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Abstract Keywords:

This study investigates the removal efficiency of various water Biosand filter;
contaminants using a Biological Sand Filtration (BSF) system under Water purification;
different operational conditions. The performance of the BSF system Cane Papyrus;

was evaluated for microbial contaminants (E. coli), suspended solids, Microbial removal;
dissolved solids (TDS), electrical conductivity (EC), hardness, chloride Physicochemical removal,
(CI), sulfate (SO,), and turbidity. Key operational parameters such as Contaminant reduction.

pH, retention time, flow rate, and the biological layer thickness were
optimized to determine their impact on contaminant removal efficiency.
The results demonstrated that a 48-hour retention time achieved
complete E. coli removal (100%), while the 2 mm biological layer
contributed to a significant reduction in microbial contaminants (81.2%).
The highest turbidity reduction (85.4%) was achieved at a 0.5 m/h flow
rate, and the pH 4.01 condition optimized the removal of TDS (65.4%)
and EC (56.9%). Total hardness removal was maximized at 25°C, while
magnesium removal was most effective with a 48-hour retention time
(75.2%). Chloride removal peaked at 25°C (73.2%), and sulfate removal
was optimized at pH 6.86 (52.9%). The study highlights the importance
of adjusting operational parameters to optimize the performance of BSF
systems for diverse contaminants, providing a sustainable and efficient
solution for water quality improvement. The findings offer valuable
insights for designing and operating BSF systems in varying
environmental conditions and contribute to the development of cost-
effective water treatment technologies.

1 Introduction

Access to clean and safe drinking water remains a critical challenge worldwide, particularly in
developing regions where contamination from industrial discharge, agricultural runoff, and inadequate
sanitation infrastructure threatens public health [1,2]. According to the World Health Organization
(WHO), waterborne diseases caused by microbial and chemical contamination contribute to millions of
deaths annually, with children under the age of five being the most affected [3]. Addressing this
challenge requires the development of effective, low-cost, and sustainable technologies that can be
implemented in resource-limited areas [4,5].

Biosand filtration (BSF) is a well-established point-of-use (POU) water treatment method that
leverages natural filtration processes to remove suspended solids, heavy metals, and microbial
contaminants [6-8]. Originally developed as an adaptation of slow sand filtration, BSF consists of a
simple design incorporating layers of sand and gravel, with a biologically active layer (schmutzdecke)
that enhances microbial reduction [9,10]. The system operates through a combination of mechanical
trapping, adsorption, predation, and natural die-off of pathogens [11,12]. Despite its proven
effectiveness, conventional BSF units may have limitations in removing certain chemical pollutants and
achieving consistent physical and microbial disinfections under varying environmental conditions
[13,14].

Numerous studies have explored the effectiveness of BSF and natural materials in improving
water quality, focusing on physicochemical and microbial contaminant removal. Abdiyev et al. [15]
investigated the synergistic effects of natural adsorbents in BSFs, incorporating sand with organic media
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such as coconut shells and papyrus fibers. They used a long-term field study approach and found that
microbial removal was consistent at 99%, with significant improvements in reducing nitrates and
phosphates. Mulugeta et al. [16] conducted an experimental study using modified BSFS with activated
carbon and natural coagulants to enhance microbial removal. Their findings demonstrated that
incorporating biochar significantly improved the reduction of E. coli and total coliforms, achieving an
efficiency of over 98%. Emslie et al. [17] applied mathematical modeling to optimize BSF design for rural
water treatment. Their numerical simulations validated that flow rate adjustments and biofilm
development stages influence filter performance, leading to improved removal of coliform bacteria and
suspended solids. Dandadzi et al. [18] carried out a comparative analysis of BSF with and without
organic media amendments, focusing on field applications in developing regions. They reported that
filters supplemented with organic fibers exhibited 20% higher contaminant removal efficiency than
traditional sand-based filters. Ganesan et al. [19] examined the use of cane papyrus fibers as a
bioadsorbent in BSF. Their study employed batch and column experiments, revealing that cane papyrus
improved turbidity reduction by 75% and enhanced the removal of dissolved organic carbon by 65%,
making it a promising natural enhancement material. Sharma et al. [20] explored the performance of
biofilm-enhanced BSFs for removing heavy metals from water. Using controlled laboratory conditions,
they reported that the presence of biofilm layers facilitated increased adsorption rates of lead (Pb) and
arsenic (As), with removal efficiencies reaching 92% and 89%, respectively. Mahmood et al. [21]
developed a hybrid BSF with antimicrobial coatings and conducted pilot-scale testing in various
environmental conditions. Their study found that the filters maintained stable pathogen removal
efficiency of 99.5% over six months, demonstrating resilience to fluctuating water quality parameters.
Tsafack et al. [22] investigated BSF modifications using silver-impregnated media for enhanced
pathogen reduction. Through controlled laboratory ftrials, they confirmed that the modified filters
achieved a 3-log reduction in viruses and protozoa, significantly outperforming conventional BSFs.
Recent studies in 2025 have emphasized sustainable approaches to BSF [23,24]. Ongoing research
explores the integration of advanced nanomaterials and machine learning-based predictive models to
optimize performance [25,26]. Overall, advancements in BSF research have highlighted the critical role
of natural enhancements, microbial biofilms, and predictive modeling in achieving higher efficiency in
water treatment. These studies collectively provide a strong foundation for further optimizing BSF
designs using sustainable and cost-effective materials.

To improve the efficiency of BSF, recent research has explored the integration of natural
adsorbents and bioactive materials. Organic fibers such as Cane Papyrus, which are abundant in
wetland ecosystems, have been identified as promising natural materials for enhancing contaminant
removal. The fibrous structure of Cane Papyrus provides increased surface area for adsorption,
supports biofilm growth, and facilitates the removal of organic and inorganic pollutants. The use of such
materials aligns with sustainable water treatment approaches, promoting the utilization of locally
available resources to improve filtration performance.

This study aims to investigate the effectiveness of an enhanced BSF system incorporating Cane
Papyrus fibers in removing physicochemical and microbial contaminants from water. To determine the
extent of contaminant removal under enhanced BSF, key water quality parameters, including
temperature, pH, turbidity, total dissolved solids (TDS), Electrical conductivity (EC), total hardness (TH),
calcium (Ca?*), magnesium (Mg?*), chloride (CI7), sulfate (SO,%7), and Escherichia coli (E. coli), were
analysed. Additionally, the study employs statistical analysis, to assess variations in removal efficiency
across different filtration configurations. Reduction efficiency calculations were also performed to
quantify the removal performance of each setup. It is hypothesized that the addition of Cane Papyrus to
the BSF enhances filtration efficiency by increasing adsorption capacity and promoting biofilm activity.
The results of this study are expected to provide valuable insights into the feasibility of integrating
organic fiber-based enhancements in BSF systems, contributing to the development of cost-effective
and scalable solutions for improving drinking water quality in underserved communities.

