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A B ST R AC T
Carbamazepine is one of the hydrophilic compounds identified in aquatic environments.
Due to toxicity and bio-stability of this psychotropic pharmaceutical in the environment
and humans, its removal efficiency and mineralization are important. In this study,
synthesized Fe@Fe2O3 nanowires were applied to improve Fenton oxidation process
using FeCl3.6H2O and NaBH4. The effects of different parameters such as initial pH, H2O2,
FeSO4.7H2O, carbamazepine concentrations, oxidation time, and nanowires dose were
evaluated using response surface methodology. After scanning electron microscopy,
energy-dispersive X-ray spectroscopy and X-ray diffract meter analysis, Fe@Fe2O3
morphology was synthesized in the form of nanowires with diameters of about 40-80
nm. The optimum oxidation conditions for carbamazepine were established at pH= 4.3,
reaction time of 45.9 min, nanowire dose of 179.4 mg/L as well as H2O2, FeSO4.7H2O
and carbamazepine concentrations of 22, 52.2 and 7.7 mg/L, respectively. The oxidation
efficiency (99.5%) achieved under the optimum condition, which was determined
by the model, was consistent with the efficiency predicted by the model. The multiparameter models showed good calibration and prediction abilities with R2= 0.922,
R2adj= 0.907, R2pred= 0.868. According to the results, the carbamazepine degradation
rate increased with the increase of Fe2+ due to the synergistic effect between Fe@
Fe2O3 and Fe2+ on the catalytic decomposition of H2O2 and generation of OH•. It was
concluded that the Fenton process based on the Fe@Fe2O3 nanowires can increase the
carbamazepine oxidation rate in aqueous solutions. This method can also be used as an
effective and pre-treatment process in the conventional treatment plants.
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INTRODUCTION
Thousands of active chemicals, such as drugs,
are annually produced in pharmaceutical plants
for control, diagnosis, and treatment of various
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diseases. These drug compounds are mostly
stable or semi-stable, and are not removed during
pharmaceutical wastewater treatment processes.
Different studies have shown that a large number
of drugs are not removed by the conventional
treatment methods applied in the wastewater
treatment plants and are eventually discharged
into the aquatic environment. Such discharges,
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especially into surface and underground waters, affect
the ecosystem of organisms and threaten human life
(Zhang et al., 2008; Lyons, 2014). Carbamazepine is
a resistant drug in the environment and its annual
consumption is approximately 1,000 tons. Over 30
tons of this drug is discharged into the environment
by the wastewater treatment plants (Komtchou et al.,
2015). 72% of carbamazepine used to treat seizures is
typically absorbed by body and 28% of it is excreted
unchanged. After carbamazepine absorption in the
body, it is converted into various metabolites in liver
and excreted in urine (Zhang et al., 2008). Studies
indicate that carbamazepine has a removal rate of 1030% in the wastewater treatment plant (Zhang et al.,
2008). Due to incomplete removal of carbamazepine
in wastewater treatment plants, it remains in the
treated wastewater and is finally discharged into the
environment. There are some evidences that prolonged
exposure to low levels of this drug leads to enzymatic
activity reduction, biological accumulation in various
organisms, morphology changes, and restrained growth
in organisms in the environment (Pomati et al., 2006;
Braeutigam et al., 2012; De et al., 2016). According to
the standards presented by the agency for humans
and wildlife protection against harmful chemicals in
England, the amount of drug combinations in aqueous
solutions, especially surface water and underground
water, should be zero (Lyons, 2014). This shows the
necessity of an effective technology in wastewater
treatment plants to reduce or remove drug compounds
such as carbamazepine. Various removal methods,
such as biological treatment (activated sludge and
sand filter), adsorption by activated carbon, membrane
and advanced oxidation processes (AOPs) have been
investigated. Meanwhile, conventional biological
processes have inadequate efficiency (10-30%), and
absorption and nanofiltration processes have low
efficiency (10-20%) and lead to fouling and reduction. In
contrast, advanced oxidation treatment seems to have a
high efficiency due to existence of radical hydroxyl (Zhang
et al., 2008; Komtchou et al., 2015). Advanced oxidation
processes are widely used for the treatment of organic
pollutants by producing strong oxidizing agents such as
radical hydroxyl (OH•) which is a non-selective chemical
oxidant with a high reactivity and rapid oxidation (Sirés
et al., 2014). Among the advanced oxidation processes
(AOPs), Fenton reaction (Fe2+/H2O2) has attracted much
attentions due to its high efficiency, ease of use, and
environmentally friendly properties (Shi et al., 2014).
Typically, hydroxyl radicals are produced in the Fenton
