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RESUMO

The expansion of urbanization has led to significant adverse
environmental effects, including the disposal of domestic sewage
without treatment in water bodies. This impact contributes to the
deterioration of water quality and poses serious risks to human
health and the environment. In this context, effective and sustainable
methods to mitigate the impacts should be explored, such as the use
of plants capable of removing or degrading contaminants from water.
The present study aimed to assess the phytoremediation potential of
two free-floating aquatic macrophytes (Eichhornia crassipes and Pistia
stratiotes) systems for enhancing the water quality collected from two
polluted urban streams. The trials were performed in 25-L experimental
units for seven days under ambient conditions. The water quality
variables after the exposure period were compared to those at the
beginning of the experiment to assess the potential improvements due
to the presence of macrophytes. The systems with E. crassipes exhibited
good performance in water samples from both streams, with reductions
reaching 29.2% in dissolved solids, 36.8% in electrical conductivity,
44% in biochemical oxygen demand, 57% in nitrogen, and 45% in
phosphorus. The systems with P. stratiotes also exhibited satisfactory
outcomes, including 90 and 76.2% reductions in phosphorus levels of
Santa Rita Stream and Galinha Stream, respectively, and 54% turbidity,
and 38% biochemical oxygen demand in both streams. These findings
highlight the potential of the two plant species for phytoremediation
of polluted waters, considering their performance on short-term
exposure. Therefore, this approach consists of a sustainable alternative
by utilizing natural elements for environmental restoration, and the
outcomes can contribute to future applications of phytoremediation
techniques in developing countries.

Keywords: Eichhornia crassipes; nature-based solution; nutrient
removal; Pistia stratiotes; sustainable approach.

A expansdo da urbanizacdo levou a efeitos ambientais adversos
significativos, incluindo o descarte de esgoto doméstico sem tratamento
em corpos d’agua. Esse impacto contribui para a deterioragdo da
qualidade da 4dgua e representa sérios riscos a saide humana e ao meio
ambiente. Nesse contexto, métodos eficazes e sustentdveis para mitigar
os impactos devem ser explorados, como o uso de plantas capazes de
remover ou degradar contaminantes da dgua. O presente estudo teve
como objetivo avaliar o potencial de fitorremediacdo de dois sistemas
de macrdfitas aquaticas flutuantes livres (Eichhornia crassipes e Pistia
stratiotes) para melhorar a qualidade da agua coletada de dois corregos
urbanos poluidos. Os ensaios foram feitos em unidades experimentais
de 25 L por sete dias em condigdes ambientais. As variaveis de qualidade
da 4gua apos o periodo de exposigdo foram comparadas aos do inicio
do experimento para avaliar as potenciais melhorias devido a presenca
de macroéfitas. Os sistemas com E. crassipes apresentaram bom
desempenho em amostras de dgua de ambos os corregos, com redugdes
de até 29,2% em sdlidos dissolvidos, 36,8% em condutividade elétrica,
44% em demanda bioquimica de oxigénio, 57% em nitrogénio, e 45% em
fésforo. Os sistemas com P. stratiotes também apresentaram resultados
satisfatdrios, incluindo redugdes de 90 e 76,2% nos niveis de fosforo do
corrego Santa Rita e do cdrrego Galinha, respectivamente, e 54% de
turbidez e 38% de demanda bioquimica de oxigénio em ambos os corregos.
Esses resultados destacam o potencial das duas espécies vegetais para
fitorremediacdo de dguas poluidas, considerando seu desempenho em
exposi¢cdo de curto prazo. Portanto, essa abordagem consiste em uma
alternativa sustentéavel ao utilizar elementos naturais para restauragdo
ambiental, e os resultados podem contribuir para futuras aplicagbes de
técnicas de fitorremediagdo em paises em desenvolvimento.

Palavras-chave: Eichhornia crassipes; solugdo baseada na natureza;
remocdo de nutrientes; Pistia stratiotes; abordagem sustentavel.
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Introduction

Developing countries face significant challenges in managing and
protecting water resources due to increasing urbanization and in-
dustrialization, including the need to improve sustainable strategies
to mitigate anthropogenic impacts (Barletta et al., 2019). In tropical
and subtropical environments, several watercourses have been con-
taminated by surface runoff and effluents from industrial and domes-
tic activities (Martinez-Dalmau et al., 2021). Only 63% of Brazilian
municipalities have adequate sewage collection networks, of which
74% undergo treatment (Brasil, 2024b). In such a scenario, several
contaminants (e.g., nutrients, metals, pharmaceuticals) are frequent-
ly released into water bodies, posing risks to aquatic ecosystems and
human health (Martinez-Dalmau et al., 2021). The discharge of do-
mestic sewage into surface waters can lead to environmental degrada-
tion by affecting several water quality variables, such as physical (e.g.,
turbidity, conductivity, temperature), chemical (e.g., nutrients, metals,
biochemical oxygen demand, dissolved oxygen, pH), and biological
(e.g., fecal and thermotolerant coliforms); these impacts compromise
water ecosystem services and multiple water uses (Ogura et al., 2022;
Liu et al., 2024).

Implementing regulatory measures to control the incorrect dis-
posal of domestic effluent and promoting remediation practices can
help reduce or mitigate the introduction and effects of contaminants
in aquatic ecosystems. Phytoremediation has emerged due to its ef-
fectiveness in decontamination, ease of implementation and oper-
ation, and cost-effectiveness when combined with proper manage-
ment (Pinto Lamego and Antonio Vidal 2007; Sgroi et al., 2018).
In this sense, aquatic macrophytes have been successfully applied
to treating urban water bodies and mitigating the effects of water
pollution (Ceschin et al., 2020). These plants can uptake nutrients
and contaminants and rapidly grow under controlled conditions (Lu
et al., 2010).

