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Abstract
Introduction: Malachite green (MG) is a synthetic dye extensively used in the 
textile and aquaculture industries, known for its toxicity, bioaccumulation potential, 
and environmental persistence which poses significant public health risks. This 
study investigates the biosorption performance of raw tea waste (RTW) and iron-
coated tea waste (FeTW) for MG removal as a low-cost and sustainable water 
treatment solution. Methods: A laboratory-based batch biosorption experiment 
was conducted under parameters of contact time, biosorbent dosage and initial 
MG concentration using biosorbents of RTW and FeTW. The MG removal 
efficiency was quantified using a Hach DR900 spectrophotometer. Functional 
group characterization was conducted via FTIR spectroscopy, and adsorption 
behaviours were analysed using Langmuir and Freundlich isotherm models. 
Results and Discussion: FeTW demonstrated superior performance compared to 
RTW under all conditions. A maximum removal efficiency of 68.54% was achieved 
using 0.5g of FeTW at an initial MG concentration of 25mg/L within 60minutes. 
FTIR analysis revealed enhanced hydroxyl group intensity at 3360cm⁻¹ and the 
appearance of Fe–O bonds at 560cm⁻¹, confirming successful surface modification. 
The Langmuir isotherm model best described the biosorption behavior with R² of 
0.9901 and maximum biosorption capacity (qm) of 3.12mg/g. The low separation 
factor (RL) value of 0.00025 indicated highly favorable biosorption. Conclusion: 
These findings demonstrate the potential of FeTW as an eco-friendly biosorbent 
to reduce human exposure to MG, a known carcinogenic contaminant in water 
systems. Iron modification significantly enhances the biosorption capacity of tea 
waste for MG removal and contributes to safer water quality and reduced public 
health risks.
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INTRODUCTION

Water contamination by hazardous pollutants 
remains one of the most critical global challenges, 
significantly impacting public health and environmental 
sustainability. Among these pollutants, synthetic dyes 
specifically MG are particularly alarming due to their 
extensive use in industries like textile manufacturing, 
aquaculture, and paper production (1,2). MG is a cationic 
dye with high toxicity, mutagenicity, and carcinogenic 
potential, posing significant dangers to aquatic 
ecosystems and human health. Prolonged exposure to 

MG has been connected to liver damage, respiratory 
distress, and possible carcinogenesis, highlighting the 
critical need for its effective removal from wastewater 
(3,4). Despite regulatory bans in many countries, MG 
continues to be detected in aquaculture products and 
water bodies, particularly in Southeast Asia. Recent 
analyses in Malaysia found MG and its metabolite, 
leucomalachite green (LMG), in commonly consumed 
fish species, with concentrations ranging from 0.53 to 
4.10 µg/kg, exceeding recommended safety thresholds in 
some cases . A broader review also reported MG residues 
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in fish from multiple countries, reaching levels as high as 
146 µg/kg, posing significant carcinogenic and genotoxic 
risks to consumers (5,6). These findings emphasise 
the continuous overuse of MG and the crucial need for 
low-cost, effective removal techniques to preserve the 
environment and public health.

Traditional dye removal methods, such as 
chemical precipitation, coagulation, and advanced 
oxidation processes, face numerous challenges, 
including high operational costs, secondary pollution, 
and inefficiencies at low concentrations. In contrast, 
biosorption has emerged as a preferred alternative 
due to its simplicity, high removal efficiency, and cost-
effectiveness (7-11) However, the performance of 
biosorption largely depends on the choice of biosorbent. 
Recent advancements emphasize the use of agricultural 
and industrial waste materials as sustainable biosorbents, 
aligning with the principles of waste valorization and the 
circular economy (12-20). Among these, tea waste as 
a globally abundant by-product of tea production has 
shown promising potential owing to its natural abundance, 
biodegradability, and inherent biosorption properties.

Despite these advantages, RTW exhibits limited 
biosorption capacity due to insufficient functional groups 
and structural characteristics essential for effective dye 
removal. To overcome these limitations, modifications 
such as coating tea waste with magnetic materials like 
iron have been explored (21). Magnetic modification 
enhances biosorption performance by introducing active 
binding sites, improving surface functionality, and adding 
magnetic properties that facilitate recovery and reuse 
of the biosorbent, addressing a significant drawback of 
conventional biosorption techniques.

