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Abstract

:

In order to improve the initial viscosity and stability of Camellia oleifera cake-protein adhesive, Camellia oleifera cake-protein was blended with defatted soybean protein (DSP), soybean protein isolate (SPI), and casein, followed by adhesive preparation through degradation and crosslinking methods. The performance of Camellia oleifera cake-protein adhesive was investigated by Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), scanning electron microscopic (SEM), and thermogravimetric (TG) and X-ray diffraction (XRD). The results showed that DSP, SPI, and casein likely promoted the effective degradation of Camellia oleifera cake-protein, and, thus, more active groups were formed in the system, accompanied by more reactivity sites. The prepared adhesive had a lower curing temperature, and higher initial viscosity and stability, but the storage time was shortened. Moreover, DSP, SPI, and casein, themselves, were degraded into peptide chains with lower molecular weights; thus, improving the overall flexibility of the adhesive, facilitating a better elastic contact and regular array between crosslinking products, and further strengthening the crosslinked structure and density of the products. After curing, a compact and coherent reticular structure was formed in the adhesive layer, with both bonding strength and water resistance being significantly improved. According to the results obtained, the next step will be to study the DSP-modified Camellia oleifera cake-protein adhesive in depth.






Keywords:


Camellia oleifera; cake protein; wood adhesive; crosslinking; bonding performance












1. Introduction


Wood adhesives are key to the development of the wood-based panel industry and a breakthrough point for manufacturing new products and making progress in the wood-based panel industry [1,2,3,4]. Phenolic formaldehyde resins, urea formaldehyde resins, and melamine-urea-formaldehyde resins are widely applied in the traditional wood industry. Their preparation, use as well as the processing and use of the panels release formaldehyde, endangering the environment and human health [5,6,7,8,9]. With the increasing shortage of global petroleum resources and gradually increasing environmental awareness, attention has increasingly turned toward renewable biomass resources. Preparing biomass wood adhesives with natural substances as raw materials (e.g., starch, lignin, tannin, and soy protein) has become a current research hotspot and development trend in the field of wood adhesives, among which soy protein-based adhesives have been extensively explored [10,11,12,13,14,15,16]. At present, soy protein-based adhesives have developed into mainstream biomass wood adhesives, where various soy protein adhesives have been industrially applied to plywoods and laminated core boards [17,18,19,20]. During the 13th Five-Year Plan period in China, major breakthroughs were made in key technologies of biomass adhesives, represented by soy protein-based adhesives, and the consumption of biomass adhesives increased rapidly. In 2018, the annual consumption of soy protein-based adhesives in China was about 25,000 tons, up 67% year-on-year, and they were mainly used for the preparation of plywood. However, the large-scale application of soybean, which is an important food crop, as the raw material for wood adhesives will affect the food security of human beings. Hence, it is especially important to look for a resource ‘not fighting against humans for grain or against grain for land’ to prepare protein adhesives.



Pizzi et al. [21,22] and Guo et al. [23] pointed out that a large number of oilcakeby-products rich in proteins and carbohydrates and generated in the refining process of edible oil and biodiesel have the characteristics and potential for preparing wood adhesives. At present, there are few studies on the preparation of wood adhesives with oil cakes. The performance of cold-pressed walnut-cake protein adhesives prepared by Wang et al. met the strength requirement of Type III plywood in Chinese National Standard GB/T9846—2015 [24]; that of cold-pressed sesame cake-protein adhesives prepared by Wei et al. satisfied the use requirement of Type II plywood in Chinese National Standard GB/T9846—2015 [25]; and that of peanut-cake protein adhesives prepared by Chen et al. achieved the use requirement of Type I plywood in Chinese National Standard GB/T9846—2015 [26]. The preparation of wood adhesives with Jatropha curcas-cake protein has been extensively investigated. As indicated by Lestari et al. [27], Jatropha curcas-cake has considerable potential for foaming, paper adhesives, and wood adhesives. The results of Zhang et al. showed that the bonding performance of Jatropha curcas cake-protein adhesive was very significantly influenced by pH, the curing temperature of the modified adhesive was obviously lowered, and the bonding strength of plywood made of this adhesive was evidently improved [28]. Hamarneh et al. pointed out that the bonding strength of polyketone-based adhesives could be substantially enhanced by Jatropha curcas cake-protein [29]. Chi suggested that Jatropha curcas cake-protein adhesive differs little from soy protein-based adhesive in bonding strength, but its water resistance was stronger than soy protein-based adhesive [30]. Wang et al. revealed in their study that Jatropha curcas cake-protein adhesive, rubber cake-protein adhesive, and soybean protein adhesive showed similar curing characteristics [31].



In the previous research, it was discovered that the initial viscosity and storage stability of the wood adhesive prepared using Camellia oleifera cake-protein were poor [32,33]. Therefore, in this study, Camellia oleifera cake-protein was blended with defatted soybean protein (DSP), soybean protein isolate (SPI), and casein, expecting to improve the initial viscosity and storage stability of Camellia oleifera cake-protein adhesive, and, moreover, to enhance its bonding performance and water resistance.




2. Materials and Methods


2.1. Materials


Camellia oleifera cake-protein (protein content 36%) was obtained by processing Camellia oleifera cakes from Ruizhaoyuan Co., Ltd. (Rongjiang, China). Defatted soybean protein (DSP, protein content 53.4%) was purchased from Shandong Scents Soy Protein Co., Ltd. (Binzhou, China). Soybean protein isolate (SPI, protein content 90%) and casein (protein content 92%) were bought from Shandong Gushen Biotechnology Group Co., Ltd. (Dezhou, China). The epoxy was purchased from the market, and the epoxide value and softening point of E-44 epoxy resin were 0.41–0.47 and 12–20 °C, respectively. In addition, Populus spp. veneer with a length × width of 400 mm × 400 mm, thickness of 2 mm, and moisture content of 8–10% was purchased from Qunyou Wood Co., Ltd., Suzhou, China. The other chemical reagents from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) such as NaOH and urea were all analytically pure.




