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PREFACE

This work was performed under contract with the Department of Supply and 
Services (DSS Contract No. 048SZ.23216-8-9037) over a fifteen (15) month 
period ending March 16, 1990. The contractor was Forintek Canada Corp.

The proposed research is intended to provide information on the fractionation 
of steam-treated aspenwood lignins and their conversion to methyl aryl ethers, 
fuels and phenolic compounds, and also to provide an assessment of lignin 
fractions and produced phenolic fractions as adhesives for the panel products 
industry.

The work fits within the general objectives of program of the Renewable Energy 
Branch, which is to make better use of biomass as a source of fuels and 
chemicals. The intended audience for this report is government 
representatives, other contractors in the field, representatives of the 
biomass industry in Canada and elsewhere, and the scientific community in 
general.
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EXECUTIVE SUMMARY

TO maximize the coat effectiveness of conversion of biomass to liquid fuels it 
is essential to utilize the lignin component of any woody feedstock. The 
objectives of this project are to fractionate by ultrafiltration lignins 
extracted from steam-treated aspenwood, study conversion of the isolated 
lignins to methyl aryl ethers, fuels and phenolic compounds, and assess their 

application as adhesives for panel products.

During the first fifteen months of this project ultrafiltrations of the 
alkaline extracts of steam-treated aspenwood water-insolubles were made. The 
yields of fractions isolated from constant volume and multiple batch 
ultrafiltrations of the alkaline extracts are similar but not comparable with 
the original single batch ultrafiltration experiments. Lignin-fractions 

isolated from single batch, multiple-batch and constant volume
ultrafiltrations were characterized. Batch ultrafiltration gives polydisperse 
fractions and a substantial low molecular weight component may be present in 
the highest average molecular weight fractions. Preparation of an alkaline 
solution from ethyl acetate-extracted lignin highlighted one of the problems 
with the lignin recovery method used. The method, which includes heating of 
the acidified lignin extract, leads to the production of alkali-insoluble 
material. The molecular weight distribution, and properties of the lignins 
recovered after ultrafiltration are affected by the recovery process.

Studies using electrochemical methods to convert the lignins to low molecular 
weight chemicals were initiated. The acid précipitable lignin, produced by 
anodic oxidation in basic aqueous media under go changes involving a decrease 
in phenyl groups and an increase of the carboxylic groups of the lignins and 
an opening of benzylic rings. The infrared spectra recorded of the acetone- 
solubles recovered after electrolysis indicate drastic changes from the
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starting lignin. These changes are indicative of the formation of quinoid- 
type structures but this requires further work for confirmation. The amounts 
of low molecular weight products produced by oxidation with increasing passage 
of charge indicate that the first formed products are undergoing further 
reaction.

Preliminary assessments were made of some of the lignin-fractions obtained to 
date by the formulation of lignin-phenol-formaldehyde (lignin-PF) resins and 
production of small particleboards. The low molecular weight lignin fractions 
from batch and constant volume ultrafiltration are more reactive for the 
formulation of lignin-phenolic adhesives than the corresponding higher 
molecular weight lignin-fractions. The unfractionated aspenwood lignin could 
be used to replace 10-20 % of a core PF waferboard adhesive and 30-40 % of a 
face PF waferboard adhesive.

It is recommendated that in the continuation of this project an assessment 
should be made as to whether it is economically viable to use ultrafiltration 
in a bioconversion system, and whether it is feasible to employ multiple batch 
or diafiltration and more than one or two fractionations. Further work should 
concentrate on the electrochemical oxidation of these lignins, and the 
adhesive results should be confirmed and extended by the manufacture of larger 
scale panels.

xii



1.0 INTRODUCTION

Canada has vast quantities of lignocellulosic waste available from forest 
product industries for conversion into fuels and chemicals. Bioconversion 
systems are technically feasible but high capital and operating costs relative 
to oil and gas technologies necessitate research and development to reduce the 
costs and risks.

Steam pretreatment has been shown to be the most economical means of rendering 
wood susceptible to enzymatic hydrolysis to sugars, which can then be 
converted to liquid fuels or chemicals. To maximize the cost effectiveness of 
conversion of biomass to liquid fuels it is essential to utilize the lignin 
component of any woody feedstock.

Lignins are complex amorphous phenolic polymers. They are present in 16-33% 
by weight in various woody species. Pretreatment alters the chemical 
composition and properties of the resulting lignins. Studies of lignins 
produced from steam-treated aspenwood show that the yields and composition of 
the lignins isolated are dependent on the pretreatment and recovery procedures 
used.

Lignins are the major renewable source of phenolic compounds. Over several 
decades considerable effort has been put into the production of phenolic 
compounds from lignins. The production of useful phenolics from waste lignins 
has not achieved commercial practice. A major reason has been that lignin 
processing yields a complex mixture of products, the separation costs of which 
are high. The production of a liquid fuel from the entire product mixture of 
monomeric phenols and hydrocarbons should be more economically feasible. 
Lignins can be converted to a mixture of phenolics that can then be 
transformed into methyl aryl ethers. These ethers are suitable non-metallic
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octane enhancers, similar in properties to benzene, toluene, and xylene (BTX). 
The structures of lignins and the chemicals derived from them can also be 
compared to the phenolic compounds used in the panel products industry. These 
two end uses suggest that lignin can be exploited as phenol replacements in 
adhesives for panel products and octane enhancers and fuels. This approach 
would help to satisfy the fact that several different markets and lignin 
products will be required to absorb the enormous quantities of lignins that 
will be available from biomass-to-ethanol plants when this conversion 
technology is adopted.

A concern in utilization of lignins in polymeric form is the lack of reliable 
structure, property and performance relationships. The inherent heterogeneity 
and complexity of lignins has led to products that are deficient in many 
applications in which petrochemically based products are being used. 
Petrochemically derived materials are employed because of their homogeneity of 
chemical functionality and controlled reproducible molecular weight 
distribution. Lignins have been studied extensively with the goal of 
replacing phenol in phenol-formaldehyde (PF) resins employed in the panel 
products industry. In our preliminary evaluation of PF resins with 
incorporation of different lignins from steam-treated aspenwood, some lignin- 
fractions were shown to be more desirable than others. Among these were more 
homogeneous lignin-fractions of lower average molecular weight obtained by 
fractionation using organic solvents. The production of lignin-fractions that 
are more homogeneous with controlled properties has been one strategy for 
producing high value lignin products from waste lignins. The use of several 
organic solvents to produce homogeneous fractions is probably not economically 
viable in practice. Therefore, we proposed to examine the use of 
ultrafiltration of lignins from steam-treated substrates to produce more 
homogeneous lignins. Different average molecular weight fractions of a lignin 
may not only be more suitable for some polymeric applications but also for the 
production of low molecular weight chemicals.
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Several methods of upgrading waste lignins to chemicals have been extensively 
studied. The methods of interest to us for application to the bioconversion 
lignins are (a) chemical and electrochemical oxidative methods and (b) mild 
hydrotreating using catalysts employed for hydrodeoxygenation. In both cases 
phenolic compounds for the production of methyl aryl ethers and aromatic 
hydrocarbons can be obtained. More suitable phenolic products may also result 
that can in the near term be used as PF replacements in the panel products 
industry.

1.1 ULTRAFILTRATION

Ultrafiltration (UF) is a pressure-driven filtration separation occurring on a 
molecular scale. Typically, a liquid including small dissolved molecules is 
forced through a porous membrane. Large dissolved molecules, colloids, and 
suspended solids that cannot pass through the membrane are retained. This 
simple procedure requires no phase change, no chemical addition and little 
energy. Because the transport of matter across an UF membrane involves 
viscous porous flow, the physical structure of the membrane will control the 
flow rate and rejection. In practice the process is not that simple and 
factors outside the membrane may control both solvent flux and rejection. One 
model envisions the build-up of a cake or gel layer at the upstream membrane 
surface created by rejection or concentration polarization of the solute or 
particulate material. This layer then plays a large role in the performance 
of the filtration process. The pore size of a UF membrane can be 
characterized by its "molecular weight cut-off" (MWCO). Definitions of MWCO 
are: the molecular weight below which a species passes through the membrane;
or, the molecular weight of a globular solute at which the solute is 90 % 
rejected by the membrane. These descriptions must be used with discretion, 
because the shape and the size, as well as electrical characteristics, of the 
solute are important considerations with respect to specie rejection. (For
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general discussions of UF processes, see for example: Klinkowski 1983, Paul
and Morel 1981, Applegate 1984).

Membrane-retained components are collectively called concentrate or retentate. 
Materials permeating the membrane are called filtrate, ultrafiltrate, or 
permeate. It is the objective of UF to recover or concentrate particular 
species in the retentate, or to produce a purified permeate. Diafiltration is 
a specific UF process in which the retentate is further purified or the 
permeable solids are extracted further by the addition of water to the 
retentate.

Ultrafiltration of lignin has been of interest to the pulp and paper industry 
for two main uses. In the kraft process, while the energy recovery from 
lignin is key to the economic operation of the kraft mill, many mills 
currently operate at or above the designed recovery furnace capacity. Removal 
by UF of some of the lignin present in the black liquor would reduce the heat 
load on the recovery furnace and relieve the furnace operation (Kirkman,
Gratzl and Edwards 1986, Hill 1987). The production of purified lignin as a 
by-product for use in a variety of applications is also feasible.

There has been interest in obtaining high molecular weight lignins for a 
number of applications. Spent sulfite liquors (SSL) have received most 
attention (Dubey, Elhinney and Wiley 1965, Bansal and Wiley 1975, Claussen 
1978, 1981, Forss et al. 1979, Cox 1982, Tsapiuk et al. 1989), although 
filtration of kraft liquors has also been studied (Hill and Fricke 1984, Uloth 
and Wearing 1989). UF has been demonstrated for the production of a lignin 
fraction, using either kraft lignin or SSL, for use as an extender in PF resin 
for the manufacture of plywood (Forss and Fuhrmann 1976, 1978). Fractions of 
both kraft lignins and lignosulfonates were produced with a wide range of 
average molecular weights by UF and their properties as dispersants and 
viscosity reducers were evaluated (Lin and Detroit 1981). The dependence of
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the purity of the lignin obtained on the method of ultrafiltration has also 
been discussed by Claussen (1978).

Ultrafiltration has been considered for the recovery of low molecular weight 
organic chemicals in the pulping liquors, namely the sugars (Collins et ai. 
1973) and carboxylic acids (Alén, Sjôstrôm and Vaskikari 1986), and for soda 
recovery (Sapkal, Tyagi and Basu, 1989). Recently, ultrafiltration was 
considered for the purification of lignin from kraft liquor for 
biotechnological applications (Drouin and Desrochers 1988).

To our knowledge ultrafiltration has not been applied to the lignin-containing 
alkaline extracts of steam-treated aspenwood.

1.2 CONVERSION TO LOW MOLECULAR WEIGHT CHEMICALS

Conversion of lignins to monomeric compounds has been studied for several 
decades and this body of work has been comprehensively reviewed by a number of 
authors (Goheen 1971, 1981, Goldstein 1975, Coughlin et al. 1984, Chum et al. 
1988). The majority of this work is concerned with conversion of lignin 
through hydrogenation, hydrocracking, catalytic cracking, pyrolysis and 
thermolysis. Alkali fusion, hydrolysis, and oxidation have also been used.
In general these methods result in the production of numerous compounds whose 
individual yields are too low to merit commercialization. Work is continuing 
in a number of laboratories on the conversion and upgrading of lignin to 
chemicals by thermal and catalytic methods. Under study are alternative 
methods of using the whole phenolic fraction produced by incorporation into 
phenolic adhesives (Chum et al. 1989) or by converting them into aryl methyl 
ethers as octane enhancers (Ratcliff et al. 1988). In contrast, conversion by 
oxidative methods has not recently received as much attention, despite the 
fact that vanillin was produced for a period commercially from lignosulfonates
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(Goheen 1971), and that bioconversion lignins are oxidizable to give 
reasonable yields of monomeric aldehydes.

The oxidation of lignins was thoroughly reviewed by Chang and Allan (1971) but 
since that time the mechanism of biodegradation of lignins has been elucidated 
and shown to involve lignin peroxidase and laccase. These enzymes catalyze 
one electron oxidation of phenolic (laccase and peroxidase), and nonphenolic 
(peroxidase) groups to give phenoxyl and aryl radical cation radicals and were 
identified as initial enzymes involved in the cleavages of side chains and 
aromatic rings of phenolic and nonphenolic moieties of lignins (Higuchi 1990). 
Searches for biomimetic models of ligninase have shown that, for example, 
synthetic iron porphyrins with alkyl hydroperoxide are able to oxidize lignin 
model compounds (Habe et al. 1985, Shimada et al. 1987) and also to delignify 
wood chips (Paszczynski, Crawford and Blanchette 1988).

