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s of nanocatalysts based on
reduced graphene oxide/magnetic nanoparticles
for the degradation of Acid Red 1†

Fatemeh Sadegh,ab Nikolaos Politakos,a Estibaliz González de San Román,a

Oihane Sanz,c Iñigo Perez-Miqueo,c Sergio Enrique Moya d

and Radmila Tomovska *ae

The increasing amount of organic dye-polluted wastewater from the textile industry makes the

development of techniques for the efficient purification and reuse of wastewater an urgent issue.

Accordingly, solid adsorbents based on three-dimensional (3D) reduced graphene oxide (rGO) aerogels

combined with magnetic nanoparticles (rGO@Fe3O4) appear to be potential materials, which offer fast

and efficient discoloration of dye solutions by dye adsorption, simultaneously acting as Fenton reaction

nanocatalysts, and thus may eliminate organic dyes. In this work, 3D rGO@Fe3O4 aerogel nanocatalysts

were synthesized via a low-energy, simple, one-step in situ method, in which GO and FeSO4$7H2O were

simultaneously reduced. Consequently, monolithic porous nanocatalyst 3D structures were obtained,

with a specific surface area of 241 m2 g�1 and pore volume 0.39 cm3 g�1. The nanocatalysts were

applied for the degradation of Acid Red 1 azo-dye in aqueous solution in the presence of hydrogen

peroxide, without the need for external energy. The effect of the adsorbent dose, and concentration of

dye and peroxide on the dye removal was studied. The degradation of the dye was monitored by matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry. It was found that an increase in

the amount of peroxide allowed complete degradation of the dye together with high molar mass side-

products with a conjugated aromatic structure. The good nanocatalyst performance was explained

based on the charge-transfer complex established between rGO and the magnetic nanoparticles,

allowing the regeneration of ferrous ions during the Fenton process.
1. Introduction

The uncontrollable contamination of natural water bodies in
the last few decades has increased the demand for wastewater
purication and reuse as urgent issues. One of the most
signicant sources of water pollution is the textile and paper
pulp industries due to the extend consumption of various types
of organic dyes,1–3 which are considered among the most
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f Chemistry 2020
dangerous chemical compounds found in industrial efflu-
ents.4–6 Thus, different physical, chemical and biological
methods, such as electrochemical methods, adsorption,
bacteria-degradation, and photocatalysis have been developed
to remove dyes from wastewater.7–12 Among them, adsorption
technology has attracted signicant attention due to its low
price and easy access to a wide range of adsorbents, such as
activated carbon, porous carbon, zeolites, and clays.13,14 Mean-
while, graphene-based adsorbents have attracted attention in
the eld of water purication because of their unique features,
such as high surface area, excellent mechanical and thermal
resistance, thermal and electrical conductivity, favorable phys-
ical–chemical stability, and wide choice and diverse struc-
tures.15–17 Among the various graphene structures, aerogels with
a three-dimensional (3D) assembly show great promise for
a wide range of applications due to their high porosity, high
specic surface area and ultra-low density together with excel-
lent mechanical and thermal resistance, which make them
extraordinary adsorbents for a variety of applications.18 Never-
theless, the isolation of the aerogel from the solution aer the
purication process is challenging. Magnetic nanoparticles
have shown to be very useful for this purpose, and thus have
RSC Adv., 2020, 10, 38805–38817 | 38805
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Fig. 1 Chemical structure of AR1.
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been recognized as the dominant component of environmental
clean-up technologies due to their excellent magnetic proper-
ties, which allow easy recycling of these nanostructures from
the bed.19–21 The use of the magnetic nanoparticles on an rGO
aerogel bed increases the efficiency of adsorption-based puri-
cation technologies.22–25 Moreover, the presence of magnetic
nanoparticles within the structures allows the adsorbed dye to
be degraded via the Fenton oxidation process,26 which in the
presence of peroxides without the need for external energy,
results in the degradation of dyes via the production of active
cOH radicals in the aqueous dye solution. On the other hand,
the embedding of magnetic nanoparticles in rGO aerogels
result in an improved adsorption efficiency27 and catalytic
performance in the photo-Fenton reaction for the degradation
of organic dyes.28–30

For the synthesis of hybrid aerogels based on rGO and
magnetic nanoparticles (3D rGO@Fe3O4 NPs), the hydro-
thermal method is usually employed, which involves a pro-
longed reaction time (8–20 h) and exposing the reactionmixture
to high temperature (180–200 �C).30–34 The synthetic methods
developed to date require high energy consumption, resulting
in a signicant environmental impact. The degradation of
various organic dyes by the photo Fenton process has been re-
ported in the literature; however, only the discoloration of the
aqueous solution was monitored by UV spectrophotometry, and
no details on the degradation products were revealed and no
analysis to distinguish between the dye quantities eliminated by
adsorption and by degradation was performed.

