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KINETIC STUDY OF END-GROUP STABILIZATIPN 
IN HYDROCELLULOSE BY HYDROGEN SULFIDE 

3 Vincent L. Chiang’ and Kyosti V. Sarkanen 
University of Washington 

College of Forest Resources AR-10 
Seattle, Washington 98195 

ABSTRACT 

The rate of stabilization of hydrocellulose and glucose 
against alkaline degradation by hydrogen sulfide was studied as a 
function of pH and H2S-concentration. The rate of this reaction 
increases to a maximum with an increase in pH from 3.5 to 6.3. 
The maximum rate is significantly enhanced by the presence of 
ammonia base. With Increasing H2S-concentration, the 
stabilization rate increases in a sigmoidal manner. It is 
demonstrated that this kinetic pattern is it full accordance with 
the reaction mechanism proposed by Procter involving conversion 
to a thioalditol a gem-dithiol intermediate. 

INTRODUCTION 

It has been shown that hydrocellulose as well as softwood 

glucomannans can be stabilized against alkaline degradation by 
treatment in hydrogen sulfide-sodium hydrosulfide buffered systems 
at elevated temperatures and pressures. 4-9 The stabilization 

appears to be based on the conversion of reducing end-groups to 

alkali-stable 1-thio-D-glucitol 2 moieties, as demonstrated by 

Procter4 and gem-dithiols L are probable intermediates in the 
conversion as illustrated by equation ( I ) .  
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2 CHXANG AND SARKANEN 

/p K iSH k' 
R-C, + 2H2S R-CH --+ RCHZSH (1) 

H 'SH 

2 - 1 End groups - 
THEORY 

Accepting t h e  v a l i d i t y  of Equation (1)  as t h e  mechanism of 

t h e  s t a b i l i z a t i o n  r e a c t i o n  and assuming f u r t h e r  t h a t  t h e  

es tab l i shment  of t h e  equi l ibr ium between t h e  reducing  end-groups 

and t h e  gem-di thiol  1 is i n s t a n t a n e o u s ,  t h e  a n t i c i p a t e d  k i n e t i c  

r e l a t i o n s h i p s  can be  der ived  i n  a s t r a i g h t f o r w a r d  manner. The 

equi l ibr ium c o n s t a n t  K can be  expressed a s  

where [INTI i s  t h e  molar concent ra t ion  of t h e  intermediate--- 

d i t h i o l  1. [RE] and [RE]' a r e  t h e  molar c o n c e n t r a t i o n s  of t h e  

reducing end-groups i n i t i a l l y  and a f t e r  t h e  es tab l i shment  of t h e  

equi l ibr ium.  Thus, t h e  c o n c e n t r a t i o n  of t h e  i n t e r m e d i a t e  can be 

der ived  from Equation ( 2 ) .  

The r a t e  of t h e  formation of t h e  s t a b i l i z e d  

w i l l  be  p r o p o r t i o n a l  t o  t h e  concent ra t ion  of t h e  

d[SEGl = k' x [INTI - k' x K[H2S12 + K [ H 2 S l i  
d t  

end-group [SEG] 2 
i n t e r m e d i a t e  : 

where [SEG] is t h e  concent ra t ion  of t h e  s t a b i l i z e d  end-group 

(1-thio-D-glucitol group 2) apd k' is  cons tan t .  

I f  hydrogen s u l f i d e  i s  p r e s e n t  i n  s u f f i c i e n t  excess ,  i t s  

concent ra t ion  remains e s s e n t i a l l y  c o n s t a n t  and 

k' x ~ sl  = k = c o n s t a n t  -? ( 5 )  
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END-GROUP STABILIZATION 3 

Under t h e s e  c o n d i t i o n s ,  t h e  o v e r a l l  conversion t o  s t a b i l i z e d  

end-groups becomes a f i r s t  o r d e r  r e a c t i o n  i n  r e s p e c t  t o  t h e  

concent ra t ion  of  t h e  reducing end-groups: 

d[SEGl = k[RE] d t  

where [RE]. is t h e  o r i g i n a l  molar c o n c e n t r a t i o n  of t h e  reducing  

end-groups. 

