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Abstract

One environmental friendly wood adhesive based on waterborne polyurethane (WPU) grafted gelatin (G) was investigated in this research. The G was extracted from chromium shavings waste firstly, and then mixed with pre-polymer emulsion of WPU to synthesis the graft copolymer (WPUG) via solvent-free emulsion copolymerization. The synthesized copolymer was characterized regarding the mechanical properties test, TGA, FT-IR and other analysis technology. The results indicated that the WPUG has good stability, water resisting. The film-forming and thermal stability of G were improved after reacted with the pre-polymer of WPU, and the temperature of maximum weight loss was over 350 oC. The WPUG adhesive has excellent bonding power and mechanical properties, the dry bonding strength could reach 4.21 MPa when the R value was 1.5. The preparation of copolymer not only can perfectly satisfy the need of environment-friendly wood adhesives, but can also effectively improve the recycling use of chromium shavings waste.
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1. Introduction

With increasing of the people’s living quality, people attached more and more importance to the safety and environmental performance issues of used materials in daily life 
 ADDIN EN.CITE 
[1, 2]
. Especially on the polymer materials development, creation of pollution-free is in great demand [3]. As a kind of environmental-friendly synthetic polymeric materials, waterborne polyurethane (WPU), using water as dispersion medium, has been developed rapidly due to low VOC content, transportation safety, environmental protection, excellent function, and so on 
 ADDIN EN.CITE 
[4-6]
. Especially, in the wood adhesive research the WPU is an attractive candidate for industrial adhesive due to the safety and environmental protection, good adhesion force, and versatile mechanical properties 
 ADDIN EN.CITE 
[5, 7-10]
, which can effectively displace the traditional formaldehyde-based adhesives (e.g., melamine formaldehyde resin [11], phenolic resin and urea formaldehyde resin 
 ADDIN EN.CITE 
[12-15]
) to meet the requirement of environmental protection[16]. However, there is typically a higher cost when the single WPU was used as adhesive[17]. Namely, effectively preparing the environmental friendly high-grade adhesive[18] and achieving its industrial production are still a difficult task. In addition, with the requirement of green, low-cost, renewable resources and functionalization[19], scientists began to focus on the modifications of polymeric materials using, and then develop the new type of environmental-friendly products with the different structure, performance, and application function[20], which will become the hot spot in the future research 
 ADDIN EN.CITE 
[21-24]
. The WPU was modified by natural polymers to improve the performance of WPU and endow the new functional groups in the materials, which can effectively improve the using value of WPU in the wood adhesive 
 ADDIN EN.CITE 
[18, 25-30]
.
Gelatin (G) as an abundant natural polymer has been used in different fields due to its excellent properties such as biodegradability, biocompatibility, non-toxicity and film-forming 
 ADDIN EN.CITE 
[30-32]
. According to previous researches, although G has a variety of sources and uses, there are few reports about that the G extracted from chromium shavings waste 
 ADDIN EN.CITE 
[33]
 can be used as a high-grade environmental-friendly wood adhesive 
 ADDIN EN.CITE 
[34, 35]
. The research mainly uses the good properties of G (film-forming and viscosity) extracted from chromium shavings waste to eco-friendly wood adhesives, which not only can perfectly satisfy the need of environment-friendly wood adhesives, but can also effectively improve the recycling use of chromium shavings waste 
 ADDIN EN.CITE 
[36, 37]
.
In addition, in order to be used in various applications, G often requires modification to achieve the effectively application effects because of its inherent weakness (e.g.: hot sticking and cold brittleness, limited water retention, limited viscosity, etc.) 
 ADDIN EN.CITE 
[31, 38-40]
. In this research effectively combining the major advantages between WPU and G will be main research direction to synthesis environmental-friendly wood adhesive. Namely, the G extracted from chromium shavings waste was grafted with pre-polymer emulsion of WPU to synthesis the graft copolymer (WPUG) via solvent-free emulsion copolymerization, and then use for wood adhesive. We found the WPUG not only can perfectly satisfy the need of environment-friendly wood adhesives, but can also effectively improve the recycling use of chromium shavings waste.
2. Materials and methods

