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Abstract

:

Improving silica film’s contact angle (CA) using tetraethoxysilane (TEOS) and iso-butyltrimethoxysilane (iso-BTMS) by the sol-gel method without adding organo-fluoride substances is of interest. Five factors, namely type of solvent, molar ratio and amounts of TEOS and iso-BTMS, mixing intensity, sol aging time, and presence and absence of poly-acrylic acid (PAA), were assessed to improve the static water CA of the film and its surface quality. Results revealed that when ethanol was used as the dissolving solvent and after adding initial iso-BTMS and TEOS concentrations of 0.0270 and 0.0194 mol/L (molar ratio = 1.39), respectively, without sonication and adding PAA/TEOS weight ratio of 0.029, then the maximum static CA of the film reached 147°, a nearly super-hydrophobic surface. Under given conditions, long-term film durability was observed, and the added PAA prevented the formation of nonhomogeneous film surfaces caused by the highly clustering aggregation of silanols under high pH conditions.
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1. Introduction


Mimicking the lotus effect to change the surface structure and functions has been a widely researched topic [1,2,3,4,5,6,7] and is used in many fields [8], including surface coating [9,10] and textile manufacturing [11,12,13]. Among these studies, sol-gel methods have been widely employed to fabricate various hydrophobic films [14,15,16,17,18,19] with detailed manufacturing processes [20]; however, although some individual influencing factors have been investigated separately [21,22], a detailed screening of the influencing factors was considered useful in improving the film quality and identifying the key affecting factors of a sol-gel preparing process. Furthermore, the use of organo-fluoride alkoxysilane as a hydrophobic agent to obtain a super-hydrophobic surface is helpful but is questioned due to its carcinogenicity [11,23]. Some nonhazardous substances like iso-butyltrimethoxysilane (iso-BTMS) and phenyltrimethoxysilane, etc. have been used to replace organo-fluoride reagents, yet the contact angle (CA) of the so-prepared film is often decreased [15,19]. Again, a detailed survey of the factors in these sol-gel processes free of the organic-fluoride substances to maintain a high film quality was desired.



To achieve this, factorial experiments for important factor screening during sol-gel film preparation and use of poly-acrylic acid (PAA, a blocking polymer) for improving film quality were considered important and were to be tested in this study. Factorial experiments were to be performed to determine crucial influencing factors and their operational conditions during hydrophobic film formation using the sol-gel method. By comparing effects of all factors in one test, the factorial experiments are able to eliminate time blocks of the one-factor-at-a-time test [24]. A total of five factors, namely the type of solvent, amount and/or ratio of TEOS and iso-BTMS, mixing intensity, sol aging time, and presence and absence of PAA, were examined and adjusted to obtain an optimal hydrophobic film surface. PAA was used to minimize the formation of highly branched siloxane clusters under basic conditions. A phenomenon mentioned by Esposito [25], which might have caused the combination of the siloxane clusters and formed nonhomogeneous film surface areas with uneven hydrophobicity. Film quality index (FQI) was adopted to rate the film quality and is further introduced in the Material and Methods section. Finally, images of the obtained films were taken by a scanning electron microscope with a secondary electron detector (SEM-SE) and examined to reveal the effectiveness of PAA addition. In summary, seven solvents were tested, the ratio and amount of iso-BTMS/TEOS was determined, the mixing operation was optimized, sol aging time was set, and amount of PAA was revealed. Thus, an easy-to-prepare, nontoxic, and nearly super-hydrophobic film surface was obtained. Moreover, film durability and the formation mechanism caused by the presence of PAA were explained.




2. Materials and Methods


Figure 1 presents the procedure of sample processing by using the sol-gel method. A 35-mL Teflon tube containing a total working volume of 14.5 mL of the designated reagents including TEOS and iso-BTMS mixed in the solvent, ammonia, and distilled and deionized water (DDW) was used. A 30-min mixing at 100 rpm and up to 24 h of sol aging (no mixing) were mainly conducted using a shaking-type incubator at a constant temperature of 37 °C. Sonication of the sol mixture to enhance mixing intensity (especially during the PAA addition) might or might not be conducted depending on the experimental design. After the sol-gel reaction, 2-mL sol mixture liquid in the form of droplets was placed on a microscope glass substrate pretreated with isopropanol and DDW. The sample was loaded onto the glass substrate, spread evenly by gravity, and dried at 105 °C for 0.5 h to synthesize the hydrophobic film. The static CA and FQI of the film were examined using a CA meter (SEO, Phoenix series, Gyeonggi-do, Korea). All the key chemicals and reagents used were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA).



