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Magnetic GO/FesQ,4 was synthesized using co-precipitation of Fe?* and Fe>* composited with graphene
oxide (GO) in alkaline conditions. SEM, XPS, FTIR, N, adsorption and VSM techniques were employed to
characterize the surface peculiarities of GO/FezO4 and it was then used for removal of malachite green
(MG). The key influencing factors on adsorption, such as mass ratio of GO, pH value and dosage of GO/
FesO4, were investigated. The Freundlich isotherm was well fitted to the experimental data, suggesting
GO/FesO4 has more than one type of reactive site. By comparing the adsorption of anionic dyes and
cationic dyes onto GO/FezOy,, it was concluded that GO/FesO,4 could be extensively applied to take up

R 4 19th March 2021 cationic dyes mainly for electrostatic interaction. In addition, the spent GO/FesO,4 was almost 100%
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Accepted 11th May 2021 recovered in a water bath at 80 °C. An ultraviolet-visible (UV-vis) spectrophotometer and an atom
adsorption spectrophotometer (AAS) were used to determine leached GO and Fe ions discharged into

DOI- 10.1035/d1ra02209a the treated solutions. Low leaching showed that magnetic GO/FeszQOy, is a stable environmentally-friendly
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1. Introduction

Malachite green (MG) is a toxic organic chemical that has been
widely used to control fish parasites and disease."” It is also
used as a staining agent in ceramics, textiles, leather, food and
histochemical studies** due to its low cost.” Its long-term
application and hard-to-degrade nature led to its accumula-
tion in aquatic environments that eventually endangered
human health and environmental safety.

There is therefore an urgent mission to find appropriate
approaches to reduce the environmental risks, and to inactivate or
to remove hazardous substances®® from the environment. At
present, a variety of means, including photo-degradation,’ catal-
ysis,'*** the Fenton reaction,"” phyto-degradation® and adsorp-
tion,™*® have all been used for such purposes. Among these
approaches, adsorption is one of the most widely accepted tech-
niques because of its environmental compatibility and operability.
High adsorption efficiency generally depends on the affinity of
functional groups on the surface of the adsorbent to targets.” A
number of materials, including nanoparticles of metal oxide,"
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organically modified mineral substances,'*** biochar,* and aero-
gel,”> have been successfully employed to remove MG.

Graphene oxide (GO) is a novel carbon-based material that
has a single atom layer of sp>hybridized carbon arranged in
a honeycomb-like structure and its functional groups include
hydroxyl, carboxyl, and epoxy groups.**>* Compared to other
carbon-containing adsorbents, the graphene family*® has an
improved potential for the adsorption of hazardous metal
ions,>?® cationic dyes**>* and aromatic compounds®*** from
aqueous solutions. But unitary nano-scale GO is difficult to
isolate by filtration and centrifugation.

In contrast, magnetic material could realize magnetic sepa-
ration independent of other driving forces.* Coincidently, GO
combined with magnetic nano-Fe;0, is of great interest because
it has been proved to be an ideal adsorbent to remove organic
dyes and inorganic metal ions. The electrons of benzene rings
on GO sheets contribute to possible donor-acceptor interaction,
electrostatic attraction, chelation, and catalytic degradation.®®
In addition, magnetic GO/Fe;0, could inhibit the agglomera-
tion of graphene oxide.*” Nevertheless, it has rarely been re-
ported whether GO composites could be recovered or would be
left over in aqueous solutions.

In this study, binary magnetic GO/Fe;0, was prepared using
a modified precipitation method and then its potential and
efficiency as an adsorbent to eliminate MG from solutions were
assayed. The results showed that the efficiency for MG adsorp-
tion increased significantly with increasing GO ratios in the
composites. Also, rapid adsorption at high solution pH value
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suggested that electrostatic interaction is probably the prelim-
inary adsorption force. Most important of all, GO/Fe;0, can be
recovered, suggesting reversible adsorption, less Fe or GO
leaching and low secondary environmental pollution. Thus, GO/
Fe;0, is an environmentally friendly material for the removal of
organic pollutants from an aquatic environment.

