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a b s t r a c t

This study investigated the performance of Tradescantia pallida in continuous removal of Cr(VI) from
contaminated water using a laboratory scale vertical subsurface flow (VSSF) constructed wetland system.
The effect of different hydraulic residence time (HRT), i.e. 1, 2 and 3 day HRT, was first studied at an
influent Cr(VI) concentration of 20 mg/L. Later experiments were carried out at different influent pH (7
and 4) and at different influent Cr(VI) concentration (20 and 30 mg/L), but with the same HRT of two
days. Best results were achieved for 2 d HRT and for an influent pH of 7 with a maximum Cr(VI) removal
efficiency of 97.2e98.3% and a maximum total Cr removal efficiency of 86e88.2%. Cr(VI) was found to be
uniformly distributed in different segments of the wetland units. Compared with the control unit in
which no plants were grown, the units with the plant biomass showed substantially high amount of
Cr(VI) in its soil (63e68%). Bioconcentration factor and translocation factor values ranged from 16.45 to
23.21 and 0.37 to 0.90 respectively, which revealed the excellent Cr uptake potential of T. pallida. The
highest accumulated Cr concentration (464.33 mg/kg) was found in plants grown in the system at pH 7.0,
whereas the minimum accumulated Cr concentration (249.21 mg Cr/kg) was in plants grown in the
system at pH 4.0. Furthermore, 3e4% of the total Cr input into the system was accumulated in the plants
at the end of the operation. All these results revealed an excellent performance of the T. pallida plant
based constructed wetland system for continuous removal of Cr(VI) from contaminated water.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Hexavalent chromium (Cr(VI)) is one of the most noxious metal
contaminating the soil and water resources. Cr containing com-
pounds get discharged into the environment mainly from anthro-
pogenic sources due to its diverse commercial uses. They are
widely used in industries such as leather tanning, metallurgical
operation, steel production, electroplating, pigment and textile
manufacturing, wood preservation, and chromate preparation
(Barrera-Díaz et al., 2012). Among the different oxidative states,
Cr(III) and Cr(VI) forms predominate and are found to be stable in
aqueous environment (Cainelli and Cardillo, 2012). Cr(VI) is a po-
tential carcinogen and is 500 timesmore harmful than Cr(III) which
is relatively insoluble (Jin et al., 2016). The high aqueous solubility
of Cr(VI), bioavailability and its persistent property pose a serious
n).
environmental concern (Dhal et al., 2013). The World Health Or-
ganization has set the Cr(VI) permissible limit in surface waters to
be below 0.05 mg/L, whereas total Cr, containing Cr(III) and other
oxidation states, are permitted to be below 2 mg/L due to their
oxidation potential to Cr(VI) (WHO, 1993). Therefore, an efficient
method to treat Cr(VI) contaminated water prior to its discharge is
mandatory to satisfactorily address the environmental and public
health concerns.

Conventional treatment methods for Cr containing wastewater
employs energy-intensive physico-chemical processes such as ion
exchange, reverse osmosis and advanced oxidation reduction pro-
cesses (Lofrano et al., 2013). Due to the high cost, generation of
secondary toxic sludge and high energy demand of these physio-
chemical methods, biological treatment method seems to be
more advantageous.

Recently, constructed wetlands (CWs) have been successfully
applied to be efficient and low cost treatment method for sec-
ondary treatment of industrial effluents loaded with heavy metals
and other contaminants (Wu et al., 2016; Ge et al., 2016). CWs act as
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an engineered ecosystemwhere substrate, plants and its associated
microbial community function simultaneously in a controlled
environment (Chyan et al., 2016). However, the potential of CWs
has not been sufficiently tested to treat Cr(VI) contaminated sys-
tems, such as effluent from tanneries and metallurgical industries.
Such effluents vary in both pH as well as Cr(VI) concentrations,
which can adversely affect plant growth and Cr removal in CWs.
This work addresses the use of an indigenous plant in constructed
wetlands for the continuous removal of Cr(VI) from wastewater.
Further, it highlights the significance of wastewater pH, which is an
important parameter affecting metals chemistry and speciation, on
Cr(VI) removal in constructed wetland system.