2. Materials and Methods
2.1 Study Area Description

The study was conducted in Al-Hindiya District, Karbala Governorate, Iraq, located at
approximately 32.5° N latitude and 44.2° E longitude (see Fig. 1). Al-Hindiya is a crucial agricultural and
industrial hub, with water bodies exposed to pollutants from various sources, including industrial
effluents, agricultural runoff, and residential wastewater discharge. The district relies heavily on surface
water resources, particularly the river and its branches climate change, which serve as primary sources
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for drinking and irrigation [27]. The river serves as the primary water source for the area, exhibiting
seasonal fluctuations in flow rate and carrying high sediment loads.

However, rapid urbanization and increased human activities have contributed to a decline in water
quality, necessitating the development of effective filtration techniques to ensure safe drinking water.
Water in Al-Hindiya is often unsuitable for direct consumption due to elevated concentrations of
dissolved solids, heavy metals, microbial contaminants (e.g., E. coli), and suspended particles. The
study area represents a critical zone for water treatment research, as improving water quality directly
impacts public health and agricultural sustainability. Al-Hindiya region was chosen for samples collected
during experimental study, due to the high level of water contamination, making it an ideal location for
evaluating the effectiveness of a BSF modified with Cane Papyrus as an adsorbent.
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Fig. 1: Al-Hindiya District location.

2.2 Sample Collecting

Sixty Water samples were collected from multiple locations within Al-Hindiya District to ensure a
representative dataset of contamination levels across different sources. Local water bodies that are
contaminated by different sources such as industrial effluent zones, where factories and workshops
discharge untreated water, agricultural runoff points, where chemical fertilizers and pesticides contribute
to elevated nitrate and phosphate levels, and residential wastewater discharges, where untreated
sewage and domestic waste enter local water bodies.

To assess pre-treatment water quality, samples were collected before reaching the water
treatment stations. Glass and polyethylene bottles were used for collection, pre-cleaned with deionized
water, and sterilized to prevent contamination. All glass and polyethylene bottles were sterilized by
autoclaving at 121°C for 15 minutes and that single-use disposable bottles were also employed where
applicable. Each sample was carefully labelled with date, time, temperature, and source details to
ensure sample integrity. Sample collections were followed according to APHA (Standard Methods for
the Examination of Water and Wastewater, 23rd edition) to ensure the quality and reliability of the
samples. Samples were stored in coolers at 4°C and transported to the laboratory within 6 hours to
minimize biological and chemical changes.

Strict quality control measures were implemented throughout the process. Field blanks and
duplicates were included to verify data accuracy, while pH and temperature were measured on-site to
prevent alterations during transportation. Additionally, sterile gloves and sampling kits were used to
eliminate external contamination, ensuring reliable and precise results.

2.3 Contaminant Assessment

Water samples were analyzed for physical, chemical, and microbial contaminants to determine the
efficacy of the BSF under controlled conditions. Each contaminant was selected based on its impact on
water quality, health risks, and relevance to BSF performance. pH and temperature influence chemical
reactions and microbial activity in water, while turbidity serves as an indicator of suspended particles
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that may harbor pathogens. EC and TDS represent the concentration of dissolved ions, affecting water
salinity. TH, Ca*2, and Mg*2 impact water hardness, influencing taste, scaling, and corrosion. Cl-' and
S0O,* at high levels contribute to salinity and may have corrosive effects on infrastructure. E. coli serves
as a key indicator of fecal contamination and potential pathogens in water.

3 Experimental Setups and Scenarios
3.1 BSF Design

The BSF was designed and constructed to assess its effectiveness in removing contaminants

from collected water samples. To enhance its filtration efficiency, the filter was modified with Cane
Papyrus (Cyperus papyrus) as an adsorbent material.
The BSF was built using a cylindrical plastic container with a total height of 48 cm and an internal
diameter of 26 cm, as presented in Fig. 2. The filter consists of several key layers, each playing a crucial
role in the filtration process. Inside the container, the filtration media were arranged in a specific
sequence of layers: a 20 cm layer of fine sand (with a particle size of 1 mm), a 5 cm layer of coarse
sand (with a particle size of 6 mm), and a 5 cm layer of gravel (with a particle size of 15 mm). The inlet
chamber allows raw water to enter gradually, preventing turbulence. A diffuser glass plate, a perforated
sustainable structure, ensures even distribution of the inflow [28-31]. At the heart of the filtration process
is the biological layer (Schmutzdecke), a microbial biofilm that actively degrades organic contaminants.
Beneath this, the fine sand layer acts as the primary filtration medium, removing suspended solids and
microbial contaminants through mechanical straining and adsorption. The sand used in the filter had an
effective diameter (D,,) and a uniformity coefficient (Cu) of 2.5, indicating a well-graded material suitable
for slow sand filtration. The sand was thoroughly washed and sieved to achieve the desired
specifications, ensuring optimal removal efficiency and minimizing clogging risk. The coarse sand layer
provides additional filtration while preventing clogging. A gravel layer at the bottom serves as a
supporting medium, ensuring structural stability and facilitating proper drainage. Finally, an outlet pipe
maintains a constant water level and allows the filtered water to exit the system. It is worth noting that
the discharge from the plastic container was measured using a flow meter, which was systematically
placed at the end of the container.
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Fig. 2: BSF design and layer configuration.
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The BSF was constructed using multiple layers, each serving a specific function in the filtration
process. The biological layer, with a thickness of 1-5 cm, facilitates microbial degradation of organic
contaminants. Below this, a 20 cm fine sand layer with a grain size of 1 mm provides particle filtration,
effectively removing suspended solids and pathogens. A 5 cm coarse sand layer, with a grain size of 6
mm, offers additional filtration, preventing clogging and improving water flow. At the base, a 5 cm gravel
layer with a grain size of 15 mm ensures structural support and proper drainage.

To enhance the adsorption capacity of the filter, Cane Papyrus fibers were incorporated into the
fine sand layer. The preparation of the adsorbent material involved several steps. First, the papyrus was
dried and cut into 2-5 mm pieces. It was then pre-washed with distilled water to remove impurities that
could interfere with adsorption. Finally, the material underwent heat activation at 105°C for 4 hours, a
process that increases its surface area and enhances its ability to capture contaminants.

A biological layer (Schmutzdecke) was developed to enhance microbial degradation of organic
contaminants in the BSF system [12]. This layer consists of naturally occurring bacteria and
microorganisms that attach to the fine sand layer and feed on organic matter in the water, significantly
improving the filtration process. To establish the biofilm, a mixture of river water and previously matured
filter media was introduced to seed beneficial bacteria. The filter was then kept moist for 15-20 days to
allow biofilm growth, with periodic additions of a low-concentration glucose solution to provide essential
nutrients for microbial colonization [12]. The biofilm's maturation was monitored through visual
inspection, including changes in color, bio-layer thickness, and the presence of gas bubbles on the sand
surface, as shown in Fig. (3). Additionally, total coliform and heterotrophic plate counts were performed
to verify microbial activity. The sand was incubated in a controlled environment for 14 days, with
temperature, humidity, and nutrient availability carefully regulated to promote biofilm development. Once
fully established, the biofilm played a crucial role in breaking down organic pollutants and reducing
pathogen levels, contributing to the overall effectiveness of the filtration system.

