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Abstract—A titanium dioxide/hydroxyapatite/ultraviolet (TiO,/HAP/UV-A) system was used to remove sulfamethox-
azole (SMX) from water in a second-order response surface methodology (RSM) experiment with a three-level Box-
Behnken design (BBD) for optimization. The effects of both the primary and secondary interaction effects of three
photocatalytic reaction variables were examined: the concentration of SMX (X,), dose of TiO,/HAP composite (X,),
and UV intensity (X;). The UV intensity and TiO,/HAP dose significantly influence the SMX and total organic carbon
(TOC) removal (p<0.001). However, the SMX and TOC removal are enhanced with increasing TiO,/HAP dose up
to certain levels, and further increases in the TiO,/HAP dose result in adverse effects due to hydroxyl radical scavenging
at higher catalyst concentrations. Complete removal of SMX was achieved upon UV-A irradiation for 180 min. Under
optimal conditions, 51.2% of the TOC was removed, indicating the formation of intermediate products during SMX
degradation. The optimal ratio of SMX (mg L™) to TiO,/HAP (g L™") to UV (W/L) was 5.4145mg L™ to 1.4351 g
L™ to 18 W for both SMX and TOC removal. By comparison with actual applications, the experimental results were
found to be in good agreement with the model’s predictions, with mean results for SMX and TOC removal of 99.89%

and 51.01%, respectively.
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INTRODUCTION

Low concentrations of antibiotics have been observed in aquatic
environments because of their continuous discharge from waste-
water treatment plants (WWTPs), which has led to various prob-
lems such as the emergence of antibiotic-resistant bacteria [1-3].
Sulfamethoxazole (SMX, C,,H,;N;0,S) is a synthetic antibiotic that
belongs to the group of sulfonamide antibiotics. It is commonly used
for the treatment of bronchitis and urinary tract infections as well
as in veterinary medicine [1].

SMX is a nondegradable pollutant in aqueous media that might
not be treatable with traditional biological treatment systems because
of its antibacterial nature [4]. It is believed that SMX is not readily
biodegradable in WWTPs, although other studies concluded that
the SMX has the potential to be biodegraded given a very long re-
sidence time [5]. Alexy et al. [4] also reported the up to 27% of the
SMX biodegraded after 28 days. Thus, the continuous discharge of
SMX into the ecosystem could cause adverse effects, including the
development of more harmful bacteria with enhanced antibiotic re-
sistance [6].

In general, advanced oxidation processes (AOPs) act through
the formation of radicals that react with and destroy the target com-
pounds. The common AOPs include ozone, UV/ozone, and UV/
H,0, treatments, which involve oxidation by the generated hydroxyl
radicals. The UV-A/TiO, processes are dependent on several vari-
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ables, including the initial concentration, catalyst phase identity and
dose, electron acceptor identity, and the presence of non-target water
constituents [7]. For example, Degussa P-25 TiO, has been most
often applied to degrade SMX, and some studies have reported that
biomaterials can enhance the photocatalytic activity of TiO,. How-
ever, there are no reports on the enhancement of the potential of
TiO, for SMX degradation by biomaterials as hydroxyapatite (HAP).
The synergistic effect of HAP with TiO, should, without high cost,
lower the degree of the toxicity and antimicrobial activity of SMX
[8]. HAP is a biomaterial generally used as an adsorbent, and also
exhibits good biocompatibility [8,9]. Thus, the TIO,/HAP compos-
ite was used for the photocatalytic degradation of SMX, and the
effects of the TiIO/HAP molar ratio and of the use of HAP-sup-
ported TiO, under UV-A irradiation were examined to determine
the optimum conditions for SMX and TOC removal.

For the statistical aspect of this approach, the response surface
methodology (RSM) was used to find the main and interaction effects
and to optimize the SMX and TOC removal process. RSM is a well-
verified tool for process optimization. It is a collection of mathe-
matical and statistical techniques for analyzing the effects of sev-
eral independent variables and employs a low-order polynomial
equation in a predetermined region of variables, which will later be
analyzed to locate the optimum values of the independent variables
for process optimization [10]. The kinetics of the SMX degrada-
tion was also examined to determine the effects of various cata-
lysts and to compare the kinetics results with the RSM results to
provide a more robust approach to SMX degradation.

