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Abstract: Nowadays, waterborne polyurethanes (WPUs) prepared from renewable resources has attracted more and more attention. However, due to its structure, the prepared films easily swells in water and greatly affects the application range of WPUs. Therefore, solving the problem of water resistance is a way to improve the application range of WPUs. In this study, a series of WPU dispersions were prepared using castor oil as the bio-based polyol. Besides, the thiol-ene photo click reaction was carried out on the WPU films for silane modification. The effect of the silane modification on the chemical structures of the WPU dispersions and the properties of the WPU films was investigated and discussed. The results revealed that the WPU dispersions had a smaller particle size and potential, showing excellent stability. In addition, the modified WPU films showed highly water resistance which 72 h water absorption could be reduced to 1.94% and the contact angle was up to 99.34°. Moreover, the modified WPU films also exhibited excellent solvent resistance (in acid and salt solution) and thermal stability. This study can provide a new way to improve the water-resistance, hydrophobicity, and thermal stability of bio-based waterborne polyurethane for potential application in painting, adhesives and inks.
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1  Introduction

Polyurethanes (PUs) are an important class of polymers and exhibit an exceptionally versatile range of properties and applications in coatings, adhesives, sealants, elastomers, and foams. PUs can be easily synthesized and modified ranging from high-performance elastomers to tough rigid plastics through the proper selection of reactants and processing technology [1–4]. Recently, most of the raw materials (polyols, iscoyantes, etc.) for the production of PUs are derived from fossil feedstocks. As a response to environmental concerns and increasingly depletion of fossil feedstocks, vegetable oils have been widely accepted as the renewable resource for the sustainable development of bio-based chemicals and polyurethane therefrom [5–9].

Among them, castor oil is one of the natural polyols that contains the hydroxyl functionality of average 2.7. Several types of PU materials and products have been developed from this cheap and readily available monomer [10,11]. Traditional solvent-based coatings contain large amounts of volatile organic compounds (VOCs), leading to public environmental and health concerns during the application and production process. Nowadays, waterborne polyurethanes (WPUs) have become one of the most attractive polymers in the past decade. WPUs using water as solvent is eco-friendly and they can not only mainly retain the properties of PUs in an organic solvent, but also exhibit the distinctive properties of low viscosity at high molecular weights, low VOCs emissions, excellent weather ability [12–14]. WPUs have become one of the most rapidly growing and active branches of polyurethane chemistry and technology. For example, Liu et al. [15] synthesized a series of castor oil based-waterborne polyurethanes through adjusting the content of 2,2-dimethylolbutanoic acid. The resulting of WPUs exhibited highly tunable properties, good biodegradability and bio-compatibility. Zhang et al. [16] obtained a series of castor oil-based waterborne polyurethanes as hair styling agent. It showed that these samples exhibited good hair-styling performance, and even better than commercial hair spray product. Zhang et al. [17] reported development of a multifunctional castor-oil-based waterborne polyurethane with high strength using controlled amounts of dithiodiphenylamine. The polymer networks possessed high tensile strength as well as excellent self-healing efficiency. In addition, broad glass-transition temperature of the samples endowed the films with a versatile shapememory effect. Zhang et al. [18] prepared a serious of castor oil-based cationic waterborne polyurethanes and various natural phenolic acids as neutralizers. The results indicate that introduction of phenolic acids could endow polyurethane films with excellent water resistance and UV protection as well as good antibacterial performance. However, the application of WPUs are still limited by the drawback of poor water resistance of the WPU films due to large of amounts of hydrophilic groups in the polymer backbone. Therefore, water can easily enter the polymer network to swell the films, limiting its practical application [19–21].

Generally, there are three methods to improve the water resistance of WPUs coatings. (1) Decreasing the content of the ionic groups in the WPU films to reduce the hydrophilic characteristics. (2) Increasing the crosslinking densities of the polymer networks to retard the penetration of the water. (3) Introducing the low surface energy components in the WPUs network to enhance the hydrophobic characteristics.

Decreasing the contents of the carboxyl groups in the polymer backbone is a widely studied method to resolve the above problem. For example, Chen et al. [22] reported a method of reaction between 2-methyl aziridine and carboxyl group to form ester bonds, leading to the decrease of the hydrophilic groups. Tejado et al. [23] studied the acylation reaction between 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride and carboxyl group to generate peptide bonds, leading to the formation of 3D cross-linked networks. Rahman et al. [24] used hexamethoxymethylmelamine resin to react with carboxyl group to obtain ester bonds, resulting in the formation of cross-linked network and therefore the improvement of water resistance of the WPU films. However, the above cross-linked agents used are too expensive or toxic, which leads to the economic and environmental issue.

