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Abstract—The simultaneous presence of antibiotics and bacteria in aqueous media has been recognized as an envi-
ronmental threat, due to the enhancement of antibiotic resistance of bacteria. We synthesized an activated carbon
impregnated magnetite composite (PAC/Fe;0,) and used it for removal of cephalexin (CEX) from aqueous solution via
UV system. A series of batch experiments was carried out under various experimental conditions such as pH of solu-
tion (3-11), contact time (0-120 min), catalyst dosages (0.1-2 g/L) and initial CEX concentrations (10, 25, 50 and
100 mg/L). Some common isotherm models were used for study of CEX adsorption and finding the best model. In
addition, kinetic studies of CEX photocatalytic removal were performed by fitting the experimental data on first-order
and second-order models. Results of comparative studies showed that UV+PAC/Fe;O, and UV+TiO, systems, com-
pared to UV/Fe;O,, naked Fe;O,, PAC/Fe;O, and UV only, had more capability of removing CEX from aqueous solu-
tion, indicating PAC/Fe;0, is effectively catalyzed by UV light. Furthermore, increasing catalyst dosages and decreasing
initial CEX concentrations led to the enhancing photocatalytic removal of CEX from solution. The obtained results of
kinetic studies also represent that among the studied models, second-order model with significant coefficient of cor-
relation (R®) had higher ability than first-order model to fit the data of CEX removal. Finally, the findings of reusability

tests, showed that the applied catalyst would be applicable for CEX removal, even after five consecutive cycles.
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INTRODUCTION

Regarding the fast growth and development of manufacturers,
pharmaceutical drugs like antibiotics used in different industries,
stock farming and bio-manufacturing have been discharged into
the water bodies and posed a serious threat for human life. Among
the antibiotics, cephalosporins are considered as the most exten-
sively applied antibiotics, which are categorized in four principal
branches according to their antimicrobial activities. Cephalexin
(CEX) is known as the first-generation applied cephalosporin anti-
biotic and used on a large scale for infections in humans and ani-
mals [1]. Recently, a huge volume of CEX was discharged into the
water resources without being applied by live organisms. CEX is
very resistant against degradation and can remain in aqueous media
for a long period. Therefore, it is quite necessary to employ an effi-
cient and innovative technique for its removal from solution.

Different remediation techniques such as reduction [2], Fenton-
oxidation [3], biosorption [4], photocatalysis [5] and adsorption [6]
have been utilized for treating water contaminated with pharma-
ceutical substances. However, the application of these treatment
approaches has not represented fruitful results, due to the low anti-
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biotic removal efficiency; high cost of operation and leaving sec-
ondary pollution. Therefore, a cost-effective and highly efficient re-
mediation techniques has to be employed for removal of antibiot-
ics from aqueous solution. Photocatalysis has gained the attention
of environmentalists and been applied in previous studies for remedi-
ation of solution from many contaminants, which represented high
performance [7-9].

In previous decades, many authors have focused their attentions
on titanium dioxide (TiO,), as a semiconductor typical photocata-
lyst, owing to its excellent features such as strong oxidizing power,
chemical stability, ease of availability and low cost and low toxicity
[10,11]. However, separation and recovery problem from the lig-
uid phase has limited the practical use of TiO, in real applications.
To overcome this problem, researchers applied photocatalysts with
magnetic properties. Fe;O, has been reported as an efficient pho-
tocatalyst in the degradation of pollutants [12,13]. It is well-known
that when Fe;O, faced with UV light can generate a reactive species
such as hydroxyl radicals (HO"), according to reactions 1-3 [14]:

Fe;O,+hv—h gz +eqs A<400 nm (1)
Fe,0,(h,z)+H,0— OH+H" (2)
h,z+H,0—"OH ,+H (€)

Fe;O, nanoparticles also could be separated and recycled conve-
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niently by applying an external magnetic field. However, the strong
tendency for Fe;O, nanoparticles to agglomerate is a major con-
cern for application and can decrease the surface area, reactivity and
removal efficiency. The incorporated Fe;O, nanoparticles into the
porous supporting materials such as graphene, zeolite, activated
carbon and polymeric materials can be a useful approach for resolv-
ing this problem [15]. Hence, an activated carbon impregnated mag-
netite composite (PAC/Fe;O,) has been fabricated which not only
has high ability of adsorbing pollutants, but also can be easily cata-
lyzed by UV light as well as separated from solution, due to its mag-
netic features [14].