For influencing factor examination, firstly, seven solvents (i.e., methanol, ethanol, propanol, iso-propanol, butanol, acetone, and hexane), some polar and some nonpolar, were employed to prepare sol-gel reagents to determine the most appropriate solvent to use in follow-up tests. Furthermore, the molar ratios (M) of iso-BTMS/TEOS in the range of 0.35–1.74 were assessed, at which the initial concentrations of iso-BTMS and TEOS equaled 0.0540 and 0.0387 mol/L, respectively, and the ratio is expressed as one time (1×) dilution. However, when the molar ratio was adjusted to ensure the highest CA, a nonhomogeneous film surface was observed if the sol aging time was >4 h, and the film quality worsened. Figure 2a illustrates an example nonhomogeneous film obtained by optical microscope, and the FQI ranging from 0 to 10 was adopted to quantify the film quality (Figure 2b), where 10 indicated a film surface with high homogeneity and without large empty holes and vice versa. The film nonhomogeneous problem was minimized using the blocking polymer PAA, which is an anionic polymer. Moreover, other polymers such as polydiacetylenes (cationic) and alkyl polyglycoside (surfactant) were also tested (data not shown); however, they could only slightly improve the quality of the film. The molecular size of PAA (ranging up to 1,250,000 Dalton) was tested and determined for evaluating its effectiveness in film performance. Second, two factorial experiments with four and three factors each were conducted in series to determine the necessity of sonication (Sonicator 3000, Misonix Inc., New York, NY, USA), the dilution of TEOS and iso-BTMS from original 1X dilution, the effect of PAA, and the time of reaction. The factors and their low/high levels (shown in the parenthesis) of the 24 factorial run were sonication time (1, 2 min), dilution times (1×, 2×), PAA/TEOS ratio by wt. (0.03, 0.15), and sol aging time (4, 24 h). Similarly, for the 23 factorial run the factors and their low/high levels were sonication time (0, 1 min), dilution times (1×, 5×), and sol aging time (4, 24 h). After the two factorial tests, two factors (i.e., time of sonication and weight ratio of PAA/TEOS ranging from 0 to1 min and from 0 to 0.15, respectively) were further studied at several levels to assess film CA and FQI values. Furthermore, film performance in the presence and absence of PAA was tested and compared. Finally, the effect of temperature in sol-gel preservation (i.e., durability) was evaluated when the two solvents, ethanol and acetone, were used. The variation in film CA at 27 °C was studied for over 2 months to confirm the film durability. Images captured using an SEM-SE (TM-1000, HITACHI Inc., Tokyo, Japan) with and without PAA addition were compared. A postulated reaction was proposed to explain the phenomenon observed in SEM images.



For quality assurance, all experiments were performed in triplicates, and their percentage error (%error) was calculated as the standard deviation divided by the mean of measurement outcomes. A 5% limit of the %error was adopted to ensure data consistency. Each experimental run was repeated for the samples, and average values were calculated and represented with the sample number n.




3. Results and Discussion


Table 1 presents the CAs of the seven solvents used to prepare sol-gel reagents. The results suggested that the more polar solvents such as ethanol and acetone exhibiting the higher CAs of 135° and 123°, respectively. Thus, the ethanol and acetone were used as dissolving solvents in some of the subsequent tests. By contrast, hexane, a hydrophobic solvent, formed no observable film after a specific reaction period. Polar solvents might dissolve more sol-gel reagents and silanols during the reaction, resulting a better polymer reactions and the film formation. Table 2 presents the effects of the molar ratio of iso-BTMS/TEOS (i.e., M value) on CAs during a 4-h reaction. The highest CA of 128° was obtained at an M value of 1.39. When M = 1.74, a greater CA was expected due to more reagents were presents, yet the CA value of the resulting film dropped, which implied that the higher the reagent contents, the poorer the film homogeneity. To proceed, the M value = 1.39 was adopted for the remaining the tests. Figure 3 reveals that after 4 h, the siloxane film prepared started to aggregate and formed a nonhomogeneous film surface. With an increase in the sol aging time, film non-homogeneity increased. The results revealed that in the homogeneous areas of the film, CAs remained normal; however, in its empty-hole areas, CA decreased drastically. Several kinds of polymers were tested to improve the film quality (data not shown), and PAA exhibited the most satisfactory results. The possible effect of the PAA size was verified, and the results indicated that when PAA with the molecular weight of 100,000 Dalton was added, the film exhibited the highest CA and FQI of 144.1° and 10, respectively (Table 3). Thus 100,000-Dalton PAA was chosen for subsequent experiments.



