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1. Introduction

Modern urbanized societies are facing serious challenges in the maintenance of their
water resources. Anthropogenic activities result in the production of large quantities of
wastewater, carrying a wide array of organic and inorganic pollutants. Most of these pollu-
tants could successfully be removed using conventional remediation technologies; neverthe-
less, passive and minimally invasive treatment schemes are preferred, as per the sustainable
United Nations guidelines (UN SDG6). Being a part of the sewage treatment infrastructure,
this would alleviate a substantial economic burden on low- and lower-middle-income
countries. Phytoremediation—the use of plants for wastewater reclamation—is one such
ecotechnology that offers engineered solutions such as constructed wetlands (CWs) and/or
variants, i.e., floating treatment wetlands (FTWs). One successful example is the field-scale
application of FTWs, which effectively attenuated a large fraction of diverse organic and
inorganic contaminants, with as low as US$0.0026/m3 of wastewater in Pakistan [1].

2. The Concept

CWs are modern variants of Rieselfeld (German: sewage trickle fields) systems, which
were introduced by German social reformers in 1891. In Rieselfeld, effluent is trickled over
gravel or water-permeable soil and degraded by microflora within the substrate [2]. Later, in
the 1950s, Dr. Käthe Seidel (a German limnologist) developed a hybrid system for the faster
treatment of municipal wastewater by introducing vegetation/plants in the filtering bed [3].
In these systems, multiple horizontal and single vertical seepage beds were used, along
with gravel as a substrate, which were further vegetated with marsh plants (i.e., lakeshore
bulrush, Schoenoplectus lacustris). These systems were recognized as Pflanzenkläranlage or
“plant-based sewage treatment systems”; these inspired the terminology of the “constructed
wetland”. As of today, several CW and FTW variants have been engineered to harness the
synergistic interactions among plants, microbes and substrates for the treatment of various
contaminants from the water bodies. At first, the application of CWs and variants (FTWs)
was limited to municipal and/or domestic wastewater treatment. However, modern
research has expanded the scope of this ecotechnology to treat wastewater of variety of
origins, i.e., stormwater, industrial water, landfill leachates, mine wastewater, and polluted
river water [1,4].

3. The Appraisal

This Special Issue ‘Constructed and Floating Wetlands for Sustainable Water Reclamation’
compiles six research and three review articles showcasing the use of CWs and variants,
for the treatment of wastewater in diverse environmental settings such as that of swine,
textile, hydrocarbons, pharmaceutical, and agricultural origins.

Sustainability 2022, 14, 1268. https://doi.org/10.3390/su14031268 https://www.mdpi.com/journal/sustainability
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Swine breeding farms are major contributors to the production of swine wastewater
(SW) that contains large fractions of urine, feces, antibiotics, pathogens, and residues of
undigested food. The chemical oxygen demand and nutrient contents are tremendously
high in SW, along with a large proportion of pharmaceuticals [5,6]. Hence, the direct
discharge of untreated SW could negatively impact the biotic components of the receiving
ecosystem [6]. In conventional settings, pre-treatment of SW is carried out in anaerobic
lagoons for the degradation of organic matter, whereas CWs are used for the removal of
nutrients [7]. However, in the absence of pre-treatment schemes, the performance of CWs
is not efficient for the complete depuration of livestock wastewater. Given this, Denisi et al.
(https://doi.org/10.3390/su132212390 (accessed on 20 December 2021)) showed that both
aerated and non-aerated lagoons, when combined with CWs (plant: Typha latifolia L.),
improve the depuration-efficiency of SW at the pilot-scale. This system attenuated ~99% of
organic matter and total suspended solids, along with 80–95% removal of total nitrogen.
The study could provide a starting point to establish similar treatment systems for the
effective treatment of livestock wastewater at an impaired C/N ratio.

The agriculture sector heavily relies on agrochemicals such as pesticides, herbicides,
fungicides, and hormones, to achieve higher yields and feed the burgeoning world popula-
tion [8]. As a result, agricultural runoff carries a large proportion of nutrients, suspended
solids, pesticides, veterinary medicines, pathogens, and potentially toxic metals. To this
end, Tang et al. (https://doi.org/10.3390/su132413578 (accessed on 20 December 2021))
highlighted CWs as a panacea for the effective treatment of various contaminants in agri-
cultural runoff. This review article proposes CWs as an innovative solution to mitigate the
emerging negative environmental impacts of agricultural intensification.

In recent years, self-buoyant hydroponic root mats have received tremendous attention
to reclaim wastewater in open systems, i.e., lagoon, pond, lake [9]. The enrichment of
specialized microorganisms along with appropriate choice of macrophytes could greatly
enhance the remediation potential of FTWs. To this end, Nawaz et al. (https://doi.org/10
.3390/su12093731 (accessed on 20 December 2021)) reported that the bioaugmentation of
plant-growth-promoting and pollutant-degrading bacteria efficiently removed a variety of
pollutants from textile wastewater. Further, the high persistence of inoculated bacteria in
the water, root interior, and shoots interior of the wetland plant was positively correlated
with the performance of FTWs. The proliferation of rhizospheric and endophytic bacteria
efficiently reduced the total dissolved solids, total suspended solids, chemical oxygen
demand, biochemical oxygen demand, electric conductivity, color, and toxic metals from the
dye-polluted wastewater. Additionally, the plant’s growth was improved, and toxicity was
alleviated from the textile effluent, which ultimately promoted the plants’ ability to tolerate
pollutant-induced toxicity. Accordingly, Fahid et al. (https://doi.org/10.3390/su12062353
(accessed on 20 December 2021)) reported that the synergism of plant- and hydrocarbon-
degrading bacteria could improve the remediation of diesel oil from the contaminated
water in FTWs.

Sodium dodecyl sulfate (SDS) is a commonly found anionic surfactant in detergents
and is extensively applied in various sectors [10]. The direct discharge of these wastewaters
without pre-treatment may have harmful effects on biotic elements, particularly the aquatic
life [11]. The adoption of conventional and unsustainable methods (i.e., coagulation,
filtration with coagulation, adsorption, ion exchange, ozonation, reverse osmosis) may
achieve sufficient removal of pollutants; nevertheless, these methods are also known to
produce secondary pollution by generating toxic sludge [12,13]. Here, Yasin et al. (https:
//doi.org/10.3390/su13052883 (accessed on 20 December 2021)) inoculated a consortium
of rhizospheric and endophytic bacteria in FTWs comprising two wetland plants. The
system achieved a significant removal of sodium dodecyl sulfate (97.5%) concentration
in the contaminated water. The authors argued that plant–bacteria synergism provided a
congenial environment for the survival and proliferation of inoculated bacteria within the
plant tissues for necessary catabolic functioning.

2



Sustainability 2022, 14, 1268

Significantly higher concentrations of acetaminophen (N-acetyl-p-aminophenol, ACE)
were reported in the influents and effluents of sewage treatment plants [14]. This has raised
serious concerns for natural aquatic ecosystems [15]. One example is the disturbance of
mangroves ecosystems, which are known to sink pollutants in tropical and subtropical
regions [16]. The sediments in mangroves can accumulate high concentrations of nonylphe-
nol, polycyclic aromatic hydrocarbons, sulfonamides, which could be degraded with the mi-
crobial action [17,18]. The application of ACE-degrading bacteria and white-rot fungus ap-
peared to be a promising approach for ACE removal from the aquatic environment [19,20].
Yang et al. (https://doi.org/10.3390/su12135410 (accessed on 20 December 2021)) achieved
the successful removal of ACE in mangrove sediments by adding microcapsules, ACE-
degrading bacteria, and electron acceptors (Na2SO4, NaNO3, and NaHCO3). To this end,
the best ACE-degradation was reported with the addition of NaNO3. It was further re-
ported that the addition of an electron acceptor could enrich sixteen microbial genera,
which are primarily involved in the anaerobic transformation of ACE.

4. Conclusions and the Way Forward

A thorough understanding of different wetland variants and their working princi-
ples is crucial in the customized treatment of wastewater of multiple origins. The major
outcomes of the discussion in the research and reviews of this Special Issue may provoke
future studies on the subject and help governmental bodies and/or industries to cost-
effectively treat wastewater and meet discharge standards. Furthermore, by employing
these ecotechnologies, the accumulation of toxic chemicals in the food chain can be reduced,
and the local population can be protected against the potentially toxic effects of organic
and inorganic pollutants. This approach can also be applied to promote the sustainable
production of bioenergy crops, in conjunction with the remediation of municipal effluents.
The plant biomass may also be used as wood fuel, especially in the villages and towns,
which could greatly reduce the cutting of trees for fuel in underprivileged societies. Last but
not least, public, farmers, industrialists, traders, exporters, and commercial entrepreneurs
could directly benefit from the useful aspects of CWs and FTWs that are highlighted in this
Special Issue.
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Abstract: Constructed wetland (CW) is a popular sustainable best management practice for treating
different wastewaters. While there are many articles on the removal of pollutants from different
wastewaters, a comprehensive and critical review on the removal of pollutants other than nutrients
that occur in agricultural field runoff and wastewater from animal facilities, including pesticides,
insecticides, veterinary medicine, and antimicrobial-resistant genes are currently unavailable. Conse-
quently, this paper summarized recent findings on the occurrence of such pollutants in the agricultural
runoff water, their removal by different wetlands (surface flow, subsurface horizontal flow, subsurface
vertical flow, and hybrid), and removal mechanisms, and analyzed the factors that affect the removal.
The information is then used to highlight the current research gaps and needs for resilient and
sustainable treatment systems. Factors, including contaminant property, aeration, type, and design
of CWs, hydraulic parameters, substrate medium, and vegetation, impact the removal performance
of the CWs. Hydraulic loading of 10–30 cm/d and hydraulic retention of 6–8 days were found to
be optimal for the removal of agricultural pollutants from wetlands. The pollutants in agricultural
wastewater, excluding nutrients and sediment, and their treatment utilizing different nature-based
solutions, such as wetlands, are understudied, implying the need for more of such studies. This
study reinforced the notion that wetlands are effective for treating agricultural wastewater (removal
>90%) but several research questions remain unanswered. More long-term research in the actual
field utilizing environmentally relevant concentrations to seek actual impacts of weather, plants,
substrates, hydrology, and other design parameters, such as aeration and layout of wetland cells on
the removal of pollutants, are needed.

Keywords: constructed wetlands; agricultural runoff; chemicals of emerging concern; veterinary
antibiotics; antibiotic resistant genes

1. Introduction

Agricultural runoff contains excess quantities of diverse pollutants, such as sediments,
nutrients, pathogens, veterinary medicines, pesticides, and metals. Modern agriculture
heavily relies on agro-chemicals, such as pesticides, herbicides, and hormones, that would
grant a greater yield in a shorter period [1]. As the demands for food have increased,
so has the intensity of agricultural activities and animal feed operations [2]. As a result,
agricultural practices over the past years have included more pesticides and inorganic
fertilizers [3,4]. Carvalho and colleagues (1997) reported that North American farmers
relied on herbicides 43.3% of the time, while European farmers used it slightly less at 26.3%
in 1993 [5]. In 2005, there were more than 800 newly registered pesticides in the European
Union [6]. Additionally, approximately two million tons of pesticides were used globally
in 2019, with China and the USA being the two major users [7].

These chemicals are perfect for increasing yield but are ecologically detrimental
when they leave agricultural ecosystems in runoff water following storms [8]. Studies
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have shown that only 1% of pesticides applied to crops are effective, the other 99% enter
the atmosphere, soils, and bodies of water through non-targeted contamination [9]. In
livestock production, animal waste can act as reservoirs for antibiotic resistant genes (ARGs)
and antibiotic resistant bacteria (ARBs) [10–12]. Another study found the prevalence of
veterinary pharmaceuticals to be higher in soil than in water, indicating likeliness of
movement to water resources through agricultural runoff [13].

In the long run, these chemicals have the ability to negatively impact food security
and agricultural sustainability [14]. Termed chemicals of emerging concern (CECs), these
compounds have long been a threat for water quality. According to the Environmental Pro-
tection Agency (EPA), CECs include but are not limited to nanoparticles, pharmaceuticals,
personal care products (PCPs), estrogenic compounds, flame-retardants, detergents, and
other industrial chemicals. All of these contaminants, many of which have agricultural
origin, significantly influence human health and aquatic life [15].

Treatment of diffuse source pollution, such as agricultural runoff, requires a low-
cost, passive, and nature-based approach known as an ecological engineering approach.
Constructed wetland (CW) is a natural ecological alternative to the conventional methods
for treating various types of wastewater, including agricultural runoff [16]. The EPA (1993)
defines CWs as engineered systems that are designed and constructed to utilize natural
processes [17]. Specially designed CWs could be used to treat wastewater in a system
that mimics their natural components. The use of wetland plants to treat wastewater is
a technique that was firstly studied in the 1950s by German scientist Dr. Ka the Seidel;
since then, the idea has expanded greatly and is a very sustainable way of naturally
treating many sources of wastewater [18]. CWs are more beneficial than conventional
wastewater treatment methods because they require lower energy and less operational
effort, but they are also land intensive [16]. CWs are versatile in their functioning, serving
as a tool for water quality improvement, hydrological buffers, reservoirs, and nature
development/recreational areas [19]. Through imitation of natural wetland systems, such
as marshes with wetland plants, soils, and soil microorganisms, CWs are capable of
removing diverse contaminants from different wastewater sources [20].

However, there is still very little known about the biotic and abiotic influences and
interactions that allows this treatment of water and soil to take place [17]. While much of
the previous reviews focused on how CWs are used to efficiently remove nutrients, such
as nitrogen and phosphorus, and sediments from wastewaters [21,22], this paper focuses
on the occurrence of pollutants in the agricultural runoff and how this cost-effective green
approach [23] can be used to remove pollutants from agricultural runoff for mitigation
of the negative environmental impacts of agricultural intensification. Focus pollutants
include veterinary medicines, antimicrobial resistant genes, insecticides, herbicides, and
pesticides.

2. Approach and Definitions

In this article, we reviewed global literature that focused on CWs used for the treatment
of agricultural runoff or wastewater and the characteristics of their design. Scholarly
databases were searched using keywords, such as constructed wetlands, agricultural
runoff, ARGs, ARBs, pesticides, veterinary antibiotics, chemicals of emerging concern, and
their combination to source relevant articles, reports, books, and conference proceedings
published in recent years. Both lab-scale and field-scale experiments that studied effective
removal rates of contaminants in these systems were considered. The search resulted in
over 60 publications that were examined and subsequently summarized in this article
directly or indirectly.

CWs are generally classed based on the life form of the dominating large aquatic plant
or macrophyte in the system [24] or water-flow regime [25]. Figure 1 shows the classification
of CW and their characteristics, which includes flow and flow direction [18,25,26]. Search
results were screened based on their relevancy to include CWs that were subsurface
horizontal flow (SSHF), subsurface vertical flow (SSVF), surface flow (SF) and hybrid and
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were used to remove contaminants that were not nutrients (nitrogen (N), phosphorous (P),
total nitrogen (TN), total phosphorous (TP), and sediment).

Figure 1. Classification of constructed wetlands.

Hydrological factors dictate the functioning of wetlands as they are directly linked
to the ecosystem’s biotic and abiotic processes. These processes are what influences
both the biological (nutrient availability, microbial community, plant community) and
physicochemical (soil pH, water pH, oxidation-reduction potential (ORP)) parameters in
CWs [27]. Success of CWs is heavily dependent on the hydraulic residence time (HRT) [28,
29] and the hydraulic loading rate (HLR) [30,31]. Various factors, such as wetland design,
scale, size, water depth, HRT, HLR, substrate, experiment duration, source of pollutant,
pollutant influent concentration, removal percentage, and major mechanisms responsible
for removal of pollutants were tabulated, represented in graphs, or analyzed further.

3. Occurrence of Pollutants in Agricultural Runoff

Diverse pollutants have been measured in agricultural runoff. Pesticides, herbicides,
and veterinary pharmaceuticals are present in agricultural runoff and are major threats to
water quality health [32]. Concentrations of CECs have been found in quantities in excess
of 0.01 mg/L, especially during storm events [33]. The antibiotics found mostly in agri-
cultural runoff from the reviewed articles are mainly tetracyclines, sulfamonomethoxine,
enrofloxacin, and trimethoprim, which are either used for disease prevention or as growth
promoters in the industry [34–41]. A Chesapeake Bay study found high concentrations of
antibiotics (azithromycin (AZI), clarithromycin (CLA), difloxacin (DIF), enrofloxacin (ENR),
norfloxacin (NOR), roxithromycin (ROX), and sulfamethoxazole (SMX)), and hormones
(mainly estrogen derivatives) due to wastewater effluents and agricultural runoff [33].
Antibiotics in both swine and dairy cattle farm effluents were found at high concentrations
in China, which implies frequent application of these antibiotics during the production
process [42]. Since China is one of the largest producers of animals in the world, significant
consumption and release to the environment are expected.

Animal husbandry is a major source of environmental ARGs and ARBs [12]. ARG
dissemination from flowing water normally happens from ground or surface water sources
receiving effluents from domestic, municipal, and agricultural sources, such as livestock
farms [43,44]. Through horizontal gene transfer, bacteria are able transfer resistance from
one organism to the other. Oliver and colleagues studied dairy manure systems and found
the presence of bacteria, such as Enterobacteriaceae (specifically nontyphoidal Salmonella),
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antibiotic-resistant Campylobacter, methicillin- and vancomycin-resistant Staphylococcus, and
vancomycin-resistant Enterococcus, which the Centers for Disease Control and Prevention
(CDC) deemed clinically dangerous to be prevalent. Additionally, they also found that
some of these bacteria were able to resist up to five antibiotics [45]. A Chinese study (2018)
found 18 types of ARGs from swine feedlots in the surrounding environment, namely
streams and agricultural soils [46]. Genes dominant in swine manure were found to be
those that were resistant to tetracycline (TC), aminoglycoside (AGR), chloramphenicol
(CPR), multidrug (MDR), sulfonamide (SNR) and beta-lactam (BLR) [46–59]. SNR genes
were also found abundantly in dairy manure storm runoffs [60]. Background bacterial DNA
concentrations were indicated by 16S rRNA data as high as 4.10 × 1013 copies/mL [61].

The occurrence of pesticides was also found to be prevalent in agricultural runoff
effluent [62–65]. A Mexican study found priority pollutants, such as endosulfan, an
insecticide that is authorized for use in the country, to be in excess of 8.656 × 10−3 mg/L in
runoff water during storms [66]. Other major contaminants in agricultural runoff include
veterinary pharmaceuticals and personal care products (PPCPs), such as naproxen, estrone
(and other estrogenic derivatives), which are used mainly for pain suppression or growth
enhancement for animals [65–69].

A summary of occurrence of these pollutants in the agricultural wastewater (Figure 2)
indicate presence of greater than 1000 mg/L biochemical oxygen demand (BOD), chemical
oxygen demand (COD) and total suspended solids (TSS); sub part-per-trillion to 30 part-per
million of antibiotics, hormones, and veterinary pharmaceuticals, and up to 4.1 × 1012

cells per mL of bacteria [42,65,70–72]. Herbicides were found to be more dominant in the
agricultural runoff as it had been found as high as 530 mg/L. The prevalence of other
contaminants, such as metals and fungicides, were much lower than the other CECs
considered [42,66,68,70].

 

Figure 2. Occurrences of pollutants in the agricultural runoff: (a) Total suspended solids, biochemical oxygen demand,
and chemical oxygen demand, (b) metals, fungicides, herbicides and pesticides, (c) antibiotics, hormones and veterinary
pharmaceuticals, (d) antibiotic resistant bacteria and genes, and bacteria. Data are mean ± standard deviation. Note
logarithmic y-axis.
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4. Removal of Pollutants by Wetlands and Processes for Their Removal

Many studies have been conducted on the applications of constructed wetlands to
remove pollutants from agricultural runoff and wastewater. Based on the study scales, this
section has been divided into lab-scale and field-scale for further discussion.

4.1. Lab-Scale

Scientists in Portugal conducted laboratory-scaled microcosm studies to evaluate
the removal performance of constructed wetlands for veterinary antibiotics for many
years [39,42,73]. In their CW microcosms, multiple layers were set up (from bottom to
top) as gravel, lava rock, root bed substrate (which was a mixture of soil and sand to
help the vegetation’s establishment) and Phragmites australis were planted. They used
wastewater from swine farms/saline aquaculture facilities as their influent water with
antibiotic concentrations spiked-up to 100 μg/L. The results showed that the removal
efficiency for vet antibiotics-enrofloxacin (ENR), tetracycline (TET) [39], oxytetracycline
(OXY) [73] and ceftiofur (CEF) [42] were over 90% after 9 to 20 weeks treatment period. The
major mechanisms for the removal processes were adsorption to the substrate and plant’s
root (physical process), microbial metabolization and degradation (biological and chemical
processes) and plant uptake (biological process) [39,42,73]. Studies conducted using the
wide range of pollutants and various influent water types (fresh water and saline water)
proved that CW microcosm design was adaptable to various wastewater treatments with
satisfying removal efficiencies. Their study in 2020 using the same system even achieved
toxic metal removal while maintaining the nutrient levels for agriculture reuse [70]. Another
study in 2018 using the same system observed removal of organic micropollutants, such as
atrazine, clarithromycin, fluoxetine, and norfluoxetine, from the freshwater aquaculture
effluents [74]. Evidence from other studies suggested that such removal was accomplished
through microbial degradation [75,76]. Another study conducted in Canada also found
that subsurface horizontal flow constructed wetlands could remove 42%, 49% and 49%,
respectively, of poultry pharmaceuticals monensin, salinomycin and narasin through
sorption onto the soil surface and microbial degradation [77]. This indicates that with
successful CW design, we can treat wastewater containing various contaminants in an
efficient and economical manner. Such small-scale laboratory studies may not be sufficient
for direct field application of constructed wetlands, but they serve as a good role at the
proof-of-concept stage for future larger scaled studies.

Besides antibiotics, pesticides, such as chlorpyrifos, have been studied intensively
and shown to be highly removable through constructed wetlands [78–82]. Most of the
studies showed that biodegradation and adsorption were the primary removal mechanisms
of such chemicals from the CW system. In addition, studies have also looked into the
removal performance for antibiotic resistance genes [83–85]. According to the study by
Song et al. (2018), the accumulation of antibiotics in different layers within the constructed
wetland resulted in an abundance of ARGs with a positive correlation relationship [84].
Later studies proved that some CW systems could reduce ARG concentrations as they
remove the antibiotic contaminations. Chen et al. 2019 study showed that while antibiotics’
major removal mechanism was microbial degradation, ARGs main removal mechanisms
were substrate sorption and biological reactions [83]. Another study investigated the
comparisons of substrate medium by Du et al. (2020) and observed better removal rates
(>95%) for both antibiotics and ARGs when zeolite medium and plant (Arundo donax) were
used [85].

4.2. Field-Scale

For field-scale studies, it can be further divided into two groups: pilot-scale CW
studies and full-scale in situ CW studies. The former one typically had a smaller dimension
(within an average volume of 1 m3 for each CW), while the latter took a greater surface area
(typically over 100 m2) and served as a functional water treatment system for agricultural
wastewater or farm runoff. The pilot-scale studies can be seen as a scaled-up version of
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laboratory-scale studies, as they are in larger volumes and typically operated in green-
houses or open fields receiving more real-world weather conditions than lab studies, but
they can still be modified timely during operation to achieve better performance since their
scale is still manageable. Therefore, during the pilot-scale study time (ranging from 1 to
16 months), water samples were collected periodically to evaluate the CW performance
over time [38,62,63,86–89]. While the full-scale studies were based on fully established
CWs that have been operating for several years, therefore, the system typically already
reached a steady state for removal performance requiring little manipulation during study
time. Compared to the smaller scaled studies that typically collect water samples at
the influent and effluent points with multiple and periodic sampling events, the larger
scaled studies tend to have more sampling points throughout the system within only one
or few sampling events to monitor the removal performance over the entire treatment
system [40,41,66,90,91]. Another major difference between pilot-scale and full-scale CW
studies was that pilot-scale studies often spiked up the target contamination concentrations
even if they already existed in the influent water, but the full-scale field studies treated the
existing concentrations and measured field concentrations. Therefore, full-scale studies
might show relatively lower removal efficiencies since it is more challenging to achieve
high removal performance at lower influent concentrations.

4.2.1. Pilot-Scale

A research group from China studied applying CWs to remove veterinary antibiotics
and antibiotic resistant genes from swine wastewater for many years. In their studies,
various CW types and their combinations as well as substrate medium and target contami-
nation compounds were investigated. Their 2013 study results found that SSVF-CWs could
efficiently remove target antibiotics and ARGs (68–95% and 50–90%, respectively) with
the major mechanism being the physical sorption towards the wetland medium [38]. In
another study, the results showed that removal performance ranged from high to low in
the order of SSVF-Low water level > SSVF-High water level > SSHF > SF (based on average
removal rates) indicating that the various design, flow path and water level led to different
antibiotic removal rates through impacting the parameters, such as temperature, oxygen
transfer, oxidation-reduction potential, sorption sites, etc. [89]. Another key finding from
this study was that the seasonality might pose different impacts on different veterinary
antibiotics (significant effect on sulfamethazine (SMZ) while no significant effect on TC)
and different CW types (significant effect on SF while no significant effect on SSVF) [89].
Another long-term study indicated that high removal rates, ranging from 69.0% to 99.9%,
were achieved for the target contaminants in all three treatments with different initial
concentrations [86]. In another short-term study, flow direction showed no significant
influence since they obtained comparable removal rates, but accumulation of antibiotics
and ARGs in the surface soil was observed in down-flow treatments indicating a concern to
the local environment due to likeliness of antibiotics enrichment and ARGs abundance [87].

Besides antibiotics, studies have also been conducted on removal of herbicides via
application of CW systems, as Gikas et al. demonstrated up to 74% removal of terbuthy-
lazine [92] and 60% removal of S-metolachlor [93] in horizontal subsurface flow CWs.
Other researchers also investigated the removal performances of hybrid, SSHF and SF
CW systems using various substrate and vegetations [62,63,88]. In a 2019 study, differ-
ent combinations of CW units (SSHF-SSVF (up-flow); SSHF-SSVF (down-flow); SSFV
(down-flow)-SSVF (up-flow)) were run for 84 days to treat antibiotics, ARGs and nutrients
from goose wastewater. The researchers reported that the comparable antibiotic removal
performance of different combinations of hybrid CWs was probably due to the highly
spiked-up influent concentrations (2500 μg/L for tilmicosin (TMS) and 30 μg/L for doxy-
cycline (DOC)), which likely concealed the differences on effluent concentrations among
different treatments [63]. This may indicate the importance of conducting full-scale field
studies receiving much lower antibiotic concentrations to simulate the real-world scenario,
instead of pursuing the high removal efficiency results by dosing up the influent water
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to an unrealistic level. Besides livestock and poultry, CW has also been applied to treat
wastewater from aquaculture. For example, Huang et al. conducted a study using SSHF
with different vegetations (single or mixture of Iris pseudacorus and Phragmites australis) to
remove ENR, SMZ and AGRs from wastewater of a local fish farm achieving up to 80%
removal performance [88].

4.2.2. Full-Scale

For the full-scale field studies, multiple treatment units either incorporating both
traditional water treatment processes (such as filtration, sedimentation, anaerobic digestion,
etc.) and constructed wetland treatment processes, or a hybrid system with a series of
different CW cells (such as SF, SSHF, SSVF, etc.) were used [40,91]. For assessing treatment
performance, an entire system’s performance over a long time was monitored [40,91]
or the performances at various stages within the system were compared by collecting
samples at multiple sampling points [72,90,94]. The application of CW in the field could
be an entire system, or sometimes just one unit in addition to the traditional treatment
units. For example, the Chen et al. (2012) study compared a traditional swine wastewater
treatment system (A) with another system (B) containing additional aquatic vegetation
ponds (serving as SF CWs) as a final polishing unit [40]. The results showed that biological
activities had a significant impact on the degradation of target contaminants but less impact
on the dissipation of contaminants at low concentrations [40]. One common challenge for
field studies compared to the pilot-scale or lab-scale studies is there is no perfect “control
treatment” to refer to. Therefore, background/influent concentration data for such field
studies are extremely important, as they can serve for the comparison of pre and post CW
treatment. As an example, Locke et al. (2011) simulated a runoff study which sampled
before and after the flushing events for comparisons of the removal rate [91]. Their results
indicated that CW could help to protect the downstream water quality through degradation
and sorption of the pollutants and retention caused by adsorption and/or uptake by
vegetation even after the flushing event throughout the entire 21-day study period [91]. For
the integrated/hybrid CW system using multiple treatment units with different designs,
the concentrations of target contaminants typically showed a decreasing trend along water
flow through various stages. For example, in the study by Chen et al. (2015), which utilized
the field CW system containing six units in series and receiving rural wastewater, the
antibiotic concentrations decreased continuously along the treatment train as each unit’s
effluent concentrations were lower than that of the previous unit [90]. This indicated that
with careful design and reasonable arrangements, multiple CW treatment units could run
in series to achieve better overall removal performance. More complicated systems, such
as in the Abdel-Mohsein et al. study (2011), which applied various CW types in series
and operated in parallel at each stage with three different treatments in a rotational mode,
proved to further enhance the retention time and achieve remarkable removal efficiencies
of antibiotic-resistant bacteria with zero residues in the effluent water [72]. Besides these
studies looking into the performance at different stages of CW system, some full-scale
field studies investigated the removal ability of a single established CW system for various
contaminants. For example, Choi et al. (2016) monitored a mature CW system receiving
livestock wastewater without any spikes and their results showed various removal rates for
the eight antibiotics present in the wastewater [41]. Therefore, it is important to consider
whether CW is suitable for the target pollutants based on its chemistry and properties.
Conversely, unsatisfying operation performance may occur if the target pollutants are out
of the scope from the designed CW’s treatment ability.

5. Factors Impacting CW Performance

Based on the literature research, 34 relevant studies have been reviewed for the
removal of CECs by CWs. The information has been summarized in Table 1 and various
parameters and their impacts on CW performance are discussed in the following section in
random order.
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5.1. Target Contaminant Property

Based on the various physicochemical properties, such as pKa, molecular weight,
solubility, and functional groups, different contaminants showed different levels of removal
by CW systems. From the study by Choi et al. (2016), the major removal mechanism was
the adsorption to soil, which was favored for compounds with lower molecular weights
and higher pKa values [41]. Gorito et al. (2018) also suggested that high removal of
azithromycin through sorption onto the soil and plant uptake were likely due to its high
octanol–water coefficient (Kow) and pKa values [74]. In addition, contaminants with low
solubility and high soil adsorption coefficient (Koc > 1000) would have better sorption
and retention in soils. For example, Gikas et al. (2018) found poor adsorption of selected
pesticides due to moderate solubility and low Koc [92]. This was also supported by a
pesticide study conducted by Agudelo et al. (2010) as target contaminant chlorpyrifos with
low solubility and high adsorption coefficient showed great sorption into the soil substrate
or the humic colloids suspended in the water [78]. Vystavna et al. (2017) indicated that
compounds, such as propranolol, tend to accumulate in sediments due to its hydrophobicity,
therefore, the utilization of porous filter materials with high sorption ability could improve
the removal percentages for such compounds [100]. Functional group and structure could
also impact pollutant removal mechanism, as the Lyu et al. (2018) study showed that
hydrolysis was negligible for tebuconazole removal due to its chemical properties [97].
Overall, to achieve optimal removal performance by CW systems, one should consider the
physical and chemical properties of the target contaminant during the design of the CWs
as those properties are likely to impact their removal mechanisms.

5.2. Aeration

Depending on the type of CW system and the specific spot within a CW unit, aerobic
or anoxic conditions may exist favoring certain pollutant removal processes. The removal
of antibiotics, such as monensin, salinomycin and naracin, through microbial degradation
was most active at the water/air interface or within the root zone under aerobic condi-
tions [77]. Other works have also shown aerobic conditions to support the removal of
veterinary pharmaceuticals from wastewaters [101]. On the contrary, the biodegradation
of chloroacetanilide herbicides might be favored under anoxic conditions, as Elsayed
et al. (2015) found that bacterial communities were most abundant and active at anoxic
rhizosphere zone and anaerobic degradation accounted for the most dissipation of chloroac-
etanilides [102]. Besides the natural established aerobic/anaerobic conditions, some studies
also introduced artificial aeration to promote the removal rates. For example, Chen et al.
(2019) compared four different hybrid CW systems with/without the addition of aeration
from an air blower and their results showed enhanced ARGs removal rates in both VSSF
and HSSF with additional aeration [83]. Similar findings were also observed in a Feng
et al. (2021) study, as they also noticed improved target ARGs removal with aerated treat-
ments [58]. This indicated that for future applications, aeration units should be considered
in the CW system design to improve the ARGs removal efficiencies. Alternatively, better
designs to enhance aeration naturally in the CWs will likely enhance removal of ARGs.

5.3. Types and Design of CWs

Out of the 32 studies listed in Table 1 with identifiable CW type/design, 3 of them
(around 9%) were surface flow (SF), 10 of them (around 31%) were subsurface horizontal
flow (SSHF), 11 of them (around 35%) were subsurface vertical flow (SSVF), and 8 of them
(around 25%) were hybrid systems containing more than one type (SF/SSHF/SSVF). In
general, SSHF and SSVF are more widely applied in single CW type studies comparing to
SF. This is due to how SSHF CW provides an anoxic system which promotes denitrification
and other anoxic microbial processes; whereas SSVF CW provides an aerobic system which
supports nitrification and other aerobic microbial processes [72,102]. In addition, SSVF
CW can also remove organic compounds and suspended solids effectively [72]. In order
to achieve better removal efficiency for various pollutants, a lot of studies applied hybrid
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system containing SSVF and SSHF [72,90,102]. For example, Huang et al. (2019a) showed
that all three two-stage CW systems removed over 98% of the antibiotics without significant
differences among treatments [63]. SSFV (down-flow) and SSVF (up-flow) had a better
performance for ARGs and nutrients (especially for N) removal due to its establishment of
anaerobic ammonium oxidation condition and limitation of bacterial growth [63].

Besides CW types, studies have also investigated the impacts of different flow di-
rections (up-flow vs. down-flow) [85,87] as well as the water level (high-level vs. low-
level) [89]. Their results showed that the configuration of down-flow SSVF followed by
up-flow SSVF provided best pollutant removal performance, however, they also expressed
concern about accumulation of ARGs in the surface soil for down-flow SSVFs [85,87].
Meanwhile, Liu et al. (2014) reported relatively higher removal efficiencies for SSVF with
low water level [89] and this was supported by Lyu et al. (2018) as they found significantly
higher tebuconazole removal in unsaturated CWs than saturated CWs [97]. For larger
field scale studies consisting of multiple CW units, various configurations are utilized.
The most common one was connecting CW units in series [40,41,90,91] but there were
more complicated setups in some studies. For example, George et al. (2003) first had
eight cells connected in parallel as the first stage and the remaining six cells connected
in parallel as the second stage with series connection between stages [96]. Another study
conducted in Japan had five stages connected in series and three treatments connected
in parallel for each stage; and within each treatment there were three cells operating in
rotational mode [72,102]. Such sophisticated design could not only provide better removal
performance but also allow the avoidance of cross-contamination between different cells
and provide the chances to perform operation and maintenance on a specific cell without
disturbing the entire system.

5.4. Hydraulic Parameters (HLR and HRT)

Compared to wastewater treatment plants, CWs typically need lower HLR and longer
HRT to achieve the similar level of removal performances. The hydraulic parameters are
very important to consider during CW system design since lower HLR/longer HRT may
provide better treatment but require much larger land area, while higher HLR/shorter HRT
may occupy a smaller footprint but face low treatment efficiency and frequent clogging
events and need more operation and maintenance inputs. Based on the study data listed
in Table 1, Figures 3 and 4 were plotted to show the relationships between HLR/HRT
and target contamination removal percentage. It is apparent from Figure 3 that removal
efficiency had a positive correlation with HRT, meaning a greater removal rate with the
longer retention time. After 7 days, an average removal efficiency of 90% was achieved,
which is in agreement with the findings from previous research that a hydraulic retention
time of 6–7 days was adequate for the removal of pollutants [93,103]. Meanwhile, Figure
4 showed that with the increase in HLR, removal efficiency would first increase, reach to
a steady level (>90%), and later start to decrease. That is to say, the ideal HLR should be
10–30 cm/d for best pollutant removal performance, as greater or lesser HLR would both
result in reduced removal efficiency. This was supported by findings from Lyu et al. (2017)
as they reported decreasing removal rates over increased HLR [97]. Therefore, choosing
the appropriate HRT/HLR for CW system has great impacts on the system performance.
Furthermore, in some studies, hydraulic retention times were adjusted based on seasons,
with them being longer in warmer seasons (8 days) and shorter in colder seasons (6 days)
to address the water requirement variations due to evapotranspiration [92,93,98].
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Figure 3. Relationship between HRT and removal efficiency in CWs.
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Figure 4. Relationship between HLR and removal efficiency in CWs.

5.5. Substrate Medium

Since adsorption is one of the major mechanisms for pollutant removal in CW systems,
the substrate medium’s physical and chemical properties would have a huge impact
on the removal performances. The Papaevangelou et al. study (2017) compared two
substrates (fine gravel and cobbles) from the same riverbed with various sizes and found
better removal performance of fine gravel for target pollutant-boscalid (fungicide) in the
preliminary tests but no significant difference in performance of the substrates over long-
term field study [98]. A lot of previous research have compared the removal efficiency
of specific contaminants with various substrate medium. For example, Liu et al. (2013)
showed that compared to volcanic rock, zeolite had a lower point of zero charge (PZC)
indicating a higher affinity to cationic form of antibiotics at neutral pH levels and had
smaller pore size indicating greater sorption sites; therefore, zeolite showed better removal
efficiencies for selected antibiotics and ARGs [38]. Similar observations were made by Du
et al. (2020) as zeolite medium had a better removal performance for both antibiotics and
ARZs compared to quartz sand medium [85]. In the Huang et al. study (2017), brick-based
substrate achieved better antibiotic removal performance compared to oyster shell-based
substrate due to two major reasons: (1) greater porosity and average pore size that provided
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more surface areas for sorption processes; (2) higher iron oxides contents in brick that
provided better adsorption capacity [87]. Besides zeolite and brick material that were
widely applied in CW substrates, medium with high organic matter content was also
investigated since it could potentially increase pollutant removal through interactions with
organic functional groups (such as phenolic and carboxyl groups), hydrogen bonding, and
ion exchange [104]. For example, Feng et al. (2021) compared biochar and gravel based
CWs and found that while treatment with only biochar-based substrate had no significant
improvement in target contaminants removal, treatment with both biochar-based substrate
and aeration showed much higher removal rates [58]. They also measured abundance
of ARGs in the substrate indicating the accumulation of antibiotics in the substrate and
proliferation of ARGs during the long-term operation [58]. That is to say, appropriate
operation methods need to be taken to address the potential risks of ARGs development in
such substrates. Therefore, to achieve better elimination of ARGs in practical approaches,
the suitable selection of CW substrate medium is an important decision.

5.6. Vegetation

Vegetation is another key component in CW systems as plants cannot only directly
uptake pollutants, but also modify the surrounding environment, for example, by trans-
porting oxygen into a rhizosphere to enhance the diversity and biomass of microorganisms,
microbial degradation, and sequestration [104]. Several studies have compared treatment
with plants versus without plants and most of them showed higher removal performance
for herbicides [92,93,96] and pesticides [82,97] with plants as treatment, while one study
presented no significant difference with plant treatment for veterinary antibiotics [39].
Research has also been performed to compare the removal performances of various plant
species. For example, Lyu et al. (2018) compared five plant species (Typha latifolia, Phrag-
mites australis, Iris pseudacorus, Juncus effusus and Berula erecta) for pesticide removal and
found Berula to contribute to significantly higher removal efficiency compared to the rest
four plant species [97]. Moreover, Tang et al. study (2019) indicated that Canna indica,
Cyperus alternifolius and Iris pseudacorus had better removal performance for pesticides than
Juncus effusus and Typha orientalis [82]. However, Souza et al.’s study (2017) showed no
significant differences in pesticide removal among Polygonum punctatum, Cynodon spp. and
Mentha aquatica [81].

Another study also confirmed that vegetation type impacts antibiotic removal effi-
ciencies in surface flow CWs. The authors compared three varieties of ryegrass (Dryan,
Tachimasari and Waseyutaka) to treat three antibiotics (sulfadiazine, sulfamethazine, and
sulfamethoxazole) and found that Dryan outcompeted the other two types of plants due to
its highest removal rates for both nutrients and antibiotics [62]. Gikas et al. (2018) compared
treatments planted with Phragmites australis and Typha latifolia, with an unplanted control
and the results showed that Phragmites australis had the highest removal capacity for both
herbicide (S-metolachlor) [96] and pesticide (terbuthylazine) [92].

Besides the plant species, studies have also shown that various planting patterns may
impact the removal performance. Huang et al. (2019) compared CW treatments with single
plant species and mixed plant species and found that CWs with single plant type performed
better in reducing antibiotic and ARG concentrations [88]. These findings imply that dif-
ferent plant species and planting patterns should be applied to achieve best performance
depending on the target contaminant. Furthermore, studies indicated that after a certain
time of exposure to the pollutant, the plant would uptake the pollutants with more concen-
trations in the root part than in the shoot part [62]. Harvesting the vegetations planted in
the CW reduced the concentration of antibiotics in the soil, implying plant harvest as an
effective procedure to maintain sustainable efficient removal performance [86].

6. Research Bottlenecks and Prospects

As stated in previous sections and presented in Table 1, numerous studies and reviews
have been performed either on the topics of constructed wetlands pollutant removal
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performance or chemicals of emerging concern (such as pesticides, herbicides, veterinary
antibiotics, etc.), but fewer studies have been focused on the overlapping research area
of these two topics, which is using constructed wetlands to remove CECs. Among those
studies, even fewer are related to agricultural runoff, since most of them studied treating
domestic sewage or effluent from wastewater treatment plants. Even those on agricultural
runoff, the studies are dominated by nutrients and sediment. Therefore, most future
research needs to be performed on the application of CWs to remove CECs from agricultural
runoffs. In addition, compared to livestock and poultry wastewater treatment applications,
even fewer data were collected and reported from aquacultural wastewater and farm runoff
either due to irrigation or precipitation. That is to say, more studies need to be conducted
in these specific areas to safeguard our water resources, environmental, and human health.

From the scale’s perspective, the majority of current studies are mainly in lab scale
or pilot field scale, with only a few papers reporting the data from full-scale field studies.
Small-scale studies in a controlled environment in the laboratory or greenhouse setting are
valuable to serve as the first step attempt to address the research questions, but eventually
large-scale studies fitting the real-world scenario are still needed for future applications.
The designed CW system needs to be tested under real field conditions with fluctuating
temperatures, flow rate, redox state, etc. to prove its durability. Nowadays, climate change
has resulted in more extreme weather conditions happening more frequently; therefore,
future research should also take consideration of the impacts of extreme weather, such as
flooding and drought, on designed CW systems. To assist the optimization of design param-
eters, predication models coupled with remote sensing data could be built for simulating
various conditions and potential extreme weather events. With the screening feedback
from such models, suggestions could be provided for future application development.

In addition, after a period of operation, the CWs could accumulate the CECs within the
system and lead to the development of ARGs into the local environment by self-developing
and transferring to other microorganisms [101]. Especially for the down-flow SSVF CWs,
the enrichment of pollutants and ARGs in the surface soil could become problematic in the
long term [86,87]. Therefore, it is necessary to investigate methods to periodically remove
and safely treat the accumulated contaminations from the CW system in order to maintain
a sustainable high removal performance in the long term. Currently, very few papers have
reported such operation and maintenance practices for CW applications.

For the theoretical investigation part, it is broadly accepted that the CW removes pol-
lutants through a variety of processes, including adsorption to the substrate and soil, plant
uptake, and biological degradation. The physiochemical sorption process has been well
studied based on parameters, such as solubility (S), sorption coefficient (Kd), octanol–water
coefficient (Kow), oxidation-reduction potential (ORP), pH and pKa, with a lot of stud-
ies reporting certain correlations between the above parameters and removal efficiencies.
However, most of the current studies failed to provide detailed explanations on biological
processes and their role in the pollutant removal [40,41,86,89]. Therefore, further research
is also needed for understanding the mechanisms of microbial biodegradation and plant
uptake of CECs within the CW systems. For example, more research can explore various
microorganisms’ functions under aerobic/anaerobic conditions and compare contaminant
uptake at different plants parts (root/stem/leave/shoot/etc.). The identification of optimal
conditions for biodegradation and extraction of plant tissues with highest accumulation
could be beneficial for future CW system applications by providing suggestions of ideal
set-up conditions as well as operation protocols, such as harvesting the plant parts with
greatest pollutant accumulations to maintain a high removal rate throughout the entire
treatment period.

Current studies have also reported contradictory results of ARG occurrence and re-
moval within the CW systems as some of the studies showed significant removal of ARGs
with CWs since they arrest and inhibit the growth of bacteria, while others reported in-
creases of ARGs due to the exposure and adaptations to accumulated contaminants in the
substrate/soil. Therefore, future research is also needed to determine the internal com-
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plicated processes and mechanisms underlying various conditions of ARG sequestration
and removal within the CW system. Based on these results, application suggestions of
CW could be provided to avoid ARG accumulation during operation. In addition, further
studies could be performed on the evaluation of potential impacts of ARG accumulation
within the CW system, such as whether accumulated ARGs are going to change the struc-
ture of microorganisms within the system and the system performance; or whether the
accumulation may lead to increase in effluent ARG concentrations. If severe impacts are
noticed from such accumulation, future research on appropriate approaches to prevent the
ARG accumulations will be needed.

With successful CW design, we can treat wastewater containing various contaminants
in an efficient and economical manner. However, there are several ways we can improve
the performance removal of the pollutants by CWs. For example, finding ways to pro-
mote aeration in the CWs can enhance aerobic biodegradation. Additionally, selection of
substrate medium is key to achieving better elimination of ARGs. Studies also showed
hybrid setup to perform differently based on the order of SF or SSF. Moreover, plant species
affect the performance of the CWs. Consequently, screening of plants and plant selection is
important for improving the removal efficiency. Another potential method is to improve
the design of CWs, for example, CWs in series to boost performance.

