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Abstract 
Soybean resins, as protein-based wood adhesives, have been extensively examined in this study. 
Hydrolysis and modification of soy flour to produce soybean-based resins were evaluated in terms of 
desired resin attributes and bonding performance as wood adhesives. End use performance was 
determined in selected wood composite products. Two methods were applied to modify soy flour for 
improving the curing speed, bond strength and water resistance. One method was to directly mix a 
hydrolyzed soy solution with a synthetic resin. Another method was to first hydrolyze soy flour, followed 
by reacting with other chemicals.  
 
Soybean-based resins produced from low hydrolyzed soy flour modified with melamine resins were 
successfully applied to plywood production. There is potential for these resins to be used for interior 
grade plywood and possibly for exterior grade plywood products provided cost effective ways to improve 
the applicability and stability of the target resins during plywood manufacturing can be found. A pilot 
plant study would be required to determine the relationship between performance and costs. 
 
Hydrolysis was an effective method under alkaline conditions for reducing the viscosity of soy resins. 
However, hydrolysis also reduced the bond strength of soy resins. Soybean-based resins produced from 
highly hydrolyzed soy flour modified with various synthetic resins showed comparable bond strength to 
the control phenol-formaldehyde (PF) resin in the lap shear test. However, plywood products bonded with 
these resins showed low percentage wood failure even under dry conditions, and also low water 
resistance. The particleboard product bonded with one of these resins showed very low formaldehyde 
emissions, but the bond performance was poor compared to the control urea-formaldehyde (UF) resin. 
Therefore, soybean-based resins from highly hydrolyzed soy flour are not recommended at this time. 
 
Unhydrolyzed soy flour was combined with a PF resin in the manufacturing of medium density 
fibreboard (MDF) product with ultra low formaldehyde emissions. The soy flour showed excellent 
compatibility with the PF resin, indicating that there is potential to partially replace PF resin with soy 
flour in the production of MDF to lower adhesive cost. 
 
Copolymerized SoyM resins showed high bond strength and high curing speed in the lap shear test. 
Formic acid was found to be an effective catalyst to accelerate the curing speed for these resins. 
Quantification of the benefits of using these SoyM resins with a formic acid catalyst to replace urea-
formaldehyde adhesives in MDF and particleboard products is recommended. 
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1 Objective 
To examine and develop economically viable soybean-based adhesives that can be applied in the 
manufacturing of wood composite products with low formaldehyde emissions. 
 
 

2 Introduction 
A soybean-based resin is one of the most promising green wood adhesives that have potential for 
applications in the manufacturing of various types of wood composite products. It is an environmental-
friendly resin that is produced from renewable resources. With the increasing prices of oil and gas, the 
costs of traditional formaldehyde-based wood adhesives such as phenol-formaldehyde (PF), phenol-
resorcinol-formaldehyde (PRF), urea-formaldehyde (UF), melamine-formaldehyde (MF) and melamine-
urea-formaldehyde (MUF) resins have significantly increased.  Increasing health/environmental concerns 
and more stringent environmental and occupational hygiene regulations coupled with dramatic increases 
of costs of formaldehyde-based adhesives warrant the search for alternative products. Development of 
green adhesives, such as soybean resins, is becoming attractive and important to the forest products 
industry. 
 
Although a significant amount of soybean adhesive research has been done, it was mostly focused on 
bonding finger-joints and interior grade hardwood plywood. There are certainly many research 
opportunities to extend the potential benefits of soybean-based adhesives to other major sectors of wood 
product manufacturing such as particleboard, MDF, exterior grade softwood plywood and oriented 
strandboard (OSB), all of which are relying on enormous amounts of formaldehyde-based adhesives 
(about 3 billion pounds of PF resins are used annually in North America).  
 
The main technical issues for the applications of soybean-based resins as wood adhesives are high 
viscosity, low curing speed, low water resistance and durability. It is essential to find ways that can 
resolve some of these issues so that the benefits of soybean-based adhesives can be extended to the above 
major wood composite products. 
 
 

3 Background 
Soybean-based adhesives have been used in the manufacture of plywood for over 70 years, but synthetic 
wood adhesives such as phenol-formaldehyde and urea-formaldehyde resins have dominated the wood 
adhesive markets since the 1960s. A number of factors could lead to a renewed competitive advantage for 
soy adhesives. In 2004, the International Agency for Cancer Research reclassified formaldehyde from a 
suspect carcinogen to a known carcinogen. This prompted various research efforts to substitute 
formaldehyde-free adhesives for urea-formaldehyde adhesives in non-structural wood composite 
products. There are now five commercially available soybean-based glues for use in wood composite 
panels. The market share of new soybean-based adhesives will depend ontheir performance in panels,  
cost of soy materials, petrochemical-based adhesives pricing, technology development and 
regulatory/legislative issues. 
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For particleboard, medium density fiberboard and high density fiberboard products, a formaldehyde-free 
adhesive resolves the issue of formaldehyde emissions associated with the urea-formaldehyde adhesive 
used in wood panels. The industry needs to maintain market share by meeting current and anticipated 
regulatory demands and green performance criteria, such as the LEED Green Building Rating System. 
However, the replacement adhesive must be economically viable and the panel must perform as expected 
in service. The major hurdles for soy-based resins in wood based panels are faster cure speed, lower resin 
viscosity and lower resin costs. In the case of particleboard manufacturing, high resin solids content is 
also needed.  
 
In oriented strand board and structural softwood plywood markets, formaldehyde emissions are less of a 
concern than reducing the cost of petrochemical adhesives such as phenol-formaldehyde and melamine 
resins, which are associated with the prospects of high costs of oil and natural gas. The current soybean-
based resins are too high in viscosity for sprayable applications in OSB. 
 
In the United States, several research groups have been studying soybean-based adhesives. A proprietary 
soybean-based adhesive formulation now on the market has been patented (Li 2005) and used for interior 
grade plywood production. Another proprietary soybean-based adhesive product is under development for 
OSB manufacturing (Westcott and Frihart 2005). A soybean-based adhesive formulation has been used 
successfully in finger-jointing green wood to replace 50% of the PRF resin in a US mill. In Canada, the 
PRF/soybean resin system was successfully tested for finger-jointing at FPInnovations-Forintek and also 
in Canadian mills (Verreault 2000). 
 
