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Hollow glass microspheres coated with photocatalytic TiO, (HGM-TiO;), recently became commercially
available and have the distinct advantages of easy separation and recovery after treatment. With this in
mind, we determined the optimum conditions for hydroxyl radical generation from HGM-TiO, photocata-
lysis using response surface methodology (RSM). The hydroxyl radical yield and its average generation
rate are critical parameters for practical applications of TiO, photocatalysis. In this study, terephthalic
acid was used as a hydroxyl radical trap because of the selective formation of the readily detectable
Ad - hydroxyl radical adduct, 2-hydroxy terephthalic acid. Three independent variables, including loading of
vanced oxidation . . . . . oL . . .

Photocatalysis HGM-TiO,, concentration of terephthalic acid and irradiation time, were investigated. The 3D response
FTIR surface graphs of hydroxyl radical yield and average hydroxyl radical generation rate indicated that opti-
mum conditions of loading of HGM-TiO,, concentration of terephthalate acid and irradiation time were
8.0¢g/L, 4.0mM, and 20 min, respectively. Under these optimized conditions, we measured the photo-
catalysis employing HGM-TiO, for the remediation of dimethyl phthalate (DMP), as a representative
compound for problematic phthalate acid esters. HGM-TiO, photocatalysis leads to the rapid destruction
of DMP and there is a linear correlation between the DMP destruction and hydroxyl radical production.
The results of our study demonstrate RSM can be used to readily determine the optimal conditions for
hydroxyl radical production and the subsequent treatment of target compounds may be correlated to
the hydroxyl radical production during HGM-TiO, photocatalysis.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction oxygen species (ROS), including hydroxyl radical, hydrogen perox-

ide, singlet oxygen, and superoxide anion radical. Among the ROS,

Access to clean water is a global problem and one of the primary
causes of human health problems worldwide [1]. TiO, photocata-
lysis is an attractive method for the purification of water, due to
its abilities to effectively degrade a tremendous variety of tox-
ins and pollutants [2]. The degradation processes are initiated at
the surface of TiO, [3]. When TiO, is photoexcited by photons
with energy equal to or greater than the band gap, an electron is
promoted from the valence band to the empty conduction band,
resulting in an electron-hole pair. Electron-hole pairs can recom-
bine or migrate to the surface and react with the adsorbed species
on TiO, surface. The process can generate a variety of reactive

Abbreviations: 2-HTA, 2-hydroxy terephthalic acid; ANOVA, analysis of variance;
DMP, dimethyl phthalate; FTIR, Fourier transform infrared spectroscopy; HGM-TiO,,
hollow glass microspheres coated with photocatalytic TiO,; ROS, reactive oxygen
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hydroxyl radical is generally responsible for the degradation dur-
ing UV TiO, photocatalysis in aqueous solution [4,5]. The processes
initiated during TiO, photocatalysis are represented in Egs. (1)—(8).
Hydroxyl radical is capable of reacting with most organic com-
pounds and many inorganic compounds often at nearly diffusion
controlled rates. Hydroxyl radical is a powerful electrophile and
reacts with organic substances mainly by the addition to double
and triple bonds, and aromatic rings, hydrogen-atom abstraction
from C(sp3y—H bonds, and electron transfer pathways [6]. Since the
performance of TiO, photocatalysis for water treatment processes
is highly dependent on hydroxyl radical, it is critical to evaluate and
optimize experimental conditions for maximizing hydroxyl radical
generation during TiO, photocatalysis.

TiO, + hv — hyp +egy (1)

ecg+ 02— 07" (2)
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205"~ +2H50 — Hy0, + 20H™ + 0, (3)
H,0 + h{y — *OH + H* (4)
OH™ + h{;y — *OH (5)
Hy0; + ez — OH™ +*OH (6)
TiO5 + hv + 305 — TiOy + 10, (7)
*OH + toxin — oxidation product (8)

In an attempt to improve the performance of UV TiO, photocata-
lysis, a variety of TiO, materials have been developed, including
surface modification [7], TiO, films [8], doped TiO, [9], TiO, nano-
tubes [10], porous TiO, microspheres [11] and microspheric cores
covered with TiO, shell/film [12]. Among these means, micro-
spheric cores covered with nano- or micro-sized shells are novel
fabricated composite materials and have received significant atten-
tion [13]. As an important composite material, HGM-TiO,, recently
became commercially available and has the major advantages of
easy separation and recovery. Thus, HGM-TiO, is promising for
use in industrial wastewater treatment plants and gaseous pol-
lutants reduction, due to unique properties, such as low density
(0.22 g/cm3), buoyancy, and transparency to visible light. However,
detailed studies on the photocatalytic performance and applica-
tions of HGM-TiO, have received limited attention.

