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Abstract

:

Water-borne polyurethane/acrylate (WPUA) emulsion was prepared through emulsion polymerization between vinyl terminated waterborne polyurethane (WPU) and methyl methacrylate (MMA) in this research. Thermogravimetric Analysis (TGA), transmission electron microscopy (TEM), contact angle analysis, and particle size distribution analysis were employed to investigate the performance of the prepared emulsion and coatings with various content of MMA content. The results demonstrated that the thermal resistance, water resistance, and hardness of the prepared WPUA coatings were enhanced by the introduction of the MMA monomer. The contact angle (CA) and particle size of WPUA emulsion increased with the increase of MMA content. Meanwhile, the water-borne inkjet printing ink was prepared using WPUA emulsion as binder resin, and the printing test result showed that the prepared inkjet ink has good printability and color rendering, indicating that WPUA emulsion has great application prospects in the field of inkjet printing.
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1. Introduction


In the context of energy shortages, reducing carbon emissions has become an important global issue [1,2]. Considering environmental factors, the solvent-based ink is gradually replaced by water-borne ink in the field of printing and packing due to the release of enormous volatile organic compounds (VOCs) during coatings formulation [3]. The demand for high-performance water-borne ink is to have excellent printability and coating performance [4]. Printability of ink is related to transfer and wetting characteristics such as viscosity, particle size, and surface tension, and coating performance is related to mechanical properties, hardness, and aging resistance [5,6,7].



As we all know, the comprehensive properties of water-borne ink depend on the binder resin [8]. Among the main binder resin raw materials, polyurethanes are one of the widely used polymers in the field of adhesives [9], leather [10], foaming agents [11], and elastomer [12] due to excellent properties such as flexibility, tensile strength, adhesion, and aging resistance [13,14]. In order to realize the dispersion of polyurethane into polar solvents such as water, hydrophilic monomers must be polymerized into polyurethane chains [15]. A usual approach to realize the dispersion of polyurethane into water is to induce hydrophilic groups such as carboxyl or sulfonic acid groups into the polyurethane backbone [16,17]. In spite of realizing the solubility of WPU in water, the existence of a hydrophilic group resulted in poor water and alkali resistance for WPU coating, which limited the applications in many fields [18]. An efficient way to achieve better performance of water-borne polyurethane (WPU) is to modify the polyurethane with other polymers.



Acrylates have excellent properties of hardness, water and chemical resistance, gloss, and thermal resistance [19]. Due to their high polarity and complete saturation, acrylates are widely used in adhesives, coatings, and sealants, and those advantages of acrylates can make up for the shortcomings of WPU [20,21]. Therefore, how to realize the synergy effect between polyurethane and acrylate has received enormous attention [22]. Physical blending and emulsion polymerization are two main approaches to combine the advantages of the two emulsions [23]. As physical blending, it is a convenient way to prepare polyurethane/acrylate hybrid emulsions, but the the progress of blending system performance is limited to the incompatibility of the two components [24]. Compared with physical blending, the emulsion polymerization method can achieve the compatibility of polyurethane and acrylate at the molecular levels. In this way, the synergy effect between polyurethane and acrylate is the maximum [25].



In this article, the WPUA emulsion was synthesized by emulsion polymerization. Firstly, the vinyl terminated waterborne polyurethane (WPU) was prepared according to the previous report. Secondly, the WPUA emulsion was prepared through the polymerization between vinyl terminated waterborne polyurethane (WPU) and methyl methacrylate (MMA) monomers. The morphology, particle size distribution, CA, thermal stability, and water absorption of WPUA emulsions and coatings were investigated. Meanwhile, the water-borne inkjet printing ink was prepared with WPUA emulsion as the binder resin, and the printability and color development ability of the inkjet ink were tested.




2. Materials and Methods


2.1. Materials


Vinyl terminated WPU emulsion (model: Urosin®4616) was purchased from Wanhua Chemical Group Co., Ltd. (Yantai, China). Methyl methacrylate (MMA), Sodium dodecyl sulfonate (SDS), potassium persulfate (KPS), and triethanolamine (TEA) of analytical pure grades were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Pigments such as cyan (C), magenta (M), yellow (Y), and black (K) were purchased from Yuhong Pigment Co., Ltd. (Dezhou, China). The wetting agent (Aquacer 497) was supplied by BYK (Konstanz, Germany). Deionized water was created in our laboratory. No reagents were purified before being used.




