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Abstract

Phytoremediation is a biological waste treatment technique with highly promising prospects compared to other
treatment systems. Constructed wetlands are one of the most widely applied phytoremediation methods. This
study aimed to evaluate the phytoremediation process of chromium (Cr) using an integrated phytoremediation
system. In this study, three different constructed wetland systems-free-floating, vertical subsurface flow, and
horizontal subsurface flow-were used in sequence with three different plant species-Eicchornia crassipes, Typha
augustifolia, and Catharanthus roseus. Each system had a residence time of three days. The Cr concentration
used as the initial input was 0.5 mg/g. C. roseus had the highest bioconcentration factor (0.44+0.03) and
translocation factor (1.27 £ 0.24) when compared to other species (p < 0.05). This integrated system had an
overall process efficiency for Cr removal of 73.8 = 1.07%. Based on this study, the integrated system is
confirmed to have the potential for the removal of Cr from contaminated water when using these three plants and
the further development of this integrated system on a larger scale is recommended.

Keywords: Catharanthus roseus, Chromium, Constructed wetlands, Eicchornia crassipes, Mass balance,
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1. Introduction

The volume of heavy metal waste continues to grow with increased industrial activity [1]. One particularly
concerning heavy metal is chromium (Cr), which has a devastating impact on the environment, living organisms,
and even humans. Cr waste has become a global threat due to its high toxicity, which can lead to several serious
diseases, especially skin and respiratory diseases [2]. To date, various treatment methods have been developed to
mitigate the hazard posed by Cr. Conventional treatments include chemical and physical techniques, such as
precipitating agents and membrane filtrations [3]. Most of these methods are expensive, energy-intensive, and not
environmentally friendly [4]. Phytoremediation, which employs plants with the ability to absorb and accumulate
heavy metals in their tissues, is a highly promising alternative [5].

Amongst different phytoremediation systems, constructed wetland (CW) systems are more widely applied in
industry [6]. Constructed wetlands is an umbrella term that encompasses several phytoremediation systems
mimicking natural wetland processes. In general, CW systems can be divided into three types: horizontal
subsurface flow (HSSF), vertical subsurface flow (VSSF), and free water surface (FWS) [7]. Most
phytoremediation endeavours utilise only one of these CW systems despite past studies showing that the
integration of two or more phytoremediation systems can significantly increase the process efficiency and
optimise the use of plants [8]. A study by Guarino and Sciarrilo [9] integrating plant, fungal, and bacterial
remediation systems showed high removal of arsenic, cadmium, lead, and zinc in unsaturated soils. A more recent
study by Qi, et al. [10] combined three plants with Bacillus sp. to decontaminate soil, finding that the integrated
system could increase the efficiency of phytoextraction. The integrated phytoremediation system (IPS) used in
this present study consisted of three types of CW systems—HSSF, VSSF, and FWS—and three plant species—



Eicchornia crassipes, Typha augustifolia, and Catharanthus roseus—that were used to remove Cr as a model
heavy metal. These three plant species were chosen due to their ability as heavy metal accumulators based on the
findings of several previous studies. E. crassipes was shown to be able to accumulate 90 mg and 53 mg of Cr in
its roots and leaves, respectively [11]. T. augustifolia also showed a good ability to accumulate Cr. C. roseus was
chosen for use in this study due to its low water requirements and similarity to H. annuus which has previously
been shown to be compatible with wetland systems [12].

A study conducted by Mant, et al. [13] showed that constructed wetlands containing three plants (Penisetum
purpureum, Brachiaria decumbents, and Phragmites australis) were able to remediate Cr with a removal
efficiency of 97-99.6% at 24 hours. Wastewater treatment with a single phytoremediation system was only able
to remediate certain contaminants with varying times [14]. These limitations indicate that an integrated system
capable of treating various types of wastewater with different characteristics is needed. The purpose of this study
is to demonstrate the ability of a constructed wetland-based integrated phytoremediation system to remediate Cr.

2. Materials and methods
2.1 Integrated phytoremediation system

The integrated phytoremediation system used in this study consisted of three types of CW systems and three
different plant species including a free-floating (FF) system with E. crassipes, a vertical subsurface flow (VSF)
with T. augustifolia, and horizontal subsurface flow (HSF) with C. roseus. The three IPS subsystems were
arranged in the sequence depicted in Figure 1. The plants used were taken from the greenhouse of the School of
Life Sciences and Technology at the Bandung Institute of Technology in Jatinangor, Sumedang, West Java and
are shown in Figure 2. All plants used were in the mature plant category (age range from one to three months after
planting). A 0.5 mg/g potassium dichromate (K,Cr,O-) solution was used as a waste model [15].
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Figure 1 The integrated phytoremediation system (IPS) used in this study consists of three constructed wetlands
systems: horizontal subsurface flow, vertical subsurface flow, and free water flow, each with a different plant
species.

Figure 2 Examples of the three plant species used as phytoremediators in this study, in which (A) = E. crassipes,
(B) = T. augustifolia, and (C) = C. roseus.

