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HIGHLIGHTS

Magnetic techniques with iron microparticles are used for removing Mn from
aqueous solution.

Mn removal efficiency is extremely high (> 98%) for pH > 9.

However for pH < 9 Mn removal efficiency was significantly reduced.

An increase in the efficiency was observed when increasing the adsorbent
concentration and when coating magnetic particles.

Low desorption rates and high removal efficiency of reused particles were

measured.
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Abstract

An extensive experimental work is reported that aims to assess the efficiency in
manganese (Mn) removal from aqueous solution by carbonyl iron microparticles using
magnetic separation techniques. A set of batch experiments are performed to explore the
effect of pH, adsorbent concentration, surface coating and contact time for achieving the
highest Mn removal efficiency. Mn removal efficiency is extremely high (> 98%) for
pH values larger than 9 as a result of the chemisorption of Mn oxides onto magnetic
microparticles. In contrast, Mn removal efficiency for pH < 9 was significantly reduced
as Mn remains as a soluble cation. In this manuscript we demonstrate that the efficiency
clearly increases when increasing the adsorbent concentration and when using MnOXx(s)
coated magnetic particles instead of bare particles. Desorption rates from Mn-loaded
magnetic particles at different pHs were always lower than 15%. Furthermore, Mn
removal efficiency remained at a very high value (> 95%) when reused particles where

employed in the adsorption process.

Keywords: Manganese removal, magnetic particle, water quality, magnetic separation

gradient
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Introduction

Manganese (Mn) is a common trace metal in the earth’s crust essential for the
metabolism (Aschner and Aschner, 2005). However, at high concentrations, Mn is a
neurotoxicant (Carriere et al., 2011) that can impair water quality intended for human
consumption. Mn is usually found in water supplies due to natural processes that take
place in the aquatic ecosystem such as dry deposition of pollutants, transport of
materials by surface runoff and groundwater inflow or dissolution of Mn-bearing
sediments (Zaw and Chiswell, 1999). During thermal stratification period in eutrophic
lacustrine aquatic ecosystems, oxygen concentration at the hypolimnion is reduced due
to microbial oxidation of the organic matter . When hypoxic conditions are present (<16
% oxygen saturation) at the sediment/water interface, redoxcline moves upwards in
sediment column and Mn reduces to the soluble ion Mn(ll) that goes into solution
(Balzer, 1982; Baden et al., 1995). Thus, Mn(ll) can enter to the water supply network
where is oxidized -in contact to the air (Aziz and Smith, 1992), metal surfaces (Davies
and Morgan, 1989; Sung and Morgan, 1981), microorganisms or chemical products
used for disinfection (Sly, 1990), before or after water treatment- to its insoluble form
causing undesirable aesthetic, cosmetic and technical effects (Environmental Protection
Agency, EPA, 1992). Some of these effects are the accumulation of Mn oxides
(MnOx(s)) deposits within distribution pipelines, staining of laundry and clothes or the
addition of unpleasant metallic taste when concentrations are above 100 pg L™ (Roccaro
et al., 2007; Bamforth et al., 2006; Tekerlekopoulou et al., 2008). Moreover, it has been
reported that a chronic exposure to Mn can pose a threat for human health, specifically;
it may induce to neurological diseases, like manganisme, a Parkinson’s-like disorder

(Elsner and Spangler, 2005).
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Mn concentration in drinking waters broadly ranges from 1 to 100 pg L™, being more
usual values below 10 pg L™ (Keen and Lonnerdal, 1986). In the European framework,
the Directive 98/83/CE that regulates drinking water quality sets a maximum Mn
concentration of 50 pg L™ This value is similar to the Secondary Maximum
Contamination Level (SMCLs) established by the EPA as a guideline for water
treatment industry (EPA, 2012). On the other hand, World Health Organization (WHO)
suggests a health-based value of 400 ug L™ at which there is no adverse effects for
human health (WHO, 2011). Nowadays, a large number of water resources all over the
world are being affected by Mn concentrations that exceed 400 pg L™ such as Greece,

Japan or Australia, among others (Frisbie et al., 2012).

In order to meet the quality standards for drinking water, a wide variety of physical and
chemical methods, or combinations of both of them, have been employed to reduce Mn
concentration of polluted waters. Since Mn remains as soluble cation in a wide pH
range (4.5 to 8) it is a difficult and costly process to remove it from solution (Bamforth,
2006). Up to now, natural adsorbents have been used, including activated carbons
(Jusoh et al., 2005; Emmanuel and Veerabhdra Rao, 2009), zeolites (Taffarel and
Rubio, 2009; Erdem et al., 2004) and kaolinites (Yavuz et al., 2003). On the other hand,
the oxidation of Mn(I1) as MnOXx(s) onto oxide — coated filter media, such greensand (a
MnO,-coated commercial clay) and the use of strong oxidizing chemicals like
potassium permanganate, ozone, chlorine or dioxide chlorine for oxidation and
precipitation of Mn with subsequent filtration are common techniques used in water
treatment plants (Gantzer et al., 2009; Kohl and Medlar, 2006). Finally, biological
treatments usually involve the use of Mn-oxidizing bacteria coated beds that promote

Mn biofiltration under oxic conditions and its removal from the solution (Pacini et al.,
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2005; Burguer et al., 2008; Tekerlekopoulou et al., 2008). Most of these techniques are
not profitable since in many cases exists high operational cost, insufficient adsorption
capacity, difficulties of separation and regenerations of the adsorbents or formation of
undesirable by-products that can alter water quality (Yong-Mei et al., 2010;

Katsoyiannis et al., 2004).

