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� Horizontal flow wetlands were
employed to remove As, Fe and B
from acidic water.
� Two types of wetland media: (1)

zeolite (2) limestone and cocopeat
were tested.
� Both wetland types presented high

removal of As and Fe.
� Pollutants were retained in wetland

media rather than accumulated in
plants.
� Alternative media appear as an

effective way to enhance As and Fe
removal.
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In this study, horizontal flow wetland microcosms were used to test the effectiveness of two media types:
(1) zeolite and (2) a series of limestone and cocopeat in the removal of arsenic (As), boron (B) and iron
(Fe) from contaminated acidic waters such as those associated with mine waste. The wetlands were oper-
ated under a hydraulic loading of 30 mm/d, to treat acidic water with As = 2.3 mg/L, Fe = 97.3 mg/L and
B = 30.8 mg/L at pH 2 ± 0.2. Both media were highly effective in the removal of As and Fe. The zeolite wet-
lands removed 99.9%, 96.1% and 12% of As, Fe and B respectively, whereas the removal efficiencies of the
limestone/cocopeat wetlands were 99.8%, 87.3% and 17%. The contribution of plant uptake to As, Fe and B
removal in both wetland types was almost negligible (<3% in all cases). The results confirm the key role of
the wetland media in fostering specific removal processes. These processes include As co-precipitation
with Fe due to pH adjustment provided by limestone, and As and Fe removal facilitated by the cation
exchange capacity of the zeolite. Limestone/cocopeat wetlands may offer a more suitable treatment,
given the neutral pH achieved and the slightly higher B removal, but zeolite wetlands are able to achieve
lower concentrations of Fe, despite the acidic water in the treated effluent.
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1. Introduction

The presence of arsenic (As) in aquatic environments is a world-
wide problem [1], with As in drinking water known to cause blad-
der, lung and non-melanoma skin cancer [2]. In Bangladesh alone,
over 100 million people drink water with arsenic levels of up to
1 mg/L, which is 100 times the World Health Organisation drinking
water guideline value [3].

Most of the As contamination in waters worldwide are the re-
sult of As mobilisation under natural conditions [4]. However,
anthropogenic activities can also mobilise As. The exploitation of
gold and base-metal deposits is a principal cause of As contamina-
tion of surface drainage and groundwater in many countries, and
metal mine discharges have degraded many rivers around the
world [5]. The use of phosphorus in fertilizers plays a role in As
mobility in soil and crops, given that the chemical behaviour of
phosphate is similar to that of arsenate, competing in plant uptake
[6].

While treatment of As-contaminated drinking water is a world-
wide challenge, surface water sources for non-drinking purposes,
such as irrigation or protection of aquatic ecosystems, may also re-
quire treatment. In this case, conventional drinking water treat-
ment technologies may not be suitable, due to the required
hydraulic loading rates. There is also a need for onsite technologies
that can simultaneously remove other metals/metalloids, because
As-contaminated waters may contain other pollutants. For exam-
ple, surface waters in Northern Chile are also rich in boron (B),
antimony (Sb) and iron (Fe) [7,8]. The presence of other metals
(e.g. Fe) may affect As removal and thus must be taken into ac-
count in designing appropriate treatment systems.

Oxidation, co-precipitation, adsorption, ion exchange and mem-
brane processes are the major techniques employed to remove ar-
senic from water. However, variations in arsenic speciation and the
characteristics of the water to be treated make it difficult to treat
using just one of these processes. Indeed, in surface waters, As is
mainly present as As(V), whereas in groundwater, As is mainly
present as As(III). If As-contaminated waters have acidic pH values,
As occurs in dissolved form, however As may still be found as a dis-
solved species over a broad pH range (1–12) [9]. For this reason,
more than one technology is often required [10]. While some of
these treatment methods are quite simple, the disadvantage asso-
ciated with co-precipitation/sorption methods is the large produc-
tion of toxic sludge [1]. Membrane methods generate toxic
wastewater and require high maintenance [3].

Constructed wetlands are considered a reliable water treatment
technology [11] and have the potential to remove metals and met-
alloids [12]. However, few studies have investigated their potential
to remove As, with the focus of constructed wetlands research for
metal removal instead being on the treatment of acid mine drain-
age, targeting pollutants such as iron and manganese [13]. In these
instances, surface flow wetlands (SF) have been the predominant
treatment of choice [14].

Some studies have investigated the application of subsurface
flow wetlands (SSF) to treat arsenic and metal contaminated water
with promising results. Buddhawong et al. [15] found that subsur-
face flow wetlands were more effective than surface flow wetlands
in removing As and Zn, attributing this observation to the com-
bined effect of supporting media (gravel), the presence of Fe and
the role of vegetation. Furthermore, to enhance As and metal re-
moval in SSF wetlands, the use of alternative media has been pro-
posed [16], but testing of these media has been limited. Some
studies have been performed in vertical subsurface flow wetlands
(VSSFs) with alternative wetland media to enhance As and metal
removal, where mainly aerobic processes occur. One study identi-
fied alternative media to enhance As removal in VSSFs under acidic
conditions [17] and another [18] confirmed the key role of a
suitable substrate for As removal in subsurface flow constructed
wetlands. No study to date has employed alternative media in hor-
izontal subsurface flow wetlands (HSSFs) for this purpose.

Horizontal subsurface flow wetlands have been most com-
monly used to treat urban and domestic wastewater [19]. Little
is known about their efficiency to remove high quantities of metals
and metalloids, such as those found in acid mine drainage [20]. In-
deed, few studies have investigated As removal by HSSFs (e.g. Rah-
man et al. [21]). Since HSSFs have limited oxygen transfer [14], it
may be hypothesised that As in these systems may be removed
by sulfur or iron precipitation under reducing conditions, if these
elements are present. It is also likely that iron-oxidising bacteria
play a critical role in Fe and As cycling in such systems [22].

Given the multiple factors that affect As removal in SSF wet-
lands and the small number of studies performed under specific
environmental and operation conditions (e.g. As and other pollu-
tant levels, pH, hydraulic loading, type of flow, vegetation, sub-
strate), there is a need to better understand the performance of
such systems, and the influence of key design parameters, includ-
ing the substrate and the role of vegetation.

This study aims to test the effectiveness of alternative media
(zeolite, limestone and cocopeat) in laboratory-scale HSSF wetland
microcosms. These media have been tested in isolation in vertical
flow subsurface wetlands and were found to enhance As, Fe and
B removal [17,23], thus demonstrating their potential. This current
study focused on As, Fe and B removal from highly contaminated
water similar to that found in the Azufre River in Northern Chile,
using these three media types planted with Phragmites australis,
a species widely used in constructed wetlands. The key removal
mechanisms and the environmental factors that affect these mech-
anisms were identified. These findings can be used to develop the
design of subsurface flow constructed wetlands targeting the re-
moval of As, Fe and B from acidic water. It is important to note that
this study is restricted to examining the role of media type, and
thus does not investigate the variability in performance and pro-
cesses due to species selection.
2. Materials and methods

2.1. The wetland cells

Six horizontal flow wetlands cells were built using 12 mm thick
PVC, with one side of each wetland built with clear PVC to enable
observation of water, substrate and plant roots. This side was kept
covered by black LDPE plastic sheeting when not being observed,
to prevent light-induced artefacts. Each wetland had an inlet and
an outlet (65 and 100 mm long, respectively), which contained
gravel 20–40 mm size. Fig. 1 illustrates the main characteristics
of the wetland cells, which were located in a greenhouse shelter
(covered roof but open walls) at Monash University, Clayton
Campus. Previous research on lab-scale HSSFs [24] informed the
dimensions of the wetlands cells of this study, which are presented
in Fig. 1.

