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ABSTRACT

In this study, Fe-Mn-CO, layered double hydroxide (LDHs) and Fe-Mn Double oxide (DOs) were synthesized by the co-
recipitation methods for Se(IV) removal from aqueous solutions. The Se(lV) adsorption capacities and removal mechanism
of Fe-Mn LDH and Fe-Mn DOs determined by batch and column experiments. The calculated Se(IV) adsorption capacities
on Fe-Mn LDH and Fe-Mn DOs were 52.5 and 55.3 mg/g, respectively. Kinetic models applied to the adsorption of Se(lV)
on the Fe-Mn LDH and Fe-Mn DOs calculated using pseudo-first, second-order, Elovich, and Intraparticle diffusion kinetic
models and all kinetic parameters were calculated and discussed. Isotherm studies were also performed using Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich equations in the temperature range of 283 - 323 K. Adsorption kinetics and
isotherm experiments are well fitted pseudo-second order model and Freundlich isotherm, respectively. The production of

this adsorbent is cost-effective for industrial applications.
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INTRODUCTION

Selenium contamination occurs including mining
operations, mineral processing abandoned mine sites,
petroleum processing, and agricultural runoff, which
are transported to fish, other aquatic life, and water
birds [1, 2]. Naturally, selenium exists in the oxidation
states of selenide (Se(-Il)), elemental selenium (Se(0)),
selenite (Se(lV)), and selenate (Se(VI)) [3]. Selenate
and selenite are the most common chemical forms in
surface waters. The standard of selenium in drinking
water was set to 0.05 mg/L by the United States
Environment Protection Agency (USEPA) [4].

Several researchers summarized treatment
technologies for selenium removal from drinking water
and wastewater. Methods of treatment technologies
include precipitation, adsorption, ion exchange,
membrane processes [1, 5-7]. Recently, the adsorption
using an iron containing adsorbents has been
investigated intensively to remove selenium from

aqueous solutions, including iron oxide and hydroxides
[8], layered double hydroxides [9,10] and binary
oxide [11]. Layered double hydroxide, also known as
hydrotalcite-like [12] compounds are a large group
of natural and synthetic layered materials and have
received considerable attention in recent years due to
their particular structures and unique applications such
as a catalyst for oxygen evolution reaction [13]. Due
to the ease of the exchangeability of LDH interlayer
anions with other anions, they have been applied for
the adsorption of many harmful organic and inorganic
compounds in an aqueous medium. More recently,
Sajid and Basheer reviewed LDH applications as
emerging sorbent materials for analytical extractions
and excellent adsorbing properties of LDH [14]. There
is a large number of group of materials with cation-
exchange capabilities. The number of systems with
positively charged frameworks or layers are extremely
limited [12]. To the best of our knowledge, there is no
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research on adsorption capability of selenium on Fe-Mn
LDH and Fe-Mn Dos and their comparison. The aim of this
study is to evaluate the adsorption capacity of Se (IV) and
Se(VI) from aqueous solutions to examine the possibility of
using synthetic Fe-Mn LDHs and Fe-Mn DOs.

EXPERIMENTAL

Materials: All chemicals are analytical grade and
purchased from Sigma Aldrich Co., Ltd. Selenium
stock solutions were prepared by dissolving Na,SeO,
and Na,SeQO, in deionized water. Selenium working
solutions were freshly prepared by diluting Se(IV) and
Se(VI) solutions with deionized water.

Preparation of Fe-Mn LDHs and Fe-Mn Dos:
Fe-Mn LDH was synthesized using the traditional co-
precipitation method. In a typical procedure, 0.1 M of
Mn(NO,),-6H,0 and 0.1 M of Fe(NO,),9H,0 were
dissolved in 500 ml distilled water (Solution 1). Solution
2 was prepared by dissolving 0.1 M of Na,CO, in 400
ml distilled water. Solution 1 and 2 was added into 1 L
distilled water under constant stirring at a temperature
of 25 °C (at ambient temperature). The pH of the mixed
solution was kept at ten by adjusting 1 M NaOH. The
resulting suspension was aged at 60 °C for 4 h. Then
the final suspension was separated from the solution
by a filter paper and washed with distilled water. The
filtrate solid sample dried at 50 °C for 24 h to obtain the
Fe-Mn LDH. Finally, the powder of the Fe-Mn LDH was
calcined at 450 °C for 4 hours to form Fe-Mn DO.

