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ABSTRACT

Nanoscale zero-valent iron (NZVI) and NZVI supported onto montmorillonite (NZV1-Mt) were
synthetized and used in this study to remove Se"! and As¥ from water in mono- and binary-
adsorbate systems. The adsorption kinetics and isotherm data for SeV' and As¥ were adequately
described by the pseudo-second-order (PSO) (r>>0.94) and Freundlich (r?>0.93) equations.
Results from scanning electron microscopy showed that the dimension of the NZVI immobilized
on the Mt was smaller than pure NZV1. Using 0.05 g of adsorbent and an initial 200 mg-L?* AsY
and SeV' concentration, the maximum adsorption capacity (qmax) and partition coefficient (PC)
for As¥ on NZVI-Mt in monocomponent system were 54.75 mg-g*and 0.065 mg-g*-uM?,
which dropped respectively to 49.91 mg-g™ and 0.055 mg-g™-uM* under competitive system.
For SeV'adsorption on NZVI-Mt in monocomponent system, gmaxand PC were 28.63 mg-g™ and
0.024 mg-g™*-uM, respectively. Values of gmaxand PC were higher for NZV1-Mt than NZVI
and montmorillonite, indicating that the nanocomposite contained greater adsorption sites for
removing both oxyanions, but with a marked preference for As. Future research should evaluate
the effect of different operational variables on the removal efficiency of both oxyanions by

NZVI-Mt.
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1. Introduction

In recent years, the presence of trace elements (TESs) in aquatic environments has been a major
concern due to their adverse effects on aquatic life, animals, plants, and humans (Tofighy and
Mohammadi, 2011). In this context, arsenic (As) and selenium (Se) are present in water systems
and soils in trace concentrations but can be extremely hazardous when encountered in high
concentrations (Jackson and Miller, 2000; Wilkin et al., 2018). The main sources of Se are
carbon shales, phosphatic rocks, coals and minerals like Se-bearing chalcopyrites (CuFe(Se,S)>),
pyrites (Fe(Se,S).), klockmannite (CuSe), krutaite (CuSe2) and mandarinoite (Fe2(SeO3)3-6H.0)
(Bajaj et al., 2011; Zhu et al., 2012). Similarly, As is found in minerals such as tennantite,
(Cu,Fe)12As4S13, enargite (CuzAsSs), arsenopyrite (FeAsS), among others (Nazari et al., 2017). In
recent years, incorporation of both the elements in their inorganic forms to aqueous matrices has
been favored by anthropogenic activities such as agriculture, mining, thermoelectric, oil
refineries, etc., causing an increase of their concentrations in surface and groundwater, giving
rise to pollution scenarios in countries such as Chile, Argentina, New Zealand, Bangladesh,
India, , the United States and Japan (Huq et al., 2006; Barati et al., 2010; Neupane et al., 2014;
He et al., 2018). This environmental problem has increased the incidence of diseases in the
population, where it has been reported that the ingestion of Se >1 mg-kg? in the human body
through food can cause numbing of fingers and toes, damage to kidney and liver tissues, loss of
hair and nails, as well as carcinogenesis (Rovira et al., 2008; Santos et al., 2015; Xie et al.,

2015). Similarly, long-term exposition to As elevates the risk of cancer of the kidney and
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bladder, in addition to producing skin pigmentation, diabetes, and lung ailments (Impellitteri,
2004; Luther et al., 2012). For this reason, the World Health Organization (WHO) suggested that
concentrations in drinking water should not exceed 40 ppb for Se (Santos et al., 2015), and 10
ppb for As (Wang et al., 2014).

Various studies have focused on the development and application of nanoparticles that allow
mitigating environmental problems, specially remediating aquatic contaminants (Kanel et al.,
2005; Martinson and Reddy, 2009; Sun et al., 2014; Jain et al., 2015). An example of such
materials is nanoscale zero-valent iron (NZV1) (Otyepka, 2014; Peng et al., 2017), which in
addition to having low production cost has high effectiveness in the elimination/removal of
organic and inorganic contaminants from aquatic systems. The NZV1 has been shown to
successfully remove contaminants such as Orange Il (Luo et al., 2013), 1,1,1-trichloro-2,2-bis(p-
chlorophenyl) ethane (EI-Temsah et al., 2013), Cd?* (Zhang et al., 2014), Pb?* (Arancibia-
miranda et al., 2014), As""and AsV (Kanel et al., 2005; Sun et al., 2011; Suazo-Hernandez et al.,
2019), and Se'V and Se¥' (Ling et al., 2015; Xie et al., 2017). The NZVI can form a core/shell
structure whose shell is constituted of iron oxides and/or (oxy)hydroxides, such as magnetite,
maghemite, goethite, which in turn together with the metallic iron core are responsible for
diverse mechanisms for pollutant elimination by NZVI nanoparticles. The mechanisms include
precipitation, co-precipitation, redox and adsorption processes (Yan et al., 2012; Ling et al.,
2015), which contribute to the high contaminant removal capacities by this nanomaterial.
Recently, the support/immobilization of NZVI on substrates like zeolite, biochar, kaolinite,
montmorillonite and palygorskite has arisen as an economic alternative for improving the
performance of NZVI via preventing the aggregation of nanoparticles while increasing the BET-

specific surface area (Zhang et al., 2011; Kim et al., 2013; Xi et al., 2014; Arancibia-Miranda et
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al., 2016; Lin et al., 2017; Fan et al., 2019; Suazo-Hernandez et al., 2019). This has expanded
NZVT’s applications in extreme environmental conditions like acidic pH, high ionic strength, and
under the presence of coexisting ions. Among the support materials for the nanoparticles,
montmorillonite (Mt) stands out as it is an expandable clay mineral (2:1) having excellent ability
to attract cations due to its permanent negative charge (Zhu et al., 2015). Arancibia-Miranda et
al. (2016) reported that immobilizing NZV1 on Mt (NZVI-Mt) enabled a 2.3 times increase of
Pb?* removal compared to pristine NZV1, while Pang et al. (2014) showed that the NZVI-Mt
composite had twice the surface area of NZVI, increasing the degradation of decabromodiphenyl
ether. However, the adsorption efficiency of the NZVI-Mt composite is dependent on the
chemical environment of the medium as well as on the adsorbing surface, media pH, and
particularly the presence of anions and cations in the aqueous system (Dabrowski et al., 2005;
Hiemstra et al., 2010), which may give rise to a competitive effect, decreasing and even
preventing the pollutant of interest from being removed by the adsorbent. Based on these
phenomena, recently Li et al. (2017) observed that the zeolite-NZV1 composite (Z-NZVI)
decreased its Cd?* removing capacity from 62.0 to 32.9, and 5.9 mg-g™* in the presence of As'"!
and Pb?*, respectively.

There have been studies about the preparation, characterization and elimination of contaminants
by clay-NZVI nanocomposites. However, the removal of contaminants in a competitive chemical
environment, especially in the presence of other similar or heterogeneous compounds or ions, is
a least reported area. The effects of the presence of two oxyanions such as selenate (Se"') and
arsenate (AsY) in mono-component and competitive systems on the removal of these
contaminants by clay-NZV1 have not been realized yet. Thus, our goal was to support nZVI on

montmorillonite clay mineral (Mt) (NZVI-Mt), characterize and evaluate its SeV' and AsY
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removal capacities and partition coefficients, and comparing the values to that of NZVI and Mt
(pristine material). Finally, through the characterization of the adsorbents conducted pre- and
post-adsorption experiments, a plausible mechanism for the removal process of As in the

absence and presence of Se"! was proposed.

2. Experimental

2.1. Chemicals

The reagents used were FeCls-6H20, NaCl, NaBH4, NaOH, and HCI, all of analytical grades
(Merck). Montmorillonite (Mt) clay mineral was acquired from Sigma-Aldrich. As;Os (1000
mg-L™?) standard reference solution (Tritrisol, Merck, Germany) and Na,SeO4 analytical grade

(Sigma-Aldrich) were used to validate the measurements.

