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ARTICLE INFO ABSTRACT

Keywords: This study examines the development of a nanocomposite consisting of iron oxy-hydroxides (FeOOH) embedded
Arsenic on magnetite (Fe;O,) nanocarriers, towards its application for the simultaneous uptake of As(V) and Sb(V) ionic
Antimony forms at concentrations below drinking water regulation and its magnetically-assisted recovery at the end of the

Drinking water
Magnetic nanoparticles
Magnetic separation

process. Considering Fe;0, as the reductant, assisting the transformation of highly mobile Sb(V) to Sb(III), and
the high affinity of FeOOH to adsorb both As(V) and Sb(III), adsorption experiments carried out at equilibrium
pH 7 indicated that a FEOOH/Fe;0, composition of 50%wt. is the optimum to establish a sufficient efficiency in
the uptake of both pollutants. Particularly, the adsorption capacity for As(V) at residual concentration 10 ug/L
is around 2.3 mg/g whereas around 0.4 mg/g of Sb(V) can be captured by the nanocomposite while keeping
the residual concentration below 5 pug/L. Such efficiencies are preserved in the case of simultaneous adsorption
of both pollutants without any appearance of cross-interference effects, at least for residual concentrations be-
low 400 pg/L. The high magnetic response of Fe;O, nanoparticles allows the application of the nanocomposite
for water purification in an alternative setup, consisting of a contact stirring reactor and a magnetic separator
constructed by permanent magnets. The dimensions and flowrates of the continuous-flow system were properly
designed on the basis of theoretical calculations using the magnetization, adsorption efficiency and kinetics as
input, to combine maximum purification and solid recovery. Suggestively, operation of the system using a natural
water with pH 7 containing 50 pg/L As(V) and 10 ug/L Sb(V) showed successful decrease of residual concentra-
tions below regulation limits for drinking water and 100% recovery of the solid when a nanocomposite’s dose of
20 mg/L was added.

1. Introduction

Understanding the negative effect of specific water pollutants in
consumers’ life expectancy has pushed research efforts towards the
improvement of water treatment strategies, quality control and rele-
vant risk assessment (Geissen et al., 2015; Schwarzenbach et al., 2010;
Wells et al., 2010). Among different types of pollutants, heavy met-
als represent the most important with geogenic origin. Their presence
is commonly located in groundwaters due to the long-term contact
with surrounding minerals (Chowdhury et al., 2016; Karavoltsos et al.,
2008), in the form of soluble oxy-ionic species which, when consumed
at high concentrations, have been implicated with many chronic dis-
eases, cancer development and vital organs failure (Hu et al., 2019;
Kaltreider et al., 2001). Aqueous forms of antimony and arsenic are con-

sidered among the most harmful high priority heavy metal pollutants as
implied by the extremely low regulation limits established by health
organizations and local authorities for drinking water (Choong et al.,
2007; Fei et al., 2017; Sarkar and Paul, 2016). Suggestively, the maxi-
mum contaminant level in European Union is 10 ug/L for arsenic and
5 ug/L for antimony (Council Directive 98/83/EC, 2000). Both ele-
ments belong to the metalloids group and therefore, they present some
common characteristics regarding potential oxidation states. Depend-
ing on the accessibility of oxygen in the water reservoir, they can be
found in the trivalent or the pentavalent state. However, the high-
valent state, Sb(V) and As(V), dominates in the majority of the in-
stances. Removing pentavalent species is usually the challenge for wa-
ter treatment processes when facing high antimony or arsenic concen-
trations. Especially, in the pH range of natural water (6-8), the dom-
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inant speciation form of antimony is Sb(OH)y~ while arsenic speci-
ation is distributed between the H,AsO,~ and HAsO,%~ oxy-anions
(Scheinost et al., 2006; Tresintsi et al., 2012). The chemical similarity of
antimony and arsenic often favors their co-occurrence as sulfide miner-
als (FeAsS, Sb,S3) implying to a high probability for simultaneous disso-
lution and co-existence in groundwater. Such cases have been reported
in many sites across Greece and other European regions (Tresintsi et al.,
2013; Ungureanu et al., 2015).