Because nature-based systems need time to establish and function, real field studies
over longer period without spiking concentrations are needed. As short-term studies with
spiked concentrations may not represent the true removal efficiency, real field studies
conducted for a long time are required. In addition, sampling strategies, for example,
before vs. after in long-term study rather than treatment vs. control, may be needed to
represent the efficiency of removal.

7. Conclusions

The paper reviewed recent findings on the applications of wetlands for the treatment
of agricultural wastewater that contained pesticides and herbicides, veterinary medicines,
antimicrobial resistant bacteria, or ARGs. By the volume of the search results, it can be
concluded that these topics are understudied but are gaining major attention lately, likely
due to concerns with ARGs. Wetlands are nature-based treatment systems, which are
capable of treating many pollutants in the agricultural wastewater simultaneously by
utilizing several physico-chemical and biological mechanisms. For example, adsorption to
the substrate and plant’s root (physical process), microbial metabolization and degradation
(biological and chemical processes), and plant uptake (biological process) were found to
be responsible for removal of veterinary medicines. While a major removal mechanism
for antibiotics was microbial degradation, substrate sorption was a major mechanism for
ARGs. The major parameters, such as target contaminants’ property, aeration condition,
types and designs of CWs, hydraulic parameters, substrate medium and vegetation that
impact the CW system’s removal performances, were also discussed to provide suggestions
for successful future designs. Since CWs are adaptable to various wastewater treatments
with satisfying removal efficiencies, CWs can be a key tool to fight against current and
emerging environmental problems, especially when resilient and climate smart solutions
are needed more than ever.
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Abstract: This article provides useful information for understanding the specific role of microbes
in the pollutant removal process in floating treatment wetlands (FTWs). The current literature
is collected and organized to provide an insight into the specific role of microbes toward plants
and pollutants. Several aspects are discussed, such as important components of FTWs, common
bacterial species, rhizospheric and endophytes bacteria, and their specific role in the pollutant removal
process. The roots of plants release oxygen and exudates, which act as a substrate for microbial
growth. The bacteria attach themselves to the roots and form biofilms to get nutrients from the plants.
Along the plants, the microbial community also influences the performance of FTWs. The bacterial
community contributes to the removal of nitrogen, phosphorus, toxic metals, hydrocarbon, and
organic compounds. Plant–microbe interaction breaks down complex compounds into simple
nutrients, mobilizes metal ions, and increases the uptake of pollutants by plants. The inoculation of
the roots of plants with acclimatized microbes may improve the phytoremediation potential of FTWs.
The bacteria also encourage plant growth and the bioavailability of toxic pollutants and can alleviate
metal toxicity.

Keywords: floating treatment wetlands; water; plants; microbes; pollutants

1. Introduction

Constructed wetlands (CWs) are purposely designed and constructed systems, based on the
physical, chemical, and biological principles and processes of natural wetlands [1]. The vegetation, soil,
and microorganisms are the main components of a CW that contribute to pollutant removal processes
from wastewater. The associated environmental and economic benefits have established CWs as a
viable option for wastewater treatment [2]. These have been widely applied in the treatment of various
types of wastewater, such as municipal, agricultural runoff, storm runoff, and industrial [3–8]. Floating
treatment wetland (FTW) is a novel technology, based on a floating vegetated system, that has unique
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abilities to remediate wastewater [9,10]. In FTWs, plants are supported by a buoyant mat or raft that
floats on the surface of the water [11]. The roots of the plants develop below the floating mat, extending
down the water column, and develop an extensive root system beneath the water level [10,12,13].
The development of a widespread and dense root system is necessary for the effective performance of
FTWs [14]. FTWs move freely and thus cover a wider area of water than the emergent root system. In a
FTW system, the rhizomes and dense root structure develop a special hydraulic flow in the water zone
between the mat and the bottom of the water body, and the floating roots act as a filter [15]. This leads
to an effective removal of pollutants from the water due to the availability of the increased surface area
of roots for adsorption and absorption [16]. The roots and rhizomes provide a habitat for microbial
growth and development. The roots and attached biofilms perform different physical and biochemical
processes for the removal of pollutants from the contaminated water [17,18]. In FTWs, pollutants are
removed by three main processes, namely adsorption, sedimentation, and biodegradation [19].

The benefits associated with FTWs have made it a promising ecological remediation technology
in the field of wastewater treatment. These benefits include economic and convenient construction,
no digging/earth moving or extra land acquisition, easy operation and maintenance, floating mats
that are adjustable with a change in the water level, and excellent treatment performance [10,20,21].
Furthermore, the planted vegetation provides economic and ecological benefits such as the use of
vegetation as fodder, providing a habitat for wildlife/aquatic animals, and enhancing the aesthetic
value of the pond [10,22]. Globally, FTWs are being applied to remediate various types of wastewater,
such as eutrophic water, sewage and domestic, storm water runoff, and industrial [23–29].

Microbes have a fundamental role in the remediation of polluted water by FTWs. The bacteria
attached to the roots form biofilms through a repeated proliferation process [30]. The oxygen and
exudates released by the plants create a substrate for microbial growth and colonization on the root
beneath the water level [31]. Thus, along the vegetation, the performance of FTWs also depends upon
the metabolism of the microbial community in water, attached to the roots and floating mats [32–34].
The application of plants in combination with microorganisms in FTWs is an effective and sustainable
approach for the treatment of wastewater [35]. The plant–microbe interaction enhances the efficacy
of FTWs [36]. Although the plant–bacteria interaction plays an essential role in the removal of
contaminants from aquatic ecosystem, the interaction of the plant with bacteria in the FTWs is not well
explored [37].

This paper discusses this important component of FTWs and provides a detailed overview of the
specific role of microorganisms in FTWs. We have summarized the important species of bacteria that
colonize the roots of plants. Furthermore, the specific role of rhizospheric bacteria, endophytes, and
algae in the pollutant removal process in FTWs has been elaborated.

2. Mechanism of FTWs

In FTWs, pollutants are removed from the wastewater by different mechanisms induced by plants,
microbes, and their mutualistic relationships. The presence of a vegetated floating mat in a water body
boosts the pollutant removal efficiency of the system by modifying the physicochemical properties
of the water [38,39]. The physical characteristics of the plant’s roots and the nutrient uptake are
interdependent/interlinked. The type of medium in which the roots exit and the nutrients present
in the medium specify the root’s physical characteristics [9,40]. In general, the roots of plants filter
the particulates present in the water. Nutrients are taken up by the plant’s roots and accumulated in
them, as well as in the parts of the plant above the mat [14]. Most organic pollutants are degraded
by microorganisms present on the roots. However, some of the organic pollutants are taken by the
plants. The organic pollutants can either be accumulated in the biomass of vegetation or degraded by
endophytic bacteria present inside the plants [41,42].

The plants in FTWs contribute to the pollutant removal process by entrapping pollutant particles
in the roots [11,43,44]. The roots of plants act as physical filters, and remove suspended particulate
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matter from the water. For an effective removal, there should be dense roots, so that they can act as a
physical filter and a bio-sorbent [15].

The bioactive substances released by the roots have a unique role in the removal of nutrients. These
substances balance pH, and increase the humic content in the water, which results in the adsorption
and/or precipitation of pollutants in the form of insoluble material [15,21]. The neutral pH induced
by the vegetation helps in the settlement of dissolved particulate pollutants [24]. Moreover, these
substances alter the physicochemical condition of water, and increase metal and nutrient removal
and the sorption characteristics of biofilms [45,46]. For example, plants may remove phosphorus by
direct uptake, but the key mechanisms of phosphorus removal are sorption, settlement at the bottom,
and physical entrapment in the roots [47]. The FTWs also inhibit the growth of algal communities by
removing nutrients from the water, thus reducing their population [48].

Roots act as a suitable surface for the formation of biofilms, which enhance the degradation of
organic pollutants and removal of nutrients from wastewater [11]. Root exudates aid in the retention
of microbes on the roots by providing them with nutrients [49]. The roots also provide oxygen to
rhizospheric bacteria for aerobic degradation of organic matter. The biodegradation of organic matter
into simple nutrients occurs when it comes in contact with the biofilm [50,51]. Plants remove these
nutrients through direct uptake [52]. Trapping in the biofilm of the roots of macrophytes is an essential
mechanism for particulate matter removal. Furthermore, roots let microbial colonies assimilate the
carbon compounds and help in the reduction in biological oxygen demand and chemical oxygen
demand [26]. Floating wetlands can work under both aerobic and anaerobic conditions. However,
the nutrient removal under aerobic conditions is higher than under anaerobic conditions [53]. Other
organic compounds are degraded by heterotrophic microorganisms either aerobically or anaerobically,
depending upon the oxygen level in water [54].

3. Important Components of FTWs

FTW is composed of plants that are vegetated in a floating mat. Different types of material are
used as floating mats. The detail of these important components is described below (Figure 1).

 
Figure 1. Schematic representation of floating treatment wetland and pollutant removal process.
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3.1. Growth Media

Different types of growth media have been used to provide support to the plants growing on
the floating mat. This growth media can be coconut fiber, peat, soil, bamboo crush, sand, peat rice
straw, and compost [55]. The selection of growth media also influences the pollutant removal process.
For instance, the use of rice straw as growth media improved the total nitrogen removal process by the
formation of thick biofilms, boosting the nitrification/denitrification process [56].

3.2. Buoyancy

In FTWs, different materials have been applied with different natural buoyancies. These floating
materials serve as a platform to fix the plants. The floating mats are made up of different materials
such bamboo sticks, polyester fibers, plastic and foaming sheets [57–59]. The floating material should
be hydrophobic, nutrient absorbent, bacterial adhesive, and with no desorption [15].

Some patent floating mats are also available commercially, such as Beemat®, and Bioheaven®,
made up of buoyant material with holes for plantation. The wrapped plastic tubes and pipes
manufactured from polyethylene (PE), polypropylene (PP) and polyvinyl chloride (PVC), and PS
(polystyrene) foams are most commonly used for the construction of floating frames and rafts [38].
A natural buoyant material, bamboo, has been found to be a cheap and cost-effective material for the
construction of floating rafts [60].

3.3. Plants

The selection of plant species has a great influence on the pollutant removal process. The selection
of plants depends upon their local availability, the nature of pollutants, and the climate zone. The plants
mostly used to develop FTWs are of Canna, Typha, Phragmites, and Cyperus genera. They have been
widely applied in FTWs for the remediation of different types of wastewater [30,56,61–66]. Some
species of the Poaceae family (Lollium sp., Zizania sp., and Chrysopogon sp.) have been successfully
applied in Italy, China, Singapore, and Thailand to develop FTWs. Some plant species are suitable for
particular regions and have efficiently removed nutrients and other pollutants in a specific climate.
Some other plants such as Phragmites, Carex, Acorus, and Juncus were also successfully applied in FTWs,
and these effectively adapted in several locations. The selection of macrophytes to develop FTWs is
very important for pollutant removal as well as for ecosystem sustainability. The selected plants should
be native, easily available, non-invasive species, perennial, able to thrive in a hydroponic environment
with an extensive root system and aerenchyma [67]. The application of invasive species in FTWs may
result in damage to the ecosystem, and the ultimate cost of habitat restoration may suppress the benefits
gained by pollutant removal. [68]. The characteristics that make these macrophytes ideal for FTWs are
their robust growth tall shoot length, extensive root system, and large aerenchyma in their roots and
rhizomes. Plants with relatively thin fibrous roots have a better performance in total nitrogen removal,
and plants with high total root biomass have a better performance in NH+-N removal [69]. The root
development depends upon various factors such as species, age, type of plant and concentration of
nutrients, trophic status of water, nature of pollutants, redox conditions, and use of supporting mats
and growth media. A high nutrient load at an earlier plant stage can be harmful to plants and can
damage the root system [70].

Similarly, the high load of toxicants can also hinder the growth of the root by permanently
damaging young plants. The root development of P. australis was constrained up to 40-cm deep after
3 years of plantation due to the toxic effects of digestate liquid fraction. On the other hand, Typha
latifolia and Juncus maritimus did not establish themselves due to the high pollutant load [71].

3.4. Bacterial Biofilm

Bacteria have a unique ability to form biofilms, also known as epiphytic microbes. Biofilm
formation begins with the attachment of free-floating microbes to gas–liquid and solid–liquid interfaces.
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These biofilms have a key role in the assimilation of the biogeochemical cycles and the dynamics of
an ecosystem process [72]. In the aquatic ecosystem, aquatic plants are an essential substrate for the
establishment, growth, and development of biofilms. Aquatic plants release oxygen, essential for
aerobic bacteria attached to roots, and stimulate the nitrogen cycle in the roots’ surroundings [73,74].
Biofilms are composed of an extracellular matrix comprised of polysaccharide biopolymers, proteins,
and DNA that hold the cell together [75]. The structural integrity of biofilms is obtained by secreted
proteins, various types of exopolysaccharides and cell surface adhesions [76]. The development and
maintenance of these biofilms rely on small molecules such as homoserine lactones, antibiotics, and
secondary metabolites, such as the Staphylococcus aureus matrix, provide proteins for the synthesis of
biofilm. The extracellular matrix also facilitates the formation of adhesive protein found anchored
to the cell wall of S. aureus, holding the cells together within the biofilm by interaction with other
proteins [77,78]. The extracellular DNA also strengthens the structural integrity of the biofilms.
For example, Pseudomonas aeruginosa contains a significant amount of DNA to provide stability to
biofilms [79]. The nature of biofilms and associated matrices depends upon the types of substrates,
medium, and growth conditions. Bacillus subtilis, a Gram-positive bacterium, can make biofilms
via production of two different polymers: polysaccharide extracellular polymeric substances and
poly-d-glutamate. Both of these polymers contribute to biofilm formation; however, the contribution
of each polymer is determined by strain and prevailing conditions [80]. The plants can also modify
the function and structure of the microbial community in their rhizosphere [81]. The biodiversity and
species of bacteria determine the functions of the biofilms. The biofilm-forming bacteria have been
reported as diverse and host specific. The secretion of macrophytes and growth status can determine
the bacterial composition of biofilms in the aquatic ecosystem [82]. Moreover, the bacterial community
of biofilms was found to be different than those in the surrounding water column [37].

4. Microorganisms

Microbial communities have an essential role in the organic and inorganic pollutant removal
process and plant growth promotion in FTWs (Figure 2); however, little has been explored about
specific microbial species in roots and their functions in pollutant removal processes from water [83,84].
Some bacteria, such as rhizospheric bacteria, are essential for vigorous plant growth [85]. The bulk soil
is the main source of these microbial populations. However, the rhizospheric bacterial population is
different from the soil bacterial community [86–88]. Similarly, in FTWs, the microbes can be categorized
into biofilm-forming bacteria and water column bacteria.

 
Figure 2. Role of rhizospheric and endophytic bacteria in plant growth promotion and pollutant
removal processes.
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In FTWs, the microbial communities mostly originate from ambient water. The amelioration and
scrapping specific to the plants’ roots perform a central part in the formation of specific rhizosphere
microbial communities.

Actinobacteria was found to be a dominant group in the water of FTW systems; however,
Proteobacteria was mainly found in the roots and biofilm samples [89]. In Proteobacteria,
Alphaproteobacteria was found to be abundant in the rhizoplane of plants vegetated in FTWs,
and biofilms were mostly composed of Gammaproteobacteria. The second largest phylum in water
and plant root samples was Cyanobacteria, but it was not found in biofilm samples. In a comparison
of the microbial communities in the roots of Canna and Juncus, it was found that different plants
host different types of microbes in their roots. This difference reveals that plant roots secrete specific
exudates and compounds, which attract specific microbial communities [89]. The plant rhizoplane
in the water column attracts microbes and develops large microbial mass manifests in the shape of a
thick, slimy coat on plant roots.

The presence of autotrophic microbial populations may also depend upon the presence of sunlight,
although, in most cases, the floating mat covers the water surface to minimize the availability of sunlight.
However, some amount of sunlight may be available under the water to support the Cyanobacterial
community. However, the relative abundance of Cyanobacteria in plant root and water samples was
found to be similar. In the roots of FTW plants, the genera of Cyanobacteria (Anabaena and Nostochopsis)
that forms a heterocyst was abundantly observed. This indicates the ability of Cyanobacteria to
associate with the roots of floating macrophytes and survive in available light conditions. In floating
macrophytes, the rhizoplane was found to be enriched with sulfate-reducing bacteria [90]. In FTWs,
even in aerobic conditions, anaerobic zones were found in the rhizoplane of the aquatic plants. These
anaerobic microorganisms belong to sulfate-reducing bacteria and Clostridium. In FTWs, different
sulfur oxidizers and sulfate reducers are essential to make out the sulfur cycle, yield, and depletion of
hydrogen sulfide within the plant rhizoplane [70]. The sulfur-oxidizing bacteria are essential to protect
the plants by the detoxification of reduced sulfides such as hydrogen sulfide.

The FTWs are efficient for nitrogen removal through denitrification by the microbial process.
The nitrifiers are augmented in the aquatic root system of FTWs and responsible for ammonia oxidation.
The Nitrosomonas and Nitrosovibrio (Nitrosospira) were found only on the plant roots of FTWs plants.
The presence of Rhizobium, Bradyrhizobium, Azorhizobium and Azovibrio contributes toward nitrogen
fixation within the FTWs. Several methanotrophs and methylotrophs were also found on plant roots in
the FTWs [91]. These methanotrophs and methylotrophs were also abundant in the rhizosphere of
terrestrial plants, and these were not specific to the aquatic plants. However, these bacteria have a key
role in the rhizoplane of FTWs plants, predominantly under reduced oxygen levels [92].

Proteobacteria were found in the various rhizosphere systems [91,93–95]. The comparison between
FTW plants and terrestrial plants’ rhizosphere microbial communities revealed a distinctive mutualistic
association of aquatic microbes with aquatic plants. Bacillus, a soil bacterial group, was absent in the
rhizoplane of FTWs macrophytes. Similarly, Acidobacteria, the major bacterial group in the terrestrial
plant, was not found in the rhizoplane of an aquatic plant [94,96]. Cyanobacteria were different in the
plant’s rhizosphere compared to the aquatic plant’s rhizoplane [91,93,96].

Pseudomonas has the distinctive capability to degrade several polymers, which are difficult to
demean by any other group of bacteria [97]. Pseudomonas has a dominant role in the degradation
of polyethylene in combination with physical degradation [97]. Pseudomonas was found abundantly
(95.5%) in a sample of floating foam from FTWs. The development of biofilms on floating mats involves
a distinctive mechanism that is different from the formation of biofilm on plant roots and in water
samples [97].

Ammonia oxidizing archaea (AOA) and bacteria can attach to the suspended roots in an autotrophic
water environment [98]. The ammonia-oxidizing archaea and bacteria were found only on the
roots as biofilms. The predominant ammonia oxidizers were ammonia-oxidizing bacteria (AOB)
on the rhizoplane of macrophytes. The Nitrosomonas europaea and Nitrosomonas ureae were well
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adapted to NH4
+-N rich environments. However, in the terrestrial ecosystem, Nitrosospira was found

predominantly in AOB communities [98,99].
In a study on three aquatic plants, N. peltatum, M. verticillatum, and T. japonica, the dominant

phylum detected was Proteobacteria, ranging from 37% to 83%, followed by Bacteroidetes (8–38%).
The other phyla found in root biofilms were Chloroflexi, Firmicutes, and Verrucomicrobia at low
frequencies. The dominant bacteria in the phylum Proteobacteria were Alphaproteobacteria, followed
by Betaproteobacteria and Gammaproteobacteria. The other bacteria detected at a low frequency were
Epsilonproteobacteria and Deltaproteobacteria [74].

The class Epsilonproteobacteria was found to be higher in number in vegetated sediment samples
compared to un-vegetated sediments and biofilms [74]. The difference in microbial composition and
epiphytic biomass may be the effect of the difference in plant exudates such as polyphenols and
allopathically active compounds [100]. The plants can increase the quantity and diversity of bacterial
biofilms in the aquatic ecosystem, which ultimately can promote the remediation potential of associated
macrophytes [72].

Epiphytic bacterial communities are diverse and host specific. A similar phenomenon was also
found in other terrestrial and aquatic plants [82,101]. The biofilms attached to roots exhibit particular
niches. The difference in bacterial communities is attributed to the different growth environments such
as the difference in water flow, the availability of light, and nutrients conditions [37]. Additionally,
plant roots, water characteristics, sediment properties, and aquatic animals also influence the nutrient
availability, types, and suitability of the environment for the bacteria. The epiphytic bacteria diversity
and species richness were generally greater on roots than those on stems and leaves. Similarly, the
bacterial species in vegetated sediments were more diverse than in un-vegetated sediments [74].

Similarly, the bacterial population linked with sea grassroots was different from the adjacent bulk
sediment [102]. Thus, the roots of the plant may alter the bacterial community in the surrounding
environment. This difference may be due to the influence of root rhizospheric zones on organic matter
accumulation, chemical exudates, and oxygen concentration [22,103].

Similarly, the biofilm and sediment’s microbial communities were found to be dissimilar from
one another. In biofilms, the percentage of class Alphaproteobacteria was higher than in sediments.
The class Epsilonproteobacteria and Deltaproteobacteria were mostly detected only in sediment.
The parallel findings have been stated by other researchers who investigated the bacterial composition
in the sediments of two lakes in China [104].

4.1. Role of Endophytes

The microorganisms residing in the roots of plants and soil also have a major contribution to
the uptake of metals from the contaminated media. These microorganisms boost the breakdown of
complex organic and inorganic compounds into simple nutrients, mobilize metal ions, and increase
the bioavailability to plants [105–108]. These bacteria, such as rhizobacteria, stimulate the growth of
plants and biomass production, and enhance plants’ uptake of toxic pollutants, and the their ability to
alleviate metal-induced toxicity [109,110]. Endophytic bacteria reside within different tissues of the
plant [111,112], increasing the ability of plants to cope with different biotic and abiotic stresses [113].
Broadly, endophytes perform three major roles in the plant which are its protection from biotic stress,
relieving abiotic stress, and supporting it by providing nutrients such as the increasing availability
of nitrogen, phosphorus, and other essential elements [114]. The prior inoculation of plants with
endophytes can reduce the chances of bacterial, fungal, and viral diseases, and even the damage caused
by insects and nematodes [113,115]. The relationship of endophytes with host plants may be either as
obligate endophytes and or facultative endophytes [112]. In stress conditions, endophytes may help the
plant to relieve stress by the combined action of multiple mechanisms [116]. Direct mechanisms include
siderophore production [117], antimicrobial metabolites [118], phosphate-solubilizing compounds [119],
nitrogen-fixing abilities [120], and phytohormones [42,121,122]. The indirect methods include
bioremediation and biocontrol [123]. It is established that certain endophytic bacteria initiate a system
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known as induced systematic resistance in their host. This system is effective against different types of
pathogenic bacteria, by preventing the induced bacteria from causing any visible disease symptoms in
the host plant [113,124]. It is well reported that endophytes stimulate the degradation of xenobiotics and
their supplementary compounds by expressing required catabolic genes. The endophytic bacteria have
evolved various types of mechanisms to nullify the effect of toxic heavy metals and contaminants, such
as the efflux of metal ions, the transformation of pollutants into less toxic forms, and the sequestration
of metal ions on the surface of the cell [125]. Endophytes can also mitigate metal stress by promoting
photosynthesis, anti-oxidative enzyme activities, modifying translocation, and the storage of heavy
metal ions. The inoculation of maize with Gaeumannomyces cylindrosporus significantly improved the
yield and productivity of maize under lead stress [126]. Similarly, Pseudomonas aeruginosa inoculation
increases the cadmium tolerance (Cd) of plants and enhances the accumulation and translocation of
Cd in inoculated plants [127].

The high concentration of toxic pollutants may cause toxicity to macrophytes, thus decreasing
the efficiency of macrophytes to remediate pollutants. The endophytes may overcome this challenge.
Endophytes possess plant growth-promoting (PGP) traits and degradation genes that assists the plant
in handling with several environmental stresses. The endophytes contribute to the decontamination of
mixed contaminants by degradation and heighten the metal translocation by the mutualistic relation of
plants and endophytes [128,129]. A few studies have highlighted the application of endophytes in the
macrophytes of FTWs for the treatment of sewage effluent, textile effluent, polluted river water and
potentially toxic metals [25,130,131]. The major advantage of using endophytes to improve xenobiotic
remediation is that it is easier to genetically modify the microorganisms for maximum pollutant
degradation than the plants. Furthermore, the efficiency of the remediation process can be easily
tracked by the estimation of the abundance and expression of pollutant catabolic genes in soil and plant
tissues. The unique environment of plants facilitates the endophytic bacteria to make large population
sizes due to the minimal competition. The pollutant is degraded by endophyte bacteria in planta, and
eliminates the toxic effect on the plant [113,132].

The application of endophytes in a FTWs system, vegetated with P. australis, improved the
remediation potential of the plant and successfully removed the toxic metals such as iron, nickel,
manganese, lead and chromium from the polluted river water. These inoculated endophytes were
tracked in the root/shoot interior of P. australis, proving their potential role in pollutant removal [131].
The specific strains of endophytic bacteria inoculated to T. domingensis enhanced the remediation of
textile effluent [133]. Similarly, the inoculation of Leptochloa fusca with a consortium of three endophyte
bacteria strains in CWs boosted the efficiency of plants to remediate tannery effluent. This endophytic
inoculation also enhanced the growth of L. fusca, increased the removal of pollutants and decreased the
toxicity of treated wastewater [49].

4.2. Role of Rhizospheric Bacteria

The rhizospheric bacteria in FTWs have a prominent role in the degradation of organic
matter, [134,135], and the translocation of potentially toxic metals [81,136,137]. This bacterial population
differs qualitatively and quantitatively from those found in the bulk soil [138–140]. The microbial
species in soil biota may pathologically infect the roots and rhizosphere biota [141,142]. The plant
roots secrete exudates and metabolites, which chemotactically attract bacteria [143]. The rhizospheric
bacteria of macrophytes in wetlands have a prominent role in the removal of pollutants [144]. The roots
of the plants actually control the microbial colonies in the rhizosphere with the exchange of oxygen,
CO2, nutrients, and bio-chemicals [145,146]. The iron and ammonia can be oxidized by the oxygen
released from the roots [81,147]. The roots’ microbial populations also have an impact on the emission
of methane, as well as other gases from the wetland system [148,149]. The enzymes and organic acids
released by rhizophytes modify the nutrients and make them available to roots [135].

The roots of wetland plants secrete bioactive chemicals, which favor the development of microbial
communities on roots [150]. The roots can also oxidize and reduce the sulfide present in their

40



Sustainability 2020, 12, 5559

rhizosphere by regulating oxygen concentration, redox potential, and the release of low-nitrogen
exudates such as sugar [151].

5. Role of Bacteria in Pollutant Removal Process

5.1. Nitrogen Fixation

The nitrogen fixation by microbes is a critical natural source of reactive nitrogen in the wetland
ecosystem [152]. The oxygen and organic matter supply from the roots favor the enrichment of
nitrogen-metabolizing microorganisms in the rhizosphere [40,153]. In the rhizosphere of wetland
plants, bacteria transform the nitrogen by ammonification, nitrification, denitrification, uptake, and
the anaerobic oxidation of ammonia by nitrate and nitrogen fixation [154]. The metabolic energy
required for this process is obtained from the oxidation of organic matter and lithotrophy. In wetland
plants, most of the nitrogen metabolism occurs at or near the roots [155,156]. The roots either take up
the produced ammonia or they oxidize it into nitrites and nitrates. That oxidized nitrogen diffuses
to the roots or to denitrifiers, which reduces the nitrate to N2 gas in the absence of oxygen [157].
Microbes perform an N-fixation of non-reactive N2, and nitrogen is produced [158]. The heterotroph
and autotroph prokaryotes contribute toward the production of a large amount of reactive nitrogen
by nitrogen fixation [152]. The nitrogen fixation by cyanobacteria in wetlands depends upon the
availability of light [152]. The important N-fixing bacterial genera are Enterobacter, Azospirillum,
Pseudomonas, Klebsiella, and Vibrio in wetlands [153,159]. The heterotrophic nitrogen fixer usually
makes mutual symbiosis with the roots and exchanges the sugars from the roots for ammonia that
bacteria produce [152,160]. The nitrogen fixation process took place several times in the planted area of
wetlands relative to the non-planted area, especially in the oxygen-deprived area of wetlands [153,161].
The same bacteria also influence nitrogen fixation and denitrification. Often, these processes take place
concurrently near the roots of macrophytes [162]. The nitrogen-fixing bacteria dwell on the roots or in
the rhizosphere of most of the aquatic macrophytes such as P. australis, J. effusus, J. balticus, Sagittaria
triflolia, Zostera marina [163–165]. Roots also contribute to nitrogen fixation by reducing nitrogen from
their rhizosphere, adjusting the pH level and redox potential [151]. Nitrogen-fixing microorganisms,
such as Azospirillum, reside in the rhizosphere; these stimulate hormones, such as auxins, to influence
the pH and redox potential and boost the nitrogen fixation process [161].

5.2. Degradation of Organic Pollutants

Microbes are known as bio-remediators due to their capability to break down virtually all classes
of organic pollutants [166–168]. Microbes degrade the organic pollutants by a process of co-metabolism.
In this process, microbes in the rhizospheric zone of aquatic and terrestrial plants degrade the complex
carbon-based compounds in order to obtain organic carbon and electron acceptors [169]. In natural
water, the biodegradation rate depends upon the microbial population and amount of xenobiotics [170],
and the numbers of the microbes are heavily influenced by the macrophyte species [171]. Plants give
organic carbon to microbes present in the rhizosphere that assist them to degrade complex organic
compounds [172], such as hydrocarbons and aromatic hydrocarbons [173,174]. Bacteria also release
indole acetic acid (IAA) to improve plant growth [175]. Many bacteria isolated from aquatic plants
also showed pollutant degradation and plant growth-promoting activities [176,177]. The biofilms
attached to aquatic plants are capable of degrading organics such as phenolics, amines, and aliphatic
aldehydes [178]. Additionally, these biofilms are capable of degrading dissolved organic matter such
as polychlorinated biphenyls (PCBs) and atrazine [54,179,180]. The aquatic plant rhizosphere is also
enriched with methanotrophs containing a collection of Proteobacteria, which utilize methane for
obtaining carbon and energy [181]. Methanotrophs can degrade numerous types of harmful organic
complexes [182,183] such as chlorinated ethenes by enzymatic reactions. The Eichhornia crassipes can
remediate eutrophic water by influencing the production of gaseous nitrogen [184,185].
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5.3. Removal of Heavy Metals

The rhizospheric and endophytic bacteria have been reported to play a prominent part in the
removal of heavy metals (Table 1). Bacteria promote the removal of metals by their ability to sorb the
metallic ion into their cell walls [186]. Metal uptake by plants can be enhanced by bacteria, which
increase the bioavailability of metals to plants [187,188]. The microorganisms can accumulate heavy
metals with the help of specific metal-binding proteins and peptides such as metallothionein and
phytochelatins [189]. The transcription factors of metal-binding proteins facilitate the hormone and
redox signaling process upon exposure to toxic metals in the context of toxic metal exposure [190].
Cyanobacteria decrease the metal toxicity by the production of proteins that can bind metals [191].
The genetically modified Ralstonia eutropha can reduce the harmful Cd (II) by the production of
metallothionein on the surface of the cell [192]. Likewise, Escherichia coli regulates the accumulated Cd
toxicity by the production of many proteins and peptides [193]. The production of metallo-regulatory
protein is a natural resistant method against arsenic (As) and mercury (Hg) in microorganisms [46].

The metal toxicity affects the performance of the phytoremediation process [194]. Microorganisms
augment and facilitate plants to make heavy metals and antibiotic-resistant proteins [195].
The antibiotic-resistant proteins can reduce the abiotic and biotic stress induced by metals. Some of the
Bacillus sp. strains have the ability to devise a mechanism to alleviate the metal stress by an active
transport efflux pump [194]. The endophytic bacteria also influence the functional and phenotypic
characteristics of the plants in which they reside [196]. Moreover, these bacteria influence the activity
of plant antioxidant enzymes and lipid peroxidation, which support the plant resistance system,
particularly resisting the oxidative stress in the plants caused by heavy metals [197,198]. Methylation
can also be used by a few endophytic bacteria to induce the defense and detoxification of metals. Few
gram-negative bacteria possess the specific mercury-resistant (Mer) operon gene for the degradation of
organic mercurials and reductions in Hg+2 [199].

Table 1. Removal of heavy metals by bacteria.

Bacteria Metal Reference

Lactobacillus delbrueckii and Streptococcus thermophillus Fe, Zn [200]
Acinetobacter sp., Bacillus megaterium and Sphingobacterium sp. Fe, Mn [201]
Anoxybacillus flavithermus Fe, Cu [202]
Leptothrix, Pseudomonas, Hyphomicrobium and Planctomyces Mn [203]
Methylobacterium organophilum Cu, Pb [204]
Herminiimonas arsenicoxydans As [205]

Enterobacter cloaceae Cd,
Cu, Cr [206]

Acetobacter
Pb, Cu,
Mn,
Zn, Co

[207]

Chryseomonas luteola
Cd,
Co,
Cu, Ni

[208]

Ochrobactrum anthropi Cr, Cu [209]
Anabaena spiroides Mn [210]
Ralstonia solanacearum Pb [211]
Proteobacteria and Bacteroidetes Cu [212]
Bacillus cereus Cu [213]
Bacillus licheniformis Pb [214]
Ralstonia solanacearum Pb [211]
Enterobacter aerogenes Cd [215]

SPseudomonas azotoformans Cd,
Cu, Pb [216]
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5.4. Metal Biosorption and Bioaccumulation

Generally, bacteria perform metal ion biosorption into their cell wall by two processes, which are
passive and active [217]. Passive biosorption takes place in the cell walls of living and dead/inactive
bacterial cells, supported by multiple metabolism processes [218]. The reaction between the functional
groups (e.g., amine, amide, carbonyl, hydroxyl, sulfonate, etc.) of the cell wall and metal ions causes
the adsorption of metal ions to the cell surface [106]. In the metal ion binding process, different
mechanisms (e.g., ion exchange, sorption, complexation, chelation and micro-precipitation) may be
involved independently or synergistically [219].

On the other hand, in the active biosorption process, metal ions are up taken by living cells.
The fate of metals that enter the inside of living cells depends upon the organisms and specific elements.
The elements can be bound, stored, precipitated, and sequestered in some specific intracellular
organelles and may be transported to a particular structure [106,220].

The endophytic bacteria exhibited outstanding heavy metal bioaccumulation and detoxification
abilities [59,221]. The plant–bacteria symbiotic relation improves the phytoremediation potential of
plants by the increased uptake of heavy metals due to the secretion of organic acid by bacteria. These
organic acids secrete, by bacterial influence, the pH of the system and increase the bioavailability of the
metal ions to plants [222]. For example, the application of endophytic bacteria, Pseudomonas fluorescens
G10 and Microbacterium sp. G16, on Brassica napus increased the Pb accumulation in plant shoots [223].
Saccharomyces cerevisiae, commonly known as baker’s yeast, is a successful bio-sorbent for the removal
of Zn and Cd due to its ion exchange mechanism [224,225]. Similarly, Cunninghamella elegans has been
proven an efficient sorbent for the remediation of textile effluent enriched with heavy metals [226].

Bacteria also produce biosurfactants and release them as root exudates. These biosurfactants
enhance the bioavailability of metals in the soil and aquatic medium by their interaction and
complexation with insoluble metals [227]. On the other hand, the extracellular polymeric substances,
mainly composed of proteins, polysaccharides, nucleic acid, and lipids, perform a key part in the
complexation of metals and reduce their bioavailability [125]. For example, Azobacter sp. formed
complexes with chromium and cadmium by the formation of extracellular polymeric substances (EPS)
and decreased the uptake of metals by Triticum aestivum [228]. The secretion of different metabolites such
as siderophores and organic acids (including citric acids, oxalic acid, and acetic acid) influences heavy
metals’ bioavailability and their translocation in plants [229,230]. In an earlier study, the inoculation of
the endophytic bacterium (Pseudomonas sp.) improved the plant’s growth and increased the nickel (Ni)
accumulation in the plant [220].

6. Role of Fungi

Fungi perform a potential role in the remediation of heavy metals by increasing their bioavailability
and transformation into less toxic forms [231–233]. Some fungi, such as Klebsiella oxytoca, Allescheriella
sp., Stachybotrys sp., Phlebia sp. Pleurotus pulmonarius and Botryosphaeria rhodina, have the capacity
to bind metals [234]. Fungal species like Aspergillus parasitica and Cephalosporium aphidicola can
remediate lead-contaminated soil by their biosorption process [235,236]. The fungi Hymenoscyphus
ericae, Neocosmospora vasinfecta and Verticillum terrestre showed resistance to Hg and the ability to
transform the toxic state of Hg (II) to a non-toxic form [237]. Fungi of the genera Penicillium, Aspergillus,
and Rhizopus, have proven efficient in heavy metal removal from polluted water [238,239].

Fungi link closely with the roots in wetland plants and have a significant influence on wetland
functioning [240,241]. Root exudates attract fungi toward the rhizosphere. The roots and fungi in
wetland plants make multilevel physical, chemical, hormonal, and genetic interactions, which may
be species specific [242,243]. The rhizospheric fungi community is different than soil communities.
The types and interactions of the fungal community with the rhizosphere may be influenced by plant
species, soil characteristics, climate, type of water, and other microorganisms [244]. The plant–fungi
association in wetland plants performs different key functions such as the emission of metal-chelating
siderophores, denitrification and metal detoxification [245,246]. Bacteria can easily stick to the surface
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of the substrate compared to algae due to their smaller size [247]. The other reason for the high ratio of
attachment of epiphytic bacteria to aquatic plants compared to algae is the specific metabolites released
from the plants [184,248].

7. Role of Inoculated Bacteria

It is well established that plant–bacteria synergism is essential to enhance the phytoremediation
potential of plants and ultimately FTWs (Table 2) [49,249,250]. The inoculation of FTWs by immobilized
denitrifiers greatly improved the nitrogen removal from wastewater [61]. Endophytes can be isolated
from and within various plant tissues that include roots, stems, leaves, flower, fruit, and seed [112].
The root is the main source of endophytes, and legume root nodules have a large diversity of
endophytes [251]. Some plants have an underground stem, so, in these plants, stem and root
endophytes may be similar [252]. Bacterial endophytes that were obtained from the shoot of sugarcane
promoted fixation as well as acetylene reduction activities [253]. The inoculation method affects bacterial
colonization, and inoculation should be performed appropriately [254]. Nonetheless, no standard
method is defined for the inoculation of plant roots in FTWs. The two common methods of inoculation
are the inoculation of seeds and the inoculation of soil [252,255,256]. In seed inoculation, the inoculum
is introduced into host plants directly when they are in the seed or seedling stage. The soil inoculation
is done directly in root media or the pot in which the plant is growing. In FTWs, the roots of the plant
are inoculated directly by pouring the inoculum in the water near the root of the plant. For example,
Shahid et al. (2019a) prepared the inoculum of five different rhizospheric and endophytic bacterial
strains and inoculated the roots of plants by directly adding a specific amount of inoculum into
the water [20]. Previously, many attempts have been performed to create an effective partnership
between plant and metal-resistant bacteria in order to effectively treat water contaminated with heavy
metals [250,257,258]. FTWs vegetated with Brachia mutica and inoculated with bacteria were used to
treat sewage effluent and it was found that the concentration of heavy metals, including Cd, Fe, Cu,
Cr, Mn, Co and Pb, decreased significantly from the effluent. The removal of iron was significant
(79 to 85%) [259]. Similarly, in another study, a consortium of hydrocarbon-degrading bacteria was
added into the hydrocarbon-enriched water for its remediation by FTWs [260]. The inoculation of
these rhizospheric and endophytic bacteria was reported to enhance the degradation of hydrocarbons,
and also improved the efficiency of the FTWs.
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8. Conclusions

Microbes, bacteria and algae are the major components of epiphytic microbes, which colonize the
lower surface of floating plants. Bacterial biofilm has a crucial role in the removal of organics, inorganics
and metals in FTW systems. The plant species and pollutant concentration in wastewater influence the
nature and diversity of bacteria. Furthermore, the availability of nutrients influences the metabolism of
bacteria and the pollutant removal efficiency. The rhizosphere and endophytes both have a prominent
role in the pollutant removal process. The rhizospheric bacteria mostly remove the pollutants near
the root system, whereas the endophytes mostly remove the pollutants inside the roots and shoots.
The rhizospheric and endophytic bacterial community also enhances the pollutant removal process by
alleviating the pollutant stress, increasing tolerance towards environmental changes, and regulating
plant growth by direct and indirect mechanisms. The inoculation of plant roots with specific strains of
bacteria also boosts the pollutant removal process.

It is clear from this information that plant–microbe interaction is vital for the pollutant removal
process in FTWs. There is a need to conduct further research to gain a better understanding of specific
microbe and plant interactions and their beneficial role in the pollutant removal process in the aquatic
ecosystem. Environmental factors such as temperature, pH, and the availability of nutrients have
a profound effect on the pollutant removal abilities of microorganisms. These factors need further
investigation to achieve the optimal performance of microorganisms in FTWs. The nature of pollutants
affects the persistence and survival of bacteria and may determine the type of bacterial communities in
a wetland system. Bacteria specific to the removal of particular types of pollutants need to be identified
and isolated for their future application in FTWs. Bacteria that are easy to culture in the lab with
minimal prerequisites, which possess the potential to treat a diverse range of pollutants and can be
augmented with diverse macrophytes in FTWs, need to be widely explored for their use in FTWs.
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Abstract: Heavy-metal (HM) pollution is considered a leading source of environmental contamination.
Heavy-metal pollution in ground water poses a serious threat to human health and the aquatic
ecosystem. Conventional treatment technologies to remove the pollutants from wastewater are usually
costly, time-consuming, environmentally destructive, and mostly inefficient. Phytoremediation is a
cost-effective green emerging technology with long-lasting applicability. The selection of plant species
is the most significant aspect for successful phytoremediation. Aquatic plants hold steep efficiency for
the removal of organic and inorganic pollutants. Water hyacinth (Eichhornia crassipes), water lettuce
(Pistia stratiotes) and Duck weed (Lemna minor) along with some other aquatic plants are prominent
metal accumulator plants for the remediation of heavy-metal polluted water. The phytoremediation
potential of the aquatic plant can be further enhanced by the application of innovative approaches in
phytoremediation. A summarizing review regarding the use of aquatic plants in phytoremediation is
gathered in order to present the broad applicability of phytoremediation.

Keywords: phytoremediation; heavy metal; aquatic plants; floating aquatic plants; wastewater
treatment

1. Introduction

Water contaminations, along with limited availability of water, have put a severe burden on the
environment. Around 40% population of the world is facing the problem of water scarcity due to climate
change, rapid urbanization, food requirement and unchecked consumption of natural resources [1,2].
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During the past few decades rapid urbanization, industrialization, agricultural activities, discharge of
geothermal waters and olive wastewater especially in olive-cultivating areas enhanced the discharge
of polluted wastewater into the environment [3–6]. Wastewater carrying soaring concentrations of
pollutants is immensely noxious for aquatic ecosystem and human health [7–9]. Reclamation of
wastewater has been the only option left to meet the increasing demand of water in growing industrial
and agricultural sectors [10].

Industrial and domestic untreated wastewater contains pesticides, oils, dyes, phenol, cyanides,
toxic organics, phosphorous, suspended solids, and heavy metals (HMs) [11]. Heavy metals among
these toxic substances can easily be accumulated in the surrounding environment [12]. Commercial
activities such as metal processing, mining, geothermal energy plants, automotive, paper, pesticide
manufacturing, tanning, dying and plating are held responsible for global contamination of heavy
metals [13,14]. Removal of heavy metals from the wastewater is difficult because they exist in different
chemical forms. Most metals are not biodegradable, and they can easily pass through different trophic
levels to persistently accumulate in the biota [15,16].

Removal of toxic pollutants is extremely important to minize the threat to human health and
the surrounding environment. Removal of heavy metals achieved through various techniques
such as reverse osmosis [17], ion exchange [18], chemical precipitation [19], adsorption and
solvent extraction [20] include enormous operational and maintenance costs and are usually not
environmentally friendly [19–22]. These conventional techniques for the remediation of heavy metals
are generally costly and time-consuming. These treatment technologies require high capital investment
and in the end, generate the problem of sludge disposal [23]. For the remediation of wastewater polluted
with heavy metals contaminants, an environmentally friendly and economical treatment technology is
needed [24,25]. The current study illustrates an environment-friendly technique phytoremediation
for removal of contaminants on a long term basis. Furthermore, this review article summarizes the
potential application of aquatic plants in phytoremediation for the treatment of wastewater.

2. Heavy Metals in the Environment

Anthropogenic and geological activities are the main source of heavy-metal pollution. Activities
such as mining, military activities, municipal waste, application of fertilizer, discharge of urban effluent,
vehicle exhausts, wastewater, waste incineration, fuel production, and smelting cause the production
of metal contaminants [26,27]. Natural sources of heavy-metal pollution include erosion, weathering
of rocks and volcanic eruption. Parent material during weathering is the primary and initial natural
source of heavy metals [28].

Agricultural pesticides and utilization of fertilizers on agricultural soil have raised the
concentration of Cd, Zn, Cu and As in soil [29]. A constantly increasing need for agricultural
produce has increased the application of pesticides, fertilizers, and herbicides. This excessive use
of these agrochemicals may result in the accumulation of these pollutants in plants and the soil as
well [30]. Usage of phosphate fertilizer and inorganic fertilizers to control the diseases of crops, grain
and vegetable sometime hold an uneven level of Ni, Pb, Zn, Cd, and Cr [31,32]. An enormous quantity
of fertilizers is applied to deliver the K, P and N in order to improve the growth of crops, which in turn
increase the incidence of cadmium, lead, iron and mercury in substantial high concentrations. Inputs
of heavy metal to agricultural land through the excessive use of fertilizers is increasing apprehension
about their probable hazard to the environment [33,34].

