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ABSTRACT

Antibiotics, including cefixime (CEX), are widely used in medicine and veterinary medicine and
enter aquatic environments through various pathways such as agricultural runoff, direct dis-
charge from municipal wastewater treatment plants, human excreta, direct disposal of medical,
veterinary, and industrial wastewaters. The aim of this study was to investigate the applicability
of GO (graphene oxide)-Fe,O, nanocomposite with ultrasonic (US) in the removal of CEX from
aqueous solutions. To conduct the experiments of this experimental-lab scale study, application
of the response surface methodology was considered. The effect of important operational param-
eters such as solution pH, nanocomposite concentration, initial concentration of CEX, and reac-
tion time was investigated at three levels (+1, 0, and —1) with a constant ultrasound intensity at
37 kHz. The optimization and analysis of the results were performed by Design-Expert 10 and
Statgraphics software, and the residue of CEX was measured using a spectrophotometer at 288 nm.
The results showed that the quadratic model was suitable for the data (P-value < 0.0001), and the
proposed model (quadratic) was approved with a high correlation coefficient (R* = 0.9824 and
R2 4 = 0.9670). Under the optimal conditions for the process (pH = 3, nanocomposite of 1 g/L, initial
concentration of CEX of 10 mg/L, and reaction time of 90 min), the observed removal efficiency
was about 100%. According to the results, the GO-Fe,O,/US process was approved to be effective in
the degradation of the antibiotic CEX, and the Box-Behnken design was found to be a suitable tool
to optimize the process conditions in the removal of CEX.
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1. Introduction

In recent years, drug use and access to a variety of
drugs have increased in the world due to the spread of dis-
ease and advances in medical and pharmacy science and
therapeutic coverage [1-3]. The quality of available water
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resources is one of the challenges of communities around
the world [4-6]. Antibiotics are widely used in the treat-
ment or prevention of infectious diseases in medicine and
veterinary medicine. Large quantities are also used in agri-
culture to improve fruit growth. Today, the use of drugs,
especially antibiotics, is increasing. The production of
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drugs has been approximately 100,000-200,000 tons/y [7,8].
The rest of the antibiotics are excreted in the form of main
compounds or metabolites as human or animal wastes and
enter the wastewater network and wastewater treatment
plant [9,10]. About 30%-90% of antibiotics are not metabo-
lized in humans and animals and eventually enter the envi-
ronment in the form of active compounds through urine
and feces [11]. The discharge of antibiotics in wastewater
treatment plants and secondary effluents from the antibi-
otic manufacturing industry is a very important source of
their release into the environment [12]. Cefixime (CEX) is
a broad-spectrum antibacterial that has the ability to fight
a variety of pathogens, especially gram-negative organ-
isms [13-15]. CEX is used to treat infections such as the
upper and lower respiratory tract, middle ear, paranasal
sinuses, urinary tract, and gonorrhea [16]. The decomposi-
tion of these compounds is considered as an important eco-
logical challenge due to their complex structure and low
biodegradability [17]. Methods used in this field include
chemical oxidation [18], membrane processes [19], ioniza-
tion [20], and adsorption [21]. Removal and bioremediation
of antibiotics are difficult due to the presence of a stable
ring of naphthol (as the main structure) and its toxicity to
microorganisms. Also, since the ratio of biochemical oxy-
gen demand (BOD) to chemical oxygen demand (COD) is
small in many industrial effluents, the use of non-biological
methods, especially chemical processes, is recommended
[22,23]. The adsorption process, compared to other treat-
ment techniques, has received more attention in terms of
initial cost, wastewater reuse, simplicity and flexibility in
design, easy operation, and insensitivity to contaminants
and toxic compounds. The production of high-quality
effluent and the absence of free radicals and hazardous
substances are other advantages of this method [24,25].

Application of ultrasonic wave techniques, along with
other methods such as the adsorption process, is the most
common way to use ultrasonic waves. In this case, the use of
ultrasonic waves accelerates the chemical process due to the
phenomenon of acoustic cavities, that is, the formation and
growth and immobility of micrometer-sized cavities caused
by the propagation of waves through the liquid. Also, ultra-
sonic waves and their secondary effects are the growth and
bursting of small gas bubbles that cause more mass transfer
and cause fundamental changes between the adsorbate and
the adsorbent without changing the equilibrium properties
of the adsorbent-adsorbate [26].

Graphene, as a new allotropic type of carbon allotropes,
can be a good solution to many environmental problems.
Graphene nanosheets have a carbon layer where the atoms
are placed in a two-dimensional honeycomb network.
Such a structure of graphene has led to properties such as
mechanical strength, larger surface area, and thermal and
electrical conductivity [27]. In a graphene plate, each carbon
atom has an off-plane orbital. This orbital is a good place
to bond with functional groups as well as hydrogen atoms.
The bond between the carbon atoms in the plane is covalent
and very strong. Graphene oxide has oxygen groups such as
(C=0-, -COOH, -O-, and OH); however, the separation of
graphene oxide requires a lot of energy from aqueous solu-
tions, which can be solved by adding magnetic nanoparticles
to aqueous solutions. Among different magnetic materials,

Fe,O, is considered due to its corrosion resistance, magnetic
structure, and easy and fast separation [28].