2.1 Materials
Gelatin (G, molecular weight 5～20 kDa, ash content 1.90%, and total chrome content 8.82 mg/kg) extracted from chromium shavings waste  was supplied by Hebei Kaiyuan leather co., Ltd. γ-glycidoxy propyl trimethoxy silane (GPTS, 99.5 %) was obtained from Dongguan Xinyu plasticizing co., Ltd. 2,4-toluene diisocyanate (TDI-80, 99.5 %) was purchased from Bayer-Germany. Poly-1,4-butylene adipate glycol (PBA, Mn=2000 Da, 99.5 %), Dimethylolpropionic acid (DMPA, 99.5 %) were obtained from Yantai Wanhua polyurethanes co., Ltd, Xi'an Xiya reagent co., Ltd, respectively, and Polyethylene glycol (PEG, Mn=600 Da, 99.5 %) 1,4-butanediol (BDO, 99.0 %), triethylamine (TEA, 99.0 %) were purchased from Chengdu Kelong Chemical Co., Ltd. for the preparation of PU prepolymer.

2.2 Preparation of WPUG adhesives
WPU prepolymer
To a 500 mL round bottom flask equipped with an electric beater, dehydrated PBA2000 (0.016 mol), TDI-80 (0.069), and PEG600 (2 wt% of total monomer mass) were added and stirred at 65 oC. After 30 min, the mixture was heated up to 80 oC for 90 min followed by cooling to 60 oC. Afterward, the DMPA (3 wt% of total monomer mass) was added and kept reaction for 30 min, then the BDO (0.008 mol) was added into the mixture system and heated up to 80 oC for 2 h. After the reaction, the mixture was cooled to room temperature, and neutralized by TEA to obtained the WPU prepolymer emulsion.
WPUG adhesives

A emulsion of WPU prepolymer and G, in a molar NH2/NCO ratio (Isocyanate radical index, R value) of 1.5, 3.0, 4.0, respectively, was stirred at room temperature for 20 min. Afterward, the reaction mixture was heated up to 65 °C for 30 min to achieve the emulsion copolymerization reaction of WPU and G. After the reaction, 9 % of GPTS (based on the mass of G) was dropwise added into mixture system, followed heating to 80 oC for 2 h to obtain the WPUG adhesive. Based on the R value, the prepared samples were named as WPUG1.5, WPUG3, WPUG4, respectively.

WPUG films
Films of WPUG were prepared by casting their respective emulsions onto a PTFE petri dish and dried at 65 °C for 24 h. The film thickness was about 0.8 mm.

2.3 Characterization of WPUG
2.3.1 Stability testing
The emulsion stability of prepared WPUG was performed according to a previously described procedure 
 ADDIN EN.CITE 
[41]
. The centrifugal stability of the prepared emulsions was investigated by placing the samples into the centrifuge with 10 kg of centrifugal force for 15 min. Afterward, the emulsion state was recorded; Storage stability was performed by placing the samples into flask under room temperature, and recorded the stratification phenomenon of sample emulsions as the change of time; The electrolyte stability was investigated by diluting the WPUG emulsion with 1% HCl, 1% NaOH, and 1% Na2SO4, respectively, and recorded the stratification phenomenon of sample emulsions. Heat resistance was measured by placing the samples into flask at 60 oC for 48 h; Freeze resistance was measured by placing the samples into refrigerator. After freeze, the samples were static melted at room temperature. The freeze-thawing cycle test was repeated 3 times; Dilution stability was investigated by diluting the sample solutions to 1%, then placing into flask at room temperature for 24 h.
2.3.2 Viscosity testing

The viscosity of the prepared WPUG emulsions was investigated using a NDJ-SN type digital viscometer (Jinke Lida Instrument Co., China) operating at 25 oC. Tests were run in triplicate, and taken the average values.
2.3.3 FTIR analysis
The FTIR spectra of prepared WPUG was obtained using fourier transforming infrared spectrum (FT-IR, PE, USA) with a scan range of 4000-500 cm-1, scan number of 32, and a resolution of 8 cm-1.

