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ABSTRACT  Adsorbent has been widely used for the recovery and enrichment of rare metals from waste water.

Herein, a graphene-based adsorbent, graphene oxide/Fe;0, (GO/Fe;0,4) nanocomposite, was prepared by a facile

hydrothermal method, and characterized by X-ray diffraction, Scanning Electron Microscope, X-ray Photoelectron

Spectroscopy, Zeta potential and magnetization. The material has been explored for the recovery of In from

simulated waste water. The test results show that the nanocomposite has a reasonable adsorption capacity on indium

in a wide pH range, e.g., the adsorption percent and quantity of In(III) from the aqueous solutions at pH = 4 and C,

=50 mg L' are 91% and 43.98 mg L7, respectively. In addition, the nanocomposites maintain a 75.5% cycling

capacity and a 71% removal efficiency after five continuous cycles due to their novel properties of high specific

surface area and superparamagnetism. The pseudo-second-order adsorption model can be used to interpret the

kinetic data. High adsorption efficiency and good reusability can make the nanocomposite a promising adsorbent

for recovery of In(LII).
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1 INTRODUCTION

Metal indium is widely used in medical, defense, high-
technology and energy industries due to its outstanding pro-
perties such as good ductility, strong plasticity, low melting
point and low resistance. As indium is a low abundance
element in earth and usually accompanied with other elements

in minerals®*!

, Selectively recovering indium from the
aqueous solutions has become an important research topic in
the world and has been proved to be an effective method for
In enrichment. At present, the methods of recovering indium
from wastewater include nanofiltration membrane!, electro-
analytical method™, adsorption®™ ™ and supercritical CO,
extraction®. However, these methods pose a challenge for
complete recovery, simplified operation, cost-effectivity and
secondary waste discharge. With the increase in environ-
mental awareness, the development of an advanced techno-
logy for effective recovery of indium is needed.

The economy and effectiveness of adsorption enrichment

methods have regained attention in recent years as a number
of new reusable adsorption materials with large adsorption
capacity and high removal efficiency were discovered®® *°!,
Traditional adsorption materials such as activated carbon,
zeolites and resins are readily available and inexpensive.
However, these materials have several shortcomings such as
small adsorption capacity, long adsorption time, low recovery
and separation efficiency, and serious degradation. Recently,
nanomaterials are found to have numerous advantages over
conventional materials, e.g., magnetic nanoparticles (NPs)
have high specific surface area, large surface-to-volume ratio,
big adsorption capacity, and superparamagnetism. These
materials would exhibit higher adsorption capacity when they
are decorated onto graphene oxide (GO) sheets!™™ *? due to
GO having high specific surface area, excellent thermal
conductivity, electrical conductivity and mechanical
properties™ . As GO is a derivative of graphene and
contains a large number of functional groups, some
substances can be attached onto the GO surfaces by bonding
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to the functional groups™'”, such as GO with excellent
adsorption effect on polycyclic aromatic hydrocarbons(PAHS)
through = interaction and hydrophobic interaction™™®. As a
result, the maximum adsorption amount of Cr(VI) from the
solution at pH 3~4 and the initial concentration of 600 mg L.
by the GO/Fe;0, composites at the dose of 125 mg L is
280.6 mg/g™®. The adsorption of Hg(ll) onto GO/Fe;0,
reached equilibrium within 4 minutes, and the adsorption
capacity and adsorption percentage in the solution at pH 5, the
initial Hg concentration of 300 mg L. and the adsorbent dose
of 500 mgL* were 547.01 mgg?' and 91.17%, respec-
tively®™. GO/Fe;0, nanocomposites are considered as
promising adsorbent materials because of their excellent
magnetic properties, low toxicity, low cost and environmental
friendliness® 22,

In this study, the GO/Fe;0, nanocomposites were prepared
by a facile hydrothermal method. With the aid of -COOH
groups, Fe;0, nanoparticles are chemically bonded to the GO
sheet. The adsorption test results show that the GO/Fe;0O,
nanocomposites have high efficiency and recyclability in
removing In(Ill) from the aqueous solution. The adsorption
percent and amount of In from the solution at pH 4 and the
initial In concentration of 50 mg4i * are 91% and 43.98
mg L, respectively. After five consecutive cycles, the
remaining adsorption capacity of the material was 75.5% of
the initial capacity.

