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REPORTS
ON THE CHEMICAL WORLD TODAY

Concrete from Coral. R ock, san d , cem en t, a n d  w a te r 
a re  th e  e ssen tia l m a te ria ls  fro m  w hich  co n cre te  is m ade. 
T h e  rem o v a l of a n y  one of th e se  in g red ie n ts  w ould  se ri
ously  h a n d ic a p  th e  c o n s tru c tio n  eng ineers. T h e  d en ia l of 
tw o — in  th is  in s tan c e , A m erican  ro ck  a n d  fresh  w a te r—  

w ould  v ir tu a lly  fo rb id  th e  m ixing of concrete.* T h is  is w h a t 
w as th re a te n e d  in  B e rm u d a  w hen th e  G o v e rn m en t e rec ted  

one of i ts  m o st im p o r ta n t  o u tly in g  m ilita ry  bases.
A lth o u g h  A m erican  v a rie tie s  of ro ck  a re  n o t  fo u n d  in  

B e rm u d a , th e  is lan d s  a b o u n d  in  coral, th e  sk e le to n  s tru c 
tu re  c rea te d  b y  th e  t in y  m arin e  an im a l know n as th e  po lyp . 
T rav e le rs  h av e  a d m ired  th e  b e a u ty  of co ral in  so u th e rn  
A tlan tic  w a te rs  a n d  on th e  is lan d s a n d  a to lls  of th e  Pacific  
because  th e  p o ly p  is a  m arin e  a rc h ite c t of no  m ean  a b ility . 
T h e  co n cre te  m an , of course , w as m ore concerned  w ith  th e  
en g in ee rin g  q u a litie s  of coral, a n d  i t  a p p ea red  h ig h ly  
p ro b ab le  t h a t  th e  c o n s tru c to rs  w ould h av e  to  use  coral fo r 
th e  base . C o ra l is p e rfo ra ted  w ith  in n u m e ra b le  t in y  
ho les; th e re fo re  i t  is h ig h ly  a b so rb e n t an d  lig h t in  w eigh t. 
A g g reg ates m ad e  w ith  co ral w ould  h av e  m o is tu re -re ta in in g  
p ro p e rtie s  w hich  m ig h t in tro d u c e  co rrosion  in  th e  steel 

re in fo rc ing .
W a te r  w as a n o th e r  p ro b lem  b ecause  i t  is a v a ilab le  in  

B e rm u d a  o n ly  fo r ho u seh o ld  use. F o r th is  p u rp o se  ra in  is 
c a u g h t on  w h itew ash ed  roofs a n d  ru n  in to  u n d e rg ro u n d  
re se rv o irs . T h ere  w ould be none av a ilab le  fo r co n stru c tio n  
un less new  c a tc h m e n t a rea s w ere b u ilt, w hich  w ould  re 
q u ire  a  g re a t d eal of tim e a n d  lab o r. A fte r a  suggestion  
t h a t  w a te r  b e  im p o rte d  h a d  been  v a to ed , i t  was decided  
to  use sea  w a te r. T h e  N a tio n a l B u re au  of S ta n d a rd s  a n d  

th e  c em en t in d u s try  h a d  c o n d u c ted  research  on th e  use  of 
sea  w a te r for m ixing co n cre te , a n d  on th e  basis of th is  
w ork  th e  eng ineers cou ld  p roceed  w ith  a t  le a s t som e 
assu ran ce . I t  was found  t h a t  sod ium  a n d  o th e r  ch lorides 
in  sea  w a te r w ould  n o t in d u ce  corrosion . Sulfides m ig h t, 
b u t  th ese  a re  p re se n t on ly  in  m in u te  q u a n titie s .

T h e  c o n tra c to rs  e s tab lish e d  a  la b o ra to ry  on th e  is lan d s 
a n d  e x p erim en ted  w ith  m an y  v a ria tio n s  of th e  co n cre te  
fo rm u la . T h e  o b jec tiv e  w as a  h ig h -im p a c t-s tre n g th  con
c re te  fo r b u ild in g s, a m m u n itio n  m agazines, s to rag e  ta n k s , 
w arehouses, a n d  e lec trica l co n d u its . A p a ra lle l line  of in 
v e s tig a tio n  w as c o n d u c te d  in  th e  U n ited  S ta te s . V arious

m ixes were m ad e  u p  w ith  co ra l ag g reg a te s  a n d  sea  w a te r 
b ro u g h t in  fro m  B e rm u d a  a n d  cu red  in  th e  u su a l m an n e r. 
T h ese  m ixes w ere th e n  co m p re ss io n -te s ted  a g a in s t con

crete  m ad e  from  A m erican  g ra n ite  a n d  fre sh  w a te r . T h is  
w ork  an d  th e  tr ia ls  c o n d u c te d  in  B e rm u d a  p ro v ed  th a t  
good con cre te  can  be m ad e  fro m  co ra l ag g reg a te s  a n d  sea 

w a ter.
C em en t a n d  w a te r p ro v id e  th e  m o r ta r  o r b in d e r w hich 

fills in  th e  vo ids re su ltin g  fro m  a  m ix tu re  of s to n e  a n d  san d . 
E n g in ee rs  in  B e rm u d a  o b ta in e d  a  c o n sid e rab le  re d u c tio n  
in  th e  w a ter-cem en t ra tio  by  in c lu d in g  a n  a d m ix tu re  in 
th e ir  fo rm ulas, a lth o u g h  as a  ru le  su ch  a d d itio n s  a re  
frow ned  u p o n . T h e  a d m ix tu re  is a  pozzo lan ic  co m p o u n d  
(calcium  lig n o su lfo n a te 1) ; in  th is  in s ta n c e  i t  re d u ce d  w ater 
re q u ire m en ts  a b o u t 17% . I t  a lso  fa c ilita te d  c o n tro l of th e  

m ixes, th e  se ttin g  of w hich  w as h a s te n e d  u n d u ly  by  
B e rm u d a ’s w ind a n d  h o t su n . C o n c re te , te s tin g  over 
4000 p o u n d s p e r sq u a re  in ch , w as o b ta in e d .

T h e  B e rm u d a  m ilita ry  base  p ro je c t h a s  g iv en  th e  con
s tru c tio n  in d u s try  an  a p p re c ia tio n  of sc ien tific  ap p ro ach . 
B y  overcom ing  th ese  serious ra w  m a te r ia l  deficiencies, 
we w ere ab le  to  com ple te  th is  e sse n tia l lin k  in  o u r defenses 
shortly  a fte r  we fo u n d  ourselves en g u lfed  in  th e  catac ly sm  

of th e  second w orld  w ar.

Citrus P eel Oil. O ne of th e  p ro b lem s in  th e  in d u s tr ia l 
se p a ra tio n  of c itru s  ju ices is to  o b ta in  m ax im u m  expres
sion  of*juice w ith o u t in c lu d in g  a n y  of th e  b i t te r  oil from  th e  
sk in . M ech an ica l ju ice rs  a re  a d ju s te d  to  c e r ta in  sizes of 
fru it, a n d  v a ria tio n s  in  size o r th ic k n e ss  of sk in  w ill e ith e r 
leave  som e of th e  ju ice  or squeeze oil o u t  of th e  sk in . Pee) 
oil d e te rio ra te s  a n d  m ay  help to  red u ce  th e  k eep in g  q u a lity  
of ju ice . A lit t le  oil is th o u g h t to  im p ro v e  th e  flav o r. Too 

m u ch  oil, how ever, ta s te s  u n p le a sa n t to  m o s t p eo p le  and 
a c tu a lly  u p se ts  d ig es tio n . T e s ts  co n d u c te d  a t  th e  U n iv e r
s ity  of F lo rid a  h a v e  show n  t h a t  8 5 %  of th e  p eo p le  whc 

w ere ask ed  to  choose b e tw een  th e  flavo r of ju ic e  fro m  peeled 

o ranges an d  ju ice  to  w hich 0 .05%  peel oil h a d  b een  added  

(m ax im u m  for g rad e  C— th e  lim it  fo r g rad e  A is 0 .0 3 % ) 

sa id  th e y  p re fe rred  th e  o il-free ju ice . (Continued on page 8)

> E m sberger, F . M ., a n d  F rance . W . G ., I n d .  E n g .  C hem ., 37 ,598  ( 1 9 4 5 )
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T en  p er cen t liked  b e tte r  th e  ju ice  co n ta in in g  oil, a n d .5 %  

could n o t te ll th e  difference. B u t reg ard less  of likes or 
dislikes, th e  ad d ed  oil m ade  ev ery b o d y  b u rp .

D e-oilers h av e  been  used  w hich g ive  th e  ju ice  a q u ick  
boil u n d er v acu u m  w ith  the  o b jec t of rem ov ing  th e  m ore 
vo latile  oil before th e  flavor essence s ta r ts  com ing off. 
B u t a lth o u g h  th e  oil shou ld  th eo re tic a lly  be  rem o v ed  com 
p le te ly  b y  a  1%  d is tilla tio n , a  false eq u ilib riu m  is encoun 

te red , an d  as m uch  as 5 %  of th e  ju ice  m u s t be boiled  off 
du rin g  th is  process. Som e of th e  essence is recovered  b y  
re tu rn in g  th e  aq ueous frac tio n  to  th e  ju ice, b u t  th e  b e tte r  
so lu tion  is to  avo id  oil in  th e  ju ice  in  th e  first p lace, espe
cially  since th e  de-oiling e q u ip m en t costs n ea rly  as m uch  a s  

th e  en tire  ju ic in g  p la n t. E ffo rts to  av o id  getting  too m uch 
peel oil in th e  juice are largely centered on giving th e  fru it 
a  1-2 m inute trea tm en t in h o t w ater. T his softens th e  peel 
and  allows th e  juice to  be pressed ou t w ithout breaking too 
m any  of th e  oil cells.

C itru s  peel oil is in  fa ir d em an d  as a flavoring  a g en t ( its  
la rg est use is in  beverages), b u t less oil is p ro d u ced  th a n  
could be; its  recovery  is m ore or less o p tio n a l in  cann ing  
operations for o ranges an d  g rap efru it. L im e oil a t  $12.50 
p er po u n d  is a d ifferen t s to ry . F o rm erly  all lim e oil w as 
d istilled , b u t  cold-pressed lim e oil was p ro d u ced  in  q u a n ti ty  
fo r th e  first tim e  only  la s t y ear. C old-pressed oil is ob 
ta in e d  b y  squeezing th e  peel e ith e r on a  screen or screw  
press and  cen trifug ing  th e  resu ltin g  em ulsion. D istilled  
oil is recovered  from  de-oiling or from  th e  co n cen tra tio n  of 
p ress w a ter to-give a  b y -p ro d u c t m olasses, b u t i ts  com posi
tio n  is d ifferen t from  th a t  of th e  pressed  oil, an d  i t  b rings a  
low er price.

A w ay  a ro u n d  the  co m p ara tiv e ly  low p rice  fo r o range
oil ($1.40 to  $1.75 p er pound) h as been  so u g h t b y  one 
F lo rid a  can n er who m akes a co n cen tra ted  oil. A 10 
to  1 co n cen tra tio n  rem oves m ost of th e  lim onene, th e  te r-  
pene  w hich c o n stitu tes  ab o u t 90%  of o range oil a n d  is 
large ly  responsib le  for i ts  in s tab ility . T he c o n ce n tra te  
keeps b e tte r  th a n  th e  orig inal oil, an d  th e  lim onene finds 
a p p lica tio n  as a  perfum e or odor k ille r in  cheap soaps.

New  Chemical Markets. I t  is possible for a  large in d u s
try  to  penalize  itself th ro u g h  its  own efficiency an d  fail to  
find  o u tle ts  fo r g re a tly  expanded  p ro d u c ti o n . T h is  i s be in g  
w itnessed  to  an  e x te n t in  th e  p e tro leu m  in d u s try . I n  
a d d itio n  to  p rov id ing  billions of b a rre ls of fuels a n d  lu b ri
c an ts  fo r p rosecu tion  of th e  w ar, p e tro leu m  p la n ts  p e r
fo rm ed  th e  asto u n d in g  fe a t of supp ly ing  3,001,496,000 
p o u n d s of o rganic chem ical m a te ria ls  d u rin g  1944, a b o u t 
doub le  th e  a m o u n t p roduced  in  th e  p rev ious y ear. T hese  
w ar m ate ria ls  w ould be su rp lus d u rin g  peacetim e, if a large 
share  w ere n o t finding a m ark e t w hich d id  n o t ex is t p rio r 
to  1939.

T h e  p ro d u c ts  w hich figured large ly  in  th is  to ta l  on  a 
vo lum e basis were to luene , xylene, e thy lene, ru b b e r-g rad e  
b u tad ien e , 1-b u ten e  an d  2-b u ten e  m ix tu re , p ro p an e, a n d  
p ro p y len e . T h e  in d u s try  is sh u ttin g  dow n th e  p ro d u c tio n  
of to lu en e  w hich  was req u ired  (Continued on page 10)

in  h e av y  volum e for explosives. T h is  will a ffec t c a ta ly tic  
deh y d ro g en a tio n  a n d  h y d ro fo rm in g  p la n ts  w hich were 
m ak ing  to lu en e  chiefly, b u t  sim ila r u n its  will rem a in  in  op 
e ra tio n  to  su p p ly  m ark e tab le  p ro d u c ts .

D u rin g  th e  w ar b lan k  spaces follow ed “ to lu e n e ” in 
s ta tis tic a l com pila tions of chem ical p ro d u c tio n , b u t  we 
now  lea rn  from  th e  U n ited  S ta te s  T ariff C om m ission th a t  
i t  a tta in e d  a  p ro d u c tio n  vo lum e of 134,000,000 gallons 
la s t year, com pared  w ith  43,000,000 in  1942, a n d  th ese  
figures do n o t include  to lu en e  m ade in  p la n ts  u n d e r o rd 
n ance  con tro l. I t  is p ro b ab le  th a t  all to luene  p ro d u c tio n  
a t  th e  p eak  of th e  w ar effort w as e ig h t to  te n  tim es th e  
a m o u n t supp lied  in  p rew ar y ears  th ro u g h  coke-oven 
sources. C onsidering  i ts  v a lu e  as a  so lven t, especially  in  
ru b b e r m an u fac tu re , we m ay  req u ire  a n n u a lly  m ore th a n  
th e  25,000,000 gallons w hich were fo rm erly  consum ed each 
y ear.

T h ro u g h  th e ir  d e m o n s tra ted  a b ility  to  p ro v id e  raw  m a
te ria ls  for e lastom ers, th e  p e tro leu m  p la n ts  a re  assu red  of 
s te ad y  o u tle ts  for th is  purpose, p ro v id ed  n a tio n a l an d  in 
te rn a tio n a l po litica l influences a re  n o t p e rm itte d  to  h a n d i
cap u n d u ly  ou r new  ru b b e r in d u s try . O ur sy n th e tic  
needs fo r 1946 h av e  been  p laced  a t  1,200,000 to n s, a n  in 
crease of 200,000 to n s  over th e  c u rren t y ear, and  approxi
m ately  600,000 tons over w hat is considered our norm al 
peacetim e needs.

I t  m ay  be necessary  to  suspend  c e rta in  processes which 
h av e  been  co n v ertin g  b u tan e s  to  b u ty len es fo r av ia tio n  
fuel; b u t, to  su p p ly  th e  base s to ck  fo r sy n th e tic  ru b b e r, 
n -b u tan e  an d  « -b u ty len es will still h av e  to  be  m ade in 
som e volum e. T hese  a re  processed  in to  1 ,3 -bu tad iene, 
w hich a tta in e d  th e  huge to ta l  la s t y ea r of 488,945,000 
pounds, an  o u tp u t expansion  in  on ly  one y ear of 3 75% . 
T h e  s ta r tlin g  c ircum stance  in  connection  w ith  th is  is th a t  
b u tad ien e  w as also being  derived  from  alcohol, an d  th a t  
b u ty len es w ere being  d iv e rted  in to  th e  p ro d u c tio n  of h igh - 
te s t  av ia tio n  fuel.

H ere  we hav e  a  large-scale illu s tra tio n  of th e  in d u str ia l 
resourcefu lness w hich c o n trib u ted  to  w inning th e  w ar. 
Few  people realize  th a t  as m an y  as th ir ty  th o u sa n d  differ
e n t ru b b e r p ro d u c ts  w ere supplied  to  th e  A rm y an d  N av y , 
a n d  th a t  th ese  h a d  to  be  p ro d u ced  in  large m easu re  from  
m an -m ad e  in te rm ed ia te  m ate ria ls . T h ro u g h  c a ta ly tic  
processes were o b ta in ed  th e  olefins, isoparaffins, a rom atics, 
an d  o th e r item s upon  w hich we a re  ce rta in  to  e stab lish  new  
chem ical a n d  p e tro leu m  in d u strie s  w ith  u n d ream ed  of 
possib ilities for th e  fu tu re .

Thermoplastic Laminates. P heno l-fo rm aldehyde  resins 
h av e  been fo rem ost in  th e  field of lam in a te d  p lastics. 
W hen  th e y  a re  used in  com b in atio n  w ith  o rd in ary  fragile  
m ate ria ls  such  as p ap er, tex tile s, an d  th in  s tr ip s  of wood, 
p ro d u c ts  of a lm o st u n believab le  s tre n g th  a re  o b ta in ed . 
H ereto fo re  a  large vo lum e of th e  th e rm o p las tic s  (p rin 
c ipa lly  cellulose a c e ta te  a n d  ethy lcellu lose) h av e  en te red  
m olding, film, a n d  o th e r p ro d u c ts  w here th e ir  to u g h n ess an d  
color possib ilities could  be u tilized . (Continued on page 1J+)
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M o re  re c e n tly  m an u fa c tu re rs  of cellulosic resin s h av e  

been  engaged  in  a n  in te re s tin g  line  of re search  w hich  m ay  
lea d  to  th e  in tro d u c tio n  of cellulose a c e ta te  a n d  e th y l-  
cellulose in  th e  lam ih a tio n  in d u s try . O ne a d v a n ta g e  is 
th e ir  a b ili ty  to  ta k e  a  deep d raw  in  fo rm ing  o p e ra tio n s. 
F o r exam ple, ro o m y  pieces of luggage m ay  be fo rm ed  in  a 
p ress fro m  cellulosic m a te ria ls , a n d  th e  su itca se  w ill be 
lig h t, s tro n g , easy  to  keep  clean, an d  so u n d  dead en in g .

B efore th e  close of th e  w ar a  fuel ta n k  was fa b ric a te d  
from  cellulose lam in a tio n s  in  te a rd ro p  design, an d  i t  was 
assem b led  w ith o u t r iv e ts , b o lts , or g ask e ts . B low s fro m  a 
sledge h am m er failed  to  in flic t a n y  d am ag e  on th is  ta n k . 
T h e  resin  p ro d u c t h as been  found  to  possess a  h ig h  energy  

ab so rp tio n  fac to r.
I t  is to o  e a rly  to fo recast th e  e x ac t tu rn  w hich th is  new 

e s t p las tic s  d ev elo p m en t will tak e , b u t  sufficient research  

h as been  co n d u cted  to  in d ic a te  t h a t  co m b in a tio n s of cellu 
lose a c e ta te  or e thy lcellu lose  w ith  wood, p ap er, m ica, 
F ib e rg las, c o tto n , a n d  ny lo n  will find specific ap p lica tio n s 
in a  n u m b er of m an u fa c tu rin g  lines. O ne d is tin c t a d 
v a n ta g e  w hich se ts  cellulose a c e ta te  a p a r t  fro m  m an y  o th e r 
p la s tic s  is i ts  p ro p e r ty  of ta k in g  a wide ran g e  of colors. 
T h is  m eans t h a t  a r tis tic a lly  execu ted  p r in ts  on c o tto n  an d  
ra y o n  can  be p e rm a n e n tly  fa b ric a te d  in to  th e  lam in a te . 
F o r p ig m e n ta tio n , dyes such  as Luxol F a s t B row n R  or 
P in k  m ay  be com bined  w ith  t ita n iu m , or carb o n  b lack  
w ith  a lu m in u m  pow der, e tc . P heno lics an d  u rea  resins 

a re  so m ew h at re s tr ic te d  in  th is  re sp ec t.
W hen  cellulose resins a re  em ployed  in  co n ju n c tio n  w ith  

g lass fiber or c o tto n  duck , lam in a te s  of u n u su a l s tre n g th  
a n d  lig h t w eigh t re su lt. A P a sa d e n a  m an u fa c tu re r  con
s tru c te d , from  th e  la t te r  m a te ria l a n d  cellulose a c e ta te , a 
five-passenger b o a t w hich w eighed on ly  60 p o u n d s. H igh  
e la stic  m o du lus a n d  im p a c t s tre n g th  w ere o b ta in ed  w ith  
g lass fab ric  as a lam in a tin g  m a te ria l; a sb esto s p a p er gave 
a n  e la stic  m o du lus of close to  2 ,000,000. G enera lly , th e  
cellulose lam in a te s  a p p e a r  to  h av e  excellen t e lec trica l 

c h a ra c te ris tic s .
T h erm o p las tic  lam in a te s , on th e  o th e r h an d , possess 

c h a ra c te ris tic s  w hich  m ay  d isq u a lify  th e m  for m an y  o th e r 

in d u s tr ia l uses, for w hich  th e  phenolic  an d  u rea  m ate ria ls  
a re  b e tte r  su ited . I t  is a  p rom ising  new  line  of develop 

m en t in  a n  in d u s try  w hich is c o n s tan tly  an d  restlessly  

m ov ing  fo rw ard .

Preview of a Revolution. C hem istry ’s contributions to  
tex tiles have been glam orized and  publicized w ith  lavish 
abandon  in  th e  p ast, b u t  th ere  is m uch m ore to  come. W e 
have  a lready  paraded  m annikins a ttired  from  head to  foot 
w ith  exciting te s t  tu b e  creations, against which th e  vau n ted  

Queen of th e  N ile was a  very  plain ly  dressed person. P o s t
w ar now finds m anufactu rers and  sty lists getting  ou t a  new 

series of fabrics from  syn the tic  fibers which strongly  suggest 
th a t  we are  w itnessing a  large-scale revolution  in  textiles.

S a tins never seen before, m anufactured  from  ace tate , have  
ju s t  m ade th e ir  d ebu t. A ccording to  th e  d ictionary , sa tin  is 
“ A silk fabric of th ick  tex tu re  (Continued on page 18)
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w ith  glossy face an d  dull b ack ” , b u t  th e  chem ist an d  his 

style-conscious following will have to  rew rite  th a t  definition 
som ew hat. A ceta te  is en tering  one sy n th e tic  sa tin  th a t  is 

“ fluorescent gold and  rose strip ed ” . In  a  m ore serviceable 
role i t  finds inclusion in  a  foundation  garm en t, an d  in  still 
an o th e r ace ta te  app lication  th e  sa tin  is “ tw o-faced gold and 
p la tin u m ” .

Some h a lf dozen o ther syn the tic  fabrics h av e  been in tro 
duced a t  th e  sam e tim e. F ine-denier viscose ray o n  of m ulti
filam ent ty p e  has been m ade in to  underw ear fabric  w ith  silk
like qualities. Techniques for com bining fibers have  been 
developed along new lines. A  taffe ta  of v e ry  fine-denier 
ace ta te  also includes som e nylon in  th e  w arp . Viscose rayon 
of th e  sam e fine construction  is com bined w ith  ace ta te , and 
th e  resu lt is an  unusual sa tin . T h e  finest denier acetate  
rayon  y a rn  is tw isted  w ith  50-denier C ordura  rayon , and  a 
new  m ateria l becom es availab le  for evening gowns and 
lingerie. T hese com binations a re  considered trium phs in 
fabric  construction .

T he fibers have  come hom e from  th e  w ars to  tak e  u p  per
m an en t an d  m ore profitable  civilian ou tle ts. N y lon’s long- 
chain  m olecules of am ine and  carboxyl groupings, capable 
of m an y  varia tions, ev iden tly  will find m an y  fields of service 
outside of hosiery. N y lon  is a  to u g h  crystalline  m aterial, 
y e t soft th read s m ay  be m ade  from  i t  for wool-like m aterials 
such as socks an d  sw eaters.

V inyon, a  copolym er of v in y l chloride and  v iny l acetate, 
can be supplied in  filam ents w hich a re  finer th a n  silk. A 
y a rn  of th e  stu ff consisting of 10 filam ents m easures only 8 
denier. One of its  rem arkab le  p roperties is flexibility. In  
one form  V inyon achieves 100%  recovery  a fte r  stretching; 
hence, i t  is n o t h a rd  to  visualize app lications w hich call for 
th a t  p roperty .

V inylidine chloride appears to  hav e  lo st th e  coarseness 
which characterized  its  fabrics before th e  w ar. Those now 
m anufactu red  for au tom obile  up h o lstery  a re  finer an d  softer, 

also s ta in  re sis tan t an d  durab le . V inylidine chloride fila
m en ts have  tensile s tren g th  rang ing  from  40,000 to  20,000 
pounds p e r square inch.

In  th e  field of p ro te in  fibers, th e re  is every  justification  to  
look for co n stan t im provem ent in  m an u factu rin g  properties. 
T he casein p ro d u c t in  th e  p a s t has h a d  one d raw back— lack 
of s tren g th . I t  possesses, how ever, th e  resilience an d  w arm th 
of wool, and  m ore recen tly  a  fiber h a s been developed th a t  
is finer th an  th e  n a tu ra l p roduct.

N ew  exploratory  w ork has been resum ed in  tex tile  m a te 
rials w ith  som e significant resu lts . B ritish  research  con
d ucted  in  ray o n  from  alginic acid, a  p ro d u c t of d ry  seaweed, 
m ay  provide us w ith  ano ther fiber of long-chain m olecules. 
T hree  m ills in  C hina a re  m anufactu ring  a  c lo th  from  grass 
w ith  g reater tensile  s tren g th  and  resiliency th a n  cotton .

B u t w h a t m ay  prove th e  g reatest tex tile  developm ent since 
th e  power loom  is tak in g  place in  a  p la n t in  M illtow n N  J  
T here, tex tile  technicians have succeeded in  tu rn in g  raw  co t
to n  in to  fabric co tton  w ith o u t sp inning or w eaving. I t  jg n o t 

done w ith  m irrors b u t  w ith  a  resin  b inder. T h e  resin holds 
th e  fibers in  place in stead  of friction . (.Continued on page
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C itru s  W a s te  W a te rs . T h e  w aste  w a te rs  from  c itru s 

canneries were o rig ina lly  d isposed of, like  a n y  o th e r in d u s 
tr ia l  w aste, b y  being  ru n  in to  s tre am s o r se ttlin g  p onds. 
O dors of decom position , how ever, soon caused  tro u b le  
w ith  th e  neighbors, an d  b e tte r  d isposal w as req u ired . 
U n d e rg ro u n d  d isposal has been em ployed  in  a  few cases in 
F lo rid a ; w aste  w a ters  (as well as sew age) w ere p u m p ed  
d irec tly  in to  th e  p o ro u s lim e ro ck  w hich u n d erlie s m ost 
of th e  p en in su la . B u t th is  w as s to p p ed  w hen well w a ter 
began  to  ta s te , a n d  m eth an e , fo rm ed  by  fe rm e n ta tio n  
u n d e rg ro u n d , ignited, b lew  o u t wells, a n d  b ro k e  o u t from  
fissures a t  th e  su rface . E v en  to d a y , sev era l y ears  a fte r  
th is  p ra c tice  has been  s to p p ed , gas tr a p s  a re  u tilized  on 
c e rta in  w ells in  th e  c itru s  b e lt.

C o n tro lled  fe rm e n ta tio n  h as since been  used  as a  m eans 
of ren d erin g  th e  m ore d ilu te  w aste  liq u o rs safe fo r d isposal, 
a n d  th e  reco v ery  of y e as t so lids is p re se n tly  be ing  con
sidered  as a  p ro te in  su p p lem en t fo r s to ck  feed. I t  h a s  been  
found  p ra c tica l to  c o n cen tra te  th e  w aste  w a ter con ta in in g  
th e  h ig h es t solids (8% ), p ress liq u o r fro m  r in d  d ew atering , 
to  a  m olasses co n ta in in g  7 0 -8 0 %  solids. M u ch  of th is  
m olasses h a s been  used  fo r s tock  feed, b u t  d u rin g  th e  w ar 
w hen a n y  source of c a rb o h y d ra te s  w as exp lo ited , som e of 
i t  was used b y  d istilleries as th e  basis fo r n e u tra l  sp irits . 
A lth o u g h  th e  p rice  of a b o u t th i r ty  do llars p e r to n  for c itru s  
w aste  m olasses rep rese n ts  considerab le  in fla tio n , i t  is  ex
p ec ted  t h a t  th e  in ev itab le  d rop  in  p rice  will n o t m a te ria lly  
affect i ts  p ro d u c tio n  because  of i ts  im p o rtan ce  to  w aste 
d isposal.

Sw ords a n d  P lo w sh a re s . D esp ite  th e  huge increase  in 
c a ta ly tic  crack ing  cap ac ity  d u rin g  th e  w ar, peace found  
U n ited  S ta te s  refiners, w ho re p re se n t 4 2 %  of th e  n a tio n ’s 
c ru d e  cap ac ity , w ith  no c a ta ly tic  processes a t  a ll. T hese 
w ere m ostly  o p e ra to rs  who h a d  a  c ap a c ity  of less th a n  10,-
000 barrels p e r d ay . As such  th e y  rep resen ted  an  uncer
ta in  m ark e t for th e  sale of m o st c a ta ly tic  u n its  w hich, as 
a  ru le, a re  n o t designed to  h an d le  less th a n  th is  a m o u n t 
d a ily . D u rin g  th e  w ar period , over a  m illion  b a rre ls  of 
d a ily  cap ac ity  w ere in sta lled , an d , in  th e  opin ion  of p e 
tro leu m  m en, th is  rep resen ted  an  expansion  w hich  n o r
m ally  would h av e  ta k e n  fifteen  years . T o  th o se  refiners 
h av in g  in sta lled  c a ta ly tic  cap ac ity , th e  p o stw ar ho lds no 
specters, for th e y  can m ake  a  h ig h -p rem iu m  m o to r fuel fo r 
co m petitive  pu rposes. I t  is th e  sm alle r m an u fa c tu re r 
who would h av e  fe lt th e  p inch .

K now ing th is , th e  H o u d ry  Process C o rp o ra tio n  an d  th e  
L um m us C om pany  h av e  been  w orking on a  sm all T C C  
u n it  to  m eet th e  req u irem en ts  of a  sm all refiner a n d  have  
recen tly  come up  w ith  eq u ip m en t th a t  efficiently  refines 
ab o u t tw o  o r th ree  th o u sa n d  b a rre ls of c ru d e  p e r d a y  a t  a  
cost com parab le  to  th e  la rg e r u n its . T h is w as possible 
ow ing to  savings in  co n stru c tio n — in teg ra l e lev a to r design 
for th e  sp en t an d  reg en era ted  c a ta ly s t, e lim in a tio n  of 
v ap o r su p e rh ea te rs  b y  increasing  c a ta ly s t ra te s , an d  
sm aller s tru c tu re s  for su p p o rtin g  th e  eq u ip m en t. B y 
utilizing equipm ent already  available, costs of com plete in
sta lla tion  for high octane are said to  be economical.
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Materials of Construction. The war introduced a new catalyst 
to the petroleum industry—hydrofluoric acid—and a t the same 
tim e brought corrosion headaches never before experienced either 
in ra te  of a ttack  or in m aterials affected. Few d a ta  were avail
able a t  the  time, because, as the  authors (M. E. Holmberg and 
F. A. Prange of Phillips Petroleum  Company) point out, prac
tically no commercial experience w ith the  substance under pres
sure existed. Considerable pilot p lant work was instigated, and 
da ta  were obtained; naturally  a t the tim e the  data  were not cir
culated indiscriminately to  the chemical engineers of the country. 
Now experience has been gained through the commercial units, 
and the  article “Corrosion in Hydrofluoric Acid Alkylation” 
proves to  be an  exhausting survey of suitable and nonsuitable 
m aterials. We learn th a t carbon steel is the basic m aterial for 
construction of pressure vessels when the acid is held a t low tem 
peratures. However when the B .t.u .’s are applied, alloys of 
copper and nickel are prescribed. C ertain m aterials should not be 
used, and reading the article will add m uch to  your knowledge of 
hydrofluoric acid attack . Then, too, there is the explanation of 
the peculiar fact th a t threaded pipe m ust be avoided.

Softwood Cellulose. Lovell, of Rayonier Incorporated, begins 
his paper on fibrous holocellulose from softwoods w ith the agree
able observation th a t, to  understand the ultim ate uses of cellulose 
from wood, fundam ental knowledge is necessary. W ith th a t in 
mind he examines the problem of making wood cellulose in fibrous 
form from two representative American softwoods, hemlock and 
slash pine. For some tim e it  has been considered much more 
difficult to  do th is th an  to  make wood cellulose from hardwood. 
Lovell, however, describes a m ethod of obtaining cellulose 
in close to  theoretical am ounts, and he concludes th a t such a 
m aterial deserves further study.

Making Antimalarials. Quinacrine hydrochloride was required 
in huge quantities when the  war demand for antim alarials got 
underway. One of the manufacturers, Eli Lilly and Company, 
report now on improvements in the m anufacturing process for 
m aking it. W hen this paper was originally subm itted to  us, for 
reasons of national security the censor decided i t  would have to 
be held from publication. Now here i t  is, lock, stock, and ether 
extraction, from the acridine compound to  the crystallization, 
w ith comments about hydrochloric corrosion of the equipment. 
See Jones, Shaw, and Waldo.

Exacting Extracting. Butadiene for use in synthetic rubber 
m anufacture had a ra ther high purification specification, and two 
m ajor m ethods were worked out during the war period to  m eet 
th is requirem ent. However these procedures could be improved, 
and Sm ith and Braun, of the  Blaw-Knox Company, wade right 
in to  the  problem  and examine several solvents to solve it. 
Economic laws, which are w ritten  in  red and black inks, deter
m ine the  problem  in  the  last analysis. I t  is studies such as this 
th a t will keep our synthetic industry  alive.

Plate, Mai, or N eed le . Pressing and sweating to m ake an  oil- 
free wax are, according to  Ferris and Cowles of the A tlantic Re
fining Com pany, th e  two ancient and  proved m ethods which give 
no indication of being displaced. Old as these m ethods are, 
trouble develops often in the  m anufacturing processes, and for

years explanations for the  peculiar behavior of wax have been 
m ade w ithout correcting the difficulties. Basic to  correcting the 
faults is knowledge of why a batch goes wrong. W ith  the  help 
of microscopes and photomicrographs, th e  authors arrive a t a 
theory about the  crystal behavior of waxes which, if m ethods of 
throwing down the  proper form are developed, m ay solve the 
production headaches.

Catalytic Mathematics. The newer and more im portan t cata
lytic processes have v ast unexplored and unknown areas which 
experim ental and m athem atical techniques have y e t to  touch. 
H ulburt, of H un ter College, analyzes kinetically certain hetero
geneous reactions in continuous flow system s and comes ou t with 
certain dimensionless ratios for estim ating the  effect of diffusivity 
on yield.

War Problem. Preventing the  ro tting  of m ilitary m aterials 
became a m ajor problem to m anufacturing concerns which shipped 
supplies to  the  hot, steam y Pacific jungles. Im pregnating cer
ta in  parts w ith fungicidal waxes was standard  technique, b u t was 
accompanied by various problems to be solved before i t  could be 
a commercial success. The way these barriers were scaled is 
told in *' M ercurial Fungicide W ax Problem s” which comes from 
the Belm ont Radio and Biwax Corporations.

New Polymer. Cumene (isopropylbenzene) was an  im portant 
addition to  high-octane gasoline. Now, w ith the  slackened de
m and for this powerful fuel, new processes are appearing for the 
utilization of installed capacity. One of these is described by 
Hersberger, Reid, and Heiligmann, of the  A tlantic  Refining Com
pany, who, by dehydrogenating the  cumene, obtain  low-cost 
a-m ethylstyrene. The product promises to  become an im portant 
plastic or elastomer. I ts  successful adoption required a new 
m ethod of polymerization of a-m e£hylstyrene and the  authors 
trod  new fields.

Alcohol from Wheat. I t  m ust sta rtle  our enemies to  witness 
the efficiency which is carried out in every phase of our war pro
duction. We carry a  study from Thorne, Emerson, Ilson, and 
Peterson, of the  University of Wisconsin, on the  evaluation of 
m alts for the production of alcohol from w heat. They find th a t 
knowledge of the  amylase content of a m alt is necessary b u t not 
completely adequate for the accurate evaluation of its  ferm enta
tion possibilities.

W ith the Departments. Instrum entation  of commercial im
portance often develops from the adap tation  of laboratory mech
anisms, and th is m onth M unch tells us about two of the  m ost 
recent—an autom atic recording gage for low pressures and  an  
ionization gage. M urdock notes th a t  in water-starved areas the 
effluent from trickling filters makes good process w ater for indus
tria l uses. Von Pechm ann finds th a t  issuing company m anuals 
is conducive to good will, and th a t they  cause benefits to accrue 
in excess of those originally intended. Brown, tackling the  
problem  of disposal of government plants, brings out several 
strong argum ents for their retention.
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P U B L I S H E D  BY THE A M E R I C A N  C H E M I C A L  S O C I E T Y

- WA L T E R  J. M U R P H Y ,  E D I T O R

Adequate Funds Urgently Needed if Dissemination  
of German Scientific  Data Is to Continue

TH E  m achinery recently  se t up  in  W ashington to  dis
sem inate technical and  scientific d a ta  gathered  b y  A m erican 

intelligence groups in G erm any u rgen tly  requires oiling in  the 
form  of an  adequate  appropria tion  by  Congress. Otherwise 
the  dissem ination of th is valuable inform ation to  in d u stry  will 
grind to  a slow stop  w ith th e  resu lt th a t  plans for helping bo th  
large and sm all business and  th e  creation of new jobs for 
re tu rn ing  veterans and form er w ar workers will be  ham pered 
to  a considerable degree.

E xecutive O rders 9568 an d  9604, the  first issued on June  8 
of th is year, the  second on A ugust 25, by  Presiden t T rum an, 
se t up  the  adm in istrative  m achinery for th e  release of scientific 
inform ation considered secret during  th e  war. T hey  provide 
n o t only for th e  release of dom estic d a ta , b u t also for those 
found and reported  on in th e  occupied zones of G erm any. 
T he office of th e  Publication  B oard  is composed of John  W. 
Snyder, chairm an, H enry  A .  W allace, vice chairm an, and 
Jo h n  C .  Green, executive secretary . T he A m e r i c a n  C h e m i 

c a l  S o c i e t y , th rough  th e  action  of its  B oard  of D irectors, 
has fully approved th e  purposes of th e  Publication  Board, 
and  has appointed  a  com m ittee to  consult w ith  its  executive 
secretary  and  other officials.

T o help dissem inate th e  inform ation, our D irectors have 
in structed  th a t  “ th e  Secretary  cause to  be published in 
existing journals of th e  S o c i e t y  or in supplem ents thereto  or 
in separate  pam phlets, as m ay  be practicable or desirable, 
lists of all reports from  those who have exam ined enem y in 
d u stry  or scientific developm ents, indexes thereto , and 
ab strac ts thereof, in  so far as th ey  are available th rough  
governm ent agencies and  to  d istribu te  th is m ateria l a t  cost 
if i t  appears inadvisable or undesirable to  dissem inate such 
inform ation th rough  th e  journals of th e  A m e r i c a n  C h e m i c a l  

S o c i e t y ; th a t  a sum  n o t to  exceed ten  thousand dollars be 
and  is hereby authorized  for th e  purpose. . .

T he prelim inary  m eeting of th e  S o c i e t y ’s  com m ittee w ith 
a n  official of th e  Publication  B oard  showed th a t  th e  ad 
m in istra tive  workings of such an  agency would be v ast and  

dii* extended, and  th e  G overnm ent, th rough  an  em ergency ap-
itn® propriation , has allocated a  sm all sum  of m oney to  begin
18* th e  necessary operations. Charles L. Parsons, Secretary

of the  S o c i e t y , sen t to  John  W . Snyder, chairm an of the  
it- Publication  B oard, a le tte r inform ing him  of the  action  of the

iejj. B oard of D irectors of th e  S o c i e t y  an d  urged im m ediate
action  so th a t  all such scientific inform ation would be opened 
to  A m erican in d u stry  a t  th e  earliest possible m om ent.

A t  th e  tim e th e  p ro ject was originally discussed w ith 
A m e r i c a n  C h e m i c a l  S o c i e t y  officials, i t  was tho u g h t th a t 
th e  scientific docum ents and  original d a ta  now scattered  
w idely in  London, Paris, and  G erm any could be transported  
to  th is country  an d  reproduced in  one of th e  m any  ways 
usually  employed. I t  was fe lt th a t  th is p a rticu lar phase of 
th e  w ork could be done m ost easily in cooperation w ith socie

ties such as ours. How ever, certain  obstacles have de
veloped, one being th a t  prior agreem ent w ith our Allies pre
ven ts an y  original docum ents from  being tak en  o u t of the  
various zones of occupation. Of course, because of th is 
agreem ent original research docum ents and  d a ta  in  occupied 
zones o ther th an  our own will be available to  our scientists. 
T h is m akes th e  problem  m uch m ore difficult. In stead  of us
ing the  facilities available in  th is country, we m u st se t up  
com plete reproduction  equipm ent w ith  th e  necessary expert 
staff, in B ritish  an d  A m erican occupied zones and  in  E ngland, 
F rance, and  Germ any.

C onsequently  th e  original estim ate of how m uch th is  pro
gram  would cost is far too little , and  soon to  come before 
Congress is th e  request of th e  Publication  B oard  for add i
tional funds. T his should be g ran ted . A m erican industry  
will gain m uch if the  d a ta  of our enemies a re  m ade easy to  
procure, and  it  will be one of th e  few positive gains of the  
w ar of which we can be certain . G erm any  has advanced far 
in  fields which were, to  her, w artim e necessities, an d  there 
is a v ita l need for our scientists to  becom e cognizant of, and  
easily fam iliar w ith , these developm ents.

T he necessity for funds can be understood b e tte r  when it  is 
realized th a t  th is sam e adm in istrative  board  will dispense to 
industry  all th e  d a ta  resulting from  our dom estic w ar efforts 
in  scientific fields. T his will be a  prodigious undertaking, 
and  if we are to  guarantee  th a t  these research efforts are no t 
lost we m u st record them  for all posterity . T o do th is  will 
require sw ift and  positive im plem entation  of th e  executive 
orders. If  the  board is to  function, Congress m u st appro 
p ria te  adequate  funds and  should recognize th e  necessity 
for th e ir continuation  as the  w ar years recede.

This is p robably  one of th e  biggest publishing ventures 
of all tim e, and  if carried o u t properly, i t  will m ake available 
to  every com pany, large and  small, and  to  every  individual 
th is huge block of crystallized knowledge which represents 
th e  investm ent of billions of dollars in  research work. I t  
would be m ost u n fo rtunate  if all th e  b rillian t w ork of our 
scientists during th e  w ar years, and  th e  trem endous invest
m ents of m oney and  energy of th e  intelligence team s, were 
lost forever because Congress failed to  m ake a generous 
appropriation .

W e m u st have a positive program , th e  m achinery and  func
tioning of th e  executive orders m u st be sm ooth, and  there 
should be no hesitancy or d oub t ab o u t th e  param oun t im 
portance to  our civilization of m aking these d a ta  freely avail
able. W e believe Congress, once i t  fully understands the 
im portance of th is work, will cheerfully appropria te  adequate 
funds. Som ething in  th e  neighborhood of tw o m illion dollars 
will be required  for th e  nex t fiscal year. T his is indeed a 
sm all expenditure w hen we rem em ber w hat irreplaceable in
form ation  of a  scientific n a tu re  will be  m ade available to  
A m erican industry .
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Corrosion M Hydrofluoric

Hydrofluoric A cid  Alkylation Unit

M .  Z .  (J fo k tt/ t& U f a*uL  ty . A . P b eu v je .

PHILLIPS PETROLEUM CO M PA NY , BARTLESVILLE, OKLA.

The number of desirable materials of construction for anhydrous 
hydrofluoric acid service is comparatively small. Carbon stee! is 
the basic material and is adequate for pressure vessels up to a tem
perature of approximately 1 5 0 °  F./ Monel metal or M onel-dad  
steel is the desirable material for higher temperatures. Cupronickel 
might be particularly suitable in heat exchanger tubes. M onel metal 
is the desired material for valve trim in severe service. Materials 
to be avoided can be divided into three classes. The first class 
is made up of straight chrome stainless steels and copper alloys 
(except cupronickel), which are velocity sensitive in anhydrous hy
drofluoric acid and in high concentrations of the acid. The second 
class, materials which may be attacked by intergranular corrosion, 
includes Hastelloy A  and Hastelloy B, cast iron, and high-zinc 
uninhibited brasses. The third class, materials used for piping and 
fittings that are brittle or notch sensitive, includes free-machin- 
ing steel, high-phosphorus steel, and others of similar properties.

T
H E  war, w ith its trem endous demands for aviation gasoline, 
was instrum ental in adding a new corrosive agent to refinery 
problems—hydrofluoric acid. Because there was little com

mercial experience w ith hydrofluoric acid under pressure, consider
able pilot p lant work was done before the first commercial H F 
alkylation unit was built. As a result of both the pilot plant 
work and more than  two years of experience in operation of com
mercial H F  alkylation units, th is company has accum ulated ex
tensive d a ta  on corrosion of m etals in hydrofluoric acid. This 
article presents some of the metallurgical information gained 
from th is experience.

Corrosion in hydrofluoric acid involves typical oxidation and 
reduction phenomena—hydrogen evolution, oxygen, and some
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times galvanic currents. In  m ost cases the process seems to be 
reduction of hydrogen to molecular hydrogen, while the  fluorine 
combines w ith the m etal to  form metallic fluorides. Hydrogen is 
observed by the increase in pressure of a closed bomb. Oxygen 
greatly increases the corrosion ra te  in aqueous hydrofluoric acid.

Corrosion testing in hydrofluoric acid is com plicated by several 
factors. The duration of tes t plays a v ita l p a rt in  the measure
m ents of corrosion rates. All m etals tested  in  anhydrous acid, 
w ith the possible exception of silver, form protective films or 
scales th a t decrease the initially high ra tes to  the  low rates ob
served in commercial use. This m eans th a t short-tim e corrosion 
rates should be discounted unless the  scale formed on the test 
sample is of appreciable thickness or unless the valid ity  of short- 
time rates has been confirmed by longer tests. A fter a scale has 
formed, diffusion through the scale plays a larger p a rt in the  cor
rosion than  the initial rate  of reaction on clean m etal. W hen 
the scale reaches a certain thickness, i t  begins .to flake off, and 
the corrosion approaches a steady rate.

The effect of tim e is noticed in another way. Some m aterials 
such as aluminum and stainless steels form a very protective 
film under atmospheric conditions. W hen they are subjected to 
hydrofluoric acid, the film protects them  for a short while. N o t 
until the film has been completely penetrated  does the true corro
sion ra te  appear.

Tem perature also plays an im portant part. As tem perature 
increases, the reaction ra te  likewise increases. But, as pointed 
out above, diffusion m ay be a deciding factor in many cases 
Steel and copper are particularly affected, and a t very high tem 
peratures (above 200° F.) neither m aterial is satisfactory. The 
ra te  of corrosion of Monel m etal and cupronickel also increases
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with tem perature, bu t not nearly so rapidly as the corrosion of 
the  above-mentioned materials.

Increase in velocity of hydrofluoric acid stream s over the sur
face of some m aterials may increase their corrosion rate. The 
m ain m aterial of construction—plain carbon steel—is compara
tively insensitive to velocity, bu t m aterials such as 12-chrome 
stainless steel and copper are very sensitive. Under these cir
cumstances, laboratory tests with quiet or low-velocity streams 
need confirmation from p lant experience, such as may be ob
tained on pumps, bubble caps, and throttling valves.

CORROSION TESTS

Early experiments to  determine corrosion resistance were 
made in the laboratory, using both agitated and unagitated 
bombs filled with anhydrous hydrofluoric acid or mixtures of 
various hydrocarbons w ith the acid. The laboratory work dem
onstrated th a t corrosion was not noticeably affected by the pres
ence of m oderate amounts of hydrocarbon. Hence, correlation 
with the hydrocarbon-acid ratio was not attem pted. Some 
tests were made in laboratory reactors. While some of the low- 
tem perature tests were made with samples insulated from one 
another by Saran and polystyrene, tests a t elevated tem peratures 
could not be made with insulated racks because of decomposition 
of insulating materials. In  order to confirm data  obtained with 
uninsulated racks, a few tests were made in which the acid dripped 
over the samples and was thus prevented from forming an elec
trically conducting continuous phase. No significant difference 
was found in corrosion rates in tests conducted with insulated 
or with uninsulated samples.

Field tests were made by circulating acid and aeid-hydrocarbon 
mixtures through test chambers in which the samples were sus
pended on m etal bars. This apparatus was used to  determine 
simultaneously the operating characteristics of valves, pumps, 
pump packing, etc. Tests on aqueous acids were made in steel 
and copper reboilers. Since this field test equipment was not 
equipped to m aintain a constant tem perature, corrosion rates 
could be obtained only for a range of tem peratures. The corro
sion results can accordingly only be grouped; bu t within the 
range of error ordinarily experienced, the data  are very consistent.

Table I  shows the results of tests, lasting 6 to  40 days, on some 
of the m aterials tested in essentially anhydrous hydrofluoric acid 
and in acid-hydrocarbonm ixtures. Where only a single tempera
ture is given, the test tem perature was closely controlled.

Tests were also made in aqueous hydrofluoric acid of approxi
m ately 40 to 50% concentration. Results on the various copper 
alloys were similar, and no particular alloy had a consistent ad
vantage. The uniformity of results from one test to another

indicates th a t bimetallic corrosion between the various m etals 
exposed was not great. E ight to twenty-one day tests on copper, 
red brass, antim onial adm iralty brass, cupronickel, phosphor 
bronze, and 444 bronze gave rates varying from 0.0125 to 0.0250 
inch per year a t 275-300° F. Monel showed a slightly greater 
corrosion rate, 0.0296 inch per year average. These data  were 
confirmed by tensile-strip corrosion samples. In  all, five tests 
were run in this range. Three others had to be eliminated be
cause air, used to pressure in the acid, caused excessively high 
rates of corrosion.

At 185° F. two tests on copper, red brass, antim onial adm iralty 
brass, 30% cupronickel, silicon bronze, Ambrac (70 copper- 
25 nickel-5 zinc), and 20% cupronickel gave rates varying from 
0.0006 to 0.0040 inch per year in tests lasting 18 days. Two 
11-day tests a t 140° F. gave comparable results. Magnesium 
alloys (Dow m etals E and J) had corrosion rates varying from
0.024 to 0.016 inch per year.

The corrosion rate obtained from weight loss does not always 
give a complete picture of the phenomena involved. Intergranu- 
lar corrosion, for instance, may cause the m aterial to lose all of 
its strength without perceptible weight loss. Further m etallur
gical examinations are often necessary.

G r a p h i t i c  C o r r o s i o n . Several samples of Ni-Resist cast 
iron exposed to anhydrous hydrofluoric acid showed graphitic 
corrosion, a m anifestation of galvanic corrosion in which the 
graphite is unattacked while the iron is completely corroded. 
The specimens swelled and cracked bu t still m aintained their 
identity, although the m aterial could be cut with a knife.

D e n i c k e l i z a t i o n . This type o f  corrosion occurs on Monel, 
and to a lesser extent on cupronickel, upon exposure to aqueous 
hydrofluoric acid. Scaly layers of copper in severe cases and 
thin adherent films in milder cases form on the surface. Some 
pitting may be present. The most severe denickelization was ob
served on samples included in tests in which the acid was pres
sured into the vessel with air. This and other supporting obser
vations lead to the belief th a t denickelization is caused by the 
presence of oxygen.

I n t e r g r a n u l a r  C o r r o s i o n . Samples of Hastelloy A and 
Hastelloy B exposed to aqueous hydrofluoric acid for 3 days 
(pressured in with air) suffered severe intergranular corrosion; 
th a t is, the grain boundary m aterial corroded away and left 
individual grains to drop out. After exposure these particular 
samples had the characteristics of a lump of sugar rather than  
of a piece of metal.

S t r e s s  C o r r o s i o n . Tests were made to determine whether 
stress corrosion could be induced in low-carbon steel and in 18-8 
stainless steel. Pieces pulled in two under tension and then

Cavitation Corrosion of a 12-Chrome Stainless Steel Impeller 
after Four Months of Service in Anhydrous Hydrofluoric A cid

Cracking of Hardened Steel in Anhydrous Hydrofluoric 
A cid; These Pieces Are the Fragments of a Valve Plug
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Intergranular Corrosion of Hastelloy A  in 
Aerated A queous Hydrofluoric A cid  ( X  250)

Peculiar Pitting Accompanying Denickelization of 
M onel by Aerated A queous Hydrofluoric A c id  ( X  200)

dented w ith a ball peen hamm er were exposed to  anhydrous hy
drofluoric acid a t 150° F. for one week. No intergranular corro
sion resulted, nor was the ra te  of corrosion higher th an  on the 
unworked samples. However, in aqueous acid, cold-worked 18-8 
did show stress corrosion.

CO RR OSIO N O N  EQUIPMENT

Exam ination of equipm ent used in  commercial hydrofluoric 
acid alkylation and pilot p lant work adcjed valuable information 
on corrosion. From  such examinations i t  is possible to  determine 
the extent of galvanic corrosion, the effect of velocity, etc. 
Frequent inspections were m ade on pilot p lant equipm ent and 
any extraordinary occurrences followed in detail. P lan t equip
ment, in particular, determines the validity of the corrosion tests.

E f f e c t  o f  V e l o c i t y . The experimental pumping unit 
brought out the  im portant fact th a t 12-chrome stainless steel 
was sensitive to  the velocity of liquid flow. After 4 m onths of 
anhydrous service a t  atmospheric tem perature, a 12-chrome stain
less impeller was badly p itted  by cavitation attack. The carbon 
steel impeller used to  replace i t  was unattacked by cavitation 
after a longer period of use. This characteristic of 12-chrome 
m aterial was further confirmed by the rapid corrosion and ero
sion of 12-chrome disks in gate valves and m otor valves. Hence, 
i t  is concluded th a t 12-chrome stainless is unsatisfactory for 
hydrofluoric acid service because of its sensitivity to velocity.

Copper alloys are similarly unsuited for service in high-velocity 
stream s of the anhydrous acid. Laboratory equipm ent dem
onstrated th a t yellow brass, copper, brazing bronzes, and low- 
silver silver solders were rapidly corroded away. An acid bubble 
tower, operating a t  approximately 150° F., contained experimen
ta l  bubble caps of Monel, silicon bronze, and copper. In  4 
m onths of operation the teeth  of some of the copper caps were 
corroded off. Silicon bronze was also badly corroded bu t 
slightly less than  the copper. Since the original thickness was

0.083 inch and the final’ thickness nil, the corrosion rate  was 
more than  0.12 inch per year. The Monel caps were practically 
unattacked.

In  another un it the acid bubble tower had  one E verdur (silicon 
bronze) tray , 0.128 inch thick, w ith caps of the  same m aterial; 
a fter approxim ately 8 m onths of operation, the caps and trays 
were almost completely destroyed by corrosion. Still another 
instance of failure was on antim onial adm iralty  brass used in an 
acid preheater operating a t approxim ately 190° F . ; the tubing 
was badly p itted  in only 2 m onths by w hat was probably a cavi
tation  type of a ttack .

Cupronickel differs from the other copper alloys in th a t i t  is not 
similarly affected. This was noted when cupronickel was used 
in conjunction w ith copper and brazing bronzes. Experience 
has shown th a t m ost copper alloys, w ith the exception of cupro
nickel, are not satisfactory in high-velocity stream s of anhydrous 
hydrofluoric acid.

C o r r o s i o n  o f  S t e e l  E q u i p m e n t . C orrelation between corro
sion tests and corrosion observed on commercial p lan t and labo
ra tory  equipm ent has been good. On the low -tem perature parts 
of the hydrofluoric acid equipment, thickness of scale, machining 
marks, and undulations on the welds all indicate a ra te  of corro
sion not exceeding 0.01 inch per'year. The acid bubble tower in 
the section handling nearly anhydrous hydrofluoric acid a t about 
150° F. shows corrosion on steel to  be about 0.03-0.05 inch per 
year. In  all of the equipm ent in  use no instance of stress corro
sion has yet appeared. None of the field welds in piping and ves
sels were stress-relieved, and it is believed th a t evidence of stress 
corrosion would have been detected over two years of operation 
had any been present. P itting  has been notably absent on the 
steel equipment.

S e a s o n  C r a c k i n g . Yellow brass copper tubing fittings, which 
are quite commonly used in laboratory work, are very susceptible 
to this type of intergranular corrosion. Cracks appear in a short

T a b l e  I. C o r r o s i o n  R a t e s  o n  A l l o t s  i n  A n h y d r o u s  H y d r o f l u o r i c  A c i d

P lain  C arbon
----------- r ta te  in  incnes per I ear

A ntim onial M g (Dow
T em p., Steel® M onel M eta l P hosphor Bronze& A dm ira lty 30%  Cupronickel M eta ls  E  & J) A lum inum

High Av. High Av. High Av. High Av. H igh Av. High Av. H igh Av.
60-80 0.0048 0.0028 0.0036 0.0032 0 . 0 2 0 . 0 2 0 . 0 1 0 . 0 1 0.0070  0 .0020 0.0199 0.0052 0 .0228  0 .0204
80-100 0.0083 0.0062 0.0018 0.0009 0 .0188 0.0188 0 .0188 0.0128 0 .0234 0 .0171

1 0 0 - 1 2 0 0.0267 0 .0140 0.0047
130 0.0270 0 .0140 0 .ÓÓÓ0 o ióóóo
150 0.0296 0 .0247
175 0 .048

0 .0 6 ' o', ôè '180-190 0 .129 0.Ó89 0 .Ó2 ' 0 . 0 2 o', bi* o b i 0 -976
250-300 0 . 1 2 0 0 .105

« These ra tes are also tru e  for low-alloy steels such as earbon-m olybdenum  and  S.A.E. 4140.
h 4.75 tin -0 .25  phoephorus-95  copper. This is rep resentative of resu lts  on copper alloys w ith high copper con ten t such as pure copper, a lum inum  bronrp  

silicon bronze, an d  444-bronze. R ed brass is in term edia te  between adm ira lty  and  bronze. ’
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•tim e after exposure to  hydrofluoric acid and m ay ap
pear in as little  as one hour when the tem perature is 
raised to  150° F. The remedy is to use tin  bronze, 
aluminum bronze, silicon bronze, red brass, or 70 copper-29 
zinc—1 tin  type of brass, which are much less subject to  stress 
cracking.

M o n e l  M e t a l . This alloy is widely used in our labo
ratory work on hydrofluoric acid. Considerable experience 
has shown th a t corrosion is only slightly increased with in
creasing tem perature in the range 100° to 200° F. The use 
of Monel in impellers, stators, shafts, and laboratory columns 
has been very satisfactory. The weldability of Monel makes 
it an easily fabricated nonferrous m aterial. P lan t experi
ence has also been favorable. M o n e l  bubble caps and lin
ings operating a t 150° F. are attacked only slightly. Some 
leaky welds are, however, experienced. Monel trim  in 
various types of valves has been very satisfactory.

C u p r o n i c k e l . Laboratory w o r k  with cupronickel a t 
tem peratures up to 200° F. indicates th a t it  is satisfactory 
for use with hydrofluoric acid. I ts  good resistance to aque
ous acid makes i t  a desirable m aterial when the service 
conditions vary from aqueous to anhydrous acid.

L e a d . This m etal corrodes rapidly in the anhydrous 
acid. I ts  plastic properties, however, make lead gaskets 
convenient for laboratory equipment. Their use should be 
restricted to  short-time runs, particularly until operators be
come familiar w ith their characteristics.

S i l v e r  S o l d e r s . In  direct contact w ith anhydrous hy
drofluoric acid, particularly when exposed to high velocity, 
low-silver silver solders corrode rapidly. For exposure to severe 
service in laboratory equipment, A.S.T.M. Grade No. 7 silver 
brazing alloy has proved satisfactory.

B l i s t e r i n g . Blisters, presumably caused by hydrogen, were 
found on the acid settler, stripper feed tank, stripper over
head accumulator, and inner contactor shell after 16 months 
of service. The blisters varied in size up to  inch in diam
eter and were under high pressure. The inner contactor liner 
was most severely blistered. No blisters have been found 
in  the seamless steel pipe, which is usually made of a fully killed 
steel. This indicates th a t the dirtiness of the semikilled pressure 
vessel plate is a large factor in  blistering.

E m b b i t t l e m e n t . Upon exposure to  aqueous acids, such as 
hydrochloric or sulfuric, some steels, particularly hard spring 
steels, become so brittle th a t they crack instead of deforming 
when highly loaded. There is evidence th a t this is true also of 
hydrofluoric acid. H ardened alloy bolts, springs, lock washers, 
and plug valve plugs have cracked in a brittle m anner when ex
posed to  anhydrous and aqueous hydrofluoric acid. This type 
of failure has not been detected in the soft unhardened steels. 
Where strong alloy m aterials are required, m aterials like K-Monel 
and hardened nickel should serve well.

OTHER METALLURGICAL CONSIDERATIONS

T h r e a d e d  P i p e . In  early laboratory and pilot plant tests 
several failures were experienced a t the threaded joints in small 
size pipe. Several factors were found to contribute to  the failures. 
The first was the extremely th in  m etal section a t  the root of the 
last engaged thread in standard weight pipe. Table I I  gives a 
list of wall thicknesses. I t  is evident th a t very little m etal is 
left to resist corrosion.

A second factor concerns the im pact characteristics of threaded 
pipe. V-threads present a rather severe notch a t their base. 
Combined w ith the thin wall of schedule-40 pipe, this factor makes 
it subject to failure under im pact bending loads. Where the 
force m oment is the  greatest (at the last engaged thread), the 
pipe is the  weakest.

A th ird  cause of failure is the use of notch-sensitive m aterial

T a b l e  II . W a l l  T h i c k n e s s  o p  T h b e a d e d  P i p e  J o i n t s “

N om inal 
P ipe Size, 

Inches

Schedule 40 
(S tandard  W eight)

-T h ickness6 in Inches— 
Schedule 80 

(E x tra  Strong) Schedule 160

‘A
■/.
■A
*A

1
l»A
1*A

0 .068
0 .088
0.091
0.109
0.113
0.133
0 .140
0 .145
0.154

0.033
0.031
0.036
0.039
0.043
0.045
0.052
0.056
0.064

B

0 .038
0.044
0 .047
0 .052
0 .056
0.063
0.070
0.075
0 .084

0 .095
0 .119
0.126
0.147
0.154
0.179
0.191
0.200
0.218

A

0 .060 
0  062 
0.071 
0 .077 
0 .084  
0.091 
0.103 
0.111 
0 .129

0.065
0.075
0.082
0.090
0.097
0.109
0.121
0 .130
0 .148

0 .187
0 .218
0 .250
0.250
0.281
0.343

0 .117
0.148
0.162
0.162
0.192
0.253

B

0.130
0.161
0.180
0.180
0.211
0.273

>A
1
l ‘A

i v '

Double E x tra  Strong 
0 .294 0 .217  0 .237  
0 .308  0 .230  0.251 
0 .358  0 .263  0.288 
0 .382 0 .286  0.312 
0 .400  0 .304 0 .330  
0 .436  0 .346 0.366

a The calculations 
dimensions as given

were m ade from  th e  
Am. S tandards

Assoc. S tandard  B2.1— 1942. Eccentric
ity  and undercu t weld fin lap-weld and  b u t t -  
welded pipe) will still fu rther reduce th e  Ef
fective thickness a t  th e  th readed jo in t. In. 

practice, th e  m inim um  expected thickness should be somewhere between the  A  and 
B  dimensions. Because of stress concentration, the  resistance to  im pact of th e  
small sizes is less th a n  is indicated  by  com parison of wall thicknesses w ith pipe of 
larger diam eter.

& T  “  wall thickness of un th readed  pipe; A  =■ thickness a t  roo t of th read  a t  
the  norm al hand  engagement; B  =  thickness a t  roo t of th e  la st perfect thread .

like high-phosphorus or Bessemer steels. They may be expected 
to give trouble, particularly on cold days.

To minimize failures, threaded joints should be avoided wherever 
possible; bu t if they are required, schedule-80 or schedule-160 
pipe should be used. In  addition, notch-sensitive m etals should 
not be used.

B u l l  P l u g s  a n d  S w a g e  N i p p l e s . A somewhat similar prob
lem to th a t of the threaded pipe is found in connection w ith the  
ordinary bull plugs and swage nipples. These, however, are so 
brittlg th a t failure is not confined to the threads. More than  ten  
failures, only two of which were in hydrofluoric acid equipment, 
received attention. In  all cases they were made of a high-phos
phorus, high-sulfur, free-machining steel which has little  duc
tility in the transverse direction. This has necessitated the use 
of special A.I.S.I. 1020 steel fittings. I t  should be pointed out 
th a t these brittle fittings are dangerous, not only in hydrofluoric 
acid equipment bu t elsewhere in a refinery.

A simple test will distinguish between good-quality and ex
tremely bad fittings. A ring cut from the free-machining fitting 
will snap after only a small am ount of flattening and practically 
no elongation. A good quality steel, such as is usually found 
in low-carbon seamless pipe, will crush almost completely, and 
the steel will tear rather than  snap.

B u t t - W e l d e d  P i p e . T w o  failures have occurred in b u tt- 
welded pipe in experimental work on hydrofluoric acid. 
One was in a 2-inch-diameter bomb which burst a t m oderate 
pressure. The second was in a 1/ 4-inch standard-weight nipple. 
From  this and other observations on the erratic quality of welded 
pipe, i t  was concluded th a t seamless pipe should be used exclu
sively in hydrofluoric acid service.

C o p p e b  W e l d s . Welds in deoxidized copper plate made with 
copper rod were not satisfactory. After exposure to  aqueous 
acid, the inclusions in the weld m etal were corroded out and, as 
a result, left a porous weld.
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FIBROUS HOLOCELLULOSE

FROM 

SOFTWOODS
E D W I N  L .  L O V E L L

C en tra l C h e m ica l L a b o ra to ry ,  
R a yo n ie r  In c o rp o ra te d , S h e lto n , W ash .

A  m e th o d  u t i l i z in g  a c id if ie d  s o d iu m  

c h lo r i t e  is  d e s c r ib e d  fo r  p r e p a r in g  

r e la t iv e ly  la r g e  b a t c h e s  o f  f ib r o u s  

h o lo c e l lu lo s e  f r o m  tw o  r e p r e s e n ta 
t iv e  A m e r ic a n  s o f tw o o d s ,  w e s te r n  

h e m lo c k  (above) a n d  s la s h  p in e  

(r ig h t) .  S o m e  o f  t h e  im p o r t a n t  

c h a r a c t e r is t ic  p r o p e r t ie s  o f  t h e  

p r o d u c t  a r e  e x a m in e d  in  d e t a i l .

T
O UN D ERSTAN D the ultim ate potential uses of the cellu
lose in wood, it  is necessary to have a fundamental knowl
edge of the structure of wood cellulose fibers, especially the rela

tion of the various chemical components to one another in the cell 
wall. A promising approach to this problem lies in the study of 
fibrous holocellulose, or wood cellulose in fibrous form, which con
tains the whole carbohydrate fraction of the wood after delignifi- 
cation. I t  is desirable to  be able to  prepare fibrous holocellulose 
conveniently and in moderately large quantities.

The preparation of holocellulose from wood (5, SO) was origi
nally developed as an analytical determ ination, using small 
samples of solvent-extracted wood meal. The m ethod is essen
tially a series of short chlorinations, w ith interm ediate extrac
tions of the chlorinated lignin by means of hot dilute monoeth- 
anolamine in alcohol, and is designed to  minimize any hydrolysis 
during chlorination. The alcoholic extraction medium serves to 
leave behind all the carbohydrate m aterial. However, i t  is diffi
cu lt to apply this m ethod to  large samples of wood m eal because 
there is local overheating and consequent degradation of the 
cellulose during chlorination (9, 13). For the same reason it  is 
difficult (31) to use coarse forms of wood in which the fiber struc
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ture is retained. In  general, the  chlorination m ethods m ay be 
considered unsuitable for the preparation of fibrous holocellulose 
from woods.

For some tim e it  has been known (S8) th a t  ordinary wood 
chips can be delignified by treatm ent w ith aqueous chlorite solu
tions a t m oderately high tem peratures (100° C.). M ore re
cently Sohn and Reiff (S3) m ade a system atic study  of this 
method. They found th a t a wide variety of p lan t m aterials, 
including wood, could be reduced to  lignin-free fibers having a 
high hemicellulose content and high viscosity. B y extending 
the time, tem peratures of 50-70° C. could be used, particularly 
in the presence of buffers such as sodium acetate or pyridine. 
About the same tim e Jaym e (11) and others (4, ¿4, SI)  described 
the  preparation of holocellulose from spruce wood shavings w ith 
acidified sodium chlorite solutions.

PREPARATION OF HOLOCELLULOSE»

The two coniferous pulpwood species were western hemlock 
(Tm ga heterophylla) and slash pine (Pinus caribaea). The logs 
selected were sound wood, free of rot, blue stain, or other faults 
The hemlock was 100 to  300 years old, and the  pine, 16 to  20 years
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F or relatively large batches of holocellulose (500 grams or 
more) wood chips of uniform thickness (4 mm.) were cut by hand 
from cross-sectional slabs of logs 2.5 cm. thick. Heartwood was 
om itted from the pine samples. The chips were not allowed to 
dry below a moisture content of about 50%. I t  was found un
necessary to solvent-extract the wood, despite the high extractive 
content in the case of slash pine. Wood dust, bark pieces, and 
other contam inants were carefully avoided.

The uniform wood chips (2.5 kg., 50% moisture) were placed 
in a stout 9-liter glass vessel, having a ground-glass standard-taper 
neck (f" 45/50). The vessel was filled w ith a solution of 600 
grams of commercial sodium chlorite in 8 liters of water contain
ing about 12 ml. of glacial acetic acid (pH of chlorite solution, 
5), and placed in a therm ostatically controlled constant-level 
water bath  a t 65° C. Tem perature was m aintained a t 60-65° C. 
for 6 hours. Evolution of gas, largely chlorine dioxide, caused 
much frothing, particularly with the slash pine; this froth was 
led away through all-glass connections to a small catch bottle.

A t the end of 6 hours, the hot liquor was poured off, and the 
vessel immediately filled with a fresh chlorite solution of the same 
composition as the first. For the second stage the tem perature 
was m aintained a t 65-68° C. for 7 hours. In  a th ird  stage with 
fresh liquor the tem perature was kept a t 70° C., again for 7 hours. 
Finally a fourth charge of chlorite solution was used a t 70-74° C. 
for 1 hour only. A t this point the soft white chips were care
fully drained of liquor and covered w ith warm distilled water 
several times, to avoid loss of fiber.

Further washings were carried out in a large (20-liter) stone 
vacuum filter; by this time the chips had become thoroughly 
disintegrated into a white pulp. Prolonged soaking in changes 
of distilled water over a period of several days was necessary to 
free the gelatinous fibers of the last traces of reagent.

To evaluate the product obtained by digesting wood chips in 
chlorous acid, holocellulose was prepared from the same wood 
by the customary chlorination-extraction method. However, 
as the wood meal ordinarily used is not always representative of 
the whole wood (2), it  was preferred to use thin shavings to ensure 
against loss of fiber fractions or chemical degradation of the wood 
substance during reduction to  a finely divided form.

Shavings, 40 microns thick, were cut from rectangular wooden 
blocks (38 mm. along the grain, 32 mm. across the grain, and 25 
mm. high) w ith a hand chisel blade and table microtome. The 
sample blocks were cut from the cross-sectional slabs used for 
making uniform chips, by sawing through these slabs a t parallel 
distances 19 mm. on either side of the center, and cutting the re
sultant long piece a t regular distances of 32 mm. across the grain.

The thickness of the shavings was chosen so th a t they could be 
readily penetrated by reagents and still retain sufficient strength 
to be handled without disintegration. The cutting was done in 
the direction of the fiber axis, to  minimize severing of the fibers 
as far as possible w ith such th in  sections. The blocks were kept 
moist while cutting, and the shavings were not dried until they 
had been solvent-extracted in the standard m anner (SO).

For delignifying 40ft wood shavings, a chlorination procedure 
was developed as suggested by the work of Storch (27). The 
moist wood shavings, in 1- to 10-gram lots, were placed in a glass 
chamber which could be evacuated to about 10 mm. pressure. 
Chlorine gas was adm itted to  the evacuated chamber a t such a 
rate as to reach atmospheric pressure in 5 minutes. The cham
ber was then opened, and the shavings were quickly removed and 
covered w ith alcohol, followed by the usual sequence of hot 3%  
monoethanolamine in alcohol, alcohol, water, as used in the 
standard holocellulose determ ination (29). About eight or nine

1 Since th is  work was com pleted, a method for the  isolation of hemicellu- 
loses from unex trac ted  softwoods was reported  in a  prelim inary  com m unica
tion  by  L. E .  Wise [ I n d .  E n g .  C h e m . ,  A n a l .  E d . ,  17, 63-4 (1945)]. The 
wood was reduced in a  Wiley mill, and  Ihen delignified w ith a  strongly acid 
solution of sodium  chlorite a t  60° and 30° C.

such chlorinations and extractions were necessary before the 
holocellulose gave a negative test for lignin.

W estern hemlock shavings from the sapwood showed no signi
ficant difference in holocellulose yield, as isolated by the chlorina
tion procedure, from shavings taken from the center of the bole 
or from a position between these two extremes:

Location of Wood 
Sample in Bole

O uter edge (sapwood) 
Center
M idw ay to  center

%  Yield on Basis of 
Ex trac tive-F ree  Wood

68 .9
69 .5
69 .1

Hence the yield of holocellulose from chips, including all portions 
of the bole, m ay be expected to average about 69%. The ac
tual yield of cellulosic fiber from hemlock by the chlorite method 
was found to be less (about 64% ); similarly, the yield of slash- 
pine cellulosic fiber from chips was about 63%. This loss of 
yield is not surprising since there is an essential difference in the 
two m ethods of preparation—namely, the use of a hot aqueous 
medium rather than  a hot alcohol medium. The solubility of 
chlorine-prepared holocellulose in hot w ater is considerable 
(about 10% in 1 hour a t 100° C.); undoubtedly this very soluble 
p a rt of the native wood carbohydrates cannot be retained without 
an alcoholic extraction medium. By the chlorite m ethod of 
preparation, the free fibers of holocellulose prepared from un
dried wood chips have never been changed essentially from their 
natural aqueous environment. This may be an im portant ad
vantage, particularly when i t  is considered th a t cellulose is 
likely to  retain solvent molecules tenaciously (24), to  form “in
clusion cellulose” . The use of an aqueous medium may be pre
ferred in order to  examine the advantages of producing commer
cially a wood cellulose fiber- which more closely approaches the 
composition of native wood cellulose.

A further comparison of the two methods of delignification 
was made w ith respect to  the effect on the average viscometric 
degree of polymerization (D.P.). A high-viscosity sulfite wood 
cellulose from western hemlock was subjected to the conditions 
of the wood chip delignification, and the result compared with a 
product obtained by chlorinating and extracting this same raw 
m aterial in the standard m anner (29).

After four chlorinations (total of 20 minutes) the product had 
an average D.P. of 930; after 4-hour digestion a t 60° C. in acidified 
sodium chlorite, D .P. was 1100. In  both cases delignification 
appeared to be substantially complete. A standard cellulose from 
cotton, with a D.P. of 940, was treated for 5 hours a t 60° C. with 
200% sodium chlorite a t pH  4 and had a final D.P. of 900. These 
chain length data  support the idea th a t the delignification condi
tions used have little degrading effect on cellulose.

S O L U B IL IT Y  IN  A LK A L IN E S O L U T IO N S

A characteristic of any cellulose preparation is its fractional 
solubility in alkaline solutions. This fractional solubility depends 
for the most p a rt on the presence of hexosans or pentosans 
having a relatively low degree of polymerization. In  addition, 
the molecular fine structure of cellulose fiber plays a part, so 
th a t the less highly oriented chains m ay have more ability to dis
solve a t a given chain length than  those more highly oriented (7).

The determinations of alkaline solubility were made on samples 
washed in organic solvents (using the sequence, 70% ethanol, 
95% ethanol, absolute ethanol, hexane) before being dried, in 
order to  avoid the horniness found when fibers of such high hemi- 
cellulose content are dried from water. The moisture content 
was determined after thorough conditioning a t 70% relative 
hum idity and room tem perature, by drying in an oven a t 105° C. 
for 3 hours. Samples of about 250-300 mg. were weighed ac
curately into a 125-ml. conical flask. The flask with contents was 
flushed out w ith nitrogen for several minutes, tightly closed with 
a  rubber stopper, and placed in a therm ostat a t 20° C. After a t 
least 15 minutes 100 ml. of sodium hydroxide solution (also pre
viously cooled to  20° C.) were added, and the resulting slurry
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Figure 1. Fractional Solubility of Slash 
Pine Holocellulose in Aqueous Sodium 

Hydroxide Solutions at 20° C.

was kept under nitrogen for 30 hours. In  some cases it  was first 
necessary to break up clumps of fibers th a t did not disperse 
satisfactorily in the alkali; this was done simply by stirring for a 
minute w ith a glass rod. After extraction, the undissolved 
residue was collected on a C-porosity, fritted Pyrex filter crucible 
(60 ml. capacity) with suction bu t without drawing air into the 
m at. The m at was washed on the filter three times w ith fresh 
caustic solution a t 20° C .; suction was then applied w ith full force 
to draw three 50-ml. portions of w ater rapidly through the alkali- 
cellulose m at. (This step was designed to avoid having the sample 
come into appreciable contact w ith caustic solutions of greater 
dissolving power than  the one in which the solubility was being 
measured.) The m at was covered with 0.1 N  sulfuric acid and 
washed five times w ith this reagent over a period of 5 minutes. 
The final wash was w ith distilled w ater (ten times). The residue 
was weighed in the crucible after drying a t 105° C., and the result 
was calculated on the basis of dry weight of original sample.

This method of fractional solubility determ ination was found 
to be accurately reproducible and not dependent upon close 
standardization of the various manipulations involved.

In  some instances with 18% caustic solution, the alkaline fil
tra te  before the first aqueous wash was collected separately, 
neutralized with a slight excess of glacial acetic acid, and allowed 
to stand overnight. The amount of any precipitate which settled 
out (so-called beta-cellulose) could be determined by volumetric 
oxidation according to  the m ethod of Launer (16).

The so-called alpha-cellulose fraction, which is insoluble in 
18% sodium hydroxide solution, forms the greater part of pine 
and hemlock holocelluloses; the remainder, however, is entirely 
the very soluble gamma fraction, which is not reprecipitated 
when the 18% caustic extract is neutralized:

Alpha fraction, % 
B eta  fraction, %  
G am m a fraction, %

W estern
Hemlock

76.1
None
23.9

Slash
Pine

79 .5  
None
20 .5

Different wood specimens, particularly of pine, gave values for 
the alpha and gamma fractions th a t varied within 1 or 2%, but 
in all cases the beta fraction was absent. This implies th a t the 
distribution of chain lengths is not continuous, and th a t the 
short-chain fraction probably is separated from the long-chain 
fraction by a region of interm ediate chain lengths which are ab
sent in the native wood cellulose. This characteristic of holo
cellulose is in agreement w ith the findings of others (1, 18).

The effect of alkali concentration on the am ount extracted is

marked; a sharp peak of maximum solubility was found for 
slash pine holocellulose a t  an alkali concentration of 7.5%  
(Figure 1). I t  is well known (6) th a t  wood celluloses isolated 
by the usual sulfite or sulfate processes, so th a t the original soluble 
fraction is removed and the residue more or less degraded, show 
a distinctly higher alkali concentration for maximum solubility 
than 7.5%  (usually in the range 10 to 12%). T hus a  high maxi
mum fractional solubility a t  a relatively low alkali concentration 
evidently is characteristic of the holocellulose and, probably to  a 
lesser degree, of other wood celluloses prepared so as to  retain  a 
large p a rt of the very soluble polysaccharides of the native fiber.

I t  also appears from the low optim um  concentration of alkali 
(below the concentration lim it of m ercerization for wood cellulose) 
th a t the large soluble fraction is present in the m ost accessible 
parts of the crystalline-amorphous structure of the fiber.

However, it m ay be expected (19) th a t appreciable am ounts of 
nonglucosic hexosans or pentosans still rem ain in the  insoluble 
fraction. Any such resistant nonglucosic constituents (cellu- 
losans) m ay be regarded (19) as forming an integral p a rt of the 
least soluble fraction of the wood cellulose, in some unexplained 
m anner. The greatest p a rt of such cellulosans, in the case of the 
softwoods, is probably m annan. This hexosan has a structure 
and configuration similar to th a t of cellulose, and isolated man- 
nans (10) show an ability to  form derivatives (regenerated films 
and threads) similar to th a t of cellulose. I t  is therefore not un
reasonable to  suppose th a t the to ta l resistant fraction of holo
cellulose is potentially useful cellulose which should be retained 
as far as possible during the delignification and subsequent puri
fication processes used for preparing commercial wood celluloses.

Slash pine holocellulose m ay be refined w ith cold alkaline solu
tions of medium concentration to  give a high yield of cellulose 
insoluble in 18% caustic solution (Table I). Ill this series the 
extractions were carried out without, a t any time, drying the 
fibers before the final product was obtained. Instead, the water 
remaining in the fibers was m ade p art of each alkaline solution. 
The yield of resistant (insoluble) cellulose was no t affected when 
the excess of very soluble carbohydrates was removed w ith weak 
sodium carbonate solution. However, stronger caustic solutions 
decreased this yield, although no t so m uch as when a hot dilute 
alkaline treatm ent was used:

In  the case of hemlock (Table I), using the  same sequence but 
with an additional ho t w ater extraction, similar results were 
found. Most of the short-chain fraction could be removed with 
the cold alkaline solutions while retaining the high yield of re
sistant cellulose th a t is a recognized characteristic of holocellulose.

A V ERA G E C H A IN  L E N G T H

The value of the “average” viscometric chain length of holo
cellulose m ust be considered w ith due regard for the  fact th a t the 
chain-length distribution function seems to  be characterized by 
two widely separated peaks, corresponding to  a long-chain and a 
short-chain fraction, respectively. The short-chain fraction 
should contribute very little to  the to ta l viscosity compared with

T a b l e  I. A l k a l i n e  R e p i n i n g  o f  S o f t w o o d  H o l o c e l l u l o s e

Softwood
Used

Slash pine

W estern
hemlock

Refining T re a tm en t in 
Successive Steps

None
2%  NazCOi, 25° C.
4%  N aO H , 25° C.
9%  N aO H , 25° C. 
0 .5%  N aO H “ , 100 
9%  N aO H , 25° C.

None
H 20 ,  100° C „ 1 hr.
2%  NasCOa, 25° C.
4%  N aO H , 25° C.
9%  N aO lI , 25° C.

%  Yield P roduc t 
in E ach  Insoluble 
T re a t-  in 18% 
m ent N aO H

C.

100
92 .2
87 .5
8 2 .5  
79 .4  
8 0 .8

100.0
90.3
93 .7
92 .4
8 5 .8

8 2 .8
8 9 .9
9 4 .6  

100.0
91 .7  

100.0

7 6 .2  
82 . 8
88 .3
92 .6
9 8 .6

Y ield of Insol. 
P a r t ,  %  of: 

H olo
cellulose

8 2 .8  
8 2 .8
7 6 .3
66 .5
67 .1
59 .1

76 .2  
7 4 .8
7 4 .6
72 .4
6 5 .2

“ 5 hr. a t  5%  consistency (followed 4%  N aO H  trea t) .

Wood

5 1 .7
5 1 .7
4 7 .7  
4 1 .6
4 2 .0
3 7 .0

4 9 .0
48 .1
4 8 .0  
4 6 .5
4 2 .0
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T a b l e  II. A v e r a g e  D e g r e e  o f  P o l y m e r i z a t i o n  o f  
E x t r a c t e d  H o l o c e l l u l o s e s

„  , , Ex trac tion  %  of P roduct Visoometric
Holocellulose Conditions Insol. in 18% N aO H  D .P.

W estern hem lock N one 76 1 1150“
2%  N a2COi, 15° C. 88 .3  1200
4%  N aO H , 25° C. 9 2 .6  1600

Slash pine None 7 9 .9  810
HjO, 100° C., 1 hr. 86 .0  1005
2%  Na!COj, 15° C. 9 1 .0  955
4%  N aO H , 25° C .*1 94 .0  1095

“JD.P. of holocellulose by  chlorination extraction  of hemlook shavings, 
1170.

& A fter 1-hr. w ater boil and drying.

T a b l e  I I I .  V a l l e y  B e a t e r  P h y s i c a l  T e s t s  (S l a s h  P i n e )

Holocellulose Bleached K raft

B eating tim e, min. 0
Freeness 610
B urst
Tear
Fold
Free shrinkage

5 10 15 30 60 75
480 120 25 595 240 140
173 172 170 l f 8 141 146

1.69 1.41 1.39 2.47 2 .14 2 .06
1913 813

6 .9 9 .4 32 .8 13.5

the long-chain fraction; rather i t  should have the effect of de
creasing the actual concentration a t which the viscosity is being 
measured by an am ount corresponding to  the fraction of very 
short chains in the sample. Thus, more significant chain-length 
values are obtained after removal of m ost of the very short 
chains by extraction with weak alkaline solutions (Table II).

These D .P. values were measured (17) in the strongly alkaline 
solvent, dimethyldibenzylammonium hydroxide; hence the 
effect of the alkaline extraction process on any alkali-sensitive 
linkages (3) in the native wood cellulose is eliminated. I t  is 
possible th a t appreciably higher chain lengths would be found 
by measuring the viscosities of holocellulose nitrates in an or
ganic solvent. The actually useful chain linkages are those th a t 
remain unaffected by treatm ent with alkaline solutions.

The average degree of polymerization found for both pine and 
hemlock celluloses is substantially in the range 1100-1600. This 
is similar to the values (1000-1500) found by Staudinger and 
Husemann (25) for a variety of woods digested in chlorine dioxide 
and extracted with cold alkali.

P H Y S IC A L  P R O P E R T IE S

The pine and hemlock chlorite holocellulose fibers before dry
ing appeared round and straight under the microscope; when 
dried they collapsed and twisted, and were unable to regain their 
original appearance on rewetting. The undried mass of fiber had a 
gelatinous appearance, with a decidedly soapy texture. On 
drying, the sheets were tough and horny, with a high gloss.

The physical properties of slash-pine chlorite holocellulose 
were evaluated by the standard m ethods of this laboratory and 
compared w ith a moderately strong sample of bleached sulfate 
pulp from southern pine (Table I II) . Undried samples of holo
cellulose were beaten a t  1.25% consistency in a Valley beater, 
with 5 pounds on the lever arm, for different periods of time. 
Sheets were formed a t 40-pound basis weight on the British 
sheet mold. The physical properties of the sheets were deter
mined, using the Canadian standard freeness tester, standard 
Mullen tester, M .I.T . fold tester, and Elmendorf tear tester. 
I t  is apparent th a t this holocellulose showed a characteristically 
rapid drop in freeness on beating and reached a very low value. 
Bursting strength was high initially and did not increase further.

This result does not agree with the findings of other investi
gators (9, IS) who used holocellulose obtained from spruce shav
ings by the chlorination method, where the strength always de
veloped rapidly on beating. Schenck and K urth  (22), however, 
found siipilar behavior in holocellulose from wheat straw. Jaym e
(12) and Klauditz (15) examined in considerable detail the rela
tion between hemicellulose content and strength of sheets; 
they concluded th a t the maximum strength is to be found a t a

certain optimum hemicellulose content which is less than  th a t in 
carefully prepared holocellulose.

C O N C L U SIO N

The preparation of holocellulose from softwoods has always 
been regarded as more difficult than  the corresponding prepara
tion from hardwoods. This m ay be due in p a rt to the greater 
proportion of lignin present within the secondary wall of soft
wood fibers (26). Holmberg and Jahn  (8) stated  th a t it  is not 
possible to prepare a true holocellulose from softwoods, as the 
last part of the lignin is so difficult to remove th a t the carbo
hydrate part necessarily suffers some degradation. However, 
analytical determinations of pentosan and lignin during delignifi- 
cation, upon which such judgm ent is usually based, admittedly 
are subject to error. The recovery of cellulose from softwoods in 
high yield, with the greater portion of the associated short-chain 
polysaccharides (characteristic of the native wood cellulose) 
still remaining, is close to  the theoretical ideal of wood cellulose 
isolation. When such a product is obtained in its native fibrous 
form, as in the present m ethod of recovery, it provides a m aterial 
deserving of study, both from the point of view of cell-wall 
chemistry and the m atter of maximum utilization of wood sub
stance for chemical conversion purposes.
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CATALYTIC CRACKING OF PURE 
HYDROCARBONS

Cracking of N aphthenes

B . S . G R E E N S F E L D E R  AND H . H . V O G E
S h e ll  D e v e lo p m e n t C o m p a n y , E m eryv ille , C alif.