Eichhornia crassipes and Pistia stratiotes are free-floating aquatic
macrophytes widely recognized as excellent plants for restoring con-
taminated water bodies (Gusti Wibowo et al.,, 2023). A conceptual
model developed by Mayo and Hanai (2017) indicated that approxi-
mately 1.26 g N m d"! could be removed from water bodies by E. cras-
sipes with biofilm. Macrophytes have demonstrated remarkable poten-
tial in the remediation of eutrophic lakes in coastal subtropical climates
due to their ability to accumulate significant amounts of nutrients (e.g.,
28.50 g N kg' and 5.87 g P kg in 60 days). Moreover, these plants have
promising outcomes in attenuating potentially toxic metals, including
chromium, nickel, copper, and iron, with removal rates ranging from
84 to 94% (Palma et al., 2012). They have also been effective in reduc-
ing suspended solids (E. crassipes: 59.3% and P. stratiotes: 52.1%), dis-
solved organic carbon (95% reduction), and pesticides (accumulation
0f 0.036 mg g of the insecticide chlorpyrifos), among others (Wickra-
masinghe and Jayawardana, 2018; Anand et al., 2019; Said et al. 2020;
Qayoom and Jaies, 2023).
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In a study by Lu et al. (2010), water turbidity decreased by more
than 60% in treatments with P. stratiotes. Inorganic nitrogen com-
pounds (NH,* and NO,) concentrations in treated plots were more
than 50% lower than those in the control. Additionally, there were
approximately 14-31% reductions in both phosphate and total phos-
phorus levels. The use of P stratiotes decreased concentrations of
phosphate by up to 73%, ammonia by up to 70%, nitrite by up to 48%,
and nitrate by up to 91% after five weeks (Gusti Wibowo et al., 2023).
Although phytoremediation generates biomass residues, effective bio-
mass management can include resource recovery, biogas production,
combustion, composting, and degrading soils (Sharma et al., 2023).
Also, biomass waste can be repurposed as a feedstock for bioenergy
production and commercial-scale civil construction (Sidana and Ya-
dav, 2022). However, it is important to consider that the application of
this biomass may face limitations due to potential contamination and
the presence of undesirable organisms, which could affect its safety and
effectiveness (Munawar et al., 2021).

Several studies have highlighted the promising performance of
E. crassipes and P. stratiotes in restoring eutrophic and polluted wa-
ter bodies (Lu et al., 2010; Gusti Wibowo et al., 2023). These studies
investigated the combination of plant species, variations in exposure
periods, and quantification of contaminants uptake by macrophytes,
among other relevant aspects. Therefore, the relevance of evaluating
the use of phytoremediation to decontaminate polluted water bodies
stands out for: 1. Phytoremediation offers a nature-based and sustain-
able method for decontaminating aquatic environments; 2. Imple-
menting phytoremediation can be more cost-effective compared to
traditional remediation methods; 3. Phytoremediation can be applied
to a wide range of contaminants, including heavy metals, organic pol-
lutants, and nutrients in excess (e.g., nitrogen and phosphorus); and
4. The approach can be implemented without significant disruption to
the existing ecosystem (Borges et al., 2005).

This study aimed to evaluate the effectiveness of two free-floating
aquatic macrophytes, E. crassipes and P. stratiotes, in improving wa-
ter quality in two polluted urban streams located in the state of Minas
Gerais (Brazil), namely Santa Rita and Galinha. Water quality variables
were assessed before and after the phytoremediation experiment (sev-
en days of exposure), including pH, temperature, electrical conduc-
tivity, turbidity, dissolved oxygen, biochemical oxygen demand, am-
monia-nitrogen, nitrite, nitrate, orthophosphate, total dissolved solids,

and total suspended solids.

Methods

The experimental procedures consisted of six stages for the evalu-
ated Santa Rita and Galinha streams (Figure 1): 1. Collection of water
samples; 2. Collection of aquatic macrophytes; 3. Acclimatization and
washing of organisms; 4. Installation of the treatment systems (surface
water+macrophytes); 5. Exposure of macrophytes to the water samples;

and 6. Evaluation of physical and chemical variables of water quality.
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Figure 1 - Experimental design.

Water samples collection

Two sampling stations were established for this study in the San-
ta Rita (19°34°57.60”S; 46°56'27.19”W) and Galinha (19°34°01”S;
46°56'66”W) streams in Araxd, Minas Gerais, Brazil (Figure 2).
The Santa Rita Stream is primarily channeled within the urban area
and receives some of the city’s stormwater and sewage (Souza Junior,
2008). On the other hand, the Galinha Stream is not channeled but
receives treated domestic and food industry effluents. Approximately
200 L of surface water samples were collected at the Santa Rita (June
2018) and Galinha (December 2019) stations.

Aquatic macrophytes

Free-floating aquatic macrophytes E. crassipes (13 organisms) and
P. stratiotes (20 organisms) were collected from a lake in Parque do
Barreiro (19°38’33.40”S and 46°57°05.29”W). This specific location re-
ceives treated domestic wastewater from the hotel zone.

The collected plants underwent a washing process and were
acclimated for 20 days before the experiment started. The acclima-
tization was carried out using water samples from the Santa Rita
Stream, reflecting the local environmental conditions, which in-
cluded temperatures of 29°C maximum, 23.7°C average, and 20°C
minimum (Brasil, 2024a). The maximum relative humidity was
84%, with an average of 78%, and a minimum of 48%. There were
no recorded rainfall events during the collection period. The same
procedure was performed for the Galinha Stream, where tempera-

tures were 31°C maximum, 26°C average, and 20°C minimum.

3

Figure 2 - Geographic location of both studied urban streams, located in
the city of Araxa, state of Minas Gerais, Brazil.

SIRGAS: Geodesic Reference System for the Americas; UTM: Universal
Transverse Mercator coordinate system; IBGE: Brazilian Institute of Geogra-
phy and Statistics.

The maximum relative humidity was 80%, with an average of 79%,
and a minimum of 75% (Brasil, 2024a). Light rains occurred during
the collection period, and meteorological data were obtained from
the regional meteorological station.
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Phytoremediation experimental system

The phytoremediation experiment was conducted on a pilot scale
to assess the potential of the studied aquatic macrophytes in treating
the collected water samples. Each experimental unit consisted of a
non-toxic plastic container with a storage capacity of 25 L, measuring
50 cm in length and 35 cm in width (i.e., surface area of 0.175 m?).
The bottom of the system was equipped with intersecting polyvinyl
chloride (PVC) tubes with a diameter of 3 mm (Figure 3).

Water samples collected from each stream were placed into the
experimental units, considering three replicates for each species
(n=3). The experimental period lasted seven days, during which
the systems were exposed to ambient conditions, including natural
light, but protected from rain. The experiment operated without wa-
ter renewal as the reduction in water level was below 10% across all
treatments. The contact time between plant and water was adopted
based on previous studies (Ceschin et al., 2020; Panneerselvam and
Priya, 2023).

Physical and chemical analysis

Water quality analyses were conducted in triplicate (n=3) for pre-
and post-phytoremediation samples. A multiparameter probe (Edge®
HI2020-01) was used to measure hydrogen potential (pH), tempera-
ture, electrical conductivity (EC), and total dissolved solids (TDS),
while turbidity was determined using a TB2000 turbidimeter. Dis-
solved oxygen (DO) and biochemical oxygen demand (BOD) were
determined by the Winkler Method (American Public Health Associa-
tion [APHA] et al,, 2012). Ammoniacal nitrogen (N-NH,), nitrite (N-
NO,), nitrate (N-NO,), orthophosphate (P-PO,), and total suspended
solids (TSS) analyses followed the guidelines outlined in the Standard
Methods for the Examination of Water and Wastewater (APHA, 2012).
The results were compared to the Brazilian thresholds established by
the National Environment Council (CONAMA, Conselho Nacional do
Meio Ambiente) Resolution 357, considering the allowable limits for
Class 2 water bodies, which target water quality for human consump-
tion after conventional treatment and for the protection of aquatic eco-
systems (Brasil, 2005).

