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ABSTRACT: We show that the hybrids of single-layer
graphene oxide with manganese ferrite magnetic nanoparticles
have the best adsorption properties for efficient removal of
Pb(II), As(Ill), and As(V) from contaminated water. The
nanohybrids prepared by coprecipitation technique were
characterized using atomic force and scanning electron
microscopies, Fourier transformed infrared spectroscopy,
Raman spectroscopy, X-ray diffraction, and surface area
measurements. Magnetic character of the nanohybrids was
ascertained by a vibrating sample magnetometer. Batch
experiments were carried out to quantify the adsorption

* = Pb (l)/As (lll)/As (V)

kinetics and adsorption capacities of the nanohybrids and compared with the bare nanoparticles of MnFe,O,. The adsorption
data from our experiments fit the Langmuir isotherm, yielding the maximum adsorption capacity higher than the reported values
so far. Temperature-dependent adsorption studies have been done to estimate the free energy and enthalpy of adsorption.
Reusability, ease of magnetic separation, high removal efliciency, high surface area, and fast kinetics make these nanohybrids very
attractive candidates for low-cost adsorbents for the effective coremoval of heavy metals from contaminated water.
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1. INTRODUCTION

Rapidly growing industrialization and urbanization have
increased the concentration of various toxic heavy metals like
As, Pb, Cd, and Hg in natural potable waters beyond acceptable
tolerance limits. The exposure to these heavy metals is
considered a major health risk due to their toxic and
carcinogenic effects." Arsenic due to its high toxicity and
carcinogenicity has caused severe health problems worldwide.
Arsenic is a metalloid commonly occurring in two most
common valence states: arsenate (As(V)) and arsenite
(As(IIT)) under oxidized forms. The former is more common
in aerobic surface water whereas the latter is more abundant in
anaerobic groundwater. The effects of arsenic poisoning are
most severe in India and Bangladesh,z’3 where concentration
can range from 0.05 to 0.3 mg/L and in isolated cases
registered a concentration of up to 3 mg/L.* The permissible
level of arsenic in groundwater is up tol0 ug/ LS

Another common groundwater contaminant which is
extremely detrimental to human health is lead (Pb(1I)). The
toxicity comes from its ability to mimic other biologically
important metals, the most notable of which are calcium, iron,
and zinc. Lead builds up in the body over the years and can
cause damage to the brain, red blood cells, and kidneys.®”
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A clear realization that the world faces major threats to
community health from its water supplies in the form of
contamination has motivated many studies to develop nano-
materials for water purification.%® These functional materials
include redox and catalytically active nanoparticles, nano-
structured membranes, and bioactive nanoparticles. In recent
years, magnetic nanoparticles of Fe;O, have been used to
remove arsenic from water.” Magnetic nanoparticles are useful
because of their key properties such as magnetic separation and
ease to functionalize with various chemical groups to increase
their affinity toward target compounds and high surface-to-
Organic matter and heavy-metal reducing
capabilities of zerovalent iron,'! titanium oxide,' zeolites,"> and
ZnO' have been identified. Lead-removing capabilities of
carbon aerogels,15 Mn—diatomite,'® activated carbon,'” poly-
mer-supported zirconium phosphate,'® and mixture of
manganese (hydro) oxides and iron (hydro) oxides'® have
been shown.

The toxicity and solubility of As(IIl) is relatively greater than
As(V)." Numerous reports are available describing the action of
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manganese oxides for the oxidation of As(IIl) to As(V).*°~**

The oxidation rate of As(III) in the presence of Fe(III)
complexes is suggested to be significantly lower than those in
the presence of Mn(IV) complexes.”® Magnetite,*® natural Fe—
Mn-enriched samples®” and Fe—Mn binary oxide,”® have been
proven to be promising arsenic adsorbents. The summary of
these results are given in Table 1. The potential of MnFe,O,
nanoparticles for the effective removal of Cr(VI),*® Azo dye
acid Red B (ARB),*® and arsenic®" have been recently reported.

