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Abstract

The tanning industry is one of the most water-intensive sectors. Tannery wastewater poses severe environmental
risks due to its high concentration of organic matter, suspended solids, salinity, sulfides, nutrients, and toxic
heavy metals. Constructed Wetlands (CWSs) are a low-cost and sustainable method for treating tannery
wastewater. The objective of this review is to compare the efficiency of different types of Constructed wetland
(CWs) used to treat tannery wastewater and the effectiveness of various plant species and media used to remove
the pollutants from tannery wastewater. Floating wetlands, horizontal subsurface flow, vertical subsurface flow,
and hybrid constructed wetlands are the four types of constructed wetlands used to treat tannery wastewater.
Removal of BOD, COD, chromium, total coliform, and total suspended solids can be achieved up to 99%, 95%,
99%, 99%, and 92%, respectively, if designed properly.
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1 Introduction

The leather industry is an integral part of the global economy, but it is one of the most polluting industries.
Tannery wastewater contains a high concentration of organic matter, toxic heavy metals (especially chromium),
sulfides, chlorides, and suspended solids (Khwairakpam, 2021). It can be harmful to both people and the
environment if it is not treated before being released into the atmosphere (Zhao et al., 2022). Some of the
common ways to treat wastewater are chemical precipitation, activated sludge process, and membrane filtration
(Kansha et al., 2024). However, these methods are often energy-intensive, expensive, and need skilled operators,
which makes them less useful in areas with limited resources (Kato and Kansha, 2024)

Constructed wetlands (CWs) are long-lasting, low-cost, and environmentally friendly to treat tannery wastewater
(Cristina S.C et al., 2014) . Constructed wetlands (CWs) work like natural wetlands by using plants, substrate
media, and microbial communities to remove pollutants through physical, chemical, and biological means (Saeed
et al., 2012). Constructed wetland (CWs) don’t need much energy, don’t need to be turned on or off, and can
treat different types of wastewaters. So, they are great for small- to medium-sized tanneries in developing
countries (Zhang et al., 2014).

This review is done by studying international cases to evaluate how well Constructed wetland (CWs) treat
tannery wastewater. It looks at:

* The effect of constructed wetland (CW) designs to remove pollutants.

« The functions of substrate media and plants.

« Performance comparison of different configurations (VF, hybrid, HSSF).

« Research gaps and potential avenues for long-term, sustainable implementation.
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This paper offers a thorough framework for researchers, policymakers, and industry stakeholders to adopt and
optimize Constructed wetland (CWs) technology for tannery effluent management by combining empirical data
from Ethiopia, India, Thailand, Portugal, and other regions.

2 Characteristics of Tannery Wastewater

Tannery wastewater has a complex composition and high pollution load, which makes it one of the most difficult
industrial effluents to handle. Depending on the tanning processes used (vegetable vs. chrome tanning), the
wastewater displays significant differences in physical, chemical, and biological properties (Zhao et al., 2022).
The effluent is dark brown to black with strong coloring from synthetic dyes, tannins, and decomposed organic
matter. It also has a strong smell from ammonia, sulfides, and volatile organic compounds that are released
during the liming and deliming processes (Suarez et al., 2021)

Tannery wastewater’s pH variations range from extremely alkaline (pH 9-12) in soaking/liming streams to acidic
conditions (pH 2.5-4.0) in chrome tanning effluents (SUSANTO and Juhana, 2023). So, neutralization is
required before treatment. It has high organic loading with biochemical oxygen demand (BODs) levels of 800-
5,000 mg/L and chemical oxygen demand (COD) of 2,000-15,000 mg/L, which comes from raw hide proteins,
fats, and blood as well as synthetic tannins and dyes (Huang et al., 2025). The COD/BOD ratio usually exceeds 3
because of recalcitrant organic compounds like formaldehyde and chlorophenols used in post-tanning (Durai G
and Manivasagan, 2011). If tannery wastewater is dumped without treatment, it contains a lot of Nitrogen and
Phosphorus, which increases the risk of eutrophication (Azevedo et al., 2015).

