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SUMMARY

A better understanding of the polymerization of the carbohydrate portion of 
ammonium-based spent sulfite liquor (NH4SSL) is essential for the 
development and industrial implementation of NH4SSL adhesives. D-glucose, 
chosen as a model compound was heated in the presence of wood, lignin or 
cellulose in a pressure vessel under conditions similar to those employed 
during the formation of wood composites. The reaction products produced 
were followed by high pressure liquid chromatography (HPLC). The results 
from this study indicate that under these conditions D-glucose reacts 
directly with the cellulose of wood through a glucosidic type of linkage.
In a previous study, each of the various components of heated glucose were 
fractionated by preparative liquid chromatography. In this study, the 
adhesive properties of these fractions were evaluated in the presence of 
phenol-formaldehyde (PF) copolymer. With the PF copolymer glucose and the 
high molecular weight sugars had no special adhesive properties; a sugar 
dehydration product; 2-furaldehyde, was found to be more reactive.
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1.0 OBJECTIVES

Replacement of phenol-formaldehyde (PF) with ammonium spent sulfite liquor 
(NH4SSL) represents a large potential saving in resin costs for the 
Canadian wood composites industry. The composition of NH4SSL is however 
very complex and previous adhesive formulations have been based on 
empirical considerations only. The general objective of this project is to 
examine the mechanism of polymerization of NH4SSL and NH4SSL-PF resins.

This project also forms the basis of a PhD thesis and is being conducted 
with cooperation and guidance from the University of Ottawa.

2.0 INTRODUCTION

Ammonium spent sulfite liquor (NH4SSL) represents a possible alternative to 
phenol-formaldehyde adhesives. It is inexpensive, renewable and available 
in large quantities in North America. Recent NH4SSL formulations developed 
at Fonntek have been shown to be fast curing. This has generated a lot of 
interest from resin companies and the forest products industries. An 
understanding of the mechanism of polymerization of NH4SSL resins is 
however essential to support the development of NH4SSL as a marketable 
adhesive for wood products.

Although lignin is the major constituent of spent sulfite liquor and has a
fmrccTUre Slmi^ar to the Phenol-formaldehyde (PF) polymer, previous work on 
NH4SSL resins has shown that the hydrolyzed hemicellulose present in NH4SSL 
effluents was responsible in part for the adhesive properties when crude 
NH4SSL was used as an adhesive (Calvé and Fréchet, 1983). In fact, better 
results were obtained in both NH4SSL and NH4SSL-PF systems when low 
molecular weight^NH4SSL containing a higher proportion of carbohydrate was 
used as an adhesive (Calve and Fréchet, 1983; Calvé et al, 1987). Most 
fundamental research in the past has been concerned almost exclusively with 
e mechanism of condensation of the lignin portion of SSL (Gierer and 

Soderberg, I960; Glennie, 1966; Sarkanen and Ludwig, 1971; Kratzl and 
Oberger, 1980). A better understanding of the polymerization of the 
carbohydrate portion of NH4SSL is also essential for the development and 
industrial implementation of NH4SSL adhesives.

During the second year of this project, the mechanism of carbohydrate 
condensation was_investigated. Glucose selected as the model compound, was 
subjected to various thermal treatments. The reaction products were 
separated by liquid chromatography and evaluated for reactivity. The 
results of this study indicated that monosaccharides may be reacting

VoocftlY Wlth WO°d during the consolidation of wood composites (Calvé, 
1986). The recommendation of last year's study were that; 1) the reaction 
between wood and carbohydrate be investigated further; 2) the reactivity of 
high- and low-molecular-weight sugar toward PF be evaluated; 3) the 
mechanism of polymerization of lignosulfonates with phenol-formaldehyde be 
examined using model compounds and 4) the reaction between NH4SSL and 
phenolic resins be optimized using miniature particleboard tests. All 
these recommendations were fulfilled except for recommendation number 3 
which could not be accomplished at this time since the starting lignin 
model compound was not available. Optimization of NH4SSL-PF resin was
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presented in a separate report (Calvé et al, 1987). The report described 
results related to recommendations 1 and 2 while the status of the work on 
wood carbohydrate and carbohydrate PF condensation is described in this 
report. A complete report (PhD thesis) describing the project work in more 
detail will be prepared next year.