In recent years, the application of magnetic particles for removing contaminants from
the aqueous effluents has attracted special attention (Ngomsik et al., 2005). This
technology involves the separation of the adsorbent (magnetic particles) from the
medium in which is immersed by applying a gradient magnetic separation, once the
contaminant is adsorbed on its surface. Magnetic field generated by a magnet exerts a
force on magnetic particles proportional to the volume of the particles, magnetic
susceptibility of the particles, magnetic induction and magnetic field strength (de
Vicente et al., 2010; Merino-Martos et al., 2011). A recent example of the application of
this innovative technology is the use of magnetic particles for Phosphorous (P) removal
from aqueous solutions, the main cause of eutrophication (de Vicente et al., 2010). In
this study, authors reported a high efficient removal process (> 80%) in a wide pH range
(5-9). Other authors have used functionalized magnetic nanoparticles as adsorbents for
the removal of heavy metals such as Cu*?, Hg*?, Cd*?, Ag®, Ni*?, Pb*? from the aqueous
solution (Huang and Chen, 2009; Yong-Mei, 2010; Song et al., 2011; Ge et al, 2012) or
for the extraction of trace metals present in biological samples with excellent results
(Huang and Hu, 2008). In particular, Song et al. (2011) studied the kinetic of adsorption
of Mn on polyrhodanine-coated magnetic nanoparticles at pH 4 (initial Mn
concentration was 80 mg L™). These authors evidenced that Mn adsorption mechanism

was quite fast as equilibrium state was reached within just 2 hours.
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For making best use of magnetic particles, and in particular, for guaranteeing the
colloidal stability of the particles in the medium and for preventing their degradation in
contact to oxygen or other chemicals, magnetic particles are frequently coated with
organic or inorganic core-shell structures or dispersed in polymers-containing matrices
such as silica or carbon (Lu et al., 2007). Moreover, shells provide the ability to
functionalize the magnetic particles by specific ligands such as catalysts or special
functional groups that enhance the affinity with the adsorbate (Philippova et al., 2011,
Zhang et al., 2011). MnOx(s) minerals occur as coating or fine-grained aggregates in
soils and aquatic ecosystems and play an important role in chemical reactions (Post,
1999). They are thought to be important resources for metalloids immobilization by
mechanisms as adsorption or surface precipitation (della Puppa et al., 2013). MnOXx(s)
have a large surface area and a low pHp, (2.8 - 4.5) which result in a negative surface

charge in a wide range of environmental conditions (Posselt et al., 1968; Feng, 2007).

Therefore, magnetic separation of precipitated Mn could be considered as a promising
technology for water quality treatment. Among the most outstanding advantages of
using these particles, it can be suggested: (i) high adsorption capacity due to high
specific surface of the adsorbents, (ii) easy and efficient recovery of the adsorbents from
the solution due to magnetic properties, minimizing alterations of water quality, (iii) the
reusability of the adsorbents contributing to economic cost savings (iv) the possibility to
functionalize the particles for specific purposes (de Vicente et al., 2010; Singh et al.,
2011; Zhang et al., 2011). Even more, due to their advantages as cation adsorbents, we
hypothesize that covering the surface of magnetic particles with MnOx(s) can be an

excellent optimization strategy for Mn removal from aqueous solutions.
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In this context, the main aim of this study was to assess the suitability of using bare and
MnOx(s) coated magnetic particles for Mn adsorption and its subsequent removal from
aqueous solution by applying a high gradient magnetic separation technique. For this
purpose, a set of batch experiments were carried out in order to determine the optimum
conditions (e.g. pH and contact time) for an efficient Mn removal. In addition, the Mn
desorption from Mn-loaded magnetic particles, at different pH, and the reusability of

magnetic particles was tested.

Materials and Methods

3.1 Materials

Iron (Fe) microparticles were supplied by BASF SE (grade CC, Germany) and used as
adsorbents. The bulk composition of the particles consists essentially of iron (more than
99.5 %). All chemicals were obtained from Panreac (Spain), except Mn stock solution
(Mn (NOs),) which was supplied by Merk (Germany). All suspensions were prepared

by using deionized and filtered water (Milli-Q Academic, Millipore, France).

3.2 Characterization of magnetic particles

A LEO Gemini 1530 field-emission scanning electron microscope (FESEM) was used
to estimate the size and morphology of the bare magnetic particles. The samples were
prepared by drying a drop of a magnetic dispersion onto a glass substrate. After that, a
thin coating of carbon was applied. To elucidate whether Mn is oxidized and/or
adsorbed onto bare magnetic particles surface after an adsorption experiment at pH 9,
surface morphology and qualitative chemical composition of the particles after

adsorption tests was investigated using an Auriga Cross Beam (FIB)® workstation (Carl
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Zeiss SMT, Inc.) adapted to a field emission high resolution scanning electron
microscope (FESEM) and equipped with energy-dispersive X-ray analysis (EDX)
(INCA 300, Oxford Instruments). Spectra were obtained in a range of 0 — 20 keV.
Quantitative chemical composition of magnetic particles surface (before and after
adsorption tests) was analyzed using a Kratos Axis Ultra-DLD X-ray photoelectron
spectrometer. The wide spectrum (pass energy of 160 eV) and individual spectra (pass
energy of 20 eV) were obtained using an electrostatic lens. The samples were prepared
for a microscopic inspection immediately after an adsorption experiment. Adsorption
experiments typically comprised a 1 g L™ of bare magnetic particles stock suspension
and 100 mg L™ of Mn stock solution that are then mixed at pH 9. After adsorption of

Mn, samples were dried for 24 h at 60 °C and analyzed.

The magnetization measurements of the bare magnetic particles were carried out at
room temperature (25 °C £ 5° C) as a function of the applied external magnetic field
strength with a QuantumDesign (San Diego, CA) MPMS-XL5.0 Tesla Magnetometer.

The external field was swept from -1500 to 1500 kA/m.

