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Abstract In this study, the addition of silane treated
TiO2 nanoparticles on the self-cleaning properties of
an acrylic facade coating was evaluated. Tetraethoxy-
orthosilicate, TEOS, was used for surface treatment of
TiO2 nanoparticles. The silica grafting on the TiO2

nanoparticles was characterized via Fourier Transform
Infrared spectroscopy, specific surface area measure-
ment, pore size distribution, and real density measure-
ments. The effect of surface treatment and content of
nanoparticles on the photocatalytic activity of acrylic
coating and self-cleaning properties was studied. For
this purpose, the photodegradation of Rhodamine B
(Rh.B) dyestuff, as a colorant model, was investigated
by colorimetric technique, while the coating samples

were exposed to UVA irradiation. Performance of the
acrylic coating films was evaluated by gloss change
during accelerated weathering conditions. Also, the
surface morphology of the coating films was studied
using SEM analysis. The results showed that the
addition of both treated and untreated TiO2 nanopar-
ticles provides self-cleaning property to the acrylic
coatings. However, silica surface treatment of TiO2

nanoparticles reduces the coating degradation caused
by TiO2. This is more evident when higher concentra-
tions of the treated TiO2 nanoparticles are used.

Keywords TiO2 nanoparticle, Photocatalytic,
Self-cleaning, Color coordinate, Coating

Introduction

In recent years, self-cleaning coatings have been given
considerable attention both in industry and academia.
Mechanisms and various applications of this type of
coating have been well reported in the literature.1–6

Most of the self-cleaning coatings contain photocata-
lytic titanium dioxide and are required to be illumi-
nated under an ultraviolet (UV) light source. TiO2

absorbs light having energy equal to or greater than its
band gap energy. During illumination, electrons in
TiO2 are excited from the valence band (VB) to the
conduction band (CB).7,8 Therefore, regions of positive
charge (h+) in form of holes in the VB and a free
electron in the CB are created. These charge carriers
can either recombine or migrate to the surface. The
holes can react with the adsorbed water molecules or
with the hydroxyl groups on the surface and produce
hydroxyl radicals (•OH). The electrons can combine
with atmospheric oxygen and produce superoxide
radicals (OO•). These photoinduced radicals are pow-
erful oxidizing species and can deteriorate adsorbed
organic contaminants on the particle surface. TiO2
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particles have shown super hydrophilic behavior and,
as a result of the ‘‘water sheathing effect,’’9,10 the
contaminants can be washed away when the external
surfaces are exposed to the water flow. These lead to
cleaning of the surface by converting the organic
molecules to carbon dioxide and water molecules.

Incorporation of photocatalytic TiO2 particles into or
deposited on the surface of organic coatings has many
limitations, due to the degradation power of photocat-
alytic TiO2 particles on organic media.10,11 Photocata-
lytic activity of TiO2 particles can be adjusted by surface
treatment.12,13 Some reports have cited the increase of
photoactivity of TiO2 as a result of surface modifica-
tion,14–18 while others reported a decreasing effect.19–22

Because of the aforementioned limitations in the
application of TiO2 in organic media, a few articles have
been published on utilizing photocatalytic TiO2 particles
in organic coatings.23–28 However, if their photocatalytic
activity is controlled, they can be an appropriate
candidate for self-cleaning acrylic coatings. In this study,
the application of silica treated TiO2 nanoparticles in
acrylic facade coatings with the aim of achieving a self-
cleaning property is investigated. For this purpose, the
commercial TiO2 nanoparticles were treated by TEOS
via a sol–gel process and then incorporated into an
acrylic facade coating in different amounts. The photo-
catalytic activity of the treated TiO2 into the coating
bulk and also the self-cleaning property on the coating
surface were studied and compared to that of untreated
nanoparticles. Weathering performance of the coatings
was also investigated.

Experimental

Materials

TiO2 nanoparticles, Aeroxide P25, with an average
particle size of 30 nm, was obtained from Evonik
Industries (Degussa GmbH). It consists of a mixture of
15–30% rutile and 70–85% anatase. Tetraethylortho-
silicate, TEOS (>99%), was supplied by Sigma-Aldrich
Co. Ethanol (99.9%) and ammonium hydroxide (28%)
were purchased from Merck. Acrylic emulsion resin,
Mowilith LDM 7717, with 46 wt% solid content, was
obtained from Celanese Emulsions Co. Rhodamine B
(Rh.B) dyestuff, used as a colorant model, and Texanol
(2,2,4-trimethyl-1,3-pentanediol monoisobutyrate), the
coalescing agent, were obtained from Ciba-Geigy Ltd.
and Eastman Chemical Co., respectively.

