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The integrated use of two solid adsorbents with magnetic properties was studied with the aim of decontami-
nating an acid mine water. The adsorbents were magnetic nanostructured calcium silicate hydrate (mag-
NanoCSH) and magnetic manganese dioxide (mag-MnO,), both of which consist of a crystalline Fe304 nucleus
surrounded by external amorphous layers of calcium silicate and manganese oxide, respectively. They were
synthesised using simple, quick, and reproducible methods. Both adsorbents were characterised chemically,
physically, and magnetically via different analytical techniques. The particle size of the adsorbents varied be-
tween 60 and 200 nm, which led to a tendency to agglomerate, and the surface area varied between 30 and
70 m?/g. The magnetic saturation of the absorbents was found to be around 57-59 emu/g, which is sufficient to
ensure complete separation of these two compounds from an aqueous raffinate using a common magnet. The
nanostructure and microstructure of both adsorbents had many available adsorption sites, and their chemical
structure permitted efficient and simultaneous removal of cationic and anionic species present in aqueous so-
lutions, following different adsorption mechanisms. The influence of the main variables on the adsorption of the
ionic species was studied. Samples of an acid mine water were treated using both magnetic composites con-
secutively. In the first step, mag-NanoCSH was able to dramatically reduce the contents of many of the ions in
the treated water. Then, mag-MnO, was added to the re-acidified raffinate produced in the first step, and the
resulting final aqueous solution was found to comply with the Chilean environmental regulations.

1. Introduction [2].
Recently, many technical options have been studied in order to re-

Mining and industrial operations are commonly recognised as some
of the most polluting human activities. They cause numerous environ-
mental problems, including the generation of solid and liquid wastes as
well as the contamination of air by dust and gaseous emissions from
pirometallurgical plants. One of the main difficulties in such cases re-
lates to the pollution of surface and underground waters by mining and
metallurgical residual effluents or their contamination with natural acid
mine drainages [1]. This pollution poses both technical and economic
problems. These waters contain diverse toxic contaminants, including
suspended or dissolved heavy metals, anions and oxyanions as ar-
senates and sulphates, acidic and saline compounds, and granular and
colloidal-type suspended fine solids, which are quite difficult to remove
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move these pollutants, mostly metallic ions and some anionic species;
however, none of these treatment alternatives can be considered op-
timal. For example, chemical precipitation [3], ion exchange with solid
resins [4], solvent extraction [5], chelation [6], biological methods [7]
membranes [8] and electrochemical operations [9], among others, have
been tested for removing heavy metals. Some of these alternatives are
very specific and thus nearly incapable of removing different con-
taminants in a single process, whereas others can remove cationic
species but cannot remove anionic compounds simultaneously. More-
over, some methods are expensive or impractical for use at the in-
dustrial scale.

Unquestionably, adsorption processes are some of the most
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promising options for removal of ionic contaminants from aqueous
solutions, as many types of natural and synthetic compounds are po-
tential absorbents. These compounds are very simple to apply, afford-
able, and widely available [10-15].

In this sense, a suitable industrial-scale adsorbent used to clean up
polluted mining solutions must present important characteristics such
as a high capacity to remove cationic and anionic species simulta-
neously, and easy separation from the treated water after the adsorp-
tion process. Various microparticle- and nanoparticle-type adsorbents
have been prepared and modified in an attempt to improve the surface
area and amount of available active adsorption sites for enhancing their
efficiency in water treatment [16-18]. However, because of the tiny
size of the solid formed between the adsorbent and the adsorbate spe-
cies during the adsorption process, it is very difficult to separate it from
the resultant raffinate aqueous solution, especially if its nature is col-
loidal.

A previous communication, presented the synthesis and character-
isation of a nanostructured calcium silicate hydrate, unmodified or
modified with Fe(III), for evaluation as an adsorbent for removing ionic
species from acidic aqueous solutions [19]. The preparation of the ad-
sorbents is simple and reproducible using low-cost commercial raw
materials as lime and an industrial aqueous solution of sodium silicate.
It was concluded that the presence of iron in the adsorbent structure
significantly improved its ability to remove arsenic species by forming
highly insoluble and stable double iron and calcium arsenate salts.
However, although the solids formed in the adsorption process were
very insoluble, their separation from the aqueous raffinate was trou-
blesome. A practical solution to overcome this problem is imparting
magnetic properties to the adsorbent because the magnetised structure
of the adsorbent, including the composite formed with the removed
species, could be easily separated from the aqueous solution by using a
simple magnetic process employing a permanent magnet [20,21].

In this study, the remediation of an acid mine water samples ori-
ginating from Chilean mining activity was investigated, using an in-
tegrated method with two adsorbents having magnetic properties. In
the first stage, the mine water was treated with a new adsorbent pre-
pared in our laboratory, namely a magnetic nanostructured calcium
silicate hydrate (mag-NanoCSH), which can remove the highly con-
centrated pollutants existing in acid mine water. The preparation,
characterisation, and adsorption properties of this adsorbent composite
are described in Section 2.1. In the second stage, the raffinate produced
during the first stage of mine water treatment with mag-NanoCSH is
treated with another adsorbent, magnetic manganese dioxide (mag-
MnO,), in order for the final effluent to comply with the national
Chilean environmental regulations for discharge to continental surface
water bodies. A previous study reported the synthesis, characterisation,
and use of this adsorbent for removing traces or low concentrations of
some metallic ions from pure acid aqueous solutions [22].This ad-
sorbent behaves as a hydrous-oxide adsorbent, which exhibits a point of
zero charge (pHpzc), or zeta potential, of around 3.5, allowing efficient
adsorption of cationic species at pH levels above this value via an ion-
exchange mechanism between the metallic ions in solution and the
hydrogen ions dissociated from the surface of the adsorbent.

The adsorption mechanisms of both compounds were studied with
regard to the surface area, electric charge, and chemical structure of the
adsorbents. The final purpose of this practical study was to clean up the
mine water effectively using both adsorbents consecutively.

