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Application of Graphene Oxide-MnFe>O, Magnetic
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In this work, a functional magnetic nanohybrid consisting of manganese fer-
rite magnetic nanoparticles (MnFe;0,4) deposited onto graphene oxide (GO)
nanosheets was successfully synthesized using a modified co-precipitation
method. The as-prepared GO-MnFe;O, magnetic nanohybrids were charac-
terized using x-ray diffraction, transmission electron microscopy, Fourier
transformed infrared spectroscopy, and vibrating sample magnetometer
measurements. Adsorption experiments were performed to evaluate the
adsorption capacities and efficient removal of arsenic of the nanohybrid and
compared with bare MnFe,O, nanoparticles and GO nanosheets. Our ob-
tained results reveal that the adsorption process of the nanohybrids was well
fitted with a pseudo-second-order kinetic equation and a Freundlich isotherm
model; the maximum adsorption capacity and removal efficiency of the
nanohybrids obtained ~240.385 mg/g and 99.9% with a fast response of
equilibrium adsorption time ~20 min. The larger adsorption capacity and
shorter equilibrium time of the GO-MnFe,O, nanohybrids showed better
performance than that of bare MnFe,O,4 nanoparticles and GO nanosheets.
The advantages of reusability, magnetic separation, high removal efficiency,
and quick Kkinetics make these nanohybrids very promising as low-cost
adsorbents for fast and effective removal of arsenic from water.

Key words: Adsorption isotherm, MnFe;04-GO magnetic nanohybrid,
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INTRODUCTION

Nowadays, water pollution is a challenge facing
many developing countries due to rapid develop-
ment of industrialization and urbanization.' The
pollution of heavy metal ions in groundwater causes
a serious health risk to human health and ecology.
Arsenic contamination of groundwater has caused a
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massive epidemic of arsenic poisoning worldwide,
especially the arsenic poisoning found in South and
South East Asia areas.” According to the World
Health Organization standard, arsenic is highly
toxic and has a carcinogenic element when its
concentration >0.01 mg/L (10 ppb-part per billion).
In Vietnam, under a survey reported in 2013 of
“Human exposure to arsenic from drinking water in
Vietnam”, they revealed that the arsenic contami-
nation in groundwater was found in several of
Vietnam’s north provinces that had an arsenic
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concentration above >10 ppb standard.”? The con-
tamination level of arsenic in groundwater is up to
0.05 mg/L. This high arsenic level can cause several
health issues such as skin cancer and/or dermatitis.
Therefore, the requirement for complete removal of
arsenic from groundwater is an emerging problem
for developing countries such as Vietnam.

To remove the arsenic from water, the magnetic
nanoparticles of iron oxide-based materials (i.e.,
Fe30,) or ferrite materials (MFe;O4, M = Ni, Mn,
Zn) were proved as effective adsorbents in the
removal of heavy metal ions and arsenic including
arsenate As(V) and arsenite As(III).>® However,
these nanoparticle adsorbents showed some disad-
vantages such as difficulty in using in continuous
flow systems due to their instability and agglomer-
ation. To overcome this challenge, several research-
ers have combined magnetic nanoparticles with
carbon materials.

Recently, graphene oxide (GO), an oxidation
product of graphene,®” has received considerable
attention from the scientific community for envi-
ronmental treatment applications because of their
excellent adsorption properties.®>'> The GO
nanosheets are chemically synthesized graphene
sheets that are modified with oxygen-containing
functional groups; therefore, the GO nanosheets can
be ideally used as catalyst carrier substances due to
their large surface area and long-term stable disper-
sion. These advantages motivated us to synthesize a
nanosized hybrid material for highly effective
arsenic removal.

In this work, we report a new kind of magnetic
nanohybrid based on the GO sheets and MnFe;O,4
(MFO) manganese ferrite nanoparticles. The
arsenic adsorption process of GO-MFO nanohybrid
is thoroughly studied and compared with bare MFO
and GO nanosheets. Our results reveal that the GO-
MFO sample shows better adsorption performance
of larger adsorption capacity and shorter equilib-
rium time than that of bare MFO nanoparticles and
GO samples. The maximum adsorption capacity and
removal efficiency of the mnanohybrids obtain
~240.385 mg/g and 99.9% with a fast response of
equilibrium adsorption time ~20 min. These exhib-
ited excellent properties make GO-MFO nanohy-
brids very promising as low-cost adsorbent for fast
and effective removal of arsenic from water.

