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Abstract A major environmental problem associated with
boron (B) mining in many parts of the world is B pollution,
which can become a point source of B mine effluent pollution
to aquatic habitats. In this study, a cost-effective, environ-
ment-friendly, and sustainable prototype engineered wetland
was evaluated and tested to prevent B mine effluent from
spilling into adjoining waterways in the largest B reserve in
the world. According to the results, average B concentrations
inmine effluent significantly decreased from17.5 to 5.7mg l−1

after passing through the prototype with a hydraulic retention
time of 14 days. The results of the present experiment, in
which different doses of B had been introduced into the pro-
totype, also demonstrated that Typha latifolia (selected as do-
nor species in the prototype) showed a good resistance to
alterations against B mine effluent loading rates. Moreover,
we found that soil enzymes activities gradually decreased with
increasing B dosages during the experiment. Boron mass bal-
ance model further showed that 60 % of total B was stored in
the filtration media, and only 7 % of B was removed by plant
uptake. Consequently, we suggested that application of the
prototype in the vicinity of mining site may potentially

become an innovative model and integral part of the overall
landscape plan of B mine reserve areas worldwide.
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Introduction

Boron (B) mine reserves are strategic regions worldwide due to
their supply of unique B compounds and minerals that are nec-
essary tohumansociety(ÖzdemirandKıpçak2010;Thakuretal.
2013). Boron reserves on the earth’s crust are located in Turkey,
USA, Russia, China, Chile, Argentina, and Peru (Türker et al.
2013).Mining pressure on theBmine reserve areas is very high,
and future scenarios suggest that itmay reachmaximumlevels in
thecomingyearsbecauseBis sowidelyusedforcommercial and
industrialpurposes (Taştanet al. 2012;Türkeret al. 2013;Ramilá
etal.2015).Therefore, theproblemofBminingcontamination in
countries with natural deposits has recently become a critical
issue (Wolska and Bryjak 2013). A major environmental
problem associated with B mining in many parts of the world,
especially inWesternAnatolia (Turkey)andCalifornia (USA), is
related to uncontrolled effluents (Okay et al. 1985; Stiles et al.
2011; Türker et al. 2013, 2014a). During B mining operation,
B-rich effluent can leak anddiffuse into the receivingwater body
due to erosion and rainfall. In this respect, B pollution generated
andaccumulatedover thewholewaterbody is transformed intoa
point source of boronmine effluent pollution upon entry into the
aquatic habitats (Stiles et al. 2011; Böcük et al. 2013;Wurl et al.
2014). Therefore, aquatic habitats around B mine reserve sites
can suffer frommoderate to high levels of boron contamination
whichmaydegrade theecologicalbalanceof the local ecosystem
(Böcük et al. 2013; Türker et al. 2013; Ramilá et al. 2015). It is
clearly necessary to evaluate a new holistic and sustainable
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strategy for thepreventionandcontrol ofBmineeffluent inorder
to protect water resource.

Engineeredwetlands (EWs) or constructedwetlands (CWs)
are an eco-technological approach to treat and control point or
non-point source pollution, and thus they are now widely used
as an alternative and effective method to reduce environmental
pollution all over the world (Chen et al. 2014). Hence, the re-
ports of wastewater purification by EWs have dramatically in-
creased in the scientific literature (Vymazal 2013). However,
information about the use of an EW for the prevention and
control of B pollution directly in mining effluents outlets in B
mine ecological environments is limited. Although some
pioneering research reported that EWs could also be used as
potential treatment optionsdue to their ability to removeB from
wastewater (Ye et al. 2003; Allende et al. 2012; Türker et al.
2013,2014a;Allendeetal. 2014), theseresearcheshavevarious
limitations in their practices: (1) informationaboutusinganEW
to optimize sustainable land management strategy in actual
mine reserve areas is still insufficient, (2) there is lackof knowl-
edge in monitoring physiological plants in wetland matrix re-
sponses toB, (3) there are noevidences related to the effect ofB
on soil biochemistry in EWs orCWs, and (4) the importance of
potential secondary benefits such as those obtained from the
EWs is not sufficiently discussed, and most researches have
not focused on facilitating and optimizing EW design in terms
of the innovative approach.

Therefore, the main objectives of this study were (1) to
evaluate and test a cost-effective, environment-friendly, and
sustainable prototype EW to control and prevent B mine ef-
fluent pollution under field conditions in the largest B reserve
in the world. The goal is to position the prototype within the
mine area as to intercept and filter B mine effluent before it
leaks out into surface water, (2) tomonitor Typha latifolia (as a
donor plant selected in this study) growth and its physiological
responses against B at the different mine effluent loading
rates, (3) to investigate the effects of B on soil enzyme activ-
ities such as dehydrogenase, protease, and urease in the pro-
totype, and (4) to assess potential secondary benefits of the
prototype as an innovative model for the overall landscape
plan of B mine reserve areas all over the world.

Material and methods

Description of research area

The experiment was performed from March to November
2014 at the largest Borax mine reserve area (39° 17′ N, 30°

30′ E) in the world (Kırka country—Eskişehir in Turkey) un-
der natural climatic conditions. This area is a leading mine
region in Turkey with extensive boron mining activities.
Borax pentahydrate is the main commercial product mined
from this reserve area. During B mining and extraction in this

reserve, large amounts of boron ore are excavated because the
ore contains mostly clay and the B amount in ore is between
only 20 and 28% (Böcük et al. 2013). Non-target B-richwaste
including clayey materials in the B ore is removed after the
excavation process. A large area (approximately 5 km 2) with-
in the mining area was selected as a reservoir or re-stripping
area in order to store non-target B-rich waste. However, some
portions of that area with the stored waste floods between 0.2
and 1 m during the rainy period, especially in early spring and
autumn. At such times, the B-rich waste can leak from the re-
stripping area into the receiving water body, and thus the
aquatic ecosystems around the mine sites can be direct or
indirect recipients of B effluent. A suitable research site in
the re-stripping area of Kırka B Mine Reserve was selected
to test the prototype under actual environmental conditions.