The morphological, structural and chemical
characterizations of the materials are analyzed using
Scanning Electron Microscope (SEM, S-3400N,
Hitachi, Japan) equipped with Energy Dispersive
X-ray (EDX), X-ray diffraction (XRD, X-MAX=200-PC,
Rigaku Co., Japan) and Fourier Transform Infrared
Spectrometry (FTIR, Jasco, FT/IR-6600, Japan). pH
values were measured with a digital pH meter (pH300,
Hanna Instruments, Italy).

A mass of 0.1 g of Fe-Mn LDHs and Fe-Mn DOs was
separately mixed with 25 ml of 100 mg/L selenite solution
in 50 mL polyethylene tube in order to investigate
adsorption kinetics. The samples were shaken by
an over-head shaker at various time intervals (5, 10,
20, 30 min, 1, 2, 3, 4, 5, 6, 12 h, and 24 h). Then, the
samples were centrifuged at 3500 rpm for 10 min. The
Se(IV) adsorption kinetic data were correlated with the
adsorption kinetic models: Pseudo-first-order equation:

K
log(qe — ) = 1094e — 5553t 1)
Where, g_and g, are the amount of oxy metal anion
adsorbed at equilibrium and time (mg/g), respectively,
and K, is the equilibrium rate constant of Pseudo first-
order adsorption, (1/min). The pseudo-second order

model has the following:
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Where, K, is the equilibrium rate constant of Pseudo
second-order adsorption (g/mg-min). The Elovich
model equation is generally expressed:

qe = 5In(ap) + ;In(®) 3)

If oxy metal anion adsorption fits the Elovich model, a
plot of g, various In (t) should yield a linear relationship
with a slope of (1/8) and an intercept of (1/B) In(a B).
The intra-particle diffusion model is expressed:

logR = logK;q + alog(t) (4)
Where, R is the percent of arsenic adsorbed, is a rating
factor.
For adsorption isotherm, a mass of 0.1 g of Fe-Mn
LDHs and Fe-Mn DOs was mixed with 25 mL of various
concentrations of selenite solution in 50 mL polyethylene
tube. 0.1 g Fe-Mn LDHs and Fe-Mn DOs were mixed with
25 mL selenite solution of 100 mg/l in the polyethylene
tube in order to evaluate the pH effect on the adsorption
of selenite. 0.1 M HNO, and 0.1 M NaOH were used to
add 0.1, 0.5, 1, 3, 5, 10 ml respectively. The samples
were equilibrated for 24 h at 100 rpm on an orbital
shaker, and centrifugation has been performed all of
the samples. The residual concentration of Se(IV) in the
solution was measured by a standard method and total
selenium concentration in the supernatant determined
by ICP-OES. The Se(IV) adsorption isotherm data were
calculated with the theoretical models of Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich
isotherm model.
Langmuir isotherm model:
QmaxKLCe

qe = 1+K,C, (5)
Where q_ and q__ are the equilibrium and maximum
adsorbed amount of Se(IV) ion onto Fe-Mn LDH
and Fe-Mn DOs, respectively, K is constant related
to the adsorption energy (L/mg) and should vary
with temperature, C_ is the equilibrium selenium
concentration (mg/L).
The Freundlich isotherm model:

ae = KpC)'™ (6)
Where is the Freundlich constant and n the Freundlich
exponent.
The Temkin isotherm model:

_RT

RT
qe —TZnA+—

b InC,

RT_B
=

Where;
Therefore a plot of g, versus in C_ enables one to
determine the constants A and B. The Dubinin-
Radushkevich isotherm model:

lnCIe anm - BSZ

(8)
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Where q_ is the Dubinin-Radushkevich monolayer
capacity (mg/g), B a constant related to adsorption
energy, and ¢ is the Polanyi potential which is related to
the equilibrium concentration as follows:

