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ABSTRACT

Nano-photocatalysis is an advanced oxidation process used to degrade resistant organic compounds.
This study was undertaken to investigate photocatalytic degradation of the antibiotic ciprofloxacin
(CIP) by zinc oxide (ZnO) nanoparticles immobilized on a glass plate in aqueous solution. The result-
ing nanoparticles were characterized by X-ray powder diffraction (XRD), scanning electron micros-
copy (SEM) and pull-off adhesion testing. The parameters influencing removal that were investigated
were pH, ZnO concentration, CIP concentration and contact time. Experiments were also conducted
under optimal conditions on wastewater from a hospital in the city of Kerman. The results of XRD
and SEM indicated that the ZnO immobilized on a glass plate was highly pure and uniform in size
(60-70 nm). The results of the pull-off adhesion test was 4.1 MPa. Optimum conditions were pH:
11, reaction time: 90 min, ZnO concentration on the plate: 0.6 g/L and initial concentration of CIP:
3 mg/L. The maximum removal achieved was 98.36% and 90.25% for the synthetic solution and hos-
pital wastewater, respectively. The photocatalytic degradation was linearly plotted and was found to
follow pseudo-first-order degradation kinetics and was consistent with the Langmuir-Hinshelwood
mode. The experimental data was analyzed using the Langmuir and Freundlich models of adsorption.
The equilibrium data fitted well with the Freundlich model. Thermodynamic studies showed that
adsorption was an exothermic process. Nano-photocatalysis using ZnO immobilized on a glass plate
showed relatively high efficiency in removing ciprofloxacin from aqueous solutions and can be rec-
ommended for such purposes.
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1. Introduction

Antibiotics enter the water and the environment through
wastewater from residences, pharmaceutical industries, hos-
pitals, veterinary clinics, agricultural production and fish
farming pools [1,2]. One major group of antibiotics found
in these environments is fluoroquinolones. Antibiotics well
known in this class include ciprofloxacin (CIP), ofloxacin and
norfloxacin. CIP is used globally for human and veterinary
purposes [3].

* Corresponding author.

The presence of CIP in wastewater and surface water,
even in low concentrations, is an emerging environmental
problem because of its continuous input and persistence in
the aquatic ecosystem. Many studies have reported on the
large number of pharmaceuticals in natural water and even
in drinking water [3-5]; therefore, the removal of pharma-
ceuticals from aqueous solutions before entrance into the
environmental cycle is crucial [6]. Biological degradation
options for treating antibiotics have proven to be weak, but
physiochemical processes such as advanced oxidation, ion
exchange, adsorption on activated carbon and reverse osmo-
sis can be used.
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Advanced oxidation processes (AOPs) are more effective
and widely used for treating wastewater containing pharma-
ceuticals with the goal of complete removal of the contami-
nation [7]. Photocatalytic oxidation is an AOP with powerful
degradation ability against hydroxyl radicals for removing
organic contaminants [8-10]. In photocatalytic degradation,
the energy of light from ultraviolet (UV) rays or sunlight
stimulates the surface electrons as photons when they come
into contact with the catalyst atoms present in a sample [11].
These reactions are schematically shown in Fig. 1.

This stimulation causes excitation of the conduction band,
resulting in movement of the electrons from the valence layer
to the conduction band. The results of this change are gener-
ation of electron-hole pairs leading to development of free
radicals as *OH or other radicals. The present compounds
can be oxide organic materials [11]:
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Among different catalysts which can be used for photoca-
talysis, ZnO and TiO, have been more of interest than others.
Zn0O is more useful than TiO, because of its larger band gap
and better stimulation by UV rays [12,13]. The application
of nanosized catalysts for degradation of different contam-
inants brings about good adsorption results because ZnO
nanoparticles offer attractive optical characteristics and a
small size [14-16].

ZnO nanoparticles are toxic in suspension form; thus, for
aqueous ecosystems [17], immobilization of nanoparticles on
inert surfaces has been proposed [18,19]. Immobilization of
ZnO nanoparticles on an inorganic plate can increase the cat-
alyst lifetime in the reactor and has greater potential for reuse
of the catalyst [19,20]. In previous studies, substrates such as
quartz particles [21], chitosan grains [22] and silica gel gran-
ules [23] have been investigated.

