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[T I N R

Abstract: Environmental pollution due to industrial activities has been reported since 1760, dating
back to the first industrial revolution. One industrial activity that has led to major environmental
degradation is coal mining, which can pollute surface and underground water due to acid mine
drainage (AMD). Phytoremediation is low-cost, applicable, environmental, and does not generate
other waste materials. In this research, we analyze the utilization of Eichhornia crassipes and Pistia
stratiotes for AMD treatment. The results indicated that the AMD initially contained Fe, Mn, Al, Ca,
and Mg. E. crassipes successfully reduced these contents by up to 69%, while P. stratiotes removed
up to 62%. A cost analysis for phytoremediation of AMD is designed in terms of two schemes, with
4298 USD for the first scheme and no cost in the second scheme. The post-harvest potential, future
research directions, and bibliometric analysis are also discussed. Overall, the results of this study
indicate that P. stratiotes and E. crassipes are plants with great potential for AMD phytoremediation.

Keywords: phytoremediation; Eichhornia crassipes; Pistia stratiotes; acid mine drainage; environmental
pollution

1. Introduction

Environmental degradation has been significantly reported worldwide. Due to
widespread industrialization, water pollution caused by various pollutant parameters
(e.g., heavy metals, lightweight metals, and acidic conditions) has been increasing daily [1].
The mining industry adversely affects the environment, especially surface and under-
ground water. According to this condition, water contamination due to heavy metal
exposure has become a major concern worldwide. A recent study has also shown that
water contaminated with heavy metals leads to effects including mutagenicity, genotoxicity,
carcinogenicity, and immunotoxicity [2,3]. AMD is a surface water problem that impacts
both the environment and human health [4,5]. Heavy metals contained in AMD are difficult
to remove from the environment and the human body due to their non-biodegradability
and lead to toxic effects [6,7].

Phytoremediation provides low-cost and applicable methods to resolve AMD. These
methods can remediate heavy metals and other pollutant parameters in water contamina-
tion scenarios. Phytoremediation has received significant attention worldwide due to its
applicability, acceptability, low cost, and ease of operation, as well as less harmful effects on
the soil and water, unlike other chemical and physical remediation methods. In addition, a
recent study has shown that phytoremediation could help to improve the quality of the
environment (i.e., soil and water) in terms of chemical, physical, and biological aspects [8].
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Other chemical and physical treatments also generate waste materials that can lead to other
problems for the environment and human health; for example, the adsorption method
and water treatment plants can generate sludge from the adsorbent, contaminated with
heavy metals or presenting other toxic parameters [9,10]. Thus, this problem must be
solved through a desorption method, requiring further treatment and high technological
requirements [11]. Furthermore, chemical treatment (e.g., adding certain chemical reagents)
may generate a new, unidentified chemical reaction [10]. Thus, phytoremediation provides
a promising treatment model for wastewater, which will not generate an unidentified
reaction or yield contaminated sludge that needs to be treated further.

Although phytoremediation has been widely reported, there has been no study re-
garding the use of this method to treat real AMD. Most phytoremediation methods have
been aimed at treating domestic wastewater considering common pollutant parameters,
such as total suspended solids, ammonia, chemical oxygen demand, electrical conductivity,
phosphorous, nitrates, and nitrites [12,13]. To fill this gap in the literature, in this study, we
investigate and analyze a phytoremediation method using Eichhornia crassipes and Pistia
stratiotes to remove various components in a real AMD scenario. Although previous studies
of AMD treatments using phytoremediation have been reported, holistic research, includ-
ing statistical, cost, and bibliometric analyses for future recommendations, remain rare. For
example, previous studies on phytoremediation for the treatment of acid mine drainage
have not provided information on bioaccumulation, translocation, statistical analysis, cost
analysis, and future research recommendations [14,15]. Thus, this study is important to
fill such gaps, providing holistic information regarding the potential of E. crassipes and P.
stratiotes for the treatment of acid mine drainage.

Therefore, in this study, we analyze and investigate the potential of E. crassipes and P.
stratiotes as phytotechnology to remove pollutants from real AMD. The real AMD used in
this study contained Fe, Mn, Al, Ca, and Mg. The reporting of pollutant parameters in this
study is unique. Several studies have been limited to using artificial wastewater [16,17].
Thus, in this study, we evaluate and analyze the effect of phytoremediation using E. crassipes
and P. stratiotes in terms of each parameter. Furthermore, we also provide a comparative
cost analysis, as well as recommendations and future research directions considering
phytoremediation for real AMD treatment through bibliometric analysis. To the best of
our knowledge, this is the first study on the utilization of phytoremediation using E.
crassipes and P. stratiotes for the treatment of AMD, with results reported in terms of various
pollutant parameters.

