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The nano-silica sol was modified by a silane coupling agent KH560 for the building
energy-saving coating. The effect of the modified silica sol dosage on coating properties
was discussed. Increasing the amount of modified silica sol can enhance the reflective
properties of the coating and improve the ageing resistance and stain resistance of the
coating. However, the excessively modified silica sol can cause film formation difficulties,
but reduce the performance of the coating. When the mass ratio of the modified silica sol
to the pure acrylic emulsion is 1:1, the overall performance of the coating is the best; the
solar reflectance and the near-infrared reflectance of the coating without the modified
silica sol increased by 7.41 % and 8.33 %, respectively, the rate of change of solar
reflectance after aging and pollution is reduced by 2.67 % and 1.30 %, and the static
water contact angle is increased by 29.2°. Water resistance, adhesion, pencil hardness,
flexibility and impact strength have all been improved to some extent.

Keywords: building energy-saving coating, silica sol, modification.

30JIb HAHOKPEMHE3eMa MOIUMUIMPOBAH CHIAHOBBIM cBasymumM arearom KH560 miaa mony-
YeHUsd SHepProcOeperamlero IOKPhITHA U3 eJIe30-XpoMoBoi caxxu. O0cyxpaerca BINSHNAE I03U-
POBKEM MOIU(MUIIMPOBAHHOTO 30JId KPeMHe3eMa Ha CBOMCTBA IIOKPBITHUSA. YBEINYECHHE KOJIMYECTBA
MOIU(MUIIPOBAHHOTO 30JI1 KPEeMHEe3eMa MOMKeT YJIYUIINHTH OTPAMKAIOIIME CBOMCTBA IIOKPBITHA U
VIYUIIATE YCTOMUMBOCTE K CTApPeHUIO HOKPBITUA. OZHAKO YpesMepHO MOAu(UIIMPOBAHHLIA 30JIb
IAOKCUAA KPEMHHS MOYKET BBISBIBATE TPYIHOCTH (DOPMUPOBAHNSA ILIEHKN U CHIKATH XapaKTepuc-
TUKYU IOKpPeITHSA. Korma maccoBoe orHOIeHne MOIUGMUIIMPOBAHHOIO 30/ KPeMHE3eMa K UHCTOM
AKPUIIOBOM dMYyJIbCUM cOCTaBisAeT 1:1, obmue XapaKTEePUCTUKU IIOKPBITUSA SABJISIOTCT HAWIYYIIN-
MH: KOo(hDUIIEHT OTPAKEHUA COJHEYHOIO CBeTa U GJIMMKHEro MHMPaAKPACHOrO CBETA IIOKPBITUS 063
MOIM(PUIMPOBAHHOIO 30Js KpemHesema yeesauumiacd Ha 7,41 % wu 8,33 %, coorBercrBerno. Cko-
POCTh M3MEHEHHUS COJHEUHON OTPAXKaTeJbHOU CHOCOOHOCTH IIOCJIE CTAPEHUSA M 3arpsa3HEHUsS YMEHb-
miaeresa mHa 2,67 % u 1,30 %, a cTaTMUeCKMl YyroJl KOHTAKTA ¢ BOJOM yBeanumBaeTesa Ha 29,2°.

Bnuaus 30a10 KpeMHe3eMy HAa XapaKTePHCTHKHM 3aJli30-XpoMoOBOi casxki OymiBejbHOro
eHepros6epiraruoro nmokpurria. Q.Gao, J.Wen.

