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Abstract: There are different ways for antibiotics to enter the aquatic environment, with wastewater
treatment plants (WWTP) considered to be one of the main points of entrance. Even treated
wastewater effluent can contain antibiotics, since WWTP cannot eliminate the presence of antibiotics.
Therefore, adsorption can be a sustainable option, compared to other tertiary treatments. In this
direction, a versatile synthesis of poly(styrene-block-acrylic acid) diblock copolymer/Fe3O4 magnetic
nanocomposite (abbreviated as P(St-b-AAc)/Fe3O4)) was achieved for environmental applications,
and particularly for the removal of antibiotic compounds. For this reason, the synthesis of the
P(St-b-AAc) diblock copolymer was conducted with a reversible addition fragmentation transfer
(RAFT) method. Monodisperse superparamagnetic nanocomposite with carboxylic acid groups
of acrylic acid was adsorbed on the surface of Fe3O4 nanoparticles. The nanocomposites were
characterized with scanning electron microscopy (SEM), X-ray diffraction (XRD) and vibrating
sample magnetometer (VSM) analysis. Then, the nanoparticles were applied to remove ciprofloxacin
(antibiotic drug compound) from aqueous solutions. The effects of various parameters, such as initial
drug concentration, solution pH, adsorbent dosage, and contact time on the process were extensively
studied. Operational parameters and their efficacy in the removal of Ciprofloxacin were studied.
Kinetic and adsorption isothermal studies were also carried out. The maximum removal efficiency
of ciprofloxacin (97.5%) was found at an initial concentration of 5 mg/L, pH 7, adsorbent’s dosage
2 mg/L, contact time equal to 37.5 min. The initial concentration of antibiotic and the dose of the
adsorbent presented the highest impact on efficiency. The adsorption of ciprofloxacin was better
fitted to Langmuir isotherm (R2 = 0.9995), while the kinetics were better fitted to second-order kinetic
equation (R2 = 0.9973).

Keywords: ciprofloxacin; Polystyrene nanocomposite; modifications; adsorption; characterizations

1. Introduction

Aside from the well-known pollutants and contaminants in the aquatic environment, compounds
of emerging concern (CECs) may impact aquatic life even in very low concentrations [1]. Wastewater
influents and effluents can contain CECs, due to their presence in everyday products, such as detergents,
fabric coatings, pharmaceuticals, cosmetics, beverages and food packaging [2]. Pharmaceuticals are
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being detected in drinking and surface water, and although not very persistent, the continuous
re-entering increases their abundance, and renders them pseudo-persistent [3]. Pharmaceuticals,
include diverse types of compounds, e.g., antibiotics and show low biodegradability. CECs cannot be
removed completely by wastewater treatment plants (WWTPs) [2], since WWTP were not designed to
treat CECS. In some cases, even less than 10% of CECs is removed, making WWTP effluents a major
factor for introducing CECs into the environment [2]. Recently, great attention is given to adsorption
technique [4–19], which is easily applied to the last stage of wastewater treatment plants (WWTPs),
with the aim of removing all residues that were not separated and removed from the previous stages.

In particular, special attention is given to find appropriate ways to effectively treat antibiotics
from effluents, due to their strong resistance to various decontamination techniques [20]. Available
statistics indicate that 100–200 tn of antibiotics are used annually worldwide. As a result, the risk of
water resources contamination by these compounds is very high. The residue of those antibiotics in
the form of major constituents or metabolites has also been observed in WWTP.

It is noteworthy to mention that the inability of WWTP to remove antibiotics leads to the discharge
of those compounds into surface water and underground waters. The inadequate and incorrect use of
those compounds, and their continuous entry into the environment, leads to biodistribution and faulty
resistance [21,22]. Of the large antibiotic classes, fluoroquinolones are worth mentioning. Antibiotics in
this family include Ciprofloxacin (CIP), epinephrine, and norfloxacin. The presence of fluorine atoms in
combination with these antibiotics makes these compounds particularly stable, so they are considered
to be very dangerous and toxic pollutants in the environment. CIP is detected in sewage and surface
water in medical effluents and pharmaceutical plants. The antibiotic can be adsorbed into the sludge
and, if applied as fertilizer, it is accumulated in the soil and enters into plants [23]. CIP was observed
in surface waters and wastewaters at concentrations below 1 µg/L, while in medical wastewaters in
150 µg/L. Therefore, it is mandatory to find and apply an efficient method for ciprofloxacin removal.

The most important methods used to remove and separate the drug compounds from water and
sewage include ozonation, nanofiltration, electron radiation, ion exchange, chemical coagulation and
photocatalytic oxidation, all of which have high performance and operation costs [24–29]. Nowadays,
nanotechnologies are mainly used in water and wastewater treatment, using materials like iron
nanoparticles, zeolites and magnetic nanomaterials [30,31]. Among the various methods, adsorption is
a simple, environmental friendly, fast, highly efficient and low-cost solution, making it one of the most
favorable methods [32–37].

The removal of pharmaceuticals by adsorption has been the focus of many studies. So far,
as adsorptive materials, activated carbon [38–41] or zeolites [42,43] have been widely used in
wastewater treatment. The removal of pharmaceuticals by adsorption shows great potential, due to
its easy application into existing water treatment processes. On the other hand, issues regarding
adsorbent stability and regeneration costs lead to R&D of innovative and effective adsorbents from
polymeric materials. Adsorption processes, such as activated carbon-based have high capital cost,
and ineffectiveness and non-selectivity against vat and disperse dyes. Furthermore, saturated carbon
regeneration is expensive and leads to adsorbent loss. Depending on the demand, cost, and the nature
of the pollutant to be adsorbed, the adsorbents are either disposed or regenerated for future use.
The regeneration process of adsorbents needs to be cheap and environmental friendly by recovering
valuable adsorbates while reducing the need of virgin adsorbents.

In this study, a versatile synthesis of poly(styrene-block-acrylic acid) diblock copolymer/Fe3O4

magnetic nanocomposite (abbreviated as P(St-b-AAc)/Fe3O4)) was achieved for environmental
applications with a focus on the removal of ciprofloxacin. The nanocomposites were characterized with
SEM, XRD and VSM analysis. The nanoparticles were then applied to remove ciprofloxacin (antibiotic
drug compound) from aqueous solutions, evaluating the effect of certain important parameters such as
the solution’s pH, initial ciprofloxacin concentration, adsorbent dosage and contact time.
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2. Materials and Methods

2.1. Materials

To begin, 4-cyano-4-[(phenylcarbothioyl) sulfanyl] pentanoic acid, as a RAFT agent, was
synthesized [32]. Acrylic acid (AAc), styrene (St) monomers, 2, 2-azobisisobutyronitrile (AIBN),
and dimethylformamide (DMF), FeCl2·4H2O, 99% and FeCl3·6H2O, 98% were purchased from Merck
(Darmstadt, Germany).

The antibiotic model compound used in the present study is ciprofloxacin, purchased from
Merck (Germany). Its molecular structure is presented in Figure 1. When it comes to ciprofloxacin’s
dissociation and isoelectric constants, the isoelectric point has a value of pI = 7.14, which is calculated
by the average of pKa1 = 6.09 and pKa2 = 8.62. This portrays the two ionizable functional groups of
ciprofloxacin; the 6-carboxylic group and the N-4 of the piperazine substituent. pKa1 corresponds to
the dissociation of a proton from the carboxyl group, and pKa2 corresponds to the dissociation of a
proton from the N-4 in the piperazinyl group [44].
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Figure 1. Chemical structure of CIP and its ionizable forms. 

2.2. Synthesis of Poly(styrene) Homopolymer 

RAFT agents (10 mg, 0.036 mmol), styrene monomer (4 mL, 34.96 mmol) and AIBN (3.0 mg, 
mmol) were added in a 100-mL flask; the reaction was achieved with three freeze pump-thaw cycles 
under a nitrogen atmosphere. The solution was put to an oil-bath with a temperature of 75 °C for 24 
h. The flask was then quenched by cooling. The polystyrene homopolymer was precipitated in 
methanol. Finally, drying of the product under vacuum at 25 °C for 24 h took place [22]. 

