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ABSTRACT

Mesoporous ZnO–SnO2 mixed oxide nanoparticles (MMON) derived from precipitation
method was investigated as a suitable adsorbent for the removal of malachite green oxalate
(MGO) and hexavalent chromium (Cr) from waste water through batch adsorption process.
The MMON was characterized by X-ray diffraction, scanning electron microscopy, tunneling
electron microscopy, surface area analyzer, and FTIR spectroscopy. The effect of initial
concentration, contact time, pH and adsorbent dose on the adsorption of MGO and Cr were
studied. The Langmuir and Freundlich isotherm model was found to be more suitable to
represent the experimental equilibrium isotherm results. The experimental kinetic data were
a better fit with pseudo-second-order equation rather than pseudo-first-order equation.
Thermodynamic studies indicated that adsorption process is endothermic in nature. The
adsorption capacities of the MMON on MGO and Cr are found to be 189.7 and 5.9mgg�1,
respectively. Regenerated MMON shows one-third of the original adsorption capacity. The
results indicate that the synthesized MMON could be employed as a low-cost adsorbent
for the removal of both MGO and Cr from the aqueous solution including industrial
wastewater.
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1. Introduction

Many industries, such as metal plating, mining,
tanning, dye industries, textile, paper and plastics, gen-
erate huge amount of colored effluent and considerable
amount of toxic metals into the environment, which
has significant undesirable biological and ecological

effects [1–5]. MGO and Cr are widely used in the above
industries. The discharge of such effluents causes toxi-
cological and esthetical problems. Exposure to Cr
causes dermatitis, allergic skin reactions, and ulcera-
tion of intestine. It is a known carcinogenic agent [6,7].
The maximum permissible levels of Cr in potable and
industrial wastewater are 0.05 and 0.25mgL�1, respec-
tively [8]. Many adverse effects from the consumption
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of the MGO due to its carcinogenic, genotoxic, muta-
genic, and teratogenic properties in animal studies
have been reported [8,9]. Thus, removal and remedia-
tion of this MGO and Cr from the industrial effluents
is of significant environmental and commercial
importance.

Several processes have been used and developed
over the years to remove dissolved metals and dyes
from industrial waste waters such as chemical precipi-
tation [10], ion exchange [11], flocculation [12], reverse
osmosis [13], membrane filtration [14], and adsorption.
However, none of these methods has been widely
used due to the relatively high-cost and low-feasibility
for small-scale industries. Each process has its limita-
tion in terms of cost or production of toxic derivatives.
Among the techniques, adsorption technique offers
significant advantages over the other removal tech-
niques. The adsorption technique is more economical,
simpler and is capable to efficiently treat dyes and
heavy metal ions in their more concentrated forms.
Also, adsorption techniques do not have secondary
sludge disposal problems, making it environmental
friendly. However, the adsorption process is the most
promising technique and attracts the attention of
many researchers in this field [15,16].

Among various adsorbents used, activated carbon
is widely used as an efficient adsorbent for dye and
heavy metal ion removal from aqueous solution
owing to its excellent adsorption abilities, and it
suffers from several drawbacks such as its high price
both to the manufacturer and to the users. Hence, the
alternative low-cost adsorbents like sepiolite [17],
zeolite [18], waste metal hydroxide sludge [19],
smectite [20], and bentonite [21] are some other
adsorbents that have been used in this respect.

Recently, more attention was paid on mixed oxide
nanoparticles as adsorbents due to its lower cost and
higher adsorption capacity toward dyes and metals
[22–25]. Among various mixed oxide nanoparticles,
combination of ZnO and SnO2 received special
interests [26]. This mixed oxide possesses the charac-
teristics of both components oxides and allow the
possibility of tuning their materials properties as per
the requirement for novel applications [27]. In the
present study, an investigation has been carried out to
check the reusability of MMON as a novel low-cost
adsorbent to remove the MGO and Cr from synthetic
wastewater. However, there is no literature on the
adsorption of both heavy metal ion and dye using
MMON as adsorbents.

