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a b s t r a c t
The adsorption of ciprofloxacin (CIP) from aqueous solutions by Azolla filiculoides activated car-
bon (AFAC) was studied in a batch adsorption system. Results revealed that at CIP concentration 
of 10  mg/L, AFAC dose of 2.5  g/L, the contact time of 75  min, the temperature of 50°C, the CIP 
removal reached about 99.1%. Langmuir, Freundlich and Dubinin–Radushkevich isotherm models 
were studied to determine the adsorption mechanism. Langmuir isotherm best fits the equilibrium 
adsorption data and the maximum capacity was 35.14 mg/g. The adsorption intensity obtained from 
the Freundlich model and the energy of adsorption obtained from the Dubinin–Radushkevich model 
(2.25  kJ/mol) suggested that physisorption dominates the adsorption of CIP onto the AFAC. All 
the error functions in the Langmuir isotherms showed that the error in the least. Thermodynamic 
parameters were calculated for the CIP–AFAC system and the positive value of ΔH° (52.7 kJ/mol) 
and negative values of ΔG° (–0.079 to –5.61) showed that the adsorption was endothermic, sponta-
neous and physical in nature. The results of sequential adsorption–desorption showed that the AFAC 
could be successfully reused for five cycles. The characteristic results showed that AFAC can be 
employed as an alternative to commercial adsorbents in the removal of antibiotics from wastewater.
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1. Introduction

Pharmaceutical residues, which are emerging contam-
inants, exist in various water columns and have gained 
the attention of researchers due to their toxicity to aquatic 
organisms [1,2]. These compounds are medicines used in 
humans and animals and introduced into water systems 
because wastewater treatments may not completely remove 
them [3,4]. The presence of antibiotic residues in the sew-
age treatment plants poses a problem due to the reasons 
such as increased risks to human health from the develop-
ment of antibiotic-resistant microorganisms if antibiotics 

are present in sublethal concentrations of the pathogens 
in sewage.

Ciprofloxacin (CIP), fluoroquinolone antibiotic, has 
been used to treat both human and animal diseases [5]. 
CIP is widely used around the world with a cumulative 
sales income of more than $1  billion [6,7]. A large amount 
of CIP is excreted from human and animal bodies’ incom-
plete metabolism [8,9]. The CIP concentrations in effluents 
of wastewater treatment plants range from ng to mg/L [10]. 
In Iran, the amount of CIP antibiotics in hospital wastewa-
ter in the range of 20 µg/L to 20  mg/L has been detected 
in sewage effluents [10]. The secondary treatment of 
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wastewater is often based on bacterial activity such as the 
activated sludge process; the existing facilities are often not 
designed completely to remove antibiotic residues from the 
sewage through the treatment process [11].

Several methods (e.g., chemical precipitation, chemi-
cal oxidation or reduction, electrochemical treatment, ion 
exchange, reverse osmosis, filtration, and electrocoagula-
tion) have been employed to treat wastewaters containing 
antibiotics [11,12]. However, some studies reported that 
these methods have several problems such as high energy 
requirements, inefficient antibiotics removal, generation of 
toxic sludge, and expensive equipment [13,14]. Therefore, 
new efficient and cost-effective technologies to eliminate 
antibiotics should be developed [15,16].

Adsorption is known as the simplest and economical 
method to remove dyes from wastewaters [17–19]. Activated 
carbon produced from agricultural waste (e.g., orange peel, 
jute fiber, wheat shells, soy meal hull, rice husk, canola 
husk, activated date pit, Lemna minor, and bamboo dust) 
has been widely used as an adsorbent [20–25]. Activated 
carbons, with their high surface area and capacity, micro-
porous structure and chemical nature of their surface, are 
potential adsorbents for the removal of different antibiot-
ics from industrial wastewaters [26]. However, the main 
disadvantages of activated carbon are high production and 
regeneration costs. Interestingly, it has been found that 
adsorption of antibiotics onto activated carbon is signifi-
cantly influenced by characteristics of the activated carbon 
[27]. Therefore, the method of carbon activation aimed at 
improving its adsorption capability and thus reducing the 
rate of activated carbon consumption to reduce the cost of 
activated carbon adsorption making more it cost-effective.

