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ABSTRACT

Heterogeneous Fenton system has been widely used in water treatment because
of its effective degradability in a wide range of pH. A two-step hydrothermal
method for the synthesis of Fe;O4/reduced graphene oxide (RGO) aerogel was
designed as an efficient and recyclable heterogeneous Fenton catalyst for
degradation of methylene blue (MB). Firstly, the Fe;O, colloidal solution was
synthesized by hydrothermal progress. Secondly, graphene oxide hydrogels
were formed by the self-assembling and reduced to graphene during the
hydrothermal reaction. Meanwhile, zero-dimensional Fe;O4 nanoparticles were
anchored onto the graphene oxide through the colloidal coagulation effect. The
obtained samples were characterized by XRD, SEM, TEM, BET, Zeta, XPS,
Raman, TG, and VSM. Adsorption isotherm and kinetics of MB onto Fe;O,/
RGO composites revealed that the maximum adsorption capacity was
163.83 mg/g, and the adsorption process confirmed to the pseudo-second-order
model. The determinants of heterogeneous Fenton system including oxidant
concentration, initial pH, and reaction mechanism were investigated. The
studies indicated that MB degradation efficiencies increased with the initial pH
increasing (pH 3-10), showing a complete degradation in alkaline condition
within 60 min. It is due to that catalytic reaction mainly occurs on the solid—
liquid interface, as pH values increase, the electrostatic attraction between the
cationic MB molecules and the surface of Fe;O,/RGO increases, the enhance-
ment of adsorptivity is helpful to improve catalytic activity. The catalyst can be
easily recovered by an applied magnetic field and exhibited excellent stability
after five degradation cycles.
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Introduction

The harmful effect of various organic pollutants in
water on people’s life is a pressing matter of great
concern and hot topic in modern scientific re-
searches. Advanced oxidation process (AOPs) is a
promising alternative strategy for wastewater treat-
ment, especially for persistent and refractory organic
pollutants. AOPs can generate strong oxidative
hydroxyl radicals in the reaction process, which can
non-selective attack all types of organic compounds
to mineralize, leading to completely decompose
contaminants into non-toxic products [1-3]. One of
the most in-depth studied AOPs is Fenton system,
which has unique advantages including relatively
environmentally benign, low cost, high degradation
efficiency, and mild reaction conditions [4-6]. How-
ever, the traditional Fenton system is efficient only in
a narrow and low pH range, the secondary pollution
caused by iron sludge is difficult to remove, and the
catalysts cannot be recycled, which makes the route
uneconomical [6-8]. Therefore, the heterogeneous
Fenton system was proposed to overcome those
problems and further improve the degradation
capability. It can effectively decompose organic con-
taminants in a wide range of pH with less iron loss,
and the oxidation reactions mainly occur on the
solid-liquid interface where iron immobilized onto
solid phase in the form of minerals or adsorbed ions
[91.

The inverse spinel Fe;O, is an efficient heteroge-
neous catalyst and attracting increasing attention
[10-12]. The octahedral position in the crystal struc-
ture of Fe;O, can easily accommodate Fe®* and Fe*",
which makes iron elements can be reversibly reduced
and oxidized during the reaction while maintaining
the same structure [9, 13]. Therefore, it can function
steadily without causing substantial quality loss.
Besides, Fe;O4 can be easily separated from the
reaction medium when an external magnetic field is
applied [14]. However, Fe;O, nanoparticles tend to
aggregate into large particles during the reaction
process due to strong anisotropic dipolar interaction,
which causes the reduction of original specific sur-
face area, dispersibility, and catalytic performance
[15-17]. Therefore, it is necessary to anchor Fe;O,
nanoparticles on solid supports to preserve their
unique properties. Graphene has attracted much
attention due to its unique properties, such as
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possessing a two-dimensional lamellar structure,
ultra-high specific surface area, super mechanical
strength, and chemical stability [18, 19]. Graphene is
also a kind of effective adsorbent for organic con-
taminants in water treatment that displaying strong
interactions with organic chemicals due to the
hydrophobic surfaces [20-22], which make it fasci-
nating and competitive support to construct gra-
phene-based composite materials with metal oxides
due to its stability and adsorption property [23, 24].
Immobilizing Fe;O4 on graphene supports not only
prevents the aggregation of Fe;O4 nanoparticles but
also improves the adsorptive and catalytic activity of
nanocomposites because of the synergistic effects
between graphene sheets and Fe;O, nanoparticles.