The main aim of this work is to investigate the role of Trades-
cantia pallida in continuous Cr(VI) removal using laboratory scale
CWs. This plant species was earlier shown to be Cr(VI) tolerant and
efficient in the uptake of Cr(VI) and other metals, but in batch hy-
droponics system (Sinha et al., 2014). It is a rapidly colonizing plant
species and easily adapts to a wide range of pH (3.5e10.5), tem-
perature and light conditions (Paiva et al., 2003). The present work
describes the performance of T. pallida in continuous Cr(VI) removal
at different hydraulic retention time (HRT) and pH. Cr(VI) concen-
tration in CWs microcosms comprising soil, sand and T. pallida
plants was determined to understand the mechanism and distri-
bution of Cr removal in the CWs.

2. Materials and methods

2.1. Experimental set up

Two identical sized laboratory scale wetland systems of di-
mensions 0.3 m length, 0.15 m width and 0.5 m depth each were
operated in vertical subsurface mode. These units were constructed
out of Perspex material. A schematic of the set up used is shown in
Fig. 1. Beds were filled with soil (up to 15 cm), sand (up to 10 cm)
and gravel (up to 10 cm) of two different particle sizes (5e7 mm
and 3e4 mm). Sand and gravels were washed thoroughly with
water prior to use. At the base of the units, bigger size gravel was
placed up to a height of 5 cm to prevent any clogging. The top of the
s
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Fig. 1. Schematic of the vertical flow constructed w
wetland unit was left open. Three sampling ports (4 mm internal
diameter) at the height of 0 (P1), 20 (P2) and 30 (P3) cm from the
bottomwere provided for samples collection from different depths
of the units. Void volume of the units wasmeasured by draining the
units and determining the water volume of each tank. Table 1
presents the characteristics of the wetland units.

2.2. Start-up and continous Cr(VI) experiments

Continuous experiments were carried out using the wetland
system operated under different hydraulic retention time (HRT), pH
and influent Cr(VI) concentration conditions. Plantlets of height
5 cm ± 2 each were collected from North Guwahati, India, and
planted in the unit. The unit was initially supplied with only tap
water to acclimatize the plants to the CW environment. Cr(VI)
containing influent was prepared by dissolving 2.83 g of potassium
dichromate (K2Cr2O7) in 1 L tap water. This stock solution
(1000 mg/L) was suitably diluted to achieve the desired influent
Cr(VI) concentration in the experiments. For adjusting the pH of
Cr(VI) containing feed, 1 N HCl/1 N NaOH was used. Thereafter,
Cr(VI) solution (pH ¼ 5.6) at a concentration 20 mg/L was contin-
uously fed into the units using peristaltic pumps to achieve three
different HRT (3, 2 and 1 days). The water level was maintained
5 cm below the soil surface in order to ensure/maintain a subsur-
face flow. All the CW units were operated under laboratory condi-
tions with a light/dark period of 16/8 h. The other parameters, such
as relative humidity and temperature, were onlymonitored and not
controlled. Whereas the relative humidity was within 70e80%, the
temperature varied between 23 and 32 �C. Samples were collected
periodically from the influent and the effluent points for Cr(VI)
analyses. A similar unit of the same dimensions, containing only
soil, sand and gravel, but without the T. pallida plant species served
as the control.

Among the different parameters, besides Cr(VI) concentration
and HRT, wastewater pH is also known to significantly affect Cr(VI)
removal by plants due to its effect on Cr chemistry and speciation.
To study the effect of pH, on the performance of the CW system,
T. pallida plants were grown in two CW units and acclimatized as
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Table 1
Wetland design and characteristics.