The objective of this study is to evaluate the enhancement in the
photocatalytic activity of TiIO,/HAP over that of Degussa P25 TiO,
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and to determine the optimal experimental conditions for photocata-
lytic SMX degradation in the TiO,/HAP/UV-A process by using RSM
to examine both single and combined effects of three independent
variables: SMX concentration, TiO,/HAP dose, and UV intensity.

MATERIALS AND METHODS

1. Chemicals and Analytical Methods

Analytical-grade SMX (C,,H,,N,0;S, >99%) was obtained from
Sigma-Aldrich, Canada. Aqueous stock solution (100 mg L™ SMX)
was prepared with deionized water obtained from a Milli-Q system
(Waters, USA) and was kept at 4 °C in the dark until the time of
treatment. Commercial TiO, Degussa P25 (70% anatase and 30%
rutile, Evonik Degussa Canada Inc.) and HAP (Sigma-Aldrich, Can-
ada) were used as catalysts on their own and as the materials for
the TiO,/HAP composite catalyst. HPLC-grade methanol, acetoni-
trile, and isopropanol were purchased from Fisher Scientific, Can-
ada, and 95% ethanol was purchased from Commercial Alcohols
(Boucherville, Quebec, Canada). The SMX concentration was meas-
ured by a high-performance liquid chromatograph (Agilent 1100series
HPLC, USA) equipped with an XTerra MS C18 column (2.5 pm,
2.1 mmx50 mm), and the analytical mode was the selected ion moni-
toring (SIM) mode. The mineralization of SMX was analyzed in
terms of the TOC using a TOC analyzer (Shimadzu TOC-V CSN).
2. Synthesis

TiO, of Degussa P-25 (70% anatase and 30% rutile) and HAP
(Sigma-Aldrich, Canada) were used as catalyst with an average parti-
cle size of 30 nm and BET surface area of above 50 m* g™'. The
TiO,/HAP composite was prepared by sol-gel method using 2-pro-
panol, TiO, and HAP as the starting materials and HNO, solution
as the pH adjusting agent. Initially a 10 mM suspension of TiO,
and 1 mM HAP were prepared and stirred using magnetic stirrer.
Then, about 10 mL of 2-propanol solution was added dropwise to
the TiO, suspension. Following that, the pH of mixture suspension
was adjusted to 1.5 by adding HNO; solution. After thoroughly mix-
ing the reactants, the mixed solution was stirred at room tempera-
ture. The prepared suspension was evaporated for 2 hr using rotary
evaporator. The prepared powder of TiO,/HAP composite was formed
by dry ball milling and calcined in an oven at 500 °C and for 2 hrs.
3. Reactors and Procedure

The following experimental conditions were kept constant through-
out this work: 1 L of total volume, 10 mg L' initial SMX concen-
tration, and 1,000 mg L' of added TiO, (Degussa, P-25) or TiO,/
HAP composite. This concentration of SMX, although considerably
greater than those typically monitored in the field or the environ-
ment, was chosen to evaluate the process efficiency within a certain
time scale and for accurate analysis of the SMX photodegradation
and mineralization with the analytical techniques employed in this
study. The batch reactor maintains thermostatic conditions and con-
sists of a 1.5 L quartz reservoir (inner diameter 11 cm; height 23 cm)
equipped with three lamps (length 22.5 cm) placed in its center (Phil-
ips TL 6W/05, UV-A), with nominal power of 6 W each, that emit
radiation between 350 and 400 nm with a maximum at 365 nm.
The reservoir (1 L) was loaded with 10 mg L' SMX solution that
was recirculated during the UV-A irradiation time. At given irradi-
ation time intervals, 10 mL of the reacted solution was taken from
the sampling port of the reactor and centrifuged at 12,000 rpm to

