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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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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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Some Aspects of Pyrolysis Oils Characterization 
by Bigh Performance Size Exclusion Chromatography (EPSEC) 

David K. Johnson and Helena Li Chum*. 

Chemical Conversion Research Branch 
Solar Energy Research Institute 

1617 Cole Blvd.. Golden, Colorado 80401 

ABSTRACT 

The utilization of biomass pyrolysis oils or isolated fractions of these feedstocks 
requires a fast overall characterization technique. Gas chromatographic techniques 
typically analyze only the volatile fraction (52-502) of underivatized oils. With 
proper choice of solvent and detector systems, the HPSEC on polystyrene- 
divinylbenzene copolymer gels of the whole oils can provide valuable information on 
the apparent molecular weight distributions and changes that occur upon aging or 
chemical fractionation. Several pyrolysis oils have been analyzed as well as 
fractions isolated by solvent elution Chromatography. In order to understand better 
the observed low-molecular-weight region, a number of model substances of the main 
classes of compounds found in pyrolysis oils have been investigated. While hydrogen 
bonding between the phenolic groups and tetrahydrofuran occurs, solute-solute 
interactions can be kept very small by operating at very low concentrations of 
solute; solute-gel interactions do occur when polycyclic aromatic compounds 
predominate. HPSEC provides very good information on shelf life, reactivity of 
pyrolysis oils, and comparison of oils as a function of process conditions. 

INTRODIICTION 

Many biomass pyrolysis processes produce 552-652 conversion of the dry biomass to a 
very inexpensive pyrolysis oil (1-3). Costs of the oils will range from $0.02- 
$0.08/lb of oil. depending on the biomass feedstock cost ($10-$40/dry ton 
biomass). Therefore, these inexpensive oils, rich in phenolic fractions, acids, and 
furan-derivatives can be feedstocks for further upgrading or could be used because 
of their reactivity, in applications such as thermosetting resins and other wood- 
bonding methods. One of the important considerations for this use or further 
processing is the stability of the oil. Fast techniques to determine such 
properties become necessary. We present a method of characterization of pyrolysis 
oils and chemically isolated fractions using high-performance size exclusion 
chromatography ( 4 - 5 ) .  a technique commonly employed in the determination of the 
molecular weight distribution of polymers. We discuss the potential of the method 
and its limitations. Classes of model compounds commonly found in these oils have 
been investigated in the low-molecular-weight range t o  shed light on interactions 
between solute and solvent, solute and gel material (polystyrene-divinylbenzene), 
and solute-solute which can be kept to a minimum by operating at very dilute 
conditions. 

EWERMENTAL 

High performance size exclusion chromatography was performed on Hewlett-Packard 1084 
and 1090 liquid chromatographs using HP1040A diode array and HP-1037A refractive 
index detectors. Data were stored on s HP 85 microcomputer. The colwnns (300 x 
7 mm) used in this study were purchased from Polymer Laboratories Inc. and were a 
PL 100 A (10 p particles) and a PL 50 A (5 p particles). lhe solvent employed was 
tetrahydrofuran (Burdick and Jackson, chromatographic grade) used as received. 
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Deta i l s  on t he  p r e p a r a t i o n  of  py ro lys i s  oils a t  SERI i n  t h e  entrained-f low,  f a s t  
a b l a t i v e  p y r o l y s i s  r e a c t o r  can be found i n  a r e p o r t  by Mebold and S c a h i l l  ( 2 ) .  

The l i g n i n  model compounds were prepared by J. A. Hyatt  (6); a l l  t h e  o t h e r  model 
compounds were purchased from t h e  Aldrich Chemical Co. 

RESULTS AND DlSC[ISSIOR 

Comparison of P y r o l y s i s  Oils Obtained from Various Sources. ?he HPSEC of fou r  wood 
pyro lys i s  o i l s  ob ta ined  from t h e  en t r a ined  flow, f a s t  a b l a t i v e  p y r o l y s i s  r e a c t o r  a t  
SERI a r e  shown i n  Figure 1. Ihe o i l s  were obtained from two s e p a r a t e  runs and 
c o l l e c t e d  from two d i f f e r e n t  scrubbers .  The apparent  molecular weight d i s t r i b u t i o n s  
of the fou r  oils a r e  ve ry  s i m i l a r .  i n d i c a t i n g  l i t t l e  s e l e c t i v i t y  on t h e  b a s i s  of 
molecular weight d i s t r i b u t i o n .  Figure 2,  however, shows t h e  HPSE chromatograms of a 
number of o the r  p y r o l y s i s  o i l s  obtained under a v a r i e t y  of c o n d i t i o n s  from many 
d i f f e r e n t  sources .  C l e a r l y ,  some of t h e  o i l s  con ta in  components of h igh  apparent  
molecular weight even t o  t h e  ex ten t  t h a t  some a r e  excluded from t h e  pores  of t h e  
column polymer, i n d i c a t e d  by t h e  peaks a t  about 4 .5  minutes in t h e  chromatograms. 
The o i l s  a l s o  have va ry ing  amounts of more sha rp ly  resolved components a t  lower 
apparent  molecular  weight. Thus, HPSEC may be used t o  c h a r a c t e r i z e  py ro lys i s  o i ls  
obtained from d i f f e r e n t  sou rces ,  and comparisons may be drawn rega rd ing  t h e i r  
r e l a t i v e  appa ren t  molecular  weight d i s t r i b u t i o n s  a s  long a s  the  ana lyses  were 
c a r r i e d  ou t  under t h e  same chromatographic cond i t ions .  

The wood o i l  obtained from t h e  packed scrubber  i n  Run 4 1  a t  S E R l  was a l s o  subjected 
t o  f r a c t i o n a t i o n  by s e q u e n t i a l  e l u t i o n  by s o l v e n t s  chromatography (SESC) according 
t o  the  method o f  I s v i s  e t  al.  (7). The f r a c t i o n s  obtained were a l s o  analyzed by 
HPSEC and t h e  chromatograms a r e  shown i n  Fiaure 3. Ihe HPSEC shows a g e n e r a l  t r end  
t o  higher  apparent  molecular  weight as t h e  p o l a r i t y  of t h e  e l u t i n g  solvent  was 
increased up t o  methanol.  A number o f  t h e  f r a c t i o n s  appear  t o  con ta in  r e l a t i v e l y  
l a r g e  amounts of d i s t i n c t  components ( t h e  sha rp  peaks) of lower apparent  molecular 
weight. The s i x t h  f r a c t i o n  was produced by going back t o  a l e s s  po la r  solvent .  A 
seventh f r a c t i o n  was produced using a more po la r  e luan t  of 10% a c e t i c  acid in 
methanol which could no t  be analyzed by HPSEC because i t  was in so lub le  i n  
te t rahydrofuran.  About t h r e e q u a r t e r s  of t h e  o i l  was found in F r a c t i o n s  3, 4 ,  and 
5 .  the  l a s t  being t h e  major f r a c t i o n .  If  t h e  chromatograms i n  Figure 3 were 
combined t ak ing  i n t o  account  t h e  y i e l d s  of t h e  v a r i o u s  f r a c t i o n s  then,  as expected, 
a c lose  comparison could be made with t h e  chromatogram in Figure 1 of t h e  
un f rac t iona ted  o i l .  

Doubts have been expressed t h a t  t h e s e  p y r o l y s i s  o i l s  could have molecular  weights a s  
high as i n d i c a t e d  by t h e s e  chromatograms a s  they  a r e  obtained by condensat ion of t h e  
primary vapors  from pyro lys i s .  Analysis  by techniques r e q u i r i n g  r evapor i za t ion  of 
t h e  o i l s  c o n s i s t e n t l y  does not d e t e c t  high-molecular-weight components, poss ib ly  
because they  a r e  d i f f i c u l t  t o  vaporize and a l s o  because they  may be thermally 
degraded t o  e i t h e r  h i g h e r  o r  lower molecular  weight components ( 8 )  O K  both.  It has  
been suggested t n a t  t h e  h igh  apparent  molecular weights observed by HPSEC a r e  the 
r e s u l t  of so lu t e - so lu t e  o r  solute-solvent  a s s o c i a t i o n s  producing high-molecular- 
weight complexes. To v e r i f y  the r e s u l t s  obtained by HPSEC. t h e  t h r e e  major 
f r a c t i o n s  and t h e  o r i g i n a l  un f rac t iona ted  oil were sub jec t ed  t o  proton NMR 
ana lys i s .  The s p e c t r a  o f  F rac t ion  5 and the o r i g i n a l  oil c o n t a i n  broad peaks 
c h a r a c t e r i s t i c  o f  i r r e g u l a r  polymers such a s  l i g n i n ,  while  t h e  s p e c t r m  of 
F rac t ion  3 con ta ins  sha rp  peaks i n d i c a t i v e  of a mixture of s imple r ,  low-molecular- 
weight compounds; F rac t ion  4 is i n t e rmed ia t e  between 3 and 5. 'Ihus, t h e  HPSEC and 
proton NMR s p e c t r a  appear  t o  be in gene ra l  agreement i n  t h a t  t h i s  py ro lys i s  oil 
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con ta ins  mixtures of poss ib ly  h ighe r  molecular weight polymeric components and 
s impler  l o w - m o l e c u l a r r e i g h t  compounds. 