In this paper, the Fe;O, superparamagnetic col-
loidal solution was synthesized firstly, and then the
zero-dimensional Fe;O4 nanoparticles were fastened
to the three-dimensional framework of graphene
aerogel by a simple, mild, and low-cost hydrothermal
method. The Fe;O, colloid nanoparticles could bind
with graphene oxide by electrostatic interaction, and
the whole self-assembly process can be accomplished
by colloidal coagulation effect (CCE) without any
linker as assistants. This work makes the classical
CCE successfully extend to the application of
assembling Fe;O, nanoparticles on graphene and
realizes Fe;O,4 nanoparticles distributed uniformly on
graphene sheets without chemical structure changed.
The adsorption and catalytic properties of Fe;O,/re-
duced graphene oxide (RGO) were studied system-
atically. In this article, the as-prepared Fe;O,/RGO
nanocomposites were used as adsorbent and hetero-
geneous Fenton catalyst to degrade a very common
cationic dye methylene blue (MB), and the formation
mechanism was discussed.

Experimental method
Synthesis of Fe;0,/RGO nanocomposites

Preparation of graphene oxide (GO) by a modified
Hummers method [25], which can be briefly descri-
bed as follows: Graphite powder (1 g) and NaNO;
(0.5 g) were successively added into concentrated
H>S0, (23 ml) solution with thorough ice bath stir-
ring, and then solid KMnOy, (3 g) was put slowly into
the beaker. After being kept at 0 °C for 4 h, the
mixture was stirred at 40 °C until it turned brownish
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paste and slowly diluted with deionized water while
the reaction temperature raising to 98 °C and
remained for 15 min. Then, slowly added H,O, (30%,
10 ml) and the color of the mixture became brilliant
yellow. At last, the mixture was washed with 5wt%
HCI aqueous and distilled water in order to remove
residual metal ions and acid, and the synthesized
graphene oxide suspension was obtained after
ultrasonic treatment for 30 min (40 kHz, 400 W).

Fe;0; nanoparticles were synthesized via a
hydrothermal method. Concretely, FeCl; (0.5 g) was
added into the mixture of distilled water (20 ml) and
ethylene glycol (40 ml) with magnetic stirring. Then
NaOH (1.6 g) was added and stirred to dissolve
completely. After that, the mixed homogeneous
solution was transferred into Teflon stainless-steel
autoclave and reacted at 180 °C for 12 h. Then, the
obtained Fe;O4 nanoparticles were thoroughly water-
washed by centrifugation at 10,000 rpm until the pH
of the solution was near neutral. The resulting pro-
duct was dispersed in deionized water without any
additives to obtain a colloidal solution by ultrasonic
treatment for 10 min (40 kHz, 200 W).

Fe;04/RGO  hydrogels were formed by
hydrothermal process. The above Fe;O, colloidal
solution (30 ml) was separately added into GO
solution (40 ml) with different mass ratios (30 wt%,
50 wt%, 70 wt%) to obtain homogeneous colloidal
coagulation by mechanical agitation, then transferred
into 100-ml Teflon stainless-steel autoclave, and
reacted at 120 °C for 24 h. For comparison purposes,
RGO was also prepared in similar procedures in the
absence of Fe;O4. The obtained RGO, Fe;O,/RGO
hydrogels, and Fe;O, colloidal solution were freeze-
dried treatment at — 45 °C for 48 h. In this prepara-
tion process, the samples with different Fe;O, con-
tents (including 0, 30, 50, 70, 100 wt%) were prepared,
as defined RGO, Fe;04/RGO-1, Fe;04/RGO-2,
Fe;04/RGO-3, and Fe;0,, respectively.

Characterization

The crystal structure was investigated by X-ray
powder diffraction (Philips X'Pert PRO, Nether-
lands). The morphology features were studied with
field emission scanning electron microscopy (Zeiss
Ultra, German) and transmission electron microscopy
(JEM2100, Japan). N, adsorption/desorption mea-
surements were taken with an Autosorb IQ gas
sorption system (Quantachrome, USA). Zeta
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potentials were measured on a Malvern Zetasizer
Nano system (ZS90, UK). Chemical valence was
analyzed by X-ray photoelectron spectroscopy
(ESCALAB250, England). The Raman spectra were
measured at 514-nm excitation with an in Via Laser
Raman Spectrometer (HR800, France). Thermal
gravimetric analysis (SDT2960, American) was car-
ried out under air atmosphere from room tempera-
ture to 800 °C with a heating rate of 10 °C min~"'. The
magnetic property was measured with a maximum
applied magnetic field of 18KOe by a vibrating
sample magnetometer (LS74035, USA) at room tem-
perature. The UV-Vis diffuse reflectance spectra at a
wavelength of 664 nm were recorded by a UV-Vis
absorption spectrometer (UV2550, Japan).

