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Abstract: The role of precipitates from acid mine drainage (AMD) in arsenic removal in water is
a process to be investigated in more detail. The present study is focused on the potential use of
two AMD precipitates using oxidation and Ca(OH), (OxPFel) or CaCO3 (OxPFe2) as As(V) adsor-
bents and the comparison of their performance with two commercial adsorbents (nanohematite and
Bayoxide®). The AMD's supernatants and precipitates were characterized using several techniques
and assessed with theoretical speciation and mass balance methods. Gypsum was identified by XRD
and assessed as the main component of the precipitates. Amorphous iron hydroxide was assessed
as the second component (22% in mass), and jurbanite or aluminum hydroxide were present in
the third likely phase. The equilibrium adsorption of As(V) in water at a pH between 4 and 6 was
tested with the four adsorbents, and the Langmuir model correlated well. The maximum adsorption
capacity (§max) had the highest value for OxPFel and the lowest value for nanohematite (that could be
explained in terms of the adsorbent surface speciation). The two precipitates have limited application
to the adsorption of very low concentrations of arsenic because they have a binding constant (b)
lower than the commercial adsorbents and could release a small amount of the arsenic contained in
the precipitate.

Keywords: acid mine drainage; adsorption; arsenic; iron oxide

1. Introduction

Among common inorganic pollutants, arsenic has been primarily studied because it
represents a threat to human health and other living organisms [1-3]. Arsenic can be found
in the environment from natural sources (volcanic emissions, minerals) and anthropogenic
sources such as mining activities, fossil fuel combustion, etc. Arsenic is present in the earth’s
mineral deposits and can be dissolved in surface and groundwater. The presence of arsenic
in water sources could be attributed to acid mine drainage (AMD) generation from mining
activities or groundwater contamination from spent pyrites in brownfields [4-7]. To limit
harmful arsenic exposure [8-10], World Health Organization and the European Union have
implemented a guideline of 10 ug L~! in water intended for human consumption [11,12].

Arsenic can be removed from water using techniques such as oxidation [13,14] and
precipitation, coagulation [15], electrocoagulation [16], co-precipitation [17,18], membrane
technology [19,20], reverse osmosis [21,22], electrodialysis [23,24], and ion exchange tech-
nology [25,26]. In particular, the oxidation methodology implies the oxidation of arsenic
(V) species, which can be further eliminated using the dosage of alkali, enhancing coagu-
lation/filtration, and lime softening [7]. The conventional ODAS method (oxidation (O),
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dosing with alkali (DA), and sedimentation (S)) is based on the strategy to precipitate
soluble ions into less soluble forms [27,28]. Because Fe(Il) ions could be present in the
studied AMD samples, a pre-oxidation stage with the addition of an oxidizing agent is
needed. Then the pH is raised through alkali dosing to force the precipitation of species
containing the metal ions, and finally the sludge is separated from the treated water [29].
Also, when Fe(IIl) is added (e.g., coagulation) or present in sufficient excess, there is a
precipitation of iron hydroxide that adsorbs arsenic [13,17].

Compared to the methods mentioned earlier, adsorption technology does not involve
sophisticated equipment, does not expend very long procedures and analysis time, is
safe to handle and operate, and can be very effective at low arsenic concentrations [14].
Adsorption is a surface phenomenon based on the interaction between the adsorbent
(solid surface) and the adsorbate (molecules or ions present in solution). This water
treatment procedure has been reported to be efficient in removing arsenite and arsenate
with 95% quantitative efficiency. It depends on van der Waals forces and the electrostatic
attraction forces among absorbed molecules [15]. In addition, the adsorption efficiency can
be influenced by the exposure period, pH, presence of other species, adsorbent dose, initial
arsenic concentration, and temperature [4]. Different adsorbents can be used to remove
arsenic from water, including activated carbon [30,31], clay minerals [29,32], zeolites [33,34],
hydrotalcite [35,36], and several oxides (manganese dioxide, titanium dioxide, lanthanum
dioxide, and iron oxides) [37,38].

The use of iron adsorbents has evolved with time from iron oxides and hydroxides in
granular and micronized form to nanoparticles, materials modified with nanoparticles, and
nanocomposites. Despite the better performance of the newly developed materials shown
at the lab scale (e.g., maximum adsorption capacity), their cost still limits their application
at the industrial scale [39,40] especially at low levels of contamination. This reason and the
development of the Circular Economy concept point to the use of low-cost byproducts as
adsorbents [41,42] to improve the cost of processes vs. commercial products, generally led
by iron adsorbents.

Many studies reported the use of iron oxides [39,40], oxyhydroxides [41,43], and hydrox-
ides, including amorphous hydrous ferric oxide (FeO-OH) [44], goethite (x-FeO-OH) [45,46],
and hematite (x-Fe;O3) [9,47] that exhibit good to excellent reactivity in terms of arsenic
adsorption. In all the reviewed studies, acidic pH in the range 2—-6 was optimal for ad-
sorption of As(V), and the operation below the pH at the zero point charge (pHpzc) was a
paramount condition to increase the adsorption at higher concentrations [9,39,47]. From
the mentioned iron adsorbents, hematite, due to pHpzc limitations, showed better adsorp-
tion at low concentrations, but goethite was a better adsorbent in wider concentration
ranges [9,40,47].

