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INTRODUCTION

Mining is a major source of pollution, causing 
significant changes in the surrounding environ-
ment. Mines often cause severe impacts on soil, 
water resources and aquatic communities. The 
water quality is directly or indirectly affected by 
the mobilization and transport of sediment in run-
off, atmospheric dust deposition or, mainly, acidi-
fication due to the leaching of the exposed sulfat-
ed rocks (Werner, Bebbington, & Gregory, 2019).

The Iberian Pyrite Belt (IPB) is the metallo-
genic province that occupies a vast swath of the 
Iberian Peninsula SW (from the Caveira Mine in 
Portugal to Aznalcóllar in Spain), where numerous 

polymetallic massive sulfide deposits associated 
with volcanic rocks of the Vulcano-Sedimentary 
Complex are found, In Portugal, there are two im-
portant active mines, Aljustrel and Neves-Corvo. 
The Aljustrel mining area represents a major en-
vironmental concern, as it presents both open and 
underground structures with acid mine drainage 
(AMD) events (Maia et al., 2012).

The result of AMD poses severe problems of 
environmental pollution due to its high acidity, 
toxic metals and sulfate content (Werner et al., 
2019). Arsenic (As), copper (Cu), iron (Fe), man-
ganese (Mn), lead (Pb), zinc (Zn) and sulfates 
(SO4

2-) are often found in high concentrations 
in acidified waters and their solubility increases 
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ABSTRACT
The surrounding area of   the Roxo stream sub-basin (basin of the Sado River, Portugal) has completely sterile sec-
tions, jeopardizing the productivity of the agricultural activities practiced there. This may be due to the inflow of 
the Água Forte stream, which has characteristics of Acid Mining Drainage (AMD). The objective of this study 
was to test the efficiency of heavy metal removal from the Água Forte stream using the macrophyte floating bed 
technology (Vetiveria zizanioides and Phragmites australis) in a pilot plant, monitoring and evaluating the water 
quality and performance of macrophytes. Two experiments were carried out in 2019 over 6 months (January to 
June). Both experiments were performed in polyvinyl chloride (PVC) tanks with the nominal capacity of 1 m3 

each. The tanks were filled with about 0.8 m3 of water coming from the Água Forte stream, which was renewed 
monthly. The floating beds consisted in a high-density polyethylene floating system and an organic plant support 
mat filled with a plant density of 285 plants m-2. The heavy metal removal rates obtained from the Vetiveria ziza-
nioides and Phragmites australis floating bed were Fe = 40%; Zn = 33%; Cu = 23%; Mn = 14% and Fe = 27%; 
Zn = 19%; Mn = 17%; Cu = 14%; respectively. The order of heavy metals accumulation in Vetiveria zizanioides 
and Phragmites australis in plant biomass was Fe> Zn> Cu> Mn and Fe> Zn> Mn> Cu, respectively. The growth 
of Vetiveria zizanioides and Phragmites australis in leaf biomass was 7.1 ± 0.3 cm/month and 2.5 ± 0.0 cm/month 
and in root biomass 3.8 ± 0.1 cm/month and 4.1 ± 0.1 cm/month, respectively. The growth of macrophytes showed 
the ability to survive in the AMD-containing waters without severe damage in their external and anatomical mor-
phology, although their growth suffered inhibition. The results suggest that the floating bed technology may be an 
environmentally sustainable alternative, allowing long-term heavy metal removal.
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with acidity (Gorito et al., 2017). Heavy metals 
are particularly problematic due to their persis-
tence in the environment and their non-biode-
gradability (Joseph et al., 2019).

The Roxo stream, located on the right bank 
of the Sado River (Portugal), has been heavily in-
fluenced by mining and the agricultural activity 
in the region. One of the tributaries of the Roxo 
stream that has contributed to the decrease in the 
water quality is the Água Forte stream.

