SCIENCE CHINA
Technological Sciences

* Article

June 2015 Vol.58 No.6: 1096-1104

doi: 10.1007/s11431-015-5804-5

Preparation and characteristics of a recycled cement-based
superhydrophobic coating with dirt pickup resistance

GUO LiPing'*", SUN Wei'*~, YU Tao" & FENG MuZai’

! School of Materials Science and Engineering, Southeast University, Nanjing 211189, China;
% Collaborative Innovation Center for Advanced Civil Engineering Materials, Nanjing 211189, China;
3 Jiangsu Key Laboratory of Construction Materials, Nanjing 211189, China;
* Wuxi Communication Engineering Co., Ltd., Wuxi 214026, China;
5 Department of Civil, Environmental and Architectural Engineering, The University of Kansas, Lawrence, Kansas 66045, USA

Received January 13, 2015; accepted March 20, 2015; published online April 15, 2015

We introduce a low-cost and effective technique that can transform waste cement-based dust into a superhydrophobic coating
with dirt pickup resistance. An organic-inorganic hybrid superhydrophobic coating is prepared by the sol-gel method using
methyltriethoxysilane as a precursor and waste cement-based dust as a film-forming material. Orthogonal experiments and a
comprehensive scoring method were used to optimize the composition and production technologies. Our results show that this
superhydrophobic organic-inorganic hybrid coating has an average static contact angle of 151.65° and low water adhesion.
Related tests reveal that the dirt pickup resistance, washing resistance and film-substrate cohesion of this coating are also out-
standing. The multi-scale physical and chemical mechanisms behind the properties of the coating are investigated. This recy-
cled cement-based coating can be used as the external cover of engineering structures to protect them from corrosion.
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1 Introduction

Coatings that are superhydrophobic and resist dirt pickup
are an attractive approach to improve durability and extend
the service life of structures by protecting them from issues
such as snow or dirt sticking, contamination, and oxidation
[1-6]. Hydrophobicity, also known as the Lotus Effect,
which is named for the lotus plant, is a useful property for
protective coatings [7-11]. The wettability of a solid surface
is governed by both its physical and chemical properties.
Generally, there are two ways to achieve superhydrophobi-
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city: 1) via rough surfaces that are initially hydrophobic
with a contact angle (CA) >90° and regular microscopic
morphology, and 2) induce low surface free energy on the
initially rough surface through modification or by applying
a hydrophobic admixture [12]. There are many approaches
to generate rough surfaces, for example, plasma polymeri-
zation/etching of polypropylene in the presence of polytet-
rafluoroethylene [13], microwave plasma-enhanced chemi-
cal vapor deposition, mixing a material capable of sublima-
tion with silica or boehmite [5], molding [14], and phase
separation [15]. In some cases, coating the surface with a
low-surface-energy material like fluoroalkylsilane is needed
to realize superhydrophobicity.

Solid waste from construction is becoming an increas-
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ingly serious problem, accounting for 30%—-40% of all urban
garbage [16]. Currently, 20% of China’s GDP of 5.6 trillion
Yuan is devoted to the construction industry, and the dis-
charge of construction rubbish continues to increase with
the acceleration of industrialization and urbanization. The
annual output of the construction rubbish in China exceeds
300 million tons. Most of this material is left exposed to the
weather or buried in rural areas without any treatment. Un-
fortunately, the dust particles with a diameter of less than
200 pm in this construction rubbish cause serious environ-
mental pollution, and have been identified as the main cause
of city smog. Based on these considerations, we decided
that converting these tiny solid particles into superhydro-
phobic coatings with dirt pickup resistance coating would
be a novel way to both recycle the waste and to decrease
their environmental impact.

We selected waste cement-based concrete dust with a
diameter of less than 200 pum as the recycled sample in this
work, and investigated how such waste cement-based dust
can be transformed into a sustainable recycled coating to
protect buildings from dust. Carbon silicate hydrate gel
(CSH gel) in waste concrete dust is a major hydration
product of cement. To impart waste concrete with hydro-
phobicity, methyltriethoxysilane (MTES) can be used as a
hydrophobic reagent to graft methyl groups onto the surface
of CSH gel. MTES can hydrolyze methoxyl groups and
generate silanol groups, and then the resulting silanol
groups should react with the same groups on silica nanopar-
ticles in the CSH gel to form Si-CHj;, which should make
the waste cement powder superhydrophobic [17-20]. Cou-
pling physical and chemical mechanisms together should an
effective way to produce a novel coating using cement-
based dust. In this study, we prepare a novel cement dust-
based coating and investigate its ability to protect surfaces
by measuring CAs of water, dirt pickup resistance, washing
resistance and surface morphology.