Figure 3 - Physical characteristics of the phytoremediation prototype.

Phytoremediation potential

The overall phytoremediation efficiency was calculated using Equa-
tion 1, considering BOD and nutrients in the two studied streams.
This formula estimated the percentage of improvement in the quality of

the influent when treated with the phytoremediation plants in the system.
Efficiency (%)=[(C-T)/C]x100 (1)

Where:

Efficiency = percentage improvement in water quality;

C = initial concentration of the variable in the influent; and

T = concentration of the variable after phytoremediation treatment.

Data analysis

The efficiency of phytoremediation using both macrophytes was
compared using Analysis of Variance (ANOVA), followed by post-hoc
tests such as Tukey’s and Dunnett’s, conducted with the Bioestat® 5.4
software. The results were evaluated based on statistically significant
differences (considering p<0.05) in efficiency between the treatment

and control groups for each evaluated stream.

Results and discussion

Results and discussion were divided into three subsections: 3.1
presents the physical and chemical variables of the Santa Rita Stream;
3.2 focuses on the variables of the Galinha Stream; and in 3.3, each
macrophyte’s phytoremediation potential (expressed in %) was esti-
mated for both streams. Figures 4 and 5 present the results of the phys-
icochemical analyses conducted on the phytoremediation specimens
in the Santa Rita Stream. Meanwhile, Figures 6 and 7 display the results
of the physical and chemical analyses for the variables examined con-
cerning the Galinha Stream.

Water temperature in both streams (from 21 to 27°C) was within
the expected range for Arax4, based on meteorological data (Santa Rita
in June 2018 and Galinha in December 2019). The temperatures are
within the optimal range for photosynthesis of aquatic macrophytes,
typically around 25°C, standard deviation (%) 5°C (Pang et al., 2023).
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Figure 4 - Limnological variables analyzed for the Santa Rita Stream in surface waters before and after treatments with both macrophytes.
The red line indicates the limits established by Brazilian guidelines. Different letters indicate differences between treatments before and after treatment with macro-
phytes (compared to surface water) (p<0.05).
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Figure 5 - Limnological variables analyzed for the Santa Rita Stream in surface waters before and after treatments with both macrophytes.
The red line indicates the limits established by Brazilian guidelines. Different letters indicate differences between treatments before and after treatment with macro-
phytes (compared to surface water) (p<0.05).
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Figure 6 - Limnological variables analyzed for the Galinha Stream in surface waters before and after treatments with both macrophytes.
The red line indicates the limits established by Brazilian guidelines. Different letters indicate the difference between treatments before and after treatment with ma-
crophytes (compared to surface water) (p<0.05).
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Figure 7 - Limnological variables analyzed for the Galinha Stream in surface waters before and after treatments with both macrophytes.
The red line indicates the limits established by Brazilian guidelines. Different letters indicate differences between treatments before and after treatment with macro-
phytes (compared to surface water) (p<0.05).
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The temperature variation can be attributed to the on-site measure-
ment of surface water temperature and treated effluent temperature

within the treatment prototype.

Santa Rita Stream

The DO in the Santa Rita Stream (Figure 4A) complied with the
limits established by Brazilian guidelines (>5 mg L") (Brasil, 2005),
and there was a decrease in DO in both treatments with macrophytes
(p<0.05). The reduction in DO indicates its consumption by microor-
ganisms or plants. Said et al. (2020) explain that lentic water environ-
ments promote oxygen consumption through plant metabolism and
the oxidation of reduced substances, such as organic matter, by het-
erotrophic bacteria and oxygen transport through evapotranspiration.
Consequently, the oxygen production by the plants could not surpass
the amount consumed during microbial decomposition and plant res-
piration, decreasing its concentration. However, in larger-scale phy-
toremediation applications, low oxygen levels can be rectified using
simple strategies, such as cascading discharge of the treated effluent.
Additionally, the proliferation of algae in the E. crassipes prototypes
might contribute to increased oxygen consumption.

BOD (Figure 4B) was significantly reduced in the two systems
(p<0.05). Both macrophytes systems caused the decrease; however, E.
crassipes system showed better results when exposed to water samples
from the Santa Rita Stream, whereas P. stratiotes performed better in
water from the Galinha Stream. Similar findings were reported by Mus-
tafa and Hayder (2021) and Gusti Wibowo et al. (2023), who achieved
BOD reductions of 82 and 85%, respectively, using the same species.
These studies indicate that BOD reductions occur through microbial
degradation processes involving aerobic and anaerobic pathways, tar-
geting soluble organic compounds and the decomposition of settleable
organic particles. The required oxygen for aerobic degradation is sup-
plied through root release (rhizosphere) or atmospheric diffusion.

Both plants achieved different DS results (p<0.05), and the values
decreased from 42.7 to 30.2 and 33.3 mg/L in the treatments with E.
crassipes and P. stratiotes, respectively (Figure 5C). All dissolved solids
(DS) values were within Brazilian guidelines (Brasil, 2005). The two
macrophytes reduced the levels of DS in the Santa Rita Stream com-
pared to the values before treatment. Md Saat and Qamaruz Zamana
(2017) suggest that the decrease in DS can be attributed to physical
factors such as sedimentation or biological processes involving the ad-
sorption and degradation of solids facilitated by the interaction between
plants and microorganisms. These reductions align with the changes
observed in EC influenced by the ionization of solid particles in water
(Figure 4D). The EC values also remained within the established limits,
and both treatment systems with macrophytes decreased their values.
Notably, the E. crassipes system showed a significant reduction in the
variable from 79.7 to 50.3 uS cm, representing a reduction of 36%.

A significant reduction was observed in all evaluated nutrients, in-

cluding total phosphorus, ammoniacal nitrogen (N-NH,), ammonia,
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nitrite (N-NO,), and nitrate (N-NO,) (Figures 4E and 5A to 5D). To-
tal phosphorus (at 0.11 mg L ') exceeded the limits specified by the
Brazilian guidelines (<0.1 mg L") in surface water (Brasil, 2005). How-
ever, both treatment systems with macrophytes decreased total phos-
phorus, reaching 0.06 mg L' and 0.01 mg L in the prototypes con-
taining E. crassipes (1.8 times lower) and P, stratiotes (11 times lower),
respectively. The phytoremediation potential of nutrients by these spe-
cies has already been studied by several authors (Lu et al., 2010; Wick-
ramasinghe and Jayawardana, 2018; Mustafa and Hayder, 2021; Gusti
Wibowo et al., 2023). They explain that the reduction is attributed to
the assimilation and storage of essential nutrients (phosphorus and ni-
trogen) required for plant growth. Among the two species, P. stratiotes
system exhibited greater effectiveness, reducing phosphorus levels
from 0.11 to 0.01 mg L™ in water samples from the Santa Rita Stream.