Although the study of CEX removal using photocatalysis method
has been conducted, the application of magnetic composite for in-
creasing the performance of a photocatalytic system requires more
consideration. Therefore, we synthesized a magnetic activated car-
bon composite and used it for photocatalytic removal of CEX from
solution. To the best of our knowledge, no study has been reported
for CEX photocatalytic removal by PAC/Fe,O, composite. The
performance of photocatalyst process was evaluated at different
experimental factors of solution pH, catalyst dosages and initial
CEX concentrations. In addition, the kinetic study of CEX photo-
catalytic removal was also carried out using three most common
models.

MATERIALS AND METHODS

1. Reagents

To synthesize PAC/Fe;O,, ferric nitrate (Fe(NO;);-9H,0), acti-
vated carbon powder, ammonia and nitric acid were purchased
from Merck, Co, Germany. Cephalexin powder was prepared from
Jaberebne Ghayyan drug company, Iran.

2. Preparation and Characterization of Composite

The composite was prepared using co-precipitation method, pro-
posed by [16]. At first step, 5 g of activated carbon powder was added
to 20mL 65% nitric acid solution. Then, for homogenizing the sus-
pension, it was put in an ultrasonic bath for 3h at 80 °C. Then, sam-
ples were filtered and dried at room temperature. Subsequently, 5 g
of obtained powder was impregnated into a 200 mL of aqueous solu-
tion containing Fe(NO3);-9H,0 and placed in ultrasonic vibration
for 1h at 80°C. After filtration, they were dried in an electrical fur-
nace at 750 °C during a 3 h time period under N, gas flow. In the
final step, the synthesized composite was rinsed with DI water for
several times and dried in an oven at 105°C and then kept in a
desiccator, until beginning the experiments.

The size, morphology and surface features of the synthesized
composite were evaluated using a scanning electron microscope
(SEM,, Philips, XL30). The crystalline characteristics of PAC/Fe;O,
were also studied using X-ray diffraction (XRD,) instrument at 26
of 10-80°. The elemental analysis of the surface of PAC/Fe;O, involved
using energy dispersive X-ray (EDX) technique. In addition, the sur-
face area of the sample was calculated using Brunauer-Emmett-
Teller (BET) method through adsorption-desorption of N,.

3. Experimental Procedure

The removal of CEX using UV+PAC/Fe;O, used two processes
of adsorption and photocatalysis. In brief, for performing batch
adsorption experiments, some certain dosages of adsorbent (0.1-

2 g/L) were added to plastic bottles containing solution with differ-
ent initial CEX concentrations (5, 10, 25, 50 mg/L). Then, they were
shaken vigorously on a rotary shaker at different time periods. First,
batch adsorption experiments were done at 120 min; since no sig-
nificant changes were happened in the adsorption of CEX after
60 min, this time period was selected as an equilibrium time for
next experiments. After ending reaction, the adsorbent particles
were separated using an external magnet to find the residual CEX
concentrations in the solution. In addition, equilibrium and kinetic
studies of batch experiment were performed using different widely
applied models.

Furthermore, to carry out photocatalytic experiments of CEX
removal, 100 mL of 25 mg/L CEX solution was placed into the 250
mL quartz flask, which was sealed with aluminum foil. For homog-
enizing the composite and effective mass transfer in the reactor, the
suspension was stirred vigorously using a stirrer with high intensity.
A UV lamp with (UV-C lamp, 6W PHILIPS) and 254 nm wave-
length peaking was put into the open central region of the sample.