The model integrates hydraulic flow, adsorption kinetics, and microbial biofilm activity to assess
contaminant removal efficiency. The BSF was conceptualized using a layered filtration model,
considering several key parameters:

Hydraulic retention time: Evaluates the water residence time within the filter.

Filtration rate: Determined using Darcy’s Law, which governs the flow of water through porous
media.

Contaminant removal kinetics: Predicts pathogen and pollutant reduction over time [32].
Mathematically, the filtration model is represented as:

0 =KA(% (1)
where Q: Filtration rate (m?s); K: Hydraulic conductivity (m/s); A: Cross-sectional area of the filter (m?)
AH: Hydraulic head difference (m); and L: Depth of filtration media (m).

A contaminant adsorption model was designed using papyrus reed (Cyperus papyrus) as an
adsorbent to enhance contaminant removal [33]. The initial water content has a significant impact on
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the collapsibility of natural soils, especially those exposed to water currents and waves, which in
themselves simulate the biological activity of soils and other materials internal to any structure design
[34,35]. The biological activity within the filter was simulated using first-order microbial degradation
kinetics, represented by:
Co = Coe™™ (2)
where C,: Contaminant concentration at time; C,: Initial contaminant concentration; k: Reaction rate
constant (dependent on microbial activity); and t: Contact time in the filter.

This model provides a comprehensive framework for evaluating BSF performance and optimizing
design parameters to enhance water treatment efficiency.

3.2 Measured Properties and Methods of Measurement

To evaluate the performance of the BSF, several key physicochemical and microbial water quality
parameters were measured. The contaminants assessed in this study and their measurement methods
are summarized in Table 1.

Table 1. Measured parameters properties.

Parameter Unit Measurement Equipment Manufacturer and Model
pH - Digital pH Meter Hanna Instruments, HI98103
Temp. [°C] Laboratory Thermometer Hanna Instruments, HI98509
Turb. [NTU] Turbidity Meter Hach, 2100Q
EC [uS/cm] Conductivity Meter Hach, HQ40d
TDS [mg/L] Water Quality Meter Hach, HQ40d
TH [mg/L] Burette and Indicator (Titration Method) Manual (standard method, ASTM D1126)
Ca** [mg/L] Titration Equipment (EDTA method) INB400 (local manufacture)
Mg?* [mg/L] Titration Equipment (EDTA method) INB400 (local manufacture)
Cl- [mg/L] Titration Equipment (Silver Nitrate method) Metrohm, 848 Titrino Plus
SO,* [mg/L] UV-Visible Spectrophotometer Shimadzu, UV-1800
E. coli [CFU/mL] Membrane Filtration + Incubator Millipore FiItratIion System + Memmert
ncubator

3.3 Filter Operation and Scenarios

The filter was operated intermittently for two hours every 48 hours, to prevent clogging and ensure
consistent performance. During each test, the contaminated water was poured into the container,
ensuring a water height of 5-7 cm above the diffuser plate. After each run, samples were collected from
the filter outlet and analyzed for physical, chemical, and microbial properties. The experimental design
considered various operational parameters, as outlined in Table 2.

Table 2. Operational parameters and testing conditions for the enhanced BSF.

Scenario Variable Value Tested Justification
Biological Layer Thickness 1,2, 5 (cm) Asses_smg biofilm development and
[BL] effectiveness
[oH pH Levels 4.01, 6.86, 9.18 Eval_uatmg_ f|_|trat|on _pz_arformance under
varying acidity/alkalinity
o Studying the effect of temperature on
Temperature Temperature 525,35 (°C) microbial activity and contaminant removal
Flow Rate [Q] Flow Rate 0.5, 2, 5 (m/h) Determ!nlng the optimal filtration rate for
contaminant removal
Time [T] Exposure Time 12, 24, 36, 48 (min) tEvaluatmg th_e_lmpact of retention time on
reatment efficiency

The filtration process began with water addition, where contaminated water was poured into the
inlet chamber. To ensure even distribution and prevent disturbance of the biofilm, a diffuser plate
regulated the water flow. During physical filtration, suspended solids were trapped in the fine sand layer,
while larger particles were removed in the coarse sand and gravel layers. Following this, biological
degradation occurred in the biofilm layer, where microbial activity decomposed organic contaminants
and pathogens. Finally, water collection took place as the treated water exited through the outlet pipe,
where it was analyzed for quality improvements. To comprehensively evaluate BSF performance, water
samples were analyzed under baseline conditions, comparing contaminant levels before and after
filtration. The study considered key influencing factors such as pH, temperature, flow rate, biological
layer thickness, and retention time to determine their impact on filtration efficiency. The removal
efficiency of each contaminant was calculated using the formula:
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Initial Concentration—Final Concentration

Removal Ef ficiency(%) = ( ) x 100 (3)

Initial Concentration

Statistical analysis was applied to determine the significance of parameter variations of the data
collected in this study.

4 Results and Discussion

This study evaluated the performance of the bio-sand filter (BSF) under varying operational
conditions, including biological layer thickness, pH, temperature, flow rate, exposure time, and
adsorption enhancement (as illustrated in Fig. 4a-k). The findings highlight the influence of these
parameters, polluted model (PM), temperatures of 5°C (Temp. 1), 25°C (Temp. 2), and 35°C (Temp. 3),
biological layer thicknesses of 1 mm (BL1), 2 mm (BL2), and 5 mm (BL3), pH values of 4.01 (pH1), 6.86
(pH2), and 9.18 (pH3), exposure times of 12 hours (T1), 24 hours (T2), and 48 hours (T3), and flow
rates of 0.5 m/h (Q1), 2 m/h (Q2), and 5 m/h (Q3) on contaminant removal efficiency.

4.1 pH variations

The pH values in the biosand filter system were influenced by various factors, including biological
layer thickness, temperature, and environmental conditions, which impacted the overall water treatment
efficiency. Figure 4a presents the pH values under different conditions, showing the initial pH of the
polluted model (PM) at 7.12, which is slightly lower than the values observed with biological layers. As
the biological layer thickness increases, the pH rises, reaching 7.6 for BL1 and stabilizing at 7.8 for BL2
and BL3. This suggests that the biological layer has a neutralizing effect, possibly due to microbial
activity or buffering capacity, and the pH stabilizes at a certain layer thickness, indicating equilibrium.
Figure 4b presents pH variations under different conditions. The initial pH of the PM is 7.12, and the
recorded pH values for different conditions (pH1, pH2, and pH3) show significant fluctuations. pH1
measures 4, indicating a highly acidic environment, potentially due to industrial discharge or
acidification. pH2 at 6.9 is closer to neutral but still slightly acidic, while pH3 at 9.3 shows an alkaline
condition, which could result from the presence of alkaline compounds or treatment interventions. These
variations highlight the dynamic nature of water chemistry and its susceptibility to external factors.