EXPERIMENTAL PROCEDURES
Chemicals

Analytical-grade manganese chloride tetrahy-
drate (MnCly4H50, > 99%), ferric chloride hexahy-
drate hydrogen (FeCl3:6H50 >99%), sodium
hydroxide (NaOH), ammonium hydroxide (NHs,
25%), potassium permanganate (KMnO,, 99.9%),
hydrogen peroxide (Hy05, 30%), sulfuric acid
(H2SOy4, 98%), hydrochloric acid (HCl, 37%), and
nitric acid (HNOj3, 63%) used in this study were

purchased from Shanghai Chemical Reagent Co.
Ltd.

Synthesis of Graphene Oxide (GO) by the
Modified Hummers Method

The GO nanosheets were synthesized from coal
powder by the modified Hummers method as
described previously.'®!* Briefly, 1 g of coal pow-
ders were mixed with HNO; and KMnO4 at a
volume ratio of 1:2:1.5, respectively, and then the
mixture was converted to exploited graphite (EG)
under microwaves at 800 W for 1 min. In this
reaction, the mixture of 2 g of EG, 8 g of KMnOy,,
and 1 g of NaNO3 was added slowly to 160 mL of
98% H,S0O, at 5°C in a ice-water bath and then
stirred for 30 min. The ice-water bath was removed,
and then the temperature was increased slowly to
45°C and continuously stirred for 2 h. Deionized
water was added slowly to the mixture, which was
stirred until purple fumes were inhibited. By
increasing the reaction temperature to 95°C and
stirring the mixture for 1 h, the resulting product of
the GO nanosheets was obtained with a yellow—
brown color. The GO nanosheets were then treated
by HyO5 30% and HCI 10% solution to eliminate
KMnO4, MnO,, and other metal ions that remained
in the GO solution. The final GO products were
purified by filtering, washing several times by
ultrasonic vibration, centrifugation with deionized
water, and removal of ultrafine carbon powder that
was not oxidized.

Synthesis of MnFe;04 Nanoparticles by the
Co-precipitation Method

The MnFe;04, (MFO) NPs were synthesized by a
co-precipitation method. Briefly, 2.7 g (0.02 mol)
FeCl3-:6H50 and 0.99 g (0.01 mol) MnCl,4H50 were
dissolved in 100 mL of deionized water and stirred
under air for 10 min so that the molar ratio of
Mn:Fe in the solution was 1:2. Then, a 0.5 M NaOH
solution was slowly added into the mixture. The
color of the solution changed immediately from
orange to dark brown. After that, the mixture was
stirred in water bath at 80°C for a period of time.
The precipitate was collected by a magnet and
washed several times with deionized water before
being dried at 80°C for 1 h. The main advantages of
this method are short synthesis time, high crys-
tallinity, and low cost.

Synthesis of GO-MnFe;04 Nanohybrid by the
Modified Co-precipitation Method

In the same way, the GO-MnFey,O, (GO-MFO)
nanohybrids were synthesized by a modified co-
precipitation method. The FeCl3:6H;0O and
MnCly4H50 were dissolved in deionized water with
a molar ratio of Mn:Fe in solution at 1:2. The
resulting mixture was mixed with GO suspension
(0.6 mg/mL) while stirring for 30 min. The solution
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was then constantly stirred and heated to 80°C.
Next, 20 mL of 0.5 M NaOH solution was added
slowly to the solution of the complex. The color of
the solution changed immediately from orange to
dark brown after addition of NaOH indicating the
formation of MnFe;O4 nanoparticles. The precipita-
tion reaction was then kept at a temperature of
about 80°C for 1 h. The product of the GO-MFO
nanohybrid was separated from solution by an
external magnetic field and washed several times
with deionized water and acetone.

