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Abstract: The city of Sialkot in Pakistan is a hub of leather tanneries, with approximately 260 tanneries
in operation and, while producing millions of leather products per day, the city discharges millions
of gallons of untreated effluent into drains each day. In order to devise a cost-effective system for
the treatment of tannery wastewater, a floating treatment wetland (FTW) was established to treat
the effluent using local plant species through phytoremediation. The efficiency of the FTW was
tested with three different plant species, each grown separately and operating for three months in the
FTW tank. Two of the plant species introduced, water hyacinth and water lettuce, were floating and
vascular; the third plant species Typha latifolia was vegetated on a floating mat of styrofoam while
the roots extended down to the contaminated water. Wastewater from a tannery drain was pumped
into the FTW tank with a flow of 0.5 L per minute and was given a retention time of six days. The
influent and effluent from the FTW were periodically tested to determine the percentage removal of
contaminants, primarily the total suspended solids, biochemical oxygen demand, chemical oxygen
demand, and chromium. After two months with each species, a significant change in the quality
of wastewater was measured: chromium was removed by up to 95 percent by the water hyacinth
and water lettuce and 33 percent by the Typha latifolia. The pilot model indicates that FTWs are an
effective system to treat effluent from tanneries in a cost-effective way as an alternative to establishing
an expensive treatment system with high associated operational costs. It can help in achieving
the circular economy concept of conventional wastewater schemes towards more sustainable ones.
Moreover, to achieve the principles of circular economy and environmentally friendly development,
it is crucial that the substances used for a wetland foundation have the capacity to be recycled, are
available at a cheap price, and are locally available.

Keywords: circular economy; circular bioeconomy; floating treatment wetland; phytoremediation;
tannery wastewater; tropical wetlands; Typha latifolia

1. Introduction

Water availability and quality are global challenges [1]. Worldwide, organic and
inorganic pollutants from commercial, agricultural, and domestic sectors have polluted
around 70% of the available freshwater resources [2]. Contamination by heavy metals [3]
and other pollutants through industrialization and urbanization poses a serious threat
to aquatic and human life [4–6]. Industrial processes in industries such as textiles, min-
ing, electroplating, and leather processing release many inorganic contaminants into the
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environment including lead, chromium, copper, and cadmium [7–10]. While processes
such as filtration, complexation, coagulation, flocculation, chemical precipitation, chemical
oxidation/reduction, membrane technology, electrochemical treatment, biosorption, and
complexation are commonly used for the removal of wastewater contaminants [1,11–14],
many of these methods require wastewater treatment plants with chemicals, ions, and other
materials [1]. These methods are expensive, do not sufficiently remove these contaminants,
and require high energy [15,16].

In many countries, such as Pakistan, India, Argentina, China, Mexico, Brazil, and
South Korea, leather tanneries and related industries are a main driver of the economy [17].
The leather value chain begins with the husbandry of animals and ends with the leather
goods, with the intermediate steps including the collection of skins and hides from the
slaughtered animals and processing of hides, which is often conducted in small labor-
intensive workshops in larger capital-intensive factories [18]. Growing demand for leather
products worldwide has placed pressures on manufacturers of all sizes to produce garments
more quickly. To meet these demands, manufacturers may turn to different methods that
allow more efficient production [19–21], often without considering the cost; for example, in
recent years, most tanneries changed their production from traditional vegetable tanning
to chromium tanning technology [17].

The leather industry is also dependent on sub-industries, such as meat production,
livestock rearing, and tanning, as part of leather production, which raises extensive en-
vironmental concerns [22]. According to the INETI (Instituto Nacional de Engenharia,
Tecnologia e Inovação) organization, tanneries cause many environmental problems such
as wastewater discharge from tannery industries; this wastewater has high inorganic and
organic chemicals including chromium and trace organic and synthetic chemicals such as
the dyes, pesticides, processing chemical solvents, and finishing agents [23]. The contami-
nation of groundwater occurs when wastewater from these industries seeps through the
soil from the unlined pipes, drains, and ponds, or from spills and dumps [23,24]. In large
leather-producing cities such as Sialkot in Pakistan (the largest leather producing city in
the country), the discharge of effluents from the Sialkot tanneries adds up to approximately
1.1 million liters per day, which causes the contamination of the surface and groundwater
of Sialkot [23]. Given the threat it poses to human health and aquatic life, there is an
urgent need to deal properly and scientifically with the large amount of effluent from the
leather industry.

Conventional wastewater treatment methods are costly and environmentally intrusive,
and they require engineering expertise, labor management, and process activities [14]. They
also require a lot of time and money [25]. In contrast, methods for improving water quality
based on natural mechanisms can avoid many of these challenges [26]. In the field of
environmental engineering, one such modern nature-based solution for water treatment is
floating treatment wetlands (FTWs). This soil-less planting technique has been developed
to treat different types of wastewater to the point where it can be discharged and used
again for purposes such as fisheries and agriculture without a measurable effect on life
and the environment [27–29]. FTWs are a reliable method to treat wastewater and surface
water runoff [30,31]. To enhance the purification reactions in FTWs, hydrophytes are often
used to accumulate pollutants in the tissues, usually in the rhizosphere, of plants. For the
removal of contaminants, some plants prompt additional physicochemical and biological
processes leading to the additional removal of contaminants [32]. Some hydrophytes
such as water hyacinth [32] are well-known for their capacity to remove contaminants in
polluted water, owing to its ability to absorb pollutants. According to previous studies,
regional hydrophyte species should be selected when designing the plant community of
FTWs so that the selected plants are adapted to the climate conditions [32]. The floating
mat underside the plant roots supplies a significant contact area for the formation of
connected biofilms and the trapping of dispersed particles. The plants must obtain their
energy straight from the water column because they are not rooted in the soil like in
subsurface flow-built wetlands, which may increase the rates of nutrient and component
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absorption into the biomass. Due to their stability, they can withstand large variations
in water depth and have the potential to improve treatment efficiency by retaining more
water during flow periods, therefore extending the period that the wastewater is held in
the wetland. Due to the oxygen carried by the roots, the roots of these species can survive
in hypoxic or anoxic conditions. The microbial transformation of aquatic contaminants
is supported by the radial oxygen loss to the rhizosphere [33,34]. Despite the fact that
FTWs and conventional CWs are considered as processes that are straightforward to build
and operate, many complicated processes take place that have a direct impact on system
performance and the efficacy of the removal of pollutants, including inlet contaminant
concentrations, hydraulic loadings, pH, the presence of micro-organisms in the rhizosphere,
redox conditions, and temperature [35]. Similar to how CW uses plants that float freely,
in FTWs, the roots of the plants are in a constant physical relationship with the water.
Macrophytes in these environments take up nutrients directly from the water. Through a
hanging network of roots, rhizomes, and the connected biofilm, which is in charge of both
biochemical activities and significant physical functions such as filtration and particulate
capture, the plants offer a biologically active surface area [36]. The root growth of FTWs
offers a bigger surface area than other conventional methods of treatment, such as built
wetlands, for the establishment of a biofilm [37]. While reducing wastewater flow and
turbulence, increasing sedimentation, and trapping/filtering suspended material, this
biofilm serves as an ecosystem for several bacterial communities and becomes essential for
the sequestration of nutrients from the water through nitrification, nitrification for nitrogen
and adsorption for retaining phosphorous [38]. Sedimentation, in addition to vegetation,
is crucial to the function of FTWs. One or more of the key methods for lowering oxygen,
nitrogen, total phosphorus, and orthophosphate is the settling of suspended materials
and their trapping in plant roots. However, it is likely that phosphorus from sediments is
transferred back into the water section during a lengthy hydraulic retention time, leading
to an increase in P levels [39]. Studies have demonstrated that FTWs can be a productive,
low-cost [40,41], and low-maintenance method of improving water quality across a wide
range of uses; for example, there has recently been interest in evaluating the effectiveness of
FTWs in the treatment of industrial wastewater and stormwater runoff [38,42,43]. Floating
wetlands can be built in any lagoon, existing water body, or built structure without the
need for any digging or earth shifting to remove contaminants from the water and without
the need for further land acquisition [38]. The present study aims to assess the ability of
different plant species to treat wastewater from a tannery production plant using an FTW
system. This study serves as a reference and guide for academics and policymakers in the
design and use of FTWs to remediate water contamination from diverse sources.

