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Faculty of Science, Department of Chemistry, Golestan University, Gorgan, Iran

ABSTRACT

Manganese oxide nanocomposite (Mn,03/Mnz0,4) was prepared by sol-gel technique and used as
an adsorbent. Fourier Transform Infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and Field
Emission Scanning Electron Microscopy (FE-SEM) were used to characterize the adsorbent. The
response surface methodology (RSM) was employed to evaluate the effects of solution pH, initial
Fe (lll) ions concentration, adsorbent weight, and contact time on the removal ratio of the Fe (lll)
jons. A total of 27 adsorption experimental runs were carried out employing the detailed
conditions designed based on the Box-Behnken design (BBD). Results showed that the pH of the
solution and initial Fe (lll) ions concentration were the most significant parameters for Fe (lll)
ions removal. In process optimization, the maximal value of the removal ratio of Fe (lll) was
achieved as 95.80%. Moreover, the corresponding optimal parameters of adsorption process
were as: contact time =62.5 min, initial Fe (ll) concentration =50 mg/L, adsorbent weight=0.5 g,
and pH=5. The experimental confirmation tests showed a strong correlation between the
predicted and experimental responses (R? =0.9803). The fitness of equilibrium data to common
isotherm equations such as Langmuir, Freundlich, and Temkin were also tested. The sorption
isotherm of adsorbent was best described by the Langmuir model. The kinetic data were
analyzed using pseudo-first-order, pseudo-second-order, intraparticle diffusion, and Elovich
kinetic models. The adsorption kinetics of Fe (lll) ions were well fitted with the pseudo-second-
order kinetic model.
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1. Introduction that heavy metals have toxic or harmful effects on

Today, adsorption is used as one of the most promising
methods in removal process of heavy metal ions because
of its high efficiency, easy handling, and the effectiveness
of various adsorbents (7, 2). Liquid-solid adsorption
systems are based on the ability of certain solids to pre-
ferentially concentrate specific substances from sol-
utions onto their surfaces. Metal oxide nanoparticles,
often characterized by a significant amount of surfaces
and high capacity, are among the promising adsorbents
for heavy metals removal because of their unique prop-
erties and potential applications (3-5). It is well known

many forms of life. Iron in the environment enters to
water through from steel tempering, coal coking, and
mining industries (6, 7). Iron toxicity can cause anorexia,
shock, and oliguria. Iron overdose known as hemochro-
matosis is caused by a gene that enhances iron absorp-
tion in the body (8). Iron accumulates over time in the
liver, bone marrow, pancreas, skin, and testicles.
Accumulation of iron in these organs causes them to
functions poorly (9, 10).

The aim of this work is the synthesis of manganese
oxide nanocomposite (Mn,03/Mns0,) and its application
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for adsorption of Fe (lll) ions. Nanoparticles were syn-
thesized by sol-gel method and characterized by IR,
SEM, and XRD. The important parameters that affect
the adsorption were explored using the response
surface methodology approach (RSM). RSM is a statistical
and graphical technique that is useful in studying the
interactions of two or more factors affecting the adsorp-
tion process and determining the optimum operating
conditions for the system (77-14). The Box-Behnken
design (BBD) of the RSM was employed to investigate
the effects of significant factors that influenced the
removal of Fe (lll) ions from aqueous solution by
Mn,03/Mn30, nanocomposite and understand their
impact on the process. Langmuir isotherm model was
applied to fit equilibrium sorption data. The experimen-
tal data were analyzed using the pseudo-first-order,
pseudo-second-order, intraparticle  diffusion, and
Elovich kinetic models.

2. Experimental section
2.1. Materials and methods

The chemicals used during this study such as Fe
(NO3)3-9H,0, Mn (NOs),-4H,0, NaOH, and HCl were pur-
chased from the Merck and used as received without
further purifications. The Fourier transform infrared
(FTIR) analysis of the metal oxides used in this study
was characterized by an FTIR apparatus (Perkin-Elmer
Model System 2000 using KBr pellet method). In
order to directly observe the surface morphology of
the adsorbent, Field emission scanning electron
microscopy (FE-SEM) (SIGMA VP-500, Germany) was
employed in this study. The elemental information
and structure of synthesized material were determined
by an X-ray diffractometer (XRD) (X'Pert Pro, Analytical,
Netherlands) at ambient temperature. N, adsorption-
desorption isotherm and the specific surface area of
the particle were carried out on a Brunauer-Emmett-
Teller (BET) surface area analyzer (Nova Station A,
Quantachrome, America) for nitrogen adsorption. Fe
() remaining unadsorbed in the supernatant liquid
was determined with an Atomic Absorption Spec-
trometer (model Shimadzu, AA-7000).