It has poor water quality (Instituto da Água, 
2009), not only caused by agriculture and live-
stock, but also due to the Aljustrel mining activity. 
As a result, the surrounding area is highly degrad-
ed and the agricultural productivity is negatively 
affected. Thus, solving this problem by using ef-
fective and environmentally sustainable pollutant 
removal solutions is considered relevant.

Eco-rehabilitation features a sustainable use 
of the natural and / or built ecosystems for envi-
ronmental protection and restoration. Ecological 
remediation technologies include the phytoreme-
diation mechanisms (floating beds treatment wet-
land (FTW) and artificial wetlands (ZHA), among 
others), biomanipulation and various combined 
techniques (Ning et al., 2014).

The FTW have been used in many locations 
and in wide variety. FTWs are made up of floating 
matrices (floating bed), which are associated with 
ecological communities such as macrophytes and 
microorganisms (Kadlec & Wallace, 2009). The 
FTWs have been used since the 1900s in the US 
and 1920 in Japan (Ning et al., 2014), but are cur-
rently considered as an affordable and environ-
mentally friendly technology for surface water 
eco-remediation (Walker et al., 2017).

Currently, many macrophyte species, espe-
cially the high growth rate macrophytes, are be-
ing investigated to determine their potential and 
efficacy. They can be classified as submerged, 
floating and emerging macrophytes. In this study, 
the emerging macrophytes Vetiveria zizanioides 
and Phragmites australis were used, because 
both plants have high tolerance towards the el-
evated concentrations of heavy metals such as As, 
Cd, Cu, Cr, Pb, Hg, Ni, Se and Zn (Truong et al., 
2010; Bonanno, 2011; Srivastava, Kalra, & Nara-
ian, 2014; Vargas et al., 2016).

This study aims to evaluate, the performance 
of the macrophyte FTW pilot-scale installation 
(Vetiveria zizanioides and Phragmites australis) 
in the removal of heavy metals (Zn, Cu, Fe and 
Mn) in order to contribute to the improvement of 
the quality of water from the Água Forte stream.

MATERIAL AND METHODS

Experimental setup

The experimental work was carried out over 
6 months (January to June of 2019) in two iden-
tical pilot-scale FTWs with a floating bed (area 
of 0.28m2 each), filled with Phragmites austra-
lis (FTW-1) and Vetiveria zizanioides (FTW-2) 
(Figure 1), using a plant density of 286 plants m−2. 
The experiments were performed outdoors and 
both tanks (6.04 m2 each) were filled with 0.8 m3 

of water from the Água Forte stream. The control 
water (tributary) was the water of the Água Forte 
stream renewed monthly. 

Figure 1. General scheme of pilot installation: (FTW-1) containing the floating bed with Phragmites 
australis and the water from the Água Forte stream (0.8 m3) and (FTW-2) containing the floating 

bed with Vetiveria zizanioides and the water from the Água Forte stream (0.8 m3)
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Water characterization 

Table 1 shows the physicochemical character-
ization of the Água Forte stream water. 

The multiparameter portable probe (HI9829 
HANNA) was used for measuring the follow-
ing parameters: pH; water temperature (Tw); re-
dox potential (Eh); Electrical conductivity (EC); 
Dissolved Oxygen (DO) and Total Dissolved 
Solids (TDS).

The remaining parameters were determined 
according to Standard Methods for the Exami-
nation of Water and Effluents (APHA, 2005), 
including: Sodium (Na+); Potassium (K+); Mag-
nesium (Mg2+); Calcium (Ca2+); Total Suspended 
Solids (SST); Chlorides (Cl-); Ammoniacal Ni-
trogen (NH4

+); Kjeldhal nitrogen (Nkj); Nitrates 
(NO3

-); Nitrite (NO2
-); Phosphorus (P); Phosphate 

(PO4
3-); Boron (B3+); Chemical Oxygen Demand 

(COD); Biochemical Oxygen Demand (BOD5); 
Sulphides (S2-); Sulphites (SO3

2-);Thiosulphates 
(S2O3

2-); Sulphates (SO4
3-); Zinc (Zn); Copper 

(Cu); Manganese (Mn) and Iron (Fe).
According to the physicochemical pa-

rameters analyzed the water from the Água 
Forte stream, it appears to have typical char-
acteristics of a water affected by a AMD, 
because it contains high concentrations of 
SO4

2- (826 ± 31 mg L-1); low pH (3.2 ± 0.1), 
high concentrations of Zn (13 ± 2 mg L-1) and 
Fe (8 ± 0.0 mg L-1) and low concentrations 
of macronutrients.