Table 1. Adsorption Results Using Various Adsorbents

adsorption capacity

adsorbent (mg/g) reference
Pb(Il)  chitosan/graphene oxide 76.9 62
composites
GO 328 7
EDTA-GO 479 7
EDTA-RGO 204 7
amino-functionalized carbon 58.3 63
nanotubes
chitosan/alginate composite 60.3 64
beads
graphene nanosheets 35.5 65
few layered GO 842 (293 K) 68
few layered GO 1150 (313 K) 68
few layered GO 1850 (333 K) 68
GO/chitosan 99 69
GO—gelatin/chitosan 100 70
MnFe,0, nanoparticles 488 present
work
GO—MnFe,0, nanohybrids 673 present
work
As(Ill)  magnetite (11.72 nm) 114.7 26
magnetite (20 nm) 29.1 26
magnetite (300 nm) 1.6 26
Fe—Mn mineral material 12 27
Fe—Mn composite 132.6 28
functionalized graphene 138.8 3
functionalized MWCNT's 109.5 67
MWNT/Fe,0, hybrid 39 66
MnFe,0, nanoparticles 97 present
work
GO—MnFe,0, nanohybrids 146 present
work
As(V)  Fe—Mn composite 69.7 28
Fe—Mn mineral material 6.7 27
magnetite (300 nm) 1.1 26
magnetite (20 nm) 114 26
magnetite (11.72 nm) 46.5 26
functionalized graphene 142 3
MWNT/Fe;0, hybrid 53 66
MnFe,0, nanoparticles 136 present
work
GO—MnFe,0 nanohybrid 207 present
work

On the other hand, graphene, a single-atom thick graphitic
layer, has interesting physio-chemical properties. Recently,
heavy-metal adsorption on graphene-based materials has been
demonstrated with good adsorption properties.”**** Graphene
oxide (GO) is particularly an interesting graphene-based
material because of its easy production and bulk availability.
Graphene oxide has a large number of oxygenated function-
alities and high surface area, making it useful for environmental
and biological applications.**** Even though GO is a good

. 132 . .
adsorbent for many ions,*"*” its efficient removal from water

after the treatment is still challenging. To overcome this issue,
we have synthesized magnetic MnFe,O, nanoparticles (NP)
and GO—MnFe,0, hybrid (GONH) and investigated their use
for coremoval of As and Pb contamination from water. GONH
was synthesized using coprecipitation technique and charac-
terized by atomic force microscopy (AFM), Raman spectros-
copy, Fourier transform infrared (FTIR) spectroscopy, X-ray
photoelectron spectroscopy, scanning electron microscopy
(SEM), and X-ray diffraction. Magnetic properties of GONH
were quantified using a vibrating sample magnetometer.
Inductively coupled plasma atomic emission spectroscopy was
used to study the adsorption capacity and kinetics of NP, GO,
and GONH for Pb(Il), As(V), and As(III) ions.

2. EXPERIMENTAL DETAILS: SYNTHESIS AND
CHARACTERIZATION

2.1. Synthesis and Characterization of Graphene Oxide.
Graphene oxide was prepared from graﬁphite using a previously
reported method with slight modification.***” Briefly, 3 g of graphite
flakes were dissolved in H,SO,:H;PO, (360:40 mL) acid mixture and
18g of KMnO, was added slowly under continuous stirring conditions.
The temperature of the reaction mixture was increased to 50 °C and
continuously stirred for 12 h. Afterward, the suspension was cooled to
room temperature and mixed with ~400 mL ice water containing 3
mL of 30% H,O, followed by sonication for half an hour to exfoliate
GO into single layers. The diluted mixture was then centrifuged for 15
min at 10000 rpm. The solid residue was washed with 30% HCI
followed by multiple washings with water and then vacuum-dried at
room temperature for 12 h. The average flake size as measured by
SEM and AFM is ~2 pym. The average thickness of the GO flake
measured using AFM (Bruker Veeco Innova) is ~1 nm as shown in
Figure la, consistent with previous reports.>®?” X-ray powder
diffraction patterns of GO were recorded using Cu Ka radiation (4
= 1.542 A) (Philips X'Pert Pro). Figure 2a gives the XRD pattern of
GO showing a diffraction peak at scattering angle 26 = 94°
corresponding to (001) plane of GO, giving the interlayer separation
to be ~9.5 A. Raman spectra were recorded using LABRAM HR-800
equipped with a 514 nm laser. Raman spectrum of GO in Figure 3a
shows two prominent peaks at 1590 and 1342 cm™' related to first-
order E,, mode from sp? carbon domains (G-band) and disorder
mode (D-band),*® respectively. FTIR spectrum of GO shown in
Figure 4a reveals characteristic absorption peaks at 1729, 1620, 1415,
1046, and 1236 cm™', which can be attributed to C=0 stretching or
C=C in-plane stretching vibrations or due to adsorbed water
molecules, O—H deformation, alkoxy C—O stretching, and epoxy
C—O stretching vibrations, respectively.*”*" All these results clearly
indicate the formation of graphene oxide and presence of oxygenated
functionalities on a graphene skeleton, which we have used for the
growth of magnetic nanoparticles. The —OH and —COOH groups on
its surface can have different charge depending upon the pH of the
solution.