2. Materials and methods
2.1 Materials

MG powder was purchased from Tianjin Chemagent Research Co.,
Ltd (China). FeSO,-7H,0 and FeCl;-6H,0O were obtained from
Sinopharm Chemical Reagent Co., Ltd (China). Ammonia was ob-
tained from Shanghai Lingfeng Chemical Reagent Co., Ltd (China).
Ammonium nitrate, hydrochloric acid and sodium hydroxide were
purchased from Shanghai Chemical Reagent No. 1 Co., Ltd (China).
GO powder was synthesized in our laboratory using a modified
Hummers' method.* An iron magnet (70 mm long, 50 mm high
and 11 mm wide) was purchased from Yongxin Magnetic Industry
Co., Ltd (China). All chemicals were of analytical grade and double-
distilled water was used throughout the experiments.

2.2 Synthesis of GO/Fe;0, magnetic composite

GO* was dispersed ultrasonically in distilled water for 20 min, and
then adjusted to a concentration of 1.00 mg mL ", 10.0 g of
ammonium nitrate was dissolved in 20.0 mL of water, and then
mixed with 20.0 mL of ammonia. The mixture was transferred to
a 250 mL volumetric flask as the basic buffer solution (pH 9.5).

0, 0.2, 1.0, and 2.0 mL of GO suspension as well as 10 mL of the
above-mentioned buffer solution were added to 100 mL beakers.
The mixture was churned constantly while being heated to 60 °C in
the presence of N,. 0.5 mL of 5 M ammonia and a 0.5 mL mixture
of 1 M FeSO, and 1 M FeCl; were simultaneously added dropwise.
Half an hour later, the aqueous phase was decanted magnetically,
while the black precipitates (GO/Fe;04) were collected, washed
using water and ethanol, and then dried at 90 °C for 24 h.

2.3 Instruments and tools

The magnetic behavior was analyzed using a Lake Shore 7404
Vibrating Sample Magnetometer VSM (Lake Shore, USA). The
chemical nature of GO/Fe;0, was characterized using X-ray
photoelectron spectra (XPS) with a Nexsa spectrometer
(Thermo Fisher, USA) equipped with an Al Ko. monochromated
X-ray source. The morphology of the adsorbent was character-
ized with S-4800 FESEM Scanning Electron Microscope images
(Hitachi, Japan). An FTIR-8400S instrument (Shimadzu, Japan)
was used to analyze the structure and surface groups of the
material. N, adsorption-desorption isotherms were evaluated at
77 K to find the specific surface area and pore size distribution
using ASAP 2020 PLUS (Micromeritics, USA). UV-vis adsorption
spectra for dyes and GO solutions were recorded using a UV-
1901 spectrophotometer (Puxi Company, Beijing).

2.4 Adsorption experiments

The effects of GO proportions, pH value (adjusted with 0.1 M HCl
and 0.1 M NaOH solutions) and kinetics on adsorption were
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evaluated using dynamic experiments at room temperature.
100 mL (9.0 mg L™ " and 18 mg L™ ") of MG solution was transferred
to a 250 mL beaker. 20 mg of the adsorbent was added and then
shaken in a water-bath vibrator at 298 K and 200 rpm. 5 mL of
supernatant were sampled at definite time intervals for detection.
The effects of dosage and adsorption isotherm were studied
in batch experiments. GO/Fe;0, (0.2-16 mg) was suspended in
100 mL triangular flasks containing 50 mL of different
concentrations of MG (9.0 to 50 mg L™ ') and then shaken in
a water-bath vibrator at 200 rpm. 200 min later, 10 mL of the
solution was sampled at 200 min for detection. The concen-
tration of MG in solution was determined spectrophotometri-
cally at 618 nm. To ensure reproducibility and accuracy,
measurements were made in at least triplicate. MG adsorption
capacity (g) was calculated using the following eqn (1):

qi = (C() — Cl) Vim (1)

where m and V are the mass of the adsorbent and the volume of
MG solution, respectively; g; is the adsorption capacity at time ¢ (g,)
or at equilibrium (g.); Cy is the initial concentration of MG and C;
is the concentration of MG at time ¢ (C,) or at equilibrium (C).

