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ab s t r ac t
Ciprofloxacin (CIP) is a widely used fluoroquinolone antibiotic, both in aquatic life and agriculture. 
Graphene has been extensively utilized due to its favorable physical and chemical properties with 
a large surface area and high chemical and thermal stability. The aim of the study was to investi-
gate the removal of CIP at increasing CIP and nano graphene oxide-magnetite (Nano-GO/M) com-
posite concentrations, contact times and pH values by two different processes, namely adsorption 
and photooxidation. It was found that CIP removal by adsorption was low (maximum 15%–16.7%) 
at CIP concentrations between 1 and 1,000 mg/L, and the optimum operational conditions for these 
yields were 0.5–10 g/L Nano-GO/M composite, 30 min, and a pH of 6.5, respectively. The maximum 
adsorption capacities were between 2 and 2.2 mgCIP/gNano-GO/M for 1 and 1,000 mg/L CIP concentrations, 
respectively. The CIP was mainly removed by the photodegradation process. For maximum removal 
of 1–3 mg/L CIP (93%–94%), the optimum Nano-GO/M composite concentration, contacting time and 
pH were found as 0.5 g/L, 30 min, and 6.5, respectively, by photooxidation at a power of 300 W. 
As the Nano-GO/M composite concentrations were increased from 0.5 g/L to 2 and 10 g/L, the CIP 
yields increased from 93%–94% to 95%–96% and 97%–98%, respectively, at an optimum pH of 6.5 after 
30 min irradiation at 300 W. CIP was photodegraded according to the second-order reaction kinetic 
(0.088 min–1). The calculated OH● radical concentrations were high at maximum CIP photodegradation 
yields. Under acidic and alkaline pH conditions, low CIP yields were obtained.
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1. Introduction

Excessive use of pharmaceuticals has resulted in their 
detection in the effluents of wastewater treatment plants. 
Many of these pharmaceuticals have low biodegradability 
in the environment, and those absorbed by living creatures 
are disposed of from the living metabolism unchanged or 
little transformed. Among antibiotics in widespread use, 
fluoroquinolone antibiotics are an important type with 
undetectable biodegradability [1]. Ciprofloxacin (CIP) is a 
synthetic antibiotic used worldwide for the treatment of 

several bacterial infections in both humans and animals. 
In receiving environments, low concentrations of antibi-
otic traces can cause resistance to microorganisms [2]. 
Concentrations of CIP in wastewaters have been obtained 
in the range from ng to mg/L (i.e., 50 mg/L near drug 
manufacturing plants) [3]; therefore, CIP removal from 
wastewater has become important. In the last literature 
surveys, a few studies have been reported for the removal 
of CIP from water, which include photooxidation [4], 
photo- Fenton oxidation [5], dissolved organic carbon [6], 
ozonation [7], montmorillonite [8], surface-modified car-
bon materials [9], adsorption onto biocomposite fibers of 
graphene oxide (GO)/calcium alginate [10] and adsorption 
on activated  carbon [11].



P. Alicanoglu, D.T. Sponza / Desalination and Water Treatment 63 (2017) 293–307294

Graphene has the perfect sp2 hybrid carbon nano- 
structure with a two-dimensional carbon structure. It also 
has excellent conductivity and a high specific surface area 
[12]. GO is a kind of novel two-dimensional graphene-based 
material, which was developed for the removal of pollutants 
in the aquatic environment which are dispersible and is ben-
eficial for the removal of pollutants in wastewater because of 
different functional groups, such as hydroxyl, carboxyl and 
epoxy groups [13]. These functional groups make GO suitable 
for the removal of pharmaceuticals at a low cost. Chen et al. 
[14] studied the CIP removal with GO with initial 20 mg/L 
CIP concentration. 20 mg/L GO was used for sorption studies 
at pH = 5 after 1 h contact time. Removal of CIP was reported 
as 74%, and after 48 h sorption reached an equilibrium.

Magnetic Fe3O4 has an advantage for usage as a support 
material of composite adsorbents because it can be easily 
manipulated by an external magnetic field [15]. In recent 
literature surveys, there has been only one study about CIP 
removal by magnetite. Rakshit et al. [16] reported a study 
with nano-sized magnetite to remove CIP. They studied 
the effects of pH (in the range of 3.4–8.4) of ionic strengths 
(0.5, 0.1 and 0.01 M), and of initial CIP concentrations (in the 
range of 0.5–0.001 mM) on CIP adsorption using 10 g/L nano-
Fe3O4(s). The CIP was adsorbed via Freundlich isotherm with 
high R2 values at 0.5, 0.1 and 0.01 M ionic strengths. They 
found that the sorption of CIP on nano-Fe3O4(s) was strongly 
pH- dependent. In another study performed by Tang et al. 
[17], the maximum CIP adsorption capacity was recorded 
as 10.91 mg/g, which was investigated for 5 mg/L initial CIP 
concentration using 0.2 g/L reduced-GO/M concentration 
within 24 h retention time, at a pH of 6.2 and at a tempera-
ture of 25°C.

GO with large quantities of oxygen atoms on the sur-
face is present in the forms of epoxy, hydroxyl and carboxyl 
groups. These functional groups make GO hydrophilic, and it 
is suitable to be an adsorbent [18]. Especially, some iron oxide 
nano-materials composited with GO as magnetic adsorbents 
are a better solution [18,19]. Thus, the combination of GO 
with magnetic nano-particles produces a magnetic graphene-
based composite, which can be separated from the matrix 
rapidly and easily by an external magnetic field.

For the reason given above, in this study, the photocata-
lytic treatment and adsorption of CIP were studied with nano 
graphene oxide-magnetite (Nano-GO/M) composite. The 
effects of increasing Nano-GO/M composite concentrations 
developed under laboratory conditions, on increasing CIP 
concentrations, contacting times or irradiation times, acidic 
basic and neutral conditions on the yields of CIP adsorption 
capacity and on the photocatalytic removal efficiencies of CIP 
were studied and compared.

2. Materials and methods

2.1. Reagents and chemicals

CIP with a purity of >98% (Bayer AG, Germany), 
and graphene with a purity of 99% with a size of 1–3 µm 
and with a thickness, specific gravity and surface area of 
0–9–1.2 nm, 1.4–2.0 g/cc and 40–300 m2/g, respectively, were 
used (Aegean Nanotech Chemical Company,  Izmir/Turkey). 
The purity, the size, the specific gravity, the surface area 

and the density of magnetite used in this study were 
99.9%, 20–30 nm, 1.9–2.2 g/cc, 80–100 m2/g and 0.85 g/cm3, 
respectively (Synergy Laboratory Products Ltd., Turkey). 
Demineralized water was used for the preparation of 
reagent solutions. 0.1 M HCl and 0.1 M NaOH were used to 
adjust the pH values of the CIP solutions.

2.2. Experimental procedures

2.2.1. Batch reactors for the adsorption process

The investigations were carried out in batch mode at 
increasing level pH, Nano-GO/M composite concentrations, 
contacting time and increasing CIP concentrations to obtain 
the maximum CIP yield for optimum adsorption conditions. 
The adsorption of CIP on the Nano-GO/M composite was 
studied using the batch adsorption technique. The adsorp-
tion experiments were conducted using 250 ml CIP solution 
of different initial CIP concentrations (1, 3, 5, 25, 100, 500 and 
1,000 mg/L). The solutions were mixed with increasing Nano-
GO/M composites (0.5, 2 and 10 g/L) in 1,000 mL Erlenmeyer 
glass flasks coated with Teflon placed on a rotating shaker 
at 150 rpm at a constant speed of 200 rpm and 22°C for 4 h 
to reach equilibrium (Fig. 1). Then, the wastewater samples 
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Fig. 1. Scheme of adsorption process.
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were separated from the Nano-GO/M composite by an exter-
nal magnetic field out of the glass Erlenmeyer flasks by using 
two magnets with dimensions of 10 cm × 6 cm. The pH of the 
CIP was adjusted between 4, 5, 6.5, 8 and 10 during the con-
tact periods of 15, 30, 60 and 900 min. All experiments were 
done in duplicate. 

