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Abstract 

Leather tannery wastewater contains hazardous chromium, sulfides, and high organic loads that threaten aquatic 

ecosystems. This study compared phytoremediation performance of horizontal subsurface flow constructed wetlands 

(HSF-CW) planted with monocultures and polycultures of macrophytes. Five pilot-scale systems (7.0 m² each) were 

operated for 120 days at Banthala Leather Complex, West Bengal: (1) Phragmites australis, (2) Typha domingensis, 

(3) Vetiveria zizanioides, (4) binary combination (Phragmites + Typha), and (5) ternary combination (Phragmites + 

Typha + Vetiveria). 

At an optimal hydraulic retention time (HRT) of 8 days, the ternary system achieved maximum removal efficiencies: 

86.8% chemical oxygen demand (COD), 74.2% total nitrogen (TN), and 89.6% chromium (Cr). Polyculture systems 

demonstrated significant synergistic effects, with the ternary combination outperforming monoculture averages by 

6.2–8.4% for COD and 7.8–9.2% for chromium removal. Phragmites exhibited the highest chromium 

bioaccumulation (421 ± 52 mg/kg), while Typha showed superior nitrogen uptake (48.2 ± 6.1 g/kg). Plant-mediated 

chromium removal accounted for 18.4% of total removal in the ternary system versus 8.6–14.2% in monocultures. 

These findings demonstrate that polyculture HSF-CW systems with spatially optimized species distribution offer a 

sustainable, low-cost (USD 1.20/m³) pre-treatment solution for chromium-laden industrial wastewater. 
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1. Introduction 
The leather tanning industry generates 150–200 L of wastewater per kilogram of raw hide, containing chromium 

(200–400 mg/L), sulfides (>150 mg/L), and high chemical oxygen demand (COD: 2500–3500 mg/L) . In India, 

particularly the Banthala cluster in South 24 Parganas, West Bengal, approximately 150 tanneries discharge 22,500–

30,000 m³/day of untreated effluent into Hooghly River tributaries, causing severe bioaccumulation in aquatic 

organisms . 

Conventional treatment methods (chemical precipitation, electrocoagulation) incur high capital costs (USD 8–12/m³) 

and generate hazardous chromium-laden sludge requiring expensive disposal . Constructed wetlands offer an 

ecological alternative, with horizontal subsurface flow (HSF) systems providing anaerobic-facultative conditions 

favorable for organic mineralization and metal precipitation . 

While monoculture constructed wetlands have been extensively studied, research on optimized species combinations 

for high-strength tannery wastewater remains limited, particularly in South Asian contexts. Multi-species systems 

may enhance remediation through niche complementarity and rhizosphere diversity , yet quantitative evidence of 

synergistic effects in heavy metal remediation is lacking. 

Research Gap: No previous studies have systematically compared single, binary, and ternary plant combinations 

specifically for tannery wastewater treatment under tropical conditions, nor determined optimal hydraulic 

parameters for such polyculture systems. 

Hypothesis: Ternary polyculture HSF-CW systems achieve higher chromium and organic pollutant removal than 

monocultures through spatial complementarity and enhanced rhizosphere processes. 

Objectives: 

1. Compare treatment performance of monoculture and polyculture HSF-CW systems treating tannery wastewater 

2. Quantify metal bioaccumulation patterns and phytoremediation contributions 

3. Optimize hydraulic retention time (HRT) and operational parameters 

4. Develop design guidelines for full-scale implementation in leather processing clusters 

 

2. Materials and Methods 

2.1 Experimental Setup 

The study was conducted at Banthala Leather Complex (22.4°N, 88.8°E), West Bengal, India. Five identical HSF-

CW systems were constructed using reinforced concrete basins (3.5 m × 2.0 m × 0.9 m; surface area 7.0 m²; 

operating volume 6.3 m³). Substrate layers comprised (bottom to top): coarse gravel (30–40 mm, 0.1 m), gravel-sand 

mixture (2:1, 0.3 m), fine sand (0.4 m), and compost-enriched topsoil (0.1 m) . 

Raw tannery wastewater was collected daily (06:00–08:00) from the combined effluent of 25 participating tanneries 

before any pre-treatment, stored at 4°C, and characterized (Table 1). 