2.5 Desorption and re-adsorption experiments

The spent GO/Fe;0, was thermally desorbed using a batch
desorption procedure. In brief, GO/Fe;0, was suspended in
a flask containing 250 mL of H,O, then the flask was arranged in
a water-bath vibrator at 60 °C, 70 °C, 75 °C, 80 °C, 85 °C and
90 °C, respectively. Subsequently, the solution was magnetically
decanted and the sample concentration (Cq4.) was determined.

Re-adsorption experiments followed the procedure of
thermal desorption experiments. The desorbed GO/Fe;O4 was
maintained in flasks containing MG at the same concentration
and the flasks were shaken in a 30 °C water-bath vibrator at
200 rpm. A fraction of supernatant was sampled and deter-
mined at equilibrium as C, .

The amounts of desorption (Qge, mg g ') and re-adsorption
(Qwe, mg g~ ') are determined following eqn (2) and (3), respectively:

0= =L @)
_ (C() - Ce,re) V
Ore="—"1—— (3)

where Cq. is the MG concentration after desorption (mg L™1); C,
is the initial concentration (mg L™') of MG and C,, is the
concentration of MG after re-adsorption (mg L™ '); m is the mass
of the spent GO/Fe;0, (g), and V is the total volume of the MG
solution (L) and is set to be constant in the adsorption,
desorption and re-adsorption process.

3. Results and discussion

The magnetic GO/Fe;0,4 was synthesized through a classical co-
precipitation procedure. Under alkaline conditions, GO could
be well dispersed to form exfoliated sheets with a large number
of oxygen-containing functional groups present on the GO

© 2021 The Author(s). Published by the Royal Society of Chemistry
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surface. When Fe**/Fe®* ions were added dropwise, they were
rapidly deposited onto the negative GO layers through electro-
static interaction and possibly through chelation. Thus, the
black precipitates tightly attached on GO sheets gradually
formed multidimensional structures.*’

3.1 Characterization of GO/Fe;0,

Fig. 1A depicts two types of shapes in the SEM image of GO/Fe;0,
ata 2 pm scale. On the one hand, Fe;0, agglomerates at an average
particle size of 50 nmy; see also Fig. S1.+ Meanwhile, GO forms thin
sheets with a few layers and attaches to Fe;O,, resulting in wrin-
kled structures. The outer sheet of the wrinkled structures of GO
becomes ridged and covers Fe;O, nanoparticles. As a result, its
three-dimensional structure is beneficial for adsorption due to its
increased surface area.” It is also possible that the metallic
nanoparticles have supplied stable platforms for GO.**** Therefore,
GO/Fe;0, is a powerful material for cyclic utilization.
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The XPS survey spectrum is shown in Fig. 1B, which is highly
consistent with Chong’s XPS spectrum of Fe/Fe;04/graphene.* The
binding energies at 711 eV and 724 eV could be ascribed to Fe** and
Fe®", respectively. The results may demonstrate the presence of
Fe;0, nanoparticles. C-C and C-O groups in the GO surface have
contributed the main parts to the C 1s peak and O*>~ to O 1s. The
observed ratio of O/C was very high, indicating the large scale of
oxygen-containing groups on the surface of GO/Fe;0,.

In the N, adsorption assay, the calculated specific surface area of
GO/Fe;04 was 132.2 m” g~ (in contrast, that of GO was 28.9 m*> g™ %)
based on Brunauer-Emmett-Teller (BET) isotherm fitting (Fig. 1C).
The N, adsorption-desorption isotherm curve belongs to the type IV
isotherm model according to the International Union of Pure and
Applied Chemistry (IUPAC) nomenclature. The hysteresis loop
appeared at p/p, = 0.4-1.0, indicating that the capillary condensation
phenomenon had taken place in the mesoporous structure existing
in GO/Fe;0,.* The pore sizes of GO and GO/Fe;0, measured by an
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Fig.1 The morphology of GO/FezO4 in SEM (A), X-ray photoelectron spectroscopy spectra of GO/FezO, in the survey scan (B), N, adsorption—
desorption isotherms for GO/FezO, (C), pore-size distribution (D), and FTIR spectra of MG and GO/FezO4 (E).
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N, adsorption experiment are shown in Fig. 1D. The pore sizes of GO/
Fe;0, ranging from 2 to 10 nm accounted for 50.04% of the total,
and the total pore volume of GO/Fe;0, was 0.2574 cm® g . In
contrast, the pore sizes of GO ranged from 2 to 50 nm and the total
pore volume of GO was as low as 0.012 cm® g™, suggesting the poor
pore structure in GO. The three-dimensional structure of GO/Fe;0,
was assumed to contribute to the mesoporous nature.