The pH values, temperature and adsorbent dosage were 
identical for all of the equilibrium experiments in adsorption. 
During the adsorption process, samples were withdrawn 
from the reactors at certain time intervals. After magnetic 
separation, the amount of CIP adsorbed on the Nano-GO/M 
composite was calculated according to Eq. (1):

q C C V
We

e=
−( ).0  (1) 

where C0 and Ce (mg/L) are the initial and the equilibrium 
concentrations of CIP, respectively. V (L) is the volume of the 
solution, and W (g) is the mass of the adsorbent. The max-
imum CIP adsorption was investigated at increasing CIP 
concentrations (1–1,000 mg/L) using an optimum amount of 
Nano-GO/M composite and at optimum pH. 

2.2.2. Quartz glass reactors for photocatalytic processes

Photocatalytic experiments were carried out in a closed 
and well-sealed system constructed from stainless steel 
material. Quartz glass reactors with dimensions of 38 cm × 
3.5 cm and 10 UV lamps with a power of 30 W were placed 
into the closed stainless steel system for photocatalytic 
experiments (Fig. 2). The quartz glass reactors containing 
50 mL of wastewater (approximately 0.50 cm of aqueous 
irradiated layer) were illuminated with a liquid surface of 
80 mW cm−2 within 315–400 nm at the mid-surface of the 
UV lamps, measured with a radiant power meter RM20 
(Ettlingen, Germany). The experiments were carried out in 
triplicate. The solutions were mixed with increasing Nano-
GO/M composites (0.5, 2 and 10 g/L).

The experiments were performed at increasing initial CIP 
concentrations (1, 3, 5, 25, 100, 500 and 1,000 mg/L), and the 
pH of the reaction mixture was adjusted from 4 to 10 using 
1 M of H2SO4 and NaOH solution. Photocatalytic experiments 
were carried out with known quantities of Nano-GO/M com-
posite varying between 0.5, 2 and 10 g/L at different irradia-
tions times (15, 30, 60 and 900 min). 

2.2.3. Synthesis of Nano-GO/M composite 

In a typical synthesis, 5 g of purchased graphene was 
dispersed in 120 ml H2SO4 by adding 2.5 g of NaNO3 to 
glass flasks coated with Teflon on a magnetic stirrer for 30 
min placed in a water bath at a temperature of 18°C. After 
stirring the aforementioned mixture at a rpm of 500; 15 g of 
KMnO4 was added gradually, and the last mixture continued 
to be stirred overnight, continuously, at 18°C. Then, 150 ml 
H2O was slowly added and mixing continued for a day at 
98°C. Finally, 50 mL of 30% H2O2 was added to the final mix-
ture. The mixture was washed with 5% HCl and deionized 
water several times and, then, centrifuged and dried under 
vacuum for purification of the GO, which was obtained in 
a solid phase [20]. The Fe3O4 nano-particles were dispersed 
in 25 mL water and added to 50 mL GO aqueous solution. 
This mixture contained 1 mg Fe3+/1 mL GO, and it was stirred 
at 60°C through 1 h. The nano-composite was collected by 
using a magnet from the outside of the glass reactor, and it 
was washed with water three times [21].

2.3. Analytical procedures

CIP was measured using an high performance liquid 
chromatography (HPLC) (Agilent 1100). The HPLC con-
sisting from a Pump, from an Auto-Sampler, from an HPLC 
Column from an oven and from an Diode-Array-Detector 
(DAD). The dimensions of C-18 thermo scientific column 
were 5 µm, 4.6 mm and 250 mm. The mobile phase consisted 
of KH2PO4 solution and acetonitrile (95:5, v/v). The flow 
rate was set at 1.5 mL/min, and the injection volume was 20 
µL. The detection wavelengths of DAD were set at 210 nm. 
R2 value of calibration graph of CIP was 0.999.

2.4. Calculation of [HOo]ss concentrations

If we assume that HOo is the main species leading to pho-
todegradation of CIP, the oxidation rate VCIP/HO

o (µg/mL/s) can 
be calculated using Eq. (2) [22]:

V kCIP/HO° HO° CIP/HO° ss= -(d[CIP]/dt) = [CIP][HO°]  (2)

The degradation of CIP vs. photodegradation time was 
found to be pseudo-first-order with respect to CIP concentra-
tions (Eq. (3)) [22]: 

−(d[CIP]/dt) = [CIP]k t  (3)

The degradation rates for all CIPs were deducted from 
the slopes of the curves derived from Eq. (4). In other words, 
the k values were calculated from the slope of the graphs 
plotted between ln([CIP]t/[CIP] and t.

30 Watt * 10 UV lamb 

 

 

 

 

 

 

 
Fig. 2. Scheme of photocatalytic process.
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ln([CIP] /[CIP] ) = [CIP]0t k t×  (4)

The experimental rate of CIP photodegradation, VCIP/US 
(µg/ml/min), was calculated by using Eq. (5) [22]:

V = (d[CIP]/dt) = [CIP]CIP/US US k  (5)

The [HOo] concentration could be calculated by using 
Eq. (6):

[HO°] = /ss CIP/HO°k k  (6)

The second-order reaction kinetic rate constant for CIP 
(k = 4.3 ×10−9M−1s−1) was taken from the study performed by 
Yahya et al. [23].

2.5. Instrumental characterization

2.5.1. X-ray diffraction (XRD) 

XRD analysis was carried out to investigate the phase 
and structure of Fe3O4, GO and Nano-GO/M composite. 
XRD measurements were carried out with D/max-2200 PC 
(Rigaku, Japan), using Cu Kα radiation.

2.5.2. Fourier transform infrared (FT-IR)

FT-IR spectra were carried out to recognize the functional 
groups in the synthesized composites and to confirm the 
chemical bonding between Fe3O4 and graphene. The FT-IR 
spectra of the Nano-GO/M before and after treatment con-
ditions were measured with PerkinElmer FT-IR spectrum 
 system using BX and KBr method.

2.5.3. SEM

The morphological and structural observation of raw 
and treated Nano-GO/M composite was made on a scan-
ning electron microscope VegaII/LMU (Tescan, Czech 
Republic).

2.6. Photooxidation kinetic studies

2.6.1. First-order kinetics

A first-order reaction kinetic depends on the concentra-
tion of only one reactant (a unimolecular reaction). Other 
reactants can be present, but each will be zero order. The rate 
law for a reaction that is first order with respect to a reactant 
A is as follows:

−
≡

d[A]
dt

= [A]r k  (7)

The integrated first-order rate law is as follows:

ln[ ] ln[ ]A kt A= − + 0  (8)

A plot of ln[A]0 vs. time t gives a straight line with a slope 
of –k [24].

2.6.2. Second-order kinetics

A second-order reaction kinetic depends on the 
 concentrations of one second-order reactant, or two first- 
order reactants [24].

Its reaction rate is given as follows:

1
[A]

= 1
[A]0

kt  (9)

3. Results and discussion

3.1. Psychochemical properties of Nano-GO/M composite

3.1.1. FT-IR analysis of Nano-GO/M composite 

The raw Nano-GO/M composite produced and the 
Nano-GO/M composite that was used to photodegrade the 
100 mg/L CIP after UV treatment were characterized using 
FT-IR. Fig. 3(a) shows the peaks of raw GO plotted between 
wave number (cm–1) and percentage of transmittance (T-%). 
The peaks at 2,359 and 1,568 cm−1 show the characteristic 
spectrum of the benzene ring of the Nano-GO/M composite, 
while the peak at 1,073 cm−1 is the characteristic spectrum 
of the C–OH rings of the Nano-GO/M composite. The peak 
at 600 cm−1 is the characteristic of Fe3O4, giving evidence of 
the successful preparation of the Nano-GO/M composite as 
reported by Huamin et al. [25]. Fig. 3(b) shows the FT-IR anal-
ysis of the Nano-GO/M composite after CIP treatment with 
UV. The maximum peaks obtained in this figure are similar 
to the nano-composite before UV treatment. Condensation of 
the Nano-GO/M composite remained almost the same after 
UV treatment. This shows that the Nano-GO/M composite 
can be recovered and can be used again for the treatment of 
CIP with UV.

