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Momina Yasin,1 Muhammad Aamer Mehmood,4 Tanveer Mehdi,5 Ejazul Islam,1 Muhammad Tauseef,6
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SUMMARY

Pakistan, among the top five most water-stressed nations globally, grapples with water scarcity owing
to inadequate treatment infrastructure and groundwater overextraction. We demonstrate a success-
ful nature-based closed-loop system to treat wastewater from urban vehicle-washing facilities, previ-
ously reliant on groundwater. An eco-friendly integrated system containing floating treatment wet-
lands (FTWs), subsurface flow constructed wetlands (SSF-CWs), and sand filtration (SF) was
designed and installed at three vehicle-washing facilities for wastewater treatment and reuse in a
loop. While the system is still operational after years, a consistent and significant reduction in water
quality indicators is recorded, successfully meeting the national environmental quality standards of
Pakistan. By reducing per unit water treatment costs to as low as $0.0163/m3 and achieving
payback periods under a year, the embrace of these closed-loop strategies vividly underscores the
imperative of transitioning to a circular economy in the domains of wastewater treatment and
resource conservation.

INTRODUCTION

The transition from a linear to a circular economy aligns with the United Nations Sustainable Development Goals (SDGs), which provide a

global framework for sustainable development.1 By embracing circularity in wastewater treatment, we can promote SDG 6 (Clean Water

and Sanitation) which ensures efficient use of water resources and minimizes pollution. In addition, circular economy practices contribute

to SDG 12 (Responsible Consumption and Production) by reducing waste generation and promoting resource efficiency. The use of na-

ture-based solutions is encouraged worldwide, and the United Nations Water Action Decade (2018–2028) and the Decade of Ecosystem

Restoration (2020–2030) further emphasize these efforts.2

Using freshwater in automobile service stations and vehicle-wash facilities places an unnecessary burden on aquatic resources.3 A case-in-

point is the wastewater generated at vehicle-washing stations that contains nearly 1% of contamination (mud, grease, oil, sand, and deter-

gents) and can be easily recycled using a nature-based closed-loop system. Approximately 150–600 L of freshwater is consumed by

vehicle-wash facilities to perform a complete professional wash on a single vehicle, and the same amount of water is discharged without treat-

ment.4–6 Freshwater use restrictions by vehicle-wash facilities are in place in many countries including the Netherlands, Brazil, and several

Scandinavian countries3; however, in Pakistan, authorities have been unsuccessful in ensuring the installation of water recycling plants at

vehicle-wash service stations. Recently, the Water and Sanitation Agency (WASA) of Pakistan initiated a crackdown due to the lack of compli-

ance, but a counterargument by vehicle-wash station owners was the unavailability of sustainable and affordable technology to meet the reg-

ulatory requirements and reduce environmental pressures.7 In Pakistan, the groundwater level is continuously decreasing in metropolitan cit-

ies, and approximately 3 billion liters of freshwater is wasted annually which could meet the drinking needs of approximately 666,000 people.

Pakistan is among the top five countries worldwide in terms of wastewater production with only 1.2% of wastewater in the country undergoing

treatment.8
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Traditional methods, which are mainly based on coagulation, flocculation, sedimentation, and filtration, for the treatment and reuse

of vehicle-wash wastewater, are not sustainable because of their high chemical and energy consumption, and production of waste.9

Therefore, nature-based low-cost technologies are encouraged for the wastewater remediation and reuse of wastewater.10 The use

of natural wetlands for wastewater treatment is not encouraged as they are recognized as valued ecosystem components; hence, arti-

ficial wetlands that incorporate natural processes and functions are being researched as an alternative means to reclaim wastewater.11

To this end, subsurface flow constructed wetlands (SSF-CWs) and floating treatment wetlands (FTWs) are gaining tremendous popu-

larity treating different types of wastewater.12 At the core of their functionality, SSF-CWs and FTWs exploit the synergistic interaction

between aquatic plants, microbial communities, and the physical environment to facilitate a range of treatment processes. Specifically,

microbial biofilms associated with plant roots play a crucial role in biotransformation and biodegradation of organic and inorganic pol-

lutants.13 The rhizosphere, the region surrounding plant roots, creates a microenvironment conducive for microbial activity and

enhances nutrient uptake.14 Aquatic plants in FTWs directly absorb pollutants and also release oxygen into the water, aiding aerobic

microbial degradation of contaminants. As a result, the rhizosphere of SSF-CWs supports water purification through a process known as

the Root Zone Method (German: Wurzelraumverfahren).15 Additionally, the sedimentation of suspended solids and the sorption of pol-

lutants onto plant roots and soil particles also contribute to the purification process.16 These naturally occurring processes in SSF-CWs

and FTWs not only ensure efficient wastewater treatment but also minimize the ecological footprint of such interventions.17,18 Sand

filtration (SF) is used to remove microbial contamination from water and has been extensively applied.19 However, an integrated system

involving the combined use of FTWs, SSF-CWs, and SF has not been previously applied at vehicle-wash facilities for the treatment and

reuse of wastewater. By in large, combining these nature-based approaches could offer low-cost, sustainable, and environmentally

friendly means wastewater reclamation.12

As per the regulations set by theWASA, vehicle-wash facilities are required to recycle a minimum of 70% of the used water; failure to meet

this requirement could result in suspension of their operations and penalties.7 To this end, we developed and implemented a nature-based

closed-loop system composed of FTWs, SSF-CWs, and SF, and evaluated the treatment efficiency from three vehicle-wash facilities (two car

washes and one container wash). The performance of the systems was studied by analyzing water samples collected from the outlet for two

years toward physicochemical and microbiological parameters. At the end of two years, we found that the system’s performance was excel-

lent as the same water is being reused for multiple operations. This led us to conclude that this technology has tremendous potential to

address water-related challenges in developing countries related to wastewater use and allocation, environmental integrity, water scarcity,

groundwater depletion, and sustainable water facilities.
RESULTS AND DISCUSSION

Characteristics of vehicle-wash wastewater

A comprehensive analysis of untreated wastewater demonstrated that it exhibited elevated levels of chemical oxygen demand (COD),

biochemical oxygen demand (BOD), hydrocarbons, detergents, and total suspended solids (TSS), exceeding the permissible limits estab-

lished by the National Environmental Quality Standards of Pakistan (Table 1). Multiple studies have consistently shown that wastewater

from vehicle-washing facilities typically displays heightened water quality parameters when benchmarked against the discharge standards

set forth in Pakistan.20–22 Conversely, concentrations of heavy metals, essential cations (sodium, potassium, calcium, and magnesium), and

anions (chlorides, sulfate, etc.) were found to be below the wastewater discharge standards. One plausible explanation for this observation

could be the use of uncontaminated groundwater sources for the vehicle-washing processes. Upon comparing wastewater from three

different vehicle-wash stations, it was determined that the wastewater from Interloop Logistics Momentum (ILM) exhibited the highest

contamination levels. It might be due to the reason that this station washes containers which are may be more polluted than the cars, or it

has lesser professional staff to clean the vehicles.
Performance evaluation

The system’s performance was evaluated by examining water samples for parameters including pH, electrical conductivity, turbidity, COD,

