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A B S T R A C T

This study investigates the degradation and mineralization of two widely used antibiotics, chloramphenicol and
metronidazole, by an electro-Fenton process using graphene oxide-Fe3O4 as a heterogeneous catalyst. The
graphene oxide-Fe3O4 composite was typically characterized through conventional spectroscopic and surface
analytical methods. The effects of treatment time, pH, catalyst concentration and applied current were ex-
amined. In the absence of the graphene oxide-Fe3O4 catalyst (homogeneous environment), the optimum mi-
neralization rates obtained were 57 and 71% at pH 3 and 300min treatment time for metronidazole and
chloramphenicol solutions, respectively. When the optimum graphene oxide-Fe3O4 concentration of 0.5 g L−1

was used, mineralization rates of 73 and 86% were achieved respectively, at the same conditions. This indicated
the efficiency of the catalyst and proved that the heterogeneous electro-Fenton process was more effective
compared to the homogenous electro-Fenton process. At the same conditions, degradation of chloramphenicol
and metronidazole was>99%. The difference between the near-complete antibiotic degradation and the lower
mineralization rates, can be justified by the presence of persistent by-products, such as oxalic and glyoxylic acid.
Finally, the prepared catalyst showed high levels of reusability and its performance remained practically the
same after 4 electro-Fenton runs.

1. Introduction

The first antibiotic substances were discovered in the 1940s, and
since then they have been commonly used worldwide for bacterial in-
fection treatment [1]. Due to their intensive use, residues of antibiotics
as well as their metabolites have been traced underground and surface
waters, thus posing an environmental threat. In general, about 30% of
oral antibiotics are metabolized in the body, while the remaining 70%
is excreted intact [2,3].

Chloramphenicol (CAP), used for ocular and dermal treatment, is a
veterinary broad-spectrum antibiotic against various gram positive and
gram negative bacteria [4–6]. In 1990s, the use of CAP in food pro-
ducing animals was banned in the European Union, due to adversary
effects detected in humans [7,8]. For example, chloramphenicol may
cause rarely aplastic anaemia, which is closely related to the occurrence
of leukemia [9]. However, since it is an easily accessible and effective
drug, it is still used in many countries [10]. Metronidazole (MTZ) is
another commonly used antibiotic which has a nitroimidazole group in
its structure. Nitroimidazole group antibiotics are applicable to a wide

range of anaerobic bacterial and parasitic infections. In addition, ni-
troimidazole compounds are used as additives in poultry and fish feed
[11,12]. MTZ is highly soluble in water, non-biodegradable and its side
effects include neurotoxicity and genotoxicity [13–16]. Furthermore,
overuse of both metronidazole and chloramphenicol creates the risk of
transferring antibiotic resistance to pathogenic microbes [17]. Both
antibiotics are not eliminated efficiently in municipal wastewater
treatment plants, therefore there is a risk of surface and ground water
contamination. A number of studies have indicated the presence of CAP
and MTZ at ng L−1 level in surface waters [4,18–23]. Therefore, re-
search on the removal of these potential contaminants, which pose risks
for the environment and living life, is ongoing.

The electro-Fenton method is a widely used advanced oxidation
process (AOP) which has proven to be effective for the degradation of
many organic pollutant groups [24–28]. The performance of this pro-
cess relies on the great oxidation ability of hydroxyl radicals (•OH,
E°(%OH/H2O)=2.80 V/NHE) that can be generated under controlled
conditions, when current is applied. During the electro-Fenton process,
which is an indirect electrochemical process, hydrogen peroxide is
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formed by the cathodic reduction of oxygen (Eq. (1)), which then reacts
with the Fe2+ ions based on Fenton reaction (Eq. (2)) to form highly
reactive hydroxyl radicals [29].

O2(g) + 2H+ + 2e− → H2O2 (1)

H2O2 + Fe2+ + H+→ Fe3+ + H2O + •OH (2)

In addition, the Fe3+ ions formed as a result of the Fenton reaction,
are constantly reduced to Fe2+ on the cathode surface (Eq. (3)), thus
they contribute further to hydroxyl radical production [24].

Fe3+ + e− → Fe2+ (3)

Graphene oxide (GO) has recently attracted attention as a novel,
multi-functional material, applicable in various areas of environmental
remediation and energy processes [30–33]. In the GO structure, there
are carboxylic acids at the edges and abundant oxygenated functional
groups (phenol, hydroxyl, and epoxide) in the basal plane. These groups
can be used as supports for various metals and metal oxides [34,35]. In
this way, the aggregation of the graphene layers to graphite structure is
prevented. Graphene and graphene oxide have a high specific surface
area and can be easily obtained from natural graphite via a facile
chemical oxidation–exfoliation–reduction procedure at a low cost [36].
Magnetite (Fe3O4) nanoparticles (NPs) show advantages such as low
toxicity, low preparation cost and can be easily separated from solution
due to their magnetic properties. Furthermore, the electron mobility in
the spinal structure of magnetite is very high [37]. Previous studies
showed that magnetite can be used as an efficient Fenton catalyst for
organic pollution removal in wastewaters as compared to homogeneous
Fenton application [38,39]. The combination of graphene oxide with
magnetic NPs to produce a magnetic GO-based composite offers the
added advantages of high surface area and high electrical conductivity
which is beneficial in Fenton-based processes.

