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Abstract

Magnetic-clay (MtMag) and magnetic-organoclay (O#@ldag) nanocomposites were
synthesized, characterized and evaluated for arselsiorption.

Batch arsenic adsorption experiments were perforvaeging pH conditions and initial
As(V) concentration, while successive adsorptiocleywere made in order to evaluate
the materials reuse. The highest As(V) removatiefficy (9 + 1 mg gand 7.8 + 0.8
mg g* for MtMag and O100MtMag, respectively) was fouridobl 4.0, decreasing at
neutral and alkaline conditions. From As(V) adsamptisotherm, two adsorption
processes or two different surface sites werendjatshed.

Nanocomposites resulted composed by montmorillamitergano-montmorillonite and
magnetite as the principal iron oxide, with saferatmagnetization of 8.5 + 0.5 Am
Kg™* (MtMag) and 20.3 + 0.5 AKg™* (0100MtMag). Thus, both materials could be
separated and recovered from aqueous solutiong esiternal magnetic fields. Both
materials allowed achieving arsenic concentratitmser than the World Health
Organization (WHO) recommended concentration linsitter two consecutive
adsorption cycles (2.25 and 41§ L™ for MtMag and O100MtMag, respectively).



1. Introduction

The presence of heavy metals and some metalloidwaiter bodies is still a
technological and scientific challenge. In genetta¢, metals elements are wasted from
several industries such as tanneries, metallungtt smelting. In addition, municipal
waste, mines residues and fertilizers have a higitenit of heavy metals which became
a local pollution problem (Uddin, 2017).

Particularly, arsenic is a metalloid element foundyroundwater mainly due to its
release from natural processes such as volcanitoptena, geochemical reactions and
rock disintegration. Also, to a lesser extent, ppears in water bodies through the
combustion of fossil fuels and the use of arsenpesticides. It can be detected in a
wide range of concentrations around the world &editnit recommended by the World
Health Organization (WHO) is 1fg L™. Globally, around 120 countries are affected
by the As presence in groundwater. The most impacbentries are Bangladesh, India,
Myanmar, Vietham, Taiwan, and Argentina (Calatagtdl., 2019; Litter et al., 2019).

Arsenic is found in four major oxidation states 2 0, +3 and +5. Arsenite (A3
and arsenate (R§ are commonly isolated forms of arsenic in wate(lll) and As(V)
species are found in water either as oxy-ions gamic and inorganic molecules. At
moderate or high redox potential, pentavalent oigransuch as #AsO*, HAsO,? and
AsO,* are stable while at low redox potential, the stadpecie are trivalent oxyanions
such as BHAsSO;3". Various forms of oxyanions, in water, are theulesf deprotonation
of arsenic (HAsO,) or arsenious acid @AsOs;) under different redox conditions
(Bentahar et al., 2016; Siddiqui et al., 2019). phesence of this pollutant in drinking
water can cause important health damage. The lopgséion at low As concentration
is related with the development of dermal disordeecer and diabetes (Iriel et al.,
2019) while the short exposure to high As concésimacould be lethal (Liu et al.,
2015).

Due to the above mentioned, the As removal fromewdtodies generates an
important concern (He et al., 2018; Luong et a0]1& Niazi et al., 2018; Wu et al.,
2018) in order to improve the life quality of peepllhe physical adsorption process is
indicated as efficient, easy to operate and cdsti&fe to remove polluting substances
from water reservoirs. Clay minerals are used wadd as adsorbent materials of a
wide range of pollutants, including heavy metalgjanic compounds and dyes, among
others, due to its non-toxic nature, low-cost abdnalant availability (Uddin, 2017).
Particularly, montmorillonite (Mt) clay has a relely high specific surface area
(Michot and Villiéras, 2006) and cation exchangpagity giving them a large potential
for ion exchange. While the negative electric ckargf clay surfaces are an advantage
for the cationic metals retention, it is a drawb&eleliminate the inorganic oxyanions
such as those formed by arsenic.

Organoclays has attracted interest as a potentsalrbent for arsenic removal (Jin et
al., 2012). The presence of functional groups sastydroxyl, carboxyl and epoxy
promote the adsorption of arsenic on the surfaceclays. Previous experiments
(Barraqué et al., 2018; Bianchi et al., 2013; Jakioet al., 2019) have revealed that
guaternary ammoniums compounds (QAC) loading abieglhigher than the CEC,
modify the Mt surface electrical charge from neg@tio positive, allowing them to be
used to remove inorganic oxyanions.

The use of raw clays as adsorbent materials predsedf-agglomeration and
difficulty in post-treatment separation of the npadicles (Mukhopadhyay et al., 2017).
Therefore, the problem related to the separatiortoofaminated adsorbent from treated
water remains.



