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ABSTRACT

Manganese oxide coated zeolite (MOCZ) has been demonstrated in the present issue as a potential
adsorbent for the removal of manganese (Mn?) from Mn*" containing aqueous solution by batch
adsorption process. The adsorption capacity of the as-prepared MOCZ was determined over the
parameters of contact time, adsorbent dosage, pH and Mn?*" concentration. Surface properties of
the MOCZ were analyzed by Brunauer—-Emmett-Teller, X-ray diffraction and field emission scan-
ning electron microscopy. Results showed that MOCZ has a high degree of crystallinity and the sur-
face of MOCZ is mainly vernadite (yMnQO,) with a specific surface area and average pore diameter
of 39.9 m? g and 1.17 nm, respectively. Besides, the adsorption process was found to be strongly
pH-dependent and Mn* adsorption increased with pH and adsorbent dosage. Adsorption kinetics
of Mn*/MOCZ system followed pseudo-second-order model successfully and equilibrium data were
fitted with isotherm models of Langmuir and modified Langmuir. As-proposed two sites one mol-
ecule adsorption mechanism fitted well with the equilibrium data and maximum adsorption capac-
ity of Mn* was found to be 0.93 meq Mn* g-'. Therefore, MOCZ can be employed as an effective
and alternative to commercial adsorbents for the removal of manganese from an aqueous solution.
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1. Introduction

Nowadays the environmental pollution by heavy met-
als demonstrates the most critical concern worldwide.
Various heavy metals are released from industries as efflu-
ents [1,2], typically from chemical process plants as well
as mining, metal plating and finishing, rubber processing,
etc. [3,4]. The maximum allowable discharge quantity of

* Corresponding author.

heavy metals is in a very minute amount. The maximum
allowable level of Mn*" contamination in drinkable water
is <0.1 mg L stated by World Health Organization (WHO)
[5]. According to Malaysia Sewage and Industrial Effluent
Discharge Standard [6], the manganese discharge limit
in industrial sectors is 0.2 and 1.0 mg L for standard A
and B, respectively. There are huge contaminants released
into the environment that are considered toxic chemicals.
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The toxicity of these elements is higher than the level
defined by WHO and they may cause serious risks to
human health and ecology [7]. It is said that “manganese
does not present a danger to human health, nor for the envi-
ronment but it is unpleasant”. However, prolonged expo-
sure of manganese to mankind may affect lung tissue and
even the central nervous system [8]. Problems associated
with the presence of manganese by influencing bacterial
growth include laundering operation, plumbing fixtures
and distribution systems [4]. By far, human suffers no
harmful effects from drinking water that contains very trace
amount of manganese. Nevertheless, uptake manganese
from groundwater as it is a source of drinking water has
become a challenge due to its much higher concentration in
groundwater and highly reactive properties [9].

In order to remove heavy metals from wastewater,
a number of methods are employed such as filtration,
chemical precipitation, ion exchange, membrane separa-
tion, adsorption, etc. Most of the methods are inefficient
at a very low concentration of heavy metals and relatively
expensive [4]. In addition, these operations produce sec-
ondary effluent that has an adverse impact on the envi-
ronment [10]. Adsorption, in particular, an alternative pro-
cess that is more attractive than the other techniques as it
is highly effective, economic, versatile and easy to operate
[11]. Therefore, cost-effective adsorbents with high poten-
tiality are the current demand for practical application to
remove heavy metals from industrial wastewater.

Zeolites are the most commonly used adsorbents in
the water treatment process. They are reactive crystalline
solids chemically known as hydrated aluminosilicates
having regular microporous structures [12]. Exchangeable
cations of alkaline and alkaline earth metals (e.g.,, Na,
K, Ca*, Mg, etc.) are the basis of the structural frame-
work of zeolites. They are interesting adsorbents owing
to exciting surface area and cost-effective properties [13],
however, their performance needs to be improved regard-
ing adsorption capacity, tensile properties and resistance
to chemicals. Therefore, a number of methods have been
practiced to modify surface features of zeolites by phys-
icochemical treatment [14]. Coating onto zeolites (e.g.,
MnO,), for instance, is demonstrated as one of the most
widespread applications [15].