Zubir et al. evaluated the catalytic activity of GO-Fe3O4 nano-
composites at different GO loadings (from 0 to 25% wt.) for the de-
gradation of Acid Orange 7 (AO7) dye in a heterogeneous Fenton-like
reaction. The authors noticed two distinct nanocomposite structures,
based on the GO content. Up to 10% wt. GO, a highly developed por-
osity and surface area was observed, whereas at higher GO contents the
surface area was reduced. At higher GO loadings, deposition of Fe3O
NPs was mainly achieved on the exterior surface of GO. Owing to the
electron donor–acceptor properties of GO, electrons are transferred to
the oxidized (≡Fe3+) structure to form active sites (≡Fe2+). In this
way, GO-Fe3O catalysts offer improved recyclability and superior cat-
alytic activity in Fenton-like reactions [40].

Earlier studies have demonstrated the efficiency of advanced oxi-
dation methods (AOPs) in the degradation of CAP and MTZ through the
action of hydroxyl (%OH) and sulfate radical (SO4

%−). These processes
include Fenton, photo-Fenton, persulfate activated by Fe2+ and Fe°,
anodic oxidation, solar photoelectro-Fenton, heterogeneous photo-
catalysis, heterogeneous electro-Fenton process using nano-Fe3O4 and
UV/H2O2 [41–49].

Chen et al. investigated the electrochemical degradation of CAP
(100mg L−1) on a novel Al doped PbO2 electrode. After 2.5 h treat-
ment, they achieved a 52.06% TOC removal efficiency in acidic con-
ditions, at a current density of 30mA cm-2 [42]. Trovo et al. evaluated
the degradation of CAP (200mg L−1) by photo-Fenton both at labora-
tory (400W Hg) and pilot-scale. They achieved 90% degradation in
both set-ups, although the required concentration of H2O2 was
400mg L−1 at lab scale and 750mg L−1 at pilot-scale [47]. Giri and
Golder compared the TOC removal rate of a CAP solution (48mg L−1)
in Fenton and photo-assisted Fenton processes. Their optimum removal
rates of 64.1% and 75.3%, were achieved at 2.25mM of Fe2+, 22.5mM
of H2O2, 45min of treatment time and pH 3.5, respectively [50].
Ammar et al. reported a 94% COD removal in 120min, when MTZ was
electrochemically treated at pH 3 in the presence of NaCl (0.4 g L−1)
with a BDD electrode [41]. Using a Ce/SnO2–Sb coated titanium anode,

Cheng et al. achieved a mineralization rate of 37% of MTZ (80mg L−1)
after 4 h of treatment at pH 2 [43]. In a different study, sulfur-doped
TiO2/rectorite (STC) was used in the photocatalytic degradation of MTZ
under visible light irradiation. Degradation rates up to 93.8% were
achieved, considerably higher than the ones obtained with a P25 TiO2

anode, after 240min of treatment [51]. From the above studies, it can
be concluded that the choice of electrode material plays a dominant
role in electro-Fenton processes, whereas in all experimental set-ups the
optimum degradation rates for MTZ and CAP were achieved at acidic
conditions.

The objectives of this study were first, to develop and characterize a
composite GO-Fe3O structure suitable to use in electro-Fenton pro-
cesses, and second, to study the degradation of MTN and CAP using two
different electro-Fenton set-ups: a homogeneous environment using
Fe2+ ions and heterogeneously using the prepared GO-Fe3O composite.
The effect of time, pH, applied current and catalyst concentration were
investigated. Finally, some of the intermediates which were formed
during the degradation process were identified and a probable de-
gradation mechanism was proposed.

2. Materials and methods

2.1. Materials

Graphite powder (325 mesh, 99.99% purity), metronidazole (99%),
and (R, R)-chloramphenicol (99+%) were obtained from Alfa Aesar.
The physical and chemical properties of MTZ and CAP are shown in
Table 1. Phosphorus pentoxide (P2O5), potassium persulfate (K2S2O8),
sodium nitrate (NaNO3), potassium permanganate (KMnO4), hydrogen
peroxide (H2O2, 30%), iron (II) sulfate heptahydrate (FeSO4·7H2O),
iron (III) chloride hexahydrate (FeCl3·6H2O), sodium sulfate (Na2SO4),
ammonium hydroxide (NH4OH), and total organic carbon (TOC) cell
kits were purchased from Merck. Sulfuric acid (H2SO4, 95%), and hy-
drochloric acid (HCl, 37%) were purchased from Sigma–Aldrich. Ana-
lytical grade organic acids were purchased from Aldrich and Fluka.
Oxygen gas (99.99%) was supplied by Linde gas (Turkey). Ultrapure
water (18MΩ cm at 25 °C, Millipore Milli-Q Advantage A10) was used
in all experimental stages.