Wastewater irrigation leads to the buildup of various heavy metals like cadmium, lead, nickel,
zinc, etc. Some of these metals like Zn, Cu, Ni, Cd and Pb are frequently present in the subsurface of
the soil irrigated with untreated wastewater. Wastewater irrigation for long periods of time increase
the concentration of heavy metal in the soil at toxic levels [35]. The unregulated dumping of municipal
solid waste is also another main source of raised soil contamination load. Open dumps and land filling
are the common practices using worldwide to dispose of municipal solid waste. Despite being a useful
source of nutrients, these wastes are also a source of some harmful toxic metals as well. Precarious
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and overload applications of fertilizers, pesticides and fungicides are very important sources of metal
pollution [36]. Metal contamination can also be caused by transportation. Maintenance and deicing
operations on roads also generate groundwater/surface contaminants. Corrosion, tread wear, and
brake abrasion are well-recorded sources of heavy metals generation linked to highway traffic [37].

3. Phytoremediation

Phytoremediation is considered an effective, aesthetically pleasing, cost effective and
environmental friendly technology for the remediation of potentially toxic metals from the environment.
Plants in phytoremediation accumulate contaminants through their roots and then translocate these
contaminant in the aboveground part of their body [38,39]. The notion of using metal accumulator
plants for the removal of heavy metals and several other contaminants in phytoremediation was first
introduced in 1983, but this idea has already been implanted for the last 300 years [40]. Phytoremediation
is known by different names such as agro-remediation, green remediation, vegetative remediation,
green technology and botano remediation [4,41,42].

Use of vegetation, soil and micro biota along with other agrochemical practices makes the vegetative
remediation an appealing green technology for the accumulation of different heavy metals [43,44].
The application of in situ and ex-situ remediation is applicable in a phytoremediation process. In situ
application is used more commonly because it reduces the multiplication of contaminant in water and
airborne waste, which ultimately minimize the risk to the adjacent environment [45]. More than one
type of pollutant can be treated on site by the phytoremediation without the need for a disposal site. It
also reduces the spread of contamination by preventing soil erosion and leaching [46]. The clean up
cost of phytoremediation is far less than other conventional techniques of remediation, which is the
utmost advantage of this technique [47]. Phytoremediation is a relatively straightforward technique as
it does not require any highly specific personnel and exclusive equipment. This is applicable for the
remediation of large scale area where other conventional techniques prove to be extremely inefficient
and costly as well [48].

An enormous number of contaminants can be remediated by phytoremediation technology
such as insecticides, chlorinated solvents, Polycyclic aromatic hydrocarbons (PAHs), Polychlorinated
biphenyl (PCBs), petroleum hydrocarbons, radio nucleosides, surfactants, explosive elements and heavy
metals [48,49]. There are a number of plant species that have the ability to accumulate significantly
higher concentrations of heavy metals in different parts of the body, such as a leaf, stems and root,
without showing any sign of toxicity [50,51].

3.1. Characteristics of Phytoremediation Plants

Plants should have the following characteristics in order to make the phytoremediation an
eco-sustainable technology: native and quick growth rate, high biomass yield, the uptake of a large
amount of heavy metals, the ability to transport metals in aboveground parts of plant, and a mechanism
to tolerate metal toxicity [52–55]. Other factors like pH, solar radiation, nutrient availability and salinity
greatly influence the phytoremediation potential and growth of the plant [51,56].

3.1.1. Mechanism of Phytoremediation

Phytoremediation follows different mechanisms such as phytoextraction, phytostabilization,
phytovolatilization and rhizofiltration during the uptake or accumulation of heavy metals in
the plant [4,41]. The different mechanisms involved in the phytoremediation process are briefly
describe below.

Phytoextraction

Phytoextraction is also called phytoaccumulation, and it involves the uptake of heavy metal
in the plant roots and then their translocation into an above ground-level portion of the plant like
shoots, etc. Once the phytoextraction is done the plant can be harvested and burned for gaining
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energy and recovering/recycling metal if required from the ash [57,58]. Sometimes phytoremediation
and phytoextraction are used synonymously, which is a misconception; phytoextraction is a cleanup
technology while phytoremediation is the name of a concept [59]. Phytoextraction is an suitable
phytoremediation technique for the remediation of heavy metals from wastewater, sediments and
soil [52,60].

Phytostabilization

Phytostabilization involves the use of the plant to restrict the movement of contaminants in the
soil. The term phytostabilization is also known as in place deactivation. Remediation of soil, sludge,
and sediment can be effectively done by using this technology. It does not interfere with the natural
environment and is a much safer alternative option [61,62]. In phytostabilization, plants inhibit or act
as a barrier for the percolation of water within the soil. When we need to persevere in our surface
water, ground water and restoration of soil quality, this technology is best suited for this purpose
because it cuts short the movement of the contaminants [63,64]. Phytostabilization is very effective for
a large site, which is heavily affected by the contaminants [65]. Phytostabilization is only a managing
approach for inactivating/immobilizing the potentially harmful contaminants. It is not a permanent
resolution, because only the movement of metals is restricted, but they continue to stay in the soil [66].

Rhizofiltration

Rhizofiltration involves the use of the plant to ab/adsorb the contaminants, resulting in restricted
movement of these contaminants in underground water [67,68]. Roots play a very significant part in
rhizofiltration. Factor such as changing pH in the rhizosphere and root exudates helps the precipitation
of heavy metal on the surface of the roots. Once the plant has soaked up all the contaminants, they can
easily be harvested and disposed [69]. Plants for rhizofiltration should have the ability; to produce
a widespread root system, accumulate high concentrations of heavy metals, be easy to handle and
have low maintenance cost [42,70]. Both aquatic and terrestrial plants with long fibrous root systems
can be used in rhizofiltration [70]. Rhizofiltration is productively used for handling and treatment of
the agricultural runoff, industrial discharge, radioactive contaminant, and metals [71]. Heavy metals
which are mostly retained in the soil such as cadmium, lead, chromium, nickel, zinc, and copper can
be adequately remediated through rhizofiltration [72].

Phytovolatilization

Phytovolatilization is the process in which a plant converts pollutants into a different volatile
nature and then their successive release into the surrounding environment with the help of the plant’s
stomata [48,73]. Plant species like canola and Indian mustard are useful for the phytovolatilization
of selenium. Mercury and selenium are the most favorable contaminants that can be remediated in
phytovolatilization [74]. One of the greatest advantages of phytovolatilization is that it does not require
any additional management once the plantation is done. Other benefits are minimizing soil erosion, no
disturbance to the soil, unrequited harvesting, and the disposal of plant biomass [75]. Bacteria present
in the rhizosphere also help in the biotransformation of the contaminant, which eventually boosts the
rate of phytovolatilization.

3.2. Advances in Phytoremediation

3.2.1. Chemical Assisted Phytoremediation

The phytoremediation potential depends upon the phyto-availability of different heavy metals
present in the soil [76]. The application of specific chemicals has proved to be a successful technique
to boost the bioavailability of heavy metals to plants [41]. Organic fertilizers and chelating reagents
are commonly used to decrease the pH of soils, which ultimately enhance the bioavailability and
bioaccumulation in plants. In tobacco, decreased pH by application of a chelating reagent showed
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increased accumulation of Cd. The application of ethylenediaminetetraacetic acid (EDTA) boosted
the phytoextraction and bioaccumulation of Cd, Zn, and Pb in various studies [77,78]. Some other
chelating agents, diethylene triamine penta-acetic acid (DTPA) and ethylene glycol tetra-acetic acid
(AGTA), also have been proved efficient chelators to enhance the phytoavailability and phytoextraction
of heavy metals [79]. Organic acids such as malic acid, acetic acid, citric acid and oxalic acid have been
proved effective chelating agents. The phytoremediation potential of plants may also be enhanced
by strengthening plants to tolerate heavy-metal stress and toxicity. Application of salicylic acid (SA),
has been found effective to alleviate metal stress in the plant, resulting in enhanced phytoremediation
potential of plants [80,81].

Application of different chemicals also has some drawbacks. The applied chemical may cause the
toxicity in plants, may leach to groundwater, and may disturb the translocation of heavy metals in plants.
The applied chemicals often may form complexes with heavy metals, which have non-biodegrade
abilities, leading to a source of secondary pollution [82]. The application of chelators may disturb
the plant growth and development. It may result in decreased growth of roots, shoot, and biomass
due to the toxic effects of chelators [83]. The negative impacts of chelators can be minimized by the
application of a proper amount of the chelators, cautious application, and proper understanding of
the water seepage mechanism [84]. The organic acids have advantages over synthetic chelators being
economical and easily biodegradable and environment-friendly [85,86].

3.2.2. Microbial Assisted Phytoremediation

Plant-associated microorganisms have a key role in the remediation of heavy metals from soils [87].
These microorganisms influence the availability and accumulation of heavy metals in soil and plants.
Recently, bio-augmentation of plants with particular and adapted microbes has been extensively
studied in phytoremediation [38,53,88]. Plant growth-promoting rhizobacteria (PGPR) proved to
increase biomass production, disease resistance, and reduce metal induced toxicity in bio-augmented
plants [89]. Similarly, endophytic bacteria also play a very prominent part in phytoremediation [90,91].
The plant–endophyte interaction, fortify the plants to tolerate both biotic and abiotic stress [92].
Endophytes have developed several mechanisms to alleviate metal toxicity in plants. These methods
include efflux of toxic metal ions from the cell, the transformation of metal ions into less-hazardous
forms, sequestration, precipitation, adsorption, and biomethylation [93]. Application of rhizospheric
and endophytic bacteria in soils/plants improves plant growth and boosts the phytoremediation
potential of plants by enhancing metals availability, metals uptake, accumulation, reduced metal stress
in plants. Furthermore, the rhizospheric and endophytic bacteria also enhance the phytoremediation
potential of plants by enhancing soil fertility by the production of growth regulators and the provision
of essential nutrients [94–96]. The mycorrhizal fungi in the root zone form an association with the roots
of plants, and have a beneficial role in phytoremediation [97]. This plant-fungi association enhance the
availability of essential plant nutrients through their hyphal network, modify the root exudates, alter
soil pH and stimulate the bioavailability of various heavy metals to associated plants [98,99].

3.2.3. Transgenic Plants

The application of transgenic plants in phytoremediation is a novel approach to enhance the
effectiveness of phytoremediation. Specific genes in transgenic plants increase the metabolism,
accumulation and uptake of definite pollutants [94,100]. The ideal plant to engineer for
phytoremediation should possess characteristics; high biomass yield adopted to local and target
environment and well-established transformation protocol. Transgenic plants also enhance the
detoxification process of organic pollutants and the addition of toxic compounds in the food
chain [100,101]. Firstly, transgenic plants were introduced for the remediation of inorganic pollutants;
now they are effectively used to remove organic pollutants from contaminated media [102]. Nicotiana
tabaccum and Arabidopsis thaliana are an example of transgenic plants firstly practiced for effective
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removal of heavy metals, cadmium, and mercury, respectively [103,104]. Transgenic plants have been
proved efficient for the treatment of phenolic, chlorinated, and explosives contaminants [105,106].

Plants can be engineered to degrade the organic pollutants in the rhizosphere. In this, transgenic
plants do not uptake and accumulate the pollutants; rather, incorporated genes secrete enzymes which
degrade organic pollutants in the rhizospheric zone [107]. This approach also solves the problem of
plant harvesting and handling loaded with toxic metals, as all the metal detoxification and removal
process occurs in the rhizosphere by roots [108]. The transgenic Arabidopsis plants enhanced the
degradation of 2,3-dihydroxybiphenyl (2,3-DHB). Similarly, transgenic tobacco plants speed up the
detoxification of 1-chlorobuatne in the rhizospheric zone [109]. This ability of transgenic plants is
attributed to the increased diversity of the microbial community, increased metabolic activity, the
release of root exudates and enzymes and increased contact between roots and contaminants [110,111].

3.2.4. Non-Living Plant Biomass

Non-living plant biomass can be profitably used for metal uptake and metal recovery. Successive
use of dried and dead biomass of plants (as simple biosorbent substance) to remove the metals from
water has gained popularity over the past few years because it is easy to handle and is a cost-effective
natural approach [112,113]. Water hyacinth’s (Eichornia crassipes) dried roots showed the potential
to remove cadmium and lead effectively from wastewater [114,115]. Biomass of different aquatic
plant species such as Eichhornia crassipes, Potamogetonlucens, and Salvinia herzegoi was reported to be
successfully used as an exceptional biosorbent material for the removal of Cr, Ni, Cd, Zn, Cu, and Pb
effectively in various studies [116,117].

4. Aquatic Plants and Phytoremediation

The aquatic ecosystem is a cost-effective and resourceful clean up technique for phytoremediation
of a large contaminated area. Aquatic plants act as a natural absorber for contaminants and heavy
metals [118]. Removal of different heavy metals along with other contaminants through the application
of aquatic plants is the most proficient and profitable method [52,119]. Constructed wetlands along with
aquatic plants were extensively applied throughout the world for the treatment of wastewater [120,121].
The selection of aquatic plant species for the accumulation of heavy metal is a very important matter to
enhance the phytoremediation [71,122].

Over the years, aquatic plants have gained an overwhelming reputation because of their capacity
to clean up contaminated sites throughout the world [120,123]. Aquatic plants always develop an
extensive system of roots which helps them and makes them the best option for the accumulation of
contaminants in their roots and shoots [124,125]. The growth and cultivation of aquatic plants are
time-consuming, which may restrict the growing demand of phytoremediation [126]. Nevertheless,
this shortcoming is substituted by the number of advantages that this technology possesses for the
treatment of wastewater [100,127].

4.1. Types of Aquatic Plants

4.1.1. Free-Floating Aquatic Plants

These are the plants with floating leaves and submerged roots. Some of the free-floating
aquatic plants are well recognized for their capability to eliminate the metals from the contaminated
environment: water hyacinth (Eichhornia crassipes) [128], water ferns (Salvinia minima) [129], duckweeds
(Lemna minor, Spirodelaintermedia), [130,131], water lettuce (Pistiastratoites), [132], water cress (Nasturtium
officinale) [133]. The potential of these free floating aquatic plant for the elimination of heavy metals
is comprehensively studied in different studies [99,134,135]. Active transport of heavy metals in
free-floating aquatic plants occurs from the roots, from where metals are transferred to other parts
of the plant body. Passive transport is associated with the direct contact of the plant body with the
pollution medium. In passive transport, heavy metals mainly accumulate in upper parts of the plant
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body [136]. Water hyacinth, duckweed and water lettuce are the most frequently used free-floating
plants for the remediation of heavy metals from wastewater [137–140]. The aptitude of different aquatic
plants to mitigate different heavy metals is mentioned in Table 1.

Table 1. Accumulation potential of various aquatic plants.

Aquatic Plant Common Name Metals/Metalloids Reference

Eichhornia crassipes Water hyacinth Pb, Hg, Cu, Cr, Ni, Zn. Molisani et al. [141];
Hu et al. [142]

Pistia stratiotes Water lettuce Cr, Zn, Fe, Mn, Cu Maine et al. [136];
Miretzky et al. [143]

Salvinia minima water spangles As, Ni, Cr, Cd Olguin et al. [135];
Sooknah, [144]

Salvinia herzogii Water fern Cd, Cr Maine et al. [136];
Sunñe et al. [145]

Lemna minor Duckweed Cr, As, Ni, Cu, Pb
Kara [146];
Ater et al. [147];
Basile et al. [148]

Spirodela intermedia Duckweed Fe, Zn, Mn, Cu, Cr, Pb Miretzky et al. [143];
Cardwell et al. [149]

Nasturtium officinale Water cress Cr, Ni, Zn, Cu, Kara [146];
Zurayk et al. [150]

Myriophyllum spicatum Parrot feathers Pb, Cd, Fe, Cu Sivaci et al. [151];
Branković et al. [152]

Ceratophyllum demersum Hornwort As, Cd, Cr, Pb Bunluesin et al. [153];
El-Khatib et al. [154]

Potamogeton crispus Pondweed Cu, Fe, Ni, Zn, and Mn Borisova et al. [155]

Potamogeton pectinatus American pondweed Cd, Pb, Cu, Zn Singh et al. [156];
Penga et al. [157]

Typha latifolia common cattail Zn, Mn, Ni, Fe, Pb, Cu
Hejna et al. [158];
Qian et al. [159];
Sasmaz et al. [160]

Mentha aquatica Water mint Pb, Cd, Fe, Cu Branković et al. [152];
Kamal et al. [161]

Vallisneria spiralis Tape grass Ar Giri [162]

spartina alterniflora Cordgrass Cu. Cr, Zn, Ni, Mn, Cd,
Pb, As.

Aksorn and Visoottiviseth [163];
Hempel et al. [164]

Phragmites australis Common reed Fe, Cu, Cd, Pb, Zn Ganjalia et al. [165];
Ha and Anh [166]

Scirpus Bulrush Cd, Fe, Al. Kutty and Al-Mahaqeri [167]

Polygonum
hydropiperoides Smartweed Cu, Pb, Zn Rudin et al., [168]

4.1.2. Water Hyacinth (Eichhornia Crassipes)

Water hyacinth (Eichhornia crassipes) is a free-floating aquatic plant which belongs to the family of
Pontedericeae that is closely correlated with the lily family. Water hyacinth is the most widespread
invasive vascular plant of the world. It has an extensive dark blue root system along with curved,
straight leaves. The roots contain a stolon from which new plants are produced [169]. Water hyacinth
possesses the unique ability to grow in heavily polluted environments and successively extract
pollutants [134]. It has the advanced tendency of remediating different pollutants like organic material,
heavy metals, total suspended solids, total dissolved solids, and nutrients [170–172]. Removal of
nutrients and heavy metals are vastly reliant on the optimal growth rate of water hyacinth [169,173].
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Water hyacinth (Eichhornia crassipes) is recommended to treat industrial wastewater, domestic
wastewater, sewage effluents, and sludge ponds because it has (1) high absorption rate of different
organic and inorganic contaminants (2) can tolerate an extremely polluted environment and (3) has
a gigantic production rate of biomass [174]. Eichhornia crassipes has greater ability to remediate
contaminants like arsenic, zinc, mercury, nickel, copper and lead from industrial and domestic
wastewater streams [175–177].

Water hyacinth’s derived ash and activated carbon showed good accumulation capacity of different
HMs like cooper, nickel, zinc and chromium. It also holds the benefit of having the least biological
sludge production and creation of bio-sorbent, which facilitate metal recovery [178]. Major industries
like paper, food processing, textile, leather, cosmetics, and dyes manufacturing results in the release
of dye contaminants into the environments. Dyes are most stable and stand firm against oxidizing
agents, which in the end enhance water pollution. The widespread root system and tolerance against
these dyes help water hyacinth to effectively accumulate the reactive dyes [114,179]. Water hyacinth
shows significance removal efficiency for Cd, Pb, Cu, Zn, Fe, As, Mn, Cr, As, Al and Hg as reported
in different recent studies [180–183]. Shoot powder of water hyacinth removed Cr and Cu by 99.98%
and 99.96% when exposed to tannery effluents [184]. Recent research studies conducted to check the
removal efficiency of water hyacinth for heavy metals are given in Table 2.

Table 2. Recent studies on uptake of heavy metals by water hyacinth.

Metals/Metalloids Results Conditions Reference

Ni
Concentrations of Ni

1, 2, 3 and 4 mg L−1

concentration of nickel.
González et al. [24]Areal parts-(0.29 ± 0.02 mg/kg)

Roots-(3.34 ± 0.26 mg/kg)

Cd
Initial concentration of cadmium
was 0.3 while Cd in leaves of the
plant was 31 ± 3.

Cadmium exposure at
1000 and 130 ug/L. Shuvaeva et al. [180]

Al, Pb, AS, Cd, Cu

Removal rate:

Wastewater from steel
effluents

Aurangzeb et al. [181]

Al-(73%)
Pb-(73%,)
As-(74%)
Cd-(82.8%)
Cu-(78.6%)

Cd, Hg, Pb, Ni

Removal rate:
Initial concentrations of
Cd: 0.24, Hg: 4.971, Pb:
1.199, Ni: 3.34 in
industrial wastewater

Fazal et al. [182]
Cd-(97.5%)
Hg-(99.9%)
Pb-(83.4%)
Ni-(95.1%)

Cr, Cu Tannery effluents
Removal rate.

Sarkar et al. [184]Cr-(99.98%)
Cu-(99.96%)

Cd, Zn, Cu, Pb

Removal rate:

Anaerobic packed bed
reactors system Sekomo et al. [185].

Cd-(98%)
Zn-(84%)
Cu-(99%)
Pb-(98%)

Cr, Zn

Removal efficiency of Cr.

Stock solutions
Swarnalatha and
Radhakrishnan [186]

(63%) on 3rd day, (80%) on 9th day
Removal efficiency of Zn.
(67%) on 9th day, (96%) on 12th
day, (100%) on 15th day.

Pb, Cu, Mn, Cd

Uptake in leaves

Wastewater from mining. Prasad and Maiti [187]
Pb-(3.40–5.06 mg/kg)
Cu-(6.41–13.5 mg/kg)
Mn-(62.9–67.9 mg/kg)
Cd-(0.037–0.13 mg/kg)
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Table 2. Cont.

Metals/Metalloids Results Conditions Reference

Mo, Ag, Ba, Pb, Cd

TF

Gold mine waste water. Romanova et al. [188]

Mo-(0.85 ± 0.14)
Ag-(0.18 ± 0.04)
Ba-(0.12 ± 0.03)
Pb-(0.06 ± 0.01)
Cd-(0.65 ± 0.09)

Zn, Cd, Cu, Pb

Removal rate:

Stock solutions. Li et al. [189]
Zn-(93.5%)
Cd-(95.16%)
Cu-(58.23%)
Pb-(98.33%)

4.1.3. Water Lettuce

Water lettuce (Pistia stratiotes L.) fit in the aracae/arum family. Water cabbage, Nile cabbage,
water lettuce, jalkhumbhi, and shellflower are some of the other common names of these plants. It is
mostly found in lakes, stream, and ponds [190]. Pistia stratiotes have 20 cm-wide and 10–20 cm-long
pale green leaves. Whitish hair covers the lower surface of the plant. It has underwater hanging
structure underneath the floating leaves [191]. Water lettuce possesses extraordinary tolerance over an
extensive range of pH and temperature [192]. Extension and proliferation of water lettuce occur with
the production of daughter plants. P. Stratiotes also produces seeds which remain present in water;
their germination occurs during the wet seasons [193].

Water lettuce (P. Stratiotes) is an excellent contender for the phytoremediation of contaminants as it
is more prone than other aquatic vegetation [194,195]. The plant has the capacity of reducing/removing
nutrients such as biological oxygen demand (BOD), chemical oxygen demand (COD), dissolved
oxygen (DO), pH, total Kjeldahl nitrogen (TKN), ammonia (NH3), nitrite (NO2

−), nitrate (NO3
−)

and phosphate (PO4
3−), from drinking and surface water, storm water, sewage water and industrial

wastewater [196–198]. The small size of P. Stratiotes by contrast with water hyacinth showed better
removing capacity for the Zinc and mercury from industrial wastewater stream [199].

Uptake of Cu, Zn, Fe, Cr and Cd does not have any harmful effect on the plant which makes P.
stratiotes eligible to be used as a hyperaccumulators plant for the mitigation of organic contaminants
and heavy metals from wastewater on a broad scale [200,201]. The biomass of P. stratiotes reduces more
than 70% of zinc and cadmium from the contaminated solution during the experiment [202]. Water
lettuce is an excellent accumulator of Pb, Zn, Cu, Cd, Mg, Fe, and Mn as reported by different recent
studies given in Table 3.

Table 3. Recent studies on uptake of heavy metals by water lettuce.

Metals/Metalloids Condition Results Reference

Fe, Mn, Cr, Pb, Cu Zn,
Ni, Co

Three sites of Al-Sero
drain Giza, selected for
the collection of plant
and water sample.

High value of BCF and
RP observed positive
correlation exist between
Fe and Cu with root and
shoots of plant.

Galal et al. [71]

Cd

20 to 50 g of plant
applied in container
having 10 L river water
and cadmium exposure
of 1000 and 130 (g/L)
concentrations.

BCF-(1270 ± 250).
Initial concentration of
cadmium was 0, 3 while
Cd concentration in
leaves of the plants was
32 ± 3.

Shuvaeva et al. [180]

Pb, Cu
120 g of plant applied in
10 litre of steel industry
effluents.

Removal rate:
Pb-(70.7%)
Cu-(66.5%)

Aurangzeb et al. [181]
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Table 3. Cont.

Metals/Metalloids Condition Results Reference

Fe, Mn, Na, Ni, Pb, Cr,
Cu, Zn, Al, Ca, Cd, Co, K,

Mg

Plants covered two storm
water detention ponds

50% accumulation of Ca,
Co, Cd, Mn, Zn and Mg
in roots. More than 50%
absorbance by roots for
Pb, Ni, Cu, Cr and Al.

Lu et al. [197]

Cd, Zn

Initial concentration of
Zinc, 1.8, 18, 50, 79, 105
mg/L, initial
concentration of
Cadmium 0.01, 0.1, 1, 10
mg/L.

Removal rate.
70% reduction for both
Zinc and Cadmium.

Rodrigues et al. [202]

As
Initial concentration of
As applied 0, 5, 10, 15
and 20 μM.

High absorbance of
arsenic observed in the
roots of the plants.

Farnese et al. [203]

Pb (II) Stock solution (2000
mg/L) Removal of Pb (II) 96%. Volf et al. [204]

4.1.4. Duck Weed

Duckweed is a free-floating aquatic plant which floats on the surface of slow-moving and still
water. This plant belongs to family Araceae but is frequently classified in subfamily Lemnoideae. This
family of free-floating plant species consists of five genera such as (1) Wolffia, (2) Wolffiella, (3) Spirodela,
(4) Lemna, and (5) Landoltia, having no less than 40 species recognized [205]. Duckweed is also known as
a water lens. These are richly found in ditches, canals, and ponds; these are smaller and faster-growing
plants on the earth. They can survive in high pH (3.5 to 10.5) and temperature 7 to 35 ◦C) [206].

The capability of duckweed plant to develop in polluted site with tremendous variation in pH,
temperature, nutrient level makes them effective for use in phytoremediation [207]. Duckweed can
eliminate a vast variety of different heavy metals, inorganic and organic contaminants, pesticides,
nutrients arise from agricultural runoff, sewage, industrial and domestic wastewater [131,138,208].
Duckweed can easily inhibit the growth of algae and fungi in different ponds because it has the ability
to cover the ponds due to its widespread high growth rate. They also diminish nitrogen from these
ponds by taking up ammonia and denitrification [209]. Removal of the nutrient with the application
of duckweed biomass will help to upgrade the quality of water and degradation of water ecology.
Duckweed shows higher removal aptitude for chemical oxygen demand (COD), biological oxygen
demand (BOD), total nitrogen (TN), total suspended solid (TSS) and NH3

-N from wastewater under
favorable environmental circumstances [131,207].

Much higher elimination of different HMs such as As, Cr, Cu, Zn, Ag, Hg, Pb and Cd has
been done through different species of duck weed including L. minor, L. Trisulca and L. gibba from
wastewater [4,210,211] S. polyrhiza, L. gibba and L. minor examined for their remediation efficiency
of boron, arsenic, and uranium. Spirodelapolyrhiza was investigated and found to be a good
phyto-remediator of arsenic [212], L. gibba was found to be appropriate for the remedy of boron
with a lower concentration of 2 mgL−1 without any harmful effect on biomass [213]. It can also
accumulate uranium (120%), boron (40%), and arsenic (133%) [214]. L. minor found to be an excellent
contender for the remediation of arsenic [215]. In comparison with other macrophytes, duckweed is
the most suitable plant for phytoremediation.

Use of duckweed for the remediation of nutrient pollutants and HMs from industrial and
agricultural wastewater was reported in previous reports [216,217]. Several researchers have reported
that duckweed (L. minor) could take up a huge concentration of heavy metals such as nickel, manganese,
zinc, uranium, arsenic, and copper [218]. Lemna minor L shows an increase in chromium uptake
percentage of 6.1%, 26.5%, 20.5%, 20.2% at a different exposure concentration of chromium stress [219].
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Duckweed has the ability to conserve nature by acting as a hyperaccumulator plant in phytoremediation
technology. Table 4 shows recent studies of heavy-metal uptake from wastewater by duckweed.

Table 4. Recent studies on uptake of heavy metals by duckweed species.

Metals/Metalloids Condition Results References

Cr 0, 10, 100, 200 μM Cr
concentration

increase in chromium
uptake percentage by L.
Minor 6.10%, 26.5%,
20.5%, 20.2%

Sallah-ud-Din et al. [219]

Cr, Pb
2, 4, 10 and 15 mg/L
concentrations with
using lab water.

Removalrate
Cr-(86.2–94.8%)
Pb-(91.0–96.4%).

Abdallah [220]

Cd
0.5, 1.0, 1.5, 2.0, 2.5, and
3.0 mg/L concentrations
applied.

Removal rate
Cd-(42–78%) Chaudhuri et al. [221]

Ar
Initial artificial
concentrations of 0.5, 1.0,
and 2.0 mg/L.

Removal of arsenic more
than 70% at 0.5 mg/L on
15th day of experiment.

Goswami et al. [222]

Fe
Concentrations of 100%
and 50%, for (7, 14, and
21 days)

Maximum recommend =
5 mg/L Fe at 7 days. Teixeira et al. [223]

Co, Cu, Fe, Cd, Ni, Mo,
Mn, Zn, Cr, Se

Mining wastewater in
rich with selenium

Removal rate:
Co-(87%)
Se-(55%)
35–60% removal rate for
rest of the heavy metals.

Flores-Miranda et al. [224]

Pb, Cd
Artificial by
concentration of (2, 5 and
10 mg/L)

Removal rate
(1) Pb-(98.1%) in 10 mg/L
at 7 pH. (60.1%) in 2
mg/L at 9 pH.
(2) Cd-(84.8 %) in 2 mg/L
at pH 7. (41.6%) in (10
mg/L at pH 9.

Verma and Suthar [225]

Cu, Zn, Cd

Initial concentrations
Cu-(4.10 mg/L)
Zn-(4.30 mg/L)
Cd-(7.30 mg/L)

Cu-(0.381 ± 0.021 mg/g)
Zn-(0.557 ± 0.009 mg/g)
Cd-(1.251 ± 0.041 mg/g)

Török et al. [226]

Cd, Cu, Pb, Ni Municipal and industrial
wastewater.

Removal rate
Ni (99%)
80% removal percentage
for rest of metals.

Bokhari et al. [227]

4.1.5. Salvinia (Water Fern)

Water Fern (Salvinia auriculatais), a small free-floating macrophyte, is extensively scattered in
aquatic ecosystems. It has the ability to reproduce quickly and have the ability to settle widespread
colonies in areas in no time. Salvinia can double its population within around 3 to 5 days under suitable
conditions [228]. A substantial growth rate, ease to handle, wide distribution and sensitivity to various
noxious entities support the application of Salvinia for used as a bio-indicator of pollution index and
for phytoremediation as well [229].

Water Fern (Salvinia) species, especially S. natans, are potentially used in phytoremediation as
it has an enormous capacity for removal of HMs due to the rapid growth rate and tolerance to toxic
pollutants [230,231]. It can effectively be used for the treatment of different kinds of wastewater
and waste produced in the constructed wetland [232]. Roots of Salvinia have a higher rate of
metal accumulation. Accumulation of metal in S. natans and S. minima reduces As, with increasing
concentration of phosphate while heavy-metal uptake increase with the addition of sulfur [233].
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The presence of favorable environmental conditions along with the existence of certain nutrients
and chelators will determine the fate of Salvinia in the hyperaccumulation of heavy metals [234]. Among
different species of Salvinia, S. minima shows high bioaccumulation factor (BCF) for the accumulation
of cadmium and lead [235]. S. minima has successfully been used for the remediation of high-strength
synthetic organic wastewater [236]. Different species of the Salvinia (water fern) are an excellent
accumulator of Fe, Cd, Ni, Mn, Zn and Pb as reported by several studies, and their details are given in
Table 5.

Table 5. Recent studies on uptake of heavy metals by Salvinia species.

Metals/Metalloids Condition Results Reference

Cd, Ni, Pb, Zn

Initial concentrations
Cd-(0.03 mg/L) Removal rate:

Iha and Bianchini [129]Ni-(0.40 mg/L) Zn-(0.4046 mg/m−2)
Pb-(1.00 mg/L) Ni-(0.0595 mg/m−2)

Zn-(1.00 mg/L) Cd-(0.0045 mg/m−2)
Pb-(0.1423 mg/m−2)

Zn, Cu, Ni and Cr
15 mg/L initial
concentration. 10 g
biomass of five plants.

Removal rate:

Dhir et al. [231]
Zn-(84.8%)
Cu-(73.8%)
Ni-(56.8%)
Cr-(41.4%)

Ni 0, 20, 40, 80, 160 M
concentrations of NiCl2

Accumulation of Ni 16.3
mg/g Fuentes et al. [237]

Cu, Cr, Pb, Cd

Initial concentration After treatment

Ranjitha et al. [238]
Cu-(1.092 ± 0.026) Cu-(2.035 ± 0.014)
Cr-(2.201 ± 0.0024) Cr-(1.052 ± 0.022)
Pb-(2.974 ± 0.018) Pb-(1.924 ± 0.012)
Cd-(0.251 ± 0.017) Cd-(0.018 ± 0.018)

Pb, Ni, Cu, Zn, Mn, Fe,
Cr, Cd coal mine effluents

Removal rate

Lakra et al. [239]

Pb-(96.96%)
Ni-(97.01%)
Cu-(96.77%)
Zn-(96.38%)
Mn-(96.22%)
Fe-(94.12%)
Cr-(92.85%)
Cd-(80.99%)

4.2. Submerged Aquatic Plants

In submerged aquatic plants, leaves are the main part for metal uptake. Passive movement of the
cuticle results in the absorption of heavy metals. Polyglalacturonic acid of the cell wall and negatively
charged cutin and pectin polymers of cuticle results in the sucking inward of minerals. Movement
of Positive metal ions takes place due to this inward enhanced charged density [59]. They have the
ability to remove heavy metals from water and sediments [240–242]. Some of the famous submerged
plants such as parrot feather (Myriophyllum spicatum), coontail or hornwort (Ceratophyllumdemersum),
pondweed (Potamogeton Crispus), American pondweed (Potamogetonpectinatus), Mentha Aquatica,
Vallisneria spiralis and water mint are well known for their ability to accumulate Zn, Cr, Fe, Cu, Cd, Ni,
Hg and Pb [152,154,155,157,243].

4.3. Emergent Aquatic Plants

These plants are usually found on submerged soil where the water table is 0.5 m below the
soil. Accumulation of HMs in emergent plants varies from plant to plant, they have the skill to
bio-concentrate most of the metals in below ground-level roots from water and sediments, while some
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of the emergent plants, distribute the burden of metals in aerial parts as well. For example, smooth
cordgrass (spartinaalterniflora) take up heavy metals in leaves [164], common reed (Phragmites australis)
bears most of the heavy metal burden in the roots of the plant [166]. Sequestration and detoxification
of heavy metals occur at the cellular level in these plants [244]. Cattail (Typha latifolia), bulrush (Scirpus
spp.), common reed (Phragmites) and smartweed (Polygonumhydropiperoides) are the best emergent
aquatic plant that can effectively be used for the phytoremediation of several HMs like Cd, Fe, Pb, Cr,
Zn, Ni, Cu [160,167,168].

5. Significance of Aquatic Plants for Phytoremediation of Wastewater

Phytoremediation of heavy metals with aquatic plants has gained significant consideration due
to its elegance and cost-effectiveness [39,227]. The earlier worker has demonstrated that aquatic
plants have the capability to eliminate HMs from different kinds of wastewater [140,225,245,246].
Aquatic plants remove heavy metals via absorption or through surface adsorption and integrate
them into their system, and then accumulation them in certain bounded forms [247,248]. Effluents
from wastewater mitigated through the aquatic plants, thus causing less harm to the surrounding
environment. A wide array of aquatic plants like water hyacinths, Salvinia sp., water lettuce, giant
duckweed, and Azolla sp. have displayed tremendous ability for the phytoremediation of numerous
kinds of wastewater [249,250]. This review briefly describes the effectiveness of these aquatic plants
for the remediation of different types of wastewater.

5.1. Phytoremediation of Municipal Wastewater

Municipal wastewater possesses significant risk for the aquatic environment as it is a main cause of
heavy metal pollution. Zn, Cu, Ni, Pb and Hg are potentially more noxious metals and they may cause
chronic and acute health effects, bioaccumulation and phytotoxicity [251–253]. Application of aquatic
plants for the removal of heavy metals from municipal wastewater, sewage water, spillage areas, and
other polluted sites has become a common practice and experimental technique [254,255]. Aquatic
plants can be used as bio-accumulators as they have the ability to accumulate high concentrations
of HMs in their biomass [256,257]. Root and shoot tissues of Typha domingensis showed maximum
accumulation of Zn, Cd, Ni, Fe and Mn during the first 48 h of study, planted in pots filled with
municipal wastewater. [258]. L. gibba was studied for the accumulation of arsenic, boron, and uranium
from the municipal wastewater as an alternative removal method. Results revealed that U, As and B
were rapidly absorbed by the plant during the first 2 days of a 7-day experimental study [214]. Two
rooted macrophytes Typha angustifolia and Phragmites australis removed 14–85% of heavy metals such
as zinc, lead, arsenic, nickel, iron, copper, aluminum and magnesium from municipal wastewater
in a hydroponic study [259]. Similarly, aquatic plants Typha latifolia and Phragmites australis showed
excellent removal efficiency of heavy metals from the municipal wastewater. Both these aquatic plants
showed higher removal rate for aluminum (96%), copper (91%), lead (88%) and zinc (85%) and slightly
less removal rate for iron (44%), boron (40%) and cobalt (31%) [260].

5.2. Phytoremediation of Industrial Wastewater

Discharge of industrial waste into soil and water signifies a more critical threat to human
health, living organisms, and other resources [261]. Phytoremediation, along with newly developed
engineering and biological strategies, has facilitated the successful removal of HMs from industrial
wastewater through both phytostabilization and phytoextraction [262]. Twelve aquatic plants were
tested for their phytoremediation capability for different HMs originating from the industrial wastewater
in Swabi district, Pakistan. Results demonstrated that these aquatic plants significantly removed heavy
metals from industrial wastewater with excellent removal efficiencies: Cd (90%), Cr (89%), Fe (74.1%),
Pb (50%), Cu (48.3%) and Ni (40.9%), respectively [263].

Southern cattail (Typha domingensi) showed maximum accumulation of zinc, aluminum, iron,
and lead, especially in roots rather than leaves from the industrial wastewater pond. Rhizofiltration
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was found as dominant mechanisms, which explained the phytoremediation potential of Typha
domingensis [264]. Promising aquatic plants showed better strength for the phytoremediation of the
industrial effluents than other plants. Aquatic macrophytes Marsileaquadrifolia, Hydrillaverticillata
and Ipomeaaquati cashowed much better accumulation potential and translocation factor (TF) value
for HMs (Fe, Cr, Zn, Pb, As, Hg, Cd and Cu,) from the industrial effluents as compared to the
terrestrial plants Sesbaniacannabina, Eclipta alba and algal species (Phormidiumpapyraceum, Spirulina
platensis) [265]. A high diversity of aquatic plants has the following advantages for remediation: high
removal efficiency, better habitat, and distribution resilience [47,58]. T. domingensis is such a dominant
aquatic plant species having a high tolerance to a toxic environment and proficient in accumulation of
HMs. Maine et al. [266] also reported that T. domingensis showed much better survival and removal
efficiency for iron, zinc, nickel, and chromium released from industrial wastewater of metallurgy plant
over other higher diversified aquatic plants. Such a type of aquatic plant can be used on a large scale
to study the long-term removal performance.

5.3. Phytoremediation of Textile Wastewater

Wastewater from the textile industries is considered as most polluted wastewater among other
industrial sectors [267]. Printing and dyeing process of textile industry effluents produce both organic
and inorganic contaminants. Heavy metals in textile effluents are more toxic as they are more
dangerous for public health [268]. Mahmood et al. [269] investigated the feasibility of E. crassipes for
the eradication of copper, chromium, and zinc from five different textile industries from Lahore district,
Pakistan. E. crassipes effectively removed 94.78% Cr, 96.88% Zn, and 94.44% Cu from the industrial
wastewater sample during the investigation period of 96 h. In another study, E. crassipes removed
94.87% of cadmium from the textile wastewater [114]. It is well documented that amongst different
aquatic plants, water hyacinth is the superlative contender for the phytoremediation of textile industry
effluents [270]. Aquatic plants Pistia stratiotes, Azollapinnata, and Salvinia, molesta were found very
competent for the elimination of Fe, Cu and Mn at 25% concentration of the textile effluents [271]. A
hairy root system of aquatic plants plays a vital part in the remediation of pollutants from wastewater
in phytoremediation [272].

Roy et al. [273] investigated the remediation capability of three free-floating (Eichhornia crassipes,
Pistia stratiotes, Spirodelapolyrhiza) aquatic plants for Cu, Pb, As and Cr from textile wastewater effluents.
These macrophytes expressed an extensive uptake tendency for heavy metals, and Eichhornia crassipes
was detected as the most competent contender in the remediation of HMs due to its fibrous widespread
root system. Similarly, Ajayi and Ogunbayo, [274] also reported the effectiveness of water hyacinth in
remediation of Fe, Cu, and Cd from textile effluents. High removal percentage (70–90%) for various
heavy metals such as copper, chromium, zinc, iron, and lead from textile wastewater was observed
with the water hyacinth as reported by different researchers [269,275,276]. Duckweed (Lemna minor)
also showed great potential for the removal of Cr, Zn, Pb, and Cd from the textile wastewater [185]. It
has been reported previously that the application of an aquatic macrophytes treatment system (AMTS)
is beneficial for the remediation of textile wastewater [277].

5.4. Phytoremediation of Mining Effluents

Mining activities harmfully affect the whole environment and put an incredible burden on local
fauna and flora. The process of mining operations includes the discharge of an enormous amount of
toxic effluents into the aquatic environment [278]. Effluents of mining activities hold a much higher
concentration of different pollutants like calcium carbonate, TDS, TSS and heavy metals [279]. Heavy
metals originating from the mining effluents are very persistent in nature and can easily accumulate
in the soil, water, sediment and also have the ability to enter the food chain via bioaccumulation
and assimilation thus affecting the health of human and animals [280]. Various methods have been
developed around the world to remove the HMs. Phytoremediation is such a method that showed
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promising results in the successful remediation of heavy metals originated from the mining effluents
by employing aquatic macrophytes [281].

As indicated by Sasmaz et al. [246], aquatic plants were very effective in the removal of remove
HMs from mining effluents. Mishra et al. [282] explore the potential of three aquatic plants Spirodela
Polyrhiza, Eichhornia crassipes and Lemna minor for the effective elimination of heavy metals. Eichhornia
crassipes removed much a higher percentage of heavy metals than the other two macrophytes. Eichhornia
crassipes eliminated Fe, Cr, Cu by 70.5%, 69.1%, 76.9% from the mining effluents. Similarly, Eichhornia
crassipes effectively removed Cr (VI) by 99.5% from industrial mine effluents in 15 days of the
experimental period [283]. Aquatic plant Limnocharis flava significantly remove the Hg from the
mining effluents in a pilot scale experimental study of 30 days [284]. Most widely used aquatic plants
used in the phytoremediation of mine effluents are floating, submerged and emergent. Emergent
plants usually promote the elimination of HMs from the mine effluents via collective processes like
retention and uptake of heavy metals over their respective tissues [285]. The emergent plant used
in the remediation of heavy metals from mine effluents include Phragmites australis, P. australis, P.
karka, P. australis and T. dominguensis [286,287]. Floating aquatic plants cannot improve adsorption
via the substrate, however, they promote adsorption process to the plant biomass. Successfully
used floating aquatic plants in the treatment of mine effluents include Salvinia natans, Pistia stratiotes,
Eichornia crassipes [239,288]. Submerged aquatic macrophytes like Ceratophylum demersum, Cabomba
piauhyensis, Egeria densa, Myriophylum spicatum and Hydrilla verticillata are recommended to be used for
the phytoremediation of mine effluents as they have shown outstanding ability to accumulate HMs in
their whole body biomass [289,290].

5.5. Phytoremediation of Landfill Leachate

Landfilling and open dumping are the most common way of treating municipal solid waste
(MSW) worldwide [291]. Leachate forms as a result of interaction among waste in landfill, water from
the soil, and different types of other liquid contaminants disposed of in the landfill. Intermittent and
non-uniform percolation of moisture content occurrs via solid waste in landfill, which eventually leads
towards the generation of landfill leachate [292]. Generated landfill leachate if not properly managed,
can easily lead towards numerous adverse health and environmental impacts [293]. One of the major
constraint in the management of landfill leachate is the lack of effective treatment methods for the
huge amount of landfill leachate generated worldwide [294]. Different chemical and physicochemical
approaches have been used to eradicate pollutants from the leachate. Unfortunately, these methods are
generally expensive and complicated as well. Economically viable and environmentally friendly option
is a priority in landfill leachate management. Jones et al. [295] reported that plant-based remediation
technology i.e., phytoremediation is very successful in the treatment of landfill leachate. Aquatic
plants such as Gynerium sagittatum (Gs), Colocasia esculenta (Ce), Heliconia psittacorum (He) have shown
tremendous phytoremediation potential for the remediation of landfill leachate [296].

Aquatic plants have the ability to withstand the high pollution load of the landfill leachate without
showing any sign of a significant cutback in biomass and growth rate [297]. Eichhornia crassipes in a
floating system has shown the tremendous capacity of removing diverse HMs such as Cu, Ni, Pb, Cd
and Cr from the landfill leachate, thus reducing the pollution density of the landfill leachate [298].
Many researchers have utilized Eichhornia crassipes for the successful eradication of contaminants from
the landfill leachate [299,300]. Ugya and Priatamby [301] also reported high removal efficiencies for
various heavy metals form the landfill leachate generated from the landfill site with the assistance of
Pistia stratiotes. Application of Duckweed (Lemna minor) also showed a significant reduction in copper,
zinc, lead, nickel, and iron from landfill leachate [131].