Characterization Techniques

The crystalline structure of all samples prepared
was analyzed by x-ray diffraction (XRD, Bruker
D5005) using CuKa radiation (/1 = 0.154 nm) at a
step of 0.02° (20) at room temperature. The back-
ground was subtracted with the linear interpolation
method. The chemical groups were analyzed using
Fourier Transform Infrared (FTIR) measurements;
samples were collected with one layer coating in
potassium bromide and compressed into pellets, and
spectra in the range of 400 cm ™! to 4000 cm ™! were
recorded with a Nicolet 6700 FT-IR instrument.
Transmission electron microscopy (TEM, JEOL-
JEM 1010) was conducted to determine the mor-
phology and size distribution of studied samples.
The samples for TEM characterization were pre-
pared by placing a drop of a colloidal solution on a
carbon-coated copper grid, which was dried at room
temperature. Magnetization curves of MnFey;O,4
nanoparticles and GO-MnFe;04 nanohybrids were
measured by vibrating system magnetometers
(VSM, MicroSense, EV9).

Adsorption Studies

Batch experiments were conducted to study adsorp-
tion behavior and kinetics process of heavy-metal
adsorption. Standard arsenic solution (H3AsO,/HNO;
0,5 M) was prepared at varying concentrations from
0 mg/L to 50 mg/L for generation of the calibration
curves for arsenic determination. The concentration of
arsenic was measured by using atomic adsorption
spectrum (AAS) in accordance with the standard
method. The amount of GO, GO-MnFe,O, and
MnFe,04 absorbent materials used for the experiment
was fixed at 0.02 gram. The volume of tested arsenic
solution was 100 mL. With the GO-MFO sample, the
mass ratio of MnFe;0,4:GO used was 7:3 for the study
of adsorption.

First, the initial concentration of arsenic was
fixed at 30 mg/L, pH was kept at 1-2, the adsorption
behavior of samples (GO, MFO and GO-MFO) was
investigated at varying adsorption times from
10 min to 90 min. Second, for understanding of
adsorption kinetics and determination of maximum
adsorption capacity of the nanohybrids, the arsenic
solutions of varying concentrations ranging from
10 mg/L to 50 mg/L were prepared and equilibrated
time was fixed at 20 min, pH was kept at 1-2. Third
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, the adsorption property of the nanohybrids was
also studied at different pH values (1, 3, 5) of arsenic
solution. The solution pH was adjusted by using 1 M
NaOH and 1 M HNOj as required. Finally, for study
of reusability of the nanohybrid sample, the desorp-
tion process and removal efficiency of nanohybrids
in accordance with adsorption times was evaluated.
The pH of water can control the adsorption and
desorption capabilities of absorbents. At high pH
conditions, the surface functional groups become
negatively charged due to deprotonation of the
surface functional groups (-OH and —-COOH), and,;
therefore, the adsorbed arsenic species were
desorbed.

RESULTS AND DISCUSSION

Formation of MnFe;04 Nanoparticles onto the
GO Nanosheets

We employed a two-step process for synthesis of
the GO-MFO magnetic nanohybrids. The first step
was to create the GO nanosheets with oxygen-
containing functional groups by using a modified
Hummer method. These functionalized groups
ensure the good dispersibility and stability of the
GO product in aqueous medium.'* In addition, the
functionalized groups introduce more binding sites
for anchoring the precursors of metal ions for
MnFe;04 NPs. In a second step, the MFO NPs were
formed on the surface of GO sheets via a co-
precipitation reaction of Fe™ and Mn*? ions in the
GO solution to produce water-dispersible GO-MFO
hybrid materials. The formation of MnFe,O4 NPs on
the surface of GO nanosheets was confirmed using
TEM and XRD measurements.