Table 1
Physical and chemical properties of MTZ and CAP.

MTZ CAP

Molecular formula C6H9N3O3 C11H12N2O5Cl2
Chemical structure

Molecular weight, g
mol−1

171.15 323.132

Solubility in water, g L−1

(25 °C)
9.5 2.5

pKa 2.55 5.50
aLogKow −0.02 1.14
bKoc 23 10
λmax, nm 319 280

a Octanol / water partition coefficient.
b Soil organic carbon-water partitioning coefficient.
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2.2. Preparation of GO-Fe3O4

GO was synthesized from natural graphite by a modified Hummers
method after a pre-oxidation process [52]. In the pre-oxidation step,
10 g of P2O5, 10 g of K2S2O8 and 50mL of concentrated H2SO4 were
added to 10 g of graphite. The mixture was heated at 80 °C for 6 h and
the formed GO was filtered, washed and dried at 70 °C overnight.

For the GO-Fe3O4 (70% (w/w) Fe3O4) synthesis, 100mg of GO were
dispersed in ultrapure water (100ml) and placed in an ultrasonic bath
for 3 h. In two separate conical flasks, 0.28 g of FeSO4·7H2O were dis-
solved in 5mL of 0.5 M HCl and 0.54 g of FeCl3·6H2O were added in
10mL of ultrapure water. The two solutions were slowly added to the
GO solution, which was continuously stirred at 400 rpm in N2 atmo-
sphere. To quickly adjust the pH of the mixture to 10.0, 16mL of 30%
NH3 was added. The mixture was then filtered, washed several times
with ethanol and then with deionized water. The precipitated compo-
site was dried at 70 °C overnight [53].

2.3. Characterization of GO-Fe3O4

The surface morphology of GO-Fe3O4 was recorded using scanning
electron microscopy (SEM) Zeiss Supra 55 field emission (Germany).

The samples were coated with Pt by electrodeposition under vacuum
prior to analysis to enhance the surface conductivity. Inductively cou-
pled plasma-optical emission spectrometry (ICP-OES/Agilent 5110) was
employed to determine the total Fe3O4 % in the composite. The particle
size distribution and pH zero-point charge (pHzpc) of GO-Fe3O4 were
determined using a Malvern 2000 Zetasizer Nano ZS instrument. The X-
ray diffraction (XRD) measurements were performed using Rigaku
Smartlab XRD with Cu Kα radiation (k=1.541 A˚) with 5° min−1 over a
range (2θ) of 5-80°. The infrared spectra analysis was performed in a
Perkin-Elmer, FT-IR (ATR, Attenuated total reflectance) spectro-
photometer in the range of 4000-525 cm−1. The surface area mea-
surement was performed with N2 adsorption at a temperature of 77 K
and pressure range of 0.05-0.3 P/P° by using BET (Brunauer -Emmett
-Teller) multi-point N2 physisorption apparatus (Micromeritics
Instrument Corp.).

2.4. MTZ and CAP treatment studies and analysis

For the degradation tests, 80mg L−1 aqueous solutions of me-
tronidazole (MTZ) and chloramphenicol (CAP) antibiotics were used. A
three-dimensional carbon felt electrode (Carbone Lorraine,
15× 5×1 cm) was used as the cathode and a 10 cm2 platinum gauze

Fig. 1. Schematic design of the electro-Fenton reactor.

Fig. 2. The particle size distribution of prepared GO-Fe3O4 catalyst.
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Fig. 3. FT-IR spectra of a) graphite, OG, GO and b) bare and used GO-Fe3O4.

Fig. 4. XRD patterns of graphite, GO and GO- Fe3O4.
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electrode (Sigma-Aldrich) was used as the anode. For each experiment,
200mL of the antibiotic solution was added to a 250mL glass cell
(Fig. 1). The pH was adjusted to the desired value by using 3M H2SO4

or 3M NaOH solution. Na2SO4 (0.05M) was added as a supporting

electrolyte. The FeSO4·7H2O salt (for the homogeneous experiments) or
the prepared GO-Fe3O4 was used as the iron ion source. In the experi-
ments in which the composite catalyst was used, the solution was al-
lowed in the ultrasonic bath for 1min to disperse the catalyst into the

Fig. 5. SEM image of a) bare and b) used GO- Fe3O4 c) EDX spectra of bare GO-Fe3O4 and EDX analysis with inset displaying atomic percent of elements.

Fig. 6. The effect of time and applied current on mineralization of MTZ and CAP solutions ([MTZ]0 = [CAP]0 = 80mg L−1, [Fe2+]0 =0.2mM, [Na2SO4]=50mM,
pH=3, V=200mL).
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solution before the electrolysis process started. Three different catalyst
quantities (0.1, 0.25 and 0.5 g L−1) were tested. As soon as the op-
timum concentration was determined (0.5 g L−1) it was used in all
experiments thereafter. The homogeneous electro-Fenton experiments
were carried out only at pH 3 due to limiting reasons based on the use
of ferrous ion [54].

