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Abstract: The present study compares the adsorption capacity of iron-based minerals in removing
As(IIl) from aqueous solutions. The work contains the results of studies carried out on a laboratory
scale. The synthetic material was used in three forms as akaganeite, goethite and magnetite. To
characterise the minerals before and after adsorption of As(Ill), specific surface area, particle size
distribution, density, and zeta potential were determined. Additionally, digital and optical
micrographs, SEM, and FTIR analyses were performed. In the experimental part, the influence of the
main parameters on the adsorption efficiency was investigated (pH, initial concentration, contact time,
and amount of adsorbent). Adsorption isotherms were fitted by Freundlich, Langmuir, and Dubinin-
Radushkevich models. Pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle
diffusion (IPD) models were used to fit the kinetics data. Linear regression was used to estimate the
parameters of isotherm and kinetic models. FTIR measurements gave helpful information on the
synthesised minerals and the As(Ill) removal process. Results show that As(Ill) adsorption is related
to the iron-based adsorbents, and adsorption efficiency increases in the following order: goethite <
magnetite < akaganeite.
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1. Introduction

Arsenic is present in almost all Earth’s subsystems and, in terms of prevalence, ranks twentieth among
the elements found in the earth's crust. It forms part of more than two hundred minerals, the best
known of which is arsenopyrite (Bhandari et al., 2012). In the aquatic environment, depending on the
pH and the prevailing oxidation-reduction conditions, arsenic can occur in compounds on -3, 0, +3
and +5 oxidation levels. In groundwater, due to the anaerobic conditions, arsenic is most often present
in the form of H3AsOs, H3AsOs, H3AsOs%, AsOs?, while in well-oxygenated surface waters it occurs
mainly in the forms H3AsO,, HoAsOy, HAsO4? and AsO4% (Mondal & Garg, 2017; Hao et al., 2018).
Contamination of natural water resources with toxic arsenic compounds is often associated with
the mining industry, in particular with the exploitation activities of gold or copper mines (Eisler,
2004). A serious threat to the environment, related to the process of extraction of these metals, is the
discharge of significant amounts of wastewater containing large quantities of arsenic ions into
receiving bodies of water. Acidification of these waters and their considerable salinity caused by the
presence of sulphate ions is also a problem (Wolkersdorfer & Bowell, 2005). Therefore, an appropriate
level of treatment and continuous monitoring of the composition of mine waters discharged to
receivers in the area where mining works are carried out is fundamental to preserve local ecosystems.
The intensification of activities for sustainable development and operativeness of the mining
industry observed in recent years is connected with raising environmental protection standards and
introducing mining processes at a high technological level that are more environmentally friendly, but
at the same time, are cheap and safe. Mining companies are thus forced to look for sufficiently
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effective water and wastewater treatment methods to reduce the negative impact on the aquatic
environment.

Most popular, precipitation methods are mainly used to remove arsenic compounds from
wastewater from the mining industry (Langsch et al., 2012). Much attention is paid to adsorption and
ion exchange processes, which are primarily used to purify or treat water containing small amounts of
arsenic. Among the available adsorption and ion exchange materials for removing As(Ill) and As(V),
an important group are materials primarily composed of iron compounds. The literature has
repeatedly confirmed the suitability of iron oxides and hydroxides for the treatment of water and
wastewater containing toxic arsenic compounds (Daus et al., 2004; Kanel et al., 2005; Deliyanni et al.,
2009; Kolbe et al., 2011; Ghosh et al., 2012; Szlachta & Wéjtowicz, 2016; Hao et al., 2018; Polowczyk et
al., 2018; Ajith et al., 2021). Additionally, there are many reports in the literature showing the use of
iron-based adsorbents to remove other toxic anions, heavy metal ions or organic compounds (Mustafa
et al., 2004; Wang et al., 2010; Mohapatra et al., 2010; Kim et al., 2011; Zhao et al., 2012; Kyzas et al,,
2013; Lasheen et al., 2015; Dube et al., 2016; Nguyen et al., 2021; Shi et al., 2021; Szewczuk-Karpisz et
al., 2021).