2.2. Synthesis and Characterization of MnFe,O, Nano-
particles. Reference nanoparticles of MnFe,O, were synthesized
according to a previously reported method.*' Briefly, 2.7 g of FeCl,:
6H,0 and 0.845 g of MnSO,H,0 were dissolved in 100 mL of
deionized water so that the molar ratio of Mn:Fe in the solution is 1:2.
The solution was then constantly stirred and heated to 80 °C. To this,
8 M NaOH heated to the same temperature was added slowly (under
continuous stirring) to raise the pH of the solution to 10.5. The
reaction was continued for 5 min and then cooled down to room
temperature. The blackish precipitates were magnetically separated
and washed with excess of water to remove the unreacted content
followed by washing with acetone. Afterward, the precipitates were
dried at room temperature for 24 h. Figure 2b shows the X-ray
diffraction pattern from the NP. The average particle size calculated
using Debye—Scherrer equation D = KA/ cos 6 (K is a constant
having value 0.9 and f is the full-width at half-maximum of the
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Figure 1. Atomic force microscopic image of GO (a) and GONH (b).
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Figure 2. XRD pattern of graphene oxide (a), NP (b), GONH (c),
and typical FESEM image of GONH (inset of (c)).
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diffraction peak) is ~11 nm (considering (311) line). This is close to
the height of the nanoparticle (8 nm) measured using atomic force
mlcroscope Raman spectrum of the NPs (Figure 3b) shows a geak at
~600 cm™", which can be attributed to Fe—O bond stretching.* FTIR
spectrum of NP (Figure 4b) exhibits absorption peaks at 490 and 577
em™ due to metal—O stretching vibrations of manganese ferrite.*
FTIR and Raman results confirm the formation of MnFe,0, , , , , . ,
nanoparticles 3500 3000 2500 2000 1500 1000 500
Magnetic behavior of these nanoparticles was analyzed using -1

Quantum Design PPMS (Physical Property Measurement System) Wavenumber(cm )

and is shown in Figure 5. The magnetization was measured as a
function of temperature in the presence of an applied field of 250 Oe
in field-cooled (FC) and zero-field-cooled (ZFC) conditions between
S and 300 K temperatures. The observed temperature dependence
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Figure 4. FTIR spectra of GO (a), NP (b), and GONH (c).
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Figure 5. FC—ZFC curves for NP (a) and GONH (b).

agrees with the reported room-tem})erature superparamagnetic
behavior of MnFe,O, nanoparticles.** The field dependence of
magnetization (M—H measurement) of the nanoparticles is given in
Figure 6a at 5 and 300 K. The results confirm the high magnetization
value of the nanoparticles. The magnetic behavior of these
nanoparticles is helpful in easy magnetic separation of the nano-
particles after the completion of the adsorption process.

40+ 5K
30 NP _.,.»"’”"""'"'“

Magnetization (emu/q)

Figure 6. Hysteresis (M—H) curves for NP (a) and GONH (b) at §
and 300 K and digital camera image of magnetic separation of GONH
with small magnet.

2.3. Synthesis and Characterization of GO—MnFe,0, Nano-
hybrids. Graphene oxide (0.5 g) was added to 400 mL of water and
dispersed by ultrasonication for 5 min. In turn, 2.7 g of FeCl;-6H,0
and 0.845 g of MnSO,-H,0 were added to the colloidal graphene
oxide solution and stirred for half an hour. The temperature of the
solution was raised to 80 °C under continuous stirring conditions.
Afterward, the pH of this solution was raised to 10.5 by addition of 8
M NaOH (heated to the same temperature). The reaction was
continued for § min and then cooled to room temperature. The
nanohybrid particles were magnetically separated and washed with
excess of water and acetone. The precipitates were then dried at room
temperature for 24 h. Figure 2c represents the X-ray diffraction pattern
of the GONH exhibiting diffraction peaks of both the NP and the GO
flakes. The average size of the NP grown on the surface of graphene
oxide is ~6 nm as measured by AFM (shown in Figure 1b). In Figure
2¢, the peak due to the (001) reflection plane of GO is decreased due
to partial reduction of graphene oxide during the synthesis of the
nanohybrids. The peaks corresponding to a-Fe,O; and @-MnO, on
the surface of the particles in the XRD pattern are absent, indicating
the formation of NP and GONH. The average size of the
nanoparticles through XRD analysis is ~7.5 nm. In the XRD pattern
of the nanohybrids, the peak of GO is very much diminished due to
the fact that the nanoparticles grown on the surface of graphene oxide
avert its restacking.*> The decrease in the size of the nanoparticles in
nanohybrid may be attributed to the fact that one side of the
nanoparticles growth was blocked when grown in situ onto the surface
of the graphene. Raman spectrum of the GONH given in Figure 3c
shows the Raman lines of NPs as well as that of GO. Similarly, the
FTIR (Thermo-Nicolet 6700) spectrum of the GONH (Figure 4c)
exhibits the characteristic peaks of GO and NP. These results indicate
that the nanohybrids have been prepared successfully. The typical
scanning electron micrograph of the nanohybrid is shown in the inset
of Figure 2¢. The coverage of the nanoparticles on graphene was found
to be uniform for different samples. The FC and ZFC plots of GONH
(Figure S) show superparamagnetic behavior of GONH particles and
their behavior is qualitatively similar to that of the pristine NP. The
M-—H measurements of the nanohybrids are given in Figure 6b at §
and 300 K. XPS analysis (Axis Ultra) of the hybrids is given in
Figure7a. The C(1s) spectrum of the nanohybrids shows peaks at
284.6, 286.7, and 288.4 eV associated with sp> C—C, C—0, and C=0
bonds, repectively.*® In the O(1s) spectrum (Figure 7b), the peaks at
529.5, 530.8, and 531.8 eV are due to the presence of O*~, O—H bond,

