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ABSTRACT 

The systematic analysis of the solid residues of the supercritical methanol extrac- 
tion of Populus tremuloides was performed for samples prepared at temperatures 
varying from 250 to 35DoC and pressures from 3.4 to 17.2 MF'a, using such analytical 
techniques as wet chemistry, chromatography, thermogravimetric analysis, diffuse re- 
flectance FTIR spectroscopy and photoelectron spectroscopy. The results allow to 
monitor the continuous changes in chemical composition of the samples from partly 
extracted wood samples to highly recondensed polyaromatic structures. 

INTRODUCTION 

In the of thermal and thermochemical processes of wood liquefaction, 
considerable progress has been reported in the analysis of gazeous and liquid 
products (1). Some attention has been given to the composition of the solid products 
by wet chemistry analysis (2.3). 

For the last twenty years much work has been done in the study of the thermal stabil- 
ity of lignocellulosic materials by thermal analytical methods. Since these 
materials are complex mixtures of organic polymers, thermogravimetric (TG) analysis 
causes a variety of chemical and physical changes depending on the nature of the s a w  
ple and its treatment prior to analysis. 
( 4 ) .  

Lignocellulosic material can also be analyzed by IR spectrometry. This analytical 
method was used, for characterization of modified lignin and cellulose in various 
ways (5-l3). Quantification by infrared spectrometry, has been reported, for example 
in analysis of the three basic constituents in sweetgum and white oak chips pretrea- 
ted at temperatures ranging from 140 to 280OC(5) using the diffuse reflectance FTIR 
spectrometry (DRIFT). The technique is simple and applicable t o  powdered solids and 
dark samples(14) and can be used for the characterization of the chemical bonds and 
their modifications by thermal processes. 

In this paper we report our efforts to characterize the solid residues produced in a 
series of experiments for the semicontinuous extraction of Populus tremuloides in 
supercritical methanol(l5), at temperatures ranging from 250 to 350OC (Supercritical 
Extraction residues or SCE residues), by using wet chemistry and chromatographic('e), 
thermogravimetric and spectral methods such as DRIFT(17) and ESCA(18). 

recent studies 

These problems have been reviewed recently 

EXPERIMENTAL PROCEDURB 

The solid residues analyzed here were produced by supercritical extraction with 
methanol of Populus tremuloides in a tubular reactor(15). The analytical procedures 
used for these residues were described previously as elemental analysis, Klason 
lignin test, thioglycolic acid lignin test, recondensed material and 
carbohydrates(16), thermogravimetric (TG/DTG) and FTIR(17) and ESCA(18). Table 1 
reports results obtained using these procedures as well as conditions of extraction 
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RESULTS AND DISCUSSION 

I Wet Chemistry and Chromatography 

For  t.he a n a l y s i s  of wood, t h e  Klason l i g n i n  test, performe!d i n  concent ra ted  s u l f u r i c  
a c i d ,  is  t h e  accepted  method f o r  t h e  de te rmina t ion  o f  l i g n i n  c o n t e n t .  We performed 
similar t e s t s  u s i n g  also t r i f l u o r o a c e t i c  a c i d  (TFA), t h e  r e s u l t s  of  which are almost 
i d e n t i c a l  t o  those  of  the Klason t e s t s .  TFA has t h e  advantage t o  a l low f u r t h e r  anal-  
ysis uf '  t.he s a c c h a r i d e s  i n  t h e  a c i d  s o l u b l e  f r a c t i o n  a s  i t  can e a s i l y  b e  evapora ted  
from the s o l u t i o n .  

The acid insolub.Le f r x c t i o n ,  u s u a l l y  des igna ted  as "Klason l i g n i n " ,  i s  r e f e r r e d  to  i n  
t h i s  work as Klason res idue .  F igure  1 shows t h a t  i n  t h e  most s e v e r e  e x t r a c t i o n  con- 
d.iI i o n s  t .hc whole ScU r e s i d u e  is almosl. e n t i r e l y  c u n s t i t u t e d  ~f Klasun r e s i d u e .  Tho 
f a c t  t h a t  t h i s  Klason r e s i d u e  cannot be cons idered  as l i g n i n  h a s  been e s t a b l i s h e d  
through e lementa l  a n a l y s i s  and IH spec t roscopy i n  Dr p e l l e t s (  ' 6 )  . 