£ =RTIn(1+) )

Where R is the gas constant (8.314 kJ/mol-K), T is
absolute temperature (K). The Constant  gives the
mean free energy (E) of adsorption per molecule of the
adsorbate when it is transferred to the surface of the
solid form infinity in the solution and can be computed
using the relationship:
E= ! 10
NeT (10)
The thermodynamic parameters that must be
considered to determine the adsorption processes
were changes in standard enthalpy (AH°), standard
entropy (AS°), standard free energy (AG°) due to
transfer of unit mole of solute from solution onto the
solid-liquid interface. The thermodynamic parameters
determined by the free energy of the Gibbs. Gibbs free
energy equation has the following:

AG° = AH° — TAS° = —RTInK, (11)

Where AH° is standard enthalpy, AS° is standard
entropy, AS° is standard free energy, R is the gas
constant (8.314 kJ/mol-K), T is absolute temperature,
and is Langmuir constant.

The value of AH® and AS° can be computed using the
following equation:
AH®  AS®

InK; = =Tt R (12)
Repeated adsorption and desorption experiments:
The desorption of selenite was tested in order to test the
repeated use of Fe-Mn LDH and Fe-Mn DOs. Firstly, 0.1
g of Fe-Mn LDHs and Fe-Mn DOs were mixed with 25
ml of selenite containing 100.0 mg/L, then equilibrated
for 1 hour. After centrifugation, the supernatant was
taken out and analyzed, and 25 mL of 0.1 M NaOH or
Na12CO3 solution was added into the bottle. After then,
the mixture was shaken to desorb Se(IV) from the Fe-
Mn LDHs and Fe-Mn DOs. After mixing for 1 hour, the
mixture was centrifuged, and the supernatant for further
analysis. This cycle was repeated 5 times.
Column experiments: For column experiments, Fe-
Mn LDHs and Fe-Mn DOs (2 g) were packed into a
glass column (10 mm inner diameter) fitted with glass
wool at the bottom and top. Aqueous solutions of
Se(lV) with 2 mg/L was continuously passed through
the column from bottom to top at a constant rate (35
mL/h) at room temperature using a Masterflex L/S
pump (Cole Parmer 7524-45, USA). After a periodic
sampling of the affluent, the sample was analyzed to
determine selenium concentration.

RESULTS AND DISCUSSION
X-ray diffraction analysis: The X-ray diffraction
patterns of Fe-Mn LDHs are shown in Figure 1a.
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Fig. 1. XRD patterns of Fe-Mn LDHs before a) and after ion exchange reaction c) of selenite and Fe-Mn DOs before

b) and after d) adsorption by Se(IV).
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Fig. 2. SEM image and SEM-EDX after adsorption of Se(lV) on Fe-Mn LDHs (a) and (c) and those after adsorption of
Se(lV) onto Fe-Mn Dos (b) and (d).

The results suggest that the synthetic Fe-Mn LDHs FTIR spectra analysis: The original peaks of Fe-Mn
were constructed to well-ordered layered structures. LDHs and Fe-Mn DOs are shown in Figure 3.

Our synthesized materials were based on the structure -
of manganese carbonate. e e L S
However, the adsorption added one new reflection

peak at 19.24° in Figure 1c. Probably, the Mn-Se-Fe
inner or outer-sphere complex was synthesized on the
surface of Fe-Mn LDHs. The amorphous structure of
Fe-Mn Dos is shown in Figure 1b. After the adsorption
process of Se(VI) onto Fe-Mn Dos, the crystalline peak 1)
was detected at 19.35° by XRD analysis showed in T
Figure 1d. Very low intensity Fe-Mn hydroxide peaks am
were observed on the surface of Fe-Mn DOs. . . . .
SEM image SEM-EDX analysis: SEM images and . . . i
SEM-EDX results of Fe-Mn LDHs are shown in Figure 2. b b