C rack in g  o f  eleven n a p h th e n e s  c o n ta in in g  6 to  18 c a rb o n  
a to m s  w as s tu d ie d  over a  s il ic a -z irc o n ia -a lu m in a  c a ta ly s t.  
I t  w as fo u n d  t b a t  n a p h th e n e s  a re  q u i te  su sce p tib le  to  th e  
a c tio n  o f  th e  c a ta ly s t  a n d  t h a t  b o th  th e  r in g  a n d  a n y  
sid e  c h a in s  c o n tr ib u te  to  th e  to ta l  c rack in g . T h e  r a te  o f  
c rac k in g  in c re ases  ra p id ly  w ith  in c re ased  m o le c u la r

CRA CK IN G  of paraffins and olefins over a silica-zircoma- 
alumina catalyst under conditions similar to those em

ployed in the commercial cracking of petroleum fractions was de
scribed in previous articles of this series (4, 6). These studies 
gave a picture of some of the  reactions favored by cracking 
catalysts, w ith far less ambiguity th an  would result from ob
servation of the cracking of petroleum fractions comprising a 
mixture of hydrocarbons. This m ethod has been extended 
to  a study of the naphthenes or alicyclic hydrocarbons, 
which are prom inent constituents in the m ajority of pe
troleum fractions employed for cracking. An effort was 
m ade to  secure a wide variety  of naphthenic hydrocarbons, 
covering carbon numbers (C No. — n  in CnHm) from 6 to  18. 
These were cracked by the catalyst and procedure previously 
described (4); the definitions and terminology are the same.

The catalyst, obtained from Universal Oil Products Company, 
analyzed 86.2% silica, 9.4%  zirconia, and 4.3%  alum ina by 
weight. This catalyst gives results similar to  those obtained 
w ith the present commercial silica-alumina cracking catalysts. 
Properties and sources of hydrocarbons follow, w ith compounds 
arranged in the order of increasing molecular weight:

Cyclohexane from E astm an K odak Company was washed 
w ith concentrated sulfuric acid to  remove aromatics and dis
tilled. The melting point was 6.1 ° C., boiling range 80.2-81.2° C., 
d j° 0.7786, n 2D° 1.4263.

M ethylcyclopentane was isolated from a California petroleum 
by repeated fractionation. I t  had a boiling point of 72.0 ° C., dj°
0.7488, and n3D° 1.4100.

Methylcyclohexane from the hydrogenation of toluene over 
nickel had a boiling point of 100.6° C., d i° 0.7688, n2D° 1.4232, 
and an aromatic content of 0.6%.

H ydrindan (hexahydroindan) was prepared by hydrogenation 
over nickel of indan from Eastm an. I t  was washed w ith sulfuric 
acid containing silver sulfate. The product contained 8.6% 
distilling below 160° C., chiefly methylcyclohexane, b u t this 
was not discovered until after the cracking experiment had  been 
made. The rest of the m aterial distilled a t 160-168° C. Proper
ties of the m ixture used as a cracking stock were d |°  0.8568, n™
1.4611, specific dispersion a t 20° C. [104 (tif — nc)/d \ of 95.

Isopropylcyclohexane from the  hydrogenation of isopropyl. 
benzene (Dow Chemical Company) was washed w ith sulfuric 
acid-silver sulfate. I t  contained 4.8%  lower-boiling m aterial, 
chiefly methylcyclohexane, and the  remainder distilled a t 153- 
154° C. T he m ixture, as used, had  dj° 0.7994, n aD° 1.4396.

w e ig h t. S eco n d ary  re a c tio n s  o f  iso m e riz a tio n  a n d  s a tu r a 
t io n  p la y  a n  im p o r ta n t  p a r t  in  d e te rm in in g  th e  final 
p ro d u c ts . C a ta ly ze d  c ra c k in g  a t  500° C. p ro ceed s a t  
a b o u t  o n e  th o u s a n d  t im e s  th e  r a te  o f  th e r m a l  c rac k in g , 
a n d  th e re  a re  s ig n if ic a n t d iffe ren ces in  th e  p ro d u c t  d is 
t r ib u t io n s .

Decalin (decahydronaphthalene) from  E astm an  was washed 
w ith sulfuric acid-silver sulfate to  remove arom atics. The 
boiling range was 190-193.5° C., d j°  0.8859, n 2D° 1.4763.

Cyclopentylcyclohexane was prepared by  hydrogenating over 
nickel a t 200° C. cyclopentylbenzene from the  condensation of 
cyclopentene w ith benzene in  the  presence of alum inum  chloride. 
The product was washed w ith sulfuric acid-silver sulfate and had 
a boiling point of 216° C., n 2D° 1.4721, d j°  0.8753.

Amylcyclohexanes were from hydrogenation of amylbenzenes 
from Sharpies Chemicals Inc. The la tte r  are s ta ted  by  the 
m anufacturer to  contain a t least 90%  secondary am yl structures, 
w ith the rest tertiary . The hydrogenation product was washed 
w ith sulfuric acid-silver sulfate to  remove arom atics. I t  was 
late r found to  contain 5%  boiling below Cn, chiefly mqthyl- 
cyclohexane. The remainder distilled a t  195-200° C. T he 
m ixture had d j° 0.8152 and 7i2D° 1.4485.

Bicyclohexyl from E astm an was washed w ith  sulfuric a d d -  
silver sulfate and fractionally distilled to  constant refractive in
dex. I ts  boiling point was 239 ° C., d j0 0.8860, n2D° 1.4795, m elting 
point 3.4° C.

Amyl Decalins were prepared from Sharpies amylnaphthalenes- 
The m anufacturer states th a t  the  la tte r  are entirely  2-substituted 
and th a t the  am yl group is a t  least 90%  secondary, w ith the  rest 
te rtia ry . The amylnaphthalenes were fractionally distilled, and 
th e  center fraction was hydrogenated over nickel. T he product 
was washed w ith sulfuric acid-silver sulfate and fractionally dis
tilled. The central fraction, boiling from 142° to  144° C. a t  15 
mm., was used. I t  had d™ 0.8874, n 2D° 1.4814, and specific dis
persion a t 20 ° C. [10*(nP -  n c)/d] 97.2.

Abietanes were from the hydrogenation over nickel a t 200- 
250 C. of abietenes from the G and A Laboratories (Savannah, 
Ga.). The abietenes are a m ixture of unsaturated , partially  
hydrogenated phenanthrene homologs derived from rosin oiL 
The sample used, w ith n 2D° 1.5410, was hydrogenated twice over 
fresh catalyst until no more hydrogen was consumed. The 
product in a simple distillation from a flask s ta rted  over a t 250 ° C., 
and reached 307° C. a t 5%  and 357° C. a t  95%  over. I t  had  
d j0 0.9236, n 2D° 1.5035, specific dispersion a t 20° C. [104 (nF — 
nc)/d] 105, molecular weight in  benzene 249, and brom ine num 
ber 6.8.

Where hydrocarbons were found to  contain small am ounts 
of lower-boiling m aterial, corrections were m ade in  computing- 
results.
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CRACKING BEHAVIOR

The naphthenes were cracked over the silica- 
zirconia-alumina catalyst in the flxed-bed ap
paratus previously described. The usual cata
lyst volume was 50 cc., tem perature 500° C., 
process period 1 hour, pressure atmospheric, and 
flow ra te  about 13.5 moles hydrocarbon per liter 
of catalyst per hour, unless otherwise noted.
The general purpose of these experiments was to 
survey a num ber of compounds ra ther than  to  
examine any one in extensive detail. W ith 
Decalin, however, a limited study of the effect 
of operating conditions was made. Results for 
monocyclics are given in Table I  and for bicyclics 
in Table II.

Cyclohexane. The reactions of cyclohexane 
a t  500° C. were slight. The little gas produced 
was about half hydrogen. The small amount of 
lower-boiling liquid product appeared to  be a 
mixture of C« olefins and paraffins; i t  had an 
olefin content of about 8%, an aromatic content 
of about 4% , and m ay have contained some 
methylcyclopentane. The am ount of isomeriza
tion to  methylcyclopentane, however, could not 
have been more than  4%  of the feed. When 
cyclohexene was treated  under similar conditions, 
conversion to  methylcyclopentane was over 
30%  (5). The liquid boiling a t  80° C. from the cyclohexane run, 
plus the distillation bottoms, had a refractive index, n2£ of 1.4271 
(cyclohexane 1.4263, benzene 1.5012); hence it  probably did not 
contain over 1 % benzene.

M e t h y l c y c l o p e n t a n e .  Cracking a t 500° and 550° C., as 
with cyclohexane a t 500°, gave a gas fairly high in hydrogen. 
Lower-boiling liquid product was chiefly C6 m aterial, although 
traces of cyclopentane appeared to  be present. There was little 
or no isomerization to cyclohexane. The fairly saturated  quality 
of the Ctr-C, hydrocarbon gas is indicative of the  occurrence of 
hydrogen transfer reactions, since simple cracking would give 
only olefins. Bottom s from the run a t 550° C. were 5.6%  by 
weight of the feed, and had n?S 1.4575, which signifies the pres
ence of condensation products or aromatics.

M e t h y l c y c l o h e x a n e . Cracking was somewhat greater 
than  th a t of the Ce naphthenes, bu t the products were varied

T a b l e  I. C a t a l y t i c  C b a c k i n g  o p  M o n o c y c l ic  N a p h t h e n e s

Figure 1. Distillation Curve for Liquid Product (78.0% Yield by 
Weight) from Cracking Decalin at 500° C . and 13.7 Moles per Liter

per Hour

and no single reaction predominated. The lower-boiling liquid 
contained a small am ount of C6 and some C8 and Ci, with 11% 
olefins in the Ct-CV range. There was a  little  m aterial of high 
refractive index (n1¡? 1.50) in the 6% bottom s above 100° C.

I s o p b o p y l c y c l o h e x a n e . Results from cracking this Ci 
naphthene indicate th a t i t  was fractured in both the side chain 
and ring. The gas was rich in both C, and C, hydrocarbons, 
while the cracked liquid, judging from distillation temperatures, 
optical properties, and bromine numbers, was a mixture of 
naphthenes and aliphatics, w ith a relatively small aromatic 
content. Recovered Ct m aterial contained an appreciable 
am ount of aromatics. Yields and properties of liquid fractions 
follow:

Boiling Range 
of F raction, 0 C.

Am ount, W t. 
of Charge

20-50 
50-87 
87-145 

145-158 
Above 158

7 .3
3 .5 °
1 .7

62.6
4 .9

Analysis of 
Fraction, W t.  %  

Olefins Aromatics

34
25

¿.*5 12
(naj) 1.4911) 

Corrected for lower-boiling m aterial in  charge.

H ydrocarbon

ExptL  conditions 
Temp., ° C.
LHSV°
Flow rate , m o le s /l . /h r .

Gaseous p roduc t 
Molep/mole charge 
Volume %

H*
CH<
CjH*
CjHe 
CiHj 
CaHs 
I8O-C408 
n-C*H#
C4H10

T o ta l olefins 
T o ta l sa tu ra tes  

C No. of sa tu ra tes
M ate ria l balance, w t. %  of 

charge 
G as
L iquid  below original b.p.
R em aining  liquid  
C arbon  
Loss

a L iqu id  hourly  space velocity. 
b CO from  regeneration  n o t included. 
e Inc lud ing  C1H 5.
d Correc ted  for lower-boiling m ateria l in  charge.

Cyclo M ethy l
cyclopentane

M ethy l
cyclo

Iaopropyi-
cyclo-

Amyl
cyclo

hexane hexane hexane hexanes

500 500 550 500 500 500
1 .5 1 .5 1 . 6 1.7 2 . 1 2 .5

13.8 13.2 14.0 13.6 13.3 13 .4

0 .031 0.078 0.172 0 . 2 1 2 0 .51 0 .5 4

4 6 .3 29 .1 4 5 .2 27 .0 1 2 . 0 17.6
14.0 7 .8 ' 6 .9 8 . 2

4 .7 4 .2 3 .7 4 .3
3 .8 0 .9 1 .7

14.9 14 .'o 19 .5 19.5
1 0 . 1 13.9 1 1 . 1 9 .9

1 . 2 1 . 1 4 .8 4 .4
1 . 2 3 .7 8 . 0 8 ,3
4 .9 28 .3 33 .1 26 .1

2 1 . 6 32 .2 2 2 . 0 2 3 .0 3 6 .0 3 6 .5
32.1 38 .7 3 2 .8 50 .0 5 2 .0 45.9

2 . 8 2 . 8 . . . . . .

0 .9 2 .9 4 .2 7 .4 17.2 13.5
4 .6 5 .7 1 .7 6 . 0 12.5« 2 1 . 2 «

8 6  . '2 88.4 89 .8 79 .0 67 .6 6 2 .8
0 .15 0 . 2 k 0.7M 7 .6 /1 .4 1 .3
8 . 2 2 . 8 3 .6  / U . 4 1 . 2

A m y l c y c l o h e x a n e s .  Results resembled those 
w ith isopropylcyclohexane. The cracked liquid 
was a complex mixture, w ith Cr-C7 more promi
nent than  Cr-Cio materiaL The fraction 30- 
85° C. contained 35%  olefins, and the fraction 
85-105° C., 20%  olefins and 11% toluene; the 
latter suggested cracking in the side chain ac
companied by ring dehydrogenation. Cracked 
m aterial above 105° C. contained even more 
aromatics, judging from the refractive index 
which reached a  maximum of 1.4798 for the 
140-170° C. cut. The product w ithin the charge 
boiling range, 195-200° C., was not much 
changed (n2£ 1.4510 compared to  1.4497 for 
m aterial of the same range in the charge). 
The bottoms, 3.5%  by weight of the charge, had 
n1d 1.5285 and, thus, were quite aromatic. I t  
should be noted th a t these aromatics did not 
necessarily all derive from the cyclohexane
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Volume Percentage Distilled

Figure 2. Distillation Curve for Liquid Product (75.6% Yield by 
Weight) from Cracking Cyclopentylcyclohexane at 500° C. and 6.8 

Moles per Liter per Hour

ring, since pentenes alone, treated under even milder conditions, 
gave rise to  considerable quantities of higher-boiling aromatics 
(6).

H y d r i n d a n  ( H e x a h t d r o i n d a n , B i c t c l o  [4.3.0 Jn o n a n e ) .

Cracking was fairly extensive. The gas contained some hydro
gen and much saturated hydrocarbon. The liquid was rich in 
isopentane and a C7 fraction resembling methylcyclohexane, bu t 
also contained compounds not identified in the range of C,, C*, 
and Ci. Olefin contents of liquid fractions were: 20-50° C., 
15%; 50-75° C., 20%. Aromatics were not prom inent except 
in the bottom s; the  fraction 75-110° C. contained only 7%. 
The bottom s above 168° C., 9.1%  by weight of the charge, had 
n2® 1.5379.

D e c a l i n  ( D e c a h y d r o n a p h t h a l e n e ) .  Decalin was cracked 
over the catalyst a t 450°, 500°, and 525° C., with the results 
outlined in Table I I .  Figure 1 shows a typical distillation curve 
for the liquid product. The cracking of Decalin gave rise to  a 
variety of products, indicating fission a t various places in the 
molecule and the occurrence of a number of secondary reactions. 
The gaseous product was rich in C, and C< hydrocarbons, which

tended to be saturated, especially a t  low flow 
rates or low tem peratures. The liquid prod
uct was composed of hydrocarbons from Cs 
to  Cio, w ith the C« range prom inent. Iden 
tification of individual compounds was not 
attem pted except for naphthalene, isolated by 
fractionation and crystallization from the 
combined bottom s of several runs a t  500° C. 
in an am ount corresponding to  0.5%  by weight 
of the charge, which m ust have been less than 
the am ount actually formed. Considerable 
am ounts of m ethylcyclopentane were strongly 
indicated by the physical properties of the
C , product. Very little  or no benzene was 
formed, b u t there were appreciable am ounts 
of arom atics in the higher boiling range. 
More detailed analyses of the products from 
cracking Decalin under similar conditions 
were given by Bloch and Thom as (1), who 
also showed substantial am ounts of m ethyl
cyclopentane.

The A.S.T.M . m otor-m ethod octane 
num ber of the  20-180° C. product from crack
ing Decalin in  a  group of runs a t 500° C. 
and 13.6 moles per liter per hour was 79.5 clear 

and 88.5 w ith 3 ml. of tetraethyllead per gallon.
The effect of cracking conditions w ith Decalin was further 

studied in the series of runs listed in Table I I I .  The catalyst 
sample was the same type as th a t used for other runs, b u t was 
somewhat more active; consequently the  depth of cracking under 
given conditions was appreciably greater. Results in  Table I I I  
indicate th a t doubling the flow rate  reduced the to ta l depth of 
cracking about as much as did lowering the  tem perature by 50° C. 
Thus 450° C. and 13.6 moles per liter per hour gave the same 
cracking as 500° and 26.7 moles per liter per hour. The nature 
of the products was different, however, both  in  distribution and 
saturation. In  general, low tem peratures and low flow rates 
favor saturation by hydrogen transfer. A nother feature strongly 
influencing saturation is the process period; shortening the proc
ess period so th a t the catalyst does not become too deactivated 
by carbonization leads to  greater saturation  under given condi
tions. A run a t 400° C. for 15 minutes, included in Table I I I , 
shows the results from a combination of m ost of the conditions 
favoring saturation; the gas was 89%  saturated  and the  C« liquid 
was 98% saturated. The am ount of C6 sa turates produced in

T a b l e  II .  C a t a l y t i c  C r a c k i n g  o f  B ic y c l i c  N a p h t h e n e s

H ydrocarbon

E xptl. conditions 
Tem p., 0 C.
LHSV
Flow ra te , m o les /l./h r .

Gaseous product 
M oles/m ole charge 
V olume %

H i 
CH<
CjH4 
C tH .
C .H .
CsHs 
Iso-C«Hi 
n-CiH*
C«Hio
T o ta l olefins 
T o ta l sa tu ra tes  

C No. of sa tu ra tes  
M ate ria l balance, w t. %  of charge 

Gas
Liquid  below original b .p .
Rem aining  liquid  
Carbon 
Loss

•  CO from  regeneration n o t included.

H ydrindan Decalin

500 460 600 525
1 . 8 0 .9 2 . 1 1.9

12.5 6 .7 13.7 1 2 . 0

0 .600 0 .396 0 .622 0 .65

20 .7 2 3 .2 29 .0 21 .9
0 . 0 7 .0 14.0
0 .7 6 . 1 4 .6
0 . 0 2 . 1 0 .9
0 .7 13.9 13.6
8 . 6 8 . 8 13.3
0 . 0 2 . 6 2 . 0

.... 9 .3 2 .3 5 .0
6 7 .6 29 .3 24 .8

29 .‘5 10.7 23 .8 25.1
49 .8 6 6 . 1 47 .2 53.0
3 .9 ---

17 .7 1 2 . 1 15 .0 16.3
17.3 2 9 .8 25 .3 25.6
69 .1 6 2 .8 62 .7 47.4

1 .4 1 . 1» i .4 1
4 .6 4 .2 6 . 6 / 1U. 7

C yclopenty l
cyclohexane Bicyclohexyl A m yl

Decalins

500
1. 2
6.8

0 .690

14.9
3 .7
5 .4
4 .4

16.4
11.4 
2 .3  
6. 0

35 .5  
30 .1  
55 .0

18.6 
35 .2  
40 .4  
JO. 8 ° 
\5 .0

500 500 500
1 .3 2 .5 3 .0
6 .8 13.3 12 .8

0.721 0 .636 0 .955

3 0 .6 30 .7 19.3
15.5 7 .3

4 .3 4 .2
2 .1 2 .1

11.3 22 .1
7 .8 7 .2
0 .8 4 .8
3 .0 9 .6

24.6 23 .4
19.4 29 ! 5 40 .7
50.0 3 9 .8 40 .0

12.8 13.6 17.1
44 .5 30 .4 48 .2
29 .7 48.1 2 6 .8

1 .0 “ 1 .0 1 .2
12.0 6 .9 6 .7

A bietanes

500

12 .9

1.022

20.6
7 .9
3 .2
3 .4  

2 1 .4
6 .7
6.0
9 .5

2 1 .3  
40 .1
3 9 .3

15 .0
5 9 .0  
20 .3

1.6
4.1
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th is run was 0.38 mole per mole 
of Deealin cracked, which is 
higher than  in any other 
run.

Dehydrogenation of Deealin 
was appreciable, especially a t 
the higher tem peratures, and 
was reflected in both the high 
hydrogen content of the gas 
and the high refractive index 
of the m aterial remaining 
above 180° C.

To test the therm al stability 
of Deealin under the condi
tions of the more severe runs, 
an experiment was m ade a t 
525° C. and a flow rate  of 
6 moles per liter per hour, 
with glass beads r e p la c in g  
the catalyst. No gas was 
obtained and only 0.5%  of 
lower-boiling liquid. Thermal
and catalytic reactions will be more fully compared in a later 
section.

C t c l o p e n t y l c t c l o h e x a n e .  Catalytic cracking gave a variety 
of products, and no reaction could be singled out as especially 
prominent, although C» to  C7 m aterial predominated in the 
liquid, and C i and C 4 in the gas. D ata  are given in Table II, and 
a distillation curve is reproduced in Figure 2. Olefin contents of 
all fractions were ra ther low, varying from 6 to  16% over the 
range 50-125° C . Considerable amounts of aromatics were 
present in the m aterial boiling above 100° C . and in the distilla
tion bottoms.

B ic y c l o h e x y l . Results (Table I I  and Figure 3 )  show th a t 
bicyclohexyl cracks readily over the catalyst w ith the forma
tion of a  variety of products. The gas is rather saturated. 
C6 hydrocarbons are especially prominent in the liquid, and their 
presence indicates a tendency of the two rings to split apart a t the 
connecting link. The properties of the C6 plateau fraction (boil
ing range 7 0 - 7 3 °  C., n2S 1 .4 1 3 0 )  agree w ith those of m ethyl- 
cyclopentane (7 1 .8 °  C., 1 .4 0 9 8 ) , but the cut m ay contain mixed 
aliphatic and alicyclic hexanes. The olefin content of this cut 
was 1 0 %  for the run a t 6 .8  moles per liter per hour. Aromatic 
hydrocarbons were present in the Cg-Cn fractions, bu t analysis 
of the C6 fraction showed none.

The gas from bicyclohexyl contained hy
drogen, and the bottom s from the distilla
tion had a refractive index indicating the 
presence of biphenyl or other highly aromatic 
compounds. Form ation of aromatics by de
hydrogenation and possibly by other re
actions thus takes place concurrently with 
cracking, as i t  does with other naphthenes 
examined th a t contain a cyclohexane ring 
and- have a to ta l of 9  or more carbon 
atoms.

A m y l  D e c a l i n s . These naphthenes 
cracked readily a t 500° C. The am ount of 
lower-boiling liquid, including th a t recovered 
in a vacuum  distillation of the bottoms, ex
ceeded 48%. Distillation showed a wide dis
tribution of products over the boiling range 
and the presence of many different compounds.
Analyses of fractions were:

T a b l e  I I I . E f f e c t  o f  C o n d i t i o n s  i n  C a t a l y t i c  C r a c k i n g  o f  D e c a l i  n

(Atmospheric pressure; duration  of runs, one hour, except 400“ C. ru n  whioh was 15 m inutes; ca ta ly st for these  
runs was of the  sam e type  b u t more active th a n  t)

Exptl. conditions 
Temp., ° C.
LHSV
Flow rate, m o les /l./h r .

Gaseous product 
M oles/m ole charge 
Volume %

H*
Olefins 
Satura tes 

Mol. weight 
Olefins in  Ce fraction, wt. % 
n of rem aining liquid0 

M aterial balance, w t. %  of 
charge 

Gas
Liquid below original b.p.
Rem aining liquid 
Carbon 
Loss
Total cracked (no - loss 

basis), wt. %

° for Deealin is 1.4763.

There was little Deealin (boiling a t  185-195° C.) in the product; 
hence exclusive removal of the side chain was not an im portant 
reaction here any more than  w ith the other alkyl naphthenes.

A b i e t a n e s . The sample was a mixture obtained by hydro
genating neutral rosin oil and, presumably, consisted of alkylated 
perhydrophenanthrenes such as

500 500 500 400
1 . 1 2 . 1 4 .2 1 . 1

0 . 8 13.6 . 26 .7 6 . 8

0.885 0 .675 0 .520 0 .344

3 5 .8 27 .5 2 5 .8 2

17.5 26 .3 3 3 .2 11
46 .7 46 .2 41 .0 87
3 1 .8 37 .6 38 .4 35 .6

9 14 25 2

1.5271 1.5000 1.4930

20 .4 18.4 14.5 8 .9
33 .0 27 .2 2 1 . 6 18.0
39.1 50 .6 61 .6 68.9

1 . 2 1 . 0 0 .5 2 . 8
6 .3 2 . 8 1 . 8 1.4

58.3 47 .9 3 7 .3 30 .1

a t  used for all o ther runs)

450 500 550 550
2 . 1 2 . 1 2 . 1 4 .2

13.6 13.0 13.6 26 .7

0 .410 0.075 1.494 0 .880

2 2 . 0 2 7 .5 51 .5 3 5 .3
17.0 2 0 .3 2 4 .8 34.2
59 .8 4 6 .2 23.7 30 .5
40 .9 3 7 .6 26 .2 3 1 .8

9 14 24 36
1.4910 1.5000 1.5258 1.5034

1 2 . 1 18.4 2 8 .4 2 0 . 2

2 3 .9 27 .2 2 4 .2 2 4 .8
6 3 .0 5 0 .6 40 .7 52 .8

0 . 0 1 . 0 2 . 0 0 .7
0 .4 2 . 8 4 .1 1 .5

3 6 .7 4 7 .9 5 7 .5 40 .4

The average num ber of carbon atoms per mole was 18.0. The 
mixture cracked extensively and gave a high yield of lower-boiling 
liquid which was evenly distributed over the range 20° to  250° C. 
The C# cut contained 40%  by weight olefins.

Boiling -------Composition, W t. % ------ .
Range, W t. %  of Arom a- Satd.

° C. Charge Olefins tics ’naphthenes

20-40 7 ,5  44
50-80 8 .0  39 < 5  21
80-111 7 .1  38 8

Volume Percentage Distilled

Figure 3. Distillation Curve for Liquid Product (74.2% Yield by Weight) 
from Cracking Bicyclohexyl at 500° C. and 6.8 Moles per Liter per Hour
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CATALYTIC CRACKING

Figure 4 summarizes the  results w ith naphthenes. A t fixed 
conditions the to ta l decomposition increases rapidly w ith molecu
lar weight and rises from 7%  for C« to 79% for C«. I t  should be 
noted th a t the  to ta l decomposed includes gas, lower-boiling 
liquid, and carbon, bu t no t products of the same or increased 
boiling point, so th a t prim ary dehydrogenation and condensation 
reactions are not considered except to  the extent of the weight of 
hydrogen released. As the  molecular weight of the naphthene 
increases, gas form ation increases rapidly a t  first bu t soon levels 
off and becomes relatively less im portant, while form ation of 
lower-boiling liquid increases continuously.

T he various types of naphthenes tested, including cyclo- 
pentane and cyclohexane types, mono- and bicyclic, condensed 
and linked ring, display similar rates of decomposition a t a  given 
molecular weight; th a t is, the ra te  of cracking generally depends 
on the molecular weight and not on the structure. There is some 
evidence, upon close examination of the data, th a t the bicyclic 
naphthenes crack a little  more readily than  the alkylmono- 
cyclic naphthenes of the same molecular weight, b u t th is effect, 
if real, is still of m inor importance. In  general, the  product 
analyses show th a t the  length of any alkyl side chains does not 
affect the  product distribution noticeably; i t  is concluded th a t 
cracking in a  side chain of sufficient length obeys the  rule of 
preferentially forming Ct or larger fragments w ithout selecting 
any linkage of otherwise specified situation w ith respect to  the 
ring. Because of alternative reactions which m ay occur in the 
system, a  more precise statem ent cannot now be made.

Gas compositions for all the naphthenes are similar in  th a t 
hydrogen, propylene, and butanes are the most prominent con
stituents by volume, followed by butylenes and propane. Ex
ception should be made for methylcyclopentane, which gave 
very little butanes. Gases from naphthenes tend to  be rather

Figure 4. Results from Catalytic Cracking of Naph
thenes at 500° C. with Flow Rate of 13.7 Moles per Liter 

per Hour

saturated  compared to  the gases obtained from paraffins and 
aliphatic olefins (4, 5). Higher saturation  was also observed 
in the products from cracking the cyclo-olefins, cyclopentene and 
cyclohexene, which were reported previously (5).

Naphthenes, like paraffins (4), do not appear to  isomerize 
directly according to  the results w ith m ethylcyclopentane and 
cyclohexane. Therefore, the substantial am ounts of m ethyl
cyclopentane indicated from the catalytic cracking of Decalin 
and bicyclohexyl are ascribed to  isomerization of interm ediate 
cyclo-olefins or to isomerization occurring concom itantly w ith 
cracking. Thus, cyclohexene was isomerized extensively and 
then  satu rated  to  m ethylcyclopentane (1, 6)\ however, in  spite 
of th is the mechanism of the production of methylcyclopentane 
from Decalin is not so clear, since Bloch and Thom as (1) state  
th a t isomerized forms of Decalin were found in  their products 
of cracking a t  400° C. In  the la tte r case i t  cannot be said 
whether or not an  olefinic interm ediate derived from  Decalin en
tered into the  reaction. A t present there seems to  be no m eans of 
further clarifying the  mechanism involved in  the  reported 
isomerization of bicyclic naphthenes.

The reactions of naphthenes over the  cracking catalyst m ay be 
summarized as follows:

1. B oth the  ring and any side chains contribute to  the  to ta l 
cracking observed.

2. H ydrocarbon fragments of 3 or more carbon atoms are 
preferentially produced.

3. Products from naphthenes are more sa tu rated  th an  those 
from paraffins or aliphatic olefins. This is ascribed to  an in
creased ra te  of “hydrogen transfer” (5 , 9).

4. Isomerization of C« to  Cj rings occurs, presum ably v ia  the 
corresponding cyclo-olefins, or concom itantly w ith cracking of the  
parent hydrocarbon.

5. There is considerable dehydrogenation of C9 or higher 
cyclohexane-type naphthenes to  aromatics.

I t  is evident from the series of experiments w ith Decalin th a t 
the  relative amounts of various products obtained depend con
siderably on the conditions under which catalytic  cracking is 
effected. This dependency results from the num ber of prim ary 
and secondary reactions involved. Because of the  complexity 
of the reactions, i t  m ust be recognized th a t generalizations re
garding product distribution in catalytic cracking are related to 
the particular conditions employed.

COMPARISON WITII THERMAL REACTIONS

W hen catalytic and therm al cracking of naphthenes are 
compared, i t  is seen th a t the catalyst greatly accelerates the 
ra te  of decomposition. This fact m akes exact comparison of 
the  two types of cracking difficult, for because of i t  the  therm al 
reactions have usually been carried ou t either a t  higher tem 
peratures or a t  higher pressures th an  the  catalytic. In  the  first 
case, i t  is not certain whether observed differences are due to  the 
catalyst or to  the difference of tem perature; in  the  second case 
polymerization and condensation reactions are favored by the 
higher pressure in the therm al treatm ent. The cataly tic  and 
therm al reactions have been compared chiefly a t  atm ospheric 
pressure. Keeping the disparity of tem perature in mind, the 
following conclusions have been reached. Com pared to  ther
m al cracking, the catalytic trea tm en t gives: Considerably 
faster reaction (factors of 500 to  4000), more sa tu rated  gas and 
liquid, higher ratio  of liquid to  gas, less hydrogen form ation 
from C10 and higher naphthenes, and smaller am ounts of con
densation products.

Evidence for these points follows. The d a ta  for Decalin are 
most complete. Reaction ra tes are compared by calculating the 
apparent first-order ra te  constants:

h  =  (1/i) In  (100/100 -  C) 

where C — percentage decomposed 
t =  contact tim e, seconds
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T a b l e  IV. C a t a l y t i c  a n d  T h e r m a l  C r a c k i n g  o f  D e c a l i n

C ataly tic  
This work

Type 
Source 
Tem p., ° C.
Flow rate , m o le s /l . /h r .
Tim e, sec.*»
%  decomposed (no-loss basis)
&i, sec. ” 1 X 10*
M ate ria l balance, wt. %

Gas
Liquid below original b .p.
Rem aining  liqu id  
C arbon 
Loss

Gas analysis, vol. %
H t
Olefins 
S atu ra tes 

M oles/m ole decomposed 
Hs
H ydrocarbon gas

° Siae of appa ra tu s  and  gas densities were estim ated . 
b Corrected for expansion; assumes ca ta ly s t 100% void. 
0 Estim ated .

-Therm al-
Sundgrén (8) D yakova and  P e tro v  (f )°

450 500 525 680 600 500 650 600
5 .7 13.7 1 2 . 0 0 .4 8 0 .4 8 0 .25 0 .25 0 .25
8 .7 3 .4 3 .7 99 95 2 2 0 « 195« 170«

44 .8 44 .1 48 .0 13.8 20 .5 6 .3 16 35
69 170 180 1 .5 2 .4 0.3® 0.82« 25«

1 2 . 1 15.0 16.3 3 .3 7 .8 3 .6« 8 . 1 « 18«
29 .8 25 .3 25 .6 9 .3 1 1 . 0 2 .7 6 .9 16
52 .8 52.7 4 7 .4 8 0 .8 73 .8 90 85 49

1 . 1
4 .2

1 - 4\ 
5 .6 / 10.7 { H

1.71 
5 .7  ) 3 .7« 0 « 17«

23 .2 29 .0 21 .9 6 9 .8 6 1 .3 72 69 60
10.7 2 3 .8 26 .1 14.3 15.3 2 0 2 1 26
6 6 . 1 47 .2 53 .0 16.9 2 3 .4 8 2 0 14

0 . 2 0 0 .40 0 .30 1.61 1.98 3 .22 2 .46 2 .32
0 . 6 8 1 . 0 0 1.06 0 .70 1 .24 1.25 1.73 1.56

T a b l e  V.

Limitations of th is m ethod of comparison were previously noted
U ,  6).

M e t h y l c y c l o p e n t a n e . Therm al cracking studies (6, 7) show 
th a t C, is a prominent product, as in catalytic cracking. The 
catalytic reaction is much faster and gives more hydrogen, less 
ethylene, and more saturated hydrocarbons:

Type 
Reference 
Tem p., 0 C.
%  decomposed 
Gaa analysis, vol. %

H ydrogen 
Olefins 
Satura tes 
E thylene

C y c l o h e x a n e . Compared to  therm al cracking (8, 6, 7), the 
catalytic reaction is about a thousand times as fast, and gives 
more hydrogen and more saturated  hydrocarbons:

tion of liquid products, much smaller 
percentage of benzene in the 76-95° C. 
C9 fraction, and relatively less naph
thalene and condensation products. The 
differences in distribution of products are 
shown in Tables IV  and V. Amounts 
decomposed in the  therm al experiments 
were less th an  in the catalytic, bu t i t  is 
believed th a t w ith greater therm al con
version these comparisons would hold or 
be even more pronounced.

The more uniform distribution of prod
ucts in the catalytic product is notable. 
In  therm al cracking of Decalin a t 500° C. 
and 60 atmospheres (10), as a t 580° C. 
and 1 atmosphere, large am ounts of Cj 

_ _ _ _ _ _ _ _ _ _ _ _  and higher-boiling m aterial are formed.
Although complete data  are no t avail
able for tabulation, olefin analyses show 

even higher therm al olefin contents, and even lower catalytic, 
for the fractions above C«.

A m o u n t s  a n d  A n a l y s e s  o p  
C r a c k i n g  D e c a l i n

F r a c t i o n s  p r o m

C ataly tic Therm al
This work (0 )

550 600
6 . 8 abou t 27

45 .2 2 2
2 2 . 0 53
32 .8 26
4 .7 19

Type 
Reference 
Temp., ° C.
% decomposed 
Gas analysis, vol. 

Hydrogen 
Olefins 
Satura tes

Cataly tio  
This work 

500 
6.1

40 .3
21.6
32 .1

Therm al 
(7) 
540 

abou t 13

18
58
24

T ype and  reference 
Tem p., 0 C.
Flow rate , m o les /l./h r .
%  decomposed
F raction  as w t. %  of liquid 

boiling 25) -185 C.
25-55° C.
65-75° C.
75-95° C.
05-115° C.

115-145° C.
145-175° C.
175-185° C.
Above Decalin 

Olefin content, wt. of fraction 
25-55° C.
55-75° C.
76-95° C.

Arom atic oonten , w t. %  of frac
tion  (75-95° C .)

alytio, This  W ork Thermal', t ,
500 525 680 600

13.7 1 2 0 .5 0 .5
44 48 14 2 0

17 13 7 8
26 27 2 2
1 1 1 0 26 24
16 18 47 44
1 2 1 0 1 1 14
1 1 1 0 4 5

8 1 2 3 3
36 ab o u t 30 103 73

25 2 1 2 2
2 0 M

¿ 6 '4 4

<15 < 2 0 47 54

A m y l c y c l o h e x a n e s . 

data  are outlined below, 
thousand times as fast

and catalyticEstim ated therm al 
The catalytic ra te  is five hundred to a 
corrected to  the same tem perature. 

From the gas yields and analyses it  is estim ated th a t the moles of 
hydrogen per mole of amylcyclohexanes cracked is four times as

C ataly tic Therm al
T his  work (*)

600 550

13.5 25
2 1 . 2 1 1
6 2 .8 60

2 .5 4

17.6 46
36 .5 30
45 .9 24

Type 
Reference 
Tem p., ° C.
M ate ria l balance, w t. %

Gas
Lower-boiling liquid 
Rem aining liquid 
Loss +  carbon 

Gas analysis, vol. %
H i
Olefins 
S atu ra tes

D e c a l i n . W hen Decalin was passed through the catalytic 
cracking apparatus a t 525° C . and a flow ra te  of 6 moles per liter 
per hour, w ith glass beads replacing the catalyst, the am ount of 
cracking was negligible. Thermal cracking of Decalin under 
more severe conditions has been reported for atmospheric pressure 
(2, 8) and for high pressure (10). From  the calculated rate  
constants, the catalytic ra te  is of the order of four thousand 
times the therm al rate . Representative data  from catalytic and 
therm al cracking are given in Table IV.

Other im portant characteristics of the catalytic decomposition 
of Decalin, compared to  the thermal decomposition, are: much 
less hydrogen, lower ratio  of olefin to  saturates in the gas, lower 
ratio  of olefin to  saturates in the liquid, more uniform distribu •

B i c y c l o h e x y l .  Thermal cracking was investigated (2) a t 
500°, 550°, and 600° C. The rate of decomposition was about 
one thousandth of th a t observed catalytically. Formation of 
gas and higher-boiling residue was more extensive relative to  the 
10-200° C. fraction than w ith the catalyst. As w ith Decalin, 
the therm al production of hydrogen was pronounced, being 
about four times as plentiful as the catalytic for the same amount 
of decomposition. The therm ally cracked liquid was highly 
unsaturated, bu t the catalytic was not.
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QUINACRINE HYDROCHLORIDE------
Improvements in M anufacturing Processes1

R . G . J O N E S , G . L . SH A W , 

WITH JO H N  H . W A L D O

Eli L illy  a n d  C om pan y, Ind ianapolis , Ind.

A number of improvements Have been made in tbe process 
for manufacturing quinacrine hydrochloride. The quan
tity of phenol used in the initial reaction has been sub
stantially reduced. The phenol has been removed from 
the reaction mixture by aqueous sodium hydroxide. The 
concentration of hydrochloric acid from which quinacrine 
hydrochloride is precipitated has been reduced to 1%. 
Water-insoluble impurities have been removed from 
the crystallized product by washing with warm acetone.

TH E  wartim e need for vast quantities of antim alarial drugs 
made the  large-scale m anufacture of quinacrine hydrochlo

ride (1) a  problem of prime importance. This paper deals only 
with the  last stage of the  complete m anufacturing process—th a t 
is, the condensation of 2-methoxy-6,9-dichloroacridine w ith 1- 
diethylamino-4-aminopentane and the  purification of the result
ing quinacrine after conversion to  the  dihydrochloride (dihy

drate):

CHj—CH— CH2—CHS CHj

C2H S

H N
\

CH ,1

N

CjHs

,2HC1.2H20

(1)

The condensation of the two interm ediates is best effected by 
heating them  together in the presence of phenol, and previous 
investigators (1) recommended th a t a large quan tity  of phenol be 
used:

d

CH, 0—f l l r  CHj—CH—CH2—CHj—CHj—N (CjHs) 

\ / ^ N  \ /  C1 N H 2

CHj—CH—CHj—CH2—CHj—N (CjH4)s 

¿ N

ch- a V i
phenol C1 HC1

T he resulting reaction m ixture is a viscous liquid a t 100° C. and 
a hard resinous mass a t room tem perature. From  this mixture 
the  quinacrine m ust be separated and converted to  the dihydro
chloride dihydrate (formula 1) in a  high sta te  of purity.

The process as disclosed in the  pa ten t literature (2) is, briefly, as 
follows: A m ixture of 1 mole of 2-methoxy-6,9-dichloroacridine,
1 mole of l-diethylam ino-4-am inopentane, and 5 or 6 moles of 
phenol is heated a t 130° C. for 1 hour. The m elt is shaken with
2 N  sodium hydroxide solution, and the quinacrine free-base is 
extracted w ith ether. The quinacrine is removed from the ether

i Pub lication  of th is  paper was w ithheld, a t  th e  tim e of its  original sub
mission, by  th e  governm ent censor for reasons of na tional security .

solution by  agitation w ith aqueous acetic acid. Upon treatm ent 
of the  acetic acid solution w ith sodium hydroxide, the  quinacrine 
is released as the  free-base which is taken  up in ether. Finally, 
the ether solution is dried and trea ted  w ith hydrogen chloride to 
precipitate quinacrine hydrochloride.

Obviously th is process would have to  be modified for operation 
on any commercial scale. In  practice, quite a  different procedure 
has been employed. The ho t phenol reaction m ixture is trans
ferred into a  large volume of acetone, and the resulting solution is 
treated  w ith an excess of 36%  hydrochloric acid to  precipitate 
quinacrine dihydrochloride. The product is collected and 
washed twice by suspension in acetone to  remove all of the  phenol. 
The crude dihydrochloride is recrystallized by  solution in warm 
w ater followed by treatm ent of the  filtered solution w ith con
centrated hydrochloric acid un til th e  solution contains 5%  of 
free acid. This brings about alm ost complete precipitation. The 
crystals are collected and washed twice by slurrying w ith acetone. 
Finally the product is dried a t 50 ° to  60 0 C.

There are a num ber of serious drawbacks to  the  process as 
ju st outlined. The first precipitation from acetone by the addi
tion of concentrated hydrochloric acid m ust be conducted care
fully, and the m ixture m ust be cooled slowly in order to  obtain 
crystals which can be easily filtered. Even w ith the m ost careful 
control, extremely fine crystals are sometimes obtained which 
are difficult to  handle. The process is wasteful of acetone. Ex
perience has indicated th a t, for every pound of quinacrine pro
duced, about 2.5 pounds of acetone are lost, even though a  fairly 
efficient acetone recovery system is employed. The several 
washings of the product w ith acetone and subsequent filtrations 
require an excessive am ount of handling of th e  product and the 
use of much equipment. B oth th e  acetone- hydrochloric acid solu
tion and the 5%  aqueous hydrochloric acid solution, from which 
the crystallizations are made, are highly corrosive to  equipm ent.

REMOVAL OF PHENOL

In  improving the process, our approach was to  remove the 
phenol from the reaction m ixture by trea tm en t w ith sodium 
hydroxide solution. This would elim inate the use of the large 
volumes of acetone. I t  would also greatly  reduce the  am ount 
of equipm ent needed, because the  reaction, the  removal of phenol, 
and the  conversion of the quinacrine to  the  dihydrochloride could 
all be carried out in the  same vessel. W hen the  reaction mix
ture is treated  with sodium hydroxide solution, the phenol is taken 
into the  aqueous phase as sodium phenate, and the  quinacrine 
free-base remains as a  gummy, water-insoluble mass. As m en
tioned, this can be taken up in ether and separated from the 
w ater solution, bu t the use of ether would introduce objectionable 
problems of handling and solvent recovery.
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I t  was found th a t the gummy, quinacrine free-base becomes a 
mobile liquid a t 80° to  90° C. Further, when the reaction mix
ture containing phenol was treated  w ith hot aqueous sodium 
hydroxide solution and then cooled to  about 40° C., the quin
acrine base could be sharply separated from the w ater solution, 
provided the density differential between the two was great 
enough. If  the  specific gravity  of the w ater solution was 1.13 
or greater, the  quinacrine base separated to the top, whereas 
if the specific gravity  of the w ater solution was 1.06 or lower, 
the base separated to  the  bottom . W hen the specific gravity of 
the aqueous solution was between these two values, separation 
was not satisfactory. In  practice i t  was advantageous to use 
sufficient w ater so th a t the  resulting w ater solution had a specific 
gravity of about 1.04. If 5 moles of phenol had been used with 
each mole of the  reactants as specified, the  large volume of 
water required would have presented a handling problem. Thus, 
for each 100 pounds of resultant quinacrine about 250 gallons of 
water solution were necessary to  remove the phenol. This 
difficulty was overcome when it  was found th a t a large excess of 
phenol was not necessary in the reaction. In  fact, the yield of 
quinacrine was slightly improved if only 1.25 to  1.5 moles of 
phenol were used w ith each mole of interm ediates.

To obtain optim um  yields and a final product having the de
sired color, i t  was necessary to  control the  reaction tem perature 
closely. The reaction proceeded spontaneously w ith heat evolu
tion a t 110° to  115° C., and it  was necessary to  resort to  efficient 
cooling to  hold the tem perature below 115° C. The adverse 
effect of higher reaction tem peratures on yield is indicated by th e  
following figures:

R eaction Tem p., 0 C. R eaction Time, Hr.

115
130
145
160
175
175

1
1
1
1

■A
2

% Yield of 
Quinacrine D ihydro
chloride D ihyd ra te

85
77
67
55
50
0

Reaction tem peratures above 115° C. also led to  a product con
taining colored impurities which were difficult to  remove in 
order to meet the desired color standard.

The removal of phenol from the reaction m ixture by stirring 
for an hour w ith ho t 1.2 N  sodium hydroxide solution in tro 
duced the question as to whether the quinacrine decomposed ap
preciably under these conditions. Laboratory tests indicated 
th a t not more than  0.5 to  1%  decomposition occurred when it  
was heated for 1 hour a t 100° C. with 1.2 N  sodium hydroxide. 
After the treatm ent w ith sodium hydroxide solution, the quin
acrine base was washed twice by agitation w ith hot distilled 
water.

HYDROCHLORIC ACID CONCENTRATION

The conversion of the base to  the  dihydrochloride and its 
final purification involved dissolving it in hydrochloric acid, 
treating the  resulting aqueous solution w ith carbon, filtering, 
crystallizing, and washing the crystalline dihydrochloride with 
acetone.

The quinacrine base was taken into solution by heating and 
agitating it  w ith four or five volumes of w ater containing ap
proximately the theoretical quantity  of hydrochloric acid neces
sary to form th e  dihydrochloride. The pH of the solution was 
adjusted to  3.5—4.5, in which range the solubility of quinacrine 
hydrochloride is a t a maximum. A quantity  of activated carbon 
equal to  2.5%  of the  to ta l weight of the solution was added, and 
the resulting m ixture agitated and heated to  80° C. for an hour. 
Adsorption isotherm studies indicated a grade of activated car
bon known as Darco G 60 gave best results. O ther studies indi
cated th a t the  decomposition of quinacrine hydrochloride in 
w ater solution (pH 4.5) a t 80° to  100° C. was less than  0.6%  
per hour.

After heating for 1 hour with carbon, the solution was cooled 
to  below 40° C. and allowed to stand for 2 hours or longer. This 
period of standing was found to be necessary in order to allow the 
precipitation of difficultly soluble impurities which otherwise 
appeared in the finished product. The mixture was then rapidly
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heated w ith agitation to  58-60° C. and filtered through a pre
heated press. I t  was necessary to  m aintain the  tem perature care
fully within these lim its. Above 60 ° C. objectionable quantities 
of im purities were carried through into the  finished product. 
Below 58° considerable quantities of quinacrine hydrochloride 
were left on the carbon.

§ 5% aq u eou s h ydroch loric acid  a t  27° C. 
1% a q u eou s h ydroch loric acid  a t 0° C.

#  2.54%  aq u eou s h ydroch loric acid  a t  0° C.

The solubility of quinacrine hydrochloride is greatly decreased 
in the presence of hydrochloric acid. Usually, enough concen
trated  hydrochloric acid has been added to  the filtered quinacrine 
hydrochloride solution a t 50-55 ° C. so th a t the solution contained 
about 5%  free acid. Upon cooling th is solution, practically 
all of the quinacrine hydrochloride is precipitated. The solu
bility characteristics of quinacrine hydrochloride in aqueous 
hydrochloric acid were carefully studied. In  Figure 1 the 
solubility a t 27° C. is plotted as a function of acid concentration. 
A distilled w ater solution saturated  a t 27° C. contains 4.92 grams 
of quinacrine dihydrochloride per 100 cc. The presence of a 
very small quantity  of free hydrochloric acid greatly lowers the

solubility, and the minimum solubility is reached in approxi
m ately 8% acid solution. The use of 8% hydrochloric acid was 
objectionable, however, because of its  corrosive action on the  
process equipm ent, and also because i t  created num erous diffi
culties in drying the  final product. Figure 2 presents the  effect 
of tem perature on the solubility of quinacrine hydrochloride in 
1% acid. This curve shows th a t effective precipitation is ob
tained a t 0° to  5° C. In  th is tem perature range the  solubility in 
1% hydrochloric acid is less th an  0.006 pound per gallon.

CRY STALLIZA TIO N

T he characteristics of the crystals obtained in the  precipitation 
from acid solution were highly im portant from the  standpoint of 
both filtration and of the  disintegration ra te  of tab le ts m ade from 
the quinacrine dihydrochloride dihydrate. A gitation during pre
cipitation brought about the  form ation of extremely small 
crystals which were difficult to  handle. I t  was found highly 
im portant to  avoid any agitation until the  tem perature through
out the entire m ixture was below 20° C.

Following filtration a t 5° C., th e  w et cake of quinacrine hydro
chloride crystals was slurried w ith acetone to  facilitate removal 
of the remaining hydrochloric acid solution and colored impurities. 
The solubility of quinacrine hydrochloride in m ixtures of acetone 
and aqueous hydrochloric acid solutions of various concentrations 
was investigated. Figure 3 discloses th a t, in m ixtures containing 
40 to  45%  acetone, the  solubility reaches a sharp maximum. To 
avoid appreciable loss of quinacrine hydrochloride in the acetone 
slurry stage, it  was therefore advantageous to  use sufficient ace
tone so th a t the  resulting solution contained more than  80% 
acetone. A second acetone slurry a t 30 ° to  35 ° C. removed any 
residual water-insoluble impurities.

The product was dried to  the  d ihydrate (formula 1) in a hot air 
dryer for 13 hours a t 50° C.

The process outlined here has a num ber of advantages over the 
former one. The yields have been 85%  of theoretical, or higher, 
of a product of consistently high purity . Maximum yields by  the 
old process were about 77% . A 33%  increase in the  volume of 
production has been achieved w ith only 60%  of th e  original 
equipment, which was relatively easily adapted  to  the  present 
process. The consumption of acetone has been reduced by ap
proximately 40%, phenol by 65% , and hydrochloric acid by  55%. 
The reduction in the quan tity  of phenol, removed in the  present 
process as sodium phenate, simplifies the  problem of recovery or 
disposal of phenol residues. Corrosion of equipm ent by  hydro
chloric acid has been reduced to a minimum. Simplification of 
the process and equipm ent has reduced labor requirem ents as 
well as maintenance.
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Empirical Correction for Compressibility Factor and Activity Coefficient Curves__
Correction

Two errors in the July, 1945, issue have been called to  our a t
tention by Robert M. T rapp. Both occur on page 670 and cor
rections are indicated as follows: F irst column, second line from 
bottom , the  last figure should be —1.46 instead of —1.61. This 
does no t change the  correction factors, however, since the nearest 
whole numbers for 2> and P/ are 28 and 14, respectively, as shown 
in  the  article. In  the second column, the  th ird  line should read

/ / p  =  1.16 instead of 1.15. I t  should be pointed ou t th a t these 
correction factors should not be considered accurate to  b e tte r 
than  1%. If these curves approxim ate actual conditions to  
w ithin 1 or 2%, their use will be justified.

R a l p h  A. M o r g e n  a n d  J .  H . C h ild s
U n i v b b b i t y  o f  F l o b i d a  

G a i n e s v i l l e ,  F l a .



BUTADIENE PURIFICATION BY 
SOLVENT EXTRACTION

A L L E N  S . S M IT H  AND T H E O . B . B R A U N

H law-Knox C om pan y, P ittsb u rg h , Pa.

Apparatus and method used to investigate solubility and 
distribution in C4  olefin-solvent systems are described. 
Mixtures of components were used to obtain solvents of 
desirable characteristics. Data are presented for three 
types of solvent mixtures: miscible, immiscible, and a 
miscible mixture containing complex-forming salts. The 
inherently small differences in physical properties be
tween butadiene and the C4  mono-olefins preclude the 
possibility of an ideal solvent. The choice of solvent must 
be made on an economic basis. The applications of ex
traction processes in general and of quaternary systems 
are discussed.

BU TA D IEN E used for copolymerization to  synthetic elas
tomers should have a purity  of 98.5% and be free, particu

larly, from acetylenie derivatives. In itial purification and re
purification of the gas recycled in the  process have been ob
stacles to  the commercial use of butadiene. A survey of purifica
tion processes was made a t the beginning of the synthetic rubber 
program in connection w ith current activities in p lan t construc
tion. Experimental work was then  undertaken to  supplement 
available published information on the process of liquid-liquid 
extraction. The work was lim ited to  a study of the removal of 
butene isomers in initial purification of butadiene by measure
ment of solubility and equilibrium in C4 olefin-solvent systems.

This paper presents the experimental method and data  for several 
solvent mixtures. The field of usefulness of extraction is rapidly 
expanding, bu t the  theory is not so clearly understood as i t  is in 
other unit operations. A pertinent discussion of extraction ia 
therefore included in the paper, and some observations on the use 
of quaternary diagrams are given.

Butadiene can be concentrated by distillation from a  mixture 
of butane and butene homologs with which it is commonly asso
ciated, but cannot be purified in this way. The presence of 1- 
butene and isobutene, which have normal boiling point differ
ences only 1.7° and 2.2° C. from butadiene, make this operation 
impracticable. Several methods have been proposed to  effect 
purification which take advantage of other differences. These 
are adsorption, absorption, extraction, azeotropic distillation, 
extractive distillation, and chemical reaction. The conjugated 
double bond of butadiene, which makes the compound of value 
for polymerization, also im parts resonance. In  consequence, 
differences in properties between the diene and mono-olefins are 
not so great as m ight be anticipated.

The purification of butadiene by extraction is an im portant ex
ample of the application of this operation to  close-boiling com
pounds. The limitations in distillation caused by similar vapor 
pressures of the components or deviations from ideal solution re
sulting in azeotropes are not operative in extraction. On the 
contrary, a  deviation from R aoult’s law is essential to  extraction, 
usually between the components to  be separated, and always
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between the  solvent and one component where the  deviation 
m ust be large enough to  cause partial miscibility. Immiscibility 
of two components indicates a large positive deviation. A th ird  
component will be distributed between the other two if i t  de
viates from R aoult’s law to a different degree in each.

Figure 2. Solubility of C< Olefins in Methanol and 
Glycol at 20° F.

The most im portant application of extraction is to  the  diffi
cult separations encountered in resolving azeotropes or mix
tures w ith similar vapor pressure as in petroleum or fa tty  acid 
fractions. Butadiene-butene m ixtures are similar to  n-heptane- 
methylcyclohexane or Ci> fa tty  acid mixtures in th a t the compo
nents of each mixture form nearly ideal solutions, and each com
ponent exhibits positive deviations in solvents which are effective 
in the separation of the mixture. There is a difference in the de
gree of deviation, and separations can be obtained in efficient 
m ulti contacting equipment. The deviation, and therefore solu
bility, differences which effect separation in the case of butadiene 
mixtures are the result of small differences in the forces of po
larization and dispersion.

M any solvents have been suggested for the  selective extraction 
of butadiene. Among these are glycol and glycerol derivatives, 
lactic* acid nitrile, diethyl ta rtra te , furfural, and aromatic bases

Isobutene, compared to  other Ci mono-olefins, differs least in 
solubility from butadiene. I t  was used in most of the work to  be 
described. 1-Butene and 2-butene were compared with isobu
tene in a few instances, and finally a commercial C< mixture was 
used.

APPARATUS

The equipment (Figure 1) was assembled to evaluate solu
bility, liquid-phase compositions, and vapor pressure of multi- 
component systems of liquid C* hydrocarbons and solvents. 
The butadiene analysis equipm ent is also shown. The operating 
procedure was as follows:

The entire apparatus except the analysis un it was evacuated by 
means of a m ercury vapor pump. A volatile solvent was va
porized in  graduated tube A  and condensed in solubility tube B. 
A nonvolatile solvent was introduced into B  from one of the 
graduated tubes, C, by injection w ith m ercury from reservoir D. 
The individual C< hydrocarbons were vaporized from the stor
age cylinders into reservoir E, measured in buret F, and con
densed in B. Ci mixtures were made up by volume in the same 
reservoir and buret, and were mixed in reservoir G. They were 
then measured in F  and condensed in B. In  this way samples of 
any composition could be prepared and varied to  obtain a com
plete series of solubility-tem perature or vapor pressure-compo- 
sition data. Samples in B  were mixed by a solenoid agitator. 
C onstant tem perature in B  was m aintained by a therm ostat 
cooled w ith refrigerated brine. Pressure was measured on m an
ometer H.

Liquid-phase separation was accomplished by mixing th e  com
ponents in B  in proportions to  produce two phases, and adding 
m ercury from D to discharge the top phase in to  graduated tube 
I  which was cooled w ith ice and salt. The volume of the  phase 
was measured, and the  C4 hydrocarbons were stripped from the 
liquid by heating 7. The residual liquid volume was m easured 
in I .  The evolved gas was collected in reservoir J ,  m easured in 
the buret of the butadiene analysis apparatus, and finally ana
lyzed. The lower phase was discharged into graduated tube K  
and measured in the same way. Density-tem perature-com po- 
sition relations were determ ined for the  solvents and solvent mix
tures used. Tie lines were determ ined in weight or volume units 
from the lever arm  principle, knowing the relative proportions 
of the  two phases; or by actual analysis for solvent content and 
hydrocarbon composition of each phase as described.

M a t e r i a l s . Isobutene was prepared by  dehydration of 
feri-butanol over alum ina a t 400 ° C. A middle fraction was ob
tained for use by simple distillation. 1-Butene and 2-butene were 
obtained from The M atheson Company, Inc., w ith a stated 
purity  of 99%. Butadiene from The M atheson Company was 
98%  pure. The Firestone T ire and R ubber Com pany kindly 
furnished butadiene for prelim inary work. A C4 hydrocarbon 
fraction containing 35% butadiene was supplied by the  Petro
leum Conversion Corporation. The solvents were c.p. chemicals.

SELECTION OF SOLVENTS

Solvents were selected for tria l by analogy from known solu
bility properties of hydrocarbons. Furfural, alcohols, and 
amines are compounds which give positive deviations from 
R aoult’s law in hydrocarbon solutions. Figures 2 and 3 present 
three types of typical solubility behavior of Ci hydrocarbons with 
methanol, glycol, and furfural a t 20 ° F. L ittle use was m ade of 
vapor pressure m easurements in comparing solvents, as solu
bility was more quickly determined. This type of information is 
necessary, however, in solvent recovery. The order of the  de
viation in to ta l m easured pressure from th e  calculated value is 
shown in Figure 4 for ethylene glycol solutions.

Both components of a m ixture m ust be incompletely miscible 
with a solvent if each is required to  be separated in a pure state. 
E thylene glycol would fulfill this requirem ent for butadiene- 
butene separation. The am ount of this solvent which would be 
necessary is too great for practical use, however, because of the 
limited solubility .shown in Figure 2. M ethanol is completely 
miscible w ith both  C< hydrocarbons a t 20 ° F. and would be of no 
value in liquid-phase extraction a t this tem perature. W ater and 
triethanolamine are equivalent to  glycol.

HYDROCARBON

Figure 3. Solubility of Butadiene and Isobutene in 
Furfural and Naphtha at 20° F.
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The selectivity 
o f  c h e m i c a l l y  
similar s o lv e n ts  
for a given com
ponent in a mix
ture is, in general, 
inversely propor- 
t i o n a l  t o  t h e  
m utual solubility 
in  th e  sy s te m . 
S o lv e n t  require
ments and selec
tiv ity  can be al
tered, b u t not in
dependently, by 
m ix in g  solvents. 
Compounds have 
been blended to 
obtain a s o lv e n t  
mixture of ideal 
characteristics for 
lubricating oil ex
traction (7). Sol
v e n ts  b le n d e d  
from alcohols and
glycols were de
te rm in e d  to  be 
s e le c t iv e  essen

tially for hydrocarbon structure by Smith and Funk (8). 
Since the preliminary work indicated that no single solvent 
was likely to  fulfill all requirem ents for butadiene purifica
tion in liquid-liquid extraction, mixed solvents were investi
gated.

Solubility measurements, similar to  those shown in Figure 2, 
were made w ith five miscible solvent pairs: methanol-water, 
methanol-glycol, glycol-acetone, glycol-isopropanol, and tri- 
ethanolamine-methanol. One immiscible- solvent pair was in
vestigated—furfural-naphtha. Finally a miscible solvent sys
tem containing cuprous chloride was studied. The la tter sys
tem  was intended to  combine the effect of chemical reaction with
solubility difference to  enhance the distribution of butadiene and 
butenes between two liquid phases.

I 2 3 4  5 6
MOL. PERCENT HYDROCARBON

F ig u re  4. D ev ia tio n  fro m  Id e a l S o lu 
t io n  o f  B u ta d ie n e  a n d  Iso b u te n e  in  

G lycol a t  20° F .

T a b l e  I. P h a s e  R e l a t i o n s  i n  t h e  S y s t e m  B u t a d i e n e - I s o -  
b d t e n e -S o l v e n t » a t  2 0 °  F .

-------- E q u i l i b r i u m —
W t. %  Butadiene 
(Solvent-Free) in:

- S o l v e n t  C o n t e n t -

Solvent Hydrocarbon W t. % Butadiene Solvent
phase phase (Solvent-Free) phase
79.2 77.6 0 4 .79
56.4 51 .2 65.2 1.64
50.9 44 .6 79 .2 1.28
40 .2 32 .2 79.6 1.27
54 .6 4 7 .4  (C< fraction) 93.2 0 .94
37 .2 2 5 .5  (C< fraction; 1 0 0 . 0

Lb. Solven t/L b . 
H ydrocarbons in:

H ydrocarbon 
phase

1 Solvent «  57%  triethanolam ine +  43%  methanol.

be made by the method exemplified by Maloney and Shubert (6) 
for the four-component system.

IM M IS C IB L E  SO LV EN T SY STE M

Furfural and a hydrocarbon such as iso-octane have been used 
to  separate fatty  acids by extraction (.?). Furfural is a selective 
solvent for the more polar components of a fa tty  acid mixture and 
also of their glycerol esters. Its  use in lubricating oil extraction is 
common. I t  becomes miscible with low-molecular-weight hy
drocarbons, as it is with fatty  acids, a t normal tem perature and 
cannot be used as a single solvent. The use of furfural for these 
extractions is made possible by the addition of a paraffin hydro
carbon of sufficiently great molecular weight to be insoluble in it. 
There is, then, a distribution of the components of the mixture 
to be separated between the furfural and paraffin hydrocarbon 
phases.

4

M IS C IB L E  SO L V E N T S Y S T E M S

The choice of a  solvent or solvent mixture m ust be made with 
regard to  both solvent requirements and distribution, other 
things being equal, for practical use. The selectivity of five sol
vent pairs was compared a t equal solubilities from data  illus
trated  by Figure 2. This is an approximation which would not 
be justified if the two components did not form nearly ideal solu
tions. The comparison is shown in Figure 5, where the ratio of 
the am ount of mixed solvent to the amount of butadiene is 
plotted against the ratio of butadiene and isobutene, solvent-free, 
in the two ternary mixtures a t constant solvent composition. 
For example, point A  in Figure 2, representing a solvent/butar 
diene ratio  of 1, is plotted against the butadiene/butene ratio at 
points A  and B, of 1.72.

The solvent pair triethanolamine-methanol shows the best 
apparent distribution a t low solvent ratios. At a solvent ratio 
of 1, the solvent composition is 57% triethanolamine by weight. 
This composition was used in measurements of equilibrium and 
solubility in ternary  systems of the mixed solvent, butadiene-iso- 
butene. A C, fraction analyzing 35%  butadiene was substituted 
for the two pure hydrocarbons in two measurements. The data 
are given in Table I and Figures 6 and 7. All measurements were 
m ade a t 20° F. ( —6.67° C.). The raffinate phase contained no 
solvent; therefore, the use of rectangular coordinates to  repre
sen t the d a ta  was adequate. Extraction column calculations can

0 1 2  3 4 5 6

SOLVENT/BUTADIENE

F ig u re  5. S e lec tiv ity  o f  S o lven t M ix tu res

Solubility and equilibrium data  for the systems butadiene- 
isobutene-furfural, butadiene-naphtha-furfural, and isobutene- 
naphtha-furfural are given in Tables I I  and I I I  and Figures 3 and 
8. The four-component system furfural-butadiene-isobutene- 
naphtha is plotted in part in Figure 9; data  are given in Table IV . 
Tie line data which do not perm it interpolation are not included

T a b l e  II. F u r f u r a l - H y d r o c a r b o n  S o l u b i l i t y  a t  2 0 °  F. 
( W e i g h t  P e r  C e n t )

B u ta  Iso F u r  Iso F u r  N aph  B u ta  F u r  N aph 
th adiene® butene fural bu tene fural th a diene® fural

7 .0 20 .7 72.3 19.8 3 .7 76 .5 14.4 3 .8 81 .8
2 2 . 0 2 6 .5 51 .5 31.2 3 .0 65 .8 26 .3 7 .5 6 6 . 2
22 .7 4 9 .8 2 7 .5 39 .5 5 .0 55 .5 4 5 .9 2 0 . 6 33 .5
13.6 65 .3 2 1 . 1 4 0 .2 5 .5 54.3 44.1 34 .8 2 1 . 1
6 .4 78.6 15.0 4 7 .5 6 .9 45 .6 37 .9 49.3 1 2 . 8
0 84.1 15.9 55.9 9 .6 34 .5 2 4 .8 70.3 4 .9
0 17.9 82.1 6 6 . 6 7 .0 26 .4 13.8

7 .0
82.7
89 .2

3 .5
3 .8

° 98%  pure.
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T a b l e  I I I . F u r f u r a l - H y d r o c a r b o n  E q u i l i b r i u m  a t  20° 
( W e i g h t  P e r  C e n t )

B utad iene
N a p h th a
F u rfu ra l

Isobutene
N a p h th a
F u rfu ra l

B utad iene
Isobu tene
F urfu ra l

H ydrocarbon  Phase
1 4 .4
8 1 .8

3 .8

2 6 .3  
66.2

7 .6

1 9 .2  6 4 .0
7 8 .3  2 6 .5

2 .5  9 .5

7 .1
20.6
7 2 .3

3 6 .5  
5 1 .0
12 .5

F u rfu ra l Phase
7 .0
3 .8

8 9 .2

3 .0
2 . 0  

9 5 .0

1 3 .8  2 1 .7
3 .5  4 .0

8 2 .7  7 4 .3

16.2  
0 .3  

8 3 .5

17 .0
6 1 .0  
22 .0

equilibrium compared to solvent requirem ents. The distribution 
in the solvent containing cuprous chloride is the greatest of the 
three. However, solvent requirem ents are also the  largest. 
(These conclusions are apparent in Figures 6 and 7.) Since dis
tribution is proportional to solubility, it  is doubtful w hether com
plex formation contributes more to  the distribution than  does de
creased solubility caused by the salts. The distributions in the 
furfural-naphtha and triethanolam ine-m ethanol solvents are of 
similar order. Solvent requirem ents in the  form er system, how
ever, are much greater. The triethanolam ine-m ethanol solvent

in the  tables, and only experimental values have been used. 
Equilibrium in the  four-component system can be represented 
by a  single curve (Figure 6) on rectangular coordinates. Sol
vent content, however, m ust be plotted a t fixed ratios of solvent/ 
hydrocarbons and furfural/naphtha when rectangular coordi
nates are used, as with ternary  systems. Figure 7 shows this for 
two furfural/naphtha ratios. The points a t 0 and 100% butadiene 
were obtained from the ternary  diagrams. The naphtha used 
was Stoddard solvent with the  following properties: specific 
gravity, 0.7668 a t 60° F .; bromine number, 1.47; A.S.T.M . dis
tillation, initial point 316 °, end point 376 0 F.

CHEM ICAL REACTION IN  SOLUTION

The use of cuprous halides in butadiene purification is one of 
the oldest methods. The halide, used either as a solid, in suspen
sion, or in solution, forms complex compounds with olefins. The 
butadiene complex has a  higher decomposition pressure than  th a t 
of the mono-olefins a t the same tem perature, and separation is 
possible. Cuprous chloride is used in aqueous ammonia or acid 
solution because of its low solubility in water. Amines have 
been suggested as solvents for cuprous chloride (5). These solu
tions are used preferably in absorption processes as the solubility 
of liquid Gi hydrocarbons in them  is small. To enhance solu
bility of the liquid, a  combination of solvents for both cuprous 
chloride and C< hydrocarbons can be used. An example of one 
effective m ixture contained 61.5% ethylene glycol, 26.4% meth
anol, 6.6% sodium cyanide, and 5.5%  cuprous chloride. I t  was 
used a t 50° F. (10° C.) as the decomposition pressure difference 
between the diene and the olefins increases w ith tem perature.

Solubility and equilibrium data  are given in Table V and 
Figures 6 and 7. The hydrocarbon phase was solvent-free a t all 
concentrations of butadiene. The 
solvent mixture was stable, after 
precipitation of sodium chloride 
formed from reaction of the salts, 
and could be re-used after being 
freed from the hydrocarbons by 
heating and flashing. Some data  
w ith re-used solvent are included.
Vapor pressure measurements made 
with the  solvent m ixture before 
addition of the salts were believed 
to  indicate th a t chemical reaction 
was contributing to  the equilibrium 
d i s t r i b u t i o n  b e tw e e n  the two
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Figure 6.

0  10 2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  100
WT.% BUTADIENE IN SOLVENT-FREE RAFFINATE PHASE

Butadiene-Mono-olefin Equilibrium in Solvent 
Mixtures

61.5%  g ly co l, 26.4%  m e th a n o l, 12.1 % NaiC u(C N )» a t  50° F . 
F u rfu ra l-n a p h th a  a t  20° F .
43 % m e th a n o l, 57 % tr ie th a n o la m in e  a t  20° F .

T a b l e  IV. E q u i l i b r i u m  a n d  S o l u b i l i t y  i n  t h e  S y s t e m  B u t a d i e n e - I s o b u t e n e - 
FU R FU R A L -N  APHTHA AT 20° F .

-S o lven t P b aae -

D ISC U SSIO N  O F  SY ST E M S

Each of the three solvent types 
for which d a ta  have been given 
will effect a separation of b u ta 
diene from C< olefins. As each is 
stable and easily recovered, the 
choice lies in  a  consideration of

No.

---------Original M ixt.-------- ,
Lb. fu rfu ral Lb. so lvent

W t. %  
n ap h th a  
(free of

bu tad iene
(solvent-

Lb. n ap h th a L b. C» H C Ci HC) free)
1 0 .6 4 1.54 1 7 .5 4 8 .7
2 1.53 1 .56 5 .0 3 1 .4
3° 1.45 1 . 6 8 » 8 . 6 3 1 .4
4 1.61 1.76« 8 . 8 5 2 .0
5“ 1 .47 1 .81 8 .4 7 3 .2
6 1.67 1.71 4 .9 7 3 .2
7“ 4 .3 0 1.89 6 . 0 3 2 .1
8 4 .62 1.82» 4 .5 3 3 .9
9 4 .3 0 3 .1 7 7 .2 51 .2

1 0 « 4 .1 5 1.93 6 . 6 5 1 .6
4 .72 1 .96 6 .7 6 9 .8

1 2 ° 4 .3 5 1.82 6 . 2 7 6 .6
13 4 .35 1 .94 9 .3 7 9 .1
14 8 . 0 0 1 . 8 8 4 .7 3 2 .5
15 8 .50 1 .84 4 .7 7 0 .8
16 8 .42 2 .13» 4 .2 3 2 .4
17 9 .55 2 . 1 0 6 .9 4 8 .7
18 10.90 (L93 3 .8 2 7 .3
19 11.92 p.&9 4 .7 53 .1
2 0 11.50 A “ 76 .3

a Projeoted  on qu a te rn a ry  diagra:m in  F igure 9.
• C< hydrocarbon m ixture (H C  “ hydrocarbon).e 1-Butene.

W t. %

Lb. so lven t n a p h th a  
(free of

Lb. Ci H C Ci HC)

2 .2 6 8 9 .1
4 .5 8 8 8 . 2
3 .6 6 8 5 .4
4 .7 0 8 4 .2
3 .5 6 8 1 .5
3 .6 3 7 5 .4
4 .6 0 7 5 .8
4 .9 4 7 4 .6
5 .58 8 8 . 1
3 .5 8 7 6 .2
3 .0 3 6 1 .8
2 .8 3 6 2 .8
3 .2 3 6 9 .4
3 .8 6 6 6 . 8
2 .5 9 5 4 .4
5 .6 9 7 1 .7
3 .0 9 28 .6
3 .7 7 35 .3
2 .0 6 18 .0
1 . 8 8 31 .1

wt. %
b u tad iene
(solvent-

free)

4 6 .5
2 6 .4  
2 7 .9
4 5 .6
6 7 .7
6 5 .4
2 5 .1
2 4 .8
4 3 .0
4 4 .6
6 3 .8
7 5 .2
7 7 .0
2 7 .0
6 3 .1
2 5 .3
45 .1
2 5 .3
4 6 .6
7 3 .2

Lb. solvent 
Lb. C . H C

1.35
0.88
0 .9 6
0 .9 9
1.17
1.09
0 .6 3
0 .6 1
0 .9 5
0 .7 4
0 .8 3
0 .83
0 .7 5
0 .4 9
0 .6 0
0 .4 8
0 .6 5
0 .2 5
0 .4 0
0 .7 8
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Figure 8. Solubility in the System Butadiene-Isobutene- 
Furfural at 20° F.

puted for separation appear to  be in line w ith processes in 
commercial use. Some of the longest columns ever constructed 
are used in butadiene purification.

The four-component system of furfural-butadiene-isobutene- 
naphtha is of additional interest because few quaternary data  are 
given in the literature. A quaternary system a t constant tem 
perature is commonly represented by a tetrahedral diagram in 
which each of the four apexes corresponds to 100% of one of the 
four components. The system can be graphically represented 
more easily by projection onto one triangle of the tetrahedron. 
Brackner, H unter, and Nash (1) described the method. Figure
9 shows a projection onto the butadiene-naphtha-furfural tri
angle. A point on the triangle is located by adding one third of 
the percentage of isobutene in a mixture to the percentage of each 
of the other components of the mixture. The isobutene apex is 
thus located a t 33’/s%  of butadiene, furfural, and naphtha, since 
*/» X 100% isobutene =  33V>%, and 33Va% +  0%  butadiene — 
331/i%  butadiene, etc. The solubility diagrams of the three 
ternary systems were located in this way in Figure 9. Six pairs 
of quaternary equilibrium points are projected also. Tie lines 3

B U T A D IE N E

a , 1.5/1 FURFURAL/NAPHTHA_.  

1.75/1 SOLVENT/C4 MIXTURE

b ,  4 .3 / 1  f u r f u r a l / n a p h t h a  

.1.9/1 s o l v e n t / c 4 m i x t u r e

FURFURAL PHASE

HYDROCARBON PHASE

■ ' o8 ' —

Figure 7. Solubility of Butadiene-Mono-olefm- 
Solvent Mixtures

1. 61.5%  g ly co l, 26.4%  m eth a n o l, 12.1%
NaiCu(CN)4 a t  50° F.

2. F u rfu ra l-n a p h th a  a t 20° F .
3. 43%  m e th a n o l, 57 % tr ie th a n o la m in e  a t

20° F .

system, therefore, indicates the best dis
tribution consistent w ith low solvent 
ratio. The minimum reflux and solvent 
ratios for this system are 20.5 and 6.8 
with a feed containing 35 weight % buta
diene, a product containing 98%, and a 
recovery of 99%. About sixty theo
retical extraction units are required for 
this separation with 1.5 times the mini
mum reflux.

When two components, such as buta
diene and C4 olefin, do not form hydro
gen bonds or complexes with a  series of 
solvents, distribution between two liquid 
phases will be independent of the partic
ular solvent a t equal solubility. No 
immiscible solvent mixture can be equal 
to  a  miscible solvent system because only 
one of the solvents can show appreciable 
selectivity. Solvent requirements will, 
accordingly, be greater in the former 
system in proportion to which the in
active solvent (naphtha) is used. The 
preceding conclusions are based on data 
which have not yet been published. These 
conclusions and the number of theoreti
cal extraction units which have been com-

BUTADIENE

NAPHTHA 

Figure 9.

FURFURAL

Projection of Quaternary System on Butadiene-Naphtha- 
Furfural Plane

N um bered tie  lines refer to  d a ta  in  Table IV*
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T a b l e  V. P h a s e  R e l a t i o n s  i n  t h e  S y s t e m  B u t a d i e n e -  
ISOBUTENE-SOLVENT“ AT 50° F.

%  B u tadiene 
(Solvent-Free) in 

H ydrocarbon  Phase

0
2 4 .1
2 4 .7
4 3 .8
4 5 .6
4 6 .6  
6 9 .3  
7 0 .5

100

%  bu tad iene  
(solvent-free)

0
34 .3
3 5 .0
55 .5
58.1  
5 9 .7
7 7 .5
7 8 .3  

100

-S o lv en t P h ase -
Lb. so lvent 

Lb. hydrocarbons

32.66
2 5 .5

19.66 
18 .6
15.66 
15.6  
10.16

•  Solvent ■ ■  61.5%  ethylene glycol +  26 .4%  m ethanol -j- 6 .6 %  sodium 
c y a n id e  +  5 .5 %  cuprous chloride.

6 Re-uaed solvent.

of equilibrium phases H  and L  in which m ixture M  separates are 
in inverse ratio to  distances M H  and M L . The composition of 
a projected quaternary m ixture changes on the  addition of one 
of th e  components along the line connecting the  original compo
sition w ith the apex of the added component.

H unter (4) showed th a t, if the  chloroform -acetone-acetic 
acid-w ater system was representative of system s w ith one im
miscible pair, only two ternary diagrams need be established to  
define the quaternary system. The butadiene system  has two 
immiscible pairs and, obviously, a  quaternary tie  line cannot be 
defined by equilibria in two of the ternary system s. The effect 
of the  th ird  ternary  system is to  ro tate  the quaternary  tie  line 
out of the  intersection of the planes passing through ternary  tie 
lines of two systems and the opposite apexes.

and 5 were obtained with a  ratio  of furfural to  naphtha in the  origi
nal m ixture of about 1.5; the  other tie lines represent a ratio  of 
about 4.5. The three ternary  solubility curves define the hetero
geneous region on three sides of the tetrahedron. The solid sec
tion outlined by these curves and by the surfaces joining them  on 
which the quaternary equilibrium points he define the complete 
heterogeneous region. The equilibrium phases of tie lines 7 and
12 he on the surfaces, bu t the compositions of the furfural-rich 
phase of the other lines plotted are apparently in error. Mate
rial balances are shown by the tie lines if the projected composi
tion of the original mixture lies on the line, as in ternary  systems.

The projected diagram has other properties equivalent to  the 
ternary  diagram. The mixture M  resulting from the addition of 
naphtha and furfural of ratio  S  in Figure 9 to  isobutene and butar 
diene in the projected ratio F lies on line FS. I ts  position on the 
line is in inverse ratio to the quantities of hydrocarbons and sol
vents mixed: pounds S /pounds F =  M F /M S .  The weights

ACKNOWLEDGMENT

The authors wish to  express their thanks to  E. H . Leslie for his 
interest and review of the m anuscript; to  the Blaw-Knox Com
pany for permission to  present the results of this investigation; 
and to  Mercedes Zimmer for preparing the  illustrations.

LITERATURE CITED

( 1) Brackner, A. V., H unter, T. G., and Nash, A. W., I n d .  En<3.
C h e m ., 33, 880 (1941).

(2) Ellis, C., “ Chemistry of Petroleum  D erivatives” , p .  160, New
York, Chemical Catalog Co., 1934.

(3) Freem an, S., TJ. S. P aten t 2,278,309 (1942).
(4) H unter, T. G., I n d .  E n g .  Chem., 34, 963 (1942).
(5) Joshua, W . P., and Stanley, H . M ., B rit. P a ten t 428,106 (1935).
(6 ) Maloney, J . O., and Shubert, A. E., Trans. A m . Inst. Chem.

Engrs., 36, 741 (1940).
(7) Poole, J . W „ U. S. P a ten t 2,273,661 (1942).
(8 ) Sm ith, A. S., and Funk, J. E ., Trans. A m . Inst. Chem. Engrt.,

40, 211 (1944).

Nonbenzenoid Hydrocarbons 
in Recycle Benzene

JO H N  R . A N D E R S O N  AND A L B E R T A  S . J O N E S
M ello n  I n s t i tu te ,  P it tsb u rg h , Pa.

C A R L  J . EINGELDER

U niversity  o f  P it tsb u rg h , P it tsb u rg h , Pa.

IN  T H E  preparation of ethylbenzene by catalytic ethylation 
of benzene, a large molar ratio  of benzene to  ethylene is main

tained in order to  minimize polyethylation. The excess benzene 
is recycled after rectification and the addition of virgin benzene. 
I t  has been observed th a t recycle benzene gradually deteriorates 
in quality; th e  boiling range and freezing point, especially the 
latter, finally reach values considerably outside the specifications 
for virgin benzene. I t  was believed th a t this deterioration in 
recycle benzene was caused, a t least in part, by the accumulation 
of satu rated  nonbenzenoid hydrocarbons present in virgin ben
zene. The impurities belonging to  this classification in recycle 
benzene have therefore been characterized. The impurities in 
n itration  benzene (1) were described in a previous paper (8).

Sample A , employed in the  present study, represented the  ac
cum ulated recycled m aterial from the ethylation of a consider
able volume of refined coke-oven benzene from a large num ber of 
sources. The virgin benzene entering the  reaction had a solidify

ing tem perature (1) of not less th an  4.85° C. and a  boiling range 
(1) of no t more than  1.0° C. Figure 1 is a  distillation curve, 
giving condensation tem peratures of distillate a t  760 mm., of a 
sample of the  satu rated  nonbenzenoid hydrocarbons secured 
from the  recycle benzene, plus some n-pentane. Figure 1 also 
presents th e  results of determ inations of refractive indices (ti2d) 
of fractions of the distillate, and the  norm al boiling points (solid 
circles) and n2S  (open circles) of the paraffins, cyclopentanes, and 
cyclohexanes whose normal boiling points are w ithin the  conden
sation tem perature range of the  bulk of the  nonbenzenoid hydro
carbon sample.

The m ethods and reagents used in this work were discussed in  
a  previous paper (8). Sample A  (35.5 liters) was fractionally 
crystallized until 1005 ml. of a highly contam inated product B  
and a purified fraction, C, were obtained. The solidifying tem 
peratures (1) were as follows: A  1.95° C.; B, approx im ated  
- 5 2 °  C.; C, 3.00° C. Fraction B  was separated in to  two frac
tions by adsorption on silica gel, using n-pentane to  displace the
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Figure 1. Condensation Temperature and Refractive Index as a Function of Volume for Saturated Nonbenzenoid 
Hydrocarbons Secured from Recycle Benzene Plus Some n-Pentane

Solid  circles an d  op en  circles give th e  n orm a l b o ilin g  p o in ts  and  refractive in d ices, resp ectively , o f  th e  in d ica ted  pure hydrocarbons k now n  to  have 
b o ilin g  p o in ts  w ith in  th e  co n d en sa tio n  tem p eratu re ran ge. D ata  on  th e  pure hydrocarbons tak en  from  reports o f  A .P .I. R esearch P roject 44  a t

th e  N atio n a l B ureau  o f  S tandards.

paraffins and cycloparaffins, and methanol to  displace the aro
matic fraction. The paraffins and cycloparaffins, together with 
some of the ra-pentane, were fractionated under high reflux in a 
still with a jacketed and heated column, 2000 mm. high and 26 
mm. in internal diameter, made of Pyrex and packed to a height 
of 1960 mm. with single-turn 4-mm. (approximately) Pyrex heli
ces. After the bulk of the displacing liquid (ra-pentane) had 
been distilled, the distillation d a ta  shown in Figure 1 were ob
tained. A to ta l of 600 ml. of the distillate (indicated in Figure 1) 
was distilled from the column, after which the remainder (140 
ml.) was distilled using the still with the column of smaller di
am eter described in the previous paper [2). The last two frac
tions (indicated in the refractive index data  of Figure 1) were ob
tained after Tetralin  had been added to the contents of the still.

Fifteen milliliters of ethylbenzene and 125 ml. of benzene were 
recovered from the aromatic fraction from the separation by ad
sorption.

Fraction B  (1005 ml.), obtained from 35.5 liters of recycle ben
zene by purification of the la tte r through a change of solidifying 
point of 1.05° C., consisted of approximately 680 ml. of saturated 
nonbenzenoid hydrocarbons (Figure 1), 125 ml. of benzene, 15 
ml. of ethylbenzene, and 185 ml. of m aterial unaccounted for in 
the analysis. These d a ta  show th a t the recycle benzene contained 
several volume per cent of saturated nonbenzenoid hydrocarbons, 
and th a t the bulk of the  impurities in recycle benzene belong to 
this classification. However, the compositions of the nonben
zenoid hydrocarbon samples secured from recycle benzene and 
from virgin benzene, shown in the previous paper (#), are, in 
some respects, strikingly different.

In  general, the present sample is preponderantly paraffinic, 
while the previous sample was preponderantly naphthenic. The

data for the previous sample indicated the presence of a consid
erable quantity  of methylcyclohexane, while its presence in the 
present sample in as large an amount has not been demonstrated.

The condensation tem peratures (Figure 1) point to  the  fact th a t 
about 25% of the sample of saturated nonbenzenoid hydrocarbon 
impurities in the present study is composed of compounds with 
boiling points below 80 ° C .; in contrast, the  previous sample (#) 
was composed almost entirely of compounds boiling above 80 0 C. 
For the, present sample, for the  fractions of distillate in the boiling 
range above 80° C., the  refractive indices are, in general, consid
erably lower than  corresponding fractions from the previous 
sample.

These comparisons suggest th a t the gradual deterioration in 
the quality of the recycle benzene is a ttributable to  the preferen
tial accumulation of paraffins. Some lower-boiling paraffins (2- 
methylpentane, 3-methylpentane, and n-hexane) seem to  have 
been introduced during the  ethylation process;, most of the 
naphthenes (except cyclohexane) present in the original benzene 
appear to  have been removed to  a large extent.
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CRYSTAL BEHAVIOR OF 

PARAFFIN WAX
S . W . F E R R IS  AND H . C . C O W L E S

T he A tla n tic  R efin ing C om pan y , P h iladelph ia  1, Pa.

Evidence is presented in support of the following theory: 
Petroleum waxes consist of mixtures of hydrocarbons be
longing to various homologous series. The members of 
each series crystallize similarly, as either plates, mal 
crystals, or needles. If but one type (plate, mal, or needle) 
is present, the crystal form remains the same regardless 
of sui ’"' factors as amount or kind of solvent. If the types

are mixed, and if the solubility relations are such that 
more than one type can crystallize simultaneously, either 
the needle or mal can impress its form on the plate. If, 
on the other hand, sufficient solvent is present to maintain 
needles and mals in .solution until plates are well estab
lished, mals and needles can then deposit upon, and thus 
take the form of plates.

PR ESSIN G  to remove paraffin wax from distillate and 
sweating the resultant slack wax to produce substantially 
oil-free wax are two of the oldest processes in the petroleum in

dustry. They are applicable, however, only to  wax distillates 
of relatively low boiling range. Newer processes, such as cen
trifuging and solvent dewaxing, have dem onstrated their ability 
successfully to  dewax higher-boiling distillates and to  recover 
satisfactory wax by recycling; while also capable of handling the 
low-boiling distillates, they have not been able to  replace, to  any 
extent, the two ancient stand-bys.

Regardless of the  wealth of experience, endless difficulties 
have arisen in the practice of pressing and sweating. For ex
ample, in processing two closely similar distillates, one was found 
to  yield a hard, dry cake on pressing, while the other gave a salvy, 
mushy cake. Furthermore, the slack wax from the la tter type of 
cake almost invariably behaved in an unsatisfactory m anner 
when sweated.

When the microscope was brought into play, i t  was found th a t 
the pressing operation was successful if the wax crystallized in 
well-fonned plates. After pressing has been completed, the cake 
is removed from the press, melted, and 
transferred to  the sweating pans, where i t  
is slowly cooled to  form a new cake. Here 
the microscope shows th a t satisfactory 
sweating occurs only when the wax forms 
needle crystals. Y et the wax originally 
crystallized from the distillate for press
ing was the same wax chilled to  cake form 
for sweating.

Centrifuging, particularly from naphtha 
solution, seemed to  be a t its best when 
the wax assumed no definite crystalline 
form except th a t so long referred to  as 
amorphous.

