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ABSTRACT: In this study, magnetite−manganese oxide (Fe3O4−
MnO2) nanoparticles were synthesized and immobilized on
alginate, producing a magnetite−manganese oxide xerogel
(mMOX). This eco-friendly xerogel was used as an adsorbent of
Cr(VI) and Cd(II). It was mesoporous and thermally stable, as
determined by Brunauer−Emmett−Teller and thermogravimetric
analysis. A scanning electron microscope coupled with an energy-
dispersive X-ray system, Zetasizer, and attenuated total reflec-
tance−Fourier transform infrared were used for characterization of
adsorbents. The performance of the mMOX was investigated for
the simultaneous adsorption of Cr(VI) and Cd(II) at different
temperatures, pH values, contact times, initial concentrations of
the adsorbate, and adsorbent doses. The developed xerogel
(mMOX) showed high adsorption capacities of 3.86 mg/g for Cr(VI) and 3.95 mg/g for Cd(II) on 120 min of contact time
with 5 ppm Cr(VI) and Cd(II) solution. The kinetic data fitted well with the pseudo-second order, while the Freundlich isotherm
model was found to be fit for adsorption data. Thermodynamic study revealed the adsorption to be spontaneous and exothermic.
The adsorbent showed useful application for real water samples by more than 75% uptake of Cr and Cd with low adsorption of Na,
K, and Mg. The regeneration study indicated that the mMOX could be reused up to six cycles with more than 50% removal of
Cr(VI) and Cd(II) ions from aqueous solution with minimal leaching of metal ions (Fe, Ca, Na, K, and Mn) into the solution.

■ INTRODUCTION

Heavy metals are well-known water contaminants that are
posing serious problems to living beings worldwide.1 They are
introduced into the environment, naturally or anthropogeni-
cally, which includes the erosion of rocks, volcanic activities,
mining, and combustion of fossil fuels.2 Their toxicity arises
because of their nonbiodegradable nature, thus making them
dangerous for aquatic organisms.3 There are many heavy
metals such as mercury, arsenic, chromium, lead, and cadmium
that are highly toxic at low concentrations.4 Their non-
biodegradable and accumulative nature makes them more
hazardous for living beings.5 Chromium is a toxic heavy metal
which, on exposure to the human body, gets absorbed and
induces carcinogenesis and cytotoxicity in the form of
chromate and dichromate. Textile dyeing and electroplating
are some common sources of chromium generation.6,7

Cadmium is another toxic heavy metal that comes into the
environment due to human activities such as the combustion
of fossil fuels and releasing of sewage sludge into water bodies.8

Cadmium is considered toxic since it binds to mitochondria
and can inhibit cellular respiration.9 Hence, both cadmium and
chromium are highly toxic to human health in the form of
Cr(VI) and Cd(II). Consumption of water contaminated by

Cr(VI) could be lethal for the kidneys and nervous system.
Similarly, consuming Cd(II)-affected drinking water could
induce carcinogenicity and lead to organ failures such as the
lungs and kidneys.10 In drinking water, the maximum
concentration level of Cr and Cd was set as 0.1 and 0.005
ppb, respectively, by the United States Environmental
Protection Agency (USEPA).11 There are many conventional
water decontamination techniques such as ion exchange,
reverse osmosis, chemical precipitation, and electrolysis.
However, they suffer from some drawbacks in terms of their
cost and compatibility.12 In the past few years, nanotechnology
has emerged as a promising tool for removing different
contaminants from wastewater and for being highly efficient
and cost-effective.13 Using the adsorption phenomenon,
several nanomaterials that showed promising results in water
decontamination have been developed.14−17 Nanomaterials
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have the benefit since they provide a large surface area, which
facilitates the uptake of heavy metals from their aqueous
solutions. These nanomaterials can be carbon-based (carbon
nanotubes and graphene oxide), metal oxide nanomaterials
(magnetite and aluminum oxide), and so forth.18

Magnetite (Fe3O4) nanoparticles have gained considerable
interest in the removal of heavy metal ions because of their low
cost and easy separation with the aid of an external magnetic
field.19 It has been reported that Fe3O4 nanoparticles alone
have low adsorption potential and surface area for heavy metal
adsorption.20 There is therefore a need to modify the Fe3O4
composite and make use of its magnetic property and stability
to remove Cd and Cr ions from aqueous solution. Manganese
oxide (MnO2) nanoparticles are known to have high surface
areas, and they can be used to modify Fe3O4 to eliminate heavy
metal ions from aqueous media through adsorption or the ion
exchange phenomenon.21

Magnetite−manganese oxide (Fe3O4−MnO2) nanoparticles
have successfully found applications in removing heavy metals
from water, but their complete separation from the aqueous
solution is still an issue. Due to this limitation, it is not easy to
reuse, which does not allow it to be used as an effective
adsorbent on a large scale.22 However, this limitation can be
overcome by coating or packing them on supporting
materials.23,24 Alginate-based supporting materials have
shown positive results for the treatment of water contaminated
by heavy metals.25 Alginate is a naturally occurring
polysaccharide that comprises the basic structure of the algal
cell wall. They have α-L guluronic acids and β-D mannuronic
acids joined together by 1,4 linkage.26 Due to their low cost,
biocompatibility, and functional groups, they have been
extensively used as the supporting material for many
nanoparticles. They have the property of producing thermally
irreversible gels on coming in contact with polyvalent ions.27

