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Resumen

Introducciéon— Los Humedales Construidos (HC) son
una tecnologia reconocida para tratar aguas residuales
industriales.

Objetivo— Remover Cr y Zn del agua residual sintética
a través de un sistema piloto de humedales construidos de
flujo subsuperficial horizontal.

Metodologia— El estudio se realizé en la Universidad del
Atlantico en Barranquilla (Colombia). Dos contenedores de
0.375 m? de altura fueron rellenados con grava (~ 10 mm y
40% de porosidad) y una columna de agua de 0.3 m. Uno de
los humedales se planté con Cyperus odoratus L. y otro sin
plantas se usé como control.

Resultados— La eficiencia de remocién de Cr y Zn en el
humedal plantado fue de 93% y 96%, respectivamente y se
obtuvo 67% y 98% de remocion en el sistema sin plantar con
diferencias estadisticas (P < 0.05). La diferencia observada
en la produccién de biomasa (0.1 kg/m? y 0.6 kg m?2), estuvo
relacionada con el climatica estacional que pudo haber favo-
recido el crecimiento de la planta. C. odoratus alcanzé un
Factor de Translocaciéon mayor de 1.5 para Cr y Zn, lo cual
fue mayor que el reportado para otras especies de Cyperus.
Sin embargo, un factor de bioconcentracién >13.6 para Zn
y < 7.7 para Cr indicé que C. odoratus es una especie acu-
muladora de Cr y Zn. Los procesos de sorcion de metales
en la grava pudieron ocurrir debido a la alta eficiencia de
eliminacién de Zn en los sistemas no plantados.

Conclusiones— C. odoratus podria recomendarse para
su uso en tecnologia de humedales construidos debido a su
capacidad de rapido crecimiento, absorcién y translocacién
de metales pesados.

Palabras clave— Humedales construidos de flujo sub-
superficial, metales pesados; fitorremediacion; bio-concen-
tracion; traslocacién; Cyperus odoratus

Abstract

Introduction— Constructed wetlands (CWs) are a rec-
ognized technology to treat industrial wastewater.

Objective— A pilot system of two horizontal subsurface
flow CWs was used to remove Cr and Zn from industrial
synthetic wastewater.

Methodology— The study was carried out at Universi-
dad del Atlantico in Barranquilla (Colombia). Two con-
tainers of 0.375 m2 were filled with a gravel bed (~10 mm
and 40% of porosity), and a 0.3 m water column. One con-
tainer was planted with Cyperus odoratus L. and another
without plants was used as a control.

Results— The removal efficiency of Cr and Zn was 93%
and 96% in the CW planted, respectively, and 67% and
98% removal were obtained in the unplanted system with
statistical differences (P<0,05). The observed difference
in biomass production (0.1 kg/m?2 and 0.6 kg/m?) could be
related to seasonal weather that could have favored the
growth of the plant. C. odoratus reached a Translocation
Factor greater than 1.5 for Cr and Zn, which is greater
than that, reported by others for Cyperus species. How-
ever, a Bioconcentration Factor > 13.6 for Zn and < 7.7 for
Cr indicated that C. odoratus is an accumulator species
for Cr and Zn. Sorption metal processes in gravel can
be occurring due to the high removal efficiency of Zn in
unplanted systems

Conclusions— These results show that C. odoratus
could be recommended for use in constructed wetlands
technology due to fast-growing and absorption and trans-
location heavy metals capacity.

Keywords— Subsurface flow constructed wetlands;
heavy metals; phytoremediation; bio-concentration;
translocation; Cyperus odoratus

© The author; licensee Universidad de la Costa - CUC.
INGE CUC vol. 17 no. 2, pp. 34-88. Julio - Diciembre, 2021
Barranquilla. ISSN 0122-6517 Impreso, ISSN 2382-4700 Online


http://doi.org/10.17981/ingecuc.17.2.2021.08
https://orcid.org/0000-0003-0575-8841
https://orcid.org/0000-0002-5647-2627
https://orcid.org/0000-0001-9227-1606
http://doi.org/10.17981/ingecuc.17.2.2021.08

CHROMIUM AND ZINC REMOVAL FROM SYNTHETIC INDUSTRIAL WASTEWATER IN PILOT-SCALE CONSTRUCTED WETLANDS PLANTED WITH CYPERUS ODORATUS L.

I. INTRODUCTION

Heavy metals in industrial effluents can cause significant environmental impacts such as tox-
icity in aquatic and terrestrial ecosystems and harmful effects on human health. In Colombia,
6.2 million people, 13% of the population, inhabit the Cauca and Magdalena river basins [1].
Deficiencies in the treatment of domestic and non-domestic wastewater increase the contamina-
tion of these basins. Metallurgical foundry and galvanization industries discharge considerable
heavy metal contaminants such as Pb, Cr, Hg, and Zn into the Magdalena River, the main river
of Colombia [2]. Although Cr and Zn maximum permissible values to surface water discharges
in Colombia are 0.5 mg.LL! and 3.0 mg.L* respectively [3], the wastewater industrial concentra-
tions of these heavy metals can exceed 2 and more than 100 mg.L respectively [4], [5].

Concentrations of Cr (1.82 mg.L!) and Zn (3.800 mg.Li') were reported in 2010 in galvanic
wastewater [5]. In 2012 reported metallurgic levels in industrial effluent between 0.7 and 2.0
mg.L* for Cr and between 0.0 and 6.0 mg.L* for Zn [4]. Similarly in 2019, reported Zn concen-
trations between 1 and 4 mg.Li! in the effluent from the metal mechanics industry [6]. There-
fore, due to these concentrations emitted by the metallurgical industry, Cr and Zn metals were
selected to carry out the present study. Zn is an essential element for plants at low concentrations;
however, it is toxic at elevated concentrations. Cr of the forms Cr VI and Cr III can be present
in nature, while Cr VI is toxic to biota [7]. In the Colombian Caribbean region, only 75% of dis-
charged wastewater is treated and the conventional treatment technologies used are insufficient
to reduce heavy metals contamination of surface waters. Consequently, it is necessary to con-
sider other options such as constructed wetlands [8]. Constructed wetlands can be classified in
two types: Surface Flow (SF), and SubSurface Flow (SSF). In SF systems the wastewater flows
across shallow ponds planted with aquatic macrophytes in direct contact with the atmosphere.
In SSF CWs the wastewater is maintained at a constant depth and flows below the surface and
through a granular media, such as gravel, which is planted with aquatic macrophytes. Accord-
ing to the direction of the flow the SSF can be classified in horizontal-flow or vertical flow and
are mainly designed to treat primary settled wastewater [7].

In the Colombian Caribbean region, only 75% of discharged wastewater is treated and the
conventional treatment technologies used are insufficient to reduce heavy metals contamination
of surface waters. Consequently, it 1s necessary to consider other options such as constructed
wetlands [10]. Therefore, the purpose of this study was to determine the removal efficiency of Cr
and Zn in constructed wetlands planted with C. odoratus

II. LITERATURE REVIEW

Constructed wetlands are used to treat industrial wastewater with high concentrations of heavy
metals. Removal mechanisms include adhesion to granular material and sediments, chemical
precipitation, and plant uptake [9]. Plants can remove concentrations of heavy metals through a
complex internal system that involves uptake, accumulation in leaves and roots, trafficking, and
detoxification of metals [10], [11]. Additionally, the heavy metal accumulation varies with plant
species, biomass type, and time of harvest. [12] and [13] reported that Phragmites australis L.
accumulated 80% more Cr in belowground biomass than aboveground biomass in a few months.

More than 400 hyperaccumulator plants have been described to accumulate and detoxify high
levels of metal ions, such as Ni, Co, Pb, Zn, Mn, Cd, etc. [10], [14]. The principal removal mecha-
nisms for plants are uptake/absorption of the pollutants through roots and translocation to the
upper part of the plant [15]. Although several studies reported that some Cyperaceae species are
heavy metal hyperaccumulators of contaminants such as Zn and Cr [16], [17], [18] C. odoratus
has not been studied for heavy metal accumulation. [19] reported that C. odoratus is a candidate
for mine wastewater treatment with low pH values and Fe concentrations lower than 70 mg.L*.

