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a b s t r a c t
For the first time, the effect of the chemical reduction of graphene oxide (GO) on the adsorption 
of ciprofloxacin (CIP) was investigated. Furthermore, GO was applied in the coagulation–floc-
culation process for CIP adsorption from surface water. Moreover, the application of Fe3O4 for 
enhancing sedimentation rate and reducing sludge volume was investigated. The results showed 
that the functional groups of GO have a significant impact on the adsorption of CIP, and chemical 
reduction of GO resulted in reducing the adsorption capacity. The analysis of variance showed that 
the quadratic model was consistent with the experimental data. Furthermore, pH and GO dosage 
were more effective than FeCl3·6H2O in removal efficiency. Under the optimum conditions (GO 
dose: 0.08 mg L–1, pH: 6.0, and FeCl3·6H2O:10 mg L–1) removal efficiency of 83.1% was achieved 
for the sample containing10 mg L–1 of CIP. The adsorption efficiency increased by increasing total 
dissolved solids to 800 mg L–1. The maximum removal efficiency of 95.3% was achieved at the 
contact time of 15 min The Langmuir isotherm model was able to predict the experimental adsorp-
tion data and indicated a maximum capacity of 185 mg g–1. The sedimentation kinetic data were 
appropriately fitted to the pseudo-first-order model. Finally, the reusability of the absorbent was 
studied, and the results showed a 65% reduction in removal efficiency after three cycles. In con-
clusion, the application of graphene oxide in the coagulation–flocculation process enhances the 
performance of the unit for adsorption of ciprofloxacin. Furthermore, the magnetite nanoparticles 
have a significant impact on the reduction of sludge volume and increase sedimentation rate.
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1. Introduction

The presence of pharmaceuticals in wastewater is con-
sidered an emerging environmental problem because of 
their adverse effects on the aquatic ecosystem even at low 
concentrations [1,2]. Antibiotics can reach the environment 
in various ways, including animal or human wastes and 
effluents from pharmaceutical manufacturing plants [3].

Among the pharmaceuticals, antibiotics have received a 
great deal of attention because of their serious risks to the 
environment [4]. Fluoroquinolones (FQs) are synthetic anti-
biotics, which are one of the main drugs applied worldwide. 
FQs are not biodegradable. Hence, the presence of the FQs 
in aquatic environments has become a growing concern [5]. 
Ciprofloxacin (CIP), as the third generation of FQs, is not 
biodegradable [6]. Unfortunately, about 30%–90% of CIP is 
excreted in unmetabolized form or as active metabolites, 
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thereby entering wastewater [7]. It also is present in phar-
maceutical wastewaters [8]. It is reported that the concen-
tration of CIP in wastewater could increase to 50 mg L–1 
[9–11]. CIP released in the environment may contaminate 
the drinking water and aquatic ecosystems even at low 
concentrations.

Advanced oxidation processes (AOPs), including ozo-
nation, electro-activated persulfate oxidation, photocat-
alytic, and electro-Fenton processes, have been reported 
for the removal of pharmaceuticals from water and waste-
water [12–15]. Degradation of metformin in pharmaceuti-
cal wastewater using the electro-Fenton process has been 
reported as a rapid and efficient removal approach [16]. 
However, the main disadvantage of AOPs is the forma-
tion of by-products [17]. As a consequence, the toxicity of 
treated wastewater can be increased. Benzoquinone has 
been reported as an intermediate of the degradation of aro-
matic compounds [18]. Therefore, the application of such a 
technique is limited.

Nowadays, adsorption is one of the main methods 
used for the removal of pharmaceuticals from wastewater. 
The benefits of such a technology are the high capability to 
remove many pollutants, high performance, low cost, easy 
operation, and simple recovery for reuse. Some factors, for 
example, the surface areas of the adsorbent and incorpo-
rated functional groups affect the adsorption efficiency [19]. 
Several studies have recently reported the removal of CIP 
from wastewater by using a variety of adsorbents. For exam-
ple, Li et al. [20] investigated the adsorption of CIP with 
kaolinite. The maximum adsorption capacity of this adsor-
bent was estimated to be up to 19 mmol kg–1. Jiang et al. 
[21] used birnessite and estimated a maximum adsorption 
capacity of 72 mg g–1. Genç et al. [22] applied bentonite for 
CIP removal and observed a maximum adsorption capac-
ity of 147.06 mg g–1. Balarak et al. [23] studied the mecha-
nism and kinetics of red mud in the removal of CIP, and 
the results showed the highest removal efficiency of 96.5%.

The coagulation–flocculation process is one of the tra-
ditional methods used in urban and industrial wastewa-
ters treatment, and nowadays this process is implemented 
widely for reducing turbidity, eliminating organic matter, 
and inorganic pollutants [24]. Recent studies have pointed 
out the inefficiency of the conventional processes for remov-
ing micropollutants (MPs) [25–27]. Matamoros and Salvadó 
[28] studied the removal of several MPs in a coagulation/
flocculation-lamella clarifier. The results showed that the 
hydrophobicity of the compounds (logKow) is effective 
on the removal of MPs in a coagulation–flocculation pro-
cess. The removal efficiencies in the range of 20%–50% 
were obtained for the MPs with logKow ≥ 4 at pH 7–8 [28]. 
Therefore, it can be concluded that CIP with a low Kow 
(1.9) cannot be efficiently removed using the coagulation–
flocculation process [29].