When designing adsorption systems, it is necessary to know the adsorption kinetics, which
determines the process's rate. Most commonly, adsorbent-adsorbate interactions are approximated by
pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich or intraparticle diffusion models
(Ghosh et al.,, 2012). On the other hand, adsorption equilibrium are described by well-known
isotherms such as Freundlich, Langmuir, Freundlich-Langmuir, Radke-Prausnitz, Dubinin-Kaganer-
Radushkevich, etc. (Deliyanni et al., 2009). How given literature, Freundlich (Deliyanni et al., 2006)
and Langmuir (Kolbe et al., 2011; Mamindy-Pajany et al., 2011; Polowczyk et al., 2018) equations are
most commonly used to describe the adsorption equilibrium of As(Ill) on iron-based minerals.

This study evaluated the efficiency of As(Ill) adsorption from model aqueous solutions using three
synthetic iron compounds: akaganeite, goethite, and magnetite. The adsorbent dose, pH, contact time
and initial As(Il) concentration has been investigated. Additionally, the materials obtained before and
after As(IIl) adsorption were characterised to determine the probable mechanism of disposal of As(III)
ions.

2. Materials and methods
2.1. Synthesis of iron-based minerals
2.1.1. Akaganeite

An 8.11 g of FeCl; was dissolved in 500 cm? of deionised water (the initial pH of the solution was 1.1).
To the solution in a 2 dm? beaker, 0.1 M NaOH was slowly added until the pH of the mixture reached
about 10. During NaOH addition, the mixture was stirred using a magnetic stirrer. After getting the
required pH, the mixture was stirred for 1 hour. The precipitate formed was separated from the
solution by centrifugation. The separated residue was then washed with deionised water until
neutralised and finally dried in air at room temperature (25°C).

2.1.2. Goethite

A 1 M NaOH was dropped to a mixture of 0.5 M FeSO4 and 0.1 M Fe>(SO4)3 in a 1000 cm? beaker.
During the addition of NaOH, the solution was stirred with a magnetic stirrer. NaOH was added until
the pH of the mixture reached about 7-8. After getting the required pH, the mixture was stirred for
1 hour. The precipitate was then separated from the solution by centrifugation. The separated residue
was then washed with deionised water until neutralised and finally dried in air at room temperature

(25°C).

2.1.3. Magnetite

In 100 cm3 of deionised water 6.1 g FeCl3-6H>O and 4.2 g Fe;SO4-7H>O were dissolved and then heated
to 90°C. Once the desired temperature was reached, a mechanical stirring of the solution began, and
10 cm?® of ammonia water (25%) was added. The stirring was continued for another 30 minutes
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maintaining the temperature mentioned above conditions. After this time, the mixture was cooled to
room temperature. The black magnetite precipitate formed during the reaction was washed several
times with water and then maximally separated from it using neodymium magnet discs. The resulting
wet deposit of nanoparticles was dried at 40°C.

After drying, all synthetic products were gently crushed and ground with a mortar to obtain a
powder to facilitate dosing.

2.2. Characterisation of iron-based minerals

The specific surface area of synthetic iron-based adsorbents (akaganeite, goethite and magnetite) was
measured by the Brunauer-Emmett-Teller (BET) method for the helium/nitrogen mixture by using
a FlowSorb 2300 apparatus (Micromeritics Instruments Corp, Norcross, GA, USA). The particle size
distribution of the investigated materials was determined using an LS13320XR Particle Size Analyzer
(Beckman Coulter, Brea, CA, USA). The density of synthetic materials was determined using
a pycnometer. The images were taken using an Axio Imager.M1m optical microscope (Zeiss, Jena,
Germany) and a JSM-6610LV scanning electron microscope (JEOL Ltd., Akishima, Japan) after
sputtering the samples with carbon using an automatic coating machine JEC-530 (JEOL Ltd.,
Akishima, Japan). The chemical structures of three compounds before and after adsorption of As(III)
were monitored by infrared spectroscopy applying Fourier Transformation (FTIR) on a VERTEX 70v
spectrometer (Bruker, Billerica, MA, USA). The isoelectric point (pHipp) was determined by
electrophoretic zeta potential measurements using a Zetasizer 2000 (Malvern Instruments Ltd.,
Malvern, UK).

2.3. Adsorbate

Arsenic trioxide (As2Os) was used as the source of As(Ill) ions. A stock solution (1000 mg dm-3) was
prepared in deionised water in the presence of NaOH. The so-prepared solution was acidified with
2.0 mol dm- HCl and diluted to 1 dm3 with deionised water.