2. Experimental procedure
2.1. Synthesis of the adsorbents

The synthesis of mag-NanoCSH was conducted by means of a che-
mical reaction between a sodium silicate solution and Ca(OH), in the

presence of HCl, as shown in equation (1). A sufficient quantity of
magnetite (Fe304) was added with the purpose of imparting adsorbent
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magnetic properties. The synthesis is based on a procedure employed
previously in the preparation of a non-modified and non-magnetic
NanoCSH [23].

Na,SiOs + Ca(OH), + 2HCl — CaSiO; () + 2NaCl + 2H,0 '€))

For the first step in the synthesis, the appropriate amount of Fe304
was added to an already prepared suspension of Ca(OH), in water and
HCl in a batch reactor under vigorous stirring at a velocity of
2000 min~ . Second, sodium silicate solution was added to the reactor,
and the mixture was stirred at 1500 min~* for 2h. A blackish solid
corresponding to a magnetic calcium silicate hydrate was rapidly ob-
tained and separated from the suspension using a neodymium magnet.
The product was washed with water and ethanol and dried at 333K for
12h. In turn, the magnetic MnO, adsorbent was synthesised using an
oxidative precipitation method in an already reported alkaline medium,
in which a salt of Mn(II) was oxidised by KMnO, in the presence of
magnetite (Fe304), according to the following chemical reaction [24]:

(2)

The mixture was mechanically stirred at 500 rpm for 30 min at room
temperature. The use of KOH allowed it to reach pH 12, which rapidly
produced a dark-brownish solid, which was separated from the solution
using a neodymium magnet. The final product was washed with water
and dried at 40 °C.

Both adsorbent composites, mag-NanoCSH and mag-MnO,, have
been prepared and magnetised using a commercial magnetite or FezO4
prepared at the laboratory scale [25]. Both adsorbents presented a si-
milar adsorption capacity; thus, in this communication, all the reported
results correspond to those achieved utilizing the commercial pre-
cursor.

3MnCl, + 2KMnO,4 + 40H™ — 5MnO, + 2K* + 6Cl~ + 2H,0

2.2. Characterisation of the adsorbents

Different analytical techniques were used to characterize the syn-
thesised adsorbent composites. Among them, scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM) images were
obtained using a SEM FEI Inspect F50 apparatus. The specific surface
area of the particles and other porosimetry parameters were determined
via Brunauer-Emmett-Teller (BET) measurements using an N, sorpt-
ometer at 77 K with Micrometrics ASAP 2010 equipment. The particles
were also evaluated via X-ray powder diffraction (XRD) analysis, em-
ploying a Bruker D8 ADVANCE device with the purpose of verifying the
crystalline or amorphous character of the solid adsorbents. The zeta
potential of the mag-MnO, particles was determined by means of a
Laser Doppler Electrophoresis method using a Malvern Mastersizer
Hydro 2000MU device.

The magnetic properties of the mag-NanoCSH and mag-MnO, par-
ticles were determined using a vibrating sample magnetometer. The
iron, manganese, and calcium contents in the adsorbents and all the
metal and arsenic concentrations in the aqueous solutions in the ad-
sorption experiments were determined by atomic absorption spectro-
photometry (AAS) using a PerkinElmer PinAAcle 900 F instrument. The
same technique was utilised to measure the leached metals from the
adsorbent in the chemical stability tests. The Si content was measured
through elemental analysis. When necessary, inductively coupled
plasma mass spectrometry was used for determining lower or trace
concentrations of metals in aqueous solutions.

2.3. Adsorbent stability experiments and adsorption studies

Considering that the adsorbents prepared in this study will be em-
ployed in the clean-up of acid mine water or even industrial aqueous
solutions, the first experimental tests were designed to check their
chemical stability towards acid aqueous solutions. The leachability of
the adsorbents was evaluated as follows: 50 mg of mag-MnO, and
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100 mg of mag-NanoCSH were added to 50 mL of aqueous solutions
whose initial acidities varied between pH 1 and pH 7, and mixed at
25°C in an orbital shaker for 24 h. The pH of the acid solutions was
adjusted using 0.1 M H,SO,4 and/or 0.1 M NaOH. Once the experiments
had concluded, the quantity of Ca, Mn, and Fe leached in the acid
aqueous solutions was measured using AAS. The amounts of these
metals remaining in the adsorbents were determined by mass balance
considering their initial concentrations in the solids.

Pb(1I), Cd(II), Cu(Il), Zn(II), As(V), and Mo(VI) adsorption experi-
ments were carried out at 25 °C, varying the pH and the content of the
contaminants of the aqueous solutions and varying the mass of ad-
sorbent. Some experiments were conducted using single-metal synthetic
aqueous solutions prepared in the laboratory. The main experiments
were carried out using samples of an acid mine water that contained,
among others, all the above-mentioned chemical species. The acid mine
water was a sulphated solution with a pH that varied between 2 and 4.
It had the following average composition: 10.03 mg/L Pb(II), 11.87 mg/
L Cd(ID), 52.82mg/L Cu(ll), 43.56 mg/L Zn(Il), 39.07 mg/L As(V) as
arsenates, and 4.75 mg/L Mo(VI) as molybdates, and contained other
components as well.

However, in some adsorption tests, the acidity of this solution and
the concentrations of the ionic species were changed and adjusted to
different values. Once the adsorption experiments were finalised, the
pollutant-loaded solid adsorbents were easily separated from the aqu-
eous solutions using a permanent neodymium magnet. The equilibrium
pH of each resulting raffinate was measured, as were the concentrations
of the ionic species that remained because they were not adsorbed. The
amount of each ionic species effectively adsorbed was determined by
mass balance considering their respective initial concentrations in the
initial aqueous phase.