2. Current Problems and Prospects of Using Plants for Wastewater Treatment

Plants and media have a key part in the removal of manmade wetland technologies.
Phytoremediation allows plants in FTWs to lower pollutant levels [38]. Plant growth
material supplies physical support for vegetation formation. Moreover, extra surfaces for
biofilm growth and nutrient adsorption may enhance the sedimentation and pollutant
filtration [42,43]. Gravel is the media mostly used in constructed wetlands [44], though
Priya et al. (2013) found that sand was a more effective treatment than gravel. Sirianun-
tapiboon et al. (2006) reported that constructed wetlands with media including both sand
and soil in combination results in the maximum contaminant removal efficiency. Various
studies have used different types of media (e.g., vermiculite, zeolite, and lime) for extrac-
tion of certain compounds from waste effluent [45–47]. To compare how well two parallel
hybrid wetlands remove pollutants after being fed industrial wastewater (with limited
biodegradability), Saeed et al. (2019) studied a system that had two stages of vertical flow
(VF) wetlands, following the final surface flow (SF) wetland round of treatment. They
found that in both systems, the concentration-based mean overall reduction rates for all of
the different types of waste (specifically, NH4-N, TN, P, BOD, and COD) were removed by
at least 90% [48]. Cristina et al. used a light expanded clay substrate composed of plants and
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without plants. They found 41–58% BOD removal, and lower nutrient removal. Moreover,
they found no changes in the removal over the 17 months of study [49]. In FTWs, the
influence of the plant type depends on several factors such as plant production, the physical
effects of root systems, micro-organisms, evapotranspiration, the uptake by plants, and the
weather [50–53]. Multiple studies have indicated that adsorption and sedimentation are the
primary reduction tools for metals in FTWs [37,40,42]. According to the research, pH values
from 6 to 8 and higher temperatures (from 6 to 26 ◦C) preferred positively charged adsorp-
tion on small particles and organic materials. Metals are generally linked with sulfides
in anaerobic soils, forming insoluble sulfides in water. Moreover, the physicochemical
parameters of water in FTWs, such as pH, temperature, DO, and organic material levels
might alter heavy metal removal effectiveness and subsequent release [54–56].

Priya and Selvan [57] found that contaminants are stored in the plant root system,
then moved to the shoots and other parts of the plant. When the plant is harvested, these
contaminants are removed from the system. A hyperaccumulator or accumulator can
remove pollutants from water and soil. This green technology is seen as a long-term and
promising alternative to conventional water and soil treatment methods for developing
countries. More than 500 species have been found to be capable of storing metals from
contaminated soils in their roots [58,59]. It is difficult to determine how the metal (Cu, Ni,
and Pb) is distributed between the roots and the plant leaves and stems [60]. Due to their
carcinogenic and bioaccumulative properties, metal ions are among the most dangerous
water pollutants. Wastewaters containing metal ions are produced in a variety of industries,
including metal finishing, mining, cement, leather, textiles, and paints. Various hazardous
metal ions, including chromium, nickel, zinc, lead, arsenic [3], cobalt, cadmium, and copper
are found in industrial effluents and pose a threat to ecosystems [1].

Climate change, particularly temperature changes, may impact the development
of microalgae. Overall, increased temperatures can encourage the formation of organic
carbon in manmade wetlands, which, in turn, can help the expansion of microalgae in
such areas [61]. In addition, increasing the temperature and irradiance of microalgae
to a proper range could promote enzyme activity and metabolic activity and improve
nutrient removal efficiency and biomass production, all of which would be beneficial for
pollutant removal [62]. While numerous methods have demonstrated good results in terms
of pollutant removal, its application in cold climates has been a neglected topic. Rarely has
research been undertaken to create treatment methods that are effective at low temperatures.
The performance of treatment processes is reduced in cold climates where the average
temperature is around 10 degrees Celsius or less and the average temperature in winter is
less than 3 degrees Celsius. Micro-organisms and plants cease to function efficiently in cold
climates, resulting in the reduced efficiency of treatment methods [63,64].

Other factors may also limit the capacity of FTWs to reduce pollutant concentrations.
While BOD, COD, and chromium are efficiently handled by some of the plants used in this
study, these plants may not be as efficient at reducing concentrations of other metals or
pollutants. Higher pollutant concentrations may also constrain efficiency: the net change
may be the same, but if the concentrations of pollutants are higher in the FTW inflow,
the percentage of reduction would be lower. Finally, in our study, FTW size and inflow
were constant; further research would be beneficial to assess whether and how FTWs
could scale up in size to treat higher inflow volumes or higher concentrations of pollu-
tants [65,66]. Any inability, loss, or unknown reaction may deviate as a contributing factor
to plant species, and it may also produce increased disadvantages of phytoremediation.
Phytoremediation has certain drawbacks according to the literature. These include the
concentration, toxicity, and bioavailability of contaminants as well as the capacity of plants
to withstand pressure. Low effectiveness or wake of phytomanagement, lack of sufficient
macro/micronutrients in contaminated media, and finally, the physiological qualities and
limitations of plant species are some of the potential drawbacks of phytoremediation. Mul-
ticontaminant interactions, adaptation of plant species to climate change and pollution in
urban environments, and genetic traits and specifications of plant species classify them into
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groups such as “indicators”, “low tolerance”, “high tolerance”, and “hyperaccumulator”.
Hyperaccumulator plant species often serve as an extractor of rare metals [65]. These are all
important topics for further research on FTWs in developing countries. This study provides
important information on how small and medium enterprises (SMEs) can employ low-cost
tools for effective wastewater treatment. The specifications for design, construction, and
operation provided here are from an actual SME producer in Sialkot; if applied broadly,
the cumulative benefit of several SMEs adopting this type of treatment tool can help to
achieve local water quality goals. In places such as Sialkot where SMEs are a predominant
type of production facility, small-scale treatment through FTWs may be the most feasible
type of wastewater treatment SMEs can employ. Like many developing regions, Pakistan
is promoting the incorporation of cleaner production concepts into its industries [67,68],
wherein cost-effective strategies are employed to increase overall efficiencies and reduce the
risks to human health and ecosystems [69]. FTWs align with these goals. More research on
the use of floating treatment wetlands as a low-cost, energy-efficient wastewater treatment
process in developing countries can help to highlight the value of such tools as well as
explore the parameters and limitations that make them successful in reducing pollutants
from wastewater discharge.