In the present work, we proposed a very simple and low-
energy consuming in situ technique for the synthesis of
hybrid rGO@Fe3O4 aerogels based on the simultaneous reduc-
tion of GO and the ferrous sulfate heptahydrate precursor for
the magnetic nanoparticles in an aqueous dispersion. The in
situ method for the creation of rGO/Fe3O4 hybrids is well
known.35,36 However, herein, we went one step further in order
to decrease the energy consumption performing simultaneous
thermal and chemical reduction. The addition of the reducing
agent (ascorbic acid) allowed us to decrease the reaction
temperature to 90 �C and decrease the reduction time to 2 h. To
the best of our knowledge, this is the rst time this method is
used for the synthesis of 3D hybrid rGO@Fe3O4 aerogels.
Moreover, the in situ method may generate more intimated
contact between both rGO and the Fe3O4 NPs since it was re-
ported that iron ions bond with the oxygen functional groups of
GO by coordination, which positively affects the catalytic activity
of the resulting hybrid nanocatalysts in the Fenton reaction.
The proposed 3D material has a monolithic structure, and thus
permitted easy implementation in aqueous dye solutions and
prevented secondary pollution due to materials leakage during
the operation.

The performance of the 3D rGO@Fe3O4 aerogel was
demonstrated for the removal of Acid Red 1 (AR1) from an
aqueous solution. AR1 is an azo dye with well-known resistivity
towards biological degradation.37 The degradation process was
monitored by matrix-assisted laser desorption/ionization time-
of-ight mass spectrometry (MALDI-TOF MS). It was deter-
mined that all the AR1 in solution was degraded, as well as most
38806 | RSC Adv., 2020, 10, 38805–38817
of the high molar mass secondary degradation products con-
taining conjugated aromatic rings. The excellent catalytic
activity of 3D rGO@Fe3O4 was explained based on the charge
transfer complex formation between the magnetic nano-
particles and rGO.
2. Experimental
2.1. Materials

Ferrous sulfate heptahydrate (FeSO4$7H2O,$99%), ammonium
hydroxide (NH3 H2O, 28–30%), vitamin C or L-ascorbic acid
(AsA) ($99.0%), polyvinylpyrrolidone (PVP; MW 10 000),
hydrogen peroxide (H2O2, 35 wt%) and Acid Red 1 (AR1, dye
content, 60%) were purchased from Sigma-Aldrich and used as
received without further purication. The dye with the formula
C18H13N3Na2O8S2 has an MW of 509.42 and its chemical struc-
ture is presented in Fig. 1.

Graphene oxide (GO) aqueous dispersion, 4 mgmL�1 (>90%,
monolayer) in the pH range of 2.2–2.5 was purchased from
Graphenea. Elemental analysis showed that GO contained 49–
56% carbon and 41–50% oxygen. De-ionized water was used for
the preparation of all aqueous solutions.
3. Synthesis of 3D reduced graphene
oxide/Fe3O4 nanocatalyst

Initially, 50 g of GO dispersion (4 mg mL�1) was ultrasonicated
(Hielscher Sonicator, UIS250v) at an amplitude of 70% and
energy pulsed at 0.5 Hz for 1 h. The reduction was performed via
the addition of ascorbic acid (0.8 g) in the presence of PVP (1.5
g) to prevent re-stacking of the rGO nanoplatelets at 90 �C
overnight. The structures were formed within 2 h. Conse-
quently, neat rGO hydrogels were formed. To produce the
nanocatalyst structures, prior to the reduction, 0.2 M FeSO4-
$7H2O was added to the rGO dispersion (molar ratio of
rGO : Fe3O4 ¼ 1 : 2) and the pH was adjusted to 11 with NH3

H2O.
Aer the reduction, the as-prepared 3D neat rGO and

rGO@Fe3O4 hydrogels were puried by a dialysis process for
one week, changing the water each day until the water exhibited
a constant conductivity. In this process, the reaction products
and excess PVP were removed from the structures, in addition to
the magnetic nanoparticles, which were not strongly anchored
onto the rGO structure. Finally, the structures were frozen with
liquid nitrogen, and subsequently freeze-dried (lyophilizated)
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Photos of the 3D rGO@Fe3O4 aerogel monolithic structure with a diameter of 1.5 cm placed on flowers and (b) preparation scheme of
the 3D rGO@Fe3O4 aerogel.
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for 3 days to completely remove the water. The whole synthetic
procedure is presented in Fig. 2.
4. Characterization