The aim of the present work is to study the As(V) elimination present in AMD using
the ODAS approach and the characterization and use of the obtained precipitates as
arsenic adsorbents, leading to an adsorption performance comparison with other iron-
based commercial adsorbents.

2. Materials and Methods
2.1. Reagents

Calcium hydroxide (Ca(OH);) and calcium carbonate (CaCO3) were purchased from
Sigma Aldrich (Darmstadt, Germany) and Fluka (Seelze, Germany), respectively. To oxi-
dize Fe(II) to Fe(Ill), a 30% hydrogen peroxide solution from Merck (Darmstadt, Germany)
was added. Deionized water (DI) obtained from a Milli-Q 185 system (Millipore,
Burlington, MA, USA) was used to prepare all solutions.

Granular Bayoxide® E-33 (Apliclor Water Solutions, Sant Marti Sesgueioles,
Barcelona, Spain), with a particle size range between 0.315 and 10 mm, was used as the
starting material. This solid has iron hydroxide adsorbent («-FeOOH, goethite) as a main
component, according to [48]. Nanohematite, an iron (III) oxide nanopowder, was provided
by Sigma Aldrich (St. Louis, MO, USA) with a reported particle size below 50 nm.
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To perform the granulometric study, sodium carboxymethyl cellulose was purchased
from Sigma Aldrich (Darmstadt, Germany).

A previous screening of three different AMD samples, Tharsis, Cueva de la Mora, and
Pefia del Hierro mines, to determine the elements and their concentrations, was performed.
Therefore, it was decided to work with AMD wastewater samples from the Pefia del Hierro
abandoned mine in Huelva, Spain (See Figure 1) due to their high content of iron and
aluminum and the presence of arsenic.
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Figure 1. (A) Eastern part of the Iberian Pyrite Belt map with sampling points, stream gauge stations,
rain gauges, and mines. In blue: Tharsis, Cueva de Mora and Pefia del Hierro mines. H1 and H2
correspond to two stations for chemical and geochemical metal characterization. Adapted from
Nieto et al. [49] (B) Pefia del Hierro mines satellite view.

2.2. OxPFe Precipitate Obtention

Pefia del Hierro acid waters (AMDO) followed a previous pretreatment of oxidation
(O), dosing with alkali (DA), and sedimentation (S) using the ODAS approach, shown in
Figure 2.
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Figure 2. OxPFel and OxPFe2 precipitate obtention using AMD’s schema.
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In this study, 400 mL of AMDO was mixed with 45 mL of HyO, 35% (v/v), which
represented twice the stoichiometric amount required to oxidize Fe (II) to Fe (III).

As a second step, Fe and Al were precipitated by increasing the initial AMD sample
pH using two types of alkali solids (Ca(OH), and CaCQO3). A theoretical pH in the range of
3.7-3.8 and 4.6—4.8 for Fe and Al precipitation, respectively, needs to be reached. For this pur-
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pose, 9.65 g of Ca(OH); or 8.53 g of CaCO3; were added to the AMD sample. Two different
precipitates were obtained: OxPFel using Ca(OH),, and OxPFe2 using CaCOs.

Each precipitate was separated from the supernatant using a centrifuge (model Cen-
tronic BLT) purchased from ].P. Selecta (Abrera, Barcelona, Spain) for 8 min at 4000 rpm.
The solid was dried overnight at 60 °C and later analyzed by X-ray diffraction.

The supernatant obtained after precipitation was named AMD1 (from precipitate
OxPFel) and AMD2 (from precipitate OxPFe2). These treated AMDs and the initial AMD
(AMDO) were also analyzed by inductively coupled plasma mass and optical emission
spectrometers ICP-MS model 7800 by Agilent Technologies (Santa Clara, CA, USA), and
ICP-OES Model 5110 by Agilent Technologies (Santa Clara, CA, USA). The samples were
acidified with 3% nitric acid and filtered using syringe filters of 0.22 um, while the solids
underwent the same procedures (see Section 2.3).

2.3. Acid Mine Drainage and Supernatant Characterization

For AMDO characterization, a sample of the raw AMDs was diluted in a proportion
of 1:10 and analyzed by ICP-MS and ICP-OES to determine the element concentrations in
the sample.

In addition, the initial pH and redox potential were determined using a Crison Basic
20 pH meter (Alella, Barcelona, Spain). The pH electrode model was 50-14T, whose working
pH range is between 0 and 14, according to the supplier.

The conductivity measurements were performed using a Crison EC-meter
GLP 31 (Alella, Barcelona, Spain), and a conductivity cell model Sension+ 5070 from
Hach (Derio, Bizkaia, Spain) was used. The conductivity cell’s working range was from
0.2 uS cm™! to 200 mS cm~!. Sulfate concentration was analyzed by ion chromatogra-
phy (Dionex ICS-1000 and Dionex ICS-1110) (Waltham, MA, USA) for raw AMD and both
treated AMD samples. The column IONPAC® AS23 for anions and a mixture of 4.5 mmol/L
NayCOj3 and 0.8 mmol/L NaHCOj as eluent were used. All the samples were diluted
using DI in order to have a maximum SO42~ concentration of 300 mg/L.