Experimental design is one of the low-cost, simple,
and effective methods and the best tool to study the effect
of process parameters of the process separately and their
interaction with each other simultaneously [29,30]. One
of the models used in experimental design is the response
surface methodology, which is a simple, effective, low-cost
method for optimizing various processes. Another advan-
tage of this method is the ability to perform an analysis of
variance to determine the final removal formula and deter-
mine the optimal theoretical conditions. This method can
be done by the central composite design (CCD) method or
the Box-Behnken design (BBD) [31,32]. The BBD method is
a second-order design based on three-level factorial designs.
This method can estimate the amount of parameters in a
quadratic model and calculate the amount of non-compli-
ant parameters by performing the required designs [33,34].
In this study, the surface response method (RSM) was used
to design the BBD model for optimization and evaluation
of the effect of independent variables on response perfor-
mance (removal efficiency) and, on the other hand, for
prediction of the best response value. In this study, ultra-
sonic (US) has been used to accelerate the chemical pro-
cess by creating the phenomenon of cavitation. Some of
the researchers have carried out the ultrasonic method to
develop the advanced oxidation process (making OH rad-
icals) for the degradation of pollutants. One of the most
common methods of removing contaminants from aqueous
media is to use the ultrasonic process along with other oxi-
dizers. In the present study, we used ultrasonic to increase
the efficiency of the adsorption process, not for AOP, which
is a rarely studied hybrid method used for adsorbents.

In this study, ultrasonic has been used to accelerate the
chemical process by creating the phenomenon of cavitation.
Ultrasound, in addition to creating the cavitation phenome-
non, increases the material transfer rate in the adsorption pro-
cess. This combined method is a new method to increase the
adsorption, and the innovation of this study was the use of
graphene oxide magnetic nanomaterial along with the ultra-
sonic for acceleration of antibiotic adsorption process.

2. Materials and methods
2.1. Chemicals

In this study, CEX antibiotic with the chemical formula
(C, H,N.OS)) and a molecular weight of 453.452 g/mol;
the chemical structure of mentioned antibiotic is shown in
Fig. 1[17], and it was produced by Sigma-Aldrich Company
and was used in the preparation of the stock solution. Also,
H,SO, and NaOH prepared by Merck Company, Germany
(laboratory purity) were used to adjust the pH of the solu-
tion. Double distilled water was used in all stages of the
experiments. X-ray diffraction for GO, Fe,O, nanoparti-
cles, and Fe,0,@GO nanocomposite in the angle range of
20 =40.5 was determined by X-ray diffraction (XRD) device
in the laboratory of Bim Gostar Taban Company (Model:
PW1730, Company: Philips, Country: Holland, Tube: Co,
A: 1.54056 A, step size: 0.05°/s, voltage: 40 kV, and current:
40 mA), as shown in Fig. 2.
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Fig. 1. Chemical structure of CEX.

Fig. 2. (a) X-ray diffraction pattern of graphene oxide (GO), (b)
nanoparticles (Fe,O,), and (c) nanocomposite (Fe,0,@GO).

2.2. Synthesis of Fe,O, nanoparticles

Fe,O, magnetite nanoparticles were synthesized by the
chemical co-precipitation method. In this method, 5.4 g of
FeCl,-6H,O and 2.87 g of FeCl,-4H,0 (a weight ratio of two
to one in 100 mL of ion-free water) were mixed in a round
bottom balloon in an atmosphere of nitrogen gas. Then,
25% ammonia solution was added dropwise to the solu-
tion until the pH of the solution reached 9, and finally, a
black precipitate containing magnetite nanoparticles was
formed. The formed precipitate was stirred for 30 min and
heated to 80°C, then washed three times with deionized
water and twice with ethanol. All materials in this part were
prepared by Merck Company, Germany [35].

2.3. Loading of Fe,O, nanoparticles on graphene oxide

After preparing graphene oxide and synthesizing Fe,O,
nanoparticles, 1.25 g of Fe,O, nanoparticles were poured
into 200 cc of distilled water and placed on a magnetic stir-
rer for 10 min to homogenize the solution. Then, 3.75 g of
graphene oxide was poured into the solution and placed on
a magnetic stirrer for 2 h at a speed of 500 rpm to load Fe,O,
nanoparticles onto graphene oxide. The prepared nanocom-
posite was then separated with filter paper, washed sev-
eral times with distilled water twice, and then placed in an
oven at 95°C to dry [36].