2.2. Preparation of nanocomposite

In the laboratory, the manganese oxide nanocomposite
was prepared by sol-gel method. First, 5g desired
metal salt (Mn (NOs),-4H,0) was dissolved in 75 mL deio-
nized water. Then, 1 M NaOH solution was added drop-
wise to the above mixture through the mechanical
stirring at room temperature. When pH reached 13, the
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stirrer was turned off and the obtained solution was
kept at room temperature for 24 h. After this time, the
content was filtered off and washed several times to
remove any NaOH with deionized water and the wet
powders were dried at 70° for 18 h. The obtained dry
powder was heated in a quartz tube furnace at 250° for
3 h and, finally, was calcinated at 600° for 3 h. Manga-
nese ions were first reduced in alkaline aqueous to Mn
(OH), and then decomposed into MnO. Eventually,
MnO was oxidized to Mn30,4 at 250° (15, 16):

Mn%* + 20H™ — Mn(OH),
Mn(OH)z — MnO + H2O

1
3MnO + 502 —> Mn304

As confirmed by earlier studies (77, 18), in the tempera-
ture range of 300-450°, Mn3O, (Mn?*, Mn3") can be
transformed into MnsOg(Mn2*, Mn3™). Next, MnsOg was
reduced to Mn,O; at 600°. The reactions scheme can
be written as follows:

2 3
Mn3O4 + EOZ —> gMn5OS

3 3 3
—Mn;0 -Mn,03 +—0
5 Ns 8—>2 n; 3+20 2

N, adsorption-desorption isotherm of manganese
oxide nanocomposite is presented in Figure 1 and
the corresponding physicochemical properties includ-
ing BET surface and average pore volume are shown
in Table 1.

<& Adsorption

Volume adsorbed (cm3/g)

0 004 008 0.12 0.16 0.2 024 028 032
Relative pressure (P/P0)

Figure 1. N, adsorption-desorption isotherm of manganese
oxide nanocomposite.

Table 1. Textural oxide
nanocomposite.
BET surface area (m%/g)

15.53 0.125

properties of manganese

Average pore valume (cm®/g)
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2.3. Adsorption experiments

Adsorption experiments were performed by mixing a
certain amount of adsorbent with 200 mL of the heavy
metal solution of known pH and initial concentration.
The suspensions were equilibrated by shaking for a
desired period of time. The clear supernatants after
filtration were analyzed for Fe (lll) ions concentration
using an atomic absorption spectrometer. The removal
ratio of metal ions was calculated using the following
equation:
n= Co—Ce 100% M
Go
where C, (mg/L) and C, (mg/L) are the initial and
equilibrium concentrations of the adsorbate, respect-
ively, and n is the removal ratio (in percent) of Fe
(M) ions.
The amount of Fe (lll) adsorbed per unit of adsorbent,
g: (mg/g), was calculated according to mass balance on
the iron concentration; Equation (2):
(Co — GV

aqt = T (2)

where V (L) is the volume of the solution, W (g) is the
weight of adsorbent, and C; (mg/L) is the concentration
of the adsorbate at time t.

2.4. Design of experiments

Box-Behnken Design is one of the most efficient exper-
imental designs among of other response surface
designs, because of its ability to estimate the parameters
of the quadratic polynomial model and detection of lack
of fit of the model (79). A 3-level, 4-factor Box-Behnken
Design was used to evaluate the effect of the selected
parameters on the removal efficiency of Fe (lll) ions
from water by the adsorbent. Four parameters affecting
heavy metal removal, namely solution pH (X;), initial Fe
(I) concentration (X,), adsorbent weight (Xs), and
contact time (X;) were selected as independent vari-
ables, and the removal ratio (Y) of Fe (lll) ions were con-
sidered as the dependent variable (the predicted
response) (Table 2).

Table 2. Experimental range and coded levels of independent
variables.

