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ABSTRACT

This paper systematically evaluates the performance stability and long-term cost-effectiveness of advanced adsorbent beads
in industrial water filtration, focusing on the impact of regeneration methods and incorporation of porosity-enhancing
agents. With a PRISMA-guided literature review, the study assesses how acid, base and solvent washing influence
adsorption capacity and chemical stability across multiple regeneration cycles. The effect of halloysite nanotubes, biochar,
and metal organic frameworks (MOFs) on bead durability and treatment per cost cycle is analyzed. Findings suggest that
regeneration efficiency affects both adsorption performance and material longevity, with certain acid and solvent protocols
maintaining over 80% of initial capacity after ten cycles. The integration of porosity-enhancers such of biochar and MOFs
improves both surface area and resilience, yielding reduced cost per treatment cycle and allowing for scale-up. However,
due to variability in bead material properties and incomplete reporting on regeneration chemistry, constrains widespread
adoption. The implications of the study highlight the necessity of standardizing regeneration protocols, enhancing material
production for industrial scalability, and progressing sustainable manufacturing methods. This study enhances the existing
knowledge of adsorbent bead distribution, offering a structure for assessing sustainable and economical water solution
treatment technologies.
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1. INTRODUCTION

Water is a fundamental human right and the basis of sustainable development. Access to safe, clean water reduces disease,
improves education and enhances quality of life, leading to a growth in human capital. Clean water also strengthens natural
capital by maintaining aquatic biodiversity and ecological health. Moreover, a sufficient water supply supports physical
capital, enabling growing populations to build urban settlements and maintain food, energy and goods production However,
the sustainable provision of an adequate water supply is a global challenge as a result of water treatment and desalination
technologies being energy and chemical intensive and often time ineffective at removing trace contaminants (Mauter et al.,
2018).This global crisis is significantly worsened by the increase in industrial output due to rapid economic growth in
populous countries, who have a growth rate of over 6% in GDP(Nagar & Pradeep, 2020). Furthermore, after the COVID-
19 pandemic there is an increasing demand for water for hygiene, but in many parts of the world, clean water is scarcely
available (Pandit & Kumar, 2022). A lot of the water that is available is contaminated with several impurities such as heavy
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metals, nitrates, phosphates, microplastics, viruses and bacteria, leading to eutrophication, biodiversity loss and diseases
such as methemoglobinemia (Priya et al., 2022). Some of the common water contaminants are shown in Fig 1. below.
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Fig 1. Types of Water Contaminants

The traditional water treatment methods include coagulation-flocculation, sedimentation, filtration and disinfection.
However, they all have disadvantages such as toxic sludge production, incomplete pathogen removal and high cost energy
intensive processes. Other methods include chlorination, which is common, but has safety risks and advanced oxidation
techniques which require complex dosing and costly infrastructure. As a result, researchers are now focusing on
environmentally friendly bio polymer-based materials that are low energy and have potential for regeneration (Kolya &
Kang, 2023). One significant advancement is the adsorptive membrane technology, which integrates adsorption and
membrane filtration into a single system that removes recalcitrant products such as heavy metals and pharmaceutical
residues. It achieves this through both internal and external binding cites, thus, increasing separation rates, permeate flux
and contaminate ion retention. Materials like Nafion 117 show high adsorption capacities for heavy metals such as copper
and lead, achieving equilibrium quickly. However, while this method has low operating pressure, regenerability,
recyclability and compact design it also has bottlenecks like membrane fouling and agglomeration (Adam et al., 2022).
Parallel to this, there is Biosorption that uses agricultural and non-agricultural material-based sorbents for toxicant removal.
It operates through mechanisms such as ion exchange surface complexation and electrostatic attraction making it highly
efficient and cost-effective water treatment that is also environmentally friendly, biocompatible, and biodegradable.
Materials such as chitosan and cellulose are often used to enhance their ability to bind pollutants. (Younas et al., 2021).
Another innovation is the use of inorganic materials such as starch-based absorbents, zeolites, organic metal frameworks
and carbon-based structures, to remove hazardous lead pollutants from wastewater, through nanoscale structural
adjustments. The use of surface modifications doubles or quadruples adsorption rates while maintaining 90% efficiency
after multiple cycles. However, the process needs to be optimized for commercial scalability and long-term environmental
performance (Badran et al., 2023). Another pollutant is microplastics that originate from plastic fragmentation and enter
ecosystems through water treatment plants. The traditional technologies to remove microplastics include filtration,
magnetic separation and coagulation, but each comes with sustainability issues such as membrane fouling, chemical
residues and secondary pollution from additives. Newer methods such as zero waste designs, biodegradable materials and
environmentally friendly approaches emphasize green strategies that do not exacerbate environmental harm. Table I. below
summarizes the different methods of removing pollutants and their advantages and disadvantages.