In Colombia, the Cyperaceae family has more than 80 reported plant species [20], however,
only a few species have been evaluated for phytodepuration processes [21]. This study evaluated
Cr and Zn removal efficiency of horizontal subsurface flow constructed wetlands (pilot scale)
planted with C. odoratus (Cyperaceae) a common local species in tropical wetlands from Colom-
bia. C. odoratus is a native grass adapted to live in flooded soils and widely distributed in all
regions of Colombia, including rice cultivation systems [22]. UCLA (Venezuela) reported that C.
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odoratus 1s resistant to certain herbicides and common weed in agricultural areas [23]. Although
there is sufficient information about heavy metals removal with experimental constructed wet-
lands, there is little information about C. odoratus removal of Cr and Zn from industrial waste-
water and its resilience and potential to accumulate heavy metals.

Through phytoremediation processes the plants and their associated rhizospheric microbes,
treatment environmental contaminants with heavy metals, organic substances, or industrial
wastes. The contaminants can be uptake (absorbed) from soil or water and distribute into the
plant tissues [26]. This relation can be quantified through Bioconcentration Factor (BCF). When
the contaminants are transported from roots until shoots the translocation phenomena occur
and can be calculated like Translocation Factor (TF) according to with relation between of the
aerial parts concentrations and roots concentrations [16]. Values of BCFs and TFs show whether
macrophytes are tolerant (BCF and TF of 0.1-1), accumulator (BCF > 1 and TF > 1), or hyper-
accumulator. if additionally, the concentrations of metals in the plant exceed 0.1% by weight of
dry plant [24].

III. METHODOLOGY
A. Pilot system set up

The pilot system consisted of Horizontal Subsurface Flow Constructed Wetlands (HSSF CW)
in two containers made of polymer resin and fiberglass of 0.75 m large X 0.5 m width X 0.5 m
height connected to a storage tank of 0.1 m? (Fig. 1). The experimental constructed wetlands
were operated outdoors in the wastewater treatment facilities of the Universidad del Atlantico
(Barranquilla, Colombia). This tropical, coastal city is located at 110 01" 08 N and 74°52" 19” W,
and the most relevant environmental conditions include an altitude of 47 MASL, an average
annual temperature of 32°C, average annual precipitation of 767 mm, a relative humidity of 82%
and two dominant seasons, wet and dry. The principal wet season occurs between October and
November and the dry season between January and March. The containers were backfilled to a
depth of 0.5 m with a 10 mm granitic gravel layer (40% space porosity) and the water level was
0.3 m providing an effective volume of 45 L. The granitic gravel (calcite-dolomite content) was
acquired in a commercial market in the city of Barranquilla. The HSSF CW operated with three
days of Hydraulic Retention Time (HRT) as is recommended for bacteria growth [7], and other
aquatic macrophytes in constructed wetlands of the Colombian Caribbean [21]. A flow of 15 L.d™
was applied in an intermittent regimen. The intermittent hydraulic regimen consisted of pour-
ing 15 L of fresh wastewater influent into the inlet zone for approximately 20 min once per day.
The intermittent feeding strategy was implemented to improve aerobic conditions in the HSSF
CW. Intermittent feeding causes more internal turbulence and mixing, providing more oxygen to
anaerobic zones as was demonstrated by research at the Polytechnic University of Catalonia [25].
The experiment was carried out in two study stages, to compare results in wet and dry seasons.

Cyperus odoratus

Size: 10mm
Porosity: 40%

Feed Tank Reservoir 1

Unplanted Reservoir 2

Fig. 1. Schematic representation of the pilot-scale industrial synthetic wastewater
treatment plant using feed tank and SSF CWs (with C. odoratus and unplanted).

Reservoirs were two small plastic containers to take the water samples.
Source: Authors.
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B. Collect acclimation, plantation, and monitoring of C. odoratus

C. odoratus plants were collected in natural wetlands next to the university campus and
acclimated in pots for three weeks applying approximately 1 L.d' of synthetic industrial
wastewater. Synthetic industrial wastewater was used due to the high costs of transporting
industrial wastewater to the University. Cuttings of C. odoratus measuring 20 cm high were
transplanted at a density of 12 plants X m2in one of the containers while another remained
without plants and was used as a control. The study was carried out in two phases due to
the fast growth and senescence of C. odoratus. Phase I took place from September to October
2016 (wet season) and phase II, from February to March 2017 (dry season). Before the start
of phase II, the containers were washed with drinking water and planted with seedlings of C.
odoratus, which had previously been acclimated.

Measurements of plant growth were made by taking height measurements in all plants
for each week of sampling in both study phases. The total biomass (aboveground and below-
ground) was obtained after each study phase (I and II) and was pruned, harvested, and quan-
tified separately (roots and shoots). The biomass was placed in an oven at 105° C until the
weight remained constant. To establish the levels of accumulated Cr and Zn in C. odoratus
plant tissue from belowground and aboveground, samples of roots, shoots, and leaves were
taken separately at the beginning and the end of both phases of the experiment. One gram
of biomass was processed for the determination of heavy metals using an X-ray fluorescence
Spectrometry protocol. Bioconcentration (BCF) and Translocation (TF) factors were calcu-
lated according to similar studies with saturated water systems as in studies from Japan
[26] and México [14] in each study phase, as:

BCF = Cp/Cw (D

Where,

BCF: Bioconcentration factor (kg . L?).

Cp: Metal concentration in the whole tissue (mg/kg—dry).
Cw: Metal concentration in water (mg . ). And:

TF = Ci/Cr (2)

Where,

TF: Translocation factor.

Ci: Metal concentration in the aboveground tissues (mg/kg—dry).
Cr: Metal concentrations in the roots (mg/kg—dry).

C. Industrial wastewater analysis

The variables and measurement methods of the physicochemical quality of the synthetic
industrial wastewater are shown in Table 1. Influent and effluent water samples were col-
lected approximately twice per week and analyzed for Chemical Oxygen Demand (COD),
and sulphates according to AWWA [27]. Cr VI and Zn total concentrations in water and
tissues were measured by X-Ray Fluorescence Spectrometry (Bruker S2 PICOFOX). In
situ variables such as temperature, pH, redox potential, and DO were measured using a
WTW Multi 3420 probe. Synthetic industrial wastewater was prepared in Universidad del
Atlantico laboratory. Because Cr and Zn concentrations reported in effluents from the met-
allurgical industry in Colombia vary widely, we used influent concentrations of 25 mg.L-1
for Cr and Zn in the experiments. Consequently, the synthetic industrial wastewater was
prepared using K ,Cr,O, and ZnCl, salts, which were acquired from JT Baker, a chemical
producer. Glucose, ammonium, phosphate, and sulphate concentrations were 100, 16, 1,
and 60 mg.L* respectively and were added to water to simulate nutritional requirements
of bacterial growth in CWs [28].
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TABLE 1. VARIABLES AND MEASUREMENT METHODS OF PHYSICOCHEMICAL QUALITY
OF THE SYNTHETIC INDUSTRIAL WASTEWATER.

Variable Units Method Quantification limit lower Equipment
Temperature °C 10
pH Units Potentiometric 2
Redox Potential | mV Electrometric -2000 WTW Multi
DO mg . L1 | Electrometric 0.1 3420 probe
Elect. Cond. uS . cm-! | Electrometric 10
COD mg . L | Colorimetric 3 Spectrometer
S04 mg . L1 | Colorimetric 0.03 DR 3900HACH
Cr total mg . L1 | Fluorescence-Spectrometry o1 Bruker S92
Zn total mg . L1 | Fluorescence Spectrometry ' PICOFOX

Source: Authors.