205 290 285 28070 60 50 | 40 30
(b) 5295 (0>

Counts (a.u.)

530.6(0-Hg
531.8 (H,0

538 536 534 532 530 528 526 70 60 50 40 30

Binding Energy (eV)

Figure 7. XPS spectra of GONH: C(1s) showing peaks of GO (a),
O(1s) showing peaks of MnFe,0, (b), As(3d) showing conversion of
As(Il) to As(V) after 10 min adsorption, (c) and after 2 h of
adsorption (d).
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and adsorbed H,O, respectively.*’” As the 3d spectra of As(III)
adsorbed GONH after 10 min and 4 h, adsorption reaction times are
shown in parts (c) and (d), respectively, of Figure 7. The surface area
measurements of the NP and GONH were carried out using the
Brunauer, Emmet, and Teller (BET) method (Micromeritics surface
area analyzer ASAP 2020) for N, gas adsorption. BET surface area for
GONH was 196 m?/ g compared to 91 m?/ g for NP. The high surface
area favors the high adsorption capacity of these adsorbents.

2.4. Arsenic and Lead Solutions. Analytical grade As(III) oxide
(As,05), As(V) oxide (As,O;), and lead(II) nitrate (Pb NO;), were
used to prepare stock solutions of 400 mg/L As(III), As(V), and
Pb(II), respectively. As,O; and As,Og chemicals were procured from
Rolex Chemical Industries, India, and Pb(NO;), was procured from
SD Fine Chem Ltd, India. The Secondary As and Pb standards
ranging from 1 to 400 mg/L were prepared from the respective stock
solutions for the generation of the calibration curves for As and Pb
detection. The heavy-metal concentrations were quantitatively
measured with the help of an inductively coupled plasma atomic
emission spectrometer (Thermo-iCAP 6000 Series) in accordance
with the standard method.*®

2.5. Adsorption Studies. Batch experiments were carried out to
understand the adsorption behavior and study the kinetics of heavy-
metal adsorption. In separate experiments, 200 mg/L (0.02 wt %) NP
and GONH were added to the heavy-metal solutions of varying
concentrations ranging from 1 to 400 mg/L made up from stock
solution using 0.01 M NaNO; solution as background electrolyte to
keep the ionic strength optimum for adsorption.*” McBridge®
suggested that the dominant surface interaction between adsorbate
ion forming outer sphere complexation with an adsorbent surface
shows decreasing adsorption with increasing ionic strength of the
solution”® For understanding the adsorption behavior of the
nanoparticles and nanohybrids, heavy-metal solutions of varying
concentration were sonicated for 10 min and equilibrated for 20 h.
The adsorption behavior of the nanoparticles was investigated at
different pH values of the heavy-metal solution under study. The
solution pH was adjusted by using 1 M NaOH and 1 M HNO; as
required. For kinetic studies, the pH was fixed at a value corresponding
to maximum adsorption and 0.02 wt % of NP and GONH were used.
In addition, 0.2 wt % of NP and GONH were also used for adsorption
of As(IIT) and As(V). The initial concentration of the heavy metal was
fixed at 20 mg/L and adsorption time was varied from 1 to 120 min.
The adsorption isotherm was tested to validate the heavy-metal uptake
behavior of the nanoparticles. All samples were analyzed after
removing the GONH/NP from the sample by using a small magnet
as shown in the inset of Figure 6b. Adsorption behavior was studied at
298, 313, and 333 K to understand the thermodynamics of the
adsorption process.