Iron oxides or different solids coated by them lh@&n used to adsorb negatively
charged pollutants, as As (V)/(lll), taking advaygaof the iron oxide positive surface
charge which improves the electrostatic interactiath the adsorbate (Chen et al.,
2007; Gallegos-Garcia et al., 2012; Thirunavukkarisal., 2003; Zhang et al., 2004).
Nevertheless, still remains the problem relatedtite separation of the polluted
adsorbent from the treated water. In order to |gphis tricky situation, several
magnetic adsorbent materials have been developeldiding magnetite nanoparticles
(Liu et al., 2015), biochar/Fe composite (Zhou ket 2014) and different magnetic
composites (Kumar et al., 2014; Lunge et al.,, 2\ldntes et al., 2020; Yu et al.,
2012) Particularly, efficient removal of arsenate byytteimethylammonium bromide
modified magnetic nanoparticles has been attaidiedef al., 2012).

Based on the removal success of inorganic oxyanant arsenate attained by
organoclays and by magnetic nanoparticles, resmdgti magnetic-montmorillonite
(MtMag) and magnetic organo-montmorillonite (O100Mig) were proposed as
possible low-cost materials for As(V) removal fraqueous solution. The products
characterization before and after arsenic adsarptimainly performed by X-ray
diffraction (XRD), and zeta potential determinati@lowed determining surface
changes modifications by the adsorption processadsul the presence of preferential
adsorption sites at the inner or outer surfac@éefadsorbent, respectively.

2. Materialsand Methods
2.1 Materials and chemicals

The used raw montmorillonite (Mt) was a commeréiggentine Bentonite provided
by Castiglioni Pes and Co. froRio NegroProvince, Argentina. The obtained structural
formula through chemical analysis was ki Alg1)(Alisz Feyos
Mgo.30)]Nao 3dCa.0Ko.01, While the isoelectric point and the specific agd area were
2.7 and 34 m g’ respectively (Magnoli et al., 2008). The clayimatexchange
capacity (CEC) determined by the Cu-triethylenareine method was 0.825 mmet g
(Gamba et al., 2015).

Magnetic compounds were synthesized using KNAH (99 % purity) purchased
from Biopack and FeS{¥H,O (analytical grade) obtained from Cicarelli Lab.

Surfactant hexadecyltrimethylammonium bromide (HDAB#) (>97%) was
provided by Fluka (Buchs, Switzerland).

A stock As(V) solution of 1000 mgt was prepared dissolving BesO,.7H,O
(Biopack analytical grade) in milliQ water (MillipeGmbH). The working solutions
were prepared by dilution to obtain As(V) concetitras ranging from 0.1 to 25.0 mg
LY, which is the range documented for As(V) conceiumain groundwater in Latin
America (Bundschuh et al., 2012; Litter et al., 201For this purpose, along all this
work, As(V) will be named as As.

2.2 Adsorbents material synthesis

The raw montmorillonite was exchanged with HDTMAsing the procedure
described previously (Gamba et al., 2015). Brieflyy g of HDTMABT, equivalent to
100 % CEC value of Mt, were dissolved in 1 L oftidlsd water. Then, 15 g of Mt were
slowly added and stirred (400 rpm) during 24 h. pheduct was washed with distilled
water to free them of bromide anions (tested by @gN Finally, the solid was
lyophilized, milled, labeled as O100Mt and adedglyattored into the desiccator.

The magnetic samples designated as MtMag and OMayltvere obtained using
Mt or O100Mt samples as base materials, respegtividhe synthesis process was
carried out following the procedure described bgr(Bnkova et al., 2007). Concisely,



25 mL of FeSQ7H,0 (0.3 M) was added to an aqueous Mt or O100Mtesusipn with

a solid/liquid ratio of 2.5 g/425 mL. The suspemswas stirred for 2 h and then 25 mL
of KNO3 (0.49 M) and 25 ml of KOH (1.25 M) were added dhd temperature was
raised to 90 °C. The products obtained were dedantemled at room temperature and
washed with distilled water. The solids were recedeusing a permanent magnet,
lyophilized, milled and stored into the desiccator.

2.3 Adsorption batch experiments: pH evaluation ahebrption isotherms

Batch experiments were conducted to determinedbdilerium parameters of the As
adsorption onto clay magnetic materials. Experimemere conducted at pH 4.0, 6.0
and 8.0, where the As predominant species a#s®, (HsAsO,; minority species)
H,AsO; (HAsO:*, minority species) and HAs® (H.AsO,, minority species),
respectively (pKa 2.28; pKa: 6.97 and pKa 11.6) (Iriel et al., 2019). lonic strength
was 1.0 mM KNQ@ (that corresponds to conductivity of 160 puS, Handa 255).
Equilibrium experiments were performed with arsemorking solutions with
concentrations ranging from 0.1 mg'lto 25.0 mg [} and a dose of 0.5 g™'Lof
adsorbent. Dispersions were maintained upon agitaat 25 °C for 24 h. Solid and
liquid phases were separated by centrifugation &ftchtion (cellulose nitrate
membrane, 0.45 pm). Samples were acidified to Qb HNO; and stored at 4 °C
until the As measurement. Experiments were caoigdy duplicate. Unless otherwise
indicated, all data shown are the mean values fr@m replicate experiments. The
typical experimental error was less than 5% foresults.

