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Introduction

Nowadays, a growing general concern has emerged regarding
the subject of environmental contaminationl by releasing the
residues of pharmaceutical ingredients in the aqueous media.™!
Antibiotics considered as growing pollutants that required a
particular consideration owing to their continuous consumption in
medical, veterinary and aquaculture.? Most of these extensively
used chemotherapeutic agents are resistant against the
biodegradation, so their elimination through the conventional
wastewater treatment plans would be challenging. For this reason,
their residual even at very low concentrations is a serious risk for
human health and aquatic organisms in the coming years.Fl
Therefore, the development of effectual techniques for the
mineralization of these pollutants has become a mandatory
issue.[5!

Various physical and chemical methodologies have been
reported for the elimination of antibiotics from wastewater,
comprising the ion exchange processes,® reverse osmosis,
coagulation-flotation,® adsorption,®! membrane filtration,"!
different advanced oxidation processes (AOPs),P! etc. Due to the
capability of complete degradation of contaminants compared
with the most mentioned techniques, AOPs appears to be more
promising alternatives.!%1? In the 1970s, heterogeneous

photocatalysis was emerged as one of the - AOPs and
received an increasing growth with every passing year.*¥l In this
context, semiconductor-based heterogeneous photocatalysis is
known as the most superior technique for the green and facile
elimination of antibiotics from wastewater.4% Recently, graphitic
carbon nitride (g-CsN.), a polymeric metal-free material has been
extensively investigated as a semiconductor photocatalyst. ¢l
Although it has . benefits of easy manufacture, excellent visible-
light harvesting ability (band gap = 2.73 eV), nontoxicity, low-cost
and high thermal/chemical stability, the low separation efficiency
and fast recombination rate of the photo-generated electrons and
holes significantly confine its photocatalytic performance.®*7-24
One of the most efficient proposed approaches to amend the
visible-light photocatalytic properties of g-CsN, is its combination

with  other  semiconductors to  prepare  composite
photocatalysts.???1  TiO, is one of the most favorable
semiconductor candidates in the area

due to its outstanding features including chemical and physical
durability, photo-corrosion resistance, low toxicity, and cost-
effectiveness.?8-%l However, the main challenging aspect of using
TiO, is its broad band gap (Eg = 3.2 eV) that Iimitl its
photocatalytic performance only to the UV-light area (3-5% of .
total solar energy).BY Furthermore, the photo-generated electron-
hole pairs in TiO; , which critically -
its optical efficiency.®d Fascinatingly, the semiconductor
combination of g-C3Ns with TiO, can overcome the elevated
recombination speed of the resultant photo-excited electron and
hole pairs of both semiconductors.® It also enhances the visible-
light absorption potential of TiO,.[4

Cefixime trihydrate (CEF), which belongs to the cephalosporin
drugs category, is a type of B-lactam antibiotics. The low
bioavailability of this antibiotic - limited its adsorption by the
gastrointestinal tract,’®¥ leads to serious environmental damages.
CEF is effective while encountering various kinds of pathogenic
bacteria.l*®! This antibiotic is not only operative in treating an
extensive range of bacterial infectious diseases but also can be
utilized to prevent infection in the people undergoing severe
surgical operations.’l To the best of our knowledge, the
photocatalytic degradation of CEF is limited to a few methods
using NiO/nano-clinoptilolite, 26! nano a-Fe,03/Zn0, B8
TiO,/nitrogen doped holey graphene hybrid® and nano-crystalline
Zn0.B% These procedures suffer from one or more of the following
difficulties such as using large amounts of photocatalyst, loss of
the photocatalyst during recycling, long periods, low amounts of
. degradation efficiency, and most importantly the employment
of detrimental light sources and complex photoreactors. Thus, the
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necessity of promoting more proficient and durable photocatalytic
systems for CEF degradation is evident.

Considering the importance of using green and safe light sources
and convenient catalyst recovery and recycling in wastewater
treatment processes, and in continuation of our persistent
research interest in introducing new magnetically recyclable
heterogeneous nanocatalysts!®®! herein, we have reported the
fabrication of a high-performance  g-CsNa/y-Fe,Os/TiO,
nanocomposite. After its characterization by various techniques,
it was utilized as a magnetically separable visible-light-driven
photocatalyst towards the CEF degradation under the blue LED
illumination. Moreover, the central composite design (CCD) along
with response surface methodology (RSM) was carried out for
modeling and optimizing the photocatalytic degradation protocol.

