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Abstract: Soy protein adhesives are currently a hot research topic in the wood panels industry for the abundant raw material reserves, reasonable price and outstanding environmental features. But their poor water resistance, low bonding strength and intolerance to mold are major drawbacks, so that proper modification before use is essential. Glutaraldehyde is one of the more apt cross-linking agents for soybean protein adhesives, which can effectively improve the bonding strength and water resistance of the adhesive. Equally, glutaraldehyde is also an efficient and broad-spectrum fungicide that can significantly improve the anti-fungal properties of a soy protein adhesive. In the work presented here, matrix assisted laser desorption ionization (MALDI-ToF) mass spectrometry and Fourier transform infrared spectroscopy techniques were used to analyze the reaction mechanism of glutaraldehyde cross-linking soybean protein. The results confirmed the reaction of the aldehyde group with amino groups of the side chains and the amide groups of the peptide linkages constituting the skeletal chain of the protein. The laboratory plywood and particleboard bonded with glutaraldehyde-soy bean protein adhesives were prepared to determine the adhesive bonding properties, the dry strength, 24 h cold water soaking wet strength and 3 h hot water (63°C) wet strength of plywood were 2.03, 1.13 and 0.75 MPa, respectively, which satisfied the requirements of industrial production.
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1  Introduction

Soy protein adhesives as a bio-based wood adhesive are currently a hot research topic in the wood composites industry, for their excellent environmentally friendly properties, abundance of raw materials, and low prices. Actually, in the 1930s soy bean protein adhesives were widely used in the industrial production of plywood in the USA. However, due to their low bonding strength, poor corrosion resistance and water resistance, it has been replaced by some synthetic resin adhesives with better bonding properties derived from petrochemical products, such as urea-formaldehyde (UF), phenol-formaldehyde (PF) and melamine-formaldehyde (MF) resins [1,2]. But since toxicity and carcinogenicity formaldehyde has inevitably been used as a raw material for the preparation of these synthetic resins, so that their glued products have a problem of formaldehyde emission. In recent decades, environmental protection issues have attracted considerable attention for the non-renewability of synthetic raw materials from petroleum resources. Thus, environmentally friendly wood adhesives from renewable biomass resources have entered in focus, and a lot of research work has been carried out on them [3]. Among them, soy protein adhesives have once again become a hot research topic.

Research on soy protein adhesives is more focused on improving their bonding properties and water resistance. To achieve this, some researchers have used acid/base pairs to hydrolyse soy protein molecules to expose more active functional groups hence to have a better reaction [4–6]. In addition, the use of microwave treatment [7], nanomaterial modification [8], graft copolymerisation [9–11] bio-nanotechnology modification [12–14] and cross-linked blending modification have also been reported. Of these, cross-linking modification has been heavily studied due to its simple process and significant modification effect. Moreover, there are many cross-linking modifiers that can be used for soy protein gums, such as formaldehyde, glyoxal, furfural, polyethyleneimine, epoxy resin, etc. [15,16]. Glutaraldehyde is a highly reactive, low-volatility aldehyde which is also one of the suitable soy protein cross-linking modifiers. In fact, the reports on reactions of soy protein isolate (SPI) and of gluten protein isolate with glutaraldehyde to prepare plywood adhesives have been described in the literature [17–19]. Glutaradehyde crosslinks proteins by reacting mainly with the side chains amino groups of some amino acid residues intermolecularly and intramolecularly and increasing the protein chains molecular entanglement [18]. Reaction with the amide groups of the skeletal peptide chain of the protein could also take place. The adhesive properties of the glutaraldehyde cross-linked soy protein and gluten protein were enhanced with an improvement in water resistance and strength being reported.

While the applied results for plywood adhesives of such proteins have been presented what has not been investigated are the oligomers that are progressively formed by the reaction of the protein with glutaraldehyde to define how the reaction advances towards cross-linking. Therefore, in this work, we investigated the reaction of soy protein isolate with glutaraldehyde using MALDI-ToF and FTIR to illustrate the reaction mechanism involved. In addition to this, the prepared soy protein-glutaraldehyde adhesive was used to bond plywood and particleboard, thus to again verify its feasibility for practical application.

2  Materials and Methods

2.1 Materials

Soy protein isolate (BR) was obtained from Yuanye Biotechnology Co., Ltd., Shanghai, China. Glutaraldehyde (AR), Formic acid (85% in water) and Sodium hydroxide pellets (95%) were brought from Shanghai Macklin Biochemical Co., Ltd., Shanghai, China.