Arsenic concentration in sample solutions was datexd by ICP-OES (Perkin
Elmer, Optima DV 2000, USA) according to the methlody reported by (Iriel et al.,
2019). The materials adsorption coverage Q for As valculated as:

Q= ol (1)

m

where G and Gq are both arsenic concentration at initial and ldgnium time in the
solution (mg LY, respectively, m is the adsorbent material mgpsuid V the volume
of the solution (L).

In order to understand the mechanisms involveddsomtion processes, it is useful to
analyze the percentage of removal and surface ageerersus the initial concentration

of the adsorbate. As removal (%) was estimated as:

Co-Ceg)x 100
As removal (%)=%

(@)

Adsorption isotherms are important criteria for iopting the use of adsorbent
materials because they describe the nature onhtkeaction between the adsorbate and
the adsorbent. Thus, the analysis of the experafigrdbtained equilibrium data using
either theoretical or empirical equations is usébulthe practical design and operation
of adsorption systems.

The Langmuir isotherm quantitatively describes tirewth of a monolayer of
molecules on an adsorbent surface as a functidheotoncentration of the adsorbed
material present in the liquid phase. This modeiegally reveals a decrease in the
number of available interaction sites as the cotmagan of the adsorbate increases. The
Langmuir isotherm is represented by the followiggation:



_ QmaxKLCeq
Q= (1+K1.Ceq) (3)

where Q is the surface coverage at equilibriumax@ the maximum uptake and
represents the maximum concentration that can denadated on the solid phase,,C
is the adsorbate concentration at equilibrium i@ #gueous solution, and.Ks the
Langmuir equilibrium constant, which is relatedtbe free energy of the adsorption.
The affinity between the adsorbent and the adserisatepresented by Kconstant. In
general, good adsorbents are those presentingha@igc and a high K (Foo and
Hameed, 2010).

The Freundlich isotherm is an empirical equaticet dhescribes the adsorption on a
heterogeneous surface with a non-uniform distrdsutdf heat of adsorption, which
means that the surface, where the adsorbed madeatdeinteracting, is energetically
heterogeneous. This equation does not predict atwadion of the adsorbent by the
adsorbate, but infinite surface coverage is predictvhich indicates the presence of
multilayer adsorption on the surface. This isothesmepresented by Eq. 4.

Q = KeCey' (4)
Here, K- is the Freundlich constant that indicates the m@ud®m capacity and
represents a measure of the surface area of therbads$, and 1/n is an irrational
fraction that varies between 0.1 and 1 and is ssorezof the adsorption intensity.
The fitting goodness was evaluated following thecpedure performed by (Manohar
et al., 2006) based on equation (5).

AQ — 100 \/Z ((Qexp—Qcalc/Qexp)Z) (5)

N-1

where Qexp and Qcalc are the experimental and gqieetliclay mineral adsorption
coverage values for each As concentration and Nnimaber of evaluated initial
concentrations.

2.4 Adsorption cycles

In order to evaluate the reusability, chemical iitgkand adsorption capacity of the
adsorbent materials, three successive arsenicasocycles were carried out in batch
systems. Each cycle consisted in three stepsd&rlent dispersion upon agitation at
25 °C for 24 h on 0.5 mgLarsenic solution (dose of adsorbent 1.5, IpH 4 and
ionic strength of 1.0 mM KNg) (b) total supernatant removal by centrifugatiand
measure of As concentration), (c) lyophilizatiord ameighing of the pellet obtained
after centrifugation. At the end of each cycle,eavrone started from (a). Experiments
were carried out by duplicate. An adsorbent dosdde5 g L' was used based on the
results obtained from the analysis of the arsemisogption isotherms. As can be
calculated from the adsorption isotherms, the dsedpsage of 0.5 g'twould lead to
the saturation of the adsorbent in a single cycle.

2.5 Characterization of adsorbents and adsorba@iaent systems

The magnetic samples were characterized by theammgetry (Tg), total specific
surface area (TSSA) measurements, X-ray diffractifRD), zeta potential
determinations and vibrating sample magnetomet@&tal TFe concentration was
determined from Mossbauer spectrum.



Thermogravimetric (Tg) studies were conducted udlieJ ZSCH STA 409 PC/PG.
Samples of 50 mg were placed in®@4 crucibles and heated from 25 °C to 1000 °C at a
scanning rate of 10 °C mifrin air atmosphere with alumina as a references Tghnic
allows it to know the thermal behavior of modifiadd non-modified samples in order
to associate structural differences with thermaings.

The total specific surface area (TSSA) was detezthioy water vapor adsorption at
a relative humidity (rh) of 0.47 (Sanchez and Fadad997). This method was used
because those described by the IUPAC recommendatignadsorption, etc.), do not
apply to swelling clays. The determination of th8SA by water adsorption, despite
varying due to the presence of different cationthim interlayer, indicates the specific
surface area value through hydration (Salles g2@09).