D. Experimental design and Data analysis

The experimental design was based on the fixed effect of the input variables such as Cr
and Zn concentrations in constructed wetlands with C. odoratus and another without plants.
Cr and Zn removal efficiency in constructed wetlands, planted and unplanted, were analyzed
following mixed linear models, which consist of the extension of the classic model to situations
where the assumptions of independence between the measurements of the subjects and the
homogeneity of covariance matrices are not required. Normality tests (Shapiro Wilks) were
carried out and the differences between planted and unplanted systems were examined using
repeated ANOVA test measurements in PAST software in phases I and II separately.

IV. ResuLts

Measurements of temperature, Dissolved Oxygen (DO), redox potential, and electrical
conductivity varied in the different treatment cells and study phases (Table 2), however,
they were not statistically significant differences (P > 0.05). Wastewater temperature
was higher than 29°C in influent and effluent, which are considered good conditions for
biogeochemical processes in tropical zones, as the rate of reactions increases at temperatures
higher than 20°C [28]. Effluent pH values, although near neutral, increased in planted and
unplanted effluents, in agreement with the buffer capacity reported in many HSSF CW

TABLE 2. VALUES OF INFLUENT AND EFFLUENT INDUSTRIAL SYNTHETIC WASTEWATER CHARACTERISTICS IN SCALE-LAB
CONSTRUCTED WETLANDS DURING A TWO-PHASE STUDY. STANDARD DEVIATION IN BRACKETS. N =12 -13.

Influent Effluents Influent phase Effluents
Variable phase 1 phase II II phase I1
(Sep-Oct/16) Planted Unplanted (Feb-Mar/17) Planted Unplanted
;E%‘;‘perame 33.6 (+ 2.9) 29.9 (2.2 | 30.5 2.0 34.1 & 1.7) 29.9 (1.8 |30.2@&1.9)
pH (Units) | 6.7 & 0.1) 7.3 &0.1) 7.6 (£ 0.1) 6.9 (+0.1) 7.4 (£0.2) 7.5 (£0.2)
EH (mV) 318 (& 48.3) 197.3 +79.6) | 193.1 & 83.7) | 359.5 (+12.3) | 249.9 (+ 89.5) | 255.2 (& 40.7)
DO (mgL1) | 7.2 &0.2) 5.1 (+ 1.0) 5.5 (& 1.0) 7.4 (+ 0.5) 3.6 (+ 1.1) 3.7 (+ 1.2)
ggccthflo)nd' 575 (+ 9.0) 647.8 (+ 53.2) | 648.4 (+75.2) | 606.8 (=8.0) |635.2(+65.8) |632.0(*87.1)
COD
(g L) 86.7 (+ 7.8) 125 @ 12.1) | 26.4@*12.9) | 90.3 3.7 13.3& 10.9) | 25.9 (& 10.8)
S04
(el ) 58.6 (2.9) 40.3 (= 7.8) 44.5 (£ 6.6) 60.3 (& 1.4) 41.8(+ 8.5) 46.3 (+ 10)
Cr (mg.L) | 25.3 (0.5) 1.3 (+ 126) 9.2(+ 5.9) 25.5 (+ 0.5) 1.7 & 1.6) 8.2 (+ 3.4)
Zn (mg.L) | 26.1 (£0.9) 1112 0.5 (+ 0.4) 25.3 (+0.4) 0.8 (& 0.5) 0.6 (& 0.4)

Source: Authors.
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[7]. pH values between planted and unplanted cells were significantly different (P < 0.05).
The effluent DO values greater than 2 mg.Li! were measured in all cells indicating optimum
oxidation and interaction of heavy metals. These DO values are related to redox potential
showing aerobic conditions in planted and unplanted wetlands in both study phases [28].
Electric conductivity demonstrated similar values in both HSSF CW and in both study phases
with higher values in effluents, probably by salt concentrations [21]. COD concentrations in
influent were around 90 mg.L! while the effluents were lower than 27 mg.L* for planted and
unplanted systems in both study phases. The COD removal efficiency was 85 and 70% for C.
odoratus and unplanted systems respectively in both study phases. Similarly, sulfate values
in effluents did not surpass 47 mg.L!, and efficiency removal was around 30 and 23% in both
phases for C. odoratus and unplanted systems, respectively.

The planted HSSF CW reduced Cr concentrations from 25.5 mg.L'to 1.3 mg.L! and
1.7 mg.L! in phases I and II, respectively. The unplanted HSSF CW reduced Cr to 9.2 mg.L"!
and 8.2 mg.LL'! in phases I and II, respectively. Zn was reduced in the planted wetland from
26.1 mg.L*'to 1.1 mg.Ltand 0.8 mg.Li'* in phases I and 11, respectively. The unplanted HSSF
CW, Zn was reduced to 0.5 mg.Li'* and 0.6 mg.Li, in phases I and II, respectively (Table 2).

Cr and Zn removal efficiency was higher than 92% in C. odoratus in both study phases
(Fig. 2). However, the unplanted wetlands reached Cr and Zn removal efficiency higher than
62 and 96%, respectively. Removal efficiency between planted and unplanted systems in each
Phase was statistically different. Cr was significantly reduced in the planted system (P < 0.05),

while Zn was significantly reduced in both planted and unplanted systems in the I and II study
phases.

= Cyperus odoratus = Cyperus odoratus

100 Ch romium —— Unplanted ZInC _ —— Unplanted 100
= T 0
g u g
060 60 @
o o
5 i
§4O 40 ‘§
o o
5 ;
20 20 X

0 u T 0
Sep Oct Feb March Sep Oct Feb March
Phase 1(2016)  Phase 11(2017) Phase | (2016) Phase 11 (2017)

Fig. 2. Chromium and Zinc removal efficiency in constructed wetlands
planted with C. odoratus and unplanted.

Source: Authors.

Although Cr is toxic for plant growth [30], C. odoratus showed high tolerance in phase I,
principally where plant stems reached 527 mm in height. Stem growth reached 227 mm in
phase II. During phase I, the biomass production was higher than phase II (Table 3) and the
shoots were longer and healthy. The high reduction efficiency was related to high Cr concentra-
tion in leaf and root tissues, principally comparative with another Cyperus species (Table 4).
However, in phase II the biomass production was lower and the shoots were weak with signs of
chlorosis and necrosis. Several authors stated that Cr removal is favored by plants since they
modify metals mobility and toxicity through root exudate release, and interactions with the
rhizosphere microbial community [31], [32].

Even though the constructed wetlands media were washed and made ready for the growth
of C. odoratus seedlings before the start of phase 11, it is probable that residual metal concen-
trations from phase I caused a greater negative effect on plant growth. The adsorption-desorp-
tion-re-adsorption cycle in a granular medium can modify contaminants removal processes
and this variability could inhibit growth rate as reported in some studies [33], [34]. The Cr
concentrations in aboveground and roots biomass were higher in phase II than phase I with
values higher than 50 mg.kg! (Table 3) and according to Ramachandra et al. (2018), Cr values
higher than 30 mg.kg' are toxic for plants.
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TABLE 3. CR AND ZN BIOMASS ACCUMULATION AND BIOCONCENTRATION AND
TRANSLOCATION FACTORS REPORTED FOR DIFFERENT CYPERUS SPECIES.

Metal Bioconcentration Translocation
accumulation (mg.kg1) Factor Factor
Cype?us AboYeground Roots biomass Authors
species Biomass
Cr 7Zn Cr 7Zn
Cr Zn Cr Zn
84.7 108 407 693 20.3 34.6 0.129 0.121 [35]
C. alternifolius L. | - - 80a 1302 8.0*103 | 1.5%103 | 0.028-13 | 0.19-0.34 | [26]
0.028 | 0.097 | 0.026 0.074 - - 1.0 1.3 [36]
. 8.8- 344- 656-
C. articulatus L. 19.9 691 11.6-16.5 1100 0.69 16.89 0.5 0.58 [18]
C. esculentus L. 36.8 53.2 17.03 58.56 | 0.59 1.15 0.94 0.5 [16]
. 10.2 * 10-4 | 0.017-
C. vaginatus R.Br 12%10.3 0.029 [37]
29.7 31.6 7.1 and 16.8 4.2 and 24.8 4.1 and 1.9 and This
C. odoratus and and 13.3 and - and 43 91 study®
56.9 19.5 ' 9.2 ’ 13.6 ’ ’

b The metal accumulation and BCF and TF values are corresponding each phase of the study.
Source: Authors.