An excellent study on the optimization of the experimental con-
ditions to produce the highest *OH yield during photocatalysis
using suspensions of Degussa P25 TiO, has been reported [14], but
to the best of our knowledge there are no reports on optimized
conditions for HGM-TiO, photocatalysis. The *OH generation rate is
also an important parameter, since a high generation rate results in
rapid degradation and short reaction times to achieve specific treat-
ment objectives. The specific experimental conditions are critical
to generation rate and yield of *OH during HGM-TiO, photocata-
lysis. For example, as the concentration of catalyst increases, the
photodegradation efficiency can increase to a maximum at a spe-
cific catalyst loading above which light scattering and screening
may reduce the TiO, photocatalytic efficiency. Terephthalic acid
(TA)was employed to trap *OH effectively and selectively. Although
quenching and inter filter effects may occur at high TA concentra-
tions, these issues are not significant under dilute concentrations
[15]. Another important factor is irradiation time. Since there are
significant costs associated with generation of UV light, it is impor-
tant to evaluate the treatment time required to achieve desired
levels of degradation. From our study, *OH yield increases, whereas
*OH generation rate decreases under extended irradiation time.
Photocatalytic deactivation can occur when the intermediate prod-
ucts compete for radical species (*OH) leading to inhibition of the
photocatalytic performance [16]. Therefore, it is critical to deter-
mine the optimal yield and rate of *OH generation, as a function of
loading of HGM-TiO,, concentration of TA and irradiation time.

The classical one-variable-at-a-time methodology does not
enable the study of combined effects of two or more variables
on a measured response. Probing each variable independently is
also labor intensive and time consuming. Thus, RSM was originally
developed by Box and Wilson [17], to access the interactions of
various variables simultaneously and provide an empirical descrip-
tion of effects of variables and their interactions on a measured
response. The RSM has successfully applied to determine the opti-
mal conditions for a variety of processes [18]. Herein, RSM is used
to optimize yield and average generation rate of *OH by HGM-TiO,
photocatalysis. A central composite design was used to investi-
gate the effects of three independent variables, namely loading of

HGM-TiO,, concentration of TA, and reaction time coded at five
levels.

The RSM results were used to guide the application of HGM-TiO,
photocatalysis in the photocatalytic degradation of DMP, as a model
for problematic phthalate acid esters which have wide spread use
and an annual production of approximately 4 million tons [19].
The US Environmental Protection Agency and European Union have
classified these compounds as priority pollutants [20,21] because
of the significant threat they pose on reproductive and behavioral
health of humans and wildlife at low concentrations [22,23]. HGM-
TiO, photocatalysis leads to the rapid destruction of DMP and there
is a linear correlation between the DMP destruction and hydroxyl
radical production. The results of our study demonstrate RSM can
be used to readily determine the optimal conditions for hydroxyl
radical production and the subsequent treatment of target com-
pounds can be correlated to the hydroxyl radical production during
HGM-TiO, photocatalysis.

2. Materials and methods
2.1. Chemicals

HGM-TiO, material was obtained from Microsphere Tech-

nology Limited (Limerick, Ireland). The characterization
information of this material (including median diame-
ter, particle size) is available from the company website
http://www.microspheretechnology.com/photospheres.php.
TA (disodium salt) and DMP were purchased from Aldrich. HPLC
grade methanol was obtained from Fisher. 2-Hydroxy terephthalic
acid (2-HTA) was synthesized for calibration by using a published
method [24]. All the chemicals were used without further purifi-
cation and all solutions were made with Millipore filtered water
(18 M2 cm).