Low coded Middle High coded
Independent variables (=1 coded (0) (+1)
Initial Fe (lll) concentration, 20 35 50
Xi (mg/L)
pH, X, 2 35 5
Adsorbent weight, X5 (g) 0.1 0.5 0.9
Contact time, X4 (min) 5 62.5 120

A regression quadratic polynomial model is described
in Equation (3):

RO =ao+ Y aXi+ Y aiXP+ > aXXi+e (3)

Where «y is the constant coefficient, o, @, and «; are
the regression coefficients and X; and X; indicate the
independent variables. Moreover, ¢ represents the
random error (20).

3. Results and discussion

3.1. Effects of adsorbent weight and initial
concentration at fixed contact time and pH

Adsorbent weight studies were carried out at room temp-
erature, a pH of 3, and a fixed time (180 min) for two
different adsorbate concentrations (minimum and
maximum adsorbate concentrations 20 and 50 mg/L,
respectively). It could be seen from the Figure 2 that the
removal ratio increased gradually with increasing adsor-
bent weight to a maximum 0.9 g. After this maximum
equilibrium value, the removal ratio did not increase
with increasing adsorbent weight. These results suggest
that the relationship between adsorbent weight and
removal ratio was related to the increase in the number
of adsorption sites and that increasing this number had
no effect after equilibrium was reached. From the
results, the minimum and maximum weights of adsor-
bent were determined as 0.1 g and 0.9 g, respectively.
Figure 2 represents that sufficient adsorption sites are
available at lower initial concentration, but at higher con-
centration, metal ions are greater than adsorption sites.

3.2. Effects of contact time and initial concentration
at the fixed adsorbent weight and pH

Figure 3 represents the effects of contact time on the
removal ratio of Fe (lll) ions under different initial

100

A A 20mg/L
80 - A
A L B 50 mg/L
A .
60 -
S
=
40 4
| ]
20 A
0 T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4

adsorbent weight (g)

Figure 2. Effects of adsorbent weight and initial concentration
for minimum and maximum concentrations of 20 and 50 mg/L,
respectively, on removal ratio of Fe (lll) ions at room temperature,
pH =3, and t= 180 min.



concentrations. As can be noticed, the removal ratio of
Fe (Ill) ions increases with contact time and finally reaches
an equilibrium state in approximately 120 min. From the
results, the minimum and maximum contact times were
determined as 5 and 120 min, respectively.

Contact time studies show that an increase in the con-
centration initial Fe (lll) ions results in a decrease in the
removal ratio. This result can be attributed to the fact
that for a fixed adsorbent weight, the total available
adsorption sites are limited. Thus, due to saturation of
the adsorbate into the adsorbent and less of binding
sites, with increasing initial Fe (lll) ions concentration
the removal ratio decreases.

3.3. Effect of pH at fixed contact time and
adsorbent weight

Effect of pH on the adsorption of Fe (lll) ions was inves-
tigated at different pH values ranging from 2.0 to 5.0
(Figure 4). The pH of the solution affects the surface
charge of adsorbent. At low pH, Hs;O" ions were
adsorbed on the surface of adsorbent so that the net
charge of adsorbent was positive and the removal
ratio of Fe (lll) was low. At higher pH, the adsorption
of Fe (lll) ions occurred through a co-operation of ion
exchange and electrostatic interaction. Maximum
adsorption was observed at about pH 3. With increas-
ing pH values (up to 5) the adsorbent surface
becomes more negative. Therefore, negatively
charged Fe (lll) species may be repelled by the nega-
tively charged adsorbent surface functional groups,
which result in a decrease in the removal ratio of Fe
(). At pH values higher than 5, Fe (lll) precipitation
occurred. Therefore, pH values higher than 5 were
not investigated. In general, the results indicated that
adsorption is highly pH dependent. Similar results
were reported in the literature (3).

120

100 + . . * 20mgL
80 1 50 mg/L
s *
S| *
a .
40 | *

20 A

0

0 20 40 60 80 100 120 140 160 180 200 220

t (min)

Figure 3. Effects of contact time and initial concentration on the
removal ratio of Fe (lll) ions at room temperature, pH =3, and
adsorbent weight =0.9 g.
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3.4. FT-IR spectroscopy

The FT-IR spectra of manganese oxide (Mn,03/Mns0,)
nanocomposite is shown in Figure 5. In the IR spectra of
Mn,03/Mn30,, the stretching vibration bands located at
588 cm™' correspond to the vibration of Mn-O in an octa-
hedral environment, while the stretching vibration band
located at 484 cm™' can be attributed to the vibration of
manganese species (Mn3*—=0) in the octahedral site of
Mns;O,. The stretching vibration band at 484 cm™
confirmed the Mn,Os3 (76, 27). Two weak absorption
bands at 1450 and 1630 cm™' are attributed to the
water molecules adsorbed on the surface of nanoparticles.

