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THE ORIGINS OF PHENOL PRODIJCED IN THE RAPID HYDROTHERMOLYSIS 
AND ALKALINE HYDROLYSIS OF HYBRID POPLAR LIGNINS 

F. A. Agblevor and D. G. B. Boocock 
Department of Chemical Engineering and Applied Chemistry 

University of  Toronto 
Toronto, Ontario, Canada MISS 1A4 

ABSTRACT 

Hybrid poplar lignins were isolated from selected hybrid 
poplar clones by a n  enzymatic/solvent extraction method. The 
lignins were subjected to both rapid hydrothermolysis (RHT) and 
alkaline hydrolysis. Phenol (CsHsOH) was the predominant component 
of hydrothermolysis products, whilst p-hydroxybenzoic acid (PHBA) 
was the chief product of the alkaline hydrolysis. Phenol yields 
were 2-9 wt.% of the lignin , whilst FHBA yields ranged from 3 - 6  
wt.% of the lignin. The yields of both products were sensitive to 
the poplar clone. When FHBA was similarly subjected to the RHT 
process, it decarboxylated to phenol quantitatively. Thus the 
phenol observed in the RHT products derives mostly from the PHBA 
esters i n  the lignin. The PHBA is linked t o  the lignin by ester 
and/or ether bonds. PHBA linkages are cleaved hydrolytically and 
the resultant acid then decarboxylates to phenol. 

INTRODUCTION 

The conversion of renewable lignocellulosic materials into 

liquid fuels and chemicals has been of great interest, particularly 

after the oil crisis of the 1970's. Over the past decade, 

thermochemical and biochemical technologies have been developed to 

exploit this potential source of fuels and chemicals. One area 
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168 AGBLEVOR AND BOOCOCK 

which has been a subject of  several research papers is the thermal 

conversion of lignin and other biomass materials into phenolics. 

However, most investigators have found that, although lignin yields 

a variety of phenols, no particular component is significantly 

predominant=. Researchers such as Panasyukz discovered that, among 

the phenols from softwood lignin, guaiacol is dominant, whereas 

cresols are predominant in annual plants. Actual phenol was 

obtained in only small quantities. Even in the improved Noguchi 

process, the best yields were 3% phenol, 4% 0-cresol, 6% mJg- 

c reso l s  in a total monophenol yield of 21%. There were at least 

10 to 15 phenolic compounds in the product”. 

Studies in our laboratoryq.’*‘ have revealed that when hybrid 

poplar wood chips are liquefied under rapid hydrothermolysis 

conditions, a significantly higher yield of phenol is obtained. 

Yields as high as 4-6% by mass of dry wood were observed in some 

cases. The upper figure is surprising given that it corresponds to 

a yield of 2 4 %  based on the lignin. Unfortunately, the poplar 

clone which gave the 6% yield was not available for the study 

reported in this paper. The amount o f  phenol produced appeared to 

be sensitive to both the poplar clone and the pH. It was also 

revealed’ that the holocellulose fraction of the wood d i d  not 

contribute to the phenol production under the rapid 

hydrothermolysis (RHT) conditions. The phenol was produced from 

only the lignin fraction of these woods. Our studies” also 

revealed that, under RHT conditions, guaiacyl and syringyl groups 

do not demethoxylate. Furthermore, it is known’ that phenol does 
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THE ORIGINS OF PHENOL 

not occur as a separate entity in 

question of whether poplar wood 1 

processes. The presence of appreciable quantities of 

pulping effluent is undesirable from the environmenta 

view. 
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poplar wood. This raised the 

gnins are structurally different 

Thus the purpose of this study is to from other hardwood lignins. 

ascertain the origin of the phenol and the mechanism of  its 

formation during the liquefaction process. Besides being of 

theoretical interest, the mechanism of phenol formation is of 

practical interest to the pulp and paper industry, since poplar 

species are now being pulped in some semi-chemical sulfur-free 

phenol in the 

point of  

EXPERIMENTAL 

Mater ialc 

The Ontario Ministry of Natural Resources Laboratory (Maple, 

Ontario, Canada) supplied the following poplar species for this 

project: 

C147 ( p . x  canescens), GA93 [El-grandidentata x &), AG186 

(P.a_lba x qrandident-), DN30 (El  x euramericana), DN38 

(P.deltoides ~.‘~Virqiniana” x ‘Volga Poplar’ NE. 238.1, N743 

(F.niqra), AK42 (F.alba x qlandulosa), DTACl (P.anqulata x 

berolinensis), and I45/51 (E .  x euramericana). 