2.2. Synthesis of nanoadsorbents
The NZVI nanoparticles were synthesized using NaBHjs as the reducing agent. NaBH (1.6 M)
was added dropwise to a 1.0 M FeClz-6H,0 solution at 25 £ 2 °C, in a N2 atmosphere with
mechanical stirring. The reduction reaction is represented by the following Eq. 1 (Kanel et al.,
2005).

4Fe3* + 3BH; 4 9H,0 — 4Fe® + 3H,B0; + 6H, T +12H* (Eq.1)
The NZVI-Mt nanocomposite had a theoretical 1:2 ratio of NZVI:Mt (% w/w), and it was
prepared following the methodology described by Wang and Zhang (1997) with some
modifications. The Mt (100 g) was first homoionized by treating the clay mineral with 200 mL
of NaNOs (0.5 M) for seven days, separated the solid phase, and freeze-dried for further use. For

the immobilization of nanoparticles, 1.0 g of FeCls-6H>0 was dissolved in 250 mL of Milli Q



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

water, and homoionized Mt was suspended in the same solution. The mixture (Mt-Fe3*) was
ultrasonicated for half an hour, and stirred for 180 min at 25 £ 2 °C. For a complete reduction of
Fe®*, 25 mL of NaBH4 solution (1.6 M) was added gradually over five min. Later, an
ultracentrifuge was used to separate the NZVI-Mt from the suspension at 9000 rpm for 10 min,
and washed three times with a water-ethanol (1:1) mixture. This was done to remove the residual
salts, and to avoid NZV1 oxidation. Finally, the nanocomposite was freeze-dried, and stored at -

4°C in a freezer until further use.

2.3. Characterization of adsorbents

The adsorbent materials were characterized before and after the adsorption reaction. The x-ray
diffraction (XRD) measurement was conducted using a powder diffractometer (Shimadzu XRD-
6000) at 1.5418 A with CuKa radiation in the 260 region of 5-80°. Scanning electron microscopy
(SEM) was carried out with a FEI Nova Nano SEM 200 equipment, and particle sizes were
analyzed using the commercial software ImageJ. The BET-specific surface area (SSA) of
adsorbents was obtained using the BET method (Brunauer—-Emmett—Teller) with a
Quantachrome 1200 Nova Station equipment. The zeta potential (ZP) was measured in the
presence of 200 mL NaCl (0.01 M) using Zeta Meter ZM4 apparatus, and the isoelectric point

(IEP) was obtained from graphs of ZP versus pH.

2.4. Batch adsorption studies
The influence of initial pH values on the removal capacity of Se¥!, As¥ or SeV'- As¥ on Mt,
NZVI and NZVI-Mt in the mono-component and the competitive system was determined with

20 mL of analyte solutions (200 mg-L™) mixed with 50 mg of material in 50 mL polypropylene
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tubes at a pH range of 3 to 10, and in 0.01 M NaCl solution as a background electrolyte. The
tubes were stirred for 1,440 min in an orbital shaker at 180 rpm and 25 + 2 °C. Later, to
determine the variation of post-experimental pH, values were measured in the filtered solution
using a pH meter after the adsorption experiment.

The adsorption kinetics of Se¥! and As" in the mono-component and competitive system was
studied with 20 mL of each oxyanion (200 mg- L) using 50 mg of adsorbents in 50 mL
polypropylene tubes at pH = 7.0 £ 0.2, and in 0.01 M NaCl solution as a background electrolyte.
A set of suspensions were stirred at different time intervals (5 - 180 min) in an orbital shaker at
180 rpm and 25 £ 2 °C.

The experimental adsorption isotherms of oxyanions in the mono-component and competitive
system were conducted with 50 mg of material in 50 mL polypropylene tubes with 20 mL at
different initial concentrations of SeV! and AsV (0.5, 1, 5, 10, 30, 60, 100, 150 and 200 mg-L?) in
0.01 M NaCl solution as the background electrolyte, and at pH = 7.0 £ 0.2. The suspensions were
stirred for 360 min in an orbital shaker at 180 rpm and 25 + 2 °C.

All the samples were centrifuged on a Sorvall Model RC-5B Plus centrifuge for 10 min at 8000
rpm. The supernatants were filtered using syringe filters (0.22 um), and after filtration, the
quantification of total selenium (Setota) and arsenic (Astotal) Was made using a Thermo SOLAAR-
M6 atomic absorption spectrometer. The specific amounts of SeV! and AsY (ge, mg-g*) adsorbed

were determined using Eq. 2

Co— Cp)V
qe = L= WV (Eq. 2)

A\
where, C, is the initial concentration of SeV! or AsV, C; is the concentration of SeV! or AsV at time

t or the equilibrium concentration (mg-L?), w is the weight (g) of the adsorbent, and V is the

volume (L). Adsorption experiments were checked by carrying out triplicate analyses.
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2.5 Data analysis

The mathematical kinetic and isotherm equations used in this study are presented in
Supplementary Information (SI; Table S1 and S2). The fitness of kinetic and isotherm equations
was evaluated by considering standard deviation and the statistical parameters such as linear
coefficient of determination (r?) and chi-squared value (x?) (Boparai et al., 2011; Arancibia-

Miranda et al., 2016) (SI).

3. Results and discussion

3.1. Characterization of nanoadsorbents

The XRD diffractograms of NZVI and NZVI-Mt pre- and post-adsorption are shown in Fig. 1.
For NZVI (Fig. 1a), two characteristic reflections of aFe at 26 = 44.7° and 65.0° were seen
(Kanel et al., 2005; Suazo-Hernandez et al., 2019). For the Mt (Fig. S1a) and NZVI-Mt (Fig. 1b),
the reflections at 12.63 A (002), 4.44 A (101) and 2.56 A (107) represented the pattern of Na-
exchanged montmorillonite (Nao.3(Al,Mg)2SisO10 8H20) (Yuan et al., 2009; Arancibia-Miranda
et al., 2016). Additionally, the reflection at 3.34 A (005) indicated the presence of illite
(KAI4(Si1,Al)g010(OH)4)4H20) in the clay mineral sample (Arancibia-Miranda et al., 2016). A
slight change of the main diffraction peak of the NZVI was seen in the nanocomposite, where the
aFe? diffraction angle (20) was shifted from 44.7° to 45.5°, in agreement with previous reports
(Pang et al., 2014), suggesting that this shift corresponded to a decrease of the crystallite size of
NZVI (Yucelen et al., 2012; Arancibia-Miranda et al., 2017).

During the reaction with SeV!, AsV, and SeV' - AsV, the NZVI showed new diffraction peaks
characteristic of iron oxides. For instance, with SeV! (Fig. 1c), magnetite (FesO4) and/or

maghemite(y-Fe2Oz) peak was seen at 20 = 35.8°, and lepidocrocite (y-FeOOH) at 26 = 27.1°, in
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addition to decrease of the aFe? signal associated with loss of the crystalline structure (Suazo-
Hernandez et al., 2019). For NZVI1-Mt treated with Se¥'and AsY, the aFe® signal practically
disappeared, and no new signal was observed. During the treatment of Se¥'- AsY, only NZVI
showed a different behavior; the presence of both oxyanions decreased the degree of oxidation of
the outer shell, showing only magnetite-maghemite precipitated (Fig. 1g). Therefore, the XRD
results suggested that the support of NZVI on Mt changed the crystallinity of these nanoparticles
because an amorphous oxide layer was formed on their surfaces after anion adsorption.