The anode was placed in the solution center whereas the carbon felt
cathode was placed near the walls of the electrolysis cell. Prior to the
start of electrolysis, the solution was saturated with oxygen gas for
15min. Constant current values of 100, 200 or 300mA were applied.
During electrolysis, samples were taken at various intervals to monitor
the changes in antibiotic concentration and TOC values. In addition,
when GO-Fe3O4 catalyst was used, the samples were filtered through a
0.20 μm syringe filter.

The mineralization current efficiency (MCE), expressed as the mi-
neralization %, was calculated using TOC analysis results by Eq. (4)

= ×MCE
TOC

TOC
Δ( )

Δ( )
100exp

theor (4)

Where, Δ(TOC)exp is the experimental TOC removal at a given time and
Δ(TOC)theor is theoretical calculated TOC removal considering that the
applied electrical charge is consumed according to Eqs. (5,6).

C6H9N3O3 + 9H2O → 6CO2 + 3NH4
+ + 15H+ + 18e− (5)

C11H12N2O5Cl2 + 17H2O → 11CO2 + 2NH4
+ + 2Cl− + 38H+ +

38e− (6)

To determine the extent of antibiotic adsorption on the composite
and if this affects the electro-Fenton process, two adsorption runs were
performed (one for each antibiotic) at a single set of conditions. For
each run, 80mg L−1 of MTZ (or CAP), 0.5 g L−1 of GO-Fe3O4 and
50mM Na2SO4 were added. The pH was adjusted to 3 and the mixture
was then continually stirred for a period of 3 h, during which aliquots
were obtained and the MTZ/CAP concentration was determined
through high-performance liquid chromatography (HPLC) as described
below.

MTZ and CAP concentration was determined by HPLC fitted with a
photodiode array detector (at λ=320 nm and 240 nm for MTZ and

Fig. 7. The effect of GO-Fe3O4 concentration on decomposition of
MTZ (●, ∎, ▲) and CAP (o, □, Δ) at 0.1 (∎, □), 0.25(●, o), 0.5 g
L−1 (▲, Δ) in electro-Fenton process, and adsorption of GO-Fe3O4

(♦) ([MTZ]0 = [CAP]0 = 80mg L-1, pH=3.0,
[Na2SO4]= 50mM, I= 300mA, V=200mL).

Fig. 8. The effect of pH on the degradation of MTZ (●, ∎, ▲) and
CAP (o, □, Δ) at pH 7 (●, o), 5 (∎, □) and 3 (▲, Δ) in electro-
Fenton process ([MTZ]0 = [CAP]0 =80mg L−1, [GO-
Fe3O4]=0.5 g L-1, [Na2SO4]= 50mM, I= 300mA,
V=200mL).
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CAP, respectively) and a C18 column. The mobile phase consisted of a
mixture of acetonitrile/water (40/60 v/v). The flow rate was set at
0.5 mL min−1. TOC measurements were performed by a TOC cell kit.
The Fe2+ contents were obtained with modified 1,10-phenanthroline
method [38]. The Fe3+ ion concentration was determined spectro-
photometrically due to the formation of Fe3+-salicylic acid complex
[38]. The organic acids formed as by-products during decomposition
were monitored by HPLC using an Agilent LC system fitted with a Grace
Prevail organic acid column (5 μm, 250mm×4.65mm), and coupled
to a photodiode array detector preset at λ=210 nm. The mobile phase
was a solution of 25mM KH2PO4 (phosphate buffer of pH 2.5) at an
elution rate of 0.5 mL min−1.

The cyclic and/or aromatic by-products accumulated in some
treated solutions were identified by LC–MS/MS using an Agilent 6460

Fig. 9. The effect of pH on mineralization of MTZ and CAP solution ([MTZ=CAP]0 =80mgL−1, [GO-Fe3O4]=0.5 g L-1, [Na2SO4]=50mM, I= 300mA,
V=200mL).

Table 2
Comparison of MTZ/CAP mineralization rates among various methods.

MTZ mineralization % Method used Optimum conditions Reference

73 % TOC removal Heterogeneous electro-Fenton (GO-Fe3O4 catalyst) MTZ0= 80mg L−1, pH=3, I= 300mA, t= 300min, Na2SO4=50mM,
GO-Fe3O4=0.5 g L−1.

This work

34.48 % TOC removal Electrochemical degradation Using stainless steel anode
coated with SnO2 nanoparticles

MTZ0= 25mg L−1, pH=7, japp= 15mA cm-2, t = 100min, NaCl= 0.5 g
L−1

[60]

94% COD removal Anodic oxidation with BDD electrode COD0=960mg L−1, pH=3, NaCl=0.4 g L−1 T=30 °C, japp= 100mA cm-

2, 120min.
[41]

37 % TOC Electro-Fenton process with a Ce/SnO2–Sb coated
titanium anode

MTZ0= 80mg L−1, Fe2+=2.0mM, [H2O2]/[Fe2+]=10:1, pH=2.0, 4 h [43]

85% TOC Coupling an electrochemical reduction with a biological
treatment

MTZ0= 100mg L−1, titanocene catalyst= 10mg L−1, t = 16 day.
V=−1.2 V/SCE, flow rate= 1mL min−1.