The r e l a t i o n s h i p  between t h e  observed r a t e  c o n s t a n t  k and t h e  

concent ra t ion  of  hydrogen s u l f i d e  is expressed by Equat ion (5) 
which can be rear ranged  i n  t h e  fo l lowing  form 

1 - = - x  1 1  + -  
k k'K [HZS]' k '  

T h i s  equat ion  i n d i c a t e s  t h a t  a p l o t  of t h e  i n v e r s e  of the 

observed r a t e  c o n s t a n t  v e r s u s  t h e  i n v e r s e  s q u a r e  of  hydrogen 

s u l f i d e  concent ra t ion  should g i v e  a s t r a i g h t  l i n e  i n t e r c e p t i n g  t h e  

l / k  - a x i s  a t  t h e  va lue  l / k '  from which t h e  magnitude of k '  can b e  

determined.  

Equat ions (1) t o  (8) a r e ,  of course ,  e q u a l l y  v a l i d  f o r  t h e  

conversion of monomeric g lucose  t o  I - thio-D-gluci tol ,  p rovid ing  

t h e  under ly ing  assumptions a r e  c o r r e c t .  In  t h i s  c a s e ,  t h e  

observed r a t e  c o n s t a n t  k p e r t a i n s  t o  Equation ( 9 ) .  

I n  [GI. = k t  ( 9 )  [GI 

where [GIo and [GI a r e  t h e  c o n c e n t r a t i o n s  of g lucose  a t  zero- and 

t i m e  t ,  r e s p e c t i v e l y .  

The contemplated mechanism and der ived  e q u a t i o n s  provide  no 

explana t ion ,  however, f o r  t h e  f a c t  t h a t  t h e  s t a b i l i z a t i o n  ra te  of 

h y d r o c e l l u l o s e  drops s i g n i f i c a n t l y  a s  t h e  pH of t h e  r e a c t i o n  
7 medium is reduced below 6 as demonstrated by P r o c t e r  and Apel t .  

To account f a r  t h i s  e f f e c t ,  t h e  p o s s i b i l i t y  should be cons idered  

t h a t  t h e  conversion of t h e  gem-di thiol  t o  1 - t h i o a l d i t o l  may occur  

- v i a  t h e  monoanion of t h e  former compound. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



4 CHIANG AND SARKANEN 

Xn s u p p o r t  of  t h i s  h y p o t h e s i s ,  an ana logous  r e a c t i o n  h a s  been 
10.11 obse rved  in c o n n e c t i o n  w i t h  l i g n i n  model compound s t u d i e s .  

I t  was shown t h a t  l-hydroxy-l-(4-hydroxy-3-methoxyphenyl)-2- 

p r o p a n e t h i o l  2 was c o n v e r t e d  t o  i s o e u g e n o l  4 t h rough  t h e  

i o n i z a t i o n  of t h i o l  g roups  and t h e  release of e l e m e n t a l  s u l f u r :  

H -S-H 
H E"' -OH 

O O M e  OH 

3 - 

6 OMe 

4 - 

To t e s t  t h e  v a l i d i t y  o f  t h e  o u t l i n e d  i d e a s  t h e  f o l l o w i n g  

s t u d i e s  were c a r r i e d  o u t :  

a ,  K i n e t i c  s t u d i e s  u s i n g  b o t h  h y d r o c e l l u l o s e  and g l u c o s e  as 

s u b s t r a t e s  t o  e s t a b l i s h  t h e  c o r r e c t n e s s  of E q u a t i o n s  ( 7 )  and ( 9 ) .  

b. K i n e t i c  s t u d i e s  u s i n g  g l u c o s e  a s  s u b s t r a t e  a t  v a r y i n g  

pH-values t o  t es t  t h e  mechanism e x p r e s s e d  by Equa t ion  (10).  Both 

sodium- and ammonium b a s e s  were used i n  t h e s e  s t u d i e s .  

c. S t u d i e s  on h y d r o c e l l u l o s e  u s i n g  ammonia b a s e  and v a r y i n g  

t h e  c o n c e n t r a t i o n  of hydrogen s u l f i d e  i n  o r d e r  t o  e s t a b l i s h  t h e  

c o r r e c t n e s s  of Equa t ion  (8) .  