As reaction in both chemical and enzymic degradation is initiated by electron 
transfer, electrochemical oxidation of lignin may provide greater selectivity 
and means of control. The electrochemistry of lignins has been 
comprehensively reviewed (Chum, Sopher and Shroeder 1983, Chum and Baizer 
1985). Since these reviews, a series of papers have appeared on the anodic 
degradation of lignins in alkaline solution (Utley 1988, Yoshiyama et al. 
1988a, 1988b, 1988c, 1989, Chen 1989) and Utley and Smith (1987) have patented 
a process for the electrochemical treatment of lignins. Utley and his co
workers have examined the production of low molecular weight chemicals from 
organosolv lignins by anodic oxidation. They generally use higher 
temperatures (170°C) than others (up to 80°C), but most recently employed the 
presence of nitroaromatics to lower the reaction temperature to ambient (Smith 
et al. 1989). The electrochemical oxidation of lignins in basic solution was 
studied and a limited analysis made of the precipitated lignin products 
(Limosin, Pierre and Cauguis 1986). Also, the polymeric products from 
reductive electrolysis of ethanol-extracted explosively-depressurized aspen
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lignin (EEEDAL) were studied (Chum et al. 1984). The derivative prepared by 
reaction of EEEDAL and formaldehyde was suggested to replace successfully 25% 
of phenol in a PF resin (Chum, Sopher and Schroeder 1985).

We are unaware of any studies of the biomimetic or electrolytic oxidation of 
lignins from steam-treated aspenwood lignin.

2.0 OBJECTIVES

PART A - FRACTIONATION AND ISOLATION OF LIGNINS FROM STEAM-TREATED WOOD 
SUBSTRATES

1) Lignin fractions will be isolated by acidification and heat treatment 
from alkaline extracts of water-washed, steam-treated aspenwood, after 
the extracts have been fractionated by ultrafiltration.

2) Composition and heterogeneity of the aspenwood lignin fractions will be 
determined by chemical analysis and compared with unfractionated lignin.

3) A commercial kraft black liquor will be fractionated and the isolated 
fractions examined, and compared with the lignins from steam-treated 
aspenwood.

4) Depending on the results obtained with aspenwood and kraft lignins in 
Parts A and B, a representative softwood residue will be assessed.
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PART B - CONVERSION OF LIGNINS TO METHYL ARYL ETHERS, FUELS & PHENOLIC 
COMPOUNDS (HIGHER VALUE PRODUCTS)

1) The viability of obtaining valuable chemical feedstocks will be 
determined using (a) oxidative treatments and (b) catalytic 
hydrogenation (in collaboration with other research groups), on 
fractionated and unfractionated lignins obtained in Part A.

PART C - APPLICATION OF LIGNIN FRACTIONS AND PRODUCED PHENOLIC 
FRACTIONS AS ADHESIVES IN THE PANEL PRODUCTS INDUSTRY

1) Production of thermoset resins for waferboard manufacture incorporating 
the lignin-fractions from (A) or phenolic fractions from (B) assessed as 
having the best potential, and preliminary evaluation against the CSA 
CAN 3-0437-2M standard.

PART D - ECONOMIC ANALYSIS

1) Economic and technical conditions for market entry will be assessed for 
identified products.
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3.0 MATERIALS AND METHODS

3.1 PREPARATION OF ALKALINE EXTRACT CONTAINING LIGNIN BY STEAM TREATMENT, 
WATER-WASHING AND ALKALINE EXTRACTION OF THE PREPARED ASPENWOOD

3.1.1 Steam Treatments

Steam treatments were done in a 2-litre pressure vessel closed at both ends by 
pneumatically actuated ball valves. Commercial, never-dried aspenwood chips 
were loaded directly into the vessel and after steam treatment (240°C, 100s) 
were exploded through the lower ball valve into a cyclone. For the first 
fractionation experiments, steam-treated aspenwood (6.49 kg O.D.) was 
extracted with water to provide water-insoluble material (SHA-WI) (5.04 kg 
O.D. ) .

3.1.2 Lignin Extraction

The general procedure for extraction was as follows. SHA-WI (1.0 kg O.D.) was 
stirred with aqueous sodium hydroxide (0.4% w/v) for 1 hour at a 5% 
consistency and the resulting product filtered to remove the solid residue.
The residue was then extracted (30 min) and the product filtered a second 
time. The residue was then washed with the minimum amount of alkali. This 
provided the alkali extract (35 L) with solids content of 13.4 g/L for the 
first fractionation.
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3.2 FRACTIONATION OF THE ALKALINE EXTRACTS USING ULTRAFILTRATION APPARATUS
BATCH ULTRAFILTRATION

3.2.1 Isolation of Unfractionated Lignin

Unfractionated lignin was isolated for comparative purposes by two methods. 
Method Is The extracts were acidified to pH 2.5 with sulfuric acid and the 
resulting precipitate recovered by centrifugation. The solid recovered was 
repeatedly washed with water and subsequently air-dried. Method 2: The
extracts were acidified as above but then heated to 90°C for 10 minutes by 
passage of steam. After cooling, the lignin precipitated was recovered by 
filtration, and washed with water on the filter.

3.2.2 Ultrafiltration

The Amicon TC5E ultrafiltration system was set up to use Amicon Diaflo 
Ultrafiltration Membranes YM5, YM10, YM30 and YM100.

Alkaline extract (25 L) prepared above was subjected to ultrafiltration 
starting with the YM30 membrane. The retentate was fractionated using the 
YM100, the filtrate using the YM10, and subsequently YM5 membranes. In all 
cases an inlet pressure of 60 psi and outlet pressure of 30 psi were 
maintained. The filtrations were run until the volume retained was reduced to 
approximately one litre, and after each run dilute alkali was added to wash 
out the equipment.

In this initial fractionation, the filtrate from the YM10 membrane was rerun 
through this molecular weight cutoff membrane and the resulting retentate and 
filtrate added to the appropriate fractions, because of a concern with the 
state of the membrane on the original run.
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The resulting filtrates and the retentate from the YM100 were divided in two 
and the lignin precipitated from each using methods 1 and 2 above.

Using the same procedure as in the first ultrafiltration experiment 25 L of 
alkaline extracts were fractionated. The filtrations were run each time until 
the retentate volume was reduced to approximately 300 mL. After each run a 
limited volume of alkali was used to rinse out the equipment and added to the 

appropriate fraction.

The retentâtes and filtrate from the YM5 fractionation were divided into two 
samples and the acid précipitable lignin recovered by the two methods 

described above.

3.2.3 Production of Lignin-Fractions for Concordia University (Sub-contract)

Lignin (155.5 g O.D. wt) was recovered by acidification, heat treatment and 
filtration from a fraction (20 L) of an alkaline extract of steam-treated 
aspenwood (240°C, 100s). A further fraction (60L) of the alkaline extract was 
subjected to ultrafiltration using membranes in the order YM 100, YM 30, and 
YM 10 to produce four fractions. The filtrations were run each time with some 
limited addition of water until the retentate volume was reduced to 1-2 L.
The water additions were made because of the thickening of the retentate and 
low filtration flows. Precipitation was as for the unfractionated extract.

3.2.4 Analysis of Products in Supernatent Solution after Recovery of_Lignin

An aliquot (1 L) from the supernatant solution (10 L) was continuously 
extracted with ethyl acetate (225 mL). Then an aliquot of the extraction 
solvent (25 mL) was dried and evaporated, yielding 0.51 g (20.4 mg/mL) of 
solids. Analysis by gas chromatography - mass spectrometry (GC/MSD, see 
Section 3.5.6 below) was made of the ethyl acetate extract from the
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supernatant solution and the p-hydroxybenzoic acid present quantified by 
single ion monitoring (SIM).

3.3 FRACTIONATION OF THE ALKALINE EXTRACTS USING ULTRAFILTRATION APPARATUS - 
MULTIPLE BATCH VERSUS CONSTANT VOLUME ULTRAFILTRATION

3.3.1 Preparation of Alkaline Extracts for Experiments

Aspenwood chips were steam-treated at 240°C for 100 s, water-washed and alkali 
extracted as previously described to provide 80 L of alkaline extracts with a 
solids content of 11.3 g/L.

3.3.2 Precipitation of a Sample of Unfractionated Lignin from the Alkaline 
Extracts

Lignin (5.5 g) was recovered from the alkaline extracts (1 L) by acidification 
with sulfuric acid, heating to 90°C, and filtration.

3.3.3 Extraction of Starting Lignin to Determine How Much Material Soluble in 
Ethyl Acetate and Diethyl Ether

Samples of unfractionated lignin were subjected to Soxhlet extractions with 
ethyl acetate and diethyl ether respectively, to determine the amount of 
material present that was soluble in these solvents. The lignin contained 
11.5 % and 1.2 % soluble material, respectively.

3.3.4 Precipitation of Starting Alkaline Extract in the Presence of Ethyl 
Acetate

To determine the feasiblity of precipitating the starting lignin in the
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presence of ethyl acetate and thereby removing low molecular weight fraction, 
an aliquot of the alkaline extract (1 L) was stirred with ethyl acetate (0.2 
L) and then acidified to a pH of 2.5. Some precipitation of lignin took 
place, but this floated to the top in the organic phase once stirring was 
stopped. The organic phase was dark black in color, while the aqueous phase 
was very orange. The solution was filtered to collect the precipitate. The 
filtrate was collected, and the organic phase separated, dried and evaporated 
to dryness. The organic phase yielded 1.92 g of a viscous tarry solid. The 
lignin precipitate collected by the filtration was dried to yield 4.70 g of a 
black powder. This material was not powdery or fluffy in appearance like 
lignin recovered by acid precipitation. Based on this experience of trying to 
recover the lignin in the presence of the organic solvent, it was decided to 
precipitate the lignin for the second part of the fractionation experiment in 
the normal manner and subject it to a normal soxhlet extraction.

3.3.5 Constant Volume Ultrafiltration (Piafiltration)

The ultrafiltration system was set-up in the normal manner but with a 
reservoir tank to feed under siphon into the primary feed tank. With two 100K 
MWCO membranes in place the feed tank was filled with the alkaline black 
liquor (17 L) and the reservoir connected. The filtration was then run until
2.5 times the initial volume of fresh 0.4 % alkali (42.5 L) had been added 
from the reservoir. The retentate was precipitated in the normal manner and 
the lignin yield determined. The filtrate was concentrated by roto- 
evaporation to 4.3 L, and subjected to a similar process but using the 30K 
MWCO membranes and 2.5 times the original volume, i.e. 10.75 L.
Unfortunately, during this step a membrane appeared to rupture, therefore the 
filtration was stopped, the filtrate and retentate combined and 
reconcentrated, and the process restarted. The filtrate was concentrated to 
run through the 10K MWCO membranes but the flow rate was so low that this 
stage was abandoned. Therefore the retentate and filtrate from the 30K
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membranes were precipitated to give yields of lignin-fractions.

3.3.6 Multiple Batch Ultrafiltration

With the two 100k MWCO membranes in place the feed tank was filled with the 
alkaline black liquor (17 L). The filtration was then run until the volume in 
the tank was reduced to 4 L. Fresh alkali (17 L) was then added and the 
volume reduced again to 4 L. This procedure was repeated once more. The 
lignin in the retentate was then precipitated in the normal manner, and the 
combined filtrates concentrated to 11.8 L. This was then batch filtered using 
the 30K MWCO membranes reducing the volume at each time to 3 L and making up 
with a fresh 9 L of alkaline solution. This addition was made 3 times. Lignin 
fractions were then recovered from the combined filtrates and the retentate in 

the usual way.

3.4 FRACTIONATION OF ALKALINE EXTRACTS USING ULTRAFILTRATION APPARATUS - 
CONSTANT VOLUME FILTRATION OF THE ETHYL ACETATE-EXTRACTED LIGNIN

3.4.1 Preparation of Ethyl Acetate-Extracted Lignin

Lignin (96.1 g O.D.) was precipitated from a portion of the alkaline extract 
(17 L) prepared in the last period by acidification, heating at 90°C for 10 
min, then cooling and subsequently recovering the lignin by filtration.