2 EXPERIMENTAL

2.1 Chemicals and materials

The chemicals used in the study include ferric chloride
(FeCl; 6H,0) with  99%  purity and
N.N-dimethylformamide (DMF) with 99% purity, both of
which were purchased from China National Medicines Co.

hexahydrate

Ltd, China. Graphene oxide with 95% purity which was
purchased from Kaina Carbon New Materials, China, was
prepared using the modified Hummers method.
2.2 Preparation of GO/Fe;0, nanoparticle composites
Synthesis of GO/Fe;O, composite follows the procedure
below. First weigh 0.1 g GO and load it into a 100 mL beaker,
followed by adding 60 mL DMF and 15 mL ethylene glycol
in the order. Ultrasonically disperse the solution for 2 h to
make uniform GO. Then add 1.08 g FeCl; 6H,0 to the above
mixed solution and ultrasonically disperse again for 2 hours,
followed by adding 0.72 g urea, stirring for 30 minutes, and
transferring to a stainless-steel reactor with tetrafluoro-

ethylene lining for polymerization. Heat the reactor to 200 C
and maintain at the temperature for 12 h. After the reactor was
cooled to room temperature, the product was magnetically
separated, washed with anhydrous ethanol and water for 3~5
times, and then dried in a vacuum drying oven at 60 <C for 12
hours. The black powder composite material was obtained.
2.3 Batch adsorption experiments

The adsorbent GO/Fe;0, of 10 mg was weighed and added
to 10 mL In solution in the form of In (NOs);), which was
loaded into a 10 mL PTFE centrifuge tube. The tube was
shaken on a shaker at 250 rpm and room temperature for 24
hours to reach complete adsorption equilibrium. After
adsorption, NaOH and HNO; were added to adjust pH of the
solution to the desired value. Changes in their volumes are
negligible. Place a magnet on the outer surface of the
container to separate the adsorbent from the solution, take the
supernatant out and filter the remaining solution with a water
filter membrane with 0.22 pm.

The amount of adsorbed In was obtained by calculating the
difference between the initial concentration (Co) and
equilibrium concentration (C,) after reaching the adsorption
equilibrium. The following equations are used to determine
the percentage of adsorption (Eq. 1) and adsorption capacity

(Eq. 2).

A(%) = ©o=Co) 100% @
0
X - 2
. _Vx(C,-C.) )
m

where V is the volume of the solution and m is the mass of the
adsorbent.
2.4 Characterization methods

The indium concentrations of the obtained samples were
measured using atomic absorption spectroscopy with
ContrAA700 instrument made by Analytik Jena AG, Germany.
X-ray diffraction (XRD) was used for identifying the phase of
the samples. XRD pattern was collected on a Rigaku
Miniflex00 with CuKa radiation at A = 1.5406 A and
scanning speed and step size at 5 <T/min and 0.02%
respectively. Raman spectrum was measured on the LabRAM
HR system made by HORIBA Scientific. The X-ray
Photoelectron Spectroscopy (XPS) was conducted on a
Thermo Fisher ESCALAB 250Xi spectrometer to study the
oxidation state of iron. Scanning Electron Microscope (SEM)
with Hitachi S4800 was used for studying the microstructures
of samples. Fourier Transform Infrared Spectroscopy (FTIR)

spectra were recorded on a Vertex70 infrared spectrometer to



2021 \ol. 40 Chinese J.

Struct.

Chem. 1425

obtain the structure information of GO/Fe;O,. The magnetic
properties of GO/Fe;O, were measured on a magnetic
property measurement system (MPMS) with a supercon-
ducting quantum interference device (SQUID) magnetometer.
Zeta potentials were collected on a BI-200SM Laser Particle
Size and Zeta Potential Analyzer to study the stability of the
solution.