Manganese(IV) oxide (MnQO,) is a porous material hav-
ing a large surface area. It is a mild oxidant and chemically
stable in acidic conditions [16]. Additionally, MnO, has the
ability to form thin films and demonstrates mesoporous
characteristics as an adsorbent [17]. Nevertheless, pure
MnOQO, is not much interesting adsorbent as it is very diffi-
cult to separate from the aqueous phase and comparatively
costly [15].

The objective of this research is to synthesize and char-
acterize manganese oxide coated zeolite (MOCZ) as an
adsorbent to remove manganese (Mn?*) from an aqueous
solution by the batch process. This manuscript also inves-
tigates the effect of contact time, adsorbent dosage and pH
on the adsorption capacity. Moreover, adsorption kinet-
ics and equilibrium isotherm of the system (Mn*/MOCZ)
have been studied including modified Langmuir adsorp-
tion isotherm as proposed for the removal of manganese
by MOCZ adsorbent.

2. Materials and methods
2.1. Materials and reagents

Zeolites employed in the synthesis of MOCZ were gran-
ular shapes. Chemical reagents such as KMnO,, NaCl and
HCl were used to synthesize MOCZ. Manganese(Il) sul-
fate monohydrate (MnSO,-H,O) was utilized as a source
of manganese in the preparation of Mn?" containing aque-
ous solution. Aqueous solutions of 0.1 M HCl and 0.1 M
NaOH were used as per the requirement to adjust pH
during adsorption. All chemicals were purchased from
Sigma-Aldrich (Germany) and distilled water was used to
prepare the solutions.

2.2. Synthesis of MOCZ

Zeolite sample has the chemical formula of (Na, K,
Ca)6(Si, Al),O,,-20H,0 containing clinoptilolite (70 wt.%)
collected from the local supplier. The zeolite was ground
and sieved with a particle diameter of <149 um. The zeolite
was cleaned with distilled water several times to remove
impurities from the sample. MOCZ was prepared by dis-
solving 30 g of zeolite sample in %2 L of 1 M NaCl solu-
tion for 24 h to convert it into Na form. The suspension of
zeolite was then filtered and washed several times with
deionized water followed by drying prior to use at 100°C
for 24 h [9]. MOCZ was prepared by reduction reaction [18]
and manganese(IV) oxide colloids were precipitated onto
the Na-zeolite surfaces by the reaction (1):

2KMnO, + 8HCI = 2MnO,{ + 2KCl + 3Cl, + 4H,0 (1)

Potassium permanganate solution (KMnO,) heated
at 100°C was poured over the Na-zeolite sample. Then an
aqueous solution of HCI (37.5% w,,./w,, ,) was added drop-
wise into the solution and stirred for 1 h. After that, the
suspended material was successfully filtered and washed
several times in order to discard free K* and CI- ions.
The as-prepared sample was dried in the above conditions

and stored for further use.

2.3. Characterization of MOCZ

Surface area and pore size analyzer were employed
to detect surface properties and pore size distribution of
MOCZ following N, adsorption method and Brunauer—
Emmett-Teller (BET) adsorption model was used in the
calculation of specific surface area and pore volume of the
zeolite. The phase composition of the coated zeolite was
determined by using X-ray diffraction (XRD) with a source
of Cu Ko radiation. Morphological properties of MOCZ
were investigated by field emission scanning electron
microscopy (FESEM) (JEOL, JSM-7800F, Japan).