Silanization of TiO2 nanoparticles

TiO2 nanoparticles were treated with TEOS, through
hydrolysis of silane and its condensation with TiO2 in
alkaline media.20,29,30 For this purpose, 1.5 g of TiO2

was dispersed in 33 mL ethanol via sonication for
10 min on a Bandelin, HD3200, sonicator (KE-76

probe, pulsation mode of 0.7 s on and 0.3 s off, 70 W
power). Ammonium hydroxide was added to adjust pH
of the dispersion in the range of 10–11. A certain
amount of TEOS (0.25, 0.75, or 3.0 mL), calculated
using equation (1),31 was added gradually to the
dispersion during 5 min, while sonicating. The corre-
sponding modified nanoparticles were then coded as
1TT, 3TT, and 12TT, respectively. In sample coding,
the number represents weight ratio of TEOS compared
to the minimum weight used of TEOS and TT stands
for treated TiO2 nanoparticles.

WTEOS ¼
�
3� SP25 �WP25 �MTEOS

�No. of OH groups� 1018
�
=NA

ð1Þ

where WTEOS and MTEOS are mass (g) and molecular
weight (208.33 g/mol) of TEOS, respectively. WP25 and
SP25 represent mass weight (g) and surface area (50 m2/
g) of TiO2. The number of OH groups for TiO2 particle
is normally about 8–10 OH groups/nm2.32 1018 nm2/m2

is a conversion factor and NA is the Avogadro’s
number (6.023 9 1023).

Dispersion was then transferred to a plastic tube—to
avoid nucleation on the glass wall—and stirred gently
using a magnetic stirrer for 18 h in dark. Finally, it was
centrifuged (7000 rpm) and the residue was washed
with ethanol and centrifuged again. The washing
procedure was repeated five times and the remaining
precipitate was dried at 50�C for 48 h.

Surface characterization of the treated TiO2

Various techniques were employed to evaluate the
TEOS grafting on the TiO2 nanoparticles. Fourier
Transform Infrared (FTIR) spectroscopy was carried
out with KBr pellet on a Bruker EQUINOX 55 FTIR
spectrometer, collecting 16 scans in the 400–4000 cm�1

range at 4 cm�1 resolution. Specific surface area of the
powder was measured by nitrogen adsorption accord-
ing to Brunauer, Emmett, and Teller (BET) analysis.
Furthermore, pore size distribution of nanoparticles
was calculated using the Barrett–Joyner–Halenda
(BJH) method via the Halsey’s equation.33 Samples
were conditioned at 120�C for 2 h prior to testing and
then adsorption/desorption isotherms were determined
using a Quantachrome NOVA 2200 porosimeter at
�196�C. Real density of nanoparticles was also deter-
mined by displacement method using a Helium pyc-
nometer (Micrometrics, AccuPyc 1330). Three
replicates were tested and the average was reported.
Based on the characterization results, 12TT nanopar-
ticles were selected for further evaluations in this work.

Preparation of acrylic coatings

Coating samples were formulated by adding different
amounts of either treated or untreated TiO2 nanoparticles
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to 25 g Rh.B solution (0.25 g L�1) and dispersed by
sonicating for 10 min. The dispersions were then added
gradually to a mixture of 30 g acrylic resin and 0.9 g
Texanol, and mixed thoroughly using a magnetic stirrer
for 30 min. Coating samples with a wet film thickness
of 200 ± 10 lm were then applied on the float glass
and aluminum plates, using a film applicator (Elcom-
eter Doctor Applicator). The applied films were then
allowed to dry at ambient temperature (25 ± 2�C) for
24 h.

A similar procedure was used to prepare coatings
for the evaluation of the self-cleaning property. How-
ever, in these coatings only distilled water (free of
Rh.B) was used as the dispersion media and an
aqueous solution of Rh.B (0.1 g L�1) was applied on
the surface of the dried coating and then left to dry in a
dark chamber at ambient temperature for 24 h. The
formulations used for the preparation of acrylic coat-
ings are listed in Table 1.

