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a b s t r a c t
A response surface modelling methodology was employed in this study to evaluate the effect of 
four different parameters for the removal of levofloxacin using graphene nanoplatelets. A quadratic 
statistical model was chosen to represent the process mathematically via an experimental design 
method. Analysis of variance showed that the mathematical model is in good agreement with the 
experimental data. The numerical optimization was performed to find the optimum values of pro-
cess variables which were: contact time = 77 min, adsorbent dosage = 2.1 g L–1, pH = 5.1 and initial 
concentration of levofloxacin = 10.7 mg L–1. Adsorption experiments were conducted using these 
optimum parameters and the experimental data were fitted to different isotherms and kinetic models 
to study the behaviour of the adsorption process. It was observed that the adsorption of levofloxacin 
on graphene nanoplatelets follows Langmuir isotherm model (R2 = 0.996 and KL = 1.188 L mg–1) and 
pseudo-second-order kinetics (R2 = 0.999 and k2 = 0.1407 g mg–1 min–1). Thermodynamic properties 
were calculated through Sips equation, which indicated that the adsorption process is endothermic 
in nature.
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1. Introduction

Pharmaceuticals, due to their increasing demand and 
continuous production, have emerged as a new class of 
organic contaminants entering in the environment. The con-
tinual introduction to the environment and long-time per-
sistence of these compounds have led to severe ecological 
effects on many species including human beings, fish and 
birds [1–4]. Antibiotics are the most commonly used phar-
maceuticals [5]. These once released in the environment can 
lead to a serious toxic risk to different aquatic organisms [6].

Levofloxacin (LFX) is a popular antibiotic belonging 
to the class of fluoroquinolones (FQs). It is a 3rd genera-
tion quinolone especially active against both gram-positive 
and gram-negative bacteria [7,8]. The high consumption of 
quinolones has led to its frequent detection in wastewater [9]. 

These quinolones cannot be efficiently removed through 
con ventional biological wastewater treatment techniques 
due to their poor biodegradability [10]. Because antibiotics 
are designed to kill the bacteria not being destroyed by the 
bacteria, a long-time exposure to antibiotics can result in the 
evolution of stronger antibacterial resistance in bacteria [11]. 
Moreover, FQ antibiotics can have an adverse effect on a 
cell’s genetic material such as DNA and thus can prove to be 
genotoxic [12]. Hence, there is a need to develop a new and 
more efficient treatment method to reduce the possible effect 
of antibiotics on different species.

The inability of conventional wastewater treatment 
processes to remove pharmaceuticals has led to the inven-
tion of different other techniques such as advanced oxida-
tion processes, Fenton oxidation, photo-degradation and 
other hybrid systems combining chemical and biological 
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techniques. However, the use of these methods is limited 
due to different disadvantages at various stages of opera-
tions [13]. Among these techniques, adsorption has emerged 
as an economical and operatively simple phenomenon that 
has proved to be efficient in removing pharmaceutical com-
pounds from wastewater without producing toxic by-prod-
ucts [14,15].

Graphene, due to its unique two-dimensional structure 
and properties, has emerged as a promising material in 
research study. It has found many applications in sensors, 
hydrogen storage, electronics and nano-electronics [16,17]. 
High theoretical surface area of graphene promises its prac-
tical use in wastewater treatment especially in adsorption 
process and this is the reason that it has been used in the 
removal of several pollutants such as heavy metals, dyes and 
pharmaceuticals [16,18,19].

Response surface modelling (RSM) is a popular statis-
tical tool that is used to study the effect of several independent 
variables on one or more response variables. The combination 
of several mathematical and statistical approaches in RSM 
is used for the improvement and optimization of processes 
and this is the reason that RSM technique finds its exten-
sive use in industrial research [20,21]. The use of the RSM 
approach in wastewater treatment especially ones based on 
adsorption techniques has led to many advantages such as 
improved yield, cost optimization and process time reduc-
tion [22]. RSM technique has proved to be more useful than 
other methods because it does not only include the effect 
of different variables but also incorporates the interaction 
between them and hence depicts a comprehensive influence 
of all parameters [23].

In this work, the applicability of RSM technique for 
the removal of levofloxacin using graphene nanoplatelets 
(GNPs) is presented. A mathematical model was developed 
using central composite design (CCD) and its verification 
is presented.