2.2. Preparation of Camellia oleifera Cake-Protein Hydrolysates


Preparation of pure Camellia oleifera cake-protein hydrolysate: 200 g of water was added to a round-bottom three-mouth flask equipped with a mechanical stirring rod, thermometer, and condenser pipe. Next, mechanical stirring was started, 80 g of Camellia oleifera cake-protein and 1.2 g of sodium dodecyl benzene sulfonate (SDBS) were added, and then the mixture was heated to 65 °C. After that, 4.8 g of sodium hydroxide was added and kept for 90 min, and then 8 g of urea was added and kept for 20 min, followed by cooling and emptying.



Preparation of Camellia oleifera cake-protein compound hydrolysate: 200 g of water was added to a round-bottom three-mouth flask equipped with a mechanical stirring rod, thermometer, and condenser pipe. Next, mechanical stirring was started, and 72 g of Camellia oleifera cake-protein, 8 g of DSP, and 1.2 g of SDBS were added. After the mixture was heated to 65 °C, 4.8 g of sodium hydroxide was added and kept for 90 min, and then 8 g of urea was added and kept for 20 min, followed by cooling and emptying. In this way, DSP/Camellia oleifera cake-protein compound hydrolysate, SPI/Camellia oleifera cake-protein compound hydrolysate, and casein/Camellia oleifera cake-protein compound hydrolysate were prepared.




2.3. Preparation of Camellia oleifera Cake-Protein Adhesives


First, 12% of crosslinker (E44-epoxy resin) was added into the above obtained pure Camellia oleifera cake-protein hydrolysate and Camellia oleifera cake-protein compound hydrolysates, and stirred evenly. After standing for 10 min, the pure Camellia oleifera cake-protein adhesive (Adhes-1), Camellia oleifera cake-protein adhesive modified with DSP (Adhes-2), Camellia oleifera cake-protein adhesive modified with SPI (Adhes-3), and Camellia oleifera cake-protein adhesive modified with casein (Adhes-4) were prepared, and the formulation of adhesives is shown in Table 1. The pure Camellia oleifera cake-protein hydrolysate was taken as the control group (Control). In accordance with the national standard GB/T 14074–2006, the viscosity of adhesives was determined using an NDJ-1 rotary viscometer from Flora Automation Technology Co., Ltd. (Tianjin, China) with a 4# rotor at the speed of 60 r/min.




2.4. Preparation of Plywood and the Test of Bonding Strength


Three-layer Populus spp. plywood with the dimensions of 400 mm × 400 mm × 5 mm was prepared in the laboratory using the prepared adhesives, through the hot-pressing process (hot-pressing temperature: 160 °C, hot-pressing pressure: 1.0 MPa, hot-pressing time: 5 min, and rate of spreading: 220 g/m2 (double-faced, based on liquid adhesives)). The plywood was cut into samples with a size of 100 mm × 25 mm. Next, a wet process-based shear strength test was performed on the plywood samples after the water treatment at 63 ± 3 °C. The shear strength of plywood samples was determined using WDS-50 KN mechanical testing machine produced by Lugong Precision Instrument Co., Ltd. (Kunshan, China), and the final shear strength was the mean value of 8–10 samples.




2.5. Insoluble Rate of Cured Adhesives


Each sample was placed into tinfoil and dried in a 120 °C thermostatic drying oven from Niyue Instrument Co., Ltd. (Shanghai, China). Then, it was taken out and ground in a grinding machine, passed through a 200-mesh screen, and sample flours were acquired. The sample flours with the mass of m1 were wrapped using filter paper and soaked in water at 63 °C for 6 h. Afterwards, they were dried in a 120 °C thermostatic drying oven, and the flour mass was calculated as m2. The insoluble content in adhesive curing products was calculated according to Equation (1). Each sample was tested for 5 times, and the mean value of insoluble content in the adhesive curing products was taken.


  Insoluble   rate   ( % ) =    m 2     m 1      ×   100 %  



(1)




where m1 is dry weight of sample before water immersion and m2 is dry weight of sample after water immersion.




2.6. Fourier Transform-Infrared Spectroscopic (FT-IR) Analysis


To explore the influences of DSP, SPI, and casein on the degradation product structure of Camellia oleifera cake-protein, an FT-IR test was performed on different Camellia oleifera cake-protein hydrolysates using a Varian 1000 (Varian, USA) IR spectrometer under the following parameter conditions: The range of wave number (WN) was 400–4000 cm−1, the resolution was 4 cm−1, the number of scans was 32, the indoor temperature was 22–25 °C, and the relative humidity was ≤60%.




2.7. Differential Scanning Calorimetric (DSC) Analysis


To study the influences of DSP, SPI, and casein on the curing performance of Camellia oleifera cake-protein adhesives, a DSC test was implemented using a DSC 204 F1 differential scanning calorimeter produced by the German NETZSCH Company (Rodgau, Germany) with NETZSCH Proteus analysis software under N2 protection, along with the following conditions: The range of test temperature was 30–180 °C, and the heating rate was 10 °C/min. Before the test, the adhesive samples were frozen and dried.




2.8. Thermogravimetric (TG) Analysis


To evaluate the influences of DSP, SPI, and casein on the thermal properties of Camellia oleifera cake-protein adhesives, the cured adhesive was ground into flours for the TG test using a TG 209 F3 thermogravimeter produced by the German NETZSCH Company (Bavaria, Germany) under N2 protection, along with the following conditions: The range of test temperature was 30–800 °C, and the heating rate was 10 °C/min.




2.9. X-ray Diffraction (XRD) Analysis


To evaluate the influences of DSP, SPI, and casein on the crystallization properties of Camellia oleifera cake-protein adhesives, the cured adhesive was ground into flours for the XRD test using a TTR XRD produced by RIGAKU (Tokyo, Japan) under the Cu target (λ = 0.154060 Å), along with the following conditions: The 2θ scanning range was 5–80°, the step size was 0.02°, the scanning rate was 5°/min, the tube current was 120 mA, and the tube voltage was 40 kV.




