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a b s t r a c t
This study aims to investigate the solid-phase extraction procedure of the most prescribed 
antibiotics in the world, ciprofloxacin, by using aluminosilicates grafted chitosan (Al2O3@SiO2-
chitosan). The green adsorbent was synthesis via sol–gel process, and cross-linking with chitosan, 
in the presence of glutaraldehyde as chelating agent. The results show that the extraction yield 
of ciprofloxacin removal decreases in acidic medium, more than 52% of adsorption yield was 
obtained with an optimal pH solution of 5.77. The kinetic study shows also that ciprofloxacin 
adsorption was very fast at the initial stage of contact time up to 30 min when the equilib-
rium adsorption was established. The maximal adsorption capacity was found to be 31 mg g–1, 
under optimum conditions. Ciprofloxacin uptake process followed the pseudo-second-order 
rate expression. Equilibrium isotherm for ciprofloxacin has been modeled successfully using 
Langmuir isotherm model. Thermodynamics study leads to a spontaneous and exothermic process 
for ciprofloxacin adsorption by Al2O3@SiO2-chitosan (ΔH = –08.49 kJ mol–1).

Keywords:  Adsorption; Al2O3@SiO2-chitosan; Sol–gel process; Ciprofloxacin; Kinetic and equilibrium 
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1. Introduction

The environmental impact of trace pharmaceuticals was
first brought to public attention in the 1990s, when phar-
maceutical residues were discovered in drinking water in 
Europe [1–3]. Several studies show that more than 55 phar-
maceuticals used are present in significant concentrations. 
Around 35 pharmaceuticals are found in concentrations 
up to 1,200 ng L–1 [4–6]. They are used for various applica-
tions, including anti-cancers, antibiotics, anti-inflammatory, 
anxiolytic, etc. and are particularly concentrated in hospi-
tal sewage [7,8]. The detection of pharmaceuticals in the 
environment and the analysis of their potential impacts to 
the human health and ecosystems have become relevant and 

emerging research subjects in order to find solutions and 
closing this emerging problem [9,10]. The contamination 
of environments by antibiotics, contributes to the develop-
ment of antibiotic resistance and promotes transmission to 
humans [11].

Wastewater treatment systems (WWTS) are not specifi-
cally designed for the removal of pharmaceuticals, and the 
concentration of some of these pollutants in water remains 
high even after treatment with the conventional methods 
[12,13]. Sewage water treatment employ biological and 
physical processes, which are less efficient to remove these 
residues, and the pharmaceutical contaminants can still 
exist in treated water. Adsorption is an alternative low-cost, 
easy process, ecofriendly technology and it is based on the 
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interaction of the pollutant with the adsorbent material. 
Different types of adsorbents interact with dyes, heavy met-
als and other organic substances and could achieve higher 
removal rates for pharmaceuticals than other conventional 
process [14–17]. Sol–gel process can offer the possibility 
for adsorbent preparation with specific surface character-
istics (specific surface, pore size distribution, surface area, 
size of pores, etc.), in the aim that surface adsorbent can be 
more compatible and adequate for chemical structure of 
adsorbed substance.

The aim of this study is to investigate the adsorption of 
ciprofloxacin with a hybrid material Al2O3@SiO2-chitosan, 
synthesis via sol–gel process. Chitosan was cross-linking 
Al2O3@SiO2 as chelating agent. This adsorbent was exam-
ined for ciprofloxacin adsorption in the batch process. The 
effects of analytical parameters, like mercury ion concentra-
tion, pH and contact time was reported. Eventually a kinetic, 
diffusion and thermodynamic studies were also carried.