Prototype design and cultivation period

Thenewest literature reportsprovide some informationabout an
attractive experimentalwetlanddesign parameter forB removal
(Türker et al. 2014b; Allende et al. 2014). According to these
former experiments, the highest B removal efficiency was
achieved by combining a mono-culture planting design and
sub-surface flow regime in EWs, so the monoculture design
guide was applied in the present study (Türker et al. 2013,
2014b). Hence, two pilot-scale wetland systems with mono-
culture design parameter were constructed, prepared, and locat-
edoutdoors at theresearch site.Oneof thewetlandswasselected
as treatment prototype,while the otherwasusedas an unplanted
control. Each prototype was 2 m in length, 1 m in width, and
0.6m in depth (water depth is 0.4m)with a surface area of 2m2,
and employed gravity feed using 1.5° slope (Fig. 1).

Various researchers recommend the use of organic-based
media to improve retained B in EWs (Ye et al. 2003; Allende
et al. 2012, 2014). Moreover, Ye et al. (2003) emphasized the
use of calcareous sand to contribute to the removal of B due to
co-precipitation of B with calcium. Therefore, the prototypes
were filled with a mixture of organic-based peat (pH 4.6) and
calcareous sand (45 % CaCO3) to a depth of 0.5 m.
Approximately 5 cm of gravel was also placed on the mixture
of organic-based peat and calcareous sand. The approximate
percentages of the three filling materials in mixture within the
prototypes units were 40 % organic peat, 40 % calcareous
sand, and 20 % gravel. Coarse gravel was added in the inflow
and outflow section, and a plastic pipe was installed at the
center of each prototype to measure water depth. The mixture
which was prepared as filtration media was analyzed (in terms
of B amount) and washed prior to being inserted into the
prototypes (the boron content of filtration mixture was found
to be negligible). Detailed information about the schematic
demonstration of prototypes is given Fig. 1.

The use of local native species to plant EWs can improve
pollutant removal process (Vymazal and Kröpfelová 2008).
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Furthermore, previous studies indicate that particularly,
T. latifoliaL.(cattail)canadaptbetter toanorganic-basedmedia
in EWs compared to the other macrophytes due to the highly
aggressive and competitive capability of T. latifolia colonizing
in EWs under natural conditions (Türker et al. 2013, 2014a).
Therefore, the prototype was vegetated with T. latifolia which
can grow in theB-rich aquatic environments surrounding theB
reserve. Rhizomes of T. latifolia were collected from natural
wetlands surroundingKırka BReserve, and the rhizomeswere
immediately transplanted in prototype at a plant density of
about 8 rhizomes/m2. Later, the rhizomes were numbered and
recorded according to their location in the prototype.

Prior to the start of the experiment, the prototypes were fed
by secondary-treated wastewater for 90 days in order to sup-
port the plant growth and establish microorganisms. The
secondary-treated wastewater was collected from the settling
pond of the neighborhood.

Boron dosage and wetland operation

After the cultivation period of 3 months, the prototype and
unplanted controlwere fully established for the treatment facility
under the field conditions. Mine effluent, which was obtained
from a pond surrounding the re-stripping area in the B mine
reserve site, was used for the present experiment for the applica-
tionof theprototypeunder the fieldconditions.Themineeffluent
wasmodifiedbyaddingsecondary-treatedwastewater inorder to
adjust the B level to appropriate values for the study because B
concentration of the mine effluent in the pond changed

seasonally, rangingbetween6and40mgl−1 in thewater through-
out the year. This is also the reasonwhy and howwe determined
the range of B concentration used in this study. Element concen-
trations in the mine effluent obtained from the pond and in
secondary-treated wastewater before the experiment period are
shown in Table 1.

The prototype and unplanted control were filled with test
solution from a storage tank containing B mine effluent, and

Fig. 1 Schematic demonstration of the prototype engineered wetland (PEW)

Table 1 Element concentrations in the mine effluent and in the
secondary-treated wastewater used in the present experiment before the
study period

Parameter Unit Mine effluent Secondary-treated
wastewater

Boron (B) mg l−1 40.8 2.49

Silver (Ag) mg l−1 0.009 0.0075

Cadmium (Cd) mg l−1 <d.l. <d.l.

Calcium (Ca) mg l−1 54.8 102.8

Chromium (Cr) mg l−1 <d.l. <d.l.

Copper (Cu) mg l−1 <d.l. <d.l.

Iron (Fe) mg l−1 <d.l. <d.l.

Sodium (Na) mg l−1 81.62 37.44

Nickel (Ni) mg l−1 <d.l. <d.l.

Lead (Pb) mg l−1 0.0086 0.0433

Zinc (Zn) mg l−1 <d.l. <d.l.

Manganese (Mn) mg l−1 0.0183 0.0462

Potassium (K) mg l−1 17.50 7.934

<d.l. below the detection limits
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the effluent was fed into the inflow zone. The effluent was
pumped through pipes into each system, and each feeding
cycle took 1 h. During the research period, the prototype
and unplanted control were manually drained with a valve
at the bottom of each system every 2 weeks and then were
refilled with fresh mine effluent containing different B
concentrations. The systems operated under the same hy-
draulic loading rate (HLR) of 0.021875 mg m−2 day−1 and
the hydraulic retention time of systems was to set to
14 days. These types of hydraulic regimes have a high
potential for the removal of contaminants such as B from
wastewater (Türker et al. 2013). The prototypes operated
continuously for a period 154 days until vegetation
showed wilting at the beginning of November 2014.