BOD, total organic carbon (TOC), total solids, total dissolved solids (TDS), TSS, nitrogen, phosphorus, E. coli, total coliform, sulfate, chloride,

calcium, magnesium, detergents, hydrocarbons, sodium, potassium, oil, grease, and toxicity.

Removal of COD, BOD, and TOC

The COD of the wastewater of the three vehicle-wash facilities was 335–555 mg/L. There was 15%, 42%, and 31% reduction in COD of the

wastewater of Toyota Lyallpur Motors (TLM), Toyota Chenab Motors (TCM), and ILM after passing it through FTWs, respectively. This reduc-

tion was further increased to 97%, 98%, and 98% of the wastewater of TLM, TCM, and ILM after passing through SSF-CWs, respectively. How-

ever, after passing through SF, there was no further significant reduction (Figure 1A). Similarly, the BOD of the wastewater was 178–132 mg/L,

and there was 40%, 38%, and 36% reduction in the wastewater of TLM, TCM, and ILM, respectively, after passing the wastewater through

FTWs, which further decreased to 97%, 98%, and 97%, respectively, after passing through SSF-CWs. Therewas no further reduction after pass-

ing through the SF (Figure 1B). Similarly, TOC was decreased to 97%, 96%, and 98% of wastewater of TLM, TCM, and ILM after passing

through the FTWs, SSF-CWs, and SF (Figure 1C). It is a well-known fact that FTWs and SSF-CWs remove the COD, BOD, and TOC from

the wastewater.23 Plant-associated microbial communities have been recognized for their integral role in organic pollutant degradation,
2 iScience 27, 109361, April 19, 2024



Table 1. Characteristics of untreatedwastewater from vehicle-wash bay of Toyota LyallpurMotors (TLM), Toyota ChenabMotors (TCM), and Interloop

Logistics Momentum (ILM)

Parameter Unit

Value

NEQSTLM TCM ILM

pH NA 8.64 (0.35) 7.43 (0.28) 8.12 (0.27) 6–9

Chemical oxygen demand mg/L 387 (83) 335 (56) 555 (72) 150

Biochemical oxygen demand mg/L 191 (39) 178 (42) 232 (43) 80

Total organic carbon mg/L 135 (22) 116 (19) 178 (26) NG

Hydrocarbons mg/L 218 (87) 195 (48) 285 (58) 10

Detergents mg/L 160 (61) 148 (56) 192 (48) 20

Electrical conductivity mS/cm 3.62 (0.57) 1.27 (0.35) 2.16 (0.46) NG

Turbidity FAU 140 (43) 128 (36) 154 (32) NG

Total solids mg/L 3340 (781) 830 (115) 1435 (350) NG

Total dissolved solids mL/L 2135 (743) 750 (95) 1285 (208) 3500

Total settleable solids mL/L 1.72 (0.37) 2.18 (0.37) 2.42 (0.31) NG

TSS mg/L 260 (52) 103 (25) 310 (55) 150

Nitrogen mg/L 7.42 (1.80) 4.58 (2.62) 5.74 (1.57) NG

Phosphorus mg/L 3.27 (0.4) 1.42 (0.52) 1.58 (0.33) NG

Sulfate mg/L 177 (21) 68 (16) 108 (16) 600

Chlorides mg/L 481 (64) 180 (32) 342 (45) 1000

Calcium mg/L 101 (27) 28 (8.4) 76 (18) NG

Magnesium mg/L 54 (22) 30 (5.7) 42 (10) NG

Sodium mg/L 259 (23) 270 (18) 176 (16) NG

Potassium mg/L 46 (9.1) 68 (11.3) 35 (7.2) NG

Chromium mg/L 0.12 (0.33) 0.14 (0.28) 0.08 (0.01) 1

Iron mg/L 1.06 (0.27) 1.17 (0.32) 2.13 (0.31) 8

Arsenic mg/L 0.15 (0.03) 0.08 (0.01) 0.05 (0.01) 1

Cadmium mg/L 0.05 (0.01) 0.06 (0.01) 0.13 (0.03) 0.1

Lead mg/L 0.25 (0.08) 0.17 (0.05) 0.28 (0.05) 0.5

Manganese mg/L <0.01 <0.01 <0.01 1.5

Total coliforms CFU/mL 4016 (899) 3552 (735) 1460 (950) NG

Escherichia coli CFU/mL 268 (59) 301 (61) 232 (50) NG
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resonating with our observations on the effectiveness of FTWs and SSF-CWs.14 Principally, organic pollutants are adsorbed/absorbed at the

root surface, where themicrobial community associated with the plants degrades them.24,25 Sedimentation, along with biodegradation, plays

a synergistic role in pollutant removal, as emphasized by research findings, aligning with our observations on the importance of these pro-

cesses in SSF-CWs.26,27 Between FTWs and SSF-CWs, there was more reduction in COD, BOD, and TOC by passing the wastewater through

SSF-CWs than the FTWs. SSF-CWs typically demonstrate superior removal efficiency of contaminants like COD, BOD, and TOC when

compared to other treatment systems, a phenomenon attributed to the prolonged retention time and complex microbial processes within

these wetlands.13,24,28

Removal of hydrocarbons, detergents, and turbidity

The wastewater samples analyses revealed hydrocarbon concentrations ranging from 195 to 285 mg/L. The prevalence of hydrocarbons in

vehicle-wash wastewater can be attributed to the residues of oils, fuels, and lubricants from vehicles, a common concern for many urban

wastewater management systems.29 After FTWs treatment, hydrocarbon reductions were observed at 43%, 34%, and 44% for TLM, TCM,

and ILM, respectively. Remarkably, this was augmented to a complete reduction (100%) for all three samples post-SSFCWs treatment (Fig-

ure 1D). Such significant reduction can be attributed to microbial activity inherent in these systems. In FTWs and SSF-CWs, microorganisms

form a biofilm on roots, building material, and gravel, and use hydrocarbons as a sole source of carbon and energy.30,31 Plants not only offer

essential nutrients but also create an environment conducive for microbial proliferation, which in turn facilitates pollutant degradation via

mineralization or transformation into simpler compounds32
iScience 27, 109361, April 19, 2024 3



