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Abstract

The removal of selenate (Se®*) from aqueous solutions by zeolite Na-P1 supported nanoscale zero-valent iron (Z-NZVI) was
investigated. Zeolite was synthesized from the fly ash of the byproducts discharged from coal-fired power, and used as supporting
material for NZVI. The synthesized Z-NZVI was characterized using various techniques including x-ray diffraction (XRD), field
emission scanning electron microscopy (FE-SEM), and BET surface area analysis, and. The results revealed that iron nanoparticles
were highly dispersed on the zeolite surfaces which apparently lessened the agglomeration of iron nanoparticles resulting in the
enhanced reduction process. The adsorption of Se®* on Z-NZVI related well with Langmuir isotherm model with maximum adsorption
capacity of 15.432 mg-gL. The experimental results showed that the removal of Se®* by Z-NZVI increased when the temperature
increased. The reactions were found to conform to pseudo second order kinetics. The reaction process occurred spontaneously (-AG®),
in an endothermic process (AH°=29.6 J-mol), and with increased randomness (AS°=97.17 J-mol-2K-1). This study suggested that Z-
NZV1 is a promising and efficient material for the selenate removal from wastewater.
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1. Introduction

Selenium (Se) is a hazardous pollutant to all living organisms. It causes serious environmental problems all over the world by both
natural processes and human activities such as agricultural irrigation and drainage, coal-fired power plants, mining, and fossil fuels
combustion [1]. World Health Organization (WHO) currently sets the maximum contaminant level (MCL) of Se in drinking water at
40 pg-L* [2]. In the aguatic environment, Se subsists in various forms depending on the oxidation state [3]. Selenate (SeO4? or Sef),
selenite (SeOs* or Se*"), selenium (Se?), selenide (Se?), and organic selenium are found in different aquatic environments with
common oxidation-reduction potential (ORP) and pH conditions [4]. The outstanding chemical forms Se®" and Se*" are mostly
discovered aquatic zones [5]. While, Se®* is more often found in groundwater [6]. Consequently, the oxidation states are very essential
to determine and assess the potential methods for removing selenate from drainage water prior to discharge into the environment, which
may causeSe®" accumulation in the food chain.

Nanoscale zero-valent iron (NZVI) removes selenium from water via reduction of selenium oxyanions to elemental selenium.
NZVI has gained great attention in recent years due to its high specific surface area, high reactivity, strong reduction potential, and low
cost [7]. Many studies have been conducted on utilization of NZV1 for groundwater remediation and wastewater treatment. Mokete et
al. [8] found out that FeCu, FeNi and FeAg bimetals were synthesized by metal doping methods for phosphate removal. Maamoun et
al. [9] studied a reactive material for permeable reactive barrier (PRB) technology for Cr (V1) removal from groundwater by nFe®/Cu.
Maamoun et al [10] indicated that effective phosphorus removal by iron- magnesium nanocomposite (nFe’-Mg). Takami et al. [11]
represented that developing a phosphorus removal system using NZVI particles in continuous system consisted of Continuous Stirred
Flask Reactor (CSFR). However, one of the drawbacks associated with iron nanoparticles is related tothe rapid aggregation of the
particles in water, which would significantly reduce its adsorption capacity [12]. In order to restrain further surface oxidation and
prevent the iron particle agglomeration, supporting materials were used to support iron nanoparticles [13].

The most common parameters discussed when choosing the type of support materials are their high surface area and pore volume,
biocompatibility, price, high exchange capacity, thermal and mechanical resistance [ 14-16]. In this aspect, zeolite was selected as a
supporting material for NZVI. Synthesis of zeolites from fly ash are microporous, aluminosilicate minerals with three dimensional
framework structures [17]. Zeolite is used to incorporate with iron ions, reducing ability of NZVI, and the composite also have
synergetic effects due to the better dispersion of NZVI on zeolite. This will combine the strong reduction ability of NZV1 with the high
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adsorption ability of zeolite, as well as better dissipation of iron nanoparticles on surface of zeolite which are expected to help improve
the removal of Se®* [18].

In this research, zeolite Na-P1 was employed as the support for iron nanoparticles to enhance the removal of Se®* in wastewater. The
zeolite supported nano zero-valent iron (Z-NZVI) integrated the advantages of reduction and adsorption process to efficiently remove
Se®*. The synthesized Z-NZVI was characterized by various techniques including X-ray Diffraction (XRD), field emission scanning
electron microscopy (FE-SEM), and Brunauer-Emmett-Teller (BET) surface area analysis. Se®" removal by Z-NZVI experiments were
performed in a batch reactor at different temperatures to study kinetics, thermodynamic and isotherm models.