2.2. Fourier transform infrared spectroscopy (FTIR)

The TA and DMP loaded HGM-TiO, were prepared by adding
1.0 g HGM-TiO; into 100 mL solution with 1.0 g TA or DMP. The sus-
pension was puton an orbit shaker at 300 RPM for halfan hour. Solid
samples for FTIR were separated, and dried in a vacuum oven at
room temperature. FTIR was collected using Perkin Elmer Spectrum
100 FTIR spectrometer.

2.3. Photocatalytic and analytical methods

HGM-TiO, suspension was prepared by suspending HGM-TiO,
into 100mL TA aqueous solution in a Pyrex cylindrical reactor
(12 x 1in., ~150mL capacity, with a vented Teflon screw top).
The suspension was magnetically stirred and purged with oxygen
gently for 15 min prior to radiation and during the reaction, in order
to maintain the adsorption/desorption equilibrium. The suspen-
sions were irradiated in a Rayonet photochemical reactor (Southern
New England Ultra Violet Company, http://www.rayonet.org,
model RPR-100), equipped with a cooling fan on the bottom and
four phosphor-coated low-pressure mercury lamps (RPR 350 nm,
8.34 x 1079 EinsteinmL~1s~1). Samples (3 mL) were taken from
the suspension at given time intervals and immediately filtered
through a 0.45 wm PTEFE filter to remove suspended particles prior
to analysis.

TA is used to selectively trap *OH and to produce 2-HTA with a
percent yield of 35% [25] (Scheme 1). The yield of *OH is quantified
by fluorescent measurement of the generated 2-HTA. 2-HTA was
excited at 315 nm to emit fluorescence at 425 nm [26], which was
measured on a Horiba FluoroMax 3 spectrofluorometer.
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Scheme 1. Reaction of TA with *OH.

Table 1
Central composite design for RSM.

Experiment entry Variable in coded levels

X1 X2 X3

1 -1 -1 -1
2 -1 -1 1

3 -1 1 -1
4 -1 1 1
5 1 1 1

6 1 1 -1
7 1 -1 1

8 1 -1 -1
9 0 0 o

10 0 0 —o
11 0 o 0
12 0 —o 0
13 o 0 0
14 o 0 0
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 (0]
19 0 0 0
20 0 0 0

2.4. Experimental design and data analysis

To identify best combination of experimental parameters for
optimal *OH generation, RSM was applied. Central composite
design was employed for the optimal conditions. A full factorial
5-level experimental design with 3 variables needs to run 53 =125
experiments. However, as shown in Table 1, application of the cen-
tral composite design reduces the number of required experiments
to 20 (8 factor points, 6 axial points and 6 replications at the cen-
ter points) [27]. Alpha («) is the coded level of axial point from the
center. The coded level is (x;) defined by the following equation:

_Xi—Xo
xl - AX, (9)

where X is the real value of the independent variable at the center
point, X; is the real value of the independent variable, and AX; is
the step changing value.

In this study, the loading of HGM-TiO, (X7 ), TA concentration
(X3) and irradiation time (X3) were varied. The real levels and
coded levels are showed in Table 2. The equation can quantitatively
describe the predicted response as a function of three variables
and the optima of three variables are obtained by surface response.
Herein, Y is the yield of *OH or its average generation rate, which is

Table 2
Real and coded levels of three variables.
Variable Symbol coded  Coded level
—o(=2) -1 0 1 o (2)
[HGM-TiO,] (g/L) Xi 2 4 6 8 10
[TA] (mM) X, 1 2 3 4 5
Irradiation time (min) X3 5 10 15 20 25

9
100 | -
90 i
8 r
< 70 ¢
(]
2 60
s
g 50
§ 40 —HGM-TIO2
30 ===HGM-TiO2 + DMP
20 L ——HGM-TiO2 + TA
10 T T T T T T
3600 3100 2600 2100 1600 1100 600
wavenumber (cm!)
Fig. 1. FTIR spectra of HGM-TiO,, TA- and DMP-loaded onto HGM-TiO,.
defined by the following equation:
Y = bo = b1X1 = bzXz + b3X3 + b12X1X2 + b]3X1X3 + b23X2X3
+b11X] + bpaXZ + b33X3 (10)

where Yis the predicted response, by is the intercept, by, b, and b3
are linear coefficients, by,, b13 and b,3 are squared coefficients, b11,
by, and b33 are quadratic coefficients.