3.0 STAFF

L. Calvé Project Leader
Research Scientist

L. Blanchette Technologist

Dr. J.M.J. Fréchet Thesis Director
University of Ottawa

4.0 EXPERIMENTAL

Chemicals and specialized test equipment used in this study were as 
follows :

. Softwood dessolving pulp residue (NH4SSL) was obtained from Temfibre Inc. 
(Temiscaming, Quebec).

. Water insoluble lignin was obtained from hydrolyzed wood by extraction 
with alkali. The lignin was further washed for 3 hours with boiling 
water in a soxhlet extractor.

. A liquid PF copolymer resin was obtained by preparation and mixing of 
high and low molecular weight resoles in a 50:50 weight ratio (Calvé, 
1987). For comparison, commercial face and core PF resin powders (IB-948 
and IB-947) were obtained from Reichhold Chemical Limited.

. Analytical HPLC was conducted with aminex HPX-87P and HPX-42A columns 
connected in series as described in a previous report (Calvé, 1986).

. Preparative HPLC fractionation was conducted on a large strainless steel 
column (1200- x 560mm ID) packed with 37 micron AG50W-X4 cation (Ca++) 
exchange resin. Water was used as eluant and the column was kept at 
85°C.

4.1 FRACTIONATION OF NH4SSL

NH4SSL was fractionated with an Amicon TC5E thin channel ultrafiltration 
system fitted with a Diaflow XMA-100 membrane having a nominal molecular 
weight cut off of 100,000. A 20 kg sample of NH4SSL at 10 percent 
concentration was diafiltrated and washed with 60 kg of water as dialysate.
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4.2 RESIN FORMULATION

Copolymerization with PF was performed as follows: The PF resin was first
activated by acidification with hydrochloric acid to pH 5.0 (Calve, 1986) 
then a selected amount of glucose, 2-furaldehyde or NH4SSL additive was 
added with stirring. The final resin was adjusted to 40 percent solids 
content with water.

4.3 PANEL PREPARATION AND TESTING

Miniature particleboards with dimensions of 35 x 35 x 11.1 mm were prepared 
at a density of 800 - 820 kg/m^ from hammermilled poplar wood particle.
The wood particles were coated with 6 percent resin based on dry particles 
weight. The final moisture content (MC) of the resin coated particles was 
adjusted to 3 percent. Hand-formed mats were pressed in an electrically 
heated press with platens heated at 210°C at a closing pressure of 800 
kg/m . The press cycles employed in this study included a 50 seconds press 
closing time. Three replicate boards were prepared for each set of 
variables evaluated.

The degree of curing of the resin binder was measured by a torsion-shear 
(TS) test. TS was evaluated from 25 x 25 x 11.1 mm specimens cut from the 
center of each panel. The specimens were immersed in boiling water for 30 
minutes, cooled an additional 30 minutes in cold water and then tested wet 
(Calve and Fréchet, 1983).

4.4 D-GLUCOSE REACTION WITH WOOD

Wood particles (0.4 g), pre-extracted 16 hours with boiling water in a 
soxhlet extractor, were coated with 0.2 g of glucose dissolved in 0.8 g of 
water. The coated sample was ovendried at 65°C, placed in a pressure 
vessel and flushed with dry nitrogen for 5 minutes. The vessel was 
pressurized to 2.8 MPa with compressed nitrogen and submerged in an oil 
bath maintained at 230°C for 20 minutes. The treated sample was then 
extracted 3 hours in boiling water. The water soluble fraction containing 
D-glucose material not bonded to wood was then analyzed by HPLC. D-glucose 
and pre-extracted wood particles without D-glucose were also treated 20 
minutes in the pressure vessel, extracted in boiling water as described 
above and analyzed by HPLC. This experiment was repeated using water 
insoluble lignin (lignin extracted from hydrolyzed wood) and purified 
cellulose (cotton linter pulp, Buckeye Cellulose Corp., Memphis, Tenn.), 
instead of wood. In addition, a series of cellulose samples (0.4 g) coated 
or uncoated with D-glucose (0.2 g) were treated in the pressure reactor for 
various periods of time (20 to 40 minutes) and then extracted 3 hours in 
boiling water as described above. Between each step, the ovendry weight of 
each sample was recorded and the percentage of D-glucose left on the 
cellulose after extraction was calculated.
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4.5 D-GLUCOSE REACTION WITH ETHYLENE GLYCOL