2. Materials and methods

2.1. Materials

Pure samples of levofloxacin (LFX) (C18H20FN3O4, CAS 
No. 100986-85-4) was obtained from a local pharmaceuti-
cal company (Julphar Gulf Pharmaceutical Manufactures) 
in UAE and used without further purifica tion. GNPs (99% 
purity) were purchased from Grafen Chemical Industries 
(Turkey). Scanning electron microscope (SEM) image 
shows the physical morphology of graphene used in the 
study (Fig. 1). The clear voids and cavities on the graphene 
surface are clear from the image. It has a surface area of 
120–150 m2 g–1, while density, diameter and thickness are 
0.05 g cm–3, 5–10 µm and 8 nm, respectively. Stock solu-
tion of LFX was prepared by dissolving a certain amount 
in distilled water. The stock solution was diluted with dis-
tilled water to obtain different concentrations. The solution 
pH was adjusted using 0.1 M aqueous solutions of either 
NaOH or HCl.

2.2. Instrumentation

A temperature-controlled multi-stack refrigerated shak-
ing incubator (DAIHAN Scientific, South Korea) was used 

to control the temperature and the shaking rate of the 
adsorption experiments. The initial pH of the solutions 
was measured using Orion 210A+ basic pH meter (Thermo 
Electron Corporation, USA). The concentration of LFX was 
measured through UV–Vis spectrometer (Cary 50 Conc, 
Varian, Australia). The solutions were filtered using 4.5 µm 
syringe filters (Chrome Tech, Germany). Characterization of 
graphene was performed on a SEM (Tescan Vega3-lmu, USA).

2.3. Design of experiments

Design-Expert® Software (Version 11, Stat-Ease Inc., 
USA) was used to model the effect of the independent vari-
ables on the removal efficiency of LFX by GNP. The inde-
pendent variables are contact time (A, min), adsorbent 
dosage (B, g L–1), initial concentration of LFX (C, mg L–1) 
and pH (D). For each parameter, five levels were studied 
as shown in Table 1. The low (–1) and high (+1) levels are 
the lower and upper value of the variables while the points 
at ±α represent the axial points outside the response sur-
face. Removal efficiency (Y, %) was the response variable 
in this study. CCD was applied to study the effects of above 
independent parameters on the response variable. CCD is 
a standard RSM design and is considered helpful in the 
optimization study with the minimum number of experi-
mentations [24].

The total number of experiments was calculated accord-
ing to Eq. (1).

N k nk
c= + +2 2  (1)

where N is the total number of experiments, k is the num-
ber of variables and nc is the number of centre points. 
The first term in the above equation shows the number of 
experi ments at factorial points while the second and third 

 
Fig. 1. SEM image for pure graphene.
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terms give the number of experiments at axial and centre 
points, respectively. Hence, the total number of experiments 
calculated was 30 including 6 centre points. The LFX removal 
efficiency can be represented in mathematical form as:

Y x x x xo
i

k

i i
i

k

j

k

ij i j
i

k

ii i= + + + +
= = = =
∑ ∑∑ ∑β β β β ε

1 1 1 1

2  (2)

where Y represents the response variable, β0 is the constant 
regression coefficient, βi is the ith linear regression coeffi-
cient, βii is the ith quadratic coefficient, βj is the interaction 
coefficient, xi and xj are the independent variables and ε is 
the residual error. The experimental results were used to 
perform regression analysis to fit the equation developed. 
The regression coefficient of determination (R2) was used 
to determine the quality of fit of the polynomial model 
generated by the software.

2.4. Adsorption experiments

Batch adsorption experiments were conducted using 
the optimum condition as predicted by the model gener-
ated by the software. In a typical study, 10.0 mL LFX solu-
tion of known concentration was prepared by diluting stock 
solution in a 50 mL Erlenmeyer flask. A weighed amount of 
adsorbent was then added to the solution after the adjust-
ment of pH. This solution was then placed in a shaking incu-
bator at 25°C and agitated for a specified time at a speed of 
150 rpm.

