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ABSTRACT

The response surface methodology (RSM) was applied to optimize UV photocatalytic reaction con-
ditions treating high-concentration Reactive Red X-3B. The molecular sieve F was made of fly ash
by the hydrothermal synthesis method. The molecular sieve loaded nano-TiO, (Ti/F) was synthe-
sized with the ion-exchange method. The molecular sieve F and Ti/F were the photocatalysts and
its catalyst characteristics were analyzed by using scanning electron microscopy-energy-disper-
sive X-ray spectroscopy and Brunauer-Emmett-Teller-surface area. The effects of four operating
variables, initial dye concentration, photocatalyst dosage, temperature and H,O, concentration on
the decolorization efficiency of Reactive Red X-3B were optimized by RSM based on Box-Behnken
design. The pseudo-first-order model could fit the photocatalysis kinetic data well at 20°C. And
the pseudo-second-order model could fit the photocatalysis kinetic data well at 40°C. Analysis of
variance indicated that the proposed quadratic model could be used to navigate the design space.
The maximum removal rate of Reactive Red X-3B was 97.83% when the following optimum condi-
tions were used: Ti/F dosage of 0.80 g/L, H,O, dosage of 2.01 ml/L, the temperature of 32.5°C, and
initial Reactive Red X-3B concentration of 1,824 mg/L. In the regeneration experiments, the removal
rate of Reactive Red X-3B gradually decreased with increasing the number of photocatalytic cycles.
The regeneration experiments indicated that Ti/F was stable and reusable. The molecular sieve Ti/F
could be used as an effective and economical photocatalyst in the removal of Reactive Red X-3B.
Maybe the study can be applied in future engineering practice.
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1. Introduction

Dyes are widely used in the textile, printing, leather,
and gasoline industries. The wastewater with dark color,
strong alkaline, and complex composition from these
industries pollutes surface water [1], groundwater [2],
and even soils through irrigation [3,4]. Reactive Red X-3B
is an azo dye. Due to the toxicity and slow degradation,
the azo dyes are classified as environmentally hazardous
materials. Every year, more than 80,000 tons of azo dyes
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are consumed. A large amount of harmful wastewater is
produced. These dyes are the major cause of both surface
and groundwater bodies contamination because of their
carcinogenicity and toxicity to aquatic life [5-7]. Therefore,
azo dyes should be removed from wastewater before it
is discharged into water bodies [8].

Photocatalytic oxidation is an effective technology for
removing azo dyes from water because it seems like an
important “environmentally friendly technology” [9,10].
Nano-TiO, photocatalyst is widely used in a variety of
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applications and products in azo dyes wastewater puri-
fication systems [11,12]. However, TiO, has some chal-
lenges, such as high cost, poor separation performance and
hard recovery [13-15]. The development of new materials
loaded nano-TiO,, therefore, is strongly required to pro-
vide enhanced performances with respect to the photocat-
alytic properties. An intensive study has been carried out
to immobilize the TiO, photocatalyst on various support-
ing materials, such as silica [16,17], montmorillonite [18],
zeolites [19,20] and activated carbon [21-24]. The reaction
conditions for photocatalytic degradation of organics are
important [25]. Usually, the single factor test method is
used to figure out the best conditions [26]. The results could
only show the single optimal conditions. However, the
results on the single factor test are slightly different from
the actual ones because the various factors had interactions.
In order to optimize the value of effective parameters with
the minimum number of experiments, central composite
design — the most widely used form of response surface
methodology (RSM) — was employed to find improved or
optimal process settings in efficient use of the experimen-
tal data. Using RSM, it is possible to estimate linear, inter-
action, and quadratic effects of the factors and to provide
a prediction model for the response [27-29]. This method
has been used for modeling and optimization of the decol-
orization process by advanced oxidation processes [30-32].
However, to the best of our knowledge, decolorization of
organic dye solutions under Ti/F UV photocatalytic and the
effect of the interaction of effective parameters using cen-
tral composite design have not been studied [33,34]. In this
work, the central composite design has been applied to the
modeling and optimization of decolorization of dye solu-
tions containing Reactive Red X-3B by Ti/F UV photocata-
lytic have been studied. The influencing factors (variables)
investigated were initial dye concentration, photocatalyst
dosage, temperature and H,0O, concentration and decolor-
ization efficiency was monitored as the process response.
Counter plots and response surfaces were drawn to predict
the efficiency of the decolorization process under different
values of the independent parameters [35-37].