Results and Discussion
Synthesis and characterization of
nanocomposite

According to the multi-step procedure presented in scheme 1, g-
C3N4/y-Fe03/TiO, magnetic nanocomposite was prepared by a
sol-gel procedure from tetra-n-butyl orthotitanate (TBOT) in the
presence of a mixture of separately synthesized g-CsN4 and y-
Fe,Os (See the supporting information for details). Then, the
photocatalytic system was well characterized via a collection of
various techniques.
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Scheme 1. Overall flowchart for the fabrication of g-CsNa/y-Fe2Os/TiOx.

FT-IR spectra of g-CsN4, y-Fe203 and g-CsNa/y-Fe,O5/TiO, are
shown in Figure 1. In the FT-IR spectrum of g-CsN4 (Figure 1a),
the intense adsorption band at around 808 cm is ascribed to the
breathing mode of triazine units.*” The strong adsorption bands
at about 1238-1641 cm™ could be attributed to the stretching
vibration frequencies of both aromatic C—N and C=N bonds."®!
Besides, the observed broad band at around 3000-3450 cm?
could be attributed to the stretching vibration frequencies of the
NH and NH; groups.? The FT-IR spectrum of y-Fe,0s (Figure 1b)
exhibited a wide absorption band at about 542—-695 cmj which is
related to the vibration mods of Fe—O bonds in the y-Fe,O;
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crystalline lattice.*® The characteristic bands that appeared at
1617 and 3406 cm™ are in turn certified to the bending and
stretching vibrations of the surface hydroxyl groups and adsorbed
water molecules.”®! As can be seen in the FT-IR spectrum of g-
C3Na/y-Fe03/TiO, (Figure 1c), the broad characteristic stretching
vibration band of Ti-O at 498-769] which overlapped with the
stretching vibrations of Fe—O bonds, is obvious. Moreover, the
major characteristic bands of g-CsN4 could be easily detected in
the g-C3Naly-Fe,O3/TiO, spectrum.
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Figure 1. FT-IR spectrum of (a) g-CsNa, (b) y-Fe203 and (c) g-CsNa/y-Fe203/TiOx.

XPS was performed to investigate the electronic features and
elemental composition of g-CsNa/y-Fe O3/TiO, (Figure 2). As
depicted in Figure 2a, the presence of the distinct characteristic
peaks corresponding to C, N, O, Ti and Fe elements |§ confirmed
in the XPS elemental survey of the catalyst. Figure 2b shows the
high-resolution XPS spectra of C 1s in g-CsNa/y-Fe,0s/TiO,,
which s deconvoluted into four main peaks. The peak observed
at 284.6 eV could be assigned to the adventitious C-C bonds.[%
The signal observed at 285.9 eV |§ associated with the N-Csp.
bonds.®Y Two other peaks at 288.3 and 289.5 eV are emanated
from the sp2-hybridized C atoms bonded to N in an aromatic ring
[N=C—(N),], and sp?-hybridized C atoms in the aromatic rings
bonded to the primary and secondary amines [N=C(N)-NH,,
N=C(N)-NH], respectively.*® The high=resolution spectra of N 1s
shown two indicative peaks centered at 398.8 and 400.5 eV,
respectively (Figure 2c¢). The former is ascribed to the C-N=C and
N-(C)s bonds, while the latter is associated with the C-N-H
bonds.[?852531 As shown in Figure 2d, the high-resolution XPS
spectra of O 1s of the catalyst exhibits two peaks at 529.7 eV (due
to the TiO; or y-Fe,03 lattice oxygen atoms) and 531.2 eV (due to
the OH groups or H.O molecules absorbed on the catalyst
surface).??65% |n the Ti 2p spectrum of the catalyst (Figure 2e),
two strong peaks with binding energies of about 458.4 and 464.2
eV, which are respectively relating to Ti 2ps» and Ti 2py,, could
be assigned to Ti** in the TiO: lattice.[>°% The high-resolution XPS
spectra of Fe 2p (Figure 2f) |llustrate four dominant peaks
including Fe 2ps at 710.3 and 712.4 eV, along with Fe 2p; at
724.0 and 725.5 eV, which gvidence the existence of Fe3*.5457]
The fitted Fe 2pz, peak at 710.3 eV, can be allocated to Fe*" state
in the Ti—-O—Fe bond.® The absence of the Fe 2ps; peak at 709.3
eV suggests that no Fe?* gxists in the synthesized catalyst.[54
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Figure 2. (a) XPS elemental survey spectrum, and highlresolution XPS spectra
of (b) C 1s, (c) N 1s, (d) O 1s, (e) Ti 2p and (f) Fe 2p of g-CsNa/y-Fe203/TiOx.