30sp HaHOKpeMHeseMy Moau(iKoBaHuii cuiaaHoBuM conoiayunuM aredrom KHS560 maa
OTPUMAHHS eHeproséepiramuoro MOKPUTTA 3 3aki30-xpomoBol caki. OOroBOpPrHOETLCA BILIUB
mosyBaHHA MOAHU(IKOBAHOIO 300 KpPEeMHEe3eMy HA BJACTHUBOCTL IIOKPUTTA. 30iabIlieHHA
KinpKocTi MoamGiKOBAHOrO 30JI0 KPEeMHEe3eMy MOXKe IIOJIIIINTH BiZOMBAJbHI BJIACTHBOCTI IIO-
KpurTTA i momimmmmnTu crifikicTs mo ioro crapimna noxpurts. IIpore magmipao moaudirkoBanmi
30JIb JIOKCHAY KPEMHII0 MOX{e BUKJIHKATH TPYIHOIII (JOPMYyBAHHS ILIIBKU 1 SHMIKYBAaTH Xapak-
TEPUCTUKN HOKPUTTA. Koau MacoBe BigHOIIeHHA MOAU(DIKOBAHOrO 30/I0 KPEeMHE3eMYy OO0 UHCTOI
aKpUJIOBOI eMyJsbcii craHoBuTh 1:1, 3arajbHi XapakTepPUCTUKU IIOKPUTTA € HAWKPAIIUMU; KO-
edimient BigburTs coHAuHOro cBiTaa i OaMMKHBOrO iH()pauepBOHOro cBiTia HMOKpUTTAM 0e3
MoaudikoBaHOro 3010 KpemHesemy 30inpmmBes Ha 7,41 % i 8,33 %, Bigmosigmo. IIBuakicTs
3MiHM coHAuHOI BigOMBHOI 3paTHOCTI micas crapiHua i 3abpygHeHHsS 3MeHIIyeThbea Ha 2,67 %
11,30 %, a craTvuHuii KYT KOHTAKTY 3 BOAOIO 30LILIIMTyeThesa Ha 29,2°.
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1. Introduction

Ordinary synthetic resin architectural
coatings are easy to adsorb dust and have
poor stain resistance. After a long time, the
coating is easy to age, resulting in a signifi-
cant reduction in the reflectance, which
greatly affects the energy-saving effect of
heat insulation. Inorganic coatings use sil-
ica sol, sodium silicate/potassium as raw
materials, are easy to produce, are charac-
terized by low energy consumption and low
cost. For example, the inorganic silica sol
coating has the Si—O bond which does not
easy accumulate charge after curing, does
not easy generate static electricity, and does
not easy adsorb dust; the bond energy of
Si—-O-Si bond is high, it is very good
against ultraviolet rays, corrosive waste,
etc., shows a good anti-erosion effect and
good weather resistance. Therefore, the use
of the silica sol as the main film-forming
binder will extend the service life and func-
tional durability of building energy-saving
coatings. Most of the energy-saving coat-
ings reported at present are organic resins
or emulsions with excellent film-forming
properties as film-forming binders. Al-
though building energy-saving coatings pre-
pared with inorganic film-forming binders
have been reported [1], they are limited to
the proportioning experiments, and there
are few reports on the modification of inor-
ganic film-forming binders in advance.
When the silica sol is used as a film-form-
ing material alone, the film forming prop-
erty of the coating is extremely poor, and
the internal dry shrinkage force after cur-
ing is large; this causes the inside of the
coating to be filled with cracks and pores
[2, 8]. Therefore, the synthetic resin emul-
sion is often selected to be used as a film-
forming binder. Commonly used synthetic
resin emulsions are pure acrylic emulsions
and styrene-acrylic emulsions. Although the
price of the styrene-acrylic emulsion is rela-
tively low, the durability and stain resis-
tance are rather poor, and it is not suitable
for exterior wall applications.

The authors of [4] show that the surface
of colloidal silica nanoparticles usually has
a small charge to stabilize the nano-silicon
dispersion. However, when mixed with an
emulsion, the surface charge property of
the colloidal SiO, particles changes due to
the addition of a new medium; and the pH
value of the system changes. When the pH
value of the system is in the range of 3 <
pH <7 or pH > 11, the colloid can stick
together, which will lead to the system be-
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coming unstable and becoming viscous.
Therefore, the pH wvalue of the recom-
mended coating system should be guaran-
teed in the slightly alkaline range (pH:815-
1010). In [5], it is noted that nano-silicon
sols are widely used in the coating industry
to improve the adhesion of coatings and to
strengthen weak substrates; It can also be
used as a refractory binder, with strong ad-
hesion and high temperature resistance
(1200 ~ 1600°). In [6], it was found that sol
particles of nano-silica are small, and silica
exhibits high activity during gel formation
and can form a new silicate inorganic poly-
mer compound with some inorganic salts
and metal oxides to form a very hard film.
Small particles have a strong penetrating
ability to the substrate, and the small parti-
cles can penetrate into the substrate under
the action of capillaries.

