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Abstract

Untreated tannery wastewater (UTW) poses unprecedented threats to the aquatic and
irrigation systems due to severely limited pollution removal efficiency (RE %) by the
limited capacity and design of wastewater treatment plants in developing countries. An
exploitation of treatment wetlands (TWs) like floating treatment wetlands (FTWs) face
hydraulic performance and survivability and establishment challenges of transplanted
hydrophytes in the severely toxic UTW. Such challenges were overcome by designing a
horizontal flow floating treatment wetland (HFFTW) and diluting UTW at 0, 25, 50, and
75 with harvested rainwater (HRW), viz. UTW:HRW (% v:v) for lowering phytotoxicity to
the phytotolerance range of the tested hydrophytes, viz. Eichhornia crassipes (EC) and Pistia
stratiotes (PS) in the HFFTW, i.e., EC-HFFTW and PS-HFFTW. Both hydrophytes showed
heavy metals’ translocation factor being >1, i.e., and acted as excellent hyperaccumulators
of heavy metals. The average metal RE (%) was 64 (Cr), 61 (Cd), 45 (Pb), 44 (Cu), and 50.1
(BOD) for E. crassipes, and 44 (Cr), 54 (Cd), 42.2 (Pb), 42 (Cu), and 40 (BOD) for P. stratiotes.
Significant reductions in the organic pollution load witnessed by significant drops in BOD
and COD made UTW a safer irrigation medium for Petunia hybrida while inducing an
increase in the bioconcentration factor (BCF) of PS and EC. The study concluded that the
designed HFFTW showed significantly greater RE (%) and yield of reclaimed water than
conventional FTWs based on its hydraulic performance. The design HFFTW carries a field
scale application capacity for improvising treatment efficiency of the combined effluent
plant of KTWMA (Kasur Tannery Waste Management Agency), Kasur, Pakistan.

Keywords: artificial wetlands; hyperaccumulator plants; treatment wetlands; tannery
wastewater management; Eichhornia crassipes; Pistia stratiotes; hydrophytes; phytoremedia-
tion; bioremediation; hydraulic limitations of wastewater; floating wetlands
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1. Introduction

The water demand is expected to rise by 55% worldwide, and over 25% of large
cities are currently experiencing some form of water scarcity [1]. Water shortage affects
around 4 billion people for at least one month every year because of variables like climate
change, severe droughts, population growth, increasing water demand, and poor resource
management that have further pressured freshwater resources over the past few decades [2].
About 40% of the world population faces water deficiency, and around 700 million people
lack access to clean and safe water [3].

Heavy metal-laden wastewater is produced by a variety of human activities, including
petroleum refining, mining, electroplating, acid mine drainage, tanning in the leather
industry, landfill leachate, steel, and fertilizer production operations. Tannery industries
discharge UTW in the environment containing a significant number of pollutants and pose
a high risk to air and water quality [4]. UTW frequently contains harmful contaminants and
pollutants, particularly heavy metals such as Cr, Pb, Cd, and Hg, which represent significant
ecological impacts and health hazards. The concentration of these heavy metals from
tanneries can often lead to significant environmental dangers, as the leather often generates
high volumes of hazardous substances, including pathogens, synthetic compounds, organic
matter, and toxic metals, and are now widely present in both surface and groundwater,
endangering ecosystems and human health. Heavy metal pollution caused by UTW
has become a major environmental problem of the developing countries [5]. The entire
food chain may be impacted by the disturbance of plant metabolism and heavy metal
accumulation, which may also result in a decline in species diversity, changes to the
makeup of communities, and a loss of vegetative cover. Because of biomagnification within
the food chain, the high concentration of heavy metals in the soil and their buildup in
plants pose major health concerns to both humans and animals [6]. At even low levels,
heavy metals can build up inside living things and transform into dangerous or active
chemicals, causing important health issues for humans [7]. Therefore, the liquid and solid
waste discharged from tanneries needs effective treatment prior to discharge due to its
increasing impact on the environment.

Efforts to control and mitigate the impact of tanneries on the environment have
been taking place; however, further actions need to be taken to address this challenge [8].
However, multiple socio-economic constraints lead to the unavailability of conventional
wastewater treatment infrastructure in developing countries; hence, there has been a
strong reliance on applied bioremediation approaches such as constructed wetlands for
wastewater treatment, also called treatment wetlands [9-14]. The treatment wetlands are
preferred for being environmentally safe and sustainable methods for treating municipal
sewer and industrial wastewater [15] including tannery industrial effluent [16], especially
for the treatment of metallic pollution load of wastewater [17,18]. Being a biomimicry
of the natural wetlands, the treatment wetlands have demonstrated significant promise
in cleaning polluted water, including organic and inorganic pollutants [19]. Expanding
on this idea, a variety of artificial wetlands have been created and used to treat human-
generated discharges, such as industrial wastewater, agricultural runoff, and municipal
sewage [20-22]. However, treatment wetlands inherently carry multiple challenges causing
poor wastewater treatment capacity caused by seasonal limitations, aquatic plant vul-
nerabilities, land area intensifications, clogging risk, operational, structural design, and
compatibilities with the local wastewater issues of a place [23]. Hence, treatment wetlands
carry a large potential for basic and applied research opportunities for the wastewater
treatment research domains.

One of the key variants of treatment wetlands is floating treatment wetlands (FTWs).
The FTWs include floating surfaces/mats on the water supplied with solid filter media
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such as gravel or sand and treatment plants such hydrophytes [24,25]. They depend on
the relationships between plants, water, air, and microorganisms to address the removal
of contaminants and pollutants. During the operation of FTWs, aquatic plants” roots
protrude out of the floating surface and hang down into the water column, allowing for
nutrient absorption and pollution removal, while the above-water sections of the plants
continue to develop on floating surfaces/mats. The longer roots in the water and bedding
materials on the floating surfaces/mats offer high surface for biofilm growth, releasing
of oxygen through the roots of hydrophytes and help replenish dissolved oxygen level
in the water [26]. Like other types of treatment wetlands, FTWs carry low cost, minimal
impacts on water supplies, and are an eco-friendly technology for removal of heavy metals
from diverse types of wastewater. Because of their affordability, high effectiveness, and
environmental sustainability, they are frequently utilized for wastewater treatment [27].
However, the conventional design of FTWs also carries inherent limitations in terms of
design and efficiency for pollutant removal, especially during the treatment of industrial
wastewater treatment [28,29], especially UTW. Removal of multiple inorganic and inorganic
pollutants from UTW through FTWs has been at the emerging stage with very limited
literature [30]. The removal of chromium from wastewater through treatment wetlands
with vertical, horizontal, and hybrid flow systems has been quite effective [31,32]; however,
its efficacy for chromium removal from UTW is highly limited and multiple improvisations
are required for increasing treatment efficiency of FTWs for UTW.

However, the conventional FTWs have been facing several design, operational, and
performance efficiency challenges for treating industrial wastewater [28]. FTWs have been
based on the hydraulically static retention of water in the batch reactors, i.e., the ponds or
troughs throughout treatment process, with a great rate of silting, leading to sedimentation
of total solids and rise in the treatment bed. Consequently, the treatment efficiency of the
conventional FTWs is limited. The area covered with the floating assemblies is signifi-
cantly lesser than the area left open to active evaporative loss of water from the treatment
pond/trough. Both silting and evaporative loss result in limited treatment efficiency as
well as low yield of the treated wastewater. Another limitation associated with the stagnant
retention of wastewater in the treatment ponds/troughs is poor flow of air through the
wastewater, particularly in the deeper layers, which causes anaerobic decomposition of
organic pollution load, i.e., the BOD removal is limited both quantitatively and qualitatively
by producing anaerobic gaseous products like NH3, HyS, CHy, etc. Overcoming the high-
lighted limitations of conventional FTWs requires the introduction of design improvisations.
Hence, the current study designed and tested HFFTW.