Table 1. Experimental ranges and actual values of independent

variables
Coded Actual level
levels (x;) X, (mgL")" X,(gLY X, (WL

Max. level +1 15 1.5 18

Central level 0 10 1.0 12

Min. level -1 5 0.5 6
“Concentration of SMX
"Catalyst dose
‘UV intensity

remove the catalyst particles.
4. Box-Behnken Design

A Box-Behnken design (BBD) was used to determine the opti-
mal conditions with a rotatable experimental plan. The variable com-
binations are at the midpoints of the edges and at the center of the
variable space [11,12]. For the photocatalytic process, the significant
variables, namely, the concentration of the target compound (SMX),
catalyst dose, and UV intensity, were chosen as the independent
variables and designated as X,—X;, respectively. The SMX con-
centration (X,) ranged from 5 to 15 mg L™, the TIO/HAP dose (X,)
ranged from 0.5 to 1.5 g L™, and the UV intensity (X;) ranged from
6t0 18 W L™, as shown in Table 1. The actual values of the indepen-
dent variables (X;) were coded as x; according to Eq. (1) by setting
the lowest values as —1 and the highest values as +1:

x=(Xi—Xo)/AX M

In Eq. (1), x; is the dimensionless value of an independent variable,
X; represents the real value of the independent variable, X, is the
real value of the independent variable at the center point, and AX;
is the step change [11,12]. The independent variables for the BBD
experiments were set based on the initial values at the center points.
The three independent variables (X, X, and X;) were used to fit
the general model of Eq. (2) and to obtain optimal conditions for
the response (Y)).

" 2
Y=5+2, Zﬂixi + Z’;ﬂiixi + Z,y; [Z?ﬂﬂijxixj @

In addition, the mathematical relationship describing the response
can be approximated by the following quadratic (second-order) poly-
nomial equation, Eq. (3):

Y=4+Lx+8xH B+ B X+ Buxst Baxit fux ot Bt Baxoxs (3)

The response values (Y;) were chosen to be the SMX (Y,) and TOC
removal (Y,). Experimental data analysis was performed using the
Minitab 14.1 (USA) software, and the statistical analysis was achieved
by regression analysis and the analysis of variance (ANOVA) test
at a 95% confidence level.

RESULTS AND DISCUSSION

1. Characterization of TiO,/HAP Composite

An X-ray diffractometer (XRD, X’Pert Powder, Netherlands), a
scanning electron microscope (SEM, FEI Quanta 200) and EDX
(Energy dispersive X-ray spectroscopy) were used to characterize
the crystal structure and morphology, respectively, of the TiO,/HAP
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Fig. 1. Characterization results for the TiO,/HAP composite fabricated by heat treatment at 500 °C for 120 min: XRD pattern (a), SEM
image (b) and EDX analysis of TiO,/HAP composite (c) and (d).

composite. As shown in Fig. 1(a), the crystallinity of the prepared
HAP is confirmed by reflections observed at 26 values of 26.1°,
32.4°, 33.2°, 34.1°, 39.8°, 47.1°, and 49.6°, and anatase-phase TiO,
is revealed by the peaks at 26 values of 25.4°, 38.0°, 48.1°, 53.9°,
and 55.3°.

The characteristic diffraction peaks of the TiO,/HAP composite
confirmed that the main constituents were TiO, (anatase) and HAP,
which is similar to the result reported previously [13]. In the XRD
patterns, there were diffraction peaks corresponding to the anatase
phase, while the HAP phase of TiO,/HAP was also detected, indi-
cating that the photocatalytic activity and adsorption occurred for
both the anatase and HAP phases.

Fig. 1(b) shows SEM photographs of the top surface of the TiO,/
HAP composite. The grayish surface obtained after HAP loading
using the sol-gel method reveals that the TiO, is codoped with HAP.
In addition, the surface of the TiO,/HAP composite has a regular
sphere morphology. These XRD and SEM results agree with those
of Wang et al. [14], who reported the enhanced photocatalytic activity
of the TiO,/HAP composite. However, the particle size of our TiO,/
HAP structure was smaller than that in Wang’s [14] SEM image
of their TIO/HAP composite. However, the synthetic procedure
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(b)

(c)
Element Concentration Units
(0] 41.29 wt%
P 22.08 wt%
Ca 20.07 wt%
Ti 16.56 wt%

keV

for TiO,/HAP was similar to that used to produce the codoped HAP,
so the molar ratio of TiO, to HAP and the heat treatment condi-
tions seem to be the reasons for the different structure sizes.