The adsorbent was separated from adsorbate using 
a syringe filter. The concentration of LFX was measured 
through UV–Vis spectrometer at a wavelength of 288.9 nm. 
A calibration curve was first obtained through the linear 
fitting (R2 = 0.999) using known samples as shown in Fig. 2. 
Eq. (3) gives the regression equation for the dependence of 
the absorbance on concentration. The removal efficiency 
was calculated from Eq. (4).

A x= −0 072 0 0086. .  (3)

Removal % =
−( )

×
C C
C

e0

0

100  (4)

where A is the absorbance, x is the concentration of LFX 
(mg L–1) and C0 and Ce are the initial and final concentrations 
of LFX, respectively.

3. Results and discussion

3.1. Results from model

The CCD model was employed to construct a mathe-
matical expression representing correlation between the per-
centage removal of LFX and the process variables. This 
method provided the coefficients of the best fitted vari-
ables that can be used to predict the values of the removal 
efficiencies using Eq. (5). Table 2 summarizes these pre-
dicted values together with the experimentally obtained 
response variable. Experiments from 25 to 30 represent the 
centre point runs used to calculate the true error. The best 
fitting model as suggested by the software was quadratic. 
The model is mathematically expressed in terms of actual 
variables and is given as follows:

Y A B C D AB
AC

= + + − + −
− −
58 93373 0 0445 42 590 4 970 6 263 0 003
0 0012
. . . . . .
. 00 001 1 729 1 072 0 272
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. . . .
. .
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+ × − −( )− CC D2 20 845− .
 

 (5)

where A, B, C and D represents time, dosage of adsorbent, 
initial concentration of LFX and pH, respectively and 
Y represent the removal percentage of LFX after treating 
with GNP. Eq. (5) mathematically represents not only the 
effect of all four variables individually but also includes the 
effect arising due to the interaction of variables with each 
other. The actual and predicted values are represented in 
Fig. 3. The predicted regression coefficient value (R2 = 0.8722) 
was found to be in good agreement with the adjusted value 
(R2 = 0.9560).

3.2. Analysis of variance (ANOVA)

To verify the significance of quadratic model statistically, 
analysis of variance (ANOVA) was performed. The results 
from ANOVA are presented in Table 3. The results show 
that the employed model is significant. The model terms 

Table 1
Range of variables and experimental levels

Factor Levels

–α Low (–1) Central (0) High (+1) +α

A 30 100 170 240 310
B 0.25 1.0 1.75 2.50 3.25
C 5.0 10.0 15.0 20.0 25.0
D 2.5 5.0 7.5 10.0 12.5

Fig. 2. Calibration curve for absorbance of different concen-
trations of levofloxacin measured at λmax = 288.9 nm.
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with p-values of <0.0001 are most significant. In this case 
it was found that the most significant variables were the 
dosage of adsorbent (B), initial concentration of LFX (C), 
combination of dosage and concentration (BC), combination 
of concentration and pH (CD), square of dosage (B2) and 
pH (D2). Details of ANOVA are given in Table 3.

3.3. Model prediction of the combined effect of design parameters

The individual effect of parameters under investiga tion 
on the efficiency of GNP for the removal of LFX is shown 
in Fig. 4. It can be observed that the effect of time remains 
almost the same for the whole range suggesting that the 
adsorption takes place quickly. The dosage of GNP has a very 
significant effect on the removal. The efficiency increases 
exponentially with an increase in the adsorbent dosage 
and a plateau is achieved at a dosage value of 2.2 g L–1. 
An inverse relation is observed between the concentration of 
LFX and removal which can be attributed to the saturation 
of graphene surface with LFX molecules. The individual 

Table 2
Design of experiments (DOE)

Standard 
sequence

Actual run 
sequence

Time Dosage Initial 
concentration

pH % Removal 
(actual)

% Removal 
(predicted)