The five key components of the treatment wetlands include (i) wastewater to be
treated; (ii) hydraulic flow gradient; (iii) bedding material for development of microbial
biofilm, offering surfaces for biophysical sorption of pollutants; (iv) vegetation, preferably
hydrophytes; and (v) physical containment for keeping the former four components fabri-
cated together either in an open land-based containment or enclosure-based containment.
The effective hydrophytes for treatment wetlands are preferably fast growing and high
biomass (root and shoot) yielding, and have a longer growing time (preferably being peren-
nial), easy availability and accessibility, robust metal tolerance, a high translocation index
of metals from roots to the aerial biomass, and a wide ecological amplitude for multiple
types and concentrations of pollutants. In reality, no wild hydrophyte with such ideal
features and characteristics exists for concurrent remediation of inorganic and organic
pollutants. However, some hydrophytes have most of the required features of an ideal
plant for application in the treatment wetlands. For example, P. stratiotes (water lettuce)
and E. crassipes (water hyacinth) have been some of the very frequently used hydrophytes
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for concurrent removal of heavy metals (including Cd, Cr, Cu, Ni, Pb, and Zn) and organic
pollution load from wastewater [23-37].

The reclaimed water through applied phytoremediation-based interventions like
treatment wetlands must be tested for its biosafety for plants to be cultivated before being
recommended for its use at large scale like in agricultural crop irrigation system. For testing
the reclaimed water through treatment wetlands, nonedible ornamental plants could be
ideal candidates as they have the least probability of letting pollutant flow through a food
web [38,39]. P. hybrida could be one such candidate for evaluating safer irrigation potential
of reclaimed wastewater as it can be irrigated with polluted water and has high ornamental
value, which may add a socio-economic benefit to the reclaimed water safety interventions,
even at the testing phase. The current study was aimed at designing a HFFTW at the
mesocosmic level for reclaiming safer irrigation water from tannery effluent in two sets,
viz. E. crassipes- and P. stratiotes-based HFFTW and assessing safer irrigation potential of
the reclaimed water for P. hybrida irrigation.

2. Materials and Methods
2.1. Collection of UTW

Due to multiple treatment performance, efficiency, and operational challenges of the
combined effluent treatment plant managed by KTWMA, Depalpur Road, Kasur, Pakistan,
the UTW was collected from its inlet (31.100262° N, 74.461387° E), i.e., at the first point of
entry of UTW into the treatment plant (Figure 1 and Figure 3). At the time of collection,
the UTW at the selected inlet spot consisted of a combined effluent from the whole city
of Kasur, containing UTW from over 300 leather tannery units being small, medium and
large sized, as well as the urban sewer of Kasur. Therefore, the collected UTW was strongly
anticipated to have very high concentrations of heavy metals and organic pollution load.
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Figure 1. Sampling location for UTW at the inlet of combined effluent treatment plant of KUTWMA,
Kasur, Pakistan.

2.2. Collection of Hydrophytes, Viz. E. crassipes and P. stratiotes, Saplings for Application
in HFFTW

Being an essential bioremedial component of HFFTW, the hydrophytes, viz. E. crassipes
and P. stratiotes saplings, were collected in Nov 2024 from a pond established near a cottage
industrial zone seasonally filled with wastewater from the adjoining areas of Kamahan-
Lidher Road, Lahore, Pakistan (31°26'29.7" N, 74°23/32.4" E) (Figures 2 and 3). The pond
selected as source of hydrophytes had a history of receiving highly polluted wastewater
from the cottage industrial units mixed in the surrounding urban sprawl areas of Lahore.
The collected hydrophyte saplings were at the early stage (two-leaf) at the time of sampling.
Due to a documented pollution history of the selected pond, the hydrophytes saplings
were anticipated to show a considerable tolerance to the pollution load in the UTW while
being run through HFFTW.
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Figure 2. Domestic-cum-cottage industrial wastewater pond along Kamahan-Lidher Road, Lahore,
was selected as source of hydrophyte saplings transplanted in the developed HFFTW.
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Figure 3. Geospatial representation of UTW collection areas in Kasur, with hydrophyte saplings
collection and experimental setup locations in Lahore.

2.3. Physicochemical and Heavy Metal Analysis of UTW at Pre- and Post-Treatment Level

The collected UTW was analyzed for physicochemical parameters of wastewater
quality analysis, commonly suggested and given by APHA [40], for characterization of
water and wastewater. A benchtop (Hanna, model HI 9835) waterproof microprocessor
EC/TDS/NaCl meter was used to measure EC (uS/cm), TDS (mg/L), and NaCl (%). A pH
meter (EUTECH pc 510) was used to determine the pH of UTW samples. The COD of the
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wastewater samples was determined by the ASTM standard method (ASTM D1252-06) [41].
To determine the BOD (mg/L), a 250 mL aliquot of UTW samples were loaded in the
BOD bottles” self-check apparatus (BOD Sensor System 10, Velp, Italy) for monitoring
BOD over five days [42]. TSS (mg/L), TDS (mg/L), TVS (mg/L), and SVI (mg/L) were
determined by following the standard method envisaged by USEPA Method 1684 [43]. For
the determination of heavy metals, the UTW samples were acid digested by following the
standard methods given by USEPA Method 3052 [44], and metal (viz. Cr, Cd, Pb, and Cu)
in the derived digestate was determined [42] by an atomic absorption spectrophotometer
(AAS, Model: GBC SAVANT AA, Australia).

2.4. Designing and Testing HFFTW at Mesocosmic Level

The mesocosmic HFFTW design was based on the introduction of modifications in
the selected horizontal flow treatment cells of the Constructed Wetland Field Experimen-
tal Station Prototype already installed at the Bioresource Unit in the Botanical Garden,
University of the Punjab (31.499751° N, 74.301066° E), established and operated by the
Environmental Biotechnology Research Laboratory, Institute of Botany, University of the
Punjab Lahore-54590, Pakistan [42,45]. The experimental setup comprised two HFFTW
treatment series, viz. E. crassipes-HFFTW (EC-HFFTW) series and P. stratiotes-HFFTW
(PS-HFFTW) series, each having a treatment capacity of 222 L.

During the screening trials, the high pollution load of UTW did not let any plants
grow in it. So, before introducing UTW in both HFFTW series, it was diluted at four levels
of dilutions with harvested rainwater (HRW), viz. 0, 25, 50 and 75 (UTW:HRW % v:v). The
detailed layout of the experimental design for UTW treatment through HFFTW is given in
Table 1 and Figure 4A. The HRW used for making dilutions of UTW had been collected,
stored, and maintained on a sustainable basis with details as given in Mahtab et al. [46]. In
each HFFTW series, the hydrophytes were introduced by applying a Styrofoam lid, having
holes for holding LDPE containers of hydrophyte sapling provisioned to protrude its root
through the bottom holes of the container and contacting the horizontally flowing UTW
through the HFFTW cells (Figure 4B-E).

Table 1. Experimental layout of the designed HFFTW series for treating UTW:HRW dilutions taken
as treatments.

Hydrophyte

HFFTW Treatment Cells b .
. . Safer Irrigation Trials of
HFFTW Series Celll  Cellll  CellIiL UTW:HRW Treated Reclaimed Water from UTW
EC-HFFTW 0 . P. hybrida
E. crnssines EC-HFFTW 25 UDTim?iW P. hybrida
TSI EC-HFFTW 50 “ Uf;) N — P. hybrida
EC-HFFTW 75 o application of P. hybrida
PS-HFFTW 0 P P hybrida
i . tions . nyorida
D strati PS-HFFTW 25 U])Tlmii‘s/v P. hybrida
- stratiotes — pg HEFTW 50 % ) P. hybrida
PS-HFFTW 75 o P. hybrida

Notes: HFFTW: horizontal flow floating treatment wetlands; UTW: untreated tannery wastewater; HRW: har-
vested rainwater.