3 RESULTS AND DISCUSSION

3.1 Characterization of GO/Fe;0,

Fig. 1 displays the XRD patterns of GO/Fe;0, and Fe30,,
both of which match well. The diffraction peaks located at
21.5% 29.8< 36.3 42.8< 54.1< 58.1°and 61.7° can be
assigned to (111), (220), (311), (400), (422), (511) and (440)
reflections of the hexagonal Fe;O, phase, respectively, based
on PDF card 26-1136 of the standard XRD data. This
indicates the presence of Fes0, in GO/Fe;O,4. There is no
clear graphene peak in the XRD pattern, suggesting that GO
in GO/Fe30, may exist in the amorphous form.

(220)

(440)

GO/Fe,0,

=
E
2
E Fe;0,
Y I A
10 20 30 40 50 60 70 80
2-Theta/(degree)
Fig. 1. XRD pattern of GO/Fe;0,4

Fig. 2A and 2B displays SEM images of magnetic Fe;O,

and GO/Fe;s04 nanocomposites, respectively.  Fez0,
nanoparticles are relatively uniform and about 90 nm in size
whereas in  the GO/Fe;O, nanocomposites, Fe;04

Signal A = inLens
Mag= €000KX

ENT= 10,00 AV
W= 117 mm

Fig. 2.

The chemical states of the elements in GO/Fe;O, are
studied by the XPS technique. Fig. 3A shows the full XPS
spectrum of GO/Fe;04 samples, in which the binding energies

nanoparticles are well distributed in the transparent GO film
and reduced to about 20 nm in size. This suggests that
GO/Fe;0, nanocomposites reduce agglomeration of Fe;0,
nanoparticles.

EHT = 10.00 kV
WD=11.6 mm

Date: 22 Dec 2020
Time: 10:25:37

Signal A= InLens
Mag= 60.00KX

(A) SEM images of Fe;O4, (B) SEM images of GO/Fe30,

at 285, 530 and 712 eV are attributed to the presence of C1s,
Ols, and Fe2p, respectively. This confirms the formation of
GO/Fe;0,4. The C1s peak can be deconvoluted into C—C, C—O,
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O—-C=0 bonds in graphene oxide plane, whereas the O1s
peaks at 530.12 and 533.7 eV result from the C—O and C-O
bonds, respectively?. Fig. 3B shows a high resolution XPS
spectrum of Fe2p, in which the peaks at 712.46 and 726.42 eV

Ols
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=
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= Fe2p Cls

E M
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Fig. 3.

Zeta potential is widely used to characterize the surface
charge of an adsorbent as it reflects the stability of the sample
in water??. The greater the absolute Zeta potential, the more
stable the system and the less likely the material is to
agglomerate in solution'> 2%, The Zeta potential of GO/Fe;0,
was measured at pH = 4 to be 13.04, while the Zeta potential
of Fe;0, was —4.8. Under the same conditions, the absolute
value of Zeta potential of GO/Fe;0, is greater than that of
Fe;O,4, indicating better dispersion of GO/FezO4 in the
solution.

The hysteresis loops of GO/Fe;O4 and FezO4 nanocom-
posites are shown in Fig. 4A, indicating they are superpara-
magnetic’?”). The saturation magnetization (Ms) of GO/Fe;0,
and Fe30, is 30.05 and 61.2 emu/g, respectively. Although the
Ms of the GO/Fe;0O4 nanocomposite is about 50% that of
Fe;0,, it is promising as a magnetic adsorbent for removal of
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g 20 1
O
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Fig. 4.

arise from Fe2ps, and Fe2p.p, respectively. This is in
agreement with the XPS of Fe;0,, indicative of the formation
of Fe;0, in the nanocompositest!.

Intensity(a.u.)

750 740 730 720 710 700
Binding energy(eV)

(A) Full XPS spectrum, (B) XPS spectrum of Fe2p

pollutants from the aqueous solutions or recycling of precious
metals from the wastes.