Immobilization of nanoparticles on a glass plate prevents
them from entering the aqueous environment [1]. The diffi-
cult recovery and UV light dispersion using nanoparticles in
suspension form in photocatalytic processes can be solved by
their immobilization on glass [19]. Furthermore, immobiliza-
tion of ZnO nanoparticles on a glass plate can also improve
their photocatalytic activity in comparison with that of sus-
pended ZnO [18].

Darvishi Cheshmeh Soltani et al. [8] used photocatal-
ysis with nanoparticles immobilized on a glass plate for
degradation of formaldehyde in aqueous solutions. Akyol
et al. [18] studied photocatalysis using ZnO nanoparticles
for color removal. Malakootian et al. [24[, Malakootian
and Hashemi Cholicheh [25], Malakootian et al. [26]
employed nano-photocatalysis for removal of organic
and inorganic contaminants. There have been no reports
thus far on the use of ZnO nanoparticles immobilized on a
glass surface as photocatalysts for the photocatalytic deg-
radation of CIP in aqueous media. Considering the impor-
tance of subject, the current research was undertaken to
study the efficiency of ZnO nanoparticles immobilized on
a glass plate for degrading CIP in aqueous solution using
UV rays.
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Fig. 1. Schematic diagram of mechanism of photocatalytic reaction taking place on the surface of ZnO nanoparticles immobilized on

a glass plate.
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2. Method
2.1. Materials

CIP with a purity of 99% was purchased from Tamad
Pharmaceuticals (Tehran, Iran). The ZnO nanoparticles (aver-
age particle size 60-72 nm; specific surface area = 15-25 m?/g)
of experimental purity were purchased from Sigma-Aldrich
(USA) and used without further purification. ZnO nanopar-
ticles were supplied in white powdered form. Sulfuric acid
and sodium hydroxide of experimental purity were supplied
by Merck (Germany). H,SO, and NaOH 0.1 N solutions were
used to adjust the pH where necessary.

2.2. Immobilization of ZnO nanoparticles on glass plates

Different concentrations of ZnO nanoparticles were pre-
pared in double-distilled water. This mixture was then placed
on a magnetic stirrer for 1 h at 300 rpm. Thereafter, it was
heated at 50°C for 90 min in an ultrasonic device to obtain
a completely homogeneous suspension [8,20,27]. Three glass
plates with dimensions of 20 x 3 cm were used as beds on
which to immobilize the ZnO nanoparticles. The surfaces of
these plates were sandblasted to improve adhesion of the
ZnO nanoparticles. Next, to activate the surface of the glasses
for better immobilization, they were placed in concentrated
NaOH for 24 h. After removal of the glass plates from NaOH,
they were washed with deionized water several times until
the pH of the rinse water reached a value of about 7 [20,27]. In
the next stage, the suspension was uniformly coated onto the
glass surface and dried at room temperature for 24 h. For cal-
cination of the coated glass plates, they were placed inside a
furnace at 450°C for 3 h [8,20,27]. The plates were thoroughly
washed with deionized water before testing for removal of all
unattached ZnO nanoparticles.

2.3. Photodegradation experiments

Direct photolysis (without catalyst) of the CIP was deter-
mined in the same reactor under similar conditions. The pollut-
ant removal efficiency of the UV/ZnO process was subtracted
from the removal efficiency of direct photolysis (CIP degra-
dation by UV light alone) and experiments in the dark. This
obtained the synergetic effects of the process and the percent-
age of adsorption by ZnO at different concentrations of CIP.