2.10. Scanning Electron Microscopic (SEM) Analysis


Fractured cross-sections of the cured adhesives were analyzed using an S-3400N SEM produced by Hitachi (Tokyo, Japan) at the acceleration voltage of 12.5 kV. The section was observed after metal spraying.





3. Results and Discussion


3.1. FT-IR Analysis of Camellia oleifera Cake-Protein Hydrolysates


The FT-IR spectrograms of Camellia oleifera cake-protein hydrolysates are displayed in Figure 1.



It was revealed that the pure Camellia oleifera cake-protein hydrolysate showed basically consistent IR spectral variation trends with compound hydrolysates, but they differed in the peak intensity, which was mainly manifested in amide regions I (1641.3 cm−1) and II (1462.3 cm−1 and 1407.9 cm−1). The peak of pure Camellia oleifera cake-protein hydrolysate was weak in both amide regions I and II, which was ascribed to the relatively lower protein content of Camellia oleifera cake. During the degradation process, the accessibility and solubility of alkali contacting Camellia oleifera cake-protein were influenced by impurities, such as celluloses; thus, impeding its effective degradation [18,32,33].



After DSP, SPI, and casein were introduced, the peak of amide regions I and II of the degradation products were obviously enhanced, indicating the increasing content of terminal peptide bonds in the system. The possible reasons are described as follows: (1) The total protein content was elevated in the system; (2) The protein introduced experienced alkaline degradation, so the characteristic peaks of the amide regions I and II were enhanced; (3) The alkaline degradation of protein was a chemical equilibrium reaction, and the protein introduced could facilitate the forward degradation reaction of Camellia oleifera cake-protein. In addition, the degree of system degradation also varied with DSP, SPI, and casein, where SPI and casein could more easily promote the system degradation, which might be related to the corresponding protein content and molecular weight.



Therefore, the introduction of other proteins promoted the degradation of Camellia oleifera cake-protein. The active groups, such as amino and carboxy, generated by the degradation rendered the requisite conditions for the follow-up crosslinking reaction.




3.2. Curing Performance of Camellia oleifera Cake-Protein Adhesives


The DSC results of Camellia oleifera cake-protein adhesives are exhibited in Figure 2. It can be seen from Figure 2 that the pure Camellia oleifera cake-protein hydrolysate did not have any obvious exothermic peak in the high-temperature (>100 °C) region, only having a very small peak in the low-temperature region (83.7 °C), which was because the pure Camellia oleifera cake-protein hydrolysate could not experience a crosslinking reaction, and the curing process mainly involved the intertwining and degradation of protein molecules and the formation of hydrogen bonds. The peak here was mainly induced by the fracture of disulfide bonds in the protein molecules [34,35].



Integral processing was performed for the curing peaks of DSC curves in Figure 2. The curing degree curves (Figure 3) of different Camellia oleifera cake-protein adhesives could be obtained by taking curing temperature as the horizontal axis and integral area as the vertical axis. It can be seen from Figure 3 that the curing reaction rate was ordered as follows: pure Camellia oleifera cake-protein adhesive < casein-modified Camellia oleifera cake-protein adhesive ≤ DSP-modified Camellia oleifera cake-protein adhesive < SPI-modified Camellia oleifera cake-protein adhesive. Hence, the following results could be acquired: (1) The curing reaction rate of Camellia oleifera cake-protein adhesive could be generally improved by introducing defatted soybean protein, SPI, and casein; (2) Due to the differences in protein structure and content, DSP-, SPI-, and casein-modified Camellia oleifera cake-protein adhesives were different in curing efficiency, where SPI had the highest efficiency, followed by DSP and casein, successively.



When the pure Camellia oleifera cake-protein hydrolysate was used in cooperation with a crosslinker, an evident crosslinking reaction-induced exothermic peak appeared at 111.4 °C. On this basis, obvious curing exothermic peaks also occurred with DSP-, SPI-, and casein-modified Camellia oleifera cake-protein adhesives. By comparing the DSC results in Figure 2, the following results were obtained:




	(1)

	
The crosslinking reaction temperature between pure Camellia oleifera cake-protein hydrolysate and crosslinker was the highest, with the lowest heat release, indicating the low reactivity of pure Camellia oleifera cake-protein hydrolysate, its unideal reaction with the crosslinker, and a low crosslinking reaction degree.




	(2)

	
The crosslinking reaction between Camellia oleifera cake-protein compound hydrolysate and crosslinker moved towards a low temperature, and the heat release was significantly increased, showing that the reactivity of the hydrolysate was significantly enhanced by introducing other proteins, which facilitated sufficient reaction with the crosslinker and reached a high degree of crosslinking reaction.




	(3)

	
DSP-, SPI-, and casein-modified Camellia oleifera cake-protein adhesives all showed significant crosslinking reaction-induced exothermic peaks, but their peak temperature and heat release were different. The peak curing temperature of SPI-modified Camellia oleifera cake-protein adhesive (101.0 °C) < that of casein-modified Camellia oleifera cake-protein adhesive (105.8 °C) < that of DSP-modified Camellia oleifera cake-protein adhesive (106.2 °C).









Curing temperature was associated with the active site and apparent activation energy of hydrolysates. The SPI-modified Camellia oleifera cake-protein adhesive reached the minimum curing temperature and a low apparent activity energy, reflecting that there were many active functional groups and active sites within the unit volume of compound hydrolysates at the time. A possible reason was that the high protein content of SPI could more easily promote the degradation of Camellia oleifera cake-protein, and, thus, more active functional groups were exposed and the active sites for the reaction with the crosslinker were increased. Different protein-modified Camellia oleifera cake-protein adhesives had different curing temperatures, which was correlated with the protein category and protein content. Moreover, they also differed in promoting the degradation of Camellia oleifera cake-protein. Meanwhile, the results demonstrated that the hot-pressing temperature 160 °C experimentally adopted was reasonable.