After a defined time interval, the residual CEX concentration in
aqueous solution was determined using a UV-visible spectropho-
tometer (HACH, DR-5000) at wavelength of 261 nm and the pho-
tocatalytic removal of CEX (R %) was calculated using the equation
below:

C

r=2%, 100 @)
T C

where, C, and C are the initial and residual CEX concentrations
(mg/L), respectively.
4. Isotherm Studies

The maximum amount of monolayer adsorption capacity (q,,)
was obtained by fitting the Langmuir equation as follows. The essen-
tial features of the Langmuir isotherm may be expressed in terms
of equilibrium parameter R;, which is a dimensionless constant
referred to as separation factor or equilibrium parameter [17]:

1 1 1
9 9n quLCe

®)

1

A= ©

The experimental data were also fit to the Freundlich model, which
assumes the heterogeneous nature of adsorption. The linear form
of Freundlich isotherm model is expressed as follows [18]:

Inq,=InK + I—lllnCe ™)

Based on Temkin isotherm model assumption, the linear decrease
happens in the adsorption energy with surfaces coverage, which is
derived from the interactions between adsorbent and adsorbate
molecules. Eq. (5) shows the linear form of Temkin isotherm model
[19]:

RT

ATlnCe ®)

RT
q.= A—TanT+

The Dubinin-Radushkevich (D-R) model is used for adsorption
mechanism with a Gaussian energy distribution onto a heteroge-
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neous surface. This model is also applicable for physical adsorp-
tion processes [20]:

lnqezlnqs_ kﬂdgz (9)

where, q, and C, are the adsorption capacity of adsorbent (mg/g)
and residual adsorbate concentration (mg/L).
5. Photocatalytic Degradation Kinetic Studies

For better explanation of the photocatalytic removal of CEX, the
experimental data were fitted on the two most common kinetic
models: first-order and second-order models. Eq. (10) shows the
first-order kinetic model, which is known as the most widely applied
model in remediation processes, as follows [21]:

C=C, exp(—kit) (10)

The second-order model is given via the following equation:

L
C

1
o=t (11)

where, t is reaction time (min), C, and C, are the initial and residual
concentrations of CEX (mg/L) at time t and k; (min ") and k, (mg -
L-min™") are the rate constants of first-order and second-order mod-
els, respectively.

RESULTS AND DISCUSSION

1. Characterization

SEM image of PAC/Fe;0, is illustrated in Fig. 1(a) and (b) that
shows the surface characteristics of the synthesized composite. Hav-
ing a closer look, it has some surface roughness and cavities with
various sizes and shapes which provide huge capability of adsorb-
ing contaminants. XRD diagram of the synthesized composite,
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Fig. 1. SEM images of (a) pure PAC and (b) PAC/Fe;O,, XRD diagrams of PAC/Fe;O, (c), EDAX spectrum (d) and (e) BET.
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Fig. 2. A comparative study of CEX removal using UV only, naked
Fe,0,, UV/Fe;0,, UV+TiO,, PAC/Fe;O, and UV+PAC/Fe;0,
(solution pH 7.0, catalyst dosage 1.0 g/L and initial CEX con-
centration 25 mg/L).

which is a useful tool for study of its crystalline feature, is shown
in Fig. 1(c). Based on the XRD diagram prepared in the 26 of 10-
70°, a narrow diffraction peak is observed at 26 of 35.5° which
belongs to magnetite particles, proving its presence in the structure
of activated carbon. Furthermore, the results of elemental analysis
are represented in EDAX spectrum of PAC/Fe;O, in (Fig. 1(d)),
demonstrating that 71.6, 8.3 and 20.1% of the composite structure
is included carbon, oxygen and iron, respectively. However, the
remaining part (28%) can be attributed to the magnetite particles.
Results of BET analysis revealed that PAC/Fe;O, surface area is
about 671.2 m’/g. Moreover, the adsorption/desorption isotherms
of PAC/Fe;0, are illustrated in (Fig. 1(e)), which show that the type
IV isotherm for the synthesized composite, based on IUPAC. This
finding confirms that PAC/Fe;O, has mesoporous structure [22].
2. A Comparative Study