Extensive root systems of aquatic plants enhance the capacity of these aquatic macrophytes to
extract large concentration of HMs via the root system and then transport them to aboveground parts
of the plant body [302]. The depth of root zone in aquatic plants is a vital impediment in successful
phytoremediation of landfill leachate. Extensive root systems of the aquatic plants serve as main
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entry route of heavy metals, and these plants mostly store these HMs in roots then leaves and stem
as observed in earlier reports [282,303]. Grisey et al. [304] reported that P. australis accumulates large
concentration of HMs from landfill leachate in its root zone more resourcefully than other part of the
body. Similarly P. Cyperus Papyrus also showed maximum accumulation of lead in its root than shoots
during the treatment of the Kiteezi landfill site, Uganda [305]. Parallel outcomes were also examined
by [306]. Thus it is highly recommended that planting of aquatic plants should be promoted for the
treatment of landfill leachate in order to avoid seepage of heavy metals and other contaminants from
landfill leachate onto aquifer to contaminate the water bodies during ultimate discharge and runoff of
leachate [301].

6. Role of Aquatic Plants in Constructed Wetlands

Remediation of wastewater through constructed wetland has been magnificently executed over the
last few decades worldwide as an appropriate management choice for wastewater [307]. Constructed
wetlands (CWs) are designed to treat distinct form of wastewater within the controlled environment.
A broad range of wastewaters such as agricultural [308], municipal [309], landfill leachate [296], storm
water [310] and industrial wastewater [311] can be remediated in constructed wetlands. The constructed
wetland provides a comparatively simple and cheap solution for controlling water contamination
without disturbing resources of natural wetlands [312]. Aquatic plants are an imperative constituent in
CWs for the remediation of wastewater. Aquatic plants in CWs have two significant indirect functions:
(1) leaves and stem of the aquatic macrophytes ehance the surface area for significant attachment
of microbial communities, (2) aquatic plants have the aptitude to transport gases like oxygen down
towards the root zone to allow their roots to subsist in the anaerobic environment [313]. Rhizosphere
excessively support the microbial communities that handle the necessary alteration of metallic ions,
different compounds, and nutrients [314]. Therefore, the application of aquatic macrophytes in CWs
helps in the remediation of wastewater polluted with different contaminants and also acts as a sink for
the contaminants [285].

Elimination of heavy metals in CWs depends on the kind of metallic elements, their ionic form,
season, substrate condition, and kind of plant species [315]. Dense population of aquatic plants
in CWs considerably increased the effectiveness of HM remediation from the wastewater [316,317].
Aquatic plants play a precise and vigorous part in maintaining the biochemistry of wetlands via their
active and passive circulation of essential ingredients [318]. Heavy-metal concentration in wetland
aquatic macrophytes generally decreased in the following order: root > leaves > stems [319,320].
However, the concentration of heavy metals does not deliver sufficient evidence regarding the uptake
of heavy metals in aquatic plants in wetlands. In wetlands, uptake of heavy metals depends heavily
upon the biomass of the particular aquatic plant [321]. E. crassipes is one such plant which has
the capability to double its biomass within a few days under favorable conditions. Most recently,
Rai [322] reported the water hyacinth (E. crassipes) as the most appropriate wetland plant for the
phytoremediation of metals from wastewater. Use of E. crassipes in the constructed wetland to remove
heavy metals has been recommended as the best choice in order to make use of E. crassipes (nuisance
weed) effectively throughout the world. Sukumaran et al. [323] reported the utilization of E. crassipes
for the phytoremediation of Cd, Pb, Cu, Ar from industrial discharge by applying constructed wetland
technology. E. crassipes showed much higher remediation potential for Cu, Ni, Fe, Cd, Zn, Cr than the
other two free-floating aquatic plants Pistia Stratiotes, Spirodela polyrhiza during a 15-day experiment.

Ladislas et al. [324] indicated the accumulation of Cd, Zn and Ni in aquatic floating macrophytes
J. effusus and C. riparia growing in wetlands receiving storm water. The ratio of HMs concentration was
significant in roots then shoots. Dan et al. [325] examined the accumulation of different HMs such
as Fe, Cd, Zn, Ni, Pb and Cr by Juncus effuses and Phragmites australis from landfill leachate through
a lab-scale constructed wetland. Both aquatic plants showed much higher removal efficacy for the
targeted metals. Similarly, Leung et al. [285] also reported high removal percentages for heavy metals
with three aquatic plants (Phragmites australis, Cyperus malaccensis and Typha latifolia,) in CWs receiving
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wastewater from the mining industries. The phytoremediation potential of three aquatic wetland
plants i.e., Cyperus alternifolius, Cynodon dactylon and Typha latifolia, was examined for the transfer
and translocation of HMs from the root zone to upper parts of the body in a constructed wetland
receiving refinery wastewater. Results affirmed that the highest concentration of Cr, Zn, Cd, Pb and Fe
were accumulated by roots of the plants followed by leaves and stem [326]. Similarly, Typha latifolia
showed maximum removal efficiency of 96%, 95% and 80% for Cd, Cr and Pb correspondingly in
a laboratory-scale constructed wetland unit. [327]. A CW with Phragmites australis was assessed for
the phytoremediation of municipal wastewater. Most of the metals were significantly removed from
the municipal wastewater with reasonable efficiencies. Results demonstrated that Phragmites australis
accumulated most of the heavy metals in their belowground part, and only a minor fraction of metals
translocated two aboveground biomass of the plant [328]. Vymazal et al. [329] observed a maximum
amount of HMs usually found in belowground biomass, while the lowest concentration of HMs were
detected in aboveground biomass of the wetland plants.

Hadad et al. [330] also stated a similar trend of much higher accumulation of HMs in the root
zone than upper parts of the plant. Plants frequently tolerate the high concentration of metals because
they restrict the accumulation and absorption to the leaves upholding a constant and comparatively
low concentration of HMs in aboveground parts of the plant. Research over the past decade has shown
aquatic plants contribute significantly in the elimination of heavy metals through constructed wetland
technology [266,318,331,332]. Discrepancies with the remediation of HMs through aquatic wetland
plants in CWs might be attributed to various aspects including the type of wetland, inflow load of
heavy metals and type of wetland plants. Nevertheless, the type of aquatic plant employed in the
CW system is one of the main prominent element in the remediation of metals from wastewater [333].
Further investigation is needed to increase the removal efficiency of these aquatic plants within
constructed wetlands.

7. Other Advantages of Aquatic Plants

The study of phytoremediation reveals that the aquatic macrophytes have the advantage over
other plants in the remediation of heavy metals [71,131,257]. The widespread availability, rapid
growth rate, high biomass, cost-effectiveness and tolerance to toxic pollutants make them the best
suited, available phytoremediation plants. Purifications system using these aquatic plants have gained
more attention worldwide because of their capacity to accumulate and remove of a persistent organic
pollutant from water bodies [48,131].

Involvement of appropriate phytoremediation technology needs intervallic harvesting of the plant
biomass in order to assimilate and confiscate heavy metals and nutrients from water bodies. Conversion
of biomass into exclusive material is the significant factor in promoting this technique for the treatment of
contaminants. An aquatic plant’s biomass can latter on be used as animal feed, useful in the production
of biogas and compost as reported in many studies [25]. Bio-sorption along with bioaccumulation of
Lemna minor biomass was inspected which indicates its possible use as animal feed [131,334]. Aquatic
plants possess sugar in the shape of starch, cellulose, and hemicelluloses. Carbohydrate hydrolysis of
this fermentable sugar results in the production of lactic acid, ethanol, and other important products.
Therefore, sugar present in aquatic plants is a new promising feature supporting their role in the
eco-sustainable environment. Aquatic plants i.e., Pistia stratiotes and Eichhornia crassipes, have been
reported to produce sugar during their enzymatic hydrolysis process [335]. Free-floating aquatic plants
(Azolla spp., Wolffia spp., Spirodela sp. and Duckweeds) can be used as a food source for water bird. They
also provide shelter for insect larvae and small mollusks. Fishes also use the mats of these plants as
cover and use their shade for reproduction [336]. Aquatic plants can be efficiently used to improve the
aquaculture for fishponds. Elimination of nitrogenous waste of aquatic plants is also an added benefit
for their application in aquaculture, i.e., Canna generalis L., Typha angustifolia. Echinodoruscordifolius,
and Cyperus involucratus removed ammonia, nitrate and nitrite efficiently [337].
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8. Conclusions and Future Prospects

Heavy metals in our environment as a persistent pollutant needs absolute elimination for
a completely remedial objective. Utilization of phytoremediation seems to be a less disruptive,
economical and environmentally sound clean-up technology. Choice of appropriate plant is the most
significant feature in phytoremediation. Aquatic plants perform very vibrant roles in the remediation
of heavy metals from the polluted site with equal ease to other hyperaccumulator plants. Application
of aquatic plants both in bioaccumulation (with living plant biomass) and bio-sorption (with dead
plant biomass) can be done successfully for the eradication of heavy metals.

Comprehensive interaction, transport, and chelator activities regulate the storage and accumulation
of heavy metals by the aquatic macrophytes. Genetic engineering enhances the accumulation and
tolerance capacity of plants, which shows its exceptional application in improving the effectiveness of
phytoremediation. In plants, at the molecular level, different extensive steps have been evaluated that
favor the transgenic methods in order to plead with the changeover metal fraction of plants. Genetically
engineered plants show high tolerance and metal uptake capacity and, as a result, gene manipulation
has successfully been investigated in terrestrial plants, but, genetic engineering of aquatic plants to
enhance their heavy-metal uptake capacity is in its preliminary phases.

Disposal of plant biomass later on, can be used for the production of biogas and also can be used
as animal feed. The application of aquatic plants in phytoremediation like other conventional physical
and chemical techniques does not require any post-filtration and can be effectively used to treat a
large volume of polluted water and soil. Based on the present review, the benefits of using aquatic
plants to treat contaminants are huge, because this technology does not only treat the contaminants
but is cost-effective and visually pleasing as well as being advantageous for the sustainability of
whole ecosystems.
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tolerance and phytoremediation potential using genetic transformation of plants. Plant Biotechnol. Rep. 2018,
12, 1–14. [CrossRef] [PubMed]

101. Van Aken, B. Transgenic plants for phytoremediation: Helping nature to clean up environmental pollution.
Trends Biotechnol. 2008, 26, 225–227. [CrossRef] [PubMed]

102. Pilon-Smits, E. Phytoremediation. Annu. Rev. Plant Biol. 2005, 56, 15–39. [CrossRef] [PubMed]
103. Misra, S.; Gedamu, L. Heavy metal tolerant transgenic Brassica napus L. and Nicotiana tabacum L. plants.

Theor. Appl. Genet. 1989, 78, 161–168. [CrossRef]
104. Rugh, C.L.; Wilde, H.D.; Stack, N.M.; Thompson, D.M.; Summers, A.O.; Meagher, R.B. Mercuric ion reduction

and resistance in transgenic Arabidopsis thaliana plants expressing a modified bacterial merA gene. Proc.
Natl. Acad. Sci. USA 1996, 93, 3182–3187. [CrossRef]

105. Eapen, S.; Singh, S.; D’souza, S. Advances in development of transgenic plants for remediation of xenobiotic
pollutants. Biotechnol. Adv. 2007, 25, 442–451. [CrossRef]

106. Macek, T.; Kotrba, P.; Svatos, A.; Novakova, M.; Demnerova, K.; Mackova, M. Novel roles for genetically
modified plants in environmental protection. Trends Biotechnol. 2008, 26, 146–152. [CrossRef]

107. Kawahigashi, H. Transgenic plants for phytoremediation of herbicides. Curr. Opin. Biotechnol. 2009, 20,
225–230. [CrossRef]

108. Darrah, P.; Jones, D.; Kirk, G.; Roose, T. Modelling the rhizosphere: A review of methods for ‘upscaling’to
the whole-plant scale. Eur. J. Soil Sci. 2006, 57, 13–25. [CrossRef]

109. Uchida, E.; Ouchi, T.; Suzuki, Y.; Yoshida, T.; Habe, H.; Yamaguchi, I.; Nojiri, H. Secretion of bacterial
xenobiotic-degrading enzymes from transgenic plants by an apoplastic expressional system: An applicability
for phytoremediation. Environ. Sci. Technol. 2005, 39, 7671–7677. [CrossRef] [PubMed]

110. Kidd, P.; Prieto-Fernández, A.; Monterroso, C.; Acea, M. Rhizosphere microbial community and
hexachlorocyclohexane degradative potential in contrasting plant species. Plant Soil 2008, 302, 233–247.
[CrossRef]

111. Yadav, K.K.; Gupta, N.; Kumar, A.; Reece, L.M.; Singh, N.; Rezania, S.; Khan, S.A. Mechanistic understanding
and holistic approach of phytoremediation: A review on application and future prospects. Ecol. Eng. 2018,
120, 274–298. [CrossRef]

112. Han, Z.; Guo, Z.; Zhang, Y.; Xiao, X.; Xu, Z.; Sun, Y. Adsorption-pyrolysis technology for recovering heavy
metals in solution using contaminated biomass phytoremediation. Resour. Conserv. Recy. 2018, 129, 20–26.
[CrossRef]

113. Kaewsarn, P. Biosorption of copper (II) from aqueous solutions by pre-treated biomass of marine algae Padina
sp. Chemosphere 2002, 47, 1081–1085. [CrossRef]

114. Priya, E.S.; Selvan, P.S. Water hyacinth (Eichhornia crassipes)–An efficient and economic adsorbent for textile
effluent treatment—A review. Arab. J. Chem. 2017, 10, 3548–3558. [CrossRef]

115. Wang, G.; Fuerstenau, M.; Smith, R. Sorption of heavy metals onto nonliving water hyacinth roots. Min.
Proc. Ext. Met. Rev. 1998, 19, 309–322. [CrossRef]

116. Wang, T.; Weissman, J.; Ramesh, G.; Varadarajan, R. Parameters for removal of toxic heavy metals by water
milfoil (Myriophyllum spicatum). Bull. Environ. Contam. Toxicol. 1996, 57, 779–786. [CrossRef]

85



Sustainability 2020, 12, 1927

117. Wang, Y.; Meng, D.; Fei, L.; Dong, Q.; Wang, Z. A novel phytoextraction strategy based on harvesting the
dead leaves: Cadmium distribution and chelator regulations among leaves of tall fescue. Sci. Total Environ.
2019, 650, 3041–3047. [CrossRef]

118. Pratas, J.; Paulo, C.; Favas, P.J.; Venkatachalam, P. Potential of aquatic plants for phytofiltration of
uranium-contaminated waters in laboratory conditions. Ecol. Eng. 2014, 69, 170–176. [CrossRef]

119. Guittonny-Philippe, A.; Petit, M.-E.; Masotti, V.; Monnier, Y.; Malleret, L.; Coulomb, B.; Laffont-Schwob, I.
Selection of wild macrophytes for use in constructed wetlands for phytoremediation of contaminant mixtures.
J. Environ. Manag. 2015, 147, 108–123. [CrossRef] [PubMed]

120. Gorito, A.M.; Ribeiro, A.R.; Almeida, C.M.R.; Silva, A.M. A review on the application of constructed wetlands
for the removal of priority substances and contaminants of emerging concern listed in recently launched EU
legislation. Environ. Pollut. 2017, 227, 428–443. [CrossRef] [PubMed]

121. Mesa, J.; Mateos-Naranjo, E.; Caviedes, M.; Redondo-Gómez, S.; Pajuelo, E.; Rodríguez-Llorente, I. Scouting
contaminated estuaries: Heavy metal resistant and plant growth promoting rhizobacteria in the native metal
rhizoaccumulator Spartina maritima. Mar. Pollut. Bull. 2015, 90, 150–159. [CrossRef] [PubMed]

122. Fritioff, Å.; Greger, M. Aquatic and terrestrial plant species with potential to remove heavy metals from
stormwater. Int. J. Phytoremediat. 2003, 5, 211–224. [CrossRef] [PubMed]

123. Gopal, B. Perspectives on wetland science, application and policy. Hydrobiologia 2003, 490, 1–10. [CrossRef]
124. Mays, P.; Edwards, G. Comparison of heavy metal accumulation in a natural wetland and constructed

wetlands receiving acid mine drainage. Ecol. Eng. 2001, 16, 487–500. [CrossRef]
125. Stoltz, E.; Greger, M. Accumulation properties of As, Cd, Cu, Pb and Zn by four wetland plant species

growing on submerged mine tailings. Environ. Exp. Bot. 2002, 47, 271–280. [CrossRef]
126. Said, M.; Cassayre, L.; Dirion, J.-L.; Nzihou, A.; Joulia, X. Behavior of heavy metals during gasification of

phytoextraction plants: Thermochemical modelling Computer aided. Chem. Eng. 2015, 37, 341–346.
127. Syukor, A.A.; Zularisam, A.; Ideris, Z.; Ismid, M.M.; Nakmal, H.; Sulaiman, S.; Nasrullah, M. Performance

of Phytogreen Zone for BOD5 and SS Removal for Refurbishment Conventional Oxidation Pond in an
Integrated Phytogreen System. World Acad. Sci. Eng. Technol. 2014, 8, 159.

128. Gunathilakae, N.; Yapa, N.; Hettiarachchi, R. Effect of arbuscular mycorrhizal fungi on the cadmium
phytoremediation potential of Eichhornia crassipes (Mart.) solms. Groundw. Sustain. Dev. 2018. [CrossRef]

129. Iha, D.S.; Bianchini, I., Jr. Phytoremediation of Cd, Ni, Pb and Zn by Salvinia minima. Int. J. Phytoremediat.
2015, 17, 929–935. [CrossRef] [PubMed]

130. da-Silva, C.J.; Canatto, R.A.; Cardoso, A.A.; Ribeiro, C.; Oliveira, J.A. Arsenic-hyperaccumulation and
antioxidant system in the aquatic macrophyte Spirodela intermedia W. Koch (Lemnaceae). Theor. Exp. Plant
Physiol. 2017, 29, 203–213. [CrossRef]

131. Daud, M.; Ali, S.; Abbas, Z.; Zaheer, I.E.; Riaz, M.A.; Malik, A.; Zhu, S.J. Potential of Duckweed (Lemna minor)
for the Phytoremediation of Landfill Leachate. J. Chem. 2018, 1–9. [CrossRef]

132. Abbas, Z.; Arooj, F.; Ali, S.; Zaheer, I.E.; Rizwan, M.; Riaz, M.A. Phytoremediation of landfill leachate waste
contaminants through floating bed technique using water hyacinth and water lettuce. Int. J. Phytoremediat.
2019, 21, 1356–1367. [CrossRef] [PubMed]

133. Shi, J.; Xiang, Z.; Peng, T.; Li, H.; Huang, K.; Liu, D.; Huang, T. Effects of melatonin-treated
Nasturtiumofficinale on the growth and cadmium accumulation of subsequently grown rice seedlings. Int. J.
Environ. Anal. Chem. 2020. [CrossRef]

134. Maine, M.A.; Duarte, M.V.; Suñé, N.L. Cadmium uptake by floating macrophytes. Water Res. 2001, 35,
2629–2634. [CrossRef]

135. Olguín, E.; Hernández, E.; Ramos, I. The effect of both different light conditions and the pH value on the
capacity of Salvinia minima Baker for removing cadmium, lead and chromium. Acta Biotechnol. 2002, 22,
121–131. [CrossRef]

136. Maine, M.A.; Suñé, N.L.; Lagger, S.C. Chromium bioaccumulation: Comparison of the capacity of two
floating aquatic macrophytes. Water Res. 2004, 38, 1494–1501. [CrossRef]

137. Anaokar, G.; Sutar, T.; Mali, A.; Waghchoure, K.; Jadhav, R.; Walunj, S. Low Cost Municipal Wastewater
Treatment Using Water Hyacinth. J. Water Resour. Pollut. Stud. 2018, 3, 2.

138. Chen, G.; Huang, J.; Fang, Y.; Zhao, Y.; Tian, X.; Jin, Y.; Zhao, H. Microbial community succession and
pollutants removal of a novel carriers enhanced duckweed treatment system for rural wastewater in Dianchi
lake basin. Bioresour. Technol. 2018, 276, 8–17. [CrossRef]

86



Sustainability 2020, 12, 1927

139. Hua, J.; Zhang, C.; Yin, Y.; Chen, R.; Wang, X. Phytoremediation potential of three aquatic macrophytes in
manganese-contaminated water. Water Environ. J. 2012, 26, 335–342. [CrossRef]

140. Singh, D.; Gupta, R.; Tiwari, A. Potential of duckweed (Lemna minor) for removal of lead from wastewater by
phytoremediation. J. Pharm. Res. 2012, 5, 1578–1582.

141. Molisani, M.M.; Rocha, R.; Machado, W.; Barreto, R.C.; Lacerda, L.D. Mercury contents in aquatic macrophytes
from two reservoirs in the Paraiba do Sul: Guandu river system, SE Brazil. Braz. J. Biol. 2006, 66, 101–107.
[CrossRef]

142. Hu, C.; Zhang, L.; Hamilton, D.; Zhou, W.; Yang, T.; Zhu, D. Physiological responses induced by copper
bioaccumulation in Eichhornia crassipes (Mart.). Hydrobiologia 2007, 579, 211–218. [CrossRef]

143. Miretzky, P.; Saralegui, A.; Cirelli, A.F. Aquatic macrophytes potential for the simultaneous removal of heavy
metals (Buenos Aires, Argentina). Chemosphere 2004, 57, 997–1005. [CrossRef] [PubMed]

144. Sooknah, H. A review of the mechanisms of pollutant removal in water hyacinth systems. Sci. Technol. Res. J.
2000, 6, 49–57.

145. Suñé, N.; Sánchez, G.; Caffaratti, S.; Maine, M.A. Cadmium and chromium removal kinetics from solution by
two aquatic macrophytes. Environ. Pollut. 2007, 145, 467–473. [CrossRef]

146. Kara, Y. Bioaccumulation of copper from contaminated wastewater by using Lemna minor (Aquatic green
plant). Bullet. Environ. Contam. Toxicol. 2004, 72, 467–471. [CrossRef]

147. Ater, M.; Ali, A.N.; Kasmi, H. Tolerance and accumulation of copper and chromium in two duckweed species:
Lemna minor L. and Lemna gibba L. Rev. Sci. 2006, 19, 57–67.

148. Basile, A.; Sorbo, S.; Conte, B.; Cobianchi, R.C.; Trinchella, F.; Capasso, C.; Carginale, V. Toxicity, accumulation,
and removal of heavy metals by three aquatic macrophytes. Int. J. Phytoremediat. 2012, 14, 374–387. [CrossRef]

149. Cardwell, A.; Hawker, D.; Greenway, M. Metal accumulation in aquatic macrophytes from southeast
Queensland, Australia. Chemosphere 2002, 48, 653–663. [CrossRef]

150. Zurayk, R.; Sukkariyah, B.; Baalbaki, R.; Ghanem, D.A. Chromium phytoaccumulation from solution by
selected hydrophytes. Int. J. Phytoremediat. 2001, 3, 335–350. [CrossRef]

151. Sivaci, E.R.; Sivaci, A.; Sökmen, M. Biosorption of cadmium by Myriophyllum spicatum L. and Myriophyllum
triphyllum orchard. Chemosphere 2004, 56, 1043–1048. [CrossRef] [PubMed]
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Abstract: This study evaluates the depuration efficiency of a combined system consisting of lagoons
(with aerated and non-aerated tanks) and CWs (with Typha latifolia L.) working at pilot scale for
treating SW under two recirculation rates (RRs, 4:1 and 10:1) of the CW effluent. The combined
system removed about 99% of the total suspended solids and organic matter, and from 80% to 95%
of the total nitrogen at both tested RRs. The lagoon system was effective as a pre-treatment of SW,
particularly for nitrogen removal. It is convenient to adopt the higher RR, since nitrogen removal can
be increased by approximately 20%. The irrigation of the CWs with SW did not generally determine
the phyto-toxic effects on Typha latifolia L., except at the start of the experiment and under the lower
RR. Despite the limited spatial and temporal scale of this investigation, these results provide a starting
point for the use of V-SSF CWs to treat livestock wastewater with a high pollution potential (such
as SW).

Keywords: livestock wastewater; Typha latifolia L.; V-SSF systems; total nitrogen; COD; total sus-
pended solids

1. Introduction

The wastewater from livestock breeding farms has a heavy pollution potential for soil
and water resources [1,2]. Swine breeding farms make a significant contribution to the
production of wastewater. Swine wastewater (hereafter “SW”) consists of a blend of urine
(about 40–45 kg/day/1000 kg of animal live weight [3]); feces (about 90 kg/day/1000 kg
live weight [3]); water; residues of undigested food; antibiotics; and pathogens, as well as
water used to clean the housing sheds [4–6]. To give a rough indication, SW is characterized
by a high content of solids (total solids in the range 12.6 to 42.7 g/L), organic matter
(chemical oxygen demand, COD, between 16.1 and 56.2 g/L), and nutrients (total nitrogen:
1.5–5.2 g/L; ammonium: 0.9–4.3 g/L; and total phosphorus: 0.1–1.3 g/L) [1,3,7]. SW also
contains other organic xenobiotic substances, such pharmaceuticals [8].

Due to these physico-chemical characteristics and large production, the management
of SW can lead to severe environmental pollution [9]. Furthermore, the direct disposal of
SW can contaminate surface and ground waters, cause unpleasant odor emissions in the
air, and degrade soil quality [8,10]. In particular, the high nutrient loads in SW can have
undesirable effects on aquatic plant proliferation and the eutrophication of water bodies,
as well as direct toxicity due to the high oxygen demand in water [11].

Traditionally, SW is commonly spread to the land as fertilizer, often after lagoon
retention [12], but the nutrient loads always exceed the fertilizer requirement of crops
with alterations in the nutrient balance of soil [13]. The practice of SW land spreading
does not respect the strict rules of many countries on SW management (e.g., the so-called
“Nitrate Directive” in Europe) [14]. In other cases, the farmland for SW spreading is
insufficient [12]. Several systems have been proposed as alternatives to land spreading:
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(i) aerobic (e.g., sequencing batch reactors and membrane bioreactors) and anaerobic (e.g.,
anaerobic digesters, up-flow anaerobic sludge beds, and microbial fuel cells) biological
treatments [1,15]; and (ii) other chemical, physical, and biological systems [16,17]. However,
these treatments generally present a low efficiency, high costs, and process instability,
mainly due to the high concentration of organic matter (OM) and toxic compounds, such
as ammonia nitrogen, in SW [5,9].

Natural systems, using lagoons or constructed wetlands, may be effective for SW
treatment, due to the easy construction and cheap maintenance and operation [18–20], as
well as the efficiency of removing several contaminants, such as OM; nutrients; heavy
metals; and pathogens [16,21,22]. In general, SW is treated in anaerobic lagoons to remove
OM, while constructed wetlands are used for nutrient removal [23].

Constructed wetlands (CWs) have a low energy requirement and are compatible
with typical farm operations [24]. These systems have been used for decades to treat
municipal wastewater [25,26], but their capacity to depurate agro-industrial wastewater
and liquid livestock effluents have been recently demonstrated [24,27,28]. The results show
that CW technology is established and its application for treating these effluents is well
documented [29,30]. Regarding SW treatment, different successful experiences with CWs
are reported in the literature, for both free water surface (FWS) and subsurface flow (SSF)
types [14,27,28,31]. Most CWs treating SW are FWS systems, and only a few belong to
SSF types [32–34]. Moreover, the interest in processes occurring in vertical SSF CWs is
recent [35]. However, the COD concentrations in SW are commonly much higher than in
municipal wastewater, and the nitrogen (N) loads are always high [10,36]. Therefore, CWs
of the SSF type have to be adapted to these high concentrations of livestock effluents [37].

CWs for livestock wastewater must always be coupled with pre-treatment strategies
(e.g., filtration, lagooning, and anaerobic digestion), whose effectiveness is very important
to the constructed wetlands’ performance [23,37]. Before livestock effluents enter a CW,
oxidation and settling treatments are required to remove much of the OM, nitrogen, phos-
phorous loads, and suspended solids that can clog the soils in SSF systems [31]. Often, a
pre-treatment using lagoons (to remove the COD and total suspended solids) may increase
the depuration efficiency of CWs. For instance, an aerated lagoon can oxidize the organic
load and convert N into a nitrate, and a non-aerated lagoon can increase the settlement of
the suspended solids and the oxidation of OM without energy consumption [38,39].

Some research experiences have evaluated the depuration performance of SW pre-
treatments before CWs. Sievers (1997) [40] examined two types of CWs, SSF and FWS, to
treat effluents from an anaerobic swine lagoon system. Hunt et al. (2002) [27] investigated
the effectiveness of CWs installed downstream of an anaerobic lagoon in a swine production
facility. Shappell et al. (2007) [41] evaluated the effectiveness of a lagoon–CW combined
treatment on SW, for producing an effluent with a low hormonal activity. Villamar et al.
(2015) [23] studied the N and phosphorus distribution in a CW fed with SW previously
treated in an anaerobic lagoon.

An examination of the N content of SW shows that concentrations between 0.2 and
0.4 g/L of ammonium-N generate phyto-toxic effects on the vegetation of CWs (growth
inhibition and biomass production) [7,42]. With wetland emergent plant species (such
as, Glyceria, Carex, Typha, Schoenoplectus/Scirpus, and Juncus), the tolerance limit can be
even lower (<0.1 g/L) [43,44]. The most effective process for N removal in CWs is nitri-
fication/denitrification [7], because it converts ammonia predominantly to nitrogen [28].
Since nitrification limits the removal of N from animal wastewater, the enhancement of
denitrification is expected to increase the efficiency of CW performance [28,45].

The most common method for enhancing denitrification is wastewater recirculation
and the addition of partially-nitrified water [12,45]. It has been demonstrated that the
recirculation of partially treated wastewater increases the total N removal in CWs from
70% to 85% [46], while water addition from a nitrifying lagoon leads to 4- to 5-fold N re-
moval rates, compared to non-nitrified wastewater [12,47]. Moreover, effluent recirculation
supplies wastewater with additional oxygen for aerobic microbial activities and a microbial
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biomass that is already adapted to noticeable N levels. The availability of oxygen and
microbial mass in the CW is often a factor limiting the removal rates of organic and N
loads from wastewater [34]. However, there is little research about the N removal in CWs
for the treatment of SW [7]. Moreover, to the best of the authors’ knowledge, no studies
are available in literature about the combination of CW–lagoon processes and effluent
recirculation in the case of SW. This leaves the depuration efficiency and usability of these
methods not well understood, to date.

This study aims to address these gaps in the literature, by evaluating the depuration
efficiency of a combined system consisting of lagoons (aerated and non-aerated tanks) and
CWs (with Typha latifolia L.) working at pilot scale for treating SW under two recirculation
rates (RRs) of the CW effluent. The specific aims of the research are: (i) evaluating the OM
(measuring COD) and nitrogen removal rates of the system; (ii) assessing which of the two
tested recirculation ratios are more effective; and (iii) identifying any phyto-toxic effects
of the treated SW. The results of this study, if validated in similar environmental contexts,
can contribute to a broader applicability of the studied depuration system, supporting the
action of breeders to control the soil and water contamination by OM and nutrients in areas
with a high pollution risk.

2. Materials and Methods

2.1. Description of the Experimental System

The present study was carried out in a swine breeding farm (geographical coordinates:
38◦06′00′ ′ N, 15◦46′47′ ′ E) in Cardeto (Calabria, Southern Italy) at 1100 m a.s.l. The climate
of the area is semi-arid and belongs to the “Csb” class (“Temperate, dry summer, warm
summer Mediterranean” climate), according to Koppen, ref. [48] with cold winters and
temperate summers. The mean annual temperature and precipitation were 11.1 ◦C (max
14.6 ◦C and min 5.4 ◦C) and 1380 mm, respectively (data obtained from the weather station
of Gambarie, close to Cardeto).

The farm breeds approximately 1000 animals, and its SW is stored in a 180 m3 open
pond. The pond is filled each day after stable cleaning and emptied about once a year.

The experimental pilot plant, which was installed over a flat area close to the pond, was
a combination of lagoons and CW systems with two hydraulically independent treatment
lines, both fed by the SW previously stored in the pond. The system operated as a batch
treatment. The lagoon system of each treatment line consisted of a series of two 1000 L
tanks, supplied with 40 L/d of SW. One tank was aerated (with an air flow rate of 75 L/h)
by a fine bubble diffuser placed 5 cm above the tank bottom and fed by a blower. The
second tank was not aerated (Figure 1). Both tanks were occasionally covered against
precipitation, but the cap allowed air entry from the water surface.

The aeration system was the same as the device described by [38,39,49], in which
more details can be found. Downstream of the two tanks, a third smaller tank (which
was not aerated) allowed SW storage before the subsequent treatment. This tank acted
as a hydraulic disconnection between the two systems (lagoon and CW). Each tank was
intermittently supplied with 20 and 50 L/h of SW in eight cycles per day.

The effluent of the disconnecting tank was transferred into the CW (with a volume of
1.6 m3 and a size of 2 m × 1 m × 0.80 m) made of LDPE. The CW system was a V-SSF type,
with a distributor uniformly spreading water over the soil surface. This type of CW was
chosen due to its higher capacity to transport oxygen, compared to CWs with a horizontal
flow. Therefore, V-SSF CWs are more efficient in removing OM and ammonia-N from
wastewater through the aerobic microbial activity [34]. The CW was filled with two layers
of soil (with a total depth of 0.6 m), of which the upper layer (0.4 m) was a loamy texture,
and the bottom layer (0.2 m) was composed of gravel (diameter 5–20 mm). The upper layer
was mixed with sand (sand/soil ratio = 3:1) to increase the porosity (35%) and thus the
infiltration of SW.
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(a) 

(b) 

Figure 1. Photo (a) and scheme (b) of the lagoon–CW integrated system for treating swine wastewater in the experimental
plant with the input/output water flow rates displayed.

The soil in the CW was planted with cattail (Typha latifolia L., 6 plants/m2) in March
2017. This species is one of the most commonly used macrophytes in CWs beside bulrush
(Scirpus spp.) and common reed (Phragmites australis), especially in the case of livestock
water treatment [12,24].

A by-pass pipeline permitted the recirculation of the effluent in the system. More
specifically, the effluent was pumped from the final tank into the disconnection tank.
Two RRs were tested, one for each treatment line (Figure 1). The first RR was 4:1 (re-
circulated water:influent of the CW); the second was 10:1; and 160 and 400 L/h of SW
were recirculated in the two lines, respectively. These ratios were selected setting up the
theoretical total nitrogen (TN) concentration of the influent to about 0.2 (RR = 10:1) and
0.5 (RR = 4:1) g/L, close to the tolerance limits reported by [7,42]. The hydraulic loads were
220 and 100 L/d/m2 for RRs 10:1 and 4:1, respectively.

A final tank receiving the effluent was located downstream of each CW. About 15 L/d
was collected in this tank for both treatment lines (Figure 1).

The volume of SW to irrigate the plants in the CW was set according to the water
requirement, due to the evapo-transpiration (ET) rate of the cattail. Therefore, the ET was
monitored every week, measuring a third CW the water losses.
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2.2. Wastewater Sampling and Characterization

Samples of SW were collected twice a month between March 2017 and March 2019,
and immediately stored at 4 ◦C until the laboratory analysis.

The SW samples were collected: (i) in the farm storage pond (influent of the lagoon
system); (ii) in the disconnection tank (effluent of lagoon system and influent of the CW),
before the water flow mixing for recirculation; and (iii) in the final tank (effluent of CW).

The following characteristics were evaluated in the SW samples: the pH and electrical
conductivity (EC), using a Hach Lange HQ40 multi-parameter device with dedicated
probes, and the total suspended solids (TSS), after oven-drying at 105 ◦C for 24 h. Moreover,
according to the standard methods [50], the chemical oxygen demand (COD) and total
Kjeldahl nitrogen (TKN, the sum of organic nitrogen, un-ionized ammonia, and ammonium
ion) were determined. The initial values of these SW parameters measured in the farm
reservoir are reported in Table 1.

Table 1. Main parameters of swine wastewater initially sampled in the storage tank of the swine
breeding farm.

Parameter
Value

(mean ± std. dev., n = 3)

pH [-] 7.40 ± 0.0
TS [%] 0.96 ± 0.0

COD [g L−1] 29.3 ± 1.01
TKN [g L−1] 1.29 ± 0.44

Notes: TS = total solids; COD = chemical oxygen demand; and TKN = total Kjeldahl nitrogen.

2.3. Statistical Analyses

The statistical significance of differences in the main parameters of SW (farm reservoir
vs. lagoon effluent vs. CW at RR = 4:1 vs. CW at RR = 10:1) and plant density in CWs
(at RR = 4:1 vs. RR = 10:1) was evaluated using Kruskal–Wallis tests (a non-parametric
alternative to the analysis of variance), followed by multiple pairwise comparisons using
Dunn’s procedure with the Bonferroni correction for the significance level for the pairwise
comparisons. To differentiate the levels of significance, a p-level lower than 0.05 was
adopted.

3. Results and Discussions

3.1. Depuration Performance of the Lagoon System

The lagoons decreased the pH (in the range of 7.48–7.86, farm reservoir, and 6.70–8.32,
effluent) and EC from the influent (13.1–21.4 dS/m) to the effluent (6.09–19.7 dS/m). This
parameter showed a noticeable temporal variability both in the influent and effluent. The
TSS concentration decreased from values of up to 19–20 g/L measured in the farm reservoir
(with a noticeable decreasing trend over time) to 0.34–1.43 g/L in the effluent (Figure 2).

After the lagoon, the COD concentration of the influent (generally with a limited
temporal variability, 36.1 to 49.3 g/L) reduced, and the removal rate increased over time.
The COD concentration in the effluent was between 8.56 and 36.3 g/L. The TKN decreased
over time in the farm reservoir (from 1.26 to 2.60 g/L), but for this parameter the removal
rate showed a low variability, reducing the N concentration from 1.04 to 1.84 g/L (Figure 2).
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Figure 2. Variation of the main parameters over time of the lagoons of the integrated system for swine wastewater treatment
(the reported values are averaged between the two lines of the lagoon system).

3.2. Depuration Performance of the Constructed Wetland

The SW treatment in CWs reduced the pH without significant differences between
the tested RRs. This parameter was in the range of 6.0–8.0 for both RRs. However, the pH
fluctuated in this range, according to the weather variations (Figure 3).

The EC declined in the CW under both RRs with a more noticeable effect (significant
at p < 0.05) at the lower ratio (from 3.48 to 2.41 dS/m, RR = 4:1, and from 2.83 to 0.96 dS/m,
RR = 10:1) (Figure 3).
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The TSS concentration decreased (from 88.2 to 54.2 mg/L, RR = 4:1, and from 41.3 to
25.2 mg/L, RR = 10:1) for both RRs, following similar temporal trends (Figure 3), although
the differences were significant. In contrast, the removal rates of both COD and TKN were
significantly much higher in the CW, with an RR of 4:1. The higher RR reduced the COD
from 98.2 to 40.3 mg/L in the CW with an RR of 4:1, and from 39.33 to 20.84 mg/L with an
RR of 10:1. This difference was also detected for TKN, which decreased from 668 to 379
mg/L (RR = 4:1) and from 176 to 108 mg/L (RR = 10:1) (Figure 3).

Figure 3. Variation of the main parameters over time of the constructed wetlands (at two recirculation ratios, RR) of the
integrated system for swine wastewater treatment.
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3.3. Variations in SW Parameters and the Removal of Pollutants

A separate analysis of the variability in the monitored parameters of SW in the two
treatments (lagoon or CW) shows: (i) for the pH, slight variations in the lagoon system
(by −1.89 ± 4.17%) and a greater decrease in the CW (on average 10–13%); (ii) a limited
reduction in EC in the lagoon system (−4.76 ± 14.8%), and a much greater decrease in the
CW system (−84.0 to −89.0%, RR = 4:1 and 10:1, respectively); (iii) an appreciable removal
of TSS in the lagoon system (42.4 ± 35.3%) and a very high effectiveness in the CW (close
to 100%); (iv) a limited efficiency in COD removal in the lagoon system (2.17 ± 4.88%), and,
in contrast, an extremely high removal in the CW (also, in this case, close to 100%); and
(v) a TKN removal by 31.0 ± 15.6% in the lagoon system, which increases to 72.7 ± 2.48%
(RR = 4:1) and to 92.7 ± 1.13% (RR = 10:1) in the CW (Figure 4).

Figure 4. Variation (mean ± standard deviation) of the main parameters in the combined system using lagoons and
constructed wetlands (CW, at two recirculation ratios (RR)) for swine wastewater treatment. Standard deviation is related to
the parameter variability among the three survey dates (March 2017, 2018, and 2019). Letters indicate significant differences
among the treatments (at p < 0.05).

If this analysis is carried out for the combined system (lagoon + CW under the two
RRs), the following considerations can be derived: (i) the two RRs show a comparable
effectiveness for pH modification (−11.4 ± 3.24%, RR = 4:1, to −15.2 ± 1.83%, RR =
10:1); (ii) a higher RR is more efficient to reduce the EC of SW (−90 ± 1.73%, RR = 10:1,
against −84.2 ± 3.92%, RR = 4:1); (iii) both RRs provide an extremely high efficiency in
removing TSS and COD (close to 100%); (iv) the efficiency in TKN removal increases from
81.4 ± 2.74% to 95.1 ± 0.45%, when the RR is increased from 4:1 to 10:1 (Figure 4).

3.4. Effects of COD and TKN on Typha latifolia L. Plants

Compared to the initial density (6 plants/m2), no significant effects of SW supply
were noticed in the survival rates of Typha latifolia L. in CWs in the dry seasons (spring and
summer, 18.5 ± 1.1 ◦C) (Figure 5). In fact, no death of plants was recorded in the CW under
RR = 10:1, except 0.5 plants/m2 in the summer of 2018. In the CW under the lower RR, the
plant mortality was slightly higher in summer (especially in 2018, 1.4 plants/m2). This
plant death can be attributed to a peak in the soil N, presumably due to the excessive load
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of the influent (0.5–0.7 g/L) from the spring to winter seasons in 2017 (data not shown).
The TKN concentrations of about 0.14–0.16 g/L in the CW with RR = 10:1 were, instead,
well tolerated by the plants.

Several plants died in the cold seasons (autumn and winter), due to vegetative senes-
cence. This plant death was particularly high in the season 2017–2018, when an extreme
frost occurred in December. After this event, the killed plants were replaced by new plants,
to restore the initial plant density.

Figure 5. Plant density (mean ± standard deviation among the months) surveyed over two seasons in the constructed
wetlands (CW, at two recirculation ratios, (RR)) of the integrated system for swine wastewater treatment. Letters indicate
significant differences between the treatments with different RR (at p < 0.05).

4. Discussions

The evaluation of the main chemical properties of the SW treated in the combined
system using lagoons and constructed wetlands has produced important indications in
terms of depuration efficiency and, therefore, of its sustainability.

Concerning the depuration performance of the lagoon system, the decrease in the
TSS concentration due to the lagoon process is well known [51]. The presence of a non-
aerated tank promoted the activity of anaerobic bacteria, which degraded the organic
matter concentration, and this also reduced the amount of the TSS [49,52,53]. Furthermore,
the effect of aeration in the upstream tank promoted the flocculation process, due to the
accelerated bacterial activity [52].

Although the reductions in the amounts of the OM and TKN, as a result of the
lagoon system, were noticeable, the concentrations in the effluent noticeably exceeded
the accepted amount for the discharge limits permitted by the main national rules. For
example, according to the Italian environmental regulation (Legislative Decree 152 of 2006),
the concentrations of nutrients and OM were about two orders of magnitude for the limits,
equal to 20 mg/L for N and 160 mg/L for COD.

Concerning the depuration performance of the constructed wetland, the reduction in
the pH of SW, which was close to neutrality, was in accordance with Boas et al. (2018) [54],
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who worked on CWs combining H-SSF and V-SSF systems, which favor the microbial
activity of OM degradation and nutrient conversion.

The noticeable decline detected in the TSS concentration for both RRs is expected, since
TSS is the water parameter that is strongly modified by CW treatments, as a consequence
of the sedimentation, filtration, and adsorption processes that occur in CWs [33].

The COD and TKN removal in the CW were high, presumably due to the synergistic
effects of both physical, chemical, and microbial processes, also under heavy loads of OM
and nutrients, as is presented in this study. Organic and N compounds are removed in CWs
of the SSF type by a combination of adsorption, nitrification/denitrification, volatilization,
and ionic exchange [3]. Nitrification and denitrification are considered essential mecha-
nisms for N removal [1,37], having an efficiency of more than 60% [55]. According to Vidal
et al. (2018) [3], denitrification is the most effective process to remove nitrogen in CWs,
and the aerated and non-aerated treatments prior to CW in the experimental plant have
been beneficial for these processes. The aerated treatment has oxidized part of the TKN in
SW, which was converted to nitrate. The aerated treatment should have denitrified part of
this nitrate, but the remaining part was made available for denitrification in CW, which
is nitrate-limited [3,27]. The nitrification of SW before the CW enhances N removal, and
increases the nitrate available for denitrification [45]. Moreover, the absence of aeration
should have provided anaerobic bacteria that were already adapted to the denitrification
process. Denitrification is more desirable than ammonia volatilization in CWs treating
the wastewater of animal origin, since ammonia is a pollutant for atmospheric, aquatic,
and terrestrial environments through dry and wet deposition [45]. In our study, although
not being directly measured, ammonia volatilization may have been limited, due to the
pH level that was lower than eight [1,56,57], while the nitrification process should have
been presumably low, due to the limited oxygen supply from the plants. Therefore, den-
itrification may have been the dominant process in TKN removal, in close accordance
with Hunt et al. (2002) [27]. An important role in nutrient and OM removal is played by
bacteria, which create a biofilm around the soil particles, allowing the catalysis of chemical
reactions [33]. Effluent recirculation enabled the wastewater to flow repeatedly over this
biofilm, enhancing the contact between the pollutants and microorganisms [33,34].

Plant uptake helps nitrogen removal, but its influence is lower compared to the other
processes, and depends on the specific species. Plants remove ammonia nitrogen due
to the stimulation of nitrifying bacteria and the uptake of nitrogen compounds [8], but
these mechanisms seem to be marginal in many examples. Typha latifolia L. prefers slightly
acidic environments, but ammonium uptake is conditioned by its toxicity (>0.2 g/L) [23]
and COD concentrations of 0.6–0.8 g/L (that inhibit photo-synthesis and, consequently,
nutrient incorporation) [23,58], as was evident in many stages of our study. Gonzales
et al. (2009) [36] stated that the macrophyte species did not significantly contribute to the
overall efficiency of V-SSF CWs in N removal, especially in the dry season. These authors
attributed this minor contribution of plants to the high concentrations of contaminants.
In contrast, planted CWs clearly show higher efficiencies for organic compounds, with
removal efficiencies of up to 70% in wetlands planted with Typha latifolia L. compared to
60% of unplanted beds [36].