FTIR spectra were used to characterize the functional groups
of GO/Fe;0,, as shown in Fig. 1D. There were many peaks at about
1620 cm ™!, 1337 em™ ! and 1225 cm™' on GO/Fe;0,, which are
probably related to the sp skeletal vibration of C=C, C-C and C-O
stretching vibrations, respectively.”® These bands in GO/Fe;O0,,
together with those in GO, suggest the maintenance of the oxygen-
containing groups and benzene rings.** The weak peak at
3430 em™ " meaning little O-H stretching but the strong peak at
1620 cm ™t meaning lots of C=C on the GO/Fe;0, surface showed
that there was a good ratio of GO component rather than reduced
graphene oxide.”® In addition, the sharp peak of 680 cm™" repre-
sents a large ratio of Fe;O, component.

The magnetic properties of GO/Fe;O, were measured to
determine whether sufficient magnetization could enable a fast
solid-liquid separation. As shown in Fig. S2,t the saturated
magnetization was 54.35 emu g ' and the sharp slope of the
magnetization proved its superparamagnetism. In this study
the solution separated from the adsorbent in the adsorption
experiments was magnetically decanted thoroughly.

3.2 Batch adsorptions

3.2.1 The effect of GO proportion on GO/Fe;O, prepara-
tion. In order to test the importance of GO in MG removal,
different proportions of GO were used to synthesize GO/Fe;0,.
The mass of GO/Fe;O, was approximately 10.0 mg in each
complete reaction experiment. So the mass ratios of GO in 0-
GO/Fe;0,, 2-GO/Fe;0,, 10-GO/Fe;0, and 20-GO/Fe;O, were
recorded as 0%, 2%, 10% and 20%, respectively. As shown in
Fig. 2, the adsorption capacity increased with increasing GO
content in GO/Fe;0,, because an increased GO fraction results
in a larger surface area. When GO was absent, the adsorption
capacity of 0-GO/Fe;0, at equilibrium was 4.5 mg g, while
that of 2-GO/Fe;0, showed a 6-fold increase. Thus, the nano-
Fe;O, would contribute little to MG adsorption, and the
adsorptive force between MG and GO/Fe;O, was produced
mainly by the affinity of GO to MG. The adsorption of MG by 10-
GO/Fe;0, and 20-GO/Fe;0, did not differ significantly, but both

45]
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o207 = 2-GO/Fe,0,
159 /7
ol 10-GO/Fe,0,
5: 4 20-GOIFe,0,
ot ; v

0 40 80 120 160 200
Time(min)

Fig.2 Effects of GO proportion in GO/FesO4 on the adsorption of MG
(MG concentration =9 mg L™, dosage = 20 mg, temperature = 298 K,
pH =7.0).
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Fig. 3 Dynamic adsorption of MG onto GO/FesQO, at different pH (MG
concentration = 9 mg L™, dosage = 20 mg, temperature = 298 K).

were markedly higher than that of 0-GO/Fe;0,. It is well known
that the ideal GO is unfolded and an excessive GO content
would cause a waste of resources. Therefore, 10-GO/Fe;0, was
chosen as the optimal GO/Fe;0, for MG adsorption.