Contrary, Zn concentrations in aboveground and roots biomass were lower in phase 11, but
these concentrations could also decrease C. odoratus growth and development [30]. Although
7Zn 1s an essential micronutrient for plants; it is well known that concentrations greater than
1.5 gkg! in water and soils cause phytotoxicity inhibiting many plant metabolic functions,
resulting in retarded growth and causing senescence [13], [30], [38]. Moreover, the observed
difference in biomass production between phases I and II could be related to seasonal weather
as reported by researchers from India [39]. During Sep-Oct the rain could have favored the
growth of C. odoratus and caused variation in dissolved oxygen and redox potential param-
eters (Table 2).

Adsorption of Zn on gravel is strongly influenced by changes in pH [40]. Table 2 shows a
small but statically significant difference in the pH between the planted and unplanted wet-
lands. A greater reduction of Zn in the unplanted HSSF CW could be related to increased
precipitation due to increases in pH values. Additionally, greater Zn removal in the unplanted
HSSF CW could be related to the greater available surface area than in the planted HSSF
CW in which the plant roots likely reduce available surface area. The authors of the book
The Biogeochemistry of Wetlands [29] affirm that iron and manganese oxides are present as
partial coatings on the silicate minerals in soils and freshwater sediments and their large
surface area results in a high potential for Zn adsorption. The vegetation-free gravel likely
facilitated greater adsorption of Zn.

It is probable that adsorption Zn behavior is also related to Ca concentrations (> 50 mg.L!
data not shown) in the interstitial water of the HSSF CW. The Zn adsorption in calcareous
soils was studied by universities in Iran and Australia [41] who concluded that high CaCO,,
clay content, and specific surface area were closely related to the kinetics of Zn adsorption.
Similarly, in France [42] reported Zn sorption was also found to be highly correlated to con-
structed wetlands soil Ca contents and its bonds with the carbonates.

According to The Biogeochemistry of Wetlands [28], sulfur cycling governs many microbial
communities that regulate oxidation and reduction reactions and play a critical role in the
biogeochemistry of wetlands. Although this study did not measure reduced sulfur species,
sulfates reductions in both systems under high temperature (> 28 °C) and adequate organic
matter, (93 mg.Li!) probably favored metals removal as demonstrated by University of Geor-
gia [43]. The bacterial community and plant growth in wetlands can also modify the heavy
metal dynamic. Several authors report that the emergent aquatic plants in HSSF CW tend to
accumulate metals, mainly in the roots, because that is where physicochemical and biological
processes occur [44], [26].
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TABLE 4. CYPERUS ODORATUS BIOMASS PRODUCTION IN PHASES [ AND 11

Description phase I (Sep-Oct/16) phase II (Feb-March/17)
Aboveground biomass (kg/m2) | 0.052 0.036
Belowground biomass (kg/m2) | 0.073 0.033
TOTAL 0.123 0.069

Source: Authors.

Additionally, the use of local native plants is highly recommended, since they show better
survival percentage and adaptation properties [45], a passive treatment technology, combines
naturally-occurring biogeochemical, geochemical, and physical processes. This technology can
be used for the long-term remediation of AMD. The challenge is to overcome some factors, for
instance, chemical characteristics of AMD such a high acidity and toxic metals concentrations,
to achieve efficient CW systems. Design criteria, conformational arrangements, and careful
selection of each component must be considered to achieve the treatment. The main objective
of this review is to summarize the current advances, applications, and the prevalent difficul-
ties and opportunities to apply the CW technology for AMD treatment. According to the cited
literature, Sub-Surface CW (SS-CW). However, in C. odoratus, the concentrations of Cr and
Zn in aboveground biomass were superior to those registered in belowground biomass (Fig. 3)
in both study phases. These results differ from those reported by Ireland, UK [13], México [14],
and Japan [26] to other aquatic plants used in constructed wetlands or species of the Cyperus
genera where the major metal accumulation occurred in belowground biomass from at least
aquatic macrophyte species evaluated. Species like C. sculentus y C. articulatus accumulated
more heavy metal in aboveground respected belowground tissues (Table 4) Higher Cr and Zn
accumulation in aboveground biomass of C. odoratus could indicate evidence for the faster
movement of these metals and that C. Odoratus is an aboveground biomass accumulator.
Similar results were reported about Typha angustifolia L. where shoots accumulated more
Zn than roots [16].
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Fig. 3. Chromium and Zinc contents in aboveground and belowground

biomass of C. odoratus in two study phases
Source: Authors.

Frequently emerging aquatic plants tend to retain metals in root tissues and exclude them
from aerial tissues as a metal tolerance strategy and protection against metals-induced inju-
ries [46], [11]. Contrary, the higher concentrations of Zn in aboveground biomass of C. odoratus
could be explained by the essential function of this metal in the synthesis of the hormones in
stems of plants [47]. However, the direct role of plants is usually restricted to plant uptake of
nutrients and heavy metals. The purpose of this study was to evaluate the amount of heavy
metals sequestered in the aboveground biomass of Phragmites australis and thus, available
for harvest and removal. The survey revealed that the amount of heavy metals accumulated in
the aboveground plant biomass (aboveground standing stock). While for Cr, C. odoratus shows
a high affinity for translocating to aboveground as has been reported for other Cyperaceae
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species [26], [48]. C. alternifolius could reach TF values upper 10 [35]. The Cyperacea family
includes species declared hyperaccumulators such as Cyperus alternifolious L. [26], [49] and
Cyperus articulatus L. [18]. Wetland plants are biological filters that play an important role
in maintaining aquatic ecosystem and can take up toxic metals from sediments and water.
The present study investigated the seasonal variation in the accumulation potential of heavy
metals by Cyperus articulatus in contaminated watercourses. Forty quadrats, distributed
equally in 8 sites (six contaminated sites along Ismailia canal and two uncontaminated sites
along the River Nile.

Bioconcentration (BCF) and Translocation (TF) factors of C. odoratus metals were higher
than 1.8 (Table 3). BCF for Zn was 24.8 and 13.6 in the first and second phases respectively,
compared with Cr of 4.2 and 7.7. However, the TF was higher for Cr metal indicating high
translocation capacity for this metal. These results indicate a tendency for metal accumulation
in C. odoratus in the order Cr > Zn and aboveground > belowground.

According to Indian Institute of Technology Guwahati (India) [32], Cr phytoremediation
depends on several processes that occur simultaneously, such as phytoextraction, phytovola-
tilization, phytostabilization, rhizofiltration and phytosecuestration. Considering that TF
was higher for Cr, it is possible to suggest that C. odoratus was able to uptake significant
amounts of Cr and translocate in aerial parts. However, these results showed that there
was a greater Zn bioaccumulation compared to Cr in C. odoratus (Table 3). The average of
the Zn concentrations in the tissues was lower, indicating, as is well known, that the BCF
depends on the variations of the concentration of the metal in the medium, time of exposure,
and physiology of the plant species [15], [32]. Therefore, the high removal efficiency values
of Zn (96.6%) compared with Cr removal efficiency (94.3%) show that wastewater treatment
systems do not only depend on the phytoremediation capacity of the species, but also of the
different mechanisms of elimination in these systems. Recently, China reported that the
microbial community in constructed wetlands may be adsorbing Cd and Zn as an effective
strategy for heavy metal wastewater treatment [50]. The greater values of TF for Cr than for
Zn in this study show an affinity of the plant for accumulating the Cr in an order of aboveg-
round > belowground as well as the results obtained for Cr by studies from Universidad del
Valle (Colombia) [49].