2.2. Methods


2.2.1. Preparation of WPUA Emulsion Using Semi-Bath Method


The WPUA emulsion was synthesized using a four-necked flask equipped with a mechanical string, nitrogen inlet, condensing reflux device, and thermometer. The metered WPU emulsion, MMA, and SDS were dropped into a flask and stirred for 30 min. The temperature of the reaction system was kept at 75 °C. The KPS solution was added dropwise to the flask with stirring. After adding the KPS solution, the system was kept at 75 °C for 30 min. The WPUA emulsion was prepared by adding TEA after the system was cooled to 25 °C. The recipes for preparing WPUA emulsion are illustrated in Table 1.




2.2.2. Preparation of WPUA Emulsion Using Bath Method


The WPUA emulsion was synthesized using a four-necked flask equipped with a mechanical string, nitrogen inlet, condensing reflux device, and thermometer. The metered WPU emulsion, MMA, SDS, and KPS were dropped into flask and stirred for 30 min. The temperature of the reaction system was kept at 75 °C for 4.5 h. The WPUA emulsion was prepared by adding TEA after the system was cooled to 25 °C.



The recipes for preparing WPUA emulsion using the bath method are also shown in Table 1.





2.3. Preparation of inkjet printing ink and C M Y K color blocks


The metered pigment, WPUA emulsion, wetting agent, and deionized water were dropped into a four-necked flask equipped with a mechanical stirrer and stirred for 0.5 h. Then, the mixture was filtered through a membrane with a pore size of 0.22 um, and the inkjet ink was obtained.



The inkjet printing color blocks such as cyan (C), magenta (M), yellow (Y), and black (K) were designed by Photoshop software (Adobe Photoshop CS5) and output onto coated paper with basis weight of 150 g/m2 by an inkjet printer (Epson, SureColor P9080, Suwa, Japan) using the prepared ink.




2.4. Characterization


The morphology of emulsion particles was observed by transmission electron microscopy (JEOL, JEM-F200, Tokyo, Japan). The particle size distribution of the emulsion was tested by particle size analyzer (Malvern, Nano ZS, Malvern, England). The thermal resistance of the coating was measured by thermogravimetric analysis (TGA Q50, TA Instruments, New Castle, DE, USA). The contact angle analyzer (KRUSS, DSA100, Hamburg Germany) was used to measure the static droplet contact angle of the emulsion onto the neat glass slide without any treatment. The contact angle value of the emulsion was calculated by the software that came with the contact angle analyzer. A spectrophotometer (X-Rite, eXact, Grand Rapids, MI, USA) was used to measure the chromatic aberration (ΔE) of the prepared color blocks. We set a random point in the color block as the reference point and recorded the color information of this point with the spectrophotometer. Then, 20 points at different positions in the color block were selected and we recorded each color’s information with spectrophotometer. ΔE between the 20 selected points and the reference point was calculated by the software that came with the spectrophotometer respectively. Finally, ΔE of the prepared color blocks was obtained by taking the average of the ΔE about the 20 selected points and the reference point. All the measurements were carried out under D65 standard light source conditions. The thermogravimetric analysis of the coating was performed using a thermogravimetric analyzer. The sample (3–4 mg) was placed in a platinum pan and heated under N2 atmosphere (50 mL/min), at a heating rate of 10 °C/min rising from room temperature to 500 °C. The water absorption of the coatings was calculated by the flowing calculation, Formula (1):


  W =    M 2  −  M 1     M 1     



(1)







  W    ( % )   : Water absorption of the coating.



   M 1     ( g )   : The initial weight of the coating which is cut into pieces (1 cm × 1 cm), and the thickness of coating piece is about 2 mm.



   M 2     ( g )   : Weight of the piece after soaking in deionized water for 24 h at room temperature.



Conversion rate of monomer was calculated by the following calculation, Formula (2):


  Y =   G − G A   G B    



(2)







  Y    ( g )   : Conversion rate of the monomer



  G    ( g )  :   Weight of the sample.



  A    ( g )  :   Percentage of non-volatile components with the exception of monomers.



  B    ( g )  :   Percentage of monomers in the formula.





3. Results


Morphology of WPUA-40 colloidal particles is shown in Figure 1 using TEM with different magnification times. As we can see from Figure 1, colloidal particles exhibited distinct dark and light domains with clear boundaries, indicating that the core-shell structure was formed. Due to the different polarities of WPU and MMA, MMA was preferably confined to the core region during the copolymerization process. Therefore, the light domains represent WPU, and the dark domains represent MMA.