Adsorption isotherms and kinetics

Adsorption isotherm experiments were carried out at
25°C, and 15 mg samples (RGO, Fe;O4/RGO-1,
Fe;04/RGO-2, and Fe;0,/RGO-3) were individually
added into a conical flask containing an initial MB
aqueous solution concentration (40-100 mg/L,
50 ml). The flasks were shaken for 48 h in an oscil-
lating incubator (SPX-150B-D, China) to ensure the
adsorption equilibrium. Then the amount of MB
adsorbed at equilibrium concentration and the
removal percentage were calculated according to:

Je = (CO};CC) xV (1)

CO - Ct
Co

Removal Percentage (%) = x 100% (2)

where g. (mg/g) is the equilibrium adsorption
capacity, Cy (mg/L), C, (mg/L), and C; (mg/L) are
the concentration of MB at initial, equilibrium, and at
time ¢, respectively; V (mL) is the volume of solution,
and m (g) is the mass of solid sorbent.

The kinetic adsorption experiment was carried out
by adding Fe;O,/RGO-2 (30 mg) to MB aqueous
solutions (50 mg/L, 100 ml) with mechanically stir-
ring. At predetermined moments the concentration of
MB aqueous solution was determined spectrophoto-
metrically. The adsorption capacity of MB at time t
was calculated according to the following equation:

g = (CO’; C‘) xV (3)

where g, (mg/g) is the adsorption capacity at time t.
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Degradation experiment

The heterogeneous Fenton reaction was studied by
monitoring the degradation of MB in a beaker
(250 ml) with a mechanical agitator. The experiments
were started by adding 30 mg catalyst (Fe;0,/RGO-
1, Fe;0,/RGO-2, Fe;0,/RGO-3, and Fe;0,) into MB
aqueous solution (50 mg/L, 100 ml) and ultrasound
10 min to accelerate the adsorption/desorption
equilibrium. Then, the catalytic reaction was stimu-
lated by adding H,O, solution (30 wt%). At a pre-
determined time interval, 5 mL solution was
extracted and centrifuged to measure MB concen-
tration. Batch experiments were carried out to study
the effects of catalysts, initial pH (adjusting by add-
ing HCl and NaOH), the concentration of H,O,
solution on the degradation of MB and confirm the
catalytic mechanism. The degradation efficiency ()
of MB was calculated by the following equation:
G -G
n= Co

x 100% 4)

Results and discussion

Schematic diagram for preparation of Fe;O,/
RGO aerogels

As shown in Fig. 1, the whole reaction process was
accomplished by a mechanism similar to the colloidal
coagulation effect (CCE), and coagulation can cause
by the electrostatic interactions between colloidal
particles and ions with opposite charges in solution.
The graphene oxide (GO) obtained through wet-

Figure 1 Schematic diagram
for hydrothermal synthesis of

.
7l
S

@ Springer

Graphene oxide

J Mater Sci (2020) 55:15695-15708

chemical oxidation method served as the ions, and
the colloidal coagulation process began to be driven
by electrostatic interactions when they were mixed
together with Fe;O, colloid nanoparticles [26].
Through hydrothermal treatment, the GO was self-
assembled and reduced to graphene, while Fe;O,
nanoparticles anchored on the hydrogel, and after
freeze-drying treatment the Fe;O,/RGO three-di-
mensional aerogels were formed.

Characterization analysis

The crystalline structures of synthesized samples
were identified by X-ray diffraction. Figure 2a shows
a characteristic peak at 20 = 10.8° corresponds to the
diffraction peak of GO. After the hydrothermal pro-
cess, GO diffraction peak disappeared completely
with the formation of RGO characteristic peak at
20 = 23.9° (Fig. 2b) [27]. As seen in Fig. 2d-f, the
peaks at 20 values of 18.33°(1 1 1), 30.16°(2 2 0), 35.52°
(311),43.17° (4 00), 53.56° (4 2 2), 57.10° (51 1), and
74.19° (5 3 3) were consistent with the standard XRD
data for the inverse spinel structure Fe;O, (JCPDS
card 01-088-0315), and this indicated that the Fe;O,
crystal structure was not destroyed in the
hydrothermal synthesis of nanocomposites. There
was an obvious diffraction peak assigned to reduced
graphene oxide in Fe;0,/RGO-1 due to the high
mass ratio (Fig. 2c).