2.4. Adsorbent Preparation

Four different solids were used to carry out the adsorption studies: two commercial
solids, nanohematite and Bayoxide®, and the OxPFel and OxPFe2 precipitates were ob-
tained (see Figure 2).

To reduce the solid particle size of the Bayoxide® adsorbent, 5 g were added to
250 mL of deionized water in a volumetric flask and placed in an ultrasonic bath at 20 kHz
(ATU Ultrasonidos, ATM40-2L-CD, Paterna, Valencia, Spain) for 90 min. The sonicated
solid was dried in an oven at 85 °C for 20 h. The Bayoxide® and both OxPFel and OxPFe2
solids were milled using an agate mortar, and the obtained solids were sieved at a size of
40 pm.

2.5. Adsorbents Characterization

The content of total calcium, iron, and aluminum in the adsorbents was determined by
sampling 100 mg for acid digestion using 8 mL of HNOj3 (65% Suprapure®, Scharlab) and
final dilution to 50 mL with MilliQ® Water. After filtering the digested solid with a 0.45 um
filter, the total iron and calcium contents were obtained using an Atomic Absorption
Spectrometry (AAS) instrument (Analytik Jena GmbH, contrAA 800, Jena, Germany).
In the case of the determination of total sulfur, an aliquot of 0.8 g of the sample was
analyzed by bt S/C analyzer (CS-200, Leco). To identify possible crystalline phases, X-ray
diffraction (XRD) analyses were carried out. A Bruker D8 Advance A25 X-ray diffractometer
(Billerica, MA, USA) was used with a Bragg—Brentano configuration 6-6. The equipment
has a Cu X-ray tube, which allows it to work up to 40 kV and 40 mA. The spectrum was
recorded from 4 °C to 60 °C with steps of 0.020 °C. The identification of mineral phases
was performed with EVA software (Version 8.5).
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The solid surface characterization was performed using the scanning electron mi-
croscopy (SEM) Gemini Ultra Plus model from ZEISS® (Jena, Germany) coupled with a
spectrometer (EDX, Oxford Instrument, Oxon, UK). The Mastersizer 3000 equipment from
Malvern Analytics (Malvern, UK), employing the laser light scattering principle, was used
to determine the iron-based solids’ particle size distribution.

In addition, the determination of the point of zero charge (PZC) was performed using
the immersion technique [50]. A total amount of 625 mg of the different sorbent solids were
put in contact with 0.03 M KNOj3 solutions adjusted at different pH values, between 3 and
12. The pH was adjusted using solutions of 0.1 M HNOj3 and 0.1 M KOH, as required. The
suspensions were agitated for 24 h in a shaker at 96 rpm until an equilibrium pH value
(pHeq) was reached. The ApH (pH;-pHeq) was calculated and represented in a graphic
versus the initial pH value in order to obtain the pHpzc for every studied adsorbent.

2.6. Theoretical Speciation of Supernatant AMD and Mass Balance of Precipitates

The Aqgion software 8.1.5 [51], based on the USGS PHREEQC database, was used to
determine the equilibrium species in the supernatant and the probable precipitated phases
by estimating their saturation index, SI.

SI —log<l;<1p> @

where IAP is the Ion Activity Product and Ks is the solubility equilibrium constant. The
hypothetical solid species found in the literature and previous equilibrium studies were
used as inputs to calculate the total amount of elements present in the adsorbent. The
theoretical concentration C; .4 of the 4 elements Ca, Fe, Al, and S in the precipitated phase
could be expressed as a mass balance from the following solid phases added, modeled,
and described in the literature: U = CaCOs, V = Al(OH)3, W = AISO4OH-5H,0 (jurbanite),
X =Fe(OH)3, Y = CaSO4-H,0 (gypsum), Z = Ca(OH), (lime). Considering the percentage
of each element in every species, the following equations are obtained (Equation (2) only
for OxPFel and Equation (3) only for OxPFe2).

Cgge = 0.2328-Y + 0.5409-Z @)
Clggre = 0.2328-Y + 0.4004-U 3)
Feeqe = 0.5226-X ()
Al e = 0.3459-V + 0.1172-W (5)
Seale = 0.1862-Y + 0.229-W (6)

In order to find the optimal mass % concentration of the phases, C; o, (U, V, W, X, Y, and Z)
in the precipitate that explain the experimental elemental composition C; .y, of the 4 ele-
ments, the quadratic error SS. has been calculated as Equation (7).

2

SSerr = 2?:1 [Ciﬂxl’ -G, C”lc] @

To obtain the minimum error, the Solver function in Microsoft Excel™ software
(version 16.74) with the GRG non-linear solving method was used to minimize SS,;,
as the objective function, changing V, W, X, Y, Z, or U.

2.7. Batch As(V) Adsorption Experiments

As(V) solutions were prepared from a proper dilution of a 1000 mg/L ICP standard
solution using deionized water (DI). The As(V) initial concentrations were analyzed by
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ICP-OES. The initial solutions had a pH between 4 and 4.5 due to the acidic nature of the
ICP standards.