The gels can be classified based on their drying methods,
which include air-drying (xerogel), freeze-drying (cryogel), and
supercritical-drying (aerogel).28

No work has yet been published to the best of our
understanding, which involved the alginate-supported Fe3O4−
MnO2 composite xerogel for the simultaneous removal of
chromium and cadmium from their aqueous solution. In this
study, Fe3O4−MnO2 nanoparticles were synthesized and
characterized and then immobilized on alginate to produce
xerogel as an adsorbent. The performance of an eco-friendly
xerogel was investigated at different parameters such as pH,
temperature, the contact time of the adsorbent with the
adsorbate, initial concentration of the adsorbate, and adsorbent
dose. Adsorption and kinetic modeling have also been carried
out to establish the mechanism of adsorption. The study
demonstrated that the developed xerogel has good adsorption
capacities for Cr(VI) and Cd(II) up to six regeneration cycles.
The adsorbent has been successfully used for the adsorption of
Cr(VI) and Cd(II) from real water samples also.
Synthesis of Magnetite−Manganese Oxide (mMO)

Nanoparticles. Magnetite−manganese oxide (mMO) nano-
particles were produced by the coprecipitation method with
minor modifications.29 About 500 mL of 2.5 mmol of FeSO4·
7H2O was prepared in deionized water. Then, 2.5 mL of 5 M
NaOH (5 M) was added and subjected to continuous stirring
at 323 K. When the green suspension was generated, 250 ml of
2.5 mmol of KMnO4 was added dropwise into the reaction
solution with constant stirring at a constant temperature of 323
K, which produced a dark brown precipitate of Fe3O4−MnO2.

The residue was separated using an external magnetic field and
finally washed with ethanol and deionized water three times.
The precipitate obtained was dried in a vacuum oven at 323 K
to obtain Fe3O4−MnO2 nanoparticles.

Preparation of Magnetite−Manganese Oxide-Immo-
bilized Alginate Beads (mMO Xerogel). mMO was
immobilized into alginate beads by a simple protocol in
which sodium alginate (1 g) and mMO nanoparticles (0.5 g)
were taken in a beaker followed by the addition of 100 mL of
deionized water (Milli-Q) and mixed thoroughly using a
magnetic stirrer to make a homogenous mixture. This
homogeneous suspension was dropped into CaCl2 solution
(50 mM), carefully using a capillary automated with a
peristaltic pump to form uniform Fe3O4−MnO2 beads (due
to the formation of cross-links between Ca2+ and carboxyl and
hydroxyl groups of sodium alginate), and was immersed in
CaCl2 solution for 12 h. The beads were washed four to five
times with deionized water to eliminate the excess of calcium
ions. Finally, the beads were air-dried to form the Fe3O4−
MnO2 xerogel (mMOX). The bare alginate xerogel (AX) was
also prepared to compare the mMO xerogel by the same
procedure without adding mMO nanoparticles.

Characterization of Magnetite−Manganese Oxide
Alginate Beads (mMO Beads). The analysis of the
mMOX for its Brunauer−Emmett−Teller (BET) surface
area, pore volume, and pore diameter was carried out using
Quantachrome Instruments, USA. The samples were degassed
for 3 h at 110 °C to remove any impurities present on the
surface of the mMOX. The thermal stability of adsorbents was
determined using a thermogravimetric analysis (TGA) analyzer
(Mettler Toledo Stare, Columbus) with heating at a rate of 10
°C per minute from 25 to 1000 °C, under steady flow of N2
gas. Samples of the synthesized materials were examined by
field emission scanning electron microscopy (FE-SEM,
QUANTA FEG 450, FEI, Netherland) coupled with an
energy-dispersive X-ray (EDX) analysis system for their surface
morphology and elemental composition. The surface morphol-
ogy of gels was analyzed using a secondary electron detector at
an accelerating voltage of 20 kV. Elemental composition of the
adsorbent was determined using an EDX detector (Apollo XL,
USA) attached to the scanning electron microscope. The zeta
potentials at various solution pH values ranging from 2 to 12
were measured using a dynamic light scattering approach with
Zetasizer Nano-ZSP equipped with a HeNe 633 nm laser
(model ZEN3600; Malvern, U.K.). The attenuated total
reflectance−Fourier transform infrared (ATR−FTIR) spectra
of the Fe3O4−MnO2 (mMO) nanoparticles, bare calcium AX,
and Fe3O4−MnO2 xerogels (mMOX) were obtained using a
Thermo Fisher (Nicolet, iS5, USA) FT-IR instrument
equipped with diamond ATR crystals with the scanning
range from 400 to 4000 cm−1 at a rate of 32 scans/minute.

Selection of the Adsorbent. The performance of three
adsorbents, viz., the AX, mMO nanoparticles, and mMOX, was
checked based on their removal percentage (% R) of Cr(VI)
and Cd(II), which were analyzed on an atomic absorption
spectrometer (PerkinElmer, PinAAcle 900F and Analytik Jena,
ZEEnit 700). In this, 10 mg dose of each adsorbent was used
for adsorption study of both Cr(VI) and Cd(II) at a
concentration of 5 ppm.