The innovation of this paper is to modify
the surface compatibility of silica sol with a
silane coupling agent to improve its com-
patibility with emulsion; then to introduce
it into the iron-chrome black of the energy-
saving coating system for buildings, and to
determine the addition amount of modified
silica sol. The influence of layer performance
provides a reference for the preparation of
the energy-saving coatings with excellent
aging resistance and stain resistance.

2. Experimental

The following materials were used: pure
acrylic emulsion RS-6733 (solid content
48 %+2 %, average particle size 0.8 ~
1.2 um, Guangdong Baidefu Chemical Co.,
Ltd.); silica sol JN-30 (solid content 30 %,
average particle size 5~ 10 nm, Qingdao
Ocean Chemical Co., Ltd.); iron chrome
black A2901 (average particle size is about
2.5 um, Hunan Jufa Technology Co., Ltd.);
thickener SN-162 (Japan Nopko Group); de-
foamer L-1311, (American Ashland Co.,
Ltd.); dispersant BYK-163, (Germany Bi Ke
Chemical Co., Ltd.); film forming aid Tex-
anol (American Eastman Co., Ltd). The
above materials are all of industrial grade.
The silane coupling agent KH560 [y-(2, 3-
epoxypropoxy) propyltrimethoxysilane] was
of analytical grade and was supplied by
Hubei Wuda Silicone New Material Co.,
Ltd. Deionized water was homemade [7].

Studies were carried out on four groups
of samples A, B, C, D. The basic composi-
tion of the iron chrome black energy-saving
coatings for buildings is shown in Table 1
(A). In the experiments (B, C, D), it was
found that continuing to increase the silica
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Table 1. Compositions of iron-chrome black energy-saving coatings for buildings

Recipe m m m m m m m m m
number| (Pure acrylic |(Silica sol), g| (KH560), g | (Iron chrome | (Filming |(Dispersant),| (Defoamer), | (Thickener), | (water), g
emulsion), g black), g aid), g g g g
A 300 0 0.00 36 4 3 3 3 60
B 200 100 0.75 30 10 3 2 2
C 100 100 0.75 20 3 1 1
D 100 200 1.50 30 3 2 2

sol content would make the coating film dif-
ficult, so no more experiments were carried
out on the amount of silica sol.

The mixture of KH560 and silica sol was
heated in a water bath at a constant tem-
perature 60°C and mechanically stirred for
4 h. The pH of the system was adjusted to
about 8 with ammonia water to discharge,
and the modified silica sol was obtained [8].

A pure acrylic emulsion was added to the
modified silica sol according to the dosage.
After mixing, the filming aid, dispersant,
antifoaming agent and thickener were
added. After mechanical stirring for 5 min,
the iron-chrome black was added and dis-
persed at low speed for 15 min. After filtra-
tion, the iron chrome black energy-saving
coating was obtained. To facilitate spraying,
the viscosity of the coating was adjusted to
about 30 mm?2/s. It was injected into the
spraying device with controlling the spray-
ing pressure to 0.3 MPa; the coating was
sprayed evenly on the surface of the alumi-
num alloy plate (maintaining the gun at the
distance of 300 mm vertically from the sub-
strate); then under the standard curing con-
ditions [temperature (23£2)°C, relative hu-
midity 50 %5 % for 168 h, the thickness of

the coating after drying was about 40 um [9].
The silica sol before and after the modi-
fication was dried at 120°C in vacuum for
2 h to obtain a silica sol powder. The group
structure was analyzed by Fourier trans-
form infrared spectroscopy (FT-IR) using a
Nicolet 6700 instrument (Thermo Fisher
Company, USA). The microstructure of the
silica sol powder before and after modifica-
tion was observed by SN-3700N scanning
electron microscope (SEM) of Hitachi.