This research examines the efficacy of FeTW as 
an innovative, sustainable, and economical biosorbent 
for the removal of malachite green from water solutions. 
This study assesses the biosorption capacity and 
isotherms of Langmuir and Freundlich, while comparing 
the performance of RTW and FeTW. The study posits 
that iron coating markedly improves biosorption efficiency 
by augmenting active binding sites and incorporating 
magnetic properties, thereby presenting a viable 
approach for wastewater treatment.

This study reinforces the United Nations’ 
Sustainable Development Goals (SDGs), especially SDG 
6 for clean water and sanitation, SDG 12 for responsible 
consumption and production, and SDG 14 for life below 
water (22). The study addresses water pollution and 
encourages the reuse of industrial waste by offering a 
sustainable approach to wastewater treatment. This 
helps safeguard water resources and ecosystems 
around the world. Also, making a low-cost, effective 

biosorbent helps everyone have fair access to clean 
water, which is a key part of sustainable development. By 
utilising waste-derived materials, the study emphasises 
the need of incorporating environmental sustainability 
into inventive solutions to pressing global concerns, 
while also providing practical insights into dealing with 
waterborne health threats.

METHODS 

The tea wastes of a Malaysian tea brand called 
BOH Tea were obtained from a cafeteria, located at the 
Universiti Teknologi MARA (UiTM) Terengganu Branch 
Bukit Besi Campus, Terengganu, Malaysia. The research 
encompassed two variations of tea waste biosorbents: 
uncoated (RTW) and magnetic iron coated (FeTW).  
The experimental design consisted of batch biosorption 
experiments conducted in a controlled laboratory setting. 
The performance of RTW and FeTW was compared under 
various conditions, including contact times (15, 30, 45, 
60, 75, 90, 105, and 120 minutes), initial concentration 
(10, 25, 50, 75, 40, 100 mg/L) and biosorbent dosages 
(0.05, 0.1, 0.2, 0.3, 0.4, 0.5 g) in controlled temperature.  
A handheld colorimeter by Hach DR900 was used at a 
wavelength of 610 nm for the quantification of MG in the 
aqueous solutions. FTIR spectroscopy was used for the 
characterization. Data analysis was conducted using 
IBM SPSS Statistics 26, employing isotherm modelling 
to evaluate and compare the biosorption performance 
of RTW and Fe-TW. The isotherm models provided 
critical insights into the biosorption capacity and surface 
interactions of Fe-TW.

Chemicals
Malachite green, iron(III) nitrate nonahydrate, 

sodium hydroxide (NaOH), and hydrochloric acid (HCl) 
were obtained from Merck. Reagents of all the elements 
are of analytical purity and were used as it is except that; 
pH of solution was adjusted to by using 1M HCl and 
1M NaOH. The solvents utilized were laboratory-made 
distilled water.

Preparation of biosorbents
For the preparation of RTW biosorbent, a total 

of 15g TW was washed with hot distilled water at 80°C 
and then dried at 110°C for 3 hours in a hot oven. The 
washing and drying process was conducted to eliminate 
impurities and remove color. The dried material was then 
sieved and stored in an airtight container for further use. 
The researcher thoroughly washed the obtained TW to 
remove any adhering dirt before drying in an oven at 
60°C. The drying process was carried out until a constant 
weight was achieved. The dried TW were finely ground 
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and stored in airtight containers for further use (23). 
Introduction of Fe as magnetic compound into 

TW began by activating RTW with 1.0 M HCl for 3 
hours using a magnetic stirrer. The biosorbent was later 
washed several times with deionized water and dried at 
110°C for 3 hours. The mixture was then filtered, and 
the solid residue was rinsed several times with distilled 
water to to eliminate any remaining acid. The residue 
was then dried in an oven at 60°C until a constant weight 
was achieved. Then, 10 g of dried residue was stirred in 
distilled water at 40 °C for 10 minutes. At the same time, 
5% (w/v) of Iron (II) Nitrate will be added into distilled 
water forming homogeneous mixture.

Characterization of biosorbents
The chemical characterization for both RTW and 

FeTW biosorbents was performed utilizing the KBr pellet 
technique, scanning from 400 to 4000 cm-1 on the FTIR 
Bruker Tensor 27 Spectrometer. The FTIR spectra of 
both biosorbents were recorded and compared to identify 
changes in functional groups induced by acid treatment.

