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Abstract

The present research studied the potential of using plant species adapted to areas affected by Municipal Solid Waste disposal
to phytoextract or phytostabilize heavy metals. The study area was an old unlined landfill that is regarded as contaminated
by heavy metals, organic matter, and salts. Firstly, soil contamination around the waste deposit was assessed, secondly, the
ability of local plants to extract metals from the soil was evaluated and thirdly, a greenhouse pot experiment was conducted
using Vetiveria zizanioides (vetiver) planted in different soil samples collected from the study area. Heavy metal concentra-
tions were below the Brazilian Screening Level in all soil samples but were generally higher at sites directly affected by the
waste disposal, especially for Ba, Cu, Fe, Pb, and Zn. Psidium guajava (guava tree) and Pennisetum purpureum (elephant
grass) growing naturally over the landfill surface presented potential applications for phytoextracting Ba, Pb, and Zn. Regard-
ing the pot experiment with vetiver, it was observed that the plants could adapt to all the different treatments, showing their
environmental adaptability. Metals were found to accumulate mainly in root tissues, indicating the potential for phytostabi-
lization. Relevant bioaccumulation and translocation factors were found, respectively, for Ba, Cu, and Zn, and Ba, Cr, and
Zn. The study concluded that guava tree, elephant grass, and vetiver can contribute to mitigating impacts of waste disposal
sites and are able to thrive in such environments under a subtropical climate, phytoextract and/or phytostabilize Ba, Cu, Pb,
and Zn, and thus, avoid leaching to the surroundings.

Keywords Municipal solid waste - Pennisetum purpureum - Potentially toxic metals - Psidium guajava - Vetiveria
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Introduction techniques, which causes impacts to persist (Morita et al.

2020a; Zolnikov et al. 2018).

Although inadequate solid waste disposal causes soil, air and
water contamination and poses a risk to public health (Bjerg
Et Al. 2013; Morita et al. 2021), it is still commonly used in
developing countries (D-WASTE 2013; Lavagnolo 2019).
Moreover, when these areas are closed, they are constantly
abandoned, without adopting remediation and mitigation
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In this regard, it is important to study and urge the adop-
tion of low-cost remediation techniques, which are adapted
to socioeconomic contexts found in developing countries
and can be used for mitigating the impacts of waste dis-
posal sites. Phytoremediation is a promising technology for
such applications due to the low costs involved, easiness of
implementation, public acceptance, the possibility of in situ
implementation, and non-invasiveness, avoiding the need
for digging up and removing the contaminated soil (Pandey
and Bajpai 2019).

Additionally, it is especially effective in areas with lower
and more distributed contaminant concentrations (Marmiroli
and Mccutcheon 2003), which is commonly the case of old
dumpsites and unlined landfills receiving mainly domes-
tic waste (Morita et al. 2020a; Ehrig and Stegmann 2018).
Phytoremediation can be used to control erosion processes,
promote ecological restoration, produce biomass and energy,
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and negotiate carbon credits (Oliveira et al. 2009; Pandey
and Souza-Alonso 2019), which are necessary or beneficial
for such areas.

When used in waste disposal sites, Morita and Netto
(2022) classified phytoremediation techniques into four
categories, depending on the site of application and the pro-
cesses involved: (a) use of phreatophytes around dumpsites
and landfills to promote a (phyto)hydraulic barrier; (b) use
of aquatic species in drainage or leachate puddles commonly
formed around dumpsites, contributing to leachate treat-
ment; (c) use of phytoaccumulation species over landfills
and at soil-contaminated sites; (d) adoption of alternative/
vegetative covers that can enhance evapotranspiration, and
thus prevent the formation of leachate (phytocapping).

Considering this, Populus spp, Salix spp, and Eucalyptus
spp have been reported as phreatophytes with the potential
application to promote (phyto)hydraulic containment, ena-
bling the remediation of organic contaminants (McCutcheon
et al. 2003) and nitrate (Luiz and Hirata 2018); Typha lati-
folia and Phragmites australis are constantly used to design
constructed wetlands all around the world (Bakhshoodeh
et al. 2020) and could be adopted in drainage commonly
formed around uncontrolled dumpsites; finally, several spe-
cies have potential applications as they are planted over
landfills, either to phytoacumulate/phytostabilize metals
(Brassica juncea, Thlaspi spp, and Vetiveria zizanioides)
or to enhance evapotranspiration and avoid leachate forma-
tion (Eucalyptus spp, Alphitonia excelsa, Hibiscus tiliaceus,
etc.) (Nagendran et al. 2006; Pandey et al. 2019; Salt et al.
2018). In all cases, it is important to select species adapted to
the local conditions, which include climatic adaptation and
tolerance to contaminants. Additionally, the selected plants
must be able to extract metals so that the remediated soils
reach concentrations that are below Screening Levels (S.L.);
these standards vary considerably for different countries (see
Table 14, of the Supplementary Material).

From those mentioned applications, it is interesting to
note that some species can be planted over landfills and func-
tion both as alternative covers and as phytoaccumulators,
having promising applications in the control and mitigation
of impacts. In this regard, grasses are prospective candidates
due to their high biomass yields, fast growth, adaptation to
infertile soils, suitability for the phytoextraction of mildly
polluted soils or phytostabilization of soils with low-to-mod-
erate concentrations of trace elements (Rabelo et al. 2021).
Additionally, such high biomass production also makes them
promising for bioenergy production (Jha et al. 2017), having
potential applications as non-food energy crops over landfills
(Shah et al. 2023).

The Vetiveria zizanioides (or Chrysopogon zizanioides,
commonly named vetiver) grass has recently gained atten-
tion due to its high tolerance to As, Cd, Cu, Pb, Hg, Ni, Se,
and Zn, having accumulated over 10,000 mg Zn/kg dry root
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and 10,000 mg Pb/kg dry root, and survived in soils of up to
959 mg As/kg and pH values ranging from 3 to 11 (Pandey
et al. 2019; Suelee et al. 2017). Additionally, it has a powerful
radicular system and is able to penetrate around 2 m deep in
6 months, or about 3 cm per day, and produce about 100 thou-
sand tons of biomass per hectare (Pandey et al. 2019; Suelee
et al. 2017). Moreover, it has a wide geographical distribution
and enables an economic return (Pandey and Praveen 2020).

Pennisetum purpureum (elephant grass) also demonstrated
applicability in phytoremediation projects, having accumulated
Cu (~6.91 mg/kg), Zn (85.13 mg/kg), and Mn (207.35 mg/kg)
in its leaves (de Oliveira Mesquita et al. 2021) and presented
more tolerance to Cu than vetiver, when exposed to MSW
leachate (Hassan et al. 2020). Additionally, it was able to phy-
toremediate Cd and produce bioenergy (Zhang et al. 2014) and
remove excess soil P (Silveira et al 2013).

