Applied Surface Science 387 (2016) 581-587

. : . . =
Contents lists available at ScienceDirect Applied

SEI!Jface Science

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Effects of porous films on the light reflectivity of pigmentary titanium
dioxide particles

@ CrossMark

Yong Liang, Bing Qiao, Tig-Jie Wang*, Han Gao, Keyi Yu

Department of Chemical Engineering, Tsinghua University, Beijing 100084, China

ARTICLE INFO ABSTRACT

Article history:

Received 13 April 2016

Received in revised form 16 June 2016
Accepted 23 June 2016

Available online 25 June 2016

The light reflectivity of the film-coated titanium dioxide particles (TiO; ) as a function of the film refractive
index was derived and calculated using a plane film model. For the refractive index in the range of
1.00-2.15, the lower the film refractive index is, the higher is the light reflectivity of the film. It is inferred
that the lower apparent refractive index of the porous film resulted in the higher reflectivity of light, i.e.,
the higher hiding power of the titanium dioxide particles. A dense film coating on TiO, particles with
different types of oxides, i.e., SiO, Al,03, MgO, ZnO, ZrO,, TiO,, corresponding to different refractive

I{eywords: . indices of the film from 1.46 to 2.50, was achieved, and the effects of refractive index on the hiding power
Titanium dioxide .. . . . . .

Coatin from the model prediction were confirmed. Porous film coating of TiO, particles was achieved by adding
Porous film the organic template agent triethanolamine (TEA). The hiding power of the coated TiO; particles was
Template increased from 88.3 to 90.8 by adding the TEA template to the film coating (5-20 wt%). In other words,

the amount of titanium dioxide needed was reduced by approximately 10% without a change in the hiding
power. It is concluded that the film structure coated on TiO, particle surface affects the light reflectivity
significantly, namely, the porous film exhibits excellent performance for pigmentary titanium dioxide

Light reflectivity
Hiding power

particles with high hiding power.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO;) is an excellent white pigment that is
widely used in paints, plastics, paper, rubber, ink and other indus-
tries. It has three crystal structures in nature, i.e., rutile, anatase and
brookite. Rutile titanium dioxide has high hiding power because of
its high refractive index. The hiding power represents the ability of
TiO, particles in a paint layer to cover the background light from
the matrix, which is contributed from a large number of TiO, par-
ticles. It is assumed that high reflectivity of a single TiO, particle
indicates high reflectivity of the TiO, particles in the paint layer.
The reflectivity of particles determines the hiding power of parti-
cles in the paint layer: high reflectivity corresponds to high hiding
power.

However, titanium dioxide also has strong photocatalytic activ-
ity: it produces electrons and holes under UV light irradiation,
which react with water and oxygen to generate radicals that cat-
alyze and degrade the organic matter around the titanium dioxide

* Corresponding author.
E-mail address: wangtj@tsinghua.edu.cn (T.-]. Wang).

http://dx.doi.org/10.1016/j.apsusc.2016.06.131
0169-4332/© 2016 Elsevier B.V. All rights reserved.

particles [1-4]. This results in chalking and life shortening of the
painting layer. To increase the weather durability of the TiO, parti-
cle, the surface needs to be coated with a shield film of inert oxides,
e.g., silica and alumina. The co-precipitation method is usually
used for the inorganic film coating. By titrating inorganic salts and
acid/alkali solution into the TiO, suspension, an oxide or hydrox-
ide film is coated on the TiO, particle surfaces, which increases the
weather durability of TiO, particles [5-9].

In our previous work, it was confirmed that the apparent degra-
dation rate coefficient of titanium dioxide with rhodamine-B was
reduced as the amount of coating on the TiO, particle surface
increased. In other words, the weather durability of coated TiO,
particles increased [10,11]. However, the hiding power of the
coated TiO, particles decreased as the coating amount increased.
The factors affecting the hiding power of titanium dioxide particles
were studied and reported in the literature. By using light scat-
tering theory and numerical calculation, Fitzwater et al. [12] and
Auger et al. [13] studied the effects of volume fraction of titanium
dioxide and the painting thickness on the scattering efficiency of
the painted layer to optimize the painting formulation. Veronovski
etal.[14] found that TiO, particles have a better spatial distribution
and scattering efficiency because the porous film-coated TiO, parti-
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cles have a thicker film structure compared with that of the dense
silica-coated TiO, particles. This causes the TiO, particles coated
with porous silicon oxide to have a lower transmittance and higher
hiding power.