A comparative study of CEX removal using UV only, naked
Fe,0,, UV/Fe;O,, UV+TiO,, PAC/Fe;O, and UV+PAC/Fe,O, (Fig.
2) shows the results of CEX removal during 120 min with 1 g/L
PAC/Fe;O, dosage, pH of 7 and 25 mg/L CEX concentration. Hav-
ing a closer look at the figure, the maximum amount of CEX re-
moval was obtained by UV+PAC/Fe;O, and UV+TiO, with about
95% removal efficiency. However, the minimum amounts of CEX
removal were only 12.2 and 61.2% which were obtained via the
application of bare Fe;O, and UV only; respectively. This means
that bare Fe;O, and UV cannot only provide the removal efficiency
of CEX, implying that CEX cannot be removed effectively by bare
Fe;0, and UV-light alone. In addition, the adsorption of CEX on
the surface of PAC/Fe;O, could remove 70.48% of CEX in aque-
ous solution. Herein, high adsorption capacity of PAC/Fe;O, may
be due to the porous structure of composite and also its high sur-
face area. In addition, the simultaneous application of UV light and
Fe;O, in UV/Fe;0, was relatively similar to PAC/Fe;O, (65.8%).
Therefore, among all the applied processes, we selected UV+PAC/
Fe;O, and UV+TIO, as most effective processes of CEX removal
for the next experiments. These results suggest good photocatalytic
activity for as-synthesized composite and TiO, on CEX removal in
the presence of UV light. Also, it can be concluded that the PAC/
Fe;O, and UV+TiO, have a synergistic effect when simulated by
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Fig. 3. The effect of solution pH on the photocatalytic removal of
CEX from aqueous solution (catalyst dosage 1.0 g/L and ini-
tial CEX concentration 25 mg/L).

UV, and consequently CEX removal efficiency is enhanced com-
pared to PAC/Fe;O, and UV alone. This synergistic effect is assigned
to the formation of reactive species (HO") for CEX degradation. High
removal efficiency of CEX by UV+PAC/Fe;O, and UV+TiO, sys-
tems can be explained by the simultaneous presence of adsorption
and degradation processes. Similar observations have been reported
previously by other studies as presented in the literature [23,24].
3. Effect of Experimental Variables
3-1. Effect of Solution pH

pH of aqueous solution is an effective factor in photocatalytic
removal of antibiotics from aqueous solution. To study the role of
solution pH on CEX removal, pH range varied between 3 to 11 and
the other experimental variables were 120 min reaction time, 1 g/L
catalyst dosage and 25 mg/L initial CEX concentration. Results of
pH studies are represented in (Fig. 3), indicating that at all pH val-
ues the photocatalytic removal of CEX are over 90%. In fact, by
increasing solution pH from 3 to 7, photocatalytic removal of CEX
reached to a peak which was followed by decreasing by enhance-
ment of pH of solution to 11. Therefore, pH 7 was considered as
an optimum pH value for the subsequent experiments, which is
quite similar to the pH of real wastewaters. At pH values >7.0, low
removal rate of CEX might be attributed to the electrostatic repul-
sion between CEX molecules and the surfaces of the composite, due
to increasing the magnitude of negative charges on CEX and PAC-
Fe;O,, and subsequently reducing the adsorption efficiency. Thus,
when solution pH enhanced, the number of negatively charged sites
on composite was improved, which caused promotion of the repul-
sion forces between CEX molecules and the beads surface. Based
on the zero point of charge (pH,,) of PAC/Fe;O,, its surface areas are
positively charged at low pH values and negatively charged at high
pH values [16]. Furthermore, since CEX has amphoteric features
and its pH,,,. are 4.5 and 5, CEX has high affinity to adsorb onto PAC/
Fe;0, at pH>5 values. In addition, although an increase in solution
pH from 3 to 7 and 7 to 11 led to an insignificant increase and
decrease in CEX removal efficiency; respectively; the effect of pH on
kinetic rate constant was significant. By increasing pH from 3 to 7
and 7 to 11, K showed 24% increase and 42% decrease, respectively.