Finally, some woody species are widely distributed geo-
graphically and might also bring an economical return while
working as phytoremediators of waste disposal sites; this is
the case of Psidium guajava (guava tree). Bandyopadhyay
and Maiti (2022) observed its ability to phytostabilize Cu
and Ni when planted over an industrial waste dump blan-
keted with forest soil. Maiti et al. (2015) observed Biocon-
centration Factors (BF) > 1 for Fe, Mn, Zn, Cu, Ni, and Cd
when such species grew on a reclaimed coal mine overbur-
dened dump. Nevertheless, the application of edible fruit
species in phytoremediation projects must be carefully moni-
tored to minimize the accumulation of metals (Maiti et al.
2015) and avoid health risks.

Although there are several studies evaluating the phytore-
mediation capability of plant species, there is still a lack of
research assessing their adoption, adaptation and extraction
ability when planted on Municipal Solid Waste (MSW) dis-
posal sites, especially the uncontrolled ones, enabling the
mitigation of impacts and the prospect of an economical
return. This work aimed to evaluate the feasibility of using
plants adapted to subtropical climates and to MSW uncon-
trolled disposal sites to mitigate heavy metal contamination,
enabling their application as alternative covers and avoid-
ing contaminant leaching. The study was conducted in an
uncontrolled disposal site in Sao Paulo state, Brazil in 2019.
It is expected that plant species, especially grasses, can be
effective tools to control and mitigate the impacts gener-
ated by dumpsites receiving Municipal Solid Waste (MSW),
commonly located in developing countries.

Materials and methods
Study area and considered cases for study

The study area is an old dump (Santa Madalena) located
in the municipality of Sdo Carlos, Sao Paulo State, Brazil
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(Fig. 1), in an outcrop zone of the Guarani Aquifer, compris-
ing sandstone from the Botucatu formation (PMSC 2011).
The local climatic conditions are classified as a humid sub-
tropical climate (Cfa by Koppen and Geiger) with an annual
precipitation of about 1440 mm and an average temperature
of 19.7 °C.

Household, industrial, and health service waste, as well
as construction and demolition debris, were thrown into a
gully without implementing pollution mitigation measures,
from 1980 to 1996. Approximately 440,000 m? of waste was
disposed of in an area of approximately 74,000 m?. After
ceasing the disposal activities (1996), the waste was covered
with a soil layer and the site was abandoned.

Several studies were conducted in the area, showing
that the waste cannot be considered inert yet (Pelinson
et al. 2020) and that the generated pollution is spreading
(Morita et al. 2020b) and has persisted over time (Morita
et al. 2020a). Thus, the Sdo Paulo Environmental Protection
Agency (CETESB) included the site in the list of contami-
nated areas in the state of Sdo Paulo (CETESB 2020) and the
contamination was associated with potentially toxic metals
(As, Ba, Co, Pb, and Se above Brazilian Screening Levels in
groundwater samples) (PMSC 2011). Organic matter (values
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Fig. 1 Study area and location of sampling points

of Chemical Oxygen Demand [COD] of up to 90 mg/L in
groundwater samples) and salts (Electrical Conductivity
of until ~600 pS/cm in affected groundwater samples, in
which ~50uS/cm was a common background value for the
area) have also been regarded as relevant pollutants (Morita
et al. 2020a).

Soil collection and analysis

Soil samples were collected in four areas, depicted in Fig. 1,
which were selected as a function of their level of contami-
nation. Thus, ‘M’ was considered an upstream area, sup-
posedly not affected by the dump, and characterized by its
sandy soils; ‘L’ is a location over the waste dump, where
a mixture of cover soil and waste can be found, and where
more contaminants are expected to be identified; ‘T is a
flooded area downstream of the dump, visually influenced by
leachate flow; and ‘G’ is a downstream area, whose soils are
apparently not affected by leachate and where guava planta-
tion is carried out.

At each of the four selected areas, triplicate sam-
ples (~ 1.0 kg each) were collected at about 30 cm deep,
using shovels and hoes, and were kept in plastic bags until
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analyzed in the laboratory. For chemical analysis, a 0.25 g
sub-sample was taken from each sample, using the quarter-
ing method (ABNT 2004), and analyzed according to the
procedure described in Sect. “Analysis of metals in plant
tissues and soil samples”

For the greenhouse pot experiment (see 4.4), the tripli-
cates were mixed/homogenized to form composite samples
(~3.0 kg from each site), which were used as substrates for
different treatments (‘L’,’G’, ‘M’, and “T").

All the soils collected for this study were previously eval-
uated by Velozo (2006), having similar characteristics in
terms of hydraulic conductivity (~ 107 m/s), density (~ 1,5 g/
cm?®), humidity (from 3 to 22%), porosity (~40%), granulom-
etry (sandy), and Cation Exchange Capacity (from 0.5 to
2.0 meq/100 g for ‘M’ and ‘G’ and 1.5 to 3.5 meq/100 g for
‘L’ and ‘T’). Additionally, physicochemical analyses have
been conducted by Morita et al. (2020c): the pH was found
to be close to neutrality (~7) for all samples and the Elec-
trical Conductivity differed for each sample (~20—50 uS/
cm for ‘M’ and ‘G’,~300 puS/cm for ‘T” and ~200 pS/cm
for ‘L").

Sampling of local plant tissues

In order to assess the metal concentrations in aerial tissues
of plants that naturally developed in the study area and deter-
mine the phytoextraction capacity of these species, their aer-
ial plant tissues were sampled. Plant tissues were collected
at the same sampling points depicted in Fig. 1: Pennisetum
purpureum at ‘L’ (elephant grass, called sample L_pp),
Psidium guajava at ‘L’ and ‘G’ (guava tree, called samples
L_pg and G_pg, respectively), Brachiaria decumbens at ‘M’
and ‘L’ (brachiaria grass, called samples M_bd and L_bd,
respectively), and Typha domingensis at ‘T’ (cattail, called
sample T_td). These species were selected due to their natu-
ral occurrence in the studied area, showing environmental
adaptability; therefore, not all species were collected at the
different sampling locations.

Aerial tissues were collected from different individuals of
the same species and sampling area and were mixed to make
up composite samples. The tissues were washed in running
water, prepared and analyzed according to the procedure
described in item 4.5.

Root tissues were not sampled because of the plants’ sig-
nificant root development and the associated difficulty in
extracting them individually from the compacted soils.