2.3. Synthesis of Poly(styrene-block-acrylic acid), Sphere Superparamagnetic Iron Oxide Nanoparticles 
(SPIONs) and Poly(St-b-AAc)/Fe3O4 Supermagnetic Nanocomposite 

Macro-RAFT agent (PSt, 200 mg, 19.8 mmol), AAc monomer (1.56 mL, 28.24 mmol), AIBN (3 
mg, mmol) and DMF (10 mL) were charged in a two-neck reactor. The reaction was induced using 
three freeze pump-thaw cycles under a nitrogen atmosphere. The reaction solution was put to an oil-
bath with a temperature of 75 °C for 24 h. The reaction mixture was then precipitated in cold diethyl 
ether (150 mL) and dried under vacuum at 25 °C. The SPIONs were synthesized using a co-
precipitation method, as described in literature [22,45]. The poly(St-b-AAc)/Fe3O4 supermagnetic 
nanocomposite was synthesized as described in a previous study [46]. The final product is magnetic 
nanocomposite [22] and its structure is illustrated in Figure 2. 

Figure 1. Chemical structure of CIP and its ionizable forms.

2.2. Synthesis of Poly(styrene) Homopolymer

RAFT agents (10 mg, 0.036 mmol), styrene monomer (4 mL, 34.96 mmol) and AIBN (3.0 mg,
mmol) were added in a 100-mL flask; the reaction was achieved with three freeze pump-thaw cycles
under a nitrogen atmosphere. The solution was put to an oil-bath with a temperature of 75 ◦C for 24 h.
The flask was then quenched by cooling. The polystyrene homopolymer was precipitated in methanol.
Finally, drying of the product under vacuum at 25 ◦C for 24 h took place [22].

2.3. Synthesis of Poly(styrene-block-acrylic acid), Sphere Superparamagnetic Iron Oxide Nanoparticles
(SPIONs) and Poly(St-b-AAc)/Fe3O4 Supermagnetic Nanocomposite

Macro-RAFT agent (PSt, 200 mg, 19.8 mmol), AAc monomer (1.56 mL, 28.24 mmol), AIBN
(3 mg, mmol) and DMF (10 mL) were charged in a two-neck reactor. The reaction was induced using
three freeze pump-thaw cycles under a nitrogen atmosphere. The reaction solution was put to an
oil-bath with a temperature of 75 ◦C for 24 h. The reaction mixture was then precipitated in cold
diethyl ether (150 mL) and dried under vacuum at 25 ◦C. The SPIONs were synthesized using a
co-precipitation method, as described in literature [22,45]. The poly(St-b-AAc)/Fe3O4 supermagnetic
nanocomposite was synthesized as described in a previous study [46]. The final product is magnetic
nanocomposite [22] and its structure is illustrated in Figure 2.
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Figure 2. Structure of the prepared poly(St-b-AAc)/Fe3O4. 

It merits clarification that the objective of using magnetic nanoadsorbents and not common 
adsorbents was the easier separation of solid adsorbent particles from the solution at the end of the 
process. Due to magnetic particles, using an external magnetic field, poly(St-b-AAc)/Fe3O4 was easily 
and fast separated from the aqueous solution after adsorption experiments. Also, the preparation of 
the polysterene nanocomposites was possible (instead of single magnetic particles Fe3O4), because it 
contains functional groups which increase its adsorption capacity. 
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was used. SEM (model Mira 3XMU, TESCAN company, Brno, Czech Republic) was used to study 
the morphology of nanoparticles. 
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with the fixed pre-weighted amount of CIP and the respective volume of Milli-Q ultra-pure water). 
The residual concentration of CIP after the adsorption experiments was analyzed by (using a) UV-
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Figure 2. Structure of the prepared poly(St-b-AAc)/Fe3O4.

It merits clarification that the objective of using magnetic nanoadsorbents and not common
adsorbents was the easier separation of solid adsorbent particles from the solution at the end of the
process. Due to magnetic particles, using an external magnetic field, poly(St-b-AAc)/Fe3O4 was easily
and fast separated from the aqueous solution after adsorption experiments. Also, the preparation of
the polysterene nanocomposites was possible (instead of single magnetic particles Fe3O4), because it
contains functional groups which increase its adsorption capacity.

2.4. Characterization of Nanoadsorbents

For the XRD patterns, a Bruker XRD diffractometer (Billerica, MA, USA) with CuKα radiation
was used. SEM (model Mira 3XMU, TESCAN company, Brno, Czech Republic) was used to study the
morphology of nanoparticles.

2.5. Preparation of CIP Solutions

Ciprofloxacin hydrochloride (purity 99.8%) was purchased from Alborz Pharmaceutical Company
of Qazvin (Qazvin, Iran), and used to prepare the stock CIP solution (100 mg/L prepared with
the fixed pre-weighted amount of CIP and the respective volume of Milli-Q ultra-pure water).
The residual concentration of CIP after the adsorption experiments was analyzed by (using a) UV-vis
spectrophotometer (model Hach DR5000, Duesseldorf, Germany). The concentration of CIP was
measured based on previous studies at a wavelength of λmax = 274 nm [47].

2.6. Adsorption Experimental Design Method and Data Analysis

In this study, the 7.0.1 Design Expert software was used to determine the number of experiments
and the amount of parameters, and to perform the final analysis of the data obtained after the process
(Table 1). The measurement of the level of pollutant removal was carried out with the standard design
of the statistical model of the CCD (RSM). The main parameters affecting the process are: the initial pH
of the medium in the range of 4 to 10, the amount of nanoparticles used in the reaction of 1 to 3 mg/L,
the initial concentration of antibiotic ranging from 5 to 25 mg/L, and the reaction time (15 to 60 min).
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Table 1. Design parameters together with the values and regions selected.

Parameters
Level of Parameters

−α 0 +α

A: pH 4 7 10
B: Mass (mg) 1 2 3
C: Concentration (mg/L) 5 15 25
D: Reaction time (min) 15 37.5 60

After the determination of optimal conditions and modeling of the process, the rate of CIP removal
was investigated. Finally, the process efficiency in CIP removal was determined using the following
equation. The removal (R, %) was also calculated based on the following formula:

Removal =
(

C0 −Cf

C0

)
× 100%. (1)

In this relation, R is the efficiency, C0 (mg/L) is the initial concentration of CIP, and Cf (mg/L)
denotes the CIP concentration at the time of t. The amount of adsorbed CIP at equilibrium Qe (mg/g)
was calculated from the following equation. In this relation, C0 (mg/L)is the initial concentration of
CIP, Ce (mg/L) denotes the CIP concentration at the time of t, m (g) is the adsorbent mass, and V (L) is
the sample volume:

Qe =
(C0 −Ce)V

m
. (2)

3. Results

3.1. Characterizations

The morphologies of the P(St-b-AAc)/Fe3O4 nanocomposite are spherical, with Daverage of 30 nm
(Figure 3). It is obvious that the size of spheres is not the same for all particles, due to possible
aggregation, but the uniformity regarding the shape is almost the same (spherical).

Polymers 2020, 12, x FOR PEER REVIEW 5 of 18 

 

After the determination of optimal conditions and modeling of the process, the rate of CIP 
removal was investigated. Finally, the process efficiency in CIP removal was determined using the 
following equation. The removal (R, %) was also calculated based on the following formula:  

0 f

0

C CRe moval 100%
C

 −
= ⋅ 
 

. (1) 

In this relation, R is the efficiency, C0 (mg/L) is the initial concentration of CIP, and Cf (mg/L) 
denotes the CIP concentration at the time of t. The amount of adsorbed CIP at equilibrium Qe (mg/g) 
was calculated from the following equation. In this relation, C0 (mg/L)is the initial concentration of 
CIP, Ce (mg/L) denotes the CIP concentration at the time of t, m (g) is the adsorbent mass, and V (L) 
is the sample volume: 

( )0 e
e

C C V
Q

m
−

= . (2) 

3. Results 

3.1. Characterizations 

The morphologies of the P(St-b-AAc)/Fe3O4 nanocomposite are spherical, with Daverage of 30 nm 
(Figure 3). It is obvious that the size of spheres is not the same for all particles, due to possible 
aggregation, but the uniformity regarding the shape is almost the same (spherical). 

 
Figure 3. SEM image of P(St-b-AAc)/Fe3O4 nanocomposite. 

The X-ray diffraction patterns (XRD) resulting from the P(St-b-AAc)/Fe3O4 superparamagnetic 
nanocomposite are indicated in Figure 4. The resulting peaks at 2θ equal to 30.28, 35.48, 43, 53.4, 
57.16, and 63.04° correspond to (221), (312), (400), (421), (512), and (440) prisms of P(St-b-AAc)/Fe3O4 

nanocomposite crystalline structure, respectively (Figure 4) [22]. 