The reaction time is a critical experimental parameter in photo-
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catalytic reactions, due to its significant influence on the cost and
efficiency of a system. According to Fig. 3, the photocatalytic reac-
tion is very high at first steps of the experiment, which may be at-
tributed to the high pores and cavities on the surfaces of PAC/Fe;O,
leading to the production of high number of ‘OH and ‘O, radi-
cals [25]. Indeed, after passing 15 and 60 min, over 80 and 90% of
the initial CEX concentration was removed, respectively. How-
ever, during 60 to 120 min of reaction, no significant changes were
seen in removal of CEX in the UV+PAC/Fe;O, system. This find-
ing can be ascribed to the filling of surfaces of PAC/Fe;O, that
prevents contact between UV light and PAC/Fe;O, leading to a
decrease in the production of “OH and O, radicals and consequently
removal efficiency of CEX [26,27]. However, as reaction time in-
creased, the CEX removal efficiency showed insignificant increase,
due to the competition between adsorbate molecules and hydroxyl
radicals ("OH) to occupy the surface sites [28]. The obtained results
revealed a sharp increase in photocatalytic removal of CEX using
UV only, TiO, only, H,O, only and UV+TiO,+H,0, with increas-
ing the reaction time [29].
3-2. Effect of Catalyst Dosage

The catalyst dosage extremely affects the removal efficiency of
pollutants in a photocatalytic system. The results of the effect of
different catalyst dosages (0.1-2 g/L) on photocatalytic removal of
CEX at solution pH of 7, 120 min reaction time and 25 mg/L ini-
tial CEX concentration are given in Fig. 4. As can be seen, increas-
ing catalyst dosage from 0.1 to 1.0g/L led to the improvement of
CEX photocatalytic removal from 62.81 to 95.2%. The overall sur-
face reactive sites of catalyst increases with enhancing catalyst dos-
age. In addition, at higher dosages of catalyst, more Fe;O, nano-
particles react with UV; subsequently; the production rate of reac-
tive species significantly increased in the system [30]. Similar results
were reported by Babaei et al. [31] on photocatalytic degradation
of nonylphenol using ZnO particles [31]. Furthermore, findings of
Kord Mostafapour et al. [32] showed a direct relationship with
ciprofloxacin photodegradation from aqueous solution using cop-
per oxide nanoparticles with catalyst dosage [32]. However, by
increasing catalyst dosage from 1 to 2 g/L, only 2.67% increase was
observed in photocatalytic CEX removal, which can be attributed
to dropping the penetration of UV light, due to the enhanced scat-

®0.1gL -025gL -&«050gL -+ 10gL -=20gL

100

*
9 i
= 80 A
:.
=
&=
£ 60 e
= 1
S B 1
g2 40 3
o .
% ¥ 7
g 2 K .,.:/
0 Comp. Dose ig/l)
0 20 40 60 80 100 120

Time (min)

Fig. 4. The effect of catalyst dosage on the photocatalytic removal
of CEX from aqueous solution (solution pH 7.0 and initial
CEX concentration 25 mg/L).
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Fig. 5. The effect of initial CEX concentration on the photocatalytic
removal of CEX from aqueous solution (solution pH 7.0 and
catalyst dosage 1.0 g/L).

tering effect in the aqueous solution. However, with enhancement
of catalyst dosage between 1 and 2 g/L, K increased by 2.4 orders
of magnitude. Therefore, 1 g/L was chosen as an optimum dosage
of catalyst and applied in the next coming experiments.
3-3. Effect of Initial CEX Concentration

