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a b s t r a c t

The catalytic activity of metal nanoparticles (MNPs) relies on the property of the support. The recent 
availability of suspensions of graphene oxide(GO) and other graphene-based materials has provided 
new opportunities for the development of supported MNPs as catalysts. Herein, this work aims 
to develop a novel MNPs-GO catalyst possessing large surface area, strong metal–support interac-
tion and more active sites. A magnetic nano Fen+@GO nanocomposite (MFGO) with MNPs (i.e., Fen+, 
iron oxide) and graphene oxide was synthesized through a facile in situ co-precipitation method. 
The MFGO composites were utilized as effective heterogeneous Fenton catalysts for the degradation 
of tetracycline (TC) over a wide pH range. The removal efficiencies for the system of H2O2, MFGO 
and H2O2 with MFGO after 120 min reached 19.17%, 25.38%, and 94.82%, respectively. The optimum 
removal efficiency achieved 94.80% in the condition of 500 mg/L TC, pH = 7.0, 0.469 mol/L H2O2 
and 0.5 g/L catalyst dose. Besides, the catalysts could be used for at least six times. The magnetic 
nanoparticles had been strongly immobilized on the surface of GO through stable chemical bond-
ing. The introduction of GO contributed to increasing the adsorption capacity and enhancing the 
Fenton catalytic activity. The catalysts could be magnetically recycled with good stability. This study 
provided new insights into the precipitation of a magnetic heterogeneous catalyst and advanced its 
application. 

Keywords: Fen+; Graphene oxide; Tetracycline; Heterogeneous Fenton oxidation

1. Introduction

Tetracycline (TC; C22H24N2O8), one of the most common
broad-spectrum antibiotics, is used extensively in human 
treatment [1], livestock husbandry and aquaculture indus-
tries [2]. Tetracycline residues are stable and usually resistant 

to the conventional wastewater treatments, such as, bio-
logical treatment or physical adsorption technology [3]. To 
overcome the drawbacks of the conventional treatments, the 
application of different catalytic technologies as the so-called 
advanced oxidation procedures (AOP’s) is gaining more 
and more attention [4]. Recently, the Fenton technology has 
become one of the most powerful and widely used AOP’s 
for the treatment of wastewater containing non-biodegrad-
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able organic pollutants [5]. For instance, Fenton systems was 
applied to remove tetracyclines [6]. However, there are also 
shortcomings of the application of the conventional Fenton 
method, such as (i) narrow pH range (2.8~3.2) requirement, 
(ii) ineffective utilization of quickly generated hydroxyl rad-
icals (•OH), (iii) the handling of the large amount of iron 
sludge after neutralization, (iv) the secondary population 
issue of the use of high iron concentration during mineraliza-
tion. In consequence, numerous studies focused on heteroge-
neous Fenton-like system using metal nanoparticles (MNPs), 
since they have interesting properties to be potentially used 
as heterogeneous catalysts, such as wide availability, low cost 
and high specific surface area [7,8]. 

Among MNPs, magnetic nanoparticles are the most 
effectual heterogeneous Fenton catalysts and have been 
successfully applied for organic pollutants degradation 
[9,10]. In this system, magnetic nanoparticles can be decom-
posed by H2O2 molecules to produce hydroxyl radicals 
(•OH) through the Fenton reaction according to Eq. (1) [11]. 
Magnetite or Fe3O4 magnetic nanoparticles significantly 
enhanced the formation rate of •OH, due to the existence of 
octahedral sites containing Fe2+ ions. The produced •OH are 
robust oxidant species reacting unselectively with organic 
compounds which results in the mineralization of these 
compounds into inorganic ions, CO2 and H2O [12]. Accord-
ing to Eq. (2), Fe2+ ions can be regenerated via the reduction 
of Fe3+ by H2O2.

Fe2+ + H2O2 → Fe3+ + OH− + •OH   (1) 

Fe3+ + H2O2 → Fe2+ + H+ + •OOH   (2) 

However, Fe3O4 magnetic nanoparticles have a strong 
tendency to agglomerate into larger ones owing to intra-par-
ticle interactions (e.g., the Van der Waals and intrinsic mag-
netic interactions) [13,14]. This property can decrease Fe3O4 
magnetic nanoparticles characteristics including surface/
volume ratio, dispersion stability and catalytic capability. 