 

Table 1. Influent wastewater characteristics (Mean ± SD, n=240) 

Parameter Unit Mean ± SD Range 

COD mg/L 2862 ± 438 1950–3780 

BOD₅ mg/L 1064 ± 201 620–1580 

Total Nitrogen mg/L 287 ± 38 195–385 

Total Chromium mg/L 289 ± 46 165–415 

Cr(III) mg/L 202 ± 34 120–290 

Cr(VI) mg/L 87 ± 15 45–125 

Sulfides mg/L 156 ± 32 78–245 
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pH — 6.9 ± 0.5 5.8–8.1 

 

2.2 Plant Establishment 

Five systems were established: (1) Phragmites australis (25 plants/m²), (2) Typha domingensis (22 plants/m²), (3) 

Vetiveria zizanioides (32 plants/m²), (4) Binary (Phragmites + Typha, alternating rows, 24–26 plants/m² total), and 

(5) Ternary (Phragmites 40% + Typha 35% + Vetiveria 25%). The ternary system used spatial zoning: inlet zone 

(Vetiveria, high pollutant tolerance), middle zone (Typha), and outlet zone (Phragmites) . 

Plants were acclimated through gradual exposure (10% strength for 2 weeks, increasing to 100%) before full 

operation. 

 

2.3 Operational Phases 

Phase 1 (Days 1–45): Plant establishment with diluted primary effluent (1:1 with municipal water). 

Phase 2 (Days 46–75): Baseline operation (HRT 6 days; hydraulic loading rate 1.5 m³/m²·day). 

Phase 3 (Days 76–120): Optimized operation (HRT 8 days; loading 1.125 m³/m²·day) with supplementary K and P 

(50 mg/L) and partial harvesting (40% aboveground biomass) at Day 90. 

 

2.4 Sampling and Analysis 

Water samples were collected twice weekly at inlet and outlet. Parameters were analyzed per APHA (2017) standard 

methods : COD (dichromate reflux), BOD₅ (5-day incubation), nitrogen species (Kjeldahl and ion chromatography), 

and chromium (atomic absorption spectrophotometry with speciation analysis). 

Plant tissue samples (roots and shoots) were collected at Days 75, 105, and 120, dried at 60°C, and digested (70% 

HNO₃) for metal analysis. Bioaccumulation Factor (BAF) = [Metal]ₚₗₐₙₜ/[Metal]ₛᵤᵦₛₜᵣₐₜₑ and Translocation Factor (TF) 

= [Metal]ₛₕₒₒₜ/[Metal]ᵣₒₒₜ were calculated . 

 

2.5 Statistical Analysis 

Statistical analysis has been conducted to determine the efficacy of treatment, system performance and to determine 

synergies in polyculture wetlands. Each parameter was determined as removal efficiency (RE) (as a percentage 

difference between influent and effluent concentrations) and directly measured the system effectiveness. The 

dynamics of pollutant removal were also studied by means of the first-order reaction model, with k being the rate 

constant (day -1) wherein the natural logarithmic ratio of effluent to influent concentration was plotted as 

proportional to hydraulic retention time (HRT). Such a method allowed comparing the rates of degradation and 

transformation of various systems and operation stages. 

One-way analysis of variance (ANOVA) at a significance of p < 0.05 was used to test the differences between the 

monoculture and polyculture systems and then the no-hone, honestly significant difference (HSD) test was used to 

conduct a pair-wise comparison. Two-way ANOVA was use in order to examine the effect of the types of systems 

and the operating phases simultaneously and the effect of the interaction. To determine the added value of plant 

combinations, a Synergy Index was determined by normalising the difference between polyculture removal 

efficiency and the average removal efficiency of corresponding monocultures which in turn showed positive or 

negative interactive effects. To measure biodiversity in mixed planting systems, the Shannon diversity index was 

used and was determined by taking the proportion of various plant biomass types to determine species diversity and 

performance of the treatments.  

 

3. Results 
3.1 Treatment Performance 

At HRT 8 days (Phase 3), significant differences emerged between systems (Table 2). Typha monoculture achieved 

highest organic removal (COD 83.2% ± 2.9%; BOD₅ 87.4% ± 2.6%), while Phragmites showed superior chromium 

removal (84.2% ± 3.6%) and bioaccumulation (421 ± 52 mg/kg tissue). Vetiveria demonstrated lowest overall 

efficiency but highest sulfide tolerance (tissue sulfur 6.4 ± 1.2 g/kg). 

