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Abstract: Using non-toxic, low-volatile glyoxal to completely replace formaldehyde for preparing urea-glyoxal (UG) resin adhesive is a hot research topic that could be of great interest for the wood industry. However, urea-glyoxal (UG) resins prepared by just using glyoxal instead of formaldehyde usually yields a lower degree of polymerization. This results in a poorer bonding performance and water resistance of UG resins. A good solution is to pre-react urea to preform polyurea molecules presenting already a certain degree of polymerization, and then to condense these with glyoxal to obtain a novel UG resin. Therefore, in this present work, the urea was reacted with hexamethylene diamine to form a polyurea named HU, and then this was used to react it with different amounts of glyoxal to synthesize hexamethylenediamine-urea-glyoxal (HUG) polycondensation resins, and to use this for bonding plywood. The results show that the glyoxal can well react with HU polyuria via addition and schiff base reaction, and also the HUG resin exhibits excellent bonding strength and water resistance. The shear strength of the plywood bonded with this HUG at 160°C hot press temperature as high as 1.93 MPa, 2.16 MPa and 1.61 MPa, respectively, which meets the requirement of the China national standard GB/T 9846-2015 (≥0.7 MPa), and can be a good choice as a wood adhesive for industrial application.
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1  Introduction

Urea-formaldehyde resins, including their modifications, are important raw material to be most widely and currently used as adhesives in the wood composites industry. They constitute more than 90% of the wood adhesives market because of their convenient synthesis and low cost. However, since formaldehyde is used in their synthesis, the formaldehyde emission problem cannot be eliminated in the panels bonded with them, formaldehyde being now classified as toxic and carcinogenic. Therefore, finding a suitable aldehyde with low or even no toxicity to replace formaldehyde has been for some time a hot topic in the field of wood adhesives [1–3]. Up to now, dimethoxy acetaldehyde [4], propionic aldehyde [5], butandialdehyde [6], glutaraldehyde [7], isobutyral [8], dialdehyde starch [9] and others have been reported as substitutes for formaldehyde. Among them, glyoxal has become the focus of attention because of its reasonably high reactivity, low toxicity and volatility [10,11]. Previous research works have already confirmed that glyoxal, as a simple aliphatic binary aldehyde, can react well with urea to form a urea-glyoxal (UG) amino resin. These UG amino resins have similar structures and properties as urea-formaldehyde resins.

In reality, synthetic UG resins are used in common industrial practice at present, in the textile and paper industries to improve the properties of products, but are not used in the wood industry. This is mainly because only UG resins of a low degree polymerization can be obtained by simply replacing formaldehyde with glyoxal in urea resins synthesis. Such low degree of polymerization resins do not adhere sufficiently well on wood surfaces to get a good bonding performance, a finding already confirmed by previous research [12,13]. The main reason for this is that glyoxal has a lower reactivity than formaldehyde, so that the polycondensation degree of UG resins is much lower than that of UF resin, thus showing a poor bonding performance. In order to improve the degree of polymerization on UG resin, some research work has been done such as using a small proportion of formaldehyde to promote the synthesis reaction. This has achieved better results, but the toxic formaldehyde is still used [12]. There are also reports on the utilization of acid ionic liquids as hardeners [10] that obtained a considerable improvement to the point of achieving the same characteristics as UF resins, but ionic liquid are still an expensive commodity. 5-Hydroxymethylfurfural (HMF) and other substances have also been tried to improve the performance of UG resin, and achieved good results [14]. However, all these trials, some successful, still present some drawbacks.

To improve the degree of polymerization of UG resin by more affordable means, two further approaches can be taken. The first is to find suitable catalysts to improve the reactivity of urea with glyoxal [10], and the second is to pre-treat small molecules of urea-based compounds to obtain polyureas with up to a certain degree of polymerization. These can then form with more ease macromolecules to be crosslinked by glyoxal. With this in mind, in this present work, urea and hexamethylenediamine were reacted via deamination to prepare polyureas (HU) [15]. These were then crosslinked by glyoxal to obtain hexamethylenediamine-urea-glyoxal (HUG) resin adhesives, and used for laboratory three layers of plywood bonding. The effects of different amounts of glyoxal on the adhesive physical properties and bonding properties of this synthesized HUG resin were researched to obtain the optimum preparation process. In addition, by pressing plywood at different temperatures and testing their bonding strength, this work also explored the influence of hot pressing temperatures on the performance of HUG resin adhesives. Finally, to prepare a good performance formaldehyde-free hexamethylenediamine-urea-glyoxal (HUG) resin wood adhesive in this work, and it will possess great potential to replace the existing UF resin adhesive in the industrial production of wood composites.