A useful and effective approach to overcome these prob-
lems is to incorporate magnetic nanoparticles (e.g., Fe3O4) 
into porous supporting materials viz., zeolite, activated 
carbon and polymer. In this method, magnetic nanopar-
ticles are uniformly distributed on the supporter surfaces 
and show a high catalytic activity, compared to the single 
magnetic catalysts. Moreover, iron-based catalyst systems 
cannot only provide a high surface area for the adsorption 
of pollutants and oxidants, but principally improve elec-
tron transfer and subsequently the performance of oxida-
tion process. Recently, this technique widely attracted the 
attention of researches because the iron immobilization 
onto a support provides a physical retention of the catalyst 
to avoid the iron release in the treated water [15].

Graphene oxide (GO), a two-dimensional (2D) 
nanosheet of sp2-hybridized carbon, exhibits a high poten-
tial as a supporting material for Fenton catalysts, due to 
rich source of raw materials, simple preparation method, 
very large surface to volume ratio, high stability and wide 
availability [16]. Recently, some researches have focused 
their attentions on using reduced graphene oxide (rGO) as 
a catalyst for the removal of organic compounds in the Fen-
ton oxidation studies [17]. It is reported that GO contributes 
on improving the performance of Fenton catalytic process 

regarding the adsorption of pollutants. Therefore, there is 
a strong impetus to explore GO as a support material for 
magnetic MNPs to perform heterogeneous Fenton reaction. 

In this study, a novel magnetic heterogeneous catalyst 
composite was synthesized by immobilizing Fen+ (e.g., Fe2+, 
Fe3+) to graphene oxide (MFGO). The catalytic activity was 
estimated by the degradation of Tetracycline (TC). The 
objectives of this work are (1) to prepare and characterize 
a magnetic nano Fen+@GO (MFGO) and apply it as a het-
erogeneous catalyst for the removal of TC residuals from 
aqueous solutions in a batch system; (2) to optimize the 
removal conditions by investigating the effects of solution 
pH, initial H2O2 concentration, catalyst dosage and initial 
concentration of TC; (3) to examine the degradation mech-
anisms between TC and MFGO based on the structure, 
morphology and property; and (4) to assess the reusability 
performance of MFGO.

2. Experimental 

2.1. Materials

Tetracycline hydrochloride (C22H24N2O8·HCl, molecu-
lar weight (MW): 480.9 g/mol) was obtained from Alad-
din Reagent Co., Ltd. (Shanghai, China). Graphite powder 
(particle size ≤30 μm) was purchased from Tianjin Fuchen 
Chemical Reagent Factory. Nitric acid (HNO3), sulfuric acid 
(H2SO4, 95–98%), ethanol, sodium hydroxide (NaOH), fer-
ric chloride hexa-hydrated (FeCl3·6H2O), ferrous sulfate 
hepta-hydrate (FeSO4·7H2O), hydrogen peroxide (H2O2, 
30%) and some other chemicals used in the experiments 
were of analytical-laboratory grade and supplied by Sino-
pharm Chemical Reagent Co., Ltd (Shanghai, China). Only 
high-purity water (18.25 MΩ/cm) purified through a Milli-
pore system was used in all experiments.

2.2. Synthesis of catalyst

Graphene oxide (GO) was synthesized from natural 
flake graphite powder according to the modified Hummers 
protocol [18–20]. Briefly, the natural graphite powder was 
first pre-oxidized with K2S2O8, P2O5 and H2SO4, then further 
oxidized with H2SO4, NaNO3 and KMnO4. Lastly, the result-
ing mixture was rinsed repeatedly with Milli-Q water and 
then sonicated to obtain a GO suspension.

The catalyst was prepared by a facile in situ chemical 
co-precipitation method. In brief, 14 g FeCl3·6H2O and 5 
g FeSO4·7H2O were dissolved in 200 mL of Milli-Q water. 
The Fe2+ and Fe3+ solution was added into 500 mL of GO 
suspension under vigorous stirring at 450 rpm for 2 min in 
water-bath thermometer. Then, NaOH solution (100 g/L) 
was added rapidly to adjust the solution pH to 10–11, and 
the mixture was stirred continuously at 258 K for 45 min 
to form magnetic nano Fen+@GO composite. After cooling 
at room temperature, the product was separated from the 
suspension using a magnet and washed with Milli-Q water 
several times until the solution pH became neutral. 

