cuba. Operators of the process point out th a t it makes 
available vast deposits of similar ores in the United States 
hitherto unusable by the steel industry. Thus any extra
ordinary situation which might interrupt imports (supplying 
about 90 per cent of United States consumption) or sub
stantially increase the demand for steel and its alloys becomes 
decidedly less significant. The process yields a high-grade 
manganese sinter, reported to be superior from a metallur
gical point of view to natural high-grade ores. Manganese is 
expected to be removed from the list of critically strategic 
raw materials as application of this or equivalent processes 
spreads.

Deposits of tungsten ore have been discovered in the state 
of Coahuila, Mexico, about 70 miles from the Texas border. 
Plans are already under way for their development and in
volve bringing the ore to Eagle Pass, Texas, for concentra
tion. The Molybdenum Corporation of America is in
terested.

Im portant, too, is the commercial-scale utilization of 
waste sulfite liquor from the paper process to  produce fuel, 
resins, vanillin, and other lignin derivatives a t the plant of 
the M arathon Paper Company, Rothschild, Wis. This re-
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covery of waste not only prevents pollution of streams bu t 
is reported to  yield an actual profit to  its operators, a dis
tinctly im portant advance for the pulp and paper industry.

O ther im portant new plants completed or well under way 
include:

Southland Paper Mills, Inc., Lufkin, Texas, newsprint from 
southern pine, announced operations to begin in December, 1939.

Krebs Pigment & Color Corporation, Edge Moor, Del., enlarged 
titanium pigment plant.

Victor Chemical Works, Mt. Pleasant, Tenn., increased phos
phorus output.

National Oil Products Company, Harrison, N. J., greater plant 
capacity.

Eastman Kodak Company, Rochester, N. Y., new and larger plant.
Union Carbide and Carbon Corporation, new alloy plant at 

Sheffield, Ala., and new oxygen plant and enlarged ethylono glycol 
plant a t South Charleston, W. Va.

Air Reduction Company, enlarged plants.
The Barrett Company, Philadelphia, Penna., synthetic phenol 

plant.
U. S. Industrial Chemicals, Inc., Curtis Baj', Md., ethylcno glycel 

plant.
Commercial Solvents Corporation, Peoria, 111., new plant for nitro- 

paraffins.
E. I. du Pont de Nemours & Co., Inc., Belle, W. Va., ethylene 

glycol plant.
Hercules Powder Company, various locations, new plants for 

chlorine and caustic, chlorinated rubber, ethylcellulose, hydrogenated 
rosin, heavy acids, and a large addition to cellulose acetate plant.

Rumford Chemical Works, Providence, R. I., sodium tetra- 
phosphate plant.

Among the im portant corporation changes of the year 
were:

Purchase of Great Western Electro-Chemical Company by Dow 
Chemical Company.

Fred L. Lavanburg Company, Ino., sold to Reichhold Chemicals, 
Inc.

Resinox Corporation bought by Monsanto Chemical Company.
American Gypsum Company bought by Celotex Corporation.
Bakelite Corporation purchased by Union Carbide and Carbon 

Corporation.

Several im portant changes in associations are interesting. 
Newly formed were the National Council of Textile Indus
tries, bringing together all textile interests; the Council of 
Industrial Alcohol Users; and the American Council of 
Commercial Laboratories. The Industrial Alcohol Institu te 
was dissolved after a  long and useful life.

Unusual was the merger of two technical schools, the 
Armour Institu te  and the Lewis Institute, both of Chicago, 
to form the Illinois Institu te  of Technology.

New P r o d u c ts

Technological developments have been numerous in many 
fields. A second pilot p lant to  explore further possibilities 
in the chemical elaboration of water gas by-products is being 
erected by the United Gas Improvement Company. Future 
chemical developments by the company depend on the results 
of marketing the products of pilot p lant operation.

An all-glass centrifugal pump, comparable in efficiency 
with m etal pumps of the kind bu t avoiding destructive cor
rosion and contamination of product, has been developed 
through the joint efforts of the Corning Glass Works and 
the Nash Engineering Company.

Two new highly resistance filter media have been de
veloped . One of them is of rubber sheeting made with minute 
conical pores of controllable size comparable with the inter
stices in fabric filter cloths. The process of manufacture 
was developed by the United States Rubber Company, and 
the product is marketed by Filter Media Corporation. 
Vinyon fabric, combining the extreme inertness to  reagents 
of vinyl resins with a textile structure, has proved highly 
efficient as a filter cloth.

A new technique of electroforming iron provides a con

venient method of cheaply duplicating molds for plastic 
articles. The process, which involves plating iron as much 
as 3/s  of an inch thick on an original pattern  of any convenient 
material, was originally developed by United States Rubber 
Company to duplicate molds for tires. Already it is being 
widely used in other fields, particularly in plastic molding.

A new alloy of tungsten, titanium , and carbon is proving 
useful as a m aterial for machine tools. The alloy, which cor
responds to the formula W2TijC<, is marketed under the 
name “Kennam etal” by  the M cKenna M etals Company.

Two developments in glass technology have been note
worthy. W ithin a single year of its commercial introduction 
the improved glass fiber known as Fiberglas has found no less 
than 565 applications, in spite of the fact th a t glass wool has 
long been known. A new type of glass comparable in prop
erties with fused quartz was developed and marketed during 
the year by Corning Glass Works. The process involves 
separation of an acid-soluble phase from a special borosilicate 
glass and annealing the insoluble phase. The final product 
represents a substantial shrinkage from the original piece 
bu t i t  has a coefficient of expansion about as low as th a t of 
fused silica.

A new plastic is made by the Agricultural By-Products 
Laboratory a t  Ames, Iowa, from sugar cane bagasse by 
hydrolysis in the presence of aniline a t a  cost reported to  be 
about 4.5 cents per pound.

Pecan shells are yielding a highly absorptive charcoal.
Silver as an addition to stainless steel to increase its resist

ance to corrosion by sea water is the subject of a  series of 
patents.

Noise is now employed as a  controlling factor in grinding 
through the use of a microphone operating the feeding 
mechanism of the mill.

Plastics have been employed in the construction of an air
plane. Considerable secrecy has surrounded details pending 
full tests, b u t the scant information available points to the 
use of laminated phenolic plastic in the wings and fuselage.

C h e m is t r y  of Life Processes

Vitamin Bi achieved headlines late in the year when it. 
was administered to Lou Gehrig, retired baseball idol, in 
an effort to  cure amyotrophic lateral sclerosis which has 
forced him to abandon baseball. The treatm ent and its  
effects in this and other paralytic cases were reported by  
W. J, McCormick, of Toronto, in the Medical Record.

Added to the list of synthetic vitamins commercially avail
able was vitamin K. Announcement of its first synthesis by 
Fieser a t  Harvard followed shortly on the determination of 
its structure by Doisy and others a t St. Louis, and preceded 
by only a  few months its commercial preparation in m inute 
amounts. Vitamin K  is an antihemorrhagic.

Other synthetic vitamins now on the m arket are Bi, B¡, 
B#, C, E , K , nicotinic acid, and riboflavin.

A new concentrated vitam in product is made from distillery 
waste and marketed as Curbay BG by U. S. Industrial Chemi
cals, Inc. I t  contains riboflavin and pantothenic acid and 
is principally used in poultry and stock feeds.

Vitamin D  is being produced from ergosterol of com oil, 
and the cholesterol of wool fa t has been found to be a satis
factory source of this vitamin.

A paten t on the production of crystalline insulin was is
sued during the year.

Gallium was discovered to be essential to  life processes in  
minute amounts.

D istinct advances in the study of p lant hormones were 
made. Vitamin Bi, stimulating to the growth of roots 
of plants, was marketed in fertilizer tablets for garden use. 
Parthenogenesis of plants was accomplished by the use of



Chemical Engineering

substances, some of which are produced in the metabolism of 
plants, of a hormonelike character.

A number of new sulfanilamide derivatives were produced 
and their efficiencies under various clinical conditions tested.

Sulfapyridine and various chemical modifications were 
especially prominent. Its  applications in pneumonia, in 
pneumococcic meningitis, and with heparin in acute endo
carditis were favorably reported to the medical profession. 
Gerhard Domagk, a German, was declared the winner of the 
1939 Nobel Prize for physiology and medicine for his dis
covery of prontosil (sulfanilamide derivative).

Gelatin taken in relatively large doses has been found to 
relieve fatigue in men and to increase energy. Tests made 
by G. R . R ay and his co-workers a t Long Island College 
Hospital, Brooklyn, N. Y., resulting in this conclusion have 
been widely exploited.

A new type of metathetical organic reaction, resembling the 
usual metathesis of inorganic compounds, was produced 
catalytically by George Calingaert and reported a t the Boston 
meeting 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 .

C o n tro v ersies

Important was the disturbance created over the direction 
of laboratories engaged in making tests for clinical purposes.

This argument was initiated by an attem pt in the state of 
Pennsylvania to  require th a t the direction of all such labora
tories be in the hands of duly licensed M . D .’s. This view 
was upheld by the American Medical Association and was 
vigorously opposed by the A m e r ic a n  C h e m i c a l  S o c i e t y ,  
particularly as contravening an agreement previously reached 
by the two societies and as being quite unrelated to  the expert
ness of the persons involved.

This effort by the medical profession to  lim it the practice 
of chemistry on the one side wras balanced by  attem pted 
inroads in another direction by labor unions on the basis that 
chemists and chemical engineers should join labor unions in 
unionized plants.

Full agreement and m utual understanding on the status 
of chemists were reached in the following summary by 
President William Green of the American Federation of 
Labor:

If engineers and chemists perform professional work they 
should be classified accordingly. If they do production wort 
they must be classified as production workers. ***It is a hard
ship and a detriment to production workers to have these pro
fessional workers wrongly classified and displacing bona fide 
production workers.

Since the wrong classification persists, it is obvious that the 
distillery workers must have some device for protecting them
selves and their jobs. An engineer or chemist working in his
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profession and classified as such would then become a union 
member only upon his own volition.

The question of whether or not the chemist belongs to a 
recognized profession was a point argued before the Supreme 
Court in United States v. H arry L. Laws, 163 U. S. 256-269. 
The court held th a t a  chemist belongs to a recognized pro
fession, and we quote:

Although the study of chemistry is the study of a  science, 
yet a chemist who occupies himself in the practical use of his 
knowledge of chemistry as his services may be demanded may 
certainly a t this time be fairly regarded as in the practice of a 
profession.***

Formerly, theology, law, and medicine were specifically known 
as the professions; but as the applications of science and learning 
are extended to other departm ents of affairs, other vocations 
also receive the name. The word implies professed attainm ents 
in special knowledge as distinguished from mere skill. A prac
tical dealing with affairs as distinguished from its pursuit for its 
own purposes. There are professors of chemistry in all the 
chief colleges of the country. I t  is a science the knowledge of 
which is to  be acquired only after patient study and application. 
The chemist who places his knowledge acquired from a study of 
the science to  the use of others as he may be employed by them, 
and as a vocation for the purpose of his own maintenance, must 
certainly be regarded as one engaged in the practice of a profes
sion which is generally recognized in this country.

In  both these controversies many prominent and thought
ful members of the chemical profession see reason for promot
ing the professional licensing of chemists and chemical engi
neers by states. Others are equally hearty in their opposition 
to such measures as tending to  expand bureaucratic control 
unnecessarily. Meanwhile, efforts to pass a law requiring

ach licensing through the state legislature of New' York are 
oeing made but so far without result.

H onors Awarded

The Nobel Prize in Chemistry for 1938 was awarded this 
year to Richard Kuhn. Medalists for 1940 already named 
include V. N . Ipatieff (Willard Gibbs), J. M. Nelson (Nichols), 
and C. M. A. Stine (Perkin).

Lalor Foundation Awards for research in chemistry during 
1939-40 went to 0 . K. Behrens, A. C. Bratton, R. B. Jacobs, 
W. E. Roseveare, and Charles E. Waring. The Weston 
Fellowship of the Electrochemical Society wras awarded to W. P. 
Ruemmler, and the society’s prize to young authors went to 
N. B. Nichols. Frank K. P ittm an won the J. T. Baker Chemi
cal Company’s research fellowship in analytical chemistry.

Herman Frasch Foundation Awards wrere granted the 
University of Minnesota Departm ent of Agriculture, Purdue 
University, and the Rutgers University College of Agricul
ture. Other chemical awards in 1939 were as follows:
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Edward Goodrich Acheson Medal 
American Institute Gold Medal 
Borden Award 
Chandler Medal
Chemical A  Metallurgical Engineer

ing Achievement Award 
Chemical Industry Medal 
Willard Gibbs Medal 
Herty Medal 
Hillebrand Prize

Eli Lilly and Company Award 
Mead, Johnson and Company Prize 
Associated Industries of Massa

chusetts Merit Award 
National Safety Council Award

William II. Nichols Medal 
Nobel Prize in Chemistry

Pennsylvania Public Health Asso
ciation Award

F. C. Frary
Sperry Gyroscope Company 
Leroy S. Palmer 
Thomas H. Chilton 
Standard Oil Development 

Company 
R. E. Wilson
D. D. Van Slyke 
Frank K. Cameron
Raleigh Gilchrist and Edward 

Wichers 
George Wald 
C. A. Elvehjem 
Monsanto Chemical Company, 

Plastics Division
E. I. du Pont de Nemours & 

Company, Inc., Rubber 
Laboratory

J. H. Hildebrand 
Adolph Butenandt and Leo

pold Ruzicka

C G. King

Perkin Medal 
Francis C. Phillips Medal 
Pittsburgh Award 
Howard N. Potts Gold Medal

Proctor Memorial Prize 
Research Corporation Award

St. Louis Award 
Schoellkopf Medal 
Leon P. Smith Award 
Society of Chemical Industry 

(Canada) Medal

W. S. Landis 
C. J. Spiegl
G. H. Clapp
N. K. Chaney and H. J.

Creighton 
R. 0 . Hull
H. N. Taylor and Vannevar 

Bush
E. A. Doisy 
C. F. Vaughn 
J. S. Guy

J. W. Bain

Research  F acilities

New laboratories or substantial additions completed or 
planned in 1939 included, among others:

Four Federal Regional Research Laboratories at Wyndmoor, 
Penna., Peoria, 111., New Orleans, La., and Albany, Calif.

Monsanto Chemical Company, Springfield, Mass., plastics labora
tory.

Merck Institute of Therapeutic Research, Rahway, N. J., sub
stantial addition.

American Telephone & Telegraph Company, Murray Hill, N. J., 
new laboratory.

Ethyl Gasoline Corporation, San Bernardino, Calif., new labora
tory.

Battelle Memorial Institute, Columbus, Ohio, greatly enlarged.
Washington College, Chestertown, Md., new science building.

The Barrow-Agee Laboratories, Inc., a t Memphis, Tenn., 
have a new three-story building with 1 2 ,0 0 0  feet of floor 
space which -was formally opened last June. A new physical 
chemistry laboratory fully equipped with dark rooms for 
photographic and optical experiments was opened a t  Columbia 
University in July. I t  was planned, built, and equipped by 
members of the university staff.

Textile, leather, and dye research of the Commonwealth 
Color and Chemical Corporation is now housed in a three- 
story laboratory in Brooklyn.

V. N. Ipatieff has given S21,000 to Northwestern University 
to endow a chemical research laboratory for work in high 
pressure. Brown University’s new M etcalf Research Labora
tory is a three-story building housing the chemistry depart
ment and undergraduate physical chemistry laboratories, as 
well as combined libraries of three departments.

The Norwich Pharmacal Company, opened new laboratories 
in M arch as the finishing touch to a complete plant-moderniza- 
tion program.

The first unit of the new chemical engineering building a t 
Case School of Applied Science was completed and occupied 
in October. I t  houses laboratories for elementary and ad
vanced chemical engineering, testing of fuels and lubricants, 
and physical and organic chemistry.

Asides

Interesting has been a running debate on the pronunciation 
of the Scandinavian word Angstrom; considering the subject, 
it has reached voluminous proportions. Evidently there 
are many more possible pronunciations of the two vowels 
than anyone might have suspected.

As usual in a war period, talk has revived of a “death 
ray” . The current inventor, whose claims might well have 
come from our most lurid fiction, is so overwhelmed by the 
potentialities of his weapon th a t he reports having destroyed 
it and, with it, his secret which will be revealed, he says, 
only if the United States is in imminent danger of invasion.

Growing melons were given special alcoholic flavors by 
introducing liquors and wines into their stems. A vast 
crowd was attracted  to see this supposed wonder, much to the 
disgust of those performing the experiment. No significance 
could be attached to it.



CHEMISTRY AND VITREOUS 
ENAMELS

EMERSON P. POSTE
309 McCallie Avenue, Chattanooga, Tenn.

SO MANY of the contributions of chemistry to modern 
life have involved the creation of entirely new products 
th a t we tend to overlook w hat the science has done to 

advance some of the older industries. Though the sendees 
of chemistry in the fields of textiles and metallurgy are well 
appreciated, there is probably a less clear conception in the 
case of ceramics, an industry or a rt as venerable as any of 
which we have historical record.

Recent developments in one of the ceramic industries— 
glass—have been called to the attention of the public in a 
creditable fashion. The closely related field of vitreous 
enamel has also contributed within the last few decades a 
product of unusual adaptability. N ot long ago it was chiefly 
evident as sanitary and cooking ware, but the enameled 
bath tub and dishpan were the forerunners of a large family— 
stove parts, signs, table tops, refrigerators, washing machines, 
chemical ware, and, more recently, extensive architectural 
features as well as a numerous line of miscellaneous items. 
This progress has been made possible largely through the 
application of chemistry to a rule-of-thumb industry whose 
roots go far back into the ancient coating of metals with glass 
as a means of artistic decoration.

Vitreous enamel is a silicate coating th a t has been fused 
onto a  metal base. I t  should not be confused with certain 
organic coatings which are also termed “enamel”. As a

means of avoiding misunderstanding in this regard, the in
dustry has made use of two other terms, “porcelain enamel” 
and “glass enamel”, suggestive of similarity in appearance and 
in properties to products in two other fields of ceramics.

At the turn of the century vitreous enameling in the 
United States was a relatively insignificant industry. A few 
plants were manufacturing cast iron sanitary ware, and a 
beginning had been made in the production of sheet iron 
hollow ware, though much of the latter was being imported 
from Europe. Early records indicate th a t the enameling of 
cast iron was particularly difficult because of the poor quality 
of castings, and tha t for reasonably satisfactory results with 
sheet iron enameling, the metal stock had to be imported. 
Probably one of the major factors making possible the tre
mendous growth of the industry was the development of 
proper sheet stock, specific attention to cast iron coming 
later. The particular application of chemistry first to be 
considered is, therefore, in the allied field of metallurgy.

Sheet Iron  Base
One of the first points to be recognized was the relation 

between enamel and the carbon content of sheet steel. In 
one particular case it was learned th a t a certain type of blis
tering of the enamel came when the carbon content of the 
steel was of the order of 0.20 per cent; with 0.15 per cent

C o n t in u o u s  S h e e t  a n d  S t r i p  M il l

Courtesy, Inland Steel Company
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carbon the enamel processed satisfactorily. The trend was 
to  use steel safely below the la tte r figure in carbon. There 
were plenty of troubles due to steel defects other than high 
carbon, however. Nothing is a better criterion of low- 
carbon steel than its enameling characteristics. The steel 
producers attacked the problem from two points of view.

sodium oxide content is usually of the order of 2 .0  per cent, 
and the cleaning time varies from 10 to 25 minutes.

The use of cold hydrochloric acid for pickling was quite 
common when the preliminary treatm ent had been scaling 
and annealing, bu t w ith the advent of chemical cleaning 
there was, in general, a change to sulfuric acid. I t  is used a t

R e l a t i v e  A c t io n  o f  A c id  o n  a  
2 -G ra m  E n a m e l  S a m p le  

(Powdered frit test)
Courtesy, Transactions o f the 

American Ceramic Society
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One group strove to produce a low-carbon sheet of special 
quality, the other introduced stock of the ingot-iron type. 
Both m et with marked success, and made available the vari
ous grades required for the several methods of fabrication— 
spinning, drawing, pressing, and welding. Today the cases 
of faulty enameling stock are rare, in spite of demands on the 
metal th a t would have been past hope a few years ago.

Another branch of metallurgy th a t has played a major role 
is fusion welding. Gradually the oxyacetylene process met 
the increasing demands of the industry and has now been so 
perfected as to  materials and methods th a t range and re
frigerator bodies are being fabricated as units prior to en
ameling. Arc welding, applicable to the fabrication of heavier 
units such as chemical ware, was not successfully used for 
seams to  be enameled until the development of the coated 
electrode. The bare electrode produced oxides and nitrides 
in the weld, and unfavorable metallographic structures which 
did not permit satisfactory enameling. W ith protection 
from the atmosphere and other advantages characteristic of 
coated welding wire, the use of arc welding has become com
mon practice for the fabrication of parts from heavy stock.

Preparation  for Enam eling
Satisfactory enameling is possible only on sheet th a t is free 

from fabrication strains, scale, and grease, and whose surface 
is properly related chemically to  the enamel th a t is to be 
applied. Early practice involved scaling and annealing the 
shapes a t a dull red heat to remove strains and pressing and 
drawing compounds. The metallurgist has produced stock 
and welding methods th a t render annealing unnecessary in 
most cases, and the chemist has developed a combination of 
forming compounds and chemical cleaning methods tha t pro
duces a condition satisfactory for pickling.

“Drawing compounds for use prior to enameling should be 
an emulsion of fatty  oils and/or fatty  waxes with a b it of 
mineral oil permissible bu t with no cushion-agent or pigment. 
The removal of these materials by cleaners involves the proper 
combination of saponifying and emulsifying agents, with a 
proper soap as a wetting agent. The average formula, there
fore, contains caustic soda, silicate of soda, trisodium phos
phate, soda ash and soap” (9). A cleaner of this type is 
operated just below or a t its boiling point, and the strength of 
the solution is generally judged by the sodium oxide content. 
The optimum varies with the type of drawing and pressing 
compounds used and the nature of a given cleaner. The

a strength of approximately 6  per cent and a temperature 
close to 150° F . Well cleaned stock will be properly pickled 
by a treatm ent of 10 to  20 minutes. The iron content of the 
pickle is carefully watched and the bath  discarded when the 
concentration reaches 6  per cent. Some plants use organic 
inhibitors to reduce the solution of the iron in the acid, bu t 
this is not general practice since many feel th a t etching of the 
metal surface is essential to proper enameling.

Neutralization of the ware after pickling and prior to en
amel application is necessary to  prevent rusting and to pre
sent a chemical surface condition th a t is properly related to 
the enamel being used. Weak, hot solutions of soda ash, or 
mixtures of soda ash and borax, are in common use, though 
various excellent proprietary compounds are on the market. 
In  some cases two neutralizing baths are employed, the first

a t about 0.4 per cent 
sodium oxide and the 
se co n d  a t  a p p ro x i
mately 0 .2  per cent. 
If a single bath  is used, 
the strength is usually 
kept a t about 0.3 per 
cent. Control a t this 
point is essential if the 
ground-coat enamel is 
to be uniform.

Two of the above 
operations are in some 
cases modified by the 
use of an electric cur
r e n t .  E le c t r o ly t i c  
cleaning involves an 
alkaline bath with a 
direct current, the ware 
serving as the cathode 
an d  th e  ta n k  th e  
anode. Less common 
is electrolytic pickling, 

though the use of alternating current in this operation is a re
cent development.

Enamelers are coming to recognize the nickel dip as good 
insurance against m any of the troubles incident to subsequent 
processing. Following pickling, the ware is given a nickel 
“flash” by immersion in a  bath  containing 3 ounces per gal
lon of nickel sulfate (NiS0,.6H 20 ) and 0.25 ounce per gallon

Courtesy, Ferro Enamel Corporation

T y pic a l  P la s t ic it y  G r a ph s
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volved. B ut in connection with cast iron parts for enameling, 
also cleaned by abrasives, the chemical relation between the 
iron and enamel has received much attention. In  addition to 
enamel blistering th a t may be caused by the escape of gases 
mechanically contained in the iron, there is a  type of blistering 
(possibly more than one) th a t apparently comes from gases 
liberated by the graphitization or other reactions taking 
place within the casting, due to the heat incidental to  burning 
the enamel.

Cast Iron Base M etal
Irons th a t anneal readily so th a t the resulting gases pass off 

before the fusion of the enamel, give satisfactory results, while 
slowly annealing irons continue to give off gases a t higher tem
perature th a t become entrapped in the viscous enamel. Irons 
th a t contain free or hypereutectoid cementite, either through
out the casting or in the thin surface layer th a t has come to 
be known as the microchill, tend to  cause blistering. This 
can be eliminated in the case of mild microchill by severe 
abrasive treatm ent. Some special irons of the pearlitic type,

{Below)
E l e c t r ic

C o n t in u o u s
F u r n a c e

Courtesy,
Ferro Enamel Corporation

{Right)
B o x  -  T y p e  M u f f l e  
F u e l - F i r e d  F u r n a c e  
w i t h  V - B o t to m  t o  
I n c r e a s e  R a d i a t i n g  

S u r f a c e

Courtesy,
Ferro Enamel Corporation

of boric acid. The control of pH 
within a range of 5.5 to 6.0, varying 
somewhat from one case to another, 
is essential. The bath is operated 
a t  a temperature range of 150° to 
180° F., and the time of treatm ent is 
usually about 5 minutes.

In  all well-operated plants the 
cleaning and pickling department is 
equipped with a chemical control 
outfit for the careful volumetric regu
lation of the several operations in
volved. A substitute is the use of 
standard “pills” for determining the 
strengths of the various solutions. 
Though not as accurate as titration 
methods, they serve well if properly 
used.

The foregoing statements as to proc
essing have referred to ware made 
from relatively thin sheet stock. In 
the manufacture of large storage and 
processing units from thicker metal, 
preparation for enameling is by sur
face grinding and abrasive cleaning, 
and no chemical considerations are in-

Courtesy, Ferro Enamel Corporation

I n t e r io r  o f  R a d ia n t  T u b e  B o x - T y p e  F u r n a c e
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Courtesy, Better Enameling

I k o n  O x i d e  F il m

H y d ro ch lo ric -ac id -c tch ed  s t ru c tu re  of iron -en am el 
in te rface  of a  n o rm a lly  fired  co m m ercia l en am el on 
sh e e t s te e l; e tc h a n t a t ta c k  o n  fe rrous-ox ide-rich  

a re a s  (X  700).

Courtesy, R. M . King

D e n d r it e s  in  E n a m e l  
I ro n -e n a m e l in te rface  of n o rm a lly  fired com m ercial 
e n am el o n  sh e e t s te e l; d e n d r ite s  p re c ip ita te d  in  

e n am el on  m e ta l su rface .

so stabilized as to resist graphitization by the heat of enamel
ing, are also successfully enameled. There are other chemical 
factors connected with iron composition and blistering th a t 
may be involved; they are under study a t the present time.

W ith proper foundry practice, iron of the following approxi
m ate analysis should give good results for stove plate. For 
thicker sections and the use of low-phosphorus pig, adjust
ments are required:

S ilicon  2 .5 0 %  M anganese  0 .7 0 %
S u lfu r 0 .0 7 5  T o ta l c a rb o n  3 .3 0 -3 .4 0
P h o sp h o ru s  0 .7 5  G ra p h it ic  ca rb o n  2 .8 0 -2 .9 0

This composition is in line with the present theory th a t the 
carbon equivalent

C . E .  =  %  ?  4- %  to ta l  ca rb o n

should be 4.3, or slightly above, for stove plate.

Chem ical Raw M aterials
Chemical processing and control have made conspicuous 

contributions to vitreous enameling through the raw materials 
used. Such chemicals as soda ash, sodium nitrate, borax, and 
oxides of tin, lead, and zinc have been well standardized for 
some time. By chemical treatm ent and control natural min
erals, such as silica, feldspar, clay, cryolite, and fluorspar, 
have more recently been brought to  high standards of purity 
and uniformity. Chemical research has produced several 
substitutes for the more expensive tin  oxide, originally the 
chief white pigment and opacifier. Compounds of antimony 
and zirconium are now in wide use, either in place of or as 
partial substitutes for tin  oxide.

The demand for attractive colors has resulted in the solu
tion of some knotty  problems. The color manufacturers 
have done an excellent job in  developing coloring oxides th a t 
will give uniform results over wide ranges of enamel composi
tion and processing conditions. Two types of coloring com
pounds are used— those th a t dissolve in the enamel m atrix 
approaching a clear glass, supported by separate opacifiers if 
desired, and those th a t resist solution and contribute color and 
opacity through fine dispersion in the enamel. In  making 
these colors the pigmenting constituents are mixed w ith cer
tain  carriers, so chosen as to  give a product th a t will be prop
erly related to  the enamel involved. This mix is calcined, 
washed free of soluble m atter, dried, and ground to a state of 
fine subdivision. Careful control of the entire process is 
necessary to  ensure uniformity.

E nam el Com positions
Progress in the development of enamel compositions was 

slow in the hands of the enameler who jealously guarded his 
secret formulas, b u t with the advent of the technically 
trained m an and the accompanying scientific approach, ad
vancement became more rapid. From  the chemical point of 
view early sheet iron enamels were just acid resistant enough 
to w ithstand the milder conditions encountered in the kitchen, 
bu t were attacked by strong fruit acids. Cast iron enamels 
were not so resistant as the sheet iron compositions. A little 
lemon juice carelessly dropped on the kitchen sink destroyed 
the glossy surface. Large equipment found use in the brewing 
and dairy industries 
b u t to only a limited 
extent in the canning, 
pharmaceutical, and 
chemical fields; the 
la tter made use of 
highly acid-resisting 
cast iron ware from 
Europe. W ith  th e  
imported ware cut off 
by the war, the de
velopment of domes
t ic  a c id - re s is t in g  
enamels began. Cast 
iron and sheet steel 
enameled equipment 
was produced for the 
chemical trade and 
allied industrieswhich 
was as resistant to 
acids as th a t formerly imported. A critical situation with 
reference to the manufacture of certain explosives, medicinals, 
and dyestuffs was thus met. The use of acid-resisting enamels 
has recently carried over into the cooking ware and sanitary 
fields so th a t enamels are now available for household use 
which are not attacked by any of the fruit acids or by  the 
hydrochloric acid th a t the tile setter may drop on the bath

MILL ADDITIONS 
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tub incidental to the removal of cement from the surface of 
wall tile.

Another im portant change in enamel composition is the 
elimination of lead from •wet-process cast iron enamels used 
for stove parts and similar ware. Enamels of this type fuse 
a t a lower temperature than do those for sheet iron, and lead 
oxide has been in common use as a flux. The leadless enamels 
often substituting barium carbonate for lead oxide, have been

more difficult to process 
and more sensitive to de
fects in the casting, but re
cent improvements in the 
enamel and cast iron, ac
companied by modified 
processing, have combined 
to  m ake th e  le a d le ss  
en am e ls  com m erc ia lly  
practical.

Consistency of 
Enam el Slips

One of the most impor
tan t points in the applica
tion of wet-process enamel 
is the consistency of the 
slip. This property is a 
determining factor in the 
production of a smooth, 
even coat of enamel by 

dipping or draining, less im portant, bu t not to be ignored, 
in application by spraying. Early methods of control in
volved the use of borax and sometimes magnesia for setting 
up ground coats and epsom salts for cover coats. The 
operator was guided in the use of these additions by the 
manner in which the slip drained from the hand. Early in
vestigators realized th a t the basic principles of colloid chemis
try  were involved and th a t some accurate means of measuring 
consistency was needed. The effect on consistency of a 
variety of electrolytes was investigated, as indicated by 
apparently appropriate viscometers, but the data obtained 
did not lead to satisfactory interpretation. I t  was possible to 
determine standard requirements for a given enamel under 
definite operating conditions, but troublesome variables as
serted themselves and no fundamental principles were recog
nized th a t permitted a scientific analysis.

A new day arrived when it was recognized th a t enamel 
slips follow the laws of plastic rather than those of viscous 
flow. By the use of simple plastometers it was possible to 
establish graphs corresponding to correct consistency for 
enamel slips for various conditions of application. The 
slope of the graph indicates “mobility” and the intercept 
the “yield value” . Variations in one or both of these quanti
ties offer means of adjustment. A rise in temperature in
creases mobility without change in the yield value; the addi
tion of water increases the mobility and decreases the yield 
value; the use of more clay increases the yield value without 
change in mobility, and the addition of magnesium sulfate 
produces a like effect. Following the recognition of these 
facts, other electrolytes were studied and the important 
effect of the solution of sodium oxide, boron oxide, and other 
oxides from the frit in the mill liquor was appreciated. Vari
ous improvements of the early instruments are involved in the 
plastometers and mobilometers now on the market and in 
use in research and control. By the application of the 
principles of plastic flow through the above and auxiliary 
control methods, the consistency of enamel slips can be 
adjusted so as to make use of special enamels previously 
difficult to work and to make possible the application of enamel 
to constructions th a t could not previously be enameled.

B u rn in g

I t  is a long step from the coal-fired fire clay muffles of a 
few decades ago to the modern furnaces heated by oil, gas, 
and electricity. This progress has come through improved 
refractories, the development of heat-resisting alloys, and a 
better understanding of the application of heat to the burning 
of enamel. Bearing on the proper maturing of the enamel, 
two im portant factors have been recognized— the proper 
time-temperature cycle and the necessity for correct furnace 
atmosphere. Several interesting chemical features are in
volved in the latter.

In  general, air free from other gases is the ideal furnace 
atmosphere. I t  was early recognized th a t sulfur gases were 
detrimental to final finish. In  muffle furnaces combustion 
gases carrying sulfur were excluded except in the frequent 
cases of defects in the muffle lining. W ith the development 
of certain direct-fired oil furnaces in which the products of 
combustion come in contact w ith the ware, i t  was found 
tha t “sulfur scum” did not develop with fuel oils below 
0.5 per cent in sulfur content. In  this type of furnace it was 
also required to determine the am ount of free oxygen needed 
to mature a given enamel properly and to control combustion 
conditions accordingly. I t  was found th a t the furnace gases 
must contain over 5 per cent free oxygen for the proper 
m aturity of the enamel involved.

Courtesy, Pfaudler Company

A c id - R e s is t in g  E n a m e l e d  S t il l , C o n d e n s e r , 
a n d  R e c e iv e r

For furnaces using radiant heat rom tight muffle walls, 
electric resistors, or fuel-heated radiant tubes, the problem 
includes proper ventilation of the burning chamber so as to 
avoid an excess of certain gases evolved from the enamel 
during firing. The chief of these is water vapor arising from

DRY WEIGHT GRAMS PER SQUARE FOOT 

Courtesy, Ferro Enamel Corporation

R e f l e c t a n c e  vs. W e i g h t  o f  
E n a m e l
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moisture th a t may not have been previously removed, or th a t 
resulting from the dehydration of the clay and other constitu
ents of the dried enamel film. Cases of defective enamel 
have been definitely associated w ith the presence of 4 per cent 
water vapor, and as much as 10  per cent has been found in 
extreme instances. There is ample evidence th a t certain

other gases are harmful—for example, fluorine compounds— 
bu t when allowed to accumulate in a furnace they are usually 
accompanied by water vapor and there m ay be some doubt 
as to  their effect. Some investigators hold th a t 0.5 per cent 
of these so-called acid gases can cause trouble w ith cast iron 
enamel.

Adherence

Courtesy, Ferro Enamel Corporation

(Top) V i t r e o u s  E n a m e l  E x t e r i o r ,  (center) K i t c h e n ,  (bottom) I n t e r i o r  
C o lu m n s  (Photo by F. S. Lincoln)

One of the most interesting problems th a t 
has had the attention of the enamel tech
nologist is the cause of adherence of enamel to 
sheet steel. Experience to  date has indi
cated the necessity of cobalt oxide in the 
ground coat to assure adherence. Nickel 
and manganese oxides are used with the 
cobalt oxide; the former i3 thought to pro
mote adherence, and the la tter to widen the 
firing range. No effort to make a light 
ground coat free from one or more of these 
oxides has been commercially successful, but 
there is a lack of agreement as to the manner 
in which adherence is produced by them. 
The first theory was to the effect th a t the 
cobalt oxide becomes reduced and th a t the 
resulting alloy with the base m etal produces 
a structure to  which the enamel can adhere. 
Recent investigators have advanced more 
specific explanations.

One school of thought holds th a t adherence 
is related to the formation of metallic den
drites which x-ray studies have indicated to 
be alpha-iron, cobalt, and nickel. Some of 
these dendrites as observed in a given sec
tion are attached to the metal; others pene
trate  some distance into the enamel. If 
these dendrites do not actually promote 
adherence in a mechanical way, they are a t 
least present in cases of good adherence and 
absent under opposite conditions. A modi
fication of this theory is th a t the dendrites 
are chiefly metallic cobalt th a t has been 
plated out by  electrolytic action of the hot 
iron base during fusion of the enamel. All 
of the metals between iron and copper in the 
electromotive series, if dissolved in glasses, 
are plated out of solution when the glasses 
are fired as ground coats on steel. On this 
basis, cobalt and nickel are held to  con
tribute to adherence by being deposited on the 
base metal, and possibly mechanically in 
addition by the dendrites formed.

In  opposition to the above, adherence has 
been associated with the presence of certain 
iron oxide films a t the interface between 
m etal and enamel. “ Neither gripping, elec
trolytic reaction or dendrites are the funda
mental causes of commercial cobalt ground 
coat adherence to iron, b u t the enamel glass 
is rigidly held to the iron through the medium 
of a ferrous phase approximately 3 X 10-s 
inches thick” (4). In  a t  least one instance 
the formation of the desired oxide film is 
regulated by  a controlled furnace atmos
phere.

The most recent statem ents of the pro
ponents of these theories are “iron oxides 
and metallic dendrites are precipitated a t 
the interface; adherence is associated with
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precipitated metal in all cases, but not always with precipitated 
oxides” (6), and “the degree of adherence seems to depend 
upon the thickness of the ferrous oxide film between glass and 
iron. The thicker the film the poorer the adherence be
comes” (S).

Opacity
Accompanying the development of more acid-resistant 

enamels, much progress has been made with regard to opacity. 
The result is better ware as to appearance and durability,

Courtesy, Ferro Enamel Corporation

V it r e o u s  E n a m e l  M u r a l  P a n e l s  (Designed by Edwin 
H. Winter)

the latter through the use of thinner coats with correspond
ingly greater mechanical resistance. This has come about 
through a more scientific understanding of the properties in
volved in the appearance of the finished coat and the maimer 
in which various opacifiers contribute to it.

“Opacity” is a combined effect of reflection, refraction, and 
diffraction of light. Various devices for the individual and 
collective evaluation of these factors have proved useful tools. 
Opacity may be produced by  the use of finely divided ma
terials which are insoluble in the enamel matrix under com
mercial conditions, the development of a crystalline phase 
within the enamel through chemical reaction during firing, or 
the presence of immiscible phases, either solid or gaseous. 
In  a given case the net effect may be a combination of two 
or all of these factors. X-ray studies have gone a long way 
in pointing out the mechanics of various types of opacity. 
For example, tin  oxide remains as an insoluble, finely divided

dispersion; certain fluorine compounds promote the forma
tion of crystals of finely dispersed sodium fluoride; zirconium 
opacifiers produce immiscible phases, with an index of refrac
tion different from th a t of the matrix.

Earlier practice was based on producing a fair am ount of 
opacity in the frit, depending chiefly on opacifiers, such as 
tin  oxide, in the mill. More recently, higher opacity has been 
produced in the frit and finer milling has increased the effect 
of opacifiers used. W ith these superopaque frits and more 
grinding, i t  is now possible to obtain a given net effect with a 
total enamel thickness much less than th a t previously re
quired to produce enamels w ith less over-all opacity.

Uses
Vitreous enameled equipment plays an im portant p art in 

many of the chemical industries. Resistance to the action 
of acids, with the exception of hydrofluoric, affords ample 
protection against corrosion and the contamination of ma
terials by metals. There has been a steady and substantial 
increase in the maximum size and maximum pressure ratings 
of enameled vessels for use in severe chemical conditions. 
Units up to 1700 gallons in size are now available for such 
varied operations as nitration, chlorination, digestion, sulfona- 
tion, crystallization, and distillation. Much larger pieces 
are suitable for the handling and storage of materials of a 
less corrosive nature. Standard designs are such as to  make 
possible assemblies of considerable complexity.

A majority of the new usages which have been found for 
enameled equipment during the past few years have been 
in the field of synthetic organics, particularly of the chlori
nated type, and for such finished products as plastics, syn
thetic rubber such as Neoprene, chlorinated solvents, 
etc., either for the finished products themselves or for inter
mediates which enter into their manufacture.

M any of the everyday chemical and pharmaceutical com
pounds th a t make essential contributions to  human welfare 
are most satisfactorily processed in enameled equipment. 
By way of illustration may be mentioned radium salts, 
vitamin compounds, glandular extracts, sedatives, and anti
septics. The use of glass enamel has also broadened greatly 
in the pharmaceutical field for synthetics such as sulfanilamide 
and in the preparation and concentration of biological prod
ucts such as vitamins.

Thus, and in many other ways, modern ceramics and 
chemistry have worked hand in hand in the development of 
a product th a t is an everyday necessity in  the household and 
in the factory. The sanitary and artistic excellence of the 
kitchen of today would hardly be possible b u t for this prog
ress. Stores, filling stations, houses, and commercial struc
tures are made more beautiful and durable through the ap
plication of the basic principles of chemistry and kindred 
sciences in the conversion of an ancient a r t into one of our 
most progressive modem industries.
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C o n t r o l  A r e a  i n  t h e  M a n u f a c t u r e  o f  D i k e t e n e

DIKETENE
A NEW INDUSTRIAL CHEMICAL

A. B. BOESE, JR.
Mellon Institu te  of Industrial Research, P ittsburgh, Penna.

COM PARED to the m ajority of aliphatic chemicals in
troduced to industry in recent years, the ketene dimer, 
or “diketene” , which is now available in commercial 

quantities, is a comparatively new compound; i t  was dis
covered just th irty  years ago. In  1907 the parent substance, 
monomeric ketene (C H z = C = 0 )  was first prepared by 
Wilsmore (51), who obtained it  by immersing a glowing 
platinum wire in liquid acetic anhydride. Somewhat later 
Staudinger described its preparation by reacting bromoacetyl 
bromide with zinc (48). The great tendency of ketene to 
polymerize was soon observed by these investigators, and in 
1908 Chick and Wilsmore first isolated diketene from the prod
ucts obtained by allowing ketene to  polymerize in sealed 
glass tubes (14). A more detailed description of the prepara
tion and properties of this compound was published in 1910 
by the same authors (15), who stated in their paper th a t “the 
preparation of cyclobutane-l,3-dione (diketene) may be 
recommended as a useful exercise for students in laboratories 
where a supply of liquid air is available” . Hence, because of 
the obvious difficulties encountered in preparing adequate 
quantities of diketene, even on a laboratory scale for experi
mental purposes, it is not surprising tha t so little work has 
since been done on it. Now th a t a process has been developed 
for its commercial production, we may reasonably assume 
increased academic and industrial interest in the chemistry 
and uses of diketene and its derivatives.

Four structural formulas have a t various times been pro
posed for diketene:

HjC CO CH3C 0 C H = C = 0  CHs—C =C H  C II,=C —CH.

CO—CH2 ¿ —CO O—CO
I II III IV

Formula I, cyclobutane-l,3-dione, proposed by Chick and 
Wilsmore (15), from a consideration of both the physical 
and chemical properties of diketene, has been found to  be 
untenable (S3). Formula II, acetylketene, also proposed 
by Chick and Wilsmore (14), fails adequately to account for 
the exclusive formation of y-bromoacetoacetyl bromide 
(BrCH2COCII2COBr) by the addition of bromine, instead 
of the expected a-bromo compound, and for the formation of 
/3-butyrolactone,

CHa—CH—CH2

A— Ao

by hydrogenation. Formula I II , /3-crotonolactone, was 
recently postulated by H urd (38) as a resonance isomer of 
acetylketene. Formula IV, vinylaceto-/3-lactone, suggested 
by A. L. Wilson of this laboratory, with the exception of the 
formation of pyruvic aldehyde on ozonolysis (34), appears 
most satisfactorily to account for the reactions of diketene, 
including those involving halogenation and hydrogenation. 
In  this paper the reactions of diketene to be described will be 
illustrated by the vinylaceto-j8-lactone structure.

16
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Physical Properties
Diketene is a  colorless, nonkygroscopic liquid, insoluble in 

water but soluble in the common organic liquids inert toward 
it. I t  has an intensely pungent odor, and its vapors are ex
tremely lachrymatory. I ts  physical properties are as follows:

Specific g ra v ity , 2 0 /2 0 °  C .
C nan g e  in  specific g rav ity , ° C.
P o u n d s  per gallon  (g ra m s/lite r)  a t  20° C . 
M o lecu la r w eigh t 
B o iling  po in t, ° C .
M e ltin g  po in t, ° C .
V apor p ressu re  a t  20° C ., m m .
L a te n t h e a t of v ap o riza tio n , ca lcd ., c a l./g ra m  
H e a t of com b u stio n  (£),  c a l./m o le  
H e a t of fo rm a tio n , obsvd . (1),  c a l./m o le  
P a ra c h o r  ( M y ' / * ) / D  -d (34)

R efrac tiv e  index , n 20

1 .0897 
0 .0009  
9 .0 9  (1099) 

8 4 .0 3
127 .4  
- 6 . 5

8.0
165
447

1081
18 1 .5  (2 4 .O' 
18 3 .2  (2 0 .4 1

1 .4379

ture is more stable during storage than th a t distilled a t a 
higher temperature.

In  contrast to the m ajority of recently introduced aliphatic 
chemicals, whose chief values are their solvent powers or 
other specific properties, such as hygroseopicity, water misci- 
bility, acidity, basicity, surface tension-depressing activity, 
and the like, the primary present and future industrial im
portance of diketene lies in its exceptional chemical reactivity 
and, consequently, in the products which may be synthesized 
from it. Because diketene is highly unsaturated, its most 
common reaction is the addition of substances having an 
active hydrogen atom to yield compounds containing the 
acetoacetyl group:

8:1

On standing a t ordinary temperatures, i t  slowly polymerizes 
to a dark-colored, tarry  material containing a substantial 
quantity  of dehydroacetic acid, the dimer of diketene. The 
polymerization is greatly accelerated by mineral acids, alkali 
metal hydroxides, alkali metal alcoholates and phenolates, 
and tertiary aliphatic amines. As the reaction is exothermic, 
precautions m ust be taken to prevent these substances from 
coming in contact with large quantities of diketene. The 
tendency to polymerize is materially reduced by employing 
inert diluents, such as ethers, aromatic and aliphatic hydro
carbons, esters, and ketones.
Acetone has been found to be ______________________
of particular value in this con
nection. Certain organic an
tioxidants, such as h y d ro -  
quinone and pyrogallol, have 
a slight inhibiting action, but 
organic peroxides, such as 
benzoyl peroxide and ascari- 
dole, do not appear to act 
as catalysts. Lew tempera
tures retard the polymeriza
tion until i t  becomes negligible 
a t  the freezing point (—6.5°
C .). Samples of diketene have 
been stored in this laboratory 
under temperature conditions 
fluctuating between —30° and 
+ 1 0 °  C. for several years 
w i th o u t  a n y  d e te c ta b le  
change in physical or chemi
cal properties. Of the com
mon metals, aluminum has 
been found eminently satis
factory for storage and ship
ping containers. Accordingly, 
diketene may now be safely 
shipped and stored in a frozen 
condition in aluminum drums 
or other suitable containers.
The availability of solid carbon 
dioxide affords an efficient and 
economical means of refrigera
tion. Diketene is best purified 
by distillation a t subatmos- 
pherie pressure; the amount 
of polymerization o c c u rr in g  
during distillation is a direct 
function of the temperature 
a t  which the distillation is 
carried out. Moreover, ma
terial distilled a t a low tempera-

C H i=C —CH2 +  HA ■ 

U o

CHjCOCILCOA

The ketene dim er, diketene, is now avail
able in  comm ercial quan tities. Because of 
its  exceptional reactivity, its industria l im 
portance lies in  the valuable products which 
m ay be synthesized from  it.

Diketene reacts w ith hydroxyl groups to 
form  acetoacetic esters such as ethyl accto- 
acetate, w ith  am ino groups to  form  accto- 
acclam idcs such as acetoacetanilide, and 
w ith  phenyl hydrazines to form  phenyl- 
m ethylpyrazolones. W hen reacted w ith 
ureas, diketene forms d-m ethyluracils, and  
the  reaction between diketene and  arom atic  
hydrocarbons in  the  presence of a lum inum  
chloride yields 1,3-diketones such as ben- 
zoylacetone. Halogens add to  diketene to 
form  y-haloacetoacetyl halides, and 0- 
butyrolactone is form ed when diketene is 
hydrogenated.

Diketene m ay be fu rther polymerized by 
catalysts to yield a te tram er of ketene, dc- 
hydroacetie acid, which is noted for its 
varied chemical transform ations.

By pyrolysis a t  500-600° C., diketene is 
dcpolymerized alm ost completely to ketene 
and thus affords a m ethod for the rapid 
production of h igh-purity  ketene. Ketene 
is a powerful acetylating agen t; it reacts in 
general w ith com pounds having an  active 
hydrogen atom  to give the  corresponding 
acetyl derivative.

Thus a large number of products derived from acetoacetic 
ester by the usual metathetical reactions may be synthesized 
more economically and with greater ease from diketene. For 
example, when acetoacetanilide and phenylmethylpyrazolone, 
two compounds of recognized commercial importance, are 
manufactured from diketene instead of acetoacetic ester, 
higher yields and purer products are obtained and the reac
tion time is substantially reduced. Moreover, the marked

exothermic nature of the re-
   action practically eliminates

the necessity of externally ap
plied heat. A summary of 
the more im portant reactions 
of diketene, together with a 
description of some of the 
products and their potential 
applications will be presented 
in the following pages (in sev
eral instances for the first 
time).

Reactions of D iketene
Diketene reacts with water 

in the presence of catalysts to 
give acetoacetic acid which, 
in turn, decomposes to acetone 
and carbon dioxide:

H20  +
C H f =C—CH,

U o

CtbCOCILCOOII 

CHjCOCHjCOOH — >

CHaCOCHj +  COj

With pure water the reaction 
is quite slow even a t elevated 
temperatures, for a mixture 
of diketene and water in the 
absence of catalysts may be 
distilled a t  atmospheric pres
sure as a c o n s ta n t  boiling 
mixture, over 90 per cent of 
the diketene remaining un
changed.
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The reaction between diketene and alcohols in the presence 
of acid catalysts yields the corresponding esters of acetoacetic 
acid (1 1 ):

ROH +  CH j=C —CH: 

¿ — C i

CH3COCHäCOOR

0

Thus, by  this method ethyl acetoacetate can be produced 
in commercial quantities more easily and economically than 
by the classical sodium condensation of ethyl acetate. Also, 
the troublesome necessity of using sodium with its a ttendant 
hazards is eliminated. From both an academic and industrial 
standpoint, the importance of ethyl acetoacetate and its lower 
homolog, m ethyl acetoacetate, is too well known to require 
further comment. The number and variety of acetoacetic 
esters tha t may be synthesized from diketene appear to  be 
limited only by the alcohols available, for the reaction is an 
extremely general one, applicable to  all aliphatic alcohols 
from primary to tertiary, alcohol ethers, chlorohydrins, sub
stituted alcohols, glycols, glycerol, and phenols. Acetoacetic 
esters similar to cellulose acetate have been reported as prod
ucts of the reaction between diketene and cellulose {60).

P repara tion  of 2-Ethoxy E thyl A cetoacetate
To 90 grams of 2 -ethoxy ethanol (“Cellosolve”) and 0.5 

gram of benzene sulfonic acid a t 100° C. were added drop- 
wise, with agitation. 84 grams of diketene. Since an exo
thermic reaction occurred, the tem perature was not allowed 
to  rise above 110° C. When all the diketene had been added, 
the reaction mixture was kept a t 100° C. for one hour, washed 
with water, and fractionally distilled under vacuum. An 84 
per cent yield of ethoxy ethyl acetoacetate, CH3COCH2COO- 
C2H,OC2Hj, was obtained as a colorless, water-insoluble, 
pleasant-smelling liquid which distilled a t 93-94° C. a t  3 mm.

Since the acetoacetic esters, in general, have the solvent 
power of both an ester and a ketone, they are useful as 
solvents for lacquers and other surface coatings, while those 
of higher molecular weight m ay be of value as plasticizers. 
Certain of their metallic salts have shown promise as resin 
stabilizers and oil-conditioning agents.

Diketene and primary aromatic mono- and polyamines react 
smoothly to  yield the corresponding acetoacetyl amines in  a 
high degree of purity and with excellent yields {10). Repre
sentative of this type of compound is acetoacetanilide, pre
pared from diketene and aniline {Ifi) :

CH i=C—CH, +  NHjCjHi ■

Uo
CHjCOCHiCONHCJii

D iacetoacetyl-o-Tolidine
To a refluxing solution of 212 grams of o-tolidine in 1700 

cc. of ethylene dichloride were added slowly, with agitation, 
184 grams of diketene over a period of one hour. During 
this time the reaction was sufficiently exothermic to keep the 
solution refluxing w ithout the application of external heat. 
When the diketene had all been added, the mixture was al
lowed to stand a t room tem perature for 16 hours and was 
then filtered. There were obtained 354 grams of pure diaceto- 
acetyl-o-tolidine, melting a t 206-207° C. and representing a 
yield of 93 per cent.

When treated with strong dehydrating agents such as 
sulfuric or phosphoric acid, acetoacetanilides undergo ring 
closure to form 4-methylcarbostyril and its derivatives. Thus, 
the simplest of these compounds, 4-methylcarbostyril itself, 
is obtained in practically quantitative yields by dissolving 
acetoacetanilide in concentrated sulfuric acid {87), followed 
by  precipitation with water:

/ \
HOC

CHS

A
\  (enolic form of 

CH acetoacetanilide) HiSO<

¿o

CH, 

¿

N
H

w
N
II

CC +  H2°

When dehydrated, substituted acetoacetanilides yield the 
correspondingly substituted 4-methylcarbostyrils. These 
compounds have shown activity as corrosion inhibitors and 
bactericides; their use as intermediates for dyestuffs and 
pharmaceuticals is also indicated.

Although in most cases the reaction between diketene and 
aromatic amines is most efficiently carried out in inert or
ganic solvents as reaction media, the great difference in re
activity of diketene with water and primary amine groups 
makes it  possible to run these reactions in water, the amine 
being either in solution or suspension {9). Diacetoacetyl- 
benzidine can be prepared by adding diketene to  an agitated 
suspension of finely divided benzidine in w ater; Ar,Ar'-di- 
acetoacetyl-p-phenylene diamine is readily formed by intro
ducing diketene into an aqueous solution of p-phenylene 
diamine.

Similarly, diketene reacts w ith aqueous solutions of am
monia and primary and secondary aliphatic amines, the prod
ucts being acetoacetamide or nitrogen-substituted aceto- 
acetamides (5):

The acetoacetanilides are used as intermediates for the 
production of the Hansa yellow dyes, formed by coupling 
them  with diazonium compounds {80). Because of their 
stability, light fastness, insolubility in the common organic 
solvents, and great tinctorial value, the Hansa yellows are 
becoming increasingly im portant as pigments for a wide 
variety of surface coatings.

Diacetoacetyl diamino compounds of the diaryl series are 
extensively used as developers for producing azo dyes directly 
on cotton {89). In  this process an alkaline solution of the 
acetoacetyl amine is padded onto the fiber, then developed with 
a diazonium compound. Typical compounds of this series 
are Ar,Ar'-diacetoacetylbenzidine, CH3COCH2CONHC«H4— 
C4H<—NHCOCH 2COCH3, and Ar,Ar'-diacetoacetyl-o-tolidine, 
CHjCOCHjCONHCsHjCCHjJ.CeHjCCH^NHCOCH^OCH,, 
commonly known as “Naphthol ASG” , prepared by reacting 
two moles of diketene with one mole of benzidine and o-toli
dine, respectively.

C H j=C —CH, /R ,

Uo +kh<r.-
where R, and R2 = H or alkyl groups

/R i
CH,COCH,CON<

XR,

Here is presented a  method for preparing acetoacetyl primary 
and secondary aliphatic amines which have not previously 
been described in the literature. As examples of such prod
ucts might be mentioned acetoacetamide, Ar,Ar'-diacetoacetyl- 
ethylene diamine, and A’-acetoacetylmorpholine, obtained 
by reacting diketene with aqueous solutions of ammonia, 
ethylene diamine, and morpholine, respectively.

D iacetoacetylethylene D iam ine
To a solution of 30 grams (one-half mole) of ethylene 

diamine in 500 cc. of water a t 0° C. were added dropwise, 
with stirring, 84 grams (one mole) of diketene over a period 
of an hour; the tem perature was kept below 20° C. During 
the reaction the product started to  crystallize from solution.
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When all the diketene had been added, the mixture was stirred 
for one hour and filtered, and the product washed with water. 
A 72.4 per cent yield of Ar,W'-diacetoacetylethylene diamine, 
CH,COCH,CONH—CJI«—NHCOCH,COCH3, was obtained 
as a colorless, crystalline solid which melted a t 168-169° C.

with diazonium compounds (19). Phenylmethylpyrazolone 
also serves as the starting material in the synthesis of the 
valuable analgesic, “Antipyrine” (SS). In  connection with 
the manufacture of pyrazolones, the strong tendency of 
diketene to react with amino groups, even in the presence of

U n i t  f o r  t h e  R e a c t io n  o f  D i k e t e n e  w i t h  a n  A r y l  A m i n e -

The aliphatic acetoacetamides are colorless, crystalline 
solids similar in chemical properties to acetoacetanilide and 
acetoacetic ester. They form metallic salts. They may be 
alkylated and acylated by the usual methods, and the nitro
gen-substituted compounds form dyes when coupled with 
diazonium compounds. The lower members of the series 
have indicated value as dye solvents, constituents of wood 
stains, and as intermediates for the preparation of formalde
hyde condensation resins. When heated, acetoacetamide 
condenses with itself to form lutidone carboxylic acid and 
lutidone, compounds of interest as intermediates for'further 
syntheses (IS).

When diketene is reacted with urea or symmetrical disub
stituted ureas in an inert solvent, 4-methyluracil or its homo
logs are formed (8). The reaction involves the intermediate 
formation of an Ar-acetoacetylurea, which then undergoes 
ring closure through elimination of water to yield the uracil:

C H j=C—CH, /N H R  CH,—C—OH HNR

U  O + C < NHE —  ¿ H  ¿ 0

¿ 0  NR

CH,—C—OH HNR CH,—C-------NR

<!h  CO — >- ¿H  d o  +  H ,0

¿ 0 ---------- NR ¿ 0 — NR
where R = H or alkyl group

A t temperatures around room temperature, diketene reacts 
with phenylhydrazine in an inert solvent to form the phenyl- 
hydrazone of acetoacetylphenylhydrazine, C H ,C (= N —N- 
.HC,H6)CHjCONHNHC,H 6 (16). If, however, higher 
temperatures are employed, the reaction takes a different 
course, yielding l-phenyl-3-methyl-5-pyrazolone in high 
efficiency (36). Phenylmethylpyrazolone, known to the 
dyestuff trade as “Developer 7”, and its derivatives are con
stituents of an im portant class of azo dyes formed by coupling

water, makes it  possible to prepare sulfophenylmethyl- 
pyrazolone, also a well known dye intermediate (SO), by this 
method. The starting material, phenylhydrazine sulfonic 
acid, is practically insoluble in inert organic solvents; con
sequently no reaction takes place with diketene under such 
conditions. B ut when diketene is added to an aqueous sus
pension of phenylhydrazine sulfonic acid, smooth reaction 
takes place and good yields of l-sulfophenyl-3-methyl-5- 
pyrazolone result:

CH,=C—CH, CH,—C—CH,
+  SO»HC«HiNHNH, — >■ |  ¿ 0  +  Hi°

Y°
CJRSO.H

l-Sulfophenyl-3-M ethyl-5-Pyrazolone
To a stirred suspension of 315 grams of an aqueous paste, 

containing 31.7 per cent of phenylhydrazine sulfonic acid in 
1500 cc. of water maintained a t  0-10° C., 50 grams of diketene 
were added dropwise, over a period of 45 minutes. Stirring 
-was continued for 4 hours; then the reaction mixture was 
evaporated on a water bath to  a thick paste, in which form 
the product is most suitable for commercial use. Analysis 
of the paste by titration with 0.5 N  benzene diazonium chlo
ride solution showed th a t i t  contained 1 1 2  grams of 1-sulfo- 
phenyl-3-methyl-5-pyrazolone, representing a yield of 80 
per cent.

Ketones, esters, and ethers apparently do not react with 
diketene. W ith aldehydes higher than formaldehyde, an 
aldol-type condensation takes place, the final products being 
alpha-beta-unsaturated ketones (7). In  this reaction an in
termediate hydroxy diketene is believed to  be formed, which 
subsequently loses water. The water eliminated reacts with 
the condensation product and results in the formation of a
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/3-ketocarboxylic acid, which, in turn, loses carbon dioxide; 
the end product is the unsaturated ketone:

CH j=C —ORÍ
+  RCHO - 

CH i=C—CH—CHOHR

¿ o

CH i=C—0 = C H R

¿ - ¿ o  + H ’° -

CH,COC=CHR

¿ 0 0 H

CHs=C—CH—CHOHR

U o
CH j=C—C=C H R

I I + H jO
O—CO

CH,COC=CHR

dooH

CHjCOCH=CHR +  CO,

In  practice the reaction is carried out by refluxing diketene 
and the aldehyde in molar ratio, w ith or w ithout a solvent for 
24-48 hours, and then separating the product by  fractional 
distillation. When heated, formaldehyde and diketene react 
to  form a polymeric resinous material (6).

W hen hydrogenated in the liquid phase in the presence of 
Raney nickel, diketene yields /3-butyrolactone in  high effi
ciency and, in addition, a small am ount of butyric acid {SB, 
43):

CH»=C—CH, -f H,

Uo
Ni CH,CH—CH,

¿Uo
(3-Butyrolactone m ay be readily hydrolyzed to  0-hydroxy- 
butyric acid, a compound of pharmaceutical importance and 
an intermediate for the preparation of a great number of 
esters and acyl derivatives useful as solvents and plasticizers.

Chloroacetoacetyl chloride is stable only a t low tempera
tures and cannot be purified by distillation. I t  reacts as an 
acid chloride and is of value for synthesizing compounds con
taining the chloroacetoacetyl group, such as y-chloroethyl 
acetoacetate, CICH2COCH2COOC2H 5, and 7 -chloroaceto- 
acetanilide, ClCTTCOCIIjCONHCeHs. Since, in addition to 
an active methylene group, these compounds contain an 
amide or ester linkage, their use as synthetic intermediates 
is suggested. When reacted with water, 7 -chloroacetoacetyl 
chloride hydrolyzes to monochloroacetone, carbon dioxide, 
and hydrochloric acid:■

CICH2COCH2COCI +  H 2O ■ C1CH,C0CH„ +  CO, +  HC1

The chloroacetone obtained in this manner is free of higher 
chlorinated acetones; hence the chlorination and subsequent 
hydrolysis of diketene offer a  convenient method for pre
paring this m aterial in a pure state. S tarting with 7 -bromo- 
acetoacetyl bromide, pure monobromoacetone is obtained in 
like manner.

Another series of derivatives of diketene of considerable 
interest are the aromatic 1,3-diketones typified by benzoyl- 
acetone, CH3COCH2COC6H5, which can be economically 
prepared by reacting diketene with aromatic hydrocarbons 
in the presence of aluminum chloride. Diketene appears to 
function in this reaction as do acid anhydrides in the Friedel- 
Crafts synthesis, the maximum yields being obtained when 
two moles of aluminum chloride are employed with one mole 
of diketene:

C H j=C—CH, +  C,H, 2A1Cii> CHjCOCIIjCOCsIL

Uo

A M o d e r n  S y n t h e t ic  
O r g a n ic  C h e m ic a l  

P l a n t

Diketene, either in the pure state or dissolved in an inert 
solvent, rapidly absorbs chlorine a t low temperatures to 
yield 7 -chloroacetoacetyl chloride, a reaction readily ac
counted for by the vinylaceto-/?~lactone structure:

CHr=C—CH,
+  Cl, — v  C1CH,COCH,COC1

Similarly, bromine adds to diketene to form y-bromoaceto- 
acetyl bromide {IS).

An addition compound of aluminum chloride and diketene 
is probably first formed as an intermediate, which then adds 
to  the hydrocarbon under the activating influence of a second 
mole of aluminum chloride.

Benzoylacetone
A 2-liter three-neck flask, fitted with a reflux condenser, 

mercury-sealed stirrer, and dropping funnel, was charged 
with 532 grams (four moles) of anhydrous aluminum chloride
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and 1100 cc. of benzene. Over a period of 90 minutes 168 
grams (two moles) of diketene were added dropwise with 
stirring, while the temperature was kept between 45° and 
50° C. A vigorous exothermic reaction took place, accom
panied by a copious evolution of hydrogen chloride. When all 
the diketene had been added, the reaction mixture was heated, 
with stirring, at 65-75° C. for 2  hours, and was then cooled 
and decomposed by pouring onto 1500 grams of chopped ice. 
After excess benzene was removed* by steam distillation, 250 
cc. of concentrated hydrochloric acid were added and the 
mixture was refluxed for 2 hours. On cooling, benzoyl ace
tone separated in an impure form as a brown, crystalline solid, 
which was separated on a filter, washed with cold water, 
dried, and purified by fractional distillation under reduced 
pressure. There were obtained 237 grams of benzoylacetone 
as a colorless solid which distilled a t  140-141° C. a t 15 mm. 
and melted a t 58-59° C. The yield was 73 per cent, based on 
the diketene used.

The aromatic 1,3-diketones are colorless, crystalline solids 
or pale yellow, high-boiling liquids soluble in alcohols, ethers, 
esters, ketones, chlorinated solvents, and aromatic hydrocar
bons, sparingly soluble in water, b u t completely soluble in 
dilute alkali solutions. The presence in the molecule of an 
aromatic nucleus combined with two ketone groups confers 
unique solvent properties, which make them of interest as 
plasticizers, particularly for resins of the vinyl type. Chemi
cally they exhibit all the typical reactions of 1,3-diketones. 
They may be alkylated or acylated a t the methylene carbon 
atom by the usual methods, they form extremely stable 
chelated compounds with polyvalent metals {12) which show 
promise as resin stabilizers and oil-conditioning agents, and 
they are converted into dyes when coupled in alkaline solution 
with diazonium compounds {31). Prim ary aromatic amines 
condense with benzoylacetone to  give imino derivatives which, 
on dehydration, yield quinaldines (5); the latter are of in
terest in the photographic field. Also, when reacted with 
hydroxylamines and hydrazines, isoxazoles {17) and pyrazoles 
{27), respectively, are formed.

Dehydroacelic Acid
As has been pointed out, one of the characteristic properties 

of diketene is its tendency to polymerize to higher ketene 
polymers. Slow polymerization or polymerization induced 
by a catalyst and then allowed to proceed uncontrolled, re
sults in the formation of dark-colored, tarry  products from 
which only a small amount of dehydroacetic acid can be 
isolated with difficulty. In  order to  obtain dehydroacetic 
acid economically from diketene, it is essential to carry out 
the polymerization under controlled conditions which will 
minimize the formation of higher polymers. This treatm ent 
is best accomplished by adding diketene slowly to an inert 
solvent a t 70-120° C., containing a small amount of catalyst. 
As catalysts, tertiary amines, such as pyridine, triethylamine, 
and methylmorpholine, and alkali metal salts of hydroxyl 
compounds, such as sodium ethylate and sodium butylate, 
have been found most efficient; aromatic hydrocarbons, such 
as benzene and toluene, are most suitable as solvents. When 
polymerized under these conditions, diketene, yields from 60 
to  80 per cent of dehydroacetic acid:

2CHi=C—CH,

a

o

CH,—C ^ C O

CH CH—CO—CH,

point it is noteworthy for the large number of derivatives 
into which it m ay be transformed by the action of acids 
and alkalies under varying conditions. Among them might 
be mentioned the formation of triacetic lactone {22), acetyl- 
acetone {22), and isodehydroacetic acid {21,) by the action of 
strong sulfuric acid, and of diacetylacetone {23) and dimethyl- 
pyrone (S) which result from the hydrolysis of dehydroacetic 
acid with concentrated hydrochloric acid. Diacetylacetone 
and dimethylpyrone, in turn, react with ammonia and primary 
amines to yield a series of lutidone derivatives which de
serve investigation in the pharmaceutical and dyestuifs fields. 
Orcinol, a dihydric phenol which has interesting possibilities 
as a photographic developer and antioxidant, and malonic acid 
are reported as products resulting from the action of concen
trated alkali on dehydroacetic acid {23, 45).

Kctenc
Just as diketene m ay be converted largely to its dimer, 

dehydroacetic acid, by polymerization under the proper con
ditions, conversely it  may be depolymerized quantitatively 
to its monomer ketene by pyrolysis; thus for the first time a 
convenient and simple process for rapidly producing pure 
ketene uncontaminated by methane and other hydrocarbons 
and oxides of carbon is available:

CH ,=C—CH, 

¿-to 2CH,=CO

Dehydroacetic acid is a colorless, crystalline compound 
melting a t 109° and boiling a t 274° C.; from a chemical stand

The pyrolysis may be carried out efficiently either by re- 
fluxing diketene over metal filaments, such as platinum or 
other resistant metal, heated to a dull redness, or by passing 
the vapor through a tube heated to 550-600° C. For the 
laboratory preparation of ketene, a modification of the O tt 
ketene lamp {42) was found most satisfactory. This device 
consists of a 2 0 0 -cc. flask surmounted by a pyrolysis chamber of 
glass, 18 cm. long and 5 cm. in diameter, in which is suspended 
a filament of 70 cm. of No. 30 B. and S. gage platinum wire; 
the glass frame on which the wire is mounted is sealed to a 
ground-glass stopper so th a t the filament can be removed 
easily. The pyrolysis chamber is fitted a t the top with a 
reflux condenser leading to a flask immersed in an ice bath  to 
collect unchanged diketene entrained by the ketene vapors. 
From this flask the ketene is led into and condensed in a cold 
trap  cooled by a solid carbon dioxide-acetone bath. The data 
from a typical run, where 1 0 0  grams of diketene were refluxed 
for 25 minutes over platinum filament heated to a dull red
ness by a current of 5 amperes, are as follows:

R esidue , g ram s 5 .0
U nchanged  d ik e ten e  condensed  in  first ice-cooled tr a p ,  g ram s 3 8 .5  
K e te n e  condensed , g ram s 5 5 .5
M a te r ia l acco u n ted  for, g ram s 9 9 .6
K ete n e  from  py ro ly zed  d ik e ten e , %  9 9 .1
R a te  of k e ten e  p rodu c tio n :

G ram s p e r m in u te  2 .2
M oles p e r  ho u r 3 .1 7

On a larger scale ketene is produced with equal efficiency 
by passing the vapors of diketene through a tube heated 
to 550-600° C., liquid diketene being first vaporized by flash 
evaporation or other convenient means.

Ketene is a colorless, highly toxic gas boiling a t —56° and 
melting a t  —134.6° C. {44)- When inhaled in low concentra
tion, i t  leaves a peculiarly disagreeable taste in the mouth and 
slight irritation in the lungs and nasal passages which persists 
for several hours or longer after exposure. Curiously this 
effect is greatly heightened by smoking or by the mere pres
ence of tobacco smoke in the atmosphere. The tendency of 
ketene to polymerize is even more marked than th a t of dike
tene; hence it cannot be stored or shipped in the gaseous state 
or in solution but must be reacted immediately after prepara
tion.
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Ketene, which is the internal anhydride of acetic acid, is a 
powerful acetylating agent; i t  reacts, in general, w ith com
pounds having an active hydrogen atom to give an acetyl 
derivative:

C H s= C = 0  +  HA — >- CHjCOA

Aliphatic alcohols from primary to tertiary react with ketene 
to give the corresponding acetic acid esters. Ketene has also 
been used as an acetylating agent for polyhydroxy compounds, 
such as glycols and glycerols (29), vegetable oils (28), resins of 
the glyptal type (18), and cellulosic materials (41). Phenyl 
acetate (47) and acetylsalicylic acid (aspirin) (1) have been 
prepared in almost quantitative yields by reacting ketene 
with phenol and salicylic acid, respectively. Thioacetates 
are obtained from ketene and thioalcohols (32).

Ketene reacts with gaseous or aqueous ammonia to  give 
acetamide and with primary and secondary aliphatic amines 
to yield nitrogen-substituted acetamides. For example, from 
monoethanolamine and aniline, respectively, Ar-hydroxyethyl- 
acetamide and acetanilide are formed. jV-chloroacetamide, 
CH3CONCIII, results from the addition of chloramine, 
N H 2C1, to ketene (21).

Ketene reacts preferentially with amino groups in the pres
ence of w ater and has been reported as a valuable means for 
acetylating amino acids in aqueous solution (4 ). Ketene has 
also been found to be an effective agent for the detoxification 
of vaccines (49).

Organic acids react with ketene to yield mixed anhydrides 
which, on distillation, break down to acetic anhydride and 
the anhydride of the acid (46). Chloroacetyl chloride is 
easily prepared by the addition of chlorine to ketene, either 
in the vapor phase or in solution:

< ^ 2 = 0 = 0  +  Cl, — >- C1CH,C0C1

Chloroacetyl chloride is a  useful intermediate for the prepara
tion of a number of commercially im portant products, such 
as chloroacetic acid, the hydrolysis product of chloroacetyl 
chloride, chloroacetamide, prepared by reacting chloroacetyl 
chloride with ammonia, and chloroacetophenone, the im
portant vesicant which is obtained by reacting chloroacetyl 
chloride with benzene in the presence of aluminum chloride. 
Anhydrous hydrogen chloride adds to ketene to produce 
acetyl chloride (26). Liquid hydrogen sulfide and ketene 
form thioacetic anhydride, (CH3CO)^S (16); malonyl chlo
ride, CH 2(C0C1),, which can be hydrolyzed to malonic acid, 
may be obtained from ketene and phosgene.
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THE CHANDLER LECTURE

T h o m a s  H. C h i l t o n

T HE Charles Frederick 
Chandler Medal for 

1939 was presented to 
Thomas H. Chilton, direc
tor of the Technical D i
vision of the Engineering 
Departm ent of E. I. du 
Pont de Nemours & Com
pany, Inc., a t Columbia 
University, New York, on 
November 16, 1939. The 
honor was bestowed upon 
Mr. Chilton “for his out
standing achievements in 
the discovery and formu
lation of principles un
derlying the unit opera
tions of chemical engi

neering, and in the application of these principles to proc
ess development, to equipment design, and to chemical 
plant construction and operation” .

After Mr. Chilton finished his lecture, Dean Barker of the 
School of Engineering presented the medal with the following 
remarks:

I t  is indeed appropriate on this seventy-fifth anniversary of the 
School of Engineering which Professor Chandler helped to found 
in 1804 as the School of Mines and of which he was the dis
tinguished first dean, th a t the recipient of the medal is an alumnus 
of Columbia, having won the degree of chemical engineer in 1922.

The President of the university has delegated to me the great

Erivilege of acting in his behalf on this occasion of our sevcnty- 
fth anniversary. Therefore by authority of the President of 

this university and in the name of the Trustees, I present the 
1939 Charles Frederick Chandler Medal to Thomas Hamilton 
Chilton, chemical engineer, Columbia, 1922.

Tom, it is with great pleasure and deep satisfaction th a t I

convey the Chandler Medal to you and it is with sincere delight 
th a t I  ask Mrs. Chandler to hand you this Medal.

The Charles Frederick Chandler Foundation was estab
lished in 1910 when friends of Professor Chandler presented 
to the trustees of Columbia University a sum of money, and 
stipulated tha t the income was to be used to provide a lecture 
by an eminent chemist and also a medal to be presented to 
this lecturer in further recognition of his achievements in the 
chemical field.

The previous lecturers and the titles of their lectures are

S om e A spects of In d u s tr ia l  C h em is try  
O ur A naly tica l C h em is try  a n d  I ts  

F u tu re
T h e  L ittle s t T h in g s  in  C h em is try  
N ew er A spects of th e  N u tr it io n  

P rob lem
Sam uel L a th a m  M itc h ill— A F a th e r  

in  A m erican  C h em is try  
A tm ospheric  P o llu tio n  b y  In d u s tr ia l 

W astes
In fluence of th e  T h y ro id  G lan d  on 
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T h e  C o n s titu tio n  of C oal— H av in g  
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C h em is try  an d  L e a th e r 
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tio n  of P ep sin , T ry p s in , an d  B ac
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as follows:

1914 L. I I .  B aekeland
1916 W . F . H ilieb ran d

1920 W . R . W h itn ey
1921 F . G . H opkina

1922 E . F . S m ith

1923 R . E . Sw ain

1925 E . C . K endall

1926 S. W . P a r r

1927 M oses G om berg

1928 J .  A. W ilson
1929 Irv in g  L angm uir

1931 Jam es B . C o n an t

1932 G eorge 0 .  C u rm e, J r .

1934 Jaco b  G . L ip  m an
1936 W illiam  F . G iau q u e
1937 J o h n  H . N o rth ru p

Engineering in the Service of Chemistry
THOMAS H. CHILTON

E. I. du Pont de Nemours & Company, Inc., Wilmington, Del.

T H E triumphs of chemistry, to the man in the street, 
appear like miracles. And little wonder chemistry is 
so regardedl Synthetic ammonia and nitrates now 

supply every nation with the essential ingredient of explosives 
and with means to maintain a sufficiency of nitrogen for agri
culture. Synthetic organic chemicals, based on coal, air, 
water, petroleum, and a few minerals such as limestone and 
salt, have themselves or through their derived products revolu
tionized industries and have become established as an indus
try  in their own right. Consider, for instance, derivatives 
only of methane and ethane as examples of products now avail
able from synthetic processes. From methane are derived 
(though not commonly thus produced) methanol, formalde
hyde, formic acid, liquid and solid carbon dioxide; methyl-

amine, urea, formamide, and hydrocyanic acid; methyl 
chloride, methylene chloride, chloroform, carbon tetrachlo
ride ; dichlorodifluoromethane. Of ethane derivatives we may 
mention ethanol, acetaldehyde, acetic acid, ethylene glycol; 
ethanolamine, ethylene diamine; ethylene dichloride, tri- 
chloroethylene, tetrachloroethylene (perchloroethylene); di- 
chlorotetrafluoroethane.

The commercial production of these synthetic materials, 
from which the public benefits, is not miraculous b u t is the re
sult of painstaking application of sound engineering, as well 
as of brilliant chemical research. These trium phs are no 
more miraculous, and no less so, than the George Washington 
Bridge, the Holland Tunnel, and the Empire State Building; 
the Zephyr trains, the Queen Mary, and the Atlantic Clipper;
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or the Hell Gate power station, the New York telephone ex
change, and Station WJZ. Although the work of the engi
neer is more apparent in some of these than in others, they are 
all the result of engineering effort. The work of the civil 
engineer may thus be prominent, and his place, developed 
over a long period of years, is readily acknowledged. The 
mechanical engineer emerged after the invention of the steam 
engine and the consequent transition from home industries 
to the factory system a hundred years ago. The metallur
gical engineer found his calling when the blast furnace and 
steel mill supplanted the iron puddler and the smith. The 
electrical engineer filled the need resulting from the discov
eries of Faraday, Henry, and Edison. Likewise researches 
in theoretical and organic chemistry, each paving the way 
for others, have demanded for their adaptation to practical 
use what we now call the “chemical engineer” .

An accelerating pace of research and development has 
brought the chemical engineer to  his present place in indus
try. I t  is not necessary to  revert to the time when the 
Columbia School of Mines was founded, 75 years ago, when 
petroleum had just been discovered, before coal ta r dyes had 
been made, and before electrical machinery had been invented. 
Contrast the chemical operations carried on today, and espe
cially the scale of operations, w ith those even of 1910 (when 
this medal was first presented to Chandler) or those of 1914 
(when Baekeland gave the first Chandler Lecture). High- 
pressure synthesis was then unknown, a t least in the United 
States. Organic processes were relatively few and simple. 
Inorganic operations were then carried out on a scale of 
roughly one fifth to one tenth of the production now expected 
from each manufacturing unit.

Chemical engineering plays its principal part in the trans
lation of a chemical process from the laboratory to the indus
trial scale. Sometimes, indeed, engineering is called for 
even before the laboratory research can be completed. Fritz

H aber’s work on the equilibrium of the ammonia synthesis 
a t high pressures, demonstrating the application of LeChatel- 
ier’s principle, could not have been completed without engi
neering assistance, and it was the brilliant engineer, Carl 
Bosch, who subsequently carried the process through to a 
successful conclusion. Georges Claude, who extended 
H aber’s work to still higher pressures, was also a versatile 
engineer.

N itric Acid from  A m m onia
One example of this function of the chemical engineer can 

be cited here (22). In  the development of a process for the 
production of nitric acid from ammonia, the ground work 
was laid in 1839 by the researches of Kuhlmann (12) on 
the catalytic oxidation of ammonia to nitric oxide on the 
platinum gauze catalyst,

4NHS +  502 = 4NO +  6 ILO (1)

by researches of Bodenstein {2) and Briner (S) on equilibrium 
and rate  of reaction between nitric oxide and oxygen,

2 NO +  0 2 = 2N0 2 (2 )

and by the researches of Burdick (4, 5) on the equilibrium 
between oxides of nitrogen and solutions of nitric acid,

3NO» +  ir20  = 2HNO, +  NO (3)

The latter pointed to a highly favorable influence of increased 
pressure, not so much from LeChatelier’s principle as applied 
to Equation 3, as from the increase in reaction rate of the 
slow trimolecular reaction (Equation 2) owing to increase 
in concentration of the reactants. One phase of the develop
ment therefore centered around the application of pressure; 
and converters and absorption systems were successively de
signed for ammonia consumptions of about 1 , 1 0 , and 1 0 0  
pounds per hour. Preliminary tests on the smallest scale, 
using absorption equipment made from 3/s- and 3-inch stain
less steel tubing, demonstrated the general correctness of these 
conclusions. Engineering and performance data obtained 
on a scale of 10  pounds per hour, proving 1 0 0  pounds per 
square inch to be an advantageous pressure, were used in the 
design of a pilot-plant unit rated a t 1 0 0  pounds per hour of 
ammonia. Units only double this size appeared to be the 
largest then justified, and the full-scale p lant was built em
ploying such units. Further improvements in the design 
of the converter and in provision of cooling surfaces a t critical 
points in the absorption system have raised the capacity of 
each unit to about 1 0 0 0  pounds per hour.

This was a straightforward application of engineering 
principles, building upon a basis of thorough chemical re
search, and proceeding in constant collaboration with m etal
lurgists in the specification and fabrication of materials.

W ith this as an example, the imagination will perhaps 
supply an idea of the engineering development work behind 
such plants as th a t for synthetic ammonia production, com
prising units for contact conversion of w ater gas (Figure 1), 
absorption of the carbon dioxide (Figure 2 ), and the synthesis 
units and their accessories (Figure 6 ). The same quality of 
engineering design was required in all other successful new 
ventures: viscose rayon (Figure 7 shows cellulose xanthate 
dissolvers), synthetic camphor which is made in the autoclaves 
of Figure 3, neoprene (Figure 5), titanium  dioxide pigments 
calcined in the kilns of Figure 8 , and vinyl resins such as 
“Butacite” (Figure 4).

Principles of Chem ical Engineering
We may now ask, are there engineering principles which 

provide a foundation for chemical engineering practice?

24
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There are, and progress in chemical engineering has been 
more rapid since it has been recognized th a t this is the case.

Chemical engineering has as its basis “ those unit opera
tions which in their proper sequence and coordination con
stitu te a chemical process as conducted on the industrial 
scale” (36). To quote again: “Any chemical process, on 
whatever scale conducted, m ay be resolved into a coordinated

---------- ►

-'-.V w '

F i g u r e  9. T r a n s i t i o n  p ro m  L a m in a r  t o  T u r b u l e n t  
F lo w  (1)

series of what may be termed ‘unit actions’, as pulverizing, 
mixing, heating, roasting, absorbing, condensing, lixiviating, 
precipitating, crystallizing, filtering, dissolving, electrolyzing, 
and so on. The number of these basic unit operations is not 
very large and relatively few of them are involved in any 
particular process. The complexity of chemical engineering 
results from the variety of conditions as to temperature, 
pressure, etc., under -which the unit actions m ust be carried 
out in different processes and from the limitations as to 
materials of construction and design of apparatus imposed by 
the physical and chemical character of the reacting sub
stances” (IS).

I t  is the principles underlying these unit operations tha t 
are m eant in the pioneering and still pre-eminent text (36), 
“Principles of Chemical Engineering” , of which the table of 
contents includes flow of fluids, flow of heat, combustion, 
crushing and grinding, mechanical separation, filtration, 
evaporation, absorption and extraction, distillation, and drying. 
Certain of these operations are the same as those employed in 
processes not strictly considered chemical. The problems of 
fluid motion are of interest in hydraulics and aerodynamics. 
Problems of heat transfer occur in power generation and 
refrigeration. The handling and treatm ent of solids have been 
the concern of the metallurgist.

The distinctly chemical engineering operations may be 
taken as those involving contact between separate phases and 
the transfer of material from one to the other. Since diffusion 
in the solid state is too slow to be of much consequence, one 
of these phases m ust be fluid. I t  is therefore primarily of 
interest to the chemical engineer to  determine w hat controls 
the rate of transfer of material from a phase boundary 
through a fluid. An account will be given in the following of 
attem pts to formulate expressions for predicting rates of 
transfer of material to fluids in motion past a solid boundary, 
for some simple conditions of flow, by utilizing w hat knowl
edge can be had of fluid motion and of heat transfer under 
the same flow conditions. A knowledge of these rates is es
sential in  predicting the size and performance of equipment 
used for effecting changes in composition— partial condensa
tion, absorption, distillation, extraction, and humidification.

