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Herein, we showed that the graphene oxide with manganese ferrite (GO-MnFe,04) possess great adsorption
properties for the selective Pb?" ions removal from the aqueous medium. Nanocomposite adsorbent was devel-
oped by one-pot hydrothermal method, using graphene oxide as a supporting material to minimize the aggrega-
tion of MnFe,04. Also, GO possesses important role in the adsorption mechanism of Pb?* through electrostatic/
ionic interactions. The characterizations such as FT-IR, XPS, P-XRD, FE-SEM, and BET of the synthesized nanocom-
posite were carried out to assess the different properties such as functionalities, crystallinity, morphology, and
surface area value, respectively. Thereafter, the adsorption performance of GO-MnFe,04 nanocomposite was
tested for the Pb?* at various adsorption parameters including to contact time, solution pH, adsorbent dose,
and concentration of initial Pb>* in order to measure the optimum adsorption condition. Kinetic experiments
suggest that the equilibrium attained in 30 min and followed a pseudo-second-order kinetic model. Adsorption
isotherm model followed to Langmuir isotherms and gives a maximum adsorption capacity of 621.11 mg/g. The
reusability tests exhibited good durability and good efficiency for repeated Pb?* adsorptions with GO-MnFe,0,4
nanocomposite. These results demonstrated that the GO-MnFe,04 nanocomposite may be an attractive adsor-
bent having low-cost for the effectively Pb*2 removal of from the polluted water.

© 2020 Published by Elsevier B.V.
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1. Introduction

In the recent decades, the environmental pollution accompanied by
growing global industrialization and agricultural/domestic activities
such as the presence of heavy metals (e.g., arsenic, cadmium, mercury,
lead, chromium, selenium etc.) in aquifer systems exerted potential
negative effects on human health and ecological systems. Among vari-
ous heavy metal ions, lead (Pb>™) is a non-biodegradable, highly toxic
and wide spread contaminant in aqueous solutions which has the ability
to produce disorders related with genotoxic, neurological carcinogenic,
and reproductive defects in the human [1]. It is among top 20 hazardous
pollutants which has been identified by United States Environmental
Protection Agency (USEPA) and Agency for Toxic Substances and
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Disease Registry (ATSDR) [2]. The maximum acceptance limit of P
is 0.05 mg/L and 0.015 mg/L according to Bureau of Indian Standards
(BIS) and World Health Organization (WHO), respectively, in potable
water [3]. Therefore, effectively Pb>" removal from aqueous solutions
is a challenging task for the scientific community to prevent the adverse
effects on the human health and environment.

A number of different technologies such as chemical oxidation/re-
duction [4] membrane separation [5], electrochemical treatment [6], co-
agulation/flocculation [7], chemical precipitation [8], ion exchange [9],
and adsorption [10,11] have been successfully applied for the Pb>* re-
moval from aqueous medium. Among them, the adsorption is one of
the effective technique for this purpose as it is cost effective, simple
and rapid, produce minimum sludge, highly efficient and reproducible
[12,13].

Literature survey revealed the use of different type of materials in-
cluding activated carbons [14], polymers [15], and nanomaterial based
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adsorbent for example carbon nanotubes, graphene, metal oxides/mag-
netic nanoparticles and their composite/hybrid [16-18] for the pollut-
ants removal from the aqueous medium. Among them, activated
carbon is most widespread and accepted materials for wastewater
treatment among the different adsorbents. This is due to having porous
structure which resulted in high surface area for pollutants removal.
However it is restricted due to energy intensiveness as 500-900 °C re-
quired for the regeneration and it also have limited removal efficiency
for many hydrophilic micropollutants [19]. Different types of spinel fer-
rites (MFe,04 where M = Fe?™, Mn?*, Ni2*, Co?*etc.) nanocomposite
have been reported for the effectively heavy metal ions removal [20].
The efficiency of such spinel nanocomposites are limited for heavy
metal ions removal from aqueous solutions due to their aggregation
tendency which does not allowed them for practical applications
[21,22]. Hence, the modification in spinel nanocomposites is required
for the acceptable heavy metal ions removal with fast adsorption rate.
Recently, a single layer carbon sheet of graphene having a hexagonal
packed lattice structure showed interesting physio-chemical properties
because of large theoretical specific surface area value (2630 m?/g) [23].
Graphene oxide (GO), a oxidise form of graphene based material has
been reported to have large number of oxygenated functionalities,
non-toxic nature and low cost which makes them an impressive modi-
fier for the heavy metals removal [24,25]. Some researchers have re-
ported the removal of different heavy metals such as As>*, As°*, Cd?
*, Pb%" and rare earth elements (La>* and Ce**) using GO-MnFe,0,
nanocomposite from the contaminated water. For example, Kumar
et al. reported the hybrid single-layer graphene oxide with magnetic
MnFe,0,4 nanoparticles synthesized via the coprecipitation technique
for the adsorptive removal of As>** and As®>* from the contaminated
water with maximum adsorption capacity 146 and 207 mg/g, respec-
tively [26]. Chella et al. reported the solvothermal synthesis of
MnFe,0,-graphene composite for the Pb>* and Cd*™ removal with ad-
sorption capacity of 100 mg/g and 76.90 mg/g, respectively at pH 5 and
7 [27]. Peng et al. reported the synthesis of graphene oxide/MnFe,0,
motor via green route and found 100 mg/g adsorption capacity for
both Pb?* and Cd?* heavy metals for the removal of Pb>* and Cd>*
heavy metals [28]. Xu et al. were reported the synthesis of GO/
MnFe,0,4 via hydrothermal process and found the adsorption capacity
133.3 mg/g for Pb>* through Langmuir isotherm model [29]. Ghobadi
and co-workers reported the removal of La>* and Ce®>* at room temper-
ature using MnFe,04-GO with 1001 and 982 mg/g adsorption capacity,
respectively [30]. However, synthesis of GO-MnFe,0,4 via one-pot hy-
drothermal nanocomposite and it's use for selective Pb>" removal
from aqueous solution have never been reported to the best of our
knowledge. Therefore, we reported here the synthesis of GO-MnFe,0,4
nanocomposite via one-pot hydrothermal process for Pb?>* removal. It
also includes the investigation on its adsorption efficiency for the Pb>™
ions removal in relation to adsorption related parameters.