The most important physicochemical water 
quality parameters related to the heavy metal re-
moval, include pH, temperature, electrical con-
ductivity (EC), dissolved oxygen (DO) and redox 
potential (Eh) (Joseph et al., 2019).

Pre-treatment of Vetiveria zizanioides 
and Phragmites australis 

The amount of Vetiveria zizanioides used in 
this study was 80 feet. They were purchased in 
December 2018, with small size and showing 
incipient signs of chlorosis. An equal amount of 
Phragmites australis from the School of Agricul-
ture (IPBeja) was used, with signs of senescence, 
probably due to the decrease in temperature in 
December.

Vetiveria zizanioides and Phragmites australis 
were washed, placed in 0.01 m3 tanks of distilled 
water and nutrient solution for three weeks; then, 
it was gradually mixed with progressively larger 
amounts of water from the Água Forte stream.

Laboratory Analysis

Water Sampling

The water sampling was done monthly. A 
50 mL of water sample for heavy metal analysis 
was obtained and filtered using 0.45μm cellu-
lose acetate filter paper to remove large materi-
als, which could cause interference by reacting 

Table 1. General characterization of the water quality of the Água Forte stream (Mean ± SD: n = 6)

Parameters Units Quality of Água Forte 
Stream Parameters Units Quality of Água Forte 

Stream
pH Sorensen Scale 3.2 ± 0.1 S-2 mg/L 2 ± 0.0
Tw °C 17 ± 2 SO3

2- mg/L 15 ± 3
Eh mV 522 ± 19 S2O3

2- mg/L 4 ± 0.0
B mg/L 0.3 ± 0.1 SO4

2- mg/L 826 ± 31
EC µS/cm 20°C 1 813 ± 117 F- mg/L 1 ± 0.0

HCO3
- - 0 ± 0.0 Cl- mg/L 208 ± 21

CO3
2- - 0 ± 0.0 SST mg/L 17 ± 1

DO mg/L 7 ± 1 SDT mg/L 1 238 ± 232
DO O2 saturation % 81 ± 1 Na+ mg/L 102 ± 16

DQO mg/L O2 30 ± 3 K+ mg/L 11 ± 2
DBO5 mg/L O2 4 ± 0,0 Ca2+ mg/L 109 ± 19
PO4

3- mg/L 0.007 ± 0.001 Mg2+ mg/L 76 ± 8
Ptotal mg/L 0.009 ± 0.001 Zn mg/L 13 ± 2
Nkj mg/L 11 ± 0.0 Fe mg/L 8 ± 0.0

NO2
- mg/L 0.03 ± 0.0 Cu mg/L 3 ± 0.0

NH4
+ mg/L 9 ± 2 Mn mg/L 7 ± 1

NO3
- mg/L 7 ± 1 - - -
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with the analytes during storage as well as pre-
requirement for analysis by an atomic absorption 
spectrometry (AAS) according to Standard Meth-
ods for the Examination of Water and Effluents 
(APHA, 2005). The water samples were then 
acidified to pH < 2 by adding 10 mL HNO3 Su-
prapur 65% (Appelo & Postma, 2004) in order to 
preserve most elements by reducing precipitation 
and adsorption losses to container walls and also 
to avoid the microbial activity.

Plant Harvesting

The plants were harvested for each treatment 
and rinsed with tap water, followed by deionized 
water, to wash off any substances deposited on 
the shoots and residual heavy metal on the root 
surface. The plant biomass was separated in two 
samples, which consist of leaves and roots. The 
wet weight of each sample was obtained using an-
alytical balance. The leaves and roots were dried 
at 70–85°C in the oven to a constant weight.