2. Materials and methods
2.1. Materials

Fly ash was purchased from Jixi Datang Second
Heating Co. as a crude material to produce the molec-
ular sieve. TiO, (99.8 wt.%) was obtained from Maikun
Chemical Reagent Co., Ltd. Reactive Red X-3B was sup-
plied by Xinxing Chemical Dyestuff Co., Ltd. Hydrochloric
acid (HCI, 37 wt.%) was from Xilong Chemical Co., Ltd.
Sodium hydroxide (NaOH), hydrogen peroxide (H,O,,
30 wt.%) and anhydrous ethanol (CH,CH,OH, 99.7 wt.%)
were obtained from Tianjin Hengxing Reagent Co.
All the chemicals were used without further purification.

2.1.1. Preparation of molecular sieve F

Molecular sieve F was synthesized by a hydrothermal
process utilizing fly ash. First, the fly ash was sieved using
a 40-mesh stainless steel sieve. The sieved fly ash and the
50% HCI were mixed in 100 mL of the beaker, followed by

vigorous stirring at 80°C for 2 h. The molar rate ratio of fly
ash: HCI in the mixture was 1:1. Subsequently, the mixed
liquor was rinsed several times with anhydrous ethanol to
be neutral and then dried at 80°C. After that, the dry solid
was mixed with NaOH according to the mass ratio of 1.3:1
and then calcined at 600°C for 12 h. Then, the powder was
added to deionized water (10 ml water for 1 g sample at every
turn) and stirred magnetically for 12 h. At last, the mixed
solution was loaded into a hydrothermal reactor and crys-
tallized at 90°C for 24 h. The material was adjusted to reach
near-neutral pH. Then, the prepared sample was dried at
90°C for 12 h and used as molecular sieve F.

2.1.2. Preparation of molecular sieve Ti/F

First, the TiO, and F were mixed in ethanol (10% by
weight) to obtain a homogeneous solution. Subsequently,
the solution was stirred magnetically at 95°C for 3 h. Last,
the Ti/F was obtained after calcining at 550°C for 3 h. The
Ti/F was used as a photocatalyst. The ultimate analyses of
the molecular sieves F and Ti/F were presented in Table 1
and Fig. 1. The Ti/F habited the high recyclable performance
was shown in supporting information. The scanning elec-
tron microscopy-energy-dispersive X-ray spectroscopy of
that molecular sieve F and Ti/F have been analyzed (S1).
And the results showed Ti/F was stable and reusable (S4).

2.2. Experimental design
2.2.1. Kinetics of Reactive Red X-3B on F and Ti/F

For the kinetic experiments, 0.050 g catalysts and 100 pL
H,0O, solution were added into 50 mL Reactive Red X-3B
solution with an initial concentration of 2000 mg/L and
pH = 7.0 £ 0.2 at 20°C or 40°C. Simultaneously, the two
control groups were used: with photocatalyst and without
photocatalyst Aliquots of the solution were withdrawn
at various time intervals (0-600 min) for further analysis.
In addition, the kinetic model was used to simulate the
Reactive Red X-3B photocatalytic process, which could be
expressed as Egs. (1) and (2):

Pseudo-first-order kinetic equation:

C, _
h{CUJ_ ki M

Pseudo-second-order kinetic equation:

t_ 1 Lt 2
(Co_ct) [kz(CO—CE)Z} (Co_ce)

where C, (mg/L) was the concentration of Reactive Red X-3B
at any time ¢ (min); C, (mg/L) was the initial concentration of
Reactive Red X-3B; C, (mg/L) was the balanced concentration
of Reactive Red X-3B; k was the kinetic constant.

2.2.2. RSM test design

The aim of the study was to explore the most signifi-
cant variables of optimal conditions for UV photocatalytic
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Table 1

Characteristics of the surface properties of molecular sieve F and Ti/F
Surface properties F Ti/F
Brunauer-Emmett-Teller single point surface area (m?/g) 24.11 1091
Brunauer-Emmett-Teller multiple point surface area (m?/g) 23.28 10.44
Langmuir surface area (m?%g) 37.92 17.41
T-plot micropore surface area (m*/g) 2.99 0.24
T-plot surface area (m?/g) 21.13 10.67
Pore volume (P/P, = 0.9919; pore diameter < 240.4 nm) (mL/g) 160.3 76.5
T-plot micropore volume (mL/g) 1.42 0.11
Average pore diameter (4V/A by Brunauer—-Emmett-Teller, nm) 26.59 28.04