As shown in Figs. 1 and 3a, the graphene nanosh-
eets are assembled to macroscopic three-dimensional
structure during hydrothermal process. Obviously,
such a structure is not only suitable for the exposure
of Fe;O, nanoparticles, but also facilitated to the
adsorption and diffusion of reactants in the catalytic

Fe,O4 nanoparticles

Mixing
together CCE
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Figure 2 XRD patterns of GO (a), RGO (b), Fe;04,/RGO-1 (c),
FC304/RGO-2 (d), Fe304/RGO-3 (e), and Fe3O4 (f)

Figure 3 SEM images of Fa‘
RGO (a), Fe;04 nanoparticles
(b), Fes04/RGO-2 (c), and
EDS elemental mapping of
Fe;04/RGO-2 (d); TEM
images of microstructure of
Fe;04/RGO-2 (e, f) at
different magnifications.
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reaction. Figure 3b shows that the Fe;O, nanoparti-
cles were easily aggregate together to form chains
structure. After the formation of Fe;O,/RGO-2 aero-
gels (Fig. 3c), the Fe3O, nanoparticles without
aggregation were uniformly anchored on the gra-
phene nanosheets, and the EDS elemental mapping
result (Fig. 3d and Fig. S1) illustrated the homoge-
neous existence of Fe, O, and C in the nanocompos-
ites. TEM images (Fig. 3e, ) further confirmed the
uniform particle size of the Fe;O4 nanoparticles with
an average particle size of (10-20) nm was evenly
dispersed and immobilized on the graphene sheets.
To gain further insight into the porous properties
of the samples, nitrogen adsorption—desorption
measurements were measured. The N, adsorption/
desorption isotherms of the samples displayed a type
IV isotherm with a hysteresis loop in the range of P/
Py =04 — 1.0 (Fig. S2), indicating the existence of

200nm c 2 0
- Lo —

100nm R - S0nm
——— % N T———
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abundant mesopores [24]. The Fe;O,/RGO-2 had a
BET-specific surface area up to 200.40 m*/g, a little
higher than RGO (172 m*/g) but much higher than
pure Fe;O, (15.57 m?/ g). With the increase of Fe;O,
mass loading, the specific surface area of Fe;O,/
RGO-1 and Fe;0,/RGO-3 was 170 m*/g and 145.9
m?/g, respectively, which distributed among those of
RGO and Fe;0,. This indicated that appropriate mass
loading of Fe;O, nanoparticles could prevent the
aggregation of RGO to a certain degree, while excess
Fe;O4 would cause relatively restacking and smaller
the specific surface area [28]. The DFT pore size dis-
tributions (Fig. S2) of all samples were composed of a
peak ranging between 2 and 50 nm, proving the
existence of a highly mesoporous structure [29]. The
large surface area and highly developed porosity are
beneficial to increase the adsorption properties of
nanocomposites.

Zeta potential analysis is an important indicator to
characterize the stability of dispersions, and the sur-
face charges of the samples were highly negatively
charged when dispersed in water (Fig. S3). The zeta
potential of RGO was — 36.7 mV, and with the
increase of Fe;O, dosage, the zeta potential of
nanocomposites increased first and then decreased.
The zeta potential of Fe;0,/RGO-1, Fe;O4/RGO-2,
Fe;04/RGO-3 was — 284 mV, — 403 mV, and —
43.7 mV, respectively, which suggested the stability
of their dispersions gradually improved [30]. By
correlating the zeta potential of Fe;0,/RGO-2 with
the initial pH values, it can be found that acid con-
dition corresponded to a higher zeta potential, while
the higher pH had a lower zeta potential, and the
alkali condition made the surface charges of the
nanocomposites become more negative. Highly neg-
atively charged in suspension could not only
improve the electrostatic attraction with the cationic
MB molecules, but also disperse homogeneously via
electrostatic repulsion [31, 32].

