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ABSTRACT

The removal of Ciprofloxacin (CFX) on SiO, nanoparticle was performed as a function of initial CFX
concentration, contact time at fixed pH and adsorbent dose and characterized using scanning
electron microscopy (SEM) and Brunauer Emmett Teller (BET) surface area. Amount of CFX
uptake increased with increasing contact time and decreased concentration of initial CFX.
Adsorption behavior was well described by pseudo second-order kinetic model. It was observed
that equilibrium dye uptake significantly increased from 49.01 to 174.58 mg/g when initial CFX
concentration increased from 25 to 100 mg/L. Experimental data were well fitted to Langmuir,
Freundlich and Temkin and Dubinin-Radushkevich (D—-R) models. Three different error functions
were conducted to find better model to describe the experimental data. The lower values of error
functions exhibited that Langmuir model was more suitable for the adsorption of CFX, which
implied a homogeneous sorption phenomenon.
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1. INTRODUCTION

Recently, pharmaceuticals have been considered
as a class of emerging pollutants due to their
frequent use and persistence in the environment,
even at low concentration [1,2]. The introduction
of these compounds in the ecosystem through
human and animal resources can constitute a
potential risk for many organisms that are
present in the environment [3,4]. Other weighty
contamination ways are waste effluents from
hospitals and pharmaceutical industries, but
there are also sewage networks and landfills [5].
In fact, unused and expired drugs are usually
directly discharged in the sewer network and
garbage [6].

As one species of fluoroquinolone, ciprofloxacin
(CIP) is frequently used and detected in the
environment due to its broad-spectrum
antibacterial property and high mobility [7].
Furthermore, it may pose a serious risk to the
living organisms by enhancing bacterial drug
resistance. However, the removal of CIP from
aqueous solution is difficult by present water
treatment methods [8,9].

It follows that antibiotics need to be removed
before the effluents are discharged into rivers
[10,11]. However, this has always been a major
problem because of the difficulty of treating such
wastewaters by conventional methods [12,13].
Biological procedures, although widely utilized in
the removal of antibiotics, are very inefficient,
because of the low biodegradability of antibiotics
[14]. A variety of other methods, including
chemical oxidation, photocatalysis, coagulation,
and electrochemical and adsorption techniques,
has been examined [15,16].

Adsorption techniques have been widely applied

to the treatment of industrial wastewater
containing dyes, heavy metals, and other
inorganic and organic impurities [17]. The

adsorption phenomenon has been known since
the 17" century when it was discovered that
porous materials have the property of adsorbing
gases and, subsequently, the same phenomenon
was observed for solutions [18]. Adsorption has
been found to be one of the most efficient
physicochemical processes, superior to many
other techniques for water reuse in terms of the
simplicity of operation [19]. If the adsorption
system is designed correctly, it will produce a
treated effluent of high quality. Activated carbon
has been widely used for this purpose because

of its high adsorption capacity [20]. However, its
high cost sometimes tends to limit its use.
Several nonconventional, low-cost adsorbents
have also been ftried for inorganic and organic
impurities removal [21,22].

The nanotechnology and use of the nano-
material is one of the effective innovations to
remove the pollutants which have gained many
interesting among the societies [23]. The
nanoparticles have been used in various studies
to remove a number of pollutants such as dyes,
antibiotics, heavy metals, etc [24]. Those studies
showed that the nanoparticles has considerable
efficacy in removal of mentioned pollutants. This
substantial efficacy is due to the unique features
of these materials including high adsorption
capacity, simplicity in operation, rapid adsorption
process, etc [25].

Objective of the present study, were to examine
the potential of a SiO, nanoparticle for the
removal of commonly used antibiotics, CFX and
to determine equilibrium and kinetic parameters
for CFX in a batch system as a function of initial
CFX concentration and contact time.

