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Abstract Zeolite and limestone were tested for their
capability of removing As and Fe from acidic water in
batch and column experiments. Synthetic acidic water
with 3 mg/L As and 50 or 100 mg/L Fe at pH = 2 was
used in the column experiments. In the batch experi-
ments, the As concentration, the mass of media, and the
contact time were varied between 0.2 and 5 mg As/L,
0.5 and 50 g, and 0.25 and 42 h, respectively. Maximum
As sorption capacity as indicated by the Langmuir mod-
el was 0.17 mg/g for zeolite and 1.3 mg/g for limestone,
at 18-h contact time and 6.3 g/L medium concentration.
Energy dispersive X-ray spectroscopy and X-ray pho-
toelectron spectroscopy analyses revealed that As and
Fe were retained in zeolite at the end of the batch
experiments. The main factors affecting As and Fe
removal efficiency and pH raising capacity were the
contact time and the media concentration. This was
confirmed in the column experiments, since zeolite

and limestone columns presented 99% As removal,
under a hydraulic loading rate of 21.8 mm/day.
However, limestone columns presented a higher Fe
removal: 99 versus 73% for zeolite. The results indicate
that limestone could be more appropriate than zeolite
when As and Fe are present under acidic conditions,
given its higher capacity to remove both As and Fe and
to raise pH.
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1 Introduction

Arsenic (As) is well known for being carcinogenic,
causing bladder, lung, and non-melanoma skin cancer
when ingested via drinking water (Marshall et al. 2007).
About 100 million people in the world are at risk be-
cause of exposure to As concentrations over 10 μg/L,
the WHO drinking water guideline value (Singh et al.
2015). The presence of As in natural waters is a world-
wide problem, with Bangladesh, China, India, the USA,
Chile, andmany other countries affected (Jain and Singh
2012).

In northern Chile, in the Lluta River basin, the Azufre
River presents high levels of As and also iron (Fe) at
acidic pH, due to the influence of the Tacora volcano
and the legacy of sulfur mining. In fact, acid mine
drainage (AMD) is observed at the foot of mine tailings
located on the Tacora crater and its western flank (Leiva
et al. 2014).
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Many efforts have been made to develop various
arsenic remediation techniques (Sarkar and Paul 2016).
However, arsenic removal fromAMD has received little
attention because manganese (Mn) and iron often are
considered the main pollutants (Wallace and Knight
2006). In mine waters, As can be present in varying
concentrations, fluctuating between 0.005 and 72 mg/L
for pH values between 0.52 and 10 (Williams 2001).
Because arsenic is soluble across a wide pH range—a
major contrast from most heavy metals (ibid)—other
environmental factors must be taken into account to
elucidate As speciation, especially the presence of Fe
(Lizama A. et al. 2011a).

AMD is treated conventionally by adding finely
powdered limestone (CaCO3) or lime (Ca(OH)2) to raise
its pH, so the dissolved metals precipitate out as basic
metal carbonates or oxyhydroxides (Wang et al. 2003).
Limestone also has been employed as a fixed medium in
passive and semi-passive AMD treatment systems,
which include various limestone-based methods such
as limestone drains and wetlands (Cravotta III 2010).

Constructed wetlands are a Bgreen^ technology able
to remove a variety of pollutants, including metals and
metalloids such as As (Marchand et al. 2010). The main
application of constructed wetlands for heavy metals
removal has been in fact the treatment of AMD, for
which they have been employed around the world
(Zipper and Skousen 2010). Surface flow (SF) wetlands
have been the predominant treatment of choice (Kadlec
and Wallace 2009); therefore, less is known about the
performance of subsurface flow (SSF) constructed wet-
lands for this purpose. Because many of the heavy metal
removal mechanisms in wetlands treating AMD occur
in the substrate (Sheoran and Sheoran 2006), suitable
substrates that enhance the performance of SSF should
be further investigated.

Lately, SSF constructed wetlands have been further
investigated for their capability of removing As
(Rahman et al. 2011; Olmos-Márquez et al. 2012;
Schwindaman et al. 2014). In addition, it has been
shown that the supporting medium (substrate) has a
key role in this capability (Zurita et al. 2012). The use
of alternative media instead of conventional gravel me-
dia has been recommended but still not thoroughly
investigated. Limestone and zeolite have been very ef-
fective in vertical subsurface flow (VSSF) and horizon-
tal subsurface flow (HSSF) constructed wetlands
(Lizama Allende et al. 2011b, 2012, 2014). The use of
alternative media has raised other questions that must be

tackled; for example, the removal capacity of the media
itself and the changes on relevant water quality param-
eters related to the characteristics of the media, particu-
larly pH. This study will address these questions regard-
ing the use of limestone and zeolite.

Zeolite, as opposed to limestone, has been investigat-
ed mainly in laboratory experiments for AMD treat-
ment. Despite the fact that Motsi et al. (2009) concluded
that natural zeolite (clinoptilolite) has a great potential
for this purpose, it appears that zeolite has not yet been
employed in AMD treatment systems. As mentioned
previously, the target pollutants in these systems are Fe
and Mn rather than As; therefore, little is known about
the potential of zeolite and limestone for AMD treat-
ment with elevated As concentrations. The capability of
limestone for As removal has been documented (Davis
et al. 2007; Armienta et al. 2009, 2012; Romero et al.
2011). However, few studies have focused on the capa-
bility of limestone to remove As from acidic water in
batch reactors (e.g., Labastida et al. 2013) or as a filter
medium (e.g., Pagnanelli et al. 2011).

