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Abstract Phytoremediation is an emerging technology in

landfill leachate posttreatment. The evaluation of a system

composed of three natural wetlands. The wetlands vege-

tation cover was monitored during 2 years by estimating

the coverage area of the macrophytes. Chemical analyzes

of the effluent were conducted monthly. The monitoring

and identification of macrophytes indicated that the vege-

tation structure was represented by four species of higher

relative cover: Pistia stratiotes L. (water lettuce), Echino-

chloa polystachya (Kunth) Hitchc. (creeping river grass),

Eichhornia crassipes (Mart.) Solms (water hyacinth) and

Alternanthera philoxeroides (Mart.) Griseb. The system of

natural wetlands had an average efficiency of 75 % for

biochemical oxygen demand, 63 % for chemical oxygen

demand, 84 % for ammoniacal nitrogen, 89 % for total

nitrogen and 70 % for phosphorus. The concentrations of

heavy metals in the roots, as well as in the branches of E.

crassipes and E. polystachya, lead us to the conclusion that

such species perform phytoextraction for Cd and Pb

accumulating the metals in the biomass. The results show

that this is a viable alternative that can be associated with

forms of conventional treatment of leachate, such as the

treatment with aerobic and facultative ponds.

Keywords Solid waste � Environmental pollution �
Remediation � Phytoremediation � Macrophytes

Introduction

The leachate generated in landfills, if not collected and

treated properly, poses an environmental risk due to its

high pollution load (Jones et al. 2005; Renou et al. 2008;

Cheng and Guo 2014). Its characteristics depend on the

amount and nature of the waste, geomorphology and

weather conditions of the location where the landfill

operates. These characteristics include high levels of

chemical oxygen demand (COD), biochemical oxygen

demand (BOD), total and volatile solids, ammoniacal

nitrogen (AN) and total (TN), phosphate (P) and heavy

metals (Jones et al. 2005; Renou et al. 2008).

Due to its high concentration of organic and inorganic

materials, leachate requires treatment prior to its release into

a receiving water body in order to avoid or mitigate envi-

ronmental pollution. However, landfills often do not treat

leachate within acceptable levels of release as per the

parameters of the environmental legislation in effect, which

requires posttreatment. Therefore, to attain acceptable

purification levels before leachate is released into the envi-

ronment, there is a need to find new treatment alternatives.

The development of alternative systems that are efficient

and inexpensive is a challenge faced by sanitary landfill

managers. A promising alternative for posttreatment of the

leachate is the use of natural wetlands, also known as

marshes, river floodplains and swamps. These systems

stand out among self-purification processes because they

are constantly or seasonally flooded areas and are influ-

enced during periods of low rainfall or drought (Frank et al.

2010). Zhang et al. (2010); Bialowiec et al. (2012) reported
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that the phytoremediation system associated with a wetland

brings promising results regarding the reduction of

contaminants.

The use of such systems in the posttreatment of leachate

comprises a sustainable practice because during develop-

ment of macrophytes, pollutants are removed and the

biomass produced can later be used for power generation.

The efficiency of the removal of organic and inorganic

pollutant load in these systems is closely related to the

amount of bio-available nutrients, the primary production

rate, and the ability of plants to survive the environmental

conditions imposed, the life cycle of plants and their

strategies for degradation, or immobilization of pollutants.

These areas also have high rates of primary productivity of

macrophytes throughout the year.

Given that not all plants can develop in contaminated

environments, the first step for the use of phytoremediation

is to identify species, which, besides being suitable to local

conditions, are tolerant to contaminants (Marques et al.

2011). The next step, according to Marques (2005), is to

evaluate the capacity of the plant to promote

decontamination.

Within this perspective of alternative treatment, this

study was conducted with the objective of evaluating a

system composed of wetlands used in the posttreatment of

leachate and phytoremediator strategies used by plants in

the wetlands. To do so, we identified the structure of the

vegetation represented by the area of seasonal coverage of

macrophytes present in the three wetlands, the structural

organization of macrophytes with higher coverage area:

Pistia stratiotes L., Echinochloa polystachya (Kunth)

Hitchc. and Eichhornia crassipes (Mart.) Solms., and

evaluated the contents of Ni, Cr, Zn, Pb, Cu and Cd in the

leachate and plant biomass, as well as their relationship

with the leachate treatment efficiency and chemical ana-

lysis of the leachate for a period of 2 years.