Lately, some adsorbents have been developed for CIP 
adsorption from water samples [4]. In this respect, the 
effectiveness of graphene oxide (GO) has been widely 
studied for the removal of wastewater pollutants [30–33]. 
Graphene oxide decorated with zeolitic imidazolate frame-
work (ZIF-8) and pseudo-boehmite has been reported as 
an ultra-high adsorption capacity for diclofenac adsorp-
tion from hospital effluents [34]. It has been reported 

that easy-to-prepare GO nanocomposites with enhanced 
adsorption performance for water treatment [35]. GO can 
be a proper adsorbent because of its functional groups 
(carboxyl and hydroxyl) and high surface area [36]. 
Nevertheless, GO has not been practically used for water 
treatment because of its high dispersibility in aqueous solu-
tions and small particle size, which makes its separation 
difficult from treated wastewater. As a solution to this prob-
lem, magnetic graphene oxide (MGO) has been suggested, 
which can be easily separated by an external magnetic force 
after treatment. Different methods have been reported for 
preparing MGO [36,37]. However, these methods cannot 
be easily controlled and they are multistep. In addition, 
magnetic nanoparticles reduce the GO adsorption capacity 
due to a decline in the surface area and occupation of the 
active sites [38]. An efficient technology that can be used 
to eliminate these problems is “In Situ Sludge Magnetic 
Impregnation” (ISSMI) [39], which increases the sludge sed-
imentation rate and reduce the sludge volume index.

In this study, for the first time, the effect of the chemi-
cal reduction of GO on the adsorption of CIP was investi-
gated. In addition, GO was applied to adsorb the CIP from 
the surface water by the ISSMI technique incorporated in 
the coagulation–flocculation process to separate the GO 
nanosheet after the adsorption process. Fe3O4 nanoparticles 
were used to prepare the magnetic sludge, thereby enhanc-
ing sludge separation and decreasing the sludge volume. 
The Box–Behnken design was applied to optimize the effec-
tive parameters, such as adsorbent dosage, initial pH, and 
coagulant amount to achieve the maximum CIP removal.

2. Experimental

2.1. Materials

Graphite fine powder applied in this work was pur-
chased from Loba Chemie (India). Other chemicals includ-
ing ammonia solution (25% wt), iron salts (FeCl3·6H2O 
and FeCl2·4H2O), potassium nitrate (99% wt), potassium 
permanganate (97% wt), hydrogen peroxide (30% wt), 
and sulfuric acid (98% wt) were procured from Merck 
(Darmstadt, Germany) and applied for the preparation of 
Fe3O4 nanoparticles and graphene oxide (GO). Hydrazine 
(99% wt) was used to reduce GO. Sodium hydroxide (97% 
wt) and hydrochloric acid (37% wt), also obtained from 
Merck, were applied to adjust the initial pH of solutions. 
Ciprofloxacin (C17H18FN3O3) was obtained from Ronak 
Pharmacology Co., Tehran, Iran. All the reagents and chem-
icals used in this study were of synthetic grade or higher. 
Deionized water was applied for all the experiments.

2.2. Surface water sample

In this research, a real surface water sample was used 
to conduct the experiments. The surface water was taken 
from the Karaj River (Karaj, Iran). Table 1 presents the anal-
ysis of the collected sample. The samples were spiked with 
CIP to evaluate the performance of the proposed method.

2.3. Preparation of GO, rGO, and Fe3O4 nanoparticles

Fine graphite powder (extra pure) was applied to syn-
thesize GO by the Hummers approach [40]. The chemical 
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co-precipitation method was used for preparing the Fe3O4 
nanoparticles [41]. For more detail see the supplemental 
material.

A stock solution of hydrazine (2,000 mg L–1) was pre-
pared and used for the reduction of GO. The desired 
values of hydrazine were poured into a 250 mL flask con-
taining 100 mL of deionized water, and then 0.06 g of syn-
thesized GO was poured into the solution. The solution 
was constantly mixed for 3 h at 80°C.

2.4. Analytical methods

An HPLC (Agilent, 1100) with a C18 column (5 mm, 
4.6.250 mm) and equipped with a UV detector at 276 nm 
was used for the determination of CIP concentration. A 
mixture of water/acetonitrile (40:60 v/v) was applied as 
the mobile phase, which was delivered at 1.0 mL min–1. 
The samples were filtered on a polytetrafluoroethylene 
(PTFE) filter (0.2 mm) and subsequently were injected by 
a 20 mL injector loop. Based on standard method 5220D 
[42], a spectrophotometric method using a UV/VIS spec-
trophotometer (HACH, DR 5000, USA) was used to deter-
mine the chemical oxygen demand. The total suspended 
solids (TDS) were measured in compliance with standard 
method 2540 D [42]. pH was measured with a pH meter 
(Metrohm 691, Switzerland) equipped with a combined 
glass saturated calomel electrode.