2. Materials and Methods
2.1. Materials

Eichhornia crassipes and Pistia stratiotes were collected from Lampung, Indonesia, and
20 L of AMD was collected from a coal mining area in Jambi Province, Indonesia. The plants
were acclimatized in glass boxes for a week before use. Acclimatization is an important step
for the beneficial physiological adaptation of E. crassipes and P. stratiotes, helping the plants
to adapt to the climatic, environmental, and /or surrounding conditions. This treatment
can also be useful, such that the plants do not experience shock in response to their new en-
vironment. Most species of plants have been shown to require an acclimatization process to
ensure that they survive and grow vigorously when transferred to a new environment [18].

Inductively Coupled Plasma-Optical Emission Spectrometry was used to measure the
initial concentration of pollutant parameters in AMD (Fe, Mn, Al, Ca, and Mg), and the pH
of the AMD was measured using a pH meter.

2.2. Determination of Plant Growth

Both plants were acclimated for a week using tap water in plastic buckets. After
acclimation, the root length E. crassipes was 18 cm, while that of P. stratiotes were 10 cm. The
shoot diameter for E. crassipes was around 8 cm, and the length of P. stratiotes leaves was
8 cm.
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2.3. Plant Batch Studies

E. crassipes and P. stratiotes were added separately into glass boxes with 2 L of AMD.
Two glass boxes with 5 L of AMD were used to analyze plant batch studies. Each plant was
put into different glass boxes at room temperature (28 °C) for five weeks (40 days). The
parameters of AMD were analyzed separately for each week (weeks 1, 2, 3, 4, and 5) in
glass boxes with three plants each.

2.4. Experimental Setting and Quality Control of Samples

Both plants were handled carefully. We confirmed that no diseased plants were used, and
all plants were fresh plants with good leaves and stems. The AMD sample used in this study
was collected carefully using polyethylene bottles that had been cleaned twice using distilled
water. The bottles were also checked to have not been contaminated by previous samples.
Before sending to the laboratory, the AMD used was placed in a freezer (4 £ 2 °C) under
acidic conditions (pH 2) in order to ensure that the sample was not damaged. All samples
were brought and utilized under strict supervision, according to the National Indonesian
Standard (SNI 6989.59:2008) [19].

2.5. Pollutants Removal
Removal percentage of pollutants from AMD was calculated by Equation (1):

Removal percent = (COC;CE) x 100%, (1)

0

where C, is the initial concentration of a pollutant parameter in AMD and C, is the final
concentration of the pollutant parameter in AMD. The unit of this variable is percentage.

2.6. Bioconcentration Factors

Bioconcentration is the ratio of substance in E. crassipes or P. stratiotes to the exposure
concentration under equilibrium conditions. The bioconcentration factors of E. crassipes
and P. stratiotes were calculated in their dry mass (Equation (2)):

P
Bioconcentration factor = ik 2)

where P is the pollutant concentration in plant tissue (mg/kg) under dry weight conditions,
and E is the pollutant concentration in AMD (mg/L).

2.7. Translocation Factor

The translocation factor indicates the translocation of heavy metals from the root of E.
crassipes or P. stratiotes to the aerial parts. This parameter was calculated by Equation (3):

. C
Translocation factor = —/%* 3)
Croot
where Cgj,0; is the concentration of AMD pollutants in the shoots and C;; is the concen-
tration of pollutants in the roots of E. crassipes or P. stratiotes.

2.8. Statistical Test

In this study, one-way analysis of variance (ANOVA) was conducted to determine the
significant differences in contaminant removal under various periods of contact. ANOVA
was carried out using the Microsoft Excel 2016 software (Microsoft Corporation, Redmond,
WA, USA), considering a significance level of 0.05.
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2.9. Cost Analysis

Cost analysis of AMD treatment using phytoremediation was analyzed using the
investment method [20] (Equation (4)):

TC = TVC + TFC, @)

where TC is the total cost, TVC is the total fixed cost, and TFC is the total variable cost. The
cost analysis was conducted in terms of USD. The costs calculated included those related
to aeration, circulation, and the construction of wetland for phytoremediation. The depreci-
ation analysis was conducted according to the straight-line method (Equation (5)) [20]:

P—s 09P
D= =
N N ®)

2.10. Bibliometric Analysis

Bibliometric analysis was carried out to find studies focused on phytoremediation.
This method provides a powerful means to discover recommendations and future research
directions. To analyze the phytoremediation literature until 2022, the VOSviewer software
was used. A total of 122 published papers and books (including book chapters) were
found in the search engine (Google Scholar) with the range of study from 2012 to 2022.
The published papers used for bibliometric analysis were limited to several publishers
(Elsevier, Springer, Nature, and Hindawi). The keywords used to find the published
papers were “phytoremediation”, “phytoremediation for wastewater treatment”, and
“phytoremediation for acid mine drainage”.

3. Results
3.1. AMD Characteristics

The used AMD had high concentrations of Fe, Mn, Al, Ca, and Mg (Table 1). In
addition, the acid condition of AMD was also determined (pH 3.76). The acid condition of
water may lead to the high mobility of metal ions, thus creating a high concentration of
heavy metals in the AMD sample. According to Indonesian National Standard, the pH of
AMD should be between 6 and 9, and the concentration of AMD must be less than 7 mg/L
for Fe and less than 4 mg/L for Mn. All of the parameters in the AMD sample were higher
than the levels stipulated in relevant standards and, so, can be considered dangerous to
the environment.

Table 1. Characteristics of utilized AMD.

Parameters Value/Concentration
Fe (mg/L) 9.21
Mn (mg/L) 8.35
Al (mg/L) 7.43
Ca (mg/L) 4.75
Mg (mg/L) 6.56
pH 3.76
Temperature (°C) 33

3.2. Effect of Contact Time

The effect of contact time between plants and AMD is depicted in Figure 1, from which
it can be seen that a longer contact time had a positive impact on decreasing the content
of heavy metals, that is, longer contact between the plants and the AMD led to a higher
sorption effect for each pollutant parameter. E. crassipes showed a higher ability for Fe and
Mn removal, while P. stratiotes showed a better ability for Al, Ca, and Mg removal.
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Figure 1. Effect of contact time between P. stratiotes or E. crassipes and AMD.

3.3. Removal Percentage

The removal percentage for each pollutant parameter is shown in Figure 2, indicating
that contact time also had an impact on removal percentage. The best removal percentage
of Fe was reached after five weeks for E. crassipes (>65%). The sorption of Mn plant roots
showed the same result. After five weeks of contact, the best removal percentage of Mn
was reached. In terms of Mn removal, P. stratiotes showed better removal ability compared
with Fe. An opposite result was observed for Al, Ca, and Mg, for which P. stratiotes had
higher percentage removal than E. crassipes. These results also confirmed that E. crassipes
has better potential for heavy metal removal, while P. stratiotes is better for the removal of
lightweight metals.

3.4. Bioaccumulation and Translocation Factor

The bioaccumulation and translocation factor results for both of the plants are shown
in Figure 3. We observed that the bioaccumulation of pollutant parameters occurred in
both shoots and roots, where most pollutants showed higher bioaccumulation in roots than
in shoots. In addition, the translocation factor results indicated high results from Fe, Mn,
Al, and Ca, confirming that P. stratiotes and E. crassipes are hyperaccumulator plants due to
the translocation factor values being close to one.
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Figure 2. Removal percentage of pollutant parameters from AMD by P. stratiotes or E. crassipes.

3.5. Statistical Analysis

A statistical test—that is, one-way ANOVA—was conducted to assess the effect of
contact time on heavy metal concentration. The results demonstrated that the P-value for
E. crassipes was 0.209, while that for P. stratiotes was 0.099. Besides, the F-crit value was
2.758 for both P. stratiotes and E. crassipes. According to the statistical test, the p-value for
both plants was higher than 0.05. Thus, the average pollutant removal effect when using E.
crassipes and P. stratiotes was the same, with a significance level of 5%.
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4. Discussion
4.1. AMD Characteristics

High levels of heavy metals were found in the used AMD, associated with its low pH
conditions. In acidic conditions, metal ions will move faster, leading to negative impacts
such as increased heavy metal concentration. Not only was Fe present, but the AMD also
presented a high Mn concentration, which is dangerous for both the environment and
human health [21]. High concentrations of Fe and Mn can lead to long-term negative
impacts on aquatic ecosystems [22] and plants [23]. High concentrations of Fe and Mn have
also been reported to have impacts through biochemical reactions, sediment deposition,
dissolved or particulate forms, and volatilization [24]. In terms of human health effects,
long-term contamination of Fe and Mn has been reported to result in non-carcinogenic
diseases [21].