2.3.4 TGA/DTGA analysis
TG analysis of WPUG samples was investigated using TG209F1 thermal analyzer (GmbH, Germany) with a temperature range of 50~600 °C and heating rate of 10 °C min-1 under N2 atmosphere.
2.3.5 Mechanical properties of WPUG film

The mechanical properties of WPUG film were measured using XL-100A universal tensile testing machine based on the GB/T 1040.3-2006. Tests were run in triplicate, and taken the average values.

2.3.6 Water resistance of WPUG film
The WPUG film with 20 mm × 20 mm size was weighed, then immersed in distilled water for 24 h at 45 oC. Afterward, the sample was taken out, the surface water was wiped away with a filter paper, then weighed. Tests were run in triplicate, and taken the average values. The computation formula for the water absorption of sample film is shown in following equation:
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Where, A (%) is the water adsorption rate of sample film, m0 (g) is the weight of sample film before water adsorption, m1 (g) is the weight of sample film after water adsorption.
Then, the sample film after water adsorption was dried to a constant weight. The water leaching rate of sample film was estimated by following equation:
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Where, W (%) is the water leaching rate of sample film after water adsorption, m0 (g) is the weight of sample film before water adsorption, m2 (g) is the weight of sample film that had been dried to a constant weight after water adsorption.
In addition, the protein content in the leaching solution was measured using Ninhydrin condensation-spectrophotometric method. After that, the grafting rate of CH was estimated by following equation:
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Where, G (%) is the grafting rate of CH in the copolymer, M0 (g) is the weight of CH in the copolymerization, M1 (g) is the weight of CH in the leaching solution after soaking.
2.3.7 Contact angle of WPUG film
The contact angle of WPUG film was measured using an OCAH200 optical contact angle measuring device. The test temperature was room temperature.
2.3.8 Dynamic mechanical analysis (DMA)
The changes of the physical and mechanical properties of WPUG film (20 mm × 5 mm) were test by dynamic mechanical analysis (DMA242C, NETZSCH-Gertebau GmbH, Germany) with 1 Hz of test frequency, 10 K min-1 of heating rate. The test range of temperature was -100 °C to 100 °C.
2.3.9 Dry/wet shear strength measurement
Three-ply plywood samples (8 cm × 2 cm) were made by coating the WPUG glue on the single surface of plywood. The usage, hot pressing temperature, hot pressing time, and hot pressing pressure were adjusted to 175 g/m2, 150 °C, 1.5 MPa and 7 min, respectively. After that, the plywood samples were stored under ambient conditions for 24 h. Then the dry/wet shear strength of the plywood was determined using a universal material testing instrument (AI-7000SN, GOTECH, Taiwan) according to the China National Standards (GB/T 1.1-2009). Among the wet processing method was performed by submersing the plywood samples in water at 20 ± 2°C for 48 h, and then dried and immediately moved to be used to the shear strength testing with a constant speed of 5 mm·min-1. The measure method is shown in Fig. 1. In addition, the adhesive penetration in the cementing layer and thickness of adhesive layer were observed using SEM and EDS (Phenom Pro X, Phenom World, Holland).
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Fig. 1 (a) The preparation of three-ply plywood glued with WPUG adhesive (b) Testing method for shear resistant strength of the plywood model
3. Results and discussion
3.1 Basic properties of WPUG emulsion
As shown in Table 1, the prepared WPUG emulsion had excellent stability including storage, dilution, centrifugal, freeze-melting, and electrolyte stability, in which the duration of storage was more than 6 months, the WPUG emulsion remained stable after five freezing-thawing cycles. The results indicated that there was a chemical crosslinking between G and WPU prepolymer, which could improve the compatibility of copolymer 
 ADDIN EN.CITE 
[41, 42]
. Moreover, the viscosity of WPUG emulsion increased with the G content increased (R value increased, NH2/NCO ratio), which was due to the active functional group increased in the copolymer 
 ADDIN EN.CITE 
[43]
, Especially the increasing of carboxyl groups in the G could result in the hydration effect of WPUG 
 ADDIN EN.CITE 
[44, 45]
. The research revealed that the WPUG emulsion has good environmental stability, and the viscosity can be adjusted by controlling the R value to achieve the application requirements.
Table 1 The basic properties of WPUG emulsion
	Samples
	Stability results of WPUG under different conditions
	Viscosity/