Greenhouse pot experiment
A pot experiment using the soils collected from the areas
depicted in Fig. 1 and saplings of the species Vetiveria ziza-

nioides (vetiver) was performed. Although such species do
not occur naturally in the studied area, its high reported
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adaptability and potential application at waste disposal sites
(Pandey et al. 2019) made it interesting to assess in terms of
the objectives proposed in the present research. Four differ-
ent treatments were established by planting vetiver individu-
als in 2L-pots containing soils collected from ‘L, ‘M’, ‘T",
and ‘G’, and watering the plants daily with 100 mL of clean
water for 120 days. One additional treatment (CH) was con-
ducted using the soil collected in M and watering the plants
daily with leachate collected from the studied dump, which
was sampled using the leachate monitoring station described
by Pelinson et al. (2020). The characteristics of the leachate
used to water the plants are presented in Table 2g), of the
Supplementary Material.

Therefore, five treatments were studied, called ‘L’, ‘M’,
‘T’, ‘G’, and ‘CH’, each composed of triplicates. The experi-
ments were conducted in a greenhouse at the University of
Sao Paulo (USP), Sao Carlos city, Brazil, allowing the main-
tenance of controlled climatic conditions. The plants’ height
was measured and the leaves were counted monthly.

After 120 days of conducting the experiments, the plants
were harvested; roots and shoots were separated and washed
in running water. The triplicates evaluated for each treat-
ment (‘'L’, ‘M, “T’, ‘G’, and ‘CH’) were mixed to make up
composite samples. Thus, for each treatment two composite
samples were analyzed, comprehending the shoot (‘S’) and
root (‘R”) tissues (‘LS” and ‘LR’, ‘MS’ and ‘MR’, ‘TS’ and
‘TR’, ‘GS’ and ‘GR’, and ‘CHS’ and ‘CHR’). Sample prepa-
ration and analysis were conducted as described in Sect. 4.5.

Analysis of metals in plant tissues and soil samples

The soil and plant tissue samples were dried in an oven with
circulation and air renewal at 65 °C for 48 h and were then
crushed. Sub-samples of 0.25 g were weighed, digested with
nitric acid and hydrogen peroxide in a microwave digestion
system, diluted with deionized water to make up a 50 mL-
solution and analyzed in an ICP-MS analyser. The param-
eters analyzed were aluminum (Al), antimony (Sb), arsenic
(As), barium (Ba), beryllium (Be), bismuth (Bi), boron (B),
cadmium (Cd), calcium (Ca), lead (Pb), cobalt (Co), cop-
per (Cu), chromium (Cr), tin (Sn), strontium (Sr), iron (Fe),
phosphorus (P), lithium (Li), magnesium (Mg), manganese
(Mn), mercury (Hg), molybdenum (Mo), nickel (Ni), potas-
sium (K), silver (Ag), selenium (Se), sodium (Na), thallium
(T1), titanium (Ti), uranium (U), vanadium (V), and zinc
(Zn).
Concentrations in mg/kg were obtained by using Eq. 1:

mg L

[Element] (E

> [Element]<@> * Sample volume W

Sample mass
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where sample volume and sample mass were 50 mL and
0.25 g, as described above.

Results and discussion
Soil sample analysis

Table 1 shows the metal concentrations in the evaluated soil
samples (mean and standard deviation). Elements whose
concentrations were below the detection limit (DL) or blank
sample concentration (B1) for all samples (‘T", ‘M’, ‘G’, and
‘L) were not shown. Brazilian Screening Values (‘BSV’) for
soils considering agricultural use are also shown.

It can be observed that no sample presented metal con-
centrations above the ‘BSV’; therefore, the evaluated soils
cannot be regarded as contaminated, based on the collected
samples. Nevertheless, it can be noted that sample ‘L.’ gen-
erally presented results higher than ‘G’, ‘T” and ‘M’, espe-
cially for Ba, Cu, Fe, Ni, Pb, and Zn; this is because this soil
directly covers the waste. Therefore, implementing phytore-
mediation over such soil (‘L) would possibly help control
the transport/leaching of metals to the surroundings.

It is important to mention that although soil analysis did
not indicate contamination, it showed the existence of a mix-
ture of different heavy metal concentrations (‘L") that is not
naturally found in the environment (‘M’); thus, it is impor-
tant to evaluate the plant adaptation to such a condition.

Moreover, Morita et al. (2020a) observed that the impacts
are persistent in surface waters collected in ‘T’ and in
groundwater collected in ‘G’, especially for COD and salts,
and Morita et al. (2020b) found Pb and Co concentrations
above the ‘BSV’ for groundwaters collected in ‘G’, show-
ing that those areas are indeed impacted by the landfill, but
might not have their soils intensely affected. Therefore, the
adoption of mitigation measures in the area and the study of
plant adaptation is still needed.

Local plant tissue analysis

Although many elements were analyzed in species col-
lected in loco (see item 4.5.), only the parameters with
significant concentration or variability are shown here
(Fig. 2).

The samples which presented the highest concentra-
tions of Ba, Pb, and Zn referred to species growing over
the landfill, especially L_pp (elephant grass) and L_pg
(guava tree), which agrees with the results of metal con-
centrations in soil samples (Table 1). This shows that the
plants act on the phytoextraction of such metals, but the
concentrations found are still low and do not seem to pose
arisk to the biota (Mota and Santana 2016; Nogueira et al.
2010), which is beneficial to the phytoremediation proper
management. This can be attributed both to the species’
low capability of extracting metals and the low metal con-
centrations found in the studied area, a combination that
is promising for using phytoremediation techniques in old
landfills and dumps.

It is also interesting to note that guava trees sampled in
‘G’ (G_pg) did not present considerable concentrations of
heavy metals, which shows that the development of com-
mercial guava plantations in the area does not seem to pose
risks to the biota and public health. This can be associated
with the low concentrations of heavy metals in the soils
collected in ‘G’ (Table 1); thus, although groundwater
was found to be contaminated in the area (Morita et al.
2020b; PMSC, 2011), it is suggested that such contamina-
tion originates from horizontal groundwater flow, and not
from vertical infiltrations and that the plants’ roots do not
reach these contaminated waters.

Finally, it is important to mention that only the phytoex-
traction capacity was evaluated in local plants, by analyz-
ing metal concentrations in aerial tissues; phytofiltration
or phytostabilization were not evaluated and could also be
potential mechanisms for remediating the area.