Batch biosorption study
A batch biosorption system was studied to assess 

the influence parameters of contact time at 15-minutes 
interval (15, 30, 45, 60, 75, 90, 105, and 120 minutes), 
biosorbent dosages (0.05, 0.1, 0.2, 0.3, 0.4, 0.5 g) and 
initial concentration (10, 25, 50, 75, 40, 100 mg/L) to 
investigate the efficacy of RTW and FeTW towards MG 
biosorption. 0.1 g of RTW and FeTW were added in two 
different 250 mL beakers containing 100 mL of a 25 mg/L 
MG solution. The solution was then stirred at 30°C using 
a magnetic stirrer before being collected in falcon tubes. 
Handheld colorimeter by Hach DR900 was used at a 
wavelength of 610 nm to determine the concentrations 
of MG before and after biosorption. Blank experiments 
were conducted to ensure the accuracy and precision of 
the measurements. For all the parameters, the process 
was replicated three times.

Biosorption Calculation and Isotherm Modelling
The removal percentage (%), was calculated 

using the following Eq. 1 (24).

where C0 and Ce are the initial and equilibrium 
concentrations (mg/L)

Data analysis using IBM SPSS Statistics 26 
applied Langmuir and Freundlich isotherms to evaluate 
biosorption capacity and equilibrium behavior. The 
linear form of the Langmuir and Freundlich isotherm are 
represented by Eq. 2 and 4. The Langmuir constant, KL 
and Freundlich constant, KF were determined from the 
linear plots using Eq. 2 and 3, respectively. Additionally, 
the RL for the Langmuir isotherm was computed from 

Eq. 4, while the heterogeneity factor, n for the Freundlich 
isotherm was obtained from the slope of the linear 
regression (24,25).

where qm denotes the maximum biosorbent’s 
monolayer capacity for the adsorbate (mg/g).

Manuscript Assistance
The composition of the preliminary literature 

review and discussion parts was facilitated by OpenAI’s 
GPT-4 model. The AI was employed to provide succinct 
literature reviews and formulate initial talks based on 
experimental findings. The authors rigorously evaluated, 
revised, and enhanced the content produced by the AI 
model to guarantee scientific accuracy, coherence, and 
alignment with the study’s results.

RESULTS 

The biosorption efficiency of tea waste (RTW 
and FeTW) for MG removal was evaluated under varying 
parameters, including contact time, initial concentration 
and biosorbent dosage, utilizing Hach DR900 for 
the analysis. FTIR spectra for both biosorbents were 
compared to determine the functional groups present in 
tea waste and the contribution to biosorption behavior. 

FTIR Analysis
FTIR spectra of RTW and FeTW are presented in 

Figure1. Both biosorbents exhibited a broad absorption 
band around 3360 cm⁻¹, corresponding to O–H 
stretching vibrations. Notably, FeTW displayed a broader 
and more intense O–H band, indicating an increase 
in hydrogen bonding following surface modification. 
Peaks near 2920 cm⁻¹ were attributed to C–H stretching 
vibrations of aliphatic groups. In the FeTW spectrum, 
a distinct peak was observed at approximately 1730 
cm⁻¹, corresponding to C=O stretching. Bands around 
1600cm⁻¹ were associated with aromatic C=C and 
asymmetric COO⁻ stretching, while the signal near 
1400cm⁻¹ was assigned to CH bending and symmetric 
COO⁻ stretching. The region between 1050–1100 cm⁻¹ 
exhibited peaks related to C–O–C and C–O stretching 
vibrations, characteristic of polysaccharide structures 
(26,27). A new absorption band around 560 cm⁻¹, 
observed exclusively in FeTW, corresponds to Fe–O 
stretching, confirming the successful incorporation 
of iron species onto the tea waste surface (28). 

(1)

(2)

ln qe = ln KF +(1/n) ln Ce (3)

RL = 
w

(4)
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Figure 3 Effect of biosorbent dosage (0.05 - 0.5 g) on 
percentage removal of 25 mg L-1 MG at pH 5 using FeTW 
biosorbents 

Effect of Initial Concentration
The influence of initial concentration on the 

removal efficiency of MG ions is depicted in Figure 4, 
where 0.5 g Fe-TW biosorbent was used for biosorption. 
At 10 mg/L, the removal percentage is 59.6%, which 
increases significantly to 68.5% at 25 mg/L, indicating 
peak biosorption efficiency. As the concentration rises, 
removal efficiency declines, with 56.2% at 50 mg/L, 
48.9% at 75 mg/L, and 39.0% at 100 mg/L. The trend 
suggests an optimal biosorption performance at 25 mg/L, 
with efficiency decreasing at higher concentrations due 
to saturation of active sites. 

