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Abstract

The presence of arsenic in water samples of different nature represents a serious problem with severe consequences all around
the world, but mainly in India, China, Central Africa, and Latin America. In this regard, the groundwater of the Bahia Blanca
region (Bs. As. Province, Argentina in Latin America) clearly represents this problem, containing As levels higher than
200 ug L™!. On many occasions, this resource is almost the unique source of water for human consumption and other uses.
The available technology is not suitable and efficient enough to provide solutions in this context. This work proposes the
preparation of low-cost, easy handle and efficient material to mitigate the As contamination problem. The aim is to provide
useful materials that may be implemented in the real environment; in particular, to remediate groundwater from critical rural
zone. Nanocomposites with different nominal ratios of zeolite and magnetite nanoparticles were synthesized. These materials
were entirely characterized by FTIR, XRD, TEM, capillary microelectrophoresis, and dynamic light scattering. Adsorp-
tion assays were performed in batches using groundwater samples collected in the rural region of Bahia Blanca (southern
Chaco-Pampean plain, Argentina). The stability and reuse capability of these adsorbents were evaluated. The possibility of
designing a continuous flow system was also explored by comparing the As removal data achieved in this condition with
the percentage of removal corresponding to the performed batch assays. The findings collected within this work appear very
promising in view of the design of a household system to remove As from groundwater.
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Introduction

Water availability for human consumption is considered a
critical issue worldwide. Due to the increase in the world
population, surface water resources are insufficient to
meet the demand (Nordstrom 2002). This situation may be
solved by employing alternative natural water sources, such
as groundwater. However, although it could be an excel-
lent option to ensure water demand, it can present a severe
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disadvantage related to its high content of potentially harm-
ful compounds, including arsenic (As) (Chen et al. 2017;
Merola et al. 2014; Rango et al. 2013).

Arsenic pollution of groundwater is considered a major
public health problem globally due to its carcinogenic and
neurotoxic properties. Consumption of water naturally con-
taminated by arsenic does not result in acute intoxication.
However, serious health effects have been reported in popu-
lations drinking arsenic-rich water for prolonged periods of
time. Chronic arsenic intake is associated with the appear-
ance of arsenicosis, known in Latin America as chronic
regional endemic hydroarsenism (HACRE), characterized
by presenting severe skin lesions and cancerous and non-
cancerous systemic alterations.

Reported data suggest that millions of people in the
world are exposed to higher As concentrations than those
recommended by World Health Organization (WHO) for
drinking water (10 ug L~!) (Nordstrom 2002; World Health
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Organization 2011). The most affected regions are India,
China, Central Africa, and Latin America (World Health
Organization 2011). In Latin America, at least 14 countries
are affected by this problem, with the most critical zones
located in Chile, México, and Argentina (Bundschuh et al.
2012; Litter et al. 2010). Particularly in Argentina, the num-
ber of people exposed to As concentration higher than 10 ug
L~! reaches almost 4 million, representing about 10% of the
total actual country population. It is important to highlight
that most of them correspond to rural population (Bund-
schuh et al. 2008). One of the most affected areas is the
Chaco-Pampean plain, which is one of the largest regions
in the world of high arsenic groundwater (Smedley and Kin-
niburgh 2002), reaching Arsenic concentration up to 5000 pg
L~ (Smedley et al. 2002). Notably, in Bahia Blanca, a city
located in southern Chaco-Pampean plain, the groundwa-
ter used for human consumption and irrigation presents, in
some cases, high levels of arsenic in groundwater. Arse-
nic levels on the order 10-300 ug L~! depending on the
screened zone have been reported in this area (Al Rawahi
2016; Blanco et al. 2006; Gomez et al. 2009; Paoloni et al.
2009; Villaamil Lepori 2015).

Despite the efforts of the academic and industrial sectors,
the problem related to arsenic removal from groundwater
persists. Reaching allowed arsenic concentration levels con-
tinues to be a challenge of great interest that has become part
of the public agenda in many countries. The water matrix
composition is a critical aspect for efficient in this concern
(Yan et al. 2012). Physicochemical characteristics of the
matrix will determine the most convenient technology for
efficient As removal. The economic factor is also an impor-
tant parameter to take into account with regards to the tech-
nology selection, especially in rural areas where economic
resources are usually limited.

Several procedures have been explored, including mem-
brane process, ion exchange, coagulation, and adsorption
(Garelick et al. 2005; Hao et al. 2018). Among these tools,
membrane and ion-exchange processes are hardly imple-
mented in rural zones due to their expensive installation
and maintenance costs, while chemical precipitation results
in the toxic sludge formation with high pollutant content
(Habuda-Stani¢ et al. 2014). Therefore, arsenic concentra-
tion below 10 ug L™" is usually difficult to attain (Hao et al.
2018). In this sense, adsorption appears as one of the most
promising strategies due to their cost/efficiency ratio, which
involves potential reuse and possible applications at com-
munity/household levels (Garelick et al. 2005).