Cr and Zn accumulations also vary in Cyperus spp. (Table 4). While C. odoratus can accu-
mulate Cr and Zn in aboveground and roots biomass similarly to C. alternifolius, C. esculentus
L., or C. articulatus, the TF is higher than other Cyperus species. It is important to highlight
that the heavy metals such as Cr and Zn from industrial wastewater accumulated in aboveg-
round biomass are available to harvest and therefore reach the remotion.

Several authors affirmed that to consider a macrophyte as a hyperaccumulator, the BCF
and TF values must be > 1 and the percentage of the metal concentration in the dry bio-
mass greater than 0.1% [51], [14]. Although in this study both BCF and TF were > 1 for
Cr and Zn in both phases (Table 3), the percentage of metal in dry biomass, estimated as
the average concentration of the metal contained in Kg of plant biomass, was < 0.003% for
both metals in phases I and II. These results indicate that C. odoratus is an accumulator
species for Cr and Zn. Large values of TF (>> 1) imply a high translocation capacity [49].
C. odoratus reached TF greater than 1.5 in both phases for Cr and Zn, indicating that C.
odoratus is an accumulator species for Cr and Zn as described in Japan [48] and Colombia
[49] for other species.

Although the total biomass was greatest in phase I (Table 4), an increase in the concentra-
tion of Cr in biomass was recorded during phase II. These results could indicate that other
factors associated with plant physiology, such as uptake capacity and intracellular transpor-
tation in the plants could explain this increment [47]. However, the direct role of plants is
usually restricted to plant uptake of nutrients and heavy metals. The purpose of this study
was to evaluate the amount of heavy metals sequestered in the aboveground biomass of
Phragmites australis and thus, available for harvest and removal. The survey revealed that
the amount of heavy metals accumulated in the aboveground plant biomass (aboveground
standing stock.
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Studies from Ireland and UK [13] suggest that the accumulation of metal in plants can be
associated with the harvesting process and maximum content of the metal in the plant. How-
ever, during the second experimental period (phase II) visible symptoms of toxicity were found
in plants, the removal efficiency was high, and less belowground biomass was produced (Table
4). This could indicate the metal is affecting plant growth as was reported by research from
Tunisia and France [55].

The unplanted system showed high removal efficiency of Zn, probably as a result of sorption-
desorption on gravel surfaces as described [56]. These results also show how the gravel media
can reduce Cr and Zn concentrations (Fig. 2). The College of Agriculture (Iran) [57] conclude
that the sorption of metals by soil is related to increased pH and substrate type. Zn removal in
the unplanted system was higher than 90% indicating that sorption-desorption processes are
responsible for higher efficiency, as was reported by french studies [56].

V. CONCLUSIONS

C. Odoratus 1s an accumulator species for Cr and Zn due to large values of TF (>> 1) imply
a high translocation removal of Cr and Zn were 93% and 96% respectively in the HSSF CW
planted with C. odoratus and 67% Cr and 98% Zn removal were obtained in the unplanted
system. The Cr removal was high in the planted system (P < 0.05), while Zn removal was high
in both planted and unplanted systems in study phases I and II. The tendency for metal accu-
mulation in C. odoratus was greater for Zn than Cr and greater in aboveground than below-
ground biomass. Bioaccumulation and Translocation phenomena in Cr and Zn in C. odoratus
in this study is probably associated with plant physiology. C. odoratus is an accumulator spe-
cies for Cr and Zn. Consequently, it could be an emergent aquatic macrophyte recommended
for constructed wetlands treatment.

FINANCIAL

This work was supported by the Caribbean Impact announcement of the Research Department
of the Universidad del Atlantico. Project Cod. No. QF54-CIC2014.

ACKNOWLEDGEMENTS

The authors thank the Center for Water Studies of the Universidad del Atlantico for providing
its infrastructure for conducting laboratory tests. Thank you to engineer Juan Camilo Lan-
cheros for supporting the figures edition.

REFERENCES

[1] Republica de Colombia, Contraloria General, Informe sobre la calidad y eficiencia del Control Fiscal In-
terno Vigencia 2017, BO, CO: Contraloria General de la Republica, 2017. Disponible en https:/www.con-
traloria.gov.co/documents/20181/1560084/Informe+Control+Fiscal+Interno+2018-2019.pdf/192¢04e0-
bb6e-472d-82c7-3cb4a8f146db?version=1.0

[2] IDEAM,. Estudio Nacional del Agua 2018, Bog. D.C., Col.: IDEAM/EMbajada de Suiza en Colombia,
Mar. 2019. Available: https://cta.org.co/descargables-biblionet/agua-y-medio-ambiente/Estudio-Nacional-
del-Agua-2018.pdf?

[3] Republica de Colombia, MinAmbiente, “Por el cual se establecen los parametros y valores limites per-
misibles en los vertimientos puntuales a cuerpos de agua superficiales y a los sistemas de alcantarillado
publico y se dictan otras disposicones,” Resolucion 0631, DO: No. 49.486, 18 Abr. 2015. Recuperado de
http://www.emserchia.gov.co/ PDF/Resolucion631.pdf

[4] Del Rio y Y. Ramos, “Acondicionamiento del agua residual industrial de los procesos de galvanizaciéon y
decapado previo al tratamiento en humedales construidos,” Conferencia presentada en el Panamericana
en sistemas de Humedales para el manejo, tratamiento y mejora de la calidad del agua, Env Sci Fac,
UTP, Pereira, CO, 2012. Disponible en https:/www.sanidadambiental.com/2011/12/19/conferencia-pana-
mericana-en-sistemas-de-humedales-para-el-manejo-tratamiento-y-mejoramiento-de-la-calidad-del-agua/

[6] N. B. Morales y G. E. Acosta, “Sistema de electrocoagulacién como tratamiento de aguas residuales gal-
vanicas,” Cienc Ing Neogranad, vol. 20, no. 1, pp. 33—34, 2010. https://doi.org/10.18359/rcin.282

[6] A.Restrepo F & L. M. Tapia Q, “Evaluacion de la remociéon de conductividad y turbiedad de agua residual
de una industria metalmecanica utilizando prototipos por lotes de humedales construidos de flujo libre,”
Investigacion, UCM, Colombia, 2019.

[7] R.H. Kadlec & S. D. Wallace,Treatment Wetlands. 2nd Ed, BR., FL., USA.: CRC Press Taylor & Francis
Group, 2009.

85


https://www.contraloria.gov.co/documents/20181/1560084/Informe+Control+Fiscal+Interno+2018-2019.pdf/192c04e0-bb6e-472d-82c7-3cb4a8f146db?version=1.0
https://www.contraloria.gov.co/documents/20181/1560084/Informe+Control+Fiscal+Interno+2018-2019.pdf/192c04e0-bb6e-472d-82c7-3cb4a8f146db?version=1.0
https://www.contraloria.gov.co/documents/20181/1560084/Informe+Control+Fiscal+Interno+2018-2019.pdf/192c04e0-bb6e-472d-82c7-3cb4a8f146db?version=1.0
https://cta.org.co/descargables-biblionet/agua-y-medio-ambiente/Estudio-Nacional-del-Agua-2018.pdf?
https://cta.org.co/descargables-biblionet/agua-y-medio-ambiente/Estudio-Nacional-del-Agua-2018.pdf?
http://www.emserchia.gov.co/PDF/Resolucion631.pdf
https://www.sanidadambiental.com/2011/12/19/conferencia-panamericana-en-sistemas-de-humedales-para-el-manejo-tratamiento-y-mejoramiento-de-la-calidad-del-agua/
https://www.sanidadambiental.com/2011/12/19/conferencia-panamericana-en-sistemas-de-humedales-para-el-manejo-tratamiento-y-mejoramiento-de-la-calidad-del-agua/
https://doi.org/10.18359/rcin.282

de Moya-Sanchez, Casierra-Martinez, Vargas-Ramirez & Caselles-Osorio / INGE CUC, vol. 17 no. 2, pp. 76-88. Julio - Diciembre, 2021