mPa·s

	
	Storage

(Month)
	Dilution 
	Electrolyte
	Centrifugal
	Freeze-thawing

cycles (times)
	

	WPUG4
	＞6
	Stable
	Stable
	Stable
	5
	24.56

	WPUG3
	＞6
	Stable
	Stable
	Stable
	5
	12.45

	WPUG1.5
	＞6
	Stable
	Stable
	Stable
	5
	8.43


3.2 FT-IR analysis
The FT-IR spectra of WPUG4，WPUG 3, and WPUG1.5 are shown in Fig. 2. It can be seen that the N–H stretching vibration absorption peak at 3402.67 cm-1 for free amino group of G disappeared [46], the new absorption band at 3301 cm-1 appeared in the molecular structure of WPUG, which represented the formation of carbamate and carbamido by cross-linking reaction between –NCO from WPU prepolymer and –NH2 from G molecules 
 ADDIN EN.CITE 
[41]
. In addition, the characteristic absorption band of –NCO at 2250-2270 cm-1 did not exist in the WPUG, which indicated that all of the –NCO groups has reacted in the process of emulsion polymerization [47]. With the G content increased (R value increased, NH2/NCO ratio), the peak area and intensity of C＝O stretching vibration absorption bands at 1720-1730 cm-1 (d0) gradually decreased, implying the reduce of percentage of PBA fragments in the WPUG molecules [48]. After the reaction WPU prepolymer with G was completed, the typical stretching bands for amide I (d1), amide II (d2), and amide III (d3) obviously increased 
 ADDIN EN.CITE 
[41]
, the Si–O–Si bands (d5) derived from silane coupling agent (GPTS) appeared, indicating the covalent bonds was formed in the modified G. The results revealed that the new copolymer has been successfully prepared via solvent-free emulsion copolymerization 
 ADDIN EN.CITE 
[41]
.
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Fig.2 FT-IR spectra of WPUG
3.3 TG/DTG analysis
The thermal stability test results of the materials are shown in Fig. 3 and Table 2. The initial decomposition temperature (Ti), final temperature (Tf) and maximum weight loss temperature (Tp) of WPUG samples were above 310 °C, indicating that the prepared copolymer has high heat stability [49]. The result demonstrated that the graft copolymerization of modified G with WPU prepolymer was introduced, and the reaction was proved and verified throughout FT-IR testing. The higher is the Ti, the greater flame resistances 
 ADDIN EN.CITE 
[50, 51]
. Moreover, with the R value decreased, the Ti, Tf and Tp of WPUG gradually increased, revealing that crosslinked reaction between WPU and G has been almost completed in the low G content, and improved the structural stability of the macromolecules 
 ADDIN EN.CITE 
[41]
. Meanwhile, according to the weightlessness curve of WPUG, there is only one weightless step, which verified that WPUG molecules exist as uniform structural crosslinking copolymerization rather than blending or block copolymerization. The results indicated that the WPUG adhesive with high heat stability can provide more durable and stable bonding strength.
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Fig. 3 TG/DTG scan results of PESTUR-g-CH materials

Table 2 Thermal properties of the obtained WPUG samples. Ti, Tf and Tp are the initial decomposition temperature, final temperature and the maximum weight loss temperature, respectively. Char yield was obtained by TGA