Dimension/effective size (cm) Volume/Capacity Area of veg (no.of stems) Working volume Porosity/root depth

Main unit 30 � 20 � 40 cm (l � w � d) 5.5 L 450 cm2, 24 plantlets 3.5 L
3.7 L

Treatment zone/media type
Plant Tradescantia pallida e 24 8-10 cms
Soil Garden soil (Alluvial) 2.5 kg e e

Coarse sand 125-150 mm 3 kg e

Fine gravel Size: passed through 6 retained by 4 (3e4 mm) 2 kg e e

Large gravel Size: passed through seive no. 10 retained by 8 (5e7 mm) 3 kg e
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before, but operated at a different influent pH (Dhal et al., 2013;Wu
et al., 2016) and different influent Cr(VI) concentration (20 and
30 mg/L) with 2 days HRT. Cr(VI) concentration in effluents from
tanneries and electroplating industries usually varies in the range
0.05e9.36 mg/L (Sharma and Adholeya, 2011). Further, Cr(VI)
concentrations in the range 0.05e20 mg/L has been reported in the
literature for studying Cr(VI) removal in constructed wetland sys-
tem using different plant species (Chandra et al., 2009; Gowd and
Govil, 2008). Similarly, an HRT value of 1e7 days has been re-
ported in the literature to study continuous Cr(VI) removal in
constructed wetlands (Sultana et al., 2014, 2015). Hence, based on
the literature available on constructed wetland system for Cr(VI)
removal by different plant species, the Cr(VI) concentration and
HRT values were adopted as found suitable for this study. All these
continuous experiments at the respective afore-mentioned condi-
tions (HRTs and pH) were carried out for at least three consecutive
steady state values, and results reported are average of three steady
state values and duplicate sample analysis. The initial pH of the
Cr(VI) containing influent was adjusted by HCI (2 N) or NaOH (2 N)
or both.
2.3. T. pallida growth and Cr bioremoval

At the end of the continuous Cr(VI) removal experiments using
the T. pallida based CW system, the plant growth was analysed in
terms of its height, fresh weight, dry weight and chlorophyll con-
tents. For measuring the plant height, measurements were taken
from the root-stem intersection to the growing tip of the stem.
Fresh weight and dry weight was measured according to the
Standard Methods (Gowd and Govil, 2008), for which plants were
air-dried and fresh weight was determined. To measure the dry
weight, plants were dried at 80 �C for 32 h till constant weight was
observed.

Water content of the plant was determined by measuring its
relative water content (RWC), obtained using Eq. (1).

RWC ¼ FW � DW
FW

(1)

where FW is the fresh weight and DW is the dry weight of plant at
the end of the experimental period.

Cr(VI) phytoextraction potential of T. pallida was measured by
calculating its bioconcentration factor (BCF) and translocation fac-
tor (TF) at the end of the experimental period. BCF was calculated
according to Eq. (2).

BCF ¼ CPlant
CMedium

(2)

where CPlant and CMedium are the Cr concentration in T. pallida (mg
Cr/kg of T. pallida biomass) and in the medium, respectively.

Translocation factor (TFs/r) was expressed as the ratio of Cr(VI)
concentration in the plant shoot and root biomass and was
calculated according to Eq. (3).

TFs=r ¼ CShoot
CRoot

(3)

where CShoot and CRoot are the concentration of Cr in T. pallida shoots
(mg Cr/kg) and roots (mg Cr/kg), respectively.

Total chlorophyll content wasmeasured on a FW basis according
to the Standard Methods (Lichtenthaler, 1987).

2.4. Extraction and analysis of Cr(VI) and total Cr

For the extraction of Cr(VI) from soil, sand and gravel, the
alkaline digestion method was followed (USEPA 3060 method). The
samples (2.5 ± 0.10 g each) were air dried and digested with 50 ml
of 0.28 M Na2CO3/0.5 M NaOH solution and heated at 95 �C for
60 min. For Cr(VI) determination in the effluent, samples (10 ml
each) were neutralized with 25 ml extraction solution containing
either 2% NaOH or 3% Na2CO3 and treated with 2 ml 0.1% KMnO4
and 0.75 ml 6 N H2SO4 to remove any reducing agents. The samples
were then acidifiedwith 7.8ml of 6 N H2SO4 followed by addition of
2 ml of 0.25% 1, 5-diphenyl carbazide and making up the final
volume to 100 mL. The solution was then mixed well and kept for
10 min. Cr(VI) content in the samples was finally analysed by
measuring the absorbance of a colour complex formed at 540 nm
using a UV visible spectrophotometer (Cary 100, Varian, Australia)
(USEPA 7196 method) (Vitale et al., 1993).