Quality Control for AAS. The instrument is calibrated
before the analysis of metals by standard reference materials
(SRMs). The calibration graph obtained after running
standards had a linear correlation coefficient greater than
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0.99 (R2 > 0.99). Furthermore, sample blank and reference
standards were run parallel with the samples to ensure the
quality of data.
Batch Adsorption Experiment. Adsorption experiment

for Cr(VI) and Cd(II) from their 5 ppm mix solution was
investigated at temperatures of 30, 40, and 50 °C. The solution
had a constant pH of 6, with an mMOX dose of 10 mg in 10
mL solution, agitated for 120 min in a temperature-controlled
shaker at 120 rpm for the study. The efficiency of the
adsorbent was determined based on its adsorption capacity
(qe) and removal percentage (% R), which can be given by the
following equations

=
−

×q
C C

W
V

( )
e

i f
(1)

=
−

×R
C C

C
%

( )
100i f

i (2)

where Ci, Cf, V, and W are the initial concentration of an
analyte (mg/L), the final concentration of an analyte (mg/L),
the volume of the solution (L), and weight of adsorbent (g),
respectively.

■ RESULTS AND DISCUSSION
The preliminary adsorption experiment for selection of a
suitable adsorbent was performed at pH 6, 30 °C, and a

Figure 1. BET surface area analysis; (a) BET plot of N2 adsorption. (b) BET plot of the N2 adsorption−desorption isotherm.

Figure 2. TGA plot of the mMOX, AX, and mMO.
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contact time of 120 min. The % R of Cr(VI) and Cd(II) was
found to be 67.3, 65.1; 57.3, 50.06; and 77.3, 81.8% for the AX,
mMO nanoparticles, and mMOX, respectively. Thus, the
mMOX was found to be the best adsorbent among them and
was chosen for further adsorption studies. The removal
percentages of Cr(VI) and Cd(II) at 30, 40, and 50 °C were
found to be 77.31, 81.85; 66.34, 78.41; and 66.12, 70.07%,
respectively. Therefore, adsorption and kinetic studies were
carried out at 30 °C using 10 mg of the adsorbent mMOX in
10 mL solution of Cr(VI) and Cd(II).
Characterization. The surface area and pore volume of the

adsorbent mMOX were analyzed using a surface area analyzer.
Figure 1a,b shows its BET plot and nitrogen adsorption−
desorption isotherms at a temperature of 77 K. The mean pore
diameter, cumulative pore volume, and BET surface area of the
mMOX were found to be 8.41 nm, 0.0491 cm3/g, and 23.39
m2/g, respectively. The hysteresis loop obtained from the
graph suggests the type IV isotherm according to IUPAC
classification, and the adsorbent is mesoporous.

Figure 2 represents the TGA plot of the mMOX, AX, and
mMO nanoparticles. It was seen that there was a continuous
loss in the weight of mMO nanoparticles from 50 to 250 °C.
After 250 °C, the weight loss was minimal up to 750 °C, and
after 790 °C, equilibrium was attained. The weight-loss trend
of the mMOX was very similar to that of the bare AX. There
was a rapid loss in the weight of both the gels between 190 and
300 °C. Both mMOX and AX suffered continuous weight loss
between 290 and 790 °C, and after that, both the gels attained
equilibrium. However, it was observed that the percentage
weight loss of the mMOX was less compared to that of the AX.
This was due to the high stability of the mMO nanoparticle
that was coated on the bare AX. This showed that the mMOX
is relatively stable to be used as an adsorbent.
The results obtained from SEM analysis of the magnetite

nanoparticles, bare AX, and mMOX are presented in Figure 3.
Figure 3a shows that the mMO nanoparticles are spherical,
with an average size of 18 nm. From these images, it is visible
that the nanoparticles get aggregated due to magnetic
attraction between them. The bare AX (Figure 3b,c) had a

Figure 3. SEM images of the (a) mMO nanoparticles, (b,c) AX, and (d,e) mMOX.
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relatively smoother and plane surface than the mMOX (Figure
3d,e). The AX and mMOX have an average diameter of 1.046
and 1.167 mm, respectively. It is evident from the images that
the mMOX had cracks, pores, and irregular and rough surfaces
that could facilitate the diffusion of contaminants on them.
The occurrence of cracks and pores in both AX and mMOX
sample surfaces was probably due to the shrinkage of the gel
on drying. Sigdel et al. also reported similar observations for
hydrous iron oxide alginate beads.23

The elemental composition of the mMOX was obtained
with the help of EDX (Figure 4 and Tables 1 and 2). EDX
spectra of mMOX samples before and after the Cr and Cd
adsorption are presented in Figure 4a,b, respectively. Detection
of calcium (Ca) in the EDX spectrum of mMOx samples
confirmed the sodium (Na) ion replacement by calcium ions

via cross-linking. The presence of iron (Fe) and manganese
(Mn) in the EDX spectrum (Figure 4a) confirmed the mMO
nanoparticles’ existence on the mMOX. Figure 4b shows the
EDX spectra of the mMOX after adsorption of Cr and Cd. The

Figure 4. EDX of the (a) mMOX before adsorption and (b) mMOX after adsorption.

