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Abstract 
Water-washed cottonseed meal (WCSM) has been shown the potential to be used as renewable and environment- 
friendly adhesives in wood products industry. Recently, WCSM was produced from defatted meal in a pilot scale. 
In this study, we initially compare the adhesive strength of the pilot-produced WCSM with that of a synthetic glue 
Vinavil 2259 L. WCSM may be used as the conventional D1 wood adhesives for nonstructural interior application 
per European standard EN204/205. Non-structural D3 type adhesives is more widely used in protected outside. 
Under the testing conditions, WCSM possessed very high heat resistance according to European standard 
EN14257 (WATT 91)-adhesive strength after 1 hour at 80°C. However, the dry strength (EN204/205) and water 
resistance (specimen were put in water for 4 days and then pulled in the dynamometer) of WCSM were lower than 
those of the synthetic glue Vinavil 2259 L. Blending WCSM with Vinavil 2259 L improved the water resistance of 
WCSM, allowing the classification of the WCSM adhesive as D3. Further work will be focused on the increase of 
solid content of the final adhesive slurries and the improvement of their water resistance. 
Keywords: cottonseed, washed cottonseed meal, wood adhesive, poly(vinyl acetate), water resistance, heat 
resistance 
1. Introduction 
Adhesive bonding is a key factor for efficiently utilizing timber and other lignocellulosic resources. The types of 
adhesives commonly used in the wood industry for furniture applications can be both thermosetting and 
thermoplastic in nature. The choice of a specific adhesive for use depends on several criteria in application, such as 
final use, required performances, costs, application process, and environmental issues. Among the thermoplastic 
polymers, water-based poly(vinyl acetate) (PVAc) dispersions are the most used as the basis for glues to be used 
with wood and wood products (Chiozza & Pizzo, 2016, 2013a, 2013b). 
On the other hand, as synthetic glues are mostly derived from depleting petrochemical resource and have caused 
increasing environmental concern, natural product and byproduct derived adhesives have attracted much attention 
in the last couple of decades (He, 2017; Pizzi and Mittal, 2011). Whereas soy protein has been extensively studied 
for this purpose (Chen et al., 2014; Luo et al., 2015; Qi et al., 2017), other vegetable proteins can also serve as 
wood adhesives (He & Wan, 2017; Santoni & Pizzo, 2013). Vegetable proteins are typically isolated from the seed 
meals by base extraction and acid precipitation. To reduce the cost, researchers have also tried to directly use the 
seed meals as wood adhesives (He et al., 2016b; Lorenz et al., 2015; Luo et al., 2016; Shi et al., 2017). In recent 
years, He and his colleagues have demonstrated that water-washed cottonseed meal (WCSM) could serve as 
promising wood adhesives (He et al., 2014a, 2014b, 2014c). Indeed, WCSM showed the adhesive performance 
comparable to cottonseed protein isolate (He et al., 2016c, 2016d). Recently, the product WCSM was produced in 
a pilot scale, yielded adequate amounts for practical application evaluation per industrial standards (He & Cheng, 
2017b; He et al., 2016e). Thus, to promote WCSM as an industrial wood adhesive for non-structural application, in 
this work, we tested the WCSM's adhesive performance in reference to the relevant European industrial standards. 
The results were further compared with an industrial synthetic glue Vinavil 2259 L. The information presented in 
this work would be helpful in formulating industrially applicable WCSM-based wood adhesives. 
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2. Methods 
2.1 Materials 
WCSM was prepared from mill-produced cottonseed meal in a pilot scale (He et al., 2016e), and its basic 
properties were listed in Table 1. Beech (Fagus sylvatica L.) with a density of 695 ± 15 kg m-3 and regular grain as 
specified in EN 205 (2016) was used for the preparation of the various specimens. Wood assemblies were prepared 
by gluing beech thin boards of 640 mm x 125 mm x 5 mm. Each thin board was divided in two parts and, after 
spreading the adhesive on both sides, they were overlapped and put under the press to prepare the assembly 
(Chiozza & Pizzo, 2016).  
 