Due to its high efficiency, the use of iron-based adsor-
bents for arsenic removal has been extensively reported in
the literature. In this context, nanoscale zero-valent iron
(nZVI) and magnetite nanoparticles (M) are two of the most
commonly reported adsorbents (Garelick et al. 2005; Hao
et al. 2018; Lata et al. 2016). However, the application of
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these materials is limited because of stability issues regard-
ing iron leaching, which leads to an additional component in
the water to be remediated (Ai et al. 2011; Hao et al. 2018;
Inbaraj et al. 2011; Liu et al. 2008; Matei et al. 2011). The
loading of nZVI or M onto appropriate supporting materials
may partially overcome this limitation, avoiding undesirable
iron leaching into the water (Hao et al. 2018). A great diver-
sity of compounds can be employed as support for the design
of iron-based adsorbents, including natural and synthetic
polymers, clays, etc. (Popescu et al. 2019). Among them,
particular interest has arisen regarding the use of natural
zeolites (Abdullah et al. 2019).

The zeolites are framework silicates consisting mainly of
interconnecting tetrahedrons of SiO, and AlO,. The require-
ment to be considered a zeolite is that the ratio Si+ Al/O
must be Y2. In this way, the aluminosilicate structure
becomes negatively charged and attracts the positive cations
residing within it. Among aluminosilicate compounds, zeo-
lites are recognized as promising hosts and stabilizers owing
to their exceptional properties such as high ion-exchange
capacity, large surface area, hydrophilicity, eco-friendly
nature, easily tunable chemical properties, and high thermal
stability (Alswata et al. 2017).

In the most used zeolites, the spaces are interconnected
and form long wide channels of varying sizes depending on
the mineral. These channels allow the easy movement of the
resident ions and molecules into and out of the structure,
conferring zeolites improved adsorbent properties, including
against inorganic pollutants such as heavy metals or arsenic
(Kanel et al. 2005, 2006; Zhangtao Li et al. 2018; Salem
Attia et al. 2014; Suazo-Hernandez et al. 2019; Vaclavikova
et al. 2009).

The formation of composite hybrid materials from the
combination of magnetite and zeolite has been extensively
reported (Abdullah et al. 2019). This type of materials has
been applied in diverse fields, being water remediation one
of the most explored (Abdullah et al. 2019; Kharissova
et al. 2015). For instance, Yuan et al. assessed the adsorp-
tion capacity of magnetite—zeolite composites to remove
Pb** from model solutions. They used an adsorbent dosage
of 0.2 mg mL~!, an initial concentration of 71.9 mg L!
Pb(NOs3), solution at a temperature of 25 °C, and a contact
time of 2 h (Yuan et al. 2011). Another group of pollutants
removable by magnetic—zeolite composites is the dyes. The
use of magnetite—zeolite nanocomposites to eliminate mala-
chite green dye from an aqueous solution has been reported
(Jain et al. 2015).

The results informed by the authors reveal a high adsorp-
tion capacity mediated by a spontaneous and exothermic
process. The authors identified the role of each component
of the nanocomposite. They suggested that the zeolite pro-
vides suitable adsorption properties as well as prevents
aggregation of the iron oxide nanoparticles, contributing to



Environmental Earth Sciences (2022) 81:188

Page3of 15 188

their storage and palletization; whereas, the magnetic com-
ponent contributes to the magnetic affinity, providing the
adsorbent with the possibility of being simply removed from
the remediation medium by exposure to a magnet.

Adsorption of arsenic by iron-based zeolite compos-
ites has also been reported (Hao et al. 2018). The work of
Pizarro et al. shows that nanomagnetic zeolite, sized of about
50 nm, functioned as an efficient adsorbent for the removal
of arsenic (Pizarro et al. 2015).

From this brief survey, it is clear that, although a great
volume of available literature may be found referring to the
synthesis and application of zeolite—magnetite composites
for water remediation, most of the information is devoted to
basic studies involving mainly model aqueous solutions con-
taining selected pollutants. Therefore, scarce data are found
related to the efficiency and performance of such materials
applied to real water matrix, such as groundwater (Hao et al.
2018; Lata et al. 2016; Suazo-Hernandez et al. 2019; Tan-
boonchuy et al. 2012).

This work aims to synthesize, characterize, and apply
iron-based zeolite composites as adsorbent materials des-
tined for arsenic removal from groundwater. This focus
includes the analysis of physicochemical properties of pre-
pared composites as well as the raw materials (iron oxide
and zeolites) and the evaluation of their performance in
eliminating As from groundwater. For this purpose, a sample
of real groundwater, with complex matrix and high arsenic
content (almost 200 pg/L), from the southern of the Bue-
nos Aires Province (Argentina) has been employed. In this
way, it is intended to provide a more realistic perspective in
terms of the efficiency of the proposed materials for arsenic
removal from groundwater. This contribution also includes
the implementation of continuous flow system at lab scale
as a proposal for the practical application of the adsorbents
proposed within this work. This feature may be considered
as a first approximation to a groundwater remediation system
at household scale.