Figure 2 illustrated the thermal stability of the WPU, WPUA-10, WPUA-20, WPUA-30, and WPUA-40 coatings. The decomposition of the coating was divided into two stages. The first stage was from the initial temperature (25 °C) to 220 °C, and the loss of sample weight was because of the residual water and small molecular solvents in the coating. The second stage is the decomposition of the polymer. As we can see in Figure 2, with the increase of MMA content, the thermogravimetric analysis curve obviously shifted to the right, indicating that the thermal resistance of the coating was significantly improved. The reason is that the polymerization reaction between MMA and polyurethane increased the cross-linking degree. This effective cross-linking structure enhances the force between molecular chains, resulting in a better thermal resistance of WPUA coatings.



From the particle size analysis results of WPU and WPUA emulsions, the average particle size of a WPU emulsion was 66.49 nm; WPUA-10 was 67.75 nm, WPUA-20 was 74.1 nm, WPUA-30 was 142 nm, and WPUA-40 was 162 nm, respectively.



The particle size distribution curves of emulsions with different MMA content are shown in Figure 3. As we can see from Figure 3, the average particle size of the WPU emulsion was the smallest with a narrow distribution, indicating that the particle size of WPU was uniform. For WPUA emulsion, there was no significant change in the particle size distribution of WPUA-10 and WPUA-20. As the content of MMA increased to 30%, the average particle size of the WPUA-30 increased to 142 nm, and the particle size distribution became wider when compared with WPU, WPUA-10, and WPUA-20. The reason may be that with the increase of MMA content, more and more MMA monomer was swollen into the core-shell structure for copolymerization, and the WPU colloidal particle surface was stretched, resulting in bigger particle size. As the sample of WPUA-40, the particle size distribution ranged from 50 to 600 nm. The reason is that excessive MMA content is swollen into the core structure, leading to high surface inflation of the WPUA colloidal particle, which contributed to the poor self-emulsifying ability of the WPUA colloidal particle, resulting in higher particle size and colloidal sedimentation.



Figure 4 illustrates the monomer conversion with reaction time utilizing the batch and semi-batch emulsion polymerization method, and WPUA-10 was selected as the experimental sample. It is observed from Figure 4 that the monomer conversion reached the maximum value of 96% at 180 min in terms of semi-batch emulsion polymerization, and 84.2% at 150 min in terms of batch emulsion polymerization. Compared with the semi-bath emulsion polymerization, the bath emulsion polymerization period was shorter with lower monomer conversion. The reason is that high initial monomer concentration leads to vigorous polymerization with serious reflux phenomena during the batch emulsion polymerization process; a large number of gel particles were found on the wall of the four-necked flask, resulting in a low monomer conversion rate. In the semi-bath reaction process, KPS solution was added into flask drop by drop to keep the concentration of the initiator in the system at a low level so the reaction could proceed smoothly, resulting in lower gel fractions and higher monomer conversions.



The characteristics of coatings such as water absorption, pencil hardness, and appearance are the crucial factors for fabricating inkjet inks. Table 2 illustrates the coating properties of WPU, WPUA-10, WPUA-20, WPUA-30, and WPUA-40. It is observed that from Table 2 with the MMA content increasing from 0% to 40%, the water absorption of the prepared coatings decreased from 23.5% to 13%, and the pencil hardness was enhanced from HB to 3H. The appearance of the prepared coatings with the MMA content from 0% to 30% was transparent, and the sample with MMA content of 40% was translucent. The reason for the above experimental results is that MMA as a hard monomer is incorporated into the molecular chains, resulting in more cross-linking sites between polyurethane and acrylate, which limits the movement of the molecular chains. Therefore, the prepared coatings exhibited a compact structure and higher strength, and it is difficult for water to penetrate and swell the prepared coatings.



The appearance of the emulsion is usually related to the light scattering and absorption by the dispersed phase and dispersion medium. From the particle size distribution results in Figure 3, the average colloidal particle size became bigger with the increasing of MMA content. With the particle size of the colloidal particles increased, the total internal reflection occurred and decreased the transparency of emulsion and the appearance was white. The change appearance of the emulsion shown in Table 2 validates the particle size distribution results in Figure 3.



The contact angle (CA) of emulsion on a solid surface is an important parameter to measure the wettability of the emulsion. A low CA (<90°) of emulsion corresponds to a better wettability. Conversely, a high CA (>90°) implies poor wettability of the emulsion. For inkjet printing, the CA of inkjet ink has a significant impact on printing quality. The inkjet ink with low CA easily infiltrates onto the substrate and improves the printing quality. On the contrary, it is difficult for the ink droplets to infiltrate into the substrate, resulting in interruption of the printing pattern.