2. Materials and methods
2.1 Chemicals

Sodium selenate decahydrate (Na2SeO4-10H20, Sigma- Aldrich), iron (11) sulfate heptahydrate (FeSO4:7H20, QReC), sodium
hydroxide (NaOH, RCI Labscan), and sodium borohydride (NaBHa, Loba Chemie Pvt. Ltd.). All chemicals used in this research are
analytical reagent grade and used without further purification.

2.2 Preparation of the Z-NZVI synthesis

The zeolite (hereinafter referred to as Z) was synthesized by hydrothermal method as previously reported [19]. The Z-NZVI was
prepared according to Li etal. [20]. Briefly, the mixture was made by dissolving 1 g of FeSOs- 7H20 in 250 mL of de-ionized (DI)
water and mixing with 0.75 g of Z under continuous stirring. 1 M HNO3 was used to adjust the pH of the solution to 4, and the mixture
was continuously stirred for 30 min at room temperature. Then, 25 mL of 1 M NaBHs solution was added at a rate of 1 mL-min-! into
the mixture under vigorous stirring to ensure the complete reduction of Fe?". The reaction can be written as equation (1).

Fe2* + 2BH, + 6H,0 — Fe® + 2B(OH); + 7H, 1 (1)

The black solid product of Z-NZVI was quickly washed several times with ethanol solution. The synthesized Z-NZVI were
collected from the solution using a magnet, and dried in a vacuum dryer at 40°C for 24 h.

2.3 Characterizations of materials

The crystallographic structure and chemical composition were determined by X-ray diffraction (XRD, Bruker D8 Advance;
Germany) with CuK radiation operated at 40 kV and 40 mA. The measurement were made in a range of 2Theta=10-50°, with 0.02°/step
increment. Degree of crystallinity (DOC %) of the synthesized materials was calculated from the obtained XRD patterns as follows
equation (2):

Crystallinity (%) = Total area of crystalllnfa peaks 10 @)
Total area of all peaks crystalline amorphous

p-_K* ®)
BcosO,

where D is the crystallite size, K is a Scherrer constant (0.9), A is the wavelength of X-rays sources ( CuK, radiation, A=0.1514 nm),
B is the effective peak broadening taken as the full width at half maximum (FWHM) (in radians), and 6s is Bragg’s angle. The crystallite
size of the particles was determined using the Scherrer equation (3). Field Emission Scanning Electron Microscopy (FE-SEM) (Carl
Zeiss Model Auriga; Germany) was employed to examine the surface morphology of the materials. The specific surface area of the
samples was determined on a Bel Sorp mini Il specific surface area and pore size distribution analyzer (Japan) at 77 K with the
Brunauer-Emmett-Teller method.

2.4 Batch experiments
2.4.1 Kinetic models

The experiments were conducted by the initial selenate concentration of 15 mg-L~ with 1 g Z-NZVI. The pH of the system was
measured using a pH and ORP meter, and adjusted by diluted solution of HNOs or NaOH. The residence time were set in a range of 0-
90 min and the temperatures were varied at 303, 323, and 333 K. The concentrations of selenium were determined using an Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Optima 8000; Perkin Elmer). Kinetic models have been proposed to
understand the mechanism and to scale-up the efficiency of the adsorption process [21]. To investigate the potential rate reaction was
determined by mathematical models such as pseudo first order, pseudo second order, and intraparticle diffusion kinetic models [ 22].
The linear form of pseudo first order equation based on solid capacity is generally expressed as follows:

In(q, - q,)=Inq, - k;t S

where ge and q: are the amounts of selenate adsorption by Z-NZV1 at equilibrium and at various time t (mg-g-1); ki is the equilibrium
rate constant of pseudo first order kinetics (min-t).
The linear form of pseudo second order model based on solid phase adsorption is expressed as follows [23]:

r_1.t 5)
a kg’ a.
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where kz is the equilibrium rate constant of the pseudo second order kinetics (g-mg-min-?).
The intraparticle diffusion model explains the resistance of intraparticle diffusion affecting adsorption and is generally represented
as follows

q =kt +c )

where kid is the intraparticle diffusion rete constant (mg.g-tmin-%5).
Kinetic experiments have been proposed to realize the mechanism, and to improve the efficiency of the reduction process [21],
which can be written as the equation (7):

C
In(C_) = _kobst (7)

0
when Kobs is the observed reaction rate constant (min-t), the kons was calculated by the method of linear regression, approving calculation

of the Arrhenius formula (Ez) to be expressed as follows equation (8) [24].