 The total harvestable dry biomass was then 
determined by the dry weight (DW) of each sam-
ple. Then, 2 g of the samples was digested with 
10 mL concentrated hydrochloric acid (HCl 30%). 
The acid digestion was carried out in a fume cup-
board using a digestion block at 90°C for 2 h. The 
digestate was then cooled at room temperature 
before being filtered using 0.45 μm cellulose ac-
etate filter paper via syringe filter. Then, the fil-
tered sample was adjusted with the addition of the 
Milli-Q® water to a final volume of 100 mL..

Heavy Metal Analysis

The samples were analyzed for heavy metal 
concentration by using AAS (SpectrAA 220FS-
Varian). The concentration of heavy metal in 
plants was calculated on a dry weight basis as 
shown in Eq. 1 below (Ayeni et al., 2012).

C(mg/kg)  =
( 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑚𝑚𝐻𝐻𝑚𝑚𝐻𝐻𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 𝑓𝑓𝑓𝑓𝑐𝑐𝑚𝑚 𝐴𝐴𝐴𝐴𝐴𝐴 (𝑚𝑚𝑚𝑚

𝐿𝐿 ) − 𝐵𝐵𝑚𝑚𝐻𝐻𝑐𝑐𝐵𝐵 (𝑚𝑚𝑚𝑚
𝐿𝐿 )) × 𝑉𝑉𝑉𝑉𝐻𝐻𝑚𝑚𝑉𝑉𝑚𝑚𝐻𝐻(L) 

𝐷𝐷𝑓𝑓𝐻𝐻 𝑊𝑊𝐻𝐻𝑊𝑊𝑚𝑚ℎ𝑚𝑚 𝑐𝑐𝑓𝑓 𝑉𝑉𝐻𝐻𝑚𝑚𝑉𝑉𝑚𝑚𝐻𝐻(𝐵𝐵𝑚𝑚)  

C(mg/kg)  =
( 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑚𝑚𝐻𝐻𝑚𝑚𝐻𝐻𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 𝑓𝑓𝑓𝑓𝑐𝑐𝑚𝑚 𝐴𝐴𝐴𝐴𝐴𝐴 (𝑚𝑚𝑚𝑚

𝐿𝐿 ) − 𝐵𝐵𝑚𝑚𝐻𝐻𝑐𝑐𝐵𝐵 (𝑚𝑚𝑚𝑚
𝐿𝐿 )) × 𝑉𝑉𝑉𝑉𝐻𝐻𝑚𝑚𝑉𝑉𝑚𝑚𝐻𝐻(L) 

𝐷𝐷𝑓𝑓𝐻𝐻 𝑊𝑊𝐻𝐻𝑊𝑊𝑚𝑚ℎ𝑚𝑚 𝑐𝑐𝑓𝑓 𝑉𝑉𝐻𝐻𝑚𝑚𝑉𝑉𝑚𝑚𝐻𝐻(𝐵𝐵𝑚𝑚)  
(1)

Data Analysis

Biomass production measurements

Plant biomass production Pr (gDW·m-2) was 
calculated as follows:

𝑃𝑃𝑃𝑃 = 𝐷𝐷𝐷𝐷2 − 𝐷𝐷𝐷𝐷1
𝐴𝐴   (2)

where DW1 and DW2 are dry plants weight (g) 
at the beginning and end of the study, re-
spectively, and A is the floating bed area.

Removal Efficiency

The removal of metals was calculated using 
the following equation (Parnian et al., 2016):

𝑅𝑅(%) =
𝐶𝐶0 − 𝐶𝐶𝑓𝑓

𝐶𝐶0
× 100  (3)

where C0 and Cf represent the concentration of 
metal at the beginning and at the final of 
the experiment, respectively. 

Bioconcentration Factor 
and Translocation Factor

Bioconcentration is applied as a criterion to 
define the accumulative tendency of chemicals in 
an aquatic environment. It is the result of the up-
take, distribution and elimination of water-borne 
chemicals by aquatic organisms.

