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Abstract

This study explores the use of sand-based biofilms for the biosorption of Cu ions,
leveraging the natural ability of biofilms to adsorb and immobilize heavy metals. The
research focuses on optimizing biosorption conditions, including contact time, initial
Cu concentration, and pH, while evaluating the broader impacts on water quality
parameters such as Chemical Oxygen Demand (COD), Biochemical Oxygen Demand
(BOD), and Total Dissolved Solids (TDS). The experimental results demonstrated that
biosorption efficiency peaked at a contact time of 1 day, an initial Cu concentration of
100 mg/L, and a pH of 8. At these optimal conditions, the biofilm achieved a
biosorption capacity of 39.7 mg/L for Cu ions. Moreover, the treatment significantly
improved water quality, reducing COD by 77.06%, BOD by 78.92%, and TDS by
30%. The mechanism of biosorption was influenced by the availability of functional
groups within the extracellular polymeric substance (EPS) of the biofilm, which
provided binding sites for Cu ions. The influence of pH was particularly notable, as it
regulated the ionic interactions between Cu?* and the biofilm matrix. This study not
only confirms the effectiveness of biofilm-based biosorption for heavy metal mitigation
but also highlights its dual role in reducing organic and inorganic pollutants in
wastewater. The use of sand as a substrate for biofilm growth adds an element of
scalability and economic feasibility, making it an attractive solution for industrial
applications. The findings underscore the potential of this eco-friendly approach to
contribute to sustainable wastewater management, addressing both environmental and
public health concerns associated with heavy metal contamination. Future research
could explore the application of this method for other heavy metals and its integration

into existing wastewater treatment systems.
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1. INTRODUCTION

Heavy metal pollution has become a significant global concern due to its persistence, bioaccumulation potential, and toxic
effects on ecosystems [1-5] and human health [6—8]. Among various pollutants, copper (Cu) is a commonly found heavy
metal in industrial effluents, including those from mining, metal plating, and electronics manufacturing [9-13]. Although
Cu is essential for biological systems at trace levels, elevated concentrations can lead to severe ecological and health issues
such as oxidative stress, neurotoxicity, and organ damage in humans [14-17].

Conventional methods for heavy metal removal, such as chemical precipitation, ion exchange, and activated carbon
adsorption [18], have limitations, including high operational costs, inefficiency at low pollutant concentrations, and
secondary pollution from chemical residues [19,20]. Biosorption, a process leveraging biological materials like microbial
biofilms, has emerged as a cost-effective [21] and environmentally friendly alternative for heavy metal remediation [22,23].
Biofilms, microbial communities embedded within an extracellular polymeric substance (EPS), offer unique advantages
for biosorption [24—29]. The EPS contains functional groups such as carboxyl (-~COOH), hydroxyl (-OH), and amino (-
NH,) that play a crucial role in metal ion binding [30-33]. These groups interact with Cu®* ions through electrostatic
attraction, complexation, and ion exchange, enhancing biosorption efficiency [32,34,35]. Sand was chosen as a medium
for biofilm cultivation due to its wide availability, low cost, and high surface area. This study aims to explore the optimal
conditions for Cu biosorption using sand-based biofilms, including contact time, initial metal concentration, and pH.
Furthermore, the study evaluates the broader environmental implications by analyzing changes in water quality parameters,
namely COD, BOD, and TDS.

2. MATERIALS AND METHODS
2 1. Biofilm Cultivation

The biofilm was cultivated using sand as a medium in a bioreactor tank designed to optimize microbial growth. The
bioreactor tank was made of glass with dimensions of 100 x 10 x 10 cm and did not have an aerator, relying solely on direct
oxygen diffusion from the atmosphere. Due to the wastewater level being less than 10 cm, oxygen transfer occurred
naturally at the air-water interface. Additionally, mixing within the bioreactor created turbulence, enhancing oxygen
availability, though not as effectively as an aeration system. To simulate continuous flow conditions while operating in
batch mode, an internal recirculation system (mimicking continuous flow) [36] was implemented. The bioreactor tank
consisted of three main sections: a recirculation pump chamber (A), which facilitated the internal flow circulation; a packed
column chamber (B) filled with sand for biofilm attachment; and a mixing chamber (C) where copper waste was introduced
(See). This recirculation system ensured uniform distribution of nutrients and contaminants, promoting stable microbial

