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INTRODUCTION 

For several years our respect ive groups have inves t iga ted  the  format ion 
o f  aromatic compounds from carbohydrates i n  aqueous so lu t i on  a t  var ious pH- 
values under r e f l u x  o r  hydrothermolyt ic condi t ions.  For instance, previous 
papers (1-6) i n  t h i s  ser ies  concerned the  degradation o f  hexoses , pentoses , 
erythrose, dihydroxyacetone, and hexuronic acids t o  phenol ic and eno l i c  
components. O f  p a r t i c u l a r  i n t e r e s t  were the  i s o l a t i o n  and i d e n t i f i c a t i o n  o f  
catechols, an acetophenone, and chromones from pentoses and hexuronic acids 
a t  pH 4.5 (1,Z). The formation o f  these compounds, as we l l  as reduc t i c  
acid(7),was found t o  be more pronounced than t h a t  o f  2-furaldehyde(2) under 
ac id i c  condi t ions.  The aromatic precursors o f  3 and 4 were a lso  isoTated from 
these reac t ion  mixtures. 
from pentoses(8) and hexuronic acids(9) a t  very low pH. S im i la r  products were 
obtained i n  lower y i e l d  from glucose and f ruc tose  under ac id i c  cond i t ions( l0 ) .  
However, t he  predominant product o f  these hexoses was 5-hydroxymethyl-2- 
furaldehyde (1) as would be expected from p r i o r  work(l1). Surpr is ing ly ,  s i m i l a r  
products are noted a t  neut ra l  and even a l k a l i n e  pH w i t h  glucose and xylose( l2) .  
Previous hydrothermolyt ic studies o f  ce l l u lose  i nd i ca ted  t h a t  c e r t a i n  aromatic 
products could be obtained when the  pH was maintained i n  the  range o f  4 - l l (13) .  
This suggested t h a t  a ldo l  condensation, a prime rou te  f o r  the  product ion o f  
aromatics from saccharides, could func t ion  under moderately a c i d i c  condi t ions.  

This i s  i n  contrast- to t h e  h igh  y i e l d s  o f  2 obtained 
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The cur ren t  research was i n i t i a t e d  t o  study the  compet i t ion between the 
formation o f  phenol ic compounds (aldol  involvement) and t h a t  o f  furans 
(dehydration and cycAization). 
5-7.5 minutes a t  300 C, were chosen t o  examine the  e f f e c t  on po ten t i a l  biomass 

Hydrothermolytic (1 iquefac t ion)  condi t ions,  
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mater ia ls  wh i l e  exposed t o  m i l d  acid. 
p rev ious ly  found t o  provide h igher  y i e l d s  o f  phenols than glucose. It i s  a lso  
o f  inc reas ing  i n t e r e s t  f o r  those invo lved w i t h  the  hydro lys is  o f  biomass, 
incauding steaming and au tohydr lys is  under s l i g h t l y  a c i d i c  cond i t ions  a t  170- 
250 , t o  ob ta in  substrates f o r  var ious fermentat ion processes o r  as a 
pretreatment f o r  o the r  uses. It i s  very l i k e l y  t h a t  t h e  aromatic products, 
p a r t i c u l a r l y  those formed from pentosans and polyuronides, may have an 
i n h i b i t i n g  e f f e c t  on fermentat ion processes. More informat ion,  therefore,  i s  
needed concerning t h e  format ion o f  aromatic components and t h e i r  precursors 
from the h igh  temperature, aqueous processing o f  biomass. 

EXPERIMENTAL 

A se r ies  o f  3.0 mL capaci ty tub ing  autoclaves (316 t a i n l e s s  s tee l )  were 
used. Each tube was 0.6 x 9 cm and sealed w i t h  SwagelokT8 f i t t i n g s .  The tubes 
were charged w i t h  0.27 g sodium glucuronate, 0.19 g D-x lose, o r  0.22 g D- 
glucose, respec t ive ly .  Buffered ac id  so lu t ions  (2.0 mL{ were added t o  the  
tubes. For instance, sodium acetate-acet ic ac id  b u f f e r  was used f o r  the  pH 3 
t o  4 react ions,  w h i l e  a potassium ch lo r ide-hydroch lo r ic  ac id  b u f f e r  was used 
f o r  the pH 1.7-1.9 react ions.  
n i t rogen p r i o r  t o  i n s e r t i o n  i n t o  a 300 sand bath. I n t e r i o r  tub8 temperature 
as reached 300' w i t h i n  2.5 minutes, wh i le  quenching t o  below 100 requ i red  
on ly  0.1 minute. The so lu t i ons  a f t e r  cool ing,  which i n  a l l  n ine  experiments 
were dark brown, contained minimal o r  no p rec ip i t a te .  The tube contents 
were ex t rac ted  w i t h  e thy l  acetate, d r ied ,  and the  solvent was removed. Gas 
chromatographic analyses were obtained w i t h  a Hewlett-Packard 5880A instrument 
us ing  a DB c a p i l l a r y  column. 