2.4. Characterization of pilot and equipment used

This experimental study was performed on a laboratory
scale with intermittent flow. 0.1 M was used to adjust the
pH of the solution with sulfuric acid and sodium hydrox-
ide. Different concentrations of CEX (mg/L) were used by
the stock solution. At the end of the reaction time, the solu-
tion was sampled and centrifuged at 3,000 rpm and then
filtered using a 0.22-micron filter to ensure the separation
of the nanocomposite. The concentration of residual CEX
was measured using a DR5000 spectrophotometer (HACH)
at 288 nm [37]. Finally, the removal efficiency of CEX was
calculated using Eq. (1) [38].

%Removal =

S-S 100 (1)
CU

where C;: Initial concentration of CEX (mg/L); C; CEX

concentration after reaction (mg/L).

2.5. Experimental design and statistical analysis

In this study, the surface-response method based on
the BBD was used to optimize and determine the effect of
parameters and simultaneous interaction between vari-
ables on the response (removal of CEX) using Design-
Expert Software version 10. The studied variables include
pH, contact time, nanocomposite dosage, and initial con-
centration of CEX. In this study, the BBD method at three
levels (+1, 0, —1) combined with the RSM method was
used to design the experiment and optimize the process.
The number of experiments required was determined by
the response level method using the BBD model based on
the equation of N = 2X (K-1) + C. In the mentioned equation,
Nis the number of test samples, K is the number of variables,
and C is the number of center points [39]. The observed
CEX removal efficiency was considered as a dependent
variable (response). The four studied factors, along with
the selected levels and range, are presented in Table 1.
The number of experiments obtained through design
by the BBD method was 31. To ensure the reproducibil-
ity of the experiments, all experiments were performed
with three replications (criterion: RSD < 0.05). Central
points were selected as a method for estimating and eval-
uating experimental error and measuring the lack-of-fit.
The statistical significance of quadratic fit models was
determined using the lack-of-fit test (LOF), correlation
coefficient, and adjusted correlation coefficient between

laboratory and predicted values (R? R% 4"

3. Results and discussion
3.1. Characterization of nanocomposite
3.1.1. XRD analysis

X-ray diffraction for GO, Fe,O, nanoparticles, and
Fe,0,@GO nanocomposite in the angle range 20 = 10°-40°
was determined by XRD (Model: PW1730, Philips). In
the GO model, the peaks generated at an angle of 11.4°
are related to functional groups, including oxygen. This
reflection confirms the structure of graphene along with
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Table 1
Experimental design levels of chosen variables

Levels
Variable Sign Unit -1 0 +1
Initial pH of solution A - 3 7 11
Nanocomposite concentration B g/L 02 06 1
Contact time C min 10 50 90
Initial concentration of CEX D mg/L 10 30 50

oxygenated functional groups and indicates strong oxida-
tion of graphite and proper synthesis of graphene oxide.
In the Fe,O, X-ray diffraction pattern, peaks formed at
angles of 30.8° and 35.7° show the presence of iron oxide
particles in the structure of Fe O, nanoparticles. A combina-
tion of peaks in the GO adsorbent and Fe,O, nanoparticles
in the Fe,0,@GO nanocomposite has been observed at these
angles; thus, this analysis shows that iron particles have
been successfully synthesized and deposited on carbon.

3.1.2. Fourier-transform infrared spectroscopy analysis

Fourier-transform infrared spectroscopy (FTIR) is based
on the absorption of radiation and the study of vibrational
mutations of multiatomic molecules and ions. This method
is used to determine the structure, measure chemical spe-
cies, and identify organic compounds. The results of the
spectrum in the range of 450—4,000 cm™ were prepared by
Perkin Elmer (model: Two Spectrum). Fig. 3 shows the
FTIR analysis to determine the functional groups present
on the Fe,O,@GO nanocomposite surface. As can be seen in
Fig. 3, in the GO pattern, the wavelengths are 3,416.33 and
1,591.88 cm™ and correspond to the stretching vibrations
of -OH and C=C, and the band of 1,039 cm™ corresponds

to the stretching vibrations of C-O. The peak of 578.08 cm™
is related to Fe-O vibrational vibrations and the peak of
1637.4 cm™ indicates the stretching band of C=0O.

3.1.3. Scanning electron microscopy analysis

Scanning electron microscope (SEM model) (MIRA III
TESCAN) was used to determine the surface and morpho-
logical characteristics of GO, Fe,O, and Fe,O,@GO nano-
composite. SEM images of the nanocomposite are shown in
Fig. 4 to clarify the morphological levels of GO, Fe,O,, and
Fe,0,@GO. Fig. 4a contains a large amount of microporos-
ity and shows very small pores on the adsorbent surface.
Fig. 4b shows that Fe, O, nanoparticles have a regular mor-
phology and are uniform, homogeneous, and spherical.
The particle size distribution was determined to be approx-
imately 50 nm in size. Fig. 4c shows that a number of Fe O,
nanoparticles tend to combine with GO, and a strong clus-
ter-like accumulation is evident among them. The white
particles observed in Fig. 4c on graphene oxide indicate
the presence of Fe,O, on the surface of this nanocompos-
ite. The rough and uneven surface of Fe,O, increases GO
uptake sites [40,41].