EXPERIMENTAL 

P r e p a r a t i o n  and A l k a l i n e  Degrada t ion  of H y d r o c e l l u l o s e  

H y d r o c e l l u l o s e  was p r e p a r e d  by h y d r o l y z i n g  p u r i f i e d  c o t t o n  

c e l l u l o s e 1 2  w i t h  2 . 5  N HC1 ( a c i d / c e l l u l o s e  = 30/1 by w e i g h t )  a t  

60°C under  N 2  f o r  2 h o u r s .  The comple t e  a l k a l i n e  p e e l i n g  of  t h i s  
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END-GROUP STABILIZATION 5 

h y d r o c e l l u l o s e  by 5% NaOH a t  100°C r e s u l t e d  in a weight  loss of 

32.5% which decreased t o  6.4% a f t e r  r e a c t i o n  w i t h  NaBH413 o r  w i t h  

H2S i n  combination wi th  ammonia, as shown in F i g u r e  1. 

Presumably, t h i s  6.4% loss was caused by t h e  d i r e c t  d i s s o l u t i o n  of  

t h e  o l igomer ic  m a t e r i a l  in t h e  h y d r o c e l l u l o s e  d u r i n g  t h e  a l k a l i n e  

degrada t ion  r e a c t i o n .  Therefore ,  t h e  complete a l k a l i n e  p e e l i n g  

l o s s  (L) of t h e  o r i g i n a l  h y d r o c e l l u l o s e  was a c t u a l l y  32.5-6.4% = 

26.1% from which [RE],, t h e  mole f r a c t i o n  of o r i g i n a l  reducing  

end-groups ( i n  Equation 7 ) ,  can be obta ined  accord ing  t o  Equat ion 

(11) l4 

where Xn is t h e  average degradable  cha in  l e n g t h  which e q u a l s  68 

g lucose  u n i t s  i n  case of hydroce l lu lose .  14 

50r 
\ s 40t 

(1 I *- (1 I 
.-.---------I- 

\ s 40-  

--------- 

' f- 
0 I 2  3 4 5 6 14 15 

Reaction time, hr: 

FIGURE 1. A l k a l i n e  degrada t ion  of h y d r o c e l l u l o s e  i n  5 2  NaOH a t  
100°C. Curve ( 1 ) :  O r i g i n a l  h y d r o c e l l u l o s e .  Curve ( 2 ) :  
Borohydride reduced h y d r o c e l l u l o s e  o r  H S-base t r e a t e d  
h y d r o c e l l u l o s e  . Curve (3 )  : Hydroce l lu lose  , p a r $ i a l l y  s t a b i l i z e d  
in a H2S-NH40H system. 
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6 CHIANG AND SARKANEN 

S t a b i l i z a t i o n  of  Hydroce l lu lose  

S t a b i l i z a t i o n  of h y d r o c e l l u l o s e  was c a r r i e d  out  i n  45 m l  P a r r  

au toc laves .  Hydrogen s u l f i d e  g a s  under  p r e s s u r e  was in t roduced  

i n t o  t h e  a u t o c l a v e s  c o n t a i n i n g  h y d r o c e l l u l o s e  (0.5 g OD weight)  

and ammonium- o r  sodium hydroxide s o l u t i o n  (25 ml). Mechanical 

mixing of t h e  suspension was maintained dur ing  t h i s  p r o c e s s  u n t i l  

t h e  hydrogen s u l f i d e  p a r t i a l  p r e s s u r e  i n  t h e  a u t o c l a v e  reached t h e  

equi l ibr ium as i n d i c a t e d  by a h igh  p r e c i s i o n  p r e s s u r e  gage 

(Matheson 1/63-5622), The molar c o n c e n t r a t i o n  of t h e  hydrogen 

s u l f i d e  s o l u t i o n  a t  ambient tempera ture  was d e r i v e d  from t h e  

measured p a r t i a l  p r e s s u r e  of hydrogen s u l f i d e  accord ing  t o  a 

modified equat ion  e s t a b l i s h e d  o r i g i n a l l y  by Shih  e t  a l .  15 

where 
Log pH2S p 4.6962 - 724.0JT + Log C 

pH2S = H2S p a r t i a l  p r e s s u r e ,  p s i  

T - temperature>K 

C - H2S c o n c e n t r a t i o n  i n  s o l u t i o n ,  mole / l .  