The magnetic nano Fen+@GO was defined simply as 
MFGO. And the products were employed as heterogeneous 
Fenton catalysts in the experiment at a concentration of 
15±0.10 mg/mL.
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2.3. Characterization methods

The morphology and structure were analyzed by scan-
ning electron microscopy (SEM; Hitachi, S-4800, Japan) and 
high-resolution transmission electron microscopy (HRTEM; 
Tecnai G2-F20, USA). Energy dispersive spectrometry (EDS) 
mapping was conducted using the EDAX system attached 
to the same field-emission transmission electron micro-
scope. TG and DSC curves were measured by thermoana-
lytical equipment (TGA; SDT Q600, USA) under a nitrogen 
atmosphere from room temperature to 1273 K. Fourier 
transform-infrared spectroscopy (FT-IR) spectra of the sam-
ples were measured in wave numbers ranging from 400 to 
4000 cm–1 using a Perkin-Elmer Spectrum One spectrometer 
(Magna-IR 170, Nicolet, Ltd., USA) with a KBr beam split-
ter at room temperature. The surface elemental composition 
was recorded on X-ray photoelectron spectroscopy (XPS; 
Thermo ESCALAB 250Xi, USA) with a resolution of 0.5 eV. 
The vibrating sample magnetometer (VSM; MPMS-XL-7, 
Quantum Design Instruments, USA) was used to assess the 
magnetization measurement curve at room temperature.

2.4. Removal experiments

A stock solution (10 g/L) of TC was prepared by dissolv-
ing specific amounts of TC powder into Milli-Q water. The 
different concentrations of TC solutions used in the batch 
experiments were obtained by diluting the stock solution. 
Experiments regarding the degradation processes of TC 
by heterogeneous Fenton system (MFGO/H2O2) were con-
ducted in conical flasks containing 150 mL of the prepared 
solutions of TC with a temperature-controlled shaker (298 
K) at a constant speed of 160 rpm. Firstly, a certain amount 
of catalyst was added into TC solution and the suspension 
was stirred in the dark overnight to achieve an adsorption/
desorption equilibrium. Then, the H2O2 solution was added 
into the sample solution to initiate the Fenton reaction. At 
selected time intervals, the catalyst was magnetically sep-
arated from the solution by a magnet. The filtered sample 
(0.45 μm) was analyzed by an ultraviolet and visible spec-
trophotometer (UV-1780) to obtain the residual TC concen-
tration. The maximum wavelength of TC was determined at 
357 nm. The removal efficiency of TC is calculated accord-
ing to Eq. (3). In this study, the pH was adjusted to the 
desired value via adding negligible volumes of NaOH or 
HNO3. And the effects of variables such as pH, catalyst and 

H2O2 concentration, as well as the initial TC concentration 
on the removal efficiency were investigated. After process 
optimization, the reusability, stability and mineralization of 
the catalyst were evaluated in six consecutive cycles of use.

Removal Efficiency = (C0 – C)/C0 × 100%   (3) 

where C0 (mg/L) and C (mg/L) were the initial and rem-
nant concentration of TC, respectively.

3. Results and discussion

3.1. Characterization

The SEM image of the sample is shown in Fig. 1a. The 
image revealed that there were many intrinsic wrinkles 
on the external surface of MFGO, which were essential 
for the structural stability of MFGO. This could also be 
attributed to the agglomeration and uniform distribution 
of the active species (i.e., Fen+, iron oxide) on the GO sur-
face, which increased its adsorption capability for pollutant 
adsorption. The TEM image of MFGO (Fig. 1b) depicted a 
typical fabric-like shape with a two-dimensional nanosheet 
structure. As can be seen, numerous nanoparticles loaded 
on GO nanosheets. Similar results had been reported previ-
ously [20], the external surface of the MFGO composite was 
rough and irregular due to the loading of the nanoparticles, 
demonstrating the potential application of the synthesized 
composite on pollutant degradation. 