2  Materials and Methods

Analytical purity urea (99.0%) and hexamethylene diamine (99.0%) were purchased from Sinopharm Chemical Reagent Co., Ltd., China; The 40% glyoxal solution (Analytical purity) from Shanghai Zhanyun Chemical Co., Ltd., China.

2.1 Synthetic Scheme of HU Polyurea

The synthesis of the HU polyurea was performed in a solvent-free condition, with the hexamethylenediamine (HDM) to urea of molar ratios of 1, and reacted the mixture at 120°C temperature for 4 h to obtain the white solid polyurea [15], then placed this solid in the oven for 6 h at 103°C to release reaction produces ammonia gas, and then crushed it into powder form for easy subsequent utilization.

2.2 Preparation of HUG Resins

In the flask with a volume of 250 ml, 15 g HU powder was added into 0.5 mol, 0.75 mol, 1 mol, 1.25 mol glyoxal solution with pH = 4.5, respectively, and mix them for 10 min at temperature 45°C to dissolve well the HU powder, then increase the temperature to 90°C and keep it for 1 h to synthesize the HUG1, HUG2, HUG3, HUG4 resins. The viscosity of synthetic HUG resins was tested by the SNB-2 viscometer from Nyirun Intelligent Technology Co., Ltd. (Shanghai, China).

2.3 Fourier Transform Infrared Spectrometry (FTIR)

Fourier Transform Infra-Red (FTIR) analysis was carried out using a Shimadzu IRAffinity-1 spectrophotometer for exploring the molecular structures of synthetic resins. A blank sample tablet of potassium bromide was prepared for the reference spectrum. A similar tablet was prepared by mixing potassium bromide with 5% w/w of the HUG resins powders for the test. The final spectrum was obtained in transmission measurement of 32 scans times and a resolution of 2.0.

2.4 Dynamic Thermomechanical Analysis (DMA)

HUG resins were tested by NETZSCH DMA-242 equipment for the DMA analysis. All tested samples were prepared in dimensions of 50 mm × 10 mm × 3 mm, and each adhesive was applied between two poplar wood plies to form a sandwiches model and then tested in non-isothermal three-point bending mode at a temperature range between 30°C to 250°C, the heating rate in this work was 10°C/min, the frequency of 10 Hz, strain amplitude of 60 µm, and the dynamic force was 1.5 N. The tested results were analyzed by NETZSCH Proteus software to obtain the DMA curves.

2.5 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to analyze HUG resins here. The Perkin-Elmer DSC spectrometer purchased from Germany with type DSC 204F1 was used to test all synthetic resin adhesives. All samples were freeze-dried before its testing, and the heating rate was 10°C/min, testing temperature range in 30°C–250°C. The PYRISTM Version 4.0 software was used for the data treatment in this work.

2.6 Tests of Mechanical Properties

The bonding performance of the HUG resins was evaluated by the three-layer laboratory poplar plywood, then tested their dry shear strength, and wet strength after 24 h in cold water soaking and after 3 h in 63°C hot water soaking. The glue spread used was of 260 g/m2, and the hot pressing time was of 5 min at the set temperature (140°C, 150°C, 160°C, 170°C) and 1.0 MPa pressure. The pressed plywood samples were stored in ambient condition for two days before their tests. The mechanical properties were tested according to the China National Standard GB/T 14074 (2017) [16] and GB/T 17657 (2013) [17].

3  Results and Discussion

3.1 Physical Properties of HUG Resins

The physical properties of the four prepared HUG resins were tested in this work and their results are shown in Table 1. With the increase of the glyoxal addition from the HUG1 to the HUG3 resin, the resin viscosity and solids content increased. This is caused by the polymerization reaction between HU and glyoxal, which results in the molecular weight of the reaction product increasing, thus both solids content and viscosity increase also. As more glyoxal gets involved in the reaction to form cross-linked products, it will also not be evaporated when testing the solids content, resulting in an increase in solids content. However, as the glyoxal addition continued to increase to HUG4, the excess glyoxal did not participate anymore in the reaction, thus exerting a diluting effect on the resin and causing the viscosity of the resin to decrease. When the solids content test is then done, the excess glyoxal evaporates so that the solid content of the resin also appears to decrease.
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3.2 Bonding Performance of HUG Resins