The hydrophyte sapling in the HDPE container was mechanically supported by the
anchorage provided by the substrates’ layer comprising a combination of pebbles (15-40
mm diameter), coconut coir, soil, and rice straw biochar (Figure 4B). The applied substrate
mixtures had already been found effective for establishing hydrophyte saplings in the
HFFTW while offering an effective physisorption substratum with increasing surface area
over time due to the development of microbial biofilms. The increased surface area of the
bedding materials (Figure 4B) was facilitated in the substratum of hydrophytes to provide
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Hydraulic flow gradient developed
between treatment cells of HFFTW

circulation of air for provisioning aerobic decomposition of the organic pollution load
and biophysical sorption of heavy metals from the UTW, i.e., for maximizing cumulative
pollution removal efficiency of the HFFTW. Three treatment cells in a horizontal flow
hydraulic flow pattern were connected to the sample feeding tank to make a set of HFFTW
series for each UTW:HRW dilution (Figure 4A). Each HFFTW series was arranged as batch
reactors with equal retention time, i.e., nearly 5 days in each treatment cell while total
hydraulic retention time spanning over 15 days. The flow of water from one HFFTW
treatment cell to the next was regulated with the help of a flow-control handle valve
while hydraulic flow was being driven by artificial surface gradient, introduced by placing
treatment cells in a series at a descending level than the preceding cell (Figure 4A), with
further details given by Javeed et al. [42].

B ¢‘ " ™ Control o

GzlE whe Celllll —lar

Each hydrophyte

P. Stratiotes supplemented

floating bed

unit supplemented
with biophysical
sorption bed
comprising soil,
biochar, coconut
coir, and gravel

E. crassipes supplemented

floating bed 50% 75 %

UTW:HRW (% v:v) dilutions applied with hydrophytes
75%

50%

Figure 4. Experimental layout of the current study showing the experimental layout of the HFFTW,
comprising a sample feeding tank followed by three treatment cells” supplemented with hydrophyte
floating assembly (A); a hydrophyte unit in the floating assembly supplemented with biophysical
sorption bed comprising soil, biochar, coconut coir, and gravel (B); floating assembly provided
with hydrophytes, viz. P. stratiotes and E. crassipes (C); actual view of the treatment cell of HFFTW
connected to a sample feeding tank (D); actual view of the HFFTW treatment cell series provided
with UTW:HRW (% v:v) dilutions (E); safer irrigation testing of treated UTW with P. hybrida (F); and
growth variations in P. hybrida to UTW:HRW (% v:v) dilutions treated through HFFTW (G).

The direct evaporation from the treatment cells was limited by the floating assemblies.
However, transpiration loss of water from the hydrophyte leaves was determined using the
relative weight monitoring of five independent 2 L pots placed analogous to a potometer for
each UTW:HRW dilution after every 24 h. The control (reference for comparison purposes)
set of five pots analogous to a potometer comprised the first pot filled with ground water
left to evaporate, the second pot filled with UTW left to evaporate, the third pot filled
with HRW left to evaporate, the fourth pot filled with groundwater and a hydrophyte
sapling, and the fifth pot filled with HRW and hydrophyte. Compared to the relative weight
difference in five reference pots, two representative pots for each UTW:HRW dilution filled
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in the actual treatment cell were placed filled with similar UTW:HRW (% v:v) water, one
with UTW:HRW water only and the other provided with HTW:HRW water and hydrophyte
sapling. Here, the weight (g) loss due to transpiration was converted to the volume (mL) of
transpired water from each type of reference pot, assuming that approximately 1 g is equal
to1mlL.

2.5. Phytoremediation Performance of P. stratiotes and E. crassipes

The phytoremediation performance of P. stratiotes and E. crassipes was compared
on the basis heavy metal translocation factor (TF by Equation (1)) and heavy metal bio-
concentration factor (BCF by Equation (2)). TF and BCF were computed based on the
following formulae:

Heavy metal conc. (%;5) in leaf

TFroo0t/leaf = 1)
e Heavy metal conc. (%) in roots
Heavy metal conc. (%gg) in whole plant

BCF = (2)

Heavy metal conc. (%) in UTW : HRW dilution

2.6. Safer Irrigation Trials of Reclaimed Water from UTW with P. hybrida

Considering the 75% UTW:HRW (v:v) dilution with the highest UTW percentage, the
reclaimed water from 75% treatment cells of both HFFTW series was applied as an irrigation
source to the potted P. hybrida for assessing safer irrigation potential of the reclaimed water.
The safer irrigation trials of the reclaimed water from UTW with P. hybrida were based on
the experimental design given in Table 1. The safer irrigation response of P. hybrida was
evaluated based on growth parameters and indicators of potential phytotoxicity assays.
The growth parameters of the ornamental plant consisted of the number of leaves, shoot
length, root length, fresh weight, and number of flowers. Heavy metal bioaccumulation
factor (BAF by Equation (3)) in the harvestable parts of the plants was mainly taken as
an indicator of potential phytotoxicity assay of the plants. For determination of BAF, the
heavy metals analysis of plants was performed, for which P. hybrida plants were chemically
(double acid) digested [44] after harvest from each type of UTW:HRW treatment cell. The
metal conc. (viz., Cr, Cd, Pb, and Cu) was determined in the plant digestate through AAS
by using methods given by Javeed et al. [42]. BAF of P. hybrida was determined by using
the following formula:

Heavy metal conc. (%) in whole plant

BAF = 3)

Heavy metal conc. (%gg) in UTW : HRW dilution

The heavy metal (Cr, Cd, Pb, and Cu) BAF of P. hybrida in each UTW:HRW dilution
was plotted against the respective heavy metal (Cr, Cd, Pb, and Cu) BCF values of each of
P. stratiotes and E. crassipes for assessing potential biosafety of the reclaimed water from
UTW:HRW dilutions for the tested ornamental plant.

2.7. Silting Rate (mm/hr), Evaporation Rate (mm/day), and Yield (m®/m?) of Reclaimed Water from
UTW:HRW Dilutions Through PS- and EC-HFFTW Series

For quantifying hydraulic performance of the HFFTW compared to the current lagoons
of KTWMA, triplicate retention cells (horizontal cuboid glass containers) were established
for UTW analogous to the treatment lagoons of KTWMA filled with UTW. The hydraulic
performance of HFFTW was based on quantifying silting rate (kg/day by Equation (4)) of
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mass accumulation rate of settled solids, evaporation rate (kg/m?/day by Equation (5)),
and yield (m®/m? by Equation (6)) of the reclaimed water from UTW:HRW dilutions
through the PS- and EC-HFFTW series.

sludge density (%) x sludge layer volume at basin (m?)

Silting rate (kg/day) = (4)

time (day)
Ea (kg/mz/day> — —dW/Adt ~ —(W; + At — W;)/ (AAE) (5)

Here, EA: evaporation rate from the treatment cell (kg/m?/day); W: wt. (kg) of water;
t: time (day) based on time interval Af (hrs); and A: surface area (m?) of the treatment cell
based on its top open surface (1 x w) of closed cuboid treatment cell.

Reclaimed water yield = Treated water volume (mg) /Total fed volume (m3> (6)

The hydraulic performance of the PS- and EC-HFFTW series was compared with
conventional treatment lagoons of the KIWMA plant and was determined based on
comparisons of above given parameters.

2.8. Data Analysis

Descriptive statistical measures such as mean, standard deviation, and standard error
were used to summarize the data. The comparison of treatment effects and inter-variable
relationships is performed through inferential statistical techniques. One-way Analysis of
Variance (ANOVA) was used to make the comparison of significant differences between
group means, and then a Least Significant Difference (LSD) test for post hoc. Pearsons’
correlation was applied to find relationships between multiple independent and dependent
variables and concurrently plotted through a heatmap. Microsoft Excel 2021 and IBM SPSS
Statistics version 30 were used for all statistical tests and data visualizations.

3. Results
3.1. Pre-Treatment Characterization of UTW, HRW, and Groundwater

UTW at the pre-treatment level showed a highly significantly greater organic pollution
load and conc. of basicity causing factors (Table 2). pH of UTW was alkaline compared to
the slightly basic pH of ground water and acidic pH of HRW. Almost all the physicochemical
parameters of UTW showed values way greater than the FAO (UN) guidelines for safer
and sustainable use of reclaimed wastewater for irrigation. The EC (uS/cm) of the UTW
was significantly greater than the ground water and HRW, being almost sixteen and
two-hundred times greater, respectively. The high EC (uS/cm) of UTW, HRW, and ground
water conformed with their NaCl (%), HCO3 ™, CI™7, and TDS values, respectively.

