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ABSTRACT
The current project was initiated to address the utilization of 
the lignin component obtained during the bioconversion of 
aspenwood wastes» This utilization is necessary for the economic 
viability of the whole conversion process. The lignin obtained 
from steam pretreatment has been suggested to be of low molecular 
weight/ reactive, and offer great potential as a raw material for 
utilization. This is in contrast to the lignins from traditional 
pulping operations. However previous to this work, 
characterization of lignin separated after steam pretreatment of 
aspenwood under varying conditions (with and without acidic 
catalysts), has not been undertaken to substantiate these widely 
held beliefs. Neither has anyone identified the production of 
the type of lignin most suitable for various applications. A 
prerequisite for utilization of this material, therefore, has 
been to undertake this necessary characterization.
A major emphasis of the work during this first year has been 
placed on the establishment of the analytical capability required 
to achieve the above goals. Following discussions with other 
researchers, such as Glasser and Lewis (Virginia Tech.), Chum 
(SERI), etc. we are confident the analytical methodology we have 
in place for lignin characterization and the assessment of 
planned modification reactions is as good as any other laboratory in the world.

Lignins have been separated from water—washed pretreated 
aspenwood by extraction with dilute alkali, or acetone, or 
ethanol, then isolated and characterized. The characteristics of 
the isolated lignins were most dependent on whether or not 
additional acidic catalysts were used in the steaming process and 
the extraction medium. Fractionation of alkali-extracted lignin 
on the basis of acetone solubility resulted in a more homogeneous 
fraction of lignin being obtained. This may be important for 
utilization of these materials. Reactivity of some of the lignin 
preparations to formaldehyde under various conditions was 
examined and found to be poor. Examination of the reactivity of 
fractionated material is planned as well as methods for enhancing 
the reactivity of the unfractionated aspenwood lignins.
A secondary objective of this project was to find methods of 
treating inhibitory material formed during steam pretreatment and 
co-extracted during the hemicellulose recovery, thus limiting the 
fermentability of this component. Treatments were applied to 
aqueous extracts of steam pretreated aspenwood and their 
effectiveness was assessed by assaying inhibition of growth of 
Klebsiella pneumoniae. Ion exchange resins were the most 
effective method for removing inhibitors. Initially, it was 
proposed that the inhibitory material was primarily derived from 
the lignin component. Subsequent work indicated the material was 
also derived from the hemicellulose component. The inhibitor 
problem detracted from the major focus of our work. The project 

ke restricted in future to lignin characterization and more 
importantly the application of the various lignin fractions.
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EXECUTIVE SUMMARY
The economic competitiveness of products from bioconversion of 
lignocellulosic (biomass) wastes depends on the utilization of 
all three major components. Steam pretreatment is an effective 
method of disrupting lignocellulosic residues such that the 
carbohydrates are made accessible to microorganisms. Separation 
of treated residues into their major constituent components can 
also be achieved. Significant progress has been made in the 
production of useful commodities from cellulose and hemicellulose 
components of aspenwood following steam pretreatment. In 
contrast, little attention has been given to the third component, 
lignin. The major objectives of this project are concerned with 
this component with respect to its isolation, characterization, 
and utilization. Steam pretreatment, aside from its beneficial 
effects mentioned above, has an associated problem. During 
steaming, material is formed that is inhibitory to the 
microorganisms employed in the saccharification and fermentation 
stages. Water extraction of pretreated wood used to recover the 
hemicellulose stream also removes these substances, limiting the 
fermentability of this component.
Aspenwood, steamed under various conditions was extracted with 
water and then dilute alkali, or acetone, or ethanol. The water 
extracts were used in studying the effectiveness of treatments to 
remove the material restricting the Klebsiella pneumoniae's

to utilize the 5-carbon sugars. Lignins were isolated 
from the alkali and organic extracts and then characterized using 
analytical techniques established during the first year of the 
project. Reactivity of some isolated lignins to formaldehyde was 
also investigated.
Lignins isolated from steamed aspenwood are typified by a high 
methoxyl content. Substantial differences were not apparent 
when different steaming times were used, except when acidic 
catalysts are added. The extraction medium is important in 
determining the properties of the lignin isolated. Fractionation 
of lignin on the basis of solubility can be used to yield 
more homogeneous components. This ability may be important in 
the utilization of these lignins.
The reactivity of the lignins to formaldehyde was poor. New 
approaches to enhancing aspenwood reactivity must be investigated 
if they are to be used in adhesives as anything more than 
unreactive binders or extenders.
In the coming year utilization must be addressed. The initial 
objective must be to determine which chemical modifications of 
these lignins can be successfully achieved.
Of the methods screened for inhibitor removal ion exchange resins 
were found to be the most effective although significant sugar 
loss occurred with this method.
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The study of inhibitor separation, which is a problem primarily 
related with utilizing the hemicellulose stream is not directly 
related to our lignin studies. It was initially proposed that 
the inhibitory material was primarily derived from the lignin 
component. As this work detracted from the major focus of our 
lignin work we have addressed the problem of inhibitors in our 
fermentation work and restricted the present study to lignin 
characterization and application.
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1.0 INTRODUCTION
There is widespread interest in the conversion of lignocellulosic 
(biomass) waste into fuels and chemicals. Technology for 
producing a large number of the basic commodities of the modern 
chemical industry is already known. The goal of many groups 
including our own has been to develop economic processes for wood 
by-product utilization. The major research emphasis has been the 
pretreatment of wood and the subsequent hydrolysis and 
fermentation of the cellulosic fractions. Although significant 
progress has been made in the production of useful commodities 
from cellulose and hemicellulose components, little attention 
has been given the third major component, lignin. The economic 
competitiveness of products from lignocellulosic wastes depends 
on the utilization of all three components. For this reason 
the characterization and utilization of biomass lignin is 
essential to the validity of this whole process.
Steam treatment of hardwoods at elevated temperatures increases 
the enzymatic susceptibility of their polysaccharides. (Saddler, 
et / 1982; Saddler and Brownell, 1982) A variety of reactions
can occur, which affect the fractionation and characteristics of 
the extractable material. The extent of these reactions depends 
on the steaming conditions employed and also whether additional 
acidic catalysts are added. Acetyl groups in hemicellulose are 
hydrolyzed, liberating acetic acid. Other organic acids are 
formed in smaller amounts. Similarly, methanol is obtained from 
methoxyl groups in hemicellulose by steam hydrolysis. The acids 
formed by hydrolysis catalyse the depolymerization of hemicellulose 
rendering it water soluble. In this manner, xylose can be 
obtained from xylan. These acids also catalyze the decomposition 
of xylose to furfural. Cellulose is also subject to hydrolytic 
depolymerization under acidic conditions at high temperatures. 
However, the crystalline structure of a-cellulose retards the 
rate at which most of the glucan is depolymerized. Lignin may be 
partially depolymerized by hydrolysis. The cleavage of aryl- 
alkyl bonds creates phenolic hydroxyl groups, rendering the 
degraded lignin soluble in alkali and organic solvents such as 
methanol, ethanol, dioxane, and acetone. In addition to cleavage 
reactions the lignin is subject to dehydration reactions followed 
by condensation (repolymerization). Various hemicellulose 
degradation products may condense with lignin or self condense, 
increasing the amount of apparent lignin present. Since both 
depolymerization and repolymerization reactions can occur during 
high temperature hydrolysis of lignin, changes in the molecular 
weight distribution and solubility of lignin during hydrolysis 
may follow complex patterns.
Steam pretreatment, besides being beneficial to the rate of 
saccharification, allows a fractionation of the major components 
into separate processing streams. The treatment conditions and 
resulting recovery of the fractions have been studied in-depth 
from the viewpoint of the utilization of the cellulose and 
hemicellulose streams, however there are considerable 
deficiencies in knowledge concerning the resulting lignin