In order  to de termine  i f  the  s o l i d  res idues  s t i l l  c o n t a i n  l i g n i n  t h e  o l d  method of 
t'orming R s o l u b l e  l j g l i i n  d e r i v a t i v e  w i t h  t h i o g l y c o l i c  a c i d  was used. Thi.s reagent 
reacts by displacement of  CL--hydroxyl and CL -alkoxy1 groups i n  l i g n i n  and t h e  der iv-  
o t i v c  s o  produced can be s o l u b i l i z e d  by a l k a l i  and recr~vercd .  R e s u l t s  a r c  repor ted  
i n  Table 1 and Figure  1 showing t h a t  t h i o g l y c u l i c  a c i d  l i g n i n  [TGAL) decreases  from 
15.6% in W<JOCI t o  3.3- 5.9% i n  t h e  samples prepared at 350°C. I t  was shown by It2 spec- 
trometry t h a t  t h e  TGAL keeps the  c h a r a c t e r i s t i c  f e a t u r e s  of  l i g n i n  even f o r  SCE tem- 
poral.ures o f  :15OoCc 16, . 
'Phis conf.irms our  b e l i e f  that. t h e  t h j u g l y c o l i c  a c i d  lest. is ii s u i t a b l e  mct.hod f o r  t h e  
de te rmina t ion  of uncondensed l i g n i n  in  SCB r e s i d u e s .  In s p i t e  of t h e  f a c t  t h a t  
1 ) t h o  Klason test  induces  some c:oiidensntion rc!actioiis, 2 )  t h e  t . h i o g l y c o l i c  a c i d  test 
may only e x t r a c t  those l i g n i n  fragments c o n t a i n i n g  benzyl a l c o h o l  groups o r  a r y l  
e t h e r  groups""), w e  would l i k e  t o  suggest that 
1 )  t h e  t h i o g l y c o l i c  a c i d  l i g n i n  r e p r e s e n t s  a good estimate of  unconverted l i g n i n ,  
2 )  t h c  Klauon resiclue represent.s  t h e  sumntttion of unconvertcxl l i g n i n  and of  condensa-. 
t i o n  products formed by p y r o l y s i s  r e a c t i o n s  dur ing  t h e  SCE process .  

As 21 consequencw w e  su$gc t h a t  t h e  d i f f e r e n c e  between t h e  Klason r e s i d u e  and t h e  
t h i o g l y c o l i c  a c i d  l i g n i n  is r e p r e s e n t a t i v e  o f  recolidenst-d m a t e r i a l  (IE.?) i n  SCE resi- 
dues. The ca lcu la t .ed  va lues  f o r  recondensed m a t e r i a l  in  t h o s e  r e s i d u e s  a r e  report.ed 
i n  Table 1. F igure  2 g i v e s  t h e  va lues  f o r  t h e  p e r c e n t  recondensed m a t e r i a l  expressed 
on :i dry wood b a s i s .  

Fi.6ure 3 S ~ O W S  t h e  percent.age of recondensed m a t e r i a l ,  expressed  on dry  wood b a s i s ,  
p l o t t e d  as a f u n c t i o n  of  l i g n i n  convers ion .  This graph s u g g e s t s  d i f f e r e n t  condensa- 
t.ion r e a c t i o n s  a t  250°C and a t  300- 350OC. At. 250°C i n  p a r t i c u l a r ,  t h e  condensation 
seems to  b e  a sccondary r e a c t i o n  of Lignin convers ion .  As a l s o  shown on t h e  f i g u r e ,  
f o r  SeverCil expcrilnents Lhc percent s u f  recondensed m u t c r i a l  arc h i g h e r  than the  
v a l u e  which would be c a l c u l a t e d  assuming t h a t  a l l  conver ted  l i g n i n  is transformed t o  
recimlensrd m e t c r i o l  ~ L i r r e  A ) .  I t  i s  believed t.hut t h i s  i n d i c a t e s  t.hat I h c  conrlensa- 
t i o n  r e a c t i o n  involves  not on ly  products of degrada t ion  of l i g n i n  but  a l s o  some of 
carbohydra tes .  