Dispersion of TiO2 nanoparticles in the coatings

To investigate the dispersion status of untreated and
silica treated TiO2 nanoparticles in acrylic films; SEM
analysis were performed using a Cambridge Stereo
scan S360 electron microscope. The freestanding films

were prepared by applying the coating formulation on
a prewaxed glass plate with a wet film thickness of
200 ± 10 lm. The film was dried at ambient temper-
ature for 24 h and then placed in a distilled water bath
for about 15 min, to facilitate its removal from the
glass surface. Finally, it was left to dry at room
temperature for 24 h. SEM micrographs were taken
from the cryogenically fractured cross section of the
coatings in liquid nitrogen as well as the coating
surface. The sample was sputter coated with a thin
layer (�10 nm) of gold and examined using the
scanning electron microscope operated in the second-
ary electron mode at 10 kV.

Colorimetric study of Rh.B degradation

Degradation of Rh.B in both coating bulk and on the
surface of the coating was evaluated via color coordi-
nates data measurements using a Gretag Macbeth
Color-Eye 7000A spectrophotometer, before and after
exposure to the UVA irradiation. Total color change
(DE) was calculated from Commission International de
l’e¢ clairage (CIE) (L*a*b*)1976, D65/10�, formula
according to equation (2).34

DE� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDL�Þ2 þ ðDa�Þ2 þ ðDb�Þ2

q
ð2Þ

where L* represents the brightness or gray value and
varies between 100 (white) and 0 (black); a* (red-
green) and b* (yellow-blue) are the chromaticity
coordinates.

To evaluate the degradation of Rh.B and in the
other words the photocatalytic activity of TiO2 nano-
particles in the acrylic coatings, the coating samples
were exposed to the UVA irradiation (340 nm,
0.89 W m�2) in a Q-Panel accelerated weathering
chamber (Q-Panel QUV/Spray) at 60�C and different
time intervals for 270 min. Three replicates were
placed in a QUV chamber and an unexposed sample
was also used as the ‘‘standard’’. The photocatalytic
decomposition of Rh.B was monitored by measuring
color coordinates values (L*, a*, and b*). Rh.B
degradation was determined using a quantitative
parameter, ‘‘Degradation Factor, D.F.’’ which is
defined according to equation (3):

D.F. ð%Þ ¼ DEt

DEmax

� �
� 100 ð3Þ

where DEt is the color difference between the UVA
exposed sample for a given time and the corresponding
standard sample, and DEmax shows the maximum color
difference between the coatings with and without
Rh.B, at a certain amount of TiO2 nanoparticles.

Rh.B degradation on the surface of the coating can
be regarded as a measure of the self-cleaning property
on the surface of the coating. To evaluate the self-
cleaning property of the coatings containing various

Table 1: Composition of various acrylic coatings,
ingredients added to the mixture of resin (30 g) and
coalescent agent (0.9 g)

Sample
coding

P25
(g)

12TT
(g)

0.25 g L�1

Rh.B
solution (g)

Distilled
water (g)

R – – – 25.0
R-Rh.B – – 25.0 –
U-0.5-C 0.069 – 25.0 –
U-0.5-W 0.069 – – 25.0
U-1-C 0.138 – 25.0 –
U-1-W 0.138 – – 25.0
U-1.5-C 0.207 – 25.0 –
U-1.5-W 0.207 – – 25.0
U-2-C 0.276 – 25.0 –
U-2-W 0.276 – – 25.0
T-0.5-C – 0.069 25.0 –
T-0.5-W – 0.069 – 25.0
T-1-C – 0.138 25.0 –
T-1-W – 0.138 – 25.0
T-2-C – 0.276 25.0 –
T-2-W – 0.276 – 25.0
T-2.5-C – 0.345 25.0 –
T-2.5-W – 0.345 – 25.0

The letters in the first column correspond to: Contains
Rhodamine (C), No Rhodamine (W), Resin (R), Treated TiO2

(T), Untreated TiO2 (U), and the number shows wt% of TiO2

nanoparticles based on the solid content of resin in the
formulations
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amounts of TiO2 nanoparticles (treated and
untreated), color change of the coating was measured
during exposure to UVA irradiation using an OSRAM
ULTRA-VITALUX� (300 W) irradiation source
which simulates natural sunlight.35 The lamp was
placed at about 80 cm above the samples and the test
was performed at 30�C over 20 h. Color coordinates
prior to UV exposure were used as the standard in
calculation of DE.