3.5. X-ray diffraction (XRD)

The crystalline structure of this nanoparticle was character-
ized by XRD. XRD patterns of manganese oxide nanocom-
posite (Mn,0O3/Mn30,4) are shown in Figure 6. The average
crystallite sizes was calculated from the XRD line broaden-
ing using the Scherrer’s formula (d=0.9 A / 8 cos6), where
d is the crystallite size (nm), 6 is the angle of incidence, A is
the wavelength of x-ray diffraction (A= 1.5406 nm), and f3
is the full width at half maximum (22). The average crystal-
lite sizes of the nanoparticle are about 48 nm measured
from the peak appears at 20 =38.41° using the Debye
Scherrer approximation. From Figure 5, the peak positions
at 260 =23.33, 33.14, 38.41, 45.34, 49.53, 55.35, and 65.93°
confirmed the preparation of Mn,05/Mn304 nanocompo-
site with a cubic structure, which is in accordance with
those of the standard spectrum (No. 41-1442 and 24-
0734). XRD results showed that the prepared nanoparticle
is a well-crystalline material.

3.6. FE-SEM imaging of the adsorbent

The morphology and the nature of the surface of adsor-
bent are presented by the FE-SEM image (Figure 7). The

100

90 -
80 -
70 -

60 - -
L -

N (%)

50 20 mg/L
40 -

30 A

20

1.5 2 2.5 3 35 4 45 5 55 6
pH

Figure 4. Effect of pH on the removal ratio of Fe (lll) ions at room
temperature, adsorbent weight =0.9 g, and t =120 min.
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Figure 5. FT-IR spectra of Mn,03/Mn30, nanocomposite.

FE-SEM image of Mn,03/Mns0,4 nanocomposite shows
several hundreds of nanoparticles. Aggregated nanopar-
ticles with a diameter varying between 30 and 80 nm are
observed in this figure. The FE-SEM image of Mn,0s/
Mn30,; nanocomposite confirmed the spherical or
approximately spherical morphology of nanoparticles
with a porous surface, which may be beneficial to
metal ions diffusion and adsorption.

A microstructure measurement software was
employed to determine mean diameter and statistical
distribution of particle size by FE-SEM image (Figure 8).

The mean diameters determined by FE-SEM and XRD
are in good agreement.

3.7. Fitting model

The experimental values for each independent variable
were chosen according to the results obtained from

222

s

z

z 440

3

k= 211

Wmlw N
0.000 20.000 40.000 60.000 $0.000
2 0 (deg)

Figure 6. XRD patterns of Mn,05/Mn30, nanocomposite.

1200 1000 800

cm-1

600 400

the preliminary analysis. The coded levels of indepen-
dent variables (-1, 0, 1 for low, middle, and high
values) and response values (removal ratio) based on
the Box-Behnken Design using MINITAB software are
shown in Table 3.

A model that demonstrates the relationship between
Fe (lll) ions removal ratio and independent variables is
given in Equation (4). The model is proposed based on
the regression coefficients.

Y = 158.2 — 1.405A — 94.9B + 13.45B% 4+ 0.585AB (4)

where Yis the predicted responses for the removal ratio of
Fe (Il) and A and B are the initial Fe (lll) concentration and
pH. The predicted value of removal ratio of Fe (lll)
obtained using Equation (4), i.e. 95.80, is close to the
experimental value, i.e. 92.60, providing that the model
is fully applicable. The results of analysis of variance
(ANOVA) for the removal ratio of Fe (lll) are shown in
Table 4. The larger the value of F (41.31) and the smaller

Figure 7. FE-SEM of adsorbent.
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Figure 8. Particle size distribution of adsorbent by FE-SEM.
the value of P (<0.05) the more significant is the corre-

sponding coefficient term (23). As can be seen from
Table 3, all the p-values of A, B, B% and AB are less than
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0.05, suggesting that these variables are significant on
the removal of Fe (lll) ions. As shown in Table 2, the R?
value of 88.25 for Fe (lll) ions removal model showed
the almost well fitness of regression model for predicting
the removal results. The close correspondence between
R34 and R? indicates that unnecessary variables have
not been included. The ANOVA results showed that the
pH of the solution and initial Fe (lll) concentration were
the most significant parameters for Fe (lll) ions removal.