There is currently little research work being done in Canada to investigate soybean-based adhesives. 
Because the market size of formaldehyde-based wood adhesives in Canada easily approaches one billion 
dollars, this report addresses the potential for more soy adhesive applications in Canadian wood 
composite products. 
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5 Materials and Methods 
All measures were done in general agreement with the specified standards and protocols. The precision 
levels were in accordance with the technical requirements. 
 
5.1 Materials 
Soy flour: Soy flour used in this project was a soy protein concentrate (ARCON S) provided by ADM 
Specialty Ingredients (IL, USA). The soy protein concentrate had a minimum protein content of 72%, a 
total dietary fiber content of 20%, and other contents of ash, fat and moisture. 
 
Resin products: The following synthetic resins were used to modify soy resins to form soybean-based 
adhesives for applications in wood composite products. 
 
Phenolic (PF) resins:  

OSF-159FLM (an OSB face resin, Hexion Specialty Chemicals) 
 BCW2022 (a plywood resin, Hexion) 

Melamine-formaldehyde (MF) resins: 
MF-2L (a liquid resin, Hexion) 
MF-216S (a powdered resin, Hexion) 

Methylene diphenyl diisocyanate (MDI) resin: 
RUBINATE 1780 (Huntsman International LLC) 

Epoxy resins: 
DER 324 (The Dow Chemical Company) 

Amine polymer-epichlorohydrin adduct: 
KYMENE 557H (Hercules) 

Phenol-melamine-formaldehyde (PMF) resin: 
Synthesized in the composite lab, FPInnovations-Forintek Division 

Crosslinking polyvinyl (PVA) adhesive: 
  DURO-LOK 42.2150 (Nacan Products Limited) 
 
Chemicals: All chemicals were used as purchased and without further purification. 
 
Veneers and furnish: veneers, strands and particles were obtained from FPInnovations-Composites 
member mills. MDF fiber was manufactured in the Forintek MDF pilot plant. 
 
5.2 Hydrolysis of Soy Flour 
Water was charged into a flask equipped with a condenser, a stirrer and a thermometer. With stirring, 
sodium hydroxide (NaOH) was charged to form an alkaline solution. After the sodium hydroxide was 
completely dissolved, soy flour was then charged into the solution slowly, during which the temperature 
was increased to the set point. The hydrolysis was conducted at various temperatures for various times. 
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5.3 Development of Soybean-Based Adhesives 
5.3.1 Modification of Soy resins with synthetic Resins 

Hydrolyzed soy resins were mixed with various synthetic resins to formulate soybean-based resins with 
improved reactivity and water resistance. The resins used for modification were PF, PRF, MDI, epoxy, 
amine-polymer-epichlorohydrin adduct, MF and PMF resins. 
 
5.3.2 Soybean-Based Resins Produced by Copolymerization 

Water, sodium hydroxide and soy flour were charged into a flask equipped with a condenser, a stirrer and 
a thermometer for soy hydrolysis under alkaline conditions. After hydrolysis, other chemicals were 
charged into the reactor to copolymerize with the hydrolyzed soy flour according to designed procedures. 
Two types of soybean-based resins, SoyR and SoyM, were synthesized under various conditions. More 
detailed information is discussed in the results and discussion section. 
 
5.4 Laboratory Tests for Soybean-based Adhesives 
5.4.1 Measurement of pH 

The pH was tested using a Thermo Scientific Orion Star Series pH Meter, calibrated with pH buffers at 
the pH of 4.01 and 10.01. 
 
5.4.2 Measurement of Viscosity 

The viscosity was measured using a Brookfield Digital Viscometer. The test was conducted at the spindle 
rate of 20 rpm. 
 
5.4.3 Measurement of Gel Time 

The gel time was tested according to the FPInnovations standard. 
 
5.4.4 Lap Shear Test 

Lap shear tests were conducted using the automated bond evaluation system (ABES). Sliced aspen 
veneers with 6% moisture content and 0.81 mm thickness were used as the wood material. The resin was 
coated on one surface at the end of a veneer with the coating area of 200 mm2. One coated veneer 
combined with another uncoated veneer forms a pair for the lap shear test. The size of veneers was 117 × 
20 mm and the overlapped area was 5 × 20 mm. The average resin loading level (solid-based) was about 
25 g/m2. Five replicates were done for each condition. 
 
5.5 Plywood Manufacturing and Testing 
Three-ply plywood panels were manufactured using Douglas fir veneers with 1/8” (3.175 mm) thickness. 
The veneers were oven-dried at 103ºC for 2 h prior to use. The resin loading level was 35 lb/1000ft2 (171 
g/m2) for a single glue line. The press pressure was set at 200 psi and various press temperatures and press 
times were used. 
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The plywood panels were tested for shear strength and wood failure under the dry and wet (vaccum-
pressure) conditions according to CSA Standard O151-04. The delamination test was conducted under the 
three water-soaking cycle conditions for Type II panel according to CSA Standard O115-M1982. 
 
5.6 Medium Density Fiberboard (MDF) Manufacturing and Testing 
The control MDF panels were manufactured with a PF resin (OSF-59FLM) and the experimental MDF 
panels were manufactured with the same PF resin in combination with soy flour. During the blending, the 
PF resin was first injected into the blowline, followed by injecting a certain amount of water to increase 
the moisture content of wood fibre to about 11%. The soy flour was then added into the blowline. The 
main parameters for the MDF production are listed in Table 1. 
 
Table 1 : Parameters for MDF production with PF resin and soy flour 
 

Panel dimension  28” x 28” x 3/8” 

Panels construction Homogeneous 

Wood species Eastern spruce-pine-fir (SPF) virgin fibre 

Wax content (solid basis) 0.5% wt emulsion wax 

Resin content (solid basis)  5% PF for control, 5% PF and 2.5% soy flour for experiment 

Target density 769 kg/m3 (48 lb/ft3)   

Press temperature 205°C 

Press time 330 s 

Replicates 2 
 
The MDF panels were tested for modulus of elasticity (MOE), modulus of rupture (MOR), internal bond 
(IB) strength and 24-hour water soak. Four bending specimens, four water-soak specimens and ten IB 
specimens were cut from each panel. The mass and dimension of specimens were measured for 
calculating density. All mechanical tests were conducted using an MTS Machine with the loading speed 
of 5 mm/min. 
 