To determine themorphology of the aerogels, scanning electron
microscopy (SEM) (Model Hitachi TM3030 tabletop) operated at
a voltage of 15 kV and equipped with an energy dispersive X-ray
spectroscopy unit (EDX) was used. Thermal gravimetric analysis
(TGA) was performed with an SDT Q500 TGA instrument (TA
Instruments) under a nitrogen atmosphere using the following
temperature program: heating from 25 �C to 800 �C at a heating
rate of 10 �Cmin�1. The Brunauer–Emmett–Teller (BET) surface
area and pore size distribution were measured using a Micro-
meritics ASAP 2020 instrument. The samples were degassed
prior to the measurements at 120 �C for 5 h and then the
measurements were conducted at 77 K under N2.

XPS experiments were performed using a SPECS Sage HR 100
spectrometer with a non-monochromatic X-ray source
Scheme 1 Presentation of the apparatus used for AR1 dye degradation

This journal is © The Royal Society of Chemistry 2020
(aluminium Ka line of 1486.7 eV energy and 252 W) placed
perpendicular to the analyzer axis and calibrated using the 3d5/2
line of Ag with a full width at half maximum (FWHM) of 1.1 eV.
The selected resolution for the spectra was 15 eV pass energy
and 0.15 eV per step. All measurements were performed in an
ultra-high vacuum (UHV) chamber at a pressure around 8 �
10�8 mbar. For the Fe2p and Fe3p regions, the pass energy was
10 eV with 15 acquisitions.
4.1. Degradation of Acid Red 1 by Fenton reaction

The discoloration of an aqueous solution of AR1 was carried out
using both neat rGO and the 3D rGO@Fe3O4 aerogel for 3 h. The
aerogel was placed in the AR1 aqueous solution and the beaker
was enclosed within a UV chamber (BS-04, Opsytec Dr Groebel),
in which the UV light was switched off during the experiment
(Experimental, Scheme 1). The initial dye concentration was
varied in the range of 0.01–0.12 mg mL�1. In 10 mL dye solu-
tion, different quantities of aerogel was added (10–30 mg). The
degradation of the dye was performed in the dark using the 3D
by Fenton reaction.

RSC Adv., 2020, 10, 38805–38817 | 38807
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rGO@Fe3O4 aerogel as a nanocatalyst in presence of different
quantities of H2O2 in the range of 0 to 0.2 M (2 mL).

The discoloration of the dye solution was monitored using
a UV/vis spectrophotometer (Shimadzu model UV-2550, 230 V).
During the experiments, a small quantity of the reaction
mixture was extracted at certain intervals to obtain the kinetic
curve of the discoloration process. Aer the discoloration
experiment, the aerogel was collected from the solution, and
then the concentration of dye in the residual solution was
determined based on the disappearance of the characteristic
absorption peak of AR1 at 506 nm. The calibration curve was
prepared and used to determine the changes in the dye
concentration (Fig. S1, ESI†).

The percentage removal (% R) of AR1 from the aqueous
solution was calculated according to the following equation:38,39

% R ¼ C0 � Ce

C0

� 100 (1)

where C0 is the initial AR1 concentration and Ce is the nal AR1
concentration, measured aer t minutes.

The aqueous solution aer the discoloration experiments
was subjected to MALDI-TOF-MS analysis to determine the dye
degradation and the intermediate and nal products. The
MALDI-TOF MS measurements were performed on a Bruker
Autoex Speed system (Bruker, Germany) equipped with
a Smartbeam-II laser (Nd:YAG, 355 nm, 2 kHz). Spectra were
acquired in the reection mode and each mass spectrum was
the average of 10 000 shots. The laser power was adjusted
during the experiments. Each sample was characterized as
received aer the Fenton reaction using 9-aminoacridine (9aa,
Sigma-Aldrich) as the matrix dissolved in THF at a concentra-
tion of 10 mg mL�1. The samples were mixed with the matrix in
Fig. 3 (a and b) SEM images of the neat rGO aerogel under different mag
SEM images of 3D rGO@Fe3O4 aerogel at different magnifications. (f) Pro
NPs (grey spheres).

38808 | RSC Adv., 2020, 10, 38805–38817
a ratio of 10 : 2 (matrix/sample). Approximately 0.5 mL of the
obtained solution was spotted by hand on a ground steel target
plate and allowed to dry in air.