Tho lSlucose and x y l o s e  c o n t e n t s  were determined i n  t h e  s o l u b l c  TFA a c i d  h y d r o l y s i s  
f r a c t i o n  b y  l i q u i d  chromatography us ing  a c a t i o n  exchangc r e s i n  (Cat+ form) column. 
The r e s u l t s  a r e  repurt .ed i n  Table 1. Most of t h e  samples prcpared  at 300~--350~C show 
o n l y  minor amounts of hydrolyzed m a t e r i a l  except f o r  samples MF-IF, MP-13 and MP-14 
prepared  a t  low p r e s s u r e  o r  .Low t'low r a t c .  The p e r c e n t s  o f  g lucose  and xylose  f o r  
t h e s e  sameles a s  w e l l  as those  f o r  t h e  samples prepared  a t  250OC, expressed  on d r y  
wuod b a s i s ,  a~x! p l o t t c ( l  oi i  Figure  4. The r a t h e r  w e l l  def ined  curve  i n d i c a t e s  t h a t  
c e l l u l o s e - a n d  hemice l lu lose  are s imul taneous ly  degraded a t  o r  below 250oC. 
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'Phrmnofiravimetri c Analysi  s 

Thermogravimetric a n a l y s i s  (TG and DTG) under n i t rogen  atinospherc w a s  performed f o r  
aspen wood and the  16 p a r t i a l l y  converted wood r e s idues .  The TG and DTG curves  a r e  
reproduced i n  Figure 5 f o r  untreal .ed wood and f o r  4 s e l e c t e d  r e p r e s m t t i t i v e  SCI< resi 
dues.  

The examination o f  TG ond DTG curves ,  shows t h a t :  
a )  aspen wood l o s e s  weight s t a r t i n g  near 230°C ( p y r o l y s i s  o f  hemice l lu lose  (21)), and 
hct.wccn 350 and 420°C wi th  a inaximuii i ,a te  of wcight. loss at. 38tinC ( c e l l u l o s e  and 
l i g n i n  p y r o l y s i s  ( 2 1 ) ) ;  t h e  weight l o s t  at 700OC is 89.4%. 
b )  t h e  SCH r e s i d u e s  can be c l a s s i f i e d  according to  t h e i r  temperature  o f  e x t r a c t i o n .  

For t h e  r e s i d u e s  o f  type 1 prepared a t  250OC ( l i k e  sample MP--6!, t h e  weight l o s s  
t.akes p l ace  between 350 and 420oC, with H maximum rate a t  375--3900C. l'hc weight l o s t  
a t  7OOOC is between 82.5 and 94.6%. 

For t h c  type  11 res idues  produced at 300°C ( t  i k e  sanil)le MP-12)  , :I r:ont.i.mous weight. 
loss is observed from 300 t o  600-700OC, wi th  a maximum r a t e  at temperatures  ranging 
Prom 380°C t o  510OC. The totcil  weight loss at.  700°C is less important. than f o r  s m -  
p l e s  o f  t h e  previous type ,  ranging from 27.2 t o  57%. 

For samples of type I11 prepared a t  3 5 W C  ( l i k e  samples MP--ll and M P - R ) ,  l.he wcight 
loss is slower than f o r  t hose  o f  type I1 but happens roughly on t h e  same temperature  
rartgc (300 tu  b;00.--70ODC) and wi th  maximum rtt1c.s occu r ing  a t  higher  te inper~rtures ,  L'rom 
380 t o  620OC. The weight loss a t  700°C is s i g n i f i c a n t l y  smaller ranging from 8.2 t o  
34.2%. 

A c l o s e r  mia lys i s  of t h e s e  curves  shows t l i i i t  I h c r r :  is a <:ant inuous chirngc thc 
shape of t h e  thermograni o f  t h e  r e s i d u e s  as t h e  SCE p r e s s u r e  is increased f o r  experi-  
mcnt.s a t  t h e  same SCIl ternpcrat.urc. As shown i n  E'iLmro 6 1 . l ~  t.cmperat.urc Tmax c o r r w -  
ponding t o  a maximum 011 the DTG curve shows a cont inuous rwolut ion with the  parame- 
ters of e x t r a c t i o n .  Two maxima arc observed at t he  lower SCE p r e s s u r e  o f  3.4 MPa 
showing t h a t  when t h e  e x t r a c t i o n  is performed less e f f i c i e n t l y ,  some of  t h e  

/ unconverted l i g n i n  and ci:llulosc is sti1.l presei i l  a t  r o l a t  i vc ly  high conlcmt i n  llic 
r e s idue  prepared at. 3500 C .  

The smooth evo lu t ion  i n  t h e  temperature  of t.hc high tcmperature  DTG peak r e f l e c t s  a 
change in t h e  n a t u r e  o f  t h e  v o l a t i l e  f r a c t i o n  of t h e  recondensed material. 