Figure 4a presents the FQI effects of the first 24 factorial experiment, where four factors, namely sonication time, iso-BTMS/TEOS dilution rate, PAA/TEOS molar ratio, and sol aging time, were screened and represented as factors A, B, C, and D, respectively; the results revealed that the effects of sonication and sol aging time were minimal, iso-BTMS/TEOS dilution led to a small but positive effect (i.e., higher film performance), and the increased PAA/TEOS ratio considerably enhanced film performance (Figure 4a). Moreover, a normal plot (Figure 4b) indicated similar conclusions, with most effects forming a straight line in the middle of the plot representing normal distribution of most data. The effects of C, ABC, and ABD were represented by three distinct values, which revealed the importance of adding PAA (i.e., C) to the reaction mixture; film quality improvement caused by the combination of sonication, diluted iso-BTMS and TEOS, and PAA addition (i.e., ABC); and the film quality decorating in the absence of PAA (i.e., ABD and no C). Thus, the PAA/TEOS ratio was fixed to 0.15, and a 23 factorial experiment was then conducted with and without sonication, the range of the iso-BTMS/TEOS dilution ratio was increased, and sol aging time remained the same. The results showed that (1) with sonication the film quality aggravated, (2) compared to the previous factorial run, high dilution of the iso-BTMS/TEOS molar ratio led to the minimal improvement so that the dilution was fixed to two times (2×) (i.e., the initial concentration of iso-BTMS and TEOS was 0.0270 and 0.0194 mol/L, respectively), and (3) the longer sol aging time enhanced film performance (Figure 5a). The combination of the three factors exhibited a positive effect that must be further clarified with more tests. The normal plot (Figure 5b) showed a normal distribution of the measured effects, except for A and ABC, which matched the effect data.



To further clarify the effects of sonication with respect to the amount of PAA used, the CAs and FQIs of each film were determined at various sonication times versus the PAA/TEOS ratio (Figure 6). Two high film performance areas were concluded and circled: the first with high PAA dosage and medium sonication and the second with low PAA and low to medium sonication. To minimize the PAA use and avoid energy costs, the addition conditions of PAA/TEOS ratio (by wt.) at 0.029 with no sonication were adopted for subsequent film manufacturing. Figure 7 presents the results of CAs for the sol-gel process conducted with and without PAA. Without PAA, some film surface remained normal, and its averaged CA approached 149.4° ± 0.64° (std. dev.) (n = 4), and some film surface formed empty holes with its CAs decreasing to approximately 60°. However, with PAA, homogeneous film surface was observed, and its average CA of the last four measurements conducted within 24 h was 147.4° ± 0.72° (std. dev.) (n = 4). PAA addition to the film evidently improved the film quality.



Table 4 presents the averaged results of film performance obtained within 28 days under various temperature conditions for film durability assessment. The effect of the temperature variation (i.e., 4–45 °C) on film performance was minimal, and the use of ethanol as the solvent led to a more satisfactory CA value performance. Figure 8 shows the results of long-term monitoring of CAs obtained using both ethanol and acetone at 27 °C conducted for >2 months. The variation in CAs with respect to the mean value was within ±3.5% for both ethanol and acetone during the testing period. SEM images (Figure 9) revealed that when PAA was added, small cracks appeared during the early stage of film formation, and the final film surface exhibited larger cracks similar to the surface obtained without PAA. The film surface that exhibited cracks provided more satisfactory film performance irrespective of the presence and absence of PAA after 24 h of the reaction. Thus, we postulated a possible reaction mechanism as follows: during esterification, when water is present, the PAA might serve as a dispersive agent to prevent the clustering of silanols. Once the water evaporated, some silanol molecules might have reacted with PAA and formed a Si–O–COR structure, resulting in the formation of the finer cracks in the early stage of the reaction (Figure 10), and thus preventing the aggregation of siloxane clusters under basic conditions, as described by Esposito [25].