1



component. If the intention of the pretreatment was only to 
disrupt lignocellulose to make it hydrolyzable and fermentable it 
may not be necessary to extract the lignin after steaming. This 
would avoid an expensive alkali or organic solvent extraction 
process and the necessary accompanying recovery of the chemicals 
employed. We have not studied the effect of extracting the 
lignin after enzymatic hydrolysis. If recycle of substrate and/or 
enzyme shows this is a necessity the extraction of lignin prior 
to the enzymatic processes may be essential. Effects of 
differing extraction media on resultant yields of lignin and its 
characteristics have not been compared from identical steam 
pretreatment conditions.
Although there are some reports on the characteristics of various 
steam-treated lignins (for example: Chua and Wayman, 1979a,b; 
Chum, et al., 1984; Glasser, et al., 1983; Marchessault, et al., 
1982; Wayman and Chua, 1979), characterization of lignin 
separated after steam pretreatment of aspenwood under varying 
conditions (with and without additional acidic catalysts), has 
not yet been completed. This information is essential, with 
regard to the overall conversion process, so we can identify the 
production of the lignin which is most suitable for utilization. 
•̂nrtially this project is aimed at addressing these above issues 
such that a utilizable lignin feedstock can be identified and 
produced for tailoring to specific applications.
A further problem associated with steam pretreatment of 
lignoce1 lulosic residues is the formation during steaming of 
material that is inhibitory to the microorganisms employed in the 
subsequent saccharification and fermentation processes.
Water extraction of pretreated wood material can remove the 
inhibitors of cellulose hydrolysis. (Chahal, et al., 1982; Mes- 
Hartree, e_t aJL. , 1983) This aqueous extraction also recovers the 
hemicellulose component which has to be utilized. The 
fermentability of this component is limited by the presence of 
the simultaneously extracted toxic materials. Four potential 
sources for this inhibitory material have been suggested: sugar
degradation products; soluble lignin derivatives; wood 
extractives; heavy metals from the equipment used. (Leonard and 
Hajny, 1945) The inhibitory effects of these materials are not 
firmly established, and moreover the individual components 
responsible have not been conclusively identified. The aim of 
the proposed investigation was to find ways to stream the toxic 
compounds away from the useful components of the 
lignocellulosics.
If the maximal economic potential of the substrate is to be 
realized, the pretreatment should be conducted in a manner which 
fractionates the wood into its individual components and under 
conditions which result in minimal degradation of the 
hemicellulose and cellulose, and results in lignin being 
recoverable in its most valuable form for commercial 
applications.

2



This interim report describes the work undertaken and the 
objectives that have been addressed during the twelve month 
period of this project, April 1985 - March 1986.

2.0 OBJECTIVES
Part I. Characterization of Lignin from Pretreated 

Lignocellulos ic Material
1. To isolate lignin from wood which has been pretreated with 

high pressure steam (steam explosion) with or without acidic 
catalysts.

2. To isolate lignins from various pretreatments which have 
been enzymatically hydrolyzed.

3. To develop or establish the analytical technology required 
to characterize lignins. Chromatographic methods will be 
used for molecular weight determinations and patterns of 
molecular weight distributions while functional group 
identification (e.g. methoxyl group determination) will be 
made by wood chemistry methods. Investigation of the 
pretreated lignin's physical properties will also be done.

4. To characterize the lignin components from (1) and (2) by 
the means established in (3) such that different pretreated 
fractions will have a distinguishing profile of physical and 
chemical properties.

Part II. Lignin Utilization
1. To prepare derivatives and other products from isolated 

impure lignins which may be used for plastics, resins, 
adhesives, molding powders, etc.
III. Identification and Isolation of Toxic Degradation 

Products from Pretreated Lignocellulosics
1. To develop an approach for isolating toxic components of 

pretreated lignocellulosics by utilizing methods of chemical 
fractionation, liquid chromatography, or high performance 
liquid chromatography.

2. To establish criteria classifying different inhibitors for 
example by origin of the compounds, mechanism of toxic 
action, molecular weight and chemical properties.

3.0 RESULTS AND DISCUSSION
3.1 ISOLATION OF LIGNINS FROM PRETREATED ASPENWOOD 

(Objective Part I - 1 & 2)
Many of the lignin samples used in this project had been

3



previously isolated in this laboratory as described by Levitin. 
(Levitin, 1985) These samples had been isolated in studying the 
effects of steaming conditions and catalysts on lignin yield but 
no extensive characterization had been undertaken. These 
were supplemented by the production of further samples using the 
same procedures.
In the overall bioconversion process within this laboratory an 
80s steam treatment at 240°C (with no additional acidic 
catalysts) followed by water-wash and dilute alkali extraction 
has been adopted as an initial compromise treatment for the 
production of substrate for enzyme production, and the cellulose 
and hemicellulose streams. A large batch of lignin (330 g) from 
this treatment has therefore been isolated as a "standard" lignin 
for use initially in the utilization aspects of this project 
(Part II).
Recent work in this laboratory has demonstrated that the 
explosion in steam treatment is unnecessary, and steaming at 
lower temperatures for longer times can produce an identical 
substrate from the standpoint of enzymatic susceptibility of the 
cellulose. The lower temperature conditions leads to substantial 
destruction of the pentosan, the degradation products of which 
could affect the lignin fraction. Two samples of lignin were 
therefore prepared from non-exploded steamed aspenwood using the 
procedure described by Brownell (Brownell, 1986), and isolated 
using the usual alkali extraction and acid precipitation method.
All the samples investigated in this project are listed in Table 
1. Levitin has discussed the effects of steaming conditions, 
catalyst, and alkali or acetone extraction, on lignin yields. In 
summary, the yields of lignin recovered from alkaline solution by 
precipitation with acid increased up to 74.3% of the original 
lignin present in the wood, with increasing steaming time. With 
acetone extraction the yields similarly increased up to 81.3%. 
Acetone, however, extracted more carbohydrate degradation 
products which contaminated the lignin. A lignin isolated after 
enzymatic hydrolysis of a steamed aspen sample still contained 
about 15% carbohydrate. Yields of lignin from acid-impregnated 
aspenwood were lower than when steaming unimpregnated material 
but the high methoxyl content indicated the presence of very 
little, if any, pseudolignin.
3.2 DEVELOPMENT AND ESTABLISHMENT OF ANALYTICAL TECHNOLOGY 

REQUIRED TO CHARACTERIZE LIGNINS 
(Objective Part 1-3)

From a consideration of the functionality and composition 
expected of lignins isolated from steam treated aspenwood and the 
requirements of possible end uses, the analytical methodologies 
required to characterize the material can be identified.
Table 2 lists the analyses identified as being necessary to 
obtain a comprehensive profile of the lignins isolated from 
different steam treatment and isolation procedures. In 
addition, these serve in assessing if any of the lignins are

4



Table 1
Lignin Preparations from Aspenwood Used in this Work

Treatment Temp.
(°C)

Time
(s)

Extraction
Solvent

Steam Exploded 240 30 Alkali
60 Alkali
80 Alkali
90 Alkali
30 Acetone
60 Acetone
90 Acetone
80 Ethanol

180 Recovered after exposure to
enzyme

30 Alkali, Acetone Soluble
30 Alkali, Acetone Insoluble
90 Alkali, Acetone Soluble
90 Alkali, Acetone Insoluble

Steam Exploded> 220 20 Alkali
Acid Impregnated 40 Alkali
Steam Heated 240 80 Alkali
(No Explosion) 190 25 (min) Alkali

5



Table 2
Analytical Techniques Identified as Necessary and the Application

To Which They Can Relate

Analysis Use/Potential Application

Elemental Analysis CHNS S content: success of sulphonation 
N content: success of amination, 
used in carbonyl analysis

Ash Low content required for Coal Oil 
Mixtures (COM), Coal Water Slurries 
(CWS)

Klason Lignin 
Acid Soluble Lignin

Yields, "purity" of lignin

Methoxyl Content Composition/Reactivity
Total Hydroxyl Content Available positions for modification 

Reactivity
Phenolic Hydroxyl Content Available positions for modification 

Reactivity
Antioxidant Behaviour

Carbonyl Group Content Reactivity
Catechol Group Content Séquestrants
Nitrobenzene Oxidation Indication of relative degree of 

condensation
Carbohydrate Content Effects properties in Adhesives, 

Solubility
Molecular Weight Distribution Adhesives, Enhanced Oil Recovery, 

Surfactants, etc.
Glass Transition Temperature Polymer Properties - Plastics. 