The experiments were performed using techniques set
forth in the Standard Methods for the Examination of Water
and Wastewater (20th edn.) [28]. The effect of CIP concentra-
tion (3, 5, 7 and 9 mg/L), pH value (3, 5, 7, 9 and 11), nano-
catalyst concentration (0.6, 1 and 1.4 g/L) and exposure time
(15, 30, 45, 60, 75 and 90 min) to a UV-C lamp with a peak
intensity of 254 nm (Philips, The Netherlands) 2 cm above the
surface of the glass plate on the removal efficiency of the anti-
biotic was investigated. Over the course of the research, the
parameters of interest were optimized. After reaching opti-
mal conditions, the experiment was performed on a sample
of hospital wastewater from the city of Kerman in southeast-
ern Iran. The physical and chemical characteristics of the hos-
pital wastewater are shown in Table 4. All experiments were
performed at room temperature (25°C * 1°C). The removal
efficiency of CIP from the synthetic and real solutions was
calculated as:

E x100

_ (CO _Cf)
= (10)

0

where E is the removal efficiency (%) and C, and C, are
the initial and equilibrium concentrations of CIP (mg/L),
respectively.

The kinetic degradation data were analyzed using the
Langmuir-Hinshelwood (L-H) and pseudo-first-order
kinetic models. The Freundlich and Langmuir isotherm lin-
ear models (without UV light) were used for assessing the
adsorption equilibrium data. The amount of drug adsorbed
onto the adsorbent was calculated as:

(C,-C )V

m

q. = (11)

where g, is the amount of equilibrium adsorption (mg/m?), V
is the solution volume (L) and m is the amount of adsorbent
employed (g).

2.4. Photoreactor

A reactor was designed and used for testing as shown in
Fig. 2 [8]. A cuboid experimental reactor made of Plexiglass
25 cm in length, 10 cm in width and 5 cm in height was used
for photocatalytic degradation of CIP in an aqueous phase.
The volume of the exploitable container was 750 cc. Three 6
W low pressure UV-C lamps (Philips) were deployed at the
top of the reactor. The reactor was designed such that the dis-
tance between the catalyst surface and the radiation source
was minimized to increase production of hydroxyl radicals
through stimulation of the catalyst. For reactor mixing, a per-
istaltic pump was used with a flow rate of 1 mL/s [8,20].

2.5. Analysis

The pH of the solution was measured by a pH meter
(Hanna Instruments, Japan). A UV spectrophotometer
(Shimadzu, Japan) was used to measure the CIP concentra-
tion in solution at A__ =276 nm. An ultrasonic device was
employed to synthesize the homogeneous suspension and
a digital balance (Shimadzu, Japan) to weigh the materials.

In Flow

Out Flow

Fig. 2. The system used for performing the nano-photocatalytic
process ((1) the reactor made of Plexiglass, (2) ZnO nanoparticles
immobilized on glass, (3) UV lamp, (4) the peristaltic pump).
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A furnace was used for calcination of the glass. Determination
of the structural characteristics of the immobilized catalyst
(constituent phases and crystal size of nanoparticles) was
done by X-ray powder diffraction (XRD) (GNR, MP 3000,
Italy). Analysis of the results was reported in SPSS 22 through
descriptive statistics.

The efficiency of photocatalytic degradation in real waste-
water containing CIP was carried out using a Knauer Smart
line HPLC (C8 column; 250 x 4.6 x 5 mm; Knauer-D-14163
Berlin, Germany) with a UV detector at a wavelength of
272 nm. The mobile phase was a mixture of 10 um HCl and
acetonitrile at a ratio of 80/20 (vol%) with an injection flow
rate of 1 mL/min. Scanning electron microscopy (SEM)
(MIRAG TESCAN, Czech Republic) was performed to detect
the morphology of the ZnO nanoparticles immobilized on
glass plates. Adhesion testing was done using an Elcometer
(model 108) at 25°C with 30% humidity (ASTM D 4541-09).

3. Results and discussion
3.1. XRD analysis of ZnO nanoparticles immobilized on a glass plate

Fig. 3 shows the XRD results of the chemical structure
of the ZnO nanoparticles immobilized on a glass plate.
The peaks represent the hexagonal structure of the ZnO
and are congruent with the standard spectra of the device
(Joint Committee Powder Diffraction Standards; JCPDS card
05-0664). The XRD spectra do not show extra peaks denoting
other elements. The XRD patterns indicate the crystal nature
of the ZnO with a crystal phase that is hexagonal (Wurtzite)
with no impurities.