Partial X-ray diffraction patterns (from 3 to 2@%re collected by using a Philips
PW 1710 diffractometer (G4, radiation, 40 kV and 35 mA), with a counting time
equal to 10 s/step and a 0.028)(8tep size. Oriented samples, obtained at a aunsta
relative humidity of 0.47 for 48 h, were scannedider to improve the precision of
d001 peak value (Pacufa et al., 2006). X ray diffoan patterns result useful in the
determination of interlayer space modification tigh the measured of d001 value from
the reflection of the peak corresponding to 00heland the difference with dehydrated
montmorillonites d001 value (0.97 nm).

Electrophoretic mobilities values were determinesing Brookhaven 90PIlus/Bi-
MAS and automatically transformed in zeta potent@ues using the Smoluchowski
equation. In order to obtain zeta potential vs pives, 40 mg of each sample were
dispersed in 40 mL of KCI 1 mM, used as inert etdgte and the suspensions were
continuously stirred and the pH was adjusted addiragps of concentrated KOH or
HCIl. The zeta potential determination allows infegr electrical surfaces charge
changes that could be associated with the adsarptigoollutants on the adsorbent
external surface.

The total iron and Fe species concentrations, diictumagnetite, were estimated by
the methodology proposed by (Montes et al., 20468t on MOssbauer Spectra, which
were previously reported (Barraqué et al., 2018).

Hysteresis loops were acquired using external ntagfields between £1.9 T in a
VSM LakeShore 7404. A diamagnetic sample holder vat negligible magnetic
response was used as sample support. The magesponse against an external
magnetic field of adsorbent materials could be wat@d by the saturation
magnetization (Ms) determination, and its measurgmesults important to propose
these materials as functional adsorbents. Thisnpetex was extracted from the
hysteresis loops after considering the paramaguoetitributions.

3. Resultsand discussion
3.1 As adsorption tests

The achieved Q values at the three different pide&l(4.0, 6.0 and 8.0) for MtMag
and O100MtMag samples are presented in Fig. 1d(simsage 0.5 g1, Cy (As) 10 mg
L™ and ionic strength 1 mM KN in order to determine the optimal pH condition t
carry out the adsorption isotherm and adsorptioolesy experiences. Besides, the
adsorption capacity of magnetic materials had lenpared with that of the raw Mt
sample.
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Fig. 1. Adsorption of arsenic on indicated samples fa three considered pH
values. Solid dosage 0.5 ¢ LCo(As) 10 mg L* and ionic strength 1 mM KN

The Mt adsorption capacity resulted, for the theemsidered pH values, lower than
those determined for magnetic composites, indigatthat the proposed clay
modifications improved the As adsorption capacityvb. In addition, as higher the pH
value, the lower the composites adsorption capaaity, therefore, it can be stated that
MtMag and O100MtMag exhibited an anionic adsorptuwafile. Similar results have
been reported for the adsorption of picloram (aiidmerbicide) on raw clays and
montmorillonite modified by Fe oxides (Marco-Browhal., 2019, 2015, 2014, 2012).
It was also reported that As adsorption on goetdite iron modified montmorillonite
decreased with the pH increase (Antelo et al., 2008 et al., 2019). According to
these results, foregoing adsorption test were pmadd at pH 4.0.

Considering that the As species are strongly adsbdn Fe(lll) oxides (Dixit and
Hering, 2003), Fe oxides identification and quacsiion were performed employing
Mossbauer spectroscopy. The main identified Feeowids magnetite (Barraqué et al.,
2018) with total concentrations of 125 + 10 g'kand 168 + 11 g kK for MtMag and
0O100MtMag samples, respectively. Despite of thehélig-e oxides concentration on
0O100MtMag, the Q values for this material were Higantly lower than for MtMag.
This phenomenon may be due to the presence ofctamtain the interlayer space of
0O100MtMag, hindering the entry of As species (slse dable 2 and XRD analysis
discussion).

The As adsorption isotherms on MtMag and O100MtibagH 4.0 were depicted in
Fig. 2. Adsorption isotherms revealed two successdsorption processes or two
different surface sites involved in the arsenicospison. The formation of a monolayer
seems to be completed at around 16 mMahd 17 mg L* for MtMag and O100MtMag,
respectively. When this concentration was attairdder sites could contribute to the
adsorption process. Rearrangement of As adsorbedMidlag and O100MtMag
samples depending on As concentration is proposdawb in order to explain the
phenomenon observed.

Experimental data for Ceq lower than 17 mg L-1 weradeled using Freundlich
equation (dot lines in Fig. 2) and Langmuir modsellid lines in Fig. 2). It was observed
that Freundlich equation represents better the rptisn experimental data than
Langmuir model (higher Rand lowerAQ). Thus, the fitting results indicated the
presence of inhomogeneous adsorption sites. MtMagead higher adsorption capacity
and stronger adsorption intensity than O100MtMaiging results are shown in table 1.
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The adsorption maximum capacity achieved for MtMagl O100MtMag resulted
lower than that attained by the isolated magnegiported by (Liu et al., 2015) (Qmax
=16 mg ¢, 0.01 M NaNO3, 1 g t, pH=6.5) and comparable with that observed for the
magnetite developed for (Darezereshki et al., 20{@max= 9.72 mg § 2 g L%
pH=5.5), and that used by (Shahid et al., 2018n4®Q= 7.69 mg ¢ 1 g L', pH=6.5).
Therefore, despite of the different experimentahditbons used in this works, the
comparison indicates that clays-magnetic compositespromising materials for As
removal, with adsorption capacities comparablesstdated magnetite but without
agglomeration and decreasing oxidation probabildgspite of the difference in the
experimental conditions for magnetite synthesis adsdorption test the results could
indicate that the adsorption performance of norpstted magnetite particles would be
maintained after its nucleation on clay surfaces.”