Several investigators have determined 
the  chemical composition of petroleum 
waxes and alm ost unanimously report 
them  as composed solely of straight-chain 
paraffin hydrocarbons. A m ultitude of 
theories were advanced to  explain the 
Jekyll-H yde character of wax, and, with 
Composition accepted as constant, this 
factor was largely ignored. W ithout a t
tem pting to  present a  complete review of 
the subject, the  following theories, all 
accepted in some quarters, m ay be 

noted:

Buchler and Graves (1) found th a t all completely purified 
fractions from petroleum  waxes were straight-chain  paraffin hy
drocarbons and crystallized as plates. They reported, however, 
an “im purity” term ed “soft wax” , which crystallized as needles 
and was capable of im parting its form to  purified fractions.

Padgett, Hefley, and Henricksen (9) reported th a t the  crystal 
form depended on the  am ount of oil present, as well as upon the 
handling; slow cooling tended to  produce plates.

The waxes studied by  C arpenter (2) showed needles when 
crystallized from high-boiling solvents. The use of low-boiling 
solvents resulted in needles, provided they were obtained within 
15-20° C. of the  m elting poin t of the  wax. A t lower tem 
peratures, however, plates were found. Studying cooling rates 
and tem perature ranges, evidence was found of transition  points.

Rhodes, Mason, and Sutton (10) introduced a novel solution; 
while they believed th a t crystallization was always initiated by 
plate formation, they  observed th a t rapid cooling (more than
0.1° C. per m inute) caused the  plates to  curl a t  th e  edges. 
Needles, then, were merely rolled plates.

T anaka and co-workers (18) found th e  hab itual form to  be 
needles bu t considered the  viscosity of the  distillate  to  be the con
trolling factor, w ith high viscosity fostering needles.

K atz (6), partially  confirming Rhodes and co-workers, deemed 
plate form ation a necessary precursor to  needle form ation and con-

F igure 1. C rystal T ypes o f  P urified Paraffin W axes

1054
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MAL  C R Y S T A L L IN E

NOR MA L S L A C K  W A X

FRACTIONS FROH DISTILLATION, WITH FRACTIONATING TOWER, OF NORMAL SLACK WAX

I 1 I I V///Æ ///////A

ISO 2 0 0  2 2 0  2 4 0  2 6 0  28 0

5 0  Tt BOILING POINT @ 10 MM.

3 00  320

FRACTIONS FROM DIS TILLATION , WITHOUT FRACTIONATING TOWER, OF ABNORMAL SLACK WAX

AB NORMAL S L A C K  W AX

Figure 2. Comparison of Slack Waxes

sidered needles to  consist of plates characteristically formed in 
layers. Later, amplifying the suggestions of Carpenter, Katz (7) 
introduced the concepts of ‘ ‘concentration of change C "  and “tem
perature of change T " ; both “ changes” were from plate to needles, 
and the reverse change was held to  be impossible. He found th a t Tc 
is constant for any given wax, substantially independent of solvent,

and 5-10 0 C. below the melting point. Ce is influ
enced by both wax and solvent; i t  is the concentra
tion of wax in any given solvent a t which the trans
formation from plate to  needle takes place. Wax 
concentrations above Cc produce needles, and 
concentrations below Cc, plates. Therefore, ac
cording to K atz’ theory, a wax which crystallizes 
as a needle in dilute solution is an impossibility.

Ivanovszky (5) came to a conclusion diametri
cally opposed to th a t of Rhodes and co-workers, 
showing th a t the removal of amorphous m atter 
from paraffin wax permits the growth of very 
large needles whch pass or grow into plates.

When a number of partially confirmatory, par
tially contradictory explanations are advanced 
on the basis of good observations for the same 
phenomenon, either an erroneous assumption 
has been made or some im portant variable has 
been uncontrolled. In  this instance the present 
writers believe the erroneous assumption is th a t 
petroleum waxes are chemically homoger»ous; 
the uncontrolled variable is actually a rath, wide 
variation in chemical composition of the arious 
fractions chosen for crystal study.

Two previous publications (8, Jj) were de
voted principally to the presentation of evidence 
th a t the composition of wax is, in fact, 

complex. While the authors did not demonstrate the actual 
structure of those constitutents which were not straight 
chain, they reported nine oil-free waxes, each of substantially 
the same molecular weight, but varying in melting point from 
63.6° to  34.0° C.

3 0  4 0  5 0  6 0  7 0  8 0  9 0

MELTING P OI NT  * C .

Figure 3. Solubility at 20° C. of Paraffin Waxes in 
Various Solvents
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A theory was proposed to explain the occurrence of a t least 
three types of wax crystals. In  brief, the theory depended upon 
the assertion th a t there were three classes of wax; each class, 
when pure, exhibited one of the three well-known types of crystal 
form. T h a t the theory did not, receive wide acceptance has been 
dem onstrated by subsequent publications of other investigators. 
There was one rather adequate basis for lack of credence; all 
bu t one of the photomicrographs presented were of waxes crys
tallized from dilute solutions. Still more pertinent was the fact 
th a t the vast m ajority of the crystals were obtained from non- 
petroleum solvents such as nitrobenzene and ethylene dichloride.

Since proposing the theory the authors have been able to test 
it more rigorously, and have found it  helpful in the study of a wide 
variety of problems related to wax refining. The purpose of the 
present communication is to restate the theory and to  present 
additional evidence in its support.

C O M P O SIT IO N

Figure 1, reproduced from a previous publication (4), presents 
boiling point and melting point data  on a number of highly puri
fied fractions obtained from a mid-continent slack wax. M eth
ods of purification and physical properties have already been 
presented (S, 4); suffice i t  to say here th a t each fraction is narrow 
w ith respect both to  distillation range and to melting range. 
Samples 6B  and 6J ,  for example, have substantially the same 
boiling points and molecular weights; yet their melting points 
differ widely, and there are considerable differences between 
their refractive indices and specific gravities (liquid), respectively. 
The only reasonable explanation is th a t their structures differ 
markedly. Samples 61 and 6J  were subjected to careful com
bustion analyses by M air and Schicktanz (8), who reported them 
to  be composed chiefly of cyclic hydrocarbons.

Figure 1 was drawn by representing, in lieu of the customary 
points, the crystal form of each fraction as obtained from ethyl
ene dichloride. (Fractions 1, 2, and 4 were not studied in this 
particular solvent.) Three general types appear—plate, needle, 
and (for w ant of a better term) “mal-formed crystal” . Further
more, these three types fall into bands. For a given boiling range, 
those of highest melting points (straight-chain paraffin hydro
carbons) crystallize as plates; those of the lowest melting 
points (cyclic hydrocarbons), as needles; those of intermediate 
melting point (possibly branched-chain paraffins) form m al crys
tals. The most persistent efforts to resolve m al crystalline frac

tions, such as 5F, C, and 6G, into plates and needles have been 
unavailing.

T hat the waxes other than straight-chain (plate) do no t occur 
as impurities, is shown by the central portion of Figure 2, also 
taken from the previous paper (4). In  the “front end” of paraffin 
distillate all the crystallizable materials appear to be of the plate 
type, b u t in the "back end” the sum of needle and m al crystal 
types is greater than 50%. These curves indicate th a t in higher- 
boiling distillates the percentage of plate waxes would be small, 
and this is borne out both by rough observation of their crystal 
habit and by careful experimentation.

The proportions of the various types of waxes probably vary 
to some extent from crude to  crude; nevertheless the authors 
believe th a t the generalities covered by Figure 2 will be found 
applicable to  the vast m ajority of the wax-bearing petroleums.

S O L U B IL IT Y

Both needle and mal crystalline waxes have marked powers, 
under the proper conditions, of impressing their own form on 
plate waxes. The most im portant factor appears to be the rela
tive solubilities of the various types of waxes in whatever solvent 
may be present.

Figure 3 shows the solubility, a t a single tem perature, of sam
ples embracing pure plate, needle, mal crystalline, and commer
cial waxes, respectively, in four solvents. Figure 3 leads to the 
generalization th a t the solubility of a wax in a given solvent is 
substantially independent of type, bu t varies with melting point. 
In  other words, waxes 4, 5F, E, and 6J  (Figure 1) would be soluble 
to  substantially the same extent in any solvent which the authors 
have investigated.

Figure 4 shows the solubility of a purified plate wax a t various 
tem peratures in a number of solvents. This information is simi
lar to  th a t found for commercial waxes by Sachanen {11), and by 
Sullivan, McGill, and French {IS); th a t is, solubility is high in 
naphtha or benzene, lower in oils of higher boiling ranges, and 
very low in nitrobenzene and isopropyl alcohol.

B A SIS  F O R  T H E  T H E O R Y

The theory, as stated in the synopsis a t the beginning of this 
article, rests upon the behavior of wax crystals as observed under 
the microscope. The authors, as well as many others, have re
corded their findings by means of photomicrographs. I t  is ex
tremely difficult, however, to obtain significant photomicro-

Figures 5 to 11. Crystallization of Purified Plate Waxes 
F i o u b s  N o .  M e l t i n g  P o i n t ,  0 C .  W a x  C o n c n . ,  G ./100 M l .  S o l v e n t  S o l t e n t  U s e d

5  6 6 .5  0 .0 5  Nitrobenzene (cloud point, 25° C.)
6  51 .0  7 7 . 6  N itrobenzene (cloud po in t, 25° C.)
7  6 2 .8  0 .05  Acetic acid
8  55 .2  2 .0  E thylene dichloride
9  47 . 1  35 Oil of 100 Saybolt U niversal see. viscosity a t  100° F.

10 62. 8  1 .8  Oil of 8000-sec. viscosity a t  100° F.
1 1  5 1  'o  (From  its  own melt)

F iq u b b  N o. 
12
13
14
15
16
17
18

F i o u b s  N o .

19
20 
21 
22

Figures 12 to 18. Crystallization of Purified Mal Waxes 
M e l t i n g  P o i n t ,  0 C .  W a x  C o n c n . ,  G . / 1 0 0  M l .  S o l v e n t  S o l v e n t  U s e d

4 2 .8  1-8 Nitrobenzene
4 6 .3  10 E thylene dichloride
5 0 .9  0 .6  N itrobeniene
5 4 .2  0 .3  Nitrobenzene
4 7 . 1 0 .7  Acetic acid
60 .3  0 .1  Nitrobenzene
4 6 .3  (From  its  own melt)

Figures 19 to 22. Crystallization of Purified Needle Waxes
M e l t i n g  P o i n t , 0 C .  W a x  C o n c n . ,  G ./100 M l .  S o l v e n t

4 2 .1  20
4 0 .5  1-8
3 4 . 4  (From  its  own melt)
4 2 11 (From  its  own melt)

S o l v e n t  U s e d  

E thylene dichloride 
N itrobenzene

Figures 23 to 25.
F i g u b e  N o.

23
24
25

Crystallization of Pure Paraffins (from Their Own Melts)
P a b a f f i n  M e l t i n g  P o i n t , 0 C .

D odecane —9.6
Tetradecane 6  • 5
2,2 ,3 ,3-Tetram ethylbutane 101.6
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MAL
46 .3°  C.

EQUAL VOLUMES 
OF SOLUTIONS

BLENDED AND 
CRYSTALLIZED

Figures 26 to 29. Influence of Certain Types on Crystal Form of Other Types 
(in Nitrobenzene Solution)

M eltin g  p o in ts  are given  in  ° C .; co n cen tra tio n s o f  w ax, in  gra m s per 100 m l. o f  so lv en t.

graphs of crystals forming in concentrated solutions or in their 
own melts, because changes normally occur far too rapidly to  be 
properly recorded by ordinary “stills” . Since i t  was necessary 
to  extend the studies to  concentrated wax solutions and pure 
waxes, the moving picture camera was utilized to  obtain pictures 
while crystallization was proceeding a t normal rates. Individual 
frames have been enlarged and given a rectangular form to  dis
tinguish them  from the ordinary stills or photomicrographs which 
are circular.

Magnifications are no t reported because they appear to  have 
no bearing on the proposed theoiy; also, particularly w ith plate 
and needle crystals, the  size is dependent on the rate of crystalli

zation, w ith slow rates favoring large crystals. T his is m uch le ss  

pronounced w ith m al waxes. A t no tim e, however, were t h e  

authors able to  secure evidence th a t the  ra te  of crystallization 
exerted any influence on the type (plate, needle, or mal) of crystal 
appearing.

C RY STALLIZA TIO N  O F FR A CTIO N S

P t jb if x b d  F r a c t i o n s . Figures 5  to  1 1  present the  c r y s t a l s  

forpied by plate-type waxes, of various m elting points. Experi
m ents were chosen to  test other theories; thus concentration 
was varied from  very dilute solutions (Figures 5 and  7), through

PLATE\ 4 P T S .  PLATE 
35.2*C . \  SOLUTION
5 .8G /D L . \  BLENDED WITH

NEEDLE / ,  PT.NEEDLE
3 5 .2 °  C. /  SOLUTION AND 

5 . 8 G / D L /  CRYSTALLIZED

PLATE
4 7 . 3 ’ C. 
0.86/D L .

EQUAL VOLUMES 

OF SOLUTIONS

MAL
4 6 . 3 °  C. 

0 . 9  G/DL

BLENDED AND 
CRYSTALLIZED

PLATEX
3 4 .6 ° C .  \

)  k 6 .4  G./DL. \  
%NITR0BENZENE\

NEEDLE ,
38.8"C. 2.7G/DL 
NITROBENZENE

Ip  MAL 7
P  35.1° C. /
7 6 G ./DL. /

NITROBENZENE

EQUAL VOLUME 

OF SOLUTIONS

BLENDED AND 
CRYSTALLIZED
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2 0  G /D L  
ETHYLENE 

DICHLORIDE'

A B N O R M ^
SLACKX ,
WAX \  ABNORMAL
from  itsXsLACK WAX
OWN MELT \ b LENDED

NEEDLE / p t  NEEDLE
42 .I°C . AND 

CRYSTALLIZED

OWN MELT

SEPARATED BY 
FRACTIONAL

CRYSTALLIZA
TION 31

IMPURE FRACTION 
4 3 . 6 °  C. 1-2 G /D L .

NITROBENZENE

Figures 30 and 31. Influence of Certain Types of Crystal Form of Other Types
M eltin g  p o in ts  in  0 C. ; co n cen tra tio n s o f  w ax, in  gram s per 100 m l. o f  so lven t.

concentrated solutions (6 and 9), and finally to  the  absence of 
solvent (Figure 11). Viscosity varied from the very low values 
of the ethylene dichloride solution to  th a t indicated for Figure 10. 
The actual viscosity during crystallization was far higher than  
the value given, inasmuch as the crystals formed a t about 77° F. 
In  spite of these drastic variations, the plate waxes remained true 
to type.

The cinemicrograph (Figure 11) shows an outstanding charac
teristic of plate wax in concentrated solution—namely, the tend
ency, for the crystals to pile one upon the  other. Crossing the 
field diagonally are crystals which m ight be taken for needles. 
The motion picture itself demonstrates unequivocally th a t they 
are plates on edge.

Figures 12 to  18 offer similar evidence for m al crystalline 
waxes, and Figures 19 to  22, for needle waxes. Figures 23, 24, 
and 25 show the crystal form of three pure paraffin hydrocarbons; 
23 and 24 offer good confirmation of the suggestions already made, 
since the substances studied are straight-chain hydrocarbons and 
form plates. The subject m aterial of Figure 25, however, is cer
tainly branched. Study of Figure 1 suggests th a t branching m ay 
become rather pronounced before the plate habit is destroyed. 
Although tetram ethylbutane (Figure 25) is highly branched, 
there are no long branches. A guess m ay be hazarded, therefore, 
th a t sample 5C or 5D (Figure 1) is made up  of chains carrying 
short side chains, whereas in 5E or 5F the side chains are longer.

F r a c t i o n s  C o n t a i n i n g  M o r e  T h a n  O ne T y p e .  Figures 26 
to  31 show the  effect of one type of wax upon another. In  the 
first test (26) a dilute solution of plate wax, which crystallized 
as shown in the upper portion of the  left-hand circle, was mixed 
w ith a  dilute solution of a m al crystalline wax, whose crystal is 
also shown. W hen crystals were obtained from the mixture, they 
were perfect plates; th a t is, the  m al crystal wax had no effect. 
T he same m al crystal wax, however, completely destroyed the 
p late  crystals in  the next tria l (27).

The difference is in the solubilities. Figure 3 indicates th a t 
solubility of a  wax in a given solvent is largely a function of the 
melting point of the wax. The m al shown in Figure 26 was, 
therefore, much more soluble than  the plate; i t  could not crys
tallize while the high-melting plates were forming. In  Figure 
27, however, its solubility was much the same as th a t of the plate 
wax, and i t  therefore impressed its own form on the  plate. A 
similar ability on the part of needle wax to cast p late wax into 
its own mold when solubility relations are favorable is demon
stra ted  by Figures 28.

W hen waxes of all three types (29) were present, the crystal 
was mal. Poorly formed needles from “abnorm al” slack wax 
were changed to clean needles by adding a pure needle wax (30). 
The impure fraction shown in Figure 31 exhibits the typical mal 
crystal form, bu t th a t needle crystals had lost their norm al form 
is demonstrated by the  results of fractional crystallization.

Coexisting crystals of more than  one type are almost never 
encountered. Whichever type is able firmly to establish itself 
appears to  dominate. Thus, while i t  has not been rigorously 
proved, the m al crystalline wax shown in Figure 26 appears to 
have deposited on the preformed plates and thus taken up their 
habit. In  other words, either needles or mal crystals can impress 
their form on plates during simultaneous crystallization; plates 
require conditions where they can crystallize alone and appear to 
take up the other types.

On this basis the wax in paraffin distillate sheds its chameleon 
behavior. The highest-melting (least-soluble) waxes in the distil
late  are plates, bu t the to ta l wax concentration is relatively low. 
When, therefore, the distillate is chilled prior to pressing, needles 
and mals are held in solution while the plates form. In  slack 
wax, on the other hand, there is insufficient oil to  hold the needles 
and mals in solution; hence one or the other will prevail. If 
however, the boiling range of the distillate be extended (Figures
1 and 2), the proportion of plates tends to  decrease while the
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F igure 32. N o rm a l S lack  Wax

F igure 33. N orm al S lack  W ax after 
R em oval o f  O il

F igure 34. 12.5-25%  (F raction ated ) 
O verhead fro m  N o rm a l S lack  Wax 

F igure 35. 25-37.5 % (F raction ated ) 
O verhead fro m  N o rm a l S lack  Wax 

F igu re 36. 37.5-50 % (F raction ated ) 
O verhead fro m  N o rm a l S lack  Wax

F igu re 37. 50-62.5%  (F raction ated ) 
O verhead fro m  N o rm a l S lack  Wax

F igu re 38 . 62.5-75 % (F raction ated ) 
O verhead fro m  N o rm a l S lack  Wax

F igu re 39. 75-87.5 % (F raction ated ) 
O verhead fro m  N o rm a l S lack  Wax

F igu re  40. 12.5%  R es id u a l from
F ra ctio n a l D is t illa t io n  o f  N orm al 

S la ck  W ax

proportion of high-melting mals increases. As a result the plate 
crystals do not become established; mal crystals predominate, 
and the distillate fails to  press.

SLACK W AXES

Figures 32 to  45 (obtained by own-melt crystallization) illus
tra te  the application of the plate-needle-mal theories to  the study 
of the behavior of two slack waxes; one was “norm al” in th a t it 
sweated well, the other “abnormal” , in th a t it failed to sweat 
properly. Figure 32 shows the appearance of the normal slack 
wax, the crystals being typical of the interlacing needles most 
suitable for sweating. Figure 33 demonstrates th a t the crystall
ization is no t altered by removal of oil.

T he norm al slack wax was separated into fractions by  vacuum 
distillation in a fractionating tower. The 12.5-25%  cut (Figure 
34) exhibited unm istakable p late crystals, as did the three frac
tions which followed (35, 36, and 37). The approxim ate boiling 
range of each cut is indicated in the upper portion of Figure 2, 
which reveals th a t the first four fractions of the norm al slack wax 
should contain little except p late waxes; the  microscope verifies 
this. In  the next cut, however, the  needle waxes are increasing 
in proportion and impress their form on the plates (Figure 38). 
The next cut also gives needles (39). The still residue, however, 
contains enough of the m al crystalline type to  destroy both  plates 
and needles (40), although not enough to influence the  crystals 
of the entire slack wax.
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Figure 41. Abnormal Slack Wax 
Figure 42. 15-30% Overhead from Abnormal Slack Wax Figure 44. 70-85% Overhead from Abnormal Slack Wax
Figure 43. 30-70% Overhead from Abnormal Slack Wax Figure 45. 15% Residual from Abnormal Slack Wax

Figure 41 shows why the slack wax is abnormal in operation; 
such a structure is better adapted to  holding oil than  to  releasing 
it. When, however, this m aterial is cut into fractions by simple 
vacuum distillation, the  low-boiling 15-30% cut (Figure 34) again 

exhibits plates as i t  should, since neither needle nor mal crystal 
waxes occur within this boiling range (Figure 2). The next 
long (30-70%) cut includes enough needle wax (Figure 43) so th a t 
the plates are suppressed, and the same is true of the 70-85%  frac
tion (44). The residue, however (45), exhibits especially poor

structure, even though its percentage is higher than th a t from the 
normal slack wax. An indication of the powerful effect of the 
mal crystal waxes may be secured by noting how little difference 
there is in the crystal form of the 15% residue and the entire 
slack wax (41), even though the great bulk of the slack wax is 
composed of m aterials which, when pure, form plates or needles. 
If the paraffin distillate, from which the abnormal slack was 
pressed, had been cut a little "shorter” , the proportion of mals 
would have been decreased, and the slack would have been en
tirely normal.
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46 47 48

Figures 46 to 48

Figures 42, 33, and 41 show, respectively, the typical manner 
of growth of plates, needles, and mals. Plates are very thin and 
frequently pile one upon the other; needles “shoot” across the 
field, and in either case the size of individual crystals m ay be 
varied between wide limits by control of the cooling rate. Mals 
seem always to  be relatively small, and differences in cooling rate  
have little  effect. Instead of single crystals, growing gradually, 
small crystals appear suddenly, and more crystals appear until 
the field is obscured. Indeed, they act as if the lattice is too com
plicated to perm it large crystals to form.

T h at either needle or mal crystal can impress its form on plates 
seems clear; it is not so definite as to  whether needle or mal 
crystal is more powerful. Evidence indicates, however, th a t in 
the middle ranges of paraffin distillate there is little difference, 
the needles being possibly a bit more powerful. As the boiling 
range climbs, however, the power of the mals increases rapidly 
and completely controls all the heavier wax distillates.

These findings are rather consistent with the suggestions made 
earlier in the paper for the molecular configuration of the three 
crystal types of wax: th a t plates are either straight chain or 
chains w ith short branches, th a t compounds crystallizing as 
needles contain cyclic structures, and th a t the mals have long 
branches. One would expect the crystal lattice of straight-chain 
substances to  be relatively simple, and able to accommodate the 
more irregular compounds only with some difficulty or after the 
p late  crystal has already attained considerable size. On the other 
hand, the straight or slightly branched molecule could probably 
adap t itself rather readily to the lattice of a crystal more complex 
than  its own.

STRU C TUR E O F N EED LES

An outstanding peculiarity of needles is what appears as a line 
or “rib” extending along the crystal and always equidistant from 
the sides; i t  is apparent in some of the crystals of Figures 19 to  
22, 29, 30, 33, 43, and 44, and can always be seen by adjusting the 
focus. I t  is quite different from the lines appearing a t the edges 
of p late crystals, as in Figure 5 or 9; the latter is the result of 
optical phenomena depending on the focus and the refractive in
dices of the solvent and crystal, respectively.

This needle w ith a central rib has been a puzzling phenomenon. 
I t  m anifestly cannot be the kind of rib which would result from a 
rectangular or triangular cross section, for then it  would not al
ways be seen a t the center of the crystal. The only explanation 
which seemed to  fit the facts (or appearances) was the existence of 
a  hole through the center of each needle. This seemed so im
probable, however, th a t the authors were accustomed to offering 
i t  as a joke. T hen on one occasion (when the idiosyncracies of 
needles was not the subject under investigation), a slack wax was 
crystallized very slowly on the stage of a microscope (Figures 46, 
47, and 48). This slack wax was known (as were all “normal” 
slack waxes) to  crystallize in needles; in this instance the crystals

had apparently grown vertically, and the  microscope, focused 
a t a  plane along the crystal axis, accomplished optical sectioning.

Figures 4 6 , 4 7 , and 4 8  lend some credence to  the  idea of a drilled 
needle. They could also be used to  support the  contention of 
Rhodes and co-workers (10) th a t  crystals are rolled plates. This 
is particularly true of Figure 4 7 . If, however, we assume that 
needles result from the rolling of th in  plates, the growing process 
of a needle should be largely th a t of increasing its diam eter with
out m arkedly changing its length, and the  sides should be ap
proximately parallel. Countless observations have convinced 
the present authors th a t needles do no t grow in this manner; 
they merely lengthen, thicken, and taper tow ard the growing tip. 
Thus they behave exactly as one would expect them  to  if the de
posited m aterial were all coming from the surrounding solution 
(Figure 33). I t  is no t necessary to  assume th a t  any of the  crys
ta l surface is actually curved. The cross section of the needle 
m ay be polygonal, w ith the  num ber of sides too large to  be re
solved by the microscope.

Unexpected support for the unlikely hypothesis of a  “ crystal 
w ith a hole” was offered by A. R. Thompson of the  University of 
Pennsylvania, during the discussion which followed the  oral pres
entation  of this paper. The authors appreciate his permission to 
quote him as follows: “ In  the course of a study of the solubilities 
of inorganic salts in aqueous alcohol solutions, it was found that 
if such a solution of ammonium n itra te  were cooled slowly, the 
salt crystallized in the form of needles w ith a  hole through the 
center.” The authors do not believe th a t they have offered defi
n ite proof of the existence of drilled wax needles, b u t have no other 
explanation for the ever-present median line, and present the 
evidence w ith the hope th a t others can propose a  be tte r solution.
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Chemical Reactions in Continuous 
Flow Systems

HETEROGENEOUS REACTIONS

H U G H  M . H U L B U R T
H u n ter  College, N ew  Y ork, N. Y.

General kinetic equations governing reacting, flowing 
mixtures are applied to reactions catalyzed at the walls of 
a cylinder. Dimensionless ratios for correlating yields, 
diffusivity, and process variables are presented. Simple 
formulas for estimating the influence of diffusivity on 
yield are given and extended to turbulent flow in tubes for 
which the ratio, I/D , of length to diameter exceeds 60. 
Extension to pelleted catalysts and to catalysts poisoned 
by products is discussed.

H ETEROGENEO US reactions in continuous-flow reactors 
fall into two classes. Type A reactions, in which one or 

more products accumulate in the reactor, are exemplified by 
“coke” production in catalytic cracking of petroleum fractions, 
chromatographic analysis, and zeolitic ion exchange reactions. 
Type B reactions are those in which all reactants and products are 
continuously removed. M ost catalytic processes fall in this 
class, since the products are usually readily and completely de
sorbed from th e  catalyst into the stream  of unchanged reactants 
and products. In  countercurrent extraction there is a transfer of 
material from one phase to another, each of which is removed at 
independent rates.

Both classes of reactions can be analyzed kinetically as special 
cases of the general differential equations for flow systems pre
sented in a  previous paper (5). These m ay be recapitulated 
briefly for isothermal systems:

Substituting Equations 3 and 4 into Equation 2, expanding the 
divergence operator, and using Equation 1,

Dm
-Dt =  " mV*V

dmą,
àt

=  m l* — V . m ct\k

(1)

(2)

where Ct = concentration of fcth component of fluid mixture, 
(moles gm.-1) 

m = mean density of flowing mixture, grams cm .-3
V* =  vector velocity of fcth component, cm. sec.-1
V =  mean vector velocity of mixture, cm. sec.-1
t =  time, sec.
Ti =  ra te  of production of kth  component in fluid stream,

moles gram -1 sec.-1

Dt ”  5  +  v 'v
. 5  . à  , &

7  1 ùx 3 Z>y dz

In  homogeneous phases, Equation 2 can be simplified further by 
defining a diffusion velocity,

U* =  V* -  V (3)

and using Fick’s law of diffusion,

—mctUt =  V Dkmct  (4)

where D i = diffusivity of fcth component, cm.2 sec.-1

DCje
, j y t = m Tk +  V  .V D tmck (5)

There is thus one equation for each component of the mixture.
In  type A reactions the velocity of any component which ac

cumulates in the reactor is zero. For such components E quation
2 replaces Equation 5 and reads:

'ùmck
~ W

= mTk (2A)

In  this case the density, m, refers to the mean density of m atter in 
the reaction space, whether actually flowing or not. Thus cata
lytic packing may be considered as a fluid component of zero ve
locity. In  countercurrent absorption towers, the velocities, Vi, of 
absorbent fluid are not zero bu t are set as independent design 
variables a t predetermined values. In  this way all possible cases 
are formally included.

M athem atically type A reactions result in problems in which 
the concentrations are functions of time, increasing continually 
for accumulating components. In  type B reactions, however, 
concentrations reach a steady state in which tim e is not an ex
plicit variable. This paper considers in detail the application of 
these equations to heterogeneous catalyzed reactions.

SU R F A C E  R E A C T IO N S  IN  A C Y L IN D E R

One of the simplest heterogeneous reactors consists of a cylinder 
into which reactants are passed; the cylinder wall has catalytic 
action. Although it presents too little surface to  serve as a prac
tical reactor, the unpacked cylinder deserves consideration as an 
approximate model for the tortuous passages to be found in 
actual pelleted catalytic packing. A careful analysis of this 
case should indicate a t least the qualitative kinetic behavior of 
more complex packings and the significant dimensionless vari
ables, in term s of which more complex cases can be analyzed 
empirically.

Consider first a reaction in which all products and reactants 
concerned in the kinetic rate  expression are continuously removed 
from the reactor. A steady sta te  will be reached in the reactor for 
which dC t/di =  0 everywhere in the interior of the cylinder. 
Let it be further assumed th a t the flow is adequately represented 
by a mean axial velocity, V, uniform in any cross section of the 
reactor. At the surface, however, the velocity is zero, in accord
ance with known facts. This introduces the approximation of 
an infinite velocity gradient a t the surface bu t alters no essential 
features of the chemical behavior of the system. Concentrations 
now depend upon two space variables: z, the axial distance from 
entrance to the reactor, and r, the radial distance from the axis. 
E quation 5 becomes for this two-dimensional case:
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mu dct , àct 
—  -r-— -j- Tnw 

r or oz
=  z>*[

c)2mcic 1 àmck |
ö r 2 à r

+  • àz2 J +  mTk (6)

where u = radial component of mean velocity V 
w = axial component of mean velocity V

However, since the mean velocity is purely axial, u  =  0 and re
actants reach the walls by diffusion. Moreover, a previous paper 
(5) showed th a t almost all practicable conditions result in neg
ligible axial diffusion in comparison w ith the mean axial velocity. 
Hence

_  d 2mc* bet

Since there is no reaction in the bulk phase {mTh =  0), Equation 
6 becomes:

Sc* _  f d h n c t  . 1 bm ckl
m w lTz = Dk +  7 “5 r J

From Equation 1 under these conditions, 

dm bw
W  -T— =  — m  rr—

oz oz

At the surface r = R, the velocity w =  0, and

„  bmci, „- Z ) t _  =  - mTl

As an initial condition, let us choose

me* =  m  oCt, (z = 0)

i.e., uniform concentration over the entire entry cross section.
Equations 7 to 10 form a determinate system of partial differ

ential equations, boundary and initial conditions. Before 
integrating them, however, it will be instructive to  transform  to 
dimensionless variables:

(7)

(8)

(9 )

(10)

t  = z /L ;  it =  r/R ; f  =  c*/c*o

Noting th a t Equation 8 can be integrated a t once to give mw 
where 6  =  mass velocity (grams cm .2 sec.-1), a constant,

9. w  =  5* T 4 - 1 dmH  
L  df R 2 L Sij2 i; c)-»; J

i g - o  ( , i )

m f = m„ (f =  0)

If the net reaction which occurs is

Zdj-Aj- ^  ~2bwlB m

we define

 ̂ _  X&m — ~(ij 
d a

(ID 

=* G,

(12)

(13)

(14)

(15)

(16)

where a  refers to  any chosen reference reactant A^. The density 
m  can be expressed in term s of / ,  since

m  =  m , / [  1 +  (3(1 -  / ) ]

where m a =  density of feed mixture 
j8 “  vMoCao
Mo =  mean molecular weight of feed mixture

(17)

The factor Mocao is the mole fraction of the a th  component in the 
feed mixture. Since the mean molecular weight of mixture M  is 
given by

N
1 /M  =  £  C* =  m /V  

4 - 1

where V  — molar volume of m ixture

the presence of inert components is accounted for. The previous 
paper (5) gave a more complete discussion of Equation 17.

The assumption th a t the mass velocity is constant in any cross 
section is partially justified by proper choice of G and Die. 
the constant velocity is taken as the m ean velocity of th e  cross 
section, mass velocity G gives the  m ean flow per u n it cross- 
sectional area in the tube and is easily measured experim entally. 
If  the flow is laminar, Dk is independent of the  m ean velocity, 
bu t this case is seldom of practical importance. In  turbu len t 
flow, Dit is given by the usual mass transfer coefficient as a func
tion of Reynolds num ber and mean velocity. Any of the usual 
approximations (7) may be used to  estim ate its value. Since 
these m ay be defined to  reproduce the radial mass transfer from a 
turbulent stream  in the form

it is not necessary to  consider the  radial velocity gradients fur
ther. Hence, if mass transfer coefficients are used as defined, the 
approximation of constant velocity in any cross section would be 
expected to  cause negligible error in the  kinetic equations.

Equations 12 to  15 are m athem atically tractab le  only for the 
case in which the m ean fluid density is unchanging throughout 
the reactor. For gas reactions w ith no increase in the total 
num ber of moles (v =  0), for m ost liquid reactions, for reactions 
in dilute stream s (M 0ca0 < < 1), and in the  initial stages of any 
reaction ( f  »  1), th is condition will be satisfied. Taking m  = 
mo, and defining the space velocity as S  =  G/m^L  (in sec.-1), 
Equations 12 to  15 become:

=
ar

J h .  P Ï  +  iÈ T I
S R 2 U v  v à v J

- z ¿ s ” r ‘

/„ (r, o) =  o

/  (o, v) =  i

(12A)

(13A)

(14A)

(ISA)

The various possibilities for mTk have been extensively dis
cussed (4). Let us suppose, by way of example, th a t  the  surface 
is only sparsely covered w ith adsórbate and th a t the  reaction on 
the surface is much slower than  the ra te  of adsorption. The sur
face concentration is then given effectively by th e  adsorption 
isotherm in the absence of reaction. For a first-order reaction 
on the surface, under these conditions,

mTt = —kiQ (18)

where =  moles adsorption sites per cm .2 of surface
dk =  fraction of sites occupied by th e  k th  so rt of mole

cules
fci =  fraction of molecules adsorbed which react per 

second

W hen reaction occurs between adsorbed molecules and impinging 
molecules in the gaseous phase,

mTk =  — k2 W tmcj (19)

W hen reaction occurs bimolecularly between ad jacent molecules 
absorbed on the  surface,

mTk = - k ' t  O V *  (‘¿O')

For a sparsely covered surface,

(21)

where ka, kd =  specific ra tes per cm .2 for adsorption and desorp
tion, respectively.

For the first-order case, which also includes a bimolecular reao-. 
tion w ith one component in large excess, Equations 18 and 21 
give:

m T t  =  — fciTOoCtofl/
where fei =* k[ka/k d
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/„O -, i )  =  _  * * ¡ 9 / (22)

The set of Equations 12A, 22, 14A, and 15A is identical with 
th a t considered by Paneth and Herzfeld in the kinetic analysis 
of the removal of metallic mirrors by free radicals (<?). I t  is 
readily solved by standard methods. W riting

« =  Dk/SR*;  «  =  R kS l/D *; /  =  Z(t;).R(n)

Equation 13A reduces to  two ordinary differential equations:

— + \ kZ  = 0

s ?  +  ; f  +  X Ä - °

(23)

(24)

where X is a separation constant w ith values to be determined. 
E quation 23 has the solution

Z  =

while Equation 24 has the general solution

R  =  A / ,(V X )))  +  BYo(VXv)

(25)

(26)

where and Fo are the Bessel functions of zero order. Equation 
14A becomes:

R v( 0) =  0 =  A J ’( 0) +  BV'(O)

B ut Y 0 is infinite a t the  origin whereas Jo is zero a t the origin; 
hence B  = 0. Equation 22 indicates th a t X m ust satisfy the 
relationship,

a,7o(v/X) =  — = + V > T / i ( v />5 (27)

Suppose Equation 27 to  be satisfied for the series of values X =  
X,-, deferring their evaluation for the moment. Equation 24 then 
has the solution,

Rj — A jJo ( \ /  XyT) ) 

and Equation 15A becomes

CO

i - £ 4  v)
J - 0

which m ay be solved for A,- as will be seen. 

The complete solution is, then,

CO

f  A , M V \  v)
j - o

(28)

(29)

(30)

The mean conversion over the entire cross section of the reactor 
is 1 — / ,  where

r x  ~  r i
f  = 2 /  f vdv = 2^ A ie- ' x'-f /  vJo(V \-v)dv  (31) 

JO  i=0 J O

Constant A j  may be determined from Equation 29 by applying 
the relations,

f o l  v W o iV ^ V d r ,  =  I  I J K V ^ i)  +

v J o ( V ^ f n ) J t ( . - \ / ^ k v ) d v  =  0 ( h  4 : j )

/: vJo('V%v)dv =  <A(v/ k í)/V x ;

(32)

(33)

(3 4 )

Figure 1. Chart for Determining Xo, the First 
Root of Ji(x)/J:,(x) = a /x

Thus, from Equation 29, 

A ,  =
2  M V ^ i )

Vx;-[/?(V x;-) +  j s ( \ / x/ ) i

and from Equation 31,

J l ( V ^ ) e - ^ r
/ - 4 £

/ r 0 \ [ J l ( V * i )  +  J i i V ^ j ) ]

Substituting for Ji  (A /xj) from Equation 27

7  =  4 £
e~  *X/f

/  =

J =  0  ( “ 2 +  x>) "

Xo(X» +  a 2)

(35)

(36)

(37)

(38)

where A,- =  777  ̂ ~í~ e—*(V—*»)f 
Xj (X; +  a 2)

There remains only the evaluation of X,- from Equation 27. 
This may be done graphically in any case, as shown in Figure 1, 

where l / \ / x  is plotted against J 'i(V /X)/>/o(V/X). W ritin g *  — 

\ / x ,  Equation 27 becomes:

J Á X )

Joix)
(39)

The roots are given by the intersection of the rectangular h y 
perbola, ol/x, with the Bessel-function analog of tan  x, J i ( x ) /  
Jt(x). The la tter has poles a t the roots of J 0{x) and the same 
zeros, X j ,  as J i{x ):

(1 +  \ j )  4 2jr(1 +  [ l  ir2(1 +  4j.)2 + - ]
(40)

or xi — 3.8317; x¡ =  7.0156; x3 = 10.1735
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Figure 2. Lines of Constant Product Composition,/, showing * vs. a 

C orrection  ter m s to  E q u atio n  38 are requ ired  for  p o in ts  w ith in  th e  sh a d ed  area

For certain ranges of values of a, Equation 39 has simple ana
lytical solutions.

Equations 38 and 39 show th a t conversion depends on the  two 
dimensionless ratios a  and k, which may be written

only for k greater than  0.186. This gives a 
lower lim it of 120 for L /R .  Thus, if reaction 
occurs in a tube more th an  60 diam eters in 
length, diffusion will have no significant effect 
on conversion. The num ber 60, based on 
measurements of Sherwood and W oertz (8) 
on air and carbon dioxide, would be less for 
denser fluids. The im portance of th is lim itation 
in the  use of “differential reactors” , recom
mended by Hougen and W atson (4), should be 
emphasized, for if the  catalytic bed is too short, 
the  diffusivity of reactants and products must 
be considered in analyzing the resulting data. 
In  pelleted catalysts the  appropriate value 
of R  is of the same order of m agnitude as the 
mean pellet radius; therefore it is not surpris
ing th a t diffusion is found to  be of only minor 
im portance in m any catalytic reactions (1). 
Two cases now need to  be considered:

C a s e  I. Diffusion to  the wall is rapid in 
comparison w ith the half life of the reaction on 
the surface, a  is then very small. The first 
root of Equation 39 will also be very small. 
For small x, J i ( x ) / J a{x) «  x /2 . Hence Xo = 
V 2 a and X0 =  2a. W hen k is large enough so 

th a t Ay m ay be neglected in E quation 38,

/  =
e - r / t i / 2 e—2k<x

(42)

B 2 fen 
Dt  ‘ R

21 j> 

¿1/2
(41)

Dk 
R 2 ' 2 ti)

where to =  722/2Z>* =  average time required for a molecule to 
diffuse a distance R  

R /h Q  =  half life, in seconds, for reaction on given 
amount of surface per unit volume 

1/S  =  nominal contact time based on space velocity 
of feed

¿1/2 —

The orders of magnitude of a and k likely to  be m et in practice can 
now be estim ated easily. Diffusivities in gases range from D  ~
10 cm .1 sec.-1 for turbulent diffusion down to D »  10~2 cm .2 sec.-1 
for diffusion in lam inar flow. If the tube radii range from R  =  10“ 2 
to  R  =  10 cm., I d  will range from 104 to  10“ 3 second. Any 
reasonably fast reaction has a half life ranging from tlri =  102 to 
104 seconds. Hence a  will range from 10-7 to 102.

In  turbulent flow the diffusivity, Dk, should be defined in terms 
of a mass transfer coefficient, defined by

iVt =  —Dt Amck/R

where iV* =  moles of component A t  transferred per cm .2 per 
sec.

A met = difference in concentration between midstream  
and wall

All of the  theories for estimating Nk agree (7) th a t it is nearly 
proportional to  the mean velocity. Thus, Sherwood finds th a t
V  A m c/N  = 650 in air and carbon dioxide for Reynolds numbers 
greater than  15,000. Putting  V  =  S L  gives Dk =  N kR / Cymck 
=  R SL/650  and k =  L / 650 R. This result implies that, since 
th e  ratio  k of contact tim e to  diffusion tim e is constant a t all 
space velocities in a given reactor, an increase in space velocity 
brings about an exactly compensating increase in diffusivity by 
turbulence. One m ay expect, therefore, th a t when diffusion is 
exclusively ra te  controlling (in the lim it of very high space ve
locities), conversion will become independent of space velocity. 
I t  will be shown th a t diffusion is a modifying factor in conversion

1 +  a/2 1 +  a/2

As a —►  0, this approaches the value to  be expected for a nonflow 
system.

Figure 2 shows the relation between param eters k and a when 
conversion is kept constant, calculated from Equations 38 and 
39, and neglecting all term s bu t the first. Small values of a re
quire large values of k  to  m aintain conversion. T h at is, slow re
actions require long contact times, diffusion ra tes being equal. 
B ut large values of k are just those for which higher term s in the 
series of Equation 38 are negligible. Figure 1 shows th a t X0 = 
2a with sufficient accuracy as long as a £  0.1. Under these con
ditions, \ i  ~  14.5 and the second term  in E quation  38 becomes, 
a t most, Ai =  0.001 (for « =  0).

For larger values of a  a more accurate evaluation of it is r e 

quired. Graphical and numerical solutions of E quation 39 w e re  

used in computing Figure 3. The higher term s of E quation 38 
do not have to  be considered for values of k greater th an  0.186. 
B ut the correspondingly short contact tim es occur in  practice

Figure 3. Xo vs. a, Where a  = (Mean Diffusion Time'»/ 
(Reaction Half Life)

tzzzzS B s m z m m m m zzgzzzz
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W  = grams catalyst per cm .3 reactor spaoe 
p =  pellet density 
d = pellet diameter
2 =  actual surface area per gram catalyst 
N  = number pellets per cm .3

Z ko.

Figure 4. Fraction Unconverted, / ,  vs. Time-Temperature Factor, 
2 k « ,  Where 2xa = (Contact Time)/(Reaction Half Life)

APPLICATION TO PELLETED  C ATA LY ST

The extent to which the foregoing results are 
applicable to  reactors packed w ith pelleted 
catalyst needs further consideration. Qualita
tively a t least, the interstices between the 
pellets m ight be considered as “ cylindrical” 
reactors. Radius R  in the previous equations 
would then be an effective one for the packing. 
Parameters k and a  may be rewritten in terms 
of the surface area per gram of catalyst and the 
pellet diameter as follows.

I t  is required th a t Equation 13A give the 
moles of reactant converted per cm .2 nominal 
surface per second. Let

only for very fast reactions, in which case a  is so large th a t the 
controlling influence of diffusion rate m ust be considered in more 
detail.

C a s e  II. Diffusion to the wall is slow in comparison to  the 
half life of reaction on the surface. Param eter a is then large 
and diffusion is ra te  controlling. Inspection of Figures 1 and 3 
shows that, for this case, large variations in a  give relatively 
small changes in Xo. Hence the qualitative behavior of Equa
tion 38 can be observed by holding Xo constant as a  varies. As 
a approaches infinity, Xo -*■ 5.783 and Xi —►  30.471. The term 
Ai in Equation 38 then becomes exp. ( — 24.688 k). This is less 
than 0.01 for k  greater than 0.186. Hence for infinitely fast dif
fusion the correction term s A/ are unim portant if k is greater 
than  0.186. I t  has already been pointed out th a t this condition 
is autom atically satisfied by turbulent flow a t Reynolds numbers 
above 15,000 in a tube more than  60 diameters in length.

At lower Reynolds numbers the diffusivity is effectively a con
s ta n t of the flowing mixture, independent of mean velocity. 
Consequently, there will be a maximum space velocity above 
which higher term s in E quation 38 m ust be taken into account. 
In  short contact times, reaction will be reasonably complete 
only for the larger values of a (Figure 2). The shaded area in 
Figure 2 includes the values of k for which Aj in Equation 38 ex
ceeds 0.01. The limiting value k =  0.186 a t  a  -*  <*> js mueh re
duced for smaller values of a . This chart serves as a useful 
guide to  the validity of the simple ra te  law of Equation 38.

Interm ediate cases, in which diffusion is a modifying bu t not 
the exclusive rate-controlling influence, are depicted in Figures 
4 and 5. In  Figure 4 the fraction of unconverted reactant is 
plotted against the “tim e-tem perature” factor, 2 k u , for several 
values of k and a . Figure 5 shows the ratio of these fractions to 
those to be expected for infinitely rapid diffusion (a =  0) a t the 
same value of Ka. Graphically and numerically determined 
values of Xo have been used. These charts provide a quantita 
tive evaluation of the importance of diffusion as a rate-modifying 
process.

Since previous treatm ent of this problem (3) was confined to 
just those conditions in which higher terms in Equation 38 must 
be considered, it  has seemed worth while to discuss the present 
case in some detail. W ithout extensive numerical integration 
it is impossible to  say just what modifications m ust be introduced 
when the mean density of the reacting fluid is no t constant. 
However, analogy w ith the homogeneous case, where exact solu
tions are possible, suggests th a t the results would be only slightly 
modified. No doubt the percentage correction to  the yield 
would be about the same. Figure 5 should be a useful chart 
even when there is an increase in the total number of moles as 
reaction proceeds.

For cubic packing, N  =  1/d3, bu t this expression will be some
what different for other types of packing or for irregular pellets 
{2). Hence,

N  =  N o (l/d 3)

where No = QW/tp is a packing factor, equal to unity for cubic 
packing. The amount converted per cm .3 reactor space is 
WSQfciOToCto/, in moles cm.-3 sec.-1. The nominal surface—
i.e., th a t calculated assuming perfectly smooth spherical pellets— 
is ird!.No/d3 =  irNo/d. Hence the equivalent of Equation 22 is:

,  R W xd tikJ
/ , ( f ’ } D k irNo (4 3 )

Figure 5. Correction Factor for Influence of Dififu- 
sivity on Yield, Where /o  = E x p .(— 2«o<), 2not = 
(Contact Time)/(Reaction Half-Life), a — (Mean 

Diffusion Time)/(Reaction Half-Life)
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T he distance, R, a molecule m ust diffuse to  reach the surface will 
be of the order of m agnitude of the pellet diameter, d. We may 
pu t R = dud, leaving do as an empirical “diffusion radius factor” . 
We have then

WZdW&ki
D u tN o

(44)

The nominal space velocity, So, based on an em pty reactor is: 

s„ =  S{ 1 -  W/p) (45)

hence <c =  Dk/R*S =  Dk( 1 -  W/p)/S0d*od* (46)

When a  is small, conversion depends only upon: 

TFsi2fc,(l -  W/p)
2 k a  — 2  ■

SovdlNa
(47)

W hen diffusion is not rate controlling, conversion is independ
ent of pellet diameter, d ,  and varies only w ith the am ount of 
catalytic surface per unit volume of reactor. The factor (1 — 
W/p)  is the fraction of free space. As it increases, space velocity 
decreases and increases conversion. On the other hand, free 
space can be increased for a given catalyst only a t the expense 
of the to ta l amount of surface in the reactor. This results in a 
maximum value of 2na when W/ p  =  1/t,  other factors than  W  
being held constant. This is close to  the value (0.52) for regular 
cubic packing. One may conclude, therefore, th a t the more 
regularly the pellets can be packed, the more efficient the cata
lyst.

When diffusion plays a dominant role, k is the most im portant 
parameter. The largest values of <c will be had w ith a large free 
space (to decrease space velocity) and a small pellet diameter (to 
shorten diffusion time). As is to  be expected, the intrinsic ac
tiv ity  of the surface is of minor importance when diffusion is 
rate  controlling. Small dense pellets thus provide the most 
effective catalyst for a given weight of packing.

When the pellets are too far apart to touch one another—for 
example, in “ fluidized” catalysts—the effective value of R  will be 
much larger than the pellet diameter. The factors do and N o  are 
then of more significance than  d  and N .  Substituting N o  = 
&W/vp,

a  =  X p d ^ i U / Q D t  (48)

and 2 k  a  =  2(1  — \ V  / p )  p  k  1Í2 /  3 d 0 (49)

For such catalysts, conversion will be highest for dense pellets 
w ith large free-space (to reduce space velocity), w ith high specific 
surface, and close together (to get the maximum aid from diffu
sion). The value of do can be estim ated in term s of the fraction 
of free space. There are N i n  pellets of diameter d per cm. if 
they are regularly distributed. This gives a separation of 1 / N 1 n

— d  cm. or

(50)

since N  =  6 W ' / i r d ’p  for spheres. Again there is an optimum 
value of W / p  which gives maximum conversion for other par
ameters held constant. However, since in practice, W / p  in a 
fluidized bed is decreased by increasing the space velocity, this 
maximum m ay not be observed.

Thus, the qualitative conclusions are not seriously modified 
in passing from the highly idealized unpacked cylinder to  a real 
bed of pellets. The significant dimensionless variables for em
pirical analysis are the same, and the qualitative dependence of 
conversion upon them should be similar.

Analysis of more complex reaction mechanisms than  th a t a t
tem pted here unfortunately leads to great m athematical diffi
culties when a general treatm ent is desired. Numerical inte
gration for specific values -of k and a would afford a solution in 
particular cases. However, i t  is likely th a t rational empirical 
analysis of experimental results in terms of these parameters 
would be a more satisfactory procedure.

This calculation does not take into account the “effective
ness” of the pelleted surface. As Thiele (9) showed, the  entire 
surface of a closed pore is not equally accessible to  reacting mole
cules. This is because the reactants m ust penetrate the  pore 
by diffusion which, for a fine capillary or a fast surface reaction, is 
so slow th a t the reactants are adsorbed and converted prim arily 
on the portions of the capillary nearest the entrance. This con
sideration (4) introduces an “effectiveness factor” in the  estim a
tion of the specific surface, 2 .

In  comparing different catalysts as to  intrinsic activity , it is 
clear th a t conversion m ay be used as a criterion, provided to and 
k are kept constant in all runs. This will be true for any reaction 
in which the velocity depends upon a single specific reaction rate. 
Thus all the techniques of empirical correlation pointed out (5) 
for homogeneous reactions can be carried over to  a study of 
heterogeneous reactions.

ONE PR O D U C T A CCUM ULATES

In  m any catalytic systems catalyst activity  declines because 
the surface becomes coated w ith a nondesorbed reaction product 
as reaction proceeds. In  this case the  preceding analysis m ust be 
modified, since a steady sta te  is not reached. The analysis of the 
fluid stream  proceeds ju st as before. However, the specific 
surface activity, 0 , is now a variable, decreasing w ith tim e and 
giving a  problem of type A.

Let us suppose as before th a t the reaction occurring is 2 a;A; —<• 
'SbmBm, but th a t now one of the  products, Bp, deposits on the 
catalytic surface and poisons it. For this component the ve
locity is zero, and E quation  2 becomes:

( r - B )

As an example, let B p  be formed unimolecularly from A a  and let 
A a  disappear unimolecularly, b u t w ith a different ra te  constant. 
Further, suppose the active surface to  decrease in area a t the 
same rate a t which Bp is formed. Then on the surface,

=  —KarrutCaof (51)

Equations 12A to 15A hold as before for this case, so th a t /  de
pends upon tim e only implicitly through £2 . Hence, putting r/ =
1, Equation 29 m ay be substituted into Equation 51 and the 
integration performed. P u tting  il =  aDk/Rki  and 7 =  Â 'moCao, 

% - - y *

d a /  a f (52)

To complete the integration we need to  know f(a ) .  We have 
seen th a t most practical cases are covered by

/  =  e - « a / ( i  +  cl/ 2 )  ( a  ^  0 . 1 )  ( 5 3 )

The integration may be performed in series to  give

—  y t  =  I n  ( a / a o )  - f  $  ( a / a Q)  +  Q  ( 5 4 )

*" -2™ (‘ - 5) + w  0 - (5)1 +
-  + - ( = ) • > -  m

— Q =  (e2*ao -  g2ra)/4k

hence a  — aae—y t - * - Q  (56)

When conversion is low (2k«o< < 1), Q «  0, —$  »  2koc -
2 k a, and

a  =  aoe~ t í —2«i+2«m  - e—yt
fn (57)
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where/o =  exp. (—2 xa0) is the conversion under given reaction 
conditions on an unpoisoned surface. This may be substituted 
into E quation 53:

/  =  /o*- 7 '///. (58)

The factor y  can be evaluated empirically by taking logarithm s:

- y 1  = —In(///„) +  In (59)

This equation is remarkable in presenting one of the few theo
retically justified log-log curves.

Equation 57 shows th a t the effectiveness of the surface, at 
constant process period t, decreases with increasing conversion;
i.e., more active catalysts are more quickly poisoned. 'N ear the 
beginning of the process period, activity falls off in exact 
proportion to the decrease in reactant and linearly w ith increas
ing process period. Thus one would expect the poisoning de
posit to build up in inverse proportion to  the concentration of 
reactant and to increase exponentially with time when conver
sion is low. Other mechanisms of poisoning will, of course, give 
different kinetic behavior.

The case in which diffusion is ra te  controlling is not so easily 
treated since there is no analytical expression for X under these

conditions. The limiting case, Xo =  constant, is not of practical 
importance, since the large values of a  for which it  holds are soon 
reduced by poisoning. For the experimental determ ination of 
rate constants, very fast reactions for which a0 is large may be 
studied best on almost completely poisoned surfaces, to  which 
Equation 59 will apply. In  the converse problem, given the 
rate constants and specific surface area, a numerical integration 
of Equation 52 will serve in calculating the conversion to be ex
pected.
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Mercurial Fungicide Wax 

Problems
W IL F R E D  F . H O R N E R  AND 

F . R U S S E L L  K O P PA
B elm o n t R adio  C orporation , Chicago, III.

H . W . H E R B S T
Biwax C orporation , Skokie, III,

T
O PR EV EN T the deterioration and complete failure of cer
tain  m ilitary equipment, moisture- and fungus-proofing has 
become an accepted p a rt of the  manufacturing process. M any of 

the component parts and assemblies requiring this treatm ent are 
processed w ith a fungicidal microcrystalline wax in either an 
open or vacuum impregnating tank. Im mediately after the intro
duction of such processes, it was noted th a t this procedure in
volved problems which had not been fully anticipated.« After a 
short period of use, ciystals of the fungicide were observed on the 
covers of the wax tanks. This suggested th a t the fungicide was 
subliming, and, as a result, its concentration in the wax was de
creasing. Thus, the fungicide concentration would eventually 
reach a point where protection against fungus growth would no 
longer exist.

Our laboratories were confronted w ith the problems of de
termining the  ra te  of decrease of the  fungicide in the wax during 
processing, the  effect of the tem perature of the wax ba th  upon 
ra te  of sublimation, the effect (and possible revision) of vacuum 
during cycling, and the  determ ination of a minimum fungicide 
concentration necessary to provide protection against fungus 
growth.

One per cent of phenylmercuric salicylate (as a fungicide) in
corporated in a microcrystalline wax was used in production. 
M any parts, previous to  the introduction of the tropicalization 
program; had been processed in open wax tanks. Fear of toxicity 
of fungicide to  personnel engaged in processing resulted from the

Fungus growth closely parallels the fungicide concen
tration in microcrystalline waxes. High temperatures 
rapidly deplete the fungicide concentration in micro
crystalline waxes. At 105° C. mercurial fungicides afford 
best protection in the following order: phenylmercuric 
stearate, phenylmercuric salicylate, pyridylmercuric 
stearate. At 125° C. the order of protection is: phenyl
mercuric stearate, phenylmercuric salicylate, pyridyl
mercuric stearate. The minimum amount of fungicide 
in waxes necessary to provide prote » a  against fungus 
growth is as follows: pyridylmercuric stearate, about 
0.35% ; phenylmercuric salicylate, about 0.10% ; phenyl
mercuric stearate, about 0.08% .

lack of clear-cut scientific d a ta  as to  the toxicity of the com
pounds being used. As a result, open-tank processing was 
quickly abandoned.

Vacuum impregnation was based upon a  40-minute cycle con
sisting of: (a) baking parts to  be impregnated 20 m inutes a t 
230 ° F . (110 ° C.) a t vacuum  of not less than 20 inches of mercury;
(6) running hot wax into the tank  to  cover parts and retaining the 
vacuum 5 m inutes; (c) releasing the vacuum and allowing the 
parts to  soak in wax »t 230° F. for an additional 5-minute period; 
(d) draining the wax from the tank  and allowing the excess wax to 
drain from the parts for 10 m inutes a t 230° F .; and (e) removing 
the parts from the tank  and allowing them  to  cool in the open air.

A SAMPLE of the original wax was taken, and samples were also 
removed from the  vacuum tank  daily; all were subm itted to 
chemical and biological tests. The conventional method of 
titra ting  mercuric salts w ith a  standard thiocyanate solution1

1 Kolthoff, I .  M ., and  Sandell, E . B ., “ Textbook of Q uantitative Inorganic 
Analysis” , rev. ed., p . 480, New York, M acm illan Co. 1943.
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Canvas-Base Bakelite Coated 
with Wax Containing No Fun
gicide, Showing Heavy Growth;
Tested with A. n ig er  6277

was used to determ ine the  fungicidal content of the  waxes. A 
2-gram sample of wax was weighed into an Erlenm eyer flask and 
dissolved in 50 cc. of warm benzene. W hen a  clear solution re
sulted, 50 cc. of acetone followed by 10 cc. of distilled water were 
added. The sample was titra ted  w ith a standard solution of 0.01 
N  potassium thiocyanate using 2 cc. of ferric ammonium sulfate

as indicator. After each addition of th e  
potassium thiocyanate the samples were 
thoroughly shaken. The end point was the  
characteristic orange-pink coloration ob
served in the  aqueous portion which 
separated upon standing2» The thiocyanate 
solution was standardized using weighed 
quantities of the fungicide.

The wax samples for chemical tests were 
also used for mycological tests. The pro
cedure consisted of im pregnating 3-cm. 
disks of W hatm an 41 H  filter paper w ith the 
wax and then leaching for 8 hours in  run
ning tap  w ater a t 25° C. (77° F.). The 
samples were placed on a  nutrient-agar 
medium in Petri dishes and inoculated with 
spore suspensions of pure and m ixed fungus 
cultures. Pure cultures of Aspergillus niger 
6277 and Trichoderma koningi, and a mixed 
culture of Chaetomium globosum 6205, 
Pénicillium luteum  9644, and Aspergillus 

niger 6277 were used. Ten-day incubation a t a relative hum idity 
greater th an  95%  and a  tem perature of 30 ° C. (86 ° F.) followed.

* Cl -  interferes w ith  th is  te st. T he C l"  was p rec ip ita ted  as AgCl.* Com
parison w ith  s tan d a rd  solutions ind ica ted  th a t  the  C l~  con ten t of th e  waxes 
utilized in th e  tests  was less th a n  th a t  of a s ta n d a rd  solu tion  containing 1 mg. 
of C l” per liter in a  1 :9  U NO ) solution.

Canvas-Base Bakelite Treated 
with Mercurial Wax, Showing 
No Growth and a Zone of Inhi
bition; Tested with T. k o n in g i

O rig in a l. U n h ea ted  sam p le; 0.90%  p h en y l- 1. H eated  a t  105° C. for 24 h ou rs; 0.89 2. H ea ted  a t 105° C . for 72 h o u rs; 0.86
m ercu ric  stea ra te  in  a m icro cry sta llin e  wax % p h en y lm ercu r ic  stea ra te  rem a in in g  % p h en y lm ercu r ic  stea ra te  r e m a in in g

3. H ea ted  a t 105° C. for 144 h ours; 0.83 
% p h en y lm ercu r ic  stea ra te  rem a in in g

Typical Set Used in

4. H eated  a t 105° C. for 264 h ou rs; 0.75 5. H ea ted  a t 105° C. for 360 h ours- 0 70
% p h en y lm ercu r ic  steara te  rem a in in g  % p h en y lm ercu r ic  stea ra te  re m a in in g

Making Data for a Mycological Graph (T r ic h o d e rm a  k o n in g i)

m
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HOURS

Figure 1. Original-Production 
Vacuum Cycling

Figure 2. Revised-Produc- 
tion Vacuum Cycling

Where results were difficult to interpret, observations were made 
with a 30 X magnification.

Similar chemical and mycological tests were performed on 
waxes containing 1%  of several mercurial fungicides; these 
fungicidal waxes were heated in the laboratory in a therm ostated 
and well-ventilated oven for 360 hours. A t various intervals in 
the heating period, samples were taken for testing.

FIG U R E 1 indicates results obtained with the  original vacuum 
cycle. Heating was continuous. As a result of the  initial rapid 
decrease in fungicide concentration during processing, the cycling 
was revised.

Figure 2 indicates results when a revised vacuum cycle was 
used. The abscissa is given as hours in the tank  and does not 
indicate a period of continuous heating. Heating (by steam) of 
the production tan k  was begun about one hour before use; a t the 
end of each production day, heating was discontinued and the 
tank  allowed to cool. Figure 2, then, shows the to ta l time the 
wax remained in the tank. Step 2 of the original vacuum cycle

was changed so th a t the vacuum was released immediately 
after the hot wax covered the component parts. As a re
sult of this revised heating and vacuum cycling, the sudden 
initial decrease in fungicide concentration was eliminated.

In  Figures 3 to  8 the “zone of inhibition” may be defined 
as the clear area around a test sample in which the spores 
from the inoculation did not germinate and mycelial growth 
was absent. The zone of inhibition was determined by 
measuring the distance of clear area around the test sample. 
Petri dishes 10 cm. in diam eter were used, and the test 
samples were 3 cm. in diameter.

If  fungus growth did not occur in the region 0.5 cm. 
or less from the sample, the zone of inhibition was classi
fied as narrow. The zone of inhibition was classified as 
medium if no growth occurred in the region 0.5 to  1.5 cm. 
from the test sample, as wide if from 1.5 to  2.5 cm. from 
the sample, and as very wide if 2.5 to  3.5 cm. from the sam
ple. On the mycological graphs the ordinate (growth) 
axis refers to  fungus growth on the test sample itself.

Figure 3 indicates the results obtained with a  microcrystalline 
wax containing 1% of phenylmereuric salicylate heated a t 
105° C. (221° F.). The quantity  of fungicide (0.13%) present 
after heating for 360 hours was sufficient to provide fungus pro
tection (narrow zone of inhibition). There was a slow, uniform 
desrease in the fungicide concentration. The solid line represents 
the results obtained w ith Aspergillus niger 6277, the broken line 
Trichoderma kaningi, and the dashed line the mixed culture 
(A. niger, Penidllium  luteum  9644, and Chaetomium globosum 
6205). The same code system is used throughout.

Figure 4 indicates the results obtained with the same wax 
heated a t 125° C. (257° F.). The initial decrease in the concen
tration of the fungicide is rapid. W hen compared with Figure 3, 
it is evident th a t heating a t 105 ° C. is preferable to th a t a t 125 ° C. 
However, even after heating for 360 hours a t 125° C., fungus pro
tection was still present. A t 168 hours (0.10%) fungus growth 
occurred up to bu t not on the test sample (no zone of inhibition). 
This condition prevailed through the remainder of the 360-hour 
heating period.
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Figure 3. Phenylmercuric Salicylate Heated at 105° C. Figure 4. Phenylmercuric Salicylate Heated at 125° C.
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Figure 5 indicates the results obtained with 1%  of phenyl- 
mercuric stearate in a microcrystalline wax heated a t 105° C. 
The fungicide concentration remains above 0.70% throughout 
the 360-hour heating period. Mycological results similar to  the 
initial (unheated) samples were obtained even after 360 hours of 
heating. All samples of the pure and mixed cultures showed a 
wide zone of inhibition.

Figure 6 indicates the effects of a  higher heating tem perature 
(125° C.) on the  same wax. Comparison of Figures 5 and 6 
clearly illustrates the effect of an  increase in tem perature on mer
curial fungicides in waxes. A t 125° C. good fungus protection 
was obtained for a t least 192 hours (0.18%) as compared to more 
than  360 hours when heated a t 105 ° C. The decrease in the per
centage of the fungicide was considerably more rapid a t 125° 
than  a t 105° C.

Figure 7 indicates the results obtained with 1% of pyridyl- 
mercuric stearate in a micrqcrystalline wax heated a t 105° C. 
Proper fungus protection was present only up to  192 hours 
(0.50%) for A . niger and P. luteum and up to 96 hours for T.

kôningi. Although heating for 360 hours had only reduced the 
fungicide concentration to  0.44%, fungus protection had been 
lost.

Figure 8 indicates the effects of the same wax heated a t 125° C. 
Proper fungus protection was present only up to  144 hours 
(0.35%). The decrease in fungicide concentration continued for a 
longer period when heated a t 125 ° than  a t 105 0 C.

Mycological tests indicate a  minimum concentration of fungicide 
necessary to  provide protection against fungus growth. When 
the  fungicide concentration in production has decreased to th is 
minimum level, the  concentration m ust again be increased by the 
addition of a  "fungicide concentrate” (either a  true  solution or a 
colloidal dispersion of the fungicide in the  wax).
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POLYMERIZATION OF 
ALPHA-METHYLSTYRENE

A . B . H E R S B E R G E R , J . C . R E ID , AND R . G . H E IL IG M A N N

T he A tla n tic  Refin ing C om pany, Philadelphia  1, Pa.

a-Methylstyrene has been homopolymerized by solutions 
of Friedel-Crafts catalysts in organic solvents at tempera
tures as low as —130° C. to molecular weights as high as 
84,000. The highly polymerized product includes a wide 
range of molecular weights as shown by distribution 
curves based on fractional precipitation. This polymer is 
not distorted in boiling water and has a higher fusion point 
than polystyrene but is inferior in strength to the latter. 
A copolymer of isobutylene and a-methylstyrene which

can be formed into thin, strong, flexible sheets has been 
made by the same polymerization technique. The emul
sion copolymerization of butadiene and a-methylstyrene 
yields an elastomer comparable to that now obtained from 
butadiene and styrene; the optimum ratio of butadiene to 
a-methylstyrene contains a greater proportion of butadi
ene than is used with styrene. In this copolymerization 
a-methylstyrene has advantages of stability and ease of 
handling when compared to styrene.

THE large-scale m anufacture of low-cost cumene (isopropyl- 
benzene) perfected for aviation gasoline is also a potential 
basis for the m anufacture of low-cost alpha-methylstyrene. 

Good yields of this monomer can be obtained from cumene by 
dehydrogenation (1). Unlike styrene, a-methylstyrene does not 
undergo spontaneous polymerization on heating. I t  can, there
fore, be distilled a t atmospheric pressure, stored, and handled 
without loss due to polymer formation. I ts  properties along 
with those of styrene are given in Table I.

The m any published studies of the homopolymerization of a- 
methylstyrene fail to give high-molecular-weight polymers. 
Klages (7), using phosphoric acid as catalyst, obtained an un- 
saturated polymeric product of low molecular weight. Tiffeneau
(21) reported th a t the use of concentrated sulfuric acid as cata
lyst yielded a saturated dimer, which he concluded was diphenyl- 
dimethylcyclobutane. L ater investigators (2) proposed the struc
ture 3-phenyl-l,l,3-trim ethylhydrindene for this saturated di
mer. The formation of a polymer (molecular weight 4200) by 
contacting a-methylstyrene w ith activated bleaching earth  or 
clay is claimed by Stanley and Salt (14); Lebedev and Filonenko
(9) also disclosed an unsaturated low-molecular-weight polymer 
upon contacting with Florida earth. Sapiro el al. (12) investi
gated the high-pressure polymerization of a-methylstyrene and

reported th a t polymers having a  molecular weight of 5600 to 
6100 are produced a t pressures greater than 3000 atmospheres 
a t about 100° C. in the absence of any catalyst. Hydrochloric 
acid, benzoyl peroxide, and zinc chloride failed to accelerate this 
reaction. Staudinger and Breusfch (16), in a rather extensive 
treatise on the polymerization of a-methylstyrene, claimed th a t 
it does not polymerize on long standing, either with or without 
exposure to light in the cold; they stated  th a t w ith heat and 
catalysts i t  is much more difficult to polymerize than  is unsub
stitu ted  styrene. Treatm ent with stannic chloride yielded satu
rated polymerization products from the dimer to  the octamer, 
whereas vigorous action yielding unsaturated polymeric materials 
was observed w ith titanium  tetrachloride and boron trichloride 
catalysts. The unsaturated dimer found in the foregoing prod
ucts was reported (2) to be 2,4-diphenyl-4-methyl-l-pentene.

Several copolymers w ith alpha-substituted styrene are also 
reported in the literature. Palmer (10, 11) stated th a t alpha- 
substituted styrenes are not polymerizable alone by means of 
heat, b u t th a t a clear, colorless resin was readily formed by co- 
polymerizing a-methy 1-p-methylstyrene with styrene. Kropa (8) 
achieved copolymerization of this same monomer with acrylo- 
nitrile. Copolymers of a-methylstyrene with maleic anhydride
(4) and w ith butadiene (22) are recorded in the pa ten t literature.
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T a b l e  I .  P r o p e r t i e s  o f  a - M e t h y l s t y r e n e

Styrene (SA)  
a -M eth y ls ty ren e  (SA ) 
o-M ethy lsty rene  (exptl.)

Sp. Gr., 20 /4 M .P., B .P ., R efractive
d | ° 0 C. ° C. Index, n \°

0.9056 - 3 0 . 6 145.2 1.5470
0.9134 < - 2 0 161-162 1.5384
0.9106 - 2 3 159-164 1.5359

T a b l e  I I .  P o l y m e r i z a t i o n  o p  « - M e t h y l s t y r e n e  b y  I o n i c  C a t a l y s t s  

,------Yields------ .

R u n ,------- D ilution

Reac
tion

Tem p.,

%
mono

mer
con

G. poly- 
m er/g .

In trinsic
viscosity

-Polym er—

Mol. Fusion,
No. Solvent R atio 0 C. verted ca ta lyst l»1 wt. ° C.

I E tC l 14/1 - 1 3 0 8 6 2 1 0 2 .56 58^900 215-227
2 E tC l 14/1 - 1 3 0 85 2 0 0 2 .64 61,300 219-227
3 EtC l 14/1 - 1 3 0 80 3 .62 84,000

196-2284 E tC l 6 / 1 - 1 0 0 0 . 6 8 15,600
5 E tC l 6 / 1 - 1 0 0 0 .6 2 14,200“ 196-226
6 E tC l 2 / 1 -  77 0 .5 0 11,500 206-211
7 E tC l 1 / 1 -  50 73 230 0 .1 9 4,400 157-166
8 E tC l 1 / 1 -  50 35 410 0 .1 9 4,400 172-185
9 E tC l 1 / 1 -  50 45 350 0 . 2 1 4,900 145-162

1 0 E tC l 4 /1 -  50 85 2 0 0 0 .26 6 , 1 0 0 163-189
11 E tC l 14/1 -  50 84 1 1 0 0 .25 5,700 204-213
1 2 E tC l 14/1 -  2 0 0 .036 840 63-76
13 E tC l 1 / 1 -  19 0 .093 2,140 127-137
14 E tC l 1 / 1 -  15 0 .099 2,280 166-177
15 E tC l 1 / 1 0 0 .098 2,260 171-181
16 E tC l 1 / 1 23 0.033 770 86-98

17 CS2 14/1 -  91 91 150 1.30 30,200 217-223
18 C 82 14/1 -  92 70 390 1.04 24,100 175-199
19 CS2 1 / 1 -  50 75 150 0 .3 5 8,050 171-196
2 0 rc-BuCl 1 / 1 -  50 0
2 1 Liquid SO2 1 / 1 -  50 1 0 ¿Ó Low . .........

a a-M ethy ls ty rene  99%  p ure  instead  of 96-97%  as norm ally  used.
& C ata ly s t injected over a  period of one hour.

eter glass orifice by pressure. The outlet of the orifice is held 
about one inch above the surface of the  reaction m ixture. J-“ e 
catalyst addition is regulated, along with further c o o l i n g  o l tn e  
reaction mixture, so th a t a range of tem perature of = 5  
m aintained. After completion of the reaction, the  activ ity  ot 
the catalyst is stopped a t the reaction tem perature by the  aadi-

tion of precooled e thy l alcohol 
t o  the reaction m ixture. W hen 
the polymer forms in  discrete 
particles (lowest tem peratures), 
as much of the  free liquid as 
possible is removed and the 
polymer is further washed with 
cooled alcohol. T he polymer 
is finally broken up in to  small 
pieces, steam -distilled to  re
move remaining unreacted a- 
m ethylstyrene a n d  so lven ts, 
and dried. W hen the polymer 
forms a  viscous gel w ith the 
diluent and unreacted mono
m er, alcohol is added and the 
solvent evaporated until coagu
lation results. The polymer 
is then  thoroughly washed 
w ith alcohol and finally steam- 
distilled.

The catalyst solution is best 
prepared by adding the cata
lyst to a small portion of slightly 
cooled dry solvent, agitating to 
cause solution, adding the re
maining solvent to  bring to 
the desired concentration, and 
chilling to  final tem perature 
in the  catalyst chamber.

C ata ly s t  Soln.

1 %  AlCls in E tC l 
1%  AlCli in E tC l  
1 yo AlCls in  E tC l 
1 %  A lC lsin  E tC l 
1%  A lC ls in  E tC l 
0 .5%  AlCls in E tC l 
1 %  AlCls in  E tC l 
1 %  AlCls in  EtCl»
1%  A lC ls in  E tC l 
1 %  A1CU in E tC l 
1 %  AlCls in E tC l 
1%  AlCla in E tC l 
1 %  AlCls in E tC l 
0 .5%  AlCls in E tC l 
0 .5%  AlCls in  E tC l 
0 .5%  AlCls in E tC l 
1 %  AlCls in  E tC l 
1%  T iC U in  CS2 
1 %  AlCls in CS2 (slurry) 
1 %  AlCls in BuCl 
1 %  AlCls in  liq. SO2

IO N IC -C A T A L Y Z E D  P O L Y M E R IZ A T IO N

Previous experience in this laboratory on low-temperature 
polymerization, such as th a t reported by Thomas et al. (18, 20) 
on isobutylene and on isobutylene-diene copolymers (17, 19), 
prom pted the thought th a t a-m ethylstyrene m ight respond to 
ionic catalysts a t low tem peratures; it  was considered probable 
th a t side reactions resulting in low-moleeular-weight polymers 
would be suppressed a t these tem peratures. A series of experi
m ents w ith ethyl chloride as a diluent for a-methylstyrene and as 
a catalyst solvent for aluminum chloride yielded a series of high- 
molecular-weight polymers not previously reported. The spray 
method of catalyst addition was employed as advanced by 
Thomas et al. (17, 19) for Butyl rubber synthesis. The experi
m ental technique follows:

The reaction system m ade of copper is shown in  Figure 1. 
The catalyst chamber is attached to a nitrogen cylinder equipped 
w ith a pressure-reducing valve. The catalyst solution flows 
through a lagged copper capillary fitted with a valve near the 
injection orifice. A constant pressure (5 pounds per square inch), 
m aintained on the catalyst solution, gives a uniform spray from 
the jet. The reactor has been kept as 
free as possible from internal appliances 
so th a t the formation of polymer does 
no t clog the apparatus. The amount 
of catalyst added is obtained by weigh
ing the catalyst chamber and assembly 
before and after use.

A m ixture of a-methylstyrene and 
d ilu en t is charged to  th e  reac to r 
equipped w ith a stirrer and thermo
couple or toluene thermometer. The 
reaction m ixture is then cooled to  the 
desired reaction tem perature by adding 
powdered solid carbon dioxide (in these 
experiments, down to  —78° C.) or by 
pumping liquid nitrogen into the ex
pansion chamber jacket around the re
action vessel. A previously prepared 
solution of catalyst is then cooled to  re
action tem perature, or to —60° to 
—65° C. when lower reaction tem pera
tures are used, and injected into the 
rapidly agitated reaction m ixture by 
forcing i t  through a  0.012-inch-diam-

H O M O P O  LY M  E R IZ A T IO N

Table I I  gives data  on experim ents run  according to  the tech
nique ju st described; they were carried ou t to  about 80% con
version of the monomer in  m ost cases. In  a  few instances where 
low-molecular-weight polymers were formed, the  viscosity of the 
system became so great th a t  agitation and, consequently, heat 
dissipation became poor and necessitated stopping the experi
m ent. Several experiments run  to  determ ine the  effect of the 
extent of the reaction on molecular weight showed th a t  this was 
negligible in  the range studied. R uns 7 and 9, m ade under iden
tical conditions, show th a t polymer of substantially  the  same 
molecular weight was obtained a t  both  45 and  73%  conversion 
of monomer to  polymer. The average yield was 2 grams of poly
m er per gram of catalyst solution added. The catalyst solution 
used in m ost cases contained 1%  by weight of alum inum  chlo
ride ; thus the  polymer yield was 200 grams per gram  of aluminum 
chloride added.

Since the freezing point of a-m ethylstyrene is about —23° C., 
the technique of using high dilutions of reaction solvent (ethyl

COPPER TUBING LAGGED COPPER 
CAPILLARY

DIAPHRAGM
REDUCING

VALVE

"2 
PRESSURE 

INLET

> COOLER

(thermos bottle)

REACTOR

(c o p p e r-jacketed)
CATALYST INJECTOR

F ig u re  1. D ia g ra m  o f  A p p a ra tu s fo r  L o w -T e m p era tu re  P o ly m e r iz a t io n
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Figure 2. Effect of Temperature on a-Methylstyrene 
Polymerization

chloride in most cases) was employed in order th a t experiments 
could be conducted below this tem perature. In  the limits used, 
dilution ratio of 1/1 and higher (Table II) , there was no apparent 
relation between this factor and molecular weight and yield of 
polymer. Actually the dilution ratio given represents the condi
tion a t the s ta rt of the experiment, since the ratio of monomer to 
solvent changes as the reaction proceeds as a result of the addi
tion of extra solvent and consumption of the monomer. The 
reaction is carried out in a solvent primarily to facilitate better 
heat removal and to have a common solvent for catalyst and

monomer. As will be shown later, the nature of this solvent is 
important.

Figure 2 gives data  plotted from Table I I  which show the rela
tion between tem perature of reaction and molecular weight of 
polymer. The curve is for the system ethyl chloride-aluminum 
chloride. Polymers having average molecular weights from 770 
(at 23° C.) to 84,000 (at —130° C.) were obtained. The mo
lecular weights were calculated from intrinsic viscosities in ben
zene, using Kemp and Peters’ constant (6) for styrene which, al
though probably not exactly correct for a-methylstyrene, is felt to 
provide a good relative measure of the degree of polymerization. 
The samples used for these determinations were subjected to 
rigorous steam distillation and drying to remove traces of sol
vents and unreacted monomer.

molecular weight =  [tj] K  

[„] ln j;r
C-+ 0 C

Staudinger’s constant (IB) gives values approximately three times 
greater, which presumably should be used when paten t literature 
values are compared. A sharp break in the molecular weight- 
tem perature curve occurs a t approximately —100° C. The 
molecular weight distribution curve (Figure 3, upper graph, and 
Table I I I ) ,  obtained on a polymer with an average molecular 
weight of 84,1*100, is interpreted in the light of this sharp depend
ence of molecular weight on reaction tem perature. The distribu
tion curve shows a long tail of low-molecular-weight polymers. 
This m ay be explained on the basis of the reaction being exother
mic. As reaction occurs there is a local-temperature rise in the 
reaction zone which markedly decreases molecular weight. The 
reaction is extremely rapid, similar to th a t of isobutylene (¡30), 
and the heat release can be momentarily greater than  can be dis
sipated. This is the reason for injecting a dilute solution of the 
catalyst and having violent agitation. These facts suggest th a t 
the shape of the distribution curve can be controlled to  some de
gree by variations in catalyst concentration, rate  of addition, and 
heat dissipation methods. A low-molecular-weight polymer 
(average 4500) was also fractionated, and the result is shown in 
Figure 3 and Table I I I .

The differential distribution curves were plotted from values 
obtained from the integral distribution curves of the fractional 
precipitation data  on the polymers. These integral distribution 
curves showed, in the normal manner, the cumulative percentage 
of polymer up to  any given molecular weight, the molecular 
weight of the various fractions being considered as the molecular 
weight a t the mid-percentage of the fraction. The distribution 
curve of the high-molecular-weight polymer was obtained by pre
cipitation of the polymer from toluene by the addition of acetone; 
the curve of the low-molecular-weight polymer was obtained by

T a b l e  III. F r a c t i o n a l  P r e c i p i t a t i o n  o f  P o l y -
a - M E T H Y L S T Y R E N E

Sample
No.

Mol.
W t.

4,500

84,000

Figure 3. Differential Distribution Curves for Poly- 
a-methylstyrene of High Molecular Weight (above) 

and Low Molecular Weight (below)

-—Fraction—» Mol. % x
Mol. Wt.No. W t.% in) W t.

1 6 .0 0 .5 0 11,500 690
2 6 .4 0.46 10,600 680
3 8 .2 0.42 9,600 790
4 13.1 0.31 7,100 930
5 8 .2 0.24 5,600 460
6 7 .5 0.19 4,500 340
7 7 .5 0.14 3,300 250
8 9 .4 0 .10 2,300 220
9 6 .0 0.074 1,700 100

10 2 7 .7 0 .030 700 190
4,650

1 8 .6 4 .92 114,000 9,800
2 25.9 4 .38 102,000 26,400
3 9 .3 4 .31 100,000 9,300
4 26 .9 3.31 77,000 20,700
5 10.7 2 .39 56,000 6,000
6 6 .2 1.56 36,000 2,200
7 7 .6 1.15 27,000 2,100
8 4 .8 0 .3 8 9,000 400

76,900
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Figure 4. Effect of Molecular Weight on Fusion of 
Poly -a-methy 1st yrene

precipitating the polymer from benzene by the addition of methyl 
alcohol.

The reaction was found to be sensitive to  various materials. 
W hen sulfur dioxide was substituted for ethyl chloride as a reac
tion medium, poor yields and lower-molecular-weight polymers 
were obtained. Solvents such as butyl chloride inhibited polymer 
form ation entirely. One system, in which both the catalyst sol
vent and reaction medium were carbon disulfide, produced a 
m arked increase in molecular weight a t a given tem perature. 
Two such experiments are plotted in Figure 2. This effect of 
carbon disulfide was obtained w ith either aluminum chloride or 
titanium  tetrachloride as catalyst. Another experiment was 
run a t —90° C. in which the reaction medium was carbon disul
fide, bu t the aluminum chloride was added in ethyl chloride solu
tion. The molecular weight increase in the polymer, previously 
noted in the case of the carbon disulfide system, was also ob
served in this experiment. Unfortunately, the freezing point of 
carbon disulfide did not perm it its use a t tem peratures below 
-1 0 0 °  C.

All factors bearing on the reaction have not yet been thoroughly 
investigated. I t  was determined, however, th a t the tem perature 
of the catalyst solution was not critical, just so long as it was 
kept a t the  reaction tem perature or, in the cases of extremely 
low reaction tem perature, a t —60° to —65° C. Orifices other 
than  the 0.012-inch size can also be employed, although the maxi
mum orifice size will depend to  some extent on how rapidly heat 
can be dissipated and on the heat capacity of the system. The 
reaction is rapid, and approximately equal 
molecular weight polymers were obtained 
in one set of experiments where the 
catalyst was added over a period of 5 
m inutes in one case and over a period of 
1 hour in the other.

The a-m ethylstyrene employed was ap
proximately 97%  pure, the other 3%  being 
primarily cumene. I ts  properties are 
listed in Table I. Reactions made with 
99.9% pure a-m ethylstyrene did not 
increase the molecular weight of the poly
mers although improved yields per unit 
of catalyst m ight result.

a-M ethylstyrene oxidizes on standing 
in contact w ith air; the products of oxida
tion are formaldehyde and acetophenone.
The a-m ethylstyrene used in the experi
m ents was freshly prepared. Oxidation 
products can be removed by steam  distilla
tion in the presence of reactive phenolic 
compounds such as resorcinol, followed 
by a  second steam  distillation in the pres
ence of sodium hydroxide.

When molded the low-molecular-weight polymers were very 
brittle; the high-molecular-weight polymers were m uch tougher 
b u t were inferior in im pact strength  to polystyrene of the  same 
molecular weight. This greater brittleness compared to styrene 
can be expected as a result of the m ethyl group loading. B rittle 
ness in the high-molecular-weight polymers can undoubtedly be 
overcome to  some extent by incorporation of plasticizers. An 
interesting property of the polymer is its high fusion point. 
Compression-molded pieces are not distorted easily when im
mersed in boiling water. The fusion point-m olecular weight 
relation is shown in Figure 4. L ittle  change in fusion poin t oc
curs above a molecular weight of about 10,000. A comparative 
fusion point for styrene of 9000 molecular weight is 100° C., 
which is about 100° C. lower than  th a t of a-m ethylstyrene of the 
same molecular weight. The figures given are the  m id-tempera
tures between the s ta rt of fusion and complete fusion when the 
powdered polymer was placed on a m etal surface heated a t the 
rate  of 4° C. per m inute.

Figure 5 shows the Laue x-ray diffraction patterns for poly-a- 
m ethylstyrene and for polystyrene. If anything, the rings are 
more distinct in the poly-a-m ethylstyrene pa tte rn ; the  meas
ured distances for the monomer unit and the distance between 
chains indicated by the patterns are not considered absolute. 
The values for polystyrene check closely those reported by 
K atz (5).

C O PO LYM ERIZATIO N

W i t h  I s o b u t y l e n e .  The ionic catalyst procedure was used 
to prepare a copolymer from 80 parts of isobutylene- and 20 parts 
by weight of a-m ethylstyrene a t —108° C. in ethyl chloride 
with aluminum chloride as catalyst. The therm oplastic product 
could be readily rolled ou t into  thin, dry, pliable, translucent 
sheets. Similar reactions in which higher am ounts of a-m ethyl
styrene were employed yielded only crumbly polymers of low 
molecular weight (indicated from intrinsic viscosities). A small 
am ount of diene incorporated into the system  yielded a  vulcaniz- 
able plastic. Table I V  presents the da ta ; tensile strength is 
given only for the polymer which could be formed in to  a satisfac
tory test piece by the m ethods employed.

The 80 isobutylene-20 a-m ethylstyrene copolymer, showing 
1500 pounds tensile strength by a conventional rubber test, 
differs markedly from polyisobutylene, since i t  is more like a  plas
tic and less like a rubber. I t  is nontacky and shows relatively 
low elongation a t break. Sparks et al. {13) reported th a t  poly
isobutylene, of molecular weight 200,000, processed on a  cold

P oly-a-m ethy lsty rene  
(84,000 m o lecu la r  w eig h t)

X-Ray Diffraction Patterns

P olysty ren e (5)
P o lysty ren e (th is  w ork) 
P o ly -a -m eth y ls ty ren e  (th is  work)

S tru ctu ra l D is ta n c es , Â. 
4.8 10,0
4 .6 6  9 ,52
5 .2 4  9 .1 9
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mill as was the above-mentioned copolymer, exhibited a tensile 
strength of 680 pounds per square inch although 1900 pounds was 
observed for the same polyisobutylene when processed in a  Ban
bury a t elevated tem peratures. The Laue x-ray pattern  for the 
unstretched 80 isobutylene-20  a-m ethylstyrene polymer is quite 
diffused, only one ring being visible.

W i t h  B u t a d i e n e .  The use of a-methylstyrene for copolymeri- 
zation w ith butadiene to produce a rubberlike product was men
tioned in the pa ten t literature (22). However, no comparison is 
made between the effects of styrene and a-methylstyrene on the 
physical properties of the elastomers prepared by their copoly
merization w ith butadiene. In  view of this, it was deemed of 
interest to  study copolymers of butadiene and a-methylstyrene 
as well as polymers of butadiene, «-m ethylsteyrne, and styrene.

Small-scale polymerizations were carried out in the laboratory 
in capped 12-ounce bottles which were m aintained a t constant 
tem perature by immersion in an autom atically controlled ther
mostat. This therm ostat consisted of a w ater bath  heated by 
hot w ater flowing through a copper coil; the hot water flow was 
controlled by an open-and-shut solenoid valve which was oper
ated through an electronic relay regulated by a thermoregulator. 
Continuous agitation was provided by placing the therm ostat 
on a shaking machine.