Many of t h e  chromatograms shown h e r e  a r e  of samples whose h i s t o r y  of handl ing and 
age a r e  not known in d e t a i l .  It has been suggested t h a t  because o f  t h e  ve ry  
r e a c t i v e  and a c i d i c  n a t u r e  of t h e s e  o i l s  t h a t  t h e  high molecular  weights  observed 
a r e  produced a s  t h e  o i l s  g e t  o l d e r  and a r e  exposed t o  ambient cond i t ions .  
Consequently,  a s tudy has  been s t a r t e d  t o  examine t h e  e f f e c t s  of aging and t h e  
cond i t ions  under which p y r o l y s i s  o i l s  a r e  s tored.  A p y r o l y s i s  o i l  w a s  produced i n  
t h e  SERI  entrained-flow. f a s t  a b l a t i v e  p y r o l y s i s  r eac to r .  In t h i s  r e a c t o r ,  t h e  
primary vapors a r e  scrubbed ou t  w i t h  water  such t h a t  about  90% a r e  d i s so lved  out.  
One sample of t h i s  aqueous s o l u t i o n  o f  p y r o l y s i s  o i l  was s t o r e d  a t  4OC and t h e  o t h e r  
was analyzed by HPSEC. I h e  sample t o  be analyzed was made up by d i s so lv in l :  a small 
amount of t h e  aqueous s o l u t i o n  in te t rahydrofuran.  S to rage  was under ambient 
cond i t ions .  Ihe THF s o l u t i o n  was analyzed s e v e r a l  t imes over  t h e  pe r iod  of a week 
t o  look f o r  changes in i t s  HPSE chromatogram as shown i n  Figure 4. A t  t h e  end of 
t h i s  per iod.  t h e  sample kep t  at  4OC was a l s o  analyzed t o  determine t h e  e f f e c t  of 
ag ing  on t he  oil. Actua l ly ,  a phys i ca l  change took p l a c e  on t h e  aqueous sample 
s to red  a t  4OC i n  t h a t  a small  amount of tar  sepa ra t ed  out on t h e  bottom of t h e  
v i a l .  Consequently,  tw samples were made up i n  THF from t h e  cooled sample, one 
from t h e  aqueous pa r t  and one from t h e  t a r .  Figure 5 compares t h e  HPSEC of  t h e  
sample kept  a t  ambient c o n d i t i o n s  t o  those of t h e  cooled samples. The HPSEC of t h e  
t a r  sample shows i t  c o n s i s t s  of r e l a t i v e l y  much l a r g e r  amounts of material h ighe r  i n  
apparent  molecular weight.  The aqueous f r a c t i o n  of t h e  cooled sample appears  very 
s i m i l a r  t o  t h e  sample s t o r e d  a t  2S0C, a l though t h e  l a t t e r  does appear  t o  c o n t a i n  a 
s l i g h t l y  l a r g e r  r e l a t i v e  amount o f  appa ren t ly  h ighe r  molecular weight ma te r i a l .  I h e  
degree t o  which s t o r a g e  a t  lower temperature  h a s  prevented any i n c r e a s e  i n  molecular  
weight of t h e  py ro lys i s  o i l  w i th  t ime i s  d i f f i c u l t  t o  a s c e r t a i n  because of t h e  
f r a c t i o n a t i o n  of t h e  r e f r i g e r a t e d  sample. lhe sample kep t  a t  ambient cond i t ions  d i d  
not have t h e  oppor tun i ty  t o  f r a c t i o n a t e  because of t h e  s o l v e n t  i t  was d i s so lved  In. 

The HPSEC of t h e  u n r e f r i g e r a t e d  sample (Figure 4) d i d  i n d i c a t e  t h a t  t h e  p y r o l y s i s  
o i l  "aged" over t h e  per iod of a week wi th  i n c r e a s i n g  amounts of appa ren t ly  h ighe r  
molecular weight components being produced wi th  t i m e .  k s t  o f  t h e  samples ob ta ined  
from o u t s i d e  of SERI are much o l d e r  than one week. P y r o l y s i s  o i l s  are g e n e r a l l y  
ve ry  r e a c t i v e  so t h a t  u n l e s s  t hey  are e f f e c t i v e l y  s t a b i l i z e d  i n  some way, i n c r e a s i n g  
molecular  weight should be expected as t h e y  g e t  o lde r .  

mat are t h e  L imi t a t ions  of HPSEC as a Technique When Applied to P g r o l y s i s  011 

+ t h e  proper choice o f  s o l v e n t  t o  d i s s o l v e  t h e  sample, t h e  whole o f  t h e  sample may be 
analyzed under ve ry  mild cond i t ions .  Because HPSEC is  an i s o c r a t i c  technique.  
d i f f e r e n t i d  r e f r ac tomete r s  may be used a s  d e t e c t o r s  so t h a t ,  again,  a l l  of t h e  
sample may be detected.  ?is i s  not a g r e a t  concern when app l i ed  t o  p y r o l y s i s  o i l s .  
as they  t end  t o  absorb q u i t e  s t r o n g l y  in t h e  u l t r a v i o l e t .  With a modern W - v i s i b l e  

t d iode a r r a y  d e t e c t o r ,  a n m b e r  of wavelengths can be monitored t o  ensure a l l  t h e  
components of t h e  o i l  a r e  monitored. However, t h e  e l u t i n g  s o l v e n t  must be chosen 
such t h a t  a l l  t h e  sample i s  d i s so lved .  and as p y r o l y s i s  o i l s  a r e  f a i r l y  p o l a r  and 
o f t e n  con ta in  water,  t h e  s o l v e n t  w i l l  a l s o  need t o  b e  f a i r l y  polar .  The combination 
of polar  s o l u t e s  and po la r  s o l v e n t s  means t h a t  so lu t e - so lven t  i n t e r a c t i o n s  through 
hydrogen bonding must be a concern.  Tetrahydrofuran,  probably t h e  most popular 
so lven t  f o r  HPSEC, can form hydrogen bonds with c e r t a i n  s p e c i e s  such a s  phenols  
producing a complex molecule e x h i b i t i n g  g r e a t e r  molecular  s i z e  and lower r e t e n t i o n  
volume than would be expected (9). When nonpolar s o l v e n t s  are used such a s  to luene  
or chloroform, t h e  molecular  s i z e  should be r e l a t i v e l y  una f fec t ed ,  but o i l  
s o l u b i l i t y  then becomes ve ry  l imi t ed .  The use o f  s o l v e n t s  of g r e a t e r  s o l v a t i n g  

/ Character izatfon.  One o f  t h e  major advantages of HPSEC as a technique i s  t h a t  w i th  
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power, such as dimethyl  formamide, a l s o  gene ra t e s  problems (10) due t o  so lu t e - so lu t e  
a s s o c i a t i o n ,  i n t e r a c t i o n  between polystyrene s t anda rds  and t h e  column g e l  and column 
gel-solvent  i n t e r a c t i o n s .  

The o the r  major l i m i t a t i o n  of HPSEC as a technique comes from t h e  d e s i r e  to 
c o r r e l a t e  s o l u t e  e l u t i o n  t i m e  w i th  molecular weight. As s t a t e d  i n  i t s  name, t h i s  i s  
a method of s e p a r a t i o n  based on molecular s i z e .  HPSEC columns con ta in  a polymer g e l  
of polystyrenedivinylbenzene produced wi th  a c o n t r o l l e d  pore s i z e  d i s t r i b u t i o n .  
So lu te s  of d i f f e r e n t  s i z e  a r e  sepa ra t ed  by t h e  d i f f e r e n t  degrees  of t h e i r  
pene t r a t ion  i n t o  t h e  pores  of t h e  ge l .  Zhe parameter t h a t  can be obtained from 
HPSEC is e f f e c t i v e  molecular  l eng th ;  e.g., m a t e r i a l  excluded from a column 
containing g e l  w i th  100 A pores  should have an e f f e c t i v e  molecular  l e n g t h  of 100 A 
o r  greater .  To c o r r e l a t e  r e t e n t i o n  t imes t o  molecular weight,  i t  i s  necessary t o  
use c a l i b r a t i o n  s t a n d a r d s  s i m i l a r  in s t r u c t u r e  t o  t h e  s o l u t e  whose molecular  weight 
is being determined. The most common c a l i b r a t i o n  m a t e r i a l s  used a r e  po lys ty renes  of 
low po lyd i spe r s i ty .  Others used include s t r a i g h t  chain a lkanes ,  polyethylene 
g l y c o l s ,  and t h e  r e l a t e d  m a t e r i a l s  IGEPALS" t h a t  a r e  4-nonylphenyl terminated. I f  a 
column were c a l i b r a t e d  wi th  s t r a i g h t  chain a lkanes ,  i t  i s  u n l i k e l y  t o  be much good 
f o r  ob ta in ing  molecular  weights  o f  aromatic  s o l u t e s ,  as a benzene r i n g  is on ly  about 
a s  long a s  propane, and anthracene i s  on ly  about  a s  long as  hexane. When d e a l i n a  
wi th  much l a r g e r  molecu le s ,  i t  is d i f f i c u l t  to e s t i m a t e  what t h e i r  s i z e  might be in 
t h r e e  dimensions in so lu t ion .  Although p y r o l y s i s  oils have a h igh  l e v e l  of aromatic  
components, e s p e c i a l l y  pheno l i c s ,  t h e y  a r e  a ve ry  complex mixture  of components, and 
so i t  is u n l i k e l y  t h a t  any one s e t  of c a l i b r a t i o n  s t anda rds  would do a ve ry  good 
job. Desp i t e  t h e s e  l i m i t a t i o n s ,  HPSEC can g ive  an idea  of t h e  molecular weight 
d i s t r i b u t i o n  of a n  o i l  and c e r t a i n l y  can be used i n  comparing o i l s .  Es t ab l i sh ing  
molecular weights  f o r  l o w l n o l e c u l a r w e i g h t  components is probably t h e  most d i f f i c u l t  
task.  F igu res  6 and 7 compare t h e  a c t u a l  molecular weights  of a v a r i e t y  of 
d i f f e r e n t  t ypes  o f  compounds wi th  t h e i r  appa ren t  molecular  weights  c a l c u l a t e d  from 
t h e i r  r e t e n t i o n  t imes  on 50 A 5 p HPSEC column c a l i b r a t e d  with polystyrenes and 
IGEPALS. I f  t h e  c a l i b r a t i o n  was good f o r  a l l  compounds, then they  should a l l  f a l l  
on the  s t r a i g h t  lines. Zhe aromatic  hydrocarbons fo l low t h e  c a l i b r a t i o n .  but  t h e  
aromatic  a c i d s  and naphthalenes d e v i a t e  g r e a t l y  and i n  oppos i t e  d i r e c t i o n s .  The 
aromatic a c i d s  c o n t a i n  bo th  ca rboxy l i c  and phenol ic  groups and so probably have 
higher  apparent  molecular  weights  t han  their  a c t u a l  molecular weights  because of 
hydrogen bonding wi th  t h e  s o l v e n t  t e t r ahydro fu ran .  "he naphthalenes have lower 
apparent  molecular  weights  t han  a c t u a l  not on ly  because t h e i r  condensed s t r u c t u r e  
makes them r e l a t i v e l y  small f o r  t h e i r  molecular weight,  but  also because of 
i n t e r a c t i o n s  between t h e s e  s o l u t e s  and t h e  column gel .  P h i l i p  and Anthony ( 9 )  
observed r e t e n t i o n  volumes t h a t  were longe r  than  expected f o r  an th racene ,  
benzopyrene, and coronene, cons ide r ing  t h e i r  molecular s i ze .  ' h e y  a t t r i b u t e d  t h i s  
behavior t o  i n t e r a c t i o n  o f  t h e s e  h igh ly  a romat i c  s o l u t e s  w i th  t h e  phenyl groups of 
t h e  polymer cha ins  of t h e  g e l s .  