3.3. SEM Analysis


Figure 4 shows the SEM images of fractured cross-sections of cured Camellia oleifera cake-protein adhesives. It can be seen by combining the DSC results that the pure Camellia oleifera cake-protein hydrolysate itself could not experience a crosslinking reaction. Due to the vapor volatilization in the curing process, the section of adhesive layer presented a disorderly, loose, and porous state, indicating its low cohesion and high brittleness [36]. Meanwhile, holes, which served as water channels, reduced the water resistance of the adhesives.



When the pure Camellia oleifera cake-protein hydrolysate was utilized in cooperation with the crosslinker, the sectional structure of the adhesive layer started to become compact and uneven, showing that a crosslinking reaction took place in the curing process, and the cohesion started to increase. However, the crosslinking reaction was uneven, due to the unevenness of the Camellia oleifera cake-protein hydrolysate.



When the Camellia oleifera cake-protein compound hydrolysate was used together with the crosslinker, the surface of the loose adhesive layer was obviously improved, being compact and smooth with increasing wrinkles, and this showed that the cohesion and crosslinking density of the adhesive were remarkably enhanced. This was because DSP, SPI, and casein facilitated the degradation of the Camellia oleifera cake-protein, and more active groups were generated in the system; thus, promoting the reaction with the crosslinker. The cured adhesive layer formed a complex crosslinked spatial reticular system, with a high cohesion and strong water resistance. In particular, the cross section of the adhesive layer in the DSP- and SPI-modified Camellia oleifera cake-protein adhesives was the smoothest, meaning that the crosslinking reaction was relatively radical, which accorded with the DSC analysis results.




3.4. Heat Resistance of Camellia oleifera Cake-Protein Adhesives


The TG and derivative TG (DTG) results of Camellia oleifera cake-protein adhesives are exhibited in Figure 5 and Figure 6. The thermolysis of the Camellia oleifera cake-protein adhesives could be divided into four stages: The first stage was 50–130 °C, in which adhesive curing product’s absorbed water evaporated in the air and the mass loss was generally within 10%. The weight loss was the highest in the curing products of pure Camellia oleifera cake-protein hydrolysate, which was associated with the loose and porous state on the cross section of its adhesive layer without crosslinking reaction. The second stage was 130–200 °C, in which the fracture of the protein secondary structure dominated. The third stage was 200–500 °C, in which the mass loss rate was the highest, accompanied by the degradation of protein peptide bonds and the skeleton structure of the adhesive. Before and after the crosslinker was added to the pure Camellia oleifera cake-protein hydrolysate, the temperature leading to the maximum weight loss rate was 282.9 °C and 284.1 °C, respectively; further indicating that the Camellia oleifera cake-protein hydrolysate experienced a crosslinking reaction with the crosslinker; thus, generating relatively stable crosslinked products. The temperature triggering the maximum weight loss rate of curing products of DSP- and SPI-modified Camellia oleifera cake-protein adhesives rose to 315.6 °C and 318 °C, respectively, showing that the thermal stability of the adhesive was enhanced with the introduction of DSP and SPI. The temperature leading to the maximum weight loss rate of curing products of casein/Camellia oleifera cake compound adhesive shifted to a lower temperature 270.2 °C, meaning that the thermal stability of the adhesive was degraded by the casein being introduced.




3.5. XRD Analysis


The XRD results of the cured Camellia oleifera cake-protein adhesives are displayed in Figure 7. The degree of crystallinity denoted the degree of ordered molecular arrangement. The degree of crystallinity in the products of the crosslinking reaction between pure Camellia oleifera cake-protein hydrolysate and crosslinker was relatively low, which indicated a low degree of crosslinking reaction. After the Camellia oleifera cake-protein compound hydrolysate experienced the crosslinking reaction with the crosslinker, the degree of crystallinity was evidently elevated, which showed a high degree of crosslinking reaction. As further proved by the XRD results, a crosslinked structure was established in the Camellia oleifera cake-protein adhesive, and its crosslinking density could be further improved by introducing DSP, SPI, and casein.




3.6. Insolubility Rate in the Cured Camellia oleifera Cake-Protein Adhesives


The results regarding the proportion of insoluble matters in the curing products of Camellia oleifera cake-protein adhesives are seen in Figure 8. The insolubility rate in the curing products before and after the pure Camellia oleifera cake-protein hydrolysate was added with the crosslinker was 69.1% and 75.2%, respectively. In the former case, no crosslinking reaction occurred, but the protein molecules were intertwined in the curing process, with a certain water resistance within the experiment. However, the water resistance was relatively low, since the curing layer was loose and porous, which let water molecules in easily. In the latter case, a certain crosslinking reaction took place and a certain number of water-resistant crosslinking products were generated, but the insolubility rate was only improved by 8.8% due to the lack of high crosslinking density.



The insolubility rate in the cured products of DSP-, SPI- and casein-modified Camellia oleifera cake-protein adhesives was 85.1%, 86.3%, and 84.9%, respectively; with an increase in value of 24.9%, 23.2%, and 22.9%, respectively. The insoluble rate could also be used to qualitatively characterize the crosslinking density and water resistance of the adhesives. It was shown by combining the FTIR, DSC, DTG, and SEM results that DSP, SPI, and casein facilitated the hydrolysis of Camellia oleifera cake-protein and increased the active sites for the reaction, which contributed to sufficient crosslinking reaction with the crosslinker, the improved crosslinking density of curing products, and are markably enhanced insolubility rate.