12
e MtMag
10 - = O100MtMag ®
Langmuir
-------- Freundlich

0 T T T T
0 o 10 15 20 25

Coq (Mg L)

Fig. 2. Arsenic adsorption isotherms o®@) MtMag and W) O100MtMag at solid
dosage 0.5 gt, pH 4 and ionic strength 1 mM KNOSolid and dotted lines represent
the fitting by Langmuir and Freundlich equatiorespectively.

Table 1. Langmuir parameters for As adsorption dhidf) and O100MtMag at solid
dosage 0.5 gt, pH 4 and ionic strength 1 mM KNO

Model Parameter MtMag 0100MtMag
Langmuir  Qua (Mg g») 9+1 7.8+0.8
K. (L mg?) 0.3+0.1 0.18+0.06
R? 0.935 0.968
AQ (%) 58 52
Freundlich Kg(LY" mg**" g 3.0+0.2 1.75+0.09
1/n 0.35+0.03  0.44+0.02
R? 0.982 0.994
AQ (%) 44 16

In Figure 3,the surface coverage, Q, and the % of arsenic rah@re shown as a
function of the initial concentration of As. Twostinct areas were indicated: (a) a first
zone corresponding to initial concentrations oears up to 20 mg £ and (b) a second
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zone corresponding too®f arsenic > 20 mg'L In the (a) zone, a significant decrease
in % removal occurred while the sites availabletfa adsorption of As were occupied,
reaching to an adsorptiguateau In the (b) zone, an increase in the surface emeeis
observed, while the percentage of arsenic remarahins constant around 20%. This
behavior was attributed to a rearrangement of th&sB, molecules adsorbed, as
discuses in zeta potential analysis. Both matepadsented % removal around 100%
for Co values of 0.1 mg £ and a % removal greater than 90% fgn@lues of 0.5 mg
LY. This result is important due to the arsenic catregion range in natural waters in
Argentina and Latin America (Bundschuh et al., 2Q48er et al., 2019).

120 12
a e MtMag b
100 «  0O100MtMag & 1o
.
& 80 | 0 5 -8
© 5 fo))
3 60 {x s g 5 O
E U 5 = E
({}]
w 401 5 B " - 4 &/
< -
20 - -
g
0 {IJ T T T T T O
0 5 10 15 20 25 30

Co (mg L")
Fig. 3. Removal of arsenic by MtMag and O100MtMag sampBsface coverage,
Q (right-axis, empty symbols) and % arsenic remailedt-axis, full symbols), in
function of the initial concentration of arsenichéfe are two zones (a and b)
differentiated by the trends observed for surfameecage and % removal. (Solid dosage
0.5 g ', pH 4 and ionic strength 1 mM KNP

In order to evaluate the capacity of the studiedenels to be reused as arsenic
adsorbents and consequently, their technologiqalcability, successive As adsorption
cycles were performed. Initial As concentration via5 mg L, considering the As
concentrations commonly found in ground or freshtewan Argentina and Latin
America (Bundschuh et al., 2012; Litter et al., 201In Figure 4 A and B were
indicated the arsenic remainder concentration hedatsenic removal (%) determined
after each adsorption cycle, respectively. As casden, in the first two cycles, almost
completely arsenic removal was achieved for bothterreds and the arsenic
concentration in the supernatant was under the Weéttommended limit. After two
cycles, the arsenic removal decline to 70-80% dral drsenic concentration in the
supernatant was higher than the WHO recommendet llinis effect is caused by a
partial occupancy of surface sites of the adsogbégt As. In order to increase the
reusing life of the materials, an increase of tti&oabent dosage should be studied.
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Fig. 4. A) Arsenic concentration in supernatant {Cand B) As removal (%), after
each adsorption cycle.oCAs) 0.5 mg L* (each cycle), solid dosage 1.5 ¢, IpH 4 and
ionic strength 1 mM KN@

3.2 Materials Characterization

The thermogravimetric curves for Mt, MtMag, O100&ktid O100MtMag samples
are shown in Figure 5 A and B. Three zones carml®etified, according to the process
that occurs in each sample during the assay. Thepfiocess, extended up to 100 °C
approximately, corresponds to water desorptiorthénsecond range (200 °C - 550 °C)
the organic matter is combusted (Gamba et al., R0 observed for O100Mt and
O100MtMag samples). Finally, at the third zone (583G to 700 °C), the
dehydroxylation of montmorillonite structure occ(vgolters and Emmerich, 2007).