The phenols and lignin model compounds follow t h e  c a l i b r a t i o n  q u i t e  c l o s e l y ,  tending 
to show s l i g h t l y  h i g h e r  apparent  molecular  weights  t han  they  a c t u a l l y  have, probably 
beczme  Of S 6 6 O C i a t i G i i  w i th  t h e  solvent .  Th i s  is encouraging f o r  t he  HPSEC of 
py ro lys i s  oils as t h e s e  t y p e s  of compounds a r e  more l i k e l y  t o  be present .  Heavily 
cracked o i l s .  however, can be r i c h  in polynuclear  aromatics .  

\ 
I 

Solute-solute  a s s o c i a t i o n  has  no t  been observed for  any of t h e s e  molecules or f o r  '-- 
o t h e r s  when using t e t r ahydro fu ran  a s  solvent. Retent ion t ime changes of l e s s  than 
0.01 minutes were observed i n  changing sample concen t r a t ions  i n  t h e  mg/mL range (-4 
mg/mL) to t h e  ng/mL range  (-3 pg/mL) when i n j e c t i n g  5 p 1  of t h e s e  s o l u t i o n s .  HPSEC 
Of PYrOlySIS o i l  samples made up i n  t h i s  concen t r a t ion  range should a l s o  b e  f r e e  of 
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so lu t e - so lu t e  a s s o c i a t i o n  which would a r t i f i c a l l y  inc rease  the  apparent  molecular 
weight of t h e  o i l s .  

CONCLUSIONS 

HPSEC has  been shown to be a u s e f u l  method of c h a r a c t e r i z i n g  p y r o l y s i s  o i l s  because 
it examines the whole of t h e  o i l .  Using p o l y s t y r e n e d i v i n y l  benzene polymer g e l  
columns, te t rahydrofuran a s  so lven t  and polystyrenes and IGEPALS a s  c a l i b r a t i o n  
s tandards a good i n d i c a t i o n  of molecular  weight d i s t r i b u t i o n  can be obtained f o r  
o i l s  from a v a r i e t y  of sources .  l h e  h igh  apparent  molecular weights  observed appear 
to be r e a l ,  and some co r robora t ion  i s  seen in proton NMR spec t r a .  Although some 
so lu t e - so lven t  a s s o c i a t i o n  can be expected, use of pheno l i c  model compounds has  
shown t h a t  HPSEC can g ive  a good i n d i c a t i o n  of molecular  weight. However, i f  t h e  
o i l s  contained l a r g e  amounts of e i t h e r  much more po la r  compounds or condensed 
aromatic  compounds, then i n t e r p r e t a t i o n  of HPSEC on t h e  b a s i s  of molecular  weight 
would be much more d i f f i c u l t .  P y r o l y s i s  o i l s  are r e a c t i v e  m a t e r i a l s  and an 
awareness of t he  l eng th  of t ime and cond i t ions  under which they a r e  kep t  mst be 
maintained and is important  f o r  f u r t h e r  processing.  
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FIGURE 2. HPSEC OF WOOD PYROLYSIS OILS FROM A VARIETY 
OF SOURCES, ANALYSIS CONDITIONS AS PER 
FIGURE 1, 

1 = OIL FROM D, S ,  SCOTT, U..OF-WATERLOO, FLASH 

2 = OIL FROM C, ROY, U, DE SHERBROOKE, VACUUM 

3 = OIL FROM C, ROY, U, DE SHERBROOKE, VACUUM PYROLYSIS 

4 = O I L  FROM J, HOWARD, E!, C,  RESEARCH, SUPERCRITICAL 

5 = OIL FROM S ,  KALIA~UINE, U, OF LAVAL, SUPERCRITICAL 

METHANOL EXTRACTION OF ASPEN a 35OoC, 1500 PSI, 

6 = OIL FROM C, ROY, U. DE S;ERBROOKE, VACUUM 

PYROLYSIS OF ASPEN 6) 315 CJ 0.7 MM OF HG. 

PYROLYSIS OF HYBRID POPLAR-ASPEN. 

PYROLYSIS OF AVICEL &I 306OC. 

OF ASPEN POPLAR a 534OCJ 282 MM OF HG, 

ACETONE EXTRACTlON OF ASPEN, 

174 



I 

I 

10 RETENTION TIME (MINI 20 

FIGURE 3, HPSEC nF SESC FRACTIONS FROM VOOD 
PYROLYSIS OIL RUN #41 PACKED SCRUBBER, 
ANALYSIS ON PL GEL 100 A 10 GP 
COLUMN USING THF AT 0,s ML~IN-! WITH 
DETECTION AT 330 NM (BANDWIDTH 140 NM) , 

FRACTION 1 ELUTED WITH 15% TOLUENE IN HEXANE, YIELD 
0,4%. 

FRACTION 3 ELUTED WITH 7,SX ETHER I N  CHLOROFORM, 
YIELD 15,6%, 
FRACTION 4 ELUTED WITH 5% ETHANOL IN ETHER, YIELD 
19.5X, 

FRACTION 2 ELUTED WITH CHLOROFORMj Y!ELD 1.5%. 

FRACTION 5 ELUTED WITH METHANOLj YIELD 38.u. 
FRACTION 6 ELUTED WITH 4% ETHANOL 1N THFj YlELD 3,1%, 
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CHROMATOGRAPHY OF NON--DERIVATIZED PYROLYSIS OILS AND UPGRADED PRODUCTS 

E . J .  Soltes and S-C.K. Lin 

College Station, Texas 77843-2135 
Dept. of Forest Science and TAES, Texas A&M University System 

ABSTRACT 

Over a period of several years [l], the Department of Forest Science at Texas ABdrl 
University has been conducting studies in the hydroprocessing (catalyzed high pressure 
hydrocracking plus hydrotreating o r  hydrodeoxygenation) of pyrolytic tars produced in 
biomass pyrolysis and gasification. 
volume [2]. 
composition of the volatile components of raw tars produced for these studies, the 
composition of products produced from these tars in the upgrading studies as well as a 
gel permeation / gas chromatography technique used to separate functionslities in raw 
and upgraded tars for kinetic studies of tar hydroprocessing. In all cases, no 
derivatization was required prior to chromatography. 

Processing details are given elsewhere in this 
This paper discusses various chromatography techniques used to  study 

METHODOLOGY 

Capillary Gas Chromatography. We found suitable, for both the volatiles of tars and 
their upgraded products, the use of a 30-meter DB-5 bonded phase fused silica capillary 
column (J&W Scientific). The column was used in a Tracor 560 gas chromatograph (Tracor 
Inc., Austin TX) in the split injection mode (ca. 1OO:l). Temperature programming for 
the tars was held for 5 minutes at 30'C, then to 280'C at 3'C per minute. 
hydroprocessed tars, temperature was held at 30'C for five minutes, then programmed to 
280'C at 4'C per minute. 
stored in raw form on diskettes for later reconstruction with the CAPS program of an IBM 
Instruments 9000 Computer. 

Capillary GC-Mass Spec. 
composition of the separated components. 
Radian Corporation (Austin TX) using a Hewlett-Packard 5985A instrument. Conditions 
generally were on-column injection, hydrogen gas flow at 1 ml per minute, temperature 
programming was typically split 30'C to 1OO'C at 3°C per minute then to 280°C at 6'C per 
minute. 
those reported in the literature, and the BPA/NIH Mass Spectral Data Base [4]. 
Computer-assisted component identification was not used. 

Gel Permeation Chromatography. 
separation of volatile components, it cannot be used for the larger non-volatile 
molecules found in biomass tars. For these, gel permeation chromatography can be used. 
In earlier experimentation when evaluating various columns for this purpose, we 
determined that GPC columns can separate tar components not only by molecular size, but 
also somewhat surprisingly by functionality [2,5). GPC separations were performed on a 
Model ALC/GPC 202 liquid chromatograph (Waters Associates) equipped with a refractometer 
(node? R401). FGiir Styragel columns (30 cm x 7 .8  mm i.d.) were used in series. THF, 
refluxed and distilled with sodium wire under a nitrogen atmosphere, was used to reduce 
tar viscosity, and tar/THF solutions (typically 25% tar in THF) were filtered through 
micropore filters (Millipore, 0.5 pore size) before injection. Maximum injection 
volume was 250 microliters. 
Fractions separated were collected and subjected to GC analysis on the DB-5 column. 