Figure 1. Assessment of physicochemcial and biological indicators in influent and effluent

Removal of chemical oxygen demand (A), biochemical oxygen demand (B) total organic carbon (C) hydrocarbons (D), detergents (E), turbidity (F), nitrogen (G),

and phosphorus (H) and Escherichia coli (I) and total coliforms (J) during different treatment processes. The untreated wastewater (WW), the outlet of floating

treatment wetlands (FTWs), constructed wetland (CWs), and sand filtration (SF). Germination (%) of wheat (Triticum sativum) seeds irrigated with wastewater

treated by different treatments (K). The untreated wastewater (WW), the outlet of floating treatment wetlands (FTWs), constructed wetland (CWs), and sand

filtration (SF). All these values are the mean of 24 different samples collected every month for two years. Error bars indicate the standard error.
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The concentration of detergents in the wastewater of the three vehicle-wash stations was 148–192 mg/L. There was 30%, 36%, and 37%

reduction in its quantity in the wastewater of TLM, TCM, and ILM, respectively, after passing through FTWs, and this reduction was further

increased to 95%, 96%, and 98% after SSF-CWs, respectively (Figure 1E). After passing through SF, this reduction was increased to 99% in

all the wastewater. Earlier investigations reported that FTWs and SSF-CWs efficiently removed detergents such as sodium dodecyl sulfate

from the wastewater.33,34

The turbidity of the wastewater was 128–154 FAU. High turbidity levels, often resulting from suspended particles in vehicle wash-off, can

severely affect the receiving waterbodies.35 Post-FTWs treatment, turbidity reductions of 14%, 20%, and 15% were observed for TLM, TCM,

and ILM, respectively. SSF-CWs treatment further amplified these reductions to 98%, 98%, and 97% for the respective samples, achieving a

complete reduction (99.9%) post-SF treatment (Figure 1F). Prior research has confirmed the capability of FTWs in substantially reducing water

turbidity.36 SSF-CWs, in particular, have been lauded for their effectiveness in turbidity removal, predominantly attributed to the entrapment

of suspended particles within the extensive plant root systems.37

Removal of TDS and TSS

The concentration of TDS was 2135 mg/L, 750 mg/L, and 1285mg/L in the wastewater of TLM, TCM, and ILM, respectively. Subsequent treat-

ment through FTWs, SSF-CWs, and SF led to reductions in TDS to 1213, 485, and 765 mg/L, respectively (Table 2). Such reductions in TDS

concentrations are crucial, as elevated levels of dissolved solids can significantly alter the osmotic balance in aquatic systems and adversely

impact aquatic organisms.38 The removal of TDS may be due to the adsorption/absorption of cations and anions by the plants and microbes
4 iScience 27, 109361, April 19, 2024



Table 2. Effect on different physico-chemical parameters of vehicle-wash wastewater treated by the integrated system installed at Toyota Lyallpur

Motors (TLM), Toyota Chenab Motors (TCM), and Interloop Logistics Momentum (ILM)

Treatment/

parameter

Untreated WW FTWs CWs SF

TLM TCM ILM TLM TCM ILM TLM TCM ILM TLM TCM ILM

pH 8.62

(0.42)

7.43

(0.38)

8.12

(0.47)

7.03

(0.59)

6.65

(0.42)

7.25

(0.52)

6.70

(0.45)

6.32

(0.34)

6.63

(0.40)

6.54

(0.44)

6.28

(0.35)

6.55

(0.45)

Chlorides (mg/L) 481 (27) 180 (15) 342 (18) 406 (51) 88 (22) 178 (52) 326 (58) 64 (15) 166 (55) 304 (42) 60 (12) 158 (42)

Sulfates (mg/L) 177 (22) 68 (17) 108 (20) 143 (34) 53 (14) 94 (22) 107 (26) 46 (12) 65 (38) 98 (27) 43 (10) 62 (28)

Sodium (mg/L) 259 (23) 270 (18) 76 (15) 204 (36) 160 (32) 48 (15) 120 (52) 117 (26) 36 (13) 106 (45) 105 (18) 31 (10)

Potassium (mg/L) 46 (9.15) 68 (11.3) 37 (7.2) 32 (9.5) 39 (14) 25 (9.4) 23 (11) 26 (16) 23 (8.4) 18 (11) 23 (13) 20 (7.4)

Total dissolved

solids (mg/L)

2135 (462) 750 (95) 1285 (208) 1643 (310) 570 (45) 850 (210) 1299 (152) 510 (30) 780 (110) 1213 (160) 485 (27) 765 (80)

Total suspended

solids (mg/L)

260 (64) 103 (25) 310 (55) 78 (29) 58 (17) 105 (30) 0 0 0 0 0 0

All these values are the mean of 24 different samples collected every month for two years. Values in parentheses represent standard deviation. The untreated

wastewater (WW), the outlet of floating treatment wetlands (FTWs), constructed wetland (CWs), and sand filtration (SF).
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that colonize on the roots, gravel, and sand.39 Plant and microorganisms take up nutrients (nitrogen and phosphorus) and other elements for

their growth and development.40 Sedimentation also plays an important role in the removal of TDS from the water. Similarly, the wastewater

samples from TLM, TCM, and ILM witnessed a 100% removal in TSS after undergoing treatment through FTWs and SSF-CWs. The efficacy in

TSS removal can largely be credited to the filtration capacities inherent to the extensive root systems in FTWs and SSF-CWs, as well as the

sedimentation of suspended particles.41 The extensive root systems of the plants in FTWs and SSF-CWs work as filter and enhance the

removal of the suspended material from the water.36

Effect on pH

Initial analysis revealed that the wastewater from TLM, TCM, and ILM exhibited pH values of 8.64, 7.43, and 8.12, respectively (Table 2). After

treatment via the integrated system encompassing FTWs, SSF-CWs, and SF, a significant drop in pH was observed, recording values of 6.54,

6.28, and 6.55 for TLM, TCM, and ILM, respectively. Worth noting is that pH values indicative of alkalinity, such as those recorded, are often

associated with the use of alkaline detergents in car-washing facilities.42 The observed decrease in pH post-treatment can also be ascribed to

the formation of root exudates and themicrobial breakdown of organic compounds that culminate in acid production, corroborating findings

by Ijaz et al..43 Such transformations in pH are essential in ensuring the treated water’s compatibility with its intended end use, minimizing

ecological impacts.