To understand the dimensions and morphologies of the nanomaterials, pre- and post-adsorption
samples were investigated by SEM. Fig. 2a and 2b show that the pristine NZVI particles were
larger in size than those immobilized on Mt (SEM images of pristine Mt are shown in Fig. S2a),
likely due to the three-dimensional growth limitation of these nanoparticles when interacting
with the clay mineral (Jia et al., 2018; Suazo-Hernandez et al., 2019). The particle sizes found
for NZVI and NZVI-Mt were between 50-190 nm and 30-170 nm, respectively (Fig. S3). The
nanoparticles had a clear collar type shape, associated with each other via magnetic forces and
van der Waals and electrostatic interactions that occurred due to the surface oxidation process
(Sun et al., 2011; Arancibia-Miranda et al., 2016), as also indicated by the XRD results. The SSA
of NZVI-Mt increased 7.9 and 25.5 times compared to that of NZVI and Mt, respectively, due to
the accumulation of nanoparticles on the clay mineral (Table S3). After the oxyanion adsorption
reactions, the size of iron nanoparticles was increased in NZVI and NZVI-Mt (Fig. 2c-h), likely
due to the formation of different iron oxide coatings (Bhowmick et al., 2014; Trujillo-Reyes et

al., 2014; Liet al., 2015).

3.2. Adsorption experiments

10
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3.2.1. pH dependence

Solution pH is important on the adsorption process because the variation of pH influences the
speciation of SeV! and As" in the solution as well as the ionization of the surface groups of the
adsorbent materials. Fig. 3a shows that pH did not affect SeV' removal by NZVI, with a
maximum amount removed close to 57.0 mg-g (70.0 %) at pH = 3. On the other hand, NZVI-
Mt removed an amount of Se! close to 20.0 mg-g™ (24.8 %) at pH = 3. The negligible effect of
pH change on Se¥' removal using both the adsorbents might be related to the fact that under our
experimental conditions there were no changes in oxidation states of the Se"' species (Fig. S4a).
The predominant interaction during the adsorption of Se¥! would have been a chemical
mechanism (ligand exchange) because the adsorption was independent of the solution’s pH (Xia
et al., 2017a). The Mt reached a removal capacity of only 4.5 mg-g* of SeV!, quite lower than
NZVI and NZVI-Mt (Fig. 3a). The low adsorption of SeV! by the pristine clay mineral was
associated to the electrostatic repulsion generated between the permanent negative charges on Mt
and SeV! oxyanion (Charlet et al., 2007). Furthermore, this study showed that the coexistence of
As" affected the removal capacity of SeV!. At pH = 3, the SeV! adsorption capacity decreased
from 55.46 to 43.89 mg-g* for NZVI, and from 19.79 to 4.59 mg-g* for NZVI-Mt (Fig. 3c),
corresponding to a decrease of 14% and 19%, respectively, in the presence of AsV.

The changes in the removal of AsY as a function of pH was greater by NZV1 than by the NZV1-
Mt composite (Fig. 3b), where an increasing pH to values greater than the IEP (Fig. S5)
decreased the adsorption capacity of the adsorbents. The pH response of NZVI-Mt would be
related to the increase of the amount of surface negative charges with increasing pH, causing an
increase in the electrostatic repulsion between the adsorbent and adsorbate (Suazo-Hernandez et

al., 2019). Due to pKa; for HzAsOy is 6.7, at higher pH, the HAsO.,? species start becoming

11
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predominant in the solution (Fig. S4b) and electrostatic interaction between the adsorbent and
As became less favored (Wang et al., 2014).

The data obtained for the As elimination with NZVI and NZVI-Mt in a competitive system
were similar to those obtained for the mono-component system (Fig. 3d), which could be
attributed to two factors. Firstly, the competing species SeV! did not have a great affinity for the
surface groups of the NZVI and NZVI-Mt (=SiOH,=AIl0H, =FeOH.", =FeOH, and =FeO"). This
explanation was corroborated by the values of specific rate (k) and affinity (n) constants obtained
in the kinetic and isotherm investigations, respectively, and also by the values of partition
coefficients (PC), which are described in later sections. Secondly, the As" species (H2AsOx,
HAsO4? and AsO4>) when forming chemical interactions (of greater affinity) with the surface
groups could displace the previously adsorbed Sev' species (Bhowmick et al., 2014). This is in
agreement that the As" species have the ability to form inner spheres complexes with the surface
groups of NZVI in the presence of other anionic species such as NOs", SO4%, PO4>, and HCO-
(Kanel et al., 2005; Tanboonchuy et al., 2012; Bhowmick et al., 2014).

To understand the adsorption mechanisms of both the oxyanions on the adsorbent surfaces, the
pH variation (ApH = pHiina-pHinitiar) Was plotted against the initial pH values (Fig. 4a-c). The
results indicated that at ApH > 0, there was a release of OH", giving an increase in the solution’s
PHfinal. The opposite phenomenon was seen when ApH < 0, implying a greater release of H* from
the surface of the adsorbents, decreasing the pHinal.

Fig. 4a shows that at pHinitia > 4.0, the pHiinal O the post-adsorption Se! solution on NZVI-Mt
and NZVI tended to remain at pH 4.0, in contrast with the slightly higher pHfinal (pH = 5)
registered for the adsorption on Mt. This pH variation might be attributed to the in situ oxidation

process undergone by Fe® (in NZVI and NZVI-Mt), which would have caused the release of H*

12



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

into the bulk of the solution, and the formation of different surface Fe oxides on which Se“! could
be adsorbed (Fig. 2c and 2d). This process was independent of the solution’s pHinitial, S
confirmed by the effect of pH results (Fig. 3a). In relation to this process, Xia et al. (2017b)
indicated that at pH < 7, the NZ V1 after being in contact with Se"! released H* into the solution

according to Eq. 2, 3, and 4:

Fe® + 2H* — Fe?* + H} (Eq.2)
2H, + Se0%™ + 4H* - Se} + 4H,0 (Eq.3)
3Fe’ + 4Fe?* + 4Se® + 4H,0 — Fe;0, + 4FeSe + 8H* (Eq.4)

Considering Eq. 3, it was probable that SeV! displaced the equilibrium toward the formation of
products in Eq. 4, in contrast with the effect produced after the adsorption of As¥ on NZVI and
NZVI1-Mt (Bhowmick et al., 2014). It was because when adsorption of As¥ on NZVI-Mt at
PHinitial < 9 0ccurred, the pHrinal remained close to 8 (Fig. 4b). This phenomenon might be
associated with the fact that As¥ anions were coordinated through ligand exchange with the
surface =FeOH groups present in NZVI-Mt, releasing OHgroups. An opposite behavior was
seen when AsY adsorption by NZVI took place. In this case, at pHinital > 5.0, ApH was -2,
pointing to a greater generation of H* in the medium, and this might be related to the
deprotonation of the predominant HzAsO4 species at that pH (H2AsOs™ «<» H'+ HAsO4?). The
ApH values for the competing system (Fig. 4c) showed a trend similar to that of the AsY
adsorption system, suggesting that the reactions taking place in the solid-solution interface were

dependent only on the presence of AsV.

3.2.2. Kinetics of adsorption

13
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The experimental kinetic adsorption data of both oxyanions in mono-component and competition
systems are presented in Table S4, and their trend is shown in Fig. 5. The equilibrium time for
SeV'adsorption on NZVI and NZVI-Mt reached during the first 5 and 20 min, respectively, with
the removed amount almost three times greater for NZVI-Mt than the pristine NZV1 (Fig. 5a).
The equilibrium contact time for the adsorption of As¥ on NZVI1 in both systems occurred within
40 min of contact, while for the NZVI-Mt composite it occurred at 90 min (Fig. 5b and 5d), with
the removed amount 2.5 times greater for the nanocomposite compared to NZVI in a mono-
component system, and 2.0 times greater in the competition system (Table 1).

These results show that the support of NZV1 on Mt, besides increasing the SSA (Table S3),
favored the removal of SeV! in a mono-component system, and of As" in both mono- and
competitive systems (Fig. 5a-d). This explanation could be associated to the higher amount of
surface functional groups (=Fe-OH and =Fe-O-0OH) which were generated by the
functionalization of the clay mineral with NZV1 (Suazo-Hernandez et al., 2019). Additionally,
the times taken for the saturation of the surface functional groups in NZV1-Mt with As¥ were the
same in both the mono-solute and competitive systems, and consequently the coexistence of SeV!
did not interfere with AsV adsorption by this adsorbent.