Azolla filiculoides is one the famous aquatic algae and 
found in rice paddy fields and which has been used in var-
ious studies to remove a different kinds of pollutants [28]. 
The Azolla filiculoides have been shown a suitable potential 
to grow in wastewater and absorb inorganic and organic 
material from the effluents. The rapid growth of Azolla 
filiculoides is the main property that is assumed as an issue 
produced by this alga [29,30]. The use of this alga as an inex-
pensive and effortlessly available adsorbent can play a sig
nificant role in the alleviation of the severity of this problem.

Therefore, the objective of this study is to investigate 
the availability of Azolla filiculoides activated carbon (AFAC) 
as an adsorbent for the removal of CIP from aqueous solu-
tions. For this study, the influence of several factors (e.g., 
contact time, AFAC amount, temperature CIP concentra-
tion, and shaking speed) on the removal efficiency of CIP 
was investigated. The kinetic, isotherm and thermodynamic 
models were applied to explain the adsorption behavior. 
Also, error functions were also calculated.

2. Material and methods

2.1. Reagents

Ciprofloxacin (C17H18FN3O3·HCl, molecular weight 
331.3 g/mol, purity >98%) was supplied from Sigma-Aldrich 
(USA), with the molecular structure of CIP given in Fig. 1. 
The removal experiments were carried out using an aqueous 
solution of CIP to minimize interference by other elements 

that exist in the wastewater. The stock solution (1,000 mg/L) 
was produced by dissolving CIP in distilled water. Different 
concentrations of CIP (10–100  mg/L) were obtained by 
diluting the stock solution with distilled water. In addi-
tion, the pH of the solution was adjusted using 0.1  N of 
HCl and NaOH solution to achieve a neutral pH (pH = 6.5).

2.2. Preparation and characterization of the AFAC adsorbent

Marine alga, Azolla filiculoides, used for the prepara-
tion of the activated carbon, was collected from the Anzali 
Wetland, Iran. This Azolla filiculoides was washed with dis-
tilled water and dried at room temperature for a week. 
The dried Azolla filiculoides was then milled and separated 
by manually shaking stainless steel mesh screens with the 
opening of standard 0.45 mm. Thus, for the production of 
activated carbon, 5  g of the dried Azolla filiculoides were 
weighed with a digital scale and stirred in 40 mL of ZnCl2 
solution for 6 h and dried in an electric oven at 105°C for 
24 h. Then, the mixture was put in a vertical stainless-steel 
reactor under high-purity nitrogen with a flow rate of 
300  cm3/min, heated to a final temperature of 450°C, and 
finally left to be activated for 1 h.

The residual ZnCl2 was removed with 0.05 M HCl solu-
tion after the mixture was completely dried in an oven at 
105°C. Subsequently, the final AFAC was dried in an oven 
at 105°C for 24 h after it was rinsed with the distilled water. 
The yield of the prepared AFAC was calculated based 
on the following equation [26,27]:

Y
W
W

%� � � �AC 100 	 (1)

where WAC and W are the weights of carbon products and 
dried pods.

2.3. Batch adsorption experiments

The adsorption tests were conducted using 250  mL 
Erlenmeyer flasks containing 100 mL of CIP ion solution of 
different concentrations (10–100 mg/L). The desired amount 
of AFAC was added to the solution and the flasks were agi-
tated on an electrically thermostatic shaker at a speed of 
120  rpm. The effect of different experimental parameters 
such as AFAC dose (0.25–4 g/L), initial concentration of CIP 
(10–100  mg/L), shaking speed (25–200  rpm), contact time 
(10–150  min) and temperature (20°C–50°C) at fixed pH 6.5 

Fig. 1. Structure of ciprofloxacin.
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was evaluated for sorption of CIP by AFAC. At the end of 
the experiment, the contents of the flasks were filtered 
using a Whatman filter paper. All the experimental works 
were conducted in triplicates for all the conditions in this 
study.