XRD analysis was carried out to understand the structural
features of the fabricated photocatalyst (Figure 3). Figure 3a
presents the XRD pattern of y-Fe203| which reveall a series of
characteristic peaks appeared at 30.3°, 35.8°, 43.4°, 53,9°, 57.4°
and 63° (20) thatare associated with (2 2 0), (31 1), (4 00), (4 2
2), (51 1) and (4 4 0) planes of the cubic structure of maghemite
(JCPDS card No. 04-0755).1*% As can be perceived from the XRD
pattern of g-CsNa/y-Fe,Os/TiO, (Figure 3b), the characteristic
peaks y-Fe,O3 can be easily observed. Also, two
indicative diffraction peaks l 27.4° and 13.1° (28) can be
attributed to the (0 0 2) and (1 0 0) crystallographic faces of g-
CsNy in . photocatalyst.3358  The appearance of the
characteristic peaks at around 25.3°, 37.8°, 48.2°, 54.2°, 55.3°,
62.5°, and 70.4° (20) Corresponding to the (1 0 1), (0 0 4), (2 0 0),
(105),(211),(204)and (2 2 0) plane diffractions, confirms the
anatase phase formation of TiO, (JCPDS card No. 21-1272)5% in
the g-C3Naly-Fe,03/TiO,.
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Figure 3. XRD patterns of (a) y-Fe20z and (b) g-CsNa/y-Fe203/TiOx.

The magnetic features of y-Fe,O3 and g-CsNa/y-Fe,O3/TiO, were
examined by VSM analysis at room temperature (Figure 4). As it
could be perceived from the resulting magnetization curves, the
saturation magnetization amounts of y-Fe;Os; and g-CsNaf/y-
Fe,03/TiO, are 66.50 and 25.50 emu.g?, respectively. No
detected hysteresis loop in the magnetization curves of both y-
Fe,O; and  g-C3Naly-FeoOs/TiO, points out to their
superparamagnetic feature.
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Figure 4. Magnetization curves of (a) y-Fe20z and (b) g-CaNa/y-Fe203/TiOx.

The optical absorbance characteristics of the prepared SSRAE Mk - 7 Ay R e [T
nanocomposite were evaluated by UV-vis DRS. As it is obvious

in Figure 5, the g-CsNa/y-Fe,Os/TiO, revealed a supreme
absorption in the visible-light area. Furthermore, according to the
Tauc plot of (ahv)? vs. . (Figure 6), the value of the band gap
energy for g-C3Na/y-Fe.0O3/TiO,was estimated to be 2.6 eV, which
proved the high capability of the catalyst to enhance the
photoinduced electron-holes separation and improves its visible-
light photocatalytic performance.
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Figure 5. UV-vis DRS of g-C3Na/y-Fe203/TiOx.
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Figure 6. Tauc plot for band gap estimation of g-CaNa/y-Fe203/TiOx.

Moreover, the SEM and TEM images were evaluated to
understand the morphological properties of the catalyst (Figure 7).
As it is evident in Figure 7, the g-C3sN4 sheets
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Figure 8. N2 adsorption-desorption isotherm (a) and BJH pore size distribution
plot (b) of g-CsNaly-Fe203/TiOx.

EDS analysis of g-C3N4/y-Fe,03/TiO; disclosed the presence of C,
O, N, Fe and Ti elements through their corresponding signal
illustration, which further corroborated the successful fabrication
of the nanocomposite (Figure 9a). Moreover, to explore the
elemental composition uniformity of g-CsNa/y-Fe,Os/TiOy,
elemental mapping analysis was conducted (Figure 9b-g). As it is
evident, the simultaneous existence of C, O, N, Fe and Ti
elements with homogeneous distribution on the entire surface of
the catalyst was well proved.

. @
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Figure 9. (a) EDS analysis and elemental mapping images of (b) carbon
(red), (c) oxygen (green), (d) nitrogen (pink), (e) iron (yellow), (f) titanium (cyan)
and (g) the overlapping of C, O, N, Fe and Ti elements in g-CaNa/y-Fe203/TiOx.

Designing the experiment and statistical investigations

In this study, for the process modeling, investigation of the
influence of operational factors on the CEF photocatalytic
degradation, and determining the actual optimal conditions, the
CCD based on RSM was applied under the area of the design
expert software (version 10.0). The five critical parameters
affecting the degradation process including the CEF amount
(mgl/L, A), g-CsN4/y-Fe,03/TiO, concentration (g/L, B), pH (C),
visible-light intensity (W/m2, D) and contact time (min, E) were
selected as the operational independent parameters. These
factors were chosen according to the preliminary experiments.
The efficiency of the CEF photocatalytic degradation process was
examined as the dependent factor (response, R). The
experimental ranges and the levels of the independent
parameters are demonstrated in Table 1. The present designation
indicates 32 individual experimental runs in two blocks; based on
¥ fraction CCD experiments (Table 2).