In order to define the effect of MMA content on the wettability of WPUA emulsions, a neat glass plate was selected as the substrate during contact angle analysis. To avoid the influence of other factors, all emulsions were configured to a uniform solid content before testing.



As we can see from Figure 5, the CA of WPU (46°) was higher than that of the WPUA emulsion. This phenomenon is attributed to the addition of SDS during the preparation of the WPUA emulsion, which improves the wettability of WPUA on the glass plate surface. It is worth noting that the contact angle of the emulsion was increased with the increasing of MMA content: 31.9° for WPUA-10, 36.4° for WPUA-20, 38.1° for WPUA-30, and 42.9° for WPUA-40. The reason is that MMA as a polar monomer was introduced into the WPU backbone, which improved the cross-linking degree between segments, reflecting the increase of CA.



The inkjet printing color blocks and corresponding ΔE are exhibited in Figure 6. In this section, WPUA-20 was selected as the binder resin to prepare the inkjet ink. As we know, CMYK as the basic color in the inkjet printing can be deployed to obtain a variety of colors so as to achieve full-color printing. In order to define the adaptability of WPUA emulsion in the field of inkjet printing, we prepared C, M, Y, and K inkjet printing ink and tested its printability. From Figure 6a, the outputting color blocks were colorful and neat in appearance, indicating that the WPUA emulsion has good encapsulation and transfer ability for pigments. From Figure 5b, the biggest ΔE of the sample was yellow (ΔE = 0.39), the smallest ΔE of the sample was magenta (ΔE = 0.32), and the ΔE of all the color blocks was between 0.3 and 0.5, indicating that the color development performance of the inkjet ink is good. It is worth mentioning that after a long time of printing, it could still print smoothly. The above results further prove that the prepared inkjet ink has good printability and the compatibility between WPUA and pigments is good.




4. Conclusions


A core-shell WPUA emulsion with different MMA content was synthesized by the emulsion polymerization method with WPU as seeds. The morphology of core-shell WPUA colloidal particle was detached by TEM with WPU as the shell and MMA as the core. With the increase of MMA content in WPUA, the average particle size and CA of WPUA emulsion increased, and the thermal resistance and hardness of the WPUA coating was enhanced. The prepared inkjet printing ink using WPUA emulsion as the binder resin showed good printability.
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Figure 1. TEM image of WPUA colloidal particles. (a) TEM image of WPUA colloidal particles at 3000× magnification. (b) TEM image of WPUA colloidal particles at 5000× magnification. 
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Figure 2. Thermogravimetric curves of WPU, WPUA-10, WPUA-20, WPUA-30, and WPUA-40 coatings. 
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Figure 3. Particle size distribution of WPU and WPUA-10, WPUA-20, WPUA-30, and WPUA-40 emulsion. 
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Figure 4. Effect of the polymerization method on the conversion of the monomer. 
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Figure 5. Contact angle analysis of WPU and WPUA emulsion. (a–e) Contact angle images of WPU, WPUA-10, WPUA-20, WPUA-30, and WPUA-40. (f) Schematic diagram illustrating the contact angles of WPU and WPUA emulsions. The numbers 1, 2, 3, 4, and 5 inserted in f represent WPU, WPUA-10, WPUA-20, WPUA-30, and WPUA-40, respectively. 
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Figure 6. Inkjet printing color block and ΔE. (a) The prepared inkjet printing color block, (b) ΔE of inkjet printing color block. The inserted C, M, Y, and K represent cyan, magenta, yellow, and black, respectively. 
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Table 1. The recipes for WPUA emulsion.
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Sample

	
WPU (g)

	
Acrylates (g)

	
Initiator (g)

	
Emulsifier (g)




	
WPUA Emulsion

	
WPU

	
MMA

	
KPS

	
SDS






	
WPUA-10

	
50

	
5

	
0.05

	
0.1




	
WPUA-20

	
50

	
10

	
0.1

	
0.2




	
WPUA-30

	
50

	
15

	
0.15

	
0.3




	
WPUA-40

	
50

	
20

	
0.2

	
0.4
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Table 2. Properties of the WPU and WPUA coatings.
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Sample

	
Properties




	
Emulsion

	
Water Absorption (%)

	
Pencil Hardness

	
Appearance






	
WPU

	
23.5

	
HB

	
Transparent




	
WPUA-10

	
21

	
H

	
Transparent




	
WPUA-20

	
18.2

	
2H

	
Transparent




	
WPUA-30

	
15

	
2H

	
Transparent




	
WPUA-40

	
13

	
3H

	
Translucent
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