The Bioconcentration Factor (BCF) is defined 
as the ratio of the chemical concentration in an 
organism to the concentration in water at steady-
state (Y. Wang et al., 2014). The BCF was calcu-
lated as follows (Khellaf & Zerdaoui, 2009):

𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐 𝑝𝑝𝑀𝑀𝑀𝑀𝑐𝑐𝑀𝑀 𝑏𝑏𝑐𝑐𝑐𝑐𝑏𝑏𝑀𝑀𝑏𝑏𝑏𝑏 (𝑏𝑏𝑚𝑚/𝐾𝐾𝑚𝑚 𝐷𝐷𝐷𝐷) 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐 𝑤𝑤𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐 (𝑏𝑏𝑚𝑚/𝐿𝐿)  (4)

The Translocation Factor (TF) is a relation-
ship between the plant ability to extract heavy 
metals from the root to the shoot. TF <1 means 
that most heavy metals accumulate at the root 
and vice versa. The TF was calculated as follows 
(Arivoli, Mohanraj & Seenivasan, 2015):

𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐 𝑝𝑝𝑀𝑀𝑀𝑀𝑐𝑐𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑙𝑙 𝑏𝑏𝑐𝑐𝑐𝑐𝑏𝑏𝑀𝑀𝑏𝑏𝑏𝑏 (𝑏𝑏𝑚𝑚/𝐾𝐾𝑚𝑚 𝐷𝐷𝐷𝐷) 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐 𝑝𝑝𝑀𝑀𝑀𝑀𝑐𝑐𝑀𝑀 𝑐𝑐𝑐𝑐𝑐𝑐𝑀𝑀 𝑏𝑏𝑐𝑐𝑐𝑐𝑏𝑏𝑀𝑀𝑏𝑏𝑏𝑏 (𝑏𝑏𝑚𝑚/𝐾𝐾𝑚𝑚 𝐷𝐷𝐷𝐷)  (5)

Statistical Analysis

Standard deviations, correlation and regres-
sion analysis were performed using Microsoft 
Excel, Office 2016 and “Statistica 10.0” soft-
ware package (StatSoft, Inc., USA). One-way 
ANOVA was performed to identify significant 
differences in metal concentrations in differ-
ent treatments. The differences were considered 
significant at p <0.05. Tukey’s test was used to 
determine the differences between the means of 
specific variables.
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RESULTS AND DISCUSSION

Metals removal from water

The heavy metal accumulation in agricultural 
soils and water resources poses a major threat to 
the human health due to the potential risk of their 
entering the food chain (Sarwar et al., 2017).

The treatment efficiency in removing metals 
or reducing the metal toxicity is easily influenced 
by internal and external environmental conditions 
such as water quality, biological activity, season 
and operational strategies (Xu & Mills, 2018).

Figure 2 shows the evolution of the monthly 
average values of Manganese (Mn), Zinc (Zn), 
Copper (Cu) and Iron (Fe) in the control (Afflu-
ent), in FTW-1 and FTW-2, during the monitoring 
period (6 months).

The mean monthly Mn concentration in 
the control was 7.3 ± 0.5 mg·L-1, FTW-1 of 
6.1 ± 0.7 mg·L-1 and FTW-2 of 6.3 ± 0.4 mg·L-1, 
showing a removal efficiency of 17% for FTW-1 
and 14% for FTW-2.

The Mn removal was most noticeable in, 
FTW-1 because Phragmites australis can remove 
high Mn concentrations (Srivastava et al., 2014).

Figure 2. Evolution of Manganese (Mn), Copper (Cu), Zinc ( Zn) and Iron (Fe) metal contents and their removal 
efficiency in the Affluent (control), FTW-1 and FTW-2 water, during the monitoring period (Mean ± SD, n = 3)
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Zn had a monthly mean value in the control of 
14.6 ± 0.6 mg·L-1, FTW-1 of 11.9 ± 0.9 mg·L-1 and 
FTW-2 of 9.7 ± 0.7 mg·L-1, revealing an average 
removal efficiency of 19% and 33%, respectively. 