	Samples
	Ti /°C
	Tp /°C
	Tf /°C
	Char yield /%

	WPUG4
	310.3
	367.0
	407.6
	27.0

	WPUG3
	318.3
	381.9
	410.1
	21.0

	WPUG1.5
	320.7
	384.2
	412.8
	17.0


3.4 Mechanical properties of WPUG film
The physical properties of WPUG films are shown in Table 3. With the R value decreased, the tensile strength and elongation at break of WPUG films increased. Especially, the WPUG1.5 showed good tensile strength and elongation at break, indicating that crosslinked reaction between WPU and G has been almost completed in the WPUG1.5, and improved the structural stability and flexibility of the copolymer 
 ADDIN EN.CITE 
[41]
. In addition, according to the water resistance of WPUG films, the water adsorption rate, water leaching rate, and G leaching rate increased with the G content increased, which can be attributed to the increasing of hydrophilic groups from the G molecules 
 ADDIN EN.CITE 
[45, 52]
. However, when the G used in excess, the unreacted G migrate dissociated from the copolymer system, which will cause the G leaching into aqueous solution. Based on the results, when the R value was 1.5, the prepared WPUG had good physical performances, which is beneficial for using in the wood adhesive.
Table 3 Physical properties of WPUG films
	
	Mechanical properties
	Water resistance

	
	Tensile strength /MPa
	Elongation at break /%
	Water adsorption /%
	Water leaching rate /%
	G leaching rate /%

	WPUG4
	14.31
	83.139
	98.32
	27.89
	11.16

	WPUG3
	32.91
	260.519
	79.76
	19.96
	8.31

	WPUG1.5
	30.52
	272.045
	67.68
	16.57
	7.38


3.5 Contact angle of WPUG film
The test result of contact angle for WPUG films are shown in Fig. 4. The contact angle of WPUG samples increased with the decreasing of R value, which should be ascribed to the decreased hydrophilic groups from G molecules 
 ADDIN EN.CITE 
[41, 44]
, the increased crosslink action between WPU and G. Especially, when the R value was 4, the contact angle was explicitly minimized (63°), which was put down to the excess G in the copolymer. The high G content in the WPUG resulted in the increasing of hydrophilic groups, and enhancing of surface hydrophilicity 
 ADDIN EN.CITE 
[41]
. When the R value was 1.5, the contact angle reached 111.5°. The results revealed that the water resistance 
 ADDIN EN.CITE 
[53]
 of WPUG films increased with the crosslinking increased and G content decreased. The prepared WPUG with good hydrophobicity can meet the requirements of wood adhesive 
 ADDIN EN.CITE 
[54]
.
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Fig. 4 Surface contact angle measurement of WPUG films
3.6 Dynamic mechanical analysis (DMA) of WPUG film
The DMA results of the WPUG samples are shown in Fig. 5. The high storage modulus (E', about 4000 MPa) of WPUG means a good flexibility and mechanical strength 
 ADDIN EN.CITE 
[55]
, which is a necessary condition for wood adhesive. The main peak of loss modulus (tanδ) reflects the glass transition temperature (Tg) of materials, that is the lowest temperature for adhesive to maintain good toughness and mechanical strength 
 ADDIN EN.CITE 
[41]
 .According to the DMA results of the WPUG samples (Fig. 5), the tanδ peaks of WPUG samples appeared at around -30 °C, suggesting that WPUG materials had wide range of temperature in the application of wood adhesive. The tanδ peak of WPUG gradually increased to higher temperature with the R value decreased, indicating that the crosslinking degree of copolymer increased, and the thermal motion of molecules was restricted 
 ADDIN EN.CITE 
[41]
. From the test curves, all WPUG samples had only one tanδ peak at a low temperature area, revealing that the originally incompatible two-phase of WPU and G was transformed into a homogeneous phase by crosslinking copolymerization 
 ADDIN EN.CITE 
[56]
.
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Fig.5 DMA results of WPUG materials