Another 12-foot SP-2100 packed glass column (Supelco) was used to analyze the volatiles 
which were defined as the total amount of components detected by GC relative to a 1- 
decene internal standard. 

C O h m  (60 cm x 7.7 mm I.D.; Polymer Laboratories) used with a Varian 5560 ternary 
liquid chromatograph equipped with ultraviolet (Varian UV-200) and refractive index 

For the 

Signals were detected by a flame ionization detector and 

The same columns were used in capillary GC-MS runs to determine 
Analysis was performed in subcontracts to 

Identification of peak contents WM by comparison of spectra obtained with 

Although gas chromatography is suitable for the 

More recent work shows satisfactory performance in the use of a single 5-micron PLgel 
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(Varian RI-3) detectors. 
in raw form on diskettes for later reconstruction with the CAPS2 program of an IBM 
Instruments 9000 Computer. 

Signals, as per the capillary gas chromatography, are stored 

RESULTS AND DISCUSSION 

GC of Raw Tars. Tars produced via the thermochemical conversion of biomass materials 
are very complex in chemical composition, with very few components in excess of 1% 
concentration [ 6 ] .  Further, standard chemical separation techniques used to separate 
fractions of similar functionality are complicated by the wide range of molecular 
weights and difficult solubility of the various components. For example, one tar 
produced by the Tech-Air Corporation at their demonstration plant in Cordele, Georgia 
exhibited the gross composition shown in Table I [ 7 ] .  
water-soluble. 

of the tars appear to be of low volatility, typically 50 to 60%, when simple 
distillations are attempted. It appears that pot temperature above 2OO'C cause 
condensation reactions resulting in intractable pot solids. 

temperatures such as might be experienced in the injection port of a gas chromatograph 
could cause condensation/ polymerization reactions, it was understandably with much 
hesitation that we initially attempted direct injection of tars into capillary columns 
for gas chromatography. 
in the use of capillary columns in split or splitless modes. 
performance consists of occasional cleaning of the injection system, frequent baking of 
the column at 300'C to remove any volatile fragments resulting from thermal cracking of 
non-volatiles at oven temperature, and occasionally breaking off the first two or three 
cms of column containing the non-volatile matter. The bonded phase columns in particular 
appear to suffer little in performance with continued use. 
Figures 1 and 2 show the gas chromatograms for the volatiles of Tech-Air pyrolysis oil 

and corn cob gasification tar, respectively. 
composition. 
with the alkyl guaiacols predominating. 
(see Table II), and these are responsible for the corrosivity of pyrolysis oils, as 
determined by corrosion tests using ASBI G31-72 [1,8]. Figure 3 gives the GC-MS 
chromatogram of the same oil and the same column as in Figure 1, except that on-column 
injection was used. Note that on-column injection results in less fractionation of the 
oil as seen in the higher concentrations of less volatile components. 

GC of Hydropro_cessed Tars. Tar, once hydroprocessed, is much easier to analyze for 
chemical composition than raw tar since it is nearly completely volatile, and thus 
easily subjected to gas chromatography and gas chromatography-mass spectrometry 
examination. 
hydroprocessed corn cob gasification tar are shown in Figures 4 and 5 [9]. Alkyl 
cyclohexanes and their corresponding aromatic counterparts are predominant chemical 
species, derived from lignin phenolics (alkyl guaiacols) via hydrocracking and 
hydrotreating reactions. Some phenolics are still present due to incomplete hydro- 
treating. 
hydrogen consumption at milder reaction conditions. 
eliminated completely by saturation of chemical entities with hydrogen under more 
drastic conditions [lo]. 
Some surprises in chemical composition of both the hydroprocessed pine waste tar and 

corn cob tars were contents of straight-chain hydrocarbons, similar and identical to the 
hydrocarbons found in conventional gasoline and diesel fuels. 
hydrocarbons in the paraffinic series from C5 to C30 have been identified. 
mechanisms by which these are produced are under investigation. 
The two hydroprocessed tars examined were from different feed materials, and produced 

in two different processes in differing yields. 
of the tars, both before and after hydroprocessing are remarkably similar. 
suggests that thermal conversion of biomass, followed by hydroprocessing of the tars 

Approximately 45% of the tar was 

Despite the fact that the tars are produced by condensation of volatile matter, much 

Knowing that the volatiles content of raw pyrolytic oils is very low, and that higher 

After several hundred injections, we can now claim few problems 
Maintenance of column 

Note the similarity in chemical 
Lignin appears to leave a strong signature in the volatile components, 

Small concentrations of organic acids are found 

Chromatograms of the hydroprocessed Tech-Air pine pyrolysis oil and the 

If desired, higher yields of phenolics are possible through less complete 
Alternately, the phenolics can be 

Straight-chain saturated 
The 

Yet the volatiles chemical compositions 
This 
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produced, might be a somewhat universal method for producing similar products from 
dissimilar biomass feedstocks. 

GPC/GC of Raw and Hydroprocessed Tars. 
chromatograms for the Tech-Air pyrolysis oil and its hydroprocessed product. Fraction 1 
at lower retention volumes is high molecular weight polymeric material; Fraction 2, 
larger molecules (size of Cia to C44 hydrocarbons); Fraction 3, phenolics; Fraction 4, 
aromatics; and Fraction 5, solvent used in hydroprocessing plus some smaller molecules. 
Note that this analysis results in separation of chemical functionality, and this fact 
was used in subsequent kinetic studies of the hydroprocessing reaction [2]. Figures 8 
and 9 are gas chromatograms of the aromatic fraction 4 for the raw and hydroprocessed 
oil, respectively. 

Other Chromatofiraphy. Other chromatography, especially that showing similarities in the 
compositions of oils and hydroprocessed oils from nine different biomass feedstocks will 
be discussed in the oral version of this communication. 

Figures 6 and 7 display gel permeation 
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! !  Neutrals 
i '  volatile 

I! 

1 1  volatile 
I non-volatile 
1 total 

non-volat ile 
total i l  

Phenols 

5.6 0.0 
1.2 28.2 
6.8 28.2 

2.2 0.3 
18.1 13.2 
20.3 13.4 

5.6 
29.4 
35.0 

2.4 
31.3 
33.7 

:i Acids 
I j  volatile 5.2 0.0 5.2 
s I Unextractab les 13.1 2.0 15.1 
,I 

9 . 7  

1.3 

- - 
- - 

56.4 43.6 100.0 
- 

I I 

TABLE 11. RELATIVE ABUNDANCE AND PERCENTAGE COMPOSITION OF ' i  
VOLATILE ACIDS IN PINE PYROLYSIS OIL 1 1  _- "smm" 1 1  

i ,  
,I.". 

Formic Acet ic  P r o p i o -  Peak B u t y r i c  Peak I s o v a l e -  1 1  
A c i d  A c i d  n i c  A c i d  no..? A c i d  110.5 r i c  A c i d  i j  

j j  .lli.,"YIIUY""=I. - IIY-mI=.-LI-N,I **---, "Fm"ICI---.. -.lmnil- :=~=----=- 

/ /  Relative 17.9 100.0 13.47 0.50 3.66 1.00 1.00 / /  
Abundance 

j !  
% Compo- 0.32 1.70 0.24 0.01 0.06 0 . 0 2  0.02 i l  I /  sition i /  

!I - i-" _=-.-..=--.% i _ i _ ~ l _ _ _ _ _ _ / " w n = E _ _ - - ~ ~ - ~ ~ = . - ~ ~ ~ . ~ . ~ " - - - . , , - - ~ ,  

I / - " " " * ~ ~ ~ a n d  5 were not identified in gas chromatography but 
exhibited acidic properties similar to the other components: ! !  

. -. ... . .- - -. .... ..__ .. -.- 
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PRODUCT ANALYSIS FROM DIRECT LIQUEFACTION OF SEVERAL 
HIGH-MOISTURE BIOMASS FEEDSTOCKS 

Douglas C.  E l l i o t t ,  L. John Sealock, J r .  and R. Scott  Butner 

Pacific Northwest Laboratory*, P.O. Box 999, Richland, WA 99352 

PROCESS RESEARCH IN DIRECT LIQUEFACTION OF BIOMASS 

Significant progress has been made over the past f i f teen  years toward the 
development of processes f o r  d i rec t  production of l iqu id  fue ls  from biomass. Process 
research has generally progressed along two l ines  -- flash pyrolysls and high- 
pressure processing. Extensive analysis of the l iquid products from these two 
types of processes has demonstrated the  s ign i f icant  process-related differences in 
product composition. However, the effect  of feedstock has received a l e s se r  degree 
of attention. 

Liquefaction Processes 

Two generalized categories of d i r ec t  liquefaction processes can be identi-  
f ied . ( l )  The f i r s t ,  f l ash  pyrolysis, i s  characterized by a short residence time 
in the reactor (-1 second) a t  re la t ive ly  h i g h  temperature (450-500'C) in order t o  
obtain maximum yie ld  of l iqu id  product. The second, high-pressure processing, i s  
usually performed a t  lower temperature. (300-400°C) and longer residence time (0.2- 
1.0 hr). A typical operating pressure i s  200 atm and often reducing gas and/or a 
catalyst  i s  included i n  t he  process. The differences in  processing conditions 
result  in s ign i f i can t  differences i n  product yleld and product composltion. 