3.7. Basic Properties of Camellia oleifera Cake-Protein Adhesives


The results of the viscosity and storage time of Camellia oleifera cake-protein adhesives are listed in Table 2. Before and after the pure Camellia oleifera cake-protein hydrolysate was added to the crosslinker, the viscosity was 21.6 and 28.5 mPa·s, respectively, and the adhesive solution was laminated in both cases, indicating that the pure Camellia oleifera cake-protein could not be effectively degraded. On the one hand, this affected the degree of follow-up crosslinking reaction, and on the other hand, it influenced the adhesive storage stability. In the DSP-, SPI-, and casein-modified Camellia oleifera cake-protein adhesives, the adhesive solution was even, with the viscosity significantly increased and the storage time remarkably shortened, indicating that the crosslinked structure and crosslinking density of the Camellia oleifera cake-protein adhesive were further strengthened. In addition, the viscosity of the casein-modified Camellia oleifera cake-protein adhesive was excessively increased due to the high reactivity of casein, which impeded the diffusion, wetting, and permeation of the adhesive on the wood surface and further impacted the bonding performance.



Regarding bonding, wood failure is bound to occur at the weakest part of the bonded object, through the complex physical and chemical reactions between the adhesive and the bonded object. Assuming that the failure occurs at the adhesive layer, the wood failure should be 0%. If the bonding is effective, the wood failure rate should be 100%. Therefore, wood failure certainly occurs at the weakest part of the wood. However, contradictorily, the corresponding strength is not the real bonding strength of the wood, but the strength at its weakest part. In other words, the bonding strength in real terms means that the wood and adhesive layer simultaneously exists on the shear section. Hence, wood failure is still required to evaluate the bonding reliability. The test results of shear strength and wood failure of plywood prepared using Camellia oleifera cake-protein adhesives are exhibited in Figure 9. The pure Camellia oleifera cake-protein hydrolysate did not experience any crosslinking reaction; hence, it was without any wet strength. The plywood sample was directly boiled open, without a wood failure rate. After the crosslinker was added, the plywood showed a certain wet bonding strength (0.21 MPa) due to the established crosslinked structure, and the wood failure rate was only 8%. In this case, both the bonding strength and wood failure rate were the lowest, and the standard deviation of bonding strength was the maximum, showing the unstable plywood performance. It was found in the experimental process that the adhesive prepared using the pure Camellia oleifera cake-protein hydrolysate had a poor initial viscosity and evenness, along with easy delamination. Based on previous experience, this was attributed to the poor sizing performance, resulting from the large viscosity. However, the viscosity of the adhesive was small (28.5 mPa·s) under this circumstance, so the unstable plywood performance was more likely derived from the uneven degradation of Camellia oleifera cake, as well as the degree of follow-up crosslinking reaction and the uneven molecular weights of reaction products, and so on.



The bonding process of adhesives refers to their flow, wetting, permeation, and curing process on the wood surface until forming glue nails. Wood is a porous material, containing large capillary voids and microcapillary voids. Under the action of hot-pressing temperature and pressure, the adhesive will continuously permeate into these voids and finally be cured, to form firm glue nails. In this study, however, the casein-modified Camellia oleifera cake-protein adhesive showed a high viscosity, so its mobility was poor, and due to the insufficient permeation of the adhesive, no good glue nails could be formed, which contributed to a relatively low wood failure rate.




3.8. Reinforcement Mechanism Analysis of Camellia oleifera Cake-Protein Adhesives


The Camellia oleifera cake-protein content was relatively low. Impurities such as celluloses in the degradation process influenced the accessibility and solubility of alkali contacting the Camellia oleifera cake-protein and impacted the degradation of the Camellia oleifera cake-protein and the subsequent crosslinking reaction. Consequently, the prepared adhesive presented a poor initial viscosity and evenness, and it was prone to delamination.



From the perspective of chemical equilibrium, the introduced DSP, SPI, and casein promoted the effective degradation of Camellia oleifera cake-protein, so that the protein was more prone to degradation, dispersion, and extension in the alkaline solution: (1) More reactivity sites were generated in the system (Figure 10), which was good for the bonding of the adhesive in the chemical form, and hydrogen bonds were transformed into covalent bonds, which was more conducive to the establishment of a compact crosslinked structure [36,37]; (2) DSP, SPI, and casein were degraded into peptide chains with lower molecular weights, which were interspersed in the system; thus, enhancing the overall flexibility of the adhesive and enhancing the acting force and hydrogen-bond interaction between the crosslinker and hydrolysate. Moreover, this contributed to a better elastic contact and regular array between crosslinking products; the crosslinked structure and crosslinking density were further strengthened (Figure 10); and the cured adhesive layer formed a compact reticular structure, which could prevent the wedging of moisture and further strengthened the water resistance of the adhesive; (3) The toughening effect of peptide chains relieved the increase in the brittleness induced by the excessive crosslinking of the adhesive system and the water evaporation in the hot-pressing process, and avoided the degradation of the bonding performance, which was macroscopically shown by the good bonding performance and durability; (4) In addition, the branching of the adhesive system enlarged the contact area with the fibrous structure of the wood, enhanced the interaction between hydrophilic groups and hydrophobic groups, and further improved the bonding performance of the Camellia oleifera cake-protein adhesives.





4. Conclusions


In this study, Camellia oleifera cake flours were blended with defatted soybean protein (DSP), soybean protein isolate (SPI), and casein, to prepare adhesives through the degradation and crosslinking methods. The results showed that:




	(1)

	
DSP, SPI, and casein likely promoted the effective degradation of Camellia oleifera cake-protein; more active groups and reactivity sites were formed in the system; the initial viscosity and stability of the adhesive were reinforced, but its usable life was shortened.




	(2)

	
DSP-, SPI-, and casein-modified Camellia oleifera cake-protein adhesives showed a lower curing reaction temperature and significantly increased heat release. SPI was more inclined to facilitate the degradation of Camellia oleifera cake-protein, so more active functional groups were exposed, and the active sites for the reaction with the crosslinker were increased, which contributed to the establishment of a compact crosslinked structure.




	(3)

	
DSP, SPI, and casein, themselves, could be degraded into peptide chains with lower molecular weights, which improved the overall flexibility of the adhesive, boosted the elastic contact and regular array between the crosslinking products, and further enhanced the crosslinked structure and crosslinking density. The cured adhesive layer formed a compact reticular structure, with both bonding strength and water resistance being notably improved.