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process. Fe2+ acts as a catalyst in the Fenton process and
produces radical hydroxyl and Fe3+. Large amount of
Fe2+ ions can be added to produce high concentrations
of OH•. However, high amounts of sludge produced
in this process will require proper management and
disposal (Kang et al., 2002; Huang et al., 2009). To
overcome these constraints, several strategies have
been proposed. These strategies are: the use of organic
chelators, such as tetra acetate ethylenediamine, to
prevent ferric ion precipitation (Chen et al., 2011); the
development of heterogeneous Fenton system with
iron containing zeolite (Song et al., 2006; Navalon et
al., 2011; Rusevova et al., 2014); and the use of coreshell Fe@Fe2O3 nanowires (Shi et al., 2014). Obviously,
addition of organic chelators lead to increased costs,
reduced OH• formation, and production of secondary
pollutants during environmental applications.
Furthermore, heterogeneous Fenton systems have a
low efficiency in degradation of pollutants because of
their wide pH range and ability to reuse iron reagents
and perform oxidation at pH>4 (Shi et al., 2014). The
Low oxidation efficacy of Fenton system at pH>4 is
mainly due to the formation of insoluble ferric products
which block the Fe3+/Fe2+ cycle. In addition, the ability of
OH• oxidation is very poor at high pH (Babuponnusami
and Muthukumar, 2012; Wu et al., 2014). Since change
in OH• oxidation ability depends on pH change, the
use of core-shell Fe@Fe2O3 nanowires to improve the
efficiency of Fe3+/Fe2+ cycle can increase the oxidation
efficiency in Fenton systems (Shi et al., 2014). Coreshell Fe@Fe2O3 nanowires are a special type of zerovalent iron nanoparticles (nZVI) with super synthesized
activity performed by reduction of ferric ions with
sodium borohydride without mixing (mixing breaks
the nanowires) (Ai et al., 2013). These nanowires can
stimulate two-electron molecular oxygen activation
to produce H2O2 along with transferring outward
electron from the iron core to the surface of the iron
oxide shell. They also stimulate the single-electron
−
molecular oxygen activity to produce ⋅o 2 (pH> 4.8)
by ferrous bonding surface on the iron oxide shell (Ai
−
et al., 2013). Obviously, production of H2O2 and ⋅o 2
along with activation of molecular oxygen by Fe@
Fe2O3 nanowires not only increases the amount of
activated oxygen species but also increases the Fe3+/
−
Fe2+ cycle at high pH values because the H2O2 and ⋅o 2
produced by this method constantly transform ferric
ions to ferrous ions (Brillas et al., 2009; Shi et al., 2014).
In addition, core-shell Fe@Fe2O3 nanowires have two
important advantages over other zero-valent iron
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nanoparticles. First, the Fe2O3 covering protects the
core-shell Fe@Fe2O3 nanowires against spontaneous
burning in the air. Second, the ferrous ion adsorbed
on Fe2O3 shell can lead to the development of a singleelectron reduction process for production of more
⋅o −2 radicals (Shi et al., 2014). In this study, it has been
attempted to investigate the synergistic effect of Fe@
Fe2O3 nanowires on Fenton process for the removal of
carbamazepine from aqueous solutions by accelerating
the Fe(III)/Fe(II) cycles. Since no study yet has been
focused on the removal of carbamazepine using Fenton
processes containing Fe@Fe2O3 nanowires, the aim of
this study is to investigate the synergistic effects of Fe@
Fe2O3 nanowires on Fenton process for the removal of
carbamazepine from aqueous solutions by accelerating
the Fe(III)/Fe(II) cycles. Few studies have reported on
adsorption of carbamazepine, which indicates the
necessity to study the adsorption of carbamazepine by
different adsorbents. This study was conducted in the
laboratory of Shiraz University of Medical Sciences in
2017 and approved by Isfahan University of Medical
Sciences.
MATERIALS AND METHODS
Standards and reagents
FeCl3.6H2O, NaBH4, H2O2 (30% w/w) and FeSO4.7H2O
(analytic reagent) with high purity were purchased from
Sigma Aldrich, USA. All materials were used without
any purification. Carbamazepine (CBZ, CAS No. 29846-4, C15H12N2O, and 236.67 g/mol) was bought from
Sigma Aldrich. The acetonitrile and water (HPLC grade)
were obtained from Merck Company (Germany) and
Sigma Aldrich (USA), respectively. Carbamazepine
stock solution was prepared in a glass container
in a concentration of 100 mg/L (500 rpm) at room
temperature (25 °C) over a 24-hour period. The solutions
were prepared by diluting the carbamazepine stock
solution at desired concentrations for each working day.
Synthesis of Fe@Fe2O3 nanowires
Fe@Fe2O3 nanowires were synthesized according
to the method developed by (Zhu et al., 2013).
Accordingly, 0.15 g FeCl3.6H2O and 0.3 g NaBH4 were
dissolved in 50 mL (solution No. 1) and 20 mL (solution
No. 2) distilled water, respectively. Then, solution No.
2 was added to solution No. 1 at a rate of 0.5 mL/s
to synthesize nanowires. The addition process was
carried out at room temperature. During the addition,
mixing was done by hand but not a magnetic stirrer to
avoid accumulation of iron particles and formation of

