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DEHYDRATION AND OXIDATION OF CELLULOSE,HYDROLYSIS PRODUCTS IN 
ACIDIC SOLUTION 

Klaus Garves 
Federal Research Center f o r  Forestry and Forest Products 

I n s t i t u t e  of Wood Chemistry and Chemical Technology of Wood 
2050 Hamburg 80,  Federal Republic o f  Germany 

ABSTRACT 

The conversion of ce l lu lose  i n  homogenous so lu t ion  t o  hydrolysis,  
dehydration, and oxidation products was investigated.  A reaction 
sequence involving ace ty la t ion  and degradation by aqueous ac ids  
l e d  t o  humic ac id ,  hydroxymethylfurfural, and l evu l in i c  ac id  a s  
the  i so l a t ed  end-products. The influence of various reaction para- 
meters upon the y ie lds  was studied.In the  presence of f e r r i c  
ch lor ide  some fur fura l  was formed i n  addition t o  t h e  o ther  pro- 
ducts.  

INTRODUCTION 

Acid catalyzed hydrolysis o f  ce l lu lose  to  glucose has received a 
l o t  of i n t e r e s t .  The heterogenous process i s  the cornerstone o f  

the  sacchar i f ica t ion  of wood,very l i k e l y  w i t h  renewed technical 
importance. When car r ied  out w i t h  hot acid, consecutive reactions 
o f  glucose lead t o  the formation of 5-hydroxymethylfurfural, levu- 
l i n i c  ac id ,  formic acid and humic substances a s  the main products. 
The behavior of glucose i n  these  reac t ions  was studied by McKib- 
b i n s  e t  a l .  ‘. The poten t ia l  of l evu l in i c  ac id  a s  a n  organic in- 
termediate was emphasized by Leonard ’. Yields from hexoses were 
u p  t o  55 % (of theory);  conversions from ce l lu lose  would be small- 
e r .  Also the  production of hydroxymethylfurfural is  a matter of 
continued technical i n t e r e s t ,  e.g. . The mechanism of dehydra- 
t i on  reac t ions  of carbohydrates was l a s t l y  reviewed by Feather 
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and H a r r i s  5 . 
b e h a v i o r  o f  v a r i o u s  c e l l u l o s e s  i n  b o i l i n g  h y d r o c h l o r i c  ac id ,  con- 

t a i n i n g  o x i d i z i n g  me ta l  s a l t s .  From h i s  f i n d i n g s  o f  a r a p i d  l o s s  

o f  one mo lecu le  o f  carbon d i o x i d e  p e r  anhydroglucose u n i t ,  t h e  f o r -  

m a t i o n  o f  ano the r  mo lecu le  w i t h  f i v e  carbon atoms i s  conceivable.  

An o x i  da t i on-decar boxy 1 a t  i on -  hydro1 y s i  s sequence m i  g h t g i v e  r i  se 

t o  f u r f u r a l .  An o x i d a t i v e '  h y d r o l y s i s  o f  c e l l u l o s e  t o  f u r f u r a l  

wou ld  be o f  t e c h n i c a l  i n t e r e s t ,  because so f a r  t h e  l a t t e r  can on- 

l y  be ob ta ined  f r o m  t h e  pentosans o f  wood, r e s l r i c t i n g  t h e  y i e l d  o f  

f u r f u r a l  t o  about  10 % o f  t h i s  raw m a t e r i a l .  

I n  a d i f f e r e n t  c o n t e x t  N icke rson  s t u d i e d  t h e  

I n  t h e  c o n t e x t  o f  chemical u t i l i z a t i o n  o f  wood, t h e  f o r m a t i o n  of 

l e v u l i n i c  a c i d  as w e l l  as f u r f u r a l  f rom c e l l u l o s e  seemed i n t e r -  

e s t i n g .  Recently, t h e  honiogenous h y d r o l y s i s  o f  c e l l u l o s e  v i a  an 

e s t e r i f i c a t i o n  was desc r ibed  . Con t inu ing  t h e  r e a c t i o n  be- 

tween d i s s o l v e d  carbohydrates and aqueous a c i d  l eads  t o  p roduc ts  

o f  dehydrat ion.  We decided t o  i n v e s t i g a t e  t h i s  homogenous r o u t e  

from c e l l u l o s e  t o  f u r a n  compounds and l e v u l i n i c  a c i d  i n  some de- 

t a i l .  The e f f e c t  o f  d i f f e r e n t  exper imen ta l  c o n d i t i o n s ,  i n c l l l d i n g  

a d d i t i o n  o f  o x i d a t i o n  agents, was expected t o  e l u c i d a t e  t h e  reac-  

t i o n  r o u t e  and demonstrate p r e p a r a t i v e  p o s s i b i l i t i e s .  