Spectra were accumulated and processed using the Flex-
Control (v3.4) and FlexAnalysis soware (v3.4), respectively.
Peaks were detected in SNAP mode with a signal-to-noise
threshold of 3.00 before being processed with a Savitzky–
Golay smoothing algorithm (0.05 m/z width, one cycle) and
“TopHat” baseline subtraction. External calibration was per-
formed in quadratic mode with a mixture of different poly-
styrene standards (PS, Varian).
5. Results and discussions
5.1. Characteristics of the aerogels

When the GO aqueous dispersion was subjected to the reduc-
tion process with AsA, due to the loss of the oxygen function-
alities from the surface of GO, a signicant augmentation in the
hydrophobicity of the platelets occurred. They were already
incompatible with the water solvent and spontaneously self-
assembled into 3D porous nanostructures.40,41 When this
process was performed in the presence of the FeSO4$7H2O
precursor for the Fe3O4 NPs, as a result of the simultaneous
reduction of GO and the precursor, hydrophobic rGO nano-
platelets decorated with Fe3O4 NPs were assembled into a 3D
composite nanostructure. Subsequently, the as-obtained 3D
structures were swollen in water and then dried using the
freeze-drying technique, resulting the formation of ultralow
density aerogels. Fig. 2a presents the photos the 3D aerogels
with a diameter of 1.5 cm and thickness of 0.5 cm placed on top
of owers. The magnetic nature of the structure, demonstrating
the presence of Fe3O4 NP within it, was proven by exposing the
nifications. (c) Proposed model of the 3D neat rGO structure. (d and e)
posed model of 3D rGO@Fe3O4, legend: rGO (blue sheet), and Fe3O4

This journal is © The Royal Society of Chemistry 2020
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Table 1 Surface area and pore volume of neat rGO and 3D
rGO@Fe3O4

Sample
Surface area
(m2 g�1)

Total pore volume
(cm3 g�1)

Equivalent pore
size (nm)

Neat rGO 205 0.71 13.7
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material in aqueous solution to an external magnet. As shown
in Fig. S2 in the ESI,† the structure was completely attracted by
the magnet and separated on one side of the vessel. Since there
was no other magnetic component within the 3D rGO@Fe3O4, it
was concluded that the magnetic nanoparticles were formed
within the aerogel.

The SEM images of the neat rGO 3D structure and the
nanocatalyst 3D rGO@Fe3O4 are shown in Fig. 3. The neat rGO
(Fig. 3a) exhibited low porosity and a uniform surface
morphology made of re-aggregated rGO platelets. Under higher
magnication, as shown in Fig. 3b, the micrometer diameter
pores could be observed. Fig. 3c shows the proposed model
structure of the neat rGO aerogel, demonstrating that the rGO
nanoplatelets are re-stacked and closely packed, as observed in
Fig. 3a and b. In contrast, as shown in Fig. 3d and e, the SEM
images of the 3D rGO@Fe3O4 nanocatalyst aerogel demonstrate
its more porous structure and sponge-like uffy morphology,
even under a lower magnication. This structure was formed
due to the presence of the magnetic nanoparticles, which act as
spacers between the graphene nanoplatelets, partially prevent-
ing the re-aggregation of rGO. A model structure of the 3D
rGO@Fe3O4 aerogel is shown in Fig. 3f, which presents the
nanoparticle spacers and how they prevent aggregation based
on Fig. 3d and e. It is worth mentioning that the freeze-dried
technique was selected in order to preserve the porous struc-
ture during the drying process. Conventional drying by heating
induced further re-aggregation of the structure, resulting in
Fig. 4 EDX spectra of (a and b) neat rGO aerogel and (c and d) 3D rGO

This journal is © The Royal Society of Chemistry 2020
more compact structures and loss in porosity, as shown in
Fig. S3, ESI.†

The elemental composition of the aerogels was analyzed by
EDX. The corresponding EDX maps of the neat rGO shown in
Fig. 4a and b reveal the presence of carbon, oxygen and nitrogen
with the content of 68.3 wt%, 26.4 wt% and 5.2 wt%, respec-
tively. The decrease in the amount of C (32.6 wt%) and increase
in the amount of O (32.8 wt%) together with appearance of Fe
(31.1 wt%) in Fig. 4c and d clearly show that the Fe3O4 nano-
particles were incorporated in the nanocatalyst aerogel and
uniformly distributed over the rGO platelets (Fig. 4d).

The porosity and the specic surface area of the nano-
structures were determined via nitrogen adsorption–desorption
experiments. The nitrogen adsorption–desorption isotherms of
the prepared neat rGO structure and the 3D rGO@Fe3O4

nanocatalyst are presented in Fig. S4, ESI.† As indicated, both
aerogels present type IV isotherms with a type H3 hysteresis
loop according to the IUPAC classication, which show that the
@Fe3O4 aerogel.