2 Materials and methods
2.1 Raw materials

Waste cement-based paste collected from the demolition
site of an old concrete building was ground before use. The
resulting particle was characterized by a laser particle size
analyzer, and ranged from 1.20 to 75 pm. The main com-
ponents of the dust were unhydrated cement, calcium hy-
droxide and CSH gel. The surfaces of these particles were
covered with hydroxyl groups (OH ) when they were dis-
persed in water or anhydrous ethanol. MTES (98.0%, A.R.
grade, MW=178.30 g/mol) and aqueous ammonia (NH;,
25% in water, A.R. grade , MW=17.03 g/mol) were used as
modification and curing agents, respectively. Anhydrous
ethanol (C,HsOH, 99.7%, A.R. grade, MW=46.07 g/mol)
was used as the solvent and dispersant.
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2.2 Coating fabrication

The coatings were prepared by the sol-gel method. Briefly,
the ground waste concrete dust was mixed with MTES and
anhydrous ethanol and then heated at 50°C in a water bath
while the mixture was also stirred by ultrasonication. NH;
was added, and the mixture was kept at 50°C and ultrasoni-
cation for 30 min. The obtained suspension was diluted with
distilled water and sprayed onto a thin mortar plate (80x
40x12 mm) or glass slide at a distance of around 30 cm.
The coating was then aged for 24 h at ambient temperature
and pressure before characterization.

To optimize the composition of the reaction mixture, re-
action conditions and production process, we investigated
their effects on the superhydrophobicity of the obtained
coatings through orthogonal tests, as shown in Table 1. Or-
thogonal tests considering of four factors and three levels
(L9(34)) were designed to investigate the influence of tech-
nical parameters on the CA of the coating. In the present
study, the molar ratio of MTES to aqueous ammonia in the
reaction solution was fixed at 1: 15.

The optimum number of sprayed layers of coating was
determined. The mass of slurry with optimized composition
sprayed on a thin mortar plate (50x30x10 mm) each time in
this experiment was 0.15-0.2 g. After repeatedly spraying
the coating material onto the substrate three, five or seven
times, we air dried the samples for 24 h and then compared
their macroscale appearance.

2.3 Characterization

CAs of the coating were evaluated by a CA test meter
(OCA 20, Dataphysics, Stuttgart, Germany). Static contact
angle (SCA) and contact angle hysteresis (CAH) measure-
ments were also performed using the optical CA meter. The
hydrophobicity of coatings was measured using water drop-
lets with a volume of 5 pL. Each reported CA is the average
of six CA measurements. CA hysteresis was measured by
immobilizing the coated plate on a microscope base and
tilting both the microscope and plate until the droplet rolled
off the sample. The surface morphology of the coatings was
measured by field-emission scanning electron microscopy
(FESEM, Quanta 3D FEG, FEI Company, Eindhoven, the
Netherlands). The surface roughness of the coatings was
characterized by the contact mode of optical microscopy
and atomic force microscopy (AFM, Dimension ICON,
Bruker Corporation, New York, USA).

As well as superhydrophobicity, other important charac-
teristics of the coatings were also investigated including dirt
pickup resistance, washing resistance and film-substrate co-
hesion. To determine dirt pickup resistance, two test blocks
(160x80x20 mm) with superhydrophobic coating were po-
sitioned at an angle of 10° from horizontal. Fly ash (50 g)
was evenly sprinkled on one block, and then water (5 L)
was poured over the blocks from a distance of 10 cm at a
rate of around 1 L/min. The dirt pickup resistance was then
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Table 1 Orthogonal test design
Test Factor
number Mass fraction of [MTES] [C,HsOH]  Reaction time
dust (%) (mol/L) (mol/L) (min)
1 17.0(1) 0.0082(I) 0.3479(I) 60(11)
2 17.0(1) 0.0125(I1T) 0.5220(I1T) 45(1)
3 17.0(1) 0.0104(I1)  0.4350(11) 60(11)
4 25.5(11) 0.0084(I) 0.5220(111) 60(1I)
5 25.5(I1) 0.0125(11T) 0.4350(11) 60(IT)
6 25.5(II) 0.0104(10) 0.3479() 45(I)
7 17.0(1) 0.0082(I) 0.4350(I1) 45(D)
8 17.0(1) 0.0125(I1T) 0.3479(I) 60(11)
9 17.0(1) 0.0104(I1) 0.5220(I1T) 60(1I)