For extraction of total Cr, acid digestion method was used. Soil,
sand and gravel samples were air dried and digested with
HCl:HNO3:H2SO4 in the ratio 3:1:1 (v/v) at 95 �C on a hot plate.
Plant parts were thoroughly rinsed with distilled water, oven-dried
at 70 �C for 48 h and digested with HNO3: HClO4 in the ratio 3:1 at
110 �C for 1hr following the USEPA 3051 method (USEPA (United
States Environmental Protection Agency), 1995). The digested
extract was suitably diluted with de-ionized water and analysed by
AAS spectrometry (AA240, Varian, the Netherlands) as per the
Standard Methods. Cr(III) concentration was calculated by sub-
tracting Cr(VI) concentration from the total Cr concentration.

3. Results

3.1. Effect of HRT on Cr(VI) removal

Fig. 2 presents influent and effluent concentrations of Cr(VI) for
control and planted CW units at three different HRTs. During the
initial phase of the experiments, the units were operated under
three-day HRT. Thereafter, the HRT was reduced to two-day and
then to one-day and operated continuously for the remaining
period. At three-day HRT, the mean effluent value for Cr(VI) in the
planted and control CW units operating at an influent concentra-
tion of 20 mg/L was found to be 0.27 and 0.34 mg/L, respectively,
which is well below the recommended value of 0.5 mg/L. Upon
reducing the HRT to two-day, the mean effluent value was found to
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Fig. 2. Effect of different HRT on the Cr(VI) removal by T. pallida in control and planted
CW units.
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be 0.337 mg/L in the planted unit, and it increased to 1.23 mg/L in
the control unit. Whereas, at one-day HRT, the Cr(VI) removal ef-
ficiency significantly decreased in both the units with mean
effluent concentrations of 2.96 mg/L and 4.29 mg/L, in the planted
and control CW units, respectively. Thus, planted unit showed 3
fold increase in Cr(VI) removal as compared to the control unit.
These results also revealed that Cr(VI) removal efficiencies were
very high and stable for two-day and three-day HRTs. Maximum
Cr(VI) removal in the range 97.2e98.3% was achieved in the planted
unit for two and three-day HRT. Least Cr(VI) removal in the range
73.24e77.9% was observed in the control unit operated at one-day
HRT.

3.2. Effect of metal loading rate on Cr(VI) removal

From Fig. 2 it is apparent that the performance of the wetlands
largely depends upon the influent flow rate or HRT in the wetlands.
Therefore, the estimated values of Cr(VI) removal rate and Cr(VI)
Cr (VI) loading ra
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removal efficiency were re-plotted versus Cr(VI) loading rate and
the data is shown in Fig. 3. Almost 98% of Cr(VI) removal efficiency
is observed for both 6.67 and 10 mg/L/day Cr(VI) loading rate. A
further increase in the Cr(VI) loading rate (20 mg/L/day) greatly
reduced the Cr(VI) removal efficiency to 88% in the case of the
planted CW and to 77.8% in case of unplanted system. On the other
hand, the Cr(VI) removal rate steadily increased with an increase in
the Cr(VI) loading rate. In case of planted system, amaximumCr(VI)
removal rate of 16.5 mg/L/day was observed for a maximum Cr(VI)
loading rate of 20 mg/L/day. For the same Cr(VI) loading rate, the
control CW showed a removal rate of only 15.5 mg/L/day.
3.3. Effect of pH on Cr(VI) and total Cr removal