The presence of arsenic and antimony in water reservoirs may turn
into a severe problem when these resources are used to supply drinking
water, introducing the need to develop an extra treatment step for the
capture of these pollutants before reaching the consumer. Following the
high frequency of incidents where arsenic is the sole pollutant, devel-
opment of relevant treatment methods has become the most discussed
field of heavy metals removal from drinking water. Large-scale processes
such as the coagulation with ferric salts and the adsorption on iron
oxy-hydroxides (FeOOH) have been recognized as the best and viable
practices (Lakshmanan et al., 2010; Mitrakas et al., 2009; Mohan and
Pittman, 2007; Nicomel et al., 2015; Sankar et al., 2013). On the oppo-
site side, due to the lower number of occurrences, not much attention
has been devoted to the optimization of technologies for antimony up-
take (Gannon and Wilson, 1986). Unfortunately, the implementation of
adsorption systems, which appear very advantageous for point-of-use
application with respect to its automation and feasibility, is inhibited
by the high mobility of Sb(V) species and their weak affinity on any
known adsorbent. Moreover, in the very possible scenario of arsenic co-
existence, a significant competition for available adsorption sites has
been reported (Tresintsi et al., 2013).

After that, the only way to face the problem of Sb(V) pollution
in drinking water resources is to redesign known adsorbents or to
match different phases in order to act in synergy through intermedi-
ate reaction mechanisms. Recently, composite nanomaterials consist-
ing of amorphous oxy-hydroxides decorated with Fe;O, nanoparti-
cles have been introduced as a novel class of adsorbents able to cap-
ture Sb(V) oxy-ions after their intermediate reduction to Sb(III) species
(Simeonidis et al., 2019). At the same time, the high affinity of FeFOOH
to As(V) (Tresintsi et al., 2012), and the magnetic response of Fe;0,
brings to these nanocomposites a high perspective to operate as effi-
cient arsenic adsorbents on a water treatment scheme different than
conventional fixed beds (Simeonidis et al., 2011).

This work investigates the possibility to develop an efficient and vi-
able water treatment technology based on the low-cost production of
Fe;04/FeOOH nanocomposites and apply them in a scalable contact
reactor to purify antimony/arsenic polluted water. To this end, adsor-
bents with various phase ratios were synthesized into a continuous-flow
reactor and then, tested in batch adsorption experiments to define the
optimum adsorbent composition that delivers maximum uptake capac-
ity for simultaneous presence of antimony and arsenic. Evaluation was
performed under realistic conditions of water treatment including pol-
lutants concentration range, pH values and eligible residual concentra-
tions complying to the regulation limits. Taking advantage of the mag-
netic properties of embedded Fe;O0,4 nanoparticles, a water treatment
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Fig. 1. Schematic representation of synthe-
sis steps of Fe;0,/FeOOH nanocomposites
and occurring mechanisms during simultane-
ous As(V)/Sb(V) adsorption.
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unit which combines sufficient adsorption period and complete adsor-
bent recovery was designed using arithmetic modeling of the magnetic
separation stage.