5.7 Particleboard Manufacturing and Testing 
Particleboard panels were manufactured with a UF resin and a modified soybean-based resin. The 
detailed parameters of particleboard manufacturing are listed in Table 2. 
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Table 2 : General parameters for particleboard production 
 

Panel dimension 24” x 24” x 0.5” 
Mass distribution 20%: 60%: 20% (face : core : face) 
Panels construction Three layers 
Wood species Spruce-pine-fir (SPF)  
Blending rotation speed 11 rpm 
Air pressure for wax application  40 psi 
Air pressure for liquid resin application 40 psi with a flow rate of 120 ml/min 

Wax application method Air nozzle with a blender with dimension  
of 5.6 ft (diameter) x 3.4 ft (depth) 

Liquid resin application method Air nozzle with a blender with dimension  
of 5.6 ft (diameter) x 3.4 ft (depth)  

Mat moisture content Face MC = 9%, Core MC = 6% 
Wax content (solid basis) 1% wt Emulsion wax 
Resin content (solid basis)  10% in face and core layer  
Target density 45 lb/ft3   
Press temperature 220ºC 

 
The panels were tested for internal bond (IB) strength and formaldehyde emissions. The formaldehyde 
emissions were tested by dessicator method. 
 
 

6 Results and Discussion 
6.1 Hydrolysis of Soy Flour 
Soybean proteins have compact structures as opposed to random coil-like conformations. 
Denaturation/hydrolysis changes protein molecular structures and conformations at the secondary, 
tertiary, and quaternary levels with physical, chemical, or enzymatic influences (Denaturation and 
hydrolysis are referred to physical and chemical changes respectively. For simplification, only hydrolysis 
is used in this report). The purpose of hydrolysis is to improve the reactivity of soy proteins by unfolding 
the protein molecules and exposing their reactive functional groups. Soybean proteins after hydrolysis 
were found to have improved bonding strength and water resistance (Huang and Sun 2000, Kumar et al 
2004, Lorenz et al 2005). Hydrolysis also breaks down macromolecules of proteins into small molecules 
of peptides.  
 
Methods used to hydrolyze proteins include exposure to heat, acid/alkali, organic solvents, detergents, 
urea, and enzymes in the presence of water. In wood adhesive formulations, hydrolysis of soybean 
proteins is commonly conducted under alkaline conditions. In this study, soy flour was hydrolyzed under 
alkaline conditions using sodium hydroxide as a catalyst. The effects of parameters on hydrolysis were 
examined, and the bonding performance of the hydrolyzed soybean solutions was also evaluated.  
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Figure 1 : Effect of sodium hydroxide content on viscosity and pH of hydrolyzed soybean 
solutions (soy content: 10%, temperature: 50ºC, time: 2 h) 
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Figure 2 : Effect of temperature on viscosity and pH of hydrolyzed soy solution (soy content: 
15%, NaOH content: 2%, time: 2 h) 
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Figure 1 shows the viscosity and pH of the hydrolyzed soy solutions varying with the content of sodium 
hydroxide. The viscosity of soy solutions decreased when the sodium hydroxide content was increased. 
The decrease in viscosity was sharp in the range of low sodium hydroxide contents. The decrease in 
viscosity suggested that the long molecular chains of soy proteins were broken down into short ones 
under alkaline conditions. The pH only increased slightly from 11.1 to 13.6 when the sodium hydroxide 
content was increased from 0.5% to 4% probably because most of the hydroxyl anions were consumed by 
the amino acid moieties of soy proteins. When soy proteins are hydrolyzed, the peptide bonds in protein 
molecules are broken down to form amino acids. Under alkaline conditions, the carboxyl groups in amino 
acids react with hydroxyl anions to form carboxyl anions. 
 
The rate of hydrolysis was significantly affected by the temperature. It is shown in Figure 2 that the 
viscosity decreased about 60% when the temperature was increased from 50ºC to 100ºC. The pH also 
decreased with higher degrees of hydrolysis, confirming that more hydroxyl anions had reacted with 
carboxyl groups when the soy proteins were highly hydrolyzed. The viscosity and pH also decreased with 
reaction time, as shown in Figure 3. It is worth noting that the sharpest drop in viscosity occurred in the 
first hour of hydrolysis, during which the viscosity decreased from tens of thousands mPa·s to about 300 
mPa·s. 
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Figure 3 : Effect of time on viscosity and pH of hydrolyzed soy solutions (soy content: 15%, 
NaOH content: 2%, temperature: 100ºC) 
 
 
Table 3 lists the viscosity and pH of hydrolyzed soy solutions at various soy contents and NaOH contents. 
The viscosity was higher when the soy content was increased, but decreased when the NaOH content was 
increased. The soy solutions with higher soy contents reached higher degrees of hydrolysis when they had 
the same low viscosity as those solutions with lower soy contents. The result also showed that when the 
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soy content was 30 -35%, high NaOH content (8%) was needed to obtain low viscosity that was 
comparable to the viscosity of common wood adhesives (UF or PF resins). 
 
Table 3 : Viscosity and pH of hydrolyzed soy solutions at various soy and NaOH contents 
 

Content (%) 

Soy flour NaOH 
pH Viscosity (mPa·s) 

15 2 12.08 312 

20 2 11.23 785 

20 3 12.14 331 

30 8 13.10 333 

35 8 13.17 860 

Hydrolysis temperature : 100ºC, hydrolysis time: 2 h 
 
 
Table 4 : Effects of other substances on the viscosity of hydrolyzed soybean solution 
 

Viscosity (mPa·s) 
Additive Content (%) 

After 1 h at 22ºC After 1 h at 50ºC 

Control*  858 
SDS 0.5 945 997 
Urea 5 787 859 
Sugar 2 831 1083 

*Control: 15% soy solution hydrolyzed with 2% sodium hydroxide at 50 ºC for 2 h 
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Figure 4 : Bond strength for hydrolyzed soy solutions with different viscosity (soy content: 
15%) 
 
Other substances, such as detergents and salts, have also shown catalysis capability for hydrolysis of soy 
proteins (Tanford 1968). In this study, sodium dodecyl sulfate (SDS), urea and sugar were used to 
catalyze soy hydrolysis. Table 4 lists the changes in viscosity after the substances were added into the 
hydrolyzed soy solution. It is seen that the viscosity of the soy solution did not decrease when these 
substances were added. On the contrary, the viscosity somehow increased slightly in some cases. 
 