Precipitation method to the synthesis of mixed
metal oxide nanoparticles offer the possibility of
better understanding and controlling the reaction
pathways on molecular level, enabling the synthesis of

nanomaterials with high crystallinity and well-defined
uniform particle morphologies [28]. This study may
helps to reduce the cost of waste disposal (recycling)
and provide an alternative sorbent to the existing com-
mercially activated carbon to remove the wastewater
pollutants such as MGO and Cr. The influence of prin-
cipal operational parameters of adsorption, such as the
effect of initial concentration, adsorbent dose, influence
of pH, and temperature, was monitored to optimize the
sorption process for its possible use as a low-cost adsor-
bent in the field of wastewater treatment.

2. Materials and methods

2.1. Materials

All the reagents were of analytical grade and used
as received without further purification. Zinc nitrate
(Zn(NO3)2.6H2O), tin chloride (SnCl2), triton X-100
(C14H22O(C2H4O)n), sodium hydroxide (NaOH), potas-
sium dichromate (K2Cr2O7) were purchased from SD
Fine chemicals, Mumbai, India. MGO (C52H54N4O12)
and 1,5-diphenyl carbazide (C13H14N4O) (DPC) were
purchased from Fisher Scientific India Pvt. Ltd.,
Mumbai and Loba Chemie. Pvt. Ltd., Mumbai, India,
respectively. The stock solution (100mgL�1) of Cr and
MGO was prepared by dissolving stoichiometric
amount of K2Cr2O7 and malachite green oxalate in
deionized water and further diluted to the desired
concentrations for the experiments.

2.2. Preparation of Zn(II)–Sn(II) mixed oxide nanoparticles
and characterization

Zn(II)–Sn(II) mixed oxide nanoparticles was pre-
pared using the co-precipitation method. Zn
(NO3)2.6H2O and SnCl2 were used as the starting
materials and NaOH as the precipitant. Zn
(NO3)2.6H2O and SnCl2 in a molar ratio of 1:1 were
dissolved in 100mL of deionized water, about
50mLL�1 triton X-100 was added as capping agent
which inhibits the anamolous growth of metal hydrox-
ide crystals during the course of precipitation. The
NaOH was added dropwise to the vigorously stirred
mixed solution. Then, the resulting solution was kept
at room temperature for about 3 h under constant stir-
ring. The obtained slurry was centrifuged at 1,000 rpm,
and precipitate was washed several times with water
and alcohol, dried in an oven for a period of 1–2 h at
60˚C. Then, powder is further heated in silica crucible
for a period of 6 h at 600˚C. Finally, the resulting
adsorbent was stored in air tight container for further
use to adsorption experiments.
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X-ray diffraction (XRD) patterns were obtained on
a Bruker D2 Phaser XRD system. Surface morphology
(SEM) was studied using scanning electron micro-
scope (JEOL JSM 840). Transmission electron micro-
scope (TEM) was recorded by using Philips CM-200
instrument. BET surface area, total pore volume, and
average pore size of the MMON were measured using
ASAP 2010 Micrometrics instrument by Brunauer–
Emmett–Teller (BET) method. Finally, the Fourier
transform infrared (FTIR) analysis was applied to
determine the surface functional groups, using FTIR
spectroscope (Bruker ATR), where the spectra were
recorded from 400 to 4,000 cm�1.

2.3. Batch equilibrium studies

To study the effect of parameters, such as initial
concentration, contact time, adsorbent dose, solution
pH, and temperature, for the removal of MGO and Cr
on MMON were studied in duplicate by batch
adsorption techniques in a 250mL of stoppered flasks
(Erlenmeyer flasks) that contain definite volume
(100mL in each flask) of fixed initial concentration of
adsorbates. The experiments were carried out in
thermostatic shaker at 200 rpm under room tempera-
ture, until equilibrium was reached. The resultant
solutions were centrifuged, and the sample was
analyzed by UV-vis spectrophotometer (Shimadzu
UV-1650, Japan) at 617 and 540nm, respectively, for
MGO and Cr. The concentration of Cr was deter-
mined based on the color intensity Cr-DPC complex.
The amount of adsorbate adsorbed at equilibrium
condition, qe (mgg�1) and percentage removal effi-
ciency R (%) were computed by Eqs. (1) and (2),
respectively.

qe ¼ ðC0 � CeÞ
W

� V ð1Þ

R ð%Þ ¼ ðC0 � CeÞ
C0

� 100 ð2Þ

where C0 and Ce are the initial and equilibrium
concentrations (mgL�1), respectively. V is the volume
of solution (L) and W is the mass of adsorbent
used (g).