Ink, = —£=

RT + InA 8)

where the Arrhenius activation energy, Ea (kJ-mol1) is determined by plotting kobs versus temperature, and Ao is the pre-exponential
factor.

2.4.2 Thermodynamic parameters

The thermodynamic parameters including Gibbs free energy (AG°®), enthalpy (AH®), and entropy (AS®) were calculated to evaluate
the thermodynamic feasibility and the nature of the reaction process. AG® can be estimated from the following equations (9-11) [25]:

AG°=—RT Ink, )

Where R is the gas constant (8.314 J-mol-! K-1); T is the temperature (K): and Equilibrium constant, kq (L-g%) is the thermodynamic
equilibrium constant of the reaction process, which reflected selenate distribution between the solid and liquid phases at equilibrium.
The kq is calculated from equation (6):

k, =q, /C, (10)
According to the Van’t Hoff equation (7):

_AS° AH° (11)

Ink,
R RT

The values of AH® (J-mol) and AS® (J-mol-2K-1) are calculated by the slope and intercept of the Van’t Hoff plots [26].
2.4.3 Isotherm models

Adsorption isotherms were obtained by varying the initial selenium concentrations from 1 to 15 mg-L-! in 50 mL vials with 0.1 g
of Z-NzVI at pH 7 and 303 K. The samples were collected periodically over a period of 30 min under continuousmixing to quantify
the initial and final selenium concentrations. Results of adsorption isotherms from the experiments were compared with Langmuir,
Freundlich, and Dubinin-Radushkevitch isotherms [27] and isotherm models fitting was evaluated using R? values. Langmuir isotherm
assumes that adsorption process is a monolayer adsorption of adsorbate onto a homogeneous surface of adsorbent. Langmuir isotherm
can be described by the following equation (12-14).

_ quLCe
L K.C, 12)

where ge and gm are the amount of Se* uptake on the adsorbent at the equilibrium (mg-g-*) and at maximum adsorption capacity
(mg-g'Y), respectively. Ky is the rate constant of Langmuir isotherm, and Ce is the concentration of Se®" at the equilibrium (mg-L1).
The equation can be rearranged find the values of gmand K. by linear regression method with graphical approach. Experimental data
1/ge can be plotted as a function of 1/Ce as described by the equation (13).

1 1
= = + —
qe qm KLCe qm

(13)

Equilibrium parameter (RL), defined as equation (14), where Co is initial Se®* concentration 1-15 (mg-L%) and K is the Langmuir’s
adsorption model constant (L-mg '), was used to define whether the isotherm is unfavorable (RL > 1), linear (R.=1), favorable
(0 < RL < 1) orirreversible (R.=0) [28].
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1

= 14
1+K,C, (14)

L

Freundlich isotherm was based on the assumptions of multilayer adsorption of Se* onto heterogeneous surface of adsorbent with
non-uniform distribution of heat of adsorption. Freundlich isotherm is described by the following equation (15-16).

1

d. =K:Cl (15)

where KFr is the rate constant of Freundlich isotherm and n is the adsorption intensity. Equation (11) can be rearranged in the form of
linear equation to find the value n and Kr using graphical method. In ge can be plotted as a function of Ce by the equation (16).

Ing, = InK, +1Ce (16)
n

Dubinin-Radushkevich isotherm describes the mechanism of adsorption of a physical adsorption or chemical adsorption. Dubinin-
Radushkevich isotherm can be written in the equation (17-19) [29].

0, =0, e " an

Equation (18) can be rearranged as:

Ing, =- B¢’ +Inq, (18)

where B is the rate constant of the energy absorption per quantity of adsorbent (mol?-J-2), and € is the Polanyi potential, determined by
the following equation (19).

1
£=RTIn(L+ ) (19)

e

when R is the gas constant (J-mol-K-1), and T is temperature (K). The free energy (E, kJ-mol) of sorption per molecule of adsorbent
occur when Se®" transposes to the surface of the solid in solution. It can be explained by the equation (20).

E-_1 20)

25

The adsorption energy (E) allows information with considered to the physical and chemical behavior of adsorption. If the value of
E > 8 kJ-mol-%, the adsorption process offers that of the chemical adsorption, while for the values of E < 8 kJ-mol-* proposes that the
adsorption process is the physical adsorption [30].