Durability of the coatings

Effect of accelerated weathering conditions on the
surface properties of the acrylic films containing
various wt% of TiO2 nanoparticles was studied using
SEM analysis and gloss measurement. For this pur-
pose, an accelerated weathering test was conducted in
the QUV chamber according to ASTM D 4587
standard practice, for about 540 h. According to the
test procedure, the specimens were alternately exposed
to UVA irradiation (340 nm, 0.89 W m�2) at 60�C for
8 h and followed by 4 h of water condensation at 45�C
periodically. Gloss of the coating films was measured
by a Glossmeter (Nova gloss) in 20�, according to
ASTM D 523 test practice, before and during UVA
exposure in the QUV chamber.

The changes in the surface morphology of the
coatings after exposure to accelerated weathering

conditions were evaluated using SEM analysis. The
surface preparation for the analysis was as explained in
section ‘‘Dispersion of TiO2 nanoparticles in the coatings’’.

Results and discussion

The performance of TiO2 nanoparticles in a polymeric
matrix is highly affected by surface chemistry and
loading of nanoparticles. The surface chemistry deter-
mines the hydrophobic/hydrophilic behavior, which is
directly affected by surface functional groups on the
surface of the nanoparticles. This in turn, implies the
dispersability of the particles into the polymeric matrix
and hence the possible particle loading. The surface
characteristics of the nanoparticles also influence the
photocatalytic activity as well as self-cleaning behavior
of the nanoparticles on the coating surface. Thus,
surface characterization of the treated and untreated
TiO2 nanoparticles seems quite necessary in order to
have a better understanding of their role in the coating.

Characterization of silica treated TiO2

nanoparticles

Figure 1 shows the FTIR spectra of treated and
untreated TiO2 nanoparticles as well as TEOS. The
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spectra related to TiO2 nanoparticles were normalized
with respect to the peak in the range of 800–500 cm�1.
The broad band at around 3400 cm�1 and the sharp
band at 1616 cm�1, observed in both untreated and
treated TiO2 nanoparticles, are attributed to the water
adsorbed by nanoparticles.20 Major absorptions at
about 1081, 953, and 465 cm�1 represent the character-
istic bonds of Si–O-Si asymmetric stretching, Ti–O–Si
asymmetric stretching and Ti–O stretching, respec-
tively.36–41 According to the literature,39,42 Ti–O–Si
and Si–OH bands appear at around 955 and 935 cm�1,
respectively. However, in the case of Si–OH another
absorption band must also appear at 3745 cm�1,39,42

which is not observed in this case. Thus, the band
which appeared at 953 cm�1 is assigned to Ti–O–Si and
confirms grafting on the surface of TiO2 nanoparticles.

In the spectra of the treated nanoparticles, a doublet
peak appears in the region 1040–1187 cm�1, showing
an increase in the intensity with increasing TEOS
content. This can be related to self-condensation of
TEOS on the surface of silica treated TiO2 nanopar-
tricles. It is believed that self-condensation of TEOS
mainly happens on the surface of TiO2 nanoparticles,
because silane has already been grafted to the surface
of TiO2 nanoparticles. A suggested schematic of TEOS
grafted TiO2 nanoparticles is shown in Fig. 2.

Specific surface area, average pore volume, and pore
diameter are among the structural parameters of
particles and can be used to characterize the status of
a grafted layer on its surface. The results for specific
surface area (determined by BET method), pore

characteristics, i.e., volume and diameter (determined
by BJH method) and real density of untreated and
silica treated TiO2 nanoparticles are summarized in
Table 2. The increase observed in the specific surface
area and also pore’s volume for silica treated TiO2

nanoparticles can be considered as the indication of
silica grafting on the surface of the particle.

Surface porosity consists of micropores (pore diam-
eter less than 2 nm) and mesopores (pore diameter
between 2 and 10 nm) can be determined by gas
sorption. BET, as the most well known gas sorption
model, is applied to obtain the specific surface area of
microporous materials, although from a scientific point
of view the assumptions made in the BET theory do
not take into account macropore filling. By definition,
macropores are too large to show up as pores within
the experimental data range.43 Surface treatment may
provide a porous layer on the surface through grafting.
It is believed that grafting on the surface makes it
somehow irregular and rougher and obviously this
leads to an increase in the specific surface area.
Generally, the average surface area of untreated titania
pigment is 6–9 m2/g. However, because of the in-
creased surface roughness, the inorganic coatings may
double the pigment surface area when compared to
that reported for untreated pigment.44,45