2.3.1. Effect of initial concentration and contact time

MGO solutions with initial concentration of 10–
40mgL�1 and Cr solutions with initial concentration
1–5mgL�1 were used in order to study the effect of
adsorbates initial concentration and contact time on

adsorption uptake. For the adsorption MGO and Cr
for all the studies adsorbent dose was fixed 200 and
2,000mgL�1, respectively, and the solution pH was
kept at 5 and 2.5, unless and otherwise mentioned.

2.3.2. Effect of adsorbent dose

To observe the effect of adsorbent dose on MGO,
different amounts of adsorbents (200–800mgL�1) was
added into 20mgL�1 initial concentration of MGO
solution. To a 3mgL�1 of initial Cr solution, adsor-
bents doses were varied from 1,000–5,000mgL�1. The
mixture was shaken at room temperature until the
equilibrium time was reached. The initial concentra-
tion of MGO and Cr solution was kept 20 and
3mgL�1, respectively for all the studies.

2.3.3. Effect of solution initial pH

To study the effect of solution pH on MGO
adsorption, 20mgL�1 of initial concentration at differ-
ent pH values (2.0–12.0) was agitated with 200mgL�1

of adsorbents. The pH was adjusted with 0.1N NaOH
or 0.1N HCl solution using pH meter. Percentage
removal of Cr is not studied at higher pH. The litera-
tures on Cr-DPC adsorption showed that maximum
adsorption takes place in the pH range of 0.5–4, the
coexisting Cr(VI) and Cr(III) can be separated, since
Cr(VI) exists mainly in the anionic forms of (HCrO4

�)
and (CrO2�

4 ) or (Cr2O
2�
7 ). So in the determination of

Cr(VI), pH was monitored in this range of acidity. It
can be seen that when the pH is 2.5, there is a maxi-
mum adsorbed Cr-DPC intensity. Thus, this pH is
preferred [29,30].

2.3.4. Effect of solution temperature

To study the effect of temperature on dye and
metal ion adsorption characteristics, 20mgL�1 of ini-
tial concentration of MGO and 3mgL�1 of Cr were
agitated with 200 and 2,000mgL�1 of adsorbents,
respectively, at three different temperatures (30, 40,
and 50˚C).

2.4. Regeneration of adsorbents

Dye and heavy metal loaded MMONs were regen-
erated by treating with 1N CH3COOH and 0.1N
NaOH solution, respectively, for about 1 h in digitally
controlled water bath shaker in a beaker. Then,
particles were filtered, washed several times with
water, dried in an oven, and reused for adsorption
studies.
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3. Results and discussion

3.1. Characterization of adsorbent

Fig. 1 shows the XRD diffractograms of prepared
MMON. All diffraction peaks can be perfectly indexed
as the tetragonal rutile structure for SnO2 and a hexag-
onal wurtzite structure for ZnO. No characteristic
peaks for impurities, such as SnO, ZnSnO3, and
Zn2SnO4 were detected in the XRD pattern. It is
reported that the ZnO always has larger grain size
than SnO2 at the same calcinations temperature and
that the formation of ZnO crystallites was greatly
restrained by the presence of SnO2 [31]. Furthermore,
the observed diffraction peaks are broad and less
sharp, indicating that as prepared MMON with small
dimension. The average crystallite size (D in nm) of
MMON particles can be estimated according to the dif-
fraction reflection by using Debye–Scherrer equation:

DP ¼ K k
b1=2 cos h

 !
ð3Þ

where K is a constant equal to 0.89, k is the X-ray
wave length equal to 1.54Ao, b1/2 is the full width at
half maximum and h is the half diffraction angle. The
phase compositions and size of MMON calculated
according to XRD quantitative analysis from profile-
fitting peaks were listed in Table 1.

Fig. 2 shows the typical SEM micrographs of
MMON. It shows the interconnected ultrafine particles
with nano-sized dimensions forming agglomerates, all
the particles are irregular and some are spherical in
nature. Size of the particles is also measured by SEM,
the average particle size of MMON was found to be
less than 10 nm. This indicates that the particle size of
sample obtained by SEM observation is obviously

bigger than the crystallite size determined by the
XRD. This is not surprising because the particle size
observed by SEM is the size of secondary (or aggre-
gated) particles.