For TiO, particles, the light reflectivity is mainly affected by
the difference in refractive indices between core TiO, particles and
their surroundings. The higher the difference between the refrac-
tive indices is, the higher is the light reflectivity of the particles [15].
Theoretically, uncoated TiO, particles have high hiding power due
to the high difference of refractive indices with their surroundings.
However, for film-coated TiO, particles, the surrounding of the core
TiO, particles is the inorganic oxide film (n;) instead of an organic
matrix (ng), as shown in Fig. 1(a). Generally, the refractive index
of the inorganic oxide film (n;) is higher than that of the organic
matrix (ng), hence, the hiding power of the coated TiO, particles
decreased because the difference in refractive indices decreased.
For the same apparent hiding power, the higher the hiding power
of the coated TiO, particles was, the lower was the amount of tita-
nium dioxide needed, i.e., the lower the cost. Achievement of high
weather durability and high hiding power by fabricating the coated
film structure on the TiO, particle surface is desired.

The porous films are likely to increase the hiding power of coated
TiO, particles because of their lower apparent refractive indices
compared with the dense films. The preparations of porous alu-
mina have been reported in the literature. Alphonse et al. [16]
controlled the specific surface area, pore volume and pore size dis-
tribution of porous alumina by adding different organic templates
and inorganic ions. Zhu et al. [17] added PEO template in the alu-
mina synthesis process to produce a porous structure. Masoumeh
et al. [18] prepared porous alumina with different pore size distri-
butions using different aluminum sources and precipitating agents.
Goparaju et al. [19] adjusted the film structure coated on the tita-
nium dioxide particles by controlling the pH in the coating process.
Porous alumina structures can be produced by adding different
templates and adjusting the preparation process.

In this paper, the change in light reflectivity of the coated film
with the film refractive index was calculated using a plane film
model. Studies of TiO, particles coated with films of various oxides
were conducted to verify the prediction of the effects of the refrac-
tive index from the model. The porous Si+ Al composite film was
prepared by addition of the organic template triethanolamine (TEA)
and subsequent calcination. The relationship of the pore volume in
the coated films on TiO, particles surface with the light reflectivity,
i.e., hiding power of coated TiO, particles, was determined. A low-
cost coated titanium dioxide product with high weather durability
and high hiding power was prepared.

2. Reflectivity of film-coated TiO; particles

When incident light irradiates the surface of a single TiO,
particle, light reflection, scattering, and absorption occur. For sim-
plification of the analysis, only the reflection and transmittance
was considered in the following discussion. Because the thickness
of the coated film on the surface of TiO, particles is usually less
than 20 nm, which is much lower than the TiO, particle diameter
(approximately 300 nm in average), the spherical film model of a
single coated TiO, particle was simplified to a plane film model.
The reflectivities of coated films with various refractive indices
were calculated, and the relationship between the film reflectivity
and the film refractive index was determined through a plane film
model. As shown in Fig. 1(b), the incident light from the surround-
ing environment irradiates the coated film surface at an angle of 6.
The incident light vector is Ey, and the reflected light vectors are Eq,
E,, E3 ---. The optical path difference of any two adjacent reflected
lights from the surface of the coated film is AL = 2nyd;cos6, [20],

wherein n; is the refractive index of the coated film, d; is the coated
film thickness, and 6; is the angle of refraction. To simplify the
analysis, only vertically incident light is discussed below. Then,
6o =61 =0° and A is the wavelength of the incident light, the phase
difference is,

8227T/)\.><2Tl1d1 (1)

Referring to Fig. 1(b), the reflection coefficients of light on the
upper and lower surface of the coated film interfaces 1 and 2 are

ri. 7,13, and r;, respectively. The transmission coefficients are
t

1 t2+ ,and t;, respectively. Each of the reflected light vectors from
the upper surface of interface 1 is,