The TSS contents in UTW were significantly greater than the ground water and
HRW being over eight and fifteen times greater, respectively. SVI of UTW indicated poor
settling characteristics, i.e., the values remained closer to the bulking sludge and required
considerable adjustment for removal during its treatment. Regarding organic pollution
load, BODs of UTW was significantly greater, being over seven hundred times than ground
water and HRW. Likewise, the COD of the HRW was over five hundred and fifty times
greater than the ground water and HRW. There was a closer conformity of TVS with BODs
and COD of UTW. Thus, UTW was totally unfit for irrigating agricultural soils and a plant
seed could neither germinate, nor could a plant seedling withstand UTW stress upon
transplanting. Therefore, 100% UTW was only used for treatment though HFFTW, and its
plant cultivation trials were not carried along during further experiments.
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Table 2. Physicochemical properties of UTW, HRW, and groundwater used in the HFFTW

series experiments.

UTW:HRW Dilutions (% v:v)

Ph);)sicoche‘mical HRW Ground
roperties 0 25 50 75 100 Water
pH 5.6 +0.01 6.5 + 0.02 74 +0.01 7.9 4+ 0.03 8.9 +0.01 5.6 + 0.01 7.6 +0.02
EC (uS/cm) 69.63 + 1.1 1983 +2.3 389.8 +2.7 5729 + 3.1 13,993 + 14 69.63 + 0.6 861 +29
NaCl (%) 0.0009 +0.001  0.04429 +0.002  0.07154 £ 0.03 0.31 £+ 0.09 093 +0.1 0.0009 £ 0.003  0.013 + 0.002
TDS 67 +2.1 449.76 + 4.3 726.54 + 6.1 3148.3 + 8.6 9445 + 12 67 £2.1 581 + 7.6
TSS 34+1.1 24.29 +0.8 39.23+ 1.4 170 £ 2.1 510 + 2.8 131 +1.3 61 +2.1
TVS BDL 2252 +0.7 36.38 = 0.9 157.67 £ 2.1 473 £5 1.43 £0.12 BDL
SVI BDL 68.76 + 0.7 54.15+ 0.8 41.33 +2.1 382427 BDL BDL
HCO;3~ 11.25+ 0.8 9.67 £ 0.6 1562 £ 1.1 67.67 = 1.8 203 £ 2.7 11.25 £ 0.7 734 +1.9
Cl~ me/L 3597 +0.9 266.14 + 4.2 42992 + 8.1 1863 +9.2 5589 + 13.4 3597 +0.9 21.8 +0.8
BODs & 0.38 + 0.01 66 + 2.1 106.62 £ 2.5 462 +79 1386 + 8.1 0.38 £ 0.001 1.94 £0.11
COD 3.81 +0.8 204.6 +2.8 330.5+4.9 1432 + 74 4297 +£12.9 3.81 £+ 0.09 7.8 £0.72
Cr BDL 1409 £ 1.5 305.2 +2.8 404.8 + 3.3 5494 +2.9 BDL 0.068 £ 0.008
Cd BDL 45 + 091 87.86 £ 1.1 140.6 + 1.3 1845+ 2.1 BDL 0.046 £ 0.005
Pb BDL 36.14 + 0.85 77.7 £ 0.98 117.5 + 1.89 155.4 + 1.89 BDL 0.035 £ 0.002
Cu BDL 32.65 +0.63 63.79 +0.93 96.76 £ 1.4 1244 + 1.63 BDL 0.893 £+ 0.071

Notes: UTW: untreated tannery wastewater, HRW: harvested rainwater, HFFTW: horizontal flow floating
treatment wetland, BDL: below detection limits (of the respective instrument).

UTW:HRW dilutions showed significant decline in all the physicochemical properties
with the increasing percentage (v:v) of HRW (Table 1). Compared to 100% UTW, pH, EC,
NaCl (%), TDS, TSS, TVS, SVI, and HCO3~, C1~, BODs, and COD values dropped by nearly
one-fourth, half, and one-third with 75, 50, and 50% HRW (v:v), respectively.

3.2. Pollution Reduction Potential of HFFTW Series for UTW:HRW Dilutions
3.2.1. Reduction in Physicochemical Characteristics of UTW:HRW Dilutions Under PS- and
EC-HFFTW Series

The conc. of physicochemical characteristics UTW:HRW (% v:v) dilutions at pre- and
post-treatment level, and RE (%) in the PS-HFFTW series are given in Table 3. In 25% (v:0)
dilution, all the physicochemical parameters showed significant optimization by a drop
of values at post-treatment except pH and TSS, which showed an increase after treatment.
The RE of physicochemical parameters for 25% (v:v) dilutions was 21, 50, 17, 23, 39, 25,
50, 63, and 60 for EC (uS/cm), NaCl (%), TDS, TVS, SVI, HCO3;~, C1~, BODs, and COD,
respectively. For 50% (v:v) dilutions, the PS-HFFTW treatment cells were 34, 20, 51, 35, 37,
46,47, 44, 51, 56, and 56% RE for pH, EC (uS/cm), NaCl (%), TDS, TSS, TVS, SVI, HCO; ™,
Cl~, BODs, and COD, respectively. In 75% (v:v) dilutions of the PS-HFFTW treatment cell
series, RE (%) was 53, 35, 73, 78, 69, 57, 56, 80, 73, 79, and 78 for pH, EC (1S/cm), NaCl
(%), TDS, TSS, TVS, SVI, HCO3~, C1~, BODs, and COD, respectively. In PS-HFFTW, the
relative RE (%) variations in 25, 50, and 75% (v:v) UTW:HRW dilutions for pH, NaCl, TDS,
TVS, HCO3~, and Cl~ were in the order of 75% > 50% > 25%. The comparative RE (%)
variations in 25, 50, and 75% (v:v) UTW:HRW dilutions for EC (uS/cm), BOD5, and CD
were in the order of 75% > 25% > 50%.

Based on its heavy metal removal efficiency, the PS-HFFTW treatment series showed
promising potential for treating UTW. For 25% (v:v) dilutions, RE (%) for Cr, Cd, Pb, and
Cu were 97, 91, 88, and 99, respectively. For 50% (v:v) dilutions, RE (%) were 96, 89, 94,
and 95 for Cr, Cd, Pb, and Cu, respectively. In the case of 75% (v:v) dilutions, 95, 88,
92, and 95% RE were observed for Cr, Cd, Pb, and Cu, respectively. Physicochemical
characteristics at pre- and post-treatment level, and RE (%) of UTW:HRW (% v:v) dilutions
in the EC-HFFTW series, are given in Table 4. It was observed that in 25% (v:v) dilution, all
the physicochemical parameters showed significant optimization by drop a of values at the
post-treatment stage except for pH and TSS, which showed an increase after treatment.
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Table 3. Pollution reduction potential of PS-HFFTW series for UTW:HRW dilutions.

UTW:HRW Dilutions (% ©0:0)