2.5. Degradation and analysis of DMP

The optimal conditions for the generation of *OH were employed
for degradation of DMP. The concentration of DMP residual was
analyzed using a Varian ProStar HPLC system equipped with a
ProStar 410 autosampler and a ProStar 335 photodiode array
detector with the stationary phase being a Luna RP C18 column
of 250 mm x 4.6 mm LD. (5 um particle size). The mobile phase
consisted of a mixture of water (50%) and methanol (50%), and
detection wavelength was 230 nm. The flow rate was 1 mLmin~!
and the injection volume is 30 L at room temperature [28]. The
retention time of DMP is ~12.2 min under these HPLC conditions.

3. Results and discussion
3.1. FTIR

The FTIR spectra of were recorded in the range 600-4000 cm™!
to identify the functional groups of HGM-TiO, and access the
adsorption of TA and DMP onto HGM-TiO, (Fig. 1). For the neat
HGM-TiO, sample, the infrared band at 3374 cm~! shows the pres-
ence of OH stretching vibration [29], while the IRband at 1631 cm™!
is ascribed to Si—H,0 adsorption [30,31]. The peak at 1404 cm™!
corresponds to O—H bending mode [32], the band at 1019cm™!
corresponds to Si—OH and Si—O—Ti vibration modes [33] while
a Ti—O—Ti band appears at 787 cm~!. These assignments clearly
demonstrate the HGM-TiO, contains characteristic bands associ-
ated with TiO, and glass [34]. The DMP loaded HGM-TiO, materials
exhibit a band at 2954cm~! corresponding to Csp3)—H stretch-
ing [35], a band at 1727 cm™! is assigned to C=0 stretching [36],
a C—O0 stretching band at 1289 cm~!, a band at 743 cm~! indicative
of ortho-disubstituted benzene ring [37] and a band at 1434 cm™!
is assigned to C—H group [38]. For TA loaded HGM-TiO,, the band
at 1555 cm~! corresponds to antisymmetric —CO, stretching [39],
the band at 823 cm~! is ascribed to =C—H bending of an aromatic
ring [40]. The remaining bands are ascribed to HGM-TiO,. The
results demonstrate adsorption of DMP and TA onto the HGM-TiO,
materials.
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Table 3
RSM central composite design and experimental and expected responses.

X1 Xa X3 Experimental Y; Predicted Y; Experimental Y, Predicted Y,
6 3 5 95.8 99.4 19.17 18.28
6 3 15 176.7 176.5 11.78 11.80
6 3 25 2282 221.6 9.13 9.73
2 3 15 108.0 114.1 7.20 7.39
10 3 15 2021 192.4 13.47 13.02
6 1 15 115.0 114.7 7.67 7.63
6 5 15 1744 1711 11.63 11.34
4 2 10 107.0 103.1 10.70 11.11
4 2 20 1520 152.1 7.60 7.36
8 2 10 1315 1333 13.15 14.08
8 2 20 1780 188.3 8.90 9.25
4 4 10 1209 116.3 12.09 12.57
4 4 20 1795 183.5 8.97 8.85
8 4 10 1526 158.3 15.26 16.30
8 4 20 2219 231.5 11.09 11.50
6 3 15 1759 176.5 11.72 11.80
6 3 15 1774 176.5 11.83 11.80
6 3 15 1769 176.5 11.79 11.80
6 3 15 176.0 176.5 11.73 11.80
6 3 15 1775 176.5 11.83 11.80

w
N

Model fitting and 3D response surface

The data of *OH yield and average rate of *OH generation are
shown in Table 3. The experimental data were fitted to empiri-
cal second-order polynomial models by a regression function in
Microsoft Excel 2007. The results indicate that the experimen-
tal and expected responses match well, and the experimental
responses fit the second-order polynomials well. The empirical
second-order polynomials were obtained as the following two
equations:

Y1 = —98.78 + 20.49X; + 41.91X, + 7.28X3 + 1.48X1 X
+0.15X1X3 + 0.91X,X3 = 1.45X? — 8.39X2 - 0.16X3  (11)

Y, = 6.71 +2.02X; +3.81X5 — 0.93X3 + 0.096X; X5 — 0.027X1 X3
+0.0015X,X3 — 0.10X7 — 0.58X3 + 0.022X? (12)

where Y is the predicted response of yield of generated *OH (M),
Y, is the predicted average generation rate of *OH (wM/min), the
variables of X1, X5 and X3 are the loading of HGM-TiO, (g/L), con-
centration of TA (mM) and irradiation time (min), respectively.