The EDS spectrum (Fig. 1c) indicated that carbon (C), 
oxygen (O) and iron (Fe) were present in the structure of 
MFGO. However, the C was mainly contained in the GO 
sheets, while the O was present in the iron oxide and the 
oxygen-containing functional groups of GO [21]. 

The surface functionalities of MFGO were identified 
from the FT-IR spectra, as shown in Fig. 2a. The peak at 3408 
cm–1 corresponded to hydrogen-bonded (–OH) stretch-
ing vibrations [22]. The peak at 1629 cm–1 was ascribed 
to aromatic C=C groups [23]. The peaks at 1428 cm–1 and 
1005 cm–1 could be respectively attributed to epoxy C-O 
and alkoxy C-O stretching vibrations in COH/COC of the 
MFGO [24]. Besides, the absorption peak located at 538 cm–1 
corresponded to the Fe-O stretching vibration of iron oxide; 
this was owing to the successful connections between the 
magnetic nanoparticles and the GO nanosheets, which was 

Fig. 1. (a) SEM image, (b) HRTEM image and (c) EDS image of MFGO.
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consistent with previous literature [25]. This result also 
indicated that the active species (i.e., Fen+, iron oxide) were 
immobilized on the surface of graphene oxide with a stable 
bonding.

The TG-DSC curves of MFGO showed several decom-
position steps in Fig. 2b. The first step with 7.29 wt.% loss of 
mass between 297 K and 359 K was attributed to the evap-
oration of adsorbed water molecules [26]. Then, the rate of 
weight loss between 359 K and 900 K was relatively high, 
which indicated that low molecular weight compounds and 
magnetic nanoparticles were decomposed [27]. In the third 
stage, the distinct weight loss of 23.61% appeared at 900 
K-955 K, which was ascribed to the bulk pyrolysis of car-
bon skeletons and the oxygen-containing functional groups 
such as carboxyl, epoxide and hydroxyl from the MFGO 
sheets [28]. The slight weight loss (2.54%) occurred from 955 
K to 1273 K was due to the carbon remnants from MFGO 
composite [29].

The information on the elemental composition and 
chemical status of the composite (MFGO) were obtained 
in XPS analysis; the results were shown in Figs. 2c–2e. 
From the full survey scan of XPS spectra (Fig. 2c), three 
distinct peaks corresponding to C 1s, O 1s and Fe 2p were 
obtained. The C 1s spectrum of MFGO (Fig. 2d) was fit-
ted into five peaks at 284.7, 284.9, 285.6, 286.6 and 288.3 
eV, attributing to C-C/C=C, C-O, C-O-C, C=O and O-C=O 
groups, respectively [30]. The Fe 2p XPS spectra of MFGO 
is shown in Fig. 2e. The peaks at 710.8 and 724.3 eV were 
correlated to Fe2+ while the peaks at 712.3 and 726.0 eV 
were correlated to Fe3+ on the MFGO surface [31]. The 
atomic percentages of C, O and Fe were obtained from XPS 
characterization analysis. And the atomic ratio of C, O and 

Fe was about 53.68:37.42:8.9. These results indicated that 
the surfaces of GO might be loaded by nanoparticles (i.e., 
Fen+, iron oxide) [32].

Fig. 2f illustrates the magnetic hysteresis loop of MFGO 
at room temperature in a magnetic field of ±20 kOe. As it 
was noted, the saturation magnetization (Ms) of MFGO 
was 9.53 emu/g. The remnant magnetization (Mr) was 0.15 
emu/g and the coercive force (Hc) was 18.53 Oe (bottom 
right of Fig. 2f), which indicated rather little residual mag-
netization when the additive magnetic field was removed 
and MFGO showed a super paramagnetic property [33]. 
Moreover, MFGO could be easily separated from solution 
by an external magnetic field in a short time and be poten-
tially used as a recoverable magnetic catalyst to remove 
contaminants from aqueous environment to prevent the 
secondary pollution (top left of Fig. 2f).