Fig. 5 shows the magnetic curve of the Fe,O, nanoparti-
cles and the Fe,O,@GO nanocomposite. It can be seen that
both adsorbents are magnetic at room temperature. The
magnetic saturation of Fe,O, nanoparticles and Fe,O,@GO
nanocomposite is 57.18 and 8, respectively. As expected,
the amount of magnetic saturation of the Fe,O,@GO nano-
composite was lower than that of Fe,O, nanoparticles,
which indicates the presence of GO in the nanocomposite,
reducing the magnetic saturation. However, as the amount
of magnetic saturation of the Fe,O,@GO nanocomposite
decreases, it can still be attracted to the magnet, indicating
a respectable magnetic response. The magnetic saturation
of the Fe,O,@GO nanocomposite for rapid separation was
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Fig. 3. FTIR spectroscopy of Fe,O,@GO nanocomposite.



228 F. Mahdavian et al. / Desalination and Water Treatment 280 (2022) 224-239

Signal A=QBSD  Date :18 Dec 2018

WD= 6mm  ppowNo.=8149  Time :13:02:16

EHT = 15.00 kv

300nm
EHT = 15.00 k'

WD= 5mm

™

300nm - " Signal A=QBSD  Date 118 Dec 2018
EHT=1500kv ~ WD= Smm  ppotoNo,=8162 Time :13:36:36

el
Signal A =QBSD
Photo No.=8153  Time :13:11:50

Fig. 4. Scanning electron microscope of GO (a), iron oxide nanoparticles (b) and Fe,0,@GO (c) composite images.

similar to previous studies. Therefore, it can be said that
the nanocomposite synthesized in this study had a perfect
magnetic property to be separated by a magnet.

3.2. Box—Benken statistical analysis

Choosing a suitable model for the system that can
predict the results with high and appropriate accuracy is
important and is the first step in analyzing the results. For
this purpose, the proposed quadratic model was used. The
proposed model for this system includes 4 terms of sin-
gle effects (A, B, C, and D), six terms of interaction effects
(AB, AC, AD, BC, BD, and CD), and four terms related to
quadratic effects (A% B? C? and D?). The P-value of anal-
ysis of variance (ANOVA) analysis was used to evaluate
the model and test its significance. ANOVA results related

to the removal of CEX are shown in Table 2. Based on the
data in this table, the P-value for the proposed model is
observed to be less than 0.0001. According to the remaining
parameters in the system, the model is presented as Eq. (2)
to predict the removal efficiency of CEX. This model is a
set of single, interaction, and quadratic effects.

Y =+46.29 -18.35A +11.26B—-11.68C +10.17D - 8.60AB
+4.06 AC —0.5625AD +7.06BC +11.16 BD + 3.33CD
+8.78 A% —0.7937 B> +10.43C*> —12.29D )

where Y is the predicted CEX removal efficiency in percent-
age, A is pH, B is the amount of nanocomposite (g/L), C is
Time (min), and D is the initial concentration of CEX (mg/L).
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Fig. 5. VSM analysis for Fe,O, nanoparticles and Fe,O,@GO nanocomposite.
Table 2
Analysis of variance of operational parameters in the removal of CEX from aqueous solutions using GO-Fe,O,/US
Source Sum of source Df Mean square F-value P-value Status
Model 12,218.13 14 872.72 63.80 <0.0001 Significant
A-pH 4,038.84 1 4,038.84 295.27 <0.0001
B-Dose 1,521.68 1 1,521.68 111.25 <0.0001
C-Conc. 1,636.60 1 1,636.60 119.65 <0.0001
D-Time 1,239.93 1 1,239.93 90.65 <0.0001
AB 296.01 1 296.01 21.64 0.0003
AC 65.85 1 65.85 4.81 0.0433
AD 1.27 1 1.27 0.0925 0.7649
BC 199.09 1 199.09 14.56 0.0015
BD 498.63 1 498.63 36.45 <0.0001
CD 44.42 1 44.42 3.25 0.0904
A? 551.26 1 551.26 40.30 <0.0001
B? 4.50 1 4.50 0.3293 0.5741
C? 777.70 1 777.70 56.86 <0.0001
D? 1,079.37 1 1,079.37 78.91 <0.0001
Residual 218.85 16 13.68
Lack of fit 174.75 10 17.48 2.38 0.1506 Not significant
Pure error 44.10 6 7.35
Cor. total 12,436.99 30
(Correlation coefficient)
R2=0.9824 R, =09670 R?, ,=09142 CV(%) =7.60

The quality of the proposed model was evaluated using
the values of correlation coefficient (R?), adjusted correla-
tion coefficient (R?, ) and predicted correlation coefficient
(Pred. R* (the Values of R* and R?,, of the model were
0.9824 and 0.9670, respectively). The prox1m1ty of the two
R? values and their slight differences indicate the acceptable
accuracy of the proposed model and show a very good cor-
relation between the results obtained by the experimental
method and the predicted values by thestatistical method.