3.8. Determination of model adequacy

One of the key assumptions for the statistical analysis of
data from experiments is that the data come from a
normal distribution. Figure 9 represents predicted vs.
actual values of removal ratio of Fe (lll). The clustering
of the points around the straight line indicates a good
relationship between the experimental (actual) and the

Table 3. Box-Behnken design matrix for four variables and response values.

Experimental run Initial Fe (lll) concentration (A) pH (B) Adsorbent weight (C) Contact time (D) Removal ratio (%)
1 0 -1 1 16.85

2 -1 -1 0 0 15.75

3 1 0 -1 0 25.10

4 0 0 -1 -1 7.78

5 0 -1 -1 0 7.85

6 1 -1 0 0 14.68

7 1 0 1 0 23.66

8 -1 0 1 0 0.00

9 -1 0 -1 0 0.00

10 -1 0 0 -1 0.00

11 0 0 0 0 7.85

12 -1 0 0 1 16.25

13 -1 1 0 0 41.00

14 0 0 0 0 14.90

15 0 -1 1 0 21.52

16 0 1 0 -1 52.85

17 0 1 0 1 63.03

18 0 0 0 0 22.85

19 0 -1 0 -1 0.00

20 0 -1 0 1 23.39

21 0 1 1 0 94.28

22 1 0 0 1 215

23 0 0 1 1 10.53

24 0 0 1 -1 18.92

25 1 0 0 =1 11.18

26 0 1 -1 0 9417

27 1 1 0 0 92.60
Table 4. ANOVA results for optimization of Fe (lll) ions adsorption.

Source Degree of freedom (DF) Coefficient estimate Sum of squares (SS) Mean square (MS) F-value p-Value
Model 4 158.2 18404.1 4601.0 41.31 0.000
A 1 —1.405 1115.9 11159 10.02 0.004
B 1 —-94.9 10486.7 10486.7 94.16 0.000
B? 1 13.45 6107.9 6107.9 54.84 0.000
AB 1 0.585 693.5 693.5 6.23 0.021
Residual error 21 24503 114

Lack of fit 19 2337.6 116.9 2.08 0.375
Pure error 2 112.6 56.3

Total 26 20854.4

R*=188.25.

R2req=82.04.
R3g=86.11.
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100
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Figure 9. Predicted vs. actual values of removal ratio of Fe (Ill).

prediction values, confirming the robustness of the
model.

3.9. Contour plot and response surfaces

Figure 10(a) shows a contour plot of the relationship
between initial Fe (lll) concentration and pH. It can be
seen that at upper values of C; maximum removal
ratio occurs at higher values of pH. Therefore, there is

R %
< 20,0
200 - 40.0
W 40.0 - €0.0
W 60.0 - 80.0
pPH 3.5 ] = ED.0
3.0
2.5
2.0 T T T T r
20 25 30 35 40 45 50
o
(a)

100

(b)

Figure 10. (a) Contour plots and (b) response surface for Fe (Ill)
ions adsorption at adsorbent weigh =0.5 g and contact time =
62.5 min.

an optimum at upper values of Cy and higher values of
pH. The optimized conditions of the process determined
by the software are pH=5, initial adsorbate concen-
tration=50 mg/L, adsorbent weight=0.5g, and
contact time =62.5 min for a maximum removal ratio
of 95.80%. The interaction between initial Fe (lll) concen-
tration and pH is presented by response surface plot
Figure 10(b). Response surfaces plots, obtained as a func-
tion of two factors maintaining all other factors constant,
are helpful in understanding both the main effects and
the interaction effects of these two factors (19, 24). It
could be seen that an increase in pH value from 2 to 5
resulted in enhancing the removal ratio of Fe (lll) ions
from 10.5% to 95%. Therefore, pH of solution played an
important role in the removal ratio of Fe (lll) ions on
adsorbent as was evident from the equation (coefficients
in Equation 4) and plot.

3.10. Adsorption equilibrium isotherm

Adsorption isotherm describes how the metal ions are
distributed between the liquid and solid phases when
the adsorption process reaches an equilibrium state, as
their distribution manner is an important factor in deter-
mining the maximum sorption capacity.