Ey=r"E
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According to Eq. (2), the sum of the reflected light vector from
the upper surface of interface 1 is,
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According to the Fresnel formula [21], at interface 1,
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At interface 2,
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By combining Egs. (3) and (4), the total reflection coefficient on
the coating film of the upper surface is,
_ Er _ rt +r2+e‘15 7)
T Eo 14rtrpte s
The total reflectivity from the coated film of the upper surface
is,
Re |2 r{? + 2 +2rf ry*coss
=|r|“ =

(8)
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By combining Egs. (1), (5), (6) and (8), the film reflectivity was
calculated for various thicknesses and refractive indices of the
coated film. The curves of coated film reflectivity versus film thick-
ness were obtained, as shown in Fig. 2, by setting the refractive
index of the organic matrix ng to 1.4; the refractive index of pure
rutile titanium dioxide n, to 2.75; the film refractive index n; to
1.46 (corresponding to silica) or 1.76 (corresponding to alumina);
and the wavelengths of incident light A to 200, 500, and 800 nm.
The curves of film reflectivity versus the film refractive index were
obtained, as shown in Fig. 3, for a wavelength of the incident light
A at 500 nm; coated film thicknesses dq at 5, 10, 20, and 30 nm; and
the film refractive index ranging from 1.0 to 2.8.

Fig. 2 shows that the reflectivities of the films corresponding to
silica (n; =1.46) and alumina (n; =1.76) decrease with increasing
film thickness under the irradiation of UV light (200 nm), visible
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(a)

Fig. 1. Schematic diagram of film-coated TiO, particles in a paint layer and the light reflection and transmission.

(a) TiO, particles in paint layer; (b) Light reflection and transmission.
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Fig. 2. Light reflectivity as a function of the thickness of silica film (n; =1.46) and
alumina film (n; = 1.76) for different wavelengths.
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Fig. 3. Light reflectivity as a function of the film refractive index at different film
thicknesses.

light (500 nm) and infrared light (800 nm), indicating that the hid-
ing power decreases with the increase of the coating amount on
TiO, particles and that shorter wavelengths lead to more remark-
able hiding power decreases. It is inferred that uncoated TiO,
particles have the best hiding power. Fig. 3 shows that for different
coated film thicknesses, the film reflectivity initially falls and then

rises with an increase in the film refractive index. The thicker the
film is, the greater the influence is.
By substituting Eqgs. (1), (5), (6), and (8) into Eq. (9)

AR _dR dry | dR dry | dR_ deosd
dny — dr; dny  dry dny ' dcoss dny

When dR/dn; =0 and ny =2.15, the film reflectivity reaches a min-
imum at a film refractive index of 2.15. For the film refractive
index in the range of 1.00-2.15, the film reflectivity decreases as
the refractive index increases, while in the range of 2.15-2.80, the
film reflectivity increases as the refractive index increases. Suppos-
ing the coated film refractive index is 1.40 (organic matrix) or 2.75
(rutile titanium dioxide), the coated TiO, particles should have the
same reflectivity with uncoated TiO, particles, theoretically.

Because the composition and structure determine the apparent
refractive index of the films, it is inferred that high light reflectivity,
i.e., high hiding power, of coated TiO, particles can be achieved by
adjusting the composition or the structure of the films coated on the
surface of TiO, particles. Based on the above analysis, porous SiO,
and Al, 03 coated films can increase the hiding power of coated TiO,
particles as they have lower apparent refractive indices compared
with dense SiO,- and Al,03-coated films. Because SiO; and Al,03
are currently the most widely used coating materials in industrial
production, verifying the prediction has a practical and significant
purpose. Therefore, experiments were designed and conducted to
verify the model’s prediction in the following study.