Fig. 3 shows the TEM micrographs of MMON, the
shape was clear, and the aggregation was little. At the
same time, TEM also showed that MMON were in
nanometer scale and the sample was a crystalline in
nature, which is in reasonable agreement with the
results obtained from the XRD. Moreover, it was also
easy to see from the TEM that the mean size of the
synthesized particles was found to be less than 10 nm.

The nitrogen isotherms of the sample prepared
were of type IV with hysteresis loop, which is a char-
acteristic of mesoporous solids. MMON characterized
by a pore distribution, sharply peaked in the meso-
porous range between 7 and 20 nm as shown in Fig. 4.
The average pore diameter and BET surface area of
the MMON are found to be 14.18 nm and 26.31m²g�1,
respectively.

Fig. 5 shows the FTIR spectrum of MMON. The
broad peak at the range of 3,428 cm�1 corresponds to
the stretching vibration of –OH group. The peaks at
2,932 and 1,374 cm�1 are corresponds to the C–H and
CH2 stretching vibration of MMON sample. The peaks
near 471 cm�1 agreed with stretching vibrations of
Zn–O bonds [32]. The peak near 1,635 cm�1 can be
assigned to the vibration of O–Sn–O that corresponds
to the A2u mode [33], this will further confirms the
formation of nanocomposites.

3.2. Effect of initial concentration and contact time

The amount of MGO and Cr adsorbed for different
initial concentrations onto MMON is shown in Fig. 6.
The adsorption process increases with time and then
attains equilibrium value at a time of about 120 and
40min, respectively. The removal was found to be
dependent on the initial concentration; the amount
adsorbed increasing with increase in initial concentra-
tion. Further, the time curve shows that the removal of
MGO and Cr is rapid, but it gradually slows down
until it reaches the equilibrium. At low concentrations,
the ratio of available surface to the initial concentration
is larger, so the removal becomes independent of
initial concentrations. However, in the case of higher
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Fig. 1. Typical XRD pattern of MMON.

Table 1
Parameters derived from XRD analysis of MMON

Adsorbent Phase 2h h k l Size

MMON SnO2 26.30 (110) 3.38

ZnO 32.44 (100) 5.42

SnO2 51.38 (210) 7.30
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concentrations, this ratio is low; the percentage
removal then depends upon the initial concentration
and had only a small influence on the time of contact
necessary to reach equilibrium [34]. On changing the
initial concentration of MGO and Cr from 10 to
40mgL�1 and 1 to 5mgL�1, the percentage removal
decreased from 74.4 to 58.6 and 88.2 to 79.1, respec-
tively, for a time period of 120 and 40min.

3.3. Effect of adsorbent dose

Effect of adsorbent dose on percentage removal is
shown in Fig. 7. Percentage removal increased from
68 to 81.6% for MGO and 78 to 91% for Cr and with
increased in adsorbent dose from 200–800mgL�1 and
1,000–5,000mgL�1, respectively. With increase in
MMON dose, more active surface area was available

Fig. 2. Typical SEM micrograph MMON.

Fig. 3. Typical TEM micrograph MMON.
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for bindings thus achieving an increase in removal
percentage. However, reverse trend was observed
with adsorbed MGO and Cr by unit amount of
MMON (qe). Once the interaction of MGO and Cr
reached equilibrium, the addition of extra adsorbent
was probably left unutilized or unsaturated. These
unutilized mass of were accounted, however, during
the calculation of removal capacity, leading to
decrease in value of qe [35].

3.4. Effect of pH

The effect of pH on percentage removal of dye
was investigated over the range of pH values from 2

to 12. As shown in Fig. 8, the dye percentage removal
is minimum at the initial pH 2. The percentage
removal of dye adsorption increase when pH
increases from 2 to 12, and then, the percentage
removal dyes are not significantly altered beyond pH
8. It is well known that the surface of metal oxides or
composites contain some oxygen groups such as
hydroxyl groups (OH) and oxide groups after acid
treatment [36]. At lower pH values, due to the proton-
ation of electron p-rich regions on the surface of
MMON, the positive surface charge can be formed.
Under these conditions, the uptake of positively
charged dyes will be low. When pH increases, the
oxygen groups are ionized and the negative charge
density on the surface increases, resulting in enhanced
removal of dyes due to the electrostatic force of attrac-
tion between the negatively charged adsorbent surface
and the positively charged cationic dyes [37].