3.1.2. XRD analysis of Nano-GO/M composite

XRD analysis was carried out to obtain the phase and 
structure of GO, Fe3O4 and Nano-GO/M composite before 
and after UV irradiation with 100 mg/L CIP concentra-
tion. As shown in Fig. 4, a series of characteristic peaks at 
the ranges at 2θ = 30°–32°, 35°–37°, 43°–45°, 53°–55°, 57°–
59° and 62°–64° vs. intensities (cps) were observed. These 
peaks were well matched to (220), (311), (400), (422), 
(511) and (440) of the crystal planes of Fe3O4. Results 
showed that the Nano-GO/M composite was obtained 
 successfully, and the crystalline structure of Fe3O4 did not 
change during the synthesis as reported by Nengsheng 
et al. [21].

3.1.3. SEM images of Nano-GO/M composite

The SEM images of synthesized GO, Fe3O4 nano-par-
ticles, raw and treated 0.5 g/L Nano-GO/M composites 
under UV for photodegradation of 100 mg/L CIP after 
30 min irradiation under 300 W UV power at 21°C, are 
shown in Figs. 5(a)–(d), respectively. Fig. 5(a) shows the 
GO structure, which was in a sheet form. Fe3O4 nano- 
particles appear as small dots on the GO sheets (Fig. 5(a)). 
Many Fe3O4 microspheres were firmly anchored on both 
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sides of the wrinkled graphene sheets (Fig. 5(c)). The 
graphene layers might contribute to preventing the Fe3O4 
microspheres from forming aggregation, as reported by 
Tang et al. [17] (Fig. 5(c)). The Fe3O4 particles dispersed 
on GO, and there were some interspaces among them 

[26] (Fig. 5(c)). After assembly, Nano-GO/M composites 
maintained their spherical morphology. Fe3O4 and GO 
were dispersed densely and evenly on the surface of the 
Nano-GO/M composites, and they had a core shell struc-
ture (Fig. 5(d)).

 

Fig. 3(a) FT-IR analysis of raw 0.5 g/L Nano-GO/M composite at 21°C and (b) FT-IR analysis of 0.5 g/L Nano-GO/M composite after 
 photodegradation of 100 mg/L CIP at 30 min UV irradiation and at an UV power of 300 W.

Fig. 4. XRD analysis of GO (a), Fe3O4 (b), raw 0.5 g/L Nano-GO/M composite (c), and 0.5 g/L Nano-GO/M composite after 30 min UV 
irradiation at 300 W, and 100 mg/L CIP concentration (d).
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3.2. Batch adsorption studies

3.2.1. Effects of Nano-GO/M composite concentrations on 
the treatment of CIP

In order to determine the maximum adsorption removal 
efficiencies of CIP (1, 3, 5, 25, 100, 500 and 1,000 mg/L), the 
effects of increasing Nano-GO/M composite concentrations 
(0.5, 2, and 10 g/L) were researched. The removal yields of 
1 mg/L CIP via adsorption were found as 15%, 15.4% and 
15.8% at 0.5, 2.0 and 10 g/L Nano-GO/M composite concen-
trations, respectively, after 30 min contact time at pH 6.5 
and at a temperature of 21°C (Fig. 6). As the Nano-GO/M 
composite concentrations were increased from 0.5 g/L to 2.0 
and 10 g/L, the CIP yields increased slightly. Since the cost 
of 2 and 10 g/L Nano-GO/M composite is higher than that of 
1 g/L Nano-GO/M composite, and only slightly higher CIP 
yields were obtained, for maximum CIP adsorption yield 

(15%), the optimum Nano-GO/M composite concentration 
was accepted as 0.5 g/L. As the CIP concentrations were 
increased from 1 mg/L to 3 and to 5 mg/L, the CIP adsorp-
tion yield increased slightly from 15% to 16.7% and 17% 
depending on increasing Nano-GO/M composite concentra-
tions (from 0.5 g/L to 2.0 and 10 g/L), respectively. Further 
increases in CIP concentrations to 10, 25 and 1,000 mg/L did 
not increase the CIP yields in all Nano-GO/M composite 
concentrations. In this study, it is important to note that the 
adsorption yields of CIP on Nano-GO/M composite are very 
low both in low and high Nano-GO/M composite concen-
trations since the active sites on the surface of the Nano-
GO/M are low and partially exposed to CIP. Therefore, low 
adsorption yields were obtained at all Nano-GO/M concen-
trations as reported by Li et al. [27]. The proposed mecha-
nisms for the adsorption of organic substances on carbon 
materials mainly involve van der Waals forces (permanent 

(a) (b)

(d)(c)

Fig. 5(a) SEM image of GO, (b) SEM image of nano-Fe3O4, (c) SEM image of raw Nano-GO/M before treatment, (d) SEM image of 
Nano-GO/M after UV irradiation. 
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dipole–induced dipole forces and London dispersion 
forces), hydrophobic interaction, π–π interaction (π was 
considered as one of the predominant driving forces due 
to the aromatic rings of CIP), electrostatic interaction and 
hydrogen bond [14]. 

The π−π interaction has always been applied to explain 
the binding mechanism of organic molecules such as CIP 
with C=C double bonds or benzene rings adsorbed on the 
surface of graphene. On the other hand, graphene also con-
tains π electrons and may interact with the π electrons of 
benzene rings of CIP by means of π−π electron coupling [28]. 
Generally, the intensity of van der Waals forces between an 
adsorbed molecule (CIP) and adsorbent (Nano-GO/M com-
posite) is related to the contacted surface area of them and 
to the van der Waals index, which is specific to the adsor-
bent surface [14]. The graphene surface of carbonaceous 
adsorbents has a very high van der Waals index, and the CIP 
molecule has a planar ring. However, no significant adsorp-
tion yields were obtained between the Nano-GO/M compos-
ite and CIP since no strong van der Waals forces occurred 
between CIP and the Nano-GO/M composite [14]. In the 
adsorption procedure, the π−π stacking interaction between 
the benzene rings of CIP molecule and the aromatic skeleton 
of the Nano-GO/M composite probably plays a key role in 
the adsorption of CIP to the Nano-GO/M composite [14]. 

There are few studies on the adsorption of CIP on GO in 
the literature, and the CIP adsorption yields were summa-
rized as follows: the removal percentage of the 5 mg/L CIP 
reaches 68.9% at the adsorbent dose of 2 g/L and GO loading 
of 6%. The adsorption data fits well to the Freundlich model 
[29]. The adsorption capacity increased from 18.45 to 39.06 
mg/g when the GO loading in the fibers was increased from 
0% to 6% at the CIP equilibrium concentration of 60 mg/L [29]. 
Chen et al. [14] found that GO showed a strong adsorption to 
CIP (67%) with a maximum adsorption capacity of 320 mg/g. 
The interaction between GO and CIP can be  controlled by 
different mechanisms, such as intraparticle diffusion due to 
charge screening effect, by electrostatic attacks and hydrogen 
bonding [14].