Fluid  Flow Problem s
If fluids always followed the laws of viscous motion, the 

problems of the chemical engineer would be simpler, or so it 
seems, since they would be susceptible to m athem atical solu
tion— fluid flow problems on the basis of viscosity, heat 
flow problems on the basis of thermal conductivity and the 
flow pattern  determined by the laws of viscous motion, and 
mass transfer problems on the basis of molecular diffusivity. 
Formulations for these cases are available, though the mathe
matics is not always simple. B ut industrial problems would 
be made more difficult if viscous motion always prevailed, 
since heat conduction and molecular diffusion are slow proc
esses compared to  transport of heat or material by the mixing 
or convection th a t is characteristic of turbulent motion.

Fortunately from this standpoint, turbulent flow is often 
unavoidable on account of the inherent instability of the 
fluid motion a t high velocities. By means of a thread of 
colored fluid introduced into the center of a stream  flowing 
in a glass tube, Figure 9 shows the effect of increasing the 
velocity (1). The criterion which has been found to  control 
the transition from the smooth streamline flow to the irregular 
turbulent flow is called the “Reynolds number” since it was 
proposed by him. This criterion expresses the ratio of the 
values representing the inertial characteristics of the motion 
(or terms in the equation of motion), V 2p/D, to those rep
resenting the viscous characteristics, V p /D 2, or upon cancella
tion, DVp/p (20). For flow in straight pipes, the transition 
from streamline to turbulent motion occurs a t a Reynolds 
number of about 2300. (This criterion is dimensionless, and 
values do not depend upon the units chosen, provided they 
are self-consistent.)

F i g u r e  10. V e l o c it y  D i s t r i b u t i o n  i n  C ir c u l a r  T u b e s

The process of convective mixing is evidently absent a t 
low velocities (small Reynolds numbers) and predominant 
a t higher values. The velocity distribution under the 
former condition is found to be parabolic, as it ought to be; in 
turbulent flow the velocity is much more nearly uniform 
throughout the cross section, and produces a high shear a t the 
walls and greatly increased friction. Figure 10 shows th a t in 
viscous motion the velocity a t  the edge of an annulus com
prising 2  per cent of the cross section (0 .0 1  of the radius from 
the wall) is close to  2 per cent of the centerline velocity (17); 
a t  a Reynolds number of about 40,000, it is over 40 per cent.
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The heat required to  bring all the fluid to the 
temperature of the surface would be

FRACTION OF RADIUS- y/»-
Courtesy, W . / / .  M cA dam s

F i g u r e  11. E x p l o r a t i o n  o p  V e l o c i t y  a n d  T e m p e r a t u r e  o p  A i r  
F lo w in g  I n s id e  a  V e r t i c a l  P ip e  {17)

T urbu len t Flow

An expression, useful in design, for the rate 
a t which heat is transferred from the surface to 
the fluid per unit time per unit area per unit 
difference in temperature, designated by h, may 

be defined by means of the following equation:

and the momentum lost by friction is

( P , - P , ) f D J

so th a t the first ratio becomes 

(P. -  P,)/p V>

and the heat actually supplied is

C P V \ D '  (fe -fc )

so th a t the second ratio is

(h -  t,) /  Ai„ 

Reynolds’ analogy states simply 

ft. -  t>) (Pi -  P.)
A t«  "  p  V ’

The momentum ratio is related to the pipe 
diameter and fluid properties by the friction 
factor, which is established as a function of the 
Reynolds number:

If we now focus our attention on the phenomena of tur
bulent flow, where the velocity is so nearly uniform and the 
pressure loss is nearly proportional to the square of the 
average velocity, we may begin to consider by what mecha
nism momentum is lost, by what analogous mechanisms heat 
may be supplied to or withdrawn from the fluid, and later 
how its composition may be altered. This 
last was stated to be the problem of 
primary interest in chemical engineer
ing.

A simplified analogy which leads to the 
desired useful relationships upon suitable 
modification was stated {19) by Reynolds 
in 1874: “The ratio of the momentum lost 
by skin friction between two sections a 
differential distance apart to the total 
momentum of the fluid will be the same as 
the ratio of the heat supplied by the sur
face to  th a t which would have been sup
plied if the whole of the fluid had been 
carried up to the surface.”

Expressed in symbols, the momentum 
of the fluid flowing (per unit time) in a 
circular tube is

p  V

h r  D L  A i„  = C V P 2 D* {h — h)

Collecting terms to  obtain the temperature ratio used above, 

{I, -  t,)

REYNOLDS REYNOLDS

F ig u r e  12. V a r ia t io n  o f  H e a t  T r a n s f e r  w it h  C p /fc  a s  P r e d ic t e d  b y  
V a r io u s  E q u a t io n s

For Prandtl equation, r = 7.5a/ 1 A /  = 0.42 
For von Karman equation, 5 W a  /  =  0.28

0  4AW VS- ^
x ¿ v & w vs-y*
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Courtesy, H un ter Rouse

F i g u r e  13. D e v e lo p m e n t  o p  t h e  W a k e  b e h in d  a  C y l i n d e r  (20)
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If we make use of Equation 5, it is apparent tha t we may- 
then extend Reynolds’ analogy by writing

C V  p (8)

Problems of heat transfer involving fluids flowing through 
tubes could then be solved by reference to a friction factor 
plot, such as is given in textbooks (25), by the use of Equation 
8  if Reynolds’ analogy were found to be valid. Reynolds 
recognized th a t it would be valid only if the momentum 
diffusivity (or kinematic viscosity, v =  p/p), were equal to 
the thermal diffusivity, a  — k/Cp— th a t is, if

W p) _  Çp 
(,k / C p ) k

1

For some fluids, including most of the simple gases, this 
relationship is nearly fulfilled. Figure 11 shows explorations 
of the velocity and temperature distributions for air flowing in 
a heated pipe (17). For other fluids, for which values of 
(Cp/k) are much higher than unity, such a correspondence 
would not be expected. In  the turbulent “core” something 
like this could be natural bu t not in the “film” of fluid in 
streamline motion adjacent to the wall. The problem has 
been attacked theoretically by Prandtl (18) and by Taylor 
(23); the resulting expression is:

(h/CVp)

t o 7.5
4 m - ' )

(9)

More recently von Karman (11) submitted a solution in the 
form:

(h/C V p )

t o

§ * a T  ! ( T - ‘) + , n  [ i + ! ( f - > ) ] !

These both propose a relation between (h/ C V p) and (‘/ i  / )  
in terms of functions of (Cp/k) relating to  the velocity dis
tribution in the turbulent core, laminar zone, and buffer 
layer. A simpler expression, based on empirical correlations 
but seen from Figure 12 to be a good approximation for these 
theoretical equations over the range from, say, 0.75 to 100 
for values of (Cp/k), was proposed by Colburn (8):

( 10)

A test of this expression for predicting heat transfer coef
ficients for turbulent flow in tubes is given by Nusselt’s data 
for heating air and carbon dioxide (8,16) and by data of later 
investigators on heating water (8). For more viscous fluids 
few data have been obtained in the turbulent region. Clearly 
no analogy between friction and heat transfer factors is 
expected for viscous flow in tubes. These cases are suscep
tible to mathematical solution. T hat for friction leads to 
Poiseuille’s equation involving only the linear velocity, vis
cosity, and tube dimension; and tha t for heat transfer leads 
to an equation attributed to  Graetz (10), involving neither the 
viscosity of the fluid nor the diameter of the tube but the 
heat capacity of the fluid flowing, the thermal conductivity, 
and the heated length. H eat transfer factors are, however, 
subject to complications a t these low velocities due to natural 
thermal convection effects, and the theoretical equations 
do not take account of changes in viscosity and velocity 
distribution as the fluid is heated or cooled. When plotted

on the coordinates chosen for turbulent flow, the theoretical 
equations for viscous flow conditions (assuming a constant 
surface temperature), modified by empirical functions to 
allow for the considerations just mentioned, take on the form 
shown a t the left in Colburn’s r£sum6  chart (6 , 8); this is in 
striking contrast with the agreement postulated between heat 
transfer and friction factors for turbulent flow conditions a t 
the right of the figure. The intermediate transition region 
is discussed fully by Colburn (6,21);  it is naturally dependent 
on many more variables than the transition for isothermal 
friction.

For flow across tubes, an equally im portant case indus
trially in the design of heat exchangers and condensers, no 
analogy would be expected between heat transfer and friction 
factors. For as Figure 13 (20) shows, turbulence developed 
behind the cylinder evidently accounts for much of the pres
sure drop; and momentum transfer due to skin friction, which 
would parallel heat transfer, accounts for relatively little. 
H eat transfer data on flow across banks of tubes support the 
correlation proposed by Colburn (8) which implies th a t no 
relation exists between friction and heat transfer factors 
for this case. The use of the same empirical function of 
(Cp/k) as for flow inside tubes does not rest on theoretical 
grounds or on many data for banks of tubes, bu t does satis
factorily represent data on flow past single cylinders (16).

For flow relative to a plane surface of finite length, there is 
remarkable agreement between heat transfer and friction 
factors, not only in turbulent bu t also in viscous flow, as 
Colburn showed (8).

M a ss  T r a n s f e r

With this background of correlations of heat transfer, we 
are now ready to examine data on transfer of m atter from a 
stationary boundary to a moving fluid, and to determine for 
what cases an analogy can be drawn between mass transfer 
and fluid friction. Extending in these terms the analogy 
attributed above to Reynolds, we note th a t the vapor required 
to bring up to saturation all the gas passing through a pipe 
wetted with a liquid is

and we write
( ' ¡ r ) G M ¥ )

(P i -  f t )  ( P i  -  P . )
A p m V* ( 11)

A coefficient for the rate of vaporization per un it time 
per unit area per unit difference in partial pressure can be 
defined by the equation:

-  Pi) (12)

Collecting terms to  obtain the partial pressure ratio used 
above,

(P i -  P i) D  K P
Ap m A L  (p V / M ) (13)

The corresponding extension of Reynolds' analogy to mass 
transfer would then read

K  P
( p  V / M )  2b i m ) (14)

The corresponding modifying factor, involving the molecular 
diffusivity, kD, in relation to the momentum diffusivity, v =  
p/p, is naturally p /p  kD. We may proceed to test whether 
data taken under these conditions support the same function 
of this ratio as was found to  be valid for heat transfer—
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namely, the modified analogy equation, for the same flow 
conditions:

These flow conditions are represented by a “falling film 
tower” or tube in which a liquid flows downward along the 
wall while a gas passes through the center. D ata on the 
vaporization of water into a current of warm air taken in the 
author’s laboratory yield both heat transfer and mass trans
fer factors, which were shown (6) to agree reasonably well with 
the friction line. D ata selected a t random from a more 
extensive investigation (9) show equally good agreement and 
furnish support for the kind of function proposed for the modi
fied analogy equation.

N ot so many data  are available under other flow conditions. 
For flow across a single cylinder, a set of experiments on the 
absorption of water by a stick of fused caustic (6, 14) agree 
within 25 per cent of the line representing heat transfer (j) 
factors from Colburn’s correlation (8).

D ata on evaporation from plane surfaces into an air 
stream (6, 24) likewise show good agreement.

The treatm ent of these mass transfer factors has been 
simplified in the present discussion; for a more rigorous treat
m ent or detailed discussion of the various analogy equations, 
reference is made to the original sources. I t  is hoped tha t 
enough has been presented, however, to  show the utility  of 
methods for the prediction of coefficients for the rate of mass 
transfer under these more or less ideal flow conditions, and to 
suggest their application, with whatever modification m ay 
be found necessary, to such problems as those involving con
tact i n pa eked towers (7), where the expression (px — p;) /A p m, 
representing the “number of transfer units” , and the derived 
value, the “height of one transfer unit (H. T . U .)” , are 
especially valuable.

Problem s to  Be Solved
The wrong impression would, however, be obtained if one 

concluded it  was “as simple as th a t” in  all problems of chemi
cal engineering design. I t  may be th a t the success of these 
methods points the way to attacks still to be made on phe
nomena not so easily investigated—boiling, condensation, ad
sorption, drying (concerned as it is with diffusion within solids), 
if not to the problems of solid handling, size reduction, or sepa
ration. Y et with the experimental data accumulated or to be 
accumulated on these unit operations, the illustrations of actual 
equipment shown above should confirm th a t there will always 
be plenty of opportunity for the use of engineering skill and 
engineering j udgment in the development of chemical processes, 
plenty of opportunity for engineering in the service of chemis
try in its task of providing “better things for better living” .

I t  is small wonder that, as chemistry appeals to those 
minded for research, chemical engineering appeals to those 
who desire to have a part in its application. The two dozen 
derivatives of the first two hydrocarbons mentioned early in 
this paper give only a h in t of the developments being made 
or in store in organic chemistry, where the number of possible 
compounds reaches into astronomical figures in the higher 
members of the series. Nothing was said as to resins, fibers, 
colloids, or biochemical products; and no reference was 
made to inorganic developments, by no means yet exhausted. 
Likewise, although some of the advances in knowledge of 
chemical engineering principles have been stressed, there are 
unknowns to be encountered in every new undertaking. A 
handbook for chemical engineers has found wide acceptance, 
but chemical engineering is not a handbook science and is not 
likely to be for some time to come.

Doubtless it is the challenge thus presented as well as the 
opportunities in the rapidly growing chemical and allied in

dustries th a t continue to a ttrac t an increasing number of men 
into chemical engineering. Unknown when the Columbia 
School of Mines was founded in 1864, it was almost nonexist
ent even in 1900, and by 1910 there were less than 1000 
students in chemical engineering courses in the United 
States. In  1921 the number had grown to 7000, and in 1935 
to over 1 0 ,0 0 0 , representing one sixth of the total enrollment 
in all engineering courses. The latest figures show an enroll
m ent of 12,500, so th a t chemical engineering, though only 
about half as old as the other branches of engineering—the 
American Institu te  of Chemical Engineers was founded in 
1908—ranks with any of the others in numbers of students 
enrolled and graduating annually. The opportunities stand 
open wide for those who meet its challenge and prepare 
themselves for service to chemistry in its service to mankind.

N om enclature
Any consistent set of units may be used. Pounds, feet, 

hours, and degrees centigrade have been chosen for conveni
ence. For simplicity in setting up the equations, pressures 
have been converted to absolute units by including the con
version factor

9c
lb. (mass) X hr.* 
lb. (force) X ft.

which in this system has the value 4.18 X 10s.

C = specific heat (at constant pressure), P. c. u./(lb.)
( ° C . )

D =  diameter, ft.
/  =  friction factor
? =  heat transfer factor, mass transfer factor 
k =  thermal conductivity, P. c. u./(hr.) (sq. ft.) (° C./ft.) 

mass transfer coefficient, lb. moles/(hr.) (sq. ft.) (gc XK
lb./sq. ft.)

L  =  length, ft.
M  =  molecular weight 
P  =  absolute pressure, gc X lb./sq. ft. 
p  =  partial pressure of diffusing vapor, g< X lb ./sq . ft.

Ap m =  mean partial pressure difference between vapor in gas 
and a t saturation w ith surface, gc X lb./sq. ft. 

t =  tem perature, ° C.
Atm =  mean temperature difference between fluid and sur

face, ° C.
V  =  velocity, ft./h r. 
a  =  thermal diffusivity, sq. ft./h r. 
v =  kinematic viscosity, sq. ft./h r. 
n =  viscosity, lb ./(hr.) (ft.) 
p =  density, lb ./cu. ft.
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CASEIN PLASTICS
GEORGE H. BROTHER, U.

F EW  industries offer greater possibilities to the research 
chemist than the plastics industry. The polymeriza
tion and condensation reactions which form the plastic 

resins are not only complicated and little understood, bu t in 
many cases the starting materials are of unknown structure. 
Therefore, since so little is known about plastic materials, it 
is surprising how widely they have been successfully applied 
in spite of this handicap. W ith more fundamental knowledge 
of their structures and properties available, more intelligent 
applications would be possible in present fields and probably 
in fields not as yet considered.

This is especially true of casein plastics. Casein is a pro
tein, a class of material th a t has baffled chemists since the 
time of Emil Fischer. However, there has been a change in 
the attitude of research chemists recently with the application 
of the x-ray, the infrared ray, the ultracentrifuge, the mono- 
molecular film, etc., to the study of the structure of proteins. 
Preliminary results on the investigation of protein have 
already been obtained with these tools, which hold promise 
for the future of the whole class in general and for casein 
plastic material in particular.

M anufacture
Casein plastic is the result of a reaction between casein 

and formaldehyde. The commercial possibilities of the 
hornlike product of this reaction were first appreciated 
about 1897 by Adolf Spitteler (SI, So), a German chemist. 
Through the early years of development considerable trouble 
was encountered chiefly because of the extremely clumsy 
process of production. This process consisted essentially of 
dispersing the casein in an aqueous solution of some alkali, 
coagulating the dispersion with an acid or an acid salt, press
ing the wet curd into plates, and soaking these plates in 
formaldehyde solution until they harden. Throughout this 
period the industry was entirely controlled by the German- 
French firm, Internationale Galalith-Gesellschaft Hoff & 
Compagnie, located a t Harburg, Germany, and the product 
was called "G alalith” , meaning milkstone. This firm is still 
in business and is probably the largest casein plastics manu
facturer in the ■world. Its  product is so well known by the 
trade th a t Galalith has practically become a generic term 
applied to all casein plastic material.

1 A cooperative organisation participated in  by the Bureaus of Agricul
tu ra l Chem istry end Engineering and of P lan t Industry  of the  United States 
D epartm ent of Agriculture, and the A gricultural Experim ent Stations of the 
N orth  C entral S tates of Illinois, Indiana, Iowa, Kansas, M ichigan, M inne
sota, Missouri, Nebraska, N orth D akota, Ohio, South D akota, and Wis
consin.
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1933.

>. Regional Soybean Industrial Products Laboratory, Urbana, 111.1

During or shortly after the World War, it was found tha t 
rennet casein could be satisfactorily plasticized by heat and 
pressure if the total moisture content was about 40 per cent. 
The powdered casein used was dry, as far as appearance and 
methods of handling were concerned, and the process was 
consequently known as the dry process. The Erinoid Com
pany of England (1, 10), so named because of large Irish 
interests, after experimenting unsuccessfully with the wet 
process for a number of years finally succeeded with the dry 
process in making a product which is still the leading British 
casein plastic material today.

The first American casein plastic material was Aladdinitc, 
followed by Karolith, Kyloid, Inda, and finally by American 
Erinoid. These were all satisfactory, as far as the products 
were concerned, bu t were not established on a profitable 
economic basis in this country. There are two principal 
reasons for this failure: (a) The climatic conditions in
America are different from those in Europe, and as a result, 
casein plastic material must be restricted to buttons, buckles, 
and other small objects. (b) The process of manufacture 
is long and expensive, the material itself is not adapted to 
fabrication on automatic machines, and there is no profitable 
outlet for the large proportion of waste. Accordingly, 
Karolith, the Erinoid Company of America, and Pan-Plastics 
merged in 1931 to form the American Plastics Corporation. 
Their product, Ameroid, is the only casein plastic material 
of domestic origin available today.

The dry process for the manufacture of casein plastic 
material, as previously indicated, is based upon the plasticiza
tion of casein powder, containing about 40 per cent total 
moisture, by the simultaneous action of heat and pressure 
(SO). These are usually applied in screw cylinder presses, 
such as are used in the rubber industry for the extrusion of 
rods. The soft plastic is extruded as rods or tubes, depending 
on the mandrel used. If sheets are required, the rods are 
flattened out in hydraulic presses to fill frames of the required 
size. Button blanks may be sliced from the rods or punched 
from the sheets. Dyestuff or fillers, as desired, are introduced 
with the water before plasticization. Mottled or streaked 
effects are produced by mixing small pieces or “buttons” of 
previously formed soft plastic (16) of the desired color into 
the powder before extrusion. The rods and sheets of soft 
plastic must be hardened by immersion in a bath of aqueous 
formaldehyde solution of about 4 per cent concentration for a 
period of about 3 weeks to 6  months, depending upon the 
thickness of the material. After hardening, the material 
must be dried to the normal moisture content of 8  to 1 2  per 
cent. The drying process requires about the same length of 
time as the hardening. Obviously such a course of manufac-
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ture ties up an inordinate am ount of material in process, and 
hence in capital, and is expensive without counting the amount 
of material lost as a result of spontaneous fractures.

B uttons from  Plastics
The American button manufacturers have found a way to 

overcome most of these difficulties, and they m ust be given 
credit for building up a business which produces about 4000 
tons of casein plastic buttons and buckles annually. They 
have accomplished this by the simple, nontechnical, common- 
sense move of combining the button factory and the casein 
plastics plant, with the result th a t wraste is largely eliminated, 
and the partially fabricated button is thin enough to harden 
and season so rapidly th a t the cycle of production has been 
reduced to  about a week. The annual domestic production of 
casein plastics finished as sheets and rods has dropped to 
about 50 tons, with a negligible am ount imported.

George Morrell, a  button manufacturer, bought the strug
gling Kyloid p lant in 1928 and joined it directly to his button 
factory. The following year, Christensen, who had de
veloped Aladdinite, found th a t alum (8) mixed directly with 
the water before extrusion, partially hardened the casein so 
th a t rods extruded from this mixture could be turned in 
automatic screw machines much more satisfactorily than 
either the soft plastic or the formaldehyde-hardened casein 
plastic. He formed the B utton Corporation of America about 
1931 to produce buttons by this process and discontinued the

manufacture of Aladdinite. The buttons turned to shape, 
either by autom atic machines from blanks sliced from the cold 
soft plastic (17) or directly from alum casein rods, harden 
in formaldehyde in a few days. Although these and other 
concerns follow the plan of uniting the button factory directly 
to a casein plastics plant, the smaller operators buy hardened 
button  blanks of Ameroid. These cannot be used as effi
ciently as the soft plastic but are much better than sheets or 
rods, from ■which the waste is sometimes as high as 50 per 
cent. Some mention has been made of buttons molded to 
shape from soft plastic in sheets connected by thin fins (2). 
Buttons which have been molded can be punched out and 
hardened in formaldehyde in the same manner as those 
turned. In  either case there is no waste, as the turnings or 
fins of soft or alum casein can be reworked, and the time of 
hardening is a m atter of a few days.

After hardening, the buttons are drilled in automatic 
machines and polished by treatm ent with a hot sodium or 
calcium hypochlorite solution. This so-called chemical or 
dip polish (8 , 24) really produces a surface glaze w’hich, it is 
claimed, also renders the material more water resistant. 
The buttons are usually given a final short tumbling with wax 
and wooden pegs, and they are then ready for grading and 
shipping.

Technical Im provem ents
Technically, the attem pts to improve the 

process of manufacture of casein plastic ma
terial have followed two lines— namely, shorten
ing the time of hardening by the incorporation 
of a  salt such as ammonium chloride (12) or 
thiocyanate (11) in the powder before extru
sion, and substitution of a  dorm ant hardening 

^  agent for the formaldehyde bath. These latter
[ A  agents have usually taken the form of trioxy-

methylene (15), hexamethylenetetramine (3), 
or repressing agents such as formamide (9), 
dicyandiamide (19), hydroaromatic alcohols or 
ketones (22) w ith formaldehyde. The object 
of all of these attem pts was to permit the
plastic to flow to shape and then have the
hardening agent become active and harden the

protein material. So far as can be determined, none of these 
experiments was sufficiently successful to w arrant a com
mercial development.

Recently it  has been found possible to produce a thermo
plastic formaldehyde-hardened protein material (5) th a t may 
be formed to shape under the influence of heat and pressure
and come finished from the die. The protein powder is
treated with 40 per cent formaldehyde solution so adjusted 
with alkali th a t the pH  of the equilibrium solution over the 
protein will be th a t of the isoelectric point of the protein. 
The excess formaldehyde is washed out with wrater and the 
formaldehyde-protein powder dried to normal moisture con
ten t or less. The moisture content may be reduced to 5 per 
cent or less, and a plasticizer, such as ethylene glycol (6), 
ethylene cyanohydrin, glycerol, etc., added.

Acid casein rather than rennet casein was found to give 
the best products by this treatm ent, the degree of hydrolysis 
appearing to  affect the water absorption inversely (4). In 
every case, even when up to 2 0  per cent ethylene glycol was 
used as a plasticizer, the water absorption of this thermoplastic 
formaldehyde-hardened protein material was found to be 
less than the water absorption of casein plastic material pre
pared by the usual dry process which was IS to 25 per cent. 
Acid casein hardened with formaldehyde and molded with 
15 per cent moisture present gave a water absorption of 
approximately 10  per cent, while tha t with a moisture content 
of about 5 per cent and ethylene glycol content of 15 per
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cent gave about 15 per cent water absorption. The length 
of all tests was 24 hours.

This development is not of as great commercial importance 
as it would have been ten years or so ago. As the plastics 
industry is operated today, the only thermoplastic material 
of any interest or importance must lend itself to application 
of injection molding. In this process the plastic is heated 
considerably above its yield point and then forced into com
paratively cool dies where it sets almost immediately and can 
be discharged. A cycle of two discharges per minute is 
not a t all unusual for injection molding machines. Thermo
plastic formaldehyde-hardened casein material is not suf
ficiently fluid to work in an injection machine, and to date a 
plasticizer has not been found th a t will render it applicable. 
Here is a field of worth while research and one tha t promises 
an ample reward for successful efforts. The material prin
cipally used in injection dies a t the present time is cellulose 
acetate plastic, selling a t about 80 cents per pound. Casein 
plastics could compete very favorably as far as color range is 
concerned. In  case a plasticizer could be discovered that 
would also improve the water resistance, casein plastics 
might well be brought to a practical comparative basis for 
most applications, and applications not as yet considered 
would be possible because of the cheaper material.

T herm osetting  Com pounds
The other type of plastic material of commercial importance 

is the thermosetting, such as molding compounds with phe
nolic or urea resin bases. Pieces molded from thermosetting 
powders may be removed from the hot die w ithout chilling. 
M any attem pts have been made to combine casein with 
phenolic (IS, 23) or urea (IS) resinous molding compounds, 
largely in the capacity of filler material. There is, however, 
only one well-known instance of such a combination having 
a successful commercial application—namely, tha t of an 
automobile manufacturer who uses soybean meal (1J)) in a 
phenolic molding mixture primarily for gearshift knobs and 
horn buttons. Recent experiments, the results of which have 
no t yet been published, indicate, however, tha t the thermo
plastic formaldehyde-hardened protein may be modified 
advantageously with either phenolic or urea resins to produce 
thermosetting molding powders of considerable potential 
commercial interest. Mixtures of 50 per cent formaldehyde- 
hardened protein (7) with a moisture content of 3 per cent 
or less, compounded with 25 per cent phenolic resin and 25 
per cent wood flour may be pressed a t 330° F. and 2000 
pounds per square inch into unit pieces having good strength 
and closely resembling the regular phenolic material in ap
pearance, except th a t they are more translucent. A good 
range of colors is possible, but they have not as yet been 
tested for light fastness. The water absorption which is 
about 3 per cent in 48 hours of immersion is higher than tha t 
of the regular phenolic plastics but much less than tha t of any 
protein plastic material.

This hardened protein material mixed with an equal por
tion of urea resin in place of alpha-cellulose, commonly used 
as filler, produces a good molding powder which is also thermo
setting. The molded pieces are translucent, may be pro
duced in any color or shade except pure white, and have a 
water absorption of about 5 per cent. The pieces do not 
soften or swell in water, nor do they fracture on drying. A 
difficult chemical problem will have to be solved, however, 
before this application can have any commercial importance. 
The problem arises from the fact tha t the formaldehyde- 
hardened protein gives a definite acid reaction when sus
pended in water. Methylol ureas in water dispersion are 
set up by acid, so tha t when they are mixed with protein- 
formaldehyde, the urea resin sets up. I t  has not been possible

up to this time to neutralize the acid reaction of the hardened 
protein without the addition of so much alkali th a t the 
nature of the hardened protein has been adversely affected. 
A fundamental study of the protein-formaldehyde complex 
may be necessary before this problem can be solved.

This is only one of the problems whose solution awaits the 
fundamental investigation of casein itself and of casein com
plexes such as casein-formaldehyde. The industry has been 
seriously handicapped by the lack of fundamental information 
without which it is practically impossible to make intelligent 
application. Industry itself can do little to remedy this 
condition since industrial research must show a tangible 
return on money invested and, although fundamental re
search almost invariably pays a big dividend in the long run, 
there are few industrial concerns willing to support ade
quately the long-term and uncertain program tha t will be 
necessary to make even a good sta rt in solving these prob
lems.

However, the time appears to be ripe to undertake this 
work seriously. As mentioned before, the new tools avail
able, such as the x-ray, infrared ray, ultracentrifuge, and 
monomolecular film technique, have stimulated interest in 
the investigation of protein structure probably to the greatest 
extent in history'. If the industrial chemists will bring their 
problems to research workers in the universities, government 
laboratories, and independent agencies, if they will watch 
carefully the results of the investigations underway a t these 
laboratories, and if they will apply the knowledge gained to 
their own practical problems, some of these problems will 
soon be solved.

To summarize, the casein plastic industry has been seri
ously handicapped by the lack of fundamental information in 
the past. This is no longer necessary. Interest in the 
fundamental structure and properties of proteins has been 
aroused and much work has been and will be done along this 
line. The fundamental research worker and the practical 
industrial chemist or chemical engineer have their work cut 
out. If they' will coordinate their work and ideas, casein 
plastic material may yet earn a place among the major plastic 
materials.
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Aldehyde-Nitr opar affin 

C ondensation
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A lthough th e  aldchyde-nitroparaffin  con
densation  to  give nitroalcohols has been 
know n for over forty  years, m any of the  
sim ple a liphatic  nitroalcohols had  n o t been 
prepared u n til  th is  investigation was 
undertaken . R ecent developm ents in  
vapor-pliase n itra tio n  have m ade th e  lower 
aliphatic  n itroparaflins available (3). By 
m eans of condensations of niLroethane, the  
nitropropanes, and  th e  n itrobu tanes  w ith  
form aldehyde, acctaldeliydc, and b u ty ra l-

dehyde, respectively, a nu m b er of m ono- 
hydric  and dihydric alcohols have been 
prepared. Typical acetates of these alco
hols have been synthesized. R eduction of 
the  nitroalcohols gives the  corresponding 
am inoalcoliols. T he physical and  chem i
cal properties of th e  various com pounds 
prepared are given. C ertain  theoretical 
aspects of th e ir  p reparation  are discussed. 
Some possible com m ercial uses are sug
gested.

V ICTOR M EYER, the discoverer of the nitroparaflins, 
recognized th a t the hydrogen atoms attached to  the 
nitro-bound carbon atom of primary or secondary nitro- 

paraffins had properties different from those attached to other 
carbon atoms in the nitroparaffin molecule. However, it was 
not until twenty-three years later th a t Henry (4) discovered 
th a t nitroalcohols could be prepared from nitroparaflins by 
condensation with aliphatic aldehydes. From 1895 to  1902 
Henry and his co-workers—Maas, Mousset, Pauwels, and 
Shaw—prepared a number of nitroalcohols by condensing 
aldehydes with nitroparaflins. They studied some of the 
properties and prepared a few derivatives. However, the 
literature is incomplete and in some cases conflicting relative 
to  the preparation and properties of the nitroalcohols which 
may be obtained from the lower nitroparaflins and the more 
common aliphatic aldehydes.

In order to make a  systematic study of this condensation 
reaction, nitroethane, 1-nitropropane, 2 -nitropropane, 1-ni- 
trobutane, 2 -nitrobutane, and 2 -m ethyl-l-nitropropane were 
condensed with formaldehyde, acetaldehyde, and butyraldé
hyde, respectively. N itromethane was omitted because it 
had previously been studied thoroughly (4, 7). The six ni- 
troparaffins employed can readily be obtained by vapor- 
phase nitration of the corresponding hydrocarbons (3). The 
three aldehydes used are inexpensive articles of commerce.

M ethods of P reparing  N itroalcohols
The general reaction for the aldehyde-nitroparaflin con

densation is as follows:

NO,

R—è—H + R'CHO • 

R'

NO,

R—C—CHOII—R ' 
I

R '

In  case the nitroparaffin is primary and the aldehyde is form
aldehyde, two molecules of aldehyde react:

RCH,NO, +  2HCHO ■

NO,

R— CH,OH 

¿H,OH

Unlike most aldehyde condensations, the aldehyde-nitro- 
paraffin reaction does not occur unless the mixture is definitely 
alkaline. In  order to  obtain good yields of the nitroalcohols, 
aldol and polymer formation from the aldehydes employed 
had to be kept to  a minimum. Since alkaline reagents are also 
catalysts for the formation of these la tte r substances, i t  was 
necessary to adopt experimental conditions unfavorable to 
their formation. Another undesirable reaction which may 
occur during the aldehyde-nitroparaflin reaction and recovery 
of the product, is the formation of nitroolefins and their poly
mers. A nitroalcohol derived from a primary nitroparaffin 
may split off water to form the corresponding nitroôlefin:

RCHNO2CHOHR' RCNO*=CHR' +  H ,0

When nitroalcohols are prepared from aromatic aldehydes, 
this type of reaction is difficult to avoid (S). When nitro
alcohols are prepared from aliphatic aldehydes and primary 
nitroparaflins, the formation of nitroolefins may be avoided 
completely by not using elevated tem peratures until the re
action mixture has been neutralized. Nitroolefins are par
ticularly undesirable since they are strong lachrymators and 
polymerize to  highly colored products. By following the 
rules of procedure listed, the formation of aldols, nitroolefins, 
and polymers is kept to a  minimum :

1. Use the minimum concentration of catalyst to obtain a 
reasonable reaction velocity.

2. Keep the reaction mixture homogeneous at all times, pref
erably by maintaining one phase.

1 This is the  n in th  in a  series on th e  subject of syntheses from n a tu ra l 
g a s  hydrocarbons. T he others appeared in 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 : 2 3 ,  352 (1931); 2 7 ,  1190 (1935); 2 8 ,  333, 339, 1178 (1936); 
2 9 ,  1335 (1937); 3 0 ,  67 (1938); 3 1 ,  118 (1939).

* P resent address. S tandard  Oil D evelopm ent Com pany, E lizabeth, N . J.
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3. Regulate the temperature to a practical minimum.
4. Maintain a molal excess of the nitroparaffin at all times.
5. Remove the alkaline catalyst quantitatively before work

ing up the reaction mixture.

The pure nitroparaffins used in the various syntheses were 
obtained by careful rectification of the crude nitration prod
ucts of propane or one of the butanes. 1-Nitropropane, 1- 
nitrobutane, 2 -nitrobutane, and 2-methyl-l-ni.ropropane were 
obtained from the nitration products of the corresponding 
hydrocarbons. In  the nitration of propane, both nitroethane 
and 2-nitropropane are formed along with nitromethane and
1-nitropropane (3). However, as nitroethane and 2-nitro- 
propane distill so closely (113° and 118° C., respectively), it 
was not practical to try  to obtain either of these two nitro
paraffins in a pure state from this mixture. Nitromethane, 
nitroethane, 1-nitropropane, 2 -nitrobutane, and 1-nitrobu- 
tane are formed when nitrating n-butane. Pure nitroethane 
was easily obtained from this mixture. In  the nitration of 
isobutane, 2 -nitropropane is formed with no nitroethane so 
th a t the nitration product from this hydrocarbon was used 
for the isolation of pure 2 -nitropropane.

The formaldehyde employed was Mallinckrodt’s U. S. P. 
grade. The acetaldehyde and butyraldehyde were commer
cial products which were carefully rectified. Each was 
freshly distilled prior to use in order to free the aldehyde from 
any aldol and/or oxidation products.

The following examples illustrate the technique employed 
in the preparation of the mono- and dihydric nitroalcohols:

5 -N it r o -4 -o c t a n o l . In to  a 500-cc. three-neck flask were 
placed 206 grams of 1-nitrobutane (2 moles), 100 cc. of 95 per 
cent alcohol, and 4 cc. of 10 N  sodium hydroxide solution. 
One hundred and forty-four grams of freshly distilled butyr
aldehyde (2  moles) were added slowly to the well-agitated 
solution. Reaction temperature was maintained a t 30-35° C. 
by external cooling. When approximately two thirds of 
the butyraldehyde had been added, an additional 4 cc. of 10 N  
sodium hydroxide and 15 cc. of water were added. After 
addition of the aldehyde was complete, the solution was al
lowed to stand a t 35-38° for 4 days. The alkali was neutral
ized with an equivalent amount of hydrochloric acid and the 
mixture distilled under slightly reduced pressure. A small 
am ount of unreacted butyraldehyde distilled with the ethyl 
alcohol followed by a little 1-nitrobutane and higher boiling 
impurities. The pressure was finally reduced to 5 mm. and 
the 5-nitro-4-octanol distilled. I t  was obtained as a pale 
yellow liquid. The yield was 310 grams (88.5 per cent of 
theory, based upon the 1-nitrobutane and the butyraldehyde 
employed).

2 -E thy l-2 -n itro -1 ,3 - p r o p a n e d i o l . Into a 500-cc. three- 
neck flask were placed 35.6 grams of 1-nitropropane (0.4 mole) 
and 0.1 gram of hydrated lime. Sixty-four grams of 37.5 per 
cent formalin solution (0 .8  mole of formaldehyde) were added 
dropwise to the well-stirred mixture. During the addition 
the temperature rose to 30° C. and was prevented from going 
higher by external cooling with tap water. On addition of 
approximately half of the formalin, the contents of the flask 
became one phase. After addition was complete and the exo
thermic reaction had subsided, the solution was allowed to 
stand a t room temperature for 43 hours. Carbon dioxide in 
very slight excess was added and the calcium carbonate re
moved by means of a  Filter-Cel suction filter. The precipi
ta te  was washed with 5  cc. of water, and the combined filtrate 
and washings were evaporated a t  200 mm. The residue was 
finally heated to 90° a t 20 mm. in a water bath. The molten 
product which remained in the distilling flask solidified on 
cooling. Yield was 59.4 grams of 2-ethyl-2-nitro-l,3-pro- 
panediol, of 98-99 per cent purity, practically a theoretical 
yield.

Purification and  Properties of Nitroalcohols
The four nitroglycols (from the four primary nitroparaffins 

employed), 2 -methyl-2 -nitro-l-propanol, and 2 -methyl-3 - 
nitro-4-heptanol are solids a t room temperature. The nitro
glycols were obtained as solid residues on evaporation of their 
mother liquors and subsequent cooling. They were 95-99 
per cent pure as obtained. Their chief impurities were para
formaldehyde and the corresponding monohydric nitroalco
hols. They were purified by crystallization from a hot ben- 
zene-butanol solution and from water. The two solid mono
hydric alcohols may be purified by vacuum distillation and/or 
crystallization. A naphtha and benzene solution was used 
for crystallizing 2 -methyl-2 -nitro-l-propanol, and naphtha 
for 2-methyl-3-nitro-4-heptanol.

All the liquid nitroalcohols were colored yellow when ob
tained by vacuum distillation of the reaction mixture. They 
were aerated a t 75-100° C. for about half an hour in order to 
hasten the polymerization of any unsaturates and then were 
washed with saturated sodium bisulfite solution to remove any 
aldehydes. Subsequent fractionation through a modified 
Podbielniak column a t 10 mm. sufficed to convert them to 
colorless or nearly colorless products.

The solids are all white crystalline substances whose crys
tals suggest those of inorganic salts. The liquids are some
what viscous and have a faint but rather sharp odor. All the 
dihydric nitroalcohols and those monohydric nitroalcohols 
containing less than seven carbon atoms are quite soluble in 
water. The former are insoluble in nonbenzenoid hydro
carbons as are the monohydric nitroalcohols containing less 
than six carbon atoms. All of these nitroalcohols are stable 
up to 100° C. but unstable a t temperatures of 150° or above. 
They have chemical properties characteristic of aliphatic al
cohols and nitroparaffins. Their chemical activity varies 
with the individual compounds. Table I  summarizes some 
of their physical constants.

Am inoalcohols from  Nitroalcohols
Nitroalcohols may be reduced to the corresponding amino

alcohols. Piloty and Ruff (12) reduced 2-methyl-2-nitro-l ,3- 
propanediol with tin and hydrochloric acid to obtain impure
2-amino-2-methyl-l,3-propanediol. Their product melted 
a t 60-95° C. Henry (6 ) used iron and acetic acid for reduo- 
ing some of the nitroalcohols which he had prepared to the 
corresponding amino compounds. In all cases yields were low 
when metals were used in acids for such reductions. Mont- 
mollin and Achermann (9) state th a t this is due to the “ fra
gility” of the aminoalcohols. They obtained a 50 per cent 
yield of l-amino-2 -butanol when l-nitro-2 -butanol was re
duced with aluminum amalgam in alcohol.

I t  is believed th a t Schmidt and Wilkendorf (IS) are the 
only investigators who previously had used catalytic hydro
genation for preparing aminoalcohols from nitroalcohols. 
They employed palladium as catalyst in an oxalic acid solu
tion. They state th a t poor results are obtained when using 
neutral or alkaline solution.

The four nitroglycols cited in Table I  were catalytically 
hydrogenated over Raney nickel (I) in collaboration with K. 
Johnson.’ When pure, these dihydric aminoalcohols are 
solids a t  room temperature and cannot be distilled a t atmos
pheric pressure without decomposition. They were ob
tained as viscous yellow sirups or gray-yellow solids. 2 - 
Amino-2-methyl-l,3-propanediol was purified by crystalliza
tion from acetone. I t  was very difficult to get 2-amino-2- 
ethyl-1,3-propanediol as a  solid. The crude reduction prod
uct was distilled a t 1 mm. with slight decomposition. The 
distillate was placed in a refrigerator, and 23 days passed be-

* T h is  process w ill be  described  in  d e ta il in  a  la te r  p a p e r  to  b e  p u b lish e d  
from  th is  la b o ra to ry
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T a b l e  I .  P h y s i c a l  C o n s t a n t s  o f  N i t r o a l c o h o l s

N itroa lcoho l
2 -N  itro - l-p ro p a n o l
3 -N itro -2 -o u ta n o l 
2 -N itro -3 -h ex a n o l
2 -N itro - l -b u ta n o l
3 -N itro -2 -p c n ta n o .
3 -N itro -4 -h c p ta n o l
2 -M c th y l-2 -n itro - l-p ro p a n o l
3 -M e th y l-3 -n itro -2 -b u ta n o l 
2 -M e th y l-2 -n itro -3 -h ex a n o l
2 -N itro - l-p e n ta n o l
3 -N itro -2 -liex an o l 
5 -N itro -4 -o c tan o l
2 -M e th y l-2 -n itro - l-b u ta n o l
3 -M e th y l-3 -n itro -2 -p e n ta n o l 
3 -M eth y l-3 -n itro -4 -h e p ta n o l
3 -M e th y l-2 -u itro - l-b u ta n o l
4 -M e th y l-3 -n itro -2 -p en tan o l 
2 -M e th y l-3 -n itro -4 -h ep tan o l 
2 -M e th y l-3 -n itro -4 -h e p ta n o i (stereo isom er) 
2 -M e th y l-2 -n itro - l,3 -p ro p a n e d io l 
2 -E th y l-2 -n itro - l  ,3 -p ropaned io l 
2 -N itro -2 -p ro p y l- l ,3 -p ropaned io l 
2 -N itro -2 -iso p ro p y l-l ,2 -p ro p an ed io l
2 -A m in o -2 -e tn y l-l ,3 -p ropaned io l 
2-A m in o -2 -p ro p y l-1 ,3 -p ropaned io l 
2 -A m ino -2 -isop ropy l-l, 3 -p ropaned io l

°  M e ltin g  p o in t.

B . P . a t Specific R e frac tiv e
TJ 1 f 10 M m ., G ra v ity , In d ex , Of \ 7 i  irr.■ A ICpUlCU

N itro p a ra ffin A ldehyde ° C . d r „ 2 0n D T h e o re tic a l F o u n d

E tN O , H C H O 99 1.1841 1 .4379
E tN O * C H aC H O 92 1 .1296 1 .4420
E tN O i CaHaCHO 108 1 .0575 1 .4480 9 '¿ 2 42,‘ 9.’ 45
1-PrN O a H C H O 105 1 .1332 1 .4390
1 -P rN O j C H aC H O 100 1 .0818 1 .4419
1 -P rN O i CaHaCHO 115 1 .0275 1 .4460 8 .7 0 8! 65, 8! 72
2 -P rN O , H C H O 8 9 .5 -9 0 °
2 -P rN O : C H aC H O 90 1ÜÖ21 1 .4469 10 .53 1CL58, i6 !7 2
2 -P rN O i CaH aCH O 109 1 .0405 1 .4499 8 .7 0 8 .5 5 ,8 .6 9
1-B uN O i H C H O 117 1 .0818 1 .4405
1-B uN O j C H aC H O 112 1.0487 1 .4438
1-B uN O i CaHaCHO 124 1 .0394 1 .4463 8.Ö 0 7 \8 i,* 7 \9 4
2-B uN O i H C H O 98 1 .1047 1 .4 4 6 8 10 .5 3 1 0 .5 1 ,1 0 .5 3
2 -B uN O , C H aC H O 100 1 .1157 1 .4518 9 .5 2 9 .3 9 ,9 .4 2
2-B uN O , CaH aCH O 119 1 .0281 1 .4532 8 .0 0 7 .8 1 ,7 .9 3
1 -Iso -B uN O i H C H O 111 1 .0886 1 .4430
1 -Iso-B u N(>2 C H aC H O 9 6 -9 8 1 .0599 1 .4477
1 -Iso -B uN O , C aH aCH O 111 1 .0140 1 .4485 8.’00 7 .9 8 ,8 .1 1
1 -Iso -B uN O , CaH aCH O 121 (53°) 8 .0 0 7 .9 1 ,8 .1 2
E tN O , 2 H C H O 149-150°
1 -P rN O , 2H C H O 56°
1 -B uN O , 2H C H O 8 1 -8 1 .5 °
1 -Iso -B uN O i 2 H C H O 87 -8 8 °

l i . 7 6 1 1 .5 6 ,1 1 .6 9  
10 .25 , 10 .3 21 0 .5 2

1 0 .5 2 1 0 .3 5 , 1 0 .3 8

fore i t  solidified to a waxlike solid. A portion of this was then 
crystallized from butanol-toluene solution several times. I t  
was necessary to  cool to  0° C. and seed in order to obtain crys
tallization. Due to the amorphous nature of this product the 
last of the solvents could not be expelled by drying so th a t 
the recrystallized m aterial was again distilled under vacuum to 
remove the last of the solvents. The liquid distillate was 
solidified by seeding and was used as such for analysis and 
determination of melting point. 2 -Amino-2 -propyl-l,3-pro
panediol was obtained pure by distillation a t 1 mm. 2 - 
Amino-2-isopropyl-l ,3-propanediol crystallized nicely from 
benzene-butanol solution.

The dihydric aminoalcohols are all solids a t  room tempera
ture and have a mild amine odor. They are much more stable 
thermally than are the corresponding nitroalcohols. They 
are stable toward strong alkalies a t ordinary temperatures 
and form salts with acids.

The melting points of these aminoalcohols (in ° C.) are as 
follows:

2 -A m in o -2 -m eth y l-l, 3 -p ropaned io l 108-109
2 -A m ino -2 -e thy l-l ,3 -p ropaned io l 3 7 .5 -3 8 .5
2 -A m ino-2-propy l-l ,3 -p ropaned io l 58
2 -A m ino -2 -isop ropy l-l,3 -p ropaned io l 74

Acetates of N itroalcohols
The only organic esters of these nitroalcohols which had 

been prepared previous to this investigation were the ace
tates of 2-nitro-l-butanol and 3-methyl-2-nitro-l-butanol. 
The former was prepared by Pauwels (11) from acetic anhy
dride and the corresponding alcohol and is described as a 
yellow' liquid having a penetrating odor, as being easy to  sa
ponify, and as having a boiling point of 130° C. a t 35 mm. 
The latter wras prepared by Shaw' (15), and its boiling point 
is given as 159-168° C. (38 mm.).

In  order to observe the general properties of such com
pounds, the acetates of four typical nitroalcohols were pre
pared. Those esterified wrere:

2-Nitro-l-butanol, a  primary alcohol whose nitro group is a t
tached to a secondary carbon atom.

2-M ethyl-2-nitro-l-butanol, a primary alcohol whose nitro 
group is attached to  a  tertiary carbon atom.

3-Nitro-2-butanol, a  secondary nitroalcohol.
2-Ethyl-2-nitro-l,3-propanediol, a  typical nitroglycol.

The standard procedure for preparing acetates from acetic 
anhydride was followed in the preparation of these esters. 
They were washed only with water prior to  distillation.

Nearly theoretical yields were obtained. The esters were 
further purified by rectification a t 10  mm.

These acetates are all clear, colorless liquids with a faint, 
slightly m ustardlike odor. Those from the monohydric al
cohols are less viscous than the alcohols from which they are 
derived. All are less than one per cent soluble in water. 
They are therm ally stable a t 95° C., b u t a t 150° the acetates 
of 2-nitro-l-butanol and 3-nitro-2-butanoI became discolored 
within 5 hours; those of 2-methyl-2-nitro-l-butanol and 2- 
ethyl-2 -nitro-l,3-propanediol showed no change after being 
heated a t 150° C. for 16 hours. Similarly, the two esters in 
which the nitro group is attached to a tertiary  carbon atom —
i. e., the acetates of 2-methyl-2 -nitro-l-butanol and 2 -ethyl-
2 -nitro-l,3-propanediol—are very stable toward mild hydro
lytic agents. However, the two acetates in which the nitro 
group is attached to  a secondary carbon atom  are very reac
tive toward all hydrolytic agents. I t  was found th a t boiling 
water rapidly decomposed the acetates of 2 -nitro-l-butanol 
and 3-nitro-2-butanol. Sodium bicarbonate (0.1 N )  decom
poses such compounds and liberates the corresponding nitro- 
olefin and sodium acetate:

R  R '

H — OCOCH,  +  NaHCO, —

¿ 0 ,H
R R '

U  +  CH,COONa + H 20  +  C 0 2

n o 2I h

Thus the instability of such esters is not a m atter of hydroly
sis but is rather a cleavage of the ester molecule. The com
mon physical constants of these esters are as follows:

B P  a t  Specific R e frac tiv e  
10* M m ., G ra v ity , In d ex ,

0 C . d j 5 n 2D°

A ce ta te  of 2 -n itro - l-b u ta n o l 103 1 .1164  1 .4287
A ce ta te  of 3 -n itro -2 -b u tan o l 103 1 .1 0 8 9  1 .4281
A ce ta te  of 2 -m e th y l-2 -n itro - l-b u ta n o l 109 1 .0 9 3 2  1 .4 3 5 0
D ia c e ta te  of 2 -e th y i-2 -n itro -l ,3 -p ro p an ed io l 157 1 .1 7 1 8  1 .4444

Identification of New' Com pounds
In  all of the aldehyde-nitroparaffin condensations carried 

out, the normal course of reaction as reported by Henry and
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others evidently occurred. In  no case did rearrangement take 
place. Those compounds described above which had not 
previously been reported were identified by analyses.

The monohydric nitroalcohols were analyzed for nitrogen 
by the method of Dumas. Some difficulty was encountered 
owing to the tendency of the sample to oxidize too rapidly in 
the combustion furnace and thus to give results which were 
too high. This difficulty was overcome by mixing the sample 
with a fifty-fifty mixture of copper oxide and calcium car
bonate rather than with pure copper oxide. The dihydric 
nitroalcohols were analyzed for nitrogen by reducing to amino 
compounds, followed by regular Kjeldahl analysis. A 0.35- 
gram sample of nitroalcohol, 0.75 gram of aluminum dust, 
and 8  mg. of mercuric chloride were heated in dilute sulfuric 
acid in a Kjeldahl flask on the steam bath. After reduction 
was complete, the acid was concentrated by boiling, and the 
regular Kjeldahl digestion and analysis were carried out. 
The monohydric nitroalcohols gave low results by this 
method. The aminoalcohols were analyzed for nitrogen by 
the Kjeldahl method. The acetates were analyzed for nitro
gen by the Dumas method. Table I  summarizes the analy
ses of new compounds.

S lereoisom crism
Optical stereoisomers are possible for all the monohydric 

nitroalcohols prepared with the exception of 2 -methyl-2-nitro-
1-propanol. Any nitroalcohol obtained from an aldehyde 
higher than formaldehyde and a primary nitroparaffin other 
than nitromethane, gives a compound of the following type 
formula:

R

H H

,—i —C—R ' 
I I 

o 2n  o h

Regardless of whether R  and R ' are alike or not, such a  mole
cule contains two asymmetric carbon atoms. Furthermore, 
the molecule is unsymmetrical. By means of the formula

N  = 2 »
where N  — number of stereoisomers

n =  number of asymmetric carbon atoms

one can predict two dextro and two levo forms—i. e., two ra- 
cemic isomers. They are represented by the following pro
jection formulas:

R

H—C—N 0 2

HO—C—II 
I

R '

R

H—i —N0 2

- ¿ —OH

and
R
i

o 2n —c —h

I—¿ —OHH-
(1)

R '

and

II-

R '

R

O.N—¿ —II 

HO—¿ —H
I

R '

(2)

These racemic forms should possess somewhat different physi
cal properties. They would be optically inactive, but each 
could be divided into its respective dextro and levo forms by 
the known methods. Likewise a nitroalcohol derived from 
an unsymmetrical secondary nitroparaffin and an aldehyde 
other than formaldehyde can exist as two optically inactive 
isomers—e. g., 3 -methyl-3-nitro-2-pentanol.

From the properties of most of the nitroalcohols prepared 
which contain two asymmetric carbon atoms, it was apparent

th a t only one of the racemic isomers was formed or tha t the 
two had nearly identical boiling points. However, the two 
nitroalcohols derived from 2 -methyl-l-nitropropane and acet- 
aldehyde and butyraldéhyde, respectively, were exceptions. 
Both of these compounds distilled over a  definite boiling 
range. T hat from butyraldéhyde and 2-methyl-l-nitropro- 
pane had a sufficiently wide boiling range so th a t the two iso
mers could be separated to a large degree by careful rectifica
tion. One of these proved to be a solid a t ordinary tempera
ture which greatly facilitated further separation.

The condensation product of two moles of 2-methyl-l-nitro
propane and two moles of butyraldéhyde was carefully frac
tionated a t 10 mm. Approximately 60 per cent of the 2 - 
methyl-3-nitro-4-heptanol was obtained a t about 111° C., and 
40 per cent distilled close to 121°. The former was further 
purified by refractionation and the la tter by crystallization 
from pentane. A portion of each was reduced to  the corre
sponding aminoalcohols, and they were found to have different 
physical constants. The acetates were also prepared and 
were found to be different. The analytical data showed both 
of the compounds to have the composition of 2-methyl-3- 
nitro-4-heptanol:

Solid Isom er L iq u id  Isom er
N itrogen  b y  D u inas  m e th o d  ( th e o ry  8.00), %  7 .9 1 ,8 .1 2
N itrogen  of ac e ta te  b y  D u m as  ( th e o ry  6.45), %  6 .4 1 , 6 .5 1  
N itrogen  of am inoalcoho l b y  t i t r a t io n  (th e o ry

9.65), %  9 .2 6
M oiecu lar w eight ( th e o ry  175.1) 177 .3
Boiling p o in t a t  10 m m ., ° C . 121
M elting  p o in t, 0 C . 53
Boiling p o in t of ac e ta te  a t  10 m m ., ° C . 12 2 .5

7 .9 8 , 8 .11  
6 .3 9 ,6 .4 5

9 .3 6
175.1
111

128 ‘ ‘

Discussion
Aliphatic aldehydes undergo several condensation reactions 

other than those with nitroparaffins. The addition com
pounds with sodium bisulfite, ammonia, and hydrogen cya
nide are well known. As previously stated, the nitroparaffins, 
unlike the compounds mentioned above, do not spontane
ously condense with aldehydes, but the reaction must be pro
moted by a definite type of catalyst. Previous investigators 
used a variety of alkaline catalysts, including alkali carbon
ates and hydroxides, sodium methylate and ethylate, methyl- 
amine, ethylamine, amylamine, piperidine, sodium sulfite, 
sodium acetate, and borax. We have used similar catalysts 
but not ammonia, primary amines, or secondary amines be
cause of their reactivity toward aldehydes. In  addition we 
have used alkaline earth hydroxides because of their ease of 
removal a t  the end of the reaction by precipitation and filtra
tion.

The activity of the alkaline catalyst appeared to  be deter
mined to a greater degree by its pH value than  by its concen
tration. For example, nitroethane or 1-nitropropane con
densed readily with formaldehyde when catalyzed by sodium 
carbonate or sodium bicarbonate. 2-Nitropropane and form
aldehyde condensed hardly a t all in the presence of sodium 
bicarbonate and only very slowly with 3 per cent sodium car
bonate a t 30° C. On the other hand, a solution of the two 
reactants condenses readily when 0 .1  per cent of sodium hy
droxide is added. The exact action of the catalyst in this re
action is not known. I t  was found th a t pyridine, which has 
an ionization constant of 2.3 X 1 0 does not catalyze the re
action of nitroethane and acetaldehyde, whereas trimethyl- 
amine =  7.4 X 10~5) rapidly promotes this condensation 
a t 30-35° C. On the other hand, the condensation of 2-nitro- 
butane and acetaldehyde proceeds slowly in the presence of 
trimethylnrnine, and sodium hydroxide rapidly catalyzes this 
reaction a t the temperatures employed. N itromethane has 
an ionization constant of 1 X 10_ u . The rest of the nitro
paraffins are considerably less acidic, carbonic acid being ca
pable of liberating them from their salts. I t  is believed tha t
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the secondary nitroparaffins are considerably less acidic than 
the corresponding primary compounds. Judging from the 
yields of nitroalcohols obtained from these two types of nitro
paraffins, it is indicated th a t the reactivity of the nitroparaffins 
toward aldehydes varies directly with their pH. Alkalies 
convert the primary and secondary nitroparaffins to their 
corresponding nitronic salts. The fact th a t several of the 
catalysts employed will not convert the nitroparaffins to their 
salts b u t will catalyze their condensation with aldehydes in
dicates th a t salt formation of the nitroparafhn is not essential 
for the condensation reaction to proceed. In  fact, it has been 
established th a t the sodium salt of a  nitroparafRn will not 
condense with an aldehyde unless the former is primary— 
i. e., unless there is a free hydrogen atom attached to the alpha 
carbon atom. I t  was found th a t when a dihydric nitroalcohol 
is treated with a molecular equivalent of sodium hydroxide, it 
is converted to the salt of a monohydric nitroalcohol contain
ing one less carbon atom :

CHjOH

R— NO,  +  NaOH — >  R—C=NO,Na +  HCHO +  H ,0

¿H,OH kll,O H

On further treatm ent with sodium hydroxide a t  moderate 
temperatures, the monohydric alcohol does not decompose, 
and if the formaldehyde is removed and the sodium hydroxide 
neutralized, the free monohydric alcohol can be recovered. 
In  a similar manner, nitroalcohols from secondary nitroparaf- 
fins are decomposed to the original nitroparafhn and aldehyde 
by sodium hydroxide. Thus it is apparent th a t a strong al
kali will reverse the aldehyde-nitroparafhn condensation re
action and form the salt of the monohydric nitroalcohol or of 
the secondary nitroparafhn. Since a primary nitroparafhn is 
monobasic and is apparently not a stronger acid than the 
monohydric nitroalcohols derived from it, there is no tendency 
for such nitroalcohols to decompose further. This is exactly 
true only with nitroalcohols derived from formaldehyde, since 
the sodium salts of nitroalcohols derived from primary nitro
paraffins and acetaldehyde were found to give cleavage prod
ucts in aqueous solution. This is probably due to  the fact 
th a t the aldehydes which would be liberated in case of the 
reversal of the condensation reaction are partially destroyed 
by the alkali and thus shift the equilibrium in this direction.

Previous investigators have been able to condense two mole
cules of a given aldehyde with the primary nitroparaffins 
above nitromethane only when they employed formaldehyde 
{11). However, they could apparently condensé one mole
cule of any aldehyde and one molecule of formaldehyde with 
such nitroparaffins {10). N itromethane has been condensed, 
respectively, with three molecules of formaldehyde (5), two 
molecules of aldehydes higher than formaldehyde {14), and 
two molecules of formaldehyde and one molecule of a higher 
aldehyde {2).

Early in the course of this investigation it was ascertained 
th a t nitroethane, 1-nitropropane, 1-nitrobutane, and 2 - 
m ethyl-l-nitropropane will readily condense with two mole
cules of formaldehyde. However, in the case of acetaldehyde 
or butyraldéhyde only one molecule of the aldehyde condenses 
with these nitroparaffins. Use of great excesses of the alde
hydes, high concentrations of catalysts, and elevated tempera
tures did not suffice to cause any nitroglycols to  form when 
using either of these two aldehydes.

When formaldehyde is condensed with any of the four men
tioned primary nitroparaffins, the first molecule of the form
aldehyde apparently condenses more easily than the second, 
but only very slightly. We thought th a t it might be possible 
to find a catalyst which would facilitate the addition of one

molecule of formaldehyde to prim ary nitroparaffins, b u t would 
not be alkaline enough to cause the second molecule to con
dense to  form the nitroglycol. In  an attem pt to form 2-nitro-
1-butanol from equimolar quantities of 1-nitropropane and 
formaldehyde, various concentrations of sodium carbonate, 
sodium bicarbonate, trimethylamine, and pyridine were used 
as catalysts. However, in all cases considerable am ounts of
2 -ethyl-2-nitro-l,3-propanediol were formed, leaving a corre
sponding quantity  of nitropropane unreacted. The use of 
various tem peratures and times of reaction appeared to be of 
no avail. In  order to obtain a monohydric alcohol in good 
yield from a primary nitroparafRn and formaldehyde, it was 
found necessary to use approximately a 1 0 0  per cent excess of 
the nitroparafRn and to use a  strong base as catalyst. Any 
nitroglycol formed could be added to the next batch. In  the 
presence of an alkaline m aterial there is evidently an equilib
rium between the two nitroalcohols and the primary nitro- 
paraffin.

Conclusions
The primary and secondary nitroparaffins offer a convenient 

means of preparing aliphatic nitroalcohols. Owing to the 
presence of both the nitro and the hydroxy groups in the mole
cule, these compounds show promise as solvents. Their re
duction to  the corresponding aminoalcohols offers a means of 
preparing a huge number of compounds suitable for the syn
thesis of wetting agents, emulsifiers, and detergents. A large 
number of esters, ethers, and other organic chemicals can be 
prepared from these nitroalcohols. I t  is probable th a t some 
of these compounds will find their place as valuable articles 
of commerce.
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Cracking Tars and Distillates

from  Coal
GUSTAV EGLOFF, JACQUE C. MORRELL G. B. ZIMMERMAN, W. E. LEMEN

Universal Oil Products Company, Chicago, 111.

Coal tars and distillates from  them  m ay be 
cracked by the  m odern process under 
proper conditions to  produce gasoline, gas, 
and coke or fuel oil residues. Low-boiling 
phenols m ay be sim ultaneously produced 
from  higher boiling ta r  acids. Commercial 
products include finished gasoline, crcsylic 
acid, fuel oil, dom estic coke, electrode 
carbon, and  polym er gasoline. The quan 
tity  of ta r  acids produced from  any coal ta r  
fraction m ay he varied w ith in  lim its by 
changing th e  boiling range of th e  whole 
d istillate  from  the cracking u n it.

In  com parison w ith  petroleum  cracking,

greater corrosion is encountered and lower 
p lan t capacities are obtained. Som ewhat 
greater gasoline and gas yields arc obtained 
th a n  would be expected, based on the spe
cific gravity of the  cracking stocks. The 
finished gasoline has a greater healing  value 
per u n it  volume and is satisfactory in  o ther 
respects, w ith particu larly  good antiknock 
quality . T he gas is lower in m olecular 
weight and healing  value th a n  th a t  from  
petroleum  cracking, b u t by fractionation  
useful concentrations of higher olefins m ay 
he produced for chem ical derivative use or 
for the production of polym er gasoline.

I N REC EN T years 
n a t io n a l  self-suf
fic ie n c y  h a s  in 

creased the importance 
of m e th o d s  of p ro 
ducing motor fuel from 
native materials. Be
cause of its low cost, 
tremendous quantity, 
and wide distribution, 
coal has been a raw 
m a te r ia l  fo r se v e ra l 
processes in the pro
duction of motor fuel. 
In  a d d i t io n  to  th e  
m o to r  b e n z en e  o b 
tained from the light 
oil fraction in coal car
bonization, either by 
high- or low-tempera- 
ture operation, produc
tion of motor fuel as a 
m a jo r  p ro d u c t on a 
commercial scale has 
been obtained by two 
methods. T h e se  a re  
d i r e c t  hydrogenation 
of coal (3) and the 
catalytic conversion of 
w a te r  gas o b ta in e d  
from  coal to  h y d r o 
carbons by the method 
of Fischer and Tropsch 
W .

As a source of light 
motor fuel the hydro
c a rb o n s  in  th e  ta r s

T h e r m a l  C r a c k i n g  U n i t  w i t h  a  C a p a c i t y  o f  2500 B a r r e l s  o f  
C h a r g i n g  S t o c k  a  D a y
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r e s u lt in g  from  coal 
carbonization have re
ceived relatively little 
a t te n t io n ,  a l th o u g h  
they represent 4 to 5 
per cent of the coal 
charged to high-tem- 
p e r a tu re  r e to r t s  o r 
about twice this pro
portion in the low-tem- 
perature processes (9, 
13). Since most hy
drocarbons may, under 
proper conditions, be 
decomposed to  yield 
l ig h te r  hydrocarbons 
by thermal treatment, 
light motor fuels may 
be produced from coal 
tars and allied material 
by a cracking process 
similar to tha t used 
commercially to crack 
petroleum.

To evaluate this type 
of material as a crack
ing stock, a number of 
tests were made charg
ing coal tars, creosote 
oils, lignite ta r  frac
tions, and distillates 
from the low-tempera- 
ture carbonization of 
c o a l - o i l  m ix tu re s . 
These tests were carried 
out in a  pilot cracking 
plant with a combined
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feed capacity of 5 to 7 gallons per hour. Both single-coil and 
two-coil operations were used, as illustrated in Figures 1 and 2. 
In  each test the desired boiling range of the distillate produced 
and the quality of the liquid residue were established by the 
temperature conditions under operating pressure in the frac
tionating column and flash chamber, respectively. In  pro
ducing coke, the liquid residue was withdrawn to the chamber 
and reduced to coke; the distillate was returned to the system 
for further cracking. The conditions of pressure and tempera
ture in the heating coil and reaction chamber were adjusted 
to give maximum distillate yield.

The original tars and distillates were inspected to deter
mine the A. P. I. gravity, sulfur content, viscosity, Engler 
distillation, and other characteristics which are customarily 
determined on petroleum cracking stocks. All cracked dis
tillates produced were inspected for A. P. I. gravity, distilla
tion, and antiknock quality (as octane number), in addition 
to other tests of general interest. Liquid residues were tested 
for A. P. I . gravity, viscosity, and sediment, and proximate 
analyses were made on coke residues. A. S. T . M. methods 
( /)  were employed in these tests. Specific gravities were ob
tained by conversion from A. P. I. gravities when not directly 
determined. Engler -viscosities were converted from deter
minations in the Universal or Furol instruments. Gas analyses 
were made by absorption and low-temperature fractiona
tion methods {12). T ar acids and bases were determined by 
the reduction in volume of the oil layers on agitation with a
23.5 per cent solution of sodium hydroxide and 10 per cent 
sulfuric acid, respectively {12).

V crtical-R etort Tar
T ar recovered as a by-product in gas manufacture by car

bonization of coal was obtained from Chile. The properties 
of this tar are shown in column 1 , Table I ; it is representative 
of those produced in vertical-retort carbonization processes. 
The acids and bases in this ta r  were necessarily determined 
on an 80 per cent overhead distillate. I t  is estimated th a t the 
ta r acid content of the whole ta r is of the order of 30 per cent. 
Acids in the original ta r falling within the boiling range of 
phenol and cresylic acid represent approximately 3 per cent 
by volume of the tar.

During preliminary tests, indications were obtained tha t 
in cracking this ta r  the quantity of tar acids in the lower 
boiling range increased, probably through partial decompo
sition of the higher boiling phenolic compounds. Cracking

tests, summarized in the first column of Table II, were there
fore conducted to produce a maximum yield of the valuable 
ta r acids in the cresylic acid boiling range, together with 
gasoline, coke, and gas. The fractionating column was con
trolled to produce a distillate of approximately 430° F. 
(2 2 0 ° C.) end point in order to include fractions in the gaso
line and cresylic acid boiling range. The operating conditions 
of 250 pounds per square inch with temperatures of 889° F. 
(476° C.) a t the furnace transfer and 835° F. (446° C.) in the 
reaction chamber are illustrative of the temperatures and 
pressures used in cracking coal tars.

The 164 pounds of coke produced per barrel of ta r from this 
operation may be considered as a finished product (solid 
domestic fuel) after screening to size. The low ash content 
makes this material suitable for reduction to electrode carbon 
by further processing. The gas is a high B. t. u. value fuel, 
useful for enriching lean gases or the heavier components of 
the gas; for example, the pentanes, may be recovered as 
gasoline whereas the higher olefins (e. g., propene and butenes) 
may be concentrated for further processing to polymer gaso
line or chemical derivatives.

Creosote Oils
In addition to the ta r produced in coal carbonization, 

liquid hydrocarbons are recovered in the creosote oil distil
lates. Columns 2 and 3, Table I, show the properties of two 
creosote oils produced by high-temperature carbonization of 
English coal.

These two creosote oils were separately cracked in single
coil operation to produce gasoline and heavy liquid residue 
suitable for use as a road oil. In this operation the fractionat
ing column was controlled to produce a distillate of 385- 
395° F. (196-202° C.) end point. In  this manner raw gaso
line having the desired boiling range was obtained, and naph
thalene, which might crystallize and plug the condenser, was 
retained in the system for further cracking. In  addition, the 
ta r acids which usually occur in high concentrations in the 
distillate boiling from 390-430° F. (199-221° C.) were also 
eliminated from the raw gasoline. Detailed results of these 
tests are shown in Table II. A substantial yield of raw gaso
line is obtained from either stock, and the volume of ta r 
acids in the gasoline is much less than th a t in the original 
creosote oil.

In  the absence of appreciable amounts of water in the prod
ucts, this apparent loss of phenols may be largely accounted
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for by polymerization to higher boiling material appearing 
in the residuum. The residua, while considerably heavier 
than the original creosote oils, are only slightly more viscous. 
In  addition to use as road oils, these residua are suitable 
medium-viscosity fuel oils. For this purpose the low sedi
m ent (bottoms, settlings, and water) content and low cold 
test are particularly advantageous.

Low -Tem perature Tar
Low-temperature coal carbonization, while less extensively 

used than high-temperature carbonization, possesses a de
cided advantage in the yield of liquid hydrocarbons. The 
production of tar in the low-temperature process is roughly 
double th a t obtained in high-temperature operations.

In  this study of coal ta r  cracking, low-temperature tar was 
represented by a product from Moundsville, W. Va. Because 
of the poor cracking characteristics of the whole ta r as indi
cated by analysis, i t  was distilled to remove 54.2 per cent by 
volume as distillate cracking stock, and a briquetting pitch 
residue was left. The results of laboratory inspection of both 
the original ta r as well as the distillate cracking stock are 
shown in Table I.

The distillate from the low-temperature ta r was cracked 
in single-coil operation to produce 410° F. (210° C.) end point 
raw gasoline with a fuel oil residue. In  a second operation 
395° F. (2 0 2 ° C.) end point raw gasoline with a coke residue 
was produced. Columns 4 and 5, Table II, present the results 
of these tests. Yields in the residuum operation were 38.1 
per cent raw gasoline with 50.0 per cent fuel oil residue. In 
the coking operation the gasoline yield was 51.6 per cent 
with 139 pounds of coke per barrel of charge. Based on the 
original low-temperature tar, the gasoline yield in the re
siduum operation was 20.6 per cent and in the coking run, 27.9 
per cent. The high octane ratings shown for the gasolines 
were calculated from tests on a blend of the coal tar cracked 
gasoline and a reference fuel of 41 octane number. The resi
due has the requisite properties of a medium-viscosity fuel
oil. The coke is high in volatile content as a result of moder
ate temperatures in the coke chamber.

Lignite T ar and I ts  Com ponents
In  Europe, particularly in Germany, lignite coal is exten

sively used through low-temperature carbonization. The

relatively large tar yield in this operation lends particular 
interest to further processing of this product. The properties 
of two raw lignite tars produced in Germany by low-tempera
ture carbonization of brown coal are shown in columns 6  and 
7, Table I. Each of the lignite tars was cracked in a  single
coil operation to produce 390-400° F. (199-204° C.) end 
point gasoline and heavy liquid residues. A detailed sum
mary of the results obtained is given in Table II. The yield 
of gasoline produced in cracking the 17.5° A. P. I. gravity tar 
was equivalent to 42.6 per cent by volume of the charge; 
a 51.4 per cent yield was obtained from the lighter, 19.0° 
A. P. I. gravity tar. The properties of the gasolines are com
parable. However, the liquid residue was considerably 
heavier in the latter case, which would account for a  part of 
the yield increase, the remainder being attributed to the 
lighter gravity of the charging stock. As in the case when 
other coal ta r  fractions were processed, a portion of original 
ta r acids present in the raw lignite tar are converted to lower 
boiling ta r  acids which can be recovered from the gasoline.

In  order to investigate further the cracking of German 
lignite tar, the 19.0° A. P. I. gravity ta r  was separated into 
its ta r acid and neutral oil components by extraction with an 
excess of 25 per cent sodium hydroxide solution, followed by 
treatm ent with 10 per cent sulfuric acid. In  carrying out this 
treatm ent, agitation with the reagents was a t  150-160° F. 
(66-71° C.), and a settling time of 8  hours was allowed before 
withdrawal of the extract. Each treatm ent was followed by 
a water wash. The ta r acids were recovered from the sodium 
phenolate solution by neutralization with dilute sulfuric acid 
and settling.

The neutral ta r  and the tar acids were separately cracked 
to produce 390-400° F. (199-204° C.) end point gasoline 
and heavy liquid residuum. Properties of the neutral ta r  and 
tar acids are shown in Table I  following the properties of the 
original 19° A. P. I. gravity tar. Representative yields and 
analyses of the products are reported in Table II. From ex
amination of the boiling range of the ta r acids removed from 
the 19.0° A. P. I. gravity raw lignite tar, i t  is evident th a t the 
original tar contained less than 1 per cent of ta r  acids boiling 
below 400° F. (204° C.). By cracking the whole tar, a  51.4 
per cent yield of gasoline distillate was obtained which con
tained 11.9 per cent ta r  acids. Thus the yield of tar acids 
boiling below 400° F. (204° C.) was increased to 6.1 per cent

F i g u r e  2. Two-Con. S e l e c t i v e  C r a c k i n g  P i l o t  P l a n t  f o r  R e s i d u u m  o r  C o k i n g
O p e r a t i o n s
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ĥ N

*00

>»0 -«ii

OhujOO 
O'í-oeoeo ¿

o  E*< -^n
- : s  0« w  ^  O o  o P-c . 2  »0*0 fc.•bi _ ,NWM

■«'g,“ e>;-So o  73 ¡a ex.
.c D  > ,  £  .  0  a .o _  o  o

Í? N~ > OÍ 
T S'
£ ¿ J P *Ocn>

N «ONN • N’yONN
W

c ?  ^ 

|SsSfcS | t ,
6S3EÍ'11 ^

©CO >  >  * , o
*  . - * c . 

* « < •3 1  *0 ®
- • l - i l-j o c os_a j-
¿ S i n .  s 2^  O." © efl ^  ocnCQ̂ HH fc, 0

'C .5 ^ 5:

•a
*
> » 0 0

C . O N

4 ) ^  *J->C*0> o 5«>*jO © Í  08 ol
¿ S ^ S g S lg g w

’Sa

1©
o

of the original raw lignite tar, and the 
yield of tar-aeid-free gasoline amounted 
to 45.3 per cent.

The neutral oil is similar in properties 
to  a highly aromatic or naphthenie petro
leum stock, and the 52.5 per cent yield 
of gasoline is approximately the yield 
th a t would be expected in cracking a 
petroleum stock of the same gravity and 
characterization factor. In  cracking 
the ta r acid fraction, a 44.8 per cent 
yield of distillate containing 2 1 .0  per 
cent ta r acids was obtained. Although 
the ta r  acids contained 1 .8  per cent water 
as they entered the cracking plant, 
water amounting to 5.7 per cent of the 
charging stock was recovered with the 
distillate. This particular test indi
cates th a t the higher boiling phenolic 
molecules, of which the ta r  acid charg
ing stock is chiefly composed, are 
cracked or partially decomposed to  pro
duce hydrocarbons in the gasoline boil
ing range, together with the production 
of a considerable am ount of lower boil
ing ta r acids and water. The yield of 
ta r acids boiling below 400° F. (204° G.) 
is equivalent to  only 2 .1  per cent by 
volume of the original lignite ta r  as com
pared to  the 6 .1  per cent yield from 
cracking the whole ta r. The combined 
yield of tar-acid-free gasoline produced 
in cracking the neutral oil and the ta r 
acid fraction amounts to 46.6 per cent 
by volume of the original lignite tar as 
compared to the 45.3 per cent obtained 
in cracking the whole tar.

The bottoms, settlings, and water 
precipitate by the regular A. S. T . M. 
test on the liquid residues was not the 
same type of material th a t is precipi
tated on residues from petroleum stocks, 
but rather represents a resinouslike com
ponent which is insoluble in benzene.

Lignite T ar Fractions
The 19° A. P . I. gravity lignite tar 

described in the previous tests was frac
tionated a t  atmospheric pressure by 
steam distillation to remove 90.0 per 
cent by volume as overhead distillate; 
a heavy 6.3° A. P. I . (1.027 specific 
gravity) bottoms was left which is suit
able for use as a briquetting pitch. A 
portion of the acid overhead was neu
tralized by successive treatm ent with 25 
per cent sodium hydroxide solution and 
1 0  per cent sulfuric acid to  remove tar 
acids and bases, and a neutral oil was 
left. Properties of the acid overhead 
and neutral overhead are shown in 
Table I.

The acid overhead distillate and the 
neutral distillate from the lignite tar 
were separately cracked in a single-coil 
operation to produce a high yield of high- 
antiknock gasoline and liquid residue. 
Table I I  presents the results of the crack
ing tests. When the acid overhead is
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cracked, an appreciable yield of lower boiling ta r acids is 
produced along with the gasoline.

A number of advantages are evident when cracking the 
neutral overhead in comparison with the distillate containing 
tar acids. In  addition to the reduction in corrosion, a gaso
line is obtained which contains less sulfur and requires less 
treatment, a fuel oil of lower cold test and lower bottoms, 
settlings, and water content is produced, and greater capacity 
is obtained when products of similar quality are made. How
ever, the yield of gasoline based on the whole ta r is reduced 
and a negligible yield of tar acid is obtained.

Coal-Oil D istillates
In  addition to the well known high- and low-temperature 

coal carbonization processes, a number of modifications have 
been proposed and used in commercial-scale operation. 
Among these are processes for the treatm ent and conversion 
of a suspension of pulverized coal in oil. Column 12, Table 
I, presents the properties of a  distillate produced from a coal- 
petroleum oil blend treated in a special retorting process (£). 
A portion of this distillate was agitated with sodium hydrox
ide and separated from the alkali by a centrifuge to produce 
a dephenolated oil. The properties of this oil are shown in 
Table I.

The original and the dephenolated coal-oil distillates were 
separately cracked in two-coil operation to produce raw gaso
line of 410° F. (210° C.) end point and heavy residuum 
suitable for mixing with pulverized coal to be charged to 
carbonization retorts. Typical results are shown in Table II. 
Comparison of the results on these two oils show’s th a t the 
dephenolated oil produced practically the same yield of raw 
gasoline as the original oil. However, the quantity of tar 
acids present in the raw gasoline is much lower when process
ing the dephenolated stock, and hence the yield of finished 
gasoline will be considerably higher. The presence of large 
quantities of tar acids in the raw gasoline accounts for the 
high octane rating.

A considerably heavier distillate produced by coking coal 
in creosote oil rather than petroleum oil was also cracked. 
The properties of such a coal-oil distillate are given in the 
last column of Table I. The cracking tests w’ere similar to 
those discussed in 
c o n n e c tio n  w ith  
processing the light 
coal oil d i s t i l l a te .
I ts  high specific 
gravity made de- 
phenolation diffi
cult, and tests were 
confined to cracking 
the original oil only.
As w ould  be ex 
p ec te d  from  its  
g r e a te r  sp e c if ic  
gravity, a smaller 
raw gasoline yield 
(39.2 per cent) was 
o b ta in e d . T h e  
gasoline contains
27.8 per cent ta r 
acids, equivalent to
10.9 per cent of the 
charge. Detailed 
results are showm in 
Table II. The high 
percentage bottoms, 
settlings, and water 
showm in the resid
uum is not water or

granular sediment such as often occurs with petroleum, but 
rather a resinous material insoluble in benzene.

In order to obtain data on the operation of coal in oil cok
ing processes in connection with cracking where the cracked 
residue is returned to the retort as a coal suspending medium, 
the following test was made: Equal parts of pulverized coal 
and residuum from cracking the heavy coal-creosote oil 
distillate in the foregoing test were mixed and charged to a 
small aluminum retort. On heating to 950° F. (510° C.) 
until no further distillate came over, a yield of distillate 
amounting to 49.2 per cent by weight of charge was obtained 
having properties similar to the original heavy coal-oil distil
late before cracking. The 47.8 per cent residue was a hard 
porous coke.

Recovery of Tor Acids and  Bases
Although the presence of ta r acids in the cracked gasolines 

in concentrations of 1 per cent and more results in a higher 
octane product, these acids must be removed during the 
treating process to obtain a finished gasoline. By chemical 
treatm ent these low-boiling ta r  acids may be recovered as 
by-products of considerably higher value than the gasoline 
itself.

Since the raw gasoline produced in cracking the vertical- 
retort ta r  contained 30 per cent ta r  acids, the following pro
cedure was followed in recovering these fractions: The 
whole cracked distillate was treated in the laboratory to re
move the tar acids by successive washes with sodium hy
droxide. The resulting sludge was separated and neutralized 
with sulfuric acid to liberate the ta r acids w’hich were then 
water-washed. The tar-acid-free distillate was subsequently 
W’ashed with sulfuric acid and the sludge neutralized with 
sodium hydroxide to recover ta r bases.

Table I I I  presents the yields and properties of the tar acids 
and bases thus recovered. The specific gravity of the gasoline 
fraction is high and indicates a highly aromatic composition. 
The boiling range of the tar acid fraction is largely above 360° F. 
(182° C.), as would be expected from the known boiling points 
of individual phenols. The ta r acids recovered were subse
quently distilled to remove a light fraction; a  heavier residue 
remained w’hich had a specific gravity and boiling range corre

sponding to a com
mercial cresylic acid 
used in the flotation 
refining of copper 
ores. This fraction 
represents 12.9 per 
cent of the vertical- 
retort tar, an in
crease of approxi
mately 1 0  per cent in 
cresylic acid yield by 
c r a c k in g  a s  e x 
pressed on the basis 
of the original tar. 
Detailed yields and 
properties of the tar 
acid fractions are 
also shown in the 
second section of 
Table III . Approxi
mately 70 per cent of 
the crude cresylic 
ac id  f ra c t io n  is 
w'ithin the boiling 
range, 374-403° F. 
( 1 9 0 - 2 0 6 °  C . ) ,  
which corresponds 
to the cresols.

C r a c k i n g  U n i t  w i t h  C a p a c i t y  o f  500 B a r r e l s  a  D a y ;  E q u i f l u x - T y p e  
F u r n a c e  t o  t h e  R i g h t
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By similar treatm ent the 
ta r acid fractions m ay be re
covered from the gasolines 
produced in cracking the vari
ous tars and distillates from 
coal.

Additional T rea tm en t 
of Cracked Gasolines

After removal of the ta r  
acids and bases, additional 
treatm ent of the distillates 
is required in order to pro
duce a marketable gasoline. 
An outline of the method used 
in treating the gasoline pro
duced by cracking the verti- 
cal-retort ta r  follows: After 
removal of the tar acids and 
bases, the cracked gasoline 
was agitated with 93 per cent 
sulfuric acid in the proportion 
of 5 pounds of acid per barrel 
of gasoline while the tempera
ture was maintained a t 30° to 
40° F. ( - 1 .1 °  to + 4 .4°  C.). 
The gasoline was then sepa
rated from the acid sludge, 
neutralized with sodium hy
droxide, rerun using a fire and 
steam distillation, and sweet
ened with sodium plumbite 
solution. An inspection of 
the gasoline free from tar 
acids and bases and of the 
acid-treated product are re
ported in columns 1 and 2  of 
Table IV. In  order to  investi
gate the blending charac
teristics the treated gasoline 
was blended w ith a commer
cial regular-grade gasoline, 
the blend containing 8  per 
cent by volume of the coal 
ta r  product. Inspections of 
the commercial gasoline and 
the blend shown in Table IV 
indicate th a t the copper-dish 
gums, sulfur content, and 
specific gravity of the com
mercial gasoline were in
creased while the storage sta
bility as indicated by the in
duction period was improved 
by the addition of the cracked 
coal tar gasoline.

The treated gasoline was 
also blended with an 82- 
octane-number commercial 
polymer gasoline; the pro
portions were used which 
would be produced in crack
ing the vertical-retort tar, 
and the gases were polymer
ized by the catalytic process. 
The blend consisting of 97 
per cent cracked coal tar 
gasoline and 3 per cent poly-
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T a b l e  I I I .  R e c o v e r y  o f  T a r  A c i d s  a n d  B a s e s
Y ield, vol. %  of cracked  d ist.