The precipitated lignin was extracted with ethyl acetate using a Soxhlet 
apparatus. After the extraction was complete the solvent extracts were 
concentrated by rotoevaporation and finally dried under vacuum to yield 
extractives (14.06 g). The extracted lignin residue was air-dried and the 
yield determined (80.0 g O.D.).

14



3.4.2 Preparation of Alkaline Solution of Extracted Lignin

Attempts were made to dissolve the ethyl acetate extracted lignin (80 g) in 
aqueous sodium hydroxide (0.4 %). Attempts were made to dissolve some of the 
sample in higher concentrations of alkali. Complete dissolution of the lignin 
could not be achieved, therefore the insoluble material (14.1 g) was removed 
by a combination of filtration and centrifugation. The resulting solution of 
lignin in 0.4 % aqueous sodium hydroxide was used in the ultrafiltration 
experiment.

3.4.3 Ultrafiltration Experiment - Constant Volume (Piafiltration)

The ultrafiltration system was set-up in the normal manner but with a 
reservoir tank to feed under siphon into the primary feed tank. With two 100K 
MWCO membranes in place the feed tank was filled with the alkaline solution of 
ethyl acetate extracted lignin (15 L) and the reservoir connected. The 
filtration was then run until 2.5 times the initial volume of fresh 0.4 % 
alkali (37.5 L) had been added from the reservoir. The retentate was 
precipitated in the normal manner and the lignin yield determined. The 
filtrate was concentrated by roto-evaporation to 10.0 L, and subjected to a 
similar process but using the 30K MWCO membranes and 2.5 times the original 
volume, i.e. 25 L. The retentate and filtrate from the 30K membranes were 
precipitated to give yields of lignin-fractions.
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3.5 CHARACTERIZATION OF ISOLATED LIGNINS. LIGNIN-FRACTIONS, ELECTROLYSIS
PRODUCTS AND LOW MOLECULAR WEIGHT CHEMICALS

3.5.1 Ethyl Acetate Extractions

Vacuum-dried unfractionated lignin and fractions recovered from the second 
ultrafiltration experiment by method 2 were extracted with ethyl acetate for 
22 h using a Soxhlet apparatus. The ethyl acetate extracts were then 
rotoevaporated to dryness and finally dried under vacuum. The ethyl acetate 
insoluble residues were also dried under vacuum.

3.5.2 Total Hydroxyl Group Content

Total hydroxyl contents were determined by acetylation using acetic anhydride- 
pyridine followed by titration of the unused reagent (Browning 1967).

3.5.3 Molecular Weight Distribution Determinations

Molecular weight distribution data were determined by high performance size 
exclusion chromatography (HPSEC) (Himmel et al. 1983, Himmel, Tucker and Oh 
1984, Pellin and Salkinoja-Salonen 1985). Four Ultrastyragel columns (Waters) 
were used in series, 1000 Â, linear, 500 Â, and 100 Â. Detection was made 
using UV detector at 254 nm and a refractive index detector. The solvent used 
was THF at a flow rate of 1.0 mL/min and a temperature of 30°C. Data was 
collected and processed with the Waters 840 data station using the Waters 
Expert chromatography software. Calibration was achieved using monodisperse 
polystyrene standards (Supelco) and low molecular weight compounds.

Samples were quantitatively acetylated for HPSEC using the method of Chum et 
al. (1985), which recovers the whole acetylated lignin sample by 
azeotropically removing the excess reagent and solvent as opposed to
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alternative procedures which recover the acetylated lignin by precipitation in 
water and can lead to loss of low molecular weight components.

3.5.4 Infrared Spectroscopy

Infrared absorption spectra of lignins and electrolysis products were recorded 
by a Nicolet 5DX FTIR spectrophotometer after pelletization in KBr.

133.5.5 C NMR Spectroscopy

13 C NMR spectra were recorded on a Vanan XL-300 spectrometer operating at 
75.43 MHz for ^C, using a 10 mm multinuclear probe. The solvent for all 
spectra was dimethyl sulfoxide-Dg, which was also used for internal reference 
(39.80 ppm). The acquisition time was varied according to sample solubility, 
the number of transients collected being from 13,000 to 20,000. The spectra 
were normally recorded using 50 mg of lignin in 0.5 mL of solvent.

3.5.6 Gas chromatography - mass spectrometry

Gas chromatographic - mass spectrometry (GC-MS) analyses were performed on a 
HP 5890 gas chromatograph interfaced to a HP 5970 mass selective detector 
(MSD). Typically a DB-1 fused silica column was used with helium as carrier 
gas. The split-splitless injector was used typically in the split mode.
Crude extracts were analyzed after reaction with Trisil (Pierce Chemical Co.) 
to convert hydroxyl groups to trimethylsilyl derivatives or after acetylation. 
Purified materials were analyzed underivatized, silylated or acetylated. 
Quantification of selected individual components was performed by single ion 
monitoring (SIM).
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3.5.7 Nitrobenzene Oxidations

Nitrobenzene oxidation of the lignin samples was performed according to the 
method of Pepper, Manopoulo and Burton (1962) and Chau and Wayman (1979). The 
products were analyzed by GC-MSD and SIM was used for quantification.

3.6 ANODIC OXIDATION OF STEAM-TREATED ASPENWOOD LIGNINS

To familiarize ourselves with the operation of the electrolysis equipment 
purchased, a trial electrolysis was made of 1,2-dimethoxybenzene in 
methanol/potassium hydroxide using platinum electrodes, following the 
procedure of Weinberg and Belleau (1973). Current - potential curves were 
satisfactorily determined and a preparative electrolysis followed by GC-MSD. 
Satisfactory production of 1,2,4-trimethoxybenzene was observed, one of the 
expected major products.

For the anodic oxidation of the lignins the electrolysis conditions used are 
similar to those of Yoshiyama et al. (1988) and product isolation is a 
modification of Utley and Smith (1987) and Bailey and Brooks (1946). General 
procedures are described below.

3.6.1 Equipment

The following basic components for electrochemical experiments were obtained 
(all produced by Electrosynthesis Co.); a potentiostat controller Model 410 
and power supply Model 420A, a coulometer Model 640, and a standard H-type 
cell with a porous frit divider (Model C-600) and a standard H-type cell 
(Model C-200) that could be used undivided or with membrane dividers (for 
example NAFION). A range of electrode materials; Pt, high purity graphite 
(GR12), graphite felt (GFS5, GFS6), glassy carbon (GLCR-10), Foametal nickel
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(FM100), and lead dioxide on titanium, and reference electrodes (Sargent- 
Welch) were also obtained.

3.6.2 Electrolysis

An H-type divided glass cell with a medium porosity sintered glass diaphragm 
was used. The anode (2.5 x 2.0 cm) was selected from foametal nickel, glassy 
carbon, or lead dioxide. A platinum plate (2.6 x 2.0 cm) was used as the 
cathode. The electrolysis solution (anolyte, 50-70 mL, containing lignin 100 
120 mg, and catholyte, 30-35 mL) was 1M sodium hydroxide. Electrolysis was 
potentiostatically controlled, the applied potential (versus saturated calome 
electrode) for the experiment being determined by construction of current -
potential curves. The applied voltage is usually in the 0.5 - 0.6 V range at

2approximately 25 mA/cm current density.

3.6.3 Product recovery

After passage of the required charge the anolyte was acidified, any 
precipitated lignin collected by filtration, and the resulting supernatant 
solution extracted with chloroform. The aqueous solution of anolyte was then 
evaporated to dryness and the resulting solids were extracted with acetone. 
The organic extracts were dried over magnesium sulfate, evaporated to dryness 
and analyzed by GC/MSD.

3.7 EVALUATION OF FRACTIONATED LIGNINS IN ADHESIVES FOR WOOD COMPOSITE 
PANELS

3.7.1 Lignins

Seven samples of steam-treated aspenwood lignin were used. These were the
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unfractionated lignin, the fractions from the multiple batch ultrafiltration 
(<30K, 30-100K, >100K), and the fractions from the constant volume 
ultrafiltration (<30K, 30-100K, >100K). A sample of a softwood kraft lignin 
was obtained from a local pulp and paper mill.

3.7.2 Phenol-Formaldehyde Resin

A low molecular weight PF resin was prepared by reacting phenol and 
formaldehyde in a 1.0 to 2.2 molar ratio at a temperature of 65°C following a 
procedure similar to that described by Chiu (1984). This low molecular weight 
PF was mixed with a commercial PF resin W 3154 ML supplied by Borden Chemicals 
in a 35:65 ratio based on a solids basis. The final resin mixture had a pH of
10.4 and a Brookfield viscosity of 98 cps at a 47.3 % solids content compared 
to a viscosity of 1500 cps for the unmodified W 3154 ML resin at 46.5 % solids 
content. Figure 1 shows the size exclusion chromatograms of the commercial 
and experimental PF resins used in this study. This commercial PF resin (W 
3154 ML) was selected as it already contains a mixture of high and low 
molecular weight PF and was found to work well as a crosslinker for lignin 
(Calvé et al. 1988). The low molecular weight PF was added to the commercial 
PF to lower its viscosity and facilitate its application onto the wood 

particles.

3.7.3 Lionin-Phenolic Resins

Lignin-phenolic resins containing 10, 20, 30 and 40 % lignin( on solids) were 

prepared.

In a typical example, unfractionated aspenwood lignin powder (2.0 g) was 
dispersed in concentrated ammonium hydroxide (8.0 g) and then simply blended 
with the phenol-formaldehyde crosslinker (as prepared in section 3.7.2) (6.4
g) at 47.3 % solid content. The resulting lignin (40 %) - PF (60 %) resin was
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Thestirred 16 h to assure the complete solubilization of the material, 
adhesive was sprayed onto the wood particles using a nozzle with small opening 
to assure a good distribution of the resin. It was important that no 
insoluble material be present in the liquid resin solution, which could plug 
the nozzle. The high molecular weight lignin-fractions (>100K) obtained by 
ultrafiltration could not be dissolved even in a solution of concentrated 
ammonium hydroxide-phenol-formaldehyde and thus could not be evaluated. The 
heat treatment used in the recovery of the lignins could be responsible for 
the condensation and insolublization of these lignin-fractions. In fact, the 
reason for using concentrated ammonium hydroxide as solvent was to solublize 
the lignin. An excess of sodium hydroxide would reduce the adhesive 
properties of the resin while ammonium hydroxide is a fugitive base and most 
of it is removed during the moisture content adjustment when the resin coated

wood particles are exposed to hot air.

3 .7.4 Particleboard Preparation_and—Testing

The adhesives were evaluated by production and evaluation of particleboard. 
Poplar wood particles were obtained by hammermilling veneers. The fractions 
which passed through a 4.75 mm Tyler sieve but were retained on a 1.18 mm 
sieve were used for the study. A large batch of wood particles was sprayed 
with 1.5 % molten wax in a 0.6 m3 laboratory blender. Subsequently, the 
coated particles were dried at 105°C and after cooling were stored at room 
temperature in the presence of dessicant. For the preparation of 
particleboards, the dry wood particles were sprayed in a 0.06 m3 blender with
16.7 g of adhesive at 30 % solids (5 % adhesive solid based on dry wood). The 
moisture content of the resin coated particles was then adjusted to 5 % by hot 
air drying. The resin coated particles were then handfelted into a 35 x 69 mm 
mold and pressed in an electrically heated press with 11.1 mm stops at 210°C 
for 3 or 5 minutes. This press time included the 50-s press closing time.
Two replicate boards were prepared for each set of variables evaluated at a
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target density of 720 kg/m^.

4.0 RESULTS AND DISCUSSION

4.1 FRACTIONATION. ISOLATION AND CHARACTERIZATION OF LIGNINS FROM STEAM-
TREATED WOOD SUBSTRATES

4.1.1 Batch Ultrafiltrations

From 5 L of the alkaline extracts prepared for the first ultrafiltration 
experiments 36.2 g (O.D.) of lignin was recovered by acidification and 
ultrafiltration (method 1), and from 2.5 L of the extracts 17.4 g (O.D.) of 
lignin by acidification, heating to 90°C and filtration (method 2).

The solution volumes used in the first ultrafiltration experiment with the 
Amicon ultrafiltration system and the membranes YM100, YM30, YM10, and YM5 are 
shown in Table 1. The yields of lignins precipitated by the two recovery 
methods are shown in Table 2.

The total sum of the lignin fractions isolated by method 1 (69.9 g) and method 
2 (64.8 g) indicate a loss in yield of lignin in comparison to the expected 
yield from unfractionated alkaline extracts, 90.5 g and 87.0 g respectively. 
Part of this loss may be due to the differences in concentration of lignin in 
the various fractions and the original extracts (Venter and Van der Klashorst 
1989). The extra acidification required to precipitate the fractions 
containing the lowest molecular weight lignins is also of concern.