The EDX result shows selenite ion onto Fe-Mn LDHs. Bos= p—

Probably, the carbonate in the interlayer of Fe-MnLDHs | | |~ e sk
was interchanged with selenite. The SEM image of the
Fe-Mn Dos shows that the material was constituted by
many aggregated small particles, which led to a rough
surface and the presence of a porous structure. The
EDX analysis (Figure 2c, 2d) revealed that the molar
ratio of Mn/Fe was 1.31 and 1.14 for Fe-Mn LDHs
and Fe-Mn DOs, respectively, which is consistent
with the initial ratio of Mn/Fe. The Fe-Mn LDHs after
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carbonate into selenite in the interlayer. The iron oxide Rt

surface might provide the adsorption site for selenite Fig. 3. FTIR spectra of after adsorption of Se(IV) by
ion on the surface of Fe-Mn DOs. Fe-Mn LDHs and Fe-Mn DOs.
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After the adsorption process, the broad peak of LDH
at 1402 and 860 cm™ was reduced, and a new band of
Se(lV) is shown only at 948 cm™'. In the case of Fe-Mn
DOs, the adsorption of Se (IV) weakened the intensity
peak at 865 cm™, significantly.

Adsorption study of Se (IV) on the Fe-Mn LDHs and
Fe-Mn DOs: Figure 4 shows the kinetics of Se (IV) and
Se (VI) adsorption on Fe-Mn LDHs and Fe-Mn DOs.
As shown in Figure 4, our synthesized adsorbents
do not remove Se(VI). Some researchers reported
that chemical clarification with lime, ferric sulfate,
aluminum sulfate, and activated carbon adsorption
are moderately sufficient to remove Se(IV) from water.
However, all methods were ineffective in removing
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Fig. 4. Adsorption kinetics of Se(lV), Se(VI) by Fe-Mn
LDHs and Fe-Mn DOs

Se(VI) [15]. Therefore, we focused on the removal of
Se(lV). Se(lV) adsorption process by Fe-Mn LDH and
Mn-Fe DOs reached equilibrium within 6 h. The four
different kinetic models fitted to the experimental data.
The removal mechanism of Se(lV) by Fe-Mn LDH is an
ion-exchange step as following [16,171]:

S,,,-CO+ Se0, — S, Se0, +CO2z  (13)

Additionally, the surfaces of Fe-Mn LDHs and Fe-Mn
DOs are protonated at low pH and have a positive
charge.

S, -O+HO -8, -OH +HO  (14)

Fe-Mn

The interaction between the positively charged surfaces
and anions is another removal mechanism for Se(IV)
removal.

S

-OH + H"+ Se0 > — S-Se0; +H,0  (15)

Fe-Mn

Seop- OH + 2H"+ Se0,> — S-HSeO, + H,O  (16)

Where, S the surface of Fe-Mn LDHs and Fe-Mn DOs.
The adsorption kinetics of selenium adsorption on Fe-
Mn LDHs and Fe-Mn DOs and model parameters are
plotted in Figure 4 and Table 1. The pseudo-second
order model was more fitted with empirical data. It
was meant to be the adsorption of Se(IV) onto Fe-Mn
LDHs as chemisorption or the diffusion process. When
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chemisorption or intra-particle diffusion is involved in
the adsorption of Se(lV), the relationship between the
adsorbed amount of selenium anions and the square
root of time would be linear. As shown in Figure 4,
the relationship was linear, and this is evidence of
chemisorption [18].

Table 1. Summary of Se(IV) adsorption kinetics parameters
by Fe-Mn DOs and Fe-Mn LDHs

Pseudo-first-order Pseudo-second-order

Species a, K, r2 q, K, 12
mg/g 1/min mg/g mg/g-min

Fe-Mn LDH 20.841 0.037 0.935 24.367 0.001 0.999

Fe-Mn DOs 24.227 0.151 0.935 26.949 0.003 0.999

Elovich model Intra-particle diffusion

Species

B, g/mg a,mg/g-min r? K, a r2
Fe-Mn LDH 0.32 7.40 098 4.14 0.20 0.96
Fe-Mn DOs 0.47 988.87 095 565 0.10 0.95