 

Table 2. Contaminant removal efficiencies (%) during Phase 3 (HRT 8 days) 

Parameter Phragmites Typha Vetiveria Binary Ternary 

COD 81.4 ± 3.1 83.2 ± 2.9 78.6 ± 3.4 84.6 ± 2.7* 86.8 ± 2.4* 
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Total N 68.3 ± 4.2 71.2 ± 3.8 65.4 ± 4.5 72.4 ± 3.5* 74.2 ± 3.2* 

Total Cr 84.2 ± 3.6 85.9 ± 3.4 82.1 ± 4.0 86.4 ± 3.1* 89.6 ± 2.8* 

BOD₅ 86.1 ± 2.8 87.4 ± 2.6 84.2 ± 3.2 89.3 ± 2.4* 91.6 ± 2.1* 

*Significantly different from respective monocultures (p < 0.05) 

The ternary system outperformed all monocultures across all parameters (F₄,₂₃₅ = 24.7, p < 0.001). Extending HRT 

from 6 to 8 days improved removal efficiencies by 4–7% across all systems, with diminishing returns observed at 10 

days (data not shown). 

 

3.2 Synergistic Effects 

Polyculture systems exhibited positive synergy indices (Table 3). The ternary combination showed the strongest 

synergistic effects: SI = 0.067 for COD, 0.065 for chromium, and 0.078 for nitrogen removal. Binary systems 

showed intermediate synergy (SI = 0.029–0.060). 

 

Table 3. Synergy indices for polyculture systems 

Parameter Binary System Ternary System 

COD 0.043* 0.067* 

Total Cr 0.029* 0.065* 

Total N 0.060* 0.078* 

*p < 0.05 compared to expected additive effects 

 

3.3 Phytoremediation Contribution 

Plant tissue analysis revealed species-specific accumulation patterns (Table 4). Phragmites demonstrated the highest 

bioaccumulation factor (BAF = 2.84 ± 0.35) but lowest translocation factor (TF = 0.48), indicating root retention. 

Vetiveria showed highest TF (0.54), suggesting greater shoot translocation. 

 

Table 4. Plant tissue characteristics at Day 120 (Phase 3) 

Species 
Biomass 

(kg/m²) 

Tissue Cr 

(mg/kg) 
BAF TF 

Phytoremediation 

Contribution (%) 

Phragmites 2.12 ± 0.29 421 ± 52 
2.84 ± 

0.35 

0.48 ± 

0.08 
14.2 

Typha 2.64 ± 0.31 356 ± 48 
2.41 ± 

0.32 

0.52 ± 

0.09 
11.8 

Vetiveria 1.84 ± 0.26 298 ± 41 
2.02 ± 

0.28 

0.54 ± 

0.09 
8.6 

Ternary 

(combined) 
4.54 ± 0.58 354 ± 45 

2.42 ± 

0.31 

0.51 ± 

0.08 
18.4 

In the ternary system, spatial partitioning resulted in Vetiveria dominating the inlet zone (high Cr load), Typha the 

middle zone, and Phragmites the outlet zone. Total plant-mediated chromium removal reached 18.4% of total 

removal (16.5 percentage points absolute), compared to 11.9% in the best monoculture (Phragmites). 
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4. Discussion 
4.1 Species-Specific Mechanisms 

Performance differences reflect distinct physiological adaptations. Typha's superior organic removal (83.2% COD) 

aligns with its extensive rhizosphere development and high root turnover, supporting heterotrophic microbial 

communities essential for degrading refractory organics (COD:BOD ratio 2.69:1 in influent) . 

Phragmites exhibited exceptional chromium bioaccumulation (421 mg/kg), likely due to constitutive phytochelatin 

expression and high-affinity root transporters . However, shallow root architecture (0.6–0.8 m) limited substrate 

interaction compared to Vetiveria's deeper roots (1.0–1.5 m). 

Vetiveria's lower overall efficiency but high sulfide tolerance (tissue sulfur 27% higher than Typha) reflects 

adaptations to reduced sulfur metabolism, making it suitable for high-strength inlet zones where sulfides peak at 210 

mg/L . 

 

 
FIGURE 1: Treatment Efficiency Comparison (COD, Chromium, Total Nitrogen) 

 

FIGURE 2: Effect of Hydraulic Retention Time (HRT) Optimization 
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FIGURE 3: Temporal Treatment Performance (120-day operation) 

 

4.2 Polyculture Synergism 

The 6–8% performance improvement in ternary systems beyond weighted monoculture averages indicates true 

synergistic interactions rather than simple additivity. Several mechanisms likely contribute: 

Spatial Resource Partitioning: Concentric zoning exploited species-specific tolerances. Vetiveria stabilized the high-

pollutant inlet (buffering shock loads), while Phragmites and Typha optimized downstream treatment as 

concentrations decreased . 

