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Abstract

:

In recent years, with the rapid development of the building industry in western cities during the period of “Western Development” in China, the paints industry has developed rapidly and become more mature. In addition, waterborne inorganic exterior wall paints have been a great choice in the building industry because of their reduced volatile organic compounds (VOCs) and less toxicity and odor. However, the problem of stain resistance for exterior wall paints in western cities has not been solved, which has become a major obstacle to the application and promotion of exterior wall paints in western cities in China. Therefore, effective measures should eventually be carried out for improving the stain resistance of exterior wall paints in western cities in China. In this paper, an experimental study on improving stain resistance for exterior wall paints in a typical western city in China, Chongqing, is reported. In the three defined designs, the effects of the paint structure type, the pigment volume concentration (PVC), thickeners, cosolvents and wetting and dispersing agents on the stain resistance of exterior wall paints in a typical western city in China, Chongqing, were examined. The experimental results suggest that the stain resistance of silicone–acrylic paint was the most suitable among the three kinds of tested paints (silicone–acrylic paint, styrene–acrylic paint and pure acrylic paint). In addition, the PVC had a great influence on the stain resistance of the exterior wall paints. The compactness, water absorption and stain resistance of the paint’s film were the most suitable when the PVCs of the paints reached 45%. Furthermore, the tested wetting and dispersing agents made the same contributions to the paints’ stain resistance, as their decline rates for reflectivity were similar. The reflectivity of the film significantly decreased when the ratio of associating thickener to non-associating thickener reached 4:1, and also significantly declined when the content of propylene glycol reached 5%.
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1. Introduction


Architectural paints account for the largest proportion of the paints industry [1]. With the vigorous development of China’s construction industry in recent years, the architectural paints industry has also entered a stage of rapid development [2,3,4]. Additionally, national and local policies and regulations actively promote the development of architectural paints in terms of the quality of products, the technical level of the paints and application methods [5].



Compared with solvent-based paints, waterborne paints show the advantages of less toxicity and odor and reduced volatile organic compounds (VOCs). Taking into account the harsh conditions due to increasing environmental pollution, exterior wall paints should also play important roles in protecting buildings against air pollution [6,7]. However, the stain resistance of waterborne paints is lower than that of other exterior wall decoration materials such as glass and tiles [8,9]. Some oily substances emitted from factories, smoke from automobile exhaust and dust in the air accelerate the deterioration of the exterior wall surfaces of buildings [10,11]. As shown in Figure 1, the exterior wall paints of a building are seriously contaminated. The problem of stain resistance for exterior wall paints has become a serious constraint to the application and popularization of exterior wall paints in western cities in China [12,13,14].



In a field investigation of architectural exterior wall paints in a typical western city in China, Chongqing, 75 projects were randomly selected. Factors such as the building years, types of building exterior wall paints, contaminated parts of exterior wall paints, smoothness of exterior walls, color matching of exterior wall paints, orientation of building exterior walls, exterior wall materials and the structural design of exterior walls were considered. From the results of the field investigation, flow-hanging contamination, dust accumulation contamination [15] and paint cracking were regular contamination patterns for exterior wall paints in the typical western city, Chongqing. In terms of exterior wall paint flow-hanging contamination, mild-degree contamination accounted for about 31.2%, and moderate and serious flow-hanging contamination were about 69%. For the dust-accumulation contamination of exterior wall paint, the proportion of slight contamination was as low as 20.7%, and the degree of moderate and serious dust-accumulation contamination was as high as 79.3%. Additionally, the exterior wall paint surface cracked soon after completion, which seriously affected the surface of the building. These observations indicate that the overall contamination situation for exterior wall paint in this typical western city is relatively severe.



Finance and labor support have been investigated for improving the stain resistance of paints, therefore increasing the cost of buildings’ construction [16,17]. For example, studies showed that the stain resistance of the paints could be improved by changing the parameters of the nanometer zinc oxide and nanometer titanium dioxide in paints [18,19]. However, it is hard to solve various types of contamination of exterior wall paints by using a single and identical method. The problem of stain resistance is becoming the main challenge during the process of the popularization and application of exterior wall paints [20].



The aim of the present work was the improvement of the stain resistance for exterior wall paints in a typical western city in China, Chongqing. In this paper, firstly, the experimental results for the effect of the type of paint on stain resistance are presented. This is followed by reporting the experimental results for the effect of the pigment volume concentration (PVC) on the stain resistance of exterior wall paints. Thirdly, the effects of thickeners, cosolvents and wetting and dispersing agents on the stain resistance of exterior wall paints are presented. Finally, a conclusion is given.