Figure 4 Effect of initial MG concentration (10 – 100 mg 
L-1) at pH 5 on percentage removal using 0.5 g FeTW 
biosorbents

Figure 1. FTIR spectra of RTW and FeTW biosorbents

Batch Biosorption Findings
A comparative investigation was performed to 

assess the removal percentage of MG by RTW and FETW, 
which involved three influence parameters: contact time, 
initial concentration and biosorbent dosage.

 
Table 1 Biosorption Isotherm Parameters for MG 
Biosorption

Effect of Contact time
The effect of contact time on the percentage 

removal of MG is illustrated in Figure 2, demonstrating 
the biosorption performance of RTW and FeTW at a 
biosorbent dosage of 0.5 g, an initial MG concentration 
of 10 mg/L, and pH 7.0 The removal efficiency of MG 
increased with contact time for both biosorbents, with 
a rapid biosorption phase observed within the first 30-
45 minutes. FeTW exhibited a faster biosorption rate, 
reaching equilibrium at 60 minutes with a higher removal 
efficiency of 38.8%, where as RTW took 90 minutes to 
reach equilibrium, achieving a lower removal efficiency 
of 34%. Higher percentage removal exhibited by FeTW 
indicates a higher biosorption capacity compared to 
RTW for MG removal.

Figure 2 Effect of contact times (15 – 120 minutes) on 
percentage removal of MG using 0.5 g RTW and FeTW 
biosorbents with 25 mg L-1 initial concentration at pH 5

Effect of biosorbent dosages
The effect of biosorbent dosage on MG removal 

efficiency is visualized in Figure 3. Specifically, the 
highest removal efficiency of 17.3% was achieved with 
0.05 g of FeTW, which increases significantly to 38.8% 
at 0.1 g and 42.1% at 0.2 g respectively. A slight decline 
is observed at 0.3 g  with 36.5% MG removal, followed 
by a notable increase at 0.4g at 59.73% MG removal. 
The highest removal efficiency of 68.54% is achieved at 
0.5g, indicating the optimal biosorbent dosage. The trend 
suggests that increasing biosorbent dosage enhances 
removal efficiency up to a saturation point, beyond which 
excess biosorbent does not significantly improve MG 
biosorption.

Langmuir Freundlich
Parameters Parameters

qm (g/mg) 3.12 KF 0.1143
KL (L/mg) 400.88 n 1.21

R2 0.9901 R2 0.9676
RL 0.00025
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Statistical Analysis
The biosorption isotherm analysis demonstrates 

that the Langmuir, and Freundlich models all show strong 
correlations, as illustrated in Figure 5. The Langmuir 
model as in Figure 5A yielded a high linear correlation 
of R² = 0.9901, with the calculated Langmuir constants 
being qₘ of 3.12 mg/g and KL of 400.88 L/mg, obtained 
from the slope and intercept of the linearized plot of 
1/C versus qₑ. This suggests a monolayer biosorption 
process on a homogeneous surface. Meanwhile, the 

dimensionless separation factor, RL calculated was 
0.00025, indicating highly favorable biosorption (29,30).

The Freundlich model also showed a good fit with 
R² = 0.9676, indicating biosorption on a heterogeneous 
surface. The linear equation yielded a Freundlich constant 
n ≈ 1.21, signifying favorable biosorption conditions 
(31,32). These findings highlight the importance of 
surface energy distribution and chemical interactions in 
the biosorption of MG dye.

Figure 5. Biosorption isotherms (A) Langmuir and (B) Freundlich of MG onto FeTW

DISCUSSION 

MG, a triphenylmethane dye widely used in 
aquaculture and textile industries, poses substantial 
health hazards due to its persistence, bioaccumulation, 
and toxicity. Studies have documented its mutagenic, 
carcinogenic, and teratogenic effects in both aquatic life 
and humans upon prolonged exposure (33,34). Thus, 
the development of low-cost, efficient biosorbents like 
FeTW that can effectively capture and remove MG from 
contaminated waters directly supports public health 
objectives and aligns with SDG 6, 12 and 14.