Fig. 1 shows the bonding performance of plywood prepared with HUG resins at a pressing temperature of 150°C. Although the dry strength of the HUG1 resin is 1.13 MPa, its wet strength after 3 h soaking in 63°C hot water and 24 h cold water soaking failed to reach the standard requirement (≥0.7 MPa), so it does not conform to the industrial production requirements. Due to the deficiency of glyoxal in the preparation of HUG1 resin HU cannot fully react with glyoxal to form enough branched HUG molecules to ensure a sufficient bonding strength. As the amount of glyoxal increased to 0.75 mol (namely in the HUG2 resin), the dry strength of plywood bonded with it is 1.18 MPa, 24 h cold water soaking strength as high as 1.70 MPa, and its 0.92 MPa warm water strength also comply with the requirements of the national standard (GB/T 9846-2015). This is because sufficient glyoxal can react well with the HU polyurea to form a cross-linked network, which provides good bonding results to the wood surface. This mechanical property of the HUG resin is also obviously better than the UG resin that was reported in the literature [13], and it can be similar to melamine-modified UF resin now used in industrial production, thus it has good application potential [18]. However, with a further increase in the amount of glyoxal to 1 mol (namely HUG3 resin), the bonding strength of the plywood prepared with this adhesive will decrease, especially its hot water strength failed to reach the level required by the relevant standard. Combining the results of the adhesive viscosity in Table 1 and the percentage wood failure of the plywood shear test in Table 2, these may due to the high viscosity of the HUG3 resin resulting in its poor adhesion to, and penetration in, the surface of the panel veneers.
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Figure 1: Shear strength of plywood bonded with HUG resins
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Moreover, HUG4, prepared with an excess of glyoxal, shows poor shear strength and water resistance of the plywood bonded with it. This is so because the excess of glyoxal can form linear molecules containing hydrophilic hydroxyl groups by aldol condensation, which cannot contribute to the bond strength and will reduce the glue line water resistance. Thus, when the optimal amount of glyoxal is 0.75 mol in preparing the HUG resin, the plywood bonded with it presents the best shear strength and the highest percentage wood failure.

3.3 Influence of Hot Pressing Temperature on the Plywood Bonding Performance

To explore the influence of the hot pressing temperature on the bonding performance of plywood prepared with HUG resins, the HUG2 resin was used to bond plywood at 140°C, 150°C, 160°C, 170°C press temperature. The results of the shear strengths obtained is shown in Fig. 2. First, it can be noticed that the hot water soaking strength of plywood pressed at 140°C just meets the requirements of the standard (≥0.70 MPa), however this is neither stable nor constant, as some of the tested specimens cannot reach the value required by the standard. Thus, the hot pressing temperature of 140°C does not seem to be sufficiently high for a plywood bonded with a HUG resin, even though the dry strength and the wet strength after 24 h cold water soaking, and the respective wood failures are already complying with the requirements. With the increase in the hot pressing temperature, the shear strength of the plywood bonded with a HUG resin improves, especially its wet bonding strength.
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Figure 2: Adhesive properties of HUG2 resin at different platen temperatures

At the hot pressing temperature of 160°C and 170°C, the hot water soaking strength of the plywood is far exceeding the standard requirement (≥0.7 MPa) being more than 1.5 MPa. The excellent shear strength and the wood failure of the plywood in Table 3 show that a HUG resin has good bonding performance and water resistance at these pressing temperatures. Therefore, the bonding properties of a HUG resin can be improved by the increase, within limits, of the hot pressing temperature and the best bonding property can also be obtained at 160°C. When the temperature is too high, such as 170°C, this leads to the thermal decomposition of the adhesive, thus resulting in a decline in the bonding performance (as shown in Fig. 2). Thus, 160°C can be used as the best hot pressing temperature for the HUG resins, which is comparable to phenol-formaldehyde (PF) resins [19,20]. However, what should not be ignored is also that the performance of the plywood pressed at the temperature of 150°C can meet the requirements of the standard, and it is good enough compared to industrial UF adhesives.
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3.4 FT-IR Analysis

Infrared spectral analysis can be used to analyze the functional groups in the resin structure, so as to identify the changes occurring in the reaction process. Fig. 3 shows the results of the FTIR spectrum of the four HUG resins prepared in this work. The spectra characteristics of these four resins synthesized by different amounts of glyoxal are basically the same, this meaning that their functional groups are also roughly the same.
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Figure 3: FT-IR images of four groups of HUG resins