2. Experimental

2.1. Reagents

All chemical reagents used in this work were of analyt-
ical grade. Aluminum nitrate hexahydrate (Al(NO3)3·6H2O; 
97%), ethanol (99%), acetic acid (99%), and tetraethoxysi-
lane (TEOS) were purchased from Sigma-Aldrich. Chitosan 
(D-glucosamine), and glutaraldehyde were purchased 
from Merck. Hydrochloric acid, polyethylene glycol (PEG), 
ammonia (36%), sodium hydroxide and ciprofloxacin (98%) 
were obtained from Sigma-Aldrich. Ultrapure water was 
used throughout the work. Stock and standard solutions 
of ciprofloxacin were prepared by dissolving an appro-
priate amount of product in ultrapure water. Solutions of 
lower concentrations were prepared by the dilution of stock 
solution.

2.2. Apparatus

Fourier-transform infrared spectroscopy (FTIR) charac-
terization was taken in Spectrum Two PerkinElmer model. 
KBr sample pellets were prepared by mixing sample and 
potassium bromide in a 1:75 ratio, pressing at 10 bar on 
a hydraulic press. The X-ray patterns of the adsorbent 
material was carried out using Rigaku MiniFlex 600 spec-
trometer in the 2θ range from 2.0° to 80.0° at a step of 
0.020°, with CuKα radiations (λ = 1.5418 Å). UV-Visible 
spectra were measured using PerkinElmer Lambda 25 
UV-Vis spectrophotometer. pH measurements for all solu-
tions were taken on a potentiometer Adwa AD1030 with a 
combined glass electrode.

2.3. Synthesis and preparation of Al2O3@SiO2-chitosan

The hybrid material Al2O3@SiO2-chitosan was pre-
pared by sol–gel method in the molar ratio of Al2O3@SiO2 
(9:1), respectively. Firstly, a mixture of Al(NO3)3·6H2O 
(0.18 moles), 50.0 mL of ultrapure water, 5.0 mL of HNO3 
was stirred vigorously in a quartz reactor under reflux con-
ditions (T° = 70°C). In other hand, TEOS (0.10 moles) was 
dissolved in 30.0 mL of ethanol, and kept stirred for 60 min, 

at room temperature. After that, TEOS solutions was added 
drop by drop in the quartz reactor containing aluminium 
nitrate. 10.0 mL of ammonia solution (5%), was then added 
to the reactional solution, and kept all the night in the quartz 
reactor at room temperature for gelation. Then, the wet gel 
was washed several times with ultrapure water and etha-
nol. The obtained xerogel was dried and calcined at 200°C 
for 24 h. Al2O3@SiO2 powder was dissolved again in ultra-
pure water, with 20, 0 mL of glutaraldehyde as cross-linking 
agent. Then, an homogenous chitosan solution (1.0 g of chi-
tosan; 50 mL of H2O; 5.0 mL acetic acid), was added to the 
mixture, and the reactional solution was kept for 4 h under 
room temperature. Finally, the hybrid material Al2O3@SiO2-
chitosan (Fig. 1) was washed several times with ultrapure 
water and ethanol for ciprofloxacin adsorption and removal.

2.4. Adsorption studies of ciprofloxacin onto Al2O3@SiO2-chitosan

The adsorption of ciprofloxacin has been investigated 
in solid-phase extraction from aqueous medium, in a batch 
process. 0.010 g of Al2O3@SiO2-chitosan was added to 30 mL 
of ciprofloxacin solution in a glass flask. The mixture was 
stirred at the appropriate time, necessary for adsorption 
equilibrium. The ciprofloxacin concentrations in the aque-
ous solution were determined, before and after adsorption, 
spectrophotometrically using UV-Vis spectroscopy. The 
adsorption yield (%) was determined using the following 
equation:

Adsorption yield % %( ) =
−
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The adsorption capacity of ciprofloxacin onto Al2O3@
SiO2-chitosan, qt (mg g–1), was calculated by the following 
equation:

q C C V M
Wt tmg/g( ) = −( ) ⋅ ⋅0  (2)

where C0, Ct and Ce, are the initial, time and the equilib-
rium concentrations of ciprofloxacin (mg L–1). V is the 
volume of aqueous phase, W is the weight of the mate-
rial adsorbent, and M is the atomic weight of ciprofloxa-
cin. The effect of contact time in ciprofloxacin adsorption 
was studied until 180 min, for initial Hg(II) concentration 
of 20.0 mg L–1. To investigate the effect of ciprofloxacin 
concentration, 0.01 g of Al2O3@SiO2-chitosan was mixed 
with various concentrations of ciprofloxacin, ranging from 
10.0 to 100.0 mg L–1 for 180 min until equilibrium state 
reached. The effect of initial pH solution on ciprofloxa-
cin removal was studied by varying pH in the range from 
1.0 to 9.0 at room temperature. Along with the parameter 
effects described above, ionic strength, and temperature 
effects were also reported in this work.

3. Results and discussion

3.1. FTIR analysis of Al2O3@SiO2-chitosan

Fig. 2 shows the infrared spectrum for Al2O3@SiO2-chitosan 
adsorbent before (a) and after (b) ciprofloxacin adsorption. 
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The peak at 596, 641 and 751 cm–1 can be attributed to the 
Al-O vibrations. The peaks from 400 to 448 cm–1 explains 
Si-O stretching vibration [18]. The bands at 1083 cm–1 cor-
respond to H-N-H deformation vibration. A large peak was 
observed near 1636 cm–1 assigned to υ (-CO) stretching in 
carboxylate groups on chitosan matrix. The peak at 1384 rep-
resents the characteristic stretching vibration of glucosamine 
ring in chitosan polymer [19].

All these peaks prove that chitosan was successfully 
grafted onto Al2O3@SiO2 surface with glutaraldehyde. 

The FTIR spectrum after ciprofloxacin adsorption indicates 
the same peaks and bands of Al2O3@SiO2-chitosan with 
a slight shift, suggesting that ciprofloxacin has been well 
attached to the surface of adsorbent.

3.2. X-ray diffraction analysis of Al2O3@SiO2-chitosan

Fig. 3 depicts the powder X-ray diffraction patterns of 
the Al2O3@SiO2-chitosan adsorbent. The diffractograms of 
the adsorbent show similar and typical looks of crystalline 
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Fig. 1. Sol–gel process synthesis way of Al2O3@SiO2-chitosan adsorbent.
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Fig. 2. FTIR spectra of Al2O3@SiO2-chitosan before (a) and after (b) ciprofloxacin adsorption.
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materials. We note the presence of the first peak at 25.83 
(100) corresponds to the SiO2 phase [18]. The crystals of Al2O3 
consist of monoclinic and cubic matrix. The peaks at 35.43 
(104), 38.05 (110), 43.63 (113), and 68.47 (300) were attributed 
to the Al2O3 crystalline phase. The estimation of the crys-
talline particle size was calculated by the Debye-Sherer for-
mula and the mean average size was found to be 54 nm. 
No changes in the diffraction patterns are observed of the 
cross-linking chitosan, and this result confirms that chitosan 
structure was grafted only onto the solid surface without 
changing the crystalline structure of Al2O3@SiO2 [20].

3.3. Morphology and textural analysis of Al2O3@SiO2-chitosan

The results of Al2O3@SiO2-chitosan microstructure anal-
ysis investigated by scanning electronic microscopy (SEM), 
before and after ciprofloxacin adsorption are shown in Fig. 4. 
From SEM micrographs, it can be seen clearly the presence 
of different irregular and spherical aggregates, which are 
mostly agglomerated from a small crystal size around 1 μm 
to large crystal size around 20 μm [21]. After ciprofloxacin 
adsorption, the pores are less visible and the SEM micro-
graph indicates more graininess and smooth surface, with 
a layered structure. We suggest that the available surface 
was well saturated with ciprofloxacin molecules [22].