Fig. 4 shows the result of Cr(VI) and total Cr removal for two-day
HRT in the CW units operated at pH 4 and 7, respectively. During
the first 45 days of the experiments both the units were operated at
an influent concentration of 20 mg/L each. Thereafter, the influent
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concentrationwas increased to 30 mg/L and operated continuously
for the next seven days. For an influent pH of 4 and 7, the mean
effluent Cr(VI) value was found to be 0.441 mg/L and 0.379 mg/L,
respectively, at an influent concentration of 20 mg/L. For the same
influent concentration, mean effluent value of total Cr was found to
be 3.59 mg/L and 2.352 mg/L at pH 4 and 7, respectively. At an
influent concentration of 30 mg/L, the mean effluent Cr(VI) value
was found to be 0.907 mg/L and 0.896 mg/L at pH 4 and 7,
respectively. For the same influent concentration, themean effluent
value of total Cr was 4.86 mg/L and 3.173 mg/L at pH 4 and 7,
respectively. These results reveal that the maximum Cr(VI) removal
efficiency is observed in the planted unit operated at an influent pH
of 7, in which case maximum 97.2e98.3% Cr(VI) and 86.0e88.2%
total Cr removal was achieved.

To determine the Cr(VI) reduction rate under pH 4 and pH 7
conditions in the soil of the CW units, amount of Cr(VI) and Cr(III)
was determined at regular intervals. Fig. 5 shows percentage
amount of Cr species vs. treatment time in respective CW units.
Results show that initial pH of the influent has a significant effect
on Cr(VI) reduction rate as the time required to achieve 50%
reduction of Cr(VI) at pH 7was very less as compared to that shown
by the pH 4 CW unit. After the first 30 day of experimental period,
percentage of Cr(III) in total Cr was significantly higher in the pH 7
CW (81.24%) as compared to that in the pH 4 CW (58.7%). Hence,
Cr(VI) reduction rate is found to be faster in the pH 7 CW as
compared to pH 4 CW. After 50 days of treatment time, complete
Cr(VI) reduction occurred in both pH 7 and pH 4 CWs.

3.4. Cr accumulation and distribution in the CW

During the experiments carried out to study the effect of
different HRT on Cr(VI) removal by the CW units (planted/Control),
the total Cr(VI) mass loading into the system was 962.49 mg each.
Fig. 6 presents the distribution of total Cr in each fraction shown as
a percentage of total Cr loaded into the units over the entire
experimental period. In general, a different distribution pattern of
Cr was observed in the planted CW as compared with that in the
control CW. These results revealed that the soil in these CW acts as
the main sink for Cr, sequestering up to 40e68.41% of the total Cr
supplied to the system. On the basis of the plant biomass produced
and the bed constituent weight, the amount of total Cr accumulated
by the whole plant (dry weight basis), soil, sand and gravel in the
planted CW is estimated to be 55.68, 552.575, 242.73 and 46.7 mg,
respectively. Whereas in the control CW, the Cr accumulated by the
soil, sand and gravel is estimated to be 471, 194 and 48.23 mg
respectively.
Fig. 5. Effect of influent pH on Cr(VI) reduction rate in the respective CW units.
During the experiments to study the effect of influent pH on
Cr(VI) removal by the CW units (pH 4/pH 7), Cr(VI) mass loading in
the system was 1785 mg. For the pH 4 CW unit, amount of total Cr
accumulated by the whole plant (dry weight basis), soil, sand and
gravel is estimated to be 35.69, 408.57, 292.73 and 46.7 mg
respectively. Whereas in the case of pH 7 CW unit, Cr accumulated
by the plant, soil, sand and gravel is found to be 61.32, 618, 264 and
45.23 mg, respectively. All these results clearly reveal that the
T. pallida plant biomass played a highly significant role in Cr
retention capacity in the soil fraction (62.7e68.41% of the total Cr
inflow).

Total Cr accumulation in the plant parts made a small contri-
bution to the mass balance, and soil was found to be the most
important component in the system for Cr retention. In pH 7 CW
unit, a high Cr accumulation was observed in the plant roots
(754 mg Cr/g dry wt.) compared to that in the shoots and leaves (318
and 321 mg Cr/g dry wt.) of the plant.