2.4.4 Analysis of functional errors

Akaike’s Information Criterion (AIC) is commonly statistical analysis. It was conducted in order to identify the best kinetic and
isotherm models that represents the experimental results [31, 32]. The best fitted model to the experimental data has the lowest value
of AIC, which is expressed as follows:

N
SSE=D (a" 0. ¥ @1)

SSE

AIC:2K+NIn{T}+w

N-K-1 @)

where the functional errors of the experimental (g:") and estimated (g¢°t), SSE is the sum of the squared errors based on adsorption
capacities of materials, K is number of independently adjusted parameters in the applied model, N is number of experimental
measurements, SSE is sum of the squared errors.

3. Results and discussion
3.1 Material characterization

The XRD patterns of fly ash (a), Z (b), NZVI (c), Z-NZVI (d), and spent Z-NZVI (e) are displayed in Figure 1. The XRD pattern
of fly ash revealed Mullite and Hematite peaks which was consistent with previous studies [19]. The synthesized Z showed

characteristic peaks of zeolite NaP1 according to JCPDS 39-0219 standard [33]. The XRD analysis confirmed the formation of NZVI
with its outstanding peaks at 44.8° [34]. The XRD pattern of the synthesized Z-NZVI remained the major pattern of zeolite with the
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addition peak at 2 Theta=30.1 degree referring to (220) planes, which corresponds to the characteristic peak of Fe203 [35]. This peak
implied that the iron component in NZVI has been partly oxidized from Fe® to Fe®" during preparation. In addition, the degree of
crystallinity investigation revealed that crystallinity of the Z-NZVI was around 60.94%. The XRD data revealed average crystallity
size of Z-NZVI as 44.138 nm. The XRD pattern of Z-NZV1 after reaction with Se®* in Figure 1(e) indicated that no obvious peaks,
indicating the amorphous structure of Fe(OH)s-Se [36].

: (e)
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Figure 1 XRD Patterns of fly ash (a), Z (b), NZVI (c), fresh Z-NZV!1 (d), and spent Z-NZV1 (e)

The SEM images of fly ash and Z are shown in Figure 2(a) and 2(b), respectively. The surface of Z appeared to be smooth although
the amorphous alumino-silicates in fly ash were dissolved in alkaline solution, and formed sodium-silicate and allumino-silicate
structure in Z. Figure 2(c) shows the change in morphology of the materials when iron nanpoparticles were deposited on the surface of
zeolite. It can be seen that the NZ VI particles were in spherical shape on Z surface with the average diameter of 109.45 nm. However,
HR-TEM images of the NZV1 was presented in our previous study [18]. The NZVI had spherical assemblages with strikingly uniform
morphology and aggregated as chain-like clusters.

" el }
SEMWD I5mm17kVx5k HEE 2um SEMWDI12mm I5kVx2k I 2um SEMWD73mm5kVx20k ® 100nm

Figure 2 Field emission scanning electron microphotograph of fly ash (a), zeolite (b), and Z-NZVI (c) at magnification of 5 kX, 2 kX,
and 20 kX, respectively

The surface area and pore structure of fly ash, Z, and Z-NZ V|1 were studied by N2 physical adsorption-desorption isotherms. Figure
3 shows N2z adsorption-desorption isotherms and the relative Barret-JoynerHalender (BJH) pore size distributions received from the
desorption branch of the isotherms of the adsorbents. Table 1 presen the specific surface area of fly ash, Z, and Z-NZVI determined by
the Brunauer Emmett Teller (BET) procedure. The BET surface area of fly ash, Z, and Z-NZVI was 1.68, 35.60, and 61.72 m?.g',
respectively. The improvement in surface area of Z-NZV1 was due to the increased basal space of Z-NZV1. The isotherms of Z-NZVI
in Figure 3(c) showed type IV isotherm with H3 hysteresis loops, indicating the mesoporous structure according to the IUPAC
classifications [37]. From the BJH pore size distributions, the synthesized Z-NZV|1 possessed an average pore diameter and pore volume
of 16.42 nm and 0.25 cm?-g?, respectively. The increase in surface area of Z-NZVI was probably a result of the better distribution of
iron nanoparticles when Z was used as the supporting material.