In order to check the adequacy of the second-order models, the
significance test and analysis of variance (ANOVA) were employed
for the second-order models for *OH yield and the average *OH
generation rate. The significance tests of estimated regression
coefficients for *OH yield and average *OH generation rate are
shown in Table 4. The probability value (P) of coefficients was
greater than 0.05, indicating the term did not have a significant
effect on the predicted response. Otherwise, it was rejected and this

Table 4
Estimated regression coefficients for *OH yield and the average *OH generation rate.

Term  °*OH yield Average *OH generation rate

Coefficient ~ Std.error P Coefficient ~ Std.error P
X1 20.49 6.71 0.012 2.02 0.60 0.007
X5 41.91 13.43 0.011 3.81 1.19 0.010
X3 7.28 2.69 0.022 -093 0.24 0.003
X1X2 1.48 1.23 0.256 0.096 0.11 0.398
X1X3 0.15 0.24 0550 -0.027 0.022 0.236
X5Xs3 0.91 0.49 0.093 0.0015 0.044 0.973
X1Xq —1.45 0.35 0.002 -0.10 0.031 0.008
XX, —8.39 1.38 0.000 -0.58 0.12 0.001
X3X3  —0.16 0.055 0.015 0.022 0.0049 0.001

term influenced the predicted response at a significant confidence
level. ForEqs.(11)and (12), X1, X2, X3, X1 X1, X2X3 and X3X3 were sig-
nificant terms for the predicted response, and X; X5, X1 X3 and X3 X3
were insignificant terms. The determination coefficient (R?) for *OH
yield was calculated as 0.982, which can explain the variability of
response at a 0.982 confidence level. Moreover, the adjusted R2
value of 0.966 was also close to 1. For Y5, R? was 0.974 and adjusted
R? was 0.951. Therefore, as well as the model for *OH yield, the
predicted values had a good agreement with experimental data.

The response surface models were further analyzed by ANOVA
and the output results are summarized in Table 5. The P value
of regression model was less than 0.05, so the models were ade-
quate to describe the variability of Y; and Y, as a function of X,
X, and X3. The linear and square effects were highly significant
for the predicted responses, whereas the interaction effects were
insignificant. In conclusion, both Eqs.(11)and (12) are good approx-
imations.

To obtain the optimal conditions for *OH generation, the 3D
response surface technique was employed to evaluate the effects
of independent variables on Y; and Y5. Fig. 2 shows the effect of
any two independent variables on the *OH yield and its average
*OH generation rate, keeping the coded level of the third one at its
central level (0).

Fig. 2a, ¢, d and f demonstrates the effect of concentration of TA
on Y; and Y5. Y7 and Y, increase with increase in concentration of
TA until Y; and Y, reach a highest value. The optimal value of con-
centration of TA for Y; and Y, is 4.0 mM. The effect of loading of
HGM-TiO, on Y7 and Y5 is shown in Fig. 2b, c, e and f. The optimal
value of concentration of HGM-TiO, on Y; and Y5 is 8.0 g/L. Fig. 2a,
b, d and e demonstrates the effect of irradiation time on Y; and
Y>. *OH yield increases whereas the average *OH generation rate
decreases with increase in irradiation time. The competition for
hydroxyl radical between TA and the oxidation products and TA
consumption are factors leading to the observed decrease in ¢«OH
generation rate. Although the overall *OH yields increase with irra-
diation time, the rate of «OH yield slowed significantly after 20 min.
Thus, the optimal time for Y; and Y; is 20 min. In summary, the opti-
mal conditions for the yield of *OH were 8.0 g/L HGM-TiO-, 4.0 mM
TA and 20 min for irradiation time.