Electrophoretic mobility of bare magnetic particles was determined using a zetameter
(Zetasizer Nano Z, Malvern instruments, Germany) at 25 °C + 5 °C using the Laser
Doppler Micro-electrophoresis technology. Briefly, suspensions with bare magnetic
particles and 3 mM NaHCO3; were first agitated with an orbital shaker for 24 h at the
desired pH value. After this time, pH value was readjusted just before measurement and
the suspensions were made up to 50 mL of volume. To minimize sedimentation of

magnetic particles under gravity, prior to the test, the samples were sonicated for 5
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minutes. Each mobility data point reported in this work is the average of three

measurements in the course of 10 to 40 “runs”.

3.3 Preparation of magnetic colloidal dispersions

The stock dispersion of bare magnetic particles was prepared by adding 5 g of Fe
particles to 100 mL of Milli-Q water, obtaining a final concentration of 50 g L™ of
magnetic particles. This stock suspension was thoroughly sonicated for 5 min to

minimize colloidal aggregation and sedimentation under gravity.

Dispersions of MnOx(s) coated magnetic particles were also formulated. For this
purpose, a volume of 1 mL of bare magnetic particles stock suspension (50 g L™) were
shaked (150 rpm, in a horizontal shaker) for 24 h with 3 mM NaHCO; at room
temperature 25 °C + 5 °C. 2 mL of Mn stock solution (1000 mg L™) was added to the
suspension and pH value was adjusted to pH = 9 with 1IN NaOH. After 24 h of
agitation, pH was readjusted and suspension was made up to 50 mL of volume. The
appearance of black-brown precipitates indicated presence of MnOx(s) (Lloyd et al.,
1983). A magnetic separation gradient of approximately 12400 kAm? (PASCO
scientific; EM-8641) was applied to the suspension for 5 min and all the supernatant
was removed. MnOx(s) loaded magnetic particles were washed twice with 1IN NaOH
and 3 times with 3mM NaHCO3;. MnOx(s) coated magnetic particles were then dried in

an oven at 60 °C for 24 h and stored.

3.4 Kinetic stability of magnetic suspensions
Turbidity measurements were performed using a Turbiscan MA 2000 (Formulaction,

Toulouse, France) in order to investigate the formation of MnOXx(s) precipitates in
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solution and the kinetic stability of iron suspensions. In a typical essay, the dispersion is
placed in a cylindrical plastic cell which is scanned from the bottom to the top with an
incident near infrared light source (Air = 850 nm.). A transmission sensor (180° from the
incident radiation) receives the light transmitted through the sample and, a
backscattering sensor (45° from the incident radiation) detects the light backscattered by
the sample, obtaining transmission and backscattering data every 40 um (Wulff-Pérez et
al., 2009). Turbiscan software provides curves that correspond to transmission data as a
function of sample height (mm) at a certain time. The measurements are repeated over
time, resulting in several overlaid curves that provide information about the stability of
dispersion over time. Measurements consisted in analyzing the optical transmission of
the samples at different conditions (presence or absence of magnetic particles and Mn)

and at different pH values (7 and 9).

3.5 Oxidation and adsorption experiments

To determine Mn oxidative removal by O; (that is, in the absence of magnetic particles),
the following experiment was carried out at room temperature (25 °C £ 5 °C). 0.1 mL of
a Mn stock solution (1000 mg L™) was mixed with 40 mL of 3mM NaHCO3 and pH
value was adjusted in the range of 6-10 by adding 1IN NaOH or HCI. The solution was
left under shaking (150 rpm, in a horizontal shaker) for 24 h (after that time, black-
brown precipitates indicated the presence of MnOXx(s) in solution) and pH value was
readjusted. Suspension was made up to 50 mL of volume and left to sediment for 5
minutes. After that, the supernatant was pipetted off and filtered (Whatman GFF) to be
analyzed for Mn concentration following the spectrophotometric procedure using 1-(2-

pyridyl-azo)-2-naphthol (PAN) colorimetric method, which is a slight modification of

10
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that proposed by Goto et al. (1977). Finally, Mn oxidative removal only by O, was

calculated as follows:

Mny (%) =

C,-C
~——=100 1
c 1)

o

where C, is Mn initial concentration (mg L™) and C, is Mn equilibrium concentration

(mg L™, that is, at the end of shaking time.

The effect of pH on Mn removal/adsorption by bare magnetic particles was tested in
batch mode at room temperature. To achieve this goal, adsorption experiments were ran
as follows: (i) A mixture of 1 mL of magnetic particles stock solution (50 mg L™) and
40 mL of 3 mM NaHCOj3; was shaked (150 rpm) for 24 h. (ii) 0.1 mL of Mn stock
solution was added to the magnetic suspension and pH was adjusted to different values
(6-10) by adding 1N NaOH or HCI. Suspensions were shaked (150 rpm) for 24 h. After
that time, pH was readjusted and made up to 50 mL of volume with 3 mM NaHCOs.
(iif) Magnetic separation was later carried out for each magnetic suspension. It consisted
on applying a magnetic field gradient for 5 min (PASCO scientific, EM-8641) (de
Vicente et al.,, 2010). Supernatant was pipetted off and filtered to measure Mn
concentration in solution with the above mentioned spectrophotometric procedure. The
similar methodology was repeated for different pHs in the range from pH 6 to pH 10.
The efficiency of Mn removal process by magnetic particles, Mng, is defined as the
relationship between adsorbed Mn concentration and initial Mn concentration according

to equation (1).

11
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The kinetics of the adsorption process by bare magnetic particles at pH = 9 was also
measured in order to determine the necessary time to reach the equilibrium conditions at
room temperature. For such study, firstly,1 mL of magnetic particles stock solution (50
mg L™) was immersed into 40 mL of 3mM NaHCO3 and shaked for 24 h. Later, 2 mL
of Mn stock solution (1000 mg L) were added (making a Mn final concentration of 40
mg L) and pH value was adjusted to 9. All suspensions were left for shaking (150 rpm)
during different contact times: 1, 2, 5, 10 and 24 h, and the volume was made up to 50
mL with 3mM NaHCOs. A magnetic field gradient was applied for 5 min and Mn
concentration was determined as previously mentioned. Mn adsorbed per unit amount

of adsorbent, q (mg g™), was estimated using the following expression:

q: 0 eV (2)

where M, is the mass of adsorbent in grams (in our case, 0.05 g of magnetic particles)

and V is the total volume of suspension (L).