Figure 4c shows pH variations under different temperature conditions. The initial PM pH is 7.12,
and as the temperature changes, the pH fluctuates. At Temp. 1, the pH decreases to 6.3, indicating
acidity, possibly due to increased CO, solubility in colder conditions. Temp. 2 has a pH of 6.9, closer to
neutrality, and Temp. 3 shows a pH of 7.7, indicating alkalinity. These changes emphasize the effect of
temperature on water chemistry, affecting gas dissolution and buffering capacity. Figure 4d displays pH
variations of the PM under different conditions labeled Q1, Q2, and Q3. The initial pH of 7.12 decreases
slightly to 7.0 in Q1, increases to 7.4 in Q2, and then returns to 7.1 in Q3. These variations suggest that
factors like chemical reactions, biological activities, and environmental conditions influence pH. Figure
4e presents pH values of the PM under three conditions labeled T1, T2, and T3. The initial pH of 7.12
increases to 7.5 in T1, further rises to 7.8 in T2, and then decreases to 7.1 in T3. These variations reflect
the influence of environmental factors on pH and water quality stability.

In conclusion, biological layer thickness and temperature had the most significant effects on pH
stabilization and the overall efficiency of the biosand filter system. Thicker biological layers and higher
temperatures contributed to better pH stabilization and enhanced water treatment performance. Flow
rate and exposure time also played a role but were less impactful compared to biological layer thickness
and temperature. Therefore, optimizing these two factors should be prioritized to achieve maximum
treatment efficiency and improved water quality management.
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Fig. 4: Water quality parameters results under pH variation of the enhanced BSF.
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4.2 Turbidity variations

The turbidity removal in the biosand filter system was significantly influenced by various
parameters, including biological layer thickness, pH, temperature, flow rate, and exposure time.

The best turbidity removal occurred at a 2 mm biological layer thickness, where turbidity dropped
to 4 NTU, indicating optimal filtration. At 1 mm, turbidity was 7 NTU, and at 5 mm, it increased to 5.6
NTU, suggesting that a thicker layer could reduce efficiency due to increased resistance and clogging.
Figure 5a illustrates turbidity values across different biological layer thicknesses.

Neutral pH showed the best turbidity removal, with a turbidity of 3 NTU. Acidic and alkaline
conditions led to higher turbidity values of 10 NTU and 9 NTU, respectively, indicating that extreme pH
levels reduce filtration efficiency. Figure 5b shows turbidity under different pH conditions.

The optimal temperature for turbidity removal was 25°C, where turbidity was 5 NTU. Both lower
temperatures (5°C) and higher temperatures (35°C) showed slightly higher turbidity, indicating that
moderate temperatures support the best microbial activity for filtration. Figure 5c¢ depicts turbidity values
at different temperatures.

A higher flow rate resulted in the lowest turbidity value of 2 NTU, indicating that faster filtration is
more efficient. Slower flow rates, such as 0.5 m/h, resulted in higher turbidity due to insufficient
interaction time with the filter. Figure 5d displays turbidity values for different flow rates.

The longest exposure time of 48 hours achieved the best turbidity removal at 3.4 NTU. Shorter
exposure times, such as 12 hours, resulted in higher turbidity, indicating that more time for microbial
and physical processes enhances filtration efficiency. Figure 5e shows turbidity at different exposure
times.

In summary, the optimal conditions for turbidity removal were found to be a 2 mm biological layer
thickness, neutral pH, moderate temperature (25°C), higher flow rate (5 m/h), and longer exposure time
(48 hours), with each factor working synergistically to enhance filtration efficiency. Understanding and
optimizing these parameters is essential for designing effective water treatment systems.

4.3 Temperature variations

The turbidity values presented in Figure 6a show how biological layer thickness and temperature
impact filtration efficiency. The turbidity values for BL1 (1 mm) at 27°C were 7 NTU, while BL2 (2 mm)
exhibited the lowest turbidity at 25°C with 4 NTU. BL3 (5 mm) had a turbidity of 5.6 NTU at 26°C,
indicating that an increase in layer thickness slightly reduces filtration efficiency. However, the
temperature did not significantly affect turbidity, with the best performance observed at 25°C, suggesting
that microbial activity is optimal at this temperature for particle removal.

The turbidity also varied with pH levels, as shown in Figure 6b. At 25°C, turbidity was lowest at
neutral pH (pH2) with 3 NTU, indicating efficient contaminant removal. At acidic pH (4.01) and alkaline
pH (9.18), turbidity increased to 10 NTU and 9 NTU, respectively. These higher turbidity levels suggest
that extreme pH values impair microbial activity and alter the solubility of contaminants, reducing
filtration efficiency.

Figure 6c illustrates turbidity variations under different temperature conditions. The lowest
turbidity (5 NTU) occurred at 25°C, indicating optimal filtration efficiency with high microbial activity. At
7°C (Temp. 1), turbidity increased to 5.1 NTU, suggesting reduced microbial activity at lower
temperatures. At 36°C (Temp. 3), turbidity was 4.9 NTU, indicating that higher temperatures could
increase the dissolution of contaminants, affecting microbial degradation and filtration performance.

Flow rate also impacted turbidity removal, as presented in Figure 6d. At higher flow rates, turbidity
removal improved, with Q3 (5 m/h) achieving the best performance at 2 NTU, suggesting that faster flow
rates enhance filtration efficiency. At slower flow rates, such as Q1 (0.5 m/h), turbidity was higher (12
NTU), indicating poor filtration due to reduced contact time, despite the optimal temperature of 26°C.

Exposure time played a critical role in turbidity removal, as shown in Figure 6f. The longest
exposure time (T3, 48 hours) resulted in the lowest turbidity (3.4 NTU), suggesting that extended
exposure allows for better microbial growth and contaminant degradation. In contrast, shorter exposure
times (T1, 12 hours) led to higher turbidity (5 NTU), indicating that insufficient time hinders effective
filtration.

In conclusion, temperature significantly affects turbidity removal in biosand filtration systems, with
moderate temperatures (around 25-26°C) offering optimal conditions for microbial activity and filtration
performance. Extremes of temperature (either too low or too high) impair microbial activity and promote
the dissolution of contaminants, increasing turbidity. Additionally, exposure time, flow rate, and biological
layer thickness also influence filtration efficiency, with longer exposure times and higher flow rates
further improving turbidity removal, especially when combined with optimal temperature conditions.
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Fig. 5: Water quality parameters results under turbidity variation of the enhanced BSF.
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4.4 EC variations

The Electrical Conductivity (EC) values, as shown in Figure 7a, demonstrate the impact of
biological layer thickness on ion removal in biosand filtration systems. The EC in the Polluted Model
(PM) is high at 2710 uS/cm, indicating a high concentration of dissolved ions and contaminants. As the
biological layer thickness increases, EC values decrease: BL1 (1 mm) shows 1466 uS/cm, BL2 (2 mm)
shows 1255 uS/cm, and BL3 (5 mm) shows 1360 uS/cm. The decrease in EC with increasing biological
layer thickness suggests that the filter's ability to remove dissolved ions improves as the layer thickens.
In BL1, the relatively high EC could be due to insufficient microbial interaction or limited ion adsorption,
while in BL2, the thicker layer seems to enhance filtration efficiency and reduce EC.