A l l  these species wete ten to twelve years old except for DN30 

which was five years old. 

Enzymatic/Solvent Extraction of Liqnin 

The substrates were debarked, air-dried and separated into 

sapwood and heartwood. The sapwood was Wiley-milled to -40 mesh 
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170 AGBLEVOR AND BOOCOCK 

And e x t r a c t e d  w i t h  5''; EDTA s o l u t i o n .  'The i r o n  f r e e  m i l l e d  wood was 

S o x h l e t  e x t r a c t e d  wi th  to luer ie , ' e thanol  m i x t u r e  ( 2 :  1 v / v l  f o r  48 

hour:;.  Fui-t.hilr f s t r a t t i r ; r r  was c :a r r icd  nu t .  w i t h  9 5 %  e t h a n o l  f 0 K  

a n o t h e r  48 h o u r s .  The s a m p l e s  were washed w i t h  h o t  wa te r  and  a i r -  

d r i e d .  F u r t h e r  d r y i n g  'VJii.5 don;. o P20 , .  The e x t r a c t i v e . f r e e  d r y  

m i l l e d  woo13 w.3': h a I l - r r , i l l e d  i n  a ct!i-amic b i l l  m i l l  For 7 2  h o u r s  i n  

to1u t : r i c .  The i n i  l l c d  p r o d u ~ ! .  war, f i i t - e r e d ,  ;and t.he s o l  i d  was 

e x t r a c t e d  w i t h  d i o x a n e / w a t e r  m i x t u r e  (?:l v,/v) f o r  48 h o u r s .  The 

ext.r:dc!. was e v a p o r a t e d  under rociuced p r e s s u r e  t o  d r y n e s s .  The 

r e s u l t a n t  c r u d e  l i g i i i n  p u r i f i e d  by t h e  Ejorkman8 p r o c e d u r e  and  

f r p e z c -  d r  i r d  f r o m  aqueous  dioxane. The r e s i d u t '  was washed 

t h o r o u g h l y  w i t h  w a t e r  and h y d r o l y s e d  w i t h  Cel1uc: las t  1. . 5  L enzyme 

(Novo Enzymv, Mont.rc!al, ( l u e b e c ) .  'rhe h y d r o l y s i s  c u n d i t i o n s  were :  

5 0 W ,  a c e t a t e  b u f f e r  pH 4 .6 ,  and  72  h o u r s  i n c u b a t i o n  time w i t h  

cant-inuous s h a k i n g  (150  rpm) i n  a n  o r b i t a l  s h a k e r  b a t h .  A f t e r  72 

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

enzyme were  added  and  h y d r o l y s i s  c o n t i n u e d  f o r  a n o t h p r  77. h o u r s .  

T h e r e a f t e r ,  t h e  h y d r o l y s a t e  was c e n t r i f u g e d ,  t h e  s o l i d  r e s i d u e  

washed w i t h  wa te r  and  e x t r a c t e d  w i t h  aqueous d i o x a n e  a s  d e s c r i b e d  

above .  The c r u d e  l i g n i n  was p u r i f i e d  by d i s s o l v i n g  it: i n  9 0 %  

a c e t i c  a c i d  and  p r e c i p i t a t i n g  i n t o  d i s t i l l e d  w a t e r .  The f l u f f y  

p r e c i p i t a t e  was c e n t r i f u g e d  and  f r e e z e - d r i e d  f rom w a t e r .  E l e m e n t a l  

a n a l y s i s ,  me thoxy l  c o n t e n t  and  s p e c t r a l  d a t a  ( IR,  p r o t o n  and C-13 

nmr) c o n f i r m  t h a t  t h i s  m a t e r i a l  is 90-959, p u r e  l i g n i n .  