2. Experimental and methods
2.1. Materials

All the chemicals were used of analytical grade: natural graphite
powder (200 mesh), concentrated sulfuric acid (H,SO4, 98%) and etha-
nol (C;HsOH), sodium nitrate (NaNOs), hydrogen peroxide (H202,
30%), permanganate (KMnO,4, 99.9%), ferrous sulfate hexahydrate
(FeCl3-6H20, 2>99%), manganese (II) sulfate tetrahydrate
(MnCI2-4H20, 299%), hydrogen chloride (HCl, 37%), sodium hydroxide
(NaOH, 99%) and lead nitrate (PbNOs) were procured from Merck India
Ltd., Mumbai, India.

2.2. Synthesis of GO

Modified Hummer's method was used for the preparation of GO
from the graphite powder [31]. In this process, 1.2 g graphite powder

and 2.0 g sodium nitrate were added in 50 mL concentrated H,SO4
followed by continuous stirring for 2 h in a salt bath between 0 °C-6
°C temperature. Subsequently, 6.0 g KMnO,4 was added slowly to this re-
action mixture while maintaining the same temperature. Stirring was
continuing for an additional 2.0 h then increase the temperature of reac-
tion mixture up to 40 °C. Then, 100 mL distilled water (DI) was added
and the temperature of the mixture was raised to 100 °C and stirred
for additional half an hour. With 150 mL DI water, the mixture was
again diluted and 8 mL H,0, was added drop wise to the mixture. The
appearance of yellow color confirms the formation of GO. The
suspended mixture was centrifuged and then washed with 8% hydrogen
chloride and DI water to make the solution neutralize. Finally, the cen-
trifuged solid material was dried at 50 °C to obtain GO powder.

2.3. Synthesis of GO-MnFe,0,4 nanocomposite

GO-MnFe;04 nanocomposite was synthesized using one-pot hydro-
thermal process. In a typical synthesis, 0.5 g GO was firstly dispersed in
100 mL DI water and sonicated it for 1 h. 3.24 g FeCl5-6H,0 and 0.94 g
MnCl,-4H,0 were added in the sonicated GO and it was additionally
stirred it for 1 h. 50 mL NaOH (pH = 11) was added with continue stir-
ring and reaction mixture was stirred for additional 20 min. After that,
the homogeneous mixture was sealed into a Teflon-lined stainless auto-
clave, and heated at 140 °C for 12 h. Then it was removed from the oven
and cooled to room temperature. The precipitated GO-MnFe,04 sample
was filtered from the solution. It was washed thoroughly with DI water,
and dried in the vacuum oven at 50 °C for over 12 h.