The BET results indicate that increasing the amount
of TEOS to about a stoichiometric value increases the
specific surface area. This can be attributed to the fact
that surface grafting can increase the surface roughness
and the rough surfaces, e.g., inorganic coatings, have
much more specific surface area than the smooth
surfaces. Thus, increasing in BET values from 65.95
to 79.23 m2 g�1 (neat nanoparticles to 1TT), may be
regarded as an indication of silica grafting. With
further increase in TEOS level in treatment process,
from 3TT to 12TT, the amount of surface area is
rapidly increased from 96.06 to 132.96 m2 g�1. The
increase in surface area after silane treatment can be
partly due to self-condensation of TEOS molecules,
but this is more likely to happen at higher concentra-
tions (e.g., 12TT). In other words, with increasing
TEOS content in the surface treatment process, the
chances for separate hydrolysis and self-condensation
of silica particles may be increased. However, the
appearance of Ti–O–Si absorption bond in FTIR
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Fig. 2: Schematic of TEOS treated TiO2 nanoparticles

Table 2: Specific surface area, porosity data, and real density of untreated and different silica treated TiO2 nano-
particles

Sample codinga P25 1TT 3TT 12TT

BET: Single point (m2 g�1) 65.95 77.83 94.45 132.90
BET: Multi point (m2 g�1) 66.68 79.23 96.06 134.96
Desorption pore volume BJH (cm3 g�1) 0.15 0.21 0.21 0.23
Desorption pore diameter BJH (Å) 21.41 23.96 21.34 10.07
Real density (g cm�3) 0.04 ± 3.72 0.01 ± 3.71 0.02 ± 3.40 0.02 ± 2.81

a The numbers show the weight coefficient of TEOS in treatment reactions and TT stands for the treated samples
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analysis, even at high TEOS concentration confirms
the grafting of TEOS onto the TiO2 nanoparticles.

There is also an increase in the average pore volume
of the treated nanoparticles; however, a further
increase in TEOS content would not change the
situation. The increase in pore volume can be related
to the condensation reaction of silanol groups and
formation of siloxane linkages on the surface of TiO2

which increases the porosity of the silica layer on the
surface of TiO2 nanoparticles. The corresponding data
for pore diameter in 12TT sample (i.e., 10.07 Å) reveal
a significant decrease with the addition of TEOS. The
smaller pore diameter (about 10 Å) in the adsorbed
silica layer of 12TT in comparison with the other
samples (about 21 Å), can be considered as a sign for
dense character of the surface layer in the treated TiO2

nanoparticles. This can be the result of the formation
of a relatively denser grafting layer, which mainly
happens at around stoichiometric values of the ingre-
dients and thereby affects the silica surface morphol-
ogy. Considering the real density value for silica
(ca. 2.20 g cm�3),46 the decrease observed in the real
density of the treated TiO2 (Table 2) can also be
considered as further evidence for silica grafting.

Dispersion of nanoparticles in the coating

SEM micrographs of the cross section and surface of
the coatings containing 1 and 2 wt% of untreated and
silica treated nanoparticles are illustrated in Fig. 3.
Nonuniform distribution of untreated nanoparticles in
the form of relatively large particle aggregates is
observed in both bulk and on the surface of the
coating film. This is due to colloidal instability of the
dispersion and tendency of the nanoparticles to form
agglomerate during film formation. This is more
evident at higher nanoparticles’ loading, i.e., 2 wt%.
Silica treatment alters the dispersion behavior of TiO2

nanoparticles, as it reduces the aggregates size and
enhances the homogeneity of particles distribution.

Photocatalytic activity studies

Photocatalytic activity of TiO2 in acrylic water-based
coatings containing various levels of untreated and
treated nanoparticles was determined using discolor-
ation monitoring of Rh.B within the coating samples.
The calculated average color differences at a given
time, DEt, are shown in Fig. 4. As it can be observed,
Rh.B dyestuff in absence of TiO2 nanoparticles slightly
degrades with value of DEt = 12.6 after 270 min UVA
irradiation exposure time. This can be assigned to the
reaction in presence of oxygen which includes the
following possible steps47:

RBþ hm! RB� ð4Þ

RB� þO2 ! RBþ� þO��2 ð5Þ

O��2 þHþ ! OOH� ð6Þ

RBþ� �!O2
Rhodamine! Products ð7Þ

Also, the presence of both untreated (Fig. 4a) and
treated (Fig. 4b) nanoparticles has a significant effect on
the coating’s discoloration during UVA irradiation. In
all cases, with increasing nanoparticles’ loading DEt is
increased; however, it reaches an almost steady state
after about 1.5 h irradiation. Also, an increase in the
initial slope of the curves with the addition of nanopar-
ticles is observed, indicating the higher degradation rate
of Rh.B at higher loadings. For the coatings containing
untreated nanoparticles (Fig. 4a), DEt = 22.8 (t = 270
min) was obtained with the addition of 1.5 wt%
nanoparticles and beyond which DEt variations were
not significant, probably due to difficulty in dispersion
and also colloidal instability. It is believed that untreated
nanoparticles tend to adhere together (Fig. 3), due to
their surface characteristics. Thus, less effective surface
area is available for the adsorption of Rh.B, which is
necessary for the initial step of photocatalytic/photo-
degradation process. In coatings containing treated
nanoparticles, silica surface treatment of TiO2 leads to
a better and more stable dispersion of the nanoparticles
(Fig. 3), which enhances the effective surface area for
Rh.B adsorption. Also, higher percentages of the treated
nanoparticles can be incorporated into the coating which
enhances DEt, so that DEt = 24.7 (t = 270 min) was
obtained at 2.5 wt% loading.

For quantitative determination of Rh.B degrada-
tion, the degradation factor (D.F. %) was calculated
according to equation (3). For this purpose, DEt at
different UVA irradiation exposure times was normal-
ized by dividing it to the DEmax. DEmax was defined as
the maximum color difference for each coating sample
containing Rh.B compared with its sample counterpart
without Rh.B, as shown in Table 3. The plots of
normalized DE vs UVA irradiation time are shown in
Fig. 5. The trend of color changes in the coatings is
similar to that shown in Fig. 4; however, the loading
limitations are much better illustrated, particularly for
the coatings containing treated nanoparticles (Fig. 5b).
The critical loading was found to be 1.5 and 2.5 wt%
for untreated and treated nanoparticles, respectively.

In Table 4, D.F. % for various coatings after
270 min exposure to UVA irradiation and also photo-
catalytic activity as the result of TiO2 presence in the
coatings are listed. It is worth mentioning that the
overall color changes observed in the coatings origi-
nated from photolysis of Rh.B itself and the degrada-
tion caused by photocatalytic activity of TiO2.
Equation (8) can be used to quantify the effect of
TiO2 photoactivity in the coating.

Photocatalytic activity of TiO2 %ð Þ

¼ D:F:S �D:F:R
D.F.R

� �
� 100 ð8Þ
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(a) Cross section

T-2-W

T-1-WU-1-W

U-2-W

TiO2 aggregates

Poor dispersion Good dispersion

T-2-W

T-1-WU-1-W

U-2-W

(b) Surface

Fig. 3: SEM micrographs of (a) cross section and (b) surface of acrylic coatings containing 1 and 2 wt% of untreated (P25)
and silica treated TiO2 (12TT) nanoparticles (35000)
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where D.F.S is the degradation factor of the sample
containing TiO2 nanoparticles and Rh.B, and D.F.R is
the degradation factor of the coating which only
contains Rh.B.

From Table 4, it is concluded that both ‘‘content’’
and ‘‘surface treatment’’ of nanoparticles affect Rh.B
degradation. Also, in the coating’s bulk and at equal
concentrations, silica treated nanoparticles have
higher photodegradation activity than their untreated
counterparts. This is particularly true at higher con-
centrations of nanoparticles, e.g., 2 wt% where a
photocatalytic activity of 44.5% is achieved. This can

be again attributed to better dispersion and improved
stability of silica treated nanoparticles in water-based
acrylic emulsion during film formation and drying. On
the other hand, better dispersion causes less light
scattering and greater light transmission and absorp-
tion. As light absorption is an important factor in
photocatalytic activity of particles, the improved pho-
tocatalytic activity can thus be explained.

Self-cleaning property

In this study Rhodamine B (Xantane dye with an
anthracene moiety) is used as a pollutant model and its
photocatalytic decomposition under UVA radiation is
assessed through discoloration measurements.48

Anthracene moiety of Rodamine B makes it suitable
as a PAHs model. PAHs or polycyclic aromatic
hydrocarbons are among the soiling agents found in
urban environments and are generally found in oil,
coal, and tar deposits. They are produced as the
by-products of fuel burning.49 Discoloration of Rh.B
on the coating shows photoactivity at the surface,
which could be a stand in for self-cleaning ability.