Table 1. Elemental Composition of the mMOX before
Adsorption

element weight % atomic %

C K 10.99 22.77
O K 33.54 52.01
ClK 9.08 6.35
CaK 11.61 7.18
MnK 6.96 3.14
FeK 15.99 7.1
PtL 11.83 1.5
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peaks of Cr and Cd in the EDX spectra confirmed that Cr and
Cd were adsorbed on the mMOX, which validated the
application of this gel.
The point of zero charge (pzc) of mMO nanoparticles was

obtained from a Zetasizer by measuring their zeta potential at
different pH values ranging from 2 to 12. The determination of
pzc helped in measuring the charge on the surface of the
mMOX to establish that adsorption was occurring by
electrostatic interactions.30 Figure 5 shows the graph between
zeta and pH. The pzc obtained from this was around 2.26.

The FT-IR spectra of the mMO nanoparticles, AX, and
mMOX were obtained at a wavelength ranging from 400 to
4000 cm−1 (Figure 6). Figure 6a shows the IR spectrum of
mMO nanoparticles in which the peak at 3321 cm−1 is the
characteristic stretching vibration peak of Fe−OH. The peak at
1646 cm−1 is due to stretching vibration from a combination of
the Mn−O and −OH groups.31 Figure 6b is the IR spectrum
of the AX, in which a strong band at 3244 cm−1 was due to
stretching of the −OH group of alginate. The appearance of
strong bands at 1587 and 1416 cm−1 corresponds to
asymmetric and symmetric stretching of the −COO (carboxyl)
group of alginate, while the peak at 1025 cm−1 is due to
stretching of the C−O−C bond.32 Figure 6c indicates an IR
spectrum of the mMOX in which a similar pattern of peaks (as
of the AX) was observed, which showed that hydroxyl and
carboxyl groups were retained after immobilization of mMO
nanoparticles on the mMOX and adsorption of metal ions was
occurring through these groups.

Parameters Affecting Adsorption of Cr and Cd. Effect
of Contact Time. The adsorption of Cr and Cd was
investigated at different interval of times. The dosage of the
mMOX was fixed as 10 mg with a 5 ppm concentration of
adsorbate solution. Figure 7 shows that after 30 min, more
than 50% of Cr and 60% of Cd were removed. The adsorption
capacity of the mMOX increased with time, and equilibrium
was attained after 180 min, that is, 4.321 mg/g for Cr and
4.171 mg/g for Cd. The initial high rate of metal ion
adsorption was due to abundance of active sites, which get
decreased with the passing time.

Effect of pH. The adsorbate solution’s pH plays a significant
role in governing the adsorption of metal ions on the
adsorbent. In our study, similar influence of pH on the
adsorption of Cr and Cd was observed. 2−12 pH solutions of 5
ppm concentration of Cr and Cd were prepared using 0.1 N
HCl and NaOH. An adsorbent dose of 10 mg of the mMOX in
10 mL was used for adsorption at constant time and
temperature. Figure 8 shows the uptake of Cr and Cd with
increasing pH. It can be seen from the figure that there was less
adsorption of Cr and Cd at pH 2 and 4. This occurred because
under acidic conditions, the active sites of the mMOX, which
contain −OH and −COOH groups, become protonated, due
to which the competition between H+ ions and metal ions was
increased to occupy the active sites. This caused electrostatic
repulsion between the metal ions and adsorbent, resulting in
lower uptake of Cr and Cd. This was also confirmed from the
zeta values (Figure 5) that were positive at pH 2 (lower than
pzc).
With the increase in pH of the solution, the surface of the

mMOX became negatively charged (from Figure 5), which
causes electrostatic attraction between metal ions and the
adsorbent surface, and also, there was no competition from H+

ions for active sites. The removal % of both Cr and Cd was
maximum at pH 6, which again decreased with the increase in
pH. This occurred due to the increase in the concentration of
−OH ions, which resulted in the precipitation of poorly
soluble metal hydroxides that did not get adsorbed on the
adsorbent surface. Similar results were also reported by Idris et
al. and de Castro Alves et al. for Pb(II) and Cd(II) ions.33,34

Effect of Adsorbent Dose. The % removal of Cr and Cd
with an increasing adsorbent dose was studied at a contact
time of 180 min, pH 6, and 5 ppm adsorbate concentration.
The amount of adsorbent mMOX was varied between 10 and
100 mg. Figure 9 shows that % removal of both Cr and Cd was
increased with an increased dosage of the mMOX. It was noted
that 99% of Cr and 97% of Cd were removed by 100 mg of the
mMOX. This increased uptake of metal ions by the adsorbent
was basically due to an increase in the number of active surface
sites.

Kinetic Study. In this study, kinetic data were fitted on the
following models:35

(a) Pseudo-first-order model: The following equations can
give a linear form of the pseudo-first-order model:

− = −q q q K tln( ) lnte e 1 (3)

where qt is the adsorption capacity at time t, qe is the
adsorption capacity at equilibrium, and K1 is the first-order rate
constant.