[12]

36 % TOC Solar photoelectro-Fenton using a flow plant with a Pt/
air-diffusion cell and a CPC photoreactor

MTZ0=1.39mmol dm−3,
Na2SO4= 0.10mol dm−3, pH 3.0, Fe2+=0.50mmol dm−3, japp= 55.4mA
cm-2, t = 300min

[46]

89% COD Photocatalytic oxidation with Sulfur-doped TiO2/
rectorite (STC)

MTZ0= 10mg L−1, 300W Dy lamp (k > 400 nm), T= 25 °C,
catalyst= 200mg, 240min

[51]

CAP mineralization %
86 % TOC Removal Heterogeneous electro-Fenton (GO-Fe3O4 catalyst) CAP0= 80mg L−1, pH=3, I= 300mA, t= 300min, Na2SO4=50mM,

GO-Fe3O4=0.5 g L−1.
This work

98 % COD Solar photo-Fenton CAP0= 209mg L−1, H2O2= 750mg L−1, UVA=5.3 kJ L−1, T= 45-55 °C,
t= 60min, [Fe2+]=10mg L−1, pH=2.5–2.8.

[47]

52.06 %TOC Electrochemical degradation with a novel Al doped
PbO2 electrode

CAP0= 500mg L−1, t = 2.5 h, japp= 30mA cm-2, pH=3, Na2SO4= 0.2mol
dm-3.

[42]

64.1 % TOC 75.3 % TOC Fenton and photo Fenton Processes CAP0= 48mg L−1, pH=3.5, Fe2+=2.25mM, H2O2= 22.5 mM, t= 45min,
T=25 °C.

[50]

98 % DOC Photocatalytic oxidation CAP0= 50mg L−1, Lamp=9W Osram Dulux S 9W/78 (360 nm), TiO2

P-25= 1 g L−1, H2O2= 400mg L−1, t= 120min.
[61]

90.1 % TOC Thermally activated persulfate CAP0= 64mg L−1, t = 160min, [Persulfate]0/[CAP]0=80:1, pH=5.4,
T=70 °C.

[45]

41.5 % TOC UV/H2O2 process CAP0= 150mg L−1, t = 160min, H2O2= 35mM, I= 600mW cm-2,
t= 50min.

[48]

Table 3
The values of correlation coefficients and apparent rate constants.

R2 kapp (min−1)

MTZ, Fe2+, pH=3 0.9999 0.2503
MTZ, GO-Fe3O4, pH=3 0.9399 0.3037
MTZ, GO-Fe3O4, pH=5 0.9787 0.1835
MTZ, GO-Fe3O4, pH=7 0.9469 0.1378
CAP, Fe2+, pH=3 0.9562 0.0772
CAP, GO-Fe3O4, pH=3 0.9059 0.1447
CAP, GO-Fe3O4, pH=5 0.8374 0.1130
CAP, GO-Fe3O4, pH=7 0.9067 0.1258
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triple quadrupole mass spectrometer fitted with a C18 Phenomenex
Luna column (5 μm, 150mm×4.60mm). The mobile phase was a 70/
30 (v/v) acetonitrile/water solution containing 0.1% CH3COONH4 and
the elution rate was set at 0.5mL min−1.

3. Results and discussion

3.1. Characterization of GO-Fe3O4

ICP-OES analysis showed a 68.5 ± 0.9% of total Fe3O4 in the
composite. This comes in good agreement with the target of 70% w/w
aimed during the preparation stages. The particle size distribution of
the GO-Fe3O4 catalyst is shown in Fig. 2. A uniform distribution was
observed for the GO-Fe3O4 catalyst. The mean particle diameter dis-
tribution was determined to be 39.86 nm with a narrow distribution
range of 2.829 nm. The BET analysis resulted in a surface area of 167
m2 g−1 and an average micropore diameter of 0.9997 nm.

The characteristic functional groups of graphite, oxidized graphite
(OG), graphene oxide (GO) and prepared GO-Fe3O4 are presented in
Fig. 3. As shown in Fig. 3a, the dominant peak in the FT-IR spectrum of
GO belongs to the eOH group (adsorbed water) in the region of 2700-
3600 cm−1. The hydroxyl structure or adsorbed water molecules are
located inside or between the graphite layers. The vibrations of the
C]C skeletal structure in the non-oxidized graphite structure were
observed at 1620 cm−1. The peak observed at 1734 cm−1 was due to
the stretching mode of the C]O group. The peaks at 1410 cm−1,
1226 cm−1 and 1060 cm−1 were due to the O]CeO carboxyl
stretching, CeOeC stretching, and CeO epoxide stretching modes re-
spectively in the GO structure. The absence of these peaks in the gra-
phite and oxidized graphite spectra indicated that the desired oxygen-
containing functional groups were developed during the preparation of
GO [53,55,56].