Different types of zeolites—natural, synthetic, modi-
fied—have been investigated for their As removal capac-
ity (Elizalde-González et al. 2001; Chutia et al. 2009;
Jeon et al. 2009; Šiljeg et al. 2012; Baskan and Pala 2014;
Bakatula et al. 2017). The typical approach has been to
vary keywater quality parameters (pH, As concentration)
so as to obtain sorption capacities under different condi-
tions. Few studies have focused on a particular kind of
water and very few on acidic waters (e.g., Li et al. 2011).
It appears that no study has investigated As removal by
natural zeolite under highly acidic conditions. The pres-
ent study will contribute to fill this gap.

To probe As speciation and association and removal
mechanisms, different techniques exist. X-ray photo-
electron spectroscopy (XPS) has been widely used to
characterize sorbent materials aiming As removal (e.g.,
Qin et al. 2016; Ocinski et al. 2016). However, it rarely
has been used to identify possible changes in As oxida-
tion state when As is sorbed onto zeolite. Up to now,
apparently only Šiljeg et al. (2009) and Simsek and
Beker (2014) have done so. Elucidating the fate of As
in complex water treatment systems such as constructed
wetlands has been suggested but still barely done, prob-
ably because As speciation analysis in the solid phase
remains a challenge (Liu and Cai 2007).

The objective of this study is therefore to quantify the
As and Fe removal capacity of zeolite and limestone
from highly acidic water. This capacity was studied in
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batch and column experiments. Other relevant water
quality parameters (pH, temperature, electrical conduc-
tivity, and dissolved oxygen) were monitored, alongside
Al, Si, Ca, and Mg concentrations, so as to evaluate the
effects on water quality when using these media under
different environmental conditions. This is a new ap-
proach compared to previous work on As removal using
both media in batch and column experiments. To the
authors’ knowledge, the performance of zeolite for As
removal under highly acidic conditions has not been
investigated, and despite the wide use of limestone in
AMD treatment, As removal from AMD has been bare-
ly investigated. We considered the case study of the
Azufre River in northern Chile, because it represents a
typical acid drainage with elevated As concentrations.
Findings from this study can be used to guide the design
of water treatment systems using limestone and zeolite,
giving further information on their role as main
supportingmedia in constructed wetlands for the remov-
al of As and Fe from acidic water. This study is part of a
broader study that will consider the use of these media in
constructed wetlands systems treating highly acidic con-
taminated water to enhance performance. In addition,
this study will give a first attempt to identify any possi-
ble changes in As and Fe oxidation states in zeolite,
aiming to compare with future analyses to be performed
in constructed wetlands.

2 Materials and Characterization

2.1 Media

Zeolite and limestone obtained from local suppliers
were employed. Their main characteristics are presented

in Table 1. Main chemical composition was provided by
the products datasheet, whereas the physical properties
were obtained in the Department of Civil Engineering,
Universidad de Chile. The porosity of zeolite and lime-
stone was calculated using the data from Table 1 and it
corresponds to 0.58 and 0.43, respectively.

To identify the presence and speciation of As and Fe
before and after exposure, the elemental chemical infor-
mation of natural zeolite and zeolite exposed to contam-
inated water in a batch reactor was obtained bymeans of
energy dispersive X-ray spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS). The exposed zeolite
sample was selected given the high removal of As
obtained in the corresponding reactor. For the EDS
analyses, a FEI Quanta 250 scanning electron micro-
scope (SEM) was employed. The XPS analyses were
obtained in a Physical Electronics System equipment
model 1257 using Al Kα emission (1486.6 eV).

2.2 Specific Surface Area and Mineralogy

Brunauer, Emmett, and Teller (BET) specific surface
area (Brunauer et al. 1938) was determined by N2

sorptometry on a Micromeritics ASAP 2010 equipment
after degassing the samples at 200 °C. Zeolite-specific
surface area was 49.8 m2/g, pore diameter was 5.55 nm,
and pore volume was 0.07 cm3/g. For limestone the
specific surface was 0.38 m2/g—within the range of
reported values; e.g., Canga et al. (2016)—and no data
regarding pore diameter or pore volume was obtained.

To verify the composition of the media, the crystal-
line minerals in zeolite and limestone were identified
using X-ray diffraction (XRD). A Bruker D8 Advance
diffractometer with a Cu anode (λ = 1.54 Å) was used.

Table 1 Main characteristics of
the media used in this study Zeolite Limestone

Description Clinoptilolite-mordenite Calcite

Main chemical composition 64% SiO2, 12% Al2O3,
3.4% CaO, 2.5% Fe2O3,
1.6% K2O, 0.66% MgO

95% CaCO3, 2.3% SiO2

Particle size (mm) 1.5–3 1–3.5

Minimum specific weight (kN/m3) 7.6 14

Maximum specific weight (kN/m3) 9.9 18.2

Specific gravity 2.17 2.7
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The scans were performed every 0.1 s with a scan step
size of 0.02° at 24 °C.