The prepared Fe;O4/RGO-2 nanocomposites were
further examined by XPS spectroscopy to get the
important information of electronic structure and
chemical composition. As shown in Fig. 4a, the wide
scan XPS spectrum confirmed the presence of C, O,
and Fe elements with binding energy at 285 eV (Cls),
530 eV ( Ols), and 711Ev (Fe 2p), respectively [33].
From the Fe2p spectrum in Fig. 4b, the two peaks
located at 711 eV and 724.5 eV belonging to the
Fe2p3/2 and Fe2p1/2 spin—orbit characteristic peaks
of Fe;Oy [34]. The C1s spectrum (Fig. 4c) showed the
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peak at 284.6 and 286.1 eV, which were attributed to
non-oxygenated C (C—C/C=C) in aromatic rings, and
the C in C-O of epoxy and alkoxy [35]. The Ols peak
of Fe;0,/RGO-2 (Fig. 4d) contained three types of
oxygen species. The peak at 530.4 eV arose from
Fe;0,, while the peak at 533 eV was assigned to the
residual oxygen in graphene sheets. The peak at
531.7 eV might come from the bonds between Fe;O4
and graphene and/or cause by the C=O group.
However, C=0O peak was not detected in Cls, so the
peak at 531.7 eV in the spectrum was attributed to the
covalent bond of Fe-O-C formed by the attachment
of Fe;04 nanoparticles onto graphene sheets [36].

Raman spectroscopy is a useful tool to analyze the
order of crystal structures of carbon materials. Fig-
ure 5a shows the spectra curves of GO, RGO, and
Fe;04/RGO-2; there were two characteristic peaks
appearing at 1340 cm™' and 1590 cm ™', which cor-
respond to D band and G band, respectively. The D
band is related to the structural defects in disordered
carbon, while the G band is the E,, vibration mode of
the first-order scattering in sp2 carbon domains
[37, 38]. The intensity ratio (Ip/Ig) is usually associ-
ated with the disorder of carbon [39]. Compared with
GO, the Fe;0,/RGO-2 showed an enhanced value of
Ip/Ig, indicating there were more sp3 defects in the
sp2 carbon network during the formation of Fe;O,/
RGO-2 nanocomposites. The content of each compo-
nent in the sample can be conveniently determined
by thermogravimetric analysis via oxidative decom-
position. As shown in Fig. 5b, the mass content of the
graphene in the Fe;O,/RGO-2 was evaluated to be
48.31 wt%, which is close to the preset value of the
experiment (50 wt%).

The saturation magnetization (Ms) value of Fe;O,/
RGO-2 aerogel (34.4 emu/g) was (Fig. 6) smaller than
the bulk magnetite (92 emu/g). It is mainly attributed
to smaller particle size and the existence of non-
magnetic graphene [40]. The hysteresis loop of the
Fe;04/RGO-2 was S-shaped with negligible coerciv-
ity and remanence, indicating that it had superpara-
magnetic nature, which was benefit to recover from
the reaction solution by an external magnetic field
[41].

Adsorption kinetics and isotherms analysis

The adsorption isotherm is an important parameter
to evaluate an equilibrium adsorption process and
assess the capacity of an adsorbent at a fixed
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Figure 4 XPS survey spectra of Fe;04/RGO-2 (a) full range, (b) Fe2p, (c) Cls, (d) Ols.
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Figure 5 Raman spectra of samples (a) and TG curve of Fe;0,/RGO-2 (b).

temperature. The adsorption isotherms of MB on given in Table 1. The Langmuir model is based on the
samples at room temperature (pH 7) were listed assumption that the monolayer adsorption process
(Fig. 7a and Fig. S4), and the fitting result models are occurs on uniform surfaces [42], while the Freundlich
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Figure 6 Hysteresis loop for the synthesized Fe;O0,/RGO-2.

isotherm, which presumes that adsorption is located
on the multilayer and adsorption sites on the adsor-
bent, is heterogeneous [43]. The two nonlinear
adsorption isotherm models can be described as fol-
lows [44]:

(a)m

160 4

— Langmuir fitting
----- Freundlich ftting
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_ QmbCe
Te =171 bC, ()

ge = KeC;/" (6)

where Q;, (mg/g) and b (L/mg) are the Langmuir
constants related to adsorption capacity and adsorp-
tion rate. Kg (L/mg) and n are Freundlich constants.
It is observed that with the increase of (Fe;0,)/(RGO)
ratios, the adsorption properties of the samples
increased first and then decreased, and the maximum
adsorption capacities of RGO, Fe;04/RGO-1, Fe;0,4/
RGO-2, and Fe;0,/RGO-3 were 110.0549, 158.7451,
163.8256, and 111.2981 mg/g, respectively. The main
reason is that the introduction of Fe;O, nanoparticles
could lower the stacking of graphene nanosheets
during self-assemble process, while excessive Fe;O4
nanoparticles agglomerate on the surface of graphene
will decrease the specific surface area and porosity of
the nanocomposites, thus reducing the active sites.
The maximum adsorption capacity of our prepared
material is compared with other materials previously

(b) 120

100

R0~

------ pseudo-first-order

60 pseudo-second-order

qi(meig)

20 4

T T ]
0 60 120 180 240 300 360
1{min)

Figure 7 Adsorption isotherms (a) and kinetics (b) for MB on Fe;0,/RGO-2.