2.5. Characterization of GO and Fe3O4 nanoparticles

The crystal structure of the GO and Fe3O4 nanoparti-
cles were analyzed using an X-ray powder diffraction 
instrument (XRD, Bruker, D8 ADVANCE) with Cu Kα 
radiation X-ray source. A scanning electron microscopy 
(SEM, Zeiss, EM 900) was used for obtaining the SEM 
images. The magnetic properties of Fe3O4 were measured 
by a vibrating sample magnetometer (VSM) with a mag-
netic field of 10,000 Oe. Also, to obtain information about 
possible bonds of GO, reduced graphene oxide (rGO), and 
Fe3O4 nanoparticles, Fourier transform infrared (FTIR) 
spectrometer (Bruker, Tensor 27) was utilized, using KBr 
pellets within 400–4,000 cm–1. Zeta potential data were 
obtained using a Malvern Zetameter (Malvern, ZEN3600). 
Surface charge of GO was measured by zeta potential 
meter (Zetasizer, Malvern, UK) at the pH of 8.

2.6. Experimental design and data analysis

In this research, the Box–Behnken design was utilized 
as the most popular response surface methodology (RSM) 

to find the optimum conditions for the critical param-
eters. The number of required tests (N) was estimated 
by N = 2k(2k – 1) + N0 where k is the number of variables 
and N0 is the number of the central points. The variable 
parameters were adsorbent dose, solution pH, and coag-
ulant concentration. Each variable was examined at three 
levels (−1, 0, +1) (Table 2). The range of the variables 
was determined according to some preliminary tests as 
well as relevant existing reports [43]. The following qua-
dratic equation describes the best mathematical relation-
ship between the variable parameters and the adsorption 
efficiency of the process:
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where y, β0, βi, βii, and βij, are the predicted response, the 
constant coefficient, the linear coefficients, the quadratic 
coefficients, and the interaction coefficients, respectively; xi 
and xj are the influencing process variables; k is the num-
ber of variables, and ε is the residual error. The experiment 
design and the graphical analyses were carried out by a 
Design Expert software (version 10). The coefficient of R2 
and data of analysis of variance (ANOVA) were applied 
to evaluate the obtained model. Table 3 presents the corre-
sponding designed matrix and predicted results.

2.7. Error analysis

Average absolute relative error (AARE), chi-square 
test (χ2), and residual root mean square error (RMSE) were 
applied to measure the agreement of the empirical results 
with the predictions for adsorption isotherm and kinetic 
models. The relevant equations are presented below:
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where qe,cal and qe,exp are the calculated and experimen-
tal values obtained by the model, respectively. n and p; 

Table 1
Analysis of the surface water

Parameter Quantity

pH 7.5
Electrical conductivity, mg L–1 282
Total suspended solids, mg L–1 204
Turbidity, NTU 209

Obtained from Karaj River (Karaj, Iran).

Table 2
The independent variable parameters and their values

Levels and values

Variable Factor (−1) (0) (+1)

Solution pH xpH 3.0 6.5 10.0
[GO] dose, mg L–1 xGO 4.0 42.0 80.0
[FeCl3·6H2O] 
concentration, mg L–1

xFeCl3
1.0 5.5 10.0
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respectively, represent the numbers of empirical data and 
model variables. RMSE and AARE should have the small-
est possible values. Chi-square (χ2) is employed to detect 
the best model. The best model is the one that yields the 
lowest error function value [44].

2.8. General procedure

The CIP adsorption by adsorbents (GO and rGO) in 
the presence or absence of Fe3O4 nanoparticles was applied 
using a batch procedure. All of the experiments were per-
formed using a 1,000 mL glass flask stirred using a mag-
netic stirrer with a stirring rate of 200 rpm. For each run, 
a calculated amount of the coagulant agent and adsorbent 
powder was mixed with 0.5 mL of 10,000 mg L–1 CIP aque-
ous stock solution. Afterward, the appropriate amount of 
NaOH or HCl solution (of 0.1 mol L–1) was applied to adjust 
the pH. The final volume of the samples was 500 mL. The 
jar-test experiments were performed on samples. After 
1 h, the adsorption of CIP and turbidity were investigated. 
The concentration of CIP solution was 10 mg L–1. The sam-
ples (10 mL) were withdrawn from the reaction vessel at 
predetermined times. The CIP concentration was deter-
mined with HPLC (Agilent, 1100). The amount of adsorbed 
CIP was calculated by determining the difference between 
the initial and equilibrium concentration in the aqueous 
solution. Eqs. (5) and (6) were used to obtain the removal 
efficiency and the sorption capacity of the adsorbent,  
respectively:

Removal efficiency 0 e=
−

×
C C

C0

100  (5)

q
C C V
me

e=
−( )0  (6)

where C0 and Ce are the initial and equilibrium concentra-
tions of CIP in mg L–1, respectively, V is the volume of the 
CIP solution in L, and m is the dry mass of the sorbent in g.

In this work, the efficacy of rGO on CIP adsorption 
was also investigated, and finally, the best adsorbent was 
selected. In addition to the parameters included in the RSM, 
the effects of the other variables, including TDS and contact 
time, on the adsorption of CIP were evaluated. The sample 
solutions containing different amounts of dissolved solids 
such as NaHCO3, KCl, Ca(NO3)2, and MgSO4 were used to 
investigate the effects of TDS. Also, the effect of the Fe3O4 
nanoparticle dosage on the sedimentation rate and sludge 
volume was studied. In addition, various isotherm equa-
tions were used for explaining the equilibrium of the CIP 
adsorption. These equations show the relationship between 
the equilibrium concentration of CIP in the adsorbent 
and the solution. Also, several models, including pseudo- 
zero-order, pseudo-first-order, and pseudo-second-order 
were investigated at 298 K to determine the sedimentation 
kinetics of sludge. It should be noted that all the studies 
in this section were conducted under optimum conditions.