Subsequent ly ,  t h e  a u t o c l a v e s  were s e a l e d  and i n s e r t e d  i n  a 

rocking  c y l i n d r i c a l  aluminum block  prehea ted  t o  t h e  a p p r o p r i a t e  

temperature .  The h e a t i n g  of t h e  block was c o n t r o l l e d  by a l i n e a r  

temperature  programmer and monitored by a thermocouple i n s e r t e d  

i n t o  t h e  h e a t i n g  block.  The temperature  i n s i d e  t h e  a u t o c l a v e  was 

measured by a s e p a r a t e  thermocouple connected with a d i g i t a l  

thermometer and remained c o n s t a n t  w i t h i n  0.2"C. The zero  r e a c t i o n  

t i m e ,  i n  each case, was recorded a t  a p o i n t  a t  which t h e  

au toc laves  had reached t h e  s e l e c t e d  r e a c t i o n  tempera ture  i n d i c a t e d  

by t h e  d i g i t a l  thermometer. In  each series of experiment ,  t h e  

heat-up t i m e  was c o n t r o l l e d  t o  b e  8 minutes .  

A f t e r  t h e  s t a b i l i z a t i o n  r e a c t i o n ,  t h e  a u t o c l a v e  was dipped i n  

i c e  water and t h e  h y d r o c e l l u l o s e  was washed thoroughly wi th  

d i s t i l l e d  water  through s u c t i o n  and a i r  d r i e d .  No weight  loss o r  

lowering of t h e  EPn (number average degree  of po lymer iza t ion)  of  

t h e  h y d r o c e l l u l o s e  a t  t h i s  s t a g e  was found ( f o r  example, t h e  EFn 
of t h e  o r i g i n a l  h y d r o c e l l u l o s e  measured i n  cadoxen was 290 and d i d  
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END-GROUP STABILIZATION 7 

n o t  change a f t e r  t h e  h y d r o c e l l u l o s e  was t r e a t e d  w i t h  150 p s i  H2S 

and 0.004 N NH40H f o r  14 h o u r s  a t  140°C).  In  o r d e r  t o  o b t a i n  t h e  

mole f r a c t i o n  of u n s t a b i l i z e d  reducing  end-groups ([RE],-[SEG] i n  

Equation ( 7 ) ) .  t h e  t r e a t e d  h y d r o c e l l u l o s e  was then s u b j e c t e d  t o  

t h e  a l k a l i n e  degrada t ion  wi th  5% NaOH a t  100°C f o r  5 hours .  A f t e r  

t h e  degrada t ion  r e a c t i o n ,  t h e  suspension was a c i d i f i e d  and 

f i l t e r e d ,  t h e  h y d r o c e l l u l o s e  was washed w i t h  1% a c e t i c  a c i d ,  

fol lowed by water and a i r - d r i e d .  A mois ture  de te rmina t ion  was 

made and weight  loss (WL) c a l c u l a t e d .  F i g u r e  2 shows t h e  weight  

l o s s  (WL) of p a r t i a l l y  s t a b i l i z e d  h y d r o c e l l u l o s e  d u r i n g  t h e  

a l k a l i n e  degrada t ion  r e a c t i o n  a s  a f u n c t i o n  of t h e  s t a b i l i z a t i o n  

r e a c t i o n  time a t  160°C. S i m i l a r l y ,  WL's were obta ined  f o r  t h o s e  

s t a b i l i z a t i o n  r e a c t i o n s  c a r r i e d  o u t  a t  140" and 120°C. A f t e r  

s u b t r a c t i n g  6.4% from WL t o  account  f o r  t h e  d i s s o l v e d  o l igomer ic  

m a t e r i a l ,  t h e  [RE],-[SEG] is then obta ined  accord ing  t o  t h e  

fo l lowing  equat ion .  

34 r 

30 
M 

2 25 
9 

15 
160 poi I L 

I I I I 

0 5 10 15 20 
Time , min 

FIGURE 2 .  Alka l ine  degrada t ion  of p a r t i a l l y  s t a b i l i z e d  
h y d r o c e l l u l o s e  afte: 5 hours  i n  5% NaOH a t  100°C as f u n c t i o n  of  
t h e  r e a c t i o n  time i n  s t a b i l i z a t i o n .  S t a b i l i z a t i o n  was c a r r i e d  o u t  
under H S-pressure ( a s  i n d i c a t e d )  and c o n s t a n t  c o n c e n t r a t i o n  of 2 NH'OH a t  160°C. 
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WL-6.4 [RE]. - [SEG] = - x n x  100 

CHIANG AND SARKANEN 

(12) 