Figure 3. SEM image of P(St-b-AAc)/Fe3O4 nanocomposite.

The X-ray diffraction patterns (XRD) resulting from the P(St-b-AAc)/Fe3O4 superparamagnetic
nanocomposite are indicated in Figure 4. The resulting peaks at 2θ equal to 30.28, 35.48, 43, 53.4,
57.16, and 63.04◦ correspond to (221), (312), (400), (421), (512), and (440) prisms of P(St-b-AAc)/Fe3O4

nanocomposite crystalline structure, respectively (Figure 4) [22].
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CIP, a band around 3400 cm−1 represent the vibrational frequency of stretching of the N–H bond of 
the imino moiety on the piperazine group of CIP. Absorption bands at 1633 cm−1 and 1080 cm−1 
represent a primary amine (N–H) bend of the pyridone moiety and the C–F functional group, 
respectively. On the other hand, the FTIR spectrum related to the CIP-adsorbed nanoadsorbent is, in 
turn, related to the addition of the nanocomposite to the CIP solution. The broad peaks at 3463 cm−1 
are attributed to the stretching vibration of O–H bonds. O–H bonds were weaker and shifted down 
in the presence of ferrite nanoparticles. Similarly, the slight shift at around 1641 cm−1 may be related 
to the interaction of carboxylic groups of polymer with the amino group of CIP (Figure 6). Also, by 
comparing the FTIR spectra, the intensity of the peaks after adsorption has increased in comparison 
to those before adsorption, due to the presence of ferrite nanostructures in the CIP solution.  

Figure 4. XRD patterns P(St-b-AAc)/Fe3O4 magnetic nanocomposite.

The super paramagnetic behavior is demonstrated in Figure 5 with a VSM plot. The saturation
magnetization of the P(St-b-AAc)/Fe3O4 supermagnetic nanocomposite was around 26 emu/g,
which shows that the synthesized magnetic nanocomposite is superparamagnetic.
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Figure 5. Magnetization curve of P(St-b-AAc)/Fe3O4 supermagnetic nanocomposite.

A Fourier-transform infrared spectroscopy of nanocomposites was conducted both prior and after
adsorption of CIP, and the spectra are presented in Figure 6. Regarding the FTIR spectrum of CIP,
a band around 3400 cm−1 represent the vibrational frequency of stretching of the N–H bond of the
imino moiety on the piperazine group of CIP. Absorption bands at 1633 cm−1 and 1080 cm−1 represent a
primary amine (N–H) bend of the pyridone moiety and the C–F functional group, respectively. On the
other hand, the FTIR spectrum related to the CIP-adsorbed nanoadsorbent is, in turn, related to the
addition of the nanocomposite to the CIP solution. The broad peaks at 3463 cm−1 are attributed to
the stretching vibration of O–H bonds. O–H bonds were weaker and shifted down in the presence of
ferrite nanoparticles. Similarly, the slight shift at around 1641 cm−1 may be related to the interaction
of carboxylic groups of polymer with the amino group of CIP (Figure 6). Also, by comparing the
FTIR spectra, the intensity of the peaks after adsorption has increased in comparison to those before
adsorption, due to the presence of ferrite nanostructures in the CIP solution.
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3.2. Data Analysis

For the efficacy evaluation of antibiotic removal of ciprofloxacin using composite P(St-b-AAc),
a composite design (one of the response surface methods) was used, and the effects of initial antibiotic
concentration parameters, pH, adsorbance dose and reaction time were investigated. The response
rate is presented in Table 2. The validity of the presented models was analyzed by ANOVA.

Table 2. Operational parameters and their efficacy in the removal of Ciprofloxacin antibiotic in different
methods of performing runs.

Removal (%) D (Time (min)) C (Nano(g)) B (pH) A (Initial Concentration) Run

73.11 1 1 1 −1 1
62.45 0 0 0 0 2
79.04 1 1 1 −1 3
99.5 0 0 0 −2 4
71.06 0 0 0 0 5
65.45 0 0 0 0 6

62 1 −1 0 1 7
89.73 0 2 1 0 8
60.91 1 1 1 1 9
57.03 −1 1 1 1 10
45.76 −1 −1 1 1 11
55.32 1 −1 1 1 12
66.7 −1 1 −1 1 13
66.6 0 0 0 0 14
72.8 1 −1 1 −1 15
53.68 −1 −1 −1 1 16
58.52 −1 −1 1 −1 17
67.5 −1 1 1 −1 18
57.74 −2 0 0 0 19
81.32 −1 1 −1 −1 20
56.45 0 0 −2 0 21
45.2 0 0 0 2 22
67.51 0 0 0 0 23
70.75 0 0 0 0 24
76.63 1 −1 −1 −1 25
51.12 0 −2 0 0 26
40.65 0 0 2 0 27
71.59 2 0 0 0 28
84.24 1 1 −1 −1 29
72.2 −1 −1 −1 −1 30
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In Table 3, the parameters A, B, C and D are the main effect of independent variables, which are the
initial concentration of ciprofloxacin, pH, adsorbent dose, and contact time, respectively. The variable
AB represents the effect of the initial concentration of ciprofloxacin (factor A) and pH (factor B),
and variable A2 represents the square effect of factor A on the desired response.

Table 3. ANOVA for Response Surface Quadratic Model.

Source
Sum of
Squares

p Value
F Value

Mean
Square df

Prob > F

Model 4492.14 0.0001 8.06 320.87 14
A-Nano 353.88 0.0093 8.89 353.88 1 significant

B-pH 113.35 0.1121 2.85 113.35 1
C-Concentration 822.02 0.0004 20.66 822.02 1

D-Time 70.22 0.2039 1.76 70.22 1
AB 1.32 0.8579 0.033 1.32 1
AC 27.36 0.4199 0.69 27.36 1
AD 12.83 0.5785 0.32 12.83 1
BC 4.88 0.731 0.12 4.88 1
BD 16.16 0.5335 0.41 16.16 1
CD 1 0.8762 0.025 1 1
Aˆ2 159.99 0.0633 4.02 159.99 1
Bˆ2 318.55 0.0127 8.01 318.55 1
Cˆ2 150.96 0.0704 3.79 150.96 1
Dˆ2 2.42 0.8086 0.061 2.42 1

Residual 596.83 39.79 15
Lack of fit 541.99 0.0459 4.94 54.2 10
Pure Error 54.83 10.97 5 significant
Cor. Total 5088.97 29

The proposed model is presented as a modified model by removing non-significant variables via
preserving the main effects of variables from the model for the antibiotic elimination efficacy in the
following equation:

Y(%) = 67.11− 9.43X1 − 4.7X2 + 6.26X3 + 3.71X4 − 3.9X2
2 (3)

In this regard, X1, X2, X3 and X4 are coded values of the initial concentrations of antibiotics, pH,
adsorbent dose and reaction time. The linear regression is another test that was used to validate
the model [48]. In this test, the coefficient of determination (R2 = 0.8753), the adjusted coefficient of
determination (R2

adj = 0.8493) and the prediction coefficient (R2
pred = 0.7955) were calculated and

reported. Also, in each model, there is very little difference between the values of R2, R2
adj and R2

pred

is observed.

The Effect of Variables on the Process

In order to study the effects of each variable and the interactions or duplicate effects of variables
on the response generated by the model, the graphs were based on the polynomial model of the model,
using the test design software. According to Equation (3), the initial concentration of antibiotics has
the most significant effect on the removal process, with a coefficient equal to 9.94 and the reaction time
smallest effect than other parameters with a coefficient of 3.71. The effect of independent variables
on the efficacy of antibiotic removal is shown in Figures 7–9. Figure 7 shows the effect of the initial
concentration of antibiotic and the pH of the solution. As shown from Figure 7, with the increase
of antibiotic concentration, the removal efficiency decreases. In particular, with an increase of the
antibiotic composition from 16.25 to 25 mg/L, the removal efficiency is reduced from 76.13 to 57.34%,
respectively. The ideal efficiency was found to be at pH 6, while at pH > 6 and/or pH < 6, the efficiency
is reduced.
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The effect of the initial concentration of antibiotics, and the amount of adsorbent, are presented
in Figure 8. By increasing the amount of adsorbent effluent, the efficiency increases; for example,
when the antibiotic concentration is used at a minimum level and the adsorbent content is 5.5 mg/L,
the removal efficiency is approximately 76%. If the concentration is constant and the adsorbent amount
is equal to 2 mg/L, the removal efficiency is 95.9%.