	(4)

	
Based on the bonding performance, storage time and initial viscosity, the next step will be to adopt for study the DSP-modified Camellia oleifera cake-protein adhesive, mainly studying the amount of DSP, the amount of crosslinker, and the hot pressing process. Moreover, the results can also provide a reference for the development of other oil cake-protein adhesives.













Author Contributions


Conceptualization, Z.W. and H.L.; methodology, J.L., L.L., Z.W. and H.L.; validation, X.D., Y.T., D.L., B.Z., and G.X.; formal analysis, B.Z., Z.W. and H.L.; investigation, X.D., Y.T., D.L., and G.X.; resources, X.D., and B.Z.; writing—original draft preparation, X.D., Z.W. and H.L.; writing—review and editing, J.L., L.L., Z.W. and H.L.; visualization, Z.W. and X.D.; supervision, B.Z., J.L., L.L., Z.W. and H.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (32160348 and 32160346), Department Program of Guizhou Province (ZK[2021]162 and [2019]2325), the Special Project of Doctor Professor Service Group of Kaili University (BJFWT201906), the Cultivation Project of Guizhou Universityof China ([2019]37).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhao, S.; Wang, Z.; Li, Z.; Li, L.; Li, J.; Zhang, S. Core-shell nanohybrid elastomer based on co-deposition strategy to improve performance of soy protein adhesive. ACS Appl. Mater. Inter. 2019, 11, 32414–32422. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, S.; Yin, H.; Chen, M.; Zhao, J.; Zhao, D.; Chen, N. Preparation of waste newspaper reinforced soy-based adhesive and its boiling water resistance performance. J. For. Eng. 2020, 5, 82–87. [Google Scholar] [CrossRef]

	



Guigo, N.; Mija, A.; Vincent, L.; Sbirrazzuoli, N. Eco-friendly composite resins based on renewable biomass resources: Polyfurfuryl alcohol/lignin thermosets. Eur. Polym. J. 2010, 46, 1016–1023. [Google Scholar] [CrossRef]

	



Liu, Z.; Kou, F.; Duan, Y.; Wang, W.; Peng, L.; Li, J.; Gao, Q. Preparation and investigation of distillers-dried grains with solubles-based wood adhesive. J. For. Eng. 2021, 6, 105–111. [Google Scholar] [CrossRef]

	



Liang, J.; Li, Q.; Wu, Z.; Du, G.; Li, T.; Lei, H.; Li, L. Competitive polycondensation of model compound melamine-urea-formaldehyed (MUF) resin system by 13C NMR. J. Bioresour. Bioprod. 2020, 5, 60–66. [Google Scholar] [CrossRef]

	



Li, X.; Li, J.; Li, J. Research progress of urea formaldehyde resin modified by inorganic additives. J. For. Eng. 2021, 6, 28–34. [Google Scholar] [CrossRef]

	



Qu, P.; Huang, H.; Wu, G.; Sun, E.; Chang, Z. The effect of hydrolyzed soy protein isolate on the structure and biodegradability of urea–formaldehyde adhesives. J. Adhes. Sci. Technol. 2015, 29, 502–517. [Google Scholar] [CrossRef]

	



Qu, P.; Huang, H.; Wu, G.; Sun, E.; Chang, Z. Hydrolyzed soy protein isolates modified urea-formaldehyde resins as adhesives and its biodegradability. J. Adhes. Sci. Technol. 2015, 29, 2381–2398. [Google Scholar] [CrossRef]

	



Wu, Z.; Zhang, B.; Zhou, X.; Yu, L.; Liao, J.; Du, G. Influence of single/collective use of curing agents on the curing behavior and bond strength of soy protein-melamine-urea-formaldehyde (SMUF) resin for plywood assembly. Polymers 2019, 11, 1995. [Google Scholar] [CrossRef]

	



Ghahri, S.; Pizzi, A. Improving soy-based adhesives for wood particleboard by tannins addition. Wood Sci. Technol. 2018, 52, 261–279. [Google Scholar] [CrossRef]

	



Xia, Z.; Li, J.; Zhang, J.; Zhang, X.; Zheng, X.; Zhang, J. Processing and valorization of cellulose, lignin and lignocellulose using ionic liquids. J. Bioresour. Bioprod. 2020, 5, 79–95. [Google Scholar] [CrossRef]

	



Ballerini, A.; Despres, A.; Pizzi, A. Non-toxic, zero emission tannin-glyoxal adhesives for wood panels. Holz als Roh-und Werkstoff 2005, 63, 477–478. [Google Scholar] [CrossRef]

	



Yu, Y.; Li, Y.; Lou, Y.; Liu, Y.; Yu, H. Effect of lignin condensation on cellulose enzymatic hydrolysis during deep eutectic solvent fractionation of lignocellulose. J. For. Eng. 2021, 6, 101–108. [Google Scholar] [CrossRef]

	



Zhang, N.; Li, Z.; Xiao, Y.; Pan, Z.; Jia, P.; Feng, G.; Bao, C.; Zhou, Y.; Hua, L. Lignin-based phenolic resin modified with whisker silicon and its application. J. Bioresour. Bioprod. 2020, 5, 67–77. [Google Scholar] [CrossRef]

	



Wang, Z.; Li, Z.; Gu, Z.; Hong, Y.; Cheng, L. Preparation, characterization and properties of starch-based wood adhesive. Carbohyd. Polym. 2012, 88, 699–706. [Google Scholar] [CrossRef]

	



Li, D.; Zhuang, B.; Wang, X.; Wu, Z.; Wei, W.; Aladejana, J.T.; Hou, X.; Yves, K.G.; Xie, Y.; Liu, J. Chitosan used as a specific coupling agent to modify starch in preparation of adhesive film. J. Clean. Prod. 2020, 277, 123210. [Google Scholar] [CrossRef]

	