3. Results and discussion

3.1. Characterization of GO and Fe3O4 nanoparticles

The SEM image, XRD pattern, and FTIR spectrum of 
as-synthesized GO are shown in Fig. 1b, d, and f, respec-
tively. The nanosheets of the synthesized GO can be seen 
in Fig. 1b. The XRD pattern for GO in Fig. 1d indicated a 

Table 3
Three-factor Box–Behnken matrix and the values of the determined responses

Runs
Design factor Response

pH [GO] (mg L–1) [FeCl3·6H2O] (mg L–1) CIP removal (%) qe (mg g–1) Turbidity (NTU)

1 10 80 5.5 41.0 51.0 13
2 3 4 5.5 5.5 137.1 18
3 3 42 1 60.5 144 12
4 6.5 4 10 9.2 229.2 19
5 6.5 80 10 83.9 105 9
6 6.5 80 1 81.7 102.1 9
7 6.5 42 5.5 54.5 129.7 7
8 6.5 4 1 13.6 339.3 16
9 3 42 10 57.8 137.7 17
10 6.5 42 5.5 67.3 160.2 14
11 10 4 5.5 8.0 199.7 17
12 6.5 42 5.5 70.6 168.0 6
13 10 42 10 38.4 91.4 7
14 3 80 5.5 82.5 103.1 6
15 6.5 42 5.5 56.5 134.6 13
16 10 42 1 21.7 51.7 10
17 6.5 42 5.5 61.7 147.0 12
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Fig. 1. SEM image (a), XRD pattern (c), and magnetization curve of the magnetite nanoparticle (e); SEM images (b), XRD 
pattern (d), and FTIR spectrum of the synthesis GO (f).
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wide peak at 10.92°, which could be attributed to the stan-
dard XRD pattern [45]. Furthermore, an FTIR analysis was 
employed to specify the surface functional groups of GO. 
Fig. 1f shows the FTIR spectrum of GO. The wide peak at 
3,400 cm–1 is related to the O‒H group. The absorption 
peaks at 1,619; 1,224 and 1,080 cm–1 are ascribed to C=O, C‒C, 
and C‒O vibrations, respectively [46].

The as-synthesized Fe3O4 nanoparticles were investi-
gated using SEM, XRD, and VSM analyses, and the results 
are presented in Fig. 1a, c, and e. The results of the SEM 
analysis (Fig. 1a) showed that the average diameter of the 
synthesized Fe3O4 was smaller than 50 nm. The XRD pattern 
of the Fe3O4 nanoparticles, presented in Fig. 1c, shows that 
the diffraction peaks at 30.2° (220), 35.5° (311), 43.2° (400), 
53.5° (422), 57.2° (511), and 62.7° (440) were consistent with 
the standard XRD pattern of Fe3O4 (JCPDS, no. 65-3107) [47]. 
The magnetization curves in Fig. 1e give a saturation mag-
netization value of 40 emu g–1 for the Fe3O4 nanoparticles at 
room temperature. This value indicates that Fe3O4 nanopar-
ticles can be easily separated by a magnet. In addition, zeta 
potential analysis was used for the adsorbent. Zeta potential, 
which is effective on the stability of nanoparticles, depends 
on the surface charge. For GO, the zeta potential value 
varied from ‒26.7 to ‒9.3 mV after the jar test. Apparently, 
the coagulation and the flocculation process greatly 
affect the neutralization of the surface charge of particles.

3.2. Effect of hydrazine content on the adsorption capacity of GO

To examine the effect of hydrazine on the adsorption 
capacity of CIP, a series of experiments were conducted using 
different concentrations of hydrazine as the reducing agent 
(0.04, 0.08, and 0.16 mg L–1) for reduction of GO.

The adsorption capacities of GO and rGO are compared 
in Fig. 2. The results indicate that the highest adsorption 
capacity is related to GO (226 mg L–1), and the rGOs adsorp-
tion capacity was reduced by raising the hydrazine content. 
The reduction of GO can lead to a change in the surface 
structure of GO. The removal of oxygen functional groups 
as the result of the chemical reduction can lead to the elimi-
nation of the GO electrostatic interactions, which is import-
ant for CIP adsorption. On the other hand, aggregation of 

the adsorbent particles after the reduction process may 
be a reason for the decrease in CIP adsorption capacity.

3.3. Effect of contact time

Contact time is an essential parameter in the removal 
process. In order to understand the effect of time, the 
adsorption amount and removal efficiency were investi-
gated within 1–30 min, the results are presented in Fig. 1S.  
The experiments were done at a CIP concentration of 
10 mg L–1, pH 6.0, GO dose of 0.08 mg L–1, and FeCl3·6H2O 
value of 10 mg L–1. The adsorption amount and the removal 
efficiency increased with increasing contact time to 2 min, 
and then remained almost constant, showing a rapid 
adsorption rate, which could have arisen from the high 
electrostatic interaction between the charged surface of 
the adsorbent and CIP ionic species. Although the high-
est adsorption rate and removal efficiency was obtained 
at a contact time of 2 min, the turbidity removal was low. 
Therefore, the optimum contact time of 15 min was selected 
to achieve the maximum reduction in CIP and turbidity.