Mt sample exhibited a major mass loss than MtMamgyda in the first range (Fig. 5
A), due to changes in the nature of the interlay&tions (exchange of sodium by
potassium) occurred during the magnetic compogsit¢hssis, (Barraqué et al., 2018)
with the consequent loss of hydration water (Lid &, 2006). In addition, a low gain
of mass cannot be discarded due to the oxidationmafjnetite around these
temperatures.

The second range did not show any mass loss becdube absence of organic
content. Finally, the last process that startbat® corresponds to the dehydroxylation
of montmorillonite structure. Mt and MtMag samp#fsowed a similar mass loss in this
range.

Figure 5 B presents O100Mt and O100MtMag therma&labmrs. During the first
step, the sample O100MtMag did not show mass ldask (cyan solid line). The low
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content of water in this sample agrees with thaltminer surface modification at the
first place by the surfactant load and then bygbssibility of potassium and iron ions
entrance during magnetic composite synthesis. Bsesithe magnetite oxidation could
contribute to a low gain of mass. The O100Mt sanppésented a lower mass loss than
montmorillonite, according to the hydrophobic cludea of its structure. Besides, an
important mass loss was observed in the secondfpotmth samples, which indicates
the surfactant combustion. This mass loss was hifgireO100Mt than O100MtMag
sample, probably due to the surfactant leachingnduhe magnetization process. The
dehydroxylation process is mixed with the combursted residual carbon of surfactant
in both samples, being the percentage of massslagstly higher for O100Mt than
0O100MtMag sample.
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Fig. 5. Thermogravimetric analysis for: A) Mt (orange dioie), MtMag (green solid
line) and B) O100Mt (purple dot line), O100MtMaga(l cyan solid line). Red lines
pretend to separate the process that occurs atehtftemperature intervals.

The 0100MtMag sample has a lower TSSA than MtMauypse, being 14 + 5 g™
and 63 + 5 g™, respectively. This fact is according to the pneseof surfactant at the
interlayer space, which has replaced Mms, recognizable water adsorbent. However,
the MtMag sample shows an important decrease im8%A value respect to that of the
Mt sample (164 + 6 fig™) related to an effect that combine the exchangsodfum
ions by potassium ions in the interlayer spacendutine magnetic composite synthesis
and the occupation of Mt surface sites for magagrticles.

Compositional characterization for the magnetic @as MtMag and O100MtMag
were previously performed (Barraqué et al., 202018). Table 2 presents iron,
magnetite, and HDTMAcontent for indicated samples.

Table 2. Iron, Magnetite and HDTMAcontent for the indicated samples.

Iron content Magnetite HDTMA™
Sample (g/kg) content (g/kg) content (Actual
CEC %)
MtMag 185 +10 120 £10 -
O100MtMag 230 £11 152 £15 66

Diffraction patterns of oriented samples were pnése in Figure 6. The dOO1 values
for MtMag and Mt were quite similar, but the peakdha significant loss of intensity
(Fig 6 A and B), assigned to cation exchanges m ititerlayer space during the
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synthesis of magnetic nanoparticles (Barraqué.e2@l8). In the case of 0100MtMag
the d001 value was 1.9 nm, assigned to the preseheepseudotrilayer HDTMA
arrangement into the Mt gallery (He et al., 2006).

The d001 reflection peak of Mt sample was fittedngstwo Voight functions
(Barraqué et al., 2018). The d001 values achieva® .26 and 1.43 nm corresponding
to the sodium and calcium presence on montmortkomterlayer space, respectively,
with an area percentage of 70% and 30% for each one

The sample MtMag did not show any change respethéod001 value however
showed an intensity loss and widening. This belrawi@s assigned previously to the
interlayer cations loss and exchange during thehsgis process of the magnetic
component (Barraqué et al., 2018) modifying theaaralues to 89% for sodium or
potassium and to 11% for calcium component of Mtidagple.

The interlayer spaces of Mt and MtMag samples weredified after HASO,
adsorption (@ 10 mg L*, pH 4) (Fig. 6 A and B, respectively). The peaks
corresponding to the 001 plane of Mt and MtMag dampmfter As (¢ 10 mg LY
adsorption were also fitted by two Voight functiafye to the clear peak asymmetry
(Fig S1). The dOO1 determined values were simdathat of Mt and MtMag samples
without As (1.3 nm and 1.5 nm) but the peak comesing to 1.5 nm showed a relative
area increase until 74% and 61% for Mt and MtMagpeetively after As adsorption.
This fact allows not neglecting the entry of sompecses or complexes of As in the
interlayer space of both samples. Changes in d@@lies achieved could be attributed
to H" entrance in the interlayer space through catimhamxge with N§ which would
explain the changes into the Mt gallery. This canelplained by taking into account
the lyotropic series or the relative strength ofagtion showed by (Havlin, 2013)
AlI**SH*>C&>Mg**>K*>NH,">Na'. According to this, the interaction of protons twit
the permanent sites charge of clay can be expressadcation exchange reaction (Eq.
6):

H" + NaX <« HX + Na' (6)
and Nd& ions can be removed by*Hn the pH range of 4-6 with a favorable
thermodynamic constant for Na/H exchange indicasirsgrong affinity of Nasites for
protons (Tombacz and Szekeres, 2004; Wanner €2984). This fact is in agreement
with the results found for (Bourg et al., 2007; Btaall and Krinbill, 1942; Marshall and
Bergman, 2002), and (Fletcher and Sposito, 1989).