the nanowires. During the addition of NaBH4, a large
amount of gas or bubble along with a black and white
sediment appeared on the surface. This black and white
sediment was washed using distilled water and ethanol
and then dried under nitrogen flow. In preparing Fe@
Fe2O3 nanowires, the physical and structural properties
of the nanoparticles were determined using the
standard methods of scanning electron microscopy
(Tescan SEM Mira 3, USA) and X-Ray dispersion device
(D8 Advance, Bruker, Germany).
Batch reactor for carbamazepine removal
Batch experiments were performed using a 100 mL
glass flask. The desired amount of Fe@Fe2O3 nanowires
was added to a solution containing carbamazepine.
Hydrochloric acid and sodium hydroxide (0.1 M) were
used to adjust pH. After adding nanocatalysts, mixing
of hydrogen peroxide and FeSO4.7H2O in solution was
performed by a magnetic stirrer to obtain complete
homogeneity. The samples were removed at different
time periods, filtered through a membrane filter with
a pore size 0.22 μm, and kept in the refrigerator for
analysis by a high performance liquid chromatography
(HPLC) instrument.
Measurements and chromatographic analysis
Concentration of carbamazepine was determined
using an HPLC instrument (Azura, Knauer, Berlin,
Germany) equipped with a C18 column and a diode
array UV detector which was set up at a wavelength
of 270 nm in isocratic elution mode. A mixture of
acetonitrile/water (35: 65 v/v) was used as mobile
phase at a flow rate of 1 mL/min. The samples were
filtered on a PTFE filter and then injected using a
20-µL injection loop. Some samples detected by
HPLC instrument did not need to be extracted, but
the samples which were normally lower than the
detection limit were extracted and re-injected into
the HPLC instrument after the extraction process.
The dispersive liquid-liquid microextraction (DLLME)
technique was applied for extraction. For this purpose,
1 mL of methanol as a dispersing solution and 100
μl of chloroform as an extraction solution were
injected into the sample. The cloud-formed solution
was centrifuged for 5 min at 5000 rpm. 30 μl of the
sediment obtained from DLLME was injected into the
device. Notably, two calibration curves were prepared
for high concentration range without extraction
and for low concentration range after applying
DLLME procedure. Total organic carbon (TOC) was
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and independent variables. For example, a quadratic
model for two independent variables (x1 and x2) can
be expressed as Eq. 1.