3.4. Central composite design (CCD) model results 
for CIP adsorption

The results in Table 4 show that the removal efficiency 
varied from 5.5% to 84.0% under different conditions. 
Model fitting was used to obtain the best mathematical 
expression that can describe the obtained removal effi-
ciencies. A quadratic mathematical expression showing 
the removal efficiency as a function of the adsorbent dos-
age, initial pH, and coagulant agent concentration was 
developed (Eq. 7)

CIP Removal % . . . .
. .

= − + × + × −
× − × +

34 43702 14 98 2 07 1 58
0 083 0 428

A B
C AB ×× − × −

− × − ×
AC BC A

B C
0 012 1 31276

8 16 0 023

2

2 2

. .
. .  (7)

The data of analysis of variance (ANOVA) were applied 
to evaluate the significance of the regression model and 
the effect of the factors. The parameters having a p-value 
smaller than 0.05 were considered statistically significant. In 
this study, all model parameters were significant except for 
the terms BC and C2, which were eliminated. The prob. > F 
values smaller than 0.0001 and the F-value of 50.17 indicate 
that this model is significant. Also, the lack-of-fit F-value of 
0.36 and the p-value of 0.85 imply the lack-of-fit is not sig-
nificant compared to the pure error. Furthermore, the Adj-
R2 and Pred-R2 values were 0.9556 and 0.9243, respectively. 
Both values were found to be close to the corresponding 
R2 value of 0.9750, confirming that the model is accurate. 
Table 5 presents the empirical and predicted amounts for 
the CIP removal efficiency percentage, which indicated 
great consistency between the predicted and experimental 
results. The accuracy of the model was proven by several 
statistical items, resulting in a significant model that can be 
applied to predict the CIP removal efficiency using GO.

3.5. Effects of the variables on the removal efficiency

The perturbation plot can be applied to show the effect 
of all the factors and compare them at any point within Fig. 2. Effect of hydrazine on the adsorption capacity of GO.
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the designed space. Fig. 3 presents the perturbation plot, 
which indicates all the factors have a considerable influ-
ence on the CIP removal efficiency. The removal efficiency 
was improved by an increase in the adsorbent dose because 
of an increase in active sites and available surface area for 
adsorbing CIP, while at a lower amount of the adsorbent, 
adsorption efficiency decreases because of the high ratio of 
CIP molecule to the vacant site [48,49]. However, a reduction 
in the removal efficiency was observed as the pH increased 
because of the repulsion force between the anionic form of 
CIP and GO with anionic active sits at alkaline pHs [20]. As 
can be seen in the perturbation plot, the efficacy of coag-
ulant agent concentration on the CIP removal efficiency 
is not very significant. However, a slight increase can be 
due to charge neutralization of GO surface using Fe3+ ions, 

thereby reducing the repulsive force between GO and CIP. 
On the other hand, the results showed that pH and the GO 
amount were rather more influential parameters than the 
coagulant agent factor on the removal efficiency.

3.6. Effect of independent parameters and their interactions

The 3D plots (Fig. 4a and c) and related countors (Fig. 4b 
and d) were used to show the influence of the operating 
parameters and their interactions on the response. In each 
plot, two operating parameters were changed within the 
experimental ranges (−1, 0, and +1), whereas the other was 
kept constant at a specific level (zero). Fig. 4a and c indicate 
the interactive effect of the dosages of GO and pH. When the 
GO dosage was high, the removal efficiency decreased by 

Table 5
Isotherm variables found with linear regression and error values for CIP adsorption on to GO at 298 K

Isotherm Equation Parameters Errors

Langmuir
q
C k q

C
q

e

e L m

e

m

= +
1

(8) qm: 185 mg L–1; kL: 0.46 L mg–1 R2 = 0.99; RMSE = 4.44; AARE = 0.03; χ2 = 0.62

Freundlich ln lnq k
n
ke F F= +

1
(9)

nF: 2.2; kF: 59.92 (mg g–1) 
(L mg–1)1/n R2 = 0.98; RMSE = 8.39; AARE = 0.05; χ2 = 1.58

Temkin q B A B Ce e= +1 1ln ln (10) B1: mg g–1; A: L mg–1 R2 = 0.99; RMSE = 5.48; AARE = 0.05; χ2 = 0.85

Dubinin–
Radushkevich

ln lnq qe s= − βε2 (11) qs: 136.49 mg g–1 R2 = 0.98

ε = +






RT

Ce
ln 1 1

(12) β: 3.45 × 10–7 mol2 J–1 RMSE = 11.59; AARE = 0.07; χ2 = 3.41

qm: maximum adsorption capacity reflecting a complete monolayer (mg g–1), kL: Langmuir constant or adsorption equilibrium constant 
(L mg–1), n–1: isotherm constant showing the empirical parameter, kF: {(mg g–1) (L mg–1)1/n} Freundlich isotherm constant showing the capacity 
parameter, A1: (L mg–1) and B1 (L mg–1) Temkin constants, qs: adsorption capacity (mg g–1), β: constant of Dubinin–Radushkevich (mol2 J–2), 
R: 8.314 gas constant (J mol–1 K–1), T: absolute temperature (K).