It was hypothesized that hydrolyzed soybean proteins unfold their molecules and expose their reactive 
functional groups, which would improve the bonding performance on wood substrates. In this study, the 
hydrolyzed soy solutions were used to bond thin wood veneers and the bond strength was tested using the 
ABES system. 
 
Figure 4 shows the lap shear strength of bonded thin aspen veneers with various hydrolyzed soy solutions. 
It is obvious that the bond strength increased with the increase in viscosity. At the same soy content, 
lower viscosity corresponded to a higher degree of hydrolysis. This suggests that a low degree of 
hydrolysis would benefit the bond strength, whereas a high degree of hydrolysis would have negative 
impact on the bond strength. Highly hydrolyzed soy proteins contained more molecules with low 
molecular weights due to more breakages of peptide bonds. The experimental data showed that these 
smaller molecules produced much lower bond strength in comparison with the larger molecules probably 
because the curing process did not produce much crosslinking. Furthermore, the results imply that the 
small molecules were not capable of self-polymerizing into macromolecules under high temperatures in 
this bonding process. The bond strength was similar between the low and the high pressing temperatures 
indicating that there were no polymerization/crosslinking reactions occuring except water evaporation 
under the pressing conditions. 
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6.2 Soybean-Based Adhesives Modified with Resins/Additives 
Hydrolyzed soy solutions can be used as wood adhesives because they do provide bond strength as 
previous discussed. However, the soy-bonded wood products give low bond strength and low durability, 
particularly for highly hydrolyzed soy products because there are no crosslinking reactions in hydrolyzed 
soy adhesives during hot pressing. Modifying these soy products with synthetic resins or other additives 
is an economical and effective method for improving the reactivity, bond strength and durability of these 
bio-resins. 
 
6.2.1 Lap Shear Strength of Modified Soybean-Based Resins 

Table 5 lists the modified soybean-based resins used to evaluate the bonding performance. Two 
hydrolyzed soy resins were modified with MDI, epoxy and OSB phenolic resins respectively. The soy 
content was 50% on resin solids basis. The modified soy resins were evaluated in terms of lap shear 
strength in bonding wood. 
 
Table 5 : Hydrolyzed soy resins modified with synthetic resins 
 

Adhesive Modification (Soy/modified resin = 1/1, w/w) 

Soy10-2 A low hydrolyzed soy solution 

Soy15-2 A highly hydrolyzed soy solution 

Soy10-2M 
Soy15-2M Soy solutions modified with an MDI resin 

Soy10-2E 
Soy15-2E 

Soy solutions modified with an epoxy resin 

Soy10-2P 
Soy15-2P Soy solutions modified with a PF resin 
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Figure 5 : Bond strength of low hydrolyzed and modified soy resins (press time: 60 s) 
 
Figure 5 shows the shear strength of the low hydrolyzed and modified resins from the ABES test. The low 
hydrolyzed soy resin without modification gave high bond strength at both of the low and high press 
temperatures compared to the control PF resin, which showed low bond strength at the low temperature. 
The MDI and PF resins appeared to improve the bond strength, although this improvement was not 
significant since the bond strength for the low hydrolyzed soy resin itself was already high. The epoxy-
modified resin, however, gave much lower bond strength than the unmodified soy resin. It was observed 
that the epoxy resin was not dissolved or uniformly distributed in the resin system after mixing in the soy 
resin. This is probably part of the cause for the poor bond strength. It is also probable that the reactivity 
between the amino groups in soy proteins and the epoxy groups under the alkaline condition was too low 
to trigger the crosslinking reactions between these two components. 
 
The results of bond strength tests for the highly hydrolyzed and modified soy resins are shown in Figure 
6. Compared to the low hydrolyzed and modified soy resins, the modifications to the highly hydrolyzed 
soy resin showed significant improvement in bond strength because the highly hydrolyzed soy resin itself 
did not produce high bond strength. Again, epoxy did not improve bond strength when mixed with the 
soy resin. The difference in bond strength between the low and high temperatures was significant for 
these modified resins, suggesting that the curing reactions in the modified resins played an important role 
in improving bond strength. This is because the curing reactions are faster at the high press temperature, 
resulting in higher bond strength. Comparing the bond strength shown in Figure 5 and Figure 6, the bond 
strength of the modified soy resin with the PF or MDI resin was not significantly affected by the degree 
of hydrolysis, particularly at the high press temperature.  
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Figure 6 : Bond strength of highly hydrolyzed and modified soy resins (press time: 60 s) 
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Figure 7 : Effect of MDI content on bond strength of modified soy resins (Soy15-2M, press 
time: 60 s) 
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Figure 7 shows the effect of MDI content (on the solids basis of the modified resin) on the bond strength 
of modified soy resins. The bond strength increased with the increase in MDI content at both of the low 
and high temperatures. Compared to the control PF resin (shown in Figure 5), the MDI content of 50% 
was needed to reach the high bond strength, which was higher than 5 MPa. In most cases, the modified 
soybean-based resins gave higher bond strength than the control PF resin at the low press temperature. 
This is because the molecular weight in the soy component was higher than that in the PF resin. 
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Figure 8 : Bond strength of modified soy resin with PMF resin (press time: 60 s)  
 
The Soy15-05-PMF resin was a non-hydrolyzed (low hydrolyzed) soy resin modified with a PMF resin, 
which was synthesized in the Forintek lab. Like other modified soy resins, this resin also contained 50% 
PMF resin on a total resin solids basis. Figure 8 shows the bond strength of the Soy15-05-PMF and 
control PF resins at three press temperatures. Compared to the control PF resin, the soy15-05-PMF resin 
gave similar bond strength at the high temperatures (both 150ºC and 200ºC), but higher bond strength at 
the low temperature of 120ºC. This suggests that the Soy15-05-PMF resin is a faster curing resin system 
than the commercial OSB face PF resin. 
 