2.4. Adsorption experiments

The model solution was prepared by dissolving
MnSO,-H,O in distilled water. The stock solution of Mn?*
(1 g L') was prepared and working solutions of 50, 100, 150,
and 200 mg L were made by dilution method. Manganese
ion concentration was estimated by flame atomic absorption
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spectroscopy (AAS) analyzer and the results were expressed
in the unit of mg Mn* L. Batch experiments were per-
formed in a conical flask of 250 mL under constant agitation
of 150 rpm. Supernatant aliquots were collected and centri-
fuged at 8,000 rpm for 10 min and filtered prior to analysis
by AAS. Batch studies were done at different MnSO,-H,0O
solutions at a constant pH of 7 and contact time of 120 min.
The initial concentration and pH were measured. 1 g of
MOCZ was added into 100 mL of 50 mg Mn* L™ solu-
tion and agitated for 120 min. At different time intervals,
the supernatant aliquots were successively collected, cen-
trifuged and filtered for further analysis. This procedure
was repeated for 100, 150, and 200 mg L™ of MnSO,-H,O.
Suspension of 1 g of MOCZ was added into 150 mg Mn?' L
solution at initial pH of 7. The initial concentration of
the solution was measured and the supernatant aliquots
were collected and filtered after 120 min before analy-
sis. The procedure was repeated by using an adsorbent
dosage of 5 and 7 g, respectively in 150 mg Mn?" L.

3. Results and discussion
3.1. Characterization of MOCZ

Specific surface area and pore volume of the as-pre-
pared MOCZ were estimated following the N, adsorption
method and the BET adsorption model was used to deter-
mine the surface properties. The specific surface area of
the MOCZ for adsorbed Mn?* was found to be 39.90 m? g™!
after degassing at 300°C overnight. Zou et al. [14] revealed
that owing to the coating of manganese(IV) oxide on the
zeolite surface, its surface area increased from 24.87 to
28.23 m? g'; on the contrary, the average pore diameter
of the Na-zeolite decreased from 28.66 to 26.72 A. In fact,
MOCZ does not have a high surface area as that compared
to Nypa fruticans (112.29 m? g™'), more expensive alternatives
of activated carbon (1,688 m? g') and carbon nanotubes
(177 m? g™') [19]. However, this value is reasonably higher
than that of the more expensive adsorbent of graphene
oxide (32 m? g?') reported elsewhere [20]. Therefore,
MOCZ can be proposed as an alternative to some selective
cost-effective carbonaceous adsorbents.

The XRD pattern of the as-prepared MOCZ is demon-
strated in Fig. 1 and mineral phases that exist in the sample
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Fig. 1. XRD of as prepared MOCZ and standard A-type zeolite
(inset).

are inserted in Table 1. The diffraction peaks of the zeolite
match well with the peaks of the standard A-type zeo-
lite (Fig. 1, inset) [21,22]. The degree of complexity of the
zeolite is a function of surface area and degree of crystal-
linity of the crystal as shown in the XRD pattern. Various
crystalline forms of the zeolite (Table 1) are the cause of
the degree of complexity as well as responsible for higher
surface properties and crystallinity. The diffractogram also
represents that manganese(IV) oxide coated on the sur-
face of the zeolite is known as vernadite (MnO,-nH,0O) and
chemically denoted by yMnO, [23].

FESEM micrograph was taken into account to observe
the surface morphology of as-prepared MOCZ with a
magnification of 14,000 times (Fig. 2) and manganese
oxides were possibly deposited on the surface as detected
by XRD. The figure shows that surface sites of the zeo-
lite were occupied by new-fangled MnO, species which
were uniformly distributed, with no agglomeration of
the metal oxides. In fact, small particles more precisely
nanoparticles ameliorate surface features. Small compo-
nents of the synthetic coating are distributed on the sur-
face of the zeolite results in a more consolidated coating.
Manganese(IV) oxide particles with a diameter of 1-3 pm
appeared to be growing thru surface depressions and coat-
ing cracks. Moreover, the clusters of manganese oxides are
formed onto the surface of the sodium-based zeolites that
facilitate the adsorption process. Similar phenomena were
also reported elsewhere [8,22,24].