Product Analyses 

Product ana lys i s  in support of the process development research i n  biomass 
direct  l iquefaction began a t  rudimentary level of determining solvent-soluble 
portions o f  the product. Analysis was soon extended t o  elemental analyses and 
proximate analyses, such a s  ash and moisture. Later, spectrometric anaLyses were 
performed followed by detailed chemical analyses used in conjunction with chromato- 
graphic separation techniques. 

A t  a l l  stages of development, the s ign i f icant  dlfferences in  composition between 
the products of f lash  pyrolysis and highJpressure processing have been evident. 
While polar  solvents are most effective f o r  both products, l e s s  polar solvents 
such as methylene chloride and even benzene and toluene have been used as  extrac- 
tan ts  f o r  high-pressure product o i l s .  Comparative analysis has demonstrated the 
higher oxygen content and higher dissolved water content in the flash pyrolysis 
o i l s .  Detailed analyses with spectrometric and chromatographic methods have added 
supporting evidence to  these findings. 

Variations I n  Product Due t o  Feedstock 

While process-related dlfferences in product composition have been evident, 
extensive study of the ef fec t  of feedstock on product composition has never been 
undertaken. Some limited comparative t e s t s  can be gleaned from the l i t e ra ture :  
however, most process research I n  d l r ec t  l lquefactlon of biomass has been performed 
with woods of various species. Table 1 provides some of the resu l t s  available in 
the l i t e r a tu re  f o r  non-woody feedstocks. Signiflcant dlfferences in heteroatom 
content a r e  evident,  but only limited chemical analysis i s  available in most cases. 

* Operated by Bat te l le  Memorial In s t i t u t e  f o r  the U.S. Department of Energy under 
contract DE-AC06-76RLO 1830 
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TABLE 1. Product Analyses from L ique fac t i on  Tests wi th Various Biomasses 

Feedstock Tz;p. Pressure C H N 0 s H / C  
p s i g  percent  

High-pressure Processes 

(2) newsprint 250 2,000 71.7 
(2) p i n e  needles & tw igs  250 2,000 72.2 
(2) sewage sludge 250 2,000 77.0 
(3) c e l l  ulose 250 2,000 72.4 
(3) sucrose 350 4,000 75.2 
(4) municipal re fuse 380 5,000 79.8 
(4) manure 380 4,500, 80.4 
(5) microalgae 400 4,000 *81.2 

Flash Py ro l ys i s  

(6) aspen 450 0 53.8 
(7) sewage sludge 450 0 69.4 
(8) pop la r  500 0 49.8 
(8) peat 520 0 67.1 
a 

e s t  i mate 

7.3 <0.3 - 
8.7 1.05 
10.7 2.80 
7.0 .004 
9.1 -- 
10.4 3.0 
9.4 3.0 
8.6 5.4 

d20.6 <O.l 1.21 
18.0 0.10 1.43 
8.8 0.64 1.65 
20.4 0.2 1.15 
15.7 -- 1.44 
6.8 0.05 1.55 
6.9 0.26 1.39 
3.5 -- 1.26 

6.7 -- 39.3 -- 1.48 
10.2 5.8 14.5 -- 1.75 
7.3 0.0 42.8 0.0 1.74 
9.0 3.4 20.3 0.1 1.59 

* the  microalgae anal s i s  was ca l cu la ted  from the  ana lys i s  o f  product  f r a c t i o n s  
( o i l  and asphal tenel  and t h e  product  d i s t r i b u t i o n  

The researchers a t  t h e  P i t t sbu rgh  Energy Research Center (2,3,4) s t e a d f a s t l y  
maintained i n  t h e i r  p ioneer ing work t h a t  t h e i r  o i l  products  obta ined from c e l l u -  
l o s i c  wastes were p a r a f f i n i c  and c y c l o p a r a f f i n i c  i n  nature. They repo r ted  t h e  
presence of carbonyl and carboxy l  f u n c t i o n a l  groups b u t  maintained t h a t  t h e r e  was 
e s s e n t i a l l y  no aromatic ma te r ia l  produced except a t  h ighe r  temperature ( then on ly  
i n  very small amounts). These conclus ions were based on i n f r a r e d  and mass spec t ra l  
analys is .  (2) La te r  ana lys i s  o f  t h e  sucrose-derived o i l  (3) inc luded p ro ton  nuc lear  
magnetic resonance spec t ra l  eva lua t i on  b u t  r e s u l t e d  i n  t h e  same conclusion. Most 
o f  t h e  hydrogen was i n  methylene o r  methyl groups and about 4 percent  was unsatur-. 
a ted  bu t  probably o l e f i n i c  and no t  aromatic. Some e the r  l inkages were a l s o  r e -  
p o r t e d  present  i n  the  sucrose-derived o i l .  Mass spec t ra l  ana lys i s  o f  t h e  munic ipa l  
re fuse-der ived o i l  (4) i d e n t i f i e d  on ly  two long chain f a t t y  ac ids w i t h  c e r t a i n t y ;  
however, no t  more than t races  o f  aromatics were determined t o  be present. The 
manure-derived o i l  was found t o  be l a r g e l y  a l i c y c l i c  hydrocarbon b u t  conta ined 
h e t e r o c y c l i c  n i t rogen  and a l k y l  phenolics. (4) These claims o f  t h e  saturated 
hydrocarbon na tu re  o f  t h e  o i l  products  a re  a t  odds w i t h  the repor ted elemental 
analyses (see Table 1). The low hydrogen t o  carbon r a t i o s  d i c t a t e  t h a t  t h e  o i l  
products  must con ta in  a l a r g e  f r a c t i o n  o f  aromatic or ,  a t  l eas t ,  h i g h l y  unsaturated 
compounds. 

An algae-derived o i l  was repor ted t o  be p r i n c i p a l l y  n -pa ra f f i ns  and o l e f i n s  
w i t h  oxygen- and n i t rogen-conta in ing s t ra igh t - cha in  hydrocarbons. (5) Po la r  com- 
pounds were repor ted t o  comprise 50-60 percent  o f  the.  o i l .  Unfor tunate ly ,  t he re  
i s  no i n d i c a t i o n  o f  t he  t ype  o f  ana lys i s  performed o r  d e t a i l e d  r e s u l t s  o f  any 
k ind ;  therefore,  i t  i s  d i f f i c u l t  t o  evaluate the  v e r a c i t y  o f  these repor ted 
r e s u l t s .  

The comparison o f  t h e  peat  and wood f l a s h  p y r o l y s i s  products  i s  a good example 
of  t he  e f f e c t  o f  feedstock on product  o i l  composition.(8) The pop la r  o i l  t y p i c a l l y  
was composed o f  phenolic, ketone and fu ran  compounds w i t h  a subs tan t i a l  f r a c t i o n  
of  low molecular weight organic  acids. The main components o f  t h e  peat  o i l  were 
hydrocarbons, most ly  s t r a i g h t  chain o l e f i n s .  Minor  q u a n t i t i e s  o f  ketones were 
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noted but no ac ids ,  aldehydes o r  furans were ident i f ied  by mass spectrometry. 
Phenols were a l so  present in s ign i f icant  quantit ies.  

A s ign i f icant  e f f o r t  i n  comparing feedstock e f f ec t s  on product o i l  composition 
was reported by Russell e t  a1.(9) Unfortunately, this e f f o r t  did not include 
ultimate analysis of the o i l s  f o r  comparison. The report contains qua l i ta t ive  
analysis by gas chromatographylmass spectrometry of f ive  product o i l s  derived from 
cellulose,  hops f i e l d  residue, softwood t r e e  branches, peat,  and sewage sludge. 
Phenols were a major component group fo r  a l l  feedstocks. Ketones and furans were 
a l so  common. Hydrocarbons, aromatic and otherwise, were a l so  identified primarily 
in the ce l lu lose  and softwood products. Nitrogen-containing products were absent 
from the ce l lu lose  and softwood products but could be found i n  the  peat and sewage 
sludge-derived o i l s .  

All of the above accounts can be contrasted with the large amount of analy- 
t i c a l  work on the chemical composition of wood-derived d i rec t  1 iquefaction products 
which has been reported over the pas t  several years.(8,10-16) In a l l  cases the 
majority of the  product o i l s  have been identified a s  phenolic w i t h  only minor amounts 
of pure hydrocarbon reported. 

LIQUEFACTION EXPERIMENTS WITH MOIST BIOMASS 

A t  Pacific Northwest Laboratory we have been tes t ing  the  use of high-moisture 
biomass (marine and fresh-water biomass, post-harvest f i e l d  residues and food 
processing wastes) in a thermochemical conversion system t o  produce useful fuels. 
Although the  main focus of the  work (17) has been gasification (ca ta ly t ic  produc- 
t ion of methane) we have a l so  performed a limited number of t e s t s  under high- 
pressure l iquefaction conditions. 

Feedstock Description 

Five high-moisture biomass feedstocks were tested i n  these liquefaction 

Kelp - The sample used was a freshly harvested macrocystis kelp from Pacific 
Ocean seabeds off the southern California coast (El Capitan Beach, 
Santa Barbara Channel). I t  was packed i n  ice and flown to  our 
laboratory where i t  was frozen in a polyethylene bag until used. 

experiments. They a re  characterized as follows: 

Water Hyacinth - Uprooted samples of hyacinths were recovered from the primary 
treatment 1 agoon a t  the  Reedy Creek experimental sewage treatment 
f a c i l i t y  near Orlando, Florida. The sample was packed in ice and 
flown t o  our laboratory where i t  was frozen in a polyethylene bag 
unt i l  used. 

Spent Grain - The grain sample used was the residue following malting barley 
and water extraction of the sugars pr ior  t o  fermentation. The sample 
was obtained from the  Blitz-Weinhard Brewery i n  Portland, Oregon 

used. 'I 

Florida researchers. The sample was bagged and shipped in a 
re f r igera ted  container t o  our laboratory where i t  was stored in a 
f reezer  until  used. 