2. Materials and Methods


2.1. Paint Formulation


In the experimental study presented in this paper, three different designs, named Design 1, Design 2 and Design 3, were defined. In Design 1, three different types of paints (pure acrylic paint, styrene–acrylic paint and silicone–acrylic paint) were used; in Design 2, paints with 7 different PVCs were examined, and in Design 3, the effects of thickeners, cosolvents and wetting and dispersing agents were compared. The formulations of the paints for the three designs are detailed in this Section.



Firstly, the sources of the raw materials of the experimental paints are shown in Table 1.



Secondly, for Design 1, three water-based paints, pure acrylic paint, styrene–acrylic paint and silicone–acrylic paint, were prepared. The compositions of the paints for Design 1 are given in Table 2.



In Design 1, three types of paints with different structures were selected as variables. Paints A, B and C are silicone–acrylic paints; paints D, E and F are styrene–acrylic paints, and paints G, H and I are pure acrylic paints.



Thirdly, in Design 2, paints with 7 different PVCs were examined. The compositions of the paints for Design 2 are given in Table 3 and Table 4.



Fourthly, in Design 3, paints with different thickeners, wetting and dispersing agents and cosolvents were used. The compositions of the paints for Design 3 are given in Table 5 and Table 6.




2.2. The Test Equipment and Instruments


The main test equipment and analytical instruments used in the experiments are shown in Table 7.




2.3. The Experimental Methods


As previously reported in Section 2.1, three different designs, named Design 1, Design 2 and Design 3, were examined, as shown in Table 8. The experimental methods for the three designs are described in detail in this Section.



All the related tests were carried out under the standard test conditions of 23 ± 2 °C and 50% ± 5% relative humidity.



In Design 1, three kinds of paints (pure acrylic paint, styrene–acrylic paint and silicone–acrylic paint) were compared in three aspects (the water resistance, alkali resistance and stain resistance). Based on Design 1, a paint with a high stain-resistance property was selected. The experimental methods of the water-resistance test, the alkali-resistance test and the stain-resistance test for the paints were conducted as follows.



The water resistance of the paint was tested according to GB/T1733-1993 [21]. For the experimental methods of the water-resistance test, asbestos cement boards were used as the test boards, and they had identical dimensions of 70 × 150 × 5 mm3. The test boards used in the experiments adopted the high-density grade IV chrysotile fiber cement plate specified in JC/T412.2-2006 [22]. The treatment of the test plate was carried out in accordance with GB/T9271-1988 [23]. In addition, the average pH of the rainfall in this typical western city in China, Chongqing, was 4.87; the main acidifying substance of the rainfall was sulfate, and the main anions in the precipitation were sulfate and nitrate, accounting for 45.6 and 6.9% of the total ions, respectively. Therefore, in the water-resistance test, analytically pure reagents, such as nitric acid, sulfuric acid and deionized water, were used to make an acid solution that was similar to the condition of acid rainfall in Chongqing, with a pH value of 4.87 (2% sulfuric acid solution and 0.5% nitric acid solution). To follow up, three standard test boards, with the edges and backs sealed by mixtures of rosin and paraffin wax according to the mass ratio of 1:1, were used. Two of the three test boards were soaked in the acidic solution. The observation continued until the surfaces of the test boards powdered, peeled off, blistered or became exposed.



The alkali resistance of the paint was tested according to GB/T 9265-2009 [24]. Two of the three test boards that had been treated in the same way as in the previous water-resistance test were soaked in a calcium hydroxide-saturated solution. The observation continued until the surfaces of the test boards blistered, peeled off, powdered, became soft or became exposed.



The stain resistance of exterior wall paints was tested according to GB/T9780-2005 [25]. The test boards were treated in the same way as in the previous water-resistance test. In terms of the configuration of fly-ash water, the fly ash was mixed with water in the ratio of 1:1 (mass). Following up were tests of the original reflection coefficients of the cured test boards and the reflection coefficient of the paint template after brushing and rinsing according to GB/T9780-2005The decline rate of the reflection coefficient of the paint is expressed by Equation (1):


  X =   ( A − B )  A  × 100 %  



(1)




where X is the reflection coefficient of the paint, %; A, the original reflection coefficient of the cured test boards, %; and B, the reflection coefficient of the paint template after brushing and rinsing, %.