3.2. Removal of tetracycline under different systems

Fig. 3 demonstrates the performance of H2O2 alone, 
MFGO alone and MFGO with H2O2 on the removal of 500 
mg/L of TC under the condition of pH = 7.0, H2O2 dosage 
of 0.469 mol/L, and the catalyst dosage of 0.5 g/L during 
300 min of reaction. It was found that a low removal effi-
ciency of 19.17% was obtained from with H2O2 after 120 min 
reaction, which indicated that TC could hardly be degraded 
with only H2O2 due to the weak oxidation ability of H2O2. 
The removal efficiency obtained with MFGO was 25.38%, 
higher than that of H2O2 alone, which was mainly owing to 
the surface adsorption [34]. It demonstrated that the direct 
oxidation of TC by H2O2 and its adsorption by MFGO were 
limited. 

Fig. 2. (a) FT-IR spectra; (b) TG-DSC spectra; (c) Full survey scan of XPS spectra of MFGO; XPS spectra of (d) C1s, (e) Fe2p of MFGO; 
(f) Magnetization loop of MFGO (The top inset displayed MFGO composites dispersion and magnetic separation. The bottom insert 
illustration was a partial enlarged view near its origin.)



Y. Yang et al. / Desalination and Water Treatment 153 (2019) 357–366 361

As exhibited in Fig. 3, the removal efficiency of TC for 
MFGO with H2O2 system was noticeably enhanced at the 
beginning of the reaction and then reached the equilib-
rium (94.82%) at 120 min, which was significantly greater 
than the removal efficiencies of MFGO or H2O2 each alone. 
This high performance might be explained by the fact that 
both processes (i.e., adsorption and Fenton oxidation) 
were involved in the removal of TC simultaneously [8,35]. 
Firstly, the synergistic effect between the active species 
(i.e., Fen+, iron oxide) and GO was contributed to the avail-
ability of additional adsorption sites to TC, which could 
result in an increase on the degradation of TC by MFGO 
[36]. Secondly, the heterogeneous catalytic reaction played 
an important role in the removal of TC. Furthermore, the 
surface hydroxyl radicals were identified as the major 
reactive species during the heterogeneous Fenton pro-
cesses [11]. In these processes, as described in Eqs. (1) and 
(2), the couple of Fe2+/Fe3+, as a catalyst, could catalyze 
H2O2 to produce •OH and •OOH [12]. 

In addition, the H2O2 activating ability and the catalytic 
activity were both improved through uniform distribution 
of magnetic nanoparticles (i.e., Fen+, iron oxide) on the GO 
surface, which also avoided the agglomeration of magnetic 
nanoparticles. Therefore, the synergistic effects of Fen+, iron 
oxide nanoparticles, graphene oxide and H2O2 all contrib-
uted to the high efficient removal of TC.

3.3. Effects of solution pH 

The pH value of the solution was an important factor 
affecting the Fenton oxidation of organic contaminates. In 
this study, the effect of initial pH value of solutions on the 
removal of TC in MFGO/H2O2 system was examined at 
various pH values (i.e., 3, 5, 7, 9 and 11). The adsorption 
was the first step for developing the heterogeneous Fenton 
catalyst. As shown in Fig. 4, the adsorption experiments 
suggested that less than 44.37% of TC was removed without 
the help of H2O2. In the heterogeneous catalytic reaction, the 
TC removal efficiency declined as the pH values increased 
from 3.0 to 11.0. After 120 min of reaction time, 96.30% of TC 

was removed when the pH of solution was set at 3.0, while 
88.19% degradation was achieved when the pH was 11.0. 
This is because MFGO was easily dissolved at lower pH, 
and more Fe2+ ions were released, resulting in more •OH 
generation [37]. However, as pH increased, the generation 
of •OH was reduced due to the formation of Fe2+ complexes 
(e.g., FeO2+) (Eq. (4)), as well as the deactivation of catalyst 
with the formation of ferric hydroxide complex, and sub-
sequently, the activation rate of H2O2 and •OH production 
decreased [38]. Moreover, a related literature reported that 
Fe3+ oxyhydroxides (e.g., FeOH2+, Fe(OH)2+, Fe2(OH)2

4+, 
Fe(OH)3

o, and Fe(OH)4
−) presented low activation efficien-

cies for H2O2 to produce •OH [39]. 