2. MATERIALS AND METHODS

Ciprofloxacin was obtained from Sigma (Sigma—
Aldrich Chemical Co., St. Louis, USA). The
chemical structure and properties of CFX is given
in Table 1. Stock CFX solution was prepared in
distilled water as 1.0 g/L. For the adsorption
studies, the adsorbent suspension was prepared
by using this SiO, nanoparticle. Adsorption
studies were performed in 250 mL Erlenmeyer
flask containing 100 mL of CFX solution at
different concentrations. The pH of each solution
was adjusted to required value with diluted or
concentrated HClI and NaOH solutions before
mixing the adsorbate and adsorbent. The initial
CFX concentrations were adjusted to 25, 50, 75
and 100 mg/L. These flasks were agitated on the
orbital shaker at 150 rpm for 90 min to ensure
equilibrium. Samples (10 mL) were taken before
mixing of adsorbent suspension with CFX
bearing solution, then at time intervals (10, 20,
30, 45, 60, 75, 90 and 120 min) for the
determination of residual CFX concentration.
After that, samples were centrifuged to
precipitate suspended biomass at 3600 rpm for
10 min. The concentration of CIP in the solution
after equilibrium was determined by a HPLC
(C18 ODS column) with a UV detector 2006 at a
wavelength of 277 nm. The mobile phase was
0.05 M phosphoric acid/acetonitrile with a
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volumetric ratio of 87/13 with an injection
flow rate of 1 mL/min. Duplicates experiments
were carried out and used data in the
present study were the mean values of two
replicate determinations. Amount of CFX uptake
per unit mass of adsorbent at time t (q;, mg/g)
and at equilibrium (ge, mg/g) were calculated by
using Egs. (1) and (2), respectively [26,27]:

q, = ooy 1)
qe = (CO—Nfe)V (2)

Where C,, Ct and C, represent at initial, at t
time and at equilibrium concentrations of CFX
(mg/L) in the solution, respectively. V is the
volume of solution (L), and M is the mass of
adsorbent (g).

3. RESULTS AND DISCUSSION

The CFX nanoparticles were purchased from
Research Institute of Petroleum Industry (RIPI),
Tehran, Iran which was used to study the
adsorption characteristics of CFX from aqueous
solutions. The total surface area was determined
from N2 adsorption-desorption isother°C using a
Sorptomatic 1990 apparatus (Thermo Electron
Corporation). The specific surface area of SiO2
nanoparticles was reported to be greater than
210 m2/g. The SEM images of this adsorbent
were provided, using a Philips XL30 scanning
electron microscope (SEM). SEM images shows
that the size of the nanosorbents was spherical
in shape with the diameter of about 10-25 nm.
This image (Fig. 1) shows the porous surface of
this adsorbent and reveals that it can be proper
adsorbent for CFX removal.

3.1 Adsorption Isotherms

Adsorption isotherm studies using linear form
models. The adsorption data that depends on the
extent of adsorption with the increase in CFX
concentration were analyzed using isotherm
models; Freundlich, Langmuir, Temkin, and
Dubinin—Radushkevich (D-R) models in linear
form and its corresponding isotherm parameters
were evaluated.

Langmuir isotherm model demonstrates a
monolayer adsorption mechanism with
homogeneous adsorption energies and is
described by the following Eq. (3) [28,29]:

— X (3)

qm KL Ce

1
de dm

Where g, and K are Langmuir constants related
to monolayer adsorption capacity (mg/g) and
adsorption energy (L/mg), respectively.

Freundlich isotherm model describes the
multilayer adsorption of lead ions on the
adsorbent surface with heterogeneous surface
energy and is expressed in the linear form as Eq.
(4) [30,31]:

Logg,. =logK, +lLogCe (4)
n

Where g, (mg/g) is the amount of CFX adsorbed
per gram of adsorbent at equilibrium, Ce (mg/L)
is the equilibrium concentration of CFX remained
in the solution, K and 1/n are Freundlich
constants that can be related to the adsorption
capacity of the adsorbent ((mg/g)(L/mg)””) and
the intensity of adsorption, respectively.

Temkin isotherm model assumes that the heat of
adsorption of ions in the layer decreases linearly
with coverage, which is due to the adsorbate and
adsorbate interactions. Temkin model is given by
Eq. (5) [32,33]:

g, =BInK; +BInC, B== (5)
Where b is the Temkin constant (J/mol) related to
the adsorption heat, T is the absolute
temperature (K), R is the gas constant (8.314
J/mol K), and Ky is the Temkin isotherm constant

(L/g).

Dubinin-Radushkevich (D-R) isotherm model is
applied to identify the nature of adsorption
processes. The linear form of D-R isotherm
equation is given by Eq. (6) [34,35]:

logg, =Inq,, — B¢’ (6)

Where q, is the adsorption capacity (mol/g), qn, is
the maximum adsorption capacity, i.e. the
amount of CFX at complete monolayer coverage
(mol/g), B is the parameter related to the
adsorption energy (mol*/kJ?) and ¢ is the Polanyi
potential (¢ = RT Ln (1 + 1/C,). The value of Ky is
related to the adsorption energy, E (kJ/mol),
which is defined as the free energy change
required to transfer a molecule from solution to
the solid surfaces. The adsorption energy can be
calculated by Eq. (7) [36, 37]:

E=—— (7)

A plot of Ln ge vs. €2 will give the values of 3 and
gm from the slope and intercept.
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Table 1. Ciprofloxacin molecular structure and physical chemical properties

Parameter

Character/ Value

Molecular structure

Y

A !