Adhesives

6



preferable for specific applications or as substrates for 
modification reactions, and for measuring the success of any 
chemical or biological modification treatments.
In Table 3 are collected the methods of analysis established 
within the laboratory selected from the literature and in 
discussion with other lignin researchers. They were selected on 
the basis of applicability to our lignins, convenience, and the 
availability of suitable equipment with which to carry out the 
procedures. Another consideration was that since these are the 
methods adopted in other centres undertaking lignin research in 
the U.S. and Europe, it makes for easier comparison of analytical 
data.

Improvement in some of these methods could still be achieved.
For example, in the total hydroxyl content method, the accuracy 
and speed of the titration could be improved by the procurement 
of an autotitration system. Such a system could also be used for 
the determination of carboxylic acid content, an analysis which 
will be important in deteriming the affects of biomodification, 
biomimetic, or electrolysis procedures on lignin. The phenolic 
and total hydroxyl methods could be supplemented by data obtained 
using the recently published method of Mansson. (Mansson, 1983)
This could substantiate the data and overcome shortcomings in 
both procedures.
Glass transition temperatures from thermal analysis have yet to 
be obtained. Thermal techniques are of interest because the 
glass transition temperatures of lignins have recently been 
correlated with vanillin/syringaldehyde yields on nitrobenzene 
oxidation. This should provide a simpler and more rapid method of 
indicating the relative degree of condensation of the lignins. 
(Gardner, Schultz, and McGinnis, 1985) These techniques are also 
of interest because they are widely used in assessing the 
properties of adhesives and polymers.
Emphasis has been placed on establishing a reliable method of 
determining molecular weight distributions of the lignins. 
Measurement of the distribution is important for several 
reasons; it has an effect on many applications; for understanding 
changes occurring in many reactions; and for assessing the 
efficiency of fractionation procedures. The adopted method is 
now being used extensively and will be discussed further in 
Section 3.2.

Modern spectroscopic techniques such as *H and 1 3C NMR will be 
obtained when required using previously identified organizations 
Although some laboratories use these techniques on a routine 
basis, quantitative analysis is extremely difficult, although 
qualitative information gained can be helpful. IR spectra for 
some of our preparations have been recorded however IR 
spectroscopy is more useful as a qualitative guide than for 
quantitative comparisons.
In this first year we have established the in-house analytical

7



Table 3
Analytical Methodologies Developed and Established

Analysis Method

Elemental Analysis Contracted out as required
Ash
Klason Lignin TAPPI standard method T222
Acid Soluble Lignin TAPPI Standard useful method 250 but 

using 212.5 nm detection
Methoxyl Content Modification of TAPPI Standard method 

T2M-43; TAPPI standard method T 209 SU-72
Total Hydroxyl Content Acetylation using acetic anhydride/ 

pyridine; titration of unused reagent 
(Browning, 1967)

Phenolic Hydroxyl Content UV spectroscopy (Goldschmid, 1954; 
Wexler, 1964)

Carbonyl Group Derivatization with pentafluorophenylhydrazine, 
N analysis (Drew, Glasser, and Hall, 1979)

Catechol Group UV spectroscopy of complexed iron. 
(Imsgard, Falkehag, and Kringstad, 1971)

Nitrobenzene Oxidation (Pepper, Manolopoulo, and Burton, 1962; 
Papadopoulos, 1983)

Carbohydrate Content GC analysis of alditol acetate 
derivatives of sugars released by acid 
hydrolysis (Sawardeker, Sloneker, and 
Jeanes, 1965; Borchardt and Piper, 1970).

Molecular Weight Distribution HPSEC using ultrastyragel columns, thf 
solvent, RI and UV detection. (Himmel, 
et al., 1983; Himmel, Tucker, and Oh, 1984; 
Pellinen and Salkinoja-Salonen, 1985)

8



methodology most required for characterization and assessing the 
success of planned modification reactions.
3.3 CHARACTERIZATION OF ISOLATED LIGNINS (Objective 1-4)
Characterization of the lignins has been undertaken to address 
several issues. These are: the effect of steaming conditions on
the isolated lignin, with or without additional acidic catalysts 
(Table 4); extraction solvent (Table 4); steam-explosion (SE) 
versus steam-heating (SH) processes (Table 5); fractionation of 
isolated lignins to obtain more homogeneous material (Table 6 ).
As noted previously (Levitin, 1985), lignins isolated from steam- 
exploded aspenwood (SEA) are typified by high methoxyl content.
In the study of lignin isolated from SEA (240°C), without added 
catalyst, the results suggest that as the time of steaming is 
increased the total hydroxyl content decreases and the phenolic 
hydroxyl content increases. These facts, as suggested recently 
by Sudo, Shimizu, and Sakurai, (1985), indicate that the
solubilization of lignin by steaming is brought about by the 
cleavage of alkyl-aryl ether linkages at the position of a and 6 
on the side chain, and some aliphatic hydroxyl groups might 
be eliminated as water by a reaction similar to acidolysis. 
Furthermore the effects on the total hydroxyl and phenolic 
hydroxyl contents on the lignins from acid impregnated SEA were 
more marked. It was observed that the yields of vanillin 
and syringaldéhyde decreased as the time of steaming increased. 
Furthermore, the ratio of syringaldéhyde to vanillin also 
decreased, indicating a different ratio of syringyl to guaiacyl 
groups in the lignin recovered. The amount of lignin extracted 
from the steam exploded product also increased with time of the 
steam treatment. To what extent the steam treatment itself 
caused increased condensation of the lignin, and to what extent 
the higher condensation merely reflected a different, more 
difficultly-solubilized fraction of lignin present in the original 
wood before steam treatment is not clear. The lignins isolated 
from acid impregnated SEA gave low yields of the aldehydes on 
nitrobenzene oxidation. These results when considered with the 
low yield of lignin isolated suggest that the use of added 
acidic catalysts in steam treatment result in the lignin becoming 
more highly condensed.

The molecular weight distribution data presented was obtained for 
acetylated lignin samples, on ultrastyragel columns in series, 
calibrated with polystyrene standards. Originally data was 
obtained using 100 X, 500 A, and 1000 A columns, but it was 
apparent in the resultant chromatograms of lignin samples, that 
much of the material was eluted near to or at the size exclusion 
limit of the 1000 A column (molecular weight ca. 35,000). A 
linear column (effective molecular weight range 2 ,0 0 0 -4 ,0 0 0 ,0 0 0 ) 
was therefore added. This addition resulted in an increase in 
the resultant weights obtained for the samples. Although a trend 
in the data is difficult to discern, the most reliable numbers 
are probably the weight-averaged molecular weight (Mw) obtained 
using refractive index (RI) detection. These results suggest a

9



Table 4
Analytical Data for Some Lignins Isolated from Steam-Exploded Aspenwood

Sample % of Lignin 
Isolated

Methoxyl 

(% wt)

Total 
Hydroxyl 
<% wt)

Phenolic 
Hydroxyl 
(% wt)

Nitrobenzene 0xidn Molecular Weight Distribution0
Time
(s)

Temp.
(°C)

Extraction
Medium

total,. b v + s
ratio
s/v

Mn
UV RI

Mw
UV RI

30 240 acetone 38.7 19.3 10.4 1.37 23.4 4.2 973 1045 5871 5603
30 240 alkali 28.7 19.8 10.9 1.25 18.0 4.3 1187 1245 8573 8675
90 240 acetone 81.3 17.2 9.9 1.77 13.1 3.4 932 942 5057 4751
90 240 alkali 74.3 18.6 10.2 1.81 14.1 3.1 1286 1296 7308 7692

d20 220 alkali 47.2 21.9 9.8 2.13 8.7 3.0 1322 1235 8518 8102
d40 220 alkali 44.4 21.7 9.9 2.23 1.2 _e 1335 1209 9507 8308

Based on lignin in original wood
b v - vanillin, s - syringaldéhyde; total as % weight of sample 
° results are for acetylated lignins 
d acid impregnated
e no syringaldéhyde could be detected