PC in a solid/liquid adsorption system correspond to the ratio of adsorbate concentration in and
on the solid adsorbent phase to its concentration in the liquid phase at equilibrium (Hu et al.,
2014; O’Connor and Connolly, 1980). PC was used to characterize the adsorption affinity of
adsorbents (Ahmed et al., 2016; Na et al., 2019), and could help to corroborate and understand
the effect of competing species on oxyanion adsorption, which is conventionally evaluated by
model fitting. The PC values obtained at different reaction times (5 - 180 min) for the adsorption

of As¥ on Mt and NZVI in competing system fluctuated between 0.0024 - 0.0030 mg-gt-uM,
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and 0.007 - 0.016 mg-g*-uM, respectively. These values were similar to those determined in
single-component system, indicating that Se"! did not notably alter the adsorption of As¥ on Mt
and NZVI (Table S5). Meanwhile, the decrease of PC values for As¥ adsorption on NZVI-Mt in
the competing system (PC = 0.019 - 0.060 mg-g™*-uM™) compared to single-component system
(PC =0.020 - 0.097 mg-g*-uM?) suggested that AsV adsorption was hampered on NZVI-Mt by
the presence of SeV! (Table S5). It was not possible to report the PC for SeV! in a competing
system because the adsorbents showed negligible adsorption, suggesting that As" was an
interferer during the overall kinetic process.

Higher PC values were obtained for Se"! adsorption on Mt-NZV1 than NZVI and Mt at different
reaction times in single-component system. PC values were greater for AsV adsorption on Mt-
NZVI in both single and competing systems. These results could be attributed to a synergistic
effect where a uniform dispersion of NZVI particles were obtained on Mt during the
immobilization of nanoparticles on the clay mineral (Kim et al., 2019). In other words, there was
an increase in the number of adsorption sites after immobilization of NZVI on Mt. A decrease in
PC value was expected in the competing AsY - SeV! / NZVI-Mt system with respect to single-
component system (because Se¥' would be occupying the adsorption sites), which did not occur.
This inconsistency would be a consequence of Mt exfoliation likely to occur during the NZVI
immobilization process using harsh chemicals (Lee and Ko, 2014; Prasanth et al., 2013), which
might favor NZVI passivation and alter the adsorption sites.

Pseudo-second-order (PSO) and pseudo-first-order (PFO) equations (Table 1) were used to
describe the kinetic experimental results. According to these equations, we obtained adsorption
capacity parameters and rate constants for Se¥' and AsV for the different adsorbents and systems.

The obtained kinetic parameters suggested that both the equations were capable of describing the
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experimental data of Se¥' removal onto NZVI and NZVI-Mt in the mono-component system
with high r2 values and low 2 differences (Table 1). The PSO model gave a greater closeness
between experimental (ge,exp) and theoretical (ge,cal) adsorption capacity values than PFO
model, indicating a chemisorption process (Barkat et al., 2009). Since Se"' (Se04%) anion has a
tetrahedral structure whose O-Se bond distance is 1.61-1.65 A (Fernandez-Martinez and Charlet,
2009), so it was probable that the adsorption predominantly occurred through the formation of
bidentate complexes (Peak, 2006; Chan et al., 2009). However, a few studies indicated that the
species with tetrahedral structure could also coordinate with the surface groups of an adsorbent
through the formation of monodentate complexes (Ling et al., 2015; Arancibia-Miranda et al.,
2016; Xia et al., 2017a; Xie et al., 2017).

The adsorption kinetics of As¥ onto NZVI and NZVI-Mt in the mono-component system (r? =
0.988 and 0.996, respectively) as well as under SeV' competition (r>= 0.981 and 0.996,
respectively) best fitted to the PSO equation (Table 1), indicating that the adsorption of As" took
place mainly through formation of bidentate inner-sphere complexes (Zhang et al., 2005;
Limousin et al., 2007; Sun et al., 2011). The kinetics of As" adsorption onto NZVI might be
explained considering that initially it was adsorbed on the NZVI surface. After the outer surface
of NZVI became saturated with As, it would pass through the iron oxide layers, and would be
retained in the inner surface of the nZVI1. This phenomenon might also be favored in NZVI-Mt
by the presence of Mt because of the laminar structure of the clay mineral. The interlayer
distance in Mt is approximately 12.45 A (Cosultchi et al., 2004), which might instigate a
diffusion process for contaminants in the nanocomposite adsorbent (Dabrowski et al., 2005;

Tanboonchuy et al., 2012).
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The rate constants ki and k. of As¥ adsorption on Mt were much greater than for NZVI and
NZVI-Mt (Table 1), indicating that As could be removed by Mt through an ion exchange
reaction (in exchange with -OH) on its surface (Li et al., 2017). From the PSO equation, we
calculated the initial adsorption rate (h) (Wang et al., 2014; Arancibia-Miranda et al., 2016). The
h for As" in the mono-component system followed: NZVI < Mt < NZVI-Mt, but the presence of
SeV! changed the trend as: Mt < NZVI < NZVI-Mt (Table 1). Considering that h is associated to
the sites that are available for the adsorption to occur, whent = 0, it could be suggested that
after the support of NZVI on Mt, there was a synergism in the adsorption as a result of the
formation of new adsorption sites in NZVI-Mt giving greater specificity for AsY in contrast with

NZVI (Zhang et al., 2005).

3.2.3. Isotherms of adsorption

The experimental adsorption isotherm data for of Se¥! and AsV onto Mt, NZVI and NZVI-Mt are
summarized in Table S6, and their trend is shown in Fig. 6. In the mono-component system,
adsorption isotherms of SeV! were “L” type (Fig. 6a) (Dabrowski et al., 2005; Limousin et al.,
2007), indicating that there was a high affinity between the reactive surface groups of the
adsorbent and adsorbate. The isotherms of AsV adsorption onto NZV1 and NZVI-Mt (Fig. 6b and
6d) showed an “H” type isotherm, accounting for an extremely strong adsorption of the analyte
(Dabrowski et al., 2005; Boparai et al., 2011). Furthermore, the PC values for As¥ on NZVI and
NZVI-Mt in both systems, and for Se¥! in single-component system decreased with an increase
of equilibrium adsorbate concentration (Table S7), following an exponential decrease until

reaching a minimum value (Fig. S6). This trend could be attributed to the high affinity of the
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adsorbents for both oxyanions at specific reaction sites at low adsorbate concentration (Basta and
Tabatabai, 1992; Molina et al., 2010).

The Freundlich and Langmuir isotherm equations were used to describe the equilibrium
adsorption data of oxyanions on the adsorbents (Table 2). A good description to the experimental
data of SeV' adsorption onto NZVI-Mt was obtained with the Freundlich equation (r? = 0.944 and
¥2 = 5.026). These results suggested that the adsorption of SeV! took place through forming
multilayers on the heterogeneous surface of the adsorbing material. The values of r? for the
adsorption of Se¥'on NZVI were quite similar between the equations used (r?= 0.955 and y>=
0.562 for Langmuir; and r?= 0.957 and y?= 0.540 for Freundlich) (Table 2). However, we must
consider the theoretical foundation of the mathematical equations applied. So, knowing the
oxidation process that NZV1 underwent, as seen in the post-adsorption XRD investigation (Fig.
1c), it was unexpected that the adsorption sites present on the surface of the material would be
similar or equal in energy and selectivity (Rangabhashiyam et al., 2014). Thus, the Freundlich
equation explained the adsorption of Se¥! on the nanoparticles with heterogeneous surface sites
better than the Langmuir equation.

The chemical reactivity of NZVI might induce Se"' to be reduced to Se'V (Qiu et al., 2000), a
process that might occur on the adsorbent surface by adsorbing Se'v on the outer shell Fe oxides
of the NZVI (Yoon et al., 2011). The Se'V (SeOs*) adsorbed on the surface might also penetrate
into the (oxy)hydroxide layers, and subsequently elemental selenium (Se°) could be formed due
to Se'V reduction by NZVI (Hayashi et al., 2009). Another possibility might be that the adsorbed
SeV!' would form multilayers on the adsorbent (Yoon et al., 2011; Xia et al., 2017a). However,

future experiments are needed to prove the above hypotheses by investigating the solid phase
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410  speciation of Se and/or Fe possibly using the method like x-ray photoelectron spectroscopy

411 (XPS).