Carabineiro et al. [9] found maximum CIP adsorp-
tion capacities varying between 60 and 300 mg/g after 5 h 
adsorption time at 25°C, at a pH of 5 after 3 d equilibrium 
studies for oxidized carbon xerogel, and thermally treated 
activated carbon Norit ROX 8.0. Another study performed 
by Carabineiro et al. [30] showed that the adsorption capac-
ities of CIP ranged from approximately 112 to 231 mgCIP gC

−1 
for carbon xerogel and activated carbon, respectively. The 
CIP concentration decreased drastically in the first 5 h then 
a slow but gradual removal of CIP was observed until equi-
librium was reached after 3 d. Usually, a longer period of 
time is needed for equilibrium, although small adsorbent 
particle sizes were used in the experiments to eliminate 
mass transfer limitations and accelerate the adsorption pro-
cess, since the rate of adsorption is inversely proportional 
to the square of the adsorbent particle diameter. Although 
carbon sample also has micropores, a longer time is needed 
to reach adsorption equilibrium, due to the diffusion pro-
cess that occurs in these kinds of pores. In our study, the 
adsorption capacities of Nano-GO/M composite varied 
between 2 and 2.2 mgCIP/gNano-GO/M as the CIP concentrations 
were increased from 1 to 1,000 mg/L CIP at a Nano-GO/M 
composite concentration of 0.5 g/L at pH = 6.5, at 21°C 
after 30 min contacting time. In other words, the maximum 
adsorption capacity of the Nano-GO/M composite was 
2.2 mgCIP/gNano-GO/M after 30 min adsorption. The studies per-
formed by Tang et al. [17] and Chen et al. [14] showed that 
the maximum adsorption capacities of CIP were 18.98 mg/l 
and 379–240 mg/g, respectively. These results showed that 
in our study the CIP adsorption capacity and the adsorp-
tion time required to reach steady-state conditions were 
comparatively lower with 0.5 g/L Nano-GO/M compared 
with the studies performed by Carabineiro et al. [9,30]. This 
may be attributed to a lower collision between CIP ions 
and active sites on the Nano-GO/M composite surface, to a 
lower driving force, which lowers the mass transfer and to 
some operational conditions such as pH, temperature and 
adsorbent production.

3.2.2. Effect of contacting time on the removal of CIP via 
adsorption

After determining the optimum Nano-GO/M composite 
concentration (0.5 g/L) for maximum CIP adsorption, it was 
decided to investigate the effects of contact time on the removal 
of 1 mg/L CIP at increasing retention times (15, 30, 60 and 900 
min) with the original pH of the CIP solution (pH = 6.5) at a 
temperature of 21°C. The reaction time required to achieve 
adsorption equilibrium of CIP adsorption onto Nano-GO/M 
composite is important to evaluate the removal efficiency of 
the adsorbent materials. As the contacting time was increased 
from 15 to 30 min, the CIP removals by adsorption increased 
from 10% to 15% for an initial CIP concentration of 1 mg/L 
(Fig. 7). The adsorption process of CIP onto Nano-GO/M com-
posite can be divided into two stages: (a) a rapid adsorption 
of CIP onto Nano-GO/M composite within 15 min of reaction 
time in which 10% CIP was removed with initial CIP concen-
tration of 1 mg/L, and (b) a slow adsorption of CIP onto Nano-
GO/M composite until an equilibrium was reached after 30 
min with a maximum CIP yield of 15%. As the contacting time 
was increased from 30 min to 60 and 900 min, the CIP yields 

Fig. 6. Effect of increasing CIP concentration on the yields of CIP 
adsorption at  Nano-GO/M composite concentration of 0.5, 2 and 
10 g/L at pH = 6.5, at 21°C after 30 min contacting time.



P. Alicanoglu, D.T. Sponza / Desalination and Water Treatment 63 (2017) 293–307300

remained as in 30 min at all increasing CIP concentrations 
(1, 3, 5, 25, 100, 500 and 1,000 mg/L). The adsorption of CIP 
vs. contact time gives identical abrupt increases at low times 
before reaching the plateau. CIP adsorption equilibrium is 
achieved at 30 min. According to our literature survey, gener-
ally, adsorption of CIP onto Nano-GO/M is governed by three 
processes: (1) transport of CIP from solution to the surround-
ing of Nano-GO/M composite, (2) from the Nano-GO/M com-
posite surface, and (3) from Nano-GO/M composite surface to 
the reactive sites [11]. 

3.2.3. Effect of increasing CIP concentrations on the CIP 
removal via adsorption

In this step of the study, the effects of increasing CIP con-
centrations (1, 3, 5, 25, 100, 500 and 1,000 mg/L) on the CIP 
removals via adsorption were studied at a Nano-GO/M com-
posite concentration of 0.5 g/L, after 30 min contacting time, at 
pH = 6.5 and at a temperature of 21°C (Fig. 8). Results showed 
that increasing the CIP concentration slightly increased the 
removal efficiency of CIP at a Nano-GO/M composite con-
centration of 0.5 g/L. For 1 mg/L initial CIP concentration, 
the maximum CIP adsorption efficiency was found as 15% 
while the removal efficiency of 1,000 mg/L CIP was found 
16.7%. As the CIP concentration was increased from 1 mg/L 
up to 3 and 5 mg/L, the CIP yields increased from 15% to 
16% and 16.7%. Then the CIP yields remained stable as 16.7% 
for all CIP concentrations studied. For the maximum adsorp-
tion yield of CIP (16.7%), the maximum CIP concentration 
was found as 1,000 mg/L. As the CIP concentrations were 
increased, the adsorption efficiencies increased slightly. It is 
important to note that the CIP yield removed by adsorption 
was low both in low (1 mg/L) and high CIP (1,000 mg/L) con-
centrations. The reason for this can be explained as follows: 
at high CIP concentrations the surface of 0.5 g/L Nano-GO/M 
composite was not enough high to absorb all the CIP concen-
trations. Therefore, the adsorption efficiency was low at high 
CIP concentrations. In other words, Nano-GO/M compos-
ite adsorbs a small amount of CIP at high CIP (1,000 mg/L) 
concentrations, as reported by Hong et al. [31]. In this study, 
as opposed to the studies by Wang et al. [32], the CIP ions 

around the absorbent sites of Nano-GO/M composite did not 
increase significantly with the increase of initial CIP concen-
tration, indicating a low adsorption yield. 

3.2.4. Effect of pH on the adsorption of CIP to Nano-GO/M 
composite

The effects of pH on the removals of CIP were studied 
under acidic, neutral and alkaline pH (4, 5, 6.5, 8 and 10) at 
an adsorption time of 30 min at a Nano-GO/M composite 
concentration of 0.5 g/L and at 21°C (Fig. 9). As the CIP con-
centration was increased from 1 mg/L to 3 and 5 mg/L, the 
adsorption yields increased from 5% to 16% and to 16.7% at 
pH = 6.5. Then as the CIP concentration was increased further 
up to 15, 100, 500 and 1,000 mg/L, the CIP yields remained 
the same. The maximum adsorption efficiency was found 
as 16.7% at pH = 6.5 at 1,000 mg/L CIP and 0.5 g/L Nano-
GO/M composite concentration. As the pH values decreased 
from 6.5 to 5 and 4; the CIP adsorption yields decreased 
from 15% to 13% and 12% for 1 mg/L CIP concentration at 

Fig. 7. Effect of contacting time on the yields of constant CIP 
concentration (1 mg/L), at a constant Nano-GO/M composite 
 concentration (0.5 g/L), at a pH of 6.5 and at 21°C.

Fig. 8. Effect of increasing CIP concentration on the yields of CIP 
removal at a Nano-GO/M composite concentration of 0.5 g/L at 
pH = 6.5, at 21°C and 30 min contacting time.