Table 1. Selected components of pilot-produced washed cottonseed meal (WCSM). ADL- acid detergent lignin.  
Major component Moisture Protein Oil Crude Fiber ADL Cellulose Hemicellulose 
% 8.6 46.3 1.0 16.0 9.4 17.6 8.4 
Macro mineral Ash P Ca K Mg Na S 
% 5.2 1.22 0.27 1.04 0.67 0.08 0.46 
Trace mineral Fe Zn Cu Mn Ni Al B 
mg kg-1 166 100 15 50 0.5 130 20 
 
2.2 Wood Bonding 
Pilot-produced WCSM was used as it was without further treatments. WSCM was first mixed with water (11% of 
solid content). WSCM slurry was applied for the bonding in the rates of 150 g m-2 and 250 g m-2, respectively (wet 
weight). Wood assemblies were prepared by gluing beech thin boards of 640 mm x 125 mm x 5 mm. Each thin 
board was divided in two parts and, after spreading the adhesive on both sides, they were overlapped and put under 
the press (8 kg cm-2 or 0.8 MPa) for 30 min at 130 oC to prepare the assembly (open time less than 1 minute, closed 
time 4 minutes, pressing time 3 min, adhesive quantity 150 g m-2 by spreading the glue on each side of the 
assembly) unless specified otherwise (Chiozza and Pizzo, 2016). 
For comparison, the synthetic glue, Vinavil 2259 L, was used in bonding beech boards under the same conditions. 
Vinavil 2259 L is water based PVAc dispersion adhesive with the characteristics reported in Table 2. It is a water 
resistant adhesive belonging to the D3 class as defined by EN 204 (2016). 
 
Table 2.Typical analytical and technical characteristics of Vinavil 2259 L 

Analytical Characteristics Method Value 
Polymer base - PVAc 
Dispersing system - PVOH 
Solid content ISO 3251:2005 48 ± 1 % 
Viscosity ISO 2555:2002 11,500 ± 2,500 mPa·s 
pH ISO 976:1996 4.5 ± 0.5 
Minimum film forming temperature ISO 2115:1996  + 3°C 
Durability class EN 204:2016 D3 

 
2.3 Adhesive Strength Testing 
Mechanical tests were carried out to evaluate the performances of bonded specimens. The glued specimens were 
conditioned for 7 days in standard climate (23 0C and 50% relative humidity) before measuring dry shear strength 
values. Further treatments of water soaking or heat exposure were conducted for those specimens used for water 
and heat resistance evaluation. Specifically, wet shear strengths were evaluated immediately after further complete 
immersion of specimens in water for 4 days at 23 0C per EN 204 (2016) values. Heat resistance was evaluated after 
exposing samples to the temperature of 80 0C for 1 h in an oven with well circulated air per EN14257 (2006). Tests 
were carried out on a universal test machine MTS Alliance RT/50, load cell 50 kN, class 0.5% according to 
ISO7500/1. Ten specimens (20 mm x150 mm, length of tested surface 10 mm) from same assembly were used for 
each type of testing and the average values without the SD values were reported in order to show a clear cutoff on 
if the strength values meet the criteria of a specific durability class or not (Chiozza et al., 2013a, 2013b). 
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3. Results and Discussion 
3.1 Adhesive Performance of WCSM 
The results of the WCSM adhesive performance are listed in Table 3. The dry shear strength of WCSM was 10.7 
and 9.3 MPa, respectively, with the application rated of 150 g m-2 (WCSM 1) and 250 g m-2 (WCSM 2). The 
application rate seemed not to be a factor to influence the adhesive performance of WCSM as the two sets of data 
with different WSCM application rates were basically same. Previously, Cheng et al. ( 2013) reported that there 
was no difference in the adhesive strength of both cottonseed and soy protein-based adhesives when the adhesive 
slurries were applied onto the maple veneers once, twice, or three time (i. e., 1-, 2-, or 3-layers of adhesives). 
Similarly,  He & Cheng (2017a) found that the impact of varying solid content between 11% and 30% of WCSM 
on its adhesive strength was not obvious with press temperature at 100 oC. Our observation in this work was 
consistent with the early observations. On the other hand, the dry adhesive strength of WCSM observed in this 
work was much higher than the literature data (around 3.3 to 5.6 MPa) (He et al., 2016d). The higher adhesive 
strength observed in this work was apparently due to the thicker wood specimens and different bonding/testing 
conditions.  
 
Table 3. Adhesive strength of WCSM adhesives with the application rated of 150 g m-2 (WCSM 1) and 250 g m-2 

(WCSM 2). Bonding conditions: 30 min and 130 oC 

Testing type Testing conditions Method applied
Adhesive strength (MPa) 
WCSM 1 WCSM 2 

Durability class D1 
Durability class D2 
Durability class D3 
Heat resistance  

Dry adhesive strength 
3-h soaking and re-conditioning for 7 days 
Strength after water soaking for 4 days 
Adhesive strength after 1 hour at 80°C 

EN 204/205 
EN204/205 
EN204/205 
EN14257 

10.7 
1.2 
0.5 
8.9 

9.3 
- a 
0.3 
9.1 

a No test. 
 