activity throughout the process.
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Figure 1. Design of batch process bioreactor with internal recirculation flow using sand filling material as a medium for forming

biofilm by attached growth microorganisms
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The sand used as a medium is washed clean using aqueous water to remove impurities, then dried and sterilized to avoid
contamination. This sand is then put into the bioreactor tank fill column. Clean water is continuously flowed through the
sand for several days to allow the formation of biofilms [37]. As an additional nutrient to accelerate microbial growth, 1
tablespoon of granulated sugar is added to the water stream.

The formation of biofilms is characterized by the appearance of a thin layer of mucus on the surface of the sand. This mucus
1s an extracellular matrix produced by microbes to protect themselves and strengthen adhesion to the sand substrate. This
process takes 7 days for the biofilm to reach optimal maturity for use in biosorbation experiments. The 7-day period
represents the time required for the adaptation process (lag phase) until the exponential growth phase is reached, which is

indicated by the visible formation of biofilm.
2.2. Experimental Setup

The experimental setup was conducted using CuSO, solution as the source of copper ions. A 1000 mg/L stock solution of
Cu was prepared by dissolving 3.92 g of CuSO,5H,O in 1 L of deionized water in a volumetric flask. This stock solution
was then diluted as needed to obtain working solutions with specific concentrations (10, 40, 100, 200, and 250 mg/L).
The copper solution was introduced into the bioreactor tank through an internal-recirculation system, ensuring
continuous circulation throughout the bioreactor. To maintain solution homogeneity, the tank was equipped with a
stirrer. Contact time variations were performed by measuring biosorption at time intervals of O days, 1 day, 2 days, and 3
days.

The pH of the solution was adjusted using H,SO, to lower the pH or NaOH to increase it, with target values set at pH 6,
7, and 8. After the treatment was completed, the copper solution in the tank was collected for analysis, and the amount of
copper ions adsorbed onto the biofilm was calculated based on the difference between the initial and final solution

concentrations.
2.3. Analytical Method
2.3.1. Copper lon (Cu) Concentration Analysis

The concentration of copper ions in the solution was analyzed using Atomic Absorption Spectrophotometry (AAS) at a
wavelength of 324.8 nm. Before measurement, the instrument was calibrated using standard Cu solutions with
concentrations of 0 mg/L (blank), 25 mg/L, 75 mg/L, 100 mg/L, 150 mg/L, 200 mg/L, and 250 mg/L. The absorbance of
the solution was measured, and a calibration graph (standard curve) of concentration versus absorbance was created to

determine the Cu concentration in the sample solution (Figure 2).
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Figure 2 The Standard Curve of Dissolved Copper Concentration versus Absorbance Measured Using Atomic Absorption
Spectrophotometry (AAS) at a Wavelength of 324.8 nm.
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2.3.2. Chemical Oxygen Demand (COD) Analysis

COD measurement was conducted using the open reflux method in accordance with SNI 06-6989.15-2004. A 10 mL
sample solution was mixed with 0.2 g of HgSO, and 5 mL ot 0.25 N K,Cr,O;, solution, followed by the addition of 15
mL of concentrated H,SO, solution. The mixture was shaken and refluxed for 2 hours.