The reflectance spectra of the coatings in
the solar (400 to 2500 nm) and near-infra-
red (780 to 2500 nm) bands were measured
using an Agilent Cary-5000 UV/Vis/NIR
spectrophotometer. The infrared emissivity
of the coating in the band of 8 to 14 um
was measured by the HWF-2 infrared emis-
sivity measuring instrument of the North
Chihong Optoelectronics. The brightness of
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the coating, L, the red-green property, a, and
the yellow-blue property, b, were measured by
an HP-200 precision colorimeter of Shanghai
Hanpu Optoelectronics Technology Co., Ltd.

To characterize the quality of the coat-
ings, the following parameters were meas-
ured: the solar reflectance of the coating
(TSR), the near infrared reflectivity (NIR),
the rate of change of the solar reflectance
(ATSRW), the chromatic aberration and in-
frared radiation of the coating after con-
tamination and artificial exposure to the at-
mosphere (ATSRL), AE® and Ae, respec-
tively. Among them:

AE* = N(AL*)2 + (Aa*)2 + (Ab%)2.

Let us measure the mass mg of the dried
125 mmx25 mm rectangular test piece (ac-
curate to four decimal places), and then im-
merse it in a water bath incubator at 25°C
for 48 h. After taking out, the surface is
dried with a dry towel to weigh. For mq,
the water absorption rate is

g =[(mq — mg)/mylx100 %.

3. Results and discussion

3.1. Morphology and structure of silica sol

As can be seen from Fig. 1 (1), the ab-
sorption bands of 1111 ecm™! and 796 ecm™!
correspond to the absorption peak of the
vibration against expansion and the absorp-
tion peak of the symmetric tensile vibration
of the Si-O-Si bond; the band 2841 em™! is
the characteristic peak of methylene, the
band 2943 em™! is the characteristic peak
of absorption of methyl, the band 3435 ecm™
1 is the peak of vibration absorption when
the surface of nanosilica is stretched with
hydroxyl [10]. The addition of KH560 at-
tenuates the hydroxyl absorption peak at
3435 cm™!, and the appearance of new
methyl and methylene absorption peaks in-
dicates that KH560 not only physically
mixes with the silica sol, but also with hy-
droxyl groups on the surface of nano-silica.
This confirms that the addition of KH560
successfully modified the silica sol.
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Fig. 1. Infrared spectrum of KH560 before
and after modification of silica sol powder.

3.2. Effect of KH560 modified silica sol
on the reflective properties of iron chromium
black energy-saving coatings on buildings

The solar reflectance can indireetly indi-
cate the thermal insulation effect of the
building energy-saving coating: the higher
the solar reflectance, the more energy the
coating reflects, the less energy is absorbed,
and the better the heat insulation effect. Fig.
2 and Table 2 show the reflection of the iron-
chromium black energy-saving coating with
different modified silica sol contents.

When the amount of modified silica sol
increases, the reflection coefficient of the
visible light of the coating first increases
and then decreases. This is due to the fact
that nanosilica in the modified silica sol in-
creases the effective reflection of the coating
in visible light, however, an excess of silica
reflects irregular light and is mainly scat-
tered inefficiently. Compared with coating A
(without a modified silica sol), a coating with
a modified silica sol (B and C) has stronger
reflective properties in the near infrared re-
gion, which is due to the reflection properties
of nanosilica in the near infrared region.
Compared to coatings B and C, coating D
(with the highest content of modified silica
sol) has a lower reflection coefficient. How-
ever, coating D is difficult to form.