412 The experimental data of As" also showed a high level of fitness with the Freundlich equation
413  for all the studied adsorbents and systems (Table 2), and they agreed with the results reported
414  previously (Kanel et al., 2005; Baltazar et al., 2014). The values of n (adsorption affinity) and PC
415  for all the systems are summarized in Table 2. In the mono-component system, the value of n
416  and PC for the elimination of Se¥' by NZVI-Mt was greater than that of NZVI (Table 2),

417  indicating that the nanocomposite had a greater affinity for SeV' compared to NZVI (Xia et al.,
418  2017a).

419  Inthe case of AsY, the value of n varied between 3 and 6, and PC between 0.03 and 0.07 mg-g°
420  1.uM7, in both the mono-component and competitive systems, which indicated that the

421  adsorption of this analyte was, by both adsorbents, a highly favorable process, and also

422 suggesting that SeV! did not interfere in the adsorption of AsY. This was confirmed from the fact
423  that there was no big variation in the n and PC values in a competing system compared to the
424  mono-component system (Table 2) (Guan et al., 2009; Liu et al., 2016).

425

426 4. Advantage of the use of NZVI-Mt in complex aqueous matrices

427  Pollution of aquatic environments with oxyanions (e.g., AsOs>, Se04%, PO4>, NOs", and MnOy)
428  impacts the health of various communities around the world (Zhang et al., 2005; Wen et al.,

429  2014), and it is a serious issue that needs to be solved. At present, the abatement of pollutants in
430  aqueous matrices is achieved using high-cost techniques that are not easily accessible, and may
431  generate toxic by-products (Singh et al., 2015; He et al., 2018). The use of nanotechnology, for

432 example, NZVI-clay composite materials, has appeared as an excellent alternative for removing
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oxyanions like SeV'and AsV from water systems (Table 3). The NZVI-Mt nanocomposite
reported in this study showed higher or at least comparable As" and Se"! removal capacities
compared to nanocomposites on substrates such as activated carbon, carbon nanotubes (CNTSs),
graphite oxide (GO), zeolite and synthetic resin (Table 3). Adsorption capacity can vary
depending on initial adsorbate concentrations and doses, and hence would not appropriately
evaluate the real performance of an adsorbent which PC could do (Al-Wabel et al., 2019;
Szulejko et al., 2019; Vikrant and Kim, 2019). The PC values for As¥ and Se"' removal using
NZVI-Mt were smaller than those given by other adsorbents, except for AsV removal by zeolite
(Suazo-Hernandez et al., 2019) and pristine Mt (Bhowmick et al., 2014) (Table 3). These results
could be attributed to high concentration of As¥ and Se"! that are not absorbed, making the
adsorbent appear to have reduced performance. It is also probable that PC values depend on the
NZVI immobilizing substrate which can interact differently with oxyanions (Liu and Hu, 2019;
Vikrant and Kim, 2019). For instance, when NZVI was mixed with Al-bentonite, and an initial
concentration of SeV! was 80 mg-L™, the PC was 18 times higher than for NZVI-Mt using 200
mg-L* of SeV! (Table 3). Similarly, when NZVI was supported on graphite oxide (GO), and the
initial concentration of As¥ was 15 mg-L* (Zhu et al., 2009), PC was 9.9 times higher than
NZVI-Mt at 200 mg-L* AsY concentration (Table 3). It is recommended that future research on
As and Se removal in solid-liquid system should consider PC to evaluate adsorbent performance.
Nevertheless, among the substrate materials, Mt would be less expensive and environmentally
friendlier than CNT, GO and synthetic resins (Mandal et al., 2018; Mukhopadhyay et al., 2020).
The present research made an exhaustive study of more complex matrices, finding that there was
a greater removal of As" in the system competing with SeV' when using NZVI1-Mt. This

phenomenon showed the high affinity of NZVI-Mt for AsY, which might be attributed to the fact
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that, as compared to the Se"! species, AsY species present in the solution (pH = 7) had a spatial
conformation (Fig. S4) that allowed forming more stable chemical bonds with less energy
spending (Sherman and Randall, 2003). The chemical bond formation was facilitated with the
=FeOH, =AIOH and =SiOH functional groups of the adsorbent material (Tandon et al., 2013).
The consequence of using an expandable clay mineral such as montmorillonite to immobilize
NZVI was that the laminar intercalation process taking place between the clay mineral and NZVI
might favor the formation of additional removal sites due to the presence of NZVI. This paper
also suggests that the contaminant adsorption studies must not only focus on the search for new
nanomaterials that are efficient for the removal of pollutants in systems closer to reality but also

should shed importance on determining the adsorbent-adsorbate interactions involved.

5. Conclusions

The characterization of NZVI-Mt and NZV|I before and after the AsV and Se"' adsorption
reactions in both mono-component and competitive systems showed that the Fe® nanoparticles
grew in their particle size because they underwent a surface transformation process forming new
mineralogical phases such as magnetite (FesO4) and/or maghemite (y-Fe20s3), lepidocrocite (y-
FeOOH), and amorphous iron oxides. In the mono-component system, Se¥! was removed by the
NZVI and NZVI-Mt more rapidly than AsV. In a competitive system, SeV! was removed only by
the NZVI, in contrast to As¥ which was removed by all the adsorbents (Mt, NZVI, and NZVI-
Mt). In addition, the kinetics of As" adsorption onto NZVI and NZVI-Mt presented a better fit to
the PSO equation (r>> 0.98, ¥? < 1.50), and giving ge values 6.80 and 5.52 times greater,

respectively, than Se¥! in the mono-component system.
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The predominant mechanism of SeV! removal from the solution by the adsorbents was through
chemical adsorption. Meanwhile, in the mono-component and competing systems, AsV was
removed by NZVI and NZVI-Mt forming monodentate or bidentate complexes. Higher gmax and
PC values for AsY adsorption by NZVI-Mt in both systems and SeV' adsorption in
monocomponent system showed a synergistic effect due to NZVI immobilization on Mt, which
also improved the affinity of NZVI-Mt toward As" over Se"'!. This study showed promising
results for applying Mt-supported NZV1 to remove As" coexisting with SeV!in aqueous
solutions. Future research is required to study the removal performance of oxyanions from real

domestic and industrial wastewaters, and to investigate the nanocomposite stability.
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Figure Captions

Fig. 1. XRD patterns of (a) NZVI, (b) NZVI-Mt,(c) SeV'/ NZVI, (d) SeV'/ NZVI-Mt, (e) AsV/
NzVI, (f) AsV/ NZVI-Mt, (g) SeV'- AsV/ NZVI, and (h) Se¥'- AsV/ NZVI-Mt after shaking
with aqueous solution containing 200 mg-L™* Se¥'and As.

Fig. 2. SEM images of (a) NZVI, (b) NZVI-Mt,(c) SeV'/ Nz VI, (d) Se¥'/ NZVI-Mt, (e) AsV/
NZVI, (f) As¥/ NZVI-Mt, (g) Se¥'- As¥/ NzVI, and (h) SeV'- As¥/ NZVI-Mt

Fig. 3. Effect of pH on the adsorption of (a) only Se"', (b) only AsY, (c) SeV' - AsY, and (d) As" -
SeV!' on Mt, NZVI and NZVI-Mt.

Fig. 4. ApH value for the adsorption of (a) only Se"', (b) only AsY, and (c) Se¥' - AsV on Mt,
NZVI and NZV1I.

Fig. 5. Pseudo-first-order and pseudo-second-order kinetics for the adsorption of (a) only SeV/,
(b) only AsY, (c) SeV' - AsY, and (d) AsV - Se¥! on Mt, NZVI and NZVI-Mt.