Table 1 Mean concentration

- Samples ‘T” (mg/kg) ‘M’ (mg/kg) ‘G’ (mg/kg) ‘L (mg/kg) ‘BSV’ (mg/kg)
(mg/kg) and respective standard
deviation of metals in the Al 533041730 2082+443 9564+ 1035 7202 +999
different analyzed soil samples Ba <BI <BI 443 2049 300
Ca 601+98 75+8 455+118 792+ 161
Cu <BI <BI 0.3+0.4 14.1+10.5 200
Fe 11,373 +3966 3991 +270 13,086 +379 12,837 +698 -
K 240+ 156 240+ 105 46 +30 180+20
Mg 230+51 229+3 150+27 203 +21 -
Mn 77+21 28 +4 174+11 86+27 -
Na 200+0 113+£30 120+0 160 +40
Ni <BI <BI <BI 0.3+0.6 70
Pb <BI <BI 3+1 18+2 180
Zn <BI <BI 9+7 76+10 450
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Fig.2 Ba, Pb, Ni, Zn concentrations for aerial tissues collected from plants in the study area

Greenhouse pot experiment the study area, not only for remediation but also for drainage
and erosion control. Nevertheless, it can be noted that some

Growth parameters soils led to a more considerable development of the plants,
which is discussed as follows.

Figure 3 shows the variation in height and the number of Generally speaking, the plants’ growth and development

leaves for the different treatments, considering the means  of leaves followed the same trend: two groups presented

of the triplicates. less development (‘CH’ and ‘M’) and two groups presented

Firstly, it is important to mention that plants from all ~ greater development (“T” and ‘G’), while ‘L’ developed
treatments were able to thrive and did not show signs of =~ many leaves but presented low heights. The result revealed
phytotoxicity, which shows their suitability for applicationin  that the vetiver species reacted negatively to sandy soils
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Fig.3 Growth (left) and increase in number of leaves (right) for the different treatments
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(‘M’), as well as to direct contact with leachate (‘CH’). On
one hand, this can be associated with these soils’ low nutri-
ent content and low capability to retain moisture. On the
other hand, considering that the treatment ‘CH’ presented a
slightly worse performance when compared to ‘M’, it can be
affirmed that direct contact with leachate may have impaired
the plants’ development. Nonetheless, it is important to note
that the plants could survive and present resistance to con-
tamination; therefore, their application in the remediation
of dumpsites, even in sandy soils receiving leachate, could
still be promoted.

Regarding the groups with greater development, it can be
observed that ‘T’ presented the highest average height most
of the time, in addition to greater growth in relation to the
initial height and a significant number of leaves. The soils
used for this treatment were collected in a flooded region
downstream of the landfill, where leachate commonly flows;
thus, several nutrients accumulated in the region (K, Ca, and
Mg, see Table 1) may have contributed to the plants’ growth.
Additionally, Morita et al. (2020c) found high concentra-
tions of ammonium (~40 mg/L), Total Kjeldahl Nitrogen
(~ 100 mg/L), and COD (~ 100 mg/L) in surface water col-
lected in the area. On one hand, this indicates that the site is
highly polluted. On the other hand, it shows characteristics
that can be beneficial to the plants’ development. Moreover,
considering that Morita et al. (2020a) found much lower
values downstream of T, it is suggested that natural pro-
cesses—possibly plant-mediated—contribute to the natural
attenuation of contaminants. In this regard, the application
of plant species in the zone—such as vetiver, which proved
to adapt to the local conditions—can promote several phy-
toremediation mechanisms, such as phytoextraction, phyto-
stabilization, rhizofiltration, and rhizodegradation, which are
promising in restricting the transport of nutrients, organic
matter and metal to water resources existing downstream of
the landfill (Danh et al. 2009; Davamani et al. 2021; Pandey
and Praveen 2020; Suelee et al. 2017).

Figure 3 also shows that treatment ‘G’ presented the sec-
ond-highest growth and number of leaves. The soil used for
the specimens in group ‘G’ was taken from a guava planta-
tion adjacent to the landfill, in which some soil enrichment
was possibly adopted, contributing to the plants’ growth.
Thus, considering that no restriction in vetiver growth or
toxicity was verified in the pot experiment and that the
guava plantation is already installed in the area and does
not seem to pose a risk to the biota and public health (see
Sect. 5.2), it is suggested that such commercial plantation
can be continued.

Attention should be paid to a trend towards a reduction
in the mean height of treatments ‘T’ and ‘G’ at the end of
the study. This propensity is perhaps linked to the natural
cycle of the plants’ renewal, in which the leaves are peri-
odically renewed. Furthermore, in a natural environment,

the vetiver species can have roots that are more than 2 m
long (Pandey et al. 2019); thus, the environment in which
the specimens were planted (pots) must interfere with their
growth and life cycle. Therefore, considering that those
treatments were the ones with the greatest growth, it is
feasible that the plants achieved the peak of development
earlier, undergoing restrictions due to the pot’s size. Addi-
tionally, as the number of leaves did not undergo the same
tendency, it is supposed that the mass of the leaves affected
the height development. Consequently, it is suggested that
the decrease in the plants’ height for treatments ‘T’ and
‘G’ at the end of the experiments is not associated with
negative or toxic effects of the sampled soils.

Finally, treatment ‘L’ presented one of the lowest height
developments, but the highest number of leaves. Similar
to what has been discussed for ‘T’ and ‘G’, it is supposed
that the higher number of leaves in the plants from such
treatment restricted their growth in terms of height, but
such a phenomenon was not associated with negative or
toxic effects on the soils.

Although the visual analysis indicated the existence of a
difference between the studied treatments, it was necessary
to perform the analysis of variance (ANOVA) to verify if
this difference was statistically relevant. The data used for
this analysis was the difference between the first and last
measurement, considering the height and number of leaves
of each individual of the different treatments.

Considering the plant height, p=0.1535>0.05 (sig-
nificance level), there was no significant difference for
the different vetiver treatments. On the other hand, for the
number of leaves, p=0.03011 <0.05, there was inequal-
ity between the variances. The Tukey test was applied and
revealed a statistical difference in the number of leaves
between treatments ‘M’ and ‘L.

Thus, it is suggested that the plants could adapt to
all soils sampled in this study but presented the greatest
development for soil ‘L’ (regarded as the most affected by
the landfill impacts), and the lowest adaptation for ‘M’
(sandy upstream soils). Soils from ‘T’, which were also
significantly affected by leachate, also adapted well to the
site's conditions (Figs. 3 and 4).

In this regard, considering that the first requirement
for phytoremediation application of plant species is their
adaptation to the local conditions, it is suggested that veti-
ver can be feasibly used at the different sampling areas
from the studied site, under subtropical conditions.

Additionally, it is suggested that adopting vetiver spe-
cies over the landfill (‘L’) can contribute to an increase
in evapotranspiration rates, leading to a reduction in the
leachate production and functioning as an alternative cover
(also known as evapotranspiration covers or phytocap-
pings) (Salt et al. 2018).
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Fig.4 Ba, Pb, Cu, Cr, Ni, P, Na, and Zn concentrations of vetiver aerial and root tissues

Thus, Feng et al. (2022) concluded that vetiver grass
presented the best results, among other studied grasses, to
reduce percolation through a landfill cover, having the larg-
est suction for the drying period and the lowest infiltration
rates for the wetting period, and presenting a transpiration
rate of about 2.4 mm day~'. This result is compatible with
values presented by Lamb et al. (2014) for other species used

y @ Springer

for phytocappings, such as Eucalyptus spp. and Acacia spp.
(~0.28-4.0 mm.day ™).