The sol-gel method is considered a simple and easy technique for fabricating highly hydrophobic films; however, further improvements in terms of film CA and FQI values were achieved through screening and testing of factors. Hydrophobic films were prepared based on the process and reagents used by Dhere [15]; the CA value increased from 140° reported by Dhere et al. to 147° in the current study, which is close to the margin value of a super-hydrophobic film. To the best of our knowledge, this is the highest CA value realized using the sol-gel method without addition of organo-fluoride substances as a hydrophobic reagent. Moreover, this study suggested that through factor examination, including a factorial design technique, the performance of hydrophobic films fabricated through sol-gel or other methods can be improved.




4. Conclusions


Through factor screening, the sol-gel method was successfully used to prepare a highly hydrophobic and homogeneous (i.e., both with high CA and FQI values) film surface with TEOS and iso-BTMS. The operational conditions are as follows: (1) Ethanol was used as the dissolving solvent, (2) the molar ratio of iso-BTMS and TEOS was set to 1.39 at the initial iso-BTMS and TEOS concentrations of 0.0270 and 0.0194 mol/L, respectively, (3) sonication was not used for mixing, and (4) a PAA/TEOS weight ratio at 0.029 was added to prevent formation of a nonhomogeneous film with empty holes. By using these conditions, the averaged CA of the film obtained during the sol aging time of 4–24 h was 147.4° ± 0.72° (n = 4) with a nice homogeneous surface.



In terms of the durability of the manufactured film, the effect of temperature ranging from 4 to 45 °C was minimal. At 27 °C, the film exhibited high CA and FQI values for a minimum of 2 months. Finally, addition of PAA with a molecular size of 100,000 Dalton improved film performance, especially in minimizing film nonhomogeneous conditions. The SEM images revealed an early appearance of cracks during film formation. Crack formation is postulated to prevent large aggregation of clustered siloxanes, resulting in the high-FQI films observed.
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Figure 1. Sample handling and analyzing procedures used for preparing the sol-gel hydrophobic films. 
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Figure 2. Film surface example, where (a) a typical film surface for sol aging time of >4 h, and (b) 0–10 scales of film quality index (FQI). 
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Figure 3. Two distinct contact angles on the forming hydrophobic film within 24 h of sol aging time at the ratio of the iso-BTMS/TEOS = 1.39; where (a) film areas, and (b) hole area. 
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Figure 4. Results of the first factor screening (24 factorial run): (a) effects versus treatment combinations, and (b) normal plot. 
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Figure 5. Results of the second factor screening (23 factorial run): (a) effects versus treatment combinations, and (b) normal plot. 
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Figure 6. Results of CA and FQI scores obtained for various PAA/TEOS ratios (by wt.) versus the sonication time. 
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Figure 7. CAs at various film surface after 24 h of sol aging time: (a) film area without PAA; (b) hole area without PAA; (c) film area with PAA. 
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Figure 8. CAs with ethanol or acetone versus time at a temperature of 27 °C. 
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Figure 9. SEM images of the formed hydrophobic films with and without PAA. 






Figure 9. SEM images of the formed hydrophobic films with and without PAA.