As illustrated in Figure 7b, EC values also decrease under varying pH conditions. The lowest EC
occurs at neutral pH (pH2, 6.86), which indicates effective ion removal by the biosand filter, with an EC
of 1067 uS/cm. In contrast, at acidic (pH1, 4.01) and alkaline (pH3, 9.18) conditions, EC increases to
1167 puS/cm and 1222 uS/cm, respectively. The higher EC at extreme pH levels suggests that pH
influences the solubility and ionization of contaminants, which in turn affects the filter’s ability to remove
dissolved ions. Neutral pH likely provides the most favorable environment for filtration, facilitating
effective ion removal and reducing EC.

In Figure 7c, the EC values under varying temperature conditions show a clear trend. At Temp. 1
(7°C), EC is 1212 uS/cm, while at Temp. 2 (25°C), it reaches the lowest value of 1084 uS/cm, indicating
optimal conditions for ion removal. At Temp. 3 (36°C), the EC increases to 1800 uS/cm, suggesting that
higher temperatures enhance the solubility of salts and other ions, leading to higher EC values. This
pattern highlights that temperature significantly influences ion solubility and dissolution, with moderate
temperatures promoting more effective ion removal. Figure 7d demonstrates the influence of flow rate
on EC values. As flow rate increases, EC also increases, with Q1 (0.5 m/h) yielding 1190.5 uS/cm, Q2
(2 m/h) showing 1097 uS/cm, and Q3 (5 m/h) having the highest EC of 1545 uS/cm. Faster flow rates
reduce contact time between water and the biological layer, which may decrease ion removal efficiency,
leading to higher EC values. The results suggest that slower flow rates, which allow for longer contact
time, are more effective in reducing EC by allowing more time for ion adsorption and removal.

In Figure 7e, the relationship between exposure time and EC values shows a trend of decreasing
EC with longer exposure times. At T1 (12 hours), EC is 1124 uS/cm, slightly lower than the initial EC in
the PM. At T2 (24 hours), EC decreases further to 1130 uS/cm, and at T3 (48 hours), it reaches the
lowest value of 1080 uS/cm. Longer exposure times provide more opportunities for microbial activity
and ion adsorption, leading to more effective ion removal and a reduction in EC. This suggests that
extended exposure is beneficial for achieving the lowest EC values.

4.5 TDS variations

The data on Total Dissolved Solids (TDS) demonstrates the significant impact of biological layer
thickness, pH, temperature, flow rate, and exposure time on water quality in biosand filtration systems.

Biological Layer Thickness (Figure 8a): TDS decreases with increasing biological layer thickness,
with the Polluted Model (PM) showing a high TDS of 1761.5 mg/L. As the biological layer thickness
increases, TDS values reduce: BL1 (1 mm) shows 744 mg/L, BL2 (2 mm) shows 668.83 mg/L, and BL3
(5 mm) shows 712 mg/L. The initial biological layers (BL1 and BL2) are most effective at reducing TDS,
with diminishing returns as the layer becomes thicker.

pH Conditions (Figure 8b): TDS values show variation under different pH levels. The lowest TDS
value occurs at pH1 (acidic, 4.01), where TDS is 609 mg/L, suggesting enhanced precipitation of ions
or compounds. At neutral pH (pH2, 6.86), TDS slightly increases to 616.53 mg/L, while at alkaline pH
(pH3, 9.18), TDS increases further to 740 mg/L due to the dissolution of certain minerals and salts at
higher pH levels. Temperature (Figure 8c): TDS values fluctuate with temperature. At lower
temperatures (7°C), TDS is the highest at 800.12 mg/L, while at moderate temperature (25°C), TDS
decreases to 680.75 mg/L, and at higher temperature (36°C), TDS rises again to 740 mg/L. The solubility
of salts and minerals plays a crucial role in TDS concentration, with the moderate temperature offering
optimal conditions for TDS reduction. Flow Rate (Figure 8d): TDS increases with increasing flow rate.
At the lowest flow rate (0.5 m/h), TDS is 633.59 mg/L, and as the flow rate increases to 2 m/h and 5
m/h, TDS rises to 650 mg/L and 1098 mg/L, respectively. The higher flow rates result in reduced contact
time between water and the biological filter, leading to less effective filtration and a higher concentration
of dissolved solids.

Exposure Time (Figure 8e): TDS slightly decreases with longer exposure times. At 12 hours (T1),
TDS is 712 mg/L, and at 48 hours (T3), it drops to 687 mg/L. The reduction in TDS over extended
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exposure times suggests that prolonged filtration improves the removal of dissolved solids through
processes such as adsorption and precipitation.

3000 3000

2500 2500

2000 2000
; g

2 1500 Cf:g 1500
Q Q
/M

= 1000 1000

500 500 I
0 0
PM BL1 BL2 BL3 PM pH1 pH2 pH3
Impact parameter Impact parameter
(a) (b)
3000 3000

EC (uS/cm)
EC (uS/cm)
9
S
el

2500 2500
2000 2000
1500
1000 1000
500 I 500 I I
0 0
PM PM Ql Q2 Q3

Temp.1 Temp.2 Temp.3

Impact parameter Impact parameter
(c) (d)
3000

2500
2000
1500
1000
" I I l
0
PM T1 T2 T3

Impact parameter

(e)

Fig. 7: Water quality parameters results under temperature variation of the enhanced BSF.

EC (uS/cm)




Civil and Environmental Engineering

TDS (mg/L)

TDS (mg/L)

2000
1800
1600
1400
200

—_ =
(=
(=]
o

800
600
400
200

2000
1800
1600
1400
200

[
(=]
(=]
(e

800
600
400
200

Ly

Impact parameter

(@)

111

Temp.1 Temp.2 Temp.3

Impact parameter

()
2000

TDS (mg/L)

TDS (mg/L)

2000
1800
1600
1400
1200
1000
800
600
400
200

2000
1800
1600
1400

200

—_ =
[l
(=3
(=)

800
600
400
200

Vol. 21, Issue 2, 1139-1165

PM H2 pH3

Impact parameter
(b)
PM 1 2 Q3
Impact parameter

(d)

1800

TDS (mg/L)
o
S
S

1600
1400
1200

1
800
600
400
200
0

PM Tl T2 T3

Impact parameter

(e)

Fig. 8: Water quality parameters results under TDS variation of the enhanced BSF.