(9)

3. Experimental
3.1. Reagents

Commercial TiO, particles (technical pure, Jiangsu Hongfeng
Titanium Company, China) from the sulfate process, in which
TiO, particles were produced by the hydrolysis of TiOSO4 and a
subsequent calcination, were used in the experiments. The TiO,
particles have the rutile structure and an average diameter of
300 nm. They were pure without any preliminary treatment. All
other chemicals used, namely, Al;(SO4)3-18H50, Na;SiO3-9H,0,
Mg504-7H20, ZHSO4-7H20, ZI'(SO4 )2-4H20, TI(SO4 )2. NaOH, Hz 504.
triethanolamine (TEA) and rhodamine-B, were analytical reagent
(AR) grade.

3.2. Coating process

Coating experiments were conducted in a flask, and the pH was
monitored online using a pH meter. First, 150 g of TiO, particles
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were dispersed in 300 g of deionized water by an ultrasonic treat-
ment for 30 min to produce a TiO, suspension at a concentration
of 500 g/L. In the coating and aging processes, the temperature was
controlled at 60 °C by a constant temperature bath. The operating
procedures were as follows.

(1) SiO, single layer coating. 1 mol/L Na,SiO3 solution and 1 mol/L
H,S04 solution were together titrated into the TiO, suspen-
sion. The TiO, suspension was stirred vigorously, and its pH
was controlled at 9 by adjusting the titration rate of the H,SOy4
solution while keeping the titration rate of the Na,SiO3 solu-
tion constant. After the titration, the suspension was aged for
2 h under stirring. Then, the coated TiO, particles were filtrated
and washed three times and dried at 105 °C for 24 h. The amount
of SiO, coating was 2.0 wt% (SiO,/TiO3).

(2) MgO single layer coating. 1mol/LMgSO4 solution and
4.5mol/LNaOH solution were together titrated into the
TiO, suspension. The TiO, suspension was stirred vigorously,
and its pH was controlled at 5 by adjusting the titration rate
of the NaOH solution while keeping the titration rate of the
MgS0O, solution constant. After the titration, the suspension
was aged for 2 h under stirring. Then, the coated TiO, particles
were filtrated and washed three times and dried at 105 °C for
24 h. The amount of MgO coating was 2.0 wt% (MgO/TiO5 ). The
coating amounts and the coating processes of Al,03, ZnO, ZrO,
and TiO, were the same as that of MgO.

(3) Si+Al composite coating. For the Si+Al composite coating, a
mixed solution of 0.5 mol/L Al;(SO4)3 with a fixed amount of
1 mol/LH;S04 solution was prepared and then together with
1 mol/LNa,SiO3 solution was titrated into the TiO, suspension
at a constant rate. The equivalent coating amounts of SiO, and
Al,03 were set at 5.0 wt% and 3.0 wt%, respectively. The slurry
pH gradually decreased from approximately 9-5 after finishing
the titration without control. After filtration, washing and dry-
ing as above, the sample was obtained and marked as 5%Si3%Al.

3.3. Evaluation of the weather durability

The weather durability of the film-coated TiO, particles was
evaluated by examining the degradation of rhodamine-B in the TiO,
suspension under UV irradiation. Rhodamine-B is a pink, basic dye
with molecular formula CygH31CIN,O5.

Coated TiO, particles are still able to degrade rhodamine-B
under UV irradiation. The photodegradation kinetics of TiO, par-
ticles is a typical heterogeneous catalytic reaction which follows
the Langmuir adsorption model [22-26]. The rate expression from
the Langmuir—Hinshelwood kinetics is often approximated using a
first-order kinetic expression when the rhodamine-B concentration
is less than 103 M [27].

dC  kXKC
=~ = Tk = KkrKC =kappC (10)
In (C/Co) = —kappt (11)

where r is the reaction rate in mgL~! min~!, C is the concentra-
tion of rhodamine-B in mgL-!, t is the reaction time in min, k;
is the reaction rate constant in mgL~! min—!, K is the adsorption
equilibrium constant in Lmg~1, kqpp is an apparent first-order rate
constantin min~!, and Cy is the initial concentration of the solution
after saturation adsorption in mgL~1. At each 30-min interval, the
rhodamine-B concentration was measured (C;, i=0, 1, ..., 4). The
data points are arranged in a straight fitted line for In(C/Cy) versus t,
with a slope that is the apparent first-order rate constant. A lower
kapp indicates a lower degradation rate and lower photocatalytic
activity of the TiO, particles.