2. Materials and methods
2.1. Synthesis

The synthesis of Fe;0,/FeOOH nanocomposites was conducted in
a two-stage continuous-flow stirring reactor (1 L each compartment)
by the sequential precipitation of iron salts under different acidity and
oxidative conditions (see Fig. S1 in Supporting information). In partic-
ular, the preparation of the iron oxy-hydroxide (FeOOH) was carried
out in the first reactor by the precipitation of a FeSO4¢7H,0 solution
(4.8 g/L) which is continuously pumped with a flowrate 0.5 L/h. The pH
was adjusted and maintained at 6 throughout the operation by the ad-
dition of a 5%wt. NaOH solution whereas redox potential was increased
and kept to around 300 mV by the addition of a 5% wt. H,O, solu-
tion (Fig. 1). The FeOOH suspension was fed to the second tank, where
the coprecipitation of FeSO,¢7H,0 and Fe,(S04)3exH,0 (20%wt. Fe
basis) took place to produce Fe;0,4. A solution with a mixture of both
reagents (2 g/L and 3.6 g/L, respectively) was introduced in this stage
with a flowrate determined by the targeted Fe;0,4-to-FeOOH ratio in the
product. For instance, to obtain a nanocomposite with Fe;O, percent-
age around 50%wt., the flowrate was adjusted to 0.5 L/h. The pH was
controlled to the value of 12 and the redox potential was decreased to
around -180 mV as a result of the intense alkaline conditions but also
by the addition of a 1%wt. hydrazine solution. The final product was
collected from the outflow, washed with distilled water and centrifuged
several times, dried at 40 °C, ground and sieved to below 63 ym. In or-
der to ensure that all quantity of FeOOH will be totally loaded on the
magnetic phase, the collected adsorbent was re-dispersed in water and
then magnetically recovered by a permanent NdFeB magnet separating
possible non-associated FeOOH grains.

2.2. Characterization

The identification of the crystal phases of the synthesized nanocom-
posites was performed through powder X-ray diffractometry (XRD) us-
ing a water-cooled Rigaku Ultima+ instrument with CuKa radiation,
a step size of 0.05° and a step time of 2 s, operating at 40 kV and
30 mA. Diffraction diagrams were compared to the Powder Diffrac-
tion Files (PDF) database (Joint Center for Powder Diffraction Stud-
ies, 2004). The morphology of studied materials was examined by field-
emission scanning electron microscope (FE-SEM) Quanta 200 ESEM FEG
FEI with a field-emission gun operating at 30 kV and equipped with
energy dispersive X-ray analysis (EDS) of EDAX. Quasi-static magnetic
properties of the samples have been measured using a superconducting
quantum interference device (SQUID) Quantum Design MPMS XL-7T
magnetometer.

The specific surface area of samples was estimated by nitrogen gas
adsorption at liquid N, (temperature 77 K) in a micropore surface area
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Fig. 2. Water treatment unit for As/Sb removal and modelling
parameters of the nanocomposite’s magnetic recovery.
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analyzer according to the Brunauer-Emmett-Teller (BET) model. Total
iron content was measured after dissolution of weighted powders in HCI,
by flame atomic absorption spectrophotometry using a Perkin Elmer
PinAAcle 500 system. Finally, the reducing potential of nanocomposites
expressed by the percentage of Fe?>+ was determined by acid digestion
of the solid followed by titration using KMnO, solution. A 50 mg sample
was dissolved under heat in 20 mL 7 M H,SO, and titrated with 0.05
M KMnO,. The end point of the titration was defined by the presence
of a persistent weak pink color, indicating that the MnO,~ ions were no
longer being reduced.

2.3. As/Sb adsorption

The efficiency of the adsorbents to capture the pentavalent forms
of arsenic and antimony, separately and in their co-existence was
evaluated by batch adsorption experiments plotting the corresponding
isotherms at the low residual concentration regime (<500 ug/L). For
each experiment, a quantity of 0.1 g/L from the nanocomposite was
dispersed in 200 mL of As(V)- or Sb(V)- or As(V)/Sb(V)-containing test
water (50-3000 ug/L) into a 300 mL conical flask and shaken for a suf-
ficient period of time (24 h). The pH was adjusted to the value of 7
by the addition of drops of NaOH or HNO3 during the first 2 h. At the
end, the solid was discarded by filtering through a 0.45 ym membrane
filter. The residual concentration of As and Sb was determined by a
graphite-furnace atomic absorption spectrometer Perkin-Elmer AAna-
lyst 800. Corresponding kinetic experiments were conducted by mixing
a specific quantity of the adsorbent with test solutions and sampling the
pollutant’s residual concentration at proper time intervals.