The results of measurements of TiO,/HAP composition by EDX
analysis are presented in Fig. 1(c) and (d). They show the homoge-
neity of composition by measuring concentration ratio of Ca, P, O and
Ti from various parts of TiO,/HAP composite. Fig. 1(d) summarizes
the results of contents of TiO, and HAP in TiO,/HAP composite.

2. Comparison of SMX Removal

The SMX degradation was carried out under both UV-A irradia-
tion and dark conditions with as-prepared Degussa P25 TiO,, HAP,
and a TiO,/HAP composite to compare the adsorption and photo-
catalytic activity. And the experimental conditions such as 1 L total
volume, 10 mg L™ of SMX contact with 1 g L™ of each catalysts
addition amount and the temperature was maintained at 25+1 °C
and good mixing was provided using a stirrer at 100 rpm. The pH
was adjusted to near-neutral pH (pH 6.54+0.1). And at given adsorp-
tion and irradiation time intervals (adsorption=>5, 10, 15, 20, 25,
30, 45 and 60 min, irradiation=60, 65, 70, 75, 90, 120, 180, 240
and 300 min) 10 mL of the reacted solution was sampled. The results
obtained under dark conditions (for 60 min of stirring) were used
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Fig. 2. Comparison of various catalysts for (a) SMX degradation
during 60 min under dark conditions and during 240 min
of UV-A irradiation and (b) the Langmuir-Hinselwood kin-
etic model of TiO, Degussa P25 and TiO,/HAP composite.

to determine the amount of SMX removed by adsorption. Xu et al.
[15] reported that the interaction between SMX molecules and TiO,-
based photocatalytic materials is affected by both of the surface prop-
erties and the structure of the target compounds [15].

As shown in Fig. 2(a), the results obtained for SMX adsorption
by Degussa P25 TiO,, HAP, and the TiO,/HAP composite under
dark conditions demonstrate that SMX did not adsorb appreciably
over the Degussa P-25 TiO, (less than 5% SMX removal for 1 h
batch experiments), but the TiO,/HAP composite and HAP adsorb
nearly 15% and 25% of the SMX, respectively. The higher adsorp-
tion capacity of HAP leads to a relatively high adsorption rate for
organic pollutants, which allows the adsorption equilibrium to be
reached in a short time [22,23].

Fig. 2(a) also shows the adsorption activities of various catalysts
after 60 min in the dark. For the HAP sample, the adsorption capac-
ity was higher than that for all the other samples, but still only 25%
SMX conversion was observed in 60 min. This is because the HAP
is capable of only adsorption, rather than decomposition, of the SMX,
and once saturation is reached, the adsorption activity weakens rapidly.

In particular, the adsorption capacity of the TiO,/HAP compos-
ite (about 15%) was higher than that of Degussa P-25 TiO, (below
5%). Thus, the adsorption capacity of the composite seems to have

been increased by the HAP loading. These results are in good agree-
ment with those of Tsukada et al. [8] and Ma et al. [16], who re-
ported that the adsorption capacities of various catalysts (including
TiO, Degussa P25) were enhanced by HAP loading.

The SMX degradation can be explained in terms of two steps,
adsorption and photocatalytic oxidation, according to the Langmuir-
Hinshelwood kinetic model (Eq. (4)) [17,18]. The rate constant for
photolysis was also observed, but it was not studied here since the
higher reaction rates for adsorption and photocatalysis are consid-
ered to lead to the more rapid SMX removal.

KC, 1 11 1

—k L L 4
=8 TTRE, T, TkKC, Tk @

»

In Eq. (4), 1, is the initial reaction rate for SMX photocatalytic de-
gradation, C, is the initial SMX concentration, K is the adsorption
constant of SMX over the catalyst, and k, is the intrinsic reaction
rate constant. Fig. 2(b) presents the kinetic experiments carried out
using various initial concentrations of SMX (2.5, 5, 7.5, 10 and 15
mg L") with irradiation time. From these experimental results, the
values of K for SMX degradation by adsorption and photocatalysis
with various catalysts are summarized in Table 2. The k, and K values
calculated according to Eq. (4) from the slope of the straight line
and from the intercept.