To ascertain the influence of adsorbent concentration (bare magnetic particles) in Mn
removal and adsorption capacity, q, different volumes (2 and 4 mL) of a magnetic
particles stock suspension (50 g L™) were put in contact with a Mn concentration of 2
mg L™ in the pH range of 7-9 as in a typical adsorption experiment. Afterwards, a

magnetic separation gradient was applied and Mn concentration was determined.

The effect of pH on Mn removal by MnOx(s) coated magnetic particles was studied as

follows: a suspension of 1 g L™ of MnOx(s) coated magnetic particles was left under

12
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shaking (150 rpm) with 40 mL of 3mM NaHCO; for 24 h. Afterwards, 0.1 mL of a
manganese stock solution (1000 mg L™) was added and pH value was adjusted in the
range from pH 6 to pH 9 with 1IN NaOH. After 24 h stirring, pH value was readjusted
and the suspension was made up to 50 mL. Finally, a magnetic separation gradient was

applied and Mn concentration was measured.

3.6 Desorption study

Desorption of Mn from the iron particles was also investigated. For this purpose, firstly,
an adsorption experiment with 1 g L™ of magnetic particles and 100 mg L™ Mn was
carried out at pH 9. Magnetic particles were later separated from the solution by
applying a magnetic field gradient and the supernatant was extracted. After the
adsorption experiment, recovered magnetic particles (with adsorbed Mn) were left for
shaking with 40 mL 3mM NaHCO; during 24 h. Then, pH was adjusted to different
values (6, 7, 8 and 9) and suspensions were shaken for 24 h. Once pH value was
readjusted, suspensions were made up to 50 mL with 3mM NaHCO3. After application
of magnetic field gradient, Mn concentration was measured in the supernatant as it was
described in section above. Percentage of desorbed Mn,d, was calculated with the

following expression:

d(%) = cédloo 3)

where C, represents desorbed Mn concentration and C, is initial Mn concentration.

3.7 Reusability of magnetic particles

13
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In order to evaluate the adsorption capacity of reused magnetic particles, an adsorption
experiment was carried out using an initial Mn concentration of 100 mg L™ at pH 9 and
at room temperature. Two different sets of desorption experiments were later
performed. In the first one, magnetic particles with adsorbed Mn were washed 2 times
with IN NaOH and 3 times with 3mM NaHCOs. The magnetic particles were dried at
60 °C for 24 h and then reused in a new adsorption experiment. In the second
experiment, magnetic particles with adsorbed Mn were directly reused, that is, without

washing the particles previously.

3.8 Statistical analysis

All experiments reported in this study were carried out in triplicates. Comparisons of
means were performed using one-way ANOVA test and then Tukey’s HSD test was
applied, considering significant differences when p < 0.05. In order to verify ANOVA
assumptions, data were transformed to logarithmic in some cases. Shapiro-Wilk test to
check normality and a Bartlett’s test to check homogeneity of variances were
performed. Statistical analysis was done using R software (R Development Core Team,

2012).

Results and Discussion

4.1 Characterization

A SEM image of the bare magnetic particles used in this work is shown in Figure la.
The micrograph shows that magnetic particles used as adsorbents are quasi-spherical in
shape and very polydisperse in size. The mean particle size is 3.8-5.5 pm as specified
by the manufacturer (BASF SE). Particle size has important implications for adsorption

capacity and magnetic separation techniques. Small particles have higher specific

14
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surface area, and thus, more adsorption capacity than larger particles. However, for such
small particles it is necessary to apply a higher magnetic separation gradient. On the
other hand, large particles tend to sediment faster under gravity. Recently, it has been
reported in the literature that micronsized iron particles present a reasonably large P
adsorption capacity and are easy to separate using conventional high gradient magnetic

separation techniques (de Vicente et al., 2010).

Bare magnetic particles (before adsorption test) are constituted of iron (> 97 %), as it
has been reflected by atomic absorption analysis of the bulk (data not shown). However,
other chemical elements (carbon, oxygen and nitrogen) are also present in smaller
amounts in the bulk (below 3 %) as a result of the thermal decomposition process that
was employed in the fabrication of the particles from pentacarbonyl iron. Table 1 shows
the surface chemical composition of the particles as obtained by XPS. Both, before and
after adsorption test, more than 80% of the surface chemical composition is represented
by C and O probably coming from surface oxidation and environmental “adventitious”

contamination.

The magnetization curve for bare magnetic particles used in this work is shown in
Figure 2. As observed in the figure, particles behave as soft magnetic materials with
negligible coercitive field and remnant magnetization; magnetization becomes zero
when removing the field. As a consequence, they are expected to be reutilized after
adsorption and accordingly, particles should easily redisperse when removing the

magnetic field.
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Table 2 shows the electrophoretic mobility of the magnetic particles as a function of pH.
The results show that magnetic particles are negatively charged in the pH range studied
(pH = 6-10). Data reveal that the magnitude of the surface charge increases when
increasing pH value, as it is usual for inorganic oxides. Magnetic particles employed in
the present study exhibit an oxidized surface layer with amphoteric functional groups (-
OH) which determine the surface charge of magnetic particles depending on pH
(Hunter, 1993). As a consequence, it is expected that the electrokinetic properties of the

particles may play a role in the adsorption capacity.

4.2 Manganese oxidative removal by O,

Because Mn oxidation by O,, and its subsequent removal from the solution, may occur
within the pH range of interest in lakes ecology, it is important to assess the impact of
pH on Mn oxidation. Our results demonstrate a strong dependence of Mn removal on
pH values (see squares in Figure 3). Remarkably, up to 100% of Mn removal is
achieved for pH levels higher than 9, which is presumably due to the formation of large
precipitates that become entrapped by the filters employed in the adsorption process as
described in section 3.5. By contrast, significantly lower Mn removal efficiencies (<

20%) were obtained when pH was below 8.5.