[8] ONU, “Informe mundial de las Naciones Unidas sobre el Desarrollo de los Recursos Hidricos, 2018: So-
luciones basadas en la naturaleza para la gestion del aguaWWDR 2018, PA, FR: UNESCO, 2018. Dispo-
nible en https:/unesdoc.unesco.org/ark:/48223/pf0000261494/PDF/261494spa.pdf.multi

[9] X.Zhang, T. Wang, Z. Xu, L. Zhang, Y. Dai, X. Tang, R. Tao, R. Li, Y. Yang & Y. Tai, “Effect of heavy
metals in mixed domestic-industrial wastewater on performance of recirculating standing hybrid cons-
tructed wetlands ( RSHCWs ) and their removal,” Chem Eng <J, vol. 379, pp. 122363-122363, Jan. 2020.
https://doi.org/10.1016/j.ce).2019.122363

[10] J. Truu, M. Espenberg, H. Nolvak & J. Juhanson, “Phytoremediation and Plant-Assisted Bioremediation
Treatment Wetlands: A Review,” Open Biotechnol J, vol. 9, pp. 85—-92, Jun. 2015. Available: https://open-
biotechnologyjournal.com/VOLUME/9/

[11] H. Singh, A. Verma, M. Kumar, R. Sharma, R. Gupta, M. Kaur, M. Negi & S. K. Sharma, “Phytore-
mediation : A Green Technology to Clean Up the Sites with Low and Moderate Level of Heavy Metals,”
Austin Biochem, vol. 2, no. 2, pp. 1-8, 2017. Available: https://austinpublishinggroup.com/biochemistry/
fulltext/biochemistry-v2-id1012.php

[12] D. Zhang, C. Wang, L. Zhang, D, Xu, B. Liu, Q. Zhou & Z. Wu, “Structural and metabolic responses of
microbial community to sewage-borne chlorpyrifos in constructed wetlands,” J Environ Sci, vol. 44, pp.
4-12, Jun. 2016. https://doi.org/10.1016/j.jes.2015.07.020

[13] C.dJ. Mulkeen, C. D. Williams, M. J. Gormally & M. G. Healy, “Seasonal patterns of metals and nutrients
in Phragmites australis ( Cav .) Trin . ex Steudel in a constructed wetland in the west of Ireland,” Ecol
Eng, vol. 107, pp. 192—-197, Oct. 2017. https://doi.org/10.1016/j.ecoleng.2017.07.007

[14] J. A. Romero-Hernandez, A. Amaya-Chavez, P. Balderas-Hernandez, G. Roa-Morales, N. Gonzalez-Rivas
& M. A. Balderas-Plata, “Tolerance and hyperaccumulation of a mixture of heavy metals ( Cu, Pb, Hg,
and Zn ) by four aquatic macrophytes,” Int J Phytoremediation, vol. 19, no. 3, pp. 239—-245, May. 2017.
https://doi.org/10.1080/15226514.2016.1207610

[15] S. Rezania, S. Mat, M. Fadhil, F. Aini & H. Kamyab, “Comprehensive review on phytotechnology : Heavy
metals removal by diverse aquatic plants species from wastewater,” J Haz Mat, vol. 318, pp. 587—-599,
Nov. 2016. https://doi.org/10.1016/j.jhazmat.2016.07.053

[16] S. Yadav & R. Chandra, “Heavy Metals Accumulation and Ecophysiological Effect on Typha angustifolia
L . And Cyperus esculentus L . Growing in Distillery and Tannery Effluent polluted natural wetlands
site, Unnao, Inidia,” Environ Earth Sci, vol. 62, pp. 1235-1243, 2011. https://doi.org/10.1007/s12665-010-
0611-6

[17] Q. Mahmood, N. Mirza & S. Shaheen, “Phytoremediation Using Algae and Macrophytes: I, “L.. Newman,
A. A. Ansari, S. Singh Gill Ritu Gill & G. R. Lanza"Phytoremediation. Manegement of Environmental
Contaminantes, vol. 2, Eds. Springer, pp. 265—289, 2015. https://doi.org/10.1007/978-3-319-10969-5_22

[18] T. M. Galal, F. A. Gharib, S. M. Ghazi & K. H. Mansour, “Metal uptake capability of Cyperus articulatus
L. and its role in mitigating heavy metals from contaminated wetlands,” Environ Sci Pollut Res, vol. 24,
no. 27, pp. 21636—21648, 2017. https://doi.org/10.1007/s11356-017-9793-8

[19] Herniwanti, J. B. Priatmadi, B. Yanuwiadi & Soemarno, “Water Plants Characteristic for Phytoremedia-
tion of Acid Mine Drainage Passive Treatment,” Int J Basic Appl Sci IJBAS-IJENS, vol.13, no. 06, pp.
14-20, Dec. 2013. Available: http:/www.ijens.org/Vol_13_1_06/136706-2525-IJBAS-IJENS.pdf

[20] J. O. Rangel,. Colombia Diversidad Biotica IX. Ciengas de Cordoba: Biodiversidad, ecologia y manejo
ambiental, BO, CO: UNAL, 2010.

[21] H. A. Casierra-Martinez, J. C. Charris-Olmos, A. Caselles-Osorio & A. E. Parody-Munoz, “Organic Mat-
ter and Nutrients Removal in Tropical Constructed Wetlands Using Cyperus ligularis (Cyperaceae)
and Echinocloa colona (Poaceae),” Water Air & Soil Pollut, vol. 228, no. 9, pp. 1-10, 2017. https://doi.
org/10.1007/s11270-017-3531-1

[22] L. I. Ramos,. Vegetacion Asociada a Paisajes Productivos de la Orinoquia Colombiana, Vve., Col.: UNI-
LLANOS, 2019.

[23] A. Ortiz, S. Torres, Y. Quintana & A. Lopez, “Primer reporte de resistencia de Cyperus odoratus L. al
herbicida pirazosulfuron-etilo,” Bioagro, vol. 27, no. 1, pp. 45—50, 2015. Available: http:/www.ucla.edu.ve/
bioagro/

[24] J. A. Romero-Hernandez, A. Amaya-Chavez, P. Balderas-Hernandez, G. Roa-Morales, N. Gonzalez-Rivas
& Mi. A. Balderas-Plata, “Tolerance and hyperaccumulation of a mixture of heavy metals (Cu, Pb, Hg,
and Zn) by four aquatic macrophytes four aquatic macrophytes,” Int J Phytoremediation, vol. 19, no. 3, pp.
239-245, 2017. https://doi.org/10.1080/15226514.2016.1207610

[25] A. Caselles-Osorio & J. Garcia, “Impact of different feeding strategies and plant presence on the per-
formance of shallow horizontal subsurface-flow constructed wetlands,” Sci Tot Env, vol. 378, no. 3, pp.
253-262, Jun. 2007. https://doi.org/10.1016/j.scitotenv.2007.02.031

[26] S. Soda, T. Hamada, Y. Yamaoka, M. Ike, H. Nakazato, Y. Saeki, T. Kasamatsu & Y. Sakurai, “Cons-
tructed wetlands for advanced treatment of wastewater with a complex matrix from a metal-processing
plant : Bioconcentration and translocation factors of various metals in Acorus gramineus and Cyperus
alternifolius,” Eco Eng, vol. 39, pp. 63—70, Feb. 2012. https://doi.org/10.1016/j.ecoleng.2011.11.014

[27] E. W. Rice, R. B. Baird & A. D. Eaton, Standard Methods for examination of water and wastewater. 22
Ed, WA, USA.: American Public Health Association/American Water Wors Association & Water Enviro-
ment Federation, 2012.