Complementary Root Architecture: Combined root systems accessed different substrate depths (0–0.4 m, 0.2–0.6 m, 

and 0.4–0.8 m), expanding the active treatment volume and creating heterogeneous redox microzones supporting 

diverse microbial guilds (nitrifiers, denitrifiers, sulfate-reducing bacteria) . 

Enhanced Microbial Diversity: Multi-species rhizodeposition (varying root exudates) likely supported broader 

microbial functional diversity than monocultures, though microbial community analysis was not performed in this 

study . 

 

4.3 Operational Optimization 

The 8-day HRT represented optimal hydraulic conditions, balancing treatment efficiency with system footprint 

requirements. First-order rate constants (k) for COD removal increased from 0.39–0.44 day⁻¹ (monocultures) to 0.52 

day⁻¹ (ternary), suggesting enhanced substrate-microbe contact time at extended HRTs . 

Harvesting 40% of biomass at Day 90 maintained plant vitality while removing sequestered contaminants. The 

ternary system sequestered 50.4 kg total chromium over 120 days across five systems, representing recoverable 

resource potential through biomass incineration and ash processing. 

 

4.4 Limitations 

This study has several limitations. First, the 120-day operation period captures initial establishment but not long-

term (multi-year) system performance or seasonal variation effects. Second, microbial community analysis was not 

conducted; therefore, mechanistic explanations for synergistic effects remain speculative and require metagenomic 

confirmation. Third, effluent chromium concentrations (29.6 mg/L) remained above regulatory discharge limits (2 

mg/L), indicating HSF-CW alone is insufficient for final discharge without secondary polishing (e.g., chemical 

precipitation or advanced oxidation). Finally, cost analysis did not include land requirements, which may limit 

application in space-constrained urban tannery clusters. 

 

5. Conclusions 
This study demonstrates that ternary polyculture HSF-CW systems significantly outperform monocultures for 

tannery wastewater treatment through species complementarity and spatial optimization. Key findings include: 
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1. Optimal Configuration: Ternary combination (Phragmites 40%, Typha 35%, Vetiveria 25%) with concentric 

zoning achieved 86.8% COD, 89.6% chromium, and 74.2% nitrogen removal at 8-day HRT. 

2. Synergistic Gains: Polyculture systems demonstrated 6–8% higher removal efficiency than monoculture 

averages, with plant-mediated chromium removal accounting for 18.4% of total removal. 

3. Species Specialization: Typha optimized organic degradation, Phragmites maximized chromium 

bioaccumulation, and Vetiveria provided inlet zone stability under high sulfide loads. 

4. Economic Viability: Operational costs (USD 1.20/m³) offer 85–90% savings compared to conventional 

mechanical systems, though pre-treatment is required to meet discharge standards. 

Design Recommendations: For full-scale implementation in leather clusters, HSF-CW systems should employ 

ternary planting with inlet-zone Vetiveria, middle-zone Typha, and outlet-zone Phragmites, operated at 8-day HRT 

with quarterly biomass harvesting. These systems serve as effective pre-treatment units when coupled with 

secondary polishing technologies 

 

7. References 

1. Almuktar, S.A.A.A.N.; Abed, S.N.; Scholz, M. Wetlands for Wastewater Treatment and Subsequent Recycling of 

Treated Effluent: A Review. Environmental Science and Pollution Research 2018, 25, 23595–23623. 

2. Amiri, K.; Bekkari, N.E.; Chaib, W. Evapotranspiration from Pilot-Scale Vertical Flow Subsurface Constructed 

Wetlands in Arid Area. Ecohydrology and Hydrobiology 2022, 22, 379–390. 

3. Anda, A.; Menyhárt, L.; Simon, B. Evapotranspiration Estimation at the Kis-Balaton Wetland. Quarterly Journal of 

the Hungarian Meteorological Service 2021, 125, 419–430. 

4. Angassa, K.; Leta, S.; Mulat, W.; Kloos, H.; Meers, E. Effect of Hydraulic Loading on Bioremediation of Municipal 

Wastewater Using Constructed Wetland Planted with Vetiver Grass, Addis Ababa, Ethiopia. Nanotechnology and 

Environmental Engineering 2019, 4, 6. 