Test solutions spiked with As(V), Sb(V) or a mixture of As(V) and
Sb(V) were diluted in natural-like water (according to the National San-
itation Foundation (NSF) standard) in order to investigate the collective
effect of common interfering ions in comparison to the distilled water.
For the preparation of 10 L, 2.520 g NaHCO3;, 1.470 g CaCl,2H,0,
1.283 g MgS0O,4¢7H,0, 0.706 g NaSiO3¢5H,0, 0.1214 g NaNO3, 0.0221
g NaF and 0.0018 g NaH,PO,*H,0 were dissolved in distilled water.

2.4. Magnetic recovery
A major advantage of magnetic nanomaterials implementation in

drinking water treatment is their magnetic response which enables dif-
ferent approaches of application compared to the typical filtration bed.

purified
water

Here, the possibility of introducing the Fe;0,4/FeOOH nanocomposite
was evaluated according to observed uptake capacity and the magnetic
properties in a continuous-flow system (Fig. 2), consisting of a contact
tank where the nanomaterial is dispersed in polluted water and a cylin-
drical separation tube where particles are captured and recovered by the
magnetic field defined by permanent magnets arranged along one side
of the tube (Sharma et al., 2015). For the design of such magnetic sepa-
rator, the optimum arrangement of eight commercial NdFeB magnets
with cylindrical shape was studied by developing a two-dimensional
theoretical model for dispersion flow which considers the balance of
dominant magnetic F,, fluidic forces Fy and buoyancy Fj, (Furlani and
Furlani, 2007):

Fo+F +F=0 M
Assuming non-interacting nanoparticles and an equivalent point

dipole in the center of each carrier, the magnetic force is the sum of
forces on the embedded magnetic particles analyzed as:

. 3% /=

F, = yOVmpm<HV)H @)
which, for a magnetic susceptibility y,>>1 it is simplified as:

F, = 3y0Vmp(ﬁV)ﬁ 3)

3

- : « - _4
and considering the average particles “magnetic” volume V,,, = 3R,

leads to:

F = anpR® (2 g, 2 4
mx = FTHy mp X Ox + z 0z ( )

R 0H, 0H, s
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with R, the particles’ “magnetic” radius, i.e. the radius correspond-
ing to their magnetic phase, y, the permeability of air, H the applied
magnetic field intensity. The magnetic field components for an infinite
cylindrical magnet, magnetized perpendicularly to its axis, given at ref-
erence system (z’-x’) defined at its center (Furlani and Ng, 2006), are:
MR2 2 _ 2
Hy, = Szm—x — (6)
(x* +21?)
M R? -~
H, = st 2x'z . )
2 ( X2+ ZIZ)
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where M; and R,, are the magnetization and radius of the magnet, re-
spectively.

Fluidic forces are described by Stokes’ approximation for sphere in
laminar flow:

F; = —6anR, (3, - 7) (8)
with components:

Fry=—67nR,0,, (O]

2
Fy = —eszp{upz -25, [1 - (%) ] } (10)

where 7 is the fluid’s viscosity, R, the particles’ radius, v, is the particle

flow velocity and v, = is the average flow velocity, while Q stands

3
R}

for volume flow rate. The buoyancy term is expressed by the equation:

E=_Vﬂ(pp_pf)§ an

Since the buoyancy term is vertical, its only component is given by:

=220, y)e (12)
with p,, the density of particles, py the density of the fluid and g the grav-
itational acceleration. The recovery efficiency for each tested setup was
predicted by computing the tracks of several nanoparticles after solving
the motion equations with a 4th order Runge-Kutta (RK4) scheme in
Matlab. Acting magnetophoretic force as well as the equations of mo-
tion were obtained by Mathematica (Supporting information). As design
parameters, the tube radius R,, the magnets radius R,, which was equal
to the distance between magnets, the relative position d and the polarity
configuration N/S, were used as explained in Fig. 2. Optimum parame-
ters extracted by the theoretical simulation were used to construct and
operate the corresponding scalable laboratory setup and validate the
accuracy of the predictions.