Table 1
Major mineral phases exist in the as prepared MOCZ sample

Phases Molecular formula Peak nos.
Mordenite (Ca, Na,, K,) ALSi, O,,7H,0 1,2
Clinoptilolite (Na, K, Ca)6(Si, Al),,O,,-20H,0 3
Vemadite MnO, nH,0 45,7,8
Quartz SiO 6

x14,000

5,0kV LED

Fig. 2. FESEM image of as-prepared MOCZ with a magnification
of 14,000 times.
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3.2. Effect of contact time on adsorption of MOCZ

Adsorption capacity, ¢ (mg g™) and the adsorption of
Mn* at different concentrations and contact times are
presented in Fig. 3. Initial concentrations of Mn?" varied
from 50 to 200 mg L7, the time needed to attain equilib-
rium was increased; in contrast, the Mn? removal was
decreased from 90% to 55%. Moreover, the plot revealed
that the amount of Mn?" adsorbed increased while increas-
ing the concentration. Manganese removal capacity of
MOCZ adsorbent increased with an increase in Mn?" ion
concentration in the solution in order to available metal
ions. Existing metal ion concentration is a function of
mass transport between aqueous and solid phases. In fact,
driving force increased with higher Mn?" concentration
to overcome mass transfer resistances of the metal ions
point out that the probability of ionic collision of Mn*/
MOCZ increased. This phenomenon also results in higher
removal efficiency of metal ions through adsorption [25].

3.3. Effect of MOCZ dosage

The relationship between the amount of Mn* adsorbed
on MOCZ and the adsorbent dosage is shown in Fig. 4.
From the graph, the removal of manganese increased
while increasing the dosage of MOCZ adsorbent from 1 to
7 g L' and maximum recovery of Mn* was obtained to be
70.32% for 7 g L™ dosages. The reason behind high uptake
capacity may be a greater amount of MOCZ adsorbent
results in the available surface area [26,27] and hence more
active sites present in the system.

3.4. Effect of pH

pH of a solution plays a vital role in the removal of Mn*
using MOCZ adsorbent. Adsorption of Mn* ions enhanced
with pH increased from 4 to 8 by using an aqueous solution
of Mn* (150 mg L™) (Fig. 5). Inhibition of Mn* removal was
possibly observed at lower pH owing to the competition

&
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Fig. 3. Plot of the steady values of Mn* adsorbed vs. contact
times with different initial concentrations at initial pH 7 and
dose 1 g of MOCZ.
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between H' and Mn? ions for mass transfer on exchange-
able surface sites with the dominance of H* ions. Negative
charge density on the adsorbent surface increased with pH
might be due to deprotonation of metal-binding sites results
in enhancement of Mn* adsorption. The adsorption mech-
anism of the system can be explained by the ion exchange
reaction where Mn?" ions adsorbed onto MOCZ as well as
Mn?* exchanged with H* ions on the surface results in the
formation of a surface complex confirmed by the XRD exper-
iment. The surface reaction of the divalent ions with metal
oxide surfaces has been reported elsewhere [28-31]. The
main interactions are summarized as follows:
e TFree metal ions (X*") associated with surface hydroxyl
groups (OH") (ion exchange with H' ions)

= MnOH + X?* «» MnOX" + H" )
* Formation of hydrolysis complex and adsorption

=MnOH + X** + H,0 <> MnOXOH + 2H" 3)

* Bidendate complex formation

2(=MnOH)+X** ¢>(=MnO), X +2H" €Y

80 1
70 A
60 -
50 ~
40 -
30 A
20 A

Removal (%)

0 1 2 3 4 5 6 7

Adsorbent dosage (g/L)

Fig. 4. Plot showing the effect of MOCZ adsorbent dosage for
Mn?* removal at initial concentration 150 mg L and pH 7.

6.5

pH (Final)
=y
w

3 T T T T T 1
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Fig. 5. Plot presenting the relationship between initial pH and
final pH values during adsorption of Mn?" at an initial concentra-
tion of 150 mg L™ and dose 1 g of MOCZ.
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Rendering to the reaction schemes, Mn?" ions are pos-
sibly adsorbed onto the MOCZ adsorbent and H* ions are
released in parallel which ultimately reduces pH values.
As released two H' ions adsorbed for each Mn?" ion suggest
the complex formation of either hydrolysis or bidendate
reaction shown in Fig. 6. The concentration of manganese
species at different pH values were calculated and plot-
ted in the figure. Table 2 shows different concentrations
of manganese with equilibrium constants.