Molecular weight distribution data for the unfractionated and fractionated
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lignins isolated by both methods were obtained by HPSEC analysis of the 
acetylated derivatives. The results are summarized in Table 3. In this 
series only a small difference was observed between the molecular weight data 
for the unfractionated lignins isolated by the two methods. Likewise, there 
were only small differences in the data obtained for the fractionated lignins 
with the exception of the 30-100 K fractions. Molecular weight distribution 
curves obtained by UV detection are shown in Figures 2 and 3. These show 
polydisperse fractions were obtained and a substantial low molecular weight 
component was present particularly in the portion of the highest average 
molecular weight fraction solubilized by acetylation. As shown in Figure 3 
the ultrafiltration step using the 5K MWCO membrane did not achieve any 
discrimination on the basis of molecular weight.

The fractionation process was repeated to determine the reproducibility of the 
separation and recovery procedures. Using the same procedure as in the first 
ultrafiltration experiment 25 L of alkaline extracts were fractionated. From 
4 L of the initial alkaline extract 28.8 g (O.D.)of lignin was produced by 
method 1 and 27.3 g (O.D.) by method 2. The yields of recovered lignin 
fractions are given in Table 4, with the results for the first fractionation

in parentheses.

As previously observed, there was a loss in total yield in recovery of lignin 
after fractionation in comparison to unfractionated material. The reason for 
this loss in yield is not immediately obvious, as in this second fractionation 
the argument of differences in lignin concentration in the alkaline fractions 

after filtration and the original extracts cannot be used.

Molecular weight distribution data for the unfractionated and fractionated 
lignins from the second ultrafiltration experiment are summarized in Table 5. 
From this series, unfractionated lignins of higher average molecular weight 
were isolated by method 2 as we had observed in previous work when heating of
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the acidified extracts was used to produce a filterable product. The average 
molecular weight of the lignin recovered in this precipitation method is 
probably partially related to the duration of the heating step used after 

acidification.

The molecular weight data for the isolated fractions was as expected from the 
first ultrafiltration experiment. Unfortunately, the analytical technique 
used is unsuitable for the highest molecular weight fraction (>100K).

Total hydroxyl group determinations were made on the isolated lignins from the 
second fractionation by the acetylation procedure described by Browning. The 
results are given in Table 6 . The values are the average of triplicates or 
quadruplicates. In each case the values for the >100K fraction were 
nonsensical, therefore a calculated value is also given. The hydroxyl content 
decreases with decreasing molecular weight.

Infrared spectra have been recorded for the lignin-fractions from the second 
fractionation. The spectra of the unfractionated lignins recovered by the two 
precipitation methods are shown in Figure 4. Inspection of these spectra 
indicate only slight differences between the lignins.

The starting lignin and the five fractions obtained by method 2 in the second 
ultrafiltration run were characterized by IR and 13C NMR spectroscopies. 
Samples of the unfractionated lignin and the five fractions were extracted 
with ethyl acetate using a Soxhlet apparatus. The yields of ethyl acetate 

soluble material are given in Table 7.

The IR spectra were recorded of the unextracted lignins, ethyl acetate- 
insoluble residues and ethyl acetate-solubles (Figures 5-10). Table 8 
presents peak assignments of the absorbance bands for the unfractionated 
lignin based on those proposed by Schultz and Glasser (1986) and Owen and
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Thomas (1989). The spectra for the fractions as isolated from ultrafiltration 
(Figure 5) show variations in the absorption bands resulting from aliphatic 
C-H (2934, 2836, 1335 cm-1), C=0 (1737-1704 cm-1), C-O phenol (3410 and 1121 
cm-1), and C-H isolated H on aromatic ring (916, 842 cm-1). The spectra from 
the <5K and 5-10K fractions have greater intensity in the bands resulting from 
carbonyls.

In Figures 6-10 are presented the IR spectra of the five fractions and their 
corresponding ethyl acetate-soluble and -insoluble components. The IR spectra 
for the insoluble residues are similar for the <5K, 5-10K, and 10-30K 
fractions, and for the 30-100K and >100K fractions. These results suggest 
that it may be inappropriate to fractionate this lignin into as many as five 
fractions. The spectra of the extracted components have important absorbances 
at 2934,1720, and 842 cm-1. The carbonyl band intensity is increased in the 
5-10K and >100K fractions. The intensity of the C-H band of adjacent 
hydrogens on an aromatic ring increased with increasing molecular weight of 
the original lignin-fraction.

The 13C NMR spectra recorded for the unfractionated lignin and the five 
fractions are shown in Figure 11. Table 9 presents the assignment of signals 
for the unfractionated lignin based on reports of Lüdemann and Nimz (1975a,b), 
Reynolds et al. (1984), Ralph (1988), and Levy and Nelson (1972). The more 
informative peaks in the C NMR spectrum of the starting material are at 56.5 
ppm (OCH3), 104 ppm (HC=CH, side chain), 115 ppm (Caromatic, ortho to C-OH), 
148 and 152 ppm (HO-Caromatic and CH.j-0-Çaromatic). The spectrum shows small 
peaks at 162, 163, 165, and 167 ppm which could be interpreted as carbons 
(carbonyls) of esters or aromatic acids.

The spectra of the five fractions have differences in the relative intensity 
of carbon resonances (Table 10). The spectra of the <5K and >100K fractions 
show narrow peaks in the aliphatic (18-35 ppm) and carbonyl (175) regions.
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These peaks have a relatively high intensity (due to a short relaxation time) 
and can be assigned to an aliphatic (fatty) acid. The intensity of phenolic 
carbon (152-153 ppm) is lower in <5K fraction than in the unfractionated 
lignin and the intensity increases with increasing molecular weight of the 
fraction. Because of the nature of the spectra, these intensity differences 
are probably a measure of the differences in the phenolic content at the free 

ends of the macromolecular lignin structures.

Examination by GC-MS of the ethyl acetate extracts of the five fractions of 
lignin indicated the presence of benzoic acid derivatives, fatty acids and 
possibly some nonpolar dimers (Niemela 1989, Alén, Niemela and Sjostrom 1984

Morita 1972) .

The lignin-fractions recovered from the second fractionation run were 
subjected to nitrobenzene oxidation. These were performed to examine the 
heterogeneity of the fractions and as a reference point for the oxidation work 
in Objective B. The results are summarized in Table 11. All the yields 
obtained were lower than those we had previously obtained from steam-treated 
aspenwood lignins, except for when an acidic catalyst was used during the 
steam pretreatment. The reason for the lower yields is unclear. For the 
lignin-fractions from the two precipitation methods, higher yields of 
aldehydes are obtained from fractions with higher average molecular weights 

and these also have higher vanillin contents.

4>1.2 Ratrh UF tn Provide Material for Concordia University fSub Contract).

From a 20 L fraction of an alkaline extract of steam-treated aspenwood (240°C, 
100s), 155.5 g (O.D. wt) of lignin was recovered by acidification, heat
treatment and filtration. A further fraction (60L) of the alkaline extract 
was subjected to ultrafiltration using membranes in the order YM 100, YM 30,
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and YM 10 to produce four fractions. Precipitation as for the unfractionated 
extract resulted in the yields shown in Table 12. The total yield of 
fractions represents 88% of the unfractionated yield.

An examination was made of the supernatant solution from the acid 
precipitation of the lowest cut-off filter membrane (YM 10) of the large scale 
run, because of the loss in combined yield of precipitated lignin-fractions 
experienced in each UF run versus the unfractionated yield.

From the extraction solvent of the supernatant solution, an aliquot (25 mL) 
yielded 0.51 g (20.4 mg/mL) of solids. Therefore, from the original alkaline 
extract (60 L), yielding theoretically 466.5 g of unfractionated lignin, 45.5 
g of ethyl acetate soluble material was present or 0.1 g organic solubles/(g 
of precipitated lignin) in the resulting supernatant solution after 
acidification of the 10K cut-off filtrate. Previously, we have extracted with 
diethyl ether and ethyl acetate unfractionated alkaline extracts from steam- 
treated aspenwood (240°C, 80s) and obtained a combined yield of 0.05 g organic 
solubles/(g of precipitated lignin). These results suggests that a small 
contribution to the loss in yield of precipitated lignin is low molecular 
weight material that condenses with higher molecular weight material and 
therefore is precipitated when unfractionated extracts are acidified.

Analysis by GC/MSD was made of the ethyl acetate extract from the supernatant 
solution. Not unexpectedly, the dominant component present was p- 
hydroxybenzoic acid. No attempt was made to identify all the minor 
components. Quantification by SIM of the p-hydroxybenzoic acid indicated that 
it was present at a concentration of 4.2 mg/mL in the extract, representing a 
total yield of 9.8 g from the original alkali extract (60 L) . Considering the 
content of esters of p-hydroxybenzoic acid in aspenwood, the above is not an 

unreasonable number.
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Molecular weight distribution data were determined for the lignin-fractions 
prepared for Concordia University. The results are summarized in Table 13, 
and the molecular weight distributions obtained are shown in Figure 12. The 
curve for the >100K fraction again showed a large portion of lower molecular 
weight material present, but again this curve is not truly representative 
because of the fraction of the acetylated lignin not soluble in THF.

4 .1.3 Multiple Batch Versus Constant Volume Ultrafiltration

Because of concerns with respect to the distribution of low molecular weight 
materials in fractions from our original single stage batch ultrafiltrations, 
we planned to examine fractionations in which the filtrations were performed 
using the method described by Uloth and Wearing (1989). They dialysed black 
liquor using 2.3 volumes of fresh water to separate lignin and remove 
membrane-permeable species from it. In the first set of ultrafiltrations we 
were to fractionate the alkaline extracts from the steam-treated aspenwood.
In the second set of ultrafiltrations, an alkaline solution of lignin from 
which the low molecular weight material had been removed was to be 
fractionated. Each lignin-containing solution would be subjected to 
filtration using 100K, 30K, and 10K membranes, using 2.5 times the initial 
volume of fresh alkali to achieve the separation and reconcentrating the 
filtrate after each stage to give comparable starting concentrations of 
lignin. The results of these fractionations and the molecular weight 
distributions of the resulting lignin products would be compared with the 
results of the original fractionation runs. We used fresh alkali instead of 
Water as the fed solvent because otherwise as the filtration proceeds 
precipitation of lignin could be a serious problem. This could lead to 
problems in the later filtration stages because of the increasing 
concentration of hydroxide. Partly for this reason and partly because on 
reflection we are comparing essentially a constant volume diafiltration with 
our original single stage batch ultrafiltration, we decided to add for further
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comparison a three batch style filtration, similar to the method of Drouin and 

Desrochers (1988) for purification of black liquor.

To determine the amount of soluble material present samples of unfractionated 
lignin were subjected to Soxhlet extractions with ethyl acetate and diethyl 
ether. The lignin contained 11.5 % and 1.2 % soluble material, respectively.

The yields of lignin-fractions from constant volume and multiple batch 
ultrafiltrations are gathered in Table 14 and for the constant volume 
filtration of the alkaline solution prepared from the ethyl acetate-extracted 
lignin in Table 15. The yields from the constant volume and multiple batch 
ultrafiltrations of the alkaline extracts are similar, but not directly 
comparable with the yields from the fractionation of the ethyl acetate- 
extracted lignin. The fraction yields are not directly comparable with the 
original ultrafiltration experiments. The fact that the constant volume and 
multiple batch ultrafiltrations could not be run using the YM 10 membranes 
suggests that there is a lignin or alkali concentration dependence to the 
ultrafiltration. The preparation of the alkaline solution from the ethyl 
acetate-extracted lignin highlighted one of the problems with the lignin 
recovery method used. Method 2, which includes heating of the acidified 
lignin extract, leads to the production of alkali-insoluble material.

Molecular weight distribution data were determined for all the lignin- 
fractions isolated during this experiment and are presented in Table 16. Also 
included is the percentage of THF-insolubles present after acetylation.
Elution volume curves are shown in Figures 13-16. Unfortunately, the high 
percentages of THF-insoluble material makes interpretation of these data 
difficult. The original intention of this set of experiments was to determine 
the source of the lower molecular weight material indicated in the HPSEC 
chromatograms of the higher molecular weight fractions in the first and second 
ultrafiltration experiments. From the data presented, we cannot determine
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source of the low molecular weight material. Several points merit 
consideration.