A sample of D-glucose (0.5 g) was mixed with an excess of ethylene glycol 
(2.0 g) and heated in the pressure vessel at 230°C for 20 minutes under 2.8 
MPa of nitrogen. The heat treated sample as well as an untreated reference 
were analyzed by analytical HPLC. The heat treated sample (D-glucose- 
ethylene glycol) was further fractionated by preparative HPLC. A sample of 
each reaction product was collected and freeze-dried for NMR and mass 
spectrometry analyses at the University of Ottawa.

5.0 RESULTS AND DISCUSSION

5.1 D-GLUCOSE CONDENSATION WITH WOOD

Previous results (Calve, 1986) suggested that carbohydrate polymerization 
should occur in the presence of wood for best results. If D-glucose was 
pre-polymerized or dehydrated prior to wood bonding, a less reactive 
adhesive was obtained. Perhaps the active aldehyde group of glucose must 
be free to react with wood.

In order to verify that D-glucose reacts directly with wood, a wood sample 
coated with D-glucose was placed in a pressure vessel and heated.
D-glucose and wood samples were also heated separately under the same 
conditions for comparison. After the treatment, the samples were extracted 
with boiling water for 3 hours. The water fractions were then analyzed 
using HPLC. The HPLC chromatograms for heat treated glucose, heat treated 
glucose on wood and heat treated wood are shown on Figure 1. If wood did 
not interferre with the glucose polymerization, similar HPLC chromatograms 
for glucose heated with or without wood should be obtained. As indicated 
on Figure 1, this was not the case. A comparison between chromatograms 
indicates that glucose heated alone produces large peaks (large 
concentration of water soluble material) while only small peaks were 
detected for the heat treated glucose on wood (less material soluble in 
water or more bonded to wood). The heat treated glucose appeared to remain 
attached to wood instead of dissolving into the water.

5.2 D-GLUCOSE CONDENSATION WITH CELLULOSE OR LIGNIN

The two major constituents of wood are cellulose and lignin. Previous work 
(Calve, 1986) has indicated that when glucose is heated in a pressure 
vessel in the absence of wood, polycondensation between glucose molecules 
occurs with the elimination of water and formation of glucosidic linkages 
(acetals of sugars with alcohol are called glucosides). Since cellulose is 
a poly-glucose polymer with C-2, C-3 and C-6 hydroxyls free for glucosidic 
formation, it is expected that glucose may condense directly with the 
cellulose in wood upon heating. Alternatively, it is thought that glucose 
may react with lignin (Leary, Sawtell and Wong, 1983). The lignin-glucose 
condensation would be expected to occur on a a carbon of the lignin model 
compound as indicated in Figure 2.

To clarify this point, a sample of glucose applied to cellulose and a 
sample of glucose mixed with lignin extracted from hydrolyzed wood were 
placed separately in a pressure vessel and heated at 230°C for 20 minutes
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Figure 1

Analytical HPLC of 1) Heat Treated Glucose, 2) Heat Treated Glucose 
on Wood and 3) Heat Treated Wood1

N

MINUTES
G 304

Samples heated in pressure reactor for 20 minutes at 230°C under 
2 .8 MPa ) then extracted in Soxhlet extractor for 3 hours in water
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Figure 2

Reaction of Glucose with Lignin Model Compound1 2
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Leary, Sawtell and Wong, 1983
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at 2.8 MPa (N2). A sample of cellulose without glucose was included for 
comparison. After the treatment, the samples were extracted with boiling 
water for 3 hours and analyzed with HPLC. The HPLC chromatograms of each 
water fraction are shown on Figure 3. Comparison between example 1 from 
Figure 1 and example 1 and 2 from Figure 3 clearly indicates that glucose 
does not react with lignin but most likely does react with the cellulose 
constituent of wood.