Table 1 BET Surface area of materials

Materials BET surface area (m?-g) Average pore diameter (nm) Pore volume (cm®.g )
Fly ash 1.68 30.77 0.01
Zeolite 35.60 33.84 0.30

Z-NZV1 61.72 16.42 0.25
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Figure 3 N2 Adsorption-desorption BET isotherm for fly ash (a), zeolite (b), and Z-NZV1 (c)
3.2 Kinetic and thermodynamic of selenate removing by Z-NZVI

The comparison of Se®* removal by various reactive materials has been previously studied [18]. It indicated that the elimination of
SeS* by Z, NZVI, and Z-NZVI were about 0%, 70%, and 95 %, respectively within 90 min. The removal efflciency of Se* using
Z-NZVI at temperature of 303, 323, and 333 K are illustrated in Figure 4(a). The results showed that reaction capacity increased with
increasing contact time and temperature. Slope and interception of the plotted linearized form in Figure 4(b) and 4(c) were respected
to the calculation of the the kinetic parameters as shown in Table 2. It is indicated that a perfect agreement with the correlation parameter
(R?), where the pseudo second order kinetic model was the best selection for fitting with the experimental data corresponding to the
lowest AIC values of -22.750, -15.867, and -16.977 at 303, 323, and 333 K, respectively. The pseudo second order kinetic model
concluded that the rate kinetic reaction may strongly rely on the selenate concentration [38]. The Ea of Z-NZVI was obtained by using
the Arrhenius formula and the value was 15.679 kJ-mol-%. The result concluded that reduction reactions with Ea value in a range of
10-21 kJ-mol-* has been considered that diffusion controlled and later changes to chemical control [39]. Figure 4(d) shows the
intraparticle diffusion for the Se®" adsorption into the Z-NZVI. None of the extrapolated lines passed through the origin, demonstrated
that intraparticle diffusion was involved in the adsorption process [40]. The teperature of 333 K, the diffusion rate constants for external
(kiz) and internal (kiz) mass transfer were found to be 1.4612 and 0.1446 mg-g-*-min-2, respectively.
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Figure 4 Kinetic parameters for Sef* on Z-NZVI the concentration of Se®* over a period of time (a), the pseudo first order kinetics
model (b), the pseudo second order kinetics model (c), and intraparticle diffusion (d). (Condition: dosage=2 g-L-%, initial
Seb*concentration of 15 mg-L-t, pH=7)

Table 2 Kinetic parameter of selenate removal by Z-NZVI.

T(K) Pseudo first order Pseudo second order
ge (mg-gHh ki(minh qgi(mg.gh) R?Z AlCvalues k2(g-mg'min) gz2(mg-g?h R?Z  AIC values
303 5.740 0.044 4.454 0.900 -0.73 0.022 5.945 0.959 -22.750
323 6.485 0.053 4.949 0.998 1.403 0.023 6.849 0.970 -15.867
333 6.730 0.066 5.125 0.982 1.928 0.030 7.062 0.986 -16.977
12 4 °
1.0 A
0.8 4
y = —3.56x+ 11.687
=
% 0.6 1 R? =0.872
0.4 1
0.2 1
0.0 1 ]
T b T L T T T ] T . T
300 305 310 315 320 325 330

1000/T (K1)

Figure 5 The relationship between Inkq and 1000/ T of selenate removal by Z-NZVI ( Condition: dosage=2 g L%, initial Se®*
concentration of 15 mg-Lt, pH=7)

The results of the thermodynamic calculations are shown in Figure 5 by the linear plot of Inkq versus 1000/ T, and the obtained
thermodynamic parameters are presented in Table 3. The negative value for the Gibbs free energy (AG®°) indicated that the reaction
processes were spontaneous in nature [41] and the degree of spontaneity of the reaction decreased with increasing temperatures
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(303-333 K). The positive value of enthalpy change (AH°=29.6 J-mol*) confirmed that the reaction process is endothermic. The values
AHC less than 40 kJ-mol-! indicated that the adsorption was physisorption [25]. The positive value of entropy ( randomness)
(AS°=97.17 J-mol-1K-1) also indicated an increased randomness at the interface of solid-liquid during the reaction [42].