Introducing conjugated diene structure into WPUs followed by cross-linked reaction under UV light irradiation is also an efficient way to increase the water resistance performance of WPUs films. For example, Zhang et al. [25] introduced 2,2-bis (hydroxymethyl) butyl acrylate into the WPU backbones followed by free radical polymerization. The water absorption performance of films for 72 h could be reduced to 2.70% due to the highly cross-linked networks. Similarity, Kim et al. [26] used 2-hydroxyethyl acrylate (HEA) as a capping agent to introduce conjugated double bond structure in the polymer segment. The resulting WPU films exhibited a high degree of cross-linked density and low water absorption of 5.80% for 48 h. Wu et al. [27] introduced dipentaerythritol hexacrylate and dipropylene glycol diacrylate into polymer chains for the production of UV-curable WPUs. It showed that the high cross-linked density of the resulting polymers demonstrated low water absorption of 3.75% for 24 h.

In addition, reducing the surface energy and increase the hydrophobic of the polymers can also improve the water resistance. Dang et al. [28] prepared organo-silanes containing amino groups through modification of gelatin hydrolysate with KH550 and then mixed with WPU emulsions. It was found that the contact angle of the films with reduced surface energy could be high up to 90° and the water-resistance of the composite films was greatly improved. Zheng et al. [29] prepared a serious of WPU films containing fluorine and silicon by using polytrifluoropropylsiloxane as a capping agent. Due to the introduction of high content of low surface energy element, the water absorption of WPU films was reduced to 5.40% for 24 h. Wu et al. [30] prepared the aqueous hybrid silica sol using 3-Glycidyloxypropyltrimethoxysilane and tetraethylorthosilicate as the raw materials and incorporated them into WPUs through the sol-gel process. The result showed that the formation of polysiloxane cross-linked networks greatly enhanced the water resistance (water absorption low to 2.60% for 7 days). Fan et al. [31] synthesized the water-resistance WPUs by introducing flexible fluorinated siloxane units. The water absorption of the films could be reduced to 3.07% for 24 h.

In this study, castor oil-based WPUs were synthesized with the dimethylol propionic acid (DMPA) as the internal emulsifier. Then, two kinds of methoxysilane (3-mercaptopropyltrimethoxysilane, 3-mercaptopropylmethyldimethoxysilane) were used to modify the WPUs films. Centrifuge and zeta-sizer were used to characterize the stability of the WPUs. The structure and performance of the WPU films were characterized by Fourier transform infrared (FTIR), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC). The effect of the silane modification on the performance of the resulting WPU films was studied and discussed.

2  Material and Methods

2.1 Materials

Castor oil (-OH number: 164 mg KOH/g) was purchased from Fuyu Chemical Co., Ltd., Isophorone diisocyanate (IPDI) was purchased from Wengjiang Chemical Reagent Co., Ltd., Dimethylol propionic acid (DMPA) and Triethylamine (TEA) were purchased from Aladdin reagent. Dibutyltin dilaurate (DBTDL) and Sodium chloride (NaCl) was purchased from Fuchen Chemical Reagent Factory. Sodium hydroxide (NaOH) was purchased from General reagent. 3-Mercaptopropyltrimethoxysilane (MPTS) was purchased from Shanghai Dingxian Biological Technology Co., Ltd., China. 3-Mercaptopropylmethyldimethoxysilane (MPMDS) was purchased from Energy Chemical Reagent. 1173 was purchased from German Ryoji Chemical Co., Ltd., German. Methyl ethyl ketone (MEK) and Hydrochloric acid (HCl) was purchased from Guangzhou Chemical Reagent Factory. All materials were used as received without further purification.