Materials and methods

Area of study

The study was conducted at the Caximba landfill, located

in the city of Curitiba, Paraná state, Brazil, at coordinates

25�62073.8800S and 49�33042.3800W. The total area of the

landfill is 1,015,000 m2, and the waste disposal area is

439,540 m2. The landfill started operating in 1989 and was

closed in October 2010. On average, it received 2,400 t of

municipal solid waste (MSW) per day from the city of

Curitiba (1.7 million inhabitants) and from 17 neighboring

cities.

Curitiba is in the Iguaçu River basin, and the landfill is

located on the right bank of that river, covering two distinct

sire lithology features: recent sediments (alluvial deposits)

and sediments from the alteration of older crystalline rocks.

The local soils developed from unconsolidated sediments

have medium to clay texture with clay content varying

from 300 to 700 kg/g (Zanello et al. 2009). The sediments

of the Iguaçu River consist predominantly of clay and silt

(MINEROPAR 2004).

Three natural wetlands surrounding the landfill (Fig. 1)

have been used in the posttreatment of the leachate since

February 2011. The first wetland contains a greater diver-

sity of macrophytes and receives the treated leachate from

the landfill, at an average flow of 24 m3/h. It covers an area

of about 15,424 m2, with average depth of 1.6 m, volume

of 17,969 m3 and water retention time of approximately

31 days. The second wetland has the largest water surface

area, at about 35,724 m2, average depth of 1.3 m, volume

of 47,870 m3, and water retention time of roughly 84 days

and E. crassipes as the dominant species. The third wetland

is totally covered by macrophytes, and the dominant spe-

cies is also E. crassipes. It covers an area of about

19,993 m2, with average depth of 1 m, volume of

19,923 m3 and water retention time of approximately

35 days. The treated leachate from this wetland flows into

the Iguaçu River.

In the wetlands, some local adjustments have been made

to avoid contamination by the leachate to adjacent areas

and for leachate supply. The areas were shaped with gaps

so that the effluent flow is continuous. The embankments or

slopes were strengthened to prevent floodwaters from the

Iguaçu River from returning to the wetlands.

Identification and seasonal monitoring of macrophyte

coverage (phytosociology)

The development of macrophytes in the three natural

wetlands was monitored by means of a phytosociological

survey during the four seasons of the year from January

2011 to December 2012. For the phytosociological survey,

two parallel and permanent transversal transects were

established in each natural wetland. On these transects, ten

times the visual coverage of each species in an area of 1 m2

were estimated. The average coverage of the species was

defined using the Braun-Blanquet scale (1979), to deter-

mine degrees of horizontal coverage: from 1 to 10 %

(average degree 5 %); from 10 to 25 % (average degree

17.5 %); from 25 to 50 % (average degree 37.5 %); from

50 to 75 % (average degree 62.5 %); and from 75 to 100 %

(average degree 87.5 %). After obtaining the respective

degrees of coverage, phytosociological parameters were

estimated for each species present: VC: coverage value (%)

and CR: relative coverage of species i (%):

VC ¼ 100� ðAC=ATÞ; ð1Þ
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CR ¼ 100� AC=
X

AC
� �

; ð2Þ

where VC: coverage value of species i in the portion (%);

AC: area covered by species i (m2); AT: total area sampled

(20 m2); CR: value of relative coverage of species i (%).

After the phytosociological survey, the three selected

species for the evaluation of the structural organization

were represented by the larger coverage on the wetland

system: E. polystachya and P. stratiotes were collected in

the first wetland, and E. crassipes in the second wetland.

Analysis of the structural organization of the plants

and their relationship with the treatment

For analysis of the structural organization, six specimens of

each species were chosen randomly. From each individual,

samples were obtained of the roots starting 3 cm from the

apex. The samples were fixed in the field in FAA 70,

formaldehyde, acetic acid and ethanol 70 % (Johansen

1940) and then conserved in 70 % ethanol (Berlyn and

Miksche 1976).

Permanent slides were prepared from the root samples.

The material was first embedded in glycol methacrylate

(JB-4), according the vendor’s specifications (Polysciences

Inc.). The sections were cut in a rotary microtome (Leica

RM2125), with thickness of 7 lm, and were stained with

0.05 % toluidine blue, in 0.1 M phosphate buffer (pH 6.8),

according to the method described by O’Brien et al. (1965).

The slides were mounted with synthetic resin (Entelan�).

The sections were analyzed and photographed with a

photomicroscope (Olympus-BX41), and the images were

captured by the Image Pro-Plus software, with the scales

obtained under the same conditions.

Chemical analyses of the leachate

The leachate samples were collected from the natural

wetlands monthly, at four points: (1) entrance to the first

wetland; (2) outlet of the first wetland; (3) outlet of the

second wetland; and (4) outlet of the third wetland.