This conclusion was confirmed by evaluating the weight percent of heated D- 
glucose retained on cellulose after various heat treatments. The results, 
summarized on Table 1, indicate that up to 31 percent of heated D-glucose 
residues could not be extracted from cellulose with boiling water after 40 
minutes heat treatment while D-glucose heated alone under similar 
conditions was soluble in boiling water.

5.3 D-GLUCOSE CONDENSATION WITH ETHYLENE GLYCOL

When heated the presence of cellulose which contained a large concentration 
of free hydroxyl groups, D-glucose did not condense with itself to form a 
polymer but readily attached to cellulose. Similar types of reactions were 
observed when glucose was heated in a pressure vessel in the presence of 
ethylene glycol instead of cellulose. Figure 4 shows the HPLC 
chromatograms of glucose and ethylene glycol before and after the heat 
treatment. After the heat treatment, four new peaks appeared on the 
chromatogram at 23, 25, 28 and 30 minutes retention time. The fractions 
corresponding to each of these peaks (see Figure 4) were collected using 
the preparative HPLC column and freeze-dried. NMR analysis and Mass 
spectrometry conducted at the University of Ottawa indicated that fraction 
3 and 4 would correspond to a 1:1 mole condensation of ethylene glycol with 
glucose while fraction 1 and 2 would correspond to the condensation of 2 
moles of glucose with one mole of ethylene glycol as illustrated in 
Figure 5.

The possibility that wood bonding involves a chemical reaction between the 
adhesive and the free hydroxyl of wood is not a new concept. Rudkin in 
1950 suggested that the hydroxyl groups of wood were important for bonding 
since acetylation of these groups caused a marked decrease in bond strength 
when urea-formaldehyde was used as adhesive. Chow in 1969 indicated that 
with phenol-formaldehyde (PF) resin the formation of wood-resin bonds 
needed about half the free energy required to form a resin-resin bond. The 
results of this study indicate that the first step or reaction occurs 
during heating D-glucose in the presence of wood and is the formation of a 
glucosidic linkage between cellulose and D-glucose. As illustrated in 
Figure 6, a second step is required in order to achieve the bonding of two 
cellulose units together. Further study of the reaction of glucose with 
wood during bonding is being continued.
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Figure 3

Analytical HPLC of 1) Hea.t Treated Glucose on Lignin 2) Heat Treated 
Glucose on Cellulose and 3) Heat Treated Cellulose1

MINUTES

Sample heated in pressure reactor for 20 minutes at 230°C under 2.8 MPa 
(N2) then extracted in Soxhlet extractor for 3 hours in water.
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Table 1

Glucose Retained in Heat Treated Glucose-Cellulose Mixture After 3 Hours
Soxhlet Extraction

Cellulose 
Initial 

Weight (g)

Cellulose + Glucose 
Initial 

Weight (g)

Thermal Treatment 
230°C-2.8MPa 

Min.

Cellulose + Glucose 
After Extraction 

Weight (g)

Glucose
Retained
(%)1

0.405 0.600 20 0.409 3.1

0.396 0.591 25 0.407 6.7

0.396 0.597 30 0.422 13.9

0.397 0.592 35 0.441 13.6

0.428 0.627 40 0.488 31.2

Cellulose
0.388

Ref.
35 0.386 -

Glucose Ref. 
0.200 35 - 1.0

1 Each result average of two measurements



Figure 4

Analytical HPLC Chromatograms of Glucose and Ethylene Glycol Before and 
After Heat Treatment in a Pressure Vessel under 2.8 MPa (N?)
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Figure 5

Possible Reaction of Glucose with Ethylene Glycol
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Figure 6

Possible Glucose-Cellulose Condensation
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5.4 GLUCOSE FRACTIONS (HPLC) COPOLYMERIZED WITH PF RESINS

In a previous study (Calvé, 1986) D-glucose heated in a pressure vessel was 
fractionated into 11 fractions which were collected by preparative 
chromatography. Miniature particleboards were prepared from each of these 
fractions and their adhesive properties were evaluated from the measurement 
of adhesive strength by the mechanical torsion shear (TS) test. D-glucose, 
the starting material (fraction 7) was found more reactive than its 
polymerization (fraction 1 to 6) or dehydration products (fraction 8 to 
11). These results were obtained without copolymerization with a phenol- 
formaldehyde resin. In the presence of a PF copolymer, the results are 
different.