2.4. Analysis

The concentration of As(Ill) was analysed spectrophotometrically using UV-visible spectrophotometer
Evolution 201 (Thermo Fisher Scientific, Madison, USA) by means of the molybdenum blue method,
according to standard procedure. The adsorption As(Ill) capacity of adsorbents was calculated using
the equation (1):
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The percentage removal of As(Ill) was calculated using equation (2):
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2.5. Adsorption studies

All the adsorption studies were carried out using the batch method at room temperature for 24 hours.
The effect of pH experiment was carried out using 25 mg of an adsorbent (akaganeite, goethite or
magnetite) introduced into 10 cm? of an aqueous solution of As(Ill) with a concentration of 100 mg
dm-3, the pH of the solutions ranged between 2-12. The pH adjustment of the aqueous As(I1I) solutions
was performed with 0.1 M HCl and 0.1 M NaOH using a pH meter (Elmetron CX-505). The effect of
adsorbent dose was studied by varying the amount of an adsorbent (akaganeite, goethite or
magnetite) from 5 to 100 mg for initial concentrations of 100 mg dm3. The effect of contact time was
conducted in batch mode by shaking 25 mg of an adsorbent (akaganeite, goethite or magnetite) with
As(III) solution (100 mg dm3). The As(IlI) concentration was monitored for 24 hours, starting from the
second minute of the process. The effect of initial As(IIl) concentration was carried out using 25 mg of
an adsorbent (akaganeite, goethite or magnetite), introduced into 10 cm? of As(IIl) solutions that
concentration was varied in the range of 1-100 mg dm=3.
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3. Results and discussion
3.1. Characterisation of iron-based minerals

The morphology and particle size of the produced iron-based minerals were observed using a digital
camera, optical and scanning electron microscope. The obtained images are shown in Fig. 1. The iron-
based minerals obtained by synthesis have standard colouration. Akaganeite is brownish-red, goethite
is yellowish-green, and magnetite is black. In addition, it was observed that magnetite is the only one
with magnetic properties that help separate the adsorbent from the solution. The particle size of iron-
based minerals is evident in optical microscope images. Particles several hundred nanometers in size
are visible next to aggregates of about a few tens of microns. Akaganeite has both fine particles and
larger particles (Fig. 1B). In contrast, the size and shape of goethite and magnetite are similar (Fig. 1E
and Fig. 1H). The particle size was confirmed by the particle size distribution analysis performed for
each mineral. The characteristic parameters of the particle size distribution are included in Table 1
along with the basic textural parameters of the obtained iron-based minerals.

Fig. 1. Images of synthetic iron-based minerals taken with a digital camera (A, D, G), an optical microscope (B, E,
H) and a scanning electron microscope (C, F, I); viewed from above: akaganeite (A-C), goethite (D-F) and
magnetite (G-I)

Table 1. Chemical and physical properties of synthetic iron-based minerals

Iron-based SSA* PSD** density

kurtosis skewness span (g cm) PHiep

minerals (m2g?) (mm)
dio 2.27

akaganeite 236.5 dso 18.8 13.0 3.11 4.95 3.45 82
doo 954
die 5.02

goethite 13.75 dso 20.3 291 1.86 36.5 437 6.9
doo 188.4
dio 5.69

magnetite 36.94 dso 50.8 3.29 448 429 5.35 7.7
doo 223.8

* SSA the specific surface area; **PSD the particle-size distribution
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Data in Table 1 indicate that akaganeite has the most developed specific surface area, followed by
magnetite, and goethite has the least developed specific surface area. Therefore, it can be emphasised
that using akaganeite will obtain higher process efficiencies than when using the other two materials.
The determined particle size distributions analysis shows that the produced iron-based adsorbents are
characterised by a wide particle size distribution (span > 4). Additionally, kurtosis and skewness were
determined. Kurtosis is a measure of the concentration of the obtained results. Its positive values
indicate that there is a leptokurtic distribution, i.e. a slender distribution. Skewness, on the other hand,
is a measure of the asymmetry of the distribution. Positive values suggest that the distributions are
right-skewed.