In Design 2, paints with 7 different PVCs were examined in three aspects (compactness, water absorption and stain resistance). The PVC refers to the ratio of the volume of the pigments and fillers in the paint to the total volume of all the nonvolatile components in the formula (including resins, solid components of the paints, pigments, fillers, etc.). The critical pigment volume concentration (CPVC) means that the volume of the base material just covers the surface of the pigment particles and fills the stacking space of the pigment particles. At this point, the pigment volume concentration is generally expressed by the CPVC. At low PVC values, the surface contact of the pigment particles is considerably low, but with an increase in pigments, when the PVC exceeds a certain extreme value, the base material is not able to completely fill the gaps between the pigment particles. These unfilled voids are left in the film, so the physical properties of the film begin to decrease sharply when the PVC exceeds the extreme value, and the PVC value at this point is called the CPVC. Therefore, the performance of the paints changes when they are near the CPVC values. In the experiments, by measuring the properties of the paints at different PVC values, such as the density, tensile strength, adhesion, coloring power, permeability, gloss and coverage, the sudden-change points could be found, allowing the CPVC values to be determined.



In terms of Design 3, the effects of thickeners, cosolvents and wetting and dispersing agents were studied on exterior wall paints’ stain resistance. Firstly, to study the performance of thickeners against contamination in paint, it was mainly compared according to the content of hydroxyethyl cellulose ether, and the ratio of associative and non-associative thickeners. The contents of hydroxyethyl cellulose ether in the three groups were 1.2, 1.5 and 1.8‰, respectively. Furthermore, the ratios of associating and non-associating thickeners in the three groups were 1:4, 1:1 and 4:1, respectively. Secondly, in order to study the effect of wetting and dispersing agents on the stain resistance of exterior wall paints, the Clariant LCN070 and ED3060 wetting agents were used in combination with a Clariant dispersant, APC, in a group of experiments. The content of the wetting agent was 0.1%, and that of the dispersant was 0.6%. Thirdly, in the study of the effects of cosolvents on paints’ stain resistance, propylene glycol was selected as the cosolvent, and the contents of the cosolvent propylene glycol were 0, 5, 10 and 15%, respectively.





3. Results and Discussion


As previously reported in Section 2, three different designs, named Design 1, Design 2 and Design 3, were examined in this paper. To follow up, the results and discussion for the three designs are detailed in this Section.



3.1. Design 1


In Design 1, three water-based paints, pure acrylic paint, styrene–acrylic paint and silicone–acrylic paint, were prepared by varying three aspects (the water resistance, alkali resistance and stain resistance) to study the effects on exterior wall paints’ stain resistance. The formulation of the paints in Design 1 is described in detail in Section 2.1.



Firstly, the experimental results for the water resistance of the paints are given in Table 9 and Table 10. On the one hand, Table 9 shows that the water resistance of the nine experimental exterior wall paints showed no changes after being soaked in water for 30 days. The reason was that the resin molecules in the paints had a dense internal structure and good surface properties such as water repellent and hydrophobic properties. On the other hand, in the water-resistance tests, the acid-rainwater condition of a typical western city in China, Chongqing, was simulated. As previously reported in Section 2.3, analytically pure reagents, such as nitric acid, sulfuric acid and deionized water, were used to make an acid solution that was similar to the condition of acid rainfall in Chongqing, with a pH value of 4.87 (2% sulfuric acid solution and 0.5% nitric acid solution). Table 10 shows that, in the experiment of simulating the composition of the rainfall in Chongqing, the rainfall resistance of the A, B and C exterior wall paints was the most suitable. Paints A, B and C were all silicone–acrylic exterior wall paints, and the excellent properties of the silicone–acrylic paints benefited from the silicone resin in them. The main chain of the silicone resin was Si–O–Si, in which the bond energy of Si–O was 422.5 kJ/mol, and the bond energy of the side chain C–Si was 318 kJ/mol, so the silicone–acrylic paint had good acid-rainfall resistance performance. The results also show that the acid-rainfall resistance of the silicone–acrylic paint was better than that of the styrene–acrylic paint, and that of the styrene–acrylic paint was better than that of the pure acrylic paint.