Element C L] Na | Al Si K Ti | Ca | Fe | Cu | Mg
Weight | 1252 | 47.62 | 7.82 | 9.29 | 18.83 | 1.25 | 1.19 | 0.47 | 0.95 | 0.06

ratio

Atomicity | 19.08 | 5452 | 623 | 631 | 12.28 | 0.50 | 045 | 0.22 | 031 | 0.02

ratio

Weight 1271 | 49.183 | 788 | 906 | 1729 | 096 | 1.5 | 036 | 0.74 | - 032

ratio

Aromicity | 1918 | 5571 | 6.21 | 6.09 [ 11.16 | 0.44 | 0.57 | 0.16 | 0.24 | - | 0.24

TiF

ratio

Fig. 1. Scanning electron microscopy-energy-dispersive X-ray
spectroscopy of F and Ti/F.

reaction. The key factors for the removal rate of Reactive
Red X-3B were molecular sieve, photocatalyst dosage, the
dosage of H,O, substrate concentration, and the reaction
temperature, of which the molecular sieve was the most
important variable. Two different molecular sieves were
chosen to represent the different catalysts used in the pho-
tocatalytic reaction. To explore the effect of photocatalyst
dosage, H,0, dosage, substrate concentration, and reaction
temperature, the removal rate was employed (Table 2). The
range of the photocatalyst dosage was 0.5-1.5 g/L, the dosage
of HO, was 1-3 ml/L, the dosage of the substrate concen-
tration was 1,500-2,500 mg/L, and the range of temperature
was 20°C—40°C. The settings for the process variables were
chosen based on optimal values obtained for the single factor
test (53). The model was taken into account the linear equa-
tion, the 2FI, the quadratic and the cubic effects of catalyst
dosage (A), substrate concentration (B), H,O, dosage (C),
and temperature (D). Each model was evaluated based on
R?, p-value, F-value, and relative squared error. The signif-
icance of each parameter was evaluated based on p-values.
RSM was used to evaluate the effect of each parameter based

Table 2

Factor levels for the experimental design
Code value -1 0 1
Photocatalyst dosage (g/L) 0.5 1.0 15
H,O, dosage (ml/L) 1.0 2.0 3.0
Substrate concentration (mg/L) 1,500 2,000 2,500
Temperature (°C) 20 30 40

on statistically significant coefficients. The experiment was
designed by four factors and three levels. All other experi-
ments were performed three times in duplicates.

2.2.3. Photocatalytic experiment

The photocatalytic degradation experiments for dye
removals were performed by UV irradiation with an
intensity of 5.5 mW/cm? (254 nm, HL100CH-5 lamp, SEN
LIGHTS Co., Osaka, Japan) or by simulated solar irradia-
tion (Shanghai Xinweng Scientific Instrument Co., Ltd.)
(52). The reactor system included a cylindrical PYREX-glass
cell with a working volume of 1.0 L and a lamp (mercury
light, 1,000 W) placed in a 50 mm diameter quartz tube. The
working temperature of the reactor was kept unchanged
around 20°C by a circulated cooling water system. A cer-
tain amount of F and Ti/F was placed respectively in 50 ml
Reactive Red X-3B solution with some volume 30% H,O,.
All samples were placed in a 50 ml quartz tube and irra-
diated by UV for 630 min. The samples (5 ml) were taken
out and filtered with a 0.45 um syringe membrane filter to
completely remove suspended photocatalysts at a preset
time. Every sample was measured in triplicate and aver-
aged. The absorption spectrum and a molecular formula
of Reactive Red X-3B are shown in Fig. 2. The concentra-
tions of Reactive Red X-3B in the samples were measured at
maximum wavelengths (A__) of 535 nm on a JASCO V650
spectrophotometer. The removal rates (1) were calculated
according to the following equations.

n= —COC_ € 100% ®)

0

where C; and C, were the dye concentrations at the initial
time and time i, respectively.
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Fig. 2. (a) Absorption spectrum and (b) molecular formula of Reactive Red X-3B.

3. Results and discussion
3.1. Photocatalytic kinetic study of F and Ti/F

Some dyes are degraded by direct UV radiation.
Therefore, it should be examined to what extent the
Reactive Red X-3B are ‘photolyzed’ if no catalyst was
used. Blank experiments (CK) were carried out for the
dye without a catalyst for this purpose. A significantly
increased removal rate was observed at 40°C compared
with 20°C. A similar trend was observed in UV radiation
treatments. Therefore, the temperature has been proved
to be an important aspect (shown in Fig. 3). Although the
semiconductor photocatalysis is usually not very tem-
perature-dependent, an increase in temperature helped
the reaction to compete more efficiently with recombi-
nation and causes an increase in removal reaction rate.
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The Reactive Red X-3B can be adsorped by molecular sieves
without UV radiation. F and Ti/F (1 g/L) treatments were
carried out for the determination of adsorption kinetics.
The content of adsorption was similar in the two groups
and ranged from 1.59% to 4.24%. The percent of degrada-
tion increased on F and Ti/F increased first rapidly with
an increase. The equilibrium time (about 300 min) of F
and Ti/F at 40°C were faster than that (about 600 min) at
20°C. A significant effect on the photocatalytic capacity
of Ti/F was higher than F in the first 30 min especially.