Two types of wetland columns were built, using (i) zeolite and
(ii) limestone/cocopeat as the main supporting media. In the lime-
stone/cocopeat wetlands, media 1 was limestone and media 2 was
cocopeat (Fig. 1), thus meaning that the outflow of the limestone
section was the inflow of the cocopeat section. Thus, outflow sam-
ples from these wetlands represented the combined effect of both
media. Each wetland media had three replicates, operated as indi-
vidual treatment units. Young P. australis plants were obtained
from a local nursery and planted in December 2011, five months
before the experiments started. In each wetland, approximately
10 stems were planted and submerged in tap water to allow them
to establish in their new environment. Phragmites was selected for



Fig. 1. Diagram of the experimental wetland mesocosms. In zeolite wetlands, media 1 and media 2 were zeolite, whereas in limestone/cocopeat wetlands, media 1 was
limestone and media 2 was cocopeat.
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this and previous studies (i.e. [17,23]) given its tolerance to acidic
conditions [25] and its common use in practice.

2.2. Synthetic wastewater

Synthetic wastewater resembling pollutant levels in the Azufre
River, Northern Chile, was prepared. This river was chosen as a
model because of its high levels of arsenic under acidic conditions.
The river has other contaminants from different natural and
anthropogenic sources, mainly influenced by the Tacora volcano
and the legacy of sulfur mining on its crater [26]. Because the main
concern for the Azufre is the presence of As and B, given their high
levels, little information exists regarding the levels of other metals
such as Cu, Mn, Pb and Zn [27]. Thus, this study focused on the
presence of As and B, as well as that of Fe, due to its role in As spe-
ciation. Representative synthetic wastewater was prepared using
tap water with the following reagents added per litre of water:
3 mL 1000 mg/L arsenic standard solution (arsenic acid As2O5 in
H2O), 30 mL 1000 mg/L boron standard solution (boric acid
H3BO3 powder in H2O), 0.5 g FeSO4�7H2O, and 0.425 mL H2SO4

(95–97% Merck ISO grade). As a result, the concentrations of
the target pollutants in the synthetic feed were (average ±
standard deviation): 2.6 ± 0.5 mg/L As, 30.8 ± 6.2 mg/L B, and
97.3 ± 14.0 mg/L Fe. The resulting pH value was 2.0 ± 0.2 and as
such, As, Fe and B occurred predominantly in the dissolved frac-
tion. Typical analysis of Melbourne’s water (representing the qual-
ity of the tap water which was used as a base for the synthetic
water) indicates the following ranges for hardness and alkalinity:
15–44 and 9.9–26.6 mg/L as CaCO3 respectively. Arsenic levels
are below 0.005 mg/L and Fe levels fluctuate between 0.01 and
0.08 mg/L, whilst B is not analysed and assumed to be below detec-
tion limits [28].

2.3. Operation of the wetland system

The synthetic wastewater was stored in a 500 L polyethylene
feed tank with a continuous stirrer and pumped to each wetland
column at an average rate of 150 mL/h, resulting in a hydraulic
loading rate of 30 mm/d and a hydraulic retention time of
approximately 11 days. The design loading rate was chosen to re-
flect loading rates commonly used in HSSF wetlands for As treat-
ment [20,21]. The wetlands were incrementally dosed every
72 min over a 24 h period. Each dosing event took 18 min. This
type of dosing regime was necessary given the very small flow
rates, to ensure that the volumes applied could be accurately
maintained to their specification. In all wetland columns, a water
level of 0.6 m was maintained using an overflow outlet hose
(Fig. 1). The mean outflow rate was 144.9 ± 13.9 mL/h from
lime–peat (limestone/cocopeat) wetlands, and 129.5 ± 14.4 mL/h
from zeolite wetlands. Outflow rates were measured for every
sampling event.

Dosing commenced on May 7, 2012 whilst sampling and analy-
sis commenced on 28 May, 2012 and lasted for 22 weeks. This per-
iod encompassed the autumn, winter and spring seasons (in the
southern hemisphere) which ensured a range of seasonal condi-
tions were included. A longer experimental period was not feasible
given the available resources and timeframe (a common constraint
in lab-scale constructed wetlands experiments, e.g. [16,24]).

2.4. Sampling and analysis

2.4.1. Water quality measurements
Water samples were collected from the inlet (dosing hose) and

outlet (outlet hose) of each wetland replicate, three times per week
for the first two weeks, once a week for the following six weeks,
and then fortnightly for the remaining fourteen weeks. Sampling
was carried out by placing a PVC container in the outlet hose of
each replicate, allowing it to fill up and to obtain an approximate
sample volume of 300 mL, sufficient for analyses of total metals,
dissolved metals and in situ parameters. Separate samples were ta-
ken for total and dissolved metal analysis, with analysis under-
taken according to Standard Method 3120B/3125B accordingly
[29]. For the measurement of dissolved pollutants, the samples
were filtered (through 0.45 lm cellulose acetate papers) and
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acidified to pH <2 with concentrated nitric acid (65%) immediately
after sampling. The analyses of As, B and Fe concentrations were
carried out for both unfiltered and filtered samples to obtain total
and dissolved values. The analyses of other parameters were car-
ried out for unfiltered samples after sampling: dissolved oxygen,
pH and temperature were measured using HACH 51970 and HACH
51910 probes that were connected to a Sension 378 meter and they
were calibrated before every measurement. An ORP Testr10 probe
was used to measure redox potential (Eh). Sulfate concentrations
were determined using HACH DR5000 UV/VIS spectrophotometer
based on Standards Methods [29].

The concentrations of As, B and Fe were determined by ICP-
OES and ICP-MS (if the parameter analysed was below the OES
detection limit) in a NATA (National Association of Testing
Authorities, Australia, http://www.nata.asn.au/) accredited labo-
ratory. All QC procedures were based on Standard Methods
[29]. ICP-OES detection limits were 0.1 mg/L for As, 0.05 mg/L
for B and 0.05 mg/L for Fe. ICP-MS detection limits were
0.001 mg/L for As, 0.02 mg/L for B and 0.02 mg/L for Fe. Since
in situ parameters in outlet samples may not be representative
of the environmental conditions inside the wetland cells, in situ
parameters were measured continuously at the bottom of one
replicate from each of the limestone/cocopeat (abbreviated to
‘‘LP’’) and zeolite (‘‘Z’’) groups: Cell 2LP (lime–peat cell) from
limestone/cocopeat wetlands, and Cell 3Z (zeolite cell) from zeo-
lite wetlands. Dissolved oxygen (DO), pH, temperature and redox
potential were measured using four probes that were connected
to a Campbell CR1000 data logger. The probes used were
Sensorex CS511-L, CS525 ISFET, 109SS (Campbell Scientific,
Australia), and a submergible redox sensor (TPS Pty Ltd., Austra-
lia) respectively. These probes took measurements every five
minutes for the entire experimental period. The probes were
calibrated before the beginning of the experiments and then in
the middle of the experiments. The purpose of measuring in situ
parameters was to infer how the pollutants are retained in the
wetland bed by associating these measurements with removal
mechanisms (e.g. low dissolved oxygen levels indicate anaerobic
processes). However, given the complexity of the reactions and
the environmental conditions occurring in the wetland cells,
these measurements should be used only as a reference for this
purpose. They may not accurately represent the environmental
conditions in the entire wetland given their particular location
and the likely existence of micro-zones with different environ-
mental conditions. Removal of the probes for calibration resulted
in significant alterations in measured DO and ORP, potentially due
to recalibration, but most likely due to disturbance of the system.
These results should therefore be considered together with the
above information.