Table 4
The data of ANOVA for the quadratic response model*

Source Sum of  
squares

Degrees of  
freedom

Mean  
square

F-value Prob. > F

Model 10,664.42 7 1,523.49 50.17 <0.0001 Significant
A-pH 1,001.06 1 1,001.06 32.97 0.0003
B-GO 7,085.86 1 7,085.86 233.37 <0.0001
C-FeCl3·6H2O 147.06 1 147.06 4.84 0.0553
AB 482.90 1 482.90 15.90 0.0032
AC 181.44 1 181.44 5.98 0.0371
A2 1,088.53 1 1,088.53 35.85 0.0002
B2 583.57 1 583.57 19.22 0.0018
Residual 273.27 9 30.36
Lack of fit 85.48 5 17.10 0.36 0.8512 Not significant
Pure error 187.79 4 46.95
Cor. total 10,937.70 16

R2 = 0.9750, Adj-R2 = 0.9556, Pred-R2 = 0.9243
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raising the pH, which may have arisen from an increase in 
the electrostatic repulsions between GO surface and anionic 
form of CIP [20]. However, when the GO dosage was low, 
increasing the initial pH to about 6.5 increased the removal 
efficiency until the maximal point and then a mild reduction 
was achieved. In addition, Fig. 4a shows that by increasing 
the GO dosage at low pH, the removal efficiency increased 
significantly, which can be attributed to a rise in the active 
site amount of GO [48,49].

Fig. 4b and d show the removal efficiency variations as a 
function of the coagulant agent (FeCl3·6H2O) dosage and pH 
at the GO levels of −1, 0, and +1. As can be seen, the removal 
efficiency increased by increasing the pH up to about 5; 
however, an adverse effect was observed when the pH was 
further increased. The pH effect can be explained by the 
charge variation on the GO surface. It is known that at the 
pH of 3, the main carboxylic groups are neutral. At acidic 
pHs, the electrostatic attraction between CIP and GO is 
weak due to the nature of the surface charge of both spe-
cies [20]. Furthermore, an increase in the solubility of CIP at 
acidic pHs may be another reason for a decrease in the CIP 
removal efficiency. However, at pHs around 5, the carbox-
ylic groups (about 80%) converted to –COO− with a negative 
charge. For confirming this mechanism, the zeta potential 
of GO particles was determined, and the results showed 
the zeta potential of –16 mv at pH 8. Therefore, there is an 
attraction between the GO surface and cationic CIP species. 
Instead, at alkaline pHs, the repulsion force between the 
anionic form of CIP and GO with anionic active sites is the 
reason for the reduction in the removal efficiency of CIP.

Under the optimum conditions (GO dosage of 0.08 mg L–1, 
pH of 6.0, and FeCl3·6H2O concentration of 10 mg L–1), max-
imum removal of 84.0% was predicted using the model. 
To confirm the accuracy of the model, the optimized process 
was conducted on the sample solution containing 10 mg L–1 

of CIP, and the results showed a removal efficiency of 83.1%, 
which confirmed the reliability of the model.

3.7. Effect of TDS

To study the effect of TDS on CIP adsorption using GO, 
solutions with various concentrations of dissolved solids 
within the 0–1,000 mg L–1 range were prepared. The initial 
CIP concentration was retained at 10 mg L–1. The coagula-
tion process was conducted at pH 6.0 and FeCl3·6H2O con-
centration of 10 mg L–1. A stock solution of TDS (1000 mg L–1) 
with the composition presented in Table 1S was produced 
by dissolving proper amounts of related solids in deionized 
water. The results showed that the adsorption performance 
slightly increased by increasing TDS; however, at TDS levels 
higher than 800 mg L–1, removal efficiency decreased. GO 
can adsorb CIP through electrostatic interaction between 
the surface carboxylic groups and amine groups of CIP. 
It can be proposed that increasing the salt concentration can 
lead to blocking the adsorption sites, thereby decreasing the 
electrostatic interaction between the amine groups of CIP 
and surface functional groups (carboxylic) of GO. The com-
petition for adsorption on the active sites of the adsorbent 
between the CIP cationic species and other inorganic cat-
ions may be another reason for the reduction in the removal 
efficiency.

3.8. Effect of initial CIP concentration

The initial concentration of pollutants is a crucial para-
meter in the removal efficiency. Several experiments were 
carried out at different initial CIP concentrations in the 
range of 5–25 mg L–1. Fig. 5 illustrates that the removal effi-
ciency declined as the initial CIP concentration increased 
since there are more CIP ions than the active sites on the 
adsorbent. On the other hand, when the CIP concentration 
increased, the CIP adsorption increased. Consequently, a 
high CIP concentration is more favorable for CIP adsorption.