Fig. 9. Effect of different pH (4, 5, 6.5, 8 and 10) on the yield of 
CIP removal at a Nano-GO/M composite concentration of 0.5 g/L 
at pH = 6.5, at 21°C and 30 min contacting time.
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0.5 g/L Nano-GO/M composite concentration. Under alka-
line conditions, also the adsorption yields decreased from 
15% to 11% and 9% at pH 6.5, 8, and 10, respectively. CIP 
had positively charged (cationic; pH = 3), negatively charged 
(anionic; pH = 7.5), and/or zwitterionic (pH = 10) species due 
to different pKa of 6.1 and 8.7, respectively [33]. At pH < 6.1, 
CIP molecules mainly exist as cations (CIP+) because of the 
protonation of the amine group in the piperazine moiety of 
CIP [34]. At pH > 8.7, CIP molecules exist as anions (CIP−) due 
to the loss of a proton from the carboxylic group [35]. The 
zero charge point (pHpzc) of the Nano-GO/M composite is at 
pH ≈ 5.5 [36,37]. Thus, the surface of Nano-GO/M compos-
ite was positively charged when pH < pHpzc, and negatively 
charged when pH > pHpzc. As the pH increased from 4.0 to 5 
and 6.5, the interaction between CIP and positively charged 
Nano-GO/M composite became more feasible. Above pH 
6.5, both CIP and Nano-GO/M composite became increas-
ingly negatively charged with increasing pH, resulting in 
decreased adsorption. As a result, maximum CIP adsorption 
was obtained at the original pH of CIP (pH = 6.5), as reported 
by Sponza and Oztekin [38].

3.3. Photocatalytic studies

The photocatalytic experiments were carried out at 
increasing Nano-GO/M composite concentrations (0.5, 2, and 
10 g/L), at different pH values (4, 6.5 and 10) and at different 
irradiation times (15, 30, and 60 min) with a UV power of 300 
W at CIP concentrations of 1, 3, 5, 25, 100, 500 and 1,000 mg/L.

3.3.1. Effects of increasing Nano-GO/M composite 
 concentrations on the photoremoval of CIP by photooxidation

In this section, the effects of Nano-GO/M composite con-
centrations on the CIP photooxidation were investigated. 
The studies were performed at original pH of CIP = 6.5, at 
21°C, at 30 min irradiation time, at 300 W UV light for an 
initial 1 mg/L CIP concentration. The removal efficiency was 
obtained as 93% at 1 mg/L CIP for 0.5 g/L Nano-GO/M com-
posite (Fig. 10). 94% CIP photooxidation yield was obtained 
at 3 mg/L CIP for 0.5 g/L Nano-GO/M composite level 
(Fig. 10). As the CIP concentration was increased from 3 to 
5 mg/L, the CIP yield remained the same (94%) for 0.5 g/L 
Nano-GO/M. Further increases in CIP concentration did not 
increase the CIP yields. The CIP yields at 25, 500 and 1,000 
mg/L CIP concentrations remained as 94% at 0.5 g/L Nano-
GO/M. With 2 g/L Nano-GO/M composite concentration, the 
CIP yields of 1, 3 and 5 mg/L CIP increased slightly to 95%, 
96% and 97%, respectively, under the same operational con-
ditions (Fig. 10). Then the CIP yields did not increase and 
remained as 97% for CIP concentration >5 mg/L. As the Nano-
GO/M composite was increased to 10 g/L, the CIP yields of 1, 
3 and 5 mg/L CIP concentrations were 97%, 98% and 98%, 
respectively. For maximum CIP yields (93%), the optimum 
Nano-GO/M composite concentration was accepted as 0.5 
at 1 mg/L CIP  concentration in order to decrease the cost of 
the nano-composite used. The photocatalytic treatment effi-
ciency of 1 mg/L CIP increased with an increase in the Nano-
GO/M composite dosage from 0.1 up to 0.5 g/L and increased 
slightly thereafter (data not shown). Increasing the amount of 
photocatalyst from 0.5 to 10 g/L resulted in a slight increase 

in the photocatalytic treatment efficiency from 93% to 98% 
at an irradiation time of 30 min for 1 mg/L of CIP concentra-
tion, respectively. As the CIP concentrations were increased 
from 1 up to 3, 5, 25, 50 and 1,000 mg/L, the CIP photore-
movals slightly increased from 93% to 94% up to 5 mg/L 
CIP concentration then the yields remained as 94% at 0.5 g/L 
Nano-GO/M composite concentration. At 2 g/L Nano-GO/M 
composite concentration, the CIP yields of 1, 3 and 5 mg/L 
CIP increased slightly to 95%, 96% and 97%, respectively. The 
CIP yields for >5 mg/L CIP concentrations remained as 97%. 
As the Nano-GO/M composite concentration was increased 
to 10 g/L, the CIP yields of 1, 3 and 5 mg/L CIP concentrations 
were 97%, 98% and 98%, respectively. Further increases in 
CIP concentration did not increase the CIP yields. 

By increasing the catalyst concentration, the surface 
area was increased, leading to an increase in the produc-
tion of reactive species [39]. As the Nano-GO/M concentra-
tion was increased from 1 g/L to 2 and 10 g/L, the CIP yields 
increased slightly. The reason for slightly higher CIP yields 
at a higher Nano-GO/M composite concentration (10 g/L) 
can be explained by the slight aggregation of the catalyst and 
partial increase in the total active surface area, thereby lead-
ing to a slightly increase in the photocatalytic treatment effi-
ciency. Moreover, at a high nano-composite concentration, a 
reduction in the degree of light penetration can take place 
through the solution due to an increase in the turbidity of the 
solution [40]. Xinlin et al. [41] reported a maximum CIP (ini-
tial CIP concentration was 10 g/L) photocatalytic treatment 
efficiency of 70.90% for 0.1 g/L NaCl/GO-TiO2 concentration 
within 60 min irradiation time, at a temperature of 30°C. In 
another study by Yan et al. [42], 68.2% photocatalytic CIP effi-
ciency was obtained at 10 g/L initial CIP concentration using 
2 g/L reduced-GO/BiVO4 within 60 min irradiation time, 
at 30°C. Although the photocatalytic retention time is two 
times higher in the studies by Yan et al. [42] and Xinlin et al. 
[41], the CIP yields were higher in our study at 30 min. This 
could be attributed to the differences in adsorption kinetics, 
in driving force of the concentration gradients and to some 
operational conditions such as the UV light power and to the 
photoreactor configurations used in the studies.

Fig. 10. Effect of increasing CIP concentration on the yields of 
CIP removal at a Nano-GO/M composite concentration of 0.5, 2 
and 10 g/L at pH = 6.5, at 21°C and 30 min irradiation time by 
photooxidation under 300 W UV light.
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3.3.2. Effect of irradiation time on the photooxidation of CIP

CIP treatment with Nano-GO/M composite was investi-
gated at different irradiation times. Irradiation times were 
chosen as 15, 30, 60, 300 and 900 min. The concentration 
of Nano-GO/M composite was selected as 0.5 g/L to deter-
mine the optimum irradiation time since the maximum CIP 
removal was found in this nano-composite concentration 
as mentioned in section 3.3.1. The maximum removal effi-
ciency of CIP was obtained at 60 min among the irradiation 
times used in the experiments. As the irradiation time was 
increased from 15 min to 30 and 60 min the CIP removals 
increased from 85% to 93% and 95% for initial CIP concentra-
tion of 1 mg/L (Fig. 11). Further increases in irradiation time 
from 60 min to 300 and 900 min did not increase the photo-
degradation efficiency of CIP and the saturation plateau was 
reached. CIP degradation initially underwent a fast increase 
and then the CIP removal efficiency remained as the same 
(95%) as the reaction continued for longer. A plausible expla-
nation would be the generation of its oxidation products, 
which would compete with the parent  compound for the oxi-
dizing species and for the available radiation, and thus, the 
photodegradation yield after 300 and 900 min remained as it 
was at 60 min, as reported by Upadhyay et al. [43]. 