RESULTS AND DISCUSSION , 

Xylose and glucuronic acids were 

The vo id  space o f  each tube was swept w i t h  

The y i e l d s  o f  the  so lvent  f r e e  ex t rac ts  are presented i n  Table 1. Column 

Y ie lds  o f  E thy l  Acetate Ex t rac ts  A p e r  Ac id ic  Treatment o f  Glucose, 
Xylose, and Glucuronic Acid a t  300 

A shows the  standard wt .% y ie lds .  Column B was formulated t o  show a l oss  o f  

Table 1. 

PH Time(min.) A* B* * 
61 ucose 
Xylose 

1.7 5 37 52 
1.7 5 27 42 
3.6 5 40 62 
3.6 7.5 38 59 

Glucuronic Ac id  1.9 5 20 41 
3.0 5 22 45 
3.6 5 20 41 
3.6 7.5 31 63 
4.0 5 15 31 

*A equals wt.% based on the  amount o f  carbohydrate. 
**B equals wt.% based on glucose o r  xylose minus 3 H20, and glucuronic ac id  

minus 3H2 and C02. 
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t h ree  moles of water f o r  glucose and xylose and a l o s s  of one mole of carbon 
dioxide f o r  glucuronic acid.  This represents the conversion of carbohydrates 
t o  furan o r  phenolic components. The standard y i e l d s  (column A) g ive  mixed 
results when pH i s  compared; i .e. ,  xylose shows higher y i e l d s  a t  higher pH, 
while glucuronic acid does not. This may r e f l e c t  two d i f f e r e n t  mechanisms, 
however. These solvent ex t rac ted  y i e lds  a r e  r a t h e r  c lose  t o  those obtained 
under bas ic  condi t ions( l3) .  

xylose, and glucuronic acid.  
from pH 1.7 t o  about 2.6 a f t e r  5 min a t  300 . 
buffered a t  pH 3.6 held t h a t  ac id i ty  level r a the r  well. 
glucuronic ac id  reac t ions  tended t o  increase more than those of xylose 
regardless of buffer;  i.e., pH 1.9 t o  3.2, 3.0 t o  3.4, 3.6 t o  3.8, and 4.0 t o  
5.2. 
the  glucuronic acid.  

enough f o r  gc ana lys i s .  A t  low pH the furan compounds predominate when both 

Table 2. Major Iden t i f i ed  Components 08 Glucose, Xylose, and Glucuronic Acid 
Af te r  Hydrothermolysis a t  300 with Various Times and pH 

There was some change i n  pH a f t e r  t he  ac id i c  hydrothermolysis of glucose,  
The aqueous pease of glucose and xylose increased 

Those reac t ions  of xylose 
The pH of the 

This probably could be p a r t i a l l y  a t t r i bu ted  t o  t h e  decarboxylation of 

Table 2 presents  t he  quan t i t a t ive  r e s u l t s  of those components v o l a t i l e  

Glycuronic Glucuronic Glucuronic Glucuronic Glucuronic 
Glucose' Xylose Xylose Xylose Acid Acid Acid Acid Acid 

Component Smin 5min 5min 7.6min Smin 5 min Smin 7.5 mln 5 mm 
p ~ i . 7  p ~ i . 7  ~ ~ 3 . 6  ~ ~ 3 . 6  p ~ i . 9  pn3.0 pn3.6 p ~ z . 6  p ~ 4 . 0  

- - - - - ~ ~ ~ ~ ~  

2 - - - 6.4 46.5 6.9 2.9 2.7 0.7 

3 - - 3.5 6.5 3.8 4.2 16.7 4.0 8.5 

4 - - - - 0.5 0.5 4.1 0.9 0.6 

5 - 0.4 6.3 8.5 2.3 3.3 - 0.7 - 

* 
Values a r e  reported as  mole%; o i l  y i e lds  a r e  reported in Table 1; those values 

not reported a r e  <O. l%.  

glucose and xylose a r e  exposed t o  300'. T h i s  i s  not  unexpected s ince  a l l  
pentoses form 2-furaldehyde(z) in high y i e ld  when exposed t o  aqueous ac id  
so lu t ion ( l4 ) .  However, t he  presence of 2 i n  t he  glucose reac t ion  mixture i s  
of i n t e r e s t .  The major product obtained from hexoses a t  elevated temperatures 
and aqueous ac id  i s  5-hydroxymethyl-2-furaldehyde(l) with minor amounts of 2- 
(hydroxyacetyl)furan(15). The 2-furaldehyde has been de tec ted  a f t e r  ac id i c  
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treatment o f  f ructose( l6) ,  glucose(15,17), and i s  a major component a f t e r  the 
thermolysis o f  c e l l u l o s e  i n  d i s t i l l e d  water( l3) .  One p laus ib le  explanat ion 
f o r  t h e  format ion o f  2 may invo lve  loss  o f  formaldehyde(l8) f r o m  glucose w i th  
consequent pentose formation. 
does produce a small amount o f  g(19). However, t he  reac t ion  cond i t ions  are 
s u f f i c i e n t l y  d i f f e r e n t  t o  suggest a d i f f e r e n t  mechanism f o r  hydrothermolysis. 