Fig. 6a shows the overlap of the predicted values
against the observed values, as well as the amount of

standardized residues for each run performed in Fig. 6b.
According to the above diagrams, it can be concluded that
for all experiments performed, the values of the standardized
residues are in the acceptable range. Also, in Fig. 6c, the
internally studentized residual values indicate the accep-
tance of the model in providing opportunities for analysis
of variance.

Fig. 7 shows the effective variables considered for CEX
removal (including pH, nanocomposite concentration, reac-
tion time, and initial concentration of CEX), and determined
optimal points.
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Fig. 6. Drawing the distribution of the tested data vs. the values predicted by the model.

In this study, the influence of factors affecting the
removal process was also investigated by standardized
Pareto diagrams. As shown in Fig. 8, the order of effect
levels of parameters from high to low was as follows:
pH > time > initial concentration > nanocomposite dose. In
the study of Kamani et al. [42], the efficiency of the sonon-
ocatalytic process was investigated using titanium dioxide

nanoparticles for the removal of the erythromycin and
metronidazole antibiotics from aqueous solution by the
response surface methodology. In this study, considering
the results of fitting different models on the data obtained
in COD removal, the quadratic model had a higher fit, and
the pH of the solution with p < 0.0001 is one of the most
influential parameters.
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3.3. Effect of effective parameters in the removal of CEX

One of the advantages of graphene oxide is its easy dis-
persion in aqueous solution, which forms a stable colloidal
dispersion. The functional groups around the graphene
oxide plates are converted to carboxylic anions. Graphene
oxide maintains its negative surface charge in the low pH
range. This substance can easily be obtained from natural
sources of graphene in nature. On the other hand, because
graphene oxide has a high surface area, many scientists
are looking to use it to remove contaminants from water.
However, collecting graphene oxide from the water after
the adsorption process is a problem that uses a magnetic
composite to solve this problem.

3.3.1. Effect of pH

Fig. 9a shows the removal efficiency of CEX as a func-
tion of pH. The highest removal rate occurred at a pH of
3, and with increasing pH, a sharp decrease in removal
rate was observed. pH is one of the most important param-
eters affecting removal efficiency. Previous studies have
shown that pH plays an important role in the decom-
position and removal of antibiotics [18-43]. As shown
in Fig. 9a, there is a significant difference between the
removal of CEX at different pH values, and the rate of

degradation is significantly higher at acidic pH. The pH
affects the adsorption capacity, dissociation of the tar-
get compounds, and the electrostatic charge distribution
on the surface of the adsorbent. One of the reasons for
increasing the removal efficiency of CEX at acidic pHs is
probably high concentrations of H*ions in acidic solutions.

Also, high removal efficiency at acidic pH can be due
to the fact that at low pH, the active sites on the adsor-
bent surface become protonated, and the charge density
on the adsorbent surface increases [44]. During the use of
ultrasonic systems, when a solution is exposed to sound
waves, the water vapor in the bubbles caused by the cavita-
tion phenomenon can take the form of H* or OH’, which is
due to the effect pH of the environment [45-47].

The pH of the solution is an important and effective
parameter in adsorption, so that it plays an important role
in the entire adsorption process. The pH of the solution
affects not only the surface charge of the adsorbent, but also
the degree of ionization of the substance in the solution.
Moreover, the separation of functional groups in the active
sites of adsorbent also affects the chemistry of the solution
and plays an essential role in the electrostatic attraction
between the adsorbent and the adsorbate [48]. Due to the
molecular structure of cefixime (CEX) and the presence of
hydroxide and amine bonds, CEX tends to bond with pos-
itive charged surfaces; therefore, when the pH decreases
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time and initial concentration of CEX (c).

due to the electrostatic attraction between the CEX and the
adsorbent, the removal efficiency increases [49,50].

3.3.2. Influence of GO-Fe,O, nanocomposite dosage

Fig. 9b shows the effect of nanocomposite concentration
on the removal efficiency of CEX. Based on the obtained
results, it can be said that increasing the concentration
of nanoparticles up to 1 g/L has increased the efficiency.
According to the analysis of this statistical model, with
increasing the dose of nanoparticles, the efficiency increased,
and the optimal nanoparticle concentration in the removal of
the CEX was determined to be 1. The presence of GO-Fe,O,
nanoparticles in the sonocatalytic process provides nuclei
and additional surfaces for cavitation, which in turn increases

the number of bubbles and radicals in the tissue [44]. It can
be attributed to the fact that when all the antibiotic molecules
of CEX adsorb on the nanoparticle, the addition of higher
amounts of GO-Fe,O, due to the absence of antibiotic mole-
cules had no effect on efficiency. Ultrasound generally acts as
an energy source for nanoparticle activation. Nanoparticles
tend to accumulate due to their high surface structure and
high surface energy, but ultrasonic waves cause dispersion
of these particles and lack of their accumulation. However,
when the concentration of nanoparticles exceeds a certain
value, the energy of the ultrasonic waves is not sufficient
to scatter them, so the removal efficiency remains constant
with the addition of more values [18]. The results related
to the effect of nanoparticle dose in this study were similar
to the results studied by Mostafa Pour and Almasi [51,52].
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3.3.3. Effect of initial concentration of CEX