Firstly, two samples of unfractionated lignin were isolated from the alkaline 
extracts used for this set of experiments. Their molecular weight 
distributions differ and furthermore differ from those of the unfractionated 
material isolated for the first two ultrafiltration experiments. This 
suggests that the isolation of material by method 2 is inconsistent.

Secondly, the quantities of THF-insolubles obtained after acetylation for the 
fractions from the ethyl acetate-extracted lignin in comparison with the THF- 
insolubles for the fractions from the constant volume and multiple batch 
ultrafiltrations of the alkaline extracts suggest that most repolymerization 
or condensation of the lignin occured during the initial recovery process. 
However, we had not seen this insolubility problem previously, except for the 
highest molecular weight fractions. This may indicate that there was a 
problem with the higher salt contents present in these ultrafiltration 
experiments. Any repolymerization or condensation of the lignin during 
recovery may also be competing with acidolysis to produce low molecular weight 
components.

Thirdly, inspection of the elution volume curves for the unacetylated 
fractions, for example <30K ethyl acetate-extracted lignin fraction (Figures 
15) compared to the acetylated material (Figure 16), suggests that there may 
be an artifact (37-38 min) produced by the derivatization method. This 
artifact becomes more apparent in the samples with higher levels of THF- 
insolubility. Whether this in an artifact or not could possibly be tested by 
using an alternative recovery method for isolation of the acetylated products, 
for example precipitation of the product by diluting the reaction mixture in 
water. Unfortunately, this alternative recovery method might lead to loss of 
molecular weight components.
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From the results presented, it appears that the molecular weight distributions 
and properties of the lignins recovered after ultrafiltration are affected by 
the recovery process.

4.2 CONVERSION OF LIGNINS TO METHYL ARYL ETHERS, FUELS AND PHENOLIC 
COMPOUNDS (HIGHER VALUE PRODUCTS)

As an approach to low molecular weight chemicals and modified lignins we 
proposed to study oxidation reactions of steam-treated lignins, particularly 
by electrochemical methods. From a review of recent literature on 
electrolysis of lignins our approach is to carry out anodic oxidation of the 
aspenwood lignin. Our initial plan was to do the electrolyses outlined below 
in alkaline solution on unfractionated lignin, which has been previously 
extracted with carbon tetrachloride.

1. Use foametal nickel anode to examine the effects of a range of passage 
of charge, at room temperature.

2. Compare results obtained with differing anode materials: foametal
nickel, glassy carbon, lead dioxide.

3. Examine the use of two anodes at higher temperature (60°C).

4. Compare under one set of conditions the results of electrolysis of 
unfractionated lignin which has not been extracted with carbon 
tetrachloride.

5. Use one set of conditions, determined from above experiments, to compare 
products obtained from electrolysis of high and low average molecular
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weight lignin-fractions.

6 . Compare electrolysis of selected lignins under conditions from above in 
cell divided by NAFION membrane.

The electrolysis conditions used are similar to those of Yoshiyama et al.
(1988) and product isolation is a modification of Utley and Smith (1987) and 
Bailey and Brooks (1946).

Initially, three experiments (1-3) and a control (C) were run at room 
temperature using the unfractionated lignin from the first preparation. A 
foametal nickel (30p, 0.125) anode was used and the total charge passed 
varied. The product yields are summarized in Table 17. As charge was passed 
the color of the anolyte changed from black to straw-colored. Attempts were 
made to see if any change could be followed in the UV spectrum of the anolyte. 
In each case, a gradual reduction in the intensity of the broad absorbance 
band at approximately 240 nm was recorded. Under the conditions used, as 
increased charge is passed the yield of acid précipitable material decreases 
and the yield of acetone-solubles increases. Infrared spectra recorded of the 
acid precipitated materials show only small intensity changes in several 
absorbance bands in the region 1000 - 1700 cm . Decrease in the intensity of 
absorption bands at 1512, 1463 and 1423 cm-1 occurs with increased passage of 
charge, but a marked increase occurs in intensity of the band at approximately 
1720 cm-1 ^Figure 17). Limosin, Pierre and Cauguis (1986) observed similar 
changes in some lignins electrochemically oxidized in basic aqueous media and 
ascribed the changes to a decrease in phenyl groups and an increase of the 
carboxylic groups of the lignins and an opening of benzylic rings.

Electrolysis using three alternative anode materials to foametal nickel was 
examined. These were foametal nickel (20p, 0.375), glassy carbon (GLCR-10), 
and lead dioxide (on titanium). The results of these experiments are
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summarized in Table 17. The glassy carbon electrode was unsatisfactory under 
the conditions employed and the anolyte was unsuitable for analysis. The lead 
dioxide anode merits further investigation.

Analysis of the chloroform extracts was started using GC-MSD. In each case, 
multi-component mixtures are obtained with no obviously dominant products.
The extract from the blank experiment contains mainly vanillin and 
syringaldéhyde. These two components were quantified to compare with the 
extracts from the electrochemical treatments. These results are also 
presented in Table 17. The highest combined yield of vanillin and 
syringaldéhyde is present in the chloroform extract of the control, but even 
in the control these products only account for less than 1% of the starting 
lignin. This suggests that the low molecular weight products produced by 
oxidation may be undergoing reaction in the systems examined. Under the 
conditions of anodic degradation of lignins that Yoshiyama et al. (1989) 
studied they suggested that the initially formed degradation products are 
further oxidized to carbon dioxide. Further work to identify other products 

in the chloroform extracts is necessary.

The results of further electrochemical experiments (7-12) are summarized in 
Table 18. Experiments 7,9-11 were run to examine the effects of carrying out 
the electrolysis at higher temperature (60°C) using a lead dioxide anode. In 
experiment 12, a foametal nickel anode was used for comparison. Experiment 8 , 
was run using a lead dioxide anode at 60°C in an undivided cell to determine 
whether there were any effects caused by having the cell divided.
Additionally, this experiment was run at twice the scale to compare the 
effectiveness of extracting the reaction mixture after acidification with 

chloroform and ethyl acetate.

Operating at higher temperature reduced the electrolysis time substantially by 
allowing usage of higher current density. As observed previously for the
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foametal nickel anode at room temperature, with increasing passage of charge 
the yield of acid précipitable lignin (APL) decreased and the yield of 
acetone-solubles increased, but there was little variation in the yield of 
chloroform-soluble material, see Figure 18. The use of ethyl acetate in place 
of chloroform after acidification and removal of the APL, gave a higher yield 
of soluble material. Preliminary analysis by GC suggests that there is little 
difference in the monomeric composition of these fractions.

The use of a nickel electrode at 60°C appears to lead to a more rapid 
degradation of the starting material to acetone-solubles. Further experiments 
with this electrode are required.

The highest (>100K MWCO) and lowest molecular weight (<5K MWCO) fractions from 
the second fractionation were electrolyzed using a lead dioxide anode at 60°C. 
The results of these experiments are summarized in Table 19 with results 
obtained previously for electrolysis under similar conditions of 
unfractionated lignin.

In the electrolysis of the low molecular weight fraction there was a rapid 
drop in the measured current and therefore the electrolysis was stopped after 
limited passage of charge. Product yield over 100% was obtained. The reason 
for this is presently unclear. The low molecular weight fraction gave a very 
high yield of chloroform soluble product. The volatile products in these 
fractions are yet to be determined.

A sample of the unfractionated lignin was electrolyzed in an electrolysis cell 
divided using a #901 NAFION membrane. Only a low applied voltage could be 
used with this cell and only a low passage of current was achieved. The 
result of this experiment is summarized in Table 20 with results obtained 
previously for electrolysis of the same lignin sample using the cell divided 
with the porous frit. A product yield of over 100% was obtained. The reason
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for this is presently unclear. In this initial experiment with the membrane 
divided cell, a low yield of acid précipitable lignin was obtained at low 
passage of current at a low applied voltage.

Characterization of acetone-soluble electrolysis products was begun. Infrared 
spectra of the materials were recorded, and molecular weight distribution data 
determined.

The infrared spectra recorded of the acetone recovered materials show marked
changes from the starting lignin, see for example Figure 19 for the material
recovered from electrolysis runs 3 and 12. There is a general loss of
distinct absorbance bands in the 1000-1400 cm 1 range but an increase in the
1700-1800 cm-1 range. This could indicate the formation of quinoid-type
structures but further work is required for confirmation. Recently, Shchukin
and Babkin (1989) suggested that in the electrochemical oxidation of the
guaiacyl moiety of lignin o- and p-quinones are intermediates that are further

13oxidized and ring opened to give dicarboxylic acids. The C NMR spectra of 
these materials may be informative therefore samples have been sent to 
University of Ottawa.

The molecular weight distribution data obtained for the acetone-soluble 
products, together with the data for the <5K and 5-10K fractions for 
comparison are gathered in Table 21. The data for these products were 
determined without acetylation because of their complete solubility in THF.
The results suggest that the acetone-soluble lignin product is substantially 
depolymerized from the original starting material.
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4.3 PRELIMINARY EVALUATION OF FRACTIONATED LIGNIN ADHESIVES FOR WOOD

COMPOSITE PANELS

A few years ago it was demonstrated that waferboard panels of excellent 
quality could be obtained using lignin-based adhesives (Dolenko and Clarke 
1978, Shen and Calvé 1980). However, PF resin producers have continued 
working at improving their resin formulations. In the early 1980's press 
cycle times of 6-7 min for 11.1 mm panels were being used, but now these have 
now been reduced to 3-4 min. To be acceptable for the industry new fast 
curing lignin-based adhesives must be developed. Recently at Forintek, it was 
found that faster curing lignin-phenolic resins could be formulated if a 
mixture of high and low molecular weight phenolic resins was employed as a 
crosslinker. With this type of crosslinker, 10-15 % PF replacement with 
lignin, without impairing the panel properties was possible. It was further 
discovered that larger quantities of lignin (20-30 %) could be used for the 
formulating of face resins for three layer waferboards. To be used as a face 
resin, an adhesive must be pre-cure resistant so that it will not cure at 
first contact with the hot press platens before sufficient pressure is present 
to consolidate the mat. Although lignins derived from pulp and paper 
processes have shown some potential for the development of commercial lignin 
based adhesives, other sources of lignin which may be more reactive and 
possibly obtained under more controlled conditions, might be more suited in 
this application. If the lignins were more reactive, higher percentages of PF 
could be replaced. A lignin produced under more controlled conditions will 
avoid variations in resin adhesive properties, an essential condition for its 
acceptance by the panel products industry.

This section summarizes the preliminary test results for particleboards bonded 
with adhesives incorporating lignin-fractions obtained by ultrafiltration.
This study must be considered only as a screening step since panels of very 
small dimensions (35 x 69 x 11.1 mm) were produced and only wet torsion shear
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tests and percent thickness swelling measurements after two hour boil are 
reported. The technique used was developed for the evaluation of the adhesive 
properties of small quantities (0.5 - 2 g) of material (Calvé 1989).

Wet torsion shear is a good indicator of the curing characteristics of a resin 
because it relates to the mechanical strength properties at the center layer 
of a panel, which is where undercuring generally occurs. Thickness swelling 
after two hours boiling is also an indication of the degree of crosslinking 
and insolubilization of a resin. A fast curing resin should crosslink and 
insolublize during the pressing of the panel and should yield test samples 
with low thickness swelling and high torsion shear strength. It should be 
emphasised that the results of this study are the average of only four torsion 
shear tests or thickness swelling samples from only two miniature 
particleboard panels obtained from a single wood particle-resin blend.

4.3.1 Effect of Molecular Weight Range of Lignin

Table 22 summarizes the test results for particleboards bonded with the 
adhesives incorporating the multiple batch and constant volume ultrafiltered 
lignin-fractions, the unfractionated lignin, and the softwood kraft lignin 
control and control PF. The highest molecular weight lignin-fractions from 
the ultrafiltrations (>1 0 0) could not be assessed by the methods used because 
of their insolubility in the solvents used in preparing the resins. In 
agreement with previous findings (Calvé and Brunette 1986, Sellers 1989, 
Sutcliffe and Calvé 1990) the low molecular weight lignin-fractions (<30K) 
from both the multiple batch and constant volume ultrafiltrations appear more 
reactive than the higher molecular weight fractions (30-100K) as indicated by 
slightly higher torsion shear test results and lower thickness swelling 
obtained at both 3 and 5 min press cycles for the particle board specimens 
bonded with the lower molecular weight fraction lignin based resins.
Relatively high torsion shear and low thickness swelling were obtained for the
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unfractionated lignin adhesive samples in comparison to the fractionated 
lignin materials. Based on the results of this study, unless the low 
molecular weight fraction is available at low cost, there may be no 
significant advantage in fractionating the lignin by UF to formulate lignin- 
PF adhesives. Of course this should be verified by manufacturing and testing 
larger scale panels. A small difference obtained with the miniature 
particleboards may result in a significant difference for the larger panel. 
The test results obtained with the unfractionated kraft lignin were deceiving 
as relatively high thickness swelling and low torsion shear strength were 

observed.