Nevertheless, the entrance ofA40, in the interlayer space could not be discarded.
There were previously stated that anions may eimer the interlayer space of
montmorillonites (Damonte et al., 2007; Marco-Broetnal., 2015). Even more, these
studies revealed that glyphosate and picloram, hegatively-charged molecules,
interact with the negatively charged external amgrnal surface of montmorillonite
through the formation of inner-sphere complexes.

The O100MtMag sample has not shown changes on @8l after As adsorption
(Fig. 6 C), probably because of O100MtMag preserglatively high value (1.9 nm)
before adsorption due to the surfactant presenddtarefore the entrance obASO,
cannot be revealed by this technic.
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Fig. 6. Partial diffraction patterns of indicated oriethsamples: A) Mt before and after
As adsorption, B) MtMag before and after As adsorpand C) O100MtMag before
and after As adsorption. Basal spacing values>geessed in nm.

The zeta potential vs pH curves for Mt, MtMag, @#l00MtMag samples before
and after arsenic adsorptiong(@0 mg L* and G 25 mg %) were displayed in Figure
7. The curves for Mt, MtMag and O100MtMag materiaisre previously determined
and analyzed (Barraqué et al., 2018). Differenceszédta potential values between
samples could be explained by the formation ofem&rfcomplexes between As species
and external surface sites of composites. In génsaaples after arsenic adsorption
resulted less negative than the starting mateeatept for O100MtMag sample. An
extensive interpretation is addressed below.

The sites available for complexes formation at Mtemal surface are aluminol
groups and iron groups located at edges. In the casmagnetic composites, the sites
available for complexes formation at its externaface are mainly iron surface sites of
iron particles and aluminol groups.
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As was indicated before, the predominant arsenécisp in the solution is pH-
dependent. Moreover, it was recently reported #aenic adsorption onto nano
goethite led to the formation of five different &sof surface complexes (Han and Ro,
2018). Depending on pH and arsenic concentratiom,complexes display different
configurations: monodentate mononuclear complex J[MNhonodentate binuclear
complex (MB), bidentate mononuclear complex (BMidemtate binuclear complex
(BB) and tridentate binuclear complex (TB).
The results obtained from zeta potential studiedfosamples in this work indicated
that different initial concentrations of As led #&similar zeta potential values. This

could be indicating similar surface charge behawfter both arsenic concentrations
adsorbed.

On the Mt surface, the low amount of iron bindintgsand the presence of aluminol
(low affinity binding sites) led to the saturatioh the adsorbent even at low arsenic
initial concentrations. Due to the low As adsorpticapacity of montmorillonite, As
surface complexes have not been studied beforarasfwe concern. Nevertheless, the
complexes between anions and aluminol surface lsétes been extensively studied (He
et al., 1997; Marco-Brown et al., 2017) (and refiees therein) and it has been stated
that adsorption of anions on clays might occurteiton atoms located in edges of the
mineral and aluminol groups located at the intentAgner and external surface.

Additionally, the zeta potential values of Mt loddeith arsenic were less negative
(or more positive) than the values of Mt sampleg(HA). This is indicative of the
release of hydroxyl groups followed by a BM, anddM and MB complexes
formation by coordination of }AsO, specie as indicated by equations (7), (8) and (9),
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and then the residual electric charge is more ipes{Marco-Brown et al., 2012). The
interactions between JAsO, specie and active surface sites through the foomaif
BM complexes (Fig. 7D) in equation (8) occurs tlglouthe formation of bridge
complex and the release of one hydroxyl group, neimg a partial positive charge over
arsenate molecule. In equations 748e is referred to iron or aluminol groups.

=MeOH + HAsO, « =MeOAsQGH, (MM complex) + OH (7)
=MeOH + HAsO; < =MeO(OH)AsQH" (BM complex) + OH (8)
=Me,OH + H,AsO, «— =Me,OAsO;H, (MB complex) + OH (9)

The MtMag sample exposed to 10 mg &f initial arsenic concentration had shown
zeta potential values close (but a little more fpees) to that of MtMag sample without
the pollutant exposition (around -35 mV) in all ganof pH studied (Fig. 7BY.he same
sample in contact with an initial arsenic concetitraof 25 mg [* had shown a
considerable change to less negatives values afprgéntial (around -15 mV). At low
arsenic concentration (10 mg®), there are more surface sites available for &sen
adsorption, suggesting the release of hydroxyl ggdiellowed by a mainly bidentate
(BB) and tridentate (TB) (and BM, in less extenyioomplex formation as indicated in
equations (8), (10) an (11). Then, the residuatgdavas slightly more positive, leading
to neglectable changes of zeta potential valuels reigards to that of MtMag (without
As). At initial arsenic concentration of 25 mg,Larsenic complexes are rearranged in
order to allow a major adsorption coverage formidhg complex indicated in equation