Removal of nutrients and other elements

Preliminary analyses identified total nitrogen concentrations in the wastewater samples from TLM, TCM, and ILM as 7.42, 4.58, and 5.74mg/L,

respectively. Upon processing through the combined FTWs, SSF-CWs, and SF system, these concentrations significantly reduced, registering

values of 0.23, 0.15, and 0.17mg/L for TLM, TCM, and ILM, respectively (Figure 1G). Nitrogen removal fromwastewater is pivotal, as its excess

release into natural water systems can trigger eutrophication, severely affecting aquatic ecosystems.44 In a parallel observation, phosphorus

concentrations in the wastewater from TLM, TCM, and ILM underwent marked reductions post-treatment, declining from initial values of 3.27,

1.42, and 1.58mg/L to 0.46, 0.31, and 0.43mg/L, respectively (Figure 1H). It is well documented that phosphorus also plays a significant role in

eutrophication processes, emphasizing the importance of its effective removal.45 Comparative analysis between the two wetland systems

elucidated that SSF-CWs demonstrated superior efficiency in nitrogen and phosphorus removal compared to FTWs. In a similar vein, other

water quality parameters, including chlorides, sulfates, sodium, and potassium, witnessed substantial reductions when treated through the

integrated FTWs, SSF-CWs, and SF system (Table 2).

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) analysis was performed on both fresh and exhausted sand samples (Figure 2A). The spectrum

of fresh sand displayed a peak at 692 cm�1, indicative of the Si-O asymmetric bending vibration.46 Additional peaks at 874 cm�1 and 711 cm�1

were observed, corresponding to the Si-O stretching vibrations,47 and a peak at 1,004 cm�1 was attributed to the Si-O-Si asymmetric stretch

vibration.48 A notable distinction in the exhausted sand’s spectrumwas the presence of a peak at 1,625 cm�1, suggesting the accumulation of

plant residues via a C=C bond,49 which appears to be the primary cause of filter exhaustion. For the carwash system inlet wastewater (Fig-

ure 2B), FTIR peaks at 2,954, 2,922, 2,854, and 1,376 cm�1 were identified, which are characteristic of the aldehyde functional group and

C–H bond stretching vibrations.50 The peaks at 3,295 and 1,638 cm�1 were associated with the hydroxyl group’s (O–H) stretching vibrations.51

Hydrocarbons concentration was quantified using the standard curve method, with a calculated concentration of 301 mg/L. Conversely, the
iScience 27, 109361, April 19, 2024 5



Figure 2. FTIR spectral analysis of hydrocarbon degradation

(A) Displays FTIR spectra with higher peaks indicative of exhausted sand.

(B) Presents a comparison between inlet and outlet water spectra, with the outlet spectrum showing hydrocarbon removal.

(C) Depicts hydrocarbon levels in root endospheres from the initial and final ponds.

(D) Illustrates hydrocarbon degradation in shoot endospheres, evidencing the efficacy of the wastewater treatment process.
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outlet water post-treatment showed no hydrocarbon peaks, indicating complete hydrocarbon removal with only the hydroxyl group peaks

remaining. Further, FTIR analyses were conducted on the root endosphere from the first pond of the FTW (Figure 2C), where a hydrocarbon

presencewas detected in a 10 g root sample, with a concentration of 0.696mg/g. This was evidenced by peaks at 724 and 839 cm�1, which are

typically associated with meta-dispersed aromatic C–H bands. However, in the final pond (Figure 2D), also known as CWs, the hydrocarbon

concentration in the root endosphere was significantly lower at 0.172 mg/g. Additional studies on the shoot endosphere in the first pond

revealed a hydrocarbon concentration of 1.090 mg/g in the shoots, a level comparable to that of plants not exposed to hydrocarbons.

The final pond’s shoot endosphere analysis showed a slightly reduced hydrocarbon concentration of 1.048 mg/g. These findings suggest

varying levels of hydrocarbon presence and degradation throughout the treatment process, with the final water treatment stages effectively

reducing hydrocarbon content.

Microbial analyses

The stereoscopic examination of plant roots and shoots from the initial and terminal ponds, combined with quantitative PCR analysis, has

provided a comprehensive view of microbial dynamics in the treatment of vehicle-wash station wastewater (Figure 3). Dense clusters of hy-

drocarbon-degrading bacterial colonies were evident in the roots from the first pond, aligning with the high pollution load characterized by

the presence of oil and grease (Figure 3A). The last pond showed a marked reduction in these bacterial colonies, signifying effective hydro-

carbon removal (Figure 3B). A similar pattern was observed in shoot samples, where the first pond’s variety of bacterial colonies diminished by

the final pond, corroborating the reduced pollution levels (Figures 3C and 3D).

Colony-forming units (CFUs) performedonM9media containing diesel as sole carbon source, and quantitative PCR analyses conducted to

assess the abundance and expression of the alkB gene, a marker for hydrocarbon degradation, further confirmed these observations. Spe-

cifically, in the first pond, the abundance of hydrocarbon-degrading bacteria and alkB gene was significantly high. In contrast, water samples
6 iScience 27, 109361, April 19, 2024



Figure 3. Stereoscopic microscopy of bacterial colonization and hydrocarbon removal

(A) Dense bacterial colonies in the roots from the final pond, indicative of high pollution load.

(B) Roots from the first pond with fewer bacterial colonies, suggesting preliminary hydrocarbon removal.

(C) Varied bacterial colony density in the shoots from the initial pond.

(D) A reduction in bacterial presence in the shoots from the final pond, aligning with decreased pollution levels.
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obtained after treatment showed a considerable decline in the CFU counts and alkB gene abundance and expression, indicating that the bulk

of hydrocarbons had been degraded. Notably, SF stages were devoid of detectable hydrocarbon-degrading bacteria or alkB gene expres-

sion, evidencing the sand filter’s capacity to attenuate residual bacterial populations (Table S1). This integrative approach underscores the

efficacy of the treatment system in reducing hydrocarbon pollutants and highlights the potential of molecular techniques in monitoring envi-

ronmental bioremediation processes.