3.2. SEM analysis of ZnO nanoparticle immobilized on glass plate

The surface morphology of the immobilized ZnO
nanoparticles was analyzed by SEM and the results are
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shown in Fig. 4. The figure shows that, after immobiliza-
tion of the nanoparticles on glass, their porosity remained
within desirable limits and their size was consistent. The
SEM images clearly show spherical ZnO nanoparticles of
60-72 nm in size.

3.3. Pull-off adhesion test

Pull-off adhesion testing of the immobilized ZnO
nanoparticles on glass plates showed a pull-off strength of
more than 4.1 MPa.

3.4. Comparison of processes involved in photocatalysis

Before evaluation of the effect of operational parameters
influencing photocatalytic degradation of CIP, the roles of
adsorption, photolysis and photocatalysis were determined
separately to achieve a better understanding of the efficiency
of the photocatalytic process itself. The results show a slight
contribution of adsorption and photolysis using UV lamps
alone for the removal of CIP at removal rates of 4.8% and
15.9%, respectively, in 90 min. A short reaction time of 90 min
was sufficient for photocatalysis using immobilized ZnO
nanoparticles to degrade 74.52% of CIP in aqueous solution
(Fig. 5).

The results indicate that ZnO shows insignificant pho-
tocatalytic activity under visible light irradiation because
the band gap of ZnO (3.27 eV) is available only under UV
radiation and is not provided by the visible light radiation
used here. UV light provides a higher intensity (lower wave-
length or higher energy), allowing the light to easily pene-
trate and form more hydroxyl radicals, which increases the
rate of photocatalytic degradation of CIP [29]. Shafaei et al.
[30] studied photocatalytic degradation of terephthalic acid
using titania and zinc oxide photocatalysts. They observed
that UV light alone was not efficient enough to degrade
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Fig. 3. XRD pattern of ZnO nanoparticles immobilized on glass plate.
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Fig. 4. SEM images of ZnO nanoparticles immobilized on glass plate.
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Fig. 5. Removal efficiency of different processes involved in
photocatalytic degradation of CIP (initial CIP concentration =
3 mg/L, initial pH =7, dose of ZnO = 0.6 g/L, distance between
UV and ZnO =2 cm).

terephthalic acid, but the addition of a photocatalyst accel-
erated the photodegradation.

3.5. Effect of initial pH

The results of the effect of pH vs. time are shown in Fig. 6.
As seen, an increase in pH from 3 to 11 at a concentration

of 3 mg/L of CIP and 0.6 g/L of immobilized ZnO increased
the removal from 23.54% to 84.6%. The optimal pH was thus
selected to be 11 and the following stages of testing were con-
ducted at this optimal pH.

The pH of the solution is an important parameter in pho-
tocatalytic reactions. Variations in pH affect the superficial
charge of the catalyst and influence the degree of ioniza-
tion and isolation of functional groups at active sites on the
catalyst. They also affect the chemistry of the solution [30].
The basis of their activity is generation of hydroxyl radicals.
Maximum removal efficiency took place at a pH of 11. The
reason for the increase in efficiency at this pH is that the level
of OH" increased. Upon UV radiation of the catalyst surface,
holes developed (h";) as shown in Egs. (1) and (4) that gen-
erated hydroxyl radicals having high oxidation abilities that
enhanced the photodegradation rate of CIP.

At low pH values, the high concentration of protons (H"),
which have high continuity with hydroxyl anions, inhibited
formation of hydroxyl radicals. Maximum antibiotic stability
takes place in acidic pH because the carboxyl group (COOH)
is not ionized [11]. CIP is an ampholytic compound with a
pK, value of 8.74 for the nitrogen on the piperazinyl ring and
6.09 for the carboxylic group. The isoelectric point of zwit-
terions occurs at a pH of 7.4. CIP appears to be most sen-
sitive to photodegradation in zwitterionic form at a slightly
basic pH [31]. Avisar et al. [32] studied removal of CIP by UV.
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They observed that an increase in pH increased the rate of
removal of CIP. El-Kemary et al. [11] examined photocata-
lytic degradation of CIP and reported maximum removal at
pH values of 7-10, which is congruent with the results of the
current research.