CAS number 85721-33-1
Molecular formula C17H1gFN303
Molecular weight 331.35 g/mol

Solubility in water

150-6190 mg/L at 20°C

Fig. 1. a: SEM image and b: TEM image of the SiO, nanoparticle

The adsorption energy, E, gives information
about adsorption mechanism as chemical ion-
exchange or physical adsorption. If E value <8
kJ/mol, the adsorption is physical in nature,
whereas, if 8<E<16 kJ/mol, the ion exchange is
the adsorption mechanism, while if E>16 kJ/mol,
the chemical adsorption occur.

The dimensionless separation factor (R),
defined by Eq. (8), is an important characteristic
of Langmuir isotherm. This factor explains the
nature of the adsorption process on
the adsorbent (R >1, unfavorable; R =1,
linear; 0<R, <1, favorable; and R, >0, irreversible
[38,39]:

1

R.= (8)

1+Ky,Co

The values of isotherm constants and the
correlation coefficients (R?) are presented in

Table 2. The standard deviation (SD) and the
statistical errors as the residual sum of square
error (RSSE) and the root mean square error

(RMSE) are also placed in Table 1 and
calculated according to Egs. (9)- (11) as follow
[40-42]:

SD= \/ [(de exp qecal)/qecal] % 100 (9)

RSSE= Z{“:l(qeexp — Qe ca))? (10)

RMSE= \/ZNe (de exp— llecal)] (11)

Ne
Where ge exp and q; ca are the amounts of CFX
adsorbed experimentally and calculated from the
model at time t, respectively, N is the number of
experimental data points, and e is the number of
parameters in the model. A model is considered
as good if the correlation coefficient (R?) is high,
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and all statistical errors and SD are minimum.
From Table 2, it was observed that the Langmuir
isotherm model has higher correlation coefficient
(RZ) and lower in SD, RMSE, and RSSE when
compared to the other models.

Where R? for adsorption of CFX onto SiO,
nanoparticle are 0.999, 0.794, 0.803, and 0.946
for Langmuir, Freundlich, Temkin, and D-R
isotherm models, respectively. Also, SD, RMSE
and RSSE of Langmuir model are 0.0071, 0.146,
and 0.595, which are lower than that for the other
models. Thus the isotherm data follow the
Langmuir model. Therefore, the adsorption
process of CFX onto SiO, follows the Langmuir
isotherm model, indicating a monolayer
adsorption sites with homogeneous nature of the
adsorbent without any interaction between
adsorbed molecules. R, values were calculated
from the entire concentration range studied and
presented in Table 1. From this table, it shows
that the value of separation factor (R,) is 0.0632,
indicating favorable adsorption. The calculated E
values for CFX adsorption onto SiO, nanoparticle
was 2.241 kJ/mol, thereby suggesting that the
adsorption process may be carried out via
physical adsorption.

3.2 Adsorption kinetics

The effects of contact time on the adsorption of
CFX onto SiO, and the percentage of CFX
removed at four different initial CFX
concentrations are illustrated in Fig. 2. Hence it
appears that a rapid initial uptake occurs, with
equilibrium reached in less than 75 min. The
adsorption capacity at equilibrium increased from
49.01 to 174.58 mg/g, as the initial CFX
concentration increased from 25 to 100 mg/L.
Particularly noteworthy is the speed of adsorption
for all concentrations, a feature common to all
the other initial CFX concentrations studied in
this work irrespective of the temperature. Thus, a
contact time of less than 30 min was invariably
sufficient to reach equilibrium. The fast uptake of
the CFX molecules is due to solute transfer, as

there are only sorbate and sorbent interactions
with negligible interference from solute solute
interactions [30]. Also The CFX showed a fast
rate of sorption during the first 30 min of the
sorbate—sorbent contact and the rate of amount
removal becomes almost insignificant with
increasing contact time due to a quick exhaustion
of the adsorption sites. The rate of amount CFX
removal is higher in the beginning due to a larger
surface area of the adsorbent being available for
the adsorption of the CFX [37].