Analyses of pH, dissolved oxygen (DO), alkalinity,

BOD, COD, AN, TN, P, nitrate, nitrite and heavy metals

(Cu, Cr, Zn, Pb, Cd e Ni) were conducted in accordance

with the Standard Methods for Examination of Water and

Wastewater (APHA 1998).

Calculation of the efficiency of posttreatment

of the leachate

The efficiency of the leachate treatment was calculated by

the method proposed by Kadlec and Knight (1996), which

permits measurement of the percentage of mass removed

[Mr (%)], according to the following equation:

Mr ð%Þ ¼ 100ðm1 � m2Þ
m1

ð3Þ

where m1 is the mass of the pollutant in the sample on

entering the first natural wetland, and m2 is the mass of the

pollutant in the sample on exiting the third natural wetland.

Collection and analysis of heavy metals in plants

For the analysis of heavy metals (Ni, Cr, Zn, Pb, Cu and

Cd), the collection of the macrophytes E. polystachia and

E. crassipes took place between December 2010 and Jan-

uary 2012, always at the end of autumn, winter, spring and

summer. For each species, six individuals were collected

Fig. 1 Orthophoto of Caximba

Sanitary Landfill, Curitiba, PR,

Brazil. Red highlights waste

disposal area and black the three

natural wetlands (first, second

and third); leachate flowing into

first wetland; leachate exiting

third wetland into Iguaçu River
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using the wetland system. After the collection, the samples

were treated according with Malavolta et al. (1997). The

samples were opened according with Carneiro et al. (2006).

Afterward, the samples were analyzed regarding their

quantities in the spectrometry of plasma emission with

optical detection. Brand of equipment: Perking Elmer,

model: Optima 3000.

Statistics analysis

The data on the amount of heavy metals in leachate and

plants as well as its chemical patterns have been analyzed

based on the t test in the Statistical Package for the Social

Sciences (SPSS) Statistics. Numbers starting from

p\ 0.05 were qualified as considerable difference. The test

had as aim verifying the following: (1) if the amount of

heavy metals and average concentration of DBO, DQO,

NA, NT and P in leachate are equivalents when compared

with entrance and outlet of the system, and (2) if the

average concentration of metals in plants are equivalents

when compared with the species E. polystachya and E.

crassipes.

Results and discussion

Identification and seasonal monitoring of macrophyte

coverage (phytosociology)

From the seasonal monitoring and identification of the

macrophytes present in the natural wetlands, it was found

that the vegetation structure was mainly represented by

four species, which presented the highest rates of relative

coverage, namely P. stratiotes L. (water lettuce), E. poly-

stachya (Kunth) Hitchc (creeping river grass), E. crassipes

(Mart.) Solms (water hyacinth) and Alternanthera philo-

xeroides (Mart.) Griseb (Table 1).

Structural organization of the plants with greatest

coverage area

Pistia stratiotes has roots in cross section composed of a

uniseriate epidermis and a cortex divided into an external,

median and internal part. Inside the epidermis, there is a

unistratified exodermis, not lignified and not suberized

(Fig. 2a). The median cortex contains ample intercellular

spaces, corresponding to the aerenchyma, well-developed

tissue occupying about 60 % of the root cross section and a

variable number of cells arranged radially that terminate

with three layers of cells without mutual spacing near the

endodermis (Fig. 2a, d). The cells of the endodermis have

sparse Casparian strips. The pericycle is formed by pa-

renchymatic cells (Fig. 2d). The protoxylem is organized

in a circle, inside of which there are large metaxylem

vessel elements. The phloem alternates with the vessel

elements, forming a polyarch structure (Fig. 2a).

The root cross section of E. polystachya presents a

uniseriate epidermis, and inside the epidermis, there are

1–2 exodermis strata. A well-developed aerenchyma

region comes next, occupying approximately 75 % of

the root cross section, with a variable number of cells

arranged radially that terminate with a layer of cells

without mutual spacing near the endodermis (Fig. 2b).

The endodermis cells have a U-shaped reinforcement,

but the passage cells do not have this reinforcement in

the walls (Fig. 2e). The central cylinder is compact and

fairly uniform, and is surrounded by an endodermal

sheath. The pericycle is formed by parenchymatic cells

(Fig. 2b, e). The protoxylem is organized in a circle,

inside of which are 8–9 large metaxylem vessel elements

arranged in the same form. The phloem alternates with

the vessel elements, forming a polyarch structure. The

innermost region contains a medullary parenchyma

(Fig. 2b).