2.3 Synthetic Water

The case study of the Azufre River, northern Chile, was
selected for consistency with previous studies (Lizama
Allende et al. 2012; Lizama Allende et al. 2014) as it is
affected by acid drainage (Guerra et al. 2016). Synthetic
acidic water simulating the water quality of this river
was prepared using distilled water. The following re-
agents were added per liter of water: 3 mL 1000 mg/L
arsenic standard solution (arsenic acid As2O5 in H2O),
3 mL 10,000 mg/L boron standard solution (boric acid
H3BO3 in H2O), 0.5 g FeSO4·7H2O, and 0.425 mL
H2SO4 (95–97% Merck ISO grade). In most of the
experiments, the target concentrations were
As = 3 mg/L, B = 30 mg/L, and Fe = 100 mg/L at
pH = 2. In the sorption isotherm experiment, the amount
of the corresponding reagent was modified according to
the required target concentrations: arsenic standard so-
lution and FeSO4·7H2O. In the column experiment, the
Fe concentration was 50mg/L for the 60 first days of the
experimental period, and then it was increased to
100 mg/L. The synthetic water was freshly prepared
every 10 days using the procedure explained above,
and it was stored in a 6-L feeding tank for continuous
dosing.

2.4 Experimental Setup

2.4.1 Batch Experiments

In all batch experiments, the following factors remained
fixed: volume of solution (V) = 240 mL, pH = 2, boron
[B] = 30 mg/L. Experiments were performed in tripli-
cate. Reactors consisted of 250-mL high-density poly-
ethylene (HDPE) containers that were continuously
stirred in a shaker at the laboratory temperature
(22 ± 1 °C).

Three types of experiments were performed in order
to investigate the effect of one key factor at a time: As
concentration (C0), contact time (θ), and mass of media
(M).

Effect of As concentration: the initial As concentra-
tions C0 were 0.2, 0.5, 1, 2, 3, 4, and 5 mg/L, for θ
= 18 h, M = 1.5 g, and [Fe] = 50 and 100 mg/L.

Effect of contact time: reactors were agitated for
θ = 0.25, 1, 18, and 42 h, for [Fe] = 50 mg/L; and for

θ = 0.5, 3, and 18 h, for [Fe] = 100 mg/L. In both cases,
[As] = 3 mg/L and M = 1.5 g.

Effect of media concentration: The mass of solid (M)
used in each reactor was 0.5, 1.5, 2.5, 5, 10, and 50 g, for
θ = 18 h, [As] = 3 mg/L, and [Fe] = 50 mg/L.

The sorbed amount q (mg/g) was calculated by using
the difference between the initial concentration C0 and
the equilibrium concentration Ce, as q = V(C0 − Ce)/M.
Removal efficiencies (%) were calculated as (C0 − Ce)/
C0 × 100.

2.4.2 Column Experiments

The column system consisted of six columns built using
acrylic, 30-cm long and 5.8-cm diameter. Three col-
umns were filled with zeolite and three with limestone.
In each column, the medium was compacted in 5-cm
layers up to a total depth of 22 cm, achieving an average
density of 0.86 g/cm3 in zeolite columns and 1.57 g/cm3

in limestone columns. Because the volume of the col-
umns was fixed and the media have different specific
weights (Table 1), it was preferred that the columns had
a similar compaction rather than a similar mass (500 g of
zeolite were used in each zeolite column and 915 g of
limestone were used in each limestone column). The
columns were washed with distilled water prior to the
experiment. A Masterflex peristaltic pump was used to
fix the outflow from each column to 0.04 mL/min,
corresponding to a hydraulic loading rate (HLR) of
21.8 mm/day. This rate was chosen, because it is similar
to those used in constructed wetlands for As removal
(Kröpfelová et al. 2009; Rahman et al. 2011). Nominal
hydraulic retention time in zeolite and limestone col-
umns was 9.5 and 8 days, respectively. A picture of the
experimental setup is presented in Figure S1.

2.4.3 Sampling and Analysis

At the end of each batch experiment, water samples
from the supernatant in each reactor were filtered
through 0.45-um cellulose acetate filters and acidified
with nitric acid immediately after sampling. They were
stored at 4 °C prior to heavy metals analyses.

The column system was continuously dosed with the
acidic wastewater for 90 days (HLR = 21.8 mm/day),
and the effluent from each column was continuously
stored in a collection container. Every 10 days, samples
were collected from each of the six containers and from
the feed tank following the procedure explained above.
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The concentrations of As, Fe, Ca, Si, Mg, and Al in
the samples were analyzed in an INN (Instituto Nacional
de Normalización, Chile, www.inn.cl) accredited
laboratory by ICP-OES or MS depending on the detec-
tion limits. ICP-MS detection limits (mg/L) were 0.001
for As, 0.02 for Fe, 1.78 for Ca, 0.06 for Si, 0.35 for Mg,
and 0.0145 for Al. For samples reported below the
detection limit, half of the corresponding value was
considered as the actual concentration, a common prac-
tice when dealing with this type of data for statistical
analyses (Croghan and Egeghy 2003). Water quality
parameters also were measured in situ for inflow and
outflow samples: pH and temperature were monitored in
column experiments, whereas in batch experiments
ORP, electrical conductivity, and dissolved oxygen also
were monitored. Temperature, pH, and ORP were mea-
sured with a Kedida E201 probe and a WD-35805-15
Oakton probe, respectively, connected to a Hanna meter,
model HI2550; electrical conductivity was monitored
with a Corning Check Mate 90 conductivimeter, probe
number 473621. Dissolved oxygen was measured with
a YSI model 57 oxygen meter, 5421 series.