Fig. 6 presents the percentage distribution of Cr in each of the
CW units at the end of the study. Total Cr distribution in the wet-
lands revealed that nearly 3% of the total input Cr was bio-
accumulated within the plant biomass, of which 69% was found in
the plant roots, whereas 13% and 18% were sequestered within the
plant shoots and leaves, respectively, 67e69% of total Cr was
retained in the soil fraction, 16e20% were deposited within the
sand bed and the remaining 6% may be attributed to volatilization
effect, which needs to be confirmed further.

3.5. Effect on T. pallida growth

To analyze the effect of influent pH on Cr accumulation and
plant growth, T. pallida plant's weight, height and chlorophyll
content were determined at the end of experimental period
(Table 2). As control for this study, a planted CW unit with only tap
water (pH 5.6 and no Cr(VI)) was used as the influent. The values of
BCF in the different CWunits ranged from 16.45 to 23.21. Maximum
Cr(VI) uptake was observed with the unit supplied with influent at
pH 7 and BCF value was 23.21. TFs for roots to shoots ranged from
0.37 to 0.90 indicating that maximum Cr accumulated by T. pallida
was mostly retained in the plant roots.

The Relative Water Content (RWC) of plants was determined
and found to be significantly high in the CW unit receiving influent
at pH 7 (77.44%) and pH 4 (73.9) as compared to the control CWunit
(65.54). Total chlorophyll amount in the plants from the different
CW units revealed that pH had no significant effect on this
parameter. Furthermore, no toxicity in terms of growth rate and
chlorophyll content was observed in the plants grown in the
different CW units, suggesting a high tolerance of T. pallida for the
phytoremediation of Cr(VI) at a wide pH range.

4. Discussion

T. pallida plant biomass based CW system showed a high per-
centage of Cr removal along with better retention capacity of Cr
than the control CW. In this study, 97.2e98.3% Cr(VI) and 86e88.2%
total Cr removal efficiency was achieved which is significant and
comparable with Cr removal efficiency reported in the literature.
For instance, CWs planted with Leersia hexandra Swartz showed a
maximum removal efficiency of 99% for a low influent Cr(VI) con-
centration of 2.5 mg/L (Liu et al., 2014). In another study, 72% Cr
removal was achieved with Phragmites australis planted CW, in
which the bed consisted of gravel of different sizes (Fibbi et al.,
2012). In the control CW without the plant biomass, adsorption,
reduction and precipitation governed the major mechanisms for Cr
removal from the influent. Whereas, in case of T. pallida plant based
CW systems, both bioaccumulation and significantly enhanced rate



Fig. 6. Distribution of total Cr in the wetland systems (a) Control CW (b) Planted CW (c) pH 4 CW (d) pH 7 CW. The mass of Cr in each fraction is presented as a percentage of the
total amount of Cr loaded into the wetland over the experimental period.

Table 2
Growth and bioremoval potential parameters of T. pallida plants from the different CW units at the end of the study.

CW Fresh. Wt (g) Dry. Wt (g) RWC (%) Height (cms) Total chloro (mg/g) BCF TFs/r TFr/soil

Control CW 24.6 ± 3.25 8.2 ± 0.91 65.83 35 ± 3.5 1.532 e e e

Planted CW 22.8 ± 2.74 6.1 ± 0.89 72.21 34 ± 4.30 1.484 20.92 0.425 1.3
pH 4 CW 23.0 ± 2.83 6 ± 0.75 73.9 32 ± 4.8 1.481 16.45 0.377 0.93
pH 7 CW 22.6 ± 2.30 5.1 ± 0.67 77.44 33 ± 6.3 1.4909 23.21 0.90 2.504