Civil and Environmental Engineering Vol. 21, Issue 2, 1139-1165

4.6 TH variations

Total Hardness (TH) decreases significantly with increasing biological layer thickness, as shown
in Figure 9(a). Initially, at PM (Polluted Model), TH is 1120 mg/L, indicating high hardness. As the
biological layer thickness increases, TH decreases: BL1 (1 mm) shows 723 mg/L, BL2 (2 mm) shows
625 mg/L, and BL3 (5 mm) shows 819 mg/L. This suggests that biological filters are most effective at
removing hardness with thinner layers (BL1 and BL2), but the effectiveness reduces at greater
thicknesses (BL3), likely due to reduced interaction time between the water and the filter material.

TH values also change with varying pH conditions, as shown in Figure 9(b). At acidic pH1 (4.01),
TH is 796 mg/L, slightly reduced from the initial PM value. At neutral pH2 (6.86), TH decreases further
to 593 mg/L. At alkaline pH3 (9.18), TH rises to 918.4 mg/L. The reduction at neutral pH suggests that
hardness-causing ions such as calcium and magnesium are precipitating or binding with other
substances, making them less soluble. In contrast, the increase at alkaline pH may be due to the
enhanced solubility of certain salts, which dissolves hardness-causing minerals.

Temperature fluctuations also affect TH, as seen in Figure 9(c). At a lower temperature (7°C), TH
is 623.8 mg/L, the lowest among the three temperatures. At a moderate temperature (25°C), TH
increases to 523 mg/L, and at a higher temperature (36°C), TH reaches 860 mg/L. The decrease at
moderate temperatures may be due to increased precipitation or enhanced ion exchange, whereas the
higher temperature may increase the solubility of hardness-causing minerals, leading to higher TH
levels.

Flow rate influences TH as well, as illustrated in Figure 9(d). At a flow rate of Q1 (0.5 m/h), TH is
493 mg/L, the lowest among the three flow rates. At Q2 (2 m/h), TH increases to 580 mg/L, and at Q3
(5 m/h), TH further increases to 995 mg/L. The increase at higher flow rates is due to reduced contact
time between the water and biological material, which diminishes the filter's ability to remove hardness-
causing ions. This indicates that slower flow rates improve filtration efficiency and reduce hardness
levels.

TH values also show a reduction over longer exposure times, as shown in Figure 9(e). At 12 hours
(T1), TH is 857 mg/L, the highest. At 24 hours (T2), TH decreases to 719 mg/L, and at 48 hours (T3), it
drops further to 512 mg/L. The reduction over time suggests that longer exposure enhances the filter's
ability to remove hardness-causing ions through ion exchange or precipitation.

4.7 Ca variations

The calcium concentration (Ca) shows a significant decrease with increasing biological layer
thickness, as illustrated in Figure 10(a). At PM (Polluted Model), calcium is 256 mg/L. As the biological
layer thickness increases, the calcium concentration decreases: BL1 (1 mm) has 183 mg/L, BL2 (2 mm)
has 153 mg/L, and BL3 (5 mm) has 167 mg/L. This suggests that the biological filter is most effective at
removing calcium in thinner layers (BL1 and BL2), but the efficiency reduces at BL3, possibly due to
reduced interaction time between the water and filter media as the layer thickness increases.

Calcium concentration also varies with pH levels, as shown in Figure 10(b). At acidic pH1 (4.01),
calcium decreases to 98 mg/L. At neutral pH2 (6.86), it increases to 89.6 mg/L, and at alkaline pH3
(9.18), it rises to 109 mg/L. In acidic conditions, calcium ions tend to precipitate more readily, reducing
the soluble calcium concentration. In contrast, in neutral and alkaline conditions, calcium remains more
soluble, with its concentration increasing as the solubility of calcium compounds, like calcium carbonate,
increases at higher pH levels.

Temperature changes also influence calcium concentration, as seen in Figure 10(c). At Temp. 1
(7°C), calcium is at 143 mg/L, the lowest among the temperatures. At Temp. 2 (25°C), it increases to
112 mg/L, and at Temp. 3 (36°C), it rises to 162 mg/L. The increase in calcium concentration with higher
temperatures suggests that elevated temperatures enhance the solubility of calcium compounds,
leading to higher concentrations of calcium in the water.

Calcium concentration fluctuates with different flow rates, as presented in Figure 10(d). At Q1 (0.5
m/h), calcium is at 153 mg/L, at Q2 (2 m/h), it decreases to 136.9 mg/L, and at Q3 (5 m/h), it rises to
183 mg/L. The increase in calcium concentration at higher flow rates can be attributed to reduced
contact time between the water and the biological filter, diminishing the filter’s ability to remove calcium.
Faster flow rates provide less time for calcium to precipitate or bind to other substances, leading to
higher calcium concentrations in the water.

Calcium concentrations change over exposure time, as shown in Figure 10(e). At T1 (12 hours),
calcium is at 185 mg/L, at T2 (24 hours), it slightly decreases to 188 mg/L, and at T3 (48 hours), it drops
to 135 mg/L. This suggests that longer exposure times enhance calcium removal, likely through ion
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exchange or precipitation processes. The longer the water remains in contact with the filter, the more
calcium ions are removed, resulting in a lower calcium concentration over time.
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Fig. 9: Water quality parameters results under TH variation of the enhanced BSF.
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4.8 Mg variations

Magnesium (Mg) concentration shows a notable decrease with increasing biological layer
thickness, as shown in Figure 11(a). At PM (Polluted Model), magnesium is at 117.2 mg/L. As the
biological layer thickness increases, magnesium concentrations decrease: BL1 (1 mm) has 63 mg/L,
BL2 (2 mm) has 43 mg/L, and BL3 (5 mm) has 56.7 mg/L. The general decreasing trend at BL1 and
BL2 indicates that the biological layer is effective in removing magnesium. However, the increase in
concentration at BL3 suggests that the layer becomes saturated at higher thicknesses, leading to
reduced removal efficiency. This highlights that thinner biological layers are more efficient in removing
magnesium. Magnesium concentration is also significantly influenced by pH, as shown in Figure 11(b).
At pH1 (acidic, 4.01), magnesium is reduced to 93.6 mg/L. At pH2 (neutral, 6.86), it drops further to
45.16 mg/L, and at pH3 (alkaline, 9.18), it increases to 75.94 mg/L. Magnesium behaves differently
across the pH range. In acidic conditions, magnesium precipitates, leading to lower concentrations,
while in alkaline conditions, magnesium becomes more soluble, resulting in higher concentrations. This
reflects the solubility behavior of magnesium, where it is less soluble in acidic conditions and more
soluble in alkaline environments. Temperature changes also affect magnesium concentrations, as
illustrated in Figure 11(c). At Temp. 1 (7°C), magnesium is at 33.46 mg/L, the lowest concentration. At
Temp. 2 (25°C), it increases to 36.6 mg/L, and at Temp. 3 (36°C), it rises further to 62.7 mg/L. The
increase in magnesium concentration with higher temperatures indicates that temperature enhances
magnesium solubility, as higher temperatures tend to increase the dissolution rate of minerals, including
magnesium. Magnesium concentration varies with flow rate, as presented in Figure 11(d). At Q1 (0.5
m/h), magnesium is at 43 mg/L. At Q2 (2 m/h), it decreases to 41 mg/L, and at Q3 (5 m/h), it increases
to 102 mg/L. This trend suggests that flow rate influences magnesium removal. At higher flow rates, the
contact time with the biological filter media decreases, allowing more magnesium to remain in solution.
Conversely, at slower flow rates, the increased contact time facilitates magnesium precipitation or
absorption, resulting in lower concentrations in the water. Magnesium concentrations change over
exposure time, as shown in Figure 11(e). At T1 (12 hours), magnesium concentration is at 44 mg/L, the
highest. At T2 (24 hours), it increases slightly to 47.9 mg/L, and at T3 (48 hours), it decreases to 29
mg/L. This trend suggests that longer exposure times lead to more efficient magnesium removal, likely
through processes like adsorption or precipitation.