Fe2+ + H2O2 → FeO2+ + H2O   (4) 

According to Fig. 4, the removal efficiency of TC at pH 
7.0 within 120 min was larger than 90%. This phenomenon 
might be because that the Fe2+ ions on the catalyst could 
induce the production of adsorbed •OH at neutral pH value 
[40]. Besides, the Fe3+ produced during the reaction was 
immobilized on the catalyst. Therefore, the active species 
(i.e., Fen+, iron oxide) on the catalyst surface would main-
tain its catalytic activity to produce •OH at neutral pH [41]. 
In this case, the tetracycline could be removed completely 
under neutral conditions if the reaction time was enough. 
This finding indicated that MFGO performed well in a 
wide pH range. Taking all of the above-mentioned into con-
sideration, pH = 7.0 was selected for the removal of TC in 
MFGO/H2O2 system. 

3.4. Effects of H2O2 concentration

In a Fenton oxidation system, the oxidant concentration 
is a major factor which significantly influences the degrada-
tion of organic substrates [42]. The effect of H2O2 concentra-
tion on TC removal experiment was conducted in the range 
of 0.2–1.5 mol/L H2O2 under a fixed MFGO dose (0.5 g/L), 
pH 7.0 and 500 mg/L TC. As shown in Fig. 5, the adsorption 
experiments showed that 41.08% of TC was removed in the 
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Fig. 3. TC removal efficiency under different conditions. Reac-
tion condition: m/V = 0.5 g/L, C0(TC) = 500 mg/L, H2O2 = 0.469 
mol/L, T = 298 K, pH = 7.0.
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C0(TC) = 500 mg/L, T = 298 K.
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absence of H2O2. 94.53% and 94.56% of TC removal efficiency 
after 120-min oxidation reaction were achieved for 0.469 and 
0.939 mol/L H2O2, respectively. However, the TC removal 
efficiency (94.57%) hardly enhanced when the H2O2 concen-
tration further increased to 1.467 mol/L. This phenomenon 
might be explained that more H2O2 molecules could reach 
the surface of MFGO and subsequently reacted with Fen+ to 
generate more reactive radicals with the increasing of H2O2 
concentration within a certain H2O2 concentration range 
[43]. However, excessive addition of H2O2 could not further 
improve the removal efficiency, which could be attributed to 
the scavenging effect of •OH. Moreover, the excessive H2O2 
acted as a scavenger of the highly potential hydroxyl radicals 
[Eq. (5)], generating perhydroxyl radicals [44]. 

•OH + H2O2 → •OOH/•OO− + H2O   (5)

Additionally, •OH was consumed, and instead, •OOH 
was generated. •OOH was much less reactive than •OH, 
which led to the reduction of the TC removal efficiency [45]. 
Hence, the optimum H2O2 concentration for the removal of 
TC in the this study was 0.469 mol/L. 

3.5. Effects of catalyst dosage

The catalyst dosage directly affects the generation of 
active radicals. Fig. 6 shows that various dosages of MFGO 
impacting MFGO on the removal of TC, where H2O2 con-
centration was 0.469 mol/L at initial pH 7.0 and initial TC 
concentration of 500 mg/L. During the adsorption phase, 
it’s observed that the amount of TC adsorbed on the cat-
alyst surface increased as the amount of MFGO catalyst 
increased. In the oxidation process, the degradation effi-
ciencies were 90.95%, 94.53%, 94.20%, and 95.44% after 
120-min degradation when the MFGO was 0.2, 0.5, 0.7 and 
0.9 g/L, respectively. Therefore, the degradation efficiency 
increased when the MFGO dosage increased from 0.2 to 0.5 
g/L. This was because the rise in the catalyst concentration 
favored the release of more active sites (i.e., Fen+, iron oxide) 

into solution, and consequently it could also accelerate the 
decomposition of H2O2 to •OH [46]. However, the degrada-
tion efficiency didn’t show a further increase when the cat-
alyst dosage exceeded 0.5 g/L, which was ascribed to the 
scavenging effect of hydroxyl radicals through the undesir-
able reaction (Eq. (6)) [47]. 