2.4.2. Analysis of media
Media samples were collected and analysed to determine the

pollutant concentrations in the wetland media. At the end of
the experiments, all wetland cells were drained at the same rate
with which they had been dosed (150 mL/h) to avoid disturbance
to the media. While they were being drained, media samples
were collected from nine locations: inlet, middle and outlet at
three different horizontal levels: top, middle and bottom of each
wetland. This was done by locating three points in the middle of
each media section (inlet, middle and outlet), and then digging
carefully using a small shovel to obtain an approximate volume
of 150 mL. Media samples were dried at 40 �C until constant
weight was achieved and the metal concentrations in media sam-
ples from Cell 2LP, Cell 4LP, Cell 9LP (all three lime–peat wetland
replicates), Cell 3Z and Cell 7Z (two out of the three zeolite wet-
land replicates) were analysed in the same NATA accredited lab-
oratory described above.
2.4.3. Analysis of plants
Plants samples were obtained and analysed to estimate the con-

tribution of plant uptake to the removal of the target pollutants.
Upon completion of the experiment, all plants were collected and
divided into two groups, depending on their physical location in
each wetland: inlet or outlet. They were separated into shoots
and roots. Samples were dried at 55 �C until constant weight was
achieved [30]. The total mass of shoots and roots in Cell 3Z was
39 and 47.6 g respectively, whereas in Cell 2LP was 40.2 and
87.9 g respectively (dry weight). Metal concentrations in these
samples were determined in a NATA accredited laboratory by
USEPA methods 3051A and 3060A.

2.5. Statistical analysis

2.5.1. Performance of the wetland system
To analyse the performance of the two wetland systems, statis-

tical tests were performed using PASW Statistics 19 and a signifi-
cance level of a = 0.05. The Kolmogorov–Smirnov test was first
performed to check data normality.

The influence of the wetland media type was statistically as-
sessed by one way ANOVA. Rather than a simple comparison be-
tween the two media types, the inlet concentrations and the
outlet concentrations of each media type were compared, in order
to detect significant differences between inlet and outlet concen-
trations that are influenced by any media type (i.e. to determine
if the concentrations in the outlet are lower than those in the inlet).
The same analysis was undertaken for the environmental parame-
ters (pH, ORP, DO, sulfate). When a significant difference attributed
to the media types was found (ANOVA p < 0.05), multiple compar-
ison post hoc tests were performed to elucidate differences be-
tween the individual media: Tukey’s test was applied when the
assumption of homogeneity of variances was satisfied (as deter-
mined by Levene’s test), or Games–Howell’s test when this
assumption was not satisfied.

If the assumption of normality was not achieved, Kruskal–
Wallis analysis was performed instead of ANOVA. In these cases,
when significant difference was found (Kruskal–Wallis p < 0.05),
Mann–Whitney post hoc test were performed to distinguish the
mean differences between treatment pairs (Mann–Whitney p < 0.05).

2.5.2. Correlation between pollutant levels
Spearman rank q correlation coefficient was obtained to deter-

mine possible relationships between the removal of the target pol-
lutants and the environmental factors (including pH, Eh and
concentrations of Fe). Spearman q was used instead of Pearson’s
correlation due to the non-normal distribution of most of the data
(determined by Kolmogorov–Smirnov test).
3. Results

3.1. Overall performance

As presented in Table 1, both media types were highly effective
in removing As and Fe, but not very effective in removing B. The
target pollutants were mostly remained in dissolved form in the
effluent for both media types.

Regarding the environmental parameters, pH and Eh were the
key parameters most affected by media type. Although pH was
raised by both media types, it reached an almost neutral value
(6.95 median value) in the limestone/cocopeat wetlands, whereas
it was still acidic in the zeolite wetlands (4.1 median value)
(Table 1). Redox potential decreased to negative values in the lime-
stone/cocopeat wetlands, whereas it was still positive in the zeolite
wetlands.

http://www.nata.asn.au/


Table 1
Median inflow and outflow levels of the target pollutants, and median inflow and outflow levels of monitored environmental parameters. Values in brackets indicate the 5th and
95th percentiles. The data consist of a total of fifty-seven measurements (three replicates multiplied by nineteen data sets).

Parameter (unit) Inflow Limestone/cocopeat Zeolite

Level Average removal (%) Level Average removal (%)

As (mg/L) Dissolved 2.7 [1.4,3] 0.002 [0.005,0.012] 0.001 [0.005,0.004]
Total 2.8 [1.4,3] 0.002 [0.005,0.015] 99.8 0.001 [0.005,0.0042] 99.9

Fe (mg/L) Dissolved 89 [81,121] 7.8 [0.31,25.2] 1.1 [0.005,12.4]
Total 91 [82,130] 8.8 [1.56,28.2] 87.3 1.7 [0.005,12.4] 96.1

B (mg/L) Dissolved 30 [19.8,30.4] 25 [19.8,30.4] 27 [19.8,32]
Total 31 [21,31.2] 26 [21,31.2] 15.9 28 [21.8,32.2] 11.5

pH 2 [1.7,2.4] 6.95 [6.5,7.4] 4.1 [2.9,6]
T (�C) 16.1 [14.0,22.2] 15.35 [13.0,22.3] 15.35 [12.4,21.8]
DO (mg/L) 12.61 [7.65,16.2] 10.87 [7.20,14.25] 12.25 [8.01,15.92]
Eh (mV) 425 [395,450] �37 [�47.2, 59.6] 315 [99.8,461]
SO4 (mg/L) 684 [508.8,845.3] 648.4 [474.7,840.6] 684 [411.2,814.8]
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3.2. Removal trends

3.2.1. Arsenic
Arsenic removal efficiencies were always greater than 99.8% for

both wetland types (Table 1). As presented in Fig. 2, the zeolite
media produced on average lower As concentrations than lime-
stone/cocopeat wetlands throughout the experiment: 0.018 versus
0.037 mg/L. Interestingly, As levels in the outflow from both treat-
ments were not significantly different (Mann–Whitney p = 0.297
for total As, Mann–Whitney p = 0.458 for dissolved As), despite
the significant difference between inflow and outflow concentra-
tions for both wetland designs (Kruskal–Wallis p < 0.001 for total
and dissolved As). Furthermore, no temporal trend in As removal
was present for either type of wetland, with the outflow levels
remaining almost constant throughout the experiment.

3.2.2. Iron
Zeolite wetlands were more effective than limestone/cocopeat

wetlands in removing Fe, confirming the capability of the system
to significantly change the concentration of Fe (Kruskal–Wallis
p < 0.001 for both total and dissolved Fe).

In contrast to As, Fe levels in the outflow differed significantly
between media types (Mann–Whitney p < 0.001 for both total
and dissolved Fe). In fact, Fig. 2 shows that Fe levels in the outflow
from zeolite wetlands were considerably lower than those in the
outflow from limestone/cocopeat wetlands at the beginning of
the experiments, but became similar towards the end of the exper-
iment. On the other hand, Fe levels in the outflow from limestone/
cocopeat wetland tended to decrease through time, after being
quite elevated at the start of the experiment.

3.2.3. Boron
There were only moderate reductions in boron levels through

the wetland system. Boron concentrations were reduced on aver-
age by 17% in limestone/cocopeat wetlands, and by 12% in zeolite
wetlands. While B concentrations in the outflow from both media
types were significantly lower than those in the inflow (ANOVA
p < 0.001), the difference between media types was not significant
(Games–Howell p = 0.155). Fig. 2 shows that no discernible tempo-
ral trends were observed throughout the experimental period.