2.5 Statistical Analyses

2.5.1 Performance of the Column System

To analyze the performance of the column system,
statistical tests were performed using IBM SPSS
Statistics 22 (IBM Corporation 2013) and a significance
level of α = 0.05. Among these tests, the Kolmogorov-
Smirnov test was performed first to check data
normality.

The effect of the column media type was statistically
assessed by one-way ANOVA. Rather than a simple
comparison between the two media types, we compared
the inflow concentration and the outflow concentrations
of As, Fe, Ca, Mg, and Al from all columns, so as to
detect a significant difference (i.e., to know if the con-
centrations in the outflow are lower or higher than in the
inflow). The same analysis was undertaken for the pH
values. When a significant difference was found
(ANOVA p < 0.05), multiple comparison post hoc tests
were performed to distinguish any significant difference
between the two media types: Tukey’s test was applied
when the assumption of homogeneity of variances was
satisfied (as determined by Levene’s test), or Games-
Howell’s test when this assumption was not satisfied.

If the assumption of normality was not
achieved, a Kruskal-Wallis analysis was performed
instead of ANOVA. In these cases, when a signif-
icant difference was found between inflow and
outflow concentration (Kruskal-Wallis p < 0.05),
the Mann-Whitney post hoc test was performed
to identify any significant difference between the
two media types (Mann-Whitney p < 0.05).

2.5.2 Correlation Between Pollutant Levels

The Spearman rank ρ correlation coefficient was
obtained to determine possible relationships be-
tween the concentration of As, metals, and pH.
Spearman ρ was used instead of Pearson’s corre-
lation due to the non-normal distribution of most
of the data as shown by Kolmogorov-Smirnov
test.

3 Results and Discussion

3.1 Media Characterization

Figure 1 presents the diffractograms for (a) zeolite and
(b) limestone. These analyses confirmed the crystalline
phases present in each medium type.

In addition, SEM-EDS analyses confirmed the
elemental chemical composition of pure zeolite
and also corroborated the presence of Fe as indi-
cated in the datasheet (Table 1). The spectra and
the images of the corresponding sample are pre-
sented in Fig. 2 for (a) pure zeolite and (b) ex-
posed zeolite from a batch reactor. According to
this, As is only present in the zeolite after being in
contact with the contaminated water. There also
was Fe retention, because its average atomic per-
centage increased from 1.67 (pure zeolite) up to
2.41 (exposed zeolite). The estimated elemental
composition of the samples is presented in
Table S1.

3.2 Batch Studies

3.2.1 Sorption Isotherms

The Langmuir isotherm sorption model (Eq. (1)) was
employed to find the maximum sorption capacity qmax

for each media type. Model parameters qmax and Kwere

Water Air Soil Pollut (2017) 228: 275 Page 5 of 16 275

http://www.inn.cl


0

50

100

150

200

250

300

0 10 20 30 40 50 60 70 80

In
te

ns
ity

 (c
ou

nt
s)

Diffraction angle (2θ)

4

2

1

1
2

2
1 3

1
3

0

200

400

600

800

1000

1200

1400

0 10 20 30 40 50 60 70 80

In
te

ns
ity

 (c
ou

nt
s)

Diffraction angle (2θ)

11
1 1

1

2

1

2

1 1 1

1 1 11

(a)

(b)

1= Mordenite
2= Clinoptilolite
3= Albite high
4= Quartz

1= Calcite
2= Dolomite

Fig. 1 Diffractogram of (a)
zeolite and (b) limestone. They
show the main crystalline
components detected in each
media sample: clinoptilolite,
mordenite, albite, and quartz in
zeolite; and calcite and dolomite
in limestone

Fig. 2 SEM images and EDS spectra of a pure zeolite sample (a) and a zeolite sample from a batch reactor (b). They confirm the elemental
composition of zeolite and indicate the presence of As in zeolite used in the batch experiment
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estimated by using the absolute least squares method
(Sáez and Rittmann 1992).

qe ¼
qmaxKCe

1þ qmaxCe
ð1Þ

In Eq. (1), Ce corresponds to the equilibrium As
concentration (analyzed in the supernatant at the end
of the experiment, refer to Sect. 2.5).

According to the model, limestone has maximum
sorption capacities that are an order of magnitude great-
er than those of zeolite, and this capacity is greater when
the Fe concentration is greater (Fig. 3b). This effect was
not observed in zeolite, because the value of qmax is the
same for both Fe concentrations (Fig. 3a). This indicates
that Fe concentration does not affect As removal in
zeolite. Because both As sorption (Armienta et al.
2012) and coprecipitation with Fe (Nilsson et al. 1994;
Labastida et al. 2013) have been reported when remov-
ing As using limestone, a sorption isothermmight not be
appropriate to describe the overall As removal process;

however, it can be used to quantify and compare remov-
al efficiencies of both media.