After refluxing, the solution was cooled, diluted with deionized water to a total volume of 70 mL, and titrated using 0.1
N Ferrous Ammonium Sulfate (FAS) solution with ferroin indicator. The volume of titrant used was recorded, and the
COD value was calculated using the following formula:

(A - B) x Nggg x 8000
Vs
where: A is FAS titration volume used for blank titrationo (mL); B is FAS titration volume used for sample titration (mL);

COD =

NEas 1s FAS normality (N); and V| is Sample volume (mL).
COD reduction performance:

COD45-COD

after «100%
COD;,

% COD removal =

nitial

2.3.3. Biochemical Oxygen Demand (BOD) Analysis
BOD measurements were carried out by the Winkler titration method according to SNI standard 06-6989.14-2004. The
solution sample was incubated for 5 days at 20°C in a Winkler bottle, then dissolved oxygen (DO) levels were measured

before (DOy) and after incubation (DOs). The BOD calculation is carried out using the following formula:

P(A-B)N=x8000
v

where: P is dilution; A is the titrant volume used on DOy; B is the titrant volume used on DOs; DOy is dissolved oxygen

BOD =

at initial days; DOs is dissolved oxygen after 5 days; N is normality of thiosulfate solution; and V is titrized volume.

BOD reduction performance:

BOD. .. .-BOD
% BOD removal= };ng;l) after x100%

initial

3. RESULT AND DISCUSSION
3.1. Optamal Contact Time

The biosorption efficiency increased with contact time, reaching an optimal value after 1 day (24 hours). At this point, the
absorbance of Cu ions dropped significantly, indicating maximum binding by biofilm functional groups. Prolonged contact
time (beyond 1 day) showed no further increase in biosorption, suggesting saturation of active sites on the biofilm.

This finding aligns with kinetic studies of biosorption, where the initial phase is rapid due to abundant binding sites. Over
time, as the sites become occupied, the rate of biosorption diminishes until equilibrium is reached. Rapid biosorption
within 24 hours demonstrates the practicality of this method for industrial applications, where short processing times are
critical (Figure 3).

The biosorption of Cu* onto the sand-based biofilm was influenced by factors such as pH, initial Cu concentration, and
contact time. The observed removal efficiency suggests that biosorption involves a combination of electrostatic attraction,
complexation, and ion exchange within the extracellular polymeric substances (EPS) of the biofilm. Future studies should

further investigate the adsorption behavior using isotherm models to quantify the adsorption capacity more accurately .
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Figure 3. The graph of the relationship between contact time and absorbance for copper ion biosorption at an initial Cu
concentration of 4 mg/L shows that Cu ions were reduced to approximately 0.279 mg/L after 3 days (not the optimum time) and
only decreased to 2.596 mg/L after 1 day (the optimum time). A 1-day contact time was chosen as the optimum time considering

that it provided a significantly reduced Cu concentration within a shorter duration. The coordinate point (1, 0.0134) was considered

the closest linear point to the (0,0) coordinate on the graph.
3.2, Influence of Cu Concentration

Initial Cu concentration played a pivotal role in biosorption efficiency. The system achieved maximum efficiency at 100
mg/L, with a biosorption capacity of 39.7 mg/L. Beyond this concentration, the biosorption rate plateaued, likely due to
the saturation of binding sites within the EPS. At higher concentrations (200-250 mg/L), the system's performance declined
slightly, suggesting competition among Cu 1ons for limited sites.

The Cu biosorption capacity by bacterial biofilm layers growing on sand media in a batch process bioreactor with internal
recirculation, calculated based on the difference between the initial Cu concentration and the Cu concentration after

treatment as can be seen in Figure 4 and 5.
The Reduction of Cu Concentration (AC) = [Culipirias — [Culafeer

15

10

Reduction of Cu Concentration, AC

0 50 100 150 200 250

Initial Cu concentration, mg/L

Figure 4. The relationship between the initial dissolved Cu concentration (mg/L) and the Cu biosorption capacity by bacterial
biofilm layers growing on sand media in a batch process bioreactor with internal recirculation, expressed based on the reduction in

Cu concentration (AC) in mg/L after 1 day
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Figure 5. The relationship between the initial dissolved Cu concentration (mg/L) and the Cu biosorption capacity by bacterial
biofilm layers growing on sand media in a batch process bioreactor with internal recirculation, expressed based on the reduction in

the percentage of Cu removal after 1 day

3.3. Role of pH in Biosorption

The pH significantly influenced the biosorption process. The highest efficiency was observed at pH 8, where Cu ions
interacted optimally with negatively charged functional groups in the EPS. At lower pH levels, excess H* ions competed
with Cu? for binding sites, reducing biosorption efficiency. Conversely, at pH levels above 8, Cu ions began forming
insoluble hydroxides (Cu(OH),) where its K, is 2.2 x 1072%, limiting their availability for biosorption.