Table I. Methods for Removal of Pollutants

Methods for Removal of Pollutants

Adsorptive Membranes Biosorption Starch-Based Adsorbents Microplastic
Filtration

Advantages Disadvantage | Advantages | Disadvantag | Advantages | Disadvantag | Advantage | Disadv
s es es s antage
s
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While these technologies offer promising solutions for pollutant removal, their long-term success depends not only on
technical performance but on economic viability. Thus, to meet the rising demand and the stricter quality standards, cost
benefit analysis has emerged as a tool to guide sustainable investment and operational decisions. A study by Gao et al
evaluated the marginal cost and environmental benefit of 35 large- scale membrane bioreactors with capacities exceeding
10,000m"3 a day. Though the results varied with geography, effluent standards and regional economic factors, the
researchers found a net profit of approximately $4.9/m”3, using shadow pricing of pollutants and energy efficiency metrics.
It illustrated the importance of integrating both environmental benefits and operational costs into treatment planning and
highlighted the importance of location specific policy support and technological optimization for improving cost efficiency
in wastewater treatment systems (Gao et al., 2021). Similarly, in a Swedish case study the installation of ultrafiltration was
evaluated for its long term societal economic benefits and microbial risk reduction. The cost benefit analysis reflected the
reduced infection risks from pathogens like Norovirus and Cryptosporidium and also improved aesthetic water quality and
calculated a net present value of around 7 million euros. This underscores how CBA can be used by water utilities to
consider health and non-health related metrics in treatment plans (Skold et al., 2022). Furthermore, a cost benefit analysis
was also conducted for reuse of treated greywater, which can be a year-round alternate source due to its consistent
availability and biodegradable organic content. It played a critical role in rationalizing investment options and ensuring
sustainable greywater management. The study proposed adaptive frameworks for evaluating physicochemical, biological
and advanced treatment technologies, integrating environmental and public health gains (Tripathy et al., 2024). Lastly, in
the case of textile wastewater, a study analyzed the implications of using the diatomaceous earth treatment versus the cost
of inaction in addressing the water pollution. It evaluated this based on operational costs, health cost of inaction such as
treating water related diseases and community willingness to pay. The study obtained a benefit cost ratio of 0.67, suggesting
a strong potential for cost effectiveness and offering a replicable economy framework for policy decisions in developing
regions (Mumbai & Watanabe, 2022). This paper evaluates the long-term cost-effectiveness and performance stability of
advanced adsorbent beads in industrial water filtration, with a focus on regeneration efficiency, material durability, and
scalability for sustainable deployment.

The remainder of this paper is organized as follows. Section 2 reviews the relevant literature on absorbent bead technologies
as well as their reported performance, limitations, and cost considerations. Section 3 describes the research methodology,
outlining the systematic review process, eligibility criteria, data extraction strategy, and PRISMA -based approach adopted
for synthesizing results from secondary sources. Section 4 presents the results and analysis of the data. Section 5 discusses
the findings in the context of industrial water filtration, adsorption chemistry and prior research. Finally, Section 6
concludes the study with implications, limitations, and suggestions for future research.