24. Characterization

The phase purity and crystalline nature was analyzed on Powder X-
ray diffraction (P-XRD), Bruker D8 Advance X-ray diffractometer with
monochromatic Cu K, (N = 1.5418 A) radiation at a scan rate (26) of
2° per min, an accelerated voltage (40 kV) and the applied current (30
mA) in the range of 5° to 80°. X-ray photoelectron spectroscopy (XPS)
was performed on PHI Versa Probe III, using Al K, radiation source
(1486.708 keV, step width = 0.05 eV, pass energy = 55 eV, base pres-
sure of 10-7 mbar). Fourier transform infrared (FT-IR) spectrum was re-
corded in the form of KBr pellet in the range of 400-4000 cm~' on a
Nicolet NEXUS Aligent 1100 spectrophotometer. The morphology of
sample was examined with Zeiss, Ultra plus 55 Field emission scanning
electron microscopy (FES-EM). Energy dispersive X-ray (EDX) analysis
attached with FE-SEM was used for the elemental analysis of the sam-
ples. The surface area value and pore size distribution measurements
were performed using Brunauer, Emmet, and Teller (BET), and Barrett,
Joyner, Halenda (BJH) methods, respectively on Autosorb-1-C,
Quantachrome, USA at 77 K. The materials were degassed for 8 h at
150 °C prior to the N, adsorption/desorption measurements. Atomic ad-
sorption spectroscopy (AAS), AAnalyst 800, Perkin Elmer Company,
USA was used to quantitatively measure the Pb>™ ions concentration.

2.5. Batch adsorption experiment

All the batch adsorption experiments were carried out at room tem-
perature using standard stock solution for the adsorptive removal of Pb?
. The stock solution was prepared by dissolving 1.598 g lead nitrate in
one litre DI water. The desired concentration of the required solutions
was obtained by dilution method. The optimum conditions for Pb>*ad-
sorption by GO-MnFe,0,4 nanocomposite was investigated using a mix-
ture of specific amount of material, 8 mg/50 mL working solution of Pb?
" ina 100 mL Erlenmeyer flask as reported earlier by our research group
[32]. The investigation of pH effect was carried out in the pH range 1-6
by using 50 mL of 50 mg/L lead solution. The adjustment in the pH of the
solution was carried out by 1.0 M HNO5 and 1.0 M NaOH according to
requirement. Dose effect of the synthesized GO-MnFe,04 nanocompos-
ite adsorbent was investigated in the range of 2-30 mg per 50 mL of 50
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mg/L Pb®>" concentration. Contact time was used in the range of 5-120
min with the 50 mg/L concentration of Pb?* ions and dosage 8 mg cor-
responding to the pH at which maximum adsorption occur. In order to
determine the adsorption equilibrium isotherm, the different concen-
trations have been used in the range of 10-300 mg/L of Pb?>* solutions.
During all the experiments, the flasks were shaken at 300 rotations per
minutes (rpm) in a water bath shaker. After completing the adsorption
process, the supernatant was separated by centrifuge and magnet from
the mixture in order to analyze the remaining Pb? "concentrations using
AAS. The removal efficiencies and adsorption capacity (qe) of the syn-
thesized adsorbent were find out by using the equations given below:

Removal efficiency (%) = (%) %« 100 (1)
0
. . \Y
Adsorption capacity (q.) = (Co—Ce) N 2)

where, C, and C. represent the concentrations of Pb?>* ions initially and

at equilibrium stage respectively, while m (g) and V (L) signify the
weight of the adsorbent and volume of solutions. The pH at the point
of zero charge (pHp,c) is important in order to determine the acidity/ba-
sicity and total surface charge of the GO-MnFe,04 nanocomposites in
solution and it was determined using pH drift method [32]. The pHy,c
of the GO-MnFe,0, is the point where the final pH and the initial pH
cut each other and was determined 6.23 as shown in Fig. S1. When
the solution pH is less than the pHy,, the adsorbent surface is positively
charged, and when the solution pH is greater, then the adsorbent sur-
face becomes negatively charged which favors the adsorption of cations.

3. Results and discussion
3.1. Characterization of GO-MnFe,04 nanocomposite

The phase purity and crystalline structure of the prepared GO-
MnFe,04 nanocomposite has shown in Fig. 1. All the diffraction pat-
terns ensured the well-crystallized structure of spinel type MnFe,04
phase. The diffraction peaks appeared at 20 values of 30.52, 33.61,
36.21, 41.27, 50.13, 54.35, 62.98, 64.36 and 72.47° correspond to
the (220), (311), (222), (400), (422), (511), (440), (531) and
(533) crystal plan of MnFe,04 respectively of the P-XRD pattern of
GO-MnFe,04 suggest the presence of cubic spinel structure with a
fcc system which matches to the standard JCPDS file 00-010-0319
[33]. The diffraction peak appeared at 12.98° correspond to graphene
oxide. The P-XRD does not show any peaks which corresponds to
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Fig. 1. XRD pattern of the synthesized GO-MnFeO4nanocomposite.