We also tested the abundance of E. coli and total coliforms in the untreated wastewater. Their abundance in treated water was 2,300 and

4,000 CFU/100 mL, respectively. Their high abundance in Faisalabad’s car-wash wastewater, sourced from groundwater, was likely due to

regional contamination, including sewage leakages and fecal-contaminated runoff, and from unsafely storing water in open containers, which

can attract bird droppings. Post-treatment via the FTWs, SSF-CWs, and SF system led to a marked reduction in these concentrations for all

stations (Figures 1I and 1J). There was a 100% reduction in their numbers after passing the wastewater of TLM, TCM, and ILM through the

system. Between two wetland units, a better removal of pathogen indicators was observed by passing the wastewater through SSF-CWs

when compared to the FTWs.

Phytotoxicity reduction

Ingredients such as surfactants, solvents, and fragrances commonly found in detergents can potentially disrupt aquatic life, alter natural water

chemistries, and magnify the challenges of wastewater treatment.52 Therefore, phytotoxicity assay was performed to evaluate the detoxifi-

cation potential of the treatment system. The seeds of wheat (T. sativum) were subjected to the untreated wastewater and the treated water

of TLM, TCM, and ILM. There was lesser germination of seeds irrigated with untreated wastewater as compared to germination of seeds irri-

gatedwith the treatedwater (Figure 1K). In a previous study, inhibition in germination of seeds of various other crops with untreatedwater was

also reported.53 The significantly higher germination success with treated water suggests not only the removal of pollutants, but also the sub-

stantial detoxification, enhancing its compatibility with vegetation in the receiving waterbody/ecosystem.
iScience 27, 109361, April 19, 2024 7



Figure 4. Cost-effectiveness analysis for groundwater recycling initiatives at three facilities

The bar graph represents the total cost of interventions and the net annual savings for Toyota LyallpurMotors (TLM), Toyota ChenabMotors (TCM), and Interloop

Logistics Momentum (ILM), while the green line illustrates the benefit-cost ratio (BCR) for each facility.
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Cost-effectiveness

Water recycling initiatives across three vehicle-washing stations have demonstrated not only environmental responsibility but also notable

cost-effectiveness. The adoption of these systems resulted in drastic reductions in water treatment costs: from $0.8/m3 to $0.03/m3 at

TLM, to $0.036/m3 at TCM, and to $0.0396/m3 at ILM (Figure 4; Table 3, supplementary information). Such findings emphasized the economic

viability of water recycling in regions confronted with water scarcity.54,55 Furthermore, overextraction of groundwater is globally recognized as

a critical issue, leading to ecological challenges like land subsidence and deterioration of aquatic habitats.56 Each of these stations’ initiatives,

by reducing the annual groundwater extraction by thousands of cubicmeters, not only offers a solution to economic constraints but also com-

bats the detrimental environmental impacts of overextraction. As these practices align with the urgent calls for sustainable water manage-

ment,57 they set a benchmark for industries particularly in developing countries, emphasizing the confluence of economic prudence and

ecological responsibility.

The analysis of water recycling interventions further illuminated profound economic and environmental dividends. The payback pe-

riods for TLM exhibit an impressive payback period of only 1 year, signifying a rapid recoupment of costs (Figure 3). The payback periods

for ILM and TCM were slightly higher (1.44 and 1.43 years, respectively), but still suggest a relatively quick recovery of the initial invest-

ment in just over a year (Table 3). The return on investment for TLM stands out at an astounding 99.7%, nearly the ideal value, while TCM

and ILM hover around the 70% mark (Table 3). The benefit-cost ratio (BCR) for TLM is also exemplary at 1.0, which means the benefits

derived equal the costs incurred, rendering it the most economically sustainable of the three (Table 3; Figure 2). A BCR greater than 1 is

typically indicative of a project’s economic viability, as it demonstrates that the benefits surpass the costs.58 Finally, the Economic Value

Index (EVI) underscores the cost-effectiveness of water treatment at each station, with TLM leading at 1.24 m3/$. The EVI offers a novel

perspective on resource efficiency in relation to cost, a metric that is increasingly gaining traction in environmental economics litera-

ture.59 In conclusion, while all three stations present commendable metrics, TLM stands out in terms of economic and resource effi-

ciency. However, it is imperative to note that external factors, such as regional variations in groundwater extraction costs and mainte-

nance, with higher inflation rates, may influence these metrics and should be revised with respect to the evolving situations.

Cumulatively, our results champion the indispensable role of water recycling in navigating contemporary ecological and economic

challenges.

Implications

The implications of the proposed closed-loop wastewater treatment system for vehicle-washing facilities are significant. This system offers

several benefits and positive outcomes, including.

(1) Cost-effectiveness: Nature-based solutions often offer a low-cost alternative for wastewater treatment, making them particularly

attractive for vehicle-washing facilities in terms of operational expenses. By leveraging natural processes, these systems can reduce

reliance on energy-intensive processes and costly infrastructures.60
8 iScience 27, 109361, April 19, 2024



Table 3. Comparative analysis ofmetrics across Toyota LyallpurMotors (TLM), Toyota ChenabMotors (TCM), and Interloop LogisticsMomentum (ILM),

highlighting economic and resource efficiency of groundwater recycling initiatives

Attributes TLM TCM ILM

Total cost for interventions ($) 5,341 12,283 15,373

Annual groundwater savings (m3) 6,935 11,096 13,870

Power for groundwater extraction (kWh/m3) 0.8 0.8 0.8

Electricity cost ($/kWh) 0.4 0.4 0.4

Revised annual maintenance cost ($) 225 300 400

Cost to extract and treat without recycling ($) 5,548 8,876.80 11,096

Total cost for first year ($) 5,566 12,583 15,773

Annual expenses for subsequent years ($) 225 300 400

Net annual savings ($) 5,323 8,576.80 10,696

Cost per m3 before recycling ($) 0.8 0.8 0.8

Cost per m3 after recycling ($) 0.0325 0.027 0.0288

Derived metrics

Payback period (years) 1 1.43 1.44

Return on investment (%) 99.7 69.8 69.6

Benefit-cost ratio (BCR) 1 0.7 0.7

Economic Value Index (EVI) (m3/$) 1.24 0.88 0.88

All values are reported in the US dollars.
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(2) Sustainability and resource conservation: Closed-loop systems align with the principles of sustainability and resource conservation.61