5. APHA. Standard Methods for the Examination of Water and Wastewater, 23rd ed.; American Public Health 

Association: Washington, DC, USA, 2017. 

6. Aswad, Z.S.; Ali, A.H.; Al-Mhana, N.M. Vertical Subsurface Flow and Free Surface Flow Constructed Wetlands for 

Sustainable Power Generation and Real Wastewater Selective Pollutants Removal. Journal of Engineering and 

Sustainable Development 2020, 24, 91–102. 

7. Banerjee, A.; Roychoudhury, A. Assessing the Rhizofiltration Potential of Three Aquatic Plants Exposed to Fluoride 

and Multiple Heavy Metal Polluted Water. Vegetos 2022, 35, 1158–1164. 

8. Colares, G.S. Integração de Wetlands Construídos e Células de Combustível Microbianas Para o Tratamento de 

Efluentes Urbanos Com Potencial Geração de Bioenergia. Ph.D. Thesis, Universidade de Santa Cruz do Sul, Santa 

Cruz do Sul, Brazil, 2022. 

9. De Lille, M.I.V.; Cardona, M.A.H.; Xicum, Y.A.T.; Giacoman-Vallejos, G.; Quintal-Franco, C.A. Hybrid 

Constructed Wetlands System for Domestic Wastewater Treatment under Tropical Climate: Effect of Recirculation 

Strategies on Nitrogen Removal. Ecological Engineering 2021, 166, 106243. 

10. Dell'Osbel, N.; Colares, G.S.; Oliveira, G.A.; Rodrigues, L.R.; da Silva, F.P.; Rodriguez, A.L.; López, D.A.; 

Lutterbeck, C.A.; Silveira, E.O.; Kist, L.T. Hybrid Constructed Wetlands for the Treatment of Urban Wastewaters: 

Increased Nutrient Removal and Landscape Potential. Ecological Engineering 2020, 158, 106072. 

11. Deng, S.; Chen, J.; Chang, J. Application of Biochar as an Innovative Substrate in Constructed Wetlands/Biofilters 

for Wastewater Treatment: Performance and Ecological Benefits. Journal of Cleaner Production 2021, 293, 126156. 

12. Elfanssi, S.; Ouazzani, N.; Latrach, L.; Hejjaj, A.; Mandi, L. Phytoremediation of Domestic Wastewater Using a 

Hybrid Constructed Wetland in Mountainous Rural Area. International Journal of Phytoremediation 2018, 20, 75–

87. 

13. Fahim, R.; Lu, X.; Jilani, G.; Hussain, J.; Hussain, I. Comparison of Floating-Bed Wetland and Gravel Filter 

Amended with Limestone and Sawdust for Sewage Treatment. Environmental Science and Pollution Research 2019, 

26, 20400–20410. 

14. Gao, D.; Xu, A.; Zhou, Q.; Gong, X.; Liang, H. New Insights into Biofilm Formation and Microbial Communities in 

Hybrid Constructed Wetlands with Functional Substrates for Treating Contaminated Surface Water. Bioresource 

Technology 2025, 416, 131741. 

15. Gikas, G.D.; Papaevangelou, V.A.; Tsihrintzis, V.A.; Antonopoulou, M.; Konstantinou, I.K. Removal of Emerging 

Pollutants in Horizontal Subsurface Flow and Vertical Flow Pilot-Scale Constructed Wetlands. Processes 2021, 9, 

2200. 

16. Gorgoglione, A.; Torretta, V. Sustainable Management and Successful Application of Constructed Wetlands: A 

Critical Review. Sustainability 2018, 10, 3910. 

17. Gou, M.; Xu, X.; Li, X.; Ren, R. Effects of Emergent Hydrophytes on the Water Restoration of Wuliangsu Lake in 

Inner Mongolia. In Restoration of Aquatic Ecosystems; Springer: Berlin/Heidelberg, Germany, 2019; pp. 189–195. 



612 Vishwa Mohan Chaudhary et al. 

 

 

18. Greenberg, A.E.; Clesceri, L.S. Standard Methods for the Examination of Water and Wastewater; American Public 

Health Association: Washington, DC, USA, 1992. 

19. Harne, K.R.; Joshi, H.; Wankhade, R.L. Estimation of Evapotranspiration in Constructed Wetlands under Diverse 

Climatic Conditions. Environmental Monitoring and Assessment 2023, 195, 370. 