Fig. 4B (left) shows that the GO/Fe;O,4 nanoparticles can be
uniformly dispersed in water to form stable suspensions due
to high Zeta potential. Upon applying an external magnetic
field to the suspension by a magnet, GO/Fe;O, nanoparticles
are rapidly attracted to the bottle wall, and the rest solution is
almost clear, as shown in Fig. 4B (right). Therefore, the
GO/Fe;0, nanocomposite exhibits high dispersion and
characteristics of magnetic separation. This kind of adsorbent
material that can be rapidly separated by a magnet would be
beneficial to the future adsorption application. It could not
only reduce the cost of heavy metal treatment in agqueous
solution, but also prevent the secondary waste pollution

caused by adsorbent material.

(A) Magnetization hysteresis curves of GO/Fe;0,4 and Fe;O4. (B) Magnet separation of GO/Fe;O4 nanoparticles
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The Raman spectra of GO/Fe;0, and Fe;0, are displayed
in Fig. 5A. Raman spectrum of GO/Fe;0, has two striking
peaks D and G located at 1346 and 1621.5 cm?,
respectively®, which are related to the disordered structure
of graphene oxide and the extension of carbon-carbon bonds
in the sp® plane. The strength ratio (Ip/lg) of peaks D and G
can be used to identify defects?®® %, In the case of GO/Fe;0,
nanocomposites, due to SERS effect’® attachment of Fe;0,
nanoparticles onto the graphene oxide surface results in the
enhanced Raman peaks D and G.

The infrared spectra of Fe;0, and GO/Fe;0, are displayed
in Fig. 5B. In the GO/Fe;0,4 FTIR spectrum, the peaks at 3445
and 1666 cm™ correspond to the stretching vibration of O—H
and C=C bonds, respectively, whereas those at 1480 and 1124
cm® are associated with the stretching vibration mode of

Intensity(a.u)

500 1000 1500 2000

Wave number(cm™)

2500

Fig. 5.

3.2 Effect of contact time

The amount of adsorbed In as a function of contact time
was studied and is plotted in Fig. 6. The adsorption of In on
the GO/Fe30,4 sharply increased in the first 30 minutes,

Transmittance

C-OH and C-O™. These infrared peaks indicate the
presence of hydrophilic functional groups, including O—H,
C=0, C-0 etc, on the surface or edge of GO, which will not
only assist in maintaining the GO/Fe;0, composite stable in
the water system, but also interacting with the ions to be
adsorbed. This is conducive to the enrichment of the
adsorbatesl®2. In addition, the peak at 590 cm™ in Fig. 5B is
associated with the stretching vibration of Fe—O in Fe3O4
nanoparticles®. The weak peaks at 3551 and 1670 cm™ are
likely associated with the stretching and bending vibration
peaks of O—H due to Fe;0, being prepared by hydrothermal
method, which are consistent with the literature®¥. The
infrared spectrum reveals that the compound contains two
components, Fe;sO, and GO, indicating that the GO/Fe;0,
composite has been successfully synthesized.

—GO/Fe,0, B

590
1480
1666

3445

2000 3000
Wave number(cm™)

1000 4000

(A) Raman spectra and (B) FTIR spectra of Fes04 and GO/Fe304

followed by reaching an asymptotic value with increasing the
contact time. Later on, the vibration time of 24 h in all
adsorption experiments was used to make sure that the
adsorption equilibrium is completely established.

100 -

10

T

20

30 40 50

Contact time(min)

Fig. 6. Effect of contact time on the In adsorption at pH =4, Co =50 mg L. and T =25 C
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These adsorption kinetic data are explored to fit the
pseudo-first- and pseudo-second-order models, which are
expressed in Egs. 3 and 4, respectively.