The increased content of modified silica
sol has a great influence on the reflection
performance of the coating in the visible
and near-infrared long-wavelength bands,
but the solar spectral energy is mainly con-
centrated in the visible and near-infrared
short-wavelength bands (wavelength 780 ~
1200 nm), near-infrared long-wavelength.
The solar spectrum energy distribution of
the band is small, so the average value of
the solar energy reflected by the coating is
mainly determined by the visible light re-
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Fig. 2. Effect of the amount of modified silica
sol on the reflective properties of the coating.

Table 2. Reflectance of coatings prepared
by different amounts of modified silica sol

Coating TSR NIR Average reflected
energy,
W /(m2nm)
A 0.54 0.60 0.23
B 0.58 0.65 0.25
C 0.58 0.65 0.24
D 0.58 0.66 0.22

flectance, so it also tends to increase first and
then decrease. The average values of the solar
energy reflected by the B and C coatings are
0.25 W/(m2nm) and 0.24 W/(m2nm) respec-
tively with small differences.

Studies have shown that the mass ratio
of the pure acrylic emulsion is preferably
1:1. In this case, the solar reflectance and
near-infrared reflectance of the coating are
increased by 7.41 % and 8.33 % respec-
tively, compared with the A coating without
the modified silica sol.

3.3. Effect of KH560 modified silica sol on
artificial weathering aging performance of iron-
chromium black building energy-saving coatings

It can be seen from Table 3 that the
brightness of the coating is improved after
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Table 3. Performance of coatings after aging treatment of different modified silica sol additions

Coating | ATSRL, % AL*D AE* e (after aging) Ag Coating appearance
A 4.89 2.85 2.88 0.86 -0.07 Powdering
B 2.36 0.61 2.23 0.85 -0.05 No abnormality
C 2.22 0.49 1.08 0.87 -0.02 No abnormality
D 2.24 0.38 0.48 0.86 -0.01 Slightly powdered

the aging treatment. Increasing the amount
of modified silica sol can reduce the change
rate of the solar reflectance and the change
rate of the brightness after the aging of the
coating, so that the chromatic aberration is
gradually reduced to a trace. This is because
after the xenon lamp is irradiated, the pure
acrylic molecules gradually start to break,
and then decompose, and the density of the
portion entangled in the amorphous region
decreases, and the short-chain molecules mi-
grate toward the surface of the coating,
eventually causing an increase in the
brightness of the coating. In addition, the
oxidation and decomposition of the pure
acrylic molecular chain will also produce
some chromophoric groups, resulting in dis-
coloration of the coating.

The more pure propyl molecules is, the
greater the decomposition will be, the more
defects on the surface of the coating is, the
stronger the scattering of light and the
weaker the reflection will be. The modified
silica sol replaces a part of the pure C mole-
cule in the coating is, and the more the
amount used, the less the pure C molecule
will get, which will cause the decomposed
chromophore group reduced, so that the
solar light reflectance change rate and the
brightness change rate become smaller and
smaller, and the chromatic aberration be-
comes less and less obvious.  According to
Kirchhoff’s law, a good absorber is also a
good emitter. In other words, an object with
a low infrared reflectance has more infrared
absorption and a higher infrared emissivity.
After the coating is aged, the pure acrylic
molecules on the surface decompose, and
the reduction of the organic matter with
higher infrared absorption causes the infra-
red emissivity of the coating to decrease,
and the more the organic content is, the
more the infrared emissivity of the coating
will decrease. Therefore, the D coating with
the most inorganic content has the smallest
change in infrared emissivity. Despite the
aging, the infrared emissivity of all coat-
ings is still greater than 0.85. However, the
D coating has a poor film forming property
due to excessive content of the modified
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silica sol, and there is a slight pulverization
phenomenon after aging, which is not suit-
able for practical application. The change
rate of solar reflectance after aging of C
coating was less, only 2.67 percentage
points lower than that of A coating, and the
appearance did not change much, and the
aging resistance was relatively good.