2.2 Preparation of Soy Protein-Glutaraldehyde Adhesives

Soy protein isolate was prepared in a 25% solids content liquid, then to mix 5%, 7.5%, 10% and 20% glutaraldehyde by weight on soy protein isolate quality, named as SPG1, SPG2, SPG3, SPG4 respectively, their corresponding viscosities were 413, 635, 770, 957 mPa⋅s. Moreover, based on the formulation of SPG1, the effect of pH value on the performance of the adhesives was studied, and the adhesives under the conditions of pH = 5, 7, 9, 11 were prepared and named SPG-5, SPG-7, SPG-9, SPG-11, the viscosity of them were 417, 949, 1291 and 1940 mPa⋅s, respectively.

2.3 Matrix Assisted Laser Desorption Ionization (MALDI-ToF) Mass Spectrometry.

A solidified SPG1 sample for matrix assisted laser desorption ionization time-of-flight (MALDI-ToF) analysis was prepared by first dissolving 5 mg of samples soy protein isolate alone and reacted with 5% by weight of glutaraldehyde at 120°C, in 1 mL of a 50:50 v/v acetone/water solution. Then 10 mg of this solution is added to 10 μL of a 2, 5-dihydroxy benzoic acid (DHB) matrix. The locations dedicated to the samples on the analysis plaque were first covered with 2 μL of a NaCl solution 0.1 M in 2:1 v/v methanol/water, and predried. Then 1 μL of the sample solution was placed on its dedicated location and the plaque is dried again. MALDI-ToF spectra were obtained using an Axima-Performance mass spectrometer from Shimadzu Biotech (Kratos Analytical Shimadzu Europe Ltd., Manchester, UK) using a linear polarity-positive tuning mode. The measurements were carried out making 1000 profiles per sample with 2 shots accumulated per profile. The spectrum precision is of +1 Da.

2.4 FTIR Spectrometry

Fourier transform infra-red (FTIR) analysis with a Shimadzu IRAffinity-1 spectrometer was used to confirm the relevant structures present. The reference spectrum used a potassium bromide tablet (ACS, ACROS Organics) as blank. An equivalent potassium bromide tablet in which was mixed 5% w/w of the powdered samples for analysis. A 32 scans transmission spectrum at a 2.0 resolution was then obtained.

2.5 Preparation of the Plywood

Poplar 3-ply plywood panels (2 mm veneers thickness) bonded with soy protein-glutaraldehyde adhesives for 5 min at 150°C at 0.80 MPa after a closed assembly time of 10 min. The spread rate was 220 g/m2 double glue line. The panels were conditioned at ambient condition for 2 days before being cut into samples. For testing shear strength, the panels were cut into 100 mm × 25 mm samples according to GB/T 17657-2013, the size of the glued area of the test specimen is 25 mm × 25 mm, with ten samples being tested dry, ten samples tested wet after soaking in room temperature water for 24 h and ten samples tested wet after soaking in 63°C hot water for 3 h. Fig. 1 shows the preparation process of the protein adhesive and its application for plywood bonding.
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Figure 1: Schematic representation for the preparation of soybean protein adhesive and its using for plywood bonding

2.6 Preparation of the Particleboard

Three identical monolayer particleboards of 350 × 310 × 10 mm3 size were prepared. The adhesive solids load was 10% on bone-dry wood particle. The panels were pressed with a pressure of 5 MPa for 10 min, the hot pressing temperature was 180°C. The prepared particleboard were conditioned at an indoor ambient condition for 2 days. After sanding the panel surface, the boards were cut to 50 mm × 50 mm for the tests of dry internal bond (IB) strength, and water absorption thickness expansion ratio. At least three samples were tested for each test according to China National Standard GB/T 17657-2013.