Heavy metals like chromium are found in chrome tanning effluents at levels of 50-500 mg/L, primarily as Cr
(11) with traces of the highly hazardous Cr (V1) (Tegtmeyer and Kleban, 2014). Additional metals such as zinc,
lead, and cadmium may also be present due to dyeing and finishing procedures. Unhairing operations can
produce dangerous H.S gas and acute toxicity to aquatic life at sulfide concentrations (50-800 mg/L) (Mella et
al., 2015). The wastewater has an abnormally high salinity because of the salt curing hides (TDS: 5,000-20,000
mg/L; chlorides: 3,000-15,000 mg/L), which makes salt-tolerant systems necessary and impedes traditional
biological treatment (Kumar et al., 2022). Tannery wastewater is a serious environmental risk. It can contaminate
groundwater, salinize soil, and chromium bioaccumulation in crops has been observed which are irrigated with
untreated effluent. Workers and the surrounding communities may develop respiratory conditions, dermatitis,
and cancer if exposed to untreated tannery effluents (WHO, 2011). Therefore, to effectively treat this complex
pollution profile, integrated physicochemical and biological processes that are tailored to the area's unique
effluent compositions are required (UNIDO, 2020).

3 Overview of Constructed Wetland System

Constructed wetlands (CWSs) purify water in the same way as natural wetlands (Roy et al., 2025). Physical
filtration, chemical precipitation, and biological degradation processes are the methods used in these systems to
remove pollutants. Constructed wetland (CW) system is a sustainable treatment solution because it requires low
energy compared to conventional system (Gua et al., 2016).

Subsurface flow (SSF) and surface flow (SF) systems are the two types of constructed wetland (CW)
configurations for treating tannery wastewater (Hassan et al, 2021). Horizontal subsurface flow (HSSF) wetland
is the mostly used configuration. In this system wastewater is kept below a porous media bed that is usually 0.6—
1 m deep and planted with emergent macrophytes such as Phragmites australis (Gorgoglione and Torretta, 2018).
These systems combine microbial degradation, plant uptake, and substrate adsorption to remove heavy metals
and organic matter (COD/BOD) (Vymazal, 2005; Khan et al, 2009; Saeed et al., 2012; Aregu et al., 2021).
Vertical flow (VF) wetlands are good for ammonium oxidation (85-98%) and organic matter degradation as
wastewater is passed through layered media (such as sand, gravel, and biochar) to improve oxygen transfer (Fan
etal., 2012).

Hybrid systems that combine HSSF and VF configurations have shown remarkable performance for complex
tannery effluents, achieving 95-99% chromium retention and 92-98% COD removal (Saeed et al., 2012). A
number of crucial design elements, such as substrate selection, hydraulic retention time (HRT), and organic
loading rate, affect how well constructed wetlands (CWs) treat wastewater (Rahman et al., 2020). Mineral-based
substrates like pumice and vesicular basalt have exceptional chromium adsorption capacities (up to 98%
removal) because of their iron oxide content and porous structure (Aregu et al., 2021; Alemu et al., 2020).
Organic media like coco-peat enhance nitrogen removal through denitrification (Saeed et al., 2012).

Recently floating treatment system has also been used to treat tannery wastewater (Younas et al., 2022). Despite
these developments, controlling high salinity tannery streams and long-term heavy metal substrate saturation
remain difficult tasks.
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4 Role of Plants in Constructed Wetlands for Tannery Wastewater Treatment

In constructed wetlands (CWSs), plants play a vital role. They improve the removal of contaminants by employing
microbial stimulation, rhizofiltration, and phytoextraction (Shelef et al., 2013). Their root systems act as
biological filters, absorbing suspended particles and facilitating the adsorption of heavy metals such as chromium
(Cr). Phragmites australis shows remarkable Cr accumulation in response to tannery wastewater. The
concentrations of Cr were found to be 4,825 mg/kg in rhizomes and 883 mg/kg in shoots. This suggests that the
plant may be suitable for phyto extraction (Calheiros et al., 2008). Additionally, Pennisetum purpureum and
Cyperus latifolius achieved greater than 99% Cr removal due to their large root surface area, which encourages
biofilm formation and chemical precipitation (Alemu et al., 2016).

Plants enhance metal uptake, organic matter removal, and nutrient removal by promoting microbial activity in
the rhizosphere. Typha domingensis and Leptochloa fusca improved the removal of COD (84-94%) and BOD
(80-94%) by releasing root exudates that promote bacteria that degrade pollutants (Ashraf et al., 2020).
Furthermore, halophytes such as Arundo donax demonstrated resilience in high-salinity tannery effluent,
retaining 80% COD removal even at chloride concentrations greater than 6,000 mg/L (Calheiros et al., 2012).
By lowering evapotranspiration losses, oxygenating substrates, and avoiding clogging, plants also help to
maintain system stability. For instance, in pumice-based constructed wetlands (CWs), Chrysopogon zizanioides
(vetiver) enhanced hydraulic conductivity and eliminated 98.9% Cr (Aregu et al., 2021). Performance was
further enhanced by bioaugmentation with endophytes (e.g., Pantoea stewartii), as evidenced by Brachiaria
mutica, which achieved 95% Cr removal (Ashraf et al., 2018).