Chemical analysis and sampling of water, plants,
and media

Water sampling and analysis

Water samples were taken every 2 weeks, at intervals based on
the hydraulic retention time of the prototypes according to
Türker et al. (2013, 2014a). Samples for the chemical analyses
were collected from inflow and outflow of each prototype.
Concurrent with sampling, pH, electrical conductivity (EC),
temperature, dissolved oxygen (DO), and redox potential were
measured with a HACHHQ40Dmulti-parameter meter in the
field. For the elemental analyses, the samples were filtered
through Whatman cellulose filter paper and acidified to pH
<2 with nitric acid (65 %). The concentration of B, Ca, K, and
Na were determined with a high-resolution continuum source
atomic absorption spectrometer (Analytikjena ContrAA 700).
Samples for nitrate and nitrite were measured with a colori-
metric method using a colorimeter (HACH DR/890) immedi-
ately after each sampling period. Because Ag, Cd, Cr, Cu, Fe,
Ni, Pb, Zn, and Mn concentrations in the mine effluent are
below the detection limits or drinking-water standards before
the study, the concentration of these elements in the mine
effluent are not monitored during the experiment period
(Table 1).

Plant monitoring, harvesting, analysis, and biomass
production

The height and shoot numbers of T. latifolia were measured
every 2 weeks, and any instances of plant disease or insect
attack were recorded. Plant height was calculated as the aver-
age height of individuals in the prototype, and plant density
was determined from the average shoot numbers of individual
species in the prototype. Chlorophyll content of plants in the
prototype was also measured in the experiment. For the anal-
ysis, fresh tissues from mature leaves of plants were collected

weekly from the prototype, and chlorophyll a and b content
were measured according to Wellburn (1994).

At the end of the study, all the plant biomass both above-
ground and belowground was harvested from the prototype in
order to calculate dry biomass and chemical composition of
plants, and also to determine the plant biomass production
which can be converted to potential biogas. Dry biomasses
of the aboveground and belowground parts were calculated
by drying the harvested biomass in an oven at 65 °C for 48 h.
After calculating, individuals were separated into leaves,
stems, and roots, and all the material were powdered and
digested by HClO4/HNO3 acid at 1:3 proportions in a micro-
wave digestion unit. The concentration of B, Ca, K, and Na
were determined with atomic absorption spectrometer.
Moreover, ash content of plants was determined according
to Cria et al. (2005).

The convertible plant biomass to biogases was calculated
theoretically according to Kaltwasser (1980) and Buswell
(1952) based on harvestable biomass after the study.
Moreover, we calculated the potential methane production
depending on biomass production with the Buswell equation
as:
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In this basic equation, C: carbon, H: hydrogen, O: oxygen,
and x, y, z: number of atoms of elements.

Filtration media analysis

The media samples from the prototype and the unplanted con-
trol were collected homogenously from the inlet zone, middle
zone, and outlet zone at the end of the experiments. The sam-
ples were collected using a 4-cm-diameter PVC corer. The
concentrations of B, Ca, K, and Na were determined using
the atomic absorption spectrometry method. The extractable
B (plant-available B) in the media was measured with
carminic acid method, N by Kjeldahl method, and soil struc-
ture with Bouyoucos method (Türker et al. 2013, 2014a).
Moreover, rhizosphere samples from the prototype and sedi-
ment samples from the unplanted control system were also
collected every 2 weeks using hand-shaking method by
avoiding edge effects between supporting media and rhizo-
sphere (Zhang et al. 2010a). The collected the field-moist
media samples were sieved and then stored in a refrigerator
at 4 °C prior to analysis of enzyme activity within 1 week. The
dehydrogenase, protease, urease, and enzyme activities in fil-
tration media of the prototypes were determined according to
Kong et al. (2009).
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Calculations and B mass balance model

Boron mine effluent loading rate to the prototype and the
unplanted control was calculated as described by Debing
et al. (2009):

Loading rate mg m‐2day‐1
� � ¼ Ci � V ið Þ

.
S � Ið Þ

h i
ð2Þ

whereCi refers to the average B concentration inflow (i.e., raw
water flowing into the system), Vi corresponds to standing
mine effluent volume in the prototype and the unplanted con-
trol, S is the total unit area of the prototype, and I is the time
between water drainage and refilling.

Boron removal efficiency (%) from mine effluent passing
though the prototype and the unplanted control was calculated
as follows:

B removal efficiencies %ð Þ ¼ CiV i−CeVeð Þ
.
CiV i

h i

� 100 ð3Þ

where Ci and Ce are the average B concentrations of inflow
and outflow (mg l−1), and Vi and Ve are the volumes of the
outflow and the inflow collected and dosed in the prototype
and the unplanted control.

The mass removal rate (MRT) was calculated using the
equation evaluated by Wu et al. (2011):

Mass removal rate mg m‐2day‐1
� �

¼ Ci � V i–Ce � Veð Þ
.
unit surface area

.
HRT

h i
ð4Þ

The unit area of the prototype and the unplanted control
was 2 m2 and hydraulic retention time (HRT) was 14 days as
described above.

A simple conceptual model was designed in order to inves-
tigate the contribution of various removal pathways in remov-
ing B in the prototype.

The mass balance model is obtained and is shown below:

Binput ¼ Boutput ð5Þ

where Binput refers to the total amount of B (mg) added in the
prototype during the research period and Boutput is the total
amount of B (mg) collected from the prototype in the research
period.

Binput ¼ W flowing � Binflow ð6Þ

Binflow ¼ Ci � V i ð7Þ

Wflowing is the total amount of water flowing through the
prototype during the experiment (m3) (for 154 days) and
Binflow corresponds to the B concentrations in inflow. Ci is

the average inflow B concentrations (mg l−1), and Vi is the
volume of the inflow in liters.

Boutput ¼ Boutflow þ Bplant þ Bmedia þ Bundetermined ð8Þ
Boutflow ¼ Ce � Ve ð9Þ

where Boutflow is the average B concentrations in outflow.Ce is
the average outflow B concentrations (mg l−1), and Ve is the
volume of the outflow in liters.