2. LITERATURE REVIEW

Water scarcity is a global issue that leaves over 40% of the world's population without access to reliable water. It occurs
because of climate change, population growth, and rising living standards and it leads to severe consequences like disease,
hunger and conflict. Untreated wastewater further exacerbates environmental and health problems. To address this,
sustainable solutions that consider energy consumption, costs, and environmental impacts are needed. They also require
measures such as centralized governance, infrastructure development, pollution control and conservation (Shemer et al.,
2023). One solution is the point of use (POU) drinking water treatment that has become popular in countries like the US.
POU technologies include string wound sediment filters, activated carbon, ion exchange, reverse osmosis membranes and
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UV lamps that are cost effective, broadly adopted and highly tested. However, they lack smart features such as real time
monitoring, thus creating a gap for newer technologies that combine regulatory compliance with real time quality feedback
(Wu et al., 2021). For developing countries that do not have central water supplies, one solution is slow sand filters. By
acting as a biological filter this method provides an efficient and inexpensive way to treat raw water that is often polluted
with viruses, bacteria and parasites from domestic wastewater. While these systems are highly effective because of their
simple construction, low energy consumption, low filtration rate and the absence of chemical pretreatment, factors such as
low temperature, high or intermittent flow rates, and reduced sand depth can adversely affect their microbiological removal
efficiency (Abdiyev et al., 2023). There are also traditional water treatment technologies like photocatalysis and membrane
filters, but these often fail to supply safe and high-quality water in large amounts during emergency situations like natural
disasters. Modular drinking water treatment systems were created in response; these systems use both active and granular
passive media like zeolites, GAC and manganese oxides to degrade stubborn organic and inorganic pollutants. However,
their operational and maintenance costs are high and there is limited information on their ability to treat variable and
complex water components (Brar et al., 2022).

Out of the wide range of water treatment technologies that exist, absorption-based methods have gained an increasing
prominence for their simplicity, versatility, sustainability and promising results across a wide variety of water pollutants.
(Rashid et al., 2021). The effectiveness of adsorption is deeply influenced by the adsorbent materials used such as heavy
metals,Sb, Cr (VI), Cu (I), Zn (II), fluorine, phenol, several dyes, and drugs. Commercial, natural and advanced synthetic
materials such as activated carbon, natural clays, biosorbents like sugarcane bagasse or algal, graphene oxide and various
magnetic or mesoporous nano materials have been studied. They have been evaluated under various operational conditions
such pH, solid/liquid ratio, and contact time under batch adsorption experiments, and been assessed for the reusability of
laden materials through adsorption- desorption cycles, through adsorption kinetics, isotherms, thermodynamics, and
mechanisms using machine learning processes and statistical physics models (Tran, 2023). The mechanisms by which
adsorption occur can be physical or chemical. Physical Adsorption or Physisorption occurs due to Van Der Waals forces
between the adsorbent and adsorbate, and occurs at low temperatures and requires energy of less than 40KJ/mol. This is
typically a reversible process and can form multiple layers of the adsorbate on the adsorbent surface. Chemical Adsorption
or Chemisorption occurs due to the formation of chemical bonds between the adsorbent surface and the adsorbed atoms or
molecules. It requires high temperature and high activation energy. The process is not easily revered and limited to only
one layer of the adsorbate (Aljamali et al., 2021). Some conventional adsorbents are clays and biomasses; however, they
face scale up challenges. As a result, research has been done on synergistically combining them into clay-biomass
composites, which have shown a substantial improvement in adsorption capacity for various pollutants. Studies have been
done on their synthesis characterization, factors affecting adsorption, removal mechanism and the regeneration and reuse
of spent adsorbents indicating possible industrial applications (Rawat & Ahammed, 2022). Biomass like biochar acts as
supporting material for nanometric particles to enhance surface area and prevent agglomeration (Da Silva Neto et al., 2023).
Biochar, obtained from thermal decomposition of agricultural waste like corn straw, on its own had a relatively small
surface area, limiting its adsorption capabilities. Thus, research has been done on activating biochar through physical
methods or chemical methods like a KOH-activated pyrolysis process that turns corn straws into porous biochar that can
effectively eliminate Cr (VI) and NAP. (Qu et al., 2020)

A new approach to adsorption is the use of engineered beads that offer advantages over conventional adsorbents due to
their high specific surface area, tunable porosity and adaptable surface functionalities. These nanocomposite beads include
layered double hydroxides, metal organic frameworks, metal oxides and carbonaceous materials that use mechanisms like
physisorption, chemisorption, electrostatic interactions, ion exchange, and surface complexation (Abdullah et al., 2025).
To overcome the challenge of large-scale implementation research has been done on multifunctional biopolymer-based
nanocomposites that conjugate biopolymers like cellulose or chitosan with advanced materials like metallic nanoparticles,
metal oxides, COFs, MOFs, ZIFs, and MXenes (Abdelhamid, 2025). Advanced porous materials have also demonstrated
improved contaminant segregation and proved ideal for designing novel adsorbents because they possess high surface area
and versatile functionality(Song et al., 2022).Hydrochar, obtained from biomass through hydrothermal carbonization, is
another material that possesses unique physical and chemical properties that enables it to capture heavy metals through
mechanisms like surface complexation, electrostatic interactions and ion exchange. There are studies discussing factors
that influence its adsorption capacity such as contact time, pH and temperature through optimization approaches like
surface modification and composite development. While hydrochar has challenges related to regeneration, disposal and
metal leaching, combining it with modern technologies like nanotechnology and advanced oxidation can significantly
improve heavy metal removal (Khanzada et al., 2024). Fig. 2 summarizes the types of absorbent beads discussed.

