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Some environmental problems caused by the intrusion of active drug ingredients, especially antibiotics, into water resources pose
a serious threat. Ciprofloxacin (CIP) is an antibiotic from the group of fluoroquinolones that is used extensively in the treatment
of bacterial infections. The presence of drug residues in the environment, especially in water resources, is an essential issue due to
their stability and nondegradability. This study is aimed at investigating the efficiency of magnetite (Fe;O,) nanoparticles and the
effect of independent variables, including initial concentrations of CIP (35-80 mg/L), adsorbent doses (20-60 mg), and pH values
(4-10) at reaction time (80 min) for the removal efficiency of CIP antibiotics based on the Box-Behnken design (BBD) method.
The analysis of variance (ANOVA) results indicated that a quadratic model was convenient for modeling CIP removal. The
first step, the coprecipitation method, was appropriate for the preparation of Fe;O, nanoparticles and developed as highly
efficient adsorbents. Synthesized nanoparticles were later characterized by X-ray diffraction (XRD), Scanning Electron
Microscopy (SEM), and Fourier transform infrared spectra (FT-IR). The results of XRD have shown that angles for the peaks
at 20 =30, 35.22, 43.35, 53.68, 57, 62.79, and 71.38 deg, which corresponded to the crystal planes 220, 311, 400, 422, 511, 440,
and 535, respectively, were consistent with standard peaks of magnetite and a cubic face structure. The obtained results
indicated that the CIP removal efficiency was 74.44% under optimum operation parameters: initial concentration of CIP
44.15 (mg/L), adsorbent dosage of 59.6 (mg), pH =5, and contact time of 80 min. In fact, a cooperative agreement between
model prediction and experimental data using BBD with significant R* values of 0.95 was observed. Based on the results,
magnetite nanoparticles have an excellent ability to remove antibiotics from an aqueous phase.

1. Introduction

Water is a natural and essential resource for human sur-
vival, and that is why human beings have always been
looking for clean and healthy water for life. Various
methods were carried out to evaluate the quality of surface
water and groundwater [1-6]. Today, freshwater resources
are endangered due to increased population growth and
climate change [7-10]. The slow decomposition and
incomplete metabolism of antibiotics have shown that
more than 95% of it is not metabolized and goes into
wastewater, making it more stable in the environment
and polluting surface water and groundwater [11]. Antibi-
otics, with domestic wastewater, medicinal eftfluents, hospi-

tal wastewater, veterinary clinics, and agricultural products
significantly enter the water resource and environment
[12]. Antibiotic resistance is one of the main reasons for
the purification of antibiotics, which may cause significant
threats to global human health [13]. One of the prominent
antibiotic families is fluoroquinolones that can be mentioned
as ciprofloxacin (CIP), norfloxacin (NOR), and ofloxacin
(OFL), which are widely used in therapeutic fields [13-15].
The presence of fluorine atoms in the composition of these
antibiotics causes their stability and is considered stable and
nonbiodegradable in the environment [15, 16]. CIPs are
extensively used to treat bacterial infections (urinary tract
infections) [17-19]. They have been detected in wastewater
and surface water at concentrations of less than 1 ug/L, in
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F1GURE 1: The proposed methodology for optimization of CIP removal by synthesis of magnetite (Fe;O,) nanoparticles using BBD.

hospital effluents at concentrations of above 150 pg/L, and in
pharmaceutical plants at concentrations of about 30 mg/L
[12]. Besides, the antibiotics can also be absorbed in the
sludge at 2.43 mg/kg [12]. To remove contaminants, various
studies through physical, chemical, biological, and combined
methods have been used [20-22]. The results of these studies
showed that most of these methods have not been cost-
effective, due to the inability to completely decompose
contaminants and the high cost of investment, as well as
low returns, complex management and maintenance, and
lengthy time [23-27]. Due to the indiscriminate and arbitrary
use of antibiotics and the impossibility of removing these
compounds by standard processes in municipal, hospital,
and pharmaceutical wastewater treatment plants, the study
of practical and feasible methods is inevitable [12].