measured by a Shimadzu TOC-VCPH analyzer (Japan)
after filtration through a 0.22-µm filter. In addition,
the value of TOC removal in optimal conditions for
Fenton was studied. The pH was measured by means
of a Metrohm pH-meter 827 (Switzerland) equipped
with a pH-combined electrode.

y = β0 + β1x1 + β2x2 + β12x1x2 + β11x12 + β22x22 + ε

Where, y is the efficiency of carbamazepine
removal (dependent variable), β0 is the intercept of
MLR equation, β1 is the coefficient of factor x1, β11
and β22 are coefficients of the self-interactions of
factor x1 and x2, respectively (i.e. x12 and x22), and β12
is the coefficient of interaction of the factors x1 and
x2. It is emphasized that six independent factors were
used in the current study to optimize the removal of
carbamazepine from aqueous media.

Optimization and modeling of response level
Response surface methodology (RSM) is a
statistical method for designing the experiments
and optimizing the chemical reactions and industrial
processes (Dean et al., 2017; Khamparia and Jaspal,
2017). When multiple variables affect the outputs
of the system, RSM can be used to evaluate the
relationship between dependent and independent
variables (experimental conditions) and to optimize
the relevant processes. In addition, the process
optimization by RSM to collect empirical research
results is much faster than conventional methods. In
the present study, carbamazepine removal efficiency
was considered as dependent variable (response)
and six experimental conditions were assumed as
independent variables. Central Composite Design
(CCD), a well-known form of RSM, was used to
optimize carbamazepine treatment by Fenton
process. In this study, 81 runs were defined for
experiments with respect to six factors in a five-level
full factorial and in a single block. Among them, five
experiments were designed as center points. Initial
pH, H2O2 concentration, FeSO4.7H2O concentration,
carbamazepine concentration, oxidation time, and
nanowires dose were the six independent variables.
The values of independent variables and variation
ranges were determined according to other studies
(Table 1). Using Design-Expert 7 software (Stat Ease
Inc., Minneapolis, USA), the table of experiments
was designed and analyzed on a personal computer
under Windows 7 operating system. A multiple linear
regression (MLR) quadratic equation was used to
calculate the interaction between the dependent

RESULTS AND DISCUSSION
Characterization of Fe@Fe2O3
After synthesis of Fe@Fe2O3 nanowires, X-ray
diffraction (XRD) was used to determine the product
phases (Fig. 1). The nanowire XRD analysis showed
that the phases occur more in 2Ө= 35.6° and 44.7°,
indicating the presence of Fe2O3 phase (Hematite)
and Fe phase. These results are consistent with the
findings of previous studies (Zhu et al., 2013). SEM
images of Fe@Fe2O3 morphology were in the form
of a nanowire in the range of 40-80 nm, and chain
clusters were formed through chemical interactions.
NaBH4 addition to the solution at a rate of 0.5 mL/s
resulted in formation of wire structure (Fig. 2a). In
addition, the energy-dispersive X-ray (EDX) peaks
shown in Fig. 2b confirmed the presence of Fe2O3 in
oxygen and iron species. These results are consistent
with the results of other studies (Ai et al., 2013; Zhu
et al., 2013; Wu et al., 2014; Shen et al., 2017).
Application of synthesized Fe@Fe2O3 nanowires in
carbamazepine oxidation
As already mentioned, the parameters such as pH,

Table 1. Range of variables for the central composite design technique used to study the removal of
Table 1: Range of variables for the central composite design technique used to study the removal of
carbamazepine
in the proposed catalyst-Fenton process
carbamazepine in the proposed catalyst‐Fenton process
Independent variable
pH
H2O2 Conc. (mg/ L)*
FeSO4.7H2O Conc. (mg/L)
Carbamazepine Conc. (mg/L)
Nanowires dose (mg/L)
Oxidation time (min.)

Code
name
A
B
C
D
E
F

(1)

Star low
(‐α) (‐2)
2.5
3.3
1
3
0
5

Low (‐1)

Center (0)

High (+1)

4
9.9
3
7
75
20

5.5
16.49
5
11
150
35

7
23
7
15
225
50

Star high
(+α) (2)
8.5
29.68
9
19
300
65

* The H2O2 volumes used for these concentrations in the removal reactor at +α, +1, 0, 1, and ‐α levels were 9, 7, 5, 3, and 1
µl, respectively.
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H2O2, FeSO4.7H2O, carbamazepine concentrations,
contact time, and nanowires dose were changed in
five levels to optimize the conditions for the removal
of carbamazepine (Table 1) and eventually 81 runs
were designed. Each experiment was carried out
under the designed conditions in the presence of
certain amount of Fe@Fe2O3 nanowires, and the
efficiency of carbamazepine removal was calculated
according to the initial and final concentrations of
carbamazepine through HPLC analysis. For instance,
chromatogram related to one of the runes, before
and after treatment with Fe@Fe2O3 nanowires
and Fenton process, is shown in Fig. 3. In order to

achieve the linear model related to the data, multiple
linear regression and analysis of variance (ANOVA)
were done. The related results are discussed in the
following parts.
Analysis of variance (ANOVA) and linear model
of the experimental design For choosing the best
model, different models such as linear relationship,
2-factor interaction (2FI), and quadratic model were
checked, and the best results were obtained from the
quadratic model according to Eq. 2.
Y= b0+ b1A+ b2B+ b3C+ b4D+ b5E+ b6F+ b12AB+ b13AC+ b14AD+
b15AE+ b16AF+ b11A2+ b22B2+ b33C2+ b44D2+ b55E2+ b66F2
(2)