Thus equat ion  (7) can be  r e p r e s e n t e d  by : 

k t  

S t a b i l i z a t i o n  of D-glucose 

The conversion of D-glucose t o  1-thio-D-glucitol was 

determined by measuring, c o l o r i m e t r i c a l l y ,  t h e  unreac ted  D-glucose 

i n  t h e  s o l u t i o n  a f t e r  t h e  t rea tment  w i t h  H S-sodium- o r  ammonium 

hydroxide s o l u t i o n s  w i t h  t h e  phenol -su l fur ic  a c i d  method. 16 2 

To t h e  r e a c t o r  c o n t a i n i n g  20 m l  of D-glucose s o l u t i o n  ( 1  t o  

1.5 mM) with  t h e  presence  of e i t h e r  NaOH o r  NH40H, t h e  hydrogen 

s u l f i d e  gas  was in t roduced  hy t h e  same procedure as d e s c r i b e d  i n  

t h e  prev ious  s e c t i o n .  A t  t h e  end of t h e  s t a b i l i z a t i o n  r e a c t i o n ,  

t h e  r e a c t o r  was cooled down r a p i d l y  and t h e  s o l u t i o n  was a c i d i f i e d  

t o  pH Q, 2 w i t h  IN HC1. The p r e c i p i t a t e d  s u l f u r  was f i l t e r e d ,  

washed wi th  d i s t i l l e d  water  and t h e  combined f i l t r a t e  was 

concent ra ted  i n  a r o t a t o r y  evapora tor .  The concent ra ted  sugar  

s o l u t i o n  was then a d j u s t e d  t o  25 m l  w i t h  d i s t i l l e d  water. A t  t h i s  

s t a g e ,  t h e  s o l u t i o n  was s l i g h t l y  t u r b i d .  A 2 m l  a l i q u o t  was taken 

and a d j u s t e d  t o  10 m l  wi th  95% e t h a n o l  t o  o b t a i n  a c l e a r  s o l u t i o n  

from which 2 m l  was used f o r  t h e  c o l o r i m e t r i c  de te rmina t ion .  A 
16 c a l i b r a t i o n  curve  was c o n s t r u c t e d  accord ing  t o  Dubois e t  e l .  

The s tandard  s o l u t i o n  c o n s i s t e d  of 95% e t h a n o l  and d i s t i l l e d  water  

(4  t o  1, by volume), c o n t a i n i n g  5 t o  50 mg/l of D-glucose. 

Typica l  exper imenta l  runs a r e  i l l u s t r a t e d  i n  F igure  3. 

RESULTS AND DISCUSSION 

K i n e t i c s  of S t a b i l i z a t i o n  by H2 S i n  NaOH- and Ammonia Systems 

The h y d r o c e l l u l o s e  sample used i n  t h e  s tudy  l o s t  32.5% of i t s  

weight i n  complete a l k a l i n e  pee l ing .  By borohydride reduct ion  t h e  

p e e l i n g  l o s s  was reduced t o  6.4%. T h i s  remaining weight  loss is 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



END-GROUP STABILIZATION 9 

100% 130ps1 H,S NH'OH 

*-No base 

1 
0 10 20 30 40 50 60 

Time , min 

FIGURE 3 .  F r a c t i o n  o f  u n r e a c t e d  g l u c o s e  as  f u n c t i o n  of t h e  
r e a c t i o n  time i n  s t a b i l i z a t i o n .  S t a b i l i z a t i o n  was c a r r i e d  o u t  a t  
100°C w i t h  c o n s t a n t  H S - p r e s s u r e  and v a r i o u s  c o n c e n t r a t i o n s  o f  
N H 4 0 H  ( a s  i n d i c a t e d ) .  2 

p r o b a b l y  n o t  due  t o  i n c o m p l e t e  s t a b i l i z a t i o n  o f  end-groups  b u t  i s  

l i k e l y  t o  b e  caused  by t h e  d i s s o l u t i o n  o f  o l i g o m e r i c  c e l l u l o s e  

h y d r o l y s i s  p r o d u c t s  i n  t h e  a l k a l i n e  medium. 

Conf i rming  t h e  r e s u l t s  by  P r o c t e r  and A p e l t .  c o m p l e t e  

s t a b i l i z a t i o n  of t h e  h y d r o c e l l u l o s e  c o u l d  b e  a c h i e v e d  by h e a t i n g  

t h e  sample  a t  130°C i n  0.05 N aqueous  a l k a l i  u n d e r  H2S-p res su re .  

as shown i n  F i g u r e  4 .  The c o m p l e t e n e s s  o f  t h e  p r o c e s s  w a s  

i ndependen t  on whe the r  NaOH o r  ammonia was used  a s  t h e  b a s e .  I n  

a b s e n c e  of b a s e ,  however,  t h e  s t a b i l i z a t i o n  p r o c e s s  was s t r o n g l y  

r e t a r d e d .  