Experimental
Materials

The natural zeolite (Z) used in this work was supplied
by DIATEC S.R.L., and extracted from La Rioja deposit
(Argentina). For the synthesis of magnetite—zeolite compos-
ites, Z was previously ground and sieved to obtain 297 pm
particle size. All used reagents were of analytical grade. Fer-
ric chloride hexahydrate (99.99%) was provided by Biopack
(Argentina), ferrous sulphate heptahydrate (99.99%) was
provided by Mallinckradt Chemical Works (USA), and
sodium hydroxide was purchased from Cicarelli (Argentina).

Methods
Synthesis of zeolites-Fe (ZFe)

The Z loaded with zero-valent iron was synthesized by an
ion-exchange procedure followed by a reduction process
according to a methodology previously reported (Russo
et al. 2014). Briefly, 32 g of Z were immersed in an aqueous
solution of FeSO, (0,14 M) for 24 h. After the exchange pro-
cedure, the sample was purified with double-distilled water.
Then, Fe (II) reduction was carried out by adding KBH,
solution to an aqueous dispersion of the sample in a nitrogen
atmosphere. The solid obtained was ground and sieved to
obtain a particle size of 297 pm.

Synthesis of magnetite nanoparticles (M)

The synthesis of M was carried out by the co-precipitation
method employing conditions previously studied in the
research group (Azcona et al. 2016; Lassalle et al. 2011).
Briefly, 100 mL of a ferric and ferrous solution (2/1 molar
ratio) was prepared and stirred for 30 min under N, bub-
bling. Then, 25 mL of NaOH 5 M solution were added at a
controlled rate (approximately 1 mL min~"), to obtain mag-
netite at the nanoscale. The black precipitate formed was
isolated using a magnet and washed several times with dou-
ble-distilled water until the supernatant showed conductiv-
ity values similar to those presented by the double-distilled
water. The solid was dried at 40 °C for 24 h.

Synthesis of magnetite-zeolite nanocomposites (MZ)

MZ nanocomposites were synthesized using an adaptation of
the chemical co-precipitation method of magnetic nanoparti-
cles on zeolite moieties (Maria F. Horst et al. 2016). In brief,
1.00 g of Z was added to a prefixed volume of ferric/fer-
rous solution with a molar ratio of 2/1. The suspension was
stirred at 70 °C for 30 min under N, bubbling. The subse-
quent procedure was the same as described for the synthesis
of magnetite nanoparticles (Sect. 2.2.2). Two formulations
were prepared by modifying the M/Z mass ratio as follows:
MZ (1:1) and MZ4 (1:4).

Characterization

The composition of the materials was estimated in terms
of iron content by atomic absorption spectroscopy (GBC
Avanta 932 Spectrometer). An adequate amount of sam-
ple was disaggregated with an acid solution (10% HCI) for
analysis.

The FTIR spectra were recorded on Thermo Scientific
Nicolet iS50 over the range 4000- compressed into a pellet.
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Fig. 1 Geographical location of
Bahia Blanca city and the distri-
bution of As in the groundwater
of the Buenos Aires Province

South
America

X-ray diffraction (XRD) analyses were performed by a
PANalytical Empyrean 3 diffractometer with Ni-filtered
CuKa radiation, a graphite monochromator, and a PIXcel3D
detector. It was operated at a voltage of 45 kV and a current
of 40 mA, in the 20 range from 5° to 70° using a continuous
scan mode with a scan angular speed of 0.016° min~'. An
estimation of the crystallite size of magnetite nanoparticles
has been performed from the Scherrer equation

_ Ka
fcosf’

where D is the crystal size (nm), K is the shape factor, A
is the X-ray wavelength (nm), p is the full width at half-
maximum (FWHM) of the strongest peak of magnetite (3 3
1), and 0 is the Bragg's angle.

Zeta potential () and hydrodynamic diameter (HD)
were measured with a Malvern Zetasizer Nano ZS90. For &
measurements, samples containing 5 mg mL ™! of material in
0.01 M NaCl were prepared, and the pH was adjusted in the
range between 9 and 4 with 0.01 M NaOH or HCI solutions.
On the other hand, for HD determinations, aqueous disper-
sions (0.1 mg mL™") of the composites and raw materials
were prepared using filtered double-distilled water at pH 6.
All dispersions were sonicated for 30 min prior to the assay.
In all cases, the dispersions displayed a unimodal diameter
distribution.

Morphology was examined by transmission electron
microscopy (TEM) using a JEOL 100 CX II, JEOL, Tokyo,
Japan 1983) microscopy. The samples were dispersed in dis-
tilled water/ethanol, placed on 200 mesh Cu grids, and dried
at room temperature.
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Adsorption assays
Characteristics of the real groundwater

The groundwater sample employed in the adsorption assays
was collected in the southern Chaco-Pampean plain of
Argentina in Bahia Blanca district, south of Buenos Aires
province. Figure 1 shows the distribution of As in ground-
water of Buenos Aires Province (Auge et al. 2013). In par-
ticular, the sample was collected from a rural school envi-
ronment where the shallow groundwater is the only water
source and exhibits high As concentration, reaching almost
200 pg L™ in certain periods of the year. The coordinates of
the sample point are Latitude 38°35'42.6" S and Longitude
62°23'12.1" W of Greenwich.