2.2 Preparation of Castor Oil—Based Anionic WPU Dispersions (WPUDs)

The preparation of anionic WPUDs dispersion from castor oil was shown in Fig. 1. Castor oil, IPDI, and DMPA were mixed into a dried double-neck flask and stirred (220–250 r/min) at 78°C for 10 min to obtain a homogenized mixture. Then several drops of DBTDL were added into the mixture as catalyst. When the mixture almost could not flow, MEK was added to reduce the viscosity of the pre-polymer. After reaction for another 2 h, the mixture was cooled to room temperature. Next, TEA was added to neutralize free -COOH in the polymer chain under stirring for 30 min. Finally, the stirring rate was added to 800 r/min that the polymer was dispersed in appropriate deionized water for 2 h. The WPUDs were synthesized with DMPA and a variable ratio between the OH groups in castor oil, the NCO groups in IPDI, and the OH groups in the emulsifier (1:1.7:0.69; 1:2:0.99) with solid content with 10 wt% were obtained after removal of the MEK by rotary evaporation [5].
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Figure 1: Synthetic route of the castor oil-based anionic WPUDs


2.3 Preparation of Modified Films with Mercaptosilane

15 g emulsion was poured into siliconized glass dishes and allowed the water evaporation at room temperature for 3~4 days to obtain WPU films, and the films were dried in the oven for 1 day. Then dried films were cut into predetermined size and put into quartz tubes. Next, appropriate MPTS or MPMDS was poured and several drops of 1173 were added into the tubes. Then, the thiol-ene photo click reaction was processed under UV irradiation (350 W, 365 nm) for 3 h at room temperature. After that, these samples were placed in the atmosphere at room temperature for 3 days to carry out the hydrolysis reaction and cross-linked reaction of active methoxysilane. Finally, the modified WPU films were obtained (Tab. 1 and Fig. 2).
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2.4 Characterization

All the samples were centrifuged at 3000 r/min for 30 min on a Tomos 3–18 centrifuge to evaluate their stability. The zeta potential, average particle size, and particle size distributions of the samples were obtained on a zeta-sizer Nano ZSE (Malvern Instruments) at 25°C. The samples were diluted with deionized water to about 0.01 wt% before a test.

FTIR spectra of the modified and non-modified films were used a Nicolet IS10 Fourier transform infrared spectrometer. Each sample was scanned at a resolution of 4 cm−1 in the range from 500 to 4,000 cm−1.

The thermo-gravimetric analysis of the modified films was carried out by a Netzsch-STA 449C thermal analyzer. All the samples (5–10 mg) were heated under nitrogen from 30 to 700°C with a heating rate of 10 °C/min.

The differential scanning calorimetry of the modified films was carried out by a Seiko DSC 220. All the samples (5–10 mg) were heated from −50 to 180°C with a heating rate of 5°C/min.

The hydrophobicity of the films was assessed by measuring the waterproof capability of modified films using a contact angle goniometer (Powereach JC2000C1). Water contact angle of the samples was measured at room temperature by the sessile-drop method.

The water-resistance of the modified films was measured by using dried films of 10 mm × 10 mm (length × width) and were immersed in deionized water at room temperature for 72 h. The weights of the modified films before and after immersion were measured. The water absorption ratios (WAR) of the modified films were calculated by the following equation:


WAR=m1−m0m0×100%
(1)

where m0, m1 represents the weights of the films before and after the immersion of water. Average values of at least three replicates of each sample were taken.

The gel content of the modified films was measured by using dried films of 10 mm × 10 mm (length × width) and was immersed in THF at room temperature for 24 h. The weights of the samples before and after immersion were measured. The gel content of the modified films was calculated by the following equation:


Gelcontent=m1m0×100%
(2)

where m0, m1 represents the weights of the films before and after the immersion of THF. Average values of at least three replicates of each sample were taken.

The chemical resistance of the modified films was determined by immersing them into various aqueous solutions of 1 mol/L HCl, 1 mol/L NaOH, and saturated NaCl at room temperature for 24 h. Weight change percentages of the modified films were calculated from the weight differences between the dry films and those immersed into various chemicals.
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Figure 2: Synthetic route of the WPU films modified with methoxysilane

3  Results and Discussion

3.1 Synthesis and Characterization of Castor Oil Based WPUDs

The particle size distributions of the WPUDs with emulsifier hydroxyl molar ratio of 0.69 and 0.99 are presented in Fig. 3. The average particle sizes and zeta potentials data are summarized in Tab. 2. The two WPUDs have a small particle size ranging from 180–200 nm and WPUDs prepared with emulsifier hydroxyl molar ratio of 0.69 is larger than those prepared with emulsifier hydroxyl molar ratio of 0.99 (see Fig. 3). For WPUDs prepared with hydroxyl molar ratio of 0.69, the low ionic content results in a thinner electrical double layer around the emulsion’s particle, leading to the reduction of the electrostatic repulsive forces between the emulsion’s particles, and therefore a larger particle size. Both the two dispersions have low negative zeta potential under −30 mV (see Tab. 2), exhibiting the excellent stability of the dispersions. The absolute value of zeta potential has a similar trend as the particle size. The WPUDs with emulsifier hydroxyl molar ratio of 0.99 exhibits a lower zeta potential value (absolute value) than the WPUDs with emulsifier hydroxyl molar ratio of 0.69 [5].
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Figure 3: The particle size distribution of WPUDs with hydroxyl molar ratio of 0.99 and 0.69
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3.2 The Methoxysilane Modification of WPU Films