3.5. Equilibrium adsorption isotherms

Analysis of isotherm data is important for predict-
ing the adsorption capacity of the adsorbent, which is
one of the main parameters required for the design of
an adsorption system. Equilibrium isotherm studies
were carried out with different initial concentrations
of MGO (10–40mgL�1) and Cr (1–5mgL�1). Three
models were used to analyze the equilibrium adsorp-
tion data: Langmuir, Freundlich, and Dubinin–Rad-
ushkevish (D–R) isotherm. Langmuir’s model does
not take into account the variation in adsorption
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energy, but it is the simplest description of the
adsorption process. It is based on the physical hypoth-
esis that the maximum adsorption capacity consists of
a monolayer adsorption, that there are no interactions
between adsorbed molecules, and that of the adsorp-
tion energy is distributed homogeneously over the
entire coverage surface interactive behavior between
adsorbate and adsorbent.

The linear of Langmuir equation is given by:

Ce

qe
¼ 1

KL

þ aL
KL

Ce ð4Þ

where Ce is the equilibrium concentration in (mgL�1),
qe is the amount adsorbed per unit mass of adsorbent
in (mgg�1) at equilibrium concentration Ce. The
constant KL (Lmg�1) is the Langmuir equilibrium con-
stant, and the [KL/aL] gives the theoretical monolayer
saturation capacity, Q0. Therefore, a plot of Ce/qe vs.

Ce (Fig. 9) gives a straight line of slope aL/KL and
intercepts 1/KL.

The essential feature of the Langmuir isotherm can
be expressed in terms of a dimensionless constant sep-
aration factor (RL) given by the following equation:

RL ¼ 1

1þ aL Ce

ð5Þ

the values of RL indicate the shapes of isotherms to be
either unfavorable (RL > 1), linear (RL = 1), favorable
(0 <RL < 1) or irreversible (RL = 0). The low values of
RL indicate that high and favorable adsorption and
also indicated that the MMON is a suitable adsorbent
for the adsorption of MGO as well as Cr ions from
aqueous solutions. The Langmuir isotherm shows that
the amount of adsorption increases as the concentra-
tion increases up to a saturation point. As long as
there are available sites, adsorption will increase with
increasing concentrations, but as soon as all of the
sites are occupied, a further increase in concentrations
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of solutions does not increase the amount of adsorbate
on adsorbents [38]. The parameters of the Langmuir
equation were calculated and are given in Table 2.

The Freundlich isotherm is derived by assuming a
heterogeneous surface with a non-uniform distribution
of heat of adsorption over the surface. This isotherm
is suitable for a highly heterogeneous surface. The
application of the Freundlich equation suggests that
sorption energy exponentially decreases on comple-
tion of the sorptional centers of an adsorbent. The
linear form of the equation is given by:

logqe ¼ 1/n logCe þ logKF ð6Þ

where KF (mgg�1), 1/n is the Freundlich adsorption
constant and 1/n is a measure of the adsorption inten-
sity. The linear plot between log qe vs. log Ce (Fig. 10)
gives a straight line with KF and 1/n determined from
the slope and intercept, respectively. The magnitude
of exponent n indicates the favorability of adsorbent/
adsorbate system where values of n> 1 represents
favorable adsorption. The parameters of Freundlich
equation for system studied are given in Table 2. The
value of n indicates good adsorption over the entire
range of concentration studied.