The TiO,/HAP composite has a higher rate constant than Degussa
P25 TiO,. The photocatalytic activity (k,) and adsorption capacity
(K) were enhanced by the added HAP, which seems to have a syn-
ergistic effect with TiO,, as evidenced by the higher K., ucaasis+adsorption
(kK) term for the composite than for any other catalyst. These re-
sults can explain the enhanced rate for degradation of SMX by the
TiO,/HAP composite as compared to that for the Degussa P-25 TiO,
catalyst. This enhancement is the result of rapid SMX degradation at
the surface of TiO,/HAP composite by adsorption (K,pi.,=0.1504)
and photocatalysis (K, causs=1.7746). On the other hand, the Degussa
P-25 generated radical species, as shown in Table 2 (K,yoeqasss=1.6548),
and the chance of contact with SMX' (K, in=0.1447) was also
lower than for the TiO,/HAP composite. Therefore, the TiO,/HAP
composite has more photocatalytic activity than Degussa P25 TiO,
(kK=0.2394), with a rate constant higher by a factor of 1.1149 (TiO,/
HAP composite k,K=0.2669). Wang et al. [14] and Liu et al. [24]
reported that HAP has excellent biocompatibility when combined
with TiO,, at least to a certain extent. This good biocompatibility
and the previously discussed relatively high catalytic reactivity of
TiO/HAP results in the enhanced photocatalytic degradation rate
shown in Table 2. Thus, the TIO/HAP composite can be considered
an effective alternative to Degussa P25 TiO, for SMX degradation.

Fig. 2(a) also shows that the SMX degradation potential of the
TiO,/HAP composite is considerably higher than those of the Degussa
P25 TiO, and HAP samples, leading to nearly complete SMX con-
version after 180 min of UV-A irradiation. In contrast, the conver-

Table 2. Apparent first-order rate constant for the adsorption and

photocatalysis
Term Degussa P-25 TiO, TiO,/HAP composite
er (kphummmlyx[.ﬁadsurpzian) 02394 02669
K (Keadsorpion) 0.1447 0.1504
K, (Kypoocatansis) 1.6548 1.7746
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sion of SMX by Degussa P25 TiO, did not exceed 80% after 240
min of UV-A irradiation time. Nasuhoglu et al. [1] also reported
that Degussa P25 TiO, completely degraded the SMX under UV-
C irradiation. However, UV-C irradiation is generally more effec-
tive than UV-A irradiation for degrading SMX by photolysis alone
(UV-A was used in this study, and only 8% of the SMX was de-
graded by photolysis). Thus, complete SMX decomposition under
UV-A irradiation was only obtained from the TiO,/HAP compos-
ite, which has higher photocatalytic activity than the Degussa P25
TiO, catalyst. At the same time, a control experiment was con-
ducted to examine the photolysis of SMX under UV-A conditions.
The photolysis of SMX is favored in the absence of catalyst, and
about 8% conversion was reached after 240 min of UV-A irradia-
tion. In general, the UV-A/TiO, system yields less photocatalytic
degradation than the UV-C/TiO, or UV-C/H,0, systems. However,
the UV-A/TiO, system has advantages in areas related to the cost,
such as the consumption of electricity. Furthermore, the TIO,/HAP
composite has enhanced photocatalytic activity for SMX removal,
which is important for applications in wastewater treatment or the
production of drinking water.

3. Application of Box-Behnken Design

The BBD (Table 3) allows mathematical equations relating each
response (Y;) to the independent variables (X) to be developed [12].
Table 3 shows the BBD used in the present study. These experi-
mental designs were used to optimize the UV-A/TiO,/HAP process
in accordance with the response surface. The three design factors
(independent variables X;) involved in the BBD were each set to
three different levels: the minimum point, center point, and maxi-
mum point. A total of 15 experiments were conducted at different
concentrations of SMX (X,), TiO/HAP doses (X,), and irradiation
intensities (X;). The BBD and the results of these 15 experimental
runs are shown in Table 3.

Table 4 shows the analysis of variance (ANOVA) for the regres-
sion parameters of the predicted response models for SMX removal
(Y}, %) and TOC removal (Y5, %). As shown in Table 4, the results
revealed that the regression model was significant at the 95% con-
fidence level (P<0.05). All the linear, quadratic, and interaction param-
eters were also significant for both SMX and TOC removal, with p
values less than 0.05.