Analytical Data Comparing Lignins Isolated by Alkaline Extraction from Steam Heated (SH) and
Steam Exploded (SE) Aspenwood

Table 5

Sample Total Phenolic Molecular Weight. DistributionProcess Time Temp. Hydroxyl Hydroxyl Mn Mw
(s) (°C) (% wt) (% wt) UV RI UV RI

SE 60 240 10.1 1.67 1286 1205 9283 8065SE 80 240 9.7 1.71 1270 1195 8444 7409
SH 80 240 10.3 1.51 1252 1165 8029 8183SH 1500 190 10.4 1.64 1280 1165 7027 7035

Results are for acetylated lignins
a



Table 6

Analytical Data for Lignins Obtained by Fractionation of Alkali-Extracted Lignins from 
Steam Exploded Aspenwood on the Basis of Acetone Solubility

Sample % of Total Phenolic Molecular Weight Distribution*
Time Temp. Fraction"' Isolated Hydroxyl Hydroxyl Mn Mw
(s) (°C) Lignin (% wt) (% wt) UV RI UV RI
30 240 S 43.6 9.7 1.94 881 929 4475 400330 240 IS 56.4 11.2 1.05 1777 1699 15056 1461590 240 S 61.2 9.5 2.08 1063 1180 4680 408390 240 IS 38.8 10.8 nd 1349° c1261 12240C 11439C

S- soluble; IS - Insoluble 
results are for acetylated lignins

nd not determined, sample insoluble in solvent used for analysis. By calculation from 
original material and soluble fraction this component would have 1.38% wt.

c the acetylated lignin was not totally soluble in thf. These results are not truly 
representative



slight decrease in Mw with increasing steaming time. The results 
also indicate the fallacy of the general statement claiming 
steam-exploded lignins to be of low-molecular weight. The 
number-averaged molecular weights (Mn) are low, but the Mws are 
considerably higher, and the molecular weight range of each 
lignin is considerable, with values from less than 1 , 0 0 0  to 
greater than 35,000. The use of ultraviolet (UV) detection, 
which has been widely used by lignin chemists can be misleading. 
Different molecular weight fractions of lignin may for example 
have differing degrees of conjugation which will affect the 
extinction coefficient of the material and hence the absorbancy. 
The molecular weight obtained will then be dependent on the 
detection wavelength used. For example, with the alkali 
extracted lignin from the 80s 240°C steam treatment, a variation 
of ± 15% of the mean value for Mw was obtained over the 
wavelength range 242-340 nm. This problem does not exist with RI 
detection.

The major difference in the lignins obtained by acetone or alkali 
extraction was in the apparent molecular weights of the 
materials. However, with both solvents the number-averaged 
molecular weights (Mn) and weight-averaged molecular weight (Mw) 
and polydispersities of the isolated lignins were considerably 
greater than those reported in the literature for aqueous alcohol 
extracted material. To investigate this a sample of ethanol 
extracted lignin was prepared from an 80s 240°C treatment. The 
Mn, Mw, and polydispersity (determined using RI detection) were 
812, 3167 and 3.9 respectively. The extracting solvent is 
clearly important in dictating the lignin isolated. Other 
differences between the alkali and ethanol extracted materials 
were obtained by IR spectroscopy and carbon tetrachloride 
extraction. In the IR spectrum of the ethanol extracted material 
extra absorbance bands were present in the 1700-1750 cm 1 region. 
These have been attributed to unconjugated carbonyl and 
carboxylic acids or their esters. After carbon tetrachloride 
extraction, part but not all of these adsorptions were observed. 
The ethanol lignin had >5% wt carbon tetrachloride solubles, in 
contrast the alkali lignin h a d <0.5% wt solubles. These solubles 
have been attributed to fatty acids and alcohols. The carbonyl 
content of the lignins may differ with extraction medium (and 
steaming conditions) therefore pentafluorophenylhydrazine 
derivatives have been prepared. These have yet to be analyzed 
for elemental nitrogen content and as a result the carbonyl 
content has yet to be determined.
The effects on the lignin isolated from steam heating in contrast 
to the material isolated from steam explosion at 240°C for 80 
seconds were not significant. More interestingly lignin 
isolated from a long, low temperature treatment (190°C for 25 
minutes) was comparable to that isolated from a short, high 
temperature treatment of equivalent severity from the standpoint 
of the cellulose component.
The fractionation by acetone solubility of two alkali extracted 
samples gave interesting results. As was expected the soluble
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fractions were of low molecular weight. More interestingly, they 
were of much lower polydispersity and had high phenolic hydroxyl 
content but low total hydroxyl content. These results 
demonstrate that more homogeneous and possibly reactive lignins 
can be obtained by simple fractionation procedures.

3.4 INVESTIGATION OF STEAM EXPLODED LIGNINS FOR ADHESIVE 
APPLICATIONS (Objective Part II-l)

The reactivity of lignins towards formaldehyde could be important 
if the lignins were to be used in preparing certain adhesives.
An economic perspective on this use of lignin is given in 
Appendix 1. In forming phenol formaldehyde types of resins the 
usual catalyst employed is alkali, although mineral acids and 
organic amines may also be used. In order to determine the 
reactivity of the various lignins isolated from steamed wood 
attempts were made to react the lignins with formaldehyde 
using various catalysts. The amount of formaldehyde left after a 
definite period of reaction time under definite conditions could 
be used as a measure of the reactivity of the lignin. To 
determine the amount of formaldehyde remaining after attempted 
reaction with the various lignins or other phenols the residual 
formaldehyde was reacted with sodium sulphite and the sodium 
hydroxide quantitatively released was then titrated (Equation 1):

CH 0 + Na SO + H O—> NaOH + CH (NaSO )OH (1)
2 2 3 2 2 3

The usual commercial process for reacting formaldehyde with 
phenols uses sodium hydroxide as catalyst. However, in the 
presence of alkali (as a catalyst) the Cannizzaro reaction also 
occurs; the formaldehyde is converted to methyl alcohol and 
formic acid. (Equation 2)

2CH 0 + Ho0 NaOH CH OH + HCO H (2)
2 ' 3 2

Depending on the reactivity of the phenolic substrate and the 
concentration of reactants, two competing reactions may occur, 
thus, it can be difficult to determine how much formaldehyde 
actually reacted with the phenolic material. At room temperature 
with 37% formaldehyde (2 m L ); water (25 raL) and sodium hydroxide 
( 1 g) about 80% of the original formaldehyde was gone in 48 
hours. In the presence of a Kraft lignin (0.25 g) the amount of 
formaldehyde which was left was only slightly less. Thus it was 
impossible to determine how much was used by the lignin and how 
much was converted to other products. If 30 minutes of reflux 
was used rather than 48 hours at room temperature all of the 
formaldehyde was destroyed by the Cannizzaro reaction. It is 
possible however that the formaldehyde solution was too dilute 
and the amount of alkali present was too high. This possibility 
will be investigated further.
Tannins react readily with formaldehyde in the presence of 
mineral acids as catalyst. Since the tannins are water-soluble 
the amount of insoluble product which forms when they condense
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with the formaldehyde is a measure of the reactivity of the 
tannins. This is called the Stiasny method of analysis»
(Wissing, 1955) Since the lignins are water-insoluble this 
technique is not directly applicable and any reaction, being 
heterogeneous, may not be complete. However the use of an acid 
catalyst was tried and the amount of formaldehyde left was 
determined in order to see if there was any possibility of using 
this method for measuring lignin reactivity. With phenol, gallic 
acid, tannic acid and wattle tannin some formaldehyde was 
definitely used. However with the lignins the results were 
rather indefinite and very little if any formaldehyde was lost. 
Various treatments were tried but none appeared suitable. Either 
the lignin was unreactive or conditions were not suitable. One 
of the main reasons for possible poor results was, of course, the 
insolubility of the lignins in the acidic solution. Refluxing 
the reaction medium for 30 or 60 minutes or allowing it to stand 
at room temperature for 48 or 72 hours gave similar results.
Various amines have been suggested as catalysts for the reaction 
of formaldehyde with phenols. Diethanolamine was tried with 
formaldehyde alone in water. After refluxing for 30 or 60 
minutes, or, standing at room temperature for 16 hours, no 
formaldehyde was lost. If methanol was added to the mixture in 
place of the water, again no loss of formaldehyde occurred.
Thus, it appeared that methanolic solutions could be used, which 
would dissolve the lignin and allow the reaction to take place in 
a homogeneous solution. The results showed there was some 
reaction of formaldehyde with gallic acid, but doubtful results 
with only slight evidence of reaction with the lignins from 
steamed wood were obtained. Triethanolamine was next tried as a 
catalyst, in the hope that it would be more effective.
Lignin samples were treated for 5 hours at 80°C with 37% 
formaldehyde solution, or, paraformaldehyde, with triethanolamine 
as catalyst. The results (Table 7) were so variable that very few 
conclusions could be made, even when using paraformaldehyde. The 
aspen lignin from the sample steamed for 30 seconds at 240°C 
seemed to be the most reactive when using paraformaldehyde but 
this did not agree with the results of similar samples treated 
with formaldehyde. The aspen lignin from the 60 second treatment 
seemed less reactive than the one from the 90 second treatment, 
but these results were so poor that any difference was most 
likely unreliable. It is difficult to explain the poor results 
obtained. However one possible explanation may be that some 
samples are not mixed well enought during the reaction period. 
Samples which used up large amounts (15-24%) of formaldehyde 
based on the weight of sample used, were observed to be quite 
gummy at the end of the 5 hours. The other samples either 
contained a little powdery material or appeared almost as 
homogeneous non-viscous solutions. The gummy samples may have 
been samples which had condensed with the formaldehyde. However, 
the mystery remained - why did other samples not behave 
similarly? Sampling of the lignin may be another explanation. 
Possibly some portions of the sample did not dissolve in the 
formaldehyde during the 5 hour heating period and thus did not
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Table 7
Reactivity of Lignins with Formaldehyde using Triethanolamine