In relation to the variations in SW parameters and the removal of pollutants, the
present study has demonstrated that the CW was more efficient in removing TSS, COD,
and TKN compared to the lagoon. The lower efficiency for TSS removal in the lagoon
system compared to the CW can be attributed to the great solid content of the raw SW.
This low efficiency is close to the value of 25% experienced by Stone et al. (2004) [59] for
SW lagoon treatment in North Carolina. To increase the system ability to remove TSS, a
pre-treatment to remove further amounts of TSS in the raw SW is still necessary because
it can prevent the soils of CW from being rapidly clogged. The very high efficiencies of
the CW system in removing TSS are in close accordance with the values (97–99%) reported
by [14,33]. In the experiences of other authors, TSS removal efficiencies between 40–50% [3]
and 70–80% [35,36] were detected. Literature reports COD removal efficiencies in the range
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of 50–80% [33,35,36,60] with an extreme value of 99.5% detected by Masi et al. (2017) [14]
working in a CW combined system (as in our study). N removal varies between 60%
and 80% according to many authors [3,8,11,27,36,54], but extreme values are also reported
(10–40% [33,35] to 99% [14]). In our study, the TKN removal efficiency for the CW system
with RR = 4:1 is in the range reported by the majority of studies, and it is not far from the
optimal value of [14] in the CW with RR = 10:1.

The analysis of the depuration efficiency of the combined system (lagoon + CW under
the two RRs) suggests the adoption of an RR equal to 10:1, in order to increase the TKN
removal, while the efficiency of reducing the pH and EC, and removing the TSS and COD,
is comparable. Similar to the observations of Lee et al. (2006) and He et al. (2004) [33,34],
the effluent recirculation in the system supplies a considerable amount of oxygen in the
SW, promoting the reductions in COD and TKN. Concerning the experiences using V-SSF-
CWs systems with recirculation, He et al. (2006) [34] showed that this operation strategy
increased the average removal efficiencies of NH4-N, COD, and TSS to 62%, 81%, and 77%,
respectively, compared to the values of 36%, 50% and 49%, without effluent recirculation.
With an RR of 100%, the average removal efficiencies were 91% for COD and 96% for
TSS [61].

Regarding the effects of COD and TKN on Typha latifolia L., the irrigation of the CW
with SW effluents from the lagoon treatment did not affect plant survival in the dry season,
especially at the higher RR. In contrast, the higher plant mortality detected in the CW with
the lower RR can be attributed to a peak in the nitrogen load, which exceeded the tolerance
limits of Typha latifolia L. These limits were quantified by De los Reyes et al. (2014) [7]
between 0.2 and 0.4 g/L of NH4

+-N, which correspond to 60–80% of TKN, and therefore
the expected phyto-toxic effects may have been realistic.

5. Conclusions

This study has shown that a pilot-scale system consisting of open lagoons (with or
without aeration) and a constructed wetland with Typha latifolia L. treating raw swine
wastewater has removed about 99% of the total suspended solids and COD, and from
80% to 95% of the total nitrogen in the effluent at both tested recirculation rates (4:1 and
10:1). Both the pH and the electrical conductivity (the indirect measure of wastewater
salinity) were noticeably modified by the combined system, and reductions in the electrical
conductivity (85–90%) were detected. The lagoon system alone showed low to moderate
depuration performances (−40% of TSS, −2% of COD, and −31% of TKN removed), but
represented an effective pre-treatment of CW, particularly for the nitrogen removal.

This experience has also demonstrated the suitability to increase the effluent recircula-
tion ratio up to a value of 10:1, when high nitrogen removal rates are expected, since the
higher RR allowed the removal of about 20% more of nitrogen compounds compared to
an RR of 4:1. In contrast, the organic matter removal was not affected by an increased RR,
given the very high depuration efficiency detected at the lower RR.

The irrigation of the CWs with SW did not generally determine the phyto-toxic effects
on Typha latifolia L., except at the start of the experiment and under the lower effluent
recirculation ratio, when a peak in the soil nitrogen killed about 25% of plants.

Although this study was carried out on pilot plants and throughout a short monitoring
period (two years), the relevant results provide a starting point for the use of V-SSF CWs as
a depuration solution in highly polluting livestock wastewater (such as, SW). An upscale
of this preliminary investigation is suggested to verify the depuration performance of the
system by real-scale experiments. A more detailed analysis of the physico-chemical and
microbiological processes acting in the CW system may help to identify the most effective
mechanisms for removing the polluting compounds of SW. Moreover, the incidence of
each process that determines a mass loss (e.g., volatilization, denitrification, nitrogen plant
uptake, and hydraulic losses) on water, soil, and plants of each sub-component of the
experimental system should be quantified adopting a mass balance approach in future
research.
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Abstract: Floating treatment wetland (FTW) is an innovative, cost effective and environmentally
friendly option for wastewater treatment. The dyes in textile wastewater degrade water quality and
pose harmful effects to living organisms. In this study, FTWs, vegetated with Phragmites australis and
augmented with specific bacteria, were used to treat dye-enriched synthetic effluent. Three different
types of textile wastewater were synthesized by adding three different dyes in tap water separately.
The FTWs were augmented with three pollutants degrading and plant growth promoting bacterial
strains (i.e., Acinetobacter junii strain NT-15, Rhodococcus sp. strain NT-39, and Pseudomonas indoloxydans
strain NT-38). The water samples were analyzed for pH, electrical conductivity (EC), total dissolved
solid (TDS), total suspended solids (TSS), chemical oxygen demand (COD), biological oxygen demand
(BOD), color, bacterial survival and heavy metals (Cr, Ni, Mn, Zn, Pb and Fe). The results indicated
that the FTWs removed pollutants and color from the treated water; however, the inoculated bacteria
in combination with plants further enhanced the remediation potential of floating wetlands. In FTWs
with P. australis and augmented with bacterial inoculum, pH, EC, TDS, TSS, COD, BOD and color of
dyes were significantly reduced as compared to only vegetated and non-vegetated floating treatment
wetlands without bacterial inoculation. Similarly, the FTWs application successfully removed the
heavy metal from the treated dye-enriched wastewater, predominately by FTWs inoculated with
bacterial strains. The bacterial augmented vegetated FTWs, in the case of dye 1, reduced the
concentration of Cu, Ni, Zn, Fe, Mn and Pb by 75%, 73.3%, 86.9%, 75%, 70% and 76.7%, respectively.
Similarly, the bacterial inoculation to plants in the case of dye 2 achieved 77.5% (Cu), 73.3% (Ni),
83.3% (Zn), 77.5% (Fe), 66.7% (Mn) and 73.3% (Pb) removal rates. Likewise in the case of dye 3, which
was treated with plants and inoculated bacteria, the metals removal rates were 77.5%, 73.3%, 89.7%,
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81.0%, 70% and 65.5% for Cu, Ni, Zn, Fe, Mn and Pb, respectively. The inoculated bacteria showed
persistence in water, in roots and in shoots of the inoculated plants. The bacteria also reduced the
dye-induced toxicity and promoted plant growth for all three dyes. The overall results suggested
that FTW could be a promising technology for the treatment of dye-enriched textile effluent. Further
research is needed in this regard before making it commercially applicable.

Keywords: floating treatment wetlands; bio-augmentation; dye degradation; bacteria; Phragmites
australis

1. Introduction

Industrialization is a main source of water pollution. The negative impact of polluted water is
more severe in developing countries as compare to developed nations [1]. Textile wastewaters contain
dyes, and these dyes are one of the worst polluters of our environment [2]. Almost 17% to 20% of
industrial water pollution is due to textile dyeing and finishing treatments given to fabrics [3]. Many
dyes are derived from heavy metals such as copper (Cu), lead (Pb) and cadmium (Cd). The uses of
these metal-complex dyes is a source of heavy metals contamination in water bodies [4]. The release
of textile wastewater into open waters causes oxygen level depletion. Dyes block the sunlight in
water bodies, thus stopping photosynthesis [5]. These textile contaminants are also carcinogenic and
mutagenic for all life forms [3].

Some plants have the capacity to take up pollutants from the environment into themselves [6]. In
the past, many plant species have proved to remove or degrade dyes, such as Sesuvium portulacastrum
that removed Green HE4B, Portulaca grandiflora that removed Navy blue HD2R, Brassica juncea that
removed methyl orange and Glandularia pulchella that removed green HE4B [7–9]. Bacteria has the
potential to remove dyes from wastewater [10]. Bacteria can also degrade synthetic dyes and use them
as a sole source of carbon and energy [11]. There are many examples like degradation of crystal violet
by Enterobacter sp. CV-S1 [12].

Wetland technology has emerged as a sustainable approach for wastewater treatment as compared
to conventional treatment processes [13–15]. Floating treatment wetland (FTW) is a variant of pond
and wetland land technology (Figure 1), that has been proven as an innovative tool for wastewater
treatment [16]. In FTWs, plants are vegetated on an artificial floating mat, such that their roots are
submerged in the contaminated water and the aerial parts of the plants remain above the water [13].
The mat can be made of PVC pipes, polyethylene or any other suitable material that can support plants
on a water surface [13,17]. Roots play an integral role in and provide space for biofilm formation [16].
Organic matter and other pollutants like heavy metals are taken up by the plants’ roots and eventually
degraded by bacteria inside the plants and on the roots’ surface [11,18]. The roots of plants also act
as biological filters as they help in filtration, sedimentation and adsorption of organic matter and
suspended particles, as well as other pollutants [19]. In contrast to conventional wetlands, floating
wetlands can be installed on any aquatic pond without digging, earth moving and additional land
acquisition [13].

The application of specific microorganisms in combination with macrophytes in FTW systems is a
recent approach to enhance the pollutant removal efficiency of the system [20,21]. Naturally occurring
bacteria and fungi reside inside and outside the plant roots and water, and contribute to pollutants
removal process [22]. However, these microorganisms may have limited potential to degrade and
remove toxic pollutants [23]. To overcome this concern, FTWs can be restorative by appropriate
plant–microbe partnerships [24,25]. This plant–bacteria association may be plant–rhizospheric and or
plant–endophytic, depending upon the nature of the bacteria and macrophytes [26,27].
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Figure 1. Schematic representation of floating treatment wetland and associated pollutant
removal process.

Floating wetlands have been widely used for the treatment of wastewater from different
sources [28,29]. However, the potential of FTWs composed of Phragmites australis in combination with
inoculated bacteria has not been fully explored for the treatment of dye-enriched textile effluent. This
study was carried out to analyze the potential of P. australis and selected bacteria in the degradation
of dyes, pollutants reduction and the ultimate alleviation of toxicity of dye enriched water. Further,
the focus of this study was on the persistence and survival of inoculated bacteria within the floating
wetland system.

2. Materials and Methods

2.1. Synthesis of Textile Effluent

Three different types of textile effluent were synthesized in the laboratory by mixing three different
dyes (500 g) in tap water separately. The first type of effluent contained Bemaplex Navy Blue DRD (D1),
the second type of effluent contained Bemaplex Rubine DB (D2) and third one contained Bemaplex
Black DRKP Bezma (D3). The concentration of these dyes was 500 mg L−1 in each type of synthetic
textile effluent. These dyes were selected because of their common use in the textile industry and the
high concentration of these toxic dyes and associated degraded products in textile effluent [30]. The
experiments were performed individually on each type of effluent.

2.2. Macrophytes

The Phragmites australis commonly known as common reed was used to carry out this research.
It was selected because it has previously proven its effectiveness in reducing the toxicity of polluted
wastewater in different studies [11,25,31]. The P. australis has an extensive root and shoot system
that helps in better oxygen supply to the root zone, thereby enhancing the bacterial propagation and
increased pollutants degradation [32].

2.3. Endophytic Bacterial Strains

In this study a consortium of three bacterial strains was applied, namely Rhodococcus sp. (NCBI
Accession: MF326802), Pseudomonas indoloxydans (NCBI Accession: MF478985) and Acinetobacter junii
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(NCBI Accession: MF478980) [25,30]. The strain P. indoloxydans was endophyte because it was isolated
from the root interior of Polygonum aviculare. The strain Rhodococcus sp. was rhizospheric as it was
isolated from the rhizosphere of Poa labillardierei, and the strain A. junii was isolated from activated
sludge [28]. These specific bacterial strains were chosen due to their potential to reduce textile dyes
and assist the macrophytes to alleviate pollutant-induced toxicity without compromising plant growth
and development.

The bacterial strains were cultured as separate cultures at 30 ◦C for 24 h in Luria–Bertani (LB)
broth. The bacterial cell pellets were isolated by centrifugation at 4 ◦C, followed by resuspension in
0.9% NaCl solution [25]. The optical density of each bacterial inoculum was adjusted to 0.9 at 600 nm
according to the guidelines of the turbid metric method [33]. The bacterial consortium (108 colony
forming units (CFU) mL−1) was prepared by mixing all bacterial inoculum together in equal proportion.
This bacterial consortium was used as an inoculum to inoculate the floating treatment wetlands.

2.4. Fabrication of FTWs and Experimental Setup

The macrocosms experimental setup was comprised of nine tanks with 1000 liter capacity each,
and the dimensions were 1.2 m (L ×W × H). The tanks were painted black form all sides to minimize
the algal growth. The floating mats were fabricated from expanded polystyrene (EPS)-based sheets
manufactured by Diamond® Foam Private Ltd., Pakistan [11,34–36]. EPS sheets are rigid, have low
thermal conductivity, are moisture resistant and consist of non-porous closed cell foam [37]. The size of
the floating mats was adjusted so that they could float in each tank with >95% coverage on the water
surface. All four sides of the floating mats were wrapped with aluminum foil to protect the sheets
from sun and water damage. In each floating sheet eight equidistant holes, equal in diameter, were
made for the plantation of macrophytes on the floating mats. Each hole was planted with three healthy
seedlings of P. australis, thus having 24 seedlings in each mat. Each seedling weighed 45 to 65 g and
their length was 55–65 cm. The seedlings were supported by coconut shavings and soil in the floating
mat. The seedlings were allowed to grow in fresh water for one month to gain optimum growth of
roots and shoots. After one month, the average height of the plants was about 145 cm, and the fresh
water in tanks was replaced with the synthetic textile effluent enriched with dyes. The experiment was
run in triplicate with the subsequent treatment design:

T1D1, T1D2, T1D3: Only dye;
T2D1, T2D2, T2D3: Containing dye and plants;
T3D1, T3D2, T3D3: Dye, plants and bacterial consortium;
T4: Fresh water and plants.
(D1: Bemaplex Navy Blue DRD, D2: Bemaplex Rubine DB, D3: Bemaplex Black DRKP Bezma).
The treatments T3D1, T3D2, T3D3 were inoculated by pouring one liter of inoculum into each

tank. The experiment lasted for 20 days until a maximum of dye and pollutants were removed from
treated water. One liter of sample was collected from each tank every 5 days starting from day 0 using
a sequencing fill-and-draw batch mode method (for convenience, data of only the 0, 10th and 20th day
are presented in results). The samples were stored in a cool and dry place for further analysis [38].
The collected water samples were analyzed for pH, electrical conductivity (EC), total dissolved solids
(TDS), total suspended solids (TSS), dye concentration, chemical oxygen demand (COD), biological
oxygen demand (BOD), colony forming unit (CFU) and metal concentration (Cu, Fe, Mn, Ni, Zn and
Pb) according to standard methods [38]. The evapo-transpiration losses were recovered by pouring
fresh water in treatment tanks up to the level of 1000 L in each tank [34]. In case of rain, the tanks were
covered with plastic sheets.

2.5. Persistence of Inoculated Bacteria in Treated Water and Plants

The persistence of bacteria in water, root and shoot samples were periodically analyzed during the
experiment using the cultivation-dependent plate count method [24,25]. The collected roots and shoots
samples were surface sterilized by 70% ethanol and 2% sodium hypochlorite solution. Then these roots
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and shoots were homogenized in a 0.9% NaCl solution and serial dilution of these suspensions was
spread on LB agar plates. Similarly, the collected water samples from all treatments were spread on LB
agar plates and these plates were incubated at 37 ◦C for 48 h for CFU analysis [35,39].

2.6. Plant Biomass

In order to determine the effect of bacterial inoculation and dye-induced toxicity on plants growth
and development, the data about plants agronomic parameters (root and shoot length and dry biomass)
were noted at the end of the experiment. The root and shoot length was measured manually by a
measuring scale. The root and shoots were harvested near the surface of the floating mat and oven
dried at the 80 ◦C for 72 h until a constant weight was achieved [11,34].

2.7. Statistical Analysis

The results of physicochemical parameters (pH, EC, TDS, TSS, BOD, COD, color and heavy metals),
bacterial persistence and plant biomass were evaluated by the SPSS software package. The comparison
between treatments was executed by analysis of variance (ANOVA) followed by a Post-Hoc Tukey test
(p ≤ 0.05) [40]. The alphabet labels over the values show the significant/non-significant differences
among treatments.

3. Results

3.1. Changes in Physicochemical Parameters of Treated Textile Effluent

The graphs in Figures 2–4 represent the changes in the physicochemical parameters of the
dye-enriched tap water treated by floating treatment wetlands. The floating wetlands had a positive
impact and predominately reduced the pH, EC, TSS, TDS, COD, BOD and color within the retention
period of 20 days. All of the above-mentioned pollutants were reduced sharply in vegetated treatments
(T2D1, T2D2, T2D3 and T3D1, T3D2, T3D3) as compared to non-vegetated treatments. However,
the vegetated treatments inoculated with bacterial consortium (T3D1, T3D2, T3D3) achieved highest
pollutants removal rate, outperforming all other treatments in all three types of dyes.

In the treatment containing dye 1, P. australis and bacterial consortium (T3D1), maximum pollutants
removal efficiency was achieved. In this treatment, pH was reduced to 6.7 from 8.5, EC was reduced
from 6.13 to 1.00 mS cm−1, TDS was reduced from 400 to 60 mg L−1, TSS was reduced from 92 to
19 mg L−1, COD was reduced from 310 to 30 mg L−1, BOD was reduced from 121 to 20 mg L−1 and
color was reduced from 40.0 to 6.0 m−1.

Similarly, in the case of dye 2, maximum pollutant removal efficiency was obtained from T3D2, in
which pH was reduced to 6.8 from 8.5, EC was reduced from 6.13 to 1.02 mS cm−1, TDS was reduced
from 400 to 63 mg L−1, TSS was reduced from 92 to 21 mg L−1, COD was reduced from 308 to 33 mg L−1,
BOD was reduced from 121 to 18 mg L−1 and color was reduced from 40.0 to 6.7 m−1.

As in the case of dye 1 and dye 2, the maximum pollutant removal rate was achieved by T3D3
containing dye 3, P. australis and bacterial consortium. In this treatment, pH was reduced to 6.7 from
8.5, EC was reduced from 6.15 to 1.05 mS cm−1, TDS was reduced from 401 to 62 mg L−1, TSS was
reduced from 91 to 24 mg L−1, COD was reduced from 309 to 31 mg L−1, BOD was reduced from 120
to 19 mg L−1 and color was reduced from 40.0 to 6.4 m−1.
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Figure 2. Effect of floating treatment wetlands on pH (A), EC (B), TDS (C), TSS (D), COD (E), BOD
(F) and color (G) after 20 days of retention time. D1: Bemaplex Navy Blue DRD. Each value is a
mean of three replicates and error bars represent the standard deviation. Lettering shows that various
treatments are significantly different at p ≤ 0.05.
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Figure 3. Effect of floating treatment wetlands on pH (A), EC (B), TDS (C), TSS (D), COD (E), BOD (F)
and color (G) after 20 days of retention time. D2: Bemaplex Rubine DB. Each value is a mean of three
replicates and error bars represent the standard deviation. Lettering shows that various treatments are
significantly different at p ≤ 0.05.

117



Sustainability 2020, 12, 3731

Figure 4. Effect of floating treatment wetlands on pH (A), EC (B), TDS (C), TSS (D), COD (E), BOD
(F) and color (G) after 20 days of retention time. D3: Bemaplex Black DRKP Bezma. Each value is a
mean of three replicates and error bars represent the standard deviation. Lettering shows that various
treatments are significantly different at p ≤ 0.05.
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3.2. Removal of Heavy Metals from Water

The concentration of six heavy metals (Cu, Fe, Mn, Ni, Zn and Pb) considerably reduced in the
FTWs-treated water samples (Table 1). All vegetated treatments (T2 and T3) showed significantly better
removal of trace metals from the dye-polluted water (D1, D2 and D3) as compared to the non-vegetated
treatments (T1D1, T1D2 and T1D3). Next, the efficiency of bacterial augmented treatments (T3D1,
T3D2 and T3D3) was significantly better than non-inoculated vegetated treatments (T2D1, T2D2 and
T2D3). In treatment T3D1, the metal concentrations for Cu, Ni, Zn, Fe, Mn and Pb were reduced by up
to 75%, 73.3%, 86.9%, 75%, 70% and 76.7%, respectively, in the 20 days retention time. Similar results
were achieved for dye 2 and dye 3 in the case of treatment T3, in which bacterial inoculation efficiently
removed the metals from dye water as compared to non-inoculated vegetated treatments (T2) and
un-vegetated non-inoculated treatments (T1).

Table 1. Percentage (%) reduction in concentration of metals with time by floating treatment wetlands.

Treatment
T1 T2 T3

Only Dye Dye + Plant Dye + Plant + Bacteria

Dye Metals 10 Days 20 Days 10 Days 20 Days 10 Days 20 Days

D1

Cu
20.0 b,c 30.0 c,d 58.5 e 65.9 e,f,g 67.5 e,f,g 75.0 g

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Ni
19.4 b,c 32.3 d,e 40.0 e,f 60.0 g,h 60.0 g,h 73.3 h

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Zn
8.8 c 21.1 d 60.0 e,f 66.7 f 75.4 g 86.9 h

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Fe
7.5 b,c 12.5 c 48.8 e 65.9 g 62.5 f,g 75.0 h

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Mn
13.3 b,c 23.3 c,d 34.5 d,e 48.3 e,f 56.7 f,g 70.0 h

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Pb
20.0 b,c 26.7 c,d 40.0 d,e,f 60.0 g 46.7 f 76.7 h

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

D2

Cu
20.0 c 27.5 c 55.0 d,e,f 65.0 f,g,h 70.0 g,h,i 77.5 i

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Ni
16.7 b,c 30.0 c 46.7 d 60.0 d,e,f 60.0 d,e,f 73.3 f

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Zn
13.3 b,c 33.3 c 56.9 d,e 65.5 e,f 75.0 f,g 83.3 g

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Fe
5.1 a,b 12.8 b,c 48.8 c,d 65.9 e,f 62.5 e 77.5 f

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Mn
22.6 b 25.8 b,c 40.0 c,d,e 50.0 e,f,g 60.0 f,g 66.7 g

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Pb
22.6 b 29.0 b,c 43.3 c,d,e 56.7 e,f,g 50.0 e,f 73.3 g

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

D3

Cu
20.0 a,b,c 30.0 a,b,c,d,e 55.0 d,e,f,h 65.0 f,g 67.5 e,f,g 77.5 g

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Ni
20.0 c,d 30.0 d,e 43.8 e,f 59.4 g,h 60.0 g,h,i 73.3 i

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Zn
10.5 c 24.6 d 58.3 e 70.0 f,g,h 75.9 g,h 89.7 i

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Fe
14.6 b,c 19.5 c 52.4 d,e 69.0 f,g 66.7 e,f 81.0 g

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Mn
10.0 a,b,c 26.7 c,d,e 35.7 d,e,f 46.4 f,g,h 63.3 g,h 70.0 h

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Pb
23.3 bc 30.0 cd 43.3 ef 56.7 hi 44.8 fg 65.5 i

(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

T symbolizes treatments (T1, T2, T3) and D symbolizes dye (D1: Bemaplex Navy Blue DRD, D2: Bemaplex Rubine
DB, D3: Bemaplex Black DRKP Bezma). Values represent the means of three replicates and standard deviations are
presented in parenthesis. Lettering shows that various treatments are significantly different at p ≤ 0.05.
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3.3. Bacterial Persistence in Roots, Shoots and Water

The presence of a significantly high population of bacteria in water (Table 2), roots and shoots
(Table 3) in the bacterial inoculated treatment (T3) as compared to non-inoculated treatments (T1
and T2) confirmed the persistence of inoculated bacteria during the treatment process in inoculated
treatments for all three dyes. The bacteria showed the highest population in wastewater compared to
roots and shoots. On the other hand, the count of bacteria was found higher in roots than shoots.

Table 2. Average concentration of bacteria in water (colony forming unit (CFU) mL−1).

Treatment Days Dye 1 Dye 2 Dye 3

Only Dye
(T1)

5
1.5 × 103 a 1.6 × 103 a 1.5 × 103 a

(0.3) (0.2) (0.4)

10
1.6 × 103 a 1.6 × 103 a 1.7 × 103 a

(0.4) (0.5) (0.5)

15
1.9 × 103 a 1.8 × 103 a 1.8 × 103 a

(0.6) (0.7) (0.6)

20
1.8 × 103 a 1.8 × 103 a 2.0 × 103 a

(0.6) (0.8) (0.9)

Dye + Plant
(T2)

5
2.1 × 105 b 2.3 × 105 b 2.2 × 105 b

(1.0) (1.0) (0.9)

10
2.7 × 105 b 2.9 × 105 b 2.5 × 105 b

(1.1) (1.2) (1.1)

15
3 × 105 b,c 3.3 × 105 b,c 3.4 × 105 b,c

(0.9) (0.8) (0.9)

20
3.7 × 105 c 3.5 × 105 c 3.6 × 105 c

(1.1) (1.1) (1.1)

Dye + Plant +
Bacteria

(T3)

5
9.6 × 108 d 9.8 × 108 d 9.9 × 108 d

(0.5) (0.6) (0.5)

10
7.1 × 109 e 7.2 × 109 e 7.1 × 109 e

(0.7) (0.5) (0.4)

15
6.4 × 109 f 6.6 × 109 f 6.6 × 109 f

(0.2) (0.6) (0.6)

20
5.0 × 108 g 5.1 × 108 g 4.9 × 108 g

(0.6) (0.6) (0.7)

Dye 1: Bemaplex Navy Blue DRD, Dye 2: Bemaplex Rubine DB, Dye 3: Bemaplex Black DRKP Bezma. Values
represent the means of three replicates and standard deviations are presented in parenthesis. Lettering shows that
various treatments are significantly different at p ≤ 0.05.

3.4. Plant Growth in Response to Bacterial Inoculation

It is well established that the presence of toxic pollutants in water inhibits plant growth and
ultimately phytoremediation efficiency. The root and shoot length (Table 4) and root and shoot dry
mass (Table 5) were noted at the end of the experiment and it was found that the plants grown in dye
water inoculated with bacteria (T3) showed more growth as compared to the plants grown only in dye
water. The plants grown in only tap water with no dye showed maximum growth out of all treatments.
The dye water hindered the growth of plants and root and shoot length were reduced in case of all
three dyes. Similarly, the plants grown in dye water inoculated with bacteria gained high shoot and
root dry biomass due to good growth as compared to plants grown in dye water without bacterial
inoculation. These results showed that despite the toxic effect of dyes, the inoculation of bacteria to
dye water predominantly increased the length and dry weight of shoot and root of P. australis.
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Table 3. Average concentration of bacteria in roots and shoots (CFU mL−1).

Root/Shoot Treatment Days Dye 1 Dye 2 Dye 3

Root

Dye + Plant
(T2)

5
2 × 102 a 2.2 × 102 a 2.2 × 102 a

(0.8) (0.9) (0.8)

10
3.2 × 102 b 3.3 × 102 b 3.3 × 102 b

(1.0) (1.0) (1.0)

15
3.7 × 102 b,c 3.7 × 102 b,c 3.7 × 102 b,c

(0.8) (0.8) (0.8)

20
4.1 × 102 c 4.0 × 102 c 4.1 × 102 c

(0.9) (0.9) (0.9)

Dye + Plant +
Bacteria

(T3)

5
4 × 103 d 4.4 × 103 d 4.3 × 103 d

(1.2) (1.3) (0.9)

10
11.9 × 103 e 12.0 × 103 e 11.6 × 103 e

(1.1) (1.3) (1.1)

15
17.2 × 103 f 17.6 × 103 f 18.5 × 103 f

(1.1) (1.3) (0.9)

20
22.8 × 103 g 23.1 × 103 g 23.4 × 103 g

(1.1) (1.1) (1.1)

Shoot

Dye + Plant
(T2)

5
1.1 × 102 a 1.2 × 102 a 1.2 × 102 a

(0.2) (0.2) (0.3)

10
1.2 × 102 a 1.0 × 102 a 1.2 × 102 a

(0.4) (0.5) (0.3)

15
1.3 × 102 a 1.3 × 102 a 1.2 × 102 a

(0.2) (0.2) (0.7)

20
1.3 × 102 a 1.2 × 102 a 1.3 × 102 a

(0.2) (0.3) (0.5)

Dye + Plant +
Bacteria

(T3)

5
1.4 × 103 b 1.6 × 103 b 1.5 × 103 b

(0.3) (0.2) (0.4)

10
6.2 × 103 c 6.0 × 103 c 6.2 × 103 c

(0.7) (0.7) (0.8)

15
10.5 × 103 d 10.1 × 103 d 11.2 × 103 d

(0.4) (0.9) (1.3)

20
14.3 × 103 e 13.9 × 103 e 14.0 × 103 e

(2.1) (2.3) (2.5)

Dye 1: Bemaplex Navy Blue DRD, Dye 2: Bemaplex Rubine DB, Dye 3: Bemaplex Black DRKP Bezma. Values
represent the means of three replicates and standard deviations are presented in parenthesis. Lettering shows that
various treatments are significantly different at p ≤ 0.05.

Table 4. Comparison between shoot lengths and root lengths in different treatments.

Treatments
Shoot Length (cm) Root Length (cm)

Dye 1 Dye 2 Dye 3 Dye 1 Dye 2 Dye 3

Dye + Plants 187.7 d 197.7 c,d 202.7 b,c,d 29.7 c 30.7 c 31.0 c

(T2) (24.9) (7.8) (3.8) (0.58) (1.2) (0.0)

Dye + Plants+ Bacteria 222.0 a,b,c 228.0 a,b 224.3 a,b,c 38.0 b 39.0 b 38.3 b

(T3) (10.8) (2.6) (9.3) (1.0) (1.0) (1.2)

Fresh water + Plants 233.3 a 232.3 a 230.0 a,b 43.0 a 44.3 a 43.7 a

(T4) (3.1) (2.5) (2.6) (1.0) (0.58) (2.1)

Dye 1: Bemaplex Navy Blue DRD, Dye 2: Bemaplex Rubine DB, Dye 3: Bemaplex Black DRKP Bezma. Values
represent the means of three replicates and standard deviations are presented in parenthesis. Lettering shows that
various treatments are significantly different at p ≤ 0.05.

121



Sustainability 2020, 12, 3731

Table 5. Shoot and root dry weight of the plants.

Treatments
Shoot Dry Weight (g) Root Dry Weight (g)

Dye 1 Dye 2 Dye 3 Dye 1 Dye 2 Dye 3

Dye + Plants 492.0 c 517.7 b,c 533.0 a,b,c 62.3 c 64.3 c 64.7 c

(T2) (65.3) (20.3) (9.6) (1.2) (3.2) (0.6)

Dye + Plants+ Bacteria 572.7 a,b 591.3 a,b 581.3 a,b 79.3 a,b,c 81.0 b,c 80.3 a,b,c

(T3) (29.3) (7.1) (21.4) (2.1) (1.7) (2.1)

Fresh water + Plants 605.0 a 609.0 a 603.7 a 89.3 a,b 93.0 a 90.0 a,b

(T4) (8.2) (9.5) (8.3) (3.1) (1.7) (1.7)

Dye 1: Bemaplex Navy Blue DRD, Dye 2: Bemaplex Rubine DB, Dye 3: Bemaplex Black DRKP Bezma. Values
represent the means of three replicates and standard deviations are presented in parenthesis. Lettering shows that
various treatments are significantly different at p ≤ 0.05.

4. Discussion

In this study, pH, EC, TDS, TSS, COD, BOD and color of the dye-enriched water and heavy
metals contents were significantly decreased in the vegetated and vegetated-inoculated floating
treatment wetlands. The reductions in pollutants load in treated dye-contaminated water emphasize
the prominent role of vegetation and bacteria in floating wetlands.

The pH might be decreased due to the release of organic acids by the roots of the plants as reported
in earlier studies [31,41]. The decrease in EC might be associated with the uptake of nutrients by plants
and the biological and physicochemical binding of pollutants to roots and soil particles [13,36]. The pH
and EC reduction was highest in treatment vegetated with plants and augmented with bacteria. This
suggests the key role of plants and bacteria in pH and EC reduction through the release of organic acids
and the uptake of nutrients by plants and bacteria [25,34,35]. The TDS and TSS loads were reduced
due to the combination of physical and biological processes supported by floating wetlands [41]. The
suspended particles in the water are trapped in the biofilm of the roots of macrophytes, and there they
either precipitate at the bottom or adsorb on biofilm where they might be degraded [42]. Physical
entrapment in roots, sorption and settlement at the bottom might contribute to the removal of TDS
and TSS from treated water [16,19,43]. Further, the roots of plants act as physical filters and provide
appropriate organic matter that acts as a bio-sorbent and contributed to the removal of particulate
matter [11,21].

Roots allow microbial communities to assimilate carbon compounds and reduce BOD and
COD [44]. In this study, the high removal of BOD in wetland systems might be attributed to the
deposition and filtration of organic compounds that can be settled. The speedy and high removal rate in
bacterial augmented FTWs could be attributed to the biofilm on roots, which contributes to the removal
of organic matter by decomposing it into simple nutrients, thus aiding in the direct uptake by the
plant [20,45]. Uptake by plants’ roots is an important method of nutrient removal [42]. The nutrients
in the wastewater might be taken up by the roots of the plants. There, they can either accumulate in
the plant biomass or be degraded by endophytic bacteria present inside the plants [25,46]. The similar
findings have been reported by earlier studies, where plants and bacterial combinations enhanced the
removal of organic pollutants from highly polluted wastewater [31,47,48].

Color was also removed to a great extent in this study by the vegetated treatment and the
vegetated-inoculated treatment. It has been well reported that COD, a measure of oxidizable
contaminants, has a positive correlation with color in textile wastewater [11]. Correspondingly, in
this study color was reduced with the reduction in COD. However, the rate of decolorization was
high in vegetated-inoculated floating wetlands. This could be associated with the combined action of
plant and bacteria in the degradation of dyes and removal of color [11]. This emphasized the key role
of bacteria in the decolorization of dye from textile effluent. The previous studies also showed that
many bacteria are helpful in the removal of dyes, and that bacteria have the ability to degrade dyes by
aerobic as well as anaerobic mechanisms [11,49].

122



Sustainability 2020, 12, 3731

In this study, the concentration of six heavy metals (Cr, Ni, Zn, Fe, Pb and Mn) was decreased
significantly in the treated dye-containing wastewater. The unique potential of P. australis to remove
heavy metals has been reported by many researchers [25,34]. In the previous studies, P. australis
showed similar pattern of removal of heavy metals from industrial effluent [11,28,36]. These previous
studies also demonstrated that the heavy metals from wastewater were taken up by the P. australis in
its roots and shoots [41,50,51]. The maximum concentrations of heavy metals were found in the roots
of the plant, meaning that the root has most potential to uptake heavy metals [50].

In the case of inoculation of P. australis with bacteria, the heavy metal removal capacity was
further enhanced. The improved performance of bacterially augmented FTWs emphasized the role
of bacteria in the removal of heavy metals from polluted water. The inoculated bacteria reduced the
metals load in polluted water by their bioaccumulation potential [31]. These bacteria might contribute
to reducing metal-induced toxicity and increase the bioavailability and metals uptake of plants [27].
It is well reported that in FTWs the inoculated bacteria may boost the metals removal process by
entrapment of metals in root biofilms, sorbing of metallic ions on the bacterial cell wall and oxidation
of metal ions [52,53]. Further, the plaque formation by the combined action of plant and bacteria on
plant roots may increase the Fe, Mn, Cu and Zn binding in roots biofilms [13,54]. This emphasizes
that P.australis and inoculated bacterial combined role, which contributes to metals removal from
treated dye-contaminated wastewater. The significantly substantial removal of metals from bacterial
inoculated treatments relative to non-inoculated vegetated treatments could be attributed to a high
population of bacteria in the inoculated treatment.

The inoculated bacteria showed persistence in polluted water being treated by floating treatment
wetlands. The periodic analysis of water from all three treatments showed the high population of
bacteria in inoculated treatments as compared to the non-inoculated treatments. The higher population
of bacteria in the water of inoculated treatments confirmed that inoculated bacteria showed persistence
and were responsible for dye removal and pollutant removal. This could be due to the fact that
the inoculated bacteria successfully made mutualistic relationships with plants, which supported
the survival of inoculated bacterial [55]. This finding is consistent with previous studies in which
inoculated bacteria improved the pollutant removal process [24,34]. The survival of inoculated bacteria
depends upon the nutrient supply, pH, temperature and the interaction with the host [56,57]. In
this study, the bacterial population in the roots and shoots of inoculated plants were found to be
higher as compared to non-inoculated vegetated treatment. This could be due to the preferential
survival of bacteria in roots and shoots of P. australis in inoculated treatments, as reported in previous
studies [28,58]. Further, these bacteria were initially isolated from the roots and shoots of the plants;
hence these bacteria possibly have an adaptive mechanism to survive and grow in these parts of the
plant in this hostile environment [18,27]. In order to make FTWs a potential wastewater treatment
method, periodic inoculation of bacteria should be performed in order to overcome the problem of
decreasing bacteria with time in inoculated water [57,59].

Toxic pollutants in the environment inhibit plant growth [27]. Dyes containing toxic chemicals and
potentially toxic heavy metals also inhibit plant growth [28]. In this study, the P. australis, synergistic
with bacteria, achieved high root and shoot growth as compared to plants without inoculation.
The control tank having only water and plants with no added dye showed maximum growth of
roots and shots of plants due to the absence of any toxic pollutant. The bacteria present in the
system can promote plant growth by decreasing biotic and abiotic stress [60]. Bacteria also positively
affect plant growth by releasing phyto-hormones and by the solubilisation of essential nutrients [61].
Pollutant-degrading rhizospheric and endophytic bacteria have been proven as effective to enhance
plant growth development and phytoremediation efficacy [53]. Similar results have been reported by
previous studies where inoculated bacteria promoted plant growth by alleviating pollutant-induced
toxicity and improved plant nutrition, health and disease resistance [34,62].
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5. Conclusions

The present study evaluated the potential of P. australis in FTWs along with three inoculated
bacterial strains to remove dye as well as organic and inorganic pollutants from dye-enriched water.
The results clearly indicated that P. australis along with inoculated strains have a great potential to
remove different types of dyes and pollutants, including potentially toxic metals, from textile effluent.
The floating wetlands are capable of efficiently decreasing the levels of pH, EC, TDS, TSS, BOD,
COD, color and toxic metals from dye-polluted wastewater. The high rate of pollutants removal by
vegetated-inoculated FTWs validates the potential role of bacteria in FTWs. The bacteria showed high
persistence in water as well as in the roots and shoots of the inoculated plants. It suggests that bacteria
have the ability to make a mutualistic relationship with P. australis in FTWs system to collectively
remove pollutants form the water body. These plant growth-promoting rhizospheric and endophytic
bacteria also increased the plants’ ability to tolerate pollutant-induced toxicity and alleviate the toxicity
of textile effluent. We conclude that the FTWs can be a promising technology to treat textile effluent
and can be a propitious substitute for conventional wastewater technology for the treatment of textile
effluent. The pollutant removal efficiency of already existing water retention ponds can be enhanced
by installing floating wetland systems. However, there is a need for conducting meticulous research
about the careful and objective-based selection of plants and bacteria, which can further enhance the
efficiency of the FTWs system.
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Abstract: Diesel oil is considered a very hazardous fuel due to its adverse effect on the aquatic
ecosystem, so its remediation has become the focus of much attention. Taking this into consideration,
the current study was conducted to explore the synergistic applications of both plant and bacteria for
cleaning up of diesel oil contaminated water. We examined that the application of floating treatment
wetlands (FTWs) is an economical and superlative choice for the treatment of diesel oil contaminated
water. In this study, a pilot scale floating treatment wetlands system having diesel oil contaminated
water (1% w/v), was adopted using Cyperus laevigatus L and a mixture of hydrocarbons degrading
bacterial strains; viz., Acinetobacter sp.61KJ620863, Bacillus megaterium 65 KF478214, and Acinetobacter
sp.82 KF478231. It was observed that consortium of hydrocarbons degrading bacteria improved the
remediation of diesel oil in combination with Cyperus laevigatus L. Moreover, the performance of the
FTWs was enhanced by colonization of bacterial strains in the root and shoot of Cyperus laevigatus
L. Independently, the bacterial consortium and Cyperus laevigatus L exhibited 37.46% and 56.57%
reduction in diesel oil, respectively, while 73.48% reduction in hydrocarbons was exhibited by the
joint application of both plant and bacteria in FTWs. Furthermore, microbial inoculation improved
the fresh biomass (11.62%), dry biomass (33.33%), and height (18.05%) of plants. Fish toxicity assay
evaluated the effectiveness of FTWs by showing the extent of improvement in the water quality to a
level that became safe for living organisms. The study therefore concluded that Cyperus laevigatus
L augmented with hydrocarbons degrading bacterial consortium exhibited a remarkable ability to
decontaminate the diesel oil from water and could enhance the FTWs performance.

Keywords: floating treatment wetlands; Cyperus laevigatus L; diesel oil; plant-bacteria
synergism; toxicity
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1. Introduction

Discharge of petroleum hydrocarbons into the environment whether unintentionally or due to
anthropogenic sources is the main cause of surface water and ground water pollution. Because of
this alarming situation and the hazardous effect of hydrocarbons on the aquatic ecosystem, much
attention is being focused on the remediation of hydrocarbons [1]. Moreover, during the petroleum
refining process, raw crude oil is converted into various useful end products such as gasoline, diesel
fuel, kerosene, and fuel oils. Purification of crude oil utilizes huge volumes of water which causes the
generation of wastewater enriched with toxic organic compounds [2,3]. Treatment of such wastewater
is very essential to achieve safe environmental water quality standards before discharge into any water
body [4,5]. Traditional wastewater treatment processes such as electrochemical oxidation, membrane
filtration, coagulation, flocculation [6,7] require highly skilled man power and high operational and
maintenance costs. Moreover, application of these techniques generates toxic waste that further needs
treatment before disposal [8,9].

It has been reported by many studies that various types of domestic and industrial wastewaters
are widely treated using floating treatment wetlands [10–14]. This innovative technology has low
installation, operational and maintenance costs, along with aesthetic value and environmentally
friendly quality [15,16]. In floating treatment wetlands, plants are grown on a floating mat, whereas
roots are hanged in the water column [17]. The extended roots in the water body offer plants the
ability to create a direct contact between contaminants and the roots-associated microbial community.
In addition, the suspended roots in water accelerate the sedimentation process by trapping suspended
particles and reducing the water turbulence [18]. The roots grow horizontally and vertically to provide
a large surface area for nutrient uptake and biofilm enlargement [13]. The associated microbial
community degrades complex organic matter into simple components which are removed through
the combined action of plants and microbes [19,20]. Floating treatment wetlands in assistance with
bacterial consortium can be a promising alternative and green technology for remediation of oil
refinery effluent. Many bacterial genera have been reported to degrade the hydrocarbons by their
metabolic process [21]. Bacteria enhance the solubility, bioavailability, biodegradation, and uptake
of hydrophobic compounds by production of biosurfactants which also facilitate microbial growth
and hydrocarbon emulsification [22]. Plants provide nutrients, metabolites, phyto-hormones, and
habitat for bacteria [23]. In FTWs, the plants augmented with hydrocarbon degrading bacteria could
be an effective methodology for the remediation of diesel oil from water. Floating treatment wetlands
augmented with Cyperus laevigatus L and hydrocarbon-degrading bacteria have not been widely tested
for treatment of water polluted by diesel oil. So, considering this, the current study was undertaken
with the main objective to assess the synergistic potential of Cyperus laevigatus L and hydrocarbons
degrading bacterial strains in the FTWs system to remediate diesel oil from water.

2. Methodology

2.1. Diesel Oil

The diesel oil used in this study was purchased from a local filling station. The diesel oil was filter
sterilized via syringe filters and was used as such without any further analysis for detail composition
of the entire compounds.

2.2. Preparation of Mixed Bacterial Culture

Three hydrocarbons degrading bacterial strains viz.; Acinetobacter sp.61KJ620863, Bacillus
megaterium 65 KF478214, and Acinetobacter sp. 82 KF478231 already isolated and characterized [24]
were applied in the current experiment. All the hydrocarbons degrading bacterial strains were grown
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separately in M9 solution containing diesel oil 1% (w/v) as a sole carbon source. After growth in M9
solution, the bacterial culture was centrifuged then resuspended in normal saline solution. To achieve
108 cells mL−1, the optical density of each microbial suspension was adjusted finally using normal
saline solution. The bacterial suspension was spread on the LB agar plates to count the number of
colonies. The cell suspension of each bacterial strain was mixed in equal proportion and the consortium
(50 mL) was inoculated in FTWs microcosms.

2.3. Manufacturing of Floating Treatment Wetlands

The FTWs were fabricated at the National Institute for Biotechnology and Genetic Engineering,
(NIBGE) Faisalabad Pakistan. The experiment was conducted for 90 days beginning in the month
of April 2018. In the FTWs microcosms, the tanks having 20 L volume capacity were made of poly
ethylene material, whereas the floating mats were preapared using Jumbolon sheets of Diamond Foam
Company, Pvt. Ltd., Pakistan. The Jumbolon foam piece, which was used as a floating mat, comprises
the dimension of 50.8 cm (length) × 38.1 cm (width) × 7.62 cm (thickness) and five holes in each mat
which were drilled at equal distance for growing healthy seedlings of Cyperus laevigatus L.