Secondly, the experimental results for the alkali resistance of the nine exterior wall paints A–I are shown in Table 11. Table 11 shows that the alkali resistance of the nine exterior wall paints in the experiment met the criterion of the national standard for alkali resistance GB/T 9265-2009. The silicone–acrylic paint, styrene–acrylic paint and pure acrylic paint all had good alkali-resistance properties and were suitable for use as exterior wall materials.



Thirdly, for the experiment for stain resistance, after brushing two times, four times and five times, the changes in the reflection rates and the decline rates for the paints’ films for the nine exterior wall paints A–I are shown in Figure 2, Figure 3 and Figure 4, respectively.



As shown in Figure 2, after brushing two times, the highest decline rate for reflection occurred in group H (11.02%), from 78.90% to 70.20%, and the lowest decline rate for reflection occurred in group C (3.46%), from 78.10% to 75.40%. In addition, the average decline rate for reflection for groups A–C (silicone–acrylic paint) was 4.47%, and those for groups D–F (styrene–acrylic paint) and groups G–I (pure acrylic paint) were 7.51% and 9.81%, respectively.



Figure 3 demonstrates that after brushing four times, the highest decline rate for reflection occurred in group H (13.68%), from 78.9% to 68.10%, and the lowest decline rate for reflection occurred in group C (4.10%), from 78.10% to 74.90%. In addition, the average decline rate for reflection for groups A–C (silicone–acrylic paint) was 5.57%, and those for groups D–F (styrene–acrylic paint) and groups G–I (pure acrylic paint) were 9.69% and 12.66%, respectively.



Figure 4 shows that after brushing five times, the highest decline rate for reflection occurred in group H (18.25%), from 78.90% to 64.50%, and the lowest decline rate for reflection occurred in group C (4.61%), from 78.10% to 74.50%. In addition, the average decline rate for reflection for groups A–C (silicone–acrylic paint) was 6.42%, and those for groups D–F (styrene–acrylic paint) and groups G–I (pure acrylic paint) were 12.21% and 17.23%, respectively.



The experimental results shown in Figure 2, Figure 3 and Figure 4 demonstrate that the average decline rate for groups G–I (pure acrylic paint) was the highest, followed by that for groups D–F (styrene–acrylic paint), and that for groups A–C (silicone–acrylic paint) was the lowest. The experimental results demonstrate that the stain resistance of the silicone–acrylic paint was the most suitable, followed by that of the styrene–acrylic paint, and the stain-resistance ability of the pure acrylic paint was the lowest. The reason was that the silicone–acrylic paint was modified by introducing a certain number of organosilicon groups into the acrylic resin structure, and the surface tension was low. The film had non-adhesive properties. The silicone-modified acrylic resin had the mentioned advantages and thus can well comply with the requirements for exterior wall paints. The main chain of the acrylic resin in the G, H and I pure acrylic paints was C–C bonds; the bond energy was lower than that of Si–O–Si, though. Its continuous film had a lower surface energy, so the stain resistance of the pure acrylic paint was lower than that of the silicone–acrylic paint.




3.2. Design 2


For Design 2, paints with seven different PVCs were examined. The results for Design 2 are reported in terms of three aspects: the effects of the PVC on the compactness, water absorption and stain resistance of a paint’s film. The formulations of the paints in Design 2 are detailed in Section 2.1.



Figure 5 shows the effect of the PVC on the compactness of the paint’s film. The compactness of the paint’s film was closely related to its porosity. The higher the porosity is, the lower the compactness of the paint’s film is. With a continuous increase in PVC, the porosity of the film increased gradually. As shown in Figure 5, when the PVC reached 45%, the porosity changed suddenly, and then, the porosity of the film increased sharply. This is explained by the fact that when the PVC was less than the CPVC, the pigments and fillers in the paint system were wrapped by enough paint particles. After the moisture volatilization in the film-forming process for the paint, the paint particles, pigments and fillers were squeezed by capillary forces and other forces to form a complete film. The evaporation of water was bound to leave a certain gap. When the PVC was less than the CPVC, there were more paint particles around the pigments and fillers. However, once the PVC exceeded the paint particles, a large number of air and insufficient paint particles occupied the gap between the pigments and fillers. Figure 5 shows that the CPVC of the experimental paint in the test was about 45%.



Figure 6 shows the effects of different PVCs on the water absorption of the paint’s film. Seven groups of samples were tested. The pore was the main means of water absorption by the film when the surface energy of the film was certain. The porosity was the main factor affecting the water absorption of the film, and an increase in the porosity led to an increase in the water absorption of the film. Figure 6 shows that the water absorption of the film increased with an increase in PVC. When the PVC reached 45%, the curve had an inflection point, and then, the water absorption increased sharply with an increase in PVC.