BPlant ¼ Tend � Bendð Þ
.
1000 ð10Þ

where BPlant and Tend are B in plants and total amount of plant
biomass at the end of the experiment (g), respectively. Bend

corresponds to concentrations of B in plants end of the study
(mg/g).

Bmedia ¼ Wmedia � Tmediað Þ
.
1000 ð11Þ

Bmedia is the B in media,Wmedia refers to the total amount of
media (weight in grams), and Tmedia is the total B in media at
the end of the study (mg/g).

Bundetermined ¼ Binput−Boutflow−Bplant−Bmedia ð12Þ

where Bundetermined is the undetermined B amount during the
research period.

Statistical analysis

In this study, statistical relations between the concentrations of
B and pH, EC, and temperature value in inflow and outflow
water samples for the experimental prototype and unplanted
control were determined using one-way ANOVA test.
Correlations between B removal efficiency and physicochem-
ical parameter of wastewater in the prototypes were analyzed
by Pearson’s correlation coefficient. PCA statistical analysis
was used to ascertain whether the concentrations of B and Ca,
K, Na, and N in T. latifolia were related to different parts of
treatment area in the prototype. The data in the experiment
were checked for normality and homogeneity of variance
(using the Shapiro-Wilks test) with significance set at 0.05
before performing ANOVA. Statistical confidence was set at
p <0.05, and all statistical calculations were implemented
using SPSS version 19.0 of the Statistical Software Package.

Results and discussions

Filtering performance of the prototype

Figure 2 illustrates inflow and outflow properties, B removal
efficiency, andmass removal rate in both the prototype and the
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unplanted control over the entire experiment period. As seen
in Fig. 2a, B concentrations in the inflow gradually increased
during the study period reaching an average value of
17.5 mg l−1 and B concentrations in inflow decreased from
17.5 to 5.03 mg l−1 after passing through the prototype
(p < 0.05). This result demonstrates that the prototype is ca-
pable of removing B from the mine effluent, and thus the
prototype could be a reasonable bio-filter option to control B
pollution directly from mining effluent outlets in B mine re-
serve areas all over the world. This is in agreement with var-
ious authors in the literature who reported that EWs can treat
B from various types of wastewater (Ye et al. 2003; Gross
et al. 2007; Allende et al. 2012, 2014; Türker et al. 2013,
2014a).

On the other hand, B removal efficiency of prototype fluc-
tuated greatly in the range of 50–84 % over the study period,
and B removal performance of the prototype gradually in-
creased with increasing B concentration in the mine effluent.
Accordingly, B concentration in outflow samples of prototype
was stable below 5 mg l−1 during the first 112 days, and the
highest B removal performance was achieved at the end of the
112th day. However, B removal performance of the prototype
suddenly decreased after the 112th day when inflow B con-
centrations exceeded 27 mg l−1. This sudden decrease in the
present study could result from the fact that prototype compo-
nents including supporting media and plants started to saturate
B when inflow B concentrations reached 27 mg l−1, and thus
B removal performance decreased due to the overload of fil-
tering capacity of the prototype. The data from the previous
study also support these phenomenon, and it can be seen that
the B removal efficiency was initially high but then decreased
when adsorption capacity of filtration media and plants were
used up gradually (Ye et al. 2003; Gross et al. 2007; Allende
et al. 2012, 2014). Therefore, in order to optimize or stabilized
B removal efficiency of the prototype during B purification

process, our results suggest that inflowB concentration should
not be exceeding 27 mg l−1.

Applied B loading rates and corresponding mass removal
rates of B, together with the coefficient of determination (R2)
values obtained by regression analysis, for both the prototype
and the unplanted control are also represented in Fig. 2b. It can
be seen that the B mass removal rates of the prototype were
slightly higher than that of the unplanted control throughout
the investigation. This slightly higher mass removal rate of the
prototype may be as a result of improved filtration through
T. latifolia’s rooting biomass in the prototype and/or the accu-
mulation of B by T. latifolia from the mine effluent. Moreover,
we found that a good linear correlation between the incoming
B mass loads and B mass removal rates were observed for the
mine effluent in both the prototype and the unplanted control.
The boron mass removal rates of the prototype (0.004–
0.031 mg m−2 day−1) and the unplanted control (0–
0.022 mg m−2 day−1) showed strong correlation with incom-
ing loads, with R2 values of 0.9555 and 0.9318, respectively.
Therefore, the differences in the correlation of incoming B
mass loads at varying mass removal rates of the prototype
and the unplanted control were an indication that higher B
removal rate could be achieved when the inflow B
concentration was high as reported before by Türker et al.
(2013) and Türker et al. (2014a).

pH value of water also can affect B removal performance of
EWs by changing wetland dynamics, especially with respect
to B in EWs. As previously reported by Oertli and Grgurevic
(1975), availability of B for plants and media increases near
neutral pH levels, and thus the adsorption of B in filtration
media and plant tissues increases with near neutral pH levels.
As shown in Fig. 3, pH value showed a slight fluctuation both
in the prototype and the unplanted control during the experi-
ment period, and the pH value of the prototype was signifi-
cantly lower than the unplanted control and closer to pH 7.0

Fig. 2 Inflow and outflow properties, boron removal (Brm) efficiency and mass removal rate, in both prototype and unplanted control over the entire
experiment period
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(p < 0.05). This result demonstrated that B is more available in
the prototype as compared to the unplanted control and sug-
gested that plants in the prototype may play an important role
in the removal of B from the mine effluent. Therefore, use of
plants in EWs could maximize B removal efficiency.
Moreover, differences in pH value in the planted prototype
would mean that the development of vegetation and plant
roots over time may have affected pH value through release
of acidic exudates such as allelopathic chemicals from plant
roots into the water and root respiration of plants, so they
could have also contributed to B removal dynamics in the
planted prototype (Türker et al. 2014a).