3.6. Effect of catalyst concentration

Fig. 7 shows that an increase in the concentration of ZnO
immobilized on glass decreased the process efficiency. An
increase in the ZnO concentration decreased the extent of
removal from 75% to 60%. The optimal percentage of catalyst
was determined to be 0.6 g/L for a removal efficiency of 75%.

The concentration of the photocatalyst is a critical param-
eter in photocatalytic oxidation. In this study, the ZnO
concentrations investigated were 0.6, 1 and 1.4 g/L. In the
absence of ZnO, degradation did not occur, which indicates
that CIP cannot be degraded by photolysis only [8]. On the
other hand, the rate of reaction was found to decrease as
the ZnO concentration increased. An increase in ZnO was
expected to increase the number of active sites available for
CIP adsorption and the total surface area exposed to light,
increasing the number of free radicals generated and causing
the removal rate to rise [33]. However, as the concentration of
catalyst per unit area (of glass) increased, the nanoparticles
agglomerated, decreasing the availability of active sites and
reducing the removal efficiency. Indeed, a high dose of ZnO
catalyst caused overlapping of the catalyst surface and their
agglomeration. This diminished the total area available and
the level of degradation of the contaminant [34].

Immobilized semiconductor systems also suffer from
mass transfer limitations caused by the decrease in spe-
cific surface when compared with traditional systems [35].
Bekkouch et al. [36] studied the effect of adsorbent concentra-
tion on the adsorption of phenol by TiO, and reported similar
results. They reported that an increase in the nanoparticle
concentration above the equilibrium level caused them to
agglomerate and the percentage of adsorption efficiency
remained constant. Wang et al. [37] concluded that an increase
in the amount of montmorillonite adsorbent increased the
removal efficiency of CIP. The reason for the increase in effi-
ciency was an increase in the number of active adsorption
sites. Behnajady et al. [19] increased the photoactivity of
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Fig. 6. The effect of pH in removing the antibiotic CIP across
different times (initial concentration = 3 mg/L, dose of ZnO =
0.6 g/L, distance between UV and ZnO =2 cm).
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titanium dioxide immobilized on a glass plate by optimizing
the heat attachment method parameters. They reported that
an increase in the concentration of TiO, slurry decreased the
photoactivity of TiO, immobilized on glass plates. This was
caused by the agglomeration of TiO, particles at high concen-
trations of TiO,.

3.7. Effect of initial CIP concentration

Fig. 8 shows the results of the investigation of the effect
of initial concentration of CIP vs. time. In terms of the effect
of the initial concentration of the CIP and determination of
the optimal concentration on the efficiency of the process, an
increase in the initial concentration decreased the removal
efficiency. A concentration of 3 mg/L of CIP produced the
maximum removal efficiency of the antibiotic. With an
increase in the concentration of CIP to 9 mg/L, the efficiency
of CIP removal decreased.

The results of the effect of the initial concentration of
CIP on the removal efficiency indicate that an increase in
initial concentration decreased the removal efficiency. For
certain periods of time and concentrations of ZnO and at
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Fig. 7. Effect of dose of ZnO on removal of the antibiotic CIP from
aqueous solutions (CIP concentration = 3 mg/L, contact time =
60 min, pH = 11, distance between UV and ZnO =2 cm).
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Fig. 8. Effect of the initial concentration of the antibiotic on the
degree of removal (contact time = 105 min, pH = 11, dose of
Zn0O = 0.6 g/L, distance between UV and ZnO =2 cm).
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a constant pH, an increase in the concentration decreased
the removal efficiency. The maximum removal efficiency
(98.36%) related to an initial concentration of 3 mg/L that
occurred after 105 min of reaction time.