4.9 Cl variations

Chloride (Cl) concentration decreases with increasing biological layer thickness, as shown in
Figure 12(a). At PM (Polluted Model), chloride concentration is 499.8 mg/L. At BL1 (1 mm), chloride is
reduced to 275.6 mg/L, and at BL2 (2 mm), it drops further to 174 mg/L. However, at BL3 (5 mm),
chloride concentration increases slightly to 209 mg/L. This indicates that the biological layer is effective
in reducing chloride concentrations, but the reduction becomes less significant at greater layer
thicknesses. The higher chloride concentration at BL3 may be due to limitations in the layer's ability to
remove chloride at larger thicknesses, potentially due to increased flow rates or slower interaction with
the filter media. Chloride concentration is relatively stable across different pH levels, as shown in Figure
12(b). At pH1 (acidic, 4.01), chloride concentration is 199.8 mg/L, and at pH2 (neutral, 6.86), itis 174.65
mg/L. At pH3 (alkaline, 9.18), chloride concentration increases slightly to 224 mg/L. Chloride is generally
unaffected by changes in pH, showing only modest variation across the pH range. The slight increase
at pH3 suggests that chloride is less sensitive to pH changes compared to other ions, maintaining a
relatively stable concentration across different pH levels. Temperature has a notable effect on chloride
concentration, as shown in Figure 12(c). At Temp. 1 (7°C), chloride concentration is 140.55 mg/L, the
lowest observed. At Temp. 2 (25°C), it increases slightly to 134 mg/L, and at Temp. 3 (36°C), it rises
significantly to 199 mg/L. This suggests that chloride solubility increases with temperature, with higher
temperatures leading to higher concentrations. The decrease at Temp. 2 could indicate that other
processes, such as precipitation or adsorption, are reducing chloride levels before the temperature rises
further. Chloride concentration also varies with flow rate, as presented in Figure 12(d). At Q1 (0.5 m/h),
chloride concentration is 164.68 mg/L. At Q2 (2 m/h), the concentration decreases slightly to 149.86
mg/L, but at Q3 (5 m/h), it increases to 188 mg/L. This trend indicates that slower flow rates allow for
more interaction with the filter media, leading to better chloride removal. In contrast, higher flow rates
reduce the contact time with the filter media, allowing more chloride to remain in the water. The increase
at Q3 suggests that higher flow velocities may pose challenges in removing chloride effectively. Chloride
concentration also varies with exposure time, as shown in Figure 12(e). At T1 (12 hours), chloride
concentration is 216.4 mg/L. At T2 (24 hours), it decreases to 183 mg/L, and at T3 (48 hours), it further
drops to 136 mg/L. This indicates that longer exposure times facilitate better chloride removal, likely
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through processes like adsorption onto particulate matter or filtration media. The system's chloride
removal efficiency improves over time as it interacts more with the water.
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Fig. 11: Water quality parameters results under Ca variation of the enhanced BSF.
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4.10 So4 variations

Sulfate (SO4) concentration decreases as the biological layer thickness increases, similar to
chloride but with less drastic reduction, as presented in Figure (13 a). At PM (Polluted Model), sulfate
concentration is 827.63 mg/L. At BL1 (1 mm), it reduces to 488 mg/L, and at BL2 (2 mm), it further
decreases t0 455.19 mg/L. At BL3 (5 mm), the concentration is 483.7 mg/L, indicating that the biological
layer still plays a significant role in reducing sulfate concentrations, although the rate of reduction
diminishes with the increasing thickness of the layer.

Sulfate concentration responds moderately to pH changes, as shown in Figure (13 b). At pH1
(acidic, 4.01), sulfate concentration is 461.6 mg/L. At pH2 (neutral, 6.86), it decreases to 389.45 mg/L.
At pH3 (alkaline, 9.18), the sulfate concentration increases to 478 mg/L. This suggests that the solubility
and mobility of sulfate may vary slightly across different pH values, with a lower concentration at pH2
(neutral) and a slightly increased concentration under more alkaline conditions (pH3). The pH effect on
sulfate concentration is less pronounced compared to other ions like chloride, but it still shows some
influence, particularly at extreme pH values. Sulfate concentration follows a similar pattern to chloride,
see Figure (13 c), with noticeable changes across varying temperature conditions. At Temp. 1 (7°C),
sulfate concentration is 409.77 mg/L. At Temp. 2 (25°C), it rises slightly to 420 mg/L, and at Temp. 3
(36°C), itincreases further to 499 mg/L. The increase in sulfate concentration with temperature suggests
that sulfate solubility increases with temperature, a common characteristic for many dissolved ions. The
higher concentration at Temp. 3 may indicate a greater dissolution of sulfate into the water at higher
temperatures, which is important to consider in warmer water environments where sulfate levels may
spike. Flow rate shows an interesting trend in sulfate concentration, as presented in Figure (13 d). At
Q1 (0.5 m/h), sulfate concentration is 422 mg/L. At Q2 (2 m/h), it decreases slightly to 414 mg/L, and at
Q3 (5 m/h), it rises to 517.4 mg/L. This trend suggests that lower flow rates provide more time for sulfate
interaction with the water treatment system, leading to a reduction in concentration. However, as the
flow rate increases, there may be less contact time, which allows more sulfate to remain in the water.
The sharp increase at Q3 indicates that very high flow rates reduce sulfate removal efficiency, which is
critical in designing water treatment systems to ensure proper contact time for effective removal.

Sulfate concentration decreases over time, see Figure (13 e), with T1 (12 hours) at 506 mg/L, T2
(24 hours) at 494 mg/L, and T3 (48 hours) at 420 mg/L. This shows that as exposure time increases,
sulfate concentration tends to decrease, likely due to processes such as adsorption, filtration, or
chemical reactions with the treatment media.