Adsorption isotherm of Se (IV) onto Fe-Mn LDHs
and Fe-Mn DOs: The adsorption of Se(lV) from
solution by Fe-Mn LDHs and Fe-Mn DOs was fitted to
both the Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich adsorption isotherm models shown
in Figure 5 and Table 2. The adsorption isotherm
studies were carried out in the temperature range
of 283 -323 K. The Freundlich isotherm plot shows
a good correlation for all ranges of temperatures
between 0.94 and 0.99. Also, the Langmuir isotherm
model determined adsorption capacity (Q, ) of Se(IV)
onto Fe-Mn LDHs and Fe-Mn DOs as 0.6 mM/g and
0.7 mM/g, respectively. Langmuir isotherm model
assumes site-specific monolayer adsorption, and
the Freundlich isotherm model means a multi-layer
adsorption process. Temkin isotherm model assumes
interactions between Se(VI) anion and the adsorbents
by a uniform distribution of binding energies. The
Dubinin-Radushkevich isotherm model determined
free energy (E) of adsorption kinetics, where the values
were ranged between 4 to 8 kdJ/mol in the Fe-Mn LDH,
and Fe-Mn DOs, which the adsorption process occurs
physically. The thermodynamic parameters determined
by changes in Gibbs free energy AG°. The changes of
standard enthalpy AH® and entropy AS° were calculated
(Figure 6). The AH° and AS°® were computed as -167.27
J/mol and 0.596 J/mol-K for Fe-Mn LDHs and 92.53
J/mol, -0.165 J/mol-K for Fe-Mn DOs. The change of
enthalpy is negative in an exothermic reaction and
positive in an endothermic phenomenon. Natural
porous adsorbents and clay materials are observed
as negative changes in enthalpy. The enthalpy change
has a negative value for LDH. Therefore, the increasing
temperature increased anion-exchange, and adsorption
occured Se(lV) onto interlayer or surface.
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Table 2. Summary of Se(lV) adsorption isotherm parameters by LDH, DOs

Langmuir isotherm

Freundlich isotherm

Species Temp. K — K. 2 K. n 2
283 0.610 0.974 0.986 0.271 0.433 0.996
293 0.571 1.742 0.980 0.308 0.385 0.994
Fe-Mn LDHs 303 0.618 2.616 0.992 0.373 0.347 0.984
313 0.623 3.470 0.989 0.397 0.341 0.985
323 0.655 3.917 0.992 0.428 0.332 0.978
283 0.544 25.510 0.946 0.456 0.234 0.984
293 0.599 15.129 0.949 0.507 0.241 0.982
Fe-Mn DOs 303 0.651 12.821 0.960 0.526 0.234 0.988
313 0.671 12.594 0.959 0.553 0.202 0.983
323 0.700 10.764 0.949 0.579 0.175 0.949
Species Temp. K Temkin Dubinin - Radushkevich
A r? Ao B E r?
283 0.08 45.98 0.90 0.32 0.02 4.55 0.84
293 0.09 53.60 0.95 0.38 0.03 4.46 0.93
Fe-Mn LDHs 303 0.10 66.24 0.98 0.47 0.02 4.59 0.97
313 0.10 74.53 0.99 0.51 0.02 4.77 0.98
323 0.11 79.38 0.99 0.54 0.02 4.95 0.99
283 0.07 1107.90 0.98 0.54 0.01 6.87 0.93
293 0.08 1211.22  0.98 0.56 0.01 7.26 0.95
Fe-Mn DOs 303 0.08 1440.05 0.99 0.59 0.01 7.72 0.95
313 0.08 942.21 0.99 0.60 0.01 8.19 0.92
323 0.10 476.13 0.99 0.67 0.01 5.95 0.97
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pH Effect: The pH effect on the adsorption of Se(lV)
was investigated and shown in Figure 7. The adsorption
decreases very sharply at the pH range above 7.0
because the surface charge changed to negative due
to the deprotonation of the surface. Generally, natural
and synthetic metal adsorbents can be adsorbed
Se(lV) more effective in the acidic solutions because
this surface is positively charged at acidic conditions.
A similar result was reported by Zhang et al. [19], to
remove Se(lV) using an iron-coated GAC adsorbent.
The pH dependent adsorption behavior can be
explained by the release of OH- upon the adsorption
of anions or weak acids onto Fe-Mn LDH and Fe-Mn
DO