Manganese species, in particular, Mn*" ions are predom-
inantly adsorbed on MOCZ surface at lower pH detected
by final pH value (Fig. 5) which is almost constant up to pH
7.5. Manganese species are generally adsorbed in the com-
plex form and hydrolysis complex formation [Mn(OH)']
increases with an increase in pH. Fig. 6 shows that for
pH > 7.5, the change in final pH is higher and the concen-
tration of adsorbed Mn* ions and [Mn(OH)'] complex is
roughly in equality; thus concentrations of [=EMnOXOH]
and [EMnOX*] would be the same.

It is evident from the experiment that solution pH devi-
ated from 7 hampered the adsorption process. The MOCZ
adsorbent is protonated in an acidic medium. The removal
efficiency of manganese is greatly decreased while protons
(H") and Mn*" are competing in order to binding on reactive
sites; however, Mn*' ions demonstrate the repulsive effect on
the positively charged surface. Almost similar results were
also reported in [36] point out that uptake efficiency of acti-
vated carbon was decreased owing to high interference of

1.2

*\i
)

0.8

[ e A

06 | =E—=MnS0Oy4

+
MnHSO,

s L -
I e |

Relative concentration, Ci/Ct

pH

Fig. 6. Plot of the relative concentration of different manganese
species with pH at an initial concentration of 0.592 mmol L™ and
dose 1 g of MOCZ.

Table 2
Chemical reaction equilibrium constants (k,) for manganese spe-
cies

Chemical reaction k, References
Mn* + SO =MnSO, 190 [32]
Mn* + HSO, = MnHSO} 181.97 [33]
Mn? + OH- = MnOH* 6.27 x 10° [34]
Mn* + 20H" = Mn(OH), 6.31 x 10*2 [35]
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protons which ultimately damage the adsorbent. At pH > 7,
there is a possibility of the electrostatic repulsion between
Mn? species and adsorbent surface with negative charges
decreased the rate of metal removal. In fact, the num-
ber of hydroxyl groups (OH") increases with an increase
in solution pH; thus, the number of positively charged
sites decreases and the attraction between Mn* ions and
MOCZ surface reduces. Moreover, at higher pH (pH > 7)
Mn species maybe interact with OH™ to form manganese
hydrous oxide [Mn(OH)'] that shows sluggish kinetics of
Mn adsorption in the system [37].

3.5. Adsorption isotherm

Basic parameters of the separation technique are con-
sidered to be adsorption isotherms [38] and adsorbent
capacity is determined from the linear fitting of the equi-
librium data. The equation of the Langmuir model is
employed, in general, for the study of the adsorption iso-
therms at a constant temperature to develop a design model
of wastewater treatment.

The concept of monolayer formation on the adsorbent
surface with ideal sites of uniform energies without transmi-
gration of adsorbate molecules in the bulk can be explained
by the Langmuir isotherm model. The following equation
represents the isotherm model for the solid-liquid system:

111 5
qmax

where Langmuir parameters, q__ is the maximum adsorp-
tion capacity (mg g™') for monolayer formation at equilib-
rium concentrations and K is the Langmuir isotherm constant
(Lmg™) [38].

The important properties of the Langmuir model can be,
in general, described by a dimensionless quantity, R, at equi-
librium as follows:

1

R = m (6)

where K defined earlier indicates the nature of adsorption
and initial concentration of Mn* (mg L™) is indicated as
C, R, directs the types of isotherm of the system as R, > 1:
unfavorable, R, = 1: linear as well as 0 < R, < 1: favorable
and R, = 0: irreversible. Based on Eq. (6), R, value is 9 x 107,
indicating the favorable conditions for Mn?* adsorption.