evaluated through comparison of the two blocks. We also
dried a test block (160x80x20 mm) until its weight was
constant, and then evenly sprinkled fly ash (50 g) on its
surface. The sample was weighed, tilted by 90°, weighed
again, violently shaken, and then weighed. Washing re-
sistance was examined according to GB/T 9780-2013 Test
Methods for Dirt Resistance of Architectural Coatings. A
concrete plate (30x30 mm) covered the coating was selected
as the test sample. A small funnel was positioned a distance
of 10 cm above the coating. Tap water was flowed through
the funnel onto the sprayed coating for more than 24 h at a
velocity of 1 L/h. Film-substrate cohesion was investigated
by using a grid device to cut a 6x6 lattice of lines with a
spacing of 2 mm on the coating. The lattice was cleaned
with a dry brush along each diagonal direction five times,
and further cleaned by tape-stripping once before being im-
aged by an optical microscope.

3 Results and discussion
3.1 Optimized composition of the reaction mixture

The results of the orthogonal tests are listed in Table 2.

Table 2 Results of orthogonal tests
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According to the results of variance analysis in Table 2,
the greatest ranges appear in the columns that represent the
content of anhydrous ethanol and MTES, which indicates
that the amount of anhydrous ethanol and MTES are the two
most important factors that influence the CA of the coatings.
Changing the reaction time had relatively little effect on the
CA of the coatings. Meanwhile, changes in the mass frac-
tion of dust had a slightly greater influence than reaction
time on CA, but the effect was still considerably less than
those of MTES and ethanol.

If the mass fraction of waste cement-based dust is less
than 25.5% of the total raw material, the CA of the coating
is greater than 136°. When the mass fraction of dust is 17%,
the maximum CA of the coating is 141.62°. This is possibly
because an organic network begins to form when the con-
tent of waste cement-based dust is high enough, which en-
hances both the film formability and hydrophobicity of the
coating. However, when the proportion of dust is too high,
the steric hindrance is increased and the excess of gel starts
to fill the rough structure of the coating. This leads to a high
possibility of cracks forming on the coating surface. When
the coating cracks, water can seep through it, and the CA is
decreased.

The hydrolysate of MTES contains polar -OH and non-
polar —CHj; groups. The —CHj; groups can be chemically
grafted onto the surface of the CSH gel, which can lead to
hydrophobicity. The WCA of the coating increases to a
peak value and then decreases as the content of anhydrous
ethanol increases. Ethanol provides a homogeneous solution
to facilitate hydrolysis between MTES and the CSH gel.
The hydrolysates of ethanol are polar —OH and nonpolar
—CH;CH, groups, which can enhance the chemical stability
of the MTES/CSH sol. As the amount of ethanol increases,
the compatibility of the sol is strengthened and hydrophobi-
city is therefore enhanced. However, when the content of
ethanol exceeds an upper limit, the chemical polarity of the
sol-gel system becomes too strong and the hydrophobicity

Factor

Evaluation index

Test number

Mass fraction of dust (%) [MTES] (mol/L) [C,H5OH] (mol/L) Reaction time (min) CA (°)
1 17.0(1) 0.0082(I) 0.3479(1) 60(11) 141.39
2 17.0() 0.0125(111) 0.5220(I11) 45(1) 143.48
3 17.0() 0.0104(11) 0.4350(11) 60(1) 139.32
4 25.5(11) 0.0084(I) 0.5220(I1I) 60(1D) 138.61
5 25.5(11) 0.0125(111) 0.4350(11) 60(11) 134.05
6 25.5(11) 0.0104(11) 0.3479(1) 45(D) 135.27
7 17.0(I) 0.0082(I) 0.4350(11) 45(1) 133.47
8 17.0(1) 0.0125(11D) 0.3479(D) 60(11) 125.06
9 17.0(1) 0.0104(11) 0.5220(I11) 60(11) 141.62

1 137.39° 136.04° 130.16° 136.56°

Average I 135.98° 138.73° 135.61° 137.42°

il - 134.20° 141.24° -
Range 1.41 4.53 11.08 0.86
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of the coating is weakened.