3. Results and discussion
3.1. Synthesis of the adsorbents

The synthesis of both adsorbents, mag-NanoCSH and mag-MnO,,
was very efficient, providing a high product yield. With respect to the
preparation of mag-NanoCSH, for which the precursors Ca(OH),, HC, a
liquid solution of Na,SiO3, and commercial magnetite were used, the
reaction was quick and reproducible, with an average yield of 96%,
resulting in a blackish, semi-amorphous and very insoluble solid, whose
particles tended to agglomerate. This solid is crystalline in nature as
evidenced by its magnetite content, and it was surrounded by
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Fig. 1. SEM micrographs of the adsorbents mag-NanoCSH (a) and mag-MnO, (b).

amorphous layers of calcium silicate. However, the sequence of adding
the reagents is important. Magnetite must be added after the addition of
HCI in order to avoid direct contact between both compounds, which
could provoke dissolution of the iron oxide or enhance its partial oxi-
dation to maghemite (Fe,03), a species that presents a lower magnetic
susceptibility than magnetite. To study the effect of the magnetic sa-
turation degree, two different types of mag-NanoCSH adsorbents were
synthesised and evaluated, with varying calcium silicate and magnetite
proportions (NanoCSH/Fe304: 1/1 or 2/1). However, most of the ad-
sorption studies were conducted using the compound NanoCSH/Fe304
at 1/1.

Similarly, the synthesis of mag-MnO, using the oxidative pre-
cipitation method in presence of magnetite was fast and quantitative,
with a yield over 95%, resulting in a dark-brownish solid similar to
MnO,. In this case, and based on previous studies, only one type of this
adsorbent was synthesised, one with a MnO,:Fe30,4 proportion of 1/1,
given its chemical stability and magnetic saturation.

The synthesised solids, mag-NanoCSH and mag-MnO,, were easily
separated from the reaction medium using the neodymium magnet.

3.2. Characterisation of the adsorbents

Two characterisation methodologies were used to understand the
morphology of the adsorbents. Fig. 1 shows the SEM images of the
unmodified nanostructured calcium silicate, mag-NanoCSH (Fig. 1a),
and mag-MnO, (Fig. 1b). In the case of mag-NanoCSH, the morphology
of particle sizes was uniform and much lower than 1 um, illustrating
their tendency to agglomerate, and some crystalline features due to the
presence of Fe3O, in the particles were observed. The images show
individual particle sizes of around 60-200 nm for the adsorbent pre-
pared using commercial magnetite. Fig. 1b shows an SEM micrograph
of the magnetic MnO,, wherein the particles do not have a defined
geometry and correspond to very small structures whose particle size
varied between 60 and 130 nm. They also presented a tendency to
agglomerate. Then, the resulting compound could be classified as one
having the features of a nanoadsorbent and a microadsorbent.

Fig. 2 presents the transmission electron microscopy (TEM) micro-
graphs for both type of adsorbents, confirming the tendency of ag-
glomeration of particles in the case of the mag-NanoCSH (Fig. 2a). The
particles had a tendency to be spherical, and presented a nanostructure
and a microstructure with dark central zones corresponding to a crys-
talline nucleus of magnetite surrounded by clearer layers of amorphous
calcium silicate. The particle size of this adsorbent was confirmed in the
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Fig. 2. TEM images of the adsorbents mag-NanoCSH (a) and mag-MnO, (b).

analysis, and it was dependent on the particle size of the magnetite used
during the synthesis of the adsorbent. This adsorbent has a nanos-
tructure based on a backbone of silicates, even though it might be
classified as a microadsorbent in terms of particle size [23,26].

Fig. 2b shows the TEM image of the mag-MnO,. The image shows
aggregates of particles similar to those of mag-NanoCSH, that is, of a
structure that poses a dark crystalline nucleus of Fe30,4 surrounded (in
this case) by clearer amorphous layers of manganese oxide. In many
cases, these particles are sized below 100 nm, with some even closer to
60 nm, which corresponds to the definition of nanoparticles. However,
in a previous study, when MnO, was magnetised using magnetite par-
ticles prepared in the laboratory, individual particles of the adsorbent
composite were even smaller than 10 nm [22]. However, the adsorption
results reported hereinafter demonstrate that the low-cost adsorbents so
prepared in this study were sufficiently active and adequate for re-
moving most of the contaminants originally present in the aqueous
solution.

BET porosimetry analysis measurements were carried out using an
N, sorptometer at 77 K. The average measured surface area ranged from
30 to 40 m?/g for mag-NanoCSH, presenting a mean pore diameter
between 2 and 10 nm and an average pore volume of 0.2 cm>/g. In the
case of the magnetic manganese oxide, the surface area ranged from 60
to 70m?/g, with a mean pore diameter of around 5-10nm and an
average pore volume of 0.1 cm®/g. These results ensure a vast number
of available adsorption sites were distributed either in the external area
or in the internal accessible area of both adsorbents types, thus ensuring
efficient and fast adsorption of the ionic species existing in the aqueous
solutions requiring treatment. These results also indicate that the sur-
face area measured for mag-NanoCSH was a little smaller than that of
mag-MnO,, probably owing to the contraction of the surface generated
between the bond of the nanostructured calcium silicate net with the
magnetite. Moreover, the surface area and the pore diameter were af-
fected by the size of the magnetite particles used in this study. Fig. 3
shows the adsorption-desorption isotherms for both adsorbent compo-
sites.

In both figures, the filling of the micropores and mesopores at lower
relative pressure (between 0.1 and 0.8 (P/Po)), conforming to the inner
structure of the adsorbent, and the filling of the macropores at higher
relative pressure, corresponding to the aggregation of adsorbent parti-
cles, are observed. The macropores that originated between the parti-
cles of these aggregates were accessible to the gas but would also
configure a large number of adsorption sites on the internal surface of
the adsorbent, available to be filled in by the contaminants. Although

both curves present a similar shape, the volume of gas adsorbed in the
case of mag-NanoCSH was almost double that of mag-MnO,, which is
coherent with the bigger pore volume of the silicated compound with
respect to the manganese oxide. This characteristic would probably also
explain the higher adsorption capacity observed for mag-NanoCSH.