It can be concluded from the ABES test that soybean-based resins modified with the PF, MDI and PMF 
resins were comparable to, or better than the control PF resins in terms of bond strength under dry 
conditions. The hydrolysis did significantly affect the bond strength of the unmodified soy resins, but 
only showed limited effect on the bond strength of modified soy resins. It is probable that there were 
reactions occurring between these synthetic resins and the soy resins during hot pressing. 
 
6.2.2 Plywood Bonded with Modified Soybean-Based Resins 

Three-ply plywood panels made from Douglas fir veneers were manufactured with modified soybean-
based adhesives to evaluate plywood applications. A highly hydrolyzed soy resin was modified with 
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various synthetic resins to formulate a series of soybean-based resins. Table 6 lists the results of dry shear 
tests for plywood bonded with these resins. The shear strength was within a reasonable range, but the 
percentage wood failure was unexpectedly low although the bond strength of the modified soybean-based 
adhesives tested by the ABES system was comparable to the PF resin. The different formulations did not 
change the bond performance significantly, but a higher amount of epoxy or MDI seemed to result in a 
higher percentage wood failure. The shear tests schedule to be performed under vacuum-pressure were 
not conducted since the samples were delaminated under the wet condition. This suggests that the water 
resistance of these soybean-based adhesives is not improved enough to meet the requirements for exterior 
grade plywood.   
 
Table 6 : Results of shear tests under dry conditions for plywood bonded with a highly 
hydrolyzed soy resin modified with synthetic resins 
 

Adhesive Shear strength 
(psi) 

Wood failure 
(%) 

Formulation  
(Based on 1 part of soy) 

Soy35-8PM-1 173.7 (73.8) 36.7 (23.2) With 1 part of PF and 0.1 part of MDI resin 

Soy35-8PE-1 175.2 (65.6) 31.7 (21.4) With 1 part of PF and 0.1 part of Epoxy 

Soy35-8PE-2 195.2 (86.5) 41.4 (27.4) With 0.5 part of PF and 0.5 part of epoxy 

Soy35-8PR 161.3 (54.2) 39.8 (26.7() With 1 part of PF and 0.1 part of resorcinol 

Soy35-8PM-2 196.0 (73.8) 41.7 (29.5) With 0.7 part of PF and 0.3 part of MDI 

The numbers in parenthesis were standard deviation.  
Press temperature: 150ºC, press time: 5 min. 

 
A non-hydrolyzed/low hydrolyzed soy resin was modified with, respectively, the Kymene resin and the 
powdered melamine-formaldehyde resin to formulate soybean-based resins.  Table 7 lists the results of 
shear tests for plywood bonded with these adhesives. The Kymene resin, an amine polymer-
epichlorohydrin adduct, is a commercial wet strength agent for paper. The Kymene resin has been 
successfully used to modify soy adhesives for the manufacturing of interior grade plywood (Li 2005). 
Table 7 shows that the dry percentage wood failure was much higher than 80% for all resin mixes under 
all production conditions. The plywood bonded with the Soy-Kymene adhesive at a press time of 5 min 
also gave respectable percentage wood failure,74.3%, under the vacuum-pressure. The wet percentage 
wood failure for the Soy-MF-216S resin was 86.1%, but dramatically decreased to 42.7% when sodium 
hydroxide was added into the Soy-MF-216S system. 
 
Noted that the solids content of these resins was only 20%, which was much lower than that of standard 
PF mixes for the plywood industry. However, the viscosity was so high that it was difficult to mix the 
components well to form a homogenous system. The high standard deviations of wet percentage wood 
failure were most likely the result of this poor resin mixing.    
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Table 7 : Results of shear tests for plywood bonded with non-hydrolyzed and modified soy 
resins (press temperature: 140ºC) 
 

Shear strength  
(psi) 

Wood failure  
(%) Adhesive* Press time  

(min) Dry Wet Dry Wet 

4 222.7 (45.5) 121.1 (40.1) 95.9 (4.8) 30.6 (22.4) 

5 165.9 (52.0) 107.5 (39.3) 96.6 (9.7) 74.3 (25.5) Soy-Kymene 
+NaOH 

6 245.7 (66.2) 134.1 (26.3) 92.2 (19.3) 34.3 (32.4) 

Soy-MF-216S 5 184.5 (39.6) 131.8 (37.1) 93.5 (15.1) 86.1 (22.1) 
Soy-MF-216S 

+NaOH 5 189.8 (46.9) 123.6 (41.1) 95.0 (7.4) 42.7 (28.1) 

* 
The ratio of two components was 1:1(on solids basis), the content of NaOH was 
about 0.5%, solids content (SC) was about 20%. The numbers in parenthesis were 
standard deviations. 

 
 
Table 8: Results of shear tests under dry conditions for plywood bonded with modified soy 
resins 
 

Adhesive Shear strength 
(psi) 

Wood failure 
(%) Modification method 

PF control 142.4 (51.9) 35.6 (38.6) A typical plywood glue 

PF-soy flour 177.8 (39.6) 41.5 (33.9) Soy flour was sprinkled on PF glue line 
on veneer surface 

PF-soy 140.2 (62.6) 6.3 (8.4) PF was mixed with soy flour (1:1) 

PF-soy-soy flour 178.6 (46.8) 87.1 (18.8) Soy flour was sprinkled on PF-soy mix 
glue line on veneer surface 

The numbers in parenthesis were standard deviation. 
Press temperature: 140ºC, press time: 5 min 