3. Methodology
3.1. Study Area

The city of Sialkot, located in the northeastern Punjab province in Pakistan, is known
as one of Pakistan’s most industrialized regions. Major industrial sectors include the pro-
duction of leather products, surgical instruments, diesel engines, beverages, iron and steel,
and pharmaceuticals. There are approximately 264 tanneries, 244 leather garment manufac-
turing units, and 900 leather sports product manufacturing units present in Sialkot [70].
Leather tanning facilities generate large quantities of wastewater from their processes.
Therefore, one leather tannery was selected to participate in a pilot FTW system to treat its
wastewater using cost effective and environmentally friendly techniques.

The weather in Sialkot changes a lot over the course of the year and even on a single
day. The region usually has hot, dry summers and cold monsoon rains. In January, the
average temperature is 5 ◦C, and in June, it is 40 ◦C. Sialkot gets most precipitation during
a monsoon season (July to September), with less intense precipitation continuing through
cold winters (December and February), and spring (March and April), before a relatively
dry premonsoon season (summer between May and June) [71].The average amount of rain
that Sialkot gets each year is 934.7 mm [72].

3.2. Sample Collection and Analysis

A total of 18 composite influent wastewater samples were collected twice every 15 days
from the inlet of the FTW tank, which was located on the drain of a tannery that collected
the effluent from all the operations from raw hide to finished leather. An additional
18 composite effluent wastewater samples were collected twice after every 15 days at the
outlet of the FTW tank to assess contamination and removal efficiency (Figure 1). The
samples were collected at a rate of 0.5 L per minute, approximately the rate at which the
equalized wastewater flowed into the pilot system. The hydraulic retention time of the
FTW tank was 14 days. This study ran from September to April. The color of the collected
wastewater samples was visually analyzed. The temperature of the samples was assessed
using industrial thermometer with a range from 0 to 100 ◦C [73].

The total suspended solids (TSS), biological oxygen demand (BOD), and chemical
oxygen demand (COD) were determined by AWWA/APHA Standard Methods for the
Examination of Water and Wastewater, 2340 D, 5210 D, and 5220 D, respectively. The
heavy metal chromium (Cr) was qualified in water samples using atomic absorption as
outlined by AWWA/APHA method 3111/3120B. The pilot scale FTW system was designed
and established at a drain of a tannery in Sialkot; the pilot unit consisted of 3 chambers
designed at the flow rate of 0.72 m3/day (0.5 L per minute, as described above). The
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design and selection of model was decided reviewing some local and international studies.
Ayaz et al. (2020) used four chamber wetland sizes of 70, 145, 50 and 50 liters. They used
four different species for the treatment of industrial wastewater [74]. Moreover, a similar
type of design was used in serval studies for other pilot projects [75–78]. The unit was
made of steel with the design characteristics shown in Table 1.
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Table 1. Design aspects of the floating treatment wetland used to treatment tannery wastewater.

Design Measurement Unit

Design flow 0.72 m3/day
Detention time 6 days

Width 1.37 M
Length 3.6 m
Depth 0.84 m
Area 5.01 m2

Volume 4.31 m3

The selection of the plants used in pilot FTW system was based on vascular species
that locally originate in Sialkot. Three vascular plant species (water hyacinth, water lettuce,
and Typha latifolia) were introduced in the tanks as shown in Figures 2–4, respectively. These
plants were resettled from the local areas of Sialkot to the pilot FTW system. The vegetation
was planted by hand. The plants were sited at the depth equal to the introduced water level
inflow. The number of plants was monitored through the operation. After the selection of
plants and installation of the FTW system, the tannery wastewater flowed from the inlet
into the FTW. The plants were grown during different periods of time to check the intake
of contamination from the plant and the treatment of wastewater.

Water hyacinth (Eichhornia crassipes) was the first species introduced in the FTW tank
(Figure 2), followed by water lettuce (Pistia stratiotes) (Figure 3), and then Typha latifolia
(Figure 4). These plants were primarily selected because they are locally available, and
secondly, these are widely used in the region by researchers in domestic and industrial
wastewater treatment [74,75,79–82]. Each plant species was trialed for two months at a
time, mid-September 2018 to mid-November 2018, mid-November 2018 to mid-January
2019, and mid-January 2019 to mid-April 2019, respectively. The water was pumped with
the help of small pump at a rate of 0.72 m3/day, and the treated wastewater was discharged
back to the drain from the outlet of the FTW. Water sampling and testing was carried out
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fortnightly (with six sampling events for each plant type) at the inlet (In-1 through In-6)
and outlet (Ef-1 through Ef-6) of the floating treatment wetland to obtain effective results.
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Sustainable crop production includes methods of raising vegetables, fruits, grains
and other food, and fiber crops in ecologically mindful ways that focus on soil health and
biodiversity instead of chemical fertilizers and pesticides. These growing practices require
more labor and specialized expertise than chemical-based production, which means that
the resulting products are often more expensive. Water lettuce is a floating plant and is
popular for those with water gardens because its presence inhibits the growth of algae
and cleans the water. For our FTW, water lettuce was harvested on a specified designed
area of FTW which gets its nutrients from wastewater. Water lettuce grows best in the
early part of the summer when temperatures reach at least 15.5 °C and does not require
external thermal devices [81]. Water hyacinth can form thick mats that cover the entire
surface of ponds, choking out native species and oxygen in the water [43]. Fish cannot
survive in water without oxygen, so it is important to control the growth of the plant. Thus,
harvesting water hyacinth in designed wetlands can help with preserving ecosystems. The
benefits for the environment are equally important reasons to consider growing Typha.
Typha was grown in peat with a higher water level; this means the peat was functioning
as it should for pollution reduction, reducing the carbon emissions from the peat, and the
established plants actively stored the carbon. Both actions contribute towards the CO2
emission reduction targets [83,84]. FTWs were inspected on a weekly basis to check and
examine the overall functioning. Key attention was given to the inlet flow of the system,
which was checked twice a week, as blockages in the pump and pipe could occur due to
suspended solids in the wastewater.

4. Results and Discussion

Tanning industries are a major wastewater source, and tanning industry wastewater
has a high organic load due to the process used to turn raw skins or hide into leather [85,86].
In this study, tannery wastewater flowed through floating treatment wetlands to remove
pollutants. In the following sections, we describe the results of the treatment of wastewater
using three different species.

4.1. Water Hyacinth

Water hyacinth (Eichhornia Crassipes) grows abundantly in tropical and subtropical
areas of the world. Water hyacinth is a floating water plant that has been named one
of the world’s 100 most invasive global plants [87]. In recent years, water hyacinth has
received attention because of its potential for the abstraction of pollutants when it is used
in biological treatment systems [88]. The thick growth of water hyacinth can reduce the
quantity of sunlight that reaches the water, thus impeding many photosynthetic species
and disturbing the ecological equilibrium. Furthermore, its extensive coating on the
surface of bodies of water reduces oxygen transmission into the water [88]. Water hyacinth
has lengthy roots floating in water which are believed to provide a medium for aerobic
microbes in sewage treatment systems. These microbes eat organic materials and nutrients
in wastewater and convert them into inorganic compounds that plants may absorb. Water
hyacinth often develops swiftly in non-native countries due to a lack of natural enemies or
consumers [87,89].