CIP concentration of all samples was determined by 
high-performance liquid chromatography (HPLC) (C18 
ODS column) with a UV detector 2006 at a wavelength of 
277 nm. The mobile phase was 0.05 M phosphoric acid/ace-
tonitrile with a volumetric ratio of 87/13 and an injection 
flow rate of 1 mL/min.

The CIP uptake capacity qe was calculated using 
general Eq. (2) [28,29]:

q
C C V

Me
e�

�� ��0 	 (2)

where qe is the CIP uptake (mg/g AFAC), V the volume of 
CIP containing solution in contact with the AFAC (L), 
C0 and Ce are the initial and equilibrium (residual) concen-
trations of CIP in the solution respectively (mg/L), and M is 
the amount of added AFAC (g).

2.4. Desorption and regeneration studies

The regeneration and reusability of AFAC composites 
were investigated by adsorption–desorption experiments 
that were conducted in a batch process. An amount of 2.5 g/L 
AFAC was added to 10 mL of CIP solution (10 mg/L). Then, 
desorption of CIP-loaded AFAC was accomplished with 

100  mL of HCl, H2SO4, H2O solutions and vibrating for 
90  min, and the solutions were filtered and concentrations 
of CIP in the aqueous solution were determined by HPLC 
method.

Thereafter, to regenerate the adsorption sites of adsor-
bent, AFAC composites after desorption were recovered 
by adding the adsorbent to 100 mL of a 0.5 M H2SO4 solu-
tion and vibrating for 1.5  h, and the adsorbent was then 
separated and dried. The adsorbent regenerated using 
H2SO4 was reused in the next adsorption cycle under the 
same adsorption conditions, and five adsorption regen-
eration cycles were carried out to evaluate the adsorbent 
reusability. In particular, the results of experiments were 
also used to compare with those of adsorbents with-
out desorption and regeneration. Desorption (%) was 
calculated according to Eq. (3):

Desorption desorption ion
adsorption ion

%� � � �100 	 (3)

3. Results and discussion

The characteristics of AFAC are summarized in Table 1.  
The prepared AFAC had a specific surface area of 716.4 
m2/g, total pore volume of 0.481 cm3/g, a porosity of 51.2%, 
and a bulk density of 0.693  g/cm3. The scanning electron 
microscopy (SEM) of AFAC before and after adsorption 
are indicated in Fig. 2. The pores of the adsorbent after 
adsorption were filled with CIP molecules (Fig. 2). In addi-
tion, the SEM image showed that characteristics of the 

Table 1
Characteristics of the AFAC

Specific surface area Average pore diameter Porosity Pore volume Moisture Bulk density

716.4 m2/g 41.3 nm 51.2% 0.481 cm3/g 2.21% 0.693 g/cm3

C% H% N% O% Y %Ash
51.2% 4.18% 0.725 40.71 44.7% 2.84

Fig. 2. SEM images of (a) AFAC before and (b) after CIP adsorption.
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starting materials largely influenced carbon texture and 
porosity development.

Fig. 3 illustrated the N2 adsorption and pore size distri-
bution of AFAC. A type IV isotherm was revealed by the hys-
teresis loop at high P/P0 values. The pore diameter range of 
AFAC was 4–5 nm. Fourier-transform infrared spectroscopy 
spectrum of AFAC is given in Fig. 4. The absorption peaks 
are at 1,140  cm–1 associated with C–O stretching vibration, 
1,450–1,600  cm–1 associated with C=C stretching vibration 
(alkyne groups), 2,320 cm–1 associated with O=C=O stretch-
ing vibration, 1,720 and 1,740 cm−1 associated with existence of 
carboxylic groups, and 2,830 and 2,870 cm–1 related with C–H 
(stretching vibrations of CH3 and CH2 functional groups.