Mn precipitation was also monitored by using turbidity measurements. In Figure 4 we
show the transmission profiles in reference mode (by subtracting the curve at time zero)
along the tube for different times up to 80 minutes. Figure 4a clearly shows that both
sedimentation and flocculation processes are occurring in Mn solutions at pH 9. The
sedimentation (gravity-driven particle migration) process is observed as a result of the

variations of the optical transmission profiles at the bottom and the top of the sample. In
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other words, it is evidenced by an increase in the transmission at the top of the sample
due to a decrease of the concentration of the dispersed phase (clarification) and by a
concomitant decrease in the transmission at the bottom of sample (sedimentation). In
addition, the flocculation of the dispersed phase is manifested by an increase of optical
transmission (decrease of the backscattering) over the whole height of the sample. As a
way of illustration, Figure 4b shows the temporal variation in the transmission data (in
%), averaged in a middle height (between 15 mm and 25 mm from the bottom) of the
sample tube, at two different pH values (7 and 9). As it can be observed, temporal
changes in transmission were almost negligible at pH 7 in accordance with a stable
solution that is not aggregating. On the contrary, transmission values at pH 9
experienced a marked temporal increase from 5% to 50% after 60 min as a result of the

oxidation of dissolved Mn by O, and the eventual precipitation of the Mn oxides.

The oxidation of dissolved Mn by O, has been thoroughly studied by Hem (1981).
According to this author, under laboratory conditions Mn is oxidized by O; in the range
of pH 7-9 resulting in different Mn oxyhydroxides species which precipitate. The Mn
oxidation reaction is slow (but not negligible) when the pH value of the solution is < 9
(Sung and Morgan, 1981) and it becomes autocatalytic when pH is close to 9 (Kessic

and Morgan, 1975).

4.3 Mn removal by bare iron microparticles

Next, we aimed to evaluate the use of bare magnetic microparticles for Mn uptake from
aqueous solutions. The effect of pH on Mn removal, Mn, by bare magnetic particles is

shown in Figure 3 (circles) together with results from section 4.2 without magnetic

particles in solution. As it can be observed, Mn removal dramatically increased when
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increasing pH. The same tendency in Mn uptake has been found by other authors when
using adsorbents with similar surface composition (iron oxides) such as lepidocrocite
(y-FeOOH), akaganeite (B-FeOOH) and goethite (a-FeOOH) (Sung and Morgan, 1981;
Kanungo, 1994; Davies and Morgan, 1989; Stumm, 1993). No significant differences in
Mn removal were observed (p > 0.05) neither between pH 6 and 8 nor between pH 9
and 10; while significant differences were found between pH 8 and 9. Even more,
significant differences in Mn removal have been also detected between pH 8.5 and 9.
Such an abrupt increase in Mn removal in a narrow pH range (from 8.5 to 9) was
similar to that described in previous studies. In fact, Kanungo (1994) observed that Mn
removal increased from 0 to 90 % when pH increased in 0.2 units using akaganeite (p3-
FeOOH), an iron oxihydroxide, as adsorbent in a 0.1 M KNOg solution. He also found
that the Mn removal efficiency was larger than 98% for pH higher than 9. Our results
were also consistent with those found by Han et al. (2012) who estimated a Mn uptake

by hematite of 98.2 % when pH was 8.66.

When comparing the Mn removal in the absence and in the presence of iron particles,
we can observe that the particle effect was negligible at pH 9, as Mn removal was close
to 100% in both cases and it strongly decreased for pH lower than 9 (c.f. Figure 3). We
found that only at pH 8.5, Mn removal was significantly higher in the presence of
magnetic particles than in the absence of these particles. An opposite tendency was
observed at pH 10, when a significantly higher Mn removal efficiency was measured in

the absence than in the presence of magnetic particles.
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As a result of the striking differences in Mn removal efficiency depending on pH, next
we analyzed in more detail the adsorption mechanism at high pH (higher than 9) and at

intermediate pH (between 6 and 9).

4.3.1 Adsorption at high pH (pH 29)

As it was stated above, Mn ions precipitate in solution rather quickly at pH higher than
9. In fact, the kinetic isotherm has shown that Mn removal in the presence of bare
magnetic particles was extremely fast (see Figure 5). Hence, the precipitates do form in
less than 1 hour and so, the time period required for the system to reach equilibrium is
very short. These results are similar to those obtained by Song et al. (2011) when using
polyrhodanine-encapsulated magnetic nanoparticles for Mn adsorption at pH = 4. This
fast removal may be due to the catalytic and autocatalytic mechanisms of Mn oxidation
favoured by suitable pH conditions (see section above) and it represents an important
advantage for using magnetic particles as it makes the whole process less time-

consuming reducing economic costs.

The effect of the presence of bare magnetic particles on MnOXx(s) precipitation and
sedimentation process is shown in Figure 6. It represents the time evolution of the
sedimentation front H at a constant value of transmission for three different systems:
bare magnetic particles (squares); Mn solutions (circles) and magnetic particles
dispersed in Mn solutions (triangles). In all cases the sedimentation front experienced a
marked decrease over time reaching a constant value of ~ 20 % after 10 min that is in
accordance with a sedimentation process. Importantly, remarkable differences among
the systems studied came up. On the one hand, the sedimentation of bare magnetic

particles occurred very fast. Actually, the iron particles started to sediment immediately
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after positioning the tube in the Turbiscan device (in less than 1 min). On the other
hand, the sedimentation of MnOx(s) was the slowest and became noticeable after
approximately 5 minutes probably due to the lower density of the MnOXx(s) precipitates
if compared to the iron particles. The turbidity results also evidenced that the
sedimentation rate of MnOXx(s) was affected by the presence of bare magnetic particles.
Results suggest that magnetic particles may affect MnOx(s) precipitation in two
possible ways: Mn is precipitated on bare magnetic particles surface and sediment
together, or bare magnetic particles drag along MnOx(s) formed in solution towards the

bottom of the tube.