Water treated by water hyacinth had low amounts of COD, BOD, TSS, and chromium (Cr)
after two months compared to the flow into the floating treatment wetland (Figures 5 and 6).
The influent value of COD was more than 1500 mg/L, which decreased to less than 10 mg/L
after treatment. The BOD influent value was found to be 1000 mg/L, which was reduced to
10 mg/L after treatment. The TSS values were noted to be above 150 mg/L, which reduced
to under 50 mg/L after the treatment. The chromium inflow values were noted as above
14 mg/L, whereas the effluent values were reduced to below 2 mg/L. Additional processes
such as the gravitational settling of solids and coprecipitation with insoluble compounds
may have contributed to the high chromium removal in the wetlands [90]. Overall, the
average reduction in the pollution in tannery wastewater by the water hyacinth was more
than 90 percent for COD, BOD, and Cr, and 85% for TSS (Table 2). The results for Cr were
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similar to those reported in a previous study, which found that the water hyacinth removed
87.52% of Cr from the contaminated water source [91].
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Table 2. Averaged effluent concentrations and removal efficiencies for COD, BOD, TSS, and Cr with
the hyacinth species.

Parameters Average Inlet
Concentration (mg/L)

Average Outlet
Concentration (mg/L) Removal Efficiency (%)

COD 1222.16 59.83 95
BOD 814.7 31.76 96
TSS 149 22.41 85
Cr 12 0.67 94

4.2. Water Lettuce

Water lettuce, (Pistia stratiotes) from the Araceae family, floats on the water surface
and its roots hang submerged beneath floating leaves [92]. It is used for medicine and
fodder in different countries across the world. Water lettuce is larger in yield compared to
other small aquatic weeds such as Lemna spp. and may be used in the phytoremediation
of a variety of contaminants found in industrial effluent [93]. It has a high capacity for
the absorption of pollutants including hazardous heavy metals as well as a high level of
cellular proliferation [94]. As a result, it can grow in stressful circumstances and absorb a
variety of pollutants inside its plant components.

During the two-month period when water lettuce was in the FTW system, BOD and
COD in the tannery effluent ranged from 400 to 1200 mg/L; these values decreased after
treatment using water lettuce (Figure 7). However, water lettuce was not as efficient at
reducing BOD or COD as water hyacinth, reducing COD, on average, by only 27% and
BOD by 41% (Figures 7 and 8; Table 3). The removal of TSS (80%) and Cr (more than 90%)
was similar to water hyacinth. Our results are in agreement with other studies which found
that the removal of metals such as zinc, cadmium, and nickel from wastewater by water
lettuce is extensively efficient [93]. Other research observed that water lettuce can efficiently
remove Cr from water at different concentrations of 1, 2, 4, and 6 mg Cr/L [95,96]. Other
research on treatment wetland (in vertical and horizontal design) found a higher removal
percentage of BOD (82%), along with efficient removal of phosphate (95.4%) and chloride
(51%). Additionally, the fecal coliform removed by water lettuce (over 98%) suggested the
ability of the plant to uptake nutrients and release toxins for pathogen disinfection. It is
also suggested that vertical design could be a better option for wetlands using the species
of water lettuce [97].

4.3. Typha Latifolia

Typha latifolia is a well-known emergent hyperaccumulator plant. It can collect metals
such as copper, mercury, chrome, copper, and lead up to 0.1 percent of the plant dry
weight and iron and zinc up to 1% [98]. In recent times, P. australis and T. latifolia have
been used to remove heavy metals [99]. Over the two months when Typha latifolia was
grown in the FTW, the analysis of the inlet and outlet samples indicated a reduction in
COD of 278 mg/L with 48% removal efficiency, BOD 123 mg/L with 31% efficiency, and
chromium of 3.36 mg/L with 33% efficiency (Table 4; Figures 9 and 10). The TSS reduction
was 72% with an average inlet and outlet concentration of 220.33 mg/L and 61.68 mg/L.
Another study reported that Typha species removed 96.2% of cadmium, 83.6% of copper,
and 95.9% of lead, respectively [100]. In the Typha latifolia study, the BOD and COD results
varied slightly, whereas the TSS and chromium results varied greatly between the FTW
inflow and effluent. The input COD was found to be 800 mg/L, and effluent COD was
reduced to 200 mg/L after treatment. The input BOD was as high as 500 mg/L; after
treatment, it was reduced to as low as 200 mg/L (Figure 10). The TSS value in the FTW
inflow varied from 60 to 400 mg/L and from 20 to 100 mg/L in the effluent. As result of
treatment, the inflow chromium levels varied from 5 to 16 mg/L and effluent from 0 to
15 mg/L (Figure 10). It has been shown that the Typha species are more tolerant of metal
toxicity than other plant species [101,102].
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Table 3. Averaged effluent concentrations and removal efficiencies for water lettuce.

Parameters Average Inlet Concentration Average Outlet Concentration Removal (%)

COD 924.66 675.16 27

BOD 594.33 349.66 41
TSS 842.66 123.16 85
Cr 41.19 2.5 94

Table 4. Averaged effluent concentrations and removal efficiencies for Typha latifolia.

Parameters Average Inlet Concentration Average Outlet Concentration Removal (%)

COD 583.83 305 48
BOD 399.33 276.83 31
TSS 220.33 61.82 72
Cr 10.04 6.68 33
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The metal uptake by these wetland plants, precipitation and coprecipitation as insol-
uble salts, and metal binding to the substrate are processes that are attributed to heavy
metal reduction in T. latifolia [103]. T. latifolia provided substrate and sustaining media for
the growth of micro-organisms, which are key players in heavy metal immobilization and
uptake by plants. The rhizosphere of these plants may be naturally reduced, which would
further augment the cell wall capability to absorb metals through immobilization, which
could explain why the overall effect of metal uptake by T. latifolia is reduced. Another rea-
son for the decrease in overall heavy metal removal could be that these plants accumulate
phytosiderophores [97,104].