In the study performed by Lin and Wu [44], 10 mg/L CIP 
was photodegraded by the UV/S2O8

2− process with maximum 
removal yields of 50% and 69% after 5 and 30 min retention 
times, respectively. They also reported that after 30 min irra-
diation time the degradation efficiency did not show a sig-
nificant increase, similar to our data. Yan et al. [42] reported 
that the CIP photodegradation efficiency was 68.2% after 60 
min irradiation time with 20 mg reduced-GO-BiVO4 com-
posite for 1 mg/L CIP at 33°C in a photochemical reactor at 
an UV power of 300 W. In our study, at shorter irradiation 
times (30–60 min) than those in the study by Yan et al. [42], 
93%–95% CIP removal yield was obtained for 1 mg/L CIP. 
According to the results obtained in this step of the study, 
it can be concluded that at very short (15–30 min) irradia-
tion times lower CIP removal yields were obtained than at 
60 min irradiation. This short retention time reduces the cost 
for photocatalytic removal of CIP to the Nano-GO/M com-
posite. Thus, the optimum irradiation time for maximum CIP 
photooxidation was selected as 30 min.

3.3.3. Effect of pH on the UV treatment of CIP with 
 Nano-GO/M composite

Due to the chemical nature of fluoroquinolones, pH is 
the parameter ruling the photodegradation of CIP onto the 
catalyst surface. The pH value is among the most important 
parameters that have an important impact on the photocat-
alytic capacity of the Nano-GO/M composite. The effects of 
pH on the increasing CIP concentrations (1, 3, 5, 25, 100, 
500 and 1,000 mg/L) were studied under acidic, neutral and 
alkaline pH (4, 5, 6.5, 8 and 10) at an irradiation time of 
30 min, at a Nano-GO/M composite concentration of 0.5 g/L 
and at 21°C. Photocatalytic removal efficiency of CIP on the 
Nano-GO/M composite was relatively high at pH 6.5. In 
this study, the maximum removal efficiency was found as 
93% at pH = 6.5 at 1 mg/L CIP concentration and at 0.5 g/L 
Nano-GO/M composite concentration (Fig. 12). As the 

pH values decreased from 6.5 to 5 and 4 the CIP removal 
yields decreased from 93% to 70% and 60% at 1 mg/L CIP 
concentration at constant 0.5 g/L Nano-GO/M composite 
 concentration. Under alkaline conditions, CIP photodegra-
dation yields decreased from 93% to 58% and 56% for initial 
1 mg/L CIP, at pH 6.5, 8 and 10, respectively, at an irradia-
tion time of 30 min, at a Nano-GO/M composite concentra-
tion of 0.5 g/L and at 21°C and with 300 W UV light.

As the CIP concentrations were increased from 1 to 
3 mg/L, the CIP removal yields increased from 93% to 94% at 
pH = 6.5 for 0.5 g/L Nano-GO/M. Further increases in CIP con-
centration did not increase the CIP yields at pH = 6.5 (Fig. 13). 
For CIP concentrations >3 mg/l, the CIP yields remained as 
94% at pH = 6.5 for 0.5 g/L Nano-GO/M composite. Under 
acidic conditions (for pH = 5 and 4) as the CIP concentrations 
were increased from 1 to 3 mg/L, the CIP yield increased from 
70% to 72%, respectively, at pH = 5.0. The CIP yields remained 
stable as 72% for CIP concentrations >3 mg/L (Fig. 13). The CIP 
yields decreased to 58%–59% at pH = 4.0. Under alkaline pH, 
the CIP yields still decreased. The CIP yields were 50%–52% 
and 46%–48% at pH = 8.0 and 10.0, respectively (Fig. 13). This 
can be a result of blocking of the photocatalytically active 
sites on the surface of Nano-GO/M composite by high CIP 
concentration under acidic and alkaline pH and reducing the 

Fig. 11. Effect of irradiation time on the yields of constant CIP 
concentration (1 mg/L), at a constant Nano-GO/M composite 
concentration (0.5 g/L), at a pH of 6.5 and at 21°C.

Fig. 12. Effect of different pH (4, 5, 6.5, 8 and 10) on the yield of 
CIP removal at a Nano-GO/M composite concentration of 0.5 g/L 
at pH = 6.5, at 21°C and 30 min irradiation time.
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interaction of photons with these sites as reported by Lin and 
Wu [44]. Hassani et al. [45] found that photodegradation effi-
ciency increased at pH 5 under 200 W UV for the photocataly-
sis of 20 mg/L CIP with 0.1 g/L TiO2. These results are similar 
to our study. The low photodegradation efficiency at more 
acidic pH (e.g., at 4) may be related to the decomposition 
and corrosion of the catalyst in the acidic medium [46]. On 
the other hand, both Nano-GO/M composite and CIP were 
negatively charged in basic conditions, leading to electrostatic 
repulsion between them and the lower photodegradation effi-
ciency of CIP. In the case of pH 6.5 (the natural pH of CIP), 
photocatalytic removal efficiency was the highest, and the 
surface of the Nano-GO/M was still in the positive form, and 
the CIP was in its neutral form [35].

3.3.4. Effect of increasing CIP concentrations on the CIP 
removal by photooxidation

The effects of increasing CIP concentrations (1, 3, 5, 25, 100, 
500 and 1,000 mg/L) on the CIP removals were studied at a Nano-
GO/M composite concentration of 0.5 g/L, at 30 min irradiation 
time, under alkaline, neutral and acidic conditions at a tempera-
ture of 21°C under 300 W UV light (see Fig. 13). Results showed 
that increasing the CIP concentration yielded a slight increase in 
removal efficiency of CIP at a Nano-GO/M composite concentra-
tion of 0.5 g/L at pH = 6.5. For 1 mg/L initial CIP concentration, the 
maximum CIP removal efficiency was found as 93% while the 
removal efficiency of 1,000 mg/L CIP was found to be 94% at pH = 
6.5 at 0.5 g/L Nano-GO/M composite concentration. The CIP yields 
remained stable as 94% after photocatalysis of 3 mg/L CIP (see Fig. 
10). This can be a result of blocking of the photocatalytically active 
sites on the Nano-GO/M composite by increasing the CIP concen-
tration and reducing the interaction of photons with these sites as 
reported by Lin and Wu [44]. Besides, the light absorbed by Nano-
GO/M composite is low at a higher concentration of CIP, which can 
reduce the photocatalytic degradation efficiency to a certain extent 
[47]. Increased concentration of the CIP could occupy more active 
sites of the Nano-GO/M composite, which inhibits generation of 
the oxidants [48]. At a higher initial concentration, two factors could 
hinder the photodegradation of CIP: firstly, increased amount of 
CIP may occupy a greater number of active sites on the surface of 
the Nano-GO/M, which subsequently suppresses generation of the 
oxidants and results in lower degradation rates. Secondly, a higher 

CIP concentration absorbs more photons, consequently decreasing 
available photons to activate the Nano-GO/M composite. Thus, a 
shortage of photons to activate the Nano-GO/M composite surface 
essentially retarded the degradation of CIP at high concentrations. 
Hence, the overall reaction rates remained similar with the higher 
initial CIP concentration compared with low CIP levels. This has 
been observed in many photochemical reactions where activation 
by photon absorption is typically the first step for a reaction [49].

3.3.5. CIP removal and produced OH● radical concentrations 
during photooxidation of CIP

The photocatalytic oxidation of Nano-GO/M is presented 
in Eqs. (13)–(21). After receiving energy equal to or greater 
than the Nano-GO/M composite, an electron transfer to the 
conduction band leaving a hole in the valence band occurred. 
The electron and hole may recombine as one possibility. 
Another possibility is the reaction between photogenerated 
hole and water or hydroxide ion to form hydroxyl radicals.