To o b t a i n  k i n e t i c  d a t a  f o r  t h e  s t a b i l i z a t i o n  p r o c e s s ,  t h e  

u n r e a c t e d  r e d u c i n g  end-groups  i n  p a r t i a l l y  s t a b i l i z e d  samples  were 

measured  from t h e  we igh t  l o s s  obse rved  i n  a l k a l i n e  p e e l i n g  (See  

E x p e r i m e n t a l  S e c t i o n ) .  I t  was found t h a t  r e g a r d l e s s  o f  

H S - p r e s s u r e  a p p l i e d ,  t h e  d a t a  conformed t o  t h e  f i r s t - o r d e r  

r e l a t i o n s h i p  p r e d i c t e d  by Equa t fon  ( 7 ) ,  a s  i l l u s t r a t e d  i n  

F i g u r e  5.  The same f i g u r e  a l s o  s u g g e s t s  t h a t  t h e  s t a b i l i z a t i o n  

2 
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CHIANG AND SARKANEN 

140'c , 130psi H,S 

0.05N NaOH 
A Without base 

0 . 0 5 ~  N H ~ O H  

0 I 2 3 4 5 6 7 8  
Time , hr 

FIGURE 4. Alka l ine  degradat ion of completely and p a r t i a l l y  
s t a b l i z e d  h y d r o c e l l u l o s e  a f t e r  5 hours  i n  5% NaOH a t  100°C as 
funct ion  of t h e  r e a c t i o n  t i m e  i n  s t a b i l i z a t i o n .  

r a t e  is s l i g h t l y  but  s i g n i f i c a n t l y  h igher  when ammonia i n s t e a d  of 

sodium hydroxide i s  used a s  t h e  base.  

The conversion of g lucose  t o  1- thio-D-gluci tol  is a much 

f a s t e r  r e a c t i o n  than t h e  s t a b i l i z a t i o n  of reducing end-groups i n  

hydroce l lu lose  and could be s t u d i e d  a t  100°C r e a c t i o n  temperature .  

In  k i n e t i c  runs ,  t h e  remaining unreac ted  g lucose  was determined 

us ing  t h e  well-known phenol -su l fur ic  acid16 r e a c t i o n .  Again, t h e  

r a t e  d a t a  f i t  w e l l  w i t h  a f i r s t  o r d e r  r e l a t i o n s h i p  (F igure  6 ) .  i n  

conformity w i t h  Equation (9 ) .  Another s i m i l a r i t y  w i t h  t h e  

h y d r o c e l l u l o s e  k i n e t i c s  w a s  t h e  h i g h e r  r e a c t i o n  ra te  observed in 

ammonia systems. 
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END-GROUP STABILIZATION 11 

I .4 

1.2 

1.0 

5 0.6 

0.4 

0.2 

0 

FIGURE 5 .  

m 0050 N NH,OH 
A 0 0 5 0  N NaOH 
0003 N NH,OH 

0 0003 N NaOH 

140k 0 003 N NH,OH 

5 10 15 20 25 30 
Time , min 

F i r s t - o r d e r  r a t e  p l o t s  f o r  t h e  s t a b i l i z a t i o n  of  
h y d r o c e l l u l o s e  i n  H S-base sys t ems  a t  140 'C .  2 

E f f e c t  of I n i t i a l  Base C o n c e n t r a t i o n  on t h e  Rate o f  R e a c t i o n  

For  t h e  pu rpose  of  d e t e r m i n i n g  t h e  i n f l u e n c e  o f  t h e  b a s e  

c o n c e n t r a t i o n  on t h e  rate of  s t a b i l i z a t i o n  u n d e r  c o n s t a n t  

H S -p res su re  i t  was more c o n v e n i e n t  t o  u s e  g l u c o s e  r a t h e r  t h a n  

h y d r o c e l l u l o s e  as t h e  s u b s t r a t e .  Both NaOH- and ammonia 

c o n c e n t r a t i o n s  were v a r i e d  i n  t h e  r a n g e  from z e r o  t o  0.2 M and t h e  

f i r s t  o r d e r  r a t e  c o n s t a n t s  d e t e r m i n e d  u n d e r  130 p s i  hydrogen 

s u l f i d e  p r e s s u r e  a t  100°C. The r e s u l t s  o b t a i n e d  are shown i n  