The sample groundwater was extracted by windmills and
collected in sterile containers. Its analysis regarding compo-
sition is shown in Table 1. For the experiments, the pH was
not regulated and the sample was not filtered.

Adsorption assays

The adsorption performance of the prepared materials in
As removal from the groundwater sample described in the
section “Characteristics of the real groundwater”, was evalu-
ated as a function of time. To this end, a series of batch
experiments were performed by employing an adsorbent
mass: volume of sample ratio of 3:1. Different batches were
prepared and the water sample was treated during 15, 30, 60,
120, 180, and 360 min, respectively, at room temperature.
In the case of ZMs, they were separated from the superna-
tant by magnetic decantation for 5 min, while the materials
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Table 1 Chemical composition

Parameter Value  Unit
of shallow groundwater used for
real water adsorption As 201 pg L
F- 1440 mgL™!
Na 626 mg L™!
SO, 542 mg L~
Cl 260 mg L™!
pH 8.70
Electrical 4.38 mS/cm
conductiv-
ity

Fig.2 Scheme of the continu-

minicolumn packed with 60 mg of MZ (Fig. 2). The mini-
column was made using a Tygon® tube (length: 45 mm,;
inner diameter: 3 mm). The sample was pumped with a Gil-
son model Minipuls 3 peristaltic pump. All the flow system
components were made of PTFE (0.5 mm i.d.).

For the flow assay, 20 mL of the sample were pumped
towards the minicolumn at a flow rate of 0.20 mL min~".
The sample treated was collected in a flask placed at the
end of the line. It is important to highlight that the ratio
adsorbent mass/volume of water remained constant about
batch assays (i.e., 3:1). The procedure was performed at
room temperature.

Y

ous flow system used for on line
arsenic adsorption in groundwa-
ter samples. The rows indicate

—
X packed
minicolumn I

1
( 1
the direction of the flow : ICP'AE_S I
, analysis
O — I
Groundwater Peristaltic Remediated
sample pump sample

without magnetic properties were separated by centrifuga-
tion at 6000 rpm for 8 min.

Total arsenic concentration was quantified in the superna-
tants by atomic emission spectroscopy (ICP-AES Shimadzu
1000 mod IIT) with a quantification limit of 10 ug L™'. All
the samples were filtered and frozen until their measure-
ment. The percentage of As removed was calculated from
the following equation:

where C; and C; are the initial and final concentration of
As in the supernatant of adsorption, expressed in ug L7},
respectively.

Reusability assays

The reusability of magnetic materials in the groundwater
sample was studied over 4 consecutive cycles, at a fixed
time. For these experiments, the same mass adsorbent—vol-
ume of sample ratio was used as in the section “Adsorption
assays”, without any purification/regeneration step between
cycles.

Flow assays

The performance of selected adsorbents was also evaluated
in a lab-scale continuous flow system in a way to simu-
late almost operative conditions after the implementation
as a real remediation system. Such a system included a

On the other hand, reuse adsorption assays were carried
out using the continuous flow method. A total of four cycles
were performed using fresh real water samples in each cycle.

Results and discussion
Characterization of adsorbent materials

Figure 3 illustrates the structure of the prepared materials.
As can be observed in the images, the magnetic composites
are easily attracted by a magnet. Thus, they may be removed
from the aqueous media by exposure to an external magnetic
field. It is worth noting that the differences concerning their
composition and the chemical interactions between the dif-
ferent components lead to materials with significant differ-
ences concerning their adsorption capability and stability in
the application medium, as will be described in the different
sections all over the work.

Composition

The composition of Z, ZFe, M, MZ, and MZ4, in terms
of the Fe contents, is listed in Table 2. For the magnetic
composites, the fraction of the iron-based phase was esti-
mated considering that all iron content comes from magnet-
ite (Fe;O,). In the case of M, a percentage of Fe;0, lower
than 100% was registered. This result may be ascribed to the
formation of other Fe oxides different from the magnetite, as
minority phase. In fact, goethite (a-FeOOH) and maghemite

@ Springer
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Fig.3 Schematic representation
of chemical structure of adsor-
bents prepared within this work

Table 2 Composition of prepared materials expressed as iron content
and magnetic phase

Sample g Felg,, Fe;0, g/g., % Magnetic % Zeolites
phase

4 0.014 - 0 0

ZFe 0.021 - 0 0

M 0.616 0.852 85.2 0

MZ 0.380 0.526 52.6 47.4

MZ4 0.182 0.252 252 74.8

(Y-Fe,05) are the most commonly reported impurities found
during magnetite synthesis by the co-precipitation method.
The formation of these impurities could be related to the
partial oxidation of Fe>* ions to Fe**. Thus, effective Fe**/
Fe”* ratio increases concerning the initial ratio of 2:1 (Maity
et al. 2007). Some reports, such as the one corresponding to
Gnanaprakash et al. indicated that the use of strong alkaline
media could cause the formation of non-magnetic iron com-
pounds (Gnanaprakash et al. 2007).