3D rGO@Fe3O4 241 0.39 6.4

RSC Adv., 2020, 10, 38805–38817 | 38809
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Fig. 5 TGA thermographs of (a) Fe3O4, (b) neat rGO structure and (c)
3D rGO@Fe3O4.
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aerogels are mesoporous structures. As can be observed from
Fig. S4 in the ESI,† the amount of nitrogen adsorbed initially
increased slowly with an increase in the gas pressure, indicating
monolayer adsorption. Then, the sudden increase in the
amount of adsorbed gas at a relative pressure close to 1 indi-
cates multilayer adsorption at higher pressures. This behavior is
typical for carbon-based adsorbents.42 The BET surface area,
pore volume and pore size of both the neat rGO and 3D
rGO@Fe3O4 nanocatalysts are displayed in Table 1. The
Fig. 6 XPS spectra of 3D rGO@Fe3O4 hybrid: (a) C 1s, (b) O 1s, and (c) F

38810 | RSC Adv., 2020, 10, 38805–38817
addition of the magnetic nanoparticles to the rGO platelets
improved the available specic surface area of the 3D structure.
This is likely due to two reasons, namely the presence of the
magnetic nanoparticles as spacers prevented the aggregation of
the nanoplatelets and the formation of a higher number of
smaller pores, as shown in Fig. S5 in the ESI.†

Fig. 5 shows the TGA thermographs for Fe3O4, neat rGO and
3D rGO@Fe3O4 nanocatalyst. In general, a high percentage of
residuals was obtained. Magnetic nanoparticles are very stable
up to 800 �C, and thus the addition of nanoparticles to rGO
signicantly improved the thermal stability of the nanocatalyst
aerogel. It gradually lost about 17% of its mass up to 800 �C,
starting with the evaporation of moisture at 100 �C, the loss of
the oxygen functionalities present in rGO at 250 �C, followed by
the loss of adsorbed PVP at 350 �C, aer which a small fraction
of the graphene structure was lost at 800 �C. According to Fig. 5,
the neat rGO contained a greater quantity of oxygen functional
groups (corresponding to the loss between 100 �C and 250 �C)
than the hybrid aerogel.

The XPS analysis on the sample was conducted to verify the
bonding between rGO and the magnetic nanoparticles, and the
results are presented in Fig. 6.

In the C1s region (Fig. 6a), a relatively narrow peak was
observed, which aer tting showed that the main contribu-
tions are from the C]C (68.6%) in the aromatic ring of the
e 2p core level spectra.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Comparison of the removal of AR1 with a concentration of
0.01 mg mL�1 from aqueous solution by 10 mg of neat rGO and 3D
rGO@Fe3O4 aerogel.
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graphemic structure (284.6 eV) and C–O–C (17.9%, 286.1 eV). In
Fig. 6a, different types of carbons were observed, including C–O
(4.6%), C]O (3.0%), CO3

�2 (2.9%) and OC]O (3.0%). The
presence of an Fe–C bond was not detected, which would have
appeared at around 283 eV.43 In the O 1s region (Fig. 6b), a wide
peak was observed. Based on the literature data, the most
probable bonding energy of the bond Fe–O–C is within the
general range of 531–533 eV.43 Moreover, there are other
publications that state the peak for this bond appears at
Fig. 8 (a) Effect of contact time and dye concentration on the adsorption
dosage: 10 mg). (b) Effect of dye concentration on the removal efficien
(0.12 mg mL�1). (d) Effect of adsorbent dosage on removal efficiency% o

This journal is © The Royal Society of Chemistry 2020
529.6 eV (ref. 44 and 45) and that of the Fe–O bond at 529.1 eV.45

In our case the peak observed at 530.9 eV is assigned to the Fe–
O–C bond. This demonstrates that the magnetic nanoparticles
were strongly (covalently) bonded to the rGO aerogel.

In the region of Fe 2p, no Fe was observed, which possibly is
because of the low penetration depth of X-rays (up to 10 nm)
since the iron oxide nanoparticles were incorporated deeply in
the 3D rGO structure, and thus could not be detected by XPS.
Nevertheless, in the Fe 3p region, a low intensity peak of Fe+2

was observed (Fig. 6c). The observed binding energy of 52 eV
provides information about the presence of the Fe2+ valence
form.
5.2. Discoloration of Acid Red 1 aqueous solution