Fig. 6. Langmuir and Freundlich isotherms for the adsorption of (a) only Se"!, (b) only AsV, (c)

SeV! - AsY, and (d) AsY - SeV! on Mt, NZVI and NZVI-Mt.
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Table Captions

Table 1 Theoretically determined parameters with standard deviation of pseudo-first-order and
pseudo-second-order kinetic equations for SeV'and AsY adsorption on Mt, NZVI and NZVI1-Mt
in mono-component and competitive systems.

Table 2 Parameters with standard deviation of Langmuir and Freundlich isotherm models for
SeV'and AsY adsorption on NZVI and NZVI-Mt in mono-component and competitive systems.
Table 3 Performance of NZVI supported on different substrates for adsorption of As and Se

from aqueous solution.
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817  Tables
818  Table 1 Theoretically determined parameters with standard deviation of pseudo-first-order and pseudo-second-order Kinetic equations

819  for SeV'and As" adsorption on Mt, NZVI and NZVI-Mt in mono-component and competitive systems.

Kinetics parameters SeV! Mono-component system SeV! Competitive system

Mt NZVI NZVI-Mt Mt NZVI NZVI-Mt
Qeexp (Mg-g™) 0.00 + 0.00 3.94 + 0.64 10.88 £0.45  0.00 +0.00 133+083  0.00 +0.00
QeXp (%) 0.00 4.92 13.61 0.00 1.67 0.00

Pseudo-first-order

qcal (mg-g?) N.D. 3.80 +0.05 10.73+0.11  N.D. 127+003  N.D.
ki (x 103 min‘?) N.D. 937.35 +177.04 221.43+1515 N.D. 205.60 +35.78 N.D.
2 N.D. 0.984 0.992 N.D. 0.945 N.D.
¥ N.D. 0.020 0.089 N.D. 0.009 N.D.

Pseudo-second-order

gecal (Mg-g?) N.D. 3.85 + 0.05 11.17£0.18  N.D. 132+004  N.D.
k2 (x 10 g-mgt-mint) N.D. 958.50+99.71 38.89+6.55  N.D. 310.82 +30.81 N.D.
h (mg-gt-min?) N.D. 14.21+000  485+000  N.D. 054+0.00  N.D.

42



r2 N.D. 0.987 0.986 N.D. 0.946 N.D.
a N.D. 0.156 0.154 N.D. 0.008 N.D.
Kinetics parameters AsY Mono-component system AsV Competitive system

Mt NZVI NZVI-Mt Mt NZVI NZVI-Mt
Oe.exp (Mg-gY) 7.28+0.11 26.36 +0.77 61.08+045  7.13+0.43 26.97+0.23  53.51+0.91
ge,eXp (%) 9.14 32.93 76.31 8.95 33.69 66.64
Pseudo-first-order
Qe,cal (mg-g™) 7.09 +0.13 24.50 + 0.66 57.17+1.40  6.97+0.15 2539+0.72  51.71+1.09
ki (x 107 min') 461.36 +£107.33 163.69 +£26.40 121.80+16.06 313.79-+59.57 151.34 +24.81 138.96 +12.46
r2 0.967 0.946 0.960 0.958 0.943 0.968
e 0.155 0.187 13.20 0.155 3.680 8.277
Pseudo-second-order
gecal (mg-g?) 7.26 +0.14 26.18 £+ 0.41 61.74 £ 0.64 7.23+0.12 27.26 £ 0.55 55.25 +0.55
ko (x 10° g-mgt-mint) 170.98+18.43 9.76+1.23 2.98 +0.22 89.07 £ 10.57 8.40+131 4.05+0.31
h (mg-g*-min’?) 9.01 +0.00 6.69 =+ 0.00 11.36 + 0.00 4.66 +0.00 6.24 +0.00 12.36 £ 0.00
r2 0.977 0.988 0.996 0.984 0.981 0.996
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1 0.104 0.684 1.494 0.074 1.201 1.181

820

821  N.D.: Not determined.
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822  Table 2 Parameters with standard deviation of Langmuir and Freundlich isotherm models for SeV'and As" adsorption on NZVI and

823  NZVI-Mt in mono-component and competitive systems.

Sample  Langmuir constant Freundlich constant Partition coefficient
Ke Omax(Mg-g™) o Kr n ooy (mg-g™*-uM™)
(x 10° L-mg) ((mg-g*)(L-mg™)"")

SeV! Mono-component system

NZVI 294 +£1.11 28.63+4.85 0.955 0.562 0.19+0.10 1.32+£0.19 0.957 0.540 0.021
NZVI-Mt 18.21 £10.34 34.21+7.94 0917 7539 2.26+0.97 2.03+0.40 0.944 5.026 0.024
AsY Mono-component system

NzZVI 102. 41 +26.91 31.08 +4.97 0.857 21.143 12.51 +1.66 5.64+1.04 0.970 4.368 0.034
NZVI-Mt 169.33 £10.17 54.75+5.94 0.931 29.288 16.25 * 3.97 3.51+£0.84 0.946 23.229 0.065
As" Competitive system

NzZVI 210.70 £19.06 30.47 £2.45 0.937 10.504 9.85+1.48 3.99+£0.58 0.976 4.058 0.033

NZVI-Mt 195.52 +15.90 49.91 +531 0.922 29.433 16.46 +4.19 3.87 £1.04 0.938 23.550 0.055
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826

Table 3 Performance of NZVI supported on different substrates for adsorption of As and Se from aqueous solution.

Element Substrate Adsorption Initial Initial Removal  Qmax PC BET- Reference
condition  concentration  concentration efficiency (mg-g° (mg-g° surface
(T,pH)  (mg-L™) (M) (%) Y “uM™ area
o (mPg?)
AsY Zeolite 25,7 200 2669.5 47.8 38.26 0.027  198.7 (Suazo-
Hernandez et
al., 2019)
As'l! Zeolite 25,6 10 133.5 62.2 12.84 0.269 — (Lietal.,
2018)
As'!! Montmorillonite 22,7 345 4604.9 22.4 59.9  0.017  36.97 (Bhowmick et
AV 200 2669.5 28.6 455  0.024 al., 2014)
As'!! Graphite oxide 25,7 15 200.2 95.5 35.83 3.98 100.65 (Wang et al.,
AsY 15 200.2 77.4 29.04 0.642 2014)
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As'!! Alumina 50, 7 10 133.5 99.98 15,5  580.63 - (Jain and
Agarwal,
2017)

As'!t Activated carbon 25, 6.5 2 26.7 —~ 182 - 69.4 (Zhu et al.,

AsY 2 26.7 - 120 - - 2009)

As'l! Starbon 300 -7 5.5 73.5 24.3 26.8 0.482 141 (Baikousi et
al., 2015)

As'!l Chitosan-pumice 15, 6.2 100 1334.8 99.5 242,80 36.38 382 (Liu et al.,
2016)

AsY Montmorrillonite 25, 7 200 2669.5 68.43 54.75 0.065 209.0 This study

SeV! Al-bentonite 25, 6 80 1013.2 95.7 19.14 0439 - (Lietal.,
2015)

Se!v Carbon 25, 6 - - 95.7 12.2 - 61.1 (Sheng et al.,

nanotubes 2016)
SeV! Montmorillonite 25, 7 200 2532.9 42.76 3421 0.024  209.0 This study
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. . Adsorption capacity
828  « Partition coefficient = —— , (Dengetal.,2019)
Initial concentration x (1 — removal rate)

829
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Analysis of data

The data were adjusted to kinetic mathematical equations and sorption isotherm equations, which
were evaluated through the coefficient of determination (r?) and Chi-square (x?) values. The y?
test measures the difference between the experimental and equations data, and is mathematically

expressed by Eq. 1.

N

(qe, €Xp — Qe cal)?