3.2.2 The effect of pH and contact time. Solution pH value
is one of the most important factors that determines the
adsorption property because of its effect not only on the surface
charge of the adsorbent but also on the degree of ionization of
the adsorbate.”” As shown in Fig. 3, the adsorption speed and
capacity of GO/Fe;0, for MG decreased with decreasing pH
values. This is probably related to the high concentration of H
that competes for cationic MG, allowing MG less opportunity to
access GO/Fe;0,. Furthermore, the zeta potential of GO/Fe;0, is
pH 4.3; as a result, GO/Fe;0, is positively charged when pH < 4.3
and it is negatively charged when pH > 4.3. As far as we know,
MG pollution frequently happens at neutral pH, so pH 7.0 was
selected for further study. Cationic MG is easily attracted to the
positively charged GO/Fe;O, by electrostatic attraction. The
absorption capacity at pH 7.0 was found to increase to 50.5 mg
¢~ when the contact time reached 60 min, and experimental
adsorption equilibrium was almost reached at 90 min. Rapid
adsorption of GO/Fe;0, suggests it is a good candidate for the
removal of toxic materials.

3.2.3 The effect of dosage. The adsorption spectrum of MG
at different dosages of GO/Fe;0, was recorded using a UV-vis
spectrophotometer. As shown in Fig. 4, the results revealed
that an increase in adsorbent dosage from 2 mg to 16 mg led to
an absolute decrease in absorbency at 618 nm; a 7w-7t* transi-
tion may be attributed to a triphenyl-structure at 422 nm; a -
m* transition may be attributed to single benzene structure,
with absorbency at 316 nm and 250 nm; and an n-m* transition
may be ascribable to N-C groups. The MG adsorption spectrum
decreased with an increased dosage of GO/Fe;0, without a spectral
peak shift or other peaks emerging. This suggests that MG solution
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Fig. 4 UV-vis spectrum of MG solution after adsorption at different
dosages of GO/Fes0,4 (MG concentration = 9 mg L™, temperature =
298 K, pH = 7.08, time = 200 min).
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would be decontaminated rather than changing the structure of
the MG molecule in solution. The observed uptake could be due to
the presence of active binding sites on the large surface area of GO/
Fe;0,. Furthermore, the effects of agitation were not significant,
and the parameter of initial MG concentration is investigated in
the adsorption isotherms section.

3.3 Adsorption isotherms

Freundlich and Langmuir models are widely used to fit experi-
mental adsorption data. The Freundlich model is an empirical
model based on adsorption occurring on heterogeneous
surfaces. The equation is commonly described as:**

1
log g = log ki + - log c. (4)

where g. is the equilibrium adsorption capacity of GO/Fe;0,
(mg g7, c. represents the equilibrium concentration of MG in
solution (mg L"), and kg and n are the Freundlich constants
that represent the adsorption capacity (L mg ") and adsorption
strength, respectively. The magnitude of 1/n quantifies the
favorability of adsorption and the degree of heterogeneity of the
surface. n > 1 indicates an increase in adsorption capacity and
the formation of new adsorption sites, suggesting favorable
adsorption. Another widely used isotherm model is the Lang-
muir model, which describes monolayer and irreversible
adsorption. The Langmuir model equation is given by:*
Ce 1 Ce

i + 5
ge  GmaxD  Gmax (5)

where g. is the equilibrium adsorption capacity of GO/Fe;0,
(mg g7') and c. represents the equilibrium concentration (mg
L™"). ¢max is the maximum amount of dye per unit weight of
adsorbent for complete monolayer coverage and b is the Lang-
muir adsorption constant in L g~ .

The validity of the isotherm was checked using the fitted
straight lines illustrated in Fig. S3,7 and the corresponding
constants in different adsorption isotherms are summarized in
Table 1. The high determination coefficients (R?) suggested that
the Freundlich model fitted the experimental data well. The
higher Ky value at 303 K relative to that at 323 K indicated that
GO/Fe;0, has a higher adsorption capacity and affinity for MG.
The n value between 1 and 10 represents favorable adsorption
under these conditions. In conclusion, the adsorption of MG
onto heterogeneous GO/Fe;0, surfaces was reversible and the
Freundlich isotherm also suggested that the adsorption forces
may have more than one source. Although the R” of the Lang-
muir equations is lower than that of the Freundlich, the
constant of g from the Langmuir equations can also be used
to roughly evaluate the experimental adsorption capacity.