All functions of X;, X,, and X were calculated as sums of a con-

Table 3. Experimental design for SMX degradation using BBD

SMX TOC
removal, % removal, %

Run Coded factor Uncoded factor

order

X X X3 X X X Y, Y,
I -1 0 1 5 1.5 18 97.2 47.2
2 1-1 0 15 1 12 91.6 41.6
3 1 1 0 15 2 12 96.3 48.3
4 0-1 1 10 1 18 94.7 44.7
5 0 0 O 10 1.5 12 95.4 454
6 0 0 O 10 1.5 12 95.6 45.6
7 1 0-1 15 1.5 6 92.1 42.1
8 0 1 -1 10 2 6 934 434
9 -1 1 0 52 12 96.0 46.0
10 0-1-1 10 1 6 91.0 41.0
11 0 1 1 10 2 18 100 514
12 -1-1 0 5 1.5 12 91.3 41.8
13 -1 0-1 515 6 90.2 38.7
14 1 0 1 15 1.5 18 96.2 46.2
15 0 0 O 10 1.5 12 95.8 45.8

stant, first-order effects, second-order effects, and interaction effects
using Egs. (2) and (3). The obtained regression equations in Table 5
are given in terms of the uncoded variables. The regression terms
in the ANOVA results for the two parameters (Y, and Y,) showed
significant (P<0.05) response surface models with high R* and R,
values. The R? value indicates how much of the variability in the
data was accounted for by the model, while the R}, value is an R
value modified by taking into account the number of covariates or
predictors in the model [12,19]. A high confidence is observed when
comparing the R* and R’,,; values in Table 5, indicating a good fit
to the experimental results. The “lack-of-fit” F- and P-values show
that the lack of fit is not significant relative to the pure error. Gener-
ally, a large F-value and a small P-value for the lack of fit do not
result from noise. These models demonstrate that SMX and TOC
removal increase with the TiO,/HAP dose (X,) and irradiation inten-
sity (X;) but decrease with SMX concentration (X). For the SMX
removal, the linear term for X, was excluded as insignificant. Inter-
action effects between the SMX concentration and irradiation inten-

Table 4. ANOVA of the regression parameters of the predicted model for SMX and TOC degradation

Regression DF Sum of squares Mean square F-value P-value
Y, (SMX removal, %)

Regression 9 105.465 11.718 110.03 <0.001
Linear 3 94.078 31.359 294.45 <0.001
Quadratic 3 7.182 2.394 22.48 0.002
Crossproduct 3 4.205 1.402 13.16 0.008
Lack of fit 3 0.453 0.1508 3.77 0.217
Y, (TOC removal, %)

Regression 9 145.805 16.201 125.75 <0.001
Linear 3 126.343 42.114 326.89 <0.001
Quadratic 3 8.438 2.813 21.83 0.003
Crossproduct 3 11.025 3.675 28.53 0.001
Lack of fit 3 0.518 0.173 2.72 0.280
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Table 5. Regression equations obtained for SMX (Y, %) and TOC removal (Y,, %)

Regression equations

Analysis in codded factor (X, X,, X3)
Y,=95.60+0.19X,+2.14X,+2.68X;— 1.33X7-0.48X3-0.35X3;-0.73X,X;+0.73X,X; (R*=99.5%, R%,=98.6%)

adj

Y,=45.57+0.56X,+2.50X,+3.04X;— 1.36X;+0.22X5-0.66X3+0.63X, X,— 1.10X,X;+1.08X,X; (R*=99.6%, R%,=98.8%)

adj
Analysis in uncoded factor (X, X,, X;)
Y,=77.00+1.39X,+5.18X,+0.68X,—0.05X?—1.90X?-0.01X?-0.02X,X;+0.24X,X; (R*=99.5%, R2,=98.6%)

adf

Y,=28.57+1.39X,-3.53X,+0.95X,— 0.05X2+0.87X2— 0.02X2+0.25X,X,~ 0.04X, X;+0.36X,X; (R*=99.6%, R%,=98.8%)