2.6. Effect of Competing lons. In the contaminated water there
exist many common ions (both cations and anions) which affect the
adsorption of a particular metal jon (in our case, metal ions are
(Pb(I1), As(III), and As(V)). These ions compete to bind to the
adsorbent surface, affecting the adsorption of a particular heavy-metal
ion. Therefore, it is important to study their role during the adsorption
process. We have studied the effect of NO®7, SO,>, HCO;™, HPO,*,
Cd*, and Zn*"ions on the adsorption of arsenic and lead ions on
GONH and NP adsorbents with varied concentrations of the
competing ions.

2.7. Desorption Studies and Regeneration. High adsorption
capacity and better desorption capability of an adsorbent are the two
important factors which impact their application. The pH of water
affects the adsorption and desorption capabilities of adsorbent. 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 are
desorbed.®" Therefore, desorption of arsenic ions is conducted by
treatment with 1 M NaOH (2 mL). Contrary to this, Pb(II) ions are
desorbed at low pH values (due to protonation of the surface
functional groups), and therefore, desorption in this case was
conducted through treatment with 0.2 M HCI.

3. RESULTS AND DISCUSSION

Aqueous solutions of metal ions, Pb(I), As(III), and As(V)
with different concentrations were treated with NP and
GONH. The amount of the ionic metal adsorbed on
nanoparticles and hybrids is calculated using the relation g, =
((Cy — C.)/m)V. Here, q. (mg/g) is the amount of metal ions
adsorbed by the adsorbent at equilibrium condition, C, is the
initial metal ion concentration, C, is the metal ion
concentration at equilibrium, V is the volume of the ionic
solution, and m is the mass of the adsorbent. On the basis of
assumptions such as uniform surface single layer of adsorbent
material, the Langmuir isotherm between quantities adsorbed at
equilibrium g, and initial equilibrium concentration (C,) can be
expressed as

b Ca,,

.= 1+ bC, (1)

where b is the Langmuir constant. The parameter g, is the
maximum concentration of the adsorbed quantity of the heavy
metals. Equation 1 can be written in linearized form as

C C 1

9, 4, 4, ()

The percentage removal of heavy metals being plotted is
100(C, — C.)/Cy.

3.1. Effect of pH of the Solution. The pH of the solution
is found to be an important factor to affect the degree of surface
charge ionization and speciation of the adsorbate. The
adsorption data of NP and GONH in the case of Pb(II),
As(V), and As(III) at different pH conditions are shown in
parts (a), (b), and (c), respectively, of Figure 8, with initial
concentration of 100 mg/L. The maximum adsorption occurs
at pH = S for Pb(I), pH = 4 for As(V) and pH = 6.5 for
As(III). There is a slight change in initial and final pH values.
The values of initial and final pH values are given in Table 2.

70
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 Laar TR

0 GONH .

~ SO: NP

As(V (b)
301 GONH

B e Podh) (@)

2 3 4 5 6 7

pH Values

Figure 8. Adsorption of the metal ions Pb(II) (a), As(V) (b), and
As(1II) (c) at different pH values with initial concentration of 100 mg/
L.
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Table 2. Initial (before Adsorption) and Final (after Adsorption) pH Values

initial pH final pH
heavy-metal ion adsorbent
Pb(1I) NP 2 3 4 S 6 19 2.87 3.85 4.55 5.6
GONH 2 3 4 S 6 1.88 2.85 3.83 4.5 5.48
As(V) NP 2 3 4 s 6 225 334 441 5.42 6.8
GONH 2 3 4 S 6 227 3.38 4.38 5.46 6.85
As(IIT) NP 2 3 4 S 6.5 22 3.31 4.35 5.28 6.75
GONH 2 3 4 S 6.5 2.18 3.29 4.4 52 6.72
3.2. Langmuir Isotherms and Adsorption Capacities.
After finding the optimum pH, adsorption of different
concentrations of metal ions were investigated and the data
were fitted to the Langmuir adsorption isotherm to find w
maximum adsorption ¢,,. The unit of g is mg/g, that is, mg of ®
heavy metal per gram of the adsorbent. All the experiments O
were done in triplicate and standard deviations are shown. In e
case the standard deviation bars are not visible, these are >
smaller than the size of the data mark. >
Langmuir isotherms for Pb(II), As(V), and As(III), treated 8 100+ i - . . . -
with NP as well as GONH, are shown in parts (a), (b), and (c), 98l
respectively, of Figure 9. The lines are the fitted curves using eq “6 96
94 4
140] T 9% As(V) (b)
120, GONH ... 2 © 3
801 ..46:::::“4 ........ 4 E 884
601 . NP 86
40{ g & 841
20§ As(lll) 824+—————r—————r
= 0 @ 10001
D 180 - 5 o
o 150 GONH..geeee" (b S 9999
£ 120 Qe JRRRt 2 Y Pb(||)
~— 90 :'.-&" [ -O9 (a)
) ' NP )
o 90, 99.7
o .
3048 As(V) o
or O 99.6
500 GONH. g+ 32 O g5
400! g ) .
300 SUUNP 99.4 T T T v T v
2001 .,o‘ 0 20 40 60 80 100 120
10042 Pb(ll) Time (minutes)
0 50 100 150 200 250 300 _ o ,
C /L Figure 10. Kinetics of percentage removal of Pb(II) with 0.02 wt % of
o(mg/L) NP and GONH (a), As(V) with 0.2 wt % of NP and GONH (b), and