3.3. Environmental parameters in outflow samples

As shown in Table 1, pH was significantly affected by the media
type (ANOVA p < 0.001). The outflow pH from limestone/cocopeat
wetlands was significantly higher than that from zeolite wetlands
(Games–Howell p < 0.001). Importantly, the pH values in the out-
flow from the zeolite wetlands were statistically higher than those
in the inflow (Games–Howell p < 0.001).
Similarly to pH, redox potential was significantly affected by
media type (Kruskal–Wallis p < 0.001), with Eh levels in the out-
flow from limestone/cocopeat wetlands being significantly lower
than those in the inflow (Mann–Whitney p < 0.001) and than those
in the outflow from zeolite wetlands (Mann–Whitney p < 0.001).
Although Eh levels in the outflow from the zeolite wetlands did
not decrease as markedly as those from limestone/cocopeat wet-
lands (Table 1), they were still significantly different to those in
the inflow (Mann–Whitney p < 0.001).

Although DO was also affected by the media type (ANOVA
p = 0.002), DO levels in the outflow from zeolite wetlands were
not significantly different to those in the inflow (Tukey’s p = 1).
On the other hand, DO levels in the outflow from limestone/coco-
peat wetlands were significantly lower than those from zeolite
wetlands (Levene’s p = 0.003) and to those in the inflow (Levene’s
p = 0.031).

Neither sulfate nor temperature were significantly affected by
any of the wetland types (ANOVA p = 0.517, Kruskall–Wallis
p = 0.4, respectively).

3.4. Environmental parameters within wetland cells

Both limestone/cocopeat (Cell 2LP) and zeolite (Cell 3Z) wetland
cells presented a very similar trend in temperature, showing the
effect of season (Fig. 3). While a statistically significant difference
between them was found (Mann–Whitney p < 0.001), the actual
difference in temperature (13.1 �C in the limestone/cocopeat cell
and 13.07 �C in the zeolite wetland) is unlikely to play a role in
the observed wetland performance.

Neutral and stable pH values were measured in Cell 2LP (Fig. 3),
whereas in Cell 3Z pH values were lower than 5 and slightly fluc-
tuating. As expected, a significant difference between cells 2LP
and 3Z pH values was found (Mann–Whitney p < 0.001).

Redox potential in Cell 2LP reached negative values quickly
once the experiments started, and they remained close to
�400 mV (Fig. 3). On the other hand, Eh values in Cell 2LP de-
creased from positive to zero values for around half the duration
of the experiment (until the probe was taken out for recalibration,
as noted in the Methods). Following recalibration, Eh levels started
to oscillate between 0 and 400 mV. The type of media significantly
affected redox potential (Mann–Whitney p < 0.001).

As shown in Fig. 3, DO values were low (<4 mg/L) in both wet-
land cells. The lime–peat cell presented lower DO values than the
zeolite cell for most of the experiment, except at the beginning.
The DO values for the lime–peat cell increased after the probe
was taken out, whilst for the zeolite cell the DO values decreased.
The type of media played a significant role in dissolved oxygen lev-
els (Mann–Whitney p < 0.001), being higher in the zeolite than in
the limestone/cocopeat wetland.



Fig. 2. Total concentration of As (a), Fe (b) and B (c) in the inflow and outflow from
the six wetland cells. Y axis is presented in log scale on As and Fe graphs. The surge
in B inflow may correspond to analytical inaccuracies, as the inflow concentration
should be similar to that of the previous sampling date.
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3.5. Relationships between pollutant removal and environmental
parameters

Table 2 presents Spearman’s q coefficient for significant corre-
lations between the different water quality and environmental
parameters monitored in outflow samples, in each wetland group.
A strong correlation was observed between Eh and Fe levels in zeo-
lite wetlands. A significant positive correlation between As and Fe
outflow concentrations from limestone/cocopeat wetlands was
also observed. Conversely, a significant negative correlation was
observed between As and Fe concentrations in the outflow from
zeolite wetlands. Iron concentrations decreased when pH in-
creased in both wetland types.

3.6. Plant uptake

The uptake of As, Fe and B by plants is shown in Fig. 4. Plants
located in the inlet accumulated higher levels of As than those in
the outlet, regardless of media type. However, inlet plants in the
lime–peat cell accumulated more As in roots than in shoots,
whereas inlet plants in the zeolite cell accumulated more As in
shoots than in roots. Plants located in the outlet accumulated sim-
ilar levels of As in both wetland cells, in both roots and shoots. The
total mass of As taken up by plants corresponded to 0.11% and
0.09% of the total As loaded into the limestone/cocopeat and zeo-
lite cell, respectively.

Iron uptake by plants was also higher in plants located in the in-
let of the two wetland cells. However, roots accumulated much
higher levels of Fe than did shoots in plants at the outlet in both
wetland types, with the root/shoot concentrations ratio being
higher than 100. Of the total Fe influent mass, 2.05% and 0.66%
was taken up by the Phragmites in the limestone/cocopeat and zeo-
lite cell, respectively.

Again, the same pattern of uptake was observed for B (Fig. 4).
Furthermore, B was mainly present in shoots rather than roots,
with B concentrations in shoots four to five times those in roots,
in both wetland media types. However, plant uptake in the lime-
stone/cocopeat wetland was considerably higher than uptake in
the zeolite wetland. The proportion of B taken up by plants was
0.1% and 0.02% of the loaded B in limestone/cocopeat and zeolite
cell respectively.

3.7. Metal retention in wetland media

Zeolite wetlands had higher concentrations of As in the media
at the end of the experiment than did limestone/cocopeat wet-
lands, which had As concentrations below detection in all but
one replicate. The As concentration in the zeolite media tended
to decrease towards the outlet and towards the bottom (Table 3).

A similar trend was observed for Fe, with concentrations in zeo-
lite media higher than in limestone/cocopeat wetlands and tending
to decrease towards the outlet and the bottom.

The cocopeat component of the limestone/cocopeat wetlands
presented the highest concentrations of boron: between 200 and
350 mg/kg. Conversely, in the limestone section, B was not de-
tected. In addition, B concentrations higher than 10 mg/kg were
only detected in the upper section of one zeolite wetland (Cell 7Z).

3.8. Mass balances

Mass calculations considering nine equal volumetric sections in
each wetland with the same concentration (as per Table 3) showed
that As and Fe were mainly retained in the zeolite media, whereas
B was mainly retained in the cocopeat media. For example, to esti-
mate the mass of As in the top-inlet section of Cell 2LP (35.1 mg as
per Table 4), the As concentration in that section (5 mg/kg) was
multiplied by the mass of limestone in the section (which in-turn
was calculated from the section volume (0.13 � 0.2 � 0.18 m3)
multiplied by the limestone density (1540 kg/m3). Under this
assumption, zeolite media retained all the influent As. The mass
of As retained in the zeolite was 16% higher than the influent mass,
suggesting the presence of errors due to sampling or analysis. The
mass of As retained in the limestone/cocopeat wetland cannot be
calculated accurately (Table 4), as arsenic was detected only in
few sections. These facts suggest that the homogeneity assumption
may not represent the actual trend of pollutant retention, although



(a) (b)

(c) (d)

Fig. 3. Temperature (a), pH (b), ORP (c) and DO (d) profiles in one replicate from each group throughout the whole experimental period. The � symbol indicates where the
probes were taken out for re-calibration.

Table 2
Correlation coefficients (Spearman’s q) for the relationships between measured water quality parameters, in both limestone/cocopeat and zeolite wetlands.