Among the mentioned methods, adsorption processes
are good options for separation due to their simplicity, low
operating cost, low energy consumption, high flexibility,
and the availability of numerous cheap adsorbents with
complex properties. Adsorption is a type of separation
operation similar to the liquid adsorption process in terms
of the shape of the mass transfer operation. In the adsorp-
tion process, some of the soluble components in the fluid
phase are transferred to the active surface of the solid adsor-
bent. The reason for using this process is the appropriate
selectivity of the adsorbent to adsorb one or more compo-
nents of the carrier fluid. The adsorption involves the
accumulation of adsorbed molecules on the inner and outer
surfaces of the adsorbent. Porous adsorbents with a high

TABLE 1: Selected levels of independent variables in BBD.

Influencing factors -1 0 +1
Initial concentration of CIP (mg/L) 35 57.5 80
Adsorbent dose (mg) 20 40 60
pH () 4 7 10

surface-area-to-volume ratio are usually common for
possible utilization [27-30]. Nowadays, nanotechnologies
in water and wastewater treatment have been developed
using materials and processes such as zerovalent iron (nZVT)
and magnetite (Fe;O,) nanoparticles [31-34].

In a study, researchers examined cephalexin (CEX) to be
removed from an aqueous solution by powdered activated car-
bon coated with ZnO and nZVI nanoparticles derived from
pomegranate peel extract. This study showed that the promo-
tion of nanoparticles in the form of composites could be
applied, and biophilic adsorbents remove CEX from an aque-
ous solution [34]. Azarj et al. investigated the use of magnetic
nanotube carbon adsorbents to remove nitrate from aqueous
media. The results revealed that the optimal conditions of
the variables were pH equal to 3, contact time 60 min, stirring
speed 200 rpm, and 1 g adsorbent per liter [35].

Jalili et al. used the UV/ZnO nanophotocatalytic pro-
cess for phenol decomposition. The results showed an
inverse relationship between phenol removal efficiency and
pH increase in the UV/ZnO nanophotocatalytic process.
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FIGURE 2: X-ray diffraction spectrum of Fe;O, nanoparticles.

Optimal conditions in the UV/ZnO nanocatalytic process
were 10 mg/L, contact time of 30 min, and pH = 5. Finally,
according to this study, the UV/ZnO nanophotocatalytic
process was an effective method for removing phenol from
an aqueous solution [36]. In the other study, Ahmadi et al.
used a magnetic zeolite nanocomposite prepared by copreci-
pitation to adsorb dimethyl phthalate (DMP). Also, the
behavior of adsorption kinetics studies was consistent with
the quasi-second-order kinetic model [37].

Azari et al. evaluated the ultrasonic dispersed solid-phase
magnetic adsorption method with a high-performance
liquid chromatographic system to remove diethyl phthalate
(DEP). The primary interaction of parameters such as pH
(3-11), adsorbent dose (0.10—0.50gL_1), ultrasound time
(1-5min), and DEP concentration (5-10 mg/L) was consid-
ered. The results showed that MGO has outstanding poten-
tial as an adsorbent to remove phthalates from contaminated
water [38]. Ferrous nanoparticles are studied due to their
abundance, cost-effectiveness, nontoxicity, fast reaction,
high ability, and efliciency in decomposing pollutants such
as organic matters [37-39]. Nanoparticles’ specific surface
increases with decreasing particle size, which some studies
have suggested the successful use of iron nanoparticles in
removing some antibiotics such as amoxicillin, ampicillin,
and metronidazole [35-41].

The present study optimized the influential variables
in removing CIP antibiotics using the Box-Behnken
design (BBD) method based on the response surface
methodology (RSM). In this study, magnetite nanoparti-
cles such as adsorbents have been investigated, and the
characterization of nanoparticles synthesized using tech-
niques such as X-ray diffraction (XRD), scanning electron
microscopy (SEM), and Fourier transform spectroscopy
(FT-IR) was determined.