The data obtained for MZ and MZ4 show that the %
of magnetic phase determined by the Fe content perfectly
coincides with the nominal proportions feed to the reac-
tion. These results suggest that the presence of zeolite in a
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co-precipitation medium would favor the formation of mag-
netite over other oxides.

X-ray diffraction

The XRD diffractograms of Z and ZFe have been previously
studied in another work (Russo et al. 2014). Analysis of the
experimental data indicates that the crystalline pattern of Z
mainly agrees with that corresponding to clinoptilolite. On
the other hand, the diffraction pattern of ZFe does not show
significant differences regarding Z. This implies that the
crystalline structure of clinoptilolite was retained after modi-
fication (data not shown; included in (Russo et al. 2014)).
In addition to the characteristic peaks of clinoptilolite, other
peaks of lower intensity were found. Some of them may be
identified as aluminum and sodium oxides, which are the
main compositional elements of zeolite (Wang et al. 2010).

Figure 4 shows the diffractograms of samples M, MZ,
and MZ4, and includes the patterns of magnetite (JCPDS
19-0629) and clinoptilolite (JCPDS 39-1383) for compari-
son. It is important to highlight that magnetite and magh-
emite cannot be distinguished by XRD, because they share
the same spinel structure and almost identical lattice param-
eters (Darminto et al. 2011; Kim et al. 2012). In the diffrac-
togram of M, peaks at20=18.2 (1 1 1),30.2(200),35.5@3
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Fig.4 XRD difractograms of the prepared composites

11),43.2(400),53.7(422),and 57.3 (51 1) allow verify-
ing the presence of magnetite, and eventually maghemite.

The XRD diffractograms corresponding to MZ and MZ4
composites present the characteristic peaks of magnetite and
clinoptilolite, revealing that not notable changes occurred
in positions of the relevant reflections concerning standard
patterns. These findings indicate that the composites retain
the crystalline structure of M and Z.

A reduction in the crystallinity is noted by increasing zeo-
lite proportions. This behavior may be ascribed to changes in
the laminar structure of the zeolite. Information in the open
literature depicts that incorporation of iron-based moieties,
such as Fe(OH)/Fe;0,, leads to an expansion in the unit cell
dimension, possibly due to the isomorphic substitution of
trivalent iron for the tetravalent aluminum in the framework
(Bosinceanu et al. 2008; Rahmani et al. 2015).

The crystallite sizes for M, MZ, and MZ4, calculated
by the Scherrer equation, were 15.8, 15.8, and 10.64 nm,
respectively. This trend suggests that increasing the Z pro-
portion hindered the possibility of magnetic particles to
grow. This trend has been observed in other works were
zeolites and clays, and even polymeric moieties have been
used in the co-precipitation environment of magnetite nano-
particles (Singh et al. 2016).

FTIR spectroscopy

Figure 5 shows the FTIR spectra recorded for all adsorbent
materials. The Z spectrum exhibits the most intense bands
in the range of 1200-900 cm™', associated with the internal
vibration of Si—O-X (X =Al; Si). Signals related to inter-
nal X-O-bond linkages in XO, of zeolite lattices appear
in the range of 900-400 cm™!, while signals ascribed to

% T (AU)

—— /Tt
3500 3000 1800 1600 1400 1200 1000 800 600

wavelength (cm'1)

Fig.5 FTIR spectra of a) M, b) MZ, ¢c) MZ4, d) Z, and e) ZFe

OH-bridging groups are visualized near 3600—1600 cm™!
(Blanco Varela et al. 2006).

The M spectrum confirms the presence of magnetite,
although the presence of traces of other iron oxides (goe-
thite, maghemite) as impurities may not be discarded. For
instance, the splitting of the band centered at 590 cm™!,
corresponding to the vibrations of Fe—O bonds, likely indi-
cates the presence of maghemite. According to the literature
reports (Bruce et al. 2004), when this band is not symmetri-
cal or eventually splits it can be considered evidence of the
presence of maghemite. On the other hand, the presence of
goethite is evidenced by the characteristics bands at 895 and
792 cm~!, in agree with available literature (Nasrazadani
et al. 1993; Stoia et al. 2016).

The spectra of MZ and MZ4 nanocomposites evidence
significant changes compared to those corresponding to
Z. The shifting and deformation of peaks related to the
stretching vibration of Si—0-Si (1200 cm™") and Si-O-Al
(1048 cm™") may be attributed to changes in Si-O-Si bonds
and partial elution of AI** during the synthesis process,
respectively (Korkuna et al. 2006; Rahmani et al. 2015).
These changes suggest that a partial AI** replacement
occurred during the synthesis procedure of magnetite—zeo-
lite composites. These findings are in agreement with those
arising from XRD analysis. Further evidence of Fe—Si
interactions can be found in the shift of the band located
at 792 cm™! related to SiO, (Arruebo et al. 2006; Blanco
Varela et al. 2006).