AMD has different characteristics, according to geological and environmental condi-
tions. For example, AMD may have different pollutant parameters in the same Province
but at different locations. A recent study has stated particular AMD as having Al, Ca, and
Mg in high concentrations but no Fe or Mn [5]. The characteristics of the AMD used in
this study were similar to those reported in a recent study on AMD in India [25]. High
concentrations of Fe and Mg were reported due to finely disseminated pyrite crystals,
pyrite oxidation, and hydrated sulfate complexes [25]. High long-term contamination of Fe
and Mn has been reported to have effects on several diseases, such as inflammatory bowel
disease [26], or Parkinson’s and Alzheimer’s diseases [27].

4.2. Effect of Contact Time

We found that a longer contact time between plants and AMD led to better capturing
of pollutants from AMD. As shown in Figure 1, E. crassipes showed a better ability to
decrease Fe and Mn, while P. stratiotes had a better effect on decreasing Al, Ca, and Mg.
The different abilities of these plants are due to competitive sorption in the roots and
shoots of plants. Assessment at all contact times showed that there was no release of heavy
metals from the plants into water. The best decrease of Fe was observed with E stratiotes,
successfully reducing Fe from 9 to 2 mg/L. Thus, this plant could remove more than half of
the Fe content from AMD.

The concentration of Mn in AMD was also reduced from 8 to 3 for P. stratiotes and
from 8 to 2 for E. crassipes. These results confirmed that E. crassipes has a higher ability
than P. stratiotes in terms of the removal of heavy metals from water. The phytoremediation
batch study demonstrated better removal efficiency than phytoremediation in Batch-Fed
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Free Water Flow Constructed Wetlands, which can only remove 26% of Fe [28]. Although
phytoremediation generally has lower performance than other methods, such as adsorption,
this method is more sustainable than adsorption. Furthermore, due to the limited studies of
phytoremediation utilization in AMD treatment in the literature, this research only details
one of the conditions for AMD treatment through phytoremediation.

4.3. Percentage Removal

E. crassipes showed the best removal percentages for Fe (>60%) and Mn (>50%). Al-
though the values were high, this study showed low removal percentage when compared
with that in an artificial metal solution [29]. This phenomenon is due to a lack of competi-
tive sorption in the plant roots. Thus, the root can optimally adsorb a single heavy metal.
Both plants also successfully removed more than 50% and 60% of all metals. A significant
difference was observed in the removal percentage of Al, Ca, and Mg between the plants.
These pollutant parameters were more strongly decreased by P. stratiotes. No study has
reported the same remediation effects of E. crassipes and P. stratiotes in acid mine drainage
or other wastewater with similar pollutant parameters.

A study in Brazil has reported that phytoremediation using P. stratiotes successfully
decreased Zn [30], another important pollutant parameter in AMD [31]. Thus, this method
provides a powerful means to resolve the environmental and human health impacts of
AMD. AMD typically contains 36 pollutant parameters, including Al, As, B, Cr, Cu, Fe, Mn,
Na, Ni, and Pb [32]. Besides providing a cheap and easy method, phytoremediation using
E. crassipes and P. stratiotes is a sustainable way to reduce pollutant parameters in AMD.
E. crassipes and P. stratiotes are easy to grow and develop, as evidenced by the ease with
which these plants can be found in swamps without needing to be planted.

4.4. Bioconcentration and Translocation Factor

The abilities of E. crassipes and P. stratiotes in absorbing heavy metals are detailed
in Figure 3a, indicating that most heavy metal accumulation occurred in the roots of
these plants. This result showed that both plants had not yet finished transferring heavy
metals from root to shoot, in agreement with a recent study in Nigeria, which stated that
the bioconcentration in roots was higher than in shoots for Zn and Cd [33]. The high
concentration in roots and shoots indicated that the sorption of pollutant parameters (i.e.,
heavy metals) occurred faster than the catabolism process in both plants.