The subsystems were individually contained in three containers with dimensions of 42X60%x28 cm (WxXLXH)
that were connected by PVC pipes with ball valves to control the flow. The containers were filled with soil up to



+ 6 cm from the top of the container [16]. While the valves were closed, container C1 containing the FF system
was filled with a 10% strength Hoagland’s solution [17]. The model K>Cr,O7 solution was then added to container
C1 and the system was incubated for three days. Valve V1 was then opened to transfer the mixture from container
C1 to C2 and the system was incubated for another three days. Valve V2 was then opened to transfer the mixture
from container C2 to C3, and the system was incubated for a final three days, making the whole process last for
9 days.

2.2 Sample preparation and chromium measurement

Sample preparation was done by wet ashing prior to Cr measurement [18-20]. Three samples from each
medium (growth medium, soil, and plant biomass) were taken from each container at the end of its incubation
period. Five mL of 65% nitric acid (HNO3) was added to fifty mL of growth medium and heated until it became
clear. The mixture was then diluted with 50 mL of distilled water and used for Cr measurement. Soil and plant
biomass samples were oven-dried at 50°C for two days [21]. The C. roseus and E. crassipes samples were
separated into roots, stems, and leaves, while the 7. augustifolia sample was separated into roots and aerials. The
samples were oven dried until they reached constant weights and ground using mortar and pestle.

One mL of 65% HNO; was then added to test tubes that each contained 0.1 g of a soil and plant tissue sample.
The test tubes were then heated in a water bath at a water temperature of 50°C and 1-mL additions of 30%
hydrogen peroxide (H20,) were made until the samples became clear. The resulting clear mixtures were then
diluted using 10 mL of distilled water in volumetric flasks. Cr concentrations in the samples were measured via
atomic absorption spectrophotometry (AAS; Shimadzu AA-630, Japan) at a wavelength of A = 357.9 nm [18].
Three samples were analysed for each variable.

2.3 Calculation of bioconcentration and translocation factors

Bioconcentration factor (BCF) is the ratio between the concentration of a metal in the tissue of a plant Cprants
to that in its medium Cwmeprum [22]. It is used to measure the effectiveness of a plant in absorbing metals. The
larger the value of BCF, the more effective a plant is at absorbing the specific metal within a growth medium.
BCF is calculated using Equation 1.

BCF = CeLants (D

CMEDIUM

The ability of a plant to distribute metals absorbed through its roots to its upper part is measured by the
translocation factor (TF) [23]. TF is defined as the ratio between the concentration of a metal in a plant’s aerial
parts (CagriaLs) and that in its roots (Croots). A TF value >1 implies that more heavy metal has been translocated
to the aerials than remains accumulated in the roots and thus the plant has a high ability to translocate metals. TF
is calculated using Equation 2.

TF = CAERIALS )

CrooTs

2.4 Calculation of process efficiency

The process efficiency (PE) of a system is defined as the ratio between the amount of metal absorbed by the
plant and the amount input into the system. The calculation of the PE values of the CW subsystems in this research
is done through a mass balance analysis, measuring the Cr concentrations at the input and output of a system [24].
By comparing the different PE values of the systems, the most efficient integrated system can be determined. PE
can be calculated by Equation 3.

PE = “=20x100% 3)
1

where C; and Co are the metal concentration in the input and the output of the system, respectively.
2.5 Statistical analysis

Data obtained in this study were evaluated using Duncan’s multiple range test (DMRT) with a p-value of 0.05.
The software package used in the statistical analysis was IBM SPSS Statistics 26 (IBM Corporation, USA).



3. Results and discussion
3.1 Concentrations of chromium in growth medium, soil, and plant biomass

To ensure that any measured Cr came only from the K,Cr,O7 used as the model metal, the concentrations of
Cr in the plants, growth medium, and soil were measured. No Cr was detected in any of the plant samples, growth
medium, or soil. The detection limit of the AAS was 1.47 pg/mL [25]. Cr concentrations of the growth medium
and soil (Figure 3), as well as of the plant biomass (Figure 4) were measured. The results show that the CW system
allowed for the binding of heavy metals by the soil even in very small concentrations. However, there were no
statistically significant differences in the concentrations of Cr in the soil across the subsystems (p > 0.05).
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Figure 3 Chromium concentration in the growth medium and soil. Letters indicate significant differences in Cr
concentrations (p < 0.05) according to Duncan’s test.
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Figure 4 Chromium concentration detected in the plant biomass. Letters indicate significant differences in Cr
concentrations (p < 0.05) according to Duncan’s test.