GO/Fe O e + h3 4
hv +→ −  (10)

h + RX RX+
ad ad

+→  (11)

h + H O OH H+
2 sd ad

− +→ +  (12)

h + OH OH+
ad ad
− →  (13)

e + O O2 2
− −→  (14)

O + H HO2
+

2
− →  (15)

H + O + HO H O + O+
2 2 2 2 2
− →  (16)

H O + hv 2OH2 2 →  (17)

OH  + RX Intermediates
(desethyleneciprofloxacin and oxoci

ad ad →
pprofloxacin)

 (18)

High removal efficiency of CIP at pH = 6.5 with 0.5 mg/L 
Nano-GO/M concentration (93% for 1 mg/L CIP and 94% for 
CIP concentration of 3 mg/L and for CIP concentration >3 mg/L 
CIP, respectively), can be mainly attributed to the incorporation 
of GO into the magnetite composite catalyst. The GO can be 
accumulated on the active surface sites of magnetite and trans-
fer the photogenerated electron (eCB

−) into the conduction band 
of Fe3O4 efficiently. At the same time, a positively charged hole 
(hVB

+) might be created by electrons migrating from the mag-
netite valence band to GO. This charge separation suppresses 
the recombination of hVB

+ and eCB
−, thus enhancing the photo-

catalytic activity of the composite catalyst. The hVB
+ potential is 

positive enough to generate hydroxyl radicals by reacting with 
water, and eCB

− potential is negative enough to produce super-
oxide radical anion by reducing absorbed molecular oxygen. 
The generated reactive hydroxyl radical and superoxide rad-
ical ions are responsible for the photocatalytic degradation of 
organic pollutants. Besides, the small amounts of Fe3+ ions dis-
solved from magnetite-Fe3O4 particles can come into not only 

Fig. 13. Effect of increasing CIP concentrations on the yield of 
CIP removal at a Nano-GO/M concentration of 0.5 g/L at increas-
ing pH (4–10), at 21°C and 30 min irradiation time with 300 W 
UV light.
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the electron capture position but also the hole capture position, 
which causes the electron–hole pair recombination of GO to 
decrease.

The role played by GO can be presented by Eqs. (19)–(22) 
as follows:

GO/Fe O GO/Fe O + e3 4
hv

3 4 CB→ −  (19)

GO/Fe O GO/Fe O + h3 4 3 4 VB
+→  (20)

h + (H O) H + OHVB
+

2 ads
+→  (21)

e + (O ) OCB 2 ads 2
− −→  (22)

O2 was dominantly produced in the water oxidation 
during photocatalysis with Nano-GO/M composite. The OH 
radical was produced as a by-product of the O2 formation, 
where surface-adsorbed H2O2 in the form of Nano-GO/M 
composite was assigned as the reaction intermediate. The 
OH● radical concentrations during photocatalytic studies 
exhibited the degree of photocatalytic degradation. Table 1 
shows the amount of OH● radical concentrations generated 
throughout photocatalytic degradation with and without 
the addition of the Nano-GO/M composite. The amount of 
OH● concentrations increased as the CIP and the Nano-GO/M 
composite concentrations were increased from 1 mg/L CIP to 
3 mg/L. Further increases in CIP concentrations to 5, 25, 100, 
500 and 1,000 mg/L did not affect the level of the OH● ion 

concentrations produced.
The OH● concentration increased from 1.9 × 10–3 µg/

ml to 2.0 × 10–3 and 2.2 × 10–3 µg/ml at 1 mg/L initial CIP 
concentration as the Nano-GO/M composite concentra-
tions were increased from 0.5 g/L to 2 and 10 g/L, respec-
tively. The maximum OH● radical concentrations at 0.5 g/L 

Nano-GO/M composite concentrations were observed at 
a CIP concentration of 3 mg/L and at CIP concentrations 
>3 mg/L for 5, 25, 500 and 1,000 mg/L CIP concentrations 
where the maximum CIP yields were obtained under 300 W 
and 30 min irradiation time (see Fig. 10 and Table 1). The 
OH● radical concentrations at 2 g/L Nano-GO/M composite 
concentration increased from 2.0 × 10–3 to 2.6 × 10–3 µg/ml. 
As the CIP concentrations were increased from 1 to 3 mg/L, 
the OH● radical concentrations remained stable as 2.6 × 
10–3 µg/ml after 3 mg/L CIP concentration. At 10 g/L Nano-
GO/M composite, as the CIP concentrations were increased 
from 1 to 3 mg/L, the OH● radical concentrations increased 
from 2.2 × 10–3 to 2.9 × 10–3 µg/ml, respectively. At high 
CIP concentrations (>3 mg/L, up to 1,000 mg/L), the OH● 

radical concentrations remained stable as 2.9 × 10–3 µg/ml. 
The maximum OH● ion concentrations were obtained at a 
10 g/L Nano-GO/M dose for 1 and 3 mg/L CIP concentra-
tions. After 3 mg/L CIP concentration, the OH● ion levels 
remained stable at all Nano-GO/M concentrations. 

The maximum OH● radical levels were obtained at pH = 
6.5 and at a Nano-GO/M dose of 10 g/L at 1 and 3 mg/L CIP 
concentration (Table 1 and Fig. 13). Under 300 W UV without 
Nano-GO/M, the CIP removals were negligible. Without the 
nano-composite, the CIP degradation was not detected via 
UV illumination. In other words, no CIP photocatalysis was 
observed for CIP without the nano-composite. 

Under UV irradiation, the generated electron transferred 
from the surface of Nano-GO/M composite to the CIP has 
always been considered as the first step of the photocatalytic 
action of nano-composites [47]. Photogenerated holes as well 
as hydroxyl radicals oxidize the CIP onto the surface of the 
Nano-GO/M composite. The high oxidative potential of holes 
can lead to direct and indirect oxidation of CIP. In the indirect 
oxidation process of CIP molecules, the hole at the valence 
band generates the hydroxide reactive radicals (OH●) via 
reaction with water and/or hydroxide anions (OH●).

Table 1 
Produced OH● radical concentrations (µg/ml) vs. used Nano-GO/M composite concentrations under different operational conditions 
during photocatalysis 

CIP Concentration (mg/L) Nano-GO/M concentration (0 g/L), 300 W UV, pH = 6.5 after 30 min 
irradiation time
OH● radical concentrations (µg/ml) produced during photocatalysis CIP removal efficiency (%)

1 0 0.9
10 0 0.6

Nano-GO/M composite concentrations 
used (g/L), 300 W UV at pH = 6.5 after 30 min  irradiation time

Nano-GO/M composite  
concentrations used (g/L)

Influent CIP 
 Concentration (mg/L)

0.5 2 10 0.5 2 10

OH● radical concentrations (µg/ml) produced during photocatalysis CIP removal efficiency (%)
1 1.9 × 10–3 2.0 × 10–3 2.2 × 10–3 93 95 97
3 2.4 × 10–3 2.6 × 10–3 2.9 × 10–3 94 96 98
5 2.4 × 10–3 2.6 × 10–3 2.9 × 10–3 94 96 98
25 2.4 × 10–3 2.6 × 10–3 2.9 × 10–3 94 96 98
100 2.4 × 10–3 2.6 × 10–3 2.9 × 10–3 94 96 98
500 2.4 × 10–3 2.6 × 10–3 2.9 × 10–3 94 96 98
1,000 2.4 × 10–3 2.6 × 10–3 2.9 × 10–3 94 96 98
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Under UV irradiation, the generated electron trans-
ferred from the surface of Nano-GO/M composite surface 
to the adsorbed CIP has always been considered as the 
first step of the photocatalytic action of nano-composites 
[49]. Photogenerated holes as well as hydroxyl radicals 
oxidize the CIP adsorbed at the Nano-GO/M composite 
surface. The high oxidative potential of holes can lead to 
direct and indirect oxidation of CIP. In the indirect oxida-
tion process of CIP molecules, the hole at the valence band 
generates hydroxide reactive radicals (OH●) via a reaction 
with water and/or hydroxide anions (OH●). The species 
photon-generated holes, and electrons and hydroxyl radi-
cals (OH●) can thus degrade CIP to intermediates, namely 
M1 (desethyleneciprofloxacin) and M3 (oxociprofloxacin). 
From 1 mg/L CIP, 0.2022 mg/L M1 and 0.034 mg/L M3 were 
produced as  metabolites of  photodegraded CIP (data not 
shown).