Figure 7 shows the effects of different PVCs on the stain resistance of the paint’s film. The decreases in the values of reflectivity of seven groups of different PVC samples were tested to characterize the stain resistance of the film. This is because the reflectivity value of the paint’s film had been shown to be closely related to its stain resistance. The higher the reflectivity value of the film was, the worse the stain resistance rate of the film was, and vice versa. As can be observed in Figure 7, the decline rate for the reflection value of the film decreased gradually with an increase in PVC. When the PVC increased to about 45%, the decline rate for the reflection value decreased to the lowest point and then increased sharply with an increase in PVC. At the beginning, the stain resistance of the film gradually improved with an increase in PVC; it began to decrease sharply when the PVC exceeded a certain point.



The results for Design 2 suggest that the PVC was an important factor affecting the stain resistance of the paints. When the PVC reached 45%, the compactness, water absorption and stain resistance of the paint’s film were the most suitable.




3.3. Design 3


In terms of Design 3, the effects of thickeners, cosolvents and wetting and dispersing agents were compared. The results for Design 3 are reported in terms of three aspects: the effects of thickeners, cosolvents and wetting and dispersing agents on the stain resistance of the paint’s film. The formulations of the paints in Design 3 are detailed in Section 2.1.



Figure 8 and Figure 9 show the effects of thickeners on the stain resistance of the paints. Paints with seven different contents of thickeners were examined. Figure 8 shows that after brushing one time, the average decline rates for the reflection value decreased, from 52.23% to 50.98%, with an increase in the content of hydroxyethyl cellulose ether from 1.2 to 1.8‰. In addition, as illustrated in Figure 9, the average decline rates for the reflection value varied from 51.25% and 51.44% to 50.01%, with changes in the ratio of associating thickener to non-associating thickener from 4:1 and 1:1 to 1:4, respectively. Figure 8 and Figure 9 suggest that the reflection decline rate decreased with an increase in the content of hydroxyethyl cellulose ether, and the most suitable ratio of associating thickener to non-associating thickener for the experimental paint was 4:1.



Table 11 shows the effects of wetting and dispersing agents on the stain resistance of the paints. In order to study the effect of wetting and dispersing agents on the stain resistance of exterior wall paints, the Clariant LCN070 and ED3060 wetting agents were used in combination with the Clariant dispersing agent APC in experiments. The content of the wetting agent was 0.1%, and that of the dispersant was 0.6%. The experimental results for the wetting agents using LCN070 and ED3060 and the Clariant dispersing agent APC are shown in Table 12.



Table 11 demonstrates that the decline rates for the two paints with different wetting and dispersing agents were basically the same, indicating that the contributions of the two wetting and dispersing agents in the stain resistance of the paints in this group of experiments were basically the same.



The next part was the study of the effect of the amount of cosolvent on the stain resistance of exterior wall paints. The function of propanediol as a cosolvent was to fully dissolve the filler in the liquid phase. In this group of experiments, the amounts of the cosolvent propylene glycol were 5, 10 and 15%, respectively. Figure 10 shows the effect of the cosolvent on the stain resistance of the paints. Propylene glycol was the cosolvent in the experiments. It can be seen from Figure 10 that when the content of propylene glycol was 5%, the decline rate for the reflectivity, the stain resistance, of the paints was lower, indicating that the stain resistance of the paints was the highest in this group when the content of propylene glycol was 5%.