Kk
log(q, —,) =logg, - —

the In mass (mg L) adsorbed on the adsorbent surface at t
timef3® 34,

Fitting of adsorption kinetic data with the pseudo-first-
and pseudo-second-order models was performed and

t shown in Fig. 7. The fitting parameters are summarized in

2.303 ®) Table 1. These fitting parameters show that the adsorption

t 1 t data fit to the pseudo-second-order model better than the
q— = K q2 +q— pseudo-first-order kinetic model as R? > 0.998. For the
t 2te € 4) pseudo-second-order model, chemisorption which proceeds

where k; and k, are the pseudo-first-order and
pseudo-second-order rate constants, respectively, g is the
capacity of In adsorbed at equilibrium (mg L), and q; is

0 10 20 30 40

with valence forces through sharing electron or exchange is
a rate-controlling step®!, which will be briefly discussed in
Section 3.3.

0 10 20 30 40 50

Time(min) Time(min)
Fig. 7. Kinetic model of In adsorption: (A) pseudo-first-order kinetics, (B) pseudo-second-order kinetics
Table 1. Kinetic Sorption Constant Parameters of In(III)
Metal ions Pseudo-first-order Pseudo-second-order
ge(mg 9) Ka(min™) R? qe(mg ) ka(g mg™* min™) R?
In(11I) 475 —0.02591 0.96467 475 0.01022 0.99834

3.3 Effect of pH
To study the effect of pH on the adsorption of In onto

GO/Fe;04 nanocomposites, the In(NOs); aqueous solution at
In concentration of 50 mg4L " and the initial pH of 4 was

prepared. pH of the solution was adjusted from 2 to 12 with

HNO; and NaOH. Fig. 8 shows that the adsorption of In onto
the GO/Fe30, increases significantly from 7% to 99.5% with
increasing pH from 2.0 to 6.0, followed by a platform in the
range of 6~8. As pH continues to rise, adsorption efficiency
decreases and then approaches to another platform.

20
100 A —n—n
P ./ \.

80 - —n— ™ Ls
60 1 . _
<) L 1o
& 40 2
e ——R, =

20 1 T, L5

O -
T T T T . T 0

pH
Fig. 8. Effect of solution pH on the In(lIl) adsorption at pH = 2-12, Co=50 mg L ", t=24 hand T =25 C
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In(111) species in aqueous solution could exist in the form
of In®*, In(OH)*, In(OH),", In(OH)5 and In(OH),, depending
on pH. At pH < 6, In(lll) is mainly in the form of In®.
Therefore, In(Ill) is removed mainly through adsorption
process. At pH < pH,,, protonation of the GO/Fe;0,
nanocomposite results in the surfaces being positively
charged®!. The electrostatic repulsion between positive
charges of In** and the GO/Fe;O, surface leads to low
adsorption in this pH range. At pH > pH,,, as carboxyl
functional groups on GO surface dissociate, the concentration
of deprotonated sites increases with increasing the pH value.
The deprotonated site is easier to attract metal ions by
to form
complexes between In**, In(OH)*', In(OH),* and GO/Fe;0,.
Thus, the adsorption of In at pH 2~6 increases sharply. When

electrostatic interaction, which is conducive

pH is greater than 6.0 , indium ions get precipitated due to the
formation of indium hydroxide, which is dissolved to form
In(OH),” when pH is greater than 105¢!. This indicates that at

As the competitive adsorption of H ions with indium ions
onto GO/Fe;04 occurs at lower pH and indium precipitates
form at higher pH, the optimum pH at which maximum
adsorption of In onto GO/Fe;0,4 occurs is about 4.