01 29 100 1 10 5 85.6 81.13
02 19 240 1 10 5 88.18 85.57
03 06 100 2.5 10 5 98.06 98.75
04 18 240 2.5 10 5 97.54 102.55
05 20 100 1 20 5 46.07 47.37
06 02 240 1 10 5 48.746 50.11
07 10 100 2.5 20 5 88.564 90.93
08 21 240 2.5 20 5 92.24 93.04
09 22 100 1 10 10 67.061 67.53
10 11 240 1 10 10 74.448 71.26
11 04 100 2.5 10 10 95.377 93.19
12 13 240 2.5 10 10 96.30 96.28
13 07 100 1 20 10 53.218 47.38
14 30 240 1 20 10 48.82 49.41
15 08 100 2.5 20 10 95.107 98.99
16 15 240 2.5 20 10 96.738 100.38
17 23 30 1.75 15 7.5 90.367 92.00
18 28 310 1.75 15 7.5 95.256 97.83
19 14 170 0.25 15 7.5 17.7 25.99
20 01 170 3.25 15 7.5 99.404 94.58
21 09 170 1.75 5 7.5 99.41 104.74
22 16 170 1.75 25 7.5 76.94 75.07
23 03 170 1.75 15 2.5 76.54 76.49
24 17 170 1.75 15 12.5 66.738 70.23
25 25 170 1.75 15 7.5 93.45 94.49
26 24 170 1.75 15 7.5 92.18 94.49
27 26 170 1.75 15 7.5 93.91 94.49
28 27 170 1.75 15 7.5 94.60 94.49
29 12 170 1.75 15 7.5 93.19 94.49
30 05 170 1.75 15 7.5 96.09 94.49

Fig. 3. Actual vs. predicted plot for LFX removal.
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effect of pH is also shown in Fig. 4. The efficiency slightly 
decreases at very acidic and very basic conditions; however, 
the change is not significant as observed from the ANOVA. 
Only the adsorbent dosage and adsorbate concentration 
were found to have a significant effect individually.

The combined effect of different design parameters through 
a three-dimensional response surface is shown in Fig. 5a 
shows the interactive effect of contact time and adsorbent  
dosage at constant pH and LFX concentration. It can be 
observed that the removal efficiency increases with an increase 
in dosage as well as time. The trend remains the same if one 
of the variables is kept constant. This is because an increase 
in dosage will lead to a greater number of available sites and 
hence the removal will increase. The change in removal due 
to dosage is more significant as compared with the effect 
due to change in time. Fig. 5b shows the combined impact 
of initial levofloxacin concentration and contact time while 
pH and GNP dosage remain constant. At any given time, an 
increase in concentration will lead to a decrease in removal 
efficiency, which could be associated with the saturation of 
active sites. In Fig. 5c, the combined effect of pH and time is 
shown at constant dosage and LFX concentration. It depicts 
that the removal is low at strong acidic and strong basic pH 
environment, which can be attributed to the change in sur-
face charge of GNP at values around pH 4 [25]. The effect 
of LFX concentration and GNP dosage collectively is shown 
in Fig. 5d. The observed trend illustrates that the removal 
is lowest at high concentrations of LFX and low dosage of 

graphene. Figs. 5e and f shows the collective effect of pH 
with dosage and concentration, respectively, which further 
implies the same effect of the parameters as discussed earlier.

3.4. Optimization and validation

The optimum parameters were obtained through the 
software with the idea of making the process economical in 
terms of both cost and time. The theoretical optimum val-
ues of the independent variables thus obtained are contact 
time = 77 min, GNP dosage = 2.113 g L–1, pH = 5.118 and LFX 
concentration = 10.7 mg L–1. The predicted value of removal 
percentage obtained at these parameters is 99.679% and the 
desirability value is 1.000.

To validate the predicted value, five experiments were 
conducted at optimum conditions which are contact time = 
77 min, GNP dosage = 2.1 g L–1, pH = 5 and LFX concentra-
tion = 10.5 mg L–1. The experimental results for the removal 
efficiency for these five experiments were 98.29%, 98.15%, 
98.55%, 97.97% and 98.59%. These values were found to be 
in the range of the given confidence and hence are in good 
agreement with the values predicted by the model.