The effects of MTES content on CA are depicted in Fig-
ure 1(a). The CA of the coating increases from 136.04° to
138.73° as the MTES content is increased from 0.0082 to
0.0104 mol/L, but then starts to decrease when the content
of MTES continues to increase. The effect of the content of
anhydrous ethanol on the CA of the coatings is presented in
Figure 1(b). CA increases with the content of ethanol, which
indicates that with further increases in the content of anhy-
drous ethanol, the CA would continue to increase. However,
we found that when the concentration of ethanol in the reac-
tion mixture exceeded 0.522 mol/L, the number of cracks in
the coating increased drastically, which decreased the CA.

Because we fixed the molar mass of aqueous ammonia to
15 times that of MTES in the present test, the optimized
molar mass of aqueous ammonia could be determined after
determining the optimized molar mass of MTES. Overall, it
was concluded that the optimized ratio of raw materials was
as follows: the optimal mass percentage of ground waste
cement-based dust of the total raw material was 17%, and
the optimal concentrations of MTES, anhydrous ethanol and
ammonia were 0.0104, 0.5220 and 0.1560 mol/L, respec-
tively. The optimum reaction time was 60 min at a temper-
ature of 50°C.

The six CAs of coatings fabricated under the optimized
conditions are 152.7°,152.8°, 151.8°, 151.9°, 150.4° and
150.3°. The average SCA was 152°, as shown in Figure 2,
with a very limited CAH, which was determined as follows.
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1861~
135 1 /”
134 1
133 1
132{”

131

Water CA (°)

0.0082 0.0104

MTES dosage (mol/L)
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142 1
140 1
138 A
136 A
134
132
130 1
128 A
126 A
124

Water CA (°)

0.3479 0.435 0.522
Alcohol dosage (mol/L)

Figure 1 Effects of (a) MTES content, and (b) anhydrous ethanol content
on the CA of the coatings.
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Figure 2 SCAs of water droplets on optimized coating surfaces.

A water droplet with a volume of 10 puL on the coating sur-
face was lifted up at a rate of 0.5 cm/s by an injector pin-
head, and then the CAH is the difference between the ad-
vancing contact angle (ACA) and receding contact angle
(RCA). The process used to measure CAH is presented in
Figure 3. A small CAH of 6.40° was obtained (Table 3),
revealing that the recycled cement-based coating fabricated
under optimized conditions is superhydrophobic.

3.2 Optimized number of sprayed layers

The number of layers sprayed, which equates to coating
thickness, might also affect the multi-scale surface morphol-
ogy and superhydrophobicity of the coatings. A coating that
is too thick will easily crack on the surface, which allows
water droplets to seep through and wet the substrate. There-
fore, we sprayed coatings three, five, and seven times on the
substrates. The results for the experiment investigating the
optimum number of sprayed layers for the coating are
shown in Figure 4. Figure 4(a) reveals that samples that
were sprayed three times have level surfaces, without cracks
(also see Figure 4(a)). In contrast the samples sprayed five
times have surfaces with obvious spalling through which
water can easily seep (Figure 4(b)). The samples that were
sprayed seven times (Figure 4(c)) contained even larger
fractures. Therefore, three sprayed layers produces an ac-
ceptable coating with a thickness of 150-200 pm.

3.3 Dirt pickup resistance

Because of its superhydrophobicity, the coating cannot be
smeared with an aqueous solution of fly ash to test its re-
sistance to dirt pickup, as described in GB/T 9780-2013
Test Methods for Dirt Resistance of Architectural Coatings.
Instead, alternative approaches to investigate the dirt pickup
resistance of the coating were used, including sprinkling fly
ash onto dry samples and then either pouring water over the
sample or shaking it at 90°. Photographs of the blocks fol-
lowing the experiment where water was poured over them
are shown in Figure 5.