Table 1 Isotherm parameters

on removal of MB Sample Langmuir Kg Freundlich
Om R? n Rr? Ry
RGO 110.0549  0.1763  0.9962 553913  0.1466  0.9405  0.0537-0.1242
Fe;04/RGO-1  158.7451  2.5104  0.9919 1325457  0.0487  0.8698  0.0039-0.0099
Fe;04/RGO-2  163.8256 43162  0.9923  138.8919 0.0466  0.8731  0.0023-0.0058
Fe;04/RGO-3  111.2981  0.3039  0.9952 70.2128  0.1008  0.9258  0.0319-0.0760

@ Springer




J Mater Sci (2020) 55:15695-15708

reported and presented in Supplementary Table. S1.
It can be observed that the performance of Fe;O,/
RGO-2 fares well in comparison with the adsorbents
available in the current literature. The removal per-
centage decreased with the increase of MB initial
concentration (Fig. S5). This may be due to the
availability of more active sites on the surface of the
adsorbent for dye adsorption at a lower dye con-
centration, while the binding sites of dye molecules
are saturated at a higher dye concentration. Fitting
results showed the correlation coefficients (R?) of
Langmuir isotherm were higher than that of Fre-
undlich isotherm, which meant that the Langmuir
isotherm model was more suitable for describing the
adsorption behavior, and the monolayer adsorption
was proposed.

The feasibility of adsorbent adsorption was evalu-
ated by the separation factor (Rp) associated with
Langmuir isotherm. It can be calculated by the fol-
lowing equations [45]:
1
1+ bCy

Ry (7)

The Ry values were in the range (0 <Rp <1)
(Table 1), indicating that MB adsorption on the
samples was favorable [46].

Adsorption kinetic studies were explored to
understand MB adsorption behavior on the Fe;O4/
RGO-2. As shown in Fig. 7b, in the first 60 min, the
adsorption capacity increased rapidly with prolong-
ing the contact time, and then the adsorption rates
slowed down gradually until reaching the equilib-
rium within 3 h. The adsorption mechanism was
further investigated by the pseudo-first-order (Eq. 8)
and pseudo-second-order (Eq. 9) kinetic equations,
which were expressed in a nonlinear form [32]:

g =q.(1—e M) (8)
2
ekt
Elt - 1 + qesz (9)

where g, and g; (mg/g) are the adsorption amount
of MB at equilibrium and time t. k; is the pseudo-
first-order rate constant, and k, (mg/g/s) is the

Table 2 Coefficients of
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pseudo-second-order rate constant. k; and k, (mg/g/
s) are rate constants of pseudo-first-order and
pseudo-second-order, respectively. As displayed in
Table 2, the R* value of pseudo-second-order model
was higher, and the experimental g, value (96.4 mg/
g) fit more closely to the pseudo-second-order than
the pseudo-first-order model [44], which indicated
that the adsorption process confirmed to the pseudo-
second-order model.

Catalytic activity of Fe;0,4/RGO
nanocomposites

A series of contrast experiments were carried out to
investigate the heterogeneous Fenton catalytic activ-
ity of the Fe;0,/RGO nanocomposites. As seen in
Fig. 8a, the degradation efficiency of MB was only
31% in the presence of Fe;O, alone, which can be due
to the low adsorption capacity and slow reactivity on
the surface of Fe;O,. Compared with Fe;O4
nanoparticles, the Fe;O,/RGO nanocomposites
showed more effective MB degradation. With the
increase of (Fe;O,)/(RGO) ratios, the degradation
efficiency of the samples increased first and then
decreased. This is mainly owing to the synergistic
effect between Fe;0, and RGO. The dynamic equi-
librium process discussed indicated that the adsorp-
tion MB molecules were very quick and easy. The
high concentration of MB molecules adsorption on
RGO support near the active catalytic center of Fe;O,
was vulnerable to attack by the generated -OH [9]. In
the initial stage of the degradation reaction, this
favorable effect was relatively obvious. However,
excessive Fe;O4 nanoparticles anchored on the gra-
phene nanosheets would show low adsorption
capacity and slow reactivity.