oxides of manganese or iron and hence indicating the purity of the
synthesized sample. A careful examination of P-XRD suggest peaks
shift slightly towards right hand side (higher angles) which may be
due to the formation of oxygen containing groups between the
sheets of GO. The chemical composition, oxidation state and bonding
of the elements present in GO-MnFe,04 nanocomposite was ana-
lyzed by XPS and is depicted in Fig. 2. The survey-scan XPS spectrum
is shown in Fig. 2 (a) which exhibits compositional elements of the
GO-MnFe,04 material. The peaks observed at 284.32, 528.57,
640.12 and 710.31 eV are corresponding to the C 1s in sp? carbon,
0 1s of adsorbed oxygen, Mn 2p, and Fe 2p species, respectively.
The deficiency of any other contamination peak in the survey-scan
suggests a high purity of GO-MnFe,04 nanocomposite in the struc-
ture. The deconvoluted spectrum of the elements present in the
nanocomposite is shown in Fig. 2(b-d). Fig. 2(b) depicts the core-
level XPS spectrum of Mn 2p which contains two characteristic
peaks situated at 640.8 eV and 652.71 eV corresponding to Mn 2p3,
> and Mn 2p, , states, respectively. These peaks clearly confirm the
Mn ™2 oxidation state of Mn. Fig. 2(c) shows the high-resolution
XPS spectra of Fe 2p, showing two intense peaks with binding ener-
gies 709.78 eV and 723.43 eV which are corresponding to Fe 2ps,
and Fe 2p, ), states, respectively. The other two satellite peaks situ-
ated at binding energies of around 718.54 eV and 732.45 eV confirm
the presence of Fe 3 only. The single peak of C 1s situated at 283.7 eV
can be deconvoluted into four sub-peaks having positioned 283.74,
284.73,285.66 and 287.91 eV indicating the existence of sp> with ox-
ygen containing C-OH, C-0-C, and HO-C=O0, respectively as observed
in Fig. 2(d) [27]. The XPS data designate successful preparation of
GO-MnFe,0,4 nanocomposite [34]. The Fig. S2 (Supporting Informa-
tion) shows the FT-IR spectrum which confirms the formation and
functionalization of the GO-MnFe,0,4 nanocomposite. The peak ob-
served at 3434 cm ™! corresponding to the hydroxyl group (-OH)
stretching vibration attributed to adsorbed water molecules be-
tween the layers of material [35]. The absorption peak appeared at
1395 and 837 cm ™! corresponding to the stretching peaks of epoxide
group. The peaks at 1108 and 1590 cm ™! represent the alkoxy and
the stretching vibrations of sp? hybridized carbon-carbon double
bond (C=C) respectively. These observations confirm the presence
of different functional groups of graphene oxide [29]. The absorption
peaks appeared at 439 and 593 cm ™! are characteristic stretching vi-
brations of Mn—O and Fe—O bonds, demonstrating the presence of
metal-oxygen bonds at tetrahedral and octahedral sites, respectively
[35,36]. Itis reported that the variations in the stretching absorption
intensity and shifting of the stretching peak of Mn-Fe-0 linkage in
GO-MnFe,04 nanocomposites, indicate the bonding of MnFe,04
with GO surface via the electrostatic attraction or coordinate bond
between MnFe,04 nanoparticles and the functional groups (hy-
droxyl groups (-OH), acid groups (-COOH) or epoxy groups (C-O-
C)) of the graphene oxide sheets [26,28].

Fig. 3(a) shows the surface morphology and particle size of the one-
pot hydrothermally synthesized GO-MnFe,0,4 nanocomposite at higher
magnification. It is evident from Fig. 3 that the spherical particles of
MnFe,04 homogeneously distributed on the graphene oxide sheets. At
lower magnification, particles seem aggregated on the surface of GO
sheets as display in Fig. S3. Elemental mapping was performed to find
out the distribution of existing species such as C, O, Mn and Fe in the
prepared GO-MnFe,0, nanocomposite and results are depicted in
Fig. 3(b). The resulting elements are demonstrated in various colors
such as black (C), green (0), Yellow (Mn) and blue (Fe). Also, Fig. 3
(b) shows the overlay image, confirming the uniform distribution of dif-
ferent elements and certifies the formation of GO-MnFe,0,4 material.
Fig. 3(c) shows the compositional analysis of the GO-MnFe,04 nano-
composite, identified by EDX spectrum which confirms the weight
and atomic percent of C, Mn, Fe and O. The weight percent of the GO-
MnFe,0,4 materials is also displayed in the form of bar and addressed
in the inset of Fig. 3(c). No other foreign elements were identified in
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Fig. 2. XPS spectra (a) survey scan, and (b-d) deconvoluted of the synthesized GO-MnFe,0,4 nanocomposite.
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the EDX analysis, confirming the formation of higher purity of GO-
MnFe,04 nanocomposite.