Coated TiO, particles (400 mg) were dispersed in 100 mL of
rhodamine-B solution with a concentration of 4 mg/L. For a pre-
cise measurement, a sufficient adsorption in the suspension was
conducted in the dark for 30 min under vigorous stirring and at a
constant temperature and air flow rate. Then, the suspension was
irradiated under UV light from low pressure mercury lamps (dom-
inant wavelength 254 nm, 32 W) for 120 min [11]. Samples of the
suspension were taken every 30 min and centrifuged for 10 min.
The suspension supernatant liquid was analyzed with a UV-visible
spectrophotometer (TU-1901Persee, Beijing, China). The character-
istic absorbance of rhodamine-B at 554 nm was measured and used
to characterize the concentration of rhodamine-B, from which the
degradation rate of rhodamine-B was calculated.

3.4. Evaluation of the hiding power

According to the Chinese national testing standards (GB/T
5211.17-1988) [28], the hiding power of the coated TiO, particles
was measured as follows: 12 g of coated TiO, particles were thor-
oughly ground in an agate mortar, and mixed completely with 100 g
of glass beads and 50.5 g of alkyd resin by shaking for 15 min. The
ground mixture was coated on the black and white substrates to
produce paint layers with different thicknesses by using an auto-
matic coating machine. Then, the paint layers were dried for 24h
at room temperature. The reflectivities of the paint layers on the
black and white substrates, which were represented by Rg and Ry,
respectively, were measured by a reflectometer at four different
positions of the paint layers. Then, the average value Rg/Ry, change
with the thickness of the wet paint layer was obtained. According
to the standard, the Rg/Ry, value of the wet paint layer thickness at
100 pm is defined as the hiding power of TiO, particles.

3.5. Characterization

Nitrogen adsorption and desorption isotherms at 77K were
obtained using a Quantachrome AUTOSORB-1 automated gas sorp-
tion system. In addition, the specific surface area of the coated TiO,
particles was then calculated according to the BET equation, and the
pore volume and pore size distribution of the coated TiO, particles
were obtained according to the density functional theory (DFT).
The morphology and structure of the coated TiO, particles were
examined with a high-resolution transmission electron microscope
(HRTEM, JEM-2011, JEOL Co., Tokyo, Japan).

4. Results and discussion
4.1. Effects of the refractive index of dense film on hiding power

The theoretical calculation indicates that the film refractive
index affects the light reflectivity and then affects the hiding power
of coated TiO, particles. Therefore, the coating of dense films on
TiO, particles with various oxides (i.e., different refractive indices)
was designed and achieved. The SiO,, Al,03, MgO, ZnO, ZrO, and
TiO,, films with refractive indices of 1.46, 1.73, 1.76, 2.00, 2.17, and
2.50, respectively, were coated on TiO, particles with a coating
amount of 2 wt%, as shown in Fig. 4. From the TEM images, it is seen
that the coated films on TiO, particles were dense and continuous.

The hiding powers of coated TiO, particles with different film
refractive indices were measured, as listed in Table 1. Table 1 shows
that the film compositions have significant effects on the hiding
power (i.e., the light reflectivity). The refractive indices increases
from 1.46 to 2.17 (i.e., SiO,, MgO, Al;03, ZnO and ZrO,, in turn), and
the corresponding hiding powers of coated TiO, particles decreases
from 93.2 to 91.5, which is in line with the trends of the calculation
results. For the film coating with TiO, materials, as the TiO, film
is amorphous, its film refractive index is 2.50. The uncoated TiO,
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Fig. 4. TEM images of TiO, particles coated with different oxide film (2 wt%).

Table 1

Film refractive index and hiding power of TiO, particles coated with different oxide films (2 wt%).
Film material SiO, MgO Al,03 Zn0O Zr0, TiO, No film
Refractive index (—) 1.46 1.73 1.76 2.00 217 2.50 2.75
Hiding power (%) 93.2+0.3 92.8+0.2 924403 91.7+£0.2 91.5+0.2 92.9+0.3 93.5+04

::.20 il . :
Fig. 5. TEM image of 5%Si3%Al film coated TiO, particles.

particles, regarded as coated TiO, particles with a film of rutile tita-
nium dioxide (2 wt%) have a film refractive index of 2.75. The hiding
power increases as the film refractive index increases in the range
of 2.17-2.75, which also coincides with the trend of the calculation.