34. Effect of KH560 modified silica sol on
stain resistance and water resistance of iron-
chromium black building energy-saving coatings

The reflectance and water absorption of
the coating are reflected by the change rate
of the solar reflectance after the coating is
contaminated, the static water contact angle
and the water absorption rate. It can be
seen from Table 4 that as the content of the
modified silica sol in the coating increases,
the rate of change of the solar reflectance
after the coating is contaminated decreases.
Moreover, the static water contact angle of
the coating becomes large, and both hydro-
phobicity and water resistance are im-
proved. This is because the surface of the
coating inevitably has more bubbles, pores
and defects during the preparation and cur-
ing process, which is beneficial to the infil-
tration of water. The nano-silica particles
in the modified silica sol are filled into
these defects and pores during curing,
which improves the compactness and
cross-linking of the coating, thereby en-
hancing the hydrophobicity and water re-
sistance of the coating. After the hydro-
phobicity is enhanced, the contaminant
does not easily adhere to the surface of
the coating, and it is easy to roll off with
the liquid, thereby reducing the rate of
change of the solar reflectance after the
coating is contaminated. Continue to in-
crease the amount of modified silica sol,
the coating’s stain resistance and water
resistance will be slightly reduced, which
is caused by the excessive mass fraction of
the modified silica sol and cracking of the
coating. When the mass ratio of the modi-
fied silica sol to the pure acrylic emulsion
is 1:1, the coating has the best stain resis-
tance and water resistance.
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Table 4. Performance of coatings prepared by different modified silica sol additions

Coating ATSRL, % Static water contact | Water absorption rate, | Water resistance(96 h)
angle, ° Yo
A 3.20 60.3 10.4 Slightly white
B 2.10 69.1 6.1 Basically not white
C 1.90 89.5 5.2 Not white
D 2.20 86.4 5.6 Slightly white

Table 5. Mechanical properties of coatings prepared with different silica sol additions

Coating Adhesion/level Pencil hardness Flexibility, mm Impact strength, kg-cm
A 2 H 1 58
B 1 2H 2 62
C 1 3H 2 62
D 2 4H 3 60

3.5. The effect of modified silica sol by
KH560 on the basic mechanical properties of
iron-chrome black building energy-saving coatings

The effect of modified silica sol on the
basic mechanical properties of iron-chrome
black building energy-saving coatings is
shown in Table 5. As the amount of modi-
fied silica sol increases, the adhesion of the
coating increases slightly, and the penecil
hardness and impact resistance gradually
increase, but the flexibility decline. The ri-
gidity of the nano silica particles in the
modified silica sol increases the pencil hard-
ness of the coating, so that the impact re-
sistance is also improved, but at the same
time the flexibility is lowered. The mechani-
cal properties of organic-inorganic compos-
ite coatings are related to the degree of micro-
phase separation. Silica sol modified by KH560,
on the one hand, it reacts with pure acrylic
molecules, on the other hand, it hydrolyzes it-
self to form a certain spatial network structure,
with strong hydrogen bonding and high degree of
cross linking, thus enhancing the mechanical
properties of the coating. When the number of
inorganic nanoparticles is too large, the interac-
tion between the soft segment and the hard seg-
ment is weakened, and the mechanical properties
are decreased, but the requirements for the use of
the architectural coating can still be met.

4. Conclusions

The silica sol was modified with silane
coupling agent KH560 to improve its com-
patibility with pure acrylic emulsion, and
an iron chrome black building energy-saving
coating was prepared on this basis. Increas-
ing the amount of modified silica sol can
increase the static water contact angle of
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the coating as well as the solar and near-in-
frared reflectance, decreasing the solar re-
flectance change rate, chromatic aberration,
brightness change rate, and infrared emis-
sivity change rate after aging of the coat-
ing, and the change rate of the solar reflec-
tance after the coating is contaminated and
the water absorption rate, and the aging
resistance and stain resistance of the coat-
ing are improved. However, too much modi-
fied silica sol will cause film formation dif-
ficulties, and the coating will be easily pul-
verized after aging. Considering the film
formation, economy and coating properties,
the mass ratio of the modified silica sol to
the pure acrylic emulsion is 1:1, and the
coating has good comprehensive properties.
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