One-way ANOVA indicated that EC values of outflow
were not significantly lower than those of the inflow into the
prototype (p > 0.05). Moreover, there is no significant differ-
ence determined between the prototype and unplanted control
(Fig. 3) (p > 0.05). This result indicated that anionic and cat-
ionic ions were not significantly reduced in either the proto-
type or the unplanted control during B purification process,
suggesting that EC removal mechanism of the prototype is
related to mostly physical processes such as sedimentation,
and the effect of plant filtration on EC removal might not be
important (Leto et al. 2013).

Figure 3 shows that no discernible temporal trends were
observed in both redox potential and dissolved oxygen level

for the prototype and the unplanted control throughout the
experiment. Moreover, we found that there are no significant
correlations among redox potential (r = +0.212; p > 0.05) and
dissolved oxygen (r = +0.028; p > 0.05) with B removal
efficiency. Nevertheless, it can be concluded that redox poten-
tial in the prototype reached mostly positive values once the
experiment started, and the redox values changed between
+100 and −100 mV until the 130th treatment day. However,
the redox values in the prototype quickly increased from +100
to +200 mVafter the 130th treatment day and remained close
to +150 mV. These results indicated that oxidized iron in the
prototype was relatively stable during the experiment period
and the oxidation of ferrous ions may be maintained by the
iron-depositing bacteria which are associated with the devel-
opment of a redox gradient in the prototype matrix. Moreover,
the precipitation of iron hydroxides in the rhizosphere related
to the activities of iron-depositing bacteria probably leads to
an iron plaque formation, and this plaque promotes B binding
affinity in the organic-based media, potentially being perma-
nently immobilized in the prototype as reported by Vymazal
and Kröpfelová (2008) for other trace elements. On the other
hand, it can be seen in Fig. 3 that the redox value of the
prototype is mostly higher than the redox values in the
unplanted control during the experiment period. This sug-
gested that T. latifolia in the prototype affected the redox status

Fig. 3 Physicochemical parameter and element concentrations of inflow and outflow both in the prototype and unplanted control during the study
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in the rhizosphere due to its ability to release oxygen with
roots, and thus T. latifolia can influence B mobility in the
prototype matrix. Hence, it can be hypothesized that increas-
ing oxygen release by T. latifolia at the rhizosphere into the
prototype may have resulted in more Fe precipitation as iron
plaque compared to the unplanted control, and this may have
led to co-precipitation associated with the presence of
T. latifolia and the action of the iron-depositing bacteria in
the pro to type (Vymazal and Kröpfe lová 2008) .
Theoretically, B removal dynamics could be related to the
aerobic oxidation pathways in the rhizosphere, and increased
oxygen release at the rhizosphere can have more positive ben-
efits improving B removal in the planted prototypes.
However, further researches are needed to understand the re-
lationship between aerobic oxidation pathways or redox con-
ditions of rhizosphere and B removal efficiency in wetland
which are designed for remediation.

In the treatment period, nitrite and nitrate concentrations in
the prototype outflowwere significantly lower than those in the
inflow (p < 0.05) (Fig. 3). However, we did not find any statis-
tical differences between the planted prototype and the
unplanted control in terms of nitrite and nitrate removal
(p> 0.05). Therefore, it can be concluded that nitrite and nitrate
together with B were efficiently reduced by the prototype, and
nitrogen removalmechanism inEWis related tomostlybiolog-
ical and physical processes such as nitrification-denitrification
(Vymazal 2013). On the other hand, no discernible removal
trends were observed for Ca, K, and Na in the prototype and
the unplanted control throughout the experimental period.
Moreover, the Ca concentrations in the inflow were mostly
lower than the prototype and the unplanted control outflow.
The reasonable explanations for this situation might be that
the filtration material in the prototype was saturated with Ca
during the study because of using calcareous sand in the filtra-
tion media, and that is why wemeasured higher Ca concentra-
tion in outflow sample. K andNa concentrations in the outflow
samples of the prototypewere relatively lower than those in the
inflow (p > 0.05) (Fig. 3).

Plant growth, monitoring, and boron uptake

The selection of plant species is an important issue in the EWs
and related to their lifespan (Vymazal and Kröpfelová 2008).
In the present experiment, the survival rate of T. latifolia in the
prototype after the culture period was found to be higher than
75 % according to Türker et al. (2013), suggesting that
T. latifolia was well adapted to climatic as well as operational
conditions of the research area and thus T. latifolia can be
suitable species in the prototype.

The plant height and number of the shoots in the prototype
were monitored during the prototype operation, and the results
are shown in Fig. 4a. The monitoring period was divided into
three stages based on B mine effluent loading rates in order to

observe the alterations in plant growth due to B mine effluent
loading rates applied to the prototype: the first feeding period
from day 0 to 51 (BLR 0.0084–0.0104 mg m−2 day−1), the
second feeding period from day 52 to 107 (BLR 0.01–
0.0339 mg m−2 day−1), and the third feeding period from
day 108 to 154 (BLR 0.0358–0.0492 mg m−2 day−1)
(Fig. 4). After the first application of effluent, plant height
gradually increased and reached almost 100 cm. At the same
time, a similar trend also was found for the number of shoots
in the prototype during the first feeding period. At the second
feeding period, T. latifolia reached its maximum height and
then remained constant until the 112th day. However, the
number of shoots in the prototype also continued an increas-
ing trend during the second feeding period and reached about
80 cm. A slight decreasing trend associated with the decay of
dry leaves was determined for the height of T. latifolia in the
third feeding period, whereas the numbers of shoots in the
prototype slightly increased and then remained constant until
the end of the experiment. Furthermore, T. latifolia in the
prototype grew well and did not show any signs of B toxicity
symptoms including necrosis and chlorosis or another nutrient
deficiency during the first, second, and third feeding period.
These results indicate that T. latifolia in the prototype showed
a good resistance to alterations in B mine effluent loading
rates, and thus higher growth rate and proliferous germination
level were achieved for T. latifolia in the prototype during the
experimental period. Therefore, we recommend that
T. latifolia is a well-suited option against potential toxic effects
of B mine effluents and their variability in the prototype.