Since the formula of the emulsion used for comparative labora
tory studies need not exactly duplicate th a t employed in com
mercial operations, a working emulsion formula similar to  th a t 
reported by Fryling (8) was used without change throughout this 
portion of the investigation. The selection of this formula does 
not imply th a t i t  is the best for all o f 'th e  polymerizations ex
amined; it  does, however, eliminate one set of variables from the 
experiments:

B utadiene
a-M ethy ls ty rene  a n d /o r  styrene 
M ercap tan  of high mol. wt. 
(NH4)2S20s 
Soap (sodium oleate)
W ater

Upon the completion of polymerization, the latex in each case 
was coagulated by the addition of a w ater solution of sodium 
chloride and sulfuric acid. The coagulated polymer was then 
thoroughly washed with hot w ater and dried. For 
testing purposes the dry polymer was compounded _____ 
as a tire tread stock and examined in accordance 
with normal rubber test procedures.

Iso a-M e-
butylene,

%
styrene,

%

60 40
70 30
75 25
80 20

77 ( + 3 % 20
isoprene)

¿5 15

G ./100  G. 
Soap Soln. P a r ts

39 .2 -5 6 70-100
16 .8 -0 30-0
0.31 0 .5 5
0 .1 7 0 .3 0
5 .9 10.5

94.1 168

T a b l e  I V .  C o p o l y m e r i z a t i o n  o p  I s o b u t y l e n e  a n d  a -  
M e t h y l s t y r e n e  a t  a  R e a c t i o n  T e m p e r a t u r e  o p  —105° C .

Elonga-
Appearance Tensile tion a t
of Polym er Flexi- S trength , B reak, 

after Milling bility  L b ./Sq . In . %

Stiff, boardlike Poor
Boardlike Poor
Boardlike Poor
Flexible th in  sheets Good 1500 110
Vuloanized sheet0 was relatively h ard  b u t  brittle , 

had  some flexibility 
R ubberlike Good

° 100 p arts  polymer, 1 sulfur, 2 zinc oxide, 1 stearic  aeid, 1 Tuads; cured 
45 m inutes a t  307° F.

W i t h  M a l e i c  A n h y d r i d e .  The copolymer of «-methyl- 
styrene and maleic anhydride reported in the literature (4) was 
confirmed in this laboratory. Equal parts of the two compounds, 
heated for 4 hours a t 80-90° C., yielded a clear, hard, brittle 
resin with a fusion range of 230-261° F. (110-127° C.). In  con
junction with these experiments, it  was further found th a t the 
unsaturated dimer of a-methylstyrene formed a copolymer when 
heated with an equal weight of maleic anhydride a t 200° C. for 
several days. The product in the latter case was solid a t room 
tem perature bu t fluid in boiling water; it  could not be steam- 
distilled.

CONCLUSIONS

Alpha-substituted ethylenic compounds containing an aro
m atic residue are generally reported to be weak in their tendency 
to polymerize. The basis for this opinion is a comparison with 
the unsubstituted monomers which are easily polymerized a t 
normal tem peratures and sometimes w ithout the addition of 
catalysts. The result has been th a t such alpha-substituted 
monomers have a ttracted  only minor attention in polymerization 
studies. The work reported here shows that, although a-methyl
styrene is not susceptible to polymerization to high-molecular-

T a b l e  V. C o p o l y m e r i z a t i o n  o p  B u t a d i e n e  a n d  u - M e t h y l -
STYRENE

In  the first series of experiments (Table V) the 
ratio of butadiene to mono-olefin was held con
stant, and the effect of substituting a-methylstyrene 
for styrene was studied. In  general, partial sub
stitution of styrene by a-methylstyrene seems to 
result in a somewhat inferior rubber. On the other 
hand, complete substitution of a-methylstyrene for 
styrene, in the ratio of 25 parts to 75 parts of 
butadiene, ultim ately yields a vulcanízate which is 
comparable w ith one obtained through the copoly
merization of butadiene and styrene.

If, however, as was the case in the second series 
of experiments, the ratio of butadiene to a-m ethyl
styrene is varied, the optimum ratio of reactants 
(80 parts butadiene, 20 parts a-methylstyrene) 
yields a vulcanízate which seems superior to the 
best butadiene-styrene vulcanízate prepared.

These data  indicate th a t a-methylstyrene may 
prove economically and technically advantageous 
for use in preparing vulcanizable elastomers. One 
factor th a t should not be overlooked is th a t a re
tardation in rate  of reaction was noted in cases 
where a-methylstyrene was used as a comonomer. 
I t  is possible th a t this sluggishness can be over
come, a t least to some extent, by changes in the 
emulsion formula or modification of the reaction 
conditions.

Reaction mixture, % 
Butadiene 
Styrene
a-M ethylstyrene 

Reaction, %
Yield
Gel

U ltim ate tensile, lb ./sq . in. 
(cured a t  292° F.)

30 min.
45 min.
75 min.

150 min.
300% modulus, lb ./sq . in.

30 min.
45 min.
75 min.

150 min.
Elongation a t  break, %

30 min.
45 min.
75 min.

150 min.
Im m edia te  set, %

30 min.
45 min.
75 min.

150 min.
Shore hardness 

30 min.
45 min.

Crescent tear, lb ./ in .
30 min.
45 min.

Liipke rebound, %
30 min.
45 min.

° T read  stock  compound: 
1 Santocure.

75 75 75 75 70 80 80 90 100
25 12.5 6.25 0 0 0 20 0 0

0 12.5 18.75 25 30 20 0 10 0

70 83 79 69 81 87 78 82
63 47 28 14 44 57 78

V u l c a n í z a t e  T e s t s “

2760 2270 2530 3300 3250 3220 1580 1300
2630 2160 2500 2670 2370 3130 2620 1920 790
2920 2350 2750 2700 2970 2970 3050 2010 1180
2760 2100 3200

1780 2160 1400 1500 1860
1970 2370 1950 2250 1780 2340
2330 2700 2200 2430 1870 2700
2480 2300

420 260 360 540 490 430 280 180
375 230 320 385 3Í5 430 330 290 120
355 235 305 365 365 400 340 275 185
325 215 370

15 5 10 20 15 15 10 10
13 5 10 10 ‘ *5 15 10 10 10
10 3 8 10 1 10 10 5 5
10 3 10

67 65 63 59 65 62 64 64 70
68 67 65 63 65 62 65 66 71

300 205 210 265 290 300 225 200 110
285 175 185 245 275 235 200 210 120

4 4 .2 45.2 4 2 .8 4 1 .0 4 0 .6 44 .5 4 1 .8 46.1 4 8 .2
4 4 .0 45 .0 44.2 42 .0 39.8 43.1 4 3 .5 4 7 .5 48.0

100 p arts  polymer, 50 E P C  black, 5 zinc oxide, 1.75 sulfur,
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weight m aterials by more common methods, i t  can be converted 
to  high-molecular-weight polymers by a different approach. 
The m ethod involving low-tem perature polymerization (below 
the freezing point of a-m ethylstyrene) w ith ionic catalysts yields 
a polymer of very high molecular weight. The reaction is rapid 
and is influenced by added m aterials. Reactions carried out in 
carbon disulfide give polymers of highest molecular weight. In

T a b l e  V I .  R e a c t i o n s  I n v o l v e d  i n  P r e p a r i n g  a n d  P o l y 
m e r i z i n g  <*-Me t h y l s t y r e n e

c h 3

C»H6 +  CH3— C H = C H , Alkylation C6H 5— CH— CH3
Cumene

CH
I

CH3

CeH6— CH— CH3 Dehydrogenation C6H6—C = C H 2 +  H -2
a-M ethylstyrene

CH3CH3
— * r  irization — C—C

Li
zCeHs—C = C H 2 Polymerization — I C—CH;

-  I -Jx
If® 

C o p o l y m e r s

(1)

(2)

(3)

CH3 c h 3
i

iC H 3—C = C H 2 +  2/C6H 5— C = C H 2 Polymerization

CH3 c h 3 c h 3
f  I l  :■ I 

-C—CH2—r  —  I —

CH3 c h 3
(4)

CH3

C— CH2—C—CH2—C—CH2—C— 
I I I I 

c h 3 c 6h 6 c h 3 c h 3

c h 3

xCH2= C H —C H = C H 2 +  2/C6H5—C = C H 2 Polymerization
CHS
I

—c h 2—c h = c h —c h 2—c h 2—C H = C H — c h 2—c — c h 2—

CH2—C H = C H —CH2— (5)

0 0 0

c h 3 Y Y ____f
xC«H6— ¿ = C H 2 +  jiCH=(t,’H Polymerization

O O 0  O O O (6)

CH, Y Y CH3 Y Y
— CH2— ¿ H — CH— CH2—CH—CH—

JeH6

CeH6 CsHs
I

OH* 

0 0 0

Y Y
I I

zCHj— C—CH2—C = C H 2 +  j/C H = C H  Polymerization 

¿ H s
0 0 0 0 0 0 

C jH t Y Y C sH 6 Y Y (7)
I I I I  I I

— C — C H 2— C H — C H — C— C H 2— C H — C H —

CH2
I

c 6h 5—c —c h 3
I

c h 3

I
c h 2
I

CeHs—C—CH3
I

c h 3

addition, copolymers w ith other hydrocarbons (isobutylene) can 
be formed by the same technique. The reactions involved in the 
preparation of a-m ethylstyrene and in the polymerizations re
ported here are summarized in Table VI.

Although a-m ethylstyrene cannot alone be polymerized by 
emulsion under the conditions studied, i t  does copolymerize with 
butadiene to  give a series of vulcanizable elastom ers comparable 
to butadiene-styrene copolymers. The work indicates th a t the 
optim um  copolymer contains more butadiene when a-m ethyl
styrene is used as the comonomer in place of styrene. Advantages 
of greater monomer stability  from the point of view of handling 
as well as some quality advantages are indicated for the a- 
m ethylstyrene rubbers.

T he form ation of copolymers from a-m ethylstyrene and poly
merizable hydrocarbons in the presence of peroxide catalysts pro
vides interesting m aterial for the study of copolymers in the light 
of the theory advanced by W all (S3). Copolymerization with 
butadiene, styrene, or acrylonitrile involves one monomer with 
a finite reaction velocity and a second monomer, a-methylsty- 
rcne, which exhibits no tendency to polymerize under the reaction 
conditions employed. The copolymers formed from a-methyl
styrene or its unsaturated  dimer and maleic anhydride are unique 
cases in which no one of the monomers by itself is polymerizable 
under the given reaction conditions.
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Properties of 
Granular and Monocrystalline 

Ammonium Nitrate
W IL L IA M  H . R O S S , J . Y . Y E E , AND 

S T E R L IN G  B . H E N D R IC K S
D ivision  o f  So il a n d  F ertilizer  In v es tig a tio n s ,  

U. S. D e p a r tm e n t o f  A g ricu ltu re , B eltsv ille , M d.

APACITY for produc
ing synthetic ammonia 

and nitric acid in the United 
States and Canada has been 
greatly expanded during the 
war. Postwar utilization of 
p a r t  of th e s e  f a c i l i t i e s  is 
planned for production of 
ammonium nitrate  for the 
fertilizer trade. The. marked 
tendency of this m aterial to 
cake and to absorb moisture 
under humid conditions in
terferes considerably with its 
use for this purpose. The 
first synthetic ammonium ni
trate  on the m arket was made 
in the form of monocrystals of 
relatively small particle size. Since then spraying and graining 
methods have been developed for producing this m aterial in the 
form of granules. The ammonium n itrate prepared by these dif
ferent methods differs considerably in certain physical properties. 
Observations are reported here on the properties of these different 
types of ammonium n itrate  th a t affect particularly its behavior 
in storage and its drillability in the field. (The data  presented 
in this paper relates only to  the particular m aterial subm itted 
by the producers. Subsequent improvements in manufacture may 
alter greatly the physical properties of the recovered products.)

In  the spraying method, a  spray of molten ammonium nitrate 
containing 4-5%  of moisture is allowed to fall in a tower through 
a  countercurrent flow of cool air. The liquid droplets congeal in 
their fall through the tower to  form sphere-shaped granules of 
approximately 8-20 mesh size. As the congealed granules 
reach the bottom  of the tower, they are collected in a hopper with 
an open bottom  and are conveyed on an endless belt to the drying 
equipment (3, 4, 5, 13).

In  the graining process a m elt of ammonium nitrate  containing 
1- 2%  of moisture is run into a circular shallow vessel equipped 
with mechanical plows and jacketed for cooling with w ater or 
heating with steam. The rotation of the plows agitates the m ate
rial during the graining process. I t  thus prevents the formation 
of a solid mass as the rest of the moisture is being eliminated by 
the heat first developed by the crystallization of the material 
from a sta te  of fusion, and later supplied by steam  or hot water in 
the jacket of the graining apparatus (7, 11). The product pre
pared in this way is satisfactory with respect to the shape of par
ticles, bu t the average particle size of the m aterial now on the 
m arket is smaller than  is desired in a fertilizer intended for sepa
ra te  application in the  field.

Ammonium nitrate con
t a in in g  synthetic nitrogen 
was first produced a t Notod- 
den, Norway, in 1910. In  
the process used a t th a t time 
the product was recovered in 
the form of relatively small 
crystals. The latest develop
ment in the crystallization 
method is known as the Oslo- 
Krystal process (10,14). The 
solution from n e u t r a l iz e r s  
c o n ta in in g  80-85% of am
monium nitrate  a t 75-80° C. 
is mixed with mother liquor 
of 65% concentration and 
pumped to a vacuum evap
o r a to r .  T h e  d is c h a rg e  

from this evaporator is passed a t 58-60 ° C. to a second evapora
tor operating a t lower pressure. The bottom  of this evaporator 
communicates with a crystallizing tank. The supersaturated 
solution entering this crystallizing tank  from the second evapora
tor is uniformly conducted upward through a dense suspension of 
crystals. The classifying action in the crystallizing tank keeps 
the fully grown crystals suspended in the bottom  layer, and the  
smallest crystals in the top layer with the interm ediate sizes 
suspended between. The saturated solution leaving the crystal
lizing tank is mixed continuously with the solution from the neu
tralizers, the mixture is again supersaturated to  the desired ex
tent, and the cycle is repeated.

P R O P E R T IE S  O F  T H R E E  T Y P E S

Table I  gives mechanical analyses of these three types of am
monium nitrate. The sprayed and grained materials represent 
commercial production. The monocrystalline product was pro
duced on a pilot plant scale. A microscopic examination of the  
three types showed that each particle of Krystal ammonium ni
trate  consists of a single crystal, whereas the granules of the 
sprayed and grained materials are aggregates of crystals. De
termination- of refractive indices with the pétrographie micro
scope showed th a t the particles of K rystal ammonium nitrate  
were the orthorhombic form stable below 32° C., and had not 
passed through th a t transition (9). Differences in the physical 
properties of the three types of ammonium nitrate are illustrated 
in Figures 1 to 6.

The apparent density of the particles of each type of ammon
ium nitrate in bulk (Table II) represents the ratio of the weight of 
m aterial required to fill a liter cylinder to  the weight of the same 
volume of water a t room temperature. The cylinder was filled

Such inherent properties of ammonium nitrate as hygro- 
scopicity, melting point, solubility, and absolute density 
are independent of its method of manufacture. Other 
properties, such as its capacity to hold moisture, caking 
tendency, crushing strength, and apparent density vary 
with the size, shape, and porosity of its particles; the lat
ter, in turn, vary with the process used in its preparation. 
This paper presents experimental data on the relation of 
porosity, size, and shape of ammonium nitrate to its be
havior in storage and its drillability in the field. The re
sults show that ammonium nitrate in the form of porous 
granules of uniform size and shape is more free flowing, 
exhibits less tendency to cake, and has a greater capacity 
to hold moisture before becoming undrillable than other 
types of the material which are less porous and more 
irregular in particle size and shape.
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Figure I (L e ft) .  Sprayed Ammonium Nitrate, Old Production, 14—16 Mesh ( X 16) 
Figure 2 (R ig h t) .  Sprayed Ammonium Nitrate, Current Production, 14-16

Mesh (X 16)

T a b l e  I. S c r e e n  A n a l y s i s  o p  T y p i c a l  S a m p l e s  o p  S p r a y e d ,  
G r a i n e d ,  a n d  M o n o c r y s t a l l i n e  A m m o n iu m  N i t r a t e

T ype of +  10 10-14 14-20
i /0 
20-40 - 4 0

M ate ria l mesh mesh mesh mesh mesh

Sprayed® 14 38 26 17 5
S p ray ed 6 21 52 23 4 0
Grained 1 4 26 58 11
M onocrystals 

Old production .

22 57 14 6 1

6 C u rren t production.

by adding small increments of the m aterial to the cylinder while 
i t  was gently tapped. Each value represents the m ean of five 
determ inations.

The apparent density of the average particle was determined 
by noting the density of an organic liquid th a t will hold the greater 
p a rt of the particles in suspension. The absolute density of am
m onium  n itra te  is 1.72 (6). The values obtained for the appar
e n t density of the average particle of sprayed, grained, and 
m onocrystalline ammonium n itrate are 1.56, 1.65, and 1.69, re
spectively. These d a ta  indicate th a t the sprayed particles con
tain  an average of about 10%  of voids, the grained particles 
abou t 4% , and the monocrystalline particles less than  2% . I t  
was found th a t the particles of monocrystalline ammonium ni
tra te  of 10-mesh size contain more voids than  do those of 16-mesh 
size, an indication th a t the voids in this m aterial increase with 
increase in crystal size.

Inasm uch as the granules of sprayed ammonium n itra te  con
sist of aggregates of crystals while the particles of the mono- 
■crystalline m aterial consist of only single crystals or crystal frag
m ents, it  would be expected th a t the  apparent density of the crys
tals would be higher than  th a t of the granules. The results ob
tained  in the density determ inations show th a t this is the case.

M O IS T U R E  IN  A M M O N IU M  N IT R A T E

Moisture was determined in the different types of ammonium 
nitrate  by the following methods:

1. Drying in an air oven a t 70° C. for 20 hours.
2. Drawing air a t 70° C. through the sample for 2 hours.
3. Drying in a vacuum  a t room tem perature over Anhydrone 

(anhydrous magnesium perchlorate) for 20 hours.

Moisture by these three methods was determ ined in (a) sprayed 
ammonium n itrate th a t had not been dried, (6) sprayed n itra te  
th a t had been dried and then treated  w ith a fine m ist of w ater 
while being rolled in a drum, (c) grained ammonium n itra te  th a t 
had absorbed moisture after being dried, and (d) m onocrystalline 
ammonium n itrate th a t had not been dried.

The results obtained (Table I II)  show th a t  the  three m ethods 
agree quite closely in the determ ination of absorbed m oisture in 
all four types of ammonium nitra te, and th a t th e  vacuum  m ethod 
gives lower results than  the other two m ethods for the  determ ina
tion of original m oisture in ammonium nitrate. The d a ta  indi
cate th a t a portion of the original m oisture in ammonium ni
tra te  is present as occluded m oisture and th a t this m oisture 'is 
more difficult to  remove th an  absorbed moisture.

T a b l e  II. A p p a r e n t  D e n s i t y  o f  D i p p e r e n t  T y p e s  o f  
A m m o n iu m  N i t r a t e

Ty pe  of 
M ate ria l

S prayed“ 
S p rayed & 
Grained 
M onocryatals

“ Old p roduction .
& C u rren t p roduction .

■A pparen t D ens ity  of:
Partic les  in  bulk

0 .883  
0 .85 9  
0 .978  
0 .973

Av. pa rtic le

1 " 56 
1.65 
1.69
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Figure 3 (L e ft) .  Sprayed Ammonium Nitrate, Showing Effect of Drying 
Following Slight Absorption of Moisture (X 16)

Figure 4 (R ig h t) .  Grained Ammonium Nitrate, 14—16 Mesh (X 16)

The moisture in monocrystalline ammonium nitrate, which the 
vacuum  m ethod over Anhydrone fails to  remove, amounts to 
about 0.35% of the weight of the sample. The data  in Table II 
indicate th a t nearly 2% of the volume of the crystals is void. 
I t  m ust follow, therefore, th a t the greater part of the void space 
in the crystals is filled with air rather than  m other liquor.

A b s o r p t i o n  o p  M o i s t u r e .  Saturated solutions of all three 
types of ammonium n itrate have the same vapor pressure a t a 
given tem perature (16), and all absorb moisture a t essentially the 
same ra te  when exposed under the same conditions in a humid 
atm osphere (Table IV). The particles of granular ammonium 
nitrate, as already explained, are somewhat porous for the reason 
th a t they are made up of aggregates of crystals. The particles 
of monocrystalline ammonium nitrate, on the other hand, are 
nonporous and are incapable of holding any moisture except on 
their surface. A difference, therefore, exists in the quantity  of 
m oisture which the  granular and monocrystalline m aterials will 
absorb before they become dripping wet. Thus the solution 
phase in a" sample of monocrystalline ammonium n itrate  contain
ing 1.5% moisture will tend to  settle out in the bottom  of its 
container on standing. This quantity of moisture will not sepa
ra te  out as a solution phase from granular ammonium nitrate.

T a b l e  I I I . M o i s t u r e  i n  A m m o n iu m  N i t r a t e

*— —%  M oisture in  Am m onium  N itra te 0------ .
-------------- M ethod------------- M onocrystal-

Tem p., T im e, .------ Sprayed^-------- . G rained line
T y p e  0 C. hr. Absorbed Original absorbed original

A ir oven 70 20 2 .9 0  0 .7 4  0 .7 5  0 .6 5
A irf lo w  70 2 2 .87  0 .7 2  0 .7 7  0 .57
V acuum  25 20 2 .82  0 .3 8  0 .7 1  0 .2 8

° D ete rm ina tions  b y  K ath a r in e  S. Love.
6 Old production .

T rea tm en t 2 hr. 4 hr. 6 hr.

None 11.86 23.68 34 .16
None 10.91 20 .20 29 .22
None 11.59 22 .18 32.26
1% P R P ° 0 .1 5 0 .23 0 .29
1% P R P 0 .17 0 .27 0 .38
1% PAP& 0.14 0 .27 0 .37

T a b l e  IV. R a t e  o f  M o i s t u r e  A b s o r p t i o n  b t  A m m o n iu m  
N i t r a t e  a t  30° C. a n d  a  R e l a t i v e  H u m i d i t y  o p  72.4%

Type of % M oisture Absorbed in:
M aterial ’’

Sprayed 
Grained 
M onocrystals 
Sprayed 
Grained 
M onocrystals

a Petrolatum -rosin-paraflin .
& Petrolatum -asphalt-paraffin .

This difference in the water-holding capacity of granular and 
monocrystalline ammonium nitrate has a marked effect on their 
drilling properties. Thus the results of W hittaker and co-workers
(15) indicate th a t untreated sprayed ammonium n itrate  (old pro
duction) having the screen analysis shown in Table I  does not 
become completely undrillable in a “rotating plate” distributor 
until its moisture content exceeds 4%. The drillability of a 
m aterial decreases not only with increase in moisture content but 
also with decrease in size of particles. The average particle size 
of the monocrystalline ammonium n itrate  used in the drillability 
tests was somewhat greater than th a t of the sprayed m aterial 
as shown in Table I; in spite of this fact it became completely 
undrillable at a moisture content of only about 1.5%.

R E L A T IV E  C A K IN G  TE N D EN C Y

The solubility of ammonium nitrate  in w ater and the change 
in its solubility with tem perature exceeds th a t of any other fer
tilizer m aterial now on the m arket. A decrease in the moisture 
content or a lowering of the tem perature will, therefore, result 
in a greater deposition of crystals than  occurs after a similar
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Figure 5. Monocrystalline Ammonium Nitrate, 14-16 
Mesh (X  16); Clear Crystals Dried below 32° C., Opaque 

Crystals above 32° C.

C om pare irregu lar sh ap e o f  p a rtic les  w ith  gran u les in  F igure 2 an d  
n u m ero u s sharp  p o in ts  o f  c o n ta c t b etw een  p artic les .

change in any other fertilizer. Other factors, such as pressure, 
particle size, and tim e of storage, have also an independent effect 
o n  the caking of ammonium nitrate, bu t it has been shown th a t 
a slight change in moisture content has a greater effect on the 
caking of this m aterial than  a corresponding small change in any 
o f  the other factors th a t affect its tendency to  cake (8).

W hen a  lim ited quantity  of water (1%  or less) is sprayed onto 
granular ammonium nitra te  while it  is being rolled in a drum, a 
considerable proportion of the w ater is absorbed and held within 
the granules. A subsequent lowering of the  tem perature will 
cause deposition of crystals within as well as outside of the 
granules. This deposition of crystals to the extent th a t it takes 
place on the surface of the granules will induce caking, b u t to  the 
extent th a t i t  occurs within the granule, it tends to  increase the 
hardness of the  granule. However, the crushing strength of a 
granule or crystal is weakened by a repeated gain and loss of 
moisture or by drying a t a tem perature above its transition point.

In  the  ease of the nonporous monocrystalline ammonium ni
tra te , all absorbed moisture m ust remain on the surface of the 
particle and any deposition of crystals, as a result of lowering 
the  tem perature or loss -of moisture, wil} be limited to  the  surface 
of the particles. This is indicated by the behavior of the sprayed 
granules (current production) and the monocrystalline product 
a fte r being exposed to the same relative hum idity for the same 
tim e. This exposure, as shown in Figure 6, causes the mono
crystalline product to be joined together by a greater volume of 
surface solution than  th a t joining the sprayed granules. Cli-

I N E E R I N G  C H E M I S T R Y  Vol. 37, No.  11

Figure 6. Sprayed Granules (Current Production), above, 
and Monocrystalline Ammonium Nitrate, be lo w  (X 16)

A greater vo lu m e o f  su rface  so lu tio n  jo in s  th e  m o n o cry sta llin e  m ateria l 
th a n  th e  sprayed  gran u les  a fter  b o th  h ave b een  exp osed  to  th e  sa m e  

h u m id ity  for  th e  sa m e  le n g th  o f  t im e .

matic changes following the absorption of a lim ited a m o u n t  o f  

moisture is, therefore, likely to  cause a  greater degree o f  c a k in g  

in the monocrystalline than  in the granular ammonium n i t r a t e  

of the same particle size (1).
The caking of a soluble m aterial is also governed by o ther f a c 

tors. Thus the tendency of the  particles of a m aterial to  knit 
together into a  solid mass decreases w ith decrease in the  area o f  

contact between them . A m aterial in the  form of large particles 
will, therefore, cake less than  when the  particles are small, and 
when the particles are spherical th an  when they are irregular in 
shape. The monocrystalline ammonium n itra te  used in this 
study (Figure 5) was not so uniform in shape as the  sprayed 
m aterial (Figure 2). Having, therefore, a larger area of contact 
between its particles, it  exhibited a  greater tendency to  cake than  
was true of the granular m aterial of sim ilar particle size.

The sprayed ammonium n itra te  first used in th is investigation 
was prepared as already explained by spraying a m elt of the  m ate
rial containing about 4.5%  of m oisture. In  the subsequent dry
ing of this sprayed m aterial, small crystals were deposited on the 
surface of the granules as shown in  Figure 1. These projections 
on the granules increased the points of contact between them , 
with the result th a t the  product prepared in th is way exhibited a  
greater tendency to  cake th an  the  current production represented 
in Figure 2. The granules of this la te st production are no t only 
more uniform and spherical th an  those of the earlier product, b u t 
the m aterial as a  whole shows less tendency to  cake and is more 
free flowing.



November, 1945 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 1083

T a b l e  V. R e l a t i v e  C r u s h i n g  S t r e n g t h  o f  D r y  A m m o n iu m  
N i t r a t e  G r a n u l e s  a n d  M o n o c r y s t a l s

Crushing
S treng th  %  of Particles %  Breakdown

of 8 -10  M esh with Definite in  Tum bling
Particles, Lb. Crushing P o in t Test

3 .9 5  

0 .95  

7 .65  

9 .15

T y p e of M ate ria l

Sprayed, old production 
Sprayed, cu rren t p roduc

tion
M onocrystals, dried be

low 32° C. 
M onocrystals, dried above

32' ,céyi

1.39

2 .4 7

3 .7 8

1.93

80

90

43

C o n d i t i o n i n g .  The caking tendency of ammonium nitrate  
can be greatly reduced by treatm ent with 3-5%  of a suitable 
conditioning agent such as kaolin or one of the varieties of kiesel- 
guhr (IS). Storage tests indicate that, when the conditioning 
agent is properly applied, it is effective in reducing the caking of 
all types of ammonium nitrate. A conditioning agent, such as 
kieselguhr or kaolin, seems to adhere equally well to  granular 
or monocrystalline ammonium nitrate although the distribu
tion of the coating agent is likely to  be more uniform on 
spherical particles than  on irregular-shaped ones. The quantity 
of conditioning agent usually applied to  sprayed or grained am
monium nitrate is in the neighborhood of 3—4%. Applications 
in excess of 5%  are likely to undergo segregation. This was indi
cated in laboratory tests in which sprayed and monocrystalline 
ammonium nitrate  samples of 8-14 mesh were coated w ith 6% 
of K ittitas (a type of kieselguhr) and then shaken for 15 minutes 
on a 60-mesh screen. The quantity  of the conditioning agent 
that remained on each m aterial a t the end of the test amounted 
to approximately 3.5% of the weight of the sample. Slight agita
tion quickly reduced the conditioning agent adhering to  the 
samples from 6 to  5% , bu t the agitation required to  reduce the 
conditioning agent to  3.5% exceeded th a t to which the materials 
would normally be subjected under ordinary conditions of han
dling and storage.

CRUSHING STRENGTH O F PARTICLES

The crushing strength of sprayed granules and monocrystal
line ammonium n itrate  was determined in the apparatus de
scribed by Hardesty and Ross (8). I t  consists of a  rack and 
pinion, similar to those used in adjusting the elevation of the 
barrel of a microscope, mounted directly over an anvil which 
rests on the platform of a spring scale. A single granule is placed 
on the anvil under the rack, and pressure is applied by lowering 
the rack until the granule breaks. A telltale on the face of the 
scale records the maximum stress required to crush the granule.

W ith this method of testing it was found th a t the granules of 
nonplastic materials, such as superphosphate and mixed fertil
izers, showed a definite crushing strength which varied with their 
size, shape, and moisture content. All crushing-strength tests 
with ammonium nitrate were accordingly made with perfectly 
dry samples of known particle size. The granules and mono
crystals of ammonium nitrate  were found to differ from those of 
the other m aterials tested in th a t they exhibited plastic proper
ties and frequently failed to  show a definite crushing point. 
Crushing-strength tests were made with old and current sprayed 
granules and with monocrystals dried below and above 32° C. 
The number of particles of each of these four samples th a t had 
to  be tested in order to  obtain fifty with a definite crushing 
strength were 64, 55, 128, and 117, respectively. These tests in
dicate th a t the monocrystals are more plastic than the sprayed 
granules.

The results obtained in these crushing-strength tests are given 
in Table V. The values indicate th a t the sprayed granules of 
current production are considerably harder than  the old-produc- 
tion granules, and th a t monocrystals dried below 32° C. are 
harder than  those dried a t a tem perature above the transition 
point. Accurate data  w ith the monocrystals were hard  to  ob-

tain, however, owing to  their plasticity, to their irregular shape, 
and to  the fact th a t their resistance to crushing is less in the direc
tion of their longitudinal axis than in the transverse direction. 
No crushing-strength tests were made with the grained m aterial 
owing to the relatively small size of its particles.

The percentage breakdown th a t occurred when the materials 
were subjected to a tumbling test is shown in the last column of 
Table V. The test consisted in tumbling 200 grams of 8-14 mesh 
samples in 16-ounce bottles end over end for 48 hours, and then 
determining the proportion of each m aterial th a t passed a 14- 
mesh sieve. The test indicates th a t the monocrystals have th# 
greatest tendency to break down under the conditions of the test, 
and the current production of sprayed granules, the least.

SU M M A RY

Each particle of monocrystalline ammonium n itrate  as ob
tained in the K rystal process consists of a single crystal whereas 
the granules of the sprayed or grained m aterial consist of aggre
gates of crystals. The grained ammonium n itrate is about twice 
as porous, and the sprayed ammonium nitrate  about five times 
as porous as the monocrystalline m aterial. The percentage of 
voids in monocrystalline ammonium n itrate  increases with in
crease in the size of the crystals.

Sprayed, grained, and monocrystalline ammonium nitrate 
absorbs moisture a t approximately the same rate  under the same 
conditions. The capacity of these different types to hold mois
ture before starting to  drip differ greatly, however, because of the 
difference in the porosity of their particles. A drop in tempera
ture or hum idity following absorption of moisture will deposit 
crystals within as well as outside of porous granules, bu t only on 
the surface of nonporous particles. This deposition of crystals 
to  the extent th a t it  takes place on the surface of the particles 
will induce caking, bu t to the extent th a t it occurs within the 
granules, i t  tends to  increase the hardness of the granule. Differ
ences in the porosity of the different types of ammonium nitrate 
thus have a m arked effect on their capacity to  hold absorbed 
moisture and on their tendency to cake under varying climatic 
conditions.

The apparent density of monocrystalline ammonium nitrate 
is greater than th a t of the sprayed material. The method of 
drying in a vacuum over Anhydrone removes absorbed moisture 
b u t not the occluded moisture from monocrystalline ammonium 
nitrate.

M onocrystals th a t have been dried above 32° C. and then 
cooled have a lower crushing strength than  those dried below 
32° C.; monocrystalline ammonium nitrate, whether dried above 
or below 32° C., shows a higher breakdown when subjected to  a 
tumbling test than  the latest type of sprayed ammonium nitrate. 
The sprayed m aterial as currently produced is more free flowing 
and more uniform in size and shape than any other type of am
monium nitrate.
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Structural Changes in 
Vulcanization of Buna S

M A X  H . K E C K  AND L a V E R N E  E . C H E Y N E Y

T he G oodyear T ire &  R u b b er  C om pan y , In c., A kron , Ohio

The relations existing among combination of sulfur, loss of unsaturation, and de
velopment of physical properties have been determined for four related Buna S stocks 
over a range of cures at two temperatures. The data indicate two types of chemical 
change to be occurring during vulcanization: (a) a reaction involving combination 
of the polymer with sulfur, which is primarily responsible for the development of 
physical strength, and (6) a reaction involving loss of double bonds in the polymer, 
presumably a polymerization reaction, which is related to the first reaction and con
tinues on overcure. A modification of the Kemp-Peters procedure for measurement of 
unsaturation of Buna S vulcanizates is based upon the use of a phthalate-dichloro- 
benzene solvent mixture.

H E  development and pro
duction on a commercial 

scale of the synthetic rubberlike 
m aterials, particularly the buta
diene copolymers, during the 
w a r t im e  e m e rg e n c y  focused 
a ttention  on phenomena as
sociated w ith their vulcaniza
tion. These copolymers, par
ticularly the synthetic tire co
p o ly m e r  k n o w n  a s  B u n a S  
(GR-S in the U nited States), 
lend themselves to vulcanization 
w ith sulfur and the same types 
of accelerators used with natural 
r u b b e r ;  th e  v u l c a n i z a t e s  
possess m any points of simi
larity  to those derived from the natural elastomer.

The literature on the vulcanization of natural rubber is quite 
extensive. Several reviews are available (3, 4, 11, 14, #3), al
though most of these are not entirely up to date. Among the 
more recent publications of direct interest in this connection are 
those of Farm er and co-workers (9) and of Armstrong, Little, and 
Doak (%).

T he government general-purpose rubber known as GR-S is a 
copolymer of 3 parts by weight of butadiene and 1 part of styrene
(17). The polymerization is carried out in aqueous emulsion, 
and the final polymer may contain (a) unreacted monomer, which 
is usually well removed by “stripping” , (6) low-molecular-weight 
polymers, (c) catalyst or its degradation products, (d) residual 
emulsifier or its conversion products (e.g., soap and /o r fa tty  
acids), (e) coagulants or their reaction products, (/) buffers,
(g) auxiliary m aterials usually term ed “modifiers” , which in
fluence the degree of cross linking or branch chaining in the poly
mer, (h) stopping agents for the polymerization, (i) antioxidants 
such as phenyl-0-naphthylamine which are added to prevent 
further polymerization in storage or transit. Thus, the so- 
called hydrocarbon polymer is not entirely pure hydrocarbon, 
and many of the variations in quality of the commercial product 
have been due in no small part to variations in number and quan
tity  of these “nonrubber” impurities.

The concentrated research carried out on Buna S to date has 
produced a considerable body of information, even though much 
of the data  has no t been published for reasons of national se
curity. Buna S possesses certain points of similarity to and cer
tain  differences from the natural polymer:

1. I t  is possible for polymerization to occur in the 1,2 as well 
as in the 1,4 position; branched chains and “pendant” vinyl 
groups result, which would be expected to  affect chemical be
havior as well as physical characteristics (1, 18). Another con
tributing  fact is the probability th a t both cis and tram  structures 
exist in the same synthetic polymer. The natural polymer is 
believed to  exist entirely in the cis modification.

2. M athem atical considerations and certain evidence (1) in
dicate styrene units to be randomly distributed throughout the 
chains. This, together with the presence of branched chains pro
duced by 1,2 polymerization, leads to  a high degree of nonsym
m etry in the polymer; it  probably accounts for the fact th a t this 
polymer, unlike natural rubber, does not crystallize on stretching 
and the  probably related fact th a t pure gum stocks have relatively 
poor strength. Kem p and Straitiff (18) believe th a t this lack of 
s tructural sym m etry m ay be responsible for inability to  cross 
link and form a desirable structure in the vulcanizate.
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The molecular weight is, in general, lower th an  th a t of natural 
rubber (19), and its distribution is quite broad (18). I t  has been 
indicated (18) th a t the presence of the  lowest molecular weight 
polymers is detrim ental to the quality  of the  vulcanizates. High- 
molecular-weight fractions, which compare favorably w ith nat
ural rubber on the basis of molecular weight, tensile, and modulus, 
are tough and hard to  handle on a mill. This difference m ay be 
due to  the activating influence of the  side-chain m ethyl group in 
the natural polymer on reaction w ith oxygen and resu ltan t degra
dation during milling. This activating effect has been noted in 
a num ber of other instances— e.g., reactions w ith halogens, hy
drogen halides, isomerizing agents, etc. I t  is well known that 
oxidative degradation accompanies th e  plasticization of natural 
rubber by milling (5, 8, 12) .

4. Extension of the curing period of na tu ra l rubber stocks be
yond the so-called optim um  results in the  phenomenon known as 
reversion. I t  is possible in certain cases to  minimize this by the 
proper choice of accelerators (18). Such reversion does not oc
cur w ith Buna S; instead, th is polymer becomes progressively 
stiffer as cure progresses. I t  is worth noting th a t Hauser and 
Brown (14) believe the phenomenon of reversion to  be associated 
w ith the action of oxygen. If  this is true, the  difference between 
the two types of polymers is probably associated w ith the type 
of activating effect noted above.

5. Hysteresis properties of the  two types of vulcanizates are 
m arkedly different. The detrim ental effect of heat build-up on 
the physical properties of the  synthetic vulcanizates has been 
highly publicized. However, i t  should be noted th a t the action 
of heat alone (in the presence of air) is to  cause further polymeri
zation of the synthetic elastom er whereas, in the  case of the natu
ral polymer, heating in the presence of a ir causes oxidative degra
dation. Thus the difference in the  action of heat m ay be oxida
tive in character and be associated w ith the activating  influence 
of the m ethyl group in the isoprene unit.

UN  SATURATION O F  N ATU R AL R U BBER  VULC A NIZA TES

Several investigators have a ttem pted to  m easure the chemical 
unsaturation of natural rubber (8, 10, IS, 16). Of the various 
m ethods proposed, the iodine chloride titra tio n  m ethod of Kemp
(16) has proved m ost valuable. I t  w as modified by  Blake and 
Bruce (3) for the analysis of vulcanized stocks. Brown and 
Hauser (4, 14) reported extensive work and certain generaliza
tions utilizing this m ethod w ith various rubber stocks.

In  the case of rubber-sulfur vulcanizates, the loss of one double 
bond was found to accompany the combination of one atom  of 
sulfur, whereas in accelerated stocks the  combination was in a 
definite ratio of atoms of sulfur combined to num ber of double 
bonds lost during the early p a rt of the  cure, and in excess of the  
one atom /double bond ratio. After combination of m ost of the 
sulfur, additional loss of double bonds was due apparently  to
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polymerization by heat under the influence of accelerators or 
some similar effect due to  oxygen.

Explanation of the evident combination of sulfur in excess of 
one atom  per double bond saturated was explained by these 
authors in term s of several possible reactions: (a) addition, (b) 
bridging, (c) dehydrogenation, (d) polymerization. The first 
two types of reaction would produce a ratio of one atom  of sulfur 
per double bond lost, as found in the simple rubber-sulfur com
pound. Reaction a is not in accord with observed, properties 
of solubility, etc. If  the ratio is greater than  1, an additional 
reaction m ust be taking place where sulfur can combine without 
loss of double bonds. Such a possibility m ight be reaction c. 
Excess loss of unsaturation may be a polymerization reaction, d, 
a fter most of the sulfur has combined.

Recent work of Farm er and Michael (9) led them  to  believe 
th a t the primary reaction of vulcanization is a substitution reac
tion on the alpha carbon atom. This corresponds somewhat to 
the dehydrogenation reaction suggested by Brown and Hauser, 
bu t with the cross linkage taking place a t the carbon atom  alpha 
to the double bond rather than  on the doubly bonded one.

More positive evidence of sulfur substitution on the alpha car
bon was presented recently by Armstrong, Little, and Doak (S), 
who studied the reactions w ith vulcanizing agents of certain ole
fins which have structures similar to  rubber. The chief products 
of reaction of these simple aliphatic mono-olefins with sulfur, 
zinc oxide, and soluble zinc soap in the presence of accelerators 
consisted of the olefin bridged by sulfur a t the alpha carbon atom. 
I t  was also observed th a t the degree of cross linking of rubber 
vulcanizates is closely related to the amount of zinc sulfide formed 
during the reaction, which is evidence in favor of a  dehydrogena
tion type of reaction.

Selker and Kemp (SO) recently presented evidence indicating 
th a t part of the combined sulfur in soft vulcanized natural rubber 
was attached to the alpha carbon atom.

EX PER IM ENTA L PROCEDURE

Four related Buna S stocks were employed for this study. 
They were selected from the group studied by Cheyney and Dun
can (6) in determining the tem perature coefficient of the Buna S 
vulcanization reaction. They represented pure gum and channel 
black reinforced stocks, respectively, containing in each case 1 and 
5%  added sulfur. Cures were made a t 270° and 300° F. 
Recipes are given in Table I.

T a b l e  I. R e c i p e s  o f  S t o c k s

Stock No. I I I I I I IV
C rude B una S 100 100 100 100
Zinc oxide 5 6 5 5
Stearic acid 1 1 1 1
D ibenzothiazyl disulfide 1 .5 1 .5 1 .5 1 .5
Bardol (softener) 5 6 5 6
Channel black 50 50
Sulfur i 5 1 5

Physical tests were run  by A.S.T.M. procedures. Sulfur de
term inations were made as outlined by Cheyney and Duncan
(6). A ttem pts were made to measure unsaturation of these 
stocks by the  Kem p-Peters procedure (17). This method was in
applicable to these samples for two reasons: p-Dichlorobenzene, 
the solvent they used, was not sufficiently active for some of these 
samples; and the use of acetone for purification of the sample be
fore determ ination of unsaturation is believed unwise in general. 
In  the la tter connection, Cheyney and Robinson (7) and Kemp 
and Straitiff (18) noted th a t significant amounts of vulcanízate 
are extracted out of various Buna S stocks by acetone. This is 
not surprising in view of the fractions of extremely low molecular, 
weight reported in this polymer by the la tter authors and by 
Sebrell (19).

The use of acetone for extraction is open to  the further objec
tion th a t it fails to remove soap which may be present in  the

crude polymer; this fact was noted by Kemp and Peters (17). 
This is not a  serious objection in a series where a  given sample of 
polymer is used throughout. To compare samples of differing 
degrees of purity, it  is desirable to  use a solvent which removes as 
completely as possible nonpolymer m aterial without removing 
polymer fractions. The writers have found th a t acetone is com
pletely untrustw orthy for this purpose; they have substituted 
ethanol, which is a solvent for the usual nonpolymer materials 
found in Buna S, including soap, and is a complete nonsolvent 
for the polymer fractions themselves.

Whereas Kemp and Peters stated th a t p-dichlorobenzene will 
usually dissolve vulcanized Buna S tread stocks within 3 hours, 
the channel black stocks investigated here did not dissolve even 
after 10 hours of continuous boiling in p-dichlorobenzene. When 
the samples were cut into paper-thin shavings with a razor blade, 
they would dissolve after several hours of boiling in p-dichloro
benzene. Uncured and pure gum stocks dissolved without too 
much difficulty.

The m ethod of solution finally adopted utilizes a  phthalate 
plasticizer in combination with p-dichlorobenzene. M ost of the 
determinations were made w ith either dibutyl phthalate or di
octyl phthalate, which were used interchangeably. Other ester 
plasticizers would probably be satisfactory. These phthalates aid 
in peptizing the vulcanized rubber sample without affecting the 
unsaturation of the la tte r and show only a slight tendency to  re
act with the iodine chloride reagent under the experimental con
ditions.

UNSATURATIO N M EASUREM ENTS

The samples were passed through a cold, tight mill about thirty  
times to facilitate solution. This is believed to have no signifi
cant effect on iodine number, and Fisher (10) found th a t there is 
only a slight loss in unsaturation of pale crepe which had been 
milled 2 hours in air. The weighed sample (0.075 gram) was then 
extracted with alcohol for 16 hours, dried a t 50° C. under high 
vacuum, and kept in vacuum prior to  analysis. The analysis 
was carried out within 24 hours after extraction in order to mini
mize any oxidative effects.

The sample was placed in a 250-ml., Pyrex, stoppered iodine 
flask together with 5 ml. of phthalate, and 10 grams of p-dichloro
benzene were added. The flask was heated on a hot plate a t 
about 180° C. w ith the stopper loosened. The sample swelled 
a t first and then began to  dissolve rapidly. In  the case of the 
carbon black samples this preliminary swelling period was about 
30 minutes. During the succeeding 10 minutes the solution 
changed from colorless to black, and the sample became well dis-

To ensure complete solution, 35 additional grams of p-dichloro
benzene were added during this period of rapid solution, and 
heating was continued for another 30 minutes. Solution was 
facilitated by whirling the flask from time to  time, w ith care to 
avoid allowing particles to stick to the sides. When the sample 
was in solution, the flask was slowly cooled to room tem perature; 
30 ml. of chloroform were then added, followed by exactly 25 ml. 
of standard iodine chloride (0.2 N) solution in carbon tetrachlo
ride. The glass stopper of the flask was closed, and a thin film of 
15% potassium iodide solution was placed on it. The reaction 
solution was allowed to stand for one hour a t room tem perature. 
A t the end of this time, 25 ml. of fresh 15% potassium iodide were 
added, followed by 25 ml. of ethanol for the pure gum stocks and 
50 ml. for the carbon black stocks. Excess iodine was immedi
ately titra ted  with standard 0.1 N  sodium thiosulfate. Another 
25 ml. of ethanol were added near the end of the titra tion  to  aid 
in breaking up the emulsions.

A blank containing identical quantities of all reagents was 
taken through the same procedure. The iodine value is obtained 
by the calculation:

ml. thiosulfate (blank — sample) X 1.269
Iodine No. =  : sample wt. in grams



1086 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 37, No. 11

o  27Q°F. CURE 
•  3 0 0  F. CURE

Figure 1.

°  2 7 0  F. CURE 
*  30Cj> H CURE

50 80 110 140
TIME OF CURE IN MINUTES

Curing Time vs. Unsaturation for Channel 
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reaction m ay be largely required for the rubber-sulfur-accelerator 
system; a loaded stock containing only two th irds as m uch rub
ber as the corresponding pure gum stock would thus be expected 
to  require roughly two th irds as m uch heat to  reach a given sta te  
of cure. (6) T he'large  am ount of pigm ent in the  loaded stock 
makes possible a rapid  transfer of heat through the stock and 
thus facilitates a much more rapid cure. I t  should be noted that 
this effect is different from th a t usually reported for natural 
rubber systems, where carbon black exerts a retarding action on 
cure.

The 5%  sulfur stock a t a given tem perature approaches a lim
iting iodine value lower th an  th a t of the  corresponding 1% sulfur 
stock. Since the  combined sulfur is greater in the 5%  siock, some 
relation between combined sulfur and iodine value is indicated.

The m atter of “equivalent cures” is indicated in  Figure 2 for 
stocks I I I  and IV. Here i t  is apparently  possible to  obtain an 
equivalent sta te  of cure for the  same stock a t  two different 
tem peratures, as shown by both  combined sulfur and unsatura
tion. There is, however, no such simple relation w ith tensile 
strength. Furtherm ore, this relation holds true  over a limited 
range and, apparently, only for the reinforced stocks.

Elongation d a ta  are included in Table II . No curves are 
shown because the graphical character of th is property was 
shown previously (<?). The elongation goes through a  maximum 
in the early stages of the cure, then  decreases rapidly, and levels 
off a t a fairly constant value. Significantly, the maximum elon
gation is reached more rapidly in  th e  channel black stocks. 
However, th is maximum seems to  bear no simple relation to  any

T a b l e  II . P r o p e r t i e s  o f  B u n a  S V u l c a n i z a t e s

All determinations were made in duplicate. The iodine num
bers in Table I I  were the averages of these duplicate determ ina
tions. Theoretical unsaturation for each stock was calculated 
on the basis of a  75%  butadiene-25 % styrene content for the 
hydrocarbon portion of the crude polymer. The iodine number 
is thus three fourths of th a t of polybutadiene, or 352. For each 
of the four stocks the percentage unsaturation was then obtained 
by multiplying this figure by the percentage polymer in the stocks. 
The theoretical values of iodine num ber for the four stocks are 
thus 310, 300, 215, and 210, respectively.

Each value of iodine num ber was converted to per cent un
saturation by a simple calculation (Table II). The four uncured 
stocks show excellent agreement a t about 93%  of theoretical. 
The remainder is presumably nonrubber m aterial, w ith perhaps 
s6me diminution due to branch chaining, etc. This value is in ex
cellent agreement w ith th a t of Kemp and Peters, who used an 
average value of 93%  hydrocarbon content in the crude polymer.

E F F E C T S  O F  V U LCA N IZA TIO N

The experimental data  in Table I I  are recorded graphically in 
Figures 1, 2, and 3. Tem perature relations are w hat m ight be 
expected from previous data. Higher tem perature results in a 
more rapid decrease in unsaturation, just as i t  results in a more 
rapid combination of sulfur and a more rapid increase of tensile 
strength. The reaction is m ost rapid in the first p a rt of the cure 
and then  tapers off. Unsaturation appears to approach a l im i t i n g  

value, although it  had  no t positively reached this lim it in any of 
the samples studied. There is some indication th a t this lim it 
m ight be the  same for the 270° and 300° F. stocks, a t least for 
the reinforced stocks.

In  the  channel black stocks the rapid p a rt of the reaction is 
considerably faster than  in the pure gum stocks. Two factors 
may be involved: (a) The heat requirem ent for a given sta te  of

No.

I

I I I

IV

C ur
ing

C ur
ing

G. 
Com 
bined 
S per 

100 G. Io 

U n-
sa tu -

ra-
Tensile

S treng th ,

300%
M od u 

lus, Elon
Tem p., Time, Poly dine tion , L b ./S q . L b . / gation.

M in. mer No. % In . Sq. In . %

0 0 .000 288 9 2 .9

270 20 0 .176 271 8 7 .5 75 775
50 0 .220 261 8 4 .3 100 1000
80 0 .264 254 8 2 .0 100 1125

110 0 .264 239 7 7 .1 100 800
140 0 .264 232 7 4 .9 100 500

300 20 0 .264 228 7 3 .7 50 900
50 0 .352 217 70 .0 150 350
80 0 .484 214 6 9 .0 175 300

110 0 .564 205 66 .2 200 250
140 0 .617 190 64 .1 225 250

0 0 .000 278 9 2 .7

270 20 0 .766 251 8 3 .7 100 1000
50 1.617 244 8 1 .3 175 600
80 2 .466 236 7 8 .7 200 300

110 3 .148 232 7 7 .3 225 250
140 3 .744 230 7 6 .7 250 175

300 20 1.786 220 7 3 .3 150 300
50 3 .659 205 6 8 .4 200 250
80 3 .957 196 6 6 .4 200 200

110 4 .000 192 6 4 .0 275 200
140 4 .000 194 6 4 .7 200 175

0 0 .000 199 9 2 .7

270 20 0 .092 179 8 3 .3 300 200 625
50 0 .182 170 7 9 .0 1050 300 575
80 0 .245 165 7 6 .8 1950 650 550

110 0 .275 162 7 5 .3 2300 700 550
140 0 .335 152 7 0 .7 2300 850 525

300 20 0 .366 162 7 6 .3 1100 400 750
50 0 .488 160 7 4 .4 2250 950 700
80 0 .4 88 158 7 3 .5 2300 1250 650

110 0 .488 155 7 2 .1 2300 1350 600
140 0 .4 88 153 7 1 .1 2300 1400 575

. . . 0 0 .000 195 9 2 .9

270 20 1 .195 167 7 9 .5 800 750 325
50 1.671 147 7 0 .0 2700 1650 225
80 2 .0 30 110 6 6 .6 2450 2400 200

110
140

2 .26 8
2 .507

127
124

60 .4
59 .1

2250
2000

200
200

300 20 2 .0 89 133 6 3 .4 2300 700
50
80

2.567
2 .806

128
124

6 0 .9
59 .1

2500
2450

450
300110

140
2 .8 85
2 .8 85

123
119

5 8 .6
5 6 .6

2400
2350

250
200
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F igure 2. Effect o f  Cure on  Properties o f  th e  Four Stocks
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2  ATOMS OF S U L F U R  PER DO U BL E BOND

2 ATOMS OF SULFUR PER DOUBLE BOND
1 ATOM OF SULFUR P E R  

D O U B L E  BONDSTOCK in1 ATOM OF SULFUR PER DOUBLE BOND

STO CK  I

0 270 F.CURE 
•  300° F.CURE 0270 F. CURE 

♦300°RGURE

2 ATOMS OF SULFUR PER DOUBLE BOND2  ATOMS OF SULFUR PER DOUBLE BOND

STOCK IT
1 ATOM OF SULFUR PER 

DOUBLE BOND1 ATOM OF SULFUR PER 
DOUBLE BOND

STOCK I .
o 270 F. CURE 
•  300*F. CURE

0 270 F.CURE 
•300° F.CURE

COMBINED SULFUR. (G.PERIOO 6. OF POLYMER)COMBINED SULFUR (G.PER IOOG.OF POLYMER )

Figure 3. Change in Unsaturation vs. Combined Sulfur for the Four Stocks

of the other properties studied, as combination of sulfur, decrease 
of unsaturation, and increase of tensile strength all continue after 
the maximum elongation has been passed. The shape of the 
elongation curve m ay have some structural significance; there 
are insufficient data  in this report to indicate w hat this signifi
cance may be.

I t  is of interest to  determine how sulfur combination and loss 
of unsaturation are related on a theoretical basis. Brown and 
Hauser’s general procedure of plotting unsaturation against com
bined sulfur is employed in Figure 3. The dotted lines represent 
the theoretical relation if each double bond removed were the 
result of combination w ith one or two atoms of sulfur. The solid 
lines represent experimental values. W hereas the natural rubber 
stocks investigated by Brown and Hauser indicated, in general, 
from one to two atom s of sulfur combined per double bond lost, 
the significant characteristic of the data, reported here is the ab
normally high loss of unsaturation in relation to  combined sulfur.

Sulfur is obviously combining w ith polymer, b u t some second 
reaction is also obviously a p a rt of the vulcanization process. 
I t  m ay be possible th a t two relatively unrelated reactions are 
taking place. The prim ary reaction involving sulfur m ay not 
even involve the double bond. I t  m ay be a  substitutive reaction 
a t  the alpha carbon as postulated by Farm er. This m ay involve 
dehydrogenation w ith the formation of hydrogen sulfide, which 
could add to the double bonds, or i t  may involve allylic shifts 
like those reported by Armstrong, L ittle, and Doak.

The remaining reaction involving the double bonds is presum
ably a polymerization type, as suggested by W hitby (ZS) and by 
Brown and Hauser. There is a possibility th a t double bonds 
m ay be removed by reaction w ith oxygen, as well as by direct 
carbon-to-carbon polymerization. The two m ain reactions ap
parently bear a relatively constant relation, as evidenced by the 
linear relation between combined sulfur and loss of unsaturation 
in Figure 3. W hen the sulfur combination is complete, the de

crease in unsaturation continues and indicates some additional 
type of reaction, presumably also polymerization in nature, which 
continues on overcure. Since this probably involves cross linkage 
between chains, i t  would result in an increase of rigidity; this is 
in agreement w ith the observed continued increase of modulus on 
overcure of such B una S stocks.

Thornhill and Sm ith (21) showed th a t sulfur combines with 
natural rubber-carbon black stocks w ithout loss of unsaturation. 
The high loss of unsaturation reported here m ay be evidence that 
the mechanism of vulcanization is to ta lly  different for the two 
materials. I t  m ay be possible th a t  the alpha carbon is not in
volved in the prim ary vulcanization reaction of B una S.

In  conclusion, the d a ta  presented here indicate th a t two types 
of chemical reactions take place during the  vulcanization of 
B una S stocks of a specific type: (a) a combination w ith sulfur, 
which m ay or m ay no t involve the  double bonds in the polymer, 
and which m ay be similar in character to the  prim ary vulcaniza
tion reaction of natural rubber; (6) a  second reaction, presum
ably polymerization, which accompanies the first and is related 
to  and possibly initiated by it, and which continues on overcure.
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This m aterial included in this paper is taken from a  thesis sub
m itted by Max H. Keck in partia l fulfillment of the  requirem ents 
for the degree of m aster of science a t the University of Akron. A 
considerable portion of the experimental work was carried ou t in 
the Goodyear Research Laboratory; thanks are due L. B. Se- 
brell for this privilege.

L IT E R A T U R E  C IT E D

(1) Alekseeva and Belitzkaya, Rubber Chem. Tech., 15, 693 (1942).
(2) Armstrong, L ittle, and Doak, I n d . E n g . C h e m . ,  36, 628 (1944) •

Rubber Chem. Tech., 17, 788 (1944).
(3) Blake and Bruce, Ind. E n g . C h e m .,  29, 866 (1937)- Rubber

Chem. Tech.. 10, 735 (1937).



November, 1945 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 1089

(4) Brown and Hauser, Ind. E ng . C h e m .,  30, 1291 (1938); Rubber
Chem. Tech., 12, 43 (1939)..

(5) Busse, Ind. Enq. C h e m .,  24, 140 (1932); Rubber Chem. Tech., 5,
164 (1932).

(6) Cheyney and Duncan, Ind. E nq. C h e m .,  36, 33 (1944); Rubber
Chem. Tech., 17, 412 (1944).

(7) Cheyney and Robinson, I n d . E nq . Chem ., 35, 976 (1943);
Rubber Chem. Tech., 17, 124 (1944).

(8 ) Cotton, Trans. Inst. Rubber Ind., 6 , 487 (1931); Rubber Chem.
Tech., 5, 153 (1932).

(9) Farm er and Michael, J . Chem. Soc., 1942, 513.
(10) Fisher, I n d . E nq . C h e m .,  18, 414 (1926).
(11) Ibid., 31, 1381 (1939); Rubber Chem. Tech., 13, 50 (1940).
(12) F ry  and Porritt, Trans. Inst. Rubber Ind., 13, 203 (1927); Rub

ber Chem. Tech., 1, 299 (1928).
(13) Garvey and Form an, Ind. Enq. C h e m .,  30, 1036 (1938); Rubber

Chem. Tech., 11, 680 (1938).
(14) Hauser and Brown, Ind. E nq. C h e m .,  31, 1225 (1939); Rubber

Chem. Tech., 13, 65 (1940).

(15) Kemp, I nd . E nq . C h e m .,  19, 531 (1927).
(16) Kemp and Mueller, I nd . E nq . C h e m .,  Anal . E d ., 6 , 52 (1934);

Rubber Chem. Tech., 7, 576 (1934).
(17) Kemp and Peters, I nd . E ng . C h e m .,  A nal . E d ., 15, 453 (1943);

Rubber Chem. Tech., 17, 61 (1944).
(18) Kemp and Straitiff, Ind. Enq. C h e m .,  36, 707 (1944); Rubber

Chem. Tech., 18, 41 (1945).
(19) Sebrell, Ind. Enq. C h e m .,  35, 736 (1943); Rubber Chem. Tech.,

16, 713 (1943).
(20) Selker and Kemp, Ind. Enq. C h e m .,  36, 16-28 (1944); Rubber

Chem. Tech., 17, 303 (1944).
(2 1 ) Thornhill and Smith, Ind. Enq. C h e m .,  34, 218 (1942); Rubber

Chem. Tech., IS, 272 (1942).
(22) W hitby, Trans. Inst. Rubber Ind., 6 , 61 (1930); Rubber Chem.

Tech., 4, 465 (1931).
(23) Williams, in Davis and Blake’s “Chemistry and Technology of

Rubber” , A.C.S. Monograph 74, p. 244, New York, Reinhold 
Pub. Corp., 1937.

Octane Number and 
Lead Susceptibility of Gasoline

EFFECT OF ORGANIC CHLORINE AND SULFUR

C L A R K  H O L L O W A Y , J R ., AND W . S . B O N N E L L 1
G u lf Research & D evelo p m en t C om pany, P ittsb u rg h , Pa.

Small quantities of organic sulfur are instrumental in 
lowering the octane number and decreasing the lead sus
ceptibility of gasolines. In order to ascertain whether 
organic chlorine in gasoline would have a similar effect, 
synthetic samples containing from 0 to 1.0 weight % 
chlorine as organic chlorides were prepared and tested for 
motor-method octane number, lead susceptibility, corro
sion, and gum. The gum and corrosion tests were nega
tive at chlorine concentrations of 0.1 weight % and lower; 
the effect of organic chlorides on lead susceptibility was 
so great as to indicate that, above 0.001 weight %, chlorine 
should not be tolerated in gasoline, although this limit 
might be raised somewhat, depending on whether the 
particular chlorides present are normal, secondary, or 
tertiary. Work with another gasoline, and using 1-C 
aviation-method octane ratings indicated about the same 
permissible concentration, both for organic chlorides and 
for a number of organic sulfur compounds.

THF, very deleterious effects of organic sulfur on octane 
num ber and lead susceptibility are well known and have been 

quantitatively reported {1, 2). Similarly, A. M. McAfee, of 
Gulf Oil Corporation, observed th a t small quantities of organic 
chlorine introduced into gasoline in the use of an aluminum chlo
ride catalyst decreased the lead susceptibility. This paper 
presents data  showing the effect of six organic chlorides on leaded 
and unleaded motor-method octane number (A.S.T.M. D-357) 
as well as on gasoline corrosion and gum tests, together with in
form ation on the effects of organic chlorine and sulfur on the 
aviation 1-C octane number (A.S.T.M. T entative Method 
D-614).

Presen t address, Gulf Oil Corporation, P o rt  A rthur, Texas.

Three C.F.R. standard secondary reference fuels were used;
they boil in the aviation gasoline range and have the following
octane numbers:

Fuel A .S.T .M . Octane No.

C-12 78 .9
M-3 19 .5
8-2 100.0

The tetraethyllead was the standard autom otive type “ red” 
fluid where A.S.T.M. octane numbers are reported and the 
standard aviation type “blue” fluid where 1-C octane numbers 
are given, both from the E thyl Corporation. W ith the excep
tion of the ethyl chloride which was a c.p. grade by the D u Pont 
Company, the organic chlorides and all of the sulfur compounds 
were obtained from Eastm an Kodak Company and were better 
than 95% pure. After the respective chlorides were added to 
the C-12 fuel, the gasoline samples were analyzed for chlorine by 
burning in an atmosphere of oxygen and carbon dioxide. The 
combustion products were absorbed in sodium carbonate solu
tion, and the chlorine was precipitated as silver chloride with 
standard silver n itrate  solution, using potassium chromate as 
indicator. Errors in the analyses by this method were no more 
than 3%  a t chloride concentrations of 0.01 weight % and greater, 
and were only 13% a t concentrations as low as 0.002 weight %. 
This m ethod of analysis is a modification of one previously de
scribed (4), with equipment similar to th a t used in the determina
tion of small quantities of sulfur (3). Since good checks were 
obtained w ith the compositions as made up by weighing, analy
ses were not carried out on samples used in the 1-C deter
minations.

In  addition to the octane number study, four standard corro
sion and gum tests were made on the C-12 gasoline samples: 
copper strip (A.S.T.M. D-130-30), corrosion and residue (FSB 
530.11), gum (AN -W -F-781; F-5d), and acidity of distillation 
residue [AN-W -F-781; F-5e(7)]. D a ta  for this gasoline are
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Figure 1. Effect of Organic Chloride Concen
tration on Octane Number

compiled in  Table I . The only failure to  m eet aviation gasoline 
requirements was in the case of the gum test. W hen a sample 
containing 0.106 weight %  chlorine as ethylene chloride was 
subjected to  this test, 5.8 mg. of gum per 100 ml. of sample were 
obtained, whereas a maximum of 5 mg. per 100 ml. is allowable. 
Uninhibited and inhibited samples containing 1 weight %  chlo
rine as ¿eri-butyl chloride produced 13 and 11 mg. of gum per 100 
ml. of sample, respectively. According to  these results, no 
trouble will be encountered in meeting corrosion and gum speci
fications because of organic chlorides, provided the chlorine con
centration is 0.1 weight %  or less.

E F F E C T  O F  C H L O R ID E S

The octane numbers of unleaded samples containing up to  1.0 
weight %  chloride as ieri-butyl chloride were no t affected by the
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Figure 2. Effect of Various Chlorides on 
Octane Number

chlorine content. The octane num bers of samples containing 
tetraethyllead fluid, however, were appreciably reduced in the 
presence of m inute am ount of organic chlorine. This octane 
num ber depression began to  occur between about 0.001 and 0.01 
weight %  chlorine when the  chloride used was the  ¿eW-buty] 
compound. Figure 1 shows the effect of various am ounts of 
ieri-butyl chloride. Curves are presented for inhibited and un
inhibited samples containing 0 and 1 cc. of tetraethyllead  per 
gallon, and one curve represents an uninhibited sample con
taining 3 cc. per gallon.

In  a homologous chloride series, increasing the molecular 
weight progressively decreases the lead susceptibility of the gaso
line. The octane num bers obtained w ith samples containing 
about 0.1 weight % organic chlorine, using four prim ary chlo
rides and ethylene chloride, are p lo tted  on Figure 2; 1 cc. of 
tetraethyllead  per gallon was present in  each sample of the 
homologous series. The octane num bers obtained in  the pres
ence of n-butyl and ieri-butyl chlorides indicate th a t equal con
centrations of isomeric chlorides act differently upon lead sus
ceptibility; a  tertiary  decreases i t  more than  a  prim ary chloride.

None of the  chlorine concentrations m entioned in  th is work 
include halides added w ith th e  tetraethy llead  in the  form of 
ethylene chloride and ethylene bromide. These are present

T a b l e  I. S u m m a r y  o f  C o r r o s i o n  T e s t s  a n d  O c t a n e . N t j m b e r  R a t i n g s  f o r  G a s o l i n e  C o n t a i n i n g  O r g a n i c  C h l o r i d e s
Chloride added 
Chlorine, wt. %
Inh ib ito r added, lb.°

C opper s tr ip  te st

Corrosion & residue, mg./lOO ml. 
G um, mg./lOO ml.

A cidity  of d is tn . residue

A .8 .T .M . m otor-m ethod octane No. 
C lear
+  1 cc. T .E .L . (red)

Chloride added  
Chlorine, wt. %
Inh ib ito r addecl, lb .“

Copper s tr ip  te s t

C orrosion & residue, mg./lOO ml. 
G um , mg./lOO ml.

A cid ity  of d is tn . residue

A .8 .T .M . m otor-m ethod  octane No. 
+  1 cc. T .E .L . (red)
-f-3 cc. T .E .L . (red)

7 8 .6
8 7 .7

9 2 .8

0.0010
0

78 .7
8 7 .8

0.0093
0

7 8 .8
8 6 .5

0 .0009
0

9 2 .8 9 2 .5

0 .0836
0

7 9 .6
8 0 .2

- ie r i-B u ty l-
0.0073

0
0 .084

0

86.2

0 .962
0

- ie rf-B u ty l-

N egative

1
13

N eutra l

78 .6
78 .2

0 .780
0

7 7 .9

7 9 .2
88.8

n-A m yl
0 .1030

0

1 . 8
1.8

8 2 .5

0.0010
1

7 9 .0
88 .9

n -B u ty l
0 .1019

0

0.8
1 .3

8 2 .8

0 .0091
1

7 9 .0
8 7 .2

ra-Propyl
0 .1029

0

2 . 0
2.0

N eu tra l

83 .1

0.100
X

7 9 .2
8 0 .4

E th y lene
0 .1 0 6

0

-N e g a t iv e -

2.0
5 .8

8 4 .3

0 .849
1

1
11

79.3
7 7 .8

E thy l 
0 .1003 

0

1 . 2
3 .0

8 4 .8

; P ounds of m onobeniy l-p-am inophenol per 5000 gallons.
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about 15% in excess of the stoichiometric quantity  required for 
complete conversion of the lead to lead halides. Thus, w ith the 
“ red” fluid used, the concentrations of chlorine and bromine are 
0.006 and 0.021 weight % of the gasoline, respectively, for each 
cubic centim eter of T .E .L . added per gallon.

Tests were also conducted to determine the effect of organic 
chlorine and sulfur on 1-C ratings. Table I I  summarizes the 
data for leaded S-2 reference fuel containing various concentra
tions of organic chlorides, and the 1-C ratings of these samples 
are plotted against chlorine concentration and molecular weight 
in Figures 1 and 2. The trends shown are considered accurate, 
although it  is generally recognized th a t the accuracy of single
1-C ratings is only about ±0.5 unit, tert-Amyl chloride was 
evaluated a t chlorine concentrations of approximately 0.001, 
0.01, and 0.1 weight %, and the effect of four other chlorides 
was determined a t 0.1 weight % chlorine. W ith tert-amyl chlo
ride, the 1-C rating of leaded S-2 reference fuel started  to de
crease when more than  0.001 weight % chlorine was present, 
although the ra te  of decrease was not rapid until 0.01 weight %  
chlorine had been exceeded.

E F F E C T  O F  S U L F U R

Table I I I  summarizes the data  for leaded 95%  S-2 fuel in M-3 
reference fuel containing various concentrations of organic sulfur 
compounds, and the 1-C ratings of these samples are plotted 
against sulfur concentration in Figure 3. The comment on ac
curacy of 1-C ratings should again be kept in mind. n-Butyl 
mercaptan was evaluated a t sulfur concentrations of 0.01, 0.05, 
and 0.1 weight %, and the  effect of six other sulfur compounds 
was determined a t 0.05 weight % sulfur. Unfortunately, a 1-C 
rating of a sample containing 0.001 weight % sulfur as n-butyl 
m ercaptan was not obtained. Since 0.01 weight % sulfur de
creased the rating by 2.4 octane numbers, it  is probable th a t a t 
0.001 weight % sulfur the 1-C rating would s ta rt to decrease.

In  this investigation no a ttem pt was made to determine the in
fluence of type of fuel or octane number level. As indicated 
above, some information was obtained a t 0.1 weight % chlorine 
and a t 0.05 weight % sulfur on the effect of different types of or-

T a bl e  I I . E ffec t  o f  O rganic  C h lo rides  o n  1-C O ctane 
R ating

(S-2 reference fuel plus 4 cc. te trae thyllead)
A viation M ethod 1-C R ating

Added
Chloride

Boiling 
R ange of 

Chloride, 0 F.
W t. %  Added 
as Organic Cl

None 0 .0
¿eri-C*HiiCl 181 .4 -1 85 .0 0.0009
¿er<-CiHiiCl 1 8 1 .4 -185 .0 0 .0092
tert- C iH nCl 18 1 .4 -1 8 5 .0 0 .0922
n-C.H uCl 2 2 2 .8 -2 2 6 .4 0 .10
tert-C<HbC1 1 22 .0 -12 3 .8 0 .10
n-CiHiCl 1 7 0 .6 -172 .4 0 .10
n-CiHîCl 1 1 3 .0 -116 .6 0 .10

•  Average of two ratings.

Cc. of 
T .E .L . in  

iso-octane

4 .0 6 °
4 .16  
3 .62  
0 .3 9  
2 .96  
0.61 
3 .4 2  
2.99

Equiv. 
blending 

octane No.

113.5°
113.6 
112.9
104.0
112.0 
105.4
112.7 
1 12 . 1

ganic chloride or organic sulfur compounds. For constant 
chlorine concentration, branched-chain chlorides had a more 
deleterious effect than straight-chain isomers; in general, in
creasing the number of carbon atom s in a homologous series 
decreased the 1-C ratings. These observations are in agreement 
w ith the data  on the effect of organic chlorides on A.S.T.M. 
motor-method octane number.

The data  on the effect of various types of organic sulfur com
pounds are not very conclusive. The decrease in 1-C ratings re
sulting from the addition of 0.05 weight % sulfur as n-butyl 
m ercaptan, isobutyl m ercaptan, n-butyl sulfide, n-amyl disulfide, 
or isoamyl disulfide was about the same; thiophene and n-butyl 
disulfide had considerably less effect. Ryan (2) observed th a t 
increasing the number of branched chains in an isomeric series or 
increasing the number of carbon atom s for a homologous series de
creased the A.S.T.M. motor-method octane number of samples con
taining 0.05 weight % sulfur. In  our work there was no consistent 
difference between the two sets of isomers, normal and isobutyl 
m ercaptan or normal and isoamyl disulfide; however, the amyl 
disulfides were more detrim ental than n-butyl disulfide.

T a ble  I I I . E ffec t  of O rganic  S tjlfur C o m po unds  on  1-C 
O ctane R ating

(95% S-2 reference fuel - f  5%  M-3 reference fuel -f- 4 cc. te trae thyllead)

W t. % S
A viation M ethod  1-C 

R ating
Boiling Range of A dded as Cc. of Equiv.

A dded Sulfur Sulfur C om pound, Organic T .E .L . in blending 
octane No.Com pound 0 F. Sulfur iso-octane

None 0 .0 2 .31° 110.8«
n-C<H®SH 2 0 4 .8 -20 8 .4 0 .01 1.29 108.4
n-C JIeS H 20 4 .8 -2 0 8 .4 0 .05 0 .20 102.5
71-C4H 9SH 2 0 4 .8 -20 8 .4 0 .1 0 .15 101.9
iso-CiHiSH 188 .6 -19 2 .2 0 .05 0 .30 103.3
(n-CiHt)iS 3 6 6 .8 -27 2 .2 0 .05 0 .30 103.3
(n-CiH»)iSi 212-217.4  (15 mm.) 0.05 1.07 107.7
(n-C»Hn)iSi 262.4-266(12 mm.) 0 .05 0 .30 103.3
(iso-CiHii)iSi 
H C — C H

251.6-257(10 mm.) 0 .05 0 .42 104.3

d H  ' b H 183.2 0 .05 1.90 110.0

a Average of two ratings.

In  agreement with the work on motor-method octane numbers, 
and again depending upon the type of compounds present, not 
more than approximately 0.001 to 0.01 weight % chlorine or sulfur 
can be tolerated without decreasing the 1-C ratings. The cop- 
per-dish and gum tests were run  on the samples containing up 
to 0.01 weight % chlorine or sulfur, and the samples passed speci
fications.

In  this investigation, the 1-C ratings were converted to octane 
numbers from the values in R eport No. 3 of the Subcommittee on 
Blending Octane Numbers of the Aviation Gasoline Advisory 
Committee. In  the “blue” leading fluid used in the 1-C octane 
ratings there is no chloride. Bromine as ethylene bromide is 
present to the extent of 0.125 weight % of the gasoline when it  is 
leaded to 4 cc. per gallon.

A C K N O W LE D G M E N T

The writers wish to acknowledge the contribution of E. E. 
Nelson, who developed the m ethod of chloride analysis, the 
assistance of members of the Chemistry Division of this com
pany in preparing test samples, and the T est and Engine Labora
tories’ determ ination of inspections and knock ratings.

L IT E R A T U R E  C IT E D

(1) Guthrie and Simmons, U. S. Bur. Mines, Rept. Investigation 3729
(1943).

(2) Ryan, I n d .  E n g .  C h e m .,  34, 824  (1942).
(3) Schulze, Wilson, and Buell, Oil Gas J ., 37, No. 45 , 76  (1939).
(4) W irth and Strosa, I n d .  E n g .  C h e m .,  A n a l .  E d . ,  5, 85 (19 3 3 ) .

Figure 3. Effect of Organic Sulfur Compounds 
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Reaction Rate of 
Hydrogen Chloride and

Sulfide with Steel
C A R L  F . P R U T T O N , D A V ID  T U R N B U L L ,  

AND G E O R G E  D L O U H Y

Case S ch o o l o f  A p p lie d  S c ien ce , C leve land , O hio

D U R IN G  an investigation of the  cooperative action of or
ganic sulfur and chlorine compounds in extreme-pressure 

lubrication, it  became of in terest to  study the ra te  of a ttack  of iron 
and steel by hydrogen chloride, hydrogen sulfide, and m ixtures 
of th e  two. One of the  possible modes of action of such com
pounds was to  decompose a t the contact points of the gear teeth  
and liberate hydrogen chloride or sulfide, which would then  react 
w ith the  iron to  form an inorganic lubricant film, such as iron 
chloride or sulfide. I t  was therefore considered im portant to  
investigate the reaction of these gases and m ixtures of the  two 
with iron a t tem peratures which m ight reasonably be expected to  
prevail a t the contact points (1) after short contact periods. 
This m ight indicate whether or not films of iron sulfide or chlo
ride could form w ith sufficient rapidity  to  provide effective lub
rication, w hat substance predominated in the film formed by a 
m ixture of the  additives, and whether the  additive m ixture 
caused more rapid film formation than  the additives acting singly.

Although subsequent work rendered it doubtful th a t hydrogen 
chloride or sulfide was actually interm ediate in the reaction of 
organic chlorine and sulfur additives w ith steel, i t  did indicate 
th a t iron chloride or sulfide was formed a t  150° to  300° C. 
From the lubrication standpoint, therefore, the principal interest 
in the  work reported in this investigation lies in a study of the 
growth characteristics of sulfide and chloride films on iron and of 
the  effect which one constituent of the  mixed film (sulfide and 
chloride) exerts on the growth ra te  of the  other.

A part from the significance attaching to  this study from a lub
rication standpoint, i t  is also im portant from a corrosion stand
point. In  m any industrial processes involving the  preparation of 
chlorinated compounds from anhydrous hydrogen chloride a t 
high tem peratures or the  use of chlorinated compounds which 
crack a t high tem peratures to  give hydrogen chloride, iron pipes 
and reactors are used. Consequently, information on the  reac
tion ra te  of iron w ith anhydrous hydrogen chloride would be of 
considerable value in  th is connection. In  the distillation of pe
troleum and in the  cracking of petroleum hydrocarbons, hydro
gen sulfide, sulfur, and hydrogen chloride are formed, and the  
reaction between these compounds add the iron in the  equipment 
in which the  processes are carried out is of practical interest.

Several investigators (%, 4 ,1 6 ,1 7 ,1 8 )  have studied the ra te  of 
reaction of hydrogen sulfide w ith steel. In  m ost cases th e  rates 
were measured over comparatively long periods, and the mecha
nism of film growth was no t discussed. Wilson and Balke (18) 
measured the  ra te  of reaction a t  two tem peratures between 
300 ° and 400 ° C. up to  4 hours of reaction tim e by measuring the 
volume of hydrogen evolved when hydrogen sulfide passed 
through a steel tube. They obtained a  rapid initial ra te  followed 
by a slow ra te  a t  long periods. W hite and M arek (17) studied 
the reaction over long tim e intervals and observed th a t film 
scaling invariably occurred, w ith the result th a t the reaction 
ra te  was accelerated as tim e increased.

At one atmosphere pressure the amount of reaction, y ,  
of iron with hydrogen sulfide may be represented as a 
function of time t by the equation y2 =  K t  +  A , where K  
is a constant dependent upon temperature and pressure, 
and A  is a constant which may be zero or assume a posi
tive value depending upon the type of iron. K  may be 
represented as a function of temperature by an equation 
of the type: logio K  =  B / T  +  C. Addition of oxygen to 
hydrogen sulfide greatly accelerates its reaction rate with 
iron, but its reaction with an oxide-coated iron surface is 
substantially slower than with a clean iron surface. 
Hydrogen chloride reacts with iron or steel much less 
rapidly than does hydrogen sulfide under comparable 
conditions; the extent of its reaction with steel may be 
represented by the following type of equation: y  ** k  
logio (b t  +  1). When a 1 to 1 mixture of hydrogen chloride 
and hydrogen sulfide reacts with steel, the rate of forma
tion of iron chloride is about the same as though hydrogen 
sulfide were absent. However, iron sulfide forms in the gas 
mixture at a rate only one third to one tenth as fast as it 
forms in pure hydrogen sulfide. “Inhibition” of iron 
sulfide formation is attributed to interspersion of iron 
chloride microcrystals in the mixed film.

Anhydrous hydrogen chloride is known to  react w ith steel 
only slowly a t 200“ to  300° C. H ofm ann and H artm ann (7) 
compared the  ra te  of reaction of several m etals, including iron, 
w ith hydrogen chloride gas and w ith ammonium chloride vapor, 
and found th a t the  la tte r a ttacks m etals more rapidly th an  hydro
gen chloride. N o kinetic studies seem to  have been undertaken 
for the  purpose of ascertaining the  mechanism of iron chloride 
film formation, however.

CORRO SION T E ST IN G

P r e p a r a t i o n  o p  M e t a l s .  Three types of iron were used in 
th is investigation. The M allinckrodt electrolytic iron wire 
samples were 0.015 inch in  diam eter and assayed 99.8%  iron and 
0.023% sulfur. Im m ediately before use, they  were rinsed with 
ether and dried.

Cold-drawn S.A.E. 1112 steel rods, */< inch in  diam eter and 
1 inch long, were prepared by dry  surface grinding w ith a  fine 
alundum  wheel (No. W GOKH-4). T he final cu t was m ade a t 
a  uniform ra te  of 0.25 inch per m inute w ith a  0.004-inch depth 
of cut. Ends of the  samples were finished by grinding on an 
emery wheel. N o oil, grease, or other lubricant was used in  pre
paring the  samples, and they were always handled w ith clean for
ceps. Analysis revealed 0.22%  sulfur by  weight.

Cold-drawn, S.A.E. 1113 steel samples were the  same size and 
prepared in the  same m anner as were the  S.A.E. 1112 samples. 
This steel differed from S.A.E. 1112 in sulfur content which was 
0.29% by weight, in m achinability which was ra ted  30%  higher, 
and in hardness which was about 20%  greater on th e  Rockwell C 
scale.

A p p a r a t u s . Figure 1 is a  schematic diagram  of the  apparatus 
in which the Corrosion tests were run. I t  was constructed en
tirely from Pyrex. Stopcocks appear a t  points 1, 2, 3 e tc  • 
A i, A it and A 3 show storage tubes for condensed gases; i ’l T t’ 
and indicate cold traps for condensing ou t m oisture ’an d ’any
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traces of other condensable impurities in the gases. Pressures 
were read on manometers M i and M i. A large flask (2-liter 
capacity) was used for storing the gases. Constant tem perature 
was m aintained in the  Reactor by a boiling liquid, such as mer
cury or hexachlorodiphenyl oxide in the boiler surrounding the 
reactor.

P u r i f i c a t i o n  o f  G a s e s .  Hydrogen sulfide was introduced 
into the system from a commercial cylinder a t 1 and condensed 
in A h which was cooled by a dry ice-naphtha bath. About 
one th ird  of the sample was distilled off in order to remove vola
tile impurities. Prior to  reaction, a sufficient am ount of hydro
gen sulfide was vaporized into the storage flask, which was kept 
a t — 55 ° C., and kept until the reaction was begun.

When hydrogen chloride was used, it was introduced into the 
system a t 3 from a commercial cylinder and condensed in A t  
which was cooled by liquid nitrogen. About one th ird  was then 
distilled off. Gas samples for reaction were collected and stored 
in the 2-liter flask as for hydrogen sulfide. When only hydrogen 
chloride was used, all cold traps except the storage tube were 
m aintained a t —75° C. W hen hydrogen sulfide or a mixture of 
hydrogen sulfide and chloride were used, however, they could be 
cooled no lower than — 55° C. in order to  avoid condensation of 
hydrogen sulfide.

To obtain a mixture of hydrogen chloride and sulfide of known 
composition, hydrogen chloride was first introduced into the 
storage flask to a definite pressure read on M i. This was then 
entirely condensed in A 3 from which hydrogen chloride had been 
previously removed by condensation into A 2. Hydrogen sulfide 
was introduced into the storage flask to  a definite pressure and 
condensed w ith the hydrogen chloride in A 3. This whole con
densate was then distilled back into the  storage flask where it  
was retained until ready for reaction.

R e a c t i o n  P r o c e d u r e .  T w o  steel samples were placed in 
the sample holder and suspended from the glass bob by means of 
glass hooks. A calibrated m ercury therm om eter was also sus
pended from the  bob so th a t the therm om eter bulb was opposite 
the middle of the steel samples. Indentations in the reactor tube 
served to support the bob and articles suspended from it. After 
the top of the reactor was sealed off, the system was evacuated 
to  less than  0.01 mm. of mercury by the  Welch pump. An elec
trical heating element, m anually controlled by means of a vari
able transformer, brought the liquid in the outer jacket to  boiling. 
Tem peratures in the reactor bulb varied about 10 C. per inch of 
height in the  neighborhood of the samples. During the reaction 
the maximum tem perature variation was ± 0 .5° C.

W hen the reactor had reached constant tem perature, the gas 
in the flask was quickly adm itted until the desired pressure was 
obtained. After the desired reaction tim e had elapsed, the gas 
was removed by condensation in T>, which was cooled by liquid 
nitrogen. W hen the samples had cooled under vacuum to  room 
tem perature, they were removed for analysis.

A n a l y s i s  o f  S a m p l e s .  Analysis for sulfide on the electro
lytic iron was made by the hydrogen sulfide evolution method 
described in the A.S.T.M. procedures. For the steel samples, 
however, i t  was necessary to modify this procedure so th a t little 
more than  the sulfide film was dissolved in the determ ination in 
order to  avoid a large blank. Loss in weight of the samples by 
the action of acid was determined in order to  apply a blank cor
rection for the sulfur originally present in  the dissolved steel. 
In  duplicate sulfide determ inations on separate samples of equal 
area subjected to  the same reaction condition, the deviations 
from the m&in averaged about 3%.

Chlorides were determined potentiometrically using a silver 
electrode and a calomel reference electrode connected to  the 
solution through an agar-agar-potassium  n itrate  bridge. Analy
ses made on duplicate test samples generally deviated =*= 1% 
from the mean.

R E A C T IO N S  O F  H Y D R O G E N  S U L F ID E

R ates of reaction of hydrogen sulfide w ith steel and iron were 
studied a t tem peratures from 247° to  347° C. and for contact 
times up to 90 minutes. At hydrogen sulfide pressures of 0.5 or 
1 atmosphere it was found possible to  represent the to ta l amount 
of reaction per unit area as a function time t by an equation of 
the type:

y* =  K t  +  A  (1)

where K  and A  are constants dependent upon tem perature and 
pressure of hydrogen sulfide. In  the figures and subsequent dis
cussion, y  is expressed in gram equivalents of sulfide (or chlo
ride) per square meter, and time in minutes.

Figure 2 shows y2 plotted against tim e for the S.A.E. 1112 
steel a t three tem peratures; Figure 3 presents similar plots for 
electrolytic iron wire. These curves are linear as required by 
E quation 1, and deviations of the plotted points from the lines 
correspond to deviations not exceeding ± 10% for the y  values 
in most instances. Table I summarizes the constants of Equation 
1 for the various types of steel and iron used.

For the most part, K  values for the  samples investigated are in 
close agreement, particularly when it  is recalled th a t an error in 
y  will square the error in K . Only a t 314° C. between the S.A.E. 
1112 and the other two types is the  disagreement in K  values 
somewhat larger than  the experimental uncertainty. Values of 
intercept A  are positive and in fair agreement for electrolytic iron
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FIG. 2 .  TEST OF RELATION K *  FOR REACTION OF HgS 

WITH STEEL AT VARIOUS TEMPERATURES

FIG.3. TEST FOR LINEAR RELATIONS BETWEEN y  2 AND -b FOR 
REACTION OF HgS WITH C.I?ELECTROLYTIC IRON AT 
TWO TEMPERATURES

and the S.A.E. 1113 steel, bu t are zero, within experimental error, 
fo rtheS .A .E . 1112 steel.

Agreement of the experimental data  w ith Equation 1 indicates 
th a t the ra te  of formation of iron sulfide in a hydrogen sulfide 
atmosphere is probably controlled principally by the  ra te  of 
diffusion of one of the reactants through the  iron sulfide lattice. 
Pilling and Bedworth (12) found th a t, in the oxidation of a num
ber of pure m etals (copper, iron, nickel, lead, and zinc) a t high 
tem peratures, the relation between y  and t was given by:

through the  lattice during the  reaction. H e further dem onstrated 
th a t an equation of type 2 was satisfied, irrespective of which re
actan t diffused when lattice diffusion was th e  ra te  determ ining 
step and was able to  calculate values of K  in  satisfactory agree
m ent w ith experiment in a num ber of instances.