The pH of the Santa Rita Stream did not exhibit significant varia-
tion, as ammonia is commonly found in its ionized form (Figure 4F).
The slight fluctuations observed could be attributed to the decompo-
sition of some specimens (leading to acidity) and the photosynthesis
activity of the macrophytes (causing alkalinity). Another factor con-
tributing to these minor variations is nitrification and the possible
growth of periphyton, which can increase pH during the day due to
the consumption of dissolved carbon dioxide (CO,) (Mayo and Hanai,
2017). Despite these fluctuations, the pH values remained within the
range established by regulations (Brasil, 2005).

Both species effectively reduced the levels of ammoniacal nitrogen
(N-NH,) and ammonia (Figures 5A and 5B). Notably, the treatment
system with E. crassipes exhibited a 2-times reduction in the concen-
trations of both variables. Nitrogen plays a crucial role in the affluent as
they are closely associated with pH levels and the eutrophication index
of the water, particularly concerning phosphorus. Mustafa and Hayder
(2021) explain that plants’ reduction of nitrogen (in the form of NH *
or NO3') involves several steps, including assimilation, translocation,
and absorption. In aerobic environments, ammoniacal nitrogen (N-
NH,) is oxidized to nitrite (NO,) by Nitrosomonas bacteria and subse-
quently to nitrate (NO,’) by Nitrobacter bacteria; the process of nitrifi-
cation is well-documented (Mayo and Hanai, 2017). When analyzing
nitrogen levels, various biological processes influence nitrogen trans-
formation, such as denitrification, mineralization, and volatilization.
Several studies have reported excellent nitrogen removal efficiencies by
E. crassipes and P. stratiotes species. Mayo and Hanai (2017) achieved
63.9% nitrogen removal using E. crassipes, while Mustafa and Hayder
(2021) achieved 98% removal of ammoniacal nitrogen (NH-N) using
P, stratiotes. These findings highlight the effectiveness of these plant
species in removing nitrogen compounds from water bodies.

The concentration of nitrite (N-NO,) in the surface waters of the
Santa Rita Stream (1.9 mg L) in Figure 5C, exceeded the Brazilian
guidelines for surface water (<1 mg L) (Brasil, 2005), but both species
effectively reduced nitrite to levels within these limits. The treatment

system with E. crassipes decreased the nitrite concentration by approx-
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imately 6.5 times (0.3 mg L) compared to the surface water, while P
stratiotes system reduced it by 3.8 times (0.5 mg L). The values for ni-
trate (N-NO,) and turbidity (Figures 5D and 5E) were within the limits
specified by guidelines (10 and 20 mg L', respectively (Brasil, 2005),
and both treatments with macrophyte species decreased their values
after encountering the stream water (84.2 and 73.6% reductions for E.
crassipes and P, stratiotes, respectively). Shafi et al. (2024) and Hernén-
dez-Vasquez et al. (2024) reported significant phytoremediation ef-
ficiencies using E. crassipes and P. stratiotes in contaminated aquatic
systems. They observed a 69.7% reduction in turbidity for E. crassipes
and a 20% reduction in nitrate (N-NO,) concentrations for P. stratiotes.
These results are attributed to plant and microbial absorption, as well
as nitrification and denitrification processes.

Both water bodies exhibited turbid conditions, as expected in lo-
tic environments characterized by suspended solids and water mixing.
The turbidity results ranged between 7-9 nephelometric turbidity units
(NTU), all within Brazilian guidelines (<100 NTU). In both samples
with macrophytes, the turbidity values remained within acceptable
limits. The lower turbidity values observed in the prototypes with
macrophytes were anticipated, as these environments are known for
their slower flow rates, which reduce water turbulence and facilitate
the settling of suspended particles. However, plants also play a role in
lowering turbidity, particularly in the case of E. crassipes, as explained
by Johnston (1993). Colloidal particles (e.g., suspended solids) adhere
to the plant roots and are subsequently assimilated by the plant and mi-
croorganisms. This process gradually decreases turbidity and suspend-
ed solids in the water (Johnston, 1993). Farid et al. (2014) achieved a
significant turbidity reduction of up to 33.7% for solid suspensions,
while Lu et al. (2010) reported a turbidity decrease of over 60%, using
P, stratiotes.

Furthermore, the values of total solids (T'S)—organic and inorgan-
ic—were also measured (Figure 5F), revealing a decrease in solids in
all cases (p<0.05). The treatment system with E. crassipes showed a re-
duction of approximately 1.5 times in total solids, lowering the concen-
tration from 9.7 to 7.2 mg L when compared to the surface water of
the stream, and exhibited superior performance in total and inorganic
solids. Sekar and Siraj Ansari (2018) also demonstrated high removal
efficiencies using E. crassipes, achieving a 55.6% reduction in TS after

ten days.

Galinha Stream

As can be observed in Figure 6A, all DO concentrations were with-
in the limits established by Brazilian guidelines (>5 mg L*) (Brazil,
2005). However, there was an increase in DO with macrophytes, par-
ticularly notable in the results of the treatment systems with E. crassipes
which increased the DO from 8.3 to 16 mg L. The prototypes with P,
stratiotes exhibited DO values of 12.2 mg L. This rise in oxygen levels
for both plants can be primarily attributed to the proliferation of algae.

The increase in O, can also be attributed to oxygen exchange at the
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air-water interface, as the plants occupied approximately 70% of the
surface area (Abubakar et al., 2023).

All BOD values (Figure 6B) exceeded the legal limit (<5 mg L),
but there was a reduction in the levels of the treatment systems with E.
crassipes (8.7 mg L') and P. stratiotes (5.4 mg L") compared to the ini-
tial value (8.8 mg L). The limited efficiency of E. crassipes in samples
from the Galinha Stream can be attributed to the presence of algae.
The observed oxygen production and low efficiency in reducing BOD
can also be attributed to the proliferation of algae in the P. stratiotes
system. Initially, algae contribute to high oxygen production, however,
during decomposition they utilize the available nutrients, leading to an
increase in algal biomass that subsequently decomposes and negatively
impacts BOD levels (Abubakar et al., 2023).