Figure 1a and b display the TEM images of
MnFe,O, NPs prepared by the co-precipitation
method and of GO nanosheets prepared by the
modified Hummer method. Figure 1a shows a TEM
image of the MnFe,O, NPs; the agglomeration of
the MnFe;O, NPs was observed through TEM
analysis. It can be also seen from Fig. 1b that the
GO sheets are transparent, and the observation of
wrinkles of the GO sheets indicates the GO sheets
are thin. Figure 1c and d show the TEM images of
GO-MFO nanohybrids at different magnifications.
It can be seen that the MnFe,O4 NPs were anchored
on the surface of GO nanosheets; the stable attach-
ment was confirmed even after the ultrasonication
step for dispersion of GO-MFO nanohybrids in TEM
measurements. The coverage amounts of MnFe;O4
loaded on the GO sheets were tuned by varying
mass ratios of MnFe;04 to GO. It was noted that the
presence of GO sheets helped to prevent MnFe;O4
NPs from agglomeration and enabled a good disper-
sion of these hybrids in an aqueous medium.

The XRD analysis was also employed to confirm
the crystalline nature of samples. The XRD patterns
of GO sheets, MnFe;O, NPs and GO-MnFey;O4
nanohybrids samples are displayed in Fig. 2. It
can be seen from Fig. 2a that for the pristine GO
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Fig. 1. TEM images of (a) MnFe,O4 NPs, (b) GO sheets, and (c,d) GO-MnFe,O, nanohybrids at different magnifications.

sample, the diffraction peak was found at 10.9°
corresponding to the (002) inter-layer spacing of
0.81 nm, indicating the ordinal structures of gra-
phite were exploited, and the oxygen-containing
functional groups were inserted into the inter-
spaces.'®1* For the case of MnFe;04 NPs, as shown
in Fig. 2b, the XRD pattern exhibits seven charac-
teristic peaks at 20 = 18.9°, 29.7°, 34.98°, 36.5°,
42.52°, 56.19° and 61.96°, indexed as (111), (220),
(311), (222), (400), (511) and (440), respectively.
These peaks are similar to those from JCPDS 10-
0319 for a cubic spinel ferrite structure of MnFe,O,.
The XRD pattern of the GO-MFO sample (see
Fig. 2¢) shows no other peaks or spectra of impuri-
ties, indicating the presence of a pure cubic phase
and inverse spinel structure of MnFe,O,. This
result confirmed that MnFe,O, NPs were coated
on the GO nanosheets.

The obtained TEM and XRD results suggest that
the MnFe,04 NPs were successfully attached to the
surface of GO sheets using a modified coprecipita-
tion process. A fundamental reaction for formation
of MnFe;0, NPs can be understood as follows'®16:

MnCl; + 2FeCl; + 8NaOH

— MnFeyOy4 + 8NaCl + 4H,0 (1)
Our experimental results revealed that, in the co-
precipitation reaction, the particles sizes and shapes
of MnFe,O,4 nanocrystals were strongly dependent
on synthesis conditions such as the mol ratio of
Fe?*/Mn®*, concentration of sodium hydroxide,
and pH of the solution. By optimizing experimen-
tal conditions, we successfully synthesized the
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Fig. 2. XRD patterns of (a) GO sheets and (b) MnFe,O4 NPs and (c)
GO-MnFe,04 nanohybrids with mass ratio fixed at 3:7, respectively.

MnFe;O, NPs with average particle size ~12—
15 nm (using Scherrer expression) decorated on
the GO sheets.
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Magnetic and Surface Interaction Character-
izations of GO-MnFe;04, Nanohybrids

First, the magnetic property of MnFe,O, NPs and
GO-MnFe,04 nanohybrids was accessed by VSM
measurement. Figure 3 shows the magnetic hys-
teresis loops of MnFe;O4 NPs and GO-MnFeoO4
nanohybrid samples measured at room tempera-
ture. It was shown that the MnFe,O, NPs and GO-
MnFe,O, samples exhibited ferromagnetic-like
behavior. Our experimental results also indicate
that the saturation magnetization values (M) of
MFO NPs and GO-MFO nanohybrid obtained about
19.8 emu/g and 8.7 emu/g, respectively. It can be
clearly seen that the M, value of the GO-MFO
sample was smaller when compared to that of bare
MFO NPs, because the MnFe,O4, NPs were wrapped
by GO sheets.'” Noticeably, these GO-MFO hybrids
samples can be easily removed from solutions and
recycled by applying an external magnetic field
(using a small magnet).