Generally, whenever the  cation lattice of a  tarn ish  film ex
hibits an  appreciable concentration of Schottky defects while the 
anion lattice remains viru tally  filled, the  film is an  oxidation semi
conductor and during th e  oxidation only th e  cations diffuse. 
I t  is known (9) th a t as m uch as 15% sulfur m ay be dissolved in 
the  ferrous sulfide lattice; the  x-ray diffraction investigations 
of Hagg and Sucksdorf (5) upon such solid solutions indicate that 
vacancies (or Schottky defects) are created in  th e  ferrous iron 
lattice w ith addition of sulfur. I t  might, then, be predicted that, 
in the  reaction of hydrogen sulfide or sulfur w ith iron, diffusion 
of iron ions outward through the  sulfide lattice  would control the 
reaction ra te  when chemical reaction is relatively rapid.

On the  basis of such a mechanism, fairly close .agreement be
tween K  values for various iron samples is to  be anticipated, since 
K  will be determ ined prim arily by the  pressure of hydrogen sul
fide or sulfur, the  properties of the  iron sulfide lattice, and the 
activ ity  of iron a t th e  iron-iron sulfide interface.

Evans (S) discussed various in terpretations of intercept A  in 
Equation 1. A positive value for A  m ay indicate th a t, in the 
earliest stages of reaction where the  film is forming rapidly, some 
cracking m ight occur in order to  relieve the  in ternal stresses set 
up in the film. This would expose more surface and thus lead to 
a higher ra te  in the early stages of reaction. In  th e  case under 
consideration, why this should occur for the  S.A.E. 1113 and not 
for the  S.A.E. 1112 steel is no t entirely clear. I t  is more under
standable th a t films formed on wires of small diam eter should 
exhibit a greater tendency to  crack under internal stress than 
those on samples of larger diam eter. A t any ra te , th e  important 
feature of the  present results is th a t, once a film of iron sulfide is 
established, further growth proceeds a t nearly th e  same rate  re
gardless of the samples investigated.

For the  S.A.E. 1112 steel i t  was possible to  represent K  as a 
function of absolute tem perature by the  expression:

logioK =  -2 3 5 0 / T  +  0.12 

where T  =  absolute tem perature, 0 K .

(3)

Figure i  shows th a t a plot of log«, K  against 1 / T  is linear as re
quired by Equation 3. Lennard-Jones (8) discussed the  justifi
cation of an equation of the  same type as 3, as applied to  reactions 
of this character.

At 347° C. and a reaction tim e of 20 m inutes some measure
m ents were taken on the  effect of hydrogen sulfide pressure on the 
extent of reaction. F o rth eS .A .E . 1112 steel under these condi-

y* =  K t (2)

They showed th a t such a relation could be derived on the basis of 
the assumptions th a t the ra te  of oxidation was determined by the 
diffusion ra te  of oxygen through the oxide lattice, th a t the ra te  of 
chemical reaction was sufficiently rapid to  make the  concentra
tion of diffusing reactant negligibly small a t the reaction interface 
in comparison w ith its concentration a t the interface a t which it 
goes into solution, and th a t the oxide film was less dense than  the 
m etal displaced.

Since Pilling and Bedworth’s investigation, much evidence (6) 
has accum ulated which indicates th a t, in the  growth of tarnish 
films on metals, ions ra ther than  molecules diffuse through the 
film. Furtherm ore, in most reactions investigated, i t  appears to 
be the  cations ra ther than  the anions which diffuse. Pfeil (11) 
presented convincing evidence th a t, in the oxidation of iron a t 
800° C., iron ions as well as oxide ions diffused through the  film 
lattice during oxidation. W agner (14) proved th a t in the  reac
tion between solid sulfur and silver only silver ions diffused

T a b l e  I .  C o n s t a n t ^  K  a n d  A  o f  E q u a t i o n  1 f o r  t h e  R e 
a c t i o n  o f  D i f f e r e n t  T y p e s  o f  I r o n  w i t h  H y d r o g e n  S u l f i d e  

a t  O n e  A t m o s p h e r e

Tem p., Designation of p . /  equ iv .1
° C. Iro n  or Steel \ s q .  meter* X min.

314 S.A.E. 1112 0 .8 3  X 10-*
S.A .E . 1113 1 .16  X 10-*
Electro ly tic  iron 1 .17  X 10-*

347 S.A.E. 1112 1 .32  X 10-*
S.A.E. 1113 1 .67  X 10-*
E lectrolytic iron 1 .60  X 10-*

A (  equiv. y  
\ s q .  m e te r /

0 X  10 '*  
6 .2  X 10** 

1 0 .8  X 10-*

0 . 0  
22 X 10-* 
32 X 10-*

T a b l e  I I .  E x t e n t  o f  R e a c t i o n  o f  D r y  H y d r o g e n  S u l f i d e  
w i t h  a n  I r o n  O x i d e  F i l m  a n d  w i t h  P u r e  S t e e l

Pressure, (Equiv. F eS /S q . M ete r)  X 10»
A tm . HsS +  oxidized ateel H iS +  steel

Time,
M in.

15
30
30

Temp.,

347
347
248

0 .5 0
0 .5 0
1.00

5 .00
5 .90
2 ,66

7.14
9.00
3.28
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tions y  could be represented as a  function of hydrogen sulfide- 
pressure (P»tm.) by the  equation,

y  »  0.050 PiZ. (4)

with deviations of 10% or less.
At 314° C. some experiments were conducted in which the 

am ount of reaction of S.A.E. 1113 steel w ith hydrogen sulfide 
containing 4%  oxygen was measured after reaction times of 15 
and 30 m inutes. These results were somewhat erratic because of 
heavy scaling of the  films when oxygen was present, bu t the 
amount of reaction was three to  five times larger th an  when oxy
gen was absent. During these tests deposits of sulfur formed on 
tlje cooler portions of the  system. This was undoubtedly due to 
the reaction:

2HaS +  O, — >- 2HaO +  Sa (5)

which, according to  equilibrium calculations, should go nearly 
to completion a t  this tem perature. Presence of a  relatively high 
partial pressure of sulfur in this case probably accounts for the 
increased reaction.

1.5 2.0 2.5
L06ic/;b-t+ l)

F ia r .  EXTENT OF REACTION OF STEEL WITH HCI GAS 
PLOTTED AGAINST L 0 G |0 (b t+ l)  WHERE T, = TIME, MINUTES, 
AND b IS CONSTANT FOR A GIVEN TEMPERATURE

347-C.

314 "C.

This result suggested th a t perhaps the  mechanism of reaction 
between hydrogen sulfide and steel m ight involve dissociation of 
hydrogen sulfide into hydrogen and sulfur vapor prior to  reaction. 
Equilibrium calculations, using th e  d a ta  of Preuner and Schupp
(18) indicated th a t sufficient sulfur could be formed a t the  tem 
peratures of the  investigation to  account for the  am ount of re
action. Dependence of the  ra te  of form ation of iron sulfide 
upon either the partial pressure or activity  of the  reactant carry
ing sulfur is not inconsistent w ith  the  mechanism whereby the 
reaction ra te  is determined by the diffusion of ferrous ions out
ward through the  film, since the sulfur excess in  the  lattice will be 
determined by both the  activ ity  and the  pressure of the  sulfur 
reactant. Assuming th a t sulfur is interm ediate in the re
action between hydrogen sulfide and iron, K  should vary as 
Pg{6 on the basis of W agner’s theory (15), whereas from the sparse 

da ta  taken i t  varies as P |{ 4. This discrepancy could be due to  one 
of the following possibilities: (a) a different reaction mechanism 
a t low sulfur pressures or (b) incomplete ionization of iron sulfide 
in the lattice and the  operation of interfonie effects.

An oxide coating formed on samples of steel by baking for 20 
minutes a t  the  reaction tem perature under an  oxygen pressure 
of 50 mm. m aterially lessened the  ra te  of a ttack  of steel by hy
drogen sulfide. Table I I  compares the amounts of iron sulfide 
formed on the  coated and uncoated surface.

These results m ight be a ttribu ted  to  the resistance offered by 
iron oxide to  the outward passage of ferrous ions not only by 
virtue of its thickness bu t also of its lower conductivity toward 
ferrous ions as compared w ith iron sulfide containing dissolved

sulfur. Addition of about 1% w ater vapor to  the  hydrogen sul
fide increased the  am ount of iron sulfide formed by about 10% 
over th a t formed by dry hydrogen sulfide.

R E A C T IO N S  O F  H Y D R O G E N  C H L O R ID E

Reaction of hydrogen chloride w ith S.A.E. 1112 steel and elec
trolytic iron was studied a t 314° and 347° C. For steel the  fol
lowing relations were found to  hold between y  and t  a t one a t
mosphere hydrogen chloride pressure:

314° C.: y  =  0.0104 logl, (0.7i +  1) (6)

347° C: y  =  0.0144 log,» (0.9i +  1) (7)

Figure 5 shows the expected straight lines a t both tem peratures 
when y is plotted against logio (bt +  1).

There is considerable disagreement (8, 10) on the in terpreta
tion of a logarithmic relation between y  and t as given by Equa
tions 6 and 7. For relatively thick films, however (thicker than 
300-500 1 .), an 'in te rp reta tion  suggested by Evans (8) seems 
plausible. He derived the logarithmic law by assuming th a t the 
ra te  of reaction was determined by the diffusion ra te  of reactant 
along gross structural defects in  the film such as pores, fissures, 
and grain boundaries. Transport of reactant by this mechanism' 
undoubtedly occurred in the reaction of hydrogen sulfide with 
steel and iron b u t was overshadowed by lattice diffusion. Since 
the am ount of iron chloride formed on iron by hydrogen chloride 
in a given tim e is only about one fifth the am ount of iron sulfide, 
on an equivalents basis, formed by hydrogen sulfide on iron, it 
appears th a t the resistance of the iron chloride lattice in an atmos
phere of hydrogen chloride m ust be much greater toward the  re
actan t ions th an  the  iron sulfide lattice in an  atmosphere of hy
drogen sulfide.

For short periods the am ount of iron chloride formed on flat 
samples of Armco iron surfaced by a magnetic grinder was,

T a b l e  I I I .  C o m p a b i s o n  o p  A m o u n t  o p  R e a c t i o n  o p  H y d r o 
g e n  C h l o r i d e  a t  O n e  A t m o s p h e r e  P r e s s u r e  w i t h  S t e e l  a n d  

w i t h  E l e c t r o l y t i c  I r o n

Time, Temp., (Equiv. Iro n  Chloride/Sq. M eter) X 1
Min. On steel On electrolytic iron

5 314 0 .66 0 .7 8
30 314 1.42 1.10
45 314 1.62 1.30
60 314 1.74 1.71

5 347 1.04 1.21
15 347 1.60 1.63
30 347 2 .1 2 1.74
60 347 2 .66 1.81
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within experimental error, the  same per unit area as th a t formed 
on the  S.A.E. 1112 samples. Table I I I  compares the  S.A.E. 
1112 steel and electrolytic iron wires. I t  is apparent th a t the 
degree of reaction on electrolytic iron wire agrees fairly well w ith 
th a t on the steel samples. D eviations of the  results on electro
lytic iron from those on the  steel do not exceed 25% and average 
15%. There is a m arked tendency, however, for the results on 
iron to  be higher than  those on steel for the  shorter times, bu t 
less for the longer times.

Variation of y  w ith hydrogen chloride pressure was studied a t 
314 0 C. for a reaction period of 20 minutes. W ithin experimental 
error, the da ta  fitted the equation,

y =  0.0121 P S  (8)

in a pressure range from 0.10 to 1.00 atmosphere. I t  is note
worthy th a t the exponent for hydrogen chloride pressure is al
most identical w ith th a t found for hydrogen sulfide pressure 
(Equation 4).

W hen hydrogen chloride was perm itted to  react a t 347° C. 
w ith steel on which an oxide coating was baked in  a m anner simi
lar to  th a t described for hydrogen sulfide, the am ount of iron 
chloride formed was only about 8-15%  greater th an  th a t formed 
on an uncoated surface.

R EA CTIO N  O F  M IX T U R E S  O F  H Y D R O G E N  C H L O R ID E  
AND S U L F ID E

A 1 to 1 m ixture by volume of hydrogen chloride and sulfide 
a t 1 atmosphere to tal pressure was reacted w ith steel a t 314° 
and 347 ° C. for various times. Since the  pressure of each of the 
reactant gases in the m ixture was 0.5 atmosphere, i t  was neces
sary for comparison to have the amounts of reaction due to  each 
of the pure gases a t 0.5 atmosphere under these conditions. H y 
drogen chloride was measured directly by reacting pure hydrogen 
chloride w ith steel a t 0.5 atmosphere pressure for various times 
a t both tem peratures. For hydrogen sulfide the amounts of re
action of the pure gas w ith steel a t 0.5 atmosphere was calculated 
from the results a t 1 atm osphere upon the  assum ption th a t y 
varies w ith PjijS as given by Equation 4 for both  tem peratures 
(314 0 and 347 °) a t all times.

Table IV  c'ompares the  am ounts of iron compounds formed by 
the m ixture of the two gases w ith those formed by the  pure gases 
acting separately a t the same pressure as for the  mixtures. 
Amounts of iron chloride formed by the m ixture of gases are of 
the same order of m agnitude as, bu t somewhat less than, those 
formed by hydrogen chloride acting alone. More striking is the 
result th a t the  amounts of iron sulfide formed by the m ixtures of 
gases are only small fractions (one th ird  to  one tenth) of those 
formed by hydrogen sulfide acting by itself. Results for iron 
sulfide are somewhat erratic because of the difficulty in  analyzing 
for the very small am ount of sulfur in these films. I t  is also note-

T a b l e  I V .  C o m p a r i s o n  o f  A m o u n t s  o f  I r o n  S u l f i d e  a n d  
C h l o r i d e  F o r m e d  b y  a  50-50 M i x t u r e  o f  H y d r o g e n  S u l 
f i d e  a n d  C h l o r i d e  a t  1 A t m o s p h e r e  T o t a l  P r e s s u r e  w i t h  
T h a t  F o r m e d  b y  t h e  P u r e  G a s e s  A c t i n g  S e p a r a t e l y  a t  0.5 

A t m o s p h e r e

Time, Tem p.,
(Equiv. F eC li /  
Sq. M.) X 10>

(Equiv. F eS / 
Sq. M.) X 10»

T o ta l Reacted 
with M ixt., 

(Equiv. I ro n /  
Sq. M.) X 10«M in. HC1 HC1 +  HiS HaS H îS +  HC1

5 314 0 .4 0 0 .4 7 1.58 0 .56 1.03
15 314 0 .92 0.53 2 .99 0 .88 1.41
30 314 1.28 0 .87 4 .21 0 .47 1.34
45 314 1.42 1.10 5.10 0 .22 1.32
60 314 1.48 1.23 5.91 0.47 1.70

5 347 0 .7 0 0 .61 2 .4 8 0 .5 3 1.14
10 347 1.00 0 .6 5 3 .26 0 .7 8 1.43
15 347 1.24 0 .73 3 .90 0.61 1.34
30 347 1.68 1.09 5.49 0 .57 1.66
45 347 1.92 1.29 6 .65 0 .96 2 .2 5
60 347 2 .12 1.71 7 .7 0 1.07 2 .7 8

w orthy th a t, on an equivalents basis, iron chloride predom inates 
over iron sulfide after the longer periods of reaction; for the 
shorter periods iron sulfide seems to predominate.

In  considering possible reactions of m ixtures of hydrogen 
chloride and sulfide on iron, inform ation on equilbria in the  sys
tem  ferrous sulfide-ferrous chloride-hydrogen chloride-hydro- 
gen sulfide is desirable and has been reported (&). Calculations 
m ade from the  equilibrium d a ta  indicated th a t a t  314° C. in a
1 to  1 m ixture of hydrogen chloride and sulfide under an  atm os
phere to ta l pressure the  stable solid phase is FeCl2, while a t 
347° C. the stable solid phase is FeSi.n. This would indicate 
th a t a t 314° iron sulfide could form only by reaction of hydrogen 
sulfide w ith iron and not by reaction w ith iron chloride. Ttys 
probably explains why a t this tem perature the  am ount of iron 
sulfide does not accum ulate w ith tim e b u t actually  appears to be 
less after the longer periods. A lthough hydrogen sulfide may re 
act w ith iron chloride a t 347° C., both  iron chloride and iroD 
sulfide accum ulate w ith time. This probably indicates th a t re
action between hydrogen sulfide and iron chloride is slow in com
parison w ith the  reaction between iron and hydrogen chloride, 
even w ith a film interposed.

I t  is significant th a t the  “deficiency” of iron sulfide a t 314° C. 
is no t compensated for by any detectable increase in the  amount 
of iron chloride formed. In  view of this fact and of the “defi
ciency” in iron sulfide a t  347° where equilibrium conditions were 
favorable for its formation, i t  appears th a t iron chloride in the 
film actually inhibits the reaction of hydrogen sulfide (or sulfur) 
w ith iron. From  the mechanism presented for growth of films 
in the pure gases, i t  is understandable how iron chloride may act 
to  inhibit the  form ation of iron sulfide. I t  was pointed out that 
iron sulfide films are probably good conductors of iron ions in a 
hydrogen sulfide atmosphere, and th a t such films probably 
thickened by reaction of iron ions and electrons which had dif
fused through the lattice w ith sulfur a t the  gas-film interface. 
On the other hand, the experimental evidence indicates th a t iron 
chloride films are poor conductors of iron ions in a hydrogen 
chloride atm osphere; there is no reason to  believe th a t they 
should be any be tte r conductors in an  atm osphere of hydrogen 
sulfide or sulfur, since sulfur probably will no t dissolve in_ the 
iron chloride lattice. W hen iron chloride and iron sulfide are 
forming simultaneously on the surface, no continuous film of 
iron sulfide exists, and diffusion of iron ions from the  m etal sur
face to the gas-film interface through an  iron sulfide layer can 
no longer take place because of the  interposition of the poorly 
conducting iron chloride. Consequently, the  num ber of iron ions 
and electrons reaching the gas-film interface will be much less, 
and the am ount of iron sulfide formed will be correspondingly 
less.

These results offer further evidence th a t th e  assumed reaction 
mechanisms are the correct ones; if reaction of hydrogen sulfide 
w ith iron involved substantial diffusion of reac tan t along gross 
structural faults in the  film ra ther th an  through the  crystal lat
tice, there would be no reason for a dim inution in the  ra te  of iron 
sulfide form ation since a film of iron sulfide and iron chloride 
should exhibit as m any, if no t more, structural defects than  a 
film of iron sulfide. On the other hand, since hydrogen chloride 
apparently reacts w ith iron after diffusion through such struc
tu ral defects, its reaction ra te  should be little  affected by the  dif
ference between an iron chloride film and a film of iron chloride- 
iron sulfide.

D IS C U S S IO N

Addition of hydrogen sulfide to  hydrogen chloride had been 
expected to  increase the  form ation of iron chloride, when equilib
rium conditions were favorable, b u t no evidence of “ cooperation” 
was found in th e  kinetic data . This does no t prove, of course 
th a t “ cooperation” does not take place in the  earliest stages of 
reaction.
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In  view of the  inhibition of iron sulfide accum ulation by iron 
chloride, i t  is apparent th a t films formed of organic sulfur and 
chlorine extreme-pressure additives m ust contain a large propor
tion of iron chloride if they are more than  a few molecular layers 
thick. Another im portant consequence of this inhibition is that, 
ap art from their function in improving extreme-pressure lubrica
tion, chlorine additives in sulfur-chlorine stocks should prevent 
excessive a ttack  of th e  ho t parts of the gear surface by the sulfur 
additive which usually contains “ active” sulfur.

These conclusions have been further supported by investigation 
of the reaction of chlorine and sulfur additives in oil solution on 
iron powder in th e  tem perature range 200° to  300° C. These 
and other results will be presented in a forthcoming publication.
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Viscosities and Densities of 
Solvent-Vegetable Oil Mixtures

F . C . M A G N E  AND E . L . SK A U
S ou th ern  R egional R esearch L aboratory ,

U. S. D e p a r tm en t o f  A gricu lture , N ew  Orleans, La.

A pycnometer and a viscometer suitable for use with vola
tile mixtures and for low-temperature determinations are 
described. Density and viscosity measurements are made 
from incipient crystallization to a temperature near the 
boiling point of the solvent for the complete binary systems 
cottonseed oil-Skellysolve B (commercial hexane), cot
tonseed oil-acetone, cotton seed oil-2-butanone, peanut 
oil-Skellysolve B, and soybean oil-Skellysolve B. From 
these data it is possible to construct for any of these sys
tems the density-composition and viscosity-composition 
curves for any temperature as well as the density-temper- 
ature and viscosity-temperature curves for any composi
tion. The various systems are compared and their ideal
ities discussed. The density-composition curves for the 
binary systems of Skellysolve B with the three oils practi
cally coincide. The viscosity-composition curves for these 
systems almost coincide up to about 60% by weight of oil 
and then diverge to the values for 100% oil. The same is 
true of the binary systems of cottonseed oil with the three 
solvents, except that the curves start to converge again at 
about 90% to meet at the 100% oil value. The applicabil
ity of these data to other random samples of these vege
table oils is discussed.

ITH the introduction and increasing use of solvent extrac
tion and low-tem perature solvent crystallization in proc

essing vegetable oils, the need for data  on the  viscosities and 
densities of oil-solvent m ixtures over the  pertinent tem perature 
range has become apparent, particularly in connection w ith the 
designing of processing equipment. D a ta  for mixtures of soy
bean oil w ith hexane, ethylene dichloride, and trichloroethylene at 
25°, 37.8°, and 50° C. were reported by Johnstone, Spoor, and 
Goss (3). Keulegan (4) determined the kinematic viscosities of 
m ixtures of poppyseed, neat*s-foot, castor, or linseed oils with 
various solvents between —18° and 30° C. Some isolated values

on mixtures of peanut, castor, or Unseed oil w ith toluene were 
reported by Tausz and Rabl (<?). The present investigation was 
undertaken to determine the variation of density and viscosity 
as a function of oil concentration and tem perature for various 
binary systems of cottonseed, peanut, or soybean oils w ith Skelly
solve B, acetone, or 2-butanone, from the point of incipient crys
tallization to a tem perature near the boiling point of the solvent.

The cottonseed oil was refined, bleached, and winterized, and 
had a  Wijs iodine number of 110.6 and 0.11% free fa tty  acid. 
I t  was winterized in admixture with Skellysolve B a t —17° C. 
using a solvent-oil ratio  of 1 to  1 by weight. The peanut oil was 
a refined oil, winterized in admixture with Skellysolve B a t 
—20° C. using a  solvent-oil ratio  of 3 to  1 by weight. I t  had a 
W ijs iodine value of 92.6 and a free fa tty  acid content of 0.41%. 
T he soybean oil was a commercial sample of an edible oil having 
a  W ijs iodine value of 132.6 and containing 0.10% free fa tty  
acid.

Skellysolve B, a commercial hexane (#), was used as received 
w ithout further treatm ent. Acetone (c.P. grade) and 2-butanone 
(Eastm an Kodak practical grade) were purified by treating with 
potassium permanganate, drying over anhydrous potassium 
carbonate, and finally rectifying by a thirty-plate, helix-packed 
distilling column, operating a t 40% take-off. The refractive 
indices (naD5) of the purified acetone and 2-butanone were 1.3568 
and 1.3764, respectively.

Measurements below room tem perature were made in a  ther
mostat-controlled ethanol bath. The bath  liquid was cooled by 
circulation through copper coils, immersed in a second bath 
containing a sludge of solid carbon dioxide and ethanol. A sensi
tive mercury thermoregulator was employed to  actuate the 
circulating pump. This type of regulation provided a tem pera
ture control, as recorded by a mercury thermometer, of =*=0.05° C. 
a t tem peratures as low as —20° C., which was the lowest tem 
perature required. A conventional aquarium water ba th  with 
therm ostatic control within a t least —0.05° C. was employed in 
the measurements above room temperature.

Densities were determined in a 25-ml. Pyrex pycnometer 
(Figure 1) consisting of expansion chamber A  for densities be
low room tem perature, capillary plug B, and a main or equilib
rium bulb, C. In  determining densities below room tem pera- 
ture, the main bulb and plug were filled and a small amount of
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T a b l e  I . D e n s i t y  a n d  V i s c o s i t y  D a t a  f o r  C o t t o n s e e d  
O i l - S k e l l y s o l v e  B M i x t u r e s

w t .  %
of Oil

do0<N1 - 1 0 °  C.

dOo

+  10° C. +  25° C. + 4 0 °  C.

o-oo 0.7131

D ensity , G ram  per M l. 

0 .7066  0 .6980  0.6908 0.6773 0.6637
11.15 0.7373 0.7294 0.7208 0.7121 0.6993 0.68S9
19.22 0.7524 0.7445 0.7350 0.7276 0.7149 0.7020
29.06 0.7735 0.7659 0.7569 0.7494 0.7369 0.7245
38 .98 0.7935 0.7855 0.7772 0.7693 0.7574 0.7452
49 .00 0.8160 0.8087 0.8010 0.7931 0.7818 0.7697
58.28 0.8378 0.8302 0 .8 22 4 0.8149 0.8036 0.7924
71.73 0.8633 0.8555 0 .8485 0.8374 0.8266
78.76 0.8813 0.8740 0.8669 0.8561 0.8455
88.00 0.9073 0.9004 0.8933 0.8830 0.8725

100.00 0.9322 0.9253 0.9151 0.9056

0 .00 0 .54

Viscosity, Centipoises 

0 .4 8  0 .4 3  0 .39 0 .33 0 .2 9
11.15 0 .8 3 0.71 0 .6 2 0 .55 0 .4 6 0 .4 0
19.22 1 .12 0 .97 0 .8 4 0 .74 0 .6 2 0 .54
2 9.06 1 .74 1 .4 8 1.25 1.07 0 .8 8 0 .7 4
3 8 .98 2 .8 9 2 .3 2 1.90 1.59 1.26 1.04
4 9.00 5 .46 4 .06 3 .2 2 2 .6 4 1.95 1.54
5 8 .28 7 .14 5 .43 4 .2 9 3 .01 2 .30
71.73 18.60 13.00 9.61 6 .25 4 .50
78.76 3 4.02 2 2 .54 15.84 9 .8 0 6 .7 5
88 .00 9 0 .4 54.79 34.87 19.91 12.79

100.00 198.5 112.3 54.76 3 1 .48

the mixture was introduced into bulb A . The pycnometer was 
then immersed in the bath  until tem perature equilibrium was a t
tained. Excess m ixture was pipetted out of bulb A , which was 
then removed, cleaned, dried, and replaced on the  pycnometer. 
The whole was then  removed from the bath, allowed to  reach 
room tem perature, dried, and weighed. Weighings were made 
as soon as practical, to  minimize solvent evaporation through 
the ground glass joints, and were corrected for buoyancy of air. 
An additional correction was applied to densities determined 
below 0° C. to compensate for the  volume change of the pycnome
ter. Determ inations were made in sequence, beginning a t the 
lowest tem perature. Pycnometers were calibrated w ith w ater a t 
25° C.

Viscosities were determined in the modified Ostwald viscometer 
shown in Figure 1. Standard taper joints were used in both arms 
of the viscometer to  facilitate connection, through three-way 
stopcock H, to a gas buret. The la tter contained dry air which 
could be forced into arm D  of the viscometer under a slight pres
sure by means of a mercury leveling bulb. Bulb E  was filled by 
increasing the pressure in the gas buret and adjusting three-way 
stopcock H  to  apply pressure to  arm  D of the viscometer. After 
the liquid level had dropped to  point 3 in arm D, the  stopcock 
w&s turned to equalize the pressure in both arms of the  viscome
ter, and the flow tim e between points 1 and 2 was recorded. 
A closed system was thus employed throughout the viscosity 
measurements to minimize evaporation of solvent and also to 
prevent moisture condensation a t the lower tem peratures.

Determ inations on a system of mixtures a t any one tem pera
ture were completed within a period of several hours w ith in-

T a b l e  II . D e n s i t y  a n d  V i s c o s i t y  D a t a  f o r  C o t t o n s e e d  
O i l - A c e t o n e  M i x t u r e s

W t. %  
of OU - 1 0 °  C.

doO

+  10° C. + 2 5 °  C. + 4 0 °  C.

0 .0 0 0.8218
D ensity , G ram s per M l. 

0.8111 0.8017 0.7850 0.7678
9.53 a 0.8227 0.8122 0.7960 0.7797

19.44 a 0.8327 0.8233 0.8075 0.7919
29.99 a 0.8440 0.8351 0.8203 0.8052
39 .64 a 0.8558 0.8462 0.8322 0.8177
48.51 0.8749 0.8664 0.8573 0.8438 0.8296
59.26 0.8875 0.8790 0.8707 0.8577 0.8446
68.53 0.8978 0.8905 0.8824 0.8702 0.8589
78.96 0.9116 0.9038 0.8960 0.8844 0.8729
8 8 .86 0.9245 0.9173 0.9100 0.8991 0.8884

100.00 0.9322 0.9253 0.9151 0.9056

0 .0 0 0 .4 5
Viscosity,
0 .41

Centipoises
0 .37 0 .32 0.29

9.53 a 0 .5 5 0 .50 0.43 0 .37
19.44 a 0 .8 2 0 .72 0.60 0.51
29.99 a 1.29 1.09 0 .8 8 0 .74
39.64 a 2.03 1.66 1.29 1.06
4 8 .51 4.11 3 .12 2.50 1.94 1.47
59.26 7-35 5.50 4 .2 8 3.16 2.33
68.53 13.11 9 .47 7 .1 8 5.00 3 .5 8
7 8.96 2 9 .82 19.99 14.20 9 .22 6 .35
8 8 .8 6 8 2 .8 50.82 32 .78 19.16 12.30

100.00 198.5 112.3 54.76 3 1 .48
° Separa ted  in to  tw o liquid phases.

B

Figure 1. Pycnometer and 
Viscometer

Figure 2. Density-Composition and Viscosity - 
Composition Isotherms for the System Cottonseed 

Oil-Skellysolve B
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T a b l e  HI. D e n s it y  a n d  V iscosity  D a t a  f o b  C o tto nseed  O il -2 -B c ta n o n e

M i x t u r e s
W t . %

o.oo
13. 46 
18.75 
27 .58  
37 .04  
47 .28 
55.92 
66.47 
74.81 
89.51 

100.00

0.00
13.46 
18.75 
27 .58 
37 .04 
47.28 
55 .92
66.47 
74 .81 
89.51

100.00

8577
8624

- 1 5 °  C. - 1 0 °  C.

ÖoO

+  10° C. + 2 5 °  C. + 4 5 °  C. + 6 0 °  C.

D ensity , G ram s per Liter

0 .8384 0 .8345 0.8249 0.8147 0.7996 0.7785 0.7627
0 .8477 0 .8479 0.8381 0.8278 0.8137 0.7947 0.7788
0.8578 0 .8530 0.8433 0.8338 0.8194 0.7994 0.7851

0.8619 0.8524 0.8426 0.8293 0.8101 0.7955
0.8716 0.8621 0.8533 0.8397 0.8222 0.8083
0 .8812 0.8726 0.8638 0.8512 0.8332 0.8202
0 .8898 0.8821 0.8732 0.8607 0.8440 0.8313
0.9014 0.8932 0.8851 0.8731 0.8577 0.8455
0.9103 0.9025 0.8948 0.8831 0.8681 0.8569
0 .9260 0.9186 0.9116 0.9006 0.8870 0.8762

0.9322 0.9253 0.9151 0.9015 0.8926

Viscosity, Centipoises

0 .61 0 .5 8 0.51 0 .47 0 .39 0 .33 0 .29
1.81 0 .96 0.83 0.73 0.61 0 .53 0.41
1.23 1.13 0 .97 0 .85 0.71 0 .57 0 .49

1.64 1.37 1.19 ■0.97 0.76 0 .6 6
2 .55 2.09 1.75 1.39 1.05 0.89
4 .27 3 .30 2.71 2.11 1.53 1.28
6 .7 5 5.13 4 .08 3.01 2.13 1.75

12.86 9 .40 7.11 4 .96 3 .39 2.69
2 3.70 16.41 11.92 7 .84 5 .06 3 .89
9 4 .3 56.69 36 .38 20.85 11.69 8 .26

------ 198.5 112.3 54.76 26.34 16.84

The results of density and viscosity 
measurements for the binary m ixtures of 
oil and solvent are shown in  Tables I  to  V. 
The density-composition and viscosity- 
composition isotherm s were p lo tted  for 
each oil-solvent system; Figure 2, repre
senting the d a ta  for cottonseed oil-Skelly- 
solve B m ixtures given in Table I, is 
typical of the  results for each case. A 
family of curves is also obtained when these 
da ta  are plotted to show the change in den
sity (Figure 3) and viscosity (Figure 4) 
w ith tem perature for the compositions 
investigated.

The density-composition isotherms of 
the solvent-oil m ixtures investigated are 
not straight lines bu t are slightly con
cave upward. An empirical equation 
was fitted to  each of the isotherms of the 
form,

D  =  a +  IP  +  cP* +  dP1

dividual viscometers chosen to  give approximately the same flow 
time.

Runs were made in sequence beginning a t the  lowest tem pera
ture and thus obviating any refilling in determ inations below 
room tem perature; above room tem perature, fresh samples 
were used for each determ ination. To keep the  to ta l volume 
constant as tem perature was raised, the  viscometer was designed 
with an overflow tip  G of sufficient height to permit discharge of 
excess volume, resulting from therm al expansion, into bulb F. 
The viscometers were calibrated a t 25° C. w ith standard  viscos
ity oils supplied by the National Bureau of Standards. For the 
accuracy and range considered, no tem perature correction for 
the viscometer is necessary (1). The viscosities reported are 
believed to  be accurate within =>=0.5%.

F i g u r e  4  . 
V i s c o s i t y -  
Temperature 
Curves at Con
stant Compo
sition for the 
System Cot
tonseed Oil- 
Skellysolve B

i

F ig u r e  3 . D e n s i t y - T e m p e r a t u r e  C u r v e s  
a t  C o n s t a n t  C o m p o s i t io n  fo r  t h e  
S y s t e m  C o t t o n s e e d  O i l - S k e l ly s o lv e  B

where D = density a t composition P
a, b, c, d = arbitrary constants

The constants so determined are listed in Table VT. The aver
age deviation of the experimental data from the curves repre
sented by these equations is ±0.0004.

The curves of Figure 3 can be constructed directly by solving 
the equations of Table V I a t the  various compositions. For ex
ample, the curve for 11.15% cottonseed oil with Skellysolve B 
could be obtained by substituting 11.15 for P  in  each of the 
equations for th is system, solving for D, and thus finding the value 
of density a t th a t tem perature. These equations can be used to 
construct the  density-tem perature curve for any desired mixture 
of oil and solvent, from which i t  is possible to  read accurately the 
density of this mixture a t any desired tem perature.

Conversely, i t  is possible to find the composition of a mixture 
of the cottonseed oil and Skellysolve B from its density a t a  given 
tem perature. To accomplish this, the density-composition curve 
for th a t tem perature is p lotted from the points where thi3 tem
perature coordinate intersects the  curves of Figure 3.

Similar families of curves can be drawn for the density of the 
other solvent-oil systems studied. In  each case the data  of 

Table V I are sufficient to determine the 
density of any composition a t  a given 
tem perature or the composition corre
sponding to  any density a t  a given 
tem perature.

The data  of Table V I were used to 
tes t the ideality of behavior of these oil- 
solvent systems. I f  two substances 
form an ideal solution, there is by 
definition no change in  to ta l volume 
on mixing; therefore, when the density 
is plotted against volume per cent, or 
when specific volume is plotted against 
weight per cent, a straight line is ob
tained. Table V II shows the devia
tion from a straight-line relation of the 
specific volumes of various oil mixtures 
a t 10° C. By th is test acetone and
2-butanone a t  this tem perature seem to 
approach ideality in  m ixtures w ith cot
tonseed oiL Skellysolve B, on the other 
hand, deviates slightly from ideality 
w ith cottonseed, peanut, or soybean 

d e g r e e s  c. oils, the maximum deviations being
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P E R C E N T  OIL BY WEIGHT

Figure 5. Density-Composition Curve at 10° C. for 
Mixtures of Skellysolve B with Cottonseed Oil (Curve A), 
with Peanut Oil (•), and with Soybean Oil (X); Viscosity- 
Composition Curve at 10° C. for Mixtures of Skellysolve 
B with Peanut Oil (Curve B ) with Cottonseed Oil (Curve 

C), and with Soybean Oil (Curve D)

0.0073, 0.0059, and 0.0064 ml. per gram, respectively. Similar 
calculations a t 40° C. show th a t  the corresponding deviations a t 
th a t tem perature are greater (0.0105, 0.0097, and 0.0097 ml. per 
gram, respectively).

The viscosity-composition isotherms for cottonseed oil-Skelly- 
solve B m ixtures in Figure 2, which are typical of all the oil- 
solvent systems studied, show th a t the viscosity of an oil is de
cidedly changed by adding 10%  of its weight of solvent especially 
a t  lower tem peratures; on the other hand, the viscosity of the

T a b l e  I V . D e n s i t y  a n d  V i s c o s i t y  D a t a  f o r  P e a n u t  O]
S k e l l y s o l v e  B M i x t u r e s

wt. %
of Oil - 10° C. 0° c. +  10° C. + 2 5 °  C. + 4 0 °  C.

D ensity , G ram s per Ml.

0.00 0 .7066 0 .6980 0.6908 0.6773 0.6637
11.35 0 .7286 0 .7210 0.7124 0 .6994 0.6862
19.42 0 .7442 0 .7366 0.7285 0.7156 0.7029
28.72 0 .7628 0.7557 0.7475 0.7351 0.7225
3 9 .63 0 .7865 0.7799 0.7707 0.7588 0.7469
4 9.04 0.8072 0.7996 0.7919 0.7802 0.7681
6 3.07 0.8323 0 .8249 0.8139 0.8025
6 8 .96 0.8471 0 .8398 0.8288 0.8177
7 6 .45 0.8659 0 .8587 0.8480 0.8372
89.90 0.9011 0.8940 0 .8 8 38 0.8736

100.00 0.9231 0 ,9122 0 .9023

Viscosity, Centipoises

0 .0 0 0 .4 8 0 .4 3 0 .39 0 .33 0 .2 9
11.35 0 .72 0 .6 4 0 .57 0 .4 8 0 .4 2
19.42 0 .9 9 0.86 0 .7 8 0 .6 4 0 .55
28 .72 1.51 1 .27 1.10 0 .8 9 0 .7 5
39.63 2 .5 9 2 .11 1.76 1.37 1.12
49.04 4 .3 7 3 .4 2 2 .7 8 2 .0 8 1.63
63.07 7 .97 6 .10 4.29 3 .12
68.96 12.07 8 .99 6 .05 4 .24
7 6 .45 21 .21 15.10 9 .55 6.61
8 9 .90 47.52 26.14 15.81

100.00 142.2 6 6 .68 3 6 .88

T a b l e  V . D e n s i t y  a n d  V i s c o s i t y  D a t a  f o b  S o y b e a n  Oil-  
S k e l l y s o l v e  B M i x t u r e s

+  25° C. + 4 0 °  C.
W t. %  
of Oil - 2 0 °  C. - 1 0 °  C. o p +  10° C.

0 .0 0 0.7131

D ensity , G ram s per M l. 

0 .7066 0 .6980  0.6908
15.44 0.7439 0.7379 0.7294 0.7209
21.61 0.7566 0.7492 0.7417 0.7334
34.13 0.7809 0.7738 0.7666 0.7582
40 .30 0.7967 0.7902 0 .7820 0.7741
49.21 0.8173 0.8092 0.8018 0.7941
6 0.04 0.8421 0.8346 0 .8272 0.8196
6 9.20 0 .8561 0 .8 48 6 0.8413
79.31 0 .8835 0.8766 0 .8692
8 8 .55 0.9084 0.9011 0 .8943

100.00 0.9410 0.9347 0.9276

0.6773
0.7081
0.7209
0.7463
0.7620
0.7824
0.8083
0.8306
0 .8586
0 .8 83 8
0.9175

0.6637 
0.6948  
0.7083 
0.7341 
0.7501 
0.7707 
0.7970 
0.8193 
0 .8484  
0.8736 
0 .9075

Viscosity, Centipoises

0 .0 0 0 .5 4 0 .4 8 0 .4 3 0 .3 9 0 .3 3 0 .2 9
15.44 0 .9 6 0 .8 3 0 .7 2 0 .6 4 0 .5 4 0 .46
21.61 1.24 1.06 0 .91 0 .8 0 0 .67 0 .5 6
34.13 2 .26 1 .84 1 .53 1 .30 1 .06 0 .8 5
40.30 3 .10 2 .49 2 .04 1.70 1 .34 1.12
49.21 5 .10 3 .40 3 .15 2 .57 1.97 1.52
60.04 7.51 5 .69 4 .4 8 3 .2 6 2 .4 4
69.20 14.30 10.34 7 .8 3 5 .4 3 3.81
79.31 32.23 2 1 .8 8 15.40 9 .8 8 6 .68
8 8 .55 8 0 .0 4 9 .03 3 1 .7 8 18.61 11.95

100.00 172.9 9 9 .7 50.09 28.86

solvent is changed very little  by adding 100%  of its  weight of oil. 
This is also apparent from the curves of Figure 4 which were 
constructed from the original d a ta  to  show the change of vis
cosity w ith tem perature for the compositions studied. The 
corresponding curves for other compositions could be constructed 
by reading the points for th a t composition from the viscosity 
curves in Figure 2. By graphical interpolation the  viscosity a t

Figure 6. Density-Composition Curves at 0° C. for 
Mixtures of Cottonseed Oil with 2-Butanone (Curve 
A ), with Acetone (Curve B), and with Skellysolve B 
(Curve C); Viscosity-Composition Curve at 0° C. for 
Cottonseed Oil Mixtures with Skellysolve B (Curve D) 

with Acetone (•), and with 2-Butanone (X) ’
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T a b l e  V I .  C o n s t a n t s  f o r  D e n s i t y - C o m p o s i t i o n  E q u a t i o n  o p  O i l -S o l v e n t  M i x t u r e s  a t  D i f f e r e n t  T e m p e r a t u r e s  

C on s tan ts  - 2 0 °  C. - 1 0 °  C. 0° C. + 1 0 °  C. + 2 5 °  C. + 4 0 °  C. + 6 0 °  C.

0.7131 
2 .0875 X 10-* 

-3 .0 0 0  X 10-« 
6 .87  X 10-»

0.7066 
2 .0511 X 10-* 

- 1 .2 2 1  X 10-« 
4 .3 2  X 10-»

0 .8345 
9 .975  X 1 0 - ‘ 

- 2 . 5 0 0  X 1 0 -’ 
6 .2 5  X 10-«

0.7067 
1 .9344 X 10-* 

- 2 . 4 3 5  X 10-» 
9 .8 6  X 10-«

a 0 .7131
b 1.9158 X 10-»
c 3 .627  X 10 '*
i  4 .12  X 10-«

•  These values are for 45° C.

Cottonseed Oil-Skellysolve B M ixtures

0 .6980 
1 .9560 X 10-* 
2 .582 X 10-* 
1.25  X 10-«

0.6908 
1 .9085 X 10-* 
3 .356  X 10-» 
1.02  X 10-«

0.6773 
1.9146 X 10-» 
4 .456  X 10-» 
1.83  X 10-»

Cottonseed  O il Acetone M ixtures

0.8111 
1.1101 X 10-» 
4 .59  X 10-'» 
1 .02  X 10-«

0.8017 
1.0717 X 10-» 
1 .424 X 10-* 
2 .31  X 10-»

0.7850 
1 .1252 X 10 '»  
1 .838 X 1 0 -  » 

- 9 . 5 3  X 10-1»

C ottonseed O il-2-B utanone M ixtures

0.8249 
9 .969 X 10- 
4 .990  X 10- 
6 .92  X 10-

0.8147 
1.0085 X 10-» 
3 .719  X 1 0 - '  
5 .99  X 10-»

0.7996 
1.0469 X 10-» 
5 .087 X 10-» 
5 .53  X 10-«

P eanu t Oil-Skellysolve B M ixtures

0 .6980 
1.9333 X 10-* 
1 .835 X 10-* 
2 .03  X 10-»

0.6908 
1.8212 X 10-» 
4 .503 X 10-* 
5 .49  X 10-»

0.6773 
1.8742 X 10-* 
4 .594 X 10-« 
1.37 X 10-«

Soybean Oil-Skellysolve B M ixtures

0 .7066 
1.9797 X 10-* 
8 .787 X 10-» 
2. 82 X 10-*

0.6980 
1.9686 X 10-* 
1.938 X 10-« 
2 .03  X 10-*

0.6908 
1.8505 X 10-* 
4.777 X 10-* 
3 .6 8  X 10-«

0.6773 
1.9277 X 10-* 
3.817 X 10-» 
9 .18  X 10-«

0.6637 
1.9469 X 10-» 
4 .32 0  X 10-« 
4 .1 4  X 10-«

0.7678 
1.2050 X 10-» 
1 .380 X 10-» 
3 .6 8  X 10*«

0.7785 
1.1292 
3 .728 
6 .4 5

7785 -V 
X 10-* ( ,  
X 10-» (
x  io -« ;

0.6637 
1.9338 X 10-* 
3 .629  X 10-* 
9 .2 5  X 10-«

0.6637 
2 .0030 X 10-» 
2 .529 X 10-* 
1 .80  X 10-*

0.7627 
1 .1595 X 10-* 
8 .760  X 10-» 
5 .0 6  X 10-»

T a b l e  V I I .  D e v i a t i o n 1* f r o m  I d e a l i t y  o f  S p e c i f i c  V o l u m e  o f  O i l - S o l v e n t  M i x t u r e s  a t  10° C.
Solvent

Skellysolve B 
Skellysolve B 
Skellysolve B 
Acetone 
2-Butanone

* D evia tion  equals th e  specific volum e (m l./gram ), assuming ideality , m inus th e  experim ental value.

Oil 0 %  OU 10%  Oil 20%  Oil 30%  Oil 40%  Oil 50%  Oil 60%  Oil 70%  Oil 80%  Oil 90%  Oil 100% Oil

C ottonseed 0.0000 0.0036 0.0055 0.0067 0.0072 0.0073 0.0071 0.0065 0.0060 0.0054 0 .0000
P ean u t 0.0000 0.0023 0.0037 0.0042 0.0049 0.0059 0.0050 0.0048 0.0034 0.0017 0.0000
Soybean 0.0000 0.0022 0.0035 0.0048 0.0056 0.0062 0.0064 0.0053 0.0039 0.0032 0.0000
C ottonseed 0.0000 0.0001 0.0001 0.0002 0.0002 0.0000 0.0002 0.0000 0.0001 0.0004 0.0000
C ottonseed 0.0000 0.0005 0.0006 0.0007 0.0005 0.0004 0.0002 0 .0000 -0 .0 0 0 1 - 0 .0 0 0 4 0.0000

any tem perature for th a t composition could then be determined. 
The curves in Figure 4 can be used, in turn , to construct the vis- 
cosity-composition curve for any desired tem perature. Ex
amination of Figure 4 shows th a t the therm al coefficient of 
viscosity is relatively small for oil-solvent mixtures up to  ap
proximately 60% of oil and th a t i t  then becomes increasingly 
larger, especially a t the lower tem peratures.

Application of the data  here presented, particularly viscosity 
values, to  any random cottonseed, peanut, or soybean oil mix
ture w ith the solvents mentioned m ust be modified by a con
sideration of variations in  composition such as is evidenced by the 
iodine value of the oil in  question. Previous investigations (5 , 7) 
showed th a t the viscosity of an oil varies according to  its iodine 
value. I t  is therefore only reasonable to  expect a  corresponding 
effect w ith solvent mixtures of oils. This variation will prob
ably be particularly noticeable a t high oil concentrations and 
tem peratures below 25° C. The data  of Johnstone, Spoor, and 
Goss (3 ) for soybean oil (iodine value 130.1) and Skellysolve B 
show close agreement w ith the d a ta  here reported, the largest 
deviation a t 25° C. being 0.3%  for density and about 3%  for 
viscosity1.

The densities and viscosities of Skellysolve B m ixtures with 
cottonseed, peanut, or soybean oil a t  10° C. are plotted in Figure 
5. The density curves for these three binary systems practically 
coincide. The corresponding viscosity-composition curves also 
he very close together, especially for oil concentrations up to

1 The d a ta  for viscosity an d  fluidity reported by  these authors  are in 
correct because th e  kinem atic  viscosities ac tually  determ ined were con
verted  to  absolute values by  inadverten tly  dividing instead of m ultiplying 
by  th e  density . For th is  reason, all the viscosities which they  reported 
m u st be corrected by  m ultiplying b y  the  square of the  density , and  the 
fluidities m ust be similarly corrected b y  dividing by th e  same q uan tity  (per
sonal com m unication). The viscosity values were th u s  corrected before the 
com parison w ith  our values was made.

about 70% ; above 70% they s ta rt to spread slightly to  ap
proach the values for the pure oils (112.3, 142.2, and 99.7 centi- 
poises, respectively). I t  seems probable th a t for oils of the same 
iodine value the viscosity-composition curves w ith a given sol
vent would show even closer agreement.

Figure 6 shows the density-composition and viscosity-com
position curves a t 0° C. for mixtures of cottonseed oil w ith Skelly
solve B, acetone, or 2-butanone, respectively. As would be ex
pected, the density curves are different for each solvent. The 
viscosity curves, however, are very close together, especially for 
oil percentages below 75%. The viscosity curve for m ixtures 
with Skellysolve B is slightly lower than  those w ith 2-butanone 
and acetone a t low oil concentrations, and crosses these curves 
a t about 55 and 80% oil concentration, respectively, so th a t i t  
lies as much as 15% above the other two curves for high oil 
concentrations. At higher tem peratures the agreement be
tween the three viscosity curves is much closer.
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OXIDATION OF LUBRICATING OILS
M echanism o f Sulfur Inh ib ition

TH E  first paper of this 
series (3) dem onstrated 

th a t the oxidation stability  of 
normally refined petroleum 
lubricating oils is the result of 
small quantities of natural 
sulfur compounds and not of 
any inherent stability of the 
hydrocarbon fraction itself.
In the absence of the natural 
sulfur compounds the hydro
carbon  fra c tio n  oxidizes 
rapidly and, in the initial 
stages of the reaction, auto- 
catalytically. The rate  of 
oxidation of an inhibitor-free 
white oil was shown to be a 
function of the concentration 
of the peroxide formed in the 
oil, obeying the empirical 
relation:

d(Q») 
dt

Likewise, when a pefoxide-containing white oil was heated with a 
sulfur-containing lubricating oil in the absence of air, the per
oxides were reduced. I t  was concluded, therefore, th a t the over
all oxidation ra te  of a normally refined lubricating oil was deter
mined by a combination of reactions similar to  those established 
for white oil. These reactions are the peroxide-catalyzed au- 
toxidation of the hydrocarbons and the reduction of these per
oxides by reaction w ith the natural sulfur compounds present in 
the oil. I t  is believed th a t the oxidation of the hydrocarbon 
fraction is a chain reaction in which peroxides play an essential 
part and th a t inhibitors such as the natural sulfur compounds 
serve to  break the reaction chains by reducing the peroxides. 
The oxidation of the hydrocarbon fraction thus induces oxidation 
of the sulfur compounds in a manner analogous to  the induced 
oxidation of alcohols and anthracene studied by Backstrom and 
co-workers (1). The previous article (3) mentioned th a t i t  the 
course of reducing peroxides the natural sulfur compounds pres
ent in the oil were themselves oxidized to  deleterious products. 
The nature of these products was not determined, bu t it was 
shown th a t they were probably responsible in part for the de
velopment of undesirable service characteristics in many 
oxidized oils. I t  therefore seemed of fundamental importance to 
study in detail the reactions a t work during the oxidation of a sul
fur-inhibited oil. Such a study m ight shed light on inhibition in 
general, and specific information m ight be gained on the develop
ment of undesirable characteristics during the oxidation of sulfur- 
inhibited lubricating oils. The present paper reports the results 
of such an investigation.

E F F E C T  O F  S U L F U R  C O M PO U N D S ON HYDROCARBON 
O X ID A TIO N

Initially, attem pts were made to extract the natural sulfur 
compounds from various finished lubricating oils. The methods 
M cKittrick (11) found so useful for isolating sulfur compounds 
from kerosene failed in this instance. The mercuric chloride 
addition compounds of the sulfur compounds present in lubricat
ing oil either do not form or are completely soluble in the oils. 
Some concentration of the sulfur compounds could be achieved

by selective adsorption on 
fuller’s earth, bu t the  re
sults were far from quantita 
tive. The sulfur-rich ex
tracts obtained proved to 
be intractable, and could 
not be separated or puri
fied by ordinary chemical 
means. There was every 
indication th at, as might 
be expected, the sulfur- 
containing fractions of the 
oils were quite as compli
cated m ixtures of individual 
compounds as the hydrocar
bons. These extract fractions 
did inhibit the oxidation of 
sulfur-free oils.

In  view of the complexities 
o f th e  n a t u r a l  s u l f u r  
compounds, the “synthetic 

m ethod” was .adopted for the present study, and a series of sulfur 
compounds similar to  those which m ight be expected in lubricating 
oils was prepared and tested. The significant properties of these 
m aterials are given in Table I. Several are new compounds which 
were synthesized and carefully purified before testing.

Figures 1, 2, and 3 show the effect of a num ber of these sulfur 
compounds on the oxidation rates a t 171° C. (340° F.) of two 
desulfured lubricating oils. The absorption of oxygen as re
corded was measured in an apparatus of the type described by 
Dornte (4). Desulfured oils were chosen as base stocks so that 
the final blends would duplicate as closely as possible normally 
refined lubricating oils except for the substitu tion  of synthetic 
sulfur compounds for the naturally  occurring sulfur inhibitors. 
The properties of the original base oils and the desulfured oils 
are given in Tables I I  and I I I .  Oil A is a m oderately refined 
California naphthenio SAE 30 oil, E  is a Pennsylvania SAE 30 
oil, and F  is a medicinal white oil. U nfortunately the  d a ta  pre
sented in Figures 1, 2, and 3 were compiled from runs th a t were 
often made w ith other objects in m ind and so contain curves for 
two different base stocks and in some cases for varying concen
trations of the inhibitors. As a broad generalization it m ay be 
said th a t all the monosulfides except the diaryl compounds were 
good inhibitors. The diaryl sulfides were inactive. This generali
zation was confirmed for a num ber of other sym m etrical and un- 
symmetrical monosulfides no t shown in the figures and for de
sulfured oils prepared from Pennsylvania, Gulf Coastal, Cali
fornia naphthenic, and California paraffinic stocks.

Members of several groups of sulfur compounds other than  the 
sulfides were also tested (Figure 3). The compounds in which 
the sulfur was p a it of the thiophene ring were com paratively in
active. M ercaptans and disulfides were no t so active on an 
equivalent sulfur basis as the corresponding monosulfides. Be
cause of difficulty in preparation, no synthetic thiophanes were 
evaluated. I t  is believed, however, th a t thiophanes will behave 
similarly to  the other aliphatic or cycloaliphatic monosulfides.

For more detailed study representative members of w hat ap 
peared to  be the three most interesting classes of sulfur compounds 
were chosen. Figure 4 shows their effect on the  oxidation of a 
typical desulfured oil a t 171° C. The sulfides were tested  in 
desulfured base oil E. Oxidator curves for th is oil and for the 
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The reactions by which organic sulfur compounds stabilize 
normally refined lubricating oils against oxidation have 
been studied. Monothioethers, which contain at least 
one aliphatic or cycloaliphatic group attached to the sulfur 
atom, appear to be the most effective sulfur-type anti
oxidants tested. Their effectiveness seems to vary with the 
rapidity with which they reduce peroxides. The thio- 
ethers studied were relatively resistant to autoxidation 
but susceptible to oxidation by peroxides. Thioethers 
function as inhibitors as the result of reducing peroxides, 
thus breaking the oxidation chain. In this reaction 
thioethers are converted to sulfoxides and probably to 
sulfones. The latter two types of compounds are readily 
autoxidized and in part are so converted to sulfonic acids.

— — k  (peroxide) (1)
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T a b l e  I. P r o p e r t i e s  o f  S u l f u r  C o m p o u n d s

Boiling P o in t M elting Po in t, ° C. %  Sulfur

° c . M m . Hg Obsvd. Recorded E ip t l . Theory

109-111 2 2 4 .6 25 .8 1.4870
150-152 1 .5 Liquid0 92 (S) 13.0 13.2 1.5842
172-174 2 Liquid“ 73 (Í). 11.7 11 .9 1.5687
192-198 1 .5 Liquid“ 9 .2 9 .4 1.4793
151-158 2 18 18 («) 11.7 12.3 1.4632

56 8 .1 8 .4
201-212 2 46 9 .1 9 .6 1.4937Ł
199-204 3 9 .0 10.4

96-97 99 (IS) 16.7 17.4
47-48 50 (ff) 11.8 12.5
57.5 5 7 .5  (7) 6 .4 6 .6
94-95 100 (9) 6 .2 6 .2
92 97-98 (.9) 6 .7 6 .4

175-176 2 .5 4 1 .5 4 1 .5  (10) 13.6
E . K. Co., W hite Label

Sulfur C om pound

Acetone d iam yl m ercaptole 
B isiphenyl ethyl)sulfide 
Bis (phenyl propyl) sulfide 
C e ty l cyclohexyl sulfide 
C ety l m ercap tan  
C ety l 0 -n ap h thy l sulfide 
C e ty l pheny l sulfide 
«-C ety l thiophene 
Dibenzothiophene 
D icetyl disulfide 
D icetyl sulfide 
Dicetyl sulfone 
Dicetyl sulfoxide 
Phenyl a -n a p h th y l sulfide 
T h ian th rene

a A pparen tly  slow to  crystallize; melting points  of H gC h derivatives check Berm ejo  and Jiménez 
H errera values.

* »V.

T a b l e  II . P r o p e r t i e s  o f  O i l s  S t u d i e d

Oil F lash Viscosity, Saybolt Vis P our N eutra l- Conradson
Desig- G ravity , Poin t, U niv. Seo. cosity P o in t, A .S.T .M . ization Carbon, Sulfur,
na tion  0 A .P .I. 0 p 100° F . 210° F. Index o p Color No. % %

A 2 1 .3 385 627 5 6 .5 8 - 2 0 3 0 .04 0 .0 8 0 .53
E 28 .2 445 530 6 6 .4 102 20 6 0 .04 0 .4 8 0 .1 0
F  2 7 .0 395 343 5 1 .0 61 - 2 5 W ater-w hite  0 .01 0 .00 0 .03

T a b l e  I I I .  E f f e c t  o f  S o d iu m  T r e a t m e n t  o n  C o m p o s i t i o n  

% % %
Oil A rom atic  N aph th en e  Paraffin Specific

Desig- %  Sulfur Rings Kings Side Chains Dispersion
nation  Orig. F in al Orig. F in a l Orig. F in al Orig. F inal Orig. F inal

A 0 .5 3  0 .07  15 14 33 33 52 53 120 121
E  0 .1 0  0 .01  7 4 16 20 77 76 111 110

same oil before desulfurization are in
cluded in Figure 4 for comparison. Equi- 
molar quantities of the sulfides were added 
in each case, and the sulfur content of 
the sulfide-inhibited oils was 0.13% plus a 
small am ount of sulfur (less than 0.01%) 
left after sodium treatm ent. The sulfur 
content of the base oil before desulfuriza
tion was 0.10%.

Several conclusions can be drawn from 
Figure 4. The diaryl sulfide was com
pletely inactive, the dialkyl sulfide was the 
m ost effective in the initial portion of the 
run, and the alkyl aryl sulfide was inter
mediate. The alkyl aryl sulfide, while less 
effective in the initial stages of the reac
tion than the dialkyl compound, gave rise 
to an autoinhibited type of oxidation. I t  is 
noteworthy th a t both the dicetyl sulfide 
and cetyl phenyl sulfide had the same 
order of activity as the natural sulfur com
pounds in original oil E.

Although the data  showed th a t oils were 
inhibited by the addition of certain sulfides, 
they did not prove th a t the sulfides them

selves, and not some of their oxidation products, were actually 
responsible for the inhibitory action. The effect of dicetyl sulf
oxide and dicetyl sulfone on the oxidation of an oil was there
fore studied. These compounds were synthesized and tested in 
the oxidator a t 171° C., as solutions in desulfured oil A. Par-

A N T I0 X ID A N T  ACTION OF VARIOUS SULFIDES 
ON DESULFURED OIL A AT 171*0.

ANTIOXIDANT ACTION OF VARIOUS SULFUR COMPOUNDS 
ON DESULFURED OIL A AT l7 f C .

I . - 3 Ï  DIBENZO THIOPHENE1% PHENYL oi-NAPHTHVL SULFIDE

■2.X  THIANTHRENE

^ htvvä-

.oi-r'SL-
ÓlCEtÜL

1%ACETONE DIAMYL MERCAPTOLE

A NTIO XIDA N T ACTION OF VARIOUS SULFIDES 
ON DESULFURED OIL E AT I 7 f  C.

EFFECT OF SULFIDE TYPE ON ANTIOXIDANT ACTION  
IN DESULFURED BASE OIL E AT I7 I*C .

IOOO

DESULFURED 
BASE OIL E DESULFURED OIL E AND 1

DESULFURED OIL + 0 .96  L PHENYLor-NAPHTHYL SULFIDE

SOLflOS.

HOURS HOURS
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ticular care was taken to  remove all traces of dicetyl sulfide from 
the sulfoxide by repeated recrystallization from benzene. The 
results of these tests are given in Figure 5. The sulfone had no 
effect; the  sulfoxide had an inhibitory action bu t i t  was appre
ciably less than  th a t of the sulfide. The bulk of the activity  of 
sulfur inhibitors is therefore resident in the divalent sulfur atom 
linked to  a t least one alkyl group, although the tetravalent sulfur 
atom is also capable of exerting an inhibitory action.

There was a possibility th a t the differences in the inhibitory 
action of the different types of sulfides m ight reflect differ
ences in the rates w ith which they react with molecular oxygen. 
Thus, if the reaction of a sulfide w ith molecular oxygen were 
rapid, it m ight be expected to  be consumed by this route and so 
not be available to  act as an inhibitor. To test this hypothesis, 
the pure molten sulfides were run in the oxidator a t  171° C. 
Figure 6 shows results for dicetyl sulfide, cetyl phenyl sulfide, and 
phenyl a-naphthyl sulfide. Because of lack of material, phenyl 
a-naphthyl sulfide was ran  in a different type of oxidator cell, 
and the results are not so accurate as in the other two examples. 
The curves show th a t the differences in inhibitory activity of the 
three sulfides could hardly be accounted for on the basis of differ
ences in their ra te  of autoxidation. The differences m ust, there
fore, be a function of the rates of reaction with oil peroxides, not 
w ith molecular oxygen.

R E A C T IO N S  O F  S U L F ID E S  W IT H  P E R O X ID E S

Oxidator d a ta  such as those cited in the previous section serve 
to give general information on inhibition and to  define the prob
lem. They are not capable of providing detailed information on 
the mechanism of the reactions involved. For this purpose i t  is 
more satisfactory to  study the reactions of peroxides w ith in
hibitors directly and in a simpler system than  the oxidator.

For a study of the reaction of sulfides w ith peroxides 0.0031 
mole of the pure sulfide was dissolved in 10 grams of white oil 
heated to  65.6° C. (150° F .). The solution was then mixed as 
rapidly as possible w ith 50 grams of a white oil th a t had previously

been autoxidized to  a peroxide num ber of 360. This peroxidized 
oil was also a t 65.6° C. a t the time of mixing. The mixture, con
tained in a  stoppered flask, was immersed in a ba th  therm o
statically controlled a t 65.6° C . Samples were pipetted out 
periodically, weighed, and titra ted  by the  m ethod of Wheeler
(H ). The results were calculated as peroxide num bers i.e., 
cc. of oxygen (standard tem perature and pressure) per hundred 
grams of oil. A peroxide num ber of 100 is equal to  0.0089 
equivalent of peroxide per 100 grams of oil. By controlling all 
of the conditions w ith the utm ost care, a  reproducibility of =*=5% 
could be obtained. These figures do not represent the  to tal per
oxide oxygen in the lubricating oil b u t only a relatively constant 
fraction of it;  for example, certain dialkyl peroxides are not ti
trated  a t all. If  the reaction of the peroxides w ith hydriodic acid 
is allowed to  proceed for more than  the specified 3 minutes, as 
shown by Y am ada (16), or a t  higher th an  room temperatures, 
significantly higher numbers result.

Figure 7 gives peroxide reduction curves for dicetyl sulfide and 
dicetyl sulfoxide. A blank run  in which the  sulfur compound 
was om itted showed no measurable drop in peroxide number 
over the tim e interval of these tests. If  the  initial reactions of 
the sulfur compounds were

R,S +  R 'O O H  — >- R 2 S = 0  +  R 'O H  

r 2S = 0  +  R 'O O H  — >  R 2S 02 +  R 'O H

(2)

(3)

it m ay be calculated from the quantities taken th a t, for the con
version of the sulfide to  sulfoxide, the peroxide numbers would 
fall to  the line on Figure 7 m arked “Theoretical L im it” . The 
sharp discontinuity in the  dicetyl sulfide curve a t 0.3 hour and 
the fact th a t the remainder of the  curve roughly parallels the 
sulfoxide curve strongly suggest th a t the  oxidation of the sulfide 
by peroxides follows the  stepwise reactions shown by Equations
2 and 3, and th a t the first is a much more rapid step than the 
second. The fact th a t the sulfide curve does no t fall to  the theo
retical value before i t  “breaks” is taken to  indicate th a t the sul
fide reduces fractions of the mixed peroxides th a t are not ti
trated  by hydriodic acid.

T a b l e  IV. A n a l y s i s  o f  R e a c t i o n  P r o d u c t s  o f  S u l f i d e s
w i t h  P e r o x i d e s

Com pound %  C %  H
% ( o  -

Diffe

D icetyl sulfide 79.67 13.69 6 .6 4 '
D icety l sulfoxide 77.03 13.34 9 .6 3
D icety l sulfone 74.64 12.92 12.44.

30-min. p rod u c t 7 7 .08 13.50 9 .42
7-hr. p ro d uc t 7 5 .7 5 13.34 10.91.

From  the curve of Figure 7 i t  appears likely th a t the  reaction 
of the sulfide w ith oil peroxides consists of a rapid initial oxidation 
to the sulfoxide followed by a slow oxidation of th e  sulfoxide to  
the sulfone. To test this hypothesis, tw o peroxide reduction 
experiments similar to  those illustrated by the dicetyl sulfide 
curve of Figure 7 were run. In  the  first the  run  was interrupted 
after 30 m inutes; in the other i t  was continued for 7 hours. The 
products were diluted w ith petroleum ether, chilled, and filtered. 
The precipitated m aterial was recrystallized from alcohol to  free 
it  of oil. Approximately 85%  yields of recrystallized products 
were obtained. These samples were analyzed w ith the results 
given in Table IV. I t  appeared from these results th a t the con
version to  sulfoxide was substantially  complete after about 30 
m inutes a t 65.6° C .; if we assume th a t only sulfoxide and  sulfone 
are present, after 7 hours some 45%  of the  sulfoxide originally 
formed was converted to  sulfone.

Since elementary analysis can hardly be considered conclusive 
proof of structure, an a ttem pt was m ade to  confirm these con
clusions by x-ray diffraction powder photographs. Table V gives

FIS .«

AUTOXIDATION OF PURE SULFIDES 
AT 171'C .

HOURS

ANTIOXIDANT ACTION OF 
DICETYL SULFIDE, SULFOXIDE, AND SULFONE 

ON DESULFURED OIL A AT l7 fC .



November, 1945 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 1105

these x-ray data  for pure synthetic dicetyl sulfide, sulfoxide, and 
sulfone and for 50-50 mixtures of the first and second and of the 
second and th ird  compounds. The mixtures were prepared by 
dissolving weighed quantities of the components in white oil; 
they were precipitated by, as nearly as possible, the same proce
dure used for the isolation of the reaction products of sulfides 
and peroxides.

The interplanar distances of the three pure compounds are quite 
distinctive, and the m ixture of sulfide and sulfoxide gives values 
interm ediate between its pure constituents. The diffraction 
patterns of the m ixtures indicate th a t these compounds form 
solid solutions. This, however, does not invalidate the conclu
sions based on the  x-ray diffraction patterns. I t  should be pos
sible to  identify any m ajor quantity  of the sulfide in admixture 
w ith th e  sulfoxide. In  the case of the sulfone and sulfoxide, the 
interplanar distances of the mixtures are close to  those of the pure 
sulfoxide and are, therefore, of little  use in detecting the presence 
of sulfone in a sample containing large quantities of sulfoxide.

The interplanar distances of the 30-minute sample are those 
of the sulfoxide (Table V). However, because of the existence 
of solid solutions, the possibility th a t the sample m ay contain 
some sulfone is not precluded. To establish the fact th a t the 
sulfoxide is further oxidized to  sulfone, a sample was prepared 
and isolated exactly as before, except th a t the reaction in the 
■white oil peroxides was allowed to  proceed for 25 hours. The 
interplanar distances of this sample (Table V) suggest th a t it is a 
mixture of sulfoxide and sulfone although the identification of 
the la tter is not conclusive. Because the solubilities, melting 
points, and mixed melting points of dicetyl sulfoxide and dicetyl 
sulfone are veiy close together, a chemical method was used to 
separate the sulfone from this mixture. Since sulfoxides may be 
reduced to  sulfides readily while sulfones resist reduction (15), 
the following method was applied: 0.5 gram of the 25-hour prod
uct was dissolved in 50 cc. of glacial acetic acid and agitated with 
5 grams of zinc dust for 14 hours a t 80° C. The reduction prod
uct was freed of acetic acid and recrystallized from petroleum 
ether to  yield about 0.25 gram of m aterial; the data  in Table V 
on the reduced 25-hour product indicated clearly th a t this m ate
rial was dicetyl sulfone. A similar treatm ent of the 30-minute 
product yielded only dicetyl sulfide, as identified by melting 
point. Because of the losses involved in isolating and handling 
these reaction products, neither the data  given above nor the 
carbon and hydrogen analyses in Table IV  perm it exact quantita
tive determinations of the am ount of sulfone formed under a 
given set of conditions. They leave no doubt, however, th a t the 
reaction of sulfides w ith oil peroxides follows the stepwise course 
indicated in Equations 2 and 3.

W ith this information as a basis, peroxide reduction experi
m ents were carried out w ith phenyl a-naphthyl sulfide and cetyl 
phenyl sulfide, and repeated w ith dicetyl sulfide. The results 
are shown in Figure 8. In  this case samples of oxidized white 
oils with higher peroxide numbers were used. One hundred 
grams of reaction mixture was m ade up, and the sulfides were 
tested a t a  concentration of 0.0083 mole per 100 grams. The 
initial points of the three curves were calculated from the titration

Sample

D icety l sulfide 
D icety l sulfoxide 
D ice ty l sulfone 
50%  dicety l sulfide-50 % 

dicety l sulfoxide (by 
w t.) .

60%  dicety l su lfo a d e -  
50%  dicety l sulfone 
(by wt.)

30-min. product 
25-hr. p ro du c t 
Reduced 25-hr. p roduct

T a b l e  V .  X - R a y  D i f f r a c t i o n  D a t a

In te rp lan a r  D istance, Ä.
(R elative Intensities in  Parentheses)

4 .5 4  (3 ) ,4 .0 9  (101,3 .70  (5), 2 .9 7  (1 ) ,2 .4 5  (1) 
4 .6 6  (3), 4 .2 0  (10), 3 .6 7  (3), 2 .5 5 (1 )

13 .00  (3 ) ,7 .7 5  (2), 4 .4 3  (4 ) ,4 .2 7  (5 ) ,4 .0 2  (10)

4 .6 1  (3 ) ,4 .1 2  (1 0 ) ,3 .7 1  (3)

4 .5 0  (3 ) ,4 .2 3  (10),3 .81  (3)
4 .6 3  (3), 4 .2 0  (10), 3 .65  (3), 2 .5 6  (1)
4 .7 1  (3), 4 .2 2  (10), 3 .70  (3)

1 3 .00  (3), 7 .7 5  (2), 4 .4 5  (4), 4 .2 7  (5), 4 .0 2  (10)

of the original peroxidized oils and differed slightly in the three 
cases. The results are in qualitative accord w ith the inhibitory 
activity of the three compounds as demonstrated by the initial 
portions of the oxidator curves given in Figure 4. Thus phenyl 
a-naphthyl sulfide does not reduce peroxides and is not an in
hibitor. Cetyl phenyl sulfide reduces peroxides a t  a  moderate 
ra te  and is a fair inhibitor. Dicetyl sulfide reduces peroxides 
rapidly and is the best inhibitor early in the runs.

Since results with oil peroxides are always subject to  some un
certainty because of the mixed nature of the peroxides and the in
herent inaccuracies of the titration, it seemed worth while to  re
peat these experiments with a pure hydrocarbon peroxide of 
known constitution. For this purpose Tetralin hydroperoxide 
was synthesized by the method of Hock and Susemihl (8) and 
carefully recrystallized from benzene-petroleum ether until it 
gave the theoretical peroxide num ber and recorded physical 
properties. This peroxide titra tes completely by the method of 
Wheeler (14), and peroxide numbers were obtained on its solutions 
with an accuracy of ± 2% . For the peroxide reduction runs,
5.5 grams of the peroxide were dissolved in 145 grams of benzene 
and titrated. Enough of this solution to  make 100 grams of 
final reaction mixture was heated to 65.6° C. in a stoppered flask
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and 0.0083 mole of the sulfide dissolved in i t  as rapidly as pos
sible w ith vigorous shaking. Samples were removed and ti
trated  as before. In  this case (Figure 9) the dicetyl sulfide curve 
descends to  a value close to  the theoretical lim it calculated for 
conversion of sulfide to  sulfoxide. From  the shape of the  curves 
it is obvious th a t T etralin  hydroperoxide is less active than  the 
more active fractions of the oil peroxides, a fact th a t is also re
flected in its ease of preparation and purification. W ith the pure 
peroxide the three sulfides showed the same order of activ ity  ob
tained before. These results are no t in complete accord w ith 
those of Yam ada (17) who reports for amyl sulfide an autocata- 
lytic decomposition of T etralin  peroxide in T etralin  solution a t 
120° C.

In  order to  extend the information on the reaction of sulfides 
with peroxides, a 4-gram sample of Tetralin  hydroperoxide was 
dissolved in 100 cc. of benzene and heated w ith 20 grams of di
cetyl sulfide for 70 m inutes a t 65.6° C. The reaction m ixture 
was steam-distilled, and the  upper layer of distillate dried over 
calcium chloride. Removal of benzene from this product left an 
oil. Reaction of the oil w ith phenyl isocyanate gave a crystal
line product which melted a t 122.5° to  123° C. after recrystalli
zation from petroleum ether. The melting point recorded in the 
literature for the phenylurethane of a-Tetralol is 122 ° to  123 ° C.
(8). The over-all initial reaction of dicetyl sulfide w ith T etralin 
hydroperoxide is, therefore, as follows:

OOH

(ClcH „)2S = 0  + (4)

For oil peroxides no such equation has been established, but i t  is 
reasonably certain th a t the reaction follows the course given in 
Equations 2 and 3.

P R O D U C T S  O F  S U L F ID E  IN H IB IT O R

The best confirmation for the reaction scheme outlined above 
would be the isolation of a sulfoxide or sulfone from an autoxi- 
dized sulfur-inhibited oil. In  the hope of obtaining such proof, 
100 grams of a 2% solution of dicetyl sulfide in white oil was run 
in the oxidator a t 171 ° C. until i t  had taken up 226 cc. of oxygen 
per 100 grams of oil, or 2.5 moles of oxygen per mole of sulfide. 
This required 6 m inutes. The data  show th a t the sulfide is a much 
less active inhibitor in white oil than  in the desulfured stocks. 
The oil from this run was diluted with 9 volumes of petroleum 
ether and chilled to  —30° C. After standing a t this tem perature 
for several hours, i t  was filtered cold and washed with petroleum 
ether. A product amounting to about 85%  of theory was re
covered. After one recrystallization from alcohol the sample 
melted a t  89-92 ° C. and gave an x-ray diffraction pattern  identi
cal w ith th a t of the pure synthetic dicetyl sulfoxide.

T o extend this work to  a base oil more closely resembling an 
actual lubricating oil, 100 grams of a 5%  solution of dicetyl sul-

fide in desulfured oil A was run  in the  oxidator a t 190.6 C. 
(375° F.) until 638 cc. of oxygen had been consumed per 100 
grams of oil. This required 3.6 hours. The oil was then sub
jected to  the isolation procedure used before. N o precipitate 
separated.

In  a second experiment under less drastic conditions, 25 gram» 
of desulfured oil A inhibited w ith 3%  of dicetyl sulfide was run 
for 71/* hours in the oxidator a t 171° C. Only 73 cc. of oxygen 
per 100 grams of oil were absorbed, and the oil had not reached 
the end of its inhibition period. I t  may be calculated th a t the 
73 cc. of oxygen are equivalent to  0.52 mole of oxygen per mole 
of sulfide. Fifteen grams of the oil recovered from th is oxidator 
run were treated  as before, and 0.275 gram of a solid precipitate 
was isolated. After one recrystallization from alcohol 0.15 gram 
of a product melting from 57° to  77° C. was obtained. The 
m elting point indicated th a t the m aterial was largely dicetyl sul
fide contam inated with small quantities of a higher m elting m ate
rial. The contam inant was present in too small am ounts to 
perm it separation, bu t it  seemed probable on the basis of the 
results w ith white oil th a t the contam inant was the sulfoxide.

Calculations, based on the quan tity  of crude m aterial isolated 
in the last experiment described above, showed th a t some 40% 
of the original dicetyl sulfide had disappeared completely. Con
trol experiments indicated th a t this was several times the quan
tity  of sulfide th a t would be lost simply through the method of 
isolation. The peroxide reduction experiments had already 
shown th a t both dicetyl sulfoxide and dicetyl sulfone could be 
isolated in excellent yield by this method. There was, therefore, 
the serious problem of accounting for the disappearance of the 
products formed from dicetyl sulfide during its inhibition of the 
oxidation of the desulfured oil.

I t  seemed possible th a t dicetyl sulfoxide or sulfone m ight be 
consumed by either or both of two reactions: (a) condensation 
or reaction w ith the oxidized oil and (6) direct oxidation by mo
lecular oxygen. Each mode of disappearance was checked for 
both the sulfoxide and the sulfone.

AUT0XIDATI0N OF DICETYL SULFONE AND DICETYL SULFOXIDE 
AT 171* C.

The possibility th a t dicetyl sulfone had disappeared by the 
first course was tested by dissolving 0.5 gram of the  pure com
pound in 25 cc. of the oil recovered from the 190.6° C. oxidator 
run described above. The blend was then heated a t  171 ° C. for 
7 hours and subjected to the isolation procedure used before; 
0.48 gram of m aterial was recovered, which had the  proper m elt
ing point for the  sulfone when recrystallized once from alcohol. 
The recovery of crude m aterial was 96%.

The case of dicetyl sulfoxide is more complicated, and when the 
above experiment was repeated w ith this compound, none could 
be recovered. Since some reaction or condensation obviously 
took place w ith the oxidized oil, it seemed of interest to  deter
mine whether a similar reaction took place on heating the com-
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pound w ith unoxidized base stock. Four grams of pure dicetyl 
sulfoxide were therefore dissolved in 196 grams of oil A and heated 
a t 171 ° C. under an  atmosphere of nitrogen. Samples of 50 cc. 
each were pipetted from the mixture a t intervals and subjected to  
the isolation procedure. Figure 10 shows the percentage re
covery of the sulfoxide plotted against time. The melting points 
of all the samples isolated lay between 84° and 89° C. w ithout re
crystallization. As a  control, 5 grams of pure dicetyl sulfoxide 
were heated under the same conditions bu t w ith no oil present for 
7 hours. At the end of this period it had darkened slightly and 
showed a melting point of 83° to  87° C. The d a ta  in Figure 10 
show clearly th a t the sulfoxide does disappear when heated with
oil while the  control experiment indicates th a t purely thermal 
decomposition could not account for all of this loss. The only 
conclusion possible is, therefore, th a t the sulfoxide condenses or 
reacts with oil while the sulfone does not. The products of this 
reaction have not been identified. While these data  provide one 
explanation for the disappearance of the products of inhibition in 
the oxidation experiments when it was necessary to  run the oil 
for an extended period, they should not be interpreted to  mean 
that part of this product could not also have been consumed by 
direct reaction w ith oxygen.

To determine whether dicetyl sulfoxide or sulfone could be 
rapidly consumed by direct autoxidation, samples of the pure 
compounds were run  in the oxidator. Figure 11 shows th a t both 
compounds consume oxygen much more rapidly than an ordinary 
oil. The rapidity  of this reaction with oxygen makes i t  seem 
probable that, while the sulfoxide may be lost by condensation 
with the oil, a t least some of i t  m ust undergo further oxidation 
with molecular oxygen.

Samples (12.5 grams) of the sulfoxide and sulfone were run 
in the  oxidator a t 171° C. until each had adsorbed 4800 cc. of 
oxygen per 100 grams. The m aterials were washed from the 
cells w ith 50 cc. of alcohol, and 50 cc. of water were added to 
each sample. Potentiom etric titrations with 0.01 JV sodium hy-

droxide gave the  curves of Figure 12. Both curves show 
two distinct regions of inflection, one a t a pH of about
4.5 and the other, a t about 8.7. Therefore two different 
acid fractions are present in the samples, one of which 
has a dissociation constant of about 10~T and another 
which must consist of strong acids. I t  seemed probable 
th a t the weaker acids were carboxylic acids. The most 
reasonable possibility for the strong acid fraction was sul
fonic acids.

To check the presence of this strong acid fraction in 
an actual oxidized oil, a sample of desulfured oil A that 
had taken up 1770 cc. of oxygen per 100 grams and a sample 
of the same oil th a t was inhibited with 5%  dicetyl sulfide 
and had adsorbed 640 cc. per 100 grams were titra ted  in 
80% alcohol solution.

The oxidized desulfured oil (Figure 13) showed no point of 
inflection indicative of a strong acid fraction. The point of in
flection a t pH 5.5 in the curve for the oxidized sulfide-inhibited
011 shows the presence of a strong acid fraction. The difference 
in the point of inflection in this case from those shown in Figure
12 is probably due to  the difference in the solvent. The curve 
for the sulfide-inhibited oil indicates the presence of a strong acid 
fraction whereas the uninhibited oil shows no such fraction in 
spite of its greater to ta l acidity. The data  still do not furnish 
adequate proof th a t this strong acid fraction actually consists 
of the postulated sulfonic acids. The formation of a strong 
acid fraction by the oxidation of an insulating oil, and the possi
bility of its being a sulfonic acid has been discussed by Evans and 
Davenport (5) and Piper and Kerstein {12).

As a means of obtaining information on the chemical nature of 
the strong acid fraction, a 1500-gram sample of base oil A was 
blown w ith oxygen for 3 hours a t 196° C. A 15-gram sample was 
titra ted  in 80% alcohol with 0.1 N  potassium hydroxide. The 
titration  curve is shown in Figure 14. The curve shows the same 
strong acid fraction previously noted for the oxidized samples of 
pure sulfoxide and sulfone and for the oil inhibited w ith the syn
thetic sulfide. The remainder of the oxidized oil A was extracted 
with 1200 cc. of 40% alcohol to  remove oxygen-containing frac
tions. The first extract separated well, b u t attem pts a t further 
extraction failed because of emulsion difficulties. The alcoholic 
extract was concentrated on the steam plate, taken up in 80% 
alcohol, and neutralized to  a pH of 5.4 w ith 0.1 N  potassium hy
droxide in order to form soaps of the strong acids present. I t  
was then diluted w ith water and extracted three times with chlo
roform to  remove from the aqueous solution of the strong acid 
soaps, the carboxylic acids and other oxidized m aterial not sa
ponified. The combined chloroform extracts were washed with 
aqueous alcohol to recover entrained strong acid soaps, and 
these washings were combined with the previous aqueous solu
tion of soaps and evaporated to  dryness on the steam  plate. The 
last traces of w ater were removed in vacuo over calcium chloride.
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A few tenths of a gram of gummy brown residue was obtained. 
I t  was very soluble in water. Analysis showed 3.54% sulfur in 
this residue and 0.53% sulfur in  the sample of base oil A used.

The potassium soaps of the strong acid fraction of the oxidized 
oil therefore contained over six tim es as much sulfur as the origi
nal oil. These data  can leave little  doubt th a t the strong acid 
fraction contains considerable quantities of sulfonic acids. They 
are also a strong indication th a t the reaction mechanism which 
has been postulated on the basis of d a ta  obtained w ith synthetic 
sulfides is also valid for natural-sulfur-containing lubricating oils.

C O N C L U S IO N S

1. The most effective synthetic sulfur inhibitors found for 
lubricating oil hydrocarbons are monosulfides containing a t least 
one aliphatic or cycloaliphatic group attached to  the sulfur atom.

2. The monosulfides react w ith hydrocarbon peroxides to  give 
sulfoxides. This reaction is relatively rapid, removes peroxides 
as they are formed, and thus breaks the hydrocarbon oxidation 
chain.

3. The effectiveness of various types of sulfide inhibitors 
appears to  depend upon the rapidity  w ith which they reduce 
peroxides. The sulfides themselves autoxidize much less rapidly 
than  ordinary lubricating oils.

4. The sulfoxide formed by the  reactions of the sulfide w ith 
oil peroxides can react further w ith peroxides a t a less rapid rate  
to  give a sulfone. In  so doing the  sulfoxide also functions as an 
inhibitor although a less active one than  the original sulfide. 
The sulfone is not an inhibitor.

5. In  addition to  reacting w ith peroxides, the sulfojride also 
reacts or condenses w ith oil hydrocarbons to  give oil-soluble 
products. These have not yet been identified.

6. Both the sulfoxide and sulfone autoxidize rapidly. Among 
the oxidation products of each is a strong acid fraction, presum
ably consisting of sulfonic acids.

7. The soaps of the strong acid fraction of an  oxidized, nor
m ally refined lubricating oil have been isolated and found to  
contain sufficient sulfur to  substantiate the  postulation th a t  th is 
fraction consists of sulfonic acids.
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Redwood Products as Inhibitors of 
Oxidation in Petroleum Hydrocarbons

INHIBITION OF OXIDATION IN 
CYCLOHEXENE AND GASOLINE1

O M E  n in e ty  y e a r s  ag o  
Chevreul (3) called atten 

tion to  the ability of oakwood 
to  retard  the  drying of linseed 
oil. Poplar and pine were found 
to  have these characteristics to  a much smaller degree. 
This property of oakwood was ascribed by Moureu and 
Dufraisse (8) to  the presence of tannin in the wood. 
The la tter investigators studied a  long list of organic compounds 
from the standpoint of their activities as “antioxygenic cata
lysts” and “autoxidizable substances” . Under the former they 
listed catechol, pyrogallol, the naphthols, and tannins. No 
mention was made of the tannin type in the article cited (S). 
Among the “autoxidizable” substances were aliphatic aldehydes, 
substituted aliphatic aldehydes, and cyclic aldehydes; unsatu
ra ted  hydrocarbons, such as styrol, phenylbromoethylene, di- 
phenylethylene, and turpentine; complex organic substances 
such as caoutchouc, fats, and oils; and finally sodium sulfite and 
inorganic salts. A paten t (9) described the use of “ tannic acid” 
in 1930.

E arlier experiments showed th a t the tannin  obtained from the 
redwood tree (Sequoia sempervirens) possesses antioxidant char-

1 T he first artic le  in  th is  series appeared  in  O ctober issue (5).
i P resen t address, Oregon S ta te  College, Corvallis, Oreg.
> P resen t address, S co tt P ap e r  C om pany, C heste r, P a .

a c t e r i s t i c s  t o  a  s u r p r i s i n g  
d e g re e  (5 ) .  I n  t h i s  e a r l i e r  
w o rk  th e  t a n n i n s  a n d  th e  
products of destructive distilla
tion of the  tannins and of red

wood were tested as inhibitors of acid form ation in mineral
oils. In  view of their activ ity  in th is field, i t  was decided
to  investigate the products as inhibitors of gum form ation. The 
characteristics of redwood tannin  have already been described 
(0).

The autoxidation of gasoline has been the  subject of m any re
searches since, as a result of th is autoxidation, a nonvolatile 
gum is formed which is objectionable in any m otor fuel. D i
olefins present in the gasoline will oxidize readily to  form this 
gum. The autoxidation of petroleum  distillates was reviewed 
some years ago (4). The reaction has been studied in detail by 
Morrell, Dryer, Lowry, and Egloff (6), who oxidized gasoline 
under carefully regulated conditions in steel bombs and measured 
the period before serious absorption of oxygen occurred w ith re
su ltant form ation of gum. The addition of antioxidants to  the  
gasoline serves to  increase this “ induction period” , which is de
pendent on the  nature  and concentration of the antioxidant.

The evaluation of these various inhibitors was studied exten
sively by the same investigators (7). T hey suggested th e  term  
“ cyclohexene number” or the  num ber of m inutes th e  induction

H . F . L E W IS , M . A . B U C H A N A N ,
E . F . K U R T H 2, AND D . F R O N M U L L E R 3
The I n s t i tu te  o f  Paper C h em is try , A p p le to n , Wis.
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period of pure cyclohexene will be retarded by 
0.002% of the antioxidant. Instead of using 
cyclohexene directly, Morrell et al. recommended 
the  use of reference fuels. In  our study of the 
inhibiting action of the redwood products 
purified cyclohexene was employed. The test 
units were similar to  those described by Winning 
and Thomas (11) and were made by the Tagliabue 
M anufacturing Company (10). The explosion- 
proof cabinets were m anufactured locally.
Figure 1 shows the assembly of three units.