Figure 9. Langmuir adsorption isotherm for Pb(II) (a), As(V) (b),
and As(III) (c) with varied initial heavy metal ion concentration
ranging from 0 to 400 mg/L. pH values were kept at S, 4, and 6.5 for
Pb(1I), As(V), and As(III), respectively.

1. The maximum adsorption g, for Pb(II) using NP and
GONH adsorbents was found to be 488 and 673 mg/g,
respectively. The percentage removal of Pb(II) as a function of
time is represented in Figure 10a. It was observed that both NP
and GONH (0.02 wt %) removed 100% lead with initial
concentration of 20 mg/L within 10 min. The results for As(V)
are shown in Figure 9b, giving g, = 136 mg/g for NP and g, =
207 mg/g for GONH adsorbents. The percentage removal of
As(V) with 0.02 wt % of NP and GONH is 56.5% and 58.5%,
respectively (data not shown). For 0.2 wt % of NP and GONH,
the percentage removal was increased to 98% and 99.5%,
respectively (Figure 10b). Similarly, for As(IIl), g, = 97 mg/g
for NP and gq,, = 146 mg/g for GONH, shown in Figure 9c.
The percentage removal with 0.02 wt % of NP and GONH was

17431

As(II1) with 0.2 wt % of NP and GONH (c) as a function of time with
initial heavy metal ion concentration of 20 mg/L. The pH values were
kept at 5, 4, and 6.5 for Pb(II), As(V), and As(III), respectively.

~50% (data not shown) whereas with 0.2 wt % it increased to
94% and 96%, respectively (Figure 10c). With pristine GO, q,,
= 30S, 113, and 77 mg/g for Pb(Il), As(V), and As(III),
respectively (see Figure Sl in the Supporting Information).
The heavy metal ion adsorption on graphene oxide was very
much less as compared to GONH and NP.

3.3. Adsorption Kinetics. Adsorption kinetics can be
defined using pseudo-second-order equation

4,
dt
where g, is the adsorption capacity of the adsorbent at time ¢, g,
is the adsorption capacity at equilibrium,>** and k, (g/mg
min) is the pseudo-second-order rate constant. Integration of

the above equation with limits t = 0 to t and application of
boundary conditions, g, = 0 at t = 0 gives

_ _ 2
- kl(qe qt) (3)
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t 1 1
—=—+ —t

9, kg, q, 4)

The values of k, and g, can be computed by plotting t/g, versus
time t. The initial adsorption rate hy = k,q.” can be calculated
and the results are shown in parts (a), (b), and (c) for Pb(Il),
As(V), and As(1II), respectively, of Figure 11. It is clear from
Figure 11 that the adsorption process follows pseudo-second-
order reaction. The calculated values of various parameters are
given in Table 3.
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Figure 11. Pseudo-second-order kinetics graph of Pb(II) (a), As(V)
(b), and As(1II) (c) removal with NP and GONH.

t/q, (min g mg")

Table 3. Adsorption Kinetics Parameters for Pb(II), As(III),
and As(V)

k, 9e ho
heavy metal  adsorbent (gmg ' min”') (mgg') (mgg' min')
Pb(Il) (0.02  MnFe,0, 037 100 37
wt %)
GO— 0.95 100 9S
MnFe,0,
As(Ill) (02 MnFe,0, 0.18 95 165
wt %)
GO- 0.15 9.7 14.7
MnFe,0,
As(V) (02 wt  MnFe,0, 0.18 98 17.6
%)
GO—- 0.25 9.9 25
MnFe,0,

3.4. Effect of Temperature on Adsorption. To
investigate the thermodynamic parameters, effect of temper-
ature on the adsorption process was studied at three different
temperatures, that is, 298, 313, and 333 K with initial
concentration of heavy metal ions, 100 mg/L. The adsorption
of both lead as well as arsenic was found to increase with
increase in temperature. The results are shown in Figure 12.
The increase in adsorption with rise in temperature is due to
the increase in diffusion and decrease in viscosity of the

110
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Figure 12. Heavy metal ions Pb(II) (a), As(V) (b), and As(III) (c)
adsorption on GONH and NP at 298, 313, and 333 K at 100 mg/L
initial concentration. pH values were kept at S, 4, and 6.5 for Pb(II),
As(V), and As(III), respectively.