As indicated in Table 3, the pseudo-first-order kinetic
model could better describe the photocatalytic process
of Reactive Red X-3B by the catalyst, compared with the
pseudo-second-order kinetic model at 20°C. The R? val-
ues of F and Ti/F were 0.9934 and 0.9591 fitted with the
pseudo-first-order kinetics. The R? values of the pseudo-
second-order kinetic model at 40°C were 0.9741 and
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Fig. 3. Effect of time on Reactive Red X-3B degradation on (a) F and (b) Ti/F.
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Table 3
Kinetic constant for the modelling process
Temperature Kinetic F Ti/F
k R? k R?
20°C Pseudo-first-order kinetic 0.00221 0.9934 0.00330 0.9591
Pseudo-second-order kinetic 0.00226 0.7621 0.00189 0.6807
20°C Pseudo-first-order kinetic 0.00490 0.8494 0.00555 0.8341
Pseudo-second-order kinetic 0.01003 0.9741 0.00865 0.9568

0.9568. Those results were implied that the photocatalytic
process of Reactive Red X-3B onto catalyst was suitable
for the pseudo-second-order kinetic model. A similar con-
clusion had been reported by Deng et al. [38] about the
pseudo-second equation, which can better describe the
Reactive Red X-3B adsorption procedure on TiO,/AlLO,.

3.2. Response surfaces model fitting of molecular sieve F

Response surfaces model was used to fit the results
of photocatalysis of molecular sieve F by Box-Behnken
experimental design. The statistical analysis for F of
response surfaces model fitting is seen in Tables 4 and 5.
It was shown that the “Pred. R-Squared” of the quadratic
model was closest to 1, the “Sequential p-value” was less
than 0.0001, and its “lack of fit p-value” was greater than
0.05. The results implied that the removal rates of Reactive
Red X-3B by molecular sieve F were fitted to the following
quadratic model:

R, =94.27 +1.71A-22.21B+7.87C +6.10D — 3.05AB
+7.83AC —7.90AD —5.61BC +0.75BD + 5.42CD
~9.90A% ~17.95B> — 23.01C> —14.6 D (@)

where R : removal rate (%); A: code value of catalyst dosage;
B: code value of substrate concentration; C: code value of
H,O, dosage; D: code value of temperature.

As the results in Table 4 show, the “lack of fit” of
0.0836 was indicated that the model terms were signifi-
cant. Therefore, the model could be navigated. Kumar et
al. [39] had found that the value of “R-Squared” was closer
to the one, which process of nanocomposite for enhanced
dye-sequestration was fitting the linear model.

The effects of photocatalyst dosage, the dosage of H,O,,
substrate concentration, and temperature on the removal
rate of Reactive Red X-3B based on the single factor test
were significant (S3). The single factor test results showed

Table 4
Statistical analysis for F of response surface model fitting

that the higher temperature promoted the degradation of
Reactive Red X-3B. The removal rate was increased with the
temperature from 20°C to 30°C; however, the removal rate
essentially unchanged at above 30°C. The effect of increas-
ing photocatalyst F dosage on removal rate was not obvi-
ous. However, the RSM plot of temperature and catalyst
dosage reflected the strong interaction (Fig. 4a). Response
surface contour method was used to analyze the interaction
between temperature and catalyst dosage on the photocat-
alytic reaction of Reactive Red X-3B. Minima removal rate
was obtained with the temperature of 20°C-21.3°C and the
catalyst dosage was from 0.5 to 0.63 g/L. When the tempera-
ture raised to 38.2°C, the removal rate increased rapidly to
94% with catalyst dosage increasing Therefore, the cata-
lyst dosage increased to 1.18 g/L and the removal rate had
decreased. Similarly, the removal rate had a little change and
then decreased slightly with the catalyst dosage increased in
38.2°C-40°C. When the temperature was constant, the range
of five tangent points for different contour lines and catalyst
dosage variation horizontal lines was 0.86-1.18 g/L. Also,
the removal rate gradually increased and then tended to
remain unchanged as the temperature increased, while the
catalyst dosage was 0.5-0.63 g/L. Similarly, when the tem-
perature increasing, the removal rate increased first with a
maximum value of 94% and then decreased by increasing
catalyst dosage from 0.63 tol.5 g/L. When the catalyst dos-
age was constant, the four tangent points of the different
contour lines and perpendicular lines of temperature were
in the range of 30°C-34°C. It was included that the interac-
tion between the temperature and the catalyst dosage was
obvious with the large extreme point deviation. When the
catalyst dosage was 0.98-1.10 g/L and the temperature was
30°C-33.7°C or catalyst dosage was 0.86-1.06 g/L and the
temperature was 31.5°C-34°C, the removal rate of Reactive
Red X-3B (2,000 mg/L) was 94%.