®
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Table 3. Adsorption characteristics of Selenium onto Fe-Mn LDH compared to various LDHs

Types Method Q__ mg/g Model C, mg/L pH Temp.°C S/Lratio Reference

Calcined Mg-Al-Zr (450°C) C 29.0 L 6 30 1:2000 Das etal. (2004)
Mg-Al LDH C 120.1 L 7 1:100 Youwen You (2001)
Zn-Al LDH C 98.8 L 7 1:100 Youwen You (2001)
Fe-Mn-CO, LDH C 52.5 L 5-500 7 10 - 50 1:250 This study
Al(ll1)/SiO, binary oxide 327 L 0-237 5 25 Ya Ting Chan (2009)
Fe(lll)/SiO, binary oxide 20.4 L 0-237 5 25 Ya Ting Chan (2009)
Fe-Mn hydrous oxide L 26.7 5-500 6.5 22 1:1000 Matgorzata (2012)
Fe-Mn DOs C 55.3 L 5-500 7 10 - 50 1:250 This study

C- Co-precipitation mothod, L- Langmuir model, F- Freundlich model, CD- initial concentration, S/L- soil liquid ratio (g/L), Qmax- adsorption capacities

Adsorption/desorption characteristics of Se(IV)
onto Fe-Mn DOs and Fe-Mn LDHs: Repeated
adsorption and desorption were studied in detail of
Se(lV) on Fe-Mn DOs and Fe-Mn LDHs (Figure 8) using
NaOH (0.1 M) and Na,CO, as desorption solutions.
Even though NaOH and Na,CO, desorbed 70-80 %
of adsorbed Se(lV), the second cycle of adsorption
decreased dramatically 10-20 % of the initial capacity.
The result indicates that the solution is effective to
regenerate the adsorbent, but also the regenerate
changes the surface characteristics, which is
undesirable.

Adsorption characteristics of Se(lV) onto Fe-
Mn LDHs and Fe-Mn DOs in column: The column
adsorption study indicated that Selenite had a shorter
breakthrough time onto Fe-Mn LDH than Fe-Mn Dos
which had a lower slope for the breakthrough curve
shown in Figure 9.
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Fig. 9. Breakthrough curves of Se(IV) in column

experiments.

It means there was a more significant mobilization
of Se(lV) through the Fe-Mn LDH and Fe-Mn DOs
columns. A similar conclusion was drawn by Xing
Chang Zhang [19]. They described in detail of selenium
by solving the inverse problem. Additionally, the stock
solution of selenite adjusted to pH 7, but this round
described decrease adsorption capacity of selenite that
is the deprotonated surface of Fe-Mn LDH and Fe-Mn
DOs.
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Table 3 summarizes the reported adsorption capacities
and the same parameters of various LDHs for Se(IV) in
the single oxyanion aqueous systems.

Our synthesized Fe-Mn LDH and Fe-Mn DO very
efficiently removed Se(IV) from aqueous solutions,
compared to various adsorbents. The Fe-Mn LDH and
Fe-Mn DO have adsorption capacities for Se(IV) were
52.5 and 55.3 mg/g, respectively, which are higher
adsorption capacities than those of other adsorbents.

CONCLUSIONS

This result shows that Fe-Mn LDH and Fe-Mn DOs
are very useful adsorbents to removing selenite from
aqueous solutions. The selenite anion, as shown by
the XRD, SEM-EDX, and FTIR, is incorporated into the
interlayer and on the surface of Fe-Mn LDH and Fe-
Mn DOs. Adsorption kinetics and isotherm experiments
were fitted well pseudo-second order model and
Freundlich isotherm, respectively. The calculated Se
(IV) adsorption capacity is 52.5 and 55.3 mg/g onto Fe-
Mn LDH and Fe-Mn DOs, respectively, for the Pseudo
second-order model.
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