The FT-IR spectra of the bare and used GO-Fe3O4 composite are
given in Fig. 3b. The peak of the C]O stretching in GO-Fe3O4 structure
that shifted to 1560 cm−1, indicated that the Fe3O4 structures are
loaded on the COO- groups in the GO structure and that metal-carboxyl
coordination occurs between the GO layers. At the same time, unlike
the GO spectrum, the intense Fe-O vibration peak at about 588 cm−1

may be due to the presence of individual Fe3O4 molecules in the
structure [53,57].

Fig. 4 shows the XRD spectrum of the pure graphite structure. A
strong and sharp (002) pike was observed at 2θ=26.5° (002) and the
layer spacing (d-spacing) values of this peak was measured as 0.336 nm.
In the GO spectrum, the peak at 2θ=10.9° (001) (d= 0.865 nm) in-
dicated that the graphite has been successfully oxidized to GO structure.
When the XRD spectrum of the synthesized GO-Fe3O4 structure was
compared with the Fd-3 m (227) space group of standard cubic spinal
Fe3O4, the peaks at 30.33° (220), 35.67° (311), 43.39° (400), 53.62°
(422), 57.31° (511), 62.92° (440) were observed. XRD analysis also
revealed the presence of impurities coming from trace quantities of
graphite, sodium nitrate, and probably a reduced form of graphene
oxide [58].

The SEM image of the GO-Fe3O4 composite (before use) is given in
Fig. 5. It can be seen that the spherical structure of GO-Fe3O4, with an
average diameter of 30 nm, was successfully obtained through the
modified Hummers method. The SEM image of the used GO-Fe3O4

showed a similar structure. Fig. 5c shows the elemental composition of
GO-Fe3O4 as determined by EDX analysis. The presence and significant
atomic % of Fe atoms was clearly confirmed. Of the total 68.5% Fe
present in GO-Fe3O4, approximately half of it (35.5%) can be found on
the composite’s surface.

3.2. Mineralization of MTZ/CAP and their by-products in a homogeneous
electro-Fenton environment

In Fig. 6, the mineralization % of both antibiotic solutions was given
as expressed by the TOC measurements, depending on the applied
current and treatment time. The TOC measurements corresponded to
the total residual organic carbon from the antibiotics, as well as any by-
products produced during the electro-Fenton treatment. Despite being
unable to achieve complete mineralization after 300min, the highest
TOC removal efficiencies of 57.2% and 70.7% were obtained for the
MTZ and CAP solutions at 300mA, respectively. The reason for this
difference may be the higher number and/or the degradation resistance
of MTZ by-products.

In the case of MTZ, increasing the applied current did not have a
considerable effect on the mineralization rate, regardless of treatment
time. It appears that the rate of hydroxyl radical production remained
somewhat constant at all currents, therefore for practical reasons
200mA can be considered as the optimum. This behavior can be

Fig. 10. Reusability of the GO-Fe3O4 for MTZ mineralization after 5 h of electrolysis. ([MTZ]0 =80mgL−1, [GO-Fe3O4]= 0.5 g L-1, [Na2SO4]=50mM,
I= 300mA, V=200ml, pH=3).
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explained by the occurrence of secondary reactions, which are the
discharge of O2 at the anode and the formation of H2 at the cathode,
that compete with the production of H2O2 (Eq. (1)). The effect of cur-
rent, was more noticeable in the degradation of CAP, where miner-
alization was increased by approximately 22–30% TOC removal, as the
applied current was raised from 200 to 300mA (for the 3 and 5 h
treatments). At 400mA, no significant change was observed, indicating
that the production rate of hydroxyl radicals had reached its peak at
300mA.

Treatment time played a more a critical role in the process. At 1 h,
the maximum mineralization achieved was 20.4 and 29.2% TOC re-
moval for MTZ and CAP, respectively. This may be attributed to the
recalcitrance of the parent molecules and the large number of by-pro-
ducts produced during the 1st hour. After 3 h treatment, a sharp rise in
mineralization was observed, reaching a maximum of 57.2% TOC re-
moval (at the optimum current of 300mA) after 5 h of treatment for
MTZ. A similar trend was also observed for CAP, reaching a maximum

mineralization rate of 70.7% TOC removal after 5 h of electrolysis (at
300mA). In both antibiotic solutions, as time progressed more by-
products became available for oxidation, some of which could be
readily degraded, resulting in the sharp increases in mineralization
rates observed.

3.3. MTZ/CAP degradation in heterogeneous electro-Fenton environment

3.3.1. The effect of GO-Fe3O4 concentration
The effect of GO-Fe3O4 concentration and potential adsorption ef-

fects over a treatment time of 45min are presented in Fig. 7. It can be
clearly seen that the highest removal efficiencies were observed at a
catalyst concentration of 0.5 g L−1 for both antibiotics. As a result, this
concentration was used in all subsequent experiments. Kinetically, near
complete degradation was achieved after 15 and 45min for MTZ and
CAP, respectively. This indicates a relative degradation resistance of
CAP as compared to MTZ, which may be due to the higher activation
energy required for the initiation of the first degradation reaction. It is
important to note that a thermodynamic study of the degradation
would provide more information in this regard, however it was beyond
the scope of this work.