The adsorption of organic dye onto the surface of solid adsor-
bents, where it may be subsequently degraded, is an important
step that affects the degradation process. Therefore, we per-
formed a study on the adsorption of the dye on the neat rGO and
nanocatalyst 3D rGO@Fe3O4 in order to determine the
concentration limits and to optimize the necessary quantity of
the aerogel. Initially, 10 mg of both aerogels were placed in
10 mL AR1 aqueous solution with a concentration of 0.01 mg
mL�1. The solution was completely discolored within 60 min by
the neat rGO aerogel and 30 min by the nanocatalyst aerogel.
The kinetic curves of the discoloration process are shown in
Fig. 7. It is clear that in the case of the 3D rGO@Fe3O4 aerogel,
of AR1 dye on 3D rGO@Fe3O4 (temp.¼ rt, pH¼ neutral, and adsorbent
cy% of AR1 dye. (c) Effect of adsorbent dosage on adsorption of AR1
f AR1 (0.12 mg mL�1).
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the process was much faster. This is likely due to the higher
available BET surface area and smaller pores (Table 1)
compared to the neat rGO. On the other hand, the AR1 mole-
cules are negatively charged because of the presence of two
sulfonic groups. Since the surface of rGO contains carboxylic
groups, which bear electro-negative character, repulsion of AR1
may have occurred. According to the TGA results (Fig. 5), the
hybrid contained less oxygen functionalities, and thus, it was
less negatively charged than neat rGO structure, providing
improved attraction between the hybrid aerogel and AR1. This
further supports the observed results of increased adsorption of
the dye on the hybrid aerogel compared to the neat rGO.

Furthermore, the effect of the dye concentration and amount
of 3D rGO@Fe3O4 nanocatalyst adsorbent on the rate of dye
adsorption and discoloration of an aqueous solution of AR1 was
studied (Fig. 8). The dye concentration was changed in the
range of 0.01 to 0.12 mg mL�1. According to Fig. 8a, where the
kinetics of dye adsorption is shown as a function of dye
concentration, the rate of the dye adsorption at the beginning of
the process was not affected signicantly. However, aer this
initial period, in which the dye concentration dropped sharply,
the adsorption process was much slower, and thus, the
percentage of dye removal decreased (Fig. 8b). This effect was
more pronounced at higher dye concentrations, indicating that
Fig. 9 Effect of H2O2 dosage on the removal of AR1 (initial AR1 concentr
discoloration process and (b) removal efficiency. The lines are a guide fo

Fig. 10 Effect of adsorbent type on AR1 degradation (initial AR1 concen
Kinetics of the discoloration process and (b) removal efficiency. The line

38812 | RSC Adv., 2020, 10, 38805–38817
the process is slower and less efficient in the case of more
concentrated solutions. For the solution with a dye concentra-
tion of 0.03 mg mL�1, the dye adsorption was 100% and no dye
residuals were found in the nal aqueous solution aer treat-
ment. For a higher concentration, the adsorption decreased to
66.67% for 0.06 mg mL�1, 61.42% for 0.09 mg mL�1, and
40.96% for 0.12 mg mL�1. This is likely due to the saturation of
the adsorption sites within the aerogel, where this process
occurs sooner in a more concentrated dye solution. Thus, to
demonstrate this, we increased the quantity of the adsorbent,
the nanocatalyst 3D rGO@Fe3O4 aerogel, from 10 mg to 15 mg
and 30 mg (Fig. 8c and d, respectively). Indeed, the higher
dosage of adsorbent resulted in faster adsorption initially and
a higher process efficiency. It was found that 30mg of adsorbent
was sufficient for the complete discoloration of 10 mL aqueous
dye solution with a concentration of 0.12 mg mL�1, which was
the highest dye concentration in this study.
5.3. Acid Red 1 degradation by Fenton process over 3D
rGO@Fe3O4 nanocatalyst and H2O2

For the degradation of the dye, the 3D rGO@Fe3O4 aerogel was
used as a nanocatalyst for the Fenton oxidation reaction using
H2O2. The effect of the peroxide concentration (0.01–0.2 M) on
the discoloration and degradation efficiency was studied
ation: 0.06 mg mL�1 and adsorbent dosage: 10 mg). (a) Kinetics of the
r the eyes.

tration: 0.06 mg mL�1; adsorbent dosage: 10 mg and 0.2 M H2O2). (a)
s are a guide for the eyes.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06311h


Fig. 11 Comparison of the averagemass spectra of: (a) 9aa (matrix), (b)
initial AR1 solution; and aqueous solution after AR1 degradation with
(c) 0.05 M H2O2, (d) 0.1 M H2O2, and (e) 0.2 M H2O2.
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(Fig. 9). H2O2 plays a very important role as a source of hydroxyl
radicals in the Fenton reaction.46,47

Fig. 9a and b present the dye degradation kinetics and dye
removal efficiency in 0.06 mg mL�1 AR1 aqueous solution,
respectively. The degradation of AR1 was faster and more effi-
cient with an increase in the concentration of H2O2 because
excess H2O2 produced a higher number cOH radicals, even
though the nanocatalyst dosage was the same. Within the
reaction times studied here, the complete discoloration was
achieved only in the case of the highest concentration of
peroxide (0.2 M).