VEGA3 TESCAN

FiGure 3: SEM images of Fe;O, nanoparticles.

2. Materials and Methods

The materials used, such as CIP powders (C,,H,,FN;0;, 98%
in purity) were purchased from Temad Pharmaceutical and
Nanosany Companies, Iran. Ferric chloride hexahydrate and
Ferrous chloride tetrahydrate (FeCl,.6H,0, FeCl,.4H,0), sul-
turic acid (H,SO,), sodium hydroxide (NaOH), ammonia
solution (NH;, 25%), and nitric acid (HNO,) were prepared
from Merck company.

2.1. Experimental Procedures. Experimental design is a
method for conducting a systematic set of experiments to
obtain reliable and appropriate results based on a limited
number of observations [42-44]. Optimization techniques
may be used to identify the optimal values for variables and
investigate the effect of optimized parameters on the response.
The main tools in this field are divided into two groups of
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FIGURE 4: FT-IR spectrum of Fe;O, nanoparticles.

experiment design and analysis tools. In the experimental
design, there are methods such as the full factorial method
and Latin square-based method. The experimental analysis,
including the analysis of variance (ANOVA), its derivatives,
and regression analysis are the essential tools. The flowchart
proposed for optimization of CIP removal by the synthesis
of magnetite nanoparticles is presented in Figure 1.

RSM is one of the most powerful statistical tools, which
is helpful for optimizing influential variables in various pro-
cesses, and it is widely used for designing experiments
[45-47]. Examination of the effect of different variables
and their interaction on the response of different experimen-
tal design methods should be done systematically based on
the number of experiments. The most important designs of
optimization experiments include full three-level factorial
design (FFD), BBD, and central composite design (CCD).
In the FFD method, the number of experiments can be
obtained with #*, in which k is all variables that have an
equal number of levels n and the level of the variables
included are +1, 0, and -1 (maximum, mean, and mini-
mum), respectively. The number of experiments executions
is associated with an increase in the number of variables
and levels. Time consumption and high cost are the main
disadvantages of this method. The nature of FFD means that
its results can be a good reference for discussing the perfor-
mance of other designs. In the BBD design, there are three
imperfect levels of factorial design (3*). It is a quadratic or
(approximately rotatable) quadratic spherical design. A
practical advantage of the common use of the BBD is an
economical design in industrial research. Its feasibility is
possible with a limited number of experiments, requiring
only three levels for each factor. In CCD experimental
design, the number of experiments (N) required for this
method was defined as N = n, + 2K + 2K, in which K was
the number of variables and n, was the number of central
points as well as; in the CCD method, each variable is
divided into five different levels and three different levels in
the BBD method [47, 48].

In the BBD method, the variables are in three levels of
high (+1), medium (0), and low (-1) with five central repeti-
tion points (to estimate the percentage error of the sum of

squares), with a total of 17 experiments, designed by the
Design-Expert software (DX7). The number of experiments
required for the model was determined from Equation (1):

N=2K(K-1)+C,, (1)

where N is the number of experimental specimens, K is the
number of factors (variables), and C,, is the number of center
points. The model was used for cross-over interaction to
evaluate data, and experiments were performed randomly
to avoid systemic error [44-49]. Coefficients were examined
using ANOVA, and a P value of less than 0.05 was consid-
ered a significant level. Using this statistical model is due
to the high cost of nanoparticles, reducing the sample vol-
ume and giving a quadratic equation [45, 50]. In this study,
three parameters, namely, initial concentration of CIP,
adsorbent dose, and pH at a contact time of 80 min, were
investigated. The practical factors and their study levels in
removing the CIP antibiotics are presented in Table 1.