(8).
=(MeOH), + H,AsO, — =(MeO),AsO,H (BB complex) + HO + OH (20)
=Me»(OH); + H,AsO, > =Me,O3AsO (TB complex) + 260 + OH (12)

As was indicated above, an increase of arsenic rpiisio beyond an As
concentration of 16-17 mg“Lwas found (Figure 2) and this might be relatedwo
different adsorption processes or to two differexutrface sites involved in As
adsorption. These results support the rearrangeaiemsenate species at the surface of
iron oxides, suggested before to explain the chmngezeta potential curves when
arsenic initial concentration was increased (F).7

For O100MtMag sample (Fig. 7C) the behavior ofsh&ace charges was attributed
to a mixing behavior of magnetite and O100Mt congrus. It revealed an isoelectric
point (IEP) around pH 6.0, close to that of magee{iER. = 6.7), due to higher
magnetite content respect to MtMag sample (Barragjua., 2018). Afterward arsenic
adsorption, the zeta potential values had slighilged to less positive below to pH 7.0
and faintly more positive above pH 7.0 at both eatd initial arsenic concentration,
compared with O100MTMag curve (Fig. 7C).

Underneath pH 7.@he less positive values of zeta potential curvhefsample with
arsenic initial concentration of 10 mg‘lcompared to sample without arsenic, could be
explained by the formation of TB complex betweepA$D, specie and partial
protonated iron/aluminum surface sites accordingdoation (12). The release of a
hydronium ion as indicated, conduce a residualgghlss positive.
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=MeOH," + =MeOH + HAsO; « =Me,0:AsO (TB complex) + HO + HO™  (12)

Below pH 7.0, for sample equilibrated with 25 mg &f As, a rearrangement of a
fraction of arsenic adsorbed occurs, conductinthéoformation of MM complexes as
indicated in equation (13). The release gOHnolecules produces less negative values
of zeta potential compared to sample with 10 rigok arsenic. The rearrangement of
arsenic adsorbed when its initial concentratiorrdase, proposed by zeta potential
results, are in agreement with arsenic adsorpsiotherms (Figure 2).

=MeOH," + H,AsO; <> =MeOAsQH, (MM complex) + HO (13)

Above pH 7.0, at both evaluated initial arsenicamoriration, similar values of zeta
potential were obtained. These results could beatidg the formation of a mixture of
complexes MM, BM, BB and TB (see equations (7), (8D) and (11)). Along with the
evidence generated by XRD results and the oxidgeotnthis behavior could be
indicating that the preference sites adsorptionGifOOMtMag was the composite
external surface but arsenic species interlayearoe¢ cannot be discarded.

Hysteresis loops of MtMag and O100MtMag were meagim previous work which
allowed to calculate magnetic parameters includimegsaturation magnetization (Ms),
the most technologically relevant magnetic paramelige to as higher the Ms easier to
manipulate the material by an external magnetidd.fiédlthough MtMag and
0O100MtMag showed a magnetic response, the O100MtSEyple presented the
highest Ms value (Table 3).

The saturation magnetization values of both magnetimples did not show
significant differences after 10 mg*land 25 mg [* arsenic exposition. Besides, Ms
values did not change after two arsenic adsorptiamtes, indicating that the magnetic
response is not affected by the arsenic adsorptiocedure (Table 3). This is, from the
technological point of view, a promising resultedio the capacity of manipulating the
composites by external magnetic fields is not beiagraded.

Table 3. Saturation magnetization (Ms) expresseshif kg™ for indicated samples.

Sample Raw Material ~ Adsorbent + Adsorbent +  Adsorbent
As 10 mg [ As 25 mg [*  after 3 cycles

MtMag 85105 8.7+05 8.1+£05 89+05

0100MtMag 20.3+0.5 20.6 + 0.5 20.3+0.5 19.85%0

4. Conclusions

Montmorillonite and organic montmorillonite (exclygau by HDTMA', 100 % Mt
CEC) were modified by magnetic material nucleato used as arsenic adsorption
materials. The adsorption isotherms reveal inhomeges adsorption sites, supported
by changes on the interlayer space and the exteuntdce charge, where the external
surface seems to present the preferential sitegever, the interlayer sites cannot be
discarded with the aforementioned eviden@®e Langmuir fitted model allows
calculating a higher maximum capacity of adsorption MtMag (9+1 mg g-1) than
0O100MtMag (7.8+0.8 mg g-1). Both adsorbent matereuld be successfully used in
two successive cycles of As removal in order toieah arsenic concentrations lower
than the limit proposed by WHO.
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Considering that O100MtMag presented a suitablea@ap of As adsorption and
considerably higher Ms value than MtMag, which awloa more efficient indirect
manipulation by an external magnetic field, thenfer is proposed as technologically
appropriate arsenic adsorbent material.
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Arsenic adsorption by clays composites involves the formation of several complexes.
Magnetic composites can be useful to reduce the health risk due to pollutants
manipulation.

Zeta potential measurements are crucial to determine the sites of composite for As
adsorption

Magnetic composites can be used until two times to decrease the As concentration
considerably.
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