The adsorption kinetics of CFX onto SiO,
nanoparticle is already apparent in Fig. 2 at the
initial concentrations of 25, 50, 75 and 100 mg/L.
The data were analyzed by applying pseudo-first-
order (Eq. 12), pseudo-second-order (Eq. 13),
and intraparticle diffusion (Eq. 14) models in
order to gain a better understanding of the
adsorption process [43-46].

Log (G — a) = log g — 3+t (12)
t _ 1 t

q_t " kpqe? +q_e (13)
q = Ky t%%+ | (14)

In the above equations, q. (mg/L) and q; (mg/L)
are the amounts of CFX adsorbed at
equilibrium and at any contact time of adsorption
t (min), respectively; Ki; (1/h), K, (g/mg. h),
and K (mg/g. h"™) are the pseudo-first-
order, pseudo-second-order, and intraparticle
diffusion rate constants, respectively. According
to Eq. (12), the plot of Ln (ge — qi) versus t,
and according to Eq. (14), the plot of q;
versus t"?should each give a straight line for the
respective model to be applicable. However,
neither equation fitted well for the whole range of
concentrations at any contact time, showing poor
correlation coefficient values. Accordingly, the
experimental data do not conform to either of
these models. According to Eq. (13), the plot of
t/qt against t should be linear, as is shown in fact
to be the case (Fig. 3). The pseudo-second-order

Table 2. Isotherm constants for the adsorption of CFX onto SiO2 nanoparticle

Langmuir D-R Freundlich Temkin
Om 174.5 Om 115.6 Ke 5415 Kr 0.372
R 0.0632 E 2.241 n 1.652 B 5.192
R’ 0.9991 R? 0.946 R? 0.794 R? 0.803
SD 0.0071 SD 1.754 SD 3.495 SD 3.461
RMSE 0.146 RMSE 4.684 RMSE 6.518 RMSE  8.172
RSSE 0.0595 RSSE 3.125 RSSE 8.721 RSSE 5.925
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Fig. 2. Effect of contact time on the adsorption of CFX onto SiO, (adsorbent dose = 0.5 g/L, pH
=7, temp = 30 * 2°C)

Table 3. The results of kinetic model studies related to the CFX adsorption onto SiO,
nanoparticle

Co (mg/L) (Ge) exp Intraparticle diffusion

Kd | R2 SD RMSE RSSE
25 9.981 0.819 11.82 0.841 1.414 3.512 5.612
50 24.82 0.711 14.71 0.795 2.198 5.498 3.745
75 47.09 0.521 19.24 0.824 1.728 6.147 4.159
100 84.72 0.307 21.46 0.819 2.746 3.866 4.045
Co (mg/L) (Ge) exp Pseudo-first order

(9e) cal K, R’ SD RMSE RSSE
25 9.981 3.127 0.059 0.789 3.156 6.197 3.115
50 24.82 8.341 0.047 0.848 3.875 5.852 3.954
75 47.09 14.36 0.038 0.871 4.189 6.963 4154
100 84.72 29.34 0.026 0.869 5.951 7.452 4.872
Co (mg/L) (%e) exp Pseudo-second order

(9e) cal K, R? SD RMSE RSSE
25 9.981 9.064 0.068 0.998 0.084 1.086 1.295
50 24.82 22.73 0.041 0.999 0.095 0.842 1.046
75 47.09 4135 0.015 0.997 0.484 0.691 0.829
100 84.72 81.64 0.0084 0.998 0.545 0.486 0.446

rate constant K2 and the corresponding linear
regression correlation coefficient values, R2 and,
are given in Table 2. From Table 2, it was
observed that the Langmuir isotherm model has
higher correlation coefficient (R2=0.997-0.999)

and lower in SD, RMSE, and RSSE when
compared to the other models at all
concentrations. These results indicate that the
adsorption data conform well to pseudo-second-
order kinetics for the entire adsorption process.
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Fig. 3. Pseudo-second order kinetic models for CFX adsorption at different concentrations

4. CONCLUSION

The present study revealed SiO, nanoparticle
had a potential to remove CFX from aqueous

solution. The behavior of batch adsorption
kinetics was well described by pseudo-
second-order  kinetic model. From the
results of R? and the error functions, Langmuir

models were well fitted to the experimental data
than those of Freundlich and Temkin, and
Dubinin—Radushkevich (D—R) model.
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