Zeta potential measurements are essential to determine the surface potential of these adsorbents.
The results showed that the negative charge and thus the negative potential increases with increasing
pH and reaches a pH 11.5 maximum value of —44.2, —41.7 and —32.8 mV for akageneite, goethite, and
magnetite, respectively. At acidic pH, the zeta potential of the tested iron-based minerals is positive.
At pH 3.5, it takes the highest value of +32.3. +18.2 and +15.2 mV for akageneite, goethite, and
magnetite, respectively. As informed by Schwertmann & Cornell and Hao & co-workers, iron minerals
usually have so-called points of zero charge at neutral pH, and therefore they are often used as
adsorbents for both anions and cations removal (Schwertmann & Cornell, 2000; Hao et al., 2018). For
synthetic iron-based adsorbents, the isoelectric point (pHicp) was found around 8.2, 6.9 and 7.7 for
akageneite, goethite and magnetite, respectively.

3.2. Adsorption analysis
3.2.1. Effect of adsorbent dose

The adsorbent dose effect is an important parameter that determines the amount of removal and
capacity of adsorption. The adsorbent dose for obtained iron compounds varied from 0.5 to 10 g dm-3.
Fig. 2 shown the impact of adsorbent dose on removing As(lll) from aqueous solutions and
adsorption capacity for akaganeite (a), goethite (b) and magnetite (c). As expected, As(IIl) removal
increased, and adsorption capacity decreased with the adsorbent dose. For the solution concentration
100 mg dm-3 of As(III), the maximum static uptake of As(Ill) by iron compounds (akaganeite, goethite
and magnetite) was achieved for the minimal possible adsorbent-to-solute ratio of 0.5 g dm- and was
124.2, 38.9 and 48.4 mgasum g of akaganeite, goethite and magnetite, respectively. The maximum
As(Ill) removal was about 96, 50 and 78 % of akaganeite, goethite and magnetite for the maximal
adsorbent-to-solute ratio of 10 g dm=3. All the relationships (Fig. 2) confirm that with increasing
adsorbent dose, the adsorption capacity decreases and the percentage removal increases. At a lower
concentration of the adsorbent, the number of active sites is larger. However, as the adsorbent dose
increases, it becomes tightly packed this can limit diffusion, as the adsorbate has limited access to all
free active sites, resulting in a general decrease in efficiency and adsorption capacity (Mondal et al.,
2008).
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Fig. 2. Effect of adsorbent dose at 100 mg dm-3 of initial As(Ill) concentration on: A - adsorption capacity of As(III)
and B - removal of As(III)
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3.2.2. Effect of pH

The effect of the pH of the initial solution on the adsorption of As(Ill) on iron-based minerals was
determined in the range from 2 to 12. The results are shown in Fig. 3. The highest As(III) removal from
aqueous solutions by iron-based minerals was obtained in acidic conditions (pH about 4). The highest
for akaganeite (62%), followed by magnetite (41%) and the lowest removal for goethite (27%). It was
also observed that as the pH of the solution increases, the removal of As(Ill) decreases. At alkaline pH
(10-12), the lowest degree of reduction was obtained. For akaganeite it is 19%, for magnetite it is 22%,
and for goethite it is less than 5%. A similar trend was observed by Mamindy-Pajany & co-workers,
who explored the adsorption of arsenic ions on various commercial iron-based adsorbents (Deliyanni
et al., 2009; Mamindy-Pajany et al., 2011). The results showed that higher As(Ill) removal occurs at
moderate pH values, i.e., in the range of 4.0-7.0. However, relatively low As(Ill) removal is seen at
high pH values. As is known, arsenic in aqueous solutions at different pH values can exist in various
forms (Hao et al., 2018), and its adsorption strongly depends on the surface charge of the adsorbent.
Therefore, the zero charge point (pHicp) of iron-based minerals was also determined to accurately
explain the behaviour of As(Ill) at different pH. The results showed that the obtained adsorbents have
PHiep of 8.2, 6.9 and 7.7 for akaganeite, goethite and magnetite, respectively (Table 1). All iron-based
materials have positively charged surfaces below the pHic, and negatively charged surfaces above.
Therefore, the decrease in percentage removal of As(Ill) at strongly alkaline pH where the surface is
negatively charged can be attributed to electrostatic repulsion because As(Ill) then exists in negative
forms such as H>AsOs- (Lee et al., 2015). In contrast, the decrease at a strongly acidic pH (up to 2.0) can
be explained by the fact that arsenic exists as the neutral form - H3AsO,, which makes removing
electrostatic attraction to the positively charged surface more difficult (Mudzielwana et al., 2020).
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Fig. 3. Adsorption of As(III) onto iron-based adsorbents as a function pH (100 mg dm-3; 25 °C; dose of adsorbent
25 mg)