solution.>® Thermodynamic equilibrium constant K° was
calculated by plotting In(C,/C,) as a function of C, (see Figure
S2 in the Supporting Information). C; is the amount of the
heavy metal adsorbed per unit gram of the adsorbent (mmol/g)
and C, is the equilibrium concentration of the heavy metal ions
(mmol/mL).> Value of Gibb’s free energy can be calculated
using

AG® = —=RT InK°® (s)

where R is the universal gas constant (8.3145 J/mol-K) and T is
the temperature of the solution (K).The calculated values of
Gibb’s free energy at different temperatures are presented in
Table 4. Standard enthalpy AH® and AS° can be calculated
using the van’t Hoff equation:

AS®  AH®
R RT (6)

By plotting In K° vs 1/T (Figure 13), we can calculate
standard entropy and standard enthalpy. The negative value of
Gibb’s free energy confirms that the reaction is spontaneous.
When the above relations are used, the value of AH® is positive
in each case, confirming that the reaction is endothermic.>® The
adsorption kinetics is also seen to improve with increase in
temperature.

3.5. Effect of Competing lons. Effect of competing ions is
also studied by varying their concentration in heavy metal ion
solution. It was observed that NO*~, SO,2~, Cd**, and Zn?*
ions have much less effect on the adsorption capacity of GONH
and NP, whereas HCO; and HPO,>~ decrease the adsorption
capacity to a large extent. The effects are summarized in Tables
ST1—ST6 of the Supporting Information.

3.6. Mechanisms of Adsorption. The effect of pH on
anion adsorption can be understood as follows. There are a
large number of —OH functional groups on oxide nanoparticles
as well as on the graphene. At low pH conditions the number of
H* ions in the solution increases and —OH groups become
positively charged —OH,*, decreasing the adsorption capability
of Pb(II) ions on the surface of the adsorbent. At higher pH

InK° =
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Table 4. Thermodynamic Parameters for Pb(II), As(V), and As(III) Adsorption on GONH and NP

heavy metal adsorbent temperature % removal K° AG (kJ/mol) AH (kJ/mol)
Pb(ID) GONH 298 K 100 13.72 —6.46 4.01
313 K 100 14.80 —7.01
333 K 100 16.52 -7.76
NP 298 K 100 12.07 —6.17 5.18
313 K 100 13.16 —6.69
333K 100 15.02 -7.50
As(V) GONH 298 K 99.5 10.00 -5.70 6.13
313K 99.7 11.40 -632
333 K 99.8 13.03 -7.09
NP 298 K 98 9.41 —5.5§ 6.36
313 K 98.3 10.60 —6.14
333 K 98.8 12.42 —6.95
As(IIT) GONH 298 K 96 9.37 -5.53 6.56
313 K 96.5 10.78 —6.17
333 K 97 12.41 —6.95
NP 298 K 94 8.87 —5.40 725
313 K 94.4 10.46 —6.09
333 K 94.8 12.13 —6.89
25] g, (c) with —OH or —COOH groups on the surface of NP or GONH
' *eite ... (at optimum pH condition):>*>*
24 "+:19.GONH (A) M—OH+Pb* -» GO-0O ——Pb** + H* )
2.3 il
2] NP"-.,: (M—OH), + Pt — (GO-07),——PK** + 2H"  (3)
2.1 AS.(III) In the above adsorption reaction M is Fe or Mn.”> —~COOH
2.64 (b) and —OH functionalities on graphene also contribute to
25 :: oo, adsorption of lead.”
Tteel it o GONH 2+ - 2+ +
o 24l (B) GO—COOH + PF* — GO—COO ——Pb** + H
x 2] NP. )
“en
= 2] As(V) . _ (GO—COOH), + Pb**
281 .. (a) _ 2+ +
cee., - (GO-COO0 ),——Pb"™ + 2H (10)
274 #&., R TIFY .G.ONH
261 ; treee GO-OH + Pb* - GO—-O ——PK** + H* (11)
2.5 Bb () NP “*-.g (GO-OH), + Pt - (GO-07),——Pb* + 2H" (12)
0.0030  0.0031  0.0032  0.0033  0.0034 At different pH conditions, As(V) exists in different ionic and
1 /T K_1 neutral forms, for example, H;AsO,” (pH < 2.1), H,AsO,” (2.1
( ) < pH < 6.9), HAsO,*” (6.9 < pH < 11.5), and AsO,*>~ (pH >
11.5).% In natural environmental pH (4—8) conditions, As(III)
Figure 13. Variation of thermodynamic adsorption constant K° with exists in As(OH),’ and AsO(OH),” and As(V) exists in