DO (mg/L) T (�C) pH Eh (mV) SO4 (mg/L) As (mg/L) Fe (mg/L) B (mg/L)

Limestone/cocopeat
DO (mg/L) 1
T (�C) �0.536** 1
pH 1
Eh (mV) 0.449*** 1
SO4 (mg/L) 1
As (mg/L) �0.319* 1
Fe (mg/L) �0.606*** �0.346** 0.410*** 1
B (mg/L) 0.408** 1

Zeolite
DO (mg/L) 1
T (�C) �0.433*** 1
pH 0.513*** �0.468*** 1
Eh (mV) �0.494*** 0.344** �0.838*** 1
SO4 [(g/L) 0.278* �0.308* 1
As (mg/L) �0.286* 1
Fe (mg/L) �0.386* 0.362** �0.764*** 0.738*** �0.454*** 1
B (mg/L) 0.28* 1

* p < 0.05.
** p < 0.01.
*** p < 0.001.
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the afore-mentioned sampling and analysis errors may also have
contributed to these uncertainties.

Iron behaved differently to As, with 95% of the influent Fe in the
limestone/cocopeat cell detected in the media. However, this per-
centage is probably overestimated due to the Fe content in lime-
stone, which has a typical value of 0.33% [31]. Since the
limestone and cocopeat used in this study could not be analysed
for the Fe content, the values in Table 3 represent the total Fe
measured in each medium rather than the concentration of Fe
resulting solely from the retention of influent Fe.

On the other hand, the Fe content in pure zeolite was found to be
3600 mg/kg Fe (as Fe2O3). Therefore, the concentrations in Table 3
for this component correspond to the difference between the labora-
tory measurements for total Fe and the content of Fe in pure zeolite.

The boron concentrations in cocopeat in Table 3 represent total
B content, assuming that the cocopeat did not contain any B in its



(a) (b)

(c) (d)

(e) (f)

Fig. 4. Pollutants accumulation in plants in both wetland cells: As concentration in plants located at (a) inlet and (b) outlet; Fe concentration in plants located at (c) inlet and
(d) outlet; B concentration in plants located at (e) inlet and (f) outlet. Note the different scales on the As (a and b) and Fe (c and d) graphs.
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original state. Given the nature of cocopeat, whose main compo-
nents are carbon, nitrogen and phosphorus, it is expected that its
B content would be negligible.

4. Discussion

4.1. The role of wetland media

Results from this study demonstrate the potential of limestone,
cocopeat and zeolite as supporting media in HSSF wetlands for the
removal of As, Fe and B from acidic water. The zeolite wetlands had
a marginally higher removal rate of As and Fe than the limestone/
cocopeat wetlands. The higher pH resulting from the limestone,
reducing and anaerobic conditions to trigger As–Fe coprecipitation
and/or Fe–As–S precipitation, were not sufficient to achieve a sig-
nificantly improved performance over that of zeolite.

4.1.1. Limestone/cocopeat wetlands
The design of these hybrid wetlands was based on the capability

of limestone to raise pH, thereby causing Fe precipitation and As
co-precipitation, and the capability of cocopeat to sorb B, resulting
in optimal removal performance. The lack of sampling between the
two distinct compartments reduces our ability to infer the behav-
iour of the individual components, although previous research can
be used to infer the relative roles of the limestone and cocopeat
[17,23]. The plant response to the different media may also be con-
sidered if both media are to be compared, as the particular charac-
teristics of each of them (for example pH) affects As and metal
retention in the rizhosphere. The positive correlation between
the removal of As and Fe (Table 2) suggests the occurrence of Fe
precipitation and As coprecipitation. In addition, as B has a high
affinity for organic matter, and the cocopeat has potential for
removing B, it was hypothesised that the initial pH adjustment
(provided by the limestone section of the wetland) would improve
the removal of B. As such, B removal was (slightly) higher than that
of the zeolite wetlands. A higher pH may enhance this difference,
as it has been found that B removal by zeolite is improved at higher
pH levels (10–11; [32]). In addition, the adsorption capacity of
cocopeat for B may have decreased due to the presence of As and
Fe, as organic matter is also able to sorb As and Fe [33]. Therefore,



Table 3
Pollutant concentrations (mg/kg) in nine different locations of the wetland cells. Middle samples between inlet and outlet in limestone/cocopeat cells correspond to limestone
media.

Wetland Location Limestone/cocopeat wetlands

As Fe B

Inlet Middle Outlet Inlet Middle Outlet Inlet Middle Outlet

Cell 2LP Top 5 <5 <5 990 1100 3200 <10 <10 350
Middle 5 <5 <5 1100 1100 990 <10 <10 260
Bottom <5 <5 <5 1000 890 1800 <10 <10 320

Cell 4LP Top 13 59 31 1100 2000 3600 <10 <10 200
Middle 7 9 18 870 840 2700 <10 <10 230
Bottom 10 5 <5 2200 1200 2100 <10 <10 250

Cell 9LP Top <5 <5 <5 910 1200 5900 <10 <10 330
Middle 15 6 <5 1500 1100 2400 <10 <10 350
Bottom <5 <5 <5 870 930 2100 <10 <10 250

Zeolite wetlands
Cell 3Z Top 150 80 77 3900 2800 2900 <10 <10 <10

Middle 31 17 12 2300 1200 900 <10 <10 <10
Bottom 11 9 8 1900 1100 1200 <10 <10 <10

Cell 7Z Top 230 57 15 5700 7400 2000 21 10 <10
Middle 58 21 13 2400 2000 2000 <10 <10 <10
Bottom 17 11 11 2800 1400 2100 <10 <10 <10

Table 4
Estimated mass of pollutants (mg) detected in the zeolite (Cell 3Z), limestone and cocopeat media (Cell 2LP). Middle samples between inlet and outlet in limestone/cocopeat cell
correspond to limestone media, whereas outlet samples correspond to cocopeat media. Calculations were based on data presented in Table 3, considering than that concentration
was homogeneous throughout the media located in the corresponding volumetric section of the wetland.

Location Limestone/cocopeat wetland

As Fe B

Inlet Middle Outlet Inlet Middle Outlet Inlet Middle Outlet

Top 36.0 <36.0 <36.0 7135.1 7927.9 1531.1 <4.84 <4.8 167.5
Middle 36.0 <36.0 <36.0 7927.9 7927.9 473.7 <4.8 <4.8 124.4
Bottom <36.0 <36.0 <36.0 7207.2 6414.4 6414.4 <4.8 <4.8 153.1

Total mass per section P72.0 – – 22,270.3 22,270.3 2866.1 – – 445
Total mass in media P70.0 47,406.6 P445
Total mass dosed 1687.7 61,402.1 19,915.0
Total mass in plants 1.8 1298.0 20.8

Zeolite wetland
Top 731.0 411.8 337.7 20,077.2 14,414.4 12,719.4 <51.48 <51.48 <43.86
Middle 159.6 87.5 52.6 11,840.4 6177.6 3947.4 <51.48 <51.48 <43.86
Bottom 56.6 46.3 35.1 9781.2 5662.8 5263.2 <51.48 <51.48 <43.86

Total mass per section 947.2 545.7 425.4 41,698.8 26,254.8 21,930.0 – – –
Total mass in media 1918.4 89,883.6 –
Total mass dosed 1659.4 60,373.0 19,581.3
Total mass in plants 1.5 414.1 3.5
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it is likely that a number of sorption sites have been taken up by As
and Fe instead of B.

4.1.2. Zeolite wetlands
Zeolite was employed for its capacity to remove As [34], Fe [35]

and B [32]. The negative correlation between removal rates of As
and Fe suggests that As and Fe are being removed via different
mechanisms: Fe cations can be exchanged by Ca, Na or K cations,
whereas As anions can be exchanged by aluminol or silanol
hydroxil groups [34]. Additionally, As concentrations in the out-
flow remained mostly constant through time, whereas Fe concen-
trations increased (refer to Figs. 2 and 3), indicating a likely
saturation of Fe-exchange sites. A previous study [17] reported a
positive correlation between the removal of As and Fe from acidic
water in vertical subsurface flow wetlands, inferring that both pol-
lutants were removed by a common mechanism. As such, different
specific sorption mechanisms cannot be discarded, as As can be at-
tracted by Fe already exchanged on zeolite sites [36], meaning that
the removal of Fe facilitates the removal of As.