By recycling and reusing water within the facility, these systems minimize the need for freshwater intake and reduce overall water con-

sumption. This is particularly crucial in regions facing water scarcity or where water resources need to be managed efficiently.62

(3) Valorization of biomass: Closed-loop systems can enhance the valorization of residual biomass. This biomass can be utilized to pro-

duce value-added products, such as biofuels, fertilizers, and other useful materials. This concept of circular economy has tremendous

significance.63

(4) Alignment with UN Sustainability Goals: This study not only showcases the economic feasibility of our approach but also its environ-

mental sustainability, making a compelling case for its adoption in linewith theUnitedNations’ directives for the current and upcoming

decades. Specifically, our findings resonate with the objectives of the 2018–2028 International Decade for Action – ‘‘Water for Sustain-

able Development,’’ and anticipate contributions to the 2020–2030 UNDecade on EcosystemRestoration. This positions our study not

only as a report on a scalable system, but also as a timely response to global calls for sustainable development practices.
Overall, implementing a nature-based closed-loop wastewater treatment system in a vehicle-washing facility could contribute to environ-

mental sustainability, resource efficiency, and cost-effectiveness while reducing the facility’s carbon footprint and promoting the circular

economy.64 This study represents a significant advancement in combining different wetlands and SF to develop an integrated system for

wastewater treatment and reuse system. The developed process exhibits key qualities aligned with the requirements of this era, including

low capital cost, sustainability, environmental friendliness, absence of operational and maintenance costs, and a smaller spatial footprint

than traditional wastewater treatment technologies.

Limitations of the study

This study acknowledges certain limitations in its approach to substrate regeneration within biofilters. Primarily, our methodology was

confined to two modes of sand management in the treatment system: replacement and regeneration. The replacement procedure involved

substituting the sand after 60 days of continuous use. In contrast, the regeneration process was initiated upon reaching a predefined pressure

differential, indicated by the water level at the inlet. This process entailed the careful removal of the top 8–10 cm layer of sand above the non-

woven geotextile membrane, followed by the washing of the membrane and the refilling of the sand filter with either fresh or recycled sand.

The removed sand was rigorously washed using water from the treated water storage tank, and this water was then recycled through the car-

wash wastewater treatment system. The washed sand was sun-dried over a period of approximately 6 to 7 days before being stored for future

use. While this methodology ensures effective maintenance and operation of the sand filter within the vehicle-wash wastewater treatment

system, its application was restricted to this specific context. The study did not explore alternative substrate regeneration techniques or

assess the effectiveness of these procedures in different types of biofilters. Consequently, the findings have limited applicability beyond
iScience 27, 109361, April 19, 2024 9
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the specific conditions and systems tested. Further research is needed to evaluate the efficacy of these methods in diverse settings and with

varying types of biofilters to broaden the scope of these findings.

Conclusions

In conclusion, the research showcases a groundbreaking, cost-effective, and sustainable solution for water scarcity in Pakistan through the

implementation of an integrated system comprising FTWs, SSF-CWs, and SF in urban vehicle-washing facilities. This system not only effec-

tively removes various contaminants such as BOD, COD, TOC, TSS, and pathogens, but also reclaims wastewater to a high-quality standard

suitable for reuse. The study highlights the superior efficiency of constructed wetlands in contaminant removal, marking a significant

advancement in combining different wetland technologies and SF for wastewater treatment. This innovative approach addresses critical

environmental challenges, offering a scalable and environmentally friendly alternative to traditional wastewater treatment methods.

Further research is recommended to investigate the application of green materials as substrates in SSF-CWs. This exploration aims to

improve the regeneration lifespan of the system and minimize the need for frequent sand replacement, thereby enhancing efficiency

and sustainability.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals

M9 minimal salts Sigma-Aldrich M6030

Diesel (for media plates) Local market N/A

Sodium chloride Sigma-Aldrich S9888

Biological samples

Local and indigenous wetland plants, i.e.,

Phragmites australis, Typha domingensis,

Canna indica

natural wetlands/ponds/drains Mansoor Hameed, Ph.D. Faculty of Sciences,

Department of Botany, UAF

Triticum sativum seeds Local market N/A

Others

PVC pipes and pots Local market N/A

Coconut shavings Local market N/A

Loamy texture soil Local market N/A

Gravel (pebbles: 4 to 64 mm) Local market N/A

Metal wire (6-foot length) Local market N/A

Bamboos Local market N/A

Nut bolts and washers Local market N/A

Concrete anchors Local market N/A

Polyethylene-based or polystyrene-based roof

insulation rolls

Diamond Foam Company N/A

Non-woven geotextile membrane Local market N/A

Whatman� qualitative filter paper, Grade 1 Sigma-Aldrich WHA1001325
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Muhammad Afzal

(manibge@yahoo.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data: No new data were generated.

Code: No codes were generated.

Any additional information is available from the lead contact upon request.

METHOD DETAILS

Designing and developing vehicle-wash wastewater treatment and reuse system

The system for the treatment and reuse of vehicle-wash wastewater was installed at (1): Toyota Lyallpur Motors (TLM), Faisalabad (geographic

coordinates 31.507559872844087, 73.06845123208316), in March 2019, (2): Toyota Chenab Motors (TCM), Faisalabad (31.478719811567508,

73.22460090744954), in June 2019, and (3): Interloop Logistics Momentum (ILM), Khanewal (30.332008483865824, 71.78934270934977) in

February 2020. The car wash facilities at TLM and TCM clean approximately 30 small vehicles (cars) and produce approximately 4,000- and

8,000-L wastewater per day, respectively, whereas the containers-wash facility at ILM wash about 10–15 containers and produce
iScience 27, 109361, April 19, 2024 13
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approximately 9,000 L wastewater per day. All wash stations operate six days a week, including a half day on Fridays. At both car-wash facil-

ities, wastewater from the car wash baywas stored in a storage tank named an ‘‘untreatedwastewater storage tank (UWST)’’. A pumpwas used

to supply the wastewater from the UWST into the FTWs, from which it was gravimetrically allowed to sequentially flow into the SSF-CWs and