Soaking and drying decreased the adhesive strength (soaked strength) of the glue with the application rate of 150 g 
m-2 to 1.2 MPa. After soaking for 4 days, the adhesive strength decreased to 0.5 and 0.3 MPa, respectively, for the 
adhesives with the application rate of 150 g m-2. The decreasing trend of adhesive strength by water soaking was 
observed before, however, the extent of the decrease observed in this study was greater than the water decrease 
reported in the literature (He et al., 2016c, 2016d). The previous studies have shown that water soaking—re-drying 
cycles decreased much less, in some case even increased a little bit, the adhesive strength of WCSM or cottonseed 
protein adhesives (Cheng et al., 2016; He et al., 2016c). The difference in bonding and testing procedure is a 
possible affecting factor on the different observations. We also noticed some differences in the pilot-scale 
produced WCSM and the laboratory-produced product, such as a higher fiber content in cottonseed meal used in 
the pilot-scale production (He et al., 2016e, 2015) and no further grinding of the pilot product. It is worth while 
further exploring the effect of these parameters on the water resistance data. The adhesive strength after the bonded 
specimens exposed for 1 hour at 80°C was around 9.0 MPa, just about 10% decrease in average, compared to the 
dry adhesive strength. These data indicated that WSCM-based adhesives possessed good heat resistance. No heat 
resistance data of WCSM was reported before. 
 
Table 4. Effect of bonding temperature on adhesive strength of WCSM adhesives. Bonding conditions: application 
rate-150 g m-2, press pressure- 0.8 MPa, and press time-30 min 

Testing type 23 0C 130 0C 250 0C 
Solid content (%) 
Dry strength (MPa) 
Water resistance (MPa) 
Hot resistance (MPa) 

11 
Not tested a 
Not tested 
Not tested 

11 
10.7 
0.5 
8.9 

11 
9.9 
0.3 
9.1 

a Breaking during gluing operations (i.e., the joints were opening after pressing). 
 
3.2 Effect of Bonding Temperature 
The bonding performance of WCSM was further tested at different temperatures (Table 4). Application of WCSM 
to bond the wood panels assembled at room temperature (23 0C) was failed. This was not surprising as such results 
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were observed previously with protein-based wood adhesives (Kalapathy et al., 1995). Chemical reagents which 
denature protein's native structures could be used to improve the bonding ability at low temperatures whereas hot 
pressing is more effective way for higher bonding strength of the protein-based wood adhesives (Kalapathy et al., 
1995; Zhong & Sun, 2001). It is reported that the adhesive strength of WCSM increased dramatically from press 
temperature at 40, 60, 80 oC to 100 oC (He et al., 2016a, 2014a), and did not increased more between 110 and 130 
oC of the tested range. In this work, the highest press temperature was set at 250 oC. Data in Table 4 suggested no 
substantial difference in the adhesive strength for all three tested conditions between 130 and 250 oC. This 
observation was consistent with the maximal strength of WCSM at 110-130 oC, but different from the soy meal 
–based adhesives (Frihart et al., 2016). Especially, wet strength of soy-meal based adhesive greatly increased when 
the bonding temperature was increased from 120 oC to 150 and 180 oC (Frihart et al., 2016). Thus, a high press 
temperature [e. g., 180 oC (Wang et al., 2009)] is justified for the soy protein adhesives, but 110-130 oC should be 
recommended for cotton meal based adhesives for energy savings. 
 
Table 5. Four types of wood adhesives for non-structural applications and their classification requirements per 
European Standards (EN204, 2016; EN205, 2016; EN14257, 2006). NR=not required. 

Adhesive type Application field condition 
Minimum mean tensile shear strength of 10 testing (MPa)
T1 T2 T3 T4 T5 

D1 Inside 10 NR NR NR NR 
D2 Inside, rare contact with water 10 8 NR NR NR 
D3 Protected outside 10 NR 2 8 NR 
D4 Outside, exposed to the weather with protection 10 NR 4 NR 4 

T1: Test immediately after 7 days in standard atmosphere at 20 oC and 65% relative humidity. 
T2: 7-day conditioning as T1, 3-h soaking in water at 20 ± 5 oC, samples tested in the dry state after re-conditioning 
for 7 days. 
T3: 7-day conditioning as T1, 4-day soaking in water at 20 ± 5 oC, samples tested immediately in the wet state. 
T4: 7-day conditioning as T1, 4-day soaking in water at 20 ± 5 oC, samples tested in the dry state after 
re-conditioning for 7 days. 
T5: 7-day conditioning as T1, 3-h soaking in boiling water, 2-h soaking in water at 20 ± 5 oC, samples tested 
immediately in the wet state. 
 