3.3.6. Recovery of Nano-GO/M

To investigate the repeatability of Nano-GO/M compos-
ite activity, recycling experiments were carried out (Fig. 14). 
After the completion of the degradation, the catalyst was col-
lected, washed, dried at 200°C for 2 h and utilized for the 
next cycle by keeping other reaction conditions constant. 
After five cycles, the composite photocatalyst showed a slight 
drop in catalysis efficiency from 93% to 88%. This indicated 
that the photocatalytic activity of the Nano-GO/M composite 
catalyst had good repeatability. The reduction in the photo-
catalytic degradation efficiency among the cycles may be due 
to the fouling of the catalyst by the generated by-products 
during the photocatalysis reaction. By using a magnet (2 cm 
× 2 cm), the Fe3O4 nano-particles were separated from Nano-
GO/M composite because Fe3O4 nano-particles involved in 
our system show a super-paramagnetic property, which can 
favor the composites re-dispersing in the water after mag-
netic separation.

3.3.7. Investigation of photodegradation kinetics of CIP using 
Nano-GO/M composite

In this step of the study, first-order and second-order 
kinetic models were discussed to indicate the removal 
kinetics of CIP on the surface of Nano-GO/M composite 

throughout photodegradation under UV. In the first-order 
kinetic, the R2 value of the linear line was 0.933. The reac-
tion of the first order in the first-order rate kinetic constant 
is k1. The k1 value was evaluated from the first-order reac-
tion plots, and it was calculated as 0.074 min–1 for CIP (Fig. 
15(a)). The R2 value for the second-order reaction was found 
as 0.969 for CIP in the photocatalytic studies performed 
with the Nano-GO/M composite (Fig. 15(b)). The reaction 
of the second order in the second- order rate kinetic constant 
is k2. The k2 value was evaluated from second-order reac-
tion plots, and it was found as 0.088 min–1 for CIP. It was 
found that the second-order photocatalytic reaction kinetic 
with high R2 values is meaningful and adequate to define 
the photocatalytic degradation of CIP. This high rate con-
stant suggests that CIP can be degraded fast via a photocat-
alytic process [49]. Based on the high second-order kinetic 
constant (k2: 0.088 min–1), it can be said that Nano-GO/M 
composite exhibits good photocatalytic activity to degrade 
the CIP under UV light irradiation. Tang et al. [17] observed 
that the photodegradation of CIP antibiotic on Nano-GO/M 
obeyed the pseudo-second-order kinetics (k2: 0.013  min–1). 
The pseudo-second-order model assumed that the adsorp-
tion capacity was proportional to the number of active 
sites on the nano-composite during photocatalysis [17]. 
Furthermore, Chen et al. [14] found that the CIP photodeg-
radation on Nano-GO/M exhibited a second-order reaction 
kinetic (k2: 0.004 h–1). The differences in the second-order 
reaction kinetics can be attributed to the CIP concentrations 
used, to the Nano-GO/M preparation and to the environ-
mental and operational conditions such as temperature, UV 
light power and pH. 

Fig. 14. Recovery of Nano-GO/M for 1 mg/L CIP concentration, at 
a Nano-GO/M composite concentration of 0.5 g/L at pH = 6.5, at 
21°C and 30 min irradiation time with 300 W UV light.

(a)

(b)

Fig. 15. (a) First-order reaction of CIP (CIP concentration: 
5 mg/L, at room temperature, irradiation time: 30 min, concen-
tration of Nano-GO/M composite: 0.5 g/L, 300 W UV light) and 
(b)  second-order reaction of CIP (CIP concentration: 5 mg/L, T: 
room temperature, irradiation time: 30 min, concentration of 
Nano-GO/M composite: 0.5 g/L, 300 W UV light).
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4. Conclusion

Adsorption and the photocatalytic degradation of CIP 
were investigated in the presence of Nano-GO/M nano- 
particles. As the CIP concentrations were increased from 
1 mg/L to 3 and 5 mg/L, the CIP adsorption yields increased 
slightly from 15% to 16.7% and 17% as the Nano-GO/M 
composite concentrations were increased from 0.5 g/L to 2.0 
and 10 g/L, respectively, after 30 min at pH = 6.5 at 21°C. 
However, since the cost of 2 and 10 g/L Nano-GO/M com-
posites is higher than that of 1 g/L Nano-GO/M compos-
ite, and only slightly higher CIP yields were obtained; for 
maximum CIP adsorption yield (15%), the optimum Nano-
GO/M composite concentration was accepted as 0.5 g/L 
for CIP concentrations varying between 1 and 1,000 mg/L. 
The maximum adsorption capacities of Nano-GO/M varied 
between 2 and 2.20 mgCIP/gNano-GO/M as the CIP concentrations 
were increased from 1 to 1,000 mg/L CIP at an optimum con-
tact time of 30 min at pH = 6.5. Under acidic and basic con-
ditions, the CIP adsorption yields decreased. Significantly 
higher CIP removal efficiencies were found under photo-
catalytic conditions compared with the adsorption process. 
The CIP photodegradation yields increased slightly from 
93% to 94% as the CIP concentrations were increased from 1 
to 3 mg/L at 0.5 g/L Nano-GO/M concentration for pH = 6.5 
after 30 min photodegradation time. As the Nano-GO/M 
concentration were increased from 0.5 g/L to 2 and 10 g/L, 
the CIP photodegradation yields increased from 93%–94% 
to 95%–96% and 97%–98%, respectively, for CIP concentra-
tions 1 and 3 mg/L, respectively, at a pH of 6.5, at a UV 
power of 300 W and at a temperature of 21°C after 30 min 
irradiation time throughout photocatalytic degradation. 
Further increase of CIP levels to 100, 500 and 1,000 mg/L 
did not significantly affect the CIP yields. Maximum 94% 
CIP photodegradation yield was obtained at 1,000 mg/L 
CIP concentration for the same operational conditions given 
above. CIP photodegraded according to the second-or-
der kinetic model. Photodegradatıon of the CIP was pH 
dependent. Alkaline and acidic conditions were not favor-
able for CIP removal under UV. It can be concluded that 
the Nano-GO/M composite can be produced easily under 
laboratory conditions and can be used to treat some other 
 fluoroquinolone group antibiotics and pharmaceuticals.
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Symbols

qe — Capacity of adsorbent, mg/g
C0 — Initial liquid concentration, mg/L
Ce — Equilibrium liquid concentration, mg/L
V — Volume of solution, L
W — Weight of adsorbent, g
kCIP/HO

o —  Second-order reaction kinetic rate constant, min–1

[HOo] —  Steady-state hydroxyl radical concentration in 
CIP solution under photocatalytic process, µg/ml

k —  Experimental pseudo-first-order reaction kinetic 
rate constant for CIP photodegradation, min

t — Photodegradation time, min
[CIP] — CIP concentration, µg/ml
qm — Maximum capacity of adsorbent 
KL — Langmuir isotherm constant
KF — Freundlich constant, unitless
n — Adsorption intensity, unitless
k — First-order rate constant, 1/s
A0 — Influent concentration of CIP, mg/L
A — Effluent concentration of CIP, mg/L
t — Time, min
k1 —  Constant of pseudo-first-order reaction, min–1

k2 —  Constant of pseudo-second-order reaction, min–1
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