Cu had a monthly mean value in the control 
of 3.6 ± 0.2 mg·L-1, FTW-1 of 3.6 ± 0.4 mg·L-1 
and FTW-2 of 3.1 ± 0.3 mg·L-1, showing an av-
erage removal efficiency of 14% for FTW-1 and 
23% for FTW-2.

Fe presented a monthly mean value in the con-
trol of 7.7 ± 0.4 mg·L-1, FTW-1 of 5.7 ± 0.9 mg·L-1 
and FTW-2 of 4.7 ± 0.7 mg·L-1, showing an av-
erage removal efficiency of 27% for FTW-1 and 
40% for FTW-2.

In general, it was found that in April there 
was a reduction in the removal efficiency of all 
studied metals, which may be related to a higher 
affluent load, due to eventual runoff, resulting 
from the rain period in April (62.1 mm), and/or 
a more concentrated discharge of mining activity. 
Although there was a decrease in metals in both 
FTW, in statistical terms there was no significant 
variation (p> 0.05).

Metals accumulation in plants biomass

The accumulation of heavy metals by mac-
rophytes depends on the absorption capacity and 
intracellular transport of a plant, and involves 
several steps: (i) plant root immobilization; (ii) 
transport of metals by the root cell plasma mem-
brane; (iii) xylem loading and translocation; and 
(iv) plant-wide and cellular-level detoxification 

and sequestration of heavy metals (Vymazal & 
Březinová, 2016).

The heavy metal concentrations found in 
Phragmites australis and Vetiveria zizanioides leaf 
and root biomass after the 6 months of the experi-
ments are shown in Tables 2 and 3 (mg kg-1 DW).

In the two species studied, the following 
monthly accumulation order was observed: 
Fe> Zn> Cu> Mn for leaf and root biomass of 
Vetiveria zizanioides and Fe> Zn> Mn> Cu for 
root and leaf biomass of Phragmites australis. In 
a similar study, (Darajeh et al., 2019) had an order 
of accumulation of Fe> Zn> Pb> Mn> Cu with 
Vetiveria zizanioides.

The Fe concentration is the highest in both 
plants, comparing with the other metals. This 
may be because this element is highly needed 
at the beginning of growth of plants (Darajeh 
et al., 2014). Although some metals showed high-
er plant uptake values   than others, Vetiveria zi-
zanioides has indicated higher absorption/adsorp-
tion efficiency than Phragmites australis.

In fact, the differences in the uptake of metal 
ions by plants and between plant species are ge-
netically controlled and influenced by the joint 
and simultaneous action of various factors, such 
as ambient and ambient temperature, plant growth 
dynamics, concentration variations. of metals 
available in water and solar radiation intensity, 
among others (Bragato, Brix, & Malagoli, 2006; 
Golubev, 2011).

In both macrophytes, Fe and Zn showed 
the highest accumulation in the root and leaf 

Table 3. Total leaf accumulated heavy metal content (mg kg-1 DW) of Vetiveria zizanioides and Phragmites australis

Element
Leaves

Vetiveria zizanioides1 Phragmites australis1

Zn 227 ± 5a 115 ± 4a
Cu 37 ± 2a 19 ± 1a
Fe 265 ± 4a 166 ± 15a
Mn 25 ± 1a 50 ± 3a

1The values are presented as the mean ± SD (n = 6). Values followed by the same letter within the same line for each variable 
do not differ significantly from each other by the Tukey test (significance level p <0.05).