adj

sity (X,X;) and between the TiO,/HAP dose and UV intensity (X, X;) (X,X;), and TIO/HAP dose and UV intensity (X,Xs). However, the
were observed. The behavior of the process can be described by coefficient of the X, X, term shows that this interaction has adverse
the P-values. On the other hand, for the TOC removal, interaction effects on SMX and TOC removal (regression constant<0). These
effects were observed between all terms: for SMX concentration results demonstrate that the proposed model is suitable for predict-
and TiO,/HAP dose (X,X,), SMX concentration and UV intensity ing the amount of SMX and TOC degradation and exhibits rea-
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Fig. 3. Contour plots for SMX removal ((a), (c), and (e)) and TOC removal ((b), (d), and (). (a), (d) TiO,/HAP dose with SMX concentration.
(b), (e) UV-A intensity with TiO,/HAP dose. (c), (f) UV-A intensity with SMX concentration.
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sonably good agreement with observed results. In particular, the
two proposed models were statistically significant, and the observed
and predicted results agreed well.

4. Optimization

The optimization and the modeling of the UV-A/TiO,/HAP sys-
tem for SMX removal were performed using BBD. The high cor-
relation in the model indicates that the second-order regression equa-
tion could be used to optimize the UV-A/TiO,/HAP system.

Contour plots for the predicted responses were constructed based
on the polynomial equation to assess the change in the response
results, as shown in Fig. 3. The relationships among the three param-
eters can also be further understood from these contour plots.

At first, Fig. 3(a) and (d) describe the effects of SMX concentra-
tion (X;) and TiO,/HAP dose on the different responses. This con-
tour plot shows that the TiO,/HAP dose (X,) had a more significant
effect on SMX removal than the SMX concentration (X,). However,
the SMX concentration also significantly affected the removal effi-
ciency, as shown in the results of the regression analysis with ANOVA
(Table 4 and 5). A similar result was reported by Nasuhoglu et al.,
who found that decreases in SMX concentration led more degra-
dation of SMX.

Next, the effects of UV intensity (X;) and TiO,/HAP dose (X,)
are shown in Fig. 3(b) and (e) for a constant SMX concentration
(X,) at the center point (10 mg L™"). The SMX and TOC removal
rate initially increased with increasing of TiO,/HAP dose and UV-
A intensity (Fig. 3(b) and (e)). More than 95% SMX removal (Y))
was attained at a TIO/HAP dose (X,) of 0.88-1.5 g L™'. As shown
in Fig. 3(b), the increase in TiO,/HAP dose (X,) combined with the
increase in UV intensity (X;) increased the amount of SMX and
TOC removal within the tested ranges of SMX concentration (10
mg L™). This finding agrees with the results that the removal effi-
ciency increases with increasing of TiO,/HAP dose. However, accord-
ing to the results of Hermann’s study, an excessive catalyst con-
centration may decrease the degradation efficiency due to increased
light reflectance on the catalyst surface or increased turbidity [18].

The effect of the SMX concentration (X;) and UV intensity (X;) at
the center-point SMX concentration (X;) of 10 mg L™ is also shown
in Fig. 3(c) and (f), which shows that the response was dominantly
affected by the UV intensity. On the other hand, at a low UV intensity,
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90
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the SMX concentration did not significantly affect the SMX or TOC
removal.

Therefore, the effects of the TiIO,/HAP dose and UV intensity
on the removal efficiency are similar for both SMX and TOC re-
moval: the removal efficiency increased linearly with catalyst dose
and UV intensity. Furthermore, the most significant interaction is
between the TiO,/HAP dose (X,) and UV intensity (X;). Accord-
ing to Sheng et al. [25], HAP can photodegrade the target com-
pounds through the photoinduced generation of *OH" radicals and
*0); radicals from the H,O on the HAP by excitation under UV ir-
radiation (Egs. (5)-(7)) [26,27]. These radicals can effectively break
down the SMX molecules to intermediates such as CO,, SO, and
other degradation products, as shown in Eq. (8) [25-28].