Physicochemical

. 25 50 75
Characteristics
Pre- Post- RE (%) Pre- Post- RE (%) Pre- Post- RE (%)
pH 6.5 7.1 -92 74 7.15 34 7.9 7.48 53
EC (uS/cm) 198.3 156 21 389.8 313.2 20 572.9 373.45 35
NaCl (%) 0.0439 0.0221 50 0.0709 0.0349 51 0.3074 0.0828 73
TDS 449.76 374 17 726.54 473.31 35 3148 6794 78
TSS 24.29 32 —-32 39.23 24.52 37 170 52.1 69
TVS 22.52 17.4 23 36.38 19.65 46 157.67 67.6 57
SVI 68.76 52.32 26 54.15 47.54 15 41.33 29.8 28
HCO;5~ 9.67 7.21 25 15.62 8.78 44 67.67 13.65 80
Cl~ me/L 266.14 134.1 50 429.92 211.65 51 1863 501.9 73
BODs & 66 244 63 106.62 46.81 56 462 94.73 79
COD 204.6 81.1 60 330.5 143.89 56 1432 311.89 78
Cr 140.9 4.23 97 305.2 13.21 96 404.8 19.81 95
Cd 45 4.23 91 87.86 9.66 89 140.6 17.4 88
Pb 36.14 4.23 88 77.7 4.66 94 117.5 8.9 92
Cu 32.65 0.33 99 63.79 3.05 95 96.76 5.04 95
Notes: UTW: untreated tannery wastewater; TTW: treated tannery wastewater, UTW dilutions: (% v:v)
with harvested rainwater; RE: removal efficiency (%); PS-HFFTW: P. stratiotes-fed horizontal flow floating
treatment wetland.
Table 4. Pollution reduction potential of EC-HFFTW series for UTW:HRW dilutions.
UTW:HRW Dilutions (% v:v)
Physicoch(?m.ical 25 50 75
Characteristics
Pre- Post- RE (%) Pre- Post- RE (%) Pre- Post- RE (%)
pH 6.5 6.99 —75 74 7.19 28 7.9 7.26 81
EC (uS/cm) 198.3 148.5 25 389.8 281.3 29.8 572.9 3614 37
NaCl (%) 0.0439 0.0184 58 0.0709 0.0310 56 0.3074 0.0764 75
TDS 449.76 324.8 28 726.54 411.4 43 3148 679.4 78
TSS 24.29 29.3 -21 39.23 19.78 50 170 52.1 69
TVS 22.52 14.76 34 36.38 15.64 57 157.67 67.6 57
SVI 68.76 49.93 36 54.15 4591 15 41.33 26.9 35
HCO;~ 9.67 6.89 29 15.62 6.49 56.2 67.67 13.65 80
Cl~ me /L 266.14 111.8 58 429.92 187.9 56 1863 463.2 75
BODs & 66 21.3 68 106.62 41.59 61 462 89.78 81
COD 204.6 68.89 66 330.5 117.81 64 1432 256.8 82
Cr 140.9 3.76 97 305.2 11.75 96 404.8 17.63 96
Cd 45 3.8 92 87.86 8.60 90 140.6 15.5 89
Pb 36.14 3.76 90 77.7 4.15 95 117.5 7.9 93
Cu 32.65 0.29 99 63.79 2.72 96 96.76 4.48 95

Notes: UTW: untreated tannery wastewater; TTW: treated tannery wastewater, UTW dilutions (% v:v)
with harvested rainwater; RE: removal efficiency (%); EC-HFFTW: E. crassipes-fed horizontal flow floating
treatment wetland.

The RE of physicochemical parameters for 25% (v:v) dilutions was 25, 58, 28, 34, 44,
29, 58, 68, and 66% for EC (uS/cm), NaCl (%), TDS, TVS, SVI, HCO5;~, Cl—, BODs, and
COD, respectively. For 50% (v:v) dilutions, the EC-HFFTW treatment cells showed 28, 29.2,
56, 43, 50, 57, 58, 56.2, 56, 61, and 64% RE for pH, EC (uS/cm), NaCl (%), TDS, TSS, TVS,
SVI, HCO3~, CI7, BODs, and COD, respectively. In 75% (v:v) dilutions of the EC-HFFTW
treatment cell series, RE (%) was 81, 37, 75, 78, 69, 57, 56, 80, 75, 81, and 82 for pH, EC
(uS/cm), NaCl (%), TDS, TSS, TVS, SVI, HCO3 ™, C1~, BODs, and COD, respectively. In
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EC-HFFTW, the relative RE (%) variations in 25, 50, and 75% (v:v) UTW:HRW dilutions
for pH, NaCl, TDS, TVS, HCO3;~, and Cl~ were in the order of 75% > 50% > 25%. The
comparative RE (%) variations in 25, 50, and 75% (v:v) UTW:HRW dilutions for EC (uS/cm),
BOD5, and CD were in the order of 75% > 25% > 50%. Overall, the EC-HFFTW treatment
series showed promising potential for treating UTW:HRW dilutions.

Overall, the EC-HFFTW treatment series showed promising potential for treating
UTW based on its heavy metal removal efficiency. For 25% (v:v) dilutions, RE (%) for Cr,
Cd, Pb, and Cu were 97.3, 91.6, 89.6, and 99.1, respectively. For 50% (v:v) dilutions, RE
(%) were 96.1,90.2, 94.7, and 95.7 for Cr, Cd, Pb, and Cu, respectively. In case of 75% (v:v)
dilutions, 95.6, 89, 93.3, and 95.4% RE were observed for Cr, Cd, Pb, and Cu, respectively.

The comparisons of PS- and EC-HFFTW for RE (%) of the physicochemical properties
of UTW:HRW dilutions are given in Table 5. The RE (%) pattern of the PS- and EC-HFFTW
treatment series contemplated for all the physicochemical parameters. However, the EC-
HFFTW series showed a significantly greater RE (%) than the PS-HFFTW series for all
the physicochemical parameters in all UTW:HRW dilutions except pH and TSS of 25%
dilutions (v:v). Heavy metals RE (%) of UTW:HRW dilutions (% v:v) under PS-HFFTW
were less significant than the heavy metals RE (%) of UTW:HRW dilutions in CS-HFFTW.

Table 5. Comparison of PS- and EC-HFFTW for RE (%) of the physicochemical properties of
UTW:HRW dilutions.

UTW:HRW Dilutions (% v:v)

Physicoche.m.ical 25 50 75
Characteristics
PS-HFFTW EC-HFFTW PS-HFFTW EC-HFFTW PS-HFFTW EC-HFFTW
pH —-92.3 —75.4 33.8 28.4 53.2 81

EC (uS/cm) 21.3 25.1 19.7 27.8 34.8 36.9
NaCl (%) 49.6 58 50.8 56.3 73.1 75.1
TDS 16.8 27.8 34.9 43.4 78.4 78.4
TSS -31.7 —20.6 37.5 49.6 69.4 69.4
TVS 22.7 34.5 46 57 57.1 57.1
SVI 39.3 43.7 46.7 58.2 56.1 56.1
HCO;~ 254 28.7 43.8 58.5 79.8 79.8
Cl~ me /L 49.6 58 50.8 56.3 73.1 75.1
BODs & 63 67.7 56.1 61 79.5 80.6
COD 60.4 66.3 56.5 64.4 78.2 82.1
Cr 97.0 97.3 95.7 96.1 95.1 95.6
Cd 90.6 91.6 89.0 90.2 87.6 89.0
Pb 88.3 89.6 94.0 94.7 924 93.3
Cu 99.0 99.1 95.2 95.7 94.8 95.4

Notes: UTW: untreated tannery wastewater; TTW: treated tannery wastewater, UTW dilutions (% v:v)
with harvested rainwater; RE: removal efficiency (%); EC-HFFTW: E. crassipes fed horizontal flow floating
treatment wetland.

3.2.2. Heavy Metal Conc. in Roots and Shoots of P. stratiotes and E. crassipes and Their
Phytoremediation Performance

From UTW:HRW (% v:v) dilutions, heavy metal concentration (mg/kg) in roots, shoots
and Tis.; of P. stratiotes in PS-HFFTW and E. crassipes in EC-HFFTW are given in Table 6.

Considerably high conc. of all heavy metals from all UTW:HRW dilutions (v:v) were
absorbed by the roots and subsequently translocated to the shoots of P. stratiotes and E
crassipes. Highest Cr accumulation was observed in shoots of E. crassipes (98.6 mg/kg) and
P. stratiotes (85.2 mg/kg), while the least Cr absorption was observed in roots of P. stratiotes
and E. crassipes at 54.3 mg/kg, 30.5 mg/kg, respectively. The relative metal absorption in
shoots of P. stratiotes followed the order Cr > Cu > Pb > Cd and in shoots of E. crassipes
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followed the order Cr > Cd > Pb > Cu. The relative metal absorption in roots of P. stratiotes
followed the order Cr > Cu > Pb > Cd and in roots of E. crassipes followed the order Cr >
Cd >Pb > Cu.

Table 6. Comparison of bioaccumulation of heavy metals in shoots and roots and translocation index

of P. stratiotes and E. crassipes in 75% UTW dilution.