Table 3 Thermodynamic parameters of Seé* adsorption by Z-NZVI1

T(K) AG?° (kJ-mol) AS° (J-moltK AH®° (J-molh
303 -0.03

323 -1.16 97.17 29.60
333 -3.20

3.3 Isotherm modeling of selenate removing by Z-NZVI

Langmuir, Freundlich, and D-R isotherms were fitted with the experimental results and tabulated in Table 4. It is clear that the
Langmuir model described the adsorption process best with high coefficient (R2=0.993), compared to Freundlich isotherm (R?=0.977)
and D-R isotherm (R?=0.737), in accordance to AIC values, Langmuir isotherm was the lowest compared with that of the other isotherm
models. In addition, the presented curves tendencies for the Langmuir isotherms for Se®* adsorption on Z-NZVI are nearly identical
with experimemtals, presented in Figure 6. Thus, it indicated the monolayer coverage of Se®* at the outside surface of Z-NZVI. The
value maximum adsorption capacity (qm) determined using Langmuir model was 15.432 mg Se®* per g of Z-NZVI. The RL values were
in a range of 0.498-0.937, implying that the range of Co=1-15 mg-L! is favorable for adsorption process. The adsorption energy
obtained in this research was 1.279 J-mol-1, suggesting that the process was physical adsorption. The results was in good agreement
with the thermodynamic results [30]. Consequently, the mechanism of Se®*contamination in aqueous solution by zeolite-supported
nanoscale zero-valent iron, followed by fast reduction to Se® with Fe20s as the final corrosion product of Z-NZV1 by co-precipitation
according to previous studies [18]. Table 5 concludes the removal capacities of Se®*with Z-NZVI, the maximum adsorption capacity
of Z-NzV1 is 15.43 (mg-g). Consequently, the above discussion represented that Se®" removal by zeolite-supported nanoscale zero-
valent iron could be easily separated from the end water magnetically, it was a promising method compared to other literatures.

Table 4 Isotherm models parameters of adsorption capacity of adsorbents

Isotherms Values
Langmuir model
Qmax (Mg-g™) 15.432
KL (L-m-g?) 0.033
RL (Co=1-15mg-L 1) 0.498-0.937
R? 0.993
AIC values 9.041
Freundlich model
Kr (mg-g1)(L-mg1n 0.928
n 0.927
R? 0.977
AIC values 29.929
D-R isotherm model
gmax (Mg-g?) 2.157
E (3-mol) 1.279
B (mmol2-J-2) 0.306
R? 0.737
AIC values 31.872
18 1 @  Experimental )
6 4 "t Freundlich 2
=+ =+ Langmuir e
14 1 = .= Dubinin-Radushkevich . *
12 - '
%ﬁ 10 je
E 8] i .
v 6 3 et
4 A et
2 A "";.:‘...._‘- ..........
O -
T T T T T T T

Ce(mg/L)

Figure 6 The adsorption isotherms for Se®" removal on Z- NZVI. (Condition: dosage=2 g-L-!, temperature=303 K, initial
Seb*concentration of 1-15 mg-L%, pH=7)
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Table 5 Summary of Se®*" removal capacity with other adsorbents.

Adsorbents pH Initial [Se®*] Dosage of reductant Removal capacity References
(mg-LY) 9-LhH (mg-g)

Z-NzVI 7.05 1-15 2.0 15.43 This study
ZVI 6.0 300.0 100.0 2.76 [43]
ZV1 + Co?* 6.2 20.0 Fe% 50 g-L %, Co?*: 59 mg Lt 0.40 [44]
ZVI + Fe?t N.A. 20.0 Fe% 50 g-L?, Fe?": 28 mg-L ! 0.40 [45]
Nano-NiFe 7.7 103.0 1.0 83.4 [46]
MnFe204 4.0 01 25 0.769 [1]
MGO 6.0 5.0 1.0 2.97 [47]
ZVI with WMF 6.0 100.0 1.0 36.9 [48]

MGO=magnetic nanoparticle-graphene oxide
WMF=weak magnetic field

4, Conclusions

This research indicated that Se®" could be effectively removed by Z-NZVI. The morphology of Z-NZVI studied by FE-SEM
showed that the aggregation of iron nanoparticles decreased when synthesis of zeolite from fly ash was used as the support. It helped
increase the surface area of Z-NZVI, and thus the adsorption improved. The analysis of morphology revealed the spreading of the iron
nanoparticles on the zeolite surfaces. The kinetic study showed that the reaction rate increased with increasing temperature. A study of
thermodynamic parameters indicated that the reduction of Se®" ions was spontaneous and endothermic. The experimental results for
adsorption isotherm fitted well with the Langmuir isotherm model (R?=0.993) and (the lowest AIC value) with the calculated maximum
adsorption capacity of 15.432 mg Se®* per g of Z-NZVI. The synthesized zeolite from fly ash suported with iron nanoparticles exhibited
some unique features, such as small size, incresed surface area and excellent dispersibility which will significantly enhance their
reactivity in the removal of selenate from aqueous solution. The findings in the research represented a bright future in the application
of Z-NZVI by fixed-bed columns for Se®" removal in contaminated wastewater.
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