Equilibrium tests were performed by putting in contact 20 mg of solid (Bayoxide,
nanohematite, OxPFel, and OxPFe2) and 250 mL of every As(V) solution for 96 h in aerobic
conditions, and under vertical stirring conditions using an Orbital stirrer Rotabit Selecta
(Abrera, Barcelona, Spain). The equilibrium batch tests were performed by putting in
contact 50, 100, 250, and 500 ug L=, 1,2.5,5,7.5, and 10 mg L~! of As(V) solution. Once
the As(V) solutions and the different solids were put in contact, pH and redox potential
measurements were performed.

The As(V) adsorption onto the studied solids was calculated from the following mass

balance equation:
Co—C)V
q= G-V ®)

m

where g is the amount of As(V) adsorbed onto the material at time t (mg g~ '), C, is the
As(V) concentration at initial time, and a C is the As(V) at time t (mg L)V corresponds
to the volume of As(V) solution used in the batch experiment (L), and m is the mass of
adsorbent used in the experiment (g).

Langmuir isotherms (Equation (7)) were used to fit the experimental equilibrium data
C. and g, were obtained from the corresponding equilibrium.

b'Cg

e = %ax'm )

In a Langmuir isotherm gy is the maximum adsorption capacity (mg g ') and b, the
binding constant (L mg~!). C, and g, are the values under equilibrium in the Langmuir
isotherm. To estimate the maximum adsorption capacity (§uax) and the binding constant
(b), the quadratic error SS,;» has been calculated, as Equation (10) shows.

07 = T Comp ~ Cora] 10

The Solver function in Microsoft Excel™ software (version 16.74) with the GRG non-
linear solving method was used to minimize SS,,, as the objective function, changing the
Ce,calc Value. The subscript exp corresponds to experimental values and the subscript calc
corresponds to the Langmuir model.

Expression (9) could be simplified to a linear model with a slope g b, if C, is very
low and reaches a constant value of 4. (the asymptotic value), when C, is very high.

3. Results
3.1. Raw AMD and Treated Supernatant Characterization

As the analytical results showed, the original acid sample from Pefia de Hierro mine
(AMDO) had a very acidic pH with a high content of metals, metalloids, and sulfate
(see Table 1). The major elements for the AMDO0 were identified as Fe and Al; some
minor elements such as Cu, Zn, and As, among others, were shown. Moreover, high
conductivity can also be observed. All the concentrations listed in Table 1 are already
expressed considering the dilution factor used.

As the concentration of the elements was determined by ICP-OES, the corresponding
limits of detection are summarized in Table S1 in the Supplementary Materials (see Table S1).

After the ODAS treatment (see Figure 2) for both AMD1 and AMD?2, almost all the
element concentrations decreased considerably. Only in the case of Ca did the metal
increase due to the Ca addition in the treatment. In the cases of AMD1 and AMD?2, the
iron concentration results indicated practically complete elimination (>99.99%) in both
cases. Regarding the aluminum concentration, it decreased by 90.7% and 99.1% for AMD1
and AMD2, respectively. The value of total sulfur was measured by ICP-OES out of the
standard range, and thus sulfate, with a proper dilution was better measured by ion
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chromatography. Sulfate concentration decreased by 41.9% in the lime treatment and only
6.2% in the calcite treatment.

Table 1. Analytical parameters (elements and sulfate dissolved concentration, pH, redox potential,
and conductivity) determination of raw PFe-AMD (AMDO0) and treated PFe-AMD using Ca(OH),
(AMD1) or CaCO3 (AMD2).

Analytical Parameter PFe-AMDO PFe-AMD1 PFe-AMD2
C(mgL-1) C(mgL-1) C(mgL-1)
Fe 22,146 0.29 0.49
Al 2379.54 221.13 20.65
S 519.98 * 195.98 * 339.63 *
Mg 357.22 322 36.65
Cu 96.74 36.08 31.65
Ca 78.64 390.60 628.56
Zn 71.27 39.70 36.99
As 32.36 0.01 0.01
Ni 1.13 0.34 0.32
Cd 0.58 0.11 0.11
Pb 0.57 0.01 0.004
Na 38.23 4.03 6.13
K 29.18 3.18 2.25
SO,2~ 350.67 203.47 328.87
pH 1.08 6.66 4.09
ORP (mV) 640 280 361
Conductivity (mS cm™ 1) 49.55 4.02 5.28

Note: * Out of range measurement.

In the case of arsenic, the removal efficiency was higher than 99.97% using both alkali
agents. This result was attributed to the presence of Fe(IIl), as the mass ratio of Fe/As is
higher than 680, which promotes the formation of Fe(OH)3 that adsorbs arsenic [13,17] or
the formation of the precipitate scorodite (FeAsO,4-2H,0) in small amounts [52].

Other metal ions (Cu, Zn, Mg, Ni, Cd, Pb, Na, and K) reduced their concentrations but
not as drastically as former ions. In these cases, some coprecipitation—-sorption with the
mentioned precipitates could explain these slighter effects.