The FTIR spectra of WPU films modified with MPTS and MPMDS are displayed in Fig. 4. The peaks at 760 cm−1 is attributed to the cis-bending vibration of the carbon-carbon double bond and the peak at 3,009 cm−1 is attributed to the stretching vibration of the carbon-hydrogen single bond which only exists in the non-modified film. After modification with methoxysilane, these peaks disappear and the peak at 1,080 cm−1 and at 1,010 cm−1 which are attributed to the symmetrical stretching vibration of Si-O-C and the anti-symmetric stretching vibration of Si-O-Si appear. These results demonstrate that the thiol-ene photo click reaction of castor oil and methoxysilane was completed and the hydrolysis reaction was also completed [32].
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Figure 4: ATR spectra with the films of MPMDS0.99, MPTS0.69, and non-modified

3.3 Properties of WPU Films Modified by Methoxysilane

The water-resistance performance of the WPU films was evaluated with the water absorption of the films. As shown in Fig. 5 and Tab. 3, the modified WPU films show low water absorption in the range of 2.55–3.48 wt% and the non-modified sample shows high water absorption of 18.95 wt%. It shows that after being modified with methoxysilane, the modified films showed higher water resistance than non-modified film due to the silicon layer covering on the surface. Besides, the WPU films modified by MPMDS have higher water absorption than WPU films modified by MPTS. The reason is that MPMDS has only two methoxy, much less than MPTS. Therefore, the poorer degree of hydrolysis is, the lower degree of cross-linked density will be. Also, the high cross-linked density leads to the dense structure on a microscopic level, resulting in the prohibition of water infiltrating into the films and enhanced water resistance performance.

In addition, the films with emulsifier hydroxyl molar ratio of 0.99 have higher water absorption than the other one. This is because the more emulsifier used, the more hydrophilic group existed and that will enhance the films hydrophilic. So, with emulsifier hydroxyl molar ratio of 0.99, the water resistance performance of the film is poorer than the other one. In summary, among the modified films, the best water resistance film is MPTS0.69 which water absorption is 1.94% and the worst water resistance film is MPMDS0.99 which water absorption is 3.48%.
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Figure 5: Water absorption for the films with different films
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Gel content of the modified films plays an important role in determining the coating performance especially in water resistance and hydrophobicity. As evidenced in Fig. 6, the gel content of the MPTS0.99, MPTS0.69, MPMDS0.99, MPMDS0.69, non-modified samples are 98.94%, 98.62%, 85.17%, 84.96%, 80.47%, respectively. The gel content is greatly affected by the degree of hydrolysis of the methoxysilane. As expected, higher gel content is obtained with films modified by MPTS due to its high degree of hydrolysis.23 Chemical resistance is primarily dependent on the cross-linked density and the chemical stability of the bonds in a system. It is observed that the weight change of the modified WPU films are less than 1 wt% in 1 mol/L HCl and saturated NaCl. This is due to the high degree of hydrolysis with methoxysilanes enhanced the cross-linking density of the modified WPU films which prevented the penetrating of the acid and salt solutions into the films. However, the films were fragmented in 1 mol/L NaOH. This might be due to the waterborne polyurethane contains lots of carboxyl groups which was hydrolyzed in an alkaline environment. Fig. 7 shows the water contact angle images of the WPU films prepared with different emulsifier hydroxyl molar ratio of and modified with different methoxysilanes, and their data are summarized in Tab. 4. The samples of MPMDS0.69 and MPMDS0.99 have a water contact angle below 81o while the samples of MPTS0.99 and MPTS0.69 have a water contact angle above 90o, exhibiting a hydrophobic surface. All the modified WPU films have lager contact angle than non-modified film. This phenomenon could be explained by the fact that the surface of the films was covered with a silicon layer that can block moisture from infiltrating the surface. In addition, the more methoxies exist, the higher degree of hydrolysis will be.
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Figure 6: Gel content of the WPU films modified with different films
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Figure 7: Water contact angle images of different films: (a) MPMDS0.69; (b) MPTS0.69; (c) MPMDS0.99; (d) MPTS0.99; (e) Non-modified