Metals Plant Attribute P. stratiotes E. crassipes
Shoot (mg/kg) 85.2 £ 0.66 98.6 £ 0.86
Cr Root (mg/kg) 30.5+ 0.6 54.3 + 0.76
TE o0t-shoot 2.79 1.82
Shoot (mg/kg) 451+ 0.67 58.8 £ 0.75
Ccd Root (mg/kg) 13.6 + 0.62 31.7 £ 0.64
TE o0t-shoot 3.12 1.85
Shoot (mg/kg) 492 £0.73 49.7 £ 0.83
Pb Root (mg/kg) 21.7 £ 0.36 283 +0.6
TE o0t-shoot 2.27 1.76
Shoot (mg/kg) 51.2 £ 0.59 352 £1.01
Cu Root (mg/kg) 245+1.12 18.3 + 0.56
TE o0t-shoot 2.09 1.92

75%

50%

25%

E. crassipes
P. stratiotes
E. crassipes
P. stratiotes
E. crassipes

P. stratiotes

Translocation index for all the heavy metals was >1 for both hydrophytes, i.e., E.
crassipes and P. stratiotes, and proved to be heavy metal hyperaccumulators in the 75%
UTW dilution; i.e., both hydrophytes showed promising metal removal potential from a
relatively concentrated UTW treatment, i.e., 75% for yielding reclaimed wastewater from
tannery industries and prospects of its application as a relatively safer irrigation source.
The relative order of Tis-r for P. stratiotes was Cd > Cr > Pb > Cu and Tis-r for E. crassipes
was Cu>Cd > Cr > Pb.

The BCF comparisons of P. stratiotes and E. crassipes in UTW:HRW dilutions under PS-
and EC-HFFTW are given in Figure 5.

MCu =EPb BCd ACr

W A 0 S 0 0 S S 0 0 S S 0 S S 0 S 0 S 0 S 0 S S 0 S S S S 0 S S 2 |
1 1

0 0.5 1 1.5 2
BCFroot/Ieaf

Figure 5. Comparisons of heavy metals BCF in UTW:HRW (% v:v) dilutions treated through PS- and
EC-HFFTW.
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75%

50%

25%

E. crassipes
P. stratiotes
E. crassipes
P. stratiotes
E. crassipes

P. stratiotes

Both P. stratiotes and E. crassipes showed a BCF value > 1, i.e., and they performed
as promising hyperaccumulators for significant removal of Cr, Cd, Pb, and Cu from
UTW:HRW dilutions. E. crassipes showed a significantly greater value of BCF than P.
stratiotes for Cr, Cd, Pb, and Cu. The BCF values of E. crassipes were highest and lowest
in 75% and 25% UTW:HRW dilutions, i.e., E. crassipes acted as an ideal hyperaccumulator
hydrophyte for EC-HFFTW. P. stratiotes also gave highly encouraging results as its BCF in
75% UTW:HRW, i.e., its establishment and subsequent propagation in the treatment cells of
PS-HFFTW, was stronger.

3.3. Safer Irrigation Performance of P. hybrida in Reclaimed Water from UTW:HRW Dilutions
Through PS- and EC-HFFTW

After 63 days of cultivation while being irrigated with reclaimed water from
UTW:HRW dilutions (v:v %) through PS- and EC-HFFTW, P. hybrida plants showed a
promisingly safer biomass with very low BAF (Figure 6).

MCu BPb BCd BECr

e e e e ]

T

1
P S S A O R R R R R T -
A A A A AT A AT A AN A A A AT A AT A AT AT A A |

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Figure 6. Comparisons of heavy metals BAF in 63-days-old P. hybrida irrigated with UTW:HRW (%
v:v) dilutions treated through PS- and EC-HFFTW.

BAF of Cr, Cd, Pb, and Cu under irrigation of the reclaimed water from UTW:HRW
were <0.08 in P. hybrida. The reclaimed water acted as an ecological, safer aquatic resource
for the cultivated ornamental plants and potential phytotoxicity in the harvested ornamen-
tal plants were highly unlikely, even for reclaimed water derived from 75% UTW:HRW.

As given in Figure 7, there was strong negative Pearson’s correlation between BAF
heavy metals (Cr, Cd, Pb, and Cu) of P. hybrida vs. BCF heavy metals of P. stratiotes (Cr,
Cd, Pb, and Cu) in UTW:HRW (% v:v) dilutions. The values of coefficient of Pearson’s
correlation for the UTW:HRW (% v:0) dilutions were in the order of 25% > 50% > 75%. The
values of the coefficients of Pearson’s correlation were near —1 (—0.95) for 75% UTW:HRW
dilutions for 25% and near —4 (—0.38) for 75% UTW:HRW dilutions. Amongst the heavy
metals, the coefficients of Pearson’s correlation were in the order of Cu > Pb > Cd > Cr. The
coefficients of Pearson’s correlation for heavy metals were near —1 for Cu (—0.949) and
near —4 (—0.366) for Cr.

As given in Figure 8, there was a strong negative Pearson’s correlation between BAF
heavy metals (Cu, Pb, Cd, and Cr) of P. hybrida vs. BCF heavy metals (Cr, Cd, Pb, and Cu)
of E. crassipes in UTW:HRW (% v:v) dilutions. The coefficients of Pearson’s correlation for
the UTW:HRW (% ©v:v) dilutions were in the order of 25% > 50% > 75%.



Water 2025, 17, 2720 15 of 23

S e sl Sl do de o Do o ST RS ¢ P S e
@#@ﬂﬁk@m‘f? SO PPEEEP @Eﬂx ﬂgﬁf_gn g_:t <§: & \@?@
Sl &Tf&é@%& \a-\a- gl gttt gl
véﬁ%@@vné%@@¥\x$$$@@x$$$
- ¢¢¢¢¢¢¢@¢¢@@¢¢¢¢¢¢¢¢¢
FE A LA NN FEEEERE S

Q

o
4?04\
GG

c;{\cv‘-

o

Q
##??##éé§§

X TeFeTe e TN XeNel
BAF O P myics 25% DI OOSE "9 ¢ {3 Ii? {3 [:J (3 U U U C:' CJ
BAF Cr P hytrida 0% (DD MO OOOS "8 0 D0 000 d0ad
BAF Cr P. hybrics 75% (PP PSP V..G CPoPegog000 0.8
BAF Cd P hybrids 25%  (DEMEEE F @Y 00 0000 00009
BAF Cd F. hybrids 50%  {PEDEE T 0 00 00000000 0.6
BAF Cd P hybride 75% (VD@D P @@ 000 0 0000 '
BAFFEPR. hybrida25% {PIDE "I 00 00 0000 0.g 0
BAF Fb F. hybrid= 50% ) F @@ 00 0.0 0.0 d.d.d.ad. 0.4
BAFFBF. hybride 75% ) FARE@O 0000 000 000
errcur. iz 25% @ UV O OO00000000 | (02
BAF CuP. hybrice 50% Q@O 00 00 00 0000 ¢
BAF Cu P. hybriga 75% (@0 000 00 0000 0 L0
BCF Cr P. ststictes 25% PP PP D D SO §
BCF Cr F_stratiotes 50% (MDD D B O 9
BcF or P stratiotes 75% PP O SO SOS® | 0.2
BCF Cd P. stratiot=s 25% (DI OO OB O
BCF Cd F. stratictes 50% (S DO DO P L0 4
BCF Cd P. stratictes 75% (MDD O & '
BCF FB F. stratiotes 25% (PGP EP

BCF Fb P stratictes 50% (NN -0.6

BCF Pt P. stratictes 75% i
BCF Cu P. stratiotes 25% (D@ -0 8
BCF Cu F. stratictes 50% (I '

BCF Cu P. stratictes 75% (i}

-1

Figure 7. Pearson’s correlation coefficients between BAF heavy metals (Cr, Cd, Pb, and Cu) of P.
hybrida and heavy metal (Cr. Cd Pb, Cu) BCF of P. stratiotes in UTW:HRW (% v:v) dilutions.
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Figure 8. Pearson’s correlation coefficients between BAF heavy metals (Cr, Cd, Pb, and Cu) of P.
hybrida and heavy metal (Cr. Cd Pb, Cu) BCF of E. crassipes in UTW:HRW (% v:v) dilutions.
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The values of the coefficients of Pearson’s correlation were near —1 (—0.944)
for 25% UTW:HRW dilutions and near —4 (—0.346) for 75% UTW:HRW dilutions.
Amongst the heavy metals, the coefficients of Pearson’s correlation were in the order
of Cu > Pb > Cd > Cr. The values of coefficient of Pearson’s correlation for heavy metals
were near —1 for Cu (—0.945) and near —4 (—0.37) for Cr. Overall, values of coefficient
of correlation for BAF heavy metals of P. hybrida vs. BCF heavy metals of P. stratiotes
were greater than BAF heavy metals of P. hybrida vs. BCF heavy metals of E. crassipes for
UTW:HRW dilutions.