In all plant species employed in the study, the highest Cr concentration was found in the roots, due to their
direct exposure to Cr. Cr concentration in the roots of E. crassipes, T. augustifolia, and C. roseus were 0.112 +
0.007, 0.049 £ 0.008, and 0.047 £ 0.003 mg/g, respectively. This is in alignment with a study conducted by



Tabinda, et al. [11] which showed that the roots of E. crassipes accumulated more Cr than the leaves. A study
conducted by Sudarsan, et al. [26] also demonstrated that the roots of 7. latifolia can store 3-15 times more Cr
than the leaves. However, other past studies have shown that there are plants that accumulate more Cr in their
shoots than in the roots, including Allium griffithianum, Himalaiella heteromalla, Stellaria media, Rosularia
adenotricha, and Wulfeniopsis amherstiana [27).

3.2 Bioconcentration factor and translocation factor

The BCF and TF values of the system are shown in Figure 5. C. roseus had the highest BCF value at 0.44+0.03
compared to E. crassipes (0.39+0.02) and T. augustifolia (0.18+0.03). C. roseus also had the highest TF value
(1.27 £ 0.24) followed by E. crassipes (0.75 = 0.08) and T. augustifolia (0.11 + 0.08). The differences between
the three TF values were statistically significant (p< 0.05). The TF value of C. roseus was greater than one (>1),
implying that total Cr accumulation in the aerial parts (stems and leaves) was higher than in the roots. The high
accumulation of Cr in aerial parts was likely caused by stronger aerial structures of C. roseus compared to the
other two species, resulting in a higher metal transportation potential from roots to shoots [28]. This is consistent
with the results obtained by Sajad, et al. [27] which showed that Cr accumulation in the shoots of C. roseus was
more than 17 times higher than accumulation in the roots. In addition, the TF value for E. crassipes in this study
was consistent with the TF range obtained by Hasan, et al. [29] of 0.2 to 0.78.
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Figure 5 Bioconcentration and translocation factors calculated for all species. Letters indicate significant
differences (p < 0.05) according to Duncan’s test.

Phytoremediation can be achieved via several mechanisms, including degradation, accumulation, dissipation,
and immobilisation of heavy metals. Examples of degradation mechanisms are rhizodegradation and
phytodegradation, while accumulation mechanisms include phytoextraction and rhizofiltration. Dissipation
mechanisms include phytovolatilization and immobilisation mechanisms include hydraulic control and
phytostabilisation [30]. The TF value is indicative of the mechanism through which a phytoremediation system
processes heavy metals. Phytostabilisation occurs when the TF value of a system is less than one (TF < 1), while
phytoextraction occurs when the TF value is greater than one (TF > 1) [31]. Therefore, it can be inferred from the
calculated TFs that E. crassipes and T. augustifolia utilise the phytostabilisation mechanism to remediate Cr, while
C. roseus utilises phytoextraction.

3.3 Mass balance analysis and process efficiency

A mass balance analysis was carried out in order to track the flow of Cr from the input to the final output of
the integrated system (Figure 6). Process efficiency values were calculated to determine the effectiveness of each
subsystem, as well as the overall efficiency of the integrated system (Table 1). At the input to the system, the
growth medium had a concentration of 0.5 mg/g Cr. At the output of the third subsystem, the Cr concentration in
the growth medium was 0.131 mg/g, which translates to a PE value of 73.8+1.07%, suggesting that nearly three-



quarters of the Cr was removed by the system. This overall PE value was higher than the PE values of individual
subsystems, indicating that the integrated system removed Cr better than any single subsystem.
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Figure 6 Mass balance analysis of the integrated phytoremediation process.

Table 1 Process efficiency of the integrated phytoremediation process.

Container System Process efficiency (%)
Cl Free-floating constructed wetlands 40.40+2.20
C2 Vertical subsurface flow constructed wetlands 18.69+3.40
C3 Horizontal subsurface flow constructed wetlands 45.84+2.54
Integration Integrated phytoremediation system (overall process) 73.80+1.07

Several factors affect the PE value, including the structure of a plant’s roots, the water-use efficiency of the
system, the affinity of transporter proteins on the root surface, and the xylem loading capacity [32]. The age and
growth stage of a plant can also affect the uptake of heavy metals [33]. Furthermore, residence time also
contributes to the level of absorption. In this study, a longer residence time would have likely resulted in a higher
Cr absorption.

Integrated phytoremediation systems have advantages over a single phytoremediation system. IPS are able to
treat wastewater containing more than one type of contaminant. Wastewater containing multiple contaminants is
difficult to treat with only one phytoremediation system as the physical and chemical properties of each
contaminant are different [14]. By combining several phytoremediation systems with multiple types of plants,
integrated phytoremediation systems are expected to remediate various types of contaminants at one time.

4. Conclusion

As shown in past studies, the integration of multiple constructed wetlands systems has the potential to be a
more sustainable and environmentally friendly waste treatment technique. In this study, three CW systems were
combined into an integrated phytoremediation system for Cr removal: a free-floating system with Eicchornia
crassipes, a vertical subsurface flow system with Typha augustifolia, and a horizontal subsurface flow system
with Catharanthus roseus. The results of this study suggest that integrated phytoremediation systems have better
metal-removing performance compared to individual CW systems used separately.
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