3.10.1. Langmuir isotherm model
The linear equation of Langmuir isotherm model is
expressed as follows:

C_C,

= — (5)
de dm KL dm

where g, is the monolayer adsorption capacity of adsor-
bent (mg/qg) and K; is the Langmuir adsorption constant
related to the energy of adsorption (L/mg) (25); Figure 11
and Table 5.

3.10.2. Freundlich isotherm model
The Freundlich equation is an empirical equation that is
very useful as it accurately describes much adsorption

| y=0.2133x + 0.0131
R2=0.9723

0 5 10 15 20 25 30

Figure 11. Isotherm plot for the adsorption of Fe (lIl).



Table 5. Langmuir, Freundlich, and Temkin constants.

Langmuir
dm(mg/qg) 22.03
K, (L/mq) 0.897
r 0.981
Ag:(%) 0.052
Freundlich
3 1.993
Ke((mg/g).(L/ mg)'"/") 8.84
r? 0.961
Ag:(%) 0.12
Temkin
Br 4947
Kr(L/ mg) 8.32
r 0.966
Ag:(%) 0.078

data. The Freundlich isotherm (Van Bemmelen equation)
is in the linearized form

1
log g. = log K¢ + - log Ce (6)

where Kr and n are Freundlich constants concerning the
multilayer adsorption capacity and adsorption intensity,
respectively (Table 5).

3.10.3. Temkin isotherm model

Temkin and Pyzhev (1940) considered the effect of the
adsorbate interaction on adsorption and proposed the
model known as the Temkin isotherm, which can be
expressed as:

de :BTInKT+BTInCe

RT
By = -
T~

Where K7 (L/mg) is Tempkin isotherm energy constant, Br
is Temkin isotherm constant related to the heat of sorp-
tion, R is the gas constant, and T is the temperature
(Table 5).

It can be vividly seen from these results that the coeffi-
cients of determination (R%) were very high for three
models above. The applicability of the three models to
describe the adsorption process was further validated
by the normalized standard deviation, Ag; (%), which is
defined as:

7)

— 2
Aqe (%) = \/Z [(qt, exp - jt,;al/qt, exp)] ®)

where N is the number of data points and g ey, and qgcq
(mg/g) are the experimental and calculated adsorption
capacity, respectively. Based on the highest R? values
and the lowest Ag; values, the Langmuir model was,
therefore, the most suitable equation to describe the
adsorption isotherms of Fe (lll) on Mn,03/Mn30,4 nano-
composite prepared (Table 5).
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3.11. Adsorption kinetics

Except for adsorption capacity, the kinetic performance
of a given adsorbent is the base to determine the per-
formance of fixed-bed or any other flow-through
systems (26). Kinetic studies show the uptake rate of
adsorbate, which controls the resident time of the
whole adsorption process. The applicability of the
pseudo-first-order (27), pseudo-second-order (28),
intraparticle diffusion (29), and Elovich (30) models
were tested for the adsorption of Fe (lll) ions onto
the adsorbent. Adsorption kinetics was studied by
varying the time of reaction in an optimal amount of
parameters.

3.11.1. The Pseudo-first-order kinetic model

The Lagergren rate equation is one of the most widely
used adsorption rate equations for the adsorption of
solute from a liquid solution. The pseudo-first-order
kinetic model may be represented by Lagergren:

In(ge —g,) =Inge — kit 9)

where g, is the amount of Fe (lll) ions adsorbed (mg.g™")
at time t (min) and k; is the rate constant of pseudo-first-
order adsorption (min~"). The validity of the model can
be checked by the linearized plot of In (ge.—q;) versus
t. (31, 32); Table 6.

3.11.2. The Pseudo second-order kinetic model
The Pseudo-second-order kinetic model is expressed as:

t/qe = 1/k2G2 + t/qe (10)

where the equilibrium adsorption capacity (g.), and
the second order constant k, (g. mg~'. min~") can
be determined experimentally from the slope and
intercept of plot t/q; versus t (33); Figure 12 and
Table 6.

35
3 y =0.0505x + 0.2163
25 R2=0.998
g 7]
1.5 A
] .
0.5
0 T ! '
0 20 40 60 80
t (min)

Figure 12. Pseudo-second-order kinetic model.
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Table 6. Kinetic parameters.