The nitrogen adsorption-desorption isotherm and distribution of
pore size of GO-MnFe,04 nanocomposite has been displayed in Fig. S4.
The sample shows type IV isotherm curve and H3 hysteresis loop
which is in accordance to International Union of Pure and Applied
Chemistry (IUPAC) classification. Mesoporous nature of the solids has
been confirmed due to such behavior and is related to the capillary con-
densation that generally occurs in the mesopore [37,38]. The BET sur-
face area and BJH desorption pore volume were found to be 171 m?/g
and 0.423 cm>/g, respectively. Additionally, the average pore diameter
4.12 nm has been observed for GO-MnFe,04 nanocomposite.

3.2. pH effect

The solution pH is first important parameter to evaluate the adsorp-
tion capacity. The degree of surface charge ionization as well as specia-
tion of the metal ions is governed by pH [33]. The adsorptive removal of
Pb?* ions over the GO-MnFe,04 nanocomposite surface as a function of
pH is given Fig. 4(a). In this parameter the initial concentration of Ph?*
ions was 50 mg/L. The adsorption capacity of the nanocomposites for
Pb?* ion was pH dependent and increased sharply as the pH of the so-
lution increased from 2 to 6. The percentage removal efficiency was
continuously increase from 24.89-74.06% whereas the adsorption ca-
pacity was 155.61-462.88 mg/g in the increasing range of solution pH.
From these results, the conclusion is that the in strong acidic medium
the adsorption efficiency was lowest. This is attributed to the fact that
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in strong acidic medium the H3;0™" and metal ions are available for the
existing adsorption sites and H;0™" has higher absorption tendency
resulting in the lower adsorption capacity of metal ions [32]. As the so-
lution pH is raised, -OH groups and -COOH groups on GO-MnFe,0,4
nanocomposite are ionized to —O~ and -COO~, respectively, which
can help to improve adsorption efficiency [30]. These free H ions
slightly decrease the pH of the solution, as listed in Table S1 (Supporting
information). Also, Pb?>* starts to precipitate as oxide and hydroxide at
pH > 6, thus the adsorption decreases significantly. Therefore, pH 6 was
selected as the optimum and used for the further experiment.

3.3. Adsorbent dose effect

Similar to pH parameter, the second important parameter is adsor-
bent dose for the removal efficiency of metal ion adsorption. Fig. 4
(b) displays the data of adsorption efficiency and adsorption capacity
with as a function of dose concentration. It was found that the removal
efficiency (%) was increased from 38.36% to 98.68% with increasing ad-
sorbent dose from 2 to 8 mg in a 50 mL solution of Pb?>* ions and after
that no notably change occurs in the removal efficiency even after in-
creasing the dose up to 30 mg per 50 mL solution. This is due to avail-
ability of high surface area and a large number of vacant adsorption
sites on nanocomposite with increasing adsorbent amount which
makes easier penetration of Pb?* to the adsorption sites. Once the equi-
librium state of absorption has been achieved, the absorption dose does
not have a significant effect on the dose of absorption [39]. Also, decre-
ment in the adsorption capacity of nanocomposite occurs from 959.05
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Fig. 4. Effect of (a) pH, (b) adsorbent dose, (c) contact time, and (d) initial concentration on the removal efficiency and adsorption capacity of GO-MnFe,0, nanocomposite for Pb?>* ions.
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to 165.63 mg/g with an increasing in dose concentration. This is attrib-
uted to the metal ions adsorption capacity to the adsorbent binding sites
ratio. At high dose, the binding sites will be higher and will not saturated
by the available Pb>™ ions which results the lesser Pb™2 ions adsorption
on per unit mass of nanocomposite, resulting into lower adsorption ca-
pacity of nanocomposite.

3.4. Contact time effect

The adsorption rate is another important characteristic to describe
the adsorption efficiency. In most of the cases, the evaluation of adsorp-
tion rate is identified by determining the equilibrium time for metal ions
interaction with adsorbate. However, different adsorbents show their
own equilibrium times due to different physical and chemical proper-
ties such as surface area/volume ratio, pore size and surface charge of
material based on the adsorption mechanism. The adsorption efficiency
and adsorption capacity for Pb>* ions versus contact time has been plot-
ted to gain inside the dependency of absorption process with time by
taking a concentration 50 mg/L of Pb™2 jons (Fig. 4(c)). From the data,
it was observed that the GO-MnFe,04 nanocomposite adsorb the Pb?™*
very faster and 98% absorption took place in the starting 10 min. The
process then slowed down and become static in 30 min. This can be ex-
plained in the term of strong electrostatic interaction which resulted in
fast dispersion of metal ions onto the surface and resulting into the cov-
ering of adsorbent surface. Data indicates that the metal ions concentra-
tion does not play a significant role on adsorption equilibrium. Hence, in
each set of adsorption experiments the contact time was fixed for 120
min. so that the equilibrium could be achieved.