Fy

3. Results and discussion
3.1. Adsorbents’ characterization

XRD diagrams of the synthesized Fe;0,/FeOOH nanocomposites are
shown in Fig. 3. For all compositions, an inverse spinel structure of
iron oxide (possibly Fe;0,) is clearly identified while the increase of
an amorphous background contribution at lower magnetic phase per-
centages signifies the presence of FeOOH.

The formed phases are homogeneously distributed in the volume of
the nanocomposite as better observed in FE-SEM images of the 50%
sample (Fig. 4a). The nanocomposite adsorbent has a sponge-like mor-
phology suggesting the deposition and dispersion of iron oxide nanopar-
ticles during the second reaction step into the previously precipitated
amorphous oxy-hydroxide structure. In addition, obtained nanocompos-
ite show good mechanical stability, indicating that no dissociation of
the constituting phases is expected to occur. Such technological char-
acteristic is very critical when referring to nanomaterials application
for water treatment (Tresintsi et al., 2012). Iron oxy-hydroxide’s matrix
seems to define the obtained hydrodynamic diameter of the adsorbent,
which is estimated to be around 500 nm without significant variation
between the samples (Fig. 4b). This value fits well to the average dimen-
sion of the aggregates appearing in electron microscopy images although
the expected diameters of Fe;0,4 nanoparticles when synthesized sepa-
rately with the same procedure is only around 40 nm (Simeonidis et al.,
2015). The described nanostructure is reflected in the nitrogen adsorp-
tion isotherms where a smooth, non-stepwise curve, probably associated
with energetic heterogeneity in the adsorbent-adsorbate interaction, is
found (Fig. 4c). In addition, the presence of hysteresis during desorption
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Fig. 3. XRD diagrams of Fe;0,/FeOOH nanocomposites for various magnetic
phase percentages. Vertical lines indicate the expected diffraction angles for
magnetite (PDF#88-0315).

indicates a low percentage of micropores attributed to the formation of
intraparticle porosity in the building units of the FeOOH. The specific
surface area of samples was estimated in the range 105-120 m?/g with
the lower values corresponding to the Fe30,4-rich samples.

The iron content of studied nanocomposites was measured by chemi-
cal analysis indicating a percentage of 48.3%wt. in the sample with 25%
Fe;0, that reaches 50.9%wt. in the sample with 75% Fe30,. This infor-
mation does not provide important findings concerning their composi-
tion, since iron is the only existing metal in both participating phases.
However, determination of the Fe2* species corresponds to the presence
of Fe30,4, while it is also a good indicator of the reducing potential of
each adsorbent. Particularly, the Fe?* percentage per mass of nanocom-
posite was found to be 5, 9.5 and 11%wt. respectively for the samples
prepared with 25, 50 and 75% Fe;0,. Magnetic characterization was
used as another way to estimate samples composition assuming that
Fe;0, is the only magnetic responsive phase. Fig. 4d presents the room
temperature magnetic hysteresis loops of the samples. Focusing on the
saturation magnetization, a clear proportionality to the Fe;0,4 percent-
age is observed. For instance, the sample with 25% Fe;0, has a satu-
ration magnetization value slightly over 20 emu/g, which reaches 60
emu/g for the sample with 75% Fe30,.