Fe2+ + •OH → Fe3+ + OH−   (6) 

Several authors [48] also indicated that at higher con-
centrations of Fe2+ or Fe3O4, as the activators of H2O2, the 
ultimate oxidizing power was limited by the destruction of 
•OH radicals in the presence of excessive Fe2+ or the rapid 
conversion of all Fe2+ to Fe3+. 

3.6. Effects of initial TC concentration

The initial concentration of TC solution was another 
important parameter in Fenton reaction. As shown in Fig. 7, 
the effect of initial TC concentration on TC degradation was 
investigated in the range of 100–750 mg/L TC. Within 120 
min, the removal percentages were 99.90%, 98.31%, 94.53% 
and 90.97% for TC solutions with the initial concentrations 
of 100, 250, 500 and 750 mg/L, respectively. The removal 
percentage significantly declined as the initial TC concen-
tration increased. This is because more and more TC mol-
ecules were adsorbed on MFGO surface and occupied a 
larger number of active sites (i.e., Fen+, iron oxide), which 
became unavailable for H2O2 and resulted in less •OH gen-
eration [49]. Higher TC concentration also inhibited the 
reaction of H2O2 at the redox-active centers. Besides, fixed 
concentrations of catalyst and H2O2 against the increase in 
the initial TC concentrations present lower removal effi-
ciencies for TC by MFGO/H2O2 system. The same results 
was described in previous studies [48,49]. In addition, when 
the initial TC concentration was low, the •OH production 
rate would be higher than the consumption rate leading to a 
higher TC removal efficiency. Thus, the initial concentration 
of TC was set to 500 mg/L in further experiments.
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3.7. Kinetic analysis

The heterogeneous Fenton process can be described 
by a pseudo-first-order kinetic model [50]. In this study, 
we evaluated the kinetics of TC degradation using pseu-
do-first-order model. Fig. 8 depicts the pseudo-first-order 
plots of TC removal by MFGO/H2O2 system with different 
TC, catalyst and H2O2 concentration. The corresponding 
pseudo-first-order model fitting constants (i.e., K) are sum-
marized in the inset table in Figs. 8a–c. 

The model presents a high regression coefficient (R2 
> 0.94) for all studied parameters (i.e., TC and catalyst 
concentrations). This confirms that the pseudo-first-or-
der model was a great fit to describe the degradation 
behavior of TC in MFGO/H2O2 system. Fig. 8 displays 
the coherence between the experimental data from the 
studied process and those from the kinetic reaction 
model with different concentrations of TC and catalyst. 
The degradation rate was inversely proportional to the 
initial TC concentration, as shown in Fig. 8a. According 
to the results presented in the inset table in Fig. 8a, the 
values of the reaction rate constant, K, decreased from 
0.03567 to 0.02084 min–1 as the initial TC concentration 
increased from 100 to 750 mg/L. Moreover, lower con-
centration of TC offered faster degradation rate com-
pared to the higher concentrations, which was because 
the amounts of catalyst and H2O2 were relatively lim-
ited when the TC concentration was high. In a further 
related development, , the largest K occurred when the 
MFGO concentration increased to 0.5 g/L (Fig. 8b). And 
an excess of catalyst caused a decrease in the reaction 
rate. Therefore, the following experiments were carried 
out using a catalyst concentration of 0.5 g/L. Moreover, 
Fig. 8c shows that the reaction rate constants increased 
along with the rise in H2O2 concentration, with the corre-
sponding values of 0.02829, 0.03163, 0.02878 and 0.02694 
min–1 with the H2O2 concentration of 0.235, 0.469, 0.939 
and 1.467 mol/L, respectively (see Fig. 8c). The best 
obtained degradation performance appeared when using 
0.469 mol/L of H2O2.
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Fig. 7. Effect of catalyst dose on TC removal by MFGO/H2O2 sys-
tem. Reaction condition: m/V = 0.5 g/L, C0(TC) = 100, 250, 500, 700 
mg/L, H2O2 = 0.469 mol/L, pH = 7.0, T = 298 K.
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Fig. 8. Effect of various TC (a), MFGO (b) and H2O2 (c) concen-
trations on the pseudo-first-order rate of TC degradation by 
MFGO/H2O2 system and the values of degradation kinetics 
constants of TC by MFGO/H2O2 system (inset).
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3.8. Reusability of the catalyst 