The chlorophyll content in the plants was determined to
assess B mine effluent toxicity during the experiment period.
The levels of the chlorophyll pigments a, b, as well as total
pigment concentrations (a + b) for T. latifolia in the prototype
are shown in Fig. 4b. The chlorophyll pigment concentrations
of T. latifolia in the first feeding period were higher than in the
second and third feeding periods. It may be explained by
several causes such as hostile climatic pressure in the research
area and operational origin associated with excess B concen-
trations in the mine effluent. On the other hand, higher chlo-
rophyll content, especially in the first and second feeding pe-
riods, may indicate the apparently higher resistance of
T. latifolia to the application of B mine effluent. Therefore,
further investigations are required to assess the detoxification
pathways of T. latifolia against B in the wastewater.

Contents of B and some other elements in T. latifolia tis-
sues according to plant number and location in the prototype
are shown in Table 2. T. latifolia that were located in the outlet
zone acquired more B than those toward the inlet and middle.
This result indicated that the effective uptake facility of B
occurred within the outlet zone, and thus plants near the outlet
zone play an important role in accumulating B from mine
effluent. The higher uptake by plants near the outlet zone of
the prototype may be explained by the higher bioavailability
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of B related to CaCO3 and Ca content in the media of the
prototype (Ye et al. 2003). Accordingly, higher concentrations
of B as a form of boric acid are dissolved into the outlet zone
in the prototype, and thus more B is available for plant uptake
in this zone. That is why B is accumulated from aqueous
environment by plants mainly as a form of boric acid and
stored in their tissues. The presence of high concentrations
of boric acid in the outlet zone most likely leads to a signifi-
cant effect on B uptake by plants. Therefore, the effects of the
location on B accumulation by plants should be taken into
consideration when designing such prototypes. Moreover,
we believe that for ions such as B to be accumulated by plants
in the prototype, they should exist in plant-available concen-
trations in supporting media to maximize the accumulation
capacity of the plants and contribute to the success of proto-
type (Ye et al. 2003; Allende et al. 2014).

Our results also demonstrate that leaves of T. latifolia have
greater B accumulation compared to stems and roots, and B con-
tent in leaves were nearly two times higher than that of the stems
and roots. These results showed that a significant translocation
occurred in T. latifolia and B in mine effluent is transported to
leaves from roots, which is consistent with the previous study
reported by Türker et al. (2014a). Therefore, harvesting might
be a viable B removal option for the prototype among current
management practices. In such cases, a considerable amount of
accumulated B can be removed from mine effluent by frequent
harvesting of the plants. Furthermore, managers should harvest
plants in theprototypejustafter thegrowingseasontomaximizeB
removal plants harvested then have maximumB content in their
aerial tissues.Therefore, itcanbesuggestedbothplantspeciesand
vegetation distribution in the prototype are important because the
management practices of plants (harvesting/exporting) may also
affect the B removal capacity of the prototype.

Figure 5 shows the principal components for all plants and
their location in the prototype. According to PCA statistical
analyses, B and Na have the strongest relationship; B and N,
Ca and Mg second; whereas B and K correlated negatively.
Moreover, the statistical analyses indicated that B concentra-
tions in the plants exhibit a strong direct relationship with Na,
Ca, and N but negative correlation with K. Moreover, there
was a strong statistical relationship between B and Na in the
plants which are located in the inlet zone. Such relationships
may be related to the increase in B mobility in the plants as a
result of B toxicity (Türker et al. 2013).

Boron retention in filtration media of the prototype

The total amount of B and the extractable B (plant-available
B) concentrations that are retained in the filtration media of
both the prototype and the unplanted control, as well as other
parameters (Ca, K, Na, N, pH, CaCO3, and sediment texture)
at the end of the experiment period, are shown in Table 3. The
results indicated a high level of B both for total and extractable
concentrations retained in the filtration media in the proto-
types. Therefore, it can be concluded that using a mixture of
organic-based peat and calcareous sand as a filtration material
in the prototype has potential to remove or filter B from mine
effluent. Some reports from literature show that B has a high
affinity for organic particles, and thus B can be retained in the
organic-based media through a ligand exchange mechanism
related to diol or cis-diol complexes. For example, Ye et al.
(2003) found 36 % removal of B using a mixture of Colma
sand and organic potting medium in a microcosm experiment.
Kuyucak and Zimmer (2004) reported a 47 % B removal in
the natural treatment facility filled with organic peat. Allende
et al. (2012) and Allende et al. (2014) suggested that organic

Fig. 4 Plant height and number of the shoots in prototype (a) and the level of the chlorophyll pigments a and b, as well as total pigment concentration
(a + b) for T. latifolia in the prototype (b). Error bars indicate standard deviation
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cocopeat substrate was the most effective filling material com-
pared to zeolite and limestone for B removal, and organic
materials content positively correlates with B removal in
EWs. These results are in good agreement with our findings
as sorption to organic material can be the key mechanism for
removal of B both in the prototype and the unplanted control
in the experiment, suggesting that using organic-based media
in the prototype would improve the removal of B from mine
effluent. In addition, it can be concluded that total and extract-
able B concentrations in the prototypes tended to increase
toward the outlet, meaning that a number of the sorption sites
have taken up B in the outlet zone of the prototype. Therefore,
it can be emphasized that retained B concentrations in the
filtration media can be controlled by other factors such as
pH, porosity, particle size, and compaction. Additionally, in
this present experiment, the calcareous sand was used as the
filling material in the prototype in order to increase the reten-
tion of B content in the filtration media due to co-precipitation
of B with calcium. As seen in Table 3, Ca concentrations and
CaCO3 in filtration media of the prototype were higher than
the unplanted control media. This result indicated that an ef-
fective co-precipitation site formed between Ca and B in the

