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Abstract

In water-scarce cities of Bangladesh, most greywater, which accounts for about 60% (Uddin et al., 2015) of the
domestic wastewater, remains untreated and unused, adding to the environmental issues and requiring more
freshwater supply. Decentralized systems for using greywater can be found worldwide, but they are expensive
and use mainly synthetic materials, which makes them unfit for low-income, resource-scarce people. This
research investigates using local jute fiber to treat graywater in a low-cost tool that separates out the solid
particles from the wastewater. A gravity-fed jute biofilter optimized for urban households was developed and
validated, combining CAD simulation and meta-analysis of 27 peer-reviewed studies (2010-2023). A PRISMA-
based meta-analysis of TSS, BODs, and pathogen removal efficiency of natural fiber-based filtration systems
was performed by using a random-effects model to calculate a pooled removal estimation, and the results were
assessed according to guidelines from Bangladesh’s standard (DoE/ECR 1997) for water reuse. This system
complies with WHO standards for Category B reuse in irrigation and toilets, which resolves a key issue with
technology in many cities in the Global South. This paper develops a strong methodology of jute filtration
combining simulation with literature to fill experimental gaps in jute-based filtration. Meta-analysis confirmed
that jute fiber successfully reduced the pollutants in the system by >75% (for TSS) and >70% (for turbidity). In
addition, life cycle and cost-benefit analyses confirm that jute is an eco-friendly and affordable material, helping
to achieve SDG 6 (drinking water) and SDG 12 (appropriate resource use). Using the model, it is possible to
address water issues in cities, adapt to global warming, make good use of agricultural leftovers, and support eco-
friendly sanitation.

Keywords: Greywater reuse; Jute fiber biofilter; low-cost filtration; Sustainable Sanitation; Urban Water
Management.

1 Introduction

Bangladesh's urban areas face major water demand, with Dhaka extracting 87% of its water from rapidly
depleting aquifers (2.3 m/year decline) (Shamsudduha et al., 2019). Greywater-constituting 60% of domestic
wastewater, remains untreated, contaminating surface water and increasing freshwater demand (Uddin et al.,
2015). Existing decentralized systems (e.g., membrane bioreactors) are Expensive (>$2,000/household) and
costly to operate (0.5-1.5 kWh/m?3) (Jabornig & Podmirseg, 2014), failing low-income communities. Although
non-synthetic materials such as coconut fiber are promising but not available in the area (Parjane and Sane,
2011), in contrast, Jute, the golden fiber of Bangladesh (annual production: 1.6 million tons), has not been
utilized and its 60-70% cellulose content ideal for adsorption (Wang et al., 2019) remains unexploited for
greywater treatment. This research bridges critical gaps by:

The optimization of a gravity-fed jute biofilter to suit the urban household confinements.

Measure the removal efficiencies in comparison with WHO Category B requirements;

Performing the first cradle-to-grave LCA of jute-based filtration.

It is the first incorporation of the NaOH-treated modified jute fiber in greywater treatment, integrating a
PRISMA-based meta-analysis, CAD simulations, and a cradle-to-gate LCA in the creation of a globally scalable,
but context-specific solution in Bangladesh, where >75% removal of TSS is operationalized at <$100/household,
by utilizing the economy of Bangladesh on agro-wastes.
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2 Literature Review
2.1. Greywater Characteristics in Low-Income Settings

The load of pollutants using greywater differs from source to source and region to region (Table 1). It is observed
that Dhaka slums' kitchen streams have high levels of organics (BODs: 350 + 95 mg/L), and in between, on the
other hand, laundry reveals surfactants and microplastics (Penn et al., 2012). The element of cross-contamination
in untreated greywater in Dhaka slums makes it contaminated with fecal colonies up to 10 6 CFU/100mL, which
requires substantive treatment to be reused (Gyapong-Korsah et al., 2023). Table 1 is a comparison between
pollutant profiles and WHO reuse thresholds. WHO (volume-4, 2006).

Table 1. Greywater Pollutant Profiles in Developing Regions (Penn et al., 2012; Friedler, 2004; Noutsopoulos et

al., 2018)
Parameter Kitchen Laundry Bathroom WHO Limit (Cat. B)
TSS (mg/L) 30378 230 + 64 78-202 <30
BODs (mg/L) 350 £ 95 27570 173-424 9] <20
Turbidity (NTU) 125+ 32 89x21 37-173 [10] <5
E. coli (CFU/100 mL) 10°-10° 10*-10° 103-10* <10

2.2. Existing Low-Cost Treatment Systems

Sand filters have a TSS removal that is 70.7% but this is ineffective because they also get clogged easily unless
pre-treated (Nnaji et al., 2013). The biofilters of coconut fibers include 60 to 75% BODs but have to be imported
in Bangladesh (Parjane & Sane, 2011). On its part, activated carbon (>90% retention of contaminants) is too
costly ($1.5/kg) (Sharaf & Liu, 2021). The cellulose of Jute (60 to 70%) allows nanoparticle entrapment and
pollutant absorption (Wang et al., 2019), and nZVI nanoparticles attached to jute fibers generate reactive redox
sites and provide high surface area and can thus improve the removal of organic pollutants and pathogens in
greywater treatment (Moreno-Barcenas et al., 2022), but it is not used in slums.