Sorghum - Grain sorghum was collected a f t e r  the harvest of t he  grain by the 
University of Florida. The sample containing stems, s ta lks ,  and 
leaves was bagged and shipped in  a refrigerated container t o  our 
laboratory where i t  was stored in a freezer until  used. 
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and was transported t o  our laboratory where i t  was frozen until 1 
Napier Grass - Napier grass was collected a f t e r  harvest by University of 
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Ultimate analysis, moisture contents and energy contents f o r  the f ive  feedstocks 
a re  provided in Table 2. 

TABLE 2. Analysis of Moist-Biomass Feedstocks 

C H N 0 Ash Moisture HHV* 
percent, d r ied  basis percent BTu/la 

Kelp 26.9 4.0 1.2 30.2 38.4 88.9 7150 
Water Hyacinth 43.0 5.8 5.6 29.5 15.3 94.9 7730 
Spent Grain 48.6 6.8 3.4 35.3 3.4 80.5 9160 
Napier Grass 44.5 5.9 <O.l 41.9 5.7 84.4 7870 
Sorghum 44.7 5.8 0.2 37.5 7.9 77.0 8046 

*HHV = higher heating value of dried biomass 

Reactor Conditions 

The experiments were performed batchwise in a one- l i te r ,  s t i r r e d  autoclave. 
Approximately 300 g of moist-biomass was charged t o  the autoclave i n  a s ta in less  
steel  l iner .  Sodium carbonate was added t o  the feedstock (approximately 0.1 g/g 
dry biomass) except i n  the case of kelp which already contains a high level of 
a lka l i  as  part  of i t s  chemical makeup. 

The autoclave was then sealed, purged w i t h  nitrogen and then pressurized with 
carbon monoxide (approximately 50 atm). The reactor was heated t o  350'C (approxi- 
mately 30 minutes from 200' to  350'C) and held a t  tha t  temperature f o r  30 minutes. 
The pressure within the  autoclave a t  temperature typ ica l ly  increased from 270 atm 
to  340 atm over the  period of the experiment. A t  the end of the a l lo t t ed  time 
cooling water was flushed through our internal cooling coil  which brought the reactor 
temperature down t o  200°C w i t h i n  5 minutes. 

Product Recovery and Analysis 

The 
typical gas composition included nearly equal par t s  of hydrogen and carbon dioxide 
with a 10-15 percent residual amounc of carbon monoxide and minor amounts o f  
hydrocarbons. [These resu l t s  suggest a strong water-gas s h i f t  reaction a s  cata- 
lyzed by the sodium carbonate base.(l8)] The autoclave was then opened and the 
two-phase liquid product was collected. The autoclave was rinsed with acetone and 
the result ing wash solution f i l t e r ed .  The l iquid product was ac id i f ied  t o  pH 2 
with d i lu t e  HC1 and then extracted with methylene chloride. 

The soluble and insoluble products were analyzed f o r '  elemental content of 
carbon, hydrogen, nitrogen and oxygen with Perkin-Elmer 240 se r i e s  instruments. 
The methylene chloride soluble o i l  product was also analyzed as  a methylene chloride 
solution on a gas chromatograph equipped with a mass selective detector for 
qua l i ta t ive  analysis and a similar gas chromatograph equipped w i t h  a flame ionization 
detector f o r  quantitative analysis. Identification of compounds was made by 
comparison of mass spectra with l ib rary  l i s t i ngs  of known compounds i n  conjunction 
with a comparison of chromatograph column residence time with similar known 
compounds. Quantitative analysis was based on a known amount of internal standard 
(trans-decahydronaphthalene) w i t h  detector response fac tors  determined fo r  various 
functional group types. Quantitation i s  estimated a t  within 5 20 percent. DB-5 
capillary columns are  used i n  both chromatographs. 

After the autoclave had cooled completely, the gas product was vented. 
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LIQUEFACTION RESULTS AND PRODUCT DESCRIPTION 

Liquefaction Experimental Results 

Results from the  liquefaction experiments w i t h  the f ive  moist-biomass 
feedstocks a re  given in Table 3. The  o i l  yield i s  based on the combined mass of 
acetone- and methylene-chloride soluble o i l s  as a percent of the  mass of dried 
feedstock calculated t o  an ash-free basis. The product o i l  elemental analysis i s  
the  calculated composite analysis fo r  the combined acetone- and methylene chloride- 
soluble o i l s .  

TABLE 3. Experimental Results fo r  Liquefaction Experiments 

Oil Yield C H N 0 H / C  
percent combined oi 1 analyses 

Kelp 19.2 76.7 8.9 3.5 9.9 1.38 
Water Hyacinth 26.0 76.3 9.9 3.3 10.5 1.54 
Spent Grain 34.7 75.2 10.2 3.8 10.8 1.61 
Napier Grass 34.4 74.5 8.5 0.4 16.7 1.36 
Sorghum 26.6 75.9 8.7 1.7 13.7 1.36 

The t e s t  r e su l t s  in Table 3 demonstrate o i l  product yields fo r  liquefaction 
of the moist-biomass feedstocks a t  levels comparable t o  wood liquefaction. 
Reported yields for  wood liquefaction in aqueous s lu r r i e s ,  such as the LBL 
process,(l9) have typically been in the 25 t o  30 weight percent range. The quality 
of the moist-biomass liquefaction products f a l l  i n  a general range which i s  also 
similar t o  reports f o r  wood liquefaction products. However, cer ta in  examples o f  
moist-biomass product o i l s  appear t o  have elemental compositions suggesting higher 
quali ty products. Especially interesting are the  high hydrogen t o  carbon ra t ios  
f o r  the spent grain and water hyacinth products and the re la t ive ly  low oxygen 
contents of the spent grain,  water hyacinth and kelp products. A significant 
difference from wood-derived o i l s  i s  the high nitrogen content i n  the o i l s  from 
spent grain and aquatic biomasses. 

Product Analysis Detai 1s 

The de ta i led  chemical analysis of the f ive  moist-biomass derived o i l s  by gas 
chromatography and mass spectrometry helps t o  be t te r  define the differences iii oil  
composition. Over 190 d i f fe ren t  compounds and isomers were identified i n  the five 
o i l s .  In order t o  be t t e r  understand t h i s  large amount of information the com- 
ponents have been grouped by chemical functionali ty and these groups a re  l i s t ed  in 
Table 4. 

The compound groups consist  of the following types of compounds: 

esters/aldehydes/alcohol s - four t o  six carbon oxygenates 
cyclic ketones - f ive  and s ix  carbon rings, many unsaturated, most alkylated 
furans - di hydrof uranones, hydroxymethyl tetrahydrofuran 
phenols - phenol and alkylated (up t o  f ive  carbons) phenols 
methoxyphenols - mono- and dimethoxyphenols and a1 kylated forms 
benzenediols - d i  hydroxybenzenes and a1 kylated (up t o  f ive  carbons) forms 
naphthols - naphthols and methylated naphthols 
aromatic oxygenates - bismethylguaiacol (?), phenylphenols, benzodioxin(7) 
cyclic hydrocarbons-a1 kylcyclopentenes, a1 kylbenzenes (?), a1 kyl indans, phenanthrene 
long-chain hydrocarbons - C 
f a t t y  acids - C12 to  Cz0 saturated and unsaturated acids 
nitrogen cyclics-alkylpyrrolidinones, a1 kylaziridines(?),  alkylpyrroles, 

a1 kyl indoles 
amines/amides - C8 t o  CZ2 amines/amides(?) 

t o  CZ7 n-alkanes and o le f ins  

190 



TABLE 4. Chemical Functional Groups i n  Moist-Biomass Oil Product5 

I 

Compound 
Group Kelp 

esterslaldehydeslalcohols 0 (1) 

cyclic ketones 

furans 

phenols 

methoxy phenols 

benzenediols 

naphthols 

aromatic oxygenates 

cyclic hydrocarbons 

1 ong-chai n hydrocarbons 

f a t t y  acids 

nitrogen cyclics 

amineslamides 

percent identified 

Water 
Hyacinth 

0 (0) 

3 (9) 

1 (1) 

22 (18) 

3 (2) 

6 (4) 

2 (3) 

3 (3) 

12 (18) 

16 (15) 

8 (7) 

17 (11) 

L E L  
17.8 

Napier 
Grass 

3 (4) 

20 (25) 

2 (3) 

35 (24) 

5 (5) 

6 (6) 

5 (9) 

4 (5) 

16 (24) 

3 (9) 

1 (2) 

0 (0) 

m.x 
20.4 

* tabular l i s t i ng  i s  the mass percent of identified o i l  components in each compound 
group; the number i n  parentheses i s  the number of individual compounds and 
isomers in each compound group 

Comparison t o  Ear l ie r  Results 

These resu l t s  verify tha t  the carbohydrate structures found in biomass can be 
converted thermochemical l y  t o  a mixture of primarily phenolic compounds. Hydro- 
carbons are not predominant yet they may survive the  processing in a s ign i f icant  
y ie ld  given an appropriate feedstock. Cyclic ketones a re  the other major component 
group which can be identified by GC/MS. Low molecular weight oxygenates and furans 
are minimized by the addition of base to  the reaction medium as  has been demon- 
s t ra ted  by other researchers. (20) 

The product compositions of the napier grass and sorghum-derived product o i l s  
shown many s imi la r i t i es  t o  wood-derived o i l s .  In comparing with high-pressure 
processed o i l  from Douglas f i r  the same groups of cyclic ketones, phenols, naph- 
tho ls ,  and dihydroxybenzenes dominate. The t races  of hydrocarbon in the  sorghum 
and napier grass o i l s  a r e  s ign i f icant ly  d i f fe ren t  from the Douglas f i r  and a re  
apparently feedstock related. Nitrogen-containing compounds were not found in 
e i the r  the Douglas f i r  o i l s  o r  the sorghum o r  napier grass o i l s  reported here. 