The root cross section of E. crassipes presents a unise-

riate epidermis, inside of which there are 3–4 exoderm

strata. Next comes the aerenchyma region, occupying

approximately 45 % of the cross section, with a variable

number of cells arranged radially that terminate with a

layer of cells without mutual spacing near the endodermis

(Fig. 2c). The endodermis cells have sparse Casparian

strips. The pericycle is formed by parenchymatic cells

(Fig. 2c, f). The protoxylem is organized in a circle, inside

of which are five large metaxylem vessel elements. The

phloem alternates with the vessel elements, forming a

polyarch structure (Fig. 2c).

Table 2 presents a comparison of the main characteris-

tics of the roots of P. stratiotes, E. polystachya and E.

crassipes. All three species share the presence of an aer-

enchyma, so they require supply of O2 to the roots, since all

of them develop in aquatic environments.

Treatment efficiency of wetlands system

The first wetland receives the leachate after conventional

treatment at the landfill (aerobic pond followed by facul-

tative pond). On average, this leachate treated by the

conventional system has the following chemical charac-

teristics: pH 8.23; DO 3.65 mg/L; temperature 22.5 �C;
BOD 122 mg/L; COD 1,702 mg/L; AN 1,136 mg/L; TN

1,136 mg/L; nitrate 227 mg/L; nitrite 280 mg/L; P 12 mg/

L and alkalinity 2,467 mg CaCO3/L.
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As for performance of the system in the posttreatment of

the leachate, a reduction of the pollutant load in all

chemical parameters analyzed was observed (Table 3).

The treatment efficiency presented considerable differ-

ence (p\ 0.05) between system entrance and outlet in the

biggest majority of patterns in all seasons. Only the DBO

did not present such difference in the winter 2011 and

spring 2012 (Table 3).

The system studied performed well over 2 years, con-

sidering that average treatment efficiencies were 75 % for

BOD, 63 % for COD, 84 % for AN, 89 % for TN and

70 % for phosphorus (Table 3). Shildar and Sharma (1980)

showed that P. stratiotes reduced BOD up to 85 % and

COD by 61 % in ponds that receive various pollutants.

Ciria et al. (2005), in a study of constructed wetlands

planted with Typha latifolia in wastewater treatment,

concluded that the presence of macrophytes increases

system performance regarding BOD and AN. Zimmels

et al. (2006) reported that P. stratiotes and E. crassipes

reduce and maintain fairly low levels of BOD (5–7 mg/L)

and COD (40–50 mg/L). Nivala et al. (2007), upon eval-

uating the treatment of leachate by constructed wetlands

with T. latifolia, reported average efficiency of 92 % for

BOD and 46 % for COD.

Justin and Zupancic (2009) studied a constructed wet-

land planted with Phragmites australis in the pretreatment

of leachate and reported treatment efficiency of 41 % for

COD, 65 % for BOD, 42 % for AN, 35 % for TN and

38 % for P. Chiemchaisri et al. (2009) studied the removal

efficiency of organic matter and nitrogen in a constructed

Fig. 2 Structural organization of the roots of the macrophytes with

the largest coverage area in the wetlands of the Caximba sanitary

landfill, Curitiba, Brazil. a–c General view of the cross section of the

root of P. stratiotes L., E. polystachya (Kunth) Hitchc. and E.

crassipes (Mart.) Solms, respectively. d–f Detail of the central

cylinder of the root of P. stratiotes, E. polystachya and E. crassipes,

respectively. AER aerenchyma

Table 2 Comparison of the main anatomical characteristics of the

roots of P. stratiotes L., E. polystachya (Kunth) Hitchc. and E.

crassipes (Mart.) Solms

Charactersitics P. stratiotes E. polystachya E. crassipes

Epidermis Uniseriate Uniseriate Uniseriate

Exodermis 3–4 strata 1–2 strata 3–4 strata

Aerenchyma Well

developed

(60 %)

Well developed

(75 %)

Well

developed

(45 %)

Endodermis Sparse

Casparian

strips

Cells with ‘‘U’’

reinforcement

Sparse

Casparian

strips

Pericycle Uniseriate Uniseriate Uniseriate

Xylem and

phloem

Alternating,

polyarch

structure

Alternating,

polyarch

structure

Alternating,

polyarch

structure

Medula Absent Present Absent
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wetland with Typha angustifolia that presented average

removal between 71 and 98 % for BOD and between 43

and 46 % for TN. Souza et al. (2013) used Myriophyllum

aquaticum in the treatment of polluted waters and dem-

onstrated its potential application in phytoremediation,

with treatment efficiency of 75 % for BOD, 67 % for COD

and 93 % for P.