7 

EXPERIMENTAL 

Co t ton  l i n t e r s  (Type 4417/45, bleached, P. Terming AG) was used 

as c e l l u l o s e .  A l l  chemicals  were reagen t  grade. D i s s o l u t i o n  t o  

c e l l u l o s e  a c e t a t e  hyd rogensu l fa te  was ach ieved  as desc r ibed  

by  a g i t a t i n g  t h e  c e l l u l o s e  w i t h  a c e t i c  a c i d ,  a c e t i c  anhydr ide  and 

s u l f u r i c  a c i d  a t  120 - 140°C. The mole r a t i o  o f  Ac20 t o  a C6- 

u n i t  was 3.4 : 1. Standard r e a c t i o n  s o l u t i o n s  c o n t a i n i n g  6 % 

c e l l u l o s e  and 0.06 % H2S04 were o b t a i n e d  a f t e r  3 t o  5 min and 

k e p t  under n i t r o g e n .  To t h e  b o i l i n g  m i x t u r e  v a r i o u s  amounts o f  

aqueous a c i d s  were added dropwise, r e s u l t i n g  i n  t h e  c o n c e n t r a t i o s  
g i v e n  i n  t h e  Tables.  Hea t ing  under r e f l u x  o r  i n  an au toc lave  was 

cont inued,  and samples were wi thdrawn a f t e r  1, 2 ,  and 4 h rs .  Dur- 
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CELLULOSE HYDROLYSIS PRODUCTS 225 

ing t h i s  time the i n i t i a l l y  co lo r l e s s ' so lu t ions  became d a r k  and a 
black so l id  formed. 
f i l t r a t i o n  a n d  weighed. 
continuously extracted by dichloromethane ( i n i t i a l l y  chloroform 
was used). 
fur fura l  ( H M F )  was determined by u l t r a v i o l e t  spectroscopy using 
the absorption a t  279 nm a f t e r  ca l ib ra t ion .  
dryness of the dichloromethane so lu t ion ,  a brown o i l  was l e f t .  
weight of t h i s  organophilic e x t r a c t  was determined, and i t s  con- 
t e n t  of levul i n i c  acid (LeA) measured by potentiometric t i t r a t i o n .  
The y i e lds  of HMF and  LeA were confirmed by comparison of the  in f r a -  

red and ( f o r  typical samples) proton resonance spectra o f  t he  ex- 
8 t r a c t s  with spectra of au thent ic  samples and mixtures thereof 

I n  the aqueous solutions l e f t  a f t e r  the ex t rac t ions ,  the  content of 
carbohydrates (not  decomposed by dehydration t o  organophil i c  pro- 
duc ts )  was determined with o rc ino l - su l fu r i c  acid a n d  calculated 
as glucose. 

This residue ("humic ac id")  was i so la ted  by 
The d i lu t ed  aqueous f i l t r a t e  was then 

In the CH2C12-solution, the content of 5-hydroxymethyl- 

After evaporation to  
The 

. 

I n  t h i s  ana ly t ica l  evaluation v o l a t i l e  products were neglected. 
To include the determination of f u r f u r a l ,  a s e r i e s  of reac t ions  
containing FeCl i n  the dehydration s tage ,  resembling Nickerson's 
conditions and with continuous d i s t i l l a t i o n ,  was car r ied  out  
(Table 6 )  and analyzed a s  follows: water, a c e t i c  ac id ,  hydrochlor- 
i c  ac id ,  and gaseous reaction products d i s t i l l e d  during the  reac- 
t ion  and were co l lec ted  i n  a t r a p ,  while a water/acetic acid mix- 
t u re  was dropwise added t o  keep the composition of the  solvent 
roughly constant.  Also a stream of nitrogen or  oxygen was led 
t h r o u g h  the  mixture. 
tentiometry and f o r  fur fura l  by high pressure l i qu id  chromatogra- 
phy (Li-chromosorb 5RP18 column i n  a SP 2000 of Spectra Physics).  