411  E.coli variations

E. coli concentrations decrease significantly as the biological layer thickness increases, as
presented in Figure (14 a). At PM, the E. coli concentration is 85 CFU/100mL. At BL1 (1 mm), the
concentration decreases to 43 CFU/100mL, and it continues to decrease at BL2 (2 mm), with a
concentration of 16 CFU/100mL. Finally, at BL3 (5 mm), the concentration drops further to 7
CFU/100mL. This trend suggests that the biological layer is effective in reducing E. coli levels, likely
through biological filtration or adsorption processes.

E. coli concentration shows a marked decrease with changes in pH, as shown in Figure (14 b).
At pH1 (acidic, 4.01), the concentration is 5 CFU/100mL. At pH2 (neutral, 6.86), it is even lower at 2
CFU/M100mL. At pH3 (alkaline, 9.18), the concentration increases slightly to 13 CFU/100mL. The
decrease in concentration at acidic and neutral pH suggests that lower pH values may be more effective
in reducing E. coli numbers, likely due to the inhibitory effects of acidic conditions on bacterial survival
and growth. The slight increase in concentration under alkaline conditions (pH3) may indicate that more
favorable conditions for bacterial survival exist at higher pH levels. Temperature has a notable impact
on E. coli concentrations. At Temp. 1 (7°C), the concentration is 9 CFU/100mL, as presented in Figure
(14 c). As temperature increases to Temp. 2 (25°C), the concentration decreases significantly to 2
CFU/100mL, and at Temp. 3 (36°C), it further decreases to 7 CFU/100mL. The higher temperature of
Temp. 2 seems to favor a reduction in E. coli levels, possibly due to the greater activity of disinfectant
processes or temperature-sensitive bacteria. However, at Temp. 3, the increase in concentration could
be due to the potential resurgence of E. coli or a reactivation of dormant bacteria under warmer
conditions. E. coli concentrations change with different flow rates, see Figure (14 d). At Q1 (0.5 m/h),
the concentration is 1 CFU/100mL. At Q2 (2 m/h), the concentration increases to 4 CFU/100mL, and at
Q3 (5 m/h), it rises to 25 CFU/100mL. The exposure time also plays a significant role in the removal of
E. coli. At T1 (12 hours), the concentration is 1 CFU/100mL, and it remains the same at T2 (24 hours).
At T3 (48 hours), the concentration drops to 0 CFU/100mL, as presented in Figure (14 e). This trend
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demonstrates that extended exposure times significantly contribute to the reduction of E. coli, likely due
to the prolonged effect of disinfection or bacterial adsorption processes over time.
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Fig. 13: Water quality parameters results under So4 variation of the enhanced BSF.
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The removel effeciency results indicate that different contaminants respond best under varying
conditions, as shown in Fig. (15) and Table (3). However, a few key trends emerge in microbial
contaminant removal, suspended solids reduction, dissolved solids and conductivity, hardness
reduction, and chloride and sulfate removal.

The highest E. coli removal (100%) occurred at a 48-hour retention time, demonstrating that
prolonged exposure is crucial for eliminating microbial contaminants. The biological layer (2 mm) played
a significant role, removing over 81.2% of bacteria, suggesting that biofilm formation enhances pathogen
reduction.

For suspended solids and turbidity reduction, the best removal was achieved at a 0.5 m/h flow
rate, leading to an 85.4% decrease in turbidity. The biological layer (2 mm) significantly contributed to
filtering fine particles, indicating its effectiveness in reducing suspended matter.

Dissolved solids and conductivity removal were optimal at pH 4.01, likely due to enhanced
chemical interactions at low pH levels. TDS decreased by 65.4%, while EC was reduced by 56.9%,
demonstrating the impact of pH control on filtration efficiency and ion exchange mechanisms. Hardness
reduction varied with temperature and pH conditions. Total hardness (TH) showed the highest reduction
(53.3%) at 25°C, while Calcium (Ca) was best removed at pH 4.01 (61.7%). Magnesium (Mg) exhibited
the most significant decrease (75.2%) at a 48-hour retention time, highlighting the importance of both
pH and contact duration in hardness reduction.

For chloride and sulfate removal, chloride (Cl) showed the highest reduction (73.2%) at 25°C,
suggesting that temperature plays a crucial role in ion exchange and adsorption. Sulfate (SO,) removal
was most effective at pH 6.86 (52.9%), indicating that a neutral pH environment optimizes sulfate
reduction mechanisms. These findings emphasize the importance of adjusting pH, retention time, flow
rate, and biological filtration layers to maximize removal efficiency across different contaminants.
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Fig. 15: Removel effeciency of each parameter during BSF experiments.

Table 4. Removel efficiency of each contamenent.

Parameter Initial Value Final Value Best Condition for Maximum Removal Removal Efficiency [%]
pH 4.01-9.18 4.0-93 pH 6.86 for optimal removal 81.2%
Turbidity 13.7 2 0.5 m/h flow rate 85.40%
TDS 1761.5 609 pH 4.01 65.40%
EC 2710 1167 pH 4.01 56.90%
TH 1120 523 25°C 53.30%
Ca 256 98 pH 4.01 61.70%
Mg 117.2 29 48-hour retention time 75.20%
Cl 499.8 134 25°C 73.20%
SO, 827.63 389.45 pH 6.86 52.90%
E. coli 85 0 48-hour retention time 100%
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5 Conclusion

This study demonstrates the effectiveness of a Cane Papyrus-enhanced biosand filter (BSF) for
improving water quality through optimized operational conditions. The main conclusions are as follows:
1) A 48-hour retention time achieved complete (100%) E. coli removal, highlighting the critical

role of sufficient contact time in microbial inactivation.

2) The presence of a 2 mm biological layer significantly enhanced contaminant removal,
particularly by supporting biofilm development essential for pathogen reduction and suspended solids
filtration.

3) Aflow rate of 0.5 m/h provided the highest reduction in suspended solids and turbidity (85.4%),
emphasizing that lower flow rates favor better physical filtration performance.

4) Acidic conditions (pH 4.01) improved the removal of Total Dissolved Solids (65.4%) and
Electrical Conductivity (56.9%), suggesting enhanced chemical interaction and ion exchange under low
pH environments.

5) Optimal temperature conditions (25°C) supported the greatest reductions in Total Hardness
(53.3%) and Chloride (73.2%) concentrations, while Magnesium removal (75.2%) was maximized at a
48-hour retention time, and Sulfate removal was best at neutral pH (6.86).

6) The findings emphasize that tailoring BSF operational parameters—such as pH, retention
time, flow rate, and biofilm development, to target specific contaminants can significantly improve overall
treatment performance, offering practical, low-cost water purification options for communities in need.

The findings underscore the critical role of optimizing operational parameters, such as pH,
retention time, flow rate, and biological filtration layers, to maximize contaminant removal efficiency in
BSF systems. Tailoring these parameters to specific contaminant types can significantly enhance the
treatment performance of BSF systems, making them more effective for diverse water treatment
applications. Future studies are recommended to explore long-term performance, larger-scale
applications, and comparative evaluations with other natural media to further enhance the practical
application of the system.
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