G asoline 
T a r  acids 
T a r  bases 

T o ta l
Y ield, vol. %  of coal ta r  

G asoline 
T a r  acids 
T a r  bases 

T o ta l
P ro p erties  of gasoline free of ta r  ac ids a n d  bases 

G rav ity , ° A. P . I.
Specific g rav ity , 00° F . (15.6° C .)
S ulfur, %  b y  w eight 
O c tane  N o., A. S. T . M . m o to r m ethod  
100-cc. A. S. T . M . d is tilla tio n , ° F . (°  C.) 

In it ia l  b . p.
10%  over 
50

6 7 .3
3 0 .0  

2 .7
100.0

3 5 .7
1 5 .9

1 .5
5 3 .1

3 5 .5
0 .8 4 7 3

0 .5 0
69

139 ( 59) 
254 (123) 
370 (188)

412 (211) 
(227)440

9 8 .0
1 . 0
1 . 0

P ro p ertie s  of t a r  ac id s an d  bases A cids
G rav ity , * A . P . I. 9 .0
Specific g rav ity , 60° F . (15.6° C .) 1 .0071

P re p a ra tio n  of C reaylio A cid F rac tio n  
Y ield, vol. %  of t a r  acids 

L igh t t a r  acids 
C resylio ac id  frac tio n  
W a te r 

T o ta l
Y ield, vol. %  of coal ta r  

L igh t ta r  acids 
C resylic acid frac tio n  
W ate r 

T o ta l

B ases
2 4 .2

0 .9 0 8 8

1 5 .7
8 1 .3

3 .0
100.0

2 .5
1 2 .9  
0 .5

1 5 .9

P ro p ertie s  of ta r  acid frac tions  
G rav ity , ° A. P . I.
Specific g rav ity , 60° F . (15.6° C.) 
100-cc. d is tilla tio n , ° F . (°  C.) 

In it ia l b. p.
5%  over 

10 
30 
50

70
90
E n d  p o in t 

%  over
%  coke b y  w eight

L ig h t ta r  C resylio  ac id  
ac id s f rac tio n
2 3 .4  6 .5

0 .9 1 3 5  1 .0253

  372 (189)
  382 (194)

384 (196)
  390 (199)

395 (202)

403 (206; 
4 1 6 (2 1 3

Below 374 (190) 437 (225|

9 9 .0  
1 . 0

mer had an octane rating one point higher than the straight- 
cracked coal ta r  gasoline.

During the acid treatm ent a t  reduced temperatures, 
naphthalene crystallized out on the sides of the treating 
vessel. In  rerunning the acid-treated gasoline, it was neces
sary to operate with a warm condenser toward the end of the 
distillation in order to prevent solidification of the naphtha
lene. In  anticipation of difficulties from this source in the 
commercial production of a high end point gasoline from 
cracking coal tars, the untreated distillate free from tar 
acids and bases was rerun to yield 75 per cent by volume of 
410° F. (210° C.) end’point gasoline; i t  was thus separated 
from the material in the naphthalene boiling range. The 25 
per cent bottoms from rerunning the cracked distillate were 
composed of approximately 33 per cent of crude naphthalene; 
the remainder was a dark reddish liquid a t room temperature, 
which became solid a t reduced temperatures.

Similar treatm ent of the gasolines produced in cracking the 
creosote oils with larger proportions of sulfuric acid resulted 
in finished products of better than water-white (2 2 + °  Say- 
bolt) color, which contained only 0 .2 1  per cent sulfur and had 
a low gum content with satisfactory storage stability. The 
high motor-method octane rating of the treated gasoline from 
creosote oil 2  makes this fuel particularly valuable as a  blend
ing agent wdth lower octane gasolines. Complete treating 
results are shown in Table IV.

The properties of the acid-treated cracked gasoline pro
duced from the low-temperature ta r  show excellent antiknock 
value, good color, and fair gum, and the sulfur content is
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considerably above th a t usually ac
cepted. I t  appears th a t the sulfur 
compounds present in this gasoline are 
particularly resistant to  removal by 
sulfuric acid. In  view of the high anti
knock value of the final gasoline, it 
could be most advantageously used 
as a blending agent with a  gasoline of 
lower sulfur content and antiknock 
rating.

After removal of the ta r  acids and 
bases, the cracked gasoline produced 
from the 17.5° A. P. I. gravity raw 
lignite tar was treated by two m ethods:
(o) by agitation with 6  pounds of 93 
per cent sulfuric acid per barrel of 
gasoline and (6) treatm ent in the vapor 
phase with brass turnings in the pres
ence of hydrochloric acid. The latter 
method is known as the U. 0 . P. 
treating process. The acid-treated 
gasolines in each case were rerun in a 
fire and steam distillation to remove 
polymers and were sweetened with 
sodium plumbite solution. Results are 
shown in Table IV. The treated gaso
lines are better than 22° Saybolt color 
and have reasonable sulfur content and 
good octane rating. The addition of 
a small quantity  of inhibitor ensures 
good stability.

Table IV also gives the results of 
additional treatm ent on the gasolines 
free from ta r  acids and bases, from 
each of the various lignite ta r cracking 
stocks; 93 per cent sulfuric acid was 
used in the proportions indicated.

Treating tests were conducted on the 
gasolines produced in cracking both 
the 14.4° A. P. I. gravity untreated 
and the dephenolated coal-oil distillate. 
The properties of the cracked gasolines 
after removal of ta r  acids and bases, 
together with the properties of the 
treated products, are reported in the 
last four columns of Table IV. The 
treating results show final yields of 
acid-treated gasoline from the original 
and dephenolated oils of 36.1 and 43.2 
per cent, respectively, with octane 
ratings of 72 and 73. In  spite of the 
large differences in density and other 
properties between the raw gasolines 
from the two types of charge, the final 
treated gasolines have similar charac
teristics. They are satisfactory motor 
fuels, although the sulfur content is 
greater than is permitted by some 
specifications.

To demonstrate the value of the 
acid-treated gasoline from eoal-oil dis
tillate in a blend with one of inferior 
octane number, a 43-octane-number 
mid-continent straight-run gasoline 
was blended with each of the cracked 
gasolines in the proportion of four parts 
of straight-run gasoline to one part 
o f c ra c k e d  g a so lin e . T h e  o c ta n e  
n u m b e r  of th e  r e s u l t in g  b le n d
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was 53 in each case, and the calculated blending octane value 
of the cracked gasolines in these blends was 93 octane num
ber. Since the straight-run gasoline contained only 0.04 per 
cent sulfur, the sulfur content of the blends was as low as 
0.11 per cent and the gums were only 4 mg.

Corrosion
I t  was anticipated and confirmed by experience during the 

foregoing tests th a t corrosion would be a problem in cracking 
coal tars and distillates containing tar acids and bases. Fol
lowing preliminary trials, to minimize corrosion, all equip
m ent in which cracking temperatures were maintained was 
made of 18-8 stainless steel, including tubes and headers of 
the cracking furnace and the entire reaction chamber. Some 
tests were conducted using tubes of 4-6 per cent chromium 
with 0.5 per cent molybdenum. Because of intermittent 
operation and relatively short test periods (20-30 hours), 
interspersed with operation on petroleum oils, no definite 
conclusions may be drawn from the service record of this 
equipment. Excessive corrosion of the alloy parts was not 
experienced, however.

T a u l e  V. C o r r o s i o n  b t  C o a l  T a r s  a n d  D i s t i l l a t e s

T a r  ac id  c o n te n t, vol. %
8 u lfu r, w t. %
R ea c tio n  ch am b er cond itions  

T e m p ., ° F .
T e m p ., ° C.
P ressu re , lb ./a q . in .
P ressu re , a tm .

T e s t m e ta l p e n e tra tio n  ra te , 
in c h /m o n th  

M ild  stee l
18-8  (18%  C r, 8 %  N i. 0 .2%  C) 
N o. 2825 (28%  C r, 0 .25%  C) 
C yclops 17 B (7 .25%  C r, 19 .3%  

N i, 0 .15%  6 )
N o . 1809 (17 .25%  C r, 0 .09%  C)

N i, 0 .41%  C)

N eu tra l
L ig n ite

T a r

R aw
L ign ite

T a r

H igh- 
T em p. 

C oal T a r

D epheno- 
la te d  C oal

Oil D iät.

T race
0 .4 7

2 2 .5
0 .4 9

2 8 +
0 .5 4

Below  1 
0 .9 3

850
454
200

1 3 .6

850
454
200

1 3 .6

835
446
208

14.1

885
474
250

1 7 .0

0 .02684
0.00814
0.00476

0 .0295
0 .00882
0 .00075

0 .0 1 2 7
0 .00125

0 .0 0 9

0.00659
0 .00173
0.00343
0 .00595

0 .01249
0 .00789
0 .0051
0.00224

0 .00419 0.01003

To obtain information on the relative corrosion rates of 
various coal tars and distillates, the corrosion test procedure 
proposed by Calcott (4) was applied. Weighed test strips of 
mild steel and various alloys were suspended in the reaction 
chamber during a test run. After the run, the surfaces of the 
test strips were ground to the level of the deepest pit and the 
strips reweighed. From the duration of cracking tempera
tures during the test and the area and loss in weight of the 
test strip, corrosion was calculated to inches penetration per 
month. Results of a number of tests on various alloys with 
several of the coal tars are shown in Table V. Because of 
differences between pilot-plant and commercial operation with 
respect to temperature and duration of runs, these results 
must be considered as relative only. Although the high- 
chromium steels appear to  best advantage, their hardness 
makes fabrication difficult. The availability and workability 
of 18-8 stainless steel and its excellent physical properties 
when properly stabilized tend to favor this alloy for service 
in equipment for cracking coal tars.

Behavior of Tar Acids in  Cracking
The wide utility and high market value of the lower boiling 

phenols make the behavior of these materials in- cracking of 
particular interest. The lowTer boiling phenols, in order of 
their boiling points, are as follows:

P heno l
o-Creaol
m -Creaol
P-Cresol

360
376
397
397

°  C .

182
191
203
203

G uaiaco l
E th y lp h en o ls
X ylenols
Cresol

• F»
401

406-426
414-437

432

•cr.
205

208-219
212-225

222

These compounds find many uses; among them are solvent 
refining of lubricating oils and inhibiting cracked gasolines 
(7), production of synthetic resins (5,10), as an absorbent in 
benzene recovery (6), as a  disinfectant, and in the production 
of synthetic tannins (10), and for the manufacture of syn
thetic dyes, perfumes, and explosives (11).

Reviewing the results of cracking the various coal tars and 
distillates, the following will be noted: The concentration of 
tar acids in the distillate varies with the proportion of dis
tillate in the boiling range of about 390-430° F. (199-221° C.), 
or the range of most of the lower boiling phenols. The 
concentration of these compounds may be increased to exceed 
tha t in the charging stock, which indicates th a t the higher 
boiling phenols are decomposed to  lower boiling phenols, as 
well as hydrocarbon fractions in the gasoline boiling range.

Comparison of Coal T ar and Petroleum  Cracking
Direct comparison of cracking coal tars and distillates writh 

petroleum fractions is not practicable because of the wide 
variation in results between individual samples of either 
type. For petroleum cracking, gasoline, residue, and gas 
yields may be roughly related to density of the charge for 
normal stocks in any particular type of operation. Extrapo
lating a mean plot of such a relationship to  the range of 
density of coal tars and distillates indicates th a t finished 
gasoline yields and gas production from the coal tars are 
somewhat greater than would be anticipated from the plot. 
Plant capacity is from one half to one tenth th a t obtained 
with petroleum stocks, and operating conditions, limited by 
coke deposition, are milder. The raw cracked gasolines are of 
high specific gravity and high octane number. On treatm ent 
the specific gravity decreases and the octane number falls to 
a  varying degree. The final gasoline from coal tars in compari
son with a petroleum cracked gasoline, is higher in density, 
and usually higher in antiknock quality, and has a very high 
oxygen bomb stability, apparently because of naturally oc
curring inhibitors. Sulfur reduction in treatm ent is difficult 
with these gasolines, and gum reduction requires attention.

The gas, although somewhat greater than in petroleum 
cracking, is lower in density and heating value; i t  lies inter
mediate between dry natural gas and normal cracking plant 
gas. This difference is mainly due to a larger proportion of 
hydrogen and methane. By fractionation, useful concentra
tions of the higher olefin and paraffin constituents may be 
obtained for further processing to  motor fuel by catalytic 
polymerization.
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H igh-Pressure V apor-Liquid 

E q uilibrium
For the Systems Propylene-Isobutane and 

Propane—Hydrogen Sulfide

E. R . GILLILAND AND H. W. SCHEELINE1
Massachusetts Institute of Technology, Cambridge, Mass.

A PREVIOUS paper (IS) 
described an apparatus 
and experimental tech

nique for obtaining high-pressure 
phase equilibrium data, and 
reported data on the propane- 
isobutylene system. The pres
ent article includes a presenta
tion of the results of experimen
ta l work on two more systems, 
propylene-isobutane and hydro
gen sulfide-propane, as well as 
a general correlation which has 
been developed for predicting 
phase equilibrium data for two- 
component hydrocarbon sys
tems in the critical region. The apparatus and experi
mental technique were the same as described in the previous 
article.

¡Materials and  Analytical Procedure
The isobutane was c. r. grade (Phillips Petroleum Company) 

and was reported to contain 99.5 per cent isobutane and 0.5 per 
cent n-butane. I t  showed no absorption in strong bromine water. 
Propylene was prepared by the dehydration of isopropyl alcohol 
over activated alumina. I t  was liquefied and stored in cylinders. 
The propylene was absorbed to the extent of 99.5 per cent in 
strong bromine water. The propane was c. p . grade (Phillips 
Petroleum Company) and was reported to contain 99.9 per cent 
propane. I t showed no absorption in bromine water, sulfuric 
acid, or caustic. The hydrogen sulfide was also c. p . grade 
(Matheson Company).

For all three of the hydrocarbons, vapor pressure data were ob
tained from room temperature up to their respective critical 
points. In all cases these data were in excellent agreement with 
values recommended in the literature (2, 5).

Mixtures of propylene and isobutane were analyzed by ab
sorbing the olefin in bromine water. A strong solution of 
bromine in 5 per cent potassium bromide was adopted and used 
in a standard type Orsat apparatus. The gas was bubbled 
rapidly three times through the bromine solution, then four 
times through 40 per cent sodium hydroxide to remove bromine 
fumes. Care was taken not to expose the apparatus to direct 
sunlight or to allow the gas to remain in contact with bromine 
for too long a time, as some absorption of isobutane could be 
detected under these conditions. A small correction, based on 
the data of Jessen and Lightfoot (6’) was made for deviations of 
the gas mixtures from the perfect gas laws. Duplicate samples 
were run in all cases.

For mixtures of hydrogen sulfide and propane, the analytical 
technique recommended in the U. S. Steel Handbook (15) was 
adopted. I t  consisted of absorbing the hydrogen sulfide in a 
caustic solution and measuring the volume of the unabsorbed 
propane. The absorbed hydrogen sulfide was determined by 
titration with standard iodine and sodium thiosulfate.

1 P re se n t add ress , S ta n d a rd  O il D ev e lo p m en t C o m p a n y , E liza b e th , N . J .

Experim ental Results

Table I  gives the experimental 
vapor pressure data on the three 
p u re  h y d ro c a rb o n s  studied. 
The first five columns of Tables 
I I  give the results of the origi
nal measurements on propylene- 
isobutane and hydrogen sulfide- 
propane. D ata on these mix
tures were obtained a t pressures 
sometimes deviating slightly 
from even multiples of 10 0  
pounds per square inch. For 
c o n v e n ie n c e  in  u s in g  th e  
data, small adjustm ents were 

made in the following m anner: From the experimental points 
large-scale plots of x vs. y  and x vs. tem perature were con
structed, with the average pressure of a series of runs as a 
parameter. A t a given value of x, increments in y  and tem
perature between two successive pressure curves were 
measured, and fractional parts of these increments were added 
to  or subtracted from the experimental values, to correspond 
to a pressure correction to  an even multiple of 1 0 0  pounds 
per square inch. The adjusted points so obtained are given 
in the last four columns of Table II.

T a b l e  I .  V a p o r  P r e s s u r e  D a t a “ o n  I n d i v i d u a l  H y d r o 
c a r b o n s

P ro p an e
T em p ,
P ressu re

107
204

135
294

162
398

184
494

2101» 
636 5

P ro p y len e
T em p .
P ressu re

93
205

125
297

151
401

172
494

192
604

2035
6755

Iso b u tan o
T em p .
P ressu re

174
198

211
290

241
395

266
493

274^
5355

a T e m p e ra tu re  in  ° F ., 
5 C rit ic a l po in t.

p ressu re  in  lb . / s q .  in . abs.

In  all cases the corrections were small, so th a t practically 
any method of making the adjustm ents would yield identical 
results. The best smooth curves were finally drawn through 

'th e  adjusted points. These curves are presented in Figures
1 to 4; values read from them are given in Table I II .

The data  on the propylene-isobutane system cover all 
ranges of liquid composition a t  pressures from 2 0 0  to 600 
pounds per square inch. I t  is believed th a t values given in 
Table IIL1 conform to the following limits of accuracy:

By m eans of an  appara tus and  experi
m en ta l techn ique described in  a previous 
article  (13), P -T-x-y  d a ta  have been obtained 
on th e  propylene-isobutane and  hydrogen 
sulfide-propane system s. A com parison be
tween experim ental values and  those cal
culated  from  th e  K -charts  ind icate  th a t  
th e  la tte r  are in  considerable error in  the  
critical region. A general em pirical corre
la tion  is presented for predicting phase 
equilibrium  da ta  for tw o-com ponent hy
drocarbon system s in  th e  critical region.
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T a b l e  I I .  O r i g i n a l  a n d  A d j u s t e d  E x p é r i m e n t a l  D a t a

-E x p tl. P o in ta- -A djusted  Points—

MOL FRACTION PROPYLENE

F i g u r e  1 . T e m p e r a t u r e - C o m p o s i-  
t i o n  D ia g r a m s  a t  C o n s t a n t  P r e s 

s u r e  f o r  P r o p y l e n e - I s o b u t a n e

liquid and vapor compositions, ±0.5  mole per 
cent; temperatures, =*= 1 ° F .; pressures, ± 2  pounds 
per square inch. An exception to this general
ization exists in the case of the critical point of 
the mixture in Table I II /l.  Since it was not 
practical experimentally to attem pt to find the 
exact mixture which had a critical pressure of 600 
pounds per square inch, the point in Table IIIA  
represents the result of a calculation by Smith 
and W atson’s method (14)- 

In  the case of the hydrogen sulfide-propane 
system, measurements were made only on mix
tures containing low percentages of hydrogen sulfide. The 
data show larger deviations from the smoothed curves than do 
the results on the propylene-isobutane system. These de-

Aba.
P re ssu re T em p . Vc

Aba.
P ressu re T e m p . *0,

L b ./tq . in . 

197

° F. 

167 0 .0 6 5

L b ./tq . in .  
P ro p y len e - iso b u tan e  

0 .1 1 8  200

° F. 

168 0 .0 6 5 0 .1 1 8
199 155 0 .2 0 6 0 .3 3 7 200 155 0 .2 0 6 0 .3 3 7
200 150 0 .2 3 8 0 .4 2 3 200 150 0 .2 3 8 0 .4 2 3
198 134 0 .4 1 9 0 .6 3 7 200 134 0 .4 1 9 0 .6 3 6
200 124 0 .5 5 5 0 .7 4 7 200 124 0 .5 5 5 0 .7 4 7
199 108 0 .8 1 0 0 .9 1 6 200 108 0 .8 1 0 0 .9 1 6
293 194 0 .2 0 0 0 .3 2 3 300 196 0 .2 0 0 0 .3 2 1
297 179 0 .3 5 3 0 .5 1 6 300 180 0 .3 5 3 0 .5 1 5
290 164 0 .5 1 5 0 .6 7 8 300 165 0 .5 1 5 0 .6 7 7
297 151 0.691 0 .8 1 7 300 152 0 .6 9 1 0 .8 1 6
298 139 0 .8 4 8 0 .9 2 7 300 140 0 .8 4 8 0 .9 2 7
395 229 0 .1 1 3 0 .1 6 9 400 230 0 .1 1 3 0 .1 6 8
395 219 0 .2 0 4 0 .2 9 0 400 220 0 .2 0 4 0 .2 8 9
394 217 0 .2 4 2 0 .3 4 0 400 218 0 .2 4 2 0 .3 3 8
399 211 0 .2 9 7 0 .3 9 8 400 211 0 .2 9 7 0 .3 9 8
394 210 0 .3 1 3 0 .421 400 211 0 .3 1 3 0 .4 1 9
390 194 0 .4 7 5 0 .6 0 4 400 196 0 .4 7 5 0 .6 0 0
396 189 0 .5 6 2 0 .6 9 2 400 190 0 .5 6 2 0 .6 9 1
393 179 0 .681 0 .7 9 6 400 181 0 .681 0 .7 9 4
396 168 0 .8 4 6 0 .9 1 0 400 169 0 .8 4 6 0 .9 0 9
490 254 0 .111 0 .1 4 8 500 256 0 .111 0 .1 4 6
493 242 0 .2 3 4 0 .3 0 2 500 244 0 .2 3 4 0 .2 9 3
496 232 0 .3 4 8 0 .421 500 233 0 .3 4 8 0 .4 1 9
494 220 0 .4 7 6 0 .5 6 8 500 221 0 .4 7 6 0 .5 6 6
492 212 0 .5 7 0 0 .6 6 8 500 214 0 .5 7 0 0 .6 6 5
496 202 0 .6 9 4 0 .7 8 0 500 203 0 .6 9 4 0 .7 7 9
491 186 0 .8 9 9 0 .9 3 5 500 188 0 .8 9 9 0 .9 3 5
600 249 0 .3 8 5 0 .4 1 2 600 249 0 .3 8 5 0 .4 1 2
591 246 0 .4 1 0 0 .4 5 2 600 248 0 .4 1 0 0 .4 4 6
592 236 0 .5 1 5 0 .5 7 7 600 238 0 .5 1 5 0 .5 7 2
594 226 0 .6 3 3 0 .6 9 6 600 227 0 .6 3 3 0 .6 9 2
594 218 0 .7 2 3 0 .7 8 0 600 219 0 .7 2 3 0 .7 7 7
595 209 0 .8 2 8 0 .8 7 0 600 210 0 .8 2 8 0 .8 6 8

401 154

H yd ro g en  S u lfid e -P ro p an e
XKtB

0 .0 3 7  0 .1 2 2  400 154

XH,8

0 .0 3 7 0 .1 2 3
400 149 0 .0 5 4 0 .1 5 9 400 149 0 .0 5 4 0 .1 5 9
400 129 0 .241 0 .3 7 9 400 129 0 .241 0 .3 7 9
400 124 0 .3 3 2 0 .4 9 9 400 124 0 .3 3 2 0 .4 9 9
501 180 0 .0 1 4 0 .021 500 180 0 .0 1 4 0 .0 2 1
500 170 0.081 0 .1 3 0 500 170 0 .0 8 1 0 .1 3 0
500 145 0 .3 9 5 0 .5 4 7 500 145 0 .3 9 5 0 .5 4 7
601 201 0 .0 5 5 0 .0 7 6 600 201 0 .0 5 5 0 .0 7 7
601 197 0 .0 7 8 0 .1 0 1 600 197 0 .0 7 8 0 .1 0 2
600 173 0 .3 4 2 0 .451 600 173 0 .3 4 2 0 .451
600 158 0 .4 6 5 0 .5 9 2 600 158 0 .4 6 5 0 .5 9 2

F i g u r e  2 . V a p o r  ds. L i q u i d  C o m p o s it io n  a t  C o n 
s t a n t  P r e s s u r e  f o r  P r o p y l e n e - I s o b u t a n e

viations can be explained in two w’ays. Duplicate analyses 
were not made, on account of the inconvenience of storing gas 
samples containing hydrogen sulfide, and analytical errors may 
account for some of the scattering of the data. Secondly, it 
was found a t the conclusion of the experimental runs on the 
system th a t there had been an appreciable attack of the copper 
parts of the apparatus by the hydrogen sulfide. This had the 
effect of plugging the small tubes w-ith products of corrosion 
and thus of making operation of the apparatus less satisfactory. 
The smoothed data in Table I ll i?  should be of sufficient ac
curacy for most engineering purposes, bu t m ust be considered 
subject to somewhat larger limits of error'than  those men
tioned above.

A general correlation of phase equilibrium data for hydro
carbon mixtures a t high pressure has been proposed (8, 9), 
in which the ratio of the mole fraction in the vapor to th a t in 
the liquid for any component of a hydrocarbon mixture is 
expressed by the equation,

y/x  = fp /U  =  K

where fp  is the fugacity of the component in liquid under its 
own vapor pressure and a t the temperature of the mixture, 
and Jk  is the fugacity of the same component in the vapor a t 
the total pressure and the temperature of the mixture. A 
generalized fugacity chart for hydrocarbons {10) has been 
published in which fugacity is given as a unique function of 
reduced temperature and reduced pressure. By using this
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T a b l e  III. S m o o t h e d  D a t a  o n  M i x t u r e s ,  w i t h  C o r r e s p o n d i n g  K  V a l u e s

A bs. A .  F ro p y len e -Ia o b u tan e
P ressu re ,

L b ./S q . In .
*c , 0 .0 0 .1 0 .2 0 .3 0 .4 0 .5 0 .6 0 .7 0 .8 0 .9 1 .0

200 VC,
t. ° F .
K c ,
K c ,

0 .0 0 0
174

i.'ooo

0 .1 7 7
165

1 .77
0 .9 1 4

0 .3 5 4
154

1 .77
0 .8 0 8

0 .5 0 4
144

1 .6 8
0 .7 0 9

0 .6 1 7
136

1 .54
0.6.38

0 .7 0 4
128

1.41
0 .5 9 2

0 .7 8 0
121

1 .30
0 .5 5 0

0 .8 4 9
115

1.21
0 .5 0 3

0 .9 1 0
109

1 .1 4
0 .4 5 0

0 .9 6 2
102

1 .0 7
0 .3 8 0

1 .0 0 0
92

1 .0 0

300 VC,
t, °  F .
K c ,
K c ,

0 .0 0 0
214

ÜÖOO

0.1 6 1
203

1.61
0 .9 3 2

0 .3 1 8
194

1 .5 9
0 .8 5 3

0 .4 5 0
185

1 .5 0
0 .7 8 6

0 .5 6 7
176

1 .42
0 .7 2 2

0 .6 6 4
167

1 .33
0 .6 7 2

0 .7 5 0
159

1 .2 5
0 .6 2 5

0 .8 2 6
152

1 .17
0 .5 8 0

0 .8 9 6
144

1 .12
0 .5 2 0

0 .9 5 1
136

1 .06
0 .4 9 0

1 .0 0 0
126

1 .0 0

400 Vc,
t. ° F .
K c ,
K c ,

0 .0 0 0
242

1 .0 0 0

0 .1 4 9
231

1 .49
0 .9 4 6

0 .2 8 5
221

1 .43
0 .8 9 4

0 .4 0 7
212

1 .36
0 .8 4 7

0 .5 2 4
203

1.31
0 .7 9 3

0 .6 2 9
194

1 .26
0 .7 4 2

0 .7 2 6
187

1.21
0 .6 8 5

0 .8 0 9
180

1 .1 6
0 .6 3 7

0 .8 8 0
172

1 .1 0
0 .6 0 0

0 .9 4 2
163

1 .0 5
0 .5 8 0

1 .0 0 0
150

1 .0 0

500 VC, 
t. ® F . 
K c ,  
K c ,

0 .0 0 0
267

i.'ôoo

0 .1 3 2
257

1 .3 2
0 .9 6 4

0 .2 5 5
247

1 .28
0 .9 3 1

0 .3 6 8
238

1 .2 3
0 .9 0 3

0 .4 8 3
228

1 .21
0 .8 6 2

0 .5 9 2
219

1 .1 8
0 .8 1 6

0 .6 9 5
211

1 .16
0 .7 6 3

0 .7 8 5
203

1 .12
0 .7 1 7

0 .8 6 4
196

1 .0 8
0 .6 8 0

0 .9 3 4
188

1 .04
0 .6 4 0

1 .0 0 0
173

1 .00

600 * c .
Vc,
I, ° F .
K c ,
K c ,

•
0 .2 5 0 °
0 .2 5 0 «

264°
1 .0 0 0
1 .0 0 0

0 .4
0 .4 3 3

248
1 .0 8
0 .9 4 5

0 .5
0 .5 5 5

238
1 .11
0 .8 9 0

0 .6
0 .6 6 0

230
1 .1 0
0 .8 5 0

0 .7
0 .7 5 5

221
1 .0 8
0 .8 1 7

0 .8
0 .8 4 4

212
1 .0 5
0 .7 8 0

0 .9
0 .9 2 4

203
1 .0 3
0 .7 6 0

1 .0
1 .000

191
1 .0 0

B . H y d ro g en  S u lf id e -P ro p a n e  ( i )

* H ,S 0 .0 0 0 .0 5 0 .1 0 0 .1 5 0 .2 0 0 .2 5 0 .3 0 0 .3 5 0 .4 0 0 .4 5 0 .5 0

400 Vb ,9
f, ° F . 
A h . 9  
A c ,

0 .0 0 0
163

1.600

0 .1 0 2
150

2 .0 4
0 .9 4 5

0 .1 8 2
141

1 .8 2
0 .9 0 9

0 .2 5 5
135

1 .7 0
0 .8 7 6

0 .3 2 6
131

1 .63
0 .8 4 2

0 .3 9 3
128

1 .5 7
0 .8 0 9

0 .4 5 8
126

1 .5 3
0 .7 7 6

0 .5 2 2
124

1 .49
0 .7 3 5

0 .5 8 3
122

1 .4 6
0 .6 9 5

. . .

500 VH-8
t, °  F . 
A h , s
A c ,

0 .0 0 0
189

î : ôoo

0 .0 8 3
176

1 .6 6
0 .9 6 6

0 .1 5 6
168

1 .5 6
0 .9 3 8

0 .2 2 7
162

1 .51
0 .9 0 9

0 .2 9 6
159

1 .4 8
0 .8 8 0

0 .3 6 2
156

1 .45
0 .8 5 1

0 .4 2 7
153

1 .42
0 .8 1 9

0 .4 9 1
151

1 .40
0 .7 8 4

0 .5 5 0
148

1 .3 8
0 .7 5 0

0 .6 0 9
145

1 .3 6
0 .7 1 2

600 V H .S 
(, • F . 
A h , s
K c ,

0 .0 0 0
205

i!ôoo

0 .0 6 7
203

1 .34
0 .9 8 3

0 .1 3 5
195

1 .3 5
0 .9 6 1

0 .2 0 3
188

1 .3 5
0 .9 3 8

0 .2 6 9
182

1 .3 4
0 .9 1 4

0 .3 3 5
177

1 .3 4
0 .8 8 7

0 .3 9 8
173

1 .33
0 .8 6 0

0 .4 6 0
169

1 .31
0 .8 3 1

0 .5 2 0
166

1 .3 0
0 .8 0 0

0 .5 7 7
163

1 .2 8
0 .7 6 9

0 .6 3 1
160

1 .2 6
0 .7 3 8

Critio&l p o in t of m ix tu re .

MOL FRACTION H*S

F i g u r e  3 .  T e m p e r a t u r e - C o m p o s i -  
TIO N  DIAG RA M S AT CO NSTA N T P R E S 
SU R E f o r  t h e  S y s t e m  H y d r o g e n  

S u l f i d e - P r o p a n e

generalized fugacity chart and the above equation, values of 
K  for various hydrocarbons can be calculated as unique func
tions of temperature and pressure. Such sets of K  values, or 
.K-charts, have recently been developed {11) and are in use 
a t  present for predicting high-pressure phase equilibrium 
data.

A comparison between the experimental data  and those 
calculated from the fugacity equation for the propylene- 
isobutane system is given in Figures 1 and 5. A t the lower 
pressures agreement is fairly good; this is the case for all 
hydrocarbon systems on ivhich data  are available. As 
critical conditions are approached, however, the calculated

curves deviate considerably from the experimental ones. A t 
500 and 600 pounds per square inch the experimental relative 
volatility is lower than th a t predicted from fugacities. There 
is, furthermore, a discontinuity in the experimental x-y 
curve a t  600 pounds per square inch (Figure 5) which is not 
predicted by the A-charts.

The values of K  given by fp/f ir  are shown as dotted lines 
in Figures 6  and 7. Agreement with the experimental curves 
is fairly good in regions of low tem perature and pressure, b u t

0 0.20 0.40 0.60 0.80 i.O
MOL FRACTION H2S IN LIQUID

F i g u r e  4 .  V a p o r  v s . L i q u i d  C o m p o s i t i o n  a t  C o n 
s t a n t  P r e s s u r e  f o r  H y d r o g e n  S u l f i d e - P r o p a n e
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0 0.2 14 0.6 0.8 1.0
» C ,

F i g u r e  5. C o m p a r iso n  o p  C a lc u 
l a t e d  a n d  E x p e r im e n ta l  V a p o r  
vs. L iq u id  C o m p o s itio n s  f o r  t h e  

S y s te m  P r o p y le n e - I s o b u ta n e

in the critical region the calculated curves fail to show the 
approach of K  toward unity.

A discussion of the results on the hydrogen sulfide-propane 
system was not included above because of the fact that 
measurements on this system did not extend into the critical 
region, and because the system itself is of a different type 
from those composed of hydrocarbons alone. Certain gen
eralizations about the system can be made, however. The 
experimental K  values for both components (Figure 8 ) lie 
generally somewhat higher than those predicted from fugaci- 
ties. These fugacity calculations were made from the 
generalized fugacity plots of Lewis and Kay (9) and Lewis 
and Luke (10). Over the ranges of concentration studied, 
the experimental x-y curves in Figure 4 are in good agree
ment with the predictions of the fugacity rule, but the ex
perimental temperature curves in Figure 3 lie considerably 
lower than the calculated ones. There seems to be a tendency 
toward a mixture with a minimum boiling point, no doubt 
caused by the difference in polarity between the two com
ponents. In  view of the low concentrations of hydrogen sul
fide in hydrocarbon mixtures which are encountered in prac
tice, however, it may be said tha t the fugacity equation gives 
a satisfactory picture of the behavior of this compound.

1,0 » A A .
80 120 160 200 240 280

TEMPERATURE , ' F .

F i g u r e  6. C a l c u l a t e d  a n d  E x p e r i 
m e n t a l  K  V a lu e s  f o r  P r o p y l e n e  
in  t h e  S y s te m  P r o p y le n e - I s o b u 

t a n e

Correlation o f  T w o-C om ponent H ydrocarbon  
P h ase E quilibrium  D ata in the C ritical R egion

There is an increasing tendency in present-day industrial 
practice to subject hydrocarbon mixtures to conditions of 
temperature and pressure approaching or exceeding the 
critical values. Since the A’-charts break down completely 
in the critical region, the development of some new method 
of correlating equilibrium data under these conditions would 
appear to be particularly desirable. D ata on a wide variety 
of two-component hydrocarl>011 systems are now available 
(8 , 4, 7,12,18);  one approach to the problem would therefore 
be the correlation of the data on these two-component sys
tems, in the hope tha t such a correlation can lie made to 
apply to more complex mixtures when more complete data 
on them become available.

The present A-c harts (11) and the Smith and Watson 
correlation of critical constants for mixtures (14) suggested

0.4 0.5 0.6 0.7 0.6 0.9 1.0
K •}/>

F i g u r e  7 . C a l c u l a t e d  a n d  E x p e r i m e n t a l  
K  V a l u e s  f o r  I s o b u t a n e  i n  t h e  S y s t e m  

P r o p y l e n e - I s o b u t a n e
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TEM P ER A TU R E .'F .

F i g u r e  8. C a l c u l a t e d  a n d  E x p e r i 
m e n t a l  K  V a lu e s  f o r  H y d r o g e n  
S u l f i d e  (above) a n d  f o r  P r o p a n e  
(.below) i n  t h e  S y s te m  H y d r o g e n  

S u l f i d e - P r o p a n e

themselves as convenient starting points for attacking the 
problem from an empirical standpoint. The if-charts may 
be said to predict phase equilibrium data with sufficient ac
curacy for engineering purposes a t pressures well below the 
critical. The Smith and Watson correlation gives the con
ditions of temperature and pressure a t which y / x  values 
deviate to the greatest extent from those predicted by f P/ f x ,  
and become equal to unity for all components of a  mixture.

Figure 6  is typical of the y / x  and f p/ f x  relations for the 
lighter component of the six two-component systems on winch 
data are available. A t the higher pressures y /x  &ndfF/ f 7r agree 
a t the temperature corresponding to the boiling point of the 
pure light component. As the tem perature increases, y /x  
tends to fall below f P/ fx ,  finally reaching a value of 1 .0  a t the 
critical temperature of the mixture having the pressure in 
question as its critical. The closer the approach of tempera
tu re  to the critical, the closer is the approach of the corre
sponding y /x  value to unity. T his suggested the possibility 
of a universal plot for hydrocarbon mixtures of

fp / f*  -  y /x  t -  tB
fp/U -  1 tc -  tB

w h ere  y /x  = ex p e rim en ta l ra t io  b e tw een  p h ase  com p o sitio n s a t  
e q u ilib riu m  te m p e ra tu re  fo r a  g iven  p re ssu re  a n d  
liq u id  co m position  

fp / fx  =  v a lu e  g iv en  b y  K -c h a r ts  a t  sa m e  te m p e ra tu re  a n d  
p ressu re

t = e q u ilib riu m  te m p e ra tu re  in  q u es tio n  
Ib =  b o ilin g  te m p e ra tu re  o f p u re  lig h t c o m p o n e n t a t  

p re ssu re  in  q u es tio n  
tc — c ritic a l te m p e ra tu re  fo r g iv en  m ix tu re

Figure 9 is a plot of these functions for the six two-com
ponent systems. There is obviously a considerable scattering 
of the points, no doubt due in large measure to the fact th a t 
agreement between f P/ f x  and y / x  is not perfect a t low pres
sures because of slight differences in polarity between the 
components of a solution. Furthermore, the method of plot
ting the variables in Figure 9 has the effect of exaggerating 
deviations between the curve and the experimental points, 
particularly in regions where f P/fir  is close to unity. Never
theless, from the curve in Figure 9, the calculated values of 
y /x  are in much closer agreement with experimental data 
than are values of f P/ f x  alone, the agreement improving as 
critical conditions are approached.

Figure 7 show’s the typical behavior in the critical region 
of the less volatile component. The isothermal curves of 
y / x  s ta rt a t 1 .0  a t the pressure corresponding to the vapor 
pressure of the pure component a t the given temperature, go 
through a minimum, and again reach a value of 1 .0  a t the 
critical pressure corresponding to  the given temperature. 
From a study of the curves of y / x  for the heavy component
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F i g u r e  9. C o r r e l a t i o n  f o r  t h e  M o r e  V o l a t i l e  Com 
p o n e n t  o f  a  T w o -C o m p o n e n t H y d r o c a r b o n  S y s te m

in all six two-component systems on which data  are avail
able, it was found th a t in all cases: (a) the curves started out 
from 1 .0  a t  the lower pressure with the same slope as the corre
sponding fp/fir  lines, (6 ) the minimum value of y / x  in all 
cases occurred a t pressures corresponding approximately to 
the arithmetic average of the vapor pressure of the component 
and the critical pressure, and (c) a t  the critical pressures the 
respective y / x  curves approached 1 .0  v’ith a slope of zero. 
Having thus fixed the general shape of all the curves, the chief 
remaining problem was to predict the minimum value of 
y / x  in any given case.

In  Figure 10 the minimum value of y / x  on any isothermal 
curve in the critical region is plotted against P c/ P b , where
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Pc is the critical pressure of the mixture having the tempera
ture in question as its critical, and P b is the vapor pressure 
of the pure heavy component a t the same temperature. All 
the points lie nearly on a single smooth curve, despite the 
wide variation in the nature of the systems involved.

When we know the coordinates of the minima in the vari
ous isothermal curves of y /x  vs. pressure, as well as the slopes 
a t each end of the curves, it is possible to sketch in the 
curves themselves with sufficient accuracy for most engineer
ing purposes. A derivation of the equation relating the 
known slopes and the minimum for any given curve was a t
tempted, bu t the resulting mathematical expressions were so 
complex th a t the sketching in of the curves was considered 
more satisfactory.

If the curves shown in Figures 9 and 10 are accepted as 
being applicable to any two-component paraffinic or olefinic 
hydrocarbon system in the critical region, the calculation of
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F i g u r e  1 1 . C r i t i c a l  C u r v e s  f o r  
P r o p y l e n e - I s o b u t a n e  ( C a l c u 
l a t e d  b y  t h e  M e t h o d  o f  S m i t h  

a n d  W a t s o n )

phase equilibrium data can be accomplished very simply. 
I t  is assumed th a t complete vapor pressure data and A'-charts 
are available for both components of the mixture under con
sideration. The steps involved in the calculations are as 
follows:

1. Using the method of Smith and Watson (14), the critical 
temperature and pressure curves for mixtures of the two com
ponents are obtained (Figure 11).

2. From these curves, a t a series of temperatures in the 
critical region, corresponding values of critical pressure, Pe, are 
found; at the same temperatures corresponding vapor pressures 
of the pure heavy component, P b, are also obtained. From the

F i g u r e  1 2 . C o m p a r i s o n  o f  C a l c u 
l a t e d  a n d  E x p e r i m e n t a l  V a p o r  
vs. L i q u i d  C o m p o s i t i o n s  f o r  t h e  

S y s t e m  E t h a n e - r - H e p t a n e

ratios of these pressures, the minimum value of y /x  for the less 
volatile component at each temperature can be read from Figure 
10. The complete isothermal curves of y /x  for the heavy com
ponent are then sketched in, remembering the following: At 
P b, y /x  = 1.0 , and the slope of the curve is the same as that of 
the corresponding fp / f r  line; at 0.5 (Pb +  Pc), y /x  goes through 
the minimum value; and at Pc, y /x  is again equal to 1.0, and 
the slope dP/d(y/x) is equal to zero.

3. Assume now that pressure and liquid composition are 
specified, and it is desired to find the corresponding equilibrium 
temperature and vapor composition. The critical temperature, 
tc, of the given liquid mixture is read from the critical curve. 
The boiling temperature, Ib, for the pure light component at the 
given pressure is obtained either from vapor pressure data on the 
component or from an extrapolation of the data on a Cox chart. 
If we assume a trial value, t, for the equilibrium temperature, the 
corresponding value of y /x  for the lighter component is calcu
lated from fp / f r  and the correction factor given by Figure 9. 
From the curves constructed in step 2, y/x  is found for the Heavier 
component a t the trial temperature and the pressure in question.

4. The test of the validity of the assumed temperature, t, is 
made by finding the sum of the products x(y/x) for the two com
ponents. At the correct temperature, this sum must equal 
unity. Successive values of I are assumed until this condition 
is satisfied, a t which time x(y/x) should give the true mol frac
tion of the component in the vapor phase.

D ata calculated by the above method for the propylene- 
isobutane and ethane-heptane systems are compared in 
Figures 5 and 12 with corresponding values obtained experi
mentally and by the use of the A-charts alone. The correla
tion gives values of y  which are in general lower than those 
predicted from the A-charts, though a t the lower pressures 
the methods give almost identical results. In  the critical 
region, the correlation is in very good agreement with experi
mental data, whereas the A-charts are in considerable error. 
I t  should be noted particularly th a t discontinuities a t  the 
ends of the x-y curves (Figure 5, a t 600 pounds pressure and 
Figure 12) are accurately predicted, an im portant improve
ment over the fugacity equation which gives continuous x-y: 
curves in all cases.
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The correlation, then, represents an improvement over the 
present AT-charts for predicting phase equilibrium data  for 
two-component hydrocarbon systems a t pressures near the 
critical. A t lower pressures there is agreement between the 
correlation and the fv-charts, and the use of the la tte r alone 
is recommended. I t  is possible th a t the correlation may ap
ply, w ithout any modification, to systems containing more 
than two components. In  such a case the method of correla
tion for the more volatile component would be used for all 
components having, in a particular case, y / x  values greater 
than unity, and the less volatile component correlation used 
for all components having y /x  less than unity. No data 
are available in the critical region for more complex mixtures, 
in which complete analyses of the two phases are given.
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T herm odynam ic 

from  P-V-T D ata

ROBERT YORK, JR.1
Department of Chemical Engineering,
Massachusetts Institute of Technology, Cambridge, Mass.

W H ER E the P-V-T  relations of a fluid can be expressed 
in terms of an algebraic equation of state, i t is possible 
to calculate various thermodynamic properties. Un

fortunately none of the equations of sta te thus far proposed 
are valid throughout the experimentally measured range of 
pressures. Consequently resource m ust be had to other 
methods. For practical purposes graphical methods m ust be 
used; of these, th a t of Deming and Shupe (2) appears to be 
the best hitherto suggested.

To illustrate the utility of residual functions, suppose a 
curve resembles in character a  parabola of the type y  =  kx*. 
Were it desirable to determine the slope dy/dx,  a residual 
function A could be employed:

A — y*ctu«r kx*
or y => kx* -{- A

hence dy/dx =  2 kx +  dA/dx

in which all values are determined algebraically, except dA /dx  
which m ust be found graphically. Generally the A term  will 
be only a small fraction of y. Consequently, using a residual 
will improve the accuracy of graphically handling functions 
which resemble but do not fit a simple curve. In  the event 
th a t one residual does not yield the desired precision, then a 
second residual may be employed.

Deming and Shupe used residuals from a physical property 
of a perfect gas, such as pressure or volume—th a t is, dif
ferences between the calculated volume for a perfect gas and 
the measured volume for the actual gas. Both volumes and 
their residuals are subject to  relatively large variations. In

1 Present address. Carnegie In s titu te  of Technology, P ittsburgh , Penna.

L ite ra tu re  Cited

(1) Brauer, S.M. thesis in ehem. eng., Mass. Inst. Tech., 1938.
(2) Cox, In d . E n q . C h e m ., 28, 613 (1936).
(3) Cummings, Ibid., 23, 900 (1931).
(4) Cummings. Stones, and Volanto, Ibid., 25, 728 (1933).
(5) International Critical Tables, Vol. I l l ,  p. 218 (1928).
(6 ) Jessen and Lightfoot, I n d .  E n o .  C h e m .,  30, 312 (1938).
(7) Kay. Ibid.. 30, 459 (1938).
(8) Lewis, Trans. Am. Inst. Mining Met. Engrs., 107, 11 (1934).
(9) Lewis and Kay, Oil Gas J . .  32, No. 45, 40, 114 (1934).

(10) Lewis and Luke, I n d .  E n o .  C h e m .,  25, 725 (1933).
(11) Mass. Inst. Tech., Chem. Eng. Dept., unpublished K-charts,

1937; Robinson, C. S., and Gilliland, E. R., “ Elements of 
Fractional Distillation", 3rd ed., p. 45, New York, McGraw- 
Hill Book Co., 1939; Sherwood, T. K., “ Absorption and 
Extraction”, p. 105, New York, McGraw-Hill Book Co., 
1937.

(12) Sago, Lacey, and Schaafsma, I n d .  E n o .  C h e m .,  26, 214 (1934)
(13) Scheeline and Gilliland, Ibid., 31, 1050 (1939).
(14) Smith and Watson, Ibid., 29, 1408 (1937).
(15) U. S. Steel Handbook of Gas Analysis, 3rd ed., Pittsburgh,

Carnegie Steel Co., 1927.

P ro perties

A m ethod of residuals is proposed which is 
especially useful for evaluating iso therm al 
changes in  therm odynam ic properties from  
P -V -T  da ta . Unlike m any o ther m ethods 
using  residuals previously proposed, here 
advantage is taken  of th e  fact th a t , along 
th e  isom etric of a gas, approxim ately a 
linear rela tion  exists betw een pressure and 
tem pera tu re . The techn ique m ay be ap 
plied to  evaluate iso therm al changes in  in 
terna l energy, en thalpy , entropy, and  free 
energy.

addition, they considered only first residuals which introduced 
large differences where the variables were numerically large. 
For example, a t  low pressures, volume residuals would be 
large. For purposes of practical calculation, a residual func
tion should be so chosen th a t it is subject to small variations. 
Thus (R T / P  — V ) / V  a t constant pressure is more suitable 
than (R T / P  — V).  In  this work the residual investigated 
is the difference between the pressure of the experimental iso
metric and a straight line through the extremities of the iso
metric as shown in Figure 1. This residual has been treated 
in such a manner as to allow for the precision of the P-V-T  
d ata  available.

A recent im portant development in the technique of meas
uring P-V -T  relations is th a t of Beattie (I). By his method 
changes in volume of the apparatus due to both temperature 
and pressure are mechanically compensated so as to measure 
the true isometric of the material under investigation. Such 
a technique suggests a method for computation for thermo
dynamic properties, because it eliminates necessity for inter
polation with respect to volume. The purpose of this paper
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is to show how P-V -T  data measured in this manner can be 
utilized by means of a method of successive residuals to cal
culate isothermal changes in energy, enthalpy, and entropy. 

Two fundamental thermodynamic equations involving 
quantities readily determinable by isometric measurements 
are:

(Ei — E i)t

(Si -  SOr

d T J v

dV

P dV ( 1)

(2)

These formulas are limited to two independent variables and 
neglect magnetic, gravitational, and other effects. Their 
derivation m ay be found in any good text on thermodynamics. 
The only real problem is to determine (pP/bT) v.

D eterm ining Slope of Isom etric
To determine the isometric slope, (bP/bT)v, the pressure 

a t constant gas density is plotted against temperature as 
shown in Figure 1. The points lie nearly in a straight line. 
By algebraically passing a straight line through the P-T  ex
tremities of the isometric and by plotting the “first residual” ,

F i g u r e  1 . I s o m e t r ic  o f  
G a s  o n  P r e s s u r e - T e m -  
p e r a t u r e  P l a n e  S h o w i n g  

F i r s t  R e s i d u a l  r

r, against temperature, the curvature is decidedly magnified 
as Figure 2 shows. Residual r  is the distance, measured 
parallel to the temperature axis, between the measured iso
metric and the straight line connecting the terminals of the 
isometric. When the available data were plotted in this 
fashion, however, such smooth curves resulted from precise 
experimental measurements th a t i t  was apparent a second 
residual should also be employed. For this, several types of 
algebraic equations could be utilized to approximate the 
curves determined when, as shown in Figure 2, the first re
sidual is plotted against temperature. After some study, an 
exponential type was adopted from the viewpoint of sim
plicity and adaptability to the range of numerical values in
volved. In  fact, a 10-inch log-log slide rule is satisfactory as 
long as it gives the desired precision for r, which makes it 
usable in most cases.

To express r  as a function of temperature, axes were shifted 
to the maximum value of r, denoted by ro, and to the corre
sponding temperature, to, as indicated in Figure 2. Two ex
ponential equations were passed within one-thousandth a t
mosphere of ro, k, and the other point a t the lower left or lower 
right of the parabolic curve of Figure 2. Since an exponential 
or logarithmic equation cannot be made to pass through 0 , 0 , 
a  point within 0 .0 0 1  atm . is used without introducing appre
ciable error. Such equations are:

(ro -  r)i,ft = fci (io -  0 *
( r o  “  T ) r ig h t  —  k i  ( I  < o )"

Second residuals denoted by r '  were determined as the differ
ence between (r0 — r)«tu»i and (r0 — r)doui»t.d.

When plotted against temperature, these second residuals 
showed pronounced wobbling of a saw-tooth nature, an indi
cation that, except for minor trends, the precision of the ex
perimental data  has been reached. The use of residuals not 
only yields all the precision justified by the data bu t also dis
closes the points a t which irregularities develop.

The equation for pressure as a function of tem perature a t 
constant density will be of the form:

(*.(<« -  t)"
l h ( t  -  to)m (3)

where P  and t are variables, r '  the second residual, and all 
other terms constants. The isometric slope, (b P /b T )v, is 
obtained by differentiating:

(Pp T J v - ( »
( - t ik i  (to -  i ) " - 1  m
i 4-mAj (i — io) ”*-1

All terms are calculable except (dr'/dl) which is obtained by 
graphical differentiation.

So far the general method for determining isometric slopes 
has been described. Often it is advisable to  smooth these 
slopes graphically. For this purpose the (small) variable 
part (last two terms of Equation 4) was plotted against tem
perature and adjusted. Only in extreme cases need adjust
ment by auxiliary equation be used. Provided the data  are 
sufficiently precise, only smoothed values should be used for 
further calculations of thermodynamic properties.

A d v a n t a g e s  a n d  L i m i t a t i o n s . The proposed method of 
determining the isometric slope, (p P /b T ) r , has the following 
advantages: (a) An equation of state is not required. (6) 
The isometric slopes are determined with all the precision 
justified by the data and without undue labor, (c) The pre
cision of the experimental data is revealed by noting the ir
regularities shown by second residuals. However, as a limi
tation it must be mentioned th a t this method cannot show the 
presence of constant or systematic errors.

F i g u r e  2 .  F i r s t  R e s i d u a l  
P l o t t e d  a g a i n s t  T e m p e r a t u r e ,  
t o  D e t e r m i n e  M a x im u m  V a l u e  r 0

Although it  may seem th a t some unnecessary plotting is 
recommended, it is believed th a t the construction of these 
simple graphs serves the useful purpose of showing any irregu
larities in data or errors in arithmetic.

E x a m p l e  o f  V a l u e s  f o r  I s o m e t r i c  S l o p e s . As an ex
ample, values for the isometric slope will be calculated and 
checked. Isometric data, as reported by Su (3), for gaseous 
ethane a t a constant density of 9.0 moles per liter, are as 
follows:

i, ° c .  50 
P , a tm . 7 6 .9 0

75 100 125 150 175 200
118 .32  160 .77  2 0 3 .6 3  2 4 6 .5 7  2 8 9 .4 9  3 3 2 .5 6
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F i g u r e  3 .  F i r s t  R e s i d u a l  a n d  S e c o n d  R e 
s i d u a l  vs. T e m p e r a t u r e , f o r  I l l u s t r a t i v e  

E x a m p l e s

W hen applied to these data, the equation of the straight line 
for pressure through pressures a t 50° and 200° C. is 1.7044£ — 
8.32. To this the first residual r  m ust be added to give the 
actual pressure, hence:

P  =  1.7044£ -  8.32 +  r  (5)

V aluesuf r  are now calculated and plotted against tempera
ture as shown in the upper half of Figure 3. From this the 
maximum value of r  and the corresponding tem perature is 
read, giving r0 =  —1.37 atmospheres and to = 93° C. Values 
of (r0 — r)»ctu»i and (L — i) are calculated and plotted on 
logarithmic coordinate paper. The two equations for (r0 — r) 
will be

For t  <  93°: (r -  r)«icd. =  -(2.045)(10-‘)(93 -  t)’-5« 
For t  >  93°: (r„ -  r)„ied. = -(1.930)(10-J)(£ -  $3)'-™

Values of a second residual, r ',  are calculated by

r ' — (ro * r)»ctu»i “  (i*o r)c»icii.

and plotted against temperature as shown in the lower half of 
Figure 3. Solving the above equation for r gives

r =  r0 — r ' — (n> — r)c»icd.

which upon substituting in Equation 5 expresses the pressure 
a t a constant density of 9.0 moles per liter as

P  =  1 70441 -  9 69 -  r ' +  -  O’-3« (0)r  i.iu-wt j.ou r +  |(1.930)(10-3)«  -  9 3 ) l-<06 w

Differentiating Equations 5 and 6  ‘with respect to temperature 
gives

( i ) r  “  h7Mi *  ( t )  (7)

t m  -  11044 _  f e )  +  H -« 8 8 )< 1 0 -X 9 3  -  !>'■•« 
\ d T j y  1 \ d i /  ((2.712)(10-’)(£ -  93)0-« 5 

(8)

T a b l e  I .  I s o m e t r i c  S l o p e  ( d P / d T )  y  f o r  G a s e o u s  E t h a n e  a t  
9 .0  M o l e s  p e r  L i t e r

.--------------(ap/arjv- by------------
T e m p ., •  C . E q u a tio n  7 E q u a tio n  8

50 1 .6364  1 .6305
75 1 .6704  1 .6812

100 1 .7107  1 .7104
125 1 .7162  1 .7165
150 1 .7171 1.71S4
175 1 .7169  1 .7206
200 1 .7231 1 .7225

Substituting numerical values for t in Equation 8  and getting 
(idr/dt) and (dr'/dt) graphically yields the results listed in 
Table I. The average agreement is in the neighborhood of 
0.1 per cent, though the values of (dP /dT)r obtained by 
Equation 8  are more precise than those calculated by means of 
Equation 7.

Iso therm al Changes in  Therm odynam ic 
F unctions

I n t e r n a l  E n e r g y . Having determined the isometric 
slopes, the change in internal energy is evaluated by solving

( *  _  .  J J '  [ T ( § 0 r  -  (9,

in which the term  in brackets equals (pE/bV)T. Integration 
is readily carried out by using residuals from van der Waals 
equation, the constants for which are obtained directly from 
(pE/bV) T. This procedure is summarized by the following 
steps:

1 . Calculate (PE/i)V)T by the fundamental equation:

2. Integrate (i>E/dV)T using residuals from the van der 
Waals equation, according to:

r '  = (dE/dV)r -  (a/V s) (10)

7ry
y \ ’ dV  (11)

E n t h a l p y . From the isothermal change in internal en
ergy, corresponding values for enthalpy may be computed by 
adding the change in the (P F ) product.

E n t r o p y . By integrating the isometric slope with respect 
to volume, in accordance with Equation 2, isothermal changes 
in entropy may be evaluated. This integration may be also 
accomplished by using residuals, in much the same manner 
as has been suggested for internal energy.

F r e e  E n e r g y . Knowing values for the preceding func
tions, the pressure correction for isothermal changes in free 
energy (in the absence of chemical reactions) may be calcu
lated from the equation

(Pa -  F i ) r  =  (Ha -  Z /i) r  -  T (Sa -  Si)r  (12)
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N om enclature
E  = internal energy 
P  = free energy (H — TS)
H =  enthalpy (E  +  PV)
P  = absolute pressure, normal atmospheres
R = gas law constant
r0 =  maximum value of r
r ' =  second residual
r’ =  residual defined by Equation 10
r = first residual
S =  entropy
t =  temperature, 0 C.
T  =  absolute temperature 
V  = volume
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D iam eter Variation in  Cellulose

Fibrils
A. J . BAILEY1 AND R. M. BROWN

University of Minnesota, St. Paul, Minn.

Various p lan t fibers were disintegrated by 
m echanical m eans alone and by beating 
a fte r different chemical trea tm en ts . Meas
u rem en ts of fibril d iam eters were m ade 
and  analyzed statistically . The analysis 
showed th a t  cellulose fibrils exist as u n i
form  and  true  morphological un its . Di
am eters of these fibrils are in  the range of
0.928 to 0.956 g and are apparently inde
penden t of botanical origin, chemical 
tre a tm e n t, or physical processing. The 
fact th a t  cellulose fibrils fluctuate around a 
com m on average diam eter, the  am oun t of 
fluctuation  being essentially th e  sam e for 
various species and trea tm en ts , has far-

T HE degree of subdivision of a solid is of extreme im
portance in relation to chemical and colloidal changes. 
N ot infrequently physical appearance and properties 

are directly dependent upon particle size. Cellulose is 
markedly of this type. Changes in cellulose particle size 
by commercial beating processes are so complex tha t no 
means.exists for accurately defining the change analytically or 
for exactly duplicating a given commercial beating operation. 
A tendency of cellulose to  form particles of a definite size 
and resist further subdivision would be important in both 
physical and chemical processing. Cellulose estérification, 
for example, is often considered to be a micellar reaction in 
which some zones in a single micelle may be fully esterified or 
completely unchanged (18). Similarly, higher nitrates are 
known to exist on the fiber exterior, but lower nitrates persist 
in the interior (8). The present study had for its purpose the 
determination of the diameters of cellulose fibrils from differ
ent sources, of different chemical histories, and subjected to 
different mechanical processing, to learn the following: 
whether fibril diameters tend to  be of an average size; how 
these sizes varied from the mean; how fibril diameters com
pared with diameters observed by other investigators; and 
what industrial importance might attach  to fibrils which re
sisted further subdivision.

Experim ental History
Different fibril diameters have been reported by inde

pendent investigators. Balls and Hancock (5) concluded th a t 
cotton fibrils were 0.4 g  in diameter, Jancke (14) in Herzog’s 
laboratory observed a width of 0.3 to 0.5 g, and Frey-Wys- 
sling recorded 0.4 g (18). In  contrast, Freudenberg (12), 
Bailey and Kerr (4), Anderson and Moore (2), and Anderson 
and Kerr (1) expressed the opinion th a t fibrils have no con-

1 Present address, U niversity  of W ashington, Seattle, Wash.

reaching industria l significance. Two 
physical m aterials -were found in  all fibers— 
a com pact, dense, u n it  fibril and a sub
stance form ing a hydrogel upon  com m inu
tion  in  w'atcr. The u n it  fibril was inca
pable of gelatin ization in  w ater by ordinary 
m ethods. The d isin tegration  of fibers in to  
a gel and an  in e rt fraction indicates th a t 
freeness and sim ilar tests have only lim ited  
and em pirical significance. The observed 
course of fiber disin tegration explains m any 
of the  complex physical and  chemical 
changes accom panying com m ercial bea t
ing. U nit fibrils from  various sources are 
illustrated  by photom icrographs.

sistent size and grade down to the limits of microscopic reso
lution. Seifriz and Hock (16) recognized “primary fibrils” 
of 1.4 g diameter and “secondary fibrils” of 0.1-0.3 g di
ameter. Farr and Eckerson (10) reported a diameter of ap
proximately 1 .1  g  for ellipsoidal particles and believed th a t 
they were a more or less constant building unit. Another 
investigator (8), who recorded a somewhat larger fibril 
diameter, believed th a t fibrils had a more or less uniform 
minimum diameter, or multiple of this diameter if grouped. 
As a result he proposed the term “unit fibril” to  designate a 
fibril having this minimum uniform diameter and visually es
timated the range to  be from 3 to  4 g. In  the present investi
gation this diameter range was determined accurately and 
found to be from 0.93 to 0.96 g. Because the cylindricoids
(8) formed from fibrils are approximately equidimensional, the 
height is also in the range of 1.0 to  1.5 g; the exact dimension 
requires statistical study. In  the present investigation unit 
fibrils could not be differentiated from F arr’s fibrils composed 
of ellipsoids.

Although most of these earlier studies included only cotton, 
a few dealt with wood fibers. In  spite of marked difference 
in the type and development of fibers, there is no apparent 
reason why cellulose deposition cannot be identical in seed 
hairs and wood tracheids. A comparison of methods used to 
determine fibril diameters indicates th a t the fibril diameters 
actually found are correlated with the methods used. Gen
erally speaking, the diameters obtained indirectly by infer
ence from observations of zones in swollen sections of the 
walls have been smaller than  those obtained by other methods. 
The larger diameters were usually obtained by simpler treat
ments, such as comminution in water. Because of the inter
ference of Liesegang effects and pressure artifacts, there 
might be some danger in broadly inferring th a t zones or 
markings in drastically swollen material indicate fibril size. 
Little is known of the specificity of the gel involved. Varying
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concentrations of reacting ions might bring about progressive 
peptization and coagulation with attendant reticulation and 
articulation. This might easily account for zones of varying 
density observed by some investigators. Only recently Farr
(9) showed th a t some zones on transverse sections, believed 
by some workers to be growth rings, are in reality artifacts 
caused by pressure on the cover glass above swollen material. 
I t  is perhaps significant th a t many of the workers who sepa
rated and measured diameters of individual fibrils, rather than 
inferring diameter from wall markings or zones, have re
ported the higher diameters.

To define material in terms of analytical procedures is not 
new or unusual. Cellulose, for example, is designated as 
alpha, beta, gamma, Cross and Bevan, and holocellulose, de
pending on the method of preparation; yet an absolutely 
pure cellulose, giving theoretical yields of glucose, has yet to 
be prepared. I t  is entirely possible (a) th a t mild treatm ent 
might yield fibrils of a  uniform size and (6) th a t more drastic 
swelling treatm ents might reduce these fibrils to  fibrils of 
smaller diameter by overcoming intermicellar attraction, 
b u t would not decrease their length since this could be brought 
about only by  hydrolysis (shortening of chains). I t  is there
fore rational to define fibrils not only on the basis of botanical 
origin, bu t also by chemical and physical histories. I t  m ight 
easily be the case th a t all recorded diameters have some sig
nificance, th a t agreement merely necessitates exact analytical 
definitions. Obviously, any clarification of such an impor
tan t bu t contradictory and confusing concept would be of 
value.

In  the interests of clarity, the term  “fibril” is used here, 
as i t  appears in the literature, to  mean a threadlike filament of 
varying length and diameter. The term  “unit fibril” is used 
to indicate fibrils of definite diameter (about 1 .0  p), whose 
length is still unknown. I t  is believed th a t fiber laminations 
are built up of unit fibrils, th a t fibrils of greater diameter 
than 1 .0  p are aggregates of un it fibrils, and th a t fibrils of 
diameters less than 1.0 p are strips torn longitudinally from 
unit fibrils.

Preparative and  Observational Technique
Some fibrous materials were obtained in various stages of 

industrial processing; others had no treatm ent. By proc
essing these in the laboratory chemically or physically, or 
both, it was possible to eliminate the effects of a given beating 
apparatus or specific chemical treatm ent. A description and 
history of the various materials used follows:

1. Surgical cotton (Gossypium sp.), fiber length reduced with 
scissors to permit beating without roping and lumping, pebble- 
milled 2  hours (all beating was in distilled water only).

2 . Commercial unbleached aspen soda pulp (Populus tremu- 
loides), pebble-milled 1.5 hours.

3. Commercial unbleached aspen soda pulp, bleached over
night in a large excess of 5 per cent sodium hypochlorite solution, 
pebble-milled 1 hour.

4. Commercial unbleached aspen soda pulp, pebble-milled 2  
hours, hydrolyzed 2  hours with boiling, 2  per cent sodium hy
droxide.

5. Commercial strawboard, pebble-milled 2 hours.
6 . Southern pine (Pinas sp.) commercial kraft paper, pebble- 

milled 2  hours.
7. Southern pine kraft paper, bleached (similarly to sample 3) 

in 5 per cent sodium hypochlorite, pebble-milled 2 hours. 
(Both samples 6  and 7 were unbleached kraft paper which had 
had the usual beating and sizing. The paper was disintegrated 
in water before beating in this study.)

8 . Thin western white pine (Pinus montícola) shavings, pebble- 
milled 2  hours.

9. Western white pine shavings pulped with nitric acid and 
potassium chlorate, pebble-milled 2  hours.

10. Western white pine shavings pulped with nitric acid and 
potassium chlorate, bleached in 5 per cent sodium hypochlorite, 
(similarly to sample 3) pebble-milled 1 hour.

11. Commercial Fir-Tex (Douglas fir, Pseudolsuga laxifolia) 
pulp, pebble-milled 2 hours.

12. Commercial Fir-Tex pulp, bleached in 5 per cent sodium 
hypochlorite (similarly to sample 3), pebble-milled 2 hours.

13. Commercial Masonite (southern pine) pulp, pebble- 
milled 3 hours.

14. Commercial Masonite pulp, bleached in 5 per cent sodium 
hypochlorite (similarly to sample 3), pebble-milled 3 hours.

15. Western hemlock (Tsuga helerophylla) shavings, pulped 
with nitric acid and potassium chlorate, pebble-milled 2  hours.

16. Sitka spruce (Picea sitchcmis) shavings, pulped with nitric 
acid and potassium chlorate, pebble-milled 2  hours.

Samples 2, 3, and 4 were from the same commercial pulp, 
and samples 6  and 7 were from the same paper. Lap pulp 
and paper were boiled a few minutes in dilute alkali, the water 
was squeezed out, and the mass was washed and kneaded in 
the hands to  loosen the fibers. The pulp was then disinte
grated with a motor-driven stirrer and thickened by filtering. 
The pebble mill consisted of an 800-ml. porcelain ja r about 
half full of approximately half-inch pebbles and was driven 
by a synchronous motor a t 130 r. p. m. The mill was fur
nished by adding 100 ml. of distilled water and 2 to  3 grams 
(air dry) of fibrous material. All of the beating periods pro
duced effects greatly in excess of commercial beating. All 
pulps were neutralized (if necessitated by prior treatm ent), or 
washed with sulfurous acid if oxidized, and then washed to 
neutrality before beating. Slides were prepared from diluted 
suspensions, mounted in a nonaqueous medium of high index 
of refraction, and observed with an achromatic-aplanatic 
condenser of 1.40 N. A. (numerical aperture), an achromatic 
1.9-mm. oil immersion objective of 1.30 N . A., and a filar mi
crometer with an achromatic eyepiece. The magnification was 
930 diameters and the theoretical resolution slightly better 
than  0.2 p. M easurements were made independently by an 
unprejudiced observer. Readings from the filar micrometer 
drum, calibrated by a stage micrometer, were rounded off to 
the nearest 0.1 p, in spite of a resolution of 0.2 p. Readings 
were made in different parts of the slide where individual fibrils 
were separated and therefore could be measured accurately 
so th a t a  representive sample was obtained and the effects of 
selective deposition on the slide were eliminated.

The appearance of the beaten m aterial on slides is shown 
in Figures 1 to  5.

The resolution in all of these illustrations is less than half 
th a t obtained in making the measurements, owing to the 
necessity of obtaining optical contrast by  diffraction. Varia
tions in diameter of a single unit fibril are due to clots of 
gel, or to lying in a different focal plane; the result is the well 
known exaggeration of size of near objects by all short-focus 
lenses. These photomicrographs were prepared from air- 
mounted fiber slides with no attem pt to  place all fibrils in 
one plane. The distortion caused by a lens of less than 2-mm. 
focal length is increased 640 to  1080 times by the magnifica
tion.

Bailey presented a complete description of the beaten ma
terial (S); he observed th a t the frayed fibers seemed to be 
composed of fibrils whose diameters were too uniform a t 
various places in a single fibril and in different fibrils to be 
accidental. Figure 1 illustrates this condition. I t  was sus
pected th a t this uniformity indicated a morphological and 
fundamental un it of cellulose. These uniform fibrils are 
termed “unit fibrils” in the present discussion.

S ta tis tica l Analysis
To determine the number of diameter measurements neces

sary to  obtain a reliable estimate of the average fibril diameter, 
a  preliminary sample of fifty fibrils was obtained from each of 
the following sources—surgical cotton, unbleached aspen 
soda pulp, and hydrolyzed unbleached aspen soda pulp. The
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F i g u r e  1 {above). S a m p le  
2, C o m m e rc ia l  U n 
b l e a c h e d  A sp e n  S o d a  

P u l p
The fiber is just losing 
structural integrity, re
leasing unit fibrils and 
gel. Note the uniformity 
of fibril diameters, the 
separated unit fibrils, 
and the cylindricoids (X 

640).

F i g u r e  4 {below). S a m p le  
16, S p r u c e  P u lp e d  w i th  
N i t k i o  A c id  a n d  P o t a s 
siu m  C h l o r a t e  (X 1080)

F i g u r e  2 (above). S a m p le  
8, W h i t e  P in e  S h a v in g s  
M e c h a n i c a l l y  D i s in t e 
g r a t e d  in  W a t e r  w i t h  
No C h e m ic a l  T r e a t 

m e n t  ( X  1080)

F i g u r e  3 (left). S a m p le  
1, S u r g i c a l  C o t t o n  M e 
c h a n i c a l l y  D i s i n t e 
g r a t e d  in  W a t e r  w i th  
No C h e m ic a l  T r e a t 

m e n t
Note the prominent cylin
dricoids indicated by ar

rows (X 1080).

F i g u r e  5 (below). S a m p le  
5, C o m m e rc ia l  S t r a w -  

b o a r d  (X  1080).
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averages, standard deviations, and standard errors of the 
averages are as follows:

S ta n d a rd  S ta n d a rd
S ource  of F ib r il  A v . D iana. D e v ia tio n  E rro r

/-----------------------M icrons----------------------- .

S u rg ica l co tto n  0 .9 2  0 .0 5 9  0 .0 0 8
P ebb le -m illed  u nb leached  asp en

so d a  p u lp  1 .0 8  0 .1 1 0  0 .0 1 5
H y d ro ly zed  u n b leach ed  aspen

so d a  p u lp  1 .0 0  0 .0 7 7  0 .0 1 1

These standard errors (0.008, 0.015, and 0.011) show th a t a 
sample of fifty fibrils gave an average w ith a sampling error 
much less than the power of resolution, 0 .2  p, of the micro
scope. Even for the most variable of these sources— pebble- 
milled unbleached aspen— the sampling error is only one 
twentieth of this power of resolution. Because this high de
gree of precision is not necessary, the size of sample required 
to give a sampling error equal to one fifth of the power of reso
lution for the most variable source was computed by the 
formula for the standard error of the average as follows:

xr -  i s o y  _ / o .n v  _ o 
\0.04j \0.0-ij

where N  is the number of observations required to give an 
average with a precision equal to one fifth the power of reso
lution, and SD  is the standard deviation of pebble-milled 
aspen soda pulp. Although a sample of eight would satisfy 
this arbitrary requirement, ten measurements were actually 
used in order to simplify computations.

The average diameters of the fibrils from sixteen samples 
drawn from nine different sources of cellulose treated, with 
one exception, by one or more of five different pulping proc
esses are given in Table I.

The primary question to  be answered by these data  is as 
follows: May these averages be considered estimates of the 
average fibril diameter of the same fundamental population 
of cellulose unit fibrils, or do they differ by more than could 
be expected if they had been drawn from such a population? 
To determine this, these data  were analyzed by Fisher’s vari
ance method (11) and Snedecor’s F test (19). The results

T a b l e  II. A n a l y s i s  o f  V a r i a n c e  o f  F i b r i l  D i a m e t e r  f r o m  
C e l l u l o s e s  P u l p e d  b y  D i f f e r e n t  P r o c e s s e s

D egrees * F  T e s t  >
of S um  of M ean  A c tu a l 

Source of V a ria tio n  F reed o m  S quares  S q u a re  F  5 %  1%

B etw een  sources of
cellulose 15 0 .1 9  0 .0 1 3  1 .9 «  1 .7  2 .1

W ith in  sou rces (erro r) 144 0 .9 9  0 .0 0 7

T o ta l 159 1 .1 8

°  J u s t  s ign ifican t.

(Table II) indicate th a t as a group the variation between the 
averages differs by  more than could reasonably be expected 
if the sixteen samples had been drawn from the same funda
mental population of unit fibrils. This general conclusion is 
indicated by the fact th a t the actual value of F, 1.9, is ju st a 
trifle larger than the value, 1.7, th a t occurs by chance five 
times out of one hundred trials (the level of significance arbi
trarily chosen by statisticians as the dividing line between 
sampling and true differences). F  is the number of times 
one measure of variation is larger than the accidental or 
chance variation.

To discover which of these averages might be grouped to
gether and considered typical of a fundamental population of 
cellulose unit fibrils, or conversely, which averages could not 
be considered members of such a population, all the possible 
differences between pairs of averages were subjected to the 
t test (11, 19). The number of times an actual difference is 
greater than  a sampling difference is designated as t. For 
the size of sample analyzed, the values of t th a t would occur 

five times in a hundred trials and only once 
in a hundred trials are 2.0 and 2.6. These figures 
multiplied by the standard error of a difference 
give the significant and highly significant dif
ferences with which the actual differences may 
be compared. The standard error of a difference 
between two means computed from samples of 
ten is computed from the mean square for error 
in Table I I  by the following formula:

Standard error of a difference
2 (mean square for error) 

10

- J - l S g ® -  0 .0 3 7 ,

Any difference equal to a t least twice this stand
ard error of a difference, or 0.074 n, would be 
considered a significant difference (i. e., more 
than a sampling difference); and a difference 2 .6  
times this, or 0.096 n, a highly significant dif
ference (i. e., one still less likely to occur as a 
result of sampling). Therefore, all averages 
between 0.91 and 0.07 or 0.98 p m ay be con
sidered as belonging to the same population of 
fibrils. As Table I shows, this group includes 
all sources and treatments, except pebble-milled 
aspen soda pulp and hydrolyzed soda aspen pulp, 
with averages over 1 n. This group may there
fore be considered the fundamental population of 
typical cellulose unit fibrils. If this group is 

assumed to represent the fundamental population of cellulose 
unit fibrils, the limits within which the true average diameter of 
this population will fall may be computed from the average and 
standard error of this average. As Table I shows, the average 
diameter of the unit fibril is 0.942 n  — 0.007. Therefore the 
limits within which the true average falls w ith a probability 
of being correct ninety-five out of one hundred trials are this

T a b l e  I. A v e r a g e  D ia m e t e r s  o f  F i b r i l s  f r o m  C e l l u l o s e s  
T r e a t e d  b y  D i f f e r e n t  P r o c e s s e s

S ta n d a rd  
A v. S ta n d a rd  E r ro r  of 

Source of C ellu lose F ib r ils  D iam . D e v ia tio n  A v.
a---------------- M  icro n s  --

N o t S ign ifican tly  D iffe ren t from  F u n d a m e n ta l G ro u p  
W e ste rn  hem lock shav ings , p u lp e d  w ith  H N O a a n d  K C IO j , 

p ebb le -m illed  2 hr.
C o m m ercia l F ir-T e x  pu lp , b leached  in  5 %  N aO C l, pebb le- 

m illed 2 hr.
C om m ercia l s traw b o a rd , p ebb le-m illed  2 h r.
S u rg ica l co tto n
W este rn  w h ite  p ine  sh av in g s  p u lp e d  w ith  H N O a an d  

KClOa, p ebb le-m illed  2 hr.
S o u th e rn  p ine k ra f t  p ap e r, b leached  in  5 %  N aO C l, pebb le- 

m illed  2 h r.
S itk a  sp ruce  shav ings , pu lp ed  w ith  H N O j a n d  K CIO j,
> pebb le-m illed  2 hr.
T h in  w estern  w h ite  p ine  shav ings , pebb le -m illed  2 h r .
S o u th e rn  p ine  k ra f t  p ap e r, pebb le-m illed  2 h r .
C om m ercia l M aso n ite  (so u th e rn  p ine) p u lp , p ebb le-m illed  

3 h r.
C om m ercia l u nb leached  asp en  so d a  pu lp , b leached  in  5 %

N aO C l, pebb le-m illed  1 nr.
W e ste rn  w h ite  p ine  sh av in g s  p u lp e d  w ith  H N O j a n d  

K CIO j , b leached  in  5 %  N aO C l, pebb le-m illed  1 h r.
C om m ercia l F ir-T ex  p u lp , pebb le-m illed  2 h r.
C om m ercia l M aso n ite  p u lp  b leached  in  5 %  N aO C l, 

pebb le-m illed  2 h r.
A v. (based  on  sam ples of ten )

V ery  H ig h ly  S ign ifican tly  D iffe ren t from  F u n d a m e n ta l G ro u p  
C om m ercia l unb leached  asp en  so d a  p u lp  h y d ro ly z ed  2 h r .

w ith  N aO H  a t  100° C ., pebb le-m illed  2 h r. 1 .016  0 .0 8 0  0 .0 1 0
C om m ercia l u nb leached  asp en  so d a  p u lp  p ebb le-m illed

1.5 h r . 1 .0 7 6  0 .1 0 6  0 .0 1 3

« B ased  on 70 observations.
6 B ased  on  60 ob serv a tio n s ; a ll o th e rs  b ased  on  10 o b serv a tio n s .

0 .9 1 0 .1 0 0 0 .0 3 2

0 .9 2
0 .9 2
0 .9 2 °

0 .0 8 2
0 .0 9 4
0 .0 9 3

0 .0 2 6
0 .0 3 0
0 .0 1 1

0 .9 3 0 .0 6 6 0 .0 2 1

0 .9 4 0 .0 4 7 0 .0 1 5

0 .9 4
0 .9 5
0 .9 5

0 .0 4 7
0 .0 5 5
0 .1 0 0

0 .0 1 5
0 .0 1 7
0 .0 3 2

0 .9 6 0 .0 4 7 0 .0 1 5

0 .9 6 0 .0 8 2 0 .0 2 6

0 .9 6
0 .9 7

0 .0 6 6
0 .0 8 2

0 .0 2 1
0 .0 2 6

0 .9 7
0 .9 4 2

0 .0 6 6
0 .0 7 7

0 .0 2 1
0 .0 0 7
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average plus and minus twice this standard error, or 0.928 to
0.956 ¡i. Furthermore, not only because these treatments 
cover the range of severity of treatment of industrial con
ditions, b u t also because most of them are more severe, it is 
felt th a t these limits do represent the probable range of the 
average diameters of the cellulose unit fibril from most 
sources.

The variation of the individual fibrils from their averages 
is also shown in Table I  by the standard deviations. For the 
fundamental group, the standard deviations range from 0.047 
to 0.100 n. A Chi-square test {19) of this variation indi
cates, however, th a t these values are not significantly differ
ent. Therefore it appears tha t cellulose fibrils from most of 
these sources not only fluctuate around a common average 
diameter bu t also th a t the amount of this fluctuation is the 
same. The standard deviation of the fundamental group 
(Table I) is 0.077 ¡x. Figure 6 gives the distribution of fibrils, 
based on the sixteen samples of ten each, from all the sources. 
If the two sets of significantly different aspen data are elimi
nated, the range will be reduced from 0.8-1.3 to 0.8-1.1 ¡i.

To determine whether or not the alkali-treated aspen soda 
pulp (No. 4) and the unbleached aspen soda pulp could be 
considered as extreme members of this family of unit fibrils, 
a supplementary t test was used to compare the averages from 
the larger samples of data available for this material with the 
average, 0.942 ju, of the group. For this test seventy meas
urements were available for unbleached pebble-milled aspen 
and sixty measurements for the alkali-treated aspen. The 
test was therefore more sensitive. The results of this analysis 
not only corroborated the original findings, but indicated tha t 
i t  was highly improbable tha t these two sets of aspen fibril 
diameters were members of the fundamental group.

A similar test was also made on the seventy measurements 
available for cotton. This more precise test indicated tha t 
the average diameter of the cotton fibrils was just significantly 
different from the average of the group. However, because 
a variation of this magnitude may occur five times in a hun
dred trials by chance alone, the cotton fibrils may be looked 
upon as smaller members of this fundamental group.

Although it  has been demonstrated by these statistical 
tests th a t some of the differences and measures of variation 
are statistically different, from a practical industrial stand
point these differences are without significance.

Optical, Chem ical, M echanical, and Botanical 
L im itations

As noted above, optical resolution was 0 .2  n. Average 
vision would require a magnification of 350 to 700 diameters 
to distinguish this separation; actually 930 diameters was 
used. An additional allowance was made for resolution less 
than this am ount in calculating the number of observations 
necessary for a given accuracy. No claim is made tha t any 
individual measurement is more accurate than 0 .2  ¡i, although 
for mathematical reasons drum readings rounded off to the 
nearest 0 .1  ja were retained.

Chemically, considerable diversity was obtained. Some 
fibers were wet only with water throughout the entire process 
from the block of wood to the slide. Others had alkaline or 
oxidative pulping and bleaching. Drastic nitric acid pulping 
and alkaline bleaching would presumably give nearly an 
ultimate oxycellulose product, visibly demonstrated by in
creased ease of disintegration in beating, shorter beating 
time, and friability of the pulp. The mildest treatment con
sisted only of agitation in water, whereas the most severe 
treatm ents were close to causing more or less complete deg
radation and disappearance of the cellulose as such; there
fore we believe th a t not only was the range of severity of in
dustrial conditions included, but that, for practical purposes,

the extreme limits of chemical conditions were approached. 
I t  was not intended to include all industrial materials but 
rather the range of severity of industrial conditions. Because 
of this great diversity there is little possibility th a t the forma
tion of unit fibrils was a result of specific chemical action.

The mechanical treatm ents used also varied greatly. From 
shavings to unit fibrils, some fibers were subjected only to 
pebble milling, of which Figure 2  is an example. The Mason
ite fibers had been defibered by steam explosion, the Fir-Tex 
had been hammer-milled, the straw had been rod-milled, the 
soda and kraft pulps had been through the macerating action 
of blowing the digester, and the kraft had been processed by 
standard beating tackle. The formation of unit fibrils by 
specific mechanical action is thus also remotely improbable.

Botanically, cotton, straw, one hardwood, and four conif
erous woods were examined. Morphologically these include 
tracheids, true fibers, seed hairs, and the heterogeneous cellu
lar system of the grasses. Although no claims are made 
beyond the sources studied, it is believed th a t these samples 
embrace sufficient plant species to indicate th a t the occur
rence of cellulose in unit fibrils is more or less general.

F undam en ta l Significance and P ractical 
Applications

The implications of uniform fibril diameter are extremely 
far-reaching. Probably the most im portant relate to indus
trial processing. I t  is obvious th a t a dense, resistant, mor
phological unit of cellulose (the unit fibril) is of immense im
portance in all physical processing of cellulose, such as beat
ing. Resistant units (unit fibrils) are likewise im portant in 
the solution processes, such as cuprammonium and viscose, 
in tha t the unit fibril offers greater resistance to solution than 
the interfibril material, or, as F arr showed recently (9), in 
th a t fragments of unit fibrils resist cuprammonium solution 
entirely and form merely a microscopically visible part of a 
disperse system. The resistance of the dense unit fibrils is 
probably related to the relative amounts of the fibril fraction 
and gel fraction present, whereas the viscosity of the dis
persion is also derived directly from these quantities and the 
specific viscosity of each. Similar considerations apply to 
the cellulose derivative processes such as nitrate and acetate. 
In  addition, the unit fibril, which completely resists comminu
tion in water and solution in cuprammonium alike, undoubt
edly gives rise to heterogeneous fibrillar reactions and thus 
adds to the difficulty of obtaining the fully nitrated or other
wise completely reacted cellulose derivative (probably meas
ured directly in the longer time of reaction to secure contact 
and the higher concentration of reagents necessary to acceler
ate diffusion into the unit fibril).