3.6. Adsorption kinetics

Adsorption kinetics was evaluated by two different
models: (1) pseudo-first-order [39] and (2) pseudo-second-
order kinetic model [40] and corresponding experimental
results are presented in Table 3. The Lagergren first-order
model is based on the manganese uptake capacity for the
liquid/solid adsorption system. The linear form of the
equation is expressed as perfect correct:

K, %)

log(q, —q,)=10g(q,)- 5303
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Table 3
Kinetic parameters of pseudo-first and second-order models
evaluated for Mn* ions adsorbed onto MOCZ

Pseudo-first-order model Pseudo-second-order model

qf,exp. qe/theor. qe/theor.
mgg! k  (meqgl) R* K (meqg™) R?
29.80 19.81 33.99 0.948 152.89 0.0036 0.999

where g, is the amount of heavy metal ion adsorbed (mg g™)
at equilibrium, g, is the amount adsorbed (mg g™') at time ¢,
and k, is the Lagergren pseudo-first-order adsorption rate
constant (min™).

The kinetic model of second-order reaction can be
explained by the amount of adsorbate molecules is captured
on the adsorbent surface. The kinetic rate of the adsorption
process suggests a second-order mechanism and the rate
equation can be expressed as:

oL (®)

9 ka a.

The adsorption process Mn*/MOCZ did not properly
follow a pseudo-first-order reaction (R* = 0.948) as indicated
in Table 3. The adsorption capacity (q,) of the MOCZ adsor-
bent extracted from the kinetic model was not satisfactory in
comparison to that of the experimental values (29.8 mg g™).

The adsorption process is properly associated with
a pseudo-second-order kinetic model verified by cor-
relation coefficient (R* > 0.99). The theoretical values of
adsorption capacity (q,) of MOCZ are strongly correlated
to the values of experimental results. In fact, chemical
adsorption can be defined by the rate-limiting step as one
of the assumptions of this model where valence forces
are involved over the exchange or sharing of electrons
between adsorbent and adsorbate of the process [41].

Kinetic results for adsorption of Mn*/MOCZ sys-
tem are illustrated in Fig. 7 where experimental outcomes
were compared to those of theoretical data. It can be con-
cluded that the experimental data did not fit well with the
Langmuir model as the initial rate of adsorption is too high.
Therefore, two sites one molecule mechanism were stud-
ied. One molecule would occupy two sites of adsorbent
as demonstrated in this mechanism quite successfully.

3.7. Modified Langmuir model

Langmuir model of adsorption isotherm study has been
proposed to be modified for two sites (B and S) one mole-
cule (BS,) type of adsorption can be defined as dual sites
mechanism. The reaction schemes and equations become:

k
B +25 BS, )
k

2

According to this sorption phenomenon, it is required
two sites (B and S) fit one molecule (S,B). So, the number of

‘mEm m m ® & @

g experimental

B qtheoretical

q (mg/g)
o~

0 20 40 60 &0 100 120
Time (min)

Fig. 7. Plot comparing theoretical and experimental quantities of
Mn?* adsorbed at an initial concentration of 50 mg L, dose 1 g of
MOCZ and initial pH 7.

active sites is double to the number of molecules adsorbed.
Thus:

2q w
¢, == (10)
2qw
S,B qT 11)
C
K=t T (12)
k2 CBCS
C
K= 58 (13)
C,(C ~Cos)
w
KC, = 57‘7 . (14)
(9.-4)

where C,, C, and C,, correspond to initial concentration
of reactant S; concentration of reactant B and concentration
of product 5,B (mg L) at the time, ¢; K is the Langmuir
isotherm constant (L mg™) and the rest of the Langmuir
parameters stands common meaning.

The rate of changes of occupied sites:

acs ,
dtz = kchCE - kZCSZB

(15)

Cy=Cs, —Cs (16)
Therefore, the kinetic model for two sites one molecules
is shown as below:

dq 2w

1=k (0. -a) kg (17)
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The equilibrium data were fitted using the equations
below:

-y |1
1= 2Kv\ C,

Table 4 indicates that equilibrium and kinetic adsorp-
tion parameters, R* values for diverse systems consid-
ering different mechanisms. The theoretical values for
Langmuir and two sites one molecule mechanisms were
calculated. These calculated values are plotted against the
corresponding time, t and the resulted curves were com-
pared to the experimental values against the ¢ curve. The
values of experimental and theoretical results are shown in
Figs. 8 and 9 corresponding to Langmuir model (R* = 0.8147)
and two site one molecule (dual sites) (R* = 0.998) fittings.