In 2 years of study, the wetland system adapted to the

conditions imposed, i.e., changes in seasonality, meteoro-

logical conditions, pollutant and leachate flow. In the sec-

ond year of the study, the system did not show a great

change in terms of performance. There was a change of

BOD from 65 to 78 %, COD from 51 to 63 %, AN from 78

to 85 % and TN from 87 to 90 % (Table 3; Figs. 3, 4). The

results show stabilization of the system, which may be

related to the fact that wetlands have self-depuration pro-

cesses, and develop vegetation adapted to the conditions

imposed by the environment. In these systems, the water,

biota and sediments form a balanced ecosystem with

nutrient recycling. According to Hill and Payton (1998)

and Manios et al. (2000), the performance of wetlands is

not affected by climate change in the different seasons of

the year.

The results showed that the organic matter in the

leachate degraded along the system, that is, the system’s

average efficiency in terms of BOD and COD was 75 and

63 %, respectively (Table 3; Figs. 3, 4). The treatment

efficiency decreased gradually in the winter and spring

(2011) and summer (2012) seasons, likely due to the wet-

lands adaptation to leachate pollutant load (Figs. 3, 4). The

results show that after the leachate entered the wetlands, P.

stratiotes showed signs of toxicity, followed by death, and

was gradually replaced by E. polystachya, the species that

currently dominates the area (Fig. 5a, b).

COD efficiency continued to decline in the autumn and

winter of 2012 (Table 3; Figs. 3, 4), which may be related

to the death of all E. crassipes individuals in the second

wetland and consequent return of nutrients to the system

(Table 1; Figs. 3, 4). According to Jing et al. (2001), the

death of plants consumes oxygen, which causes a decrease

in COD removal efficiency. This is corroborated by this

study, where the lowest COD efficiency was 51 % in the

winter of 2012 (Table 3; Fig. 4). According to Martinez

et al. (2003), if the environment where macrophytes live is

not handled properly, many of the nutrients incorporated in

the biomass return to the water due to the decomposition

process. Therefore, in order to make pollutant removal

more effective, plants should be collected at the end of

each growing season so that nutrients do not return to the

environment.

As a result of the nutrient capture in wetlands, large

volumes of biomass are produced (Tanner 1996; Billore

et al. 1999; Souza et al. 2013). However, in the winter

months with the death of plants, the translocation of

nutrients from the aerial part and rhizomes takes place,

resulting in an increase of nutrients in the water (Arm-

strong and Beckett 1992).

Several aspects may have contributed to the removal of

the organic load of the leachate, among them aerenchyma

and reserve tissue of oxygen present in the structure of the

macrophytes. We observed that the two macrophyte spe-

cies have a well-developed aerenchyma in the leaves and

roots, in E. polystachya composing about 75 % of the total

root volume (Table 2; Fig. 2b) and 45 % in E. crassipes

(Table 2; Fig. 2c). The intercellular spaces in the aeren-

chyma of both species compose a continuous system from

the leaves to the roots. Previous studies have indicated that

the parenchyma of wetland plants can compose up to 60 %

Fig. 3 First natural wetland. a Summer of 2011 with the presence of P. stratiotes and E. polystachya. b Spring 2011 with the formation of sludge

due to the P. stratiotes degradation
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of the root volume (Bedford et al. 1991; Chen et al. 2002;

Li et al. 2011).

The phenomenon of oxygen release from the roots

through the aerenchyma to the rhizosphere is called radial

oxygen loss. It is an active physiological process in wetland

plants that can be related to their ability to adapt to flooding

(Stottmeister et al. 2003; Lai et al. 2012) and to remove

nutrients (Sorrell and Brix 2003; Sasikala et al. 2009).

Therefore, E. polystachya and E. crassipes present high

radial oxygen loss, since they have a large number of

aerenchyma in the roots (Table 2). This loss causes the

concentration of oxygen to be greater in the rhizosphere,

diminishing along it (Kirk et al. 1993; Van Bodegom et al.

2001), forming aerobic–anaerobic gradients. This is a

benefit for the growth of aerobic, anaerobic and facultative

microorganisms, which act to remove nutrients.

Several articles, such as those of Brix (1997), Jones

et al. (2005) and Zhang et al. (2010), have mentioned the

importance of the aerenchyma in the process of rhizode-

gradation, a phytoremediation strategy in which oxygen is

released by the roots in the rhizosphere, favoring the

development of aerobic microorganisms that are involved

in the degradation of organic matter.