Kinetic models parameters

Pseudo-first-order ge (mg. g7) 11.61
ky (min™") 0.0795
r’ 0.976
Ag; (%) 0.073

Pseudo-second-order ge (mg. g7") 19.80
ky (min™") 0.012
r 0.998
Ag; (%) 0.025

Intraparticle kinetic model K4 (mg. g~". min~"3) 157
r 0.871
Ag; (%) 0.36

Elovich kinetic model B (g.mg™") 0.31
a (mg. g". min~") 18.58
r 0.959
Ag; (%) 0.13

3.11.3. Intrapatrticle diffusion kinetic model
The intraparticle diffusion model is applied to study the
adsorption process, which is written as:

qr = kgt +C (1)

where ky is intraparticle diffusion rate constant
(mg.g~".min~"?) (34, 35) and C is the intercept (mg/q)
and it gives an idea of the thickness of the boundary
layer.

3.11.4. Elovich kinetic model
The Elovich model equation is generally expressed as:

g: = (%) In(aB) + (%) Int (12)

The plot of g, versus In t should yield a linear relationship
with a slop 1/8 and an intercept of 1/8 In (af) (36). The
initial adsorption rate a (mg.g~". min™"), desorption con-
stant B (9. mg™"), and coefficients of determination (R?)
are given in Table 6.

According to the high correlation (R*=0.998 almost
equal to unity) and low normalized standard deviation
(Ag; (%) equal to 0.025), the adsorption of Fe (lll) ions is
best described by the pseudo-second-order kinetic
model compared to other kinetic models. Besides, the
calculated gevalue (g. = 19.80mg.g™") agree with
experimental gevalue (Geexp = 18.52mg.g™"). These
results suggested that the adsorption system studied
obeys the pseudo-second-order kinetic model. This

result is in accordance with the findings quoted by
other researchers (3, 8, 9, 10).

A comparison of the removal ratio of Fe (lll) ions for
different adsorbents is given in Table 7. As can be
seen, the removal ratio of Fe (lll) ions is higher than
that of reported adsorbents (3, 70, 37, 38). This result
may be due to the effect of surface area, morphology,
surface structure, and functional groups. Nonetheless,
this comparison is not precise, since the experimental
conditions are different.

Conclusion

In this research, manganese oxide nanocomposite
(Mn,03/Mn30,4) was synthesized by sol-gel method
which is a simple and inexpensive technique in the
preparation of nanoparticles. Mn,03/Mn3;0,4 nanocom-
posite was characterized by IR, SEM, and XRD tech-
niques and was used to remove Fe (lll) from aqueous
solutions. Experiments were conducted as a function
of different adsorption parameters (pH of the solution,
initial Fe (lll) concentration, adsorbent weight, and
contact time. RSM by BBD was used to evaluate the
effects of four process factors on Fe (lll) ions removal.
The ANOVA results showed that the pH of the solution
and initial Fe (lll) concentration were the most signifi-
cant parameters on the removal ratio Fe (lll) ions. In
the optimization process, the predicted maximum
removal ratio of Fe (lll) ions was achieved as 95.80%
with a pH of 5, the adsorbent weight of 0.5 g, initial
Fe (ll) concentration of 50 mg/L, and a contact time
of 62.5 min. Equilibrium studies showed that Fe (lll)
adsorption data follow the Langmuir model. The
adsorption kinetic correlated very well with the
pseudo-second-order equation. Therefore, it is expected
that the Mn,03/Mns0,4 nanocomposite with fine grain
size (about 48 nm) can be used as one of the
effective, convenient, and inexpensive adsorbents for
the removal of heavy metals from aqueous solutions.
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Table 7. The removal ratio of Fe (lll) ions by a different type of adsorbents.

Adsorbent Operating conditions The removal ratio Reference
Mn,03/Mn30,4 W=0.5g/200 ml, Co =50 mg/L, t=62.5 min, pH=5 n=95.80% This study
Activated carbon from coconut shells (ACCS) W=10.03 g/100 mL, Co =20 mg/L, t =60 min, pH=5.8 n=90% (3
Linde Type A- Zeolite W=0.19/30m L, C;,=70 mg/L, t=60 min, pH=6 n=96% (70)
Activated carbon T=30-60°C, W=0.1 g/50 mL, C, =50 mg/L, pH=2 n==65% (37)
Aerobic activated sludge T=20°C, W=0.29/10 mL, =50 mg/L, t=6h, pH=3 n=65% (38
Unaerobic activated sludge T=20°C, W=0.29/100 mL, C,=50 mg/L, t=6h, pH=3 n=70% (38)
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