SF unit, and finally was stored in the tank named as ‘‘treated water storage tank (TWST)’’. The total retention time of the wastewater in the

system was approximately six days. The average flow rates observed were 0.1667 m3/hr (equivalent to 4 m3/day) at TLM, 0.333 m3/hr

(8 m3/day) at TCM, and 0.375 m3/hr (9 m3/day) at ILM. The design of all tanks, ranging from those for treated water to storage tanks, incor-

porates elevated side walls to ensure a sufficient head for effluent to flow by gravity. The flow diagrams of the integrated wastewater treat-

ment and recycling systems installed at TLM, TCM, and ILMare shown in Figures S1–S3, respectively. Each systemcomprised a series of ponds

and wetlands engineered for effective flow and volume capacities. Specifically, for TLM Faisalabad, a system designed to handle 4000 L per

day with a six-day retention time includes a singular untreated wastewater collection tank measuring 7.9 m by 1.73 m by 1.52 m. This system

also incorporated five floating treatment wetlands (FTWs) and a constructed wetland (CW), each one cubic meter in size with volumes of

0.9 m3 and 0.3 m3, respectively. A sand filter of equal dimensions as the wetlands provided additional purification, and the treated water

is stored in a tank with dimensions of 4.87 m by 2.4 m by 1.22 m. TCM Faisalabad comprised a system for treating 8000 L per day, also

with a six-day retention time. It featured a wastewater collection tank with an effective volume of 12.5 m3, 2 FTW, and 10 CWs, each signif-

icantly larger than those at TLM, with volumes of 6.33 m3 and 2.113 m3, respectively. It also included a larger sand filter and two treated water

storage tanks, each with a capacity of 10m3. Lastly, ILM system treats 9000 L per day. It has a collection tank with a volume of 19m3, three FTW

with a volume of 5.10m3 each, and 18 CWdivided into two size groups with volumes of 1.39m3 and 0.91m3. A sand filter of the smaller dimen-

sion and a significantly larger treatedwater storage tankmeasuring 2.44mby 2.13mby 3.9mwith an effective volumeof 18.7m3 complete the

system.

Untreated wastewater storage tank

An underground UWST was designed to collect and store the wastewater. This tank provided a retention time for the non-dissolved particles

to settle. This tank was also equipped with a level sensor to switch water pump operation according to the logic provided (Table S2; Fig-

ure S4A). A water pump was used to maintain the level of the FTWs by feeding wastewater from the UWST. The pump was operated using

three logics.

(1) Start at a low level of FTWs.

(2) Stop at a high level of FTWs.

(3) Stop at a low level of the FTWs.

Using the truth and Karnaughmap (Tables S2 and S3), a Boolean expression was performed, and a logic circuit (Figure S4A) was drawn for

the 24/7 operation of the water pump. This feature allows the system to operate automatically.

Floating treatment wetlands (FTWs)

The FTW units were developed in series in hard-plastic tanks cemented on the ground (Figure S4B). A floating mat was developed using a

locally available polyethylene material with eight holes at an equal distance from each other. These holes had a diameter of 10 cm on the

upper side and 7.5 cm at the lower side of the mat. The edges of the mat were covered with aluminum foil to protect it from sunlight. The

seedlings of the native plants, Phragmites australis (five seedlings per hole), Typha domingensis (one seedling per hole), and Canna indica

(one seedling per hole), were fixed in the holes of the mats with coconut shaving. Seedlings of the plants were grown at the National Institute

for Biotechnology and Genetic Engineering (NIBGE). Agricultural soil was placed over the mat up to 1 inch, and thin layers of sand, round

pebbles, and gravel were applied over the soil. The vegetated mats were transferred into the tanks with vehicle-wash wastewater.

Subsurface flow constructed wetlands (SSF-CWs)

Subsurface flowCWs units were developed and connected in series (Figure S4C). In each CW unit, the effluent was collected from the bottom

and fed to the next tank at the top. The CWunit was developed in such a way that there was a 15 cm layer of round pebbles at the bottomwith

an average diameter of 12.5 cm. The second layer of each unit was filled to a thickness of 10 cm with round flat pebbles having an average

diameter of 9 cm. The third layer was filled up to 43 cm thickness with ‘‘road constructing gravel’’ having an average diameter of 11 cm. The 4th

layer was filled up to 20 cm thickness with ‘‘building constructing gravel’’ having an average diameter of 1.6 cm. The fifth and last layer was

filled up to 5 cm thickness with gravel having an average diameter of 0.48 cm. The seedlings of three different plants (P. australis,

T. domingensis, and C. indica) were vegetated in the 4th layer at an equal distance of 15.24 cm. These seedlings were already grown in

the vicinity of NIBGE and were removed from the soil, and their roots were washed with tap water, before planting in the gravel.

Sand filter (SF)

The SF was designed to have a single baffled shape (Figure S4D). At the bottom of the tank, the first layer (7.5 cm thickness) was developed

using construction-grade gravel having an average size (diameter) of 1.6 cm. The second layer (15 cm thickness) consisted of round shape

gravel having an average diameter of 0.8 cm. The third layer (4 cm thickness) was comprised of flat shape gravel having an average diameter

of 0.67 cm. The fourth layer (6 cm thickness) consisted of round shape gravel having an average diameter of 0.48 cm. The fifth layer (sand layer)
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was divided into three parts, with a thickness of 7.5 cm, 10 cm, and 17.5 cm, respectively. Between 1st two layers (7.5 cm and 10 cm), there was a

non-woven geotextile membrane, and it was to replace the upper 7.5 cm layer of sand after every two months or by observing the pressure

difference between the inlet and outlet of SF. The main function of this SF is to remove pathogenic bacteria from the treated water. The in-

tegrated system for the treatment and reuse of vehicle-wash wastewater at TLM Faisalabad is shown in Figures S5A–S5N; whereas develop-

ment of an integrated systemof FTW, SSF-CWs, and SF at ILMKhanewal for the treatment and reuse of the containers-wash station is shown in

Figures S5O and S5P.

Collection of water samples and their analysis

The water samples were collected during the first week of eachmonth for two years from Toyota LyallpurMotors (June 2019 toMay 2021), and

from Toyota Chenab Motors and Momentum Logistics (March 2020-2022). Water sampling was started after three months of plant growth.