3.9. Adsorption isotherms

The equilibrium adsorption isotherm model shows 
the interactive behavior between the equilibrium concen-
trations of the adsorbate and adsorbent. The most com-
monly used equilibrium isotherms were are Langmuir, 
Freundlich, Temkin, and Dubinin–Radushkevich. The equi-
librium adsorption experiments were carried out by shak-
ing the solutions with different initial CIP concentrations 
(5–25 mg L–1) at the optimum conditions (GO: 0.08 mg L–1, 
FeCl3·6H2O:10 mg L–1, pH: 6.0, and T: 25°C). The CIP con-
centration was determined after the jar test and adsorbent 
separation. The mentioned models were employed for the 
analyses of the equilibrium data. Table 5 represents the lin-
ear forms of the applied models and the achieved results. 
According to R2 values, Temkin and Langmuir models 
fitted the data well. With respect to AARE, RMSE, and χ2 
values, the Langmuir model exhibited smaller error values 
than the other models; thus, the Langmuir isotherm was 
considered to be the best fitting model, suggesting that 
the adsorbent surface is homogeneous and the adsorption 
film has a monolayer coverag [50]. This can be explained 

Fig. 3. Perturbation plots for removal of CIP by GO.
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Table 6
Comparison of adsorption capacity of the prepared adsorbent with those of other reported adsorbents

Adsorbent qmax (mg g–1) References

Porous Zn/Fe based layered double hydroxides 344.8 [51]
Amine-functionalized MCM-41 mesoporous silica 164.3 [52]
Ga2S3/S-modified biochar 330.2 [53]
Materials prepared from Moroccan oil shales 81.1 [54]
Thermally modified bentonite clay 114.4 [55]
Activated carbons based folium cycas 204.0 [56]
Nanocellulose extracted from grass 227.2 [57]
GO 185 This research

Fig. 4. The 3D plots for interaction effect of (a) pH and GO amount; FeCl3·6H2O concentration at the level of +1 (b) FeCl3·6H2O 
concentration and pH; GO at the level of +1.
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by the homogeneous adsorption of monolayer CIP onto the 
active sites of the GO adsorbent. The maximum adsorption 
capacity obtained using the Langmuir model was 185 mg g–1.

The adsorption capacity of the adsorbent in this research 
was compared with those reported for other adsorbents 
(Table 6). As can be seen, the maximum adsorption capacity 
of the prepared adsorbent is nearly close to those of the most 
reported adsorbents.

3.10. Effect of Fe3O4 concentration on sedimentation and 
kinetic study

To evaluate the influence of the concentration of the 
Fe3O4 nanoparticles on the sludge sedimentation, the ISSMI 
process was investigated by adding the different volumes 
of Fe3O4 solution (6,000 mg L–1) in the range of 0 to 3 to 
500 mL of the solution containing 10 mg L–1 of CIP. After 
the jar test experiments, the solution samples were placed 
on the neodymium magnet (5 cm × 5 cm × 4cm) and the 
turbidity was measured at various time intervals. Fig. 6a 
shows a decrease in the sludge sedimentation time from 10 
to 6 min when the amount of Fe3O4 nanoparticles increased 

from 1 to 3 mL. However, the turbidity reached zero in a 
shorter time. In other words, the Fe3O4 nanoparticles have 
a considerable effect on the sludge sedimentation rate. It is 
noteworthy that in the absence of Fe3O4 nanoparticles, the 
turbidity value did not reach zero even after 60 min.

Three kinetic models including pseudo-zero-order, 
pseudo-first-order, and pseudo-second-order were used 
to investigate the sedimentation rate. Table 7 presents the 
linear forms of the models and the results of the calculated 
kinetic parameters. The results show that the rate constant 
increased by increasing the amount of Fe3O4 as a mag-
netic impregnation agent. The correlation coefficient for 
the sedimentation process by adding 3 mL of 6,000 mg L–1 
Fe3O4 was greater for the pseudo-first-order model than 
the other kinetic models employed. Table 2S contains the 
corresponding values for χ2, AARE, and RMSE, which 
confirmed that the sedimentation process with Fe3O4 
follows the pseudo-first-order kinetic model.

As can be seen in Table 2S, the sedimentation process 
without Fe3O4 in the presence of FeCl3·6H2O does not com-
ply with any of the models investigated. Subsequently, the 
sludge volume index (SVI) was measured after the sedi-
mentation process. A significant reduction in SVI occurred 
by adding the magnetic impregnation agent (Fe3O4) as a 
result of the magnetic force. Therefore, the magnetic Fe3O4 
nanoparticle is capable of decreasing the sedimentation time 
and sludge volume index (Fig. 6b).

Fig. 5. Effect of initial concentration of CIP on adsorption 
capacity and removal efficiency: pH = 5.5, [GO] = 0.04 mg L–1, 
[FeCl3·6H2O] = 10 mg L–1, contact time = 15 min and stirring 
rate = 150 rpm.

Table 7
Effect of magnetic nanoparticles and anionic polyacrylamide 
on the sludge sedimentation rate constants (Fe3O4 6,000 mg L–1, 
FeCl3·6H2O: 1,000 mg L–1 

Model Fe3O4 volume

0 mL 1 mL 3 mL
Pseudo-zero-order (NTU min–1) 10.15 42.42 135.4
Pseudo-first-order (min–1) 0.22 0.61 1.16
Pseudo-second-order (NTU–1 min–1) 0.004 0.0156 0.0296

Fig. 6. Effect of the Fe3O4 nanoparticle on the sludge sedimentation rate and SVI: volume of sample = 1 L, [CIP] = 10 mg L–1, 
[GO] = 0.08 mg L–1, pH: 6.0, [Fe3O4] = 6,000 mg L–1, [FeCl3·6H2O] = 1,000 mg L–1, contact time = 15 min and stirring  
rate = 150 rpm.
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3.11. Reusability study

To investigate the reusability potential of the GO desor-
ption, the exhausted sludge was regenerated using an HCl 
solution (5% w/w). The suspension was sonicated and 
then the GO adsorbent was separated using centrifuging 
for 5 min. The removal of CIP decreased from 93.45% in 
the first run to 75.98% in the second run and 64.86% in the 
third run that indicated that GO can be reused several times 
without impressive loss of activity, thereby reducing the 
cost of the process. The adsorption capacity reduced from 
116.8 to 81.0 mg g–1 after the third reuse cycle.