The effect of initial CIP concentration and the reaction time are shown in Figure 9. According to
the graph, when the antibiotic concentration reaches maximum, and in after 26.5 min, 70.11% of the
antibiotic is removed. But when the response time reaches the 2+ level (equal to 48.75 min), removal
efficiency is increased to 98.77%.

4. Discussion

The contact time is an important factor that directly influences the whole process. In the present
work, for a concentration of 5 mg/L, the adsorption process reaches equilibrium at about 37 min,
and then shows a relatively stable trend. The effect of the pollutant’s initial concentration is affecting a
lot the adsorption process. In this paper, the pollutant’s initial concentration was studied, ranging from
5 to 50 mg/L. As shown in Figure 7, the initial CIP concentration had a negative effect on the elimination
efficiency, and by increasing the ciprofloxacin concentration from 16.25 to 25 mg/L, the elimination
efficiency decreased from 84 to 57%. The decrease in removal efficiency when increasing initial
concentration can be explained by the fact that the active sites are constant with a constant amount of
adsorbent dose, but as the concentration of the adsorbent increases, the pollutant molecules (in the
medium—water) saturate the available adsorption sites, thereby, the removal efficiency is lowered [49].
Bajpai et al. observed that by increasing the initial concentration of ciprofloxacin from 10 to 20 mg/L,
the adsorption capacity increased from 3.74 to 11.32 mg/g [50].

4.1. Effect of pH Solution

In the purification processes, including adsorption, pH plays an important role. The Solution’s pH
can affect the adsorbent’s surface load, the degree of ionization of various pollutants, the separation of
functional groups on active adsorbent sites, as well as the structure of the antibiotic molecule; in effect,
the solution’s pH affects the chemical environment of the aqueous and adsorption surface bonds.
The pH changes were applied to the range of 4–10, and its effect on the removal efficiency was then
analyzed. The removal process had the highest percentage at pH 6.2–7, while with the increase of pH,
the removal efficiency decreased.

The effect of pH on the ciprofloxacin molecule has shown that in pH less than 6.2, the surface
of the molecule appears cationic and positive due to the protonation of amino groups. At pH values
higher than 8.6, the ciprofloxacin molecule is converted into anionic form, due to the loss of the proton
from the carboxylic group in the antibiotic structure. In the range of 6.2 to 8.6, the deprotonation of
carboxyl groups leads to negative carboxylate production. However, the amino group of proteins has a
positive charge. In other words, it has a positive and a negative “head”. The stabilization and behavior
of ciprofloxacin molecule from 6.2 to 7.8 have also been investigated [51]. Since the pH value at pHpzc

at the isoelectric absorption point is 7.5, and is negatively charged at higher pH values, given that at pH
values above 7.5, both the adsorbent and the antibiotic molecule are both negatively charged. At a pH
of less than 6.2, the adsorbent and the antibiotic have positive charge, so in this range, the adsorption
process occurs slower and reaches at minimum removal rate at pH = 6.2-6.8, because the unnamed
bands reach the maximum electrostatic gravity.

4.2. Effect of Adsorbent’s Dose

Based on the findings of this study, the adsorbent dose was the most important factor affecting
the efficiency of ciprofloxacin elimination. The study of the effect of adsorbent mass on adsorption
processes is one of the most important issues to be considered. Adsorption dose was applied to the
range of 1 to 3 mg/L, and its effect on the effectiveness of ciprofloxacin antibiotic removal was measured.
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Depending on the results obtained using constant concentrations of antibiotics, the increase in the dose
of the adsorbent improves the removal efficiency. As shown in Figure 8, when the concentration of
antibiotic is constant and equal to 16.25 mg/L, and the amount of adsorbent is 1.5 mg/L, the removal
efficiency is 75.97%—and when the amount of adsorbent reaches 2 mg/L, the removal efficiency
is improved, reaching 95.91%; at a constant concentration of antibiotic, by increasing the dose of
adsorbent, the ratio of active sites on the adsorbent’s surface is high relative to the adsorbing molecules
(pollutants), resulting in increased elimination efficiency. On the contrary, in low adsorbent amounts,
the ratio of active sites to the adsorbent molecules is lower, and the adsorption decreases.

On the other hand, with the increase of adsorbent above the optimal amount, the adsorption
capacity decreased below the maximum level of 15.25 mg/g, which is also due to the fact that by
increasing the adsorbent dose, the total capacity of the active sites present in the adsorbent level is
completely covered. If not, its adsorption capacity is reduced. This can be the use of available surface
in the form of unsaturated attributed adsorbent. The results show that the adsorption pattern in the
non-saturable adsorbent form causes undesirable use of existing spaces; this issue is very important in
the design of the process economics, particularly in scaling-up.

In this study, 5 mg/L of antibiotic and 2 mg/L of adsorbent were introduced as the optimum
amount, at maximum efficiency, with application of 2 mg/L of adsorbent, despite the increase in
adsorbent content, other increase in cleavage removal efficiency has not shown any increase. In other
words, the removal rate remains constant. It can be concluded that this amount of adsorbent adsorbs
all the antibiotics in the solution. Therefore, the antibiotic concentration in the solution is so low that it
is no longer “able to be adsorbed” easily. A study by Peasant et al. also showed that with the increase
in the adsorbent dose (chitosan/zeolite composite), the dye removal increases, due to the increasing
number of adsorption sites, while the increase of adsorbent’s dose reduces the adsorption capacity
(from the maximum of 17.77 mg/g) [52].

4.3. Effect of Contact Time

An important issue when using the adsorption system is providing an effective contact time under
specific conditions. In this paper, contact time was applied to the range of 15 to 60 min, and its effect on
the ciprofloxacin antibiotic removal. Figure 7 shows that the adsorption process reaches equilibrium at
different times. For a concentration of 5 mg/L, the adsorption process reaches equilibrium at about
37 min, and then shows a relatively stable trend. By increasing contact time, the probability of colliding
with adsorbent molecules is also increased, and the efficiency of removal increased. Chang et al. (2012)
obtained the equilibrium time for tetracycline removal by Monte Myrnolite for 8 h [53]. In another
study by Liu et al. who removed tetracycline using zeolite= by increasing contact time, resulted in the
removal efficiency also increased, and the time of equilibrium was 120 min [54].

4.4. Kinetics and Adsorption Isotherms

The adsorption kinetics depends on the adsorbent chemical and physical properties, which influence
the adsorption mechanism. In this study, we have used different kinetic and isotherm adsorption models
such as pseudo-first order, pseudo-second order, Langmuir, and Freundlich (Table 4).

The pseudo-first and pseudo-second order kinetic equations are shown in Figure 10. Adsorption
kinetics were used to determine the control mechanism of adsorption processes. Thus, in this figure,
the experimental points were not shown, and only theoretical ones are presented. Based on Table 5,
the best fitting was achieved with pseudo-second order equation (R2 = 0.9984).
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Table 4. Equations used in this study.

Equation Expression

Pseudo-first-order [55]

log
(
qe − qt

)
= log

(
qe

)
− t k1

2.303

• qe is the amount of mass absorbed in equilibrium state (mg/g)
• qt is equal to (mg/g) the amount of mass absorbed at time t
• k1 is the equilibrium of the first-order kinetic velocity (min−1)

Pseudo-second-order [56]

t
qt

= 1
k2qe

2 + t 1
qe

• k2 is the constant of the equilibrium velocity of the quadratic
kinetic equation (g mg−1 min−1)

Freundlich [57]

ln
(
qe

)
= ln(KF) +

1
n ln(Ce)

• Ce is the equilibrium concentration in the solution after adsorption
(mg/L)

• n and KF are the Freundlich constants

Langmuir [58]

Ce
qe

= 1
qmb + Ce

qm

• qm represents absorption capacity (mg/g)
• b is the Langmuir constant (L/mg)
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Table 5. Parameters and related kinetic coefficients.