20. Herrera-Melián, J.A.; Mendoza-Aguiar, M.; Guedes-Alonso, R.; García-Jiménez, P.; Carrasco-Acosta, M.; Ranieri, 

E. Multistage Horizontal Subsurface Flow vs. Hybrid Constructed Wetlands for the Treatment of Raw Urban 

Wastewater. Sustainability 2020, 12, 5102. 

21. Hickey, A.; Arnscheidt, J.; Joyce, E.; O'Toole, J.; Galvin, G.; O'Callaghan, M.; Conroy, K.; Killian, D.; Shryane, T.; 

Hughes, F.; et al. An Assessment of the Performance of Municipal Constructed Wetlands in Ireland. Journal of 

Environmental Management 2018, 210, 263–272. 

22. Islam, T.; Repon, M.R.; Islam, T.; Sarwar, Z.; Rahman, M.M. Impact of Textile Dyes on Health and Ecosystem: A 

Review of Structure, Causes, and Potential Solutions. Environmental Science and Pollution Research 2023, 30, 

9207–9242. 

23. Jiang, L.; Chui, T.F.M. A Review of the Application of Constructed Wetlands (CWs) and Their Hydraulic, Water 

Quality and Biological Responses to Changing Hydrological Conditions. Ecological Engineering 2022, 174, 

106459. 

24. Kataki, S.; Chatterjee, S.; Vairale, M.G.; Dwivedi, S.K.; Gupta, D.K. Constructed Wetland, an Eco-Technology for 

Wastewater Treatment: A Review on Types of Wastewater Treated and Components of the Technology 

(Macrophyte, Biofilm and Substrate). Journal of Environmental Management 2021, 283, 111986. 

25. Khan, N.A.; Singh, S.; López-Maldonado, E.A.; Pavithra, N.; Méndez-Herrera, P.F.; López-López, J.R.; Baig, U.; 

Ramamurthy, P.C.; Mubarak, N.M.; Karri, R.R. Emerging Membrane Technology and Hybrid Treatment Systems 

for the Removal of Micropollutants from Wastewater. Desalination 2023, 565, 116873. 

26. Kim, Y.; Lee, Y.-S.; Wee, J.; Hong, J.; Lee, M.; Kim, J.G.; Bae, Y.J.; Cho, K. Process-Based Modeling to Assess 

the Nutrient Removal Efficiency of Two Endangered Hydrophytes: Linking Nutrient-Cycle with a Multiple-Quotas 

Approach. Science of The Total Environment 2021, 763, 144223. 

27. Kushwaha, A.; Goswami, L.; Kim, B.S.; Lee, S.S.; Pandey, S.K.; Kim, K.-H. Constructed Wetlands for the Removal 

of Organic Micropollutants from Wastewater: Current Status, Progress, and Challenges. Chemosphere 2024, 360, 

142364. 

28. Le Roux, J.C. An Ecological Study of a Constructed Treatment Wetland on a Commercial Crocodile Farm Next to 

the Okavango Delta, Botswana. Ph.D. Thesis, University of the Free State, Bloemfontein, South Africa, 2020. 

29. Loganath, R.; Mazumder, D. Performance Study on Organic Carbon, Total Nitrogen, Suspended Solids Removal 

and Biogas Production in Hybrid UASB Reactor Treating Real Slaughterhouse Wastewater. Journal of 

Environmental Chemical Engineering 2018, 6, 3474–3484. 

30. Madhav, S.; Ahamad, A.; Singh, P.; Mishra, P.K. A Review of Textile Industry: Wet Processing, Environmental 

Impacts, and Effluent Treatment Methods. Environmental Quality Management 2018, 27, 31–41. 

31. Malaviya, P.; Singh, A.; Anderson, T.A. Aquatic Phytoremediation Strategies for Chromium Removal. Reviews in 

Environmental Science and Bio/Technology 2020, 19, 897–944. 

32. Mani, S.; Chowdhary, P.; Bharagava, R.N. Textile Wastewater Dyes: Toxicity Profile and Treatment Approaches. In 

Emerging and Eco-Friendly Approaches for Waste Management; Springer: Berlin/Heidelberg, Germany, 2019; pp. 

219–244. 

33. Memon, J.A.; Aziz, A.; Qayyum, M. The Rise and Fall of Pakistan's Textile Industry: An Analytical View. 

European Journal of Business and Management 2020, 12, 136–142. 