The performance of 3D rGO@Fe3O4 was compared with that
of neat rGO in the presence of H2O2 and with only H2O2

(Fig. 10). A much faster process was observed when the nano-
catalyst was used. In the case of neat rGO, there was no creation
Fig. 12 Left: comparison of the average mass spectra in them/z range of
after AR1 degradation with (c) 0.05 M H2O2, (d) 0.1 M H2O2, and (e) 0.2

This journal is © The Royal Society of Chemistry 2020
of cOH and dye degradation, and therefore the decline in the
amount of AR1 observed in Fig. 10 is likely a result of dye
adsorption within the 3D structure of neat rGO. On the other
hand, when only H2O2 was used, almost no discoloration or
degradation occurred. The dye removal efficiency was 13.20%
for H2O2 without adsorbent, 71.06% for neat rGO aerogel in the
presence of H2O2 and 100% for the 3D rGO@Fe3O4 nanocatalyst
aerogel in the presence of H2O2.

To obtain further information about the degradation of AR1
by the Fenton reaction, the initial AR1 aqueous solution with
a concentration 0.06 mg mL�1 and three aqueous solutions
obtained aer the degradation experiments with different H2O2

concentrations (0.05, 0.1 and 0.2 M) were analyzed by MALDI-
TOF. The results are presented in Fig. 11. It is worth
mentioning that the MALDI-TOFMS technique is very useful for
the present aim because there is a lack of fragmentation, which
was benecial to understand the degradation pathway of AR1.

Fig. 11 shows that the characteristic m/z for the AR 1 ([M �
2Na + H]) species at m/z 464 appeared in all the spectra, except
for the aqueous solution aer the degradation experiment using
0.2 M H2O2. This demonstrates that all the AR1 present in this
solution was fully degraded, which a is clear indication that the
Fenton reaction was very efficient in the case of the highest
investigated peroxide concentration, even without additional
energy (UV light for example).28–30,48

Moreover, the degradation products were also studied via
MALDI-TOF-MS. As shown in Fig. 12, the mass spectra in the
region of 356–420 m/z is the same species shown in Fig. 11. It
can be observed in Fig. 12c–e there are additional peaks that are
not present in Fig. 12a (the matrix) and Fig. 12b (the initial AR1
solution). This means that the observed peaks represent new
compounds formed during the dye degradation process, and
hence indicate the formation of side degradation products.
Fig. 12c and d show a degradation product at the m/z of 375,
which is probably the rst degradation product obtained aer
the cleavage of the azo bond. It is assigned to a naphthalenic
340–410: (a) 9aa (matrix), (b) initial AR1 solution; and aqueous solution
M H2O2. Right: structure of the first degradation product of AR1.

RSC Adv., 2020, 10, 38805–38817 | 38813
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compound, the structure of which is presented in Fig. 12. The
lack of this peak in Fig. 12e demonstrates that when 0.2 M H2O2

was used, the main degradation products of AR1 were also
decomposed.

Additional peaks corresponding to the degradation products
aer the Fenton reaction were observed at the m/z of 293 and
392 in Fig. 13c, d, h and i, respectively. The degradation product
observed at 392m/z was probably formed aer deamination and
oxidation of the naphthalenic compound with anm/z of 374, the
structure of which is shown in Fig. 13, bottom le. The lack of
this compound in the aqueous solution aer the degradation
reaction with 0.2 M H2O2 (Fig. 13j) indicates that this product
was also degraded when the highest studied concentration of
peroxide was used. However, the degradation product identied
at 293 m/z was observed in the spectra of all the aqueous solu-
tions aer degradation with different concentrations of H2O2

(Fig. 13c–e). This peak is assigned to the product presented in
Fig. 13, bottom right. Even though the conjugated aromatic
rings were destroyed by the Fenton reactions, there were still
aromatic side-products present in the solutions. Thus, this
requires further optimization of the amount of nanocatalyst,
peroxide concentration and treatment time. Besides, we were
unable to detect small molecules such as CO2 and SO4, which
are products expected due to complete dye mineralization,
probably due to the ionic suppression of the matrix.

The degradation pathway of AR1 has already been described
in the literature.49 The identied degradation products in the
present work show that the Fenton degradation process studied
here followed the AR1 degradation path proposed previously,49

even though we observed only a few of the products observed in
Fig. 13 Comparison of average mass spectra. Left:m/z range of 290–30
degradation with (c) 0.05 M H2O2, (d) 0.1 M H2O2, and (e) 0.2 M H2O2. R
aqueous solution after AR1 degradation with (h) 0.05 M H2O2, (i) 0.1 M H
products of AR1.