The results obtained for DS and EC variables were consistent as
they are interrelated. Neither met the minimum values specified by
guidelines (<50 and <100 uS cm’, respectively) before and after the
phytoremediation process (Brasil, 2005). However, macrophytes sig-
nificantly reduced the values of these variables by more than 50%
compared to the surface waters of the stream (p<0.05). The DS
concentration in the Galinha Stream (Figure 6C) is nearly 5-times
higher than that of the Santa Rita Stream, significantly exceeding the
limits set by guidelines (50 mg L") (Brasil, 2005). These high lev-
els of DS in the Galinha Stream can be attributed to various factors,
including the absence of riparian forests, direct pollution from hu-
man activities, and the collection of samples during the rainy season.
Furthermore, the Galinha Stream is situated downstream of arid soil
composed of sand and earth, which is prone to erosion during peri-
ods of rainfall.

Both macrophytes effectively lowered phosphorus levels by more
than 50%, with the treatment system using P. stratiotes demonstrat-
ing a remarkable 71% reduction in concentrations (Figure 6E). In the
Galinha Stream, although a decrease occurred, the variable still did not
meet the limits. Between the two species, the P. stratiotes system ex-
hibited greater effectiveness, reducing phosphorus levels from 0.7 to
0.2 mg L. Several factors may influence the data, including saturation
of absorption by plants, binding of phosphorus to sediment particles,
and external conditions affecting phytoremediation. High pH values
in the treatment system with P. stratiotes likely affected the solubility
and availability of phosphorus for plants (Figure 6F) (Magdziak et al.,
2015). Although exceeding the limits specified by guidelines (between
6-9) (Brasil, 2005), the lower pH value was expected considering the
experimental conditions. Despite these fluctuations, the pH values
remained within the range established by regulations, except for the
effluent treated with P stratiotes in the Galinha Stream, which had an
average pH of 9.410.2.

Both treatment systems reduced the ammoniacal nitrogen val-
ues, decreasing from 4.2 mg L' in the surface waters to 2.4 mg L™
with E. crassipes and 2.7 mg L with P. stratiotes (Figure 7A). The in-
crease in ammonia concentrations in the Galinha Stream for E. cras-
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sipes can be attributed to a shift in the medium’s balance, resulting
from a significant increase in pH (Figure 7B). Although ammonia
concentrations are not regulated by Brazilian guidelines (Brazil,
2005), other guidelines exist, including from the European Commis-
sion. The U.S. Environmental Protection Agency, for instance, estab-
lishes 0.021 mg L for non-ionized ammonia and 0.78 mg L for total
ammonia (EPA, 2013).

Substantial reductions of nitrite (Figure 7C) were observed with
P stratiotes (0.2 mg L) compared to surface water (1.6 mg L), meet-
ing the Brazilian guidelines (Brazil, 2005). The E. crassipes system
also reduced the values to 1.1 mg L'!. All values were within the limits
specified by Brazilian guidelines (<10 mg L) (Brazil, 2005). More-
over, both treatment systems with macrophyte species decreased the
nitrate values in the surface water from 0.8 to 0.4 mg L with E. cras-
sipes and 0.5 mg L with P. stratiotes. There was a notable improve-
ment in nitrite concentrations in the Galinha Stream, with P. stra-
tiotes exhibiting the highest efficiency with a removal rate of 87.5%
(Figure 7D). This outcome can be attributed to the plants’ assimila-
tion of ions from the water, as nitrite is an ionic form that readily dis-
solves in water and is quickly taken up by plants (Lamichhane et al.,
2021). The authors explain that in aerobic environments, nitrite can
be oxidized to nitrate by nitrifying bacteria present in plant roots.
Both plants had significant variations in the Galinha Stream, under-
scoring the species’ potential to reduce excessive nutrient concentra-
tions in the medium. The measured nitrite levels in the surface waters
of both streams (Figures 5D and 7D) exceeded the limits established
by Brazilian guidelines (maximum allowed concentration of 1.0 mg
L) (Brazil, 2005).

Thesametrend was observed for turbidity (Figure 7E), with values fall-
ing within the limits set by law (<100 NTU). Both treatment systems with
macrophyte species successfully remediated the water, reducing the tur-
bidity from 8.6 NTU in the surface waters to 5.4 NTU with E. crassipes, and
3.9NTU with P, stratiotes. TS values were lower in all samples (Figure 7F).

Table 1 - Phytoremediation potential of both macrophytes.

Santa Rita Stream Galinha Stream

Limnological variables

Both macrophytes had positive results in significantly reducing the
TS values compared to the prototypes with samples from the Galinha
Stream. The E. crassipes system eliminated over 80% of TS, while P
stratiotes system reduced the values of total, organic, and inorganic sol-
ids, by 30-60% in the prototype with samples from the Galinha Stream
after the phytoremediation period. Similar trends were observed for
the samples from Galinha Stream, with E. crassipes demonstrating ef-
fectiveness across all solids. The high concentrations of suspended sol-
ids found in the surface waters of the streams can be attributed to the
previously discussed variables. Mechanisms such as phytodegradation
and the absorption of dissolved ions by plants can reduce TS concen-
trations, as described by Johnston (1993).

Phytoremediation potential of machophytes
in the Santa Rita and Galinha streams

Table 1 shows the phytoremediation potential of each macrophyte
species for the analyzed variables. Asterisks (*) indicate statistically sig-
nificant differences (p<0.05). The treatment system with E. crassipes
outperformed P, stratiotes in both streams. For the Santa Rita Stream,
E. crassipes system exhibited significant results in BOD, nitrite, am-
monia, and nitrogen, while P. stratiotes system showed significant re-
ductions in the variables turbidity, phosphorus, and organic suspended
solids. The phytoremediation efficiency ranged from 12 to 84.2% for E.
crassipes and 16 to 90.9% for P. stratiotes. For the Galinha Stream, sim-
ilar results were observed, with E. crassipes yielding better outcomes in
DO, DS, TSS, organic suspended solids (OSS), inorganic suspended
solids (ISS), nitrate (N-NO,), ammonia, and nitrogen, while the treat-
ment system with P, stratiotes significantly reduced turbidity, EC, BOD,
phosphorus, and nitrite (N-NO,). The significant values ranged from
42.8 to 93.6% for E. crassipes, while the treatment system with P. stra-
tiotes exhibited a variation from 38 to 90.1%. These responses demon-
strate satisfactory results concerning the influence of both plants on

the water quality.