Fig. 9c shows the initial concentration of CEX on the
removal efficiency. With increasing the initial concentration
of CEX from 0.2 to 1 mg/L, the efficiency has decreased.
Therefore, the optimum point for the initial concentration
of CEX was determined to be 1 mg/L. Decreasing degrada-
tion rate due to increasing concentration can be attributed
to competition for reaction with hydroxyl radicals at high
concentrations. As the concentration increases, the partial
pressure in the cavitation bubbles increases, and as a result,
the bubble decomposition temperature decreases, which
itself can affect the degradation of some materials. It can also
be said that in sonocatalytic processes, the concentration of
produced radicals is the same in all samples. Therefore, for
samples with lower concentrations of the CEX and in the
presence of the same amount of hydroxyl radicals, a higher
rate of degradation will be obtained compared to samples
with high concentrations of antibiotics [44]. Furthermore,
with increasing the initial concentration of antibiotics, the
number of active adsorption sites on the adsorbent surface
and removal efficiency decrease. In this way, the adsorp-
tion sites on the adsorbent surface are rapidly occupied by
the contaminant in the initial moments. For this reason,
after that, the adsorption of pollutants takes place inside
the pores and the adsorption rate also decreases [53]. This
part of the results was consistent with the results of Vahidi
et al. for evaluation of amoxicillin removal using zero-
valent iron nanoparticles in presence of peroxide hydro-
gen and sonolysis process and the removal of cephalexin
using activated carbon from aqueous solution [54-55].

As can be seen in Fig. 9¢, as the contact time increases,
the removal of CEX antibiotic increases. Also, the highest
efficiency was obtained at a contact time of 90 min. The
reaction time is one of the most important parameters
affecting the design and performance of any chemical pro-
cess. In fact, the reaction time is the time required to achieve
the desired treatment goals [44]. The reason for increasing
the removal efficiency in the early reaction times is to create
more holes and corrosion in the nanoparticle surface and,
as a result, increase the cross-sectional area of adsorption
and removal efficiency [44,56]. Also, when the reaction
time increases, the oxidizing agent, such as the produced
hydroxyl radicals, has the opportunity to be in contact with
the contaminant for a longer period of time, thus remov-
ing a higher percentage of the contaminant and increas-
ing the removal efficiency [43]. In a study by Kamani et al.
entitled the evaluation of the sononocatalytic process effi-
ciency using titanium dioxide nanoparticles in the removal
of the erythromycin and metronidazole antibiotics from
aqueous media and in the study of Sobhani Kia, entitled
removal of the penicillin G antibiotic from aqueous media
using sing a batch reactor of zero iron nanoparticles and
ozonation process, similar results have been reported for
reaction time [44-57].

3.4. Determining the optimal conditions for the removal of
CEX antibiotic

The main purpose of testing and optimization is to
achieve the optimal values of variables for the removal of

CEX from aqueous solutions. Statgraphics software version
16 was used to optimize and achieve the highest removal
efficiency of CEX. The optimal conditions provided by
the software are presented in Table 3. In order to validate
the obtained optimal conditions, the experimental software
was performed experimentally again with the optimal val-
ues provided, and the obtained result is given in Table 3.
As can be seen, the experimental removal efficiency has
an error of 1.79 units (about 2%) compared to the pre-
dicted efficiency, and this small difference indicates the
validity of the fitted model.

3.5. Effect of ultrasonic on adsorption process at optimal condition

Sonochemical reactions caused by sonic radiation in lig-
uids are at frequencies that produce cavitation. Therefore,
cavitation acts as a means of concentrating the released
energy. Ultrasound waves increase chemical and physical
changes in a liquid medium by producing and destroying
cavitation bubbles [58,59]. These bubbles form and grow over
a period of time until they reach an equilibrium size at a cer-
tain frequency. The fate of these bubbles is to disintegrate in
dense cycles to produce the energy needed for chemical and
mechanical effects. In this study, ultrasonic has been used to
accelerate the chemical process by creating the phenomenon
of cavitation. Ultrasound, in addition to creating the cavita-
tion phenomenon, increases the rate of material transfer in
the adsorption process. The results showed that ultrasound
has a promising effect on the adsorption of CEX by increas-
ing the adsorption rate and mass transfer. As shown in
Fig. 10, there is a significant difference in adsorption efficiency
when ultrasonic was used at a concentration of 50 mg/L.

Ultrasound processes are one of the processes for the
removal of pollutants from aqueous solution, along with
other methods such as AOP. In this case, the use of ultra-
sonic waves for the phenomenon of acoustic cavitation,
namely formation and growth, is known to accelerate
chemical processes. The collapse of micrometric bubbles
is formed by the propagation of pressure waves in a lig-
uid. Ultrasound and its side effects and cavitation improve
the transport of substances through the convection path
resulting from physical phenomena [26].