Comminution in water demonstrated th a t unit fibrils 
retained structural integrity after all other fiber characteris
tics had been demolished. Undoubtedly this indicates 
greater cohesion due to secondary valence between adjacent 
micelles or chain molecules. T h a t these forces are high is 
shown by the resistance of fibrils to disintegration. Appar
ently water alone did not satisfy intermicellar or intermolecu- 
lar attraction sufficiently to lower it  below the mechanical 
forces. Conceivably, but not probably, other bonds between 
micelles (chemical bonds from micelle to  micelle) might ac
count for this high resistance. Chemically resistant fibrils 
undoubtedly give rise to heterogeneous fibrillar reactions in a 
manner similar to  th a t depicted by Sisson for micellar re
actions {18), which consist of reacted outer layers and progress 
inward through lower derivatives to  the unreacted core. I t  
is possible th a t unit fibrils represent cellulose crystals as 
Sisson {17) suggested of F arr’s particles.

Interior walls of cellulose fibers show spiral striations when 
swollen and bruised; th a t further mechanical demolition
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separates such a structure into closely packed unit fibrils lying 
side by side is visually demonstrated by Figure 1. The ap
pearance of a clear gel, simultaneously with the separation 
of unit fibrils, points rather definitely to the existence of two 
different materials in the cell wall— one the physically resist
an t and chemically less active unit fibril, and the other the 
gel-forming material apparently functioning as a cement be
tween fibrils and laminations (3). This structure explains 
many of the changes occurring in beating, such as freeness, 
the development of strength, change in hydrolysis number,

70-i
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f e r e n t  P u l p i n g  P r o c e s s e s

the impossibility of completely gelatinizing cellulose by only 
mechanical means, and other associated phenomena. These 
are substantially the same conclusions reached by Brauns and 
Lewis (6‘) on a highly purified pulp containing 99.1 per cent 
alpha-cellulose with practically no pentosan or uronic acid 
present. Beating failed to hydrate this pulp, freeness did not 
change, and sheet-forming properties failed to appear, al
though the viscosity was fairly high. Also, fibers of this 
pulp treated with cuprammonium solution separated easily 
into individual lamellae, as though the original cementing 
material had been removed. In view of wall striations, the 
isolation of unit fibrils is direct evidence of strong and weak 
spots in the wall, in contrast to the homogcneous-lamella 
concept of some investigators. The presence of a gel-forming 
material and another substance, which does not gelatinize in 
beating, demonstrated by two independent investigations 
(3, 6), is highly im portant in the development and control 
of beating operations. Both of these materials would affect 
the viscosity of the material. Brauns and Lewis showed 
th a t the resistant cellulose may have high viscosity, yet no 
sheeting properties a t all. Further, it is apparent th a t vis
cosity may err widely if used to follow beating or predict 
strength properties.

On slides prepared in this study, some fibers were covered 
by clots of a clear gel illustrated earlier (3). This was removed 
by immersing uncovered slides in sulfuric acid and hydrolyz
ing for Several hours. The hydrolysis was so successful 
th a t the cement (gel) holding the fiber fragments to the slide 
was dissolved and the glass emerged clean. Partial hydroly
sis was obtained by placing a few drops of the dilute acid on 
the slide and heating over a flame. Because the acid con
centrated by evaporation, the threshold conditions to  hydro
lyze the gel w ithout dissolving the unit fibrils were not ap
parent. After this hydrolysis many fibrils were still fastened 
to the slide in spots. I t  appeared th a t the gel had clotted 
the fibers and cemented them during drying, and th a t the

gel was later hydrolyzed by the acid without apparent change 
to  the unit fibrils except a sharpening and clarifying of 
the microscopic image. Similar results were obtained by 
alkaline hydrolysis with sodium hydroxide. Further work 
on the character, quantity, and location of this gel is con
templated.

F arr’s observations of ellipsoidal particles forming a fibril 
are undoubtedly significant. Following the course of carbo
hydrate condensation on the cell wall, i t  would appear tenable 
th a t production of cellulose from the cytoplasm would soon 
cause saturation. According to Campbell’s theory of cellu
lose hydration (7), longer chains would precipitate first and 
would be deposited preferentially on the growing particle due 
to their greater surface and difficulty of retaining a  “hydrated 
atmosphere” . I t  is not difficult to understand how fibrils 
might be laid down with smaller particles or shorter chains 
filling the gaps and forming the matrix. I t  is possible 
th a t m atrix material may be modified—for example, oxida
tion of an alcohol group to carboxyl forming a uronic acid. 
This explanation fits exactly the observations of Brauns and 
Lewis th a t their highly purified pulp had a uronide matrix. 
I t  is striking th a t two independent investigations have demon
strated particles, resolved from fibrils, of almost identical 
size. These have been termed “ellipsoid particles” (10) 
and “cylindricoids” (3), but irrespective of name they appear 
to be derived from the same structure. Since the measure
ments recorded in this paper were made on dry  fibrils, all 
th a t is necessary to concur with F arr’s diameter of 1.1 n is 
to add the am ount of swelling caused by water (10 to 15 per 
cent) which then gives 1 .1  n  as the water-swollen diameter. 
The obvious explanation of the similarity in length of these 
particles is th a t sufficient ends of micelles occur a t one point 
to cause a weak spot in the fibril.

T hat such a wide range of plants yields uniform fibrils is 
decidedly interesting. This would suggest th a t cellulose 
formation and condensation are conditioned only by chemical 
considerations and probably are merely expressions of iden
tical equilibria in many, if not all, cellulose-producing plants; 
as such, they take precedence over the later function and lo
cation of the cell in the plant.

Several investigators (1, 4, IS) have reported w hat appears 
to  be an anastomosing system of fibrils, the size of fibrils re
portedly diminishing to  invisibility. These observations 
have been made on more or less integral lamellae or fibers, usu
ally after drastic swelling treatm ent. The “acid test” of 
anastomosing fibrils would appear to  be actual isolation, which 
has never been accomplished. The complete absence, by any 
observer, of forked isolated fibrils, the uniformity of particle 
diameter observed; the general uniformity of unit fibril 
diameter throughout the entire length, the general absence 
of tapering ends of fibrils (which would be present if torn from 
an anastomosing structure), and the 230 ¡i length of some iso
lated fibrils (16) would appear to  offer convincing evidence 
th a t fibrils are unbranched filaments. I t  seems probable 
th a t transverse sections of fiber walls containing extremely 
tenuous zones, obtained by drastic swelling techniques and sus
ceptible to the complications of progressive peptization and 
coagulation, should be interpreted as effects of chemical action 
or combined chemical and mechanical treatm ent, rather than 
as structural features, if and until fibrils of this size are ac
tually isolated, and by less objectionable technique. The fact 
th a t two independent investigations (3, 6) have demonstrated 
a pulp fraction which is completely incapable of being gelatin
ized by comminution in water, in contrast to a swelling 
treatm ent which may peptize cellulose completely, is reason
ably conclusive evidence th a t the action of the two processes 
is different in kind.

The concentric ring appearance of etched or swollen trans
verse sections and the apparent absence of radial markings on
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these rings have led some workers (I, 4 ) to conclude that each 
lamella is continuous and integral. Therefore they formu
lated the hypothesis th a t fibrils formed by rupture of what 
seemed to be a homogeneous sleeve were of random size, in 
spite of the visibility of more or less uniform longitudinal 
markings in  longitudinal sections. The error in concluding 
th a t each lamella is continuous would appear to arise from 
two considerations: (a) th a t the importance of these longi
tudinal markings was overlooked and due explanation for the 
absence of the corresponding markings in transverse sections 
was not insisted upon; and (6) tha t the gaps between fibrils 
in a single lamella, when viewed in transverse section, slanted 
sufficiently from the axis of vision so tha t the optical contrast 
was below' th a t required for threshold visibility. Undoubt
edly responsible for this continuous appearance of lamellar 
cross sections, then, are the rather large angle of fibril orienta
tion from the vertical, the nearly perfect optical homogeneity 
of the specimen, the impossibility of obtaining any bu t a re
fraction and diffraction image, and the presence of peptizing 
agents, peptization or degradation products, and a partially 
peptized mother specimen; all contribute to fusion of refrac
tive index and thus make optical differentiation and resolution 
impossible.

Undoubtedly much remains to be learned about fiber lami
nations. In  cotton the number of laminations appears to be 
related to diurnal light and temperature changes (2) yet 
wood fibers and tracheids, fully protected from light and par
tially protected from temperature changes by several or more 
inches of bark, show almost identical laminar and fibrillar 
structure. I t  would appear tenable tha t the laminations 
might be primarily due to diurnal changes in the rate of 
metabolism and thus cause a corresponding change in the rate 
of carbohydrate condensation on the cell wTall. There is no 
evidence to indicate th a t a given lamination in a wood fiber is 
deposited on a certain day or time of day. Undoubtedly 
hysteresis exists between formation and deposition. How 
much is unknown, bu t it seems probable tha t thickness of 
laminations and unit fibril diameters are controlled by chemi
cal equilibria. In  other words, light and temperature effects 
in the leaves would have about as much influence on fibril 
diameter as the melting of snow fields a t the headwaters of a 
river would have on the change in water level or the size of 
waves a t the river mouth.

In  conclusion, it should be repeated tha t different chemical 
treatments might explain small size differences, and that 
hydrolysis and oxidation are conducive to smaller diameters 
by reducing the am ount of gel coated on the surfaces of the 
fibrils. This is undoubtedly the explanation of the high 
value for pebble-milled aspen soda pulp w’hich has no other 
treatment. If we neglect the overwhelming statistical proof 
of unit fibrils for the purposes of discussion, it wrould still 
appear far from reasonable that, from a possible size range 
of about 0 .1  to 1 0  m (i- e., 1 0 0  to 1) an unprejudiced observer 
should be able, merely by visual memory, to select several 
hundred fibrils not varying from one another by more than 
1 per cent of this range. I t  is by no means implied that 
smaller fibrils do not exist, bu t it is believed th a t the unit 
fibril is a natural morphological unit, probably associated with 
all plant cellulose. I t  is possible tha t chemical treatment, 
alone or prior to physical treatment, might subdivide unit 
fibrils into the smaller particles reported by some investigators 
(1, 2, 4 , 5, 18-16).

Finally, the most significant finding of this study is not the 
exact dimension of the unit fibril, but the evidence tha t such a 
unit exists, writh the manifold contingent implications, such as 
the presence of a gel, the nature of the physical disintegration 
of fibers, fibrillar reactions, viscosity effects, changes in free
ness and hydrolysis number, development of strength, and 
other associated phenomena.

Conclusions
1 . Cellulose unit fibrils appear to have one more or less 

common and constant diameter, 0.9 to  1.0 n, independent 
of origin, chemical treatm ent, or mechanical processing.

2. A t least two physical materials occur in the fiber wall, 
one a cementing gel, the other a compact fibril incapable of 
being gelatinized in water by ordinary methods.

3. Fiber laminations have alternately strong and weak 
spots; the distance from center to center of either is of the 
order of one micron.

4. Zone markings on drastically swollen material are a 
doubtful basis from which to infer fibril dimensions.

5. Anastomosing of fibrils appears to be extremely im
probable.

6 . Following the beating operation by viscosity, freeness, 
or any other single property is empirical and fundamentally 
inaccurate.

7. A mechanism is provided for the explanation of fibrillar 
reactions, fiber disintegration, and the numerous physical 
and chemical changes which accompany this disintegration.

8 . By inference, true wall laminations would appear to be 
a t least one micron thick, and thicker if heavily coated with 
gel.
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Correction—U tilization of In d u stria l W astes

that p-cymene is used in the manufacture of paint remover to 
the extent of 750,000 gallons annually. We now learn through 
other sources that not over 2 0 ,0 0 0  gallons of p-cymene are re
covered annually and that its chief outlet is in the manufacture 
of carvacrol, although a t one time the proposal was made to use 
p-cymene for the purpose first stated. I t  was later found un
economical to do so.

II. E. H o w e
F. J. V an A n t w e r p e n



Copolym erization of Maleic 
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T H E air-drying properties of glycol maleate esters were 
previously reported by Bradley, Kropa, and Johnston
(1) and Vincent (S), and the correspondence between 

the conjugated system, —C = C —C = C —, found in certain 
natural drying oils and the carbon-oxygen conjugation, 
—C = C —C = 0 , occurring in maleic alkyd resins was postu
lated to  account for the oxygen convertibility of these esters. 
A further qualitative property—namely, surface wrinkling of 
oxygen-converted films of glycol maleate—is likewise a 
property of drying oil films, and this correspondence was held 
to be significant. Under substantially oxygen-free condi
tions, the reaction of maleic anhydride with glycol is one of 
condensation in a manner analogous to the formation of 
saturated esters such as glycol succinate resins. The struc
ture of the glycol maleate esters formed by condensation is 
essentially th a t of a linear polymer which may be represented 
by

M— D — M—D —M —D — M— D — M— D

where M is the maleic radical and D the glycol radical. In  
such an ester there is no possibility of cross linking by con
densation, but the unsaturated portion of the maleic radical 
represents a  potentially active point where addition poly-

In  the presence o f  oxygen-yielding ca ta ly sts , gly
col m aleate  esters undergo add ition  polym erization  
w ith the form ation  o f  gelled m asses . Upon the 
app lication  o f  h eat these m asses m ay  be converted 
to tough h ard  resin s having a  variety o f  com m ercial 
app lication s. T h e esters arc first form ed under 
su b stan tia lly  oxygen-free cond itions an d  re su lt in 
lin ear condensation  polym ers in  w hich add ition  
polym erization  h as been  inh ib ited . F u rth er poly
m erization  resu ltin g  in  a  thorough cure o f the 
esters is  effected solely th rough  add ition  polym eri
zation  involving the sy stem  —C = C —C = 0  which 
is activated  by oxygen.

For the first tim e it  h as been show n th a t  glycol 
m a lea te  esters arc capab le o f  undergoing copoly
m erization  with vinyl derivatives. Th e cata ly st, 
tem peratu re , an d  ra tio  o f  vinyl derivative to glycol 
m aleate  exert a  determ in ing influence on  th e final 
produ ct from  the stan d p o in t o f  conversion rate , 
hardness, an d  e lasticity . Definite lim its  o f com 
p atib ility  o f  the vinyl derivative in  cured vinyl 
acctate-glycol m aleate  m ixtures exist w hich are 
dependent to a  g reat extent upon th e type o f  vinyl 
com poun d em ployed. T h e exp lanation  w as a d 
vanced to accoun t for the existence o f  th ese  lim its 
by show ing th a t the properties o f  th e  resin  were 
dependent upon  the predom inance o f  any one or 
m ore o f three types o f  reaction  w hich m ay  occur a t  
any in stan t during conversion o f  the m ixture.

merlzation m ay occur. Oxygen is an active catalyst for 
addition polymerization and activates the ethylene bond of 
the maleic radical so th a t cross linking m ay occur to form a 
system which m ay qualitatively be represented by:

M—D—M—D—M—D—M—D—M—D

M—D—ill—D—M—D—M—D—lit—D

M— D — M— D — ill— D — M— D —M — D

M— D — M— D — M— D — M—D — M— D

Glycol maleate esters are highly unsaturated in character 
and thus exhibit a relatively active tendency to polymerize 
or become converted to gels. I t  is obvious th a t the longer 
the linear chain of the glycol maleate, the greater will become 
the number of unsaturated linkages per molecule. I t  fol
lows, therefore, th a t less activation will be required for an 
ester of high molecular weight than for one of low molecular 
weight to produce a  corresponding increment in the average 
molecular weight of the polyester. In  other words, the rate  
of conversion of a high-molecular-weight glycol maleate will 
be greater than th a t of one with a  lower molecular weight. 
D ykstra (2) showed th a t additive polymerization of maleic 
esters containing one unsaturated linkage results in linear 
polymers. Bradley, Kropa, and Johnston (I) demonstrated 
th a t glycol maleate esters m ust contain more than one con
densation unit to  be capable of undergoing oxygen conversion 
to three-dimensional polymers. Styrene m ay be polymerized 
by heat to give soluble, fusible linear polymers. On the other 
hand, divinylbenzene which has two functional points capable 
of addition polymerization yields insoluble, infusible polymers. 
A qualitative analogy may be drawn, on the one hand, between 
styrene and monohydric alcohol derivatives of maleic acid and, 
on the other hand, between divinylbenzene and glycol maleate 
containing a multiplicity of unsaturated linkages.

The present communication is concerned with the further 
development of maleic polyesters. I t  has been found th a t 
the gelled esters may be further converted into hard tough 
resins. The unique category which these alkyds seem to 
occupy has led to their examination as molding, laminating, 
casting, lacquer, and adhesive resins. The study of the 
conversion of glycol maleate in relatively large masses has 
demonstrated their u tility  as extending the field of usefulness 
of alkyd resins. Because the structure — C = C — in conjuga
tion with a  carbonyl group can actively undergo addition 
polymerization, its ability to  copolymerize w ith vinyl deriva
tives was also recognized as a possibility. Such copoly
merized resins, i t  was thought, would combine the inherent 
properties of both alkyd resins and vinyl polymers. I t  has 
actually been found th a t such copolymerized mixtures repre
sent an entirely new type of synthetic resin.

Cast Glycol M aleate Resins
The initial reaction of maleic anhydride with a  glycol such 

as diethylene glycol first proceeds with the formation of the

64
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half ester, 
of water:

CH—CO

This reaction is accomplished with no elimination

—o u ,
> 0  +  HO(CH,)iO(CHi)jOn - 

CH—CCK
CH—C 00(CH .).0(CH i),0H  

Üh —COOH

On further heating, condensation occurs with the formation of 
a  linear polyester:

C H = C H  CH—CH C H -C H

HO—¿ 0  COO(CH>),0(CH,).Ooi ¿00(CH>)t0(CH.)i00<!; ¿00(C H .)

When equal gram-molecular proportions of maleic anhydride 
and glycol are employed and reaction takes place under 
oxygen-free conditions, linear molecules are obtained which 
have a terminal hydroxyl and a terminal carboxyl group; or 
a mixture is obtained, part of whose molecules contains two 
terminal carboxyl and part two terminal hydroxyl groups.
At any given instant, however, the average effect will be of 
one terminal carboxyl group and one terminal hydroxyl 
group per molecule. The terminal carboxyl may be titrated, 
and acid number would bear the following relation to molecu
lar weight:

Mol. weight = 56,100/acid No.

This relation may be written in terms of the number of 
condensation units in an average molecule of glycol maleate:

C. U. = 312.1 
acid No. 0.0968 (for diethylenc glycol maleate)

Acid number determinations give a good check upon the 
progress of the condensation of glycol with maleic anhydride, 
although refractive index and viscosity determinations offer 
a more rapid check in large-scale operation.

D iethylenc Glycol M aleate, P reparation I
Six hundred grams (6.12 gram moles) of maleic anhydride 

were condensed with 670 grams (6.32 gram moles) of diethyl
ene glycol in a three-necked Pyrex glass flask equipped with 
an inlet for carbon dioxide, an electric stirrer, and a short air 
condenser. The reaction temperature was maintained a t 
200° C. for 8  hours, in which time a viscous, clear ester having 
an acid number of 11.6 was obtained. A t room temperature 
(26° C.) the ester was not solid but flowed very sluggishly. 
The acid number was determined by titration with 0 .1  N  
potassium hydroxide, using bromocresol purple as the indica
tor to secure a  sharp end-point reading.

To 28.2 grams of diethylene glycol maleate, 0.5 gram of 
benzoyl peroxide dissolved in 3 grams of benzene was added. 
The ester and solution were blended thoroughly and poured 
into a test tube. The solvent for the benzoyl peroxide was 
necessary since the latter is difficultly soluble in the viscous 
polyester. In 24 hours a t room temperature the contents 
of the test tube had been converted to a hard rubbery gel 
which was totally insoluble in dioxane, in which unconverted 
diethylene glycol maleate is readily soluble. The test tube 
with its gelled contents was then placed in an electric oven 
thermostatically controlled for 50° C. for 48 hours. In this 
time the gel had been converted to a hard tough resin. I t  
could be easily removed from the test tube in the form of a 
glass-clear rod. The rod could be easily machined by sawing, 
drilling, and shaping on a lathe with wood-turning tools. 
The machined parts could be polished to a high luster in the 
same manner as phenolic, vinyl, or methacrylate cast resin- 
oids. The rod had a Rockwell hardness of L 55. This 
hardness could be duplicated if the benzoyl-peroxide-cata
lyzed diethylene glycol maleate were placed directly in an 
oven a t 50° C. and baked for 50 hours.

Copolymerization of Glycol M aleate
To determine the extent to which a solution of vinyl ace

tate and diethylene glycol maleate could be polymerized, 
80 grams of diethylene glycol maleate (preparation I) were 
mixed with 20 grams of monomeric vinyl acetate. A clear 
solution resulted to which was added 0.3 gram of benzoyl 
peroxide. The solution was transferred to a test tube and 

allowed to remain a t room temperature. Within 
24 hours the entire contents of the tube had 
hardened to a tough, glassy, transparent solid. 
When this experiment was repeated a t 50° C., 

the polymerization reaction was so violent as to harden the 
solution within 6  hours. The reaction was exothermic and 
resulted in a badly cracked and discolored rod casting. 
The reaction is considered to be one of copolymerization, 
since no resinous product could be obtained when the 
ground, cured resin was extracted for a long time.

iO(CHi)iO...

L ig h t  T r a n s m i s s i o n  o f  V i n y l  A c e t a t e - D i e t h y l e n e  G l y c o l  
M a l e a t e  C o p o l y m e r

Several factors control the conversion rate of mixtures of 
vinyl derivative and glycol maleate. Some of the more im
portant are molecular weight of glycol maleate, type and 
proportion of catalyst, ratio of vinyl derivative to glycol 
maleate, and type of vinyl derivative. Secondary factors 
influencing the cure and properties of the converted mixtures 
are type of glycol maleate and mass of casting and mold.

Obviously the molecular weight of the glycol maleate or 
the number of condensation units in the linear condensation 
polymer has the same qualitative effect on copolymerized 
glycol maleate as it has upon the rate of conversion of the 
glycol maleate itself, as Bradley, Kropa, and Johnston (1) 
demonstrated.

The type and proportion of catalyst plays an im portant 
role in the rate of conversion of vinyl derivative and glycol 
maleate mixtures and also determines to a large extent the 
properties of the final product. Of the oxygen-yielding 
catalysts benzoyl peroxide and acetyl benzoyl peroxide have 
proved to be among the most efficacious.

A diethylene glycol maleate, having an acid number of
55.5 and formed by the condensation of 6  gram moles of 
diethylene glycol with 6  gram moles of maleic anhydride a t 
180° C. for 10 hours, was mixed with vinyl acetate in the
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cal appearance of the final resin such as 
hardness, elasticity, transparency, and color.

D iethylene Glycol M aleate, 
P repara tion  II

A 690-gram sample of diethylene glycol 
(6.51 gram moles) was condensed with 637 
grams of maleic anhydride (6.50 gram moles) 
for 8  hours a t  180° C.; the result was an 
ester with an acid number of 98.1. A mix
ture of 6 8  per cent diethylene glycol maleate 
and 32 per cent vinyl acetate was divided 
into a number of equal parts, and 0.0033 
per cent of benzoyl peroxide was added to 
each. The solutions were heated a t  39 °, 50 °, 
and 64° C., respectively. At the higher tem
perature, cure was accomplished in the rela
tively short time of 80 hours. Since the 
am ount of benzoyl peroxide was almost 
vanishingly small, the effect of tem perature 
on the copolymerization reaction became 
the im portant factor influencing conversion.

C a s t i n g s  o f  V i n y l  A c e t a t e - D i e t h y l e n e  G l y c o l  M a l e a t e  C o p o l y m e k  R atio  of Vinyl Derivative to  Glycol
M aleate

proportion 32 per cent vinyl acetate to 6 8  per cent diethylene 
glycol maleate. Rod castings in test tubes were made with 
varying amounts of benzoyl peroxide and heated a t  50° C. 
Curing times of 160 hours for 0.005 per cent benzoyl peroxide 
to 90 hours for 0.05 per cent benzoyl peroxide were obtained. 
On the other hand, 0.1 per cent benzoyl peroxide gave a com
pletely cured product within 24 hours.

The conversion of mixtures of glycol maleate and vinyl 
derivative m ay be recognized in several distinct stages. 
Before the first recognizable stage an induction period appears 
to exist during which no noticeable increase in the viscosity 
of the solution occurs. The solution then is uniformly trans
formed to a slimy gelatinous mass. This first stage m ay be 
described as a partial gel and consists essentially of a gel 
matrix containing unconverted solution which is continuously 
being converted into a soft gel containing no unconverted 
solution. The second stage may be called the completely 
gelled stage. As reaction continues, this soft gel becomes 
harder until it reaches a hard rubbery state which can be 
designated as the third stage. The hard rubbery gel is 
hardened further to produce a solid, no longer, rubbery but 
lacking in strength; it may be classed as a  relatively soft 
flexible resin. The final stage of cure is a hard, tough, glassy 
solid.

In  the polymerization of mixtures of vinyl acetate and 
vinyl chloride the ratio of the constituents m ay be varied to 
produce resins with a varied range of properties. Moreover, 
the polymerized mixture has characteristics widely different 
from either constituent polymerized alone or a physical 
mixture of the independently polymerized materials. The 
polymerized mixtures possess one common quality—they are 
all transparent. I t  has been found, however, th a t for mix
tures of vinyl derivative and glycol maleate, well-defined 
limits of transparency exist; on one side clear resins are pro
duced, and on the other side, cloudy opaque materials. For 
vinyl acetate and diethylene glycol maleate this lim it is about 
32 per cent vinyl acetate, a greater proportion of vinyl acetate 
yielding opaque, cured resins. The unconverted mixture of 
vinyl acetate and glycol maleate forms clear solutions, no 
m atter w hat the ratio of vinyl acetate to glycol maleate; 
b u t in curing the mixture, opacity develops with all propor
tions greater than 32 per cent:
%  V iny l A c e ta te  %  D ie th y len e  G lyeo l M a le a te  A p p earan ce

5 95 C lear
25 75 C lear
32 68 C lear
35 65 T u rb id
40 60 C loudy
50 50 O paque
75 25 O p aq u e , nonhom ogene-

ous
90 10 O p aq u e , g ra n u la r
95 5 P p tn .  of g lyco l m a lea te

T a b l e  I .  I n f l u e n c e  o f  C a t a l y s t  C o n t e n t  o n  R a t e  o f  
C o n v e r s i o n  o f  V i n y l  A c e t a t e - D i e t h y l e n e  G l y c o l  M a l e a t e  

S o l u t i o n s

B enzy l perox ide, %  0 .0 0 5  0 .0 1  0 .0 2  0 .0 3  0 .0 5  0 .1
C onvers ion  ra te , h o u rs :

P a r tia l  gel . . .  . . .  . . .  . . .
C o m p le te  gel 20 . . .  . . .  . . .
H a rd  gel 45 20 20 20
S o f tre a in  100 80 80 60 20
H a rd  res in  160 140 140 130 90 24

I n f l u e n c e  o f  T e m p e r a t u r e . H eat will affect the con
version of vinyl derivative and glycol maleate mixtures alone 
and in the absence of oxygen. When oxygen is present, 
however, conversion is much more rapid and small changes in 
temperature produce relatively large changes in the rate of 
cure. Besides affecting the rate of copolymerization, the 
temperature has a  great effect upon the properties and physi-

Three general addition polymerization reactions may be 
expected to  occur a t any instant during the conversion of 
mixtures of glycol maleate and vinyl derivative: (a) poly
merization of vinyl derivative with itself, (5) polymerization 
of glycol maleate with itself, and (c) polymerization of vinyl 
derivative with the glycol maleate. The properties of the 
final resin are determined to a  large degree by the predomi
nance of any one or more of these reactions. The predomi
nance of any one reaction would be determined in tu rn  by its 
reaction coefficient and the concentration of the constituents 
entering into the reaction. Thus, since vinyl acetate has a 
greater polymerization activity than glycol maleate, in mix
tures containing a high proportion of vinyl acetate, reaction 
a would predominate and reaction c would be secondary. 
Polymerized vinyl acetate is almost completely immiscible 
with glycol maleate and completely incompatible with con
verted glycol maleate. Therefore the turbidity  and opacity
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T a b l e  I I .  I n f l u e n c e  o f  T e m p e r a t u r e  on  R a te  o f  C o n v er 
s io n  o f  V in y l  A c e t a t e - D ie t h y l e n e  G lycol M a lea te  S olu

t io n s

P artia l gel 
C om plete gel 
H ard  gel 
Soft resin 
H ard  resin

39° C.
100
150
240

-Conversion Rate, Hours---------
50° C. 64°

20
70 20

140 80

of converted vinyl acetate-glycol maleate mixtures containing 
more than 32 per cent of vinyl acetate are explainable in 
the light of the foregoing. When the concentration of vinyl 
acetate is low, as in mixtures containing less than 32 per cent 
vinyl acetate, reactions b and c would predominate; but in 
view of the greater activity of vinyl acetate, reaction c would 
probably occur most readily.

Vinyl derivatives other than vinyl acetate show different 
limits of compatibility in the cured resin. Styrene, for in
stance, has a lim it about tha t of vinyl acetate, whereas a 
mixture of equal parts of vinyl acetate and styrene will yield 
clear, cured masses when present in amounts up to 40 per 
cent of the casting solution. Methyl methacrylate, on the 
other hand, is compatible in all proportions.

M iscellaneous Properties of Glycol M aleate Co
polymers

By the purification of maleic anhydride and diethylene 
glycol on vacuum distillation and reaction under controlled 
oxygen-free condition, water-white diethylene glycol maleate

may be prepared. Copolymerization of this material with 
purified water-white vinyl acetate, styrene, or methyl meth
acrylate yields water-white resins. From tests on a Fade- 
ometer these castings have been found to be almost com
pletely light-fast.

The Rockwell hardness of copolymerized vinyl acetate- 
glycol maleate ranges from L 50 to L 110, which is comparable 
to commercially available cast phenolic resinoids as well as to 
the vinyl, acrylic, and methacrylic resins. The greatest 
commercial virtue of these copolymerized resins lies in their 
rapidity of cure and ability to be made in light colors or 
water-white, as desired. With relatively nonvolatile vinyl 
derivatives such as styrene, molding compositions have been 
made which exhibit curing rates comparable to those of urea 
resin compositions. Molding temperatures of 130-140° C. 
were employed with pressures of 2000 pounds per square 
inch to give setrup periods of 15 seconds and curing times of 2 
minutes as compared to 30-second set-up and 2-minute cure 
for urea resin compositions under similar conditions.
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Explosibility of A lum inum  

Pow der-Silica D ust Clouds
RALPH B. MASON AND CYRIL S. TAYLOR
Aluminum Research Laboratories, New Kensington, Penna.

TH E discovery th a t aluminum powder is an effective 
agent in the prevention of silicosis (I) has raised a num
ber of questions regarding its application in practice. 

For example, does the introduction of the necessary amount 
(1 per cent) of aluminum powder into the silica dust created 
in mine atmospheres by drilling and blasting create an explo
sion hazard? Fortunately, the answer is no. Although the 
explosion-preventing effect of the silica dust on concentrated 
suspensions of aluminum dust could easily be predicted from 
the well known effect of rock dust in coal mines (3), it was 
thought worth while to determine the facts experimentally.

Previous work from this laboratory (3) showed tha t the 
lower explosive limit of mixtures of aluminum powder and dry 
air was approximately 40 mg. of aluminum powder per liter 
of air (40 ounces per 1000 cubic feet). T hat work also showed 
that aluminum dust cloud explosions could not be initiated 
when the air was so diluted with either carbon dioxide or ni
trogen th a t the oxygen content was below 10 per cent. A 
study has now been made of the effect of silica dust upon the 
explosibility of aluminum powder-silica dust clouds in air.

The apparatus for this investigation and the details of pro
cedure were given in the previous paper (3). The method

consists essentially in raising, with a  measured puff of air, a 
uniformly distributed dust cloud in a closed glass tube. An 
igniter is then fired a t the proper moment, and the pressure 
produced is recorded on a pressure recorder. The air used in 
the present experiments was not dried, as other experiments 
indicate th a t the presence of normal amounts of moisture has 
no effect on the explosive limits.

The aluminum powder used in these experiments was the 
extremely fine, light, fluffy powder designated in the previous 
paper as powder B, which had an average flake thickness of 
about 0.14 micron. The silica used was dust collected from 
the girders in the crushing plant of the M clntyre-Porcupine 
Mines, Ltd., and was furnished through the kindness of J. J. 
Denny. I t  passed easily through a 325-mesh screen.

In  one series of experiments aluminum dust was used in 
such an amount th a t the concentration obtained in the explo
sion chamber was approximately 106 mg. per liter, or over 
twice the minimum am ount required to produce an explosive 
mixture in air. This is more than  enough to  produce a sharp 
explosion in the absence of an inhibiting agent. The addi
tion of an equal weight of silica dust (106 mg. per liter) prac
tically prevented an explosion; with double th a t weight of
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silica dust no appreciable increase in pressure was obtained 
when ignition of the suspension was attem pted. Apparently 
some aluminum dust, within the zone of high tem perature 
produced by the ignition, burned and added its increment of 
heat, bu t the blanketing effect of the silica prevented propaga
tion of the ignition and thus prevented any explosion.

In  another series of experiments, the concentration of the 
aluminum dust in the explosion chamber was maintained a t 
approximately 212 mg. per liter, or more than  five times the 
am ount required to produce an explosive mixture with clean 
air. This, of course, would produce a violent explosion if 
ignited in the absence of any inhibiting material. The addi
tion of silica dust in the concentration of 106 mg. per liter 
(one half the concentration of the aluminum powder) did not 
prevent an explosion; b u t when the silica content was in
creased to approximately 160 mg. per liter, the reaction was 
less violent and only a moderate increase in pressure was re
corded. Upon increasing the silica dust content to 424 mg. 
per liter (twice the concentration of the aluminum powder), 
no appreciable increase in pressure was recorded when an a t
tem pt was made to ignite the suspension.

I t  was practically impossible to  produce a uniform dust 
cloud when attem pts were made to  suspend larger amounts of 
aluminum dust and silica dust in the explosion chamber. 
Therefore recourse was had to qualitative experiments.

As a qualitative experiment, a mixture of one part silica 
dust and one part aluminum powder was blown through the 
flame of a Fisher burner; i t  ignited with a vivid flash. When, 
however, two parts of silica dust and one part of aluminum

dust were used, the mixture barely burned in the flame. In  
blowing the material through a flame, the actual concentra
tions of dust obtained are naturally many times those used in 
the explosion chamber experiments.

In  actual practice, we understand th a t an ounce of alumi
num powder has been found to be enough to insolubilize the 
silica in a dust cloud of 8000 cubic feet volume, produced by 
a blast a t a mine face. In  order to produce an explosive mix
ture, this ounce of aluminum dust would have to  be concen
trated  in a volume of not more than 25 cubic feet of clean air. 
Silica dust present in the atmosphere effectively reduces the 
explosibility of aluminum powder a t even higher concentra
tions. W ith large proportions of silica dust, such as would be 
present when the aluminum dust was used to prevent silicosis, 
it would be impossible to initiate an explosion, even if the con
centration of the aluminum dust were accidentally increased 
until i t  passed the normal lower explosion limit. This effect 
is obviously similar to th a t of rock dust in preventing coal 
dust explosions, and presumably results from the absorption 
of radiated heat by the inert mineral powder.
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Flow Characteristics of 

Lime-Base Greases
J . F. T. BLOTT AND D. L. SAMUEL
Asiatic Petroleum Company, Ltd., London, England

THE physical nature of petroleum greases constitutes a 
problem to which no agreed solution has yet been found. 
Greases are described vaguely as colloidal dispersions of 

soaps in oils, or as water in oil emulsions stabilized by soap. 
Lawrence (6) classifies them as (a) true gels, in which class he 
places lime-base greases, and (6) pseudo gels or pastes of 
fully crystalline soaps suspended in oils, in which he includes 
soda- and aluminum-base greases.

However greases may be classified, there is no doubt tha t 
they belong to the category of plastic materials. These are 
bodies which may have a yield value and whose viscosities 
are dependent on the shearing stress applied to them.

Yield value, which may be defined as the minimum tangen
tial force per unit area necessary to cause flow, is possessed to 
some degree by the m ajority of commercial greases. If a 
force greater than this critical value is applied, the lubricant 
will flow, but the rate of flow will not be directly proportional 
to the applied stress.

When grease is applied to  a bearing, it is subjected to a 
shearing stress which will depend on the speed of rotation 
and the clearances involved. Under these conditions it will 
flow and its viscosity will become an im portant factor in the 
satisfactory running of the moving parts.

Some attem pts to measure the viscous properties of greases 
have been made in recent years. Porter and Gruse (8) made 
use of a  modified form of Bingham and Green plastometer to 
examine the flow under stress of a number of cup greases. 
They measured a yield value and mobility as defined by 
Bingham (3). A consistometer designed to measure the flow 
of plastic materials under stress was developed by Bulkley 
and Bitner (/¡) in 1930. This apparatus was restricted to 
measuring comparatively low rates of flow under pressures not 
exceeding one atmosphere.

Later, in 1932 Arveson (1) carried out a number of experi
ments with cup greases in his constant-shear viscometer in 
which the m aterial was forced through a capillary a t a con
stan t speed and the pressure drop through the capillary was
measured. In  1934 Arveson (2) published a paper in which
the effect of tem perature was taken into consideration. 
For the calculation of his results Arveson used the Poiseuille 
equation;

PirR1 _ PR/2L F 
na ~  ~8QL = AQ/vR} ~  S  

where va =  apparent viscosity, poises
P — pressure in dynes/cm.s
R  = radius of capillary, cm.
L  =  length of capillary, cm.
Q = rate of efflux, cc./sec.
F =  shearing stress a t walls =  (PR/2L ) dynes/cm.1
S  — rate of shear = (4Q/rR!) sec.-1
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The apparent viscosity calculated in this manner is not 
the true viscosity of the grease but tha t of a Newtonian 
liquid which would flow a t the same rate as the grease under 
these conditions.

Moreover, the expression AQ/ttR 3 is the rate of shear at the 
walls of a capillary only when the viscosity coefficient of the 
fluid is a  constant—i. e., in the case of a true liquid. In 
general, this expression does not represent the rate of shear 
a t the walls or a t any other point in the capillary, and it is 
misleading to  assume th a t it does so with non-Newtonian 
fluids.

The rate of shear (otherwise, the velocity gradient) in
volved when a fluid is flowing through a capillary is expressed 
in its most general form by dv/dr where v is the velocity in 
cm. per second a t a distance r from the center of the tube.

Mooney (7) showed how the absolute viscosity of a non- 
Newtonian fluid can be calculated from experimental data 
obtained by a capillary tube viscometer without making the 
assumptions so generally used in this type of work. His 
method has resulted in the formulation of the following 
expression :

d{Q/vR3) _  1 3 v  Q_
dF v F *  rR*

where v = absolute viscosity

The capillary tube experiments give a direct measure of 
both Q and F, and thus it is possible to deduce the viscosity

Another method 
for deducing the 
v isc o s ity  of a 
p la s tic  m a te r ia l 
from such experi
mental data was 
published by Saal 
and  K oens (9 ). 
Their procedure, 
however, is not so 
convenient to use 
as that evolved by 
Mooney.

A search of the 
literature reveals 
tha t no measure
ments of the ab
solute viscosity of 
greases have been 
made. The work 
d esc rib ed  here  
shows how  th is  
absolute viscosity 
may be measured 
with the help of 
M o o n e y ’s equa
tion. The results 
obtained represent 
the first attem pts 
in this direction.

A pparatus and Procedure
The apparatus used for this work was of the capillary-tube 

type and consisted essentially of a U-tube, with a horizontal 
glass capillary connecting two vertical limbs. The grease with 
which it was filled could be made to flow back and forth 
through the capillary, and all the results could thus be obtained 
upon the same sample of material. ,

The two vertical limbs were constructed of mild steel tubes 
2 inches i. d. and 8 inches long, and were fitted with screw caps 
at each end. They were also provided with short side tubes in 
which the capillary was set by means of corks.

JANUARY, 1940

The absolute viscosities a t  25° C. of a 
num ber of lim e-base greases have been 
determ ined in  a capillary viscom eter over 
a certain  range of shearing stresses, and 
some approxim ate yield values have been 
m easured in  a concenlric-cylinder torsion 
viscometer. Some em pirical m easure
m ents have been m ade on the  flow of the 
greases under com paratively h igh shearing 
stresses.

M athem atical expressions to  the  flow 
curves in  the  capillary viscom eter have been 
found. These agree satisfactorily w ith the  
experim ental results except in  the  neigh
borhood of the  yield values.

The evidence of these experim ents sug
gests th a t  the  viscosity of the  oil base is the 
m ain  factor determ ining  the  viscosity of 
the  grease a t shearing stresses well removed 
from  the  yield value and th a t  the soap con
te n t  probably controls the m agnitude of 
the yield value.

A diagram of this consistometer is shown in Figure 1, but 
the capillary is here replaced by a device for removing air from 
the grease, to be described later.

The limbs of the apparatus carried light metal plungers, 
capable of moving freely in a vertical direction. These were 
necessary to prevent the compressed gas used as a source of 
pressure from making blowholes through the material and also 
to indicate the levels of the grease in each arm.

The upper screw caps carried long glass tubes which were 
graduated in centimeters and which served as guides for the 
plunger stems. These tubes were connected through suitable 
taps to the source of pressure and to the flowmeter used for 
measuring the rates of flow through the capillary. I t was so 
arranged that each side of the consistometer could be connected 
either to the pressure source or to the flowmeter.

Pressure was applied to the grease in the apparatus by means 
of compressed nitrogen gas acting through an equalizing chamber 
of about 10 gallons capacity. A mercury manometer indicated 
the pressure applied.

The flowmeter adopted was of the differential pressure type and 
was provided with a number of calibrated capillary' leaks so that 
the rates of flow over a wide range could be accurately measured. 
The consistometer and the essential portions of the flowmeter 
were maintained in a thermostat when runs were being made.

The measurements made with this apparatus were neces
sarily effected on a worked grease. I t  was impossible to carry 
out any' tests on the unworked material since, even if the con
sistometer could be filled without undue working of the grease, 
constant passage through the capillary would eventually' cause 
a certain amount of breakdown. In any case, a number of pre
liminary runs were made with each grease until reproducible 
results were obtained.

To carry out a test, one limb of the consistometer was com
pletely filled, while the other was filled only to the level of the 
side tube. I t was found impossible to avoid the inclusion of 
air in the grease during the filling operation and, since air would 
upset all flow rate measurements, it had to be removed before 
a run was made. This was effected by means of the device con
necting the two limbs shown in Figure 1. I t consisted of a 
T-piece in which both the horizontal and vertical tubes were 
provided with taps. I t  was filled with the grease under test 
and attached to the consistometer as shown. Pressure was then 
applied to the full arm of the apparatus; tap A was open and 
tap B shut so that grease could flow slowly' from one side to the 
other. As soon as an air bubble entered the T-piece, however, 
tap A  was closed and tap B opened, so that it was diverted from 
the main stream and removed.

of the m aterial under test.

F ig u r e  1 . C o n s i s to m e te r  f o b  
E x a m in in g  t h e  F l o w  P r o p e r t i e s  o f  
L u b r i c a t i n g  G r e a s e s  w i t h  a  D e 
v ic e  f o r  R e m o v in g  O c c lu d e d  A ir
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By passing the grease through this device one or more times, 
visible air bubbles were eliminated together with any dirt or 
foreign matter. After this treatment the grease probably 
still contained some finely dispersed air, which did not interfere 
with the subsequent measurements, and also dissolved gas: 
however, the same is likewise true of the grease in practical 
operations.

To determino the viscosity of a grease in an apparatus of this 
type, it is necessary to measure the pressure required to force the 
material through the capillary. When pressure is applied to the 
grease, some of this is utilised in forcing the grease to the entrance 
to the capillary and is thus not available for flow within the 
capillary itself. This must be deducted from the total measured 
pressure before tho results can bo evaluated.

Blank experiments were therefore carried out in which the 
horizontal capillary tube was replaced by a disk pierced with a 
hole of tho same diameter as that of the capillary to be used. 
The pressures necessary to force tho grease through this orifice 
a t various rates of flow were then determined, and a curve was 
drawn from these results. Thus when runs were made with the 
capillary in place, the total pressure recorded for any particular 
rate of flow could bo corrected by reference to these blank 
experiment curves. All measurements of flow rate3 were made 
when the height of grease in each arm was the same, as indicated 
by tho plunger stems.

After the blank tests had been concluded, the actual capillary 
experiments were made. I t was necessary to remove air bubbles 
from tho grease a t fairly frequent intervals during these runs 
as tho backward and forward flow of the material resulted in the 
incorporation of appreciable quantities of air.

The capillary was filled with air-free grease and attached to the 
two limbs, one of which contained tho bulk of the sample under 
test.

t£nJ
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L - li lS C M S . /

A

/ a

...... i i ! i 1

F ig u r e  2.
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SHEARING STRESS AT WALLS 

££• DYNES PER CM?

R e s u l t s  o f  F lo w  E x p e r im e n ts  o n  
G k e a s e  A

The apparatus was then placet! in the thermostat and allowed 
to come to the required temperature of 25° C. in all the experi
ments. The pressure in the equalizing chamber was raised to 
the highest value to bo attained in that run and was then applied 
to that side of the apparatus which contained the greater part of 
the grease. Tho other side of the apparatus was connected to 
the flowmeter. The grease flowed through the consistometer, 
displacing air a t a rate recorded by the flowmeter. When the 
levels in both limbs were the same, as indicated by the plungers, 
readings of the rate of flow and the applied pressure were taken. 
The flow was allowed to proceed until the major part of the con
tents had been transferred to the other limb, when the pressure 
on the apparatus was released. The pressure in the equalizing 
chamber was then reduced by releasing a certain quantity of 
nitrogen, and readings were taken of the flow in the reverse 
direction under this new pressure. The process was repeated, 
the grease passing backward and forward through the capillary 
tube until the rates of flow over the desired pressure range had 
been recorded.

The apparatus as constructed was not suitable for pressures 
above one atmosphere, and thus the capillaries used were 
necessarily somewhat large in diameter.

To evaluate the results of these experiments, a flow curve 
was constructed by plotting Q x E 1 against F. Tangents 
were drawn to this curve which allowed numerical values of

dF to be obtained. W ith this information the
absolute viscosity of the grease could be determined from 
Mooney’s equation.

After the viscosity of the grease was obtained a t various 
shearing stresses, the rates of shear involved were calculated 
from the equation:

F =» Ji dv/dlî

Results of a typical series of runs are given in Table I 
which shows how the experimental readings were dealt with.

T a b l e  I. E x p é r im e n t a l  R e a d in g s  o n  G r e a s e  A

C apillary Total Flow
Pressure 
Cor. for

Shearing 
Stress a t Q

Dimensions Pressure 60Q Blank Walla F rR*

R -  0.4135
Cm. IIa 

10.80
Cc./min.

62.76
Cm. Ho 

8.57

Dynes/
cm.*
1180 4.71

cm.; L  — 
20.00 om.

10.30 50.20 8 .08 1113 3.76
9.55 33.09 7.43 1023 2 .48
8.74 19.29 6.72 926 1.45
8.20 13.08 0.23 858 0 .98
7.65 8.18 5.65 778 0.61
7.00 4 .90 5.17 712 0 .37
0.37 3.21 4 .58 631 0 .24

R •" 0.289 om.; 14.44 27.90 12.12 1278 6.14
L  -  18.25 13.25 20.11 11.01 1161 4 .42
cm. 12.53 15.37 10.36 1092 3 .38

11.51 10.07 9.41 993 2.21
10.65 6.80 8.61 90S 1.51
9.06 3 .72 7.73 815 0 .82
8.75 1.97 6.88 726 0.43
7.21 0.55 5 .44 574 0 .12

R — 0.189 ora.; 15.67 7.81 13.30 1274 6.13L -  13.15 14.03 0.13 12.30 1178 4.81
om. 13.03 3.65 10.88 1042 2.87

11.53 1.97 9.47 907 1.55
10.68 1.24 8.70 833 0.97
9.54 0.53 7.60 728 0.42

Ä «• 0.437 cm.; L -  20.40
11.24 90.14 8.90 1271 5.72
10.34 69.03 S .10 1156 4 .3 8

om. 9.21 41.08 7.13 1017 2.61
8.41 20.00 6 .44 919 1.31
7.48 11.28 5.51 786 0 .72
0.70 4 .04 5.06 722 0.29
0.05 2.92 4.45 635 0 .19
5.13 0.S8 3 .65 518 0 .06

Results of Flow Experim ents
Results are given in this paper for the viscosities of four 

greases, the composition and properties of which are given in 
Table II.

T a b l e  II. C o m p o sit io n  a n d  P r o p e r t ie s  o f  G r e a s e s

Grease

A
B
C
D

Soap
C ontent

%
7

1 1 . 5
13.25
15.0

Abs. Viscosity 
of Oil Base 
a t  25° C. 

P o i s e s  
2.74 
0 .29  
1.52 
0 .29

A. S. T. M . 
W orked P enetra 

tion a t 25° C.

Too soft 
290 
295 
200

Preliminary experiments were carried out to ascertain 
whether any complications due to  slip phenomena were to be 
expected under these conditions of flow. I t  has been shown 
by Mooney that, if slippage is absent and the viscosity of 
the material is simply a function of the shearing stress, the 
curves obtained by plotting Q /x R 1 against F  will be coincident 
for all capillaries. On the other hand, if slippage is present, 
these curves will show some deviation.

Figure 2 shows the results obtained with grease A with 
four capillaries of different radii. W ithin experimental error, 
the points fall on one curve. I t  can therefore be assumed 
th a t flow due to slippage is absent in these experiments.

Another property of plastic materials which would tend 
to upset viscosity measurements is thixotropy. In  a thixo- 
tropic substance, the viscosity varies with the time during 
which it  is subjected to  the shearing stress. W ith such a 
material the length of the capillary tube would be expected to
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influence the results, since for the same shearing stress the 
plastic would be sheared for a longer period in a long tube than 
in a short one. The flow curves of grease B with five capil
laries of the same radius bu t of different lengths were de
termined. They were found to be coincident within ex
perimental error, which indicates tha t thixotropic effects 
were absent under the conditions prevailing in these experi
ments. Figure 3 shows the flow curves of the four greases 
under discussion. These curves represent runs in a t least two 
different capillaries and thus establish tha t slip phenomena 
were absent in  all cases.

Figures 4 and 5 illustrate, respectively, the variation of the 
absolute viscosities determined from the flow curves with 
the shearing stresses and with rates of shear; Figure 6 shows 
the relation between shearing stress and rate of shear.

Discussion of Results
A comparison of the viscosities of the four greases is 

afforded by Figures 4 and 5. Figure 5 perhaps represents 
the more convenient relationship, since the rates of shear for 
all the samples were approximately the same, whereas the 
range of shearing stresses varied from grease to grease.

The viscosities are all comparatively high a t the lower 
rates of shear. As the shear increases the viscosities a t first 
decrease rapidly, bu t la ter the rate of decrease with shear 
falls off considerably.

A comparison of the viscosity curves with the A. S. T. M. 
penetration figures shows th a t these do not necessarily 
place the greases in the same order. Thus grease C appears 
to be more viscous than  D although the A. S. T. M. penetra
tion ranks it  as the softer product.

An examination of the composition figures of Table II 
reveals th a t grease C has the more viscous oil base of the 
two. This has evidently resulted in a grease of somewhat 
higher viscosity even though the soap content of grease C 
is lower than th a t of D.

According to this reasoning, grease A should possess the 
highest viscosity of the group since it contains the most viscous 
oil base. However, i t  has a smaller yield value than the 
other three and flows easily a t shearing stresses under which 
the stiffer products move slowly, if a t all.

Unfortunately it was not possible to increase the range of 
this apparatus so th a t viscosities could be determined a t 
shearing stresses of a higher order, far removed from the 
influence of yield values. Nevertheless, empirical measure
ments were obtained by determining the rates of flow through 
a small orifice a t high shearing stresses, probably in the 
neighborhood of 108 dynes per cm.* Under these condi
tions grease A flowed a t a considerably lower rate than the 
other members of the group; grease C flowed more slowly 
than B or D.

This behavior of greases was examined under practical 
conditions. A soft, almost fluid grease, made with a very 
viscous oil base, was compared with a considerably stiffer 
material containing four times the quantity of soap but rnado 
with a less viscous oil base. These lubricants were tested in 
a commerical high-pressure greasing equipment, operating 
a t a pressure of 5000 pounds per square inch in which the 
material is pumped through a considerable length of hose at 
a shearing stress calculated a t approximately 10* dynes per 
cm.* In  these trials the stiff grease was pumped a t many 
times the speed possible with the semifluid product.

The experiments in the laboratory, which were all made a t 
pressures not exceeding about one atmosphere, suggest that 
the viscosity of the oil base is the main factor which deter
mines the viscosity of the grease a t high shearing stresses. 
The practical tests under high pressures were also in agree
ment with this generalization, but it should be mentioned 
tha t in those cases no allowance was rnado for the effect of 
the high pressure on tho viscosities of the oils (6).

I t  is apparent from these results th a t the A. S. T . M. 
penetration figures are valueless when the flow properties of 
greases are under review. On tho other hand, these pene
tration figures appear to bear some relation to the yield values 
involved.

So far i t  has not been possible to devise a method for 
determining yield values which is completely satisfactory. 
However, such experiments as have been made indicate tha t 
the yield values are much lower than might be expected from 
the flow curves in Figure 3. I t  seems th a t thcso curves
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might meet the F  axis a t a point not far removed from the 
lowest values of F  recorded experimentally.

Some experiments have been carried out in a concentric 
cylinder apparatus in which the gap between the cylinders 
was filled with grease. A torque was applied to  the inner 
cylinder, and a value was found for th a t force which just 
failed to  cause rotation.

Yield values calculated from these results gave a value of 
260 dynes per cm.2 for greases B and C and 305 dynes for 
D ; th a t of grease A was too low to be measured in this 
manner. If these values bear any relation to the true yield 
values, then the flow curve tends to resemble a hyperbola in 
shape.

An attem pt was made to obtain an empirical equation for 
the flow curves. When the tangents to  these curves were 
plotted against F, the resultant curve approximated a 
straight line:

d(Q/*R>)
dF M F  +  C

where M  and C are constants whose values were obtained 
from this curve in the usual manner. Then on integrating,

Q M , 
xE* -F* + C F  +  K

where K  is an integration constant obtained from the flow 
curve. By substituting values for Q /ttR 3 and F  in this 
equation, the value of K  was determined and an equation 
obtained.

Proceeding in this manner with the flow curve for grease 
B as an example, an equation was obtained as follows:

_Q_
tR 1 1.479 X 10-SF 2 -  5.619 X 10~2F  +  53.38

This quadratic was solved in the usual way when it was 
found th a t the equation wTas th a t of a perfect square and 
could be expressed as

Values of Q/irR3 for various values of F  were calculated 
from this equation, and the points obtained were plotted 
on the flow curve for grease B (Figure 3). They show 
excellent agreement with the experimental results except 
a t the lower values of F  where some deviation is apparent. 
A similar agreement between calculated and observed values 
was found with the other greases.

So far attem pts to obtain an expression which is valid 
for the entire curve have not been successful; deviation 
always occurs in the range of shearing stresses which ap
proaches the yield values. A closer investigation of the flow 
within this region might be of interest, since other workers 
have noted the anomalous behavior of plastic materials as 
the yield value is approached.

F i g u r e  6. R e l a t i o n  b e t w e e n  S h e a r i n g  S t r e s s  a n d  R a t e  
o f  S h e a r  f o r  G r e a s e s  A, B, C, a n d  D

It is realized th a t the foregoing determinations of the 
viscosities of greases have so far covered an extremely limited 
range of shearing stresses. Nevertheless, the results are 
considered to be sufficiently interesting for publication, 
espeically since comparatively little work appears to have 
been done on this subject.
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N orth American Splint Coals
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Several typical and im portan t North 
A m erican sp lin t coals were hydrogenated 
under conditions used previously to  liquefy 
b rig h t coals in  excellent yields. The re
su lts  show th a t  American splin t coals are 
sim ilar to  European splin t coals in  being 
less su itab le  for hydrogenation than  bright

coals. The liquefaction yields of twelve 
sp lin t sam ples were found to be inversely 
proportional to  b o th  the  carbon and opaque 
m atte r  contents. The hydrogenation resi
dues were opaque, which indicates th a t  
spores, resins, and o ther tran slucen t 
constituents had been liquefied.

ONE conclusion drawn from the numerous investigations 
of the hydrogenation (19) of European coals is that 
bright coals are more suitable for conversion into motor 

fuel than dull or splint coals (2, i¡, 10,11,16). South African 
bright coals (16) also were found preferable to splint coals 
for hydrogenation purposes. Although it was shown (5, 9, 
18) tha t several American bright coals are amenable to hy
drogenation, there have been few data on American splint 
coals that can be used for purposes of comparison. This paper 
gives the results obtained on hydrogenating several typical 
splint coals under conditions used previously (5, 8) to liquefy 
bright coals and anthraxylon, the characteristic constituent 
of bright coals.

Properties of Splint Coals
In America four classes of coals are differentiated through 

their appearance, structure, microscopic composition, and 
suitability for certain uses (20)—bright coals, splint coals, 
cannel coals, and boghead coals. The first named is the most 
common. However, splint coals (durains) are important in 
West Virginia and Kentucky, particularly in the beds of the 
Upper Pottsville formation. The splint coals from this region 
have long been known as excellent steam and domestic fuels. 
They commonly have a dull luster, grayish black color, and 
compact structure. They are hard and tough and break with 
an irregular, rough, sometimes splintery fracture into large 
lumps and slabs (Figure 1) tha t stand handling and trans
portation remarkably well.

The beds known as splint coals and sold as such to con
sumers are seldom more than 75 per cent splint and more 
often are considerably less. The splint is usually associated 
with one or more layers of bright or semisplint coal, the latter 
being intermediate in properties between bright and splint 
coals. Figure 2 is an example of one of the typical splinty 
coal beds. In  this bed there are two layers of splint, two 
layers of bright coal, and two layers classed as mixtures; the 
bed contained 53 per cent splint, 14 per cent semisplint, and 
33 per cent bright coal.

Because many of the beds are mixtures it is difficult to 
identify the type of coal from ultimate and proximate an
alyses of the face or bed sample. However, when a splint

coal is compared with a bright coal from the same bed and 
mine, the splint coal generally has the higher ash and total 
carbon contents and the higher softening temperature of ash; 
usually the bright coals have the higher moisture, hydrogen, 
nitrogen, oxygen, and sulfur contents. Volatile m atter may 
vary in either direction and depends upon the exact composi
tion of the bright or splint coals—th a t is, whether they are 
spore-rich or resin-rich. In  some instances the relation be
tween the volatile m atter and the hydrogen-carbon ratio can 
be used to distinguish between bright and splint coals (4,17).

The splint coals are easily identified by thin sections under 
the microscope. They are characterized by a semiopaque to 
opaque groundmass or attritus, as in Figure 5, whereas the 
bright coal sections have a groundmass or attritu s th a t is 
predominantly translucent (Figure 3). The opaque attritus 
is not homogeneous; it is opaque in medium thin sections, 
but in extremely thin sections a portion of it becomes semi- 
translucent or brown. Other fragments can be found in vari
ous degrees of translucence and some, even in the thinnest 
sections, appear to rival fusain in opacity. Some finely di
vided fusain is also invariably present.

I t  is believed th a t the opaque material is the result of a 
high degree of rotting or decomposition in the peat stage. 
Possibly the moisture conditions in the peat bog favored 
growth of microorganisms, and the decomposition continued 
for a longer period than in the case of bright coals.

The transformation of tissues into opaque m atter might be 
illustrated by a series of photographs, but only the early and 
late stages are shown in this paper. Figure 3 is a cross section 
of a typical bright coal. Figure 4 shows a wood strand (an
thraxylon or vitrain) with a well-preserved center and the 
outer edges partly transformed into opaque m atter. In  
Figure 5, a typical splint coal, the greater decomposition has 
resulted in irregular fragmented tissues and high concentra
tion of opaque matter.

I t  is possible th a t the opaque constituents represent an in
termediate stage in the formation of fusain, for in some splints 
one can detect a greater degree of opacity in the groundmass 
than in others. In  such instances the opaque constituents 
more closely resemble fusain, and the sections must be ground 
exceptionally thin before any of the particles become trans
lucent.
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Sample
No. S ta te  C ounty

w N ’tt.
Ky.
^ V a .
W. Va. 
W . Va. 
W. Va.

T a b l e  I. A n a l t s e s  o f  S p l in t  L a y er s

Bed Mine

Johnson
Boone
H arlan
Letcher
M ingo
K anaw ha
Mingo
Wyoming

M iller's Creek Consolidation 
Coalburg Silush
High Splint Clover Splint
E lkhorn No. 204
Upper C edar Grove Junior 
D orothy No. 10
Lower Cedar Grove Junior 
Sewell W yoming

-Proxim a te ---------- *

Volatile U ltim ate0- Calorific C /H
ture Ash m a tte r0 H C N O S Value R atio
% % % % % % % % Oram-cal.

155 3.1 5 .5 44.4 5 .5 81 .8 1 .6 7 .7 3 .4 8206 14.9
2 .7 2 .2 43.1 5 .6 84.2 1.6 7 .9 0 .7 8378 15.0
1 .5 9 .2 31 .9 4 .7 85.4 1.4 8.1 0 .4 8172 18.2
1 .6 3 .7 38.1 5 .4 85.9 1.5 6 .6 0 .6 8483 15.9
1 .4 5 .2 39 .6 5 .4 86.2 1.4 6.1 0 .9 8483 16.0
1 .2 9 .3 33.1 5.1 86.8 1.5 6 .0 0 .6 8439 17.0
1 .5 4 .9 35 .6 5 .2 87 .0 1 .5 5 .8 0 .5 8467 16.7
0 .6 15.6 20.2 4 .6 89.7 1.1 4 .3 0 .3 8556 19.5

1 D ry  ash-free basis.

mine), which is chiefly bright coal. U ltim ate and proximate 
analyses are given in Table I, where the coals are arranged in 
order of increasing carbon content. Petrographic analyses 
are given in Table II. The proportion of m atter in the opaque 
attritus th a t is inert to  hydrogenation is also given in Table II. 
These data  are subject to inaccuracies, because the content of 
inert m atter was calculated on the assumption, only approxi
mately correct, th a t fusain is completely inert bu t th a t an- 
thraxylon (9), translucent m atter (8), spores (8, 8), and resins 
{8, 8) are completely liquefied by hydrogenation.

T a b l e  II. P e t r o g r a ph ic  C o m p o sit io n  o f  S p l in t  L a y er s  
(P e r  C e n t )

-A ttr i tu s -

Ine rt
M atte r

No. Ion Translucent Opaque Fusain A ttr i tu s0
1 24 37 34 5 21
2 13 52 33 2 46
3 3 35 60 2 57
4 17 50 31 2 56
5 9 38 51 2 27
6 8 41 50 1 44
7 8 45 46 1 44
8 13 32 50 5 61

° Calculated from hydrogenation d a ta  obtained a t  430° C. by  assuming 
fusain completely resistan t and all constituents o ther th a n  fusain and opaque 
a ttr itu s  completely liquefied.

Liquefaction Yields
The splint coals gave comparatively low liquefaction yields 

in all instances, which confirmed the prevailing opinion (4, 
10,11) th a t splint coals are not so suitable for hydrogenation 
as bright coals. Table III shows th a t the conversion of dry, 
ash-free splint coals into gases, liquids, and soluble material 
ranged from 58 to  87 per cent. These yields are considerably 
lower than those obtained previously under the same condi
tions with bright coals (5, 9), spores (8), resins (8), translucent 
attritus (8), and anthraxylons (9).

The present data and those obtained previously with several 
samples of opaque attritu s (7 ,8,14)  indicate conclusively th a t

T a b l e  I I I .  L iq u e f a c t io n  D ata

Sample
No.

H ydro
genation

Temp.

*----- Products------*
Liquids, 

solids Gases Loss

C entri
fuged
Oil°

Conver
sion of 

Pure  Coal&
° C. Grams Grams Grams % %

1 430 182.9 5 .9 15.6 71 86.7
2 430 187.1 6 .5 11.4 66 81 .8
3C 430 187.3 7 .6 7 .6 49 59 .8
3 A d 440 183.6 7 .6 15.9 70 78.2
4 430 187.2 6 .8 9 .9 62 79.7
5 430 188.8 7 .4 8 .2 65 82 .9
6 430 1S9.8 6 .7 7 .6 55 74 .4
6A<* 440 184.0 8 .3 14.2 69 84 .6
7 430 185.6 6 .5 12.7 64 77 .2
8 430 189.5- 5 .8 7 .7 46 57.5
8A« 440 183 7 .3 14.8 58 72 .4

° Per cent by  weight of m aterial centrifuged. 
b D ry  aah-free basis. 
c From  previous work (5).
<* Cold, in itial hydrogen pressure was 1800 lb. per sq. 
• Cold, initial hydrogen pressure was 1500 lb. per sq.

in.
in.F i g u r e  1 . Lum p o f  T y p ic a l  S p l i n t  C o a l  f ro m  D o r o t h y  

B e d , K a n a w h a  C o u n ty ,  W . V a.

H ydrogenation Procedure
Details of the experimental procedure have been given in 

previous papers (5, 6):
Unless otherwise stated, 100 grams of splint sample (pulverized 

to pass 200 mesh), 100 grams of tetrahydronaphthalene, and 1 
gram of stannous sulfide were placed in the 1.2-liter converter: 
the air was removed by flushing with nitrogen and hydrogen, and 
hydrogen was introduced until the pressure at 20° C. was 1000 
pounds per square inch (70.3 kg. per sq. cm.). About 1.5 hours 
were consumed in bringing the temperature to 430° C., where it 
was maintained for 3 hours. Experiments made with other coals 
(5, 8) indicated that these conditions are enough to liquefy bright 
coals of low and intermediate rank in high yields.

The products of hydrogenation were transferred to 250-cc. 
bottles and centrifuged to separate mineral matter and insoluble 
carbonaceous material. Specific gravities of centrifuged oils were 
determined with a hydrometer; these data are of questionable 
accuracy because of the presence of traces of water. The centri
fuge residues were washed six times with acetone at room tem
perature and then extracted with benzene in Soxhlet apparatus 
for at least 24 hours and until the extract was colorless. Distilla
tion of the centrifuged oil and first three acetone washings through 
a 6-inch (15.2-cm.) Vigreux-type column gave the pitches and 
distillates described in Tables VII and X.

To procure samples rich in opaque attritus, the character
istic constituent of splint coals, layers of coal containing high 
concentrations of opaque m atter were selected from several 
im portant and typical North American splint coals (Tables 
I and II). Sample 8  was taken from a splint layer th a t con
stituted only 4 per cent of the entire Sewell bed (Wyoming
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although a rough correlation between carbon content of the 
coal and liquefaction yield was found. Probably this is partly 
because the carbon content of splint coals can be used as a 
rough measure of the content of opaque attritus and partly 
because both the rank (17) and difficulty of hydrogenation 
{IS) of bright coals increase with increase in carbon content.

In view of the relation between carbon content and hydro
genation yield observed by previous workers, it is considered 
interesting to compare the yields of the present work with 
carbon contents of the splint samples hydrogenated. The 
results (Figure 6) show th a t the carbon content cannot be 
used satisfactorily to predict the liquefaction yields of splint 
coals. Probably this can be attributed in part to the presence 
of low-carbon constituents, such as spores and resins, which 
may obscure the presence of considerable amounts of high- 
carbon opaque attritus. In  Figure 7 residue yields of splint 
samples of this and a previous paper (S) are plotted against 
total opaque m atter (fusain plus opaque attritus). Figure 
7 seems to show that, although the correlation is far from 
satisfactory, the residue yield of splint samples can be pre
dicted as well from the content of opaque m atter as from 
carbon content. If all types of coals and constituents are in
cluded, the residue yield can be predicted more satisfactorily 
from the petrographic composition than from the carbon con
tent. For example, fusain {6), opaque attritus {8), and an
thraxylon (9), each containing 89 per cent carbon, would give 
vastly different liquefaction yields, although this result would 
not be predicted from the carbon content.

The prediction of hydrogenation yields from petrography 
can undoubtedly be improved when an estimate of the nature 
as well as amount of the different constituents is available. 
For example, opaque attritus has been found microscopically 
to be heterogeneous, containing substances which vary 
greatly in opacity. Although detailed data are lacking, it is

I
-.25-
!
|  20 - 
<u
S  1 5 -

a n d  s e m is p lin t

the opaque m atter is the principal constituent, other than 
fusain, responsible for the low liquefaction yields obtained with 
some coals of low and intermediate rank. This has been sug
gested before {10, SI),  but previously there have been few sup
porting data. Calculations from data obtained with the eight 
splint samples of Table I and with four splint samples from a 
previous paper (8) show tha t the average liquefaction yield of

opaque attritus (at 
430° C. for 3 hours 
in the presence of 
stannous sulfide 
and with initial 
hydrogen pressure 
of 1000 pounds per 
square inch) is 
about 60 per cent. 
For reasons dis
cussed later, how
ever, the liquefac
tion yields for the 
individual samples 
of opaque attritus 
range from about 
39 to 79 per cent 
(Table II). I t  is 
possible tha t other 
samples of opaque 
attritus, depend
in g  u p o n  th e

nature and degree of opacity, will give liquefaction yields 
outside this range.

Several attem pts were made by earlier workers {IS, 16,18) 
to predict hydrogenation yields from the proximate and ulti
mate analyses of the coal. The results were disappointing,

F i g u r e  2 . T y p e s  o f  C o a l  in  H ig h  
S p l i n t  B e d , H a r l a n  C o u n ty ,  K y .
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reasonable to assume th a t the carbon content, carbon-hy- 
drogen ratio, and difficulty of hydrogenation increase roughly 
with the degree of opacity. This assumption can be used to 
explain some of the discrepancies in Figure 7. The splint 
sample from the Chilton bed (No. 3 in Figure 7 and in  a pre
vious paper, 8) gave an astonishingly high liquefaction yield

on the basis of its 
high content (80 
per cent) of opaque 
m atter. However, 
m ic ro sco p ic  ex 
amination showed 
th a t an unusually 
high proportion of 
the opaque m atter 
was brown or semi- 
o p a q u e . T h e r e 
fore, this sample 
could be expected 
to  h y d ro g e n a te  
more readily than 
attritus which is 
m u c h  m o r e  
opaque. Probably 
it is only a coin
cidence th a t un
usually poor con

versions were obtained with the splint samples (Table I) of 
high ash content.

I t  is interesting tha t more drastic conditions of hydrogena
tion give much higher liquefaction yields (Table III )  than 
standard conditions (430° C. for 3 hours, initial hydrogen 
pressure of 1000 pounds). I t  is likely th a t semiopaque m atter 
is the additional material liquefied by the more drastic treat
ment.

Table IV gives the composition and yields of the gaseous 
products. As in previous work (5, 8) only traces of carbon 
monoxide and unsaturated hydrocarbons were found. The 
chief components of the hydrogenation gases are methane and 
higher saturated hydrocarbons, the latter occurring in pre
ponderant amounts. The amount of carbon dioxide formed 
appears to  decrease with increase in carbon content of the 
parent coal. Increasing the pressure and temperature of hy
drogenation (from 430° to 440° C.) decreased the yield of
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F ig u r e  7. R e l a t io n  b e t w e e n  O p a q u e  M at
t e r  C o n t e n t  o f  S p l in t  S a m ples  and  Y ie l d  of  

I n so l u b l e  C a r bo n a c eo u s  R e s id u e

carbon dioxide b u t increased the yield of saturated hydro
carbons. The coal (sample 1) of highest sulfur content gave 
the highest yield of hydrogen sulfide. Table V gives the 
maximum pressures, pressure drop, and hydrogen consumed.

T a b l e  I V .  C o m p o s it io n  o f  H y d r o g e n a t i o n  G a s e s  ( in  G ra m s )
Sample

No. H CO CtH« CH« CtH« COt HtS N H i
1 2.51 0.1 0 .1 1.6 3 .3 0.355 0.461 0.001
2 1.99 0 .2 0 .1 2 .2 3 .5 0.427 0.112
3 4 .49 0 .3 0 2 .7 3 .6 0.828 0.152 0ÍÓÓ4
3A 4.65 0 .3 0.1 3 .4 3 .2 0.483 0.111
4 3 .00 0 .2 0 .1 2 .3 3 .6 0.416 0.230
5 2 .50 0 .2 0 .1 2 .3 4 .3 0.281 0.202 o !Ó21
6 2 .88 0 0 .1 2 .2 4.1 0.254 0.061 0.021
6A 5.17 0 .2 0 .2 2 .4 5 .3 0.044 0.157 0.001
7 2.16 0.1 0 .1 1.9 4.1 0.317 0.025 0.001
8 3.91 0 .4 0 .3 1.5 3 .5 0.139 0.005 0.004
8A 4.73 0.1 0 .2 2 .4 4 .6 0.011 0.006 0.001

T a b l e  V . H y d r o g e n  A b s o rp t io n ,  M a x im u m  P r e s s u r e ,  a n d  
P r e s s u r e  D r o p

Sample
No.

Hydrogen
Consumed M axim um  Pressure

Pressure
D rop

Vol. of 
H ydrogena
tion  Gases 

a t 0° C.
Grama Lb./sq. in. Kg./aq. cm. Kg./aq. cm. Litera

1 3.43 2510 176.4 30 .2 33 .0
2 3 .95 2180 153.2 38 .7 28 .2
3 1.86 2670 187.9 12.7 56 .6
3A 6.05 4400 309.2 41 .5 59.3
4 2.94 2600 182.7 22 .5 41 .4
5 3.44 2480 174.3 30 .2 36 .4
6 3.06 2540 178.5 27 A 38 .4
6A 5.53 4300 302.1 45 .7 66 .6
7 3 .78 2280 160.3 33 .7 61 .2
8 2.03 2610 183.4 20 .4 48 .9
8A 4.07 3600 253.0 35 .8 59 .8

N ature  of Products
Table VI gives the specific gravities of the centrifuged oils, 

which are colloidal solutions of the primary liquefaction prod-
u c ts  in  t e t r a h y d r o -  
naphthalene. Since the 
specific gravity of the 
vehicle is about 0.967 a t 
25° C., the solute or 
l iq u e fa c t io n  products 
m ust be quite dense to 
give solutions of the 
specific gravity shown in 
Table VI. The con
siderable variations in 
specific gravity probably 
are due to differences 
in nature and concentra
tion of the solute. For 
example, the presence of 
considerable amounts of 
products from spores 

and resins (7, 8) would lower the specific gravity.
Although some of the pitches (Table VII) have rather high 

carbon-hydrogen ratios, the ratios were always lower than 
those of the antecedent coals. Figure 8, which contains data 
from this and a previous paper (8), shows th a t the carbon- 
hydrogen ratios of the hydrogenation pitches are roughly 
proportional to those of the parent splint coals.

T a b l e  V I.  S p e c i f ic  G r a v i t i e s  o f  C e n t r i f u g e d  O i l s
No. Sp. Gr. Temp.

0 C.
No. Sp. Gr. Tem p. 

° C.
1 1.006 25 .5 6 1.023 24
2 1.022 25 6A 0.999 24
3A 1.002 24 7 1.027 25 .5
4 1.024 25 8 1.024 25
5 1.013 24

Table V III gives the composition and amounts of the dry 
benzene-insoluble residues. The carbon-hydrogen ratios and 
composition (calculated from data  in Table V III) of the or
ganic portion of the residues are shown in Table IX . Because

F i g u r e  6. R e l a t i o n  b e t w e e n  C a r 
b o n  C o n t e n t  o f  S p l i n t  S a m p le s  a n d  
Y i e l d  o f  I n s o l u b l e  C a r b o n a c e o u s  

R e s id u e  ( D r y  A b ii -F re e  B a s is )

F i g u r e  8. R e l a t i o n  b e tw e e n  
C a r b o n - I I y d r o g e n  R a t io s  o f  
S p l i n t  S a m p le s  a n d  H y d r o 

g e n a t i o n  P i t c h e s
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of errors involved in analyzing such residues (1) and in cor
recting to the dry mineral-matter-free basis, the data in Table 
IX  are not absolutely accurate. The ratios of carbon to hy
drogen are higher than those of the original coals and lower 
than those of residues obtained in high yield by hydrogenat
ing fusain (<?).

All the hydrogenation residues from the splint coals have 
a similar appearance under the microscope. The individual 
particles are usually less than 5 microns in diameter, although 
they may be grouped into larger masses. Figure 9 shows that 
they are smaller and more rounded than the sharply angular 
particles from fusain residues (8). However, both types of 
residues have little (probably less than one per cent) trans
lucent material other than mineral matter; this indicates 
that constituents in the splints, such as spores, anthraxylon, 
and residues, were almost completely converted into liquid 
or soluble products.

Analyses of the products obtained by distilling the centri
fuged oils to  about 215° C. are shown in Table X. I t  is evi
dent from these data  th a t the largest component of the distil
lates is the vehicle, tetrahydronaphthalene. The distillates 
(samples 3 A, 6A, and 8A) from the experiments made a t 440 0 C. 
have lower specific gravities and phenol contents but 
higher saturated-hydrocarbon contents than the correspond
ing distillates (samples 3, 6, and 8) obtained under standard

T a b l e  VII. P i t c h e s
Sample Calorific C /H

No. H C N O S Value Ratio
Gram-cal.

1 7 .3 89 .8 1.4 1.3 0 .2 9398 12.3
2 7.1 89 .5 1.4 1 .7 0 .3 9369 12.6
3 6 .4 90 .9 1.1 1.5 0.1 9330 14.2
3A 6 .6 91 .3 1.2 0 .8 0.1 9369 13.8
4 6 .9 90.1 1.4 1.4 0.2 9367 13.1
5 6 .8 90 .7 1.2 1.0 0.3 9386 13.3
6 6 .8 9 0 .8 1.2 1.0 0 .2 9366 13.4
6A 7 .2 91.1 1 .0 0 .5 0 .2 9522 12.7
7 6 .5 90 .9 1.4 1.0 0 .2 9296 14.0
8 6 .0 92 .2 0 .9 0 .7 0 .2 9243 15.4
8A 6 .4 92 .3 0 .8 0 .3 0 .2 9395 14.4

T a b l e  VTII. B e n z e n e - I n s o l u b l e  R e s i d u e s  ( D r y )
Q , Caled. 
Sample from Ash

S AshNo. Found C ontent H C N O
Grams Grams % % % % %  %

1 18.6 19.0 2 .3 54.7 0 .9 9 .0  34.2
2 20.4 21.1 3 .0 75 .5 1.3 3 .5 1.5 15.2
3 45 .8 47 .2 3 .1 70 .9 1.1 2 .6 0 .7  21.6
3A 28.5 32 .3 2 .7 60.9 0 .9 3 .0 0 .9  31.6
4 23.7 24.9 3.1 72.6 1.1 2 .6 1.7 18.9
5 21.6 23 .9 2 .7 64.2 0 .9 5 .0 1.3 25.9
6 32.6 34.6 2 .7 61.4 0 .9 4 .2 1 .0  29.8
6A 23.5 25.0 2 .3 50.6 0 .7 4.0 1 .2  41.2
7 26.9 28.4 2 .9 69.6 1 .0 4.6 1.1 20 .8
8 51.0 55 .0 2 .8 60.6 0 .7 5.1 0 .6  30.2
8A 38.1 42 .2 2 .5 52.7 0 .5 4 .2 0 .8  39.3

T a b l e  I X .  B e n z e n e - I n s o l u b l e  R e s i d u e s “
Sample

No. H
---------- £̂> by Weighty------------ C /H

O R atio
1 3 .8 95.5 1.5 25.1
2 3 .6 90.1 1.5 4.1 25 .0
3 3 .9 90 .5 1.4 3 .5 23 .2
3 A 4 .0 89.5 1.3 4 .6 22.4
4 3 .9 90.7 1.4 3 .3 23 .2
5 3 .7 87.6 1.2 0 .8 23.7
6 3 .9 88.0 1.3 6.1 22 .6
6A 3.9 87.0 1.2 7 .2 22.3
7 3 .7 88.5 1.3 5 .8 23.9
8 4 .0 87.0 1.0 7 .3 21 .8
8A 4.1 87 .3 0 .8 7 .1 21.3

“ On a dry ash-free basis; excluding 0.7 per cent, sulfur was assumed 
e inorganic (1).

T a b l e  X .  C o m p o s it i o n  o p  D is t i l l a t e s

Sample
D istn.
End

— Distill 
Sp. gr.,

ate------
T ar Phe

--------Neu
Sp. gr., 
15.6° C.

tra l Oil------- »

No. Point Amount 15.6°C. bases nols Saturates
° C. Cc. % by volume % by vol.

1 220 106 0.969 0 .5 3 .3 0.967 0 .0
2 220 101 0.971 0 .8 3 .4 0.971 2.2
3 215° 98 0.976 0 .2 2 .5 0 .5
3A 217“ 104 0.962 0 .7 2 .2 0.959 1.3
4 220 102 0.969 0 .2 2 .8 0.967 2 .2
5 220 104 0.968 0 .2 3 .0 0.965 0 .8
6 220 96 0.967 0.1 2 .8 0.966 0 .5
6A 220 108 0.957 0 .5 2 .2 0.956 l.C
7 220 102 0.969 0.3 2 .4 0.905 0 .5
8 220 94 0.966 1.6 0.960 0
8A 212“ 99 0.959 ó ‘. i 1.3 0.958 0 .2
“ D istillation  difficult beyond th is tem perature.

conditions. The phenol contents are roughly proportional to 
the liquefaction yields (Table I II ) . The neutral oils, consists 
ing largely of aromatic hydrocarbons, contained traces of 
olefins (soluble in 85 per cent sulfuric acid). The neutral oils 
also contained small amounts of saturates. Since coal resins, 
spores, and oil algae have been observed (8) to give com
paratively high yields of saturated hydrocarbons boiling be
low about 215° C., it is believed th a t the presence of different 
amounts of these materials in the parent coals may cause some 
of the variations in saturated hydrocarbon content of the 
neutral oil.
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Evaluation of Nitrocellulose 

Lacquer Solvents

A Study of Hydrocarbon 
Diluents by the Constant- 
Viscosity Procedure

V. W. WARE AND W. M. BRUNER
E. I. du Pont de Nemours & Company, Inc.,
Wilmington, Del.

THE first paper of this series (9) described in detail the 
constant viscosity procedure for the evaluation of the 
solvent strength of nitrocellulose lacquer solvents. By 

this method a single value may be assigned to the combined 
viscosity characteristics and hydrocarbon acceptance of a 
solvent in such a way th a t a separate study of the two is 
eliminated, and it may be used, in turn, to  relate this com
bined solvency value to the cost of application. This 
method of evaluation has been applied to a number of com
mercially available esters (ethyl acetate, ethyl propionate, 
isobutyl acetate, n-butyl acetate, isobutyl propionate, and 
Pentacetate) in their reaction to toluene dilution (10). I t  
gives a complete picture of the reaction of nitrocellulose lac
quer solvents to hydrocarbon addition throughout the entire 
range of dilution and affords a means of obtaining an accurate 
comparison of their solvent action a t the viscosity most ap
plicable to the problem a t  hand.

The “dilution ratio” of a nitrocellulose solvent has been 
defined (I) as expressing the limit of tolerance of a solvent for 
a nonsolvent; bu t as Gardner (6) points out, the end points 
are rather indefinite, and considerable experience is necessary 
to be able to  check the results. Doolittle (3) made worth
while advances in defining the limits and the conditions under 
which dilution ratios should be determined, bu t they still re
main an unsatisfactory and uninformative type of analytical 
procedure. Moreover, Stewart (8) reported th a t the inclu
sion of resin in the experimental formulation tends to  make 
the end point still more difficult to check than in the case of

solutions of nitrocellulose alone. Dilution ratio is used in 
evaluation of the activity of diluents as well as solvents, and 
from the above considerations it is obvious why this method 
is still more unsatisfactory in diluent evaluation than in the 
evaluation of solvents. This also indicates why the constant 
viscosity procedure, which eliminates the dilution ratio com
pletely and measures the action of the diluent by means of 
changes in the viscosity or in the solids which will dissolve a t  a 
given viscosity, offers advantages for this purpose.

The viscosity and hydrocarbon tolerance of a solvent are 
bu t two of the several im portant factors which contribute to 
the value of the material, and it  is not the intention of this 
series of papers to overemphasize th a t importance. The 
intent is, rather, to make available to the industry certain 
pertinent data th a t give a clearer view of the subject and to 
point out the more obvious and logical deductions from these 
data.

Stated briefly, the constant viscosity procedure for measur
ing the power of solvent and solvent-diluent mixtures to dis
solve nitrocellulose involves viscosity determinations of nitro
cellulose solutions in three or more concentrations in the 
range of spray viscosity. From these data  curves are drawn 
by plotting viscosity against weight of nitrocellulose per 100 
cc. of base lacquer. The exact solids concentration a t any 
viscosity within the chosen range may be obtained from the 
curve, and curves may be set up from experimental data in this 
way for any number of solvent-diluent mixtures. These 
values for nitrocellulose concentration a t any chosen standard 
viscosity are in themselves an accurate means of comparing 
the solvent strengths of two or more solvent mixtures since 
they combine in one set of values all of the information which 
previously has required both dilution ratio and viscosity de
terminations. However, the usefulness of the data  may be 
extended much further; by  plotting the solvent-diluent com
position against nitrocellulose or solids concentration, as ob
tained from the first set of curves, a second curve may be ob
tained (9,10) from which the ratio of solvent to diluent which 
will dissolve a  given am ount of nitrocellulose a t th a t viscosity 
m ay be read. Then, knowing the apparent value of the 
diluent and of the solvent in use as standards, the compara
tive value of the solvent or diluent under test may be estab
lished.
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Data obtained by the constant viscosity procedure 
for nitrocellulose solvent evaluation arc presented 
for three types of hydrocarbon diluent: pure coal 
tar (toluene), pure aliphatic (gasoline), and mixed 
aromatic-aliphatic or so-called higli-solvency 
naphtha. These diluents have been studied in 
conjunction with four commercially available 
esters: isobutyl acetate (90 per cent), n-butyl
acetate (90 per cent), isobutyl propionate (80 per 
cent), and Pentacetatc (07 per cent). The com
parisons were made in the presence of nitrocellulose 
alone and also with a 2 to 1 mixture of nitrocellu
lose and resin.