% Phytoremediation

% Phytoremediation

Turbidity 15.8
Electrical Conductivity *36.8
Biochemical Oxygen Demand *44
Total Phosphorus 45.4
Total Nitrogen *57.4
Nitrite *84.2
Nitrate 25
Ammonia *50

* Indicates statistically significant differences (p<0.05).
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*16.7 37.6 *54.7
8.9 48.1 *48.5
24.4 0.8 *38
*90.9 61.9 *76.2

36.1 *42.8 35
73.6 34 *90.1
25 *50 37.5
0 *55.9 -11.1
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Various factors should be considered when assessing the poten-
tial of each studied plant, including luminosity, seasonality, and con-
tact time, which play significant roles in the system’s dynamic balance
and provide optimal conditions for achieving water quality improve-
ments. Seasonality also plays a role in the effectiveness of in situ phy-
toremediation for polluted water bodies. Lima et al. (2022) explain
that the metabolic activity and growth of phytoremediation plants
can change according to variations in temperature, precipitation, and
light availability. Warmer months and higher temperatures generally
increase plant growth and contaminant uptake, while colder seasons
can reduce these activities, potentially slowing down remediation.
The implementation of in situ phytoremediation techniques requires
careful planning and detailed studies on the characteristics of each
specific environment, as discussed by several authors, such as Ali
et al., (2020), Churko et al., (2023) and Chatterjee (2024). These au-
thors emphasize that the selection of plants, planting/insertion of
species, maintenance, monitoring, harvesting, and disposal of the
utilized specimens are crucial factors for ensuring the effectiveness
and success of decontamination. The absence of water quality data
after the exposure period in control systems without macrophytes
was a limitation of our study. As a result, the findings reflect the in-
fluence of plants on water quality and do not account for other fac-
tors such as plankton activity, chemical reactions, and sedimentation

that could change water quality even in the absence of macrophytes.

Future research may benefit from exploring diverse exposure times,
synergistic effects of multiple plant species, large-scale implementa-
tion (wetlands), cost-benefit analysis, integrating physical and chem-
ical analyses, biological assessments such as chlorophyll-a measure-
ments, and the quantification of the uptake of chemicals within plant
tissues. Such comprehensive approaches will contribute to a deeper
understanding of the mechanisms underlying phytoremediation and
facilitate the development of more efficient and holistic strategies for

water remediation in polluted environments.

Conclusions

The phytoremediation of water bodies contaminated with domes-
tic sewage holds significant promise, presenting a sustainable and en-
vironmentally friendly solution to pollution. The treatment systems
with E. crassipes and P. stratiotes emerged as highly effective agents in
treating polluted water by domestic sewage in urban streams. Their ef-
ficacy resulted in tangible enhancements in the quality of both water
samples (based on the estimated phytoremediation efficiency), marked
by notable improvements across several variables known to detri-
mentally affect water quality in urban streams, such as nutrient levels.
Phytoremediation is an alternative to address water pollution but also
fosters sustainable development and advances environmental science
research. This method contributes to nature-based ecosystem resto-

ration and reduces reliance on chemical interventions.

Authors’ contributions

Alexandre, D.S.: conceptualization, methodology, formal analysis, investigation, writing — original draft, project administration; Ogura, A.P.: investigation,

writing - reviewing and editing. Mohedano, R.A.: writing - reviewing and editing; Thibau, L.B.G.: conceptualization, methodology, writing — reviewing and

editing, supervision, resources.

References

Abubakar, EB,; Ibrahim, S.; Moruf, R.O., 2023. Phytoremediation of
aquaculture wastewater: a review of microalgae bioremediation. Science
World Journal, v. 18 (1), 83-89. https://www.ajol.info/index.php/swj/article/
download/246335/233038.

Ali, S;; Abbas, Z.; Rizwan, M.; Zaheer, LE.; Yavas, 1; Unay, A.; Abdel-DAIM, M.M,;
Bin-Jumah, M.; Hasanuzzaman, M.; Kalderis, D., 2020. Application of floating
aquatic plants in phytoremediation of heavy metals polluted water: a review.
Sustainability (Switzerland), v. 12 (5), 1927. https://doi.org/10.3390/su12051927.

American Public Health Association (APHA); American Water Works
Association (AWWA); Water Environment Federation (WEF), 2012. Standard
Methods for the Examination of Water and Wastewater, edited by A. D. Eaton; L.
S. Clesceri; A. E. Greenberg. 20th ed. APHA; AWWA; WEE, Washington, DC.

Anand, S.; Bharti, S.K.; Kumar, S.; Barman, S.C.; Kumar, N., 2019.
Phytoremediation of heavy metals and pesticides present in water using
aquatic macrophytes. In: Arora, N.K.; Kumar, N., ed. Phyto and rhizo
remediation, microorganisms. Springer Singapore, Singapore, pp. 89-119.

12

Barletta, M.; Lima, A.R.A.; Costa, M.E, 2019. Distribution, sources and
consequences of nutrients, persistent organic pollutants, metals and
microplastics in South American estuaries. Science of the Total Environment,
v. 651 (1), 1199-1218. https://doi.org/10.1016/j.scitotenv.2018.09.276.

Borges, FO,; Luiz, E.; Espindola, G., 2005. Gestao de residuos produgao de
adobe com biomassa de macrdfitas aquéticas: uma alternativa para retirada

e encapsulamento de poluentes de lagos e reservatorios. Revista Brasileira de
Ciéncias Ambientais, (1), 7-17. Retrieved from https://www.rbciamb.com.br/
Publicacoes_ RBCIAMB/article/view/491.

Brasil, 2024a. Instituto Nacional de Metereoldgia (INMET) (Accessed August
15, 2024) at: https://portal.inmet.gov.br/.

Brasil, 2024b. Sistema Nacional de Informagdes sobre Saneamento (SNIS)
(Accessed August 15, 2024) at: https://www.gov.br/cidades/pt-br/acesso-a-
informacao/acoes-e-programas/saneamento/snis. (Acessed August 15, 2024).

Brazil, 2005. CONAMA Resolution N. 357, March 17th, 2005. Provides the
classification of water bodies and environmental guidelines for their classification.

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.60 | e2158 | 2025


https://www.ajol.info/index.php/swj/article/download/246335/233038
https://www.ajol.info/index.php/swj/article/download/246335/233038
https://doi.org/10.3390/su12051927
https://doi.org/10.1016/j.scitotenv.2018.09.276
https://www.rbciamb.com.br/Publicacoes_RBCIAMB/article/view/491
https://www.rbciamb.com.br/Publicacoes_RBCIAMB/article/view/491
https://portal.inmet.gov.br/
https://www.gov.br/cidades/pt-br/acesso-a-informacao/acoes-e-programas/saneamento/snis
https://www.gov.br/cidades/pt-br/acesso-a-informacao/acoes-e-programas/saneamento/snis

Potential of two floating aguatic macrophytes in improving water quality: A case study in two tropical streams

Ceschin, S.; Crescenzi, M.; Iannelli, M.A., 2020. Phytoremediation potential
of the duckweeds Lemna minuta and Lemna minor to remove nutrients from
treated waters. Environmental Science and Pollution Research, v. 27, 15806-
15814. https://doi.org/10.1007/51 1356-020-08045-3.

Chatterjee, S., 2024. Site assessment, suitability, and strategy references for
in-situ phytoremediation: a case study of Asansol-Pandabeswar mining region.
Environment, Development and Sustainability, v. 50, 100992. https://doi.
org/10.1016/j.envdev.2024.100992.