The wide absorption peak at around 3500 cm−1 belongs to the stretching vibration of hydroxyl and amino groups [21]. This means that the HUG resins contain many hydroxyl or reactive amino groups. And these active functional groups can be well involved in crosslinking reactions in the subsequent hot pressing process to form a network structure, to then ensure excellent bonding performance of the HUG resins. The peaks at 2930 and 2860 cm−1 both are attributed to the C–H deformation [22,23]. C-N linkages will result from the reaction of amino groups and glyoxal, their bending vibration absorption peak being at 1461 cm−1 [24,25]. The peak at 1705 cm−1 is assigned to the C=O group in the HU polyurea chemical compounds, which has no noticeable change, because the reaction between polyurea and glyoxal does not affect the amount of this functional group. The N-H structure appears at 1546 cm−1, it can be clearly seen from the curve in Fig. 4 that HUG1 resin has an obvious absorption peak at this wavelength [15,26,27]. However, with the increase of the amount of glyoxal, this peak has been weakened or even disappeared (such as in the HUG3 and HUG4), which is due to the reaction between glyoxal and HU and leads to the depletion of this functional group. This is also good proof of the crosslinking reaction between HU polyurea and glyoxal occurring. By this analysis, a conceivable reaction mechanism of HUG can be proposed as shown in Fig. 4.
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Figure 4: Synthetic reaction mechanism of HUG resin

3.5 Thermal Characteristics Analysis

In order to study the effects of different amounts of glyoxal addition on the curing performance of HUG resins, a DSC analysis was used to analyse the four HUG resins prepared, and the results are shown in Fig. 5. First, from the figure it appears that there is only one exothermic peak in the DSC curves of HUG1 and HUG2, while there are two exothermic peaks in curves of HUG3 and HUG4. This means that there are two curing reaction systems in the HUG3 and HUG4 resins, which may be due to excessive glyoxal in the resin producing an aldol condensation reaction. The HUG2 resin with the optimal bonding performance (cf. Fig. 1) shows a large curing exotherm in the DSC curve, which means that its curing reaction is sufficient, thus ensuring its good bonding strength and water resistance. In addition, the peak curing temperature of HUG2 is 105°C, which is similar to that of UF resins in industrial production [28,29]. Therefore, the HUG2 resin has real potential as a substitute for UF resin.
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Figure 5: DSC (a) and DMA (b) results of four groups of HUG resin

In the DMA results of the HUG resins HUG2 and HUG3 present higher peaks of Young’s modulus than HUG1 and HUG4 (Fig. 5b). This means that these two resins may have better mechanical performance [30,31], this being consistent with, and supporting the results in Fig. 1 of plywood shearing strength. Meanwhile, as shown also in Fig. 4, all DMA curves start to increase at a lower temperature (near 70°C), which means that the curing reaction temperature of the HUG resins is low. This is of interest to the wood-based panel industry. More importantly, the DMA peak value of HUG resins appeared near 160°C, which is consistent with the best bonding performance of plywood at the hot pressing temperature of 160°C. Certainly, at temperatures above 160°C, the resin gradually degrades as the temperature rises, which results in a decrease in the bond strength and the modulus value of the DMA curves. This is a rapid decrease, and seems to imply that HUG is not well resistant to heat. It is worth emphasising, however, that wood-based panels are not normally used at such high temperatures in daily life, so this does not affect the prospects of one of the HUG resins synthesised in this work for use in the panel industry.

4  Conclusion

A glyoxal-based HUG resin with great potential to replace industrial UF resins for wood adhesives was successfully prepared in the present work. Urea was reacted with hexanediamine by deamination to obtain polyureas and then crosslinked with glyoxal. This resin can be considered as an environmentally friendly adhesive, and it has good bonding properties and water resistance, as the plywood bonded with it at 160°C pressing temperature shows that its dry shear strength, wet strength after 24 h cold water immersion and 3 h hot water (63°C) immersion reached 1.93 MPa, 2.16 MPa, 1.61 MPa, respectively. This is higher than the UF resin adhesives commonly used in the wood composite industry today. The HUG resin produced has a low curing temperature of about 105°C, which is similar to UF resin adhesives. This work also confirms that HUG resins will rapidly crack and lose their bonding strength at temperatures above 160°C, but this does not affect their application in wood composites bonding as few wood-based panels are used at such high temperatures.
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Table 1: The physical properties of four resins

Adhesives Solid content/% Viscosity/(mPaes)
HUG1 42.20 152.2
HUG?2 48.00 434.8
HUG3 49.50 906.5
HUG4 43.70 178.3
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Table 3: Wood failure of plywood specimens prepared at different pressing temperatures

Testing type 140°C 150°C 160°C 170°C
Wood failure in dry strength testing (%) 100 90 100 100
Wood failure in cold water strength testing (%) 80 90 80 80
Wood failure in hot water strength testing (%) 40 70 80 80
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Table 2: Wood failure of plywood bonded with four HUG resins

Testing type HUG1  HUG2 HUG3  HUG4
Wood failure in dry strength testing (%) 50 90 90 90
Wood failure in cold water strength testing (%) 0 90 40 20
Wood failure in hot water strength testing (%) 0 70 10 0
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