F i g u r e  7 and d e m o n s t r a t e  t h a t  i n c r e a s e s  in b o t h  NaOH- and ammonia 

c o n c e n t r a t i o n s  from z e r o  t o  .05 M a c c e l e r a t e  t h e  r a t e  by more t h a n  

t e n - f o l d  b u t  f u r t h e r  i n c r e a s e s  i n  b a s e  c o n c e n t r a t i o n  are 

p r a c t i c a l l y  w i t h o u t  e f f e c t .  However, t h e  maximum ra te  obse rved  i n  

ammonia sys t ems  exceeds  by a p p r o x i m a t e l y  30% t h a t  of NaOH s y s t e m s .  

I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  o f  pH on t h e  ra te  i n  sodium- 
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B 
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CHIANG AND SARKANEN 

NH4OH 

7<* 6 NaOH *Ye 

A 0.094 N NHdOH 

U 0.011 N NHdOH 
0 0.100 N NaOH 

0.010 N NaOH 

1 
0 10 20 30 40 50 

Time , min. 

FIGURE 6. First-order rate plots for the stabilization of 
D-glucose In H S-base systems at 100'C. 2 

FIGURE 7. Dependence of observed rate constants f o r  the 
stabilization of D-glucose on the base concentration. 
pressure: 130 psi. Temperature: 100°C. "ZS 
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END-GROUP STABILIZATION 13 

and ammonia based systems,  t h e  pH-values were computed f o r  

i n d i v i d u a l  r u n s  from t h e  a v a i l a b l e  d a t a  on d i s s o c i a t i o n  c o n s t a n t s  

of  NH3 and H2S and from t h e  vapor- l iqu id  e q u i l i b r i u m  d a t a  f o r  

H2S . When t h e  r a t e  d a t a ,  expressed  a s  f r a c t i o n s  of  maximum 

r a t e ,  were p l o t t e d  a g a i n s t  computed pH-values, an i d e n t i c a l  c u r v e  

w a s  ob ta ined  f o r  sodium- and ammonia based sys tems,  a s  shown i n  

F igure  8. The form of t h e  curve  is s igmoida l  g i v i n g  suppor t  t o  

t h e  i d e a  t h a t  t h e  conversion ra te  is indeed dependent on the 

c o n c e n t r a t i o n  of t h e  monoanion of gem-di th io l  (Equat ion 101, i f  i t  

is assumed t h a t  t h e  pK-value of t h e  f i r s t  i o n i z a t i o n  of t h i s  

compound is approximately 5.2. 

15 

It  is more d i f f i c u l t ,  however, t o  e x p l a i n  t h e  d i f f e r e n c e  i n  

t h e  maximum r a t e  between sodium- and ammonia based systems.  It is 

n o t  v e r y  l i k e l y  t h a t  t h e  r a t e  c o n s t a n t  k' would be  d i f f e r e n t  i n  

both  systems. Therefore ,  t h e  d i f f e r e n c e  between t h e  maximum rates 

i n  t h e s e  two systems would sugges t  t h a t  t h e  i n s t a n t a n e o u s  

es tab l i shment  of t h e  e q u i l i b r i u m  between t h e  reducing  end-groups 

and t h e  gem-di thiols  1. occurs  only i n  t h e  ammonia based system. 

I t  h a s  been shown, under below-neutral  c o n d i t i o n s ,  ammonia o r  

too I 
e i 80 
p 60 

01 1 I 1 1 

3 4 5 6 6.5 
pH of the soh. 

FIGURE 8.  E f f e c t  of pH on t h e  r a t e  of t h e  s t a b i l i z a t i o n  of 
D-glucose i n  t h e  H S-base systems. 2 
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14  CHIANG AND SARKANEN 

amine promotes t h e  a d d i t i o n  of hydrogen s u l f i d e  t o  s imple  carbonyl  
compounds y i e l d i n g  corresponding gem-di th io l  d e r i v a t i v e s .  17 .18 ,19  

T h i s  is probably caused by t h e  condensat ion r e a c t i o n  between 

ammonia and carbonyl  forming an a c t i v a t e d  immonium ion  20*21 which 

f a c i l i t a t e s  t h e  n u c l e o p h i l i c  a d d i t i o n  of hydrogen s u l f i d e .  