5 Role of Media in Constructed Wetlands for Tannery Wastewater Treatment

Selecting the appropriate media is crucial to optimizing the effectiveness of constructed wetland (CW) treatment
because tannery wastewater contains high levels of chromium, organic compounds, and nutrients. The removal
of pollutants is accomplished by various media types using adsorption, filtration, and microbial support
mechanisms. (Alemu et al., 2016).

Mineral-based media are very effective at removing heavy metals. Because of its porous structure and
iron/aluminum oxide content, Pennisetum purpureum combined with vesicular basalt produced a 99.38%
chromium removal rate in horizontal subsurface flow wetlands (Alemu et al., 2016). Similarly, the high surface
area of pumice enabled the removal of 98.9% Cr and 96.9% COD in systems planted with Chrysopogon
zizanioides (Aregu et al., 2021). These volcanic materials promote chemical precipitation and the complexation
of pollutants on the surface. Expanded clay aggregates (LECA) have been demonstrated to enhance nitrification
processes in Typha latifolia systems, with removal efficiencies of NH4™-N ranging from 71 to 89% (Calheiros et
al., 2012).

Organic amendments significantly increase treatment efficacy. When compared to conventional gravel systems,
coconut shell biochar enhanced the removal of COD and Cr by 60-70% through enhanced adsorption and
microbial activity (Sudarsan and Srihari, 2019). Cork granulates remove 41-90% of nitrogen and aid in
denitrification by providing slow-release organic carbon (Calheiros et al., 2012). Additionally, these carbon-rich
materials reduce the possibility of substrate clogging, a frequent issue in long-term operation.

Industrial byproducts offer cost-effective alternatives for the removal of specific contaminants. The iron content
of cupola slag enables 61% phosphate removal through precipitation mechanisms (Saeed et al., 2012). Activated
carbon derived from sugar industry waste demonstrated a 99% removal capacity of Cr (l11) in laboratory tests
(Fahim et al., 2006). These waste-derived materials provide feasible substitutes for resource recovery in
wastewater treatment. Conventional media, such as sand and gravel, provide important structural functions but
have a limited capacity for adsorption, typically removing only 50-60% of organic pollutants (Aregu et al.
2021). Their performance can be significantly enhanced by combining them with specialized media in hybrid
systems. Because they can handle multiple contaminants at once while maintaining system longevity and
hydraulics, integrated designs that combine mineral and organic media types are ideal for comprehensive
treatment.

6 Comparative Analysis of Constructed Wetland Configurations for Tannery Wastewater Treatment

To treat tannery wastewater, constructed wetlands (CWs) use a variety of configurations, each with unique
benefits in terms of implementation costs, operational requirements, and pollutant removal efficiency. Based on
performance data from several studies, this analysis contrasts free water surface (FWS), vertical flow (VF),
horizontal subsurface flow (HSSF), and hybrid systems.
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6.1 Horizontal Subsurface Flow (HSSF) CWs

When paired with the right plants and media, HSSF systems exhibit exceptional chromium removal. Using
vesicular basalt and Pennisetum purpureum, the Ethiopian study reduced COD and BOD by 84% and Cr by
99.38% at 6-day HRT (Alemu et al., 2016). Similarly, at 7-day HRT, Chrysopogon zizanioides containing
pumice based HSSF wetlands eliminated 98.9% Cr and 96.9% COD (Mekonnen et al., 2021). These systems
exhibit moderate nitrogen removal (usually 50-70%) but are especially effective at removing heavy metals.

6.2 Vertical Flow (VF) CWs

Because of their improved oxygen transfer, VF configurations are excellent at removing organic matter and
ammonia. According to Saeed et al. (2012), the first-stage VF unit of the Bangladesh hybrid system using coco-
peat removed 78% of BOD and 56% of COD in addition to 52% of ammonia. A study shows that VF CW can
remove BOD, COD, Cr, and nutrients more than 95% (Ashraf et al., 2020).

6.3 Free Water Surface (FWS) CWs

FWS wetlands demonstrate good performance with floating macrophytes. In Pakistan, Eichhornia crassipes
achieved 95% Cr removal at 14-day HRT (Younas et al., 2022). However, their large footprint and potential for
mosquito breeding limit widespread application. The Thailand study with Vetiveria zizanioides showed 89.29%
Cr removal at shallow depth (0.10m), outperforming deeper configurations (Srisatit and Sengsai, 2003).