A l k a l i n e  Hvdro lvs  is  

About 100 mg of l i g n i n  arid 2 M NaOH(10 mL) were c h a r g e d  i n t o  a 

1 5  mL s t a i n l e s s  s t e e l  t u b u l a r  r e a c t o r  which  was t h e n  f l u s h e d  w i t h  
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THE ORIGINS OF PHENOL 171 

n i t r o g e n ,  and s e a l e d .  The r e a c t o r  was immersed i n  a f l u i d i s e d  sand  

b a t h  and rocked  g e n t l y  a t  a c o n s t a n t  t e m p e r a t u r e  o f  150  t 20C f o r  

two h o u r s  and t h e n  quenched i n  wa te r  and a l l o w e d  t o  c o o l  t o  room 

t e m p e r a t u r e .  The r e a c t i o n  p r o d u c t s  were a c i d i f i e d  w i t h  d i l u t e  

h y d r o c h l o r i c  a c i d  ( l : l ,  v / v )  t o  pH 3 . 0 ,  f i l t e r e d ,  and e x t r a c t e d  

w i t h  d i e t h y l  e t h e r  ( 5  x 50 m L ) .  The e x t r a c t  was d r i e d  w i t h  MgS04, 

e v a p o r a t e d  under  r educed  p r e s s u r e  t o  d r y n e s s  and q u a n t i f i e d .  The 

p r o d u c t  was r e d i s s o l v e d  i n  d i e t h y l  e t h e r  and m e t h y l a t e d  w i t h  

d i azomethane .  The m e t h y l a t e d  compounds were a n a l y s e d  on a n  HP 

5880A g a s  chromatograph under  t h e  f o l l o w i n g  c o n d i t i o n s :  

Column: J & W Fused s i l i c a ,  110-17, 30 m x 0.516 mm, 1 .0  pm 

f i l m  t h i c k n e s s .  

D e t e c t o r :  FID, 240OC 

Carrier g a s :  Helium, 8 mL/min. 

I n j e c t i o n  t e m p e r a t u r e :  2300C. 

Oven t e m p e r a t u r e :  1 2 O O C  f o r  5 min. and 5o/min t o  240OC. 

I n t e r n a l  S t a n d a r d :  I s o v a n i l l i n .  

RaDid Hvdro the rmolvs i s  

L i a n i n :  

L i g n i n  (250  mg) and wa te r  ( 1 . 2 5  mL) were loaded  i n t o  a 1 0  mL 

s t a i n l e s s  s t e e l  t u b u l a r  r e a c t o r  equ ipped  w i t h  swagelock f i t t i n g s .  

The r e a c t o r  was f l u s h e d  w i t h  n i t r o g e n ,  s e a l e d  and immersed i n  

f l u i d i s e d  s a n d  b a t h .  The r e a c t i o n  t e m p e r a t u r e  was mon i to red  by a 

K t he rmocoup le  i n s e r t e d  i n  t h e  r e a c t o r .  The c o n t e n t s  a f  t h e  

r e a c t o r  were h e a t e d  r a p i d l y  t o  350OC w i t h i n  2-3  min. As soon  a s  
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1 7 2  AGBLEVOR AND BOOCOCK 

r e a c t a n t s  a t t a i n e d  t h e  d e s i r e d  t e m p e r a t u r e  (350oC) ,  t h e  r e a c t o r  was 

q u i c k l y  quenched i n  wa te r  and  a l l o w e d  t o  c o o l  t o  room t e m p e r a t u r e .  

The r e a c t i o n  p r o d u c t s  were  s e p a r a t e d  i n t o  aqueous  and o i l  

p h a s e s .  The aqueous  phase  was e x t r a c t e d  w i t h  d i e t h y l  e t h e r  ( 3  x 50 

m L ) ,  d r i e d  w i t h  MgSO, and gas  ch romatographed  under  s imi la r  

c o n d i t i o n s  a s  d e s c r i b e d  a b o v e .  The o i l  phase  was d i s s o l v e d  i n  

Acetone ,  f i l t e r e d ,  e v a p o r a t e d  under  r e d u c e d  p r e s s u r e  and  

q u a n t i f i e d .  The a c e t o n e - s o l u b l e  n i l  was f r a c t i o n a t e d  by t h e  scheroe 

shown i n  F i g u r e  1. The f r a c t i o n s  were an;ilysc!d by g a s  

ch romatography  o n  a f u s e d - s i l i c a  column under  s imilar  c o n d i t i o n s  

used f o r  t h e  a l k a l i n e  h y d r o l y s i s  p r o d u c t s ,  e x c e p t  a n i s o l e  wan used  

as  i n t e r n a l  s t a n d a r d .  