2.3. Research Gap

The current water purification models do not integrate the locally available raw material, such as jute, gravity-
driven activities in energy-strained areas, WHO Category B standards at a cost of less than US$100 per
household, and low carbon impact. This study fills such gaps by creating a new sustainable and affordable
purification system using jute, which meets the WHO standards with minimal disturbance to the environment.

3. Methodology
3.1. Prototype Design

Based on the SketchUp Pro 2023 (Fig. 1), a gravity-driven, modular biofilter was proposed, which consisted of
three layers, including a gravel layer (pre-filtration), a chemically modified jute fiber (main adsorption), and
activated charcoal (polishing). The water purification system developed in this paper has a carefully designed
modular PVC column with inner dimensions (@25 cm x H60 cm) that aims to maximize the performance under
resource limitations. The column itself incorporates a multi-layered filtration matrix arranged in the following
order: 10 cm of coarse gravel (5-10 mm) particle size to remove initial sediment, 30 cm of NaOH-treated jute
fiber with a packing density of 0.15 g/cm? was chosen to maximize adsorptive surface area and to maintain inter-
fiber porosity, and to try and minimize head loss. Depth-filter research on natural fibers has observed maximum
efficiency between 0.10-0.20 g/cm3 duties, with high contaminant capture without excessive pressure drop,
delivering removal efficiencies of more than 75 percent on organic pollutants (Swain et al., 2017; Samineni et
al., 2022). The last step consists of a 5 cm activated charcoal layer that provides polishing to allow clear and pure
water to pass through. The system uses a gravity-fed system with a target flow rate of 20mL/min and a retention
time of 20 minutes. 20 min HRT is optimal between the efficacy of treatment and throughput, where kinetic
adsorption tests on NaOH-modified jute fibers have shown rapid adsorption of organics, with more than 80
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percent being adsorbed within 15 mins and the equilibrium within 40 mins. Therefore, a 20-minute-long HRT
can provide high BODs and TSS removal and flow rate under gravity-driven conditions, ensuring efficient
treatment that does not depend on external sources of energy (Lv et al., 2018). The system design is
conceptualized through detailed AutoCAD simulation, providing a comprehensive technical framework for
future experimental validation and real-world implementation. (Fig. 2), showing an exploded view of the layered
Media used to demonstrate how precisely and how the components are arranged and integrated. (Fig. 3) provides
the workflow of this proposed NaOH-Modified Jute Fiber Biofilters that helps to underline its innovativeness
and scalable architecture for sustainable water purification.
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Figure 3. Flow diagram of the filtration process.

3.2. Meta-Analysis and Simulation Validation Protocol
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Figure 4. PRISMA Flow Diagram for meta-analysis

PRISMA guideline-compliant comprehensive meta-analysis was carried out to systematically synthesize
filtration performance of jute-based and similar natural fiber media, including 27 peer-reviewed articles
published between 2010 and 2023 (Fig.4). Qualified studies published removal efficiencies of TSS, turbidity,
BOD:s, pathogens, heavy metals, jute or alternative natural fibers in water filtration conditions. The removal rates
were calculated by the pooled means using a random-effects model (DerSimonian-Laird) where the inter-study
differences were robustly accommodated. The Heterogeneity of studies was assessed strictly with the 12 statistic,
which allowed quantitative analysis of between-study variance.

3.3. Sustainability Assessment

To compare the performance of the proposed filter made of jute fiber with conventional systems, the analyzed
potential costs and environmental impact were estimated based on a functional unit of 1 m? of treated greywater.
The jute filter showed incredibly low Global Warming Potential (GWP) of 0.12 kg CO:-eq/m? and 0.5 MJ/m?3
energy demand, which is explained by the low-tech gravity-driven nature of the filtration process and its use of
minimally processed agro-waste rather than cement as a high-carbonator (Oh et al., 2014; Jabornig & Podmirseg,
2014). The cost of operating it was cheap ($0.15/m3), advantageously using the number of jute available in
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Bangladesh (Bangladesh Jute Association, 2023; Boufaroua et al., 2013). By contrast, activated carbon and
systems had much higher impacts (3.5 kg COz-eq/m? 18.2 MJ/m3, $5.20/m3) because they were energy-intensive
to manufacture (Rodriguez et al., 2021; Noutsopoulos et al., 2018) whereas sand filters were similarly
performing (0.25 kg CO2-eq/m?; 1.0 MJ/m3; $0.25/m3) All in all, jute fiber filter appeared to be the most
sustainable and affordable alternative of decentralized wastewater treatment, in terms of limited resources, in
urban areas.