3.1. Effect of contact time

The percentage removal of CIP is a function of contact 
time. The percentage of CIP removal increased with increas-
ing contact time (Fig. 5). The uptake of CIP was rapid for the 
first 30 min and after 60 min, the amount of CIP adsorbed 

remained almost constant. Hence, in the present study, 
60  min was chosen as the equilibrium time. At the begin-
ning of the reaction, adsorption was fast because many 
vacant sites were available [30,31]. In contrast, the slow 
adsorption was possibly due to insufficient vacant sites 
[32,33]. Percentage adsorption increased from 37.1 to 94.25 
during a contact time period from 10 to 60 min.

3.2. Effect of shaking speed

As the shaking speed increased from 25 to 200 rpm, the 
adsorption capacity also increased from 12.04 to 35.56 mg/g 
for CIP (Fig. 6). The adsorption rate increased as the shak-
ing speed increased possibly because the boundary thick-
ness around the adsorbent decreased. Therefore, with 
increasing shaking speed, the concentration on CIP ions 
near the adsorbent surface would also increase [34,35].

3.3. Effect of adsorbent dose

The effect of adsorbent dosage on CIP removal from 
the antibiotics solution of 50 mg/L was evaluated by vary-
ing the adsorbent dosage (0.25–4  g/L). The adsorption 
increased with increasing AFAC dosage (Fig. 7). The per-
centage removal increased from 48.5% to 81.95% when 
AFAC dose increased from 0.25 to 2.5  g/L. Therefore, the 
optimum AFAC dosage was taken as 2.5  g/L for further 
experiments. The increase in percentage removal could be 
attributed to the fact that as AFAC dosage increases, more 
adsorption sites are available for CIP, thus enhancing the 
uptake [36,37]. However, on further increasing the AFAC 
dose, the ratio of adsorbent capacity to the unit weight of 
AFAC reduced, thus causing a decrease in CIP uptake (qe) 
value. This could be because there are interactions of sev-
eral factors (e.g., availability of solute, electrostatic interac-
tions and interference between binding sites) [38,39].

3.4. Adsorption kinetics

Pseudo-first-order, pseudo-second-order and intra-par-
ticle-diffusion kinetic models were applied to study 
the adsorption rate and mechanism. The linear form of 

Fig. 4. Fourier-transform infrared spectra of produced AFAC.

Fig. 3. N2 adsorption–desorption isotherms. Inset: the Barrett–
Joyner–Halenda pore size distribution curves.
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the pseudo-first-order kinetic is generally expressed as 
Eq. (4) [40,41]:

log logq q q
K

e t e�� � �� 1

2 303.
	 (4)

where qe and qt are the amount of CIP adsorbed at equilibrium 
and time t, respectively, and K1 represents the rate constant 
of adsorption. The respective values are given in Table 2.

Experimental and calculated qe values were different 
even though R2 values seemed linear (figure not shown), 
suggesting that biosorption of AFAC does not follow 
a pseudo-first-order kinetic model. The kinetics of adsorp-
tion is also described by pseudo-second-order kinetic 
equation expressed as Eq. (5) [42]:

t
q

t
qK qt ee

� �
1

2
2 	 (5)

where K2 is the second-order rate constant of adsorption. 
The plot (Fig. 8) of t/qt vs. t of the above equation showed 
a linear relationship between t/qt and t. The rate con-
stants and the correlation coefficients were calculated and 

summarized in Table 2. The value of the correlation coeffi-
cient R2 for the pseudo-second-order adsorption model was 
relatively high (>0.997) at all concentrations. Also, qe (cal-
culated) using pseudo-second-order model is equal to that 
obtained experimentally. These values indicated that bio-
sorption follows the pseudo-second-order mechanism and 
that chemisorption controls the rate of biosorption.

The Weber and Morris intraparticle diffusion model 
was used to define the diffusion mechanism. This is 
given as Eq. (6) [43]:

q Kt It � �0 5. 	 (6)

where I is the intercept and K is the intraparticle diffusion 
rate constant. As the intercept increases, the contribution 
of the surface sorption increases in the rate-controlling step.