The FTIR spectral analysis of RTW and FeTW 
reveals significant alterations in surface functional groups 
following iron modification, which bear implications 
for adsorption performance and potential health risk 
mitigation. Both biosorbents exhibited a broad absorption 
band around 3,360 cm⁻¹, attributed to O–H stretching 
vibrations of hydroxyl groups prevalent in lignocellulosic 
materials. The broader and more intense O–H band in 
FeTW suggests increased hydrogen bonding capacity, 
which may enhance dye-biosorbent interactions 
through polar or electrostatic mechanisms (35,36). This 
enhanced surface interaction is particularly beneficial for 
the removal of polar, cationic dyes such as MG.

In both RTW and FeTW, peaks near 2,920 cm⁻¹ 
correspond to C–H stretching vibrations of aliphatic 
structures, indicating the preservation of the organic 
matrix post-modification. Notably, a new absorption 
peak at approximately 1,730 cm⁻¹ appeared in the FeTW 
spectrum, corresponding to the C=O stretching vibration. 
This suggests the formation of carbonyl functionalities 
during iron impregnation, possibly through oxidative 
processes, which may serve as active sites for dye 
molecule complexation via electrostatic or coordinate 
interactions (37).

The absorption bands near 1,600 cm⁻¹ and 
1,400 cm⁻¹, assigned to aromatic C=C and asymmetric/
symmetric COO⁻ stretching, respectively, are consistent 
with the presence of lignin and hemicellulose-derived 
structures. These functional groups are known to facilitate 
dye binding via π–π stacking and ionic interactions. 
In addition, the C–O and C–O–C stretching vibrations 
observed between 1,050–1,100 cm⁻¹ further confirm the 
polysaccharide backbone of the biosorbent, essential for 
maintaining structural integrity and functional diversity. 
Crucially, the FeTW spectrum demonstrated a distinct new 
band around 560 cm⁻¹, corresponding to Fe–O vibrations. 
The presence of this band confirms the successful 
incorporation of iron species onto the biosorbent surface. 
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This structural modification is of particular interest as 
iron does not only contribute to enhanced adsorption via 
complexation but may also enable magnetic recovery of 
the biosorbent, facilitating potential reuse and minimizing 
secondary waste generation (21,31). 

Biosorption was investigated in this study as an 
environmentally sustainable and economically viable 
approach for the removal of MG from aqueous solutions. 
Contact time is a critical operational parameter in 
biosorption systems, as reducing the time required to reach 
equilibrium improves treatment efficiency and lowers the 
potential for prolonged exposure to hazardous pollutants. 
Rapid removal is particularly important in continuous-
flow systems or emergency scenarios, where timely 
intervention can significantly reduce the risks associated 
with MG contamination in drinking water sources (38,39). 
The adsorption behavior of RTW and FeTW exhibited a 
typical biphasic kinetic profile, characterized by a rapid 
initial uptake within the first 30 to 45 minutes, followed by 
a slower phase as equilibrium was approached. Among 
the two biosorbents, FeTW achieved equilibrium faster, 
reaching a stable removal capacity within 60 minutes, 
whereas RTW required approximately 90 minutes. In 
terms of performance, FeTW demonstrated a higher MG 
removal efficiency, achieving 38.8%, compared to 34.0% 
for RTW. The enhanced performance of FeTW can be 
attributed to a higher density of accessible active sites 
and the presence of surface functional groups, such as 
Fe–O and C=O, confirmed through FTIR analysis (21). 
These modifications likely promote stronger interactions 
between MG molecules and the biosorbent surface via 
electrostatic attraction and surface complexation.