3.2. Adsorption efficiency

Batch adsorption experiments were performed to record the As(V)
and Sb(V) isotherms for each of the tested nanocomposites and estimate
the uptake capacity under water treatment conditions. Fig. 5 presents
the adsorption isotherms for the Fe;0,/FeOOH 50% nanocomposite.
Due to the high affinity of FeOOH to As(V) species, the removal of
arsenic appears much more efficient compared to that of Sb(V). As
widely reported, the adsorption of HAsO42~/H,AsO,~ oxy-anions on
FeOOH takes place through inner-sphere complexes appearing in biden-
tate mononuclear or binuclear configurations (Pinakidou et al., 2015;
Sofia Tresintsi et al., 2013). On the other side, although inner-sphere
chemisorption of antimony oxy-ions is possible, the high mobility of
Sb(V) species and the ease of Sb(III) oxidation and re-dissolution prevent
non-reversible adsorption (Qi and Pichler, 2016). However, the pres-
ence of a reducing agent such as Fe;0,, features the material with the
ability to capture non-negligible amounts of Sb(V) considering the poor
response of previously tested adsorbents. The suggested intermediate re-
duction mechanism and the sole presence of Sb(III) on the nanocompos-
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Fig. 4. FE-SEM image and EDS elemental analysis of Fe;0,/FeOOH 50% nanocomposite (a), hydrodynamic diameter numerical distribution (b) and gas nitrogen
adsorption-desorption curve (c). Magnetic hysteresis loops of the studied samples for various magnetic phase percentages (d).

ite after experiment was validated by X-ray photoelectron spectroscopy
as shown in Fig. 5S of Supporting information. In long terms, the par-
ticipation of Fe;O, as electron donor is expected to cause the passiva-
tion of its surface after the gradual formation of a maghemite’s layer
(Pinakidou et al., 2016). Surface passivation determines the operational
lifetime of the developed adsorbent and it is the main reason for the
difficulty to apply a typical regeneration process on the Fe;0,/FeOOH
nanocomposite after its saturation. Importantly, observed adsorption ca-
pacities from experiments with only one of the pollutants in the solu-
tion are mostly preserved in the case of As(V) and Sb(V) co-existence as
the corresponding isotherms indicate. This implies to a limited competi-
tion and interference between As(V) and Sb(V) at the low concentration
range studied in this work and typically met in polluted groundwater
sources. On the other hand, the reported negative effect of arsenic pres-
ence is signified by a sudden drop in Sb(V) capacity only when resid-
ual concentrations overcome 400 ug/L, corresponding to initial concen-
trations above 1.5 mg/L. The competition for adsorption sites becomes
more intense and dramatically affects Sb(V) uptake when adsorption ex-
periments are carried out at higher concentrations (Fig. S2 in Supporting
information). Therefore, results from testing pollutants separately can
be used to predict the adsorbents’ efficiency in their co-existence. Fit-
ting of the isotherms was carried out by the Freundlich equation, Q=K

C.!/", with C, the residual concentration, Ky a constant proportional to
the uptake capacity, and n a constant related to the uptake affinity. The
fitting parameters are shown in Table S1 in Supporting information.

By placing the maximum contaminant level for each pollutant (10
ug/L for As(V) and 5 ug/L for Sb(V)) as a residual concentration value
in the fitted Freundlich equations, it is possible to calculate the adsorp-
tion capacity corresponding to the efficient operational period of the
nanocomposites in real applications. The variation of these values with
the Fe;O,4 percentage in the nanocomposite is summarized in Fig. 6. Ad-
sorption capacity for As(V) decreases linearly till Fe;0,4 content reaches
50% and then, it is stabilized around a value of 2 mg/g. At the same
time, the capacity for Sb(V) follows a continuous increase starting from
almost zero for the pure FeOOH to around 0.4 mg/g at percentages
above 50% Fe3;0,4. Accordingly, an obvious option to keep a balanced
and affordable adsorption efficiency for both pollutants would be the
Fe;04/FeOOH 50% nanocomposite.

The uptake rate of the pollutants and the required contact time to
reach equilibrium are essential information to design the adsorption re-
actor and estimate the flow rate of the treated water. The kinetic data
recorded for the 50% nanocomposite (Fig. 7), indicates that more than
95% of the removal capacity at the equilibrium is already achieved be-
fore 1 h.
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Fe;0, percentage in the nanocomposite and pure phases. Values were estimated
by adsorption isotherms carried out in natural-like water adjusted at pH 7.