It is worth noting that the antibiotic durability might be affected by
changing the pH of the solution. To consider this issue, the CEF
stability was evaluated at different pH amounts. As it is evident in
the diagram of CEF absorbance vs. pH values (Figure 10), CEF
is very stable up to pH of about 10.5 and then, the CEF
absorbance begins to decrease. This observation is related to the
hydrolysis of the CEF molecules due to the instability of the -
lactam ring at high pH amounts.%° Therefore, CEF is completely
stable in the selected pH range (0.5-10.5) of the experimental
designl® and so, all results regarding the CEF degradation are
related to the photocatalytic behavior.
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Figure 10. The effect of pH variations on the absorbance of the CEF.



Table 1. Experimental range and levels of the independent parameters used for
the CEF degradation process in CCD.

Independent Symbols
variables
Range and levels
-a -1 0 +1 +a
CEF amount A 10 15 20 25 30
(mg/L)
Catalyst B 0 0.02 0.04 0.06 0.08
concentration
(9/L)
pH C 0.5 3 55 8 10.5
Light intensity D 3 6 9 12 15
(W/m?)
Contac time E 30 60 90 120 150
(min)

Table 2. The obtained experimental values of the response in CCD.

Run A B C D E R
(%)
1 15 0.06 8 12 60 41
2 20 0.04 10.5 9 90 4
3 20 0.04 55 9 30 60
4 10 0.04 5.5 9 90 84
5 15 0.02 8 6 60 34
6 15 0.02 8 12 120 44
7 15 0.06 3 6 60 33
8 25 0.02 8 6 120 15
9 20 0.04 5.5 9 150 58
10 20 0.04 55 3 90 65
11 20 0.04 5.5 9 90 98
12 15 0.02 3 6 120 27
13 30 0.04 55 9 90 69
14 20 0.04 5.5 9 90 97
15 15 0.02 3 12 60 40
16 15 0.06 8 6 120 24
17 20 0.08 55 9 90 8
18 20 0.04 5.5 9 90 97.8
19 20 0.04 0.5 9 90 13
20 25 0.06 8 12 120 31
21 25 0.02 3 6 60 20
22 20 0.04 55 15 90 97.5
23 20 0.04 5.5 9 90 98.3
24 25 0.06 8 6 60 18
25 15 0.06 3 12 120 50
26 25 0.06 3 6 120 31
27 20 0 55 9 90 0
28 20 0.04 5.5 9 90 98.7
29 25 0.02 8 12 60 31
30 20 0.04 5.5 9 90 98.5
31 25 0.02 3 12 120 37
32 25 0.06 3 12 60 45
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Method modeling

Analysis of variance (ANOVA) was performed to evaluate the
statistical significance level and adequacy of the model.¥? In the
ANOVA analysis, when the data related to the p-value was
determined to be lower than 0.05, the fitted model would be
proper for predicting the photocatalytic degradation process at a
confidence level of 95%.1364 Furthermore, the lack-of fit (LOF) of
the model should be insignificant to well represent the high
performance of the model for providing reasonable data.364
Accordingly, the designated data to the p-value and LOF amount
in Table 3, clearly revealed that the designed model is extremely
significant and proper to use for the experimental range evaluated.

Using this procedure, an empirical quadratic polynomial equation
was achieved to model the interaction of the five independent
parameters (A-E) on the efficiency of the photocatalytic
degradation of CEF (R), as follows:

R = +98.09 — 3.96*A + 1.71*B — 2.62*C + 7.58*D — 0.29*E +
1.19*AB — 1.94*AC — 2.81*BC — 1.06*CE + 0.81*DE — 5.43*A?—
23.56*B%— 22.43*C%- 4.24*D?— 9.81*E?

in which, parameters with a positive sign (+) and a negative sign
(=) have a positive and negative influence on the CEF
photocatalytic degradation process, respectively.

The high value of R? (0.9996) and the adjusted R? (0.9992), and
their closeness to 1.0 shows a very reasonable agreement
between the observed results and the predicted ones. %4

To ebtain further insight into the accuracy of the model in the CEF
degradation process, the predicted values obtained from the
respective model versus the measured experimental data (actual
values) are depicted in Figure 11a. As it is apparent, the predicted
data are entrely close to the experimental ones, which
successfully confirmed that the actual values are well agreed with
the predicted results, in accordance with the proposed polynomial
equation.®® In addition, the respective normal probability plot of
residuals for the response (Figure 11b) clearly illustrates that the
resulting data points are constantly exposed on a straight-line
basis. These findings revealed that there is no clear dispersal in
the obtained data and the error variance is homogeneous.
Besides, the good fit of the model was analyzed by constructing
the externally studentized residual values versus the
experimental runs and indicated that all data points were placed
within the limits®®! (Figure 11c).