 
The hydrolysis of soy flour played an important role in affecting percentage wood failure in the 
manufacturing of plywood. An experiment that used four formulations to produce plywood has been 
conducted to verify this effect. Table 8 lists the four formulations that contained a PF resin and one or two 
soy components and the bonding performance in plywood panels. Compared to the PF resin, the PF-soy 
flour adhesive did slightly improve percentage wood failure when soy flour was sprinkled onto the PF 
glue line. The PF-soy adhesive that contained a hydrolyzed soy solution, however, gave very low 
percentage wood failure. Again the percentage wood failure dramatically increased to 87.1% from 6.3% 
when soy flour was sprinkled onto the PF-soy glue line. This indicates that the hydrolysis of soy flour 
significantly reduced the percentage wood failure. It should be noted that the control PF resin showed 
such low percentage wood failure in this experiment that the data were only used for the purpose of 
comparison. 
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Table 9 : Results of shear tests for plywood bonded with a non-hydrolyzed soy resin modified 
with a PVA resin 
 

Shear strength  
(psi) 

Wood failure  
(%) Press time  

(min) Dry Wet Dry Wet 

3 130.0 (24.0) 82.0 (17.3) 55.3 (38.7) 3.4 (4.1) 

4 181.6 (37.2) 61.3 (24.5) 72.8 (31.2) 7.7 (10.3) 

5 198.0 (48.8) 82.8 (25.9) 69.5 (33.9) 6.2 (7.3) 

6 186.7 (66.5) 73.1 (22.9) 76.6 (29.7) 9.6 (11.2) 

The ratio of soy to PVA was 1:1. The numbers in parenthesis were standard deviations. 
Press temperature: 125ºC 

 
Table 10 : Dry shear strength and wood failure of plywood bonded with non-hydrolyzed soy 
resin modified with melamine resins 
 

Adhesive* Press time  
(min) 

Dry shear strength  
(psi) 

Dry wood failure  
(%) 

4 192.1 (78.6) 89.5 (16.1) 
Soy15-05-PMF 

5 196.4 (74.9) 91.8 (11.5) 

Soy15-05-MF 5 136.4 (46.8) 81.5 (27.8) 

* 
Solids content for these two adhesives was 24%. The numbers in parenthesis were 
standard deviations. 
Press temperature: 150ºC 

 
Crosslinking PVA resin, an adhesive for wood lamination and joints, was also used to modify soy resins. 
Table 9 lists the shear results for plywood bonded with a non-hydrolyzed soy adhesive modified with a 
PVA resin. The dry shear strength was acceptable and percentage wood failure reached 70-80% except 
for the sample pressed for 3 min. The percentage wood failure after the vacuum-pressure cycle, however, 
was very low in all of these cases, indicating that the PVA resin does not enhance water resistance. It is 
worth noting that the press temperature used in this plywood production was only 125ºC. This implies 
that the soy-PVA resin is able to crosslink at lower temperature compared to PF resins. 
 
Melamine-type resins are faster curing adhesives with less sodium hydroxide content compared to 
phenolic resins. These types of resins are probably more suitable to modify soy resins because the highly 
hydrolyzed soy resins with the high sodium hydroxide content show low percentage wood failure even 
under dry conditions. In this study, a soy resin was modified with a PMF or an MF resin under weak 
alkaline conditions. The bond properties of plywood manufactured with these two modified soy resins are 
listed in Table 10. The Soy15-05-PMF resin gave high dry shear strength and high percentage wood 
failure for both of the press times. The dry percentage wood failure for the Soy15-05-MF resin exceeded 
80%. 
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Table 11 : Delamination results of plywood bonded with non-hydrolyzed soy resin modified 
with melamine resins 
 

Delamination length (mm) 
Adhesive* Press time 

(min)  Cycle 1 Cycle 2 Cycle 3 

Panel 1 0 10 10 
4 

Panel 2 0 20 20 

Panel 1 0 0 0 
Soy15-05-PMF 

5 
Panel 2 0 0 0 

Panel 1 0 0 10 
Soy15-05-MF 5 

Panel 2 0 0 0 

* Solids content for these two adhesives was 24% 
Press temperature: 150ºC 

 
Table 11 lists the delamination results of the plywood panels with three water soaking and drying cycles 
(Type II panel tests). Two panels were tested for each condition. After the first water-soaking and drying 
cycle, there was no delamination. After the third soaking-drying cycle, two delaminated parts with 10 mm 
and 20 mm in length were observed for the Soy15-05-PMF resin with 4 min press time, and a 10 mm 
delaminated part for the Soy15-05-MF resin. No delamination was observed for the Soy15-05-PMF resin 
with 5 min press time after three soaking-drying cycles. The delamination tests for each sample passed 
the standard requirements. This suggests that the modified soy adhesives with melamine-type resins are 
promising for interior grade plywood applications. 
 
6.2.3 MDF Bonded with PF Resin and Soy Flour 

Table 12 lists the panel properties of MDF bonded with the PF resin (5% PF solids add-on) and PF resin 
(5% PF solids add-on) combined with soy flour (2.5% add-on rate). Compared to the PF control panels, 
the additional 2.5% soy flour produced higher IB strength and comparable bending strength. The water 
absorption and thickness swell also decreased as the result of adding soy flour. This result indicates that 
using soy flour with synthetic resins would improve panel properties, i.e., partial replacement of synthetic 
resins with soy flour has potential to lower the cost without reducing panel properties in the 
manufacturing of MDF. 
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Table 12 : Panel properties of MDF bonded with PF resin and soy flour 
 

Adhesive Density 
(g/cm3) IB (psi) MOE (Mpsi) MOR (psi) WA (%) Edge TS 

(%) 

PF control 0.81 (0.04) 54.4 (13.3) 0.382 (0.040) 3608 (691) 78.3 (15.7) 27.2 (4.5) 

PF-soy flour 0.82 (0.02) 72.3 (18.1) 0.400 (0.038) 3601 (427) 55.5 (13.1) 20.0 (4.7) 

 
 
6.2.4 Particleboard Bonded with Modified Soybean-Based Resin 

The particleboard panels were produced with a highly hydrolyzed soy resin modified with a PF resin 
(OSF-59FLM). Resorcinol was added as an accelerator to speed up the curing reactions. The panels were 
produced with a three-layer mat, but with the same resin loading level from core to face. One press 
temperature and three press times were used in the panel production.  
 