Samples of the adsorbents were subjected to X-ray powder diffrac-
tion (XRD) analysis. Fig. 4 presents the results for samples of mag-Na-
noCSH/Fe304 (1:1) and mag-MnO,. The diffractogram of mag-Na-
noCSH (Fig. 4a) clearly shows signals at 26 of 30°, 35°, 43°, 57°, and 63°
(red), which correspond to the crystalline structure of magnetite.
Moreover, the weak green signals at 20 of 32°, 36°, and 47° are asso-
ciated with CaSiOs, which tends to be amorphous under the experi-
mental route followed in this work. The low intensity of these signals
confirmed the amorphous character of the external layers of CaSiO3, as
was seen in the SEM and TEM analyses. Besides, signals associated with
calcite (CaCOs3) at 20 of 29°, 39°, 47°, and 48° (blue) were observed,
likely owing to impurities in the reagents used in the synthesis (lime or
sodium silicate) or by carbonation from the air during the process.
Thus, it is highly probable that these adsorbents would comprise a
Fe;0, crystalline nucleus and have external layers of amorphous cal-
cium silicate, which is expected considering the great variety of poly-
meric and oligomeric species of silicates and silica existing in the
Na,SiO3; aqueous solution, which generate colloidal solids with an un-
tidy structure. Fig. 4b presents the XRD pattern of mag-MnO,. This
diffractogram presents newly observed, identical signals at 26 of 30°,
35°, 43°, 57°, and 63° (red), which are attributable to the crystalline
structure of Fe304. No signals corresponding to MnO, were observed,
which is expected given the amorphous character of this compound.
Hence, this adsorbent also would present a structure wherein a crys-
talline nucleus of magnetite is surrounded by amorphous layers of
MHOZV

The higher the magnetic saturation (Ms) of the adsorbent, the easier
it was to separate it from the resulting aqueous solution (raffinate) by
introducing a permanent magnet. In this sense, measurements of
magnetic properties of the synthesised adsorbents are necessary. Fig. 5
shows the magnetisation curves of the prepared adsorbents and the
magnetite employed in this work. In this figure, the dependence of the
changes in the magnetic saturation (Ms), expressed in emu/g, was
plotted against the applied magnetic field expressed in Oe (1 emu/
g = 10 k Oe). It is clear that magnetite presents the highest magnetic
response, at over 80 emu/g, although during the synthesis of the ad-
sorbents, a small fraction of Fe30, was oxidised to maghemite (Fe;03).
As can be seen in Fig. 5, the magnetic adsorbents mag-MnO, and mag-
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Fig. 3. Nitrogen adsorption-desorption isotherms for (a) mag-NanoCSH and (b) mag-MnO,.

NanoCSH/Fe;0, at a 1:1 ratio present a high grade of magnetic sa-
turation, 59.35emu/g and 57.15emu/g respectively, which ensured
complete separation of the contaminant-loaded adsorbent from the
aqueous raffinate. Hence, the composite having a lower proportion of
Fe3O, (NanoCSH/Fe3O4 = 2:1) had lower magnetic saturation
(42.70 emu/g), as was expected, compared to the adsorbent NanoCSH/
Fe304 (=1:1), given its lower proport.

Based on TEM analysis and on the initial magnetic susceptibility
obtained from Fig. 5, it is possible to make a good estimation of the
layer thickness of the coatings present at the adsorbent particle com-
posites. This was accomplished by estimating the magnetic diameter
(Dp) of the particles associated to the magnetic-core of the particles
using the equation derived from the Langevin function, which assumes
that the magnetic nanoparticles are monodisperse [27]. As it can be
seen in Fig. 5, the magnetism curves for mag-NanoCSH 1:1 and mag-
MnO, are almost overlapped which provides a rather similar layer
thickness, between 4.3 nm and 5.3 nm, for both compounds.

Undoubtedly, the calcium silicate formed during the synthesis, as
well as the MnO,, behaved as diamagnetic species, compared with
behaviour of the ferromagnetic precursor Fe;04. However, Fe;04 by
itself is not a good enough adsorbent, and thus, a suitable adsorbent
composite must be structured by mixing the calcium silicate or the
manganese oxide with magnetite in order to achieve an adsorbent with
good adsorption capacity and sufficient magnetic properties, making
feasible the separation of the loaded adsorbent from the aqueous raf-
finate, as was observed in this study. With regard to the particle size of
the adsorbents (between 60 and 200 nm), some particles act as nano-
particles, presenting superparamagnetic properties and having almost
null coercivity, which would allow their reuse in further wastewater
cycles. Meanwhile, larger particles lose some of the characteristics that
limit their reuse.

Complementarily, by means of the Laser Doppler Electrophoresis
method, a pHpyzc of 3.5 was measured for MnO,/Fe30,, a value that
classifies the species to be adsorbed by this compound, according to the
surface charge of the adsorbent. The surface electric charge of the ad-
sorbent is influenced by the pH of the aqueous solution. Additionally, a
PHpzc of 6.0 was measured for the commercial magnetite used in this
study.

Chemical analysis of the main components of the adsorbent was
performed. The contents of Ca, Mn, and Fe were determined by AAS of
a previous acid digestion and elemental analysis of silicon content.
Table 1 shows the chemical composition of the synthesised adsorbents.
Adsorbent mag-NanoCSH corresponds to a calcium silicate hydrate;
hence, the difference in the composition was attributed to the existence
of water molecules associated with the solids. A similar condition can

be assigned to mag-MnO,, given that is a hydrous manganese oxide,
which also possesses many hydroxyl groups in its structure. Table 1
shows the average composition of the different adsorbents prepared in
this study in Ca, Mn, Fe, and Si.

3.3. Adsorption experiments

The adsorbents synthesised in this study were used to treat polluted
acid mine waters. In this sense, they must be low-cost and also che-
mically and mechanically stable towards the action of acid solutions in
a broad pH range, given the great variety of acid and residual mine
waters. It is also possible that pollutant-loaded solid adsorbents could
be desorbed using acid solutions and recycled for new adsorption
processing. With this purpose, a set of experiments was designed for
contacting the adsorbents with aqueous solutions whose initial pH
varied between 0 and 6. Fig. 6 presents the results.