Vetiver tissue analysis

Figure 4 presents the results of metal concentrations in
aerial and root tissues of the different treatments. Only the
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parameters with significant concentration or variability are
shown here.

Firstly, it is important to note that the highest metal con-
centrations were found in root tissues, showing that the
elements were absorbed by the plants but not totally trans-
located to aerial tissues. This is beneficial considering the
security of the biota, which may be more easily exposed to
the aerial tissues, and indicates that the results presented
in Sect. 5.2. only show the partial absorption of the local
plants, as only aerial tissues were analyzed in such cases.

Furthermore, it is important to note that the tissues which
presented the highest accumulation of most parameters were
‘LR’ and ‘CHR’, respectively, indicating that vetiver does
extract metals from the landfill cover and leachate, and is
effective for their remediation.

For element P, the greatest absorption occurred for treat-
ment ‘T’ can be observed, which agrees with the significant
development of plants growing in such soil (Fig. 3) and with
the greatest level of organic content found in such a location
(Morita et al. 2020a). Thus, as was previously discussed, in
the region where ‘T” samples were collected, several phy-
toremediation techniques are prone to occur, and the adop-
tion of wetlands is promising for attenuating the impacts
downstream of the landfill. In this regard, wetlands are effec-
tive in nutrient and organic matter removal from wastewa-
ters, having been applied to treat leachates, also removing
ammonium and heavy metals (Dotro et al. 2017).

It is important to note that the metal concentrations found
in aerial tissues of local plants were higher than the ones
found for the pot experiment, indicating that the local plants
(mainly elephant grass and guava tree) have a greater capac-
ity to phytoextract and translocate Ba, Pb, Ni, and Zn than
vetiver. Alternatively, the longer period of exposure and the
higher mass of metals found in more significant amounts
of soils (pots support a restricted mass of soils) may have
influenced the plants’ absorption, so that planting vetiver
in situ may lead to similar or better results (Pandey et al.
2019; Suelee et al. 2017).

Finally, it is important to observe that vetiver was also
able to accumulate Cu, Cr, and Na, which was not observed
in local plants. This can be associated with evaluating root
tissues in this case, where those elements seemed to accu-
mulate more intensely. The accumulation of Na is especially
relevant for ‘CHR’ and ‘CHA’, indicating tolerance to salin-
ity—also indicated elsewhere (Liu et al. 2016; Noshadi and
Valizadeh 2016)—and applicability to leachate treatment,
which is commonly rich in salts (Ehrig and Stegmann 2018).

Translocation factor (TF) and bioaccumulation factor
(BF) Table 2 shows the TF for vetiver plants, considering
the different treatments evaluated in the pot experiment.
The TF represents the potential of the plant to transfer metal
from the root to the shoot and is calculated according to

Table 2 TF for vetiver plants evaluated in the pot experiment

Element LA/LR GA/GR TA/TR CHA/CHR MA/MR
Ba 0.292 2.630 1.089 0.581 1.364
Pb 0.077 0.187 0.197 0.506 0.139
Co 0.160 0.354 0.261 0.093 0.139
Cu 0.408 0.692 0.581 0.542 0.481
Cr 0.188 1.032 1.091 0.226 0.974
Ni 0.164 0.938 0.900 0.208 0.848
Zn 0.416 1.399 1.000 1.039 0.493

Table 3 BF for vetiver plants evaluated in the pot experiment

Element L G T CH M

Ba 1.7 6.7 n.a n.a n.a
Pb 0.5 0.7 n.a n.a n.a
Cu 32 83.3 n.a n.a n.a
Ni 50.0 n.a n.a n.a
Zn 1 2.7 n.a n.a n.a

n.a. not applicable, considering that metal concentrations in soil sam-
ples were below the blank sample

Eq. 2; plants with TF> 1 are considered competent in this
process.

TF = Metal concentration in shoot tissues

Metal concentration in roots @)

It can be observed that Ba, Cr, and Zn could be translo-
cated to aerial tissues, especially considering treatments ‘G’
and ‘T’. Soils from guava plantations seemed to promote the
highest accumulation of metals in aerial tissues.

In this regard, it is noteworthy that there is a certain risk
of accumulating metals in the aerial portion of the plant,
because, through herbivory, these metals have the possibility
of entering the food chain in a bioaccumulation process. On
the other hand, the fact that vetiver is classified as aromatic
reduces the risks of contamination to the environment as
herbivory occurs less frequently in species of this type (Pan-
dey et al. 2019).

Table 3 shows the BF for the evaluated vetiver plants;
the BF quantifies the plant's ability to absorb metal from
the soil and displaces it to its plant tissue, either the shoot
or the root; plants with BF> 1 are considered competent in
this regard. Here, BF was calculated either with root or shoot
concentrations, using the highest between them.

Once again, the absorption of Ba was relevant, especially
for ‘G’ and ‘L’; Cu and Ni also presented significant BF for
treatments ‘G’ and ‘L’, respectively. It is important to note
that the BF could not be calculated for metals whose con-
centrations in soils (Table 1) were below the blank value;
nevertheless, considering that Fig. 4 shows concentrations
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of metals in such tissues different from the blank sample, it
can be affirmed that BF> 1 could also be observed for them,
which is the case of the element Cr.

The results are compatible with other studies evaluating
phytoextraction of heavy metals by vetiver (Chintani et al.
2021; Zhuang et al. 2007) and suggest that vetiver can be
used for phytoremediation of old waste disposal sites and
mainly acts on phytostabilization, considering the higher
accumulation of metals in root tissues (Fig. 4, Table 2). This
can be regarded as beneficial to phytoremediation manage-
ment, considering the risks that translocation could bring to
biota and public health.

Additionally, considering that the metal concentrations
normally found at old waste disposal sites or leachates are
low (Ehrig and Stegmann 2018; Pelinson et al. 2020), it is
suggested that phytoremediation using vetiver is a feasible
alternative for mitigating impacts of such areas.

The results showed that vetiver, elephant grass and guava
could be effectively planted over uncontrolled landfills and
dumpsites to phytoextract and phytostabilize heavy metals
and are also promising to reduce leachate production (evapo-
transpiration covers) and enable an economical return for
these sites. The mentioned species could adapt well to all
conditions found around the reclaimed landfill and could
remediate mainly Ba, Cu, Pb, and Zn.