34. Minakshi, D.; Sharma, P.K.; Rani, A. Effect of Filter Media and Hydraulic Retention Time on the Performance of 

Vertical Constructed Wetland System Treating Dairy Farm Wastewater. Environmental Engineering Research 2022, 

27, 200436. 

35. Mittal, Y.; Noori, M.T.; Saeed, T.; Yadav, A.K. Influence of Evapotranspiration on Wastewater Treatment and 

Electricity Generation Performance of Constructed Wetland Integrated Microbial Fuel Cell. Journal of Water 

Process Engineering 2023, 53, 103580. 

36. Mofijur, M.; Fattah, I.R.; Alam, M.A.; Islam, A.S.; Ong, H.C.; Rahman, S.A.; Najafi, G.; Ahmed, S.F.; Uddin, 

M.A.; Mahlia, T.M.I. Impact of COVID-19 on the Social, Economic, Environmental and Energy Domains: Lessons 

Learnt from a Global Pandemic. Sustainable Production and Consumption 2021, 26, 343–359. 

37. Mufarrege, M.D.L.M.; Di Luca, G.A.; Hadad, H.R.; Maine, M.A. Exposure of Typha Domingensis to High 

Concentrations of Multi-Metal and Nutrient Solutions: Study of Tolerance and Removal Efficiency. Ecological 

Engineering 2021, 159, 106118. 

38. Nidheesh, P.V.; Ravindran, V.; Gopinath, A.; Kumar, M.S. Emerging Technologies for Mixed Industrial 

Wastewater Treatment in Developing Countries: An Overview. Environmental Quality Management 2022, 31, 121–

141. 



613 Vishwa Mohan Chaudhary et al. 

 

 

39. Patro, A.; Dwivedi, S.; Panja, R.; Saket, P.; Gupta, S.; Mittal, Y.; Saeed, T.; Martínez, F.; Yadav, A.K. Constructed 

Wetlands for Wastewater Management: Basic Design, Abiotic and Biotic Components, and Their Interactive 

Functions. In Material-Microbes Interactions; Elsevier: Amsterdam, The Netherlands, 2023; pp. 315–348. 

40. Reed, S.C.; Brown, D. Subsurface Flow Wetlands—A Performance Evaluation. Water Environment Research 1995, 

67, 244–248. 

41. Rehman, K.; Ijaz, A.; Arslan, M.; Afzal, M. Floating Treatment Wetlands as Biological Buoyant Filters for 

Wastewater Reclamation. International Journal of Phytoremediation 2019, 21, 1273–1289. 

42. Roseen, R.M.; Ballestero, T.P.; Houle, J.J.; Avellaneda, P.; Briggs, J.; Fowler, G.; Wildey, R. Seasonal Performance 

Variations for Storm-Water Management Systems in Cold Climate Conditions. Journal of Environmental 

Engineering 2009, 135, 128–137. 

43. Roy, D.; Lemay, J.-F.; Drogui, P.; Tyagi, R.D.; Landry, D.; Rahni, M. Identifying the Link between MBRs' Key 

Operating Parameters and Bacterial Community: A Step towards Optimized Leachate Treatment. Water Research 

2020, 172, 115509. 

44. Saeed, T.; Yadav, A.K.; Miah, M.J. Landfill Leachate and Municipal Wastewater Co-Treatment in Microbial Fuel 

Cell Integrated Unsaturated and Partially Saturated Tidal Flow Constructed Wetlands. Journal of Water Process 

Engineering 2022, 46, 102633. 

45. Sethulekshmi, S.; Chakraborty, S. Textile Wastewater Treatment Using Horizontal Flow Constructed Wetland and 

Effect of Length of Flow in Operation Efficiency. Journal of Environmental Chemical Engineering 2021, 9, 106379. 

46. Skornia, K.M. Treatment of Winery Wastewater Using a Vertical Flow Constructed Wetland with Adsorption 

Media. Master's Thesis, Michigan State University, East Lansing, MI, USA, 2020. 

47. Stefanakis, A.I. Constructed Wetlands for Sustainable Wastewater Treatment in Hot and Arid Climates: 

Opportunities, Challenges and Case Studies in the Middle East. Water 2020, 12, 1665. 

48. Tang, X.-Y.; Yang, Y.; McBride, M.B.; Tao, R.; Dai, Y.-N.; Zhang, X.-M. Removal of Chlorpyrifos in 

Recirculating Vertical Flow Constructed Wetlands with Five Wetland Plant Species. Chemosphere 2019, 216, 195–

202. 