Variations of DE vs UVA exposure time for
different coatings are illustrated in Fig. 6. For TiO2-
free coating, the color difference is very small and is
attributed to Rh.B and the coating degradation itself,
under UVA irradiation.

With the addition of TiO2 nanoparticles to the
coating an increase in DE is observed which is higher
for untreated TiO2. This is in such a way that with the
addition of 1 and 2 wt% of TiO2, DE values for
untreated nanoparticles are 2.3 and 6.8 compared to 1.3
and 4.3 for their treated counterparts, respectively.
From these results it is understood that at equal
concentrations the untreated nanoparticles are more
effective than the treated one in giving the self-
cleaning property. Presumably this is due to enhanced
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Fig. 4: Color difference, DEt, of the acrylic films containing various amount of (a) untreated and (b) silica treated TiO2

nanoparticles in the presence of Rh.B, during UVA exposure times

Table 3: DEmax measurement results for coating
samples

Row Sample
coding

L* a* b* DEmax

1 R 87.48 1.28 �13.71 18.65
R-RhB 78.61 15.39 �22.07

2 U-0.5-W 77.67 1.00 �7.02 21.04
U-0.5-C 72.41 19.16 �16.25

3 U-1-W 81.43 1.48 �3.64 23.11
U-1-C 72.77 21.08 �12.31

4 U-1.5-W 78.79 1.41 �1.96 26.25
U-1.5-C 69.36 23.25 �13.04

5 U-2-W 77.65 1.35 �2.38 28.09
U-2-C 68.93 26.18 �12.22

6 T-0.5-W 86.95 1.40 �7.11 20.49
T-0.5-C 78.41 18.08 �15.40

7 T-1-W 83.81 1.39 �4.51 21.11
T-1-C 74.13 19.36 �9.86

8 T-2-W 78.65 1.49 �0.90 21.18
T-2-C 69.83 20.12 �5.78

9 T-2.5-W 76.32 1.52 �0.28 22.60
T-2.5-C 67.38 21.77 �4.81
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photoactivity of untreated TiO2 nanoparticles caused
by more active sites on the particle’s surface as
compared to the treated TiO2 and also the fact that
untreated nanoparticles are poorly dispersed.50,51

Because of the colloidal instability, they tend to
migrate to the coating surface rather than remaining
in the coating’s bulk, in contrast to what happens for
the treated nanoparticles. Therefore, the surface
becomes TiO2-rich and hence more degradation of
the pollutant occurs. This may also be achieved by
increasing the concentration of the treated nanoparti-
cles, however, longer time will be needed to get the
self-cleaning property and if the concentration is not
adequate (e.g. 1 wt%) it may not even happen at all.

For better illustration of the effect of surface
treatment of TiO2 nanoparticles on self-cleaning prop-
erty, the Relative Photocatalytic Activity, RPA, is
defined as equation (9)20:

RPA %ð Þ ¼ 100� DET=DEU ð9Þ

where DET and DEU represent color difference of
acrylic coatings containing treated and untreated TiO2

nanoparticles, respectively. According to equation (9)
the coatings containing 1 and 2 wt% of treated
nanoparticles have an RPA 56.5% (1.3/2.3) and
63.2% (4.3/6.8), respectively. It appears that with
increasing the concentration of the treated nanoparti-
cles their degradation effect is increased but still is less
than the untreated.

Eventually, it can be concluded that addition of
TiO2 nanoparticles (untreated and silica treated) into
the acrylic facade coatings in adequate amounts
provides self-cleaning property. Also, it can be stated
that ‘‘loading levels’’ and ‘‘surface chemistry’’ of TiO2

nanoparticles affects the self-cleaning property of the
acrylic facade coatings.
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Fig. 5: Normalized DEt of coating films containing various amounts of (a) P25 and (b) 12TT nanoparticles in the presence of
Rh.B, during UVA irradiation time

Table 4: Rh.B degradation factor and photocatalytic
activity in the acrylic coatings containing various wt%
nanoparticles, after exposure to 270 min UVA radiation

Sample
coding

D.F.
(%)

Photocatalytic
activity (%)

R-RhB 68.8 0
U-0.5-C 76.5 11.2
U-1-C 93.2 35.5
U-1.5-C 87.6 27.3
U-2-C 80.4 16.9
T-0.5-C 78.9 14.7
T-1-C 96.1 39.7
T-2-C 99.4 44.5
T-2.5-C 99.4 44.5
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Fig. 6: Color difference induced by discoloration of RhB
deposited on the surface of various acrylic films exposed to
UVA irradiation
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Coating durability