as Catalyst

Sample % Formaldehyde Used3
Time Temp. Reactant
(s) (°C ) Formaldehyde^3______Paraformaldehyde0

Meana Spread Meanu Spread
30 240 4.5(6) 12.6 21.5(3) 10.7
60 240 3.1(7) 8.9 3.2(2) 1.5
90 240 6.1 (5) 3.1 5.4 (2) 5.0
20 220e 6.2(2) 0.7 5.3 (2) 2.4
40 220e 4.7(2) 4.5 14.8(2) 17.6

a
based on weight of lignin sample and corrected for blank
reaction determination 
b
sample - 0.4g; formaldehyde - 1.0 mL 37%; triethanolamine
0.3-0.4 g 

c
sample - 0.4g; paraformaldehyde -0.3g; triethanolamine 0.3-0.4g 

d
number of determinations in parenthesis 
e
acid impregnated
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react. This could perhaps be overcome by grinding all the 
samples before reaction. A further problem with this work was 
that the best conditions for reacting formaldehyde with these 
lignins was not known. To determine this would require 
considerable time and effort which was not warranted.
A more fundamental problem could be the extent of reaction being 
monitored on a small scale. Glasser has suggested that it is 
difficult to achieve substantial degrees of hydroxyméthylation 
with steam exploded hardwood lignins. (Muller and Glasser, 1984)
This is related to the structural features inherent in these 
lignins. The steam exploded lignins from aspenwood have a high 
methoxyl content resulting from the presence of syringyl units.
As a consequence, the relative number of available 5-positions 
(ortho to phenolic hydroxyl) is decreased. Reported H-NMR data for 
hydroxymethylated steam exploded lignins show that some 
modification of the lignin structure has occurred during the 
reaction with formaldehyde. Total hydroxyl content increased by 
15—20%, suggesting that formaldehyde was indeed incorporated, but 
the lack of characteristic methylene proton peaks in the 
appropriate regions of these spectra, suggest that this is not as 
aromatic substituents reactive with the phenol-formaldehyde resin 
prepolymers. (Muller and Glasser, 1984)
Treatment of our "standard" lignin on a larger scale with 
formaldehyde was carried out using the room temperature 
conditions reported by Muller and Glasser (1984), but in addition 
a control with the absence of formaldehyde was run. Analyses of 
the recovered lignins is in progress. The results obtained to 
date (Table 8 ) suggest that the exposure to alkaline media with 
or without formaldehyde present leads to lignin with increased 
hydroxyl content and higher Mw. In the analysis of the recovered 
lignin from the alkaline formaldehyde treatment the chromatogram 
of molecular weight distribution obtained using UV detection (not 
shown) exhibited a markedly higher detector response in the 
higher molecular weight elution region than did the chromatogram 
for the simultaneous analysis by RI detection. This observation 
indicates the formation of high molecular weight material with a 
more strongly absorbing chromophore. The molecular weight 
increases observed for the control, and in particular the 
formaldehyde treated lignin, is greater than can be explained on 
the total hydroxyl content increase and loss of original lignin, 
and suggests some cross—condensation of the lignins has occurred.
3.5 REMOVAL OF TOXIC DEGRADATION PRODUCTS FROM PRETREATED 

LIGNOCELLULOSICS (Objective Part III)
This study focussed on the screening of a variety of procedures 
for inhibitor removal from the water-soluble, hemicellulose rich 
fraction of steam pretreated wood, without specifically 
identifying the inhibitory compounds. This approach was adopted 
because attempts at identifying the materials present has 
specifically identified very few inhibitory compounds in 
comparison with the large number of compounds present at very low 
concentrations in this stream. These materials may play a role
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Table 8

Analytical Data for Lignins Isolated After Hydroxyméthylation Experiment

Sample % Lignin Total Phenolic Molecular Weight Distribution3
Recovered on Hydroxyl Hydroxyl Mn Mw
Reprecipitation (% wt) (% wt) UV RI UV RI

_ . . _ . . b Original Lignin na 9.7 1.71 1270 1195 8444 7409
Control Lignin
(no formaldehyde) 86.1 10.7(10) 1.89 1655 1409 9409 9128

Treated Lignin 89.7 11.0(13) 1.81 1960 1219 12896 9749

na not applicable 

a results are for acetylated lignins
b . , . , olignin isolated by alkali extraction from an 80s, 240 C steam explosion treatment of aspenwood
c , .% increase over original material m  parenthesis



when the stream is concentrated or batch-fed for saccharification 
and fermentation. (Lee and McCaskey, 1983; Clark and Mackie,
1984; Nishikawa, 1985) Reported methods of removing inhibitory 
components from wood hydrosylates include overliming, ion 
exchange, and gel permeation. (Hajny, 1981; Mackie, Deverall, 
and Callander, 1982; Strickland and Beck, 1984) Knowledge gained 
on effective removal methods will help identify the nature and 
properties of the inhibitory materials and aid in subsequent 
identification if required. The following treatments of steam- 
exploded aspenwood-water solubles (SEA-WS) were assessed to 
determine which allowed Klebsie11a pneumoniae to ferment high 
concentrations of substrate supplemented by the treated water 
solubles: dialysis; charcoal; solvent extraction; overliming by
calcium hydroxide; ion exchange; LH-20 column chromatography; and 
alkaline hydrogen peroxide washing.
In each series of treatments, controls were run to compare normal 
fermentation of xylose (2% w/v) by Klebs iella pneumoniae to 
inhibited conditions in which original SEA-WS (5% w/v) was added 
from an 80s/240°C pretreatment. In the presence of untreated 
SEA-WS there was a lack of significant growth of the organism and 
less than 10% of normal solvent production by the organism (Table 
9)• Treatments were compared on the basis of these parameters 
for improvement of fermentation and not the efficiency of sugar 
conversion. This latter factor was not considered because the 
water-solubles were added as a supplement and not yet as a 
substrate. Data for the free pentose in the treated fractions 
was used to observe changes in the distribution of the 
carbohydrates versus the inhibitors and to indicate if the 
treatments affected the hemicellulose.
The results of the inhibitor removal treatments are given in 
Table 10 for dialysis, charcoal, solvent extraction, overliming, 
and LH-20 column. Dialysis was carried out using a low molecular 
weight cut-off membrane (Spectrapor 6 ; cut-off ca. 1 0 0 0 ).
Results indicated that the inhibitors were in the same size range 
as the hemicellulose portion of the water-soluble fraction and no 
separation was achieved. Decolorization of the water-soluble 
fraction by adsorbing material from the solution using charcoal 
gave no improvement in fermentation. An additional problem 
encountered in this method was the difficulty of removing carbon 
fines from the SEA-WS after treatment. Solvent extraction is 
aimed at removing lignin degradation products from the water- 
solubles. If this is a large contributing factor to inhibition, 
the solvent extracted water-solubles would be expected to show 
improved results in the supplementation experiments. However, 
both solvents used were not effective in removing the most toxic 
compounds. Extraction-solvent may not be completely removed by 
rotoevaporation after the extraction stage and the residue 
present in treated SEA-WS could contribute to the toxicity of 
the supplement added to the fermentation medium of the Klebsiella 
pneumoniae. Previously in this laboratory, overliming had been 
found to improve the fermentability of SEA-WS when Zymomonas 
mobilis was employed as the fermentative organism. This 
technique did not prove to be a useful technique with Klebs iella
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Table 9
Growth and Solvent Production by Klebsiella pneumoniae in the 
____________________presence of 5% (w/v) SEA-WS _______