[image: Coatings 10 01011 g009]







[image: Coatings 10 01011 g010 550] 





Figure 10. Reaction mechanisms of forming hydrophobic films at with and without PAA: (A) silanol-forming reactions; (B) formation of Si-O-Si structure at no PAA addition; (C) formation of Si-O-CO structure at the presence of PAA (postulated). 
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Table 1. Static water contact angle (CA) of the hydrophobic silica film fabricated with various solvents.
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	5-mL Solvent (Purity) Used
	Contact Angle (Degree)
	Images





	Methanol (99.9%)
	118
	 [image: Coatings 10 01011 i001]



	Ethanol (95%)
	135
	 [image: Coatings 10 01011 i002]



	Propanol (95%)
	80
	 [image: Coatings 10 01011 i003]



	Iso-propanol
	98
	 [image: Coatings 10 01011 i004]



	Butanol
	86
	 [image: Coatings 10 01011 i005]



	Acetone
	123
	 [image: Coatings 10 01011 i006]



	Hexane
	No film formed
	NA







Note: Reaction time = 4 h; NA = not available.
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Table 2. Static water CAs of the hydrophobic silica film at various molar ratios (M) of iso- butyltrimethoxysilane (BTMS)/tetraethoxysilane (TEOS).
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	No. of Test
	Iso-BTMS/TEOS

Molar Ratio (M)
	Contact Angle

Degree ± Std. Dev. (n = 3)





	1
	0.35
	65 ± 4



	2
	0.70
	80 ± 5



	3
	1.05
	118 ± 3



	4
	1.39
	128 ± 4



	5
	1.74
	94 ± 6







Note: Reaction time = 4 h.
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Table 3. Static water CAs of the hydrophobic film with various molecular weights of poly-acrylic acid (PAA).
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	MW of PAA
	CA (Degree)/FQI at Sonication Time = 0 min





	Blank (no PAA)
	138.4/6



	5,000
	140.0/5



	100,000
	133.1/10



	1,250,000
	134.1/7







Note: @PAA/TEOS weight ratio= 0.029.
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Table 4. Temperature effect on the film contact angles using ethanol or acetone within 28 days.
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	Temperature

(℃)
	Contact Angle

(Degree) ± Std. Dev.

(Solvent = Ethanol)
	Contact Angle

(Degree) ± Std. Dev.

(Solvent = Acetone)





	4
	142 ± 1 (n = 5)
	136 ± 1 (n = 5)



	27
	142 ± 2 (n = 5)
	138 ± 1 (n = 5)



	45
	142 ± 1 (n = 5)
	138 ± 2 (n = 5)
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Contact angle. degree

wio PAA, high FQI
/ (mean of the last 4 CAs = 149.4° +0.64, n = 4)

o @
130 w/ PAA, high FQI (c)
(mean of the last 4
110 CAs = 147.4° £0.72,
n=4)
%
n A ®
Wio PAA, low FQI
50
0 s 10 15 20 25 30

Reaction time, h





media/file4.png
(b) The FQI scale

(a) A typical film surface

A poor hydrophobic
surface with CA=81"°

—————————-c

N

A better hydrophobic
surface with CA =142

e e - - - - -

[—
[





media/file27.png





media/file18.png
Solvent 1h 4 h 24 h
Ethanol

only

CA 132° 133° 142°
Ethanol
+ PAA

201806MR

2015:06M8 0k ‘00um

CA

78"

126°

147°






media/file26.png





media/file3.jpg
(b) The FQI scale

(@) Atypical film surface

A poor hydrophobic
surface with CA=81"

D

Abetter hydrophobic
surface with CA = 142"

"






media/file22.png





media/file19.jpg
w

©






media/file7.jpg
Effects

‘Treatment combinations

S

normal order score

Effects






media/file23.png





media/file10.png
Treatment combinations

normal order score

AR

Fm L

ABC

AT

i WALT

Effects






media/file14.png
70

Contact angle. degree

50

w/o PAA, high FQI
 (mean of the last 4 CAs = 149.4° + 0.64, n = 4)
—

10

n=4)

/

w/ PAA, high FQI
(mean of the last 4
CAs = 147.4° +0.72,

w/o PAA, low FQI

15

Reaction time, h

20

(c)

(a)

(b






media/file11.jpg
PAATEOS ratio (by wt)

0.145 +(76.7,1)

0116 +(77.3,2) +(140,10)  +(142.4,8)

0.087 +(77.5,1)

0058 +(74.8,1)

0029 [+(1423,9)  +(1358,9)  *(1422,8)

0 +(1384,6)

0

(77.2,2) +(773,2)

+(1324,7) +(146.2,6)

“(76.5,3) +(843,2)

. (139.8,5)
025 0s
‘Sonication time, min

(contact angle, FQ1)