Next, to elucidate the interaction of MnFe,O4 NPs
with the functional groups on the surface of GO
sheets, FTIR measurement was recorded and ana-
lyzed. Figure 4 shows the FTIR spectra of the GO
sheets, MFO NPs, and GO-MFO nanohybrid sam-
ples. It can be seen that a broad adsorption band at
3446 cm ! for all the samples corresponds to the
normal polymeric O-H stretching vibration of
H;0.' The band at 1631 cm ! is associated with
stretching of the C=0 bond of carboxylic groups,
while the absorption peaks at 1384 cm™! and
1058 cm ! correspond to the stretching of epoxide
groups, respectively.'* The absorption peak around
558-590 cm !, which is only present in the FTIR
spectra of MFO NPs and GO-MFO nanohybrids, is a
characteristic peak corresponding to the stretching
vibration of Fe-Mn-O.'*1%!7 The other peaks at
2364 cm™ !, 937cm ™', 815cm > and 458 cm™!
might be related to the O=C=0, O-H, C-H, and
metal-O groups, respectively.'®!?
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Fig. 3. Magnetic hysteresis loops of the MnFe,O, NPs and GO-
MnFe,O,4 nanohybrid measured at room temperature.
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A noticeable change in intensity of the adsorption
bands of the oxygenated functional groups was
found in the FTIR spectrum of the GO-MFO
nanohybrid. This is the result of the presence of
the MFO NPs attached to the surface of the GO
nanosheets and the reduction of graphene oxide to
graphene ratio during the synthesis process. The
variation of stretch adsorption intensity in the case
of GO-MFO nanohybrid demonstrates that strong
interactions exist between MFO NPs and the
remaining functional groups on both basal planes
(hydroxyl group OH) and edges (carboxyl group
COOH) of the GO sheets through the formation of a
coordination bond or through simple electrostatic
attraction.'®!” In addition, the slight shift of the
peak corresponding to the stretching vibration of
Fe-Mn-O bond in GO-MFO hybrids compared to
MFO NPs also indicates that the MFO NPs are
bound to the GO surface.

Arsenic Adsorption Analysis of GO-MnFe;0,4
Nanohybrids

The adsorption amount and adsorption rate (per-
centage removal) are calculated based on the differ-
ence in the arsenic concentration in the aqueous
solution before and after adsorption, according to
the following equations'*'":

on Co= G0V o
E(%) = (1 —go> x 100%, (3)

where g, is the amount of arsenic (mg/g) absorbed
on the adsorbents at equilibrium, E is the arsenic
removal efficiency (%) of adsorbents. Cy and C, (mg/
L) are the initial arsenic concentration and the
arsenic concentration at equilibrium, respectively;
V (L) is the volume of the arsenic solution; and m (g)
is the mass of the adsorbents.
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Fig. 4. FTIR spectra of (a) GO sheets, (b) MnFe,O4 NPs and (c)
GO-MnFe;O4 nanohybrid.
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Adsorption Capacity and Removal Efficiency

To analyze the adsorption performance, we stud-
ied the adsorption process for three samples (GO,
MFO, and GO-MFO) for comparison purposes.
First, the adsorption process of all three samples
was investigated at different adsorption times from
10 min to 90 min. Figure 5 displays the variation of
adsorption capacity of samples as a function of
adsorption time. It can be seen from Fig. 5 that the
GO-MFO nanohybrid showed better adsorption
performances such as a higher adsorption capacity
and shorter equilibrium adsorption time as com-
pared with bare MFO NPs and GO sheets. Our
experimental results reveal that the adsorption
capacities of GO, MFO, and GO-MFO obtained
~40 mg/g, 139.2 mg/g and 149.3 mg/g, respectively.
More importantly, the equilibrium adsorption time
of GO-MFO was 20 min, which is shorter than that
of the MFO sample (40 min) and the GO sample
(45 min). Similarly, the removal efficiency of GO-
MFO obtained the highest value of 99.9%, which is
much higher than that of MFO (90.1%) and GO
(27.8%) (see Table I). This result suggests that the
GO-MFO nanohybrid has the better adsorption
performance than that of bare MFO nanoparticles
and GO nanosheets. It was noted that the measured
concentrations of arsenic as well as the calculated
adsorption capacities and removal efficiency
obtained average values for three trials from the
AAS measurements. The estimation of error in the
AAS measurement is about 5-7%.