The oxidant concentration is an important factor
affecting the degradation efficiency in the Fenton
oxidation system. The effect of H,O, concentration on
MB degradation is shown in Fig. 8b and Fig. S6. The
dosage range of H,O, increased from 0 to 15 mmol,
and the degradation rate was significantly improved.
However, when the H,O, concentration was
increased to 20 mmol, it showed that the degradation

adsorption kinetic models Sample Pseudo-first-order Pseudo-second-order
fe,cal ky R? fe,cal k, R?
Fe;04/RGO-2 94.1978 0.1065 0.9824 98.3532 0.0019 0.9990
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Figure 8 Effect of operating parameters on MB degradation in the
heterogeneous Fenton system: a different catalysts, b H,0,
dosage, c initial pH value, d adsorption properties for RGO and

ability not enhanced with the H,O, further increase.
This phenomenon indicated that excess H,O, played
as a scavenger for hydroxyl radicals (-OH), and the
generating hydroperoxyl radical (-OOH) (Eq. 10) had
much lower oxidation capabilities and could further
consume the -OH (Eq. 11) [47, 48].

H,O, + -OH — -OOH -+ H,0O
-OOH + -OH — H,0 + O,

Fe(Il) mainly exists in the form Fe*" at a low pH
range (pH < 3) and would change into Fe(OH)™ and
Fe(OH), when pH values increase to 4 [49, 50].
Consequently, traditional Fenton reaction is effective
just in the range of acidic pH, while the -OH radical
has a fairly strong oxidation ability under acidic
conditions. Effect of initial pH value of solution on
the catalytic performance was investigated by a set of
degradation experiments. As shown in Fig. 8c, the
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Fe;0,4 without H,O, at different pH. Except for the investigated
parameter, other parameters fixed on pH 7.00, [MB] = 50 mg/L,
[catalyst] = 0.30 g/L, [HyO,] = 15 mmol, and T = 25 °C.

degradation rate of MB decreased with the increase
of pH value. In the initial alkaline condition, the
system showed the best of degradation efficiency of
100% with 60 min. However, the degradation effi-
ciency reduced to 66.08% and 76.73% in 60 min under
initial acidic and neutral conditions. The main rea-
sons are as follows: Firstly, the heterogeneous Fenton
oxidation reactions mainly occur on the solid-liquid
interface, and the enhancement of adsorptivity is
helpful to improve catalytic activity [9]. Secondly, the
change of solution pH has an effect both on the sur-
face charge of adsorbent and the functional groups on
the active sites. This can be demonstrated in Fig. 8d,
at acidic condition, competitive adsorption existed
between the presence of excess H" and cationic MB
dye molecules on the available adsorption sites of
RGO surface. As the pH value increased, the elec-
trostatic attraction between MB molecules and RGO
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surface increased, resulting in the enhancement of
dye adsorption [27, 51]. When the pH was beyond 7,
the main reasons for the relatively higher absorptivity
could be as follows: (1) Under alkaline condition, the
generating Fe(OH); on the surface of Fe;O, catalyst
has good adsorption and precipitation ability [49]; (2)
the electrostatic attraction between the cationic MB
and negatively charged graphene sheets further
increased [31]. A summary of the catalytic activities
of some published Fe;O,-based catalysts on the
degradation of MB dye is presented in Supplemen-
tary Table. S2. It can be clearly observed that Fe;O,/
RGO-2 catalyst is well comparable to other studied
catalysts, whether activation method, catalyst dosage,
MB concentration, or reaction time.

Reusability is also one of the most critical factors
affecting the catalyst application. Successive experi-
ments were performed to investigate the reusability
of Fe;0,/RGO-2. After heterogeneous Fenton cat-
alytic degradation, Fe;O0,/RGO-2 was removed from
the solution by an external magnetic field and
washed with deionized water for the next degrada-
tion experiment. The degradation cycles of MB are
presented in Fig. 9, and the corresponding UV-Vis
absorption spectra are provided in Fig. S7. The
degradation efficiency can maintain 96.60% for five
degradation processes, which indicated excellent
reusability of Fe;O4/RGO-2.

100 ~

80 4

60

40

Degradation Efficiency (%)

20

1 2 3 4 5
Cycle Index

Figure 9 The degradation efficiency of Fe;0,/RGO-2 for five
times cycle. Experimental conditions: [MB] = 50 mg/L, [Fe;O4/
RGO-2] = 0.3 g/L, [H,0,] = 150 mmol, initial pH 7.