3 

The d i s t i l l a t e  was analyzed f o r  acids by po- 

RESULTS AND DISCUSSION 

Figure 1 ind ica tes  the  overa l l  reaction paths i n  the  presence of 
aqueous hydrochloric acid and f e r r i c  chloride.  The nature o f  the  
intermediates leading to  HMF has been discussed several times, 
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Cellulose t Acetlc anhydrlde H2S04 = Ce 1 1 uloseace ta tehydrogensul f a t e 
HOAc 

H C l  H C 1  c ~ H ~ ~ ~ ~  t Acetates 
-In termed1 a tes-- 

Glucose 

- - Hmlc acld 
\ Am 

HOCH2 C' CHO 

Hydroxyme thy1 f urf ura 1 

a1 CH3COCH2CH2COOH + HCOOH Furfural 
Levul 1 n Ic -ac 1 d 

FIGURE 1. Reaction p a t h s  leading t o  dehydration and  oxidation 
products. 

5 e.g. .. A compound w i t h  an uv-absorption a t  230 nm was detected 
b u t  never i so la ted .  The same absorption was found i n  our products 
a f t e r  sho r t  reac t ion  times. The organophilic e x t r a c t s  cons is ted  
almost exclusively of HMF and LeA. Only a t  low conversions addi- 
t iona l  compounds containing ace t a t e  e s t e r  groups were a l s o  pre- 
sent i n  considerable amounts. The course of the reaction f o r  a 
longer period - r e f l ec t ed  i n  the y i e lds  of the th ree  f r ac t ions :  
residual sugar, nonvola t i le  ex t r ac t s  and insoluble residue - i s  
given i n  Fig. 2 i n  semilwarithmic p lo ts .  The carbohydrate con- 
sumption followed f i r s t  order  k ine t ics  up  t o  4 hours. No induc- 
t i on  period was observed. Extract  and res idue  y i e l d s  follow a more 
complex course, typ ica l  f o r  competing and consecutive reac t ions .  
In l a t e r  s tages  much of t he  cwbohydrate i s  eventually converted 
t o  v o l a t i l e  products, and the residue formation becomes more pro- 
nounced. The y i e ld  of the ex t r ac t  can apparently not be improved 
by longer reaction times alone. In order t o  f ind  s u i t a b l e  condi- 
t i ons  f o r  the  preferen t ia l  formation of l evu l in i c  ac id  and fur- 
fura l ,  some reaction parameters were sys temat ica l ly  varied.  The 
r e s u l t s  a r e  given i n  the Tables. 
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A YIELD (Log of percent) 

2.0- 

EXTRACTS 
m .-. 

W - v v 

RESIDUE 

, . I . I ~ I ' , . , . I . , . >  

2 L 6 8 10 12 14 16 18 

FIGURE 2. Products of dehydration i n  ace t i c  acid so lu t ion  
containing 4.3% ce l lu lose ,  5 .7% HC1, 25% H20, 0.074 
mol/l FeC13 a t  105' C .  

Table 1 ind ica tes  t he  product spectrum as  a function of the  acid 
present.  HC1 and H2S04 increase  the conversion of t he  watersoluble 
"residual sugar'' t o  the organo-soluble "ex t rac t"  plus residue, pro- 
bably i n  a g rea t e r  than l i n e a r  manner. The formation of HMF goes 
through a maximum when the  reaction conditions become more severe. 
Levulinic ac id  and the " h h i c  acid" residue a r e  formed i n  s t ead i -  
l y  increasing b u t  l imited amounts. A t  higher conversions the sum 
of the  i so l a t ed  products decreases considerably. Su l fu r i c  acid i s  
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CELLULOSE HYDROLYSIS PRODUCTS 229 

a f a r  less e f f ic ien t  catalyst  for  the dehydration t h a n  hydrochlor- 
ic  acid. Hydrobromic acid acts  t o  a similar extent as HC1 does. 
If conversion i s  defined as consumption of carbohydrate (restdual 
sugar) and select ivi ty  as yield of HMF o r  LeA divided by conver- 
sion,the figures in the l a s t  2 columns of the Table are obtained. 
The following trends can be derived: se lec t iv i t ies  towards HMF 
decrease with acid Concentration. This means the reaction order in 
acid for  the formation of HMF i s  lower t h a n  for  i t s  decomposition. 
The opposite i s  t rue for  LeA: se lec t iv i t ies  increase with conver- 
sions caused by higher acid concentrations. Comparisons of d i f fe r -  
ent acids fo r  similar conversions (entr ies  3 ,  6 ,  and 10 )  show 
t h a t  the se lec t iv i t ies  towards HMF decrease from HC1 to  HBr t o  
H2S04, whereas for  LeA the order i s  H C 1 <  HBrcH2S04.  Consequent- 
ly ,  a low concentration of HC1 i s  favorable for the preparation of 
HMF and a high concentration H2S04 favors LeA sl ight ly .  
effects  of varying the concentration of water in the solvent can 
be seen from the resul ts  of Table 2. In a solvent w i t h  only 9.5 % 