38814 | RSC Adv., 2020, 10, 38805–38817
that work. This is likely due to the efficiency of the 3D
rGO@Fe3O4 nanocatalyst aerogel, which further degradedmany
of the side products.

To the best of our knowledge, although the photo Fenton
degradation of organic dyes in aqueous solution over 3D
rGO@Fe3O4 aerogel nanocatalysts was previously studied, the
full degradation of the organic dyes was not reported,30,48 and
there were numerous side products present in the system.48

The enhanced performance of the 3D rGO@Fe3O4 aerogel
presented herein is probably a result of the process of simul-
taneous reduction of GO and FeSO4$7H2O, which allowed more
intimate contact of the nanoparticles and rGO platelets. This
process was performed under relatively mild conditions (90 �C),
which gave rise to the formation of C–O–Fe covalent bonding.50

On the other hand, it was demonstrated experimentally51 and
theoretically52 that magnetic nanoparticles established a charge
transfer complex with graphene, which likely is even more
functional when both components bond as intimately as in our
case.

The magnetic nanoparticles contain Fe in the divalent state,
as demonstrated by the XPS measurements (Fig. 6), and hence
the mechanism of the Fenton process for the removal of
pollutants from solution occurs according to eqn (2) and (3).53

H2O2 + Fe2+ / Fe3+ + cOH + �OH (2)

RHX + cOH / X� + oxidation products (incl. CO2 + H2O) (3)

During this process, the catalytic decomposition of hydrogen
peroxide (H2O2) as the oxidant and iron ions (Fe2+) as the
0 (a) 9aa (matrix); (b) initial AR1 solution and aqueous solution after AR1
ight: m/z range of 390–400 (f) 9aa (matrix), (g) initial AR1 solution and

2O2, and (j) 0.2 M H2O2. Structures of the corresponding degradation

This journal is © The Royal Society of Chemistry 2020
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Fig. 14 Schematic diagram for the Fenton degradation of AR1 over 3D
rGO@Fe3O4 at neutral pH and RT.
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catalyst in an acidic environment results in the generation of
the hydroxyl radical (cOH), which is the basis of the oxidizing
power of the Fenton system. The presence of rGO and the
charge transfer complex established with the iron ions probably
helps in the regeneration of the ferrous irons, improves the
overall catalyst activity and promotes the degradation of the dye
and subsequent side products. Fig. 14 schematically shows the
Fenton degradation of AR1 over 3D rGO@Fe3O4.
6. Conclusion

A nanocatalyst based on a monolithic 3D rGO@Fe3O4 aerogel
was synthesized via the simultaneous thermal and chemical
reduction of GO and FeSO4$7H2O, which in one step, self-
assembled in a 3D nanocatalyst sponge-like structure. The
SEM morphology analysis showed that when the magnetic
nanoparticles were incorporated in rGO, the developed struc-
ture was more porous because the nanoparticles present
between the individual rGO nanoplatelets acted as spacers.
Consequently, the BET surface area increased from 205 cm2 g�1

in the neat rGO structure to 241 cm2 g�1 in 3D rGO@Fe3O4.
Subsequently, rGO@Fe3O4 was applied as a Fenton nano-

catalyst for the removal of the AR1 organic dye from simulated
aqueous solutions in the presence of H2O2. The nanocatalyst
dosage, and dye and peroxide concentrations were studied as
reaction parameters. The AR1 degradation process was evalu-
ated via MALDI-TOF MS. It was found that at a lower peroxide
concentration, AR1 was still present in the aqueous solution
aer the degradation experiment, together with side products
that still contained conjugated aromatic rings. At the highest
peroxide concentration studied in this work, the dye was
completely degraded together with the conjugated aromatic
side products, even though some small aromatic molecules
could be still observed in the solution. We believe that by
optimizing the nanocatalyst dosage, reaction time and peroxide
concentration, the degradation would be complete. In
comparison with the literature results on the use of similar
rGO@Fe3O4 aerogels for the degradation of different dyes, on
the one hand, complete dye degradation has not been reported
to date, and on the other hand, numerous side large molecule
aromatic products were identied. The improved performance
of the nanocatalyst herein was attributed to the simultaneous
This journal is © The Royal Society of Chemistry 2020
reduction of GO and FeSO4$7H2O, resulting in intimate contact
between both components and creation of charge transfer
complex. This complex was benecial for the process of ferrous
ion regeneration, speeding up the redox process and improving
the activity of the nanocatalyst.
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