Table 6. Effect of solid content and WCSM addition on the adhesive strength of Vinavil 2259 L measured with the 
same testing conditions in Table 3 

Testing type Testing conditions 
100 pbw Vinavil + 
 10 pbw water 

100 pbw Vinavil +  
10 pbw WCSM Vinavil as it is 

Solid content (%) 
Durability class D1 (MPa) 
Durability class D2 (MPa) 
Durability class D3 (MPa) 
Heat resistance (MPa) 

110 oC for 30 min 
Dry strength 
Soaked strength 
Water resistance 
Heat resistance 

44.4 
15.5 
11.4 
3.5 
5.5 

44.8 
12.3 
9.5 
3.8 
6.0 

48.0 
15.8 
10.8 
4.8 
7.0 

pbw =parts by weight. 
 
European standards classify wood adhesives for non-structural application into four types (Table 5). EN204 (2016) 
requires a minimum average strength of 10 MPa for class D1 wood adhesives. The WCSM slurry prepared under 
the experimental conditions marginally meets the requirement. For more widely used D3 adhesives, a minimum 
average strength of 2 MPa of water resistance is needed. The wet strength of the WCSM slurries was between 
0.3-0.5 MPa. The heat resistance value (former WATT91 value) of WCSM was around 9.0. For practical 
applications, a minimum value of 7 MPa is usually considered an acceptable value for a D3 wood adhesive 
(EN14257, 2006). Thus, the WCSM data meet the heat resistance requirement of D3 adhesives, but the wet 
resistance of WCSM needs significant improvements as D3 adhesives. Addition of some chemicals, such as AlCl3 
(Chiozza et al., 2013b), and anionic organic compounds (Cheng et al., 2016), will be tested in the future for this 
purpose. 
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3.3 Blending WCSM with Vinavil 2259 L 
The results of the adhesive performance of the comparative synthetic glue Vinavil 2259 L are listed in Table 6. The 
solid content of the three formulations of the adhesives was all >44.0%. Compared to the WCSM-based adhesives, 
the synthetic glue showed better water resistance, but poorer heat resistance.  
Blending natural products with synthetic resins is a short-term solution for reducing dependence on petrochemicals 
and lowering emissions of volatile organic compounds (Qi & Sun, 2011). Thus, we tested the bonding 
performance of the blend of WCSM and Vinavil 2259 L. With the hot press temperature at 130 oC, the blend of 
WCSM and Vinavil 2259 L showed similar adhesive performance as the Vinavil 2259 L and its water diluted 
solution (Table 6). With the cold (23 oC) pressing, unlike the pure WCSM adhesives with failed bonding, the blend 
did not show negative impacts on the adhesive performance of Vianvil 2259 L (Figure 1). Whereas blending did 
not improve the heat resistance of the synthetic polymer by keeping the D3 class to the adhesive, it may be said that 
the addition of Vinavil 2259 L improved the water resistance of the WCSM allowing the classification of the 
adhesive as D3. It is reported that cellulose in nano crystalline forms could improve the mechanical properties of 
PVAc adhesives (Chaabouni & Boufi, 2017; Kaboorani et al., 2012). The cellulose component in WCSM may also 
work in the same way while the particle size of WCSM could be a factor to affect the function. Future research on 
the blend of Vinavil 2259 L and WCSM with different blending ratios and particle sizes could shed light on the 
concern.  

 

Figure 1. Effect of press temperature on the adhesive strength of synthetic glue Vinavil 2259 L (Vinavil ) and its 
blends with WCSM (Vinavil/WCSM) and water (Vinavil/water) in the ratio of 100:10 

 
4. Conclusion 
This study demonstrated that WCSM may be used as the conventional D1 wood adhesives for nonstructural 
interior application. There was no difference in the bonding performance between the hot press temperatures at 
130 and 250 oC. Non-structural D3 type adhesives is more widely used in protected outside. WCSM also met the 
requirements of D3 with the dry adhesives strength and heat resistance. However, WCSM showed under-criteria 
value of water resistance. Future work will be on improvement of WSCM adhesive performance for D3 
classification. The addition of 2259 L increased the performances of WCSM by allowing to reach a D3 glue, 
mainly after curing at 23-130°C. The effects of blending with other synthetic adhesives, addition of AlCl3 and/or 
other ingredient, and lowering WCSM's particle size, will be tested in the future work. 
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