p -Hydroxvbenzoic  Acid 

About 1 0 0  mg of p u r e  E-hydroxyhenzo ic  d c i d  (PHBA) ( B D H  

Chemicdls  L t d . ,  Toron to ,  O n l a r i o )  and  w a t e r  ( 0 . 5  m L )  were c h a r g e d  

i n t o  a 1 0  mL s t a i n l e s s  s t e e l  t u b u l a r  r e a c t o r  and  h y d r o t h e r m o l y s e d  

a s  d e s c r i b e d  above .  The r e a c t i o n  p r o d u c t s  were e x t r a c t e d  w i t h  

d i e t h y l  e t h e r  ( 3  x 50 mL), d r i e d  w i t h  MgSO, and  a n a l y s e d  by g a s  

ch romatography  on  a f u s e d  s i l i c a  column unde r  similar c o n d i t i o n s  as 

t h e  a l k a l i n e  h y d r o l y s i s  p r o d u c t s .  A n i s o l e  was used  as  i n t e r n a l  

s t a n d a r d .  The p r o d u c t s  were a l s o  a n a l y s e d  by GC/MS. 

RESULTS AND DISCUSSION 

S i n c e  i t  h a s  been  shown t h a t  t h e  g u a i a c y l  and  s y r i n g y l  u n i t s  

i n  l i g n i n  do  n o t  d e m e t h o x y l a t e  d u r i n g  r a p i d  h y d r o t h e r m o l y ~ i s ~ ,  it 

was h y p o t h e s i z e d  t h a t  t h e  p h e n o l  p r e c u r s o r  i n  l i g n i n  ( h e r e a f t e r  
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THE O R I G I N S  OF PHENOL 113 
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FIGURE 1: Scheme 
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for Fractionating RHT Products 
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174 AGBLEVOR AND BOOCOCK 

8 

‘I 1 

IS 

I, 

IS Internal Standard 
S Solvent 
4 Methyl 4-methoxybenzoate 
5 2,6-Dimethylphenol 
8 Methyl-4-hydroxybenzoate 
12 Syringaldehyde 

13 
I 

1 
10 20  30 40  

0 

Time ( m i n )  

FIGURE 2: Gas Chromatograph of Methylated Alkaline Hydrolysis 
Products (150’C) 

referred to as the phenolic moiety) existed as part of a p- 

hydroxyphenyl propane unit and/or phydroxybenzoic acid unit ester- 

linked t o  the phenylpropane side chain. A combination of alkaline 

to test the oxidation and RHT was used hydrolysis, nitrobenzene 

hypothesis and thus clar  fy the origin of the pheno . 
The alkaline hydrolysates of the selected hybrid poplar clones 

were qualitatively similar. Typical gas chromatograms of the 

methylated products are shown in Figures 2 and 3 .  Peaks 
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1 
2 
4 
5 

I 6 
8 
11 
13 
14 
1 7  

Phenol 
Guaiacol 
Methyl-4-methoxybenzoate 
2,6-Dimethoxyphenol 
Vani 11 in 
Methyl-4-hydroxybenzoate 
Methyl vanillate 
Methyl(4-hydroxy-3-methoxy phenyl) acetate 
3,4,5-Trimethoxybenzaldehyde 
Syringaldehyde 

13 

FIGURE 3: GC/MS of Methylated Alkaline Hydrolysis Products 
( 1  80 'C)  
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176 AGBLEVOR AND BOOCOCK 

characteristic of PHBA, benzoic, vanillic, and syringic acids as 

well as syringyaldehyde, vanillin, and 2,6-dimethoxyphenol were 

identified by comparison o f  their mass spectra and GC retention 

times data with those of authentic samples in the computer 

library. Several other minor unidentified peaks were also present. 

Depending upon the degree of methylation, PHBA produces two 

YOOCH, 

Q 
OH 
1 

COOCH, 

Q OCH, 

rnethylated structures (1 and 2 below). Both compounds were 

identified in the methylated products (peaks 8 and 4 ,  respectively, 

in Figure 3 ) .  Thus, f o r  quantification of PHBA, the peak area f r o m  

both structures 1 and 2 must be used. For samples methylated 

several times, compound 1 disappeared from the gas chromatogram. 