3  Results and Discussion

The MALDI ToF peaks relative to species formed by reaction of glutaraldehyde on SPI are shown in Fig. 2. Before assigning these results what is needed is to compare Fig. 2 with Fig. 3, this latter outlining the MALDI ToF spectra of SPI alone. By this comparison, the following peaks appear in Fig. 2 that are not present in the spectra of SPI alone in Fig. 3, namely: 237, 255, 316, 358, 399, 441, 522, 581, 638, 659, 675, 758, 874, 891, 965, 1056, 1212, 1297 and 1485 Da. The assignment shown in Table 1 could be gleaned by the reported molecular weights of soy amino acids and by their relative frequency [20].
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Figure 2: MALDI ToF spectra of the product of the reaction of SPI + 5% glutaraldehyde at 120°C. (a) 60 to 300 Da range. (b) 300 to 600 Da range. (c) 600 to 900 Da range. (d) 900 to 1600 Da range
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Figure 3: MALDI ToF spectra of the SPI alone treated at 120°C. (a) 50 to 100 Da range. (b) 150 to 500 Da range
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From the assignments in Table 1 several conclusions can be drawn, Aspartic acid, glutamic acid, arginine and leucine are more present in line with their higher proportion in soy protein. Second, the interpretations in Table 1 are only indicative, two classes of compounds being present, namely (i) those in which each amino acid is linked by a glutaraldehyde bridge to another aminoacid, as is the case for example for the species assigned to the peaks at 638, 659 Da and the smaller molecular weight species in Table 1. (ii) The species in which glutaraldehyde bridges occur linking short aminoacid oligomers that are fragment of the soy protein. For example all the species from 758 to 1485 Da are indicated in the table with glutaraldehyde bridges between two single aminoacids, but the other aminoacids have been linked to just one aminoacid, when in reality the oligomer does contain glutaraldehyde bridges but these are most likely between short protein oligomers. Thus, for example while the peak at 874 Da is interpreted in the table as:

Arginine–G–Arginine–G–Arginine–Glycine–Aspartic ac

This is most likely not the case, as it most likely to be:

Arginine–Aspartic ac.–G–Arginine–Glycine G–Arginine

Or other mixes of aminoacids enchainement, this being the case for all the higher molecular weight peak species.

A further point from Table 1 is that as the molecular weight of the species increases so does the number of interpretations possible, the peak at 1212 Da being a particularly clear example of this.

Lastly, unreacted aldehyde groups belonging to the glutaraldehyde are still present, although in a minority of cases. This is the case of the species from 237 to 316 Da, and 399, 522 and 1297 Da.

3.1 FTIR Analysis

Figs. 4a and 4b shows the infrared spectra analysis results of the solid SPG1, SPG2, SPG3 and SPG4 resins. It is indicated that the broad peak around 3300 cm−1 corresponds to bound N–H and O–H groups. The peak observed at about 2930 cm−1 is attributed to C-H stretching vibrations of methyl groups in protein adhesives. The peaks of several adhesives at these positions are consistent, and even the peaks intensity show basically no differences. Obviously, the absorption peak which was observed at 1657, 1542 and 1242 cm−1 in the figure belong to C=O stretching vibration (amide I), N–H bending vibration (amide II), N–H in plane and C–N stretching vibration (amide III) [21], respectively. Combined with Fig. 4b, it is evident that the N–H stretching vibration absorption peak of the adhesive SPG4 at 1542 cm−1 is the weakest one. This is due to SPG4 adhesive containing more glutaraldehyde which by reacting with amino groups causes that more N–H groups are consumed [22]. It is worth clarifying that the aldehyde can reacts with the amino groups of the side chains such as arginine and lysine, and can also react with the amide groups of the peptide linkages constituting the skeletal chain of the protein. Certainly, AMINO groups of the side chains are more reactive than that the AMIDE groups of the skeletal chain of the protein, but what cannot be excluded is that the second reaction is also likely to happen, as they are =N–H group hence still reactive as urea is. The C-O stretching vibration of hydroxyl groups bonded to carbon atoms is at 1052 cm−1 [23]. It clearly appears that SPG4 has a stronger absorption peak than the other three adhesives, which means that the SPG4 adhesives contain a higher proportion of C–O structures. This is attributed to the addition reaction of glutaraldehyde to the amino groups to produce hydroxyl groups [24–26].
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Figure 4: Infrared spectrum test results of the SPG1, SPG2, SPG3, and SPG4 resins