The plots not passing through the origin shows that 
intraparticle diffusion took place in the adsorption pro-
cess, but it was not the only parameter controlling the 
adsorption process. However, as seen in Fig. 9, the second 
adsorption phase is characterized by intraparticle diffusion. 
The intercept I are related to the boundary layer thickness. 
The highest boundary layer thickness was observed from 
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Fig. 5. Effect of contact time on CIP removal (pH = 6.5; AFAC dosage 2.5 g/L; temperature = 28°C ± 2°C).

Fig. 6. Effect of shaking speed on CIP adsorption (C0 = 100 mg/L; 
time = 90 min; pH = 6.5; temperature = 28°C ± 2°C; AFAC dosage 
2.5 g/L).

Fig. 7. Effect of adsorbent dosage on CIP adsorption 
(C0 = 100 mg/L; time = 90 min; pH = 6.5; temperature = 28°C ± 2°C).
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the plot at 303 K. The effect of the boundary layer increases 
as the value of I increases [19,20]. The boundary layer also 
gives information about the tendency of the adsorbent to 
either absorb the CIP particles or remain in the solution. 

The higher the I values (boundary layer thickness), the 
higher the adsorption capacities (Table 2).

3.5. Adsorption isotherms

For the design of adsorption systems, the sorption iso-
therm models are very important because the isotherm 
models can provide maximum sorption capacity and 
expected interactions between adsorbate and adsorbents. 
In this study, four isotherm models (Langmuir, Freundlich, 
Dubinin–Radushkevich (D–R)) were applied to evaluate the 
equilibrium experimental data. Langmuir isotherm relates 
to monolayer adsorption of molecules. In the Langmuir 
isotherm model, maximum monolayer adsorption capac-
ity, qm (mg/g) and other parameters were determined from 
the following linearized form of Eq. (7) [33,44]:

C
q q b

C
q

e

e m

e

m

� �
1 	 (7)

where Ce is the equilibrium concentration of the CIP in 
solution (mg/L), qe is the adsorption capacity at equilib-
rium (mg/g), b (L/mg) Langmuir constants, related to the 
binding constant and qm (mg/g) is the maximum adsorption 

Table 2
Kinetic models and error analysis parameters for CIP adsorption onto AFAC

Kinetic models Parameters CIP concentration (mg/L)

10 25 50 100

Pseudo-first-order

qe,cal (mg/g) 1.25 4.17 11.81 20.65
qe,exp (mg/g) 3.95 9.63 18.27 34.53
K1 0.398 0.312 0.241 0.169
R2 0.812 0.829 0.794 0.841
SSE 14.15 11.81 18.44 14.91
SAE 11.21 18.19 20.17 14.85
ARE % 14.85 19.24 17.41 22.18
HYBRID 6.95 8.71 9.82 7.44
MPSD 12.45 15.32 14.49 13.89

Pseudo-second-order

qe,cal (mg/g) 3.64 8.98 18.05 33.17
qe,exp (mg/g) 3.95 9.63 18.27 34.53
K2 0.0086 0.0073 0.0064 0.0052
R2 0.998 0.997 0.998 0.999
SSE 7.463 6.591 4.712 4.251
SAE 6.925 7.526 5.532 2.749
ARE 2.145 3.411 2.846 1.734
HYBRID 9.341 6.598 4.343 5.812
MPSD 8.729 7.457 9.325 3.672

Intraparticle diffusion model

K 0.918 0.784 0.625 0.541
I 17.25 11.46 8.721 6.512
R2 0.781 0.744 0.756 0.751
SSE 9.416 10.72 8.457 9.144
SAE 8.238 9.148 11.72 10.459
ARE 12.41 13.71 12.46 8.234
HYBRID 11.56 9.854 11.73 9.243
MPSD 9.843 11.23 9.546 10.325
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Fig. 8. Pseudo-second-order kinetic plots for adsorption of 
CIP on AFAC.
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capacity. A plot of specific sorption (Ce/qe) vs. Ce (figure not 
shown) gives a straight line of slope (1/qm) and intercepts 
(1/qmb) as given in Table 2.