One of the most influential experimental agents on the photo-
catalytic removal of contaminants is their initial concentration in
the solution. Hence, photocatalytic degradation of CEX was stud-
ied at various initial CEX concentrations of 5, 10, 25 and 50 mg/L
and pH of 7 and 1 g/L adsorbent dosage. The obtained results of
experiments are illustrated in Fig. 5. Accordingly, photocatalytic
degradation of CEX witnessed a significant decline with increas-
ing initial CEX concentration from 5 to 50 mg/L. In fact, at specific
catalyst dosage, an increase in the initial contaminant concentra-
tions will lead to decreasing its photocatalytic removal. This obser-
vation can be ascribed to this reason, that by increasing pollutant
molecules, the surface reactive sites will be occupied which pre-
vents releasing hydroxyl ions (OH"). Furthermore, these molecules
hamper the presence of OH ", O, and Fe** on the surfaces of cata-
lyst [33]. So, increasing photocatalytic removal of CEX can be
derived from consumption of free radicals [34]. Another reason
for this phenomenon is the direct relationship with CEX concen-
tration with filling surface reactive sites, which decreased light pen-
etration to the catalyst surfaces, causing a decrease in activation of
catalyst molecules [35]. In addition, results of kinetic studies showed
that a sharp decline was observed in second-order kinetic rate con-
stant of CEX from 0.5129 to 0.0014 mg "-L-min "' with increasing
CEX concentration from 5 to 50 mg/L, respectively.

Among all the models applied for describing photocatalysis kinet-
ics, the Langmuir-Hinshelwood (L-H) model is the most common
one [36,37]:

_ KCEXkc
" 1+ K [CEX], 12
Equation below shows the linearized form of Eq. (12):
1 1 1
Eil;[CEX]O-F kCKCEX (13)
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Fig. 6. (a) Langmuir-Hinshelwood (L-H) kinetic model of CEX pho-
tocatalytic degradation (b) comparison between experimen-
tal and calculated first-order rate constants for the photo-
catalytic oxidation of CEX (pH 7.0, catalyst dosage 1.0g/L
and initial CEX concentration 5-50 mg/L).

where, k represents the first-order rate constant, k. represents the
rate constant of surface reaction (mg min ") and Ky represents the
L-H adsorption constant of CEX over PAC/Fe;O, surface (mg ')
in solution. An admissible linear correlation (R*=0.992) between
1/k and [CEX], given in Fig. 6(a) shows the considerable adsorp-
tion of CEX on PAC/Fe;O,. Surface reactions of CEX, like oxida-
tion by surface, are critical. The obtained values for k. and Kggy
were 1.805 mg min~' and 0.051 mg ', respectively. As the process
of CEX degradation takes place on the surfaces of PAC/Fe;O,, any
decrease in recombination of electron-hole pair will lead to increas-
ing the photocatalytic removal of CEX. An efficient trapping of elec-
trons enables reactions of valence band holes (h?,) with species
adsorbed over the PAC/Fe;O, surface. Fig. 6(b) illustrates the val-
ues of first-order rate constant obtained theoretically against experi-

Table 1. Isotherm parameters of CEX adsorption onto the surfaces

of PAC/Fe,O,
Model Parameter Value
q, (mg/g) 114.9
. K; (L/mg) 0.133
Langmuir R, 023
R’ 0.967
Ky (mg/g(Lmg)1/n) 13.3
Freundlich n(-) 1.35
R’ 0.914
K (mg g™ min~*%) 1.22
. B 31.7
Temkin Ay 78.1
R’ 0.700
k,; (mol’/kJ?) 42x1077
L . q, (mg/g) 475
Dubinin-Radushkevich E (kJ/mol) 11
R’ 0.896

mentally with a relatively high coefficient of correlation (R*=0.966).
4. Equilibrium of Adsorption Studies