SEM micrographs of acrylic films containing different
wt% of TiO2 nanoparticles after 170 h exposure to
accelerated weathering conditions are shown in Fig. 7.
As it is clear, the neat acrylic coating (R) reveals a
relatively proper weathering performance with no
detectable defect on the surface. Coating containing

Rh.B dyestuff (R-Rh.B) shows lower resistance against
weathering conditions compared with neat coating.
Some holes and spots are observed on the surface of
the coating sample after weathering which are related
to photodegradation activity of dyestuff itself. Addi-
tion of untreated nanoparticles reduces the coating
performance and with further increasing the concen-
tration of nanoparticles to 2 wt% the situation

R R-RhB

U-0.5-C U-1-C U-2-C

T-0.5-C T-1-C T-2-C

Fig. 7: SEM micrographs of different acrylic coating films exposed to accelerated weathering conditions (170 h in Q-Panel)
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becomes even worse so that severe defects in form of
big and deep holes appear throughout the surface
(U-2-C). This indicates the high photocatalytic activity
of untreated TiO2 nanoparticles. With the addition of
treated nanoparticles, the degradation in the coating is
still somehow observable but to a much lower extent
(T-2-C). This can be attributed to lower photocatalytic
effect and better dispersion of silica treated TiO2

nanoparticles in the coating. The decrease in photo-
catalytic activity of TiO2 as the result of surface
treatment, which leads to a better performance of
the coating, is more evident at higher nanoparticles’
loadings.

Gloss is an appearance property that is very impor-
tant for many coatings.52 It is affected by the coating
substrate and both the thickness and evenness of
the coating itself. Gloss measurements quantify the
amount of light reflected from the object’s surface at the
specular angle. Degradation usually leads to poor gloss
owing to diffuse light scattering. The total gloss loss after
weathering is often a good indication of coating perfor-
mance as well as a guide to perceived appearance.53 The
results for gloss measurement of the coating samples
containing various levels of nanoparticles and exposed
to UVA irradiation are shown in Fig. 8. The results
show that at zero-time exposure with the addition of
both treated and untreated TiO2 nanoparticles the gloss
of the coating is reduced. The more evident reduction
for the untreated nanoparticles is due to the formation
of agglomerates on the surface of the coating, which
makes the surface rough and scatters the light. Obvi-
ously, with increasing the nanoparticles’ loading the
gloss of the surface is further reduced. At equal
concentrations of nanoparticles, the coatings containing
treated nanoparticles show less gloss loss and lower rate
of gloss reduction during accelerated weathering, as
compared to untreated nanoparticles. From these
results it can be supposed that silica grafting of nano-
particles rather improves gloss retention of acrylic

coating film compared with untreated nanoparticles.
The results obtained for the gloss measurements of the
coatings containing treated and untreated nanoparticles
are in agreement with the results of photocatalytic effect
and morphological studies.

Conclusions

TiO2 nanoparticles were surface treated by TEOS and
characterized with various techniques. The role of
surface treated TiO2 nanoparticles on self-cleaning
behavior of an acrylic facade coating was investigated.
In surface treatment of TiO2 in alkaline media a dense
layer of silica is formed on its surface around the
stoichiometric values.

SEM analysis confirmed that the silica treated
nanoparticles have a better dispersion in the coating
and form smaller aggregates compared with their
untreated counterparts. Colorimetric measurements
showed that the presence of TiO2 nanoparticles pro-
motes the degradation of Rh.B, the pollutant model, in
the acrylic coating. The treated TiO2 is less photoactive
than the untreated, but the treated particles may retain
enough photoactivity to be useful as self-cleaning
coatings. SEM analysis and gloss measurements proved
that the coatings containing treated TiO2 nanoparticles
have a better durability than those having untreated
ones. In other words, the treated nanoparticles are less
photoactive, but improved dispersion helps the bulk
properties. Considering the requirements for the self-
cleaning property and coating’s durability, loading
level and surface chemistry of TiO2 nanoparticles are
the two determining factors to obtain the optimum
coating performance. Eventually, it can be concluded
that addition of adequate amounts of silica treated
TiO2 nanoparticles (e.g., 2 wt%) into the acrylic
coatings provides a self-cleaning property in acrylic
facade coatings.
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