15705

Mechanism discussion

To verify whether the catalytic reaction in heteroge-
neous Fenton process was initiated by leaching iron
or on the surface of the catalyst, H,O, was added into
the Fenton system after the Fe;O4/RGO-2 nanocom-
posites removing from the adsorption equilibrium
solution and started the Fenton reaction. As seen
from Fig. 10, the degradation rate of homogeneous
Fenton system was only 3.4% in 360 min under the
same experimental conditions, much lower than the
Fe304/RGO-2 heterogeneous system, indicating that
the heterogeneous oxidation of the MB mainly occurs
on the catalyst’s surface. To confirm the catalytic
mechanism, t-butanol (TBA) was added as radical
scavengers before reaction to identify the hydroxyl
radicals generated from the decomposition of H,O,
catalyzed by Fe;0,/RGO-2 catalyst. The presence of
TBA remarkably suppressed the MB degradation
(Fig. 10), which indicated that hydroxyl radicals
((OH) played an important role in the catalytic
degradation of MB for Fe;O4/RGO-2 heterogeneous
Fenton system.

From the above analysis, the possible degradation
process can be described as follows (Fig. 11):

Fe(Il) + H,O, — Fe(Ill) + OH~ + -OH (12)
Fe(Ill) + H,O, — Fe(Il) + -OOH + H* (13)
Fe(III) + -OOH — Fe(Il) + O, + H' (14)

—=— Homogeneous System
—o—10% TBA
—a&— without TBA

0-0 L L] T L] 1 ] ]
0 60 120 180 240 300 360

Time(min)

Figure 10 Effects of t-butanol and leaching iron on Fenton
system. Experimental conditions: [MB] = 50 mg/L, [Fe304/RGO-
2] =10.3 g/L, [H,0,] = 150 mmol, initial pH 7.
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Figure 11 Schematic diagram for the Fe;04/RGO heterogeneous
Fenton system.

In the Fe;04/RGO-2 heterogeneous Fenton system,
the dominant reaction begins with MB molecules
adsorption onto the Fe;O,/RGO-2 surface, followed
by a chain of degradation reactions. The Fe** and
H>0, on the surface of the Fe;0,/RGO-2 nanocom-
posites initiate the heterogeneous Fenton reaction via
classical Haber-Weiss mechanism (Eq. 12) [48], and
the Fe*™ could be regenerated by Egs. (13)~(14)
[5, 52]. Once the adsorbed MB dye molecules are
degraded, the adsorption equilibrium is broken.
More MB molecules would transfer from solution to
the surface of Fe;O,/RGO-2 and react with -OH
through a series of redox reactions to form CO,, H,O,
and other intermediates. The graphene served as
supporter has also played a vital role in this process:
It not only increases the Fe;O,/RGO-2 nanocompos-
ites surface area but also makes cationic MB mole-
cules could be easily adsorbed on catalyst surface
because of the electrostatic attraction between catio-
nic MB and negatively charged surface graphene,
and the n—r interaction between the aromatic rings of
graphene and MB molecules [53], thus improving the
adsorption performance of the Fe;O4/RGO-2.

Conclusion

In this study, a facile hydrothermal approach was
proposed to anchor zero-dimensional Fe;O,
nanoparticles on the three-dimensional framework of
graphene aerogel through the colloidal coagulation
effect. Adsorption isotherms and kinetics showed
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that Fe;0,/RGO-2 had high adsorption capacity. The
adsorption process followed the pseudo-second-
order kinetic model, and Langmuir isotherm model
was more suitable for describing the adsorption
behavior. The heterogeneous Fenton reaction indi-
cated the oxidation process mainly occurred on the
surface of Fe;O4/RGO-2 with negligible leaching
iron. The enhanced catalytic activity in the oxidation
reaction was attributed to the positive effect of gra-
phene adsorption on dye molecules, which promoted
the degradation rate, benefiting from the synergetic
effect of zero-dimensional Fe;O, nanoparticles and
three-dimensional network of graphene nanosheets,
making Fe;O0,/RGO-2 a very attractive adsorbent
and heterogeneous Fenton catalyst. Furthermore, the
unique assembly route to form Fe;O,/RGO aerogel
may provide an alternative way for selective syn-
thesis of graphene-based metal compounds for spe-
cial applications.
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