aControl SEA-WS
Supplemented3

Final pH (Post-Fermentation) 5.88 6.14
Cell Growth 5.11 0.45
(O.D. 550 nm)

Post-Fermentation, solvent production
Acetic Acid (g/L) 2.03 3.43
Ethanol (g/L) 2.15 0.03
Acetylmethylcarbinol (g/L) 0.35 0.16
Butanediol (g/L) 5.57 0.44

Initial free pentose*3 (mg/mL) na 5.04
Post-Fermentation,
xylose utilized (mg/mL) 19.74 ~0

average of 5 samples 
b
free pentose was determined by p-bromoaniline assay 

c
utilization of pure xylose plus free pentose essentially zero 

na not applicable
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Table 10
Growth and Solvent Production of Klebsiella pneumoniae on Xylose 
(2% w/v) in the Presence of Treated SEA-WS Fractions (5% w/v)

Treatment Growth 
(% Control)

Solvent
Production

(g/L)

Solvent aProduction 
(% Control)

Free Pentose 
Treated WS 
Fraction 
(mg/mL )

Xylose 
utilized 
(% control

Dialysis
retentate 108 4.54 87 0.11 98filtrate 10 0.85 16 5.93 0

Charcoal
1:1 w/w ratio 2.8 0.90 17 5.21 101:10 w/w ratio 4.3 0.87 17 5.63 14

Solvent Extraction
Ethyl acetate 1.3 0.82 11 4.73 6
Chloroform 1.7 0.84 12 4.13 1

Overliming, pH 10 
1% SEA-WS 18 0.84 12 4.88 8
5% SEA-WS 16 1.12 15 5.40 12

LH-20 gel
short column 

water eluted
fraction 1 5.8 0.65 13 3.04 52 5.8 0.36 7 2.37 9

3 6.2 0.59 9 0.22 4
4 8.3 0.46 8 0.07 175 5.4 0.43 8 0.01 11
6 6.1 0.44 8 0.00 8

ethanol eluted
fraction 7 82 4.96 95 0.07 87
long column0 
water eluted
fraction 1 2.9 0.25 4 2.73 0

2 3.0 0.21 3 4.05 21
3 100 5.53 88 0.58 99
4 82 4.49 71 0.11 98

ethanol eluted 
fraction 5 63 4.40 70 0.15 80

total production of butanediol + acetylmethylcarbinol
bed volume ca. 60 mL, 10 cm high, 20g dry gel 
bed volume ca. 120 mL, 38 cm high, 40g dry gel
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pneumoniae. Growth and solvent production may have been affected 
by the formation of precipitates when the treated fractions were 
added to the medium and during incubation of the culture.
Organisms for which this technique has been successful require 
more acidic media. This suggests that the pH of the fermentation 
medium can affect the behaviour of some of the toxic components, 
and that overliming may be limited in effectiveness when the 
water-solubles are used at near neutral pH. Attempts at 
fractionating the water soluble components using LH-20, a 
hydrophobic resin, were unsuccessful. The fractions found to 
contain the most sugars were also the poorest cultures to 
ferment. On this gel, the inhibitors and carbohydrates behaved 
similarly and were not separated.
Three types of ion exchange resin were used to determine their 
efficacy of removing inhibitory material: IR-45 (Rohm & Haas
Co.) a weak anion exchange resin; MB-1 (Rohm & Haas Co.) and AG- 
501 (Biorad) mixed strong anion and cation exchange resins. 
Treatments were performed by either stirring the water-solubles 
with the resin or by elution through a resin bed. The results,
Table 11, suggested that the column method was more effective but 
this was probably a result of longer contact time and quantity of 
resin used. The variation in the results for the repeat column 
treatments was attributable to non-maintenance of a uniform flow 
rate through the column. Analysis of free pentose in the treated 
fractions show that both the mixed bed resins adsorb sugars from 
the water-soluble solution. This could effect the overall 
benefit of ion-exchange procedures. As this method was the most 
successful, screening other types of resins to assess if inhibitor 
removal can be achieved without the concomitant loss of carbohydrate 
component should be undertaken.
Recently, there has been some investigation of the pretreatment 
of 1ignocellulosic materials by alkaline hydrogen peroxide 
solutions. (Gould, 1984, 1985; Gould and Freer, 1984; Abbott and 
Peterson, 1985; Wei and Cheng, 1985) Within this laboratory, an 
alkaline hydrogen peroxide wash has been used as a secondary 
treatment on the cellulose stream, and demonstrated to be 
beneficial to the subsequent enzymatic hydrolysis (Brownell,
1986). We undertook preliminary investigations to determine if a 
similar treatment would be beneficial to the hemicellulose 
component. The initial results obtained (Table 12, first and 
second lines) were extremely promising. Unfortunately, in these 
two experiments the temperature was not controlled, and an 
increase in the temperatures of the solutions was observed during 
the initial period of the treatments. All attempts to repeat 
these treatments under more stringently controlled conditions of 
pH, temperature, and concentration of hydrogen peroxide, failed 
to give any similar improvements to the fermentation. To examine 
if the conditions of treatment were in themselves producing other 
inhibitory substances, control treatments and ion exchange of the 
resultant water-soluble solutions were carried out. The only 
cases where markedly improved growth and fermentation were 
observed were: the alkaline control without peroxide followed by
ion-exchange; and the treatment with 1% hydrogen peroxide and
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Table 11
Use of Ion Exchange Resins to Remove Inhibitors from SEA-WS

Treatment Growth 'Solvent Solvent Free Pentose % Xylose
(% Control) Production3 Production Treated WS utilized

(g/L) (% Control) Fraction 
(mq/mL )

(% Control)

by stirring
IR-45 4.6 0. 98 19 6.24 12MB-1 5.6 0. 90 17 6.45 0AG50ID 2.7 1.00 11 3.17 3

by column
IR-45 108 6.08 116 4.63 9437 1.73 28 5.29 66MB-1 85 4.85 93 2.20 8894 7.00 111 2.74 87AG50ID 1.7 0.82 11 0.73 9

99 6.58 105 0.61 91

total production of butanediol + acetylmethylcarbinol
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Table 12
Growth and Solvent Production by Klebsellla pneumoniae on Xylose in the Presence of Alkaline Hydrogen Peroxide Treated SEA-WS

to

Treatment
(H202) pH 
(%)

a
Temp.
<°C)

Growth 
(» Control)

Acetic Acid 
SEA-WS 

treatment0 
(9/L)

Solvent
Production0

(g/L)

Solvent
Production0

(g/L)

Free Pentose 
Treated WS 
Fraction 
(mq/mL)

* Xylose 
utilized6 
(» Control)