3.5. Pb? 7 ions concentration effect

The concentration of metal ion had significant effect on the adsorp-
tion capacity and hence the adsorption capacity of Pb™"2 ions with differ-
ent concentrations was examined, and given in in Fig. 4(d). The data
indicates that the removal efficiency of Pb?™ ions continuously de-
creased from 99.99 to 33.36% as the function of concentration. However,
the adsorption capacity was increased from 62.49 to 624.51 mg/g with
increase in the equilibrium concentration of Pb®* ions in the solution.
High removal efficiency was occurred at the lower concentration of
Pb2 ™ ions which attributed to the higher surface area and number of
available active sites for the adsorption. The adsorption capacity of
Pb?* ions was significantly lower (200 mg/L) at higher metal ions con-
centration. This is due to absence of effective sites for adsorption at GO-
MnFe,04 nanocomposite which limits the adsorption capacity [40].

3.6. Adsorption kinetics

Chemical reaction, particle diffusion and mass transfer mechanisms
have been considered in order to understand adsorption phenomenon
[41]. Kinetic models and kinetics of adsorption were studied in order
to simulate the experimental data [42,43]. The rate equation of
pseudo-first-order kinetics has been frequently used for the sorption
in liquid/solid system and given as:

In (ge—qy = In ge—kit 3

Pseudo-second-order kinetics which are appeared to be the surface
chemical reaction could be the rate determining step and specified as

t 1 t
RN > + —
q kg2 q.

(4)

where, q; and q. are the adsorbed amount of the Pb>* (mg/g) at time t
(min) and when equilibrium is achieved, respectively. The k; and k; are
rate constants in min~! and g/mg-min units for the pseudo-first and

pseudo-second order reactions, respectively. The initial rate of adsorp-
tion can be found using following equation h = k, g2

Fig. 5 displayed both types of kinetics models and the values of rele-
vant parameters for linear fitting are provided in Table 1. The value of
correlation coefficient (R?) was found to be better for the pseudo-
second-order model of adsorption experiments than first-order kinetic
model. The better fitting in the first model specifies that the rate of ad-
sorption for the Pb?* ions on the GO-MnFe,0,4 nanocomposite is being
occurred by the adsorption chemistry.

In addition to this, to identified the effect of diffusion on adsorption
rate, intra-particle diffusion model [44] was used as shown below

a0 =kp(£'2) +G; (5)

The k, (mg/g min'/?) represent the rate constant for intra-particle
diffusion and C; is the stage intercept i (mg/g), represent the boundary
layer thickness. Fig. 5(c) displays the multi-linearity when plot the
data between adsorption capacity and square root of the time which
shows two-phase diffusion during the adsorption phenomenon. The
first phase occurs due to spreading of the adsorbate from the liquor to
the adsorbent surface, indicating the faster adsorption for the GO-
MnFe,04 nanocomposite with the higher diffusion [45,46]. The second
phase was the adsorbate molecules spread through the adsorbent mi-
cropores and in regions, where active sites were difficult to reach by
the metals due to the cross-linking between the surface groups.

The value of intra-particle diffusion model parameters (k, an G;) are
identified from the slope and intercept of q; versus t'/?, respectively for
the two linear fits and listed in Table 1. Data shows that for the first lin-
ear fit, the intra-particle diffusion rate constant (kd;) value was greater
than the intra-particle diffusion rate constant (kd,) of the second linear
fit. Additionally, the value of C; for the first liner fit was smaller than the
C, of the second linear fit which indicates that the adsorption rate of the
Pb?* jon was relatively large in the first phase and as the adsorption
proceeded in the second phase the adsorption was limited due to inter-
nal diffusion. Therefore, transfer of external mass and intra-particle
spread decide the overall process of adsorption. Also, intra-particle dif-
fusion plays a crucial role in controlling the absorption process.

3.7. Adsorption isotherm

Adsorption isotherm describes the interactive behavior between the
adsorption sites and adsorbate in the solution at equilibrium conditions.
Several equilibrium models are available but their suitable and efficient
applications are still far away from routine purpose. Therefore, it is nec-
essary to search an equilibrium model that fitted well with the experi-
mental data. Thus, in the current work, we employed two famous
isotherm models to study the adsorption isotherms, and these are Lang-
muir model and Freundlich model. The Langmuir isotherm assumes
that the available adsorption sites are identical and energetically
equal, and only monolayer adsorption occurs in the process [47]. Lang-
muir equation [48] is defined according to Eq. (6) and it can be linear-
ized as Eq. (7):

_ quLCe
e=7.KC (6)
Ce 1 Ce
Ce _ g le 7
Qe l(Lclm Am ( )

where ¢, is the equilibrium adsorption capacity (mg/g), qr, is the max-
imum Langmuir adsorption capability (mg/g), C. is the equilibrium con-
centration (mg/L), and K| is the Langmuir adsorption constant (L/mg).
The value of K; and q,, can be determined by intercept and slope from
the linear fitting of C./qe versus Ce.