3.4.1. Isotherms

Three different isotherm models, namely Langmuir, 
Freundlich and Temkin [26,27], were used to fit the experi-
mental data obtained after several runs at optimum conditions 

Table 3
Analysis of variance (ANOVA) for quadratic model

Source Sum of  
squares

df Mean  
square

F-value p-value Remarks

Model 11,933.24 14 852.37 46.04 <0.0001 Significant
A (time) 23.48 1 23.48 1.27 0.2778
B (dosage) 7,044.51 1 7,044.51 380.47 <0.0001 Significant
C (LFX Concentration) 1,320.18 1 1,320.18 71.30 <0.0001 Significant
D (pH) 58.75 1 58.75 3.17 0.0951
AB 0.4023 1 0.4023 0.0217 0.8848
AC 2.88 1 2.88 0.1558 0.6986
AD 0.5130 1 0.5130 0.0277 0.8700
BC 673.39 1 673.39 36.37 <0.0001 Significant
BD 64.69 1 64.69 3.49 0.0813
CD 185.39 1 185.39 10.01 0.0064
A2 0.0031 1 0.0031 0.0002 0.9898
B2 2,007.06 1 2,007.06 108.40 <0.0001 Significant
C2 36.06 1 36.06 1.95 0.1831
D2 765.19 1 765.19 41.33 <0.0001 Significant
Residual 277.73 15 18.52
Lack of fit 268.8 10 26.88 15.06 0.0040
Pure error 8.92 5 1.78
Corrections total 12,210.97 29

df = Degree of freedom.
F-value: Test for comparison between residual mean square and source mean square.
p-value: Probability of having observed F-value if there are no factor effects. A p-value less than 0.05 reflects that the model terms have a real 
effect on the response.
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of contact time, 10 and 30 mg L–1 and the equilibrium concen-
tration (Ce) were measured for each experiment. The adsorp-
tion capacity at equilibrium (Qe, mg g–1) was calculated using 
Eq. (6) as follows:

Q
C C V
me

e=
−( )0  (6)

where m (g) is the mass of adsorbent and V (L) is the volume 
of the sample solution. The data were fitted to the linearized 
form of respective isotherms models as given by Eqs. (7)–(9).

C
Q

C
Q Q K

e

e

e

m m L

= +
1  (7)

log log logQ K
n

Ce F e= +
1  (8)

Q B K B Ce T e= +ln ln  (9)

where Qm (mg g–1) is the maximum adsorption capacity of 
GNP, KL (L mg–1) is the Langmuir isotherm constant, KF (mg(1–1/n)  
L1/n g–1) and n are the Freundlich isotherm constants and  
B (J mol–1) and KT (L mg–1) are the Temkin isotherm constants.

The values of regression coefficients for all isotherms 
obtained after data fitting along with other parameters are 
represented in Table 4. It can be observed that the adsorp-
tion of LFX is best described by the Langmuir isotherm 
model with and R2 value of 0.996. This is an indication that 
the adsorption occurring is monolayer and homogeneous 
in nature. The plots of isotherms models are shown in Fig. 6.

3.4.2. Kinetics

Pseudo-first-order and pseudo-second-order kinetic mod-
els were used to fit the experimental model for the removal 

Fig. 4. Individual effect of different variables on the removal efficiency of levofloxacin.
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Fig. 5. 3D plots for LFX removal showing interaction between (a) dosage and time, (b) LFX concentration and time, (c) pH and time, 
(d) LFX concentration and dosage, (e) pH and dosage and (f) pH and LFX concentration.
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of LFX using GNP. The linearized forms of respective models 
are given as follows:

ln lnQ Q k t Qe t e−( ) = − +1  (10)

t
Q

t
Q k Qt e e

= +
1

2
2  (11)

where t (min) is the contact time between adsorbent and 
adsorbate, Qt (mg g–1) is the amount of LFX adsorbed at 
any time, k1 (min–1) and k2 (g min–1 mg–1) are the pseudo-first 
and pseudo-second-order rate constants. The plots for 
both kinetic models are shown in Fig. 7. Different parame-
ters calculated from the graphs are summarized in Table 5. 
The observed R2 value for pseudo-second-order model was 
found to be better than the 1 for pseudo-first-order model. 
The value of Qe calculated from equation 11 (4.99 mg g–1) was 
also close to the one found from equation 6 (4.69 mg g–1). 
Hence, the conclusion can be made that the adsorption 
follows pseudo-second-order kinetics.