Table 3. The ANOVA obtained data for the response surface quadratic model of the CEF degradation process.

Source Sum of DF Mean F-Value p-value
Squares Square

Model 32112.83 15 2140.86 2503.11 <0.0001 significant
A 376.04 1 376.04 439.67 <0.0001
B 70.04 1 70.04 81.89 <0.0001
C 165.38 1 165.38 193.36 <0.0001
D 1380.17 1 1380.17 1613.70 <0.0001
E 2.04 1 2.04 2.39 0.1419
AB 22.56 1 22.56 26.38 <0.0001
AC 60.06 1 60.06 70.23 <0.0001
BC 126.56 1 126.56 147.98 <0.0001
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21.12 0.0003

12.35 0.0029

1011.49 <0.0001

19030.26 <0.0001

17255.93 <0.0001

617.50 <0.0001

3297.68 <0.0001

2.90 0.1250 not significant

CE 18.06 1 18.06
DE 10.56 1 10.56
A? 865.11 1 865.11
B2 16276.19 1 16276.19
c? 14758.64 1 14758.64
D? 528.13 1 528.13
E? 2820.44 1 2820.44
Residual 13.68 16 0.86
Lack of Fit 11.83 11 1.08
Pure Error 1.86 5 0.37
Cor. Total 32126.52 31
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Figure 11. (a) Predicted values versus actual data, (b) normal probability plot
of the residuals and (c) residual values versus the experimental runs diagnostic
plots for the CCD model adequacy.

Investigation of the interactive effects of studied factors

Three-dimensional (3D) response surface and two-dimensional
(2D) contour plots were conducted to discover the effects of
independent parameters on the removal behavior of the system
with regard to all significant interactions in the RSM-CCD.[%"] In
fact, the interactive effect of each two parameters and the
relationship between them could be well perceived by exploring
the related contour plots. To understand the effect of each pair of
parameters on the response, 3D response surface plots were
employed.

Figure 12 shows the contour and the 3D plots to probe the effects
of independent significant factors on the CEF degradation
efficiency. In each experiment, the interaction of two separate
factors and their simultaneous effect on the response were
evaluated by keeping the other factors at the middle values. As it
is clear, when the catalyst concentration was enhanced to 0.04
g/L, the amount of CEF degradation was also increased. However,
when the catalyst concentration increased further, the
degradation process rate was diminished (Figures 12a and 12b).
Likewise, the effect of CEF amount on the photocatalytic
degradation percentage showed that at lower concentrations
(below 20 mg/L) more photocatalytic degradation efficiency would
be achieved and as the CEF amount elevated, the efficiency
diminished (Figures 12a and 12b). Both of these observations
could be related to the fact that the light scattering was reduced
owing to the turbidity, which leads to less photocatalytic
degradation.®® The effects of the contact time and visible-light
intensity are also depicted in Figure 12c and 12d. As can be seen,
the highest percentage of CEF degradation was attained under 9
W/m? light intensity in 90 min. In fact, by improving the irradiation
intensity to a certain amount (9 W/m?), the efficiency of the
degradation process was improved, and then the degradation rate
was dropped slightly owing to the consumption of the produced
hydroxyl radicals by the CEF molecules in solution.[®® Moreover,
increasing the contact time to 90 min, increased the CEF
degradation, while with more time enhancement, no obvious
improvement was detected in the progress of the degradation
process due to the absence of enough active hydroxyl radicals in
the solution. As can be readily perceived from Figure 12e-j, the
optimum pH value for CEF degradation is about 5.5.
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Figure 12. (a, ¢, e, g, i) The contour and (b, d, f, h, j) response surface plots for
degradation efficiency of CEF (%).

Degradation efficiency (%)

Evaluation of the optimal conditions

Optimization of the influencing factors on the CEF degradation
efficiency was conducted through the numerical optimization
matrix based on the design expert software. Accordingly, the
maximum degradation efficiency of 98.09% was predicted by the
attained model for the CEF degradation at optimal conditions
(CEF amount of 20 mg/L, catalyst concentration of 0.04 g/L, pH
of 5.5, irradiation intensity of 9 W/m? and 90 min). To verify the
predicted responses reliability at the optimized conditions, three
experiments were performed at similar optimized conditions. The
obtained results were accompanied by the average degradation
percentage of 98.0.% for CEF degradation, which is well agreed
with the corresponding predicted data. The reliability of the
proposed model was therefore confirmed by this rational
agreement. In the following, control tests were done under the
optimum conditions to more clarify the photocatalytic capability of
g-C3N4/’Y-F6203/Ti02.