prototype, and thus filtration media in the prototype absorbed
more Ca compared to the unplanted control media during the
experiment period. That is why higher Ca content in the fil-
tration media is known to improve B removal efficiency, and
this may also explain the higher B removal performance for
the prototype compared to the unplanted control. Other pa-
rameters such as subsequent differences in flow regime due
to plant density are considered to have a crucial role on
retained B content in the filtration media. Because of the dif-
ferences in the flow regime between the prototype and the
unplanted control, the retention time was slightly higher in
the prototype, and thus more B was filtrated from mine efflu-
ent. According to the present results, B content in the filtration
media of the prototype could increase in time and, thus, the
lifespan of the filtration media may only be limited by B
overload. Therefore, further settling or periodic maintenance
may be required if the filtration media becomes saturated. It is
recommended that managers should carefully calculate the
lifespan of the filtration media according to B loading dosage
during the study period. Finally, other organic-based filtration
materials such as dead plant substrate should be tested in terms
of their performances to improve the treatment efficiency of
boron in the prototype engineered wetlands.

Soil enzyme activity in the prototype

Soil enzymes such as dehydrogenase, protease, and urease in
wetland matrix provide crucial information about the quanti-
tative aspects of the quality of living dynamics related to mi-
crobial activity and microbial compositions in soil environ-
ment (Zhang et al. 2010b). Therefore, researches measure
the soil enzyme activities in EW in order to clarify the rela-
tionship between treatment efficiency and enzyme activities
(Kong et al. 2009; Zhang et al. 2010b). However, results on
the effect of B on soil enzyme activities in EWs are still

Fig. 5 Results of PCA analysis of the element concentrations within the
T. latifolia in different locations

Table 3 Chemical and physical
analyses of filtration media from
different locations in the
prototype and unplanted control
at the end of the experiment

Prototype Unplanted control

Inlet
zone

Middle
zone

Outlet
zone

Inlet
zone

Middle
zone

Outlet
zone

Total amount of B
(mg kg−1)

<5 <5 120 <5 <5 97

Extractable B (mg kg−1) 2.97 4.57 5.77 2.06 1.91 2.15

pH (−log[H+]) 8.2 8.25 8.16 7.84 7.87 7.97

EC 670 641 704 561 418 667

CaCO3 (%) 51 51 55 52 51 55

N (%) 0.06 0.055 0.02 0.04 0.02 0.01

Ca (mg kg−1) 24,426 26,856 28,327 24,060 24,037 25,471

K (mg kg−1) 92 92 92 82 69 86

Na (mg kg−1) 135 129 133 125 120 151

Sediment Texture Sand Sand Sand Sand Sand Sand
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lacking, and no direct research has been performed so far;
therefore, this research also aims to fill these gaps in literature.

The activities of dehydrogenase, protease, and urease both
in the prototype and the unplanted control based on different B
mine effluent loading rates are shown in Fig. 6. It can be seen
that soil enzyme activities gradually decreased with increasing
B concentration in the mine effluent. Dehydrogenase enzyme
activity decreased from 16.9 to 13.4 μg TPF g−1 h−1 and
protease activity also decreased from 347.3 to 220.5 μg tyro-
sine g−1 24 h−1 with the increase in B loading rate from 0.0084
to 0.0492 mg m−2 day−1. A similar trend was also determined
for the urease activity, and thus higher activities in the proto-
type were observed as 449 μg NH4

+ g−1 48 h−1 in the first
feeding period, while the lowest activity of urease in the pro-
totype was measured as 330.5 μg NH4

+ g−1 48 h−1 in the third
feeding period. Therefore, the results of the present experi-
ment, in which different doses of B had been introduced into
the prototype, showed that B was an inhibitor for the activity
of soil enzyme activities in the prototype. So, it can be con-
cluded that overall microbial activity in the first feeding period
is higher than the second and the third feeding period, and
more oxidation site related to mineralization and transforma-
tion of organic matters occur in the prototype during the first
feeding period as reported by Kong et al. (2009). It was also
interesting to see that the activities of dehydrogenase in the
prototype were generally higher than the unplanted control. It

was probably associated with the higher supply of oxygen in
the sediment in the planted prototype than the unplanted con-
trol, as macrophytes such as T. latifolia are known to release
oxygen into the wetland matrix. In parallel, urease and prote-
ase activities in the prototype were higher than the unplanted
control, indicating that the presence of plants increased urease
and protease activities as it catalyzes the hydrolysis of urea to
carbon dioxide and ammonium, as well as the type and
amount of exudates from diverse roots in the prototype
(Zhang et al. 2010b). All of these results also explained more
Fe precipitation as iron plaque associated with the activities of
iron-depositing bacteria in the prototype compared to the
unplanted control. However, further studies are needed for a
deeper understanding on the relationship between soil enzyme
activities and vegetation structure in the wetland systems
treating B-containing wastewater. Nevertheless, the monitor-
ing of soil enzyme activities such as dehydrogenase, protease,
and urease in wetland matrix could serve as important bio-
markers for aquatic environment contaminated by B.