Floating treatment wetlands are a less expensive wastewater treatment technique
with minimal construction, operation, and maintenance costs [76,82,105] partly because
construction materials can be obtained locally and commercially. Moreover, FTWs do not
need any complicated technical mechanisms for their installation or manufactured chemical
input to sustain functional processes or for maintenance. Hence, low construction and
operating costs make this technology a particularly reasonable and practical method in
developing countries [56]. According to the research, a 201 m3 constructed wetland costs
approximately 445 USD (1 USD = 176 PKR), a 158 m vertical flow constructed wetland
(VFCW) requires 574 USD, a 251 m3 horizontal flow constructed wetland (HFCW) requires
1425 USD, a 272 m3 reed system costs 1040 USD, and a secondary constructed wetland costs
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1874 USD (it always varies area to area) [106]. The cost of a constructed wetland is around
50%–90% less than the cost of other traditional wastewater treatment technologies [107].
The COD, TSS, TN, and TP removal rates for the HFCW and VFW systems are 61%, 75%,
31%, and 26%, respectively. Another comparison made by the US-EPA is that the life cycle
costs for a swamp are lower than the cost of a conventional treatment system designed for
the same flow and effluent water quality [104].
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A designed floating treatment wetland may be used to treat a wide range of wastewater
types (industrial, kitchen, washbasin, etc.). The efficiency of a built wetland is determined
by the kind of wetland, species, delivered hydraulic stress, and bed material [105,108].
Water hyacinth (Eichhornia crassipes), a free-floating aquatic vegetation that grows quickly,
may absorb huge amounts of trace minerals and pollutants through processes that are
dependent on root growth. When plants are cultivated in industrial wastewaters with
high quantities of macronutrients, their absorption of elements such as heavy metals are
frequently boosted. Other factors may limit the capacity for plants used in this study to
reduce pollutants; for example, water lettuce is based in hot, humid climates and is not
robust in cold areas.
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To maintain the optimal plant densities (0.2–0.7 kg dry biomass per m2), metal- or
nutrient-loaded plant biomass must be removed from water bodies for efficient water
treatment. If not collected, the bulk of the components would be returned to the water
through plant breakdown processes. It has been demonstrated that more intensive man-
agement, including more regular and timely harvesting of plant biomass, might result in
a greater pollutant reduction. For example, for optimal pollutant reduction, plants in a
semitropical environment should be picked every other week during the wet season, when
temperatures are also optimal for water lettuce development, to maintain around a three-
fourths covering of the surface of the water [91]. The Typha genus is commonly applied in
wetlands. Most Typha research focuses on removal efficiency responses to contaminants. In
addition to affecting the ability of a plant to absorb pollutants from water, root structure
and root diameter variations are strongly linked to the ecological requirements of plants
and removal efficiency [109–111]. Most of the components were gathered in the sediment,
which aided in the deposition. The pollutant transfer to above-ground structures was not
always considered. Therefore, plants in this study had only a limited effect on reducing
pollutants (Table 5). However, macrophytes can operate as phytostabilizers and improve
contaminant sequestration, especially when the root biomass grows rapidly. As a whole, the
wetlands which were investigated here for the first time in Pakistan have shown a positive
performance. This study will be a guiding principle for small and medium enterprises. It
will help SMEs to design, construct, assess, and achieve the local wastewater treatment
guidelines. Furthermore, detailed research and use of the floating treatment wetland as a
low-cost, energy-efficient wastewater treatment process in developing countries are needed.
Future research should focus on the efficiency and sustainability of FTWs to improve the
environment and operations and to find new ways to improve dead or contaminated plant
management and substrates in real-world field trials. Nutrients and other pollutants ab-
sorbed by wetlands plants have been found to be released into water when species die and
decompose during the cold winter, potentially resulting in poor removal performance. As a
result, research and development on optimal plant harvesting methodologies as well as the
restoration and regeneration of plant resources in FTWs is critical. It is recommended that
floating treatment wetlands be integrated to treat wastewater from tanneries. Many con-
structed treatment wetlands were designed and considered only for wastewater treatment.
However, in addition to their high removal efficiencies, manmade treatment wetlands
have lately been demonstrated to offer a significant possibility in the new sustainable and
circular economy in industrial and urban environments. As proposed by the “sponge city”
idea, treatment wetlands can successfully treat, collect, and recycle nutrients and water for
future use. Floating treatment wetlands are a new technique that has proven useful in a
variety of applications, including wastewater treatment, bioremediation, and stormwater
treatment. The efficiency of their construction and operation as well as the reduced area
needed for procedures make them an appealing alternative for integration with treatment
ponds and traditional artificial wetlands. However, just one research paper integrating
FTW with a mixed CW mechanism was discovered in this review; hence, combining FTW
with other technologies, such as advanced oxidation processes, should be investigated
further, particularly when the focus is on water reuse.

Table 5. Removal efficiency comparison of plants.

COD Removal
Efficiency %

BOD Removal
Efficiency %

TSS Removal
Efficiency %

Cr Removal
Efficiency %

Water Hyacinth 95 96 84 94
Water lettuce 27 41 85 94
Typha latifolia 48 31 72 33

5. Conclusions

Floating treatment wetland systems are an innovative field that has been demonstrated
to be adaptable to multiple tasks, such as domestic wastewater treatment, bioremediation,
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and industrial wastewater treatment. Their comparatively simple development, operation,
and low cost make them an attractive alternative for integration with treatments ponds and
conventionally created wetlands. The sustainability of the tannery sector is important for
the GDP of Pakistan. The tannery sector utilizes a large amount of water and discharges
polluted water. In order to devise a cost-effective system for the treatment of tannery
wastewater, a floating treatment wetland model was set up to treat effluent using local plant
species through phytoremediation as a pilot. In this study, we found that floating treatment
wetland systems can be successfully established for the treatment of the contaminants of
tannery wastewater. Our research shows that the water treated by water hyacinth had
low amounts of COD, BOD, TSS, and chromium (Cr) after two months compared to the
flow into the floating treatment wetland. The influent value of COD was decreased to
10 mg/L from 1500 mg/L, the TSS reduced to 50 mg/L from 150 mg/L, and chromium
from 14 mg/L to 2 mg/L. Water lettuce was not as efficient at reducing BOD or COD as
water hyacinth, reducing COD, on average, by only 27% and BOD by 41%. The removal
of TSS (80%) and Cr (more than 90%) was similar to the water hyacinth. Furthermore,
Typha latifolia is a well-known emergent hyperaccumulator plant. It can collect metals such
as copper, mercury, chrome, copper, and lead up to 0.1 percent of the plant dry weight
and iron and zinc up to 1%. Over the two months when Typha latifolia was grown in the
FTW system, the analysis of inlet and outlet samples indicated a reduction in COD of
278 mg/L with 48% removal efficiency, BOD 123 mg/L with 31% efficiency, and chromium
of 3.36 mg/L with 33% efficiency. The TSS reduction was 72%, with an average inlet and
outlet concentration of 220.33 mg/L and 61.68 mg/L. The tested pilot-scale FTW was
demonstrated to be a successful treatment solution for tannery effluents, and it is a low-cost
wastewater treatment method with low development, operating, and maintenance costs.

Author Contributions: Conceptualization, L.K.; Data curation, A.Y. and J.S.; Formal analysis, L.K.
and A.K.; Project administration, S.A.N., A.Y. and A.Q.A.; Software, S.S.Q.; Supervision, A.Q.A.;
Validation, S.N.; Writing—original draft, L.K.; Writing—review & editing, L.K. and M.J.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: No applicable.

Informed Consent Statement: No applicable.

Data Availability Statement: More information about study can be found on https://www.wwfpak.
org/our_work_/water_/iles/, accessed on 26 September 2022.

Acknowledgments: The publication of this study was supported by the project “International Labor
and Environmental Standards Application in Pakistan’s SMEs (ILES)” by WWF-Pakistan which
was also funded by the European Union and ILO. The research findings, recommendations, and
conclusions drawn from this publication are part of the ILES project activities. The contents of this
publication are the sole responsibility of the authors and can in no way be taken to reflect the views of
WWF-Pakistan or the European Union and ILO. We thank the two anonymous reviewers and editor
for constructive suggestions and comments on earlier drafts. We also want to extend our thanks to
tannery representatives who participated in this study.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Montaño-Medina, C.U.; Lopéz-Martínez, L.M.; Ochoa-Terán, A.; López-Maldonado, E.A.; Salazar-Gastelum, M.I.; Trujillo-

Navarrete, B.; Pérez-Sicairos, S.; Cornejo-Bravo, J.M. New pyridyl and aniline-functionalized carbamoylcarboxylic acids for
removal of metal ions from water by coagulation-flocculation process. Chem. Eng. J. 2023, 451, 138396. [CrossRef]

2. Shahid, M.; Al-Surhanee, A.; Kouadri, F.; Ali, S.; Nawaz, N.; Afzal, M.; Rizwan, M.; Ali, B.; Soliman, M. Role of Microorganisms
in the Remediation of Wastewater in Floating Treatment Wetlands: A Review. Sustainability 2020, 12, 5559. [CrossRef]

3. Eljamal, O.; Sasaki, K.; Hirajima, T. Sorption Kinetic of Arsenate as Water Contaminant on Zero Valent Iron. J. Water Resour. Prot.
2013, 5, 563–567. [CrossRef]

https://www.wwfpak.org/our_work_/water_/iles/
https://www.wwfpak.org/our_work_/water_/iles/
http://doi.org/10.1016/j.cej.2022.138396
http://doi.org/10.3390/su12145559
http://doi.org/10.4236/jwarp.2013.56057