The wetland media also affected the outflow rates. Outflow
rates were lower in the zeolite wetlands than in the limestone/
cocopeat wetlands (129.5 versus 144.9 mL/h), despite the fact that
all wetlands received the same inlet rate (150 mL/h). This observa-
tion is attributed to the physical characteristics of the media, such
as particle size, porosity and compaction. Other factors such as
plant density and subsequent differences in evapotranspiration
are considered to have a minor role. As a result of the differences
in flow rate, the detention time was slightly higher in zeolite wet-
lands. Higher detention times are known to improve metal re-
moval efficiency in wetlands [37] and this may explain the
higher pollutant removal rates in zeolite wetlands.

4.2. The role of vegetation

Our results demonstrate that roots of Phragmites have greater
As retention than shoots and thus play an important role in accu-
mulating As. Few studies have employed Phragmites in constructed
wetlands for As removal. One example from Vymazal et al. [38] re-
ported plant uptake concentrations considerably lower than those
reported in our study, but the As levels in the inflow were also
much lower than in this study. The As content in the plants for this
study is within the range reported in the literature for other types
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of plants (e.g. [39,16]), but for different levels of As in the inflow. In
Ye et al.’s study [16], As concentration in the inflow was 0.46 mg/L,
and As concentration was 16.5 mg/kg in shoots and 110.1 mg/kg in
roots. In Singhakant et al.’s study [39], As concentration in the in-
flow was 4.7 mg/L, and As concentrations were in the range of 0.5–
4 mg/kg in the shoots and 5–40 mg/kg in the roots. This suggests
that apart from inflow concentrations, other factors affect plant up-
take of As, such as the length of the experiments, the type of veg-
etation [40] and the type of substrate (Fig. 4). The immature state
of the wetland system may also explain the high plant uptake
values.

The fact that plants located in the inlet acquired more As than
those towards the outlet demonstrates the effective removal with-
in the inlet section. As such, lower concentrations of As are trans-
mitted to the outlet (and lower) sections of the wetland and
therefore less As is available for plant uptake in these locations.
The higher uptake by plants in the zeolite cell may be explained
by the higher bioavailability of As, which can still be dissolved gi-
ven the acidic pH in the cell (Fig. 3). Iron was also mainly removed
in the inlet of both wetland types (Fig. 4), but in this case the plant
uptake was higher in the limestone/cocopeat wetland cell. It is pos-
sible that the neutral pH enhances iron plaque formation in the
roots [41], since Fe precipitates easily at neutral pH. Biological pre-
cipitation may also occur. Roots in this cell developed an intense
orange colour, which is characteristic of iron precipitates. Since
these iron precipitates were attached to the roots, all Fe detected
here was considered as Fe uptaken by roots. Plant roots in the zeo-
lite cell did not develop this orange colour.

Other studies have also reported the minor contribution of plant
uptake to the overall removal of As [16,42], Fe [43] and B [16], de-
spite observed high accumulation of the pollutants in the roots.
However, there is a need for further research regarding the indirect
effect of vegetation on removal processes [19], as it has been re-
ported that vegetated systems are more effective than unvegetated
systems in the removal of As [15]. This suggests that mechanisms
other than direct uptake play a more important role, such as the
interaction with the granular medium and microorganisms, and
the provision of organic matter [19]. The direct effect of vegetation
also requires further investigation. In particular, the use of accumu-
lators [12] shows potential, although most of the studies performed
on this topic have been on dryland plants. To date, no emergent wet-
land plants have been identified as hyperaccumulators, suggesting
that the main known role of plants in the wetland context is the pro-
vision of organic matter through dieback and the provision of organ-
ic compounds via root exudation [44]. However, plants may also
influence As removal through two other mechanisms: (1) Arsenic
hyperaccumulators produce more root exudates under As stress,
and this may help them to accumulate more As; (2) changes in the
DOC concentration in the rhizosphere affect microbial population
[45], which may play a significant role in As speciation.

Iron also accumulated at a greater rate in roots as compared to
stems or leaves, consistent with previous studies [16,43]. However,
Fe levels detected in plants were higher than those typically re-
ported in the literature (200 and 2000 mg/kg (ibid)), but they are
comparable with those observed by Ye et al. [43], who reported
41,318 mg/kg Fe in roots of cattail. Boron displayed a different
behaviour, being primarily accumulated in the shoots. Ye et al.
[16] reported a similar finding in different plants, for similar influ-
ent B concentrations. However, in another study, B accumulated
more in roots than in shoots [43]. Boron is essential for plant
growth [46]. Higher levels of B in shoots than in roots may be a re-
sult of B translocation across a concentration gradient, since once
in the shoots B may accumulate to the point where water is lost
through stomata in the leaf [47].

The fact that B accumulation was similar in plants located in the
inlet and the outlet suggests that there was not such a strong
removal gradient across the system as occurred with As and Fe.
Higher accumulation of B in plants in the limestone/cocopeat wet-
land contradicts the findings of several authors who suggest that
higher soil pH decreases boron uptake by plants (e.g. [48]). Under
alkaline conditions the borate ion BðOHÞ�4 rather than B(OH)3 pre-
dominates, and borate has higher affinity for soils, increasing B
sorption on soil. Additionally, it has been found that B uptake de-
creases in neutral conditions [49]. As such, further research is re-
quired to understand the boron uptake mechanisms and the
related factors, as the impacts of the different media could be
dwarfing the impact seen by different pH values.

4.3. Pollutant removal mechanisms

Arsenic may be removed via several mechanisms in a con-
structed wetland, with precipitation and sorption being the most
important [50]. High levels of As and Fe in the wetland media,
low contribution of plant uptake and the very small decrease of
sulfate levels in the outflow all suggest that the key removal mech-
anisms are chemical precipitation of iron and arsenic in the lime-
stone/cocopeat wetlands, and sorption in the zeolite wetlands
(rather than biological precipitation of sulfides). Biological pro-
cesses may still occur, particularly in the limestone/cocopeat wet-
lands, given the suitable conditions for sulfate reducing bacteria
such as neutral pH, presence of organic matter, low dissolved oxy-
gen levels and reducing conditions. As presented in Section 3.4,
limestone/cocopeat wetlands had lower DO and Eh levels than
the zeolite wetlands, which could suggest the presence of anaero-
bic bacteria. In fact, preliminary results which screened the out-
flow for the bacterial community using metagenomics (by
studying the genetic material derived from water samples) sug-
gested the existence of different bacterial communities in both
zeolite and limestone/cocopeat wetlands (data not shown). Among
these, the order Desulfobacterales (strictly anaerobic sulfate reduc-
ing bacteria) was found in both types of wetlands. However, the
contribution of biological precipitation to the overall removal can-
not be calculated with the experimental data of this study. Future
studies should focus on the role of these communities in the per-
formance of wetland systems. It has been suggested that metal sul-
fide precipitation may be more desirable than metal oxide
precipitation due to the generation of alkalinity and the higher
density of metal sulfides [51]. Thus, it may be worth enhancing this
removal mechanism (instead of Fe oxides precipitation) in con-
structed wetlands by facilitating the development of sulfate reduc-
ing bacteria.