4.3.2 Effect of Liqnin-PF Ratio

Figures 20 and 21 show the effect of lignin-PF ratio on percent thickness 
swelling and wet torsion shear strength. As expected, increasing the lignin 
content in the resins resulted in increasing the thickness swelling and 
produced lower torsion shear test results. These results, however, indicate 
that under these experimental conditions 10 to 20 % unfractionated lignin 
could be substituted into the PF resin without affecting its curing 
properties.

4.3.3 Comparison Between Commercial and Experimental Resins

Table 23 summarizes the test results for particleboard bonded 3 min at 210°C 
with a commercial face PF resin (used as face adhesive for the manufacture of 
three layer waferboards) and with the lignin (30 %)-PF (70 %) resin prepared 
in this study. Both resins tested under the same conditions yielded panels 
with similar thickness swellings and wet torsion shear strengths. These 
results suggest that unfractionated aspenwood lignin could be used to 
formulate a face resin with 30 % PF substitution for waferboard application.
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4.4 STEAM EXPLODED LIGNIN AS A NEW ADDITIVE FOR BUILDING MATERIALS (SUB
CONTRACT )

During the period covered by this report unfractionated lignin and lignin- 
fractions were provided to Concordia University. The work plan and progress 
reports are contained in Appendices 1 and 2, respectively.

5.0 CONCLUSIONS

Batch ultrafiltration of alkaline extracts of steam-treated aspenwood water- 
insolubles yields polydisperse fractions. A substantial low molecular weight 
component may be present in the highest average molecular weight fractions.
The fractions obtained by ultrafiltration suggest that it may be inappropriate 
to fractionate this type of lignin into more than two or three fractions.
The yields from constant volume and multiple batch ultrafiltrations of the 
alkaline extracts are similar, but not directly comparable with the yields 
from the fractionation of the ethyl acetate-extracted lignin and not 
comparable with the original ultrafiltration experiments. The results of 
constant volume and multiple batch ultrafiltrations suggests that there is a 
lignin or alkali concentration dependence to the ultrafiltration.

The preparation of the alkaline solution from the ethyl acetate-extracted 
lignin highlighted one of the problems with the lignin recovery method used. 
Method 2, which includes heating of the acidified lignin extract, leads to the 
production of alkali-insoluble material. The molecular weight distributions 
and properties of the lignins recovered after ultrafiltration are affected by 
the recovery process.
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The acid précipitable lignins produced by anodic oxidation in basic aqueous 
media under go changes involving a decrease in phenyl groups and an increase 
of the carboxylic groups of the lignins and an opening of benzylic rings.

The infrared spectra recorded of the acetone-solubles recovered after 
electrolysis indicate drastic changes from the starting lignin. These changes 
are indicative of the formation of quinoid-type structures but this requires 
further work to confirm this interpretation.

The amounts of low molecular weight products produced by oxidation with 
increasing passage of charge indicate that the first formed products are 
undergoing further reaction.

The low molecular weight lignin fractions from batch and constant volume 
ultrafiltration are more reactive for the formulation of lignin-phenolic 
adhesives than the corresponding higher molecular weight lignin-fractions.

The unfractionated aspenwood lignin could be used to replace 10-20 % of a core 
PF waferboard adhesive and 30-40 % of a face PF waferboard adhesive.

6.0 RECOMMENDATIONS

An assessment should be made as to whether it is economically viable to use 
ultrafiltration in a bioconversion system, and whether it is feasible to 
employ multiple batch or diafiltration and more than one or two 
fractionations.

Further work should concentrate on the electrochemical oxidation of these
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lignins, including the use of a nickel electrode at 60°C and the lead dioxide 
electrode.

The adhesive results should be confirmed and extended by the manufacture of 
larger scale panels.
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8.1 WORK PLAN

I



Preliminary work plan for the subcontract between Dr. Feldaan, Concordia 
University and Forintek Canada Corp., entitled "Steam-exploded lignin 
utilisation as a new additive for building materials"

Preliminary screening will be undertaken using steam-exploded lignin in a 
polyurethane (PU) sealant and an epoxy (EP) adhesive system, to provide a 
comparison with kraft lignins in PU and EP systems.

Lianin samples: Forintek will provide unfractionated lignin from steam-
exploded aspenwood. The lignin will be recovered from water-washed, steam- 
exploded aspenwood by alkaline extraction and isolated by afid precipitation 
and heat treatment. This lignin will be used in both PU and EP systems.

Two fractions of this lignin obtained by ultrafiltration will be provided for 
use in EP tests.

Preparation of test samples
The lignin samples will be blended in the PU and EP systems at 5, 10, 15 and 
20% substitute levels. The resulting blends will be tested with aluminum 
substrates. Appropriate controls will be prepared. Artificial weathering 
will be performed cycling -30°C to +30 C.

Tests

Property

1. Curing characteristic, Glass
Transition temperature (Tg)
comparability between blend 
components

2. "Bonding" information

3. Shear strength
Cohesive and adhesive strength

Method

Differential scanning 
calorimetry

UV spectroscopy 

Mechanical tests

If necessary, dynamic mechanical analysis will be undertaken, and performance 
properties will be tested in accordance with established procedures (ASTM,
CSA ) .
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CONCERNING THE PRELIMINARY RESULTS OBTAINED FOR THE SUBCONTRACT

Steam exploded lignin utilization as 

a new additive for building 

materials

On September 26, 1989, the following 3 samples of steam exploded lignin 

(SEL) were obtained from FORINTEK CANADA Corp.:

- unfractionated SEL (Mw = 6752, Mn = 985)

- 30-100 K fraction (Mw = 9447, Mn = 1128)

- < 10K fraction (Mw = 3103, Mn = 594)

In principle, the study implies the preparation of polyblends of SEL 

with a polyurethane (PU) sealant and an epoxy (EP) adhesive and to compare 

their performances with those of the polyblends made with Kraft lignin (L) 

(Tomlinite, Domtar) which has the following characteristics:

R E P O R T

- Molecular weight: Mw = 2785; Mn = 648

- Elemental analysis : C% = 65.06

H% = 6.03

S% = 1.59

- Functional groups: Total 0H%: 10.7

MethoxylX: 17.2

Carbonyl%: 5.0

- Specific gravity: 1.28 g/cm3
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The visual and microscopic examination of the two lignins shows that 

Kraft lignin is more homogeneous and does not contain impurities; SEL 

contains impurities most looking such as wood (cellulosic) fibres, is 

heterogeneous concerning the size of particles and presents a higher degree 

of inhomogenity concerning its molecular weight distribution = 6.85)

DESCRIPTION OF THE PRELIMINARY TESTS

The preliminary tests were started with an EP adhesive based on DGEBA 

(CIBA Aral dite AY 103) and an aliphatic amine (CIBA HY 956). It is a room 

temperature or heat curable, solvent free, low viscosity transparent 

adhesive, optimal for bonding metals, glass, concrete, wood, rubber, etc and 

suitable for bonding plastics.

The following tests were done:

A. Adhesive Shear Strength by tension loading (ASTM D-1002) using as 

substrate an Aluminum alloy, according to ASTM specifications. Preparation 

of the bonding surface was well defined and controled.

An Instron 1125 Universal testing machine was used for the tests and at 

least 5 determinations were done for each point.

The data for EP, EP and 10, 15 and 20% L are already obtained and the 

tests for EP with 5, 10, 15 and 20% SEL are in progress.

For the Araldite AY 103-HY 956 EP system, cured for 1 hr at 100*0 the 

presence of L up to 20% has only a slightly detrimental effect on the 

adhesive shear strength (i.e. a decrease of less than 5%)
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The detailed results will be presented later on.

B. CURING CHARACTERISTICS

The preliminary tests were done for EP alone in order to establish the 

type of cure (i.e. autocatalyzed or nth order). As EP cure follows an

nth order kinetics, the curing characteristics can be determinated by 

Differential Scanning Calorimetry (DSC) using the dynamic method (Borchard 

and Daniels) B/D Method.

Tests were done at 10'C/min scanning rate for EP, EP and 5, 10, 15 and 

20% unfractionated SEL and EP and 5, 10, 15 and 20% L. Tests are in

progress for EP and SEL fraction < 10K.

The reaction order, activation energy and pre-exponential factor can be 

determined in conjunction with the total heat of the curing using B/D 

Method. As a consequence of SEL inhomogenity the results for the tests with 

15% and 20% unfractionated SEL are quite dispersed. The < 10K fraction 

looks more homogenous and probably the results will be less dispersed.

All the results will be presented and discussed later on.

Samples for determining the influence of L, unfractionated SEL, and 

1 OK SEL fraction on the Tg of EP were already prepared and will be tested 

after the establishing of curing characteristics.
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R E P O R T

CONCERNING THE PRELIMINARY RESULTS OBTAINED 

FOR THE SUBCONTRACT

STEAM EXPLODED LIGIN UTILIZATION AS 

A NEW ADDITIVE FOR BUILDING MATERIALS

This report describes the preliminary tests undertaken using steam 

exploded lignin in a Polyurethane (PU) sealant and an adhesive epoxy system 

(EP) to provide comparison with kraft lignin - Tomlinite (KL) in EP and PU 

systems.

The lignin samples were blended in PU and EP systems at 5, 10, 15, and 

20% substitute levels. PU polyblends were prepared with unfractionated 

steam exploded Forinteck lignin (UF-SEL) and EP polyblends with UF-SEL and 

10 K fraction Forinteck lignin (10 K-SEL). KL in the same proportion was 

utilized in EP and PU polyblends.

Description of the Preliminary Tests 

EP-L Polyblends

For the EP polyblends the same EP adhesive was used as reported in our 

previous report

A. The adhesive shear test by tension loading (ASTM D-1002) was completed.

Single lap shear joints with aluminum substrates (101.6 x 25.4 x 1.6 

mm) with an overlapping length of 12.7 mm were used for the adhesive tensile 

shear evaluation.
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The prepared mixtures were applied across both sides of the overlap 

area. Two wires were placed across the bonded area (between the substrates) 

to ensure a uniform adhesive thickness (0.1 ± 0.03 mm) in all specimens. The 

specimens were cured for 1 hour at 100*C allowed to cool down in a dessic- 

ator for 2 hours and then tested.

The adhesive shear strength was determined on an Instron 1125 universal 

testing machine at a crosshead spead of 15 mm/min and a testing temperature 

of 23 ± 2’C. At least five determination were done for each polyblend.

The obtained data are shown in Table 1. Similar specimens were 

prepared for artificial weathering test performed in the environmental 

chamber. Four cycles per 24h in the temperature range -30 + 30*C were 

maintai ned.

The experiments are in progress

B. The reactivity of UF-SEL, 10K-SEL and KL toward the epoxy hardener was 

determi ned.

For this purpose the amine number of the hardener and the amine number 

of mixtures of hardener-lignin, or hardener lignin previously kept 1 hour at 

110*C were undertaken for establishing the degree of reactivity of different 

lignins toward amine hardener.

Amine number is milligrams of K0H equivalent to base content of lg 

amine as determined by titration with perchloric acid. A dimininution of 

amine number of a mixture hardener-lignin when compared with control value 

indicates a reaction between lignin and hardener's amine groups.

All the results will be presented and discussed later on.
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PU-L Polyblends

A two-part polyurethane (TDI) based sealant was blended with various 

amounts of KL and UF-SEL to produce a series of tensile specimens conforming 

to ASTM D412 (Die "D"). These blends were compared to a conventionally 

formulated sealant containing a silica/Ti02 filler.

The blending procedure was carried out in a controlled nitrogen 

atmosphere such that the potential for moisture absorption by the partic- 

ulated matter, and the reaction of moisture with the polyurethane components 

was kept to a minimum. All particulate matter used in this study was dried 

in a forced-air oven at 105°C for at least two hours.

Hence, weight percentages of 5, 1(5, 15, 20 and 30% KL, UF-SEL 30% 

silica/Ti02, were blended with the polyol fraction of the two-part sealant. 