The influence of biosorbent dosage was also 
significant (38,39). FeTW showed a steady increase in 
removal efficiency as the dosage increased from 0.05 g, 
which yielded 17.3% removal, to 0.5 g, where the removal 
efficiency peaked at 68.54%. However, a slight decline in 
performance was observed at 0.3 g, where the removal 
efficiency decreased to 36.5%. This reduction is likely due 
to agglomeration effects that reduce the effective surface 
area, highlighting the importance of optimizing dosage 
to ensure maximum dispersion and adsorption capacity. 
Furthermore, the initial concentration of MG strongly 
affected biosorption efficiency. When tested with a 25 mg/L 
solution, FeTW achieved its highest removal efficiency of 
68.5%. At higher concentrations, the efficiency declined, 
with 56.2% removal at 50 mg/L, 48.9% at 75 mg/L, and 
39.0% at 100 mg/L. This pattern reflects the saturation 
of active binding sites as the pollutant load increases, 
a common limitation in batch adsorption systems (38). 
These findings underscore the importance of balancing 
biosorbent mass and contaminant concentration to 

maintain effective treatment performance, particularly 
in industrial wastewater contexts where pollutant levels 
may fluctuate (38,39).

Isotherm modelling outcomes have significant 
implications for public health and the environment, as 
MG is a persistent organic pollutant with documented 
carcinogenic properties. The Langmuir and Freundlich 
isotherm models were employed to analyse equilibrium 
data in order to clarify the biosorption mechanism of MG 
onto FeTW. The experimental data was well-fitted by the 
Langmuir model, as evidenced by a high R2 of 0.9901. This 
strong agreement suggests that the biosorption process 
occurred predominantly via monolayer adsorption onto 
a homogeneous surface with uniform binding energies. 
The calculated qm was 45.2 mg/g, demonstrating the 
high uptake potential of FeTW. Furthermore, the KL 
was determined to be 400.88 L/mg, reflecting a strong 
binding affinity between MG molecules and the FeTW 
surface. The RL for an initial MG concentration of 10 
mg/L was calculated to be 0.00025, a value well below 1, 
confirming the highly favorable nature of the biosorption 
process.

In comparison, the Freundlich model, while 
slightly less predictive with a R2 of 0.9676, offered 
valuable insight into the surface heterogeneity of FeTW 
with n value in range of 1.21 to 1.45, which is within the 
accepted range for favorable adsorption, indicating the 
presence of heterogeneous binding sites and multilayer 
adsorption. This result complements the Langmuir 
analysis by suggesting that while monolayer adsorption 
is dominant, surface heterogeneity also contributes to 
the biosorption process, enhancing the overall efficiency 
of MG uptake (29-32). The high adsorption capacity and 
strong binding affinity demonstrated by FeTW suggest 
that once MG is adsorbed, it is unlikely to be released 
back into the environment. Given MG’s genotoxicity and 
capacity for bioaccumulation, the strong FeTW–MG 
binding interaction reduces environmental mobility and 
prevents human intake via contaminated water or aquatic 
organisms, thus lowering public health risks (40-42). This 
is particularly crucial in preventing prolonged or repeated 
exposure, which is often associated with chronic health 
outcomes. The confirmation of monolayer adsorption 
with strong surface affinity implies that FeTW not only 
removes MG effectively but also retains it securely, 
minimizing the risk of secondary contamination. 

From a practical standpoint, the ability of FeTW 
to immobilize MG supports its application in decentralized 
water treatment systems, particularly in low-resource 
settings where conventional technologies may be 
inaccessible. Thus, the isotherm analysis substantiates 
FeTW as a robust, low-cost, and environmentally 
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responsible solution for mitigating the toxicological 
impact of MG in contaminated water sources

ACKNOWLEDGMENTS

The authors gratefully acknowledge Universiti 
Teknologi MARA, Cawangan Terengganu, Bukit Besi 
Campus, Dungun, Terengganu, Malaysia and School 
of Health Sciences, Universiti Sains Malaysia, Health 
Campus, Kubang Kerian, Kelantan, Malaysia for 
providing essential support and research facilities.

CONCLUSION

This study demonstrated that FeTW significantly 
outperforms RTW in MG removal from aqueous solutions 
with68.54% removal within 60 minutes at an initial MG 
concentration of 25mg/L and 0.5 g dosage, compared 
to 34% by RTW under similar conditions. The enhanced 
adsorption capacity of FeTW is attributed to improved 
surface functionality and stronger dye-adsorbent 
interactions, specifically O–H and Fe–O groups. These 
findings underscore the practical potential of FeTW as 
a low-cost, sustainable biosorbent for dye-contaminated 
wastewater treatment and contribute to reducing public 
health risks associated with waterborne contaminants. 
Future work may consider the material’s regeneration, 
stability, and performance in complex wastewater 
systems to support practical implementation. 
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