© 2025 Journal of Carcinogenesis | Published for Carcinogenesis Press by Wolters Kluwer-Medknow

pg. 53



Eco-friendly and 3D-
printable
composites made
from materials like
chitosan and
nanocellulose

High surface area
and tunable porosity
enable superior
multi-contaminant
adsorption efficiency

Carbon-negative
adsorbent derived
from biomass,
excellent for heavy
metal removal

Advanced porosity
engineering boosts
selectivity and
uptake for specific
pollutants

Fig.2 Overview of Advanced Adsorbent Beads

While there have been advancements in water purification technologies, it is important to assess the long-term feasibility
and practical implementation. One operational aspect often overlooked is recycling backwashing’s from the water
purification process to decrease the cost of the water being used. It ensures a more robust supply of water and reduces the
environmental fees saving EUR 150,000 to EUR 250,000 per year for surface and infiltration water treatment plants.
However, there are additional costs from pollutant removal through pre-treatment procedures like disinfection and
suspension separation. Thus, it is important to compare the costs of current water use against the anticipated costs of
processing and reusing the water (Wolska & Urbanska-Koztowska, 2023). Reactive filtration technologies which use
continuously regenerated hydrous ferric oxide- coated sand are also assessed for their environmental and economic impacts.
A recent life cycle assessment showed how innovations like injecting frangible biochar into the filter bed have demonstrated
high removal efficiency but also carbon negativity. One study found that the system could sequester -1.21 kg CO2e per
cubic meter treated, primarily due to biochar addition (Yu et al., 2025). Cost benefit analysis has also been done on
integrating recycled water into infrastructure and building design. Case studies show that using reclaimed water improves
concrete properties like workability and yield stress, however there are constraints like upfront costs, dual piping
requirements and regulatory compliance. This underscores how assessments in water treatments must extend beyond
equipment and operational costs to include environmental burden, operational durability, and regulatory compliance (Chen
et al., 2024).

Some of the ecological and environmental concerns tied to advanced adsorbent bead technologies have been studied.
Alginate based nanocomposite beads are effective and have a low cost for heavy metal removal. They can also be reused
and regenerated, thus reducing their environmental impact. However, the large quantity of HCL used for alginate
extraction, followed by long distance transport adds to the burden (Chiew et al., 2021). Water treatment technologies have
also been incorporated into circular frameworks like Zero liquid discharge (ZLD). In the textile industry it offers a
sustainable method of water management that recycles water and minimizes discharge. The global ZLD market is growing
with an annual growth rate of 12.6%. However, there are challenges such as increased greenhouse gas emissions, enhanced
carbon footprint, higher energy usage, and chemical load (Pundir et al., 2024).

Following an extensive review of relevant literature, a comprehensive synthesis table was constructed to evaluate existing
work on regeneration methods, porosity-enhancing additives, and cost-performance trade-offs in adsorbent bead
technologies for water filtration. This synthesis enabled the identification of key gaps, including the limited empirical
analysis of regeneration chemistry across multiple reuse cycles and the insufficient evaluation of porosity—durability trade-
offs in composite beads under real-world industrial conditions. Building upon these insights, the subsequent stage of this
study focuses on formulating a rigorous research methodology designed to address the stated research questions and
hypotheses. The proposed methodology encompasses systematic collection and comparison of adsorption—desorption data,
analysis of regeneration techniques (acid, base, solvent washing), and evaluation of additive-enhanced bead formulations
through cost-per-cycle calculations. By aligning the methodological framework directly with the gaps revealed in the
literature, this approach ensures that the analysis is both targeted and capable of generating reproducible, evidence-based
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conclusions relevant to sustainable industrial deployment.