(b) Pseudo-second-order model: Its linear equation can be
given as

Table 2. Elemental Composition of the mMOX after
Adsorption

element weight % atomic %

C K 12.69 22.85
O K 46.31 62.58
CdK 0.37 0.07
K K 3.98 2.2
CaK 5.87 3.17
CrK 0.45 0.19
MnK 5.27 2.07
FeK 14.86 5.75
PtL 10.2 1.13

Figure 5. Effect of pH on zeta potential.
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Figure 6. FT-IR spectra of the (a) mMO nanoparticles, (b) AX, and (c) mMOX.
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q K q
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t 2 e
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where k2 is the second-order rate constant.

(c) Intraparticle diffusion model: A linear form of Weber
and Morris’ intraparticle diffusion model can be given by

= +q K t Ct id
0.5

(5)

where Kid is the intraparticle diffusion rate constant (mg/g
min0.5), t0.5 is the half-life of adsorption, and C is the intercept
that can be evaluated from the plot’s slope between qt and t0.5

(d) Elovich kinetic model: Elovich equation for adsorption
of the analyte can be given as

β β
= αβ +q t

1
ln

1
lnt (6)

where α and β are the adsorption and desorption rate
constants (in mg g−1 min−1), respectively.
The abovementioned kinetic parameters were determined at

30 °C at different time intervals ranging from 30 to 180 min.
Figure 10 shows the respective plots of pseudo-first-order,
pseudo-second-order, intraparticle diffusion, and Elovich
models with their parameters listed in Table 3. The
observations showed that the data fitted best on the pseudo-
second-order model having the R2 value greater than 0.99.
Furthermore, the R2 value of intraparticle diffusion and Elovich
models was found to be 0.966 and 0.992 (Cd and Cr,
respectively) and 0.943 and 0.981 (Cd and Cr, respectively),
which signifies the distribution of metal ions on the mMOX.

Adsorption Isotherms. In this study, adsorption iso-
therms were applied to the following models:36

(a) Langmuir adsorption isotherm: This isotherm assumes
the surface of the adsorbent to be homogeneous and
involves monolayer adsorption. Its equation can be given
as

= +
C
q

C
q K q

1e

e

e

m a m (7)

where Ce is the equilibrium concentration, qm is the maximum
adsorption capacity, qe is the adsorption capacity at
equilibrium, and Ka is Langmuir’s constant.

(b) Freundlich adsorption isotherm: This isotherm assumes
the surface of the adsorbent to be heterogeneous. Its
equation can be given as

Figure 7. Effect of contact time on % removal.

Figure 8. Effect of pH on % removal.

Figure 9. Effect of adsorbent dose on % removal.
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= +q K
n

Clog log
1

loge f e (8)

where qe is the adsorption capacity of the adsorbent, Kf is the
Freundlich adsorption coefficient, Ce is the equilibrium
concentration of the solution, and n is the exponential
coefficient.

(c) Sips adsorption isotherm: It is applied for heterogeneous
surfaces and combines Freundlich and Langmuir
isotherms. It can be given as

−
= +

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
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y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ

q

q q n
C Kln

1
ln lne

m e
e s

(9)

where Ks is Sips’ constant.

(d) Redlich−Peterson (R−P) adsorption isotherm: It can be
applied for both homogeneous and heterogeneous
surfaces. Its equation can be given as

= +
C
q

a
K

C K1/e

e p

b
P

(10)

where a, b, and KP are Redlich−Peterson constants.

(e) Temkin adsorption isotherm: It states that the heat of
adsorption decreases with layer coverage. It can be
expressed as

= +q
RT
b

A
RT
b

Cln lne e (11)

Figure 10. Plots of (a) pseudo-first-order, (b) pseudo-second-order, (c) intraparticle diffusion, and (d) Elovich kinetic models.

Table 3. Parameters of Kinetic Isotherms

pseudo-first order ln qe qcal qexp K1 R2

Cd 0.98 2.67 4.17 0.02 0.952
Cr 1.12 3.06 4.32 0.016 0.987

pseudo-second order 1/qe qcal qexp K2 R2

Cd 0.21 4.61 4.17 0.01 0.996
Cr 0.198 5.04 4.32 0.006 0.993

intraparticle diffusion Kid R2

Cd 0.152 0.966
Cr 0.2179 0.992

Elovich 1/β 1/β (ln αβ) α β R2

Cd 0.6671 0.6904 1.877 1.499 0.943
Cr 0.963 −0.7491 0.442 1.038 0.981
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where R is the gas constant, T is temperature, and A and b are
Temkin constants.

(f) Dubinin−Radushkevich (D−R) adsorption isotherm: It
is applicable for the porous heterogeneous surface and
can be given as37

ε= −q q Kln lne m
2

(12)

ε = +i
k
jjj

y
{
zzzRT

C
ln 1

1
(13)

=E K1/ 2 (14)

where K is the constant, and ε is the Polanyi potential, R is the
gas constant, C is the concentration of a solution, and E is the
bonding energy of the adsorbate and adsorbent.
The adsorption data were fitted on the abovementioned

isotherm models with their respective parameters listed in
Table 4. Figure 11 shows the individual plots of Langmuir,

Freundlich, Temkin, Sips, R−P, and D−R adsorption
isotherms. Isotherm modeling was carried out with the initial
concentration ranging from 1 to 10 ppm and a contact time of
180 min. Figure 11a,b shows that the adsorption data fitted
both Langmuir and Freundlich isotherms. However, it worked
best on the Freundlich model due to its high R2 value. The
maximum adsorption capacities (qm) for Cr and Cd from the
Langmuir model were found to be 7.24 and 7.79 mg/g,
respectively. The separation factor (RL) of the Langmuir model
can be given as38