E X P E R IM E N T A L  P R O C E D U R E

A long period was required for establishing 
a standard and readily reproducible test with 
cyclohexene. In  the prelim inary experiments, 
the cyclohexene purchased from Eastm an Kodak 
Company was freshly distilled before each use.
In  spite of this precaution, the induction period 
of a given antioxidant appeared to  diminish 
gradually w ith time. Investigation indicated 
th a t the cyclohexene sample was contaminated 
with peroxides which partially  distilled w ith it.
T he peroxides were removed by shaking the cyclo
hexene w ith solid potassium hydroxide and then 
washing w ith aqueous ferrous thiocyanate. The 
product was stored over potassium hydroxide in a refrigerator, 
and sufficient was withdrawn each day for the required test. 
Before use i t  was washed w ith ferrous thiocyanate and with 
water, dried over calcium chloride, and distilled. A test for 
peroxides by the m ethod of Young, Vogt, and Nieuwland (12) 
showed th a t only small amounts of peroxide remained in the 
cyclohexene.

I t  should be pointed out th a t the bomb test is empirical; ex
cept for Table V, the results reported are averages of two or more 
tests. The data  show a maximum variation in most cases of less 
than 10%.

The redwood tannin was prepared in a pilot plant large enough 
to  extract 100 pounds of wood, which was chipped and run 
through a hammer mill. Tannin was extracted either with hot 
water or w ith 95% ethyl alcohol. W hen the la tte r was used as 
solvent, the  extract was first distilled in a twenty-plate column 
vacuum still until most of the ethyl alcohol had been removed. 
T he residual w ater in the  still was sufficient to  keep the tannin in 
solution, Phlobaphenes and other water-insoluble, alcohol- 
soluble extractives precipitated on removal of the alcohol and 
were separated from the tannin by filtration. Residual w ater was 
evaporated in stainless steel pans in a vacuum pan evaporator at 
tem peratures which never exceeded 60° C.

Three types of redwood waste were available—conveyor waste, 
(which is a reject from the sawmill operation and is entirely heart- 
wood) stumpwood, and rootwood. The particular tannin sam
ples were tested either directly or after further purification. 
During each day’s operations, blanks were run on the cyclohexene 
w ithout any inhibitor; a t intervals, checks were made using 
benzyl-p-aminophenol as a control.

A study was made of tannins purified in a num ber of ways 
w ith the hope of concentrating the  active principle of the tannin. 
D ry crude tannin  extracted from the rootwood (run 37) was first 
treated  w ith 12 volumes of acetone a t room tem perature, which 
dissolved about 85%  of the  crude tannin. The insoluble and 
soluble fractions were tested. In  another experiment a part of 
the  rootwood tannin  (run 41) was extracted w ith 10 volumes of 
acetone, and the  acetone-soluble product was tested. In  a third 
experiment a sample of the same tannin was dissolved in 3%  so
dium  bicarbonate solution, and the solution extracted w ith ethyl 
acetate. Removal of the solvent from the extract gave an ethyl 
acetate-soluble fraction which amounted to  49% of the original

Solvent-purified redwood tannins are effective in prevent
ing the oxidation of cyclohexene but are of little value in 
protecting gasoline because of their solubility characteris
tics. Products prepared by reacting the tannin with 
benzoyl chloride, caproyl chloride, chloroacetic acid, form
aldehyde, and amines appear to have little interest as anti
oxidants. Condensation of tannin with acetone or other 
ketones results in a good yield of ether-soluble products 
which are good inhibitors for cyclohexene. However, the 
addition of water to the treated cyclohexene results in the 
loss of approximately half of the inhibiting action. The 
acetone-tannin condensation products have poor solu
bility in gasoline and are of questionable value as gasoline 
antioxidants. Products obtained by condensing catechol 
with acetone have excellent inhibiting properties for cyclo
hexene and appear somewhat promising as antioxidants 
for gasoline. In using cyclohexene in the Winning- 
Thomas breakdown test, it is necessary to remove the 
peroxides in order to obtain duplicate results.

t a n n i n .  Other samples were prepared by extracting similar 
sodium bicarbonate-tannin solutions w ith methyl amyl ketone 
and w ith amyl isobutyl ketone; these solvents gave yields of 43 
and 53% tannin, respectively. Table I  shows the induction 
times of the tannin samples. I t  is apparent th a t the inhibitor is 
concentrated in the acetone-soluble tannin, since the acetone- 
insoluble m aterial has no antioxidant activity.

Shortly after these tests were run, a sample of the crystalline 
m aterial found in the green cones of the redwood was received. 
This m aterial contains about 85% of m aterial soluble in methanol- 
acetone; the other 15% is largely fibrous material, cone scales, 
dirt, etc. About 15% of the fraction soluble in methanol-acetone 
was insoluble in acetone; the acetone-soluble fraction is chiefly 
tannin. The tannin fraction was a satisfactory tanning agent, 
bu t neither the crude cone tannin nor its acetone-soluble and -in
soluble fractions showed any antioxidant activity.

Experiments were conducted to determine the effect of storage 
conditions on the stability of redwood tannin  itself in terms of its
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T a b l e  I .  E f f e c t  o f  S o l v e n t  P u r i f i c a t i o n  o f  R e d w o o d  
T a n n i n  o n  I n d u c t i o n  P e r i o d

(0.005%  an tiox idan t, t re a te d  to  rem ove peroxides and  distilled)

R u n  No. D escription
In duction  

Period , M in.
Contro l N o an tiox idan t 35

37 C rude tan n in 225
Acetone-sol. tann in 245
Acetone-insol. tan n in 35

41 Acetone-sol. tann in 255
E th y l  acetate-sol. tann in 260
M eth y l am yl ketone-sol. tan n in 235
Hexone-sol. tann in 285

T a b l e  I I . I n h i b i t i n g  A c t i v i t y  o f  C o n d e n s a t i o n  P r o d u c t s  
o f  T a n n i n  w i t h  O r g a n i c  A c id

(0.005% an tiox id an t in  cyclohexene tre a te d  to  rem ove peroxides and  
distilled)

Yield, Induction  
D escription of T an n in  %  Period , M in.

B enzoylated (crude p roduct) 40 45
B enzoylated (ether-extracted) . . .  30
T rea ted  with 2.7 moles caproyl chloride 136 105
T rea ted  with 0.2 mole caproyl chloride 26 215
T reated  with crude chloroacetyl chloride 92 65
T rea ted  with chloroacetyl chloride, ether-sol.

fraotion 93 130

antioxidant activity. Conditions investigated included the ef
fect of high and low tem perature, sunlight and ultraviolet light, 
and moisture. In  general, there was little  indication of deteriora
tion of the tannin stored under widely varying conditions.

Previous work has shown th a t tannin can be prepared from 
redwood having about the same degree of inhibiting action w ith 
cyclohexene a s , does benzyl-p-aminophenol. These products 
were prepared in a number of ways and were stable over a 4- 
month test period. The next problem was to improve the solu
bility of the tannin in cyclohexene or gasoline and lower its solu
bility in w ater without, a t the same time, altering its inhibiting 
activity.

C ONDENSATION PR O D U CTS W ITH A CIDS AND A M INES

B e n z o i c  A c id .  Ethyl-acetate-soluble stumpwood tannin was 
treated with 1.1 moles (assuming a molecular weight of 510 for 
the tannin) of benzoyl chloride in the presence of pyridine. The 
crude product was insoluble in ether and was purified by extrac
tion w ith ether to remove the benzoic acid.

C h l o r o a c e t i c  A c id .  Acetone-soluble rootwood tannin was 
heated on the steam  bath  with 2 parts of chloroacetyl chloride 
for 8 hours; the product was largely ether soluble.

C a p r o i c  A c id .  Ethyl-acetate-soluble stumpwood tannin 
was treated  with 2.7 moles of caproyl chloride in the presence of 
pyridine. The product was ether soluble and was purified by 
dissolving in ether. A  second product was prepared using only 
0.2 mole of caproyl chloride in the presence of pyridine. The

T a b l e  I I I .  Y i e l d  a n d  I n d u c t i o n  P e r i o d  o f  C a t e c h o l -  
A c e t o n e  C o n d e n s a t i o n  P r o d u c t s

(0.005%  an tiox idan t in  cyclohexene trea ted  to  rem ove peroxides and 
distilled)

Reagents U sed/10  
G ram s Catechol

Ace- Acetic Coned. Induction
C ondensation tonei acid, HC1, H ours Yield, Period,

P ro d u c t cc. cc. cc. H eated % M in.

Recrystallized 16 27 22 25 390
T a r  from  m other

liquor 16 27 22 25 300
Recrystallized 16 2 7 .5 22 25 ’28 260
Crude 16 2 7 .5 22 24 113 290
E th e r  soluble 20 6 5 8 30 200
E th e r  soluble 15 12 10 8 57 310
E th e r  soluble 16 2 7 .5 22 8 90 290
E th e r  soluble 20° 8 50 315
E th e r  soluble 20 ¿ ‘ 5 25 105 255
C atechol 410

° One g ram  AlCla used.

product was purified by dissolving in ether. The d a ta  in Table
I I  show th a t tannin treated  w ith 0.2 mole of caproyl chloride had 
good anti oxidant activity, bu t the yield was low. None of the 
other esterification products had sufficient activ ity  to  be of further 
interest. All these products had low solubility in water.

A m in e s .  Experiments made to  neutralize the  acid m aterial 
had shown th a t the addition of tributylam ine to  an  aqueous 
tannin solution caused the separation of an insoluble product. 
Accordingly, redwood tannin  was reacted w ith a variety  of amines 
(such as tributylam ine, aniline, p-aminophenol, ethylenedi- 
amine, and 2-am ino-l-butanol) to  form products which in some 
cases have fair antioxidant activity. In  most cases the  yields 
were small and further work was dropped.

C ONDENSATION W ITH  FO RM ALD EH Y D E AND CATECHOL

Redwood tannin  was reacted w ith formaldehyde in an effort 
to obtain water-insoluble and gasoline-soluble products having 
antioxidant activity. . The solubility of these products was very 
poor, and they had little  or no antioxidant activity.

Since catechol m ay be recovered in good yield from the de
structive distillation of redwood phlobaphene, tests were run 
both w ith catechol and w ith a num ber of its condensation prod
ucts. Catechol was found to  have good antioxidant activity  but 
is not used for protecting gasoline because of its high solubility 
in water. Baker (1) described the preparation of a water-in
soluble product by the condensation of catechol w ith acetone in 
the presence of acids. This product was prepared and found to 
have considerable promise as an antioxidant. Several experi
ments were made to study the conditions necessary to produce a 
satisfactory antioxidant in good yield. The general procedure 
was to  heat the catechol, acetone, and acid m ixture on the steam 
bath  under reflux. The reaction product separated as a tar 
when poured into water. After washing w ith water, th is ta r  was 
either recrystallized from alcohol-acetic acid or was purified by 
dissolving in ether and washing the ether free of acid. In  most 
cases the product was completely soluble in ether.

The data  in Table I I I  indicate th a t large am ounts of acids or 
long periods of heating are necessary for high yields of the prod
uct. Substitution of anhydrous alum inum  chloride for the  acid 
resulted in poor yield. These products have good antioxidant 
activity and appear to  have reasonably good solubility in cyclo
hexene and gasoline, w ith low solubility in water.

C ONDENSATION W ITH K ETO N ES

Since catechol condenses w ith acetone to  form a product hav
ing good antioxidant activity  w ith improved solubility character
istics, an investigation was m ade of the effect of acetone on red
wood tannin under similar conditions. T annin was found to 
react w ith acetone and other ketones in the presence of con
centrated hydrochloric acid and glacial acetic acid or in the 
presence of anhydrous aluminum chloride to  form water-insoluble 
products. The product from the tannin  always consisted of both 
ether-soluble and ether-insoluble fractions. The ether-soluble 
fraction had good antioxidant activity  and was nearly insoluble 
in water. The ether-insoluble fraction had poor antioxidant 
properties and was somewhat soluble in  water.

Apparently the  acetone or other ketone is essential to  the re
action, because tannin  heated under similar conditions without 
acetone resulted in a low yield of inactive m aterial. O ther ke
tones can be substituted for acetone in this reaction, bu t no ad
vantage was found in their use, particularly since the high-boiling 
ketones were difficult to  remove from the product. The various 
conditions used in preparing the  condensation products, the  yield 
data, and the induction periods of the products are summarized 
in Table IV.

The most satisfactory of the condensation products were then 
tested for solubility behavior. The general procedure was to  
shake 100 cc. of cyclohexene, to  which had been added the an ti
oxidant, w ith two 25-cc. portions of w ater and determ ine the  in-



November, 1945 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 1111

Tannin  
(10 G.)

Rootwood

T a b l e  IV. Y i e l d  a n d  I n d u c t i o n  P e r i o d  o f  C o n d e n s a t i o n  
P r o d u c t s  o f  R e d w o o d  T a n n i n  w i t h  K e t o n e s

(0.005% an tiox idan t in  cyclohexene trea ted  to rem ove peroxides and  distilled) 
Acetic Coned.
Acid,Acid, HC1, 

K etone, Cc. Cc. Cc.

Acetone, 20 6 5
Acetone, 20 6 5
Acetone, 20 6 5
Acetone, 20 6 5

Cone Acetone, 20 6 5

Rootwood Acetone, 20&
Acetone, 20 & . . .  . . .
Acetone, 10 3 2 .5
Acetone, 20 6 5
Acetone, 10 3 2 .5
Acetone, 10 3 2 .5

S tum pw ood Acetone, 10 3 2 .5

Rootwood Hexone, 20 6 5
Cyclohexanone, 20 6 5
M ethy l e thy l ketone, 20 6 5
M esityl oxide, 5 6 5
Isophorone, 5 6 5
A cetophenone, 20 6 5

Hours
H eated

2 2 .5°
8°

10

10
10e

Ether-Sol. 
Reaction, 

P roducts , %

Induction
Period,

M in.

60
41
44
66

41

60
43
54
57
26
29

28

78
120
80
65
25
54

215
160
210
255

170

275
240
250
215
255
310

245

250
225
270
250
250
150

° 60 cc. acetic acid and  50 cc. hydrochlorio acid added and hea ting  continued for 2 hours.
One gram  anhydrous alum inum  chloride used. 

e H eated  to  50° C. only.

T a b l e  V. S o l u b i l i t y  B e h a v i o r  o f  C o n d e n s a t i o n  P r o d u c t s

(Cyclohexene trea ted  to  rem ove peroxides b u t  n o t distilled; 0.005%  used 
in each case; w ate r washed a fte r  addition  of antioxidant)

Induction
C ondensation P ro d u c t Period , Min.

Benzyl-p-am inophenol 310
Acetone-condensed ta n n in  105
H exone-condensed tan n in  75
Cyclohexanone-condensed ta n n in  80
M ethy l e thy l ketone-condensed  tann in  60
Acetophenone-condensed tan n in  45
Benzophenone-condensed tann in  35
C hloroacetyl chloride-condensed tann in  50
Acetone-condensed phlobaphene 50
Acetone-condensed catechol 300
A cetone-condensed catechol 250

duction period on 25 cc. of the washed cyclohexene. In  some 
cases 25 cc. of the washed cyclohexene were evaporated, and the 
residue was weighed in an attem pt to  determine the amount of 
antioxidant left in solution. This washing procedure was prob
ably more drastic than  would be encountered in commercial 
practice but, since the condensation products are ether soluble 
and water insoluble, it was originally believed th a t they would 
easily w ithstand such a test.

This treatm ent of cyclohexene protected with tannin conden
sation products caused the separation of a sludge between the 
two layers, and a decrease of more than  50% in the induction 
period. The water treatm ent had much less effect on the in
duction period of cyclohexene protected w ith the catechol con
densation product, and had no apparent effect on cyclohexene 
protected with benzyl-p-aminophenol or with isobutyl-p-amino- 
phenol. The tests m ade to  determine the amount of antioxidant 
left in solution indicate th a t the water treatm ent removed a con
siderable amount in each case. The quantity  of the tannin con
densation products left in solution was approximately equal to 
that left in solution w ith substituted aminophenols and the cate
chol condensation product.

In  one test the addition of about 0.5% water was sufficient to 
decrease the induction period more than  50%. On the other 
hand, the use of cyclohexene which had been shaken w ith water 
before addition of the antioxidant did not result in any loss in 
protection. The experimental data are given in Table V.

The extraction of the treated cyclohexene with water appears 
to  cause the antioxidant to separate a t the interface. I t  was be
lieved th a t the presence of small amounts of some surface-active 
m aterial m ight prevent this separation. Accordingly, the treated 
cyclohexene was washed with water containing varying amounts of 
NOPCO 2090-M (sulfonated teaseed oil), Surpasol 630 (double 
sulfonated castor oil), and Vel (glyceryl lauryl sulfate). The

results were essentially the same as those obtained 
in the absence of surface-active materials.

T E S T S  O N  G A S O L IN E

From  the beginning of this investigation it was 
known to  be impossible to obtain and keep a 
standard gasoline for test. Different samples of 
gasoline have widely different oxidation stabilities 
and, in addition, the stability of an unprotected 
gasoline undergoes considerable change under 
normal storage conditions. However, a few tests 
were made on different gasolines.

In  general, the results indicated th a t the tannins 
and their condensation products are much less 
effective than  benzyl-p-aminophenol in preventing 
the oxidation of gasoline. This may be due to 
the poor solubility of the tannins in gasoline, but 
there are some indications th a t the redwood 
products protect a considerably narrower field of 
chemical structures than  is the case with the 

_______  substituted aminophenols.

SUM M ARY

1. The Winning and Thomas breakdown test involving the 
use of cyclohexene has been standardized. Satisfactory checks 
are obtained when the cyclohexene is treated to  remove perox
ides, followed by distillation.

2. Satisfactory antioxidants for use with cyclohexene are 
made by extracting redwood with 95% alcohol, precipitating the 
phlobaphene w ith water after the alcohol is mainly removed, 
and evaporating. The active fraction is removed from the resi
due by extraction with acetone or ethyl acetate.

3. Such tannins are too soluble in water to  be satisfactory 
for use in water-sealed gasoline tanks. A variety of condensation 
products have therefore been made. Of greatest interest is that 
formed by condensation with acetone. Caproyl chloride and p- 
aminophenol can also be used as condensing agents.

4. Although the solubilities of these derivatives have been 
greatly improved, there is a concentration of the antioxidant at 
the interface when solutions in cyclohexene are washed with 
much water; antioxidant effectiveness is thus lost. Surface- 
active oils have been added in the hope of reducing the concen
tration of the antioxidant a t the interface. The results have not 
been successful.

5. The solubility of the redwood products in several gasolines 
is less than in cyclohexene. Poorer protection is afforded than 
with benzyl-p-aminophenol. Tests with gasolines have only 
directional value.

6. Some interest in catechol condensation products is indi
cated; this is in line with the possible production of catechol 
from the destructive distillation of redwood phlobaphene.
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Correlating Viscosity and Vapor 
Pressure of Liquids

ANY physical prop
erties of liquids, of 

solids, and of liquid solutions 
of other liquids, solids, or 
gases have been correlated 
by a simple m ethod of loga
rithm ic plotting and the cor
respondingly simple algebraic 
equations (14). For vapor 
pressures and laten t heats,

log P  =  (L /L ')  log P '  +  C

where a t  the same tem pera
tures, P  and P '  are vapor 
pressures and L  and L '  
molal laten t heats, respec
tively, of two compounds 
(the la tter in each case 
being th a t of a standard or reference substance), and C 
is a  constant. Log P '  really serves as the tem perature varia
ble and is obtained directly from vapor pressure data  of 
the standard  substance. L /L '  is nearly independent of tem 
perature. A log plot gives a substantially straight line whose 
slope (L /L ')  provides laten t heat data  a t any tem perature for 
the compound in  question from th a t of the reference substance. 
T his vapor pressure plot was extended (15) for use w ith reduced 
pressures a t reduced tem peratures in order to increase the pre
cision. Further applications were made to  gas solubilities and 
partial pressures (19) and to the pressures of adsorbed m aterials 
from adsorbents (18). Other properties, such as vapor composi
tion, equilibrium constant, activity  coefficient, relative volatility, 
and  electromotive force, were also shown to  correlate as straight 
lines by this m ethod (16, 17); and the slopes of the lines were 
identified w ith the heats of vaporization and of solution.

In  most cases the equation is not needed, and vapor pressure 
(or other function) is plotted on log paper (or logarithms are 
plotted on ordinary graph paper) by three steps: (a) Corre
sponding tem peratures and vapor pressures of the reference 
substance are read from a table; tem peratures are indicated on 
the X-axis a t appropriate values of pressures, w ith ordinates 
erected accordingly, (b) Pressure (or other function) is plotted 
from the logarithmic scale of the F-axis on the respective tem 
perature ordinates. The same units do not have to be used on 
both  the X  and Y  axis, since there is a constant ratio  between 
any two units; th is ratio would merely move the line up or down 
on the plot w ithout changing its form of slope, (c) Points so ob
tained are connected by a line, usually straight.

A P P L IC A T IO N  T O  V IS C O S IT Y  DATA

Plo tted  by the same m ethod previously standardized for m any 
functions, Figure 1 in the upper graph gives viscosity of different 
substances vs. tem perature, indicated in the regular way from the 
corresponding vapor pressure of w ater as the reference substance.

The correlation is good, and viscosities m ay be so p lotted as 
straight lines for any of these m aterials; m any others have also 
been checked. In  some cases the d a ta  for a substance are best 
expressed as a series of two or three connected straight lines.

While each section is straight, 
to indicate the validity  of the 
relation over the  particular 
tem perature range, the breaks 
(and corresponding changes 
in slopes) are due to  the 
change of the  physical and 
often chemical na ture  of the 
m aterial a t th a t particular 
tem perature. W ith  w ater, 
for example, there is an a- 
b rup t break  in  the  line for vis

cosity between 300 and 400 C .; 
th is corresponds to  the  postu
lated  change in  the  molecular 
structure  of w ater a t  40° C. 
(5,12).

The equation of the straight lines in  the  upper graph of Figure 1
is:

log ¡i =  —A  log P  +  C (1)

where n is viscosity and P  is vapor pressure of any liquid, both 
expressed in any desired units; A  and C are constants. In  the 
usual case this equation will be less useful th an  the  simple graph 
which, for a new compound (in m ost cases), gives a single straight 
line right up to the boiling point. Only two points are thus 
needed to establish the  entire range of values, b u t a  th ird  inter
m ediate point, also on the  line, will check the  continuity of the 
straight line. If  breaks are shown, two points will be required 
for each straight Une section.

The plotted viscosity d a ta  are a t atm ospheric pressure; in 
general, lines of such a plot m ust be isobaric. If  there is a pres
sure change, there is a  change in viscosity. F o r example, data 
a t the boiling point m ay tend  to  fall slightly away from the in
dicated straight lines, since the experim ental m ethod m ay have 
included some application of superatm ospheric pressure to  pre
vent vaporization from interfering w ith the  experim ental deter
minations.

Another useful function is fluidity, 4>, the  reciprocal of viscosity; 
when a comparable plot of fluidity of the  same liquids is m ade in 
the lower graph of Figure 1, a similar series of stra igh t lines is 
obtained; because of the  properties of logarithm ic plotting, this 
plot is the m irror image of the  upper graph of Figure 1, w ith the 
lines having identical algebraic slope b u t negative sign:

4> =  1/m; - l o g  ^  =  log n

From  Equation 1:

- lo g  <f> =  — A  log P  +  C
log <t> =  A  log P  -  C (2)

T H E R M O D Y N A M IC  B A C K G R O U N D

The Clausius-Clapyron equation relates P  (pressure), T  (tem
perature), and L  (latent heat of vaporization per mole) w ith R  
(the gas constan t):

d In P  L
d T  R T 2

D O N A L D  F . O T H M E R  A N D  J O H N  W . C O N W E L L

P o ly tec h n ic  I n s t i tu t e ,  B ro o k ly n , N . Y.

Viscosity data may be plotted directly to give straight lines 
on log paper against a temperature scale readily calibrated 
from the vapor pressures of a reference substance. The 
method follows from that previously suggested for vapor 
pressures (14), vapor compositions, and other properties 
(17). A thermodynamic derivation indicates the sound
ness of the plot and of the governing equation:

log n ------(E /L )  log P ' +  C

The use of reduced temperatures correlates even better, 
since it tends to make the lines for all liquids converge in a 
narrow range at the extrapolated points corresponding to 
the critical. Fluidities, the reciprocal of viscosities, may be 
correlated by similar plots, either against the tempera
ture scale or against the reduced temperature scale ob
tained by this method.
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VAPOR PRESSURE OF WATER IN mm.
Figure 1. LogJPlot of Viscosity (above) and of Fluidity {below) 
of Eleven 'Representative Liquids against Temperature Whicb 
is Obtained from the Corresponding Vapor Pressures of Water

d log P  L
d log P ' ~  L '

where P '  is the pressure 
and L ' the molar heat of 
vaporization of a second 
fluid. When this is com
bined with Equation 3:

d log n E
d log P '  “  L '  01

d log <t> _  E_ . .
d log P ' L ' ’

These m ay be integrated to give approximately: 

log „  =  -  |  log P ' +  C

log « =  log P ' +  C (5)

Hence it  follows th a t Equation 1 is correct, assuming the con
stancy of E /L ;  the proposed relation and m ethod of plotting 
are thermodynamically sound within the assumptions of the de
rived equations. The relation E /L  or its reciprocal L /E  was 
discussed by Glasstone (9) and indicated to be a constant for a 
given substance by Eyring and Ewell (6, 7, 8). For large groups 
of substances i t  m ay be regarded as substantially constant, de
pending on molecular structure and related properties. As in
dicated ^lere, this ratio m ay conveniently be found or checked as 
the relation between the slopes of the lines on a log plot of vapor 
pressures and of a log plot of viscosities when both are made 
against tem peratures as determined by the vapor pressures of 
the same reference substance.

R EL A T IO N  T O  O T H E R  C O R R E L A T IO N S

A m ethod which follows from the equation of Andrade (1, 2, 3) 
is to plot logarithms of viscosity or logarithms of fluidity against 
l /T ,  which is comparable to the familiar plot of log P  against 
l /T .  The la tter does not give lines which are nearly so straight 
as does the plot of log P  against log P ', as has been shown (14). 
The plot of log n or log <j> against l / T  also does not give lines which 
are nearly so straight as does a plot of log n or log </> against log 
P '. The reason is th a t the l / T  plot assumes the constancy of E, 
which is not so correct as the assumption of the constancy of 
E /L  in the present plot. In  other words, E  varies as does L; 
while neither is constant, the ratio is practically constant.

Numerous other more or less empirical relations of viscosity, 
tem perature, and vapor pressure have been presented. One 
closely related to the present method is the so-called Porter rule 
(21), a plot of tem perature of one liquid vs. tem perature of an
other liquid where it has the same viscosity. This is directly 
analogous to the Dühring plot for the tem peratures a t which two 
liquids have the same vapor pressure. I t  has been shown (14, 
20) th a t reciprocal tem peratures should be used for the Dühring 
plot; i.e., the reciprocal of the tem perature of one substance 
should be plotted against the reciprocal of the tem perature of

G uzm an (10) indi
cated a similar deriva
tion:

d In <t> E  
d T  “  R T »

where E  is related to  the 
heat of fusion of the 
liquid or the activation 
energy of viscosity.

If these equations are 
combined, there results 
a t the same tem perature: 

d log <f> E  
d log P  =  L  or

d l °g *» „  z l  (■>)
d log P  L  W

CO
Id
</>
5
! 10 
“ 0.8
z
“ 0.6

This relation indicates 
th a t a log plot of vis
cosity or of fluidity 
against pressure a t the 
same tem peratures for a 
given substance would 
be a straight line with 
slope equal to the ratio 
of the energy of activa
tion and the heat of 
vaporization . O thers 
(1-4) have also con
tributed to this idea of 
the relation of viscosities 
and vapor pressures of 
the same substance.

I t  w as p re v io u s ly  
shown (14), however, 
th a t

TEMPERATURE IN DEGREES C.

600
VAPOR PRESSURE OF WATER IN mm. 

TEMPERATURE IN DEGREES C.
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Figure 2. Log Plot of Fluidity of Eleven Representative Liquids against Reduced Temperature Which is Obtained from
the Corresponding Vapor Pressures of Water

T h* v isco sity  is  ca lib rated  d irectly  on  a recip rocal sca le  o n  th e  r ig h t , so  th a t  e ith e r  flu id ity  or v iscosity  m a y  b e read from  th e  sa m e  ch a r t. This  
p lo tt in g  a g a in st redu ced  tem p era tu re  redu ces con sid erab ly  th e  w id th  o f  th e  b and  o f  l in e s , a s com p ared  w ith  F igu re  1.

another where the vapor pressure is the same. This is also true 
for Porter’s m ethod of plotting, and a better approximation to  
straight lines is found when the reciprocal tem peratures are used. 
In  th a t case exactly the same plot will be obtained on a different 
background grid work of coordinates as is obtained in the present 
plot. This follows directly and was explained in detail for the 
case of vapor pressure and tem perature (H ). I t  is, however, 
much more simple to plot on log paper than  on reciprocal ruling 
paper; several other advantages are explained there for vapor 
pressure which hold here also for viscosity. Furthermore, i t  is 
much more convenient to  plot and to  use a  graph of viscosity as 
indicated above than  a graph of tem peratures a t which viscosi
ties are equal.

Others have also considered similar more or less empirical 
functions (11, 13) which m ay be related to  the thermodynamic 
derivations given above. M any other empirical formulas have 
been particularly related to the viscosities of petroleum fractions.

U SE  O F CRITICAL CONSTANTS

The use of reduced tem perature (15) tends to straighten log 
plots of reduced pressure as compared to those of pressure itself. 
Figure 2 is a plot of fluidity against the vapor pressure of w ater 
a t th'e same reduced tem perature (T /T c). A series of ordinates 
was erected against the vapor pressure log scale on the horizon
tal axis a t values of the corresponding tem peratures divided by 
the critical tem perature of w ater; the fluidity of the several 
m aterials was plotted on this grid work against the reduced 
tem perature for th a t m aterial. Since the lines against tem 
perature, as determined by vapor pressure of reference substance 
(Figure 1), are straight within experimental error of the deter
m ination of data, th e  use of critical tem perature cannot improve 
the presentation substantially. An interesting point, however, 
is th a t if these lines are extended to their respective critical tem 
peratures (i.e., where T B = T / T c =  1), they tend to converge 
to a narrow  band, except for w ater and the halogens. The fact 
th a t they do not converge to  a point (i.e., the extended lines a t

the critical points of all substances do no t give the same indi
cated fluidities) is probably due to  the  divergence of the liquids 
from ideality, as well as the fact th a t the  isobaric pressure 
(1 atmosphere) used for all determ inations of viscosity repre
sents different reduced pressure for each substance. The slopes 
of the lines for a given substance on the  two plots [Figures 1 
(lower graph) and 2 ] are in each case substantially  the same. 
M ost noticeable is the narrowing of the  band of the lines of all 
compounds, both those p lotted here and others which fall di
rectly on top of this representative group. Presum ably, a gen
eral relation m ight be worked out. If  i t  could include correc
tions for the fundam ental properties of the individual fluid, it 
m ight bring even closer together all of the  viscosity data  for 
fluids. Even on the present basis these d a ta  do no t vary more 
than  50%  as a maximum from the values of a representative 
m aterial such as benzene.

Also investigated was a plot of fluidity a t the same value for 
the difference between critical and experim ental tem perature. 
This log plot of tj> against T c — T  (from calculated values for 
water which are calibrated on the X-axis against the log of vapor 
pressure) also gives straight lines, b u t there is no other reason 
to  w arrant its complicated preparation and use.

V ISC O SITY  FU N CTIO N  A G A IN ST V ISC O SIT Y  FUNCTION

Still other m ethods of expression which .follow directly from 
Figures 1 and 2 would be plots of viscosity of the compound 
against viscosity of a reference substance (not water, since it 
forms a  broken line) a t the same tem perature; or of fluidity 
against fluidity a t  the same tem perature; or of viscosity against 
viscosity or of fluidity against fluidity a t the same reduced tem 
perature. These plots would also give straight lines and could 
be employed. However, in the usual case i t  m ay be somewhat 
easier to  calibrate the log paper used for plotting on the basis of 
the vapor pressure scale rather th an  of the viscosity scale in order 
to  obtain the tem perature ordinates used for the actual plotting.
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Proof of the previous paragraph is self-evident. In  the upper 
graph of Figure 1, for example, the viscosity of both benzene and of 
acetic acid is a  straight-line function as plotted logarithmically 
against the vapor pressure of w ater a t the same tem perature. 
Hence, the viscosity of benzene (or of any other m aterial which 
gives a straight line on this graph) would be a  straight-line func
tion of the viscosity of acetic acid taken a t the same tem perature. 
The same would hold for a plot of fluidity a t the same tem pera
ture against th a t of a reference substance, or for either viscosity 
or fluidity against th a t of a reference substance a t the same re
duced tem perature.

The last mentioned plot is analogous to  the plot of vapor pres
sure for one substance against vapor pressure of another a t  the 
same tem perature (14) or critical tem perature (15). The slopes 
of the lines on such a plot are the ratio of activation energies of 
viscosity of the two liquids (or of reduced activation energy).
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Hydrolysis and Catalytic Oxidation 
of Cellulosic Materials

DETERMINATION OF STRUCTURAL 
COMPONENTS OF COTTON LINTERS1

i t .  F. N IC K E R S O N 2 A.ND J . A . H A B R L E 5 ........................................................................ M ellon  In s t i tu te ,  P ittsb u rg h , Pa.

A  BOILING aqueous solution containing 2.5 moles of hydro
chloric acid and 0.6 mole of ferric chloride per liter evolves 

carbon dioxide rapidly from glucose a t a nearly constant rate 
which is proportional to  the glucose present in the system (6). 
This reagent under the same conditions also liberates carbon di
oxide from cellulosic m aterials but a t slow, initial rates which 
increase as hydrolysis is continued (4, 6). These observations 
have led to  the conclusions th a t some of the cellulose is hydro
lyzed to simple sugars which, by oxidation, yield carbon dioxide, 
and th a t the course of the hydrolysis can be determined from 
instantaneous rates of carbon dioxide evolution (5). The tech
nique and apparatus originally employed in this laboratory were 
modified and improved by Conrad and Scroggie (2), who verified 
and extended some of the earlier work.

Hydrolysis-time curves obtained by this method for a number 
of different cellulosic materials have in common a shape th a t in
dicates rapid, early disintegration of part of the cellulose and a 
subsequent slower and more constant breakdown of the re
mainder. As Badgley and collaborators (1) stated in a recent 
review, such curves are generally regarded as evidence of a struc
tural heterogeneity. The rapid initial hydrolysis represents the 
easily accessible or disordered fraction; the slower and more con
stant, subsequent hydrolysis, the denser less accessible or highly 
ordered fraction of the material. However, these two parts of a 
typical hydrolysis-time curve are not sharply differentiable and,

1 For previous papers in th is series, see li tera ture  citations 3-6.
1 Present address, A. C. Lawrence Leather Company, Peabody, Mass.
• Present address. Crescent Heights, New Brighton, Pa.

consequently, only a rough approximation of the distribution 
between ordered and disordered states can be obtained from the 
test.

The study described in this paper was undertaken to yield 
deeper insight into the meaning of hydrolysis-time phenomena 
and, if possible, to  develop a practical method of resolving the 
typical curve. Samples of cotton linters were subjected to acid 
hydrolysis for varying times under controlled conditions, and the 
resulting insoluble residues were washed and dried. This series 
of hydrocelluloses was then investigated by the hydrolysis-oxi- 
dation method.

MATERIALS AND M ETHODS

A well-blended batch of processed, high-viscosity acetate- 
grade cotton linters was used without additional purification as 
starting material. Hydrocelluloses, representing 0, 0.07, 0.2, 0.8,
2, 4, and 7 hours of treatm ent with boiling hydrochloric acid- 
ferric chloride reagent or its equivalent, were isolated for investi
gation by the methods described below.

The in tact sample (0 hours) was boiled 4 minutes in water; 
the 0.07- and 0.2-hour samples were digested singly in boiling 2.5 
N  hydrochloric acid for 4 and 12 minutes, respectively. The 
rest of the series was prepared by refluxing a suitable batch 
of linters in hydrochloric acid-ferric chloride reagent, siphoning 
off portions of the boiling suspension 5-10 minutes short of the 
times indicated, and, as quickly as possible, filtering the hot sus
pension on coarse alundum crucibles. Crucible and residue were 
then given preliminary washes with cool, dilute hydrochloric 
acid and water; finally, the crucible containing moist residue was 
transferred to boiling 2.5 N  hydrochloric acid for 5-10 minutes to 
complete the digestion. A volume of 40 ml. of hydrolyzing solu
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Figure 1. Hydrolysis-Time Curves Calculated for Linters and 
Derived Hydrocelluloses

T h e tim e s  in d ica te  a m o u n ts  o f  h y d ro ly tic  p retrea tm en t em p loyed  in  p reparation
o f  sam p les.

tion per gram of starting  m aterial was found to  be satisfactory. 
The use of ferric chloride reagent for the longer periods of hy
drolysis hinders the accretion of undesirable tarlike products, 
while the double digestion is designed to  extract occluded iron 
salt.

D irectly after receiving the  treatm ent ju st outlined each 
sample, including the in tact control, was purified in the following 
way: The solid was filtered on a coarse alundum  crucible, and 
washed in the crucible w ith hot water, w ith several floodings of 
warm 5%  ammonia, and then successively w ith boiling water, 
acetone, and benzene. I t  was removed from the crucible and air- 
dried.

Approximately. 2 grams of the  hydrocelluloses were placed in 
tared  weighing bottles, dried a t 105° C., and weighed accurately 
before use. Tim e-carbon dioxide evolution d a ta  covering a 7- 
hour period were then determined for each preparation by a 
m ethod similar to  th a t used previously (5, 6). The apparatus, 
however, was modified so th a t weighing bottle and sample could 
be dropped into the boiling hydrochloric acid-ferric chloride re
agent through a  port in the  digestion flask. Time for the hydroly- 
sis-oxidation reactions was reckoned from the entrance of the 
sample into the  boiling liquid. In  previously reported experi
m ents i t  was necessary to  introduce the sample and assemble 
the apparatus before the  digestion m ixture was heated and to 
count tim e from the onset of boiling. The change in technique 
was designed to eliminate 
any spurious effects the 
warming-up period might 
have caused.

A further modification of 
the apparatus was made in 
the substitution of an  as- 
carite-gravimetric ab so rp 
tion system for the aqueous 
barium  hydroxide-ti trime
tric system used earlier for 
carbon dioxide determ ina
tion . T h e  g r a v im e tr ic  
m ethod proved to  be simpler 
and less tim e consuming 
than  the titrim etric and 
fully as accurate. Since 
suitable absorption trains 
have been adequately de
scribed by Whistler, M artin, 
and H arris (8) and by 
Conrad and Scroggie (S), 
only the  novel feature of 
th a t used in the  present in
vestigation needs mention 
here.

T en similar a s c a r i t e -  
filled, U-shaped absorption

tubes with short side arms, and two pairs of detach
able right-angled, glass extensions for the  arm s were 
employed in each run. F itted  w ith a pair of the  ex
tensions by means of rubber connections, an absorp
tion tube could be seated over two vertical orifices 
provided w ith m ercury cups and, so placed, would 
bridge a gap in the train . A t the  end of a  “prescribed 
tim e interval the absorption tube was quickly re
moved and replaced by another absorption tube ex
tension assembly.

In  practice the ten  tubes were conditioned together 
overnight in a large desiccator and weighed. Nine 
of the tubes were then used to  cover a  7-hour hydrol- 
ysis-oxidation period. After further overnight con
ditioning in the desiccator, all ten  tubes were re
weighed, and the  weight increm ents were corrected 
for changes in the  blank. The series of tubes was 
then ready for a  new run.

CA RBON  D IO X ID E  EV O LU TIO N

The assum ption th a t soluble hydrolytic products 
derived from cellulose yield carbon dioxide in the 
same m anner as glucose receives support from the 
d a ta  in Table I. Presented on a  comparable basis 
as cumulative moles of carbon dioxide per mole of 
glucose, these d a ta  indicate th a t  glucose and cello- 
biose behave the  same within experimental error. 
This basis of presentation was suggested by 
Scroggie (7).

Table I I  shows the variation of cum ulative carbon dioxide 
output, as moles per mole of anhydroglucose, w ith tim e for in
tac t linters and for hydrocelluloses derived from them . These 
d a ta  on conversion by  the m ethod of slopes (6) yield the  percent
age hydrolyzed-tim e curves of Figure 1. In  both  forms these 
observations indicate th a t prior hydrolysis reduces the  yield of 
carbon dioxide, a t first rapidly and then a t a  decreasing rate  to 
practical constancy in about one hour. In  fact, th is result might 
alm ost have been anticipated from the relative densities of intact 
linters and of the various hydrocelluloses prepared for use in the 
runs. Figure 2 also suggests th a t constancy of a sort is attained 
in about an hour of hydrolysis.

A t the end of each 7-hour hydrolysis-oxidation run, the in
soluble cellulosic residue in the  digestion flask was filtered off, 
washed, dried, and weighed. From  the  known starting  weights of 
each sample, the percentages of unhydrolyzed m atte r were readily 
calculated. In  Figure 3 these percentages are plotted against the 
hours of hydrolysis the  samples received prior to  the actual 
runs. The amounts of recoverable residue, represented by the 
solid line, rise sharply and then  level off after the  first hour.

S im ilarly , th e  estim a ted  
quantities of cellulose hy
drolyzed during the  7-hour 
runs taken  from Figure 1 
and shown by a  dotted  line 
decrease rapidly w ith hy
drolytic pretreatm ent, and 
become more or less con
stan t a fter an hour. Inci
dentally, the sums of the 
corresponding values on 
the  solid and do tted  curves 
are approxim ately 100 in 
m ost cases and tend to  
confirm the validity  of the 
calculations.

In  sum these observations 
indicate th a t th e  linters 
starting  m aterial is struc
turally  heterogeneous and 
th a t virtually  c o m p le te  
homogeneity is produced by 
about an hour of hydrolysis

Glucose, cellobiose, cotton linters, and a series of derived 
hydrocelluloses were examined by the hydrolysis-oxidation 
method for the purpose of obtaining more information on 
linters structure and on the method itself. Carbon 
dioxide evolution data for these materials and for a 
dextrose-hydrocellulose mixture that simulates intact 
linters are reported. Other variables investigated include 
moisture adsorption and insoluble matter recoverable 
after hydrolysis-oxidation runs. The linters starting 
material appears to contain, as distinguishable parts, 
highly disordered, highly ordered, and transitional com
ponents in amounts by weight of approximately 3, 94, and 
3%, respectively. The highly disordered component is 
readily differentiated by its hygroscopic nature and hydro
lytic susceptibility, the crystalline or ordered component, 
by its uniformly low hydrolytic reactivity. A single 
hydrolysis-oxidation run is probably insufficient to 
characterize a sample, but the differential approach may 
be used advantageously.
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under the conditions of the experiments. The evidence suggests 
th a t the  m ajor change occurring in the first hour of hydrolysis 
and resulting in homogeneity is the removal of p a rt of the struc
ture. Further information on this change can be obtained from 
the d a ta  in Table I I  by utilization of differences. For example, 
subtraction of values in column B  from those for corresponding 
times in column A  gives a series of differences which indicate how 
the ability of linters to  yield carbon dioxide is reduced by 0.07 
hour of hydrolytic pretreatm ent. If, as might be expected, these 
differences represent the loss of some easily hydrolyzed anhydro- 
glucose from in tact linters, i t  should be possible to  express them 
in term s of glucose by use of the d a ta  in Table I. However, 
while column A  values are yielded by one equivalent of intact 
linters, column B  d a ta  are based upon one equivalent of hydro
cellulose, which m ust necessarily represent more than one equiva
lent of starting m aterial. In  other words, it is assumed th a t the 
carbon dioxide values for in tact linters are sums of carbon dioxide 
derived from a fraction th a t behaves like column B  and a frac
tion th a t behaves like glucose. This assumption may be ex
pressed by the  equation,

A t =  (1 — x)B, +  x G t (1)

where x  is the mole fraction of glucoselike m aterial; A, B, and G 
are carbon dioxide values a t tim e t for corresponding items in 
columns A  and B  of Table II, and for glucose in Table I, respec
tively. Solution of this equation for x  gives

A , -  B, 
G, -  B,

(2)

a more convenient form for calculation.
The results obtained by applying Equation 2 to  several pairs 

of columns in Table I I  are shown in Table I I I .  Despite consid
erable experimental error, the data, especially those derived from 
the 0 — 0.07-hour pair, indicate clearly th a t in tact linters responds 
as if it contained 0.033 mole of glucose or, as is more likely, 0.033 
mole of easily hydrolyzed anhydroglucose. O ther pairs, such as 
0 — 0.2-hour and 0 — 0.8-hour'columns, yield not constants but 
series of increasing values which, plotted against the elapsed 
times of Table I I I , give essentially straight lines. In  each case 
where in tact linters (column A )  is the minuend, extrapolation of 
the straight fine so obtained to  zero tim e4 produces an intercept

T a b l e  I.
BIOSE IN

C a b b o n  D i o x i d e  E v o l v e d  b y  G l u c o s e  a n d  C e l l o -  
H y d r o c h l o r i c  A c i d - F e r b i c  C h l o b i d e  R e a g e n t

Elapsed Time, M oles CC>2/M o le  Glucose Cellobiose/
H r. Glucose Cellobiose Glucdse

0 .8 0 .047 0 .045 0 .96
1.3 0 .124 0.118 0 .95
1 .9 0.211 0 .219 1.04
2 .5 0 .310 0 .322 1.04
3 .1 0 .414 0 .428 1.03
4 .0 0 .562 0 .568 1.01
5 .0 0.711 0 .710 1.00
6 .0 0 .855 0 .845 0 .99
7 .0 0 .979 0 .967 0 .99

T a b l e  II. C a b b o n  D i o x i d e  E v o l u t i o n  o f  L i n t e r s  a n d  De
r i v e d  H y d r o c e l l u l o s e s  i n  H y d r o c h l o r i c  A c i d - F e r r i c  

C h l o r i d e  R e a g e n t

E lapsed
Time,
H ours

0 .8
1 .3
1 .9
2 .5
3 .1
4 .0
5 .0
6.0 
7 .0

A  B  C D  E  F  O
Moles C O i/M ole  Anhydroglucose a fter  P rio r Hydrolysis for: 

0 0.07 h r. 0.2 h r. 0.8 hr. 2 hr. 4 hr. 7 hr.

0 .0031
0.0086
0.0185
0.0277
0.0412
0.0635
0.0900
0.1190
0.1499

0 .0015
0.0052
0.0117
0.0198
0.0284
0 .0458
0 .0675
0 .0930
0.1180

0 .0015
0 .0044
0.0099
0 .0163
0.0245
0 .0387
0.0572
0 .0777
0 .0995

0 .0013
0.0041
0.0089
0.0151
0.0225
0.0361
0.0531
0.0716
0 .0915

0.0015
0.0037
0.0079
0.0131
0.0208
0.0338
0.0505
0.0697
0.0888

0.0013
0.0042
0.0101
0.0147
0.0222
0.0370
0.0531
0.0704
0.0891

0.0011
0.0039
0.0091
0.0139
0.0204
0.0344
0.0494
0.0689
0.0875

0
Figure 2.

0.07 0.2 0.8 2.0 4.0 7.0

Appearance of Dry, 1-Gram Samples of Lin
ters and Derived Hydrocelluloses

N um bers in d ica te  h ours o f  h yd ro ly tic  d ig estio n  received  by each  
sam ple.

a t about 0.03 mole, as can be confirmed qualitatively by Table 
I I I . Thus, preparations representing longer pretreatm ent than  
0.07 hour respond to hydrolysis-oxidation as if they differ from 
in tact linters by 0.033 mole of immediately hydrolyzed anhydro
glucose and, in addition, some gradually available cellulosic 
material. Column B  — D, corresponding to  the 0.07 — 0.8 hour 
pair, shows how the gradually hydrolyzed cellulosic m aterial 
accumulates and indicates th a t the maximum of it present in in
tac t linters is about 3.0 mole %. This estim ate agrees fairly well 
w ith the vertical spacing of the 0.07- and 0.8-hour curves in 
Figure 1, after they have been adjusted for the concentration 
effect mentioned above.

The foregoing calculations yield the result th a t the linters 
starting m aterial contains approximately 3.3%  of readily hy
drolyzed anhydroglucose, 3%  of a  gradually hydrolyzed fraction, 
and, consequently, between 93 and 94%  of slowly hydrolyzed, 
resistant cellulose. Support, especially for the la tter estimate, 
is provided by the d a ta  of Figure 3; they suggest not only th a t 
resistant m aterial of uniform behavior is produced by an hour 
or more of hydrolysis under the conditions, bu t also th a t about 
84%  of this m aterial is recoverable a t the end of a 7-hour hy
drolysis-oxidation run. The 84% recovery value holds over an 
appreciable range of pretreatm ent times and may be assumed 
to hold for in tact linters. Thus, the 77.2% recovery for intact 
linters m ay represent about 84%  of the to ta l resistant cellulose 
of this starting material. The ratio  of these two quantities 
yields an estim ate for to ta l resistant cellulose in in tact linters of 
92% which agrees very well with the independent value derived 
by the other method.

The above differential analysis suggests th a t in tact linters be
haves like the sum of glucose and 0.07-hour hydrocellulose frac
tions during hydrolysis-oxidation. This surmise was confirmed 
experimentally. A mixture of crystalline glucose (reagent dex
trose) and this hydrocellulose preparation, in the calculated pro
portions of 0.033 to 0.967 mole, was subjected to  hydrolysis- 
oxidation. Carbon dioxide-time d a ta  yielded by this mixture 
follow:

Time, h r. 0 .8
COa, molea/mole anhydroglucose in  mixt. 0.0031

1.3
0 .0086

1 .9
0 .0188

Time
COj

3 .1
0.0441

4 .0
0 .0640

5 .0
0.0901

6.0
0.1180

2 .5
0 .0285

7 .0
0 .148

These d a ta  compare favorably w ith those for in tact linters in 
Table I I  and indicate th a t the behavior of the starting material 
can be sim ulated almost perfectly by this means.

The variation of moisture-adsorbing capacity of certain un
substituted cellulosic m aterials with amount of hydrolysis has 
already been demonstrated (5). These observations show th a t a

* Owing to  a low in itia l ra te  of carbon dioxide evolution from  glucose (£), 
an  app a ren t lag seems to  occur between additions of glucose and appearance 
of carbon dioxide. F or this reason zero tim e for th e  extrapolation is a t  
approximately 0.4 hour.
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T a b l e  I I I .  C a l c u l a t e d  G l u c o s e  E q u i v a l e n t s  o f  C a r b o n  
D i o x i d e  D i f f e r e n c e s  P r o d u c e d  b y  P r i o r  H y d r o l y s i s

Moles of Glucose E q u iv a len t to  Colum n Differences
Elapsed (from Tab le  II)

Time, Hr. A  -  B A  -  C A  -  D B  -  D

0 .8 0 .035 0.636 0.039 0.004
1.3 0 .029 0 .035 0 .038 0.009
1.9 0 .034 0 .043 0.048 0.014
2 .5 0.027 0.039 0.043 0 .016
3 .1 0 .033 0.043 0 .048 0 .015
4 .0 0.034 0 .047 0.052 0 .018
5 .0 0 .035 0 .050 0 .056 0.021
6 .0 0.034 0.053 0.061 0 .027
7 .0 0 .037 0 .057 0 .065 0 .028

rapid initial fall in regain capacity is followed by a  continual, slow 
rise. Moisture vapor sorption determ inations were also made on 
the present series of preparations. The dry samples were si
multaneously exposed a t 70° F. and 65%  relative hum idity until 
weights became constant. The d a ta  obtained follow:

Tim e hydrolyzed, hr. 0 0 .0 7  0 .2  0 .8  2 4 7
Regain of residue

P e r c e n t  7 .6 6  6 .2 6  6 .43  6 .7 7  7 .1 4  7 .71  8 .1 7
Moles w ater/m ole 

anhydroglucose 0 .689 0 .563  0 .579 0 .609  0 .643  0 .694  0 .735

In  addition to  confirming the previously reported variation of 
hygroscopic behavior w ith progress of hydrolysis, these d a ta  may 
be used in  the calculation of an interesting resu lt: Since in tact 
linters appears to be composed of 0.033 mole of a glucose-analo
gous cellulose and 0.967 mole of 0.07-hour hydrocellulose, the 
preceding table shows th a t 0.145 mole of w ater are associated 
w ith the 0.033 mole of quickly hydrolyzed cellulose [from 0.689 
— (0.967) (0.563), since in tact linters is considered to  contain 
only 96.7% of 0.07-hour hydrocellulose]. This represents about 
4.4 molecules of w ater per anhydroglucose unit or about 1.5 
molecules of w ater per hydroxyl group for this p a rt of the struc
ture. Unreported observations indicate th a t the 0.07-hour hydro- 
cellulose shows about one th ird  less adsorption-desorption hys
teresis than  in tact linters; presumably, therefore, a part of this 
moisture m ay be condensed in capillaries which the hydrolysis 
destroys. Even so it  is evident th a t there m ust be a high per
centage of free hydroxyls, each having one molecule of water, in 
the easily hydrolyzed regions of in tact linters.

STRUCTURAL COM PONENTS

The evidence presented can leave little doubt th a t the intact 
linters starting m aterial is structurally heterogeneous. In  fact, 
examination of the d a ta  suggests th a t the structure is composed 
of three different parts or, more specifically, of three distinguish
able degrees of association of the anhydroglucose chains. For 
w ant of more descriptive terms, these three parts are designated 
as crystalline, amorphous, and mesomorphous components.

The crystalline component comprising the bulk of the linters

Figure 3. Effect of Hydrolytic Pretreatment of Linters 
on Yield of Insoluble Residue and on Amount of Cellu

lose Hydrolyzed during Hydrolysis-Oxidation Runs

is characterized by its low hydrolytic susceptibility. The data 
in Table I I  and the curves in Figures 1 and 3 show th a t hydroly
sis for about an hour under the conditions produces a  residue 
which is rem arkably uniform in its behavior tow ards further 
hydrolysis. I t  is reasonable to  assume th a t th is residue repre
sents the  highly organized or crystalline regions of the  linters 
whose low reactivity  per unit weight is caused by their relative 
impermeability and inaccessibility. I t  is estim ated th a t this 
component constitutes about 94%  of the  starting  m aterial.

The amorphous component, on the other hand, is character
ized by its complete accessibility. I t  quickly hydrolyzes to  glu
cose or soluble glucoselike products which can be separated from 
the rest of the structure. In  addition to  exhibiting the  greatest 
hydrolytic susceptibility, th is component is the  m ost hygroscopic; 
it  apparently has a t least one molecule of w ater per hydroxyl 
group a t standard  textile testing conditions. These results sug
gest th a t the amorphous component consists of extremely random 
or disordered portions of anhydroglucose chains. The d a ta  in
dicate th a t inta'ct linters contains about 3.3%  by weight of this- 
component. The role of th is disorganized p art of the  linteri- 
structure is very im portant for, as Figure 2 shows, its removal 
reduces the  linters to  a coarse powder.

The mesomorphous component is interm ediate in hydrolytic 
susceptibility. I t  appears to  be less accessible than  the amor
phous and more accessible th an  the crystalline component. 
Furtherm ore, its behavior suggests th a t it is less homogeneous 
in itself than  either of the other components since it exhibits all 
degrees of hydrolytic susceptibility between those of the amor
phous and crystalline components. In  short, it acts precisely as 
if it were the transitional sta te  of m atter between two extremes 
of structural organization. I t  seems to  be ra ther sharply dif
ferentiable from the  amorphous component b u t not from the 
crystalline. The mesomorphous m aterial is estim ated to  con
s titu te  about 3%  by weight of the in tact linters. The photo
graphic evidence suggests th a t further powdering of the  linters 
occurs when this component is removed.

From  these results it  is apparent th a t a single hydrolysis- 
oxidation run m ay not be sufficient to  characterize a  sample com
pletely. The amorphous component, set free a t the sta rt, falls 
in the range where measurements are least accurate. Further
more, extrapolation as a  means of estim ating the to ta l non
crystalline cellulose presents an uncertainty in th a t the  point of 
transition from mesomorphous to  crystalline is, a t best, obscure. 
However, it seems reasonable to  expect th a t a differential method 
of the type employed in this investigation will overcome both of 
these difficulties.

Present results should facilitate the application of the differ
ential m ethod to  other m aterials. For example, it is conceivable 
th a t the amorphous component of other cellulosic materials 
would hydrolyze completely under roughly th e 'sam e  tim e and 
concentration conditions as were observed for linters. In  support 
of this suggestion is the fact th a t similar hydrolyzing conditions 
produce moisture regain minima in about the same tim e for a 
variety of natural and modified cellulosic m aterials (5). How
ever, it  should be noted th a t more precise m ethods th an  th a t em
ployed may be adapted for glucose determ inations, and that 
somewhat milder hydrolyzing conditions requiring a  longer time 
than 0.07 hour m ay also be desirable for greater accuracy. Some 
work along these lines has already been completed.
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Changes in Stored Dried Eggs
SOURCE OF FLUORESCENCE

H A R O L D  S . O L C O T T  AND H E R B E R T  J . D U T T O N

W estern  R eg iona l R esearch  Laboratory,
V. S . D e p a r tm e n t o f  A g ricu ltu re , A lb a n y , Calif.

The fluorescence of 10% salt extracts of dried eggs is cur
rently used as a simple criterion of palatability. This 
fluorescence, the source of which has not been recognized, 
appears to be due to the brown reaction products of glucose 
and the free amino groups of proteins. Similar fluorescing 
brown products also result from the interaction of simple 
amines and aldehydes. These can be used as model sys
tems for the study of the glucose-protein reaction.

DU R IN G  the past few years i t  has become increasingly ap
parent th a t the brown color which develops in food prod

ucts during storage is in p a rt the result of a condensation of re
ducing sugars w ith proteins and protein hydrolytic products. 
Ramsey, Tracy, and Ruehe (18) a ttribu ted  the darkening of 
condensed milk sweetened with dextrose to sugar-protein con
densation products. Balls and Swenson (2) suggested th a t the 
accelerated darkening of trypsin-treated unfermented egg white 
might be due to a similar reaction. Ferm ented egg white which 
contains no glucose does not darken on storage. Stew art and 
Kline (21) and Stewart, Best, and Lowe (20) studied the effect of 
glucose concentration, tem perature, pH, and moisture content 
on the changes in properties of egg white and spray-dried eggs. 
Darkening was favored by increased concentrations of glucose, 
high tem perature, alkaline reaction, and moisture contents 
higher than 5% . W east and Mackinney (23) demonstrated th a t 
the darkening of apricots and other fruit products is due in part 
to the reaction of reducing sugars and amino acids.

Since M aillard (13) described the reactions of amino acids with 
reducing sugars w ith formation of artificial “hum in” substances, 
a num ber of investigators have contributed further information
(1). The development of brown products takes place in concen
trated aqueous solutions of glycine and glucose in a few hours a t 
slightly elevated tem peratures. As w ith dried eggs, the reaction 
is favored by high tem perature and an alkaline reaction. Enders
(5) showed th a t the glucose-glycine phenomenon is a specific 
example of a very general aldehyde-amine reaction.

Pearce and Thistle (17) first proposed th a t the fluorescence in 
salt extracts of dried eggs could be used as a measure of their 
deterioration during storage. L ater Pearce (16) described the 
development of fluorescing m aterials during the storage of a 
number of different types of foodstuffs. Stewart, Best, and Lowe
(20) concluded th a t the fluorescence changes in dried eggs were 
due to the reaction of glucose w ith some other component in the

egg-
Although the fluorescence test has been widely used as an in

dex of palatability  of dried eggs, the origin and nature of the 
fluorescing substance have been obscure. Pearce (15) suggested 
th a t i t  was due to protein hydrolytic products. During the course 
of work related to dehydrated eggs a t this laboratory, i t  was ob
served th a t the brown solutions developing during the inter
action of simple aldehydes and amines were highly fluorescent. 
The experiments to be reported in this paper indicate th a t prod
ucts of the reaction between glucose and the amino groups of 
proteins are responsible, a t least in part, for both discoloration 
in dried eggs and fluorescence in salt extracts.

D utton  and Edwards (4) suggest th a t the brown fluorescent 
substance which can be extracted from stored dehydrated eggs 
with ether arises from an aldehyde-amine reaction. The fluores
cence of the ether-soluble lipide fraction should be differentiated 
from th a t observed by Pearce et al. (15, 16, 17), who measured 
this property in aqueous salt extracts.

F L U O R E S C E N C E  M E A SU R E M E N T S

M e t h o d s .  The development of color during the course of 
reaction of glucose and glycine was followed by measuring the 
optical density (log h / I x  a t wave length 440 m^ in a cell of 1-cm. 
path length) with a Cenco spectrophotometer. The fluorescence 
of the substances measured was bluish white and consisted of a 
continuous emission band th a t extended throughout the visible 
region of the spectrum. Fluorescence was measured with a 
Coleman electronic fluorophotometer (filters Bi and PC-1). The 
wave length of the exciting light was 365 m/x (mercury). The 
instrument was adjusted to give a scale reading of 100 with a 
quinine sulfate solution containing 0.0004 mg. per ml. in 0.1 N  
sulfuric acid. Amino nitrogen was determined by the manomet- 
ric method of Van Slyke- (22); proteins were permitted to react 
for 15 minutes, hydrolyzates for 3 minutes.

Crystalline egg albumin was prepared by the method of Kek- 
wick and Cannon (11). Egg-white globulin was obtained from 
fresh egg white by precipitation w ith half-saturated ammonium 
sulfate a t pH 6.0. The procedure of solution in distilled water 
followed by precipitation was repeated twelve times. The pro
tein was then dialyzed against distilled water and dried by lyo- 
philization. Lipovitellin was prepared as directed by Chargaff 
from fresh egg yolks (3). Livetin was recovered from the 
water-soluble fraction of egg yolks by lyophilization after dialy
sis. The acid casein was a preparation supplied by the Eastern 
Regional Research Laboratory.

B r o w n  C o l o r  a n d  F l u o r e s c e n c e  w i t h  P r o t e i n s  a n d  

G l u c o s e .  One half gram of recrystallized egg albumin was 
dissolved in 10 ml. of distilled water. The solution was a t pH 
4.6. To one half, 0.0125 gram of glucose (5% of the weight of 
the protein) was added. The two portions were separately 
dried before a fan a t room tem perature, ground, and equilibrated 
in a closed vessel adjusted to contain 70% relative humidity a t 
room tem perature (23-25° C .)  for 2 days. The samples then con
tained approximately 11% moisture. They were translerred to 
small vials, stoppered with rubber, and held a t 50° C . for 6 days. 
The sample containing glucose had become yellow brown; the 
control remained colorless. The two samples were dissolved in 
water, and aliquots were analyzed for amino nitrogen. The 
control sample contained 0.66% amino nitrogen (dry basis); the 
sample with glucose contained 0.31% amino nitrogen (corrected 
for glucose and m oisture). The fluorescence value for the brown, 
glucose-treated egg albumin (0.1% solution in distilled water) 
was 26.9; th a t for the colorless control, 1.5.

In  a parallel experiment, 1.0-gram samples of egg albumin, 
egg-white globulin, livetin, lipovitellin, and casein were dis
solved or suspended in 20 ml. of distilled water, and sufficient 
0.1 N  sodium hydroxide was added to adjust the pH to 8.0. 
(Homogenized eggs are usually a t pH  8.0 or somewhat higher.) 
To half of each of the solutions 25 mg. of glucose were added. 
The samples were then dried before a fan a t room tem perature 
equilibrated a t 70% relative hum idity, stoppered, and stored at
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Figure 1. Development of Color and Fluorescence in Glu- 
cose-Glycine-Phosphate Solution with Time

A t •  t im e , 17.5 gram s g lu co se , 7.5 gram s g ly c in e , an d  5 gram s d iso d iu m  
p h o sp h a te  d odecah ydrate w ere d isso lved  in  25 m l. o f  w ater a t  50° C. 
(pH 7.3). T h e so lu tio n  w as k ep t in  a b a th  a t 50° C. d u r in g  th e  cou rse  

o f  th e  ex p er im en t.

50° C. for 7 days. The samples were analyzed for nitrogen and 
amino nitrogen. The results for amino nitrogen are summarized 
in  Table I. For each protein the samples stored w ith added 
glucose were considerably browner than  their controls. The in
solubility in w ater of some of these products prevented fluores
cence measurements. Egg album in gave fluorescence values of
62.5 and 2.0 for the samples w ith and w ithout glucose, respec
tively. The results indicate th a t the reaction of proteins with 
glucose is not confined to any one protein constituent of the egg.

T a b l e  I. E f f e c t  o f  G l t j c o s e  o n  A m in o  N i t r o g e n  C o n t e n t  
o f  P r o t e i n  S t o r e d  a t  50° C . f o r  7 D a y s

________ Amino N  as %  of T o ta l N_________
P rotein W ithou t glucose W ith glucose Loss

Egg album in 4 .5 2 .6 44
Egg-w hite globulin 3 .9 2 .2 45
Livetin 6 .2 3 .7 40
Lipovitellin 5 .6 3 .6 35
Casein 5 .4 3 .7 34

A b s e n c e  o f  F l u o r e s c e n c e  i n  E n z y m e - D i g e s t e d  E g g  A l b u 

m in .  Crystalline egg album in solutions were adjusted to pH  2.0 
and 8.0 and digested w ith crystalline pepsin and commercial 
pancreatin a t  37° C. The fluorescence and amino nitrogen con
ten t of the solutions were measured a t intervals during the diges
tion. There was no increase in fluorescence in 48 hours, al
though by this time approxim ately 10% of the peptide bonds 
had been released. A  similar experiment w ith fresh egg white 
gave comparable results. The fluorescence of the pepsin-di
gested egg white was compared w ith th a t of a 10% potassium 
chloride extract obtained from a  sample of defatted spray-dried 
egg (containing 5%  moisture) which had been stored for 9 m onths 
a t  37° C. The two solutions were adjusted to equal nitrogen 
contents. The salt extract was considerably browner th an  the 
pepsin digest and the fluorescence was twenty-six times stronger. 
Reeder and Nelson (19) s ta te  th a t hydrolysis of proteins by 
hydrolytic enzymes or alkalies produces only a  slight increase in 
fluorescence, as compared w ith th a t which develops during acid 
hydrolysis.

G l u c o s e - G l y c i n e  R e a c t i o n .  This reaction was typical of a 
num ber of aldehyde-amine systems studied. W hen these two 
compounds were ground together in a m ortar and stored a t 50° C.,

there was no apparent change. However, m ixtures containing
2, 5, and 10% added w ater turned brown in 24 hours a t  50 C. 
The color was deepest in the m ixture w ith the  highest m oisture 
content. These results are analogous to  those obtained in ex
perim ents w ith egg white by Stew art et al. (SO, S I)  and in this 
laboratory, in which browning was inhibited by low m oisture 
contents.

Figure 1 shows the ra te  of development of a brown color in a 
concentrated, heavily buffered solution (pH 7.0) of glycine and 
glucose. The ra te  is accelerated by increasing tem perature, 
pH, and concentration. Air or oxygen is not necessary, since the 
reaction proceeds a t equal ra te  in a high vacuum . In  the ab
sence of buffers, the  pH  of such a m ixture falls from 7 to  below 5.

To show th a t the colored products were also responsible for 
the fluorescence, the two properties were measured simultane
ously during the course of the reaction. By appropriate adjust
m ent of the scales for optical density and fluorescence, the curves 
could be shown to  be directly superimposable (Figure 1); this 
agreem ent is regarded as evidence of the iden tity  of the colored 
and fluorescing compounds.

G l u c o s e - A m i n e  C o n d e n s a t i o n  P r o d u c t s .  Glucosides of 
amyl, butyl, and  ethanol amines were synthesized by the  method 
of M itts and Hixon (14). D uring storage a t  room tem perature 
the  white crystalline compounds gradually tu rn  yellow and then 
brown, and after several weeks m elt to  a deep brown sirup. At 
50° C . th is reaction is considerably accelerated, and the first 
stages are detectable in a  few hours. Solutions of the brown 
products are highly fluorescent. These decompositions do not 
appear to  require the presence of added w ater, in contrast to the 
behavior of glucose-glycine m ixtures.

D ISC U SSIO N

The suggestion of Pearce (16) th a t protein hydrolytic products 
are responsible for the  fluorescence of sa lt ex tracts of dried egg 
was based in p a rt on his observation th a t solutions of peptones 
are highly fluorescent. They are also highly colored. I t  ap
pears more probable th a t the substances responsible for these 
properties are due to an interaction of amino acids w ith carbo
hydrates during some subsequent process (possibly drying) in 
the preparation of such m aterials, since peptic or try p tic  digestion 
alone did not cause an increase in fluorescence or color.

The instability  of the  dry  glucosidyl-TV-amines suggests that 
aldehyde-amine addition products once formed do no t require 
moisture in order to  decompose. However, the browning reac
tion in stored foods is m arkedly inhibited a t  low m oisture con
ten ts (SO, S I). These observations lead to the  hypothesis th a t 
the role of m oisture m ay be to  furnish a  reaction medium for the 
aldehydes and amines.

T he chemical reactions responsible for the browning are ap
parently complicated (1, 5, 6). The amino groups of proteins 
seem to be prim arily involved in the  glucose-protein color reac
tion, since, of a num ber of proteins, only zein failed to  develop a 
deep brown color when evaporated to  dryness a t  100° C. w ith a 
solution of glucose. Zein is known to  contain very few free 
amino groups. The degree of browning obtained w ith all pro
teins was m arkedly increased after partial hydrolysis. How
ever, i t  is possible th a t other protein polar groups m ay also react 
w ith glucose. Form aldehyde has been shown to  combine w ith 
protein amide, thiol, guanidyl, and possibly o ther groups, as well 
as w ith the amino groups (8).

Loiseleur (IS) described a  progressive increase in  th e  intensity  
of fluorescence of proteins during trea tm en t w ith formaldehyde. 
T he am ount of fluorescence was proportional to  the  concentra
tion of formaldehyde and developed more quickly a t  elevated 
tem peratures. Proteoses gave a more intense fluorescence than  
did proteins. These reactions are, in  all likelihood, parallel to  
those described above w ith glucose.

T he work of Enders (5) and Fischer and M arschall (7) sug-
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gests th a t amino compounds “catalyze” caramelization of the 
glucose or other aldehyde under milder conditions than  when 
these m aterials decompose alone. The brown colors obtained 
from glucose, either by heat or in stronger alkaline solutions, 
have much the same characteristics as do those obtained in the 
presence of amino compounds. However, the amines are not 
true catalysts for such decomposition, since they participate in 
the reaction. “Hum ins” prepared in their presence contain vary
ing am ounts of nitrogen, depending upon the am ount of amine 
originally present (5).

Several investigators have studied the development of brown 
pigments in heated milk products (10, 18). The reactions are 
apparently closely related to those which occur during prolonged 
storage.

The color changes th a t take place in stored foods undoubt
edly reflect a num ber of independent reactions. Joslyn (9) 
summarized those th a t are im portant for fru it products. The 
parallel development, during storage, of color (reflectance) and 
fluorescence, when measured after the removal of lipides, is in 
accord w ith the results described above for model systems. 
D utton  and Edwards (4) have shown th a t carotenoid destruc
tion and the development of brown substances in the lipide frac
tion of dried egg contribute to the color changes.
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ROLE OF PHOSPHOLIPIDES AND 
ALDEHYDES IN DISCOLORATION

B . G . E D W A R D S AND H . J . D U T T O N

A brown material from dehydrated whole egg  powder, 
found in both the total ether extract and the cephalin 
fraction, has been concentrated. Evidence indicates that 
this material arises from the reaction of a cephalin amino 
group with aldehydes.

D EH Y D R A TED  egg powders tend to acquire a brown color 
during storage. In  a study of the sources of this discolora

tion, an ether-soluble brown substance has been traced to the 
cephalin fraction of the phospholipides. Evidence obtained 
supports the hypothesis th a t this substance is the product of a 
reaction of an aldehyde w ith an  amino constituent of the cepha
lin fraction.

Dehydrated whole egg powder th a t had darkened markedly 
during nine m onths of storage in air a t 37° C. was used in this 
investigation. From  the ether-soluble fraction of the powder a 
brown product was prepared in concentrated form. I t  was not 
removable from the ether extract by water, b u t after the saponifi
able fraction had been strongly acidified w ith sulfuric acid, the 
brown m aterial was found in the acid aqueous layer and was no 
longer soluble in ether. Inorganic salts were largely precipi
ta ted  and removed from the aqueous solution by addition of 
absolute ethanol to give a  concentration of 80% alcohol. The 
alcohol, water, and most of the glycerol were then removed by 
vacuum distillation. The pressure was reduced to  less than  1 
mm. of mercury toward the end of the process; the tem perature 
did no t exceed 135 ° C. By this step the water solubility of the 
brown m aterial was markedly diminished although its ether in
solubility was not affected. The m aterial was washed by two

consecutive suspensions in distilled water, followed by centrifuga
tions. From 60 grams of dehydrated whole egg, 86 mg. of brown 
amorphous m aterial containing 1.1% nitrogen (micro-Kjeldalil) 
and 1.6% phosphorus (colorimetric method) was obtained. Its  
absorption spectrum (obtained w ith a Beckman spectrophoto
meter) is given in Figure 1.

Since the phosphorus and nitrogen contents of the product sug
gested derivation from phospholipides, lecithin and cephalin were 
separated from the stored dehydrated egg, from freshly lyophilized 
yolk, and from yolk of fresh shell egg by a modification of the 
method of Sueyoshi (10). This m ethod is based on the tend
ency of phospholipides to  precipitate from extracted egg oil, 
the comparative insolubility in acetone of phospholipides as 
compared to fats, and the differences in solubility in aleohol be
tween lecithin and cephalin. In  the preparation of the cephalin 
fraction, the alcohol-insoluble m aterial obtained after separation 
of the lecithin was further purified by elimination of ether-insol
uble m atter and subsequent acetone precipitation of the concen
trated  ether extract.

I t  is well to  mention a t this point the uncertainty regarding 
the purity of phospholipide preparations in general. Complete 
separation as indicated by to ta l nitrogen, phosphorus, and amino 
nitrogen values of phospholipide preparations is seldom claimed
(5). Such caution has been justified by recent work showing 
th a t the brain cephalin fraction is a mixture of phosphatidyl com
pounds (4) of different solubilities in alcohol. The presence in 
many preparations of products of partial hydrolysis, as well as 
the incompleteness of separation of lecithin and cephalin, per
m its only qualitative conclusions from experimental results in
volving the isolated compounds.
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In  a  concurrent study under the direction of E. B. K ester on 
isolation and purification of egg phospholipides, i t  was observed 
th a t the cephalin-containing fraction from stored dehydrated 
egg powder appeared as an opaque brown substance in contrast 
to  the  transparen t yellow of the lecithin. Although both lecithin 
and cephalin preparations were impure, their m arked differences 
in color were considered significant in view of the practical ab 
sence of color from phospholipides similarly prepared from freshly 
lyophilized yolk and from fresh shell egg. (The cephalin samples 
average 1.5% nitrogen and 3.5%  phosphorus; the  lecithins aver
aged 1.8% nitrogen and 3.9%  phosphorus.)

250 300 350 400  450 500 550
WAVE LENGTH ( m j j )

F ig u r e  1

When the dissolved cephalin fraction was saponified, acidified, 
and treated with ether, the brown m aterial remained in the acid 
aqueous phase, as was true with the to ta l lipide extract of the 
stored egg powder. (This m aterial differs from the well-known 
brown substance of aging lecithin and cephalin preparations, which 
enters the ether phase under the same conditions of treatm ent.) 
Spectrophotometric measurements (X =  270 m/x) of the acid 
aqueous layer of the cephalin fraction showed th a t the brown 
reaction product in this fraction was concentrated ten  to  four
teen times its value in the original lipid extract. Moreover, dif
ferent preparations showed three to  seven times as much ab
sorption a t  this wave length in the cephalin as in the lecithin 
fraction.

NATURE O F DISCOLORATION

The nature of the reactions involving discoloration is sug
gested in the reports of various workers. Balls and Swenson
(1) and  Stewart, Best, and Lowe (9) obtained brown products 
from glucose-protein interaction. Maillard (6 ), W east and 
Maekinney (11), and Enders (S) demonstrated brown humin 
substances from interaction of reducing sugars and amino acids. 
O lcott and D utton  (7) showed th a t the reaction product of glu
cose with the amino groups of proteins was responsible in part 
for the brown color of stored dried eggs. These reports prompted 
a study of the reactions of the two phospholipides, cephalin and 
lecithin, and of ethanolamine and choline with aldehydes.

Weighed amounts of cephalin and lecithin preparations from 
lyophilized fresh egg yolk were reacted with approximately ten 
fold molar excess of acetaldehyde a t  room tem perature in sealed 
glass tubes. The cephalin turned intensely brown within 30 
minutes, while the lecithin darkened only slightly. Spectro
photometric measurements (X =  270 mu) of the acid aqueous

f ra c tio n s  o f th e se  s a m p le s  a f t e r  re m o v a l of a c e ta ld e h y d e  u n d e r  

v a c u u m  sh o w e d  six  t im e s  a s  m u c h  b ro w n  m a te r ia l  in  t h e  c e p h a lin  

a s  in  th e  le c ith in  p ro d u c t .  More de cis iv e  r e s u l ts  w e re  o b ta in e d  

w h e n  th e  m o re  n e a r ly  p u re  e th a n o la m in e  a n d  ch o lin e , w h ic h  a re  

n itro g e n o u s  c o n s t i tu e n ts  o f c e p h a lin  a n d  le c ith in , re s p e c tiv e ly , 

w ere  re a c te d  w i th  a c e ta ld e h y d e . E th a n o la m in e  h y d ro c h lo r id e  

a n d  a c e ta ld e h y d e  g a v e  a  d eep  b ro w n  w ith in  24 h o u rs .  The 
ch o lin e  h y d ro c h lo r id e -a c e ta ld e h y d e  m ix tu re ,  h o w e v e r , show ed  

o n ly  a  l ig h t  t r a n s lu c e n t  b ro w n  a f te r  7 m o n th s .
Figure 1 gives the absorption curves of the brown m aterials 

obtained directly from the lipide extract and from the cephalin 
fraction of discolored dehydrated egg powder, and also from the 
cephalin fraction of fresh egg upon reaction w ith acetaldehyde. 
Lecithin and cephalin from fresh egg and freshly dehydrated 
egg in the absence of acetaldehyde gave negligible absorption. 
The curves for brown products from the cephalin of discolored 
egg and from cephalin reacted w ith acetaldehyde are practically 
identical in shape. The absorption curve for the  brown mate
rial isolated directly from the lipide extract gives less indication 
of a maximum near 270 mu  th an  do the  other two. The pres
ence of other absorbing ether-soluble m aterials in the brown 
complex isolated from the  whole dehydrated egg powder may 
account for the more general absorption characteristics ob
served.

The brown reaction products not only yield characteristic ab
sorption curves b u t have been shown to  be fluorescent. These 
two optical properties have made possible some analytical 
m ethods useful as quality criteria. The m ethods are now 
being applied to  the study of dehydrated eggs during storage.

Since the brown m aterials have been found concentrated in the 
cephalin fraction, and since both  cephalin and ethanolamine hy
drochloride react rapidly w ith acetaldehyde in  contrast to  the 
slight reactivity of lecithin and the nonreactivity of choline 
hydrochloride, i t  seems apparent th a t  a t  least one brown dis
coloration product in stored dehydrated egg arises from the reac
tion of a cephalin amino group w ith aldehydes. While the alde
hydes involved may arise in the  course of fa t oxidation, their 
exact origin or character is not known. I t  is probable, more
over, th a t lipide amines other than  cephalin m ay contribute to 
the browning of egg fat.

The evidence th a t cephalin reacts w ith aldehydes may be 
significant in connection w ith its antioxidant activ ity  (S). I t  is 
possible th a t the common failure to  detect aldehydes in egg fat 
is due to  the prom pt reaction of these compounds with lipide 
amines. The cephalin-aldehyde reaction m ay also be of interest 
when regard to the masking of amino groups in purified phos
pholipides as previously reported (2).

A C K N O W L E D G M E N T

The writers are indebted to  E. B. K ester and Julia  S. Furlow 
for the phospholipide preparations used in  these studies, and to 
L. M. W hite and G. E. Secor for the  nitrogen and phosphorus 
determinations.

L IT E R A T U R E  C IT E D

(1) Balls, A. K., and Swenson, T . L., Food Research, 1, 319 (1936).
(2) Chargaff, E ., Ziff, M., and R ittenberg, D ., J . Biol. Chem,., 144,

343 (1942).
(3) Enders, C., Biochem. Z., 312, 339 (1942).
(4) Folch, J„  J . Biol. Chem., 146, 35 (1942).
(5) McLean, H ., and McLean, I . S., “Lecithins and Allied Sub

stances” , New York, Longmans, Green and Co., 1927.
(6) M aillard, L. C., A nn. chim., [9] 5, 258 (1916).
(7) Olcott, H . S., and D utton , H . J., I n d .  E n g .  Chem., 37, 1119

(1945).
(8) Olcott, H . S., and M attill, H . A., Oil & Soap, 13, 98 (1936).
(9) Stewart, G. F ., Best, L. R ., and Lowe, B., Proc. Inst. Food Tech

1943, 77.
(10) Sueyoshi, Y., J .  Biochem. (Japan), 13, 145-54 (1931).
(11) W east, C . A., and M aekinney, G., I n d .  E n q .  C h e m . ,  33 1408

(1941).



SPECTROPHOTOMETRIC AND FLUOROMETRIC 
MEASUREMENT OF CHANGES IN LIPIDES

H . J .  D U T T O N  AND B . G . E D W A R D S

Changes that occur in the lipide fraction of dehydrated 
eggs during storage have been studied by spectrophoto- 
metric and fluorometric techniques. The reaction of li
pide amines with aldehydes, the destruction of caroten- 
oids, and a process that has been interpreted as polymeri
zation of the unsaturated fatty acids were found to proceed 
faster at 98° than at 70° F.; little change was detected at 
15° F. The fluorescing substance that develops in the fat 
of dehydrated eggs during storage has been tentatively 
identified as the reaction product of lipide amines with 
aldehydes.
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CHANGES in color of the lipide fraction of dehydrated egg 
during storage arise presumably from three chemical 

changes: destruction of naturally occurring carotenoid pig
ments, production of yellow-to-brown materials from unsatu
rated fa tty  acid groups, and development of brown products re
sulting, probably, from the interaction of amine and aldehyde 
groups of lipides (6). While carotenoid destruction results in 
loss of color, the other two changes tend to darken the color of the 
dried egg product.

The decomposition of carotenoids in egg powders may be ex
pected to be primarily oxidative, involving atmospheric oxygen 
either directly (7, 12), or indirectly through enzymic or chemical 
intermediates (1, 21). The alteration of unsaturated fa tty  acid 
groups in this product may also involve oxidative reactions. 
Although complex and partly obscure, the la tter reactions are 
believed to result in the formation of peroxides and aldehydes 
and to yield brown polymers (4, 14). However, polymerization 
and browning of unsaturated fa tty  acids may not involve oxida
tion bu t may occur as a result of a Diels-Alder type of reaction 
{15).

A ttem pts to follow the course of oxidation of the fats of de
hydrated egg during storage by means of peroxide determina
tions have demonstrated little change; in fact, initial peroxide 
values have been found to decrease during storage (3). These 
data  have led to the impression th a t the fa t of dehydrated egg 
is quite stable. The present report, however, describes several 
changes found to occur in egg lipides during storage.

The “amine-aldehyde” interaction in egg lipides (6) is appar
ently a condensation process analogous to  the glucose-protein 
reaction of the protein fraction [2, 16, 19, 20). The brown sub
stances produced, which will be referred to  subsequently as lipide 
amine-aldehyde reaction products, absorb light throughout the

Figure 1. Flow Sheet of Analytical Procedure

U s e  o f  D i e t h y l  E t h e r . Despite the fact th a t other solvents 
have been reported to  extract the fat more completely (13), diethyl 
ether was chosen because of its low boiling point and the resultant 
minimizing of deleterious effects upon the color of the residue.

L e n g t h  o p  E x t r a c t i o n .  Extraction tim e was 4 hours, since 
longer periods produced no significant increases in  the amounts of 
either fat or carotenoid pigment extracted.

P u r i t y  o f  S o l v e n t s . This is a critical factor in spectrophoto- 
metric and fluorometric procedures. However, satisfactory results 
were obtained by using, w ithout redistillation, the highest purity 
grades of anhydrous ether and ethanol.

S a p o n i f i c a t i o n  M i x t u r e . The use of a completely reproducible 
saponification mixture was found desirable for the preparation of 
fractions whose absorbing components are cleanly separated. Such a  

mixture, modified from Olcott and M attill (17), was made as follows: 
28 grams of KOH were dissolved in 40 ml. of distilled water with 
thorough mixing in a stoppered flask. The mixture while hot w a s  

added to 90 ml. of 95% alcohol. (This was prepared from absolute 
alcohol of the best grade, since commercial 95% alcohol after treat
ment with alkali was not satisfactory for spectrophotometric pur
poses.) The alcoholic alkali was well mixed in a  stoppered f l a s k .  

To compensate for unavoidable inaccuracies in weighing the KOH, 
three 3-ml. aliquots of the solution were titra ted  with standard acid. 
On the basis of the titrations, the alcoholic alkali was diluted to  a  

concentration of 2.92 normal; 3 ml. of the 2.92 N  alkali were used for 
saponification.

1123
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Figure 2. Absorption Spectra of Total Lipide Extracts 
and of Absorbing Components of Dehydrated Eggs 

Stored for 9 Months at Three Temperatures

visible and ultraviolet regions. This absorption d im in i s h e s  with 
increasing wave length and shows a slight maximum a t 270 m/i. 
In  addition to these absorption properties, solutions of the brown 
product show m arked fluorescence. The reported correlation of 
fluorescence, both in the salt-soluble potassium chloride protein 
fraction and in the  whole egg powder, with loss of palatability 
(9, 18) led to  this investigation of fluorescence as well as of spec
tral absorption properties of the stored egg.

Spectrophotometric and fluorometric studies were carried out 
upon commercially spray-dried egg powders. Samples prepared 
a t Lynden, Wash., by the W ashington Cooperative Egg and 
Poultry Association for a previous investigation (11) were avail
able for the present study. The egg powders had been stored in 
paper-lined barrels a t  98°, 70°, and 15° F . Samples were col
lected a t  intervals of 1, 3, 6, and 9 m onths from the approximate 
centers of the barrels. In  the  absence of other controls, the 
powder stored a t  15° F. for 1 m onth was used. During the 
intervals between sampling and analysis the m aterials were kept 
a t  - 3 0 °  F .

ANALYTICAL M ETH ODS

Completeness of chemical separation and washing was checked 
spectrophotometrically, and spectrophotometric d a ta  were

interpreted in conjunction w ith chemical reactions. Experi
ence has shown th a t  either spectrophotom etric measurements 
or chemical m ethods alone m ay lead to  erroneous conclusions.

One gram  of dehydrated egg powder was continuously ex
tracted  for 4 hours in a micro-Soxhlet apparatus w ith anhy
drous diethyl ether from a freshly opened bottle. From  the ex
tract, diluted to  25 ml. w ith the solvent, two aliquots were re
moved: (a) 4 ml. were diluted to  10 ml. w ith the  anhydrous
ether, to  give the  sample designated as to ta l lipide, which thus

had a dilution equal 
to th a t of the  sam
ples to  be subse
quently described; 
(b) 10 ml. were 
transferred to  a 65- 
ml. separatory fun
nel, freed from ether 
b y  e v a p o r a t io n ,  
s a p o n i f ie d ,  and  
fra c tio n a te d  ac
co rd ing  to  flow 
sheet of Figure 1.

A b s o r p t i o n  
m easurements were 
m ade w ith a Beck
m an  M odel DU 
spectrophotom eter 
u p o n  th e  to ta l  
l ip id e  a n d  un- 
saponifiable frac
tions and on the 
acid-ether and acid- 
a q u e o u s  so lu b le  
components of the 
saponifiable frac
tion prepared as in
dicated in Figure 1. 
To facilitate com
p ariso n s betw een 
sam ples, th e  ab
sorptions were cal
c u la te d  b y  th e  
equation:

E \% =1 cm. cd

where c = concen
tration , grams of 
d e h y d ra ted  egg 
e x t r a c t e d  pe r 
100 ml. of solu
tion

It, Ix = i n c id e n t  
and transm itted 
lig h t in ten sity , 
respectively 

d =  o p tica l p a th  
length, cm.

In  early work to 
check the  chemical 
f r a c t i o n a t i o n s ,  
com ple te  ab so rp 
tion  spectra were 
m easured over the 
range 250-550 mp.

STORAGE TIME (MONTHS)

Figure 3. Change 
of Fluorescence 
and Absorption of 
Dehydrated Eggs 
with Duration of 
Storage in the 
To t a l  Li p i de  
Extract and in 
Several Fractions
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After the  chemical m ethod was established, i t  sufficed for an
alytical purposes to measure optical density a t  a few specified 
wave lengths. Complete absorption da ta  are given, however, 
for the final (9-month storage) samples (Figure 2).