4. Conclusions


This paper experimentally studied the improvement of stain resistance for exterior wall paints in a typical western city in China, Chongqing. Three different designs, named Design 1, Design 2 and Design 3, were studied in this paper. The results for Design 1 suggest that the stain resistance of architectural paints with different paint structures was different. After comparing the water resistance, alkali resistance and stain resistance of silicone–acrylic paint, styrene–acrylic paint and pure acrylic paint, the results show that the stain resistance of the silicone–acrylic-paint-based exterior wall paints was the most suitable among the three. The results for Design 2 show that the exterior wall paints’ PVC had a great influence on the stain resistance, and the film reflectivity decreased gradually with an increase in PVC. When the PVC increased to about 45%, the film reflectivity significantly decreased and then increased sharply with an increase in PVC, indicating that when PVC ≤ CPVC, the stain resistance of the paint increased with an increase in PVC. In Design 3, the effects of thickeners, cosolvents and wetting and dispersing agents were compared. When the content of a thickener (hydroxyethyl cellulose ether) increased, the reflectivity decline rate also decreased, and hence, the stain resistance of the paint was enhanced. When the ratio of the associated thickener to the non-associated thickener was 4:1, the reflectivity decline rate was the smallest, and the stain resistance of the paint was the most suitable. When the content of a cosolvent (propylene glycol) was 5%, the reflectivity decline rate, the contamination resistance, decreased significantly, suggesting that the stain resistance of the paints with 5% propylene glycol was the most suitable in the comparison group. The reflectivity decline rates for the two paints with different wetting and dispersing agents were basically the same, indicating that the contributions of the two wetting and dispersing agents in the stain resistance of the paints in this group of experiments were basically the same.
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Figure 1. Contaminated exterior wall paints in a typical western city in China, Chongqing. 
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Figure 2. Design 1: (a) the change in the reflection rate and (b) the decline rate (after brushing 2 times). 
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Figure 3. Design 1: (a) the change in the reflection rate and (b) the decline rate (after brushing 4 times). 
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Figure 4. Design 1: (a) the change in the reflection rate and (b) the decline rate (after brushing 5 times). 
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Figure 5. Effect of PVC on porosity of paint’s film. 
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Figure 6. Effect of PVC on water absorption of paint’s film. 
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Figure 7. Effect of PVC on decrease rate for reflection of paint’s film. 
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Figure 8. Design 3: (a) the change in the reflection rate and (b) the decline rate (content of thickeners). 
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Figure 9. Design 3: (a) the change in the reflection rate and (b) the decline rate (different ratios of associating thickener and non-associating thickener). 






Figure 9. Design 3: (a) the change in the reflection rate and (b) the decline rate (different ratios of associating thickener and non-associating thickener).



[image: Coatings 11 00220 g009]







[image: Coatings 11 00220 g010 550] 





Figure 10. Design 3: (a) the change in the reflection rate and (b) the decline rate (according to content of propylene glycol). 
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Table 1. Sources of raw materials of the experimental paints.






Table 1. Sources of raw materials of the experimental paints.





	Name of Raw Material
	Model
	Manufacturer





	Propylene glycol
	-
	Dow Chemical Co., Ltd., Midland, MI, USA



	Dispersing agent
	2500
	Japan San Nuopco Co., Ltd., Tokyo, Japan



	Fungicide
	LXE
	Dow Chemical Co., Ltd., Midland, MI, USA



	Wetting agent
	X450
	Rohm and Haas Co., Ltd., Guangdong, China



	Defoamer
	F111
	Haichuan Co., Ltd., Shenzhen, China



	Defoamer
	1340
	Haichuan Co., Ltd., Shenzhen, China



	Hydroxyethyl cellulose
	3w
	Shanghai Huguang Co., Ltd., Shanghai, China



	Multifunctional auxiliaries
	APM-95
	Japan San Nuopco Co., Ltd., Tokyo, Japan



	Film-forming agent
	Texanol
	Eisman Co., Ltd., Japan



	Thickening agent
	2020
	Rohm and Haas Co., Ltd., Foshan, China



	Thickening agent
	ASE60
	Rohm and Haas Co., Ltd., Foshan, China



	Titanium dioxide
	R-998
	Yugang Titanium dioxide Co., Ltd., Chongqing, China



	Calcined kaolin
	-
	Market sale, Chongqing, China



	Water
	Ultra-pure water
	Market sale, Chongqing, China



	Silicone–acrylic paint
	TD-686
	Jiangsu Sunrise Co., Ltd., Suzhou, China



	Styrene–acrylic paint
	DC-420
	Jiangsu Sunrise Co., Ltd., Suzhou, China



	Pure acrylic paint
	TRC-4369
	Jiangsu Sunrise Co., Ltd., Suzhou, China



	Pure acrylic paint
	2468
	Dow Chemical Co., Ltd., Midland, MI, USA










[image: Table] 





Table 2. Compositions of the paints for Design 1.






Table 2. Compositions of the paints for Design 1.





	
No.