3.7 Adhesive for wood tests
According to the test results (Fig. 6 and Table 4), the bonding strength of the WPUG adhesive has improved obviously. The G had relatively lower dry bonding strength compared with industrial gelatin, which could be attributed to the G with low molecular weight resulting in low molecular cohesion [57]. However, the G and industrial gelatin used in the wood adhesive had poor water resistance, showing adhesive failure and cohesive failure after water soaking for 48 h, which was due to the G of good hydrophilicity 
 ADDIN EN.CITE 
[58]
. Thus, the G was chemically modified by WPU to enhance the hydrophobicity of G-based polymers, and then achieve the application value of eco-friendly wood adhesive 
 ADDIN EN.CITE 
[41]
. Based on the testing results, the WPUG showed good dry bonding strength and wet bonding strength 
 ADDIN EN.CITE 
[59]
. Especially, with the decreasing of G content, the bonding strength was increased obviously. When the R value was 1.5, the adhesive Failure Models showed substrate failure and adhesive mixing failure, and the WPUG1.5 adhesive reached the maximum bonding strength [60]. In real-world applications, the preparation of WPUG adhesive can be controlled by adjusting the dosage of G, which can not only solve the problem of high cost in the uses of WPU, but also provides a new approach for the recycling use of chromium shavings waste 
 ADDIN EN.CITE 
[33]
.
Table 4 Test results of adhesive strength
	Samples
	Dry bonding strength /MPa
	Wet bonding strength /MPa

	Industrial gelatin
	3.64
	—

	G
	1.38
	—

	WPUG4
	4.09
	0.054

	WPUG3
	4.16
	0.528

	WPUG1.5
	＞4.21
	1.057


Note: “—” represented adhesive layer of massive fall off after soaking for 48 h.
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Fig. 6 Adhesive Failure Models (A: Failure modes of adhesive joint; B: Adhesive joint failure in wood adhesive test)

3.8 The bonding interface of adhesive
The penetration of adhesive in the wood fiber structure can be directly confirmed by SEM images and EDS analysis. According to the SEM images (Fig. 7), the prepared WPUG showed good permeability in the wood fibers, reflecting in the formation of adhesive action between WPUG and wood (red arrow in the SEM images) 
 ADDIN EN.CITE 
[61]
. The results indicated that the WPUG had good spontaneous wetting and penetration capacity in the wood fibers 
 ADDIN EN.CITE 
[62]
. In addition, with the increasing of G content, the porous structure of wood fiber was significantly reduced, and the effective adhesive content and cement thickness of adhesive layer interface decreased, which would result in the decreasing of bonding strength 
 ADDIN EN.CITE 
[63]
. Meanwhile, based the testing results of EDS (Table 5), the C, O, N, Si contents changed obviously, which further indicated that the WPUG adhesive had good permeability and adhesive capacity in the wood fibers.
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Fig.7 The permeation capacity of WPUG adhesive in the wood fiber 

Table 5 Element weight percentage of the adhesive layer

	Elements
	Mass fraction /%

	
	WPUG4
	WPUG3
	WPUG1.5

	C
	45.5
	44.9
	47.6

	O
	31.7
	36.2
	38.4

	N
	21.6
	18.0
	13.4

	Si
	0.4
	0.3
	0.2

	Na
	0.5
	0.4
	0.3

	Cl
	0.3
	0.3
	0.2


4. Conclusion

In summary, the WPU-based copolymer containing G extracted from chromium shavings waste as eco-friendly wood adhesive was successfully prepared by solvent-free emulsion copolymerization. The bonding strength was found to increase with a decrease in the G content and the molar NH2/NCO ratio (R value). It has been determined that the prepared WPUG has good environmental stability and heat stability, which can provide more durable and stable bonding strength in the application. Meanwhile, when the R value was 1.5, the prepared WPUG had good physical performances (Tensile strength: 30.52 MPa, Elongation at break: 272.045%), which is beneficial for using in the wood adhesive. It has been also determined that the WPUG used for wood adhesive shows excellent water resistance, and can meet the requirements of wood adhesive. The prepared wood adhesive can not only effectively solve the problem of high cost in the uses of WPU, but also opens a new approach for the recycling use of chromium shavings waste.
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