Churko, E.E.; Nhamo, L.; Chitakira, M., 2023. Phytoremediation capacity
of water hyacinth (Eichhornia crassipes) as a nature-based solution for
contaminants and physicochemical characterization of lake water. Water
(Switzerland), v. 15 (14), 2540. https://doi.org/10.3390/w15142540.

EPA, 2013. Aquatic life ambient water quality criteria for ammonia —
freshwater 2013. US Environmental Protection Agency (EPA), Washington,
DC. https://www.epa.gov/sites/production/files/2015-08/documents/aquatic-
life-ambient-water-quality-criteria-for-ammonia-freshwater-2013.pdf.

Farid, M.; Irshad, M.; Fawad, M. Ali, Z.; Eneji, A.E.; Aurangzeb, N.;
Mohammad, A.; Ali, B., 2014. Effect of cyclic phytoremediation with
different wetland plants on municipal wastewater. International Journal of
Phytoremediation, v. 16 (6), 572-581. https://doi.org/10.1080/15226514.201
3.798623.

Gusti Wibowo, Y.; Tyaz Nugraha, A.; Rohman, A., 2023. Phytoremediation of
several wastewater sources using Pistia stratiotes and Eichhornia crassipes in
Indonesia. Environmental Nanotechnology, Monitoring and Management, v.
20, 100781. https://doi.org/10.1016/j.enmm.2023.100781.

Herndndez-Vasquez, L.A.; Romo-Goémez, C.; Alvarado-Lassman, A.; Prieto-
Garcia, F; Camacho-Loépez, C.; Acevedo-Sandoval, O.A., 2024. Artificial
floating islands for the removal of nutrients and improvement of the quality
of urban wastewater. Water (Basel), v. 16 (10), 1443. https://doi.org/10.3390/
w16101443.

Instituto Brasileiro de Geografia e Estatistica (IBGE), 2021. Base cartografica
continua do municipio de Araxa. Escala 1:250.000. IBGE, Rio de Janeiro.
Retrieved 2024-10-10, from https://www.ibge.gov.br

Johnston, C.A., 1993. Mechanisms of wetland-water quality interaction. In:
Moshiri, G.A., ed., Constructed Wetlands for Water Quality Improvement.
Taylor and Francis, London, 7 pp. https://doi.org/10.1201/9781003069997

Lamichhane, P; Veerana, M.; Lim, ].S.; Mumtaz, S.; Shrestha, B.; Kaushik, N.K.;
Park, G.; Choi, E.H., 2021. Low-temperature plasma-assisted nitrogen fixation
for corn plant growth and development. International Journal of Molecular
Sciences, v. 22 (10), 5360. https://doi.org/10.3390/ijms22105360.

Lima, D.V.N,; Filho, C.M.; Pacheco, A.B.; Oliveira e Azevedo, S., 2022.
Seasonal variation in the phytoremediation by Pontederia crassipes (Mart)
Solms (water hyacinth) and its associated microbiota. Ecological Engineering,
v. 183, 106744. https://doi.org/10.1016/j.ecoleng.2022.106744.

Liu, X,; Beusen, A.H.W,; van Puijenbroek, PJ.T.M.; Zhang, X.; Wang, J.;
van Hoek, W.J.; Bouwman, A.F, 2024. Exploring wastewater nitrogen and
phosphorus flows in urban and rural areas in China for the period 1970 to
2015. Science of the Total Environment, v. 907. https://doi.org/10.1016/j.
scitotenv.2023.168091.

Lu, Q; He, Z.L; Graetz, D.A; Stoffella, PJ.; Yang, X., 2010. Phytoremediation
to remove nutrients and improve eutrophic stormwaters using water lettuce
(Pistia stratiotes L.). Environmental Science and Pollution Research, v. 17, 84-
96. https://doi.org/10.1007/s11356-008-0094-0.

Magdziak, Z.; Gasecka, M.; Golinski, P.; Mleczek, M., 2015. Phytoremediation
and environmental factors. In: Ansari, A.A; Gill, S.S.; Gill, R.; Lanza,

G.R;; Newman, L., ed. Phytoremediation: Management of Environmental
Contaminants. v. 1. Springer International Publishing, New York, pp. 45-56.
https://link.springer.com/book/10.1007/978-3-319-10395-2

Martinez-Dalmau. J.; Berbel. ].; Ordéinez-Fernandez, R., 2021. Nitrogen
fertilization: a review of the risks associated with the inefficiency of its use
and policy responses. Sustainability (Switzerland), v. 13 (10), 5625. https://doi.
0rg/10.3390/su13105625.

Mayo, A.W,; Hanai, E.E., 2017. Modeling phytoremediation of nitrogen-
polluted water using water hyacinth (Eichhornia crassipes). Physics

and Chemistry of the Earth, v. 100, 170-180. https://doi.org/10.1016/].
pce.2016.10.016.

Md Saat, S.K.; Qamaruz Zamana, N., 2017. Phytoremediation
potential of palm oil mill effluent by constructed wetland treatment.
Engineering Heritage Journal, v. 1 (1), 49-50. https://doi.org/10.26480/
gwk.01.2017.49.54.

Munawar, M.A ; Khoja, A.H.; Naqvi, S.R.; Mehran, M.T.; Hassan, M.;
Liaquat, R.; Dawood, U.E, 2021. Challenges and opportunities in biomass
ash management and its utilization in novel applications. Renewable and
Sustainable Energy Reviews, v. 150, 111451. https://doi.org/10.1016/j.
rser.2021.111451.

Mustafa, H.M.; Hayder, G., 2021. Recent studies on applications of aquatic
weed plants in phytoremediation of wastewater: a review article. Ain
Shams Engineering Journal, v. 12 (1), 355-365. https://doi.org/10.1016/j.
as€j.2020.05.009.

Ogura, A.P; Pinto, T.J.S,; Silva, L.C.M,; Sella, C.E; Ferreira, EB.C.; Carvalho,
PS.; Menezes-Oliveira, V.B.; Montagner, C.C.; Osorio, A.L.; Espindola, E.L.G.,
2022. Environmental analysis of the eutrophication and spread of aquatic
macrophytes in a tropical reservoir: a case study in Brazil. Environmental
Science and Pollution Research, v. 29, 89426-89437. https://doi.org/10.1007/
s11356-022-22070-4.

Palma-Silva, C.; Albertoni, C; Trindade, E.F; Furlaneto, L.M.; Acosta, M.C.
2012. Use of Eichhornia crassipes (Mart.) solms for phytoremediation of
shallow subtropical lakes. Perspectiva, v. 36 (133), 73-81. https://www.uricer.
edu.br/site/pdfs/perspectiva/133_252.pdf

Pang, Y.L,; Quek, Y.Y;; Lim, S.; Shuit, S.H., 2023. Review on phytoremediation
potential of floating aquatic plants for heavy metals: a promising approach.
Sustainability, v. 15 (2), 1290. https://doi.org/10.3390/su15021290.