On the other hand, the spectra of both nanocomposites
show the absence of the band associated with bridging O-H
groups in =Si—-OH-AI= (3616 cm™"). The disappearance of
this band for magnetic nanocomposites indicates that these
specific O-H bonds are involved in the Fe—Z interactions

@ Springer
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Fig.6 Evolution of Z potential as a function of the pH for the studied
solids

(Doula 2007). Thus, it could be inferred that interaction
between the OH structural groups of zeolite and Fe;O,
nanoparticles is mainly responsible for the magnetic nano-
particles linkage on the zeolite moieties (Olad et al. 2010).

The spectrum of the MZ nanocomposite exhibits the
bands related to the iron oxide component. The band located
at 589 cm™! entirely overlaps with those associated with
X-O bonds located at frequencies lower than 800 cm™".
Conversely, in the spectrum of the MZ4 nanocomposite, the
band particularly associated with Fe—O bond is not detected,
but only a widening of the signals below 800 cm™! respect
to Z spectrum is noticeable. Other authors reported simi-
lar results synthesizing similar materials under comparable
conditions (Mthombeni et al. 2016; Yamaura et al. 2013).

The FTIR spectrum of ZFe does not show significant dif-
ferences regarding Z spectrum in terms of the position of
the characteristic zeolitic bands. The signals associated with
Si—O-X vibration appear at the same position in both mate-
rials (1048 cm™"). Thus, it could be inferred that the replace-
ment of AI** during the ZFe synthesis procedure was limited
(Doula 2007). On the other hand, in ZFe spectrum, the band
associated with the vibration of bridging O-H groups in
=Si—OH-AI= (3616 cm™") remains unaltered. Besides, the
sharp peaks around 3180 y 1400 cm™! may be related to the
presence of N—H groups arising from the ammonia treatment
in the synthesis procedure (Bakatula et al. 2015).

Zeta potential measurements

Figure 6 shows the evolution of { as a function of pH for all
materials. It is evident that Z and ZFe materials develop a
negative { along the entire pH range; hence, no isoelectric
point (IEP) is found. The IEP of M was 6.32, in good agree-
ment with the value reported by other authors for magnetite
(Kosmulski 2016; Sun et al. 1998). The presence of other
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Table 3 Hydrodynamic diameter and polydispersity index of all
materials dispersed in bi-distilled water

Material HD +o06 (nm) PDI

M 302.6+8.8 0.3423
MZ 384.0+4.1 0.4100
Mz4 383.6+9.9 0.2430
ZFe 736.8+42 0.6710
Z 1115.2+259 0.9773

iron oxide phases would cause a shift in the IEP (Parks
1967). Then, this study did not evidence the presence of a
significant amount of impurities (goethite and maghemite).

Conversely, both magnetic nanocomposites exhibit dif-
ferent behavior concerning their precursors, which may be
considered additional evidence of the formation of distinct
compounds with specific properties, as suggested by other
authors working with similar Z-based nanosystems (Suazo-
Hernandez et al. 2019).

MZ and MZ4 show IEP at values of pH of 4.1 and 3.72,
respectively. Although both materials show a similar pH
dependence profile, { values for MZ4 are lower than those
registered for MZ over the whole pH range. These results
agree with the findings of other authors, suggesting that the
values of { and IEP are directly related to the composition
of a binary system (Gil-Llambias et al. 1982; Parks 1967).

The magnitude of the  is commonly employed as a cri-
terion to estimate the colloidal stability of a nanoparticu-
lated dispersion. It is important to remark that MZ materials
exhibit suitable colloidal stability at pH 8-9, which is the
typical range for shallow groundwater of the sampled area
(Auge et al. 2013).

Size and morphology

Table 3 shows the size of the raw and composite materials
in terms of average hydrodynamic diameter (HD) and poly-
dispersity index (PDI). The high HD and PDI values for Z
and ZFe may be ascribed to the grinding and sieving process
implemented in obtaining the materials. This process may
lead to particles with a wide range of size and significant
size heterogeneity (Arruebo et al. 2006).

The HD for M, MZ, and MZ4 appear within the same
range, i.e., all about 300-400 nm, with acceptable PDI val-
ues. Instead, the HD registered for both composites materi-
als are lower concerning the HD values reordered for raw
Z. In relation to this, Burris et al. reported a considerable
size reduction of natural zeolites after acid treatment (Burris
et al. 2016). In this sense, during the synthetic procedure of
the nanocomposites, before adding NaOH, the co-precipi-
tation medium is highly acidic (pH almost 1.5-2). Hence,
the reduction of hydrodynamic diameter of composites
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Fig.7 TEM micrographs of a M, b MZ, and ¢ MZ4 samples

materials, compared with HD of Z, may be associated
with the conditions. Moreover, the nucleation and growth
mechanism followed by magnetite nanoparticles in the for-
mation contribute to reducing Z aggregation by inducting
the growth around the magnetic core (Fernanda Horst et al.
2017; Nicolas et al. 2013).