Table 13 : Properties of particleboard bonded with a highly hydrolyzed soy adhesive modified 
with a PF resin 
  

Adhesive Control UF Soy30-8PR* 

Press time (s) 210 210 240 270 

IB (MPa) 1.143 0.372 0.349 0.387 
Coefficient of variation 

(%)  8.7 29.9 31.0 19.5 

Formaldehyde emissions 
(μg/ml) 0.339 0.010 0.011 0.010 

Formaldehyde emissions** 
(ppm) 0.15 0.03 0.04 0.03 

* Soy30-8PR Modified with 1 part of a face OSB resin and 0.1 part of resorcinol 
pH=10.8, viscosity=520 mPa.s, solids content=47.5% 

** Correlated desiccator result to large chamber test 

 
Table 13 lists the internal bond strength and formaldehyde emissions of the panels and characteristics of 
the soybean-based resin. The modified soy resin had lower solids content and higher viscosity compared 
to UF resins commonly used for particleboard production. The high viscosity possibly increased the 
difficulty to uniformly distribute this resin on wood particle surfaces. It is apparent that the internal bond 
strength for the soybean-based resin was much lower than that for the UF control resin. This result was 
unexpected compared to the lap shear results, which showed as  high shear a strength as the phenolic 
resin. The press time did not make a difference in internal bond strength for the soybean-based resin. The 
formaldehyde emissions for the soy resin-bonded panels were much lower than those for the control UF-
bonded panels. Further research work is needed to improve the bonding performance for this kind of 
soybean-based resins in particleboard manufacturing. 
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6.3 Soybean-Based Resins Produced by Copolymerization 
Copolymerization of hydrolyzed soy flour with other chemicals is another useful tool that can modify soy 
resins for improving the curing speed, bond strength, water resistance and durability. Compared to simple 
mixing with synthetic resins, copolymerization modifies the functional groups in soy flour with other 
active groups by chemical reactions, which produces more uniform and stable resin systems. In addition, 
copolymerization allows more flexibility for modifying the adhesive characteristics, formulations, and 
process conditions to improve panel performance and/or lower costs. 
 
6.3.1 Copolymerized SoyR Resins 

The copolymerized SoyR resins are a series of resins produced from a hydrolyzed soy solution that 
copolymerized with formaldehyde, phenol and resorcinol under various conditions. The hydrolysis of soy 
flour dramatically decreased the viscosity and released more functional groups for copolymerization. 
Formaldehyde was then reacted with amino groups in hydrolyzed soy proteins, followed by reacting with 
phenol and resorcinol. 
 
Table 14 : Characteristics of copolymerized SoyR resins 
 

Adhesive Solids content  
(%) pH Viscosity 

(mPa·s) 
Gel time  

(s) Formulation 

SoyF1P3R1 43.0 11.02 240 N/A R/S=0.1 (w/w), F/(P+R)=2 (mol/mol) 

SoyF2P3R1 41.4 11.32 366 7232.6 R/S=0.1 (w/w), F/(P+R)=2.5 (mol/mol) 

SoyF2P2R1 41.8 9.91 430 3690.7 R/S=0.1 (w/w), F/(P+R)=2.5 (mol/mol) 

SoyF3P2R1 41.4 9.93 375 3364.7 R/S=0.1 (w/w), F/(P+R)=3 (mol/mol) 

SoyF3P2R2 41.0 9.59 475 1383.3 R/S=0.2 (w/w), F/(P+R)=3 (mol/mol) 

SoyF3P1R1 42.1 8.91 290 2009.2 R/S=0.1 (w/w), F/(P+R)=3 (mol/mol) 

SoyF3P1R2 40.7 8.80 230 70.7 R/S=0.2 (w/w), F/(P+R)=3 (mol/mol) 

Soy content=45% (solids based), S: soy flour, R: resorcinol, P: phenol, F: formaldehyde 
 
A series of SoyR resins were synthesized with different formulations, as listed in Table 14. All of the 
resins were formulated with a solids content of 40-45% and a viscosity of 200-500 mPa·s. The gel time 
for the SoyF1P3R1 resin is not available because no gelation occurred during the 3 h testing period. It 
was found that the gel time varied significantly with the formulations. Comparing SoyF1P3R1 to 
SoyF2P3R1 and SoyF2P2R1 to SoyF3P2R1, the gel time decreased when the molar ratio of 
formaldehyde to phenol/resorcinol was increased from 2 to 2.5 and from 2.5 to 3. Comparing SoyF2P3R1 
to SoyF2P2R1 and SoyF3P2R1 to SoyF3P1R1, the gel time decreased when the pH decreased from 11.32 
to 9.91 and from 9.93 to 8.91. Comparing SoyF3P2R1 to SoyF3P2R2 and SoyF3P1R1 to SoyF3P1R2, the 
gel time decreased when the weight ratio of resorcinol to soy flour was increased from 0.1 to 0.2. The 
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Figure 9 : Bond strength of copolymerized SoyR resins (press time: 60 s) 
 
 
Table 15 : Results of dry shear tests for plywood bonded with copolymerized SoyR resins 
(press temperature: 150ºC, press time: 5 min) 
 

Adhesive Shear strength (psi) Wood failure (%) 

PF control 268.1 (58.0) 69.4 (20.6) 

SoyF3P2R1 207.1 (52.0) 17.4 (19.4) 

SoyF3P1R1 187.1 (58.5) 21.1 (11.7) 

SoyF3P2R2 120.8 (44.8) 8.6 (8.6) 

SoyF3P1R2 170.2 (46.7) 34.8 (23.0) 

The numbers in parenthesis were standard deviation. 

 
Figure 9 shows the lap shear strength results for the copolymerized SoyR resins from the ABES test. At 
the low temperature of 120ºC, the bond strength increased with the decrease in pH, or the increase in 
formaldehyde and resorcinol contents. This confirms that the pH, formaldehyde content and resorcinol 
content does affect the curing speed, and further affects the bonding process. At the high temperature of 
200ºC, the bond strength did not show a trend, but was higher than 5 MPa for all of the resins. The 
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bonding performance of these SoyR resins was comparable or better than that of the PF resin based on the 
lap shear (ABES) test shown in Figure 5. 
 