[28] K. R. Reddy & R. D. DeL.aune, Biochemistry of wetlands. Science and applications, BR, USA: CRC Press/
Taylor & Francis Group, 2008. https:/doi.org/10.1201/9780203491454

386


https://unesdoc.unesco.org/ark:/48223/pf0000261494/PDF/261494spa.pdf.multi
https://doi.org/10.1016/j.cej.2019.122363
https://openbiotechnologyjournal.com/VOLUME/9/
https://openbiotechnologyjournal.com/VOLUME/9/
https://austinpublishinggroup.com/biochemistry/fulltext/biochemistry-v2-id1012.php
https://austinpublishinggroup.com/biochemistry/fulltext/biochemistry-v2-id1012.php
https://doi.org/10.1016/j.jes.2015.07.020
https://doi.org/10.1016/j.ecoleng.2017.07.007
https://doi.org/10.1080/15226514.2016.1207610
https://doi.org/10.1016/j.jhazmat.2016.07.053
https://doi.org/10.1007/s12665-010-0611-6
https://doi.org/10.1007/s12665-010-0611-6
https://doi.org/10.1007/978-3-319-10969-5_22
https://doi.org/10.1007/s11356-017-9793-8
http://www.ijens.org/Vol_13_I_06/136706-2525-IJBAS-IJENS.pdf
https://doi.org/10.1007/s11270-017-3531-1
http://www.ucla.edu.ve/bioagro/
http://www.ucla.edu.ve/bioagro/
https://doi.org/10.1080/15226514.2016.1207610
https://doi.org/10.1016/j.scitotenv.2007.02.031
https://doi.org/10.1016/j.ecoleng.2011.11.014
https://doi.org/10.1201/9780203491454

CHROMIUM AND ZINC REMOVAL FROM SYNTHETIC INDUSTRIAL WASTEWATER IN PILOT-SCALE CONSTRUCTED WETLANDS PLANTED WITH CYPERUS ODORATUS L.

[29] K. R. Reddy & R. D. Delaune, Biogeochemistry of wetlands: Science and Applications, BR, USA: CRC
Press/Taylor & Francis Group, 2008. https://doi.org/10.1201/9780203491454

[30] M. Gill, “Heavy metal stress in plants:a review,” IJAR, vol. 2, no. 6, pp. 1043—-1055, 2014. Available: https://
www.journalijar.com/uploads/969_IJAR-3569.pdf

[31] T. V. Ramachandra, P. B. Sudarshan, M. K. Mahesh & S. Vinay, “Spatial patterns of heavy metal ac-
cumulation in sediments and macrophytes of Bellandur wetland , Bangalore,” J Env Man, vol. 206, pp.
1204-1210, Jan. 2018. https://doi.org/10.1016/j.jenvman.2017.10.014

[32] V. Sinha, K. Pakshirajan & R. Chaturvedi, “Chromium tolerance , bioaccumulation and localization
in plants : An overview,” J Env Man, vol. 206, pp. 715-730, Jan. 2018. https://doi.org/10.1016/j.jenv-
man.2017.10.033

[33] J. Gao, J. Zhao, J. Zhanga, Q. Li, J. Gao, M. Cai & J. Zhang, “Preparation of a new low-cost substrate
prepared from drinking water treatment sludge (DW'TS)/bentonite/zeolite/fly ash for rapid phosphorus re-
moval in constructed wetlands,” J Cle Pro, vol. 261, pp. 121110-121110, Jul. 2020. https://doi.org/10.1016/].
jclepro.2020.121110

[34] A. Basile, S. Sorbo, B. Conte, R. Castaldo, F. Trinchella, C. Capasso & V. Carginale, “Toxicity, accumula-
tion, and removal of heavy metals by three aquatic macrophytes,” Int JJ Phytoremediat, vol. 14, no. 4, pp.
374-387, 2012. https://doi.org/10.1080/15226514.2011.620653

[35] A. Kumar Y, R. Abbassi, N. Kumar, S. Satya, T. . Sreekrishnan & B. Mishra, “The removal of heavy me-
tals in wetland microcosms: Effects of bed depth, plant species, and metal mobility,” CEdJ, vol. 211-212, pp.
501-507, 15 Nov. 2012. https://doi.org/10.1016/j.cej.2012.09.039

[36] H. R. Hadad, M. A. Maine & C. A. Bonetto, “Macrophyte growth in a pilot-scale constructed wetland for
industrial wastewater treatment,” Chemosphere, vol. 63, no. 10, pp. 1744-1753, Jun. 2006. https://doi.
org/10.1016/j.chemosphere.2005.09.014

[37] R. Aryal, R. Nirola, S. Beecham & B. Sarkar, “International Biodeterioration & Biodegradation Influence
of heavy metals in root chemistry of Cyperus vaginatus R . Br : A study through optical spectroscopy,” Int
Biodeterior Biodegradation, vol. 113, pp. 201-207, 2016. Available: https://www.cabdirect.org/cabdirect/
abstract/20163284520

[38] J. Teuchies, S. Jacobs, L. Oosterlee, L. Bervoets & P. Meire, “Role of plants in metal cycling in a tidal
wetland : Implications for phytoremidiation,” Sci Tot Env, vol. 446-446, pp. 146—-154, Feb. 2013. https://doi.
org/10.1016/.scitotenv.2012.11.088

[39] M. Varma, A. K. Gupta, P. S. Ghosal & A. Majumder, “A review on performance of constructed wetlands
in tropical and cold climate: Insights of mechanism, role of influencing factors, and system modification
in low temperature,” Sci Tot Env, vol. 755, part. 2, pp. 142540-142540, Feb. 2021. https://doi.org/10.1016/j.
scitotenv.2020.142540

[40] W. M. Mayes, L. C. Batty, P. L. Younger, A. P. Jarvis, M. Koiv, C. Vohla & U. Mander, “Wetland treatment at
extremes of pH : A review,” Sci Tot Env, vol. 407, no. 13, pp. 3944—3957, Jun. 2008. https://doi.org/10.1016/].
scitotenv.2008.06.045

[41] A. Reyhanitabar, M. M. Ardalan, N. Karimian, G. R. Savaghebi & R. J. Gilkes, “Kinetics of Zinc Sorp-
tion by Some Calcareous Soils of Iran,” J Agr Sci Tech, vol. 13, pp. 263—-272, 2011. Available: https:/
iranjournals.nlai.ir/bitstream/handle/123456789/589813/537TE8A11A780A18363B4073D72E9F9F9.
pdf?sequence=-1&isAllowed=y

[42] M. Walaszek, M. Del Nero, P. Bois, L. Ribstein & A. Wanko, “Sorption behavior of copper, lead and zinc by
a constructed wetland treating urban stormwater,” Ap Geochem, vol. 97, pp. 167-180, Oct. 2018. https:/
doi.org/10.1016/j.apgeochem.2018.08.019

[43] X. Xu & G. L. Mills, “Do constructed wetlands remove metals or increase metal bioavailability?,” JJ Env
Man, vol. 218, pp. 245-255, Jul. 2018. https://doi.org/10.1016/j.jenvman.2018.04.014

[44] V. A. Papaevangelou, G. D. Gikas & V. A. Tsihrintzis, “Chromium removal from wastewater using HSF
and VF pilot-scale constructed wetlands: Overall performance, and fate and distribution of this element
within the wetland environment,” Chemosphere, vol. 168, pp. 716—730, Feb. 2016. https://doi.org/10.1016/;.
chemosphere.2016.11.002

[45] A. M. Pat-Espadas, R. L. Portales, L. E. Amabilis-Sosa, G. Gémez & G. Vidal, “Review of Constructed
Wetlands for Acid Mine Drainage Treatment,” Water, vol. 10, no. 11, pp. 1685-1685, 2018. https://doi.
org/10.3390/w10111685

[46] H.Ali, E. Khan & M. Anwar, “Chemosphere Phytoremediation of heavy metals— Concepts and applications,”
Chemosphere, vol. 91, no. 7, pp. 869—881, May. 2013. https://doi.org/10.1016/j.chemosphere.2013.01.075