4. Conclusions

This study evaluated the efficiency of GO and rGO as 
adsorbents applied in the coagulation–flocculation pro-
cess for ciprofloxacin (CIP) removal from surface water. 
Furthermore, the application of Fe3O4 for enhancing sedi-
mentation rate was investigated. The results showed that 
the functional groups of GO have a significant impact 
on the adsorption of CIP, and chemical reduction of GO 
resulted in reducing the adsorption capacity. Among the 
investigated parameters, pH and the GO amount were 
rather more influential parameters than the coagulant agent 
factor on the removal efficiency. A reduction in the removal 
efficiency was observed as the pH increased because of 
the repulsion force between the anionic form of CIP and 
GO with anionic active sits at alkaline pHs. The maximum 
removal of 83.1% was obtained at an initial CIP concentra-
tion of 10 mg L–1 under the optimum operating conditions 
(GO: 0.08 mg L–1, pH: 6.0, and FeCl3·6H2O: 10 mg L–1). The 
experimental equilibrium data were consistent with the 
Langmuir adsorption isotherm. The maximum adsorption 
capacity of 185 mg g–1 was achieved for GO. The removal 
efficiency decreased slightly by increasing TDS at concen-
trations higher than 800 mg L–1. This decline may be due 
to the competition between the CIP species and ions for 
adsorption on the GO surface. The magnetite content was 
a significant factor in increasing the sedimentation rate and 
decreasing the sludge volume. The results showed that the 
sludge sedimentation rate can be explained with a pseudo- 
first-order kinetic model. The sedimentation rate constant 
increased from 0.004 to 0.0296 NTU–1 min–1 by adding 3 mL 
of Fe3O4 nanoparticles (6,000 mg L–1) to 500 mL of sample. 
An HCl solution with a concentration of 5% w/w was a 
good desorption agent for regeneration. After three cycles, 
the removal efficiency declined to 65%. In conclusion, GO 
can be applied as a potential adsorbent in a coagulation–
flocculation process for enhancing the unit performance 
for CIP removal from surface water, and the dose of Fe3O4 
nanoparticles is effective in sedimentation rate and sludge 
volume reduction. However, the development of a tech-
nology for the separation of magnetic nanoparticles in real 
water treatment plants is required so that their application 
is transferred to the related industry.
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Supplementary information

S1. Preparation of graphene oxide and reduced graphene 
oxide

12 g of KNO3 was dissolved in 500 mL H2SO4 and the 
mixture was added into a triple-neck glass flask. An ice 
bath was used to reduce the temperature of this solution. 
Subsequently, 10 g of graphite was poured into the solution 
and mixed for 2 h. After the mixing time, 60 g of potassium 
permanganate were leisurely poured into the solution and 
then mixed for 40 min. An oil bath was used to heat this solu-
tion to 40 ° C for 24 h. After 24 h of mixing at 40°C, 100 mL 
of H2O2 and 400 mL of deionized water were added to the 
solution. The light brown precipitate was washed several 
times with HCl (1:1) and then several times with deionized  
water.

S2. Synthesis of Fe3O4 nanoparticles

Therefore, the following solutions were prepared: 2.92 g 
of FeCl3·6H2O and then 1.05 g of FeCl2·4H2O were added to 
300 mL of deionized water deoxygenated by purging nitro-
gen for 30 min. Then 80 mL of NH3 (25% wt) was added to 
the above mixture dropwise within 30 min and then mixed 
vigorously and under nitrogen at 80°C. The precipitate 

magnetite nanoparticles were separated from the solution 
by an external magnet and washed using 100 mL of deox-
ygenized water.

Fig. 1S. Removal efficiency of CIP dependent to contact time: 
[CIP] = 10 mg L–1, [GO] = 0.08 mg L–1, pH: 6.0, [FeCl3] = 10 mg L–1, 
T = 298 K, and stirring rate = 150 rpm.

Table 1S
Effect of TDS concentration on CIP adsorption process

TDS (mg L–1) Removal (%) qe (mg g–1)
300 73.63 92.04
600 81.36 101.70
800 82.04 102.55
1,000 67.69 84.61

Table 2S
Error values for sludge sedimentation of CIP on GO with and without Fe3O4* and FeCl3**

Additive Pseudo-zero-order Pseudo-first-order Pseudo-second-order

R2 RMSE AARE χ2 R2 RMSE AARE χ2 R2 RMSE AARE χ2

Without Fe3O4* 0.86 423.98 4.72 –1,722.5 0.97 58.42 0.32 1852.9 0.96 181.72 0.52 1,634.6
1 mL Fe3O4 0.74 39.52 3.87 37.37 0.97 6.48 0.25 9.68 0.89 4.55 0.21 9.95
3 mL Fe3O4 0.86 65.11 8.98 5.34 0.98 9.73 0.25 34.52 0.92 12.61 0.36 47.27
5 mL FeCl3 0.58 5.71 0.24 5.93 0.55 3.79 0.11 6.00 0.65 3.89 0.13 7.47
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