The dry shear test results of plywood bonded with the SoyR resins are listed in Table 15. Again the 
percentage wood failure for the SoyR resins was much lower compared to the PF control resin. The 
SoyF3P1R2 resin gave the highest percentage wood failure, followed by the SoyF3P1R1 resin. These two 
resins had lower pH than the other two soy resins, implying that the pH would have played an important 
role in affecting the bonding performance. It is not clear why the strong lap shear bond test (ABES test) 
results did not translate into strong plywood bond performance. Further investigation is needed to 
understand the problem and find an effective method to improve percentage wood failure in plywood 
production for these resins.  
 
6.3.2 Copolymerized SoyM Resins 

The SoyM resins were synthesized from hydrolyzed soy solutions copolymerized with formaldehyde, 
melamine and/or phenol. The SoyM resins contained less sodium hydroxide and cured under weaker 
alkaline conditions compared to the SoyR resins. Table 16 lists the basic characteristics of the two 
copolymerized SoyM resins. The difference between these two resins was that the SoyMF resin was 
synthesized from a hydrolyzed soy solution copolymerized with formaldehyde and melamine, while the 
SoyPMF resin was synthesized from a hydrolyzed soy solution copolymerized with formaldehyde, phenol 
and melamine. In addition, the soy content, solids content, pH and viscosity were also different to some 
extent.  
 
Table 16 : Characteristics of copolymerized SoyM resins 
  

Adhesive Solids content  
(%) pH Viscosity 

(mPa·s) Formulation 

SoyMF 34.5 10.11 325 Soy content=45% (on resin solids basis)  
F/M=2.4 (mol/mol) 

SoyPMF 39.5 8.03 472 Soy content=40% (on resin solids basis) 
F/M/P=4.5/1/1 (mol/mol/mol) 

S: soy flour, M: melamine, P: phenol, F: formaldehyde 
 
The bond strength from the lap shear test is shown in Figure 10. The bond strength increased with both 
press temperature and press time for the SoyMF resin. When the SoyMF resin was cured together with 
formic acid (shown as SoyMF+FA resin in the figure), the bond strength showed an increasing trend at 
the low temperature of 120ºC, suggesting that formic acid accelerated the curing speed of the resin. 
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Figure 10 : Bond strength of the SoyMF resin (FA: formic acid) 
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Figure 11 : Effect of temperature on bond strength for copolymerized SoyPMF resin (press 
time: 60 s) 
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Figure 12 : Effect of press time on bond strength for copolymerized SoyPMF resin at the 
press temperature of 120ºC 
 
Figure 11 shows the effect of temperature on the bond strength of the SoyPMF resin. The bond strength 
generally increased with the increase in press temperature, particularly from 120ºC to 150ºC. The increase 
in bond strength was small from 150ºC to 200ºC, implying that the resin was almost fully cured when hot 
pressed at 150ºC for 60 seconds. In the presence of formic acid, the SoyPMF resin cured so fast that the 
bond strength reached the maximum value when hot pressed at 150ºC for 60 seconds. 
 
The effect of press time on the bond strength at 120ºC for the SoyPMF resin is shown in Figure 12. As 
expected, the bond strength increased with press time for both of the SoyPMF resin and the SoyPMF 
resin catalyzed by formic acid. When the resin was hot pressed with formic acid, the bond strength 
increased about 0.5 MPa for all of the press times. It is worth noting that the bond strength reached 4 MPa 
with the short press time of 30 seconds and about 5 MPa with 90 seconds when the resin was cured with 
formic acid. This implied that this kind of resin could be considered as a fast-curing resin in the 
manufacturing of wood composite products when formic acid is used as a catalyst. 
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7 Conclusions 
 

1. Hydrolysis reduced the viscosity of soy resins. However, hydrolysis also reduced the bond 
strength of soy resins because hydrolysis broke the macromolecules of soy proteins into smaller 
molecules of peptides. Sodium hydroxide acted as an effective catalyst in the hydrolysis of soy 
flour. The content of sodium hydroxide, temperature and time all showed effects on the 
hydrolysis of soy flour. 

 
2. Soybean-based resins produced from low hydrolyzed soy flour modified with melamine resins 

were successfully applied to plywood production. There is potential for these resins to be used for 
both interior and exterior grade plywood provided cost effective ways to improve the 
applicability and stability of the target resins during plywood manufacturing can be found. A full 
pilot plant study would be required to determine the relationship between performance and costs. 

 
3. Most of the soybean-based resins produced from highly hydrolyzed soy flour modified with 

various synthetic resins showed comparable bond strength to the control phenol-formaldehyde 
(PF) resin in the lap shear test. However, plywood products bonded with these resins showed low 
percentage wood failure even under dry conditions, and also low water resistance. The 
particleboard product bonded with the soybean-based resin produced from the highly hydrolyzed 
soy flour modified with the phenolic resin showed very low formaldehyde emissions, but the 
bond performance was poor compared to the control UF resin. Therefore, soybean-based resins 
from highly hydrolyzed soy flour are not recommended at this time. 

 
4. Unhydrolyzed soy flour showed excellent compatibility with PF resin in the manufacturing of 

medium density fibreboard (MDF) products with ultra low formaldehyde emissions. This 
indicates that there is a potential to partially replace PF resin with lower cost soy flour in the 
production of MDF.  

 
5. The copolymerized SoyR resins showed very good bond strength in the lap shear test. The curing 

speed was high for some of the resins, depending on the pH, the ratio of formaldehyde to phenol 
and the resorcinol content. Again the plywood products bonded with these resins showed poor 
bonding performance and water resistance. 

 
6. The copolymerized SoyM resins also showed high bond strength in the lap shear test. The curing 

speed was generally high for these resins. Formic acid was found to be an effective accelerator 
for the copolymerized SoyM resins. There is potential of using these SoyM resins catalyzed by 
formic acid to MDF and particleboard products. 

 
 

8 Recommendations 
Soybean-based resins from low hydrolyzed soy solutions modified with melamine resins were 
successfully applied to plywood products. A full pilot plant study is recommended to determine the 
relationship between performance and costs. 
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Copolymerized SoyR and SoyM resins showed promising results in terms of bonding performance and 
curing speed. Quantification of the benefits of using these resins with MDF and particleboard products 
manufacturers is also recommended.  
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