Fig. 1. XRD patterns of the Fe@Fe2O3 nanowires synthesis
Fig. 1: XRD patterns of the Fe@Fe2O3 nanowires synthesis

Fig. 2. (a) SEM images of the synthesized Fe@Fe2O3 nanowires; (b) SEM-EDX images of the Fe@Fe2O3 nanowires synthesis
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Fig. 2: (a) SEM images of the synthesized Fe@Fe2O3 nanowires; (b) SEM‐EDX images of the Fe@Fe2O3
nanowires synthesis
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Considering the suitable number of experiments
(81 cases), use of this model seems logical. However, it
should be noted that the use of a model with a large
number of parameters can lead to overfitting and
consequently good results during the construction of
regression model and poor results in the prediction
step. For this reason, a variable selection strategy was
performed using backward elimination and the variables
with p values greater than 0.1 were eliminated. Finally,
Eq. 3 was obtained from the CCD as below:
Efficiency, %= 84.34 – 7.91A + 2.56B+ 4.92C – 5.92D + 5.62 +
0.80F – 1.33AB+ 1.3AE+ 1.23BE + 0.88CD –1.28CE– 2.68A2–
4.22E2 					
(3)

According to this MLR equation, the positive sign
of the one-factor coefficient implies that the removal
efficiency is improved with the factor level increase,

and the negative sign of the one-factor coefficient
indicates that removal efficiency decreases with the
factor level increase. The p value of the proposed
model for carbamazepine and the involved variables
(factors) such as initial pH, H2O2 concentration,
FeSO4.7H2O concentration, carbamazepine concentration, reaction time, and nanowire dose are listed
in Table 2. The regression coefficient for interactions
of the response model, F value, and sum of squares
for the independent and dependent variables
are given in Table 2 as well. The high F values for
coefficients and the model imply their significance
in expression of experimental conditions for the
removal of contaminant. P value is used to show
that F is large enough to represent the statistical
significance. P values less than 0.05 indicate that the
model conditions are significant at 95% confidence
level or more. Specifically, the amount of F-value of

Fig.
3. Two
typical
chromatogram
peaks of carbamazepine
before and after treatment
withafter
the Fe@Fe
O nanowire
and Fenton
2 3
Fig.
3: Two
typical
chromatogram
peaks of carbamazepine
before and
treatment
with the
Fe@Feprocess
O
2

nanowire and Fenton process

Table
2: ANOVA
results
fromthe
thesecond-order
second‐order carbamazepine
by by
Fenton
process
Table
2. ANOVA
results
from
carbamazepineoxidation
oxidation
Fenton
process
Source
Model
A‐pH
B‐ H2O2
C‐ FeSO4.7H2O
D‐carbamazepine Con.*
E‐Nano Dose **
F‐exposure time
AB
AE
BE
CD
CE
A2
E2
Residuals
Lack‐of‐fit
Pure error
Total
R2fit
R2pred

Sum of
squares
12832.5
4500.317
473.0375
1742.369
2523.933
2272.391
45.55351
113.7156
108.9675
96.26063
49.72013
104.9856
230.4387
570.8163
1086.036
1068.599
17.43788
13918.54
0.9219
0.8679

df
13
1
1
1
1
1
1
1
1
1
1
1
1
1
67
63
4
80

Mean
square
987.1158
4500.317
473.0375
1742.369
2523.933
2272.391
45.55351
113.7156
108.9675
96.26063
49.72013
104.9856
230.4387
570.8163
16.2095
16.96188
4.35947

*Concentration of carbamazepine
** Dose of utilized nanowires
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F
value
60.89736
277.6345
29.18274
107.4906
155.707
140.1889
2.810297
7.015366
6.722447
5.938532
3.067345
6.476797
14.21628
35.21493

p‐value
prob >F
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.0983
0.0101
0.0117
0.0175
0.0845
0.0132
0.0003
< 0.0001