The GC trace of the alkaline hydrolysates clearly show FHBA 

(peaks 4 and 8, Figures 2 and 3) as the predominant compound in the 

mixture. Although, the hydrolyses at 150OC and 18OOC produced a 

similar slate of compounds, the latter had an additional peak (peak 

1 in Figure 3 )  which was identified as phenol. The yields of  PHBA 

from thi. selected hybrid poplar clones are summarized in Table 1. 

The detection of PHBA in the hydrolysate agrees with the works 

o f  Smithxo, Fearlll, Okabel', Nakanol', Nakamural", and Sarkanenx' 
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THE ORIGINS OF PHENOL 

TABLE 1 

1 7 7  

Alkaline Hydrolysis Products of Lignin:: (150OC) 

Sample Unreacted ESM* PHBA 
Clone Material ( % )  ( % )  ( o;, ) 

GA9 3 
AK42 
AG186 
DN30 
DTACl 
C147 
1 4 5 / 5 1  
DN38 
N743 

4 6 . 9  
50 .3  
5 0 . 1  
52 .5  
4 1 . 3  
4 6 . 4  
5 0 . 2  
45.3 
4 0 . 9  

3 7 . 1  
1 9 . 3  
19.0 
2 1 . 1  
2 3 . 1  
1 9 . 6  
2 4 . 1  
3 2 . 0  
19.3 

4 . E 
3 . 6  
1 . 7  
4.2  
5 . 1  
5 . 7  
4 . 8  
6 . 2  
6 . 2  

*ESM = Ether Soluble Material 
Unreacted material L- Residue after hydrolysis 

which also showed that the phenolic moiety existed in poplar lignin 

as a PHBA carboxyl ester 0-bonded to the alpha and gamma carbons of 

the phenylpropane unit. Although the published literature has 

indicated the existence of PHBA as an ester in lignin, there is 

very little data on significant phenol production due to PHBA in 

pulping liquors, pyrolysis reactions or  hydrothermolysis reactions. 

What is interesting about the detection of this compound in the 

alkaline hydrolysate is the correlation between the PHBA produced 

in the alkaline hydrolysis and the phenol produced in the RHT. 

This correlation can be seen by comparing the gas chromatograms of 

the phenolic (PF) and the aqueous phase ether soluble (APES) 

fractions (Figures 4 and 5 )  from the RHT products with the 

methylated hydrolysate chromatograms (Figure 2 ) .  In the former, 

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



AGBLEVOR AND BOOCOCK 

-n 

S 
1B 
1A 
1 
2 
3 
4 
5 
6 
7 
9 
12 

Solvent 
Standard 
4-Hydroxy-4-methyl-3-pentanone 
Phenol 
Cresols 
Guaiacol 
1,4-Dimethoxybenzene 
4-Ethyl-2-methoxyphenol 
2-Methoxy-4-(l-propenyl)phenol 
2,6-Dimethoxyphenol 
Vanillin 
S yr in ga Id e hyd e 

L 
0 10 20 30 

Time ( min) 

FIGURE4: Gas Chromatograph of Phenolic Fraction of RHT Products 

phenol (peak 1) is the dominant component in both fractions, 

whereas in the latter PHBA is predominant. The correlation has an 

r value of 0.87 (Figure 9 ) .  The total yield of phenol from 

fractions PF and APES (Table 2 )  is quite significant, whereas only 

traces of PHBA were detected i n  the methylated acidic fractions of 

the RHT products (Figure 6 ) .  The absence of PHBA in the methylated 

acidic fractions suggests that either this acid underwent secondary 
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S Solvent 
1A Internal standard 
1 Phenol 
2 Guaiacol 
4 2,6-Dimethoxyphenol 
5 Vanillin 
a Syringaldehyde 

c 

4 R 

1 I 1 

2 3  
I I t 1  

Time (min) 

FIGURES: Gas Chromatograph of APES 

TABLE 2 

Rapid Hydrothermolysis (RHT) Products of Lignins 

Sample AS0 ESO APES PF AF NF Phenol* 
Clone [ % ) * *  (8;) ( % )  ( % )  [ % I  ( % )  ( % )  

GA9 3 
AK42 
AG186 
C147 
DTACl 
DN30 
1451’51 
DN38 
N743 
PHBA 

76.7 30.9 4.7 
77.7 32.1 6.5 
80.8 32.1 5.5 
83.4 32.1 19.2 
67.9 33.0 5.1 
67.5 36.9 4.3 
67.7 19.3 5.7 
77.4 33.7 5.1 
76.1 