1. q 11 f 64. 6.0 5.88 113 3.78 4011 f 68. 5.0 7.84 150 5.14 34
*h 11 35 9.8 5.8 0.34 6 7.39 01 11 35 4.4 5.5 0.30 5 5. 30 02 11 35 4.7 5.6 0.83 15 4.30 01 12 35 2.4 5.7 0.15 3 5.12 01 11 50 10.6 5.2 0.44 8 1.34 02 12 50 6.1 5.9 0.14 3 4.25 0

i° 11 35 17.7 4.1 1.73 31 5.21 0
i* 3.4 35 6.0 1.8 1.37 25 4.50 00 3.4 35 11.6 0.2 1.17 21 5.6 0

k 11 35 100 3.4 7.93 142 3.64 9711 35 9.0 4.6 0.30 5 0.02 0
I 11 35 4.5 4.2 0.58 7 1.27 1012 35 4.5 4.1 0.15 3 3.64 011 50 26.7 4.0 0.44 10 1.17 0J2 12 50 5.0 4.0 0.14 3 0.19 0

:s° 11 35 68.5 2.0 8.05 145 4.78 87
ij* 3.4 35 5.2 1.1 0.24 4 4.61 0Jo 3.4 35 29.5 0.03 3.00 54 4.00 9

Treatments for 6 hours unless otherwise indi ?at*»d 
b

Alkaline hydrogen peroxide treatment releases acetic acid during the reaction. Acetic acid is normally added 
as a supplement for fermentation, therefore the amount nf aootir* arid nrrw1nr>rwl uaa ««w>n4 f

c
Total production of butanediol + acetylmethylcarbinol 

d Free pentose was determined by p-bromoanillne assay
% utilization of xylose substrate based on the amount of free pentose pure xylose added to the culture
Not monitored in these preliminary experiments 

q 24 hour treatment
h Solution readjusted with hydrogen peroxide/alkaline after 3 hours 
* Control experiment

Solution from the treatment indicated was subjected to ion-exchange using a mixture of IR-45 and 1RC-50 resins prior 
to supplementation of the culture



initial pH of 11.0/ at 35°C/ followed by ion-exchange. These two 
experiments suggest that under the conditions employed the 
peroxide is not having a beneficial effect on the water soluble 
material but the alkaline conditions were sufficient to alter the 
inhibitory material for removal by the subsequent resin 
treatment. The other treatments did appear to effect the SEA-WS 
such that even the subsequent ion-exchange did not improve the 
fermentation results.
From the treatments of the SEA-WS fraction, some features of the 
inhibitory material can be elucidated. As determined by dialysis 
the molecular weight of the inhibitors is less than 1000. They 
behave similarly to the hemicellulose components on a hydrophobic 
column and to the ion exchange resins used. The solvent 
extraction, LH-20 gel, and peroxide treatments aimed at removing 
inhibitory materials derived from lignin suggest that they may 
not be the major toxic components. Materials derived from 
carbohydrates may be important. Ion exchange was shown to be 
beneficial but at the expense of some carbohydrate components 
lost through adsorption. Usage of alternative resins and any 
accompanying sugar loss needs to be assessed. Ion exchange may 
be useful in combination with other processes as suggested by the 
alkaline or alkaline hydrogen peroxide treatments. Further work 
on inhibitor removal is needed including using higher substrate 
levels, fermentation of the actual treated wood hydrosylate 
rather than supplementation studies, and investigation of better 
methods of separation of the hemicellulose and inhibitory 
components.

4.0 CONCLUSIONS
Lignins isolated from steamed aspenwood are typified by high 
methoxyl content. Based on steaming time substantial differences 
in the lignins were not apparent, except when acidic catalysts 
were added.
Extracting medium is important in determining properties of 
lignin isolated. Acetone and alkali are good solvents for the 
extraction of lignin from steamed aspenwood. Lower yields are 
obtained from acid impregnated aspenwood, in addition the lignin 
is more highly condensed.
Steam-heating and steam-explosion treatments give comparable 
lignins. The explosion does not have a physical effect on the 
lignin.

Fractionation of alkali-soluble lignins with acetone gives higher 
molecular weight material in the insoluble portion. The soluble 
material has a narrow molecular weight range and higher phenolic 
hydroxyl content. Material of this type may be more suited to 
use in adhesives.
Under the conditions employed, reactivity of the tested lignins 
to formaldehyde was poor. For adhesives without fractionation or
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reactivity enhancement aspenwood lignin will not be usable as 
more than an unreactive binder or extender.
Ion exchange resins were the most effective treatment identified 
for the removal of inhibitors from the hemicellulose stream.

5.0 RECOMMENDATIONS
Utilization of aspenwood lignin must be addressed in the coming 
year. The initial objective must be to determine which 
modifications of these lignin can be achieved successfully.
With regard to the use of adhesives for the traditional forest 
products industry new approaches to enhancing aspenwood 
reactivity must be investigated. These could include 
electrolysis, chemical or biological treatments.
Fractionated lignins should be further examined to determine if 
they have higher reactivity and are more suitable for 
utilization.
Methods of inhibitor separation require further study. Other ion 
exchange resins should be screened, and the loss of sugar 
components during fractionation must be addressed. The use of 
combinations of removal methods should be examined further.
The study of inhibitors which is a problem concerned essentially with 
the hemicellulose stream in the envisaged process, dilutes the 
research effort needed to address the enormous problem of 
utilization of the lignin component. It is strongly recommended 
that the objectives of Part III are deleted from this project and 
dealt with separately.
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Introduction

Over the past forty years, extensive research has been conducted on 
possible uses for lignin, a component of wood and a byproduct of both wood 
pulping processes and newer wood bio-conversion technologies. Perhaps the 
most immediately promising use for lignin will be as an extender in 
phenol-formaldehyde (PF) resins, which are major components of modern 
wood-based exterior panelboards such as plywood and waferboard.

A commercial application of large quantities of lignin in wood-panel
adhesives would be of economic benefit to the forest product industries'in at 
least three ways:

1) revenue would be increased from the large quantities of sulphite 
liquor or kraft wastes currently produced by pulp mills;

2) revenue would be derived from lignin co-production in wood-to-ethanol 
processes, thereby enhancing the ability of wood-based ethanol to 
compete with synthetic and grain ethanol;

3) costs of adhesives used in wood-panel manufacture would be reduced by 
substitution of less-expensive lignins in PF resins.

Demand for resin extenders depends ultimately on the demand for, and cost 
of, resins themselves. Resin demand is determined chiefly by demand for 
panelboards, which is in turn determined by construction activity. PF costs, 
on the other hand, are influenced by the relative strength of demand for its 
constituents (chiefly phenol) from other end-uses. Strong demand for phenol 
(or its feedstocks) from alternate uses will tend to increase the relative 
price of phenol, and also PF resins - making resin extenders more attractive.



This report, then, presents an overview of lignin's economic potential as 
a PF resin extender. The four sections of the paper, are, in order:

1) Resin costs in wood panels;
2) Outlook for phenol and PF resins;
3) Lignin potential in PF resins;
4) Further research needs.

!• Resin costs in wood panels.

The cost of PF resins is a major, though not dominant, fraction of the 
total variable cost of modern wood-panel manufacture. Recent cost estiifiates 
and projections for Canadian waferboard (Ontario/Quebec mills, 3/8" basis) 
indicate that in 1986 the glue component of waferboard comprises about 15% of 
the total variable cost (TVC) of manufacture. This is forecast to decrease 
slightly to 13% by 2000. Comparable figures for U.S. waferboard 
(North-Central, 3/8" basis) reveal the glue component to be an average 19% of 
TVC in 1986, declining to about 17% by 2000 (Data Resources Inc., 1985, pp. 
188-203). Hence, glue costs are slightly more significant for American mills 
than Canadian; the relative costs of glue for both countries are expected to 
decline only marginally over the next fifteen years, due largely to expected 
costs of labour and delivered wood rising faster than glue costs.

Consequently, significant reductions in glue costs would confer a 
competitive advantage on manufacturers who capitalize on cost reductions, a 

potential decrease of total resin costs by, say, a third, would yield TVC 
reductions in the range of 4-6% in waferboard manufacture. For producers, 
this margin may be significant in the coming decades, as waferboard markets 
mature and increased American capacity comes onstream.