The descending trend in removal efficiency with an
increase in initial concentration occurs because, at a constant
level of ZnO, the active sites on the catalyst are fixed. With
the increase in the concentration of CIP, the mol rate of con-
taminant increases for the reaction medium and the active
sites become saturated, thus reducing the removal efficiency
[29]. This can also be attributed to the increase in the driving
force of the concentration gradient in response to the increase
in initial concentration of the molecules present in the solu-
tion [38]. Jiang et al. [39] studied adsorption of CIP using
biomass. They observed that an increase in the initial concen-
tration of CIP decreased the removal efficiency. Zhao et al.
[40] studied the removal of tetracycline and observed that an
increase in the initial concentration of tetracycline decreased
the removal efficiency, which is congruent with the results of
the current research.

3.8. Effect of reaction time

The results obtained from the effect of time on removal
of the CIP are shown in Fig. 9. The figure shows the percent-
age of degradation of CIP by ZnO nanoparticles vs. the irra-
diation time. The results indicate that an increase in contact
time decreased the amount of CIP remaining in solution.
The removal percentage reached a maximum at 105 min and
afterward the process efficiency reached near-equilibrium
state.

Exposure time is another influential parameter for deter-
mination of process performance. The results indicate that an
increase in reaction time to 90 min resulted in a significant
removal efficiency of about 98.36%. Increasing the removal
efficiency of CIP by increasing the reaction time could be
attributed to an increase in OH" generated as the process
continued [34]. On the other hand, further collision of UV
rays with the surface of ZnO catalyst liberated the electron-
hole pairs, resulting in further production of hydroxyl rad-
icals [41]. Safari et al. [42] concluded that an increase in the

100 A
90 A
80 ~
70
60
50 7
40 A
30 A
20 A
10 7

Removal efficeincy (%o)

0 20 40 60 30 100 120
Time (min)
Fig. 9. Effect of contact time on the removal of the antibiotic CIP

(initial concentration = 3 mg/L, pH = 11, dose of ZnO = 0.6 g/L,
distance between UV and ZnO =2 cm).

reaction time increased removal efficiency. They considered
a reaction time of 90 min to be the equilibrium time, which
is similar to the results of the current study. Zhang et al. [43]
studied adsorption of CIP and determined an equilibrium
time of 100 min, after which adsorption continued slowly.

3.9. Isothermal study of CIP photocatalytic degradation

Isothermal studies were carried out at different concen-
trations of CIP in the solution (1-10 mg/L) with 0.6 g/L of
the adsorbent immobilized on glass for an equilibrium time
of 35 min at 25°C (without UV light). Linear models of the
Langmuir and Freundlich isotherms were used to fit the
adsorption equilibrium data as shown in Egs. (12) and (13),
respectively. The linear form of the Langmuir isotherm is:

C, 1 C,
—=—x

q, bq, q,

where g, is the maximum adsorption capacity of the adsor-
bent (mg/g) and b is the Langmuir adsorption constant
(L/mg). The linear form of the Freundlich isotherm is:

(12)

Ing, :anF+llnC (13)
n

where 1 and K, are Freundlich constants related to the inten-
sity of the adsorbent and its capacity, respectively [44-46].

Fig. 10 shows the Langmuir isotherm curve and
Fig. 11 shows Freundlich isotherm curve. The parameters of
Langmuir and Freundlich equations are listed in Table 1. The
correlation coefficient between the experimental data and
adsorption isotherms was greater for the Freundlich than the
Langmuir isotherm, suggesting that the Freundlich isotherm
better predicts the process of adsorption of CIP onto ZnO
adsorbent.

Adsorption isotherms explain the behavior of the reac-
tion between the adsorbate and adsorbent. The most import-
ant pattern of adsorption is stated through the isotherm [44].
The results of this study indicate that the R* (correlation coef-
ficient) values for the Langmuir and Freundlich isotherms
were 0.91 and 0.95, respectively; therefore, the Freundlich
isotherm is preferable for explaining the adsorption of CIP.

The regions available on the surface of the adsorbent were
not uniform and were multilayered [47]. Whenever the value
of 1/n is greater than 1, adsorption is physical, otherwise it

=]
i
1

Ce/qe (m?/L)

0 T T T 1

—_
L
()

1
Ce (mg/L)

Fig. 10. The Langmuir isotherm curve.
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will be chemical [48]. The value of n in this study was 0.40,
suggesting that the adsorption was chemical. Chen et al. [49]
indicated that the process of adsorption of CIP is in better
accord with the Freundlich isotherm. On the other hand,
Shafey et al. [50] investigated the adsorption isotherms for
CIP and concluded that adsorption is more in line with the
Langmuir isotherm.