In this study, CEX adsorption data were fitted on four isotherm
models and the graphs of studied model. In addition, the obtained
model coefficients with related coefficients of determination (R%)
are reported in Table 1. As illustrated in Table 1, among all the four
applied models, Freundlich and Langmuir had highest coefficients
of determination (R*>0.9), indicating their high ability to fit the
data of CEX adsorptive removal. However, since R* of Langmuir
was apparently higher than that of Freundlich, it can be postulated
that Langmuir has higher capability of fitting CEX removal data
than Freundlich. Table 2 shows the adsorption capacity of some
selected adsorbents in the literature for removal of CEX from solu-
tion. Having a closer look, the applied adsorbent, compared to the
other studied adsorbents, has high adsorption capacity of CEX re-
moval. Furthermore, parameter ‘R;” in the Langmuir model is less
than 1, which shows that the process of CEX adsorption onto the
surfaces of PAC/Fe;O, is favorable. Moreover, according to Table
1, the Temkin model did not represent significant R’, representing
low correlation with the data of CEX removal. While, R* of D-R
model (0.89) was more significant than Temkin model. Further-
more, based on parameter E in D-R model which is 1.1, it can be
concluded that the process of adsorption is physical.
5. Degradation Kinetic Studies

Results of CEX degradation kinetic studies with UV+PAC/Fe;O,

Table 2. Comparison of the maximum adsorption capacities some selected adsorbents in the literature for removal of CEX from solution

Antibiotic Adsorbent Equilibrium adsorption (mg/g) Reference

CEX Activated carbon nanoparticles 7.080 Pouretedal et al. [38]

CEX Bentonite 10.38 Al-Khalisy et al. [39]
NZ 16.10 .

CEX cz 2450 Samarghandi et al. [40]

CEX PAC/Fe;O, 1149 This study

Korean J. Chem. Eng.(Vol. 35, No. 8)
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Fig. 7. First-order kinetic model of CEX photocatalytic removal from
aqueous solution at different pH of solution (a), adsorbent
dosages (b) and initial CEX concentrations (c).

process are illustrated in (Figs. 7-8) which show the good fitting of
the experimental data of CEX removal with the applied models.
Furthermore, the kinetic experiments were conducted in 60 min
equilibrium time obtained from the preliminary experiments. The
coefficient of determination (R?), as a reliable index for evaluation
of the efficiency of model, and related parameters are reported in
Table 3. Apparently, higher values of R represent the higher abil-
ity of the model for fitting the experimental data. Based on Table 3,
the quantities of k; and k, in first-order and second-order, respec-
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Fig. 8. Second-order kinetic model of CEX photocatalytic removal
from aqueous solution at different pH of solution (a), adsor-
bent dosages (b) and initial CEX concentrations (c).

tively, had a fluctuating trend with increasing solution pH. How-
ever, different results were observed in the case of adsorbent dosage.
Indeed, by increasing adsorbent dosage from 0.1 to 2 g/L, the amount
of k, and k, improved from 0.014 to 0.049 min ', and 0.0009 to
0.0236 mg '-L-min"", respectively; although some fluctuations hap-
pened. These observations prove that the photocatalytic removal
of CEX using UV+PAC/Fe;0, is a pH-dependent and concentra-
tion-dependent process. Moreover, an indirect relationship was seen
between k, and k, and initial CEX concentration. Ultimately, among
the studied kinetic models, second-order model, compared to first-
order model, had better correlation with the data of CEX removal
at different pH of solution, adsorbent dosage and initial CEX con-
centrations.
6. Scavenging Experiments

To prove the photocatalytic removal of CEX using the synthe-
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Table 3. Kinetic parameters of CEX removal at different experimental variables
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First-order