Sustainability 2022, 14, 12854 16 of 20

4. D’Adamo, I.; Gastaldi, M.; Morone, P.; Rosa, P.; Sassanelli, C.; Settembre-Blundo, D.; Shen, Y. Bioeconomy of Sustainability:
Drivers, Opportunities and Policy Implications. Sustainability 2021, 14, 200. [CrossRef]

5. Sikander, M.; Kumar, L.; Naqvi, S.A.; Arshad, M.; Jabeen, S. Sustainable practices for reduction of environmental footprint in
tanneries of Pakistan. Case Stud. Chem. Environ. Eng. 2021, 4, 100161. [CrossRef]

6. Cheng, Q.; Huang, Q.; Khan, S.; Liu, Y.; Liao, Z.; Li, G.; Ok, Y.S. Adsorption of Cd by peanut husks and peanut husk biochar from
aqueous solutions. Ecol. Eng. 2016, 87, 240–245. [CrossRef]

7. Sarode, S.; Upadhyay, P.; Khosa, M.; Mak, T.; Shakir, A.; Song, S.; Ullah, A. Overview of wastewater treatment methods with
special focus on biopolymer chitin-chitosan. Int. J. Biol. Macromol. 2018, 121, 1086–1100. [CrossRef]

8. Genet, M.; Stokes, A.; Fourcaud, T.; Norris, J.E. The influence of plant diversity on slope stability in a moist evergreen deciduous
forest. Ecol. Eng. 2010, 36, 265–275. [CrossRef]

9. Khan, S.; Waqas, M.; Ding, F.; Shamshad, I.; Arp, H.P.H.; Li, G. The influence of various biochars on the bioaccessibility and
bioaccumulation of PAHs and potentially toxic elements to turnips (Brassica rapa L.). J. Hazard. Mater. 2015, 300, 243–253.
[CrossRef]

10. D’Adamo, I.; Sassanelli, C. A mini-review of biomethane valorization: Managerial and policy implications for a circular resource.
Waste Manag. Res. 2022, 1–12. [CrossRef]

11. Fu, F.; Wang, Q. Removal of heavy metal ions from wastewaters: A review. J. Environ. Manag. 2011, 92, 407–418. [CrossRef]
[PubMed]

12. Kurniawan, T.A.; Chan, G.Y.; Lo, W.-H.; Babel, S. Physico–chemical treatment techniques for wastewater laden with heavy metals.
Chem. Eng. J. 2006, 118, 83–98. [CrossRef]

13. Marinho, B.A.; Cristóvão, R.O.; Boaventura, R.A.R.; Vilar, V.J.P. As(III) and Cr(VI) oxyanion removal from water by advanced
oxidation/reduction processes—A review. Environ. Sci. Pollut. Res. 2018, 26, 2203–2227. [CrossRef] [PubMed]

14. Carolin, C.F.; Kumar, P.S.; Saravanan, A.; Joshiba, G.J.; Naushad, M. Efficient techniques for the removal of toxic heavy metals
from aquatic environment: A review. J. Environ. Chem. Eng. 2017, 5, 2782–2799. [CrossRef]

15. Bolisetty, S.; Peydayesh, M.; Mezzenga, R. Sustainable technologies for water purification from heavy metals: Review and analysis.
Chem. Soc. Rev. 2019, 48, 463–487. [CrossRef]

16. Weng, C.-H.; Lin, Y.-T.; Hong, D.-Y.; Sharma, Y.C.; Chen, S.-C.; Tripathi, K. Effective removal of copper ions from aqueous solution
using base treated black tea waste. Ecol. Eng. 2014, 67, 127–133. [CrossRef]

17. Calheiros, C.; Rangel, A.; Castro, P. Constructed Wetlands for Tannery Wastewater Treatment in Portugal: Ten Years of Experience.
Int. J. Phytoremediation 2014, 16, 859–870. [CrossRef]

18. Kumar, L.; Nadeem, F.; Sloan, M.; Restle-Steinert, J.; Deitch, M.J.; Naqvi, S.A.; Kumar, A.; Sassanelli, C. Fostering Green Finance
for Sustainable Development: A Focus on Textile and Leather Small Medium Enterprises in Pakistan. Sustainability 2022, 14, 11908.
[CrossRef]

19. Sassanelli, C.; Rosa, P.; Rocca, R.; Terzi, S. Circular economy performance assessment methods: A systematic literature review.
J. Clean. Prod. 2019, 229, 440–453. [CrossRef]

20. Acerbi, F.; Sassanelli, C.; Terzi, S.; Taisch, M. A Systematic Literature Review on Data and Information Required for Circular
Manufacturing Strategies Adoption. Sustainability 2021, 13, 2047. [CrossRef]

21. Acerbi, F.; Sassanelli, C.; Taisch, M. A conceptual data model promoting data-driven circular manufacturing. Oper. Manag. Res.
2022, 1–20. [CrossRef]

22. Memedovic, O.; Mattila, H. The global leather value chain: The industries, the main actors and prospects for upgrading in LDCs.
Int. J. Technol. Learn. Innov. Dev. 2008, 1, 482. [CrossRef]

23. Memon, Y.I.; Qureshi, S.S.; Kandhar, I.A.; Qureshi, N.A.; Saeed, S.; Mubarak, N.; Khan, S.U.; Saleh, T.A. Statistical analysis
and physicochemical characteristics of groundwater quality parameters: A case study. Int. J. Environ. Anal. Chem. 2021, 1–22.
[CrossRef]

24. Jiang, W.; Yuan, Z.; Bi, J.; Sun, L. Conserving water by optimizing production schedules in the dyeing industry. J. Clean. Prod.
2010, 18, 1696–1702. [CrossRef]

25. Rottle, N.; Bowles, M.; Andrews, L.; Engelke, J. Constructed floating wetlands: A “s afe-to-fail” study with m ulti-sector
participation. Restor. Ecol. 2022, e13672. [CrossRef]

26. Castellar, J.A.; Torrens, A.; Buttiglieri, G.; Monclús, H.; Arias, C.A.; Carvalho, P.N.; Galvao, A.; Comas, J. Nature-based solutions
coupled with advanced technologies: An opportunity for decentralized water reuse in cities. J. Clean. Prod. 2022, 340, 130660.
[CrossRef]

27. Unnithan, M.R.; Vinod, V.P.; Anirudhan, T.S. Synthesis, Characterization, and Application as a Chromium(VI) Adsorbent of
Amine-Modified Polyacrylamide-Grafted Coconut Coir Pith. Ind. Eng. Chem. Res. 2004, 43, 2247–2255. [CrossRef]

28. Faulwetter, J.L.; Burr, M.D.; Cunningham, A.B.; Stewart, F.M.; Camper, A.K.; Stein, O.R. Floating treatment wetlands for domestic
wastewater treatment. Water Sci. Technol. 2011, 64, 2089–2095. [CrossRef]

29. Somprasert, S.; Mungkung, S.; Kreetachat, N.; Imman, S.; Homklin, S. Implementation of an Integrated Floating Wetland and
Biofilter for Water Treatment in Nile Tilapia Aquaculture. J. Ecol. Eng. 2021, 22, 146–152. [CrossRef]