Conclusion

This study aimed to assess the phytoremediation ability of
plants adapted to MSW disposal sites, specifically Vetive-
ria zizanioides (vetiver), Pennisetum purpureum (elephant
grass), and Psidium guajava (guava tree). The selected study
area was an old unlined landfill situated in the southeast
region of Brazil, under a subtropical climate, around which
contamination associated with heavy metals, organic matter,
and salts has been previously detected, especially in water
resources.

Soil analysis indicated that all heavy metal concentrations
were below the Brazilian Screening Values. Nonetheless,
samples collected from the landfill surface presented higher
concentrations of Ba (20+9 mg/kg), Cu (14.1+10.5 mg/
kg), Pb (18 +2 mg/kg), and Zn (76 + 10 mg/kg), when com-
pared to other surrounding areas.

Plants naturally growing in the study area, especially
elephant grass and guava, presented potential applications
for phytoextracting Ba (111 and 100 mg Ba/kg shoot tis-
sues, respectively), Pb (1.7 and 2.6 mg Pb/kg shoot tissues,
respectively), and Zn (23 and 39 mg Zn/kg shoot tissues,
respectively). As species of natural occurrence in the study
area, their application is promising because the adaptation
to local conditions (climate, geology, concentration of con-
taminants) is already observed. Thus, the maintenance and
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expansion of planting these species would possibly contrib-
ute to reducing contamination by heavy metals, organic mat-
ter, and nutrients.

Regarding the greenhouse pot experiment, it indicated
that vetiver reacted significantly to contamination and soil
type. Thus, plants irrigated with leachate and those planted
in soils from the upstream region of the dump, which are
sandier and have fewer nutrients, showed reduced devel-
opment. However, the specimens planted in soil from the
downstream region, from the landfill surface and from the
guava tree plantation showed good adaptability and growth
and did not present symptoms of toxicity. Regarding metal
accumulation, the species accumulated mainly Ba, Cu, Ni,
Pb, and Zn, especially in its root tissues (acting on phytosta-
bilization processes), achieving values of 55, 45, 16, 9, and
78 mg/kg, respectively.

The calculated translocation factors indicated that Ba
(TF=2.6), Cr (TF=1.091), and Zn (TF=1.399) also trans-
located to aerial tissues, even considering the short period
of time evaluated (120 days), showing its ability to phytoex-
tract heavy metals. The concentrations found in plant tissues,
as well as in soil samples, did not indicate a risk to biota,
showing that the application of phytoremediation in such an
area would be beneficial to controlling contamination and
would not necessarily incur exaggerated costs for the plants’
maintenance.

Additionally, considering that vetiver could adapt to the
conditions found in the landfill surface, its application as
phytocapping of old landfills is promising, as it would con-
tribute not only to metals extraction or stabilization, but
also to a reduction in leachate production. In this regard,
it is important to mention that roots of the studied species
would probably not reach groundwater, and thus would not
be applicable to their remediation. Nevertheless, they could
be effectively planted over landfills and dumpsites to avoid
contaminants leaching into groundwater. This application
over uncontrolled landfills and dumpsites has not yet been
reported.

Thus, it is recommended that vetiver, as well as local spe-
cies such as elephant grass and guava tree, are widely used
to mitigate impacts of the studied dump, as well as simi-
larly abandoned dumpsites and unlined landfills, allowing
the phytostabilization and phytoextraction of heavy metals
such as Ba, Cu, Ni, Pb, and Zn.

Finally, taking into account the economic, environmental
and social aspects of developing countries, it is extremely
important that accessible and effective technologies can be
used to manage areas contaminated by MSW disposal. In
this context, the results showed a selection of plants adapted
to MSW disposal sites and subtropical conditions that, acting
in phytoremediation processes, should be used by environ-
mental managers in successful phytoremediation and dump-
site recovery projects. Therefore, this research contributed
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to the expansion of understanding phytoremediation applied
to deactivated and uncontrolled dumps, providing relevant
data to the development of techniques for their recovery and
bringing about the prospect of economical and energetic
return of such abandoned areas.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13762-023-05306-9.

Acknowledgements This study was financed by the Coordenagdo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES, Finance Code
001), Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico
(CNPq, grant number 168734/2018-4) and Sao Paulo Research Foun-
dation (FAPESP, grant numbers 2015/ 03806-1 and 2018/24615-8).

Declarations

Competing interests The authors declare that they have no known
competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

ABNT-Associagdo Brasileira de Normas Técnicas (2004) NBR
10.007: Solid waste sampling (In Portuguese: Amostragem de
Residuos Sélidos). Rio de Janeiro

Bakhshoodeh R, Alavi N, Oldham C, Santos RM, Babaei AA, Vymazal
J, Paydary P (2020) Constructed wetlands for landfill leachate-
treatment: A review. Ecol Eng 146:105725. https://doi.org/10.
1016/j.ecoleng.2020.105725

Bandyopadhyay S, Maiti SK (2022) Psidium guajava (L.)—a Bioeco-
nomic Plant for Restoration of Industrial Solid Waste Dump: a
Green and Sustainable Approach. Water Air Soil Pollut 233:312.
https://doi.org/10.1007/s11270-022-05775-7

Bjerg PL, Albrechtsen H-J, Kjeldsen P, Christensen TH, Cozzarelli 1
(2013) The Groundwater Geochemistry of Waste Disposal Facili-
ties. In: Holland HD, Turekian KK (Eds), Environmental Geo-
chemistry: Treatise on Geochemistry, second ed., Elsevier Science

CETESB (2020) List of contaminated areas 2020 (In Portuguese:
Relagdo de dreas contaminadas 2020). Available at: https://cet-
esb.sp.gov.br/areas-contaminadas/relacao-de-areas-contaminadas/

Chintani YS, Butarbutar ES, Nugroho AP, Sembiring T (2021) 2021)
Uptake and release of chromium and nickel by Vetiver grass
(Chrysopogon zizanioides (L.) Roberty. SN Appl Sci 3:285.
https://doi.org/10.1007/s42452-021-04298-w

Danh LT, Truong P, Mammucari R, Tran T, Foster N (2009) (2009)
Vetiver grass, Vetiveria zizanioides: a choice plant for phytore-
mediation of heavy metals and organic wastes. Int J Phytorem
11(8):664-691. https://doi.org/10.1080/15226510902787302

Davamani V, Parameshwari CI, Arulmani S, John JE, Poornima R
(2021) Hydroponic phytoremediation of paperboard mill wastewa-
ter by using vetiver (Chrysopogon zizanioides). J Environ Chem
Eng. https://doi.org/10.1016/j.jece.2021.105528

de Oliveira Mesquita F, Pedrosa TD, Batista RO, Andrade EM (2021)
Translocation factor of heavy metals by elephant grass grown with
varying concentrations of landfill leachate. Environ Sci Pollut Res
28:43831-43841. https://doi.org/10.1007/s11356-021-13765-1

Dotro G, Langergraber G, Molle P, Nivala J, Puiggagut J, Stein O,
Von Sperling M (2017) (2017) Treatment wetlands Biological
wastewater treatment series. IWA publishing, Londres

D-Waste (2013) Waste Atlas, 2013 Report. Available at: https://d-
waste.com/.