	
Ingredients (wt.‰)

	
Content






	
Pulping stage

	
1

	
Deionized water

	
281.50




	
2

	
Propylene glycol

	
15.00




	
3

	
Dispersing agent SN5040

	
4.00




	
4

	
Dispersing agent 2500

	
2.00




	
5

	
Fungicide LXE

	
1.00




	
6

	
Wetting agent X405

	
1.00




	
7

	
Defoamer F111

	
2.00




	
8

	
Cellulose 3W

	
1.50




	
9

	
AMP-95

	
2.00




	
10

	
Titanium dioxide R998

	
50.00




	
11

	
Calcined kaolin

	
120.00




	
12

	
Wollastonite

	
150.00




	
Painting stage

	
13

	
Texanol

	
8.00




	
14

	
Paint A-I

	
350.00




	
15

	
Defoamer 1340

	
2.00




	
16

	
Thickener 2020

	
2.00




	
17

	
Thickener ASE60

	
8.00




	
Total

	
1000.00
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Table 3. Compositions of the paints for Design 2.
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	Materials
	Mixing Amount (g)





	Deionized water
	145.00



	Propanediol
	7.50



	Dispersing agent SN5040
	2.00



	Dispersing agent 2500
	1.00



	Fungicide LXE
	0.50



	Wetting agent X405
	0.50



	Defoamer NXZ
	1.00



	Cellulose
	0.75



	AMP-95
	1.00



	Pigment and filler
	Table 4



	Texanol
	4.00



	Silicone–acrylic paint
	175.00



	Defoamer1340
	1.00



	Thickener 2020
	1.00



	Thickener ASE60
	4.00
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Table 4. The pigment volume concentrations (PVCs) in formulations for Design 2.
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	PVC (%)
	25%
	35%
	40%
	45%
	50%
	55%
	60%





	Titanium dioxide
	6.50
	9.20
	15.10
	22.50
	29.20
	36.10
	42.30



	Calcined kaolin
	32.90
	43.10
	50.20
	57.70
	65.40
	72.20
	75.90



	Wollastonite
	51.10
	63.20
	70.10
	77.90
	85.80
	91.40
	96.20
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Table 5. Compositions of the paints for Design 3 (thickeners).






Table 5. Compositions of the paints for Design 3 (thickeners).





	
Thickener System

	
Content of Hydroxyethyl Cellulose Ether

	
Collocation of Associating Thickeners and Non-Associating Thickeners

(Associating Thickeners:Non-Associating Thickeners)




	
1.2‰

	
1.5‰

	
1.8‰

	
1:4

	
1:1

	
4:1






	
Deionized water

	
277.50

	
277.50

	
277.50

	
277.50

	
277.50

	
277.50




	
Propanediol

	
15.00

	
15.00

	
15.00

	
15.00

	
15.00

	
15.00




	
Dispersing agent APC

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00




	
Fungicide LXE

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00




	
Wetting agent 070

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00




	
Defoamer 101

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00




	
Cellulose

	
1.20

	
1.50

	
1.80

	
1.50

	
1.50

	
1.50




	
AMP-95

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00

	
2.00




	
Titanium dioxide R258

	
80.00

	
80.00

	
80.00

	
80.00

	
80.00

	
80.00




	
Calcined kaolin

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00




	
Wollastonite

	
140.00

	
140.00

	
140.00

	
140.00

	
140.00

	
140.00




	
Texanol

	
8.00

	
8.00

	
8.00

	
8.00

	
8.00

	
8.00




	
TRC-4369

	
250.00

	
250.00

	
250.00

	
250.00

	
250.00

	
250.00




	
Defoamer 732

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00




	
Thickener 8W

	
2.00

	
2.00

	
2.00

	
2.00

	
5.00

	
8.00




	
ASE60

	
8.00

	
8.00

	
8.00

	
8.00

	
5.00

	
2.00




	
Total

	
1000.00
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Table 6. Compositions of the paints for Design 3 (cosolvents).
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Content of Propanediol

	
5%

	
10%

	
15%




	
Deionized water

	
291.50

	
286.50

	
281.50




	
Propanediol

	
5.00

	
10.00

	
15.00




	
Dispersant APC

	
6.00

	
6.00

	
6.00




	
Fungicide LXE

	
1.00

	
1.00

	
1.00




	
Wetting agent 070

	
1.00

	
1.00

	
1.00




	
Defoamer 101

	
2.00

	
2.00

	
2.00




	
Cellulose

	
1.50

	
1.50

	
1.50




	
AMP-95

	
2.00

	
2.00

	
2.00




	
Titanium dioxide R258

	
80.00

	
80.00

	
80.00




	
Calcined kaolin

	
100.00

	
100.00

	
100.00




	
Wollastonite

	
140.00

	
140.00

	
140.00




	
Texanol

	
8.00

	
8.00

	
8.00




	
TRC-4369

	
250.00

	
250.00

	
250.00




	
Defoamer 732

	
2.00

	
2.00

	
2.00




	
Thickener 8W

	
2.00

	
2.00

	
2.00




	
ASE60

	
8.00

	
8.00

	
8.00




	
Total

	
1000.00
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Table 7. Main test equipment and analytical instruments.