3.4 Effect of adsorbent content

The effect of adsorbent content on the amount of In
adsorbed onto GO/Fe;0, was studied to optimize the
adsorption efficiency and evaluate the availability of an
adsorbent. The test results are presented in Fig. 9. It is seen
that with increase in the adsorbent content, the adsorption
amount of In increases gradually, while the g, value of the
adsorbent quickly rises to reach the highest at the adsorbent
concentration of 1 g4, followed by decreasing gradually.
The number of adsorption sites increases with increasing the
adsorbent concentration, thus resulting in increase in
adsorption percent. However, with further increasing the
adsorbent concentration, part of adsorption sites may become

unavailable due to agglomeration, leading to decrease in the

higher pH, In(Ill) removal is mainly achieved by adsorption amount.
precipitation.
100 40
80 - 30
& 60 1 L 20
e _
40 1 I \_’ | 10 ?Dg
[ ] L] é
20 7 o
-/ =X 0
04 = ¢
T T T T T T = 1 0
0 10 20 30 40 50 60
Adsorbent mass(mg)
Fig. 9. Effect of adsorbent content on the In(IIT) adsorption at pH 4 and the initial concentration of 50 mg .

3.5 Effect of In concentration

The adsorption efficiency of GO/Fe;0, in the In solution at
the initial concentration of 5~125 mg L is investigated to
evaluate the adaptability of GO/Fe;0, to the In concentration.
Fig. 10 shows that the adsorption percent decreases with
increasing the In concentration. For an adsorbent, higher
concentration of the solution will produce higher con-
centration gradient at interface between solution and
adsorbent, which facilitates the adsorbate to transport to the
adsorbent. At low In concentration, In ions may be adsorbed

onto GO/Fe;0, nanocomposites without competition, leading

to the high adsorption efficiency. As shown in Fig. 10, the
highest adsorption percent of the GO/Fe;O,4 nanocomposite at
the initial concentration of 25 mg L™ is 97.2%. With increase
in indium concentration, more In ions compete on the limited
adsorption sites, thus leading to the decrease in the adsorption
efficiency. Furthermore, when the adsorption sites are
occupied gradually, more In ions compete on fewer adsorption
sites, causing more significant decrease in the adsorption
percent, as seen in Fig. 10, when the initial In concentration is
greater than 110 mg/LB".
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100
- \

204 ™K

Fig. 10.

0 20 40 60 80
C,(mg/L)

100 120 140

Effect of indium ion concentration on the In(IlT) adsorption

(PH=4,t=24 hand T = 25 °C). GO/Fe;04 dosage is 1 g L.

3.6 Recycling performance of GO/Fe;0,

Recycling of the GO/Fe;04 nanocomposites for recovery of
In(IlT) from the aqueous solution is shown in Fig. 11.
Desorption was performed with a HNO; concentration of 0.01
mol L., After four and five adsorption-desorption cycles, the
removal efficiency maintained at about 91% and 71%,
respectively. The maximum adsorption quantity of is 43.98
mg L. with the recovery efficiency of 75.5%. The excellent

recycling performance indicates that the GO/Fe;O4 nano-
composite is reusable and an economic adsorbent for recovery
of In(IIT) from the aqueous solution. In addition, the adsorbent
can be well dispersed in water, which is conducive to remove
the pollutants from the aqueous solutions. Therefore, the
GO/Fe;0,4 nanocomposite is not only a recyclable adsorbent,
but also easy to handle.

100 -
1R 415
B
= 801
\6\ 4
< 12
2
3 60
= 192
= 4 [iE)
g% 16%
g
L
e 20 4 43
0 . - - . - 0
0 1 2 3 4 5 6

Cycle number

Fig. 11.

4 CONCLUSION

In this study, magnetic nanocomposite GO/Fe;O, was
prepared by a facile hydrothermal method and has been used
for the recovery of In(Ill) from the simulated waste. The
adsorption percent and quantity of In(IIL) in the solution at pH
= 4 and Cy = 50 mgLl ! are 91% and 43.98 mgL?

Recycling of GO/Fe;0, for In(IIl) removal at pH =4, CO = 20 mg L. and T = 293 K

respectively. In addition, GO/Fe30, can be easily recycled by
magnetic separation, and maintains a 75.5% cycle capacity

after five continuous cycles. Both GO and Fe;0, uptake In(IIT)
via donating electrons in oxygen atoms toward In(IlI). High

adsorption efficiency, easy recycling and good reusability can

make GO/Fe;0, be a promising adsorbent for the recovery of

indium from the aqueous waste.
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