Regarding pH, for both precipitation treatments, it increased as expected, reaching a
value of 6.66 and 4.09 for lime and calcite, respectively. In addition, the oxidation redox
potential (ORP) values were 280 and 361 mV for Ca(OH); and CaCOj;, respectively. These
two parameters were considered to establish the arsenic speciation. From theoretical
chemical equilibrium diagrams for arsenic [42], the predominant species for arsenic will
be Hy AsO4—. Finally, the conductivity values after the iron and aluminum precipitation
decreased compared to the initial value. This was the expected behavior due to the
dissolved ion precipitation, confirmed by a decrease in their initial concentration.

3.2. Adsorbents Characterization
3.2.1. Calcium, Iron, Aluminum and Sulfate Content Determination

The total content of Ca, Fe, Al, and S for every studied adsorbent (commercial and
after the AMD treatment) was analyzed and is presented in Table 2.

Nanohematite is mainly composed of ferric oxide. The Fe content is around 52%
(see Table 2) though the theoretical value of Fe,O3 is 70%. Additionally, the Bayoxide
E-33®, which is based on goethite, has a percentage close to the theoretical value of 62.9%
(assuming pure goethite). Previous references for the same adsorbent indicated 52% Fe
for Bayoxide [53], thus the Fe% of 63.6 matches very well with the goethite composition.
Concerning OxPFel and OxPFe2 solids, the 11.7% iron content was 5 to 6 times lower than
nanohematite and goethite. The aluminum content of 1.4% in both cases is a consequence of
the almost complete elimination of iron and the 90-99% elimination of aluminum in AMD1
and AMD?2, respectively. From the iron balance in the process of precipitation (assuming
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that no iron is present in lime or calcite), it could be estimated that there is a yield of 190 g
of precipitate per liter.

Table 2. Total calcium, iron, aluminum, and sulfate content analyzed for the Nanohematite, Bayoxide,
OxPFel, and OxPFe2 solids.

Sample/Element Ca (%) Fe (%) Al (%) S (%)
Nanohematite <0.5 52.2 <0.5 NA*
Bayoxide® <05 63.6 <0.5 NA *
OxPFel 14.1 11.7 1.4 13.6
OxPFe2 12.3 11.7 1.4 14.3

Note: * NA: Not applicable.

In the case of calcium, OxPFel exhibits higher values due to the higher amount of
lime (with a higher percentage of calcium) compared to calcite. Sulfate elimination is also
slightly higher in OxPFe2.

3.2.2. X-ray Diffraction Analyses

The crystal structures of the obtained OxPFel and OxPFe2 precipitates were analyzed
by XRD. In Figure 3A,B, the X-ray diffraction spectra of both precipitates are shown.

As could be seen, gypsum is clearly detected in both precipitates, as the XRD pattern
from the Crystallography Open Database (COD) confirmed. No other crystal structures were
identified in the precipitates, but the presence of amorphous phases cannot be discarded.

3.2.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDX) Characterization

In Figure 4A-D, scanning electron micrographs of the nanohematite, Bayoxide®,
OxPFel, and OxPFe2, respectively, are shown.

To determine the surface structure and elemental composition of the commercial
adsorbents, and the obtained precipitated solids and have a better comprehension of the
adsorption mechanisms that could happen on the solid surface, scanning electron mi-
croscopy and energy dispersive X-ray spectroscopy (EDX) characterization were performed
(See Figures S1-54 in Supplementary Materials). Figure 4A corresponds to the hematite
structure and is in good agreement with other hematite microscopic characterizations
reported in the bibliography [54,55]. The EDX analyses show that the adsorbent elemental
composition was iron and oxygen (See Figure S1). As the SEM images confirmed, the
hematite aggregates have granular shapes and porous structures that are in the order
of nanometers according to the photo scale (See Figure S2). Figure 4B corresponds to a
sonicated Bayoxide SEM micrograph, in which can be identified nanoflakes related to the
goethite structure. The EDX elemental analysis also shows that they correspond to iron and
oxygen, which is in good agreement with the information reported in the literature [56].

Figure 4C,D correspond to the SEM micrographs of OxPFel and OxPFe2, respectively.
It is important to note that the gypsum needles can be identified in both solids. This
information is corroborated by the XRD analysis (see Section 3.2.2). The EDX mapping
confirms the presence of Ca, S, Fe, O, and Al elements, which are related to gypsum, and
apparently iron hydroxide and other aluminum minerals. Other minoritarian elements
were also identified, such as silicon and magnesium (See Figures S3 and 54).

A precipitate with iron hydroxide and also an aluminum phase, which could be
jurbanite (AISO,OH-5H;0) or Al(OH)3, is expected. This will be related to the observation
of high concentrations of sulfur in the adsorbents (associated with sulfate), iron, and
aluminum, as the ICP-OES confirmed, before and after the treatment using the different
alkali agents. Moreover, these solids have been reported in the literature [57].
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Figure 3. X-Ray diffraction spectra were obtained for (A) OxPFel solid (using Ca(OH); as an alkali

agent) and (B) OxPFe2 solid (using CaCOj3 as an alkali agent).