The main changes in water quality parameters mon-
itored during the As sorption isotherm experiment are
presented in Table S2. As expected, the pH increased
markedly in the limestone reactors, but very slightly in
the zeolite reactors. The pH also was monitored in the
other batch experiments and a similar effect was detect-
ed (data not shown). Because zeolite increases pH due to
H+ adsorption (Motsi et al. 2009), the results indicate
that the contact time was not sufficient for this reaction
to occur, and/or the mass of zeolite was low given the
elevated H+ concentration. The electrical conductivity
decreased in both reactor types, consistent with the
decrease of the target pollutants. The increase in tem-
perature can be explained by the agitation in the orbital
shaker after the 18 h of duration of the experiment. The
DO decreased in all reactors, while the ORP increased in
zeolite reactors and decreased in limestone reactors. The
oxidation of iron and the associated oxygen consump-
tion can explain the change in DO levels. There is no
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Fig. 3 Arsenic sorption isotherm
for zeolite (a) and limestone (b).
(a) Langmuir model parameters
qmax = 0.17 and K = 1.76 for
[Fe] = 50 mg/L; qmax = 0.17 and
K = 2.05 for [Fe] = 100 mg/L. (b)
qmax = 1.13 and K = 0.006 for
[Fe] = 50 mg/L; qmax = 1.3 and
K = 0.007 for [Fe] = 100 mg/L.
Each point represents an
independent batch reactor using
1.5 g media, contact time = 18 h
and T = 22 ± 1 °C
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clear effect of the initial As concentration on any
parameter.

3.2.2 Effect of Contact Time

Results show an important effect of contact time on the
removal efficiency in limestone reactors, with 100% As
removal within 18 h for [Fe] = 50 mg/L (Fig. 4a),
whereas for [Fe] = 100 mg/L, this time was within 3 h
(Fig. 4b). These results confirm that the concentration of
Fe plays a key role when removing As using limestone.
Arsenic removal efficiencies up to 90 and 98% for 48 h
contact time have been previously reported for lime-
stone in batch experiments by Davis et al. (2007) and
Romero et al. (2004), respectively.

Zeolite reactors only reached a maximum of 40% As
removal for [Fe] = 50 mg/L after 42 h of contact time,
with a modest removal increase through time for both Fe
concentrations. Because the adsorption of As onto zeo-
lite is highly dependent on contact time (Chutia et al.
2009; Li et al. 2011), these results indicate that the
contact time might have not been sufficient to reach
As equilibrium concentrations.

Similar results were found for Fe removal, as lime-
stone could remove up to almost 100% Fe for both Fe
concentrations (Fig. 5a, b), within a shorter time (18
versus 42 h) for the highest Fe concentration. This is in
agreement with the Fe oxidation kinetics for pH >5.5,
which is first order with respect to Fe concentration and
oxygen partial pressure, and second order with respect
to OH− (Snoeyink and Jenkins 1980). In fact, for the
data presented in Fig. 5b, the difference between the
actual data and the predicted by the model is negligible
(cons ider ing pH = 6.2 and oxygen par t ia l
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Fig. 4 Effect of contact time on As removal in zeolite and lime-
stone batch reactors, for [Fe] = 50 (a) and 100 mg/L (b). In both
cases [As] = 3 mg/L and M = 1.5 g
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pressure = 0.21). Zeolite, however, presented much
lower Fe removal efficiencies than limestone (10–20%
with certain data dispersion, even presenting negative
values for [Fe] = 50 mg/L), and they decreased instead
of increasing through time, as opposed to the case of As.
In this case, it is likely that the competition between H+

and Fe ions for sorption sites affected Fe sorption. Motsi
(2010) reported that Fe removal using zeolite increased
as contact time increased, but the pH was 3.5 and no
other cations were in the solution. Thus, the presence
and concentration of competing ions appear to be major
factors affecting Fe sorption onto zeolite.

The final concentrations of Al, Si, and Mg were
greater in zeolite reactors than in limestone reactors,
and they increased as contact time increased (Fig. S2).
This was expected, given the composition of zeolite and
limestone (Sect. 2.1). Consistent with this, the concen-
tration of Ca was greater in limestone reactors than in
zeolite reactors, and it also increased as contact time
increased. The implications of the release of these ele-
ments will depend on the target water quality: the
Chilean guideline for drinking water only includes Mg
(125 mg/L), whereas the irrigation guideline only in-
cludes Al (5 mg/L). No guideline value for hardness has
been proposed by the WHO, because it is not a health
concern. In fact, Ca levels between 100 and 300 mg/L
could affect water taste (World Health Organization
2011). The main purpose of monitoring the concentra-
tion of Ca was as an indicator of calcite dissolution and
thus the buffering capacity. The dissolution rate is a key
factor that has been studied by some authors (e.g.,
Cravotta III and Trahan 1999; Santomartino and Webb
2007) and should be considered in estimating the
lifespan of limestone-based treatment systems.

3.2.3 Effect of Media Concentration

The removal of As and Fe in batch experiments in-
creased as the media concentration increased. In the case
of limestone, only a mass concentration of 2 g/L was
required to achieve removal efficiencies of 100% for As
and 90% for Fe; whereas for zeolite, a mass concentra-
tion of around 20 times that of limestone was required to
achieve similar removal efficiencies (Fig. S3).

This fact confirms that the main removal mechanism
in zeolite is sorption, which is highly dependent on the
available surface sites and thus the mass available.
Similarly, Motsi (2010) reported that Fe removal in-
creased up to around 100% as the zeolite concentration

increased, for [Fe] = 400 mg/L. For As, Jeon et al.
(2009) reported that the removal increased up to around
100% when increasing the zeolite concentration to
100 g/L, for [As] = 20.1 mg/L. Romero et al. (2004)
reported that As removal increased as the limestone
concentration increased, attributing sorption as the main
removal mechanism.