3.2 Bonding Performance of Adhesives

Fig. 5a shows the dry shear strength of the boards prepared with SPG adhesive and the wet bond strength after soaking in cold water for 24 h or in 63 ± 2°C hot water for 3 h. Compared to neat soy protein adhesive (SP), it can be seen from the figure that all SPG adhesives show a good dry shearing strength, as these are all higher than the standard requirement of China National Standard GB/T9846-2015 (≥0.7 MPa). The more satisfactory result is that the SPG1 adhesive, hence with the lower proportion of glutaraldehyde, has the best bonding performance compared to the other two resins. In particular, its 24-h cold water immersion strength and 3-h 63°C hot water strength are 1.11 and 0.78 MPa, respectively, which meets the standard requirements. However, excessive use of glutaraldehyde will cause the 3 h 63°C hot water strength of the plywood glued by the synthetic adhesive to decrease. This can be observed in SPG3’s 3 h 63°C hot water strength of 0.69 MPa. This may be due to the excessive addition of glutaraldehyde resulting in an excessively high viscosity of the adhesive and the reduction of its ductility on the surface of the plywood veneers [27,28]. This can be detected during the preparation of the adhesive, also as shown in the part of preparation of soy protein-glutaraldehyde adhesives.
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Figure 5: (a) Shear strength of plywood showing the effect of glutaraldehyde addition on the properties of soy protein-glutaraldehyde adhesive (b) The effect of different pHs on the properties of soy protein-glutaraldehyde adhesive

Fig. 5b shows the effect of pH values of 5, 7, 9, 11 on the properties of soy protein-glutaraldehyde adhesive, such as the dry shear strength of the plywood prepared with the adhesive and their 24 h cold water strength as well as their wet bond strength after immersion in hot water at 63 ± 2°C for 3 h. As can be seen from the figure, all SPG resins show a good dry shearing strength, as they are all higher than the standard requirement of China National Standard GB/T9846-2015 (≥0.7 MPa). In addition, a more noteworthy feature is that SPG-9 and SPG-11 resins have the best bonding properties, compared to the other two resins. The dry shear strength of its bonded plywood is as high as 2.59 and 2.03 MPa respectively, which is much higher than the standard requirement (≥0.7 MPa). At the same time, the 24-h cold water immersion wet strengths of the two resins were 1.11 and 1.13 MPa, respectively. This means that the SPG-9 and SPG-11 resins have excellent water resistance. Even more satisfying, their 3-h hot water strength also meets the standard requirement of 0.7 MPa or higher. Furthermore, by comparing weakly acidic and alkaline conditions, it appears that the plywood bonded with the SPG adhesive has better dry strength and wet shear strength under alkaline than acidic conditions [29]. This indicates that the bonding performance of the SPG adhesive is greatly affected by the pH value, and it will bond better under alkaline conditions, with its water resistance also being enhanced.

3.3 Particleboard Performance

To test the application of soy protein-glutaraldehyde adhesives in particleboard bonding, these were prepared using the SPG1, 2 and 3 adhesives at pH 9 as shown in Fig. 6, and their performance results are shown in Table 2. Firstly, it can be seen from Table 2 that the particleboards prepared from SPG1, SPG2 and SPG3 showed little difference in density values between them, i.e., 0.71, 0.74 and 0.72 g/cm3, respectively. Secondly, all particleboards prepared from SPG resins showed good internal bond strengths, which were higher than the GB/T 9846-2015 standard requirements (≥0.4 MPa). Among them, the internal bond strength of particleboard prepared with SPG2 adhesive was as high as 0.78 MPa, its higher density possibly also contributing to it [30,31]. However, the internal bond strength of SPG3 was relatively lower at 0.59 MPa, which was mainly due to the large amount of glutaraldehyde added leading to the excessive viscosity of the adhesive [32]. This was shown in the adhesive preparation method, so that its ductility and penetration effect on the surface of the board was weakened, which eventually led to the poor bonding strength [33].
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Figure 6: Particleboard prepared from SPG1, SPG2 and SPG3 resins
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4  Conclusion

The reaction mechanism of glutaraldehyde as a cross-linking agent for soybean protein adhesive was studied by MALDI-ToF and FTIR analysis in this work. Two types of linkages form and can be present, namely (i) each amino acid is linked by a glutaraldehyde bridge to another amino acid, and (ii) glutaraldehyde bridges also occur linking short amino acid oligomers that are fragment of the soy protein. Cross-linking by addition reaction of aldehydes to amino groups occurred and produced hydroxyl group. In this research work, it’s also once again shown that the glutaraldehyde crosslinked soybean protein adhesive can be used for plywood and particleboard bonding. The panels prepared show good performance and are up to the requirements of industrial wood-based panels production.
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Table 1: Assignements of the peaks obtained by aminoacids and aminoacid oligomers of SPI by reaction
with glutaraldehyde (Glutaraldehyde is indicated as G if both aldehyde functions have reacted and with G-
CHO if one aldehyde group is still unreacted)