30. Uysal, Y. Removal of chromium ions from wastewater by duckweed, Lemna minor L. by using a pilot system with continuous
flow. J. Hazard. Mater. 2013, 263, 486–492. [CrossRef] [PubMed]

http://doi.org/10.3390/su14010200
http://doi.org/10.1016/j.cscee.2021.100161
http://doi.org/10.1016/j.ecoleng.2015.11.045
http://doi.org/10.1016/j.ijbiomac.2018.10.089
http://doi.org/10.1016/j.ecoleng.2009.05.018
http://doi.org/10.1016/j.jhazmat.2015.06.050
http://doi.org/10.1177/0734242X221102249
http://doi.org/10.1016/j.jenvman.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21138785
http://doi.org/10.1016/j.cej.2006.01.015
http://doi.org/10.1007/s11356-018-3595-5
http://www.ncbi.nlm.nih.gov/pubmed/30474808
http://doi.org/10.1016/j.jece.2017.05.029
http://doi.org/10.1039/C8CS00493E
http://doi.org/10.1016/j.ecoleng.2014.03.053
http://doi.org/10.1080/15226514.2013.798622
http://doi.org/10.3390/su141911908
http://doi.org/10.1016/j.jclepro.2019.05.019
http://doi.org/10.3390/su13042047
http://doi.org/10.1007/s12063-022-00271-x
http://doi.org/10.1504/IJTLID.2008.021965
http://doi.org/10.1080/03067319.2021.1890064
http://doi.org/10.1016/j.jclepro.2010.07.004
http://doi.org/10.1111/rec.13672
http://doi.org/10.1016/j.jclepro.2022.130660
http://doi.org/10.1021/ie0302084
http://doi.org/10.2166/wst.2011.576
http://doi.org/10.12911/22998993/140267
http://doi.org/10.1016/j.jhazmat.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24231333


Sustainability 2022, 14, 12854 17 of 20

31. Pascual, A.; De La Varga, D.; Arias, C.A.; Van Oirschot, D.; Kilian, R.; Álvarez, J.A.; Soto, M. Hydrolytic anaerobic reactor and
aerated constructed wetland systems for municipal wastewater treatment—Highwet project. Environ. Technol. 2016, 38, 209–219.
[CrossRef] [PubMed]

32. DalCorso, G.; Fasani, E.; Manara, A.; Visioli, G.; Furini, A. Heavy Metal Pollutions: State of the Art and Innovation in Phytoreme-
diation. Int. J. Mol. Sci. 2019, 20, 3412. [CrossRef]

33. Afzal, M.; Arslan, M.; Müller, J.A.; Shabir, G.; Islam, E.; Tahseen, R.; Anwar-Ul-Haq, M.; Hashmat, A.J.; Iqbal, S.; Khan, Q.M.
Floating treatment wetlands as a suitable option for large-scale wastewater treatment. Nat. Sustain. 2019, 2, 863–871. [CrossRef]

34. Weragoda, S.K.; Jinadasa, K.B.S.N.; Zhang, D.Q.; Gersberg, R.M.; Tan, S.K.; Tanaka, N.; Jern, N.W. Tropical Application of Floating
Treatment Wetlands. Wetlands 2012, 32, 955–961. [CrossRef]

35. Guerrero, C.M.; Travis, G. Assessing Decentralized Wastewater Treatment Options in SantaBarbara Count; Taylor & Francis Group:
Oxfordshire, UK, 2009.

36. Dotro, G.; Langergraber, G.; Molle, P.; Nivala, J.; Puigagut, J.; Stein, O.; von Sperling, M. Treatment Wetlands. 2017. Available
online: https://library.oapen.org/handle/20.500.12657/31049 (accessed on 22 September 2022).

37. Walker, C.; Tondera, K.; Lucke, T. Stormwater Treatment Evaluation of a Constructed Floating Wetland after Two Years Operation
in an Urban Catchment. Sustainability 2017, 9, 1687. [CrossRef]

38. Lucke, T.; Walker, C.; Beecham, S. Experimental designs of field-based constructed floating wetland studies: A review. Sci. Total
Environ. 2019, 660, 199–208. [CrossRef]

39. Abed, S.N.; Almuktar, S.A.; Scholz, M. Remediation of synthetic greywater in mesocosm—Scale floating treatment wetlands. Ecol.
Eng. 2017, 102, 303–319. [CrossRef]

40. Shahid, M.J.; Arslan, M.; Ali, S.; Siddique, M.; Afzal, M. Floating Wetlands: A Sustainable Tool for Wastewater Treatment.
CLEAN—Soil Air Water 2018, 46, 1800120. [CrossRef]

41. Johnson, S. Literature Review: Pollutant Removal Efficacy of Floating Treatment Wetlands across Water Bodies. Bachelor’s Thesis,
Portland State University, Portland, OR, USA, 2021. [CrossRef]

42. Winston, R.J.; Hunt, W.F.; Kennedy, S.G.; Merriman, L.S.; Chandler, J.; Brown, D. Evaluation of floating treatment wetlands as
retrofits to existing stormwater retention ponds. Ecol. Eng. 2013, 54, 254–265. [CrossRef]

43. Pavlidis, G.; Zotou, I.; Karasali, H.; Marousopoulou, A.; Bariamis, G.; Tsihrintzis, V.A.; Nalbantis, I. Performance of Pilot-scale
Constructed Floating Wetlands in the Removal of Nutrients and Pesticides. Water Resour. Manag. 2021, 36, 399–416. [CrossRef]

44. Abdelhakeem, S.G.; Aboulroos, S.A.; Kamel, M.M. Performance of a vertical subsurface flow constructed wetland under different
operational conditions. J. Adv. Res. 2016, 7, 803–814. [CrossRef]

45. Eljamal, O.; Thompson, I.P.; Maamoun, I.; Shubair, T.; Eljamal, K.; Lueangwattanapong, K.; Sugihara, Y. Investigating the design
parameters for a permeable reactive barrier consisting of nanoscale zero-valent iron and bimetallic iron/copper for phosphate
removal. J. Mol. Liq. 2019, 299, 112144. [CrossRef]

46. Rahmadyanti, E. Integrated System of Biofilter and Constructed Wetland for Sustainable Batik Industry. Int. J. GEOMATE 2020,
18, 138–148. [CrossRef]

47. García-Valero, A.; Martínez-Martínez, S.; Faz, Á.; Terrero, M.A.; Muñoz, M.; Gómez-López, M.D.; Acosta, J.A. Treatment of
WASTEWATER from the Tannery Industry in a Constructed Wetland Planted with Phragmites australis. Agronomy 2020, 10, 176.
[CrossRef]

48. Saeed, T.; Khan, T. Constructed wetlands for industrial wastewater treatment: Alternative media, input biodegradation ratio and
unstable loading. J. Environ. Chem. Eng. 2019, 7, 103042. [CrossRef]

49. Calheiros, C.S.; Rangel, A.O.; Castro, P.M. Constructed wetland systems vegetated with different plants applied to the treatment
of tannery wastewater. Water Res. 2007, 41, 1790–1798. [CrossRef]

50. Salt, D.E.; Blaylock, M.; Kumar, N.P.B.A.; Dushenkov, V.; Ensley, B.D.; Chet, I.; Raskin, I. Phytoremediation: A Novel Strategy for
the Removal of Toxic Metals from the Environment Using Plants. Nat. Biotechnol. 1995, 13, 468–474. [CrossRef] [PubMed]

51. Shelef, O.; Gross, A.; Rachmilevitch, S. Role of Plants in a Constructed Wetland: Current and New Perspectives. Water 2013, 5,
405–419. [CrossRef]