3.4.3. Thermodynamics

To investigate the energy changes associated with LFX 
removal, thermodynamic properties such as change in Gibbs 
free energy (ΔG), change in enthalpy (ΔH) and change in the 
entropy (∆S) were calculated. The equation used to calculate 
∆G is given as follows [28]:

G RT K= − ln eq  (12)

where R (J mol–1 K–1) is the general gas constant, T (K) is the 
temperature and Keq is the equilibrium constant. The value of 

Table 4
Adsorption parameters for LFX removal

Adsorption parameters

Langmuir KL (L mg–1) 1.188 (±0.059)
Qm (mg g–1) 10.64 (±0.532)
R2 0.996

Freundlich KF (mg(1–1/n) L1/n g–1) 5.879 (±0.294)
n 4.244 (±0.212)
R2 0.985

Temkin B (J mol–1) 1.166 (±0.058)
KT (L mg–1) 38.07 (±1.903)
R2 0.994

Fig. 6. Adsorption isotherm models for LFX removal. (a) Langmuir isotherm model, (b) Freundlich isotherm model and (c) Temkin 
isotherm model. Experimental conditions: shaker speed: 150 rpm; contact time = 80 min; initial pH = 5 ± 0.1; GNP dosage = 2 g L–1; 
temperature = 25°C.
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the equilibrium constant was obtained through Sips equation 
[29–31]. The general form of Sips equation is given as [32]:

Q Q
C
Ke e
e
ns

= th

ads

 (13)

The value of Qe
th, Kads and ns were calculated through 

regression analysis at various temperatures and are presented 
in Table 6. The equilibrium constant Keq is then given as [30] 
follows:

K
Keq

ads

=
1  (14)

The calculated values of ln (Keq) were plotted against 
the inverse of temperature (1/T) in Van’t Hoff plot as 
shown in Fig. 8. The apparent change in enthalpy (ΔH) and 
entropy (ΔS) can then be calculated through Van’t Hoff 
equation, which is given as:

lnK H
RT

S
Req = − +

∆ ∆  (15)

The calculated values of thermodynamic properties 
are shown in Table 7. It can be observed that the values of 
change in free energy range between –20 and 0 kJ mol–1. 
This concludes that the adsorption of LFX on GNPs is 

physical in nature [33]. Moreover, the negative sign indicates 
that the process is spontaneous. Furthermore, the increase in 
Gibbs free energy depicts that the adsorption is less feasible 
at elevated temperatures [25]. The negative slope of Van’t’ 
Hoff plot and positive sign of enthalpy change (ΔH) suggest 
that the process is endothermic in nature. Additionally, the 
positive value of entropy is associated with high affinity of 

Fig. 7. Kinetic models for LFX removal (a) pseudo-first-order kinetic model and (b) pseudo-second-order kinetic model. Experimental 
conditions: shaker speed: 150 rpm; initial pH = 5 ± 0.1; GNP dosage = 2 g L–1; initial concentration = 10.5 mg L–1; temperature = 25°C.

Table 5
Kinetic model parameters for LFX removal

Model Adsorption parameters

Pseudo-first-order k1 (1 min–1) 0.051(±0.002)
R2 0.880

Pseudo-second-order k2 (g mg–1 min–1) 0.141(±0.007)
R2 0.999

Table 6
Calculated Sips parameters at different temperatures

Temperature 
(K)

Keq ns Qe
th (mg g–1)

298.1 22.79 (±1.139)) 0.235 (±0.011) 5.256 (±0.263)
308.1 26.33 (±1.316) 0.222 (±0.011) 3.802 (±0.190)
318.1 30.85 (±1.542) 0.235 (±0.011) 3.745 (±0.187)

Fig. 8. Van’t Hoff plot for LFX removal.
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sorbent for sorbate and means that there is an increase in 
the randomness at solid/liquid interface [25,34].

4. Conclusions

The removal efficiency of LFX by GNP was studied and 
the optimized parameters were obtained through RSM. 
CCD technique was used to study the effect of four inde-
pendent parameters which are contact time, GNP dosage, 
pH and initial concentration of LFX. The process optimiza-
tion revealed that the optimum conditions are contact time 
77 min, GNP dosage 2.13 g L–1, pH 5.11 and initial LFX con-
centration 10.5 mg L–1. RSM and experimental findings were 
found to be in good agreement with each other. Langmuir 
isotherm model was the best-fit model for the adsorption 
process. Kinetic study showed that the adsorption follows 
pseudo-second-order model. Thermodynamic study showed 
that the process is spontaneous and endothermic.
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