In this method, the experiments are performed in turn and
according to the values provided for the design of the BBD in
Table 1. To perform each sample, a specific concentration of
an antibiotic solution is mixed with a certain amount of adsor-
bent in a pH and specified contact time. Finally, the nanopar-
ticles are separated with centrifugation and external magnetic,
so the concentration of antibiotics remaining in the solution is
measured with a UV-Vis spectrophotometer. Fit analysis was
carried out, and the accuracy and correctness of the obtained
results were investigated. For this purpose, R(%) which is
the percentage of antibiotics removal was considered the
response variable according to Equation (2).

Cy.C
R(%) = % x 100.
0

(2)

The CIP removal efficiency was evaluated through (Equa-
tion (2)), the (C,_C,)/C, ratio with C, and C, representing
the initial and final concentrations of CIP in solution (ppm),
respectively.
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TaBLE 2: The results of the Box-Behnken experimental design (BBD).

Run Block A: CIP (mg/L) B: adsorbent dose (mg) C: pH () CIP removal (%)
1 Block 1 35.00 40.00 4.00 68.24
2 Block 1 57.50 40.00 7.00 64.50
3 Block 1 35.00 60.00 7.00 73.11
4 Block 1 57.50 40.00 7.00 68.21
5 Block 1 57.50 20.00 10.00 52.22
6 Block 1 80.00 60.00 7.00 65.32
7 Block 1 57.50 40.00 7.00 65.42
8 Block 1 80.00 40.00 10.00 48.35
9 Block 1 57.50 40.00 7.00 68.01
10 Block 1 80.00 20.00 7.00 60.32
11 Block 1 80.00 40.00 4.00 59.21
12 Block 1 57.50 60.00 4.00 74.20
13 Block 1 35.00 40.00 10.00 61.23
14 Block 1 57.50 40.00 7.00 67.32
15 Block 1 57.50 20.00 4.00 70.01
16 Block 1 57.50 60.00 10.00 62.01
17 Block 1 35.00 20.00 7.00 70.12
TaBLE 3: Results of analysis of variance (ANOVA).

Source Sum of Mean F P value

Squares df Square Value Prob > F
Model 717.57 9 79.73 15.50 0.0008 Significant
A: CIP (mg/L) 195.03 1 195.03 3791 0.0005
B: Fe;0, 60.34 1 60.34 11.73 0.0111
C: time (min) 286.20 1 286.20 55.64 0.0001
AB 1.01 1 1.01 0.20 0.6711
AC 3.71 1 3.71 0.72 0.4241
BC 7.84 1 7.84 1.52 0.2568
A? 24.53 1 24.53 4.77 0.0653
B 36.37 1 36.37 7.07 0.0325
C? 106.15 1 106.15 20.64 0.0027
Residual 36.01 7 5.14
Lack of fit 25.15 3 8.38 3.09 0.1523 Not significant
Pure error 10.86 4 2.71
Cor total 753.58 16

Std.Dev =2.27. R* =0.9522. Adj R* = 0.8908. CV% = 3.51. Pred R* = 0.4435. PRESS = 419.36. Adeq precision = 15.53.

3. Results and Discussion

3.1. Synthesis of Magnetite (Fe;O,) Nanoparticles. The rele-
vant nanoparticles were synthesized by the coprecipitation
method. First, 1.625g of FeCl,4H,O with 4.43g of
FeCl,.6H,0 was mixed with 320 mL of deionized water by
a magnetic stirrer for one hour at 80°C. Then, after the end
of the reaction time, 12.5mL of ammonia (NH;, 25%) was
added slowly to the solution of the first part at 80°C, so a
black precipitate was formed at the bottom of the Erlen-
meyer flask, representing nanoparticles. After extraction,

the stirrer is removed, and it is slowly washed three times
with ethanol and distilled water and filtered with a vacuum
pump. The precipitate was finally dried under a vacuum
for 24 hours. Figures 2-4 show the results of the analysis
of XRD, SEM, and FT-IR nanoparticles, respectively.