3.2.4. Adsorbent Particle Size Distribution and pH Point of Zero Charge (pHpzc) Determination

From the granulometry studies, the percentile 10, 50, and 90 values for each adsorbent

were obtained (see Table 3).

Table 3. Percentiles dyg, dsg, and dgg of the studied adsorbents.

Adsorbent dqo (um) dso (um) dgo (um)
Nanohematite 3.66 £ 0.08 19.31 + 0.44 47.20 + 3.14
Bayoxide® 1.79 + 0.02 15.30 + 0.28 34.50 + 0.88
OxPFel 2.27 £0.05 10.40 + 0.36 34.80 £ 1.73
OxPFe2 0.883 £ 0.002 2.08 + 0.01 27.70 £ 0.54

With the exception of OxPFe2, which was finer than the other solids, the results
showed similar sizes in the microscopic range, which means that adsorption studies will
not be altered by size effects. As could be seen, the term nano in nanohematite refers to the

nanostructure and not to the size.
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Figure 4. Scanning electron micrographs of (A) nanohematite, (B) Ultrasonicated Bayoxide®,
(C) OxFPel, and (D) OxPFe2.

The pHpzc for every studied solid in this investigation was determined by the im-
mersion technique (see Section 2.5). The point of zero charge has an important effect on
arsenic adsorption by determining the net zero charge on the solid surface. The corre-
sponding pHpzc values were calculated (see Figure S5) and are summarized in Table 4. At
pH < pHpyzc, the adsorbent has a positive charge, attracting more anions, like in the case
of arsenate. If the pH > pHpyc it causes a negative charge surface and, in consequence,
unfavorable performance in the adsorption of arsenate. The speciation of arsenate as a
function of pH also plays a role in these interactions.

Table 4. pHpyc Values Estimated for the Adsorbents Using the Immersion Technique.

Adsorbent pHpzc Validity Range *
Nanohematite 42 3-10
Bayoxide® 8.2 4-10
OxPFel 5.7 3-11
OxPFe2 5.8 3-10

Note: * Range in which exists linearity between ApH vs. initial pH.

3.2.5. Theoretical Speciation of Supernatant AMD and Mass Balance of Precipitates

The Agion software 8.2.6 was used to predict the main dissolved species and mineral
phases in chemical equilibrium and those phases that have precipitated. For this, the
analytical concentration of the total amount of calcium, aluminum, sulfate, and iron, as
well as pH and redox potential for AMD1 and AMD?2 from Table 1, were introduced as
inputs in the software.

As the first step, the software analyzed the charge balance between anions and cations
in the input data (solution 1). For both cases (AMD1 and AMD?2), the charge balance
was not balanced. For that reason, a second solution, where the charge was adjusted by
adding more sulfate (10 meq L~ in the case of AMD1 and 26.9 meq L~! for AMD?2), was
introduced. It is important to note that for the Aqion software, the validity and quality of
the water analyses depend on the charge-balance error (CBE) and should be less than 5%.
After the sulfate compensation, the equilibrium solution was supersaturated, and some
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minerals precipitated. The precipitation caused the final pH to increase while the redox
potential was maintained (solution 3).

AMDI1 and AMD2 had as their main dissolved species Ca%t, CaSOy, and S0,4%~, but
differed in the case of aluminum species due to the pH. AMD1 (with a higher pH than
AMD?2) showed hydrolyzed species (AI(OH);~, AI(OH)3, and Al(OH),"), while AMD2
showed AI** and AISO** dissolved species.

In order to determine the main precipitation phases, the Agion software calculates
the saturation index (SI). If this value was >0, the solution was supersaturated, and in
consequence, the mineral would precipitate, giving a final SI = 0. Values far away from
0 indicate that precipitation of the phase is unlikely. Due to the uncertainty of the ionic
strength and its effect on equilibrium, phases in the range —1 to 1 are described as the most
probable phases. AMD1 solutions showed aluminum and iron amorphous hydroxides
(Al(OH)3; Fe(OH)3) as precipitated minerals, and AMD?2 simulation solutions evidenced
gypsum (CaSO4-2H,0) as a precipitated mineral (S = 0).

Additionally, other potential precipitated phases (SI > 0) that were common in AMD1
and AMD?2 were goethite (FeOOH), hematite (Fe,O3), and diaspore (AIOOH). PFE-AMD1
solutions also showed alkaline phases such as magnetite (Fe3Oy), gibbsite (Al(OH)3, and
boehmite (AIOOH), while AMD2 solutions showed jurbanite (AISO,OH-5H,0). These
phases match the dissolved species explained previously. As it could be seen, goethite
and hematite were phases that could be present, and that is because they were chosen
for arsenic adsorption comparison. As it was observed in the XRD spectra, gypsum was
the identified solid for both analyzed AMD samples, confirming the information of the
precipitated phase under the experimental conditions discussed above. The precipitation
of amorphous phases such as Fe(OH); and Al(OH)j3 is also compatible with XRD results,
which are sensitive to crystalline species.

Thus, considering the information about the theoretical speciation of solid phases and
the results of Table 2, a mass balance speciation model based on stoichiometry has been
used (see Section 2.6). This model allows us to identify the number of phases in OxPFel
and OxPFe2.