TGA profiles of the resulting films are shown in Fig. 8a and the TGA data including 5 wt% loss temperature (T5, the onset decomposition temperature), 10 wt% loss temperature (T10), 50 wt% loss temperature (T50), and the maximum rate of weight loss temperature (Tmax) [5] are tabulated in Tab. 5. As well known, WPU films exhibited onset decomposition temperature due to the existence of the labile urethane groups. The onset decomposition temperature of WPU films modified with MPMDS is below 220°C while the onset decomposition temperature of modified with MPTS is nearly 280°C, much higher than those of the non-modified films (165°C) [28,33].

Glass transition temperature (Tg) is the temperature of an amorphous polymer (including the amorphous portion of the crystalline polymer) with transition from a glassy state to a high elastic state or from the latter to the former [34,35]. DSC measurements have been carried out to determine the effect of the MPTS or MPMDS modification on the Tg of the WPU. Obviously, only one Tg and no melting or crystallization transition are observed in all DSC curves (see Fig. 8b), indicating the amorphous nature of the modified films. On the one hand, films modified with MPMDS have lower Tg (−35°C~−28°C) than films modified with MPTS (−24°C~−17°C). On the other hand, All the modified WPU films have higher Tg than non-modified film (−38°C). This is because the high content of methoxy groups leads to high hydrolysis capacity and thus increases the cross-linked density.
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Figure 8: (a) TGA curves of the WPU films modified with different methoxysilanes (b) DSC curves of the WPU films modified with different methoxysilanes

4  Conclusions

In this study, a series of castor oil based waterborne anionic polyurethane were successfully prepared followed by silane modification through thiol-ene photo click reaction. It is found that the particle size and zeta potential of the WPU dispersions both decreased with the rise of emulsifier molar ratios. All the WPU films exhibit excellent water resistance, solvent resistance in acid and salt solution. The modified WPU films showed highly water resistance which 72 h water absorption could be reduced to 1.94% and contact angle was up to 99.34°. Besides, the contact angle and thermal stability of the films modified with MPMDS are lower than those modified with MPTS. In general, this work provides a new way of siloxane modification to form a cross-linked network for high water resistance performance of WPU.
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Table 1: Compositions of the modified films

Sample -OH Molar ratio-NCO -OH (emulsifier) MPTS MPMDS
(castor oil) (IPDI)

0.99-MPTS  1.00 2.00 0.99 Y

0.69-MPTS  1.00 1.70 0.69 Y

0.99-MPMDS 1.00 2.00 0.99 N

0.69-MPMDS  1.00 1.70 0.69 N
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Table 3: The water absorption of films

Sample Water absorption after immersion for 72 h (%)
MPTSg 99 2.55+£0.20
MPTSg 69 1.94 £ 0.19
MPMDS; 99 348 +0.19
MPMDS 69 327 £0.04

Non-modified 18.95 £ 0.38
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Table 4: Chemical resistance and water contact angle of the WPU films modified with different methoxysilanes
and non-modified

Sample Weight change (%) Water contact angle
1 mol/L HC1 1 mol/L NaOH saturated NaCl ©)

MPTS 99 0.461 +£0.12 X 0.391 £ 0.09 99.34 £ 2.31

MPTSg 69 0.260 £ 0.14 X 0.965 = 0.11 93,76 £ 3.15

MPMDSg 99 0.870 £ 0.22 x 0.984 £ 0.28 80.48 +£4.37

MPMDSg 69 0.693 £ 0.18 x 0.971 £0.23 74.21 £ 3.58

Non-modified 13.89 + 0.31 X 3.27£0.21 58.61 £4.02

Note: x indicatinge the fragment of the WPU films.
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Table 2: The particle size distribution and zeta potential of the WPUDs

Sample Appearance Storage life Z-average size (nm) Zeta potential (mV)

DMPA-0.69 Milky White >15 months 209.8 -338
DMPA-0.99 Milky White >15 months 187.4 —41.0
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Table 5: TGA data of the WPU films modified with different methoxysilanes

Sample 75 (°C) T (°O) T59 (°C) Tnax (°C)
MPTS0.00 281 316 475 362
MPTS0 9 282 318 467 363
MPMDS, 0 218 251 360 355
MPMDS, 6 204 227 350 360

Non-modified 165 251 341 313
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