The value as a diluent decreases in the order, 
toluene, higli-solvency naphtha, gasoline; this 
decrease is considerably greater with nilrocellulose- 
resin mixtures than it is when the nitrocellulose 
composes the entire make-up of the solids ingredi
ents, but in  no case is it enough to be of any great 
practical value until a dilution beyond 20 per cent 
is used.

The complete similarity and equivalency of iso
butyl acetate and n-butyl acetate, as concerns their 
solvency characteristics and diluent acceptance 
with the three types of hydrocarbons throughout 
the entire dilution range at spray viscosity, is 
demonstrated. This equivalency is not notice
ably nflcctcd by the presence of resin in the formu
lation.

The superior solvent strength of isobutyl pro
pionate as the high-boiling ingredient of nitro
cellulose lacquers is shown.

While previous communications have dealt primarily with 
the constant viscosity procedure as a means of assigning a 
value to the solvent strength of the active solvent constituents 
of a lacquer, it is the object of this paper to show how the 
method may be applied advantageously to the evaluation of 
diluents as well. For this purpose one each of the three gen
eral types of hydrocarbon diluent now used in commercial 
lacquers was chosen—pure aromatic, pure aliphatic or gaso
line type naphtha, and the mixed aromatic-aliphatic or so- 
called high solvency naphtha. Commercial 2° C. toluene is 
used in the first case. A commercial naphtha with a distilla
tion range of 90-130° C. is used in exemplifying the pure 
aliphatic type; i t  will be referred to hereafter simply as gaso
line. The mixed aromatic-aliphatic naphtha used is a com
mercial material with a distillation range of 95-132° C., 
containing approximately 30 per cent aromatics; it will be 
referred to as H. S. naphtha. Each of these naphthas evapo
rates a t approximately the same rate as toluene.

The high-solvency naphtha type of diluent has been de
scribed (7) as being far superior to mineral spirits and ap
proaching in solvent power and compatibility the coal tar 
solvents. Since these diluents are being used rather exten
sively in lacquer formulations, it seemed appropriate that they 
be examined in the light of the constant viscosity procedure. 
I t has been shown (4) th a t both the solvent balance and sol
vent action are influenced by the type and concentration of 
the nonvolatile portion. Therefore it seemed likely that, 
whereas the pure aliphatic naphtha and the mixed naphtha 
may show similar dilution effects on nitrocellulose alone, the 
differences may be much more pronounced in the presence of 
certain resins because of the selective action of the aromatic 
portion in the one case. For this reason and in order to  avoid 
any possibility of misinterpretation, it seemed advisable to

compare the action of these diluents, not only on nitrocellulose 
alone, but on mixtures of nitrocellulose and resin as well. 
Hence a series of tests is included which is based upon a mix
ture of nitrocellulose and resin in proportions of 2 to 1; this 
approaches the composition often used in commercial lac
quers. The resin was an alkyd modified with a  nondrying 
oil. Obviously, the reaction of other resinous materials in 
the presence of nitrocellulose will not be the same as this 
particular one; this information is furnished in order to  em
phasize the importance of studying the effect of the resin, as 
well as the nitrocellulose, on solvent behavior.

Experim ental Procedure
The experimental details are identical with those described 

in a previous paper (9). Browne {2) states, in connection 
with paints, th a t “most of the useful properties of paint are 
determined a t least to a first approximation by the propor
tions of ingredients by volume: volume, not weight, governs 
the area coverable with a film of suitable thickness, governs 
the concentration of opaque pigments in the film necessary 
to give the desired hiding power, and the concentration and 
proportions of to tal solids required for good consistency in 
application and for optimum durability.” In the belief that 
this applied just as well to nitrocellulose lacquers and enamels 
and tha t the conventional formula in percentages by weight 
has a  tendency to obscure certain relations because of the 
great variation in the specific gravity of the various ingredi
ents, the work has been continued on a volume rather than a 
weight basis. Hence all solids concentrations are expressed 
as grams per 100 cc. of solution, and all solvent-diluent ratios 
refer to percentage by volume.

Dry, '/¡-second nitrocellulose from the same lot as that in the 
experiments previously described (9, 10) was used throughout, 
and the same accuracy in weighing and volume measurements 
was maintained. All viscosity measurements were made on the 
Parlin No. 7 cup (5) a t 25° C. ±  0.1°. Viscosity values were 
obtained for three or more solids concentrations with each mix
ture, and the quantity of solids was chosen so that these values 
cover the entire range of spray viscosity. All samples were 
tumbled a t an identical rate for 24 hours to ensure complete 
solution. The recorded viscosity in seconds for the three or more 
solids concentrations with each solvent-diluent mixture is 
plotted against grams of nitrocellulose, and the curves so ob
tained are shown. In the previous articles (9, 10) tables were 
included to show the amount of nitrocellulose which dissolved 
at certain standard viscosity readings, but for purposes of brevity 
they are not given here. The curves shown indicate graphically 
the behavior of a solvent mixture; the derived values are most 
useful in those cases where it seems necessary to calculate the 
ultimate comparative cost values of solvents or diluents.

The diluents used in this work were commercial 2° toluene, 
the high-solvency naphtha offered by the Union Oil Company 
of California under the name of “Solvent #8”, and “Bayway 
Naphtha #55” from the Standard Oil Company of New Jersey. 
The n-butyl and isobutyl acetates possessed a saponification 
value of approximately 90 per cent, the isobutyl propionate 80 
per cent, and the Pentacetate 87 per cent. The remainder in 
each case was composed of the alcohol from which the ester was 
derived. Isobutyl propionate with an alcohol content of 20 per 
cent possesses optimum properties as far as the viscosity and 
hydrocarbon acceptance of this ester are concerned, hence the 
choice of this strength for the work. The other three esters are 
offered commercially at approximately the alcohol content used 
in these experiments, but these may or may not represent the 
mixture of optimum solvent properties.

Viscosity D ata
The experimental viscosity values for solutions of nitro

cellulose in 90 per cent isobutyl acetate a t various dilutions 
with toluene, high-solvency naphtha, and gasoline are shown 
in Table I A.  No values are given for 40:60 dilution with 
gasoline because a t this point nitrocellulose is incompletely 
soluble in the mixture.

Table IB  contains the experimental values for 90 per cent 
n-butyl acetate with the three hydrocarbons. Here again it
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was not possible to obtain readings a t  a gasoline dilution of 
60 per cent because of the insolubility of nitrocellulose in the 
composition.

In  Table I C the experimental values for 80 per cent iso
butyl propionate diluted with the three hydrocarbon diluents 
are shown. A comparison of the values for toluene dilution 
here with those given for the 87 and 99 per cent ester in a pre
vious communication (10) will indicate the striking increase 
in solvent strength obtained with small increases in the alco
hol content of this ester. Dilution of 80 per cent isobutyl 
propionate to 40:60 with either of the hydrocarbons results in 
incomplete solubility of the nitrocellulose, although clear solu
tions are obtained in each case a t 50:50 dilution.

Table ID  gives the corresponding information for 87 per 
cent Pentacetate, which accepts dilution to  about the same ex
ten t as the propionate, although the viscosities with the 
la tter are considerably lorver.

T a b l e  I. V i s c o s i t y - N i t r o c e l l u l o s e  C o n t e n t  o p  S o l u t i o n s  
a t  V a r i o u s  H y d r o c a r b o n  D i l u t i o n s

Solvent:
Diluent /------N itrocellulose/100 Cc. Base Lacquer®------ •

D iluent R atio

A .

6 gram s 7 grams 8 grams 
Sec. Sec. Sec. 

Isobutyl A cetate Solutions

9 gram s 10 grams 
Sec. Sec.

None 100:0 . . . 42 .0 54 .0 71.0
Toluene 80:20 . . . 41.5 55.6 78 .5
H . S. naph tha SO: 20 . .  • 37 .2 45.0 57.7 78.7
Gasoline 80:20 37 .5 44.3 56.5 77.3
Toluene 60:40 38 .8 48.4 62.7 89.7
H . S. naph tha 60:40 40 .0 53.0 72.7 103.3
Gasoline 60:40 35.0 42 .6 57.0 79.3
Toluene 50:50 39 .0 52.3 71 .9
II. S. naphtha 50:50 35.4 45 .0 64.2 94 .2
Gasoline 50:50 40.4 54.1 81.0
Toluene 40:60 38 .0 46 .3 67.3 101.0
H . S. naphtha 40:60

B.
39 .5  62 .0  122.0 

n-B utyl A cetate Solutions
None 100:0 41.7 52.5 67 .2
Toluene 80:20 42.0 54.9 71 .4
II . S. naph tha 80:20 36 .7 45.3 57.7 76 .5
Gasoline 80:20 36 .8 45.1 56.7 76 .4
Toluene 60:40 38 .0 47.3 62.1 86 .0
H . S. naphtha 60:40 40.1 52.2 73.2
Gasoline 60:40 34.0 41.4 52.9 75.1
Toluene 50:50 40 .0 51.6 70.5
H . S. naph tha 50:50 35.0 46 .0 64.1 95.7
Gasoline 50:50 37.0 48.9 70.0
Toluene 40:60 36.0 46 .0 63.3 96.7
H. S. naph tha 40:60 41 .4  56.2 

C. Isobuty l Propionate
113.3

Solutions
None 100:0 38 .5 46.2 61.2 82 .5
Toluene 80:20 39 .8 49.7 65.6 85 .7
H. S. naph tha 80:20 39 .0 50.5 66.2 96 .9
Gasoline 80:20 34.6 41.3 50 .8 73.7
Toluene 60:40 40.1 50.0 68.2
H . S. naph tha 60:40 36.0 44.7 60.2 91.5
Gasoline 60:40 38.0 51 .8 68.2
Toluene 50:50 35.2 42.1 58.4 84.4
H . S. naphtha 50:50 41.6 61.3 93 .8
Gasoline 50:50 47.3* 75.3

D. Pen taceta te  Solutions
None 100:0 40 .3 53.0 72.3
Toluene SO: 20 40.5 55 .5 75.1
H. S. naph tha SO: 20 35.3 43 .0 57.3 80.0
Gasoline 80:20 35.4 42.4 56.0
Toluene 60:40 34.8 45.1 60 .5 87.8
H. S. naph tha 60:40 36.2 46.8 71.7
Gasoline 60:40 39.4 52.4 79.2
Toluene 50:50 38.0 48.6 67 .5
H. S. naphtha 50:50 42.9 64.8 97.0
Gasoline 50:50 5 0 .0C 

® Viscosity in  No. 7 cup a t  25° C.
78.9

* Viscosity a t 5 grams, 37.2 seconds.
* Viscosity a t 5 grams, 38.1 seconds.

Table IIA  includes the experimental viscosity values for 
isobutyl acetate with the three types of hydrocarbon; the 
solids, instead of being composed of nitrocellulose alone, were 
made up on a weight basis of 2 parts of nitrocellulose to 1 part 
of resin. For comparative purposes the practice of expressing 
the results on the basis of grams of nitrocellulose per 100 cc. 
of base lacquer has been continued, and it becomes necessary

to multiply the weights of nitrocellulose used by the factor
1.5 in order to study the viscosity variation on the basis of 
to tal solids. When the contents of Table IIA are compared 
with those of Table IA for nitrocellulose alone, the increase 
in viscosity when the solids are increased 50 per cent by means 
of resin is seen to be relatively small. Some of this increase 
is due to  the fact th a t a certain am ount of the solvent mixture 
has been replaced by an equal volume of resin.

T a b l e  II. V i s c o s i t y - N i t r o c e l l u l o s e  C o n t e n t  o p  I s o b u t y l  
A c e t a t e  a t  V a r i o u s  H y d r o c a r b o n  D i l u t i o n s  w i t h  a  

N i t r o c e l l u l o s e : R e s i n  R a t i o  o r  2 : 1

Solvent:
D iluent * N itrocellulose/100 Cc. Base Lacquer® »

D iluent R atio  5 gram s 6 gram s 7 gram s 8 gram s 9 grams*
Sec. Sec. Sec. Sec. Sec.

A . Isobu ty l Acetate
None 100:0 42.4 53.0 72.3
Toluene 
H . S. n aph tha  
Gasoline

80:20
80:20
80:20

35 .5
38.1
39 .2

43.3
44.6
46 .5

54.3
60.2
66.0

76 .7
87.8  
94.6

Toluene 
H . S. naph tha 
Gasoline

60:40
60:40
60:40 36.0

36.9
40 .8
48.7

46 .8  
54 .6
72 .8

69.5
85.0 ••

Toluene 
H . S. naph tha 
Gasoline

50:50
50:50
50:50

39.3
37 .3  51.2 
N ot soluble

51 .4
72.1

75 .8

Toluene 
H , S. naph tha

40:60 
40: CO

B.

34 .8  44 .0  
N ot soluble
n-B utyl Acetate

68.3

None 100:0 41 .5 51 .9 70.3
Toluene 
H. S. naph tha  
Gasoline

80:20
80:20
80:20 35 .8

41 .4
42 .2
43.0

54.2 
56 .4
57 .2

73.2
78.9
81 .7

Toluene 
H . S. naph tha  
Gasoline

60:40
60:40
60:40 33 .8

36.5
39.5 
45 .3

46 .7
53.6
65 .0

65 .6
78 .5

94 .3

Toluene 
H . S. n aph tha  
Gasoline

50:50
50:50
50:50

39.0
35 .7  48 .7  
N ot soluble

50 .3
71 .6

73 .2

Toluene 
II . S. naph tha

40:60
40:60

35 .0  43 .8  
N ot soluble

66 .5

°  Viscosity in No. 7 cup a t 25° C.
* To obtain corresponding to ta l solids, m ultiply by  1.5.

Table IID  gives similar information for n-butyl acetate 
with the three diluents and the nitroeellulose-resin mixture. 
In  the case of both of these esters the nitrocellulose-resin mix
ture will not dissolve a t 50 per cent gasoline dilution or a t 60 
per cent high-solvency naphtha dilution. Toluene, however, 
maintains its excellent diluent properties a t  60 per cent dilu
tion although there is a noticeable viscosity increase with the 
addition of the resin over th a t observed with the nitrocellulose 
alone.

Curves Derived from  D ata
The experimental viscosity values in the tables are plotted 

against nitrocellulose concentration. Figure 1 shows the 
curves for the four esters with nitrocellulose alone and the two

F ig u r e  1 . V is c o s i t y - N i t r o c e l l u l o s e  C o n t e n t  C u r v e s  
f o r  1 0 0  P a r t s  S o l v e n t

1. Isobuty l aceta te  (90 per cent)
2. n -B utyl ace ta te  (90 per cent)
3. Isobuty l propionate (80 per cent)
4. P en taceta te  (87 per cent)
5. Isobu ty l aceta te  (nitrocellulose:resin — 2:1)
6. n -B utyl aceta te  (nitrocellulose:resin ■« 2:1)
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G. NITROCELLULOSE PER 100 CC. BASE LACQUER 

F ig u r e  2. V is c o s it t - N it r o c el lu l o se  C o n t e n t  C u r v es

A ,  80:20 d ilution; B, 
1. Isobutyl ace ta te -to luene  
A  lsobutyl ace ta te -H . S. naph tha  
o. lsobuty l acetate-gasoline
4. n-Butyl ace ta te-to luene
5. n-B utyl a ce ta te -H . S. naph tha 
2* f-B u ty l acetate-gasoline
7. lsobutyl p ropionate-to luene

60:40; C, 50:50.
8. Isobutyl propionate-H . S.

naphtha
9. Isobutyl propionate-gasoline

10. Pentacetate-toluene
11. Pentaceta te-H . S. naphtha
12. Pentacetate-gasoline

butyl acetates with the nitrocellulose-resin composition, all 
in the absence of any diluent. Although viscosity values for 
the undiluted solvent are of little practical value from the 
standpoint of lacquer solvent evaluation, they are still widely 
used in the industry for evaluative purposes, and considerable 
emphasis is often placed upon the viscosity of the nitrocellu
lose solution in the solvent alone when comparisons are being 
made. The curves show the small differences which exist 
between the butyl acetates and indicate tha t these differences 
are practically the same whether or not resin is present in the 
formulation.

G. NITROCELLULOSE PER 100 CC. BASE LACQUER 
(MULTIPLY BY 1.5 FOR G. OF TOTAL SOLOS)

F ig u r e  3. V is c o sit t - N it r o c e l l u l o s e  C o n 
t e n t  C u r v e s  f o r  I so b u ty l  a n d  w-B u ty l  A ce

t a t e  a t  4 0 :6 0  D il u t io n
1. lsobu ty l acetate-toluene
2. Isobutyl ace ta te -H . S. naph tha
3. n-B utyl acetate-to luene
4. n-B utyl ace ta te -H . 8. naphtha

Figure 2A  shows the reaction of these four esters to the 
three types of diluent a t 20 per cent dilution. The curves 
indicate that, in the absence of resin or other material which 
might complicate the relation, there is little to be gained by 
the use of the aromatic over the pure aliphatic type hydro
carbon. The first six curves for the two butyl acetates show 
the almost complete coincidence of the two esters with gaso
line and high-solvency naphtha, w ith toluene offering a slight 
advantage in each case. Isobutyl propionate lies about mid
way between Pentaeetate and the butyl acetates in solvent 
action a t this dilution.

Figure 2B  gives the viscosity-nitrocellulose content curves 
for 40 per cent dilution. The differences between the three 
diluents are becoming more noticeable, with those between 
the esters (particularly between n-butyl and isobutyl acetate) 
remaining bu t slightly changed over those a t lesser dilutions. 
Curves 1 and 4 for toluene dilution, 2 and 5 for high-solvency 
naphtha dilution, and 3 and 6 for gasoline dilution bear out 
the conclusion th a t for all practical purposes the butyl ace
tates possess the same solvency characteristics with any given 
hydrocarbon diluent. The most striking observation in this 
case is th a t concerning isobutyl propionate which has shown 
a remarkable increase in solvent strength relative to  the 
other esters. This is especially true with toluene dilution 
(curve 7) which is bu t slightly inferior to  the solvency of the 
butyl acetates. The reaction of isobutyl propionate to high 
solvency naphtha dilution is also extremely good; i t  is slightly 
lower than th a t of isobutyl acetate and almost identical with 
th a t of Pentaeetate and toluene. W ith gasoline, however, 
the isobutyl propionate has shown a relative decrease in ac
tivity and is only slightly superior to Pentaeetate.

A t 50:50 dilution (Figure 2C) isobutyl and n-butyl acetate 
remain almost identical in their reaction to toluene and high- 
solvency naphtha addition. Although the difference is some
w hat greater with gasoline, i t  is never more than 5 per cent 
based on solids in solution. Isobutyl propionate with tolu
ene continues to show up extremely well, bu t the curves for 
both the high-solvency naphtha and gasoline with this ester 
are somewhat closer to  those of Pentaeetate with the same 
diluents.

Dilution with 60 per cent hydrocarbon is beyond the limits 
of compatibility for both isobutyl propionate and Pentace- 
ta te  and also those of the butyl acetates with gasoline. 
Figure 3, therefore, shows only the curves for isobutyl and n-
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G. NITROCELLULOSE PER 100 CC. BASE LACQUER 
(.MULTIPLY BY 1.5 FOR G- OF TOTAL SOLIDS)

F i g u r e  4 . V i s c o s i t y - N i t r o c e l l u l o s e  C o n t e n t  
C u r v e s  p o r  I s o b u t y l  a n d  « - B u t y l  A c e t a t e  a t  
8 0 :2 0  (A ) a n d  6 0 :4 0  (B ) D i l u t i o n s  w i t h  a  N i t r o 

c e l l u l o s e :  R e s in  R a t i o  o p  2 :1
1. Isobutyl acetate-to luene
2. Isobutyl ace ta te -H . S. naphtha
3. Isobutyl acetate-gasoline
4. n-B utyl acetate-toluene
5. n-B utyl ace ta te -II . 8. naph tba
6. n-B utyl acetate-gasoline

butyl acetate with toluene and high-solvency naphtha a t this 
dilution.

Figure 4A is concerned with the reaction of isobutyl ace
tate and n-butyl acetate to 20 per cent hydrocarbon dilution 
in the presence of a  2 to  1 mixture of nitrocellulose and resin. 
A t this low dilution there is only a small viscosity increase 
over th a t observed with the nitrocellulose alone, as the tolu
ene is replaced by high-solvency naphtha and then by gaso
line. The two esters possess essentially the same solvency 
with each diluent. The weight values given in Figures 4 and 
5 refer only to the am ount of nitrocellulose present in the 
mixtures, and these values should be multiplied by the factor
1.5 to obtain to tal solids. Also, in comparing these values 
with those for nitrocellulose alone, i t  should be kept in  mind 
th a t a volume of the solvent-diluent mixture equal to  the 
volume of the resin has been replaced by resin in each case.

At the dilution of 40 per cent (Figure 4 B)  the effect of the 
presence of resin in the formulation becomes marked. This is 
particularly true a t the higher solids contents and results in 
curves with a much steeper slope than occurs a t  the same dilu
tion (Figure 2A) in the absence of any resin. I t  is interesting 
to  note th a t in practically all of these cases the effect of tolu
ene upon the solvent action of isobutyl acetate and n-butyl

G. NITROCELLULOSE PER 100 CC. BASE LACQUER 
(MULTIPLY BY 1.5 FOR G. OF TOTAL SOLIDS)

F ig u r e  5. V isc o sity - N it r o c e l l u l o s e  C on 
t e n t  C u r v e s  f o r  I so b u ty l  an d  « -B u ty l  A ce
t a t e  a t  5 0 :5 0  a nd  4 0 :6 0  D il u t io n , w i t h  a  

N it r o c e l l u l o s e : R e s in  R a tio  o p  2 :1
1. Isobuty l acetate-to luene (50:50)
2. Isobutyl a ce ta te -H . S. naph tha  (50:50)
3. Isobutyl aceta te-to luene (40:60)
4. n-B utyl acetate-to luene (50:50)
5. n-B utyl ace ta te -H . S. naph tha  (50:50)
6. n-B utyl aceta te-to luene (40:60)

acetate is practically identical, th a t the curves for high-sol
vency naphtha with the two esters are in general somewhat 
farther apart than those for toluene, and th a t the gasoline 
dilution curves show a still wider divergency. This is illus
trated  with especial clarity in Figure 4B. However, in  no 
case is the difference, even with gasoline, greater than  5 per 
cent when calculated on the am ount of solids in the two com
positions a t  a given viscosity.

Figure 5 gives the viscosity-nitrocellulose content curves 
for the two butyl acetates a t 50:50 dilution w ith toluene and 
high-solvency naphtha. This is beyond the limits of com
patibility with straight gasoline. The curves for 40:60 dilu
tion with toluene, which is beyond the miscibility range for 
both gasoline and high-solvency naphtha, are also included.

Further studies now in progress demonstrate the utility of 
the constant viscosity procedure, not only for measuring the 
activating effect of various alcohols on nitrocellulose solvents, 
bu t for examining in a practical way the use of alcohols as 
lacquer diluents. This method has also been applied to the 
examination of the hydrocarbon activation of certain lacquer 
solvents which show this property in a surprising degree and 
to  a much greater extent than occurs in the activation of es
ters by means of alcohols.
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Gum  

F orm ation 

in 

Cracked 

Gasolines
C r a c k e d  G a s o l in e  S o d a  T r e a t e r , D o m in g u e z , C a l if .

VARIOUS modifications of 
accelerated oxidation tests 
are in general use for esti

mating the stability of cracked 
gasolines with respect to gum 
formation during storage. The 
usual test comprises the measur
ing of the length of the induc
tion period of the gasoline a t 
100° C., either in a steel bomb 
employing an oxygen pressure 
of 100 pounds (gage) per square 
inch (7 kg. per sq. cm.) in ac
cordance with the procedure of 
Hunn, Fischer, and Blackwood 
(5), or in a glass flask with an 
oxygen pressure of one atmos
phere following the method of 
Voorhees and Eisinger (10). In 
some cases the gum which forms 
after a given time (usually 4 or 5 
hours) of accelerated oxidation under fixed conditions is taken 
as a measure of stability.

Extensive storage tests have been carried out in different 
laboratories (3,9,11)  to correlate the storage life of a gasoline 
with its induction period. Although a general sort of cor
relation was found, the induction period did not appear to 
rate properly the stability of gasolines of different types, 
especially with regard to  origin, refining treatment, and 
inhibitors.

The effects of tem perature and oxygen pressure on the 
induction period have been investigated (1, 2, 6) and found 
to obey simple laws, allowing an extrapolation to storage 
conditions. This appears to be a definite improvement since 
the effect of tem perature is very large but, more important, 
is a variable quantity  which is dependent on the particular 
gasoline. Accordingly, the temperature susceptibility of the 
gasoline should be taken into account in any test which 
employs tem perature as one of the accelerants.

The validity of the induction period as a measure of
83

stability, even when extrapo
lated to storage conditions, has 
been questioned by Bridgeman 
(2) because the am ount of gum 
formed when the end of the in
duction period has been reached 
in accelerated tests may be 
greatly in excess of 10 mg. per 
100 ml., a value tha t is usually 
considered the maximum per
missible gum content. He sug
gested th a t “a more rational 
procedure would be to  measure 
the gum contents a t  various 
periods of time when the gaso
lines are heated a t a number of 
elevated tem peratures and by 
extrapolation to obtain infor
mation on the predicted times 
a t storage temperatures a t which 
the gum content would reach 

various values” . After considerable experience with various 
stability tests, we too have been led to this conclusion, and the 
present paper presents the results of preliminary work along 
these lines. Throughout this paper the time required for a 
gasoline to reach a given gum content, under the particular 
conditions involved, will be designated as the gum time, 
preceded by the number of milligrams of gum per 100 ml. 
in question (e. g., 5-mg. gum time, 10-mg. gum time, etc.).

Experim ental M ethods
E q u i p m e n t . The oxygen bombs and assembly used in 

the present investigation were identical to  the Universal Oil 
Products type previously described (4) with the following 
modifications:

Less difficulty from leaks was encountered by using gaskets 
rather than relying on the natural metal-to-metal seal” The 
bomb cover lip making the seal with the body of the bomb was 
squared rather than rounded. Gaskets of a hot oil asbestos 
material [obtained from the Gariock Packing Company, No.

D. L. YABROFF AND E. L. WALTERS
Shell Development Company, Emeryville, Calif.

The form ation of gum  during  the  induc
tion period of cracked gasolines has been 
found to proceed a t a sim ple exponential 
rate  a t elevated tem peratures. The tim e 
required for a gasoline to  reach a gum  con
ten t of 1 0  mg. per 1 0 0  m l. (designated as the  
1 0 -mg. gum  tim e) is affected by tem pera
ture and oxygen pressure in  essentially the  
same m anner as is the  induction  period. 
The 10-mg. gum  tim e can accordingly be 
extrapolated to  storage conditions, which 
allows a prediction of the  storage life of the 
gasoline.
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7022, 215/u  inches (7.46 cm.) o. d., 27/ h inches (6.19 cm.) i. d., 
and Vu inch (0.8 mm.) thick] were found to be satisfactory and 
were suitable for two to three runs.

The bombs were enclosed in oil thermostats with the exception 
of one set which was operated only at 100° C. and for which 
a steam bath was used. The thermostats were all equipped with 
closed coils through which steam could be passed during the 
heating period to minimize the effect of temperature lag, or 
cooling water if it was desired to cool the entire bath rapidly. 
For one of the oil thermostats, which was appreciably larger 
than the others, it was found. necessary to add a 2500-watt 
heater to assist in the initial heating of the bath. The tem
perature control was on the order of ±0.1° C.

4 -P e n
Pressure
Recorder

L Connection  
uncoupled at 
this point to  
rem ove bomb

Oxygen in

A bomb could be removed from the bath a t any time in the 
following manner (Figure 1): Valve A  was closed; valve B
was opened, the pressure on the recorder being released through 
valve D; and the flared connection at valve A  was uncoupled. 
The bomb was then removed from the steam or thermostated 
bath and placed in a cooling bath through which cold water 
was constantly circulated. After 15 minutes the pressure in the 
bomb was released, the bomb opened, and the oxidized sample 
subjected to further tests.

The time corrections to be applied for the temperature lag of 
the gasoline in the bomb were computed from heating and cooling 
curves obtained under the exact operating conditions by means 
of a thermocouple passing through a special bomb top (1, S, 7). 
The heating-up corrections ranged from 25 to 35 minutes, de
pending on the particular bath; the cooling-down corrections 
were 3 to 5 minutes.

Gum determinations were carried out in accordance with 
A. S. T. M. method D-381-36.

E ffe c t o f  T e m p e r a tu r e  o n  G u m  F o r m a t io n

Preliminary experiments on the rate of gum formation 
were carried out a t  100° C. and under an  oxygen pressure of 
100 pounds, w ith several cracked and reformed gasolines. 
These experiments indicated, in general, agreement with the 
findings of previous investigators:

About 25 to 100 mg. of gum per 100 ml. were formed when the 
end of the induction period had been reached.

The rate of gum formation increased rapidly after the end of 
the induction period.

The 10-mg. gum time (time required to reach a gum content 
of 10 mg. per 100 ml. of gasoline) was 30 to 75 per cent of the 
induction period for the various gasolines.

A more detailed study was made a t several elevated tem
peratures and disclosed the fact th a t the rate of gum forma
tion during approximately the first 90 per cent of the induction 
period was exponential; a plot of the logarithm of the gum 
content of the gasoline against the time of oxidation yielded 
straight lines for each of the several temperatures investi
gated. This relation is illustrated by Figure 2 for an un-

S teom  or 
T h e rm o s la te d
B ath  V -V e n t

F i g u r e  1 . O x y g e n  B o m b  A s s e m b l y

The valve arrangement is indicated in Figure 1. Valve A 
was a Vi-inch (6.4-mm.) angle shut-off valve (obtained from the 
American Brass and Copper Company. Sylpak valve No. 192-C). 
Valves B, C, and D were ordinary ‘A-inch needle valves. By 
proper manipulation of the valves, it was possible to remove a 
single bomb from the bath a t any given time without disturbing 
the other bombs.

P r o c e d u r e .  Eight-ounce oil sample bottles containing 100 
ml. of the gasoline under test were placed in the bombs immersed 
in the thermostat or bath at an initial temperature of 21° =*= 
3 °  C. The bombs were flushed only once with oxygen under a
iiressure of 100 pounds per square inch in order to avoid undue 
oss of light ends, and oxygen a t 100 pounds pressure was again 

admitted; the nitrogen content of the bomb gases was then 
about 1 per cent. The bombs were allowed to stand for some 
15 minutes to make sure there were no leaks (valves A and D 
were open during this period, and valves B  and C were closed). 
The occasional leaks encountered were most likely to occur at 
the removable flared connection at valve A  and were fixed before 
proceeding further. The bomb pressure was then adjusted to 
exactly 100 pounds or any other value desired.

The heating-up procedure for the thermostats was standard
ized and adhered to rigorously. Essentially this consisted in 
passing steam through "the auxiliary" coils until the bath tem
perature was 5° C. above the desired temperature. The higher 
temperature (± 1 °  C.) was then maintained for 10 minutes by 
adjusting the steam rate, after which the steam was shut off 
and the bath allowed to drop to the desired temperature, at 
which point it was maintained by conventional thermostatic 
controls. This procedure greatly reduced the temperature lag 
of the gasoline in the bomb.

Time of Oxidation, Hours

F i g u r e  2 .  F o r m a t i o n  o f  G u m  d u r i n g  t h e  I n d u c t i o n  
P e r i o d  o f  a  M i d - c o n t i n e n t  C r a c k e d  G a s o l i n e  u n d e r  

a n  O x y g e n  P r e s s u r e  o f  100 P o u n d s  G a g e

inhibited mid-continent cracked gasoline. By expressing the 
time of oxidation of the gasoline a t the various temperatures 
as a percentage of its induction period a t the temperature 
involved, the data of Figure 2 fall closely about one line as 
shown in Figure 3. This indicates th a t the rate  of gum 
formation is affected by tem perature in essentially the same 
manner as is the induction period. Accordingly, after a
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gasoline has reached a given percentage of its induction 
period through accelerated oxidation, the am ount of gum 
thus formed should be nearly independent of the temperature 
of the oxidation.

I t  is then to  be expected th a t the effect of temperature on 
the 10-mg. gum time m ay be expressed by an equation of the 
same form as for the induction period (1, 2):

log Ig = A +  B /T  (1)
where tg — 10-mg. gum time, hours

T — absolute temperature, 0 K.
A, B = constants which depend on the gasoline (this equation 

may be used for computing times to reach gum 
contents other than 10 mg. per 100 ml., in which 
case intercept A  will have a different numerical 
value but B will be unchanged)

This is shown in Figure 4 where the logarithm of the induc
tion period and of the 10-mg. gum time of the mid-continent 
cracked gasoline are plotted against the reciprocal of the 
absolute temperature.

Time of Oxldotion, As Percentage of the Induction Period

F ig u r e  3. F o r m a tio n  o p  G um  d u r in g  t h e  I n duc
t io n  P e r io d  o p  a  M id- c o n t in e n t  C r a ck ed  G a so lin e  
u n d e r  a n  O x y g e n  P r e s s u r e  o p  100 P o u n d s  G a ge

Temperature "C.

F i g u r e  4. E f f e c t  op  T e m p e r a t u r e  o n  I n d u c t i o n  
P e r io d  a n d  t u b  10-M g. G um  T im e  op  a  M id - c o n t i 
n e n t  C r a c k e d  G a s o l in e  u n d e r  a n  O x y g e n  P r e s s u r e  

o f  100 P o u n d s  G a g e

and the product kt is hence a constant quantity. Accordingly, 
the variation of the logarithm of t with the reciprocal of the 
absolute temperature will be identical to  th a t of the logarithm 
of k (Equation 3), with the exception of the sign. The 
value of e/R  in Equation 3 is therefore equal to  2.3026 times 
the constant B  of Equation 1 for the 10-mg. gum time (or 
any other gum time), or

e =  4.579R (5)

Any given gum time may be computed from the initial 
gum content of the gasoline and the 10-mg. gum time, for a 
given set of conditions, as long as the rate of gum formation 
obeys the simple logarithmic function noted above. The 
equation is

A-mg. gum time = 10-mg. gum time l-° — Klog 10 — logy

A summary of the data obtained for two gasolines, the 
m id-continent cracked and a mid-continent reformed, -with

At constant tem perature the rate of gum for
m ation of a given gasoline m ay be expressed by 
the equation:

log gum =  kt  +  log I (2)
where k =  specific rate constant for formation of 

gum
t =  time of aging or oxidation 
I  =  initial gum content of gasoline, mg./100 

ml.

The variation of k w ith temperature is a 
function of the energy of activation of the gum- 
forming reaction :

where t 
R

d In k
d l / T  '

! activation energy 
: gas constant

R (3)

If a gum content of 10 mg. per 100 ml. is to be 
reached by a given gasoline a t a fixed tempera
ture, Equation 2 becomes

T a b l e  I .  I n d u c t io n  P e r io d s  a n d  G um  T im e s  f o r  a  M id -c o n t in e n t  
C r a ck ed  a n d  a  M id -c o n t in e n t  R e f o r m e d  G a s o l in e  a t  E l e v a t e d  T em 

p e r a t u r e s  u n d e r  100 P o u n d s  O x y g e n  P r e s s u r e

In itia l
Gum

Added Con- 
Gasoline Inh ib ito r ten t Temp.

AW

M id
continent
reformed

M id
continent
cracked

100 ml. 
None 0 .8

A

B

1.0

1.0

None 2 .6

A

B

2 .8

3 .8

0 C.
100

92
85

108
100
92

108
100
92

100
92
85
78

108
100
92

108
100
92

Observed Times
10-mg. 

Induction  gum
period tim e

H r .

1,
4
9,

2 .17,
4 .58, 

11.17.
1.75, 
4 .00, 
9 .67, 
1.25,
2.75, 
5 .83,

12 . 00 ,
2.08 ,
4.33,

10.83,
1.58,
3.58, 
9 .08,

75
42
50

2 .25
4 .58  

11.25
1.75
4 .08
9 .42
1.25 
2 .83  
6.00

12.08
2 .00
4.42

11.08 
1.50
3 .58 
9.17

Obsvd. R atio , Calcd. 
10-Mg. Gum R atio, 

T im e/In - 5-M g./ 
duction 10-Mg. 
Period Gum Time

Hr.
1.20
2.87
5.97
1.33 
2 .82  
6.75 
0 .97  
2 .08  
4 .67 
0 .58
1.34 
2.41 
5 .50  
0 .97  
1.92 
4.37 
0 .47  
1.11 
2.62

0 .6 9 '
0 .65
0 .63
0 .60
0 .62
0.60.
0 .55
0.52
0 .49
0.46
0 .48
0.41
0.46.
0 .48
0 .44
0 .40
0.31
0.31
0 .29

0.726

0.699

0.699

0.485

0.455

0.284

kt =  log 10 — log I (4)
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T a b l e  I I .  R e p r o d u c i b i l i t y  o p  G u m  T i m e s  a n d  I n d u c t i o n  P e r i o d s  E x t r a p o l a t e d  t o  L o w  
T e m p e r a t u r e s  f o r  a  C a l i f o r n i a  C r a c k e d  G a s o l i n e  u n d e r  1 0 0  P o u n d s  O x y g e n  P r e s s u r e

(, A ctivation

B
D eter

m ination Series Tem p. Obsvd. Tim e
° C. Hr.

10-mg. gum 1 100 1.97 1
tim e 95 3.22

90 5 .08  |
85 8 .95  j

2 100 1.90
94 3.60
88 6 .60
82 12.25

Induction 1 105 2.17, 2 .25
period 100 3.50 , 3 .58

95 6.25 , 6.17
90 10.83, 10.92
85 18.50, 18.50

2 105 2.17 , 2 .08
100 3.50, 3 .42
95 6.17 , 6 .08
90 10.67, 10.42
85 18.33, 18.17

-1 5 .2 7 5 1  5808

-1 5 .6 3 6 8  5941

-1 6 .3 7 7 6  6320

-1 6 .5 2 1 3  6369

Calcd. Time G um -Form 
Time® 100° F. 80° F. ing Reaction

Hr. Mo Mo.

\ I:?!
S .25 3.55 17.5 26,600

[ 8 .78
1.93]
3 .52  
6.55 4.14 21.1 27,200

112.42J
2 .18
3.65
6.18 12.4 70 .4 . . . .

10.67
18.67
2.10
3.55
6.03 12.9 73 .8 . . . .

10.47
18.38

1 From  log t — A  - f  B /  T.

and w ithout added inhibitors, is given in Table I. The values 
for the ratio of the 10-mg. gum time to the induction period 
(column 7) are roughly independent of the temperature for 
a given gasoline sample. In  several cases there appears to 
be a considerable variation, b u t we are inclined to  believe 
th a t this is not real but is due essentially to  the personal 
factor involved in selecting the end of the induction period, 
particularly for the longer induction periods a t the lower tem
peratures where the pressure breaks may be rather gradual.

F i g u r e  5 .  F o r m a t io n  o f  G u m  d u r i n g  t h e  I n d u c t i o n  
P e r i o d  o f  a  M i d -c o n t i n e n t  R e f o r m e d  G a s o l i n e  

u n d e r  O n e  A t m o s p h e r e  o f  A ir

The ratio of 10-mg. gum time to induction period is not a 
constant quantity for a given gasoline b u t depends on the 
initial gum content and on the length of the induction period. 
As these change through the aging of the gasoline (i. e., 
the initial gum content increases and the induction period 
decreases), the ratio of 10-mg. gum time to  induction period 
will decrease. For this reason the samples listed in Table I

are not directly comparable 
with one another. Neverthe
less, in spite of its shortcomings, 
the ratio of 10-mg. gum time to 
induction period is of interest 
since the induction period has 
served in many cases as the 
only criterion for gum stability, 
even without regard for the 
initial gum content of the gaso
line.

The data of Table I  are not 
sufficiently accurate to extrapo
late to  lower temperatures, 
essentially because some of the 
gum times involved are so short 
th a t errors of the order of 5 to 
10 minutes will be greatly mag
nified in the extrapolated value.

======^ ============ In  all later work where an ex
trapolation was desired, experi
ments were carried out a t four 

temperatures in order to minimize the effect of one point 
being grossly in error, a least squares solution being employed.

Similar experiments designed to determine the reproduci
bility of the extrapolation to lower tem peratures were per
formed with a California cracked gasoline. Pertinent data 
are summarized in Table I I  from which it may be concluded 
th a t such a procedure is capable of giving reasonably satis
factory results.

Effect of Oxygen Pressure on G um  F orm ation
The rate of gum formation under one atmosphere of air 

was determined for the uninhibited mid-continent reformed 
gasoline a t  several elevated temperatures, and the results 
obtained are presented in Figure 5. In  the experiments 
performed a t 100° and 92° C., i t  appears probable from the 
curves th a t the oxygen dissolved in the gasoline is being 
consumed by the gum-forming reaction a t a greater rate than 
it can be supplied to the gasoline by solution and diffusion. 
The rate of gum formation a t 85° C. is slower than a t  the 
other two temperatures and does not show this effect. The 
ratios of the 10-mg. gum times under 1 atmosphere of air to 
those under an oxygen pressure of 100 pounds (the la tter 
values from Table I) are 1.65, 1.34, and 1.28 for 100°, 92°, 
and 85° C., respectively. The trend in the ratios with de-

T a b l e  II I . E f f e c t  o f  O x y g e n  P r e s s u r e  o n  10-Mg. G u m  
T im e  a n d  o n  I n d u c t i o n  P e r i o d  o f  C a l i f o r n i a  C r a c k e d  

G a s o l i n e ®

Temp. 
° C. 
100

85

° T he gasolines run a t the  tw o tem peratures are not identical.
The end of the induction period (" th e  b reak”) was taken as the  tim e a t 

which the oxygen pressure showed a drop of approxim ately 2 pounds from 
the maximum pressure.

« E x trapo lated  to  —12 (1 a tm . a ir).

Pressure Ratio,
1 Atm. Air/100

Lb. O* (Gage)
Oxygen Induction 10-Mg. Induction  10-mg.
Pressure Period* Gum Tim e period gum tim e
Lb. gag« Hours Hour$

125 7.00 , 6 .83
100 7.25 , 7 .33 Ü 85
75
50

7.75 , 7 .67  
7.92 , 8 .00 1.26 1.26

25 5.67
-1 2 « *9.*i7* * 6.12
125 13.25
100 13.92, 13.75 1Ü 27
75 14 .25 ,14 .33 1.20 1.24
50 14 .83 ,15 .03
25 15.75, 15.58 13!o6

-1 2 « 16.55 13.95
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creasing tem perature is in agreement with the explanation 
offered.

The effect of the oxygen pressure on the induction period 
and on the 10-mg. gum time was determined further for a dif
ferent sample of a California cracked gasoline a t 100° and 
a t 85° C.; several oxygen pressures were used, the lowest of 
which was 25 pounds (gage) per square inch (1.75 kg. per sq. 
cm.). The gasoline sample run a t 85° C. was first given two 
20 per cent volume washes with 10 per cent aqueous sodium 
hydroxide to  extract natural inhibitors and thereby reduce

F i g u r e  6. F o r m a t i o n  o p  G u m  d u r i n g  t h e  In 
d u c t i o n  P e r i o d  o f  a  C a l i f o r n i a  C r a c k e d  

G a s o l i n e

0 25 50 75 100 125 150
Oxygen Pressure , Pounds Absolute

F i g u r e  7 . E f f e c t  o f  O x y g e n  P r e s s u r e  o n  t h e  
I n d u c t i o n  P e r i o d  a n d  t h e  10-Mg. G u m  T im e  f o r  a  

C a l i f o r n i a  C r a c k e d  G a s o l i n e

the induction period so th a t the sample could be more con
veniently handled; and so the gasolines run a t  the two tem
peratures are not identical. The results are presented in 
Table I I I  and in Figures 6 and 7. The effect of the oxygen 
pressure is quite small in this case and is the same for the 
induction period and for the 10-mg. gum time a t the two 
temperatures within the limit of experimental error. A plot 
of the logarithm of the induction period against the oxygen 
pressure fits the data reasonably well (Figure 7).

Preliminary results from further work have indicated th a t 
the oxygen pressure effect is not a constant for all gasolines 
but may vary greatly in certain cases. This is injigreement

D o c t o r  a n d  A c id  T r e a t e r s , H o u s t o n , T e x a s
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with the observations of Rogers (8). In  view of the fact 
th a t the 10-mg. gum time is a function of the induction 
period under a given set of conditions, i t  may be valid to 
evaluate the effect of the oxygen pressure on the induction 
period for a given gasoline and to apply this factor to the 10- 
mg. gum time. This will be reported in more detail a t  a 
later date.

Thus, the 10-mg. gum times may be determined under 
any convenient oxygen pressure, provided it is sufficiently 
high so th a t solution and diffusion effects are negligible, and 
converted to  1 atmosphere of air by means of the appropriate 
factor. Such a procedure, however, implies th a t the dis
solved oxygen content throughout the whole body of the 
gasoline is in equilibrium with an atmosphere of air and re
mains in such condition during the course of the storage. 
If the dissolved oxygen content falls below a given value, i t  is 
conceivable th a t the rate of solution and diffusion of oxygen 
may become the primary factor governing the rate of gum 
formation, and such variables as the inherent stability of the 
gasoline and the temperature may become only secondary in 
importance.

Conclusions
Experiments are now under way to  correlate extrapolated 

gum times for various gasolines with controlled storage a t 
reduced temperatures. In  the meantime it is believed th a t 
extrapolated gum times m ay well serve as a gasoline stability 
specification, but the time consumed by the test may be so 
great as to preclude its use except in special cases where large 
quantities of gasoline may be involved. The methods pre

sented here may also be utilized effectively as research tools 
in determining the relative efficacy of various refining trea t
ments, in comparing gasolines of different stocks, etc.

I t  is obvious th a t such a lengthy test is unsuited for the 
daily control of refinery products, bu t i t  is likely th a t a  single 
induction period or the gum formed after a  given time of 
accelerated oxidation m ay prove satisfactory for this purpose, 
provided th a t such correlating information is available for 
the particular gasoline as the ratio of the 10-mg. gum time 
to the induction period for different degrees of refining, 
the tem perature coefficient of the 10-mg. gum time, etc.
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FLUORIDE-INDUCED REVERSION
IN MIXTURES OF SUPERPHOSPHATES 
AND CALCINED ROCK PHOSPHATE
W . H .  M A C lN T IR E  AND L . J .  H A R D IN
The University of Tennessee Agricultural 
Experiment Station,1 Knoxville, Tenn.

A D M IX IN G  of raw rock phosphate to condition phos- 
phatic fertilizers is common practice in certain localities. 

^ I t  lias been contended th a t available P 2O5 content is 
thereby increased (14), although the acidic components of 
cured superphosphates are practically inert toward phos
phorite. Superphosphates react readily, however, with 
calcined-defluorinated rock phosphate, the high availability 
of which has been shown by both chemical and vegetative 
tests (3, 6, 12, IS). Beeson and Jacob (2) studied mixtures 
of calcined rock with superphosphate and ammonium sulfate, 
and found tha t substantial proportions of the alkaline calcine 
caused losses of ammonia. They also found th a t “there 
was an immediate increase in citrate-insoluble phosphorus 
and a further increase during storage” and observed th a t 
this result “was considerably enhanced by increasing the 
relative humidity from 79.2 per cent to 90.5 per cent” (2). 
Beeson and Jacob did not investigate “ the nature of the 
citrate-insoluble compound or compounds formed in these

* In  cooperation w ith th e D epartm ent of C hem ical Engineering, Tennes
see V alley A uthority.

mixtures” (.2), but they noted th a t reversions induced by 
admixed calcic materials had been attributed to engendered 
fluorphosphate (9, 10). (The term  “reversion” is used here 
to  connote enhancement in citrate-insoluble P2Os.)

The present authors found th a t component fluorides in
duced marked development of basic phosphates of meager 
solubility in aged mixtures of triple superphosphate and 
calcium silicate slag (9). The citrate insolubility induced by 
the slag greatly exceeded th a t induced by similar admixtures 
of limestone {10). The fluoride content of the slag-super- 
phosphate mixture was, however, considerably greater than 
th a t of the limestone superphosphate mixtures, since the 
slag contained 6.5 per cent of calcium fluoride in contrast 
to  the trace in the limestone. Moreover, citrate insolubility 
developed rapidly in a  moist mixture of 1 part of precipitated 
calcium fluoride and 1 2  parts of precipitated tricalcium 
phosphate, and the admixed fluoride crystals disappeared 
upon moderate elevation in tem perature {10). Those 
findings were attributed to  the formation of fluorphosphate. 
The experiments of the present paper were planned to de-
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W hen superphosphates and calcined rock 
phosphate  are mixed, the water-soluble 
phosphates and tricalc ium  phosphate react 
quickly to  form  dicalcium  phosphate. I t  
would seem , therefore, th a t  calcined rock 
phosphate  would be preferable to raw rock 
phosphate  as a fertilizer conditioner. Bee
son and Jacob found, however, th a t  there 
was a concom itan t developm ent of c itrate  
insolubility , and th a t  th is  was accelerated 
by hum id ity  and elevation in  tem perature.

The present paper shows th a t  th is de
velopm ent of c itra te  insolubility  is due to 
the  fo rm ation  of fluorphospliate, prim arily 
th rough  reaction betw een th e  fluorides of

the  superphosphate and the tricalcium  
phosphate of the  calcine. S ubstan tia l re
version of th e  calcine to a phosphate-fluo- 
ride com pound, sim ilar to the native phos
phorite  of raw rock phosphate, m ilita tes 
against the  use of the calcine, which o ther
wise could be used advantageously to condi
tion  and to supplem ent the available P 2O5 

content of fertilizers. The dcfluorinated 
calcine can be mixed w ith  fluoride-free 
superphosphates in  any proportion w ithou t 
loss of P 2 O5 availability. This u tility  and 
the dem and for by-product fluorine should 
s tim u la te  efforts to  produce fluoride-free 
superphosphates commercially.

termine whether the marked decreases in P 2O5 availability 
encountered by Beeson and Jacob (8) were also due to tha t 
formation.

The calcined rock phosphate used by Beeson and Jacob 
and also the commercial product of the present studies 
should, however, be distinguished from the fused and glassy 
product described by Curtis, Copson, Brown, and Pole (£)■ 
The substantially dcfluorinated calcined rock phosphate will 
be designated here as calcine.

M ixtures and  Conditions
The experiments of Beeson and Jacob (8) were repeated 

and amplified by control mixtures of calcine with a special 
triple superphosphate of negligible fluoride content and made 
by the acidulation of Appalachian marble with phosphoric 
acid (8). The nine formulations of Table I I  were used in 
the comparisons of Tables III , IV, and V, and were representa
tive of mixtures of one ton  of calcine with variable propor
tions of the other components and with total P2O5 contents 
in range between 20.4 and 22.8 per cent.

T a b l e  I .  P e r c e n t a g e  A n a l y s e s  o f  M a t e r i a l s  U s e d  i n  
M i x t u r e s  o f  S u p e r p h o s p h a t e s  w i t h  C a l c i n e d  R o c k

P h o s p h a t e
,------ -----P sO i-

M ois Fluo W ater- C itra te-
M aterial Mesh ture rine T otal sol. insol.

Calcined rock phos
phate® 80 None 0 .15 36.80 5 .0 0 c

Standard superphos
phate 40 7.70 2.05 19.50 17.50 0 .15

Triple superphos
phate 40 7 .00 1.60 43.40 32.00 3 .50

Special “ fluoride-free
triple superphos
phate” * 40 5.30 0 .02 52.80 52.00 None

° A commercial produot obtained from D arling &. Com pany, Chicago. I t  
contained 0.17%  "free” CaO, 52.90% to ta l CaO, and 9.38%  CaO over th a t 
aooountcd for by a  Ca«(POdi con ten t of 80.4%.

6 Obtained by reaction of HiPOi upon A ppalachian m arble (8). 
e Charge of 0.5 gram  gave 4.6% .

The analyses of the several phosphatic materials used are 
given in Table I. Ratios of standard superphosphate to 
calcine in the first three formulations of Table I I  and in 
mixtures A  to C' of Tables III , IV, and V were 1 to 5, 1 to 2, 
and 1 to 1 , respectively. Comparable formulations in 
mixtures D to  F' of the same tables were provided by Wilson 
Dam triple superphosphate diluted 1 to  1 with ground quartz; 
and in mixtures G to  by the more concentrated special

“fluoride-free triple superphosphate”, diluted by quartz in 
the ratio 3 to 2. The moisture content of each superphos
phate, unless otherwise stipulated, was brought to  approxi
mately 7 per cent. The bone-dry calcine was devoid of water- 
soluble P20s, and its leachate was distinctly alkaline.

Twelve identical mixtures of each of the nine formulations 
detailed in Table I I  were used to obtain the data of Table III . 
Analytical charges, each charge carrying 1 gram of calcine, 
were placed in separate glass vials and immediately com
pacted. Reference to 1- and 0.5-gram charges in the text 
will connote the uniform inclusion of these respective amounts 
of calcine in the variable analytical charges of the several

T a b l e  I I .  C o m p o n e n t s  o f  M i x t u r e s  o f  a  C o n s t a n t  C h a r g e  
o f  C a l c i n e d  R o c k  P h o s p h a t e  w i t h  S u p e r p h o s p h a t e s  a n d  

A m m o n iu m  S u l f a t e “
R elative Hum idi-

✓-------------------------------- M ixtures---------------------------------* ties M aintained
M aterial & Parts during Aging, %

Standard superphosphate 
Calcined phosphate 
Ammonium sulfate

400
2000
1500

A  79.2. A '  90.5

Standard superphosphate 
Calcined phosphate 
Ammonium sulfate

1000
2000
1500

D 79.2, B* 90.5

Standard superphosphate 
Calcined phosphate 
Ammonium sulfate

2000
2000
1500

C 79.2, C '  90.5

Ground quartz 
Triple superphosphate 
Calcined phosphate 
Ammonium sulfate

200
200

2000
1500

D 79.2, D ' 90.5

G round quartz 
Triple superphosphate 
Calcined phosphate 
Ammonium sulfate

500
500

2000
1500

E  79.2, E '  90.5

G round quartz 
Triple superphosphate 
Calcined phosphate 
Ammonium sulfate

1000
1000
2000
1500

F  79.2, F ' 90.5

G round quartz
Special “ fluoride-free triple superphosphate” 
Calcined phosphate 
Ammonium sulfate

240
160

2000
1500

G 79.2, G'  90.5

G round quartz
Special “ fluoride-free triple superphosphate”  
Calcined phosphate 
Ammonium sulfate

600
400

2000
1500

H  79.2, H ’ 90.5

Ground quartz
Special "fluoride-free triple superphosphate” 
Calcined phosphate 
Ammonium sulfate

1200
800

2000
1500

I  79.2, V  90.5

°  G round quartz was added to  m ixtures D -I  and D '- V  to  bring the  PtOt 
content of those m ixtures to  approxim ately the  sam e as th a t  of the s tandard  
superphosphate mixtures.

b The four phosphatic materials are those of Table I.
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T a b l e  I I I .  P 20 s T r a n s i t i o n s  i n  t h e  M i x t u r e s  o f  a  O n e - G r a m  C o n 
s t a n t  o f  C a l c i n e d  R o c k  P h o s p h a t e  w i t h  V a r i a b l e  P r o p o r t io n s  o f  

T h r e e  T y p e s  o f  S u p e r p h o s p h a t e  a n d  A m m o n i u m  S u l f a t e  d u r i n g  
C u r i n g  a t  T w o  H u m i d i t i e s '*

P.*0& V alues. % —
W ater-sol. Available Citrate-insol.

after days*»: after days&: after days&:
M ixture T otal 0 28 84 0 28 84 0 28 84

W ith  S tandard  Superphosphate
A 21.00 1.89 0 .6 9  0.52 18.29 16.82 16.28 2.71 4.18 4.72
A ' 21.00 1.89 0 .66  1.10 18.29 16.95 15.32 2.71 4.05 5.68
B 20.80 3 .66 1.33 0 .75 17.98 16.23 14.27 2.82 4.57 6.53
B ' 20.80 3 .66 0.76  0.67 17.98 14.85 11.96 2.82 5 .95 8.84
C 20.40 5.52 2 .69 1.56 18.11 15.31 13.53 2.29 5.09 6.87
C" 20.40 5.52 1.75 1.02 18.11 14.00 10.66 2.29 6.40 9.74

W ith Triple Superphosphate
D 20.50 2 .05 1.07 0 .92 17.58 17.32 16.86 2.92 3.18 3 .64
D ' 20.50 2.05 0.71  1.38 17.58 17.12 16.81 2.92 3.38 3 .69
E 21.40 3 .66 2 .00  1.29 18.38 18.12 17.09 3.02 3 .28 4.31
E ' 21.40 3 .66 1.04 1.37 18.38 17.18 16.87 3.02 4.22 4 .53
F 21.35 5 .70 3.00  2 .18 18.77 17.83 17.35 2.58 3.52 4 .00
F ' 21.35 5 .70 2 .72 2.87 18.77 16.35 15.97 2.58 5.00 5.38

W ith Special “ Fluoride-Free Triple Superphosphate”
G 20.80 2 .10 1.18 1.18 18.14 18.24 18.24 2.66 2.56 2.56
G’ 20.80 2 .10 0 .87  1.38 18.14 18.06 18.14 2.66 2.74 2 .66
H 21.60 4.33 3 .37  1.95 19.16 19.47 19.07 2.44 2.13 2.53
}V 21.60 4.33 2 .66  2.25 19.16 19.47 19.47 2.44 2.13 2.13
I 22.80 6.85 5 .48  3.56 20.90 21.02 20.98 1.90 1.78 1.82
r 22.80 6.85 3.67  3 .05 20.90 20.91 20.88 1.90 1.89 1.92

* R elative hum idities of 79.2 and 90.5 % for A - I  and A '- J ' ,  respectively; constant of 
30° C. Each replication of each m ixture was an analy tical oharge containing 1 gram  of cal
cined rock phosphate.

I Corresponding values were also determ ined after 7-, 14-, and 56-day periods, and the 
resu ltan t d a ta  were used to  construct the  curves of Figures 1 and 2.

mixtures. One charge of each formulation was analyzed 
immediately. Five mixtures of each formulation were then 
cured a t relative humidities of 79.2 and 90.5 per cent a t a 
constant of 30° C. Water-soluble and citrate-insoluble 
P20 6 determinations were made after 7, 14, 28, 56, and 84 
days. Tabulated analytical values are expressed as per 
cent of the actual mixtures. Only the initial results and 
those for the 28- and 84-day periods are given in Table III, 
but the analytical data for the other periods were utilized 
in the construction of the curves of Figures 1 and 2. In 
these figures, however, increases in citrate-insoluble and 
decreases in water-soluble P20 i are shown in relation to the 
respective initial quantities of available P20j.

The advantages of multiple units for periodic analyses, 
instead of a large single mixture to be disrupted by being 
subsampled a t intervals, were pointed out by Beeson and 
Jacob (2). Certain disadvantages are also encountered, 
since grinding of the charges is inadmissible. All of the 
mixtures became quite hard, particularly those exposed to 
the higher humidity, and in most cases tedious effort was 
required to effect their disintegration. Minor inconsistencies 
in water-soluble results were probably due to persistence of 
gritty  particles.

Fluoride-Induced C itra te  Insolubility
Immediate reaction between calcine and superphosphates 

was indicated by quick rise in temperature. The mean of the 
immediately determined w a te r -s o lu b le  

F i g u r e  1. P r o g r e s s i v e  values was, however, only 13 per cent less
F l u o r i d e - I n d u c e d  R e -  than the mean of the computed initial
v e r s i o n  a n d  D i m i n u t i o n  values. Such reactivity may be attributed
o f  W a t e r -S o l u b l e  P jO s . , , , ,  , . , - . .
l n  M i x t u r e s  o f  C o n -  ln Parfc to the calcic components of the
s t a n t  C o n t e n t  o f  calcine other than tricalcium phosphate,
C a l c i n e d  R o c k  P h o s -  one fifth of the total CaO content being in
PH A T E  AND V A R I A B L E  those forms.
P r o p o r t io n s  o f  C o m -  . . . „
m e r c i a l  S u p e r p h o s -  ’ Diminutions in water-soluble P 2O s were
p h a t e s ,  A c c o r d i n g  t o  progressive and more marked in those mix-
F o r m u l a t i o n s  A  t o  F' o f  tures tha t carried the two larger propor-
d I ŷ ring “period Sxt of superphosphate. No consistent

30» C. relation was found for decreases in the
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F i g u r e  2 .  A b s e n c e  o f  R e v e r s i o n  a n d  D i m i n u t i o n  
i n  W a t e r - S o l u b l e  P 2O j in  M i x t u r e s  o f  C o n s t a n t  
C o n t e n t  o f  C a l c i n e d  R o c k  P h o s p h a t e  a n d  V a r i 
a b l e  P r o p o r t i o n s  o f  F l u o r i d e - F r e e  S u p e r p h o s 
p h a t e ,  A c c o r d i n g  t o  F o r m u l a t i o n s  G t o  7 '  o f  
T a b l e  II, d u r i n g  a n  8 4 - D a y  C u r i n g  P e r i o d  a t  3 0  °C .

water-soluble P2O5 content of the mixtures th a t contained the 
different superphosphates. Some water-soluble P 20 6 was still 
present in every mixture after 84 days.

Substantial increases in citrate-insoluble PîOs developed 
in the standard superphosphate mixtures, A  to C", and also 
in the corresponding triple superphosphate mixtures D  to 
F', all of which contained fluorides. These increases cor
related with progression in the amounts of fluorides supplied 
by the three proportions of superphosphate in mixtures A, 
B, and C, in their respective parallels A ',  B ',  and C', in the 
triple superphosphate mixtures D, E, and F, and in their 
respective parallels, D 't E',  and F'.

Reversion in mixtures A '  to F' was consistently greater 
than in the corresponding mixtures A to F  which were exposed 
to the lower humidity. This is in harmony with the findings 
of Beeson and Jacob (2 ), who used only fluoride-bearing 
commercial superphosphates. In  marked contrast, only 
meager variations in citrate insolubility were found in the 
fluoride-free mixtures, G to and most of these variations 
were well within experimental error. The essential variable 
between the first twelve and the last six mixtures of Table 
III  was the introduction of fluorides by the two types of 
commercial superphosphates in mixtures A  to F' and the 
practical absence of fluorides from mixtures G to I ' .  Syn
thesis of fluorphosphate could take place in each of the first 
twelve mixtures, and increases in citrate insolubility indicate 
that it did. Synthesis could not take place, however, in the 
last six mixtures in which no increase in citrate-insoluble 
forms occurred.

Figure 1 shows reversion in relation to initial available 
P 2O6 content and demonstrates th a t ultim ate reversion in 
the six standard superphosphate mixtures was about 1.66 
times as much as in the six corresponding mixtures of triple 
superphosphate. The citrate-insolubility curves of Figure 
2 for the fluoride-free mixtures are, however, practically 
horizontal lines.

Substantial proportions of water-soluble forms of P 2Os 
were quickly converted into dicalcic phosphates in all of the 
mixtures. Each calcine addition supplied more than enough 
tricalcium phosphate to effect th a t transition. The three 
proportions of calcine supplied, respectively, 9, 3.6, and 1.8 
times the am ount of tricalcium phosphate requisite for com
plete transitions to dicalcium phosphate. Even if the other 
calcic components of the calcine were not reactive toward 
acidic phosphates, each mixture would still contain a  sub
stantial residue of tricalcium phosphate. Since tricalcium 
phosphate was the dominant component of the commer
cial calcine, the most extensive reaction was undoubtedly 
th a t expressed by the equation:

CaH4(PO<)2 +  Cas(POi)j — >- 4CaHPO,

The mixtures were, therefore, soon composed chiefly of 
residues of the tricalcium phosphate content of the calcine 
and engendered dicalcium phosphate.

Occurrence of engendered tricalcium phosphate was 
necessarily delimited to localized reactions between the 
extraneous calcic components of the calcine and engendered 
dicalcium phosphate, as indicated by the equation :

2CaHPO< +  CaSiO, — > Ca,(PO0, +  SiO, +  HsO

The final step of fluorphosphate synthesis apparently had 
ensued even during the first 7-day period in those systems 
th a t contained commercial superphosphates, as indicated by 
enhanced citrate insolubility and as expressed by the equa
tion:

3Ca,(PO,)i +  CaFj — >  3[Ca,(PO<)2]CaF, [or Ca.oFjfPOO.l

After periods of 28 and 84 days, reversion had become quite 
pronounced in the first twelve mixtures which contained 
those components requisite for synthesis of fluorphosphate. 
Extent of reversion in the mixtures was directly related to the 
proportions of the two included commercial superphosphates 
and therefore also to the quantities of incorporated fluorides. 
Indications of the formation of fluorphosphate were accord
ingly more extensive in those mixtures whose larger pro
portions of fluorides afforded greater surface contact between 
requisite reactants. As much as 54 per cent of the initial 
available P 2O5 content underwent reversion. As noted, how
ever, no such increase was found for the last six fluoride- 
free mixtures, in which the P 2O5 transitions could not go be
yond the formation of tricalcium phosphate. The meager 
fluoride content of the calcine can be considered as persist
ing in the form of phosphorite and therefore inert in the 
several mixtures. Since no enhancement in citrate-insoluble 
P2Os occurred in the six fluoride-free mixtures G to I ' ,  rever
sion in the twelve mixtures A  to F' is attributed solely to the 
activity of the fluorides introduced by the commercial super
phosphates.

Because of the calcium sulfate present in standard super
phosphate mixtures A  to C' of Table I II , the ultim ate re
version in each of these six mixtures was materially in excess 
of th a t found for the corresponding triple superphosphate 
mixtures in series D  to F'. This is readily apparent by 
respective comparisons between curves A - A '  and D-D', 
B -B '  and E -E ' ,  and C-C' and F -F '  of Figure 1. Reaction 
between the calcine and admixed ammonium sulfate liberated 
ammonia which accelerated the formation of tricalcium 
phosphate and the subsequent synthesis of fluorphosphate.
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The reversion encountered in the commercial ammoniation 
of superphosphates is also more extensive in those th a t con
tain large proportions of calcium sulfate (6, 7). In contra
distinction, complete ammoniation of fluoride-free mono
calcium phosphate can be effected without development of 
citrate insolubility.

I t  was noted th a t the respective amounts of admixed tri
calcium phosphate in the formulations of Table II, and in 
the mixtures of Tables III , IV, and V were 9, 3.6, and 1.8 
times those requisite for complete transitions of water- 
soluble PjOs to dicalcium phosphate. U ltim ately the other 
calcic components of the calcine might react w ith some of 
the engendered dicalcium phosphate to form tricalcium 
phosphate; bu t the initial dryness of the mixtures was such 
as to minimize th a t step during the first 7-day period. Never
theless, considerable reaction between the tricalcium phos
phate of the calcine and the fluoride content of the super
phosphate is indicated by the reversions found after the first 
7 days (Figure 1, curves A - A ', B -B ' ,  and C-C’).

Reaction between ordinary tricalcium phosphate and pre
cipitated calcium fluoride in mixtures of low moisture content 
is relatively slow a t ordinary temperatures, as will be demon
strated later. The activation of the dry mixtures by mois
ture acquired from imposed humidity was soon registered, 
however, by further reversion in those mixtures th a t con
tained fluorides and also by diminution in water-soluble 
PjOs of all mixtures. Localized reactions may aggregate 
considerable reversion in mixtures such as those of Table 
I I I  w ithout complete disappearance of acidic phosphates. 
Localized development of dicalcie, tricalcic, and fluorphos- 
phatcs, in th a t progression, is induced in superphosphates by 
admixtures of high-calcic limestone and similar solids, even 
when the additions are considerably less than those requisite 
for complete transitions of the acidic components of the 
superphosphate to basic forms. Since the progressive reac
tions in the experimental mixtures were accelerated by the 
imposed humidities, localized reversions may have been 
induced by the dispersed particles of calcine in the mixtures 
of Table I II , where quantities of water-soluble P20 6 persisted 
for 84 days.

Influence of Size of Analytical Charge and  of 
H um id ity

Beeson and Jacob (2) pointed out th a t their technique in
volved citrate digestions of charges heavier than the pre
scribed charge (I). The same was true of the analyses of 
Table I II . Each of the six mixture-charges, A  to C", weighed 
1.95 grams, each mixture of D  to F' weighed 2.25 grams, and 
each mixture of G to I '  weighed 2.75 grams. The pH  of the 
ammonium citrate solution rose, and its solvent capacity 
was otherwise diminished by the dicalcium and tricalcium 
phosphates and other calcic forms in the mixture-charges 
th a t carried 1 gram of calcine. Nevertheless, the solvent 
capacity of the citrate solution xvas still adequate to dissolve 
all of the basic phosphates engendered in the maximal charges 
of 2.75 grams of the fluoride-free mixtures. The only citrate- 
insoluble P¡¡Os in those mixtures was the am ount introduced 
by the calcine. C itrate digestions of the unsupplemented 
calcine showed an insoluble P 2O5 content of 5.0 per cent for 
a 1-gram charge and 4.6 per cent for a  0.5-gram charge.

To minimize the influence of altered pH  and of the 
common ion effect in citrate digestions of the mixtures of 
1 gram of calcine with superphosphates, each formulation of 
Table I I  was also made into corresponding multiple charges 
tha t carried only 0.5 gram of calcine. These 108 smaller 
charges of Table IV were then subjected to the same condi
tions th a t were imposed upon the larger mixtures of Table 
III .

Size of charge exerted no markedly consistent effect upon 
the percentage of water-soluble P2O5 found either by immedi
ate analysis or by analyses after intervals of 28 and 84 days. 
Near concordance prevailed also for the initial availabilities 
of the eighteen 1-gram units of Table I I I  and the correspond
ing 0.5-gram units of Table IV. After periods of 28 and 84 
days, however, this relation held only for the comparisons 
of the mixtures th a t contained the special “fluoride-free triple 
superphosphate” . The reversions then registered by the 
smaller charge of the twelve fluoride-containing mixtures of 
Table IV were, in general, considerably less than those 
registered by the larger charge of Table I II . After 28 days 

the mean increase in citrate-insoluble P 20 2 
content of the twelve fluoride-containing units 
A  to  F' of Table I I I  were 1.68 per cent, in 
contrast to a variation of —0.12 per cent for 
the six fluoride-free units G to I ' .  For the 84- 
day period the mean of ultim ate increases in 
citrate insolubility for the same tivelve fluoride- 
containing mixtures was 2.94 per cent against a 
variation of only —0.06 per cent for the six 
fluoride-free mixtures.

The accelerative effect of the calcium sulfate 
content of the standard superphosphate was 
again evidenced by greater reversion in mix
tures A  to C' than  in the corresponding triple 
superphosphate mixtures D to  F'.  The near 
concordance in the citrate-insoluble values ob
tained for the six fluoride-free superphosphate 
mixtures G to / '  of Table I I I  and the corre
sponding mixtures G to 7 ' of Table IV, demon
strates th a t similar concordance would have ob
tained also for the commercial superphosphate 
mixtures, if the transitions in mixtures A  to F' 
of Tables I I I  and TV were due solely to  the 
formation of dicalcium and tricalcium phosphates.

Reversions in both 0.5- and 1-gram calcine 
charges of the fluoride-bearing superphosphate 
mixtures were accelerated by humidity. After 2S 
days the six mixtures of the 1-gram calcine con
stant showed a mean increase of 1.25 per cent

T a b l e  I V .  P iO s  T r a n s i t i o n s  i n  t h e  M i x t u r e s  o f  a  0 .5 - G r a m  C o n s t a n t  
o f  C a l c i n e d  R o c k  P h o s p h a t e  w i t h  V a r i a b l e  P r o p o r t i o n s  o f  T h r e e  

T y p e s  o f  S u p e r p h o s p h a t e  a n d  A m m o n i u m  S u l f a t e  d u r i n g  C u r i n g  
a t  T w o  H u m i d i t i e s “

 ------------------------------------------- PiO* Values, % -------------------------------------------- .
W ater-sol. Available Citrate-insoL
after days&: after days*: after days*:

M ixture T otal 0 28 84 0 28 84 0 28 84

W ith S tandard  Superphosphate
A 21.00 1.78 0 .82 0 .62 18.34 17.93 17.12 2.66 3.07 3,.88
A ' 21.00 1.78 0 .69 1.42 18.34 18.29 17.63 2 .66 2.71 3. 37
B 20.80 3.86 1.33 0.80 18.24 17.52 16.98 2 .56 3 .28 3..82
B ' 20.80 3.86 0 .96 1.40 18.24 17.52 17.07 2.56 3 .28 3,.73
C 20.40 6.02 2.69 2 .46 18.58 16.40 15.02 1.82 4 .00 5 .38
C 20.40 6.02 2.10 1.09 1S.58 14.96 12.91 1.82 5.44 7,.49

W ith Triple Superphosphate
D 20.50 2.05 1.28 1.02 17.53 17.94 17.43 2.97 2 .56 3 .07
D ’ 20.50 2.05 1.32 1.23 17.53 16.82 16.80 2.97 3 .68 3 .70
E 21.40 3.86 2.40 2 .00 18.56 19.28 18.82 2.84 2.12 2 .58
E ’ 21.40 3 .86 2.92 1.69 1S.56 1 8 .3S 17.85 2 .84 3 .02 3,.55
F 21.35 6 .18 4.00 2 .99 19.03 19.03 18.45 2.32 2 .32 2 .90
F ' 21.35 6.18 4.07 3 .20 19.03 18.44 17.86 2.32 2.91 3 .49

W ith  Special “ Fluoride-Free Triple Superphosphate”
G 20.80 2 .05 1.3S 1.23 18.12 18.50 18.14 2 .66 2 .30 2,.66
G ' 20.80 2.05 1.32 1.53 18.12 18.66 1S.34 2.66 2 .14 2..46
H 21.60 4.57 3 .10 2.22 19.25 19.47 19.29 2.35 2.13 2,.31
W 21.60 4.57 2.4S 2.22 19.25 19.16 19.20 2.35 2.44 2,.40
I 22.80 6.54 4.72 2 .54 21.13 20.91 21.06 1.67 1.89 1,.74
V 22.80 6 .54 3 .78 4 .06 21.13 20.91 20.70 1.67 1.89 2..10

0 R elative  hum idities of 79.2 and 90.5%  for A - I  and respectively; constan t of
30° C. E ach replication of each m ixture was an  analytical charge containing 0.5 gram  of 
calcined rock phosphate.

t  Corresponding values were also determ ined after 7-, 14-, and  56-day periods, and the 
resultan t d a ta  were used to  construct th e  carves of Figures 1 and  2.
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T a b l e  Y . P 20 6 T r a n s it io n s  in  t h e  M ix t u r e s  o f  1- a n d  0 .5 -G ram  C o n 
s t a n t s  o f  C a l c in e d  R ock  P h o s p h a t e  w it h  Va r ia b l e  P r o po r t io n s  of  

T h r e e  T y p e s  o f  D r y  S u p e r p h o s p h a t e “ a n d  A m m o n iu m  S u l f a t e  
a f t e r  84  D ays  C u r in g  a t  T w o  H u m id it ie s  a nd  C o n sta n t  

T e m p e r a t u r e  o f  3 0 ° C .
,----- —PîOs Values, % -

W ater-soL C itrate-insol. W ater-sol. Citrate-insol.
M ixture* In itia l F inal In itia l F inal In itial Final In itial Final

W ith  S tandard  Superphosphate
A 2 .38 0 .77 2 .72 4 .5 6  2.25 1.12 2.46 3 .38
A 1 2 .38 0 .92 2 .72 5 .3 8  2.25 1.42 2.46 2 .84
B 4 .58 0 .76 2 .26 6 .00  4 .74 0 .88 1.87 4 .70
B ' 4 .58 0 .80 2 .26 8 .22  4 .74 0 .88 1.87 5.60
C 7.09 0.76 2 .07 6 .87  7 .34 0.73 1.67 5.38
C' 7.09 1.49 2 .07 8 .87  7 .34 1.96 1.67 6.98

W ith  Triple Superphosphate
D 2.25 0 .87 2 .97 3 .84  2 .14 1.12 2 .30 2.77
D ' 2 .25 0 .87 2.97 3 .8 4  2.14 1.74 2.30 2.84
E 4.35 1.42 2.71 4 .08  4.26 1.76 2.66 3.28
E ' 4.35 1.82 2.71 4 .53  4.26 2.12 2.66 3.36
F 6.83 2 .47 2.63 4 .47  6.40 2.83 2 .36 3.41
F ' 6 .83 2 .80 2.63 5 .16  6.40 3.20 2.36 3.64

W ith  Special *‘Fluoride-Free Triple Superphosphate”
G 2.61 1.03 2 .56 3 .02  2.51 1.42 2.56 2 .46
G’ 2.61 1.33 2 .56 3 .0 0  2.51 2 .14 2.56 2 .46
H 5 .15 2 .00 2 .18 5.50 2.22 1.96 2.04
IV 5 .15 2 .00 2 .18 2 .22  5 .50 3 .10 1.96 2.22
I 7.63 2.83 1.81 2 .00  8.14 3 .27 1.64 1.82
r 7 .63 3 .38 1.81 2 .54  8 .14 3.49 1.64 1.82

° Less th a n  1% m oisture con ten t; respective m aterials and proportions sam e as in  Tables 
I , I I I ,  and  IV.

* Connotes am ount of calcined rock phosphate per m ixture-charge. 
e M ixtures A  t o i  and  A* to  V  cured in  respective relative hum idities of 79.2 and  90.5 % .

citrate-insoluble P 2O5 for the relative humidity of 79.2 
and 2.11 per cent for the relative humidity of 90.5 per cent. 
For the same humidities the respective means of the ultimate 
increases were 2.29 and 3.59 per cent. For the 28-day 
period the mean increase for the 0.5-gram mixtures A  to  F '  of 
Table TV was 0.67 per cent, against a mean increase of only 
0.10 per cent for the six fluoride-free units G to I ' .  After 
84 days the mean of increases in citrate insolubility for 0.5- 
gram mixtures A  to F '  of Table IV was 1.38 per cent, in 
contrast to  a mean increase of only 0.05 per cent for fluoride- 
free mixtures G to I '  of the same table.

The mean of the final citrate-insoluble results for the six 
fluoride-free 1-gram mixtures of Table I I I  was 2.27 per cent, 
against 2.28 per cent for the six corresponding 0.5-gram 
mixtures of Table IV. I t  is evident that, w ithout fluorides 
to induce the formation of fluorphosphate in the mixtures, 
the percentage of citrate-soluble P 20 5 in the 1-gram calcine 
charge was practically the same as th a t in the 0.5-gram 
charge. Humidity therefore exerted no effect upon develop
ment of citrate insolubility in either 0.5- or 1-gram charges 
of those mixtures in which synthesis of fluorphosphate was 
precluded.

Influence of size of analytical charge was studied also by 
the use of the bone-dry mixtures of Table V which were 
otherwise identical w ith those of Tables I I I  and IV. Com
parisons of Tables I I I  and V indicate th a t the retardative 
effect of the low initial moisture content of the incorporated 
superphosphates was not sustained fully in the large mixtures. 
The grand average of ultim ate reversions for the twelve 
commercial superphosphate mixtures of Table I I I  was 2.94 
per cent, against a mean of 1.80 per cent for the reversions 
in the corresponding 1-gram charges of the initially bone- 
dry mixtures of Table V. B u t the same comparison for the 
0.5-gram moist charges of Table IV with the initially dry 
mixtures of Table V gave respective means of 1.63 and 1.88 
per cent for ultim ate reversions.

The effect of component fluorides upon P 20 5 rétrogradation 
was likewise very marked in this series. The mean of re
versions in 1-gram charges of the twelve fluoride-containing 
mixtures of Table V was 2.93 per cent against a mean re

version of only 0.38 per cent for the six fluoride- 
free mixtures. Mean reversions of 1.80 and 
0.09 per cent were found for 0.5-gram charges 
of the corresponding fluoride-containing and 
fluoride-free mixtures.

Both analytical charge and humidity there
fore exerted a marked influence upon the de
velopment of citrate insolubility in those mix
tures tha t contained commercial superphos
phates. In contrast, neither variation of charge 
nor humidity affected the citrate-insoluble values 
found for the mixtures th a t contained the 
special “fluoride-free triple superphosphate” . 
This supports the conclusion th a t the rever
sions were due to  reaction betw'een component 
fluorides and tricalcium phosphate.

I t  is problematical to  w hat extent tricalcium 
phosphate may have been engendered in these 
mixtures and to  w hat extent the engendered 
form was responsible for the subsequent fluor
phosphate reaction. Reversion was not de
limited by the formation of the tertiary phos
phate, however, since the tricalcium phosphate 
content of the calcine and fluorides react 
readily, as the mixtures of Table VI show. I t  
is probable, therefore, th a t the large propor- 

= = =  tions of tricalcium phosphate introduced by 
the calcine were chiefly responsible for the 
fluorphosphate reaction and for the resultant 

increase in citrate insolubility in the aged mixtures.

Influence of T em peratu re
The substantial synthesis of fluorphosphate induced by 

humidity during extended aging a t ordinary tem perature is 
greatly accelerated w'hen mixtures of tricalcium phosphate 
and precipitated calcium fluoride are subjected to moderate 
elevation in temperature (10). When superphosphates are 
processed by additions of high-calcic liming materials or by 
injections of ammonia and aged in bulk, resultant rise in 
temperature induces considerable reversion. Reversions 
encountered in commercial ammoniation (6, 7) likewise can

T a b l e  V I .  O v e r n i g h t  D e v e l o p m e n t  o f  C i t r a t e  I n s o l u 
b i l i t y  i n  C a l c i n e d  R o c k  P h o s p h a t e  C a r r y i n g  A d d i t i o n s  o f  

C a l c i u m  F l u o r i d e “

,----- Conditions Imposed on M ixtures----- »
Fluorine C itrate-Insol.

M oisture Temp., addition* P*Ot
° C. % %

None Room None 5.00 (0.20)«
None Room 2 .0 5.15 (0.26)
None Room 4.0 5.00 (0.29)
None 52 2 .0 5 .00 (0.30)
None 52 4 .0 5 .10 (0.28)
M oist Room 2.0 5.00 (0.27)
M oist Room 4 .0 5 .10 (0.30)
M oist 52 2.0 10.40 (0.28)
M oist 52 4 .0 10.80 (0.31)

0 "P recip ita ted” form.
* E quivalent to  additions of 4.11 and 8.22%  of CaF*. 
c Values in parentheses were obtained from parallels with dicalcium  phos

phate.

be attributed to  the affinity of the reactive component 
fluorides for engendered tricalcium phosphate. Reversions 
such as those shown for the mixtures of Tables I II , IV, 
and V probably would have been substantially more exten
sive a t the higher temperatures th a t develop in commercial 
operations.

The comparisons of Table VI were made to demonstrate the
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m utual importance of moisture and tem perature upon de
velopment of citrate insolubility during relatively short 
periods and to ascertain whether the results of Tables III , 
TV, and V can be attributed  primarily to a  return of the 
phosphatic content of the calcine to  a form analogous to its 
original state. The comparisons were also intended to 
show whether calcium fluoride introduces the common ion 
effect during citrate digestion. Precipitated calcium fluoride 
in amounts to provide 2 and 4 per cent of fluorine were mixed 
with 1-gram charges of unsupplemented calcine. These 
mixtures were compacted and aged overnight under four 
conditions: dry a t room temperature, dry a t 52° C., moist 
a t room temperature, and moist a t 52° C.

The analyses of Table VI show th a t no development of 
citrate-insoluble P20 5 occurred overnight in the dry mixtures, 
either a t  room tem perature or a t 52° C., and also th a t none 
occurred in the moist mixtures a t room temperature. In 
contrast, substantial reaction between calcine and calcium 
fluoride was indicated by the 100 per cent increases in citrate 
insolubility in the two moist mixtures subjected to  a tem
perature of 52° C. overnight. The comparable increases 
induced by those two fluoride admixtures of Table VI also 
demonstrate th a t the comparatively high solubility of the 
calcine in the citrate solution so repressed the solubility of 
the relatively insoluble fluoride as to  inhibit development of 
fluorphosphate during the citrate digestion. The uniformity 
of the citrate-insoluble P 20 6 determinations for the calcine, 
w ith and without the two fluoride additions of the first 
three pairs of Table VI, also demonstrates th a t the relatively 
insoluble fluoride exerted no common-ion effect upon the 
solubility of the calcine. The results further indicate th a t 
the reversion of the tricalcium phosphate of the calcine to 
fluorphosphate is responsible for the marked decrease in 
citrate solubility th a t developed in the mixtures of Tables 
III , TV, and V. Since the analytical data of the present and 
related studies show th a t the mixtures of these three tables 
had become substantially mixtures of engendered dicalcium 
phosphate and incorporated tricalcium phosphate, with minor 
quantities of residual monocalcium phosphate, i t  seems 
logical to conclude th a t the fluoride-induced reversions in the 
aged mixtures were due chiefly to a return of the calcine 
to its original state. Nevertheless, in association with am
monium salts, the calcium sulfate in the standard super
phosphate mixtures exerted an accelerative effect upon 
reversions shown by Tables III , IV, and V. Therefore, it 
cannot be said tha t the engendered tricalcium phosphate of 
similar mixtures would not enter into the formation of 
fluorphosphate.