The seedlings of selected plant were allowed to grow for thirty days duration in the FTWs
microcosms containing tap water without any treatment. However, Hoagland solution was applied
periodically to stabilize the process of root-establishment. After thirty days acclimatization of plant
roots, the outer surface of roots was sterilized using 5% NaOCl (sodium hypochlorite) solution.
The established microcosms were spiked with 1% diesel oil (w/v). The concentration of diesel oil was
selected based on our previous studies of diesel oil biodegradation (0.5%, 1.0%, and 1.5% diesel oil) in
M9 media by shake flask experimentation.

2.4. Experimental Design

The experimental setup of floating treatment wetlands is shown in Figure 1. The floating treatment
wetland microcosms were prepared in triplicates and different types of treatments were as follows:

Control-1 (C1): Microcosm consist of diesel oil polluted water and no plants.
Control-2 (C2): Microcosm consist of tap water and plants.
Treatment-1 (T1): Microcosm consist of diesel oil polluted water and bacterial consortium.
Treatment-2 (T2): Microcosm consist of diesel oil polluted water and plants.
Treatment-3 (T3): Microcosm consist of diesel oil polluted water, plants, and bacterial consortium.
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Figure 1. Experimental setup showing the floating treatment wetlands system for the cleanup of diesel
oil polluted water.

2.5. Plant Biomass

After 3 months of the experimental period, the plant roots and shoots were cropped 2 cm down
and overhead the floating mat. For both roots and shoots, the fresh and dry biomass was determined
to check the influence of microbial inoculation and plant growth on diesel oil remediation. Fresh roots
and shoots samples were placed in an oven at 70 ◦C and dry biomass was determined [25].

2.6. Hydrocarbons Assessment

The residual amount of hydrocarbons present in the treated water sample was extracted as an
extracting solvent using the organochloride compound dichloromethane. Briefly, water sample having
amount 25 ml was shaken with 15 mL of dichloromethane in a glass separatory funnel for 15 min.
After 30 sec agitation and 3 min settling time, the water layer was discarded. The procedure was
repeated thrice until the entire water sample was completely extracted. The obtained extract was
dried using 5 g anhydrous sodium sulphate. The extract was then transferred to a Teflon-capped glass
tube. The extracted hydrocarbons were analyzed by Spectrum Two Fourier transform infrared (FTIR)
spectrometer [26].

132



Sustainability 2020, 12, 2353

2.7. Water Quality Parameter Analyses

Water samples were collected at different time intervals. These water samples were tested for pH,
electrical conductivity (EC), dissolved oxygen (DO), total suspended solids (TSS), total solids (TS),
total dissolved solids (TDS), chemical oxygen demand (COD), biochemical oxygen demand (BOD),
and total organic carbon (TOC) using established standard protocols [27].

2.8. Persistence of Bacterial Culture

Treated water, roots, and shoots samples collected at different time intervals were analyzed for
the survival of the hydrocarbons degrading bacteria in water, plant rhizosphere, and endosphere by
plate count method. By following the established protocols, the surface sterilization was applied to the
roots and shoots for the isolation of endophytic bacteria [28]. Briefly, plant roots and shoots samples
were washed by using autoclaved distilled water, followed by ethanol (70%) and sodium hypochlorite
solution (2%). Finally, the roots and shoots samples were also wash away with autoclaved distilled
water. The surface sterilized roots and shoots were ground (5 g) by using pestle and mortar and were
mixed using 10 mL NaCl solution (0.9% w/v) to make a suspension. The suspension was serially
diluted up to 10−6. A 100 μL of the suspension was spread on the M9 agar media containing diesel
oil (50 mg/L) as a sole carbon source by spreading plate methodology. For the determination of total
hydrocarbons degrading bacteria, the petri dishes were incubated at 37 ◦C for 48 h.

2.9. Evaluation of Toxicity

After the completion of the experimentation, the treated water samples were tested for toxicity
using fish toxicity assay. Glass tanks were filled with treated water from each treatment. In each
tank, ten fish Labeo rohita of equal size and weight were added. The fish toxicity experiment was
conducted for a duration of 96 h. After every 24 h of regular interval, the number of fish survival was
recorded [29,30].

2.10. Statistical Analyses

Water pollution parameters, residual hydrocarbon concentration, perseverance of hydrocarbons
degrading bacteria in water, root and shoot, plant biomass, and reduction in toxicity level were
analyzed through Statistics 8.1. Factorial Analysis of Variance (ANOVA) to make the comparison
between independent variable. Further all pairwise comparisons between time into treatments were
analyzed by Tukey HSD (α = 0.05). The alphabets on values represent the significant/non-significant
difference among the treatments.

3. Results and Discussion

3.1. Hydrocarbons Degradation

Discharges of petroleum oil during transportation of oil tankers, refining of crude oil, and leakage
in underground storage tanks is the main cause of environmental contamination and ultimately damage
of the ecosystem [31]. Diesel oil has been widely reported as a very harmful petroleum product that is
composed of a complex mixture of hydrocarbons. These hydrocarbons pose severe threats to human
health due to their mutagenic, carcinogenic, and immune toxic behavior [32]. Consequently, serious
attention has been focused on remediating the adverse effect of hydrocarbons on the water quality.
Figure 2 shows gradual reduction of hydrocarbons concentrations in diesel oil contaminated water
during the 90 day experiment under different treatments. It was noticed that in T3 treatment consisting
of Cyperus laevigatus L and bacterial consortium, the removal of hydrocarbons in FTWs microcosms
was maximum (73.48%). It may be due to the combined effect of both plant and hydrocarbon bacteria.
It has been reported that in the presence of the microorganism, plants get enough support in severe
conditions and can perform better organic pollutant degradation [33,34]. It has also been noted that
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the root exudates secreted by the plant, boost up the growth and activity of rhizosphere bacterial
communities [35].

 

Figure 2. Diesel oil removal from water by floating treatment wetlands. C: Microcosm containing
diesel oil polluted water and no plants; T1: Microcosm containing diesel oil polluted water and
bacterial consortium; T2: Microcosm containing diesel oil polluted water and plants; T3: Microcosm
containing diesel oil polluted water, plants and bacterial consortium. Each value is a mean of triplicate
determination. Error bars represent the standard deviations among all three replicates.

In un-vegetated treatment with bacterial consortium (T1), only 37.46% reduction of hydrocarbons
was observed. It has been described that bacterial populations have the tendency to mineralize
hydrocarbons present in diesel oil [36]. However, it was observed that in T1 treatment, hydrocarbon
reduction was 2 times lower than T3 treatment. It may be due to the reason that in T1 treatment,
the growth of the microorganism is suppressed due to the presence of a higher amount of toxic
hydrocarbons in absence of the plants that resulted in lower reduction in this treatment [37,38].
Relatively higher reduction in hydrocarbons (56.56%) was detected in T2 treatment, vegetated with the
plant but deprived of bacterial consortium rather than un-vegetated treatment (T1). Due to absorption
of easily degradable hydrocarbons in the plant roots, the superior hydrocarbons removal was observed
during the initial 30 days of the experiment in T2 treatment. These results are in agreement with the
finding of previous research [39,40]. The literature study revealed that in spite of microorganisms,
the degradation of hydrocarbons is also assisted by plants that play a fundamental role by taking
up the hydrocarbons in their roots and shoots and change them into less harmful substances [41,42].
In control without the plant (C), the hydrocarbons content also decreased up to 9.30% which may be
due to evaporation of volatile hydrocarbons present in the diesel oil and/or due to the presence of
indigenous bacteria in water or photolysis in the unplanted control [41,43,44].

3.2. Chemical and Biological Oxygen Demand

Reduction in COD and BOD is illustrated in Figure 3; Figure 4, respectively. In T3 treatment
vegetated with Cyperus laevigatus and bacteria, COD and BOD were reduced up to 52.18% and 72.28%,
respectively. These results are in agreement with our previous findings that growths of plants with
bacterial consortium improve the remediation potential of organic components present in wastewater [45].
It is stated that bacterial consortium emulsifies the hydrocarbons in water resulting in lowering of
COD and BOD values. Relatively lower reduction in COD (36.61%) and BOD (56.68%) was noticed in
T2 treatment. It was described that the higher the number of plants, the more reduction in the COD
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and BOD [11,26]. However, relatively minimum reduction of COD (26.54%) and BOD (39.98%) was
observed in T1 treatment. Control exhibited very less reduction in COD (10.33%) and BOD (12.2%).

 

Figure 3. Chemical oxygen demand (COD) removal from water by floating treatment wetlands. C:

Microcosm containing diesel oil polluted water and no plants; T1: Microcosm containing diesel oil
polluted water and bacterial consortium; T2: Microcosm containing diesel oil polluted water and
plants; T3: Microcosm containing diesel oil polluted water, plants and bacterial consortium. Each
value is a mean of triplicate determination. Error bars represent the standard deviations among all
three replicates.

 

Figure 4. Biochemicalical oxygen demand (BOD) removal from water by floating treatment wetlands.
C: Microcosm containing diesel oil polluted water and no plants; T1: Microcosm containing diesel
oil polluted water and bacterial consortium; T2: Microcosm containing diesel oil polluted water and
plants; T3: Microcosm containing diesel oil polluted water, plants and bacterial consortium. Each
value is a mean of triplicate determination. Error bars represent the standard deviations among all
three replicates.

3.3. Total Organic Carbon and Phenol Reduction

Total organic carbon (TOC) reduction is shown in Figure 5. Higher TOC reduction (91.71%) was
observed in T3 treatment as compared to T2 treatment that exhibited lower TOC reduction (76.96%).
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However, minimum TOC reduction (67.70%) was recorded in T1 treatment among all the treatments.
Non-significant results for TOC reduction (17.36%) were seen in control. It has been revealed that the
growth of plants by utilizing the organic matter as a source of nutrients is supported by the cluster
of microbes availability in the plants roots, which is the main reason for the higher reduction in
TOC [46,47].

 

Figure 5. Total organic carbon (TOC) removal from water by floating treatment wetlands. C: Microcosm
containing diesel oil polluted water and no plants; T1: Microcosm containing diesel oil polluted
water and bacterial consortium; T2: Microcosm containing diesel oil polluted water and plants; T3:

Microcosm containing diesel oil polluted water, plants and bacterial consortium. Each value is a mean
of triplicate determination. Error bars represent the standard deviations among all three replicates.

Higher reduction (94.88%) in phenol was examined in T3 treatment, which is significant as
compared to other treatments (T1 and T2). It was also observed that effective reduction (93.44%)
in phenol was seen in T2 treatment. However, lower removal of phenol (77.14%) was detected in
the treatment T1 (Table 1). Our results are in agreement with the earlier study who reported the
effectiveness of bacterial augmentation in phenol removal [48].

3.4. Removal of Solids

Table 1 illustrates the removal of solids from diesel oil contaminated water. Consequently,
highest reduction occurred in TS (52.19%), TSS (75.56%), TDS (49.63%), and EC (74.09%) in
bacterially-augmented treatment (T3). Apparently, it was observed that the FTWs showed efficiency
to improve the quality of water by reducing the pH value that ranged from 8.5 to 7.5, which is
authenticated by previous findings [45,49]. It was observed that due the presence of the Cyperus
laevigatus plant in T2 treatment, in comparison to T1 treatment (without plants), higher concentrations
of nutrients were removed from the wastewater. This finding was within the permissible range
reported earlier [50].
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Table 1. Inoculation bacterial effect on remediation of diesel oil polluted water in floating treatment
wetlands microcosms vegetated with Cyperus laevigatus L.

Treatment Days
Parameters

pH EC (ms/cm) TDS (mg/L) TS (mg/L)
TSS

(mg/L)
DO

(mg/L)
Phenol
(mg/L)

Control 0 8.7ab(0.13) 3.3ab(0.01) 1918a(175) 2274a(232) 356b(13) 5.5ef(0.13) 0.35a(0.01)
15 8.5abc(0.12) 3.3ab(0.01) 1912ab(197) 2270a(215) 350bcd(25) 5.2fg(0.14) 0.34b(0.01)
30 8.3def(0.16) 3.2ab(0.03) 1908ab(178) 2268a(234) 346bcde(16) 5.0ghi(0.12) 0.32c(0.01)
45 8.2efg(0.15) 3.2ab(0.07) 1906ab(183) 2255a(196) 336cdef(24) 5.1gh(0.13) 0.32cd(0.06)
60 8.1fgh(0.11) 3.2b(0.01) 1903ab(192) 2245a(234) 331def(26) 4.9hij(0.14) 0.32cd(0.01)
75 8.0fgh(0.19) 3.2b(0.08) 1902ab(125) 2239a(266) 329ef(16) 4.7ij(0.16) 0.32cd(0.01)
90 8.0fgh(0.14) 3.1b(0.01) 1900ab(147) 2225a(297) 317f(24) 4.5jk(0.15) 0.31d(0.07)

T1 0 8.8a(0.14) 3.3ab(0.01) 1921a(115) 2276a(195) 355bc(15) 5.3fg(0.15) 0.35ab(0.01)
15 8.7ab(0.15) 2.3c(0.04) 1615d(156) 1811c(176) 296g(18) 5.1gh(0.14) 0.17f(0.03)
30 8.6abc(0.12) 2.1d(0.05) 1312g(169) 1509g(197) 197ijk(17) 4.8jk(0.13) 0.13i(0.00)
45 8.6abc(0.13) 1.2fghij(0.05) 1208h(149) 1321h(144) 143l(15) 4.3kl(0.15) 0.10j(0.00)
60 8.5bcd(0.15) 1.1ghij(0.03) 1129i(124) 1217ij(105) 117m(17) 4.0lm(0.16) 0.09k(0.00)
75 8.4cde(0.17) 1.1hij(0.04) 1078j(156) 1161jk(108) 103mn(18) 3.8mn(0.17) 0.08k(0.00)
90 8.2def(0.19) 1.0ij(0.04) 1011k(108) 1117kl(145) 92n(15) 3.5n(0.13) 0.08k(0.00)

T2 0 8.5bcd(0.13) 3.2ab(0.06) 1924a(254) 2275a(196) 359b(15) 5.6de(0.14) 0.35ab(0.04)
15 8.2efg(0.11) 2.9b(0.04) 1880b(147) 1972b(162) 388a(22) 5.3fg(0.15) 0.19e(0.01)
30 8.1fgh(0.16) 2.3c(0.06) 1505e(138) 1681d(144) 258h(23) 5.9cd(0.16) 0.13h(0.00)
45 8.0gh(0.17) 1.5defgh(0.05) 1008k(148) 1514f(177) 198i(12) 6.3bc(0.14) 0.03n(0.00)
60 7.5i(0.14) 1.3efghij(0.06) 937lm(168) 1475fg(176) 184ij(14) 6.1c(0.16) 0.03no(0.00)
75 7.2j(0.13) 1.4efghi(0.04) 929m(159) 1357h(156) 145l(15) 5.9cd(0.13) 0.02no(0.00)
90 7.1j(0.15) 1.3efghij(0.01) 916m(148) 1253i(145) 86n(15) 6.3bc(0.16) 0.020(0.00)

T3 0 8.5cd(0.17) 3.6a(0.05) 1922a(138) 2278a(184) 356b(16) 5.6de(0.17) 0.35ab(0.01)
15 8.1fgh(0.14) 1.9de(0.04) 1718c(129) 1921b(192) 317f(18) 5.7de(0.14) 0.14g(0.00)
30 7.8h(0.16) 1.6def(0.05) 1408f(127) 1611e(147) 193i(15) 6.5b(0.16) 0.12hi(0.00)
45 7.5i(0.15) 1.5defg(0.05) 1211h(148) 1438g(174) 173jk(19) 6.9a(0.15) 0.06l(0.00)
60 7.2j(0.17) 1.2fghij(0.01) 1179h(136) 1338h(134) 160kl(14) 7.1a(0.16) 0.05m(0.00)
75 7.1j(0.14) 1.0ij(0.01) 1029k(148) 1138kl(136) 112m(17) 7.0a(0.14) 0.02no(0.00)
90 6.9k(0.18) 0.9j(0.01) 968l(149) 1089l(142) 87n(13) 7.1a(0.15) 0.02o(0.00)

Control: Microcosm containing diesel oil polluted water and no plants; T1: Microcosm containing diesel
oil polluted water and bacterial consortium; T2: Microcosm having diesel oil polluted water and plants; T3:
Microcosm having diesel oil polluted water, plants and bacterial consortium. Each value is a mean of triplicate
determination. Standard deviations among three replicates are presented in parenthesis and the alphabets represent
the significant/non-significant difference among the treatments.

3.5. Persistence of Microbial Population

Mostly plant-associated microbes mineralize the organic pollutants. It has been explored that
the effectiveness of the FTWs technique is truly related to the biodegradation of organic pollutants
and persistence of inoculated bacterial in the water investigated for remediation [49,51]. Persistence
of bacterial population in the root interior, shoot interior, water, and in the rhizoplane is shown in
Table 2. Higher level of bacterial colonization in the plant roots and shoots and also in hydrocarbon
contaminated water was observed in this study. The greater number of survival of inoculated bacteria
(1.01 × 106 cfu/mL) was recorded after 90 days of the experiment in the treated water. In different plant
compartments, bacterial survival follows the order as: rhizoplane (4.5 × 106) > root interior (4.0 × 106)
> shoot interior (1.2 × 106). Higher numbers of bacterial populations were counted in the T3 treatment;
it was due to the efficient plant bacterial partnership. As reported by the previous study that plant
roots provide residency and nutrients for proliferation of bacterial community present in outer and
inner part of the tissues of the plant [52]. It has also been reported that rhizo bacteria that are involved
in plant growth are probably to be present in inner tissue of plant (endophyte bacteria) at particular
phase of their lifecycle so microbes can effectively penetrate in exposed plant parts especially in root
and process of colonization of bacteria occurs by a dynamic mechanism for pollutant removal [23,53].
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Table 2. Enumeration of total microbial loads in the water and tissues of Cyperus laevigatus L augmented
with bacterial consortium (T3) during different sampling time.

Treatments
Cfu × 105

0 d 15 d 30 d 45 d 60 d 75 d 90 d

Water (Cfu/mL) 27.8f(1.5) 26.3h(1.3) 17.8j(0.9) 16.5k(1.8) 14.4l(1.6) 12.3m(1.5) 10.1o(0.8)
Rhizoplane (Cfu/g) 8.7p(0.8) 12.3m(1.1) 19.7i(1.2) 27.5fg(1.9) 34.2d(2.1) 39.6c(2.4) 45.8a(2.7)

Root (Cfu/g) 0.4v(0.05) 5.4s(1.5) 11.7n(1.8) 19.9i(1.5) 27.3g(1.3) 33.8e(1.4) 40.5b(1.3)
Shoot (Cfu/g) 0.1v(0.01) 1.2u(1.4) 3.5t(0.1) 5.9r(0.3) 7.0q(1.1) 9.8o(1.3) 12.3m(1.6)

Each value is a mean of triplicate determination. Standard deviations amongst three replicates are existing in
parenthesis and the alphabets represent the significant/non-significant difference among the treatments.

It has now recently demonstrated that growth of microbial population in roots and shoots of plants
and decrease of their survival in water is due to presence of enormous amount of carbon in hydrocarbons
contaminated water that provides a source of energy during the microbial proliferation [54].

3.6. Plant Height and Biomass

Effectiveness of phytoremediation is of great importance and correlated with selection of a
particular plant species, their survival and tolerance in hydrocarbons contaminated water. Due to
different interaction of roots of the plants with hydrocarbons, the contaminants are absorbed and
transported in the shoot of plants, ultimately affecting the growth and biomass of plants. Roots
of plants offer a large surface area for microbial population and act as a modified place for every
microbe endorsing the constant source of nutrients [55]. To check the effect of bacterial inoculation for
hydrocarbon degradation and growth of the Cyperus laevigatus L plant, both fresh and dry biomass of
this plant were recorded (Table 3). In FTWs, Cyperus laevigatus L planted in microcosms that contain
diesel oil (T2) displayed lesser root length (54.14%), shoot length (49.11%), fresh (61.77%), and dry
(77.06%), biomasses in comparison to the plants that were vegetated in tap water (Control 2). It has
been reported by earlier studies that hydrocarbon pollution significantly affected the growth of plants
during rhizoremediation of petroleum hydrocarbons [56,57].

Table 3. Inoculated bacterial effect on biomass, root length, and shoot length of Cyperus laevigatus in
using floating treatment wetlands.

Treatments
Fresh Biomass (g) Dry Biomass (g) Length (cm)

Root Shoot Root Shoot Root Shoot

C2 302b(7.6) 454a(33.7) 191b(7.8) 306a(11.8) 31.4c(1.1) 56.2a(2.1)
T2 91f(3.8) 198d(6.3) 46f(1.3) 68e(3.1) 14.4f(0.8) 28.6d(1.8)
T3 109e(6.7) 218c(13.8) 78d(4.9) 93c(4.2) 18.5e(1.2) 34.9b(2.2)

C2: Microcosm containing tap water and plants; T2: Microcosm containing diesel oil polluted water and plants; T3:
Microcosm containing diesel oil polluted water, plants and bacterial consortium. All value is a mean of triplicate
determination. Standard deviation among three replicates is existing in parenthesis and the alphabets represent the
significant/non-significant difference among the treatments.

It has been proposed that by the absorption of toxic hydrocarbons by plants, the reduction occurs
in uptake of water and growth of plants, which are ascribed to chlorosis, oxygen depletion, and dryness
in vegetated plants [49,58]. However, the treatment containing Cyperus laevigatus L and bacterial
consortium (T3) exhibited lesser root length (41.08%), shoot length (37.90%), fresh biomass (56.74%),
and dry biomass (65.59%) in the context of the control irrigated with tap water.

It has been described earlier that specific bacteria, especially those involved in hydrocarbon
degradation, have the capability to decrease the toxicity of organic pollutant in hydrocarbons
contaminated water, which is directly attributed to effective growth of plants and their biomass [59].
Existence of plant growth stimulating and hydrocarbons degrading bacteria, exist interior and exterior
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of the plant tissues, emulsify the hydrocarbons, and make their availability easy for bacteria to degrade
them into compounds that can be utilized by the plants, ultimately diminishing the toxic effect of
hydrocarbons for better growth and biomass production of plants [60,61].

3.7. Reduction of Toxicity

After the completion of the experiment, the level of remediation of hydrocarbons was further
confirmed by the exposure of fish to treated water (Table 4). Fish toxicity testing was performed in
order to evaluate the effectiveness of FTWs in improving water quality to a level that also becomes safe
for living organisms. In the FTWs system, the treated water with Cyperus laevigatus L and the bacterial
consortium (T3) showed less toxification. In treated water of T3 treatment, only two fish died out of
10 exposed to hydrocarbon contaminated water.

Table 4. Evaluation of toxicity of diesel oil contaminated water detoxified by floating treatment wetlands.

Treatments
Fish Death Time

Total Death Detoxification Position
24 h 48 h 72 h 96 h

Control 10 0 0 0 10/10a Negligible
T1 2 1 1 1 5/10b Partial
T2 1 1 1 1 3/10c Partial
T3 1 1 0 0 2/10d Complete

Control: Microcosm containing diesel oil contaminated water and no plants; T1: Microcosm containing diesel
oil polluted water and bacterial consortium; T2: Microcosm containing diesel oil contaminated water and plants;
T3: Microcosm containing diesel oil polluted water and bacterial consortium. The alphabets represent the
significant/non-significant difference among the treatments.

For assessment of toxicity level among different treatments, it was observed that T1 and T2
treatments exhibited death of 5 and 3 fish out of 10 fish, respectively; nevertheless, after 24 h
duration, fish were entirely dead in the control. The survival of fish in T2 and T3 treatments
indicated the detoxification and pollutant reduction in the hydrocarbon contaminated wastewater.
Besides, it was observed that presence of hydrocarbon degrading bacterial strains in FTWs excellently
assisted in enhancement of water quality and decrease in toxicity of the contaminated water. Similar
investigations have been reported in earlier studies that combined use of plant and bacteria is a
more active methodology in the detoxification of the polluted water than individual use of plant
and bacteria [30,62]. Due to the presence of a higher concentration of hydrocarbons in the control,
oxidative stress increased which resulted in chronic cellular DNA damage, so a number of fish died in
the untreated wastewater [63].

4. Conclusions

The FTWs augmented with bacteria is proven efficient among all the phytoremediation techniques.
Hydrocarbons degrading bacterial strains and the Cyperus laevigatus L plant improved the diesel oil
remediation in FTWs. This study investigates and justifies a way to remediate the diesel oil pollution in
water. Cyperus laevigatus L plant can be the appropriate choice in FTWs for phytoremediation of diesel
oil contaminated water. The performance and effectiveness of the developed FTWs were proven by
successful reduction in hydrocarbons, COD, BOD, and TOC of diesel oil contaminated water. Though
the experiment was completed in FTWs consisting of a microcosm set up, it displayed an effective
bacterial association together with wetland plants. The study highlights a very supportable application
of FTWs for conceivable removal of hydrocarbons from contaminated wastewater. This study further
offers the prospects of evaluating the effectiveness of FTWs and is a promising option in the wastewater
treatment at pilot and field scale levels. Furthermore, FTWs technology involves natural ways of
treating wastewater and minimum energy is required for its operational cost. Application of this
FTWs technology in developing countries like Pakistan is more feasible and cost effective in contrast to
expensive technologies used for wastewater treatment worldwide.
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Abstract: The textile industry is one of the most chemically intensive industries, and its wastewater is
comprised of harmful dyes, pigments, dissolved/suspended solids, and heavy metals. The treatment
of textile wastewater has become a necessary task before discharge into the environment. The textile
effluent can be treated by conventional methods, however, the limitations of these techniques are
high cost, incomplete removal, and production of concentrated sludge. This review illustrates
recent knowledge about the application of floating treatment wetlands (FTWs) for remediation of
textile wastewater. The FTWs system is a potential alternative technology for textile wastewater
treatment. FTWs efficiently removed the dyes, pigments, organic matter, nutrients, heavy metals,
and other pollutants from the textile effluent. Plants and bacteria are essential components of FTWs,
which contribute to the pollutant removal process through their physical effects and metabolic process.
Plants species with extensive roots structure and large biomass are recommended for vegetation
on floating mats. The pollutant removal efficiency can be enhanced by the right selection of plants,
managing plant coverage, improving aeration, and inoculation by specific bacterial strains. The proper
installation and maintenance practices can further enhance the efficiency, sustainability, and aesthetic
value of the FTWs. Further research is suggested to develop guidelines for the selection of right
plants and bacterial strains for the efficient remediation of textile effluent by FTWs at large scales.

Keywords: bacteria; floating treatment wetlands; plants; textile effluent

1. Introduction

The major sources of water pollution are industries, domestic discharges, urbanization, pesticides,
fertilizers, and poorly managed farm wastes [1,2]. The textile industry significantly contributes to the
economy of a country. However, it consumes a large amount of water, and thus generates a larger
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quantity of wastewater [3]. Textile industry wastewater contains harmful dyes, different pigments,
oil, surfactants, heavy metals, sulphates, and chlorides [4]. All these pollutants unfavorably affect the
quality of water and aquatic life.

Dyes are key constituents of textile effluent. Textile dyes are considered as one of the worst
polluters of our environment, including water bodies and soils [5]. These dyes also have adverse
effects on human health. The dyes in textile wastewaters are carcinogenic, mutagenic, and genotoxic
for all life forms [6]. Dyes in wastewater hinder the sunlight reaching to water, and thus decrease
photosynthetic activity, reduce transparency, and disturb the ecosystem [3,4]. Additionally, different
chemicals are used in the textile industry and cause problems for life forms, as well as the environment
upon direct contact with them [7]. Existing wastewater treatment technologies are inefficient for the
removal of dyes and associated pollutants from wastewater because of their persistent nature and
resistance to degradation [8].

Incompletely treated or untreated water is harmful to the environment and other living creatures [9,10].
All types of wastewater should be treated before dumping into open water bodies in order to minimize
the spread of water pollution [11]. Textile wastewater can be treated by various methods based upon
physical, chemical, and biological approaches. However, the by-products of these treatment processes
can be toxic and difficult to dispose of safely [6,12]. Consequently, it is essential to devise and adopt an
environmentally friendly and sustainable technique to treat textile wastewater.

Phytoremediation, i.e., use of plants to remove pollutants, is one of the best economical and
sustainable approaches for wastewater treatment [13,14]. Plants can take up contaminants from water,
soil, and air [15]. Over the past years, different plants have been used to remediate dyes from textile
wastewater. Different plants species have different nutrients/pollutants removal potential, and could
exhibit great phytoremediation and stress tolerance [15–17]. Along with the applications of plants,
different eco-friendly mechanisms are now being adopted to treat textile wastewater, and they include
plant seeds [18], bacteria [8], fungi [19,20], yeast [21,22], and microalgae [23]. Recently, helminths
have also been used to degrade dyes, for example, the nematode Ascans lumbncoides and the cestode
Momezia expansa have been found to reduce azo dyes by anaerobic methods [24,25].

Although dyes are resistant to degradation, many microorganisms can completely decolorize
and mineralize them [26]. The application of bacteria is an efficient way to treat dyes, as they are
not harmful for the environment. Different bacteria have a high ability to degrade different dyes;
for example, Pseudomonas sp. and Sphingomonas sp. have been found useful in the degradation of
dyes [3]. The specifically adaptive bacteria can produce reductase enzymes that can reductively cut
the dyes in the presence of molecular oxygen [27]. In the current scenario, we must seek efficient,
eco-friendly, and economical technologies to treat textile wastewater with a minimum generation
of waste materials [3]. Application of plants and bacteria has become a sustainable approach for
wastewater treatment [18].

2. Potential Pollutants in Textile Wastewater

Textile wastewater contains highly variable dyes that have structural varieties including basic,
acidic, reactive, azo, metal complex, and diazo dyes [28]. Typical characteristics of textile effluents
include high temperature, the extensive range of pH, chemical oxygen demand (COD), biological
oxygen demand (BOD), heavy metals, and a variety of contaminants such as dyes, salts, surfactants,
dissolved solids, and suspended solids (Table 1) [28–30].
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2.1. Dyes

Discharge of wastewater from the finishing and dying process in the textile sector is a substantial
cause of environmental pollution [39]. Discharge of dying effluents in the environment is the primary
cause of a significant decline in freshwater bodies [40]. Dyes are the substances that, when applied,
give color to the substrate by altering the crystal structure of the colored materials. Textile industries
extensively use extensive dyes primarily due to their capacity to bind with the textile fibers via
formation of covalent bonds [41]. Moreover, dyes are those contaminants that are not only toxic,
but they also can change the color of the wastewater [42]. The main environmental risk associated
with their use is their subsequent loss during the dying process. Consequently, significant quantities of
unfixed dyes are regrettably discharged into the wastewater. The release of toxic textile wastewater
causes adverse health risks to humans, plants, animals, and micro-organisms [43].

Colored textile dyes not only degrade the water bodies, but also hamper the penetration of sunlight
via water, which causes a decrease in the rate of photosynthesis and level of dissolved oxygen, thereby
affecting the whole aquatic ecosystem [44]. Textile dyes are composed of two key elements, auxochromes
and chromophores. Chromophores are responsible for coloring the dyes, while auxochromes provide
chromophores with additional assistance [45]. Azo dyes are most commonly used among all textile
dyes in coloring multiple substrates. They have the large molecular structure, and their degradation
products are sometimes more toxic [46]. When they get adsorbed by the soil from the wastewater, they can
easily alter the chemical and physical characteristics of the soil. It may lead to a reduction of flora in
the surrounding environment. The presence of azo dyes in the soil for a longer period dramatically
disturbs the productivity of the crops and also kills the beneficial microbes [44]. Different studies reported
that textile dyes also act as carcinogenic, mutagenic, and toxic agents [47,48]. An increase in textile
industry means more use of dyes that may lead to severe toxicity disturbing the surrounding environment.
Textile dyes pose a major risk to healthy living due to their xenobiotic effects [7]. The textile sector releases
huge concentrations of colored effluents into the water bodies without prior treatment. Therefore, saving
water from pollutants and prior treatment of textile effluents has indeed received emerging attention.

2.2. Dissolved Solids

Textile wastewater is contaminated heavily with dissolved and suspended solids [28]. Total dissolved
solids (TDS) are consistently associated with conductivity and salinity of the water. Estimation of solids in
water is a vital factor in making it safe for drinking purposes [49]. The World Health Organization (WHO)
sets a minimum limit of 500 mg/L for TDS and 2000 mg/L as a maximum limit [50]. A higher value of
TDS corresponds to the extensive use of several human-made dyes [51]. In TDS, soluble salts usually
exist as cations and anions. Slight changes in the physiochemical characteristics of wastewater completely
change the nature of deposit and ions concentration in the bottom. Higher values of TDS result in extreme
salinity upon discharging into the water streams used for irrigation [52]. Much higher values of TDS can
significantly produce harmful impacts on the biological, chemical, and physical characteristics of water
bodies [51].

2.3. Suspended Solids

Suspended solids are considered as major pollutants in textile wastewater. They contain phosphate,
chlorides, and nitrates of K, Ca, Mg, Na, organic matter, carbonates, and bio-carbonates [53]. A higher
concentration of suspended solids hinders the prolific transfer setup of oxygen between air and water.
Excess of a suspended solid released from the textile effluents can block the breathing organs of aquatic
animals [54]. Suspended solid in aquatic medium leads to increasing turbidity, which subsequently
results in depletion of oxygen. Likewise, suspended solids also can restrict the necessary penetration
of light into the aquatic system, which decreased the capability of various algae and different flora
to produce oxygen and food. Suspended solids directly absorb the sunlight, which enhances the
temperature of the water and, at the same time, reduces the amount of dissolved oxygen [28].
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Durotoye et al. (2018) conducted a study to examine the quality of effluents discharged from the textile
industry [55]. It was found that the total suspended solids (TSS) exceeded the set limits specified by
the national standards for textile effluents by 10 to 110% in all analyzed samples. Similarly, Ubale and
Salkar [56] also reported a higher value of TSS (1910 mg/L) in cotton textile effluents [56]. Discharge of
untreated textile wastewater with a higher concentration of TSS may potentially be very toxic for all
living organisms.

2.4. Heavy Metals

Effluents from the textile industries comprise of several organic and inorganic chemical, organic
salts, dyes, and heavy metals [42]. Heavy metals are more evident and non-biodegradable when
released into the surrounding environment. Heavy metals can easily accumulate in the food chain as
well [57,58]. High non-biodegradability, toxicity, and biological enrichment of heavy metals pollution
has gravely threatened the sustainability of the ecological system and human health [59]. High risk of
deterioration in water quality is prominent due to the heavy metal pollution [60].

The existence of heavy metals that greatly characterizes textile effluents. Heavy metals present
in untreated textile wastewater can easily accumulate into the bio-system leading to various health
repercussions [61]. Discharge of untreated textile wastewater is primarily associated with the
concentration of several heavy metals such as Arsenic (Ar), Copper (Cu), Zinc (Zn), Cadmium (Cd),
Lead (Pb), Mercury (Hg), Nickel (Ni), Chromium (Cr), and many others [62]. Because of the health
hazards of heavy metals, numerous regulations and standards have been introduced to avoid any
accumulation of heavy metals that would otherwise be lethal to human. Unfortunately, the discharged
untreated textile effluents exceed the admissible limits set for heavy metals, especially in developing
countries. As reported by Noreen et al. [63] and Mulugeta and Tibebe [64] the discharge of heavy
metals from textile wastewater was high as compared to the permissible limits. Similarly, Wijeyaratne
and Wickramasinghe [65] also reported that the concentration of Cu and Zn were higher than the
permissible limits. Therefore, it is a matter of extreme importance to remediate these metals from
the textile effluents before their discharge into the surrounding environment in order to prevent
water pollution.

3. Available Technologies for Treatment of Textile Effluent

Textile effluent can be treated by several chemical, biological, and physical methods and reused
for irrigation and industrial processes [66,67]. All methods work in some ways, but they all have
some constraints. Textile wastewater remediation techniques include, but are not limited to, filtration,
chemical oxidation, flocculation, Fenton’s reagent oxidation, foam flotation, fixed-film bioreactors,
anaerobic digestion, and electrolysis [68,69]. Among these coagulation-flocculation are the most
commonly used methods [70]. Coagulation is the addition of a coagulant into wastewater to treat it,
and is also a popular method of textile wastewater removal [71]. Electrodialysis, reverse osmosis, and ion
exchange process are some of the tertiary treatment processes for textile wastewater treatment [72].
Adsorption is remarkably known as an equilibrium separation process and is widely used to remove
contaminants [73,74]. Furthermore, advanced chemical oxidation processes are also commonly used
for such purposes [66]. In many effluent treatment plants, first chemicals are added to make the
wastewater constituents biodegradable. Then biological methods are applied, as biological methods
alone cannot treat textile wastewaters up to the standard [67].

In certain cases, a combination of two or more techniques can be used to improve water quality,
such as the aeration and filtration after coagulation. Filtration is applied as a tertiary treatment to
improve the quality of treated wastewater. Carbon filter and sand filters are used to eliminate fine
suspended solids and residual colors [75] Recently, a combination of coagulation and ultrafiltration
has been applied for better results [76].

Biological treatments include aerobic treatments (activated sludge, trickling filtration, oxidation,
ponds, lagoons, and aerobic digestion) and anaerobic treatment (anaerobic digestion, septic tanks and
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lagoons) [72]. It also includes the treatment by fungal biomass, such as Aspergillus fumigates, effectively
used to remove reactive dyes from textile wastewater [77]. A large number of microbes can degrade
dyes, and this approach is gaining momentum [78]. Some of the techniques used previously for textile
wastewater treatment, along with their disadvantages, are shown in Table 2.

Table 2. Various techniques for the treatment of textile wastewater and their drawbacks.

Type Technique Drawbacks References

Chemical

Combined Electrocoagulation The pH should be maintained below 6
during the process [79,80]

Coagulation and Adsorption by Alum Increase the concentration of sulfate
and sulfide [81]

Ozonation It has low COD reduction capacity [82]

Chemical coagulation It is a slow technique and large
amount of sludge is produced [83,84]

Electrochemical oxidation Secondary salt contamination [66]

Coagulation Coagulants can be associated with
diseases like cancer or Alzheimer’s [85,86]

Electrochemical technology Produce undesirable by-products that
can be harmful for environment [87,88]

Ion exchange method Not effective for all dyes [89]

Photochemical Sonolysis
Requires a lot of dissolved oxygen,
high cost, and produces undesirable
by-products

[90]

Coagulation-photocatalytic treatment
by nanoparticles

Sludge production, difficulty of light
penetration in dark and colored
wastewaters, high costs of
nanoparticles preparation, and limited
cycles of nanoparticles usage

[91]

Fenton and Photo-Fenton process
Sludge production, accumulation of
unused ferrous ions, and difficult
maintenance of pH

[92]

Physical

Adsorption/filtration (commercially
activated carbon)

High cost of materials, costly
operation, may not work with certain
dyes and metals, performance
depends upon the material types

[11]

Adsorption It is a costly process [93]

Membrane based treatment Membrane failing may happen,
and costly method [67,94]

Pilot-scale bio-filter

Bio-filter has low efficiency to
metabolize hydrophobic volatile
organic compounds because of the
massive transfer limitations

[95]

Pressure-driven membranes Sensitivity to fouling and scaling [96,97]

Biological

Constructed wetlands High retention time and large area
required for establishment [66,98]

Use of White-rot fungi along with
bioreactor

It has long hydraulic retention time
and requires large reactors [99,100]

Microalgae Conditions hard to maintain, selection
of suitable algae is critical [101]

Duckweed and algae ponds Inefficient removal of heavy metals [102,103]

Though many of these technologies have excellent performance, they have many limitations [67,104].
Many physicochemical treatment options are costly because of the equipment [67]. Conventional treatment
methods achieve incomplete removal of dyes and produce concentrated sludge, which causes issue of
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secondary disposal [72]. In flocculation, the floc is difficult to control, and sludge underneath can re-suspend
solids in water [54]. Trickling filters also have drawbacks such as high capital cost and a heavy odor [105].

Comparatively, biological methods have various advantages. They are cost-effective, produce a
smaller amount of sludge, and are eco-friendly [106,107]. Ecological engineering has the advantage of
being cheap. They are also able to treat non-point source wastewater effluents [107,108]. Though some
biological processes also have many limitations, such as they are somewhat lengthy processes,
some dyes can be a non-biodegradable, and a large amount of heavy metals in wastewater may hamper
the microbial growth [54].

4. Floating Treatment Wetlands for Textile Effluent Treatment

Constructed wetlands are engineered systems composed of emergent plants and microbes
with tremendous potential to remediate wastewater. Microbes proved great potential in enhancing
phytoremediation potential and tolerance of plants to various environmental stresses [109,110].
Floating treatment wetlands (FTWs) are an innovative variant of constructed wetlands that make
use of floating macrophytes and microbes for treatment of wastewater [111,112]. The application of
FTWs (Figure 1) is a practical, eco-friendly, sustainable, and economical approach for the treatment of
wastewater [112,113]. In addition to their high economic importance [114,115], plants have a key role
in wastewater treatment. Mats float on the water surface, and plants are grown on these mats in such a
way that the plant’s roots are completely submerged in water and the plant’s aerial parts are above
the water [116]. Vegetation is supported on buoyant mats, which make these mats easy to retrofit in
any water body where they need to be used [112]. Mostly halophytic grasses are explicitly selected
for FTWs due to their rhizome, which can trap air [108,117]. FTWs share properties of both a pond
and a wetland system. There is a hydraulic gradient between the bottom of the pond and the plant
roots, so that the pollutants are degraded, trapped, and/or filtered by the plant roots and associated
bacteria [118]. FTWs make use of plants and associated biofilms to reduce the nutrients load; that is
why they are described as biofilm reactors with plants [117].

Figure 1. Schematic representation of floating treatment wetlands (FTWs) and pollutants removal process.

4.1. Role of Plants

The success of pollutant removal from water largely depends upon the selection of the plant
species [119]. Plants play an essential role in the removal of pollutants from a water body. The roots
of plants play a significant part in this process. The roots act as a physical filter in a FTWs system.
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Roots filter the suspended particles in water and settle the filtrates at the bottom of the tank or water
pond [111].

The key functions of plant in a FTW are:

1. Direct uptake of pollutants by the roots [120].
2. Extracellular enzyme production by roots [113].
3. Provide a surface area for the growth of biofilm [117].
4. Roots secrete root exudates that help in denitrification [121].
5. Suspended particles are entrapped in the roots [111].
6. Macrophytes also enhance flocculation of suspended matter [113].

Pollutant uptake by the roots of the plants is a significant process of pollutant removal from
wastewater [122,123]. Dyes are phyto-transformed and then absorbed by the roots of plants [124].
The physical characteristics of the roots of plants and the nutrient uptake are interdependent/interlinked.
The type of medium and nutrients in which the root exists specify the root’s physical characteristics.
In FTWs, the roots of the plants remain hanging in water and obtain their nutrition directly from
the water. It leads to faster movement of nutrients and pollutants in the water towards the roots,
thus leading to their accumulation in plant biomass. In a comparison between original plants and only
plant roots in FTWs, the plants exhibited an excellent percentage of pollutant removal than artificial
roots [111,125]. It suggests that the roots of the plants release some bioactive compounds in the water,
and there is also a change in physicochemical processes in water. These bioactive compounds help in
the change of metal species to an insoluble form, and it also enhances sorption characteristics of the
biofilm, which help in pollutant removal from water [108]. Plants in FTWs support the activities of
microbes already present in the wastewater as plant-microbe interactions play a prominent role in the
treatment of water [113,126]. Plant roots provide spaces for the microbial growth that are necessary for
water treatment [127].

Nitrogen and phosphorus are important pollutants of wastewater discharged by the textile
industry. Several plants in FTWs have found efficient in removing total nitrogen (TN) and total
phosphorus (TP) from wastewater [128]. Nitrogen is extracted from water by denitrification and
sedimentation, while phosphorus is removed by plant uptake [129,130]. FTWs can also remove particle
bind metals easily [130]. The ammonia-oxidizing bacteria and archaea on the rhizoplane have a major
role in the nitrification and denitrification process [130,131].

Heavy metals are also present in textile wastewater. Macrophytes can take up these metals from
the contaminated water effectively. Phragmites australis has excellent capacity for heavy metals removal
from water, which is also a significant constituent of textile effluents [132]. FTWs vegetated with
P. australis achieved 87–99% removal of heavy metals from textile wastewater [121]. The vegetation
and floating mats minimize the penetration of sunlight in the water and stop the production of algal
blooms in the water [133].

4.2. Role of Microorganism

Microbes are a key component of the biogeochemical cycle and energy flow in the aquatic
ecosystem [134]. Microbes can decompose and demineralize the organic/inorganic pollutants and play
a crucial role in pollutant removal from textile wastewater (Table 3) [135]. Microorganisms possess a
different mechanism for the remediation of contaminated water, likely bio-sorption, bio-accumulation,
bio-transformation, and bio-mineralization of organic and inorganic pollutants [127,135]. The presence
of bacteria and their survival in FTWs, along with their activities, is mainly dependent on the type of
plants [35]. In addition to the roots, mats also serve as a growth point for microbes [103]. These bacteria
in FTWs can be rhizospheric and endophytic [136]. Rhizospheric bacteria reside outside the plant,
and are sometimes attached to plant roots or on floating mats. Whereas endophytic bacteria reside
inside the roots and shoots of plants [137]. The microorganisms present on roots and inside the
plant tissues aid in the pollutant removal process of plants [138]. Microbes also promote plant
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growth by stimulating plant growth promoting activities like the release of indole-3-acetic acid,
siderophore, and 1-amino-cyclopropane-1-carboxylic acid deaminase. They also solubilize inorganic
phosphorous [138,139].

Bacteria have a unique ability to adhere and grow to almost every surface, and form complex
communities termed biofilms [117]. The rhizoplane of FTWs release roots exudate to attract microbial
cells to form biofilms and maintain large microbial biomass. In biofilms, bacterial cells grow
in multicellular aggregates that are contained in an extracellular matrix, such as polysaccharide
biopolymers together with protein and DNA produced by the bacteria [140]. This biofilm formation
is very beneficial for bacteria themselves, such as resistance to many antimicrobial, protozoan,
and environmental stresses [141].