237 Da = Histidine~-G—CHO no Na"

255 Da = Arginine-G-CHO no Na"

316 Da = Glutamic acid-G—CHO no Na*

358 Da = Aspartic ac.—G—Aspartic ac. With Na"

399 Da = Tryptophan—(—G—CHO), with Na*

441 Da = Arginine-G-Arginine with Na"

522 Da = Arginine—-G—Arginine-G-CHO

581 Da = Glycine—-G—Arginine-G—Arginine

638 Da = Arginine—-G—Arginine-G—Aspartic ac.

659 Da = Arginine—-G—Arginine—G-histidine

675 Da = Arginine-G—Arginine-G—Arginine

758 Da = Arginine-G—Arginine-G—Arginine-Glycine with Na"

874 Da = Arginine-G-Arginine-G—Arginine-Glycine—Aspartic ac. with Na"

891 Da = Arginine-G-Arginine-G—-Arginine-Glycine-Methionine with Na"

965 Da = Arginine-G—Arginine-G-Arginine-Glycine-Methionine-Glycine with Na"

1056 Da = Arginine-G—Arginine-G-Arginine-Glycine-Methionine-Glycine—Valine with Na"
OR Arginine-G-Arginine-G—Arginine-Glycine-Methionine—Glycine—Proline with Na"

1097 Da = Arginine-G—-Arginine—-G—Arginine—Valine-Methionine—Glycine—Valine with Na*
OR Arginine-G-Arginine-G—Arginine—Valine-Methionine-Glycine-Proline with Na*

1117 Da = Arginine—-G—Arginine—-G—Arginine—Aspartic c.—Methionine-Glycine—Valine with Na*

1212 Da = Arginine-G-Arginine-G—Arginine-Aspartic ac.—Valine-Methionine-Glycine—Proline with Na*

At higher molecular mass there are repeating periods indicating fragments of amino acids reacted with

glutaraldehyde. These are as follows:

The peak at 1212 Da can be interpreted in a number of different manners

1212 Da=1117 Da—Proline

1212 Da= 1097 Da—Aspartic acid

1212 Da=965 Da—Aspartic ac.—Aspartic ac.

1212 Da=891 Da—G—Aspartic ac.—Glutamic ac.

1212 Da = 758 Da—Methionine—G—Aspartic ac.—Glutammic ac.

1297 Da= 1212 Da—-G-CHO

1485 Da = 1212-Da—G—Glycine—Leucine
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Data: 80001.H12[c] 31 May 2019 17:07 Cal: Rer 31 May 2019 15:5S38
Shimadzu Blotech Axima Performance 2.9.3.20110624 Mode Linear, Power: 74, P.Ext. @ 2300 (bin 73)
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Table 2: Properties of particleboard bonded with SPG1, SPG2 and SPG3

Adhesive Density (g/cm®) IB (MPa)  2h TS (%) 2h WG (%)

SP 0.67 0.44+£0.10 - —

SPG1 0.71 0.71+£0.07 214 55.3
SPG2 0.74 0.78+0.12 23.3 52.8
SPG3 0.72 0.59+£0.13 223 58.5

Note: IB: internal bond strength; TS: thickness swelling; WG: water absorption; —: failed testing
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Data: 30001.H12[c] 31 May 2019 17:07 Cal: Rer 31 May 2019 15:S8
Snimadzu Blotech AXxima erformance 2.9.3.20110624: Mode Linear, Power: 74, P.Ext. @ 2300 (bin 73)

%Iint. 246 mV[sum=— 49249 mV] Profiles 1-200 SmMooth Av SO
177.0
100 7 104.1
90 4
=0 4
704
&0 ]
so 4
1371

a0 ]

178.0
=04

1s9.0
20 4
1sa.1 192.9
273.1
104 d 21s.0
10s.1 13s.2 19, g
74.2 a1 L:. 17*19 { 237.12 255.1 JL 234.1
o] I " ] i 4 o i
o so 100 120 140 160 130 200 220 240 260 280 =00'[°
mrE

(a)

Data: 30001.H12[c] 31 May 2019 17:07 Cal: Rerf 31 May 2019 15:53
Shimadzu Blotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 74, P.Ext. @ 2300 (bin 73)
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Data: 30001.H12([c] 31 May 2019 17:07 Cal: Ref 31 May 2019 15:538
Shimadzu Blotech AxiIma Performance 2.9.3.20110624: Mode Linear, Power: 74, P.Ext. @ 2300 (bIn 73)
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