The amounts of Ca, Mn, and Fe leached were generally very low,
especially over pH 2, where only a minimal concentration of these
metals was dissolved. Iron is not leached at all over pH 2, probably
owing to, in both adsorbents, magnetite as the nucleus of the solid
surrounded by layers of calcium silicate or MnO,, which protects it
from attack by protons. Slightly higher leaching of calcium and man-
ganese was observed, probably because they are more exposed in
aqueous solutions, given the sites of the external layers of both ad-
sorbents and owing to their solubility. Undoubtedly, when the acidity of
the aqueous solution is too high, specifically at pH below 2.0, the dis-
solution of these metals is caused by the direct attack of the extremely
high concentration of hydrogen ions on the surface of the adsorbents,
promoting the leaching of the metals into and their presence in the
resultant aqueous solutions. Subsequently, it can be concluded that
both types of adsorbents can be used for treating polluted aqueous
solutions whose acidity is not below pH 2.0. In all cases, despite the
scarce dissolution of iron and other components, the solids were com-
pletely separated from the solution using a neodymium magnet; thus,
the magnetic saturation of the adsorbents remained constant.

Before applying the adsorbents to the treatment of samples of actual
acid mine water, a series of experiments was designed to test them
using aqueous solutions that simulate mine water. The purpose was to
establish the pH range in which the adsorbents presented their best
adsorption capacity and to measure the contaminant-loading capacity
of both compounds, defined as “q” and expressed in mg ion removed/g
adsorbent. Fig. 7 shows the effect of the initial pH of the aqueous so-
lution on the adsorption of Pb(II), Cd(II), Cu(Il), and Zn(II) ions using
mag-MnO, as the adsorbent. These experiments were carried out using
aqueous solutions containing around 10 mg/L of these metallic ions,
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Fig. 5. Magnetisation curves of the adsorbents mag-MnO,, mag-NanoCSH, and
Fe30,4.

Table 1
Average composition of the synthesised adsorbents.
Adsorbent % Ca % Fe (w/ % Si % Mn (w/
w/w)  w) (w/w) w)
mag-MnO, (MnO,/Fe;0,4 = 1:1) - 33.63 - 12.08
mag-NanoCSH (NanoCSH/Fe;0, 5.96 34.03 4.13 -
=1:1)
mag-NanoCSH (NanoCSH/Fe;04 = 9.36 26.99 8.09 -
2:1)
7 T T T T T T y T T T y T
O % Leached Fe (mag-MnO5)
6 ® % Leached Mn (mag-MnO,) N
A % Leached Fe (mag-NanoCSH 1:1)
5 V % Leached Ca (mag-NanoCSH 1:1) | -
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w
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Fig. 6. Chemical stability tests of adsorbents as a function of the acidity of the
aqueous solution.

which were mixed with 50 mg of mag-MnO,.

Fig. 7 shows that as the pH of the aqueous phase increases, the
extraction percentage of the four metallic species increases. This ad-
sorbent is a magnetic hydrous oxide compound whose surface can
suffer protonation or deprotonation reactions. This can be explained
because the pH of zero charge (pHzc), or zeta potential, measured for
this adsorbent was around 3.2-3.5. That is, the adsorption of cationic
metal species increased with increasing pH of the aqueous solution,
especially above the zero charge pH value (pHzc). Under this condition,
the adsorption of cationic species would be favoured owing to the
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Fig. 7. Dependence of Pb(II), Cd(II), Cu(I), and Zn(II) ion adsorption onto mag-
MnO, with initial pH.

polyhydroxylation of the surface of the adsorbent, followed by a de-
protonation of the hydroxyl groups, thus favouring an adsorption me-
chanism governed by cation exchange between the metallic ion and the
H™* groups, as is expressed in the following equations:

Mn—OHg;) + OH (4 2 [Mn—(OH), (5]~ 3)

[Mn—(OH) (91~ + M iy 2 [Mn—(0"):MG1™ + 2Hp,, 4)
where Mn—OH, represents the manganese hydrous oxide, and M is the
metal ion present in the aqueous solution to be removed. With regard to
the adsorption of these divalent cations, the metallic ion would co-
ordinate with the donor oxygen atom on the surface of the adsorbent
material, liberating protons to the solution [24]. On the other hand,
significant adsorption at a pH lower than the zeta potential (pH <
3.2-3.5) would not have occurred, because in a sulphuric medium at
least, the four metals studied would not form anionic species that would
feasibly be adsorbed by MnO, at low pH.

Fig. 7 shows that the adsorption of Pb®* is preferred over that of
Cd?* and Cu?*, with Zn>" being the least favoured. It is also observed
that the adsorption of all the ions reaches a maximum around pH
4.0-5.0, and does not increase at higher pH values as the range for the
deprotonation of the H* ions from the surface of the adsorbent is
minimal. However, the acidity range of aqueous solutions between pH
values of 1 and 5 is of interest in the treatment of acid mine waters.
Both the acid mine drainages and the aqueous mining wastes generated
in metallurgical plants are generally this acidic. Similar experiments
were carried out for comparisons, but only with Fe;0,, observing much
lower adsorption, especially at more acidic pH levels, owing not only to
a lower adsorption capacity of magnetite (given its structure), but also
because its pHzc is close to 6.0. The latter prevents or limits the ad-
sorption of metal ions on its surface at pH lower than this value.

Considering that the mine water used also contained anionic spe-
cies, we conducted adsorption experiments of the oxyanion arsenates
and molybdates normally found in numerous acid mine waters, parti-
cularly those related to Chilean copper mining. They appear structu-
rally associated with copper ores, chemical species such as molybdenite
(MoS,), and arsenic minerals such as enargite and tennantite. The ad-
sorption experiments were performed by mixing 50 mg of adsorbent
with a feed solution containing 10 mg/L of Mo(VI) and As(V). The re-
sults are presented in Fig. 8.

Fig. 8 shows that the adsorption of both oxyanionic species is fa-
voured in the pH range between 1 and 2, that is, under strongly acidic
conditions. This finding coincides with a pH range lower than the value
measured for pHzc for this adsorbent. Under these conditions, the
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Fig. 8. Dependence of Mo(VI) and As(V) ion adsorption onto mag-MnO, with
initial pH.

surface of the adsorbent would be polyprotonated, thus acquiring its
positive surface charge, which would allow adsorption of anionic spe-
cies by means of electrostatic attraction mechanisms and ion-pair for-
mation, as illustrated in the following equations:

Mn—(OH) 5 + H(J{lq) 2 Mn—OHj, (5)

Mn—OHz, + HAOx () = Mn—OH; *HAOx 6
where, HAOx represents the anionic species to be removed (i.e., ar-
senates and molybdates). Equation 5 represents the polyprotonation of
the surface of the adsorbent, and equation (6), the formation of the ion
pair —OH; *HAOx ).