68.1 -___  ---- 

17.0 
8.0 
9.7 
8.5 

18.6 
19.8 
5.3 
12.5 

---- 

2 . 8  4.7 4.2 
2.5 5.0 2.7 
4-4 4.7 3.2 
5.2 5.7 7.1 
6.7 4.8 5 . 6  
5.2 6.0 2.3 
3.6 3.8 3 . 6  
5.3 4.5 9.5 

9.0 
67.0 _ _ _  

*Phenol in PF t Phenol in APES 
**  Expressed as wt.% o f  Lignin 
AS0 = Acetone-Soluble Oil 
ESO = Ether-Soluble Oil 
PF = Phenolic Fraction 
AF = Acidic Fraction 
NF = Neutral Fraction 
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180 AGBLEVOR AND BOOCOCK 

1 Phenol 
2 Methyl benzoate 
3 Methyl-2-methoxybenzoate 
4 Vanillin 
6 Methyl-4-hydroxybenzoate 
9 Syringaldehyde 

4 

b I 1 1 I 
0 10 20 3 0  40 

Time (mi") 

FIGURE6: Gas Chromatograph of Acidic Fraction of RHT Products 

reactions diter its formation in t h e  RHT process or it was not 

produced at all. The latter hypothesis is unlikely, since PHBA was 

detected in significant quantities in the acidic fractions of RHT 

reactions at lower temperatures (300OC) by the authorsf. Examina- 

tion o f  the gas chromatograms o f  the ether extract of PHBA RHT 

products (Figure 7 )  reveals the nature of this secondary reaction. 

Phenol (identified by GC/MS) is the only phenolic product, and it 

is formed quantitatively from the PHBA (Table 2 ) .  This evidence 

implies that any PHBA formed on hydrotherrnolysing poplar lignin 
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s S o l v e n t  tail 
1A I n t e r n a l  s t a n d a r d  
1 Phenol  

1 

I 
t 
0 10 20 

t 1 

Time (rnin) 

FIGURE7: Gas Chromatograph of PHBA RHT Product 

w i l l  be converted into phenol, and the yield of phenol will depend 

on the rate of PHBA formation from its esters. The observation of 

phenol in the alkaline hydrolysate at a higher temperature (180OC) 

and its absence at the lower temperature (150OC) also lends support 

to this argument. However, as pointed out by Whiting=', phenol can 

also be produced from the E-hydroxy-phenylpropane moieties in the 

lignin. Data from the nitrobenzene oxidation of our  lignins did 

not show that these moieties were contributors to the phenol 
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182 AGBLEVOR AND BOOCOCK 

FIGURES: Decarboxylation of PHBA to Phenol 

productionL7. In fact, the phenol yield f r o m  the RHT run was 4 to 

6 times the E-hydroxybenzaldehyde (the alkaline nitrobenzcne 

oxiddtion product of the e-hydroxyphenyl propane moiety) content of 

the lignin. Thus the phenol in the lignin RHT products derives 

mostly from the thermal decarboxylation of PHBA which was, in turn, 

produced from the PHBA esters. Further evidence f o r  the origin of 

the phenol is provided by Azimla who has shown independently that 

significant quantities of phenol detected in poplar pulping 

effluents derived from PHBA. The acid catalysed ionic 

decarboxylation mechanism is shown in Figure 8 .  The 

decarboxylation of PHBA and other aromatic hydroxycarboxylic acids 

depends on pH, with pH 7 . 8  being the optimum value19. However, 

below pH 3 . 8 ,  the reaction was independent of pH. The same workers 

discovered that the maximum hydrolysis rate of methyl, ethyl, and 

n-propyl 4-hydroxybenzoate esters occur at the mid-pH range. These 

reaction conditions are similar to the initial neutral conditions 

that prevail in RHT processes, thus favouring the maximum 

production of PHBA. The dependence of both the hydrolysis and the 
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F'IGURE9: Yield of Phenol from RHT versus Yield of PHBA from 
Alkaline Hydrolysis for Hybrid Poplar Lignins 

decarboxylation reactions on pH explains the sensitivity of the 

phenol yields to pH as observed in our earlier publications". 