Davies and Morgan (1989) proposed an adsorption-oxidation model to explain the Mn
oxidation mechanism by O, on metal oxides surface that seems to be applied in our
case. In their model, Mn is firstly adsorbed on binding-sites (-OH) of oxide surfaces.
Then, Mn(Il) adsorbed is oxidized as Mn (II1) or Mn (IV) and precipitates on metal
oxides surface at neutral or alkaline conditions. Lloyd et al. (1983) found that Mn
oxidizes on iron oxides when pH is 8.5. These pH conditions are required since the
reaction of Mn oxidation is favorable at high pH values and very slow when pH values
are low. The catalytic effect of metal oxides surfaces on Mn oxidation process has been
reported in the literature (Davies and Morgan, 1989; Coughlin and Matsui, 1976;
Goldberg and Arrhenius, 1958; Wilson, 1981; Sung and Morgan, 1981). Some of these
authors have found that Mn oxidation rate by O, was increased by the presence of metal

oxides in the solution.

The magnetic particles may serve as a site for the oxidation of Mn and accordingly, they

promote a faster removal of Mn by the application of magnetic field gradients. This
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process was expected from the negative charge of the iron particles as inferred from
electrokinetic measurements (Table 2), and it was also confirmed from SEM
micrographs combined with EDX analyses. In Figure 1b it can be observed a SEM
image where magnetic particles are clearly covered by MnOx(s) precipitated on their
surfaces. This finding is also reinforced by the results obtained by using EDX analysis
(Figure 7) which showed that large aggregates consisting only of overlapping MnOXx(s)
layers were precipitated on preferential sites of magnetic particle surfaces. In addition,
quantitative chemical composition of magnetic particles after an adsorption experiment,
by using XPS technique, is presented in Table 1. The presence of high atomic
concentrations of Mn and O suggests the presence of important amounts of MnOX(s)
and support HRSEM-EDX results. These results are in agreement with those from Junta
& Hochella (1994) when studying Mn(ll) oxidation on hematite surface. These authors
argued that Mn(ll) adsorption-oxidation process occurs initially at the most reactive
sites of the adsorbent surface generating a thin layer. Once MnOXx(s) are formed, these
sites become the most reactive sites (more than initial substrate) to continue the
adsorption-oxidation process (Lloyd et al., 1983) resulting in the continuous formation
of MnOx(s) layers. Since MnOXx(s) precipitates growth is faster at the more reactive
sites, large aggregates of MnOx(s) can be formed by overlapping layers. The fact that
MnOXx(s) surfaces accelerate Mn(Il) oxidation process by O, (autocatalytic) has been
reported by Coughlin and Matsui (1976) and Morgan (2005). It must be pointed out that
the pH at which Mn adsorption begins is strongly dependent on the type of adsorbate

(Bleam and McBride, 1985).

A photograph of the experimental setup for a typical experiment at pH 9, is shown in

Figure 8, and demonstrates that most of the precipitates become attracted to the
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magnets. This means that the majority of MnOXx(s) (represented as black-brown
precipitates) were chemisorbed onto magnetic particles surfaces and retained by
magnetic separation gradient, and only a minor proportion was precipitated as MnOX(s)
in solution due solely to the oxidation by O, The reason behind this observation is that,
under these conditions (pH = 9; 100 mg Mn L™), Mn oxidation and precipitation occur

easier on surfaces oxides than in solution (Davies and Morgan, 1989).

In summary, we can conclude that at high pH values: (i) Mn removal mechanism
basically consisted in chemisorption in which adsorption capacity is continuously
regenerated due to the formation of MnOXx(s) layers by autocatalytic oxidation. (ii)
There exist two types of possible adsorption surfaces, only if conditions of required pH
for Mn oxidation are suitable: magnetic particles and MnOx(s) surfaces. MnOX(s)
surfaces can be formed by adsorption and oxidation on magnetic particles surfaces or in

solution due to Mn oxidative removal by O..

4.3.2 Adsorption at intermediate pH levels (6 <pH <9)

For these intermediate pH values, Mn oxides form at a very low rate and they hardly
precipitate onto the magnetic particles at the studied concentration levels (c.f. Figures 3
and 4b). Nevertheless, the presence of magnetic particles resulted in a slight increase in

Mn removal at pH = 8.5 (see circles in Figure 3).

Therefore, in this section we aim to asses if increasing magnetic particles concentrations
may enhance Mn removal from aqueous solutions. In Figure 9 we show that Mn
removal remained low for pH < 8 independently on iron concentrations. However, at pH

= 8.5, Mn removal increased when increasing iron concentration. In particular, our
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results have shown that, at pH = 8.5, the percentages of Mn removal notably increased
when adding 2 g L™ (46%) instead of 1 g L™ (27%), while no significant differences in

Mn removal were observed between adding 2 and 4 g L™.

Also, we focused on identifying the optimum adsorbent doses, since it is an important
factor to maximize the interactions between the adsorbent and adsorbate (Zhou et al.,
2009). In Table 3, it is shown the effect of adsorbent concentration on Mn removal
efficiency (%) and adsorption capacity, q (mg g*) at pH 8.5. As observed, when
adsorbent concentration increased Mn removal efficiency (%) increased, but magnetic
particles adsorption capacity (q) decreased. An increase in adsorbent doses results in
higher removal efficiency due to an enhancement of available binding sites for Mn
adsorption-oxidation, but further increase in doses does not imply a significant increase
in Mn removal. The reduction in adsorption capacity can be due to the aggregation of
magnetic particles, resulting in a reduction of surface area and thus, the availability of
binding sites (Yong-Mei et al., 2010). Thus, our results may suggest that the product of
these two parameters (Mn removal x q) could be used to find out the optimum
concentration of adsorbent for achieving the highest efficiency. In our case, 2 g L™ of
magnetic particles is the most suitable concentration since it provides higher value for

Mn removal efficiency and adsorption capacity than the other concentrations.