As shown in Table 1, almost all constants (K, 7, §max, and b)
indicate that a low temperature (303 K) may facilitate the
adsorption of MG onto GO/Fe;0,. To demonstrate the results
mentioned above, the thermodynamic parameter of enthalpy
(AH®) was calculated using the following equation:*

LT by

AH=R———— In — 6
T,— T, b (©)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Isothermal parameters for MG removal by GO/FesO, at
different temperatures (MG concentration = 10, 20, 30, 40, 50 mg L%,
dosage = 10 mg, pH = 7.08, time = 200 min)

Temperatures (K)

Isotherms Parameters 303 K 323 K
Langmuir Gmax (Mg g7 1) 96.9 80.8
bLg™h 2.21 1.25
R 0.988 0.971
Freundlich Kg (Lmg™") 56.1 41.0
n 3.74 3.61
R? 0.994 0.995

where R is the universal gas constant (8.315 J mol ' K™'); b is
the Langmuir constant (L mg ') and T is the absolute temper-
ature (K). A negative value AH = —2.3 k] mol " was calculated
and indicated that the adsorption reaction is exothermic.

3.4 Adsorption kinetics

To further explore the mechanism of the adsorption process, we
applied two kinetic models®” (pseudo-first-order and pseudo-
second-order) to analyze the experimental data (Fig. S471). The
pseudo-first-order kinetic equation can be expressed as eqn (7):

log(ge — ¢,) = log q. — kt )

where ¢. and g, are the adsorption capacity of MG on GO/Fe;0,
at equilibrium and at various times ¢ (mg g~ '), respectively; k is
the rate constant of the pseudo-first-order model of adsorption
(min~"). The pseudo-second-order model includes all the steps
of adsorption, including external film diffusion and adsorption,
which can be expressed as eqn (8):

r_ 11, -
4 kg g

where ¢. and g, are the same as those defined in the pseudo-
first-order model and k, is the rate constant of the pseudo-
second-order model of adsorption (g mg~" min™").

The kinetic parameters and correlation coefficients for the
removal of MG by GO/Fe;0, are summarized in Table 2. The
obtained maximum adsorption capacity (e exp = 59.0 mg g~ ') is

Table 2 Adsorption kinetic parameters of MG as confirmed by the
pseudo-first-order and pseudo-second-order kinetic models (initial
MG concentration = 9.00, 18.0 mg L%, dosage = 20 mg, volume = 50
mL, agitation speed = 200 rpm, pH = 7.08, temperature = 303 K)

Co (MG, mg L")

Kinetic models Parameters 9.00 18.0
Pseudo-first-order Gecal (Mg g™ 7.55 23.0
& (min™) 0.0121 0.0112
R 0.973 0.942
Pseudo-second-order Gecat (Mg g ) 30.3 60.0
k, (g mg™! min™") 0.288 0.166
R 0.999 0.999
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in accordance with the calculated adsorption capacity (ge,ca =
60.0 mg g~ ') of the pseudo-second-order model. These results
indicate that the pseudo-second-order kinetic model is a good
fit to the adsorption of MG. It also means that the adsorption
process might be of a chemical nature ascribed to w orbital
hybridization. In addition, adsorption on the external surface of
oxygen-containing groups can form electronic interactions for
rapidly capturing MG molecules.

3.5 Adsorption mechanism

GO/Fe;0, has a lot of oxygen-containing groups with negative
charge that can be regarded as Lewis bases,** which helps to
improve the affinity between cationic MG and GO/Fe;0,4. In
order to further confirm the adsorption mechanism of elec-
tronic interaction, three anionic dyes (Methyl Red, Acid Fuchsin
and Aniline Blue) and three cationic dyes (Neutral Red, Basic
Fuchsin and Crystal Violet) were selected as adsorbates onto the
same amount of GO and GO/Fe;0,, respectively. Experimental
conditions: dye concentration was 20 mg L', dosage was
10 mg, pH was 7.08, contact time was 200 min, and temperature
was 289 K. The results showed that adsorbance of anionic dyes
onto both GO and GO/Fe;0, (Fig. 5A) was much lower than that
of cationic dyes (Fig. 5B). It was demonstrated that GO/Fe;0,
was capable of adsorbing various types of cationic dyes via
electrostatic interaction. Dyes adsorbed onto binary GO/Fe;0,
were absolutely enhanced compared to unitary GO, because of
the increased surface areas in the heterogeneous structure.>
Furthermore, GO/Fe;0, was also available to adsorb anionic
dyes slightly, which could be due to another adsorption mech-
anism such as interactions of 7 orbit electrons.?*%