HAP-+hv—HAP- O)
HAP++0,—HAP+0; 6)
«0;+H,0—>+OH" ©)

*OH" or *O,+SMX — degradation products (CO,, SO, etc.) ®)

As shown in Fig. 4(a) and (b), actual value versus predicted value
shows the results of real application plotted against the predicted
responses. It is observed that there are tendencies in the predicted
results of linear regression, and the model explains the experimen-
tal range studied adequately. The actual result with fitted regression
equation showed a good fit of the model.

The optimal values of the dependent variables (Y, and Y,) in the
UV-A/TIO,/HAP system were determined from canonical and ridge
analysis of the response surface using SAS 9.1 software. The opti-
mal conditions for maximum SMX removal (99.83%) and TOC
removal (49.32%) were an SMX concentration of 5.4145mg L™
(X,), a TIO,/HAP composite dose of 1.4351 g L' (X,), and an ir-
radiation intensity of 18 W (X;). These experimental conditions were
actually applied to test the validity of the predicted values. Based
on the response surface and desired outcome, the optimum condi-
tions for SMX mineralization was obtained. Under these conditions,
the predicted removal efficiencies of SMX and TOC removal were
99.83% and 49.32%. To confirm the accuracy of the models and
the optimization, some experimental reproducibility tests were car-

Predicted value

40 42 44 46 48 50 52
Observed value

Fig. 4. The observed values (%) plotted against the predicted values (%) derived from the model of SMX (Y,) and TOC (Y,) removal in
uncoded values for 240 min UV-A irradiation. The regression line with determination coefficient R*=99.5% (a) and 99.6% (b).
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Table 6. comparison of actual and predicted value at the optimum
condition for three trials of additional experiments

Predicted  Observed

value (%) value (%)

Response Optimum condition

_ -1
SMX removal (Y) ?;g:i rgnf"L
=1

TOC removal (Y,) X.=18 WL
=

99.83  99.89+1.20
4932 51.01+£2.61

ried out under the optimized conditions. In Table 6, the experimental
results were found to be in good agreement with the model predic-
tions, with mean SMX and TOC removal of 99.89% and 51.01%,
respectively. These results confirm that BBD is effective for analyzing
the effects of various parameters and for process optimization for sys-
tems such as the UV-A/TiO,/HAP system for SMX degradation.

CONCLUSION

This study focused on optimizing the process for SMX degrada-
tion by a TiO,/HAP composite with UV-A irradiation. The results
obtained are as follows:

1) The TiIO/HAP composite successfully decomposed nearly
100% of the SMX and mineralized about 50%. The photocatalytic
activity of the TiO,/HAP composite is higher than that of the Degussa
P25 TiO, because of the synergistic effect between TiO, and HAP. The
enhanced photocatalytic activity was analyzed using a Langmuir-
Hinshelwood kinetic model, which showed that the K.,..mcaasistadsorpion
(k,K) was higher for the composite than for Degussa P25 TiO,.

2) BBD (regression model and ANOVA) was used to compare
quantitatively the main effects and interaction effects of three inde-
pendent variables. The ensuing mathematical model could predict
the amount of SMX removal in any tested range of the experimen-
tal conditions and determine the optimal conditions, as well. The
high correlation in the model indicates that the second-order poly-
nomial model could be used to determine the effect of each param-
eter and to optimize the photocatalytic degradation of SMX.

3) In addition, the UV/TiO,/HAP system was optimized to maxi-
mize the SMX removal and mineralization. The SMX concentra-
tion (X,), TIO,/HAP dose (X,), and UV intensity (X;) that maximized
the response were 5.4145mg L', 14351 g L', and 18 W, respec-
tively. Under the optimum conditions, the SMX and TOCremoval
achieved was 99.89% and 51.01% by actual application. Hence,
the TiO,/HAP composite is recommended as an effective system
for SMX degradation.

The TiO,/HAP composite exhibits enhanced photocatalytic activ-
ity. The added HAP decreased the time required for complete degra-
dation of SMX compared with that needed with Degussa P25 TiO,.
As for the optimization procedure, RSM was appropriate for opti-
mizing the operation conditions to maximize the SMX removal of
the TIO/HAP/UV-A system. However, several other parameters
must be considered for actual applications of the UV/TiO,/HAP
system, such as the pH, alkalinity, and scavengers from surface water,
which would have various effects on the treatment system.
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