2

X°= E (Eq.1)
s Je, cal

where, ge, exp corresponds to the amount of solute adsorbed in the experimental data at
equilibrium, and ge, cal is the quantity adsorbed at equilibrium through the model. A smaller
value of x? indicates a better fit of the experimental data to the equations (Arancibia-Miranda et

al., 2016; Boparai et al., 2011).
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871  Figure S1. XRD patterns of (a) Mt, (b) Se¥'/ Mt, (c) AsV/ Mt, and (d) SeV' - AsV/ Mt (Mt=
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880
881  Figure S2. SEM images of (a) Mt, (b) Se¥!/ Mt, (c) AsV/ Mt, and (d) Se¥'- AsV/ Mt.
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884  Figure S3. Histograms with the corresponding particle size distribution for (a) NZVI, (b) Mt,
885 and (c) NZVI-Mt.
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Speciation of Se0,> (%)

Figure S4. Speciation diagram of (a) Se¥! and (b) As" in a monocomponent system, and (c) SeV'- As" in a competitive system, in

solution considering the experimental conditions.
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929

930

931

Table S1 Kinetic equations used for the description of AsY, SeV!, AsV - SeV! and SeV' - As¥ removal.

Kinetic Equation Linear expression Parameters References
equations
Pseudo-first- dqe log(ge —qyt) g:= amount of anion adsorbed at any time.  (Arancibia-miranda
dt
order (PFO) _1 ge = amount of anion adsorbed at et al., 2014;
=ki(qe—q) ~ °8(0e) 7
equilibrium (mg-g™). Céceres-Jensen et
ki = PFO rate constant (min) al., 2013; Hamdi et
* Pseudo- dq, t__r .t
T ac  agkz g k2 = PSO rate constant (g-mg?-min™) al., 2014; Ho and
second-order
=k, (qe — q¢)? McKay, 1999)

(PSO)

*From PSO initial adsorption rate (h), can be calculated by multiplying k.qZ (mg-g™* min?).
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932  Table S2 Isotherm equations used for the description of AsY, Se¥!, AsV - SeV! and SeV! - AsY removal.

Isotherm equations ~ Equation Parameters References
Langmuir _ 9qmKpCe  ge = Amount of adsorbed anion per unit mass of the adsorbent at (Baldikova et al.,
Qe =1 1K.C,
equilibrium (mg-g™) 2020; Camacho et
Omax = Maximum adsorption capacity (mg-g™?). al., 2011; Kanel et
Freundlich Qe = KFC1/n C. = concentration of anion at equilibrium in the solution (mg-L™). al., 2005)
e e

K_= Constant related to the affinity (L-mg™)
Ke = Freundlich adsorption coefficient ((mg-g)(L-mg™)¥m;

Adsorption intensity (1 < n < 10)

933
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934  Table S3 Specific surface area for Mt, NZVI1 and NZVI-Mt.

BET-specific surface area Mt NZVI NZVI-Mt

mg 2.9’ 8.2 26.3 209.0

935
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936  Table S4 Adsorption kinetics of As¥ and Se¥' on NZVI, Mt and NZVI-Mt in mono-component and competitive systems using at initial

937  concentration of 200 mg-L™.

As¥-Monocomponent system

AsV-Competitive system

Time NZVI Mt NZVI-Mt NZVI Mt NZVI-Mt
(min)  Ce Qe Ce Qe Ce e Ce e Ce Qe Ce Qe
5 160.07 15.94 183.80 6.49 120.67 31.65 161.12 15.51 185.29 5.90 123.46 30.62
10 153.95 18.44 183.86 6.44 101.90 39.29 153.50 18.62 185.44 5.92 107.22 37.11
20 147.60 20.90 183.43 6.79 82.01 47.08 143.01 22.73 183.77 6.16 90.44 43.83
30 143.32 22.65 183.51 7.22 69.50 52.09 142.09 23.12 183.47 6.90 82.19 47.12
45 141.82 23.09 180.58 7.48 63.91 54.00 142.79 22.70 181.88 7.35 70.81 51.68
60 139.40 24.23 181.71 7.40 61.14 55.50 139.57 24.15 182.15 7.32 70.99 51.60
90 137.96 24.92 182.04 7.43 55.61 58.00 133.32 26.78 181.89 7.23 65.35 53.86
120 135.25 25.82 182.24 7.36 51.48 59.25 131.13 27.48 182.62 7.05 65.50 53.80
150 133.55 26.64 181.62 7.37 47.28 61.21 131.54 27.44 181.73 7.32 67.63 52.95
180 134.14 26.36 181.68 7.28 47.39 61.08 132.62 26.97 181.65 7.13 66.73 53.31
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SeV'-Monocomponent system

SeV!-Competitive system

Ce Qe Ce Qe Ce Qe Ce Qe Ce Oe Ce Qe

5 190.57 3.77 200 0.00 182.38 7.05 197.83 0.87 200 0.00 200 0.00
10 190.99 3.60 200 0.00 175.28 9.89 197.36 1.06 200 0.00 200 0.00
20 190.66 3.74 200 0.00 175.07 9.97 197.21 1.12 200 0.00 200 0.00
30 190.93 3.63 200 0.00 172.81 10.88  196.42 1.43 200 0.00 200 0.00
45 190.94 3.62 200 0.00 17411 10.36 197.05 1.18 200 0.00 200 0.00
60 190.24 3.91 200 0.00 173.29 10.68  196.58 1.37 200 0.00 200 0.00
90 190.18 3.93 200 0.00 172.88 10.85 196.99 1.21 200 0.00 200 0.00
120 190.11 3.95 200 0.00 172.69 10.93 196.84 1.27 200 0.00 200 0.00
150 190.22 3.91 200 0.00 172.74 10.90 196.92 1.23 200 0.00 200 0.00
180 190.16 3.94 200 0.00 172.79 10.88 196.67 1.33 200 0.00 200 0.00

938

939  Ce = equilibrium solution concentration (mg-L™); ge = experimental adsorption capacity (mg-g™).
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940  Table S5 AsVand SeV! adsorption capacities and partition coefficients (PC) of the tested adsorbents at initial concentration of 200 mg-

941 L7 at different times of reaction.

As¥-Monocomponent system AsV-Competitive system

Mt NZVI NZVI-Mt Mt NZVI NZVI-Mt

TR % g PC % @ PC % ¢ PC % g PC % g PC % g PC

5 81 6.49 0.0026 20.0 1594 0.007 39.7 3165 0.020 7.4 590 0.0024 194 1551 0.007 38.3 30.62 0.019

30 80 6.44 0.0026 23.0 18.44 0.009 49.1 39.29 0.029 7.4 592 0.0024 23.3 18.62 0.009 46.4 37.11 0.026

20 85 6.79 0.0028 26.2 20.90 0.011 59.0 47.08 0.043 7.8 6.16 0.0025 285 22.73 0.012 54.8 43.83 0.036

30 91 7.22 0.0030 28.3 22.63 0.012 653 52.09 0.056 8.6 6.90 0.0028 29.0 23.12 0.012 58.9 47.12 0.043

45 9.4 748 0.0031 29.1 23.09 0.012 68.1 54.00 0.063 9.3 7.35 0.0030 28.6 22.70 0.012 64.6 51.68 0.055

60 9.2 7.40 0.0031 30.3 24.23 0.013 69.4 5550 0.068 9.1 7.32 0.0030 30.2 2450 0.013 64.5 51.60 0.054

90 9.3 7.43 0.0031 31.0 2492 0.014 722 58.00 0.078 9.1 7.23 0.0030 33.3 26.78 0.015 67.3 53.86 0.062

120 9.3 7.36 0.0030 32.4 25.82 0.014 743 59.25 0.086 89 7.05 0.0029 34.4 27.48 0.016 67.3 53.80 0.062

150 9.2 7.37 0.0030 33.2 26.64 0.015 76.4 61.21 0.097 9.1 7.32 0.0030 34.2 27.44 0.016 66.2 52.95 0.059

180 9.1 7.28 0.0030 329 26.36 0.015 76.3 61.08 0.097 9.0 7.13 0.0029 33.7 26.97 0.015 66.6 53.31 0.060
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SeV'-Monocomponent system SeV!-Competitive system