Kinetic Constant Rate R2 Kinetic Model

0.0320 min−1 0.7862 Pseudo-first order
1.91 g mg−1 min−1 0.9984 Pseudo-second order

The isotherm of adsorption describes how the adsorbent and adsorbate interact. In this study,
the experimental results were fitted to Freundlich and Langmuir isotherms. The Langmuir model is
valid for single-layer adsorption on adsorbent surface, with limited and uniform adsorption locations,
while the Freundlich isotherm is based on single-layer adsorption on heterogeneous adsorption sites
with unequal and non-uniform energies. Figure 11 shows the relative isotherms.
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In Freundlich isotherm, when KF increases, the adsorbent material adsorbed higher amounts of
pollutant, and the value of n between 1 and 10 reflects the proper adsorption process. The parameters
and coefficients are briefly summarized in Table 5. In this study, the calculated KF value is 4.75, and the
value of n is 2.79, which is within the specified range. Therefore, the adsorption of ciprofloxacin on the
adsorbent is well fitted to Langmuir model (Table 6), but it is fact that the data may suggest the presence
of non-specific or multi-type interactions between the adsorbate molecules and the adsorptive sites.

Table 6. Parameters and correlation coefficients of isotherm models.

qm = 15.52 mg/g b = 0.689 L/mg R2 = 0.9918 Langmuir isotherm

KF = 4.75 (mg1-n Ln/g) n = 2.79 R2 = 0.9845 Freundlich isotherm

A major concern regarding any synthesized adsorbent material is answering why this material was
synthesized instead of another structure-type material? To respond, it is of fundamental importance
to mention some facts. Nanoparticles have a unique combination of properties, such as small size,
large surface area, catalytic potential, large number of active sites, high chemical reactivity; all of
the above give nanoparticles high adsorption capacity [59]. Also, magnetic nanoadsorbents can be
applied as cost-saving and effective materials to separate the materials (solid) from the liquid-phase
(water) after the end of the adsorption process. Moreover, the relatively simple isolation of magnetic
materials from the solution can aid to their regeneration and reuse [60]. Therefore, the magnetic
nanoadsorbents can be good candidates for water/wastewater treatment. Based on the above,
Poly(vinylimidazole-co-divinylbenzene) magnetic nanoparticles have been used for the adsorption
of fluoroquinolones from aqueous environments [61]. Wang et al. also synthesized the easy to
separate magnetic chalcogenide composite KMS-1/L-Cystein/Fe3O4 using L-cystein to connect KMS-1
and Fe3O4 nanoparticles for ciprofloxacin removal from aqueous solutions [62]. Table 7 shows a
brief comparison of some other adsorbent materials tested for the removal of CIP. However, similar
experimental conditions should be kept in order to compare two adsorbents (even for the treatment
of the same pollutant). Parameters affecting adsorption are the contact time, the solutions’ pH,
the initial concentration of the pollutant, temperature, adsorbate volume, agitation speed, the solution’s
ionic strength, and adsorbent dosage. Any change to the abovementioned conditions will lead to
different results, and the comparison can be made for adsorbent/adsorbate systems of the same study.
Also, based on the interaction groups, a possible mechanism of adsorption is illustrated in Figure 12.
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Table 7. CIP adsorption capacities comparison from aqueous solutions using various adsorbents.

Adsorbent Qm (mg/g) Reference

Carbon nanotubes 135 [29]
Kaolinite 6.99 [29]
Bamboo-based carbon modified 153.17 [63]
Graphene oxide 379 [64]
Ca2+-montmorillonite 330 [65]
Multi-walled nanotubes 194 [66]
Iron hydrous oxide 25.76 [67]
Aluminum hydrous oxide 14.72 [67]
Bentonite 147 [68]
Birnessite 80.96 [69]
Montmorillonite 137.7 [70]
Al-PILC 17.78 [71]
Polystyrene nanocomposites P(St-b-AAc)/Fe3O4 15.52 This study
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4.5. Aspects

It is known that activated carbon is a very popular adsorbent material, with the demand for virgin
activated carbon expanding, since demand from water and wastewater treatment facilities has been
steadily increasing. Together with the increase of wastewater treatment applications, the demand
and production of activated carbon is also increasing. The largest quantities of activated carbon
consumption are observed the U.S.A, Japan and then Europe [72]. Antibiotics are being detected in
the aquatic environment. There are different ways for antibiotics to enter the aquatic environment
with WWTP considered to be one of the main points of entrance. Even treated wastewater effluent can
contain antibiotics, since WWTP cannot eliminate the presence of antibiotics. Compared to other tertiary
treatments, adsorption can be a sustainable option for antibiotic removal from wastewaters. Activated
carbon is used in the pharmaceutical for the removal of unwanted compounds [72]. Activated
carbon possesses a plethora of disadvantages [73], such as high capital cost, ineffectiveness and
non-selectivity against vat/disperse dyes. Furthermore, saturated carbon regeneration is expensive
and leads to adsorbent loss. Depending on the demand, cost, and the nature of the pollutant to be
adsorbed, the adsorbents are either disposed or regenerated for future use. Used adsorbents are
considered hazardous waste, causing environmental and societal problems in various countries [74].
Heat accumulation and toxic adsorbates desorption could create hazardous conditions. In addition,
odor can be caused by the dumping of adsorbents.

Since regeneration costs can be quite high, the reduction of consumption costs is the key
to sustainable and industrial benefits. Substantial studies regarding the activated carbon-based
adsorption of pollutants onto have been conducted, but research on regeneration methodologies
remains limited [75]. Adsorbent regeneration capability cost analysis is necessary for the economic
and environmental assessment of the adsorption process. For the spent adsorbent stabilizing or proper
disposal seem to be difficult. The regeneration process of adsorbents from the points of view of
sustainability and the environmental involves recovering valuable adsorbates, while reducing the
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need of virgin adsorbents, and this is extremely important. Studies on novel adsorbents, at full-scale
adsorption systems, should be considered for potential industrial applications.

5. Conclusions

Antibiotics are still being detected in the effluents of WWTP, and adsorption seems to be a
sustainable option for antibiotics removal from waters. Poly(St-b-AAc) diblock copolymers were
prepared using the RAFT technique. This copolymer with acrylic acid group was adsorbed onto
the surface of Fe3O4 nanoparticles, through the interaction with hydroxyl groups on the Fe3O4

nanoparticles’ surface. A magnetic nanocomposite ranged in 30 nm was then prepared. The VSM
analysis showed the saturation magnetization (26 emu/g for P(St-b-AAc)/Fe3O4). The removal process
was performed using P(St-b-AAc)/Fe3O4 to remove ciprofloxacin antibiotic from synthetic sewage.
The effects of parameters such as initial concentration of antibiotic, pH, soluble dose and reaction time
were studied. The primary concentration of antibiotics with the highest negative effect and adsorbent
dose showed the most positive effect in the removal process. The results also indicated that 97.5% of
antibiotics were removed under optimal conditions, which include an initial antibiotic concentration
of 5 mg/L, pH 7, and an adsorbent dose of 2 mg/L for 37.5 min. The adsorption of CIP was better
fitted to Langmuir isotherm (R2 = 0.9995), while the kinetics were better fitted to second-order kinetic
equation (R2 = 0.9973). Future work should include multi-component pharmaceutical adsorption with
continuous adsorption of wastewaters, taking into account adsorbent regeneration.

Author Contributions: Methodology, L.M., A.G., G.F. and R.K.; A.R. and G.Z.K. writing—original draft preparation
and supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Radjenovic, J.; Petrovic, M.; Barceló, J. Analysis of pharmaceuticals in wastewater and removal using
a membrane bioreactor. Anal. Bioanal. Chem. 2006, 387, 1365–1377. [CrossRef] [PubMed]

2. González, O.; Bayarri, B.; Aceña, J.; Pérez, S.; Barceló, D. Treatment technologies for wastewater reuse: Fate of
contaminants of emerging concern. Handb. Environ. Chem. 2015, 20, 95–100.