4.2. Characteristics of the porous film produced

From the calculations and analysis, it was shown that the TiO,
particles coated with the porous films have higher hiding pow-
ers when the porous films have lower apparent refractive indices.
Experiments were designed and conducted to verify the predic-
tion. The porous film coating was conducted by addition of organic
templates into the film and subsequent calcination. Because tri-
ethanolamine (TEA) can chelate aluminum ions, TEA was added
in the process of Si+Al composite coating to produce a porous
structure by calcinations. In the absence of TEA, the dense and
continuous film of the Si+ Al composite was coated on TiO, par-
ticles, and no porous structure was observed in the film, as shown
in Fig. 5(a). Conversely, obvious porous structure was observed in
the film with TEA addition and subsequent calcination, as shown
in Fig. 5(b).

a.no TEA; b. TEA 10 wt%(TEA/film), calcination: 400°C, 2 h.

/
7/
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Fig. 6. Nitrogen adsorption and desorption isotherms for 5%Si 3%Al film-coated TiO,
particles. The inset is the enlarged view of the adsorption isotherms at the low-
pressure stage.

Fig. 6 shows the nitrogen adsorption and desorption isotherms
for the TiO, particles coated with the Si + Al composite. The nitrogen
adsorption volume increases slowly as the pressure increases in the
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Table 2
Parameters and index of 5%Si 3%Al film-coated TiO, particles.

Sample SSA (m?/g) Pore volume (cc/g) 0-6nm Pore volume (10-3cc/g) Refractive index Hiding power (%) Weather durability, Kypp-103
0 8.72 0.016 347 1.486 88.3+ 0.3 1.7
5% 9.24 0.017 3.72 1.483 89.9+0.2 13
10% 11.53 0.021 4.69 1.470 90.8+0.2 1.3
15% 10.00 0.020 3.52 1.485 89.4+03 1.6
20% 10.48 0.020 3.93 1.479 90.0+0.3 0.9
0.04 4 1.00
_ 0.95]
L0 0.03 E
S i
< =
o o 090 = ¥
0.02 1 m
& o ]
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> 0.85
L ]
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] O 5% Si3% Al+10% TEA
0.00 . 1 O 5% Si3% Al
10 0.7 +—+—1—"r—"r 7 77
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Fig. 7. Pore size distribution of 5%Si 3%Al film-coated on the TiO, particles.

low and middle pressure stages, and the adsorption and desorption
curves overlap, which indicates that the pore fraction in the sample
is not high. This is because the rutile TiO, particles are the main
fraction, which have a dense structure that can be considered as
the non-porous particles. The inset in Fig. 6 shows an enlarged view
of the adsorption isotherms at the low-pressure stage. Different
from the film without TEA addition, the film after TEA addition is
more porous. Based on the mass estimation, for a coating amount
of 8%, the coated film thickness is approximately 8 nm. Thus, the
pore size inside the film is generally smaller than 8 nm. The size
distribution of the pores was calculated according to the DFT model,
as shown in Fig. 7. It is shown that there is a peak of 3-6 nm in the
size distribution, which dominates the internal pore size of the film.
The film of the coated TiO, particles without TEA addition also has
a peak of pore size in the 3-6 nm range, much lower than that of
the TEA addition.