A very good c o r r e l a t i o n  was found between weight los t  bctwcen 200 and 42OoC and t h c  
weight of t r i f l u o r o a c e t i c  a c i d  s o l u b l e  p l u s  unconverted l i g n i n  p rev ious ly  determined 
by w e t  chemistry ( c o r r e l a t i o n  c o e f f i c i e n t  is 0.994 i f  one excep t s  sample Ml--l6). 
These da t a  suggest  t h a t  t h e  m a t e r i a l  s t i l l  no t  v o l a t i l i z e d  a t  420°C would be iden t i -  

I c a l  with what. w c  dcf'ined as t h e  recoiidensed material. I t  w a s  indeed v e r i f i e d  that 

v o l a t i l i z e d  a t  420°C is also e x c c l l c n t  ( c o r r e l a t i o n  c o e f f i c i e n t  0.984 when p o i n t  MP- 
16 is excepted) .  From thermogravimetr ic  d a t a  t h e  recondensed m a t e r i a l  i n  a given SCE 
re s idue  can thus  be f u r t h e r  c h a r a c l e r i z c d  by t h e  weight f r a c t i o n  of AM v o l a t i l i z e d  
between 420 and 700OC. 

I 

I t h e  c o r r e l a t i o n  betwecn recondensed material and weight % of  t h e  s o l i d  not 

- - _ _ _ _ ~  Diffuse Hefleclance ---- I n f r a r e d  SpecLroinetry 

DRIFT s p e c t r a  were ob ta ined  f o r  t h e  17 a f o r e  mentionned samples and t h e  s p e c t r a  of 
t.he f i v e  r e p r e s e n t a t i v e  samples used t o  present.  t h e  TG/DTG d a t a ,  are repor t ed  i n  
F igu re  7. 

The spectrum of aspen wood (F igu re  7.A) shows t h e  presence of t.he t .hree fundamental 
wood c o n s t i t u e n t s .  The bands f o r  c e l l u l o s e  are a t  898 cm- '  6-anomer i n  pyranose 
r i n g )  ( % 2 ) ,  a t  1043.1171 c m - 1  (C-0 bonds i.n primary and secondary a l c o h o l s ) .  The 
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carbonyl or carboxyl structure but it would be surprising that carboxyl could resist 
at severe SCB conditions. Further study is necessary for definite assignment of this 

band at 1745 cm-1 is due to uronic acid and acetyl groups in hemicellulose ( 2 2 ) .  The 
bands from 1246 to 1607 cm-1, specially the one at 1505-1515 cm-1, are typical for 
lignin ( 1 9 ) .  

As shown 
the SCB treatment. 

Suectral region 2850-3050 an-'. A band at 3050 cm-' (aromatic and/or alkene C-H 
stretching) becomes evident at 3OOOC (MP-12, Figure 7-C) and dominates this region at 
350OC (MP-8, Figure 7-E). The band in the 2900 cm-1 region (aliphatic C-A 
stretching) which is broad in the initial wood sample, is progressively resolved in 
three separate bands (2850, 2900 and 2%0 cm-l) as the SCE temperature is increased 
(MP-12, MP-11 and MP-8, Figures 7C, D and E ) .  The overall pattern in Figure 7B 
corresponding to the most carbonized sample is similar to the ones reported for 
higher rank bituminuous coal ( z 3 )  and for vitrinite ( z q ) ,  with the 3050 cm-1 even 
more intense in our MP-8 sample. As it was shown earlier that this sample contains 
89.21; of recondensed material it may he concluded that this material has a coal-like 
polyaromatic nature. 

Spectral Region 800-950 cm-l. The band at 898 cm-1 is discernible in wood and MP-6 
( S a  temperature 250OC) but disappears from spectra of samples treated at higher tem- 
peratures where saccharides analysis has also shown the absence of cellulose. As 
carbonization proceeds, the out-of-plane bending of one isolated (868-874 cm-1) and 
two adjacent (815-816 cm-1) aromatic H increase. 

The band at 950 arl, which is visible in Mp-8, is probably due to 
tion giving t-alkenes(18). 

by the other spectra in Figure 7, these bands are significantly modified by 

This is supported by the changes in the next spectral region. 

elimination reac- 

Quantification. Schultz et al(5) reported recently correlations of FTIR absorbance 
ratios with such variables as the percents in glucose, xylose and Elason lignin for 
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isolated at three different SCE temperatures and 2 reference compounds are illus- 
trated in Figure 8. There is a general agreement in the literature on the assigment 
of components C1, C2 and C3 in wood derived materials: Ci corresponds to carbon 
linked to H or C, Cz has one link to oxygen, whereas C3 has two. In the solid phase, 1 

wood chips pretreated by the RASH process at temperature ranging 
These correlations 
tions by non-linear least squares regression. 
bances, baseline was defined as shown on spectrum 7E.  