In FTWs, different groups of bacteria have been identified; however, the nature and abundance of
the bacterial community may vary depending upon the growth conditions, substrate, growth medium,
and plant species [142]. In a study on floating wetland’s plants with Eichhorina crassipes, 40 phyla of
bacteria were identified, among these most common was Proteobacteria, followed by Actinobacteria,
Bacteroidetes, and Cyanobacteria [143]. In another study, Actinobacteria were found dominant in water
samples, while proteobacteria were the largest group of bacteria in roots and biofilms samples of a floating
wetland planted with Canna and Juncus [142]. The second-largest group of bacteria found in water and
roots samples was Cyanobacteria, but was not found in biofilm. The roots of floating macrophytes also
harbored the sulfate-reducing and sulfur-oxidizing bacteria [144]. In FTWs, the production of reduced
sulfide acts as potential phytotoxin and sulfur oxidizing bacteria contribute in the detoxification of
plants [142,145]. The presence of nitrosamines on the plants roost also confirms the abundance of nitrifiers
in the aquatic system that contribute to the ammonia-oxidation process [142]. The anoxic and anaerobic
microbes ubiquitous on floating mats, soil, and roots contribute to denitrification and retain metals,
and thus remove pollutants from contaminated water [146,147]. The metals acquired by bacteria can be
sequestered through bioaccumulation and adsorption by binding to different functional groups such as
carboxylate, hydroxyl, amino, and phosphate offered by cell walls [148].

Table 3. Application of bacteria for dye removal from textile wastewater.

Bacteria Dye Reference

Bacillus firmus Reactive Blue 160 [149]

Oerskovia paurometabola Acid Red 14 [150]

Pseudomonas aeruginosa and Thiosphaera pantotropha Reactive Yellow 14 [151]

Enterobacter sp. CV–S1 Crystal Violet [152]

Serratia sp. RN34 Reactive Yellow 2 [153]

Paracoccus sp. GSM2 Reactive Violet 5 [154]

Staphylococcus hominis RMLRT03 Acid Orange [155]

Bacillus cereus RMLAU1 Orange II (Acid Orange 7) [156]

Enterococcus faecalis strain ZL Acid Orange 7 [157]

Pseudomonas aeruginosa strain BCH Orange 3R (RO3R) [158]

Anoxybacillus pushchinoensis, Anoxybacillus kamchatkensis
and Anoxybacillus flavithermus Reactive Black 5 [159]

Citrobacter sp. CK3 Reactive Red 180 [160]

Bacillus Fusiformis kmk 5 Disperse Blue 79 (DB79) and Acid
Orange 10 (AO10) [161]

Pseudomonas sp. SUK1 Red BLI [162]

Brevibacillus sp. Toluidine Blue dye (TB) [163]

Bacterial strains 1CX and SAD4i Acid Orange 7 [164]

Pseudomonas luteola Azo Dye RP2B [165]
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5. Removal of Pollutants

5.1. Removal of Dissolved and Suspended Solids

Textile effluents usually contain a high concentration of total dissolved solids (TDS) as compared to
the other industrial discharge mainly due to dying, bleaching, and fixing agent. TDS is correspondingly
related to conductivity and salinity of the water [49,166]. Similarly, total suspended solids (TSS) consist
of nitrates, phosphates, carbonates, and bicarbonates of K, Na, Mg, Ca, salt, organic matters, and other
particles. The maximum concentration of TSS in textile effluents is due to the increased concentration
of suspended particles, which increases the turbidity of the water [111,124]. It also erases the level of
oxygen from the aqueous medium, resulting in the disturbance of principal food chain balance in the
aquatic ecosystem [166]. The much higher value of TDS was observed in textile wastewater from an
extended range of 1000–10,000 mg/L [167].

In general, total dissolved solids (TDS) and total suspended solids (TSS) are removed via the
filtration and physical settling in FTWs. Plant roots have a crucial role in extracellular trapping
of suspended solids and the pollutants in order to neutralize the risk and avoid cell injury [168].
In FTWs, plant roots provide a living, high surface area for the effective development of successive
biofilms that hold several communities of micro-organisms responsible for entrapping and filtering
of suspended particles [111,169]. The root-related network of biofilms has proven active in physical
trapping of fine particulates [170]. The presence of disturbance-free atmosphere and unrestricted
water layers among the floating roots provides idyllic conditions for sedimentation of particles [171].
Floating treatment wetlands demonstrated productive potential to remediate TDS, TS, TSS, and other
suspended pollutants from various types of wastewater [139,172]. Tara et al. (2019) reported an
effectual decline of TSS from 391 to 141 mg/L, TDS from 4569 to 1632, and TS from 4961 to 1733 by using
FTWs for textile wastewater treatment [35]. Another report showed the achievement of FTWs applied
for textile wastewater remediation, showing a significant decline in TDS and TSS after the end of the
experiment [173]. The presence of microbial community directly affects the treatment performance
of wetland treatment systems [174]. Key role of microbial communities in the effective removal of
suspended solid particles is evident by different studies of FTWs [132,146,175].

5.2. Removal of Organic Matter

In textile wastewater substantial organic matter load is present in terms of biological oxygen
demand (BOD) and chemical oxygen demand (COD). Wastewater effluents from the dyeing and
printing systems are distinguished by significant BOD and COD fluctuations. Dye wastewater with
high concentrations of COD and BOD will lead to eutrophication in the receiving water bodies,
and raise environmental concerns about possible toxicity [176]. Various recent studies reported a high
concentration of BOD and COD in textile wastewater effluents [177–179].

In different forms of wastewater, effective removal of organic matter by application of FTWs has
been achieved. Darajeh et al. 2016 reported 96% and 94% reduction in BOD and COD from palm oil
mill effluents treated with FTWs [180]. Queiroz et al. (2019) treated dairy wastewater by employing
eleven different species of floating aquatic plants and observed a considerable reduction in both BOD
and COD [71]. Recently, plant-bacteria partnership in FTWs proved to be very promising in the
successful removal of organic matter. The maximum reduction in BOD is attributed to the microbial
degradation of organic components coupled with the ample oxygen supply in the root zone [181].
Adsorption, sedimentation, and microbial degradation are the primary mechanisms for the effective
removal of BOD [182,183]. Meanwhile, reduction of COD is credited to microbial degradation of
substrate through plant roots [146,184]. Microbial activities are usually more vigorous in the root
zone [158]. Plants roots provide an active settling medium and surface area for essential attachment
and food for microbial population [185].
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5.3. Removal of Heavy Metals

In FTWs, different processes such as adsorption, the formation of metal sulfide, direct accumulation
by plants, algae, bacteria, and entrapments by biofilms in the roots zone play a promising role in
successful remediation of heavy metals [123,130]. Various potentially toxic heavy metals settle down in
the system bottom once they bind with minute clay particles in the roots zone [186,187]. Endophytic and
rhizospheric microbes performed a variety of important chemical reactions, including adsorption,
chelation, complexation, sulfide formation, and micro-precipitation, reduction-oxidation, and ion
exchange [188]. Root exudates in the root zone speed up these reactions for the subsequent formation
of metals hydroxide and sulfide, which in turn improve the sorption of trace heavy metals [189,190].

Recent studies have shown that successful inoculation of various degrading bacteria improves
the efficiency of aquatic wetland plants in removing metal ions/metalloids from textile wastewater,
resulting in safe disposal or reuse of treated wastewater [172,191]. When bacteria enter into plant tissues,
they offer more productive effects for plants as compared to those bacteria present outside the plant
body. Endophyte bacteria increase contaminant accumulation and reduce their phytotoxicity in the
host plant by mineralizing recalcitrant elements that would be otherwise not degradable by plants [136].
Combining use of plant and endophyte bacteria is a promising approach in the remediation of heavy
metals [126,192]. In line with the prospect mentioned above, Tara et al. (2018) determined the positive
impacts of bacterial augmentation on two FTWs plants, Phragmites australis and Typha domingensis.
Bacteria partnership with T. domingensis reduced copper to 0.009 mg/L, nickel to 0.034 mg/L, chromium
to 0.101 mg/L, lead to 0.147 mg/L, and iron to 0.054 mg/L, while P. australis decreased copper to
0.007 mg/L, nickel to 0.027 mg/L, chromium to 0.032 mg/L, lead to 0.079 mg/L, and iron to 0.016 mg/L
from their initial concentrations [35].

6. Factors Affecting the Performance of FTWs

6.1. Plant Selection

The selection of the right plants at floating mats is essential to achieve optimal remediation of
pollutants. The plants for the vegetation of FTWs should be a non-invasive, native species, perennial,
with a quick growth rate, extensive root system, high biomass yield, high tolerance to pollutants,
and high ability to uptake and accumulate pollutants in above-ground parts, and which can grow in a
hydroponic environment [118,193,194]. The roots’ morphology, plant tolerance to pollutants, and root
exudate profile play a major role in determining the plant’s potential for phytoremediation [119].
Many kinds of grass are selected for phytoremediation due to their dense root structure that can harbor
a vibrant microbial community. The production of root exudate and its quality also vary significantly
even in closely related genotypes. It results in substantial differences in associated microbial community
and their stimulation in the rhizoplane [195,196]. Thus, the selection of the right plant in FTWs increases
the remediation performance, such as cattails (Typha spp.) are specially used for the treatment of acid
mine drainage [197,198]. However, FTWs are planted with several species, and there is no precise
pattern of using specific species for certain types of wastewater or pollutants [199,200]. In the past,
various plant species have been used effectively in FTWs (Table 4).

Each plant species has a different phytoremediation potential and different metals uptake mechanisms
such as accumulation, exclusion, translocation, osmoregulation, distribution, and concentration [201].
Different types of vegetation can be used in FTWs such as terrestrial, aquatic emergent, sub-emergent,
and free-floating species. However, emergent plants are most widely used in FTWs due to their extensive
root structure [201,202].

The terrestrial and emergent plant species have mostly long and extensive root structures as
compared to free-floating aquatic plants, and provide ample surface area for the pollutant removal
process [203,204]. The dense root structure and ability of plants to grow hydroponically are important
to obtain maximum pollutant removal by FTWs [116].
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Table 4. Use of various species of macrophytes in floating treatment wetlands.

Country Plant Name Wastewater Removal Efficiency Reference

Argentina Typha domingensis Synthetic runoff effluent
Achieved 95% removal of total
phosphorus, soluble reactive
phosphorus, NH4

+ and NO3
−

[205]

Australia Carex appressa Runoff from low density
residential area

The pollutants removal
performance was 80% for TSS,
53% for total phosphorus, 17%
for total nitrogen

[206]

China Iris pseudacorus Synthetic secondary
effluent

Achieved 89.4% removal of
TN in one day retention time [207]

China Cyperus ustulatus Domestic wastewater

The average removal efficiency
for total microcystin-RR and
microcystin-LR were 63.0%
and 66.7%, respectively

[208]

Indonesia Chrysopogon zizanioides Textile wastewater
The average removal rate for
chromium was 40%, BOD was
98.47%, and COD was 89.05%

[209]

Italy

Phragmites australis,
Carex elata, Juncus effusus,
Typha latifolia,
Chrysopogon zizanioides,
Sparganium erectum, and
Dactylis glomerata

Resurgent water
The COD, BOD, and TP were
reduced by 66%, 52%,
and 65%, respectively

[210]

New Zealand Carex virgate Storm water

The pond with FTWs achieved
41% TSS, 40% particulate zinc,
39% copper, and 16%
dissolved copper removal
more than pond without FTWs

[111]

New Zealand Carex virgate Domestic wastewater

The removal rate for both TSS
and BOD was more than 93%,
TP and dissolve reactive
phosphorus removal rate were
44.9% and 29.7%

[211]

Pakistan Phragmites australis Synthetic diesel oil
contaminated water

The hydrocarbons
concentration was reduced to
95.8%, COD to 98.6%, BOD to
97.7%, and phenol to 98.9%

[212]

Pakistan

Phragmites australis,
T. domingensis,
Leptochloa fusca and
Brachia mutica

Oil contaminated
stabilization pit

Reduced COD 97.4%, BOD
98.9%, TDS 82.4%,
hydrocarbons 99.1%,
and heavy metals 80%.

[108]

Pakistan Brachia mutica and
Phragmites australis

Oil field-produced
wastewater

The COD, BOD, and oil
contents reduced by 93%, 97%,
and 97%, respectively

[139]

Pakistan Phragmites australis and
Typha domingensis Textile wastewater

The color, COD, and BOD
were reduced by 97%, 87%,
and 92%, respectively

[35]

Pakistan Brachiaria mutica Sewage effluent
The COD, BOD, and oil
contents were approximately
reduced by 80%, 95%, and 50%

[112]

Pakistan
Typha domingensis,
Pistia stratiotes and
Eichhornia crassipes

Textile effluent
The average reduction rate for
color, COD, and BOD was 57%,
72%, and 78%, respectively

[138]

Pakistan

Phragmites australis,
T. domingensis,
Leptochloa fusca and
Brachia mutica

Oil contaminated
stabilization pit

The COD, BOD, and TDS
contents were reduced by 79%,
88%, and 65%

[213]

Sri Lanka Eichhornia crassipes Sewage water The removal rate was 74.8%
for TP and 55.8% for TN [214]
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Table 4. Cont.

Country Plant Name Wastewater Removal Efficiency Reference

Sri Lanka Typha angustifolia and
Canna iridiflora Sewage wastewater

Achieved 80% reduction in
BOD and NH4

+-N, and 40%
reduction in NO3

−-N
[215]

USA Spartina patens Synthetic marine
aquaculture effluent

The TP concentration was
dropped to ranging from
17–40%

[216]

USA Pontederia cordata and
Schoenoplectus tabernaemontani Urban runoff

The TP and TN concentration
were dropped to 60% and 40%
in treated wastewater

[217]

It is well reported that plants with small root structure and slow growth rates are not
suitable for phytofiltration [218]. The dense root structure also favors the bio-adsorption and
biochemical mechanism essential for the pollutant removal process [219]. Although terrestrial
plants demonstrated good potential for phytoremediation in the hydroponic system, they were
not commonly used in FTWs [201]. Species with good potential for rhizo-filtration, such as
Brassica juncea and Helianthus annus, can be used in FTWs. The most commonly used emergent plants
genera/species are Phragmites (Phragmites australis), Typha (Typha angustifolia, Typha latifolia), Scripus
(Scripus lacustris, Scripus californicus), Juncus, Eleocharis, Cyperus, and Elode [33,146,220]. Among all
these Phragmites australis is the most frequently used species in free water surface wetlands followed by
Typha (T. angustifolia and T. latifolia) [221]. The features such as perennial, flood-tolerant, toxic pollutants
tolerant, extensive rhizome system, and rigid stems make it the best contestant for wetlands [204].

A combination of more than one species of plant has also been used many times to see the
effect of using multiple species instead of one. Moreover, different plants have different pollutant
capacities that vary from species to species. Under same conditions Typha angustifolia removes more
nutrients from wastewater as compared to Polygonum barbatum [133]. P. australis produced the highest
amount of biomass, followed by T. domingensis, B. mutica, L. fusca, C. indica, and R. indica, whereas
L. fusca showed the highest plant density followed by B. mutica, P. australis, T. domingensis, C. indica,
and R. indica [108,213]. Plants can uptake dyes, which are the principal constituent of textile wastewater.
Previously, Myriophyllum spicatum and Ceratophyllum demersum species of plants efficiently removed
dyes from synthetic textile wastewater [10].

6.2. Plant Coverage

Plant coverage on a floating mat has a prominent role in the wastewater remediation process.
An increase or decrease in plant density may also increase or decrease the decontamination process.
However, an increase in plant density does not equate with an increase in pollutant removal [118].
The increasing plant density will ultimately decrease the dissolved oxygen level of water under
the floating mats. In a constructed wetland dominated by cattails and reeds, results indicated that
microbial community and nitrate removal rates were high in wetlands with 50% plant coverage than
100% plant coverage [222]. Chance and White [223] reported that non-aerated floating wetlands with
100% planting coverage had a low dissolved oxygen level as compared to floating wetlands with
50% planting coverage. The dense plant coverage limits the gaseous exchange, which mostly occurs
through the uncovered portion of the system [223]. There is little information in the literature on plant
density, but plant coverage is suggested to be less than 80 percent for most FTWs [224].

6.3. Aeration and Dissolve Oxygen

In constructed wetlands, the dissolved oxygen level is an essential factor that can influence
the pollutant removal process. In traditional wetlands, often the problem of insufficient oxygen
supply and inappropriate oxygen distribution are found [225]. The atmospheric reaeration is one
of the most important sources of oxygen supply in wetlands. Plants produce oxygen during the
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photosynthesis process, which can be released from plant leaves and roots into their surrounding
environment [226]. The microbial degradation of organic matter can be achieved under both aerobic
and anaerobic conditions. The aerobic degradation is mostly applied for less polluted wastewater to
achieve high removal efficiency, and anaerobic conditions are favorable for the treatment of highly
polluted wastewater [227]. It is well reported that higher oxygen contents in wetlands enhance the
organic pollutant degradation process [228]. In wetlands, mostly oxygen is consumed by the organic
matter degradation and left insufficient oxygen for the nitrification process and total nitrogen removal
process [229]. The phosphorus removal bacteria in constructed wetlands can uptake more phosphorus
in aerobic conditions as compared to anoxic conditions [230].

The leakage of oxygen from roots facilitates oxygen in FTWs. The extensive roots system, attached
microbial communities, organic growth media, and organic pollutants under floating mats develop a
substantial requirement of oxygen [223]. In addition, the photosynthesis process in water, gaseous
exchange, and aeration may be reduced due to limited sunlight and air circulation, depending on the
coverage area of the floating mat. It may lead to a low oxygen level under the floating mats [118]. It is
widely reported that water under planted floating mats had a low dissolved oxygen level as compared
to floating mats without plants or with artificial roots [111,116,217].

However, an increase in oxygen level does not mean an equal increase in the pollutant removal
process. In some cases, the increasing level of oxygen in wetlands did not result in increased
removal of total nitrogen and total phosphorus [231,232]. Similarly, in FTWs augmented with biofilm,
the increased aeration improved the ammonium and phosphorus removal from polluted river water.
In contrast, this increasing dissolved oxygen level decreased the denitrification process and overall
total nitrogen removal [233]. In another study, while treating the nutrients enriched agricultural
runoff, the aerated water column achieved less nitrogen and phosphorus removal as compared to
the non-aerated water column [223]. Although aerated and non-aerated systems removed an almost
similar amount of ammonia and nitrate, the aerated system showed higher uptake of nitrogen by plants
than the non-aerated system. Park et al. (2019) treated the domestic wastewater through aerated and
non-aerated FTWs coupled with biofilms and concluded that aerated FTWs with biofilms enhanced the
organic matter, nitrogen, and E.coli removal [211]. Furthermore, it showed that FTWs can effectively
perform under aerobic as well as anaerobic conditions.

6.4. Bacterial Inoculation

Plants-microbes interaction in FTWs has been widely studied [211,234,235], and signified the
crucial role of plants-microbes interaction in mitigating the pollutants from wastewater. The plants
and microbe interaction in wetlands largely depend upon plant species, availability of nitrogen,
phosphorus, and various nutrients and minerals. Many plant species could cope with the adverse
impacts of heavy metals and other abiotic stresses via regulating their antioxidants and nutrient
uptake [236–238]. In FTWs, the hanging roots of the plants provide surface area for microbes’
attachment and biofilm formation. Where these bacteria contribute to pollutant removal process
and, in return, get organic carbon and oxygen from plants for their growth and survival [169].
Often, these symbiotic bacteria are not competent enough to remediate the diverse and potentially
toxic pollutants from the wastewater [231]. The remediation potential of FTWs can be enhanced by
inoculating the plants with purposefully isolated bacterial strains [232]. These inoculated bacteria not
only enhance the pollutants remediation process, but also reduce the pollutants induced toxicity in
plants and favor the plant growth by secreting multiple plant growth promoting hormones.

Rehman et al. [175] reported that the inoculation of FTWs with hydrocarbon-degrading bacteria
enhanced the remediation of oil field contaminated water. Further, this plant-bacteria synergism
improved the plant growth by reducing level of hydrocarbon induced toxicity in plants by producing
siderophores and indole acetic acid and some other enzymes. Similarly, the inoculation of plant
roots with rhizospheric and endophytic bacteria enhanced the removal of potentially toxic metals
from the polluted river water and metals uptake and accumulation by plants [123]. Tara et al., 2019
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applied FTWs vegetated with P. australis in combination with three dye degrading and plant growth
promoting bacteria to treat textile effluent. The combined application of P. australis and bacteria
enhanced the organic and inorganic pollutant removal and showed a reduction of 92% in COD, 91% in
BOD, 86% in color, and 87% in trace metals [35]. Dyes degrading bacteria with the ability to degrade
dyes can be isolated from the effluent of textile mills. Bacteria were isolated from textile effluent to
degrade reactive dyes and it was found that three bacterial species, Alcaligenes faecalis, Bacillus cereus,
and Bacillus sp., exhibited the potential to achieve more than 25% decolorization [239]. The bacteria
can also be isolated from the plant parts to use as inoculum in FTWs for the degradation of textile
effluent [38]. Some examples of successful application of bacteria in FTWs are given in Table 5.

Table 5. Inoculation of bacteria in floating treatment wetlands to enhance remediation potential.

Wastewater Plant Specie Inoculated Bacteria Pollutant Removal
Retention

Period
Reference

River water

Phragmites australis,
Typha domingensis,
Brachia mutica,
Leptochloa fusca

Aeromonas salmonicida,
Pseudomonas indoloxydans,
Bacillus cerus,
Pseudomonas gessardii, and
Rhodococcus sp.

Significant reduction in
trace metals contents (Fe,
Mn, Ni, Pb, and Cr)

5 weeks [123]

Diesel
contaminated

water
(1%, w/v)

Phragmites australis

Acinetobacter sp. BRRH61,
Bacillus megaterium RGR14
32,
and Acinetobacter iwoffii
AKR1

95.8% hydrocarbon,
98.6% chemical oxygen
demand (COD), 97.7%
biological oxygen
demand (BOD), 95.2%,
total organic carbon
(TOC), 98.9% Phenol
removal

3 months [212]

Textile effluent Phragmites australis
Acinetobacter junii,
Pseudomonas indoloxydans,
and Rhodococcus sp.

97% color, 87% COD,
and 92% BOD removal 8 days [38]

Oil contaminated
water

Phragmites australis
T. domingensis
Leptochloa fusca
Brachiaria mutica
inoculated with
bacteria

Ochrobactrum intermedium
R2, Microbacterium oryzae
R4, Pseudomonas aeruginosa
R25, P. aeruginosa R21,
Acinetobacter sp. LCRH81,
Klebsiella sp. LCRI-87,
Acinetobacter sp. BRSI56, P.
aeruginosa BRRI54,
Bacillus subtilus LORI66,
and
Acinetobacter junii TYRH47.

97.43% COD, 98.83%
BOD, 82.4% TDS, 99.1%
hydrocarbon content,
and 80% heavy metal
removal

18 months [108]

Phenol
contaminated

water
Typha domingensis

Acinetobacter lwofii
ACRH76, Bacillus cereus
LORH97,
and Pseudomonas sp.
LCRH90

COD was reduced from
1057 to 97 mg/L; BOD5
from 423 to 64 mg/L,
and TOC from 359 to
37 mg/L
Phenol removal of
0.166 g/m2/day

15 days [235]

River water Phragmites australis,
Brachia mutica

Aeromonas
Salmonicida, Bacillus
cerus
Pseudomonas indoloxydans,
Pseudomonas gessardii, and
Rhodococcus sp.

85.9% COD, 83.3% BOD,
and 86.6% TOC
reduction, respectively

96 h [146]

Oil field
wastewater

Brachiara mutica
and
Phragmites australis

Bacillus subtilis LORI66,
Klebsiella sp. LCRI87,
Acinetobacter Junii TYRH47,
Acinetobacter sp. LCRH81

97% COD 93%, and 97%
BOD reduction,
respectively

42 days [139]

Oil field produced
wastewater Typha domingensis

Bacillus subtilis LORI66,
Klebsiella sp. LCRI87,
Acinetobacter Junii TYRH47,
and Acinetobacter sp.
BRSI56

95% Hydrocarbon, 90%
COD, and 93% BOD
content removal

42 days [175]

Sewage effluent Brachiaria mutica

Acinetobacter sp. strain
BRSI56, Bacillus cereus
strain BRSI57, and Bacillus
licheniformis strain BRSI58

Reduction in COD, BOD,
Total nitrogen (TN),
and phosphate (PO4)

8 days [112]
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7. Care and Maintenance of FTWs

FTWs can be constructed by using different types of materials including polyvinyl chloride (PVC)
pipes, bamboo, polystyrene foam, wire mesh, fibrous material, and many more [116,127]. The most
critical factors that should be considered while selecting appropriate material are buoyancy, durability,
performance, eco-friendly, local availability, and cost [116,206]. In general, buoyancy is provided
by floating mats/rafts, which also provide the base for plantation of vegetation. Sometimes plants
can be grown in other structures such as wire mesh structure, and buoyancy can be provided by
different materials such as PVC pipes [116,240]. The floating mats should be strong enough to support
the load of plants, growth media, and be resistant to damage by sun, water, and heavy wind for
long term sustainability. Floating mats should be designed to extend over the width of the retention
pond, making a closed area between the inlets and FTWs for better flow distribution and to prevent
short-circuiting [118,223].

The plants can be established on floating mats by direct seeding, planting cuttings and seedlings
of the plants. The choice of method depends upon plant species, the structure of the floating mat,
and environmental conditions, and availability of plants [118,171]. Direct seeding may be a cost-effective
and rapid method for the vegetation of large-scale FTWs. The species, such as Typha and Phragmites,
are commonly vegetated on floating mats through their cuttings [146]. The planting of seedlings may
be an expensive approach in the sort-term, however, it results in rapid establishment of plants and a
high growth rate. For plants establishment, selection of appropriate growth media is very important,
especially during the initial stage of the plant vegetation. The most commonly used growth media are
coconut fiber, peat, and soil [118,127]. The organic and inorganic fertilizers are also often applied to
ensure better growth and development of plants on floating mats [136]. Care should be taken that
growth media must have the ability to hold enough water for plant uptake and air circulation to
maintain aerobic conditions, be resistant to waterlogging, and have ideal pH for plant growth [118,223].

It is suggested to avoid tall plants for FTWs, as during windy periods, these plants may cause
the floating mat to drift, and laying of these plants in one direction may cause the salting or turnover
of the floating mats [118,171]. Further, the plants with lose and large above-ground biomass should
be avoided to limit the accumulation of dead plant biomass and release of accumulated pollutants in
the water column [118]. Care should be taken while planting that plant roots should be able to reach
the water column to ensure the availability of water during the initial stage of development [119,127].
After initial days of plantation, some plant may die due to unfavorable environmental conditions or
toxicity of polluted water. Additionally, plants may die back during regular weather changes and by
severe deoxygenation conditions below the floating mats. This issue can be solved by replanting the new
plants at the free area of the floating mats [130]. Periodic trimming and harvesting of the plants may boost
plant growth and prevent the accumulation of plant detritus and biomass on the floating mats [168].

Floating mats should be secured appropriately in the aquatic ponds to prevent drifting due to
wind and waves [116]. The floating mats can be supported by fastening the floating mat’s corners to
the side of the ponds and anchoring them. Care must be taken to ensure that there should be some
flexibility in the anchored ropes to adjust floating mats with changing water levels to the prevent
sinking or submerging of floating mats during rising water level. In the windy area, the chances of
over-turn of floating mats can be minimized by installing small floating mats rather than a large one
with low height vegetation [118]. In a warmer climate, vegetation on floating mats may become a
habitat for mosquito and other similar insects. This problem can be controlled by maintaining aerobic
conditions in the pond, water spray on plants, frequent harvesting of the plants, and by use of approved
chemical and biological control agents for these insects [241,242]. The periodic harvesting of the plants
also improves the ability of plants to uptake nutrients and phosphorus from the polluted water.

The growth of invasive species on the FTWs may pose a potential issue for specific vegetation.
The predominance of selected species can be maintained by regularly checking and pulling the weeds
from the floating mats [243,244]. Regular monitoring of the FTWs is also vital to maintain the aesthetic

161



Sustainability 2020, 12, 5801

value and prevent the clogging of inlet and outlet by the accumulation of plastic bottles, plant branches,
and other non-biodegradable materials [118].

8. Conclusions and Recommendations

FTWs can be a viable option for remediation of textile wastewater as an alternative to costly and
partially effective conventional wastewater treatment methods. The combined action of plants and
associated biofilm in FTWs can efficiently remove the solid particles, organic matter, dyes, pigments,
and heavy metals. The P. australis and T. domingensis have been widely used for FTWs and found efficient
for remediation of textile effluent. FTWs are cost-effective, but need proper care and maintenance
for long term performance. The harvesting of plants on floating mats can further boost the pollutant
removal process and reduce the addition of litter and plant material in water.

The manipulation of characteristics such as plant selection, biofilms, plant coverage,
and oxidation/aeration can be used further to enhance the remediation potential of FTWs.
The development of guidelines for the right selections of plants for specific types of textile effluents
can increase the success rate of FTWs. Further research is required to isolate and characterize the
specific bacterial strains capable of colonizing the plants for remediation of textile effluent according
to pollutant load. One of the main hindrances in the application of FTWs is the availability of land,
which can be solved by the installation of FTWs on already existing water ponds.

Most of the studies conducted on the application of FTWs for treatment of textile effluent were on
lab or pilot scale for a short duration. Therefore, it is suggested to research large scale application of
FTWs for remediation of textile wastewater under natural environmental conditions. Further, the effect
of weather should be deeply observed to analyze the performance of FTWs under changing temperature,
precipitation, and other environmental conditions. The proper disposal of harvested plant biomass and
litter also needs extensive research for safe disposal of extracted pollutants from the treated wastewater.
The use of harvested grasses from the floating mat as the fodder of livestock needs careful investigation
of nutritional values of plants, accumulated pollutants in plant parts, and the ultimate effect on animal
and animal products and transportation in the food chain.
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Abstract: Excessive use of detergents in wide industrial processes results in unwanted surfactant
pollution. Among them, sodium dodecyl sulphate (SDS) has well-known history to be used in
pharmaceutical and industrial applications. However, if discharged without treatment, it can cause
toxic effects on living organisms especially to the aquatic life. Floating treatment wetlands (FTWs)
could be a cost-effective and eco-friendly options for the treatment of wastewater containing SDS.
In this study, FTWs mesocosms were established in the presence of hydrocarbons-degrading bacteria.
Two plant species (Brachiaria mutica and Leptochloa fusca) were vegetated and a consortium of bacteria
(Acinetobacter sp. strain BRSI56, Acinetobacter junii strain TYRH47, and Acinetobacter sp. strain
CYRH21) was applied to enhance degradation in a short-time. Results illustrated that FTWs vegetated
with both plants successfully removed SDS from water, however, bacterial augmentation further
enhanced the removal efficiency. Maximum reduction in SDS concentration (97.5%), chemical oxygen
demand (92.0%), biological oxygen demand (94.2%), and turbidity (99.4%) was observed in the water
having FTWs vegetated with B. mutica and inoculated with the bacteria. The inoculated bacteria
showed more survival in the roots and shoots of B. mutica as compared to L. fusca. This study
concludes that FTWs have the potential for the removal of SDS from contaminated water and their
remediation efficiency can be enhanced by bacterial augmentation.

Keywords: hydroponic root mats; plant-bacteria partnership; detergents; phytoremediation; wastewater

1. Introduction

The consumption of detergents is increasing due to industrialization and urbaniza-
tion, which results in the discharge of a higher concentration of these pollutants in the
environment. Detergents are synthetic organic compounds that are used extensively in
different cleansing activities such as car washing facilities, laundries, household as well
as in many industries such as cosmetics, textile, paper, etc. [1–3]. These compounds can
cause complications in sewage treatment due to their high foaming ability, lower oxy-
genation potential, and subsequently kill aquatic organisms including fish [4,5]. A typical
detergent contains surfactants (10 to 20%), bleach (7%), phosphate builders (50%), and ad-
ditives (23–33%). Among these, surfactants are the components that are responsible for
the cleaning action of detergents [6,7]. Surfactant molecules are composed of a polar head
group which may either be charged or uncharged and a non-polar hydrocarbon tail [8–10].
The hydrophilic and hydrophobic properties of these molecules make them suitable for
a cleansing purpose [11]. One of the main surfactants in detergents is sodium dodecyl
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sulfate (SDS) or sodium lauryl sulphate (SLS), which has extensive applications in various
sectors [12–15]. Further, they are used to modify many adsorbents to increase the efficiency
of removing many pollutants. Traditionally, surfactants have been categorized into four
types based on the hydrophilic heads, namely, anionic, cationic, amphoteric, and non-
ionic [16]. Among them, ionic surfactants have received tremendous attention because they
are very popular, strongest, and inexpensive agents [17,18]. They have a negative charge on
their hydrophilic end that helps the surfactant molecules lift and suspend particles in the
micelles. In the micelle, the surfactants are oriented with their charged head groups toward
the solid surface while the hydrophobic hydrocarbon chains protrude into aqueous phase
followed by their effective removal from the contaminated environment [18,19]. SDS is
an anionic surfactant that exhibits these properties. However, different researchers have
also reported the toxic effects of SDS on living organisms especially fish and microbes like
yeast and bacteria. It is also toxic to mammals such as human beings though to a lesser
extent [20].

Many traditional methods, such as coagulation, filtration with coagulation, distilla-
tion, precipitation, ozonation, adsorption, ion exchange, sedimentation, filtration, reverse
osmosis, and advanced oxidation have been reported for the removal of SDS from the
wastewater [21–23]. However, these methods are less sustainable because of their high
operational, capital, and maintenance costs [24–26]. Moreover, one of the drawbacks of
these methods is the generation of toxic sludge which may produce secondary pollu-
tion [27–29]. Therefore, remediation of the wastewater by a technology that has low capital
and operational costs, self-sustaining, and environmentally friendly is required [30,31].
Recently, the use of floating treatment wetlands (FTWs) is considered a promising method
for the treatment of contaminated water [32–36]. These FTWs are small artificial self-
buoyant mats or hydroponics platforms [37,38] that permit the aquatic plants to grow in
water that is typically too deep for them [6]. These have been considered applicable and
proved to be very effective and suitable in the restoration of contaminated water due to
their multi-pollutant treatment capability, low cost, easy operation and do not require any
technical skills for operation and maintenance [24,39–41]. In FTWs, plants’ roots provide
a wide surface area for the growth and proliferation of microorganisms which results in
the formation of biofilm on the roots [42–44]. The biofilm is the place where the major-
ity of nutrients uptake and organic pollutants degradation takes place in FTWs [45,46].
The microorganisms contain certain enzymes such as alkyl sulfatases which initiate the
degradation of detergents by catalyzing the hydrolytic cleavage of ester bonds to release
inorganic sulfates [47–50]. The resulting parental alcohol upon β-oxidation is degraded
and transformed into water and carbon dioxide [1].

Brachiaria mutica (Para grass) and Leptochloa fusca (Kallar grass) are the two different
plant species used in the remediation of contaminated soil and water [42,43]. These are
common salt-tolerant grasses with an extensive root system and biomass that allow them
to withstand stress conditions, such as wastewater [42,43]. The present work aimed to
evaluate the effect of inoculation of the bacteria in FTWs, vegetated with B. mutica and
L. fusca, on the remediation of SDS contaminated water. We selected SDS as a model
compound because it is abundantly found in the domestic wastewater. It has extensive
application in cleaning and hygiene products such as household detergents, car wash
shampoos, soaps, and toothpaste [15]. The adsorption potential of SDS on various sub-
strates is already investigated [16–18]; nevertheless, removal efficiency by CWs from the
contaminated wastewater is still unknown. In this study, we investigated the treatment
performance of the system by evaluating temporal decrease in SDS concentration, COD,
and BOD reduction in the water. Moreover, the persistence of the inoculated bacteria was
monitored in the water, and root and shoot of the plants.
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2. Materials and Methods

2.1. Bacterial Strains

Seven bacterial strains (Bacillus pumilus strain RT1, Acinetobacter sp. strain BRSI56,
Acinetobacter junii strain TYRH47, Acinetobacter sp. strain CYRH21, Pseudomonas aeruginosa
strain BRRI54, Burkholderia phytofirmans PsJN, and Klebsiella sp. strain LCRI-87) were tested
for their ability to degrade SDS. These strains were already isolated and characterized for
oil degradation and plant growth promoting activities [51,52]. The strains were cultivated
in an M9 medium containing 50 mg L−1 SDS at 37 ◦C in a shaking incubator. Their SDS
degradation potential and growth were monitored. Among these, three (Acinetobacter sp.
strain BRSI56, Acinetobacter sp. strain CYRH21, and B. phytofirmans PsJN) were selected
based on their maximum growth and SDS degradation potential. The selected strains were
grown in LB broth overnight, and their cells were harvested by centrifugation. The bacterial
consortium was prepared by mixing equal numbers of cells of each strain. One hundred
mL of this consortium was used for inoculation in each FTWs mesocosm.

2.2. Development of FTWs

Eighteen FTWs mesocosms were established in 50 L plastic drums in the vicinity
of NIBGE, Faisalabad (Figure 1). For the development of FTWs, a polyethylene sheet
(Jumbolon Roll) was used for preparing hydroponic mats. The octagon-shaped sheet
having 3 inches thickness was drilled from the middle to make a hole for vegetation.
The cuttings (20) of B. mutica and L. fusca were taken from the nursery (developed in the
vicinity of NIBGE, Faisalabad), and placed in each hole, and then soil and coconut shavings
were used to support the cuttings in these holes. The cuttings were allowed to grow for
two months in tap water to develop fresh roots and leaves, after that the water of the pots
was replaced with SDS contaminated water (50 mg L−1) and bacterial consortium (100 mL)
was added to the required treatments. Different treatments having floating mats were:
SDS contaminated water without vegetation and bacteria (C), SDS contaminated water with
L. fusca (T1), SDS contaminated water with L. fusca and bacteria (T2), SDS contaminated
water with B. mutica (T3), SDS contaminated water with B. mutica and bacteria (T4), and SDS
contaminated water with bacteria (T5). Each treatment was in triplicate and the whole
experimental setup was placed at a place having ambient conditions of temperature and
light from June to August 2020.

2.3. Water Analysis

The water samples were collected every 24 h from each treatment and analyzed for
pH, turbidity, BOD, and COD as described earlier (APHA, 2005) [53]. Turbidity was
determined by using Spectro Quadrant Nova 60. The benchtop digital AccumetModel-
25 pH meter (Denver Instrument, Denver, CO, USA) was used to determine the pH.
The COD was analyzed by colorimetric method using a Spectrophotometer. The BOD was
determined by a 5-Day BOD test. The concentration of SDS in the water was determined
spectrophotometrically as described earlier [42,43]. At first, 1 drop of 1% phenolphthalein
solution was added to the solution as an indicator. Then, 1 M NaOH was added until the
color was changed to pink, which was followed by the addition of 1 M H2SO4 until the
solution became colorless. The chloroform and methylene blue reagents were then added in
the solution. All of the procedure was done in a separatory funnel. The flasks were shaken
for about 30 s and for the phase separation, these flasks were left for 30 min. The chloroform
layer was extracted in a 100 mL of Erlenmeyer flask. The procedure was repeated thrice by
adding 5 mL of chloroform. Three layers of chloroform were obtained. The chloroform
layer was extracted in a volumetric flask. The absorbance of chloroform was measured
by a spectrophotometer at 652 nm against the blank chloroform. The blank was prepared
by adding 5 mL phosphate buffer solution, 2 mL cationic dye (methylene blue) solution,
and 5 mL of extracting solvent (chloroform) in 100 mL distilled water. Standard solution
was prepared by adding 5 mL phosphate buffer solution, 2 mL the dye solution, and 5 mL
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of extracting solvent in 100 mL of 10 ppm standard SDS solution. The calculations were
performed as follows:

Standard Factor = 10/OD of standard solution
Detergents (mg/L) in wastewater sample = OD of sample × SF

 

D 

A B 

C 

E 

Figure 1. (A) Development of floating treatment wetlands. Buoyant mat, (B) vegetation of the plant
in plastic pot, (C) fixing of the pot in the mat, (D) placement of the vegetated mat in the tank, (E) and
different treatments for the remediation of SDS contaminated water.
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2.4. Determination of Persistence of Inoculated Bacteria

The number of inoculated bacteria in the water was determined by the plate count
method as described earlier [42,43]. Briefly, the water samples were plated on M9 agar
plates containing SDS (50 mg L−1). At the end of the experiment, the roots, and shoots of
T3 treatments were collected and surface sterilized by 70% ethanol followed by washing
with bleach (1%, v/v) and rinse with autoclaved distilled water three times. The surface-
sterilized roots and shoots were then homogenized in 0.9% (w/v) NaCl solution and plated
on the M9 media containing SDS (50 mg L−1). The plates were incubated at 37 ◦C for 48 h.
The number of colonies forming units (CFUs) was counted and the identity of the isolates
was compared with the inoculated strains by restriction fragment polymorphism analysis
as described earlier [32–36].

2.5. Data Analysis

The data were analyzed using the SPSS software package. Comparisons among
treatments were carried out by one-way analysis of variance (ANOVA). Duncan’s test was
applied for ANOVA after testing homogeneity of variance.

3. Results and Discussion

3.1. Performance Evaluation of FTWs

The performance of FTWs with and without bacterial consortium was evaluated by
analyzing the water quality parameters such as SDS, COD, BOD, pH, and turbidity of
the water samples. FTWs, vegetated with both plants, efficiently reduced the level of all
the tested water quality parameters. The reduction of SDS, COD, and BOD was more in
the FTWs vegetated with B. mutica and L. fusca (T1 and T3) (Figures 2–4) as compared
to unvegetated treatment (C). Usually, plants can take up the organic contaminants from
the environment if the water octanol partition coefficient (log kow) ranges between 0.5 to
3.5. The log kow values of SDS is 1.6 that makes it an easy compound to be taken up by
the plants. This might be the reason that even vegetation alone significantly reduced the
SDS concentration and other pollution parameters in the contaminated water. Neverthe-
less, performance of B. mutica was better than L. fusca which could be due to the better
adaptability of B. mutica in this kind of wastewater. It is previously reported that B. mutica
outperforms in the wetlands even under harsh environmental conditions for the removal of
variety of organic and inorganic contaminants [41]. On the other hand, a significantly better
reduction in SDS, COD, and BOD concentration (90–97.5%) was observed in the FTWs
having both vegetation and bacterial inoculation (T2 and T4) than in the FTWs having
only vegetation (T1 and T3) or bacterial inoculation (T5). This could be due to the effective
plant-microbe interplay in the FTWs: (1) inoculated bacteria were previously isolated from
the shoot and root interior of plants so they could have already developed mechanisms
of proliferation in the plant rhizo- and endosphere that allow the bacteria have helped
degrade the SDS and supported the health of host plant in a synergistic manner, and (2) the
bacteria possessed genes involved in pollutant degradation and plant growth promoting
activities, i.e., 1-aminocyclopropane-1-carboxylate (ACC) deaminase, siderophores produc-
tion, phosphorus solubilization [54–57]. Once again, maximum reduction in SDS (97.5%),
COD (92%), and BOD (94%) were observed in the treatments vegetated with B. mutica and
bacterial inoculation. This might be attributed to the better plant-bacteria synergism in
FTWs having B. mutica as compared to L. fusca. In our earlier investigations, we found
that B. mutica allows proliferation of diverse and rich bacteria in the rhizo- and endosphere
that overall improves the health of the host plant and degradation potential of the wetland
system [42]. The reduction in COD and BOD might be related to the bacterial enzymatic
activities that cause the degradation and transformation of SDS into simpler metabolites
which are then taken up by the plants in the form of nutrients [41,57]. Both COD and
BOD are important water quality parameters, and their attenuation indicates the cleaning
of contaminated water [42]. Alongside, high oxygen concentration is fundamental to
such environment and successful interactions among plant roots and associated bacteria
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rely on the availability of oxygen diffusion. In a well growing FTW system, vegetation
could have provided oxygen in the rhizosphere through the plant roots thus allowing the
microbes to nurture and ultimately leads to the degradation of contaminants [42,54,55].
The synergistic interactions between plants and microorganisms intensified the oxidation
and reduction processes which are responsible for the removal and degradation of a wide
range of contaminants [56]. These results are following the previously published findings
which reported that bacterial inoculation enhanced the efficiency of FTWs [42,57].

 
Figure 2. COD of water treated by floating treatment wetlands vegetated with L. fusca and B. mutica at different times. SDS
contaminated water without vegetation and bacteria (C), SDS contaminated water with L. fusca (T1), SDS contaminated
water with L. fusca and bacteria (T2), SDS contaminated water with B. mutica (T3), SDS contaminated water with B. mutica
and bacteria (T4), and SDS contaminated water with bacteria (T5). Error bars indicate the standard error among the three
replicates. Labels (a)–(j) indicate statistically significant differences between treatments at a 5% level of significance.

 
Figure 3. BOD of water treated by floating treatment wetlands vegetated with L. fusca and B. mutica at different times. SDS
contaminated water without vegetation and bacteria (C), SDS contaminated water with L. fusca (T1), SDS contaminated
water with L. fusca and bacteria (T2), SDS contaminated water with B. mutica (T3), SDS contaminated water with B. mutica
and bacteria (T4), and SDS contaminated water with bacteria (T5). Error bars indicate the standard error among the three
replicates. Labels (a)–(j) indicate statistically significant differences between treatments at a 5% level of significance.
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Figure 4. SDS concentrations after treatment with floating treatment wetlands vegetated with L. fusca and B. mutica at
different times. SDS contaminated water without vegetation and bacteria (C), SDS contaminated water with L. fusca (T1),
SDS contaminated water with L. fusca and bacteria (T2), SDS contaminated water with B. mutica (T3), SDS contaminated
water with B. mutica and bacteria (T4), and SDS contaminated water with bacteria (T5). Error bars indicate the standard
error among the three replicates. Labels (a)–(j) indicate statistically significant differences between treatments at a 5% level
of significance.