3.10. Kinetics of CIP photocatalytic degradation

To investigate the kinetics of the process of photodegra-
dation of CIP by ZnO, the pseudo-first-order and Langmuir—
Hinshelwood models were used. The degradation exper-
iments using UV irradiation of CIP aqueous solutions
containing ZnO followed pseudo-first-order kinetics with
respect to the concentration of CIP in the bulk solution:

Ln(C/C,) =K, t

b (14)

A graph was plotted for LnC/C, as a function of time (t)
where C, is the initial concentration of CIP and C, is the con-
centration of CIP at time t. From the slope of the plot, the rate
of photocatalytic degradation of CIP was determined. K, is
the apparent pseudo-first-order rate constant and is affected
by CIP concentration.

L-H kinetics better explains heterogeneous photocatalytic
degradation to determine the relationship between the ini-
tial degradation rate and the initial concentration of organic
substrate. This mechanism proposes that both adsorbing and
adsorbed molecules undergo a bimolecular reaction, in this
case, hydroxyl radicals and CIP. The L-H expression that
explains the kinetics of heterogeneous catalytic systems is:

EENN (15)

obs C 'L-H C

vy=0.401x+0.7732
R*=0.9562

T i T T T 1
-1 -0.5 0 0.5 1 1.5 2
LanC.

Fig. 11. The Freundlich isotherm curve.

Table 1

The parameters of Langmuir and Freundlich models for

adsorption of CIP by ZnO adsorbent

Freundlich model Langmuir model

R? K, (mmol/g) 1/n(L/g) R* b (L/mg) Qm(mg/g)

095 217 0.40 091 1.78 0.76

where C, is the initial concentration of CIP (mg/L), K _,, is
the L-H adsorption equilibrium constant (L/mg) and K| is
the rate constant of surface reaction (mg/L min). K, can be
obtained directly from regression analysis of the linear curve
in the plot [51,52]. The values which correspond to different
initial concentrations, along with the regression coefficients,
are listed in Table 2.

Plotting 1/K , against C, (Fig. 12) shows a straight line
with R? =0.9953, which reveals that adsorption is involved in
photodegradation. The calculated adsorption coefficient and
constant equilibrium for the L-H model were 0.245 mg/L min
and 0.158 L/mg, respectively.

One of the most important factors in the design of a
photodegradation system for determination of the optimal
contact time is prediction of the degradation rate controlled
by kinetics [53,54]. Photocatalytic degradation was linearly
plotted according to pseudo-first-order degradation kinet-
ics and was consistent with the L-H model. The correlation
constants for the fitted line were calculated to be R? = 0.951,
0.946, 0.977 and 0.994 for CIP concentrations of 3, 5, 7 and
9 mg/L, respectively. The rate constants were calculated to
be 0.026, 0.021, 0.018 and 0.016, respectively. The rate of CIP
degradation was dependent on initial CIP concentration (C,)
and K, decreased as C, increased. The L-H kinetic model
showed good agreement with the initial rates of photodeg-
radation with an appropriate reaction rate constant and sub-
strate adsorption constant values of K =0.245 mg/L min and
K, =0.158 L/mg, respectively.

An et al. [6] observed that CIP photodegradation fol-
lowed pseudo-first-order and L-H kinetics, which is sim-
ilar to the results of the current study. El-Kemary et al.
[11] found that photocatalytic degradation of CIP kinetics

Table 2
Pseudo-first-order apparent constant values for the different
initial concentrations of CIP

C,(mg/L) R? K. (1/min) Straight line equation
3 0.95 0.02 y=0.0266x + 0.2742
5 0.94 0.02 y=0.0217x + 0.0886
7 0.97 0.01 y=0.0181x +0.1001
9 0.99 0.01 y=0.0162x +0.2125
70 -
' v=4.0775x+25.693
60 - R*=0.9953
50 1
40 -
£ 30 1
£ 20 1
R
= 10 1
0 2 4 6 8 10