3.4. Variations in Silting Rate, Evaporation Rate (mm/day), and Yield of Reclaimed Water

For assessing hydraulic performance, comparisons of silting rate, evaporation rate,
and yield of reclaimed water from UTW:HRW dilutions through the PS- and EC-HFFTW
series are given in Figure 9. The silting rate of sludge was highest for 75% UTW:HRW
dilution in PS-HFFTW and it was significantly improved as compared to the silting rate in
settling cell analogous to the settling lagoon of KTWMA plant of Kasur. The lowest silting
rate of sludge was observed in 25% UTW:HRW dilution in PS-HFFTW. The evaporation rate
of water from the treatment cells was highest for 25% UTW:HRW dilutions in PS-HFFTW
and lowest for 75% UTW:HRW dilutions in EC-HFFTW, being near to the evaporation rate
for settling cell analogous to the settling lagoon of KTWMA plant of Kasur. The yield of
reclaimed water was highest for 75% UTW:HRW dilutions in PS-HFFTW and lowest for
25% UTW:HRW dilutions in EC-HFFTW.

1.400 —
M silting rate (kg/day) B evaporation rate (kg/m?2/day) & Yield of reclaimed water (m3/m3)

1.200

1.000

0.800

0.600

0.400

U.31T5

0.200
0.074

0.000

P. stratiotes E. crassipes P. stratiotes E. crassipes P. stratiotes E. crassipes

25% 50% 75% Settling lagoon
KTWMA

Figure 9. Comparisons of silting rate, evaporation rate, and yield of reclaimed water from UTW:HRW
dilutions through PS- and EC-HFFTW.

4. Discussion

Pollution load (non-metallic radicals, heavy metals and organic pollution) in the UTW
was way greater than the permissible limits envisaged for its discharge into inland waters
at a national level (at Pakistan level) [47] and at guidelines for safer use of reclaimed water
in agriculture given by FAO/WHO [48]. UTW in its actual form was highly toxic and had
the least provision for its treatment through conventional FTWs, as it did not let either PS
or EC grow on the transplantation during screening trials. The discharge of poorly treated
or UTW into inland water carried a potential risk of pollution of the receiving of freshwater
bodies and irrigated agricultural soils with heavy metals and organic pollution load. The
chrome tanning method inherently carries excessive application and discharge of Cr and
other heavy metals, which are highly toxic to the flora and fauna of the receiving bodies.
High organic pollution load (high values of BOD and COD) of the UTW with high TSS
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and TS load caused inherent resistance to the applied phytoremediation-based wastewater
treatment approaches like conventional FTWs.

Conventionally, FTWs have been commonly exploited for the treatment of wastewater
under shallow conditions, i.e., while retaining stagnant water in pools and introducing
floating assemblies on surface of stagnant water with around 50% cover of the floating
assemblies. Such designs of FTW have been extremely limited in RE (%) pollution from
wastewater due to severely restricted interaction of hydrophytes with the wastewater. With
nearly <50% coverage of floating assemblies and depth of stagnant water in the wastewater
pools way greater than the length and number of hydrophyte roots, the conventional FTWs
remain restricted to the surface of wastewater up to a couple of centimeters deep only.
Generally, stagnant water undergoes limited mixing of oxygen and removal of BOD while
undergoing severe silting and raising of the bed of wastewater treatment ponds. In such
a situation, conventional FTWs show limited efficacy for treating even municipal sewers,
though they contain a highly reduced pollution load compared to industrial effluents.
Applying conventional FTWs for the treatment of industrial effluents has been quite an
incompatible combination as reported by much of the literature published on the treatment
of industrial effluent with conventional FTWs [29,49-51], reporting a significant reduction
in pollution load. In view of the challenges faced by the conventional FTWs, this study
developed HFFTW, a design to overcome highlighted limitations of the conventional FTWs.

The foremost challenge was incompatibility of the hydrophytes with the high pollution
(heavy metals and BOD) load of UTW as neither PS nor EC survived in the 100% (v:v) UTW,
i.e., the phytotoxicity of UTW was beyond phytotolernace of PS and EC. To overcome
this challenge, dilution of UTW with unpolluted water was a plausible solution to treat
UTW through hydrophytes applied in FTWs. However, using fresh water as dilution
factor for UTW could have intensified water footprints of FTWs. Hence, HRW was used to
dilute UTW for bringing its pollution load within the phytotoxicity limits of the selected
hydrophytes by making UTW:HRW dilutions (25, 50, and 75% v:v), as has been performed
and found effective earlier in the same research laboratory [46]. Consequently, both PS
and EC were established in the UTW:HRW dilutions and showed a promising relative
growth rate after transplantation in the treatment cells of HFFTW. Consequently, two
series of HFFTW were derived, viz. HS- and EC-HFFTW. The application of HRW as
a diluting factor for UTW enabled HFFTW to become suitable for treating UTW along
with the addition of sustainability to the FTWs by lowering water footprints of the FTWs,
though they were not computed during the current study. At a filed scale, an accidental
addition of HRW to UTW for lowering its pollution load has been generally observed for
the sludge-settling lagoons of the combined effluent plant of KTWMA, Kasur, Pakistan,
during summer monsoon seasons witnessed by the induction and establishment of some
tolerant algae. The addition of algae in the UTW driven by HRW dilutions has been
reported [40] while providing improved oxidation of the UTW for improving BOD removal
and evaporation loss. Diluting UTW with HRW improved performance of the floating
assemblies of conventional FTWs by avoiding development of anoxic conditions in the
treatment cells of HFFTW. Addition of HRW to UTW as a dilution factor kept hydrophytes
living as active phytoremediation agents in the HFFTW throughout the treatment cycles of
the current study. In other words, diluting UTW with HRW enabled hydrophytes’ survival,
being essential for keeping HFFTW functional for pollution removal until the batch of UTW
reaches to the desired pollution RE (%).

Another improvement applied to the conventional FTWs was feeding UTW:HRW
dilutions into a series of concrete-made treatment cells interconnected through hydraulic
flow pipes (Figure 4A E). Treating UTW:HRW dilutions through closed cuboid cells with
the surface covered with a floating assembly added multiple advantages to the developed
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HFFTW. The loss of UTW:HRW through lateral and vertical infiltration and percolation was
omitted, which enhanced yield of reclaimed water from UTW:HRW dilutions. Introduction
of continuous horizontal flow up to 0.81 m deep had enabled continuous mixing of atmo-
spheric oxygen in the UTW:HRW dilutions while maximizing its contact with the roots of
the hydrophytes applied in the floating assemblies. Such factors helped in bringing the
hydraulic load of the HRW:HRW dilutions within the treatment range of the hydrophytes
and oxidation due to hydraulic flow and significant reduction in silting as indicated by
significant reduction in sludge silting rate in the treatment cells.

In the current study, the EC-HFFTW series was more effective than the PS-HFFTW
series for the removal of non-metallic radicals, heavy metals, and BOD. EC exhibited a
larger size and number of roots and shoots than PS, i.e., greater biomass of PS enabled
greater uptake and accumulation of heavy metals. Hence, the BAF values of EC were
larger than the BAF values. Overall, the uptake of non-metallic radicals and metals by both
hydrophytes had rendered a significant drop in the TDS values of UTW:HRW dilutions
in the PS- and EC-HFFTW. Vigorous growth of both hydrophytes in the confined water
within the closed cuboid treatment cells led to establishment of an extensive contact of
hydrophyte roots throughout the column of UTW:HRW dilutions. The drop in TDS values
of UTW:HRW dilutions had also led to a drop in its salinity factor values. Cumulatively,
there was a significant drop in the pollution load of UTW:HRW dilutions in both the PS-
and EC-HFFTW series. Both PS [52] and EC [52] have been reported to show promising
phytoremediation of excessive nutrients and heavy metals after gaining healthy growth
in the chrome tanning wastewater. Significantly high values of RE (%) of PS and EC
made it evident that the reduced values of TDS, soluble salinity factors, and heavy metals
conformed with bioaccumulation in the shoots and roots of PS and EC. The high values
of heavy metal TE,,ot.shoot (%) conformed with the removal of heavy metals in the treated
UTW:HRW dilutions i.e., removal of heavy metals was due to strong hyperaccumulator
performance of both hydrophytes.