3.2.3. Effect of contact time

The effect of contact time on removing As(Ill) from aqueous solution with the resulting iron
compounds was studied at an initial concentration of 100 mg dm=3 at room temperature. The
dependence of the percentage of removal on time is shown in Fig. 4. It can be seen there that the
percentage removal of As(Ill) from the solution by akaganeite, goethite, and magnetite increased
sharply with the contact time until the equilibrium was attained. As shown in Fig. 4, the adsorption
took place more rapidly in the initial stages and gradually slowed down as it reached equilibrium.
This behaviour is quite common due to the saturation of the available surface active sites. As(II)
removal was increased faster during the first 3 hours. After 24 hours, it reached 76, 32 and 42% for
akaganeite, goethite and magnetite, respectively. The experiments showed that the equilibrium was
reached only after 24 hours for all adsorbents. Therefore, it can be concluded that the active sites on
the surface of the adsorbents used were saturated.
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The rate-controlling step of adsorption of As(III) ions and investigation of the possible mechanism
was determined using three kinetic models. The rate constants were calculated using pseudo-first-
order (PFO) and pseudo-second-order (PSO) kinetic models. In contrast, the rate-controlling step was

determined using the intraparticle diffusion (IPD) model. The equations of these models are presented
in Table 2.
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Fig. 4. Adsorption of As(III) onto iron-based adsorbents as a function time (100 mg dm-3; 25 °C; dose of adsorbent
25 mg; pH 4.5)

Table 2. List of adsorption kinetics models used in this work

Kinetic model Equation Parameters Reference
Lagergren, 1898;
K ’ (Lagergren, 1898;
PFO log(q, — ) = log(ql)—( : ]-t 3) (g §°) Ho, 2004;
2.303 kq (min?) .
Qiu et al., 2009)
(Ho & McKay, 1999;
t__ 1 .t q2 (mg g) o
PSO ka2 (4) K R Ho, 2004; Qiu et al.,
ql 2 qz qZ 2 (g mg— min ) 2009)
(Weber & Morris, 1963;
-1 min-1/2 i .
IPD G = kIPD 42, B ) kirp (mg g1 min-1/2) . Qiu et al., 2099,
B (mg g1) Tsibranska & Hristova,
2011)

Based on the high values of the coefficient of determination (R?), it can be concluded that the
experimental data obtained during the study of the kinetics of As(Ill) adsorption on iron-based
minerals are better described by the pseudo-second-order model than by the pseudo-first-order
model. The calculated values of the adsorption capacity from the pseudo-second order model (g7.) are
closer to the experimental values (gexy) than from the pseudo-first order model (g1), thus indicating the
chemical nature of the As(Ill) removal process in the studied systems rather than the physical one. The
calculated parameters were presented in Table 3.

Table 3. Kinetic parameters of pseudo-first-order (PFO) and pseudo-second-order (PSO) models

PFO PSO
Iron-based Gexp g1 k1 R2 q2 ky h R2
minerals  (mgg’) (mgg!) (min) O | (mgg) (gmgimin  (mggimin ()
) )
akaganeite 30.69 29.89 4.28-103 0.868 31.15 4.24-104 0.411 0.992
goethite 12.94 13.93 4.35-103 0.871 13.36 7.44-104 0.132 0.991
magnetite 16.78 15.72 4.27-108 0.872 16.93 8.66-104 0.248 0.992
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Additionally, the initial adsorption rate defined as h=k:q2> was calculated. This parameter was
calculated from pseudo-second-order process rate constants and are 0.411, 0.132 and 0.248 mg g-! min-!
for akaganeite, goethite and magnetite, respectively. They indicate a faster As (III) adsorption process
on akaganeite than on the other two adsorbents.