4.3. Hiding power and weather durability of the TiO, particles
coated with porous film

To calculate the refractive index of the Si+ Al composite coated
film, it is assumed that the composite film is composed of silica and
alumina. According to the measured pore volume in the 0-6 nm
range, the average refractive index is calculated by Eq. (12),

o Tisiog Vsio, + Nano; X Va0 + Mair X Vair
Vsio, + Vaio0; + Vair

(12)

where ngjo,, Nai,0, and ng;, are refractive indices of silica, alumina
and air, respectively; and Vsjo,, Va0, and Vg are the volumes
occupied by silica, alumina and air in the film, respectively. The
refractive index of the Si+ Al composite film changed from 1.486
to 1.470 as TEA was added. Table 2 gives the specific surface area,
the pore volume of pores in the 0-6 nm range, the apparent refrac-
tive index, the hiding power and the weather durability for the
TiO, particles coated with the 5%Si3%Al composite film at differ-
ent TEA amounts. When adding TEA in the coating process, the
specific surface area and pore volume of the film-coated TiO, par-
ticles increased, indicating the pore quantity in the film increased.
For TEA addition amounts at 0-10%, the pore volume in the coated

Fig. 8. Rg/Rw as a function of the thickness of the wet paint layer for different TiO,
particles.

film increased as the TEA amounts increased. This resulted in the
decreased refractive index of the 5%Si3%Al composite film, leading
to the gradual increase of the hiding power of the coated TiO, parti-
cles from 88.3 to 90.8. This is consistent with the calculation results
in Fig. 3 and the experimental results in Table 1.

Table 2 also shows that the apparent degradation rate coeffi-
cient of rhodamine-B decreased after adding TEA, indicating that
the porous film increased the ability to capture electrons and holes.
Therefore, the porous film-coated TiO, particles also have a better
weather durability.

4.4. The advantages of the porous film coated TiO, particles

For uncoated TiO, particles (i.e., pure TiO; ), TiO, particles coated
with the 5%Si3%Al composite and 10% TEA addition (marked as
5%Si3%Al+10%TEA), and those without TEA addition (marked as
5%Si3%Al), Rg/Rw versus with the thickness of the wet paint layer
was obtained, as shown in Fig. 8. The thickness of the wet paint
layer has a significant influence on Rg/Rw. When the thickness is
less than approximately 150 m, the ratios Rg/Ryy is, in descending
order, those of pure TiO,, 5%Si3%Al+10%TEA and 5%Si3%Al. When
the thickness of wet paint layer increased to 300 wm, the ratios
Rg/Rw of all of the TiO, particles tends to 1.00.

For a thinner wet paint layer, e.g., thinner than 150 wm, the inci-
dentlightencounters not so many TiO particles in the transmission
path through the paint layer. The reflectivity of the single TiO, par-
ticle affects Rg/Rw significantly. For a thicker wet paint layer, e.g.,
thicker than 300 um, there are a large number of TiO, particles in
the light path. The reflectivity of a single TiO, particle affects Rg/Rw
little, leading Rg/Rw for different samples to tend to unity. Fig. 8
shows that setting the ratio Rg/Rw =0.90 requires wet paint layer
thicknesses of 75, 93 and 105 pwm for pure TiO,, 5%Si3%Al + 10%TEA
and 5%Si3%Al, respectively. Notably, the amount of TiO, needed for
5%Si3%Al + 10%TEA (hiding power is 90.8) was reduced by 11.4%,
compared with 5%Si3%Al (hiding power is 88.3). Therefore, porous
film can increase the hiding power of coated TiO, particles, greatly
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reducing the dosage of titanium dioxide in the application and the
costs.

5. Conclusions

The theoretical calculation and analysis on the light reflection
from a plane film model indicates that the apparent refractive index
of the coated film affects the film reflectivity significantly, which
corresponds to the hiding power of the coated TiO, particles. For
the refractive index of the coated film in the range of 1.00-2.15,
the film reflectivity decreases as the refractive index increases. For
the refractive index in the range of 2.15-2.80, the film reflectivity
increases as the refractive index increases. These predictions were
confirmed experimentally by coating films with various refractive
indices on the TiO, particles and examining the hiding power of
the film-coated TiO, particles. The coated films include dense films
with different types of oxides, i.e., SiO,, Al,03, MgO, ZnO, ZrO,,
TiO, and the porous films with different pore volume produced by
addition of TEA organic templates in the coating process and sub-
sequent calcination. The hiding power of the TiO, particles with
porous film coatings increased significantly, and the weather dura-
bility also increased. The hiding power increase from 88.3 to 90.8
indicated a savings of approximately 10% of the amount of TiO,
particles needed for reaching the same index of hiding power.
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