The H,O, dosage showed a less pronounced effect on
the removal rate than the temperature. The H,O, dosage

Source Sequential p-value Lack of fit p-value Adj. R-Squared Pred. R-Squared
Linear 0.0006 <0.0001 0.4689 0.4252
2FI 0.836 <0.0001 0.3841 0.3155
Quadratic <0.0001 0.0836 0.9969 0.9917
Cubic 0.0337 0.4013 0.9991 0.9892
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Table 5
Variance analysis of Box-Behnken experimental design
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Source Sum of squares df Mean square F-value p-value Prob. > F Significance analysis
Model 13,091.04 14 935.07 653.03 <0.0001 Significant

A 34.95 1 34.95 24.41 0.0002

B 5,917.63 1 5,917.63 4,132.74 <0.0001

C 743.87 1 743.87 519.5 <0.0001

D 446.03 1 446.03 311.5 <0.0001

AB 37.09 1 37.09 25.9 0.0002

AC 245.08 1 245.08 171.16 <0.0001

AD 249.48 1 249.48 174.23 <0.0001

BC 126.11 1 126.11 88.07 <0.0001

BD 222 1 222 1.55 0.2335

CD 117.61 1 117.61 82.14 <0.0001

A? 635.62 1 635.62 4439 <0.0001

B? 2,090.91 1 2,090.91 1,460.25 <0.0001

c? 3,435.55 1 3,435.55 2,399.31 <0.0001

D? 1,389.6 1 1,389.6 970.46 <0.0001

Residual 20.05 14 1.43

Lack of fit 18.37 10 1.84 4.38 0.0836 Not significant
Pure error 1.68 4 0.42

Cor. total 13,111.09 28

above 2 ml/L may simply lead to Reactive Red X-3B deg-
radation being inhibited. A small though the positive effect
was seen from H,O, dosage under 2 ml/L. Furthermore,
H,0, dosage had a significantly positive and negative inter-
action on the reaction. The results indicated that the removal
rate was further changed with simultaneous small or large
parameter values. However, the effects and the strong
interaction with H,O, dosage dominated the RSM plot of
H,0O, dosage and catalyst dosage (Fig. 4b). The removal
rate had increased to the maximum and then decreased
with increasing H,O, dosage, while catalyst dosage was
constant. The four tangent points of different contour lines
and H,O, dosage variation perpendicular lines were in the
range of 2.0 to 2.34 ml/L. Similarly, the removal rate had lit-
tle change and then decreased slightly with the H,O, dos-
age from 1.0 to 1.02 ml/L and increasing catalyst dosage.
The removal rate was increased to 94% by increasing the
catalyst dosage. And then the removal rate was decreased
slightly by increasing H,O, dosage from 1.02 to 2.68 ml/L.
Furthermore, the H O, dosage was increased to 3.0 ml/L,
the removal rate was first increased and then remained
constant. When the H,O, dosage was constant, the six tan-
gent points of different contour lines and catalyst dosage
variation horizontal lines were in the range of 0.80-1.22 g/L.
The removal rate became decreased with the low catalyst
dosage (0.5-0.7 g/L) and the low H,O, dosage (1.0-1.5 ml/L).
On the whole, the interaction between the H,O, dosage and
the catalyst dosage would be obvious with the large extreme
point deviation. When H,O, dosage was 2.04-2.24 ml/L and
the catalyst dosage was 0.92-1.18 g/L, the removal rate of
Reactive Red X-3B (2,000 mg/L) was 94%.