and longer time. During 
previous work(1) w i t h  xylose i n  r e f l u x i n g  ac id  a t  pH 4.5, 1,2-dihydroxybenzene 
(3) was no t  detected. However, 3 has been detected a f t e r  xylose was exposed 
t o  r e f l u x i n g  caus t i c  so lu t ion( l27 .  
xylose was a t t r i b u t e d  t o  re t ro -a ldo l  and re -a ldo l  reac t ions  s ince both xylose 
and glucose y ie lded  the  same type o f  products. Unfortunately,  t h i s  does not 
exp la in  the  presence o f  3 i n  the  ac id i c  hydrothermolysis roduct, bu t  i t  has 
been shown t h a t  t he  aldoT reac t ion  can occur a t  pH 4.0(13!. Detect ion o f  3,8- 
d i  hydroxy-2-methylchromone(5) has been noted prev ious ly  i n  xylose so lu t ions  
a t  pH 4.5(1,20). Since 5 i s  a ten-carbon product, i t  i s  presumed t h a t  a t  l e a s t  
two moles o f  xylose were necessary f o r  i t s  composition. 
values o f  5 (Table 2) should be doubled t o  r e f l e c t  t h i s .  
t h i s  was recen t l y  demonstrated by E. Olsson, N. Olsson, and 8. Theander i n  
unpublished work du r ing  t h e  preparat ion o f  5 a t  pH 5 and \SO from 1-1%-pentose 
(prepared by a K i l i n  synthesis i n v o l v i n g  erythrose and K CN). The major 
d i s t r i b u t i o n  o f  t h e  13C-label was a t  the  2-methyl and C-8a pos i t ions .  

those from xylose. 
none was observed beyond pH 3.0. 
components (3 and 3) increased w i t h  pH, b u t  reached a maximum a t  pH 3.6. 
decrease o f  3 and 4 a f t e r  7.5 min a t  pH 3.6 may be due t o  i n s t a b i l i t y  o f  those 
components toward The thermal condi t ions,  however degradation o f  3 a t  pH 4.5 
was n e g l i g i b l e  a t  100°(l). The r e s u l t s  a t  pH 4.0 do suggest a con t r i bu t i on  
from the decreasing ac id i t y .  The decrease o f  5 w i t h  increasing pH i s  a lso  o f  
i n t e r e s t  s ince i t  had prev ious ly  been i s o l a t e d  from glucuronic ac id  exposed 
t o  pH 4.5 and 100°(1,20). The Table 2 values obtained f o r  3, 4, and 3 from 
glucuronic ac id  may also represent on ly  50% o f  t he  mole percentage since each 
component may requ i re  more than one mole o f  g lucuronic ac id  f o r  i t s  preparation. 

Several u n i d e n t i f i e d  components were a lso  observed i n  the  reac t i on  mixtures 
o f  hydrothermolyzed glucuronic ac id  and xylose. Unfortunately,  i s o l a t i o n  
attempts were no t  successful f o r  these products. 
and 162 from glucuronic a c i d  and xylose, respec t ive ly )  were found i n  moderate 
amounts . 
espec ia l l y  2, may be obtained by the a c i d i c  hydrothermolysis o f  xylose and 
glucuronic ac id  conta in ing  mater ia ls.  
con t r i bu te  toward the  i n h i b i t i o n  o f  fermentat ion organisms i f  a c i d i c  
pretreatment procedures a re  no t  c a r e f u l l y  con t ro l  led.  

I t  should be noted t h a t  t he  py ro l ys i s  o f  1 

The xylose r e s u l t s  a re  a lso  notable w i t h  the  increase o f  3 and 5 a t  pH 3.6 
I n  contrast ,  2 decreased w i t h  increased pH and t i m e .  

The presence o f  3 i n  basic so lu t ions  o f  

Thus, t he  mole % 
Further support f o r  

The r e s u l t s  f rom glucuronic ac id  do no t  appear q u i t e  as in fo rmat ive  as 
The 2-furaldehyde content decreased w i t h  inc reas ing  pH; 

Correspondingly, the  amount o f  phenol ic 
The 

These components (m/e 164 

i t  i s  evident from the  r e s u l t s  o f  t h i s  research t h a t  phenol ic products, 

The phenol ics and 2-furaldehyde could 
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