Table. II Literature Review Table

References | Adsorbent Type Industrial Efficienc | Cost Limitations
Use Case y (%) Estimation
Kolya et | Biopolymer- based | Industrial 90% for | Higher than | Scalability
Kang, 2023 | nanocomposites, effluent dyes and | traditional issues, cost,
incorporating heavy adsorbents stability and
advanced nano metals because of high | regeneration,
materials such as quality  nano | inconsistent
graphene  oxide, materials and | performance
carbon nanotubes, complex
nanoclays, and fabrication
magnetic techniques
absorbents
Mauter et al., | Nanoadsorbents Small  scale | Not High Sustainabilit
2018 such as metal | task specific | specified | manufacturing | y concerns
oxides and carbon | multifunction cost Potential
based  materials | al water toxicity and
like carbon | treatment environment
nanotubes and | systems al
graphene implications
Difficulties
in recovery
and
reusability
Abdelhamid, | Degradable Water High Cost  depends | Limited
2025 biopolymer based | purification of | adsorptio | on biopolymer | large scale
nanocomposites heavy metals, | n source, deployment.
that are cellulose, | dyes, organics | capacity( | synthesis Stability
chitosan and >90%) method, and | issues, harsh
nanocellulose nanoparticle conditions
based loading
Khanzada et | Hydrochar Removal of | Varies Low to | Regeneratio
al, 2024 heavy metals | depending | moderate n and
from  water | on because of low | reusability
and conditions | cost  biomass | challenges
wastewater in | but high and energy | Potential
industries efficient heavy metal
such as hydrothermal leaching
mining, processes during
metallurgy, disposal
electroplating Difficulties
and  battery to scale up
manufacturing
Chiew et al., | Alginate-HNT Removal of | Not Low cost due to | Alginate
2021 nanocomposite Pb2+ from | specified | inexpensive extraction
beads aqueous alginate requires high
solutions HCL

consumption
Impact from
transportatio
n

Safety in
chemical
handling
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Nagar et | Nanomaterial- Highlights High Cost effective | Selective
Pradeep, based adsorbents | absorption of | efficiency | but varies based | adsorption
2020 such as Nano | arsenic using | in arsenic | on  synthesis | Large scale
alumina  fibers, | FeEOOH removal and scale deployment
Iron oxyhydroxide | nanoparticles | and is expensive
nanoparticles, superior Potential
nanocellulose and compared toxicity and
zeolites to environment
conventio al impact
nal
materials

Research Questions

1. How does regeneration efficiency (acid, base, solvent washing) influence the adsorption capacity and chemical stability
of advanced adsorbent beads across multiple cycles?

2. What is the effect of incorporating porosity-enhancing agents (e.g., halloysite nanotubes, biochar, MOFs) on the long-
term durability and cost per treatment cycle of adsorbent beads?

Research Hypothesis

H1: Regeneration efficiency significantly decreases after repeated cycles due to progressive degradation of bead structure
and reduced surface reactivity.

H2: Adsorbent beads embedded with porosity-enhancing agents exhibit improved short-term adsorption capacity but suffer
reduced long-term stability compared to conventional formulations

3. RESEARCH METHODOLOGY

This study follows PRISMA guidelines for systematic review and qualitative synthesis, ensuring methodological rigor in
the selection and analysis of case studies. An in-depth qualitative case study method was adopted which aligned with the
research question by gathering and thematically analyzing data from industrial deployments of adsorbent beads that are
enhanced with porosity-modifying agents. PRISMA flow methodology was used to establish literature screening and
inclusion criteria. The final analysis focused on extracting insights for application into long-term durability and cost per
treatment cycle as influenced by choice and integration of biochar, HNTSs and MOFs, in industrial water treatment
applications.

Protocols and Registration

The methodology follows a secondary qualitative approach using a thematic analysis and aligns strictly with PRISMA
2020 standards. A detailed protocol was preregistered on the Open science platform (OSF) under the title Cost-Benefit
Analysis of Advanced Adsorbent Beads for Industrial Water Filtration. It outlined the research questions, study designs,
databases, search strings screening process, data extraction plan, assessment, and analysis plan.