Photocatalyst concentration (g L-1)
Degradation cfficiency (%)

Time (min)

Degradation efficiency (%)

Visible-light intensity (D, W.m*?)

 Degradation efficiency (%) AT Moreover, when a similar experiment was carried out under the
‘ \ \ h visible green LED irradiation, while all other conditions kept in the
optimal set, the photocatalytic degradation behavior

CEF, was not promising.

was also probed and the
degradation capability was calculated to be 63% under the
optimal conditions. However, it is observable that by using g-
CsNaly-Fe,0s5/TiO, under the optimum conditions, the best

efficiency of the CEF achieved within 90 minutes.
This enhancement in the degradation rate can be ascribed to the
synergistic optical effects between g-CsNa4, y-Fe;Os, and TiOy,
which increased the charge carriers’ production and well slowed
down the speed of the electron-hole pairsl recombination (Figure

13).
15 18 21 24 27 30 N
ol A 0.0 B 12
Cefixime trihydrate concentration (mg.L-1) 37002
1
- Degradation efficiency (%)
' 2 o ) ‘ 0.8
7_/ p \ .
g o] 0.6 1 —s—Photolysis
- 2 g 04 | ~o— Dark adsorption
£ & —e—Green LED
59 1
- -g 02 { —e—g N,
. \7 = 5 g-CiNuyFe:04/TiOs
70 2 0 T T T T T
o ‘i}/ 0 10 20 30 40 50 60 70 80 90 100
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3 : s
0.02 0.03 X .0S 0.06 pH . ; / 0.03 5 ] ] ] o i ) o
i s / Figure 13. Photocatalytic degradation of CEF under the visible-light irradiation
hotocatalyst concentration (g L-1) 3002

in optimum conditions.
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TOC analysis

Total organic carbon (TOC) analysis was accomplished to
quantitatively monitor the mineralization process of the CEF
under the optimal conditions. The percentage of TOC degradation
can be determined by using the following equation:

(TOC)0—(TOC)t
(TOC)0

% TOC degradation = x 100

where (TOC), = Initial TOC of the CEF solution and (TOC); = TOC
of the CEF solution at specific reaction time during treatment with
nanocomposite.

As it is depicted in Figure 14, the capability of the CEF
degradation measured from the TOC analysis revealed a trend
similar to the data obtained by the UV-vis study. In fact, the
molecules of CEF were almost quite photodegraded to very small
segments. These results more endorsed the efficiency of the
presented nanocomposite for the mineralization of CEF.

105 105

100 4 =®— Analyzed by UV-vis spectrophotometer . - 100
95 y 7 b o
~#— Determined by TOC analyzer // =
T 90 A f9 S
< T P > g
= 85 > 4 § - 8 =
2 50 i L s0 T
_cg.-; o o A& g
® il B i o T3
2 70 - g 70 8
65 g L5

60 e __— L 60

55 - 55

25 35 45 55 65 75 85 95

Irradiation time (min)

Figure 14. Degradation rate of CEF using g-CaNa/y-Fe20s/TiO2 photocatalyst
obtained from the absorbance measurements (blue circle) and TOC analysis
(red triangle) versus the irradiation time.

Kinetic study

Evaluation of the reaction rate kinetics is a fundamental aspect in
the catalytic wastewater purification processes. The Langmuir—
Hinshelwood (L-H) kinetic model is applied to investigate the
photocatalytic degradation kinetics of many organic compounds
such as antibiotics.’™™ In fact, a beneficial photocatalytic
degradation route follows the pseudo first-order Kinetics
according to the L-H model; which can be defined as the bellow
equation:

n (%) = —ke
n(Ct -

wherej k is defined as the pseudo first-order rate constant, Co is
the initial contaminant concentration and C; is the contaminant
concentration at time t.

To probe the photocatalytic degradation kinetics of CEF in the
presence of the present catalyst, some typical tests were
performed under the optimum conditions (catalyst concentration:
0.04 g/L, pH= 5.5 and irradiation intensity: 9 W/m?) for different
CEF amounts within the range of 20-90 min. Results revealed the
existence of a linear relation between In (Co/C;) and t, verified that
the photocatalytic degradation process followed a real pseudo
first-order kinetic (Figure 15).
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Figure 15. Plots of the L-H kinetic model In (Co/Ct) vs. contact time, for CEF
photocatalytic degradation at different concentrations (pH=5.5, catalyst value =
0.04 g/L, and irradiation intensity = 9 W/m?).