All quadratic terms of RSM were significant. The cat-
alyst dosage and the substrate concentration also had

interactions. Substrate concentration had a negative qua-
dratic effect on the reaction. The removal rate was decreased
with high substrate concentration. The interaction between
substrate concentration and catalyst dosage had shown in
Fig. 4c. Thereafter, the removal rate was increased with the
unchanged substrate concentration. And then the removal
rate was decreased slightly with increasing catalyst dos-
age. It was shown that the seven tangent points of different
contour lines and catalyst dosage variation horizontal lines
were in the range of 0.98-1.10 g/L. Similarly, the removal rate
had increased and then decreased slightly with increasing
substrate concentration. The four tangent points of different
contour lines and substrate concentration variation perpen-
dicular lines were in the range of 1,625-1,750 mg/L. Finally,
the extreme value indicated that the interaction between
substrate concentration and catalyst dosage was small.

RSM was used to predict the optimum conditions of
photocatalytic degradation of Reactive Red X-3B by F. The
predicted removal rate of Reactive Red X-3B was 100% when
the following optimum conditions were used: F dosage of
0.98 g/L, H,0O, dosage of 2.33 ml/L, the Reactive Red X-3B
concentration of 1,626 mg/L, and the temperature of 30.6°C.
The deviation value between the experimental result and the
predicted value was 1.72%. The results were indicated that
the fitting effects of the model were good.

3.3. Response surfaces model fittings of molecular sieve Ti/F

Tables 6 and 7 show the statistical analysis about the
model of Reactive Red X-3B by Ti/F. As the results in
Table 6, the analysis of F accorded with quadratic equation
by sequential p-value (<0.0001) and the “lack of fit”" of 0.0501.
The results indicated that the model terms were significant.
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Table 6
Statistical analysis for Ti/F of response surface model fitting
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Source Sequential p-value Lack of fit p-value Adj. R-Squared Pred. R-Squared
Linear 0.0015 0.0038 0.4235 0.3439
2F1 0.6661 0.0029 0.3738 0.1728
Quadratic <0.0001 0.0501 0.8668 0.6277
Cubic 0.2391 0.0468 0.9096 -1.2308

Table 7

Variance analysis of Box-Behnken experimental design

Source Sum of squares df Mean square F-value p-value Prob. > F

Model 10,449.9 14 746.42 14.02 <0.0001 Extremely significant
A 150.52 1 150.52 2.83 0.1149

B 4,603.65 1 4,603.65 86.45 <0.0001

C 694.18 1 694.18 13.04 0.0028

D 215.31 1 215.31 4.04 0.0640

AB 14.94 1 14.94 0.28 0.6047

AC 5.04 1 5.04 0.095 0.7629

AD 705.43 1 705.43 13.25 0.0027

BC 64.8 1 64.8 1.22 0.2886

BD 141.73 1 141.73 2.66 0.1251

CD 93.12 1 93.12 1.75 0.2072

A? 1,221.02 1 1,221.02 22.93 0.0003

B? 1,171.26 1 1,171.26 21.99 0.0003

C? 2,654.96 1 2,654.96 49.86 <0.0001

D? 229.93 1 229.93 4.32 0.0566

Residual 745.51 14 53.25

Lack of fit 698.58 10 69.86 5.95 0.0501 Not significant
Pure error 46.93 4 11.73

Cor. total 11,195.42 28

Further statistical analyses with standard deviation and
mean showed that the “Pred. R-Squared” of 0.6277 was in
reasonable agreement with the “Adj. R-Squared” of 0.8668.
The results implied that the removal rates of Reactive Red
X-3B by molecular sieve Ti/F were fitted to the following qua-
dratic model.

R, =96.02-3.54A-19.59B+7.61C +4.24D +1.93AB
-1.12AC-13.28 AD —4.03BC + 5.59BD —4.82CD
-13.72A* -13.44B* - 20.23C* - 5.59D" 5)

where R* removal rate (%); A: code value of catalyst dosage;
B: code value of substrate concentration; C: code value of
H,0, dosage; D: code value of temperature.

Therefore, the model was navigated in the design space.
Similar conclusion had been reported by Khorram and Fallah
[40] that the significance of each coefficient of the response
equation was determined by p-value.