Freundlich isotherm is an empirical equation which is commonly
used for the heterogeneous surface on which adsorption occurs without
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Table 1
Pseudo-first-order, pseudo-second-order and Intra-particle diffusion parameters for the
adsorption of Pb?>" on the GO-MnFe,04 nanocomposite.

8
e ™ Pseudo-first-order
1 (a)
~
=2
T, 2 )
=
S~~~
=
-2 - ]
u
_4 T T T T T T T
0 5 10 15 20 25 30
Time (min)
0.201 Pseudo-second-order
0.15-
T 0.10 ( )
~Na
0.05-
0.00-
) 20 40 60 8 100 120
Time (min)
630 4
620 4
(c)
610
_ 600
=2
5901 Intraparticle-diffusion
580 - model
570 4
560 4
2 4 6 8 10 12
tin

Fig. 5. Adsorption kinetics of Pb?> " on GO-MnFe,0, nanocomposite at C, = 50 mg/L, V/m
= 6.25, pH = 3 (a) Pseudo-first-order (b) Pseudo-second-order, and (c) intra-particle
diffusion model.

Pseudo-first-order models qe (Mg/g) 302
ky (min~") 0.0318
R? 0.917
Pseudo-second-order models qe (Mg/g) 515
ko (min~") 0.0710
R? 0.999
Intra-particle diffusion model Phase I Phase I
k, (mg/g min'?) 524 0.0481
G 128 59.5

a saturation of adsorption sites [49]. General Freundlich equation [50] is
expressed in Eq. (8) and in linearized form it can be written according to
Eq. (9):

ge = KeC2/" ®)
1
Ing. = InKg + 0 InCe 9)

where, Kr and n are the Freundlich constants associated with the ad-
sorption capacity and degree of system heterogeneity, respectively.
These can be calculated from the linear fit of Inq. versus InCe. Larger
the value of n, more heterogeneous the system.

Fig. 6 shows the adsorption isotherm data and Table 2 summarize
the relevant parameters of Langmuir and Freundlich model. It is demon-
strated that the experimental data of Pb>* jons adsorption better fitted
with the model of Langmuir isotherm (R?> = 0.997) than the model of
Freundlich isotherm (R? = 0.974), indicating the monolayer adsorption
and uniform distribution of adsorption energy over the surface of the
adsorbent. The maximum adsorption capacity was found to be 621.11
mg/g from isotherm of Langmuir model. Freundlich constant (n) was
greater than 1 which implies that the GO-MnFeO4nanocompositewas
beneficial to the adsorption of Pb?* ions.

3.8. Adsorption mechanism of Pb**

Mechanistically, the Pb?>* adsorption to GO-MnFe,0,4 nanocompos-
ite can be attributed to the combination of physisorption and chemi-
sorption. (i) In physisorption, van der Waals force plays a key role
between the adsorbates and the porous surface of the adsorbent. The
ionic radius is reported for the Pb?" is 0.119 nm [51]. As mentioned
above that the GO-MnFe,04 nanocomposite is a porous material having
average pore size is 4.12 nm in which Pb?* can be easily penetrate. (ii)
The chemisorption of Pb%* on the GO-MnFe,0,4 nanocomposite can be
understood by the observed effect of pH on adsorption. There are
many functional groups such as -COOH and -OH over the surface of
GO-MnFe,0,. At the condition of low pH, the number of protons (H™)
increase in solution and -COOH and -OH groups become positively
charged -OH?" and -COOH?™, respectively. These positive charge ions
lead to the decreasing in adsorption ability of Pb?>* ions over the surface
of GO-MnFe;0,4 due to electrostatic repulsion. While at higher value of
pH, the -COOH, and -OH groups ionized to -COO", and —O~, respectively
[29]. Thus the adsorption capability of Pb>* on the surface of adsorbent
increases and this justification is also according to the surface complex
formation theory [26,52]. According to this theory, as the value of pH in-
creases, the competition between metal ions and protons decreases and
favors the adsorption of metal ions on adsorbent surface. As mentioned
earlier in Section 3.2, at higher pH (>6), there will be a decrease in the
adsorption, and this is due to the formation of Pb(OH), precipitation
by Pb?* ions. The adsorption of Pb?* ions on the GO-MnFeO, nanocom-
posite surface can occur through the reaction with -OH and -COOH
groups of the surface of GO-MnFeQ,4 at optimum pH condition [26].
The following adsorption reaction on the surface of GO-MnFeO4 nano-
composite is given below:
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Fig. 6. Adsorption isotherm (a) Langmuir isotherm (b) Freundlich isotherm models for Pb?
*adsorption on GO-MnFe,0, nanocomposite at room temperature.