It is interesting to note that, although there is a linear 

correlation between PHBA produced by alkaline hydrolysis of lignins 

and the phenol produced by the RHT of lignins (Figure 9), i t  is not 

the expected stoichiometric (1:l) relationship. There is, for some 

of the clones, more phenol produced by the RHT process than the 

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



184 AGBLEVOR AND BOOCOCK 

equivalent PHBA obtained by alkaline hydrolysis of the lignin. 

Thus there are some phenol producing moieties which are resistant 

t o  alkaline hydrolysis but labile to hydrothermolysis. 

moieties are only significant when the PHBA yield rises above 4%, 

it is tempting to propose that other bonds (e.g., ether) between 

the PHBA and lignin unit become statistically more likely. The 

work of Smithlo, dismissed the existence of any other linkages 

other than ester bonds between PHBA and lignins. However, Okabe 

and Kratzllz, in their experiments with cell-free systems, found 

some evidence indicating that PHBA, in dehydrogenation polymers, 

f o r m s  ester and ether linkages and probably some carbon-carbon 

bonds. This evidence was contradicted by Venverloo's workzo. The 

above RHT results tend to lend support to Okabe's suggestion. To 

test for PHBA linkages which are resistant to alkaline hydrolysis, 

some lignin samples were saponified with 2 M NaOH at room 

temperature in a nitrogen atmosphere for 24 hours ,  and another 

sample was saponified at 150OC for 2 hours. After acidification 

and centrifugation, the recovered lignins were dried and 

hydrothermolysed. The phenolic fraction of the RHT products 

exhibited a strong phenol peak on the gas chromatogram. This 

evidence shows the presence of linkages to the PHBA which dre 

resistant to alkaline hydrolysis, but are labile o n  hydsothermo- 

lysis, to yield phenol. This supports the da ta  shown in Figure 9. 

Since these 

During the investigation of the effect of alkaline medium on 

the selective hydrolysis of e-hydroxy benzyl aryl ether bonds in 

model compounds, AdlerZ1 observed that g-hydroxy- and g-methoxy- 
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b e n z y l  et!,cr:; b f  mcc:harIder; were n o t  s p l i t  by 1 M NaOH a t  25*C/24  

h o u r s .  A t  c o n d i t i o n s  ( 1 7 0 n C / 2  h o u r s ,  2M N a O H )  rwre s e v e r e  t h a n  

t.ho:;e u s e d  i n  our Iiydrolysi:; vxpcir  iment ,  G I  i e r  e t  d l Z 2  showed t h a t  

b e n z y l  aryl e t h e r  bofld:j w i l l  on1.y c l e a v e  i f  a qu inone  m e t h i d e  c a n  

he fo rmrd .  T h i s  r e q u i r e s  t h a t  t h e r e  bc, a p h e n o l i c  OH group p a r a  t o  

t h e  b e n z y l  g r o u p .  Other  r e s e a r c h e r s "  have  made s i m i l a r  

c b s e r v a t . i o n s .  Thus ,  i t  fo l . l ow: ;  t.h<;lt tlriy E'HBA l i n k e d  t o  t h e  l i g n i n  

macromolecule  by e t h e r  bonds would r e s i s t  a l k a l i n e  h y d r o l y s  5 even  

a t  IF ,OOC/2  h o u r s ,  wher c z t e r  tiontls w i l l  : ; p l i t  v e r y  r e a d i  y .  On 

t h e  o t h e r  hand, Hemmingson"' h a s  shown t h a t  a t  least  50% of b e t a - 0 -  

4 l i n k d q e s  i n  l j g r i i n  a r e  b roken  by s t e a m  treaCment of hardwood a t  

210W/1.7 MPa.  S i n c e  a l p h a - a r y l  e t h e r  b o n d s  a r e  weaker t h a n  b e t a -  

0 - 4  bonds ,  i t  is r e a s o n a b l e  t o  assume t h a t  a n y  a l p h a - a r y l  e t h e r  

l i n k a g e s  p r e s e n t  i n  t h e  l i g n i n  wi l . l  a l s o  be c l e a v e d .  A s imi l a r  

mechanism c a n ,  t h e r e f o r e ,  be a p p l i e d  t o  t h e  i n t e r p r e t a t i o n  of t h e  

r a p i d  h y d r o t h e r m o l y t i c  d e g r a d a t i o n  ( a t  350OC) of t h e  r e s i d u a l  

a l k a l i n e  h y d r o l y s i s  p r o d u c t .  I t  c:an be suppo:,ed t h a t  PHBA-dlpha- 

e t h e r  l i n k a g e s  a r e  c l e a v e d  by t h e  a c t i o n  o f  s t e a m  on t h e  l i g n i n  

d u r i n g  t h e  RHT p r o c e s s .  T h e  r e s u l t a n t  PHBA t h e n  d e c a r b o x y l a t e s  10 

p h e n o l .  