3. Patel, M.; Kumar, R.; Kishor, K.; Mlsna, T.; Pittman, C.U.; Mohan, D. Pharmaceuticals of emerging concern in
aquatic systems: Chemistry, occurrence, effects, and removal methods. Chem. Rev. 2019, 119, 3510–3673.
[CrossRef]

4. Chen, S.; Zhao, W. Adsorption of Pb2+ from aqueous solutions using novel functionalized corncobs via
atom transfer radical polymerization. Polymers 2019, 11, 1715. [CrossRef]

5. Pham, T.D.; Vu, T.N.; Nguyen, H.L.; Le, P.H.P.; Hoang, T.S. Adsorptive removal of antibiotic ciprofloxacin
from aqueous solution using Protein-Modified nanosilica. Polymers 2020, 12, 57. [CrossRef]

6. Ahmad, A.; Jamil, S.N.A.M.; Choong, T.S.Y.; Abdullah, A.H.; Mastuli, M.S.; Othman, N.; Jiman, N. Green
flexible polyurethane foam as a potent support for Fe-Si adsorbent. Polymers 2019, 11, 2011. [CrossRef]

7. Maponya, T.; Ramohlola, K.E.; Kera, N.; Modibane, K.D.; Maity, A.; Katata-Seru, L.; Hato, M.J. Influence of
magnetic nanoparticles on modified polypyrrole/M-Phenylediamine for adsorption of Cr(VI) from aqueous
solution. Polymers 2020, 12, 679. [CrossRef]

8. Ren, L.; Yang, Z.; Huang, L.; He, Y.; Wang, H.; Zhang, L. Macroscopic poly schiff Base-Coated bacteria
cellulose with high adsorption performance. Polymers 2020, 12, 714.

9. Shaipulizan, N.S.; Jamil, S.N.A.M.; Kamaruzaman, S.; Subri, N.N.S.; Adeyi, A.A.; Abdullah, A.H.; Abdullah, L.
Abdullah preparation of ethylene glycol dimethacrylate (EGDMA)-Based terpolymer as potential sorbents
for pharmaceuticals adsorption. Polymers 2020, 12, 423. [CrossRef]

10. Khan, M.A.; Siddiqui, M.R.; Otero, M.; Alshareef, S.A.; Rafatullah, M. Removal of rhodamine B from water
using a solvent impregnated polymeric dowex 5wx8 resin: Statistical optimization and batch adsorption
studies. Polymers 2020, 12, 500. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00216-006-0883-6
http://www.ncbi.nlm.nih.gov/pubmed/17115140
http://dx.doi.org/10.1021/acs.chemrev.8b00299
http://dx.doi.org/10.3390/polym11101715
http://dx.doi.org/10.3390/polym12010057
http://dx.doi.org/10.3390/polym11122011
http://dx.doi.org/10.3390/polym12030679
http://dx.doi.org/10.3390/polym12020423
http://dx.doi.org/10.3390/polym12020500
http://www.ncbi.nlm.nih.gov/pubmed/32102471


Polymers 2020, 12, 1313 16 of 18

11. Sudre, G.; Siband, E.; Gallas, B.; Cousin, F.; Hourdet, D.; Tran, Y. Responsive adsorption of
N-Isopropylacrylamide based copolymers on polymer brushes. Polymers 2020, 12, 153. [CrossRef] [PubMed]

12. Zhang, W.; Yang, Z.-Y.; Cheng, X.-W.; Tang, R.-C.; Qiao, Y.-F. Adsorption, antibacterial and antioxidant
properties of tannic acid on silk fiber. Polymers 2019, 11, 970. [CrossRef] [PubMed]

13. Guo, W.; Xia, T.; Pei, M.; Du, Y.; Wang, L. Bentonite modified by allylamine polymer for adsorption of amido
black 10B. Polymers 2019, 11, 502. [CrossRef]

14. Kim, S.W.; Sohn, J.S.; Kim, H.K.; Ryu, Y.; Cha, S.W. Effects of gas adsorption on the mechanical properties of
amorphous polymer. Polymers 2019, 11, 817. [CrossRef]

15. Wang, C.; Zhao, J.; Zhang, L.; Wang, C.; Wang, S. Efficient and selective adsorption of gold ions from
wastewater with polyaniline modified by trimethyl phosphate: Adsorption mechanism and application.
Polymers 2019, 11, 652. [CrossRef]

16. Huang, W.; Diao, K.; Tan, X.-C.; Lei, F.; Jiang, J.; Goodman, B.A.; Ma, Y.; Liu, S. Mechanisms of adsorption of
heavy metal cations from waters by an amino bio-based resin derived from rosin. Polymers 2019, 11, 969.
[CrossRef]

17. Kong, W.; Chang, M.; Zhang, C.; Liu, X.; He, B.; Ren, J. Preparation of Xylan-G-/P(AA-co-AM)/GO
nanocomposite hydrogel and its adsorption for heavy metal ions. Polymers 2019, 11, 621. [CrossRef]

18. Sims, R.; Harmer-Bassell, S.; Gibson, C.T. The role of physisorption and chemisorption in the oscillatory
adsorption of organosilanes on aluminium oxide. Polymers 2019, 11, 410. [CrossRef] [PubMed]

19. Othman, N.A.F.; Selambakkannu, S.; Abdullah, T.A.T.; Hoshina, H.; Sattayaporn, S.; Seko, N. Selectivity of
copper by Amine-Based ion recognition polymer adsorbent with different aliphatic amines. Polymers 2019,
11, 1994. [CrossRef]

20. Dimitrakopoulou, D.; Rethemiotaki, I.; Frontistis, Z.; Xekoukoulotakis, N.; Venieri, D.; Mantzavinos, D.
Degradation, mineralization and antibiotic inactivation of amoxicillin by UV-A/TiO2 photocatalysis.
J. Environ. Manag. 2012, 98, 168–170. [CrossRef]

21. Hernando, M.D.; Mezcua, M.; Fernández-Alba, A.R.; Barcelo, D. Environmental risk assessment of
pharmaceutical residues in wastewater effluents, surface waters and sediments. Talanta 2006, 69, 334–342.
[CrossRef]

22. Ghamkhari, A.; Mohamadi, L.; Kazemzadeh, S.; Zafar, M.N.; Rahdar, A.; Khaksefidi, R. Synthesis and
characterization of poly(Styrene-Block-Acrylic acid) diblock copolymer modified magnetite nanocomposite
for efficient removal of penicillin G. Compos. Part B Eng. 2020, 182, 107643. [CrossRef]

23. Carabineiro, S.; Thavorn-Amornsri, T.; Pereira, M.; Figueiredo, J. Adsorption of ciprofloxacin on
Surface-Modified carbonmaterials. Water Res. 2011, 45, 4583–4591. [CrossRef] [PubMed]

24. Avella, A.; Delgado, L.; Gorner, T.; Albasi, C.; Galmiche, M.; De Donato, P. Effect of cytostatic drug presence
on extracellular polymeric substances formation in municipal wastewater treated by membrane bioreactor.
Bioresour. Technol. 2010, 101, 518–526. [CrossRef] [PubMed]

25. De Witte, B.; Van Langenhove, H.; Demeestere, K.; Saerens, K.; De Wispelaere, P.; Dewulf, J. Ciprofloxacin
ozonation in hospital wastewater treatment plant effluent: Effect of pH and H2O2. Chemosphere 2010, 78,
1142–1146. [CrossRef]

26. Sun, S.P.; Guo, H.Q.; Ke, Q.; Sun, J.H.; Shi, S.H.; Zhang, M.L. Degadation of antibiotic ciprofloxacin
hydrochloride by photofenton oxidation process. Sci. Eng. 2009, 26, 753–759.

27. Liao, R.; Yu, Z.; Gao, N.; Peng, P. Oxidative transformation of ciprofloxacin in the presence of manganese
oxide. Eco Environ. Sci. 2011, 20, 1143–1146.

28. Van Doorslaer, X.; Demeestere, K.; Heynderickx, P.M.; Van Langenhove, H.; Dewulf, J. UV-A and UV-C
induced photolytic and photocatalytic degradation of aqueous ciprofloxacin and moxifloxacin: Reaction
kinetics and role of adsorption. Appl. Catal. Environ. 2011, 101, 540–547. [CrossRef]

29. Carabineiro, S.A.C.; Thavorn-Amornsri, T.; Pereira, M.F.R.; Serp, P.; Figueiredo, J.L. Comparison between
activated carbon, carbon xerogel and carbon nanotubes for the adsorption of the antibiotic ciprofloxacin.
Catal. Today 2012, 186, 29–34. [CrossRef]