Yang, I.; Kuo, M.; Deland, J.M. Bond quality of soy-based phenolic adhesives in southern pine plywood. J. Am. Oil Chem. Soc. 2013, 83, 213–237. [Google Scholar] [CrossRef]

	



Wu, Z.; Xi, X.; Lei, H.; Liang, J.; Liao, J.; Du, G. Study on soy-based adhesives enhanced by phenol formaldehyde cross-linker. Polymers 2019, 11, 365. [Google Scholar] [CrossRef]

	



Sun, Z.; Ye, R.; Jian, J.; Song, N.; Liu, T.; Fu, Q.; Gao, Z. Effect of pH of PAE resin on the structure and properties of soybean adhesive. J. For. Eng. 2021, 6, 130–136. [Google Scholar] [CrossRef]

	



Li, K.; Jin, S.; Jiang, S.; Li, X.; Li, J.; Shi, S.Q.; Li, J. Bioinspired mineral–organic strategy for fabricating a high-strength, antibacterial, flame-retardant soy protein bioplastic via internal boron–nitrogen coordination. Chem. Eng. J. 2021, 428, 132616. [Google Scholar] [CrossRef]

	



Pizzi, A. Recent developments in eco-efficient bio-based adhesives for wood bonding: Opportunities and issues. J. Adhes. Sci. Technol. 2006, 20, 829–846. [Google Scholar] [CrossRef]

	



Wu, Z.; Xi, X.; Pizzi, A.; Xia, Y.; Zhao, Q.; Lei, H.; Liang, J. Effects of Broussonetia papyrifera leaf cutting modes on bonding performance of its protein-based adhesives. Eur. J. Wood Prod. 2020, 78, 461–470. [Google Scholar] [CrossRef]

	



Guo, M. Protein-based wood adhesives. China For. Prod. Ind. 2005, 32, 3–7. [Google Scholar]

	



Wang, F.; Zhang, H.; Wang, H.; Du, G. Preparation and performance of cold-pressed walnut cake based wood adhesive. China Oils Fats 2019, 44, 112–115. [Google Scholar] [CrossRef]

	



Wei, X. Research on the Preparation of Plant Protein Adhesive by Sesame Cake and Meal; Henan University of Technology: Zhengzhou, China, 2018. [Google Scholar]

	



Chen, Y.; Shi, A.; Hu, H.; Liu, L.; Liu, H.; Wang, Q. Application of peanut protein-based adhesive in plywood hot pressing process. China Oils Fats 2019, 44, 115–119. [Google Scholar]

	



Lestari, D.; Mulder, W.J.; Sanders, J.P.M. Jatropha seed protein functional properties for technical applications. Biochem. Eng. J. 2011, 53, 297–304. [Google Scholar] [CrossRef]

	



Zhang, S.; Liu, X.; Zhang, J.; Li, J. A novel formaldehyde-free adhesive from Jatropha Curcas press-cake. Adv. Mater. Res. 2011, 236–238, 1549–1553. [Google Scholar] [CrossRef]

	



Hamarneh, A.I.; Heeres, H.J.; Broekhuis, A.A.; Picchioni, F. Extraction of Jatropha curcas proteins and application in polyketone-based wood adhesives. Int. J. Adhes. Adhes. 2010, 30, 615–625. [Google Scholar] [CrossRef]

	



Chi, G. The Research of Using Jatropha Seed to Product Biodiesel and Adhesive; Guangxi University: Nanning, China, 2011. [Google Scholar]

	



Wang, X.; Wu, Z.; Lei, H.; Du, G. Analysis of the bonding performances and curing properties of three kinds of protein-based adhesives. Shanghai Chem. Ind. 2017, 42, 19–23. [Google Scholar]

	



Chen, S.; Liang, J.; Zhang, B.; Wu, Z.; Lei, H.; Li, L.; Yang, S. Study on Camellia Oleifera protein based wood adhesive by epoxy resin and its crosslinking mechanism. J. Wuhan Univ. Technol. Mater. Sci. Ed. 2021, 36, 607–613. [Google Scholar] [CrossRef]

	



Deng, X.; Zhang, B.; Chen, S.; Li, D.; Wu, Z.; Liang, J.; Yang, S. Effects of NaOH treatment on degradation of Camellia oleifera seed protein and its adhesive properties. China Oils Fats 2021, 46, 21–25. [Google Scholar] [CrossRef]

	



Wang, L.; Li, L.; Zhang, X.; Eizo, T. Study on soybean protein heating denaturation by DSC. J. China Agric. Univ. 2001, 6, 93–96. [Google Scholar]

	



Li, C.; Tang, Y.; Wang, Y.; Yuan, X.; Zhang, B.; Wu, Z.; Tian, H. A novel environmental-friendly adhesive based on recycling of Broussonetia papyrifera left forestry waste protein. Forests 2022, 13, 291. [Google Scholar] [CrossRef]

	



Luo, J.; Zhang, J.; Gao, Q.; Mao, A.; Li, J. Toughening and enhancing melamine-urea-formaldehyde resin properties via in situ polymerization of dialdehyde starch and microphase separation. Polymers 2019, 11, 1167. [Google Scholar] [CrossRef] [PubMed]

	



Oyeoka, H.C.; Ewulonu, C.M.; Nwuzor, I.C.; Obele, C.M.; Nwabanne, J.T. Packaging and degradability properties of polyvinyl alcohol/gelatin nanocomposite films filled water hyacinth cellulose nanocrystals. J. Bioresour. Bioprod. 2021, 6, 168–185. [Google Scholar] [CrossRef]








[image: Materials 15 01659 g001 550] 





Figure 1. FT-IR spectrogram of Camellia oleifera cake-protein hydrolysates. Note: a. Camellia oleifera cake-protein hydrolysate; b. SPI/Camellia oleifera cake-protein compound hydrolysate; c. DSP/Camellia oleifera cake-protein compound hydrolysate; d. Casein/Camellia oleifera cake-protein compound hydrolysate; I. amide regions-I; II. amide regions-II. 