Assuming competitive waferboard markets (with cost reductions passed along 
to consumers), a reduction of glue costs in the neighbourhood of u.S.
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$5/thousand sq. ft. for all producers would translate into a net saving for 
North American consumers of at least U.S. $22 million in 1986. (Total North 
American consumption of 3/8" waferboard/OSB: 4.25 billion sq. ft. in 1986.. 
This calculation is a rough estimate, and ignores any increase in demand due 
to price reduction - which would be small, since demand for structural panels 
is quite inelastic).

2. Outlook for phenol and PF resins.

More than 60% of the phenolic resins (phenol-formaldehyde condensates) 
prepared in Canada end up as structural adhesives. Long-term resin use-for 
plywood is estimated to grow at 5.6%/year in volume, and 10%/year for 
waferboard. Total domestic demand in 1984 was an est. 74.7 kt, forecast to 
grow to 92.7 kt by 1988 (Corpus Information, 1984, "Phenolic resins").
Domestic capacity in 1984, at 149 kt, exceeded total domestic demand (74.7 kt) 
plus exports (14.3 kt) by a wide margin. Hence, even with a rapid growth in 
resin use for waferboard, domestic capacity will exceed production levels 
until well into the next decade. This overcapacity will consequently dampen 
price rises and make PF-resin extenders less attractive.

Plywood grade PF resins, fob in tanks, were selling between C$.56 and 
$.59/kg in late 1985. Appendix I lists the major Canadian manufacturers.

U.S. growth in demand for phenol is expected to be slower than in Canada. 
Demand will probably keep pace with GDP growth - an estimated 3%/year to 1995 
for the remainder of the decade. (Barker, January 1984, 34). With U.S. 

production in 1985 at 75% of capacity, existing plant will meet any increased 
demand for at least five years (Greek, Nov. 4, 1985, 12).

Concern has occassionally been expressed by panelboard manufacturers about 
potential supply and prices for phenol due to competing demand for phenol 
feedstocks from other end-uses - especially octane boosters in gasoline.
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Phenol is predominantly manufactured from benzene, via cumene - both 
petrochemicals. Benzene, however, is a chemical building block for a wide 
variety of chemicals and plastics - including aromatic octane boosters, with 

the American EPA initiatives to -get the lead out- of the gasoline consumed in 
the U.S., it is expected that 75% of the U.S. gasoline pool will be unleaded 
by 1985; hence, this gasoline will require octane enhancers (Taylor, 1982,
4). Therefore, should benzene and toluene supplies tighten, PF resin 
manufacturers may experience either supply shortages, price rises - or both- 
for their inputs.

It seems, however, that benzene use is so widely distributed that no 
single market use is likely to create demand problems. And non-aromatic 
octane boosters such as MTBE (methyl tertiary butyl ether), and tertiary butyl 
alcohols, will likely find their way into the unleaded gasoline pool.
However, in the event of a future petroleum shortage (unlikely for some time, 
at the date of writing), or a squeeze on benzene or aromatics, the wood 
industries can expect vigorous competition from other chemical users for their 
share of the available raw materials (White, 18; in Gillespie. 1984).

In summary, current North American capacity is more than adequate to 
handle expected phenolic resin demand until into the 1990s. However, in the 
event of a squeeze on petro-chemicals (for whatever reason), resin 
manufacturers will face keen competition from other chemical users. This 
vulnerability of PF resins to the petro-chemical environment has encouraged 
wood-panel manufacturers to find alternate adhesives, or PF resins using 
non-petrochemical extenders.

Examination of alternate adhesives (such as the diisocyanates, PVA, or 
melamines) is beyond the scope of this paper. Attention will henceforth be 
focussed on the use of lignins as PF-extenders.
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3. Lignin in adhesives.

Considerable research has been conducted, and numerous patents filed, over 
the past 35 years, on the use of lignins, lignosulfonates and spent sulphite 
liquors in wood adhesives (Pizzi, 1983, 256 ff). To date, however, little 
progress has been made in the commercialization of adhesives using lignin as a 
major ingredient.

The major directions of research have been to extend PF resins with spent 
sulphite liquors (SSL) or Kraft lignin (KL), both waste products of the 
respective pulping processes. Recent research on attempts to synthesize 
Kraft-lignin phenol-formaldehyde (KL-PF) resins has focussed on improving the 
reactivity and physical characteristics of the lignin fractions (Campbell and 
Walsh, 1985, 307).

Forss and Fuhrmann (1979) used ultrafiltration methods to separate the 
high-molecular weight-lignins from the acids and inorganic salts in spent 
sulphite liquor. These lignin fractions were then formulated into adhesives 
and tested. The resulting panels using this "Karatex" adhesive met Finnish 
Standards for exterior-grade plywood and German Standards for weatherproof 
particleboard. Press times appear to be in line with PF only adhesives. At 
the time of this writing, it is not known if Karatex is commerically used.
Two possible drawbacks to the use of Karatex may be the following:

i) the cost of ultrafiltration methods may make Karatex commercially 
uncompetitive; and

ii) the use of lignins derived from SSL may cause discoloration of the 
panel.

Appendix II reveals the effect of Kraft lignin costs on total KL-PF cost 
at three different substitution ratios of KL for PF. At a ratio of KL: PF at 
50:50, and KL cost of U.S. $.10/lb, the cost of the KL-PF adhesive is reduced 
from the PF-only cost of U.S. $.33/lb. to about $.22/lb - a reduction of about
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one-third in cost, if lignin prices remain below $.15/lb (quite likely, as 
lignin has few high-valued uses at present), it is probable that, as long as
KL-PF adhesive performance equals that of pf resin alone, increasing use will
be made of KL extenders to form KL-PF syntheses for wood adhesives.

Attempts have been made to estimate the level of potential substitution of 
lignin in PF resins (SERI, 1985, 59). Assuming a 3% (U.S.) growth in adhesive 
volume to 2000, PF resin demand is estimated to be 1.42 billion lbs. in that
year. With lignin substitution at 35% of PF volume, a U.S. demand of roughly
500 million lbs. of lignin is indicated for the turn of the century. 
(Substantial substitution possibilities also exist for lignin in 
urea-formaldehyde (UF) resins, used chiefly for interior-grade 
particleboards. However, since UF resin solids are less costly than pf 
resins, cost savings will be greater in PF substitution). Bioconversion
lignins, in order to compete with SSL, must sell for less than U.S. $.15/lb 
(1984 $U.S.).

The significance of such a market for potential wood-to-ethanol producers 
will be apparent. The current fuel value of lignin is U.S. 2.2^/lb, little 
more than the cost of recovery, a substantial market at 12-15^/lb would 
generate significant co-product credits in the production of 
ethanol-from-wood, helping to make the process economically viable.

4. Further research needs.

Campbell and Walsh (1985, 312-313) outline further research needs on KL-PF 
resins, and suggest promising avenues, in spite of the substantial research 
effort already expended, it would appear that further directed research may 
result in a coramerical KL-PF resin within the next few years, in particular, 
characterization of lignin fractions obtained from newer bioconversion 
processes would appear to be a promising line of investigation.
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Appendix I

Canadian Manufacturers of pf Resins

Borden Chemical and Reichhold are the major Canadian producers, with 
plants and 1985 capacities as follows:

Company Plant Location Plant Capacity 
(kt/year)

Borden North Bay, Ont. 3.5Laval, Que. 3.5Edmonton 9.5Vancouver 20.0
Total 36.5

Reichhold Kamloops, B.C. 11.0Port Moody, B.C. 11.0Thunder Bay, Ont. 9.0North Bay, Ont. 26.5Ste-Therese, Qué. 11.0
Total 68.5

Ashland Chemicals in Mississauga produces 12 kt/year and Bakelite 
Thermosets in Belleville 10 kt/year. About 10 other manufacturers each 
produce small quantities of less than 10 kt/year. Total est. Canadian 
capacity is 150 kt/year in 1985.
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Appendix II

Effect of Kraft Lignin Cost 

on KL-PF Adhesive Cost
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