Figure 3b depicts the abilities of the plants in terms of heavy metal translocation. We
found that both plants had high translocation abilities for Fe, Mn, Al, and Ca (between
0.8-0.9) and good translocation ability for Mg (0.6 for E. crassipes and 0.7 for P. stratiotes).
The best translocation value was 0.9 for Ca and Mg for P. stratiotes. This research also
indicated that the values of the translocation factors were all close to 1, demonstrating that
both plants may potentially be categorized as hyperaccumulator plants.

4.5. Cost Analysis

The cost analysis for several AMD treatment methods is provided in Table 2. The
first scheme for investment to create a constructed wetland in the mining area requires
4298 USD for 20 years. The second scheme involves creating a non-permanent location
for the acclimatization pool, aeration, and constructed wetlands and has zero costs. The
acclimatization pool can be created with unused buckets or drums. The constructed wet-
lands for phytoremediation can be the natural wetland around the mining area. In addition,
phytoremediation can simply be implemented in the settling pond of the coal mining
area. Thus, the second scheme reduces the costs associated with AMD treatment. A study
has reported the economic feasibility of phytoremediation, which stated that 51 compa-
nies worldwide offer environmental management services using the phytoremediation
method [34]. Phytoremediation feasibility studies require site-specific information, such
as landscaping information, site conditions, and species of plants for phytoremediation
technologies associated with certain industries, authorities, or farmers [35].
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The comparison of several methods for wastewater treatment showed in Table 2, with
the cost analysis shown. Here, there is no means for direct comparison, as every method
has certain strengths and weaknesses. For example, phytoremediation has advantages in
terms of service life (can reach decades) but is relatively slower in reducing heavy metal
levels; in contrast, an adsorption method may be able to significantly reduce heavy metal
content within minutes [36]. However, adsorption methods have drawbacks, such as being
difficult to apply in the field and yielding a by-product in the form of an adsorbent that is
contaminated with heavy metals.

Table 2. Comparison and cost analysis.

Method Materials/Plants Pollutants Cost (USD) Reference
Phytoremediation P. Stratiotes .
(First scheme) E. crassipes Fe, Al, Ca, Mg 4298 This study
Phytoremediation P. Stratiotes .
(Second scheme) E. crassipes Fe, Al Ca, Mg i This study
Adsorption Porous metal oxide Phosphate 100-200 [37]
Phytoremediation Thlaspi caerulescens Heavy metals in agricultural land 14,600 for 20 years [38]
WWTP (No N/A N/A 0.12/m3 [39]
information)

(Note) P. Stratiotes and E. crassipes in this study collected from swamp.

4.6. Potential of Eichhornia crassipes and Pistia stratiotes for Post-Harvest

Several studies have reported the potential of phytoremediation using E. crassipes and
P. stratiotes. In this study, we also confirmed that both of these plants have high abilities
to reduce metal species in AMD. Furthermore, E. crassipes and P. stratiotes are plants with
several benefits in terms of further utilization. A study in India has reported that P. stratiotes
may have pharmaceutical potential, indicating that this plant could be used due to its
anti-inflammatory activities [40]. This plant has been used in Ghana for curing ophthalmic
disease and iritis. Furthermore, the plant also can be used as an anti-inflammatory through
the inhibition of histamine, serotonin, prostaglandin, and bradykinin [41]. P. stratiotes also
has other benefits, including antifungal, anti-microbial, and diuretic activities. An extract
from the leaves of this plant can be used to treat uric acid formation and inhibit the enzyme
xanthine oxidase. Hence, it may be used for the treatment of gout [42].

E. crassipes is also a plant that offers many benefits post-harvest (Figure 4). A study
has reported that this plant can be used to make paper, organic fertilizer, and handicrafts.
E. crassipes has also been shown to have pharmaceutical potential: A study has shown that
the leaves of E. crassipes could be successfully converted into an in vitro anti-bacterial [43].
Another study has reported that E. crassipes has potential use as a compost additive, having
a positive impact on soil quality [44]. This plant has been reported to have better N, P,Os,
K70, and C:N contents, being four times richer than farmyard manure [44]. Fertilizer
generated from E. crassipes could improve soil properties, bulk density, soil cation exchange
capacity, pH, soil aggregation, and soil mineral nutrients [44].

E. crassipes not only has a positive impact on the environment, but this plant has also
had a good economic impact in Madagascar. E. crassipes can be converted into hats, sandals,
handbags, mats, and shopping bags, which are deemed acceptable by consumers [45].