1404
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2 —e— MnFe
o 804
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20+
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Fig. 5. Variation of adsorption capacity as a function of contact time
for investigated samples (GO, MFO, and GO-MFO).

Adsorption Kinetics

In the adsorption experiments, determination of
adsorption kinetics is important for understanding
of adsorption mechanism of adsorbent materials. In
this work, the adsorption kinetics of arsenic by all
samples are fit with both pseudo-first-order and
pseudo-second-order models.

The pseudo-first-order equation can be described
as:

kit
In(ge —qt) =Inge — 5552 (4)
The pseudo-second-order equation can be
described as:
R (5)

% k@ 4.
where k; is the rate constant for adsorption
(g mg ! min~'), and %, is the rate constant for the
pseudo-second-order adsorption process.

The fitted results of studied samples were fitted
with both pseudo-first-order and pseudo-second-
order kinetic models. The results reveal that the
pseudo-second-order kinetic model is well fitted.
The linear plots of #/q, versus time showed a good
agreement between experimental data and calcu-
lated values (see Fig. 6) for different adsorbent
materials. The correlation coefficient (R?) for the
pseudo-second-order model had high values >99%.
This indicates that the adsorption process complies
well with the pseudo-second order model (see
Table I).

The data of arsenic adsorption were also fitted
with various Langmuir and Freundlich isotherm
models (see Table II). First, our data was fitted with
the Langmuir isotherm model that assumed that
the absorbent surface can only occur at the surface
monolayer and adsorption occurs homogeneously.
The Langmuir isotherm is expressed as follows:
C. 1 N Ce

de _kL'qm q_m’

(6)

where g, and q,, are the amounts of arsenic (mg/g)
absorbed on the adsorbent at the equilibrium and
maximum adsorption capacity, C, is the equilibrium
concentration of arsenic in the aqueous solution
(mg/L), and &y, is the Langmuir binding constant (L/

Table I. The pseudo-second-order kinetic model was fitted with experimental data

Pseudo-second-order kinetic model

Samples ks (g mg ! min™Y)
GO 0.02419
MFO 0.00764
GO-MFO 0.00692

R? E (%)
0.97289 27.8
0.99888 90.1

0.99823 99.9
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mg). Plotting C./q. against C, (see Fig. 7a) gives a
straight line wherein the slope and intercept are 1/
gm and 1/(krqn), respectively. From the slope and
intercept, the values of q,, and &y, could be estimated
to be 240.385 mg/g and 0.00416 L/mg, respectively,
while the correlation coefficient (R?) value is about
0.978 (see Table III).

Next, our data was fitted with the Freundlich
isotherm model, which describes the multilayer
adsorption of adsorbate on a heterogeneous

A
= MnFe0,-GO

24 e MnFe,,
- A GO
®)
1S
£
o
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=
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Fig. 6. The pseudo-second-order kinetic plot for adsorption kinetics
of arsenic for different adsorbents.
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adsorbent surface. The Freundlich isotherm is
represented by the following equation:

(7)

where the C, is the equilibrium concentration of
arsenic in solution (mg/L), g. is the amount of
arsenic (mg/g) absorbed on the adsorbent at the
equilibrium adsorption capacity. The k; is the
Freundlich binding constant (L/mg) and 1/n is a
constant related to the surface heterogeneity. Plot-
ting Ln(q.) against Ln(C.) (see Fig. 7b) gives a
straight line wherein the slope and intercept are 1/n
and In(kg), respectively. The correlation coefficient
(R?) value is about 0.988.