=
+

R
K C

1
1L

a i (15)

where Ka and Ci are the Langmuir constant and initial
concentration, respectively.
For favorable adsorption, the value of RL should lie between

0 and 1,39 which, in this study, was found to be 0.95, 0.86, 0.79,
0.73, 0.68, and 0.66 for Cr and 0.91, 0.71, 0.67, 0.59, 0.53, and
0.51 for Cd and indicated a favorable adsorption. From the
Freundlich model, the value of n was found to be 2.134 (for
Cr) and 1.70 (for Cd), which lied between 1 and 10 and

suggested favorable adsorption.40 From Table 4, the Sips
model’s high R2 value for both Cr and Cd suggested that the
experimental data fitted both Freundlich and Langmuir
models. The value of E in the D−R model indicates the
physisorption phenomenon. This also validated that this could
be due to roughness or cracks in the synthesized xerogel that
facilitated the adsorption of Cr(VI) and Cd(II). If the value of
E is less than 8 kJ/g, then the adsorption is physical, while if it
is in between 8 and 16 kJ/g, then it is chemisorption.41 In this
study, the values of Cd and Cr were 2.63 and 1.63 kJ/g,
respectively, which indicated the physisorption mechanism.
The R2 values were also found to be high for Temkin, followed
by R−P and Sips models.

Thermodynamics of Adsorption. The thermodynamic
study was carried out in this work with the help of Gibbs
and Van’t Hoff equations that can be given as42

Δ = −G RT Kln 0 (16)

=K C C/0 a S (17)

Δ = Δ − ΔG H T S (18)

where ΔG is Gibbs free energy, ΔH is enthalpy change, ΔS is
entropy change, T is temperature change, R is the gas constant,
K0 is the equilibrium constant, and Ca and CS are the
concentrations of the adsorbate on the adsorbent and solution,
respectively. The thermodynamic parameters, namely, ΔH, ΔS,
and ΔG, are given in Table 5. The negative values of ΔH and
ΔS indicated an exothermic process, while the negative values
of ΔG showed that the adsorption phenomenon is
spontaneous.43

Regeneration and Reuse of the Adsorbent. The adsorbent
was regenerated using 0.1 N HCl since the adsorption capacity
of the mMOX was less at a low pH range. The adsorbent
(mMOX) was added in 0.1 N HCl, and the mixture was
shaken at 120 rpm for 2 h. The adsorbent was then dried and
used again for Cr(VI) and Cd(II) adsorption from 5 ppm
solution, which was the first cycle of adsorption. Similarly, the
performance of mMOX was observed for six regeneration
cycles in adsorption of Cr(VI) and Cd(II). A number of
regeneration cycles with their % R are listed in Table 6 which
shows that after six cycles, more than 55% removal of Cr and
more than 60% removal of Cd were achieved. This showed
that mMOX had good reusability, making it an economical
adsorbent. The decrease in % R of mMOX could be due to
incomplete desorption of Cr and Cd ions that resulted in a
reduced number of vacant sites.

Leaching Study. The leaching study was conducted to
observe whether metal ions (Fe, Na, Ca, K, and Mn) from the
adsorbent are leaching into the aqueous solution or not. If
metal ions leach into the solution, they would contaminate the
water, and inevitably, the adsorbent would become useless. For
this, 20 mg of the mMOX was added to 10 mL of Milli-Q
water, and the mixture was shaken at 120 rpm for 5 h. The
concentration of metal ion leaching from the mMOX is listed
in Table 7. The observation showed that calcium, sodium, and
manganese ions are leaching into the water, but they are under
their maximum permissible limits in drinking water, while
there was no leaching of Fe and K, which suggests that the
mMOX can be used safely for Cr and Cd removal from water.
It can be seen that a high amount of iron, manganese, and
potassium is leaching from mMO nanoparticles, while sodium
is leaching from the AX, which is one of the main reasons that
they are not used as the adsorbing material in this study.

Table 4. Parameters of Adsorption Isotherms

Langmuir 1/qm qm 1/Kaqm Ka R2

Cd 0.13 7.79 0.22 0.57 0.95
Cr 0.14 7.24 0.32 0.43 0.86

Freundlich 1/n n log Kf Kf R2

Cd 0.58 1.70 0.40 2.52 0.99
Cr 0.47 2.134 0.37 2.35 0.94

D−R K ln qm qm E R2

Cd −0.072 1.51 4.54 2.63 0.89
Cr −0.187 1.53 4.59 1.63 0.79

Temkin b RT/b ln A ln A A R2

Cd 1.68 3.15 2.11 8.26 0.94
Cr 1.31 2.46 1.28 3.62 0.92

Sips 1/n n ln KS KS R2

Cd 0.94 1.05 −0.51 0.59 0.97
Cr 1.82 0.54 −0.44 0.64 0.64
R−P 1/KP a/Kp a B R2

Cd 0.128 0.078 0.60 0.90 0.96
Cr 0.168 0.101 0.60 0.90 0.8146
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Application of the mMOX in Real Water Samples and Its
Nonselectivity toward Interfering Metals. Water samples
were collected one day before the experiment from the Gomti
River, Lucknow, India. The analysis of Cr, Cd, Na, K, and Mg

before and after adsorption by the mMOX was carried out in
these samples, and the results are listed in Table S1. Low
concentrations of these metals were found. Therefore, the
samples were spiked with known metal ion concentrations and