Figure 1. FT-IR spectrogram of Camellia oleifera cake-protein hydrolysates. Note: a. Camellia oleifera cake-protein hydrolysate; b. SPI/Camellia oleifera cake-protein compound hydrolysate; c. DSP/Camellia oleifera cake-protein compound hydrolysate; d. Casein/Camellia oleifera cake-protein compound hydrolysate; I. amide regions-I; II. amide regions-II.



[image: Materials 15 01659 g001]







[image: Materials 15 01659 g002 550] 





Figure 2. DSC results of Camellia oleifera cake-protein adhesives. Note: Control, pure Camellia oleifera cake-protein hydrolysate; Adhes-1, the pure Camellia oleifera cake-protein adhesive; Adhes-2, Camellia oleifera cake-protein adhesive modified with DSP; Adhes-3, Camellia oleifera cake-protein adhesive modified with SPI; Adhes-4, Camellia oleifera cake-protein adhesive modified with casein. 
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Figure 3. Degree of crosslinking reaction of Camellia oleifera cake-protein adhesives. Note: Adhes-1, the pure Camellia oleifera cake-protein adhesive; Adhes-2, Camellia oleifera cake-protein adhesive modified with DSP; Adhes-3, Camellia oleifera cake-protein adhesive modified with SPI; Adhes-4, Camellia oleifera cake-protein adhesive modified with casein. 
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Figure 4. SEM images of fractured cross-sections of cured Camellia oleifera cake-protein adhesives. Note: Control, pure Camellia oleifera cake-protein hydrolysate; Adhes-1, the pure Camellia oleifera cake-protein adhesive; Adhes-2, Camellia oleifera cake-protein adhesive modified with DSP; Adhes-3, Camellia oleifera cake-protein adhesive modified with SPI; Adhes-4, Camellia oleifera cake-protein adhesive modified with casein. 
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Figure 5. TG results of Camellia oleifera cake-protein adhesives. Note: Control, pure Camellia oleifera cake-protein hydrolysate; Adhes-1, the pure Camellia oleifera cake-protein adhesive; Adhes-2, Camellia oleifera cake-protein adhesive modified with DSP; Adhes-3, Camellia oleifera cake-protein adhesive modified with SPI; Adhes-4, Camellia oleifera cake-protein adhesive modified with casein. 
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Figure 6. DTG results of Camellia oleifera cake-protein adhesives. Note: Control, pure Camellia oleifera cake-protein hydrolysate; Adhes-1, the pure Camellia oleifera cake-protein adhesive, Adhes-2, Camellia oleifera cake-protein adhesive modified with DSP; Adhes-3, Camellia oleifera cake-protein adhesive modified with SPI; Adhes-4, Camellia oleifera cake-protein adhesive modified with casein. 
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Figure 7. XRD results of curing products of Camellia oleifera cake-protein adhesives. Note: Adhes-1, the pure Camellia oleifera cake-protein adhesive; Adhes-2, Camellia oleifera cake-protein adhesive modified with DSP; Adhes-3, Camellia oleifera cake-protein adhesive modified with SPI; Adhes-4, Camellia oleifera cake-protein adhesive modified with casein. 
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Figure 8. Insoluble rate of cured Camellia oleifera cake-protein adhesives. Note: Control, pure Camellia oleifera cake-protein hydrolysate; Adhes-1, the pure Camellia oleifera cake-protein adhesive; Adhes-2, Camellia oleifera cake-protein adhesive modified with DSP; Adhes-3, Camellia oleifera cake-protein adhesive modified with SPI; Adhes-4, Camellia oleifera cake-protein adhesive modified with casein. 
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Figure 9. Results of bonding strength and wood failure of Camellia oleifera cake-protein adhesives. Note: Control, pure Camellia oleifera cake-protein hydrolysate; Adhes-1, the pure Camellia oleifera cake-protein adhesive; Adhes-2, Camellia oleifera cake-protein adhesive modified with DSP; Adhes-3, Camellia oleifera cake-protein adhesive modified with SPI; Adhes-4, Camellia oleifera cake-protein adhesive modified with casein. 
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Figure 10. Schematic diagram of peptide chain reinforced Camellia oleifera cake-protein adhesives. 
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Table 1. The formulation of adhesives.
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	Adhesives
	Cake

Protein/g
	DSP

/g
	SPI

/g
	Casein

/g
	SDBS

/g
	Urea

/g
	NaOH

/g
	Crosslinker

/%





	Control
	80
	-
	-
	-
	1.2
	8
	4.8
	-



	Adhes-1
	80
	-
	-
	-
	1.2
	8
	4.8
	12



	Adhes-2
	72
	8
	-
	-
	1.2
	8
	4.8
	12



	Adhes-3
	72
	-
	8
	-
	1.2
	8
	4.8
	12



	Adhes-4
	72
	-
	-
	8
	1.2
	8
	4.8
	12
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Table 2. Viscosity and storage time of Camellia oleifera cake-protein adhesives.
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	Adhesives
	Viscosity/mPa·s
	Storage Time/h
	Remark





	Control
	21.6 (±2.2)
	72 (±3.5)
	Adhesive solution delaminated



	Adhes-1
	28.5 (±2.5)
	10 (±0.6)
	Adhesive solution delaminated



	Adhes-2
	108.8 (±15)
	3 (±0.3)
	Even adhesive solution



	Adhes-3
	115.0 (±13)
	2 (±0.3)
	Even adhesive solution



	Adhes-4
	7698.3 (±364)
	1 (±0.2)
	Even adhesive solution







Note: Control, pure Camellia oleifera cake-protein hydrolysate; Adhes-1, the pure Camellia oleifera cake-protein adhesive; Adhes-2, Camellia oleifera cake-protein adhesive modified with DSP; Adhes-3, Camellia oleifera cake-protein adhesive modified with SPI; Adhes-4, Camellia oleifera cake-protein adhesive modified with casein.
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