4.4 Adsorption of Mn by MnOx(s) coated iron microparticles

In order to further increase Mn removal efficiency at pH values lower than 9, we tested
the effect of coating iron particles with MnOx(s). The main reasons for selecting
MnOx(s) as coating of iron particles were as follows: (i) MnOx(s) can enhance the

affinity between Mn and magnetic particles since they are highly selective surfaces for
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Mn adsorption (Junta and Hochella, 1994) and (ii) MnOXx(s) coatings remain as stable
precipitates on surfaces magnetic particles over a wide pH range, as it was described in

section 4.3.

In Figure 3, Mn removal by MnOx(s) coated magnetic particles is represented as a
function of pH. Our results show a very remarkable increase in Mn removal when
magnetic particles were coated with MnOx(s) compared to bare magnetic particles. As a
way of example, Mn removal efficiency was larger than 80% when pH was > 7 and the
largest value (> 90%) was achieved for pH 8 and 9. These results are in agreement with
those obtained by Taffarel and Rubio (2010) when using Mn oxide coated zeolite.

These authors found a Mn uptake close to 70% at pH 7 and 85% when pH was 8.

The significant enhancement in Mn removal efficiency when comparing MnOXx(s)-
coated with bare magnetic particles can be due to the microporous structure of MnOXx(s)
supplying a higher surface area and thus, more available surface binding sites (Taffarel
and Rubio, 2010). In addition, Junta and Hochella (1994) reported that MnOXx(s) are

highly selective surfaces for Mn adsorption.

The progressive increase in Mn removal as the suspension becomes more alkaline can
be explained by an increase in the number of adsorption sites. In aqueous solution,
MnOXx(s) present a hydroxylated surface whose charge is strongly pH dependent and a
PHpzc (point of zero charge) between 2.0 and 4.5 (Kanungo and Parida, 1984; Posselt et
al.,, 1968). As pH value increases, surface negative charge increases due to
deprotonation of surface functional groups (-OH) and cations are attracted to the surface

by electrostatic forces. On the contrary, at low pH, dominant H* ions in solution occupy
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the binding-sites of adsorbent resulting in a net positive surface charge that prevent

cation adsorption (Song et al., 2011; Sen et al., 2002; Huang and Chen, 2009).

4.3 Desorption

Batch desorption experiments were carried out to evaluate the effect of pH on Mn
desorption from Mn-loaded magnetic particles surfaces. Such study provides an
important insight into the reversibility of the adsorption process in a range of pH that
covers those found in natural waters. As observed in Figure 10, Mn desorption rate
increased when reducing pH value from 9 to 6. Significant differences (p < 0.05) were
observed in Mn desorption rate between pH 6 and 8 and pH 7 and 9. Nevertheless, it
must be pointed out that Mn desorption rate was always relatively low (< 15%) even
when pH was near pH = 6. These results support the idea that MnOx(s) formed on
magnetic particles surface at pH 9 are stable complexes that hardly go back to solution
in a wide pH range. Similar results were found by Lloyd et al. (1983) when studying the
desorption of Mn previously oxidized at pH 8.5 and 9 from iron oxides. This finding
confirms the convenience of using magnetic particles for Mn removal from aqueous

solutions.

4.4 Reutilization

Finally, we study the possibility of reusing magnetic particles for Mn removal and so,
reducing economic investments. As it can be observed in Table 4, no significant
differences (p > 0.05) in Mn removal efficiency between bare magnetic particles and
reused magnetic particles neither with nor without previous washing were observed. In
fact, Mn removal efficiency was in all cases higher than 98%. Therefore, we can

conclude that there was not any reduction in Mn adsorption capacity of reused magnetic
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particles even if the adsorbent was not washed. Again, this result is consistent with the
above mentioned continuous formation of MnOx(s) selective surfaces for Mn(ll)
adsorption, which was supported by isotherm results, and HRSEM and EDX analysis.
However, it should be noted that the use of magnetic particles in successive removal
processes without washing may affect to magnetic properties of magnetic particles and

colloidal stability.

Conclusions

1. For pH values higher than 9, both in the presence and in the absence of bare
magnetic particles, Mn was removed from aqueous solution by an oxidation and
precipitation process with an efficiency of 98%. When particles are present,
most of the MnOXx(s) were precipitated on magnetic particles surface and
therefore could be easily removed from solutions by magnetic field gradients.
Only a minor proportion of Mn was precipitated as MnOx(s) in solution due to
oxidation by O, At these pH values, Mn removal mechanism consists of two
steps: First, Mn adsorbs and oxidizes onto magnetic particles surfaces. Second,
MnOXx(s) precipitated on adsorbent surface become the most reactive sites for
Mn adsorption and its subsequent oxidation, causing a continuous regeneration
of adsorption capacity. In addition, Mn can be adsorbed and precipitated onto
MnOx(s) formed in solution due to the oxidation by O,

2. For intermediate pH wvalues (7-8.5), no effect of increasing adsorbent
concentration on Mn removal efficiency was observed, except for pH=8.5,
where an increase in adsorbent concentration from 1 to 2 g L™ caused an
increment in Mn removal from 27% to 46%. In fact, at this pH, our results

suggest that the product of Mn removal percentage and Mn adsorption capacity
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(g) could be used as a proxy for finding out the optimum concentration of
adsorbent for achieving the highest efficiency (2 g L™ of magnetic particles in

our case).

. Apart from increasing magnetic particle concentration (which would cause more

economic cost), the use of MnOXx(s)-coated magnetic particles was the best
alternative for improving Mn removal efficiency at intermediate pH values (7-9)
evidenced that. In this sense, Mn removal efficiency was drastically improved at
all pH values, being higher than 80% for pH between 7 and 9.