Results presented are average of three samples analysed with standard deviation ± SD (n ¼ 3)
*RWC ¼ relative water content, BCF ¼ bioconcentration factor, TFs/r ¼ translocation factor from root to shoot, TFr/soil ¼ translocation factor from soil to root.
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of adsorption coupled with reduction are attributed to the signifi-
cantly high Cr removal observed in this study. As reported by many
authors, plants are known to reduce Cr(VI) to Cr(III), which is a
thermodynamically stable form of Cr in soil (Duarte et al., 2012;
Rascio and Navari-Izzo, 2011). In a recent study, more than 90% of
Cr(VI) was found to be in the form of Cr(III) state in the effluent
water of all the CW systems planted with different plant species
known for phytoremediation potential (Ranieri and Gikas, 2014).
This Cr(VI) reduction is attributed to the plant roots which enhance
aerobic condition in the soil, produces organic matter (El Zahar
Haichar et al., 2014; DalCorso et al., 2013) and secretes root exu-
dates containing carboxylic acids, citric acid, malic acid, carbohy-
drates and proteins necessary for Cr(VI) reduction and
sequestration in the soil (UdDin et al., 2015). In addition, precipi-
tation of the less soluble Cr(OH)3 occurs, thereby aiding in its
retention within the soil.

Fig. 2 revealed that Cr removal increased with HRT. It is evident
from the results that even at a low HRT of two days, Cr removal
from 20 mg/L initial Cr(VI) concentration, was always below the
permissible discharge limit for total Cr and Cr(VI) (0.05 mg/L)
(F€orstner and Wittmann, 1979). Further at two-day HRT, least
variation was observed throughout the experimental period in the
planted system as compared to control. Hence, it could be well said
that the T. pallida plant based CW systems is successful for
achieving acceptable treatment results even at a low HRT. Probable
reason for the high Cr removal is due to its rapid and initial bio-
sorption in the wetland unit. It is well reported that Cr(VI) bio-
sorption followed by its retention in the media (soil and sand) play
amajor role in suchwetland systems for its removal. Cr distribution
and retention results shown in Fig. 6 as well confirmed the high Cr
removal obtained using the CW system. Both, pH 4 and pH 7 CW
units, showed significantly high removal of Cr(VI) from the influent.
Whereas, total Cr removed was high in case of pH 7 CW unit
indicating an increased Cr(VI) reduction efficiency and retention
capacity than the pH 4 CW unit. This is mainly because of the fact
that at neutral pH value (pH 7), Cr(III) is immobilized more effec-
tively in the soil matrix as insoluble complexes than at acidic pH
(pH 4). Cr(III) is reported to form insoluble Cr(OH)3 in the pH range
6e9 (Ksp, 6.7 � 10�31) that it remains tightly adsorbed to the soil.
Further, Cr(III) remains relatively insoluble at the pH values (pH
6.95e7.59) and hence, gets retained in the soil (Barrera-Díaz et al.,
2012).

In the pH 4 CW unit, the primary Cr(VI) removal mechanism is
attributed to the adsorption of Cr(VI) ions. It is already reported
that Cr(VI) adsorption increases at a faster rate as pH decreases. At
low pH values, the hydronium ions surrounds the surface of soil
matrix that strongly binds with the anionic Cr(VI) species (CrO4

2�
,

Cr2O7
2�). Under acidic soil conditions, Cr(VI) reduction to Cr(III) is

reported to occur in lesser proportion as compared with that under
neutral or alkaline soil conditions (Gupta and Bhattacharyya, 2011).

Further, it is reported that in soil, low pH values result in higher
Kd values for Cr (Cainelli and Cardillo, 2012). Hence, at acidic pH,
Cr(VI) along with other metals such as Si and Al undergo leaching
from soil and gets deposited in the sand forming a thick orange
colored complex, as also observed in this study using the pH 4 CW
unit.