In a study by Ciria et al. (2005) with constructed wet-

lands, BOD removal occurred due to biological and phys-

ical processes such as sedimentation and biological

degradation, primarily by bacteria adhered to the roots of

plants. In this study, E. crassipes, A. philoxeroides and E.

polystachya presented a biofilm adhered to the roots. This

has been reported by several authors in studies of organic

pollutant removal by wetlands (Armstrong and Beckett

1992; Ansolla and Fernandez 1995; Tanner et al. 1995;

Brix 1997; Naylor et al. 2003; Ciria et al. 2005; Leto et al.

2013; Ansola et al. 2014). For Manios et al. (2003), the

presence of emergent macrophytes is not the only factor

responsible for the performance of the system; physical

Fig. 4 Seasonal efficiency of

posttreatment (%) per wetland

and wetland system to

parameters biochemical oxygen

demand (BOD), chemical

oxygen demand (COD),

ammoniacal nitrogen (AN) and

total nitrogen (TN) in 2011.

WET wetland, A Autumn,

W winter, SP spring

Fig. 5 Seasonal efficiency of

posttreatment (%) per wetland

and wetland system to

parameters biochemical oxygen

demand (BOD), chemical

oxygen demand (COD),

ammoniacal nitrogen (AN) and

total nitrogen (TN) in 2012.

WET wetland, A Autumn,

W winter, SP spring
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processes such as filtration and sedimentation also lead to

COD reduction.

By the end of autumn 2012, E. crassipes covered more

than 56 % of the area in the second wetland (Table 1;

Fig. 6). After the death of its population, sludge formed on

the surface due to biomass degradation, favoring the

emergence of A. philoxeroides, which in the spring of 2012

had already covered about 33 % of the area. These results

demonstrate that plants exhibit a set of characteristics

probably fixed throughout the evolution of these species

and constitute a determining factor for their colonization,

such as the presence of aerenchyma in the anatomical

structure and tolerance to survive in an environment with

various pollutants and scarcity of oxygen.

The average total efficiency of the treatment was 84 %

for AN, 89 % for TN and 70 % for P, respectively. All

plant species use different forms of nitrogen during their

growth, development and biomass allocation (Wang and Li

2011; Zhaia et al. 2013). This process is known as phy-

toextraction. According to Granato (1995) and Jones et al.

(2005), the use of aquatic plants in phytoremediation is

explained by the intense absorption of nutrients through

foliar and roots uptake used in their growth. According to

Ciria et al. (2005), in wetlands nutrient removal occurs

through plant nutrient capture by the microorganisms

present in the roots, which transform nutrients, especially

N, into inorganic compounds (NH4
? and NO3

-) that are

directly available to plants and by physical processes, such

as sedimentation and filtration.

According to Gumbricht (1993), Brix (1994) and Morris

et al. (2009), plants in natural wetlands are very productive,

and considerable amounts of nutrients can be used for the

formation of biomass. The capture capacity of emergent

macrophytes is approximately 30–150 kg/P/ha/year and

200 to 2,500 kg/N/ha/year. Brix (1997) reported that E.

crassipes had high potential to capture nutrients (350 kg/P/

ha/year and 2,000 kg/N/ha/year).

The concentration of AN changed between entering

and exiting the system (Table 3; Figs. 3, 4). According to

Manios et al. (2002), the removal efficiency of AN is due

to the important role of aquatic plants in the translocation

of oxygen from the aerial parts to the roots, which

facilitates the process of nitrification. For Greenway and

Woolley (1999), higher nutrient removal occurs in wet-

lands by a combination of emergent macrophytes, free

floating and submerged, in which higher concentration of

N occurs on leaves and stems, and higher concentration

of P occurs in roots and rhizomes. Kadlec and Zmarthie

(2010) studied a wetland with 0.85 ha of cattail for

leachate treatment with 180 days of hydraulic retention

and concluded that the natural system has great potential

in the control of pollutants, showing 99.5 % efficiency

for AN.

Ciria et al. (2005), in a study of constructed wetlands

with T. latifolia in wastewater treatment, concluded there

are no seasonal differences when observing the removal of

pollutants, except in the case of P, which showed a higher

removal efficiency in the summer. This result agrees with

that obtained in this study, in which the highest removal

efficiency of P was 84 % in the summer of 2012 (Table 3;

Fig. 5).

The removal of nutrients has a close relationship with

the plant’s growth (Karathanasis et al. 2003; Preussler et al.

2007; Cheng et al. 2009; Liang et al. 2011), biomass

Fig. 6 Second natural wetland. a Summer of 2011 with the presence of E. crassipes, b fall 2012 with the presence of E. crassipes showing signs

of toxicity
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production (Greenway and Woolley 2001) and root mor-

phology (Kyambadde et al. 2004; Cheng et al. 2009).