water, intermediates containing acetyl groups accumulate. They 
are distributed between water and dichloromethane and give r i s e  
t o  h igh  values of "residual sugar" and extract .  The formation of 
residues and de-acetylated products i s  f a s t e r  i n  a solvent with 
25 % H 2 0 , b u t  decreases when the water content i s  fur ther  increas- 
ed. The se lec t iv i t ies  show t h a t  there i s  no obvious trend for  the 
dependence of HMF on the water content. On the other hand,LeA i s  
formed more selectively in solvents rich i n  water. Higher water 
contents than 50 % cause the intermediate cellulose es te r  t o  pre- 
c ip i ta te ,  preventing the desired homogeneous reaction. 

Table 3 contains variations i n  the i n i t i a l  concentration of cellu- 
lose. The effect  upon the overall conversions is small. The se- 
l ec t iv i t i e s  towards HMF and LeA seem to  increase with lowering the 
cellulose concentration, indicating less  competing side reactions 
( t o  "residues"). This i s  expected because the humic acid forming 
reactions have very l ikely a higher reaction order in carbohydrate. 
Remarkable are the h i g h  yields and se lec t iv i t ies  of LeA i n  the 
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% HzO i n  No te  

s o l u t i o n  

9.5 3 )  
25 3 )  
50 3)  
9.5 4 )  

25 4 )  
50 4 )  
25 5)  
50 5 ) .  

GARVES 

Residual  Residue E x t r a c t  HMF LeA 
sugar 2 )  2)  2 )  

68.7 0.1 48.1 13.7 7.8 
49.0 7.9 32.0 23.0 15.1 
84.4 0.2 10.6 6.0 5.7 
48.3 3.5 45.0 11.4 10.4 
11.0 22.6 37.1 6.8 39.9 
56.9 3.8 24.3 5.8 24.2 

3.8 13.4 34.1 6.9 34.6 
59.2 2.3 26.8 12.9 19.9 

- 
NO 

- 
1 
2 
3 
4 
5 
6 
7 
8 
- 

TABLE 2 
E f f e c t  o f  Water on t h e  Dehydra t i on  Reac t ion  1 )  

S e l e c t i v i t y  
towards 

HMF LeA 
0.44 0.25 
0.45 0.30 
0.38 0.37 
0.22 0.20 
0.08 0.45 
0.13 0.56 
0.07 0.36 
0.32 0.49 

1 )  S o l u t i o n  c o n t a i n e d  4.3 % c e l l u l o s e  and HC1 as i n d i c a t e d  i n  foo tno tes .  
2 )  Same as i n  Table 1 
3 )  With 5.7 % HC1 a t  105°C a f t e r  1 h r .  
4 )  W i th  5.7 X HC1 a t  105°C a f t e r  4 h rs .  

h i g h  tempera tu re  runs,  which demonstrate t h a t  t h e  f o r m a t i o n  o f  l e -  

v u l i n i c  a c i d  f r o m  c e l l u l o s e  i s  a f e a s i b l e  process. 

Some more r e s u l t s  f r o m  i n c r e a s i n g  t h e  tempera tu re  o f  t h e  process 

a r e  p resen ted  i n  Tab le  4. H i g h e r  convers ions  o f  ca rbohydra tes  
l e a d  t o  more LeA and e s p e c i a l l y  t o  more res idues .  A l so  cons ide r -  

a b l e  amounts o f  v o l a t i l e  products  - n o t  o n l y  f o r m i c  a c i d  - must 
have formed a t  h i g h e r  temperatures. P o s s i b l e  among those  a r e  c a r -  

bon d i o x i d e  and f u r f u r a l ,  whose f o r m a t i o n  shou ld  be promoted by 
o x i d a t i v e  agents. The r e s u l t s  o f  Table 5 w i t h  f e r r i c  c h l o r i d e  

added t o  t h e  r e f l u x i n g  s o l u t i o n ,  s i m i l a r  t o  N i c k e r s o n ' s  e x p e r i -  
ments, do n o t  i n d i c a t e  t h a t  t h e  course o f  t h e  r e a c t i o n  was chang- 
ed by FeC13. 