Table 2
Langmuir and Freundlich isotherm parameters for the Pb?>*adsorption on the GO-
MnFe,04 nanocomposite.

(a) Pb>™ react with the -OH groups of MnFe,0, surface.

M-OH + Pb** — M-0~-Pb** + H*
(M-OH), + Pb*" — (M-0"),-Pb*" + 2H*

Here in the above adsorption reactions M is Fe and Mn [29].

(b) Pb?* react with -COOH and -OH functional groups of graphene
oxide surface [53].

GO-COOH + Pb** — GO-COO~-Pb** + H*
(GO-COOH), + Pb*" — (GO-CO0™),-Pb*" + 2H*
GO-OH + Pb*" — GO-0~-Pb*" + H*

3.9. Reusability

From a practical and industrial point of view, an ideal adsorbent has
a good adsorption capacity and simultaneously the regeneration host
material. This led to the overall less cost of the adsorbent material.
Therefore, the GO-MnFeO, nanocomposite have been studied for its re-
generation after the adsorption of Pb™2 ions from water. After the sep-
aration of GO-MnFeO, nanocomposite from solution, it was
regenerated by adding 0.2 M HCI to use again in adsorption process.
Fig. S5 shows the removal efficiency of Pb>™ up to the sixth cycles, indi-
cating a very small change in the adsorption efficiency. This slight loss
(6.0%) in the removal efficiency was attributed to the loss of few adsorp-
tion sites of the GO-MnFe,0,4 nanocomposite after each adsorption-
desorption process. This shows good reusability of the GO-MnFe,04
nanocomposite as an economical material for the adsorptive removal
of Pb?* from wastewater.

Table 3 lists the comparison of adsorption capacity of the different
adsorbent including MnFe,0,4 composite synthesized using other pro-
cess with the current reported one-pot hydrothermal synthesis of GO-
MnFeO, nanocomposite. This comparison clearly shows that GO-
MnFeO,4 nanocomposite has great adsorption capacity qn, = 621.11
mg/g as compared to other materials which indicates that sheets of
graphene oxide play an effective and important role in adsorption.

4. Conclusion

The present study summarized a facile process for the preparation of
GO-MnFeO,4 nanocomposite in one-pot using hydrothermal process.
The GO-MnFeO,4 nanocomposite were used for the adsorptive removal
of Pb2™ ions from water. The powder XRD, and FE-SEM analysis were

Langmuir Freundlich used for the structural and surface morphology of synthesized nano-
R? K, G (Mg/E) R? n Ke composite showed a cubic spinel structure. The results of adsorption ex-
: ; : 2+
0997 0412 2111 0974 651 300 perlmgnts suggest that the optimum adsorption for Pb=™* removal can
be achieved at pH = 6, adsorbent dose 8 mg/50 mL for 50 mg/L The
Table 3
A comparison list of adsorption capacity of different adsorbents for Pb?* ion.
Adsorbent Qm (Mg/g) Isotherm Kinetics References
EDTA-GO 508 Freundlich Pseudo-second order [54]
Pinecone activated carbon 27.5 Langmuir Pseudo-second order [55]
Graphene oxide-ethylenediamine triacetic acid 455 Langmuir - [56]
Tetraethylenepentamine modified chitosan/CoFe;04 228 Langmuir Pseudo-second order [57]
Carboxylated chitosan magnetic submicrospheres 142 Langmuir Pseudo-second order [58]
GO/MnFe,04 367 Langmuir Pseudo-second order [29]
GO 488 Langmuir - [53]
MnFe,0,4 nanoparticles 133 Langmuir Pseudo-second order [26]
TEPA-GO/MnFe,04 263 Langmuir Pseudo-second order [29]
GO-MnFe,04 621 Langmuir Pseudo-second order Current Work
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equilibrium for adsorption was reached in 30 min, and followed to the
pseudo-second-order kinetic model. This indicates that the adsorption
was a chemical adsorption process. The Pb?* adsorption on GO-
MnFeO,4 nanocomposite has found to obey the Langmuir absorption iso-
therm indicating the monolayer adsorption. The maximum adsorption
capacity for the Pb?>* ion on GO-MnFeO, nanocomposite has found to
be 621.11 mg/g. This finding results a low-cost, stable, reusable, and
promising adsorbent material for the effective removal of Pb™*2 jons
from wastewater.
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