The reusability of the catalyst, from the practical point 
of view, is an important property [51]. The reusability of 
MFGO was tested for six consecutive runs under the opti-
mum reaction conditions (0.469 mol/L H2O2, 500 mg/L TC, 
0.5 g/L catalyst and pH 7.0) for a period 120 min. In each 
cycle of use, the catalyst was separated from the reaction 
solution using a magnet and then applied for the next exper-
iment. As shown in Fig. 9, the TC removal efficiencies for six 
cycles of MFGO/H2O2 system were 93.71%, 93.15%, 92.10%, 
91.29%, 87.94% and 86.37%, respectively. In this process the 
ability of TC removal was only slightly declined, indicating 
that MFGO showed an excellent reusability without signifi-
cant loss in catalytic activity. 

However, there was a non-negligible drop in the TC 
degradation efficiency (7.3%), and the decrease of catalytic 
activity might be due to two reasons: firstly, the surface of 
the catalyst was partly covered by TC reactants and the 
residual by-products [52]; secondly, iron oxide surface on 
leaching might cause the loss of the catalyst activity [53]. 
Even though the activity of the catalyst dropped in some 
extent, the catalyst still displayed the reusability for the 
practical use for its convenient magnetic separation advan-
tage. Therefore, MFGO can potentially be applied as a reus-
able catalyst to remove TC or other antibiotics.

In addition, we proposed a possible mechanism of the 
Fenton reaction catalyzed by MFGO. The reaction starts 
with the formation of a precursory surface complex by H2O2 
and Fe3+. Then the complex decomposes to Fe2+ and ·OH 
by a reversible electron transfer, triggering a series of chain 
reaction involving the formation of •OH and the redox cycle 
of Fe3+/Fe2+ [54]. In fact, this step is the rate-limiting step of 
the whole heterogeneous catalytic reaction, as its rate con-
stants is much lower than other steps [55]. Nevertheless, 
it is facilitated with the Fen+ complex and further the π-π 
stacking with GO, thus creates an excellent catalytic abil-
ity of MFGO. At the same time, hydroxyl radicals mainly 
attack organics adsorbed on the near-surface of the catalyst, 
avoiding the effect of HO− and other possible scavengers 
from the bulk solution.

4. Conclusions 

In this work, a simple and green method based on 
the previously reported studies [18–20] was applied on 
the preparation of magnetic nano Fen+@GO composite 
(MFGO), which was the key technology to obtain the in situ 
growth of magnetic nanoparticles (i.e., Fen+, iron oxide) on 
the GO sheets without the help of any additional reducing 
agents and organic surfactants. The characterization stud-
ies revealed that more surface-active reactive species were 
generated on MFGO surface attributing to the special sup-
port structure. Iron existed in a multivalent state, which 
was beneficial for enhancing MFGO Fenton activity [32]. 
Compared with similar Fe-based catalysts (e.g., Fe-based 
MOFs, Fe3O4/rGO/TiO2) [8,35], MFGO exhibited much 
better removal efficiency towards TC benefiting from the 
synergistic effect of adsorption and heterogeneous Fenton 
reaction. Under the optimum condition (0.469 mol/L of 
H2O2, 0.5 g/L of catalyst, pH 7.0), 94.80% degradation of 
TC (500 mg/L) was realized within 120 min. This demon-
strated that TC could be degraded at room temperature 
in MFGO/H2O2 system. This further indicated that •OH 
radicals played a primary role in the catalytic oxidation 
pathway as described previously by other researchers [37–
39,49]. Importantly, MFGO exhibited high catalytic activ-
ity over a wider pH range of 3.0–11.0 without any external 
energy input. Furthermore, MFGO showed no obvious 
loss of catalytic activity even after 6 successive runs, which 
indicated a high reusability and a good structural stabil-
ity in comparison with related magnetic materials [52,53]. 
High reaction activation, potential magnetic reusability, 
together with a simple precipitation process, made MFGO 
a promising reusable catalyst in the practical treatments of 
TC or other antibiotics.
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