TEM micrographs of magnetic materials M, MZ, and
MZ4 are included in Fig. 7. The images reveal the presence
of a crystalline phase, mainly of octahedral morphology,
with a non-homogeneous distribution. In concordance with
the observed by XRD and FTIR, the presence of nano-rods
could be associated with the presence of goethite as an
impurity (Mohammed et al. 2017).

For MZ and MZ4, the observed morphologies are com-
patible with the occurrence of Fe;0, nanoparticle agglomer-
ation onto the zeolite frameworks. Besides, the aggregation
of surface particles decreases with increasing zeolite content
in composite materials (Singh et al. 2016). Such aggregation
may be induced by the small size of the magnetic core (on
the order of 10-30 nm) and the high dipole—dipole and mag-
netic interactions. This behavior is typical when magnetite
nanoparticles are immobilized in porous supports (Abdullah
et al. 2017; Singh et al. 2016).

Adsorption assays

The adsorption performance of the materials was tested by
analyzing their ability to retain total As from groundwater
collected in the rural area of Bahia Blanca (Chaco-Pampean
plain, Buenos Aires, Argentina). At sample pH, At is
mainly present as neutral H;AsO;, while the dominant spe-
cies of As>* are H,AsO,~ and HAsO,>~ (Hao et al. 2018).
The adsorption process is strongly dependent on the con-
tact time. Rapid adsorption kinetics means less residence
time. Therefore, in terms of cost-effectiveness, the maxi-
mum removal of the contaminant in the shortest possible
time is desired. Figure 8a shows the adsorption efficiency
(expressed as % As removed) of the prepared materials as
a function of the time. It is worth noting that raw Z was not
efficient for As removal in the time selected to achieve the
adsorption assays (data not shown). This behavior could be
explained in terms of insufficient contact time and the phys-
icochemical properties of Z. In this regard, other authors
have reported similar results for untreated clinoptilolite-type
zeolites. Li et al. (2007) informed that natural clinoptilo-
lite showed no affinity for As(V) even after 24 h of assay.
Besides, Elizalde-Gonzalez et al. (2001) reported that after
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Fig.8 a Adsorption profile of M and MZ expressed as % As removal
vs. time; b adsorption profile of ZFe

the acidic activation of natural clinoptilolite, an improve-
ment in the efficiency of arsenate removal, from 15 to 90%,
after 7 days of contact, was achieved using a water sample
comparable to the one employed within this work.

The As adsorption capability of ZFe appears to be fluc-
tuating against the time, as shown in Fig. 8b. This suggests
that, despite the initial rapid removal, the system did not
reach the equilibrium during the time fixed for the assay.
This behavior could be explained by taking into account
the presence of multiple additional unknown species pre-
sents specifically in the groundwater sample used. The pres-
ence of co-existing ions, such as NO;~, PO43_, SO42_, and
HCO?~ might compete with As for adsorption sites on ZFe
(Bhowmick et al. 2014; Kanel et al. 2005, 2006; Suazo-
Hernéndez et al. 2019). Besides, the pH value of sample
water could cause leaching of iron from the adsorbent. In
this sense, Dorathi and Kandasamy (2012) informed signifi-
cant iron leaching on nZVI impregnated into silica at pH 8
when employed in water remediation.

Despite of this, it is evident that the Fe incorporation
improved the capability of Z for As adsorption. This issue
has been previously reported in several works. Bilici Baskan
and Pala (2011) reported that Fe** modified clinoptilolite
showed a significant As sorption (9,2 pg/g) when compared
with untreated clinoptilolite (1,5 pg/g). Likewise, Suazo-
Hernéandez et al. (2019) reported that the amount of As(V)
adsorbed at equilibrium for Z loaded with zero-valent iron
was 47.30 mg/g, while for natural zeolite, the value reached
was about 1,78 mg/g.
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Fig.9 Schematic representation of the feasible mechanism involved
in the adsorption of As** and As>* onto iron oxide-based composites

Arsenic removal was over 90% using M and MZ adsor-
bents. Figure 8a shows the percentage of As removal from
groundwater sample, versus time by employing both materi-
als. Rapid As removal is observed during the first minutes
of assays, reaching the equilibrium zone at around 30 and
60 min for M and MZ, respectively. Increasing the assay’s
time does not improve the adsorption capacity. In both
cases, after 60 min of contact, over 93% of total arsenic was
removed. Considering that the As concentration in the ana-
lyzed sample before treatment was 200 ug L', that implies a
residual As concentration of 10 ug L™!, which is in concord-
ance with the limit value recommended by WHO (World
Health Organization 2011).

The satisfactory As adsorption efficiency of MZ in a real
water sample could be ascribed to the synergistic combina-
tion between the zeolite and the magnetic phase. The zeolite
has a high affinity for cation sorption, which could eliminate
from the aqueous matrix cationic species that may compete
with As for the active sites of the adsorbent, while the mag-
netic component promotes Fe—As coordination linkages pro-
viding the surface with higher functionality. (Vaclavikova
et al. 2009).

In fact, the mechanisms of As adsorption onto iron moie-
ties have been studied and reported in the open literature and
mainly involve electrostatic interactions and the formation
of surface complexes between As species and iron oxides.