The large fraction of nitrogen-containing cyclic compounds i s  the d is t in -  
guishing factor between the hyacinth, kelp and grain o i l s  when compared t o  e a r l i e r  
wood o i l  analyses. Similar compounds were found e a r l i e r  i n  peat and sewage sludge 
o i l s . (g)  Our resu l t s  now extend t h i s  trend t o  high protein feedstocks and green, 
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aquatic plants. It is obvious that a strong correlation exists between nitrogen 
content of the feedstock and the amount of nitrogen incorporated into the product 
oil. High-pressure liquefaction even with a reducing gas environment and alkaline 
catalysis cannot effect a preferential denitrogenation reaction. Substantial amounts 
o f  nitrogen are condensed into cyclic systems which remain in the oil product. 

Utilization of Oil Products from Moist Biomass 

The oil products from these high-moisture biomasses have properties similar 
to the more widely studied wood-derived oils. The numerous applications of wood- 
derived oil have been discussed by others (loa, 20). The moist-biomass oils should 
be amenable to the same types of applications. In addition, the nitrogen-containing 
compounds may be useful as chemical commodities. Indoles in particular may be 
recoverable for use as fragrances or flavors. The hydrocarbon component in the 
oils may facilitate the direct use of these oils as fuels. 

The nitrogen-containing components i n  some of the moist-biomass oils is a 
source of concern when considering their use as fuels. Direct utilization of these 
oils would certainly lead to higher levels of emission of NO . The nitrogen- 
containing components have also been indicated as a source o r  fuel instability 
during storage and as cancer-causing agents in various chemical forms. Hydrotreating 
of these oil products to remove the nitrogen is a possible means of upgrading the 
products. However, hydrodenitrogenation of the heterocyclic compounds is a difficult 
and costly procedure compared to hydrodeoxygenation of the phenolics, which would 
also be accomplished in a hydrotreating type of oil upgrading. 

Implications for Future Research 

The high-moisture biomass feedstocks can be a source of useful liquid fuel 
products. The use of the high-moisture biomasses in high-pressure processing will 
allow their utilization i n  a thermochemical process without prior drying. Other 
research on the use o f  these feedstocks in high-pressure gasification has suggested 
the feasibility of feeding these materials as a slurry following maceration.(l7) 
This same type of feeding should allow direct utilization of high-moisture biomass 
in high-pressure liquefaction processing. Experimental verification of this type 
of continuous processing needs to be undertaken. 

The use of the nitrogen-containing feedstocks will lead to production of a 
nitrogen-containing oil product. Direct utilization of this oil product as a fuel 
will likely require development of appropriate emission control techniques in order 
to maintain air quality. Alternately, nitrogen-containing components can be removed 
from the oil product for use as specialty chemicals or by hydrotreating. Further 
development of hydrotreating technology specific to these oi 1 s may be necessary in 
order to process the heterocyclic nitrogen-containing compounds which require 
extensive processing in order to effect nitrogen removal. 
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Profiling (Mke~) : Edward M. E y r h ~ ,  W i d  M. G r a n t  (chemistry Department) : and 

T h e , h F  ("oil91) fraction of a coal pyrolysis tar prepared by open 
column l i q n d  ChrmMtOgraphy (E) was separated htn 16 subfractions by a seccad LC 
run. T h e  first 13 of these fractions were c h m  for  integrated spectroscopic 
analysis. k w  voltage mass spectmmetry (Ms) , infrard (IR) , and 
proton (€+Et) as well as arbon -13 nuclear magnetic msmance spectrcn?etry (CMR) 
were performed on the 13 fractions. 
such as factor or discriminant analysis follcxnled by canonical correlation techniques 
were used to extrad the overlapping infomation from the analytical data. 
quent evaluation of the integratd analytical  data revealed chemical infomation 
which cauld not have been obtained &ly from the iniividual spectrosmpic techni- 
ques. The appmach described is gene+ly applicable to nultisource analytical data 
on p lys i s  o i l s  and other ccanplex D u x t U E s .  

ccmrpvterized multivariate analysis pxnxdwes 

subse- 

mMJmoN 

Ixle to the extremely -lex ~ t u r e  of p l y s i s  tars obtained from recent or 
foss i l  bi- sanples s- ard ccnnpositional analysis of such tars poses a 
formidable challenge to analytical chemists. men when armed w i t h  an arsenal of 
sophisticated analytical techniques a detailed qualitative analysis requires 
careful, laborichls cabinat ion and integration of v o l d n o u s  chmnatcgraphic and 
spectroscopic data. True quantitative analysis is generally not w i t h i n  reach of 
current analytical methodologies, especially i f  the tar contains nonvolatile and/or 
highly polar or reactive ccnrpcolents. 
have been made with the physical cmp1i.q of two or  more chrcnratographic and/or 
spectroscopic techniques into so-called "hyphemtedll methods, e.g. , GCW, L C P ,  
E/m, KW, etc., true integration of the analytical data by means of multi- 
variate analysis mthcds such as cananical correlation analysis is rarely wer 
atten@&. 
integration methods are easily understood. W i t h  these considerations in mird the 
authors carried out the present feasibi l i ty  dxdy of a &-derived pyrolytic tar 
using a ccnnbination of c l u y a ~ ~ c  (E), v i c  (E, ,IR, m, ,W) and 
chemmetrics (factor, discrlrmnant and canonical varlate analyslS) technl-. In 
o d e r  to reduce the caplexity of the analytical pmblem to mre manageable pmpor- 
tions, a cmpletely d is t i l l ab le  & tar was selected. Moreover, polar and/or 
highly reactive ccnp?onerrts were renwed by open column E. 
this integrated analytical approach w i l l  be presented here. - 

Althou$~ i n  recent years iup-ive advames 

Y e t ,  intuitively the potential advantages and benefits of data 

preliminary results of 

A ppulysis tar frcnn a hi@ volat i le  B bituminws Iiiawatha seam coal ( W a s a t c h  
plateau field, Utah)  was obtained fram the fixed bed Wellman Galusha gasif ier  
operated by Black, Sivalls and Bryxn in Minneapolis. Open colynm liquid chmnr 

polarity; i.e. 
111, was mm a l .  (1). Ihe hexane and heWne/benzene elute3 fractions constituted 

atosraphy (IC) on silica g e l  using four solvents and solvent muctures of increasing 
hexane: hexane@nzene 8/1; benzene/ether 4/1; and benzene/methanol 

to sepxate the whole tar into broad cmpnml classes as described by 
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amplex nixbxes , principally CQnpOsed of -. lhese fractions were can- 
bined and Auther separateaby a d IC run. Fradions were elm f m m t h e  
column w i t h  a nonlinear gradiyk beginniy w i t h  100% n-hexane and s tabi l iz i rq  at 10% 
benzene/90% hexane wex a period of 30 nun. 
weiqhed wer a total of 40 rmnuteS . &proxhately 1 m l  was taken fman each -le 
for  IW voltage % analysis. The remaining subfractions were then mtary evapxatd 
and weights of residue were recorded. The calculated elution volunes are shown i n  
Figure 1. 

spectrmneter w i t h  Curie-Fint heating inlet. 
fractions 1-15 were obtamed using l/4 ul glass capillary probe tips as described by 
Mcclennen et al. [2]. Eledron energy was set a t  12 eV. Samples were scanned frcnn 
m/z 20 to m/z 300. 
IBM 9000 ccarpxlter and printed out in the form of bar plots. Examples of law voltage 
l~ss spectra are shcrwn in Figure 2. 

instrument was a N i c o l e t  7000 series qstmmta, resolution 4 an- , 
%?.%atre intensities were rec4rded for 20-30 peaks in each spectrum. In this way 33 
wavenumker variables w e r e  obtained. Exanples of FPIR spectra are shown in Figure 3. 

region. mted peak intensities f o r  eight regions of the spedrum were 
tabulated for  each subfraction, in addition to a table  containing an overall view of 
the nws3er of aliphatic, -tic an3 olefinic protcols present. 

300 fmm 0-180 plmn. 
'ItJenty three variables were chosen. Table 1 shaws overall data froan EMR and m. 
prcgram package developed at  the University of Utah B i m d t e r i a l s  h p f f i i r q  Center 
which affords scaling, as well as factor, discriminant and canonical an-relaticm 
analysis (3). 
Diagram technique described by Wudig et a l .  (4) .  

Sixteen fractions were collected and 

rn voltage mass spectra were run on an Extramdear 5000-1 quadrupole mass 
Lcw voltage mass spectra of s u b  

inlet was heated to 2 0 0 ~ ~ .   ass spectra were stored on an 

FTIR spectra were obtain4 using neat sanples on NaCl (salt) df"]". The 
scans, 2oP operated i n  the atsorbance mode. Saples were scanned frcnn 4000-600 an- . Ab- 

FT&OII NMR spectra of the hyazwarbon subfnct+ons dissolved i n  Cl (with 
m) were taken using a V a r i a n  300 -w lnstnrment over the?-18 ppp 

carbon 13 NMR spedra of subfractions were also run i n  cq?Cl  on the V a r i a n  Sc 

ccrmputerized multivariate analpis was carried out using the interactive S I m  

Psdk intensities were measured us- intqra&on ares. 