The effects of catalyst dosage, the dosage of H,O,, sub-
strate concentration, and reaction temperature were all sig-
nificant with coefficients (Supplementary information). The
temperature had the largest effect. The higher temperature

promoted the degradation of Reactive Red X-3B. The
removal rate was increased with the temperature from 20°C
to 30°C; however, the removal rate was constant at over
30°C. Increasing catalyst dosages showed a less pronounced
effect on the removal rate. A small positive effect was seen
with the catalyst dosage over 0.4 g/L. Furthermore, the tem-
perature and the catalyst dosage had a significantly positive
interaction. The removal rate was further increased with
simultaneously small or large parameter values. However,
the effects and the strong positive interaction with tempera-
ture dominated the RSM plot of temperature and catalyst
dosage (Fig. 5a). The removal rate was basically unchanged
with the temperature of 20°C-22°C and increasing catalyst
dosage. The removal rate raised to 94% with increasing cat-
alyst dosage at 38°C and then decreased. The removal rate
was 90%-96% with the temperature at 22°C-30°C. Therefore,
the removal rate had been increased to the maximum (96%)
at 38°C. Similarly, the removal rate had little change and
then decreased slightly with catalyst dosage increased at
38°C—-40°C. Also, the removal rate gradually increased and
then tended to remain unchanged by increasing tempera-
ture and the catalyst dosage was 0.5-0.94 g/L. Similarly,
when catalyst dosage was 0.94-1.28 g/L, the removal rate
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Fig. 5. 3-Dimensional response surface plots showing the effects of interaction of Ti/F. (a) Model graph of the interaction
A and D variable, (b) model graph of the interaction A and B variable, and (c) model graph of the interaction A and C variable.

increased first and then decreased by increasing tempera-
ture. The removal rate first remained unchanged and then
decreased by increasing temperature with the catalyst dos-
age was 0.94-1.28 g/L. The effects of temperature and cata-
lyst dosage on the removal rate were positive. The tangent
point of the horizontal line at constant temperature and the

tangent point of the vertical line at constant catalyst dos-
age had big deviations with two temperature contour lines
(96% and 90%). It was included that the temperature and the
catalyst dosage had interaction.

Substrate concentration had a negative quadratic effect,
that is, the removal rate had decreased with high substrate
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concentration. The interaction between substrate concentra-
tion and catalyst dosage is shown in Fig. 5b. When the dos-
age of H,O, was constant, the removal rate of Reactive Red
X-3B was basically constant and then gradually decreased
with increasing substrate concentration, while the conditions
were 30°C and 1.0 g/L Ti/F. The removal rate was decreased
after increasing to the maximum with the catalyst dosage
of 0.68-1.12 g/L and increasing substrate concentration.
The removal rate was increased and then decreased with
increasing substrate concentration, whether the catalyst dos-
age was smaller than 0.68 g/L or larger than 1.12 g/L. The tan-
gent point of the vertical line with constant catalyst dosage
and the tangent point of the horizontal line with temperature
constant had a small deviation. It was shown the interaction
between the catalytic dose and the substrate concentration
was minimal. The contour was shown that the removal rate
was 100%. The contour included that the removal rate of
100% with the substrate concentration of 1,887 mg/L and cat-
alyst dosage of 0.92 g/L. When the catalyst dosage was 0.80-
1.03 g/L and substrate concentration was 1,500-1,870 mg/L,
the removal rate of Reactive Red X-3B (2,000 mg/L) was 100%.
The H,O, dosage showed a less pronounced effect on
the removal rate than temperature and substrate concentra-
tion. The H,O, inhibited the reaction when the dosage above
2 ml/L. A small though the positive effect was seen from
H,O, dosage under 2 ml/L. Furthermore, H,O, dosage had a
significant positive and negative interactions with each fac-
tor. The effects and strong interaction with H,O, dosage are
shown in RSM (Fig. 5¢c). When the dosage of Ti/F was constant,
the removal rate of Reactive Red X-3B was increased first
and then decreased with increasing H,0, dosage. Similarly,
when the H,0, dosage was constant, the removal rate of
Reactive Red X-3B was increased first and then decreased
with increasing the catalyst dosage continuously. On the
whole, the tangent point of the horizontal line with constant
H,O, dosage and the tangent point of the vertical line with
constant catalyst dosage had little deviation. It included that
the H,0, dosage and the catalyst dosage had interaction.
RSM was used to predict the optimum conditions of
photocatalytic degradation of Reactive Red X-3B by F. The
predicted removal rate of Reactive Red X-3B was 100%
when the following optimum conditions were used: Ti/F
dosage of 0.80 g/L, H,O, dosage of 2.01 ml/L, the Reactive
Red X-3B concentration of 1,824 mg/L and the temperature
of 32.5°C. The deviation value between the experimental
result and the predicted value was 2.17%. The results were
indicated that the fitting effects of the model were good.