In particular, As>* is known to form inner sphere surface
complexes, while As>* forms both inner and outer sphere
surface complexes with Fe moieties (Goldberg et al. 2001;
Liu et al. 2015; Manning et al. 1998; Zhang et al. 2010).
Besides, some authors informed a complex redox transfor-
mation of adsorbed arsenic because of the role played by
reactive Fe (Liu et al. 2015; Yan et al. 2012). Figure 9 shows
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the different proposed mechanisms and the possible surface
interaction between As and iron moieties within this work.

Reusability assays

From a practical implementation, the use of adsorbents for
water decontamination highlights their possible reuse. In this
sense, the reuse of an adsorbent not only reduces operating
costs, but also the final amount of discarded material.

As shown in Fig. 10, there were no significant difference
between the As removal of both magnetic composites. After
the first adsorption cycle, MZ and MZ4 adsorbed 90% and
94% of total arsenic, respectively, reaching a residual As
concentration lower to 10 ug L™!. However, the adsorp-
tion capacity gradually decreases at 78 and 73% (40 ug
L~! As) for MZ and MZ4 materials throughout four cycles,
respectively.

Stability assays

The stability of adsorbents in terms of leaching of their
components into the treated water is undesirable. This is
a critical property for evaluating the viability of adsorbent
materials. In Argentina, the maximum iron concentration
allowed in drinking water is 0.30 mg L™! (CAA 2007).
Therefore, the amount of iron leached over the reuse
cycles was evaluated for magnetic materials. In the frame-
work of this contribution, it was evaluated during the reus-
ability process of magnetic composites and raw magnetite.
In the case of M, iron leaching was detected from the first
cycles. After four consecutive adsorption cycles, the Fe
concentration reached was 1.27 mg L™!, which represents
a value 4 times higher than the value allowed by legislation
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Fig. 11 Comparison between the efficiency of As removal in batch
and flow procedures in repeated cycles

in Argentina (CAA, 2007). MZ and MZ4 composites did
not exhibit iron leaching after four cycles. However, iron
leaching was registered in both adsorbents after the fifth
cycle, although the values registered were below the permis-
sible limit. Similar trends were also previously informed in
terms of the magnetite iron leaching compared with com-
posite materials (Ai et al. 2011; Inbaraj et al. 2011; Liu et al.
2008). From these findings, it is evident that the formation of
composites materials by incorporating magnetite phase into
zeolite improves the stability of the proposed adsorbents,
ensuring that they are suitable for practical implementation.

Flow assays

Industrial processes generally operate under continuous con-
ditions. Therefore, the study of a continuous adsorption sys-
tem provides a practical approach to applying of adsorbents
in water treatment. The performance of the MZ composite
for As adsorption was evaluated employing a continuous
flow system. This composite was selected as a model based
on the previous results.

For these assays, the mass adsorbent/water volume ratio
was remained constant regarding batch assays. Therefore, a
direct comparison of both assays may be possible. Figure 11
shows a comparison of the results obtained for the batch and
flow assays.

The MZ composite shows a constant efficiency regard-
ing As removal (%) throughout four consecutive adsorption
cycles without iron leaching. Despite this, in flow assays,
removal of As (61%) decreases regarding batch assays. The
reduction in removal efficiency can be explained by taking
into account that in flow tests, the contact time between the
adsorbent and the sample is much lower than the equilibrium
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time (Adrian Bonilla et al. 2015). In addition, the exposed
surface area of the adsorbent packed in a column decrease
concerning batch systems. In this regard, the compaction of
the material in the column due to the flow and the formation
of channels can affect the efficiency.

The efficiency of the continuous process could be
improved using columns in series to optimize the adsorption
process. In this way, the effluent from one column would be
the feed for the next column.

Concluding remarks

The preparation of magnetic zeolite nanocomposites has
been achieved by direct co-precipitation of magnetic nan-
oparticles. XRD analysis confirmed the presence of both
crystalline patterns in the nanocomposites. The FTIR indi-
cated that covalent interaction between zeolite and magnetite
nanoparticles takes place. In addition, morphologic analysis
revealed that the zeolite caused the stabilization of mag-
netite nanoparticles leading to smaller ones. Zeta potential
data indicated that novel materials with different properties
regarding the raw Z and M were obtained.

The performance of magnetic zeolite nanocomposites in
removing As from groundwater was found to be better than
the one corresponding to Z. Although M exhibited higher
efficiency, it lacks stability in the media intended for its
application. The removal efficiency of the proposed materi-
als was compared with that of a material of similar com-
position (nZVI); however, the adsorption kinetics of these
materials was found to be fluctuating with respect to time.

The assays aimed to evaluate the efficiency of the best
adsorbent (MZ) in a flow system revealed that it falls con-
cerning the batch assays. However, the removal percent-
age remained almost constant throughout the four cycles
explored.

The system developed for As removing is economical,
rapid, and capable of operating under natural conditions.
Its implementation may be extended to other groundwater
sources as well as to other types of water matrix, such as
superficial or saline.
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