Analysis of Cr distribution in the CW showed that in all the units,
maximum retention was due to its adsorption and reduction in the
soil which can be attributed to the high redox potential value of
Cr(VI) (above þ1.3 V at standard conditions) (Gu et al., 2012). The
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basic process for Cr detoxification is the transformation of Cr(VI) to
Cr(III). In this CW system almost all the Cr(VI) retained by the soil
was reduced to Cr(III) that is less toxic and insoluble. Recently, a
sufficient number of studies have been carried out by different
researchers for the safe remediation/disposal of Cr(VI) contami-
nated soil and plants. In a recent study, Cr accumulated T. pallida
plant biomass was found as an efficient biosorbent for Cr (Sinha
et al., 2015). Also desorption of Cr from loaded biosorbent using a
number of eluents such as 1% HNO3, EDTA (0.1 M) and tap water
(pH 9) has been successfully evaluated by many authors (Fathy
et al., 2015). Many studies have reported enhanced Cr(VI) reduc-
tion process by amending the Cr loaded soil with indigenous mi-
crobes and genetically engineered microorganisms (Shao et al.,
2014; Narayani and Shetty, 2013). An in situ bioremediation of
Cr(VI) contaminated soil by supplementing with various carbon
sources and organic amendments have also been reported to be an
effective method (Krishna and Philip, 2005). In another study, an ex
situ treatment of Cr(VI) contaminated soil was carried out using a
bioreactor-biosorption system involving reduction, leaching and
adsorption of Cr(III) (Bolan et al., 2013). Thus, by adopting any of
these suggested methods, Cr loaded soil and plants from the con-
structed wetland system can be disposed off safely.

In plants, Cr uptake is directly related to Cr availability and
mobility. Maximum BCF soil/root value was found at pH 7 since at
near neutral pH values, Cr(VI) remains in soluble form and, thus, it
is more bioavailable than at low pH values. The fact that accumu-
lation was maximum in T. pallida roots could be attributed to this
adsorption from the soil. It has been reported that plants not only
help in Cr uptake but also play a major role in its reduction and
retention within the soil on which they grow (Prado et al., 2010). In
this study, results of Cr distribution in the constructed wetland
revealed a high retention of Cr in the soil as compared with that in
the control unit without any plants. Although Cr accumulation by
the plant is less (2e4%), Cr removal in terms of mg removed per g of
biomass is very high, i.e., 464 mg/g in comparisonwith the Cr uptake
values reported in the literature. In pH 7 CW, Cr(VI) reduction
increased with time (Fig. 4) suggesting the role of microbial com-
munity associated with the plant roots and soil in the CW, which
needs to be confirmed further. Whereas in the pH 4 CW, adsorption
and leaching of Cr occur at fast rate due to which Cr remains less
available for plants and its microcosm to act.

Thus, these studies reveal that the reduction and retention of Cr
in planted units were strongly pH dependent, being this parameter
themost significant where acidic pH values of the influent favoured
Cr(VI) adsorption and neutral pH of the influent enhanced both
reduction and total Cr removal in the respective CWs.

The high Cr removal efficiency combined with extremely low
construction and operation cost of T. pallida based CW system is an
effective solution for treatment of Cr laden wastewater from tan-
neries, metallurgical, textile and other industries. This approach is
mostly suited for developing countries where wastewater treat-
ment is a major problem due to fast urbanization and industriali-
zation. Moreover, it is an ecologically sustainable bioremediation
method that can restore Cr-contaminated soil with no toxic sludge
generation as against the other energy intensive physico-chemical
treatment methods.

5. Conclusions

This study demonstrated that wastewater containing Cr(VI) can
be treated using T. pallida plants based subsurface CWs under
continuous operation mode. The planted CW unit showed better
removal in terms of both Cr(VI) and total Cr removal as compared to
the control CW unit. Further, this study showed the importance of
pH of the influent which controls the Cr removal mechanism in the
CW. The pH 7 CW removed Cr(VI) ions with 95e97% Cr(VI) removal
efficiency at two-days HRT. In case of total Cr, high removal effi-
ciency of 86e88.2% was achieved in pH 7 CW as compared to
78e80% removal in pH 4 CW. These results clearly revealed that
T. pallida plants can effectively enhance the Cr(VI) reduction and
retention in the soil, thereby serving as an efficient system for
treating Cr contaminated water. The high Cr removal efficiencies
combined with the extremely low construction and operation cost
of T. pallida based CW offer an attractive treatment method for
Cr(VI) removal.
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