Ehrig HJ, Stegmann R (2018) Leachate quality. Solid Waste Landfill.
https://doi.org/10.1016/b978-0-12-407721-8.00026-7

Feng S, Liu HW, Cai QP, Jian WB (2022) Effects of grass type
on hydraulic response of the three-layer landfill cover system.
Waste Manag Res 40(7):882-891. https://doi.org/10.1177/
0734242X211061213

Hassan MM, Haleem N, Baig MA, Jamal Y (2020) Phytoaccumula-
tion of heavy metals from municipal solid waste leachate using
different grasses under hydroponic condition. Sci Rep 10:15802.
https://doi.org/10.1038/s41598-020-72800-2

Jha AB, Misra AN, Sharma P (2017) Phytoremediation of Heavy
Metal-Contaminated Soil Using Bioenergy Crops. In: Bauddh
K, Singh B, Korstad J (eds) Phytoremediation Potential of Bio-
energy Plants. Springer, Singapore

Lamb DT, Venkatraman K, Bolan N, Ashwath N, Choppala G,
Naidu R (2014) Phytocapping: an alternative technology for
the sustainable management of landfill sites. Crit Rev Environ
Sci Technol 44(6):561-637. https://doi.org/10.1080/10643389.
2012.728823

Lavagnolo MC (2019) 13.3 Landfilling in developing countries. In:
Cossu R, Stegmann R (Eds), Solid Waste Landfilling: Concepts,
Processes, Technologies. Elsevier, pp 773-796. https://doi.org/10.
1016/B978-0-12-407721-8.00036-X

Liu WG, Liu JX, Yao ML, Ma QF (2016) Salt tolerance of a wild
ecotype of vetiver grass (Vetiveria zizanioides L.) in southern
China. Bot Stud. https://doi.org/10.1186/s40529-016-0142-x

Luiz MB, Hirata R (2018) Eucalyremediacdo: uma nova solugio base-
ada nanatureza de limpeza de aquiferos urbanos contaminados.
In: XX CongressoBrasileiro de Aguas Subterraneas, 2018. Anais.
Fenagua, Campinas

Maiti SK, Kumar A, Ahirwal J (2015) Bioaccumulation of metals in
timber and edible fruit trees growing on reclaimed coal mine over-
burden dumps. Int J Min Reclam Environ 30(3):231-244. https://
doi.org/10.1080/17480930.2015.1038864

Marmiroli N, Mccutcheon SC (2003) (2003) Making phytoremediation
a successful technology. In: Mccutcheon SC, Schnoor JL (eds)
Phytoremediation: transformation and control of contaminants.
John Wiley & Sons Inc, New York, p 987

Morita AKM, Netto FM (2022) Phytoremediation applied to urban
solid waste disposal sites (in Portuguese). Engenharia Sanitaria
e Ambiental 27(2):2022. https://doi.org/10.1590/S1413-41522
0210105

Morita AKM, Ibelli-Bianco C, Anache JAA, Coutinho JV, Pelinson
NS, Nobrega J, Rosalem LMP, Leite CMC, Niviadonski L, Man-
astella C, Wendland E (2021) Pollution threat to water and soil
quality by dumpsites and non-sanitary landfills in Brazil: a review.
Waste Manag 131(2021):163-176. https://doi.org/10.1016/j.was-
man.2021.06.004

Morita AKM, Pelinson NS, Wendland E (2020a) Persistent impacts
of an abandoned non-sanitary landfill in its surroundings.
Environ Monit Assess 192(7):463. https://doi.org/10.1007/
s10661-020-08451-7

Morita AKM, Pelinson NS, Elis VR, Wendland E (2020b) Long-term
geophysical monitoring of an abandoned dumpsite area in a Gua-
rani Aquifer recharge zone. J Contam Hydrol 230:103623. https://
doi.org/10.1016/j.jconhyd.2020.103623

Morita AKM, Sakamoto IK, Varesche MBA, Wendland E (2020c)
(2020c) Microbial structure and diversity in non-sanitary land-
fills and association with physicochemical parameters. Envi-
ron Sci Pollut Res 27:40690-40705. https://doi.org/10.1007/
s11356-020-10097-4

Mota FAC, Santana GP (2016) Plants and potentially toxic metals -
studies on phytoremediation in Brazil (In Portuguese: Plantas e
metais potencialmente toxicos — estudos de fitorremedia¢do no
Brasil). Scientia Amazonia, v. 5, n.1, 22-36. Available at: http://
www.scientia-amazonia.org

o’
’r @ Springer


https://doi.org/10.1007/s13762-023-05306-9
https://doi.org/10.1016/j.ecoleng.2020.105725
https://doi.org/10.1016/j.ecoleng.2020.105725
https://doi.org/10.1007/s11270-022-05775-7
https://cetesb.sp.gov.br/areas-contaminadas/relacao-de-areas-contaminadas/
https://cetesb.sp.gov.br/areas-contaminadas/relacao-de-areas-contaminadas/
https://doi.org/10.1007/s42452-021-04298-w
https://doi.org/10.1080/15226510902787302
https://doi.org/10.1016/j.jece.2021.105528
https://doi.org/10.1007/s11356-021-13765-1
https://d-waste.com/
https://d-waste.com/
https://doi.org/10.1016/b978-0-12-407721-8.00026-7
https://doi.org/10.1177/0734242X211061213
https://doi.org/10.1177/0734242X211061213
https://doi.org/10.1038/s41598-020-72800-2
https://doi.org/10.1080/10643389.2012.728823
https://doi.org/10.1080/10643389.2012.728823
https://doi.org/10.1016/B978-0-12-407721-8.00036-X
https://doi.org/10.1016/B978-0-12-407721-8.00036-X
https://doi.org/10.1186/s40529-016-0142-x
https://doi.org/10.1080/17480930.2015.1038864
https://doi.org/10.1080/17480930.2015.1038864
https://doi.org/10.1590/S1413-415220210105
https://doi.org/10.1590/S1413-415220210105
https://doi.org/10.1016/j.wasman.2021.06.004
https://doi.org/10.1016/j.wasman.2021.06.004
https://doi.org/10.1007/s10661-020-08451-7
https://doi.org/10.1007/s10661-020-08451-7
https://doi.org/10.1016/j.jconhyd.2020.103623
https://doi.org/10.1016/j.jconhyd.2020.103623
https://doi.org/10.1007/s11356-020-10097-4
https://doi.org/10.1007/s11356-020-10097-4
http://www.scientia-amazonia.org
http://www.scientia-amazonia.org