Table 2 summarizes the TS test results obtained when particleboards were 
bonded with the representative heated sugar fractions 1, 4, 7, 10 and 11 in 
the presence of a PF copolymer. Under these conditions, 2-furaldehyde 
(fraction 11) clearly produced a better bond as indicated by a wet TS test 
result of 4.0 N.m in comparison to 2.6 to 2.7 N.m obtained with all the 
other fractions tested.

This finding is not surprising since 2-furaldehyde is a very reactive 
chemical. As illustrated in Figure 7, it could condense with phenol- 
formaldehyde in various ways. The possibility of using a phenol- 
formaldehyde furfural resin as a binder for foundry sand molds or the 
preparation of resin for grinding and friction materials is well known 
(Rabek, 1969; Tadeusz et al, 1972; Knop and Schied, 1979). Also furafil, a 
by-product of furfural, has been used as an extender for phenol- 
formaldehyde in the manufacture of plywood. The utilization of phenol- 
furfural-formaldehyde resin for the manufacture of wood composites has also 
been proposed in the past (Leonovich, 1975).

Heating SSL in the presence of an acid in order to transform the 
carbohydrates into furfural derivatives and then using the resulting 
product as a PF extender for wood bonding has also been proposed in the 
past (Svenska Traeforsknings Institutet, 1979). In order to evaluate this 
approach, fractionated high molecular weight NH4SSL with a low carbohydrate 
content (9 percent reducing sugars) was mixed with 2-furaldehyde and 
phenol-formaldehyde resin in a 0.5:0.5:1.0 weight ratio. Miniature 
particleboard were produced with this resin and also with unfractionated 
NH4SSL (26 percent reducing sugar content) mixed with phenol-formaldehyde 
in a 1:1 ratio. The wet TS test results are summarized in Figure 8 along 
wit± those obtained for the 2-furaldehyde-PF resins prepared at different 
weight ratios;. ̂ These preliminary test results appear to indicate that no 
significant gain was obtained by replacing the carbohydrate from NH4SSL 
with 2-furaldehyde since similar TS test results were obtained (more data 
are being generated to verify this point). Better wet TS results were 
obtained when 2-furaldehyde alone was used in replacement of PF, although 
above 50 percent replacement a large decrease in wet TS strength was 
observed (Figure 8).
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Figure 7

Possible Condensation of 2-Furaldehyde with Phenol-Formaldehyde Model
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Table 2

Adhesive Properties of Heated Glucose Fractions (HPLC) 
Copolymerized with 50% Phenolic Resin by Weight

Fraction^
Number

HPLC
Retention Time 

(min.)
Osmometry

(MW)
210°C - 5 Minutes 

T.S. (N.m)

1 12 1,170 2.6

4 19 524 2.7

7 28 197 2.6

HMF (10) 62 - 2.6

2-Furaldehyde (11) 78 - 4.0

REF.
PF (100%) - - 4.2

1 Calve, 1986
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Effect of Phenolic Resin Replacement With 2-Furaldehyde on Wet TS Strength
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6.0 CONCLUSIONS

The results of this study indicate show that the first reaction step 
occuring when D-glucose is heated alone in the presence of wood is the 
formation of a chemical bond (glucosidic linkage) between D-glucose and 
cellulose. While the previous study indicated that D-glucose used along as 
a wood binder was more reactive than its polymerization or dehydration 
products, the results of this study indicate that in the presence of a PF 
copolymer a sugar dehydration product (2-furaldehyde) was clearly more 
reactive.

7.0 RECOMMENDATIONS

The study has indicated that the first step of wood bonding with 
carbohydrate is the formation of a glucosidic linkage between the 
cellulose and D-glucose. This linkage cannot explain entirely the wood 
bonding process as a second step is involved. This aspect of the study 
should be completed. The work should then concentrate on the mechanism of 
polymerization of the lignin portion of NH4SSL.
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