Mt NZVI NZVI-Mt Mt NZVI NZVI-Mt

TR % g PC % @ PC % g PC % g PC % g PC % @ PC

S) ND ND ND 47 377 0.0016 881 7.05 0.003 ND ND ND 1.1 0.87 0.0003 ND ND ND

30 ND ND ND 45 3.60 0.0015 1236 9.89 0.004 ND ND ND 1.3 106 0.0004 ND ND ND

20 ND ND ND 47 3.74 0.0015 1247 997 0.004 ND ND ND 1.4 112 0.0004 ND ND ND

30 ND ND ND 45 3.63 0.0015 13.60 10.88 0.005 ND ND ND 1.8 143 0.0006 ND ND ND

45 ND ND ND 45 3.62 0.0015 1295 10.36 0.005 ND ND ND 1.5 118 0.0006 ND ND ND

60 ND ND ND 49 391 0.0016 13.35 10.68 0.005 ND ND ND 1.7 137 0.0006 ND ND ND

90 ND ND ND 49 393 0.0016 13.56 10.85 0.005 ND ND ND 1.5 121 0.0006 ND ND ND

120 ND ND ND 49 395 0.0016 13.66 10.93 0.005 ND ND ND 1.6 127 0.0006 ND ND ND

150 ND ND ND 49 391 0.0016 13.63 10.90 0.005 ND ND ND 1.5 123 0.0006 ND ND ND

180 ND ND ND 49 394 0.0016 13.61 10.88 0.005 ND ND ND 1.7 133 0.0006 ND ND ND

942
943 TR = time of reaction; % = removal efficiency; g = experimental adsorption capacity (mg-g™); PC = partition coefficient (mg-g-uM-

944  1): ND = not determined.
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945  Table S6 Equilibrium solution concentration measured and adsorption capacity obtained for the adsorption isotherms of AsY and Se"!

946  on Mt, NZVI and NZVI-Mt in mono-component and competitive systems.

AsV Mono-component system Se¥! Mono-component system
Co Mt NZVI Mt-nZVI1 Mt NZVI Mt-nZVI1
Ce Je Ce Qe Ce Je Ce Oe Ce Qe Ce Qe

0.5 0.00 0.20 0.00 0.20 0.00 0.20 0.00 0.20 0.25 0.10 0.00 0.20

1 0.00 0.40 0.00 0.40 0.00 0.40 0.00 0.40 0.00 0.40 0.00 0.40
5 3.59 0.56 0.00 1.99 0.00 1.99 437 0.25 2.30 1.08 0.00 2.00
10 9.30 0.28 0.00 3.99 0.00 3.99 991 0.04 6.01 1.60 0.00 4.01
30 30.00 0.00 0.28 11.79  0.00 11.91 30.00 0.00 25.58 1.78 9.73 8.10
60 60.00 0.00 14.46 18.20 3.24 22.69 60.00 0.00 52.92 2.82 28.08 12.73

100 100.00  0.00 42.77 2299 13.72 34.65 100.00 0.00 84.25 6.29 64.29 14.27

150 145.71 1.71 80.21 27.85 37.38 4493 150.00 0.00 129.21 8.31 96.49 21.56

200 187.28  5.10 12366  30.60 6550 53.91 200.00 0.00 176.23 946 13413  26.49
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AsV Competitive system SeV! Competitive system

Ce Qe Ce Qe Ce Qe Ce Qe Ce Oe Ce Qe

0.5 0.00 0.20 0.00 0.20 0.00 0.20 0.00 0.20 0.00 0.20 0.00 0.20

1 0.00 0.40 0.00 0.40 0.00 0.40 0.00 0.0 0.00 0.40 0.00 0.40

5 3.77 0.49 0.00 2.00 0.00 2.00 335 0.66 0.18 1.92 0.00 2.00
10 10 0.00 0.00 4.01 0.00 3.98 10 0.00 5.23 1.91 3.18 2.73
30 30 0.00 1.71 11.32  0.00 11.98 30 0.00 29.43 0.23 26.73 1.31
60 57.92 0.83 11.33 19.45 3.36 22.64 60 0.00 58.40 0.63 59.41 0.23
100 97.72 0.91 42.42 2299 1561 33.69 100 0.00 100.00 0.00 100 0.00
150 145.41 1.83 77.08 29.07 43.13 4261 150 0.00 150.00 0.00 150 0.00
200 186.63 5.36 116.07 33.62 73.82 5054 200 0.00 200.00 0.00 200 0.00

947

948  Cp = initial solution concentration (mg-L?); Ce = equilibrium solution concentration (mg-L™); ge = experimental adsorption capacity

949  (mg-g?).
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951

Table S7 AsV and Se"' adsorption capacities and partition coefficients (PC) for the adsorbents at different concentration levels.

AsV-Mono-component system

AsV-Competitive system

NZVI Mt NZVI-Mt NZVI Mt NZVI-Mt
Co % Qg PC % g PC % 0g¢ PC % 0 PC % g PC % Qe PC
05 100 0.20 ----- 100 0.20 ----- 100 0.20 ----- 100 0.20 ----- 100.0 0.20 ----- 100 020  -----
1 100 040 ----- 100 0.40 ----- 100 0.40 ----- 100 0.40 ----- 100.0 0.40 ----- 100 0.40  -----
5 100 199 ---- 28.3 0.56 0.012 100 1.99 ----- 100 2.00 ----- 247 049 ----- 100 2.00 -----
10 100 3.99 ----- 7.0 0.28 0.002 100 3.99 ----- 100 4.01 ----- 0.0 000 ----- 100 398  -----
30 99.1 11.Y9 3.12 0.0 0.00 0.000 100 1191 ----- 943 11.32 0.497 0.0 0.00 ----- 100 98 --—---
60 75.9 18.20 0.09 0.0 0.00 0.000 94.6 22.69 0.525 81.1 19.45 0.129 3.5 0.83 0.001 94.4 22.64 0.505
100 57.2 2299 0.04 0.0 0.00 0.000 86.3 34.65 0.189 57.6 22.99 0.041 2.3 0.91 0.001 84.4 33.69 0.162
150 46.5 27.85 0.03 29 1.71 0.001 75.1 44.93 0.090 48.6 29.07 0.028 3.1 1.83 0.001 71.2 42.61 0.074
200 38.2 30.60 0.02 6.4 5.10 0.002 67.3 53.91 0.062 42.0 33.62 0.022 6.7 5.36 0.002 63.1 50.54 0.051
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953
954

955

SeV'-Mono-component system

SeV'-Competitive system

NZVI Mt NZVI-Mt NZVI Mt NZVI-Mt
Co % g PC % g PC % g PC % g PC % g PC % g PC
05 500 0.0 0.032 100 0.20 - 100 0.20 - 100 020 - 100 020 - 100 020 -
1 100 040 - 99.7 0.40 9.438 100 0.40 ----- 100 0.40 ---- 100 040 - 100 0.40 ----
5 540 1.08 0.037 127 0.25 0.005 100 2.00 ---- 965 1.92 0.859 33.0 066 002 100 2.00 ----
10 39.9 1.60 0.021 0.9 0.04 0.000 100 4.01 ---- 477 191 0029 0.0 0.00 - 68.2 2.73 0.068
30 147 178 0.005 0.0 0.00 ---- 67.6 8.0 007 1.9 023 0001 00 0.00 - 10.9 1.31 0.004
60 11.8 2.82 0.004 0.0 0.00 ---- 53.2 1273 0.04 2.7 063 0001 00 000 ---- 1.0 0.23 0.000
100 15.8 6.29 0.006 0.0 0.00 ---- 35.7 1427 0.02 00 000 ----- 00 000 - 00 000 -
150 13.9 8.31 0.005 0.0 0.00 ---- 35.7 21.56 0.02 0.0 0.00 ----- 00 000 - 00 000 -
200 11.9 9.46 0.004 0.0 0.00 ----- 32.9 26.49 0.02 00 000 ----- 00 000 - 00 000 -

66

Co = initial solution concentration (mg-L™); % = removal efficiency; ge. = experimental adsorption capacity (mg-g?); PC = partition
coefficient (mg-g*-pM™).
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