It is evident that as the catalyst concentration increased, so did the
removal rate, and this trend was observed at any given time. This is
probably due to the higher number of active sites on the catalyst sur-
face, as shown in earlier studies [57]. With respect to adsorption,
practically no MTZ or CAP was removed from solution due to adsorp-
tion on GO-Fe3O4. Therefore, it is clear that the GO-Fe3O4 composite,
participates in the Fenton reaction rather than in adsorption.

This observation comes in contrast with the conclusions of Yu et al.,
who used GO-Fe3O4 in a photo-Fenton process, and suggested that this
catalyst promoted degradation through three distinct mechanisms. The
first is based on its considerable adsorption capacity, as indicated by the
surface area measurement. The second, an efficient Fe3+/Fe2+ con-
version with UV light irradiation which promotes the production of •OH
and the higher number of active sites compared to unmodified gra-
phene [57].

3.3.2. The effect of pH
The effect of pH in the heterogeneous electro-Fenton treatment of

MTZ and CAP was investigated at pH 3, 5 and 7, and the removal ef-
ficiencies are shown in Fig. 8. Similarly to the homogeneous electro-
Fenton results shown earlier, the most effective decomposition of MTZ
was observed at pH 3 [24]. Degradation of CAP was seen to be effective
at both pH 5 and 3. The pH point of zero charge (pHpzc) value was
determined as 6.2. When the solution pH is < pHpzc, the composite
surface will be positively charged, otherwise it will be negatively
charged. In this case, according to the pKa values given in Table 1, at pH
3 the ionized forms of MTZ or CAP prevail and the electrostatic inter-
actions with the positively charged composite surface become increas-
ingly important.

Fig. 9 shows the effect of the GO-Fe3O4 composite on the TOC re-
moval of the antibiotic solutions, at different pH values (3, 5, and 7).
The highest mineralization percentage was obtained at pH 3–73 and
86% for MTZ and CAP, respectively (after 5 h), therefore confirming the
earlier observation. These values were ˜16% higher than the values
obtained using homogeneous electro-Fenton method for MTZ and CAP
(57.2% and 70.7% in Fig. 5).

At pH 3 and 3 h of electrolysis, mineralization rates of 56 and 82%
were achieved, for MTZ and CAP, respectively. Between the pH values
of 5 and 7, the results were comparable and the pH appeared to have
little or no effect in the process, regardless of treatment time. The
lowest mineralization % (after 5 h treatment) was 28 and 44% for MTZ
and CAP solutions, respectively. It is known that pure Fe3O4 contains
both Fe2+ and Fe3+ (twice as much Fe3+) and that the most stable state
of the molecule is at neutral pH value. While the Fe2+ ions exist within
the solid surface structure of magnetite, in acidic solutions Fe2+ ions

Fig. 11. The recommended pathway for the oxidation mechanism of a) MTZ
(positive mode) b) CAP (negative mode) by LC–MS/MS.
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may leach into the water and participate in a homogeneous Fenton
reaction [59]. Another important observation is that while there was a
significant difference between CAP mineralization values obtained at 3
and 5 h in the homogeneous system, comparable values were obtained
when GO-Fe3O4 was used. Therefore, the process of electrolysis can be
effectively applied in a shorter time.

Table 2 shows the mineralization % obtained in various AOPs, as
compared to the one obtained in this work. The values obtained with
the GO-Fe3O4 here, compare favorably to most other methods. It is
important to note that process economics and scaling-up potential have
not been taken into account for this comparison. Furthermore, it is
often the case that when several contaminants are present (as in real
wastewaters), mineralization rates drop considerably.

3.4. Degradation kinetics

The degradation kinetics of both compounds were determined to fit
the pseudo-first order model. Thus, a sufficient amount of hydrogen
peroxide was produced in the electro-Fenton process and the hydroxyl
radical concentration was considered as constant. Consequently, the
apparent rate constants were calculated by the following Eq. (7).

⎛
⎝

⎞
⎠

=ln C
C

k tapp
0

(7)

Where, C0= initial concentration (mg/L), C= concentration (mg/L) at
time t, kapp=the apparent rate constant (min−1); t= time (min).

Table 3 shows the apparent rate constants for MTZ and CAP

degradation in homogeneous and heterogeneous electro-Fenton en-
vironments. At pH 3 for both compounds there were increases in the
apparent rate constants of degradation kinetic in the heterogeneous
electro-Fenton system using GO-Fe3O4 compared to homogeneous
electro-Fenton. At pH values of 5 and 7, kapp values were decreased for
both antibiotics, the decrease being more notable in the case of MTZ.