E f f e c t  of Hydrogen S u l f i d e  Concent ra t ion  on S t a b i l i z a t i o n  

A t  v e r y  low c o n c e n t r a t i o n s  of H2S, 1 >> K[H2SI2. and 

consequent ly ,  Equation (4 )  approaches t h e  form given by equat ion  

(14) .  sugges t ing  an approximate second o r d e r  rate r e l a t i o n s h i p  i n  

r e s p e c t  t o  H2S-concentration. 

d[SEGl =k'K [RE] [H2S]' d t  

On t h e  o t h e r  hand, a t  s u f f i c i e n t l y  high H2S-concentrations 

5 

4 

7 3  .c 
E 
t - 2  

I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
H2S Concentration , mol /I 

FIGURE 9.  R e l a t i o n s h i p  between t h e  s t a b i l i z a t i o n  r a t e  c o n s t a n t  
and t h e  H S-concentrat ion a t  140' and 120'C w i t h  c o n s t a n t  amount 
of NH40H 6 . 0 0 3  M) . 
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END-GROUP STABILIZATION 15 

K[H2S]’ >> 1 and Equation ( 4 )  becomes nearly equivalent to equation 

(15) ,  expressing a zero-order relationship. 

Consequently, if Equation ( 4 )  is valid for the stabilization 

process, a sigmoidal relationship can be anticipated between the 

rate of the stabilization and the concentration of hydrogen 

sulfide. 

To test the validity of Equation ( 4 ) .  first-order rate 

constants for the stabilization of hydrocellulose with constant 

amount of ammonia (0.003 M) and various concentrations of H2S were 

120t 

Y 
loo - 120t 

-t 
5 

1 I 1 1 I 1 1 1 

0 5 10 15 20 25 30 35 

FIGURE 10. Relationship between k-l and [H,S]-’ for 
stabilization of hydrocellulose at various temperatures. 
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2.5 

2.0 

1.5 

k 
4 -+. 

1.0 

CHIANG AND SARKANEN 

' 

3.0 c 

0.8b 
4/ ' I I 

0 2.3 2.4 2.5 
I/T x 10' 

FIGURE 11. Arrhenius  p l o t  f o r  t h e  s t a b i l i z a t i o n  of 
hydroce l lu lose .  

obtained.  When t h e  observed ra te  c o n s t a n t s  were p l o t t e d  a g a i n s t  

t h e  H2S-concentration computed from t h e  vapor- l iqu id  e q u i l i b r i u m  

d a t a  f o r  H2S.15 t h e  p r e d i c t e d  s igmoida l  r e l a t i o n  between t h e  rate 
and H S-concentrat ion was confirmed,  as shown i n  F igure  9. 2 

The a c t u a l  v a l i d i t y  of Equation (4)  was f u r t h e r  r e i n f o r c e d  by 

t e s t i n g  whether o r  n o t  a l i n e a r  r e l a t i o n s h i p  e x i s t e d  between k- l  

and [H,S]-2, as i n d i c a t e d  by Equation (8).  Confirmation of t h i s  

expec ta t ion  is c l e a r l y  i l l u s t r a t e d  by F i g u r e  10. By e x t r a p o l a t i n g  

t h e  k-' t o  [H2S]-2 - 0. t h e  i n v e r s e  of k' can be obta ined  f o r  t h e  

t h r e e  temperatures  s t u d i e d .  F igure  11 p r e s e n t s  t h e  Arrhenius  p l o t  

f o r  t h e  k' v a l u e s  obtained.  From t h i s  p l o t ,  t h e  a c t i v a t i o n  energy 

61.9 kJ mol-' was obta ined  f o r  t h e  s t a b i l i z a t i o n  r e a c t i o n .  

The r e s u l t s  from t h e  p r e s e n t  s tudy  t h u s  confirm t h e  r e a c t i o n  

mechanism proposed by P r ~ c t e r . ~  The s t a b i l i z a t i o n  r e a c t i o n  has  an 

a c t i v a t i o n  energy of 61.9 kJ mol-' which corresponds t o  a 60% rate  

i n c r e a s e  every  10°C rise in t h e  temperature  range of  120' t o  

16OOC. 
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