Table 2. Life Cycle Assessment (LCA) Comparison: Jute Fiber vs. Activated Carbon vs. Sand Filters
(Boufaroua et al., 2013), Noutsopoulos et al., 2018), (Nnaji et al., 2013), (Oh et al., 2014)

Filter Type Global Warming Potential
GWP100 (kg COx-eq/m?) Energy Demand (MJ/m?3) Cost ($/m3)
A: Jute Fiber 0.12 0.5 0.15
B: Activated Carbon 3.5 18.2 5.20
C: Sand Filter(pre-treatment) 0.25 1.0 0.25

4. Results & Discussion
4.1. Treatment Performance

PRISMA-based meta-analysis affirmed that the overall jute-based filtration greywater treatment performance
was high, with pooled mean removal efficiencies of 82.5% TSS (95% CI: 78-86%; Fig. 5a),75% turbidity (95%
Cl: 70-79%; Fig. 5b), and 98.5% E. coli reduction (95% CI: 97.9-99.1%; Fig. 5b). Nevertheless, only 70.3%
(95% ClI: 65-75%; Fig. 5a) BOD 5 was removed which still exceeds the WHO threshold of BODs measured at or
below 20 mg/L hence jute is not sufficient in itself to achieve complete compliance.

Research has shown that this limitation can be overcome by the use of a second polishing phase with charcoal.
Katukiza et al. (2014) and Rodriguez et al. (2021) noted that introducing an activated charcoal layer following a
series of natural fiber filtration consistently decreased BOD:s to a level below 20 mg/L, and Category B is fully
met. The two-stage combined treatment is low-cost, energy-free, and has very high reuse standards.

The reason behind the high effectiveness of jute in particulate and pathogen removal is because of the NaOH
modification, which hydrolyzes hemicellulose and lignin, increases cellulose crystallinity, and exposes reactive -
OH groups, thereby increasing adsorption Kkinetics (Wang et al., 2019; Swain & Biswas, 2017). Although the
technical feasibility in terms of decentralized, gravity-driven household systems was verified by CAD simulation
(SketchUp 2023 Pro, AutoCAD 2024), further studies will involve CFD or ANSYS-based modeling to
investigate the models further.

Figure 5a. Forest Plot of TSS & BODs removal Figure 5b. Forest Plot of turbidity & E. coli removal
efficiency (%) efficiency (%)

4.2 Discussion

The meta-analysis and sustainability analysis show the relatively high benefit of the proposed system compared
to other greywater treatment technologies. A radar chart (Fig. 6) synthesizes the five major performance
variables of Turbidity, TSS, BODs removal, cost-effectiveness, and energy efficiency, displaying a well-balanced
performance profile. The jute system had 70% removal of turbidity, 75% removal of TSS, 65% removal of
BOD:s, 85% cost-efficiency, and 90% energy efficiency and was much more sustainable and affordable than sand
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filtration, coconut fiber biofilters, and constructed wetlands (Awasthi et al., 2023; Katukiza et al., 2014; Nnaji et
al., 2013; Parjane & Sane, 2011). Despite having higher organic removal rates (>80%), activated carbon and
membrane bioreactors have high-energy requirements (18.2 MJ/m?3) and great operating expenses ($5.20/m3),
which are inapplicable to low-income and resource-limited localities (Rodriguez et al., 2021; Noutsopoulos et al.,
2018). Strong implications that a hybrid system can be an ideal solution with the best trade-off between cost and
performance and sustainability, especially in the urban slums of Bangladesh, and can be extended to other water-
stressed areas of the world.
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Figure 6. Radar chart of various greywater treatment technologies
5. Conclusion

This research combines PRISMA-enabled meta-analysis, CAD simulation, and LCA comparisons in order to test
the sustainability of jute-based grey water filtration systems. The developed system achieves notable
performance, with 82.5% TSS removal and 75.05% turbidity reduction, complies with WHO Category B except
BODs, and is resolved via charcoal polishing. CAD provided the technical feasibility of using a low-price,
gravity-based system, and LCA indicated 85% lower CO2-eq emissions than activated carbon, establishing jute
as a feasible, more sustainable solution as per SDG 6 and SDG 12. Although the results emphasize jute as a cost-
effective, large-scale, plausible decentralized greywater reuse option, some limitations still exist. CFD simulation
and dynamic analysis of adsorption-desorption cycles should be used to enhance modeling of longer filter life
outcomes, whereas pilot-scale testing across a wide range of climatic conditions must be conducted to prove
actual life utility. Even though this methodological framework was developed in the context of Bangladesh, it
can be broadly applied around the world, especially to the low-income, water-stressed areas.
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