In the discussion of Tables I II , IV, and V it was pointed 
out th a t fluoride-induced reversion does not develop when 
P2Os transitions extend only to the formation of dicalcium 
phosphate. To substantiate this, as applied to  solids, the 
tricalcium phosphate mixtures of Table V I were compared 
with corresponding mixtures th a t contained a laboratory- 
prepared dicalcium phosphate of meager fluorine content. 
The parenthetical analytical values of Table VI demonstrate 
th a t citrate insolubility, indicative of formation of fluor
phosphate, will not develop in phosphatic mixtures in which 
added basic materials do not cause transitions beyond the 
dicalcic stage.

Observations and  Conclusions
The present experiment was planned to determine the 

cause for development of citrate-insoluble P2Oj when super
phosphate is mixed with an industrial calcine of rock phos
phate. The immediate result is a mixture composed sub
stantially of engendered dicalcium phosphate and unchanged 
calcine.

Invariably the determined citrate-insoluble P 2Os contents 
of the mixtures of calcine and commercial superphosphate 
were substantially greater than insolubility values com
puted from separate analyses of the two materials. This 
disparity increased upon aging and was accelerated by 
hum idity and by elevation in temperature. In  contradis
tinction, citrate insolubility did not develop in corresponding 
mixtures of calcine and the special “fluoride-free super
phosphate” . The invariable and substantial increases in the 
citrate-insoluble P20 5 content of the commercial superphos- 
phate-calcine mixtures are attributed primarily to the forma
tion of fluorphosphate through reaction between the fluorides 
of the superphosphate and the tricalcium phosphate of the 
calcine. The extent of the fluorphosphate development was 
governed by the proportion of component fluorides. A 
secondary development of fluorphosphate apparently ensued 
when the water-soluble P20 5 content of the commercial super
phosphates underwent successive transitions to di- and tri- 
calcium phosphates and fluorphosphate through localized 
reactions induced by the nonphosphatic calcic components 
of the calcine. The loss in P20 6 availability is essentially 
an index of the return of the calcine to  its original com
position.

No formation of fluorphosphate can ensue in superphos
phates until after incorporation of basic materials conducive 
to th a t formation. The fluorphosphate may develop, 
however, through localized reactions th a t develop spots of 
tricalcium phosphate in mixtures whose superphosphates 
are only partially neutralized. No reaction ensues between 
dicalcium phosphate and calcium fluoride in their mixtures at 
ordinary temperatures.

The citrate solubility of freshly formed and finely divided 
fluorphosphate is much greater than th a t of pulverized raw 
rock phosphate (11), and development of fluorphosphate in the 
mixtures was therefore probably not registered to full extent 
by the conventional citrate digestions. The engendered 
fluorphosphate is less available than tricalcium phosphate 
to  growing plants, bu t it is decidedly more available than the 
phosphorite of pulverized rock phosphate. The diminution 
of P2Os availability registered by the analyses materially 
decreases the commercial value of the calcine-superphosphate 
mixtures. Such diminution may not be registered, however, 
in equal extent by crop response under field conditions.

The present and related findings should dispel the un
certainty th a t has prevailed as to the exact cause of reversion 
th a t ensues when acidic fertilizers are processed by the in
corporation of basic materials.
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Solubility of Carbon Dioxide in 

Benzene at Elevated P ressure
SIIEN-WU WAN AND BARNETT F. DODGE

Yale University, New Haven, Conn.

TH E increasing use of elevated pressures in chemical in
dustry has made it desirable to have more data on the 
effect of pressure on the liquid-vapor-phase equilibria in 

various systems. Such data are fundamental to all opera
tions in which these two phases are brought into contact—for 
example, in distillation, condensation, absorption, and dry
ing. The data  are needed not only for direct application in 
the development of industrial processes, bu t also to aid in 
the formulation and testing of generalizations to replace the 
simple laws of ideal solutions and ideal gases which are no 
longer applicable even under moderate pressures. A t present 
the data in this field are confined to a relatively few systems 
under rather limited conditions of pressure, temperature, and 
concentration.

The general plan for our investigation in this field covered 
various combinations of gases and liquids over the tempera
ture range 0° to 300° C. and a t pressures up to 1000 atmos
pheres. The present paper reports some results on the com
position of the coexisting liquid and vapor phases of the 
system carbon dioxide-benzene a t 30°, 40°, 50°, and 60° C. 
and a maximum pressure of 95 atmospheres with a few scat
tered tests a t 10°, 15°, and 20° C. The main reason for the 
choice of this particular system was th a t carbon dioxide is a 
gas of great industrial importance, and it is of interest to com
pare its solubility in various organic liquids with th a t in wa
ter. Benzene was chosen as a typical, nonpolar organic liquid.

The only previously published investigation of this system 
was th a t of Sander (S) in 1912, who determined the liquid- 
pliase composition only, a t  20°, 35°, 60°, and 100° C. up to a

maximum pressure of 116 atmospheres. J. L. Marsh started 
an investigation on this system a t this laboratory in 1930. 
l ie  developed an apparatus based on a static method and 
made some measurements a t 25° and 50° C. which have not 
been published. Difficulties with the operation of his ap
paratus led to its abandonment and the design, by the present 
authors, of a new one based on a dynamic method. Although 
a static method appears to be simpler and fundamentally 
sounder, the dynamic method seemed to offer practical ad
vantages which made it more suitable for our purpose.

A pparatus and  Procedure
G e n e r a l  O u t l i n e  o f  M e t h o d .  In  choosing a  method and 

developing an apparatus, the main desideratum was a rela
tively simple apparatus th a t would not involve special com
plication in construction and operation, and yet would yield 
results of a fair order of accuracy—about 1 per cent or better.

Carbon dioxide from a storage cylinder is passed continu
ously a t substantially constant pressure through a series of 
vessels containing benzene maintained a t  constant tempera
ture. The first vessel, or presaturator, is maintained a t a 
temperature above or below the point a t which equilibrium 
is to be established in order to permit an approach to equilib
rium from both sides. The equilibrium vessel is preceded 
by  a second presaturator maintained a t the equilibrium tem
perature. After a sufficient time, the pressure and tempera
ture are noted, and both phases in the equilibrium vessel are 
sampled for analysis.

A p p a r a t u s .  A  flow sheet of the apparatus is 
shown in Figure 1. Carbon dioxide enters a t A, 
flows through presaturators B  and C into equi
librium vessel D, and is finally expanded into sam
pling line I. Liquid samples are withdrawn 
through line E. Bourdon gage G is for pressure 
control only, all final pressure measurements 
being made with the dead-weight piston gage,
H. Contents of the equilibrium vessel are agi
tated by a magnetic stirrer operated by a solenoid, 
the connections to which are indicated at F. 
Details of the saturators and equilibrium vessel 
are shown in Figure 2. Being of substantially 
orthodox design, they require no special comment. 
The first presaturator is placed in one oil bath 
controlled to about 0.1 C., and the second 
presaturator and the equilibrium vessel are in a 
second oil bath, controlled to 0.01 ° C. Heating 
is obtained by an electric immersion heater. For 
operation below room temperature, the first bath is 
cooled by a standard household refrigerating unit.

The liquid-phase sampler is a small steel 
cylinder, approximately 3 cc. in volume, with 
valves at each end. The gas phase is expanded 
directly into the analysis train, consisting of two 
U-tubcs and two glass absorption vessels. The 
U-tubcs, packed with copper wool and immersed 
in solid carbon dioxide, serve to condense the 
benzene from the vapor. The absorbers con
tain sodium hydroxide solution for the removal 
of the carbon dioxide.

In a general way, the method and apparatus are 
somewhat similar to that employed by Saddington
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F i g u r e  2 .  D e t a i l s  o f  S a t u o a t o r s  a n d  E q u i l i b r i u m  V e s s e l

and Krase (£) in their study of the system water-nitrogen at 
elevated pressures and temperatures, but with important differ
ences in detail.

P r o c e d u r e .  W ith the particular dynamic method used, 
the liquid phase is continually exposed to  more gas and is 
bound to come to equilibrium if sufficient time is allowed. 
The situation is different in the case of the gas phase because 
it makes a single pass through a given column of liquid and 
must become saturated with the less volatile component dur
ing this relatively short time of contact. I t  was believed th a t 
the best procedure was to over-saturate the gas relative to the 
equilibrium temperature by maintaining the first presaturator 
1 0 ° higher than the desired equilibrium temperature, and to 
depend on the other saturator and the equilibrium vessel to 
reduce the concentration of benzene to the proper value for 
equilibrium. This scheme was followed in most runs but 
some a t 30° C. were made w ith an approach from the low- 
temperature side. Both procedures gave substantially check
ing results.

A series of runs was made on a given filling of liquid, first 
a t increasing pressure steps and then with decreasing ones. 
Pressures and flow rates were controlled manually. A t least 
2  hours were allowed to  elapse before any samples were taken. 
Samples of both phases were taken a t 1-hour intervals and 
immediately analyzed. A given run was completed when two 
consecutive liquid samples agreed within the lim it of experi
mental error.

The am ount of benzene in the sample was obtained from 
the increase in weight of the U-tubes. The carbon dioxide 
absorbed in the standard sodium hydroxide solution was de
termined by the usual procedure of precipitating the car
bonate with barium chloride and titrating the solution with 
standard acid and phenolphthalein indicator.

The carbon dioxide was the usual commercial grade sup
plied as a liquid in cylinders and it was employed without 
further purification. The benzene was M erck’s c. p., thio- 
phene-free which was partially frozen, filtered, and then dis

tilled over P 2O5; 
only th a t portion 
w as r e t a i n e d  
w h ic h  b o ile d  
b e tw e e n  7 9 .9 °  
an d  8 0 .1 °  C. 
Before charging 
into the appa
r a t u s  i t  w a s  
boiled to remove 
dissolved gases.

The w o rk in g  
out of a satisfac
tory p ro c e d u re  
for liquid sam
p lin g  re q u ire d  
considerable ex
p e r im e n ta tio n . 
D irect expansion 
from the equilib
rium vessel to an 
analytical train 
gave inconsistent 
results. Possibly 
the gas evolved 
when the pres
sure was released 
fa iled  to  c a rry  
a lo n g  all th e  
liquid th a t be
longed with it. 
This led to the 

development of a separate pressure sampler, which gave con
sistent results only after many trials had evolved a special 
technique. The main features of this technique were very 
slow sampling and flushing of the contents of the sampler.

Some trouble was a t first encountered in vapor-phase 
sampling because of the presence of considerable liquid in the 
line, until it was realized th a t the solubility of carbon dioxide 
in benzene was so great a t  the high pressures th a t the volume 
of the liquid phase had expanded to  several times the volume 
of the original benzene. When allowance was made for this 
increase in volume, no further trouble with gas-phase samples 
was encountered.

Results
The runs a t 10°, 15°, and 20° C. and 150 pounds per square 

inch pressure gave erratic liquid-phase samples with no trend 
of any kind discernible. We were inclined to attribute this 
to  the presence of two liquid phases, bu t no proof was ob
tained and the experiments of Sander a t 20° C. and a t pres
sures up to 700 pounds per square inch did not indicate any 
such phenomenon. (Sander worked in glass and hence could 
have observed the formation of more than  one liquid phase.) 
Since our apparatus was not adapted to the investigation of a 
system containing two liquid phases, no further work was 
done a t these temperatures. The results for 30°, 40°, 50°, 
and 60° C. are shown in the form of pressure-composition 
isotherms in Figure 3.

A considerable number of check runs was made to  test the 
reproducibility of the whole procedure as finally developed, 
and the maximum deviation in the composition of any two 
liquid phases was 0.4 mole per cent carbon dioxide. In  the 
m ajority of cases the difference was of the order of 0 .1  per 
cent.

Figure 3 shows th a t the agreement with M arsh’s data a t 
50° C. is quite good. We are loath to attem pt any com
parison with M arsh’s data a t  25 ° C. because of the uncertainty 
of extrapolating data in this region so close to  the critical
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temperature of one of the components. No wholly satisfac
tory comparison between our data and those of Sander can 
be made because the la tter reported his results per unit volume 
of solution, and there are no data on the densities of the solu
tions. Sander did record the am ount of benzene charged into 
his apparatus, b u t from a statem ent elsewhere in the paper 
one would infer th a t his figures on volume of solvent are only 
approximate. Accepting his value for benzene volume, we 
calculated his results to our basis and found poor agreement 
as shown in Figure 4. Sander’s results are reported for 20°, 
35°, 60°, and 100° C., and the results in Figure 4 were ob
tained by graphical interpolation.

I t  is of interest to see how well the results follow a simple 
solubility law such as Henry’s law which may be expressed 
in the form,

yP  = kx
where y — mole fraction of C02 in cas phase 

x =  mole fraction in liquid phase 
P  — total pressure 
k = Henry-law constant

Values of the Henry-law constant, k, were calculated from the 
experimental data and are as follows:

Mole Fraction  
COa in  Liquid w o o G

------1! enry-La w
40° C.

C onstant a t : -----
50° C. 60° C.

0 .10 1240 1420 1670 1860
0 .20 1230 1430 1650 1918
0 .30 120S 1440 1605 1940
0.40 1100 1395 1605 1935
0.50 1169 1360 1588 1910
0.60 1102 1303 1535 1840
0 .70 1045 1255 1492 1742
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F i g u r e  4 .  C o m p a r is o n  w i t h  S a n d e r ’s  D a t a

I t  is evident th a t H enry’s law holds fairly well up to  solutions 
as concentrated as 40 mole per cent. Averaging the values 
of k  up to and including x  =  0.40 for the first three tempera
tures, and up to and including x  =  0.50 a t  60° C., the follow

ing values of k, useful for approximate calculations, are ob
tained:

e  C. k

30
40
50
60

1217
1420
1630
1913

These data  give nearly a straight line when plotted.
If H enry’s law in the above form is applied to Sander’s 

data, quite different trends are observed. ¡(Sander reported 
no vapor compositions and hence it was necessary to  assume 
y  =  1 in the Henry-law equation.) A t 20°, 35°, and 100° C., 
k decreases rapidly a t first as mole fraction (or pressure) in
creases and then approaches a constant value. On the other 
hand, a t 60° C., k  is substantially constant over the whole 
range of the experiments to a maximum pressure of about 100 
atmospheres. This comparison of our data with those of 
Sander does not depend on the uncertain value of the volume 
of benzene used as was the case when we tried to compare the 
absolute results. We are unable to  account for the difference 
in the trends of the two sets of data.
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2-Aminoplienylanthraqumone and 
1,2-Phthaloylcarbazole

P. II. GROGGINS
Bureau of Agricultural Chemistry and Engineering, 

United States Department of Agriculture, Washington, D. C.

A FEW  years ago the writer reported on the preparation 
of /3-phenylanthraquinone and its derivatives (2). He 
showed th a t 4'-chloro-j3-plienylanthraquinone could 

readily be converted to  the corresponding amino compound 
by reacting with aqueous ammonia, giving a product which by 
titration was about 98 per cent pure. In  the case of the simi
lar ammonolysis of 2-chloro-|3-phenylanthraquinone, the 
author was constrained to report th a t “efforts to  titra te  the 
2-amino derivatives were unsuccessful, the results being uni
formly low” . The nitrogen content, however, was close to 
the theoretical.

When 2'-amino-|3-phenylanthraquinone was obtained by 
the cyclization of 2-amino-p-phenyl-o-benzoylbenzoic acid 
(S), a brown crystalline product, melting a t 200-201° C., was 
obtained. The crude product resulting from the ammonoly
sis of 2'-chloro-/S-phenylanthraquinone with aqueous ammonia 
containing nitrobenzene and a copper catalyst also gave evi
dence of the presence of some amine, either by titration with 
sodium nitrite or by diazotizing and coupling with R  salt. 
When this crude product was recrystallized from toluene and 
o-dichlorobenzene, long, silky, orange-colored needles (melt
ing a t 255° C.) were obtained. This crystalline product is 
not 2-amino-jS-phenylanthraquinone, bu t 1,2-phthaloylcar- 
bazole:

Obviously a ring closure occurred between the amino group 
and the 1 position of the anthraquinone nucleus, probably as 
a result of the oxidizing influence of the nitrobenzene.

W einmayr of the du Pont Company pointed out to the 
writer th a t under the conditions employed, the formation of 
1,2-phthaloylcarbazole is not entirely surprising. Wein- 
m ayr also noted th a t the recrystallized product (melting a t 
255° C.) obtained by us, corresponds to the melting point 
given for 1,2-phthaloylcarbazole, derived by heating 1-a- 
anthraquinonylbenzotriazole in diphenylamine (1). I t  dis
solves in concentrated sulfuric acid with a deep blue color 
and shows an instantaneous color change when a drop of nitric 
acid is added to the sulfuric acid solution; this is a reaction 
characteristic of the carbazole structure.
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FATTY-ACYL-MODIFIED RESINS
Dicyclopentadiene, Coumarone, 

and Indene Types
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TH E resins formed by the polymerization of dicyclo- 
pentadiene-, coumarone-, or indene-containing fractions 
are useful in many branches of industry (1). The use 

of phenol as a modifying agent results in resins with increased 
solubility in alcohol and with properties differing from those 
of the unmodified resins (2, 5). The phenol enters into 
chemical combination with the coumarone or indene and 
becomes a component of the resulting resin (4). Staudinger 
{6) produced modified resins by hydrogenation, and Kessler
(S) produced them by means of formaldehyde.

For a number of uses it is desirable th a t resins possess a 
high degree of flexibility, combined with resistance to chemical 
attack and a reasonable hardness. In  order to prepare from 
dicyclopentadiene, coumarone, or indene, resins which possess 
these general properties, we have introduced high-molecular 
weight acyl groups into the polymer. This has been ac
complished by a Friedel-Craft-s reaction between the resin- 
forming bodies contained in the fractions and high-molecular- 
weight fatty  acid chlorides in the presence of aluminum 
chloride. The acylation occurs simultaneously with some 
degree of polymerization of the resin-forming components of 
the distillate under the influence of the catalysts used in the 
reaction. The resulting products are acylated monomers, 
dimers, trimers, tetramers, or higher polymers of dicyclo
pentadiene, coumarone, or indene. They are either very 
viscous liquids or solids, many of which undergo further 
polymerization upon exposure to air or baking a t a tempera
ture of 100° C. When unsaturated acyl groups are added, 
the acylated polymers dry to  hard flexible films when exposed 
to the air. When either unsaturated or saturated acyl groups 
are present, further polymerization often takes place upon 
heating a t moderate temperatures to  give hard plastic ma
terials. In  some cases we have started with low-melting 
coumarone resins. When the la tter are caused to react with 
fatty acid chlorides under Friedel-Crafts conditions, resins 
are produced with properties differing from those charac
terizing unmodified coumarone resins, particularly as regards 
their flexibility in thin films.

M ethods of P reparation
Two types of starting material were used: (o) the crude 

solvent naphthas containing as a major constituent couma
rone, indene, or dicyclopentadiene, respectively, together with 
lesser quantities of the other two, and (6) a commercial 
coumarone resin produced by the polymerization of a cou- 
marone-contnining fraction. The resin contents of the 
fractions1 employed in this work, based upon the yield of 
comparatively soft resin which could be obtained, were as 
follows: coumarone fraction, 39 per cent; indene fraction, 
74; dicyclopentadiene fraction, 60. The coumarone resin 
used had a melting point of 94° C. (ball and ring).

1 Obtained from the Pennsylvania Industria l Chemical Corporation, 
Clairton, Penna,

The general method of preparation is as follows: A quan
tity  of crude solvent naphtha known to contain approxi
mately 0.1 mole of resin-forming bodies is dissolved in 25 cc. 
of tetrachloroethane. This solution is slowly added at 
25° C. to  15 grams of anhydrous aluminum chloride sus
pended in a solution of 0.1 mole of the acid chloride in 75 cc. 
of tetrachloroethane. The time of addition is 2 hours. 
After this period the reaction temperature is raised to  50° C. 
and maintained there for 2 hours. The contents of the 
reaction vessel are then poured onto ice. After the hy
drolysis is completed, the tetrachloroethane and unreactive 
portions of the crude solvent naphtha are removed by steam 
distillation. The hydrolyzed product is then dissolved in 
ether, washed with water, and dried with anhydrous sodium 
sulfate, and the ether is removed by distillation. When 
coumarone resin is used as the starting material, 0.1 mole 
(calculated as coumarone) is dissolved in 25 cc. of te tra
chloroethane and caused to react with fatty  acid chlorides in 
the presence of aluminum chloride, as described above.

A large number of runs were made with the above de
scribed fractions in which the molecular proportions of the 
acid chlorides were varied over v ide limits.

N ature of the  Products
The properties of the reaction products depend somewhat 

upon the type of starting materials employed and upon the 
molecular ratio of fatty  acid chlorides used for the acylation. 
The following is a general description of the properties of the 
acylated products obtained from the crude solvent naphthas 
and from the coumarone resin:

C o u m a r o n e  F r a c t i o n .  Friedel-Crafts products were 
prepared from this fraction by acylation with various molecu
lar proportions of stearoyl chloride, oleoyl chloride, and lin- 
olenoyl chloride by the method previously described. (These 
acid chlorides are prepared from the fatty  acids of linseed 
oil.) In  the following description “ 100 per cent” means th a t 
equimolecular proportions of fa tty  acid chlorides and cou
marone were used. Where smaller proportions of the acid 
chloride were employed, they are reported as percentages of 
th a t amount of acid chloride necessary for this equimolecular 
mixture.

Stearoylation of the coumarone fraction by the use of 
100, 67, 33, and 10 per cent of stearoyl chloride, respectively, 
resulted in a series of soft solids. A blank sample prepared 
by subjecting the coumarone fraction to similar conditions 
also gave a soft solid. These samples were then heated a t 
100° C. for 65 hours, which was selected as a convenient 
period. (The polymerization undoubtedly could be ac
complished in a  shorter time.) This process resulted in the 
formation of hard resins except when 67 and 100 per cent of 
equimolecular proportions of stearoyl chloride were used. 
The heat-treated stearoylated resins were decidedly less 
brittle than the heat-treated unmodified sample. The
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A  B

F i g u r e  1. T i n  P l a t e  C o a t e d  w i t h  B a k e d  M o d i f i e d ,
B, a n d  U n m o d i f i e d  R e s i n ,  A  ( X  3 )

molecular weights of these coumarone-stearoyl chloride 
reaction products as determined by the cryoscopic method in 
benzene are shown in the following table:

Compn., % Equimo-
lecular Proportion of M olecular

Stearoyl Chloride W eight
0 306.5

10 317.8
33 351.4
67 357.4

100 416.6

The molecular weights of the acylated coumarone polymers 
obtained under these conditions tend to  indicate th a t the 
products are essentially mixtures of dimers and trimers. 
Acylation with stearoyl chloride is accompanied by a decreased 
tendency towards polymerization of the coumarone. In  the 
product prepared from equimolecular proportions of couma
rone and stearoyl chloride, the molecular weight determination 
shows th a t only a small am ount of polymerization takes 
place. When these products were heated for 24 hours a t 
100° C., all of them underwent further polymerization.

The coumarone fraction was acylated with oleoyl chloride 
using 10, 33, and 67 per cent of an equimolecular proportion 
of the oleoyl chloride. The products were all soft solids 
which further polymerized to hard resins when baked for 65 
hours a t 100° C. The molecular weight of the sample pre
pared from 67 per cent of the amount of oleoyl chloride neces
sary for an equimolecular mixture was 584.2. This molecular 
weight corresponds closely to th a t of an acylated dimer.

Acylation of the coumarone fraction with linolenoyl 
chloride resulted in products ranging from very viscous 
liquids to soft solids. All of the linolenoylated coumarones 
formed hard resins when heated a t 100° C. for several hours. 
Some of these products also possessed the property of air 
drying, since samples exposed to atmospheric conditions 
formed films after varying periods of time. The samples 
prepared from 10 and from 100 per cent of the theoretical 
am ount of linolenoyl chloride had molecular weights of 
335.3 and 506.0, respectively. Upon baking a t 100° C. 
for 40 hours, the molecular weight of the former increased 
to 564.2.

Determination of the free acid content of one of the 100 
per cent acylated coumarones showed th a t by far the larger 
portion of the acid chloride had been used in the acylation. 
Under the mild conditions employed and in view of the mo
lecular weights obtained, i t  seems unlikely th a t more than one 
acyl group is attached to  each nucleus. Monomeric cou
marone probably reacts as follows:

Several possible methods for the formation of acylated 
polymers exist. Acylated polymers may be formed either 
by acylation of unacylated polymers or by polymerization 
of an acylated molecule with one or more acylated or un
acylated molecules. Reactions of the following type prob
ably predominate:

h/ \
I 11HC C
\ / \  C 0 

H

These in turn  can again polymerize with coumarone, 
monomeric acylated coumarone, and polymeric mono- or 
polyacylated coumarone to  produce higher polymers. The 
acylated products probably consist of mixtures of substances 
of the above nature. These are further polymerized upon 
heating to  give higher polymers.

I ndenb F r a c t i o n .  The products from the acylation of 
this fraction w ith 10, 33,67, and 100 per cent of the theoretical 
am ount of stearoyl chloride for an equimolecular reaction 
were highly viscous liquids or soft solids. When heated a t 
100° C. for several hours, the 10 and 33 per cent stearoylated 
products polymerized further to  hard resins. The others 
were not affected by this treatm ent. The product prepared 
from 67 per cent of the theoretical amount of stearoyl chloride 
had a molecular weight of 448.7 which indicates th a t i t  con
tains considerable amounts of the stearoylated dimer.

Acylation of the indene fraction with oleoyl chloride re
sulted in all cases in the formation of highly viscous oils

/ \HC C---- CH
! I I! H
HC C C-C-R

\ / Y  °
ii

C C-C-R
Y  Y j  s
H

H
/ \  IHC C ---- C

I II «HC C C-C-R
v /  V  sC 0 

H

RC Cl HC1
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which, when heated for several hours a t 100° C., gave hard 
resins.

The reaction products of the indene fraction and linolenoyl 
chloride under the conditions described were viscous oils; 
all of them polymerized upon heating to give hard resins. 
Samples were prepared from 10, 33, 67, and 100 per cent of 
the theoretical am ount of linolenoyl chloride. The last 
three dried upon exposure to atmospheric conditions. The 
10 per cent product had a molecular weight of 234.7, which 
indicated it to be a partially linolenoylated dimer. This 
molecular weight increased to 596.3 upon heating for 40 
hours a t 100° C. The sample prepared from equimolecular 
proportions of indene and linolenoyl chloride (100 per cent) 
had a molecular weight of 1500. Upon heating, this product 
became insoluble in benzene so th a t a molecular weight could 
not be obtained by our method.

D i c y c l o p e n t a d i e n e  F r a c t i o n .  The dicyclopentadiene 
fraction when condensed with stearoyl chloride produced 
solids in the case of the 10 and 33 per cent runs. These 
further polymerized upon heating to give hard solids. 
Samples prepared from higher proportions of stearoyl chloride 
were liquids which showed little tendency to polymerize 
further upon heating. Oleoyl chloride and dicyclopentadiene 
yielded products ranging from solids to viscous liquids as the 
percentage of oleoyl chloride was increased. All of these 
products changed to hard, flexible resins upon heating. The 
fraction was acylated w ith 33 and 67 per cent of the theoretical 
amount of linolenoyl chloride. The first product was a 
viscous liquid and the la tter a hard resin. Both samples 
further polymerized in air and, when heated, formed hard 
resins.

T a b l e  I. A c y l a t e d  P r o d u c t s  o f  C o u m a r o n e  R e s i n
Theoretically 

E quivalent 
Q uantity

Chloride), ' -------------------Product----------------
%  Fried el-Craf ta H eat-Treated

0 H ard  resin H ard resin
10 Resin H ard  resin
33 Soft solid H ard  resin
50 Viscous liquid H ard  resin
67 Viscous liquid Semisolid
83 Viscous liquid Semisolid

100 Viscous liquid Viscous liquid
10 Solid H ard  resin
33 Solid H ard resin
67 Solid Fairly  hard  resin

100 Viscous liquid Fairly hard  resin
10 Solid H ard resin
33 Solid H ard resin
67 Solid H ard resin

100 Viscous liquid H ard resin

C o u m a r o n e  R e s i n .  The coumarone resin used had a 
melting point of 94° C. (ball and ring). I t  was acylated in 
the same manner as th a t used for the resin-containing frac
tions. The type of products obtained is shown in Table I.

The molecular weight of the product formed by the use 
of equimolecular proportions of stearoyl chloride and the 
coumarone resin was 971.6.

Properties and Uses
These high-molecular-weight acyl-modified resins are of 

particular interest because of their high flexibility. Their 
hardness is in many cases similar to th a t of the unmodified 
resins. Those prepared by the use of unsaturated fatty  
acid chlorides are of interest in the varnish industry because 
of their ability to form hard films upon exposure to air. 
These modified resins can be baked upon metallic surfaces 
to give thin, protective films which are flexible and adhere 
tenaciously' to  the metal. Figure 1 shows a photomicro
graph of a piece of tin plate coated with an unmodified

coumarone resin, A, and with a  resin prepared by acylation 
of the same fraction with oleoyl chloride, B. After baking 
and cooling, the plate was bent a t points a, b, and c. In the 
case of the unmodified resin the resin film ruptured a t the 
bends, whereas the modified resin film followed the bends 
without breaking. Because of the water resistance and 
flexibility of films of these modified resins, they would be 
useful for waterproofing leather, textiles, cellulose products, 
and similar materials where flexibility of the protective film 
is required.

The solubilities of the Friedel-Crafts reaction products 
both before and after heat polymerization were determined in 
ethyd alcohol, ether, carbon tetrachloride, benzene, kerosene, 
turpentine, acetone, and isopropyl alcohol. The reaction 
products before heat polymerization are, in general, soluble 
in ether, carbon tetrachloride, benzene, turpentine, kerosene, 
and acetone, mostly insoluble in cold ethyd or isopropyl 
alcohols, and only slightly soluble in hot ethyl or isopropyl 
alcohols. After heat polymerization for 40 hours a t 100° C. 
the solubility varies, depending upon the specific sample, 
bu t in general is considerably less than for the unheated 
product. Baked samples arc insoluble in hot ethyl and hot 
isopropyl alcohols.

The stabilities of the polymerized resins in water, 18 per 
cent hydrochloric acid solution, and 20 per cent sodium 
hydroxide solution were determined. This was accomplished 
by sealing samples of several of the resins together with the 
various solutions in test tubes and examining them after 
definite time intervals for signs of decomposition. Observa
tions were made after 5-day contact with the solvents a t 
room temperature; then the tubes were heated for 24 
hours a t 90° C. and again examined. The following resins 
were used in this test: 10 and 33 per cent linolenoylated 
dicyclopentadiene fraction, 10 and 67 per cent linolenoylated 
indene fraction, 10 and 67 per cent linolenoylated coumarone 
fraction, and 10 and 67 per cent stearoylated indene fraction. 
None of the resins showed significant change in any of the 
solvents a t room temperature. A t the higher tem perature 
water and the 18 per cent hydrochloric acid solution were 
without effect. Treatm ent with the hot 20 per cent sodium 
hydroxide solution resulted in a slight decomposition in the 
case of the 10 per cent acylated resins. The resins possessing 
a higher degree of acylation were not affected.

An attem pt is now under way to improve the color of these 
resins. The effect of catalysts upon the polymerization and 
drying of those prepared from the higher unsaturated chlorides 
will be studied. More quantitative data as regards their 
comparative flexibilities will also be obtained.
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P h e n o l  S o l v e n t - E x t r a c t io n  P l a n t  f o r  t h e  P r o d u c t io n  o f  L u b r ic a t in g  O il s  o f  H ig h  V is c o s it y  I n d e x

TH E viscosity index scale 
for petroleum oils, as 
proposed by Dean and 

Davis (3) and subsequently 
revised by Davis, Lapey- 
rouse, and Dean (3), was 
based on Saybolt Universal 
viscosities. The constants 
used in making the calcula
tions did not extend below 40 
seconds Saybolt Universal 
viscosity a t 210° F.

A need exists for basic 
constants in kinematic as well 
as Saybolt units and for the 
extension of the scale to 
lower values. The present 
paper reports the prepara
tion and availability of a 
table of kinematic constants 
covering the range of 2.0-75.0 
centistokes (equivalent to 32.8-349 Saybolt seconds) a t 210° F. 
The new table, except for a slight revision in the range 
corresponding to 40-50 seconds Saybolt a t 210° F., is equiva
lent to th a t previously published (3) according to the rela
tion between kinematic and Saybolt viscosities th a t has been 
approved by the American Society for Testing Materials (1,4)- 
The constants covering the range from 2.0-4.2 centistokes a t 
210° F . are new material (Table I).

Definition of Viscosity Index
The viscosity index of an oil is a figure calculated from 

known viscosities a t 100° and 210° F. according to one of the 
following equations:

V. I. -  x  100 W

V. I. =  L  X 100 (2)

where U is the viscosity of the oil a t  100° F., and L  and H  are 
basic constants representing viscosities a t 100° F. of hypo
thetical oils having the same viscosity a t 210° F. as the oil in

question. Hypothetical oil 
L  has a viscosity index of 
zero and hypothetical oil H  
has a viscosity index of 100. 
D is equal to L  — II, and 
Equation 2 is simply a con
veniently usable equivalent 
of Equation 1.

Derivation of Basic 
C onstants

The general nature of the 
basic constants for the vis
cosity index scale is indi
cated by Figure 1. The L  
and H  curves were originally 
located by Dean and Davis 
(8) through actual tests of 
blends of finished lubricating 
oils derived, respectively, 
from the extreme types of 

commercial oils with which the senior author was familiar a t 
the time. However, the use of these data as a basis for the 
scale was arbitrary, and we did not attem pt to characterize 
the numerical values in term s of specific types of crude oil. 
The two im portant considerations were, first, to establish a 
scale which within reasonable limits would give the same 
viscosity indices for oils of similar origin but different viscosity 
and, secondly, to define the scale precisely.

The two curves were defined in terms of the published 
equations (S):

For 100 V. I.: Y  =  0.0403Y5 +  12.568X -  475.4 (3)
For 0 V. I.: Y -  0.2100A'2 +  12.070.Y -  721.2 (4)

where Y  = Saybolt viscosity at 100° F.
X  = Saybolt viscosity a t 210° F.

The lowest experimentally determined points for the I I  and 
L  curves were, respectively, 49,0 and 42.0 seconds Saybolt a t 
210° F. The extrapolation of the equations below about 50 
seconds proved to be unjustifiable although extensions in the 
other direction have yielded consistent results for viscosities 
much higher than those of the heaviest oils actually used by 
Dean and Davis in deriving their equations. The inconsist-

Viscosity Index 

of L ubricating

Oils
E. W. DEAN, A. D. BAUER, AND 

J . H. BERGLUND
Standard Oil Development Company,

New York, N. Y.
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T a b l e  I .  V is c o s it y  I n d i c e s  o p  O il s  f r o m  C r u d e s  ( N o t  R e f i n e d  b y  
S o l v e n t  E x t r a c t i o n )

K inem atic 
Viscosity 

Centistoke8 Viscosity Index
No. Source0 Description 210° F . 100° F. Index (Fenske)

From  Pennsylvania Crudea
1 1 Commercial 300 oil 1.592 4.686 99 .2
2 2 300 oil distillate 1.030 4.904 97.3
3 1 Commercial 300 oil 1.640 4.89 100.0 46 2
4 1 Lab. dist., dewaxed, narrow cut 1.846 5.834 101.1
5 1 Lab. diet., dewaxed, narrow out 1.858 5.981 95.3
6 1 Lab. dist., dewaxed, broad out 1.859 5.917 99.8
7 3 Lab. dist., no t dewaxed 1.80 5.80 107.6 ...
8 1 Lab. dist., dewaxed, broad cut 1.949 6.411 97.0
9 1 Lab. dist., dewaxed, broad cut 2.080 7.068 98.3

10 1 Lab. dist., dewaxed, narrow cut 2.121 7.420 91.5
11 1 Lab. dist., dewaxed, broad cut 2.215 7.904 93.4
12 3 Lab. dist., not dewaxed 2.39 8.50 110.9
13 1 Lab. dist., dewaxed, broad cut 2.398 8.930 95.0
14 1 Lab. dist., dewaxed, narrow cut 2.425 9.158 92.3
15 2 Commercial spindle oil 2.544 10.03 87.2 120.5
16 1 Lab. dist., dewaxed, broad cut 2.000 10.19 94.3
17 1 Lab. dist., dewaxed, broad cut 2.842 11.75 95.3
18 1 Lab. dist., dewaxed, narrow cut 2.881 12.16 91.0
19 1-4 Lab. blend, commercial oils 2.926 12.02 104.0 138!o
20 3 Lab. dist., not dewaxed 3.13 13.30 107.4 139.1
21 1 Lab. dist., dewaxed, broad cut 3.210 14.27 98 .8
22 1 Pressed dist., filtered 3.225 14.29 99.9
23 1 Pressed dist., unfiltered 3.267 14.74 96.6
24 2 Commercial spindle oil 3.325 15.57 87 .8 l iö !7
25 2-4 Lab. blend, commercial oils 3.356 15.47 95.5 123.0
20 1 Lab. dist., dewaxed, broad cut 3.552 16.83 99.3
27 1 Lab. dist., de waxed, narrow  cut 3.376 15.78 92.1
28 1 Lab. dist., dewaxed, broad cut 3.948 20.03 101.1
29 1 Lab. dist., dewaxed, narrow cut 4.000 21.38 95.1
30 1-4 Lab. blend, commercial oils 4.186 21.59 108.1 122! 1
31 3 Lab. dist., not dewaxed 4.33 22.60 111.1 123.2
32 1 Lab. dist., dewaxed, broad cut 4.417 24.13 101.6
33 2-4 Lab. blend, commercial oils 4.470 24.58 102.1 li2*  2
34 4 Commercial m otor oil 6.121 41.22 103.0 103.9

From Texas and Louisiana Crudes
35 1 Commercial spindle oil 2.613 10.343 91.9 126.C
30 5 Commercial spindle oil 2.951 12.51 95.0 128.1
37 1 Commercial spindle oil 3.745 18.927 89.9 111.8
38 5 Commercial spindle oil 3.933 20.21 96 .0 114.7
39 5 Transform er oil 3.970 20.84 91.1 109.9
° Sources of oils: 1, refinery No. 1; 2, refinery No. 2; 3, Pennsylvania crude fractionated

by  Dean and Lane, U. S. Bureau of M ines; 4, commercial m otor oil, believed not to  be re
fined by solvent extraction; 5, refinery No. 3.

U 100 L  

C e n t is to k e s  a t  1 0 0 °F .

iGURE 1. G e n e r a l  B a s i s  o f  t h e  V is c o s i t y  I n d e x  S c a l e

R e t r a c t a b l e  O l e o  L a n d i n g  G e a r  o f  a  
M o d e r n  A i r p l a n e

This device must operate under widely varying 
temperature conditions and requires an oil of high 

viscosity index.

T a b l e  I I .  B a s i c  C o n s t a n t s  i n  t h e  R a n g e  40-50 S e c o n d s  
S a y b o l t  U n i v e r s a l  a t  210° F.

Viscosity 
a t 210° F. Form er C onstants

Say
bolt

Kine H L D
m atic /------Saybolt------«

40 4.20 107 138 31
41 4.51 120 161 41
42 4.82 133 185 52
43 5.13 147 210 63
44 5.43 161 237 76
45 5.75 176 265 89
46 6.06 191 293 102
47 6.37 206 322 116
48 6.68* 222 353 131
49 6.99 239 3S6 147
50 7.29 257 422 165

—New C^
Say Kine Say
bolt matic bolt
107.1 22.280 137.9
119.3 25.136 157.9
132.7 28.184 181.7
146.9 31.408 208.4
161.5 34.588 236.5
176.3 37.980 265.1
191.3 41.266 293.9
206.2 44.559 322.4
222.0 47.992 352.3
239.0 51.697 386.2
255.1 55.161 422.0

onstan ts—r nJ '
K ine Say

bolt

Lf — s
Kine-

m atic matio
29.360 30.8 7.080
33.883 38 .6 8.747
39.208 49.0 11.024
45.088 61.5 13.680
51.030 75.0 16.442
57.430 88.8 19.450
63.630 102.6 22.364
69.830 116.2 25.271
76.302 130.3 28.310
83.672 147.2 31.975
91.398 166.9 36.237

enciesin the range of 40 to 50 seconds a t 210° F. 
were rectified by Davis, Lapeyrouse, and 
Dean (2) who published some empirical con
stants th a t have been proved by subsequent 
experience to be reasonably satisfactory. Some 
further slight changes in this specific range 
have, however, been found necessary in the 
tables described in this report, as the empirical 
figures do not fall on a smooth curve.

The low viscosity extension just adopted 
and covering the range below 4.20 centistokes 
(40 seconds Saybolt) a t 210° F. is defined in 
terms of the following equations:

For 100 V. I.: Y  =■ 1.4825A” +  0.91375V* (5) 
For 0 V. I.: Y  =  1.655V +  1.2625V2 (6) 
where Y  = kinematic viscosity a t 100° F.

V  = kinematic viscosity at 210° F.

Saybolt Universal viscosities are not desirable 
for this low range, and the extension is in 
centistokes only.

v.i, = _LxJL x loo = L I—  x loo
L - K  D
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T a b l e  I I I .  S p e c im e n  P a g e s  f r o m  T a b l e s  o f  C o n s t a n t s  f o r  C a l c u l a t in g  V is c o s it y  I n d e x  f r o m  K n o w n  K in e m a t ic  o r
S a y b o l t  V i s c o s i t y  ( a t  210° F.)

K inem atic Viscosity"---------------------------------------     Saybolt Viscosity-
n  V ifd A o ilir  I T  T. n  V i'o n n o ilv  I T  T. P i V io o n B ifvViscosity H L D  Viscosity II L D Viscosity II L D Viscosity II L D

4 .00 20.550 26.820 6.270 4 .50 25.040 33.720 8.680 40 .0 107.1 137.9 3 0 .8 45 .0 176.3 265.1 88.8
4.01 20.635 26.944 6.309 4.51 25.136 33.883 8.747 40.1 108.3 139.7 31.4 45.1 177.9 268.1 90.2
4 .0 2 20.720 27.068 6.348 4.52 25.232 34.046 8.814 40 .2 109.4 141.5 32.1 45 .2 179.3 270.9 91.6
4 .03 20.805 27.192 6.387 4 .53 25.328 34.209 8.881 40.3 110.6 143.4 32.8 45.3 180.7 273.6 92.9
4 .04 20.890 27.316 6.426 4 .54 25.424 34.372 8.948 40.4 111.9 145.4 33.5 45.4 182.4 276.6 94 .2
4 .05 20.975 27.440 6.465 4 .5 5 25.520 34.535 9.015 40.5 113.1 147.3 34.2 45.5 183.8 279.4 95 .6
4 .0 6 21.060 27.564 6.504 4.56 25.616 34.698 9.082 40 .6 114.3 149.3 35.0 45 .6 185.2 282.2 97.0
4 .07 21.145 27.688 6.543 4.57 25.712 34.861 9.149 40.7 115.6 151.4 35.8 45.7 186.8 285.2 98 .4
4 .08 21.230 27.812 6.582 4 .58 25.808 35.024 9.216 40 .8 116.8 153.5 36 .7 45.8 188.2 288.0 99 .8
4 .09 21.315 27.936 6.621 4 .59 25.904 35.1S7 9.283 40.9 118.0 155.7 37.7 45.9 189.8 290.9 101.1
4 .1 0 21.400 28.060. 6.660 4.60 26.000 35.350 9.350 4 1 .0 119.3 157.9 38.6 46.0 191.3 293.9 102.6
4.11 21.488 28.190 6.702 4.61 26.098 35.521 9.423 41.1 120.7 160.1 39.4 46.1 192.7 296.6 104.9
4 .12 21.576 28.320 G.744 4.62 26.196 35.692 9.496 41 .2 122.0 162.6 40.6 46 .2 194.2 299.6 105.4
4 .13 21.664 28.450 6.786 4 .63 26.294 35.863 9.569 41.3 123.3 164.8 41.5 46.3 195.7 302.4 106.7
4 .14 21.752 28.580 6.828 4.64 26.392 36.034 9.642 41.4 124.6 167.1 42.5 46.4 197.2 305.2 108.0
4 .15 21.840 28.710 6.870 4*65 26.490 36.205 9.715 41 .5 125.9 169.4 43 .5 46 .5 198.7 308.2 109.5
4 .16 21.028 28.840 6.912 4 .66 26.588 36.376 9.788 41.6 127.2 171.7 44.5 46 .6 200.1 311.0 110.9
4.17 22.016 28.970 6.954 4.67 26.686 36.547 9.861 41.7 128.6 174.3 45.7 46.7 201.6 313.7 112.1
4 .18 22.104 29.100 6.996 4 .68 26.784 36.718 9.934 41.8 129.9 176.7 46 .8 46 .8 203.1 316.5 113.4
4 .19 22.192 29.230 7.038 4 .69 26.882 36.889 10.007 41.9 131.3 179.1 47 .8 46.9 204.6 319.3 114.7
4 .20 22.280 29.360 7.0S0 4 .70 26.980 37.060 10.080 42.0 132.7 181.7 49.0 47.0 206.2 322.4 116.2
4.21 22.370 29.497 7.127 4.71 27.080 37.238 10.158 42.1 134.1 184.2 50.1 47.1 207.7 325.1 117.4
4 .22 22.460 29.634 7.174 4 .72 27.180 37.416 10.236 42.2 135.5 186.8 51.3 47 .2 209.2 328.0 118.8
4.23 22.550 29.771 7.221 4.73 27.280 37.594 10.314 42 .3 136.8 189.4 52 .6 47 .3 210.9 331.0 120.1
4 .24 22.640 29.908 7.268 4 .74 27.380 37.772 10.392 42.4 138.2 191.9 53.7 47.4 212.3 333.8 121.5
4 .25 22.730 30.045 7.315 4 .75 27.480 37.950 10.470 42.5 139.7 194.7 55.0 47 .5 214.0 337.0 123.0
4 .26 22.820 30.182 7.362 4.76 27.580 38.128 10.548 42.6 141.1 197.3 56.2 47 .6 215.6 339.9 124.3
4 .27 22.910 30.319 7.409 4.77 27.680 38.306 10.626 42 .7 142.5 199.9 57.4 47.7 217.1 342.8 125.7
4 .28 23.000 30.456 7.456 4 .78 27.780 38.484 10.704 42.8 144.0 202.8 58 .8 47 .8 218.9 346.1 127.2
4 .29 23.090 30.593 7.503 4.79 27.880 38.662 10.782 42.9 145.4 205.5 60.1 47.9 220.5 349.2 128.7
4 .30 23.180 30.730 7.550 4 .80 27.980 38.840 10.860 43.0 146.9 208.4 61.5 48 .0 222.0 352.3 130.3
4.31 23.272 30.875 7.603 4.81 28.082 39.024 10.942 43.1 148.4 211.3 62 .9 48.1 223.7 355.6 131.9
4 .32 23.364 31.020 7.656 4.82 28.184 39.208 11.024 43.2 149.8 213.9 64.1 48 .2 225.4 358.8 133.4
4 .33 23.456 31.165 7.709 4 .83 28.286 39.392 11.106 43 .3 151.3 216.8 65.5 48 .3 227.0 362.0 135.0
4.34 23.548 31.310 7.762 4.84 28.388 39.576 11.188 43 .4 152.7 219.7 67.0 48.4 228.6 365.2 136.6
4 .35 23.640 31.455 7.815 4 .85 28.490 39.760 11.270 4 3 .5 154.2 222.4 68.2 48.5 230.3 368.5 138.2
4 .36 23.732 31.600 7.868 4.S6 28.592 39.944 11.352 43.6 155.7 225.2 69.5 48.6 232.1 372.2 140.1
4.37 23.824 31.745 7.921 4.S7 28.694 40.128 11.434 43.7 157.1 227.9 70.8 48 .7 233.7 375.5 141.8
4 .3 8 23.916 31.890 7.974 4.88 28.796 40.312 11.516 4 3 .8 158.6 230.9 72.3 48.8 235.5 379.1 143.6
4 .39 24.008 32.035 8.027 4.89 28.898 40.496 11.598 43 .9 160.0 233.7 73.7 48.9 237.4 382.8 145.4
4 .40 24.100 32.180 8.080 4 .90 29.000 40.680 11.680 44 .0 161.5 236.5 75.0 49.0 239.0 386.2 147.2
4.41 24.194 32.334 8.140 4.91 29.104 40.869 11.765 44.1 163.1 239.6 76.5 49.1 240.7 389.8 149.1
4 .42 24.288 32.488 8.200 4.92 29.208 41.058 11.850 44.2 164.6 242.3 77.7 49.2 242.4 393.6 151.2
4 .43 24.382 32.642 8.260 4.93 29.312 41.247 11.935 44 .3 166.0 245.2 79.2 49.3 244.0 397.1 153.1
4 .44 24.476 32.796 8.320 4 .94 29.416 41.436 12.020 44.4 167.5 248.1 80.6 49.4 245.7 400.6 154.9
4 .45 24.570 32.950 8.380 4.95 29.520 41.625 12.105 44 .5 168.9 250.9 82.0 49.5 247.2 404.2 157.0
4 .46 24.664 33.104 8.440 4.96 29.624 41.814 12.190 44 .6 170.5 253.9 83.4 49.6 248.9 407.8 158.9
4 .47 24.758 33.258 8.500 4.97 29.728 42.003 12.275 44.7 172.0 256.7 84.7 49.7 250.5 411.4 160.9
4 .48 24.852 33.412 8.560 4.98 29.832 42.192 12.360 44 .8 173.5 259.3 85.8 49 .8 252.0 415.0 163.0
4 .49 24.946 33.566 8.620 4.99 29.936 42.381 12.445 44.9 175.0 261.5 86.5 49 .9 253.6 418.6 165.0

T a b l e  IV. B a s i c  V a l u e s  f o r  C a l c u l a t i n g  V i s c o s i t y  I n d e x  f r o m  S a y b o l t  V i s c o s i t i e s  ( a t  210° F.)
icc»ity II L D Viscosity II L D Viscosity II L D Viscosity II L D
40 107.1 137.9 30 .8 80 791 1,627 836 120 1,620 3,838 2,218 160 2,580 6,740 4,160
41 119.3 157.9 38.6 81 810 1,674 864 121 1,643 3,902 2,259 161 2,606 6,821 4,215
42 132.7 181.7 49.0 82 829 1,721 892 122 1,665 3,966 2,301 162 2,631 6,903 4,272
43 146.9 208.4 61 .5 83 849 1,769 920 • 123 1,688 4,031 2,343 163 2,657 6,985 4,328
44 161.5 236.5 75.0 84 868 1,817 949 124 1,710 4,097 2,387 164 2,683 7,068 4,385
45 176.3 265.1 88 .8 85 888 1,865 977 125 1,733 4.163 2,430 165 2,709 7,151 4,442
46 191.3 293.9 102.6 86 907 1,914 1,007 126 1,756 4,229 2,473 166 2,735 7,234 4,499
47 206.2 322.4 116.2 87 927 1,964 1,037 127 1,779 4,296 2,517 167 2,761 7,318 4,557
48 222.0 352.3 130.3 88 947 2.014. 1,067 128 1,802 4,363 2,561 168 2,788 7,403 4,615
49 239.0 386.2 147.2 89 966 2,064 1,098 129 1,825 4,430 2,605 169 2,814 7,488 4,674
50 255.1 422.0 166.9 90 986 2,115 1,129 130 1,848 4,498 2,650 170 2,840 7,573 4,733
51 271.7 456.1 184.4 91 1,006 2,166 1,160 131 1,871 4,567 2,696 171 2,867 7,659 4,792
52 2SS.4 490.5 202.1 92 1,026 2,217 1,191 132 1,894 4,636 2,742 172 2,893 7,745 4,852
53 305.3 525.2 219.9 93 • 1,046 2,270 1,224 133 1,918 4,705 2,787 173 2,920 7,832 4,912
54 322.2 560.5 238.3 94 1,066 2,322 1,256 134 1,941 4,775 2,834 174 2,947 7,919 4,972
55 339.2 596.0 256 .8 95 1,087 2,375 1,288 135 1,965 4,845 2,880 175 2,974 8,006 5,032
56 356.4 632.3 275.9 96 1,107 2,428 1,321 136 1,988 4,915 2,927 176 3,000 8,094 5,094
57 373.5 668.6 295.1 97 1,128 2,481 1,353 137 2,012 4,986 2,974 177 3,027 8,182 5,155
58 390 .8 705.5 314.7 98 1,148 2,536 1,388 138 2,036 5,058 3,022 178 3,054 8,271 5,217
59 408.2 742.8 334.6 99 1,168 2,591 1,423 139 2,060 5,130 3,070 179 3,082 8,360 5,278
60 425.6 780.6 355.0 100 1,189 2,646 1,457 140 2,084 5,202 3,118 180 3,109 8,450 5,341
61 443.1 818.9 375.8 101 1,210 2,701 1,491 141 2,108 5,275 3,167 181 3,136 8,540 5,404
62 460.6 S57.4 396.8 102 1,231 2,757 1,526 142 2,132 5,348 3,216 182 3,163 8,630 5,467
63 478.4 896.5 418.1 103 1,252 2,814 1,562 143 2,156 5,422 3,266 183 3,191 8,721 5,530
64 496.1 936.2 440.1 104 1,273 2.870 1,597 144 2,180 5,496 3,316 184 3,218 8,813 5,595
65 514.0 976.1 462.1 105 1,294 2,928 1,634 145 2,205 5,570 3,365 185 3,246 8,904 5,658
66 531.8 1,016.3 4S4.5 106 1,315 2,985 1,670 146 2,229 5,645 3,416 186 3,274 8,997 5,723
67 549.8 1,057.1 507.3 107 1,337 3,043 1,706 147 2,254 5,721 3,467 187 3,302 9,0S9 5,787
68 567.8 1.09S.3 530.5 10S 1,358 3,102 1,744 148 2,278 5,796 3,518 188 3,329 9,182 5,853
69 586.1 1,140.1 554.0 109 1,379 3,161 1,782 149 2,303 5,873 3,570 189 3,357 9,276 5,919
70 604 1,182 578 110 1,401 3,220 1,819 150 2,328 5,949 3,621 190 3,385 9,370 5,985
71 623 1,225 602 111 1,422 3,280 1,858 151 2,353 6,026 3,673 191 3,414 9,404 6,050
72 641 1,268 627 112 1,444

1,466
3,340 1,896

1,934
152 2.378 6,104 3,726 192 3,442

3,470
9,559 6,117

73 660 1,311 651 113 3,400 153 2,403 6,182 3,779 193 9,654 6,184
74 678 1,355 677 114 1,488 3,462 1,974 154 2,428 6,260 3,832 194 3,498 9,750 6,252
75 697 1,399 702 115 1,510 3,523 2,013 155 2,453 6,339 3.S86 195 3,527 9,846 6,319
76 716 1,444 72S 116 1,532 3,585 2,053 156 2,478 6,418 3,940 196 3,555 9,942 6,387
77 734 1,489 755 117 1,554 3,648 2,094 157 2,503 6,498 3,995 197 3,584 10,039 6,455
78 753 1,534 781 118 1,576 3,711 2,135 158 2,529 6,578 4,049 19S 3,613 10,137 6,524
79 772 1,580 80S 119 1,598 3,774 2,176 159 2,554 6,659 4,105 199

200
3,641
3,670

10,235
10,333

6,594
6,663
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F i g u r e  2 .  N o m o g r a p h ic  C h a r t  
f o r  E s t i m a t i o n  o f  V is c o s i t y  I n d e x

Although Equations 5 and 6 extend down 
to zero viscosity, they cannot be used in the 
range where the oils they represent have 
vapor pressures th a t are too high to permit 
accurate viscosity determinations a t 210° F. 
The lower lim it of the table th a t has been 
prepared is 2.0 centistokes a t 210° F., which, 
according to the A. S. T . M . viscosity con
version table, is equivalent to 32.8 seconds 
Saybolt. W ith this extension, the viscosity 
index scale now covers all ordinary lubricat
ing oils.

We selected these constants for the low 
viscosity range after plotting available data 
for low-viscosity commercial oils produced 
by operating subsidiaries of the Standard 
Oil Company of New Jersey. Products re
fined by solvent extraction processes were 
excluded. The extension is adm ittedly arbi
trary, as were the constants for the higher 
range, bu t i t  has been demonstrated th a t the 
use of the new values permits viscosity indices 
to be obtained for “light” oils which corre

spond closely to those of more viscous prod
ucts refined by the same processes from the 
same stocks.

The constants in the range 40 to  50 seconds 
Saybolt (4.20 to 7.29 centistokes) a t 210° F. 
are shown in Table I I  in comparison with 
those which they supersede (#). In  the ma
jority of cases the differences are not more 
than 1 second Saybolt. No change was made 
in the constants for the range above 50 
seconds Saybolt (7.29 centistokes) a t 210° F. 
except th a t some of the tabulated values 
show fractional seconds instead of being 
rounded off to even seconds, Saybolt.

C om putation of Tables
The older published table shows values of 

L, H, and D for each even second Saybolt 
>< j  so a t  210° F. The relatively large magnitude
5  of the increments made it necessary to inter

polate when high accuracy was desired, or 
£  - - 70 even moderate accuracy in the lower ranges
□ of viscosity. The new tables were computed
“  with the following increments:

Range of Viscosity 
2 .00 to  29.99 centistokes

30 .0  to  39.9
40 .0  to  75.0
40 .0  to  159.9 seconds Saybolt 

160.0 to  350.0

Increm ents in  Viscosity 
0 .01 centistokc
0.1 
0 .5
0 .1  second Saybolt
1.0

Each individual set of constants in the 
range 2.00 to 3.99 centistokes a t 210° F. was 
calculated from Equations 5 and 6. Through
out the range 4.00 to  7.29 centistokes the II  
and L  values were obtained by a special 
method of calculation which was equivalent to 
graphic interpolation on a greatly magnified 
scale. In  this range of viscosity the con
stants are not defined by equations.

>  T 60

T f. s t i n g  H i g h - V is c o s i t y - I n d e x  M o t o r  O il s  w i t h  a  C a r  O p e r a t e d  i n  a  
R e f r i g e r a t e d  R o o m
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P a n e l  B o a r d  o f  a  M o d e r n - 
T r a n s p o r t  P l a n e

Control instruments in the center 
arc for a Sperry Gvro-Pilot, the 
reliability of which is largely de
pendent on the use of an oil of 

high viscosity index.

T a b l e  V. B a s ic  V a l u e s  f o r  C a l c u l a t i n g  V i s c o s i t y  I n d e x  f r o m  K i n e m a t i c  V i s c o s i t i e s  ( a t  210° F.)
Viscosity n L D Viscosity H 5 D Viscosity H I D Viscosity 11 L D

2. 0 6. 620 8. 360 1. 740 9. 0 76. 352 135. 176 58. 824 16. 0 178. 174 369.,107 190. 933 23.0 30S. 34 711.24 402.90
2. 1 7. 143 9. 043 1. 900 9. 1 77. 617 137. 841 60. 224 16. 1 179. 841 373. 214 193. 373 23.1 310. 21 716.44 406.23

2 7. 684 9. 752 2. 068 9. 2 78. 880 140. 517 61. 637 16. 2 181. 552 377. 439 195. 887 23.2 312. 09 721.67 409.58
2. 3 8. 243 10. 485 2. 242 9. 3 80. 184 143. 284 63. 100 16. 3 183. 224 381. 577 198. 353 23.3 314. 44 728.22 413.78
2. 4 8. 821 11. 244 2. 423 9. 4 81. 448 145. 989 64. 541 16. 4 184. 942 385. 729 200. 787 23.4 316. 32 733.47 417.15
2. 5 9. 417 12. 028 2. 611 9. 5 82.,714 148..695 65.,981 16. 5 186. 577 389. 897 203. 320 23 .5 318. 21 738.74 420.53
2. 6 10. 031 12. 838 2. 807 9. 6 83. 986 151. 411 67. 425 16. 6 188. 300 394. 184 205. 884 23.6 320. 57 745.35 424.78
2. 7 10. 664 13,.672 3. 008 9.,7 85,.262 154..147 68..885 16..7 189 ,983 398. 381 208. 398 23.7 322. 46 750.66 428.20
2 ,S 11,,315 14.,532 3..217 9. 8 86.,575 156 .982 70 .407 16.,8 191 .670 402 .594 210.,924 23.8 324. 36 755.98 431.62
2..9 11..984 15.,417 3.,433 9. 9 87. 856 159. 722 71.,866 16. 9 193. 401 406..929 213. 528 23.9 326. 73 762.65 435.92
3. 0 12,,671 16 .328 3..657 10..0 89..178 162 .494 73,.316 17.,0 195..094 411..172 216.,078 24.0 328. 63 768.00 439.37
3.,1 13. 377 17 .263 3..886 10..1 90 .458 165 .361 74 .903 17.,1 196 .831 415 .537 218.,706 24.1 330. 54 773.37 442.83
3.,2 14..101 18..224 4.,123 10..2 91 .814 168 .303 76 . 4S9 17.,2 198..571 419..917 221. 346 24.2 332. 45 778.76 446.31
3. 3 14 .843 19 .210 4,.367 10,.3 93 .128 171..194 78..066 17..3 200 .357 424..421 224. 064 24.3 334. 83 785.51 450.68
3 .4 15 .603 20 .222 4 .619 10..4 94 .461 174 .075 79 .614 17..4 202,.104 428..832 226. 728 24.4 336. 75 790.92 454.17
3. 5 16. 382 21. 258 4. 876 10. 5 95. 825 177. 068 81. 243 17. 5 203. 853 433. 260 229. 407 24.5 339. 14 797.72 458.58
3. 6 17. 179 22. 320 5. 141 10. 6 97. 152 179. 980 82. 828 17. 6 205. 605 437. 704 232. 099 24.6 341. 05 803.17 462.12
3. 17. 994 23. 407 5. 413 10. 7 98. 492 182. 907 84. 415 17. 7 207. 361 442. 161 234. 800 24.7 342. 99 808.63 465.64
3. s 18. 828 24. 520 5. 692 10. 8 99. 818 185. 849 86. 031 17. 8 209. 162 446. 745 237. 583 24.8 345. 40 815.49 470.09
3. 9 19. 680 25. 657 5. 977 10. 9 101. 206 188. 873 87. 667 17. 9 210. 923 451. 237 240. 314 24.9 347. 33 820.99 473.66
4. 0 20. 550 26. 820 6. 270 11. 0 102. 537 191. 848 89. 311 18. 0 212. 687 455. 743 243. 056 25 .0 349. 3 826.5 477.2
4. 1 21. 400 28. 060 6. 660 11. 1 103. 909 194. 899 90. 990 18. 1 214. 350 460. 266 245. 916 25.1 351. 7 833.4 481.7
4. 2 22. 280 29. 360 7. 080 11. 2 105. 305 197. 966 92. 661 18. 2 216. 268 464. 915 248. 647 25.2 353. 6 839.0 485.4
4. 3 23. 180 30. 730 7..550 11. 3 106. 721 201. 150 94. 429 18. 3 218. 042 469. 469 251. 427 25 .3 356. 0 845.9 489.9
4. 4 24. 100 32, 180 8. OSO 11. 4 108. 100 204. 238 96. 138 18. 4 219. 818 474. 039 254. 221 25.4 358. 0 851.5 493.5
4. 5 25. 040 33. 720 8. 680 11. 5 109. 493 207. 339 97. 846 18. 5 221. 597 478. 625 257. 028 25.5 359. 9 857.1 497.2
4. 6 26. 000 35. 350 9. 350 11. 6 110. 887 210. 4G8 99. 581 18. 6 223. 423 483. 339 259. 916 25 .6 362. 4 864.1 501.7
4. 7 26, 980 37.,060 10. 080 11. 7 112. 273 213. 601 101. 328 IS . 7 225. 208 487. 956 262. 748 25.7 364. 3 869.7 505.4
4. 8 27.,980 38..840 10..860 11. 8 113. 711 216. 829 103. 118 18. 8 226. 996 492. 590 265. 594 25.8 366. 8 876.8 510.0
4. 9 29.,000 40. 680 11. 680 11. 9 115. 114 219. 981 104. 867 18. 9 228. 831 497. 352 268. 521 25.9 368.,7 882.5 513.8
5. 0 30. 040 42. 570 12. 530 12. 0 116. 507 223. 145 106. 638 19. 0 230. 625 502. 017 271. 392 26.0 371. 2 8S9.6 518.4
5. 1 31. 090 44. 500 13. 410 12. 1 117. 948 226. 412 108. 464 19. I 232. 466 506. 812 274. 346 26.1 373. 2 895.3 522.1
5. 2 32. 150 46. 460 14. 310 12. 2 119. 438 229. 784 110. 346 19. 2 234. 354 511. 739 277. 385 26.2 375. 1 901.0 525.9
5. 3 33. 210 4S. 440 15. 230 12. 3 120. 883 233. 078 112. 195 19. 3 236. 201 516. 568 280. 367 26.3 377. 6 908.1 530.5
5. 4 34. 270 50. 430 16. 160 12. 4 122. 330 236. 392 114. 062 19. 4 238. 052 521. 413 283. 361 26.4 379. 6 913.9 534.3
5. 5 35. 330 52. 430 17. 100 12. 5 123. 781 239. 713 115. 932 19. 5 239..906 526.,274 286..368 26.5 382.,1 921.1 539.0
5. 6 36. 390 54. 430 18. 040 12. 6 125. 274 243. 136 117. 862 19. 6 241. 806 531. 247 289. 441 26 .6 384. 0 926.9 542.9
5.,7 37. 450 56. 430 18. 980 12. 7 126. 730 246. 482 119. 752 19. 7 243. 666 536. 164 292..498 26.7 386. 5 934.1 547.6
5, 8 38. 510 58. 430 19. 920 12. 8 128. 189 249. S42 121. 653 19. 8 245. 529 541. 075 295..546 26 .8 388, 5 939.9 551.4
5. 9 39. 570 GO. 430 20. 860 12. 9 129..689 253..305 123. 616 19. 9 247..440 546..120 298,.680 26.9 391. 0 947.2 556.2
6. 0 40. 630 62,,430 21, 800 13. 0 131..153 256..690 125. 537 20. 0 249. 31 551..07 301. 76 27.0 393..0 953.1 560.1
6. 1 41.,690 64,.430 22. 740 13. 1 132. 65S 260. 180 127. 522 20. 1 251. 18 555. 96 304. 78 27.1 395. 0 958.9 563.9
6..2 42 .750 66..430 23., 6S0 13. 2 134. 166 263. 684 129. 518 20. 2 253. 10 561. 12 308. 02 27.2 397. 5 966.3 568.8
6.,3 43 .810 68..430 24. 620 13. 3 135. 716 267. 293 131. 577 20. 3 254. 98 566. 12 311. 14 27.3 399. 5 972.2 572.7
6,.4 44 .880 70..430 25. 550 13. 4 137.,230 270..824 133..594 20.,4 256.,86 571.,13 314. 27 27.4 402. 0 979.6 577.6
6,,5 45.,970 72..460 26. 490 13. 5 138. 745 274..369 135. 624 20. 5 258. 79 576. 28 317.,49 27.5 404. 0 985.5 581.5
6.,6 47. 0S0 74.,550 27. 470 13. 6 140. 270 277..964 137. 694 20..6 260. 59 581. 08 320. 49 27.6 406. 0 991.4 585.4
6.,7 48 .220 76 .740 28 .520 13 .7 141 .784 281 .498 139..714 20.,7 262,.39 585..90 323. 51 27.7 408. 5 998.9 590.4
6..8 49 .390 79 .040 29 .650 13.,8 143..348 285,.177 141..829 20. 8 264. 64 591. 94 327. 30 27.8 410. 6 1.004.9 594.3
6..9 50,,590 81..440 30.,850 13. 9 144 ,874 2S8,.776 143..902 20. 9 266. 45 596. SO 330. 35 27.9 413. 1 1,012.4 599.3
7..0 51,,820 83..920 32,,100 14. 0 146 .402 292,.388 145..986 21..0 268,,26 601,,66 333..40 28.0 415.,1 1,018.4 603.3

,1 52..980 86 .460 33..4S0 14.,1 147. 933 296..014 148. 081 21.,1 270,.08 606. 55 336..47 28.1 417.,7 1,025.9 608.2
7 !,2 54 .150 89..040 34.,890 14. 2 149. 507 299. 749 150,,242 21,.2 272 .35 612..67 340..32 28.2 419.,7 1,032.0 612.3
7..3 55 .273 91..660 36..387 14. 3 151. 043 303 .402 152, 359 21. 3 274..17 617..59 343..42 28.3 422..2 1,039.5 617.3
7..4 56..473 94,.095 37..622 14. 4 152..582 307,.069 154..487 21..4 275.,99 622..52 346. 53 28.4 424. 3 1,045.6 621.3

,5 57,.699 96 .528 38,.859 14..5 154,.124 310 .749 156 .625 21..5 278..27 628 .70 350..43 28 .5 426,.3 1,051.7 625.4
y',6 58..873 98..958 40 .085 14 .6 155 .708 314 .540 158..832 21..6 280..10 633 .67 353 .57 28.6 428 .9 1,059.4 630.5
7 ',.7 60 .063 101 .39S 41 .335 14 .7 157 .255 318 .247 160..992 21..7 281..93 638 .65 356 .72 28.7 430 .9 1,065.5 634.6
7,,8 61 .305 103 .925 42 .620 14 .8 158 .804 321 .968 163 .164 21 .8 284 .22 644 .89 360 .67 28.8 433 .5 1,073.2 639.7
7,.9 62 .513 106 .3SS 43 .875 14,,9 160..396 325 .801 165 .405 21 .9 286 .06 649 .91 363 .85 2S.9 435 .5 1,079.3 643.8
8..0 63 .723 10S .859 45 .136 15..0 161 .950 329 .549 167 .599 22 .0 287 .90 654 .94 367 .04 29.0 438 .1 1,087.0 648.9
S..1 64 .969 111 .419 46 .450 15 .1 163 .548 333 .410 169 .862 22 .1 290 .21 661 .24 371 .03 29.1 440 .2 1,093.2 653.0
S..2 66,.251 114 .067 47 .816 15. 2 165 .190 337 .385 172 .195 22 .2 292 .05 666 .30 374 .25 29.2 442 .8 1,101.0 658.2
s .3 67 .501 116 .650 49..149 15.!3 166 .793 341 .275 174..482 22 .3 293 .90 671,.38 377 .48 29.3 444 .8 1,107.2 662.4
s,.4 68 .753 119 .306 50 .553 15 .4 16S .399 345 .179 176 .780 22 .4 296 .22 677 .75 381 .53 29.4 446 .9 1,113.5 666.6
8 .5 70 .041 121 .926 51 .885 15 .5 170 .007 348 .881 178 .S74 22 .5 298 .08 682 .86 384 .78 29.5 449 .5 1,121.3 671.8
s .6 71 .296 124 .528 53 .232 15 .6 171 .660 353 .131 181 .471 22 .6 299 .96 6S7 .98 3SS .02 29.6 451 .6 1,127.6 676.0
s 72 .542 127 .153 54 .611 15 .7 173 .274 357 .078 183 .804 22 . 1 302 .28 694 .41 392 .13 29 .7 454 .2 1,135.5 681.3
s .8 73 .793 129 .786 55 .993 15 .8 174 .891 361 .039 186 .148 22 .8 304 .13 699 .57 395 .44 29 .8 456 .2 1,141.8 685.6
s .9 75 .0S9 132 .515 57 .426 15 .9 176 .552 365 .117 18S .565 22 .9 306 .00 704 .74 398 .74 29.9 458 .3 1,148.1 689.8

30.0 460 .9 1,156.0 695.1
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In  the range 7.30 to  30.0 centistokes a t 210° F. the con
stants corresponding to each tenth of a  centistoke were com
puted from Equations 3 and 4. The actual calculation neces
sitated starting with the predetermined kinematic value, 
translating it to Saybolt by means of the A. S. T. M. table, per
forming the computation, and then translating the Saybolt 
result back to  centistokes. The constants for hundredths of 
a centistoke were interpolated between the computed values 
for tenths, using uniform increments in these narrow ranges.

From 30.0 to 40.0 centistokes a t 210° F. the constants were 
computed from equations for each fifth of a centistoke and 
those for tenths were interpolated. From 40.0 to 75.0 centi
stokes the even centistoke constants were computed and the 
half-centistoke values interpolated.

In  the Saybolt table the constants in the range 40 to 50.0 
seconds a t 210° F. were obtained by the same special method 
employed for kinematic constants of equivalent magnitude. 
All of the constants in the range from 50.0 to 70.0 seconds at 
210° F. were computed directly by Equations 2 and 3. In 
the range 70.0 seconds and above, the constants for even 
seconds were computed and those for tenths of a second were 
interpolated.

Table I I I  shows specimen pages for both kinematic and 
Saybolt constants. (The full series of tables, numbering 
forty-four pages of the same size, is too lengthy for the present 
paper and has been printed in pamphlet form, 6.)

Table IV shows constants corresponding to even seconds 
Saybolt a t 210° F. for the range 40 to 200. Table V covers

the range 2.0 to 30.0 centistokes a t 210° F. with increments of 
one-tenth centistoke. The use of these tables, with interpo
lation when necessary, gives results approximately equal to 
those obtainable by use of the more complete tables (5).

Nom ographic C harts
Viscosity indices can be estimated conveniently by the use 

of nomographic charts of the type shown as Figure 2. A se
ries of these charts has been prepared and printed.

(Single copies of the pamphlet or charts will be supplied 
without charge. Larger supplies m ay be purchased a t ap
proximately the cost of printing. Requests or orders should 
be addressed to Standard Inspection Laboratory, Standard 
Oil Development Company, 26 Broadway, New York.)
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GLUCONIC ACID PRODUCTION
Repeated Use of Submerged Aspergillus  

niger  for Semicontinuous Production

N. PORGES, T. F. CLARK, AND E. A. GASTROCK
Agricultural By-Products Laboratory, Ames, Iowa1

TH E production of gluconic acid from glucose by the 
cultivation of Aspergillus niger under agitation, aeration, 
and pressure in rotary aluminum fermenters on both 

laboratory and semi plant scale has been reported (1, 3, 6). 
Yields up to 95 per cent of theoretical were obtained from fer
mentation media containing 15 grams of glucose per 100 cc. 
in a fermentation period of 24 hours. All fermentations were 
conducted as single-batch processes and were seeded with 
the fungus which had been previously cultivated for 24 hours 
in a germination solution (3).

Since these fermentations exhibited prolonged lag periods, 
followed by a fairly rapid conversion of glucose to gluconic 
acid, it was considered probable th a t the process might be 
hastened by re-use of the developed active fungal growth. 
This hastening could result from a decrease or elimination of 
the lag period, accompanied by a greater over-all rate of oxi
dation, and the avoidance of the preparation of fresh inoculum 
for each subsequent fermentation. The practicability of such 
a method was indicated in a preliminary experiment (1), and 
the present paper is concerned with further investigations of 
this process for rapid fermentations.

1 Established by the  B ureau of A gricultural Chem istry and Engineering, 
U« S. D epartm ent of Agriculture, in cooperation with the  Iowa State 
College.

Calcium gluconate has been produced 
sem icontinuously through  the  u tiliza tion  
of the floating mycelial growth from  p re
vious ferm entations. T h irteen  successive 
ferm entations have shown no decrease in 
activity. A saving of tim e lias resu lted  by 
the elim ination of the  lag period, the  
elim ination of o ther th a n  the  in itia l p re
germ inated inoculum  for a series of fer
m entations, and the  m ain tenance of high 
rales of oxidation of glucose to gluconic 
acid. This process should be of industria l 
in terest.

Two methods for the re-use of the mycelia were investi
gated: (a) transference of an aliquot of the actively ferment
ing solution with its proportionate am ount of fungal growth 
to a second drum containing freshly prepared medium, and
(6) retention, with a portion of the solution, of the greater 
part of the mycelia following a period of flotation a t  the com
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F i g u r e  1 . C o n t i n u o u s  C o n v e r s i o n ,  i n  T w o  F e r m e n t e r s ,  o f  G l u c o s e  t o  G l u c o n i c  A c id  b y  A. niger 
For inoculum, a portion of the fermenting liquor was transferred during high activity; this was replaced by fresh solution.

F i g u r e  2 .  S e m i c o n t i n u o u s  C o n v e r s i o n  o f  G l u c o s e  b y  A. niger t o  Y i e l d  1 5  G r a m s  G l u c o n i c  A c id
p e r  100 Cc.

Inoculum, a portion of the final fermented liquor containing floating mycelia; transfer time, 3 5  minutes.

pletion of the fermentation. A third method, the noncon
taminated retention by filtration of the mycelial growth for 
subsequent fermentations, is being studied.

General Technique
These investigations were conducted in laboratory-size 

rotary aluminum drums (1, 2) and in a semiplant-size fer
menter (1,4)- Operating conditions during the fermentations 
were as follows:

Air pressure 
Air flow
Speed of ro ta tion  
Tem perature

30 lb ./sq . in. gage (155 cm. Hg) 
375 cc./lite r/m in .
9.5 r. p. m.
30° C.

As fermenting agent, the fungus Aspergillus niger, strain 
67, was used throughout these studies. The germinated 
inoculum added a t  the sta rt of a series of fermentations 
amounted to  one thirty-second of the volume of the initial 
charge in the fermenter. To arrive a t the amounts of fungus 
present in the fermentation solutions, 300-cc. portions were 
treated with 15 to  25 cc. of concentrated hydrochloric acid 
and filtered; the residue was washed, dried a t a maximum 
tem perature of 80° C., and weighed. The limitations of this 
method are realized, bu t i t  gives an indication of the trend of 
the fungal growth. Other analytical procedures and the 
media were described previously {1,3). The course of a fer
mentation was followed by analyzing samples withdrawn a t 
intervals. Identification ratios (f) were determined for each 
fermentation and showed the presence of calcium gluconate 
only.

Laborat ory- Scalc Ferm en tations
T w o - F e r m e n t e r  P r o c e s s e s .  Fermentations involving the 

repeated use of the mycelia a t  an active stage were conducted

in two small rotary drums. The greatest activity in fermen
tation solutions containing 15 grams of glucose and 2.65 
grams of calcium carbonate per 100 cc. occurred, as indicated 
by the rate of glucose utilization, shortly after the pH started 
to decrease (f). When sufficient gluconic acid was formed to 
react with all of the calcium carbonate, clarification of the 
solution resulted. A t this point an aliquot equal to 30 per 
cent of the next charge was transferred, under agitation, to a 
second drum  to serve as inoculum for the subsequent fermen
tation. Results of a series of fermentations showed th a t the 
mycelia retained activity throughout successive transfers 
and also th a t the quantity  of gluconic acid recovered was low 
because of the large volume of fermenting solution removed 
for inoculum.

A second series of fermentations was conducted in a similar 
manner, except th a t sterile solutions containing glucose 
equivalent to  th a t originally present in the aliquots were used 
to replace the volumes withdrawn as inocula. The results 
are presented in Figure 1. The broken lines represent the 
periods during which the fermentations were interrupted to 
remove the inocula and to add fresh solutions. The variations 
in the glucose concentration after replenishing the solutions 
are caused to some extent by the difference in size of the drums 
and the differences in glucose concentration of the replace
ment solutions. All fermentations, including the initial fer
mentation subsequent to the prolonged lag period, main
tained a fair rate of glucose conversion and, w ith the excep
tion of the first fermentation, were completed in an average 
time of 18.25 hours.

S i n g l e - F e r m e n t e r  P r o c e s s e s .  Semicontinuous processes 
requiring single fermenters have distinct advantages. These 
advantages can be realized provided th a t for inocula the 
greater portions of the mycelia can be recovered a t  the com
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pletion of fermentations, in contrast to the small quantities 
of mycelia available in a portion of fermenting liquor as trans
ferred in the foregoing experiments. Upon completion of a 
fermentation the solution was transferred to a sterile, cali
brated, inverted Pyrex bottle in order to observe the separa
tion of the solution into two strata  under atmospheric pres
sure. After 25 minutes the upper layer amounted to about 20 
per cent of the to tal volume and contained the greater por
tion of the fungal growth; this upper layer was returned to 
the rotary drum as inoculum for the succeeding charge. The 
elapsed time between fermentations, including the flotation 
period, was approximately 35 minutes.

In  this method the yields of gluconic acid for all fermenta
tions except the final in any series were 80 per cent of the 
capacity of the fermenter. The addition of the inoculum di
luted the fermentation medium and resulted in lowered glucose 
concentration and increased gluconic acid content a t the 
beginning of a  subsequent fermentation, bu t the total molecu
lar equivalents remained approximately constant throughout 
an entire series of fermentations. Typical results of a  few 
laboratory-scale experiments using this technique are presented 
in Figures 2, 3, and 4.

Y ie l d s  o f  15 G r a m s  G l u c o n ic  A c id  p e r  100 Cc. Fer
mentation media containing 15 grams of glucose per 100 cc. 
were found satisfactory in the single-batch process (1, 5); 
hence, similar media were tried for the semicontinuous or 
m ultibatch fermentations (Figure 2). Fermentations 2 and 
3 were noticeably longer than subsequent fermentations in 
this series. These slower rates of glucose conversion have 
been attributed to the formation of calcium gluconate crystals 
in fermentations 1 and 2. These crystals hindered the satis
factory separation of the mycelia so th a t the active fungal 
growth in the inocula for fermentations 2 and 3 was materi
ally lessened. Results of this series of fermentations indicated 
tha t under the conditions of this experiment there were no

decided advantages over the single-batch method if pre
viously sterilized media were used in both methods.

Y ie l d s  o f  10 G r a m s  G l u c o n ic  A c id  p e r  100 Cc. In 
creased rates of glucose conversion might be expected from 
media containing a lower concentration of glucose, provided 
the amount of active mycelia produced would approximate 
tha t found in the fermentations using the higher glucose 
concentrations. The amount of gluconic acid formed would 
necessarily be less, and for this reason the calcium carbonate 
content should be reduced in order to avoid the presence of 
undissolved calcium carbonate a t  the completion of the fer
m entation and to assure the separation of mycelium during 
the period of flotation. Therefore 2.25 grams of calcium car
bonate per 100 cc., an amount sufficient to neutralize the glu
conic acid produced from 8.1 grams of glucose, were used in 
the series presented in Figure 3. These fermentations, with 
the exception of the initial one, were completed in an average 
time of 7 hours. The average over-all rate of glucose con
version was more than twice th a t of the over-all rate in the 
initial fermentation (namely, 0.97 gram per 100 cc. per hour 
as compared to 0.43 gram) and was the result of the elimina
tion of the lag period and the maintenance or increase of the 
activity throughout the series.

Y ie l d s  o f  12 a n d  11 G r a m s  G l u c o n ic  A c id  p e r  100 Cc. 
To assure the elimination of the lag period and maintenance 
of high rates of glucose oxidation, it is essential to have suf
ficient free acid for easy and rapid separation of the mycelia 
a t the completion of each fermentation. In the series of fer
mentations shown in Figure 4, the maximum am ount of 
calcium carbonate advisable (2.65 grams per 100 cc.) was 
used (1). The media used in the first seven fermentations 
contained 12 grams of glucose per 100 cc. The fermentations 
after the initial lag period were completed fairly rapidly, with 
an average rate of glucose conversion of 0.93 gram per 100 cc. 
per hour.

F i g u r e  3 .  S e m i c o n t i n u o u s  C o n v e r s i o n  o f  G l u c o s e  b y  A .  niger t o  Y i e l d  1 0  G r a m s  G l u c o n i c
A c id  p e r  1 0 0  Cc.

Inoculum, a portion of the final fermented liquor containing floating mycelia; transfer time, 35 
minutes; calcium carbonate equivalent to 8.1 grams acid per 100 cc.

i i i i i ! i i i i i ~ t i i r
INOCULUMS- MYCELIA IN UPPER 20%  OF FERMENTED LIQUOR AFTER FLOTATION

5 6  6 4  72
TIME IN HOURS

F i g u r e  4. S e m i c o n t i n u o u s  C o n v e r s i o n  o f  G l u c o s e  b y  A .  niger t o  Y i e l d  12 a n d  11 G r a m s  G l u c o n i c  A c i d  p e r  100 Cc.
Inoculum, a portion of the final fermented liquor containing floating mycelia; transfer time, 35 minutes; calcium carbonate

equivalent to 9.56 grams acid per 100 cc.
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In  the remaining six fermentations the glucose concentra
tion in the media was decreased to  11 grams per 100 cc. The 
average rate of glucose conversion increased to 1.08 grams per 
100 cc. per hour with a consequent shortening of the fermen
tation periods. In  this double series the separation of the 
mycelia was rapid and distinct; analyses indicated th a t satis
factory separations occurred only after the pH had dropped 
below 4.5. Such an acid condition may be obtained either 
by increasing the glucose concentration or by decreasing the 
quantity of calcium carbonate, and in many fermentations 
favors the reutilization of practically all of the mycelia with 
the elimination of the lag period.

Sem iplant-Scalc Experim ents
The experiments conducted in laboratory-scale equipment 

showed semicontinuous or multibatch production of gluconic 
acid to have advantages over the single-batch method. 
However, additional equipment was necessary for the prepa
ration and noncontaminated transference of fermentation

T a b l e  I. S e m i c o n t i n u o u s  P r o d u c t i o n  o f  G l u c o n i c  A c id  
f r o m  G l u c o s e  b y  A. nigcr“ i n  L a r g e  F e r m e n t e r  

Ferm entation  No.
Refined corn sugar charged, kg.