49. Teixeira, D.L.; Matos, A.T.; Matos, M.P.; Hamakawa, P.J.; Teixeira, D.V. Evapotranspiration of the Vetiver and 

Tifton 85 Grasses Grown in Horizontal Subsurface Flow Constructed Wetlands. Journal of Environmental Science 

and Health Part A 2020, 55, 661–668. 

50. Thakur, T.K.; Barya, M.P.; Dutta, J.; Mukherjee, P.; Thakur, A.; Swamy, S.L.; Anderson, J.T. Integrated Phytobial 

Remediation of Dissolved Pollutants from Domestic Wastewater through Constructed Wetlands: An Interactive 

Macrophyte-Microbe-Based Green and Low-Cost Decontamination Technology with Prospective Resource 

Recovery. Water 2023, 15, 3877. 

51. Thomas, J. Comparison of Nitrogen Retention in Wetlands with Different Depths. Master's Thesis, Halmstad 

University, Halmstad, Sweden, 2017. 

52. Tiwari, A.; Joshi, M.; Salvi, N.; Gupta, D.; Gandhi, S.; Rajpoot, K.; Tekade, R.K. Toxicity of Pharmaceutical Azo 

Dyes. In Pharmacokinetics and Toxicokinetic Considerations; Elsevier: Amsterdam, The Netherlands, 2022; pp. 

569–603. 

53. Tkalec, M.; Sutlovic, A.; Glogar, M.I. Ecological, Economic and Social Aspects of Textile Dyes. In Economic and 

Social Development: Book of Proceedings; Varazdin Development and Entrepreneurship Agency: Varazdin, 

Croatia, 2022; pp. 69–79. 

54. Verma, R.; Suthar, S. Performance Assessment of Horizontal and Vertical Surface Flow Constructed Wetland 

System in Wastewater Treatment Using Multivariate Principal Component Analysis. Ecological Engineering 2018, 

116, 121–126. 

55. Vymazal, J. Is Removal of Organics and Suspended Solids in Horizontal Sub-Surface Flow Constructed Wetlands 

Sustainable for Twenty and More Years? Chemical Engineering Journal 2019, 378, 122117. 

56. Wang, X.; Tian, Y.; Liu, H.; Zhao, X.; Peng, S. Optimizing the Performance of Organics and Nutrient Removal in 

Constructed Wetland–Microbial Fuel Cell Systems. Science of The Total Environment 2019, 653, 860–871. 

57. Wu, S.; Lyu, T.; Zhao, Y.; Vymazal, J.; Arias, C.A.; Brix, H. Rethinking Intensification of Constructed Wetlands as 

a Green Eco-Technology for Wastewater Treatment. Environmental Science & Technology 2018, 52, 1693–1694. 

58. Xie, L.; Hao, P.; Cheng, Y.; Ahmed, I.M.; Cao, F. Effect of Combined Application of Lead, Cadmium, Chromium 

and Copper on Grain, Leaf and Stem Heavy Metal Contents at Different Growth Stages in Rice. Ecotoxicology and 

Environmental Safety 2018, 162, 71–76. 

59. Yacouba, Z.A.; Mendret, J.; Lesage, G.; Zaviska, F.; Brosillon, S. Removal of Organic Micropollutants from 

Domestic Wastewater: The Effect of Ozone-Based Advanced Oxidation Process on Nanofiltration. Journal of Water 

Process Engineering 2021, 39, 101869. 

60. Yakar, A.; Türe, C.; Türker, O.C.; Vymazal, J.; Saz, Ç. Impacts of Various Filtration Media on Wastewater 

Treatment and Bioelectric Production in Up-Flow Constructed Wetland Combined with Microbial Fuel Cell (UCW-

MFC). Ecological Engineering 2018, 117, 120–132. 



614 Vishwa Mohan Chaudhary et al. 

 

 

61. Younas, F.; Niazi, N.K.; Bibi, I.; Afzal, M.; Hussain, K.; Shahid, M.; Aslam, Z.; Bashir, S.; Hussain, M.M.; 

Bundschuh, J. Constructed Wetlands as a Sustainable Technology for Wastewater Treatment with Emphasis on 

Chromium-Rich Tannery Wastewater. Journal of Hazardous Materials 2022, 422, 126926. 