3.2.4 Arsenic and Iron in the Solid Phase

According to XPS analyses (Figs. 6 and 7), As was only
present in zeolite after being in contact with the contam-
inated water in the batch reactor, whereas Fe was present
before and after. These analyses are consistent with the
EDS analyses (Sect. 3.1) and the available information
regarding the chemical composition of zeolite.
Therefore, the presence of As in zeolite from the reactor
can be attributed to sorption, whereas the presence of Fe
can be attributed to its natural content and also to
sorption.

In the exposed zeolite sample, the deconvolution of
the centered peak from the As 3d signal revealed As was
present as As(0) and As(III) only (Fig. 7b), whereas for
the Fe 2p3/2, it was revealed that Fe was present as Fe(0),
Fe(II), and Fe(III) (Fig. 7c). This indicates that Fe(II)
could have reduced As(V), as Fe(II) was the species that
was originally added to the acidic water (Sect. 2.3). This
is supported by Šiljeg et al. (2009), who proposed that
As(V) is reduced to As(III) while Fe(II) is oxidized to
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Fig. 6 XPS spectra acquired from zeolite before exposure to
contaminated acidic water. The main spectrum corresponds to a
broad energy scan, and the inset is a magnification of the Fe 2p3/2
spectral zone
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Fe(III), based on XPS analyses when investigating
As(V) removal by iron-modified zeolite.

Even though many studies have investigated As re-
moval by natural zeolite (Sect. 1), very few have probed
the As speciation in the solid phase after the removal
process, despite the fact that sorption of aqueous As(III)
and As(V) onto zeolite has been reported. Because
As(V) reduction to As(III) commonly occurs in
microaerobic to anoxic environments (Inskeep et al.
2002), the presence of As(0) and As(III) as indicated
by the XPS analyses seems unlikely given the environ-
mental conditions of the experiment (Table S2).
However, this could be possible, given the non-
equilibrium behavior of the As(V)/As(III) couple (ibid).

The Fe oxidation states Fe(0), Fe(II), and Fe(III)
coincide with those detected in the pure zeolite sample
(Fig. 6), as reported by Wichterlová et al. (1982) within
the structure of natural zeolite. To verify Fe retention
and to discover any possible changes in Fe speciation
caused by this retention, the relative content of Fe and
the relative concentrations of each Fe species in both
zeolites samples were obtained. These values were

estimated by using the areas below the curves after the
deconvolution of the Fe 2p3/2 photoelectron signal, and
by using the intensities ratio between the Fe 2p3/2 and O
1s photoelectron signals from the corresponding XPS
spectra, respectively (Table 2). Results indicate that the
relative content of total Fe increased considerably after
exposure to the contaminated water, and that Fe(III)
followed Fe(II) in relative content after exposure, thus
supporting the hypothesis of the As(V) reduction by the
Fe(II) oxidation.
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Table 2 Relative concentrations of Fe species and relative content
of Fe in both zeolite samples

Relative content of Fe species (%)

Fe species Pure zeolite Exposed zeolite

Fe(0) 34 16

Fe(II) 50.5 56

Fe(III) 15.5 28

Relative content of total Fe 3 27
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3.3 Column Studies

3.3.1 Overall Performance

Table 3 presents the overall performance of the column
system. The concentrations of As and Fe in the outflow
from both column types were lower than those in the
inflow. Both had similar As removal rates (≅99%), but
the Fe removal rate was greater in limestone columns
than in zeolite columns (99 and 73%, respectively). As
expected, the concentrations of Si, Mg, Ca, and Al in the
outflow were greater than in the inflow, particularly Si
concentration in the outflow from zeolite columns, and
Ca concentration in the outflow from limestone col-
umns. As mentioned in Sect. 3.2.2, this increase is due
to the dissolution of limestone and zeolite, and also to
the ion exchange capacity of zeolite. In addition, pH
increased markedly in both column types, and was
higher in the outflow from limestone cells than from
zeolite cells. The fact that the pH values in the outflow
from zeolite columns were higher than those in the
zeolite batch reactors confirms the strong effect of con-
tact time on zeolite reactivity, not only on As and Fe
sorption but also on H+ sorption.

3.3.2 Arsenic and Iron Removal

Significant differences were found between As and Fe
inflow and outflow concentrations (pKw< 0.001 in both
cases). Both column types significantly decreased the
concentrations of As and Fe (pMW < 0.001 for both
cases), although limestone columns showed higher re-
moval efficiencies than the zeolite columns (Table 2).