In the present study, E. crassipes outperformed P. stratiotes in terms of BCF and average
metal RE (%) mainly because of significantly greater root and shoot sizes and overall
biomass production. Roots of E. crassipes were larger with a greater fibrous network, giving
it more root density than P. stratiotes. Consequently, E. crassipes had a larger root surface area
than P. stratiotes, being ideal for greater sorption of metals and its subsequent translocation
into its aerial parts for storage and retention. Generally, E. Crassipes” cell wall contains more
polysaccharides (pectin, lignin, and hemicellulose) and functional groups with a negative
charge such as -COOH and -OH [53-55], which enable their roots to show strong affinity for
cationic metals in the wastewater. On the contrary, P. stratiotes” roots being shorter in size,
having reduced fibrousness and low polysaccharide contents, show limited ion exchange
and metal sorption capacity.

The safer irrigation potential of the reclaimed water from UTW:HRW dilutions was
based on irrigation of P. hybrida. Heavy metal BCF of P. hybrida was significantly lowered
in treatments containing reclaimed water with high RE (%). Concurrently, BAF of both
hydrophytes, viz. PS and EC, had increased, which conformed mass flow of heavy metals,
excessive nutrients, and salinity factors within the biotic components of the PS- and EC-
HFFTW series. The coefficients of Pearson’s correlation between the BCF of P. hybrida
and the BAF of each of PS and EC are highly negative, i.e., the BCF of P. hybrida had
dropped with the increased values of the BAF of PS and EC. These results confirmed that
the potential biosafety risk of reclaimed water had significantly dropped after treating
UTW:HRW through the PS- and EC-HFFTW series. The total concentration of pollutants
remains constant in the wastewater treatment systems while undergoing shifts in the
pools of heavy metals and excessive nutrients [56]. The pollutant storage dynamics of the
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phytoremediation agents in the applied phytoremediation wastewater treatment systems
are monitored by indices like BAF, BCE, etc. [57]. Irrigating ornamental plants for assessing
the potential biosafety of reclaimed water based on its BCF and plotted against the BCF of
hydrophytes proved effective as an anticipatory way of drawing compatibility of reclaimed
water for its applications.

The silting rate decreased with increased concentrations of HRW in all the UTW:HRW
dilutions except for 75% dilution in EC-HFFTW. As well, the evaporation rate of water from
treatment cells increased with increasing concentrations of HRW in UTW:HRW dilutions.
On the contrary, the yield of reclaimed water decreased with increasing concentrations
of HRW in UTW:HRW dilutions. The silting rate for PS-HFFTW was greater than the
corresponding EC-HFFTW series for all the UTW:HRW dilutions except for 25% dilutions.
The evaporation rate of water from treatment cells of the EC-HFFTW series was greater than
the PS-HFFTW series for all the UTW:HRW dilutions. The yield of reclaimed water was
greater in the PS-HFFTW series than the respective EC-HFFTW series for all the UTW:HRW
dilutions. Overall, hydraulic performance of both the PS- and EC-HFFTW was significantly
greater than the settling cells analogous to the settling lagoons of KTWMA plant Kasur.

The developed HFFTW lowered the silting rate of sludge compared to the conven-
tional FTWs, resulting in less clogging of the bedding media. Generally, the conventional
FTWs [50,51] keep wastewater retained in the treatment ponds/troughs under stagnant
conditions for longer periods, which leads to poor agitation and wave action in the standing
water, and results in high silting rate. On the other hand, the continuous flow in the HFFTW
established high wave action and agitation in the treatment cells throughout treatment time,
establishing a stronger mixing of air while lowering silting rate and clogging of bedding
media. The mixing of air throughout the wastewater column caused by the continuous
agitation in the treatment cells of HFFTW strongly drove aerobic decomposition of organic
pollution, which resulted in significantly greater removal of BOD in HFFTW than the
conventional FTW. Establishment of aerobic niche in the UTW for the aerobic microbial
consortia of UTW also enhanced mineralization of metals for an efficient uptake by the
hydrophytes, leading to their increased BCF and rendering high average metal RE (%).
The continuous horizontal flow of UTW below the floating assemblies of HFFTW under-
went significantly lower evaporation loss, lower than the conventional FTWs, resulting in a
higher yield of treated UTW for HFFTW than conventional UTW. Hence, HFFTW retrofitted
the deep wastewater constraints of the FTW as well as lowered its water footprints.

Overall, introducing dilution of UTW with HRW in the conventional FTWs brought
the treatment probability of UTW within the RE (%) capacity of the HFFTW, contrary to the
conventional FTWs. It could pave the way for annexing HFFTW as a potential replacement
of the highly inefficient plants, mainly based on the passive retention of wastewater in
treatment ponds for many weeks to months, like the current design of the KTWMA plant.
Introducing dilution of UTW with HRW in the conventional FTWs kept hydrophytes
viable and actively involved in pollution treatment for prolonged durations compared to
conventional FTWs. The continuous flow through the treatment cells of modified FTWs
helped in avoiding depth reduction of FTW’s treatment cells while optimizing desilting of
both PS- and EC-HFFTW series and ensuring sufficient mixing of oxygen for the removal
of BOD.

5. Conclusions

The current study concluded that the designed HFFTW retrofitted hydraulic and
pollution load limitations of conventional FTWs by increasing yield and treatment levels
of UTW. E. crassipes and P. stratiotes planted in an HFFTW showed promising pollutant
removal efficiency for UTW after it was diluted with HRW as it reduced the phytotoxicity
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of UTW to the phytotolerance range of both hydrophytes. Introducing horizontal flow
within the treatment cells reduced the silting and evaporation rate of UTW while increasing
the yield of reclaimed water. The HFFTW is another alternative approach to the traditional
methods used for wastewater treatment, as it utilizes hydrophytes that float over wastew-
ater, and the root biomass develops in contact with the water column below the floating
bed and is responsible for processes such as filtration, adsorption, and microbial activities.
There was a significant decline in heavy metals; E. crassipes demonstrated a sizable decrease
in Cr, Cd, Pb, and Cu for a UTW concentration of 75%. Rice biochar, soil, coconut coir,
and pebbles used in the floating bed assembly also enhanced the removal efficiency of
wastewater pollutants such as BODs, COD, and others. HFFTWs are environmentally
friendly, cost effective, and have high phytoremediation potential. The current research
also observed that P. hybrida irrigated with treated wastewater from the floating wetland
system promoted a promising growth of plants, suggesting that the UTW through HFFTW
could be reused for irrigation for agricultural purposes.

The study contributed to circular water use while overcoming inherent capacity
limitations of the conventional UTWs, which could be employed for addressing potential
policy implications related to UTW management prospects of KTWMS, Kasur, Pakistan,
and similar scenarios in other parts of the world. The current study included quantifying
the optimization of water footprints of the HRW on adding to the UTW as a dilution factor.
Deriving concrete of the HFFTW treatment cells by recycling and reusing of construction
and road demolition waste could be another future endeavor of the current study.
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Abbreviations

The following abbreviations are used in this manuscript:

AAS Atomic absorption spectrophotometer
APHA American Public Health Administration
BAF Bioaccumulation factor

BCF Bioconcentration factor

BOD Biochemical oxygen demand

COD Chemical oxygen demand

EC Eichhornia crassipes
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EC-HFFTW  E. crassipes-HFFTW
FAO (UN) Food and Agriculture Organization of the United Nations

FTWs Floating treatment wetlands

HFFTWs Horizontal flow floating treatment wetlands
HRW Harvested rainwater

KTWMA Kasur Tannery Waste Management Agency (Kasur, Pakistan)
PS Pistia stratiotes

PS-HFFTW  P. stratiotess-HFFTW

SVI Sludge volume index

TDSs Total dissolved solids

Tigr Translocation indeXghot-root

TSSs Total suspended solids

TTW Treated tannery wastewater

TVSs Total volatile solids

TWs Treatment wetlands

USEPA United States Environmental Protection Agency
UTW Untreated tannery wastewater
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