6.4 Hybrid Systems

Systems that combine VF-HF-VF provide all-encompassing care. Through staged treatment, the Bangladesh
hybrid Constructed wetland (CWs) removed 87% of PO.-P, 98% of BOD, and 98% of COD (Saeed et al., 2012).
Likewise, 98% Cr and 97% TSS were eliminated by the Peru hybrid system that combined HSSF and FWS
(Zapana et al., 2020). Although these systems require more intricate design and higher capital costs, they are
especially effective for complex tannery wastewater.

7 Research Gaps and Future Perspective

Although constructed wetlands (CWs) have demonstrated encouraging outcomes in the treatment of tannery
wastewater, a few research gaps prevent their widespread use and optimization. A significant knowledge gap
exists regarding long-term decade-scale operation, specifically about media saturation, plant viability, and
maintenance requirements, as most current studies concentrate on short-term performance (<1 year). Although
complete chromium removal is well known, little is known about how various chromium species Cr (I11) vs. Cr
(VI) behave and change in wetland environments. There is little research on mangrove species and other
extremely salt-tolerant plants, which limits the potential of halophytes for treating wastewater from hypersaline
tanneries. Even though endophyte-augmented systems perform better, more research is needed to understand
how to specifically manipulate wetland microbiomes, particularly archaea in high-salinity environments. Now,
hybrid systems don't use mechanistic design principles; instead, they rely on empirical configurations without
standardized protocols for media pairing or stage sequencing. The fact that most studies only look at pollutant
removal rather than the circular economic potential of resource recovery from tannery wastewater is perhaps the
most important finding.

Looking ahead, Constructed Wetland (CW) technology for treating wastewater from tanneries could change in a
number of exciting ways. The efficiency of treatment could be completely transformed by integrating smart
technologies, such as machine learning for adaptive system control and real-time sensors for chromium
speciation. Advanced media composites that combine reactive, organic, and mineral components may improve
hydraulic performance and enable the simultaneous removal of several contaminants. Future systems should
prioritize circular economy strategies, such as producing biochar from wetland biomass, recovering sulfur
through controlled sulfate reduction, and phyto-mining chromium from accumulator plants. The development of
heat-tolerant plant-microbe consortia for tropical regions and performance under extreme weather events are
essential components of climate-adaptive designs. Models of industrial symbiosis could connect nearby
aquaculture systems, biogas facilities, and agro-industries with tannery wetlands. There is an urgent need for
standardization initiatives, such as scaling protocols, unified performance metrics, and thorough life cycle
assessments. The creation of halophyte databases, modular systems for small tanneries, chromium-specific
design guidelines, and electrochemical enhancements should be the main areas of priority research. Constructed
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wetlands can transform from passive treatment systems into intelligent, resource-recovering ecotechnologies that
can handle the complicated problems of treating wastewater from tanneries by addressing these gaps and
opportunities.

8 Conclusion

Constructed wetlands (CWs) have become a viable and affordable option for treating tannery wastewater because
of their exceptional ability to remove chromium (Cr), organic pollutants, and nutrients. According to studies,
vertical flow (VF) and hybrid systems enhance the removal of organic and nitrogen through staged treatment and
optimal aeration, while horizontal subsurface flow (HSSF) wetlands with mineral-based media such as vesicular
basalt and pumice achieve greater than 98% Cr removal. Selecting the right plants is essential. Phragmites
australis and Typha domingensis are two examples of species that have shown great efficacy in microbial
support and phytoremediation. There is still a lack of research on resource recovery potential and long-term
performance.

Future advancements should focus on smart wetland technologies that integrate adaptive controls and real-time
monitoring in order to optimize treatment efficacy. The development of engineered media composites and
circular economy techniques such as chromium phyto-mining and biochar production can further enhance
sustainability. For broader deployment, especially in industrial clusters, standardized scaling processes and
climate-resilient designs are also required. By tackling these issues, artificial wetlands can develop into cutting-
edge treatment systems that support global sustainability objectives by recovering valuable resources while also
reducing pollution. To close current knowledge gaps and realize Constructed wetland (CWs) full potential for
managing tannery wastewater, more multidisciplinary research and pilot-scale validations are required.

Important Suggestions for Upcoming Implementation:

+Use hybrid constructed wetland designs that combine vertical flow and horizontal subsurface flow
configurations to provide all-encompassing care.

+To increase cost-effectiveness, give preference to locally accessible media (such as pumice, slag, and biochar).

+ Incorporate intelligent monitoring systems to adapt to influent variability in real time.

+Investigate resource recovery (Cr, S, N) to turn waste into useful byproducts.

+ Create policy frameworks to encourage the use of Constructed Wetlands (CWs) in wastewater treatment
regulations for tanneries.

By using these tactics, artificial wetlands can be used as a green technology for treating industrial wastewater in

a way that balances economic feasibility with environmental advantages.
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