Second-order

Experimental factor

Kk, R? k, R?
3 0.037 0.745 0.008 0.965
5 0.039 0.74 0.0093 0.982
pH of solution 7 0.038 0.701 0.0099 0.965
9 0.033 0.642 0.0066 0.886
11 0.032 0.727 0.0057 0.952
0.1 0.014 0.9 0.0009 0.962
0.25 0.019 0.888 0.0016 0.975
Adsorbent dosage (g/L) 0.50 0.023 0.789 0.0025 0.952
1 0.039 0.698 0.0098 0.971
2 0.049 0.724 0.0236 0.945
5 0.069 0.525 0.5129 0.856
10 0.066 0.662 0.1586 0.983
Initial CEX concentration (mg/L)
25 0.039 0.703 0.0098 0.97
50 0.026 0.806 0.0014 0.935
100 ~ 100 4 ]
- —& * G\ -
= — jrad
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Fig. 9. Effect of scavengers on photocatalytic removal of CEX (solu-
tion pH 7.0, catalyst dosage 1.0 g/L and initial CEX concen-
tration 25 mg/L).

sized catalyst via production of "“OH radicals, ethanol was used as
a scavenger. The experiments were at pH 7, catalyst dosage 1 g/L
and 25 mg/L CEX concentration. Results revealed that addition of
ethanol to experiments caused a significant decrease in CEX re-
moval efficiency from 95.7 to 46%. In addition, the first- and sec-
ond-order rate constants decreased from 0.0099 to 0.0005 and 0.039
to 0.009, respectively (Fig. 9). A sharp decrease in CEX removal
efficiency with addition of ethanol would be due to declining
hydroxyl radical activities, which shows that these radicals were
created in UV+PAC/Fe,0O,.
7. Reusability of Catalyst

The possibility of reusability and regeneration of the applied
catalyst is practically critical. So, we studied the catalyst reusability
during a five successive use cycle process. In brief, after ending each
cycle of use, an external magnet was used for separation of cata-
lyst, which was followed by washing with DI water, drying in an
oven at 80 °C for 2 h and reusing for the subsequent cycle. Results
of regeneration study are also illustrated in Fig. 10. According to
the figure, the photocatalytic removal efficiency of CEX represented

Fig. 10. The study on photocatalytic removal of CEX at five consec-
utive cycles.

a decreasing trend from cycle 1 to 5. Thus, around 94.60% of CEX
was removed at cycle 1, decreasing to 67.16% after the fifth cycle,
which indicates that PAC/Fe;O, is a reusable catalyst. The reduc-
tion of photocatalytic CEX removal can be ascribed to the loss of
catalyst mass and lack of perfect performance in removal of resid-
ual by-products into the pores and spaces of catalyst surface. Fur-
thermore, this relatively low reduction in CEX removal, which is
derived from the high reusability of catalyst, may lead to decreas-
ing operation cost of the photocatalysis system.

CONCLUSION

Photocatalytic degradation of CEX was performed in a UV+PAC/
Fe;0, system at different experimental conditions. The synthesized
catalyst could apparently enhance the efficiency of photocatalysis
system, in comparison with UV only and the adsorption system.
In addition, the maximum amount of photocatalytic CEX removal
was obtained at pH 7 and 60 min contact time. The removal of
CEX showed an increasing trend with enhancing catalyst dosage.

Korean J. Chem. Eng.(Vol. 35, No. 8)



1734 F. Gashtasbi et al.

While, by increasing initial CEX concentration, the CEX removal
decreased significantly. The findings of kinetic studies revealed
that the photocatalytic removal of CEX is a pH-dependent and con-
centration-dependent process, which has the highest correlation
with pseudo second-order, compared to first-order model. Results
of isotherm studies by Langmuir-Hinshelwood (L-H) model showed
that the process of CEX degradation was carried out on the sur-
faces of catalyst. Moreover, addition of ethanol caused a significant
decline in CEX removal efficiency, due to decreasing hydroxyl radi-
cal production. In addition, from the reusability experiments, it
was observed that PAC/Fe;O, is a reusable catalyst without a sig-
nificant loss in its performance after five consecutive cycles of use.
Ultimately, based on the results of this study, it is concluded that
PAC/Fe;O, not only has high adsorption capacity of CEX removal,
but also can play the role of a reliable catalyst for photocatalytic re-
moval of CEX from aqueous solution.
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