However, according to the chemical stability tests, the pH suitable
for the removal of these species should be around 2.0. Although the
adsorption is still good at lower pH, the risk of its dissolution also in-
creases. Fig. 6 shows that a better relative adsorption of molybdates
with respect to arsenates under the given experimental conditions.
These results could be explained by an analysis of the ionic chemical
speciation of As and Mo in aqueous solutions. For example, at very low
pH, As(V) can form arsenic acid (H3AsO,), less dissociated in arsenates,
a species that would probably be adsorbed to a great extent. In turn, the
predominant Mo(VI) species in aqueous solutions are the molybdate
ions, which, depending on the concentration of Mo in solution and its
pH, can form various anionic species. However, complete adsorption of
these ions could be achieved if enough adsorbent mass was used.

In sum, besides the acidity of the aqueous phase to be treated, the
relative mass of adsorbent used in the experiments strongly affected the
adsorption of the ionic species present in solution. Fig. 9 shows the
experimental results obtained for the adsorption of the ions from an
aqueous phase with an initial pH of 3.0, containing 10 mg/L of each
ion. The disappearance of ions from aqueous solution is plotted as a
function of the mass of adsorbent used in the experiments, where C and
Co represent the ion concentration at any time t and its initial con-
centration, respectively. These results would be related to an approx-
imation of the saturation of the adsorption sites available on the mag-
MnO, surface when low amounts of adsorbent are used. In this case,
practically all the adsorption sites would be occupied by the metal ions,
resulting in a greater mass of adsorbate removed per unit mass of ad-
sorbent. An adequate relationship must be found between the adsorbent
mass to be used and the net mass of metal to be removed, depending on
the concentration of the ion and the volume of aqueous solution to be
used. However, in Fig. 9, it is observed that for a certain concentration
of the ions in solution (10 mg/L), the percentage of adsorption increases
as the amount of adsorbent used increases. It is also evident an
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Fig. 9. Effect of adsorbent mass of mag-MnO, on adsorption of Pb, Cd, Cu, Zn,
As, and Mo.

increasing of the adsorption of As(V) and Mo(VI) would allow a com-
plete clean-up of the aqueous solution.

To achieve a high adsorption efficiency, a sufficient adsorbent mass
is required so as to offer enough available active sites for adsorption.
The ion-loading capacity g for 10 to 20 mg ion/g mag-MnO, was
measured, and the results were comparable to or exceeded those
achieved using the traditionally used adsorbents, which lacks magnetic
properties. As a general conclusion, mag-MnO, presents excellent
characteristics that allow both the removal of metal ions that form
cationic species in solution, as well as anionic species, depending on the
pH of the treated aqueous phase. Moreover, in all cases, the loaded
adsorbent could be separated easily and completely from the aqueous
raffinate using the respective magnetic saturation capacity.

Similar adsorption experiments were conducted with aqueous so-
lutions that simulate mine water, but using the other adsorbent (i.e., the
mag-NanoCSH). Previous studies reported the use of this non-magne-
tised compound; however, given its particle size and chemical struc-
ture, its separation from the aqueous solution after adsorption is very
complex [19,23]. As reported above, the magnetic silicates synthesised
in this work showed a sufficient degree of magnetic saturation, which
allowed their easy and complete separation from the aqueous raffinate
via a neodymium magnet. Several adsorption experiments were de-
signed and carried out using an aqueous solution that simulated mine
water containing higher concentrations than that used with the mag-
MnO,. The synthesised mag-NanoCSH/Fe30, at a 1:1 ratio was utilised
as the adsorbent. Fig. 10 shows the influence of the initial pH of the
aqueous solution on the adsorption of ions onto this adsorbent com-
posite. The initial concentrations of the contaminants were 100 mg/L
for Pb, Cu, and Zn; 60 mg/L for Cd; and 50 mg/L for Mo and As.

An almost quantitative adsorption of the four metallic ions was in-
dependent of the acidity of the contacted aqueous phase. This is mainly
because the calcium silicates alkalize the medium very quickly, irre-
spective of the initial acidity of the aqueous solution, generating very
stable granular precipitates in all cases. The silicates acted as a buffer,
always maintaining a pH higher than 7.0 in the raffinate, preventing
redissolution of the precipitates obtained. The latter pose sufficient
magnetic saturation, which facilitated their separation from the re-
sulting aqueous phase. Fig. 10 also shows that the adsorption of Mo(VI)
species is reasonably high, particularly at low pH, whereas the ad-
sorption of As(V) species is limited. The preferred adsorption of mo-
lybdenum is explicable, as the Mo(VI) species for most pH values are
predominantly anionic. These species would be adsorbed onto the
highly protonated surface of the adsorbent through electrostatic at-
traction. Furthermore, it is conceivable that the higher or lesser
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Fig. 10. Effect of pH on adsorption with mag-NanoCSH for Pb, Cd, Cu, Zn, As,
and Mo.

adsorption of anionic species by mag-NanoCSH would be related to the
solubility of the respectively formed calcium salts. That is, the calcium
molybdates formed would be sufficiently insoluble to allow good ad-
sorption. The low adsorption of As(V) observed in these experiments
could be explained by the low adsorbent mass used considering the vast
number of species that need to be removed. Thus, higher As(V) removal
can be achieved using a sufficient quantity of adsorbent. In fact, cal-
cium arsenates and double calcium and iron arsenates are quite in-
soluble, which permits good adsorption, preferably at pH over 2.0,
where most of the As(V) is dissociated as H3AsO,4 [19].