As a liquid fertilizer, E. crassipes was reported as a potential plant having a positive
impact on water and soil quality. A recent study has shown that a liquid fertilizer from
E. crassipes facilitates potential nitrogen recovery from water and increased C/N ratio in
soil [46]. This plant has also been shown to have low cost, promote a faster increase in
fermentation temperature, and have lower nitrous oxide emissions [47].
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Figure 4. Potential utilization of E. crassipes and P. stratiotes post-harvest.

4.7. Bibliometric Analysis and Recommendations for Future Research

The results of the bibliometric analysis regarding wastewater remediation are shown
in Figure 5. According to the bibliometric analysis, heavy metals and wastewater treatment
were the two keywords most associated with phytoremediation, which was confirmed
based on recent studies that have associated phytoremediation with wastewater treatment
and heavy metals [48-50]. Furthermore, some plants also appeared in the bibliometric
analysis, such as E. crassipes used in this study. The bigger balloon in the bibliometric
analysis indicates that many studies have considered this plant. Several keywords were
found in the analysis, including phytoremediation, heavy metal, biochemical composition,
lead, detoxification, aquaculture, wastewater, fouling, plants, pollutants removal, etc.

In Figure 5, a small balloon is shown for AMD. Thus, the study of AMD in phytore-
mediation is rare. Although many papers have been published regarding wastewater
treatment through phytoremediation, not many studies have reported on the utilization
of phytoremediation in real AMD. The utilization of phytoremediation for treating AMD
requires further development, including research to find the optimal plants that are accept-
able and applicable and which can survive in mining areas. Mining areas have different
characteristics compared with domestic wastewater. To date, most published papers on
phytoremediation have been limited to domestic wastewater [51]. In addition, the utiliza-
tion of phytoremediation in AMD is a new challenge. If the optimal plants can be added to
a sump, they will be powerful in allowing for a reduction in the utilization of CaO (as a
conventional method for treating AMD).

Further research should also focus on local plants that are obtainable in rural areas (i.e.,
mining areas) and should also work towards creating a sustainable and circular economy for
treating AMD using phytoremediation. There are no waste materials that can be created in
this process. Knowing that E. crassipes and P. stratiotes only reduce the pollutant parameters
by half, a combination of methods needs to be developed. In this line, there has only been
one study on the combination of phytoremediation and passive biopiling for the treatment
of contaminated soil [52]. Thus, studies focused on a combination of two or more methods
are rare. Therefore, the combination of bioremediation and phytoremediation needs to be
further developed. Additionally, the combination of adsorption and phytoremediation
needs to be explored. Although a study on the combination of phytoremediation and
adsorption has been reported [53], the results only reported the 77.5% removal of COD
and 54.3% for phosphate. New materials and combinations of two or three methods can
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potentially address the AMD problem. Finally, easy, acceptable, and low-cost combination
materials and methods need to be found as soon as possible (Figure 6).
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5. Conclusions

Research on phytoremediation strategies using Eichhornia crassipes and Pistia stratiotes
for real AMD treatment to date is rare and limited. In this study, we aimed to analyze
and investigate the potential of E. crassipes and P. stratiotes as phytotechnology to remove
pollutants from real AMD. The results of this study demonstrated that the removal of
pollutant parameters, such as Fe, Mn, Al, Ca, and Mg, by these plants was high: E. crassipes
could remove up to 69%, 69%, 48%, 55%, and 47%, respectively, while P. stratiotes removed
up to 57%, 62%, 55%, 58%, and 53%, respectively. Bioconcentration analysis of both plants
showed that the heavy metal concentrations in roots were higher than in shoots for each

plant. Translocation factor analysis also showed that the translocation value for both
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plants was between 0.8-0.9 for Fe, Mn, Al, and Ca and between 0.5-0.7 for Mg. Statistical
analysis also returned p-values of 0.099935139 for E. crassipes and 0.209948549 for P. stratiotes.
These results indicate that E. crassipes and P. stratiotes have great potential for the removal
of various pollutant parameters from AMD. The cost analysis of phytoremediation for
treating AMD was described in terms of two schemes, either costing 4298 USD or at no
cost. Post-harvest analysis for E. crassipes and P. stratiotes indicated that both plants have
good potential, for example, as materials for organic fertilizer, liquid fertilizer, paper,
handicrafts, and pharmaceutical and anti-bacterial agents. Bibliometric analysis was also
conducted in order to determine recommendations for future research directions relating
to phytoremediation in treating AMD. In this aspect, the combination of phytoremediation
with other methods should be investigated.
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