The Freundlich isotherm is expressed as Eq. (8) [45]:

log log logq
n

C Ke e F� �
1

	 (8)

where KF and n are Freundlich constants that are related to 
the bonding energy. KF is the adsorption coefficient indi-
cating the quantity of CIP adsorbed onto adsorbent for a 
unit equilibrium concentration. 1/n indicates the adsorp-
tion intensity of CIP onto the adsorbent with the adsorbent 
considered more heterogeneous as 1/n is closer to zero.

The relation between logqe and logCe (figure not shown) 
was significantly correlated. Table 2 represents the eval-
uated constants. The value n  =  1.745 in the range of 1–10, 
indicates favorable adsorption.

The D–R model was also applied to estimate the char-
acteristic porosity of the adsorbent, the apparent energy of 
adsorption and the characteristics of adsorption on micropo-
res rather than on layer-by-layer adsorption. The D–R model 
is expressed as Eq. (9) [46]:

ln lnq q Ke m� � �2 	 (9)

where K indicates the adsorption energy constant, qm rep-
resents the theoretical saturation capacity (mg/g), and ε is 
the Polanyi potential, calculated from Eq. (10) [46]:

� � �
�

�
��

�

�
��RT

Ce
ln 1 1

	 (10)

The constant K is expressed by the slope of the plot of 
lnqe vs. ε2 (figure not shown), and the adsorption capacity, 
qm (mg/g) is represented by the intercept.

The mean free energy of adsorption, E (kJ/mol), was 
calculated using Eq. (11) [47]:

E
K

=
1
2

	 (11)

This can be used to estimate the type of adsorption. 
If the value is in the range of 8–16 kJ/mol, then the adsorp-
tion type can be explained by ion exchange, and if E < 8, the 
adsorption type is physiosorption. The value of E calcu-
lated using above Eq. (11) was 2.25 kJ/mol for AFAC. This 
implies that the type of adsorption involved in this study 
is physiosorption (physical sorption) which usually takes 
place at low temperatures.

3.6. Error analysis

The best isotherm model is determined by the correlation 
coefficient (R2) analysis. Although this is useful in determin-
ing the efficiency of the correlation analysis, this analysis 
has limitations in solving isotherm models that are not inher-
ently linear. Therefore, we used five error functions to find 
a suitable model to represent the experimental data [48,49]. 
The error functions we used is expressed as Eqs. (12)–(16).

SSE cal meas� �� �
�
�
i

e e

n

i
q q

1

2

, ,   Sum of Squared Errors� (12)
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�
�
i

e e

n

i
q q

1
, ,     Sum of absolute errors	 (13)
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�
��
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�
��

�
�100 1

1
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n p
qq

qi

e e

e

n
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, ,

,

 �Marquart’s 
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deviation	 (16)

Table 3 shows that the highest correlation coefficient 
was in the order of Langmuir, D–R, and Freundlich mod-
els. Based on these results, we concluded that the Langmuir 
isotherms displayed the lowest values of the error func-
tion. This suggests that the Langmuir isotherms fits the 
results better than the other models. Table 4 shows a com-
parison of the adsorption capacity (qe) of different materials 
reported in the articles as adsorbent for CIP adsorption from 
aqueous solution under different experimental conditions.

3.7. Thermodynamic studies

The thermodynamics of the adsorption process was 
also investigated. The thermodynamic parameters such as 
entropy (ΔS°), enthalpy (ΔH°), standard Gibb’s free energy 
(ΔG°) were obtained using the following equations.

K
q
C
e

e
0 = 	 (17)

�G RT K� � � ln 0 	 (18)
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Fig. 9. Intraparticle diffusion kinetic plots for adsorption of 
CIP on AFAC.
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lnK S
R

H
RT0 �

�
�

��

�
�

�

�
�

�

�
�

�

�
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� � 	 (19)

where R is the gas constant (8.314 J/mol K), T is the absolute 
temperature (K). ΔH° and ΔS° were obtained as the gradi-
ent and intercept of the plot of lnK against 1/T respectively 
(Fig. 10).