3.6. Isotherm studies and adsorption kinetics
3.6.1. Adsorption kinetics

Kinetic equations are used to describe the transfer
behavior of adsorbed material molecules per unit time or
to study variables affecting the reaction rate. In the present
study, pseudo-first-order and pseudo-second-order kinetic
models were investigated using GO-Fe,O, to investigate the
factors affecting the reaction rate of the CEX adsorption pro-
cess. The pseudo-first and second linear kinetic equations
are expressed as Egs. (3) and (4), respectively.

Fig. 11 shows the pseudo-first-order and pseudo-
second-order kinetic models, respectively. The parameters
of pseudo-first- and second-order kinetic models are shown
in Table 4. According to the results obtained for CEX, the
pseudo-second-order model with regression coefficient
(R?) fits better than the pseudo-first-order model with



234

Table 3
Optimal values of effective parameters in the process of
removing CEX

System Value
Solution pH 3
Concentration GO-Fe,O,, g/L 1
Initial concentration of CEX, mg/L 10
Reaction time, min 90
Predicted removal efficiency, % 100
Observed removal efficiency, % 98.21

experimental data. Asrari et al. [60], by comparing the per-
formance of chitosan adsorbent and chitosan modified with
Fe,O, in erythromycin removal from water environments,
reported the appropriate kinetic model for the pseudo-
second-order model for the process. Also, the predicted
equilibrium adsorption capacity by the pseudo-second-
order kinetic model, compared to the pseudo-second-order
kinetic model, has a lower difference with an experimental
amount of equilibrium adsorption capacity. As presented
in Table 4, the constant rate (K,) of the pseudo-second-or-
der has decreased with an increase in the concentration of
the CEX. This tendency to decrease the speed initially is
due to sufficient places in a constant level of adsorbent to
adsorb lower concentrations of CEX, and the adsorption
rate was higher. However, the adsorption rate of dissolved
materials is also reduced gradually due to the reduction of
active sites required for high concentrations of CEX.

3.6.2. Adsorption isotherms

Adsorption isotherms are adsorption properties and
equilibrium data that describe how contaminants react with
adsorbents and play a key role in optimizing adsorbent
consumption. There are many isotherm models for analyz-
ing experimental data and describing the equilibrium in
adsorption; these models are used to provide insight into the
adsorption mechanism, surface properties, and adsorption
tendency and to describe the experimental adsorption data.
Therefore, it is very important to make a proper connection
between equilibrium diagrams to optimize the conditions
and design absorption systems [61,62]. The equation of the
Langmuir model is the monolayer adsorption process as fol-
lows [32]:

C, 1 C,
Le ©)
qeq Qb Q
1
Rl = 4
1+bc @)

where (mg/g) g, is the amount of CEX absorbed per gram of
adsorbent and (mg/L) C,_ is the equilibrium concentration of
CEX in equilibrium.

Q and b are Langmuir parameters, which are related to
the maximum adsorption capacity and the adsorption cor-
relation energy [63], respectively. One of the properties of
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Fig. 10. Effect of ultrasonic on acceleration of process in different
time in CEX concentration of 50 mg/L.
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Fig. 11. Pseudo-first-order (a) and pseudo-second-order

(b) kinetics model for CEX adsorption.

the Langmuir equation that can be used to determine the
type of adsorption process is the dimensionless parameter of
the separation coefficient R, [Eq. (6)]. If R, < 1, the type of
adsorption is undesirable; if R, =1, the type of adsorption
is linear; if 0 < R, < 1, the type of adsorption is favorable,
and if R, = 0, the adsorption is irreversible [64]. When the
adsorption sites are uniform and the surface is uniform,
the Langmuir relationship is consistent with experimental
experiments. However, if the surface is heterogeneous, the
Freundlich relationship, obtained by measuring the amount
of adsorbed material at different pressures, provides a better
description of the data. According to the Freundlich model,
the adsorption process is defined by Eq. (5) [65,66]:

1
log(qe):log(Kf)+;log(Ce) (5)
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where C, is equilibrium concentration (mg/L), g, is adsorp-
tion capacity at equilibrium time (mg/L), and K, and n are
Freundlich adsorption constants related to adsorption
capacity and intensity [67]. In this model, n values less
than one indicate poor adsorption, and values of 1-2 and
2-10 indicate moderate and desirable adsorption [68]. The
values of the n and K, coefficients were determined by the
slope and intercept of the linear graph of logg, vs. logC,
respectively. The Langmuir model diagram is more con-
sistent with the experimental data. By comparing the cor-
relation coefficients of these two models, it was found that
the correlation coefficient of the Langmuir model (0.9972)
was higher than Freundlich (0.946) (Fig. 12). As a result,
the Langmuir model fits better and can well describe the
dye adsorption behavior; the results indicate that the dis-
tribution of active sites on the adsorbent surface is uniform,
and subsequently, the adsorption of CEX has occurred in
homogeneous sites. In a study by Rahmani Sani et al. [69]
entitled removal of Sulfadidiomethoxine antibiotics from
aqueous solutions using model carbon nanotubes, the
Langmuir model was reported to be suitable. The Langmuir
and Freundlich parameters for CEX are given in Table 5.
The maximum adsorption capacity for GO-Fe,O, under
optimal conditions in the Langmuir model was obtained
to be 31.06 mg/g. There are several studies [49,50,70-73]
for comparing the results of this study, which are provided
in Table 6.