Quantification and evaluation of B mass balance model
in the prototype

According to the results of the present experiment, we found
that B removal mechanism in the prototype matrix included
sorption of B on filtration media, accumulation or

Fig. 6 Activities of dehydrogenase, protease, and urease both in prototype and unplanted control according to B mine effluent loading rates in the
experiment period. Error bars indicate standard deviation
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precipitation in organic-based media, and plant uptake. The
first two processes have an acceptable capacity for sustainable
B removal in the prototype. Proportion of B removed by dif-
ferent mechanisms and pathways in the prototype throughout
the experiment period was calculated by mass balance model
(Fig. 7). According to the model, filtration material removed
60 % of total B input, while B removed by plant uptake was
7 %. Other B removal processes such as possible microbial
uptake or dead leaves loss removed around 1 % of inflow B.
Therefore, it can be concluded that B removal mechanism in
the prototype is based on the combined activity of filtration
media and plant, as well as associated microorganism and
filtration media storage. Moreover, the results also suggested
that plant uptake might be among the key factors limiting B
removal in EWs, but T. latifolia had a smaller contribution to
B removal process.

Assessment of potential secondary benefits using
the prototype in the mine ecological systems

Our results suggested that our prototype approach could be a
green solution to be developed and tested by the countries
with natural B deposit to reduce B mine pollution. In this
respect, using a prototype wetland for B mine effluents not

only provide significant help to control B mine effluent pol-
lution but also several ancillary benefits including biogas pro-
duction, green fertilizer creation from harvested plants in the
prototype, and irrigation reuse of outflow.

Firstly, we propose that aboveground biomass of T. latifolia
in the prototype is harvested periodically, and then the raw
materials are converted to biogas through fermentation pro-
cess. Moreover, the biogas can be used to produce electricity.
Previous studies from literature have indicated that aquatic
plants such as T. latifolia are defined as a potential substrate
for biogas production because T. latifolia have the capability
of high biomass production in natural and engineered wet-
lands (Cria et al. 2005; Dipu et al. 2011). With respect to
aboveground biomass, results demonstrated that T. latifolia
is an adequate raw material to be used as a substrate in biogas
production process. Therefore, it can be concluded that the
prototype in macrophytes can be used as an alternative energy
source instead of fossil fuels in the boron mining operation.
From this perspective, Table 4 shows an estimated energy
budget for the prototype according to harvestable plant bio-
mass in the present experiment.

Secondly, although we did not test potential production of
green fertilizer from T. latifolia in the prototype, it can be
hypothesized that the remaining products of the plants from
the biogas production process can be used as a green fertilizer
in areas with B-deficient soils in all over world.

Thirdly, the results of the present study showed that B
concentrations in the treated effluent ranged from 2 to
14mg l−1 during the study, and this concentration scale mostly
meets water quality criteria for reuse in terms of boron con-
centration for irrigation purpose which can be used for agri-
culture (Hilal et al. 2011). Treated effluents can be suitable for
some B tolerant agricultural crop reuse; thus, we suggest that
the reuse of treated effluents from the prototype may bring
significant environmental and economic advantages in arid
and semi-arid areas which suffer from serious water shortages
as B mine reserve sites.

Finally, it would require some preliminary research con-
ducted by environmental strategists and engineers together

Fig. 7 Proportion of boron (B) removed by different pathways among
the prototype during the experiment period

Table 4 Harvestable plant biomass (above-ground plant biomass) from the prototype, organic matter, and ash content in T. latifolia, as well as
prototype estimated energy budget

Species Harvestable biomass (DW) Organic
matter

Ash Biogas yielda Methane
yieldb

Carbon dioxide
yieldc

Energy yieldsd Electrical energy
yielde

(kg m−2) (kg m−2) (%) (m3 kg−1 m−2) (m3 kg−1 m−2) (m3 kg−1 m−2) (MJ kg−1 m−2) (kWh kg−1 m−2)

T. latifolia 1.431 1.27 9.5 0.432 0.3934 0.0386 14.16 1.512

a Biogas yield from biomass according to Buswell (1952) and Kaltwasser (1980)
bMethane yield from biomass according to Buswell (1952)
c Carbon dioxide yields from biomass according to Buswell (1952)
d Energy yield according to Kaltwasser (1980)
e Electrical energy yields, 1 kWh = 3.6 MJ, according to Filimonau et al. (2011)

19314 Environ Sci Pollut Res (2016) 23:19302–19316



to design and test our prototype for different families of mine
effluents including metalloid. By playing on the design pa-
rameter of the prototype, and its abiotic (filtration media)
and biotic (plants, microorganism) components, energy fluxes
within wetland matrix may be focused on a strategic objective
related to a group of mine pollutants. For this purpose, further
studies should be undertaken in order to facilitate and opti-
mize the prototype design, and in particular more consider-
ation should be given particularly to innovative approaches
and possible secondary benefits. Therefore, we think that uti-
lization of the prototype approach would mean applying and
developing an innovative model for a deeper understanding of
environment-friendly options and ecological sustainability.

Conclusions

Boron mine effluent pollution in the environment is a prob-
lem, and innovative and holistic approaches are necessary to
control and manage this toxicant within mine ecological sys-
tems. The results of the present experiment suggested that the
prototype EW could be a reasonable bio-filter option to con-
trol B pollution directly frommining effluent outlets in Bmine
reserve areas all over the world. According to the results, B
concentrations in mine effluent significantly decreased with
the prototype at the range between 17.5 and 5.7 mg l−1 after
passing through the prototype. Although T. latifolia in the
prototype showed good resistance to alterations in B mine
effluent loading rates, the activities of soil enzymes such as
dehydrogenase, protease, and urease gradually decreased with
increasing B dosages. Therefore, we found that B was an
inhibitor for dehydrogenase, protease, and urease soil en-
zymes in the prototype during B removal process. Moreover,
based on B mass balance model, the main B removal pathway
in the prototype was found as media storage (60 %), while
plant has minor contribution (7%) to the overall removal of B.
Although this ecological prototype does not always meet the
level of B pollution control with conventional treatment tech-
nologies, we suggested that the prototype approach can often
be more economical, easier to operate, and cost effective than
the energy intensive conventional treatment plants due to its
potential secondary benefits.
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