Arsenic concentrations decreased and Fe concentrations
remained steady over time in limestone columns; in
zeolite columns, both As and Fe tended to increase
through time (Fig. 8). The similarity of the As removal
efficiencies between the two column types indicates that
the qmax obtained for zeolite in the sorption isotherm
experiment was underestimated, because the nominal
retention time was similar for all columns (9.5 and
8 days for zeolite and limestone columns, respectively).
However, given the difference between inflow and out-
flow As concentrations (two orders of magnitude), the

Table 3 Mean inflow and outflow values of the target pollutants and monitored water quality parameters in the column experiment

Parameter (unit) Mean inflow value Mean outflow value
Zeolite Limestone

pH 1.76 [1.27, 1.99] 5.3 [4.44, 6.58] 7.21 [6.68, 7.91]

T (°C) 17.9 [13.7, 20.5] 18.1 [12.6, 22] 17.9 [13.1.21.9]

As (mg/L) 2.583 [1.979, 3.02] 0.01277 [0.0005, 0.096] 0.00432 [0.0005, 0.0144]

Fe (mg/L) 60.00 [34.53, 94.90] 16.10 [0.01, 42.42] 0.51 [0.01, 1.71]

Si (mg/L) 0.6 [0.03, 3.15] 41.12 [22.78, 54] 2.11 [1.01, 3.15]

Mg (mg/L) 0.749 [0.045, 6.089] 32.745 [26.377, 42.636] 4.275 [2.646, 9.78]

Ca (mg/L) 1.772 [0.89, 7.7] 247.41 [163.49, 300.3] 487.95 [412.07, 554.13]

Al (mg/L) 0.036 [0.005, 0.283] 0.375 [0.002, 1.476] 0.089 [0.003, 0.426]

Values in brackets indicate the minimum and maximum. The data consist of a total of 30 measurements (three replicates multiplied by ten
data sets)
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the outflow from the column system
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removal percentages do not represent performance of
each column type properly. In fact, the As concentra-
tions in the outflow from limestone columns were sig-
nificantly less than those from zeolite columns
(pMW = 0.029). As such, limestone has a greater As
removal capacity than zeolite in both batch and column
experiments. Because Fe concentrations in the outflow
from limestone columns were significantly less than
those from zeolite columns (pMW < 0.001), and Fe
concentrations in batch limestone reactors were mark-
edly less than those in zeolite reactors (Fig. 5), limestone
also had a greater Fe removal capacity than zeolite in
both batch and column experiments. Arsenic
coprecipitation with iron oxyhydroxides has been pro-
posed as the main As removal mechanism in limestone
(Labastida et al. 2013), which explains the greater ca-
pacity of limestone to remove both As and Fe.

3.3.3 Al, Ca, Mg, and Si Release

Al, Ca, Mg, and Si concentrations in the outflow were
greater than those in the inflow (pKw < 0.001 for Si, Ca,
andMg, pKw = 0.005 for Al). The concentrations of Ca,
Mg, and Si increased significantly in zeolite
(pMW < 0.001 for all cases) and limestone columns
(pMW < 0.001 for all cases). Furthermore, these con-
centrations were significantly different between both
co lumn types (pMW = 0.003 for Al , and
pMW < 0.001 for Si, Ca, and Mg). In batch zeolite
reactors, the concentrations of Si and Mg were greater
than those in limestone reactors, and the concentrations
of Ca were smaller (refer to Sect. 3.2 and Fig. S2).

The concentration of Al increased significantly in the
outflow from zeolite columns (pMW = 0.002) but did
not increase in the outflow from limestone columns
(pMW = 0.221). In the batch experiments, Al concen-
trations also were greater in zeolite reactors than in the
limestone ones (Sect. 3.2). The concentrations of Al and
Si increased markedly through time in the outflow from
zeolite columns, whereas the concentrations of Ca and
Mg did not. In limestone columns, the concentration of
Al tended to increase through time, but the concentra-
tion of Si did not (Fig. S4).

These results confirm that the dissolution rates are
higher for those elements which are major components
of the corresponding media, i.e., Si, Al, and Mg for
zeolite, and Ca for limestone. They also indicate that
limestone could meet the Chilean irrigation guidelines

for all elements but zeolite exceeded the maximum Fe
concentration of 5 mg/L.

3.3.4 Changes in pH

The column experiments significantly affected the pH
(ANOVA p < 0.001). The pH values in the inflow were
significantly more acidic than those in the outflow from
both column types (Games-Howell p < 0.001). In addition,
the pH values in the outflow from limestone columns were
significantly less acidic than those from zeolite columns
(Games-Howell p < 0.001). In limestone columns, the
outflow pH values remained fairly constant during the
experimental period, whereas in zeolite columns, those
values decreased through time. Temperature was not sig-
nificantly affected by the column system.

The contact time appears as a key factor in the
capacity of zeolite to raise pH, because it barely in-
creased in the batch experiments (around 0.2–0.3 pH
units, Table S2), but it increased significantly in the
column experiments (between 3 and 4.5 pH units, Fig.
S5).