3.7. Regeneration of the adsorbent

The regeneration of the adsorbent is one of the most
important criteria for its practical application, since some
adsorbed material could be hazardous and toxic, flammable
or even explosive. The CEX removal efficiency of the adsor-
bent has been examined after its regeneration to determine
its capability to use in real wastewater treatment. The regen-
eration of GO/Fe,0O, nanocomposite was carried out by
using 0.1 M HNO,. Regenerated GO/Fe,O, nanocomposites

Table 5
Langmuir and Freundlich isotherm coefficients

Langmuir Freundlich
R, R q, (mg/g) R? n K [(mg/g)(mg/L)"]
0.946 9.8 20.64

0.019 0.9972 31.06

Table 4
Calculated variables for kinetic models
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were added in 100 mg/L of pollutant solution in optimum
condition, and after the equilibrium time, the regeneration
of the adsorbent was investigated. These adsorption regen-
eration cycles were down up to five times. After the regen-
eration, the spent adsorbents for the next regeneration stage
were dried at 100°C for 12 h. Fig. 13 shows the efficiency
of regenerated adsorbent has decreased by approximately
40% in the first stage of regeneration, and the removal per-
centage ability after the fifth regeneration was 50%. Thus, it
can be concluded from this experiment that GO/Fe,O, nano-
composite has no significant capability after five consecu-
tive cycles of regeneration for the adsorption of CEX.

4. Conclusion

The results of this study showed that the use of RSM-
BBD is a suitable method for modeling and optimizing
operating parameters for CEX antibiotic removal by Fe,O,@

0.05 - (a)
0.045 -

0.04 1

1/q,

0.035 + *

0.03 T T T T

1/C

1.55 4 (b)

*

1.3 T
0.25 0.5

0.75 1

1.25 1.5 1.75 2

log C,

Fig. 12. Langmuir (a) and Freundlich (b) isotherms for
GO-Fe,O, on CEX removal efficiency.

Pseudo-first-order

Pseudo-second-order

C, (mg/L) Toepx (M8/8) f1ca (M8/8) k; (1/min) R? Tpca (MB/8) k, (g/mg-min) R?

10 11 8.53 0.0251 0.9517 10.44 0.0120 0.9766
20 20.6 12.69 0.0251 0.8351 19.30 0.0122 0.9928
30 28 20.98 0.0280 0.9445 27.85 0.0039 0.9723
40 33 26.80 0.0225 0.8965 33.11 0.0020 0.9348
50 33.5 26.35 0.0221 0.9034 31.64 0.0030 0.9518
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Table 6

Adsorption capacity and removal efficiency of CEX using Fe,0,@GO nanocomposite and other materials
Adsorbent q, (mg/g) References
Magnetic nanoparticles-rGO-chitosan composite 31 [66]
Activated carbon prepared date residues 557.9 and 571.5 [43]
Modified bionanocomposite 30.5 [67]
Nano-size biomass derived from pomegranate peel 181.81 [42]
Polyelectrolyte-modified nanosilica 11 [68]
Chitosan modified nano-Al,O, 13 [69]
MgO NPs 526 [70]
Fe,0,@GO nanocomposite with ultrasonic 31 Present study

100
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1 2 3 4 5

Generation cycle

Removal efficiency %

Fig. 13. CEX removal efficiency in regeneration of the adsorbent
in five cycles.

GO nanocomposite process with ultrasonic. The proposed
model presented by the software showed that the removal
of CEX is affected by various parameters such as nanocom-
posite concentration, solution pH, reaction time, and initial
concentration of CEX. These factors are effective in increas-
ing the efficiency of the process due to increasing the pro-
duction of hydroxyl radicals, creating a suitable adsorbent
surface, and the appropriate reaction time with the con-
taminant. According to the results of this study, the most
important parameter was pH. Results showed the adsorp-
tion process had the best efficiency at pH of 3. The optimum
concentration of nanocomposite was 1 g/L; the optimal reac-
tion time was 90 min, and the initial concentration of CEX
was 10 mg/L. The highest removal rate of CEX antibiotic
was obtained at 100% under optimal process conditions.

Ultrasonic, in addition to creating the cavitation phe-
nomenon, increases the rate of material transfer in the
adsorption process. The results showed that ultrasound has
a promising effect on the adsorption of CEX by increasing
the adsorption rate and mass transfer.
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