Table 2. Total root accumulated heavy metal content (mg kg-1 DW) of Vetiveria zizanioides and Phragmites australis

Roots
Element Vetiveria zizanioides1 Phragmites australis1

Zn 955 ± 13a 458 ± 34b
Cu 147 ± 7a 74 ± 4a
Fe  1020 ± 18a 666 ± 15b
Mn 100 ± 5a 201 ± 3a

1The values are presented as the Mean ± SD (n = 6). Values followed by the same letter within the same line for each variable 
do not differ significantly from each other by the Tukey test (significance level p <0.05).
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biomass. These results agree with the literature, 
which states that Fe and Zn show a higher assimi-
lation capacity in both plants, compared to the 
other metals analyzed (Wang & Jia, 2009; Srivas-
tava et al., 2014; Suelee et al., 2017). It was also 
found that the accumulation preferably occurred 
at the roots.

The results obtained were lower than those 
reported in the literature, although the experimen-
tal conditions are not coincident with the present 
study. Suelee et al., (2017), reports that at high 
concentrations of metals in synthetic medium 
after 10 days, Vetiveria zizanioides had a Fe ac-
cumulation of 19197 mg·kg-1 DW in the root and 
1549 mg·kg-1 DW in the leaf. Likewise, the con-
tent of Cu, Mn and Zn in the root was 1110 mg kg-1, 
826 mg·kg-1 and 705 mg·kg-1 DW, respectively, 
and in the 458 mg·kg-1 DW sheet, 409 mg·kg-1 DW 
and 278 mg·kg-1 DW, respectively. 

Phragmites australis generally had lower ac-
cumulation values, except for Mn which showed 
251 mg·kg-1 DW, much higher than that observed 
in Vetiveria zizanioides of 126 mg·kg-1 DW. Sriv-
astava et al., (2014) mentions that the macrophyte 
Phragmites australis is very tolerant to high Mn 
concentrations and can accumulate large concen-
trations of Mn metals in its tissues.

OGuo & Cutright, (2014) mentions that 
using Phragmites australis for the Fe and Mn 
removal in a mine water yielded the root con-
centrations of 2390 mg·kg-1 DW and 80 mg·kg-1 
DW, respectively. For leaves 200 mg·kg-1 DW 
and 40 mg·kg-1 DW was obtained, respectively. 

On the other hand, under the conditions similar to 
the previous study, Nyquist & Greger, (2009) ob-
tained the Zn and Cu concentrations in the root of 
2524 mg·kg-1 DW and 300 mg·kg-1 DW, respec-
tively, and in the leaves of 148 mg·kg-1 DW and 
34 mg·kg-1 DW, respectively. Comparing these 
two studies with the results obtained, only the 
concentration of Mn in both parts of the plant is 
above the previously mentioned value.

Figures 3 and 4 show the evolution of BCF 
(L·kg-1) and TF of Vetiveria zizanioides and 
Phragmites australis for the Zn, Cu, Fe and Mn 
metals, respectively.

These figures clearly show that the FBC val-
ues   increased over the months. However, Vetive-
ria zizanioides, showed a sharp decrease in April, 
probably due to the increase of concentration of 
metals in the tributary.

In the study by Alexandre, (2016), using 
Phragmites australis in ZHA to treat mining wa-
ter, it was found that the values   of BCF are high-
er than 1, reaching higher values   at the hottest 
months of the year (July and August).

In this study, it was observed that the 
values of BCF in Vetiveria zizanioides are 
higher than Phragmites australis. The rea-
sons why the BCF values were lower in 
Phragmites australis can be explained by 
the dormancy of the plant that lasted until 
April, with improvements in May and June. 
The metals with the highest FBC value were 
Zn and Fe, mainly in Vetiveria zizanioides, 
which indicates that these metals are more 

Figure 3. Evolution of Bioconcentration Factor (BCF) and Translocation Factor (TF) in 
Vetiveria zizanioides for the metals: Zn, Cu, Fe and Mn
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easily accumulated in macrophyte tissues than 
other elements. According to a study by Suelee, 
(2016), it obtained higher BCF for Fe using a 
synthetic water and the macrophyte Vetiveria 
zizanioides.

Plants growth and biomass production

The structure and composition of macro-
phytes can provide the information on the trophic 
and environmental health, its alteration and evo-
lution (Buosi & Sfriso, 2017).