Fluorometric measurements were made on the to ta l lipide 
extract and the three fractions (diluted from 3 to  10 ml.) by 
means of a Coleman electronic photofluorometer with filters 
Bi and PC I (excitation, 365 mm, mercury). The fluorescence 
standard was a solution of quinine sulfate dissolved in 0.1 N  
sulfuric acid a t  a concentration of 0.4 microgram per ml. Blank 
readings for the solvents, either ether or water, were subtracted 
from the observed readings. A function designated as the rela
tive fluorescence coefficient, $, was calculated by the equation;

#  _  100 ( / . / / „ )  
c

where / , / / , „  =  ratio  of fluorescence intensities of sample (cor
rected for solvent fluorescence) to  th a t of 
standard quinine sulfate solution 

c =  concentration, grams of egg powder extracted 
per liter of solution

A BSO RPTIO N  SPECTRA

The absorption spectra of the to tal lipide extracts of dehy
drated egg stored for 9 m onths a t  98°, 70°, and 15° F . are plotted 
in Figure 2. Absorption spectra of significant fractions derived 
from the to ta l extract are also shown. W ith increasing tem 
perature of storage, the absorption of the to ta l extract decreases 
in the  visible region of the spectrum and increases in the u ltra 
violet. Apparently the lowering of absorption in the visible 
region is caused by destruction of the carotenoid pigments (un- 
saponifiable fraction, maxima 425, 445, and 475 m /i) ,  and the rise 
in the ultraviolet is accounted for by a rise in the absorption of 
the acid-ether and acid-aqueous fractions. The increased ab
sorption of the acid-aqueous fraction is apparently caused by 
the reaction of lipide amines with aldehydes (6). Two hypothe
ses are suggested to  explain the intensified absorption of the acid 
ether fraction—an increase in am ount of conjugation of fa tty  
acid double bonds and the development of polymerization prod
ucts from the unsaturated fa tty  acids. Some conjugation has 
been found in freshly dehydrated eggs as indicated by maxima a t 
268 and 280 mn (triene conjugation) and a t  305 and 315 m/i 
(tetraene conjugation). Conjugation is also evident in the 
sample stored a t  15° F. (Figure 2c). The absorption coef
ficients a t  these maxima are larger on the m aterial stored a t the 
higher temperatures, and the increase m ight be explained as for
m ation of conjugated products. However, the increases could 
result from the development of generally absorbing polymeriza
tion products. In  fact, analysis of the data  by the m ethod of 
Brice and Swain (5) does not reveal any increase in conjugation. 
I t  appears probable, therefore, th a t polymerization accounts for 
the observed rise.

Figure 3 shows the rates a t  which changes take place in the 
absorption and fluorescence coefficients of the to ta l lipide ex
trac t and component fractions during storage. The points 
plotted represent averages of two to  four separate determina
tions. Results were producible to  =*=5%. The breaks in many 
of the  curves after 6 m onths of storage were unexpected. How
ever, anomalies of this sort had been observed previously (8,19).

The ra te  of destruction of carotenoids (Figure 3a) as revealed 
by absorption measurements upon the unsaponifiable fraction 
(X =  445 mn) rises both with tem perature and duration of stor
age. The loss of 27% of carotenoids during 6 months of stor
age a t  98° F . is comparable to the 29% loss during 6 m onths of 
storage a t  room tem perature reported by the Purdue University 
Agricultural Experiment Station (10).

Figure 36 shows the increase during storage in the absorption 
a t  wave length 270 mu of the  acid-ether fraction, which is ten ta 
tively interpreted as being due to  polymerization. This in

crease appeared to proceed a t  a nearly constant rate, which was 
greater a t  higher tem perature; little or no change was found a t 
15° F.

The course of the lipide amine-aldehyde reaction with tim e and 
tem perature is illustrated in Figure 3c. The zero time intercept 
of 3.8 X 10“ 3 probably represents absorption due to substances 
other than  the lipide amine-aldehyde reaction products, which 
were present in the acid-aqueous fraction. Evidence on this 
point has been presented (6), and further evidence is suggested 
in the legend for Figure 4. A t the highest tem perature (98° F.) 
the initial ra te  of reaction was high bu t decreased with time. At 
the intermediate tem perature (70° F.) the reaction proceeded 
more slowly and a t  a nearly constant rate. No reaction was ob
served a t 15° F.

Figure 4. Relation of Absorptions 
to Relative Fluorescence Coeffi
cients of Acid-Aqueous Fraction

T h e zero fluorescence in ter cep t o f  th e  
ab sorption  for th e  acid -a q u eo u s fraction  
h a s a value o f  3.5 X 10"*. T h is  value is  
eq u iv a len t to  th a t  for th e  ze ro -tim e-  
storage sa m p le  (F igure 3c) a n d , th erefore, 
probably represen ts th e  absorption^ d u e  
to  su b sta n ces  o th er  th a n  th e  lip id e  
am in e-a ld eh yd e  reactio n  p rod u ct p resen t  

in  th e  a c id -a q u eo u s fra c tio n .

FLUORESCENCE

Comparison of the fluorescence values of the to tal lipide ex
trac t from samples stored 9 m onths a t 98° and 15 0 F . showed th a t 
the extract of the high-temperature sample fluoresced ten times as 
strongly as th a t of the low-temperature sample. The effect of 
storage upon the fluorescence coefficients of the to tal lipide 
extract was then determined (Figure 3d). The ra te  of develop
ment of fluorescence for the egg powder stored a t  98° F. was 
initially high but decreased, a t  70° it was approximately con
stant, and a t 15° i t  was zero.

An attem pt was made to learn something of the chemical na
ture of the compound th a t gives rise to  fluorescence in the to tal 
lipide extract by measuring the changes in fluorescence of the 
chemically separated, unsaponifiable, acid-ether and acid- 
aqueous fractions. From a consideration of the chemical separa
tions indicated in Figure 1 and the fluorescence results in Figure 3, 
d and e, it is evident th a t the fluorescing m aterial passed from the 
to ta l lipide to  the acid aqueous phase upon ether partition of the 
acidified saponifiable fraction. No fluorescing material could be 
demonstrated in the unsaponifiable and acid-ether fractions. 
Their relative fluorescence coefficients did not increase signi
ficantly bu t varied a t  random between 0.47 and 1.8 (data not 
shown). I t  is therefore apparent th a t the fluorescing materials 
of the to ta l lipide extracts are released from their lipide combina
tions in the stored egg powder by the saponification process and 
are isolated in the acid-aqueous fraction (compare reference 6).

Since the curves describing development of fluorescence in the 
to ta l lipide extract (Figure 3d) and acid aqueous fraction (Figure 
3e) appear to parallel the curves for absorption a t  270 mp (Fig-
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ure 3c) in the acid-aqueous fraction, the identity  of the fluorescing 
and absorbing substances is indicated. This conclusion is sup
ported by the approximately linear relation th a t exists in the 
acid-aqueous fraction between absorptions and relative fluores
cence coefficients (Figure 4). Thus the fluorescing m aterial ap
pears to  be the same as the substance responsible for the  absorp
tion in the acid aqueous fraction. This substance is believed 
to be the fluorescent lipide amine-aldehyde reaction product (6).

Evidence is now a t hand to indicate th a t oxidative changes 
take place in the fa t and fat-soluble components of egg powders 
stored in the presence of air, as follows: Loss of carotenoid pig
m ents as reported here, as well as of vitam in A (11), during stor
age indicate oxidative reactions; the form ation of lipide amine- 
aldehyde reaction products likewise implies oxidative change, 
since aldehydes have been shown to develop during the oxidative 
breakdown of fats.

The development of lipide amine-aldehyde reaction products 
in egg fat tends to  give the extracted lipides a brown color as does 
also the polymerization of the unsaturated fa tty  acids. For
mation of these brown lipide substances is one factor in the color 
change of dehydrated egg in high-tem perature storage. An
o ther factor is the coincident loss of carotenoid pigment. Aside 
from the importance of the  lipide amine-aldehyde reaction to 
•color, there is evidence th a t the  change in concentration of this 
•substance is correlated with changes th a t occur in the palatability 
■of both high-moisture (> 5 % ) and low-moisture (< 1 % ) eggs 
(unpublished results).
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Hygroscopicity of Softened Glue 
Composition

W IL L IA M  C . G R IF F IN

A tla s  P ow der C o m p a n y , W ilm in g to n , Del.

A LTHOUGH it  is widely recognized th a t the functioning of 
industrial glue compositions is closely related to  their 

water contents, no da ta  are found in the literature concerning 
the hygroscopicity of glue compositions containing the  usual 
softeners. As pa rt of a study of the  evaluation of sorbitol as a 
plasticizer for glue, hygroscopicities of a typical hide glue soft
ener with sorbitol, glycerol, and a m ixture of sorbitol and glycerol 
were investigated along with the hygroscopicities of the individual 
components.

In  use, a glue composition is seldom a t a given set of conditions 
long enough for equilibrium to be reached. Equilibrium values, 
however, represent the point toward which the composition will 
always be changing, and a knowledge of how the equilibrium 
moisture content varies with hum idity is of value in calculating 
the  maximum changes expected within established hum idity 
lim its A second a ttribu te  of hygroscopicity which was not 
investigated in the present study is the rate a t  which moisture is 
exchanged between the composition and the air under non
equilibrium conditions. This ra te  of moisture exchange is a com
plex function depending upon such variables as film thickness, 
velocity of w ater diffusion within the composition, ra te  of air 
circulation, distance of the composition from equilibrium mois

ture content, etc., and it  was not considered feasible to  undertake 
such an investigation a t the  present time.

Briefly, the m ethod used for the glue compositions was to  cast 
th in  films on glass and to  expose them  to  circulated a ir of a 
chosen constant hum idity and tem perature un til they  attained 
constant weight. From  known initial compositions and final 
weights, the equilibrium m oisture contents were calculated.

M A TER IA L S AND A PPA R ATU S

The ingredients employed in compounding the  experimental 
softened glue samples follow. Their m oisture contents were deter
mined by titra tio n  with K arl Fischer reagent (1):

G lu e .  A balanced grade of hide glue containing approxi
mately 16% water (analyzed 15.3%), 410 to  415 grams gel 
strength (Bloom), 135 millipoise viscosity, ground to 24-26 
mesh, pH  5.9 in 20%  solution.

G ly c e r o l .  D ynam ite grade, 0.5%  water.
S o r b i to l .  Commercial solution (Arlex), 16.0% w ater. 

The differences introduced by using this product in place of pure 
sorbitol have been found to be within the experim ental error of th e  
m ethod employed.

The test samples were conditioned in a laboratory model 
Carrier processing cabinet in constantly recirculated air of con-
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Equilibrium water content data for a hide glue, with and 
without softeners, are presented for a wide range of hu
midities. Both glycerol and sorbitol were studied as soften
ers. Glycerol alone is more hygroscopic than sorbitol. 
In glue compositions at high softener contents, this rela
tionship is still true. At low softener contents, particu
larly at low humidities, the softened glue compositions 
hold less water than the unsoftened, and the glycerol- 
softened glue appears to hold less water than the sorbitol- 
softened glue.

trolled tem perature and humidity. The air was continuously 
dehumidified by passing a portion of i t  over ice, the desired 
hum idity being maintained by an interm ittent w ater spray. 
The water spray was controlled by a silk-wick pneumatically 
operated hygrostat. The controls were adjusted so th a t the 
variation of tem perature was =*=0.3° F . and th a t of relative 
hum idity was =*=1%. A complete control cycle for humidifica- 
tion occurred every few minutes; hence the effective variation in 
hum idity was less than  the =*= 1 % extremes.

Figure 1 illustrates the fluctuations in humidity and tem pera
ture of the conditioning atmosphere. The variation of relative 
hum idity (top curve) was indicated by changes in the readings 
of wet- and dry-bulb thermometers. The middle curve shows 
the dry-bulb tem perature. The bottom  curve shows the air 
pressure of the hygrostat control system. The water spray for 
humidification of the air in the cabinet is on when the air pres
sure is less than  8 to 10 pounds per square inch gage. There is a 
lag of 15 to 20 seconds in the wet- and dry-bulb relative hum idity 
compared w ith the pressure th a t is controlled by the silk-wick 
system.

The methods of determining the equilibrium moisture contents 
were based on the principle of bringing a thin film of the sample 
to equilibrium with the desired conditions, varying the manipula
tive details to  suit the physical nature of the several substances. 
For all compositions containing glue, whether softened or un
softened, mixtures of known solids content were weighed into 
tared weighing bottles, 40 mm. inside diameter and 100 m m . high. 
The bottle and the liquid sample were placed in a device which 
rotated the bottle in a tilted  position over a heater while a stream 
of clean dry air was directed into the bottle. This dried the glue
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in a th in  film inside the weighing bottle. The drying was not 
carried beyond the point a t which the glue film was gelled a t  room 
tem perature.

The weighing bottles were then placed in the constant tem 
perature-constant hum idity cabinet, and the glue films were 
allowed to reach equilibrium successively a t  various humidities. 
All of the data  were obtained a t a dry-bulb tem perature of 80° F. 
R elative humidities were determined by frequent wet- and dry- 
bulb readings. W eight changes of the samples were considered 
to be moisture gain and loss and were calculated as such.

For determining the hygroscopicities of the nonfilm-forming 
polyols employed as softeners for the glue, the above procedure 
could not be used. The nonvolatile polyol, sorbitol, was in
vestigated using a modification of the official A.O.A.C. m ethod (6) 
for determining m oisture in sirups.

The hygroscopicity of glycerol could not be determined by 
this official procedure because it is so volatile under the constant- 
hum idity conditions employed in this study th a t samples on sand 
lose weight continually. Accordingly, the following procedure 
was adopted to  determine its hygroscopicity. Approximately 1 
gram of glycerol was dispersed on 40 grams of sand, and the dis
persed sample was conditioned for the length of tim e previously 
found necessary to  bring a nonvolatile sample to constant weight. 
The weight was noted and the entire sample was washed from the 
sand with m ethanol and was then titra ted  for w ater content by 
the method previously mentioned (1).

The over-all precision of the m ethod is estim ated a t ± 0.3%  
solids a t  equilibrium with the stated  hum idity values. Con
sidering the fact th a t glue is a natural product and subject to  the 
variations inherent in m aterials from natural sources, this preci
sion is considered more th an  sufficient. Mason and Silcox (8) 
have shown th a t glues of different grades have different hy 
groscopicities. Since m ost commercial glues are blended from 
several stocks to  yield the desired values of viscosity and gel 
strength, i t  is obvious th a t precise duplication of hygroscopicities 
m ay no t be obtained, even with glues of nominally the  same 
grade.

EQ U IL IB R IU M  M O IST U R E

Equilibrium  moisture contents a t  several hum idities were deter
mined for glue, glycerol, and sorbitol, and for compositions pre
pared from them. The hygroscopicity da ta  obtained are pre
sented in Table I and Figures 2 and  3.

T a b l e  I. H y g r o s c o p i c i t i e s  o f  I n d i v i d u a l  I n g r e d i e n t s

%  Solids a t  E quilibrium  for:
7e H um id ity Glue Glycerol Arlex

23 9 2 .6 9 4 .0
31 86.1
32 8 9 .4 9 i.‘6
40 8 8 . 9
44 84 ! 3
48 8 4 .5 86 . 2
50 8 0 .9 8 3 .9
65 70 .2 77 .3
69 8Î .7
79 55 .2 66 .’3
84 77 .’6
89 37 .9 48 .’3

For comparison, d a ta  from the literature concerning the hy
groscopicity of glycerol are plo tted  on the same graph. The 
d a ta  of the present work are in excellent agreement w ith those of 
Swan (10), whose values were determ ined by m easuring vapor 
pressures in a closed system of solutions of predeterm ined com
positions. The values found by W alker and quoted by Carson 
(8) are consistent in showing slightly lower solids contents a t  any 
given hum idity th an  do those of Swan and those reported here. 
The m ethod by which W alker’s da ta  were obtained has not been 
published so th a t the relative m erits of the  two sets of values 
cannot be adjudged. The values obtained by D rucker and 
Moles (4) and presented in the  In ternational Critical Tables (5) 
are in pronounced disagreement w ith the other three sets of data. 
No literature da ta  covering the hygroscopicity of sorbitol are 
available for comparison w ith the  values obtained in the present 
work.
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Figure 4. Hygroscopicity of Softened Glues

L ines o f  c o n s ta n t  re lative h u m id ity  (per c e n t  R . H . a t  80° F .)

The data  for unsoftened glue are plotted in Figure 3; curves 
from several literature sources are included for comparison. A t 
humidities above 30% the da ta  of the present work are in ex
cellent agreement with those of Mason and Silcox (§). The 
curve presented by Batem an and Town (2) is parallel to  those of 
MaSon and Silcox and the present work b u t the moisture content 
is 2 to  3% lower. This strongly suggests a difference in deter
m ination of the dry solids of the  glue, although the effect m ight 
simply be due to  inherent variations in the glues from different 
sources. The d a ta  presented by K atz (7) and by Sheppard and 
co-workers (9) were obtained w ith purified gelatin rather than 
hide glue. These curves are parallel, and although they differ in 
shape from the curves presented for glue, the moisture contents 
are of the same order of magnitude. The data  of Wilson and 
Fuwa (11) are considerably lower than  any of the others reported.

They worked with a ground glue bu t did not prepare solutions or 
cast films from them ; it is likely th a t they did not a tta in  equi
librium.

HYGROSCOPICITY O F GLUE COM POSITIONS

The softened glue compositions are listed in Table II. The 
solids content of each composition was calculated from the an
alyses of the ingredients.

The data  obtained on these compositions, used in preparing 
the graphs for the three-component systems glue (415 grams)- 
softener-water, are summarized in Table I I I . The chronological 
order of the conditions was as follows: 84, 69, 44, 31, 48, and 
91%. An approximately full cycle was covered to determine 
if there was any hysteresis effect. A t the return to 91% relative 
hum idity the values obtained correlate well with former data; 
hence no hysteresis was observed.

These data  are presented in ternary plots (Figure 4). The 
curves are derived from binary plots of weight per cent solids vs. 
relative hum idity a t each of the several glue-softener ratios. 
From  these interm ediate curves the solids content of the com
positions a t  equilibrium with atmospheres of 30, 40, 50%, etc., 
relative hum idity were read. Knowing the solids content and the 
glue-softener ratios, the percentage composition corresponding 
to  each point thus observed could be calculated and plotted on a 
ternary graph. Through points so obtained, curves of constant 
hum idity were drawn.

The curves of Figure 4 emphasize th a t the plasticizing effect 
of certain polyols on glue is not due solely to the retention of in
creased amounts of water in the film. Actually, in the low- 
hum idity range less moisture is held by the glue-softener mix
ture a t  a given hum idity than  by either the softener or the glue 
alone. Even a t  high humidities the  curves drop below the 
straight lines called for by the mixtures law, an indication that 
this effect persists to  high water contents. Swan (10) pointed 
out a similar effect for a starch-glycerol-water system. In  this 
instance it  is evident th a t the polyols and the glue are m utually 
satisfying, to  a certain extent, their respective water-binding 
capacities. I t  is reasonable to  infer th a t hydrogen bonding 
between the polyols and the protein brings about a reduction in 
the water-binding capacities of both.

T a b l e  II. P e r c e n t a g e  C o m p o s i t i o n  U s e d  i n  T e s t s

Compn. Composition (as Is) W ater
Caled.
Solids

No. Glue Arlex Glycerol Added Conten t

1 15 85 12.7
2 11.25 3 .75 85 12.7
3 7 .5 7 .5 85 12.7

4 3.75 11.25 85 12.7
5 11.25 3 .7 5 85 13.2
6 7 .5 7 .5 85 13.8

7 3 .75 11.25 85 14.9
8 11.24 1 .88 1 .88 85 13.0
9 7 .5 3 .75 3.75 85 13.3

10 3 .74 5.63 5.63 85 13.8
11 7 .5 1.87 5.63 85 13.5
12 7 .5 5.63 1.87 86 13.0

T a b l e  I I I . H y g r o s c o p i c i t y  o f  S o f t e n e d  G l t j e  C o m p o s i t i o n s

Solids Compn., %  _____ %  Solids a t  Relative H um id ity  of:
Glue Arlex Glycerol 91% 84% 69% 48% 44% 31%

75 25 64 .2 73 .9 8 2 .5 8 9 .9 91 .6 93 .6
50 50 57 .0 70 .5 80 .0 89 .2 90.9 93 .6
25 75 49 .4 63 .0 76.1 86 .9 88 .7 92 .8
75 25 ' 59 .2 69 .5 79.1 90 .2 90.3 95 .4
50 50 4 8 .4 59.0 74.2 8 9 .0 8 8 .7 94 .2
25 75 39 .4 54 .0 68 .6 84 .6 85 .6 92 .5
75 12.6 12.5 62.3 69.7 8.10 90 .0 9 0 .8 9 3 .0
50 25 25 55.3 64.1 76.9 89 .1 8 9 .8 94 .9
25 37 .5 37 .5 44 .4 59 .0 72 .1 8 6 .8 87 .3 93 .2
50 12.5 3 7 .5 52.6 60.1 75 .3 88 .5 88 .9 94 .0
50 37 .5 12.5 57.5 67 .0 78 .3 89 .2 90 .2 94 .2
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The d a ta  presented in the ternary  plots m ay be used to for
m ulate compositions, embodying these softeners and a similar 
glue, to  be a t  equilibrium with a given humidity.

Industrial flexible glue compositions are commonly formulated 
on the basis of arb itrary  softener-glue ratio, and a t  various per
centages of Arlex in the softener. These ratios are based on the 
products as supplied, with their customary water content. 
Since the ternary plots are calculated to anhydrous glue and 
softeners, it  is desirable to calculate the formula amounts for the 
ingredients as supplied commercially. This can be done readily 
with the following formulas:

„ __________ 100 -  A________  (1)
(0.87 -  0.15BC1 +  0.99B)

S  =  CBG
X  = (1 -  C) BG; W  = 100 -  (G +  S  +  X )

where G = %  glue of 13% water content 
S  — %  Arlex of 16% water content 
X  — %  glycerol of 1%  water content 
W  = % make-up water, %
A  = %  to ta l water in composition =  analyzed water 
B = %  softener-glue ratio =  (<S +  X )/G  
C =  fraction of Arlex in softener

Equation 1 is based on typical w ater contents for the components. 
For the contents given under “M aterials and A pparatus” , the 
constants would have slightly different values:

r  = loo -  A m
(0.84 -0 .1 7 5  BC  +  0.995 B  '

G, S , X ,  and W  calculated from Equations 1 and 2 for 5  =  5, 
C = 0.5, and A =  19.23, follow:

E q ua tion  <7 6' .V W
X 16 3 7 .5  3 7 .5  10
2 14.83 37 .07  37 .07  11.02

Equation 1 will be sufficiently accurate for most purposes.

C ON CLU SIO NS

The equilibrium m oisture contents for systems glue-softener- 
w ater were determ ined wherein the  softeners were sorbitol, glyc
erol, or a m ixture of equal weights of sorbitol and glycerol. The 
hygroscopicities of the glue and softener in softened glue com
positions are not additive, the  m oisture content of the  composi
tion being less than  th a t required by th e  m ixture law for a  given 
set of conditions. This effect is m ost pronounced a t  low relative 
humidities, under which conditions the w ater held by  th e  soft
ened glues is actually less th an  th a t held by the  unsoftened. This 
effect of reduction of hygroscopicity w ith the first addition of a 
softener has been reported previously in connection w ith m ate
rials other th an  glue.

Glycerol-softened glue holds more w ater than  sorbitol-softened 
glue a t  high relative humidities. A t lower hum idities th is effect 
is reversed, and the sorbitol-softened glue holds more w ater than 
does the  glycerol-softened m aterial. Glue softened w ith a mix
ture of sorbitol and glycerol gives interm ediate values which ap
proximately follow the  m ixtures law w ith respect to  softener 
composition.
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Solubility of Water in Alcohol- 
Hydrocarbon Mixtures

C. B . K R E T S C H M E R  AND R IC H A R D  W IE B E

N o rth e rn  R eg io n a l R esearch  L abora tory , U. S . D e p a r tm e n t  o f  A g r ic u ltu re , P eoria , III.

TH E  most objectionable feature of alcohol-gasoline blends, 
according to Howes (8), is their tendency to separate into 

two layers if water is present in excess of the am ount in equilib
rium a t the particular operating temperature. If justifiable, 
such a statem ent seems to  imply that, when separation occurs, 
the engine will stop running immediately and nothing short of 
emptying the fuel tank will remedy the situation. Further in
vestigation, however, will reveal that, aside from some possible 
irregular operation, no real trouble will necessarily be experienced; 
the simple explanation is th a t (a) both layers contain a combustible 
mixture, (6) one layer m ay be only a small fraction of the total 
volume, and (c) because of the motion of the car, a more or less 
homogeneous mixture m ay result. In  freezing weather the 
accidental presence of water in the fuel system m ay be more 
harmful in the case of straight gasoline than  when alcohol-gaso- 
line blends are used, since water is only slightly soluble in gasoline 
and ice formation in the  fuel lines may starve the engine. On 
the other hand, an alcohol-gasoline blend m ay dissolve all the 
water, bu t if the am ount is in excess of the equilibrium concen
tration, an emulsion or two phases will form which, a t worst,

may stop the engine temporarily. Nobody, however, will deny 
th a t phase separation is undesirable and m ust be avoided. For 
the purpose of avoiding this apparent difficulty, experimental 
data  on the phase relations of ethyl alcohol-gasoline-w ater are 
being obtained. W hen reasonable precautions are observed in 
preparation and storage, blends containing from 10% or more 
of alcohol have been used over long periods under practical con
ditions w ithout trouble (5 , 9). Experim ents conducted a t  this 
laboratory as well as elsewhere (5, 7) show th a t, in ternary  mix
tures of alcohol-gasoline-water, the tem perature a t  which separa
tion occurs is unchanged or lower after exposure to  the  atmosphere 
than  before. This happened frequently under conditions more 
severe than  likely to  be encountered in practice and is a phenome
non similar to  the one utilized in the dehydration of alcohol. In 
gasoline or hydrocarbon blends with ethyl alcohol, the solubility 
of water becomes less w ith decreasing tem perature. T he tem 
perature of phase separation is called the  “ critical solution tem 
perature” .

In  this paper the term  “ethyl alcohol” is used in th e  chem ical 
sense, meaning anhydrous ethyl alcohol. The ternary  sy stem



November, 1945 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 B Y  1131

consisting of ethyl alcohol-gasoline-water has been investigated 
extensively (S, 4, 6, 8 ) ; however, with the exception of benzene, 
the other possible m ajor constituents of gasoline have been 
studied only slightly. Critical solution tem peratures have been 
measured for a num ber of blends of ethyl alcohol with 2,2,4-tri- 
methylpentane (boiling point 99.25° C.), 2,2-dimethylbutane 
(b.p. 49.7° C.), cyclohexane (b.p. 78-81° C.), methylcyclohexane 
(b.p. 99.85-100° C.), iso-octene (commercial grade, b.p. 80- 
171 ° C.), and cyclohexene (b.p. 82.55-82.65 ° C .); these represent
ing the three remaining principal classes constituting gasoline— 
namely, paraffins, olefins, and naphthenes. In  addition, the solu
bility of water in several blends containing ethyl alcohol in a mix
ture of two hydrocarbons as well as the effectiveness of stabilizers 
have been determined.

The apparatus and procedure were similar in principle to  those 
described by King and M anning (10), Hubendick (9), and Bridge- 
m an and Querfeld (4). A glass tube with stirrer containing the 
hydrocarbon-ethyl alcohol-water mixture was immersed in a 
bath, the tem perature of which could be varied a t any desired 
rate of heating or cooling. M ixtures were prepared directly in 
the tube, special pipets for the transfer of the individual compo
nents being used. During the experiment all necessary precau
tions to exclude moisture and to  prevent evaporation were care
fully observed.

Since some of the solutions had a tendency to  supercool by sev
eral degrees, the critical solution tem perature was taken to  be 
the point a t  which turb id ity  would just disappear on warming. 
Duplicate determinations on separate samples would cheek 
within about 0.3° C. The experimental error in making up the 
solutions is estim ated to  be less than  0.2%  of either volume frac
tion. Measurements were made on mixtures containing 25, 50, 
75, and 90% of hydrocarbons and solutions of ethyl alcohol con
taining various amounts of water a t tem peratures between — 45 ° 
and + 4 5 °  C. The experimental results are expressed as the 
water tolerance of the blend. For practical purposes this is de
fined as the  volume per cent of water which, a t the tem perature 
of the  experiment, can be added before separation will occur. 
W ater tolerance was calculated by m ultiplying the per cent by 
volume of water used in making up the ethyl alcohol-water 
solution by (100 — P ) /100, where P  is the percentage of hydrocar
bons contained in the  final blend. All mixtures were prepared 
a t  15.5° C. (60° F.). For example, assuming a blend of 50% by 
volume of hydrocarbons and 50% by volume of a solution of 
ethyl alcohol, the la tter containing 6% by volume of water (at 
15.5° C.), the  w ater tolerance equals 6(100 — 50)/100 =  3%. 
No correction was made for the  slight expansion in volume which 
takes place when ethyl alcohol is mixed with various hydrocar
bons since in  the  case of iso-octane, for example, the volume 
change will am ount a t  most to  no more than  0.4%, and in the 
m ajority of cases to  about 0.2%  or less.

S O L U B IL IT Y  O F  W A T E R  IN  A L C O H O L-H Y D R O C A R B O N  B L E N D S

In  agreement w ith Bridgeman and Aldrich (3), it  was found 
th a t the results could be expressed with a probable error of less 
than 0.5% by the equation:

log 8  =  a -  (b /T ) (1)

where S  =  w ater tolerance, %  of water by volume
a, b — constants depending on type and concentration of 

hydrocarbon 
T  — absolute tem perature, ° K .

Table I  gives the  numerical values of the constants determined 
from plots of log S  against 1 /T ;  Table I I  lists the data calculated 
a t + 2 5 °, 0°, and — 45° C. by means of Equation 1.

The results show th a t 2,2-dimethylbutane has approximately 
a 50% greater water tolerance than  2,2,4-trimethylpentane. 
This is equivalent to  the statem ents by Bridgeman and Querfeld
(4) and Heinze et al. (6) th a t increase in volatility produces a 
marked lowering in the critical solution temperature. This tend
ency is also shown in values for pentane and hexane obtained 
by Ormandy and Craven (11). Their values for hexane are 
lower than  those for 2,2-dimethylbutane; the reason is the pres
ence of higher boiling impurities as well as the fact th a t their

T a b l e  I. C o n s t a n t s  o f  E q u a t i o n  I a f o r  E t h y l A l c o h o l -
H y d r o c a r b o n - W a t e r  M i x t u r e s

H ydrocarbon,
H ydrocarbon Vol. % a b

2 ,2,4-Trim ethylpentane 90 1.383 553.5
(iso-octane) 75 1.894 554.5

50 2.151 504.4
25 2.001 352.5

2 ,2-D im ethylbutane 90 1.235 473.1
(neohexane) 75 1.679 444 .9

50 1.911 388.5

Iso-octene 90 0.637 229.4
75 1.520 357.9
50 2.120 475.2
25 1.870 290.6

Di-isobutylene b 75 1.400 340.3
50 1.842 355.4

Cyclohexane 90 1.856 628.7«
75 2.421 693.4«
50 2.850 693.4»
25 6.328 1526.O'*

M ethylcyclohexane 75 2 .058 587.6
50 2.210 504.9
25 2.047 347.3

Cyclohexene 90 1.312 477.5
75 2.051 530.4
50 2.332 487.6

“ The equations are valid for the  range from + 4 5 °  to  —45° C. except 
where otherwise sta ted .

b Only a few measurements were m ade on a  very small sam ple as received. 
c Valid only for tem p era tu re  range + 4 °  to  + 2 5 °  C.
d Valid only from —45° to  0° C. (solution in equilibrium with solid cyclo

hexane) .

T a b l e  II . W a t e r  T o l e r a n c e  o f  A l c o h o l - H y d r o c a r b o n  
M i x t u r e s

W ater Tolerance a t  Following H ydrocarbon 
Tem p., _________________ C ontent:_________________

H ydrocarbon 0 C. 90 vol. % 75 vol. % 50 vol. % 25 vol. %

2^2,4-Trimethyl- + 2 5 0.337 1.08 2.89 6 .59
pentane 0 0 .228 0.733 2.02 5.14

- 4 5 0.0908 0.291 0 .873 2 .86

2,2-Dimethyl- + 2 5 0 .446 1.54 4 .05
b u tane 0 0.319 1.13 3 .08

- 4 5 0 .145 0 .536 1.62

Iso-octene +  25 0 .738 2.09 3 .37 7.87
0 0.626 1.63 , 2 .4 1 6 .4 0

- 4 5 0 .429 0 .895 1.09 3 .95

Di-isobutylene + 2 5 1.82 4 .4 7
0 1.43 3 .4 8

- 4 5 0 .81 1.93

Cyclohexane + 2 5 0 .560 1.25 3.35
0 5.‘ 53°

- 4 5 0.438°

M ethylcyclo + 2 5 1.25 3.29 7 .6 4
hexane 0 0 .807 2.30 5.97

- 4 5 0 .304 0.995 3.35

Cyclohexene + 2 5 0 .514 1.88 4 .9 8
0 0.367 1.29 3.52

- 4 5 0.166 0.533 1.57

° Solution in equilibrium with solid cyclohexane.

sample contained considerable amounts of K-hexane, and th a t 
isomers have a greater water tolerance than  the normal com
pounds. These authors sta te  that, while there is relatively little 
difference between benzene and toluene, the water tolerance of 
ethyl alcohol-xylene is definitely lower. I t  is also of interest to 
note in Table I I  th a t the percentage difference among the various 
compounds is greatly diminished a t  the higher alcohol concen
trations, and that, under these circumstances, structural differ
ence appears to  be less important.

B l e n d s  o f  A l c o h o l  w i t h  G a s o l i n e  a n d  w i t h  H y d r o c a r b o n  

M i x t u r e s .  Bridgeman and Aldrich (3) found th a t the  water 
tolerances of blends of alcohol with twenty-three different gaso
lines could be expressed by a single equation, containing one char
acteristic constant. Thus a single measurement on each gasoline 
should be sufficient to determine S  a t any value of P  and T. I t  
was not possible to  express the data  for individual hydrocarbons 
in a similar m anner since any two gasolines appear to  resemble 
each other more closely than, for instance, iso-octane and cyclo
hexene.
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Using their equation, Bridgeman and Aldrich (S) calculated 
th e  w ater tolerances of an  “average gasoline” in blends with 5 
an d  10% alcohol. For the 10% blend a t  0° C. the value found 
was 0.25%. Table I I  shows th a t the  w ater tolerance a t 0° C. of
a, 10% blend lies between 0.23 and 0.63% for the  hydrocarbons 
studied in this investigation. Similarly, for a 50%  blend, the 
same “average gasoline” has a w ater tolerance of 2.06%, whereas 
the  values for the compounds investigated vary from 2 02 to 
3.52%.

T a b l e  I I I .  C o n s t a n t s  o p  E q u a t i o n  1 f o b  B l e n d s  o f  50%  
A q u e o u s  A lcohol-5 0 %  H y d r o c a r b o n  M i x t u r e

%  H ydrocarbon  in  M ixture a b S  a t  0° C.
Iso -octane  4 5-benzene  5 2 .073 45 9 .5 2 .47
Iso-octane 40-benzene 10 2 .03 8 428 .0 2 .97
Iso-octane 35-benzene 15 1.919 3 73 .4 3 .5 7 °

l 8 0 - 0 ctene 45-benzene 5 2 .046 4 33 .6 2 .8 8
Iso-octene 40-benzene 10 1.930 3 82 .7 3 .3 9
Iso-octene 35-benzene 15 1.781 326 .7 3 .8 5 a

Iso-octane 3 7 .5 -neohexane 12 .5 2 .068 469 .2 2 .2 4  (2.2S)b
Iso-octane 25-neohexane 25 2 .103 4 68 .6 2 .4 5  (2.55) b
Iso-octane 1 2 .5 -neohexane 3 7 .5 2 .026 439 .1 2 .6 3  (2.81)6

Iso-octene 25-m ethylcyclohexane 25 2.233 508 .0 2 .3 7

° E q ua tion  valid  only to  approx im ate ly  —30° C. a t  which tem p era tu re  
benzene begins to  crystallize.

& Calcula ted  on the  basis of linear va r ia tion  from  d a ta  in  T ab le  II.

While ethyl alcohol is miscible in all proportions w ith ordinary 
gasoline even a t  tem peratures as low as —50° C., this is not true 
in case of distillate fuels. Barger (1) found th a t low-octane dis
tillate  fuels are not completely miscible w ith ethyl alcohol even 
a t  m oderate tem peratures. A 25% blend of alcohol in  a  distillate 
fuel of 4.3 octane num ber had a critical tem perature of 24° C. 
Special precautions m ust therefore be taken when ethyl alcohol- 
distillate fuel blends are used. Piazza (12) used butyl alcohol 
to  stabilize kerosene-alcohol blends. Since his ethyl alcohol 
contained 3.5%  of w ater by volume, the amounts required were 
quite large.

Table I I I  shows the w ater tolerance of blends containing 50% 
of ethyl alcohol and 50% of a  m ixture of tw o hydrocarbons in 
various proportions. The water tolerance of blends w ith iso
octane and neohexane is an approximately linear function of the 
composition a t  0° C.; no such simple relation was found in the 
remaining cases.

E f f e c t  o f  V a r i o u s  C o m p o u n d s .  Relatively small additions 
of various compounds will lower the critical solution tem peratures 
or, in other words, increase the  water tolerance of ethyl alcohol- 
hydrocarbon blends. The experimental d a ta  in Table IV  show 
th a t the higher alcohols are the m ost suitable agents to  lower 
the  critical solution tem peratures. This result corroborates 
earlier findings (2, 9). I n  addition to  their primary purpose, 
denaturants containing a large proportion of these higher alcohols 
would also be useful in increasing the water tolerance; however, 
some of the hydrocarbons in the blend also act as denaturants.

Unless th e  ethyl alcohol used for blending already contains a 
m ixture of various higher alcohols resulting from the m ethod of 
production, i t  is not considered economically practical to  add any 
compounds for the purpose of increasing the solubility of water. 
In  the first place, the  amounts needed will be relatively too 
large, and secondly, ethyl alcohol-gasoline blends will remain 
stable when reasonable precautions are observed.

CONCLUSION

The solubility of w ater in ethyl alcohol-paraffin hydrocarbon 
blends decreases with increase in molecular weight of the hydro
carbon; a similar conclusion was reached by Ormandy and 
Craven (11) in the case of aromatics. This rule probably holds 
for naphthenes and olefins as well. The statem ent is equivalent 
to  say] ng th a t th e  more volatile gasolines have a  higher water 
tolerance (4, 6).

W ith the exception of distillate fuels, the solubility of water in 
ethyl alcohol-hydrocarbon blends or, in general, in ethyl 0 
gasoline blends is large enough so th a t if reasonable precau 1(®s 
are observed, no trouble from this source should be experience 
Past experience has shown th a t this is true for blends containing 
10% or more of alcohol. The introduction of an  excessive 
am ount of w ater into any fuel will cause trouble, and alcohol- 
gasoline blends are no exception to  the rule. Storage above 
water is required by law in some sections of the  country , this is 
impossible for alcohol fuels, if only for the fact th a t alcohol will 
progressively diffuse into the w ater and cause serious loss of fuel.

Unless higher alcohols are present in ethyl alcohol as a  dénatur
an t or in consequence of the m ethod of production, i t  would not 
seem practical to  add them  in order to  increase the  solubility of 
w ater in blends; if deemed necessary, this m ight be better ac
complished by the  further addition of ethyl alcohol.

T a b l e  IV. E f f e c t  o f  A d d in g  2  V o lu m es  o f  S t a b il ize r  t o  
100 V o lum es  o f  90%  I so- o c ta n e-9 .6 9 %  A lcohol-0 .31%  
W a t e r  B l e n d , w it h  a  C r itic a l  S o l u t io n  T e m pe r a t u r e  or  

2 0 °  C.

Stabilizer
Change in Critical 
Soln. Tem p., 0 C.

3 -M eth y l- l-b u ta n o l (isoamyl alcohol)
n-H exyl alcohol
7i-Amyl alcohol
O ctyl alcohol (2-ethylhexanol)
2 -M eth y l- l-b u ta n o l
sec-Butanol
L au ry l alcohol
L aurie  acid
Terpineol
N aph then ic  acids

- 3 3 . 1
- 3 2 . 3
- 3 1 . 2
- 3 1 . 1
- 3 1 . 0
- 3 0 . 2
- 2 7 . 6
- 2 5 . 8
- 2 3 . 3
- 2 0 . 0

B enzylam ine 
Dicyclohexylamine 
Oleic acid 
n -B utyric  acid 
Cyclohexanone 
M ethy l n -am yl ketone 
Isopropy l prop iona te  
E th e r  
Fenchone
2 -E thylhexa ldehyde

- 1 8 . 6
- 1 7 . 4
- 1 6 . 8
- 1 6 . 7
- 1 3 . 2
- 1 2 . 7
- 1 0 . 4
- 1 0 . 0
-  9 .0
-  8 .9

1,4-Dioxane
Acetone
D i-isobutyl ketone
Aniline
A m yl e ther
M orpholine
M ethy l Cellosolve
P yrid ine
D iacetone alcohol

-  8 .1
-  7 .8
-  7 .5
-  7 .1
-  3 .6  
+  2 .2  
+  2 .2  
+  2 .9  
+  3 .5
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Unfermentable 
Reducing Substances in Molasses

ANHYDRIDES AND AMINO ACID CONDENSATION PRODUCTS 
OF REDUCING SUGARS

The formation of unfermentable reducing substances from 
reducing sugars in the absence and presence of amino 
acids, under the conditions of sugar manufacture, has 
been investigated. Glucose alone gives only traces of un
fermentable material. Fructose furnishes considerable 
amounts; the product, formerly considered to be glu- 
tose, consists of a mixture of 1,2-fructopyranose anhy
dride, its nonreducing dimer whose constitution has been 
established by méthylation and oxidation, and dark- 
colored fructose caramel. Glutosazone is shown to be im
pure glucosazone. Large amounts of unfermentable re
ducing substances are formed from glucose and fructose in

the presence of amino acids, more from glucose than from 
fructose. They constitute a mixture of simple condensa
tion products and melanoidins, and also yield impure 
glucosazone. The hydrolysis curves of the unfermentable 
reducing substances in cane molasses are similar to the 
curves of those prepared from glucose and fructose, with 
or without amino acids. The presence of nitrogenous un
fermentable reducing substances is confirmed by correla
tions of the reducing power of the unfermentable portion 
and of its nitrogen content with the total nitrogen in mo
lasses. Minor unfermentable reducing substances that 
may occur in molasses are discussed.

H E occurrence of the un
fermentable ketohexose d- 

allulose in distillery slop from 
cane molasses was reported in a 
previous paper in th is series 
(51). This sugar was found to 
represent only a small fraction 
of the to ta l unfermentable reducing substances in molasses, and 
the investigation was continued to  identify those whose chemical 
nature is still unknown.

Lobry de Bruyn and Alberda van Ekenstein (27) expressed the 
opinion th a t the unfermentable reducing substance in molasses is 
identical with th a t obtained in the interconversion of hexoses of 
the glucose series in a weakly alkaline solution. According to 
this view, which has been accepted generally by sugar technol
ogists, the glucose and fructose in cane juice are partially con
verted during the alkaline clarification process into mannose, 
allulose, and glutose. Lobry de Bruyn and Alberda van Eken
stein erroneously considered allulose to be a fermentable sugar, 
and chose the name “glutose” for the unfermentable portion of 
the reaction mixture. During the present investigation i t  was 
found th a t unfermentable reducing substances are formed not 
only from reducing sugar alone, bu t also by the interaction of 
reducing sugars with asparagine, the principal amino acid deriva
tive in  cane juice. I t  will therefore be necessary to consider the 
two types of unfermentable reducing substances separately.

I ,  U n f e r m e n t a b l e  R e d u c i n g  S u b s t a n c e s  f r o m  
R e d u c i n g  S u g a r s  A l o n e

Lobry de Bruyn and Alberda van Ekenstein prepared glutose 
in the form of a sirup which would not crystallize, either directly 
or after solution in any solvent. This product gave the general 
reactions characteristic of ketoses—namely, Seliwanoff’s test, 
complete destruction by prolonged boiling with dilute hydro
chloric acid, ready formation of acids upon treatm ent with 
strong alkali. B ut the substance differed from fructose by yield
ing an osazone melting a t  165° C. To account for these facts, a
3-ketohexose structure was suggested b u t not supported by any 
experimental evidence.

The voluminous literature on the nature of the unfermentable 
reducing substances in molasses was reviewed by Prinsen-Geerligs 
(34), and since none of the workers was able to draw definite

conclusions, only certain points 
relevant to  the present discussion 
will be referred to.

Lobry de Bruyn and Alberda 
van Ekenstein were unable to ob
tain  glucose, fructose, and 
mannose by treating glutose with 

alkali in the same m anner in which they prepared the supposed 
equilibrium mixture of hexoses from glucose or fructose. This 
indicates th a t it is not a  true equilibrium mixture of isomers, and 
th a t the glutose m ust be formed by some other reaction. Fur
thermore, the same investigators reported th a t glutose is formed 
also simply by boiling a water solution of fructose under reflux 
in a platinum  vessel—th a t is, under conditions where no alkali is 
present, and the solution soon turns acid. The present authors 
obtained unfermentable reducing substances by heating invert 
sugar sirup a t  pH  4.5 or lower. The conclusion is inescapable 
th a t alkalinity is not essential for the formation of unfermentable 
reducing substances from reducing sugars.

W aterm an and van der E n t (47) found that, when cane juice is 
clarified a t pH  8.0-9.5, unfermentable reducing substances 
are formed. The same result was obtained with an  artificial 
juice containing both glucose and fructose; bu t when .the fruc
tose was omitted, no unfermentable reducing substances could 
be detected. Kilp (24) also reported th a t glutose is formed from 
fructose when cane juice is clarified. I f  the Lobry de B ruyn- 
Alberda van Ekenstein transform ation took place under the 
conditions of cane juice clarification, then fructose should have 
been formed from glucose alone in the experiments ju st men
tioned, and this fructose should have given rise to unfermentable 
reducing substances. I t  is possible th a t the glucose alone, or any 
fructose formed from it, m ay have yielded too little unferment
able reducing substance to  be detected by the m ethod used; 
nevertheless, the experiments show th a t fructose is the principal 
source. I t  m ay be concluded th a t the Lobry de Bruyn-Alberda 
van Ekenstein transform ation can play only a minor pa rt in the 
formation of unfermentable reducing substances during juice 
clarification.

During the factory operations subsequent to  clarification the 
products are m aintained for hours a t  an elevated tem perature, 
averaging around 70° to  75° C. The pH  gradually drops to
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about 7 in the evaporator sirup, and to  6 or below in the final 
molasses. Since high pH  is no t a necessary condition for the 
formation of unfermentable reducing substances, i t  m ay be ex
pected th a t they increase during the  m anufacturing process. 
No da ta  have been published on th is particular point, b u t i t  has 
been observed in Jav a  (36) th a t, when final molasses is stored for 
six m onths under tropical conditions, the  unferm entable reduc
ing substances increase as much as 1.5% on the weight of the 
molasses. Even though th is increase m ay be due partly  to  the 
formation of unfermentable nitrogenous condensation products 
(to be discussed later), i t  is nevertheless significant.

A definite advance in th is field was m ade by M athews and 
Jackson (29) who studied the decrease in rotation and reducing 
power when fructose solutions are heated under varying condi
tions of pH, tem perature, and time. They concluded from their 
experiments th a t the changes observed could be explained by the 
formation of glucose and mannose through the Lobry de B ruyn- 
Alberda van Ekenstein transform ation and by the  simultaneous 
formation of fructose anhydrides. The former reaction pre
dominates a t high pH, the  la tte r a t  low pH ; b u t there is no strict 
dividing line between the two. Fructose shows maximum 
stability a t pH  3.3. Com putation of the  rotation values of the 
fructose anhydrides in the reaction m ixture indicated th a t they 
were probably identical with the heterolevulosan and dihetero- 
levulosan which P icte t and Chavan (S3) obtained by treating 
fructose with concentrated hydrochloric acid a t 0° C. On the 
basis of the analysis and the molecular weight, Pictet and Chavan 
considered heterolevulosan to  be a fructose anhydride, and di- 
heterolevulosan a difractose anhydride, b u t they made only cer
tain  suggestions as to the  chemical structures, based on analogies 
and unsupported by experimental evidence. Mathews and Jack
son repeated Pictet and Chavan’s work and confirmed their ob
servations, b u t did not study the nature of th e  products. About 
the same time, Schlubach and Behre (40), by treating fructose 
with liquid hydrogen chloride a t  room tem perature, obtained a 
difructose anhydride which they showed to be a pyranose deriva
tive, with a dioxane ring:

H 2
/C l—0

H
H  H O

H2 C«—C6—Ct—Cs— C2< /v
I O 0  H  I X )—C , y  
I H  H  H 2
1------------ 0 -----------1

- o -

H  H 
H  0  0

C2 '—C31—('< I—C5 ' 
O H  H
H

C6- H2

This compound may exist in a t least three different modifica
tions: a,a, a,IS, and /3,/3. Still further modifications are pos
sible, depending on whether carbon atom  1 in one fructose unit is 
linked with carbon atom 1' or with carbon atom 2 ' in the other 
fructose unit.

Mathçws and Jackson did not carry out fermentation experi
mentation experiments nor did they discuss the possible relation 
between the fructose anhydrides and the glutose of Lobry de 
Bruyn and Alberda van Ekenstein. They merely concluded th a t 
the well-known reversion products in cane molasses probably 
consist of the same anhydrides. The term  “reversion product” 
was first introduced by Wohl (49) for the sugar anhydrides formed 
when highly concentrated fructose or invert sugar solutions are 
heated in the presence of acid. He anticipated M athews and 
Jackson’s observation th a t a minimum of reversion products is 
formed a t a definite acidity; he also found th a t a t low sugar 
concentration the reversion products are hydrolyzed by acid. 
This indicates an equilibrium between reversion and hydrolysis, 
depending on sugar concentration, acid concentration, time, and 
temperature, provided no further decomposition of the primary 
reversion products has taken place.

Wohl also discovered th a t glucose is much more stable than 
fructose. Englis and Hanahan (10) showed recently th a t in pure 
aqueous solution glucose can be autoclaved for 30 m inutes a t 
15 pounds pressure per square inch w ithout detectable change.

However, in the presence of certain impurities, such as 
sium dihydrogen phosphate or ammonium chloride, a t pH •
6.6, it is partially transformed to  fructose, and a t the same time 
“some ketose other than  fructose, with dextro or less levorotation 
than  fructose” is produced. Phosphates and other salts are al
ways present in sugar cane products, and it  is possible th a t under 
m anufacturing conditions the glucose is partially converted into 
fructose, bu t probably to a lesser extent than  observed by Englis 
and H anahan who employed a  much higher tem perature, al
though the pH  is in about the same range. The “ketose other 
than  fructose” mentioned by them  is evidently glutose.

All the previous work here related indicated th a t  the unfer
mentable reducing substances in cane molasses should contain 
fructose anhydrides. The next problem was to  ascertain the 
chemical nature of the unfermentable products formed when a 
fructose sirup is heated under mildly acid conditions, as prevail in 
sugar m anufacture.

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

In the first experiments an 80% fructose solution was gently 
boiled under reflux for 16 hours. Then it was diluted to 7% 
and fermented with 3 grams of Fleischmann baker’s yeast per 
gram of sugar. After standing 3 days a t room tem perature, the 
yeast was removed by filtration, and the filtrate clarified with a 
slight excess of neutral lead acetate solution. The precipitate 
was removed and the filtrate deleaded with hydrogen sulfide. 
The resulting filtrate was concentrated in vacuo a t 50-60° C. 
In  a typical experiment 300 grams of fructose gave 130 grams of 
unfermentable solids in the residual solution. The sirup ob
tained was freed of water by repeated distillation with ethanol- 
benzene mixtures.

The water-free sirup was found to  be soluble in m ethanol but 
insoluble in acetone. I t  was therefore dissolved a t room tem
perature in a minimum of anhydrous methanol, and the solution 
was poured in a thin trickle into a large volume of dry acetone 
which was vigorously stirred. The precipitated substance was 
rapidly filtered on a Buchner funnel, washed with acetone and 
then vacuum-dried at 60° C. The solid was creamy white and 
very hygroscopic, and reduced Fehling solution. I t  was stored 
in a ground-stoppered bottle over phosphorus pentoxide in a 
vacuum desiccator.

An a ttem pt was made to  purify the solid by redissolving it in 
m ethanol and reprecipitating it in acetone; a considerable por
tion of the substance did not go into solution in the methanol 
whereas previously it had been abundantly soluble. Repetitions 
of this purification process with new, acetone-precipitated mate
rial yielded increasing am ounts of the alcohol-insoluble substance. 
This behavior recalls the observation of P ictet and Chavan that 
heterolevulosan, which is soluble in alcohol, readily dimerizes to 
diheterolevulosan, which is alcohol insoluble. M athews and 
Jackson also concluded from their experiments th a t both mono
mer and dimer may be formed simultaneously. W ith the con
version of the monomer into the dimer, the reducing power de
creases; Spoehr and Strain (43) found th a t when glutose is 
treated repeatedly with yeast, and the solution after each fer
m entation is heated to  80° C. for 15 minutes, the copper reduc
tion gradually diminishes.

To preclude the possibility of incomplete fermentation, P.P. 
Regna was requested to  carry out the yeast trea tm ent of a new 
batch of fructose sirup. A solution of 730 grams of pure fruc
tose in 230 grams of distilled water was gently refluxed for 16 
hours. After cooling, it was carefully neutralized w ith calcium 
hydroxide and filtered. Addition of 6 liters of m ethanol pro
duced a small quantity  of gummy precipitate which was filtered 
off bu t not further investigated. I t  was probably W ahl's (49) 
levulosin, (CeH^Os),. The filtrate was evaporated in vacuo to 
remove the methanol, diluted to  7 liters w ith distilled water, 
sterilized, and fermented for 6 days with yeast. The product was 
filtered, and the alcohol removed by distillation in vacuo. The 
solution was again made up to 7 liters, sterilized, and treated 
with fresh yeast for 4 days a t the end of which tim e there was no 
further evolution of carbon dioxide. After filtration the solution 
was concentrated in vacuo to a weight of 400 grams and returned 
to  the writers.

The sirup was dried by repeated distillation w ith ethanol and 
benzene, in the final stage with absolute alcohol and benzene 
The dried m aterial was dissolved in hot anhydrous m ethanol fil
tered rapidly through a Buchner funnel, and poured with rapid 
stirring into 10 volumes of dry acetone which precipitated a  pale 
yellow solid. The acetone was quickly decanted and the moist 
solid transferred to a vacuum-drying oven heated to  60° C for a



preliminary drying. I t  was then placed in an Abderhalden dryer 
where it was further heated over phosphorus pentoxide a t the 
tem perature of boiling chloroform and 1 mm. pressure.

The specific rotation of the  product obtained in the earlier 
work was -2 8 .3 °  (c =  1.5335 in water); th a t of the new batch 
—23.2° (c =  0.2981). The copper reducing power by the M un
son and W alker m ethod was 7.4 and 13.9%, respectively, of th a t 
of fructose. The molecular weight of the second preparation, 
determined by the freezing point m ethod in water, was found to 
be 206, an indication th a t it  contained about three parts of the 
monomer to  one of the dimer.

ACID H Y D R O L Y SIS O F U NFERM ENTA BLE M ATERIAL

If the unfermentable m aterial consists of fructose anhydrides, 
as suggested by the work of M athews and Jackson, its levorota- 
tion and reducing power should, upon treatm ent with dilute 
acid, increase by conversion into fructose. W hen its solution 
was heated w ith hydrochloric acid to  60° C. under the conditions 
used in inverting sucrose according to  Jackson and Gillis (23) t 
the specific rotation increased from —28.3° to —31.1°, or about 
10%. W hen the acid solution was heated to 100° C. for 1 hour 
the specific rotation rose to  —65.6°. W hen the heating period a t 
100° C. was extended to  4 hours, the specific rotation dropped 
again to  —24.9° because of decomposition. Similarly, hydroly
sis according to Jackson and Gillis increased the  reducing power 
from 7.4 to  14.3% of th a t of fructose, and heating to  100° C. for 4 
hours to  28%. The original levorotation of the unfermentable 
material and its slow hydrolysis by acid are characteristic of the 
fructose anhydrides described by P ic te t and Chavan and Schlu- 
bach and Behre. P ictet and Chavan reported th a t heterolevu- 
losan is nonreducing, bu t they m ay not have boiled with Fehling 
solution long enough to  obtain a precipitate of cuprous oxide. 
The presence of a reducing substance was confirmed by osazone 
formation from the unfermentable m aterial.

O SAZONE FROM  U N FERM ENTA BLE M ATERIAL

T reatm ent of the unfermentable product with phenylhydrazine 
hydrochloride and sodium acetate in a boiling water ba th  under 
the usual conditions slowly produced an osazone which, when re- 
crystallized from 50% alcohol, had a melting point of 194° C. 
Repeated crystallization from 50% alcohol did not alter the 
melting point of this substance whose crystalline form does not 
resemble th a t of phenylglucosazone. Recrystallization from 
isopropyl alcohol was tried next. The osazone was suspended 
in water, the suspension boiled under reflux, and isopropyl alcohol 
added until the crystals dissolved completely. The solution was 
filtered hot through a hardened filter, with the addition of de
colorizing carbon. Upon cooling overnight in a refrigerator, 
crystals formed which had a melting point of 194.5° C. After 
four additional recrystallizations by the same method, but 
w ithout the use of carbon, the melting point was 195° C. But 
a fter two more recrystallizations it  fell to  165° C. The writers 
(60) had previously obtained an osazone of melting point 194.5- 
195° C. from the unfermentable residue of an invert sugar sirup 
which had been kept a t 55° C. for 10 weeks. Reindel and Frey 
(37) also reported an osazone of the same melting point, pre
pared from the unfermentable residue of a cane molasses. The 
melting point of glutosazone, according to  Lobry de Bruyn and 
Alberda van Ekenstein, is 165° C. Nagel (32) found the same 
melting point for glutosazone, b u t upon recrystallization it fell to 
140° C. Spoehr and W ilbur (44) reported 163-166° C.; bu t in 
further work Spoehr and Strain (43) found th at, after each 
«crystallization, glutosazone becomes more soluble and its 
melting point decreases. A preparation difficultly soluble in 
alcohol gave a melting point as high as 207° C. Coltof (9) ob
served melting points ranging from 97° to 157° C. for the osa- 
zones of various glutose preparations; the unfermentable residue 
from a  cane molasses produced an osazone melting a t 163° C. 
The extreme range of melting points reported for different glutos
azone preparations demonstrates th a t they m ust have con
tained impurities. The solution of this problem was finally found 
by utilizing the observation of Benedict, Dakin, and West (4) 
th at, when glutose is treated with phenylhydrazine in weakly 
alkaline solution, the osazone of methylglyoxal is produced. 
Since this osazone is readily soluble in dry acetone, it was decided 
to extract the glutosazones with this solvent. When osazones 
melting a t 165° and 195° C., respectively, were simply washed 
with dry acetone, the melting point of both went up a t once to 
209-212° C., th a t of glucosazone. A mixture with authentic
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glucosazone gave the same melting point. To confirm this re
sult, the crude unfermentable residue from the heated fructose 
sirup was treated directly with phenylhydrazine. When the re
sulting osazone, contaminated with tarry  m atter, was washed 
with d iy  acetone and recrystallized once, glucosazone of the cor
rect melting point was obtained. For final identification, the 
osazone was converted by the method of H ann and Hudson (16) 
to  the osotriazole which melted correctly a t 195-196° C.; upon 
mixing with osotriazole prepared from glucose, the melting point 
remained unchanged.

Work on the substance or substances which contam inate the 
glucosazone is under way. They m ay be formed during the 
reaction with phenylhydrazine, b u t they m ay also be by-products 
of the yeast fermentation or derived from the fructose by purely 
chemical reactions. Possible impurities other than  m ethylgly
oxal are: acetylmethylcarbinol, identified by Browne (7) as a 
by-product of fermentation of cane juice, or glucic acid (reduc- 
tone), formed by the effect of alkali on glucose or fructose during 
juice clarification; hydroxymethylfurfural; diacetyl or acetol.

In  connection with a somewhat different problem, dealing with 
the effect of hydrogen fluoride on sugars, a  low-melting phenyl- 
osazone has been prepared from the purified unfermentable 
product of glucose thus treated. This osazone (melting a t 
112° C.) yielded, on recrystallization from 30% ethanol, lemon- 
yellow needles which melted, bu t no t sharply, a t  125° C. In 
stead of attem pting to  purify the osazone further by recrystal
lization, the product was converted directly to  the osotriazole. 
This melted sharply a t  195-196° C. and gave exactly the same 
mixed melting point, which showed th a t it was glucose osotria
zole.

According to  Lobry de Bruyn and Alberda van Ekenstein, 
galtose is obtained from galactose in the same m anner as glutose 
from glucose. Since glutosazone has been shown to be an im
pure glucosazone, i t  is probable th a t galtosazone is an  impure 
galactosazone, and th a t galtose, like glutose, is no t another hex- 
ose. Significantly, the m elting point of galtosazone was found 
to be 182° C.; th a t of galactosazone has been variously reported 
in the range from 182° to 201° C.

The glucosazone just identified m ust have been formed from 
a fructose derivative which, judging from previous work, is 
evidently some anhydride. A large number of in tra- and inter- 
molecular anhydrides are theoretically possible, and several of 
them  have been reported in the literature. The following experi
ments were carried out to  establish the structure of those present 
in our unfermentable product.

METHYLATION O F UNFERM ENTA BLE M ATERIAL

Seventy-five grams (dry weight) of the unfermentable sirup 
was fully methylated, as in previous work (61), by treating it in 
three 25-gram portions with m ethyl sulfate and then with methyl 
iodide and silver oxide. The resulting product was distilled a t 
1.1 mm. pressure, the bulk of the distillate going over a t 216° C. 
There was a low-boiling fraction consisting mainly of m ethylated 
glycerol, from the glycerol formed as a by-product of the fer
mentation. The yield of high-boiling material was 28.6 grams. 
I t  reduced Fehling solution only slightly on boiling. However, 
when first hydrolyzed with dilute hydrochloric acid, the resulting 
solution vigorously reduced Fehling solution.

An analysis of the sirupy m ethylated product gave C =  52.74, 
H =  8.04 (calculated for trimethylfructose anhydride or hexa- 
methyl difructose anhydride: C =  52.94, H =  7.84). The 
molecular weight in camphor was found to  be 350 and 368, inter
mediate between th a t of the monomer (204) and the dimer (408); 
this indicated th a t it  was a mixture of the two, the dimer pre
dominating. This was not unexpected because of the tendency, 
previously mentioned, of sugar anhydrides to  form dimers, 
which property had also been observed for their benzoylated and 
acetylated derivatives.

The [aIn’ of the sirupy m ethylated product in chloroform was
4- 15.9 (c =  3.0464). Upon standing for five m onths a t room 
temperature, crystals began to form in the sirup. The viscous 
material was diluted slightly with absolute ether, stirred, and al
lowed to  stand in the refrigerator for 2 weeks. The crystals 
were then removed on a small fritted glass funnel, washed with 
absolute ether, and then dissolved in anhydrous methanol.
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T he solution was filtered and evaporated to  incipient crystalliza
tion. The crystals which formed were collected and dried, and 
recrystallized twice from petroleum ether (boiling point, 70-90 0 C .). 
The m elting point was 96° C., unchanged after recrystal
lization. From  14 grams of sirup, 0.41 gram  of crystals was ob
tained; the [a]aD° in chloroform was —41.9° C. (c =  0.9500). 
Schlubach and Behre reported for their hexamethyldifructose 
anhydride a  melting point of 143-145° C. and a  specific rotation 
of —46.5°. The differences in these physical constants indicate 
the  presence of different modifications m entioned previously.

T he structure of the  hexamethyldifructose anhydride was 
proved by hydrolysis to  trim ethylfructose, from which osazones 
were prepared w ithout loss of methoxyl groups; th is showed th a t 
carbon atom s 1 and 2 are not m ethylated. The levorotation of 
the  m ethylated product classes i t  as a pyranose derivative. I t  is 
therefore m ethylated on carbon atom s 3, 4, and 5.

H Y D R O L Y SIS  O F  H E X A M E T H Y L D IF R U C T O SE  A NH YD R ID E

Five grams of the  m ethylated sirup were heated a t  80° C. for 
18 hours with 30 ml. of 1.5 N  sulfuric acid in a glass-stoppered 
Erlenmeyer flask. A t the end of the  heating, the  solution had 
turned dark  brown. Powdered calcium carbonate was added in 
excess and the  m ixture stirred until all the acid was neutralized. 
T he mixture was evaporated to  dryness in a glass dish on the 
water b a th  and placed in a  desiccator over sulfuric acid. The 
powdered m aterial was then  extracted in a  Soxhlet apparatus 
with chloroform. This yielded 2.5 grams of a  pale yellow, vis
cous oil with a  boiling point of 154° C. a t  1.5 mm. pressure. I t  
reduced Fehling solution strongly and readily gave the  Seliwanoff 
test for ketoses. The elementary analysis showed C =  48.62, 
H  =  8.17 (calculated for C«H9Oi(OCHi)8: C =  48.44, H  ■» 
8.46). The [a]aD° in chloroform (c =  1.7036) was —17.7°; in 
w ater (c =  1.4388) i t  was —20.5° initial, —24.2° after 2 days. 
These values compare with Schlubach and Behre’s —55.2® in 
chloroform and —75.3° in water.

The rotation of the trim ethylfructose varies somewhat w ith the 
conditions under which the hexamethyldifructose anhydride is 
hydrolyzed. Two further experiments were made with hydro
chloric instead of sulfuric acid. In  one, 2.5 ml. of 6.4 N  hydro
chloric acid was added to  0.5254 gram  of the m ethylated sirup in 
a 25-ml. volumetric flask, and the volume was completed with 
water. The flask was placed in a  boiling water b a th  for 2 hours 
and cooled to  room tem perature, and 4 grams of silver carbonate 
were added. After filtration the excess silver was removed with 
hydrogen sulfide, and the refiltered solution made up to  100 ml; 
la ]d° =  —13.2° (c =  0.5254). In  the other experiment, 0.4436 
g rp n  of the  m ethylated sirup was hydrolyzed w ith hydrochloric 
acid as in the first b u t was heated for only 1 hour. After stand
ing for 20 hours a t  room tem perature, the  hydrochloric acid was 
neutralized w ith sodium hydroxide. The [a I™, in the presence 
of the sodium chloride, was found to  be —15.6 ° . All three specific 
rotations, although differing somewhat, are in the same range.

OSAZONES O F  3,4,5-TR IM ET H Y LFR U C TO SE

Treatm ent with phenylhydrazine produced a  red, oily osazone 
which could not be crystallized by any m ethod tried. After solu
tion in isopropyl alcohol and drying in an Abderhalden dryer a t 
60° C. i t  analyzed only 13.2% nitrogen, against 14.0% theoreti
cal. All attem pts to  convert i t  in to  a  crystalline osotriazole were 
likewise unsuccessful. For th is reason substituted osazones were 
next prepared.

The p-nitrophenylosazone was made by treating 0.25 gram of 
the trim ethylfructose with 1 gram of p-nitrophenylhydrazine in 6 
ml. of 50% acetic acid plus 0.5 ml. of 99%  isopropyl alcohol. 
The mixture was heated for 30 minutes in boiling water and al
lowed to  stand overnight. The red solid was collected and re- 
crystallized from 50% isopropyl alcohol. Whereas nitrophenyl- 
osazones are generally little soluble in organic solvents, the three 
methoxyl groups greatly increase the solubility of the compound 
which was m oderately soluble even in ether. The brick-red 
osazone analyzed C =  51.36, H  =  5.21, N  =  16.92, 16.98 (calcu
lated for CsiHmOsN«: C =  51.41, H  =  5.34, N  =  17.14). The 
osazone began to  shrink a t 206° C. and melted a t  210° C. I t  
gives the characteristic indigo blue color reaction observed by 
Hyde (19) w ith sodium hydroxide in dilute alcohol.

Identification of the p-nitrophenylosazone by converting it  
into the corresponding triazole according to the directions of 
H ann and Hudson (16) was attem pted; refluxing was continued 
for 6 hours. The solution was filtered to  remove decomposi
tion products and evaporated to  a  small volume. No crystals 
appeared, bu t after standing in the  refrigerator for a  few days, 
large brownish needles formed in good yield. They melted a t 
209° C. Recrystallization from 30% isopropyl alcohol produced 
yellow needles, 1 inch long and melting a t  210-211 ° C. A small

crystal dissolved in alcohol and trea ted  w ith 5
droxide solution gave a  reddish-orange solution. Ih® o

fave C =  49.08, H  -  4.42, N  -  21.47 (calculated: C -  j ji .w . 
[ =» 5.72, N  =  15.90). The [a]»D# in pyridine was + 5  04 (c_ 
1.3200). The presence of a n itro  group in the parapositionseem s 

to  have a  profound influence on the  course of the  reac tion ,_ in
stead of the expected osotriazole, a  cleavage product is obtained 
which energetically reduced Fehling solution as well as io u en s 
silver solution.

The p-bromophenylosazone was prepared according to  the 
directions of van der H aar (15). I t  comes down as an oil, bu t on 
standing over water, i t  gradually solidifies. Recrystallized from 
petroleum ether i t  yields orange-yellow crystals m elting, b u t not 
sharply, a t  100° C. The analysis gave B r =  28.70 (calculated for 
CjiHjjOiNiBrj: B r =  28.65).

O X IDA TIO N  O F  M E TH Y LA T ED  F R U C T O SE  A NH YD R ID E

The conclusion drawn previously th a t  carbon atom s 1 and 2 
in the unferm entable anhydride obtained from fructose are in
volved in the  anhydride form ation has been confirmed by oxida
tion of the m ethylated  product according to  the m ethod of 
Haworth, H irst, and Learner (17):

Five grams of the  constant-boiling m ethylated  anhydride were 
placed in a Pyrex evaporating disn and 72 ml. of 27%  nitric 
acid were added. The resulting m ixture was heated on the water 
ba th  un til the  volume was reduced to  about 10 ml. The reaction 
product was transferred to  a  125-ml. Claisen flask, and distilled 
w ater was added continuously during distillation a t 14 mm., pres
sure. W hen two liters of distillate had  been collected, i t  was as
sumed th a t  m ost of th e  residual n itric  acid had been removed. 
The contents of the distilling flask were washed into a  glass 
evaporating dish and concentrated to  a  small volume on the water 
batn . The m aterial did no t form crystals while standing in a 
refrigerator over the week end. I t  was therefore diluted to 30 
ml. w ith distilled w ater and neutralized w ith sodium hydroxide. 
The solution was trea ted  w ith activated  carbon, evaporated until 
the  salt began to  precipitate, and then  allowed to  stand  in the re
frigerator. A voluminous amorphous solid separated ou t and was 
coUected on a  Hirsch funnel. After drying, the sa lt was purified 
three tim es by  dissolving it  in m ethanol, treating  the  solution 
w ith activated carbon, and evaporating as before. The white 
sodium salt weighed 3.5 grams and vigorously reduced Fehling 
solution. The analysis gave N a =  9.05, 8.96; OCHj =  35.0 
[calculated for C«H#0 ( (O C H j^N a: N a =  8.91, OCHj =  36.0J. 
The [a ]aD° was found to  be —15.4° (c *= 3.8280). T here was no 
m utarotation.

The analysis showed conclusively th a t a  trim ethyl ketogluconic 
acid was formed. If  the  original trim ethylfructose anhydride 
had a  m ethoxyl group on carbon atom  1 i t  would, according 
to Haworth, H irst, and Learner, have been oxidized to carboxyl, 
and a  dim ethyl ketogluconic acid would have been obtained 
as the oxidation product. T his would have happened if carbon 
atom  2 were linked by oxygen w ith carbon atom s 3, 4, or 5. 
The oxidation thus furnishes further evidence th a t  the  anhy
dride oxygen ring links carbon atom s 1 and 2.

W hen a  few crystals of the  sodium salt are ground together 
with an equal am ount of resorcinol and mixed w ith two drops of 
concentrated sulfuric acid, and the  m ixture is carefully heated, 
the  solution turns a  dark  cherry red. Upon washing th e  reaction 
product into about 400 ml. of dilute potassium  hydroxide solu
tion, an  intense purplish-red color is obtained. W hen the mix
tu re  of sodium sa lt and resorcinol is heated  w ith 0.5 ml. of 5 N  
hydrochloric acid in a  boiling w ater b a th  for 2 m inutes and the 
solution then  m ade alkaline with 5 N  sodium hydroxide, i t  turns a 
bright yellow resembling the color of a  potassium  dichromate 
solution. The coloring m atte r acts as an indicator, being color
less in  acid and yellow in alkaline solution; i t  is no t extracted by 
amyl alcohol.

H E X A B E N Z O Y L D IFR U C T O SE  A N H Y D R ID E

Two grams of the  dry, crude anhydro sugar we;e trea ted  in a 
50-ml. glass-stoppered Erlenm eyer flask w ith 25 ml. of freshly 
prepared anhydrous pyridine and 5 grams of benzoyl chloride. 
T he m ixture was shaken on a  machine for 4 hours and allowed 
to  stand 2 days a t  room tem perature. I t  was then  poured with 
vigorous stirring into a  large volume of ice water. T he gummy 
solid which formed was repeatedly washed w ith fresh ice water. 
On further standing under w ater the  m aterial solidified. I t  was
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filtered on a Hirsch funnel, air-dried, and recrystallized from 
m ethanol. The melting point was 116° C. The elementary 

gave C =  68.02; H  =  4.60 [calculated for C12H 14O10 
i ok o ^  =  68.34, H  =  4.68]. The [a] d° >n benzene was

— 125 (c =  1.5200). Although the compound was not dis
tinctly  crystalline, it  is interesting to  note th a t the melting point 
and specific ro tation  agreed closely with the values reported by 
P ic te t and C havan for hexabenzoyldiheterolevulosan (melting 
point 118° C., [a] in benzene -122 .5°).

H E X A -A C ET Y LD IFR U C T O SE  ANH YDRIDE

The directions of H urd and Cantor (18) were followed. The 
anhydride was purified by dissolving in 50% methanol and re- 
fluxing for a few m inutes with activated carbon. The water- 
white filtrate was brought to  a boil, and distilled water was added 
in small quantities until the mixture became turbid  a t the boil
ing point. I t  was found th a t the acetylated compound tends to 
separate out in the  form of thin, plastic sheets, and for this reason 
the  flask was shaken vigorously. This purification process was 
repeated twice. In  spite of the fact th a t the product does not 
form well-defined crystals, its analysis gave values in good agree
m ent with the theoretical: C =  49.72, H  =  5.56 [calculated 
for C,2H 14Oio(CHaCO) u : C =  50.00, H  =  5.56]. I ts  molecular 
weight in camphor was found to  be 579, compared to  576 theo
retical, which snowed th a t it  contained little  or none of the mono
mer. The melting point and specific rotation are compared in 
Table I with previous da ta  in the literature. While the specific 
rotations agree fairly well, there are large differences in the melt
ing points, which indicates the possible existence of several modi
fications.

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  H e x a - a c e t y l d i f r u c t o s e  
A n h y d r i d e

M ethod  of Preparing M .P . of t« ]aD°
A nhydride A cetate, ° C. (Benzene) c Citation

F ructose  and  concd. HC1 a t
0° C. 94 - 4 3 . 5 ° (33)

Fruotoae and  liquid HC1 171-73 - 4 1 . 7 ° i.’ó i (40)
Fructose  heated  in  w ater

soln. 71 - 4 4 . 4 ° 0 .896 Authors

D ISC U SSIO N  O F R E SU L T S

The experiments prove th a t glutose, prepared by heating a 
fructose sirup and removing fermentable sugars by means of 
yeast, is not a 3-ketohexose, as suggested by Lobry de Bruyn 
and  Alberda van Ekenstein, because glutosazone, when freed 
from accompanying impurities, is identical with glucosazone. 
Since glutose gives the reactions characteristic of ketoses, the 
glucosazone obtained from it  m ust be derived from fructose. 
The m éthylation and oxidation experiments have shown th a t the 
reducing substance which yields the osazone is the 1,2-anhydride 
o f  fructopyranose. In  common w ith other hexose anhydrides— 
f o r  example, the fructofuranose anhydride of Schlubach and 
Eisner (41)—this anhydride readily dimerizes to  a  difructo- 
pyranose anhydride, by the opening up of the  anhydride oxygen 
rings and linking between the two fructose units with formation 
of a  dioxane ring. This compound is nonreducing, does not give 
an osazone, and is difficult to  hydrolyze. Glutose, formed from a 
heated fructose sirup, consists principally of a mixture of these 
two fructose anhydrides. The dark color of the glutose indicates 
th a t i t  contains also more complex anhydrides of higher molecu
lar weight (fructose caramel), in addition to  minor quantities of 
other reducing substances, such as hydroxymethylfurfural, 
methylglyoxal, etc.

The difructose anhydride appears to have the same structure 
as th a t prepared by Schlubach and Behre and the diheterolevulo- 
san of P ictet and Chavan. Like the former, i t  consists of two 
fructose units linked together by oxygen bridges between carbon 
atom s 1 and 2 of one unit with carbon atoms 1 and 2 of the other; 
various modifications of this structure are possible. The hexa- 
benzoate of the difructose anhydride prepared by the writers 
has the same properties as th a t of heterolevulosan. The identity

of the monomeric fructose anhydride and of heterolevulosan is 
problematical.

The results obtained by the writers explain the findings of 
Spoehr and Strain (43) th a t glutose can, by the cyanohydrin reac
tion, be converted into a heptonic acid which upon reduction 
yields methyl-ra-butylacetic acid and is therefore derived from a 
2-ketohexose—namely, fructose. They also explain the behavior 
of glutose in the animal body, observed by Benedict, Dakin, and 
W est (4); it is physiologically inert since it is excreted unchanged, 
and it  does not form a hexose phosphate when treated with yeast 
and sodium phosphate because the anhydride ring is evidently 
resistant to biochemical hydrolysis.

Glutose, formed not from fructose alone b u t from cane juice, 
is a much more complex mixture, as will be shown in P a rt II . 
Further experiments are in progress to  ascertain whether the 
unfermentable fructose anhydrides prepared by heating a fruc
tose solution are actually present in cane molasses, as may be 
inferred from the heat treatm ent of cane juice in the factory.

I I .  U N FE R M EN TA B LE R E D U C IN G  SU B ST A N C E S FROM  

I n t e r a c t i o n  o f  R e d u c i n g  S u g a r s  w i t h  A m i n o  

A c i d s  a n d  T h e i r  A m i d e s

Reducing sugars react with amino acids and their amides, such 
as aspartic acid, glutamic acid, asparagine, and glutamine; the 
last two have been isolated from cane juice, and all are present 
in molasses. Ambler (2) reviewed the literature on this subject, 
covering the period up to  1928. M aillard (28), who was the 
first to  study this reaction, found th a t it takes place a t  room 
tem perature b u t much more vigorously if heat is applied, es
pecially when solutions of high concentration are used. Under 
these conditions carbon dioxide is given off, and dark brown to 
black, amorphous substances of varying composition are pro
duced which M aillard term ed “melanoidins” . He suggested 
th a t the first step in the reaction is condensation of the sugar 
with the amino acid or amide, followed by evolution of carbon 
dioxide and further condensation with additional moles of the 
sugar. There is no distinct line of separation between the two 
types of products, b u t for practical reasons they will be discussed 
separately.

PRIM ARY CONDENSATION PR OD U CTS O F R EDUCING SUGARS  
AND AM INO COM POUNDS

Although the condensation of sugars with arylamines, and the 
molecular rearrangements of the resulting products have been 
extensively studied (21), there is only scant information about 
the chemical nature of the substances which are formed initially 
by the interaction of sugars and amino acids. I t  is known th a t 
in the early stages of the reaction no carbon dioxide is given off, 
and little color is formed. Chemical combination between the 
constituents has been deduced by various investigators from 
the observed changes in the chemical and physical properties of 
the reaction mixture. K ostytchev and Brilliant (26), Borsook 
and W asteneys (5), Frankel and Katchalsky (IS), and Agren (1) 
found a reduction in amino nitrogen during the course of the 
reaction, as determined by the m ethods of Van Slyke and of 
Sorensen. Tem peratures as high as 55° C. and varying pH  were 
used in these experiments. Up to pH  10, simple condensation be
tween one mole each of the constituents, with the formation of 
iV-glycosides, was indicated, b u t above th a t point decomposition 
took place and the reaction became more complex. Von Euler 
and co-workers (11) observed changes in the rotation and freezing 
point of the mixture. A considerable increase in the electrical 
conductance of solutions containing invert sugar and sodium 
aspartate  or asparaginate was reported by Sattler and Zgrban
(39). Later, Frankel and Katchalsky (14) studied the pH  changes 
taking place during the reaction. Ripp (38) and also Shiga (42) 
found th a t fructose reacts less readily than  glucose.
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Only four crystalline ¿V-glycosides have been prepared directly 
from the com ponents: alanine glucoside by Irvine and H ynd (20), 
glycine ester glucoside by von Euler and Zeile (12), the calcium 
salt of glycine glucoside by Kuzin and Polyakova (26), and cys
teine glucoside by Ágren (1). These glucosides were found to 
be ra ther unstable and to be readily hydrolyzed, w ith the excep
tion of cysteine glucoside to  which a thiazole structure has been 
ascribed because of its great stability.

All the remaining known condensation products of sugars and 
amino acids have been obtained by M aurer (SO), by von Euler 
and Zeile (12), and by M aurer and Schiedt (31) from the aceto- 
bromo derivatives of glucose or cellobiose and the ethyl esters of 
sarcosine, glycylglycine, or sarcosylglycine, as acetylated ester 
glycosides. Some of the corresponding acid amides have also 
been prepared by treating  the esters w ith ammonia in methanol.

I t  is im portant to  note th a t  the N-glycosides of amino acids 
and amino acid amides reduce Fehling solution and yield the osa- 
zone of the parent sugar. Glycine ester glucoside, derived from 
the lowest member of the amino acid series, was found to be fer
mentable, b u t not the amide of sarcosine glucoside.

E X PE R IM E N T S W ITH G LU C O SE OR FR U CTO SE AND ASPARAGINE

To obtain information on the possible form ation of unferment- 
able nitrogenous condensation products in the factory treatm ent 
of cane juice, the  following experiments were made:

Six grams of glucose or 6 grams of fructose were dissolved in a 
phosphate-citric acid buffer solution of pH  7 to  a to ta l volume 
of 100 ml. In  two further experiments the same quantity  of 
sugar plus 5.5 grams of asparagine (1.1 mole per mole of sugar) 
was used instead of the sugar alone. The solutions were heated 
side by side a t 60° C. for 10 days, during which tim e the color of 
those containing asparagine had darkened much more than 
those w ithout asparagine—th a t is, to about the color of a fac
tory evaporator sirup. Each solution was diluted and com
pletely fermented with a large excess of Fleischmann baker’s 
yeast in a 500-ml. flask; the solution was then clarified with 
neutral lead acetate solution, made up to  the m ark, filtered, de
leaded with dry potassium oxalate, and refiltered. The copper 
reducing power was determ ined in 50 ml. of the final filtrate 
by the Munson and W alker method, and the to ta l nitrogen in 
20 ml. by the K jeldahl m ethod; Table I I  gives the results.

Only a  trace of unfermentable reducing substance, expressed as 
hexose, was formed from the glucose alone, bu t there was a fairly

T a b l e  II. R e d u c i n g  P o w e r  a n d  N i t r o g e n  C o n t e n t  o f  
U n f e r m e n t a b l e  C o n d e n s a t i o n  P r o d u c t s

M g. C u from 50 Ml.
Mg. reducing substance 

calcd. as gluoose or 
fructose, respectively 

Reducing substance as 
%  of sugar originally 
present 

M g. N  in 20 ml.

Glucoee Glucose + Fructose F ructose  +
Alone Asparagine Alone A sparagine

0 .7 154.8 25 .9 101.3

0 .3 7 7 .2 13 .6 54 .6

0 .0 5 12.9 2 .3 9 .2
0 .0 21 .3 1 .4 3 9 .6

2 0 0  25 50 75 3 0 0  25 
MINUTES

Figure 1. R ate o f  H ydrolysis o f  C ondensation Products

large quantity  from fructose alone, as expected. M uch greater 
am ounts th an  from fructose alone were obtained in the  presence 
of asparagine, and in th is case glucose produced more th an  fruc
tose. This makes i t  probable th a t  a considerable p a rt of the un
fermentable reducing substances in  molasses is formed by the 
interaction of reducing sugars w ith asparagine. The small quan
tity  of nitrogen found in  the fermented solution of the  fructose 
alone is probably only apparent, since there were slight fluctua
tions in the blank used for correction. W here asparagine had 
been added, a  substantial portion of the  nitrogen originally 
present (46.7 mg. in 20 ml.) is present in the  solution after fer
mentation. I t  is interesting to  note th a t the  ferm entation res
idue from fructose and asparagine contains more nitrogen than 
th a t from glucose and asparagine, whereas the reducing power is 
smaller.

An additional experiment was made, under the  same condi
tions, with fructose in the presence of aspartic acid instead of 
asparagine. In  this case tne unfermented reducing substance, 
calculated as fructose, am ounted to  only 0.5%  of the  sugar 
originally used, against 9.2% in the  presence of asparagine. 
This is in line with the observation of R ipp (38) th a t  under com
parable experimental conditions 50%  of the nitrogen in aspara
gine reacts with fructose, b u t only 2.6%  of th a t  in aspartic  acid.

No a ttem pt has been made to  isolate and identify the products 
formed in these experiments. T h a t condensation products of 
sugars and amino acids are present in the reaction m ixtures may 
be safely concluded from the work of previous investigators. 
For further information on this point, various analytical methods 
have been used to ascertain whether unferm entable products,

having the same char
acteristics as those 
prepared from the 
pure c o m p o n e n ts ,  
occur in molasses. 
In  one series of ex
perim ents the course 
of the hydrolysis of 
th e  unfermentable 
products listed in 
Table I I  was com
pared w ith th a t  of the 
unferm entable sub
stances in  molasses. 
In  the  second series 
the  correlation be
tween to ta l nitrogen 
and to ta l unferment
able reducing sub
stances in  molasses 
was studied. In  the 
th ird , the proportion 
of th e  to ta l nitrogen 
in molasses th a t is 
still present in  the  
unferm entable m ate
rial was determ ined.

5 0 0
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Figure 2. Rate of Hydrolysis of Unfermentable Reducing Substances in Cane Molasses
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HY D R O LY SIS o f

CONDENSATION  
PRODUCTS

New batches of 
u n f e r m e n t a b l e  
material, similar to 
t h e  p r o d u c t s  in  
Table II, were pre
pared. To dupli
cate factory condi
tions more closely, 
solutions of about 
70° Brix were made 
by dissolving 140 

rams of glucose or 
r u c t o s e ,  respec

tively, in 60 grams 
of Sorensen’s phos
phate buffer solu
tion of pH 5.9, the 
buffer t a k i n g  t he  
place of the ash in 
cane juice. In  two 
further s o l u t i o n s  
the same quantity  
of glucose or fruc
tose and buffer solu
tion, plus 3 grams 
of asparagine, was 
used. This gave 
a b o u t  t h e  s a m e  
ratio of amino acid 
amide to sugar as 
in cane juice. The 
four solutions were 
kept side by side in 
an oven heated to 
60° C. They were 
t h e n  d i l u t e d  to  
about 15° Brix and 
f e r m e n t e d  with a 
l a r g e  e x c e s s  of 
F l e i s c h m a n n  
baker’s yeast. After 
complete fermentation the solutions were clarified with a little 
more than the calculated am ount of neutral lead acetate solution 
and filtered. The excess lead was removed with solid disodium 
phosphate, and the precipitate removed by filtration. Of each 
final filtrate, 500 ml. were concentrated in vacuo to a small volume 
and transferred to a 200-ml. volumetric flask. Ten milliliters of 
concentrated hydrochloric acid were added, and the volume was 
completed with water. For the analyses 10-ml. aliquots of this 
solution were placed in test tubes closed with rubber caps and 
were heated side by side to  65 ° C. in a therm ostat. At the  end of 
measured time intervals one tube a t  a tim e was removed from 
the bath, and the contents were washed into a  100-ml. volu
metric flask containing 2 ml. of sodium carbonate solution (160 
grams of the  anhydrous salt in 1 liter). The quantity  of this 
solution necessary to neutralize the 10 ml. of acid solution had 
been previously determined by titra tion  of the unheated solu
tion. After completing the volume of the neutralized solution, 
10-ml. portions were analyzed by the m ethod of Isbell, Pigman, 
and Frush (US). A Precision electric heater in series with a 
Variac, to control the heating, was used to bring the solution to 
the boiling point in exactly 4 minutes, and boiling was then con
tinued for another 6 minutes. The flask was removed exactly
10 minutes after being placed on the heater; the solution was 
then rapidly cooled and analyzed.

Figure 1 shows the results of these analyses in term s of the per
centage increase in copper reducing power upon extended heating 
with acid. The curves show th a t all of the four products are, 
under the conditions chosen, rapidly hydrolyzed during the first 
45 minutes, after which the hydrolysis slows up more and more. 
In the case of the unfermentable product from glucose alone, 
reversion becomes predominant after the initial 45-minute 
period. In  the same interval the products from fructose alone 
and from glucose plus asparagine have about the same hydrolysis 
rate b u t later the  former gains rapidly over the latter. The 
product from fructose plus asparagine has the lowest initial 
hydrolysis rate, bu t after 75 minutes to tal time its ra te  curve 
crosses th a t of the product from glucose alone. For a com
plete understanding of the reactions an extensive investigation

on the effect of each variable on the kinetics involved will have 
to be undertaken. B ut until m ethods for separating and dif
ferentiating between the unfermentable products formed from 
sugars alone and by their interaction with amino compounds 
become available, only a qualitative comparison can be made 
between the curves in Figure 1 and those showing the hydrolysis 
rate  of the unfermentable substances in cane molasses (Figure 2).