52. Calheiros, C.S.C.; Pereira, S.I.A.; Franco, A.R.; Castro, P.M.L. Diverse Arbuscular Mycorrhizal Fungi (AMF) Communities
Colonize Plants Inhabiting a Constructed Wetland for Wastewater Treatment. Water 2019, 11, 1535. [CrossRef]

53. Arliyani, I.; Tangahu, B.V.; Mangkoedihardjo, S. Plant Diversity in a Constructed Wetland for Pollutant Parameter Processing on
Leachate: A Review. J. Ecol. Eng. 2021, 22, 240–255. [CrossRef]

54. Rijkenberg, M.J.; Depree, C.V. Heavy metal stabilization in contaminated road-derived sediments. Sci. Total Environ. 2010, 408,
1212–1220. [CrossRef] [PubMed]

55. Boelaert, F.; Amore, G.; van der Stede, Y.; Stoicescu, A.; Nagy, K.; Riolo, F.; Kleine, J.; Messens, W.; Lima, E.; Watts, M.; et al. The
European Union summary report on trends and sources of zoonoses, zoonotic agents and food-borne outbreaks in 2014. EFSA J.
2015, 13, 4329. [CrossRef]

56. Shen, S.; Li, X.; Lu, X. Recent developments and applications of floating treatment wetlands for treating different source waters:
A review. Environ. Sci. Pollut. Res. 2021, 28, 62061–62084. [CrossRef]

57. 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, S3548–S3558. [CrossRef]

58. Krämer, U. Metal Hyperaccumulation in Plants. Annu. Rev. Plant Biol. 2010, 61, 517–534. [CrossRef]

http://doi.org/10.1080/09593330.2016.1188995
http://www.ncbi.nlm.nih.gov/pubmed/27241268
http://doi.org/10.3390/ijms20143412
http://doi.org/10.1038/s41893-019-0350-y
http://doi.org/10.1007/s13157-012-0333-5
https://library.oapen.org/handle/20.500.12657/31049
http://doi.org/10.3390/su9101687
http://doi.org/10.1016/j.scitotenv.2019.01.018
http://doi.org/10.1016/j.ecoleng.2017.01.043
http://doi.org/10.1002/clen.201800120
http://doi.org/10.15760/honors.1082
http://doi.org/10.1016/j.ecoleng.2013.01.023
http://doi.org/10.1007/s11269-021-03033-9
http://doi.org/10.1016/j.jare.2015.12.002
http://doi.org/10.1016/j.molliq.2019.112144
http://doi.org/10.21660/2020.70.61681
http://doi.org/10.3390/agronomy10020176
http://doi.org/10.1016/j.jece.2019.103042
http://doi.org/10.1016/j.watres.2007.01.012
http://doi.org/10.1038/nbt0595-468
http://www.ncbi.nlm.nih.gov/pubmed/9634787
http://doi.org/10.3390/w5020405
http://doi.org/10.3390/w11081535
http://doi.org/10.12911/22998993/134041
http://doi.org/10.1016/j.scitotenv.2009.11.053
http://www.ncbi.nlm.nih.gov/pubmed/20006898
http://doi.org/10.2903/J.EFSA.2015.4329
http://doi.org/10.1007/s11356-021-16663-8
http://doi.org/10.1016/j.arabjc.2014.03.002
http://doi.org/10.1146/annurev-arplant-042809-112156


Sustainability 2022, 14, 12854 18 of 20

59. Yu, C.; Peng, X.; Yan, H.; Li, X.; Zhou, Z.; Yan, T. Phytoremediation Ability of Solanum nigrum L. to Cd-Contaminated Soils with
High Levels of Cu, Zn, and Pb. Water Air Soil Pollut. 2015, 226, 157. [CrossRef]

60. Liang, Y.; Zhu, H.; Bañuelos, G.; Shutes, B.; Yan, B.; Cheng, X. Removal of sulfamethoxazole from salt-laden wastewater in
constructed wetlands affected by plant species, salinity levels and co-existing contaminants. Chem. Eng. J. 2018, 341, 462–470.
[CrossRef]

61. Li, W.; Xu, X.; Fujibayashi, M.; Niu, Q.; Tanaka, N.; Nishimura, O. Response of microalgae to elevated CO2 and temperature:
Impact of climate change on freshwater ecosystems. Environ. Sci. Pollut. Res. 2016, 23, 19847–19860. [CrossRef]

62. Gacheva, G.; Gigova, L. Biological activity of microalgae can be enhanced by manipulating the cultivation temperature and
irradiance. Open Life Sci. 2014, 9, 1168–1181. [CrossRef]

63. Jafarinejad, S.; Jiang, S.C. Current technologies and future directions for treating petroleum refineries and petrochemical plants
(PRPP) wastewaters. J. Environ. Chem. Eng. 2019, 7, 103326. [CrossRef]

64. Tian, X.; Song, Y.; Shen, Z.; Zhou, Y.; Wang, K.; Jin, X.; Han, Z.; Liu, T. A comprehensive review on toxic petrochemical wastewater
pretreatment and advanced treatment. J. Clean. Prod. 2020, 245, 118692. [CrossRef]

65. Farraji, H.; Zaman, N.Q.; Tajuddin, R.M.; Faraji, H. Advantages and Disadvantages of Phytoremediation: A Concise Review. Int.
J. Env. Tech. Sci. 2016, 2, 69–75. Available online: www.journalijets.org (accessed on 23 September 2022).

66. Verhoeven, J.T.A.; Arheimer, B.; Yin, C.; Hefting, M.; Verhoeven, J.T.A.; Arheimer, B.; Yin, C.; Hefting, M.; Verhoeven, J.T.A.;
Arheimer, B.; et al. Regional and global concerns over wetlands and water quality. Trends Ecol. Evol. 2006, 21, 96–103. [CrossRef]
[PubMed]

67. Ortolano, L.; Sanchez-Triana, E.; Afzal, J.; Ali, C.L.; Rebellón, S.A. Cleaner production in Pakistan’s leather and textile sectors.
J. Clean. Prod. 2014, 68, 121–129. [CrossRef]

68. Kumar, L.; Kamil, I.; Ahmad, M.; Naqvi, S.A.; Deitch, M.J.; Amjad, A.Q.; Kumar, A.; Basheer, S.; Arshad, M.; Sassanelli, C.
In-house resource efficiency improvements supplementing the end of pipe treatments in textile SMEs under a circular economy
fashion. Front. Environ. Sci. 2022, 10. [CrossRef]

69. Khalili, N.R.; Duecker, S.; Ashton, W.; Chavez, F. From cleaner production to sustainable development: The role of academia.
J. Clean. Prod. 2015, 96, 30–43. [CrossRef]

70. Rizwan, U.; Malik, R.N.; Abdul, Q. Assessment of groundwater contamination in an industrial city, Sialkot, Pakistan. Afr. J.
Environ. Sci. Technol. 2009, 3, 429–446. Available online: https://www.ajol.info/index.php/ajest/article/view/56273 (accessed
on 2 September 2022).

71. Qadir, A.; Malik, R.N. Assessment of an index of biological integrity (IBI) to quantify the quality of two tributaries of river
Chenab, Sialkot, Pakistan. Hydrobiologia 2008, 621, 127–153. [CrossRef]

72. Ghani, A.; Maalik, S. Assessment of diversity and relative abundance of insect fauna associated with Triticum aestivum from
district Sialkot, Pakistan. J. King Saud Univ.-Sci. 2019, 32, 986–995. [CrossRef]
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