In the adsorption of Mn* on MOCZ, the two isotherm
models, for example, Langmuir and two sites one mole-
cule models are applicable and the curves for the system
at an initial concentration of 50 mg L™ are presented in
Fig. 10. It can be comprehended from the tentative outcomes
that the fitting of the Langmuir model did not match well
with the data (Fig. 10a); however, the modified Langmuir
model, that is, the two sites one molecule model satisfied
them quite properly (Fig. 10b). Similar findings were also
reported in the literature where zeolites are employed for
the removal of manganese from aqueous solutions [22,24,42].
It can be concluded that the adsorption of Mn* using
MOCZ followed the two sites one molecule mechanism
where one molecule will occupy two sites of the adsorbent.

(18)

Table 4
Equilibrium and kinetic adsorption parameters evaluated for
MOCZ considering Langmuir and dual site mechanism

Mechanism Equilibrium Kinetic
K S k, k,
Langmuir 214.96 0.00693 0.8147 461+39 5.064+1
Dual sites 1,955.97 0.9267 0.998 0.0027 1.39 x 10
14
| (@)
12 ‘
10 = Experimental
Langmuir
8
=
&
6
g
4
2
0 - - !
0 50 100 150
Time (min)
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The values of standard deviations from the experimental
values for all the plots were calculated. The values of
standard deviations for the Langmuir model and two
sites one molecules mechanism were 0.03372 and 0.0001,
respectively. It can be resolved that due to the smaller
value of standard deviation; two sites one molecule
mechanism is more applicable for this system.

700 -
600 -
500 -
~ 400 | ¢
£
Sy 300 - %
S
o= 200 1*
100 -
0 T T T T T )
0 500 1000 1500 2000 2500 3000
1/C, (L/mg)
Fig. 8. Linear fitting of Langmuir adsorption isotherm.
6 -
5 4
4 -
0
W 3
8
o 2
1 4
0 T T T T T T T T ]
0 025 05 075 1 125 15 175 2 225
a
&

Fig. 9. Linear fitting of two sites one molecule adsorption iso-
therm.

o (b)
.
6
= Experimental
- 3
S - B Two site one molecule
¥ oa
S =
< 3
\-
2
]
1 4 \ : o [ [ i} 0
0 T T T T T —
0 20 40 60 80 100 120

Time (min)

Fig. 10. Experimental and theoretical data presented by considering two different mechanisms at initial concentration 50 mg L™, dose
1 g of MOCZ and initial pH 7 (a) Langmuir model and (b) two sites one molecule.
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4. Conclusion

The current study successfully demonstrates Mn*
adsorption by MOCZ from contaminated water. The as-
prepared MOCZ has high crystallinity and the oxide coat-
ing mainly presents as vernadite (YMnO,) with a specific
surface area of 39.9 m? g and an average pore diameter
of 1.1733 nm. Results showed that the adsorption process
of Mn*/MOCZ is a function of pH and Mn* adsorption
increased with pH. The adsorption kinetics of the Mn?/
MOCZ system followed pseudo-second-order kinetic
model point out that the separation system may be chemi-
cal adsorption. Furthermore, the modified Langmuir model,
that is, two sites one molecule model fitted well with equi-
librium data, demonstrating high adsorption capacity of
MOCZ for Mn?" removal and the maximum capacity was
found to be 0.9267 meq Mn*" g'. Manganese uptake results
in the combination of several interfacial reactive methods,
for example, ion exchange, physisorption, chemisorption,
reverse osmosis, etc. It can be proposed that the modified
zeolite (MOCZ) would be an effective adsorbent for the
removal of heavy metals from industrial wastewater.
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