30. Mohammadi, L.; Bazrafshan, E.; Noroozifar, M.; Ansari-Moghaddam, A.; Barahuie, F.; Balarak, D. Adsorptive
removal of benzene and toluene from aqueous environments by cupric oxide nanoparticles: Kinetics and
isotherm studies. J. Chem. 2017, 2017, 1–10. [CrossRef]

http://dx.doi.org/10.3390/polym12010153
http://www.ncbi.nlm.nih.gov/pubmed/31936092
http://dx.doi.org/10.3390/polym11060970
http://www.ncbi.nlm.nih.gov/pubmed/31163623
http://dx.doi.org/10.3390/polym11030502
http://dx.doi.org/10.3390/polym11050817
http://dx.doi.org/10.3390/polym11040652
http://dx.doi.org/10.3390/polym11060969
http://dx.doi.org/10.3390/polym11040621
http://dx.doi.org/10.3390/polym11030410
http://www.ncbi.nlm.nih.gov/pubmed/30960394
http://dx.doi.org/10.3390/polym11121994
http://dx.doi.org/10.1016/j.jenvman.2012.01.010
http://dx.doi.org/10.1016/j.talanta.2005.09.037
http://dx.doi.org/10.1016/j.compositesb.2019.107643
http://dx.doi.org/10.1016/j.watres.2011.06.008
http://www.ncbi.nlm.nih.gov/pubmed/21733541
http://dx.doi.org/10.1016/j.biortech.2009.08.057
http://www.ncbi.nlm.nih.gov/pubmed/19747822
http://dx.doi.org/10.1016/j.chemosphere.2009.12.026
http://dx.doi.org/10.1016/j.apcatb.2010.10.027
http://dx.doi.org/10.1016/j.cattod.2011.08.020
http://dx.doi.org/10.1155/2017/2069519


Polymers 2020, 12, 1313 17 of 18

31. Mohammadi, L.; Bazrafshan, E.; Noroozifar, M.; Ansari-Moghaddam, A.; Barahuie, F.; Balarak, D. Removing
2,4-Dichlorophenol from aqueous environments by heterogeneous catalytic ozonation using synthesized
MgO nanoparticles. Water Sci. Technol. 2017, 76, 3054–3068. [CrossRef] [PubMed]

32. Do, Q.C.; Choi, S.; Kim, H.; Kang, S. Adsorption of lead and nickel on to expanded graphite decorated with
manganese oxide nanoparticles. Appl. Sci. 2019, 9, 5375. [CrossRef]

33. Rojas, J.; Suarez, D.; Moreno, A.; Silva-Agredo, J.; Torres-Palma, R.A. Kinetics, isotherms and thermodynamic
modeling of liquid phase adsorption of crystal violet dye onto Shrimp-Waste in its raw, pyrolyzed material
and activated charcoals. Appl. Sci. 2019, 9, 5337. [CrossRef]

34. El-Azazy, M.; Dimassi, N.S.; El-Shafie, S.A.; Issa, A.A. Bio-Waste aloe vera leaves as an efficient adsorbent
for titan yellow from wastewater: Structuring of a novel adsorbent using Plackett-Burman factorial design.
Appl. Sci. 2019, 9, 4856. [CrossRef]

35. Tuomikoski, S.; Kupila, R.; Romar, H.; Bergna, D.; Kangas, T.; Runtti, H.; Lassi, U. Zinc adsorption by
activated carbon prepared from lignocellulosic waste biomass. Appl. Sci. 2019, 9, 4583. [CrossRef]

36. Caban, R.T.; Vega-Olivencia, C.; Mina-Camilde, N. Adsorption of Ni2+ and Cd2+ from water by calcium
alginate/spent coffee grounds composite beads. Appl. Sci. 2019, 9, 4531. [CrossRef]

37. Wang, S.; Wang, N.; Yao, K.; Fan, Y.; Li, W.; Han, W.; Yin, X.; Chen, D. Characterization and interpretation of
Cd (II) adsorption by different modified rice straws under contrasting conditions. Sci. Rep. 2019, 9, 17868.
[CrossRef]

38. Bui, T.X.; Choi, H. Adsorptive removal of selected pharmaceuticals by mesoporous silica SBA-15.
J. Hazard. Mater. 2009, 168, 602–608. [CrossRef]

39. Lorphensri, O.; Intravijit, J.; Sabatini, D.; Kibbey, T.; Osathaphan, K.; Saiwan, C. Sorption of acetaminophen,
17α-Ethynyl estradiol, nalidixic acid, and norfloxacin to silica, alumina, and a hydrophobic medium.
Water Res. 2006, 40, 1481–1491. [CrossRef]

40. Mestre, A.; Pires, J.; Nogueira, J.; Carvalho, A.P. Activated carbons for the adsorption of ibuprofen. Carbon
2007, 45, 1979–1988. [CrossRef]

41. Baccar, R.; Sarrà, M.; Bouzid, J.; Feki, M.; Blánquez, P. Removal of pharmaceutical compounds by activated
carbon prepared from agricultural by-product. Chem. Eng. J. 2012, 211, 310–317. [CrossRef]

42. Fukahori, S.; Fujiwara, T.; Ito, R.; Funamizu, N. pH-Dependent adsorption of sulfa drugs on high silica
zeolite: Modeling and kinetic study. Desalination 2011, 275, 237–242. [CrossRef]

43. Martucci, A.; Pasti, L.; Marchetti, N.; Cavazzini, A.; Dondi, F.; Alberti, A. Adsorption of pharmaceuticals
from aqueous solutions on synthetic zeolites. Microporous Mesoporous Mater. 2012, 148, 174–183. [CrossRef]

44. Varanda, F.; De Melo, M.J.P.; Caço, A.I.; Dohrn, R.; Makrydaki, F.A.; Voutsas, E.; Tassios, D.; Marrucho, I.M.
Solubility of antibiotics in different solvents. 1. hydrochloride forms of tetracycline, moxifloxacin,
and ciprofloxacin. Ind. Eng. Chem. Res. 2006, 45, 6368–6374. [CrossRef]

45. Ghamkhari, A.; Massoumi, B.; Jaymand, M. Novel ‘schizophrenic’ diblock copolymer synthesized via
RAFT polymerization: Poly (2-succinyloxyethyl methacrylate)-b-poly[(N-4-vinylbenzyl),N,N-diethylamine].
Des. Monomers Polym. 2016, 20, 190–200. [CrossRef]

46. Ghamkhari, A.; Ghorbani, M.; Aghbolaghi, S. A perfect Stimuli-Responsive magnetic nanocomposite for
intracellular delivery of doxorubicin. Artif. Cells Nanomed. Biotechnol. 2018, 46, S911–S921. [CrossRef]

47. Li, H.; Zhang, D.; Han, X.; Xing, B. Adsorption of antibiotic ciprofloxacin on carbon nanotubes: pH dependence
and thermodynamics. Chemosphere 2014, 95, 150–155. [CrossRef]

48. Yoosefian, M.; Ahmadzadeh, S.; Aghasi, M.; Dolatabadi, M. Optimization of electrocoagulation process for
efficient removal of ciprofloxacin antibiotic using iron electrode; kinetic and isotherm studies of adsorption.
J. Mol. Liq. 2017, 225, 544–553. [CrossRef]

49. Zhao, Y.; Tong, F.; Gu, X.; Gu, C.; Wang, X.; Zhang, Y. Insights into tetracycline adsorption onto goethite:
Experiments and modeling. Sci. Total Environ. 2014, 470, 19–25. [CrossRef]

50. Bajpai, S.; Bajpai, M.; Rai, N. Sorptive removal of ciprofloxacin hydrochloride from simulated wastewater
using sawdust: Kinetic study and effect of pH. Water SA 2012, 38, 673–682. [CrossRef]

51. El-Shafey, E.-S.I.; Al Lawati, H.A.J.; Al-Sumri, A.S. Ciprofloxacin adsorption from aqueous solution onto
chemically prepared carbon from date palm leaflets. J. Environ. Sci. 2012, 24, 1579–1586. [CrossRef]

52. Dehghani, M.H.; Dehghan, A.; Alidadi, H.; Dolatabadi, M.; Mehrabpour, M.; Converti, A. Removal of
methylene blue dye from aqueous solutions by a new chitosan/zeolite composite from shrimp waste: Kinetic
and equilibrium study. Korean J. Chem. Eng. 2017, 34, 1699–1707. [CrossRef]

http://dx.doi.org/10.2166/wst.2017.479
http://www.ncbi.nlm.nih.gov/pubmed/29210691
http://dx.doi.org/10.3390/app9245375
http://dx.doi.org/10.3390/app9245337
http://dx.doi.org/10.3390/app9224856
http://dx.doi.org/10.3390/app9214583
http://dx.doi.org/10.3390/app9214531
http://dx.doi.org/10.1038/s41598-019-54337-1
http://dx.doi.org/10.1016/j.jhazmat.2009.02.072
http://dx.doi.org/10.1016/j.watres.2006.02.003
http://dx.doi.org/10.1016/j.carbon.2007.06.005
http://dx.doi.org/10.1016/j.cej.2012.09.099
http://dx.doi.org/10.1016/j.desal.2011.03.006
http://dx.doi.org/10.1016/j.micromeso.2011.07.009
http://dx.doi.org/10.1021/ie060055v
http://dx.doi.org/10.1080/15685551.2016.1239165
http://dx.doi.org/10.1080/21691401.2018.1518911
http://dx.doi.org/10.1016/j.chemosphere.2013.08.053
http://dx.doi.org/10.1016/j.molliq.2016.11.093
http://dx.doi.org/10.1016/j.scitotenv.2013.09.059
http://dx.doi.org/10.4314/wsa.v38i5.4
http://dx.doi.org/10.1016/S1001-0742(11)60949-2
http://dx.doi.org/10.1007/s11814-017-0077-2