In order to further confirm both adsorption forces, the
functional groups on the spent GO/Fe;0, after adsorption are
shown in Fig. 2D. The band of O-H stretching vibration at
3430 cm™ " was narrower after adsorption of MG. The peak at
1225 cm " disappeared after adsorption, which was attributed
to oxygen-containing functional groups, while the peaks at
1080 cm ™" and 980 cm ™" could be explained by the formation of
new chemical bonds, i.e. C-OH and m-7 conjugations.** As for
MG, the C-N bending and stretching vibrations® were observed

19392 | RSC Adv, 2021, 11, 19387-19394

at 1120 cm ™' and 615 cm ™!, but both vibrations decreased and
shifted significantly after adsorption, indicating the attachment
of —N" to GO/Fe;0, by electrostatic force. Considering the UV-
vis spectrum assay, the spectral peaks of MG solution inte-
grally decreased with an increased dosage of GO/Fe;0, without
a shift in spectral peaks or other peaks emerging. This suggests
that the initial MG would be adsorbed due to electronic inter-
action and 7-7 conjugations, and the final concentration of MG
would be reduced.

3.6 Desorption and re-adsorption of environmentally-
friendly GO/Fe;0,

The experiments of MG desorbed from the spent GO/Fe;O, were
performed in a warmed water bath from 60 °C to 90 °C
desorption temperature. As shown in Fig. 6, elevated tempera-
tures higher than 80 °C resulted in good desorption. The re-
adsorption capacity (58.0 mg g~ ') at 80 °C is almost the same
as the initial adsorption capacity (59.0 mg g~ '), indicating that
the adsorption of MG onto GO/Fe;O, follows the reversible
adsorption of the Freundlich model. Reversible adsorption
GOJ/Fe;0,
environmentally-friendly material.

The recoverability and stability of the adsorbent are crucial
to the development of advanced treatment technology. After the

means can be sustainably utilized as an

70 [] readsorption capacity
[ desorption capacity

60 70 75 80 85 £
At different temperatures

Fig. 6 Desorption and re-adsorption capacities in a water bath at
elevated temperatures (MG concentration = 10, 20, 30, 40, 50 mg L%,
dosage = 10 mg, pH = 7.08, time = 200 min).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 The mean loss rate of GO and iron ions vs. different dosages of
GO/Fes0,4 (MG concentration = 9 mg L%, temperature = 298 K, pH =
7.08, time = 200 min).

re-adsorption of the spent GO/Fe;O,, concentrations of the
residual iron ions and GO in solutions were detected. Based on
the law of conservation of mass, the lost weight was calculated
and compared with the total mass of the adsorbent, as can be
seen in Fig. 7. It was demonstrated that the mean loss rate of GO
was less than 0.5% and that of iron ions was less than 2%.

4. Conclusion

In this work, GO/Fe;0, shows heterogeneous phases with a lot
of oxygen-containing groups and a large specific surface area of
132.2 m”> g~ '. The mass ratio of GO in the adsorbent and the pH
value in solution were determining factors for efficient MG
removal, reaching an adsorption capacity of 59 mg g~ at pH 7
within 200 min. It is supposed that the electrostatic interaction
and m-7 conjugations contribute the attractive force to capture
MG molecules. An almost completely reversible adsorption/
desorption procedure suggests that GO/Fe;0O, is a promising
adsorbent for the circular removal of contaminants. The
advantages of its stability, reversibility and recoverability even
make it possible to synergize with plants, microorganisms or
animals for ecological remediation.
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