Figure 11. Plots of (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Sips, (e) R−P, and (f) D−R.
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then analyzed after adsorption by the mMOX. Table 8 shows
that 69.56−82.82% of Cr and 63.4−77.2% of Cd were
removed by 10 mg of the mMOX in 10 mL solution with a
contact time of 120 min. It was to be noted that the % removal
of Na, K, and Mg was less than 25% (Table 9) from most of
the samples, and among them, Na was adsorbed less than 10%
in all samples. The samples with their metal concentration, %
removal, and adsorption capacities of the mMOX are given in
Tables 7 and 9.
It can be seen from Table 9 that the mMOX is not effective

in adsorbing sodium, potassium, and magnesium ions with % R
ranging from 3.5 to 16.2% for Na, 0−40.5% for K, and 6.9−
33.6% for Mg. This shows that the prepared xerogel mMOX is
highly selective in the removal of Cr(VI) and Cd(II) ions.
Table 10 shows the application of different adsorbents in
removal of Cr and Cd.

■ CONCLUSIONS

In this work, mMO nanoparticles were synthesized by the co-
precipitation method and characterized by SEM−EDX, FTIR,
Zetasizer, and BET. These nanoparticles were successfully
immobilized on alginate, producing the mMOX. This xerogel
was also characterized by SEM−EDX, FTIR, Zetasizer, and
BET. The performance of the mMOX for the adsorption of
Cr(VI) and Cd(II) was investigated at different temperatures,
pH values, time of contact, initial concentration of the
adsorbate, and the dose of the adsorbent. The kinetic and
isotherm modeling was carried out by a nonlinear method,
which indicated the physisorption mechanism. The kinetic
data fitted well on pseudo-second order, while adsorption data
fitted on the Freundlich isotherm. The thermodynamic study
revealed the adsorption to be spontaneous and exothermic.
The regeneration study indicated that the mMOX could be
reused up to six cycles with more than 50% removal of Cr and
Cd. The adsorbent showed useful application on real water
samples by more than 75% uptake of Cr and Cd with low
adsorption of Na, K, and Mg.
A future study could be conducted by modifying the

adsorbent to increase its performance in terms of adsorption
capacity and % removal by consuming less time than this
study. Furthermore, heavy metals could also be explored for
their adsorption on this xerogel.

■ MATERIALS AND METHODS

Analytical grade anhydrous ferrous sulfate heptahydrate
(FeSO4·7H2O), potassium permanganate (KMnO4), ethanol
(C2H5OH), calcium chloride (CaCl2), cadmium chloride
(CdCl2), potassium dichromate (K2Cr2O7), and sodium
alginate were procured from Sigma-Aldrich, USA. Analytical
grade sodium hydroxide (NaOH), concentrated nitric acid,
and hydrochloric acid were obtained from Merck, Darmstadt,
Germany. All experiments were conducted using Milli-Q water
obtained from CSIR-IITR, India. Certified reference standards
of heavy metals were purchased from Merck, Darmstadt,
Germany. The stock solution of heavy metal standard was
diluted to prepare the calibration standard for quantification of
metals. Study was conducted in triplicate along with the sample
and reagent blank.

Table 5. Parameters of Thermodynamics Study

temperature ΔG ΔH ΔS

30 −3.09 −22.90 −0.07
40 −1.76
50 −1.78

Table 6. % Removal of Cr and Cd for Regeneration Cycles

no. of cycles % R of Cr % R of Cd

1 77.3 76.23
2 70 71.5
3 70.7 71.04
4 62.67 67.56
5 56 64.23
6 57 61.45

Table 7. Concentration of Ions Leaching from Adsorbents

s.
no.

sample
name

calcium
(concn
mg/L)

sodium
(concn
mg/L)

iron
(concn
mg/L)

manganese
(concn
mg/L)

potassium
(concn
mg/L)

1 AX 41.93 549.33 0 0 0
2 mMOX 15.75 63.67 0 27.5 0
3 mMO 0 14.5 987.5 2100 298.83

Table 8. % Removal of Cr and Cd from Real Water Samples

sample
no.

concn of Cr
(ppm)

concn of Cr after adsorption
(ppm)

concn of Cd
(ppm)

concn of Cd after adsorption
(ppm)

% removal of
Cr

% removal of
Cd

1 4.6 1.3 4.3 1.5 71.7 67.0
2 4.6 1.3 4.4 1.5 71.7 66.1
3 4.6 1.3 4.5 1.5 71.7 66.1
4 4.6 1.4 4.5 1.6 69.6 65.0
5 4.6 1.4 4.4 1.6 69.6 64.5
6 4.7 1.1 4.5 1.4 76.6 69.8
7 4.5 1.3 4.4 1.6 71.1 65.4
8 4.6 1.3 4.5 1.5 71.7 66.2
9 4.7 1.3 4.5 1.5 72.3 66.4
10 4.6 1.3 4.4 1.5 71.7 65.2
11 4.6 1.1 4.5 1.3 76.1 70.9
12 4.6 0.8 4.4 1.1 82.8 76.8
13 4.7 0.9 4.4 1.2 80.6 73.5
14 4.7 0.8 4.5 1.1 82.8 77.2
15 4.7 1.4 4.6 1.7 70.2 63.4
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Table 9. % Removal of Na, K, and Mg from Real Water Samples

sodium potassium magnesium

sample
no.