*(77.2,2)

+(136.7,5)

+(126.1,6)

+(729,2)

*(1485,7)

075

*(985,2)

+(142.9,6)

+(135.2,6)

*(86.9,2)

(13658,7)

“(151.8,5)
1

Not: Rection time= 24





media/file6.png
150

[—
lad
=

110

Contact angle. degree
O
=

-~
=

N
=

10

Film surface
outlook at 24 h

(a)

fad





media/file15.jpg
Contact angles, degree

150 ¢

w/ ethanol
/ (mean = 141 degree)

140

w/ acetone
150 | (mean =137 degree)

120 L
0 7 M 21 28 35 42 49 56 63 70

‘Time, days





nav.xhtml


  coatings-10-01011


  
    		
      coatings-10-01011
    


  




  





media/file16.png
Contact angles, degree

150 -

w/ ethanol
/ (mean = 141 degree)

140

w/ acetone
130 - (mean = 137 degree)

120 ] ] ] ] ] ] ] ] ] ]
0 7 14 21 28 35 42 49 56 63 70

Time, days





media/file2.png
=

An optional step- Sonication

35-mL Teflon Reactor mcubatlon by the FIRSTEK by a sonicator (Sonicator
: . _ mcubator @ 37 °C, 100 rpm .
with designed reagents: . 3000, Misonix Inc.) at
_ for 30 min, followed by up : : :

Total volume= 14.5 mL ) : designated time for vigorous

to 24 h of aging period (no .
. mixing

mixing)

¢

~\

2-mL sol mixture dropped to
a1”x3” (L x W) plain glass
Determination of film quality index (FQI) by Sample was oven dried by (FEA) to form a liquid film
a contact angle meter (SEO, Phoenix series) DOS45, DENG YNG oven at

105 °C for 30 min

\: iim {Ofm






media/file20.png
_Si_OR + Hzo

I Condensation I
— Si— OH + ROH (A)
I Re-esterification |

TEOS

Silanol
I Condensation
—
e —
Hydrolysis | |

Linkage w/
another Silanol

Esterification I
= — S1 — O—C— + H30
Hydrolysis |

— C — OH

Side reaction
with PAA

(B)

©)





media/file5.jpg
Contact angle. degree

Film surface
outlook at 24 b

@






media/file24.png





media/file1.jpg
Incubation by the FIRSTEK. {a pleee sy Semicaen

incubator @ 37°C. 100 1pm 7y sk (Goiesic

Stk v 00 Moyt
1023 hof aging period (10 ot g

mixing) kg

35.mL Teflon Reactor
with designed reagents:
Total volume- 14.5 mL

ﬂ'z L

Determination offilm qualiy indes (FQD by ‘Sample was oven dried by (FEA) to o a iguid i
 contactangle meter (SEO, Phocnix srics) DOS4S. DENG YNG oven at

103°C for 30min





media/file12.png
PAA/TEOS ratio (by wt.)

0.145 ¢(76.7,1)

0.116 +(77.3,2)

0.087 +(77.5,1)

0.058 +(74.8,1)

*(77.2,2) *(77.3, 2)

[ * (140, 10) *(142.4,8) |

*(132.4,7) * (146.2, 6)

*(76.5, 3) *(84.3,2)
0.029 [- (142.3,9) *(135.8,9) *(142.2, 8)}
0 +{138.4,6) . *(139.8,5)
0 0.25 0.5

Sonication time, min

(contact angle, FQI )

*(77.2,2)

* (136.7, 5)

*(126.1, 6)

*(72.9,2)

*(148.5,7)

0.75

* (98.5, 2)

*(142.9, 6)

*(135.2, 6)

* (86.9, 2)

*(136.8,7)

+(151.8, 5)
1

Note: Reaction time= 24 h





media/file9.jpg
45

‘Treatment combinations

()

ABC @

normal order score






media/file0.png





media/file8.png
Treatment combinations

(b)

normal order score

Ce
................................... S0 A
130 ABCe
3 2 2 :
ABD ¢
256

Effects






media/file25.png





media/file17.jpg
Solvent

an

240

Ethanol
only

ca

1321

133

Ethanol
“PAA

|

o

126

147