The limiting step of the As(Ill) adsorption process on iron-based minerals was determined using
the Weber-Moris interparticle diffusion model (Weber & Morris, 1963). The equation of this model
was presented in Table 2. The kinetics of intraparticle diffusion was illustrated in Fig. 5 as the
relationship of g,=f(t¥2). If adsorption occurred solely by intraparticle diffusion, then the relation
q=f(t2) would be rectilinear throughout, and the curve would pass through the origin of the
coordinate system. The lack of linearity (broken line on the graph) indicates, in turn, that several
processes are involved in the adsorption process and not only intraparticle diffusion. The first steep
section corresponds to adsorption on the external surface of the adsorbent grain or the immediate
adsorption stage. The second section corresponds to a gradual, gentle adsorption stage, where
intraparticle diffusion is the stage that controls the rate of the entire adsorption process (Allen et al.,
1989). As shown in Fig. 5, none of the curves are passing through the origin of the coordinate system,
suggesting that intraparticle diffusion is not the only limiting step in the process of As(Ill) adsorption
from aqueous solutions on iron-based minerals. In addition, the dependence of qt on t'/2 over the
whole time range considered was not rectilinear, clearly indicating that the adsorption rate depends
not only on intraparticle diffusion. The calculated kipp values for individual stages and each adsorbent
are summarized in Table 4.
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Fig. 5. Intraparticle diffusion model of As(III) adsorption on iron-based minerals (100 mg dm=3; 25 °C; dose of
adsorbent 25 mg; pH 4.5)

Table 4. The calculated kipp values for individual stages of the intraparticle diffusion (IDP)

Iron-based kipp1 kipp2 kipps
minerals (mg g min-1/2) (mg g1 min-1/2) (mg g1 min-1/2)

akaganeite 0.180 0.0292 0.0141
goethite 0.133 0.0179 0.0058

magnetite 0.292 0.0162 0.0101

The calculated kipp values for individual stages and each adsorbent are summarized in Table 4. The
analysis of the obtained results suggests that the limiting stage for the As(llI) adsorption process on
akaganeite, goethite and magnetite is the third stage. The kipp values for each of the adsorbents used
are lowest in the third stage and indicate that this stage affects the whole process.
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3.2.4. Effect of initial concentration

The initial concentration of the various ions is an essential driving force to overcome any resistance to
mass transfer between the aqueous and bulk phases. At lower concentrations, all ions in the solution
can interact with the adsorbent's binding sites; therefore, the adsorption capacity increases rapidly
with increasing initial concentration. At higher concentrations, the adsorption capacity is almost
constant due to the saturation of the adsorption site. The Freundlich, Langmuir and Dubinin-
Radushkevich isotherm models were used to describe the equilibrium data in this study (Deliyanni et
al., 2009; Wang & Guo, 2020). The equations of these models are presented in Table 5. Adsorption
isotherms are given in Fig. 6. The calculated parameters of adsorption isotherms along with the
coefficient of determination (R?) are summarized in Table 6.

From obtained isotherms (Fig. 6) and the values of the coefficient of determination (R?) for selected
isotherm models, it can be concluded that the accuracy of the adsorption isotherm models for As(III)
removal on iron-based minerals is as follows: Dubinin-Radushkevich > Freundlich > Langmuir.

Using the traditional approach of determining the isotherm parameters by linear regression and
evaluating the best-fit form of the isotherm using the R2 value (Table 6), the Dubinin-Radushkevich
isotherm was found to provide the best description and analysis of the experimental data among the
models used. Since the best fit to the experimental data was obtained using the DR isotherm equation,

Table 5. List of adsorption isotherm models used in this work

Isotherm model

Equation Parameters Reference
kr ((dm3)1/n me-1/n)
. 1/n (¢ ) & (Freundlich, 1906;
Freundlich d. =kg -C, 6) g1)
Wang & Guo, 2020)
1 ()
L ) q, = q. -k _-c, ) ki (dm3 mg-1) (Langmuir, 1916;
angmuir e =
& 1+k -c, g (mg &) Wang & Guo, 2020)
_ 2
0. = Gor - X[ kor - &°) ®) .
Dubini kpr (mol? kJ-2) (Bering et al., 1972;
ubinin-
Radushkevich c gor (mg g1) Foo & Hammed, 2010;
adushkevic .
&=RTIn| 2 e (k] mol-) Benzaoui et al., 2017)
C, 9
40 A 18 ~ % c
s - ® experimental data e @ experimental data "o
g —— reundlich H 1 Freundlich i 20
=30 - —--Langmuir =M — - = Langmuir =
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Fig. 6. Adsorption isotherms of As(III) onto akaganeite (A), goethite (B) and magnetite (C) (5-100 mg dm-3; 25°C;
dose of adsorbent 25 mg; pH 4.5)