Arsenic can also be removed by sorption onto calcite [52], the
main component of the limestone employed in this study. This
mechanism cannot be disregarded, although the low levels of As
detected in the limestone media samples suggest that As is being
removed elsewhere, as shown by mass balance calculations
(Table 4). Furthermore, two samples collected from the inlet (next
to the gravel inlet zone, in the upper and the lower part) of Cell 4LP
presented 1600 and 250 mg/kg As and 45,000 and 8000 mg/kg Fe,
respectively. These are all considerably higher than those detected
in the adjacent location of the wetland cell (Table 3). These results
suggest that the retention of both As and Fe is heteroge-
neous and occurs mainly in the inlet of the limestone/cocopeat
wetlands, as soon as the water comes into contact with the
limestone section. It is likely here that Fe precipitates are formed,
capturing As. These particles may also be trapping B, since the B
concentration in the upper section of the inlet was elevated.
Arsenic and iron may also be retained in the cocopeat section,
and their availability may be affected by the degradation of organic
matter.

Boron was primarily removed by sorption in the cocopeat sub-
strate, which is not surprising given the capacity of organic matter



K. Lizama Allende et al. / Chemical Engineering Journal 246 (2014) 217–228 227
to sorb boron [53]. On the other hand, very low levels of B in the
wetland media suggest that the sorption capacity of limestone
and zeolite media is low. In addition, Fe oxides are mainly trapping
As and not B. Reports of B removal by Fe oxides indicate that higher
pH is required to increase B removal [54]. Plant uptake might also
play a role, but lower B concentrations would be required [55].

4.4. Recommendations for the removal of the target pollutants in
constructed wetlands

Both wetland types performed effectively in removing As and
Fe, with limestone/cocopeat slightly less effective in removing Fe.
The most appropriate system to be implemented will depend on
the specific requirements for the treated effluent, and also other
considerations such as the cost of media and maintenance require-
ments. Trapping As and Fe in the inlet section of the wetlands can
reduce maintenance costs by allowing maintenance to be re-
stricted to the inlet zone.

Boron removal remains a challenge and although organic mate-
rials such as cocopeat are promising, more research is needed to in-
crease B removal in constructed wetlands. A second stage of
treatment could be implemented, under alkaline conditions and
where B sorption by organic matter and/or iron/aluminium oxides
and/or clay minerals is encouraged. This second stage may be
effective, since As would have been removed already. A hydroponic
system using an accumulator species such as duckweed might also
work, but this has only been recommended for B concentrations
below 2 mg/L [55], and thus would require further investigation
in circumstances where B concentrations are elevated.

Results from this study therefore confirm the key role of media
in the removal of As and metals from acidic water, and the minor
role of plant uptake despite the elevated concentrations in plants
tissues. Combinations of media appear to be an effective way of
optimising the removal of different pollutants in individual wet-
land cells. Further research into possible configurations of the
media is required. For example, a bed of limestone, followed by a
bed of cocopeat and then of zeolite would be worth testing. Further
research is also needed to confirm the indirect role of vegetation in
the performance of the system, and the presence and effect of
microorganisms. Future studies should focus on the role of micro-
bial communities in the removal processes, together with the spe-
ciation of the pollutants in the solid phase using advanced
techniques such as X-ray diffraction (XRD), X-ray spectroscopy,
or sequential extraction procedures [56]. Other methods such as
determination of acid volatile sulfides (AVS) and simultaneously
extracted metals (SEM) could also be employed for bottom sedi-
ments [57]. This information is crucial to fully understand the fate
of the pollutants in the wetland matrix and therefore optimise the
design of constructed wetlands for the removal of As, Fe and B from
contaminated water.

5. Conclusions

� The effectiveness of alternative wetland media was demon-
strated in HSSF wetlands: limestone/cocopeat and zeolite wet-
lands showed excellent removal efficiencies for As (99.8% and
99.9% respectively) and Fe (87.3% and 96.1%) for a hydraulic
loading rate of 30 mm/d.
� Limestone/cocopeat wetlands could be a more suitable option

depending on the requirements for the final effluent, given their
capacity to raise pH. However, Fe removal was higher in the
zeolite wetlands.
� The key removal mechanisms in limestone/cocopeat wetlands

were pH-related Fe oxide precipitation, which caused As co-
precipitation, as well as B sorption by cocopeat. In zeolite wet-
lands, As and Fe were removed by ion-exchange.
� Plant uptake therefore played a minor role in the overall
removal of the target pollutants, as the accumulation of As, Fe
and B in plants were 0.11%, 2.05% and 0.1% of the total mass
loading in limestone/cocopeat wetlands, and 0.9%, 0.66% and
0.02% in zeolite wetlands, respectively.
� Metal accumulation in the wetland media indicated that As and

Fe removal is heterogeneous: in limestone/cocopeat wetlands
As and Fe were mainly removed in the inlet section (i.e. the
limestone component), whereas in zeolite wetlands the
removal decreased towards the bottom and the outlet sections
of the cells.

Acknowledgements

The authors would like to thank Chilean Government (Becas
Chile) for sponsoring Katherine Lizama Allende’s Ph.D. studies.
Fletcher is supported by an Australian Research Council Future
Fellowship (FT100100144). We thank the staff from Department
of Civil Engineering, Monash University, especially Frank Winston,
Richard Williamson, Anthony Brosinsky, Christelle Schang, Peter
Poelsma, Chris Rudiger, Perrine Hamel, Peter Kolotelo, Minna
Tom and Javier Neira for assistance with the experimental setup
and/or logistics.

References

[1] C.K. Jain, R.D. Singh, Technological options for the removal of arsenic with
special reference to South East Asia, J. Environ. Manage. 107 (2012) 1–18.

[2] G. Marshall, C. Ferreccio, Y. Yuan, M.N. Bates, C. Steinmaus, S. Selvin, J. Liaw,
A.H. Smith, Fifty-year study of lung and bladder cancer mortality in Chile
related to arsenic in drinking water, J. Natl. Cancer Inst. 99 (2007) 920–928.

[3] D. Mohan, C.U. Pittman Jr., Arsenic removal from water/wastewater using
adsorbents – a critical review, J. Hazard. Mater. 142 (2007) 1–53.

[4] A. Mukherjee, P. Bhattacharya, K. Savage, A. Foster, J. Bundschuh, Distribution
of geogenic arsenic in hydrologic systems: controls and challenges, J. Contam.
Hydrol. 99 (2008) 1–7.

[5] P. Byrne, P.J. Wood, I. Reid, The impairment of river systems by metal mine
contamination: a review including remediation options, Crit. Rev. Environ. Sci.
Technol. 42 (2012) 2017–2077.

[6] M. Pigna, V. Cozzolino, A. Giandonato Caporale, M.L. Mora, V. Di Meo, A.A. Jara,
A. Violante, Effects of phosphorus fertilization on arsenic uptake by wheat
grown in polluted soils, J. Soil Sci. Plant Nutr. 10 (2010) 428–442.

[7] J.T. Landrum, P.C. Bennett, A.S. Engel, M.A. Alsina, P.A. Pastén, K. Milliken,
Partitioning geochemistry of arsenic and antimony, El Tatio Geyser Field, Chile,
Appl. Geochem. 24 (2009) 664–676.

[8] P.L. Ríos, P.A. Guerra, C.A. Bonilla, C.R. Escauriaza, G.E. Pizarro, P.A. Pastén,
Arsenic occurrence in fluvial sediments: Challenges for planning sustainable
water infrastructure in the Lluta river basin, Abstracts of Papers of the
American Chemical Society, 404-ENVR, in: 242nd National Meeting of the
American-Chemical-Society (ACS), Denver, CO, 2011.

[9] M. Williams, Arsenic in mine waters: international study, Environ. Geol. 40
(2001) 267–278.