3.890813

0.0957

Contribution
(%)
35.07
3.69
13.58
19.67
17.71
0.35
0.89
0.85
0.75
0.39
0.82
1.80
4.45

Significant

Insignificant

3

Global J. Environ. Sci. Manage., 5(2): 213-224, Spring 2019

the model (=60.89 and p-value<0.0001) indicate that
the proposed model is statistically significant and
can be used for obtaining the optimum conditions
for the removal of carbamazepine. As can be seen,
all the main factors, including pH, H2O2 concentration,
FeSO4.7H2O concentration, carbamazepine concentration, dose of nanowires, and reaction time
remained in the model after selection of the variables.
However, among the main factors, exposure time
had the lowest percentage of contribution in the
model (coefficient=0.35 and F =2.81), and pH had
the highest effect (coefficient=35.07 and F =277.63).
Among the binary interactions, only AB, AE, BE,
CD, and CE were preserved in the model. On the
other hand, the binary interactions, including
factor F (exposure time), were not significant and
were excluded from the final model. Considering
the absolute amount of coefficients in the model
(Eq. 3), the CD factor (interaction of FeSO4.7H2O
concentration and carbamazepine concentration)
has the lowest participation in the model among the
binary interactions. Totally, the effect of interactions
was less than the effect of main factors. It should be
noted that among the second-order interactions, only
self-interaction of pH with pH (A2) and concentration
of nanowire with itself (E2) remained in the model
after selection of the variables. It should be noted
that the significance of a model will not be valuable if
the lack-of-fit of the model is not considered. A small
F-value (lower than 0.1) for lack-of-fit indicates the
suitability of the mode. The graph of carbamazepine
actual removal efficiency versus it predicted efficiency
expressed by Eq. 3 is shown in Fig. 4a. As can be seen
in Fig. 4a, there is an acceptable agreement between

the actual oxidation rate of carbamazepine and its
predicted rate. The squared correlation coefficient
of fitting (R2fit) (0.9219) and the R2 of prediction
(R2pred) (0.868) suggest good fitting and prediction
ability of the model. Finally, it was concluded that
the proposed model is suitable for explaining the
relationship between oxidation efficiency and
operator factors for degradation of carbamazepine
by Fenton process. An important point which should
be considered in establishing a suitable model for
extracting optimized conditions is excluding paircorrelation and multi-correlation. In this study, in
addition to pair correlation, multi-correlation was
checked using the variance inflation factor (VIF)
(Honarasa et al., 2015). The VIF of all factors in Eq. 3
were not greater than 1.0 as they were significantly
lower than 5.0 (the cut of VIF value) (Yousefinejad et
al., 2016). Thus, it can be inferred that no significant
dependency was presented in the model and the
results can be used for optimizing the experimental
conditions for the removal of carbamazepine. A
proper approach to check the accuracy of the model
extracted from CCD is study of the plot of normal
probability of residuals versus internally studentized
residuals. Fig. 4b indicates the normal probability plot
of the residuals in which residual points almost lie on
a straight line without high deviations and confirms
the normal distribution of errors.
Effect of factors on carbamazepine oxidation
To investigate the effect of each variable on the
oxidation efficiency, 3D diagram and interaction
diagrams were used to explain the effect of
interactions between two parameters and on removal

4. (a) Relationship
among
the predicted
oxidation
efficiencies
of carbamazepine;
Normal
Fig. 4:Fig.
(a) Relationship
among
the predicted
oxidation
efficiencies
of carbamazepine;
(b)(b)
Normal
probability plot of
probability plot
of
studentized
residuals
for
the
suggested
quadratic
model
in
terms
of
removal
efficiency
studentized residuals for the suggested quadratic model in terms of removal efficiency
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of carbamazepine. Fig. 5a shows the interaction
between pH and H2O2 concentration at a constant
reaction time of 35 min, when nanowires and
carbamazepine concentrations were 150 mg/L and
11 mg/L respectively. Obviously, the carbamazepine
removal efficiency decreased with the increase of
initial pH and the highest removal rate occurred at
pH=4. The increased removal rate at pH=4 can be
due to the formation of large amounts of radical
hydroxyl and reduction of the reaction between OH•
and H+ ions (Babuponnusami and Muthukumar, 2014;
Dehghani et al., 2016). According to Ding et al. (2016),
Fenton oxidation of carbamazepine by CuFeO2 will be
recyclable if hydroxylamine is used. Some studies have
shown that the potential of radical hydroxyl oxidation
changes with the change of pH (Babuponnusami
and Muthukumar, 2014). At lower pH values (< 3-4),
existence of complex spices [Fe (H2O)6]2+ and high
amount of H+ ions reduce the amount of radical
hydroxyl production through the formation of stable
oxonium ions ([H3O2]+) (Kwon et al., 1999; Kavitha
and Palanivelu, 2005; Xu et al., 2009). Reduction of