A t Beginni
Glucose, g ra m s /100 cc.
Gluconio acid, gram s/100 cc.&

l HFungus, gram s/liter*

Age, hours
Glucose, residual, gram s/100 cc.
Gluconio acid, gram s/100 cc.&
Free gluconic acid, ^ram s/100 cc.<*
Av. glucose conversion, gram s/100 cc./hour
gH1?UIungus, gram s/liter«

1 2 3 4 5
66.9 53.5 53 .5 53 .5 53.5

Ferm entation
12.1 9.1 9 .6 9 .4 9 .4
0 .3 1.6 1.8 1 .8 1.9
6 .S 5 .6 5 .6 5 .7 5 .6
0 .27 0.41 0.70 1.26 1.88

: Ferm entation
16.4 9 .0 8 .4 8 .2 7 .S

1.2 0 .9 1.0 1.0 0 .9
11.8 10.1 10.5 9 .8 9 .9
0 .5 O.S 0 .9 1.4 1.3
0.C6 0.91 1.02 1.02 1.09
4 .8 4 .2 4 .2 3 .9 4 .0
0 .70 0.79 1.32 2.12 2.89

Results of this series of fermentations are presented in 
Table I  and in Figure 5.

The reduction of pressure was essential for proper separa
tion of mycelia, as was indicated by the am ount of fungus 
found a t the beginning of the second fermentation. A t the 
end of the initial fermentation, pressure was not released until 
a portion of the underlying liquor was withdrawn and a part 
of the growth lost. Upon release of pressure the remaining 
mycelia floated to the top. This phenomenon can be ex
plained from the fact that, upon release of the pressure, the 
air and dissolved gases evidently come out of solution as 
minute bubbles; some of them attach themselves to strands 
of mycelia, carry these strands to the suiface of the solution, 
and thus cause rapid stratification.

Outstanding results of these investigations are that, in a 
series of fermentations, pregerminated inocula other than for 
initial fermentations are needless, th a t subsequent lag periods 
are completely eliminated, and th a t the rate of glucose con
version in subsequent fermentations is practically constant.

An average time of 8.4 hours was required for 
fermentation as compared to an estimated 13 
hours (calculated from the first glucose curve in 
Figure 5) which was required to convert a similar 
quantity  of glucose in the initial fermentation. 
These results were possible because separation of 
mycelia by flotation permitted the retention of 
over 85 per cent of the active mycelia. These 
amounts, greater than those present in the pre
germinated inocula, immediately promoted the 
oxidation of glucose to gluconic acid in sub
sequent fermentations with the consequent elimi
nation of the lag period.

Discussion
a Inoculum  for subsequent ferm entations was upper tw o ten th s  of ferm ented solution 

a fter a flotation period of 35 minutes.
b C alculated from calcium determ ination. 
c D ried a t  80° C.

D eterm ined by  direct titration .

media to the large fermenter. The fairly rapid growth of 
Aspergillus niger, the rapid fermentation rates, and the acid 
condition occurring in the gluconic acid fermentation are 
factors which evidently discourage, control, or outdistance 
most chance contamination. Fortunately, because of these 
characteristics the preparation of media was possible by boil
ing under atmospheric conditions and did not require a pres
sure cooker. The initial charge, 64 kg. of refined corn sugar 
in 530 liters, was prepared in the fermenter. Subsequent 
charges were prepared as follows:

The results of these studies show th a t the re
utilization of the submerged mycelia of the fungus 
Aspergillus niger is highly successful in eliminat- 

= = = = =  ing the lag period and in maintaining high rates 
of glucose oxidation in successive fermenta

tions. Re-use of the organism to oxidize glucose to  gluconic 
acid appears to be unlimited under the conditions of these 
experiments, as the activity continued unabated through 
thirteen fermentations; in fact, greater activity was observed

Refined com sugar and nutrient salts equivalent to 80 per cent 
of the initial charge were dissolved in approximately 475 liters 
of water in a covered aluminum tank. Heating and maintenance 
at boiling were effected by means of steam passed through 
aluminum coils submerged in the solution. Boiling was con
tinued (1.5 to 2 hours) until the water in excess of 424 liters was 
driven off, and the medium was subsequently cooled to 30° C. 
by passing water through the coils. When required, this medium 
was conveyed through previously sterilized aluminum pipes to 
the fermenter. During this preparation and transference, sterile 
air was continuously bubbled through the medium to prevent 
intense coloring during heating and to maintain slight positive 
pressure within the tank in order to minimize chance infiltration 
of contaminants.

In these studies the fermentations were considered complete 
when the glucose content had dropped to less than 1 gram per 
100 cc. or when the rates of conversion were negligible as com
pared to the rates during the active stages. At the completion 
o f  a fermentation the rotary fermenter was brought to rest and 
the pressure reduced to atmospheric. Separation of the mycelia 
was allowed to take place within the fermenter under atmospheric 
pressure for 35 minutes and was followed by removal of the 
underlying liquor (SO per cent of the charge) and then by re
charging with fresh medium from the aluminum tank.

F i g u r e  5 .  S e m i c o n t i n u o u s  P r o d u c t i o n  o f  G l u c o n i c  
A c i d  f r o m  G l u c o s e  b y  A. niger i n  L a r g e  F e r m e n t e r

Inoculum, two-tenths of final fermented liquor containing 
floating mycelia; transfer time, 95 minutes.

in the last fermentation than in the initial one, although the 
data in Table I  indicated a decreased activity per unit weight 
of fungus for successive fermentations. This suggests tha t 
the activity was not a direct function of the total mass of 
mycelia but was related to the young, actively growing fungus.



JANUARY. 1940 INDUSTRIAL AND ENGINEERING CHEMISTRY 1 1 1

T a b l e  I I .  C o m p a r i s o n  o f  S e m i c o n t i n u o u s ,  o r  M u l t i b a t c h ,  
a n d  S i n g l e - B a t c i i  M e t h o d s  f o r  t h e  P r o d u c t i o n  o f  

G l u c o n i c  A c id  b t  A .  nigera

Approx.
Glucose

Av. 
Gluconic 
Acid in

E std .
Over-all

Glucose
in

Glucose
in

Total Acid 
Gluconic Produced 

Acid per Fer-
Final Process Original Final in Final m enter

M ethod Used Concn. Liquors Time M edia Liquors Liquors per Hr.
G./100 cc. G./lOO cc. Hr. Kg. Kg. Kg. Kg.

Single-batch:
W ithout auxiliary 15 15.5 341 874 29 904 2.65

sterilizer
W ith sterilizer 15 15.5 284 874 29 904 3.18

Two ferm enters, inocu 15 15.1 128 874 111 882 3 .45
lum, active ferm ent
ing solution

One ferm enter, inocu 15 15.3 215 715 47 745 3.46
lum, floated mycelia 10 10.0 111 477 57 487 4.39

12 and 11 12.0 127 551 49 584 4.62
11.5 11.4 120 548 48 554 4.62

a Calculations based on eleven ferm entations.

Microscopic examinations of the mycelia throughout the fer
mentations showed th a t the periods of active vegetative 
growth coincided with increased rates of conversion of glucose 
to gluconic acid. These conversion rates decreased with 
spore formation. The optimum concentration of glucose in 
the original fermentation medium appears to be approxi
mately 11 to 12 grams per 100 cc. Fermentations exclusive 
of the initial are completed in slightly over 9 hours; shorter 
periods of fermentation have been attained with lower glucose 
concentrations, bu t the efficiencies of production were con
siderably lower.

A direct comparison of the semicontinuous or multibatch 
with the single-batch method is of interest. Eleven fermenta
tions are being used as the basis of comparison, as three of the 
five series reported here have had a t least this number. Re
sults of the calculations are presented in Table II. The esti
mated over-all process time (third column) includes the 6 
hours which were required for the preparation of the initial 
charge, the 1 hour for the final discharging of the fermenter, 
and the 95 minutes for intermediate transfers. However, 
there are two exceptions in the above estimates: In  the single
batch method in which no auxiliary equipment was used, the 
time between fermentations is estimated as 7 hours (1 hour 
for unloading and 6 hours for preparation). In  the two- 
fermenter method intermediate transfer time is not included, 
since one fermenter was being prepared while the other was in 
use. The quantity  of acid produced per fermenter per hour 
(last column) is calculated from the total gluconic acid in the 
final liquors and the estimated over-all process time for the 
eleven fermentations; these figures give an indication of the 
relative efficiencies of the various methods considered.

The process requiring two fermenters and using 30 per cent 
of the fermenting liquor as inoculum has marked advantages 
over the single-batch method reported earlier (1) but only a 
slight advantage over the single-batch method employing 
separately prepared media. However, if the large fermenter is 
inoculated directly with spores, the fermentation time for the 
single-batch methods requires more than 30 hours instead of 
24 hours (I), and the semicontinuous method has the distinct 
advantage of eliminating the germination period in the fer
menter.

The processes requiring a single fermenter and utilizing the 
developed mycelia of previous fermentations have decided 
advantages under the best conditions. When solutions con
taining 15 grams glucose per 100 cc. are used, the only gain 
appears to  be the elimination of the subsequent pregermina
tion periods, for similar amounts of acid are produced per 
fermenter per hour as in the previous method. However, as 
more dilute glucose solutions are used, greater amounts of 
gluconic acid are produced per fermenter per hour. The

multibateh method employing the optimum 
glucose concentration (approximately 11 to 12 
grams per 100 cc.) yields over 45 per cent more 
gluconic acid per hour than the single-batch 
method using separately sterilized media and 
approximately 75 per cent more than the single- 
batch method described in the earlier publica
tion (1).

These studies show th a t in the production of 
gluconic acid by fermentation the lag period is 
eliminated through the reutilization of the de
veloped mycelia, and th a t semicontinuous or 
multibatch methods of fermentation are feasible; 
the resulting economies are enhanced by selection 
of proper sugar concentrations.

Sum m ary and Conclusions
1. Gluconic acid was produced semicontinu- 

ously by the reutilization of submerged growths 
of Aspergillus niger. Several methods involving the transfer 
of these submerged growths were studied.

2. Gluconic acid production per fermenter per hour 
showed no marked variation when glucose concentrations 
of 15 grams per 100 cc. were used, regardless of the stage a t 
which transfers were made.

3. Gluconic acid production per fermenter per hour was 
greatly increased when the glucose content in the original 
fermentation medium was reduced to  10-12 grams per 100 
cc.; best results were obtained with glucose concentrations 
of approximately 11.5 grams per 100 cc., when transfers of the 
greater portion of fungal growth with 20 per cent of the 
fermented liquors were made after a period of flotation. The 
yields of gluconic acid per hour were approximately 45 per 
cent greater than in the single-batch method using previously 
sterilized media and approximately 75 per cent greater than 
in the single-batch method described in an earlier publica
tion (I).

4. The semicontinuous or m ultibatch methods were 
studied with the use of pregerminated inoculum in the initial 
fermentation; however, i t  is possible to  eliminate the equip
ment, time, and effort required in pregermination procedure.

5. The re-use of the fungal growths from the fermented 
liquors eliminated the lag period prevalent in the single-batch 
fermentations and maintained a  relatively high rate of oxida
tion of glucose to gluconic acid throughout a series of fer
mentations; economies resulted which should be of industrial 
interest.
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Chalking of T itanium  Dioxide 

P igm ented E x terio r Finishes

SYNTHETIC ENAMELS
D. H. DAWSON AND R. D. NUTTING

Krebs Pigment & Color Corporation, Baltimore, Md,

RE C E N T  y e a r s  h a v e  
shown a marked increase 
in the use of exterior 

enamels. This has been brought 
about to a considerable degree 
through the development of the 
synthetic resins, and particu
larly to the drying-oil-modified 
alkydsor g ly c e r o l- p h th a la te  
type.

T h e  p ig m e n ta tio n  of such 
enamels has presented definite 
problems. Because of reac
tivity limitations, inert pig
ments are normally required, 
and in order to  obtain high 
luster, a further restriction to 
the pigments of high hiding and 
opacity which will allow low 
pigmentation must be made. 
F u r th e r ,  s in c e  th e  a lk y d  
enamels fail most commonly by 
chalking or by checking-crack
ing, i t  is im portant th a t the 
m anufacturer so select a pig
m ent or combination of pig-

The resu lts  of a lengthy  study  of the  chalk
ing  characteristics of tita n iu m  dioxide pig
m ents in  enam el vehicle system s show th a t  
Florida and  Delaware exposures, in  general, 
undergo sim ilar types o f in itia l film failure. 
The degree of correlation in  chalking, fad
ing, and  loss of gloss betw een Florida and 
Delaware exposures is such  th a t  the  usually  
faster Florida resu lts m ay be accepted as 
representative. Differences due to  varia
tion  in  w eather conditions during  the  
course of th e  year a t  a given n o rth e rn  loca
tion  usually  are greater th a n  betw een loca
tions. Accelerated cabinet exposures of 
enam el films of th e  definitely chalking type 
also show satisfactory correlation w ith  
actual outside exposures. In  all cases, 
however, differences due to  uncontro llab le 
variables are such th a t  standard  enam els 
should be included for purposes of com 
parison.

the subject. The conclusions 
offered ranged all the way from 
such expressions as “useless” 
to a “fairly satisfactory corre
l a t i o n ”  b e tw e e n  accelerated 
and northern test-fence expo
sures.

The general conclusion, as 
stated earlier by Armstrong and 
Fuller (£) is th a t accelerated 
w e a th e r in g  cy c le s  a re  to o  
severe. Chalking differences 
were telescoped so th a t differ
ences were minimized, whereas 
checking-cracking failure was 
so greatly accelerated th a t sig- 
n i f ic a n t  d if fe re n c e s  co u ld  
scarcely be appreciated.

In  the course of an extensive 
study of the chalking charac
teristics of titanium  dioxide 
pigments in alkyd enamel sys
tems, numerous exposure tests 
have been made under severe 
weather conditions in Florida 
and in an accelerated cabinet

ments tha t these types of failure 
are avoided or a t least minimized for a reasonable length 
of time.

The chalking-type failure usually starts w ith a rapid de
crease in the gloss of the finish, folkwed by a disintegration of 
the film into a  more or less loosely adherent chalk on the 
enamel surface. Chalking failure is particularly undesirable 
in tints because of the resultant faded appearance. The 
chalk may generally be removed by polishing, although the 
ease with which the original luster can be restored by such 
means will vary widely.

Checking-cracking failure is generally slower in starting, 
bu t once it has set in, the base material beneath the enamel 
is exposed to the action of the weather through myriads of 
narrow but deep fissures.

Although it  is of the utm ost importance for the enamel 
manufacturer to know w hat types of pigments to use in order 
to obtain the best results, it is frequently undesirable to await 
the outcome of long-time exposure tests under the conditions 
of actual use. On the other hand, the paint industry, in gen
eral, seems to have reached no definite agreement concerning 
the usefulness of the accelerated type of exposure.

The “Symposium on Correlation between Accelerated 
Laboratory Tests and Service Tests on Protective and Dec
orative Coatings” (/)  represented many shades of opinion on

of customary design; identical 
enamels were also placed on exposure in the milder climate 
of Delaware.

Prepara tion  of Exposure Panels
The enamels used in this study were prepared by grinding 

the pigments in a drying-oil-modified alkyd solution having 
the following characteristics:

Resin in solution, %  50
Solvent, %

Petroleum  spirits 25
Xylene 75

Viscosity
M acM ichael 3000
G-H Z i-Z i

Acid No. 3-4
Specific gravity  0.9C0
Color (P ain t & Varnish In st. Glass Stds.) 2-3

The pigments were mixed with the resin solution at a ratio of
pigment to nonvolatile resin of 260 to 100, and ground one pass 
through a laboratory five-roll mill a t a setting of approximately
0.001 inch to return good enamel gloss and fineness. The 
ground mill base was reduced by the addition of more resin solu
tion to give the desired ratio of pigment to nonvolatile. Cobalt 
naphthenate drier to the amount of 0.03 per cent metal on the 
nonvolatile, along with xylcne-petroleum thinners, was added to 
the reduction. The enamel was tinted gray with 5 parts of lamp 
black (ground separately in the resin) per 100 parts of white pig-
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ment. After aging overnight, the enamel was reduced with 
xylene to a viscosity of 18 seconds through the 10-F Parlin cup 
for spraying.

The weight ratio of pigment to binder was maintained at 0.75 
to 1.00 for all titanium dioxide pigments. With other less 
opaque pigments, the ratio of pigment to binder was increased to 
give an enamel having close to the same hiding power. Where the 
pigmentation was principally a low-opacity pigment such as an
timony oxide, equal hiding could not be used because of the deg
radation of other properties, notably gloss.

Slight C onsiderable Bad V ery bad

F ig u r e  1. C h a l k in g  Scale

The enamel was sprayed on 4 X 12 inch steel panels primed with 
a commercial short-oil alkyd primer surfacer and well sanded and 
tacked before application. Two full coats of enamel, with sand
ing between coats, were applied a t intervals of several days to 
allow thorough drying. The panels for accelerated exposure 
measured 2.75 X 5.75 inches and were prepared in an identical 
manner.

Exposure of Panels
The prepared panels were exposed a t an angle of 45° to 

the south in both Delaware and Florida. In  the accelerated 
exposure cabinet the panels were exposed alternately to the 
light from a carbon arc filtered through a Pyrex No. 9200 PX 
globe a t a  distance of 15 inches and to a mild mistlike water 
spray. A t intervals a heavy water spray, simulating rain, 
was applied to the panels. A “day” in the accelerated cabi
net was divided into the following operations:

1. Seventeen hours of exposure to the carbon arc; for 9 0  
seconds in every 20 minutes the panels were wet with the fine 
spray of water.

2. Three hours of exposure to a heavy water spray with out the 
carbon arc.

3. Four hours for examination of the panels, etc.

gree of contrast between the adhering particles of white chalk 
and the black velvet was used to establish a scale, practically 
identical with the fading scale, for estimating the stage of 
chalking to which the panel had progressed. Figure 1 illus
trates this scale in various stages of chalking failure.

Results in  Alkyd Enam els
The degree of correlation afforded by ex- 

posure in the accelerated cabinet, in Florida, 
and in Delaware for rapidly chalking enamels 
is illustrated by Figure 2. Curves D  and B  
represent enamels pigmented with pure ti
tanium dioxide in whose manufacture de
liberate processing variations were made; the 
third curve is “Ti-Pure” CR. The agree
ment between all types of exposures is generally 
good.

W ith the more chalk-resistant pigments, in
cluding the new chalk-resistant titanium 
dioxides such as “Ti-Pure” Y-CR and “Ti- 
Pure” 0 , the agreement between accelerated 
and normal exposure conditions is not so good 
(Figure 3). Here the Florida exposures indi
cate a distinct superiority for “Ti-Pure” Y-CR 
over a 50/50 combination of titanium dioxide 

and antimony oxide, and a slight advantage during the early 
stages of exposure over a 25/75 mixture. These results are

Extrem e

The carbon arc was operated a t 14-17 amperes and 220 
volts, and approximately 53 kilowatt-hours were consumed in 
one exposure day. The spectral distribution of the light 
reaching the panels is compared with June sunlight a t Wash
ington, D. C., in the following table:

F ig u r e  2 . F a d in g  R a t e s  o f  R a pid l y  C h a l k in g  
A lkyd  E n a m els

W ave length , ni/i

Arc light, filtered through  
Pyrex globe 

June sunlight

279-
290

0.05
0.0

290-
320

4 .6
2 .0

320-
360

6.2
2.8

360-
480

15.0
12 .6

480-
600

8 .3
21.9

600-
1400

14.9
38.9

1400-
4200

21.3
21.4

4200-
12,000

30.65
0 .4

All panels were examined frequently, and their condition 
was noted. The degree to which the panel had faded was 
estimated by polishing a section and observing the contrast 
in whiteness between the faded and polished portions. A 
scale of gradings was set up, designated as slight, considerable, 
bad, very bad, and extreme fading.

In order to estimate the am ount of chalk held on the sur
face of the enamel film, a narrow piece of black velvet was 
rubbed firmly across the exposed face of the panel. The de-

a t variance with the more normal exposures in Delaware 
which indicate early equality between “Ti-Pure” Y-CR and 

the 50/50 mixture of titanium  dioxide and anti
mony oxide. I t  is somewhat surprising, per
haps, th a t in this series of exposures the accel
erated cabinet results fall more nearly in line 
with those obtained from the panels exposed in 
Delaware than from the ones exposed in Florida.

In spite of certain discrepancies, we have found the accel
erated cabinet exposures and Florida exposures to be of definite 
value, particularly in our search for a definitely chalk-resistant 
type of titanium dioxide. Figure 4 represents a number 
of experimental pigments (C, E, G, and I)  which were vari
ous steps in the development of the chalk-resistant titanium  
dioxide, “Ti-Pure” O. Although several of the panels in the 
accelerated cabinet started checking after 50 to 60 days, all 
of the panels failed eventually by chalking when exposed to
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the weather, both in Florida and in Delaware. In  spite of 
this irregularity, we were able to eliminate from further con
sideration, on the basis of cabinet exposures, pigments C, E, 
and G, since they were not so effective as the 25/75 mixture 
of titanium  dioxide and antimony oxide. The inclusion of

F i g u r e  9 .  F a d i n g  R a t e s  o p  C o m 
m e r c i a l  P i g m e n t s  i n  a  L o n g e r  O i l  

M a r i n e - T y p e  A l k y d

this control pigment assured us th a t the checking was prob
ably illusory, for it was known th a t this mixture fails even
tually by slow chalking and not by checking in the formulation 
used.

Im portance of Control Panels
The necessity of including control enamels in every series of 

exposures is emphasized by this group. To emphasize fur
ther the importance of including controls, Figure 5 shows the 
25/75 titanium dioxide/antimony oxide exposure curves in 
Delaware, taken from a large number of different exposure 
series. Depending upon the time of the year a t which the ex
posures were started and upon the character of the weather 
during the life of the panel, wide variations in fading charac
teristics are obtained. I t  is apparent th a t these variations 
are greater than those between accelerated and normal ex
posures, although the reversal of relationships between pig
ments previously noted has never been found to  occur. I t  is 
interesting to note th a t there is usually a 5-6 month “incuba
tion” period before chalking begins. Figure 6 shows th a t ex
posures started in December, having the full quota of summer 
weather, fail much more rapidly than exposures started in 
August; the la tter m ust wait until February for the end of 
the “incubation” period and several months longer, of course, 
until the more severe chalking weather sets in.

Effect of F ilm  Application
Variations in film application may also notably affect the 

manner in which various pigmented enamels behave on expo
sure. In Figure 7 the two groups of pigments were ground in 
the same enamel liquids in identical fashion, the only differ
ence being th a t one group was applied as an air-dry finish to 
the panels, whereas in the other group the enamels were for
mulated without drier and were baked. In  the baked enamel 
“Ti-Pure” Y-CR appears to definite advantage over the 25/75 
mixture of titanium  dioxide/antimony oxide in the early 
stages of exposure and is decidedly superior to the 50/50 mix
ture. In  the air-dry formulation, however, the 25/75 mixture

is much more fade resistant than “Ti-Pure” Y-CR, which is 
here about equal to the 50/50 mixture during the early stages 
of failure.

Results in  Vehicles O ther T han  Alkyds
Attention has been directed solely to finishes of the alkyd 

type. However, the same general agreement appears be
tween pigments having various degrees of chalk resistance in 
other enamel vehicles, such as a modified phenolic type in 
Figure 8 and a long-oil alkyd marine type in Figure 9.

Effect of P igm ent Com binations
Four titanium dioxide pigments, varying in their resistance 

to chalking in the following order of increasing resistance, 
have been discussed: “Ti-Pure” LO, “Ti-Pure” CR, “Ti- 
Pure” Y-CR, and “Ti-Pure” O.

By a suitable combination of these pigments it is possible 
to cover practically all the variations in the degree of chalking 
and fading required by enamel manufacturers. Figure 10 
represents a family of curves obtained by mixing varying 
amounts of “Ti-Pure” Y-CR and “Ti-Pure” O. The per
centage of “Ti-Pure” Y-CR in each mixture is indicated by a 
number adjacent to  the appropriate curve. The fading re-

M I X T U R E S  O F T I-PU RE Y-CR
/  & TI-PU RE O ,_______________ •

/  Vac  cel cabineT\

F i g u r e  10. F a d in g  R a t e s  o f  M i x t u r e s  o f  C o m m e r c i a l  
T i t a n i u m  D i o x i d e  P i g m e n t s

sistance increases regularly as the percentage of “Ti-Pure” 
Y-CR in the mixture is decreased and the am ount of “Ti- 
Pure” O is increased. The ratios of “Ti-Pure” Y-CR to 
“Ti-Pure” O used in formulating these enamels were: 100/0, 
70/30, 50/50, 30/70, 10/90, and 0/100. These results are in 
good correlation in all three types of exposure.

Because of their superior hiding power, it is now possible 
to utilize the special chalk-resistant grades of “Ti-Pure” to 
effect substantial savings in pigment costs and a t no sacrifice 
in the chalk and fade resistance of the finished enamel. By 
eliminating much or all of the less opaque pigments, lower ra
tios of pigment to  binder can be utilized to effect substantial 
improvements in gloss.

The savings in pigment cost through the use of the chalk- 
resistant grades of “Ti-Pure” are estimated a t between 20 and 
50 per cent and pigmentation (ratio of pigment to  binder) can 
be reduced in the same order and a t the same tim e equal film 
hiding power and equal resistance to chalking and fading can 
be maintained.
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Sum m ary

Extended exposure tests show th a t within the field of alkyd 
enamels:

1. Accelerated cabinet exposures show excellent correlation 
with Florida and Delaware exposures in rapidly chalking enamel 
films.

2. In more chalk-resistant films of the type most widely used 
commercially, the correlation between accelerated cabinet and 
normal exposures is definitely poorer; however, the technique 
may still be used to estimate gross chalking differences with 
proper precautions.

3. In the more chalk-resistant films, the accelerated cabinet 
cycles used in this study yielded definitely misleading results with 
respect to checking type failure.

4. Even normal exposures may show reversals between pig

ments in chalking rate, depending on whether the film is air-dried 
or baked, and in some cases depending on location.

The necessity for reporting chalking rates in relative rather 
than absolute terms is emphasized by the large differences ob
tainable a t varying periods with the same enamels.

The relation between the chalking rates of the new chalk- 
resistant types of titanium  dioxide and other available pig
mentations has been discussed and illustrated.
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Sorption of W ater Vapor by 
Vermiculite and Its Silica

L. A. HANSEN, W. S. SAMUEL, JR., AND P. A. FORM
Rensselaer Polytechnic Institute, Troy, N. Y.

Y ERM ICU LITE (I) is one of the comparatively rare non- 
metallic minerals whose commercial possibilities are just 
being realized. I t  is classed as one of the micas. Ver- 

miculite occurs in broad crystals or crystalline flakes of 
yellowish brown, greenish black, or greenish yellow color. The 
mineral has a soapy, graphitic feel. The chief deposits (£>) are 
in M ontana and Colorado. The structural formula is (OH)r  
(Mg, Fe)3(Si, Al, Fe)4Oio.4H20 , and the molecular formula is 
22Mg0.5 Al2O3.Fe2O3.22SiO2.40H2O. According to Gruner 
(2), the structure consists of sheets of (OH),Mg6(Si, Al)sOa) 
with alternate layers of SILO. Half of the water can be 
driven off a t 110° C. with no change in structure. The aver
age analysis of seven vermiculites reveals the following com
position (2) :

Av. Analysis, %  Theoretical Composition
SiOi
AUO,
FcsOi
FcO
NiO
MgO
CaO
H ,0

T otal

35.04
14.55
5.13

19.99

99.91

30.71 -  22SÍO, 
14.15 -  5AUO, 
4 .43  -  Fe,Oi

24.62  -  22MgO 

20.09 -  40HiO

100.00

The most remarkable property of vermiculite is its great 
expansion when heated (I). On exfoliation the expansion 
occurs only a t right angles to  the cleavage planes, and the 
sheets spread apart into an accordionlike structure, the color 
meanwhile changing to  a silvery or golden brown (4).

The freshly exfoliated vermiculite has been reported as be
ing a powerful desiccant (5). According to Guthrie and Wil- 
bor (S), a silica of excellent sorbing properties can be prepared 
from the mineral.

Silica can be separated from the other oxides by treating 
vermiculite with acids such as sulfuric and hydrochloric. 
After the reaction is complete, the remaining silica is washed 
thoroughly and dried. The yield of silica was found to be 
99 per cent of the theoretical. The silica prepared from ex

foliated vermiculite was a chalky white material; th a t pre
pared from the unexfoliated vermiculite had a silvery white 
color. The density of the silica is about 0.1.

There is apparently little, if any, information in the litera
ture on the desiccating or adsorbing properties of either ex
foliated vermiculite or its silica. This report consists of the 
results of a preliminary study of these properties. A more 
thorough investigation is under way.

The silica was prepared from both the exfoliated and the 
unexfoliated vermiculite by treatm ent with hot dilute sulfuric 
acid (1:3) for about 3 hours. The silica was filtered in a 
Büchner funnel, washed with dilute sulfuric acid and finally 
with distilled water, and dried in an oven a t 105° C.

The apparatus (8) used is sketched in Figure 1. Air ob
tained from the laboratory line was first passed through tube 
1 containing fuller’s earth. The pressure was regulated by 
means of tube 2 containing water, the height of which was con
trolled by the position of bottle 3. The air next passed 
through saturators 4, 5, and 6, the la tte r having a sintered 
glass dispersing disk to ensure saturation with water vapor. 
The saturated air then passed through tube 7 containing the 
sorbent and through tubes 8 and 9 containing phosphoric an
hydride. The volume of air was determined by allowing 
water to flow from bottle 10 into container 12 and keeping the 
water in the two limbs of manometer 11 a t the same height. 
The volume of air corresponds to  the volume of water dis
placed from bottle 10. The saturators and the tube contain
ing the sorbent were immersed in a constant temperature 
bath  held a t  25° C. The rate of flow of saturated air was 
usually adjusted so as to be between 0.5 and 1.0 liter per hour 
per gram of desiccant. To determine the am ount of water 
adsorbed, the tube of desiccant was weighed before and after a 
run, as was also the first tube containing phosphoric anhy
dride. The gain in weight of the two tubes measured the total 
am ount of water vapor. Measurements were made only a t 
100 per cent relative humidity.

The results for exfoliated vermiculite are given in Table I.
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T a b l e  I .  E f f ic ie n c y  o f  E x f o l ia t e d  V e r m ic u l it e

W ater W ater Total W t. of Capacity,
Adsorbed, x Passed W ater Desiccant, m Efficiency (x/m ) 100

Gram Gram Gram Gram %
0.0278 0.0146 0.0424 4.0217 65.5 0.69
0.0322 0.0496 0.0818 3.4009 39.4 0.95
0.0276 0.0174 0.0450 3.3181 61.4 0.83

The efficiency and the capacity, (x/m) 100, are low. This 
vermiculite had been exfoliated for several months before use 
which m ay account to some extent for its low desiccating 
power. The material was activated a t 115° C. for 48 hours 
before use. The values obtained for silica from exfoliated 
vermiculite are presented in Table II.

The data of Table I  ' indicate th a t the maximum capacity 
is obtained if the silica is activated a t 250° C. The results 
compare favorably with those of Pidgeon (7) for silica ob
tained from serpentine. Table I I I  gives the variation of 
efficiency with capacity. The capacity of the silica is about 
13.4 a t 100 per cent efficiency. The efficiencies listed in 
Table I I I  are averages—th a t is, the efficiency of the water 
removal up to the specified capacity. The actual efficiency 
a t which the desiccant is operating a t any specified capacity 
might be called the instantaneous efficiency. Table IV lists 
these efficiencies as calculated.

A few runs were made to determine the capacity of the 
silica upon reactivation; they indicate th a t there is a slight 
loss in capacity, as shown in Table V.

The silica prepared from unexfoliated vermiculite is slightly 
inferior to the silica obtained from the exfoliated mineral 
The results are collected in Table VI for silica prepared from 
the unexpanded mineral. Activation a t 250° C. again ap
pears to be best.

T a b l e  II. C a p a c i t y  o f  A c t i v e  S i l i c a  f r o m  E x f o l i a t e d  V e r m i c u l i t e

*----- Treatment- Size M esh----- —«* W ater W ater Total W t. of Capacity,
Temp. Time Through On Adsorbed Passed W ater Silica Efficiency (x/m ) 100
°C . Hr. Gram Gram Gram Grams %
115 48 8 14 0.1725 0.0000 0.1725 2.3257 100 7.4
115 48 8 14 0.1776 0.0001 0.1777 2.5956 100 6 .8
250 1 8 14 0.3520 0.0004 0.3524 2.3941 99 .8 14.7
250 1 8 14 0.3384 0.0000 0.3384 2.1594 100 15.7
250 74 8 14 0.2498 0.0021 0.2519 2.0562 99.3 12.2
350 1 8 14 0.2814 0.0030 0.2844 2.0633 99.0 13.6
500 0 .5 8 14 0.2690 0.0007 0.2697 2.2423 99.7 12.0
500 1 8 14 0.3019 0.0001 0.3020 2.1405 100 14.1
500 1 14 20 0.2705 0.0034 0.2739 2.0413 99.0 13.3
500 1 20 0.2940 0.0014 0.2954 2.1291 99.5 13.8
500 2 8 i4 0.2698 0.0042 0.2740 2.0911 98.4 12.9
500 18 8 14 0.3060 0.0000 0.3060 2.7311 100 11.2

1000 0 .2 14 20 0.1862 0.0002 0.1864 1.8579 99.9 10 0

T a b l e  I I I .  V a r ia t io n  o f  E f f ic ie n c y  w it h  C a p a c it y  o f  A c
t iv e  S il ic a “ f r o m  E x f o l ia t e d  V e r m ic u l it e

Effi-
ciency

W ater C apacity , W ater Capacity,
Adsorbed,

X
, T o tal 

"Water
(x /m )-

100
Effi

ciency
Adsorbed,

X

Total
W ater

Gram Gram % Gram Gram
0.2940 0.2954 13.8 99.5 0.3720 0.4912 17.4
0.3318 0.3481 15.6 95 .2 0.3900 0.5435 18.3
0.3429 0.3985 16.1 86.0 0.3986 0.5910 18.7
0.3604 0.4566 16.9 78.9 0.4102 0.6501 19.2

75.8
71.9 
67.4 
63.1

° W eight of silica uaed was 2.1291 grams.

T a b l e  IV .  I n s t a n t a n e o u s  E f f ic ie n c y  o f  A c t iv e  S il ic a “ 
f r o m  E x f o l ia t e d  V e r m ic u l it e

C apacity , 
(x/m ) 100

A dsorbed
W ater

W ater
Passed

Total
W ater Efficiency

Gram Gram Gram %
Up to  13.4 

1 3 .4 -14 .0
14.0 -15 .0
15.0 -16 .0
16 .0 -17 .0
17 .0-18.0
18 .0-19.0

0.2853
0.0132
0.0212
0.0213
0.0213
0.0213
0.0214

0.0000
0.0030
0.0103
0.0204
0.0405
0.0603
0.1243

0.2853
0.0162
0.0315
0.0417
0.0618
0.0816
0.1457

100
81
67
51
34
26
15

® W eight of silica used was 2.1291 grams

' — -— Origi
T a b l e  V.

nal A ctivation'

E f f e c t  o f  R e a c t iv a t io n

-------- . ,------------- R eactivation----------- —
- T r e a tm e n t-

Temp. Tim e
°C. Hr.
250 74
250 1
500 1

Capacity, 
(x/m ) 100

12.2
14.7
14.1

-T re a tm en t-  
Tem p. Time

°C. Hr.
250
250
115

1
1

48

(x /m ) 100

12.0
12.6
11.6

Sorption of benzene and ethyl alcohol vapors by active 
silica were also measured. These data are compared with 
the sorption of water vapor in Table V II. I t  is evident tha t 
the active silica is a better sorbent for the polar alcohol than

A
/ \ o o  7.

/////// .

E f f ic ie n c y

s
✓//  -- 

'Or
E t  OH

O -  «1°

G r a m s  Va p o r  S u p p o ic d /O r a m  S o b b e n t

F i g u r e  2 . S o r p t i o n  o f  V a p o r s  b y  A c t i v e  S i l i c a
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T a b l e  VI. C a p a c it y  o f  A c t iv e  S il ic a “ f r o m  U n e x f o l ia t e d  
V e r m ic u l it e

✓~Treatment-> W ater W ater T o tal W t. of Capacity ,
Tem p. Time Adsorbed Passed W ater Silica Efficiency (x/m )100

°C. Hr. Gram Gram Gram Grama %

115 48 0.5838 0.0000 0.5838 5.8474 100 10.0
115 48 0.4524 0.0011 0.4535 4.2516 99 .8 10.6
250 1 0.7572 0.0000 0.7572 5.9541 100 12.7
250 1 0.8308 0.0004 0.8312 6.2406 99.9 13.3
500 1 0.7794 0.0009 0.7803 6.5710 99.9 11.9
500 1 0.6376 0.0043 0.6419 5.160G 99.3 12.3

a Mesh size through 8 on 14.

T a b l e  V I I .  S o r p t io n  o f  W a t e r , E t h y l  A l c o h o l , a n d  B e n 
z e n e  V a p o r s  by'  A c t iv e  S il ic a

-Water— -Ethyl Alcohol- -Benzene-
X

m
G. supplied/ 

g. silica
X

m
G. supplied/ 

g. silica
X

m
G. supp lied / 

g. silica

0.134 0.134 0.002 0.002 0.004 0.004
0.138 0.139 0.014 0.014 0.011 0.012
0.156 0.163 0.028 0.028 0.030 0.032
0.161 0.187 0.039 0.040 0.036 0.041
0.1Ö9 0.214 0.057 0.059 0.064 0.078
0.174 0.230 0.084 0.0S7 0.076 0.109
0.1S2 0.255 0.100 0.124
0.186 0.277 0.112 0.143
0.191 0.305 0.130 0.182

for the nonpolar benzene. Figure 2 compares the sorbability 
of these organic vapors with th a t of water.

Silica obtained from vermiculite by removal of the other 
oxides seems to have the characteristics of a good desiccating 
agent. I ts  chief disadvantage is its low density which would 
require a large volume of desiccating material.
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Phase Equilibria 
in Hydrocarbon Systems

T he Propane-ra-B utane System  in  th e  C ritical R egion1

C. N. NYSEWANDER, B. H . SAGE, AND W. N. LACEY
California Institute of Technology, Pasadena, Calif.

The volum etric and phase behavior of six 
m ixtures of propane and n -bu  tane have 
been investigated th ro u g h o u t th e  two- 
phase region a t  tem pera tu res above 160° F. 
From  these d a ta  th e  specific volumes and 
th e  com positions of coexisting phases of 
th e  p ropane-n -bu tane  system  have been 
calculated. The experim ental results are 
presented in  tabu lar and graphical form .

T H E literature seems to report no experimental work con
cerning the volumetric and phase behavior of the pro- 
pane-n-but&ne system. The volumetric behavior of gas

eous propane a t elevated temperatures was studied by Beattie 
and co-workers {8). The vapor pressure of propane was 
reported by several investigators (7, 8, 14) a t temperatures 
up to the critical temperature. Beattie and co-workers (-3) 
also determined the critical pressure, temperature, and specific 
volume for this hydrocarbon. The specific volumes of liquid 
and gaseous propane were studied (1 4 ) experimentally from

* This is the twenty-seventh paper in this series. Previous articles ap
peared during 1934 to 1939, inclusive.

70° F. to the critical temperature. These data  suffice to 
establish the volumetric and phase behavior of propane with 
sufficient accuracy for present purposes.

The vapor pressure of n-butane has been measured from 
below the atmospheric boiling point to the critical state 
(4, 5, 7, IB, 16). The critical constants of n-butane were 
determined by Seibert and Burrell {16), bu t more recently 
Beattie and co-workers (4) reported the following values: 
critical temperature, 305.6° F .; critical pressure, 550.7 
pounds per square inch; critical volume, 0.071 cubic foot 
per pound. These la tte r measurements were employed to 
establish the critical behavior of n-butane in connection 
with this investigation. The specific volumes of the saturated 
liquid and the saturated gas were determined {IB) a t tem 
peratures between 70° and 250° F., and Beattie (4) studied 
the volumetric behavior in the vicinity of the critical sta te 
and also measured the vapor pressure of this hydrocarbon a t 
several temperatures. These data are sufficient, therefore, 
to establish the volumetric and phase behavior of n-butane 
throughout the tem perature range of the present imrestiga- 
tion.

M aterials and  M ethod
The propane used in this investigation was obtained from 

the Phillips Petroleum Company whose special analysis
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indicated th a t this hydrocarbon contained less than 0.05 
mole per cent impurities. The material was further purified 
in a column approximately V: inch in diameter and 4 feet 
long, packed with glass rings. The middle fraction from 
this distillation was condensed a t liquid air temperatures a t 
a pressure less than 10 ~4 inch of mercury. This fractionation 
and partial condensation were repeated twice, and the final 
product was collected in an evacuated steel weighing bomb.

The n-butane was obtained from the Phillips Petroleum 
Company and originally contained approximately 0.3 mole 
per cent isobutane. This hydrocarbon was also subjected to 
two distillations and partial condensations. The purified 
material exhibited less than 0.1 pound per square inch 
change in vapor pressure due to isothermal condensation 
from dew point to bubble point a t a temperature of 160° F. 
I t  is believed th a t the pro-

cury. The pressure existing within the capillary is measured 
by suitable means through the connecting mercury column. 
The volume of the sample is determined from visual observa
tion of the mercury height within the capillary. If a sample 
of known weight is added to the tube, the pressure m ay be 
determined as a function of the prevailing temperature and 
specific volume.

A pparatus
A schematic drawing of the apparatus is presented in 

Figure 1:
Capillary tube A  was made of Pyrcx glass, approximately 

0.074 inch in inside diameter with a wall thickness of 0.12 inch. 
The tube was immersed in the glass-walled thermostat, B , which 
was maintained at a constant temperature by means of the 
vapor from a liquid boiling in the lower part of the thermostat. 
Energy was supplied to this liquid from the electric heater C . 
To maintain a constant temperature, the pressure within the ther
mostat was maintained at a constant value by means of mano- 
stat D.

The vapor from the thermostat chamber was condensed by 
the water-cooled jacket G . In order to avoid undue energy 
losses from it, thermostat B  was provided with an integral vacuum 
jacket, E .  The interior surfaces of the vacuum jacket were 
silvered except for a narrow strip along its axis. This arrange
ment reduced the condensation on the wall of the thermostat 
and also kept the temperature more uniform (within 0.04° F.) 
in all parts of the thermostat.

The temperature was measured by means of a multilead cop- 
pcr-constantan thermocouple, one junction of which was carried 
into the thermostat through the ground-glass seal, F .  The other 
junction was immersed in an ice bath. The voltage of the 
thermocouple was measured by means of a White potentiometer 
with an uncertainty of not more than 0.02 per cent. The 
thermocouple was calibrated against a strain-free platinum 
resistance thermometer which had been recently standardized 
by the National Bureau of Standards. It is believed that the 
temperature within the thermostat was known within 0.2° F. 
relative to the international platinum scale throughout the 
entire range of temperatures in this investigation. To avoid 
high temperatures at the lower part of the capillary tube outside 
of the thermostat, a water-cooled jacket, H ,  was provided. A 
series of liquids of different boiling points was used in the thermo
stat in order that the pressure within the thermostat might be 
kept between 5 and 15 pounds per square inch absolute, through
out the temperature range investigated.

pane and the n-butane used 
in this investigation con
tained less than 0.1 mole 
per cent impurities.

The method employed 
was similar to th a t used by 
Young and co-workers (13) 
in their classical investiga
tions of the volumetric be
havior of the paraffin hy
drocarbons. A similar type 
of apparatus was also em
ployed by Bahlke and Kay 
(1, 9) in their studies of 
hydrocarbon mixtures.

In  general, the method 
involves the use of a trans
parent capillary tube, closed 
a t one end, within which 
the sample is confined over 
m e rc u ry . T h is  tu b e  is 
placed inside a constant 
te m p e r a tu r e  b a th  so 
arranged as to  permit visual 
observation of the capillary. 
The effective volume of the 
tube is varied by the addi
tion or withdrawal of mer-

0.04 UJJÖ
S P E C IF IC  V O LU M E  C U. FT. P £R  LB .

F t g it u f  *> E X P E R IM E N T A L  R E S U LT S  FO R A  M IX T U R E  OF P R O P A N E  A N D  « -B U T A N E  C O N T A IN IN G
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The capillary tube was attached to steel block J  by means of 
packing gland K. Within chamber J  the end of the capillary 
was expanded into vessel L. Valves M  and N  were connected 
to a mercury diffusion pump and weighing bomb U, respectively. 
Electric contact 0  permitted the maintenance of a constant. 
mercury level below valves M  and N  during evacuation and the 
addition of samples. Vertical tube P  in chamber J  was ex
tended somewhat above the lower edge of glass vessel L  in order 
to provide a mercury seal within chamber J.

The pressure within the capillary was determined by means of 
a fluid pressure balance, T, having a sensitivity of 1 pound per 
square inch at pressures above 300 pounds per square inch and 
a sensitivity of 0.1 pound at lower pressures. The balance was 
connected to the mercury within the capillary through the oil- 
mercury interface in chamber Q. The mercury level within 
this chamber was maintained manually a t a constant value as 
indicated by a signal light connected to a contact point within 
chamber Q. Mercury was supplied to capillary A from chamber 
R  a t any desired pressure. Tnis was accomplished by admitting 
or withdrawing air from the upper part of chamber R. I t  is 
believed that the pressure within the capillary was known with 
an uncertainty of not more than 1 pound per square inch after 
making suitable corrections for the variable “head” of mercury 
between the oil-mercury interface in chamber Q and the gas- 
mercury interface in capillary A. These corrections were es
tablished by direct calibration at a series of temperatures and 
hence included the correction for the capillary depression in the 
working section.

The average diameter of capillary tube A  was determined as a 
function of height by measuring the length of a mercury pellet 
of known weight a t different positions in the tube. The eleva
tion of the mercury surface relative to a datum chosen a t the 
upper end of the capillary was determined by means of a vertical- 
component cathetometer. The scale of this instrument had been 
calibrated, and changes of elevation as small as 0.002 inch could 
be determined readily. The elevation of the mercury surface 
was determined relative to the datum within 0.01 inch through
out the entire working length of the capillary. I t  is believed 
that the effective volume of the capillary' was determined with 
an uncertainty of not more than 1 per cent in all the measure
ments recorded in this paper.

Equilibrium was established by the movement of a small steel 
cylinder in capillary tube A. This cylinder was alternately 
raised and lowered by means of a water-cooled electromagnet 
located around the outside of thermostat jacket B. This magnet 
was so supported that it could be oscillated about any desired 
point in the tube. The frequency and length of the oscillations 
could be varied over wide limits in order to obtain the best 
agitation of the contents of the tube. In the evaluation of the

volume of the capillary occupied 
by the sample, a correction was 
made for the volume of the steel 
cylinder.

As a check upon the accuracy of 
the measurement of volume, pressure, 
and temperature, the relation of 
pressure to volume for air was de
termined at several temperatures. 
The results of these measurements 
indicated a combined uncertainty of 
pressure, volume, and temperature 
measurements of less than 0.3 per 
cent.

One of the inherent limitations of 
this type of apparatus lies in the 
accuracy of addition of known quan
tities of the components. In the 
present work the samples were meas
ured into the apparatus gravimetri- 
cally. The mercury was lowered 
just below contact 0  of Figure 1, 
and the apparatus evacuated by a 
mercury diffusion pump connected to 
the apparatus through valves M  and 
N. Tne pressure within the ap
paratus was reduced below 10~‘ inch 
of mercury. As a check, valve N  
was closed, the mercury was allowed 
to rise in the capillary, and the pres
sure necessary to bring the mercury 
nearly to the top of the capillary 
was determined by means of ma
nometer S  which was connected to 
chamber J  through valve V. In 
effect, this procedure used the appa
ratus as a McLeod gage and permitted 

the direct estimation of the pressure existing within the apparatus 
before the addition of the sample. The desired amount of n- 
butane was distilled into the apparatus with the mercury level 
below valve N. The upper end of the capillary was then cooled 
by means of liquid air which condensed nearly all of the n- 
butane in the upper end of the capillary tube. The mercury 
was then allowed to rise in the capillary, and the weight of 
n-butane added to the apparatus was checked by the determina-

500

400

u 300o:Dl/l

F i g u r e  4 .

20
m o l e  p e r  c e n t  p r o p a n e

P r e s s u r e - C o m p o s it io n  D ia g r a m  f o r  t h e  
P r o p a n e - r - B u t a n e  S y s t e m



JANUARY, 1940 INDUSTRIAL AND EN G IN EER IN G  CHEMISTRY

tion of the volume under known conditions and comparison with
Eublished volumetric data {15). The mercury was again lowered 

elow contact 0, and the desired amount of propane added from 
a second small weighing bomb. Liquid air was again applied 
to the upper end of the capillary, and the mercury allowed to 
rise above the level of heater C. To avoid the loss of material 
in the tubing connecting the weighing bomb to valve N, the 
weighing bombs were immersed in liquid air, and the hydrocarbon 
in the connecting tubing was condensed in the bomb before it 
was disconnected. In general, it was found that the samples 
of propane and n-butane could be added with an uncertainty 
of not more than 1.1 X 10-8 pound (0.S mg.). This uncertainty 
would amount to an error of approximately 1 per cent in the 
estimation of the composition of the sample. Although this 
leaves much to be desired in the way of accuracy, it is believed 
that the gravimetric method is nearly as satisfactory as the 
somewhat more elaborate volumetric procedures which have 
been employed in this connection (9).

I t  is difficult to ascertain with accuracy the absolute un
certainties involved in measurements of this nature. In 
general, i t  is believed th a t the bubble point and dew point 
pressures were ascertained with an uncertainty of not more 
than 2 pounds per square inch throughout the greater por
tion of this work. The temperatures were determined within 
0.2° F. relative to  the international platinum scale. The 
compositions of the mixtures were known within 1.5 percent, 
and the specific volumes probably do not involve an absolute 
uncertainty greater than  3 per cent. In  the case of this par
ticular system, relatively high precision is required in the 
measurement of bubble point and dew point pressures for 
the establishment of the phase behavior since the vapor 
pressures of the components are not greatly different from 
one another. I t  is hoped, however, th a t these data will 
establish the critical behavior of this system with an accuracy 
sufficient for most purposes and permit the estimation of 
the volumetric and phase behavior of the system a t tempera
tures above 160° F. well enough for engineering design re
quirements.

Experim ental Results
Figure 2 presents the results obtained for a  mixture con

taining 63.3 weight per cent propane. The experimental 
points indicated are representative of the density of data 
obtained for five other mixtures of propane and n-butane. 
In each case it  was impossible to carry the dew point measure
ments much below 180° F. because of the large specific 
volume of the dew point gas under these conditions. In 
general, the bubble point and dew point pressures as deter
mined by visual observation agreed within small 
limits (1 pound per square inch) with those de- = =  
termined by  locating the sudden changes in the 
isothermal pressure-volume relation. The dis
tinctness of these breaks a t  the bubble point and 
a t the dew point is indicated by the isotherms in 
Figure 2. A somewhat larger uncertainty was 
involved in the establishment of the pressure a t 
dew point than th a t a t  the bubble point as a 
result of the smaller discontinuous change in 
( b V / bP) t in the la tter case. Also in the case of 
dew point measurements, for which the volume 
of the system was much larger, there was some
what greater difficulty in obtaining equilibrium 
throughout the length of the tube.

Figure 3 presents a pressure-temperature dia
gram for the propane-n-butane system, including 
the mixtures which were studied experimentally.
The circled points represent the experimentally 
determined dew and bubble points. The bubble 
point and dew point pressures and the specific 
volumes for each of these mixtures are recorded 
in Table I  for a series of temperatures. The 
values of pressure, temperature, and specific

M O LE P E R  C E N T  PR O PA N E IN LIQ U ID  PHASE

F i g u r e  5 . L i q u id - G a s  C o m p o s i t io n  D i a g r a m  f o r  t h e  
P r o p a n e - e - B u t a n e  S y s t e m  a t  190° F.

volume corresponding to the critical point and the point of 
maximum temperature of the two-phase region—i. e., the 
cricondentherm (6)— are recorded in Table II.

From the data in Table I  a number of diagrams illustrating 
the volumetric and phase behavior of this system may be 
drawn. Figure 4 is a pressure-composition diagram for this 
system a t  temperatures above 100° F. The behavior is 
similar to th a t found by Kay (9) for the ethane-heptane 
system except th a t the pressures within the two-phase region 
which are in excess of the critical pressure of either of the 
components cover a much smaller range; this is limited in 
the case of the propane-n-butane system to approximately 
25 pounds per square inch. The dotted curve in the upper 
part of Figure 4 is the locus of the critical pressures for this 
system. The nearly linear relation of the composition of 
the bubble point liquid to the bubble point pressure a t the 
lower temperatures indicates approximate agreement with 
R aoult’s law.

T a b l e  I. P r o p e r t i e s  o p  B u b b l e  P o i n t  L i q u i d  a n d  D e w  
P o i n t  G a s  f o r  t h e  P r o p a n e - e - B u t a n e  S y s te m

Temp.,O
Bubble
Point

Bubble
Point

Dew
Point

Pressure® Vol. > Pressure®

100
,---------- 16.2 W eight

80 .5  0.0296
% Propane-

130 119.0 0.030S
160 170.5 0.0322
190 239.5 0.0344 206.3
220 327.0 0.0368 289.2
250 430.5 0.0429 386.5
280 552.0 0.0504 524.5

100
,-----------44,.7 W eight %  Propane-

130
160
190 347 lo 0! 0382 277'
220 455.0 0.0429 384
250 564.0 0.0492 514.0
280

100
/---------- 63.3 W eight

148.0 0.0320
%  Propane-

130 211.9 0.0335
160 298.0 0.0362
190 408.4 0.0398 34Ü 5
220 539.2 0.0459 473.8
250
2S0

Dew 
Point 
Vol. b

0 .48
0.327
0.225
0.126

0.392
0.254
0.162

0.294
0.178

Bubble
Point

Pressure®

Bubble
P oin t
Vol.*

Dew Dew
P oin t Po in t

Pressure® Vol.*

97 .5
140.5
205.0
286.0 
384.0
496.5 
609 .0e

137.5
203.5
283.5
386.5
510.5

28.0 W eight %  P ro p an e- 
0.0302 
0.0316
0.0333
0.0361
0.0398
0.0445
0 .078c

156.2
234.0 
327.5
434.0
600.2

0.423
0.284
0.197
0.093

-62.0 W eight %  P ro p an e -

0.0360
0.0400
0.0460

172.0
248.5
345.5
473.0 
615.3

•81.7 W eight * 
0.0325 
0.0346 
0.0376 
0.0428 
0.0545

, P ro p an e-

0.220
0.111

Pounds per square inch absolute. & Cubic feet per pound. * R etrograde dew point.
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T a b l e  I I .  P r o p e r t i e s  a t  C r i t i c a l  a n d  C r i c o n d e n t h e r m  
S t a t e s  f o r  t h e  P r o p a n e - r - B u t a n e  S y s te m

Propane
C ontent

Abs.
pressure

-C ritica l-

Temp. Sp. vol.

,--------- Cri<
Abs.

pressure

;ondenth

Temp.

crm ----------*

Sp. vol.
Weight %  Lb./sq. in. °F. Cu. ft./lb . Lb./sq. in. °F. Cu. ft./lb .

0° 550.7 305.6 0.071 550.7 305.6 0.071
16.2 588 290.4 0.071 585 290.6 0.076
28 .0 609 280.2 0.072 604 280.5 0.081
44 .7 630 264.4 0.072 622 264.9 0.0S4
63 .3 638 243.5 0.071 630 243.9 0.082
81.7 631 224.4 0.071 626 224.6 0.076

100“ 617.4 206.3 0.070 617.4 206.3 0.070

a Values for the  critical s ta te  of n-butane and propane were taken from 
references 5 and respectively.
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F ig u r e  6 . E q u il ib r iu m  C o n s t a n t  f o r  n -  
B u t a n e  i n  t h e  P r o p a n e - r - B u t a n e  S y s t e m

each component in the gas phase was equal to the specific 
volume of the component a t every pressure for the tempera
ture in question. This type of generalization was proposed 
by W. K . Lewis {11,12) and in the present instance appears 
to approximate the experimental data somewhat better than 
does the more general application of the concept of ideal solu
tions to hydrocarbon behavior proposed by Souders and co
workers. However, in certain regions the actual behavior falls 
closer to th a t predicted on the basis of Raoult’s law than it 
does to either of the other generalizations.

For many purposes i t  is convenient to employ the “equilib
rium constant”—i. e., the ratio of the mole fraction of a 
given component in a gas phase, to its mole fraction in a 
coexisting liquid phase—as a measure of its phase distribu
tion in a system. Figure 6 depicts the equilibrium constants 
for n-butane as a function of temperature for several pres
sures. The increased deviation of the experimental data 
a t the higher pressures from th a t predicted by Raoult’s 
law is clearly indicated. Equilibrium constants for propane 
and n-butane in the propane-n-butane system are recorded 
in Table I I I  as functions of pressure and temperature. 
Owing to the rather low accuracy obtained in the original 
experimental data, uncertainties as great as 5 per cent may be 
involved in the equilibrium constants recorded in Table I II .

Owing to  the rapid variation in the equilibrium constants 
with pressure, i t  is often convenient to  plot the product of 
the equilibrium constant and the pressure against the pres
sure. Figure 7 presents such a diagram for propane and for 
n-butane in this system. The variation of the K P  product 
indicates, in a way, the deviations of the system from the 
laws of Raoult and Dalton. If these relations were valid, 
the value of K P  could be determined for each of the com-

For some purposes it is of interest to com
pare the compositions of the gas phase and 
the coexisting liquid phase. Figure 5 shows 
the composition of the gas phase as a func
tion of the mole fraction of propane in the 
liquid phase for a temperature of 190° F. 
For comparison, values obtained upon the 
assumption of Raoult’s law and of two other 
generalizations have been included. Raoult’s 
law involves the equivalent of the assump
tion of perfect gas behavior for the gas 
phase and the neglect of the volume of the 
liquid phase. In the case indicated as “ideal 
solutions I ” , the deviation of the gas phase 
from the perfect gas laws and the volume 
of the liquid phase have been taken into ac
count; bu t i t  has been assumed th a t a t the 
temperature in question the partial volume 
of each component in each phase a t  every 
pressure is equal to the specific volume of 
the pure component in the same type of 
phase and a t  the same pressure. This type 
of behavior is the basis of the fugacity rela
tion proposed by G. N. Lewis {10), which 
was applied to  hydrocarbon behavior by 
Souders and co-workers {17). For the curve 
denoted “ideal solutions I I ” , the partial 
volume of the component in the liquid phase 
was neglected (i. e., the fugacity of the 
component in the liquid phase was assumed 
to  be independent of pressure), bu t the de
viation of the gas phase from the perfect 
gas lawrs was taken into account. Again 
it was assumed th a t the partial volume of

700

60 0

£  5 00

au
a

CD

4 0 0

3 0 0

200

100

100 2 0 0  3 0 0  4 0 0  5 0 0  60 0

PRESSURE LB. PER SQ. IN.

F i g u r e  7 . P r o d u c t  o f  t h e  E q u i l i b r iu m  C o n s t a n t  a n d  t h e  P r e s s u r e  
f o r  P r o p a n e  a n d  ti- B u t a n e  i n  t h e  P r o p a n e - w- B u t a n e  S y s t e m
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T a b l e  III . E q u i l i b r i u m  C o n s t a n t s  i n  t h e  P r o p a n e - « -  
B u t a n e  S y s te m

Abs. 
Pressure, 

L b ./S q . In. 130° F . 160° F. 190° F . 220° F. 250° F. 280° F.

100 2.40
Propane

150 1.66 2.22
200 1.30 1.73 2.17
250 1.07 1.43 1.80 2.16
300 1.23 1.55 1.86
350 1.08 1.38 1.64 1.93
400 1.24 1.47 1.70
450 1.13 1.33 1.53 1.66
500 1.04 1.22 1.39 1.48
550 1.13 1.25 1.29
600 1.05 1.12 1.08

100 0.827
n-B utane

150 0.587 0!830
200 0.465 0.650 0.898
250 0.397 0.542 0.750 o!08 i
300 0.472 0.652 0.857
350 0.420 0.586 0.768 0Ï957
400 0.535 0.704 0.880
450 0.498 0.662 0.826 0!987
500 0.467 0.645 0.796 0.943
550 0.667 0.795 0.925
600 0.798 0.827 0.954

ponents by means of the following relation, in which the 
subscript k  refers to any component and P" is the vapor pres
sure of the pure component:

KtP =  PJ (1)
If, on the other hand, the partial volume of the component in 
the liquid phase is neglected, the product of the fugacity of 
the component in the gas phase and the equilibrium constant 
may be evaluated in the following way:

K tft , =  SI (2)
I t  should be remembered, when considering the extent of 

the deviations indicated aboVe, th a t the accuracy of the data

for this system is not high. I t  is believed, however, th a t the 
measurements were made with sufficient precision to permit 
their use in establishing the critical behavior and in estim at
ing the phase relations of this system with engineering ac
curacy.
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The System Isopropyl Ether 
Isopropanol

Vapor-Liquid E q u ilib riu m

4  MONG the more im portant 
new developments in the 
chemical utilization of pe

troleum hydrocarbons is the hy
dration of propylene to  yield isopropanol and isopropyl 
ether. The interesting solvent properties of both these 
compounds and the high octane rating of the ether make 
these materials of particular importance. As is frequently 
the case, certain fundamental data of engineering utility are 
missing. The purpose of this paper is to present vapor-liquid 
equilibrium relations to facilitate the design of separation 
and purification equipment.

From several methods for measuring the vapor-liquid com
positions, the Othmer (6) procedure was chosen because of its 
ease of manipulation, economy of purified chemicals, and 
general acceptance for this type of work. The still, essen
tially the same as th a t described by Othmer, was electrically 
heated and well lagged to minimize refluxing.

Temperatures of the boiling vapor were read on an An-
1 Present address, Lago Oil and  T ransport Com pany, Aruba, C urasao.
1 Present address, Yale U niversity, New H aven, Conn.

H. C. M ILLER1 AND HARDING BLISS2
University of Pennsylvania, Philadelphia, Penna.

schiitz thermometer, graduated 
in fifths of a  degree centigrade, 
and calibrated against a National 
Bureau of Standards certified 

thermometer. Pressures were controlled and regulated 
by manual adjustm ent of the pressure in a 2-liter 
bottle connected to the vent of the condensate return tube. 
Small differences between normal barometric and actual 
atmospheric pressure could be compensated by evacuating or 
slightly compressing the air in this vessel after smooth and 
regular boiling had been attained. By this means the pres
sure was held a t 760 =*= 0.6 mm. mercury.

The still was charged with about 200 cc. of mixture and 
heated to  boiling. After the air was vented and even boiling 
attained, the pressure was regulated to 760 mm. No a t
tem pt was made to take samples until time for three com
plete changes of condenser contents had elapsed after the 
vapor temperature had become constant to 0.05° C. The 
first portion of samples withdrawn was discarded, and both 
samples were collected in ice-cooled bottles.

The isopropanol and isopropyl ether used were of the ordi-
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F i g u r e  1. S p e c if i c  G r a v it y  o f  I s o p r o p y l  E t h e r - I s o p r o -  
p a n o l  S o l u t io n s

T a b l e  I. V a p o r - L iq u id  E q u i l i b r ia  o f  I s o p r o p a n o l - I s o -
p r o p y l  E t h e r  S o l u t io n s  a t 76 0  M m .

E th er in E th er in Vapor E th e r in E th er in Vapor
Liquid Vapor Temp. Liquid Vapor Tem p.
Mole % Mole % ° C. Mole % Mole % 0 C.

0 0 82.3 58.4 69.3 66.77
1.35 6 .60 81.06 65.8 72 .6 66.33
8.40 30.2 76.02 73.2 75 .7 66.20

14.0 37.8 73.98 74.7 76 .4 66.18
18.0 43.7 72.48 75.4 76 .7 66.18
19.13 45.1 72.78° 78.15 78.25 66.17
28.2 54.4 69.93 84.6 82.1 66.31
34.45 57.5 69.90° 87.7 84 .0 66.56
38.5 62.1 68.18 89.1 84.7 66.33
42.9 62.6 6S.02 91.0 86 .8 66.57
43.0 64.9 67.79 91.8 88.1 66.77
44.4 64.4 67.87 95.5 91 .5 67.09
47.7 65.2 67.56 98.9 96 .4 67.73
47.8 65.8 67.53 100.0 100.0 68.5
52.0 66.9 67.19

“ Poin ts taken  w ithout pressure regulation.

T a b l e  I I .  C o o r d in a t e s  o f  t h e  S m o o t h e d  C u r v e

E ther in 
Liquid

E ther in 
Vapor

E th er in E ther in 
Liquid Vapor

E ther in 
Liquid

E th er in 
Vapor

'Mole pet cent —.... ..
0 .0 0 .0 34.0 58.2 68.0 73.3
2 .0 10.1 36 .0 59.6 70 .0 74 .2
4 .0 19.3 38 .0 60.8 72.0 75.1
6 .0 25.0 40.0 62.0 74.0 76.1
8 .0 29.1 42 .0 63.1 76 .0 77.1

10.0 32.7 44 .0 64 .0 78 .2 78.2
12.0 35.7 46 .0 64.8 80.0 79.1
14.0 38.3 48 .0 65.6 82.0 80.3
16.0 40.9 50 .0 66.3 84.0 81.4
18.0 43.5 52.0 67.0 86 .0 82 .8
20.0 46.2 54 .0 67.7 88.0 84.4
22.0 48.0 56.0 68.4 90.0 86.0
24 .0 50.2 58.0 69.1 92.0 87 .8
26.0 52.1 60 .0 69 .8 94.0 89 .8
28.0 53.8 62.0 70.6 96.0 91.6
30 .0 55.4 64 .0 71 .6 98.0 94.9
32 .0 5 6 .S 66 .0 72.4 100.0 100.0

nary commercial grade. The alcohol, boiling originally over a 
range of 3.5° C. was purified by refluxing with fresh lime, 
distilling, and carefully fractionating in a  vacuum-jacketed, 
28-ball Snyder column. Only th a t fraction boiling a t 82.3 =*=
0.1° C. was used. I ts  specific gravity was 0.7810, which 
agrees exactly with the International Critical Tables (5). 
The ether, originally boiling over a range of 5° C., was purified 
by drying over sodium and by carefully fractionating. Only 
th a t portion boiling a t  68.5 =*= 0.1° C. was used. Samples 
separately prepared ranged in specific gravity from 0.71S7 
to 0.7195 a t 25°/4° C. or from 0.7237 to 0.7245 a t 20°/4° C., 
which indicates an accuracy of about 1 per cent, a usual figure 
for this type of work. The la tter range compares as follows 
with determinations of other investigators:

Sp. Gr., d ’ ° B. P. C itati
° C.

0.7260 67 .5 W0.7258 6 7 .5 -6 9 .0 (4)
0.7234 68.7 (7)
0.725 67 .8 (t )

Both alcohc 1P d ether tested water-free with anhydrous 
copper sulfate.

The possible danger due to peroxide formation in this or 
any ether cannot be overemphasized. The presence of this 
explosive oxidation product can be detected by adding 1 cc. 
of a  2 per cent potassium iodide solution to 1 cc. of ether and 
acidifying (£). A brown coloration indicates the presence of 
the peroxide, which can be removed by steam distilling 200 
volumes of ether w ith 1 volume of 25 per cent sodium hy
droxide. The distillate always tested peroxide-free. Storage 
of the ether over copper powder in dark bottles seemed to 
decelerate, b u t not eliminate, peroxide formation.

The purified alcohol and ether were mixed in known pro
portions and the specific gravities a t 25°/4° C. were taken with 
a 25-ce. pycnometer. The specific gravities and compositions 
of these isopropanol-isopropyl ether solutions are presented 
in Figure 1 and the following table:

Isopropyl Isopropyl
E ther

Isopropyl
Sp. Gr.E ther Sp. Gr. Sp. Gr. E ther

Mole % d ” Mole % d « Mole % d «
0 0.7810 33.32 0.7549 65.93 0.7356
5 .08 0.7766 34.80 0.7543 74.32 0.7317

16.38 0.7670 41.86 0.7493 76.30 0.7305
22.94 0.7623 47.76 0.7453 84.06 0.7261
25.92 0.7598 49.83 0.7444 S8.21 0.7252
26.77 0.7596 56.14 0.7408 100.00 0.7191

The samples, taken from the still and condenser, were 
analyzed by specific gravity determination and reference to 
Figure 1. The results are presented in Table I  and Figure 2,

F ig u r e  2 . V a p o r - L iq u id  E q u il ib r iu m  f o r  I s o p r o p y l  
E t h e r - I s o p r o p a n o l

and the coordinates'of the smoothed equilibrium curve are 
given in Table I I . I t  is apparent th a t the system has an 
azeotrope. By graphical interpolation the composition of 
this azeotrope is seen to  be 78.2 mole per cent isopropyl ether. 
Its  boiling point, as determined from a boiling point composi
tion curve, is 66.15 =*= 0.05° C.
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SEPARATION PROCESSES
T he P rinciple of M inimum  
D ilution in Design of New 

or Unusual Processes

M ERLE RANDALL AND BRUCE LONGTIN 
University of California, Berkeley, Calif.

I N PREVIOUS papers of this series {3-9) exact methods of 
analysis of separation processes were presented, based on 
the use of the molal property vs. mole fraction type dia

gram, together with methods of transferring the exact results 
to the more familiar y vs. x  type diagram. Bosnjakovid (I) 
also re ;tly published numerous applications of heat content 
vs. ou —isition diagrams. A t present few data are available 
for construction of the phase diagrams needed in the exact 
method, particularly for systems in which the heat content 
is an im portant factor. The authors are now engaged in 
collecting and correlating w hat data  are available, and in
tend to publish it  in the form of convenient diagrams.

The methods which have been reviewed and proposed are 
particularly helpful in a qualitative sense even when a lack 
of data does not permit them to be used quantitatively. I t  
is possible only to sketch rough outlines of the general fea
tures of the necessary diagram where data for a heat content 
vs. mole fraction diagram are lacking. Such a rough sketch 
will not allow us to  determine graphically whether a given 
equipment operating in a given way will separate a particular 
raw material into specified products with a specified expendi
ture of heat. However, i t  will permit us to decide qualitative, 
rather than quantitative, questions, such as whether a pro
posed change in the flow sheet of a process will improve or 
diminish the separation efficiency.

I t  is particularly im portant to have general qualitative 
principles as guides in attacking new or unfamiliar problems. 
W ithout such principles a  solution is reached only by grop
ing. The molal property vs. mole fraction type diagrams offer 
considerable assistance in this respect, because of the sim
plicity with which each condition of material or heat balance 
governing the behavior of the process is represented by its 
distinct graphical construction.

In  studying a new or unusual process, i t  is a relatively 
simple problem to set up the correct design diagram corre
sponding to  a proposed flow sheet. The authors’ preferred 
procedure consists in first setting up the constructions which 
represent the over-all material balance (i. e., a center of grav
ity  construction for the entering and product streams) and

the broader features of the process, and in filling in the details 
{4) subsequently. In determining the general features of the 
diagram, no attem pt is made to have the location of individual 
points correspond to  any particular compositions or stream 
ratios; these parameters are left free to be chosen after the 
general layout of the construction has been determined. The 
details are filled in in an orderly fashion, proceeding from one

To obtain  the  h ighest therm odynam ic 
efficiency in  a separation process, those 
stream s which m u st be mixed should be 
potentially as nearly a t  equilibrium  as 
possible. This principle is illu stra ted  by 
application of graphical m ethods to the 
study of cases in  which the  principle is no t 
adhered to. A num ber of faulty  types of 
in terconnection of separation u n its  fre
quently  found in  existing industria l separa
tion  processes are pointed out. Applica
tion of the  principle allows ready detection 
and elim ination of such fau lty  connections, 
and perm its a process to  be easily reduced 
to the  sim plest and m ost effective form .

end of the flow sheet to the other. As the details present 
themselves, i t  is easy to  decide whether the unit or equip
m ent whose functioning they represent is serving a useful 
purpose or is really acting to lose the effect gained in some 
other stage in the process.

Principle of M inim um  D ilution
From such studies the authors have been impressed with 

the importance of the principle of minimum dilution, which
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in many cases allows a 
decision as to the best 
manner of interconnec
tion of units to be made 
w i th o u t  re c o u rse  to  
either graphical or nu
merical calculation or to 
experiment {10).

Any separation into 
purer products, beyond 
th a t occurring a t equilib
rium, m ust be gained a t 
the expense of some form 
of e n e rg y . F ro m  a 
thermodynamic s t a n d 
point a process requires 
the least expenditure of 
energy when it is revers
ible. Any mixing of 
materials which leads to 
spontaneous composi
tion changes (such as in
terdiffusion of two com
pletely miscible liquids 

N=0 N=l of different composition
F ig u r e  1. L ocatio n  o p  N e t  or, the changes which
F low  C o m po sit io n  a n d  I t s  bring a liquid and vapor
R e l a t io n  to  T h r e e  C la sses  of the same composition

o f  R e f l u x in g  to their equilibrium com
positions') will be irrevers

ible to  an extent depending on the spontaneous change of 
composition. Some of the energy which was expended in 
producing the initial separation is lost in such mixing, and 
must be resupplied in order to recover the lost separation.

In  practice, other factors than energy expenditure enter 
in determining the optimum process. A completely efficient 
process (thermodynamically) m ust be infinitely slow and may 
require overelaborate apparatus. Thus it may be the most 
extravagant of labor and equipment. As an example, the 
ordinary fractionating column requires the least expenditure 
of energy when operating a t minimum reflux, bu t a t the same 
time requires the largest number of plates and hence the most 
expensive equipment. Again, thermodynamically the frac
tionating column is essentially inefficient. The mixing of 
reflux streams with the vapors rising through the column 
produces irreversibilities which result in a  much greater heat 
expenditure than is required by the reversible process. How
ever, in many cases, economic factors indicate th a t a fraction
ating column even with known thermodynamic inefficiencies 
m ay be preferable to a thermodynamically more reversible 
process.

To obtain the highest thermodynamic efficiency, those 
streams •which m ust be mixed should be potentially as nearly 
a t equilibrium as possible. To be potentially a t equilibrium, 
two completely miscible liquids should have the same compo
sition, temperature, and pressure. As an example, it is known 
th a t the best feed conditions obtain when a liquid feed is of as 
nearly the same composition, temperature, and pressure as 
the liquid on the plate a t which it is entered.

The principle m ay be given a somewhat more specific 
though less precise form. In a properly designed process, 
there are no streams more widely separated than the final 
products of the process. If such a stream exists, then i t  must 
have been irreversibly diluted, with accompanying loss of 
efficiency a t some intermediate stage. As a corollary of this 
statement, if one of the products of a process undergoes fur
ther separation, it is then obvious tha t there is no place in the 
process to which the most purified fraction may be returned 
without dilution and loss of efficiency. I t  is this form of the

principle whose application will be tested by the following ex
amples.

M aterial Balance as Expressed by y  v s .  x  Diagram
From the correspondences between the y  vs. x  and h  vs. 

n  type diagrams as developed in a previous paper (o), each 
unsaturated phase is represented in the y vs. x diagram by a 
curve or sloping line. Each point on the line represents the 
composition of a saturated liquid and vapor phase which, 
when mixed in the proper proportions, will produce the given 
unsaturated phase. The proportions are given approximately 
by the slope of the line (with a reversal of sign). Thus a 
slope of — V t requires approximately three moles of liquid to 
four of vapor; a slope of + 1  Vs requires three moles of liquid 
to a negative two moles of vapor. In  the la tte r case two moles 
of vapor of the proper composition is to be extracted from 
three moles of liquid of the corresponding composition in 
order to obtain the given unsaturated phase.

Point D  in the h  v s . n  diagram of Figure 1 represents a 
superheated vapor. Considered as the net flow point of a 
stepwise construction for an enriching section, i t  represents 
the composition and heat content of the vapor th a t would be 
left over as product, if a t some point in the section the liquid

F ig u r e  2. C o n n e c t io n s  W h ic h  R e t u r n  a R e f l u x  R ic h e r  in
L ig h t  C o m p o n e n t  T h a n  V a po r  D e l iv e r e d  fr o m  T o p  of  

C olu m n

reflux could be extracted from the rising vapor without loss 
of heat to a condenser. T hat there would be residual vapor is 
indicated in the h  vs. n  diagram by the fact th a t point D  lies 
nearest the vapor curve and in the y  vs. x  diagram by the fact 
th a t the slope of the reflux curve is less than unity. The same 
superheated vapor is represented in the y vs. x diagram by the 
curve (1, 3) which may be considered as the reflux curve 
(i. e., operating line) of the construction for the enriching sec
tion. The points on the curve were obtained by transferring 
the liquid and vapor phase mole fractions of the rays through 
D to the y  vs. x  diagram as x  and y  coordinates, respectively'. 
In  particular, point 2, a t which the reflux curve intersects the 
diagonal line y  =  x, was obtained by transferring the liquid 
and vapor mole fractions from the vertical line through D 
(ray labeled 2). Thus the intersection of the reflux curve 
with the line y  =  x  in general gives the composition of the net 
flow (e. g., superheated vapor) phase which it represents.

Faulty  Connection of Refluxing E quipm ent
A casual inspection of Figure 1 might lead one to  think th a t 

the separating efficiency of the plates in an enriching section 
wmuld be much enhanced if some could operate in the region 
to the right of point 2, where the reflux curve passes below 
the line y — x; certainly the steps are of longer span. A 
column section can be made to operate in this region by re
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turning liquid of the proper composition as reflux. The com
position of liquid reflux and of the vapor issuing from the top 
of the section together define a point on the reflux curve (e. g. 
point 1). If this point is to  lie below the line y  =  x, as i t  must 
if any of the section is to function in this region, the liquid 
must be richer in light component than the vapor. This may 
be accomplished, as in an absorption tower, simply by feed
ing in a  liquid of the required composition. I t  may also be 
accomplished by splitting the vapor into an enriched and a 
stripped fraction in  some other equipment. The enriched 
fraction might then be returned as reflux, ensuring tha t the 
column would operate in the manner indicated.

This procedure of returning an enriched fraction of the 
vapor as reflux should, according to the principle of minimum 
dilution, result in a loss of separating efficiency. Offhand we 
have been led to expect the reverse. However, from a con
sideration of the meaning of the net flow point, D, i t  is seen 
that no m atter how the required reflux is obtained from the 
vapor, although the residual product may differ in heat con
tent, it m ust have a composition corresponding to the com
position of the net flow—hence, th a t of point 2 a t which the 
reflux curve cuts the diagonal, y = x. Thus by returning the 
enriched fraction of the vapor as reflux, not only is this en
richment wasted, but also the enrichment gained in all of the 
plates operating in the region to  the right of point 2.

Figure 2 illustrates two possible interconnections of equip
ment which return the enriched rather than the stripped 
fraction of the vapor as reflux. In  a the vapor is split into 
fractions by a partial condenser; in b it is split by means of 
a second fractionating column. Other examples might be 
given in which the vapor stream from the top of a column 
section is sent to  other separating equipment, and finally an 
enriched rather than a stripped fraction is returned to the 
first section as reflux. The above considerations show tha t 
such an interconnection is to be avoided as wasteful of sepa
rating effect, in accordance with the principle of minimum di
lution. Similarly, i t  may be shown that, according with the 
principle, the returning of a stripped fraction of the liquid 
from the bottom  of a stripping section as the bottom vapor

stream is undesirable. In 
general, the validity of 
the principle may be 
demonstrated by quali
tative application of the 
graphical methods.

For purposes of classi
fication there are three 
ways of returning reflux. 
The reflux may be of the 
same composition as the 
vapor, or i t  may be an 
enriched (or a stripped) 
fraction of the vapor. 
T h e  c o m p o s itio n  of 
vapor and reflux in the 
three cases is repre
sented, respectively, by 

points 2, 1, and 3 in the y vs. x  diagram (and by the corre
sponding rays in the h  v s .  n  diagram) of Figure 1. The corre
sponding three cases for return of vapor to a  stripping section 
are shown in Figure 3. In  both diagrams point 1 represents 
the undesirable case.

Such faulty connection of equipment would not ordinarily 
be expected in familiar processes which are simple and well 
understood. However, i t  is easy to  make the mistake of con
necting equipment in this fashion when the process is com
plex or new and unfamiliar. The authors have found ex
amples of faulty interconnection of units in processes which 
are of commercial importance and in actual use. The point

F ig u r e  3. D ia g ra m  I ll u s 
tr a tin g  T h r e e  C l a sses  of  

Va po r iz in g  E q u ip m e n t

F ig u r e  4. D iagram  I ll u str a tin g  T w o  
C la sses  o f  R et r o g r a d e  P r o c e sse s

to be emphasized, which is coming to be appreciated in pe
troleum refining, is th a t attention must be given to the design 
of a process as a whole, as well as to the design of individual 
units. I t  is entirely possible to design each unit to operate 
most efficiently without having achieved the most efficient 
operation of the complete process, as a result of improper 
interrelationship of the units.

Retrograde Action of a Colum n Section
Normally the most volatile component concentrates a t the 

top of a fractionating column section. I t  is possible, how
ever, to operate a column section in such a way th a t the 
relative order of the positions a t which the various compo
nents are found in the section is inverted. Such an operation 
may be said to be retrograde. Two examples are given by 
columns operating in the fashion indicated by the two step
wise constructions of Figure 4. Both are characterized by the 
fact th a t the stepwise construction lies entirely above the 
equilibrium curve in the y  vs. x  diagram. A point on the 
reflux curve represents streams flowing a t  the same interplate 
level, while a point on the equilibrium curve represents vapor 
rising and liquid flowing down from the same plate. Thus, in 
going down the column the direction of motion through the 
stepwise construction will be from equilibrium-curve point 
to reflux-line point along the vertical lines (lines representing 
liquid), and from reflux line to equilibrium curve along the 
horizontal lines in the y vs. x  diagram. When this concept is 
applied to  the construction in which the operating line lies 
above the equilibrium curve, the composition of streams 
progresses from left to right through the stepwise construction 
in going down the column. Thus the more volatile component 
is found concentrated a t the bottom  rather than the top of the 
column.

The necessary condition for retrograde action is th a t the 
vapor streams be richer in more volatile component than the 
liquid streams flowing in the same interlevel by more than an 
equilibrium separation; i. e., th a t the reflux line lie above the 
equilibrium curve in the y vs. x  diagram. This means tha t 
in the h  vs. n  diagram the construction rays through the net
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flow (A ) point m ust slope more to the side of the more vola
tile component than the equilibrium tie lines which they cut. 
Figure 4 shows two cases; in  one the reflux line cuts the 
equilibrium curve, in the other i t  does not. The intersection 
of the equilibrium and reflux curves in the y vs. x  diagram 
corresponds to  a coincidence of a ray through the net flow 
point with an equilibrium tie line in the h  v s .  n  diagram.

Final Product

Liquid Liquid cut Net Flow
Reflux at Bottom Final Ptoduct J  (i>)

Liquid out Vapor in

F i o u r e  5 . D e s ig n  a n d  F l o w  D ia g r a m s  I l l u s t r a t in g  a 
R e t r o g r a d e  S e c t io n

Hence the second case is represented in the h  v s .  n  diagrams 
by a stepwise construction in which the net flow point (A ) 
falls in one of the two regions, L  and R. in which it is im
possible for a ray to  be tangent to either branch of the equilib
rium caustic curve (4, Figure 2).

In  order to obtain retrograde action, i t  is necessary to re
turn  a vapor to the bottom of the section which is richer in 
light component than the leaving liquid by more than an 
equilibrium separation. This may be accomplished, if the 
reflux ratio is greater than unity, by splitting the liquid into 
two fractions, one of which has the desired composition and 
the other is poorer in light component. Since the light com
ponent is enriched a t the bottom  of the column in the retro
grade case, it is the enriched fraction of the liquid which is 
being returned as vapor in order to produce retrograde action. 
This is contrary to  the principle whose application is being 
studied, and hence such retrograde operation should prove 
to be detrimental to separating efficiency. The retrograde 
action may also be accomplished by returning a liquid reflux 
to the top of the column which is poorer in light component 
by more than an equilibrium separation. If the reflux ratio 
is less than unity, this reflux m ay be obtained from the vapor 
delivered a t  the top of the column by splitting it into a 
stripped fraction of the desired composition for reflux, and a 
residual enriched product fraction. Again,since them oresepa- 
rated product a t the top is th a t richest in heavy component, 
the procedure used in obtaining retrograde action is contrary 
to  the principle and hence should lead to inefficient separa
tion. I t  remains to test the principle by means of the graphi
cal construction.

Generally in retrograde action the streams leaving the 
column section are more nearly of the same composition than 
the streams entering. Hence the net effect of the retrograde 
process is to  partially mix, rather than separate, the streams 
fed to it. The process effects a loss rather than a  gain in sepa
ration and is detrim ental rather than useful.

Figure 5a represents the compositions of streams in a col
umn operating in retrograde fashion with reflux ratio less 
than unity. Point D ', where the reflux line cuts the diagonal 
y  =  x, represents the composition of the residue which would 
remain after the reflux for the section is obtained from the top 
vapor. The equipment used in obtaining reflux, whatever its 
nature m ust be capable of producing the required reflux and

this residue from a feed of the same composition as the vapor 
received from the top of the retrograde section. This refluxing 
equipment might, for example, be an ordinary continuous- 
feed fractionating column, connected as shown in Figure 56.

The effect of the retrograde section is to  mix the bottom  
product of this reflux-producing column with less pure ma
terial (the vapor fed to the retrograde section) and thus 
waste p art of the separation obtained in the refluxing column. 
The retrograde section is bucking the action of the refluxing 
column, where it  m ight be made to aid this action by connect
ing i t  in direct rather than retrograde fashion. The argument 
obviously holds as well for other values of the reflux ratio in 
the retrograde section.