These results underscore the importance of maintaining optimal pH conditions to maximize the eftectiveness of biofilm-
mediated biosorption.
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Figure 6. The effect of pH on the efficiency of Cu ion concentration reduction was evaluated at an initial concentration of 100
mg/L. pH levels above 8 were not evaluated because, at this pH, Cu precipitates as Cu(OH),, making it unavailable for

biosorption.

3.4. Water Quality Imporvements

Biosorption not only reduced Cu concentrations but also significantly improved water quality:
e COD: Decreased from 1077.12 mg/L to 247.10 mg/L (77.06%), indicating substantial removal of organic pollutants.
e BOD: Reduced from 372.92 mg/L to 78.62 mg/L (78.92%), suggesting effective biodegradation of organic matter.
e TDS: Declined from 510 mg/L to 357 mg/L (30%), reflecting reduced dissolved solids after treatment.
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The reduction in COD and BOD aligns with the biofilm's ability to degrade organic matter, while TDS improvements
highlight its effectiveness in capturing inorganic ions. These results demonstrate the dual functionality of biofilms in heavy
metal mitigation and organic pollutant removal. Although the levels observed after 1 day of treatment are still below the
applicable quality standards set by government regulations in Indonesia, this approach has significant potential for industrial
applications. Integration with other processes and the possibility of improving efficiency by replacing the sand medium

with alternative materials could further enhance its effectiveness.

Table 1. The performance of metal ion biosorption by microbial biofilm attached to sand media in a batch bioreactor with internal

recirculation after 1 day for selected water quality parameters.

Test Results Wastewater Quality
Parameters
Initial After 1 day % removal Standards*
COD (mg/L) 1077.12 247.10 77.06 25
BOD (mg/L) 372.92 78.62 78.92 3
TDS (mg/L) 510 357 30 1000
Cu (mg/L) 10 8.97 10.25 0.02
40 30.25 24.36 0.02
100 60.28 39.72 0.02
200 162.13 18.94 0.02
250 212.49 15.01 0.02

* Referring to Class IT Water Quality Standards in Government Regulation of the Republic of Indonesia No. 22 of 2021, Annex VI

Compared to conventional techniques such as activated carbon adsorption and chemical precipitation, biofilm-based
biosorption offers several advantages: (1) lower operational costs, (2) minimal secondary waste generation, and (3)
simultaneous removal of organic pollutants. While activated carbon has higher adsorption capacities, it requires

regeneration, making it less sustainable in the long term.

3.5. Environmental Implications

The significant reduction in COD, BOD, and TDS highlights the broader environmental benefits of using biofilm -based
biosorption. By improving water quality, this method supports aquatic ecosystem health and reduces the ecological
footprint of industrial effluents. Additionally, the use of sand as a biofilm substrate ofters scalability and economic feasibility

for widespread implementation.

4. CONCLUSION

This study demonstrates the eftectiveness of sand-based biofilms for Cu biosorption and water quality improvement. The
optimal conditions—1-day contact time, 100 mg/L Cu concentration, and pH 8—maximize biosorption efficiency while
reducing COD, BOD, and TDS. These findings suggest that biofilm-based biosorption is a viable and eco-friendly

solution for treating heavy metal-laden wastewater, with significant potential for industrial applications.

These findings suggest that biofilm-based biosorption is a viable and eco-friendly solution for treating heavy metal-laden
wastewater. Future research should focus on scaling up the system for industrial applications, optimizing biofilm
composition to enhance adsorption efficiency, and integrating this approach with existing wastewater treatment systems
for maximum impact. Additionally, testing this method for other heavy metals such as lead (Pb) and cadmium (Cd) would

turther validate its applicability across various industrial effluents
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