The ΔS°, ΔG° and ΔH° are important parameters in 
assessing the thermodynamics of the adsorption systems, 
and these parameters are presented in Table 5. Negative 
Gibb’s free energy value showed that the sorption pro-
cess was both spontaneous and feasible. The values of 
ΔG° decreased from –0.079 to –5.61  kJ/mol as temperature 
increased. This suggests that the driving force increased at 
a higher temperature, which increases the level of adsor-
bate uptake. Positive entropy value, that is, (ΔS° = 0.178 kJ/
mol) indicated increased randomness at the adsorbate–
adsorbent interface. Also, the positive ΔH°  =  52.70  kJ/mol 
confirmed the process to be endothermic.

3.8. Regeneration studies

To make the material more economical, the desorption 
of adsorbed CIP was of great significance for the reuse of 
adsorbents. The desorption efficiency of the AFAC was eval-
uated by performing adsorption–desorption experiments 
for five consecutive cycles. The results of the desorption 

showed that higher desorption (91.5%) when H2SO4 is used, 
while the percentage of desorption was 84.5% and 28% 
when HCl and H2O were used, respectively. The removal 
efficiency of AFAC in each adsorption cycle is shown in 
Fig. 11. The removal efficiency of all cycles remained almost 
unchanged, and from the first to the fifth stage, about a 7% 
reduction in removal rate was observed.

4. Conclusion

The removal efficiency of CIP by AFAC increased with 
increasing contact time, shaking speed, and CIP amount. 
The removal efficiency of CIP reached maxima (almost 
100%) in 75  min. Similarly, the adsorption rate reached 

Table 3
Isotherm models and error analysis parameters for CIP 
adsorption onto AFAC

Langmuir model Freundlich model D–R model

qm 35.14 n 1.745 qm 38.83
b 0.395 KF 5.056 K 0.0141
R2 0.998 R2 0.872 E 2.25
SSE 1.161 SSE 10.22 R2 0.912
SAE 0.925 SAE 9.611 SSE 4.512
ARE % 3.115 ARE % 7.725 SAE 7.157
HYBRID 2.343 HYBRID 8.381 ARE 9.816
MPSD 1.632 MPSD 10.317 HYBRID 8.393

Table 4
Comparison of the maximum adsorption of various adsorbent for CIP

Adsorbents qe (mg/g) Reference Adsorbents qe (mg/g) Reference

AC-palm leaflets 48.91 [26] Multi-walled carbon  
 nanotubes (MWCNTs)

112.5 [4]

Granular AC 28.25 [7] Synthesized NiO 81.29 [10]
Schorl 56.95 [8] Magnetic-AC 29.19 [27]
MgO nanoparticles 84.93 [9] CuO nanoparticles 89.46 [45]
SBA-15 45.19 [36] Carbon xerogel 74.34 [3]
Kaolinitic clay 21.76 [49] Coal fly ash 29.14 [30]
Birnessite 66.79 [26] Bamboo charcoal 59.35 [50]
Hazelnut-AC 31.25 [5] AFAC  35.14 This study
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Fig. 10. Van’t Hoff plot for the adsorption of CIP removal.

Table 5
Values of thermodynamic parameters for the adsorption of CIP 
onto AFAC

Temperature (K) ΔG°  
(kJ/mol)

ΔH°  
(kJ/mol)

ΔS° 
(kJ/mol K)

293 –0.079

52.7 0.178
303 –1.12
313 –2.9
323 –5.61
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maximum efficiency when the AFAC dose was 2.5  g/L. 
Based on the kinetic data, the pseudo-second-order model 
was able to describe the adsorption kinetics of the CIP. The 
linear regressions with five error functions revealed that 
the CIP adsorption onto AFAC best fitted the Langmuir iso-
therm in terms of the R2 and error values. Thermodynamic 
studies showed that the adsorption process was sponta-
neous and endothermic, and followed a physisorption 
mechanism. Therefore, AFAC was found to be a suitable 
alternative to other adsorbents in removing CIP from 
aqueous solutions.
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