The Dubinin–Radushkevish (D–R) isotherm can be
used to describe adsorption on both homogeneous

and heterogeneous surface (Fig. 11). The model is
often expressed as:

ln qe ¼ ln qm � ke2 ð7Þ

where qm is the D–R monolayer capacity (mmol g�1), k
is a constant related to the adsorption energy and e is
Polanyi potential which is related to the equilibrium
concentration as follows:

e ¼ RT ln 1þ 1

Ce

� �
ð8Þ
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Table 2
Adsorption isotherm parameters of MGO and Cr adsorption on MMON

Metal ion Langmuir isotherm Freundlich isotherm D–R isotherm

Q0 (mg g�1) KL (Lmg�1) R2 KF (mgg�1) n R2 qm E (kJmol�1) R2

MGO 189.7 0.05 0.98 21.5 1.6 0.99 101.4 5.6 0.90

Cr 5.9 0.35 0.92 1.1 1.4 0.99 1.9 3.2 0.95
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where R is the gas constant (8.314 Jmol�1 K�1) and T
is the absolute temperature. The constant k gives the
mean free energy E of adsorption per molecule of
the adsorbate when it is transferred to the surface of
the solid from infinity in the solution and can be
computed using the relationship [39].

E ¼ 1ffiffiffiffiffi
2k

p ð9Þ

The magnitude of E is useful for estimating the
mechanism of the adsorption reaction. In the case of
E< 8kJmol�1, physical forces may affect the adsorp-
tion. If E is in the range of 8–16 kJmol�1, adsorption is
governed by ion-exchange mechanism, while for the
values of E> 16 kJmol�1, adsorption may be domi-
nated by particle diffusion [40]. Table 2 shows that
the mean free energy was between 5.68 and
3.24 kJmol�1 for the studied MGO and Cr, respec-
tively, which suggests that the sorption of MGO and
Cr occurs via physisorption.

3.6. Adsorption kinetics

Two important physical–chemical aspects of the
process, the kinetics and the equilibrium of adsorption
were used to evaluate the process of adsorption. Two
rate equations were used to analyze the adsorption
kinetics data i.e. pseudo-first-order and pseudo-sec-
ond-order reaction kinetics. The results are presented
in Figs. 12 and 13 and Table 3. Lagergren’s pseudo-
first-order kinetics can be represented in linear form
as:

logðqe � qtÞ ¼ log qe � k1
2:303

t ð10Þ

where qe and qt are the amounts of adsorbate
adsorbed (mgg�1) at equilibrium and at contact time t
(min), respectively, and k1 is the pseudo-first-order
rate constant (min�1). The first-order-rate constant k1
can be obtained from the slope of the plot ln(qe�qt)
vs. t. Linearized form of pseudo-second-order kinetics
is given Eq. (11).
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t

qt
¼ 1

k2 q2e
þ 1

qe
t ð11Þ

where k2 is the rate constant of the adsorption process
(gmg�1min�1), qe is the equilibrium amount of MGO
and Cr adsorbed and qt is the amount of MGO and Cr
sorption at any time t (mgg�1).

h ¼ k2 q
2
e ð12Þ

where qe is the equilibrium sorption capacity and k2,
the pseudo-second-order rate constant, can be deter-
mined experimentally from slope and intercept by
plotting t/qt against t [41]. The results obtained from
applying the first-order kinetic model indicated that
the correlation coefficients (R2) values of fitting the
first-order rate model are not high for the different
MGO and Cr concentrations; furthermore, the esti-

mated values of qe calculated from the equation
differed from the experimental values which show
that the model is not appropriate to describe the
adsorption process. However, the kinetics of MGO
and Cr adsorption on MMON accords with the
pseudo-second-order kinetic process correctly. Also,
the plot showed an exact coefficient (R2) which was
coherent with the pseudo-second-order equation pro-
posed. The calculated qe values agreed very well with
the experimental data. This is generally in agreement
with other research’s result that the pseudo-second-
order model was able to describe properly the kinetic
process of adsorption.

3.7. Intraparticle diffusion model

The most commonly used technique for identifying
the mechanism involved in the adsorption process is
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Fig. 12. Pseudo-first-order kinetic plots for the adsorption
of (a) MGO on MMON; (b) Cr on MMON for different
initial concentrations.
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by fitting the experimental data in an intraparticle
diffusion plot. This model is significant because it is a
rate-determining step in the liquid adsorption sys-
tems. The rate-limiting step (slowest step of the
reaction) may be either the boundary layer (film) or
the intraparticle (pore) diffusion of solute on the solid
surface from bulk of the solution in a batch process.
The probability of the intraparticle diffusion was
explored by using the following equation suggested
by Weber and Morries [42]:

qt ¼ kid t
1=2 þ C ð13Þ

where qt is the adsorption capacity at any time t and
kid (mgg�1min�1/2) is the intraparticle diffusion rate
constant and C (mgg�1) is the film thickness. Greater
the value of C greater is the effect of boundary layer
on adsorption process. If the rate-limiting step be the
intra-particle diffusion, the plot of qt against the
square root of time should be a straight line and pass
through the origin. The deviation of the plot from the
linearity indicates the rate-limiting step should be
boundary layer (film) diffusion controlled.