Table 6. Parameters of isotherm adsorption models

Freundlich Langmuir Dubinin-Radushkevich
Iron-based ke 1/n R2 ki qr R2 kpr qDR R?
minerals ((dm3)1/n ) ) (dm*mg?)  (mgg?) () | molPk?) (mgg?) ()
mg(1-1/n) g-1)
akaganeite 30.7 1.47 0.9851 0.030 13.2 0.9560 | 6.18-105 453 0.993
goethite 12.9 1.38 0.9742 0.015 6.69 0.9301 | 7.91-105 144 0.996
magnetite 16.8 0.985  0.9895 0.006 49.1 0.9856 | 4.69-10-5 16.5 0.990
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the free energy was determined based on the kpr parameter and the equation (10) (Foo & Hammed,
2010):
1
~ oo (10)
The free energy (E) gives information whether the adsorption type is physical adsorption, ion-
exchange or chemical adsorption. If the magnitude of E is lower than 8 k] mol! the adsorption process
is of a physical nature, where E is between 8 and 16 kJ mol?, the adsorption process follows by ion-
exchange, and for the greater than 16 kJ mol! is chemical adsorption (Benzaoui et al., 2017). The
obtained results suggest that the adsorption of As(Ill) on each of the adsorbents is chemical in nature
(E > 16 k] mol). The free energy for akaganeite, goethite, and magnetite amount to 89.9, 79.5 and
103.2 k] mol-.

3.3. Possible As(III) adsorption mechanism onto iron-based minerals

According to the literature, characteristic bands for individual iron-based minerals can be observed by
analysing the FTIR spectra. In Table 7 typical bands for akaganeite, goethite and magnetite are
presented (Fu & Quan, 2006; Chirita et al., 2012; Al-Jabri et al., 2018; Ciftcia et al., 2017; Veneranda et
al., 2018; Deliyanni et al., 2006; Schwertmann & Cornell, 2000; Zhang & Jia, 2014).

The FTIR spectra of the prepared iron-based minerals before and after As(Ill) adsorption was
shown in Fig. 7. Analysis of FTIR spectra allows identification of the probable mechanism of As(II)
adsorption onto iron-based minerals. No change in the structure of synthetic minerals is observable
when analysing FTIR spectra before and after adsorption of As(III).

Table 7. Assignment of FTIR absorption bands of the iron-based minerals

Iron-based minerals Adsorption bands Interpretation
648 and 693 cm-! vibration of hydrogen bonds
akaganeite 844 cm-1 chlorine ions in akaganeite
1620 cm? band from water molecules
3385-3470 cm! -OH band vibrations
615-905 cm-! stretching vibration FeO
goethite 798 cm-! characteristic vibration of goethite
1650 cm? band from water molecules
3136-3431 cm?! -OH band vibrations
FeO bands (characteristic bands of
588 cm-1 .
magnetite 1630 cm! magnetite)

band from water molecules

3430 cm-1
om -OH band vibration

All samples (akaganeite, goethite and magnetite) before As(Ill) adsorption had absorption bands in
the range 3200-3400 cm™ and 1630 cm ! corresponding to -OH and H>O vibrations, respectively. Most
of the bands allowing the identification of iron groups on the FTIR spectrum are in the range of 1000-
450 cm™. In the FTIR spectra of all minerals after As(IlI) adsorption, an increase in the intensity of the
peaks both at 3300 cm™, 1630 cm™, and in the range of 450-1200 cm™ can be observed. In addition, it
can be concluded that akaganeite is the most stable mineral because no significant changes in the FTIR
spectrum were observed. The characteristic bands are stronger but have not shifted. On the other
hand, subtle band shifts can be observed in the spectra of goethite and magnetite.