The mass balance results indicated that AI(OH)3; and Ca(OH), (or CaCO3) were
estimated as having zero mass % contribution. The absence of Ca(OH); and CaCOj is
coherent with the acid-neutral equilibrium pH found in the supernatants, and the lack of
Al(OH)3 seems to be due to the competence with jurbanite. The quantified phases obtained
by mass balance are shown in Table 5.

Table 5. Stoichiometric mass balance model to explain phases in OxPFel and OxPFe2 solids.

Phases . o

(Mass %) Gypsum Fe(OH);3 Jurbanite Total (%) SSeir
OxPFel 60.7 224 10.0 97.3 <0.01
OxPFe2 54.0 224 17.3 97.3 0.56

The results showed an important percentage of gypsum, which matches the XRD and
SEM results and could explain the observed pale orange color of the precipitates. The
higher amount of jurbanite in OxPFe2 vs. OxPFel is consistent with the lower pH observed
in AMD2 vs. AMDI1. This effect is described in the literature [57]. The total amount of
species accounted for the mass balance was 93.7% of the composition of the solid, with a
low error.

The mass balance results of gypsum and jurbanite were the same if Fe,O3 or FeOOH
were used instead of Fe(OH)s3, but the percentage explained was lower. The jurbanite %
was the same if AIOOH was used instead of A1(OH)j3.

3.2.6. Batch Adsorption Experiments

In Figure 5, the experimental data for As(V) adsorption using nanohematite, Bayoxide®,
OxPFel, and OxPFe2 are presented. Moreover, the maximum adsorption capacity (§max)
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and Langmuir constant (b) for the interaction between As(V) and all the adsorbents and
their product (gax-b), which represent the slope of the linear model at very low concentra-

tions, are shown in Table 5.
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Figure 5. Experimental data and Langmuir adjustment for As(V) adsorption isotherms using
(A) Nanohematite, (B) Bayoxide®, (C) OxPFel, and (D) OXPFe2.

It is important to note that in the case of Langmuir adjustment, using all the adsorbents,
the reached values of C, (mg L™1), using As(V) C, values of 50 and 100 ug L~!, were
discarded in order to have a better adjustment to the model.

These background C, values between 1 and 6 pg L' could be due to the arsenic release
mechanism, describing a possible equilibrium between As releasing and adsorption mechanismes.

Results from Table 6 show better g,y values for OxPFel, similar g,y results for
OxPFe2 and Bayoxide, and lower values for nanohematite.

Table 6. Maximum adsorption capacity (max), Langmuir constant (b), and its product were estimated
using the nonlinear regression of the adsorption isotherm experimental data.

Adsorbent Gmax (mg g™1) b (Lmg™1) SSerr Gmax-b (L g™1)
Nanohematite 5.06 149.62 0.67 757
Bayoxide® 17.40 24.94 9.21 434
OxPFel 24.84 9.04 29.9 224
OxPFe2 17.95 4.81 20.9 86

For arsenate adsorption, values of g,y in the range 0.2-4 mg g~ ! for hematite at
pH =4-6 have been described in the literature [42,58]. The use of Bayoxide for arsen-
ate adsorption showed to be optimal at pH 4 to 6, giving values of gy in the range
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20-40 mg g~ [59]. As can be seen, the values from these references are close to the ob-
tained values.

In the case of precipitates, the composition could be based on ferric hydroxide, as in the
case of GFH or gibbsite (aluminum hydroxide), with respective values of g,y = 8.5 mg g~ !
and Gax = 4.6 mg g~ ! [42]. Similar values have been obtained for the mentioned phases
in several reviews about As(V) adsorption [60,61]. It has to be remembered that the
precipitates were mixed with gypsum and other phases, and thus, the g,,,x observed refers
to the mass of the mixture instead of a unique phase.

The two precipitates reached saturation g,y at a higher concentration than the com-
mercial adsorbents (b values much lower than the commercial adsorbents).

These results are interesting because they show a different behavior when dealing
with high concentrations of arsenic (e.g., AMD) compared to very low concentrations
(e.g., low-impacted groundwater or surface water). For very low concentrations, the
product gumax. b better expresses the performance of equilibrium adsorption. For this very
low concentration case, Table 6 shows that the commercial adsorbents will work better than
the obtained precipitates as they present a higher slope.

It must be taken into account that at very low levels of arsenic, there is an additional
limitation with the possible arsenic released from the precipitates when changing pH-redox
conditions [52], and thus the obtained precipitates cannot be applied to ensure this removal
at low levels of arsenic.

Experimental graphics to observe the pH and ORP behavior before and after putting in
contact the As(V) solutions and the studied solids are shown in Figure S6 in Supplementary
Materials. The results indicate that the pH range in all experiments was 4-6 and the
ORP was in the range of 270-400 mV. Taking this information (pH, redox conditions, and
total arsenic concentration), the software SPANA (version 2020-June-08) [62] was used to
elaborate a fraction diagram (see Figure S7 in the Supplementary Materials). As it could
be seen, despite the variation in conditions, the predominant species was HyAsO4™ in
accordance with previous references [42,52].