Multi linear plots of qt vs. t1/2 are presented in
Fig. 14. Sharp first linear portion is due to the bound-
ary layer (film) diffusion and the second linear one is
for the pore diffusion. The nonlinearity of plots over a
range of t1/2 indicates multistage adsorption of MGO
and Cr ions by MMON. The initial portion in the plots
has attributed to the boundary layer effect or external
mass transfer effect. The slope and intercept of the
first portion of the plots has indicated the boundary
layer (film) diffusion characteristics of the adsorption
while that of the second linear portion is for the pore
diffusion [43].

The values for kid,1 and kid,2 were computed from
the slope of each plot. Table 4 gives the values of
these parameters (kid,1, kid,2 and C). The values of kid,1

were greater than that of kid,2, and suggested that the
boundary layer (film) diffusion had controlled the
process of adsorption in the present case [44].

3.8. Thermodynamic studies

The thermodynamic parameters of the adsorption
of MGO and Cr were determined using the following
basic equations:

KC ¼ Ca

Cb

ð14Þ

DG0 ¼ �RT lnKC ð15Þ

lnKC ¼ DS0

R
� DH0

RT
ð16Þ

where kC is the distribution coefficient for the adsorp-
tion, DH0 is the enthalpy change, DS0 is the entropy
change, DG0 is the Gibb’s free energy change, R is the
gas constant, T is the absolute temperature, Ca is the
MGO and Cr adsorbed per unit mass of the adsor-
bent, and Cb is the equilibrium adsorbate concentra-
tion in the aqueous phase. The values of DH0 and DS0

were determined from the slopes and intercept of the
plot of ln Kc vs. (1/T) as shown in Fig. 15 and the
values are listed in Table 5. The negative value of DG0

at all temperatures indicate that the MGO and Cr
adsorption reaction was spontaneous in nature and it
was also observed that as the temperature increases,
DG0 decreases indicating the feasibility of adsorption
at higher temperatures. So, it can be inferred that the
reaction is spontaneous in nature [45]. As calculated
DG0 shows that adsorption process is predominantly a
physical adsorption process. The calculated positive
value of enthalpy demonstrated that the reaction was
an endothermic process and so the reaction consumes

Table 3
Kinetics parameters for the adsorption of MGO and Cr on MMON

Kinetic models Parameters MGO concentration (mgL�1) Cr concentration
(mgL�1)

10 20 30 40 1 3 5

First-order kinetic model qe,cal (mg g�1) 22.4 56.2 143 122.9 0.2 1.2 1.5

R2 0.88 0.82 0.93 0.63 0.92 0.75 0.84

qe,exp (mgg�1) 37.2 37.2 68.6 92.2 0.4 1.1 1.9

Second-order kinetic model qe,cal (mg g�1) 38.2 69.4 103.0 114.5 0.4 1.2 2.1

R2 0.97 0.96 0.95 0.94 0.98 0.98 0.98

qe,exp (mgg�1) 37.2 68.6 92.2 117.3 0.4 1.1 1.9
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energy the entropy of the reaction was positive as the
displaced water molecules gain more translational
entropy than was lost by the Cr ions and MGO, so as
a result there will be increased randomness at the
solid/solution interface.