3.3. Magnetic separation

The magnetic separator was modelled as an arrangement of eight
cylindrical NdFeB magnets diametrically magnetized and positioned
perpendicularly to the bottom side of the separation tube. To predict
the optimal recovery efficiency of the magnetic separator, three mag-
netic fields induced by different polarity configurations were simulated
and compared. At first, all magnets were arranged in order to have the
same N/S orientation. On the second configuration, neighbor magnets
were oppositely magnetized, while on the third, the polarity reversed
among pairs of magnets, i.e. N/S for one pair and S/N for the other
(Fig. $2).
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Fig. 7. Kinetic data of As(V) and Sb(V) removal for the Fe;0,/FeOOH 50%
nanocomposite in natural-like water adjusted at pH 7. Initial concentration As:
800 ug/L, Sb: 150 ug/L, adsorbent: 250 mg/L.

Besides pole configuration and magnetic phase, the effect of three
more parameters was examined for each version of the separator, i.e.
the tube radius R;, the magnets’ radius R,,, and the distance d between
magnets and tube. The tube radius varied from 0.25 cm to 1.0 cm, the
magnets’ radius from 0.5 cm to 2 cm, while the magnets-to-tube distance
varied from 0.5 cm to 1 cm (Table 1). The distance between one magnet
to another was considered equal to their corresponding radius in each
case.

To measure the recovery efficiency of the magnetic separator, the
motion of one hundred nanoparticles was simulated for every numeric
combination of the parameters used in the theoretical model. For each
setup, nanoparticles started from vertical positions, normally arranged
along the tube’s diameter, and their trajectories (Fig. S3) were computed
by numerically solving the equations of motion with RK4 method. The
ones that reached to the bottom side of the tube, above the magnets,
were counted as successfully captured.

The percentages of estimated retrieved magnetic nanoparticles per
case were compared among different configurations of the separator
(Fig. 8), indicating the alternating polarity arrangement of magnets as
the most efficient one. In tubes with radius larger than 0.25 cm, such
a separator, consisting of large magnets (R,,= 2cm), eliminated more
than 98% of the nanocomposites’ 75% MPR sample and more than 80%
of the 50% MPR sample, regardless the distance between magnets and
tube. On the contrary, the highest yield was only 60% of the nanocom-
posites for the separator formed by similarly magnetized magnets. The
separator with alternating polarity couples of magnets, recovered 45-
93% of the 75% MPR nanoparticles, when its configuration involved
large magnets (R,,=2 cm). Overall, out of the 144 combinations of model
parameters per configuration, that were examined, those which led to
significant elimination (more than 90%) of the magnetic nanoparticles
sample were zero for the first configuration, 24 for the second and 2 for
the third.

Results, also, imply that removal efficiency is proportional to both
the diameters of tube and magnets, while their positions, i.e. tube’s and
magnets’, needs to be as close as possible. Adequate clearance (more
than 80%) of the particles was achieved in a few small separation tubes
(R=0.25 cm). However, smaller magnets (R,,=0.5 cm) failed to remove
particles under any one of the examined conditions. Total clearance of
the sample mostly occurred where the separator was placed at mini-
mum distance (d=0.5 cm) from the tube, as expected. Regarding the
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Table 1
Parameters used in the theoretical model and their numeric values that were used to compute the trajectories of nanopar-
ticles.
Property Value Property Value
Permeability of free space (y4,) 4z 1077 H/m Particles’ radius (R,) 250 nm
Gravitational acceleration (g) 9.8 m/s? Magnetization of the magnets (M;) 106 A/m
Fluid density (pf) 1000 kg/m3 Magnets’ radius (R,,) 0.5, 1.0, 1.5, 2.0 cm
Water viscosity () 8910“Pas Magnets-to-tube distance (d) 0.5, 0.75, 1.0 cm

Particles’ density (pp)
Tube’s radius (R;)

5000 kg/m3
0.25, 0.5, 0.75, 1.0 cm

Volume flow rate (Q)
Magnetic phase ratio (MPR)

20 mL/min
25, 50, 75%

R;(cm) 0.25 0.50 0.75 1.00 I
g 2
s [&))