The obtained nanoparticles were examined using XRD
to analyze the structure and composition of the particles.
The phase-detection and crystalline properties were deter-
mined by X-ray diffraction (XRD) using a Siemens D5000
diffraction gauge. Scattering was obtained using Cu-Ka radi-
ation (A = 1.5406 A) in the range of 10° < 20° < 80° with steps
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of 0.02" and an achievement time of 1.0's in steps. As shown
in Figure 2, phase analysis results for magnetite Fe;O, parti-
cles have reasonably good compatibility between the peaks
that become seen in the sample with the literature [51-53].

The shown angles for the peaks in the sample at 20 =
30, 35.22,43.35,53.68,57,62.79,and 71.38 deg which cor-
respond to the crystal planes 220, 311, 400, 422, 511, 440,
and 535, respectively, were in accordance with the standard
peaks of magnetite with a cubic face structure.

The properties of Fe;O, nanoparticles were determined
using various devices to study the shape, the average diame-
ter of the particles, and the surface details of the nanoparti-
cles that were taken by SEM Figure 3.

The image of the nanoparticles synthesized by the copre-
cipitation taken with SEM showed that the nanoparticles
produced had the form of clusters of cohesive spherical
particles that have irregular shapes and were more or less
uniform and had a balanced surface. As can be seen in
Figure 3, the diameter of the nanoparticles is in the range
of 20-48 nm and 34 nm on average which is in the expected
range. Based on the empirical classification given by IUPAC,
particles with a diameter of 2 < d < 50 nm may be classified
as mesopore particles [54, 55]. FT-IR spectroscopy was
applied to study the functional groups on the surface of
nanoparticles, which is illustrated in Figure 4.

FT-IR is a crucial method for investigating chemical
bond groups and functional groups on the surface of nano-
sorbent particles [51]. In this study, FT-IR was used to inves-
tigate the chemical bonds and levels of nanoparticles and the
interactions that occurred at these levels during adsorption
on the Fe,O, surface [40]. The FT-IR spectra of Fe;O, nano-
particles in the range bands at 400cm™ to 4000cm™ have
been prepared and indicate that in this spectrum the func-

tional groups in the frequency of 572 cm™ which are related
to the formation of the band the Fe-O and generally peak
wavelength of bands 572c¢m™, 1622cm™, and 3420cm™
attributed to the tensile and flexural vibration of bond
O-Fe, absorption band C=C, and the O-H bond in water
adsorption (or carboxylic groups), respectively [52-56].
In this regard, the size of Fe,O, particles decreases to
the nanoscale, the constant bond strength will increase,
as a large number of bonds of surface atoms are broken
as a result of the rearrangement of unstable electrons on
the particle surface.

3.2. Experimental Design and Optimization Using BBD.
Based on the experimental design results and statistical anal-
ysis performed on the response, the use of a quadratic statis-
tical model was evaluated. The model results obtained by
experimental design software are shown in Equation (3).

CIP removal(R%) = +66.69 —4.94 A +2.75B-5.98 C
+0.50AB-0.96 AC+1.40BC  (3)
—2.41 A% +2.94B* -5.02 C%.

A positive (negative) sign indicates that the variables
have a direct (inverse) effect on the target. Tables 2 and 3
indicate the results of BBD experiments and ANOVA,
respectively.

According to Table 3, the F value of the model is equal
to 15.50, and the P value (<0.0001) variables, lack of fit of
the model, and other coefficients achieved from the model
indicate the significance of the proposed model for CIP
removal using nanoparticles. Also, according to the results
in Figure 5 ((a) normal probability of student residuals, (b)
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TaBLE 4: Summary of studies performed using nanotechnology to the removal of different types of antibiotics.