3.3. The degradation of DMP

The optimal conditions for the *OH generation were applied for
the degradation of DMP. The initial concentration of DMP is 50 .M.
The loss of DMP follows the pseudo-first order kinetic model. The
pseudo-first order kinetic model can be expressed as [41]:

dc] _

T —k[C] (13)
After definite integration, the equation becomes
In (%) —kt (14)

where k is the rate constant of pseudo-first order model (min=1),
t is time (min), Cy is the initial concentration of DMP (M) and C
is the concentration of DMP (JuM) at the specific time. Since R? of
plot of In Cy/C versus t is greater than 0.95, the experimental data
fit the pseudo-first-order model nicely.

As shown in Fig. 3, the rate constants for degradation of DMP
increased with increase in loading of HGM-TiO,, and reached the
highest at 8.0 g/L HGM-TiO,. No significant increase is observed at
loading levels above 8.0 g/L HGM-TiO,. At high loadings of HGM-
TiO, (>8.0 g/L), the rate does not change but the standard deviation
becomes larger due to the light scattering and screening effects.
Therefore, the loading of HGM-TiO, = 8.0 g/L was considered opti-
mal. In order to assess the relationship between *OH yield and



Table 5

ANOVA for the second-order models of *OH yield and average *OH generation rate.
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Source *OH yield Average *OH generation rate
DF? Sum of squares F P DF Sum of squares F P

Regression 9 26446.4 60.99 0.000 9 144.03 42.08 0.000
Linear 3 23932.0 5.02 0.022 3 118.47 19.02 0.000
Square 3 2260.3 15.64 0.000 3 24.65 21.61 0.000
Interaction 3 254.0 1.76 0.219 3 0.90 0.79 0.526
Residual error 10 481.8 10 3.80

Total 19 26928.2 19 147.83

2 DF is degree of freedom.

degradation of DMP, the plot of degraded DMP against *OH yield
is demonstrated in Fig. 4. The *OH yield derived from Eq. (11) with
the coded level of X, at the central level (0) and X3 being 20 min,
showing increased *OH yield as the increasing of loading of HGM-
TiO, (2-10g/L). After 20 min, DMP was eliminated in presence of
>8.0g/L HGM-TiO,, in agreement with the optimal conditions of
*OH generation. The linear relationship between *OH yield and
DMP degradation indicates the *OH is responsible for degradation
of DMP. The bimolecular reaction rate constants for the reaction of
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Fig. 3. The rate constants of pseudo-first order kinetic model for degradation of
DMP as a function of HGM-TiO, loading. The data at 10, 12 and 15 g/L were not used
for the trend-line since the rate did not increase above 8.0 g/L. Error bars represent
standard deviation of triplicate experiments. The insert is the molecular structure
of DMP.
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-OH yield (uM)

Fig. 4. Plot of degraded DMP against *OH yield. Error bars represent standard devi-
ation of triplicate experiments.

4. Conclusions

The FTIR spectra show that the HGM-TiO, exhibits adsorp-
tion of TA (*OH trap) and DMP (target compound). The loading of
HGM-TiO0,, the concentration of TA and irradiation time affect *OH
generation significantly. The optimum conditions of *OH genera-
tion by HGM-TiO, were measured using RSM. Statistical analyses
indicate the empirical second-order polynomials can accurately
describe the *OH yield and the average *OH generation rate. The
3D response surface graphs showed that the optimum conditions of
loading of HGM-TiO;, concentration of TA and irradiation time were
8.0g/L, 4.0 mM, and 20 min, respectively. The optimal condition for
*OH generation by HGM-TiO, has applied to the degradation of
DMP. The degradation of DMP follows the pseudo-first order kinetic
model nicely, and rate constant increased linearly as increasing of
loading of HGM-TiO5 up to 8.0 g/L. We have demonstrated RSM can
be used to determine the optimal conditions for *OH generation.
Employing the optimal conditions, the problematic pollutant, DMP,
is readily degraded. The effective application of RSM for determin-
ing optimal conditions for hydroxyl radical production and rapid
destruction of DMP show HGM-TiO, photocatalysis is a promising
material for water treatment.
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