The sum o f  t h e  n o n - v o l a t i l e  p roduc ts  d e v i a t e s  c o n s i d e r a b l y  from 

100 % a f t e r  l o n q  r e a c t i o n  t imes,  
FeC13 causes gases t o  form. Experiments w i t h  con t inuous  d i s t i l l a -  
t i o n  t o  t r a p  f u r f u r a l  among t h e  v o l a t i l e  p roduc ts  a r e  summarized 
i n  Table 6. I n  t h e  condensates c o l l e c t e d  eve ry  hour, f u r f u r a l  was 

indeed de tec ted .  The y i e l d s  a f t e r  2 and 4 hours,  quoted i n  t h e  

an i n d i c a t i o n  t h a t  
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CELLULOSE HYDROLYSIS PRODUCTS 

TABLE 5 

Product D i s t r i b u t i o n  i n  the Presence of FeC13 1) 

No FeC13 
mole/l 

1 0  
2 0.007 
3 0.074 
4 0.37 
5 0  
6 0.074 
7 0.37 

Time Residual Residue E x t r a c t  Sum of  
( h r s )  Sugar 2) products  

1 61.5 2.4 25.7 89.6 
1 66.7 2.6 27.0 96.3 
1 63.1 3.7 28.8 95.6 
1 67.0 2.1 28.3 97.4 
4 15.0 19.0 38.9 72.9 
4 5.6 18.8 35.4 59.8 
4 3.4 8.4 28.4 51.8 
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HMF 

23.0 
20.7 
16.7 
20.0 

7.5 
9.4 
4.4 

L H20. 

corresponding columns, show t h a t  f e r r i c  c h l o r i d e  promotes an oxi -  
d a t i v e  hydro lys is .  Also oxygen and c u p r i c  c h l o r i d e ,  a s  an oxida- 
t i o n  c a t a l y s t  i n  a d d i t i o n  t o  FeC13, have a s l i g h t  e f fec t .  B u t  
even under the most f a v o r a b l e  c o n d i t i o n s  the y i e l d  o f  f u r f u r a l  was 
only  3 t o  4 % of  the theory.  The y i e l d s  of the o t h e r  products  
a f t e r  4 hours a r e  w i t h i n  the expected range. In  s o l u t i o n s  wi th  
more than 50 % H20 ( f o o t n o t e  4 )  less o r g a n o p h i l i c  e x t r a c t  is  pro- 
duced analogous t o  the results of Table  2. Fur fura l  i s  probably 
formed independently o f  this s o l v e n t  change. 

CONCLUSIONS 

The dehydrat ion r e a c t i o n  of p a r t i a l l y  a c e t y l a t e d  c e l l u l o s e  i n  
aqueous s o l u t i o n  ca ta lyzed  by a c i d s  proceeds by 1 )  h y d r o l y s i s  t o  
hydrophi l ic  carbohydrates  w i t h  one o r  more a c e t a t e  ester groups, 
f o l  lowed by 2) conversion t o  hydroxymethyl f u r f u r a l  ,and then t o  
3)  l e v u l i n i c  a c i d ,  accompanied by 4 )  i n s o l u b l e  r e s i d u e s  (humic 
a c i d ) .  HMF a s  an i n t e r m e d i a t e  i s  formed i n  optimum y i e l d s  under 
mi lder  condi t ions  o f  time and temperature  and lower c o n c e n t r a t i o n s  
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o f  c e l l u l o s e  and acid.  HC1 i s  a more e f f i c i e n t  and se l ec t ive  ca ta -  
l y s t  than HZ504 f o r  HMF. The formation of LeA i s  promoted by 
higher ac id  and water concentrations in the  medium. H2W4 i s  more 
s e l e c t i v e  than HC1 a s  a ca t a lys t .  Increasing the  reaction time 
and temperature favors the  competing reaction t o  the  "residue" 
more than t o  LeA. Addition of f e r r i c  ch lo r ide  t o  the dehydration 
reaction mixture w i t h  HC1 and continuous d i s t i l l a t i o n  leads t o  
some fu r fu ra l .  Yields of 20 .... 30 % HMF and of 45 .... 55 % LeA, 
based on theory,  from ce l lu lose  can be r ea l i zed ,  whereas only 
3 . . . .  4 % of fur fura l  could be obtained. 
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I t  was found t h a t  the r a t ' o s  of the  band i n t e n s i t i e s  

HMF-content of the  sample. 
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of 1520 cm-l and 1400 cm- 1 were proportional t o  the 
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