3.4. Effect of pH solution on ciprofloxacin adsorption

The pH solution is an important parameter influenc-
ing the ciprofloxacin adsorption, because the later has two 
acid dissociation constants (pKa), 2.5 and 8.7 respectively. 
Ciprofloxacin presents a cationic structure (pH < 2.5), zwit-
terionic forms (2.5 < pH < 8.8), or anionic forms (pH > 8.7). 
The effect of pH solution on ciprofloxacin removal was 
examined in the range from 2.0 to 9.5 (Fig. 5). The cipro-
floxacin adsorption yield increases with increasing pH solu-
tion for both initial concentrations of 5.0 and 10.0 mg L–1. 

The maximal removal yields observed were 68% and 51% 
at pH values of 5.5 and 5.7 for initial concentrations of 5.0 
and 10.0 mg L–1, respectively. In contrast, the ciprofloxacin 
adsorption decreases when pH increases from 6.0 to 9.5, 
due to the electrostatic repulsion between the negatively 
charged chitosan (pH solution exceed pHPzc), and ciproflox-
acin molecules [23,24], Also, the ciprofloxacin molecules is 
attracted by the alkaline solvent as pH solution increases.

3.5. Effect of contact time on ciprofloxacin adsorption

The contact time adsorption is an important parameter 
in equilibrium studies, also it provides valuable informa-
tion about the mechanism of adsorption and the kinetic 
determining step in the process. Fig. 6 shows respectively 
the adsorption yield and capacity for ciprofloxacin removal 
on Al2O3@SiO2-chitosan. The experimental data shows that 
the uptake of the ciprofloxacin was very fast in the first 
30 min, however, after that, the amount of ciprofloxacin 
adsorbed remaining approximately constant and equilib-
rium time was reached in about 60 min [25,26]. The half 
adsorption times for ciprofloxacin removal on Al2O3@SiO2-
chitosan was less than 10 min. The adsorption kinetic was 
very fast, suggesting that the rate determining step might 
be the apparent chemical adsorption.

3.6. Kinetic modeling of ciprofloxacin adsorption

In order to analyze kinetic data for ciprofloxacin adsorp-
tion on Al2O3@SiO2-chitosan, some of the commonly empirical  
models were applied. Pseudo-first-order, pseudo- second-
order and intraparticle diffusion model was applied to deter-
mine the rate limiting step.

The kinetic models were adjusted to the experimental 
data, using the following equations [8]:

q qt e
k t= −( )−1 1exp  (3)
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Fig. 3. X-ray diffraction patterns of the Al2O3@SiO2-chitosan adsorbent.
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where k1 (min–1) is the rate constant of the pseudo-first-order 
adsorption, qt and qe are the amount of ciprofloxacin adsorbed 
(mg g–1) at time t and equilibrium time, respectively.

The pseudo-second-order adsorption kinetic rate 
equation is [27]:

q
k q t
k q tt
e

e

=
+
2

2

21
 (4)

where k2 (g mg–1 min–1) is the rate constant of the pseudo- 
second-order adsorption.

The intraparticle diffusion model can determine the 
possibility of intraparticle diffusion resistance that may 
affect the adsorption process of the pharmaceutical mol-
ecules. The intraparticle diffusion rate model is obtained 
by the following equation [28]:

q k t Ct i= ⋅ +1 2/  (5)

where ki (intraparticle diffusion rate constant), and C is the 
constant rate equation.

The kinetic parameters and the linear correlation 
coefficient are listed in Table 1. The experimental data 
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Fig. 4. SEM micrographs of Al2O3@SiO2-chitosan microstructure before (a) and after (b) ciprofloxacin adsorption.
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(Table 1) are highly correlated (R > 0.99) and it success-
fully fitted by the pseudo-second-order models (Fig. 7), 
in which all calculated parameters were more adequate 
with experimental values [29]. The results show also, that 
intraparticle diffusion modeling for ciprofloxacin adsorp-
tion onto Al2O3@SiO2-chitosan shows a high deviation 
between experimental data and the theoretical intrapar-
ticle model (Table 1). This result is in agreement with the 
above kinetic study leads to very fast adsorption process, 
limiting by chemical interaction of ciprofloxacin molecules 
with functional groups of Al2O3@SiO2-chitosan [30,31].