S i n c e  no o t h e r  pheno l  p r o d u c i n g  m o i e t i e s  ( a p a r t  f r o m  PHBA) 

have been  i d e n t i f i e d  i n  p o p l a r  l i g n i n s ,  t h e  RHT e v i d e n c e  i m p l i e s  

t h a t  a s i g n i f i c a n t  amount of PHDA i n  h i g h  y i e l d i n g  p h e n o l  h y b r i d  

p o p l a r  c l o n e s  a re  l i n k e d  t o  l i g n i n  by  e t h e r  bonds  and  p e r h a p s  

c a r b o n - c a r b o n  bonds  a s  s u g g e s t e d  by Okabe and  K r a t z l 1 2 .  F u r t h e r  

work on t h e  e x a c t  n a t u r e  of t h i s  bond is  underway i n  o u r  

l a b o r a t o r y .  
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186 AGBLEVOR AND BOOCOCK 

The results in Tables 1 and 2 also clearly point to a 

correlation between the amount of phenol and PHBA formed and the 

type of hybrid poplar  clone. The DN38 clone gave the highest yie 

of phenol ( 9 . 5 % )  which a l s o  produced a high amount of PHBA (6.2%) 

On the other hand, the AK42 clone produced significantly lower 

d 

mount, of both phenol (2.7%) and PHBA (3.6%). Interestingly, the 

hybrids which are cross-breeds of P.nisra and some other poplar 

species have higher PHBA and phenol yields than other hybrids. It 

~ p p e a r s  thdt the species influences the biosynthesis of 

PHBA esters in the hybrid wood. The pure P.nisra “ 7 4 3 )  species 

itself has d relatively high FHBA content (6.2%). These results 

also confirm our  previous findingss on the sensitiv 

phenol yield to the poplar c l o n e s .  It is still not 

how cross-breeding influences the PHBA ester format 

woods. 

ty o f  the 

understood 

on in these 

CONCLUSION 

The experiments have shown that the amount of phenol produced 

when hybrid poplar lignins are hydrothermolysed is dirertly related 

to the e-hydroxybenzoate ester content of  the lignin. Hybrid 

poplar  clones, such 2s AK42, which contain lower amounts of  this 

compound prolluce lower quantities of phenol. Hybrid clones which 

a r e  cross-breeds between P.nisra and some other poplar species tend 

to have higher PHBA content than other hybrids. For high phenol 

yielding hybrid poplar clones, some of the PHBA appears t o  be ether 

linked t o  the lignin macromolecule. In view of the present 

research efforts toward maximizing phenolics production from wood 
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THE O R I G I N S  OF PHENOL 187 

a nd o t h e r  1 i gnoc e 1 1 u 1 u s  i c mate r i a I B , t h e  i n f o r  ma t i on con  t a i ne d he r e 

w i l l  h e l p  i n  s e l e c t i n g  a p p r o p r i a t e  wood s p e c i e s  Tor b o t h  wood 

l i q u e f a c t i o n  and  o t h e r  t .hermorhemica1 (:onvc?rs inn  procerrsciz. 

F u r t h e r m o r e ,  since p o p l a r ,  i n c l u d i n g  some h y b r i d  p o p l a r ,  is  

c u r r e n t l y  b e i n g  pu lped  f o r  the  manuf',itrt.urr: of r o r r n y a t i r q  m e d i u m  by 

s u l f u r - f r e e  semi -chemica l  P T O C ~ S S ' " ,  t!iis i n f o r m a t i o n  may !i,ivt? an 

i m p o r t a n t  b e a r i n g  on t h e  c h o i c e  of c l o n e  which w i l l  min imize  t ,hc 

pheno l  c o n t e n t  of t h e  p u l p i n g  e f f l u e n t s .  
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