Panneerselvam, B.; Priya, K.S., 2023. Phytoremediation potential of water
hyacinth in heavy metal removal in chromium and lead contaminated water.
International Journal of Environmental Analytical Chemistry, v. 103 (13),
3081-3096. https://doi.org/10.1080/03067319.2021.1901896.

Pinto Lamego, F; Antonio Vidal, R., 2007. Fitorremediagao: plantas como
agentes de despoluicdo? Pesticidas: Revista de Ecotoxicologia e Meio
Ambiente, v. 17, 9-18. https://doi.org/10.5380/pes.v17i0.10662.

Qayoom, L; Jaies, L., 2023. Phytoremediation potential of macrophytes against
heavy metals, nitrates and phosphates: a review. Environmental Conservation,
v. 24 (1), 273-280. https://doi.org/10.36953/ecj.12102318.

Said, N.S.M.; Abdullah, S.R.S.; Ismail, N.; Hasan, H.A.; Othman, A.R., 2020.
Phytoremediation of real coffee industry effluent through a continuous two-
stage constructed wetland system. Environmental Technology and Innovation,
v. 17, 100502. https://doi.org/10.1016/j.eti.2019.100502.

Sekar, A.; Siraj Ansari, M.M., 2018. Phyto-remediation of total dissolved solids
(TDS) by Eichhornia crassipes, Pistia Stratiotes and Chrysopogon Zizanioides
from second stage RO-Brine solution. Research Journal of Chemistry and
Environment, v. 22 (5).

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.60 | e2158 | 2025


https://doi.org/10.1007/s11356-020-08045-3
https://doi.org/10.1016/j.envdev.2024.100992
https://doi.org/10.1016/j.envdev.2024.100992
https://doi.org/10.3390/w15142540
https://www.epa.gov/sites/production/files/2015-08/documents/aquatic-life-ambient-water-quality-criteria-for-ammonia-freshwater-2013.pdf
https://www.epa.gov/sites/production/files/2015-08/documents/aquatic-life-ambient-water-quality-criteria-for-ammonia-freshwater-2013.pdf
https://doi.org/10.1080/15226514.2013.798623
https://doi.org/10.1080/15226514.2013.798623
https://doi.org/10.1016/j.enmm.2023.100781
https://doi.org/10.3390/w16101443
https://doi.org/10.3390/w16101443
https://www.ibge.gov.br
https://doi.org/10.1201/9781003069997
https://doi.org/10.3390/ijms22105360
https://doi.org/10.1016/j.ecoleng.2022.106744
https://doi.org/10.1016/j.scitotenv.2023.168091
https://doi.org/10.1016/j.scitotenv.2023.168091
https://doi.org/10.1007/s11356-008-0094-0
https://link.springer.com/book/10.1007/978-3-319-10395-2
https://doi.org/10.3390/su13105625
https://doi.org/10.3390/su13105625
https://doi.org/10.1016/j.pce.2016.10.016
https://doi.org/10.1016/j.pce.2016.10.016
https://doi.org/10.26480/gwk.01.2017.49.54
https://doi.org/10.26480/gwk.01.2017.49.54
https://doi.org/10.1016/j.rser.2021.111451
https://doi.org/10.1016/j.rser.2021.111451
https://doi.org/10.1016/j.asej.2020.05.009
https://doi.org/10.1016/j.asej.2020.05.009
https://doi.org/10.1007/s11356-022-22070-4
https://doi.org/10.1007/s11356-022-22070-4
https://www.uricer.edu.br/site/pdfs/perspectiva/133_252.pdf
https://www.uricer.edu.br/site/pdfs/perspectiva/133_252.pdf
https://doi.org/10.3390/su15021290
https://doi.org/10.1080/03067319.2021.1901896
https://doi.org/10.5380/pes.v17i0.10662
https://doi.org/10.36953/ecj.12102318
https://doi.org/10.1016/j.eti.2019.100502

Alexandre, D.S. et al.

Sgroi, M.; Pelissari, C.; Roccaro, P; Sezerino, PH.; Garcia, J.; Vagliasindi,
FEG.A.; Avila, C., 2018. Removal of organic carbon, nitrogen, emerging
contaminants and fluorescing organic matter in different constructed wetland
configurations. Chemical Engineering Journal, v. 332, 619-627. https://doi.
0rg/10.1016/j.cej.2017.09.122.

Shafi, J.; Waheed, K.N.; Mirza, Z.S.; Chatta, A.M.; Khatoon, Z.; Rasheed,

T.; Salim, S. et al, 2024. Green solution for domestic wastewater treatment:
comparing phytoremediation potential of four macrophytes. Water, Air, and
Soil Pollution, v. 235 article 49. https://doi.org/10.1007/s11270-023-06838-z.

Sharma, J.K.; Kumar, N.; Singh, N.P; Santal, A.R, 2023. Phytoremediation
technologies and their mechanism for removal of heavy metal from
contaminated soil: an approach for a sustainable environment. Frontiers in
Plant Science, v. 14. https://doi.org/10.3389/fpls.2023.1076876.

14

Sidana, A ; Yadav, S.K,, 2022. Recent developments in lignocellulosic biomass
pretreatment with a focus on eco-friendly, non-conventional methods. Journal of
Cleaner Production, v. 335, 130286. https://doi.org/10.1016/.jclepro.2021.130286.

Souza Junior, P, 2008. A ocupagdo urbana do municipio de Araxa do
século XVII ao inicio do século XXI. Monography, Specialization Course
in Environmental Management of the Lato Sensu Postgraduate Program of
the Federal Center for Technological Education (CEFET-MG), Araxa, MG.
Retrieved 2024-08-15, from http://ipdsa.org.br/dados/link/137/arquivo/
Monografia%20-PS].pdf.

Wickramasinghe, S.; Jayawardana, C.K., 2018. Potential of aquatic
macrophytes Eichhornia crassipes, Pistia stratiotes and Salvinia molesta in
phytoremediation of textile wastewater. Journal of Water Security, v. 4, 1-8.
https://doi.org/10.15544/jws.2018.001.

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.60 | e2158 | 2025


https://doi.org/10.1016/j.cej.2017.09.122
https://doi.org/10.1016/j.cej.2017.09.122
https://doi.org/10.1007/s11270-023-06838-z
https://doi.org/10.3389/fpls.2023.1076876
https://doi.org/10.1016/j.jclepro.2021.130286
http://ipdsa.org.br/dados/link/137/arquivo/Monografia%20-PSJ.pdf
http://ipdsa.org.br/dados/link/137/arquivo/Monografia%20-PSJ.pdf
https://doi.org/10.15544/jws.2018.001