3.7. Adsorption equilibrium of ciprofloxacin

Experimental adsorption isotherm data of cipro-
floxacin onto Al2O3@SiO2-chitosan are shown in Fig. 8. 
Adsorption equilibrium gives an indication about the 
maximum adsorption capacity for the ciprofloxacin at 
certain operating conditions. It also allows identifying 
the nature of adsorption process; physical or chemical, 
and it gives insight into surface properties of adsorbent 
[31]. In order to study the effect of initial ciprofloxacin 
concentration on the adsorption capacity onto Al2O3@
SiO2-chitosan, several experiments were also undertaken 
by varying the initial ciprofloxacin concentration from 
the range 10 to 100 mg L–1, with fixed mass of Al2O3@
SiO2-chitosan (0.010 g). It can see clearly, that the adsorp-
tion capacity increases with increasing initial ciprofloxa-
cin concentration. The maximal adsorption capacity was 
31 mg g–1. We suggest that Al2O3@SiO2-chitosan is an 
effective adsorbent in separation and pre-concentration 
of ciprofloxacin from aqueous solution. Langmuir and 
Freundlich isothermal models were employed to evalu-
ate the obtained experimental data [32,33]. The Langmuir 
model is suitable for monolayer adsorption onto available 
surface, and expressed by the following equation:

q
q K C
K Ce

m L e

L e

=
+1

 (6)

The Freundlich model is an empirical equation used to 
describe heterogeneous adsorption systems, can be repre-
sented as follows:

q K Ce F e
n= ⋅ 1/  (7)

where Ce is the equilibrium concentration of ciprofloxa-
cin (mg L–1), qe the amount of ciprofloxacin adsorbed onto 
Al2O3@SiO2-chitosan, KL is the Langmuir adsorption constant 
(L mol–1), qmax is the maximum amount of ciprofloxacin that 
can be adsorbed, KF is the Freundlich adsorption constant 
and n is a constant which indicate the capacity and intensity 
of adsorption.

The Langmuir theoretical curve was found to be more 
adequate with the experimental data of ciprofloxacin 
adsorption (Table 2). The correlation coefficients were high 
(R = 0.99). The essential characteristic of Langmuir isotherm 

Table 1
Kinetic modelling of ciprofloxacin adsorption onto Al2O3@
SiO2-chitosan

Ciprofloxacin Parameters Value

Pseudo-first- 
 order

q(cal) 3.51
q(exp) 6.94
k1 (min–1) 0.0495
R 0.969

Pseudo-second- 
order

q(cal) 7.19
q(exp) 6.94
k2 (g mg–1 min–1) 0.0323
R 0.999

Intraparticle  
diffusion

q(cal) 8.31
q(exp) 6.94
kID (min–1) 0.415
R 0.801
C 2.75
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Fig. 7. Kinetic modelling of ciprofloxacin adsorption onto 
Al2O3@SiO2-chitosan; ciprofloxacin concentration = 10.0 mg L–1; 
Wads = 0.010 g; Vsol = 30 mL; agitation speed = 250 rpm.
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Al2O3@SiO2-chitosan, at room temperature; Wads = 0.010 g; 
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can be described by a separation factor, which is defined by 
the following equation:

R
k CL
L e

=
+ ⋅

1
1

 (8)

The value of RL indicates the nature of Langmuir iso-
therm, it is considered to be a favorable process when the 
value is within the range 0–1. So the calculated RL val-
ues (0.268), indicates a favorable adsorption process, and 
we suggest a monolayer adsorption of ciprofloxacin onto 
Al2O3@SiO2-chitosan. Multilayer adsorption from solution 
is highly uncommon compared than from the gas phase, 
because of the stronger screening interaction forces in 
condensed fluids [34,35].