Treatment parameters Antibiotic compound Main findings References
pH values (3-11); catalyst The following results were obtained under
dosages (250-750 mg/L); - optimal conditions: pH = 11, catalyst dose =
reaction times (30-90 min); at Amoxicillin 500 mg/L, reaction time = 90 min, and the [57]
an ozonation rate of 200 mg/h amoxicillin degradation efficiency = 78.7%
Vanadium dioxide (0.49 g/L); . . The aC.ISOI'ptIOI.l capacity of ciprofloxacin was
H7: ~583 min Ciprofloxacin achieved using belt-like nanostructured [58]
P =98 vanadium diox by 102.2 mg/g nanoVO2
The results showed that 0.007 g of regenerated
silver graphene oxide nanocomposite @ at
. . pH =5 after 3600 s contact time could remove
Silver@reduced graphene oxide Sulfamethoxazole 88% (188.57 mg/g) of sulfamethoxazole from [59]
0.05 dm3 solution (initial concentration
30 mg/dm3)
Piperacillin tazobactam The results showed that Fe;O, nanoparticles
pH (2-9); temperature (°C) (21- sulfamethoxazole tetracycline synthesized with different extracts showed high [60]

40); antibiotic volume (mL) (1-5) trimethoprim ampicillin

and erythromycin

removal (more than 90%) of the studied
antibiotics with the exception of SUL and TRI

residuals versus predicted, (c) residuals versus run number,
and (d) measured values versus predicted values), the results
of the achieved model were satisfied. The residual values
indicate the normal distribution of the applied variables near
the mean values. Therefore, one of the proposed models for
predicting CIP removal efficiency is the regression model.
Based on this model, the graph of the measured values pro-
vides a good agreement with the predicted values.

Also, in Figure 6, response surface plots (3D) and con-
tour plots (2D) showed the effects of variables, the interac-
tion between adsorbent dosage and initial concentration of
CIP (mg/L) (Figures 6(a) and 6(b)), the interaction between
initial concentration of CIP (mg/L) and pH (Figures 6(c)
and 6(d)), and the interaction between adsorbent dose and
pH (Figures 6(e) and 6(f)) vs. response, respectively. Accord-
ing to Figure 6, from the three-dimensional response sur-
faces and contours related to the variables, it can be
concluded that in Figures 6(a) and 6(b), with the increasing
the amount of adsorbent dose up to 50 mg and decreasing
the initial concentration of antibiotics less than 50 mg/L,
the highest percentage of removal was observed. Also, in
Figures 6(c) and 6(d), with a decreased pH of less than
5.5 and the initial concentration of antibiotics less than
46 mg/L, the highest percentage of removal was observed.
In Figures 6(e) and 6(f), the highest removal percentage
was observed by increasing the amount of adsorbent
dose =55mg and decreasing the pH to less than 5.5. A
summary of studies performed using nanotechnology to
remove different types of antibiotics is shown in Table 4.

4. Conclusion

Due to the simultaneous effect of variables such as initial
antibiotic concentration, adsorbent dosage, pH, and contact
time, nanotechnology can be more effective as adsorbents
for the removal of various types of contaminants than other
methods. The results of XRD showed that the angles for the
peaks at 20=30,35.22,43.35,53.68, 57, 62.79, and 71.38

deg, which corresponded to the crystal planes 220, 311,
400, 422, 511, 440, and 535, respectively, were in accordance
with the standard peaks of magnetite with a cubic face struc-
ture. The results of SEM showed that the diameter of the
nanoparticles is in the range of 20-48 nm and 34 nm in aver-
age which is in the expected range.

The results of the experimental data with the predicted
model had good accuracy (R*=0.95, R*Adj=0.89). After
evaluating the desirability of the results of the analysis of
variance, the optimal values of the variables were assessed,
and several optimal points with high desirability were sug-
gested. The obtained results showed that the CIP removal
efficiency was (74.44%) under optimum operation parame-
ters with the initial concentration of CIP 44.15 (mg/L),
adsorbent dose of 59.6 (mg), pH =5, and contact time of
80 min. It was found that the effect of pH and nanoparticle
dose has a significant role in the removal of CIP. The
above-mentioned results confirm the suitability of using
magnetic nanoparticles in wastewater treatment applica-
tions. Recently, research teams have been considering
increasing the capabilities of nanoparticles and the possibil-
ity of using modified magnetite nanoparticles to study the
removal of various pollutants.
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