carbamazepine degradation rate at high pH values can
be due to formation of Fe (OH)3 and HO22- ions which
decrease the potential for radical hydroxyl production
(Dehghani et al., 2016). In addition, the efficiency of
carbamazepine degradation significantly increased
with the increase of H2O2 concentration. The increase
of drug degradation by increase of H2O2 concentration
can be due to formation of higher hydroxyl radicals at
high concentrations of H2O2 in the studied range (Sun
et al., 2014). According to the 3D diagram illustrated
in Fig. 5a, the maximum degradation efficiency for
carbamazepine (over 98%) was obtained at pH=4
and H2O2 concentration of 23 mg/L. These results
are consistent with the results reported in previous
studies concerning the effect of pH and H2O2 on the
removal of pollutants (Basturk et al., 2014; Arshadi
et al., 2016; Saini et al., 2016). Fig. 5b shows the
effect of Fe@Fe2O3 nanowires concentration and
their interaction with H2O2 concentration at pH=5.5,
carbamazepine concentration of 11 mg/L, FeSO4.7H2O
concentration of 5 mg/L, and oxidation time of 35
min. According to Fig. 5b, by increasing the dose of

Fig. 5. (a) Effect of pH and initial concentration of H2O2 interaction on the efficiency of carbamazepine degradation; (b) Effect of initial
Fig. 5: (a) Effect
of pH and
initial concentration
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O2 the
interaction
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and Fe@Fe
O nanowires
dose interaction
efficiencyonofthe
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anddegradation;
(c) Effect of initial
2 3
Effect
of initial
H2Oand
and Fe@Fe
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on the efficiency
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2 concentration
2O3 nanowires
FeSO(b)
.7H
O
concentration
drug
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on
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efficiency
of
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degradation
4
2
carbamazepine degradation; and (c) Effect of initial FeSO4.7H2O concentration and drug concentration interaction
on the efficiency of carbamazepine degradation
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Fe@Fe2O3 nanowires from 75 mg/L to 150 mg/L,
carbamazepine oxidation first increased and then
remained constant. The increase of removal rate can
be due to the reaction between the nanowires and
molecular oxygen to produce reactive oxygen species
−
(ROSs) such as ⋅o 2 , H2O2, and OH• according to Eqs. 4
to 7 (Shi et al., 2014; Sirés et al., 2014).
Fe + O2 + 2H+ → Fe2+ + H2O2
−
Fe2+ + O2 −→ Fe3+ + ˚ ⋅o 2
2H+ + ˚ ⋅o 2 → H2O2
Fe2+ + H2O2 → Fe3+ + OH- + ˚OH