A significant fraction of the heavy metals present in the AMDs is
expected to precipitate when increasing the pH of the aqueous solution
when lime is added. Controlled experiments were carried out using only
lime to increase the pH of AMD solutions. The removal of anionic
species was not good. The removal of some metallic ions, although
important in many cases, in incomplete in the case of Zn, Pb, Cr among
others, due to the formation of highly soluble poly-hydroxylated species
and their amphoteric behaviour. Chemical precipitation with lime or
limestones has many problems, such as the re-dissolution of metal
precipitates, the need of huge amounts of chemicals, the generation of
large volumes of colloidal sludges, etc. Precipitation with lime also
provides the incomplete removal of arsenate, molybdate and sulphate
ions and fails to eliminate traces of other problematic contaminants.
Therefore, using only lime, it is not possible to fulfil the Chilean en-
vironmental national regulations for discharging residual mining wa-
ters to continental water bodies. In this sense, the combined use of mag-
NanoCSH and mag-MnO, overcomes this difficulties allowing a com-
plete and simultaneous removal of anionic and cationic species dis-
solved in acidic mine waters.

Several adsorption experiments were performed with variable ad-
sorbent masses. An aqueous solution containing 100 mg/L of Pb, Cu,
and Zn; 60 mg/L of Cd; and 50 mg/L of Mo and As and whose acidity
was adjusted to pH 3.0 was used in all the experimental runs. The re-
sults obtained are presented in Fig. 11.

Fig. 11 shows that, in all cases, adsorption yields greater than 95%
for all metal ions and Mo(VI) were achieved, with the exception of
lower adsorption of arsenic species, whose complete removal was
achieved with the integrated use of both magnetic adsorbents. Higher
loading capacities ¢ were measured by using mag-NanoCSH compared
to mag-MnO, for removing the contaminant ions. In fact, q variables
between 20 and 40 mg ion/g mag-NanoCSH were found, confirming
that this compound should be recommended for reducing higher ion
contents present in aqueous solutions in the first stage of treatment,
followed by the use of mag-MnO, in the second stage as a polishing
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Fig. 11. Effect of adsorbent mass of mag-NanoCSH on adsorption of Pb, Cd, Cu,
Zn, As, and Mo.

adsorbent for more toxic species commonly present in lower con-
centrations. This way, it would be possible to fulfil with the strict en-
vironmental regulations associated with acid mine waters.

When using mag-NanoCSH, metallic ions were adsorbed, most likely
through combined mechanisms, such as a) by the formation of the re-
spective hydroxide or mixed hydroxides with the silanol groups of the
silicates on the surface of adsorbents and as discrete particles of hy-
droxides in solution, or b) via cation exchange between the adsorbed
metal that becomes part of the structure of the silicate with the Ca
atoms of the adsorbent, which are released to the raffinate solution. In
turn, the possible mechanism of removal of anionic species as mo-
lybdates and arsenates would be governed by an anion exchange me-
chanism between the oxyanions existing in aqueous solution and the
silicate groups of the adsorbent forming the respective calcium salt. The
more insoluble the formed calcium salt with the adsorbed anion, the
higher its stability, thus promoting greater adsorption and less redis-
solution in the resulting raffinate.

Additionally, the main reason behind conferring magnetic proper-
ties to the adsorbents is more related to achieving an easier separation
of the contaminant-loaded magnetic adsorbent from the resulting
aqueous solution using a conventional permanent magnet, rather than
to increase their adsorption capacity. Both adsorbents do not have
magnetic properties but are very good adsorbents. Furthermore, mag-
netite (Fe304) the compound used to provide magnetic properties to the
adsorbents composites presents a very small adsorption capacity. Our
control experiments indicated that magnetite only could adsorb around
2-3% of Cu and Zn, less than 1% of Cd and Pb and exhibits a null
adsorption of As and Mo species. Besides, magnetite presents a PZC
close to 6.0 limiting the adsorption of ionic species at pH lower than
this value. It is clear that the magnetite covered with calcium silicate or
hydrous MnO, did not affected their high adsorption capacity com-
pared to pure calcium silicate hydrate or MnO, adsorbents.

Then, the magnetics composites (mag-NanoCSH and mag-MnO2)
would be ideal engineered materials enabling the efficient adsorption of
contaminants and the complete separation of the solids from the treated
mine water.

3.4. Treatment tests of an acid mine water

The practical objective of using the adsorbents prepared in this
study was the treatment of acid waters contaminated with different
ionic species, both cationic and anionic. In this sense, it is required that
the adsorbents ideally present capacity to remove several ions collec-
tively and simultaneously. Using samples of a mine water generated
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Table 2

Ion adsorption selectivity coefficients (o) from an acid mine water using mag-
MnO, and mag-NanoCSH as adsorbents. Initial concentration of ions: 10 mg/L;
Mass of adsorbent: 300 mg; pH 3.0.

Ions a [mag-NanoCSH] a [mag-MnO,]
Pb-Cd 0.987 1.115
Pb-Cu 0.991 1.078
Pb-Zn 0.996 1.896
Cd-Cu 0.997 1.034
Cd-Zn 0.992 1.781
Cu-Zn 0.993 1.841
As-Mo 0.812 0.987
Cu-As 1.215 0.938
Zn-Mo 1.004 1.003

during Chilean copper mining activity, a series of previous experiments
was conducted to measure the adsorption selectivity coefficients using
both adsorbents. The selectivity coefficient represents the quotient of
the respective loading capacities between a pair of ions, according to
the following expression:

a = d./q )

where a is the selectivity coefficient, and g, and g, are the adsorption
loading capacities of the metal ions a and b, respectively, both ex-
pressed in mg adsorbed ion/g adsorbent.

The selectivity tests were carried out using a mine water in which
the concentration for each ion was adjusted in 10 mg/L and its pH to
3.0. Table 2 shows the measured values of coefficient a.

It is obvious that the closer the selectivity factor is to 1.0, the less
selective the adsorbent, and therefore, the greater its capacity for col-
lective adsorption. Although the selectivity a coefficient is sensitive to
the acidity of the aqueous phase, the content of the metal ions, and the
mass of adsorbent used in each case, Table 2 shows that generally both
adsorbents have high collective adsorption capacity, as most of the a
coefficients are close to 1.0. This is necessary for treating polluted
waters containing multiple ionic contaminants. These results led us to
design an integrated system using both adsorbents for cleaning up the
mine waste solution.