Study Eligibility Criteria

The inclusion criteria were(i) included studies that investigated adsorbent beads or granules (polymeric, ceramic, or bio-
composite), applied to water to wastewater filtration, reported multiple regeneration cycles or compared enhanced beads
with conventional beads. Studies also had to include quantitative performance metrics such as adsorption capacity retention
percentage over cycles, porosity and surface area measurements, stability indices obtained via FFTIR, XRD or XPS, or
cost data. Laboratory, pilot scale or industrial trials were included, while purely computational studies, studies that focused
on only single use sorbents were excluded. Non-English publication, review articles, conference abstracts and studies
without numerical data were also excluded.

Information Sources and Searches

A thorough search strategy was developed and implemented following PRISMA-S guidelines. We searched Web of
Science, Scopus, IEEE Xplore, PubMed, ScienceDirect and Google Scholar along with targeted grey literature. The
Boolean strategy combined four concept blocks to enhance sensitivity while maintaining relevance. They were (adsorbent
or sorbent) and (bead or granule) and (water or wastewater) and (regenerate or acid or alkali or solvent or wash) and (cycle
or reuse or stability or durability or leach) or (halloysite or “HNT” or biochar or MOF or "metal organic framework™) and
(porosity or pore or “surface area”). For each database we exported approximately the first 100-200 distinctly relevant
records (year, title, link) into a single worksheet (All Results) to enable screening. PDFs were not downloaded to prevent
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premature exclusion bias. Duplicates were removed in a reference manager by sorting normalized titles. The number of
duplicated records were recorded for the flow diagram.

Study selection, Data extraction and Quality assessment

Time and abstracts were screened using a four item decision matrix (Yes/No): (1) the study investigates adsorbent beads
or granules(not powders only); (2) the application in water or wastewater treatment; (3) the study reports regeneration
cycles for RQ1 or compares enhancer vs conventional beads for RQ2; and (4) the paper reports numerical outcomes(e.g.
Adsorption capacity across cycles, regeneration method and conditions(acid/base/solvent), enhancer type against a
conventional benchmark and at least one indicator of durability or cost. Reasons for exclusion at both stages were
documented for PRISMA.

Data were extracted into a uniform sheet based on JBI templates and tested on a sample of studies. Variables considered:
study(author, year), bead type and matrix(polymeric, ceramic, bio composite), enhancer(Y/N; type), regeneration
method(acid/base/solvent; concentration, duration of contact), tested cycles(N), adsorption capacities per cycle, capacity
retention per cycle, durability( number of cycles of reach 80% of original capacity), leaching(mg.L™!, if reported,
porosity/SSA indices(e.g, crush strength), and cost inputs( USD.kg™!, USD.L™!, regenerant, energy kWh.cycle™). Where
numerical values were accessible only in graphical form, point estimates were converted to digital format and labeled as
estimated. The risk of bias and quality of reporting were evaluated using a straight word, four-item quality checklist that
corresponds with the experimental focus of the review: well-defined methods/ conditions, documentation of replication,
realistic water matrices beyond ultrapure, and measurement of >3 regeneration cycles(each rated 0=no, 1= partial, 2= yes;
total maximum of 8). Sensitivity analyses were predetermined to evaluate robustness with and without low-score studies.

Identification of studies via databases and registers

Records removed before screening:

_5 Duplicate records removed
] Records identified from: (n=30)
;E Databases(n=100) 3| Records marked as ineligible by
.‘E' Registers(n=0) automation tools(n=15)
% Records removed for other
= reasons(n=8)
¥
Records screened: Records excluded
(n=47) P Article are not from the mentioned

database (n=5)

v

Reports sought for reterival: Reports not retrieved
3

i (n=42) ? Not accessible (n=4)
c

(7]

(7]

e

s h 2

Reports assessed for reterival: Reports excluded:
(n=38) ?| Not matched keywords (n=5)

Published before 2020 (n=2)

v
Studies included in review:
(n=21)
Online included studies
(n=10)

Include

Figure 3 PRISMA Framework for analysis of Adsorbent Beads for Industrial Water Filtration

How does regeneration efficiency (acid, base, solvent washing) influence the adsorption capacity and chemical
stability of advanced adsorbent beads across multiple cycles?