3.5. Leaching of Fe ions from the GO-Fe3O4 composite

During the electro Fenton treatment of MTZ, the types of iron ions
leaching to the solution at different pH values were determined spec-
trophotometrically. The concentration of Fe2+ ion in the solution was
determined as 0.478, 0.375 and 0.021mg L−1 at pH 3 for 1, 3 and 5 h
electrolysis time, respectively. The concentration of Fe3+ ions in the
solution was determined as 8, 11 and 12mg L−1 at 1, 3 and 5 h of the
electrolysis, respectively, considerably higher than the concentration of
Fe2+ ions. After 5 h of electrolysis, the presence of Fe2+/Fe3+ ions in
the solutions could not be determined at other pH values. The release of
Fe2+/Fe3+ ions was mainly observed at pH 3, and it was mainly in the
form of Fe3+. Nidheesh et al. obtained similar results using Fe3O4 and
concluded that ˜75% of iron in a 10mg L−1 solution of Fe3O4 was re-
leased [38]. This comes in contrast with the results obtained in this
study, where the released iron was considerably lower (˜5%) even
though a higher concentration of GO-Fe3O4 catalyst (0.5 g L−1) was
used. Therefore, although the optimum pH - with respect to miner-
alization % - is 3 for both antibiotics, at this value the highest leaching
of Fe ions is observed. For practical reasons, it may be preferable to

Fig. 12. Evolution of carboxylic acid formed during electrolysis of a) CAP and b) MTZ: •, oxalic; ▲, glyoxylic; ∎, malic; ♦, pyruvic; ○, maleic ([MTZ=CAP]0
= 80mg L−1, [Fe2+]0 =0.2mM, [Na2SO4]= 50mM, I= 100mA, pH=3.0, V=200mL).
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process the antibiotics solutions at pH 5, where the Fe leaching is
negligible and the structure of the composite more stable.

Finally, the stability and reusability of the GO-Fe3O4 composite was
studied by applying it in 4 repeated electro-Fenton treatment runs of
MTZ at pH 3. The prepared composite was re-collected after each
electrolysis run, washed repeatedly with distilled water, dried over-
night and used again the next day in the same conditions. Fig. 10 shows
that after 4 runs, the TOC removal rate decrease was only 5%, in-
dicating the reusability potential of the catalyst.

3.6. Identification of degradation intermediates

The identification of persistent and/or unstable intermediates is
significant because in some cases they are more toxic than the parent
molecule. Furthermore, by-products that remain in solution account for
the non-complete mineralization of MTZ/CAP, as expressed by the TOC
measurements. Possible aromatic degradation products for both anti-
biotics are shown in Fig. 11. The number of identified intermediates
which were formed during degradation of CAP was lower than that of
MTZ. After the electrophilic addition of the hydroxyl radical to the MTZ
structure, intermediates II (3-(2-Hydroxy-ethyl)-2-methyl-3H-imidazol-
4-ol), III ((2-Methyl-5-nitro-imidazol-1-yl)-acetic acid), IV ((5-Hydroxy-
2-methyl-imidazol-1-yl)-acetic acid), V (2-Methyl-5-nitro-1H-imida-
zole), and VI (2-Methyl-3H-imidazol-4-ol) structures were likely to
occur. It can be assumed that intermediate VII (5-Amino-1-(2-hydroxy-
ethyl)-2-methyl-1H-imidazol-4-ol) is formed because it was studied in
the undivided cell (Fig. 11a). In the mechanism proposed for CAP, 4-
nitro phenol (IV) was formed by separating the aliphatic group as
shown in Fig. 11b.

The concentration of low molecular weight organic acids which
were formed as a result of the opening of the aromatic rings, is pre-
sented in Fig. 12. In the case of CAP, acid formation peaked between
60–90min, whereas in MTZ degradation, the acid concentration was at
its highest after ˜50min. Oxalic and glyoxylic acids appear to be the
most persistent, still identifiable at considerable concentrations after
300min of treatment (˜0.1mM for both in the case of CAP and 0.04 and
0.01mM respectively, in the case of MTZ). Although oxalic acid is not
mutagenic or carcinogenic, it may have harmful effects if inhaled and/
or comes in contact with skin.

4. Conclusions

The degradation and mineralization of MTZ and CAP antibiotics
solutions was investigated using Fe2+ salt and GO-Fe3O4 as Fenton’s
reagent in electro-Fenton process. The Fe3O4 structure in the GO-Fe3O4

composite was established by XRD, FTIR, SEM-EDX analysis, while the
average particle diameter of the synthesized composite was determined
to be 39.86 nm. When both Fe2+ ion sources were used, it was de-
termined that the optimum pH was 3. However, the use of GO-Fe3O4

was found to have a significant enhancing effect on the mineralization
of both antibiotics. At an optimum catalyst concentration of 0.5 g L−1,
approximately 16% higher antibiotic degradation was achieved, as
compared to homogeneous electro-Fenton process. Apart from its effi-
ciency in degrading MTZ/CAP, GO-Fe3O4 has several other advantages
that included simple preparation steps as well as potential reusability
for repeated runs.
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