Also, the R? values were obtained close to 1 for all different
concentrations of CEF, which further approved the suitability of
the model (Table 4). As can be seen in Table 4, when the CEF
amount was increased, the reaction rate constants diminished.
This might be ascribed to the enhancement of the transition
products at higher CEF amounts, which led to reduce the potent
hydroxyl radicals in the solution and also the degradation rate
constants."

Table 4. Kinetic parameters for CEF photocatalytic degradation reactions at
different concentrations.

CEF
Entry amount Equation K (min't) R?
(mg/L)
1 20 y = 0.0384x + 0.2895 38.4x 10°° 0.9811
2 25 y =0.0264x + 0.2239 26.4 x 10°° 0.9885
3 30 y = 0.0113x + 0.2097 11.4x10°% 0.9862
4 35 y = 0.0076x + 0.1307 7.6 x 10° 0.9835

Reusability of g-CsNa/y-Fe203/TiO2 nanocomposite in the CEF
photocatalytic degradation process

Recyclability of the photocatalysts is a crucial parameter to reduce
the operating costs in practical applications. In this regard, to
evaluate the reusability and durability of g-CsNa/y-Fe,Os/TiO,,
seven repeated cycles of the CEF photocatalytic degradation
were done under the optimal conditions. After each run, the
photocatalyst was isolated from the aqueous solution employing
a magnetic field, washed three times with distilled water, oven-
dried at 70 °C within 2 h and reused in the next run. Based on the
results displayed in Figure 16, no substantial change was
witnessed in g-CsNa/y-Fe,O5/TiO, photocatalytic reactivity even
after seven runs of recycling. The slight reduction in the
degradation rate of CEF after seven consecutive runs might be
due to the small loss of the photocatalyst throughout the recycling
procedure. Moreover, comparing the FT-IR spectrum of seven
times reused catalyst (Figure 17) with the fresh one (Figure 1c)
indicated that the structure and morphology of the photocatalyst
were not changed after seven consecutive runs. These findings
imply the high stability and reusability of the presented
nanocomposite.
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Figure 16. Results of the recycling studies of nanocomposite in the
photocatalytic degradation of CEF.
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Figure 17. FT-IR spectrum of g-C3Na/y-Fe203/TiO2 after seven times reused.

Comparative study

To clarify the merits of the suggested method over the previously
reported procedures towards the CEF photocatalytic degradation,
the effectiveness of the current catalytic system was compared
with the hitherto reported catalytic systems in the literature (Table
5). It can be evidently observed that the present photocatalytic
system is premier to the reported procedures. The superior
photocatalytic reactivity of the current catalyst might be related to
synergistic optical effects between g-CsNa4, y-Fe;Os, and TiOg,
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which increased the charge carriersj production and well slowed
down the speed of the electron-hole pairs{ recombination.
Moreover, the present photocatalyst was simply isolated by an
external magnetic field.

Proiosed Ehotocatalitic

To detect the main oxidative species in the photocatalytic
degradation process of CEF, the trapping experiments were
performed using radical and hole scavengers. To do this, the
photocatalytic degradation of CEF in the optimal conditions was
conducted in the presence of tert-butyl alcohol (t-BuOH), p-
benzoquinone (BQ), and ammonium oxalate (AO) as the hydroxyl
radical, superoxide radical, and hole scavengers, respectivel
(Figure 18). As can be seen, the ﬁ
efficiency of CEF using g-CsNa/y-Fe;0s/TiO, photocatalyst was
about 98% without any scavenger after visible-light irradiation for

90 min. By the addition of t-BuOH (1 mM) into the reaction solution,
the efficiency of CEF was moderately
affected. However, the efficiency of

CEF dropped substantially by adding BQ (1 mM) or AO (1 mM) to
the reaction medium. These observations proposed that the
superoxide radicals and holes are the main active species in the
presented photocatalytic degradation system.

mechanism for the CEF

by g-CsNaly-Fe20s/TiO,
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Figure 18. Effects of radical and hole scavengers on the
efficiency of CEF the g-CsNaly-Fe20s/TiO2
photocatalyst, within the optimized conditions.

Table 5. Comparison of the photocatalytic performance of g-CsNa/y-Fe203/TiO2 with the reported photocatalytic systems for CEF degradation.