In this study, 13% removal of SDS was also observed in the control when no veg-
etation and bacterial consortium was present. This could be attributed to natural fac-
tors such as photooxidation, adsorption, and indigenous role of microbial communities.
However, the degradation was further enhanced by vegetation and bacterial inoculation.
Specifically, SDS removal was enhanced to >90% when plants and bacterial consortium
was applied together. Earlier studies revealed that some bacterial species could degrade
the SDS and reduced its concentration to 0.1% within 11 days [11,58–60]. On the contrary,
in this study, the plant-bacterial partnership in FTWs reduced the concentration of SDS to
0.1% only in five days.

Apart from the reduction in the above-mentioned parameters, the pH of the SDS
contaminated water was slightly decreased, i.e., from 8.6 to 7.9 in FTWs vegetated with
L. fusca, and from 8.6 to 7.8 in FTWs vegetated with B. mutica (Table 1). More reduction in
the pH was observed in vegetated wetland units as compared to unvegetated units which
might be related to the production of carbon dioxide (CO2) during roots respiration [45].
Maximum pH reduction was observed in the treatment having B. mutica and bacterial
inoculation. This decrease in pH might be related to the degradation of SDS by microor-
ganisms that yield CO2 that reacts with oxygen in the water and produces carbonic acid.
Alongside, this reduction might have been related to the acidic root exudates as well which
are released by the plants under standard conditions. Previous studies also reported pH
reduction in water treated by FTWs vegetated with different plants [45,46]. A similar trend
was observed for turbidity removal in all the treatments. However, the FTWs containing
both B. mutica and bacterial inoculation showed maximum reduction (99.4%) of turbidity
(Table 1).

181



Sustainability 2021, 13, 2883

Table 1. Effect of bacterial augmentation on pH and turbidity of SDS contaminated water treated by floating treatment
wetlands vegetated with Leptochloa fusca and Brachiaria mutica.

Time
(h) Control (C)

L. fusca B. mutica
T5

T1 T2 T3 T4

pH Turbidity pH Turbidity pH Turbidity pH Turbidity pH Turbidity pH Turbidity

0 8.62
(0.13)

33.62
(2.07)

8.60
(0.22)

33.02
(1.52)

8.57
(0.21)

33.05
(2.78)

8.62
(0.31)

33.04
(1.65)

8.52
(0.22)

33.28
(1.72)

8.62
(0.31)

33.04
(1.15)

24 8.57
(0.28)

32.43
(2.19)

8.43
(0.12)

31.08
(1.23)

8.3
(0.22)

29.28
(1.55)

8.25
(0.12)

30.47
(1.53)

8.15
(0.14)

28.08
(1.56)

8.52
(0.70)

32.05
(1.23)

48 8.4
(0.12)

31.26
(2.54)

8.32
(0.11)

27.25
(1.05)

8.2
(0.14)

23.25
(1.05)

8.14
(0.17)

26.47
(2.05)

8.05
(0.11)

19.45
(1.03)

8.47
(0.20)

30.82
(1.52)

72 8.3
(0.14)

31.08
(3.04)

8.27
(0.15)

22.08
(3.35)

8.1
(0.17)

15.72
(2.08)

8.02
(0.13)

19.48
(1.08)

7.92
(0.20)

12.18
(1.64)

8.32
(0.10)

23.15
(1.58)

96 8.2
(0.21)

30.27
(2.45)

8.13
(0.23)

16.48
(2.95)

8.0
(0.11)

7.08
(1.52)

8.03
(0.15)

12.78
(2.05)

7.83
(0.10)

4.05
(1.17)

8.25
(0.21)

16.24
(1.39)

102 8.2
(0.22)

29.72
(2.06)

8.05
(0.16)

7.05
(1.85)

7.9
(0.23)

2.08
(1.62)

7.92
(0.22)

3.08
(1.04)

7.84
(0.25)

0.18
(0.05)

8.23
(0.22)

11.75
(1.05)

Each is the mean of three replicates, and values in parenthesis indicate standard deviation. SDS contaminated water without vegetation and
bacteria (C), SDS contaminated water with L. fusca (T1), SDS contaminated water with L. fusca and bacteria (T2), SDS contaminated water
with B. mutica (T3), SDS contaminated water with vegetation (B. mutica) and bacteria (T4), and SDS contaminated water with bacteria (T5).

3.2. Persistence of Inoculated Bacteria in FTWs

In phytoremediation, plant-bacteria synergism plays a key role in the degradation of
organic contaminants. It has been proposed that the ability of a plant to remediate water
is directly related to a number of the contaminants-degrading bacterial population in its
different compartments [42,57]. In this study, the persistence of inoculated bacteria was
determined in the water as well as the roots and shoots of the plants. In the water from
unvegetated treatment (T5), a relatively lower number of inoculated bacteria were found
as compared to the water collected from the treatment having vegetation (T2 and T4).
This might be due to the lack of mutualistic partnership between the plant and bacteria.
The plant provides nutrients, oxygen, and shelter to the residing microorganisms thus
allow them to grow, proliferate, and nurture [42,57].

The survival and colonization of inoculated bacteria in the FTWs is highly crucial for
efficient degradation of the contaminants [42]. In this study, inoculated bacteria showed
survival in the root and shoot interiors of B. mutica and L. fusca. This could be due to
the fact that all of the inoculated bacteria were previously isolated from the rhizosphere,
roots, and shoots of the wetland plants. Therefore, they might have developed necessary
mechanisms to colonize the plant interior for B. mutica and L. fusca as well [35,36,41,42,57].
Further, we observed that the bacterial population in the root interior was significantly
higher than that of the shoot interior of both plants. The higher population in the roots
could be attributed to the fact the inoculated strains were often observed in the rhizo-
spheric and root interior of the wetland plants in earlier studies, which suggest their better
colonization potential in the root environment compared to the shoot [52]. Also, in this
study, the observations were made after a few days only and the time might not have
been sufficient for the active migration of the bacterial communities to the aboveground
tissues. Many earlier studies also demonstrated that a higher number of the inoculated
bacteria was found in the root interior than the shoot interior [40–42]. Between two plants,
the more bacterial population was observed in the root, shoot, and water of the FTWs
vegetated with B. mutica than L. fusca (Table 2). This indicates that B. mutica is a more
suitable host for the inoculated bacterial community than the L. fusca. Many earlier studies
also reported that different plant species hosted different numbers of bacteria in their
different compartments [42,43].
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Table 2. Persistence of the inoculated bacteria in the water, root interior, and shoot interior of Leptochloa fusca and Brachiaria
mutica vegetated in FTWs.

Treatment
Time

0 h 48 h 96 h 102 h

Water (CFU ml−1)

L. fusca and bacteria 8.2 × 105 (5.2 × 103) 5.0 × 103 (2 × 102) 4.0 × 102 (2.2 × 102) 1.5 × 102 (0.9×102)
B. mutica and bacteria 8.2 × 105 (5.2 × 103) 7.3 × 103 (2.5 × 102) 9.1 × 102 (1.5 × 102) 2.1 × 102 (1.0×102)

Bacteria 8.2 × 105 (5.2 × 103) 4.5 × 102 (1.2 × 102) 2.6 × 102 (1.0 × 102) 1.2 × 102 (0.8×102)

Root interior (CFU g−1)

L. fusca and bacteria – 6.6 × 103 (2.3 × 102) 4.8 × 104 (2.2 × 102) 6.4 × 104 (2.7×102)
B. mutica and bacteria – 3.0 × 104 (1.8 × 102) 6.0 × 105 (4.3 × 102) 8.7 × 105 (6.2×102)

Shoot interior (CFU g−1)

L. fusca and bacteria – 1.7 × 102 (0.9 × 102) 5.1 × 103 (2.6 × 102) 6.2 × 103 (3.5×102)
B. mutica and bacteria – 2.7 × 102 (1.1 × 102) 5.8 × 103 (3.0 × 102) 7.0 × 103 (1.1×102)

4. Conclusions

This study establishes the usefulness of exploiting rhizospheric and endophytic bac-
teria in FTW in a partnership with two wetland plants namely B. mutica and L. fusca for
reclamation of water contaminated with SDS. We argue that a traditional FTW can be an
effective choice for enhanced SDS removal from the wastewater if well-screened bacterial
communities are inoculated in the system. In this way, a successful attenuation in COD,
BOD, and pollutant of interest (SDS) could be achieved in a very short time. This study
also argues that, if inoculated bacteria are compatible with the host and do not compete for
resources with each other, they can survive well in planta, support the host health, and im-
prove pollutant degradation. The better performance of B. mutica nevertheless indicates
that different plants have different capacity of effective plant-microbe interplay which
should be investigated carefully before designing an experiment. In the end, this study
strengthens the application of pollutant degrading bacteria in FTW for the remediation of
water contaminated with organic compounds. Nevertheless, further studies on the activity
of enzymes alkyl sulfatases for the degradation of SDS are suggested.
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Abstract: Acetaminophen (ACE) is a widely used medicine. Currently, concerns regarding its
potential adverse effects on the environments are raised. The aim of this study was to evaluate
ACE biodegradation in mangrove sediments under aerobic and anaerobic conditions. Three ACE
biodegradation strategies in mangrove sediments were tested. The degradation half-lives (t1/2)
of ACE in the sediments with spent mushroom compost under aerobic conditions ranged from
3.24 ± 0.16 to 6.25 ± 0.31 d. The degradation half-lives (t1/2) of ACE in sediments with isolated
bacterial strains ranged from 2.54 ± 0.13 to 3.30 ± 0.17 d and from 2.62 ± 0.13 to 3.52 ± 0.17 d under
aerobic and anaerobic conditions, respectively. The degradation half-lives (t1/2) of ACE in sediments
amended with NaNO3, Na2SO4 and NaHCO3 under anaerobic conditions ranged from 1.16 ± 0.06 to
3.05 ± 0.15 d, 2.39 ± 0.12 to 3.84 ± 0.19 d and 2.79 ± 0.14 to 10.75 ± 0.53 d, respectively. The addition
of the three electron acceptors enhanced ACE degradation in mangrove sediments, where NaNO3

yielded the best effects. Sixteen microbial genera were identified as the major members of microbial
communities associated in anaerobic ACE degradation in mangrove sediments with addition of
NaNO3 and Na2SO4. Three (Arthrobacter, Enterobacter and Bacillus) of the sixteen microbial genera
were identified in the isolated ACE-degrading bacterial strains.

Keywords: acetaminophen; mangrove sediments; biodegradation; aerobic conditions;
anaerobic conditions

1. Introduction

Acetaminophen (N-acetyl-p-aminophenol; ACE) is a widely used representative medicine. As a
nonsteroidal anti-inflammatory drugs (NSAIDs), ACE exhibits analgesic and antipyretic properties
and acts via inhibition of cyclooxygenase enzymes [1]. The reported concentrations of ACE range from
0.003 to 30 mg L−1 in stream water, sewage treatment plant influents and effluents [2–4]. The frequent
detection of ACE in aquatic environments has raised concerns regarding its potential deleterious effects
on the environments [5–8].

Mangrove ecosystems along the coastlines of tropical and subtropical regions are important
intertidal estuary wetlands that considered to be significant sinks of pollutants from contaminated
tidal water and discharges from freshwater [9]. The mangroves of Guandu and Bali are located on the
banks of the Danshui River, one of the most polluted rivers in northern Taiwan. The concentrations
and degradation of nonylphenol, sulfonamides and polycyclic aromatic hydrocarbons in the mangrove
sediments have been reported [10–13].

Physicochemical methods such as primarily advanced oxidation processes (AOPs), homogeneous
and heterogeneous photocatalysis, Fenton and Fenton like reactions, ozonation, and methods involving
ultrasound and microwave treatments, or electrochemical processes are not appropriate for treating
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ACE in mangrove sediments [14]. Biodegradation is an effective strategy to remove organic pollutants
from sediments. Most studies on pharmaceutical biodegradation are focused on their removal during
wastewater treatment processes [15]. Some investigations evaluated the microbial degradation of drugs
and artificial compounds in freshwater [16] as well as in ocean and estuary waters [17]. The microbial
degradation of drugs depends on the prevailing oxygen availability and redox conditions in sediments.
However, little is known regarding the aerobic and anaerobic biodegradation potential of ACE in
mangrove sediments.

Biodegradation is believed to be an effective strategy for eliminating contaminating ACE in
environments. To enhance the efficiency of degradation, three remedial strategies have been proposed:
natural attenuation, bioaugmentation and biostimulation [18]. Microbial degradation of ACE has been
observed in bacterial strains. Pseudomonas aeruginosa strain HJ1012 was isolated on ACE as a sole
carbon [19]. Pseudomonas moorei KB4 can metabolize ACE, with p-aminophenol and hydroquinone
identified as degradation products [14]. Two ACE-metabolizing strains, Delftia tsuruhatensis and
Pseudomonas aeruginosa, were isolated from the membrane bioreactor [20]. White rot fungus Pleurotus
eryngii is one of the most widespread mushrooms consumed in the world. spent mushroom compost
(SMC) is a mushroom industry waste which contains extracellular enzymes with organic pollutant
degradation ability [21]. The addition of enzyme containing microcapsules (MC) was found to be
effective for aerobic degradation of organic pollutants [12] and the aerobic degradation of tetracyclines
in the river sediments [22]. Addition of NaHCO3, Na2SO4, andNaNO3 could create methanogenic
conditions, sulfate-reducing conditions and nitrate-reducing conditions, respectively, as well as
enhance anaerobic degradation of organic pollutants [13]. Therefore, the addition of ACE-degrading
bacteria, MC and electron acceptors such as NaNO3, Na2SO4 and NaHCO3 were used to promote ACE
degradation in this study.

The aim of this study is to evaluate strategies for enhancing biodegradation of ACE in mangrove
sediments under aerobic and anaerobic conditions. Three strategies, including addition of MC, addition
of ACE-degrading bacterial strains isolated from sediments and addition of electron acceptors (NaNO3,
Na2SO4 or NaHCO3). The microbial communities involved in aerobic and anaerobic degradation of
ACE in the mangrove sediments were investigated.

2. Materials and Methods

2.1. Chemicals

The ACE (99.0% analytical standard) used in this study was purchased from the Aldrich Chemical
Co. Solvents were purchased from Mallinckrodt, while all other chemicals were purchased from Sigma
Chemical Co. (USA).

2.2. Sample Collection

Samples were taken from the Guandu sampling site (25.11◦68.43′ N, 121.46◦41.53′ E) and Bali
sampling site (25.15◦86.13′ N, 121.43◦55.75′ E) at Tamsui, northern Taiwan. Figure S1 shows the
locations of the two sample collection sites. Sediments (0–15 cm) were collected in spring (March 2015).
All samples from each sampling site were randomly collected, in triplicate, from an area approximately
1 m2. Adaptation was performed by adding 100 mg kg−1 ACE to 500 g of sediment at 14-d intervals at
30 ◦C for 6 months under aerobic or anaerobic conditions. The sediment samples were analyzed for
salinity, temperature, TOC, bacterial count, and ACE concentration. The salinity and temperature were
measured by salinity/temperature meter (model 30, YSl, USA). The sediment samples were mixed in
a ratio of 1:1 with distilled water in a beaker before inserting the probe. Readings were taken after
allowing the instrument to stabilize. The TOC was measured using a TOC Analyzer (OI Analytical
1030 W, USA). The bacterial counts were enumerated by pour plate method and grown on R2A agar.
Sediments properties for the Guandu and Bali sampling sites were listed in Table 1.
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Table 1. Sediments properties for the two sampling sites.

Parameters Guandu Sampling Sites Bali Sampling Sites

Bacterial counts (1.9 ± 0.2) × 106 CFU g−1 (2.6 ± 0.3) × 105 CFU g−1

Temperature 18.1 ± 1.1 ◦C 20.5 ± 1.9 ◦C
Salinities 11.1‰ ± 0.3‰ 16.5‰ ± 1.5‰

TOC 3.6 wt% ± 0.2 wt% 2.5 wt% ± 0.4 wt%
ACE concentrations 0.89 mg kg−1 0.45 mg kg−1

2.3. Medium

The aerobic medium contained the followings (mg L−1): K2HPO4, 65.3; KH2PO4, 25.5;
Na2HPO4·12 H2O, 133.8; NH4Cl, 5.1; CaCl2, 82.5; MgSO4·7H2O, 67.5; and FeCl3·6H2O, 0.75.
The anaerobic medium contained the followings (mg L−1): NH4Cl, 2.7; MgCl2·6H2O, 0.1; CaCl2·2H2O,
0.1; FeCl2·4H2O, 0.02; K2HPO4, 0.27; KH2PO4, 0.35; and resazurin, 0.001. The pH of the medium was
adjusted to 7.0 using 0.9-mM titanium citrate as a reducing reagent before autoclaving. The aerobic
and anaerobic medium were used under aerobic and anaerobic conditions, respectively.

2.4. Preparation of Enzyme Extract-Containing Microcapsules (MC)

The SMC of Pleurotus eryngii was obtained from a mushroom cultivation farm in Chiayi, Taiwan.
The enzyme extract was extracted from the 120 g SMC with 600 mL sodium acetate buffer (pH 5.0) for
3 h at 4 ◦C. Alginate solution was made by dissolving sodium alginate (4 wt%) in 0.9-wt% sodium
chloride with stirring for 1 h. Enzyme extract solution was then added into the alginate solution.
An electrostatic droplet generator was used to prepare the MC. The mixture was drawn into a 10-mL
syringe fitted with a needle and attached to a syringe pump that provided a steady solution flow rate
of 25.2 mL/h and fixed voltage (12 kV) into a gently agitated aqueous solution of calcium chloride
1.5 wt% to form MC of 250 nm in diameter for experiments [12].

2.5. Experimental Setting

Experiments were performed under aerobic and anaerobic conditions. Aerobic experiments were
performed using 125 mL serum bottles that contained 40 mL of aerobic medium, 5 g of sediment, 5 mL
of the MC and 50 mg kg−1 of ACE, which were incubated on a rotary shaker (120 rpm) at 30 ◦C in
the dark. Anaerobic experiments were performed using serum bottles containing 45 mL of anaerobic
medium, 5 g of sediment, 20 mM of electron acceptors (NaNO3, Na2SO4 or NaHCO3) and 50 mg kg−1

of ACE. All experiments were conducted in an anaerobic glove box (Forma Scientific, model 1025 S/N,
USA) filled with N2 (85%), H2 (10%) and CO2 (5%) gases. The bottles were capped with butyl rubber
stoppers and crimp seals, wrapped in aluminum foil, and then incubated without shaking at 30 ◦C.
Inoculated controls containing 45 mL of aerobic or anaerobic medium, 5 g of sediment and 50 mg kg−1

of ACE (without the addition of MC or electron acceptors) were incubated at 30 ◦C. Sterile controls
containing 45 mL of aerobic or anaerobic medium and 5 g of sediment were autoclaved at 121 ◦C for
30 min. The duration of aerobic or anaerobic experiments was 24 d. Each experiment was repeated
3 times.

The ACE concentrations in the sterile controls were examined for a 24-d incubation period.
The remaining amount of ACE in the sediment ranged from 98.5% to 96.8%, indicating that the aerobic
and anaerobic ACE degradation in all of the experiments were due to microbial activity.

2.6. Isolation, Identification and Tests of the ACE-Degrading Bacteria

ACE-degrading bacteria were isolated from sediments under aerobic or anaerobic conditions.
The enrichment procedure was performed using aerobic or anaerobic medium agar plates containing
10 mg L−1 of ACE to isolate bacterial clones. To confirm the ACE-degrading ability of isolated bacterial
strains, aerobic degradation experiments were performed using 5 mL cultures of the aerobic bacterial
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strains, 45 mL of aerobic medium and 2 mg L−1 of ACE on a shaker (120 rpm) at 30 ◦C in the dark.
Anaerobic experiments were performed using serum bottles containing 45 mL of anaerobic medium,
5 g of sediment and 2 mg L−1 of ACE and were conducted in an anaerobic glove box. The bottles were
capped with butyl rubber stoppers and crimp seals, wrapped in aluminum foil, and then incubated
without shaking at 30 ◦C. Samples were periodically taken to analyze residual ACE. Each individual
colony was purified and then identified by 16S rRNA gene sequencing after PCR amplification with
the primers F8 and R1510. The PCR products were sequenced using an ABI Prism automatic sequencer.
The 16S rRNA gene database was searched using BLAST of the National Center for Biotechnology
Information (NCBI). Phylogenetic analysis was performed using ClustalX 2.0 with 1000 bootstraps [23].

Isolated bacterial strains were added to Guandu and Bali sediments under aerobic and anaerobic
conditions to test their ACE-degrading ability. ACE degradation was assessed following the addition
of aerobic and anaerobic ACE-degrading bacteria into the sediment. The experiment was performed
using 1 mL of ACE-degrading bacteria, 5 g sediment, 45 mL of medium and 2 mg L−1 of ACE.

2.7. Analytical Methods

ACE was extracted from sediment samples twice by water (with 0.1% formic acid): acetonitrile:
methanol (10:3:1), and then extracted using a C18 solid phase extraction cartridge. The SPE cartridges
were Chromabond®HR-X (500 mg, 6 mL), and SPE was conducted at a sample pH of 3.0.

Extracts were analyzed using an Agilent 1260 HPLC system equipped with a 4.6 × 250 mm
column (Zorbax Eclipse Plus C18, Agilent) and a photodiode array detector with monitoring at 270 nm.
The mobile phase consisted of acetonitrile and water (containing 0.1% formic acid) at a ratio of 30%:70%.
The recovery percentage was 96.4%, and the detection limit (LOD) was 0.05 mg L−1, respectively.
The remaining percentage of ACE (Rp) was calculated using the formula:

Rp = (RCACE/ICACE) × 100% (1)

where RCACE is the residual ACE concentration and ICACE is the initial ACE concentration. The ACE
degradation data collected in this study well fit first-order kinetics

t = −ln(C/C0)/k (2)

where C0 is the initial ACE concentration, C is the ACE concentration, t is the time period, t1/2 is the
half-live, and k is the degradation rate constant).

2.8. Microbial Community Analysis

Total DNA was extracted from experimental samples using a PowerSoil DNA Isolation kit
(QIAGEN). DNA from three experiments (bottles) of each treatment were extracted and pooled
together to perform NGS. The V5–V8 variable region of the 16S rRNA gene was amplified as described
previously [12,13]. Next-generation sequencing (NGS) was performed at the Genome Center of the
National Yang-Ming University, Taiwan using a MiSeq platform (Illumina, Inc.). Chimeric sequences
in the 16S rRNA gene sequence data were removed using Chimera Check. The classifier from the RPD
pipeline was used to assign taxonomic groups with a 95% sequence similarity. Cluster analysis of the
microbial community compositions in the experimental samples was performed using the heatmap3
package of R. The differences in microbial composition between experimental samples were identified
using the prop.test (two proportion test) function in the package MASS of R (https://www.r-project.org/).
A p-value of less than 0.05 was considered to be significant. Specific microbial communities (such as
those involved in the nitrogen cycle and aromatic compound degradation) were identified by integration
of NGS data and the microbial list in the KEGG modules [24].
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3. Results and Discussion

3.1. Aerobic ACE Degradation

The aerobic degradation of the ACE in the Guandu and Bali sediments are shown in Figure 1.
We first found that the remaining percentage of ACE observed after 24 d in the Guandu and Bali
non-ACE-adapted sediments without the addition of MC was 65.1% ± 4.1% and 80.8% ± 3.4%,
respectively. The remaining ACE in the Guandu and Bali ACE-adapted sediments without added MC
was 15.4% ± 3.7% and 38.4% ± 4.1%, respectively. The remaining ACE after 24 d in the Guandu and Bali
ACE-adapted sediments without added MC was 15.4% ± 3.7% and 38.4% ± 4.1%, respectively. For the
Guandu and Bali ACE-adapted sediment supplemented with MC, ACE was completely degraded
after 12 and 18 d, respectively.

Figure 1. Aerobic degradation of acetaminophen with MC in non-acetaminophen (ACE)-adapted
sediment (A) and ACE-adapted sediment; (B) Guandu: Guandu sediment. Bali: Bali sediment. GSterile:
sterilized Guandu sediment. BSterile: sterilized Bali sediment. MC: enzyme extract-containing
microcapsules. Data from three independent experiments are presented as the means ± SE.

The ACE degradation data in Figure 1 were fitted to first-order kinetics. For the Guandu and Bali
non-ACE-adapted sediments supplemented with or without MC, the observed ACE half-lives were
3.24 ± 0.06 and 33.55 ± 0.16 d and 6.25 ± 0.31 and 66.66 ± 3.33 d, respectively. For the Guandu and
Bali ACE-adapted sediments supplemented with or without MC, the observed ACE half-lives were
2.52 ± 0.12 and 7.42 ± 0.37 d and 4.33 ± 0.31 and 14.20 ± 0.71 d, respectively.

The results indicate that the rate of ACE degradation was higher in the Guandu sediments than in
the Bali sediments. As shown in Table 1, the Guandu sediments exhibit higher TOC, bacterial counts
and lower salinity and ACE concentrations than those of the Bali sediments. The salinities at the
Guandu sediment and Bali sediment were 11.1‰ ± 0.3‰ and 16.5‰ ± 1.5‰, respectively. Salinity
may affect organic pollutants degradation in the environment [25]. This result is consistent with
biodegradation of phenanthrene by bacteria isolated from mangrove sediments [26].

A comparison of ACE degradation in sediments with or without ACE adaptation indicated that
the adaptation process enhanced aerobic ACE degradation. The adaptation of microbial populations
occurred by the induction of enzymes necessary for degradation followed by an increase in the
population of degrading organisms [18]. The results also revealed the degradation of ACE was
enhanced with the addition of MC in the sediments. Similar results were observed in a previous study
which reported that the addition of MC enhanced sulfonamide degradation in sediments [12].
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3.2. ACE Degradation by ACE-Degrading Bacteria

Ten bacterial strains with the capability to using ACE as a carbon source were isolated from the
ACE-adapted sediments under aerobic conditions. Four of the ten strains (PF1, PF3, SC and SEC)
exhibited higher ACE-degrading activities than the other strains (Figure 2A). The ACE degradation
data collected in this study well fit first-order kinetics. The observed half-lives of ACE in the presence
of strains SC, SEC, PF1 and PF3 were 0.32 ± 0.01, 0.48 ± 0.02, 0.55 ± 0.03 and 1.31 ± 0.06 d, respectively.
The ACE-degrading ability of the strains exhibited the following order: strain SC > strain SEC > strain
PF1 > strain PF3.

Nine bacterial strains with the ability to use ACE as a carbon source were isolated from the
ACE-adapted sediments under anaerobic conditions. Three of the nine strains (E, G and J) exhibited
a greater ACE-degrading capability than the other strains (Figure 2B). The ACE degradation data
collected in this study well fit first-order kinetics. The observed degradation half-lives of ACE
in the presence of strains E, G and J were 0.42 ± 0.02, 0.56 ± 0.03 and 0.67 ± 0.03 d, respectively.
The ACE-degrading ability of the strains exhibited the following order: strain E > strain G > strain J.

Figure 2. Comparison of the acetaminophen degradation abilities of the isolated bacterial strains.
(A) Bacterial strains PF1, PF3, SC and SEC (without sediments) under aerobic conditions; (B) bacterial
strains E, G and J (without sediments) under anaerobic conditions. Sterile: sterilized medium without
the addition of bacteria. GS: Guandu sediment. BS: Bali sediment. GSterile: sterilized Guandu
sediment. BSterile: sterilized Bali sediment. Data from three independent experiments are presented as
the means ± SE.

A phylogenetic analysis of the 16S rRNA gene sequences of the isolated bacterial strains is shown
in Figure 3. The aerobic strains PF1, PF3, SC and SEC were observed to be closely associated with
Bacillus pumilus, Bacillus aerius, Arthrobacter ginkgonis and Bacillus aryabhattai, with similarities of 99%,
100%, 99% and 100%, respectively. In addition, the anaerobic strains E, G and J were observed be
closely related to Enterobacter hormechei, Clostridium sphenoides and Lysinibacillus sp., with similarities of
99%, 99% and 99%, respectively (Table 2).

Table 2. The 16S rRNA gene-sequence blast results of the seven bacterial strains.

Strain Name Identity Accession Number

PF1 Bacillus pumilus strain NBRC 12092 1251/1255 (99%) NR_112637
PF3 Bacillus aerius strain 24K 1326/1326 (100%) NR_118439
SC Arthrobacter ginkgonis strain SYP-A7299 1283/1302 (99%) NR_156061

SEC Bacillus aryabhattai B8W22 1330/1330 (100%) NR_115953
E Enterobacter hormechei subsp. xiangfangensis strain 10–17 1292/1299 (99%) NR_126208
G Clostridium sphenoides JCM 1415 strain ATCC 19403 1260/1268 (99%) NR_026409
J Lysinibacillus fusiformis strain NBRC15717 1301/1305 (99%) NR_112569
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Figure 3. Phylogenetic analysis of 16S rRNA sequences of the seven bacterial strains (PF1, PF3, SEC,
SC, E, G and J). Seven isolated bacterial strains: PF1, PF3, SC, SEC, E, G and J.

As shown in Figure 4, ACE degradation in the sediments was enhanced with the addition of the
bacterial strains SC and E under aerobic and anaerobic conditions, respectively. The ACE degradation
data in Figure 4 were fitted to first-order kinetics. The observed ACE half-lives (d) were 2.54 and 3.30
d in the Guandu and Bali sediments with the additions of bacterial strain SC, while values of 2.62
and 3.52 d were obtained in the Guandu and Bali sediments with the addition of bacterial strain E.
These results indicated that ACE degradation in the Guandu and Bali sediments was enhanced by the
addition of bacterial strains SC and E under aerobic and anaerobic conditions, respectively.

Bacillus pumilus has been previously shown to degrade total petroleum hydrocarbons in
contaminated soil [27], while Bacillus aerius has been isolated, characterized and identified as a
potential diuron-degrading bacterium [28]. Bacillus aryabhattai was previously isolated from pulp
and paper mill wastewater and characterized as having lignin-degrading potential [29]. Arthrobacter
ginkgonis was a Gram-positive, aerobic strain which displayed a rod–coccus growth lifecycle, was
isolated from the rhizosphere of Ginkgo biloba L [30]. Enterobacter hormechei has been isolated from
activated sludge and shown to transform diclofenac [31] as well as to bioconvert lutein into a new
compound, 8-methyl-alpha-ionone [32]. Clostridium sphenoides is able to metabolize citrate as a sole
carbon source, and a Clostridium sp. was previously shown to be capable of fermenting glucose,
but not citric acid [33]. Lysinibacillus fusiformis has been shown to decolorize a selected azo dye [34].
These reports showed that Bacillus pumilus, Bacillus aerius, Bacillus aryabhattai, Enterobacter hormechei,
Clostridium sphenoides and Lysinibacillus sp. had the degradation ability. However, there is no
information about the degradation properties of Arthrobacter ginkgo.
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Figure 4. Comparison of the acetaminophen degradation abilities of the isolated bacterial strains.
(A) Bacterial strain SC (Arthrobacter ginkgonis) with sediments under aerobic conditions; (B) bacterial
strain E (Enterobacter hormechei) with sediments under anaerobic conditions. Sterile: sterilized medium
without the addition of bacteria. GS: Guandu sediment. BS: Bali sediment. GSterile: sterilized Guandu
sediment. BSterile: sterilized Bali sediment. Data from three independent experiments are presented as
the means ± SE.

3.3. Addition of Electron Acceptors Improved Anaerobic ACE Degradation

As shown in Figure 5A, ACE was completely degraded after 12, 20 and 24 d in the Guandu
non-ACE-adapted sediment supplemented with NaNO3, Na2SO4 and NaHCO3, respectively. For the
Bali ACE-adapted sediments supplemented with NaNO3, Na2SO4 or NaHCO3, the remaining amount
of ACE detected after 24 d was ND (non-detected), 4.1% ± 0.6% and 35.9% ± 1.8%, respectively
(Figure 5B). The ACE anaerobic degradation data in Figure 5 were fitted to first-order kinetics. For the
Guandu ACE-adapted sediments supplemented with NaNO3, Na2SO4 or NaHCO3, the observed
ACE degradation half-lives were 1.16 ± 0.06, 2.39 ± 0.12 and 2.79 ± 0.14 d, respectively. For the Bali
non-ACE-adapted sediments supplemented with NaNO3, Na2SO4 or NaHCO3, the observed ACE
half-lives were 3.05 ± 0.15, 3.84 ± 0.19 and 10.75 ± 0.53 d, respectively. In contrast, for the Guandu
non-ACE-adapted sediments supplemented with NaNO3, Na2SO4 or NaHCO3, the remaining amount
of ACE detected after 6 d was ND, ND and 20.8% ± 1.1%, respectively (Figure 5C). For the Bali
ACE-adapted sediments supplemented with NaNO3, Na2SO4 or NaHCO3, the remaining amount
of ACE detected after 6 d was ND, 3.3% ± 0.6% and 35.9% ± 1.8%, respectively (Figure 5D). For the
Guandu non-ACE-adapted sediments supplemented with NaNO3, Na2SO4 or NaHCO3, the observed
ACE half-lives were 0.48 ± 0.02, 0.64 ± 0.3 and 1.79 ± 0.09 d, respectively. For the Bali ACE-adapted
sediments supplemented with NaNO3, Na2SO4 or NaHCO3, the observed ACE half-lives were
0.55 ± 0.03, 0.93 ± 0.05 and 2.85 ± 0.14 d, respectively.

These results indicate that the rate of ACE degradation was higher in the Guandu sediments
than in the Bali sediments with or without ACE adaptation. A comparison of ACE degradation in
the sediments with or without ACE adaptation revealed that the ACE adaptation process enhanced
ACE anaerobic degradation. Microorganisms with ACE-degrading activity may increase in response
to ACE adaptation, and these results are similar to those of a previous study regarding the effects of
nonylphenol adaptation on nonylphenol anaerobic degradation in sediments [11]. Compared with the
control treatment (sediments without NaHCO3, Na2SO4 or NaNO3), the anaerobic degradation of ACE
was enhanced under methanogenic, sulfate-reducing and nitrate-reducing conditions in the sediments
supplemented with NaNO3, Na2SO4 or NaHCO3. The ACE degradation rates observed under the three
conditions exhibited the following order: nitrate reducing conditions > sulfate-reducing conditions
>methanogenic conditions. The results indicate that nitrate-reducing bacteria and sulfate-reducing
bacteria, and methane may be the major contributors to anaerobic ACE degradation in all of the tested
anaerobic mesocosms.
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Figure 5. Anaerobic degradation of acetaminophen in (A) Guandu and (B) Bali non-ACE-adapted
sediments and in (C) Guandu and (D) Bali ACE-adapted sediments. GSterile: sterilized Guandu
sediment. BSterile: sterilized Bali sediment. Control: sediment of the sampling site. Data from three
independent experiments are presented as the means ± SE. NaNO3: addition of NaNO3 in sediment.
Na2SO4: addition of Na2SO4 in sediment. NaHCO3: addition of NaHCO3 in sediment.

Results of acetaminophen degradation half-lives (t1/2, day) using different treatments (addition
of ACE-degrading bacterial strains, MC and electron acceptors) were summarized in Table 3. All of
the treatments can enhance the ACE biodegradation in mangrove sediments. Addition of NaNO3

exhibited the best effects for ACE biodegradation in mangrove sediments.

Table 3. Comparison of acetaminophen degradation half-lives (t1/2, day) using different treatments.

Treatment Guandu Sediment Bali Sediment

Without Additives With Additives Without Additives With Additives

Aerobic conditions
MC 33.55 ± 1.67 3.24 ± 0.16 66.66 ± 3.33 6.25 ± 0.31

Arthrobacter sp. 33.55 ± 1.67 2.54 ± 0.13 66.66 ± 3.33 3.30 ± 0.17
Anaerobic conditions

Enterobacter sp. 95.59 ± 4.63 2.62 ± 0.13 98.04 ± 4.90 3.52 ± 0.17
NaNO3 95.59 ± 4.63 1.16 ± 0.06 98.04 ± 4.90 3.05 ± 0.15
Na2SO4 95.59 ± 4.63 2.39 ± 0.12 98.04 ± 4.90 3.84 ± 0.19

NaHCO3 95.59 ± 4.63 2.79 ± 0.14 98.04 ± 4.90 10.75 ± 0.53

3.4. Analysis of Microbial Communities Associated with ACE Degradation

To gain deeper insights into ACE degradation, NGS was performed to analyze the microbial
community compositions of aerobic sediments supplemented with MC and anaerobic sediments
supplemented with NaNO3, Na2SO4 or NaHCO3. As shown in Figure 6, the microbial community
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compositions of the aerobic sediments supplemented with MC were highly different from those of
anaerobic sediments supplemented with NaNO3, Na2SO4 or NaHCO3.

The effects of the addition of NaNO3, Na2SO4 or NaHCO3 are shown in Figure 7. Under anaerobic
conditions and with the addition of the electron acceptors, a large increase in the proportion of detected
bacteria in the Guandu and Bali sediments (from 60% to 80% and from 47% to 71%, respectively) was
observed, with a simultaneous reduction in the proportion of archaea (from 32% to 19% and from 37%
to 27%, respectively).

Figure 6. Cluster analysis of microbial communities (at genus level) involved in aerobic and anaerobic
degradation of acetaminophen in mangrove sediments. G: Guandu. B: Bali. Original: sediments
without additives. aerobic_ACE: sediments with ACE under aerobic conditions. anaerobic_ACE:
sediments with ACE under anaerobic conditions. aerobic_MC: aerobic with addition of spent mushroom
compost. anaerobic_Na2SO4: anaerobic with addition of Na2SO4. anaerobic_NaNO3: anaerobic with
addition of NaNO3. anaerobic_NaHCO3: anaerobic with addition of NaHCO3.
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Figure 7. Compositions of Bacteria and Archaea in anaerobic experiments. ORIGINAL: original
sediment. ACE: sediments with ACE. Na2SO4: sediments with ACE + Na2SO4. NaHCO3: sediments
with ACE + NaHCO3. NaNO3: sediments with ACE + NaNO3.

The microbial communities associated with the sediments supplemented with NaNO3, Na2SO4 or
NaHCO3 are shown in Figure 8. For the Bali sediments, the overall proportions of nitrogen metabolism
bacteria (Figure 8A), sulfate–sulfur metabolism bacteria (Figure 8B) and methanogens (Figure 8C)
observed under anaerobic conditions were greater than those detected under aerobic conditions
(two proportion test, p < 0.05). Similar results were observed for the Guandu sediments.
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Figure 8. Microbial communities involved in the anaerobic degradation of acetaminophen in mangrove
sediments supplemented with NaNO3, Na2SO4 and NaHCO3. (A) Major 30 microbial genera associated
with nitrogen cycle; (B) major 30 microbial genera associated with sulfate cycle; (C) methanogens.
The differences in microbial compositions between the aerobic and anaerobic experimental samples
were assessed by the two-proportion test. The p-values of all of these tests are less than 0.05. G: Guandu.
B: Bali. Original: sediments without additives. aerobic_ACE: sediments with ACE under aerobic
conditions. anaerobic_ACE: sediments with ACE under anaerobic conditions. aerobic_MC: aerobic
with addition of spent mushroom compost. anaerobic_Na2SO4: anaerobic with addition of Na2SO4.
anaerobic_NaNO3: anaerobic with addition of NaNO3. anaerobic_NaHCO3: anaerobic with addition
of NaHCO3.

198



Sustainability 2020, 12, 5410

Furthermore, for the Bali sediments, the overall proportions of microbes associated with
aromatic compound degradation under anaerobic conditions were greater than observed under
aerobic conditions (multiproportion test, p < 0.05) (Figure 9). Similar results were observed for the
Guandu sediments.

Figure 9. Major 30 microbial genera that have been reported to be involved in the degradation of
aromatic compounds. The differences in the microbial compositions between the aerobic and anaerobic
experimental samples were identified using the two-proportion test. The p-values of all of these tests
are less than 0.05. G: Guandu. B: Bali. Original: sediments without additives. aerobic_ACE: sediments
with ACE under aerobic conditions. anaerobic_ACE: sediments with ACE under anaerobic conditions.
aerobic_MC: aerobic with addition of spent mushroom compost. anaerobic_Na2SO4: anaerobic with
addition of Na2SO4. anaerobic_NaNO3: anaerobic with addition of NaNO3. anaerobic_NaHCO3:
anaerobic with addition of NaHCO3.

The results presented in Figure 5 indicate that the addition of NaNO3 or Na2SO4 had better ACE
degradation effects than the addition of NaHCO3 in both the Bali and Guandu sediments. To identify
common and differential microbial genera associated with ACE degradation in the sediments with
different additives, a Venn diagram analysis was performed. In Figure 10, “Aro_Deg” indicates
the aromatic compound-degrading bacteria, while “Nitrogen” or “Sulfate” indicate the nitrogen or
sulfate–sulfur metabolism bacteria in the sediments supplemented with NaNO3 or Na2SO4, respectively.
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Figure 10. Identification of common and differential microbial genera detected between the different
experiments by Venn diagram analysis. Aro_Deg: Major 30 microbial genera identified in the
experiments using electron acceptors, which are associated with aromatic compound degradation.
Nitrogen: Major 30 microbial genera identified in the experiments using electron acceptors that are
associated with nitrogen metabolism. Sulfate: Major 30 microbial genera identified in the experiments
using electron acceptors that are associated with sulfate–sulfur metabolism.

Sixteen microbial genera (Arthrobacter, Rhizobium, Azospirillum, Sphingomonas, Azoarcus,
Paenibacillus, Pseudomonas, Achromobacter, Hydrogenophaga, Thauera, Enterobacter, Janthinobacterium,
Cupriavidus, Massilia, Bacillus and Magnetospirillum) were detected in all of the sediments supplemented
with NaNO3 or Na2SO4. Four of the sixteen microbial genera (Bacillus, Hydrogenophaga, Pseudomonas
and Sphingomonas) have been reported to be associated with ACE (and paracetamol compounds)
degradation [14,35–37]. These results suggested that sixteen microbial genera may be involved in
anaerobic ACE degradation in the sediments supplemented with NaNO3 or Na2SO4. Three of the sixteen
microbial genera (Arthrobacter, Enterobacter and Bacillus) were identified among the ACE-degrading
bacterial isolates. Another two bacterial genera (Ensifer and Geobacter) represent additional aromatic
compound-degrading bacteria that were not sulfate–sulfur metabolism bacteria. Three bacterial genera
(Novosphingobium, Lysinibacillus and Acinetobacter) represent additional aromatic compound-degrading
bacteria that were not nitrogen metabolism bacteria. These five bacterial genera can explain the
different effects of the addition of NaNO3 or Na2SO4 on ACE degradation in sediments observed in
Figure 5. The distributions of number of major microbial genera with different aromatic compound
degradation pathways are shown in Figure 11. Most of the microbial genera associated with six
reaction modules, M00551 Benzoate degradation, benzoate => catechol/methyl benzoate =>methyl
catechol, M00568 Catechol ortho-cleavage, catechol => 3-oxoadipate, M00569 Catechol meta-cleavage,
catechol => acetyl-CoA/4-methylcatechol => propionyl-CoA, M00548 Benzene degradation, benzene
=> catechol, M00541 Benzoyl-CoA degradation, benzoyl-CoA => 3-hydroxypimeloyl-CoA and M00638
Salicylate degradation, salicylate => gentisate. Moreover, more microbial genera associated with
aromatic compound degradation were found in the sediment supplemented with NaNO3 than that of
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the sediment supplemented with Na2SO4. These results can explain the different effects of the addition
of NaNO3 or Na2SO4 on ACE degradation in sediments observed in Figure 5.

Figure 11. Distributions of number of major microbial genera with different aromatic compound
degradation pathways. Mxxxxx are KEGG database module ID. Nitrogen: 30 major microbial genera
identified in the experiments using electron acceptors that are associated with nitrogen metabolism.
Sulfate: Major 30 microbial genera identified in the experiments using electron acceptors that are
associated with sulfate–sulfur metabolism.

The sampling sites of mangrove sediments in this study are mangrove (Kandelia obovata) swamps.
The study of Weng et al. investigated nitrogen cycle in rhizosphere of Kandelia obovata under nitrogen
input shown that the potential nitrification intensity increased 200%–1500% compared with control
under ammonium addition. The potential denitrification intensity increased more than 200% under
nitrate addition. The abundance of ammonia-oxidizing archaea, ammonia-oxidizing bacteria, nirK
and nifH containing microbes increased around the area of Kandelia obovata rhizosphere. The nirS
containing microbes were decreased. Total nitrogen in tissues of Kandelia obovata increased more
than 200% [38]. Results of another study indicated that addition of NH4

+ significantly increased the
growth rate of Kandelia obovata in mesocosm experiments [39]. A study of a 10-year-old constructed
mangrove wetland planted with Kandelia obovata shown that the abundance of nitrogen cycle related
bacteria, including ammonifiers, nitrifiers and denitrifiers, in planted belts were higher than that in
unplanted control [40]. A study by Jian et al. demonstrated that addition of Na2SO4 enhanced the
acid-volatile sulfide, crystalline Fe and exchangeable P contents, prompted iron plaque formation on
root surfaces of Kandelia obovata and increased P accumulation in plant tissues. Sulfate and Kandelia
obovata root activities had a confederate influence on the spatial distribution and geochemical cycling
of Fe and P in the sediments. They enhanced Kandelia obovata resistance to the rugged surroundings
in the mangrove environment and can prompt Kandelia obovata growth [41]. Therefore, additions of
nitrate and sulfate to enhance ACE degradation (proposed in this study) are suitable to be applied
at mangrove wetlands composed of Kandelia obovata. Moreover, these methods may be useful in a
constructed wetland composed of Kandelia obovata.
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4. Conclusions

In this study, the feasibility of bioremediation strategies for ACE removal in mangrove sediments
were tested. All of the treatments, addition of ACE-degrading bacterial strains, MC and electron
acceptors (NaNO3, Na2SO4 or NaHCO3) can enhance the ACE biodegradation in mangrove sediments.
Addition of NaNO3 exhibited the best effects for ACE biodegradation in mangrove sediments.
Different treatments result in different bacterial communities and exhibited different ACE-degrading
effectiveness. Sixteen microbial genera identified may be major microbes involved in anaerobic ACE
degradation in mangrove sediments with electron acceptor addition. These results provide useful
solutions for removal of ACE in mangrove sediments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/13/5410/s1.
Figure S1: Mangrove sediment sampling sites Bali (25◦09′48′′ N 121◦25′04′′ E) and Guandu (25◦07′21′′ N
121◦27′40′′ E) in northern Taiwan.
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