The results show that E. crassipes (Table 1; Fig. 6) was

the species with the largest area of coverage in the system

during the period of the study. This species grows in moist

areas and in nutrient-rich water, and tolerates a wide range

of pH, temperature and nutrients adaptation. The ideal pH

for the growth of water hyacinth is 6-8, and temperature

tolerance is from 1 to 40 �C, while the growth rates

increase with the amount of nitrogen available (Heard and

Winterton 2000). This species is very productive, showing

a mean annual productivity of 50 t/ha/year of dry biomass

(Abbasi and Ramasamy 1999).

The heavy metals: Cu, Zn, Cr, Ni, Cd and Pb were

quantified in leachate, and the results showed low con-

centration in the wetland system entrance, also showing an

annual average of, in 2011, 0.02 mg/L of Cu; 0.37 mg/L of

Zn; 0.20 mg/L of Cr; 0.23 mg/L of N; 0.01 mg/L of Cd;

0.02 mg/L of Pb; in 2012, 0.04 mg/L of Cu; 0.45 mg/L of

Zn; 0.23 mg/L of Cr; 0.22 mg/L of Ni; 0.01 mg/L of Cd;

and 0.03 mg/L of Pb (Table 4).

In 2011, when the concentration of metals in leachate in

the wetlands system entrance and outlet was compared,

there was considerable difference (p\ 0.05) in the con-

centration of Cu, Cr, Zn and Ni. Zn was the metal with the

highest concentration in the system entrance with 0.37 mg/

L. The concentration of Pb and Cd was not detected in the

system outlet samples (Table 4).

In 2012, the same comparison showed considerable

difference (p\ 0.05) only in the concentration of Cr and

Zn was the metal with the highest concentration, 0.45 mg/

L (Table 4).

Our results showed low concentration of heavy metals in

leachate. Morais et al (2006) analyzed the leachate in Ca-

ximba Sanitary Landfill, Curitiba, PR, Brazil, and detected

the following concentrations of heavy metals: 0.28 md/dm

of Pb; 0.36 md/dm of Cu; 0.45 md/dm of Cr; 1.06 md/dm

of Zn; and 1.43 md/dm of Ni. They attributed the low

concentration of metals to the alkaline pH of the leachate.

The results revealed that the leachate from Caximba San-

itary Landfill does not pose a contamination threat to the

environment regarding the heavy metals studied.

Heavy metals analysis in biomass plants

The results of heavy metals concentration in the root and

branches E. polystachya and E. crassipes, in 2011 and

2012, can be seen in Table 5. Both species concentrated

heavy metals in their roots and branches. There was con-

siderable difference (p[ 0.05) when the concentration of

heavy metals between E. polyslachya and E. crassipes was

compared. These results, however, do not express any

tendencies concerning season or plant part.

Cu is an element that influences the basal metabolism

and the nitrogen in the secondary metabolism of plants. It

appears in plants in concentrations between 4 and 20 mg/

kg (Larcher 2006). In the present study, E. polystachya

showed, in its roots, concentrations between 0.29 and

3.03 lg/g and between 0.27 and 1.54 lg/g in its branches.

E. crassipes had a concentration between 0.86 and 0.25 lg/

Table 4 Annual average concentration (mg/L) of Cu, Zn, Cr, Ni, Pb and Cd in the leachate at the entrance and outlet of the wetlands system in

2011 and 2012

Leachate of the wetlands system

2011 2012

Metals Entrance Outlet Entrance Outlet

Copper (mg/L) 0.02 ± 0.01a 0.01 ± 0.01b 0.04 ± 0.03a 0.03 ± 0.03a

Zinc (mg/L) 0.37 ± 0.20a 0.11 ± 0.11b 0.45 ± 0.12a 0.32 ± 0.22a

Chromium (mg/L) 0.20 ± 0.11a 0.03 ± 0.03b 0.23 ± 0.07a 0.08 ± 0.02b

Nickel (mg/L) 0.23 ± 0.11a 0.09 ± 0.05b 0.22 ± 0.05a 0.22 ± 0.03a

Cadmium (mg/L) 0.01 ± 0.01 ND 0.01 ± 0.01 ND

Lead (mg/L) 0.02 ± 0.01 ND 0.03 ± 0.02a 0.01 ± 0.02b

Different letters indicate significant differences by t test (p\ 0.05)

ND not detectable
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g in its roots and a concentration between 0.62 and

0.16 lg/g in its branches. Therefore, the concentration

found in both plants’ branches is below the limits of

acceptable average for their development.

Zn is a micronutrient present in plants in a concentra-

tion that ranges between 1 and 400 mg/kg (Larcher 2006).