Figure 5 shows the evolution of the average 
growth of root and leaf biomass of Phragmites 
australis and Vetiveria zizanioides.

The root growth rate in Phragmites australis 
and Vetiveria zizanioides was 4.1 ± 0.1 cm/month 
and 3.8 ± 0.1 cm/month, respectively, with higher 
root growth in Phragmites australis. For the leaf 

biomass there was a growth rate in Phragmites 
australis of 2.5 ± 0.0 cm/month and in Vetiveria 
zizanioides 7.1 ± 0.1 cm/month. During the first 
three months of monitoring, the Phragmites aus-
tralis leaf biomass remained constant and the root 
biomass grew significantly compared to Vetiveria 
zizanioides. The first leaf shoots of Phragmites 
australis were observed at the end of March, 
which coincided with the end of the dormancy 
period of the plant. 

Table 4 shows the total leaf and root biomass 
production during the monitoring period. The 
table analysis suggests that the average concen-
trations of metals in leaf and root biomass in both 
plants were generally lower than those reported 
in the literature (Nyquist & Greger, 2009; Guo 
& Cutright, 2014; Suelee et al., 2017). Howev-
er, Vetiveria zizanioides performed better than 
Phragmites australis.

Figure 4. Evolution of Bioconcentration Factor (BCF) and Translocation Factor (TF) in 
Phragmites australis for the elements: Zn, Cu, Fe and Mn

Figure 5. Growth of root and leaf biomass of Vetiveria zizanioides and Phragmites australis (Mean ± SD, n = 3)
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According to Danh et al., (2009) under hot and 
humid tropical conditions, Vetiveria zizanioides 
grows very rapidly, reaching extremely high bio-
mass yields (over 10,000 g·m-2·yr-1 DW); however, 
Phragmites australis can produce 6250 g·m-2 DW 
in a short time (Moore et al., 2012). 

The inhibition of growth and biomass produc-
tion in both macrophytes can be explained by: (i) 
low temperatures recorded in the first months of 
monitoring; (ii) extreme pH values are a stress 
factor for plant growth and biomass production 
as it may interfere with nutrient uptake mecha-
nisms (Jampeetong, Konnerup, Piwpuan, & Brix, 
2013); (iii) appearance of algae that fixed in the 
root zone preventing the growth of roots and 
leaves and (iii) high values of heavy metals.

CONCLUSIONS

The water from the Água Forte stream was 
shown to have AMD characteristics, with acidic 
pH, high levels of metals (Fe, Zn, Mn, Cu), sulfates 
and low nutrient levels. In monitoring, the macro-
phyte species used in the floating bed (Vetiveria 
zizanioides and Phragmites australis) in a pilot 
plant, it was possible to verify their resistance to 
the characteristic values   of a AMD, namely to pH 
<4, although sometimes presenting the signs of in-
tolerance to major macronutrient deficit (N, P and 
K) and heavy metal excess (Fe, Zn, Mn, Cu). The 
macrophytes showed a heavy metal assimilation 
capacity, with an order of heavy metal accumula-
tion in Vetiveria zizanioides and Phragmites aus-
tralis of the Fe> Zn> Cu> Mn and Fe> Zn> Mn> 
Cu plant biomass, respectively. Over the monitor-
ing period, Vetiveria zizanioides and Phragmites 
australis were found to have an BCF> 1, which 
means they have a capacity to accumulate heavy 
metals; however, both plants have an TF <1, 
showing that they have accumulate metals in root 
biomass in the detriment of leaf biomass, (Rhizo-
filtration). In view of the above, the macrophyte 
Vetiveria zizanioides showed to be a more prom-
ising in relation to Phragmites australis in treat-
ing AMD water and thus contributing to a better 
surface water quality.

Water improved over the 6-month monitoring 
period, due the removal of heavy metals. The re-
sults obtained provided evidence that the FTWs 
under study constituted an effective long-term, 
environmentally friendly, cost-effective AMD 
treatment system.
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