Desorption experiments of Mn-loaded magnetic particles, at different pH values
(6-9), revealed that Mn adsorbed onto magnetic particles was a highly stable
compound. Accordingly, very low desorption rates (always lower than 15%)
were measured.

For economic reasons, the possibility of reusing magnetic particles for Mn
removal was explored. Our experimental results suggest that Mn removal
efficiency was very similar (and always higher than 98%) both when employing
bare magnetic particles and reused ones. These results were consistent with the
explanation provided for the Mn removal, that was based on the autocatalytic

adsorption-oxidation of Mn on magnetic particles.
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Table 1. Surface chemical composition of bare magnetic particles before and after
adsorption tests by XPS technique. Initial conditions: 1 g L™ of magnetic particles; 100
mg Mn L™ pH = 9.

Chemical element Atomic concentrations (%)
Before adsorption test After adsorption test
Fe 2.78 3.53
C 30.83 65.93
@) 49.79 22.53
Si 6.70 1.27

Mn 0.00 6.74



http://ees.elsevier.com/wr/download.aspx?id=880534&guid=437ced0a-9f5f-4c49-bf51-8bd9953c42c8&scheme=1

Table 2. Electrophoretic mobility of bare iron particles as a function of pH value.

Electrophoretic mobility

PH (um cm V 141 ) Standard Deviation
6 -2.446 5010

6.5 .77 0.04

! -3.01 0.05

8 -3.59 0.06

8.5 -3.73 0.08

9 -3.91 0.04

10 -4.22 0.07




Table 3. Mn removal (Mng) and adsorption capacity (q) as a function of magnetic

particles concentration. 2 mg Mn L; pH = 8.5.

Without 1gL™ 2gL™ 4gL*"
particles
Mng (%) 15.81 27.37 46.28 50.78
q(mgMnigFe) - 0.60 0.50 0.27
Mng x q - 16.48 23.19 13.96




Table 4. Mn removal (Mng) by initial (bare) and reused particles (with and without
washing). Initial conditions: 1 g L™ magnetic particles; 100 mg Mn L™; pH = 9.

Mng (%)  Standard Deviation (%)

Initial Particles 98.96 0.66
Reused particles (with washing) 99.50 0.32
Reused particles (without washing) 99.38 1.04




Figure

Figures

Figure 1. HRSEM micrographs of magnetic particles. a) Magnetic particles before the
adsorption experiment. b) Magnetic particles after Mn adsorption experiment. Initial
conditions: 100 mg Mn L™"; pH = 9. Please, note that EDX analysis of Spectrum 1 and 2
regions are shown in Figure 7.
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Figure 2. Hysteresis curve of the magnetic particles. M: particle magnetization, H:
magnetic field strength.
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Figure 3. Effect of pH on Mn removal efficiency, Mng. The standard deviation is
represented by vertical bars. Squares: without magnetic particles in suspension. Circles:
with bare iron particles. Triangles: with MnOx(s) coated iron particles. Initial
conditions: 1 g L™ magnetic particles; 2 mg Mn L™, In both, with and without bare
magnetic particles, Mn removal only takes place when Mn oxidizes, that occurs at pH
higher than 9. By contrast, MnOX(s) coated iron particles clearly enhance Mn removal
at all pH values.
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Figure 4. Turbidity measurements of Mn solutions (without particles). a) Transmission
(%) as a function of the height of measuring cell (mm) in reference mode (subtracting
the curve at time zero). Each curve represents a transmission measure every 4 minutes.
Initial conditions: 400 mg Mn L™; pH = 9. b) Averaged transmission (between 15 mm
and 25 mm from the bottom) as a function of time at two different pH (pH =7 and pH =
9). Initial conditions: 400 mg Mn L!; Changes in transmission over time come from the
formation and sedimentation of MnOXx(S) precipitates.
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Figure 5. Kinetic isotherm. Initial conditions: 40 mg Mn L™, pH = 9. The standard
deviation is represented by vertical bars
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Figure 6. Sedimentation ratio of bare iron suspensions (Fe), Mn solutions (Mn) and
magnetic iron particles dispersed in Mn solutions (Fe + Mn). H = sediment front as
determined at a constant value of transmission (around 30 %). Ho = initial sample height
(at time zero). Initial conditions: 1 g L™ magnetic particles. 400 mg Mn L. pH = 9.
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Figure 7. EDX analysis of magnetic particles after a typical Mn adsorption experiment.
a) and b) indicate elemental composition of two different substrates. a) Spectrum 1
belongs to a magnetic particle coated by precipitated Mn oxides. Note that in this
spectrum, both Fe and Mn are present. b) Spectrum 2 belongs to a deposit of MnOXx(s)
clumps preferentially accumulated over a specific area of the magnetic particle. Note
that in this case, only Mn and O are present. Initial conditions: 1 g L ™ magnetic
particles; 100 mg Mn L™; pH = 9.
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Figure 8. Experimental set-up showing the magnetic field gradient separation technique
for a typical experiment at pH = 9. At this pH value most of Mn oxides are precipitated
on magnetic particles and retained by magnetic field gradient generated by the magnets.
A non-negligible amount of Mn is precipitated in solution evidenced by brown
coloration of solution. Initial conditions: 1 g L™ magnetic particles; 100 mg Mn L™.
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Figure 9. Mn removal efficiency Mng (%) as a function of magnetic particles
concentration at different pH values, for an initial 2 mg Mn L™ concentration. Triangles:
no magnetic particles; Circles: 1 g L™; inverse triangles: 2 g L™; Squares: 4 g L™,
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Figure 10. Desorption of Mn (%) from Mn-loaded magnetic particles as a function of
pH. The standard deviation is represented by vertical bars. Initial conditions: 1 g L™

magnetic particles; 100 mg Mn L™ *; pH = 9. Significant differences at p < 0.05 between
pH are indicated with letters.
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