[47] J. Vymazal & T. Brezinova, “Accumulation of heavy metals in aboveground biomass of Phragmites aus-
tralis in horizontal flow constructed wetlands for wastewater treatment: A review,” CEdJ, vol. 290, pp.
232-242, Apr. 2016. https://doi.org/10.1016/j.cej.2015.12.108

[48] A. Dan, O. Masao, F. Yuta, S. Satoshi, I. Tomonori, M. Takashi & I. Michihiko, “Removal of heavy me-
tals from synthetic landfill leachate in lab-scale vertical f1 ow constructed wetlands,” Sci Tot Enuv, vol.
584585, pp. 742—-750, Apr. 2017. https://doi.org/10.1016/j.scitotenv.2017.01.112

[49] C. A. Madera-Parra, E. J. Pena-Salamanca & J. A. Solarte-Soto, “Efecto de la concentraciéon de metales
pesado en la respuesta fisiologica y capacidad de acumulacién de metales de tres especies vegetales tropi-
cales empleadas en la fitorremediacion de lixiviados provenientes de rellenos sanitarios,” Ing Compet, vol.
16, no. 2, pp. 179-188, 2014. https://doi.org/10.25100/1yc.v1612.3693

[650] G. Yu, G. Wang, J. Li, T. Chi, S. Wang, H. Peng, H. Chen, C. Du, C. Jiang, Y. Liu, L.. Zhou & H. Wu, “En-
hanced Cd 2 + and Zn 2 + removal from heavy metal wastewater in constructed wetlands with resistant
microorganisms,” Bior Tech, vol. 316, no. May, pp. 123898-123898, Nov. 2020. https://doi.org/10.1016/].
biortech.2020.123898

87


https://doi.org/10.1201/9780203491454
https://www.journalijar.com/uploads/969_IJAR-3569.pdf
https://www.journalijar.com/uploads/969_IJAR-3569.pdf
https://doi.org/10.1016/j.jenvman.2017.10.014
https://doi.org/10.1016/j.jenvman.2017.10.033
https://doi.org/10.1016/j.jenvman.2017.10.033
https://doi.org/10.1016/j.jclepro.2020.121110
https://doi.org/10.1016/j.jclepro.2020.121110
https://doi.org/10.1080/15226514.2011.620653
https://doi.org/10.1016/j.cej.2012.09.039
https://doi.org/10.1016/j.chemosphere.2005.09.014
https://www.cabdirect.org/cabdirect/abstract/20163284520
https://www.cabdirect.org/cabdirect/abstract/20163284520
https://doi.org/10.1016/j.scitotenv.2012.11.088
https://doi.org/10.1016/j.scitotenv.2020.142540
https://doi.org/10.1016/j.scitotenv.2020.142540
https://doi.org/10.1016/j.scitotenv.2008.06.045
https://doi.org/10.1016/j.scitotenv.2008.06.045
https://iranjournals.nlai.ir/bitstream/handle/123456789/589813/537E8A11A780A18363B4073D72E9F9F9.pdf?sequence=-1&isAllowed=y
https://iranjournals.nlai.ir/bitstream/handle/123456789/589813/537E8A11A780A18363B4073D72E9F9F9.pdf?sequence=-1&isAllowed=y
https://iranjournals.nlai.ir/bitstream/handle/123456789/589813/537E8A11A780A18363B4073D72E9F9F9.pdf?sequence=-1&isAllowed=y
https://doi.org/10.1016/j.apgeochem.2018.08.019
https://doi.org/10.1016/j.jenvman.2018.04.014
https://doi.org/10.1016/j.chemosphere.2016.11.002
https://doi.org/10.1016/j.chemosphere.2016.11.002
https://doi.org/10.3390/w10111685
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.1016/j.cej.2015.12.108
https://doi.org/10.1016/j.scitotenv.2017.01.112
https://doi.org/10.25100/iyc.v16i2.3693
https://doi.org/10.1016/j.biortech.2020.123898
https://doi.org/10.1016/j.biortech.2020.123898

de Moya-Sanchez, Casierra-Martinez, Vargas-Ramirez & Caselles-Osorio / INGE CUC, vol. 17 no. 2, pp. 76-88. Julio - Diciembre, 2021

[61] M. Llugany, R. Tolra, C. Poschnrieder & J. Barceld, “Hiperacumulacién de metales : juna ventaja para la
planta y para el hombre?,” Ecosistemas, vol. 16, no. 2, pp. 4—9, 2007. Available: https:/www.revistaecosis-
temas.net/index.php/ecosistemas/article/view/124

[62] M. Soleimani-Ahmadi, H. Vatandoost, A. A. Hanafi-Bojd, M. Zare, R. Safari, A. Mojahedi & F. Poorah-
mad-Garbandi, “Environmental characteristics of anopheline mosquito larval habitats in a malaria en-
demic area in Iran,” Asian Pac J Trop Med, vol. 6, no. 7, pp. 510-515, Jul. 2013. https://doi.org/10.1016/
S1995-7645(13)60087-5

[63] R. Chandra, “Advances in Biodegradation and Bioremediation of Industrial Waste,” in R. Chandra, G.
Saxena & V. KumarPhytoremediation of Environmental Pollutants : An Eco- Sustainable Green Tech-
nology to Environmental Management, BR. FL. USA.: CRC Press Taylor & Francis Group, pp. 1-30,
Mar. 2015. Available: https://www.researchgate.net/publication/274249084_Phytoremediation_of_Envi-
ronmental_Pollutants_An_Eco-Sustainable_Green_Technology to_Environmental Management

[54] D. I. Caviedes-Rubio, D. R. Delgado & A. O. Amaya, “Remocién de metales pesados cominmente gene-
rados por la actividad industrial , empleando macroéfitas neotropicales,” P+L, vol. 11, no. 2, pp. 126-149,
Jul.-Dic. 2016. Disponible en http://repository.lasallista.edu.co:8080/0js/index.php/pl/article/view/1245

[65] Z. B. Salem, X. Laffray, A. Al-Ashoor, H. Ayadi & L. Aleya, “Metals and metalloid bioconcentrations in
the tissues of Typha latifolia grown in the four interconnected ponds of a domestic landfill site,” J Env
Sci, vol. 54, pp. 56—68, Apr. 2017. https://doi.org/10.1016/j.jes.2015.10.039

[66] M. Walaszek, M. Del Nero, P. Bois, L. Ribstein, O. Courson, A. Wanko & J. Laurent, “Sorption behavior
of copper, lead and zinc by a constructed wetland treating urban stormwater,” Ap Geochem, vol. 97, pp.
167-180, Oct. 2018. https://doi.org/10.1016/j.apgeochem.2018.08.019

[67] S. Tahervand & M. Jalali, “Sorption and desorption of potentially toxic metals (Cd, Cu, Ni and Zn) by soil
amended with bentonite, calcite and zeolite as a function of pH,” GEXPLO, vol. 181, pp. 148—-159, Oct.
2017. https://doi.org/10.1016/j.gexplo.2017.07.005

38


https://www.revistaecosistemas.net/index.php/ecosistemas/article/view/124
https://www.revistaecosistemas.net/index.php/ecosistemas/article/view/124
https://doi.org/10.1016/S1995-7645(13)60087-5
https://doi.org/10.1016/S1995-7645(13)60087-5
https://www.researchgate.net/publication/274249084_Phytoremediation_of_Environmental_Pollutants_An_Eco-Sustainable_Green_Technology_to_Environmental_Management
https://www.researchgate.net/publication/274249084_Phytoremediation_of_Environmental_Pollutants_An_Eco-Sustainable_Green_Technology_to_Environmental_Management
http://repository.lasallista.edu.co:8080/ojs/index.php/pl/article/view/1245
https://doi.org/10.1016/j.jes.2015.10.039
https://doi.org/10.1016/j.apgeochem.2018.08.019
https://doi.org/10.1016/j.gexplo.2017.07.005

	_GoBack
	_Hlk60041275