In the first stage, the sample of the acid mine water was treated with
mag-NanoCSH, which generally has a higher adsorption capacity than
mag-MnO, does. Table 3 shows the initial concentration of all the
studied ions, their concentration in the raffinate after adsorption with
this compound, the extent (%) of adsorption of each species, and the
limit of discharge to continental water bodies according to the Chilean
National Norm [28]. Once the adsorption process, which required only
a few minutes, was completed, the loaded adsorbent was completely
separated from the aqueous raffinate using a neodymium magnet. Using
this technique allowed us to solve one of the most complex pollution
issues with the help of microadsorbents or nanoadsorbents (as their
separation from the treated water is based on their magnetic proper-
ties). All the results reflect that the high adsorption achieved for all

Table 3
Treatment of an acid mine water. First step using mag-NanoCSH 1:1 as ad-
sorbent. Initial pH: 3.0.

Element Initial Raffinate Adsorption  Environmental
Concentration Concentration [%] Discharge
[mg/L] [mg/L] Regulation

[mg/L]

Pb 10.03 0.82 91.84 0.05

Ccd 11.87 0.18 98.51 0.01

Cu 52.82 0.75 98.58 1.00

Zn 43.56 0.31 99.30 3.00

As 39.07 2.87 92.66 0.60

Mo 4.75 0.33 93.05 1.00
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Table 4
Treatment of the raffinate produced after adsorption of a mine water using
mag-NanoCSH 1:1. Second stage using mag-MnO, as adsorbent.

Element Initial Concentration  Raffinate Environmental
[mg/L] Concentration [mg/ Discharge Regulation
L] [mg/L]
Pb 0.82 0.033 0.05
Ccd 0.18 0.008 0.01
Cu 0.75 0.127 1.00
Zn 0.31 0.01 3.00
As 2.87 < 0.45 0.60
Mo 0.33 0.14 1.00

species with this unique process can help meet the discharge regula-
tions for copper, zinc, and molybdenum ions in acid mine waters.
Furthermore, by using mag-NanoCSH, it was possible to reduce, by a
very high proportion, the fine solid particles suspended in the mine
water, via their adherence through coprecipitation onto the solids
formed in the process.

In the second step, the aqueous raffinate produced in the first stage
was mixed with the adsorbent mag-MnO,. Although this compound had
a lower adsorption capacity compared with that of mag-NanoCSH, it
was useful for treating aqueous solution containing trace or lower
concentrations of generally more toxic pollutants. Considering that the
use of mag-NanoCSH in the first step raised the original pH of the
aqueous solution to over pH 7.0, the raffinate was re-acidified with
sulfuric acid to around pH 4. Table 4 shows the results of this second
treatment.

The results reported in Table 4 indicate that this second adsorbent
could reduce the contents of all ions in the second raffinate effectively,
including the more toxic and dangerous ones, to a level below the limit
fixed by the Chilean Environmental Discharge Regulation. The process
was quick and, again, the loaded mag-MnO, compound was separated
easily and completely from the resulting aqueous solution with the
permanent magnet. Hence, as a global result, it is possible to state that
the integrated use of both synthesised adsorbents, both prepared fol-
lowing a low-cost and simple process, make feasible an effective and
complete decontamination treatment of acid mining water. Both ad-
sorbents are very stable whenever the initial pH of the aqueous solu-
tions is above 2.0 where the material losses is expected to be below 0.2-
0.8 percent expressed as leaching of Fe, Ca and Mn (Fig. 6). Moreover,
mechanical attrition of the adsorbents was not appreciated during the
experiments. These magnetic adsorbents could also be applied for
processing many kinds of residual polluted industrial waters. In a fur-
ther report in preparation, we will communicate in detail the equili-
brium, kinetic, and thermodynamic behaviours of both adsorbents
when used in acidic solutions.

4. Conclusions

Two adsorbents with magnetic properties, based on Fe30, coated
with nanostructured calcium silicate hydrate (mag-NanoCSH) and
manganese oxide (mag-MnO,), were successfully prepared with the
purpose of their integrated use for remediation of an acid mine water.
Both adsorbents were quite stable towards aqueous solutions with pH
over 2.0, as dissolution was not observed under this condition. Both
compounds were characterised using different methodologies. SEM and
TEM analyses indicated that the individual particle size of the ad-
sorbents varies between 60 and 200 nm, leading to a tendency to ag-
glomerate. BET porosimetry analysis showed a particle surface area
variable between 30 and 70m?/g and a pore diameter of around
2-10nm. XRD analysis confirmed that mag-NanoCSH and mag-MnO,
adsorbents present a crystalline magnetite nucleus surrounded by
amorphous layers of calcium silicate or MnO,, respectively. The na-
nostructures and microstructures of both composites showed many
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available adsorption sites, and their chemical structures made them
very efficient at simultaneously adsorbing both cationic and anionic
species in aqueous solutions. Both adsorbents had magnetic moments of
around 57-59 emu/g, which was lower than the corresponding value
for Fe;0,4 and yet high enough to ensure their complete separation from
the aqueous raffinate.

The adsorption of ionic species was affected by the acidity of the
aqueous solution; however, in the pH range of around 2-4, most of the
contaminants were collectively removed through adsorption mechan-
isms based on ion exchange, ion-pair formation, and insoluble salt and
hydroxide formation. The loading capacity of the adsorbents was af-
fected by the adsorbent mass and the concentration of the species to be
removed from the aqueous solution.

Both adsorbents were used in an integrated manner to decontami-
nate a sample of an acid mine water. mag-NanoCSH, which has a higher
adsorption capacity, was used in the first step and drastically reduced
the concentration of many ions present in the treated water.
Consecutively, after re-acidification, the raffinate produced in the first
step was mixed with mag-MnO,, which resulted in an aqueous solution
that met the Chilean environmental regulations for discharge into
continental water bodies.
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