The blend was hand mixed until a uniform texture was obtained, after which 

sufficient isocyanate was added to obtain a stoichiometric ratio of 1.02:1 

NC0:0H. Finally, an appropriate amount of catalyst was added, and the 

entire blend was hand stirred for two minutes to insure a thorough disper

sion of this fraction within the mixture.

Each batch formulation consisted of casting at least five (5) and in 

most cases six (6) tensile specimens, having nominal dimensions of 3 x 5 x 

200 mm (1/8 x 1 x 4 in.). These were allowed to cure at room temperature 

within the controlled atmosphere for at least nine (9) hours and after 

unmoulding, for two (2) weeks in laboratory conditions (22*C, 40%RH). 

Specimens were then cut to the designated shape by pressing a suitable die 

into the cast stock.
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An INSTRON Universal Testing Machine was used to assess the tensile 

properties of the blends. The elongation of the specimens was determined 

using a Sony CCD-F40 video camera in which a continuous recording of the 

test was made. The strain in the elastomer was evaluated by measuring the 

change in gauge length (25.4mm) against a millimetric scale placed adjacent 

to the specimen. The maximum specimen elongation at the point of rupture, 

was recorded directly from a video screen.

The specimens were tested at a rate of 50 mm/min. until rupture 

occured. The load at rupture was recorded and the elongation at rupture was 

evaluated using the video recording as described above.

The results are indicated in Table 2.
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Table 1 - Adhesive Shear Strength of EP, EP-L Polyblends 
___________ Determined According to ASTH D-1002__________

Specimen Type
Shear Strength (MPa)

EP-0%L 
(control)

EP-5%L EP-10%L EP-15%L EP-20%L

10K - SEL 18.6 18.9 23.5 22.4 24.0

UF - SEL 18.6 19.6 20.7 21.5 21.4

KL 18.6 19.0 19.2 19.0 19.0

Table 2 - Tensile Properties of PU and PU-L Polyblends 
__________ Determined According to ASTH D-412__________

Tensile Properties

Specimen Type Stress at Rupture 
MPa

Elongation at rupture 
%

PU - control 0.711 104.0

PU - 10% KL 0.522 81.6

PU - 20% KL 0.603 93.3

PU - 30% KL 0.689 82.7

PU - 5% UF-SEL 0.557 75.7

PU - 10% UF-SEL 0.481 58.3

PU - 15% UF-SEL 0.478 54.5

PU - 20% UF-SEL 0.527 48.8

PU - 30% UF-SEL 0.475 35.0
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Table 1
Summary of Solution Volumes Used in First Ultrafiltration Experiment 

of Alkaline Extracts From Water-Washed Steam-Treated Aspenwood

Feed
Solution Volume

(L)

Membrane 
cutoff(K)

Rinse
Volume
(L)

Volume
Filtrate

(L)
Volume
Retentate

(L)

Starting
solution

25 30 3 27.15 0.785

<30K 25 10 1.5 24.76 1.74
<10K 24 5 1.25 23.18 2.07
>30K 10 100 3 11.88 1.22
5-10K 5 10 2 1.04 6.09



Table 2
Yields of Precipitated Lignins Obtained from First Ultrafiltration Experiment 

Using Alkaline Extracts from Water-Washed Steam-Treated Aspenwood

Fraction Isolation
Method

Yield
lignin
(g)

% solution 
used ppt.

Corrected
yield
(g)

>100K 1 12.19 89.2 13.7
2 9.69 10.9

30-100K 1 20.7 89.2 23.2
2 19.7 22.1

10-30K 1 19.5a 80 24.4
2 19.0a 23.8

5-10K £ l.la 75.5 1.46
2b 1.7a 2.25

<5K 5.55a 77.8 7.13
2b 4.47a 5.74

a
b air dried yield (Moisture contents usually 2-3%) 

acidified to pH 1.5



Table 3
Molecular Weight Distribution Data Obtained for Lignin-Fractions Recovered in

First Ultrafiltration Experiment

Fraction
Precipitation Method 1 Precipitation Method 2

u.V. R. I. u.V. R. I .
Mn Mw Mn Mw Mn Mw Mn Mw

Unfractionated 656 5934 975 6398 559 5275 867 6350
>100Ka 377 5566 665 6390 336 3937 571 4830
30-100K 339 3323 616 5480 966 9219 1710 10259
10-30K 504 3303 876 4537 462 3198 748 4510
5-10K 379 4608 543 2082 358 1213 492 1890
<5Kb 378 1227 571 2462 324 1150 487 2073

a
b Material only partially solubilized by acetylation 

Approx. 5% of acetylated sample insoluble in THF



Table 4
Yields of Precipitated Lignins Obtained from Second Ultrafiltration Experiment

Using Alkaline Extracts from Water--Washed Steam-Treated Aspenwood

Fraction Method 1 Method 2
g (O.D. ) %a g (0.D.) %a

>100K 16.0 17.7 (15.1)b 17.2 20.1 (12.5)
30-100K 29.0 32.2 (25.6) 28.2 33.0 (25.4)
10-30K 18.3 20.3 (26.9) 16.8 19.6 (27.4)
5-10K 4.4 4.9 (1.6) 6.4 7.5 (2.6)
<5K 7.5 8.3 (7.9) 4.0 4.7 (6.6)

Total 75.2 83.4 (77.2) 72.6 84.9 (74.5)

a
b

% of lignin yield obtained from unfractionated alkaline extract.
Values for first fractionation as a % of lignin yield obtained from 
unfractionated alkaline extract in parentheses.



Table 5
Molecular Weight Distribution Data Obtained for Lignin-Fractions Recovered in

Second Ultrafiltration Experiment

Fraction

Method 1 Method 2

U.V. R. I. U. V. R. I.
Mn Mw Mn Mw Mn Mw Mn Mw

Unfractionated 548 4032 1120 5210 612 4999 1204 6169

>100Ka 373 6844 1012 8032 368 5531 891 6272

30-100K 779 6751 1621 7711 534 5873 1233 7139

10-30K 552 3102 1199 4189 383 2566 889 3687

5-10K 2 70b 882b 596b 1649b 391 1856 836 3220

<5K 301 809 616 2165 37 3b 1227b 7 36b 2179'

Material only partially solubilized by acetylation. 
Approx. 5% of acetylated sample insoluble in THF.



Table 6
Results (% wt) for Total Hydroxyl Determinations for Lignins-Fractions

Recovered in Second Ultrafiltration Experiment

Fraction Method 1 Method 2

Unfractionated 9.7 10.5

>100Ka 4.0 (11.5 )b 24.6 (11.7)b

30-100K 10.2 10.7
10-30K 8.9 9.4
5-10K 7.4 9.4
<5K 8.4 9.3

Vanillin
(Standard 11.18 %)

11.2 11.0

a
b Samples not soluble in acetylation mixture.

Value in parentheses calculated from fraction yields and hydroxyl values 
of other fractions and unfractionated lignin.



Table 7
Yields of Ethyl Acetate-Solubles from Unfractionated Lignin and Lignin- 

Fractions Isolated By Method 2 in Second Ultrafiltration Experiment

Fraction Yield3 
(% wt)

Unfractionated 26

>100K 22
30-100K 6
10-30K 7
5-10K 18
<5K 37

a Average of two determinations



Table 8
Observed IR Absorption Bands and Assignments for Unfractionated Lignin

Wavenumber Peak Assignment

3484, 3410 O-H,
2934, 2836 C-H,
1737 O II o
1720, 1704 o II o
1605, 1515 o II n

1458 C-H,
1417 C-H,
1335 C-H,

1261 C-O,
1220 c-o,

1120 C-O,
1031 C-O,
916, 842 =C-H
835 II 0 1 sc

alcohols and phenols 
aliphatic CH (CH, CH2, CH3) 
free carbonyl group 
conjugated carbonyl 
aromatic ring 
methyl and methylene 
aromatic ring 
methyl
guaiacyl ring 
syringyl ring 
phenol
primary alcohols 
isolated H, aromatic ring 
2 C-H adjacent H, aromatic ring



Table 9
Assignments of Signals in the 13C NMR Spectra of Unfractionated Lignin

•kSignal Chemical shift 
no. (ppm)

Assignment

1 167.0
162.5
162.0

2 153.4
152.7

3 148.5
147.0

4 138.2
135.7
134.9
132.0
115.9

5 104.9
104.4
104.2

6 88.0
86.6
86.0
85.0
82.0

7 72.8
72.0

8 60.8
60.0
59.5

9 56.5
10 29.6

29.0
27.5
24.0
18.0

0=C ester or acid

HO-Caromat ic 
CHjO-Caromat ic 
HCaromatic

C=C

Cside chain C/3 in /3-0-4 linkage

Cside chain Ca in /3-0-4 linkage 
Cside chain CY in (3-0-4 linkage

Cmethoxyl
Caliphatic, ÇH2, ÇH3

★ centered value



Relative Peak Intensities (%) in 13C NMR Spectra of Unfractionated Lignin 
and Lignin-Fractions From Second Ultrafiltration Experiment

Table 10

Lignin Aliphatic
carbon

Methoxyl
carbon

Ca, C/3, C 7 o n o HCaromatic C-OH
aromatic

C-OCH3
aromatic

C=0
(ester or acid)

Unfractionated 5.0 18.1 11.7 11.7 27.0 8.1 17.2 1.2
>100K 14.0 18.9 11.6 8.4 17.0 9.5 16.8 4.0

30-100K - 16.4 16.3 13.7 19.0 9.5 22.4 2.5
10-30K - 19.1 14.9 12.8 23.4 8.5 14.9 6.4
5-10K - 16.9 15.9 9.5 29.6 6.3 15.9 6.0
<5K 8.7 15.2 15.2 8.7 30.4 6.5 13.0 2.1



Table 11
Yields of Products from Nitrobenzene Oxidation of the Lignin-Fractions

Obtained in the Second Ultrafiltration Experiment

Sample Sample
Weight
(mg)

YIELDS Ratio

Ether 
Ex.(mg)

v a
(% wt)

Sa (V + S) 
(%wt) (%wt)

S/V

Recovery method 1
Unfract. 16.8 13.7 3.02 8.39 11.4 2.8

>100 K 22.9 16.5 3.81 6.96 10.8 1.8

30-100 K 25.9 13.1 3.84 8.47 12.3 2.2

10-30 K 20.4 9.3 2.37 6.28 8.6 2.6

5-10 K 11.3 7.5 1.44 4.75 6.2 3.3

<5 K 9.3 6.1 1.45 3.79 5.2 2.6

Recovery method 2
Unfract. 12.0 9.8 3.38 7.99 11.4 2.4

>100 K 10.4 9.7 3.40 6.99 10.4 2.1

30-100 K 14.0 6.8 4.44 10.1 14.5 2.3

10-30 K 11.8 5.6 2.69 8.19 10.9 3.0

5-10 K 12.2 9.3 2.58 7.52 10.1 2.9

<5 K 11.8 5.3 2.60 7.33 9.9 2.8

a V vanillin, S syringaldéhyde



Table 12
Yields of Precipitated Lignin-Fractions in Larger-Scale Ultrafiltration 

Experiment to Provide Material for Concordia University

Fraction g (O.D.)

Unfractionated 155.5

>100K 92.5
30-100K 138.2
10-30K 70.8
<10K 106.7a

Total 408.2

a Estimated yield. Only 2/3 of this 
extract was precipitated as 1/3 was 
accidentally contaminated in storage.