3.8. Effect of temperature and thermodynamic study

In environmental engineering practice, both energy and 
entropy factors must be considered in order to determine 
which process will occur spontaneously. The Gibbs free 
energy change, ΔG is the fundamental criterion of sponta-
neity. The apparent thermodynamic parameters ΔH and ΔS 
for ciprofloxacin adsorption process were calculated from 
the slopes and intercepts of the linear variation of (lnKd) vs. 
(1/T) by the following expression [36].

lnK S
R

H
RTd � �

� �  (9)

The apparent free energy (ΔG) for ciprofloxacin 
adsorption was calculated by Eq. (10):

∆ ∆ ∆G H T S= −  (10)

Further, the thermodynamic equilibrium constant, Kd 
[Eq. (11)], obtained from the ciprofloxacin distribution 

between bulk solution and adsorbent surface, was used to 
compute the apparent thermodynamic parameters [37–39]:

K
C C V
C md

e

e

=
−( )0  (11)

The calculated apparent thermodynamic parameters for 
ciprofloxacin adsorption are summarized in Table 3.

The negative values of ΔG indicate a spontaneous cip-
rofloxacin adsorption process, with high affinity towards 
Al2O3@SiO2-chitosan surface. However, the negative values 
of ΔH, confirm an exothermic adsorption process (Fig. 9). 
The negative value of ΔS reflects the decrease in random-
ness at the solid–liquid interface of Al2O3@SiO2-chitosan, 
suggesting the presence of significant changes in the exter-
nal surface of adsorbent [40].

4. Conclusion

A green polymeric matrix Al2O3@SiO2-chitosan was 
investigated for ciprofloxacin adsorption. Several param-
eters examined in this work, including contact time effect, 
pH solution effect, the concentration of ciprofloxacin, and 
temperature. The results show that Al2O3@SiO2-chitosan 
exhibit, fast kinetic and potential adsorption capacity 
towards ciprofloxacin, around 31 mg g–1, in one adsorption 
cycle. The optimum pH solution for ciprofloxacin adsorption 
ranges from 5.0 to 5.5.

Table 2
Freundlich and Langmuir model constants for ciprofloxacin 
adsorption onto Al2O3@SiO2-chitosan

Models Parameters Ciprofloxacin

Langmuir model

KL 0.0273
qm 40.58
RL 0.268
R 0.99

Freundlich model
KF 1.52
n 1.44
R 0.97

Table 3
Thermodynamics parameters for ciprofloxacin adsorption onto Al2O3@SiO2-chitosan

Ciprofloxacin ΔH, (kJ mol–1) ΔS, (J mol–1 K–1) ΔG (kJ mol–1)

R = 0.986 –08.49 –26.49
283 K 293 K 303 K 313 K 323 K
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Fig. 9. Plot of (lnKd) vs. (1/T) on ciprofloxacin adsorption 
onto Al2O3@SiO2-chitosan; initial ciprofloxacin concentra-
tion = 10.0 mg L–1; Wads = 0.010 g; Vsol = 30 mL; agitation 
speed = 250 rpm.
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SEM micrographs analysis reveals the presence of cavi-
ties and different morphological and irregular shape. These 
micrographs also, noticed that the available surface of 
Al2O3@SiO2-chitosan was influenced by ciprofloxacin after 
adsorption. FTIR spectroscopy characterization confirms 
that chitosan was successfully cross-linked onto Al2O3@SiO2 
surface. The negative value of Gibbs free energy (ΔG) indi-
cates the spontaneous nature of ciprofloxacin adsorption. 
According to the simple synthesis approach, environmental 
friendliness, and adsorption efficiency, Al2O3@SiO2-chitosan 
could be a perfect alternative adsorbent for removal 
and uptake of ciprofloxacin from the aqueous medium.
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