[10] K.R. Henken, Waste treatment and remediation technologies for arsenic, in:
K.R. Henken (Ed.), Arsenic Environmental Chemistry, Health Threats and
Waste Treatment, John Wiley & Sons Ltd., Chichester, 2009, pp. 351–430.

[11] J. Vymazal, Constructed wetlands for wastewater treatment: five decades of
experience, Environ. Sci. Technol. 45 (2011) 61–69.

[12] L. Marchand, M. Mench, D.L. Jacob, M.L. Otte, Metal and metalloid removal in
constructed wetlands, with emphasis on the importance of plants and
standardized measurements: a review, Environ. Pollut. 158 (2010) 3447–3461.

[13] S.D. Wallace, R. Knight, Small-scale constructed wetland treatment systems:
feasibility, design criteria, and O&M requirements. Final Report, in: Water
Environment Research Foundation (WERF), IWA Publishing, Alexandria, VA,
2006, p. 350.

[14] R.H. Kadlec, S.D. Wallace, Treatment Wetlands, second ed., CRC Press, Boca
Raton, FL, 2009.

[15] S. Buddhawong, P. Kuschk, J. Mattusch, A. Wiessner, U. Stottmeister, Removal
of arsenic and zinc using different laboratory model wetland systems, Eng. Life
Sci. 5 (2005) 247–252.

[16] Z.H. Ye, Z.Q. Lin, S.N. Whiting, M.P. de Souza, N. Terry, Possible use of
constructed wetland to remove selenocyanate, arsenic, and boron from
electric utility wastewater, Chemosphere 52 (2003) 1571–1579.

[17] K. Lizama Allende, T.D. Fletcher, G. Sun, The effect of substrate media on the
removal of arsenic, boron and iron from an acidic wastewater in planted
column reactors, Chem. Eng. J. 179 (2012) 119–130.

[18] F. Zurita, C.L. Del Toro-Sánchez, M. Gutierrez-Lomelí, A. Rodriguez-Sahagún,
O.A. Castellanos-Hernandez, G. Ramírez-Martínez, J.R. White, Preliminary

http://refhub.elsevier.com/S1385-8947(14)00181-8/h0005
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0005
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0010
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0010
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0010
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0015
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0015
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0020
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0020
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0020
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0025
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0025
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0025
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0030
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0030
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0030
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0035
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0035
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0035
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0045
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0045
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0050
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0050
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0050
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0050
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0055
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0055
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0060
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0060
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0060
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0290
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0290
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0290
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0290
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0290
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0070
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0070
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0070
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0075
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0075
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0075
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0080
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0080
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0080
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0085
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0085
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0085
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0090
http://refhub.elsevier.com/S1385-8947(14)00181-8/h0090


228 K. Lizama Allende et al. / Chemical Engineering Journal 246 (2014) 217–228
study on the potential of arsenic removal by subsurface flow constructed
mesocosms, Ecol. Eng. 47 (2012) 101–104.

[19] J. García, D.P.L. Rousseau, J. Morató, E. Lesage, V. Matamoros, J.M. Bayona,
Contaminant removal processes in subsurface-flow constructed wetlands: a
review, Crit. Rev. Environ. Sci. Technol. 40 (2010) 561–661.

[20] L. Kröpfelová, J. Vymazal, J. Švehla, J. Štíchová, Removal of trace elements in
three horizontal sub-surface flow constructed wetlands in the Czech Republic,
Environ. Pollut. 157 (2009) 1186–1194.

[21] K.Z. Rahman, A. Wiessner, P. Kuschk, M. van Afferden, J. Mattusch, R.A. Müller,
Fate and distribution of arsenic in laboratory-scale subsurface horizontal-flow
constructed wetlands treating an artificial wastewater, Ecol. Eng. 37 (2011)
1214–1224.

[22] A. Mattes, D. Gould, M. Taupp, S. Glasauer, A novel autotrophic bacterium
isolated from an engineered wetland system links nitrate-coupled iron
oxidation to the removal of As, Zn and S, Water Air Soil Pollut. 224 (2013).

[23] K. Lizama Allende, T.D. Fletcher, G. Sun, Enhancing the removal of arsenic,
boron and heavy metals in subsurface flow constructed wetlands using
different supporting media, Water Sci. Technol. 63 (2011) 2612–2618.

[24] T. Saeed, G. Sun, A comparative study on the removal of nutrients and organic
matter in wetland reactors employing organic media, Chem. Eng. J. 171 (2011)
439–447.

[25] P.F. Cooper, G.D. Job, M.B. Green, R.B.E. Shutes, Reed Beds and Constructed
Wetlands for Wastewater Treatment, WRc Publications, Swindon, Wiltshire,
1996.

[26] E.D. Leiva, C.D. Rámila, I.T. Vargas, C.R. Escauriaza, C.A. Bonilla, G.E. Pizarro, J.M.
Regan, P.A. Pasten, Natural attenuation process via microbial oxidation of
arsenic in a high Andean watershed, Sci. Total Environ. 466–467 (2014) 490–
502.

[27] Dirección General de Aguas, Evaluación preliminar de alternativas de
mitigación de contaminantes en el río Lluta a partir de una caracterización
de las fuentes de contaminación, Ministerio de Obras Públicas-DICTUC S.A,
Santiago, Chile, 2008.

[28] Melbourne Water, Typical analysis of Melbourne’s water, <http://www.
melbournewater.com.au/waterdata/drinkingwaterqualitydata/Documents/
Typical_water_quality_analysis_2013.pdf> (accessed 10.05.13).

[29] APHA, AWWA, WEF, Standard Methods for the Examination of Water and
Wastewater, 21st ed., American Public Health Association, Washington, DC,
2005.

[30] C. Redjadj, A. Duparc, S. Lavorel, K. Grigulis, C. Bonenfant, D. Maillard, S. Saïd, A.
Loison, Estimating herbaceous plant biomass in mountain grasslands: a
comparative study using three different methods, Alp. Bot. 122 (2012) 57–
63.

[31] M.A. Williamson, Iron, in: C.P. Marshall, R.W. Fairbridge (Eds.), Encyclopaedia
of Geochemistry, Kluwer Academic Publishers, Dordrecht, Boston, 1999, pp.
348–353.

[32] S. Yüksel, Y. Yürü, Removal of boron from aqueous solutions by adsorption
using fly ash, zeolite, and demineralized lignite, Sep. Sci. Technol. 45 (2010)
105–115.

[33] A.D. Redman, D.L. Macalady, D. Ahmann, Natural organic matter affects arsenic
speciation and sorption onto hematite, Environ. Sci. Technol. 36 (2002) 2889–
2896.

[34] P. Chutia, S. Kato, T. Kojima, S. Satokawa, Arsenic adsorption from aqueous
solution on synthetic zeolites, J. Hazard. Mater. 162 (2009) 440–447.

[35] U. Wingenfelder, C. Hansen, G. Furrer, R. Schulin, Removal of heavy metals
from mine waters by natural zeolites, Environ. Sci. Technol. 39 (2005) 4606–
4613.

[36] K.B. Payne, T.M. Abdel-Fattah, Adsorption of arsenate and arsenite by iron-
treated activated carbon and zeolites: effects of pH, temperature, and ionic
strength, J. Environ. Sci. Health A 40 (2005) 723–749.
[37] R.R.H. Cohen, M.W. Staub, Technical Manual for the Design and Operation of a
Passive Mine Drainage Treatment System. Prepared for the US Bureau of
Reclamation, Colorado School of Mines, Department of Environmental Science
and Engineering, 1992. p. 69.

[38] J. Vymazal, L. Kröpfelová, J. Švehla, V. Chrastný, J. Štíchová, Trace elements in
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