Co(mg/L)

Fig. 12. Variation of reciprocal of constant rate vs. different initial
concentrations of CIP.
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followed a first-order reaction as well. Their results were
congruent with those of the present study. According to
Fig. 12, the pseudo-first-order degradation rate constant
(K, of CIP decreased when the initial concentration of
CIP increased (R*= 0.995). This result corresponds with
findings of studies by Gad-Allah et al. [33] in which it was
reported that pseudo-first-order reaction rate constants for
CIP photodegradation decreased as the initial concentra-
tion increased.

3.11. Thermodynamic study of CIP photocatalytic degradation

Based on the variation in the thermodynamic equilibrium
constant (K) vs. temperature, it is possible to calculate ther-
modynamic functions such as changes in standard enthalpy
and entropy (AH® and AS°) and in the standard Gibbs free
energy (AG®).

K, =1 (16)
CE
InK, = _AHPA1Y  AS (17)
R \T R
AG®=-RT InK (18)

In these equations, R is the general constant of gases
(8.314 J/mol K) and T is the temperature (K). By using Eq. (18)
and plotting the variation in LnK against 1/T, the change in
the standard enthalpy of adsorption (adsorption heat) and
the standard entropy of adsorption can be obtained from the
slope and intercept of the plotted line, respectively [55]. The
thermodynamic variables are provided in Table 3.

Table 3 shows that the standard enthalpy and entropy
were negative. Furthermore, the Gibbs free energy
increased with an increase in temperature. The negative val-
ues for AH® and AS° suggest exothermicity and diminished
entropy, respectively, at the solid/liquid interface during
adsorption of CIP onto the ZnO catalyst. Evaluation of the
variation in the standard Gibbs free energy also indicated
that adsorption of CIP onto the adsorbent was favorable at
25°C, after which an increase in temperature made the con-
ditions of adsorption undesirable, reducing the spontaneity
of the reaction.

3.12. Remowval of CIP from hospital wastewater

To investigate the effect of intervening materials, exper-
iments were carried out under optimal conditions and were
repeated using hospital wastewater. The removal efficiency
was then compared with the synthetic condition. The phys-
ical and chemical characteristics of the hospital wastewater
are shown in Table 4.

The removal efficiency under optimum conditions (pH:
3, contact time: 90 min, ZnO immobilized on plate: 0.6 g/L,
initial concentration of CIP: 3 mg/L) was 98.36% for the syn-
thetic samples. CIP and COD removal from hospital waste-
water under the optimal conditions was 90.25% and 66.66%,
respectively. Intervening factors (such as TSS and COD)

Table 3
Thermodynamic variables

AS° (J/mol) AH° (kJ/mol) AG° (k]/mol) Temperature (K)
-0.22 -75.65 -8.22 298
-5.35 308
-3.97 318
Table 4
Chemical and physical characteristics of hospital wastewater
Parameter Amount
BOD, 358 (mg/L)
COD 541 (mg/L)
TSS 261 (mg/L)
pH 7.56

increased turbidity in the solution, which prevented the pen-
etration of UV radiation and decreased the rate of photocata-
lytic degradation of the CIP. Competitive consumption with
organic matter in real wastewater with the oxidative species
and the occupation of adsorption sites on the surface of the
solid catalyst appeared to decrease the degradation efficiency
of CIP [56].

4. Conclusion

This study demonstrated that immobilization of ZnO
nanoparticles on glass in combination with UV radiation
improved the removal efficiency of CIP. Moreover, the efficiency
of removal of CIP had a direct relationship with the level of pH
and reaction time and an indirect relationship with the initial
concentration and the concentration of the ZnO catalyst. The
maximum removal efficiency of CIP in the synthetic and hospi-
tal wastewater was 98.36% and 90.25%, respectively. This pro-
cess was more stable and favorable than biological treatments
and also decreased sludge production. The use of nanoparti-
cles immobilized on glass in a photocatalytic process is a viable
option for removal of the antibiotic CIP from aqueous solutions.
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