H Y D R O L Y S IS  O F  U N F E R M E N T A B L E  R E D U C IN G  S U B S TA N C ES

Samples of distillery slops were furnished by six alcohol pro
ducers who use cane molasses as raw material. These slops 
were found to  be much more highly buffered than the solutions 
prepared from the pure sugars without and with asparagine; 
consequently the am ount of acid used for the hydrolysis had to be 
increased to  produce approximately the  same hydrogen ion 
concentration as before. The samples of the  slops, which had 
previously been concentrated in the distillery, were diluted with 
water and the  solutions were clarified with a slight excess of 
neutral lead acetate solution. The excess lead was removed 
from the filtrates with disodium phosphate, and the solutions 
were refiltered. Some preliminary experiments had to be made 
with the final filtrates to  secure a concentration of reducing sub
stances falling in the proper range of the  m ethod of Isbell, Pig
man, and Frush. The hydrolysis was then carried out as de
scribed previously; the  only difference was th a t potassium hy
droxide was used for neutralizing the acid instead of sodium 
carbonate, to  avoid the heavy foaming caused by the evolution 
of carbon dioxide. Figure 2 shows the curves obtained in these 
experiments. The qualitative similarity with those in Figure 1 
is evident. All of the curves show a fairly high initial ra te  of 
hydrolysis. After this first period the hydrolysis slows up, and 
in three cases there is noticeable reversion.

The experiments indicate th a t the unfermentable reducing 
substances in molasses behave, upon hydrolysis, much like those 
prepared from glucose or fructose alone or in the presence of 
asparagine. Exact coincidence cannot be expected because of the 
many possible combinations between a t  least two sugars and a t 
least four amino compounds.
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T a b l e  I I I .  T o t a l  N i t r o g e n  a n d  U n f e r m e n ta b l e  R e d u c in g  
S u b s ta n c e s  in  C a n e  M o la s s e s

M olasses Sample 
No.

1
2
3
4
5
6
7
8 
9

10
11
12

Av. of first four 
Av. of second four 
Av. of th ird  four

U nferm entable Reducing 
T o ta l Substances Expressed as
N, %  In v e r t  Sugar, %

0 .2 8  2 .75
0 .3 4  3 .55
0 .3 6  3 .4 8
0 .4 1  4 .2 4
0 .4 9  4 .05
0 .5 0  4.01
0 .5 5  4 .34
0 .6 0  3 .97
0 .6 9  4 .21
0 .7 2  4 .32
1 .06  4 .39
1.27  4 .72
0 .3 5  3 .51
0 .5 4  4 .09
0 .9 4  4 .41

The hydrolysis experiments with distillery slops have an  im
portan t practical application. Since reducing sugars are formed 
by hydrolysis of unfermentable reducing substances as well as 
from unfermentable nonreducing substances (difructose anhy
dride), the yield of alcohol from molasses m ay be expected to  in
crease by a previous treatm ent w ith acid under such conditions 
th a t maximum hydrolysis and minimum reversion are obtained.

RELATION BETW EEN  TO TA L N ITR O G EN  AND U N FERM ENTA BLE  
R EDU C IN G  SU BSTA N C ES

The to ta l nitrogen in twelve final cane molasses of different 
origin was determined by the K jeldahl method, and a t the same 
tim e the unfermentable reducing substances w eredeterm ined by 
the method of the  Java  Sugar Experim ent Station (36). Table 
I I I  shows the results; the molasses are arranged in  the order of 
increasing nitrogen content.

The percentage of unfermentable reducing substances in
creases, in a general way, with the to ta l nitrogen. This is shown 
even better by the averages of Table I I I .  I t  is evident th a t there 
is good correlation between the  two constituents of molasses, 
although these were produced in widely separated parts of the 
world. According to  analyses by Browne (8), 90%  of the Kjel
dahl nitrogen in cane juice, exclusive of th a t coagulated during 
clarification, is present in the form of amino acids and their 
amides (55% as amides, 35% as amino acids), 8%  as soluble pep
tides, and 2%  as ammonia. Hence practically all the Kjeldahl 
nitrogen in the clarified juice occurs in the form of groups which 
are capable of reacting with reducing sugars, and it  may be ex
pected th a t much of the nitrogen in molasses is present in the 
form of nitrogenous condensation products w ith sugars. Baars 
and B ogtstra (3) observed th a t the nitrogen in cane molasses is 
not utilized by the  yeast Torula utilis, whereas nitrogen in the 
form of amino groups is readily assimilated.

COM PARISON O F N ITR O G EN  IN  U N FERM ENTA BLE PORTION TO  
TOTAL N ITROG EN

T he nitrogen in molasses was determined before, and again 
in the residue after fermentation. Table IV  shows the results.

T a b l e  IV. N i t r o g e n  in  U n f e r m e n ta b l e  P o r t i o n  C o m p ared  
w i t h  T o t a l  N i t r o g e n  in  C a n e  M o la s s e s

N  as %  of Molasses

Origin of M olasses Total, A
U nferm entable 

portion, B
B  as 

%  of A

S an to  D omingo 0 .37 0 .22 60
C uba 0 .39 0 .33 85
C uba 0 .4 4 0.21 48
H aw aii 0 .4 5 0 .2 0 45
P uerto  Rico 0 .5 0 0 .4 2 84
C uba 0 .5 8 0.49 85
Florida 1 .07 0 .78 73

From  45 to 85, or an average of 68%, of the nitrogen in the 
original molasses is found in the unferm entable residue. Since 
i t  has not been assimilated by the yeast, i t  is n o t in the  form of 
free amino groups, and the  most probable explanation is th a t 
the amino groups have combined with the reducing sugars. The 
percentage of the to ta l nitrogen present in the unferm entable por
tion is in the range reported by R ipp (38) for the percentage of 
to ta l nitrogen in  the form of asparagine th a t reacts w ith fructose 
(50.0-52.3%) and w ith glucose (80.8-85.1% ). According to 
Browne (6), only 60%  of the amino nitrogen in Louisiana cane 
juice is still found in the molasses; a Cuban molasses th a t had 
been stored for 15 years contained no a-amino nitrogen whatever, 
the ninhydrin reaction being negative.

M ELANOIDINS

Condensation products of the  intensely colored type, prepared 
from sugars and amino acids and containing from less th an  3 to 
over 7%  nitrogen, have either been described by R ipp (38), 
StanSk (46), and W east and M cKinney (48), or have been 
isolated from beet molasses by Stoltzenberg (46) and StanSk (46) 
(“fuscazinic acid” ), from an old cane molasses by Browne (6) 
and from darkened dried apricots by W east and M cKinney (48). 
Some of these products were precipitated by neutral lead ace
tate , others were not. All of those th a t have been tested with 
Fehling solution cause copper reduction. Their behavior to
ward yeast was not investigated.

P r e p a r a t i o n  f ro m  F r u c t o s e  a n d  A s p a r t i c  A cid. T o  ob
tain  information on this point, a condensation product was pre
pared by heating a mixture of 8.42 grams of aspartic acid, 34.19 
grams of fructose, and 7 ml. of water in a pressure bottle  for 
12 hours in a  boiling water bath . The reaction product was 
brownish black and very viscous. I t  was diluted w ith w ater and 
fermented with a  large excess of Fleischmann baker’s yeast a t  pH 
4.6; disodium phosphate was added as yeast food. After com
pletion of the fermentation, the yeast was removed by filtration, 
the solution was treated with a slight excess of neutral lead ace
ta te  solution, and the excess lead was removed from the  filtrate 
with hydrogen sulfide. The unfermented residue reduced Fehling 
solution.

O sazo n es  f ro m  U n f e r m e n ta b l e  C o n d e n s a t io n  P ro d u c t . .  
Depending on the particular m ethod of purification, phenylosa- 
zones of different degrees of purity, as shown by analysis and 
physical properties, were obtained which were exactly like those 
obtained by the writers from the unfermentable residue of heated 
fmctose sirup and by others from various “glutose” prepara
tions. All these osazones were prepared long before the m ethod 
of purification with dry acetone had been discovered, and before 
the paper by H ann and Hudson (16) on osotriazoles had appeared. 
The common characteristic of all these osazones is th a t the m ate
rials from which they were prepared were first fermented with 
yeast and were therefore liable to  be contam inated w ith phenyl- 
hydrazine derivatives of fermentation by-products. The [a] d° 
of an osazone melting a t 184-185° C. in pyridine-alcohol was 
—56.5° initial, —42.1° final; the  corresponding figures for a  
preparation m elting a t  196.5° C. were -7 0 .7 °  and -4 8 .8 ° , re
spectively. They are in the  general range of the  values for 
glucosazone ( —62° and —35° C., respectively) b u t are suf
ficiently different to disclose the  presence of impurities. An 
osazone melting a t 191.5° C. contained 61.20% carbon and 
14.57% nitrogen, while glucosazone has 60.31% carbon and 
15.64% nitrogen. Another osazone, w ith a very low melting 
point (134° C.) contained 68.40% carbon and 19.55% nitrogen, 
approaching the composition of the osazone of methylglyoxal 
(C =  71.40, N =  22.21). There is little  doubt th a t  all these 
osazones were impure glucosazones.

T h io b a r b i t u r i c  A cid  D e r i v a t i v e  o f  M e la n o id in .  T h e  
dark-colored condensation product of fructose and aspartic acid 
was found to  react with thiobarbituric acid in 12% hydrochloric 
acid, which is generally used in the determ ination of furfural. A 
yellow precipitate formed which was insoluble in alcohol and  
cold water, sparingly soluble in ho t water, and readily soluble in 
pyridine and dilute alkali solutions from which it  could be 
precipitated by acid. The reaction product was allowed to 
stand overnight, removed by filtration, washed w ith water, and  
then dissolved in dilute ammonium hydroxide. T he solution 
was filtered, and the  compound was reprecipitated w ith dilute 
sulfuric acid, collected on a  filter, washed with water, and dried
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a t 60 C. in vacuo. All attem pts to  obtain it  in crystalline form 
were fruitless; this was not unexpected since the condensation 
product with furfural is also an amorphous substance.

An elem entary analysis of the compound gave C =  49.40, 
H  =  4.20, N =  6.87, which corresponds to  the empirical formula 
^ H « 0 ‘3N 3S (C =  49.34, H =  4.28, N =  6.91, S =  5.26, O = 
34.21) If the thiobarbituric acid remainder'is deducted from this 
formula, the fructose-aspartic acid condensation product itself 
has the formula CîiH2«OisN, containing C =  52.28, H =  4.98, 
k =  ® =  39.84. This composition agrees closely with

th a t of the  two melanoidins isolated by Browne (6) from cane 
molasses: C =  52.68 and 50.61, H =  5.18 and 4.59, N =  2.71 
and 2.90, O =  39.43 and 41.90. Such a product may be formed 
by the condensation of three moles of hexose and one mole of 
aspartic acid, with the loss of eight moles of water and one of 
carbon dioxide. Actually, it is a complex m ixture of substances 
of unknown^ constitution. If the lead purification is omitted 
in the preparation of the condensation product, the thiobarbituric 
acid derivative has a higher carbon content than  th a t obtained 
after lead clarification.

Although the composition of these hexose-amino acid con
densation products m ay vary widely, depending on the individual 
constituents and the conditions of their formation, there is no 
doubt th a t they form part of the highly colored unfermentable re
ducing substances in molasses.

O T H E R  U N F E R M E N T A B L E  R E b U C I N G  SU B S T A N C E S

S u b s ta n c e s  C o n ta in in g  P h o s p h o ru s .  The presence of a 
strongly reducing, crystalline substance of the empirical for
mula C,oHMOi8N tP  in the unfermentable residue of heated 
invert sugar sirup was announced in the previous paper {51). 
I t  m ust be partly  or wholly derived from the yeast, since the 
m aterial subjected to  fermentation contained neither nitrogen 
nor phosphorus; on the other hand, unheated invert sugar sirup 
treated w ith yeast gives only traces of reducing substances. The 
previous heat treatm ent also seems to  play a part in the forma
tion of the reducing compound.

V o l a t i l e  S u b s ta n c e s .  Earlier ‘work (50) disclosed th a t 
about 10% of the unfermentable reducing substances in molas
ses is volatile. This suggests the presence of methylglyoxal, 
acetylmethylcarbinol, or hydroxymethylfurfural, mentioned 
previously. The nature of these substances is being investi
gated.

C O N C L U S IO N S

In  this study on the nature of the unfermentable reducing 
substances derived from sugar cane products i t  has been found 
th a t the “glutose” of Lobfy de Bruyn and Alberda van Ekenstein 
i s  not a 3-ketohexose, as suggested by them. I t  is a complex 
m ixture of substances whose composition varies with the raw 
m aterial from which it has been prepared and with the method of 
preparation. The unfermentable residue from cane molasses 
contains a small quantity  of d-allulose, as previously reported, 
bu t this sugar has not been found in glutose prepared from invert 
sugar by the m ethod of Lobry de Bruyn and Alberda van Eken
stein. Alkaline reaction is not essential for the formation of 
unfermentable reducing substances, because they are obtained 
also below pH  7. The im portant factor for their formation is 
high tem perature. Considerable quantities are formed a t the 
tem peratures used in cane sugar manufacture. The unferment
able portion of a fructose solution th a t has been boiled under re
flux contains, principally, 1,2-fructopyranose anhydride which 
reduces Fehling solution and the corresponding difructose an
hydride which does not reduce. The glutosazones, of varying 
melting point as well as other physical and chemical properties, 
which have been reported by a number of investigators, are 
merely glucosazone contaminated with impurities; the prin
cipal one appears to be the osazone of methylglyoxal.

The unfermentable reducing substances obtained by heating 
solutions of glucose, fructose, or mannose in the presence of 
alkali have not been investigated because alkalinity is only a 
m inor factor in the formation of unfermentable reducing sub-

stances in cane sugar manufacture, bu t i t  has been found th a t 
glucose, unlike fructose, when heated in aqueous solution, gives 
only traces of unfermentable reducing substances. However, 
when glucose or fructose sirups are heated in the presence of 
asparagine, the principal amino acid derivative occurring in cane 
juice, large quantities of unfermentable reducing substances are 
formed, evidently condensation products of amino acids and 
their amides with reducing sugars. These substances are well 
known, but their exact nature has not been established except 
for some of the simpler members of the series which are considered 
to  be A^-glycosides. Still less is known about the dark-colored 
condensation products (melanoidins) formed by prolonged 
heating a t high temperatures. A melanoidin prepared from 
fructose and aspartic acid yielded impure glucosazone when 
treated with phenylhydrazine. W ith thiobarbituric acid it  gave 
an amorphous precipitate whose composition showed th a t i t  is 
quite similar to a melanoidin prepared previously from cane 
molasses by Browne.

N either the fructose anhydrides nor any of the nitrogenous 
condensation products have been isolated from the unferment
able residue of cane molasses, bu t hydrolysis experiments have 
shown th a t they are essentially the same as those obtained syn
thetically from the constituents. Upon hydrolysis the sugars are 
regenerated, and utilization of this fact may increase the alcohol 
yield in distilleries. The conclusion th a t condensation products 
of reducing sugars with amino acids occur in cane molasses is 
supported by the high correlation between unfermentable reduc
ing substances and to ta l nitrogen in molasses, and further by the 
fact th a t a large percentage of the nitrogen in the original molas
ses is found in the unfermentable portion. In  addition to an or
ganic reducing compound containing not only nitrogen bu t also 
phosphorus, which had been announced previously, volatile re
ducing substances have also been found in the unfermentable 
residue; these are being further investigated.
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Evaluation of Malts for 
Production of Alcohol from Wheat

C. B . T H O R N E , R . L . E M E R S O N , W . J . O L S O N , AND W . H . P E T E R S O N

U niversity  o f  W isconsin , M a d iso n , W is.1

Knowledge of the amylase content of a malt is helpful but 
is not adequate for complete evaluation of the malt. 
Other factors also operate, and probably only a fermenta
tion test can give an accurate evaluation. A possible 
method for evaluating malts for production of alcohol 
from wheat is to employ a 5%  level of malt in a 36-hour 
fermentation. If two fermentations are run, 24- and 72- 
hour periods give both the rate of conversion and the final 
degree of conversion of the wheat starch to alcohol. In 
laboratory fermentations of wheat, malt in the amount of 
8% of the total grain bill, as commonly used in industrial 
plants, was found to be in excess. Many malts at a 5% 
level gave maximum yields of alcohol in 36 hours. Under 
the conditions employed, the limiting factor in speed of 
fermentation appeared to be the action of the malt rather 
than the fermenting power of the yeast.

TH E tremendous increase in the demand for industrial alcohol, 
together with the use of grains as raw m aterial, placed a 

great load on malting facilities and barley supply. In  the indus
trial production of alcohol from starchy mashes, the amylase 
activity of the saccharifying agent is probably of primary concern. 
The index used classically in the evaluation of m alts is the Lintner 
value; other indices are the alpha- and beta-amylase activity of 
the m alt. The final test m ust be the yield of alcohol obtained. 
In th is paper the amylolytic criteria are compared with the re
sults obtained by a suitable fermentation procedure to  determine 
which gives the best indication of the m alt value.

D ark  N orthern Spring W heat No. 2 and Hard W inter W heat 
No. 2 were obtained from the Commodity Credit Corporation 
through the Norris Grain Company. These grains are referred 
to  here as spring wheat and winter wheat. The wheat was ground 
and sifted to  determine the fineness of the  meal. All of it  passed 
through a 2-mm. sieve, 63% passed through a 1-mm. sieve, and 
38% passed through a 0.5-mm. sieve. The moisture content was 
determined by drying the ground m aterial a t  100-105 0 C. for 10-12 
hours. The starch content of the  ground material was deter
mined by the m alt-acid m ethod of the A.O.A.C. (2). The values

1 B arley  and  M alt L abora to ry  and  D epartm ents  of Agricultural B ac teri
ology and  B iochem istry  in  cooperation with the  Office of Production  Research 
and Development.

obtained on the dry basis were 66.7% for spring wheat and 65.8% 
for winter wheat.

A barley m alt set aside by the P abst Brewing Company for 
research on the W heat Alcohol Project was used as a reference 
standard. The other barley m alts, prepared under varying 
conditions of malting, represent a num ber of different barley 
varieties which are produced commercially and some hybrid 
selections which are being developed by p lan t breeders. Tables 
1 and I I  give information on the varieties of barley, m alting condi
tions, and amylolytic properties of the malts.

FE R M E N T A T IO N  P R O C E D U R E

Seven liters of a 22.25% suspension [weight equivalent to 22.25 
grams of dry grain per 100 ml. of m ash or 30.2 gallons per bushel 
(56 pounds) of dry grain] of meal in water were held a t room tem
perature for 15 minutes. The pH  was adjusted to  approximately 
5.6 with 1 N  sulfuric acid. W ith continuous stirring, the mash 
was heated in a boiling water bath  for 1 hour and then cooled, 
and water was added to make up for loss due to evaporation. 
Aliquots of 600 ml. of the mash were autoclaved in 1-liter flasks 
a t 15 pounds per square inch pressure for 1.5 hours with 5 drops 
of Vegifat Y to  prevent loss by frothing.

This mashing and cooking procedure was used for both spring 
and winter wheat, except th a t w ith winter wheat 1 % m alt was 
added a t  the beginning of the procedure to  accomplish liquefac
tion. The spring wheat contained enough amylase to  produce 
autoliquefaction, b u t the amylase was not so abundant in the 
winter wheat.

For conversion the mash was cooled to  65° C. The desired 
am ount of finely ground m alt was made into a 10% slurry with 
w ater and added to each of the flasks of m ash. The flasks were 
shaken vigorously for 2 m inutes and then cooled quickly under 
the water tap.

The pH  was adjusted to approximately 4.8 with 1 N  sulfuric 
acid, and 10 ml. of yeast suspension were added. The yeast (No. 
47 of our collection) was a strain  of Saccharomyces cerevisiae from 
the Lawrenceburg plant of Joseph E. Seagram and Sons, Inc. 
I t  was transferred from an agar slant into a tube containing 10 ml. 
of medium containing 3%  m alt sprouts extract and 5%  glucose, 
and was allowed to grow 24 hours a t 30° C. The contents of the 
tube were then transferred to  a bottle holding 200 ml. of the m alt
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T a b l e  I. E ffec t  o f  L ow M alt L eve ls  on A lcohol Y ie ld s  from  S p r in g  W h ea t  in  72 -H o ur  F erm enta tio ns  w it h  M alts

P roduced  u n d e r  D if f e r e n t  C o nditio ns

Alcohol Yield, ProofM altose

Variety or 
Selection

Wis. Barbless

M alt No.

4270-71
4278-79
4274-75
4282-83

4268-69
4276-77
4272-73
4280-81

4207-09 Trebi 
4228-30 M inn. 11-31-19 
4234-35 K indred 
P ab s t Control

M anch., N. D. 2121

M alting
Moisture,

M alting
Time,

D iasta tic  Power E quivalent Gal./100 Lb.
Location Maltose fl a- 1% 2% 4%

Grown % Days ° L. equiv. am y lase amylase m alt malt m alt

Clinton, Wis. 44 5 146 584 547 37 7.76 8.46 9.38
44 7 145 578 536 42 7.93 8.87 9.57
48 5 159 636 597 39 7.91 8.65 9 .5 7
48 7 168 672 627 45 8.21 9.12 9 .85

Langdon, N. D. 44 5 196 786 746 40 8.21 9 .09 9 .65
44 7 208 830 777 53 8.22 9.10 9.30
48 5 219 874 827 47 8.14 9.13 9.56
48 7 225 902 850 52 8 .37 9.49 9.85

Edgeley, N. D. 48 5 230 920 874 46 8.80 8 .94 9.72
Waseca, Minn. 48 5 89 356 318 38 7 .46 8.43 8 .90
M innesota 48 5 261 1044 956 88 8.91 9 .54 9 .98

183 732 689 43 8.01 8.65 9 .66

T a bl e  II. Am ylase  V a l u e s  on  M alts from  D if f e r e n t  B arley  V a r ie t ie s  a nd  A lcohol Y ie ld s  from S p r in g  W h ea t  w ith

5%  Le v e l  o f  M alt
Alcohol Yield, Proof

M alt No.
Variety or 
Selection

Location
Grown

M alting
Moisture,

%

M alting
Time,
D ays

D iasta tic  Power 
M altose 

° L. equiv.

M altose Equ ivalen t
ß- *-  

amylase amylase

G al./100 Lb. a t  
Ferm enta tion  Time of: 
36 hr. 72 hr.

P ab s t
4228-30

Control 
M inn. 11-31-19 Waseca, M inn. 48 5

183
89

732
356

689
318

43
38

8.95
9.55

9 .84
10.19

4231-33 Olli M adison, Wis. 48 5 139 556 484 72 9 .96 10.39
4219-21 Norwegian Fargo, N. D\ 48 5 248 992 903 89 10.07 10.44
4207-09 Trebi Edgeley, N. D. 48 5 230 920 874 46 8.53 9.87
4222-24 M anch., N. D. 2121 Brookings, S. D. 48 5 230 920 847 73 9 .39 9 .84
4189-91 Atlas D avis, Calif. 48 5 80 320 260 60 8.80 9.84
4174-76 Trebi Fargo, N. D. 48 5 150 600 563 37 8.10 9 .3 9
4195-97 S parton Lincoln, Nebr. 48 5 133 532 486 46 8.63

2070 M anch., N. D. 2121 Lincoln, Nebr. 45 6 220 880 793 87 9 .39 9 .62
4573 M ich. 07930 Waseca, Minn. 45 6 135 540 494 46 9.83 10.23
4574 N ebr. 381162 Waseca, M inn. 45 6 123 492 435 57 9.82 10.18
4575 M inn. 11-31-19 Waseca, Minn. 45 6 1?2 488 415 73 10.22 10.42
4576 M inn. 11-31-45 Waseca, M inn. 45 6 105 420 343 77 10.12 10.43
4577 Wis. Barbless Waseca, M inn. 45 6 150 600 546 54 9.03 9 .98
4578 Wis. H35-7-2-1-3 Waseca, M inn. 45 6 196 784 696 88 9.92 10.36
4579 Wis. H35-7-6-4-1 Waseca, Minn. 45 6 246 984 891 93 9 .9 6 10.45
4580 M anch., N. D. 2121 Waseca, Minn. 45 6 203 812 726 86 10.14 10.42
4581 Tregal Waseca, Minn. 45 6 146 584 532 52 9 .95 10.24
4582 Iow a 15 Waseca, Minn. 45 6 158 632 589 43 9 .80 10.50
4583 Peatland Waseca, Minn. 45 6 179 716 590 126 10.27 10.44
4589 Oderbrucker M adison, Wis. 45 6 161 644 598 48 9 .17
4467 Reno W inter H ays, Kansas 45 6 258 1032 924 108 9 .99
4479 G arton C anada 45 6 159 636 538 98 10.28
4484 Rojo Davis, Calif. 45 6 91 364 325 39 8 .54
4609 Trebi M adison, Wis. 45 6 162 648 612 36 8.91
4620 K indred Madison, Wis. 45 6 226 904 817 87 10.08

sprouts extract-glucose medium and grown for another 24 hours 
a t 30° C. The cells were removed from the medium by centrifu
gation, and were resuspended in water to make a volume of 20 ml. 
Ten milliliters of such a suspension were used to inoculate each 
600-ml. portion of mash. After inoculation the volume was made 
to 750 ml. (equivalent to 17.8 grams of wheat per 100 ml.). Du-

T a b l e  I I I .  E f fec t  of H ig h  M alt L e v e l  on  A lcohol Y ie ld s  
from  S p r in g  W h e a t  in  7 2 -H o ur  F erm en ta tio n s

-Yields, Proof G al./100 Lb. D ry  G ra in -

M alt

P abs t
4228-30
4234-35
4231-33
4207-09

-E x p e rim e n t 1-
5%  6%  7%  8%  5%

-E xp e rim en t 2-

10.32
10.28
10.60
10.27
9 .85

10.29 
10.44 
10.42
10.29 
9 .87

10.45
10.33
10.33 
10.29
9 .54

9 .95
10.51
10.60
10.23
10.15

10.00
10.21
10.52
10.39
10.03

6%
9 .94

10.29
10.40
10.31
10.06

7%  8%

9.93 
10.16

1ÓÜ9 
10.17

9 .92
10.01
10.33
10.25
10.10

T a b l e  IV . A lcohol Y ie l d s  from  W in t e r  W h e a t  w it h  5%  
M alt“ i n  36 -H o ur  F erm en ta tio n s

Proof Gal./lOO Lb. D ry  Grain
M alt No.

P a b s t  
4467 
4479 
4484 
4577 
4580 
4589 
4609 
4620

a Of the  5 %  to tal, 1% was P ab s t m alt used for preconverting.

E xp t . 1 E xpt . 2

9 .31 9 .26
9.77 10.21

10.38 10.47
8.66 8 .63
8.79 8.63
9.92 10.16
8 .77 8.98
8 .80 8.86

10.21 10.16

plicate 350-ml. aliquots were placed in 500-ml. Erlenmeyer flasks. 
A scrubber, consisting of a glass tube leading into an 8-inch test 
tube, about three fourths full of water, was attached to each of 
the flasks to catch the alcohol carried over during the evolution of 
carbon dioxide. The flasks were incubated a t 30° C. for the 
desired time with occasional shaking.

A t the end of the fermentation period the contents of each 
flask were diluted to 500 ml. with the water from the scrubber 
tube and more tap  water. A 200-ml. aliquot of the diluted mash 
was placed in a Kjeldahl flask, and about 95 ml. distilled off. This 
distillate was diluted to 100 ml., and alcohol was determined by 
means of a W estphal balance. Weight of alcohol was read from 
a curve made with known solutions. Yields were calculated as 
proof gallons of ethyl alcohol per 100 pounds of total dry grain.

The results of duplicate fermentations (duplicate flasks in the 
same run) agreed closely. The data  are not given in the tables, 
but such flasks usually checked within 0.05 proof gallon per 100 
pounds of dry grain. The results obtained with a malt in succes
sive runs did not check so well. The variation was of the order 
of 0.0 to 0.5 proof gallon per 100 pounds of dry grain. Tables III 
and IV give data for two runs a t  different times.

EVALUATION O F  M A L TS

A l c o h o l  Y i e l d s  f r o m  S p r i n g  W h e a t .  Various m alts differ 
in rate as well as in ultim ate degree of conversion of wheat starch. 
Therefore, a method for evaluating m alts should provide for com
parison of these factors. The reduction of the quantity  of malt 
to a limiting level or the use of short fermentation times are two 
evident procedures. Several fermentation experiments in which
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T a b l e  V. E f f e c t  o f  L e n g t h  o f  F e r m e n t a t i o n  T i m e  o n  
A l c o h o l  Y i e l d s  f r o m  S p r i n g  W h e a t

Yield, Proof G al./100  Lb. D ry  G rain  after  
F erm en ta t io n  for:

M a lt  No. 24 hr. 36 hr. 48 hr. 72 hr.
A . 8%  M alt Level

P ab s t 8 .50 9 .5 0 9.71 9.81
4228-30 9 .17 9 .8 5 10.00 10.19
4234-35 9 .74 10.06 10.17 10.25
4231-33 9 .81 10.15 10.19 10.18
4207-09 7 .7 7 8.91 9.41 9.73
4222-24 9 .3 9 10.00 10.10 10.16
2070 9 .0 0 10.00 10.26 10.26
4189-91 8 .9 5 10.00 10.26 10.26
4195-97 8 .5 4 9 .4 7 10.10 10.20
4174-76 7 .7 5 9.32 9.85 10.00

B. 5 %  M alt Level

P ab s t 7 .5 4 8 .9 5 9 .72 9 .8 4
4228-30 8 .36 9 .5 4 10.09 10.18
4231-33 9 .6 0 9 .‘95 10.28 10.39
4219-21 9 .66 10.07 10.32 10.43
4207-09 7 .09 8 .5 2 9 .3 8 9 .86
4222-24 7 .96 9 .39 9 .8 4 9 .84
2070 7 .2 6 9 .3 9 9.46 9 .62
4189-91 7 .7 5 8 .8 0 9 .45 9 .84
4174-76 5.17 8 .1 0 8.71 9 .39
4195-97 6.72 8 .6 3 9 .3 2

m alt level and fermentation tim e varied were carried out to deter
mine the most suitable combination for comparing malts. Pabst 
m alt was used as a control throughout.

A yield of 10 proof gallons of alcohol per 100 pounds of total 
dry grain was taken as a reasonable final standard in evaluating 
the fermentations. Such a yield was obtained regularly when 
proper conditions were observed and has been reported for the 
same batch of spring wheat by several alcohol producers.

Table I  shows the alcohol yields obtained with several malts 
a t  levels of 1, 2, and 4%  and a  fermentation time of 72 hours. 
The yields are averages of two runs. From approximately th irty  
m alts tried in this manner, da ta  were also arranged to  show the 
influence of m alting conditions on alcohol yields. The relation 
will be discussed later. None of the fermentations with these low 
levels of m alt reached the standard yield of 10 proof gallons.

Table I I I  presents results obtained with higher levels of m alt 
(5, 6, 7, and 8% ) in 72-hour fermentations. Two of these were 
new malts. The yield of 10 proof gallons was obtained with all 
levels. Therefore levels above 5%  appeared to be excessive in a 
72-hour fermentation.

Table VA shows the effect of shorter fermentation times with a 
m alt level of 8% . None of the fermentations reached the stand
ard yield of 10 proof gallons before 36 hours. The data  in Tables 
I I I  and Y A  seem to show th a t a concentration of m alt less than 
8%  and a time of fermentation shorter than 72 oi even 48 hours 
would give the best conditions for evaluating a malt. To test 
this assumption, fermentations with 5%  m alt for various periods 
were tried. Table VS gives averages of two runs. The figures 
show th a t the earliest time a t  which any of the fermentations 
reached a  10-gallon yield was 36 hours. A t 48 hours three of the 
fermentations reached this figure and two came within 0.3 gallon 
of it. A t 72 hours three more fermentations were close to  the 
standard figure. The three fermentations yielding 8.4 gallons or 
better a t  24 hours all reached a 10-gallon yield in 48 hours.

Table V B  seems to indicate that, if a single fermentation is to 
be relied on to  evaluate a malt, a 5%  concentration and 36-hour 
period are best. These conditions perm itted some fermentations 
to  reach the 10-gallon level bu t were rigorous enough to  sort out 
slow fermentations. If two periods are to  be used in rating the 
m alt, a 24- and a 48-hour fermentation give a better basis for ra t
ing. If  i t  is assumed th a t industrial practice calls for fermen
tation  lasting approximately 48 hours, three of the m alts qualified 
as excellent, two were good, three rated fair, and one was poor.

Comparison of the da ta  in Table V, A  and B, suggests th a t m alt 
activity was the limiting factor in the speed of the fermentations. 
W ith 8%  m alt the  yield a t 24 hours was from 0.21 to  2.58 gallons 
(average 1.27) higher than  a t the  5%  level. From  these da ta  it

appears th a t if the ra te  of starch conversion could be increased, 
the yeast would be adequate to  convert the  sugar to  alcohol.

A lc o h o l  Y ie ld s  f ro m  W i n t e r  W h e a t .  Two runs were 
made with winder wheat. A to ta l of 5 %  m alt was used of which 
1%  (Pabst m alt) was required for liquefaction. Alcohol deter
minations were made a t  the end of 36 hours. Table IV gives 
results of these fermentations. The yields correlated in most 
cases with those obtained with spring wheat when the same malts 
were used (Tables I I  and IV ). This was expected since the starch 
contents of the two wheats were approximately equal.

A M Y L O L Y T IC  A C T IV IT Y  O F  M A L T S  AND A L C O H O L  Y IE L D S

Table I I  records the characteristics of the m alts in the conven
tional term s used in the m alting industry. D iastatic  activity  was 
determined according to  the Official M ethod of the American 
Association of Cereal Chemists (1). The results are expressed as 
degrees Lintner and maltose equivalent (degrees L intner X 4). 
The a-amylase dextrinizing activity and /3-amylase activity  were 
determined by the m ethods of Sandstedt, Kneen, and Blish (5) 
and Kneen and Sandstedt (3), as modified by Olson, Evans, and 
Dickson (4). The analytical da ta  are given in Tables I and II.

Table I  shows the influence of malting m oisture and germina
tion time on the amylase values of the m alts and the alcohol 
yields. Increased m alting m oisture and longer tim e increased 
the amylase values somewhat and, in m ost cases, the alcohol 
yields. As indicated earlier, alcohol yields were obtained with 
thirty-one m alts a t a  2%  m alting level and 72-hour fermentation 
time. Correlation coefficients were calculated from the d a ta  as an 
aid to interpretation. In  th is experiment alcohol yield correlated 
significantly with both 0- and «-amylase when low m alt concen
trations and long fermentation times were used.

Table I I  presents analytical da ta  on another group of m alts 
representing several different varieties and selections grown a t dif
ferent locations, and the alcohol yields obtained w ith 5 %  m alt a t 
36- and 72-hour fermentations. Significant correlations were 
found between alcohol yields and a-am ylase only a t  the 36-hour 
fermentation. No relation between alcohol yield and diastatic 
power or /3-amylase was indicated. W hen higher m alt concentra
tions and short fermentation times were used, the  relations be
tween alcohol yield and amylase values on the  m alts were differ
ent from those given for the previous series of malts. Although 
only suggestive, the da ta  indicate th a t a-amylase m ay be of more 
importance in the ra te  of ferm entation; in longer fermentations 
a t  low m alt concentrations, both amylase components assume 
importance. W ith a m alt concentration of 5%  and a 72-hour 
fermentation, the values level off sufficiently so th a t no relations 
with the original amylase values of the  m alts are indicated. 
While the amylase activity  of a m alt is informative, i t  alone is not 
adequate for evaluating the m alt for alcohol production; other 
undetermined factors also play an im portant role. Therefore, 
the best evaluation of a  m alt is the determ ination of the am ount 
of alcohol produced in a fermentation with the m alt.
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OCTOBERS HEADLINES
Events during  th e  M onth, of In te rest to 

Chemists, Chemical Engineers, Executives

î êviewed ly the
If O c t o b e r  1. Representatives returned from world tour of U. S. 
military installations urge President T rum an to  m aintain atomic 
bomb secrecy pending report of scientists who directed project. ~  ~  
W ar D epartm ent reveals Germ an scientists are being brought to  
U. S. on voluntary basis to aid in m ilitary research. ~  ~W alter R. G. 
Baker, vice president GE, says no nation other than  U. S. can pro
duce atomic bo m b .------ E igh t government-owned chemical plants
producing synthetic ammonia p u t up for sale or lease by Reconstruc
tion Finance C o rp .------ U. S. Rubber announces fungicide which will
control apple scab, a D D T  formulation four tim es as effective as 
D D T  powder, and a herbicide for weeding large acreages of cereal 
crops.------A. E. Staley Mfg. completes $2,000,000 soybean oil ex
traction p lant. — —Harold Vagtborg, president Midwest Research 
Institu te, tells Mexican-American Conference on Industrial Research 
th a t research in U. S. is destined to  be billion-dollar-a-year industry.

I f  O c t o b e r  2 .  House Committee on P aten ts opens hearings on Ad
m inistration’s bill to  extend tem porarily tim e for filing and acting on 
paten t applications, and for preventing proof of acts abroad with 
respect to making inventions.

If O c t o b e r  3. W ar D epartm ent says new fiber practically equal to 
nylon has been produced in Germany.

I f  O c t o b e r  4 .  President Trum an, in special message to Congress, 
says “atomic force in ignorant or evil hands could inflict untold 
disaster upoh the nation and the world” and urges prom pt creation 
of Atomic Energy Commission. — —Senate and House introduce 
bills to carry out President’s proposals. ~  ~ R . E. Wilson, Standard 
Oil of Ind., tells special Senate committee investigating petroleum 
resources th a t America’s supplies are more than  sufficient to meet 
our needs for generations. — —Corning Glass announces purchase of 
substantial interest in largest glass p lant in Chile. ~  ~President 
T rum an in special message urges Congress to  speed authorization of 
St. Lawrence seaway and power project as necessary to  perfection of 
atomic bomb. ~  ~Presiden t T rum an orders abolition of W PB, its 
replacement by a new Civilian Production Administration, effective 
November 3, and names J. D. Small to head new agency. ~  —Presi- 
dent T rum an orders N avy to seize 26 strike-bound oil-producing and 
refining companies. ~  ~D ow  Chemical plans $15,000,000 expansion 
program a t Freeport, Tex., to  meet anticipated demand for plastics, 
according to  A. P. Beutel, general manager of Texas division.

* O c t o b e r  5 .  Federal Judge F rank L. Kloeb enters order against 
H artford Empire Co., Owens-Illinois Glass, and 11 other glass con
tainer companies to  settle disputes, setting hearing for October 22. ~  
~ W P B  revokes im portant directive controlling war expenditures.

I f  O c t o b e r  7 .  Justice D epartm ent announces termination of civi 
an titru st suit against M erck & Co. following consent judgment in 
which Alien Property  Custodian agreed. ~  —-Toilet Goods Research 
Foundation, Inc., New York City, is created to conduct scientific 
research w ith special reference to cosmetics and toilet preparations. ~  
~  R. J . Dearborn, chairman Committee on Patents, National As

sociation of M anufacturers, says American supremacy in invention 
and technological progress will be endangered by compulsory licensing 
of patents as outlined in bills pending in Congress.

U O c t o b e r  8. Irving Langmuir, associate director of G .E .’s research 
laboratories, a t hearing before Senate subcommittee, warns th a t un
less international organization is set up to  control atomic energy, 
U. S. m ay be destroyed within 20 years. ~  ~Form er President 
Hoover, in address prepared for 50th anniversary convocation of

Clarkson College of Technology, warns against certain types of 
monopolies, labor union rules, and government policies which could 
cripple soientifio expansion. ~  —Supreme Court denies petition of 
Associated Press for reconsideration of 5 to 3 decision which held 
membership by-laws of news agency in violation of Sherman Anti
tru st Act. ~  —Departm ent of Commerce foresees potential $3,000,000
glass m arket in Mexico-------D epartm ent of Commeroe reports listing
on register of patents available for licensing or sale about 400 patents 
owned by individuals, corporations, universities, and others.

If O c t o b e r  9. Research Corp., New York, N . Y., offers $2,500,000
in grants-in-aid for postwar collegiate research.----- 'W PB eliminates
all end-use restrictions on lead in lead chemicals and establishes an 
over-all quota for their production .----- -Kenneth T. Norris, spokes
man for West Coast industrialists and president Norris Stamping and 
Mfg. Co., says President T rum an has given assurance he desires de
centralization of in d u stry .------New Food and Drug Administration
labeling regulations effective today make drugs safer for home 
m ed ica tio n .^  —Secretary of W ar Patterson and M aj. Gen. Leslie 
R. Groves tell Congressional committee th a t commission should 
control atomic bomb. ~  — Harlow Shapley, Harvard, Chas. F. Ket
tering, president American Association for Advancement of Science, 
Harold E. Moulton, perm anent secretary AAAS, and Howard 
Meyerhoff, executive secretary, appearing before Senate subcom
m ittee back long-range program of fundamental and applied re
search through government foundation. ~  —President James B. 
Conant of H arvard and Vannevar Bush, director Office of Scientific 
Research & Development, tell Senate subcommittee it would be less 
dangerous to permit manufacture and sale of narcotics without regu
lation than  to allow unlicensed and uncontrolled experimentation in
atomic energy.-----Libbey-Owens-Ford announces expansion program
by construction of $250,000 research plant.

Tf O c t o b e r  10. Representative Clare Boothe Luce blocks efforts of 
House M ilitary Affairs Committee to reach prom pt agreement on 
atomic energy legislation.

If O c t o b e r  11. House Naval Committee receives indications from 
high naval officers th a t an effective counter measure to atomic bombs 
has been developed. — —Secretary of Commerce Wallace appearing 
before Senate subcommittee backs science foundation bu t says it
should be part of world program .------Niels Bohr in science magazine
contends th a t atomic energy m ust be subject to  international con
trol. — —Francis C. Cary, Hybinette & Cary & Associates, metal 
research engineers, confirms report th a t company has offered to  buy 
and run government-owned aluminum plants in competition with
Aluminum Co. of Am erica.------Senate passes S.J. Res. 100 perm itting
industrial alcohol plants to  produce sugars and sirups while continu
ing production of alcohol.

If O c t o b e r  12. R. J. Dearborn, appearing before Senate subcom
mittee advocates inclusion in national science foundation bill of 
provision th a t grants of fellowships and scholarships be contingent
upon recipients being on emergency call of Government. ------ Lt.
Gen. Lucius D. Clay announces confiscation by the Allies of all I. G. 
Farben properties within Germany. — —Standard Oil of Calif, con
tracts with RFC to  operate major part of government-owned 100- 
octane plant a t Richmond, Calif., for manufacture of premium motor 
gasoline. — —James B. Conant, speaking at annual meeting of 
Association of American Universities, expresses fear th a t colleges 
will lose their productive men if government and industry set up too 
m any research in stitu tes .------D epartm ent of Commerce, Office of
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Publication Board, issues Index No. 1 of available industrial and scien
tific technical reports of p lants investigated or interviews w ith 
G erm an scientists declassified for distribution to  industry.

October 13. Four hundred experts who helped develop atom ic 
bomb in  a sta tem ent released by Robert R . Wilson, member of execu
tive council, on behalf of Los Alamos scientists, say efforts to  keep 
atomic secret would be diastrous.

f  October 14. John W . Thomas, chairm an Firestone T ire & R ub
ber, announces use of first commercial electronic vulcanizer in rubber 
industry in m anufacture of Foamex mattresses.

If O c t o b e b  15. Robert C. Hockett, scientific director Sugar Re
search Foundation, announces foundation has granted awards to tal
ing $38,200 to  eight universities and one sta te  experim ent station 
for research on food values of su g a r.~ '~ H ercu les announces $30,-
000,000 three-year construction program. ~  ~Secretary of W ar 
Patterson and Vannevar Bush urge federal support of scientific 
research in  backing M agnuson bill before Senate jo in t committee. 
~  ~M ath ieson  Alkali in  quarterly  report says capacity of sodium 

chloride p laa t is being doubled. ~  ~ F ranc is C. F rary , director of 
research Aluminum Co. of America, elected to  receive Perkin Medal 
for 1946, Cyril S. Kimball, secretary American Section, Society of 
Chemical Industry, announces.

If O ctober 16. Sam Husband, head of Defense P lan t Corp., tells 
Senators th a t Columbia M etals Corp. has offered to  buy surplus
aluminum plants. ------ R FC  offers two magnesium plants for sale. ~
^A dm iral Wm. R. Purnell, testifying before Senate subcommittee, 

says no nation other th an  U. S. is equipped to manufacture atomic 
bombs. ~  ~Secretary  of N avy Forrestal, testifying before same 
committee, approves establishment of National Research Foundation. 

If O ctober 17. Secretary of W ar P atterson  tells Senate M ilitary 
Affairs Committee country urgently needs unified departm ent of 
national defense which would not draw funds away from technological
research through wasteful duplicating p ractices.------ J . R. Oppen-
heimer, director of atomic research a t  Los Alamos, N . Mex., Robert 
Wilson, of H arvard, and H . J. Curtis, representing scientists a t Clin
ton Laboratories in Oak Ridge, Tenn., appearing before Senate 
committee urge international commission for world curb of atomic 
energy. ~  ^A lum inum  Co. of America offers to  lease and operate 
key un it of government’s $700,000,000 aluminum properties and sell
product to  anyone Government approves.------R FC  offers chemical
p lant formerly operated by Westvaco Products Co., a t Newark, 
Calif., for sale or lease. ~  ~ I .  W. Wilson, Alcoa’s vice president, tells 
Senate Committee on M ilitary Affairs and Postwar Planning th a t 
recommendation of SPB for disposal of government-owned aluminum 
plants would destroy Aluminum Co. of America. ~  ~Surplus 
Property Adm inistrator Symington asks Congress for new directive 
to clarify government’s position in  disposal of aluminum plants.

1  October 18. E astm an K odak says its German plant in Berlin 
outskirts has been dismantled and is in hands of Russians. ~  ~  
S tandard  Oil of Calif, lets contract for construction of new 175-mile 
18-inch oil pipe line to supply its  refining operations on San Fran
cisco Bay a t Richmond. ~  ~Presiden t T rum an says he believes 
government subsidies necessary to continue peacetime operations of
surplus aluminum p la n ts .------ State and Commerce D epartm ents
assign Edwin C. Jahn  to conduct survey of pulp and paper industries 
in Norway, Sweden, and Finland. ~  ~Senate votes to freeze disposal 
of government-owned aluminum plants for 30 days. ~  ~H ercules 
announces plans for construction of $1,500,000 organic chemicals 
and resin p lant near Burlington, N . J.

If October 20. General Eisenhower advises Allies to  destroy I. G. 
Farben empire. ~  ~Eleven American oil companies file with Special 
Senate Com m ittee Investigating Petroleum Resources plea for 
government support of their plans for foreign expansion. ~  ~A  
Chemicals Division directed by Lawrence Brown, assistant director 
of W PB ’s Chemicals Bureau, one of nine industry divisions set up 
under Bureau of Reconversion Operations in Civilian Production 
Adm inistration. ~  ~ P e te r  C. Reilly, president Reilly T ar and 
Chemical Corp., makes $1,000,000 endowment to  N otre Dame 
University, income from which to  be used for fellowships in chemistry 
and chemical engineering.

If October 21. A. L. Viles, president Rubber M anufacturers Associ
a tion of America, says synthetic rubber has perm anently established 
itself as basic new world raw  m aterial. ~  ~ H aro ld  C. Urey, as prin
cipal speaker a t  luncheon of American Scandinavian Foundation, says

only by abolishing atomic bomb and preventing its  m anufacture can 
world escape atomic bomb war. — ~ H enry  W. Chase, chancellor 
New York University, advocates support of college research by 
defense funds. ~  ~ C arl Hallaner, vice president Bausch and Lomb, 
announces $6,000,000 expansion program in  addition to  $6,200,000 
spent during war. ~  ~C harles L. Parsons, Secretary ACS, in letter 
to  W ar Mobilization and Reconversion D irector Snyder, urges freeing 
huge mass of vital scientific and industrial inform ation obtained from
enemy sources.------Army seizes 45 plants, 25 sales offices, and 4
miscellaneous installations owned by I. G. Farben. ~  ~ G E  announces 
100,000,000 volt x-ray machine, most powerful ever made.

If O c t o b e r  22. Corn Products Refining begins $1,000,000 expansion 
program a t  Kansas C ity  plant. ~  ~L ouis Ware, president In terna
tional M inerals & Chemical Corp., announces plans for $2,500,000  
amino products p lan t a t San Jose, Calif. ~  ~P residen t Trum an signs 
legislation extending tim e during which SPB is prohibited from dis
posing of government-owned aluminum plants.

Tf O c t o b e r  23. A bbott Laboratories break ground for $100,000  
building for production of streptom ycin. ~  ~ R ustless Iron and Steel 
Corp. merges into American Rolling Mill Co. ~  ~ D ep u ty  Petroleum 
Adm inistrator Ralph K . Davies says secrets of G erm an oil industry 
are available to  public through L ibrary of Congress. ~  ~ U . S.-held 
foreign oil reserves nearly equal those in th is country, survey filed with 
O’M ahoney Senate Petroleum  Com m ittee shows. ~  ~ W P B  estab
lishes specific controls of tin  and lead scrap and prepared used tin 
cans in the hands of scrap dealers. ~  ~ M onsanto  Chemical announces 
plans for construction of $1,500,000 synthetic caffeine p lan t in St. 
Louis. ~  ~S ix ty  leading scientists, educators, and civic leaders send 
telegram to  President T rum an opposing M ay-Johnson bill. ~  ~  
Charles A. Thomas, vice president in  charge of research for M onsanto 
Chemicals, says long-range postwar industrial progress is threatened 
by conscription of young scientists for armed forces.

I f  O c t o b e r  24. Civilian Production Adm inistrator, John D . Small, 
says W PB policy of industry-governm ent cooperation will be con
tinued, and lists 176 key industry advisory committees to  be consulted 
on reconversion problems including chemicals, forest products, rubber, 
and textiles. ~  ~ L . C. Dunn, Columbia University, a t Senate sub
committee hearing proposes new government departm ent headed by 
scientific director or secretary w ith Cabinet rank.

If O c t o b e r  25. Sir Alexander Fleming, discoverer of penicillin, and 
E . B. Chain and Sir H. W. Florey, his co-workers, to  receive 1945 
Nobel Prize for physiology and medicine. ~  ~ K . T . Compton, 
president M IT , H. De W. Sm yth, of Princeton, and H . C. Urey, 
University of Chicago, a t Senate subcommittee hearing condemn 
secrecy in research activities except in details of bomb manufacture.

If O c t o b e r  26. Association of Colleges and Universities of N . Y. 
asks President T rum an for selective service deferment for science and
engineering stu d e n ts .------ Senator Brien M cM ahon named chairman
of Senate Committee on atomic energy, an 11-member panel.

If  O c t o b e r  27. President T rum an in  N avy D ay speech says dis
cussion of atomic bomb with G reat B rita in  and C anada and later with 
other nations cannot w ait upon organization of United Nations, but 
th a t discussions will not be concerned with process of manufacturing. 

I f  O c t o b e b  28. R. T. Haslam, vice president and director Standard
Oil N. J., says it will require 3 years to  rebuild com pany’s war-damaged
plants in E urope.------GE plans to  spend $280,000,000 for expansion
and research on new products pressing work on atom ic energy.

If O c t o b e r  30. Colonel Bradley Dewey, ACS President-Elect and 
former Rubber Director, tells Senate hearing th a t  control of pro
posed government program for aiding scientific research should be 
entrusted to  board of outstanding scientists and engineers and urges 
th a t the phrase “medical, natural, and social sciences” in the pending 
bill be changed to its original form— “m athem atical, physical, and 
biological sciences” . Roger Adams, Chairm an of the ACS Board 
of Directors, appearing before same committee urges establishm ent of 
a control board of competent men, a m ajority  to  be tra ined in science. 
~  ~H ouse M ilitary Affairs Com m ittee approves, 17 to  10, bill estab

lishing 9-man commission with power over atomic research.

If O c t o b e r  31. President Trum an says entire field of atomic energy 
and no other subject is on agenda of his forthcoming discussion 
w ith Prim e M inisters Atlee and Mackenzie-King, and denies rumors 
th a t President Roosevelt and W inston Churchill made secret agree
m ent a t Quebec for peacetime control of atomic bomb.
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Chemical plants built for war should 
be maintained for postwar usefulness 
and a» insurance against aggression. <I^£)i4cit*£ed lit C^Latles î )w en t o w n

h e  readers of this column are familiar with the government’s 
/  program of new plant construction carried out during the 

last three years. No one will contest the fact th a t these plants 
have served a  satisfactory purpose. M ost of them  have seen 
an active operating life of less than  two years; a few have had 
over three full years of capacity production. In  the main, huge 
sums of money were spent on them. There are several hundred 
plants which'cost in the neighborhood of three quarters to  two 
million dollars; many, between ten  and th irty  million dollars; 
and some, well over one hundred million dollars. These are 
impressive figures, even in wartime. Never has new productive 
construction been completed and operated on such a scale cJ we 
have recently witnessed in the United States. Most of the new 
chemical plants are separate projects, but some are mere addi
tions of odd pieces of equipment to  privately owned plants—for 
example, the Defense P lant Corporation’s alcohol plants.

Now these plants m ust be disposed of and in a practical, 
th rifty  manner. This problem was anticipated long before the 
war ended, b u t relatively few policies for proper disposition 
have been adopted. To discuss these plants in the abstract or 
collectively serves no useful purpose. The nature of the plants 
and the products they were built to  produce vary so widely th a t 
each m ust be discussed on its own merits. This column is mainly 
concerned w ith a logical, useful disposition of the chemical plants.

After the  last war m any of the larger chemical plants were 
dismantled prom ptly and completely. After the  equipment was 
demolished, or a t  best removed to  storage, the buildings were 
torn down. This m ay have been a logical move a t th a t time. 
Since those days we have seen th a t aggressor nations rise again 
to plan wars, and th a t each succeeding war is carried on with 
increased brutality . We believe th a t all signs point to  the fact 
that some day we will not be able to  prepare in tim e to  avoid 
complete disaster. Therefore the philosophy regarding the 
m ajor chemical plants which seemed sensible after the first war 
must not be perm itted now. These plants represent the most 
modem technology. Their usefulness in m any lines cannot be 
overestimated, particularly as a restraining influence on aggres
sors who will hesitate to  s ta rt a war if they know we are fully 
prepared. Except for one unfortunate experiment, the Navy 
has not demolished its fleets a t  the end of any war. If the Navy 
does no t sink its battleships just because a war is over, it is no 
more logical for the country to  destroy its large chemical plants. 
The United States, therefore, should m aintain its position as a 
nation fully prepared for war. As far as practicable all the War 
D epartm ent’s productive capacity should be retained. If a 
lasting peace is possible, this step will justify the maintenance 
of these plants and solve the problems of proper disposition.

Chemical plants built for the Government but operated by 
private companies are a minor disposal problem. Generally the 
companies which built these plants have plans for their peace
time use. In  m any cases such plants contain more modern 
equipment than  the regular manufacturing facilities of the agent 
company. I t  is therefore not much of a problem for such in
dustries to  absorb the wartime plants a t a reasonable return  to 
the Government. Our general civilian economy and scale of 
living will profit by such a course.

Plants built for the War D epartm ent to produce strictly war 
materials represent a more difficult problem. Explosive plants 
are complicated and extremely specialized. Safety requirement? 
in manufacturing operations have led to wide separation of 
relatively small p lant units. In  addition, there are large cement 
barriers between separate plant buildings and between major 
pieces of equipment. The explosive plants scattered over the 
country are built in the form of “lines” , fairly well connected by 
a continuous sequence of equipment which converts toluene or 
cotton into the final explosive. These highly specialized plants 
will be extremely difficult to modify for the production of other 
chemicals, and they far exceed peacetime needs for explosives. 
Nevertheless they should not be demolished as were similar 
plants after the last war. Let us look a t their construction costs. 
The records indicate th a t sums spent in acquiring the site for 
the plant, making access roads, fencing the property, and leveling 
and grading to  make the site suitable for erection and installation 
of equipment has, in almost every case, amounted to  from 50 to 
55% of the to ta l cost of the completed plant. In  other words, 
half the cost of these enormous investments went into developing 
a place to  build a plant. M any argue th a t the cost of m aintain
ing these government plants so they will be usable when war 
clouds gather is prohibitive. The point we are trying to  make 
here is th a t, if these plants are locked up and depreciation is 
controlled as far as possible by simply closing the buildings, 
making them tight, and preventing access of weather and in
truders, 50% of the original investm ent can always be realized. 
Of course the plants should first be thoroughly cleaned, and all 
m etal should be protected. Corrosion undoubtedly will be rapid 
enough so th a t in fifteen or tw enty years the equipment in the 
plants will have relatively little  value. Notwithstanding, this 
policy of retaining rather than  demolishing these plants will 
still salvage, w ithout any annual expense to  the Government, 
over half of the original investm ent and construction time. I t  
is the writer’s opinion th a t if these plants were to  be revamped 
and p u t into operation twenty years from now, although new 
parts and much new equipment would have to  be installed, the 
salvage value would am ount to  two-thirds of the original cost 
of the plant. Another im portant factor is time. In  practically 
all of the large government plants more than  50% of the total 
time for completion was consumed in acquiring and preparing 
the site for building. T h at tim e saving m ay be needed desper
ately when the next th rea t arises. There appears to  be ample 
justification for the retention of these plants by the Government

This course, however, need not be a burden to  the taxpayer, 
and the creation of a few essential jobs is even desirable. Most 
of the explosive plants are equipped w ith a modem sulfuric 
acid p lant and a  modern, efficient nitric acid plant. The projects 
are located fairly well to  operate the sulfuric acid plants in place. 
The nitric acid plants can be moved to more desirable locations 
if necessary. The lease of these acid plants will work out prof
itably in almost every case, and greatly improve the problem of 
maintaining the entire project.

Some of the more costly government-built plants, running from 
seven to  fifty million dollars, are modem, fully integrated 
projects producing heavy chemicals. (Continued on page 86)
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They are therefore in a different class, and have more hopeful pros
pects for a useful peacetime life. Typical of this group are the syn
thetic ammonia plants. The ammonia-producing capacity of the 
country was more th an  doubled to  m eet war demands. In  1939 
privately operated p lants were producing, roughly, 1450 tons of 
anhydrous ammonia per day. The wartim e capacity of the 
plants built for the  W ar D epartm ent represented 2440 tons of 
ammonia per day or an increase of 168% over peacetime pro
duction possibilities. W hy should all these plants be demolished 
or p u t in idle stand-by condition? The ammonia p lants can 
produce a t least three, and possibly more, ammonia compounds 
of value to  agriculture. Several plants already have facilities 
for converting ammonia to  nitric acid, and a t some plants a 
further conversion to  ammonium n itra te  is possible. N itric acid 
and limestone, and ammonium n itra te  and limestone yield two 
im portant products.

Prewar, the average annual increase in the use of fixed n itro 
gen in agriculture was approxim ately 14,000-15,000 tons per 
average year. Since the  capacity of the  wartim e ammonia 
p lants is in  the  neighborhood of 732,000 tons of nitrogen per 
year, our fertilizer uses can scarcely absorb the capacity 
of these plants. The world situation, however, is some
w hat different. Some of these p lants are in areas where 
raw m aterials are relatively expensive. One plant m ay no t be 
well located to  serve any useful m arket, b u t it  can act as potential 
capacity for future war needs. If  the U nited States becomes an 
exporter of fixed nitrogen compounds, if certain of these plants 
are converted to  the m anufacture of organic chemicals other than  
ammonia, if the expected increases in the  use of fixed nitrogen 
fertilizers occur, and if perhaps one plant is withdrawn from 
production, the  gap between consumption and production ca
pacity would be relatively small.

I t  is therefore logical th a t certain of these plants should be 
retained idle by  the W ar D epartm ent. In  the case of ammonia 
plants th is can be done in a practical way. If  an intelligent 
policy is adopted, i t  need not be an expensive procedure. If  the 
property is well protected w ith fences and locks and refenced 
closely to include ju st the  building areas, and if the vast lands in 
some of the present sites are returned to’ usefulness, the  plants 
can be p u t in stand-by condition for a relatively small sum, 
w ith a small expenditure per year for m aintaining this condition. 
Let us assume th a t tw enty years have passed and th a t the build
ings have withstood the elements. The cost of reconditioning a 
p lant and supplying the parts which have corroded or are too 
weathered for further use would not exceed one fourth of the 
original investm ent. This certainly is worth-while insurance.

M any of the W ar D epartm ent facilities include steam  supply 
and power plants which are larger than  m any of the municipal 
power plants serving some of our large cities. For example, 
m any of these projects contain boiler plants w ith five to  ten 
or more units of the latest modern construction, some are capable 
of raising 200,000 pounds of steam per hour. A t several plants 
turbines and electrical generators are installed to  consume ap
proximately the  full capacity of the boiler plant. These power 
plants are a valuable asset. I t  m ay not be wise, however, to  
strip  a project of the steam  and power facilities ju st because 
they can be sold more easily than  the rest of the equipment. If 
no use for the project as a  whole can be found, those plants should 
be leased w ith the  provision th a t they  be m aintained and re
turned to  the  Government when needed. A relatively large 
percentage of the  value of steam  and power facilities should be 
realized in any sale or leasing arrangem ent made. In  some 
cases, a logical renter m ay desire only p a rt of a large plant. 
W herever i t  is possible to  separate a plant, this type of arrange
m ent should be made. We believe this is a favorable plan for 
the project as a whole.
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New instruments for measuring vacuum 
and « new titrimeset are now available. & È ) u c iu A e J . I t f  f̂ alyh A

e v i c e s  for measuring low pressures were discussed in the
- /IM n rn .h  issue (advertising section, page 77). Among the 
instrum ents mentioned were the McLeod gage and the ionization 
gage. Since th a t time, a  new form of each of these has appeared 
on the m arket. In  each case serious lim itations of the older forms 
have been eliminated.

Although the  McLeod gage is generally used as a  primary stand
ard for laboratory measurement of low pressures, the usual forms 
suffer from the disadvantage th a t readings are not continuous bu t 
m ust be obtained by m anual operation of the gage. This has kept 
i t  from becoming popular as a plant instrum ent, in spite of its 
m any good points. Among its good points are its simplicity, the 
fact th a t it is a  primary standard, and the fact th a t its calibration

Figure 1 (Left). 
Recording McLeod  
Gage (the Vacorder)

Figure 2 (Below). 
I o n iz a t io n  G a g e  
( th e  A lp h a tr o n )

is the same for all gases so long as they are not condensable. The 
Stokes Machine Company, Philadelphia 20, Pa., recently an
nounced the Vacorder, an autom atic recording form of McLeod 
gage. This new instrument, shown in Figure 1, provides a  con
tinuous visible record of pressures in the range 0 to 5000 microns. 
I t  employs a modified Stokes McLeod indicating gage which is 
mechanically tilted from the horizontal to the vertical position by 
an electric motor. The height of the mercury in the measuring 
capillary, and hence the vacuum in the system, is electrically de
termined and transm itted to  the recorder. The recording unit 
mav be located a t any distant point, bu t the gage proper is in
stalled close to the sampling point. The Vacorder thus includes 
an indicating gage a t the sampling point as well as a recorder a t 
either the sampling point or any other desired location. Avail
able in two models, the panel-mounted Vacorder may be fur
nished as the single-point instrument (Figure 1) or as a multiple- 
point Vacorder to  record vacuum from as many as four different 
points in sequence on a strip chart.

The conventional ionization gage is a useful instrument for 
measuring pressures below one micron. I t  is not usable a t higher 
pressuresl>ecause the thermionic cathode which serves as a source 
of electrons to  ionize the residual gas becomes inactivat >d a t 
higher pressures. Even a t  pressures below one micron, it is nec
essary to maintain the flow of ionizing electrons constant, since 
the reading of the gage is in proportion to  the electron current. 
The Vacuum Engineering Division of National Research Corpo
ration, Boston 15, Mass., has just introduced a new form of ioni
zation gage, the Alphatron, shown in Figure 2. In  this instru
m ent the ionization is produced by the emanation from a small, 
permanent radium source instead of by electron bombardment. 
The ions formed in the residual gas in the gage are collected as in 
the conventional ionization gage, and the ion current is measured 
by a sensitive amplifier to  indicate continuously the gas pressure 
in the gage. (Continued on page 92)
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The A lphatron has three ranges—0 to 10 mm., 0 to  1 mm., 
and 0 to 100 microns—which are chosen by means of a selector 
switch. The zero setting of the gage may be adjusted a t any 
tim e by pressing a button  on the panel and turning an ad just
m ent knob. Since the ionization effect is produced by the con
stan t flow of alpha particles from a sealed radium  source, there is 
no filament to burn out and no filament current to  set and main
tain. Furthermore, the gage cannot be damaged by exposure to 
atmospheric pressure. I t  is ruggedly constructed of all-metal 
parts which are not subject to breakage. No degassing is neces
sary when the gage is turned on. The scale of the m eter is linear 
and its response is almost instantaneous. As shipped from the 
factory, it  is calibrated for dry air. The A lphatron consists of 
two units (Figure 2), the gage housing and the control box, con
nected by a ten-conductor flexible cable 10 feet long. The gage 
housing contains the radium source, grid and collector plate in 
the vacuum chamber, and the first stage of the amplifier.

Figure 3. Dual Alternating-Current Titrimeter

The Precision Scientific Company, Chicago 47, 111., is now offer
ing the Shell dual alternating-current titrim eter. This instru
m ent (Figure 3) is a vacuum tube voltm eter combined w ith a  
step potentiometer, which makes possible a wide range along 
with high sensitivity in a single indicating meter. W ith this ar
rangement voltages to  0.5 millivolt over a range of —1.'65 to  +1.65 
volts can be read. The instrum ent is suitable for measuring the 
electromotive force of cells with a resistance up to  5000 megohms, 
which makes it  available for use with sturdy glass electrodes and 
high-resistance titra tion  media. This titrim eter has been found 
suitable for such procedures as the A.S.T.M. Proposed M ethod 
of T est for Saponification Num ber of Petroleum Products by 
Electrom etric T itra tion  and the A.S.T.M. T entative  M ethod 
D-664 (Neutralization Num ber of Petroleum Products by Elec
trom etric T itra tion ).
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Sewage disposal plants provide indus
trial waters and organic chemicals of 
considerable significance to industry.

lu ¿J'i'ax&ld y //J/iutd(ïcb

^ O elow  W ashington, D . C ., th e  Potom ac R iver widens 
g radually  an d  becom es a  tid a l stream  as i t  flows in to  

Chesapeake B ay. I ts  narrow , deep channel is bordered on 
b o th  sides b y  spacious tida l flats which are  covered w ith 
varied aq uatic  p lan ts. T h is dense vegeta tion  provides a 
shelter for sm all fish an d  a breeding ground for m icroscopic 
p lan t and  anim al organism s. A t low tid e  these flats resem ble 
m eadows, b u t  w hen th e  tide  rise's, pollu ted  w ater from  up 
stream  flows across them  and  deposits suspended im purities. 
Since th e  w ater here is n o t d istu rb ed  b y  winds or river cur
rents, clarification is rapid.

Naiunal Pu>ujiccUio*i iliv&ii
T he sun ligh t p en etra tes th is  clear w a ter readily  and  stim u

lates th e  grow th of th e  chlorophyll-bearing p lan ts  and  micro
scopic p la n t organism s. Such green vegeta tion  produces, by  
th is process of photosynthesis, tw o and  one half tim es as m uch 
oxygen as th e  weight of carbon added to  th e  p lan t tissue. 
These flats are, therefore, efficient chem ical factories which 
produce oxygen to  coun terac t th e  oxygen-consuming sewage 
b urden  placed upon  th e  Po tom ac R iver.

T he tides exert a  v ita l influence upon  these  flats. T hey  in 
crease m an y  fold th e  effective leng th  of th e  river and  provide 
a long re ten tio n  period for th e  w ater an d  th e  a c tiv ity  o f  or
ganism s. T h ey  also mix th e  channel w ater, th e  w ater on the  
flats, an d  th e  sewage, which prom otes th e  biological processes. 
These tides average ab o u t th ir ty  inches. W ith o u t them  these 
large shallow basins would becom e sem istagnant bayous, and  
the  v irility  of p lan t grow th on th e  flats would be lost. T he 
tides au tom atically  lift huge am ounts of con tam inated  chan
nel w ater in to  th e  flats and  6 hours la te r th ey  d rop  th e  now 
oxygenated w ater back  in to  th e  river channel.

T he H u n tin g to n  flat, ju s t  below A lexandria, Y a., was p a r
ticu larly  in te resting  to  W . C. P u rd y  in  1916, because th e  en
tire  sewage of th a t  c ity  passed over th is  flat on  its  w ay down
stream . P u rd y  m ade extensive chem ical and  biological tes ts 
on  th e  w aters an d  m uds of th is  fla t for a lm ost a  year. T his 
p a rticu la r body of w ater was 1.3 square  miles in  area  and  
fron ted  th e  river for 1.25 miles. A m arsh  of ab o u t 0.18 square 
mile co n stitu ted  th e  extrem e upper portion  m ost rem ote from  
th e  river. T hree  sm all stream s en tered  th e  upper end of the  
m arsh, two of which were heavily  pollu ted  by  raw  sewage from 
A lexandria. T he w ater in  these sm all stream s was p u trid  
where th ey  en tered  th e  m arsh, an d  w hen th e  b o tto m  m ud was 
s tirred , th e  anaerobic decom position gave rise to  foul gases. 
T he w ater leaving th is  m arsh  showed little  evidence of pollu
tion . T ests m ade near th e  m iddle of the  flat showed dissolved

oxygen values of 103% sa tu ra tio n  on sunny days; on  cloudy 
days 75%  sa tu ra tio n  was recorded. Values of 128% sa tu ra 
tion  were recorded on particu larly  favorable sunny  days.

T h e  w ater leaving th e  flat on th e  m orning ebb tid e  had  been 
on th e  flat during th e  n ight, so i t  did n o t receive th e  sunlight. 
N evertheless, i t  showed a n  average of 83%  oxygen sa tu ration . 
On th e  o th er hand , w ater which had  been on th e  flat in the  
day tim e showed 93%  oxygen sa tu ration . In  October and 
N ovem ber when th é  biological a c tiv ity  was lower, th e  average 
oxygen value of all w ater leaving th e  flat was 88%  sa tu ration  
as com pared to  th e  average oxygen value of 75%  for all w ater 
entering  th e  flat. I t  should be understood th a t  these w aters 
h ad  also purified th e  raw  sewage from  A lexandria. Pu rdy  
com puted th e  resu lts per acre of tida l flats. T he production 
of oxygen over th a t  required for th e  raw sewage pollution was 
17.7 pounds per acre per day. H e  concluded as follows: 
“T his H u n tin g to n  F la t  provides sufficient oxygen for th e  first 
24 hours n a tu ra l purification of nearly  3,000,000 gallons of 
raw  sewage from  W ashington. T his is in  add ition  to  th e  first
24 hour n a tu ra l purification of 6,000,000 gallons per d ay  of 
raw  sewage from  A lexandria.”

N a tu re  has b u ilt an  efficient w aste disposal p lan t in  th e  
Potom ac R iver. All of th e  factors involved appear to  be a t  
th e ir op tim um  effectiveness in  carrying o u t th e  cycle of 
grow th and  decay, w ith  sunlight and  enzym es as th e  energiz
ing forces. T he absence of any  one of these factors would 
seriously im pair th e  balance. T he sewage is th e  fertilizing 
agen t for luxurian t grow th of p lan ts and  organisms. T he flats 
serve as reaction  cham bers for th e  biological process. T he 
tides function  as au tom atic  pum ps to  m ove th e  w ater in  and 
o u t of th e  chemical reacto r— th e  flats. T he p lan ts and  m icro
scopic organism s serve as ca ta lys ts in  transform ing carbon 
dioxide from  decayed organic substances in to  p lant-build ing  
chemicals. C oproduct of th is  reaction  is th e  oxygen which 
transform s unstab le  raw sewage in to  stable, sim pler, an d  non 
toxic organic chem icals; these chemicals can break down 
partia lly  to  carbon dioxide. Sunlight is th e  powerhouse for 
th e  cycle of biological and  chem ical reactions which occur.

OnduAUtf. Sintul&tei. Matune.
T he trickling  filter an d  activ a ted  sludge processes used in 

industria l sewage disposal p lan ts a re  based upon th e  sam e 
biological processes which tak e  place in  th e  Potom ac R iver. 
Such processes have been em ployed b y  in d u stry  in  some 
instances, b u t careful a tte n tio n  should be  given to  th e  
elim ination of toxic m ateria ls in  w aste before th is  biological 
principle is applied m ore extensively. (Continued on page 98)
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T h e  trick ling  filter is essentially  a bed of crushed stone, 
5 to  10 feet deep. T he stone is uniform  in  size an d  varies from  
0.5 to  3 inches in  d iam eter, depending upon th e  preference of 
th e  engineer. A fter th e  raw  sewage has been screened to  re 

m ove th e  coarse suspended solids, i t  is sprinkled over th e  
stones so th a t  i t  will pass th rough  th e  filter in  15 to  30 m inutes. 

A copious deposit of slime is b u ilt u p  on  th e  surface of th e  
stones b y  th e  circulation  of a suspension of sewage and  ac ti
v a tin g  b ac te ria  th ro u g h  th e  filter. W hen th e  slime reaches 
th e  desired effectiveness, 75 to  80%  of th e  biological oxygen 
dem and is usually  rem oved.

T h e  ac tiv a ted  sludge process is an o th e r m ethod  which sim 
u la tes th e  biological actiop  of self-purifying stream s. Slime 
and  bac te ria  do n o t coat th e  stones, as in  th e  trick ling  filter, 
b u t  a re  k e p t suspended in th e  sewage b y  vigorous ag ita tion  
w ith  a ir. In  th is  process th e  rem oval of B .O .D . can be 
90 to  95%  of th e  raw  sewage value.

T hese m ethods are n o t u tiliza tion  processes; th ey  m erely 
dispose of th e  w aste  m ateria l. M ore a tte n tio n  should be given 

to  actu a l u tiliza tio n  of th e  organic chem icals which resu lt 
from  th e  biological conversion of sewage. T he trem endous 

volum e of sewage available creates a  challenge to  technical 
m en to  find profitable p roducts from  th e  effluent of th e  trick 

ling filter or ac tiv a ted  sludge operations. New absorp tion  
chem icals and  developm ents in  organic chem istry  during  the  
w ar period should be  combed carefully w ith  th is  purpose in 

m ind. T he field is alm ost unexplored.

OwcLuibual Wat&ii pto**t ublipxUcU PlatUi.

Several versatile  industria l com panies have  gone to  th e  
sewage disposal p lan t in  search of w ater. A certain  steel com
pany  h ad  overpum ped its  underground w ater supply  as did 
o ther near-by  w ar-expanded industries. M an y  wells becam e 
contam inated  w ith  sa lt or h ighly acid w aters, and  th e  situation  
was critical. W artim e dem ands necessitated  th e  expansion of 
th e  steel p lan t. E xtensive  surveys for w ater were m ade. 
F inally  a  chem ist suggested using th e  sewage disposal effluent 
of a large near-by  city . A fter careful s tu d y  and  correction of 
th e  sewage b y  control of industria l w astes which en tered  th e  
system , i t  was found feasible to  bu ild  a  p lan t which could 
process 50,000,000 gallons per d ay  of trick ling  filter effluent. 
T he ac tiv a ted  sludge effluent was sa tisfac to ry  to  th e  steel 
m ill w ithou t fu rth er trea tm en t. A sim ilar use of sewage 
effluent from  an  ac tiv a ted  sludge p lan t has been m ade b y  a 
m idw estern  railroad. A n oil refinery is  reported  to  be  using 
trick ling  filter effluent. S tudies have  been com pleted which 
ind icate  th a t  trickling  filter effluent can  be  utilized  as a  sub 

s ti tu te  for underground w aters in  th e  wood pulping in d u stry . 
In  E urope  sewage p lan t effluent is em ployed for fish cu ltu re  as 
the  chemicals in  th e  w ater a re  considered to  be  su itab le  foods 
for sm all fish.

Such uses for th e  effluent of sewage disposal p lan ts  will ex
pand , p a rticu la rly  where underground w aters are a t  critically  
low levels. B u t th e  real o p p o rtu n ity  is for u tiliza tio n  of th e  
chem icals p resen t in  processed sewage effluents. O bviously 
th is  suggestion brings up  difficult problem s, b u t  difficulties 
encountered  are  problem s to  solve, n o t obstacles to  d e fea t th e  
objective.
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< ^ h e r e  is an increasing trend in the chemical industry toward 
/  the use of w ritten  instructions. This stems from a recogni

tion of the  need to  coordinate operations and to  m aintain more 
personal contact w ith the working force. The issuance of com
pany m anuals is the  m ost effective means to  accomplish this. 
However, m anuals are of little  or no value if improperly designed 
or no t kept up to  date. The purpose of th is writing is to  assist 
in  the  establishm ent and maintenance of good company manuals 
by describing the m anner in  which chemical concerns have suc
cessfully converted fundam ental information into written form.

A m anual is a system atic series of w ritten instructions on 
duties, policies, and procedures. Because i t  is often believed 
th a t  the  term  “m anual” implies arbitrary  rulings and inflexible 
instructions, m any concerns prefer to use such titles as general 
instructions or standard practice information. Frequently a t
tem pts are m ade to  establish complete m anuals in concerns where 
only a few w ritten instructions exist. This procedure is not 
recommended since i t  results in the issuance of m anuals which 
are usually outdated before they are p u t into effect. The de
velopm ent of a good company m anual takes considerable time, 
and  its  maintenance requires continuous change. I t  is difficult, 
and sometimes impossible, to  keep altering instructions during the 
period of m anual preparation. I t  is recommended th a t manage
m ent outline the work which has to  be done and prepare indi
vidual instructions whenever the  need arises. To accelerate the 
establishm ent of the  manual, management can make a group of 
executives responsible for its preparation.

Company m anuals are usually subdivided as follows: (1) gen
eral or company-wide instructions, (2) departm ental instructions, 
(3) job instructions, and (4) employee handbooks. Since the 
proper preparation of job instructions has assumed new impor
tance during the reconversion period, special emphasis is placed 
on a description of th is p a rt of the manual. Subdivisions are dis
cussed according to  organization, policy, and procedure because 
m ost companies develop their manuals along these lines.

O rg a n iz a t io n .  This section of the m anual should include or
ganization charts and outline the responsibilities of officers and 
executives. The organization chart should indicate clearly where 
line, staff, and functional controls are involved. The description 
of the responsibility of officers and executives should indicate the 
extent of their authority.

P o l ic y .  This p a rt should cover all general policies of com- 
pany-wide significance—for instance, in personnel relations, ac
counting, budgeting, production, sales, and advertising.

P r o c e d u r e . Those procedures, practices, and clerical routines 
of a general nature which are necessary to operations throughout 
the  company should be included. This section m ay also de
scribe procedures established by one division for the guidance of 
another.

^ b e p a s it* n e * ita l

O r g a n iz a t io n .  Occasionally the  responsibilities and the 
au tho rity  of departm ent heads and supervisors are covered in 
th e  general or company-wide instructions. However, manufac
tu rers sometimes prefer to issue individual departm ental organiza
tion  charts and descriptions. The advantage is th a t minor func
tions usually not shown on the plant-wide organization chart 
can be listed, and instructions can be issued to supervisors with
o u t revealing the confidential information which is usually con
tained in the general p a rt of the manual.

P o l ic y .  D epartm ental instructions should contain only 
policies which are of interest to  employees. Failure to  comply 
w ith th is principle has caused more than  one unnecessary and 
embarrassing discussion between management and labor. De

partm ental policy instructions are commonly issued by the de
partm ent head and should not conflict with established plant- 
wide policies. I t  is considered good practice to  republish in this 
section the general plant-wide policies which the departm ent 
head wishes to  reveal to his employees.

P r o c e d u r e .  Standard procedures applying to  one departm ent 
only should be included here. Often no distinct separation c a n  
be made between departm ental policies and certain phases of pro
cedures. The writer considers instructions which apply to  a l l  
jobs a standard departm ental practice and therefore does n o t  
cover such m atters in his job instructions.

</<Uu 9 * u b u * c tio * u

O r g a n iz a t io n  a n d  P o l ic y .  Job instructions should never 
contain m atters pertaining to organization and policy b u t should 
be confined to rulings which apply to the work of employees.

P r o c e d u r e .  M any a good company m anual was started  with 
the revision of existing departm ental job instructions. The 
writer favors th is approach because i t  not only encourages de
partm ent heads to participate actively in the new plan, b u t also 
gives them  the opportunity to  familiarize themselves with the 
technique employed in working out the manual. Before depart
m ental job instructions can be incorporated in  the new plan, it is 
necessary (1) to  standardize instruction forms on a plant-wide 
basis and (2) to  eliminate from existing job instructions those 
rulings which have no connection with the execution of a  job 
(company and departm ent policies, time-keeping procedures re
quired by employees, etc.).

Some difficulties are to be expected when the first a ttem pt is 
made to  standardize departm ental instructions. Chiefs naturally 
believe th a t the manner in which they have issued their instruc
tions is best suited for their departm ents; therefore they may be 
reluctant to  accept changes. They m ay also feel th a t the de
parture from existing forms will cause confusion among employees. 
Furthermore, opinions often vary as to  w hat extent instructions 
should be issued; if too detailed, they have to  be revised fre
quently; if no t complete, they do no t serve the  purpose for which 
they are intended. The writer favors the issuance of instructions 
in considerable detail, provided arrangements are made for quick 
and effective revisions when necessary. A job m ay be divided 
into three elements—tasks, operations, and key points. Instruc
tions are issued for each operation in which the key points are 
described. A “task” is considered a job performance which is 
unrelated to  others bu t contained in one job, an “ operation” is a 
job performance, and a “key point” is a special knack p u t in 
forin of an instruction which is helpful in bringing about the 
efficient execution of the job performance.

For example, John Doe is a chfemical worker, engaged m ost of the 
day in weighing chemicals. In  addition to  his regular duty, he 
relieves two operators in the mixing room during lunch periods, 
and is responsible for distributing-working clothes to  employees 
of the entire departm ent. His tasks are: weighing, mixing, and 
clothes distribution. Every task  consists of several operations. 
Operations embodied in the task of weighing are as follows: 
obtain chemicals, check chemicals,- obtain containers, weigh 
chemicals, store chemicals weighed. Every operation has several 
key points. For the operation of obtaining chemicals they m ight 
be as follows: Old stock is to  be used first. Only chemicals 
bearing the approved laboratory label shall be removed. • Spilled 
chemicals shall be p u t into a  container m arked “Do not use and 
shall be returned to the stock room for retesting.

Breaking down jobs into such details m ay seem unnecessary. 
However, experience has taught th a t only this m ethod makes 
certain no im portant part of a job is overlooked. Another ad
vantage of such an analysis is th a t every page of the  job instruc
tions is relatively equal in importance since only operations and 
not key points become instructions. (Continued on page 104)
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I t  is no t uncommon to  prepare job instructions together with 
the  job descriptions for a 'jo b  evaluation system. I t  should be 
clearly understood, however, th a t job descriptions and job in
structions are two entirely different m atters. Job descriptions 
should cover only the tasks to be performed and outline employee 
responsibilities, whereas job instructions should sta te  w hat is to 
be done, when the operation is to  be performed, how it  is to  be 
performed, and, in some instances, why certain regulations have 
to  be observed. For example,

J o b  D e s c r i p t i o n

Responsible for sub 
m itting  samples of 
sh ipm ents to  the  labo
ra tory .

J o b  I n s t r u c t i o n

Upon receipt of shipm ent, m ake o u t te s t  sheet 
in  duplicate; th is  shall contain the following 
inform ation: d a ta  received, user, material,
m anufactu re r’s num ber and  name, indication 
th a t  m aterial subm it ted  is a  shipm ent. Sub
m it original and  duplicate  to  labora to ry  with 
sam ple of shipm ent. R eta in  tr ip lica te  in  file 
u n til original is re turned; then  destroy.

One of the m ost im portant steps in establishing manuals is a 
provision for keeping the  w ritten instructions up to date. Some 
concerns issue m anuals in book form and send ou t memos re
questing changes when needed. Occasionally the m anuals are 
reprinted. This m ethod has sometimes caused the abolishment 
of m anuals because they were too difficult to keep up to  date, 
and the job of m aking changes could not be properly supervised 
The writer has used the following procedure with good results: 

Instructions are presented in loose-leaf books. Each instruc
tion is headed by a m arker which identifies it with the m anual to 
which it  belongs, its section, and its correct position within the 
section—for instance, DC-J-43-9. DC stands for departm ental 
m anual, coating departm ent; J  means job instruction section, 
43 is for job num ber 43, and 9 means the nin th  instruction issued. 
W hen revision is necessary, holders of the m anual are requested 
to  remove the instruction from the loose-leaf book and return  it 
to  the office which is responsible for the upkeep of this record. 
The following form is used to  request the re tu rn  of canceled in
structions:

Please remove instruction No.- which is herewith canceled,

from your m anual and retu rn  it  to ------------------------------------------------

Q N o  other instruction will be issued.
□R e v is e d  page will be sent to you after reoeipt of canceled instruction . 

D ate-------------------

I t  m ight be argued th a t this procedure involves too much office 
work. The writer has tried  several times unsuccessfully to make 
the holders of m anuals responsible for the proper m aintenance of 
the books bu t has come to the conclusion th a t the only safeguard 
against obsolete instructions being used is to  ask for their return 
before the revisions are given out.

C m p ttU fe e  J la n d J to a k i.

M any executives consider employee handbooks to be the most 
im portant pa rt of the company manual. Some concerns spend 
a great deal of money to  familiarize new employees with the sur
roundings of the company for which they will work. This should 
not be interpreted as extravagance, for these handbooks are of 
great assistance to the newcomer and can often forestall grievances 
and prom ote good will. However, i t  is not sensible for compa
nies to  distribute expensive handbooks to new employees, yet fail 
to provide old employees, especially the supervisory staff, with 
information which enables them  to  conduct business in a more 
efficient m anner. Employee handbooks usually do not contain 
organization charts although some m anufacturers include a broad 
outline of the functions of their officers and executives.

P o l i c y .  Personnel policies should be covered in this section 
of the m anual as well as general information about the company. 
This m ay include an  employees’ life insurance plan, medical serv- 
nice, first aid, salary during absence, transfer of employees, layoff, 
employm ent term ination code, and personal record.

P r o c e d u r e .  Regulations concerning all employees in a plant 
are usually found in th is section, such as the ringing of the tim e 
clock, tim e allowed for change of clothes, rest periods, etc.

Jlcut-Mitude ¿¿iaiMeA.
FROM THE EDITOR'S DESK

/ ? u b o p e  will be in a tigh t spot as far as fertilizer and industrial 
C *  nitrogen go. Much of the supply m ust come from Polish 
plants of rather small capacity, b u t the Czechoslovakian units 
m ay soon be in operation. Some of our surplus m aterial has been 
shipped to  continental Europe to  help out.

★  Hemp plants built by the  Government during the war (I. & 
E. C. R e p o r t s ,  advertising section, page 14, Ju ly  issue) are now 
on the m arket. Forty-tw o plants are being offered for sale by 
Reconstruction Finance Corporation.

ir  Domestic production of iodine, which is now running a t about 
half of our needs, will probably continue a t  this ra te  even though 
the war is over.

i f  One of the little  items th a t the designers of airplanes had to 
worry about in their planning of huge bombers was the moisture 
pickup of insulating materials. On a hot, steam y landing field 
hundreds of pounds could be added to the load of a bomber by 
moisture adsorption.

★  Large-scale vacuum equipm ent used in m any war industries 
m ust have a leakage rate of only a few microns per hour.

i f  The Belgian Congo, now producing quinine a t  a rate  of
24,000 pounds per year, expects to export in a few years about a 
quarter of the world’s to ta l needs of 2,000,000 pounds.

i f  The to tal footage of Fiberglas insulation and boards used on 
aircraft carriers ran to  about 360,000 square feet. In  addition, 
some 326,000 linear feet of tape and cloth were used for insulating 
pipes.

i f  Phosphates will probably continue in short supply for some 
tim e until the fa t and oil situation is eased. The reason for the 
phosphate shortage is the greater demand for these compounds 
as soap substitutes and extenders.

i f  The hydrofluoric acid alkylation plants owned by Defense 
P lan t Corporation have ceased operation owing to  a lack of de
mand for high-powered aviation gasoline.

i f  The Government has a stock pile of about 15 to 20 million 
gallons of toluene.

★  Instead of the large aerosol bombs standardized by our armed 
forces, the British army used a small bomb th a t ‘contains enough 
of the insecticide to kill insects in 4000 cubic feet. T iny and 
easily held between two fingers, the little  bomb was of great use 
in airplane crash landings in the Pacific jungles.

★  Surpluses now in government hands for disposal have reached 
the two billion dollar mark.

i f  India, always cognizant of its shortage in fertilizer materials, 
is rapidly pushing the construction of plants which have about
400,000 tons of ammonium sulfate capacity.

★  Oil companies with holdings in the  various European 
countries have finally been granted permission to  inspect their 
properties.

i f  Carbon black facili- V* V
ties in the Nation are 
probably going to  run 
full b last next year to 
make up the backlog 
demand.

★  H eat sealing of the 
pores of egg shells prior 
to storage is said to be an 
efficient way of prevent
ing spoilage.