increase of carbamazepine initial concentration. The
reduced carbamazepine removal can be explained
by the need for more radical hydroxyls to degrade
the drug and its derivatives at high concentrations
of carbamazepine (Shen et al., 2017). Sun et al.
(2014) showed that the efficiency of carbamazepine
degradation by Fe3O4/H2O2 decreases with the
increase of carbamazepine initial concentration. They
attributed this reduction to the fact that in a steady
state, the amount of radical hydroxyl production is
constant and limited. Ertugay and Acar. (2017) revealed
that in Fenton process the oxidation rate decreases
with the increase of Azo concentration. In a study
by Youssef et al. (2016), it was shown that efficiency
of color degradation by Fenton catalytic reaction
decreased with the increase of methyl orange color
concentration. They related the reduction of color
concentrations to a low concentration of hydroxyl
radicals. After fitting the experimental data obtained
by RSM into Eq. 3, the simplex strategy was used to
find optimum conditions (the maximum efficiency of
carbamazepine degradation). Finally, it was concluded
that an efficiency of about 99.83% can be obtained at
pH =4.3, H2O2 concentration of 22 mg/L, FeSO4.7H2O
concentration of 52.2 mg/L, carbamazepine
concentration of 7.7 mg/L, nanowire dose of 179.4
mg/L, and reaction time of 45.9 min. Moreover, the
adsorption capacity of Fe@ Fe2O3 was 41.17 mg/g
under the mentioned conditions. The obtained results
were confirmed with more experimental studies on
the predicted values of factors. In fact, the optimum
values suggested for the factors were used in the
experimental runs (three replicates) and efficiencies
of over 99% were obtained in agreement with the
predictions. The successful removal of carbamazepine
in the proposed optimized conditions implies that
optimization of drug degradation and maximum
degradation efficiency can be achieved by application
of RSM for oxidation of carbamazepine by Fe@Fe2O3/
Fe2+/H2O2. Under optimum conditions (pH =4.3, H2O2
concentration of 22 mg/L, FeSO4.7H2O concentration
of 52.2 mg/L, carbamazepine concentration of 7.7
mg/L, nanowire dose of 179.4 mg/L, and reaction
time of 45.9 min), the obtained TOC removal efficiency
was 39.12%. The decreased TOC removal efficiency
may be related to the conversion of carbamazepine
compounds into intermediate products during Fenton
oxidation. The potencies of Fe@Fe2O3 and various
adsorbents used for the removal of carbamazepine
have been compared in Table 3.

(4)
(5)
(6)
(7)

Typically, the produced oxygen species have the
ability to oxidize or reduce carbamazepine in the
Fenton process. These results are in agreement with
the results obtained by Shen et al. (2017) on the
bromate removal by Fe@Fe2O3 nanowires. Increase of
carbamazepine degradation efficiency was observed
by increasing the concentration of H2O2 in different
amounts of nanowires. This can be attributed to the
production of more radical hydroxyls in the presence
of both variables. According to the results obtained
from the interaction of Fe@Fe2O3 nanowires and
H2O2 concentration, the maximum degradation
efficiency was achieved at 90% when the dose of
nanowires was 225 mg/L and H2O2 concentration
was 23 mg/L. These results are consistent with the
results reported in previous studies concerning the
effect of interactions between the catalyst and H2O2
(Chen et al., 2014; Saldaña-Robles et al., 2014; Shi
et al., 2014). The effects of interaction between the
initial concentration of FeSO4.7H2O and the initial
concentration of carbamazepine on degradation
efficiency at pH=5.5, H2O2 concentration of 16.49
mg/L, nanowires dose of 150 mg/L, and reaction
time of 35 min are shown in Fig. 5c. Obviously, the
efficiency of carbamazepine degradation increased
with the increase of Fe2+ levels. This was due to
the synergistic effect of Fe@Fe2O3 and Fe2+ on the
catalytic decomposition of H2O2 for rapid degradation
of carbamazepine (Shi et al., 2014). In addition, the
increase of ferrous-ion (Fe2+) concentration in the
Fe@Fe2O3/Fe2+/H2O2 system led to generation of
ROSs according to Eqs. 4-7. Shi et al. (2014) in their
study, investigated the effect of Fe2+ on degradation of
Rhodamine B by Fe@Fe2O3 nanowires and concluded
that addition of Fe2+ can increase H2O2 degradation
and ROSs production(Shi et al., 2014). As can be seen
in Fig 5c, the rate of degradation decreased with the
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Table
3.3:
The
aqueoussolutions
solutionsusing
usingvarious
various
adsorbents
Table
Theremoval
removalofofcarbamazepine
carbamazepine from
from aqueous
adsorbents
Adsorbents
fly ash‐amended soil

Regenerable granular carbon‐
nanotubes/alumina hybrid
functionalized silica‐based porous materials
Sludge/ fish waste
Multi‐walled carbon nanotubes (MWCNTs)

Fe@Fe2O3

Fe@Fe2O3 nanowires
and Fenton process

qe (mg/g)
0% fly ash= 0.07636
5% fly ash=0.09396
10% fly ash= 0.11124
30% fly ash= 0.1542

References

37.21

Wei et al., 2013

HMS:0.04
A‐HMS:0.006
M‐HMS:0.05
37.2
MWNT10 = 30
MWNT20 = 4
MWNT40 = 3
MWNT60 = 2.5 MWNT100 = 2

Suriyanon et al., 2013
Nielsen et al., 2014
Oleszczuk et al., 2009

41.17

The present work

Swarcewicz et al., 2013

CONCLUSION
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