In the present study, E. polystachya had, in its roots, a

concentration between 2.17 and 7.02 lg/g while its

branches had a concentration between 2.54 and 6.98 lg/g.
E. crassipes band between 0.38 and 5.51 lg/g in its

branches. Based on the information above, the concen-

tration found in both plants is within the desirable limits

for their growth and development. Cr is found in plants in

low concentrations, between 5 and 30 lg/g (Kabata-

Pendias and Pendias 2001). In this study, E. polystachya

showed, in its roots, concentrations between 3.05 and

4.53 lg/g and its branches had it between 1.39 and

4.53 lg/g. E. crassipes had a Cr concentration between

3.25 and 4.63 lg/g in its roots and between 2.00 and

3.46 lg/g in its branches. Mishra and Tripathi (2009)

studied the removal of Cr and Zn by E. crassipes from a

solution contaminated with such heavy metals. They

explained that the later species is one that keeps Zn and Cr

because it presented concentrations between 3,542 and

2,412 mg/L of these metals, respectively. Regardless of

treatment concentrations, the root was more effective in

accumulating Zn than the branches.

Ni is a micronutrient for plants, and it is found in them

in concentrations that range between 0.1 and 5 lg/g. In this

study, E. polystachya had a root concentration of Ni

between 0.12 and 0.58 lg/g and its branches had numbers

between 0.16 and 0.62 lg/g. E. crassipes showed a root

concentration of Ni between 0.38 and 0.67 lg/g, and its

branches had numbers between 0.62 and 0.16 lg/g. All
concentrations are acceptable for the plants’ growth and

development. Cd is a nonessential and toxic metal for

plants. In the present study, E. polystachya presented a Cd

concentration of 0.04 lg/g only in its roots. E. crassipes

had it between 0.02 and 0.36 lg/g in its roots and up to

0.32 lg/g in its branches. Based on the numbers above,

authors concluded that E. polystachya is a species that

accumulates plenty of Cd in its parts.

Pb is a heavy metal which plants do not need and that

can be toxic to them in concentrations between 0.03 and

30 lg/g (Kabata-Pendias and Pendias 2001). In the present

study, E. polystachya had a Pb concentration between 0.39

and 0.53 lg/g only in its roots while E. crassipes had it

between 0.40 and 5.20 lg/g in its roots and up to 0.59 lg/g
in its branches.

The performance of the wetlands system was efficient,

demonstrating potential application in the posttreatment of

leachate. This performance is related to the presence of

emerging and floating macrophytes, which reduces leach-

ate speed, creates better conditions for sedimentation of

suspended solids, reduces the risk of erosion and re-sus-

pension and increases the time of contact between the

water and the surfaces of plants (Brix 1997). Moreover, the

movements of the plants as a result of the action of the

wind keep the surface clear, and the growth of the roots

within the filtering medium helps to decompose the organic

matter. The aerial parts of the macrophytes that are sub-

merged in the water column provide a large surface area for

biofilms (Gumbricht 1993; Chappell and Goulder 1994),

which are responsible for most of the microbial processing

that occurs in wetlands.

The wetlands system includes high vegetation produc-

tivity, existence of large surfaces of adsorption of the soil

and on plants, presence of aerobic and anaerobic regions,

sedimentation and filtration of the soil, nutrient absorption

by plants, adsorption of metals in the soil and on plants,

nutrient cycling, i.e., characteristics and processes that are

able to transform many pollutants into less harmful pro-

ducts, and into nutrients to be used by the biota (Kadlec

1995; Kadlec and Knight 1996).

Conclusion

The performance of the wetlands system was effective in

the treatment of the leachate in the 2 years of study and

adapted well to changes in seasonality, meteorological

conditions and flow of pollutants and leachate.

The results suggest that removal of organic matter and

nutrients occurred through the strategies of phytoextrac-

tion, phytostimulation and rhizodegradation, respectively.

Phytoremediation processes, in addition to promoting

posttreatment of the leachate, generate a high production of

vegetable biomass, mainly Eichhornia crassipes, which

was the largest vegetation coverage in the system. The

results revealed stabilization of the system, which can be

related to the fact that the wetlands presented self-depu-

ration processes and developed vegetation adapted to the

conditions imposed by the leachate. The biota, sediment,

leachate, precipitation and evapotranspiration make the
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system a balanced environment with nutrient cycling. The

system employed proved to be a viable alternative that can

be combined with other leachate treatments.

It is suggested the management of natural wetlands

system due to extensive coverage of macrophytes present

so that the saturation of the system does not occur and the

study of the composition of the plants biofilm to be able to

identify the micro-organisms present, as well as the role of

each of the degradation of the pollutants.
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