Water samples were collected in glass bottles fromfive different points, the outlet of the wastewater storage tank, the outlet of the FTWs, SSF-

CWs, and SF by using the composite sample technique (8 h sampling) and transported to NIBGE.

Turbidity of the water samples was determined by using Spectro Quadrant Nova 60 (Merck Millipore). A benchtop digital pH meter (Ac-

cumetmodel 25, Denver Instrument Company, USA) was used to determine the pH of the water samples. A benchtop digital meter (CON 500

COLE- PARMER, Singapore) was used tomeasure the electrical conductivity (EC) of the water samples. TheCOD, TOC, total phosphorus, and

sulfates were analyzed using the colorimetric method as described earlier (APHA, 2005). For COD and TOCmeasurements, the samples were

heated at 150�C in the presence of K2Cr2O7 and H2SO4 (2 h for COD and 1.5 h for TOC). Biochemical oxygen demand was determined by a

5-Day BOD test. Chlorides, calcium, andmagnesium contents in the water samples were determined using the titrationmethod (APHA, 2005).

Sodium and potassium levels in the filtered samples were determined by using a flame photometer (Model 410, Sherwood Scientific). Total

nitrogen was measured using the Kjeldahl digestion method. The total suspended solids were determined gravimetrically using pre-dried

Whatman’s filter paper. Total solids were determined gravimetrically using a pre-dried beaker. Total dissolved solids were determined in

a similar way with filtered samples. For hydrocarbons assessment, Fourier Transform Infrared (FTIR) spectroscopy analysis was conducted uti-

lizing a PerkinElmer Spectrum II instrument (PerkinElmer, USA) within a controlled dry atmospheric condition. TheHorizontal Attenuated Total

Reflectance (HATR) technique was employed, incorporating a Zinc Selenide (ZnSe) flat plate as the reflective medium. For plant tissues an-

alyses, a representative sample comprising either 10 g of root or shoot material was subjected to a thorough cleansing process involving both

water andmethanol. This was followed by amanual grinding process using a pestle andmortar, persisting approximately 20min, to achieve a

fine paste consistency. Subsequent to the grinding, 10mL of n-Hexanewas added to each sample, which was then vigorously agitated using a

vortex shaker for a duration of 2min. Upon settling, a 24 mL aliquot of the supernatant was carefully transferred onto the FTIR ZnSe flat plate for

spectroscopic analysis, culminating in the generation of a detailed spectral graph. The spectral data acquisition spanned a wavenumber

range from 600 to 4000 cm�1, adopting a resolution of 4 cm�1. The concentration of detergents in the water was determined using the solvent

extraction method as described earlier.65

Determination of plant growth

The plants were harvested ten cmabove the surface of themat of the FTWs andgravel of the SSF-CWs twice a year. Shoot lengths andweights

(dried) were determined as reported earlier (Rehman et al., 2019). Briefly, shoot length was determined using a scale and dried mass was

determined by placing the plant material in an oven at 60�C for 72 h, where the remaining mass after the evaporation loss was considered

as the dried biomass.

Phytotoxicity assay

The toxicity of the water samples was also determined as previously described (Rehman et al., 2019). Briefly, wheat (Triticum sativum) seeds

were sown in Petri dishes with sterilized cotton and 3 mL of distilled water as the control and 3 mL of the water sample. After seven days, the

seeds were checked for germination.

Microbial analyses

Stereoscopicmicroscopywas conducted to compare themicrobial abundance between the initial and final wetland sections. For this analysis,

sterile blades disinfected with 70% ethanol were used to harvest plant roots and shoots from samples taken from the rhizosphere. These sam-

ples were then treated with 2% bleach, followed by a triple rinse with distilled water. Each sample was ground by hand in a sterilized mortar

and pestle. Three drops of a 0.9% NaCl solution were added to the resulting paste and spread onto M9 agar media plates, with diesel as sole

carbon source. The plates were incubated at 37�C overnight and subsequently examined with a stereoscope to assessmicrobial populations.

In this study, the enumeration of hydrocarbon-degrading bacteria within the effluent water of FTWs, CWs, and SF, as well as on the rhizo-

plane of plants was performed using the plate count method known as colony forming units (CFU) analysis. The bacteria were isolated from

the rhizoplane by vigorous shaking of the roots in a saline solution with glass beads measuring 0.1 cm in diameter. Serial dilutions of these

suspensions, as well as those from the water samples, were then cultured on minimal media plates supplemented with 1% diesel as a carbon

source and incubated at 37�C for bacterial growth.25

The quantification and expression levels of the alkB gene, which codes for an alkane hydroxylase involved in hydrocarbon degradation,

were assessed from both water samples and rhizoplane washings. This was achieved through the extraction of DNA and RNA using
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commercial extraction kits, followed by the synthesis of cDNA from the RNA with reverse transcriptase. Subsequently, real-time PCR (iCycler

IQ5, BioRad) was employed using the synthesizedDNA and cDNAas templates to determine the abundance and expression levels of the alkB

gene, in accordance with methodologies detailed in previous literature.

We also calculated the numbers of the total coliforms and Escherichia coli in the treated water samples, which could serve as indicators of

potential pathogens removal upon treatment (APHA, 20025). Here, the water samples were plated on Chromocult coliform agar to determine

total coliform and E. coli. The plates were incubated for 24–48 h at 37�C, and the numbers of the colonies was counted.
Cost-effectiveness

In this study, the economic and environmental implications of water recycling systems across three stations: Lyallpur, Toyota ChenabMotors,

and Logistics Momentum Khanewal, were critically assessed. Initially, the annual volume of treated water post-recycling was documented for

each station representing the amount of groundwater that would have been otherwise extracted. For cost evaluations, the expense to treat

groundwater without recycling was determined using the product of volume (Table 3), energy required (0.8 kWh/m3), and electricity cost

($0.4/kWh). Post-implementation costs encompassed the annual maintenance and intervention costs. Derived metrics included the payback

period (ratio of initial investment to net annual savings), Return on Investment (ROI = (Net Annual Savings/Initial Investment)3 100), Benefit-

Cost Ratio (BCR= net savings/total costs), and Economic Value Index (EVI =Annual Groundwater Volume/Total Annual Cost). Throughout the

analysis, comparisons with existing scientific literature ensured a robust contextual understanding and validation of our results.
QUANTIFICATION AND STATISTICAL ANALYSIS

Results presented are mean of three replicates, the standard error of three replicates is presented in parentheses.
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