Entry Photocatalyst Catalyst CEF Light source Oxidant pH Time Degradation Ref.
amount amount (min) efficiency (%)
(gLh (mg.L™)
1 NiO/NCPE 0.25 5 Hg-lamp (UV-A), 75 air 5 180 70 [36]
W
2 Nano-crystalline ZnO - 20 UV black lamp, 27 air - 28 - [39]
W/m?
3 Nano a-Fe203/ZnO 0.41 10.11 UV-vis, 8 W air 9 127 99.1 [38]
4 TiO2/NHG! 0.05 25 sunlight H202 - 90 92.3 [3]
(5mg/L)
5 g-CsNaly-Fe203/TiO2 0.04 20 Visible blue-LED, 9 air 55 920 98.09 Present
W/m? work

[a] NiO/nano-clinoptilolite. [b] TiO2/nitrogen doped holey graphene hybrid

According to the above results, a plausible photocatalytic
mechanism was proposed for the CEF

in the presence of g-CsNaly-Fe,O3/TiO, under visible-light
irradiation (scheme 2). As it is clear, scheme 2 shows the
electron-hole separation and charge transfer pathway at the g-
CsNaly-Fe,0s/TiO, photocatalyst interfaces. Under the visible blue
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LED light irradiation, g-C3sN4 and y-Fe,O3 can be easily excited to
generate electrons and holes. Then, the photogenerated
electrons from the conduction bond (CB) of g-CsN, can be simply
transferred into the CB of y-Fe,Os and simultaneously the existing
electrons immigrated from the CB of y-Fe,03 to the CB of TiO-.
On the other hand, the photogenerated holes in the valence bond



(VB) of y-Fe,O3 can easily be injected into the VB of g-CsNa.
These appropriate charge carriers] transformations along the
heterojunction interfaces of the photocatalyst led to efficient
separation of photogenerated electrons/holes and a prolonged
lifetime of the excited electrons/holes, as well. Electrons in the CB
of TiO, will further adsorb the oxygen molecules from the solution
to make the superoxide radical ions, which are potent oxidative
species for the degradation of CEF. Meanwhile, the accumulated
holes presented in the VB of g-C3N4 would react directly with the
CEF molecules.

Visible light
e (‘J
CB 4 e
! CB € (
e f
czjn :E S ! CB wal
T ] !>
50 :" S 1o .
IR R R = R
w=YB i = 2
i ht VB
VB

Scheme 2. Proposed photocatalytic mechanism for CEF photocatalytic
degradation using g-CsNa/y-Fe203/TiO2 nanocomposites under visible blue LED
light irradiation.

Conclusions

g-CsNaly-Fe,05/TiO, was successfully prepared and fully
characterized by FT-IR, XPS, XRD, VSM, DRS, SEM, TEM, BET,
EDS, and elemental mapping techniques. The capability of the
synthesized g-CsNa/y-Fe,0s/TiO, as an effective magnetically
separable and visible-light-driven photocatalyst (band gap energy
= 2.6 eV) was satisfactorily evaluated for the degradation process
of CEF. The optimization of the operational parameters in the
photocatalytic degradation process of CEF was studied by the
mathematical and statistical approaches using CCD based on
RSM. Results indicated that the photocatalytic degradation
efficiency of the CEF is equal to 98.09% under optimal conditions
(CEF amount = 20 mg/L, g-CsNa/y-Fe,O3/TiO, concentration
0.04 g/L, pH = 5.5, irradiation intensity = 9 W/m? and contact time
= 90 min). Based on the total organic carbon (TOC) analysis, the
CEF molecules were almost quite photodegraded to very small
segments (percentage of TOC degradation = 90%). Interestingly,
the superlative photocatalytic performance of the catalyst could
be ascribed to the synergistic optical effects between g-CsNg, y-
Fe,Os, and TiO,, which can increase the charge -carriers
production and also overcome the fast recombination rate of the
photoinduced electron-hole pairs. Moreover, the photocatalyst
was simply separated by the aid of an external magnet and
recycled for seven sequential runs with no substantial reduction
in its reactivity. In this study, the obtained experimental values
well follow the pseudo first-order kinetics according to the L-H
model. Using a capable visible-light harvesting photocatalyst,
employing a superparamagnetic photocatalyst with convenient
isolation ability, almost complete mineralization of the CEF in the
presence of a very low amount of the photocatalyst under an eco-
benign and innocuous visible-light source by air as the oxidant,
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could be considered as the major highlights of the presented
protocol, which support it well towards the green chemistry.
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Visible light

A magnetically separable g-CsN./y-Fe;O3/TiO, nanocomposite was synthesized as an intensely effectual visible-light-driven
photocatalyst and fully characterized by different techniques. Surprisingly, the g-CsNa/y-Fe.Os/TiO, presented a privileged

photocatalytic performance for the CEF degradation under visible-light irradiation. In this study, CCD based on RSM was conducted
for the optimization assessment of the operational factors.
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