These equations are as follows. 

from 140 to 280oC. 
do not fit correctly our data so that we developped our own equa- 

For quantitative evaluation of absor- 

C1 is referenced at 285.0 eV and C2 and C3 are usually close to 287.0 and 289.5 eV I: ( 2 5 ) .  

In all SCE residues, 
of the spectrum, shifted from the Ci component by 1.4 f 0.5 eV. 

a fourth Cis component is found on the low binding energy side 
This is thereafter 
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designated as the CO component. As the temperature of extraction is increased from 
260 to 3000C, the CO component increases continuously whereas the general trend of 
C i ,  C2 and Ca collponents in a continuous decrease. 

It is interesting to note that the uncorrected experimental Cis binding energy for 
dibenz (a,h) anthracene is very close to the binding energy for this CO peak. As 
plyaromatic are electrical conductors, the charging is expected to be low and Ec 
close to 0. On this basis, Co component is assigned to carbon in polyaromatice. 
Usually, ammatic compounds show a shake up satellite located 5-7 eV above their Cis 
peak ( 2 6 ) .  It can be seen however from Figure 8 that the intensity of this satellite 
in dibenz (a,h) anthracene is considerably lower than in o-biphenol. Thus the 
satellite'frtm CO peak in SCB solid residues should only make a minor contribution to 
the overall Cis band. 

The ratio Cnn/CsR (where CSR is the carbon content of the whole solid residue as de- 
termined by el-tal analysis, where- CRn is the calculated'mass of carbon in the 
recondensed material a given sample) was calculated for 5 samples (the 
el-tal analysis for MP-13 was not available). Figure 9 shows not only that this 
ratio is correlated to the Co fraction of the Cis peak, but that both values are al- 
most equal for all sarples. 

Therefore it may be concluded that the BSCA technique provides a simple mean for the 
determination of the extent of recondensation reactions by a mere determination o f  
the propartion of the Co component in the Cia band of the solid residue. 

contained in 
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17.2 1.5 

- 
250 

ZSC 

250 

250 

300 

1 0  

1 0  

3 0  

ma 
1 0  

3 0  

~ 

~ 

I ,way .  K : X S O ~ T W  R ~ C O M .  KI,SO> M U  XI! % i  :!E ::c 
, ' r id  rlsidue .&l)r#aI  SOIUDI. 
,ti! rt% Ut% .ti: rt% "ti! "ti! i - - - - - - - - - - 
00.0 17.4 15.b - 78.5 4 7 . b 2 7 . 2 4 b . 1  6.50 a7.4 

74.8 2b. l  14.3 11.8 7O.e 15.7 18.0 54.0 5.84 44.2 j 
55.4 1 . 5  22.2 8.3 64.1 38.1 12.8 53.5 5.2s 41.2 

69.7 10.6 6.5 4.1 6 9 . V  18.0 lV.2 45.0 b.4V 48.6 

68.4 7.6 5.4 2.0 V0.6 26.9 1 2 . 3 4 4 . 1  6.V7 48.V : 
40.5 42.2 12.1 30.1 4e.4 25.V 7 . V M . V  5.82 29.2 

31.0 78.1 12.3 6 . 8  - 0.0 0.0 75.V 5.12 1V.C 

16.4 V2.1 4.3 87.8 5.0 0.0 0.0 78.2 4.V6 16.8 1 

15.9 n.5 3.8 68.7 1.6 0.6 0.0 80 .4  4.62 15.C ! 
I 

15.7 89.2 4.5 84.7 2.4 0.0 0.0 7v.8 5.35 14.8 1 

18.1 65.8 6.0 5V.8 27.2 10.3 3.3 M.8 5.47 S . 7  I 

8.4 71.4 4.8 44.7 IV.8 7.1 0.0 74.! b.08  lV.8 i 
15.0 5.3 81.3 4.0 0.7 o.o n.3 5.17 21.6 i 

0.0 0.0 92.8 3.84 3.33 

b.1 EV.3 n.o 0.0 0.0 7b.3 5.00 18.8 

\ '  

Table I .  SCE r e s i d u e s .  e x t r a c t i o n  c o n d i t i o n s  and a n a l y s e s  
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