3.9. Regeneration studies

Regeneration of adsorbents was carried out at opti-
mum conditions i.e. 20mgL�1 of initial concentration
of MGO and 3mgL�1 of Cr were agitated with 200
and 2,000mgL�1 of adsorbents, respectively. The
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Fig. 14. Intraparticle diffusion model fitting of (a) MGO on
MMON; (b) Cr on MMON.
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Fig. 15. Effect of temperature on adsorption of (a) MGO on
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Table 4
Intraparticle diffusion parameters for the adsorption of MGO and Cr on MMON

Kinetic model Parameters MGO concentration (mgL�1) Cr concentration
(mgL�1)

10 20 30 40 1 3 5

Intra particle diffusion model C1 (mgg�1) 0.62 1.33 3.69 8.70 0.01 0.06 0.18

R1
2 0.98 0.98 0.97 0.84 0.99 0.98 0.95

kid,1 (mgg�1min�1/2) 24.4 42.5 54.5 56.9 0.2 0.6 0.2

C2 (mgg�1) 3.01 6.36 5.37 13.7 0.03 0.13 0.22

R2
2 0.92 0.89 0.93 0.88 0.94 0.90 0.86

kid,2 (mgg�1min�1/2) 5.0 0.1 34.3 28.46 0.1 0.3 0.6
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MGO adsorption is decreased from 74–12.1% (Fig. 16).
Cr adsorption is also showed the similar pattern and
adsorption is decreased from 88.2–20.6% with MMON
(Table 6). As the number of regeneration increases, the
poor efficiency of regenerated adsorbent in further
adsorption studies is may be due to the strong interac-

tion between the adsorbate and adsorbent, the number
of active sites available on the surface of adsorbent
decreases as the number of regeneration increases. The
mechanism of desorption might be attributed to the
replacement of H+ and OH� ions on the adsorbents.

3.10. Comparison with other adsorbents

The comparison between the maximum adsorption
capacities for MGO and Cr onto MMON and other
adsorbents reported in the literature are given in
Table 7. To the best of our knowledge, maximum
adsorption capacity obtained in this study is compara-
ble with the result from the reported adsorbents, so it
is a real advantage that renders it becomes a suitable
alternative for the cleanup of industrial effluents from
the heavy metals.

Table 5
Thermodynamic parameters for the adsorption of MGO and Cr on MMON

MGO adsorption Cr adsorption

Parameters Temperatures Temperatures

30 40 50 30 40 50

ΔG0 (kJmol�1) �7.6 �8.5 �10.1 �2.3 �3.4 �4.1

ΔH0 (kJmol�1) �31.5 �25.7

ΔS0 (kJmol�1 K�1) 0.12 0.09
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Fig. 16. Effect of regeneration of MMON on removal
efficiency of MGO and Cr.

Table 6
Regeneration parameters for adsorption of MGO and Cr
on MMON

No. of
regeneration

Removal % of
MGO

Removal % of
Cr

First usage 74.4 88.2

I regeneration 37.5 49.7

II regeneration 12.1 20.6

Table 7
Comparison of monolayer maximum adsorption capacities of some adsorbents for MGO and Cr from aqueous solutions

Adsorbents Adsorbate Adsorption capacity (mgg�1) References

Activated carbon (BBC) MGO 20.7 [46]

Pine tree root decayed by brown-rot fungi (BRW) MGO 42.6 [47]

Hydrilla verticillata biomass MGO 69.8 [48]

MMON MGO 189.7 Present study

Granular ferric hydroxide Cr 0.7 [49]

Pine needles Cr 5.36 [50]

Sugarcane bagasse pith Cr 5.7 [51]

MMON Cr 5.9 Present study
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4. Conclusion

The entire experimentation concludes that MMON
possess extremely good potential to remove both the
waste materials. The effect of process parameters like
contact time, initial concentration, adsorbent dose,
pH, and temperature on adsorption of MGO and Cr
was completely evaluated. The results obtained are
well fitted in the linear forms of Langmuir, Freund-
lich and D–R adsorption isotherms. The Legergren
first-order, Ritchie second-order kinetic and intrapar-
ticle diffusion models were used to explain the
adsorption of MGO and Cr onto MMON. It was
determined that interactions could best explained on
the basis of the second-order kinetic model. The neg-
ative value of DG0 at all temperatures indicate that
the MGO and Cr adsorption reaction was spontane-
ous in nature, and it was also observed that as the
temperature increases, DG0 decreases indicating the
feasibility of adsorption at higher temperatures. So, it
can be inferred that the reaction is spontaneous in
nature. Additionally, the MMON can be regenerated
effectively by 1N CH3COOH and 0.1N NaOH solu-
tion. All the results indicate that mixed metal oxide
nanoparticles were promising sorbent for the removal
of heavy metals as well as commercial dyes from
contaminated waters.
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