Retrograde Action in  Azeotropic D istillation
The discussion of retrograde action may seem only aca

demic, until it is realized th a t there is a rather strong tendency 
to  introduce retrograde sections into the flow sheets of new 
processes whose principles are not too familiar. One reason 
for the tendency is apparent when we note th a t the stepwise 
construction, in the case of a reflux line lying entirely above 
the equilibrium curve, is not limited as i t  is in the case of the 
direct processes. By the use of a retrograde process it would 
seem th a t the phenomenon responsible for the condition of 
“minimum reflux” (in which many plates near the feed stream 
become ineffective) might be avoided. The plausibility of the 
idea is even greater in the case of systems in which there is a 
binary azeotrope.

Figure 6 gives the equilibrium curve for a system which 
possesses a minimum-boiling mixture corresponding to  the 
azeotropic composition. An im portant example is th a t of 
alcohol-water mixtures. The stepwise construction shown is 
behaving in a retrograde fashion to the right of the azeotropic

X  -  Mol Fraction ot L ifh t Component 
in Liquid

F i g u r e  6 . D e s i g n  D i a g r a m  f o r  a  
R e t r o g r a d e  S e c t i o n  a t  a n  A z e o 

t r o p i c  C o m p o s i t io n

composition, since the azeotrope is found near the bottom  of 
this particular portion of the column, whereas the normal 
tendency is for azeotrope to concentrate a t the top. A t first 
glance, we might easily be lead to believe th a t here is a way 
to  avoid the obnoxious characteristics of the azeotropic mix
ture. Apparently it  is necessary only to  connect one section 
of the column so th a t it will function in this retrograde fash
ion; then it  will carry the mixture across the azeotropic com
position and thus avoid the necessity of special “deazeotropiz- 
ing” processes.

T hat such is not the case m ay readily be seen from a con
sideration of material balance. Let it be supposed th a t the 
available raw m aterial is not richer in light component than 
the azeotropic composition. This is the usual case with 
alcohol and w ater mixtures. Then the reflux to the top of 
the retrograde section, which is richer in light component
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than the azeotrope, m ust be obtained from the products of 
the distillation. Since it is the retrograde section which is to 
be responsible for producing material richer in light com
ponent than the azeotrope, it is necessary to obtain the reflux 
entirely from the vapor delivered by this section, by any

convenient means. This 
requires first th a t the re
flux ratio be less than 
unity; otherwise there 
will not be sufficient 
vapor. This being the 
case, the reflux line must 
cut the line y — x  to the 
left of the azeotropic 
point (Figure 6). Thus 
the process which will 
obtain the required re
flux from the top vapor 
must also be capable of 
yielding a  residual top 
product whose composi
tion lies on the opposite 
side of the azeotropic 
composition from th a t of 
the reflux. This reflux- 
ing process alone would 
be sufficient to achieve 
the desired result of 
crossing the azeotropic 

composition. The retrograde section, if it can be made to 
function a t  all, is unnecessary and hence wasteful. A 
more thorough investigation of other possible connections 
utilizing the retrograde section has shown tha t they cannot 
be made to function in the desired fashion without the aid of 
some other process, which is of itself capable of producing the 
desired result. Since the process m ust always depend on 
direct functioning equipment, as long as the reflux streams 
are obtained from product streams, the presence of a retro
grade section can only counteract the effect of some of the 
direct functioning sections and is therefore detrimental.

A particular example is the process proposed by Gay (2) 
for the separation of components in a system possessing both 
a minimum-boiling mixture and a region of two liquid phases. 
The flow sheet of the process is similar to th a t recently pro
posed by the authors for the same purpose (7), as Figure 7

shows. In  this process it is possible to have one of the above
feed sections operating in retrograde fashion. This may hap
pen if a feed is entered a t  too low a level in the columns. In 
the design diagram Gay avoids this condition by his con
struction for minimum reflux. In  practice this is not sufficient 
since the actual column may not behave exactly as i t  was 
designed (fractional plates are not possible, etc.).

Sum m ary
The principle of minimum dilution has been tested in a 

number of cases by means of qualitative applications of the 
graphical analysis. The authors have applied the principle 
to  advantage in their work of separating the isotopic forms of 
water (where any separation is dear and cannot be wasted, 
9) and in developing improvements on existing separation 
processes by the elimination of unnecessary and even detri
mental steps in the process. In  general, it has proved of 
particular value in reducing the number and complexity of 
stages in a process to a minimum. Although the principle 
has been illustrated by application to distillation processes, 
it applies by analogy in practically unaltered form to extrac
tion and to other processes in which the reflux or recycle 
streams are obtained from the product streams. The applica
tion to processes of the absorption type, in which there is no 
recycling, must necessarily lead to  results different in detail 
but in accordance with the principle.
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Theoretical Limits of the Lime- 
Soda Method of W ater Softening

T. E. LARSON AND A. M . BUSWELL
Illinois State Water Survey, Urbana, 111.

Revised calculations involving th e  activity coefficients of the  Debye-IIuckel theory and 
com m on ion effect show th a t  under specific conditions lim e-soda softening m ay pro
duce a w ater of hardness as low as 10 to  15 p. p . m .

T he beneficial effect of th e  use of sodium  a lu m in a tc  in  w ater softening is due to  an  
increase in  caustic  a lkalin ity  and  colloidal coagulating action  ra th e r th a n  to  th e  for
m ation  of insoluble a lum inates. The presence of sm all am oun ts  of colloidal silica is 
beneficial to coagulation.

S EVERAL reports in the literature (3) have indicated 
exceptionally low residual hardness on auxiliary treat
ment in softening with sodium alumínate. Although 

it has been reported (6, 10) th a t the presence of alumínate 
induces the precipitation of a highly insoluble magnesium 
alumínate, no experimental proof was presented to verify 
this assumption.

A careful consideration of the solubilities of calcium car
bonate and magnesium hydroxide will show the variations 
th a t may be expected from lime-soda softening, with or 
without the presence of sodium aluminate.

The solubility products for calcium carbonate and mag
nesium hydroxide as commonly used give the expected 
residual hardness as 24.2 p. p. m. (as calcium carbonate).

Using the activity product data of Johnston (7) and Iiline 
(S) and the activity coefficients derived from the Br0nsted- 
LaMer modification of the Debye-Hiickel equation for waters 
of various ionic strengths (ju), and using sodium sulfate as the

4̂ ' 4 6 S ¡0 E M
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typical nonincrusting salt, the following data  are indicated 
(in parts per m illion):

NaiSO< 0 100 500
Mi/* 0.020 0.053 0.106
C a(as CaCOi) 7 .9 8 .9 11.4
M g(as CaCOi) 11.4 12.2 14.1

Total (as CaCO*) 19.3 21.1 25.5

However, the calcium carbonate hydrolyzes:

2CaC0, +  H20  5 =  2Ca++ +  x CO— +  y OH~ +  y HCOs-  
where x + y = 2
and (Ca++) =  (CO,“ ) +  V*(OH-) +  V .(H C O r) (1)

Only the CO, of the alkalinity present can be used in 
the solubility product calculations. However, any excess of 
either y or x will decrease the calcium solubility. Magnesium 
hydroxide is ionized to give excess hydroxyl ions. I t  can 
also be shown th a t with residual alkalinities less than 10 0  
p. p. m. (as calcium carbonate), the maximum CO3 con
centration is obtained a t a pH  of 10.4.

Lime-soda softening alone a t normal temperatures (15° to 
25° C.) should give the following approximate residual hard
ness (calculated with the m utual effect of presence of excess 
hydroxyl ion from calcium carbonate and magnesium hy
droxide hydrolysis, in parts per million):

0.026 0.106
Ca 10.0 14.8
M g 10.0 12.6

Total 20 .0  27.4

These calculations and data presuppose final equilibrium 
and cannot be valid otherwise since the constants and equa
tions are all on the basis of final equilibrium. The data, 
therefore, do not give values to be expected in softening 
practice b u t give those th a t may be approached under proper 
regulation.

Since the rate of reaction doubles with approximately 
every 10° C. rise in temperature, and since carbon dioxide 
is expelled and leaves excess hydroxide as the soluble calcium 
hydroxide, precipitation and coagulation should be more 
complete a t elevated temperature. This is the basis for hot 
water softening. As the result of such treatm ent the values 
given will be less for magnesium and may be more for calcium.

130
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Should a compound such as sodium aluminate be added to 
the extent of 0.5 gram per gallon, complete hydrolysis to 
aluminum hydroxide should give excess hydroxyl ion to the 
extent of 5 p. p. m. (as calcium carbonate), which should re
duce the calcium plus magnesium hardness by 3.4 p. p. m. 
(Figure 1). Actual tests showed th a t the hardness reduction 
by addition of sodium aluminate were greater than calculated 
values for excess hydroxyl ion, particularly for magnesium.

Clark and Price (5) gave four reasons why low final hard
ness due to the formation of very insoluble magnesium 
aluminate is probably untrue. To these may be added the 
fact th a t if this were so, magnesium aluminate would be the 
first to precipitate, leaving the excess magnesium to obey 
the solubility or “activity” product equation for magnesium 
hydroxide, since the magnesium concentration is always 
greater than the aluminate concentration.

SAMPLES of magnesium chloride, J/ ,  e. p. m. (equivalents 
per million equivalents of water) or 33 p. p. m. (as calcium 
carbonate) samples were treated with varying amounts of 
sodium aluminate (92 per cent). The results of analyses 
(gravimetric) showed th a t the magnesium was precipitated 
not according to the aluminate concentration but according 
to the hydroxyl-ion concentration. The aluminate pre
cipitated was far less than th a t which would be expected to 
be removed per equivalent of magnesium removed.

Samples of tap  water (hardness 275 p. p. m., alkalinity 
340 p. p. m., total mineral content 365 p. p. m.) were treated 
with sulfuric acid to give a  noncarbonate water. These 
and unaltered 2-liter samples were thoroughly aerated to 
remove carbon dioxide and treated in 3.5-liter battery jars 
with varying amounts (not greatly different from theoretical 
requirements) of lime and soda ash or lime alone.

Since tests showed th a t calcium carbonate did not form or 
settle out as readily as magnesium hydroxide unless sufficient 
stirring was employed, a 2-hour stirring period and a 1-hour 
settling period were used in all tests. Samples were col
lected from the supernatant liquor and analyzed according to 
Standard Methods of W ater Analysis (1) without filtration.

Tests C and D  (Table I, Figure 2), typical of eight series, 
show the effect of the addition of 0.5 grain per gallon of 
sodium aluminate. In  these tests, as in the others, the effect 
of the presence of hydroxyl ion (due to hydrolysis of sodium 
aluminate) is clearly evident. The residual calcium as well 
as magnesium is decreased. The decrease is more than can

F ig u r e  2. E f f e c t  o f  A dd in g  0 .5  G r a in  p e r  G allon  
o f  S o d iu m  A l u m ín a t e

be accounted for by calculation, which shows th a t the action 
of aluminate and the hydrous alumina aid in coagulating the 
colloidal magnesium hydroxide and calcium carbonate. The 
residual hardness was in no case less than the theoretical 
limit calculated for final equilibrium.

T a b l e  I. E f f e c t  o f  Ad d in g  0 .5  G r a in  p e r  G a llo n  o f  S o d iu m  
A lu m ín a te

M . E .°  A dded/L iter
CaO ✓------- Residual P. P . M ./L ite r (as CaCO i)------- »

Teat NaCOi NaAlOt OH CO* C a M g Total
C. 2-H our Stirring

Origi
nal

soln. 9.326 —345.0 155.0 121.0 276.0
1 8.00 -  14.1 94 .6 16.1 45.3 61.4
2 8.00 o*. io« -  12.1 98 .8 14.1 47.1 61.2
3 9.33 13.1 64.5 17.2 21.6 48 .8
4 8.00 oiió -  3 .0 86.6 10.4 31.4 41 .8
5 9.33 0.10 20.2 48 .4 9 .9 9 .0 18.9
6 8.66 0 .10 17.2 54.4 12.5 18.0 30.5

D. 4-Hour Stirring
1 8.40 0.10 14.1 56.4 9 .9 15.3 25.2
2 8.40 7 .0 86.6 17.2 35.1 52.3
3 9 .18 o!ió 21.2 48.4 10.4 11.3 21.7
4 9.18 13.1 54.4 17.2 23.4 40.6
5 9.96 o!ió 40 .3 26.2 11.5 5 .8 17.3
6 9.96 36.2 36.2 16.7 13.5 30.2

° M illiequivalents.
6 Theoretical requirem ent. 
c NaOH equivalent to  NaAlOt

Courtesy, Alvord, Burdick & Howson, Chicago, III.

E n t r a n c e  t o  t h e  O p e r a t in g  G a l l e r y  o f  t h e  M ia m i , F l a ., 
S o f t e n in g  P l a n t  w i t h  a  C a p a c it y  o f  40  M il l io n  G a l l o n s  

a  D ay

SINCE sodium aluminate has been found very effective in 
the removal of large quantities of soluble silica (4, 11), it 
was decided to investigate the possible effect of soluble silica 
in water softening.

Synthetic samples of tap  water were made with controlled 
amounts of silica present. Experiments indicated th a t the 
presence of some silica (6 p. p. m.) even with high excess 
hydroxyl-ion concentration and aluminate was necessary for 
good coagulation. Also if high silica (30 p. p. m.) was 
present but no sodium aluminate, the solution remained very
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turbid and did not settle out. N atural waters nearly always 
contain 5 to 20 p. p. m. soluble silica; therefore from the 
tests cited little more than theoretical value can be derived. 
Also, since the stock solution was of diluted water glass from 
a 40 per cent commercial brand, there was also about an 
equal quantity of insoluble silica present due to hydrolysis. 
Colloidal silica itself is  an aid to coagulation, and it  is prob
able th a t this is the effective agent in these tests rather than 
the soluble silica. Baylis {2) also reported th a t the presence 
of silica in some form has an effect on coagulation. Since 
colloidal silica is negatively charged in alkaline solution, its 
action should be similar to colloidal alumina. On the addi
tion of sodium aluminate anhydrous aluminosilicate may be 
formed which should have action similar to the clays de
scribed by M attson (9).
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WATER SOFTENING
Sign of th e  Charge on Colloidal P articles of H ydrous  

A lum ina, H ydrous M agnesium , and Calcium C arbonate

T. E. LARSON AND A. M. BUSWELL
Illinois State W ater Survey, Urbana, 111.

TH E  relation between elec
trical charge and certain 
c o a g u la t io n  effects m et 

with in water purification is not 
clear in several instances. This 
is partly due to the earlier notion 
th a t hydrous alumina wras posi
tively charged throughout the 
pH  ra n g e  e n c o u n te re d  an d  
partly due to  a lack of informa
tion concerning the charge on 
other precipitating substances.

Various optimum pH zones 
of coagulation for alum floe
have been reported in the literature (1 ,2, 8 ,8 ,9 ) .  Investiga
tions have shown th a t these zones are dependent to a  certain 
extent upon the type and concentration of ions in the water 
to be coagulated (2, 8, 9). The purpose of this paper is to  
present data on the charge on colloidal calcium carbonate 
and magnesium hydroxide, and to  indicate the change under
gone by hydrous alumina in connection with coagulation and 
softening.

Electrophoresis determinations were made on hydrous 
alumina a t various pH values by means of the ultramicro
scope with the cylindrical cell of M attson (5). Corrections 
for light beam deviation (4) were used to obtain focus a t the 
correct depth. The pH  was determined potentiometrically 
w ith a glass electrode.

The hydrous alumina wTas prepared by adding aluminum 
chloride and aluminum sulfate, respectively, to various con
centrations of sodium hydroxide. Continued stirring showed 
a steady change in the pH of the solution. When aluminum 
chloride was used, if the initial pH on addition of the co
agulant was greater than 8.2 the colloidal particles were 
negatively charged and the pH  decreased with time. If the

Colloidal hydrous a lum ina  is negatively 
charged above, and  positively charged be
low, a pH of 8.2. As th e  pH changes on 
aging, a flocculation zone is approached in  
w hich basic a lu m in u m  sulfate  of variable 
com position constitu tes th e  solid phase. 
Colloidal calcium  carbonate is shown to be 
negatively charged and  m agnesium  hy
droxide positively charged th ro u g h o u t the  
pH range of w ater softening.

initial pH  was less than 8.2, the 
particles were of positive charge 
and the pH  increased with time.

When aluminum sulfate was 
used, the behavior was similar 
to th a t of aluminum chloride 
when the initial pH was greater 
than 8.2. When the initial pH 
was less than 8.2, an increase 
with stirring wTas noted, bu t if 
the final pH became as great as 
7.6 to 8.2, flocculation occurred. 
Colloidal particles were posi
tively charged below 7.6 and 

negatively charged above 8.2. As the pH changed, particles 
of opposite charge appeared in the solution, and when floc
culation occurred, particles of either charge were equally 
apparent. Typical data are shown in Figure 1 for 2 grains 
of ALSO,. 1611,0 per gallon.

The fact th a t aluminum hydroxide is not the only com
pound in the solid phase when polyvalent negative ions are 
present accounts for the variation in isoelectric point when 
other than monovalent ions are present. Miller (8) has 
shown the existence of a basic aluminum sulfate of composi
tion varying with pH  (or hydroxy 1-ion concentration), and 
aluminum concentration. Each of these compositions of 
basic aluminum sulfates should have a particular isoelectric 
point, which explains the zone of precipitation found when 
sulfate is present. M attson (6) checked Miller’s work with 
phosphate present and varied the phosphate concentration 
to  obtain basic aluminum phosphates, each having a par
ticular isoelectric pH for the particular phosphate concentra
tion within the zone of insolubility. Likewise aluminosilicates 
were shown to have isoelectric points varying with the relative 
concentration of aluminum and silicate present (7).



Magnesium hydroxide was found to be positively charged 
a t all pH  values as high as 12, beyond which no determina
tions were considered necessary. Calcium carbonate was 
found to have a negative charge in the presence of calcium 
bicarbonate as well as in the presence of calcium hydroxide.
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added, and this pH will also vary according to whether the 
aluminum is added as potassium alum, filter alum, aluminum 
chloride, or sodium aluminate. This pH will depend slightly 
on the form and am ount of colloidal m atter (color, turbidity, 
and bacteria) and more definitely on the highly charged,
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Courtesy, Alvord, Burdick  <1* Ilowson, Chicaoo, III.

T h e  M il d  C l im a t e  a t  M ia m i  M a k e s  I t  P r a c t ic a b l e  t o  O m it  t h e  C u s t o m 
a r y  B u il d in g  o v e r  t h e  F i l t e r s  o f  t h e  S o f t e n in g  P l a n t

The relatively slow approach to equilibrium is shown by 
the change of pH  with prolonged stirring, which is substan
tially equivalent to  aging. Proper mixing and sufficient 
detention period are primary prerequisites for efficient sof
tening and coagulation. The resulting formations of pre
cipitates of variable composition of mixtures of various in
soluble compounds are significant in many phases of water 
treatment. Although no definite stoichiometric relations 
can be shown, i t  is seen th a t color, turbidity, and bacteria 
removal are all dependent on pH of flocculation of the agent 
which, in turn, is dependent on the relative concentration of 
polyvalent ions present. Each particular water should have 
a particular isoelectric pH for each concentration of aluminum

F ig u r e  1. D a t a  f o r  A l u m in u m  S u l f a t e

greater concentrations of polyvalent ions such as sulfate, 
carbonate, silicate, and iron.

Likewise, the addition of an aluminum floe in  treatm ent 
should not be so effective as the addition of aluminum in 
solution or in the solid or colloidal state since in th a t event, 
two consecutive reactions m ust take place instead of one. 
These steps are solutions of ions combined with aluminum 
to maintain equilibrium with those in solution, and then 
adsorption of ions from solution to maintain another solid- 
to-solution equilibrium. This does not mean th a t the use of 
a floe would be totally ineffective, whether i t  be freshly pre
pared or obtained from a previous coagulation.

With reference to  water softening where the pH  is high, 
most of the aluminum should exist as soluble aluminate. 
In  the presence of considerable excess magnesium hydroxide 
(positively charged), definite adsorption of and coagulation by 
the negatively charged aluminate ions and alumina particles 
should take place. Colloidal particles are coagulated by 
oppositely charged particles as well as by ions, and the result
ing hydrous oxides ac t as catalysts or reservoirs for hydrogen 
and hydroxyl ions adjacent to the magnesium and aluminum 
hydroxides as the relatively slow formation of calcium car
bonate takes place and thereby hastens the approach to 
equilibrium.
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C H E M I C A L  P A T R I O T I C  E N V E L O P E

Th= use of illustrations, cartoons, and caricatures for patriotic and 
propaganda purposes goes back to the 18th Century. It was vigor
ously utilized in chc English campaign against Napoleon.

It again became active in 1S40 when the British Post Office issued 
the first postage stamps and stamped envelopes. The latter, known as

"Mulready envelopes” because the original was made by William 
Mulrcady, were not popular and were soon caricatured extensively.

In the United States the use of pictures on envelopes was soon 
adopted by the temperance societies and the anti-slavery party. By 
1852 this use had assumed large proportions.

But it remained for the great wave of patriotism which followed 
Lincoln’s Emancipation Proclamation to produce an avalanche of 
patriotic envelopes.

"Everything that might indicate attachment to the Union was em
ployed; and in less than a fortnight after the President’s Proclamation 
went forth, the post offices were made gay with letter envelopes bearing 
every kind of device, in brilliant colors, illustrative of love of country 
and hatred of rebellion. The use of these became a passion. Not less 
than four thousand different kinds of Union envelopes were produced 
in the course of a few weeks." (Lossing)

These envelopes, intended to give expression of the sentiments of the 
people, were used by the soldiers in both armies and by the home folks 
in writing to them. Today over twelve thousand different envelopes 
are known, produced by the leading printers of the day—Berlin & Jones, 
F. K. Kimmcl, Charles Magnus, and George F. Nesbitt of New York, 
Magee of Philadelphia, Mumford of Cincinnati, etc.

We are particularly fortunate in being able to present as No. 109 
in the Berolzheimer scries of Alchemical and Historical Reproductions, 
the only known "patriotic envelope" of chemical import. Un
doubtedly the unknown artist drew his inspiration from an alchemical 
painting then well known.

The original, printed in red and blue on a white envelope, is 23/« 
by 3 inches in size. Not over a dozen copies, used and unused, are 
known still to be in existence.

D. D. B e r o l z h e i m e r

50 East 41st Street 
New York, N. Y.

★  ★  ★  ★  ★

B E R O L Z H E I M E R  

A L C H E M I C A L  A N D  H I S T O R I C A L  R E P R O D U C T I O N S

T hese prints o f  fam ous paintings and engravings w ere started in  th e  A u gu st, 1 9 3 1 , issue, and 
appear m o n th ly  thereafter in  our volum es for th e  subsequent years.

Orders for p hotograph ic prints 8 by 10  inches at $ 1 .50, and 16  by  zo  inches at $4 , sp ecify in g  the  
numbers here indicated and titles as g iv en , shou ld  be sent w ith  advance paym ent to  D . D . B erolzheim er, 
50 E ast 41st S t., N ew  Y ork , N . Y . T hese p h otograp h s are n o t carried in  s to ck , but are ordered on ly  
on receipt o f  rem ittance. Purchase o f  these ph otographs does n ot confer any r igh ts o f  pub lication  
o f  these reproductions. Special arrangem ents m ust be m ade w ith  M r. B erolzheim er to  ob ta in  such  
righ ts.

Prints and enlargem ents can be supplied in  b lack  and w h ite  on ly ; v e lv e t , m att, or g lo ssy  finish. 
Prints in  co lor  cannot be supplied . A n ad d itional reproduction w il l  be published  each  m onth .

T he lis t  o f  reproductions published during 1939 fo llo w s . T he figures in  parentheses fo llo w in g  
th e  nam e o f  th e  artist denote the page on w h ic h  the respective reproduction w il l  be found.

97. The Alchymist, Teniers (87) 101.
98. Recovery of Olive Oil, Stradano (189) 102.
99. L’Incantation, Raps (338) 103-

100. Der Schcidekucnstler in seiner Werk- 104.
statt, Bega (381) 105-

The Pharmacist, Bega (617)
Sugar Manufacture, Stradano (744) 
The Alchemist, Tantot (865) 
Medieval Distilling (971) 
Alchemic, Van Hofe (1111)

106. L’Alembic, Bonvin (1217)
107. King Frederick William I in the

Laboratory, Borckmann (1406)
108. New Discoveries in Pneumaticks, Gill-

ray (1454)
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W h y  r isk  it?
If you got through 1939 without 

Dubbscracking you are lucky— 
but why risk it again?

Four refiners are increasing 
their Dubbscracking capacity as 
the new year begins—others are 
putting in Dubbscracking for the 
first time—and U.O.P. catalytic 
polymerization too

W hy don’t you?

H a p p y  N e w  Y e a r

U n iv e r sa l O il P ro d u cts  Co  
C h icag o , I llin o is

D u b b s C rack in g  P r o c ess  
O w n e r a n d  L ic e n so r
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M I N E R A L  M E T A B O L I S M
b y  A lfr e d  T . S h o h l

Research Associate in Pediatrics, Harvard University

A . C. S. M onograph N o. 82

U n q u estion ab ly  th e  m o st com prehensive and au th orita tive  
work on th is  v ita l su b ject!

Chemists are becoming more and more concerned with 
the most intricate chemical plant of all—the human body.
This is attested by the fact that at the recent Boston meeting 
of the American Chemical Society, a large proportion of 
the papers dealt with various aspects of medicine and health.
The chemical reactions by which the body controls its 
temperature, regulates its utilization of food and keeps the 
composition of blood and other fluids constant, is one of 
the most active fields of research to-day. Indeed, as was 
pointed out in a recent editorial in the New York Herald- 
Tribune “ the next age of medicine promises to be the 
chemist’s.”

Knowledge of the effect of minerals on the structure and 
functions of the body has expanded so rapidly that this 
volume will be essential to biochemists, pharmacists, biolo
gists, physiological chemists and to all research workers in 
the food and drug industries. I t  clearly and definitely de
scribes the role of minerals in the structure and functions of 
the human body. Presented as a concise but thoroughgoing 
account, the subject matter constitutes a simplified digest 
and interpretation of the vast amount of research carried 
on in this field during the past decade. Deposition of 
calcium by the blood, mineral requirements during preg
nancy and lactation, the mechanism of acid-base equilibrium 
and secretions, excretions and water metabolism are some 
of the pertinent subjects discussed.

This volume will also be helpful to dieticians, pediatri
cians, general practitioners and pre-medical students. Much 
valuable statistical information is presented on the effect 
of minerals on nutrition, on the diseases of tetany and rickets, 
and on mineral balance studies of animals, infants and adults.
An ample bibliography is given at the end of each chapter, 
enabling those interested to obtain a wealth of further 
information.

The author, Dr. Alfred T. Shohl, is a recognized authority 
on pediatrics and the physiology of acid-base and mineral 
metabolism. A research associate of Harvard University, 
he is the author of many important physiological papers, 
and has had extensive experience as a consulting pediatrician.

394 Pages Illustrated $5.00

REINHOLD PUBLISHING CORPORATION 330 W. 42nd Street, New York, U. S. A.
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E O U O L D

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

UP FROM 
OBSCURITY
The chemical world is well aw are of the suc
cesses and failures in its midst.
Therefore, the rise of Reichhold from utter 
obscurity to world prominence, as a  producer 
of in d u stria l synthetics, is quite  common 
knowledge.
We believe, however, that further illumination 
should be shed upon this fact.
Reichhold began with, and continues to hold, 
one tremendous advantage—a  research and 
production personnel that includes some of the 
foremost minds in the realm  of synthetic resins.
It has been the work and guidance of this staff 
that has brought Reichhold to its present size 
and scope—operating seven plants, both here 
and abroad.
More recently, Reichhold has added a  plant 
for the production of chemical colors. Its staff 
is now able to aid  formulators in obtaining 
complete chemical compatibility of pigments 
to resins.
Thus, the activities of Reichhold expand—em
bracing a  complete line of synthetic resins, 
processed copals, ester gums and  synthetic oils 
to which is now added chemical colors.

R E I C H H O L D  C H E M I C A L S

I N C O R P O R A T E D  • D E T R O I T ,  M I C H I G A N

W O R L D ' S  L A R G E S T  P R O D U C E R S  OF S U R F A C E  C O A T I N G  S Y N T H E T I C S
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P la tin u m  E nlarges Its  F ield  
In  In d u s try

T HE m yriad usee o f p la tinum  in industry , in  im p o rtan t parts o f the actual tools o f 
production , is an ou tstanding  featu re  of o u r tim es. Chem ical and industria l engineers 
have long wished to take advantage of p la tin u m 's  resistance to the action of corrosive 
agents, in  w ider applications, to prevent con tam ination  and  secure g rea ter un iform ity  
and a h igher degree o f pu rity  in  the p roduct, hu t have been prevented by the factors 
o f excessive cost and  weight.

P L A T I N U M  C l , A D  Now, a new m ateria l, P la tinum  Clad, has been perfected  
by us which m akes it econom ical to em ploy p la tinum  in  vessels and o ther appara tu s 
of large size— econom ical because o f  the m uch longer life o f the units and the fact 
tha t the p la tinum  never loses its in trinsic  value. P la tinum  Clad is base inclal to one 
o r both  sides of which has been welded pu re  p la tinum  o f any requ ired  thickness, the 
surface being a con tinuous, unbroken  sheet o f the precious m etal. I t  is available in  
sheets, ready fo r form ing , in  wire and  in  tub ing  w ith p la tinum  upon  c ither o r both 
surfaces. W e have ju s t published a  booklet describ ing th is new product. Every 
technical m an  should read  it an d  it’s yours upon  request.

B A K E R  &  C O ., IN C .
S M E L T E R S .  R E F I N E R S  A N D  W O R K E R S  O F  P L A T I N U M .  G O L D  A N D  S I L V E R

1 1 3  A s t o r  S t r e e t ,  N e w a r k ,  N . «1.

N E W  Y O R K S A N  F R A N C IS C O

CEMENT
PLA STIC  M ONOLITHIC

I N S U L A T I O N

Ideal for process •quipmsnt; can ba used for any tempera
ture up to 1600® F. Easily applied to large or small surfaces. 
Extremely High insulating efficiency: minimum lineal dry
ing shrinkage: remarkable adhesive properties: extreme
plasticity; surprisingly low cost because of its great cover
ing capacity. Write Dept. 64 today for complete details or 
consult the nearest Carey Branch or Distributor.

S E T  IT — FO R G ET  IT !

THE AUTOMATIC FEEDER-WEIGHER-CONVEYOR

T h a t's  one of the many advantages of the Schaffer Poi- 
dometer. I t  autom atically proportions, weighs, records and 
conveys crushed, granulated and pulverized materials. 
Poidometers can be used singly or in batteries. Auto
matic electric controls stop one or a dozen machines when 
an insufficient quantity  of material is delivered, and s ta rt 
it upon receipt. Set it and forget it!
By the use of a  battery  of Poidometers, practically any 
number of different ores or chemicals th a t come within our 
table of sizes and capacities, can be handled.
Poidometers can be made extra length, with 
pulley centers up to 2 5 '0 '— therefore elimi
nating extra conveyors and expense.
Here is a machine th a t operates w ith minute 
accuracy and effects enormous reductions in 
costs.
Will handle any free-flowing, pulverized 
granular or crushed material containing up 
to  4 '  cubes.

Install Schaffer Poidometers and Watch Results
Write for catalog No• 3

SCHAFFER POIDOM ETER CO.
2828 Sm ailm an S treet_______________ P ittsb u rg h , Pa.

j THE PHILIP CAREY COMPANY • lockland, Cincinnati, Ohio
Dependable Products Since 1 8 7 3  

BRANCHES IN PRIN CIPAL C IT IE S
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S P E R R Y

F ILT E R
PRESSES

A  sP.nY n-:*h  »‘• V o ' ä a ' S p

regulate pressure. —

w h ic h  en-

, S p e rry  P la te  ^ * ' ^ d  sh ift P16“ 5 9 ? ^ .  

int acce sso ry .

Whatever your filtration problems may be — no matter how unusual 
or complicated — it's a safe bet that they can be solved to your com
plete satisfaction by Sperry engineers.

For more than 40 years Sperry Filter Presses have been success
fully handling all of these types of filtration. Hundreds of plants through
out the country in widely varied industries depend upon Sperry.

The services of our Engineering Department are at your disposal, 
and we invite you to consult with them. Your needs will be studied 
and unbiased recommendations made without obligation on your part. 
Send samples of your material for testing.

SEND FOR LATEST BULLETIN
This booklet contains valuable charts and data on the 
subject of filtration and illustrates and describes various 
types of filter presses and installations. Write for it today 
— no obligation, of course!

D. R. SPERRY & CO. BATAVIA, ILLINOIS
F IL T R A T IO N  E N G IN E E R S  FO R  O V ER  40 Y EA R S  £ . . t e r n s . i . s R .e r . . . . t . , i , e

Henry E. Jacoby, M. E. 
205 E. 42ad St..New York City 

Tel. MUrray Hill 3581

Western Sales Representative 
B. M. Pllhasby 

Merchants Exchange Bldg. 
San Francisco, Calif.
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B A R N  S D  A L L ’ S
T R I P O L I

(Seneca S tandard)

Has been recognized as the standard for 
comparison for over fifty years.

This record of leadership is credited to 
our policy of producing a quality Tripoli, 
with special attention always to U N I
FORMITY of sizing, absorption, abrasion 
and color.

The most DEPENDABLE Tripoli in 
the world is the result.

R E O . U . S .  P A T . O F F .

A True Ground Pumice Stone
Is introduced with the same idea in 

mind.
This is a new type American Pumice—  

a twin to Italian with a fairer complexion, 
being lighter in color. Valencia Pumice 
is of the same physical structure, and has 
the same abrasive properties as Italian.

It is not to be confused with Volcanic 
Ash.

Write for Free Booklets and any Specific Information Desired

BARNSDALL T R IPO LI CORPORATION
A Barnsdall Subsidiary Since 1010

SEN ECA, MISSOURI. U. S. A.
Ca b le  Ad d u u : Tripoli Seneca 

Codes, A.B.C. 5th and 6th, Marconi, Bentley's

The RAMAN EFFECT and its 
CHEMICAL APPLICATIONS

by Jam es H. H ibben, T he G eophysical L aborato ry , W ash ing ton , D. C.

A. C. S. M onograph N o. 80

The importance of the RAMAN EFFECT in furnishing 
new means of studying the behavior and structure of 
molecules, already rivals that of the x-ray. This vol
ume is the first to describe in complete detail the great 
contribution of RAMAN SPECTRA to our present 
understanding of the molecule. Its purpose is to bring 
about a fuller realization of the potentialities as well as 
the achievements of this valuable technique in applica
tion to current problems of industry and scientific 
research.
THE BOOK is divided into three parts:—
Part I deals with the nature of the Raman Effect, its 
relation to other physical manifestations, the vibrations 
and rotations of polyatomic molecules and a complete 
discussion of fundamental mathematical concepts.
Part II discusses the applications of the principles of 
Raman Spectra to Organic Chemistry.
Part III deals with their application to Inorganic 
Chemistry.
I ts  G rea t Significance to  Research W orkers in  
All Fields—

ORGANIC CHEMISTS—because of the information 
obtainable on the nitration of organic compounds, the 
constitution of acid solutions of varying concentrations 
and on the determination of the structure of organic 
molecules of industrial importance, i.e., plastics, rubber 
substitutes, styrene polymers, etc.
INORGANIC CHEMISTS and GEOCHEMISTS— 
because the Raman Effect can help determine the con
stitution, composition and behavior of inorganic mole
cules in crystalline and amorphous compounds, gases, 
liquids and solids.
BIOCHEMISTS—particularly for light thrown on 
compounds of importance in life processes. I t  is for 
this reason that the spectra of sugars, amino acids, sul
fur compounds, urea, guanidine and some proteins have 
been investigated.
PHYSICISTS, PHYSICAL CHEMISTS and CHEMI
CAL PHYSICISTS—because the Raman Effect is a 
means of investigating in a molecule the interatomic 
forces, energy levels, specific heats, selection rules, 
polarizability, rotational and vibrational spectra and 
other similar phenomena.

Bibliography; Indexes of Compounds with Cross-references, Numerical Index, 544 pages. Price $11.00

REINHOLD PUBLISHING CORPORATION, 330W. 42nd S t., New York, U.S.A.
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IONEERS OF PULVERIZIN

RAYMOND is ready  for 1940 w ith  a  fu ll line  of m odern  pulverizing and  sep ara tin g  
m ach in ery  for m eeting  every dem and  in  th e  p roduction  of powdered m ate ria ls

BOWL M ILLS
For D irect-Firing  

Rotary K ilns  
Built in ten sizes

SCREEN  M ILLS
For pulverizing soft materials 
uilt in seven sizes includ ing  the

LABORATORY MILL

VACUUM A IR  
SEPARA TIN G  PLANTS

W r i t e  f o r  
CATALOGS  
a n d  t e l l  u s  
your problem

R n v m o n D  P u l u e r i z e r  D i v i s i o n
C O M B U S T I O N  E N G I N E E R I N G  C O M P A N Y ,  I N C .

1313 N o r t h  Branch S tre et  C H I C A G O
Sales Offices in Principal Cities • • « In Canada: Combustion Engineering Corporation, Ltd., Montreal

IMP M ILLS
H am m er T y p e  Units 
with A i r  Separation  

For grinding soft and medium  
hard materials

W hizzer-type Im p  Mills
For extreme fine grinding

Im p  Kiln Mills

For drying and pulverizing  
A l l  Typ es in Seven S izes  

*  *  *  *  *  *

AUTOM ATIC
P U LV ER IZ ER S
Ham m er T y p e  Units  
with A i r  Separation  

For disintegrating soft and  
medium hard materials

Whizzer Type  
A u to m a tic  Pulverizers

For extreme fine separation

* * * * * *

FLASH  D RYIN G
For producing pow dered  

materials in d ry  form

R O LLER  M ILLS
with A i r  Separation

For Finish G rin d in g  
A l l  types built in s ix  sizes

High Side Mills

For fine grinding

Low Side Mills

medium fine grinding  

W hizzer-type Mills 

extrem e fine grinding  

Roller Kiln Mills

For drying and grinding  

* * * *

DUST
C O LLEC T O R S

Tubular and  
S p ecia l T yp es

M ECHAN ICAL  
A IR  SEPARA TO RS

For extrem e fine and uniform  
classification  

Built in N in e  S izes includ ing  the

30-Inch SEPARATOR  
and the 

LABORATORY  
SEPARATOR
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GRANT BUH0ING

Weighs and Check Weighs Powdered 

or Granular Materials with Accuracy  

Within 1 / 6 4  O  unce

BAR-NUN 

" ( J jP ' W E IG H ER S

STOPPING COSTLy LITTLE 
L E A K S  Is the (unction and the out
standing feature of this remarkable 
N et Weigher. It automatically fills, 
weighs, and check weighs V i ounce 
to 8 ounces of powdered or granular 
materials into bags, cans, cartons, 
and glass containers; speed up to 40  
bags per minute. The N o. 15 
W eigher handles from 3 oz. to 2 lbs. 
per discharge with accuracy within 
Y32 oz. plus or minus. Speed up to 
30 per minute. A lso , when 
equipped with control mechanism, it 
can be used as an extremely ac
curate weighing Feeder. Complete 
information on request.

Model No. 10-N 
Bar-Nun Welghef

A ls o  manufacturers of V lbrox Ba 
age Feeders; Bar-Nun Rotary 
Package Weighers.

j and Barrel Packers; Draver Percent- 
aifters and Edtbauer-Duplex Large

B. F. C  u M P C o
ENGINEERS AND MANUFACTURERS SINCE 1872

415-423 S. C linton S treet Chicago, Illinois

I M P E R I A L
T h e  B e t t e r  B l a c k s

for Paints, Enamels & Lacquers

To meet the varied demands 

of different formulas in the 

industry, IMPERIAL makes a 

carbon black fitted to specific 

needs. Each a product of rigid 

laboratory control, easy to 

work, uniformly dependable!

UNirORAf

SPECTROGRAPHIC EQUIPMENT

T he th ree  ARL power source u n its  illu s
tra ted  above m in im ize  lig h t source errors, 
an d  are, therefore, essen tia l in  every spectro- 
g raph ic  laborato ry . They give s tr ic t  an d  
convenient con tro l of th e  cond itions of 
excitation  of spectra. T he u tm o s t is 
achieved in  s tab ility  a n d  reproducib ility  of 
excitation.

Write fo r catalog describing the com
plete line of spectrographic equipment.

Harry W. Dietert Co.
9330 Roselaw n Ave.
D etro it, M ichigan

AUTOMATIC 
DRAINAGE PROTECTION
when you need, it m o lt!

19,437 i

#  W hile  Tab er Pumps a re  well 
known to the chem ical industry, 
Tab er furnishes eq u a lly  re liab le  
autom atic sump pumps fo r pos
itive d ra in ag e  protection. Used 
also  in E levato r Pits, P ipe Tun
nels, fo r Sew ag e , Blow-off Basins, 
Sub-basem ents, etc. Years of e x 
perience in this branch o f pump
ing has produced a series of 
sump pumps that serve without 
attention in em ergency or day- 
a fte r-d a y  pum ping. Industry's 
best known buyers of equipm ent 
choose T a b e r fo r p ro tection  
rather than p rice . Investigate this 
protection . . . w rite fo r Bulletin 
S S-6 2 9  TO D A Y!

T A B E R  P U M P  C O .
(E S T . 1859)

2 9 3  ELM ST., BUFFALO, N .Y .
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ALORCO

nl use“ •
is d isc L a rg c s

I I . The '^c‘ 
aSc Of V .W  
r pbotograp'’

SAVES  THE

A T OM- S MA S HE R  FROM

E L E C T R O C U T I O N

Five million volts potential is built up by the moving 
belt which feeds the electrode of the “ atom-smasher” 
installed in the Atomic Physics Observatory of Carnegie 
Institution at Washington.

One zephyr of moist air wafting across that charged 
belt would set off a lightning bolt capable of ripping the 
belt to shreds, crippling the expensive machine.

To keep the air dry and nonconductivc, so no such 
catastrophe can occur, all air entering the housing sphere 
is dried by Activated Alumina to 3% R. H. or less, main
taining the humidity at 10% in the room.

This spectacular installation illustrates the use of 
Activated Alumina for dehumidification in a situation 
where performance must be dependable. In other appa
ratus Activated Alumina is being used to reduce moisture 
content to 0.0000008 gram per liter; to remove as much 
as 600 pounds of water per hour; to operate at pressures 
up to 3500 lb.; to handle 21,500,000 cu. ft. of air, or 
200,000 gallons of liquid per day. Such equipment is 
efficient and economical.

Dehumidifiers charged with Activated Alumina serve 
in many industries where the control of moisture, in gases 
or liquids, is desirable. Activated Alumina is also used as 
a catalyst and as a catalyst carrier. Our engineers will be 
glad to give you full information about its many uses. 
ALUMINUM ORE COMPANY. (Sales Agent: A l u m i n u m  
C o m p a n y  o f  A m e r i c a , 1911 Gulf Bldg., Pittsburgh, Pa).

t H  l  

■
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ÍT M R C C  
' l l £ P t iA N T j  

BORAX  /

THREE ELEPHANT
BORAX-BORIC ACID

BO LTS, N U T S , SCREW S, W ASHERS
and  ACCESSORIES . . . m ade of Brass, Bronze, 
C opper, Everdur, M onel M etal and  Stainless 
Steel. Little screws, b ig  bolts, studs and  every 
type  of fastening used by manufacturers of heavy 
equipm ent, chem ical processers, boat builders, 
u tilities and any industry  w here appearance, rust 
o r corrosion is a factor.

3 6 0 0  ITEM S IN  STOCK
H arper stocks include 3 6 0 0  of the above items. 
Large quantities of each, ready for im m ediate 
sh ipm ent. Special bolts and screws m ade 
prom ptly to o rder from large stocks of raw 
material.

SEND FOR CATALOG
. . . containing 72  pages and show ing scores of 
illustrations in natural colors, data sheets and 
tables. Easy to use. "Takes th e  m ystery out of 
bolts and nuts". Does not say "on  application" 
o r "w rite u s" . Gives all the  inform ation you 
n eed  for reference or ordering . Ask your logical 
source of supply, The H. M. H arper Company, 
2632 F letcher Street, Chicago, 111.

MAKING BOTTLE WASHERS "CLIC

Did you ever run a bottle washing 
machine? It has to "click," or you 

start all over again. All over the 
country you will find bottle washers 

equipped with the famous Sarco 
No. 9 Thermostatic Steam Traps. 

And you will always find an individ
ual trap for each steam coil in the 

machine. Isn't this a significant tip 
for the manufacturer who wants to 
make his entire plant "click"? Cat

alog No. 48.

S A R C O  C O M P A N Y ,  IN C .
1*3 Madison Avonuo, Now York, N. Y.

S A IC O  C A N A D A  IT D .. »E01I A I  « 100.. T O R O N TO . O N T.

S E C  P H O N E  B O O K  F O R  L O C A L
SA R CO

S A R C O  R E P R E S E N T A T I V E

U M H

MURIATEOF POTASH
Stocks carried  in principa l cities of United States 

and C anad a

AMERICAN POTASH & CHEMICAL CORP.
70  PINE STREET NEW YO R K

Continuous Vacuum Filters
f o r  u n u su a l o r  e x p e r im e n ta l  r e q u ire m e n ts

Illu stra tion  above shows a n  Eimco D rum  F ilte r in  the experim ental 
p ilo t p lan t of a  well-known chem ical products com pany. Eimco’s 
experienced filtra tio n  engineers are alw ays glad to  cooperate w ith 
other engineers o r production executives in  w orking out the  best pos
sible solution of difficult o r unusual f il tra tio n  problem s, and  to make 
any m odifications in  o u r s tan d ard  designs th a t may be necessary  to 
assure satisfac to ry  results. W rite  us regarding^ any filtra tio n  o r  de
w a tering  requirem ent. O ur recom m endations involve no charge or 
obligation—m ay easily help you to achieve im p o rtan t savings in^ both 
tim e and money. B ulletins cover com plete line of drum  and  disc filters.

T H E  E I M C O  C O R P O R A T I O N
333 N. M ichigan Ave. 634 South 4th W est St.

Chicago, Illinois S a lt Lake City, U tah
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P L U S  USEFULNESS
I n  T h e  B & L  W id e  F ie l d  B in o c u l a r  M ic r o sc o pe

The Wide Field at all magnifications is just one advantage of the B&L 
Wide Field Binocular Microscope. Other B&L features include the 
long working distance and the patented revolving Drum Nosepiece 
with paired objectives. These are features that mean plus usefulness 
in the laboratory or field.

The B&L Wide Field Binocular Microscope shows an erect, unre
versed three dimensional image magnified up to 150X. Three types 
of stands adapt it to varying requirements. For full details write 
Bausch & Lomb Optical Co., 608 St. Paul St., Rochester, N. Y.

B A U S C H  &■ L O M B
FOR YO U R  E y E S , INSIST ON BAUSCH *  LO M B E y E W E A R , M AD E FROM  BAUSCH t  LO M B 

G L A S S  TO  BAUSCH *  LO M B H IGH  STAN D ARD S O F P R E C IS IO N .......................................................................g S f g j I
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GENERAL OFFICES: BAY CITY, MICHIGAN
DISTRICT OFFICES 

New York, Philadelphia, Pittsburgh, Cleveland, Chicago,

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

by G ustav Egloff, D irector o f Research, Universal Oil Products C om pany  
A. C. S. M onograph No. 78—to  be pub lished  in  fo u r  vo lum es—Vol. I R eady—Vol. II  Dec. 1

T HE scope of this work is such that it may be utilized in pure and applied science and in indus
tries such as petroleum, natural and manufactured gas, chemical, rubber, plastic, resin and 

pharmaceutical. The ideal underlying this four volume study of the Physical Constants of Hydro
carbons, has been to contribute to the fundamental knowledge of hydrocarbons from the 
scientific as well as the pragmatic point of view. In the present work, the critical study of the 
hydrocarbon constants and their interrelationships to derive useful and sound generalizations has 
been the desired goal. The melting point, boiling point, specific gravity, and refractive index 
of all classes of pure hydrocarbons will appear in three volumes and their interrelationships in the 
fourth volume. The work is restricted to these four constants chiefly because they are the ones 
most frequently employed in identifying hydrocarbons and in industrial engineering. Bibliographi
cal sources of all experimental values are given.

Volume I.—Covers paraffins, olefins, acetylenes, and other hydrocarbons are representative. To be published March,
aliphatic hydrocarbons. 416 p...................................... $9.00 1940. Price later.

Volume II.—Will include the cydoparaffins. cydoolefins, Volume IV.—To systematize and correlate the physical 
cycloacetylene, bi- and dicyclo paraffins and cydoolefins, properties with the structures of the hydrocarbons of ho- 
olefin and acetylene substituted cydoparaffins and cycloole- mologousseries, thus disclosing possible errros in experimental
fins. About 550 p...................................................  $12.00 values. Interrelationships between other homologous series

are also shown, permitting the prediction of physical prop- 
Volume III.—Will present the aromatic series and more erties of hydrocarbons yet unknown. To be published Fall 
complex condensed ring systems of which the cardnogenic of 1940. Price later.

Orders accepted now  fo r  com ple te  work

Reinhold Publishing Corporation 330 W. 42nd St., New York, U . S . A .
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D irect Determination of 
Alumina in Silicates

REAGENT-— 8 - I Iy d ro x y q u in o l i i ie  

M E T H O D — V o lu m e t r ic

R E F E R E N C E — K o e n ig , I n d .  E n g . C h e m .,  A n a l .  E d .,
Ml, 5 3 2  ( 1 9 3 9 )

T h i s  i m p r o v e d  m e t h o d  fo r  d e te rm in in g  a lu m in a  a s  it s  q u in o la te  

o ffers m a n y  a d v a n ta g e s  o v e r  th e  p ro c e d u re s  p r e v io u s ly  e m p lo y e d . 

T h e  re a c t io n  is c a r r ie d  o u t w ith o u t  th e  re m o v a l of iro n , a n d  a c c u r a te  

re s u lts  a re  o b ta in e d . L o w  re a g e n t c o st  a n d  th e  fa c t  t h a t  p la t in u m  

e q u ip m e n t  is  n o t need ed  m a k e  th is  a n a ly s is  q u ite  e co n o m ic a l.

E a s t m a n  8 - H y d r o x y q u in o lin e , N o . 79 4 , is re c o m m e n d e d  fo r  th is  

d e te rm in a t io n  b e ca u se  it  is  s p e c ia lly  p u r if ie d  fo r a n a ly t ic a l  p u rp o se s . 

A n  a b s t r a c t  of th e  m e th o d  w ill be fo rw a rd e d  p r o m p t ly  u p o n  re q u e st . 

E a s t m a n  K o d a k  C o m p a n y , C h e m i c a l  S a l e s  D i v i s i o n ,  R o c h e s t e r , N .  Y .

E A S T M A N  O R G A N I C  C H E M I C A L S

If You are Putting in NEW Laboratories

a n  * ■ ^ ^ 1  n   Let Kewaunee Save You Tim e.Ke-equipping vJLU k j nes M o n ey  and Possible M istakes

There have been great advances recently in the field of Laboratory Furni
ture. You get the benefit of them when you put your equipment prob
lems up to Kewaunee. Kewaunee keeps in close touch with modern Labo
ratory practice and requirements. Our engineers, fresh from other in
stallations for leaders in American Industry, bring you the advantage of 
far more than fine equipment moderately priced. You get the benefit of 
knowledge, experience, and skill that has come from 35 years of specialized 
leadership. If you are interested in metal or wood furniture for Labora
tories, write, wire or phone us and a Kewaunee Engineer will see you 
promptly to discuss your problems and requirements. There is no charge 
for this service—and no obligation. Yet remember it costs no more to 
equip right with Kewaunee Laboratory Furniture.

W l  T«W, Hood and D«k 
No. S-20S5 

With 2 Karclttt Sinkt

S p e c i f y  KARCITE SINKS
(M O L D E D  C E R A M IC )

A Kewaunee Product developed in the  Laboratories of 
M ellon In s titu te  of Industrial Research. M olded in 
one piece w ith rounded corners and perfect slope to  
drain . Free from distortion— inert to  solvents and 

mineral acids (except hydrofluoric). Will 
not crack or break under ordinary weight 
shocks and therm al shocks. G ray black 
color—smooth-surfaced—dull gloss finish. 
Lighter—stronger— easier to  clean. Also 
d istribu ted  by most o ther leading m anu
facturers of L aboratory F u rn itu re . So, on 
all orders, specify K a rd te  Sinks. W rite 
for Catalog and Price L ist.

Movable Unit Center Table
C  G. Campbell, Pres, and Gen. Mgr., 110 Lincoln St., Kewaunee, Wit. 

Eastern Branch: 220 E. 42nd St, New York, N. Y.
Mid-West Office: 1208 Madison St, Evanston, III. 

Representatives in Principal Cities
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You Get BOTH With

JESSOP S ilm - lfy  
STAINLESS-CLAD STEEL

CARBON- HIGH SP EED - S P E C IA L  A LLO Y-  
S T A IN L E S S -  and C O M P O S IT E  S T E E L S

M a n u fa c tu r in g  C hem ists

C H A S . P F I Z E R  & C O ., IN C .
81 MAIDEN LANE, NEW YORK, N. Y.
444 GRAND AYE. CHICACO., ILL.

"W h en  It Rains, 

It Pours"

YOUR doctor m ay  prescribe iron , b u t  n o t 
in  chunks. I t ’s indigestib le an d  h a rd  on 

th e  tee th . To p ro tec t you from  ju s t  such  
iron in  your d iet, M orton Salt C om pany (well know n m a n u 
fac tu re rs  of “ free flowing”  sa lt) daily ru n s  m ore th a n  200 
tons of NaCl over Dings H igh In te n s ity  M agnetic Separators 
—pow erful m ach ines th a t  rem ove all th e  iron.

T his is ju s t  one of m any  th o u san d s  of app lications of 
Dings Separators for rem oving even th e  m o st feebly m agnetic  
particles of iron and  iron  com pounds from  all types of m a 
terials, solid or liquid .

If you have an  iron-rem oval problem , find o u t w h a t Dings 
can do to  help  you solve i t  econom ically. Send a sam ple  of 
your m ate ria l to  Dings for a FREE MAGNETIC ANALYSIS. 
Dings engineers will give you com prehensive recom m enda
tions for han d lin g  th e  job. T here is no ob ligation . Send 
a sam ple today.

D I N G S  M A G N E T I C  S E P A R A T O R  C O .
6 6 9  Smith Street M ilw au kee , W ise.

D I N G S  M A G N E T I C  P U L L E Y
Most powerful separator of its type on the 

market size for sizel Air-cooled design insures 
cooler operation, greater iron-removal power. 
Bronze spacers and coil covers (exclusive with 
Dings) do not 
short-circuit lines I  »  '«A 
of force—do make J
possible greater MAG N E T IQ #te§55^  
separating power. SER4J2ATI O N ^^iS^ir

T H IS  famous slogan of 
Morton Salt Company and 
the little girl with the free- 
flowing salt are known to all. 
This firm relies on Dings 
Separators to maintain the 
purity of its product.

NOW it’s no longer necessary to choose between the low cost 
of mild steel and the superior corrosion resistance of stainless. 
S ILV ER -P LY  affords the complete protection of solid stainless 
with as much as 45% savings in material costs.

S ILV ER -P LY  is a composite sheet or plate of stainless clad
ding completely welded 
to a mild steel backing 
by a special patented 
process. Write today 
for our new booklet de
scribing S ILV ER -PLY  
in detail. Why not ask

Closed top  vessel for chemical service. your fabricators to in-
C onstructed from SILV ER -PLY  by P T V 1
Alloy Fabricators, Inc., Newark, N. J. vestlgatOMLYEK-1 L I ?

Jessop Steel Company, 534 Green Street, Washington, Penn
sylvania. Established 1901.

GOLD-SEEKERS RUSH TO C A LI F O R N IA

1 8 4 9  Chas. Pfizer & Co. started build
ing som ething m ore precious than gold — a 
reputation for quality and dependability.

T O D A Y  the Pfizer plant covers many 
acres, serves an enorm ous market, but its 
success now  as in the past is built solidly on 
adherence to those sam e sound principles 
— quality and dependability.
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MORE than 15 INDUSTRIES
NOW U S I N G  H U N D R E D S

B R A S S E R T  ¡ ¡ ¡ M
AUTOMATIC S T R A I N E R S I ^ B Ü

H .  A .  B R A S S E R T  &  C O M P A N Y
E N G IN E E R S  A N D  C O N T R A C T O R S  

310 SO U TH M ICH IG A N  A V E N U E , C H IC A G O , IL L IN O IS

A s  a primary step in reducing operating cost, 
many companies in leading process industries 
have installed Brassert Automatic Strainers, 
to clean plant water and other essential liquids.

The Brassert Strainer is a rotative, self-

Proctor Aero-Form Dryer 
Feed for continuous drying

with Rolling Extruder 
of wet-solid chemicals.
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H A V E  Y O U  M O N E Y

This is 

t h e

D R A C C O  

W a y

I

7 h&ie. 1  ^\u m u Ath xtt£
l l A C C D  P N E U M A f ï l f ô

X C D N V E Y D R 5 /m  X  -Ccui J l ; »

Q A e ,y ß iL / iH z m x ilin q G x d b \ S N It)

Pethapj it would be difficult for you to judge die efficiency of your 
handling operations, bu* D R A C C O  Engineers could easily do so. 
You may have the benefit of their 25 years of practical experience. 
They have saved thousands of dollars for many and can reduce your 
handling costs to the minimum. See Bulletin N o. 526.

•  For Further Information Write •

D R A C C O  C O R P O R A T IO N
Succ«t$on to Tht Dust Recovering & Conveying Co.

4 0 5 5  E . 1 1 6 th  St. C le v e la n d , O h io

•  N ew  York O ffice , 1 3 0  W . 42nd S t #

PNEUMATIC CONVEYORS •  DUST COLLECTORS

WANTED/
Revised January 1, 1940

B a c k  J o u r n a ls  o f t h e  
A m e r ic a n  C h e m ic a l S o c ie ty  

JOURNAL OF THE AMERICAN 
CHEMICAL SOCIETY

Vol. 30, Nos. 2, 3, 4, 5, 6, 7 @ .50 each
31, Nos. 1, 2, 3, 6, 9, 10, 11, 12 @ . 50 each
32, Nos. 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12 @ .50 each
33, Nos. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 @ .50 each
34, Nos. 2, 3, 4, 5, 6, 7, 8, 11, 12 @ .25 each
35, Nos. 1, 2, 4, 6, 8, 9 ,10,11 @ .25 each
36, Nos. 1, 2, 7 @ .25 each
37, Nos. 1, 3, 4, 8, 10 @ .25 each 
61, No. 3 @ .35 each

CHEMICAL ABSTRACTS
Vol. 1, Nos. 12, 13, 14, 16, 22 @ $1.00 each 

1, Nos. 2, 3, 15, 18, 19, 20 @ .75 each 
1, Nos. 8, 10, 17, 23, 24, Index @ .50 each
1, Nos. 1, 4, 5, 6, 7, 9,11, 21 @ .25 each
2, Nos. 1, 3, 6, 11, 19 @ .75 each
2, Nos. 2, 4, 7, 8, 9, 10, 16, 20 @ .50 each
2, Nos. 5, 12, 13, 14, 15, 17, 18, Index @ .25 each
3, Nos. 17, Index @ .25 each
4, Nos. 13, 20, 24 @ .25 each
5, No. 23 @ .25 each
6, Nos. 10, 20, 22 @ .25 each

30, Nos. 5, 6 @ .25 each
31, No. 15 @ .25 each 
33, No. 5 @ .50 each

INDUSTRIAL AND ENGINEERING
In d u s tr ia l  E d ition

Vol. 1, No. 1 @ .75 each
1, Nos. 2, 3, 4, 5, 6, 7, 8, 9,10,11,12 @ .50 each
2, Nos. 1, 5, 6, 7, 8 @ .50 each
2, Nos. 3, 4, 10 @ .25 each
3, Nos. 1, 5, 6, 7, 8, 10, 11 @ .50 each
3, Nos. 2, 4, 9, 12 @ .25 each
4, Nos. 3, 4, 7 @ .50 each
4, Nos. 2, 10 @ .25 each 
6, No. 6 @ .50 each
6, Nos. 3, 5, 7, 8 @ .25 each
7, Nos. 6, 11 @ .25 each
8, Nos. 5, 6 @ .25 each 

10, No. 5 @ .25 each

A naly tical E d ition
Vol. 2, No. 3 @ .25 each 

3, No. 3 @ .25 each
5, No. 1 @ .25 each
6, No. 3 @ .25 each

News E d ition
Vol. 5, No. 6 @ .25 each 

6, No. 1 @ .25 each

Address all packages to the American Chemical Society, 
20th and Northampton Streets, Easton, Pa., and pay trans
portation charges. Express collect packages will be re
fused. Be certain that your name and address appear
thereon. Also send memorandum to Charles L. Parsons, 
Secretary, Mills Building, Washington, D. C. Journals 
must be received in good condition. This offer supercedes 
all previous ones and is subject to withdrawal without 
notice.

A re  you losing money each day in the handling 
of your Chem icals? In M A N Y  Chemical Plants 
D R A C C O  Pneumatic Conveyors will save con
siderable money over present handling methods. 
The following 10 specific savings can be made—  
some installations enjoy most of them— A L L  
installations enjoy many of them: (1 ) control
of dust when transporting powdered material, 
(2 ) continuous automatic operation, (3) low  
maintenance cost, (4 ) labor saving, (5) improved 
working conditions, (6) lower cost of material 
due to receiving same in bulk, (7 ) saving in cost 
of packaging, (8) no loss of material in handling, 
(9 ) no contamination, (10) no interfering with 
the existing machinery.
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MARBLEHEAD
C H E M I C A LLI ME

T h e r e  h a s  b e e n  n o  i m p a i r '

M E N T  IN OUR ABILITY TO DE' 

LIVER T H E  CHEMICALS THAT 

W E M A N U FA C TU R E. N EITH ER  

ARE W E RESTRICTED BY OVER' 

BURDENED PLAN T OR ORCANI' 

Z A T I O N  F A C I L I T I E S  F R O M  

UNDERTAKING ANY DEVELOP' 

M E N T  PERTAINING TO T H E  USE 

OF T H ESE CHEMICALS. . . . 

INQUIRIES ARE INVITED ON A 

STRICTLY CONFIDENTIAL BASIS.

OLDBURY

ELECTRO-CHEMICAL

COMPANY

Plant and Main Office:

NIAGARA FALLS,  NEW YORK

?{ew T o r\ Office:

2 2  EAST 4 0 t h  ST., NEW YORK CITY

Phosphorus and phosphorus products. Sodium 
chlorate. Potassium perchlorate. Oxalic acid.

T h i s  is th e  tim e  to  assure  yourself a  
1940 free from  C hem ical L im e w orries. 
Select MARBLEHEAD a n d  s tic k  to  i t— 
a n d  you will g u a ra n tee  your lim e-u s in g  
processes th e  h ig h es t possible efficiency, 
speed a n d  accuracy—m a in ta in  steady  
p ro d u ctio n  w ith o u t in te r ru p tio n .

M arb lehead ’s h ig h  ca lc ium  p u r ity  is co n 
s is te n t—you can  depend  u p o n  i t .  T h o u 
sands of acres of th e  cho icest lim estone , 
five large, w ell-equipped  p la n ts , p recision  
m a n u fa c tu re  u n d e r  tec h n ica l co n tro l— 
assu re  you an y  q u a n ti ty  of fresh , active 
M A R B L E H E A D  C H E M IC A L  L IM E , 

w henever a n d  w herever you 
w an t i t .  B ooklet “ M odern 
C hem ical L im e ,”  on  req u es t.

•  PU LVERIZED  •  "Chem ically Pure" 
Q U IC K L IM E  H YD RATED  LIM E

•  PEBBLE L IM E •  LU M P LIM E

MARBLEHEAD LIME COMPANY
Chicago, Illinois Kansas C ity , Missouri



52 IN D U STRIA L AND E N G IN E E R IN G  CHEM ISTRY VOL. 32, NO. I

.  .  .  A fW X U U io U tC j,

A L B E R E N E  S T O N E  

C O V E D  - C O R N E R E D

C o ved -co rner S in k s  can  b e  fu rn is h e d  in  c a re 
fu lly  se lec ted  h a rd  s to n e  as w ell as in  th e  s ta n d 
a rd  m ed iu m  g rad e  s lock .

In  co m m o n  w ith  o th e r  A lb c re n e  S to n e  S inks, 
th e  C oved -co rnered  S in k  can  be  su p p lie d  in  
an y  sizes o r  d im e n s io n s  r e q u ire d  to  fit any  
space . In a sm u c h  as we have  1 1 0  s tandard  size 
s in k s , the  m ak in g  o f  s in k s  to  y o u r  sp ec ified  
sizes does n o t invo lve  a d d itio n a l cost to  you .

T h e  co v ed -co rn ers  a d d  th e  las t w ord  in  ease 
o f c le a n in g  to  the  o th e r  reco g n ized  ad van tages  
o f  A lb e re n e  S tone  S inks.

A L B E R E N E  STO N E 
C O R P O R A T IO N  O F V IR G IN IA

4 1 9  F O U R T H  A V E N U E , N E W  Y O R K  

Quarries and Mills at Schuyler, Va.

Th e  new Coved-cornered S ink attracted much favorable comment 
in our Booth at the Chemical Show in N e w  York

L aM O T T E  c h e m i c a l  
C O N T R O L  S E R V I C E

covering
p H  C o n tr o l . . . Boiler Feed W ater C ontrol 
C hlorine C ontrol . . . Soil T esting  U nits 

A ppara tus fo r  W ater Analysis
T h e  L a M o tte  R esearch  D e p a rtm e n t in coopera
tion  w ith  au th o ritie s  in all industries has de
veloped s ta n d a rd  ro u tin e  te sts  an d  s tan d ard ized  
ou tfits  th a t  are accu ra te , inexpensive an d  easy  
to  opera te .

H u n d re d s  of op era to rs  have  com e to  us w ith  
th e ir  p roblem s and  we have g lad ly  supplied  
defin ite d a ta  concern ing  th e  app lica tion  o f 
te s ts  to  th e ir  specific opera tions. T h e re  is no 
charge or ob ligation  for th is service— sim ply  
w rite  us, ou tlin ing  th e  n a tu re  o f th e  opera tion  
involved.

L a M O T T E
C H E M I C A L  P R O D U C T S  CO.
Originators 0} Practical Application of pH Control 

D ept. F , Towson, B altim ore, M d.

H A V E  G
M O L D E D  P L A S T I C  
chemical equipment

1

Unaffected by Quick 
Temperature Changes 

Seamless Construction 

Mechanically Strong

Write us about your corrosion problem: 
HAVEG may be the answer

HAVEG CORPORATION
N e w a r k ,  D e l a w a r e

..— ............. ■ — /
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WHEN you have a drive problem that 
calls for a speed reducer, don't over

look Jones. All that we ask is an opportunity 
to present the features of Jones Herringbone, 
Worm and Spur Speed Reducers that have 
caused them to be selected for so many appli
cations in process plants. The accompanying 
illustrations are typical of the Jones drives that 
are to be found in a wide variety of chemical 
plants, paper mills, paint, varnish, and plas
tics plants, and a host of similar applications.

Before you decide on your next speed re
ducers, we shall appreciate the opportunity 
of assisting you in the selection of drives to 
meet your specific requirements.
W. A. JONES FOUNDRY & MACHINE CO.

4445 Roosevelt Road, Chicago, Illinois

CATALOG NO. 70 —Both standard and 
special applications of Herringbone Re
ducers are covered in this new catalog 
with technical information on applications. 
BULLETIN NO. 75— Jones Worm-Helical 
Speed Reducers for vertical shaft drives, 
with rating tables, dimension diagrams, 
torque charts etc.

C op ies w ill be sen t on req u est.
d riven

s P eed Hel
He d I C  d luc er

HERRINGBONE—'WORM—SPUH—GEAR SPEED REDUCERS •  PUtlEYS 

CUT AND MOLDED TOOTH GEARS •  V-BELT SHEAVES •  ANTI FRICTION 

PILLOW BLOCKS •  FRICTION CLUTCHES •  TRANSMISSION APPLIANCES

ACID P U M P S
f i o t  - O c î d  f t u m p i n j  Q o b

HOW TO SELECT CHEMICAL PUMPS
This New Bulletin

gives you the Answers
A r c  you  having d ifficu lty  in getting good service from 

yo ur chem ical pum ps? If so , here is a new  Bulletin  that 

yo u  should have. In addition  to illustrating and describ ing  

our newest chem ical pum ps, it contains valuab le  tips on the 

correct app licatio n  of various types of specia l a llo y  pum ps to 

the chem icals to be pum ped. It w ill save you  tim e and m oney  

and assure you  the best possib le  service from yo ur ac id  pumps.

W rite today for yo ur co p y  of this new  bu lletin . P lease  ask for 

Bulletin  N o . 9 8 2 .

b u f f a l o  p u m p s , i n c .
1 5 3  M ortim er Street - Buffalo, N . Y .

Branch E nsineerins O ffice j In Principal Cilié» Canada Pum ps, L td ., K itchener, O n t .
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Subscrip tion Rates
Effective Jan. 1, 1940

A m erican C hem ical Society  P u b lica tion s

1. Journal A m erican C hem ical S o c ie ty ..........................................  $  8 .50
2. C hem ical A b stra c ts ............................................................................ 12.00
3 Industria l and E n gineerin g  C h em is try .................................  4 .00

Industria l E d ition  and A n a ly tica l E d ition  
4. N ew s E d i t i o n ......................................................................................  2 .00

10%  d iscou nt on 1 a n d /o r  2  w hen sen t to  th e  sam e address and (a) 
ordered together or (b) ordered a t th e  sam e tim e as b o th  3 and 4. 
N o  d iscou nt on 3 a n d /o r  4. P o sta g e  to  foreign countries outside the  
Pan A m erican P osta l U n ion  extra  as fo llow s: 1, $1 .50; 2, $2 .40; 3, 
$2.25; 4 , $0 .60 . C anadian p ostage one-th ird  th ese  rates.

S ingle copies o f  current vo lu m es, 75 cen ts each , excep t A nalytica l 
E d ition  (S.50) and N ew s E d ition  ($ .15 ).

BACK NUM BERS AND VOLUMES

Jour. Am. Chem. Soc., Vols. 28-61 (only ones available), each  S 9.00
Index to Vols. 1-20..............................................................................  1.00
Single copies, some prior to Vol. 28, each.......................................... .80

Chemical Abstracts, Vols. 1-33, including 1st and 2nd Decennial
Indexes...........................................................................................  660.00

Vols. 3-15, each....................................................................................  20.00
Vols. 16-33, each..................................................................................  15.00
Single copies, except Index Nos., each............................................... .80
Annual Index, each year...................................................................... 2.50
2nd Decennial Index, 5 Volumes........................................................  50.00

Ordered for replacement..............................................................  25.00
3rd Decennial Index, 5 Volumes......................................................... 100.00

Contingent discount of 50% to individual members, contributing firms, 
educational institutions and public libraries in the United States. 

Industrial and Engineering Chemistry
Industrial Edition, Vols 1-31............................................................  279.00

Vols. 5, 8-31, each.............................................  9.00
Single copies, each.............................................  .80

Analytical Edition, Vols. 1-11............................................................  44.00
Vols. 1, 3, 4, 5, 7, 8, 9, 10, 11, each.....................  4.00
Single copies, when available, through Vol. 8,

each..................................................................  .60
Single copies, Vols. 9-11, each...........................  .50

News Edition, Vols. 1-17, each..................................................  2.00
Single copies........................................................  .10

Volumes not priced singly, available only in complete sets.
Members, for personal use, 20% discount from above prices, except com

plete sets, Decennial Indexes, and single copies of the News Edition.
Advance payment is required in all cases and m ust be made by postal order 

or check payable in U. S. currency on a bank in the United States.
DOM ESTIC SHIPM ENTS. Single copies are sent by mail. Full volumes 

and sets are sent in the United States and Canada express collect.
FO REIG N  SHIPM ENTS. Additional charge for postage. Foreign ship

ments will be sent by mail either at purchaser’s risk or by registered mail at 
postage cost plus 5% of invoice additional for registry; minimum charge, 76 
cents Large shipments will be delivered free, if desired, to responsible forward
ing agents in New York, further charges to be paid by the purchaser on receipt.

The Society will not be responsible for loss due to change of address unless 
notification is received ten days in advance of issue. Claims for non-receipt 
must be made within 60 days of date of issue. "Missing from files” cannot be 
accepted as evidence of non-receipt. If change of address means a change of 
position, please indicate its nature.

Subscribers desiring their journals forwarded from an old address should 
always notify their Postmaster and leave necessary postage.

The names of members and subscribers, whose journals cannot be delivered 
by the Post-Office Department, will be cut off the mailing list at once, and will 
not be restored until correct addresses have been furnished.

In the absence of other information, the notices of change of address received 
from the Post-Office Department will be considered as correct, and the mailing 
list changed accordingly.

Address communications relating to the foregoing to 
CH A RLES L. PARSONS, Business Manager, Mill, Building, Washington, D. C.
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Comes in big units, these days, as if re
viving the large Frick machines of forty 
or fifty years ago. The compressors illus

trated each have 
four cylinders of 
12 inches bore and 
12 inches stroke. 
That at thePfeiffer 
Brewery in Detroit 
(shown above) is 
driven by a steam 
engine. The two 
m a c h i n e s  a t  
Schmidt’s Brew
e r y ,  i n  P h i l a 
d e l p h i a  (one of 
which appears at 
left) have direct- 

connected synchronous motors. All carry 
varying loads with ease and convenience 
because equipped with Frick capacity 
control valves.

Vrlck F o u r -c y l in d e r  
s  1 2 r C o m p r e s s o r ¿ m . d t»  P h ilad e lp h ia

When you want dependable cooling, 
specify Frick Refrigeration. Used in over 
a hundred breweries. Let us quote on 
your needs now: write

©(©SÜgŒiMS W'
A B O U T  M I X I N G  E Q U I P M E N T  F O R  
C H E M I C A L S ,  P L A S T I C S ,  R A Y O N ,  
P A I N T  A N D  I N K S ,  F O O D S ,  E T C .

Many developments of great importance 
to these industries are now available —

Our advice and consultation are always 
at your disposal with the assurance that 
information given to us will be held in 
strictest confidence. We maintain a  com
pletely equipped laboratory where experi
ments m ade by you — or by us for you — 
will prove the value of the "Universal" 
type of mixing equipment to your product. 
Whether an open mixer answers the re
quirements or whether it be for vacuum 
or operation under internal pressure, the 
"Universal" meets all conditions, and it 
is built to cope with any service.

Tell us about your mixing problem. No 
matter what it is, a  Baker Perkins machine 
can handle it to your entire satisfaction.

B A K E R  P E R K I N S  I N C .
C H E M I C A L  M A C H I N E R Y  D I V I S I O N

Saginaw, Mich. New York Chicago San Francisco
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P R O FE SSIO N A L DIRECTORY
A S S O C IA T E D  

E X P E R IM E N T A L  L A B O R A T O R IE S
69 Meserole Avc. Brooklyn, N. Y. | 

Design and Construction of Special 
Apparatus and Instruments 

J . Greenspan, Ph.D. Consulting Physical Chemist i

C .  L .  M A N T E L L

Consulting Engineer

Electrochemical Processes and 
Plant Design

1 3 6  Liberty St., N ew  York, N . Y .

F O S T E R  D . S N E L L , IN C .

Chemists— Engineers 

Every form of Chemical Service 

305 Washington Street Brooklyn, N . Y .

D R . J . A .  BERTSCH  
Research and analytical laboratories

Ga* chemistry, fumes absorption 
Catalysis, hydrogenations, oxidations 
High pressure processes, electrolysis 

Chemical engineering and patent problems, 
consulting service.

St. Louis, M o . 3512 H allid ay  A v e .
Tel. Laclede SS91

M E T C A L F  & E D D Y

Engineers and Chemists

Industrial Wastes, Sewage 
and Water Supply Problems

Slatler Bldg. Boston

I V A N  P . T A S H O F
Attorney and Counselor at Law 

Patents
Specialist In the Protection of Inventions Relating to |  

the Chemical and Metallurgical 
Industries

Munsey Bldg., Washington, D. C. |

Z O L A  G .  D EU T S C H , Ch.E.

Studies, Reports, Equipment Design and Specifications 
for Heavy Chemical Industry

Specialist in A lk a li
420 Lexington Ave. New York

T H E  M IN E R  L A B O R A T O R I E S  

9  South C lin to n  Street 

C h icag o , Illino is

Research

Conducted
in our laboratories as 

short or long term Fellowships

Supervised
in cooperation w ith the 

client's Research Committee 
and/or Research Director

E D W A R D  T H O M A S
Attorney-At-Law

Registered Patent Attorney

Chemical Patent Problems 

Woolworth Bldg., New York, N . Y .

DR. H A N S  T IE D E M A N N  
Consulting Engineer

OMORI BUILDING, No. 1, 4-CHOME, HO N CHO  
NIHONBASHLKU, TOKYO

O ble Addreit: TIEDEMANN TOKYO

G U S T A V U S  J .  E S S E L E N , IN C .

Chemical Research and Development

A p p lying  the Principles of Modern Science ; 
to Industrial Business and Legal 

Problems

8 5 7  Boylston Street Boston, M ass.

"The Research of Today Is the 
Industry of Tomorrow"

L A T E S T  G E R M A N  F O R M U L A E  
A N D  P R O C E S S E S  C A N  BE  

S EC U R ED  F O R  U . S. IN D U S T R Y
Furnished direct from German chemists proml- |  
nent In the Food, Drug, Cosmetic, Industrial- |  
chemical, Stone and Earth, and Synthetic |  
Materials Industries, of Germany.
Also special business transactions and trustee
ships for American interests handled direct 
through my Berlin office.

Inquiries must be specific.

W . G .  T R A U T M A N
INDUSTRIAL RAPPROCHEMENTS 

GERMANY U. S. A . 
1637 Cumberland Road, Cleveland-Heights, Ohio

H A R R Y  P R IC E

Chemical Patents

4 2 0  Lex ing to n  A v e n u e  

N ew  Y o rk  C ity

F. B. Porter R. H . Fash 
B.S. Ch.E., Pres. B.S. Vlce-Prc*.
T H E  F O R T  W O R T H  L A B O R A T O R IE S

Consulting, Analytical Chemists and 
Chemical Engineers

When you have propositions In the Southwest 
consider using our staff and equipment to save 
time and money.
Fort Worth, Dallas, Houston and San Antonio

R O B ER T  E. S A D T L E R

Attorney at Law  (Tenn.) 

Registered Patent Attorney
Patents —  Trade-Marks —  Copyrights

3026 West Lake Street 
j Minneapolis Minnesota T H E  W E S T P O R T  M I L L

Westport, Conn.

Laboratories and Testing Plant of 

T H E  D O R R  C O M P A N Y , IN C .

Chemical, Industrial, Metallurgical and Sanitary Engineers

Consultation—Testing—Research—Plant Design

Descriptive brochure, "Testing That Pays Dividends" 
upon request

FO S T E R  & C O D IE R
Specialists In Chemical and Metallurigcal Patents 
and Applications Involving Processes and Products. 

Ex-Examiners In Chemical Divisions 
U. S. Patent Office
724 9th S t, N. W.
Washington, D. C.

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 Analysis 
Small and Large Research Projects 

Legal Testimony and Patents 

210 S. 13th S t, Philadelphia, Pa. 

"Nothing Pays Like Research"

F R O E H L IN G  & R O B E R T S O N , IN C .
Established 1881

Consulting and Analytical Chemists 
and Inspection Engineers

Richmond Virginia

1-Inch Card,

$4.40 per Insertion

$48.00 a Year 
•

2-Inch Card,

$8.80 per Insertion

$96 .00 a Year
_____ — B 3 —  II I I—J

H E N R Y  W .  L O H S E
Consulting, Research and Analyses

Co llo id  Technology, Catalytic Problems, 
Corrosion

Complex Ores Rarer Elements Spectroscopy 
16 Front Street East, Toronto, Ontario

Tel.: Waverly 1512

Harvey A . Sell, Ph.D. Earl B. Putt, B.Sc.
S E IL , PUTT & R U SBY

Incorporated
Consultins Chemists

Specialists In the analysis of 
Foods, Drugs and Organic Products

16 E. 34th Street, New York, N. Y .
Telephone—Ashland 4343-4344
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Plastics
f  Rayon paper Cement 

Fertilizers

Rubber

Lubricants

Medicináis

Pigments

Textiles

Foods

] Paints 

/  Pipe 

Plating
insecticide

Fungicides

D uring ihe  past year, C hem ical Industry  again  b rought 
forth new  nam es, new  products, new  processes. Perhaps, 
soon, these too— V inyon, Nylon, Ethocel, Styron, B utadiene, 
the  alkylalion process of m aking  av iation  gasoline —  will 
becom e com m onplace. Yet, basically , all this chem ical 
m agic stem s from a few  sim ple raw  m aterials —  salt, su l
phur, lim estone, an d  coal. S ulphuric  acid , the  virtues of 
w h ich  are constantly  b e in g  red iscovered , continues to be  
the patriarch  of the  industry . Today, as yesterday , business 
activity  m ay  be  m easured  b y  the  volum e of consum ption 
of this com m on acid. A m erican  C hem ical Industry  is fortu
nate  in hav ing  availab le  am ple supplies of th e  e lem en t 
Sulphur from w hich  this acid  is m ade.

^ B X A S  ^U L «^U L P H U R
75E.45"- Street ̂  New York City 

> Mines: Newgulf aBdlongPoint,Texas

H P

h h
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PROTECTIVE C O A T IN G S  FOR METALS
A .  C . S. M O N O G R A P H  N o . 79

by R. M . Burns and A .  E . Schuh

A complete discussion of the mechanism of corrosion is presented in this book, together with 
detailed treatm ent of all metallic coatings used for protective purposes, including chromium 
and nickel. Atmospheric corrosion tests are described and their results tabulated. An en
tire section is devoted to  paints, enamels and baked synthetic finishes. D urability and 
evaluation tests, adhesion, permeability to  moisture, structural properties, exposure and 
physical tests, as well as modem methods of painting industrial equipment are discussed.

407 Pages Illustrated Price $6.50

R E I N H O L D  P U B L I S H I N G  C O R P .  3 3 0  W est 4 2  S t ., N ew  Y o rk , N . Y .
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Aluminum Co. of A m erica................................ 31

Alum inum  Oro C o................................................ 43
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B aker Perkins, Ino............................................... 55
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Bertsoh, D r. J . A.................................................. 56

B ird M achine C o.................................................  9
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Buffalo Forge C o.................................................  10

Buffalo Foundry & M achine Co.....................  18
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Carbide & C arbon Chem icals Corp................ 32
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W here large quantities of corrosive liquids 

are to be handled quickly and efficiently, 

the N o . 2 L  pump is a time and money saver.

For smaller quantities, there are available 

Duriron Com pany pumps as small as 1 "  

suction, 1 "  discharge, with a capacity of 

only 1 500 g.p .h., as well as for the complete 

range between these capacities.

Duriron Com pany pumps are made in the 
high silicon iron alloys, D U R IR O N  and 

D U R IC H L O R , and the stainless steels, D U R I-  
M E T , D U R C O  K A 2 S  and D U R C O  
K A 2S M 0 .

If you handle corrosive solutions in your 
plant, there is a Duriron Com pany pump 
that will fill your need. W rite for data on 
Duriron Com pany pumps for your use.

THE DURIRON COMPANY, Inc.
North Findlay Street Dayton, Ohio

Each o f  these Duriron Com pany Pum ps  

handle 700,000 g.p.h. of corrosive solution

Two N o . S L  Centrifugal pumps in paral
le l. Eight-inch Duriron V  V alves are 
used on the suction lines and six-inch 
Duriron Y  V alves on the discharge lines.

A  single N o . 2 L  Pump in the same plant 
operating at a slower speed handles 
80,000  g.p.h. Duriron Company N o . 2 L  
pump will handle up to 12 0 ,00 0  g.p.h. 

at higher speeds and lower heads.



60 IN DU STRIAL AND E N G IN E E R IN G  CHEM ISTRY VOL. 32, NO. 1

delivered 
to you 

ready to 
operate. .

obtainable
only from C H E M IC O

The com pleteness of a C H E M I C O  A c id  R eco very  plant means far 
more than m erely  an assem bly of processes and equ ipm ent w ithin a 
build ing .

C H E M I C O  com pleteness begins with a thorough analysis of in
d iv idual p lant requirem ents b y  exp erien ced  ac id  technologists. 
Then follow s the correct selectio n  of proven processes, or, if neces
sary, the orig ination of required processes fu lly  tested b y  p ilo t  
plant operation . M a n y  of the processes and much of the equ ip 
ment in C H E M I C O  plants are patented and exclu sive , and pro
v id e  results not otherwise o bta inab le . A n d  fina lly , after skillfu l 
design and erection  of build ings and installation of equipm ent 
have been acco m plish ed , C H E M I C O  com pleteness further in 
cludes initial operation of the plant and thorough training of the 
operating crew  before d e live ry .

C H E M I C O  com pleteness, backed  b y  25  years of spec ia lized  ex 
perience  and extensive resources, supplem ented  b y  a guarantee of 
design , m aterial, w orkm anship, and perform ance, and proven b y  
installations all over the w orld , has m ade C H E M I C O  the recog
n ized  headquarters for acid  recovery  processes and plants. In
quiries are inv ited , with the assurance that all inform ation w ill be  
held  strictly confidentia l.

CHEMICAL CONSTRUCTION CORPORATION
M ain Offices: 30 Rockefeller P laza, New York 

Cables: C h e m i c o n s t ,  N ew  Y o rk  

European Representatives: Cyanam id P roducts , Ltd., 14 Finsbury Circus, London, E.C. 2

CHEMICO PLANTS are PROFITABLE INVESTMENTS
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