The results for the experiment where fly ash was sprin-
kled on a sample and then the sample was shaken at 90° are
summarized in Table 4.

The dirt pickup resistance of the coating was evaluated
according to eq. (1), wherein DR is the percentage of dirt
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Figure 3 (Color online) Process used to measure CAH.

Table 3 SCAs of water droplets on optimized coating surfaces

Type of contact angle SCA

ACA

RCA CAH

Angle (°) 151.65

154.74

148.34 6.40

Figure 5 (Color online) Morphology of the block (a) before the experiment, (b) with fly ash, (c) after rinsing, and (d) after air-drying.

pickup resistance (%), my is the original weight of the block
with sprayed coating (g), m;, is the final weight of the block
after dust removal and oven drying (g).

DR:[I—MJXIOO%. (1)
mO

3.4 Washing resistance

Considering the external surface of buildings is the main

Table 4 Evaluation of dirt pickup resistance of the coating

intended use of this coating, its washing resistance should
be assessed to expand its engineering application. The washing
actions of rain and cleaning will weaken the superhydro-
phobic performance of the coating. To confirm the stability
of the coating, we evaluated the maximum number of
washes it endure while maintaining optimized performance.
Figures 6(a) and (b) reveal that the microstructures of the
coating were not damaged by such washing and maintained
their original state after washing for 96 h. Therefore, the
coating has strong washing resistance.

Original weight of block Weight of block and covered fly ash Final weight of block after cleaning ~ Percentage of dirt pickup resistance
my (g) m (g) my (g) DR (%)
450.12 500.14 450.15 99.3
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Figure 6 The morphology of a water drop on the coating surface (a) before and (b) washing with water.

3.5 Film-substrate cohesion

Normally the spalling and shedding of a coating from a
substrate surface depend on debonding between the coating
and substrate. The film-substrate attachment was investi-
gated according to International Codes ISO2409 and ASTM
D3359-B. If there are special requirements, the film-substrate
cohesion must not be less than Class 1 according to ISO2409
or Class 4B according to ASTM D3359-B. The digital im-
ages of the lattice morphology captured by the CCD of a
microscope are illustrated in Figure 7. Because the percentage
of spalled area at the crossover points in this lattice was less
than 5%, the film-substrate cohesion of the coating is Class
1 according to ISO2409 and Class 4B according to ASTM
D3359-B. Therefore, the bonding of the coating to the sub-
strate is strong enough to prevent shedding on the substrate.

3.6 Multi-scale physical morphology and chemical
mechanism of the coating

The microscopic morphology and roughness of the coating
were measured by FESEM, while its nanoscale morphology
and roughness were characterized by AFM.

3.6.1 FESEM

After gold sputtering, the morphology of the coating was
observed under vacuum by FESEM, as shown in Figure 8.
The particles of the recycled concrete waste are tightly in-
terconnected and there are no obvious cracks or voids found
on the coating surface. These images reveal that the coating

is made up of tiny platform-like particles with a uniform
scale of about 5-10 um (Figure 8(a)). There are also some
flake-like Ca(OH), crystals with size of about 5 um (Figure
8(b)), which are a hydration product of cement. The coating
is also covered by numerous spherical nanoscale cement
hydrate particles (Figure 8(c)). These microscopic protu-
berances form a micro-nano structure on the coating surface,
resembling a lotus leaf [9]. These results are predictable.
This is because the CA of our coating is much larger than
that of an ideal smooth surface modified with —CHj3, which
is only about 110° [21]. It seems reasonable to infer that the
superhydrophobicity of the coating is greatly increased by
the presence of the nanoparticles.

Considering both the micro- and nanoscale structures in
this coating, it actually contains two levels of uniform
roughness. This kind of roughness is the main prerequisite
to obtain superhydrophobicity. The optimized size distribu-
tion and uniform two-dimensional dispersion of recycled
concrete particles are needed to realize the unique properties
of this novel coating.