Polymers 2020, 12, 1313 18 of 18

53. Chang, P.-H.; Li, Z.; Jean, J.-S.; Jiang, W.-T.; Wang, C.-J.; Lin, K.-H. Adsorption of tetracycline on 2:1 layered
Non-Swelling clay mineral illite. Appl. Clay Sci. 2012, 67, 158–163. [CrossRef]

54. Liu, P.; Liu, W.-J.; Jiang, H.; Chen, J.-J.; Li, W.-W.; Yu, H.-Q. Modification of Bio-Char derived from fast
pyrolysis of biomass and its application in removal of tetracycline from aqueous solution. Bioresour. Technol.
2012, 121, 235–240. [CrossRef]

55. Lagergren, S. About the theory of So-Called adsorption of soluble substances. Handlingarl 1898, 24, 1–39.
56. Ho, Y.; McKay, G. Pseudo-Second order model for sorption processes. Process. Biochem. 1999, 34, 451–465.

[CrossRef]
57. Freundlich, H. Over the adsorption in solution. Z. Phys. Chem. 1906, 57, 385–470.
58. Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 1918,

40, 1361–1403. [CrossRef]
59. Liu, S.; Ma, C.; Ma, M.-G.; Xu, F. Chapter 12—Magnetic nanocomposite adsorbents. In Composite Nanoadsorbents;

Kyzas, G.Z., Mitropoulos, A.C., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 295–316.
60. Malakootian, M.; Nasiri, A.; Mahdizadeh, H. Preparation of CoFe2O4/activated carbon@ chitosan as a new

magnetic nanobiocomposite for adsorption of ciprofloxacin in aqueous solutions. Water Sci. Technol. 2018,
78, 2158–2170. [CrossRef]

61. Huang, X.; Wang, Y.; Liu, Y.; Yuan, D. Preparation of magnetic poly (Vinylimidazole-Codivinylbenzene)
nanoparticles and their application in the trace analysis of fluoroquinolones in environmental water samples.
J. Sep. Sci. 2013, 36, 3210–3219.

62. Wang, Y.X.; Gupta, K.; Li, J.R.; Yuan, B.; Yang, J.C.E.; Fu, M.L. Novel chalcogenide based magnetic adsorbent
KMS-1/L-Cystein/Fe3O4 for the facile removal of ciprofloxacin from aqueous solution. Coll. Surf. Physicochem.
Eng. Asp. 2018, 538, 378–386. [CrossRef]

63. Peng, X.; Hu, F.; Lam, F.L.-Y.; Wang, Y.; Liu, Z.; Dai, H. Adsorption behavior and mechanisms of ciprofloxacin
from aqueous solution by ordered mesoporous carbon and bamboo-based carbon. J. Colloid Interface Sci.
2015, 460, 349–360. [CrossRef] [PubMed]

64. Chen, H.; Gao, B.; Li, H. Removal of sulfamethoxazole and ciprofloxacin from aqueous solutions by grapheme
oxide. J. Hazard. Mater. 2015, 282, 201–207. [CrossRef]

65. Wang, C.-J.; Li, Z.; Jiang, W.-T.; Jean, J.-S.; Liu, C.-C. Cation exchange interaction between antibiotic
ciprofloxacin and montmorillonite. J. Hazard. Mater. 2010, 183, 309–314. [CrossRef] [PubMed]

66. Yu, F.; Sun, S.; Han, S.; Zheng, J.; Ma, J. Adsorption removal of ciprofloxacin by Multi-Walled carbon
nanotubes with different oxygen contents from aqueous solutions. Chem. Eng. J. 2016, 285, 588–595.
[CrossRef]

67. Gu, C.; Karthikeyan, K.G. Sorption of the antimicrobial ciprofloxacin to aluminum and iron hydrous oxides.
Environ. Sci. Technol. 2005, 39, 9166–9173. [CrossRef]

68. Genç, N.; Dogan, E.C.; Yurtsever, M. Bentonite for ciprofloxacin removal from aqueous solution.
Water Sci. Technol. 2013, 68, 848–855. [CrossRef]

69. Jiang, W.-T.; Chang, P.-H.; Wang, Y.-S.; Tsai, Y.; Jean, J.-S.; Li, Z.; Krukowski, K. Removal of ciprofloxacin
from water by birnessite. J. Hazard. Mater. 2013, 250, 362–369. [CrossRef]

70. Jalil, M.E.R.; Baschini, M.; Sapag, K. Influence of pH and antibiotic solubility on the removal of ciprofloxacin
from aqueous media using montmorillonite. Appl. Clay Sci. 2015, 114, 69–76. [CrossRef]

71. Jalil, M.R.; Baschini, M.; Sapag, K. Removal of ciprofloxacin from aqueous solutions using pillared clays.
Materials 2017, 10, 1345. [CrossRef]

72. Bansal, R.C.; Goyal, M. Activated Carbon Adsorption; Taylor & Francis: Boca Raton, FL, USA, 2005.
73. Konaganti, V.K.; Kota, R.; Patil, S.; Madras, G. Adsorption of anionic dyes on chitosan grafted poly

(alkyl methacrylate)s. Chem. Eng. J. 2010, 158, 393–401. [CrossRef]
74. Miyake, Y. The soil purifying method that combine soil vapor extraction and activated carbon fiber. J. Resour.

Environ. (Sigen Kankyo Taisaku) 1998, 33, 896–899.
75. Mohan, D.; Pittman, C.U., Jr. Arsenic removal from water/wastewater using Adsorbents—A critical review.

J. Hazard. Mater. 2007, 142, 1–53. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.clay.2011.11.004
http://dx.doi.org/10.1016/j.biortech.2012.06.085
http://dx.doi.org/10.1016/S0032-9592(98)00112-5
http://dx.doi.org/10.1021/ja02242a004
http://dx.doi.org/10.2166/wst.2018.494
http://dx.doi.org/10.1016/j.colsurfa.2017.11.016
http://dx.doi.org/10.1016/j.jcis.2015.08.050
http://www.ncbi.nlm.nih.gov/pubmed/26385593
http://dx.doi.org/10.1016/j.jhazmat.2014.03.063
http://dx.doi.org/10.1016/j.jhazmat.2010.07.025
http://www.ncbi.nlm.nih.gov/pubmed/20675045
http://dx.doi.org/10.1016/j.cej.2015.10.039
http://dx.doi.org/10.1021/es051109f
http://dx.doi.org/10.2166/wst.2013.313
http://dx.doi.org/10.1016/j.jhazmat.2013.02.015
http://dx.doi.org/10.1016/j.clay.2015.05.010
http://dx.doi.org/10.3390/ma10121345
http://dx.doi.org/10.1016/j.cej.2010.01.003
http://dx.doi.org/10.1016/j.jhazmat.2007.01.006
http://www.ncbi.nlm.nih.gov/pubmed/17324507
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Poly(styrene) Homopolymer 
	Synthesis of Poly(styrene-block-acrylic acid), Sphere Superparamagnetic Iron Oxide Nanoparticles (SPIONs) and Poly(St-b-AAc)/Fe3O4 Supermagnetic Nanocomposite 
	Characterization of Nanoadsorbents 
	Preparation of CIP Solutions 
	Adsorption Experimental Design Method and Data Analysis 

	Results 
	Characterizations 
	Data Analysis 

	Discussion 
	Effect of pH Solution 
	Effect of Adsorbent’s Dose 
	Effect of Contact Time 
	Kinetics and Adsorption Isotherms 
	Aspects 

	Conclusions 
	References