4. Conclusion

This study investigated the effects of the two most
important molecular sieves on catalyzing the degradation
of Reactive Red X-3B. A systematic approach was used to
optimize the reaction condition and to fit a quadratic model.
The RSM was used to account for the effect on the factors
of molecular sieves, catalyst dosage, H,O, dosage, substrate
concentration of Reactive Red X-3B, and reaction tempera-
ture. The different molecular sieves were used as effective
catalysts for dealing with dye wastewater. In conclusion, the
feasibility of the molecular sieve to deal with Reactive Red
X-3B was confirmed. The results showed that the optimum

conditions of the maximum Reactive Red X-3B removal with
98.28% by molecular sieve F: catalyst dosage of 0.98 g/L,
an initial Reactive Red X-3B concentration of 1,626 mg/L, a
temperature of 30.6°C and H,0, dosage of 2.33 ml/L. The
removal rate of the maximum Reactive Red X-3B was 97.83%
by molecular sieve Ti/F under optimum conditions: catalyst
dosage of 0.80 g/L, an initial Reactive Red X-3B concentration
of 1,824 mg/L, a temperature of 32.5°C and H,0, dosage of
2.01 ml/L.
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Supporting information
S1. Characterization of F and Ti/F

The morphologies of F, Ti/F composites were observed
by field-emission scanning electron microscopy, as depicted
in Table 1. Pristine F displayed a typically aggregated mor-
phology with a number of block-based particles. F exhibited
flower-like hierarchical microspheres with an average pore
size at 26.59 nm. It was noted that there were many small
irregular pores appeared on the surface, which could be
ascribed to the fact that a large amount of small molecule
was released during removal. After loading TiO,, Ti/F main-
tained thin-sheet structures with the pores, which might
decrease the surface area. Besides, because of the excessive
stomata on the surface of the nano-sheets, the removal effi-
ciency was significantly improved.

Furthermore, the introduction of TiO, additives in F can
also be demonstrated using energy-dispersive X-ray spec-
troscopy (EDS) and the corresponding EDS patterns shown
in Table 1. EDS analysis indicated that the TiO, was suc-
cessfully embedded into F by the hydrothermal synthesis
method. Hence, it is shown that O, C, Si, Al, Na elements
were detected using EDS in all samples, which ascribed to
their high content. 5iO,, ALO,, Na,O were the main oxide
compositions of fly ash and NaOH melting calcination. In
addition, the embedding of TiO, in F not only increased
the number of Ti but also caused the number of Ca, Fe, Cu
decreased during loading TiO,, Ti ion-exchange replaced
them.

The specific surface areas of F and Ti/F are 24.11 and
10.91 m?*/g, respectively (Fig. 1). Reactive Red X-3B can be
effectively adsorbed by F and Ti/F. The numbers of specific
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surface area, total pore volume and micropore volume of F are bigger than Ti/F. It indicated that the surface structure of molec-

ular sieve F was changed during the process of loading TiO,. Moreover, the total pore volume of Ti/F has been small, which is
due to the sticky structure of Ti blocked the original voids of the molecular sieve F.

S2. Experimental arrangement

WK S I 5
XW-GHX-V

(1) Lighting controller; (2) magnetic stirring apparatus; (3) light source; (4) quartz water cooling tube; (5) low-temperature thermostat
bath.

The equipment has to light controller, magnetic stirring apparatus light source quartz water cooling tube and low-tem-
perature thermostat bath. The experimental arrangement was used to provide UV.

S3. Single-factor test
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The effects of catalyst dosage, H,O, dosage, concentra-
tion substrate and reaction temperature were shown in the
figure. The removal rate was increasing with increasing cat-
alyst dosage. A small though the positive effect is seen from
H,O, dosage under 2 ml/L, however, the H,0, dosage above
2 ml/L may simply lead to Reactive Red X-3B degradation
being inhibited. The removal rate was reduced by increas-
ing the concentration of substrate. And the temperature
promoted degradation.

S4. Results of catalyst cycle times and regeneration test

60

removal rate (%)

20

0 T T T T T T

1 2 3 4 5

regeneration

Number of cycles and regeneration

There is no denying that stability and reusability were
important parameters for photocatalysts in the applica-
tion of wastewater treatment. Thus, in order to evaluate
the stability and reusability of Ti/F, which habited the high
recyclable reuse performance was achieved by calcination at
450°C for 1.5 h. The by-products of photocatalytic reaction
have accumulated with increasing the cycle reaction times,
which hindered the progress and had reduced the photo-
catalytic activity. The removal rate of Ti/F was 90.39% after
a consecutive 5 recycling run, suggesting that it has promi-
nent reusability. Moreover, the good stability and reusabil-
ity of Ti/F photocatalyst further indicated that this system
could be applied as a promising candidate for wastewater
treatment.
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