3.6.2 AFM

The nanoscale morphology of the coating surface was in-
vestigated by AFM in contact mode. The 3D images pro-
vide further evidence for the nanoscale roughness of the
coating. Structures like spherical nanoparticles and flake-
like matter are observed in Figures 9(a) and (b). Analysis of
the AFM images using NanoScope image software revealed
that the average roughness of the coating surface was

g
S =
et R S S
—i+,i- -
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Figure 7 (Color online) Digital image and schematic diagram of the lattice used for the film-substrate cohesion test.
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Figure 8 FESEM images of (a) overall topography, (b) plate-like structure, and (c) nanoscale structures of the coating.

around 1 pum, and the average space between particles was
around 1 pum. Moreover, the particles were stably attached
to each other throughout the organic superhydrophobic film.
Overall, the results in Figures 8 and 9 indicate that the
coating has a rough morphology with both micro- and na-
noscale structures, which is similar to the structure of a lo-
tus leaf. Therefore, we call this structure the “Pseudo-Lotus
effect”.

3.6.3  Chemical mechanism of superhydrophobicity

A superhydrophobic coating can be sustainably obtained by
homogenizing multi-scale physical roughness. Low surface
activity is also necessary to maintain long-term stability of
superhydrophobicity [19]. CSH gel as the main hydrate of
cement has a huge number of hydroxyl groups. If these hy-
droxyl groups are replaced by hydrophobic groups, the sur-
face energy of the waste cement paste could be lowered.
Now that we know the coating exhibits outstanding super-
hydrophobicity, it is important to determine the chemical
groups grafted on the CSH gel particles. Infrared (IR) spec-
troscopy is an effective way to comprehensively evaluate
the grafted chemical groups on the surface of CSH gels, so
we measured the IR spectrum of the CSH gel (Figure 10).
The major new active groups on the surface of the CSH gel
are —CHj; and —CH,. By reducing the surface energy of the
CSH gel, these grafted active groups are an inherent source
of the superhydrophobicity and dirt pickup resistance of the

coating.

3.6.4 Revised superhydrophobic model for the recycled
cement-based coating

Based on the above-mentioned multi-scale physical-chem-
istry mechanisms that underpin the properties of the coating,
a “Pseudo-Lotus Model”, as shown in Figure 11, was de-
veloped to explain the superhydrophobicity of the recycled
cement-based coating. This revised model is different from
the Lotus and Gecko models [22]. The morphology of the
rough surface was not uniform but contained multi-scale par-
ticles, which means that nanoparticles were nonuniformly
adhered on the irregular microscale flakes and particles. In
addition, decreasing the surface energy by chemical grafting
of —CHj3; and —CH,— groups on the multi-scale particles could
induce nanobubbles on their surfaces when in contact with
water [23]. Therefore, multi-scale roughness and nanobubbles
on the low-surface-energy particles endow this recycled
cement-based coating with outstanding superhydrophobic
and dirt-pickup-resistance characteristics.

4 Conclusions

A sol-gel method was used to recycle waste cement-based
dust into a protective coating that was characterized by su-
perhydrophobicity and dirt pickup resistance. We optimized

Figure 9 (Color online) AFM images of (a) 1x1 pm surface showing a platform-like structure and nanoparticles, and (b) 5x5 um surface with flake-like

matter and nanoparticles.



Guo L P, etal.

100 1
90 1
80
70 1
60
50

40

Transmittance (%)

30 1

20

10

Sci China Tech Sci

June (2015) Vol.58 No.6

1103

0 T T T T T T T T
3870 3485 3099 2713

2328

Wavenumber (cm™")

1942 1556 1171 785 399

Figure 10 IR spectrum of the modified CSH gel.

Figure 11
surface.

(Color online) Pseudo-lotus model of a superhydrophobic

the mixture composition and production technology used to
fabricate the coating by evaluating the effects of various
factors on the CA of the coating. The microstructure and
chemical composition of the coating are responsible for its
superhydrophobicity and dirt pickup resistance. We found
that rough nano-micro structures and grafted superhydro-
phobic chemical groups are two inherent origins of the su-
perhydrophobicity and dirt pickup resistance of the coating.
This novel coating is undoubtedly important for the protec-
tion of engineering structures from solution erosion and
soiling caused by acid rain, seawater, saline soil solution,
mill dust and haze.
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