Qlanical ccrmponenfs were numerically extracted usirq the variance 

REsuLlfs AM) DISCUSSION 

me a@lasis of this paper is on the general method of nnil- data ink- 
gratim using Factor Analysis and canonical Correlation Analysis. 
the variances calculated for  the factors in ~ a c h  data set. For mass spectral and IR 
data, only eigenvalues greater than 1.0 are shown, whereas a l l  factors were used for 
the FMR and m data. T% dashed line shws eigenvalues <LO, e.g. in the EMR, only 
Factor 1 had an eigenvalue > 1.0. six factors from each data set were used for  the 
canonical correlation analyses. Figure 3b shws the percent variance frum the 
original factors that was represented in the subspace spanned by the canonical 
variate functions. Between 40% (Ms) and 80% (m) of the original variance is 
repmsented by Canonical V a r i a t e  functions 1 + 2. 

Our discussion of the factor analyses preserrted i n  Figure 5 w i l l  f i r s t  identify 
anponents characteristic of early eluting sanples and then m e  on to l a t e r  el- 
-1s. Investigation of the correlated mass peaks l c a d i q  on factors l and 2 
(Figure 5a) by means of the variance diagram method rev+& 8 ccmrponents. In Figure 
5a 
( 1 6 F -  
(190-240°) 
ions a t  m/z 149, 163T%:'L 191 dmracterdyc of terpenoid resins or other 

Figwe 4 shms 

t (a) (l3Oo) represents the ion series mml * ,  whereas aqonent (b) 

as w e l l  as fraswnt 
ions fram mcomcyclics or alkenes. A l y e  Camponent (c) 

ions (190O), c,,H~ ,2+. ion (220 

' (240'). 
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the SCOT~G in this factor space r c q h l y  describe a circle, with the e x e o n  of 
fraction 13, which is found near sample 10. 
sample 13 frcnn the others w i t h  a aonpcarent axis a0ltahi.q anthracene/= 
moieties as w e l l  as an ion series a t  m/z 180, 194, 208. 

Factor analysis was perfonw3 on the I R  spectra of subfractions 1 to 13 us* 
a l l  33 wavemmker variables. the factor score plot  of the II( data 
on subfraction 1 to 13 in the F1 vs. F2 factor space. 
together, imp1yi.y that infrarea q e + m x q y  does not d e w  mch difference 
betweenMesedanuMn tly aliphatic muctures . M y s i s  of the Unaerlyirg correlation 
between variables by means of the variance diagram method shcrwed cmpnent (a) 350° 
repreynts methyl and methylene absorptions such as $870, 2850, 2920, 1460 ard 
72Oan- . 
and 1600 represented ammatic absorptions. A ampnent axis (d) 240°, Ych points 
t o  subfractions 1 2  and 13, r e p y s m t s  peaks 750, 2940 1030 and 1180 an- . 

Factor 3 (not shcrwn) aist 

Figure 5b 
samples 1-7 are very close 

ccrmpcolerrt axes (b) 120°with peak 1516 an- and (c) 160° w i t h  3050, 3015 

Initially, we tentatively assigned 1030 ami 1180 an-' as C-O stretches, but 

although it is believed t o  represent a d i m t i o n  of methyl ad methylene 
stretches. 
mcexals. The data strongly sugyest a reinterpretation of this peak assignment. 

out-of-plane bends. mese tLmle3 out t o  be importarrt in the Cmbined (canonical 
variate) space and w i l l  be dkassed later. 

shm a general distrwion of samples f0nnh-q a circle. The variance diagram of 
F1 E. F2 fmm the proton NMFZ data shanfi that jjhe positive F1 axis contains methyl 
and methylene groups attached t o  aliphatic (sp hybridized) cairn groups, and 
olefinic protons. The F1 axis contains -tic p?mtcms, s p l i t  into two groups. 
The cmpnent axis a t  200O represents methyl substituted benzenes (CH + 1 ring 
-tic), oriented taward fractions 9 and 10. Ihe 170° rotation &ins 2-ring 
and +ring -tics and longer chain -tic substituents (a2) oriented taward 
fractions 11-13. 

Score plot Of F1 VS. F2 (56% O f  the vari-) 

painter et., (4) also found this behavior in IR spectra of coal 

Severdl peaks in the F1+ direction of Figure 5b can be assigned as olef in  CH 

7% factor score plot  F1 vs. F2 (91% variance) of the R4R data in Figure 5c 

Factor analysis of the CMR data gave 6 factors w i t h  eigenvalues >1.0. 

appear to be s h i E  i n  this dimension oriented along the negative side of FL 
ccanponents i n  this direction inch& aliphatic peaks such as at 23, 30, 32 and 38 
p p  and ( w i t h  weaker loaaings) , a t  97 ard 114 ppn, prnbably olefinic carbons. 
Fracti? 8 is sanswhat renvxred fmm fractions 1-7 but still on F1-, and therefore 
P- y aliphatic in character. Fractions 9-13 are widely spread on factor 

Fractions 10 ard 11 have an assoclated ccanpcaerrt wh ich  includes the peaks at 40 and 
134 e. Fractions 12 ard 13 have an associated capnent axis w i t h  the peaks a t  
u 7 ,  129, 132 and 142 p. A l l  peaks on F1+ ( e x c p  a t  20 and 40 pp) are likely 
arcmatic carlxns. 
arcmatic rings. 

CMR data us iq  6 factors fnnu each data set gave four canonitxl variate functions 
w i t h  correlation coefficient greater than 0.90. The variance associated w i t h  the 
four CV functions is shcwm in Figu-e 4. Figure 6 is a score plot of C V l s  CV2 fo r  
the four data sets. The scores fmm each fraction analyzed by the four methods are 
connected by lines. A small polybedmn implies that the methods see the sample in  a 
similar way. 
are widely separated fnnu one anather (e.g., 9 and 10, 11 and 12, 13) whereas early 
eluting ~ m p l e s  (1-7) are close,tcqether in this space. Figure 7 W a mmsemus 

la- variables consistent w i t h  an inteqretation of aliphatic ccwp.m% are 
c l ~ e  around CVl-, near fractions 14. 
-ion. 
loads weakly in t h ~ ~  CV space. 

The 
(Figure 5d) shaws that samples 1-7 

F1+. A anrpOnent a t  350' peaks a t  20, 122, 126,  131 and 135 ppl. 

The 20 and 40 pp peaks are sp hybridized cxbon substituerrts on 

canonical correlation of the factor analysis results fnnu the E, IR, EMR ard 

Ihe later eluting sanples (9-13) a- to group into clusters that 

picture of the CqWnent directl OnS f m  each method found in this cv space. corre- 
Fraction 7 appears also i n  this 

A amp?mnt axis of alkyl benzenes (m/z 92, 106. ..) from the data 
Ftcmn the original fador analyses it can te seen 
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that the mass spedral and FMR data clear ly  differentiated fraction 7 f m  the other 
fractions, but that other data sets gmuped 7 with fractions 1-6. Ihe EMR data 
shawed no unique CCmprJnent associated with fraction 7. 'Ibis says that the mass 
spec t rd lp ic tureof  fraction7is+asenseunique, and does not appear in the^^ 
space. A Ccnnponent 4 s  
a t  150°, in the d.im%&ion o- 5 and 6. Ihe mass spectral data shars ion 
series with 2 and 3 units of --tion, one or mre of these apparently beirq a 
double bcod. 
w i t h  an assicpment of aromaticity. 
increasing fused r ing  ammaticity in the ccw direction (300° to 50°). 
spedral data identified the ccmponent a t  300' with indane/tetmlin, the Oo capon- 
ent as % alkyl substituted mphthalenes and the 50° ccwponent as 
acena@khene/biphenyls. A Ccmpanent axis a t  80° (mass SpeCM data only) s h a d  
peaks characteristic of alkyl anthram/-. The data has not been 
interpreted in as great a detai l ,  but gmups of aromatic peaks foLnd in these three 
directions are not inconsistent w i t h  interpretations fmm the other data sets. A 
point of interest is provided by the two CMR aliphatic peaks, 20 and 40 ppn (OO) ,  
which correlate w i t h  aromatic carbons and are f m  alkyl substituents. 

maJJs10Ns 

to olefinic variables (m, FMR, m) appears 

Ihe positive half of CVI revedls three cmpmnts, each one wnsistent 
The PMR and IR (a in-plane bend modes) show 

Ihe mass 

V a l u a b l e  information was gained by c o r r e l a t i q  the four analytical techniques. 
For example, mass spectral peaks of sanples cuntaining 2 and 3 units of -~LP 
ation, asdelmmnd by PMR, were shum t o  e+ double bonds, whereas mass 
spedralpeaksco- . t o m l e c u l e s ~  one uni t  of unsaturation were 
found to be cyclic. Since all the techniques shawed the prdonurm tly arcmatic 

to higher fused ring 
of aromatic 

Amajor limitation of the present study is that only that portion of the analy- 
Futurestudies 

w i l l  have to address the highly important portions of the andlytical data unique for 
each analytical method in order to reap the f u l l  benefits of the integrates 
-ic apprwch. 

A- 

tical data CQmnOn to a l l  four analytical techniques was interpreted . 
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n u a d m ;  j 
Figure l .  ReconstructedLiquid 
"ChrUnatcgra7n". 
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199 

i 



2491 

IP962, 241 

I a) SUBFRACTION I 

tmzaim> 1.31- 

b) SUBFRACTION 12 
1.13. 

95. 

p .71 

.41 

23 

.05 
4 m  3ax) 3400 3Mx) 2600 em leca 1403 IOM) 600 

WAVENUMBERS 

a) 

Figure 3 .  FTIR F c t r a  of 
(a) subfraction 1 and (b) 
subfraction 12. 

FACTORS CANONICMMRUITE FUNCTIONS 

Figure 4. Percent t o t a l  variance explained. by (a) factors and (b) 
canonical variate functions. 
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Figure 5. Factor score plots in FIR11 spaces of a l l  fcur individual data 
sets. 
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