3.2.7. Adsorption Mechanisms

The study of the interaction between the aqueous species (HyAsO4 ™) and each dif-
ferent adsorbent under equilibrium conditions has to be assessed to establish adsorption
mechanisms. Stumm and Morgan [63] and Drever [64] presented the mechanistic models for
the adsorption of inorganic anions onto metal (Me) hydr(oxide) as a surface complexation
model that is valid, among other things, for iron (hematite, goethite, and iron hydroxide)
and aluminum (y-alumina, gibbsite) minerals. For these solids, at pH values below pHpyzc
the speciation of the surface of the adsorbent is neutral (=Me-OH) and partially positively
charged (=Me-OH, ™), and at pH values above pHpyc, it is neutral (=Me-OH) and partially
negatively charged (=Me-O™).

In the case of nanohematite (Figure S6 of Supplementary Materials), it could be seen
that adsorption takes place mainly at pH above pHpzc, which means that the expected
charge of the solid was negative. In the rest of the cases (Bayoxide, OxPFel, and OxPFe2),
the pH was above pHpyzc, giving the adsorbents a positive charge. This behavior will
explain the lower g4y obtained in nanohematite vs. the rest of the adsorbents because the
adsorbent and the arsenic species had the same charge.

The potential mechanisms of complexation for anions as arsenate at pH 4-6 [63]
include monodentate complexation, deprotonation of the ligand at the surface, and
bidentate complexation:

=Me-OH + HyAsO;~ <3 =Me-HyAsOy + OH™ (11)
=Me-H,AsQ, ++ =Me-HAsO,~ + H* (12)

2 (=Me-OH) + HyAsO,;~ «+ (=Me),-HyAsO4* +2 OH™ (13)
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Mechanisms involving a combination of expressions (11) and (12) for ferric hydroxide
have been reported in the literature at pH 2-6 [65] from FTIR and zeta potential characteri-
zation. Reference [66] for akageneite (3-FeOOH) demonstrated, using FTIR and EXAFS,
that bidentate complexes (as the ones of expression (13)) were formed only with a pH above
6. A review of the use of FTIR to elucidate the adsorption of arsenates onto several iron
oxides [58] showed bidentate complexation for hematite at pH = 4 and for ferrihydrite at
acidic-neutral pH.

4. Conclusions

The present paper has shown that AMD precipitates could be useful for As(V) ad-
sorption. The study of the adsorption of the precipitates and two commercial reference
adsorbents (nanohematite and Bayoxide) showed that the precipitates exhibit similar or
higher g,,x values than Bayoxide, but lower b values, which indicate saturation after higher
equilibrium concentrations.

In terms of efficiency of As(V) adsorption, this means that at very high concentrations
of As(V), these precipitates (after a complementary, detailed study about kinetics, break-
throughs and scaling up) could replace the commercial adsorbents. On the contrary, the
results at very low concentrations of As(V) would show better efficiency for commercial
adsorbents due to adsorption equilibrium and the fact that some As from AMD precipitates
(either adsorbed or forming phases as scorodite) could be released. Gypsum has been
identified as the main component of the two precipitates by XRD and EDX, and amorphous
iron hydroxide has been estimated as the likely phase described in the literature of coagula-
tion and precipitation. In the case of aluminum phases, mass balance matched well with
jurbanite, which was more abundant in the case of OxPeF2 (due to the lower pH of the
supernatant) vs. OxPeF1, but speciation of OxPeF1 with software Aqion 8.2.6 pointed to
Al(OH);3 phases.

The theoretical arsenic species in the supernatants as well as in the adsorption ex-
periments is HyAsO, ™, based on many pH and ORP measurements. The adsorption was
performed below pHpzc in the case of Bayoxide, OxPeF1, and OxPeF2, and above pHpzc
in the case of nanohematite. Under this situation, hematite is expected to have a negative
charge as the As species, which could explain the lower g4y values vs. the other adsorbents.
Future work will address testing kinetics, scaling up results, and conducting an economic
study for comparison with commercial sorbents.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/w15183179/s1. Table S1: ICP-OES limits of detection for every element
concentration presented in Pefia del Hierro AMDO0, AMD1, and AMD2. Figure S1: Energy dispersive
X-ray (EDX) mapping analysis of nanohematite. Figure S2: Energy dispersive X-ray (EDX) mapping
analysis of Bayoxide®. Figure S3: Energy dispersive X-ray (EDX) mapping analysis of OxPFel.
Figure S4: Energy dispersive X-ray (EDX) mapping analysis of OxPFe2. Figure S5: Calculated
point of zero charge (pHpzc) using the immersion technique for (A) Bayoxide®, (B) nanohematite,
(C) OxPFel, and (D) OxPFe2. Figure S6: pH and oxidation redox potential (ORP) values before and
after putting in contact the studied solids and the As(V) solutions (A,B) Bayoxide; (C,D) Nanohematite;
(E,F) OxPFel, and (G,H) OxPFe2. Figure S7. Theoretical aqueous speciation of As(V) as a function of
adsorption conditions (redox potential (ORP) = 0.35 V, total As(V) corresponding to 3.7 mg/L).
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