X

E =)
[\ &

... :
o
0
... O\a
wn
~

0.5 1.0 d (cm)

separation efficiency (%)
3

R“ (cm) 0.25 0.50 0.75 1.00
60
40 |
30

R; (cm) 0.25 0.50 0.75 1.00 E
H (b) =
°
ﬂﬂE o
B
O\o
') 'o
sl
0.5
1.0 =X
1.5 =N R
2.0

0.5 1.0 d (cm)

MPR

25 %

50 %

75 %

0.5 1.0

d (cm)

Fig. 8. Magnetic separator’s efficiency per configuration: similar polarity magnets (a), alternating polarity magnets (b), alternating polarity couples of magnets (c).

Color stands for retrieved nanoparticles percentage.

role of magnetic nanoparticles to the separation process, higher mag-
netic phase percentage in their composition ensures higher percentage
of them ending captured by the magnetic field. Nanocomposites with
25% MPR failed to be successfully retrieved in almost all cases, with
one exception of 80% clearance. On the other hand, several samples
with 75% MPR were completely eliminated even by smaller magnets
(R,=1.5 cm) or distant separators (d=1 cm).

According to the results of the theoretical calculations and the ki-
netic data concerning pollutants adsorption, the laboratory continuous
flow system was prepared using the following qualified construction and

operation parameters. A contact tank of 1.5 L was attached to the mag-
netic separator cylindrical tube with 0.5 m length and 0.75 cm diameter.
A flow rate of 20 mL/min was applied to provide a contact time around
60 min which was found sufficient to allow achievement of adsorption
equilibrium when the 50% nanocomposite was introduced. For the mag-
netic separator the alternating orientation of magnets with 2 cm in di-
ameter was applied by placing the magnets at a distance 0.5 cm from
the tube and between each other. Natural-like water adjusted at pH 7
spiked with 50 ug/L As(V) and 10 ug/L Sb(V) was used as a representa-
tive case of a polluted groundwater. The solid concentration was varied
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Fig. 9. Residual pollutants concentrations as a function of the nanocomposite
dose in the contact reactor of the laboratory setup. The magnetic separation
efficiency is also plotted.

in the range 20-100 mg/L. Fig. 9 summarizes the actual efficiency of the
laboratory setup in view of the residual pollutants concentration and the
percentage of captured nanocomposites in the outflow of the magnetic
separator. For the lower dose of nanocomposite (20 mg/L), the residual
As(V) and Sb(V) concentrations were determined slightly above the reg-
ulation limit for each one, a result that stands in good agreement with
the estimated adsorption capacity from the corresponding isotherms. In-
creasing the dose improves efficiency of the process enabling residual
concentrations not just within the regulation tolerance but approaching
the detection limit for higher doses. Separation yield is 100% at lower
solid concentration but remain at high levels till 100 mg/L.

4. Conclusions

The simultaneous capture of arsenic and antimony according to the
requirements of drinking water use was succeeded by optimizing a mul-
tifunctional Fe;0,4/FeOOH nanocomposite able to provide a reducing
agent (Fe;0,) for the Sb(V) conversion and a good adsorption substrate
(FeOOH) for the capture of As(V) and the formed Sb(III). In spite of
the chemical similarity between the two pollutants, the adsorption pro-
cedure seems to operate independently in the residual concentration
range below 400 ug/L suggesting the absence of competition of the up-
take mechanisms or for the available sorption sites. In addition, the high
magnetic response of Fe;04 becomes advantageous towards the applica-
tion of a water purification process based on simple contact combined
with a magnetic separator. In the frame of this study, such possibil-
ity was validated by the design, based on theoretical calculations, and
the operation of a continuous flow setup which enables the capture of
toxic pollutants and the recovery of the used nanocomposite with min-
imum energy expense. Therefore, this work demonstrates how a com-
plex problem of removing co-existing arsenic and antimony in a single
step by a single adsorbent can be faced by the development of a bi-
nary nanocomposite and the sophisticated utilization of its magnetic
response.
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