4318 International Journal of Environmental Science and Technology (2024) 21:4307-4318

Nagendran R, Selvam A, Joseph K (2006) Phytoremediation and
rehabilitation of municipal solid waste landfills anddumpsites: A
brief review. Waste Manag 26(12), pp. 1357-1369, doi: 10.1016/j.
wasman.2006.05.003

Nogueira TAR, deMelo WIJ, Fonseca IM, Marques MO, He Z (2010)
Barium uptake by maize plants as affected by sewage sludge in
a long-term field study. J Hazard Mater 181(1-3):1148-1157.
https://doi.org/10.1016/j.jhazmat.2010.05.138

Noshadi M, Valizadeh H (2016) Effect of vetiver grass on reduction of
soil salinity and some minerals. Water and Soil 30(3):796-804.
https://doi.org/10.22067/jsw.v30i3.40322

Pandey VC, Praveen A (2020) Vetiveria zizanioides (L.) Nash — more
than a promising crop in phytoremediation. In: Pandey VC, Singh
DP Phytoremediation Potential of Perennial Grasses. Elsevier, pp
31-62, ISBN 9780128177327, https://doi.org/10.1016/B978-0-
12-817732-7.00002-X

Pandey VC, Bajpai O (2019) (2019) Phytoremediation: from theory
towards practice. In: Pandey VC, Bauddh K (eds) Phytomanage-
ment of polluted sites: market opportunities in sustainable phy-
toremediation. Elsevier Inc, Amsterda, pp 1-49

Pandey VC, Rai A, Korstad J (2019) Aromatic Crops in Phytoremedia-
tion. In: Pandey VC, Bauddh K (Eds) Phytomanagement of pol-
luted sites: market opportunities in sustainable phytoremediation.
Amsterda: Elsevier Inc, pp 255-275

Pandey VC, Souza-Alonso P (2019) Market Opportunities: in Sustain-
able Phytoremediation. In: Pandey VC, Bauddh K (Eds) Phyto-
management of polluted sites: market opportunities in sustainable
phytoremediation. Amsterda: Elsevier Inc, pp 51-82

Pelinson NS, Shinzato MPB, Morita AKM, Martins LGB, Wendland
EC (2020) Innovative device to assay leachate production in non-
sanitary landfills. J] Mater Cycles Waste Manag 22:1985-1998.
https://doi.org/10.1007/s10163-020-01084-5

PMSC-Prefeitura Municipal de Sao Carlos (2011) Detailed environ-
mental investigation, Final report (In Portuguese: Investigagao
ambiental detalhada, Relatério final. Coordenadoria Municipal
de Meio Ambiente. Sdo Carlos, pp 390

Rabélo FHS, Vangronsveld J, Baker AJM, van der Ent A, Alleoni
LRF (2021) Are Grasses really useful for the phytoremediation
of potentially toxic trace elements? A Review. Front Plant Sci
12:778275. https://doi.org/10.3389/fpls.2021.778275

=

’r @ Springer

Salt M, Yuen STS, Ashwath N, Sun J, Benaud P, Zhu GX, Jaksa MB,
Ghadiril H, Greenway M, Fourie AB (2018) Phytocapping of
landfills. In: Cossu R, Stegmann R, Solid waste landfilling: con-
cepts, processes, technology. Amsterdam: Elsevier

Shah TM, Khan AH, Nicholls C, Sohoo I, Otterpohl R (2023) Using
landfill sites and marginal lands for socio-economically sustain-
able biomass production through cultivation of non-food energy
crops: an analysis focused on South Asia and Europe. Sustain-
ability 15:4923. https://doi.org/10.3390/sul15064923

Suelee AL, Hasan SNMS, Kusin FM, Yusuff FM, Ibrahim ZZ (2017)
Phytoremediation potential of Vetiver Grass (Vetiveria ziza-
nioides) for treatment of metal-contaminated water. Water Air
Soil Pollut 228:158. https://doi.org/10.1007/s11270-017-3349-x

Velozo R (2006) Geological-geotechnical characterization of the deac-
tivated dumpsite of Sdo Carlos city (SP), with aid of geophysics.
(In Portuguese: Caracterizagdo geolégico-geotécnica do lixao
desativado de Sao Carlos - SP, com auxilio da geofisica). Master
's dissertation. Escola de Engenharia de Sdo Carlos, Universidade
de Sdo Paulo. Sdo Carlos

Zhang X, Zhang X, Gao B, Xia H, Li H, Li J (2014) Effect of cadmium
on growth, photosynthesis, mineral nutrition and metal accumula-
tion of an energy crop, king grass (Pennisetum americanum, P.
purpureum. Biomass Bioenergy 67:179-181. https://doi.org/10.
1016/j.biombioe.2014.04.030

Zhuang P, Yang QW, Wang HB, Shu WS (2007) Phytoextraction of
heavy metals by eight plant species in the field. Water Air Soil
Pollut 184:235-242. https://doi.org/10.1007/s11270-007-9412-2

Zolnikov TR, Silva RC, Tuesta AA, Marques CP, Cruvinel VRN (2018)
Ineffective waste site closures in Brazil: a systematic review on
continuing health conditions and occupational hazards of waste
collectors. Waste Manag 80:26-39. https://doi.org/10.1016/j.was-
man.2018.08.047

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.jhazmat.2010.05.138
https://doi.org/10.22067/jsw.v30i3.40322
https://doi.org/10.1016/B978-0-12-817732-7.00002-X
https://doi.org/10.1016/B978-0-12-817732-7.00002-X
https://doi.org/10.1007/s10163-020-01084-5
https://doi.org/10.3389/fpls.2021.778275
https://doi.org/10.3390/su15064923
https://doi.org/10.1007/s11270-017-3349-x
https://doi.org/10.1016/j.biombioe.2014.04.030
https://doi.org/10.1016/j.biombioe.2014.04.030
https://doi.org/10.1007/s11270-007-9412-2
https://doi.org/10.1016/j.wasman.2018.08.047
https://doi.org/10.1016/j.wasman.2018.08.047

	Using plants to manage uncontrolled dumpsites: metal phytoremediation by endemic species from subtropical sites
	Abstract
	Introduction
	Materials and methods
	Study area and considered cases for study
	Soil collection and analysis
	Sampling of local plant tissues
	Greenhouse pot experiment
	Analysis of metals in plant tissues and soil samples

	Results and discussion
	Soil sample analysis
	Local plant tissue analysis
	Greenhouse pot experiment
	Growth parameters
	Vetiver tissue analysis
	Translocation factor (TF) and bioaccumulation factor (BF) 



	Conclusion
	Acknowledgements 
	References