Table 13
Molecular weight distribution data for the lignin-fractions prepared for

Concordia University

Fraction U.V. R. I.
Mn Mw Mn Mw

Unfract. 677 5425 985 6752

>100Ka 444 6164 683 7570
30-100K 628 7616 1109 9196

10-30K 427 3721 744 5625
<10K 406 1960 594 3103

a material only partially solubilized by acetylation



Table 14
Yields (g O.D.) of Lignin-Fractions from Constant Volume Diafiltration and

Multiple Batch Ultrafiltration

Fraction Constant
volume

Batch-wise

>100K 24.2 25.4
30-100K 45.5 41.7
<30K 22.8 24.9

Total 92.5 92.0



yields (g O.D.) of Lignin-Fractions for Experiment Using Constant Volume 
Diafiltration of Ethyl Acetate-Extracted Lignin

Table 15

Fraction Yield
(g) % of original % of extracted

lignin lignin

Original lignin 96.1 — —

EtOAc Extractives 14.1 15. -

Extracted lignin 80.0 83. -

Alkali-insolubles 23.0 24. 29

>100K 18.7 19. 23

30-100K 24.9 26. 31

30K 6.2 7 . 8



Table 16
Molecular Weight Distribution Data for the Lignin-Fractions Obtained by 

Constant Volume and Multiple Batch Ultrafiltration of the Alkaline Extracts 
and Constant Volume Ultrafiltration of the Alkaline Solution Prepared from

Ethyl Acetate-Extracted Lignin3

Lignin-Fraction Mn Mw THF-Insolubles 
(%>

Unfractionated lignin 487 3700 5.2
506 4387 2.6

Constant Volume UF Alkaline Extracts
>100K 304 1713 45.1

30-100K 312 1849 21.2
<30K 402 1349 17.9

Multiple Batch UF Alkaline Extracts
>100K 234 683 39.1

30-100K 270 1327 23.2
<30K 389 1544 25.0

EtOAc-Extracted Lianin
Unfractionated 560 4315 32.8
Alkali-insoluble fraction 
of EtOAc-Extracted Lignin

231 1063 89.0

Constant Volume UF Alkali-Solubles of EtOAc-Extracted Lianin

>100K 329 2075 49.9

30-100K 551 4243 2.1

<30K 550 2520 0.6

Underivatized Samples
EtOAc-Extracted 
Unfractionated Lignin

598 2354 47.2

EtOAc-Solubles from 
Lignin Extraction

594 1219 0.3

EtOAc-Extracted Lignin 
<30K from UF

499 1435 3.4

Using UV detection



Table 17
Summary of Electrolysis Experiments on Unfractionated Aspenwood Lignin (Carbon

Tetrachloride-Extracted) at Room Temperature

Exp.
No.

Anode Applied 
Voltage 
(V)

Charge
Passed
(C)

Sample
weight
(mg)

YIELDS (ma) YIELDS (ug) products 
chloroform-solublesAPL** Chloroform

-solubles
Acetone-
solubles vanillin syringaldéhyde

cb _ — - 100 92. 1.3 - 94.4 528.

1 Nickel 0.6 827 100 59. 9.0 , c n.d. n.d. n.d.
(30p,0.125 )

2 ti 0.55 1000 100 33. 5.0 30.3 102. 15.

3 ft 0.55 5908 120 19. 9.4 62.1 37.4 5.2

4 Nickel 0.50 3574 120 12. 3.0 64.5 tr.d tr.
(20p,0.375 )

5 Glassy 1.5 5107 120 _e - - —
Carbon

6 Lead 0.8 2133 120 11. 3.8 58.8 64.8 80.8
Dioxide

a APL = acid précipitable lignin
k C = control experiment, reprecipitation of lignin (100 mg) from 1M alka. 

(50 mL)
c n.d. = not determined 
d tr = trace, not quantifiable
e Anolyte was contaminated by decomposition of the carbon electrode.



Table 18
Summary of Electrolysis Experiments on Unfractionated Aspenwood Lignin (Carbon

Tetrachloride-Extracted) at 60°C Temperature

Exp. Anode Applied Charge Sample YIELDS (mg)
No. Voltage Passed weight APLa Chloroform Acetone

(V) (C) (mg) solubles solubles

7 Lead
Dioxide

0.65 5110 120 19. 2.4 61.3

8b II 0.45 800 240 61.(61)C 3.1(10.2) 63.1(32

9 il 0.65 10450 120 0.5 1.5 110.7

10 0.65 1100 120 60. 3.8 56.7

11 ii 0.5 3355 120 21. 6.1 90.0
12 Nickel 0.5 1955 120 3. 1.0 113.2

30p,0.125

APL = acid précipitable lignin
Experiment at twice scale using undivided cell
Yields in parentheses for material recovered using ethyl acetate in place 
of chloroform



Table 19
Summary of Electrolysis Experiments on Fractionated Aspenwood Lignin at 60°C

Exp. Anode Applied Charge Sample YIELDS (mg)
NO. Voltage Passed weight APL** Chloroform Acetone

(V) (C) (mg) solubles solubles

Fraction >100K
13 Lead

Dioxide
Fraction <5K

0.55 3000 120 41. 4.2 56.7

14 0.55 1120 120 8. 91. 53.

Unfractionated
10 Lead

Dioxide
0.65 1100 120 60. 3.8 56.7

11 0.5 3355 120 21. 6.1 90.0

a APL acid précipitable lignin



Table 20
Summary of Electrolysis Experiments on Aspenwood Lignin at 60°C

Using Membrane Cell Divider

Exp. Anode 
No.

Applied Charge Sample YIELDS (mg)_____
Voltage

(V)
Passed

(C)
weight
(mg)

APLd Chloroform
solubles

Acetone
solubles

NAFION MEMBRANE
15 Lead

Dioxide
0.45 710 120 39. 16.7 84.1

FRITTED CELL
10 Lead

Dioxide
0.55 1100 120 60. 3.8 56.7

a APL = acid précipitable lignin



Table 21
Molecular Weight Distribution Data for Acetone-Soluble Products Recovered 

after Electrolysis of Lignin (Unacetylated)

Sample
Electrolysis

U. V. R. I.
Mn Mw Mn MwExpt. No.

2 310 661 309 833
3 269 864 279 2442
4 218 999 248 2147
6 280 1591 291 1720
7 209 618 284 885

8a 230b 909 294 2192
200c 876 263 1496

9 370 876 350 884
10a 266 606 319 1005
11 213 707 339 752
12 309 675 319 1075
13 (>100K Fn)a 234 676 312 740
14 (<5K Fn) 348 770 364 738
15 (NAFION 268 680 329 624

membrane)

Fn <5K
Unacetylated 681 1349 621 1911
Acetylated 373 1227 736 2179
Fn 5-10K
Unacetylated 879 1965 818 2396
Acetylated 391 1856 836 3220
Unfractionated
Acetylated 559 5275 867 6350

a Sample contained very small fraction of material insoluble in THF 
b Sample recovered after chloroform extraction 
c Sample recovered after ethyl acetate extraction



Table 22
Effect of Lignin Molecular Weight on Adhesive Properties of 

Lignin (40 %) - PF (60 %) Resin

Lignin Board Properties
Type Mol. wt. Press Density Thickness Wet torsion

range cycle *} swelling shear
(min) ( kg/rn ) (%) (N.m)

Aspenwood licjnin
Unfractionated 3 738 21 3.3

5 742 16 6.1

Batchwise UF <30K 3 761 22 3.5
5 776 16 5.8

30-100K 3 749 29 3.1
5 741 19 4.7

>100K 3 n.d.a n.d. n.d.
5 n.d. n.d. n.d.

Constant
volume UF <30K 3 753 23 4.0

5 751 14 6.1
30-100K 3 742 22 3.1

5 745 17 5.3

>100K 3 n.d. n.d. n.d.
5 n.d. n.d. n.d.

Softwood kraft
Unfractionated - 3 769 33 2.8

5 767 19 4.7

Control
PF crosslinker 3 741 14 6.8

5 737 8 5.5

a not determined because of insolubility of lignin-fraction



Table 23
Properties of Particleboards Bonded with Unfractionated Aspenwogd Lignin (30 

%) - PF (70 %) and Commercial Face Waferboard Resin

Board Properties

RESIN Press
cycle
(min)

Density
(kg/m3)

Thickness
swelling

(%)

Wet torsion
shear
(N.m)

Lignin (30 %) - PF (70 %) 3 743 18 4.5

Commercial face PF 3 738 24 4.2

* BD 802 from Reichhold Ltd.



Figure 1 Size Exclusion Chromatography of Commercial PF and Low Molecular 
Weight PF Resins: Differential Refractive Index Detector Response
as a Function of the Molecular Weight Relative to 
Poly(oxyethylene). Ultrastyragel 100, 500 A Columns with 
Tetrahydrofuran/O.4 % Trichloroacetic acid at 25°C as Column 
Solvent System
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Figure 2 Molecular Weight Distributions (Polystyrene Equivalents) for 
Lignin-Fractions (>100K, 30-100K, 10-30K, 5-10K) Recovered in 
First Ultrafiltration Experiment. (A) Method 1, (B) Method 2.
(UV detection)
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Figure 3 Molecular Weight Distributions (Polystyrene Equivalents) for 5- 
10K and <5K Lignin-Fractions Recovered in First Ultrafiltration 
Experiment. (A) Method 1, (B) Method 2. (UV detection)
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Figure 4 IR Spectra of Unfractionated Lignin Recovered in Second 
Ultrafiltration Experiment by (A) Method 1, (B) Method 2
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Figure 5

3800 3000 2200 1800 1400 1000 800 600 400
WAVENUMBERS (CM-1)

IR Spectra of Unfractionated Lignin and Lignin-Fractions Isolated 
By Method 2 in Second Ultrafiltration Experiment. (A) 
Unfractionated, (B) <5K, (C) 5-10K, (D) 10-30K, (E) 30-100K, (F)
>100K
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Figure 6 IR Spectra of <5K Lignin-Fraction Recovered in Second
Ultrafiltration Experiment. (A) Unextracted, (B) Ethyl Acetate-
Solubles, (C) Ethyl Acetate-Insolubles
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Figure 7 IR Spectra of 5-10K Lignin-Fraction Recovered in Second
Ultrafiltration Experiment. (A) Unextracted, (B) Ethyl Acetate- 
Solubles, (C) Ethyl Acetate-Insolubles
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Figure 8 IR Spectra of 10-30K Lignin-Fraction Recovered in Second
Ultrafiltration Experiment. (A) Unextracted, (B) Ethyl Acetate-
Solubles, (C) Ethyl Acetate-Insolubles
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Figure 9 IR Spectra of 30-100K Lignin-Fraction Recovered in Second 
Ultrafiltration Experiment. (A) Unextracted, (B) Ethyl Acetate- 
Solubles, (C) Ethyl Acetate-Insolubles
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Figure 10 IR Spectra of >10CK Lignin-Fraction Recovered in Second
Ultrafiltration Experiment. (A) Unextracted, (B) Ethyl Acetate-
Solubles, (C) Ethyl Acetate-Insolubles
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13Figure 11 C NMR Spectra of Unfractionated Lignin and Lignin-Fractions
Isolated By Method 2 in Second Ultrafiltration Experiment. (A) 
Unfractionated, (B) <5K, (C) 5-10K, (D) 10-30K, (E) 30-100K, (F)
>100K



Figure 12 Molecular Weight Distributions (Polystyrene Equivalents) for 
Lignin-Fractions (>100K, 30-100K, 10-30K, <10K) Recovered in 
Ultrafiltration to Produce Material for Concordia University. (A) 
UV detection, (B) RI detection
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Figure 13 HPSEC Chromatograms for the Acetylated Lignin—Fractions Obtained
by Constant Volume Ultrafiltration of the Alkaline Extracts of
Steam-Heated Aspenwood Water-Insolubles. (A) <30K, (B) 30-100K,
(C) >100K
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Figure 14 HPSEC Chromatograms for the Acetylated Lignin-Fractions Obtained
by Multiple Batch Ultrafiltration of the Alkaline Extracts of
Steam-Heated Aspenwood Water-Insolubles. (A) <30K, (B) 30-100K,
(C) >100K
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100K, (C) >100K

Figure 15 HPSEC Chromatograms for the Acetylated Lignin-Fractions Obtained
by Constant Volume Ultrafiltration of the Alkaline Solution
Prepared from Ethyl Acetate-Extracted Lignin. (A) <30K, (B) 30-
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Figure 16 HPSEC Chromatograms for (A) the Unacetylated <30K Lignin-Fraction 
Obtained by Constant Volume Ultrafiltration of the Alkaline 
Solution Prepared from Ethyl Acetate-Extracted Lignin, (B) the 
THF-Soluble Component of the Ethyl Acetate-Extracted Lignin, (C) 
the Ethyl Acetate-Solubles from the Preparation of the Ethyl 
Acetate-Extracted Lignin



(A)

Figure 17 IR Spectra of (A) Carbon Tetrachloride-Extracted Unfractionated
Lignin, (B) Control experiment, Reprecipitated Lignin, (C) Acid 
Precipitated Lignin from Electrochemical Experiment No. 2, (D)
Acid Precipitated Lignin from Electrochemical Experiment No. 3
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Figure 18 Yields of Recovered Products as a Function of Charge Passed
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Figure 19 IR Spectra of Acetone-Extracted Material. (A) Electrochemical 
Experiment No. 3, (B) Experiment No. 12
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Figure 20 Effect of Resin Lignin Content on Torsion Shear
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Figure 21 Effect of Resin Lignin Content on Thickness Swelling for Samples 
Boiled for Two Hours