1/T for Pb(Il) (a), As(V) (b), and As(IlI) (c) with initial
concentrations 25, 50, and 100 mg/L. pH values were kept at 5, 4,
and 6.5 for Pb(II), As(V), and As(III), respectively.

values —OH groups are ionized to —O7, increasing the
adsorption of Pb(II) ions.>" The justification is also in
accordance with surface complex formation theory.”> This
theory states that an increase in the pH decreases the
competition between metal ions and protons favoring the
metal jon adsorption. At pH values higher than 6, there will be
a decrease in adsorption due to precipitation of Pb(II) in the
form of Pb(OH),.>* Some of the GO—COO~ and GO—0"
groups on the graphene may also be helping in adsorption of
the lead ions through cation exchange reaction.” Pb(II) can be
adsorbed on the surface of NP and GONH through reaction

17433

H,AsO,” and HAsO,*" ionic forms.>” In pH range < 4.3, the
concentration of H,AsO,” is higher and —OH groups on
nanoparticles become —OH,", favoring the adsorption of
As(V).*>® On the other hand, As(III) is converted into As(V) in
the presence of manganese oxide. Oxidation of As(IIl) to
As(V) in Mn environment creates a greater number of active
sites for the adsorption process. Manganese(Il) arsenate,
Mn;(AsO,),, is also precipitated in the reaction, causing the
decrease in the pH of the solution, favoring the adsorption
process.59 Also due to the presence of iron oxide, a complex,
>FeOH," AsO(OH),”, is also formed due to reaction with
As(II1).°° The abundant —OH groups may also be helping the
adsorption process in a similar manner. Arsenic can react with
GONH or NP adsorbent at optimum pH conditions as
follows:*"°
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(C) M—OH,* + H,AsO,” - M—OH,"——H,AsO,”

(13)
(M—OH,"), + HAsO,>~ - (M—OH,"),——HAsO,”
(14)
M—-OH + HAsO, - M—OH « HAsO, (15)
(D) GO—COOH," + H,AsO,”
— GO-COOH,"——H,AsO,” (16)
(GO-COOH, "), + HAsO,>~
— (GO—COOH,*),——HAsO,~ (17)

GO—COOH + HAsO, - GO—COOH « HAsO, (18)

(E) GO—OH," + H,AsO,”
— GO-COOH,"——H,AsO,” (19)

(GO-OH,"), + HAsO,>~
- (GO—COOH,*),——HAsO,~ (20)
GO—OH + HAsO, - GO—COOH <« HAsO, 21)

3.7. Desorption Studies. During desorption study, 99% of
adsorbed As(V) was released from both the GONH and NP
adsorbents by treatment with 1 M NaOH. These results are
consistent with the previous report.>’ In the case of As(III),
desorption percentage was found to be 93% and 90% for
GONH and NP adsorbents, respectively. At high pH values, the
surface —OH and —COOH groups undergo deprotonation and
become negatively charged, leading to desorption of the
negatively charged arsenic ions. There was no considerable
variation in adsorption and desorption values until five cycles.

Desorption studies for Pb(II) was studied using 0.2 M HCL
At low pH conditions the surface —OH and —COOH groups
become more protonated, becoming positively charged and
hence leading to desorption of the positively charged ions. In
this case GONH as well as NP adsorbents desorbed ~99% of
the adsorbed Pb(II). There is no considerable change in
adsorption and desorption efficiencies, even after five cycles.
These results show that both GONH and NP are very good
adsorbents with high adsorption and desorption capabilities
under different pH conditions. The results also affirm the
regeneration and reusability of these adsorbents by following a
simple desorption process.

4. CONCLUSIONS

Table 1 compares the adsorption capacities of different
adsorbents for heavy metals Pb(II), As(Ill), and As(V)
known so far in the literature with our present study on
GO—MnFe,0, nanohybrids and the reference MnFe,O,
nanoparticles. It is clear that the adsorption capacity of GO—
MnFe,0, nanohybrids is superior to all the adsorbents
reported so far for the removal of Pb(II), As(IIl), and As(V).
This exceptional adsorption property is due to the combination
of the unique layered nature (allowing maximum surface area)
of the hybrid system and the good adsorption capabilities of
both the GO and NP. Needless to emphasize, an easy magnetic
separation of the GONH hybrids and rapid adsorption rates
make this material very attractive for use in water treatment.
The use of GONH in water treatment can be done by directly

adding the adsorbent and subsequently removing it magneti-
cally, by making a membrane or by coating it on ceramic beads
or sand particles. It will be interesting to explore graphene
oxide—nanoparticle hybrids for removal of other heavy metals
and contaminants in water.
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