Table 7. Main test equipment and analytical instruments.





	Name of Instrument and Equipment
	Manufacturer





	QBY-II swing rod type paint film hardness tester
	Tianjin Material Testing Machine Factory, Tianjin, China



	QHQ-A film-coated pencil scratch hardness tester
	Tianjin Material Testing Machine Factory, Tianjin, China



	QRS paint film reflectance tester
	Tianjin Material Testing Machine Factory, Tianjin, China



	LXY-IV paint film washing resistance tester
	Tianjin Material Testing Machine Factory, Tianjin, China



	SBDY-1 whiteness meter
	Hebei Rongda Luqiao Science Equipment Factory, Cangzhou, China



	QFD electric paint film adhesion tester
	Tianjin Material Testing Machine Factory, Tianjin, China



	JC2000A static drop contact angle/interfacial tension-measuring instrument
	Shanghai Zhongchen Digital Technology equipment Co., Ltd., Shanghai, China



	JL-1155 laser particle size distribution tester
	Chengdu Jingxin Powder testing equipment Co., Ltd., Chengdu, China



	Nano ZS90 laser particle size distribution measurement and potential analyzer
	British Malvern Co., Ltd., Malvern, UK



	Optical microscope
	Shanghai Optical instrument Factory, Shanghai, China



	Ultraviolet spectrophotometer
	Japan Hitachi Co., Ltd., Tokyo, Japan
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Table 8. Detailed description of Design 1, Design 2 and Design 3.
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Designs

	
Experimental Content

	
Comparison






	
Design 1

	
Pure acrylic paint

	
Water resistance




	
Styrene–acrylic paint

	
Alkali resistance




	
Silicone–acrylic paint

	
Stain resistance




	
Design 2

	
PVC concentrations

	
Compactness




	
Water absorption




	
Stain resistance




	
Design 3

	
Thickeners

	
Stain resistance




	
Cosolvents




	
Wetting and dispersing agents
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Table 9. Results for Design 1 (water resistance I).
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	No.
	A
	B
	C
	D
	E
	F
	G
	H
	I





	Time/d
	30
	30
	35
	30
	30
	35
	30
	30
	35



	Performance
	No change
	No change
	No change
	No change
	No change
	No change
	No change
	No change
	No change
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Table 10. Results for Design 1 (water resistance II).






Table 10. Results for Design 1 (water resistance II).





	No.
	A
	B
	C
	D
	E





	Time/h
	105
	93
	120
	70
	82



	Performance
	Blistering
	Small holes
	Underlying paint exposure
	Blistering
	Underlying paint exposure



	No.
	F
	G
	H
	I
	-



	Time/h
	67
	39
	62
	45
	-



	Performance
	Small holes
	Blistering
	Underlying paint exposure
	Blistering
	-
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Table 11. Results for Design 1 (alkali resistance).






Table 11. Results for Design 1 (alkali resistance).





	No.
	A
	B
	C
	D
	E
	F
	G
	H
	I





	Time/d
	35
	35
	40
	35
	35
	40
	35
	35
	40



	Performance
	No change
	No change
	No change
	No change
	No change
	No change
	No change
	No change
	No change










[image: Table] 





Table 12. The effects of wetting and dispersing agents on stain resistance of paints.






Table 12. The effects of wetting and dispersing agents on stain resistance of paints.





	
Type of Wetting Agent

	
Type of Dispersing Agent

	
A (%)

	
B (%)

	
Decline Rate for Reflection Coefficient (%)

	
Average Decline Rate






	
LCN070

	
APC

	
80.00

	
42.43

	
46.96

	
48.76%




	
79.63

	
40.17

	
49.56




	
79.30

	
39.83

	
49.77




	
ED3060

	
APC

	
80.50

	
40.77

	
49.36

	
48.70%




	
80.13

	
40.47

	
49.50




	
79.97

	
42.18

	
47.25
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