3.3.5 Correlation Between Pollutant Concentrations

A positive correlation was detected between As and Fe
levels in zeolite columns, while this correlation was
negative in limestone columns. Spearman ρ correlation
coefficients for significant correlations between the
monitored parameters in both column types are present-
ed in Table S3. It was expected that this correlation
would be positive in the limestone columns because
Fe precipitation causes As coprecipitation (Lizama
Allende et al. 2011b). This inconsistency can be ex-
plained by the fact that most of the As and Fe measure-
ments were below the detection limit, so only a few of
them could be used for the statistical analyses. In fact, Fe
oxides were observed throughout the limestone col-
umns; thus, it is very likely that As was coprecipitated
with Fe hydroxides (Labastida et al. 2013). In the case of
zeolite, both positive and negative correlations have
been reported when used as supporting media in VSSF
and HSSF constructed wetlands (Lizama Allende et al.
2012; Lizama Allende et al. 2014). Different As remov-
al mechanisms can occur: for example, As sorption onto
Fe cations (Payne and Abdel-Fattah 2005) and/or onto
Fe hydroxides (Jeon et al. 2009), which implies that
both are removed together and thus giving a positive
correlation between As and Fe levels; and the As
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exchange by aluminol or silanol hydroxyl groups
(Chutia et al. 2009), which is not related to Fe levels
but to pH levels. In fact, As and pH levels were nega-
tively correlated in zeolite columns. This could indicate
that the dominant mechanism is As sorption onto Fe
cations rather than As exchange by hydroxyl groups,
because higher hydroxyl concentrations imply more
competition between arsenate and hydroxyl groups. In
limestone columns, the same negative correlation be-
tween As and pH levels was expected, given that As is
likely being removed when Fe is being removed; how-
ever, this correlation was not significant. Given the
nature of the As and Fe data, results of the statistical
analyses should be considered carefully.

A negative correlation was detected between pH
and Fe levels in zeolite columns, consistent with the
capacity of zeolite to sorb/exchange cations. The fact
that both Fe and H+ concentrations increased through
time could mean that they were removed by the
same mechanism, and given the elevated concentra-
tions of both in the inflow, the available sorption/
exchange sites were decreasing. The solubility of Fe
decreases as pH increases (Stumm and Morgan
1996); in fact, precipitation of Fe by zeolite has
been reported by Motsi et al. (2009). This phenom-
enon probably occurred, although it could not be
observed in the zeolite columns in the way it was
observed in the limestone columns.

Given the effect of pH on Fe solubility, a neg-
ative correlation also was expected in limestone
columns, but this correlation was not significant.
This also can be attributed to the nature of the Fe
measurements. In addition, the fact that neither pH
values nor Fe concentrations presented a particular
trend over time indicates that the duration of the
experiment was not enough to detect the effect of
limestone dissolution. Long-term studies are re-
quired to quantify the life span of the media; the
capacity of limestone to provide alkalinity and
thus to raise pH must be careful evaluated, since
it has been reported that this capacity can decrease
through time due to the deposition of iron hydrox-
ides (Groudev et al. 2008), in addition to the
dissolution of calcite. Because coating of limestone
surface with iron hydroxides decreases its reactiv-
ity and thus its As removal capacity (Labastida
et al. 2013), breakthrough experiments should also
be performed to estimate the total arsenic removal
capacity.

4 Conclusions

This study investigated the As and Fe removal capacity
of zeolite and limestone in batch and column experi-
ments. In the batch experiments, the As sorption capac-
ities were adequately represented by the Langmuir iso-
therm and were 0.17 mg/g for zeolite and 1.3 mg/g for
limestone at contact time of 18 h and media concentra-
tion of 6.3 g/L. However, given the higher removal
efficiency of limestone, this was observed only for low
As concentrations. In the column experiments, both
media performed similarly, since the removal efficien-
cies for Aswere 99.5 and 99.8% in zeolite and limestone
columns, respectively, whereas for Fe they were 73 and
99% respectively, for a hydraulic loading rate of
21.8 mm/day.

Results provide valuable information regarding the
capacity of these media under highly acidic conditions
(pH = 2) and elevated As concentrations (3 mg/L).
Limestone appears to be the most effective medium,
because it showed a greater As and Fe removal capacity
than zeolite. It also showed a greater pH-raising capacity
than zeolite in both batch and column experiments. In
batch experiments, zeolite increased the pH between 0
and 0.3 pH units; whereas limestone increased the pH
between 2.5 and 4.7 pH units (initial pH between 1.5
and 2, Table S2). In column experiments, zeolite in-
creased the pH between 2.5 and 4.7 pH units; whereas
limestone increased the pH between 5 and 6 pH units
(initial pH ≅1.8, Fig. S5). This indicates that As
coprecipitation with Fe oxides is more effective than
sorption/ion exchange under the same experimental
conditions.

This study showed the capacity of natural zeolite to
remove As and Fe from highly acidic water in column
experiments, which had not been reported previously,
and also confirmed the capacity of limestone. As such,
both media can be used as filter media and/or wetland
media for this purpose. Limestone also could be used to
remove As and metals from other types of contaminated
water, because it has been found to be effective as a filter
medium in storm water treatment (Cederkvist et al.
2010; Wium-Andersen et al. 2012). This indicates that
processes other than coprecipitation with Fe can remove
As. The key role of the supporting media in enhancing
constructed wetlands performance has been recognized
by different authors, not only for the removal of As and
metals (e.g., Zurita et al. 2012; Lizama Allende et al.
2014) but also for the removal of other pollutants such
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as nitrogen (Saeed and Sun 2011) and phosphorus
(Sakadevan and Bavor 1998). Therefore, this is an as-
pect that should be addressed to strengthen their appli-
cation. Results indicate that limestone is more suitable,
given its effectiveness; however, the final choice of the
media will depend on several factors such as availability,
costs, and capability of plants to adapt to the media. In
addition, the changes in the As and Fe content and
speciation in zeolite that could be identified in this study
are the very first step to probe the removal mechanisms
associated with the application of zeolite for removing
As and Fe from highly acidic water, with the final aim of
guiding the design of water treatment systems for this
purpose.
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