Inge = Inks —|—1-lnCe7
n

Effect of pH Value on Adsorption Process

One of the most important factors affecting the
capacity of adsorbent in wastewater treatment is
the pH value of solution. The control of pH is very
important for the adsorption process, because the
pH affects not only the surface charge of adsorbent,
but also the degree of ionization and the sg)eciation
of the adsorbate during the reaction.?*~?* In this
work, the effect of pH on the adsorption process was
tested with three values of pH =1, 3, and 5. Our
results indicate that the adsorption capacity of

Table II. The Langmuir and Freundlich isotherm data for arsenic adsorption on the GO-MnFe,O4, magnetic

nanohybrid
Concentration (ppm) m (g) Vas (mL) C. (mg/L) q. (mg/g) C.Jq. (mg/g) In C, In q.
10 0.02 100 0.846 45.096 0.0187 —0.167 3.809
20 0.02 100 2.822 85.880 0.0328 1.037 4.453
30 0.02 100 5.3672 123.157 0.0435 1.680 4.813
40 0.02 100 7.864 158.293 0.0496 2.062 5.064
50 0.02 100 13.57 182.148 0.0745 2.608 5.205
0.08 6
0.07 - Langmuir model Freundlich model
. 0.061 "
o
£ 0.05- >
o c
o ] £
o 00 al
0.03 1
(@ (b)
0 5 10 15 0 2
InC
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e

Fig. 7. The experimental data were fitted with Langmuir and Freundlich isotherm models for the arsenic adsorption on GO-MnFe,O,4 nanohy-

brids at T =25°C, pH = 1-2, m = 0.02 g and time = 20 min.
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Table III. Adsorption constants and correlation coefficient (R?) for arsenic adsorption fitting with various

isotherm models

Langmuir model

Freundlich model

n k¢ (mg/g) R?

1.917 50.169 0.988

ky, (L/mg) qm (mg/g) R®
0.00416 240.385 0.978
100
— 80 «
S
= 60
>
o
5
o~ 40
20 =
0 <
1 2 3 4 5
n(times)

Fig. 8. Reusability function of GO-MFO nanohybrid adsorbent.

nanohybrid decreases with an increase of pH value.
The effect of solution pH on the adsorption can be
understood as follows: there are a large number of
functional groups —OH and —COOH on the surface
of MFO nanoparticles as well as GO sheets. At low
pH conditions, the number of H ions in the solution
increases and —OH and —COOH groups becomes
positively charged -OHy" and —-COOH,", increasing
the adsorption capacity of negative arsenic ions on
the surface of the adsorbent. At higher pH values,
—OH and —-COOH groups are ionized to —O~ and
—COO™, decreasing the adsorption of arsenic.'”

MFO-OH}, + HsAsO, — MFO-OH} — H3AsO, (8)

GO-COOH;, + H3As0,; — GO-COOH; — HsAsO;
9)

Desorption Studies and Reusability of Adsorbent
Material

We also studied desorption of arsenic substance
from the surface of the adsorbent. The desorption
process of arsenic was conducted by tuning the pH
value of the solution with use of 1 M NaOH. It
revealed that >98% of adsorbed arsenic was
released from the GO-MFO adsorbent. Next, we
used the same sample and evaluated the reusability
of the sample for adsorption times. Figure 8 shows
the variation of removal efficiency of the nanohybrid
sample with adsorption times. The removal

efficiency for the first time ~99.9% decreases to
83.6% for the fifth time. Our results suggested that
the GO-MFO can be reused over 5 times.

CONCLUSIONS

In this work, the magnetic nanohybrid GO-MFO
was synthesized by a two-step process of the
Hummers method and the coprecipitation method.
The MFO nanoparticles with average sizes ~12—
15 nm were formed and stably anchored on the
surface of GO sheets. We demonstrated a high
potential for application of a GO-MFO nanohybrid
used for a magnetically separable adsorbent for
highly efficient arsenic removal from water. The
GO-MFO material displayed better adsorption qual-
ity than that of bare MFO nanoparticles and GO
sheets. The kinetic studies revealed that the adsorp-
tion process of GO-MFO was fitted well with a
pseudo-second-order kinetic equation and the Fre-
undlich isotherm model.
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