initial concn
(ppm)

final concn
(ppm) % removal

initial concn
(ppm)

final concn
(ppm) % removal

initial concn
(ppm)

final concn
(ppm) % removal

1 3.5 3.3 4.9 4.5 4.5 0.0 4.8 3.3 30.0
2 3.2 3.4 −6.9 4.7 4.2 11.1 4.8 3.2 33.6
3 3.8 3.2 16.2 5.0 4.6 7.7 4.8 3.5 27.5
4 3.5 3.4 3.5 4.6 4.6 0.0 5.0 4.4 11.4
5 3.3 3.2 3.0 4.8 2.9 38.8 4.8 4.3 9.9
6 3.5 3.3 6.4 4.7 3.2 32.1 4.9 3.3 31.7
7 3.5 3.4 5.1 4.4 3.1 31.0 4.8 3.9 20.1
8 3.5 3.2 8.2 4.8 4.4 9.1 4.8 3.7 23.8
9 3.5 3.3 5.2 4.4 4.2 6.0 4.9 4.1 16.3
10 3.3 3.2 4.5 4.7 3.1 34.1 4.7 4.4 7.6
11 3.5 3.4 3.7 5.2 3.1 40.5 4.8 3.3 32.1
12 3.7 3.4 6.0 5.0 3.2 37.0 4.8 3.6 24.3
13 3.4 3.2 5.5 4.7 4.1 11.3 4.9 3.7 25.0
14 3.6 3.3 9.3 5.9 4.0 32.1 4.9 4.4 10.3
15 3.2 3.3 −1.2 4.9 4.2 13.6 4.9 4.5 6.9

Table 10. Comparison of Cr(VI) and Cd(II) Adsorption on Various Adsorbents

s. no. adsorbent adsorbate adsorption capacity references

1 alginate-Ayous wood sawdust (Triplochiton scleroxylon) Cd(II) 6.21 44
2 Ambrosia trifida L. var. trifida biochar-alginate beads (ATLB-AB) Cd(II) 9.73 45
3 amino-functionalized magnetite/kaolin clay Cd(II) 13.1 46
4 polyvinyl alcohol-S.A. beads Cd(II) 0.52 47
5 montmorillonite-supported magnetite nanoparticles Cr(VI) 15.3 48
6 magnetite−magnetite nanoparticles Cr(VI) 2.4 49
7 Fe3O4@Alg-Ce magnetic beads Cr(VI) 9.166 50
8 bio polymeric beads Cr(VI) 0.833 51
9 magnetite−manganese oxide xerogel (mMOX) Cd(II) 7.79 this work
10 magnetite−manganese oxide xerogel (mMOX) Cr(VI) 7.24 this work
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BET surface area analyzer, TGA, Zetasizer, SEM−EDX, and
ATR-FTIR.

■ ABBREVIATIONS

AX, alginate xerogel; mMO, magnetite−manganese oxide;
mMOX, magnetite−manganese oxide xerogel; pzc, point of
zero charge; ppm, parts per million
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(37) Köse, T. E.; Demiral, H.; Öztürk, N. Adsorption of boron from
aqueous solutions using activated carbon prepared from olive bagasse.
Desalin. Water Treat. 2011, 29, 110−118.
(38) Purkayastha, D.; Mishra, U.; Biswas, S. A comprehensive review
on Cd (II) removal from aqueous solution. J. Water Process Eng. 2014,
2, 105−128.
(39) Hameed, B. H. Evaluation of papaya seeds as a novel non-
conventional low-cost adsorbent for removal of methylene blue.
Chem. Eng. J. 2009, 162, 939−944.
(40) Benhouria, A.; Islam, M. A.; Zaghouane-Boudiaf, H.; Boutahala,
M.; Hameed, B. H. Calcium alginate−bentonite−activated carbon
composite beads as highly effective adsorbent for methylene blue.
Chem. Eng. J. 2015, 270, 621−630.
(41) Abid, M.; Niazi, N. K.; Bibi, I.; Farooqi, A.; Ok, Y. S.;
Kunhikrishnan, A.; Ali, F.; Ali, S.; Igalavithana, A. D.; Arshad, M.
Arsenic (V) biosorption by charred orange peel in aqueous
environments. Int. J. Phytorem. 2016, 18, 442−449.
(42) Hassan, A. F.; Abdel-Mohsen, A. M.; Elhadidy, H. Adsorption
of arsenic by activated carbon, calcium alginate and their composite
beads. Int. J. Biol. Macromol. 2014, 68, 125−130.
(43) Uyar, G.; Kaygusuz, H.; Erim, F. B. Methylene blue removal by
alginate−clay quasi-cryogel beads. React. Funct. Polym. 2016, 106, 1−
7.
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