In order to understand the removal of As(Ill) ions by iron-based minerals, it is necessary to
determine the adsorption mechanism. According to current knowledge, in addition to process
parameters such as pH, temperature, initial concentration of As(IIl) in solution, the adsorbent plays an
important role in the adsorption mechanism. As reported by Shi and co-workers, the adsorption
mechanism on hydrated iron oxide can be of both cationic and anionic exchange based (Shi et al,,
2021).
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Analysis of the obtained results and literature reports indicate that iron-based minerals are effective
As(Ill) adsorbents. As reported by Ajith & co-workers and Bhandari & co-workers, the adsorption
mechanism of As(IIl) on goethite is similar to that of As(IIl) on hematite. The researchers showed that
there is then a redox reaction between As(Ill) (oxidation) and Fe(Ill) (reduction) (Bhandari et al., 2012;
Ajith et a., 2021). For the mechanism of As(Ill) adsorption on magnetite, Liu & co-workers indicated
that As(IIl) on the magnetite surface forms tridentate hexanuclear corner-sharing complexes (Liu et al.,
2015). Whereas Otte & co-workers reported that stable monodentate or bidentate binuclear complexes
are formed during adsorption of As(IIl) on akageneite (Otte et al., 2013).

P

=77 G+ AsI) '

Iransmitance (%)

A+ As(TIT)

3400 2900 2400 1900 1400 900 400

Wavenumber (cm)

Fig. 7. FTIR spectra of synthetic iron-based minerals before and after As(IIl) adsorption: A - magnetite;
B - goethite; C - akageneite

4. Conclusions

Within the present studies, the As(Ill) adsorption on synthetic iron-based minerals (akageneite,
goethite and magnetite) was assessed. For this purpose, adsorption experiments were performed
under different physicochemical conditions (pH, adsorbent dose, initial As(III) concentration and
contact time). Results showed that As(IIl) adsorption rate is related to pH values and initial As(III)
concentrations. As(IIl) adsorption is favoured under acidic pH values and rapidly decreases in basic
medium. Adsorption efficiency increases in the following order: goethite < magnetite < akaganeite.
The As(Ill) removal efficiency difference of studied materials can be explained by the dissimilarity in
specific surface area which is the greatest for akaganeite and the lowest for goethite. Another
parameter that could be worth investigating to explain these differences is how iron content of these
materials influences the efficiency of As(IIl) removal. The PSO model describes the adsorption kinetics
of As(Ill) onto iron-based minerals better than the PFO model. The IPD model suggested that
intraparticle diffusion is not the only rate-limiting step in As(Ill) adsorption on iron-based minerals.
The study of the isotherms adsorption on iron-based minerals is best described by the Dubinin-
Radushkevich isotherm model (R? > 0.99). The obtained free energy suggests that the adsorption of
As(I1I) on each of the adsorbents is chemical in nature.

Nomenclature

t time (min)
e the amount of Cr(VI) adsorbed at equilibrium (mg g1)
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qr the amount of Cr(VI) adsorbed at time t (mg g1)

Ce the equilibrium concentration of Cr(VI) (mg dm™3)

co the initial concentration of Cr(VI) (mg dm=3)

m the adsorbent mass (g)

1% the solution volume (dm3)

q1 the adsorption capacity of Cr(VI) at equilibrium for pseudo-first-order model (mg g1)

k1 the rate constant of pseudo-first-order model (min-1)

q2 the adsorption capacity of Cr(VI) at equilibrium for pseudo-second-order model (mg g1)

k2 the rate constant of pseudo-second-order model (g mg-! min-)

kipp  the intraparticle diffusion rate constant (mg g=! min-1/2)

B the parameter related to the thickness of the boundary layer (mg g1)

ke the Freundlich constant indicative of the relative adsorption capacity of the adsorbent ((dm3)t/»
mg(1-1/n) g-1)

n the Freundlich equation exponent (-)

qr the maximum adsorption capacity in Langmuir model (mg g1)

kr the Langmuir constant related to the energy of adsorption (dm3 mg™1)

R the universal gas constant (k] mol-1 K-1)

T temperature (K)

gor  the adsorption capacity in Dubinin-Radushkevich model (mg g1)

kpr  the Dubinin-Radushkevich isotherm constant (mol?2 kJ-2)

€ the adsorption potential based on the Polanyi’s potential theory (k] mol-?)
E the free energy (kJ mol-1)
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