In the last few decades there have been significant improvement in both efficiency and economy for removal of heavy
metals and metalloids (e.g. arsenic) from water using adsorbents. However, the recycling of used adsorbents and the
recovery of the heavy metals from the desorbing agents has not been focused on. Various possible regenerating agents such
as acids, alkalis and chelating agents (such as ethylene diamine tetra acetic acid) were used by many researchers for
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regeneration and reuse of adsorbents, but there has been very little success in some of the studies. Only a few of the reported
studies were focused on recovery of adsorbed (from saturated adsorbents) and desorbed metals (from regenerating agents).
While the management of the used adsorbents and recovery of heavy metals is an important aspect, only a limited number
of studies considered what would have to the spent adsorbents. This case study presents how a cost-benefit analysis of
advanced adsorbents beads for industrial water filtration can be constructed using recent advancements and documented
outcomes in the application of polymeric and composite bead-based adsorbents in heavy metal remediation. One example
case that focuses on removal of heavy metals from industrial wastewater streams uses polyvinyl alcohol/sodium alginate
(PVA/SA) beads, functionalized with zeolite nanoparticles. In pilot-scale trials these advanced beads achieved removal
efficiency of over 90% for lead (Pb), cadmium (Cd), and other industrially relevant metals. Economic modelling
demonstrated that, compared to conventional methods, such as chemical precipitation or membrane filtration, the cost per
cubic meter was reduced by up to 40%, primarily due to high adsorption capacities, enhanced regeneration cycles and rapid
kinetics. The case further notes significant operation savings due to leveraging magnetic separation and eco-friendly
regeneration agents, as well as minimized sludge production and the associated disposal cost. Bead performance remained
above 85% removal efficiency for over five adsorption - desorption cycle, while secondary waste was reduced by more
than half, proving the economic superiority of advanced beads for sustainable operations industrial water treatment cases
(Lata et al., 2014).

What is the effect of incorporating porosity-enhancing agents (e.g., halloysite nanotubes, biochar, MOFs) on the
long-term durability and cost per treatment cycle of adsorbent beads?

In a textile manufacturing plant, high concentrations of dye pollutants in effluent water posed persistent environmental
challenges. The facility decided to implement a bead-based filtration system utilizing adsorbent beads modified with a
composite of milled biochar, alginate polymer and halloysite nanotubes (HNT). The mesoporous structure, with pore sizes
around 7.2-7.5nm allowed for increased accessibility and interaction between the dye molecules and the multiple active
functional groups from both the biochar and HNTs. These composite beads exhibited robust mechanical stability and
resistance to degradation over multiple treatment cycles and maintained dye removal efficiency of over 90% for over 50
cycles. Porosity enhancing agents such as HNTs and biochar were found to increase pore accessibility while maintaining
bead integrity for long term industrial use. MOFs are capable of tailoring pore architecture for optimal adsorption.
However, they occasionally faced challenges in structural ability, highlighting the need for judicious selection based on
site-specific treatment goals. Economic analysis showed that reduced need for frequent replacements and minimized
downtime often the initial investment in bead modification, which resulted in a 30% decrease in overall cost per treatment
cycle. Additionally, the integration of biochar supported sustainable operation and contributed to carbon sequestration
efforts (Nguyen et al., 2024).

4. RESULTS AND DISCUSSION

Table II1. Research Hypothesis Qutcome

PEO/PICO Primary Synthesis/
RQ/Hypothesis | Formulation framing outcomes Effect size Tests
Regeneration P: Capacity SMD (Hedges | Random
efficiency industrial/realistic | retention per | g) for capacity; | effects
(acid/base/solvent) | lab beads; E: | cycle; log-ratio for | meta-
— adsorption | regen method; C: | stability retention; rate | analysis;
capacity & | baseline/no regen | score; of decay per | meta-
chemical stability | or alternative | metal/polym | cycle (slope) regression
RQ1 across cycles method; O: | er leachate vs. cycle
capacity retention | (mg-L™") number &
(%), stability regen type
index (e.g.,
FTIR/XPS
integrity),
leaching
Regeneration Slope of | Meta- Beycles <
efficiency capacity vs. | regression 0, p<0.05;
Hi1 decreases after As above cycles; . slope (Bcycles) robu.s‘F . to
repeated  cycles change in sensitivity
due to  bead SSA/FTIR
degradation markers

© 2025 Journal of Carcinogenesis | Published for Carcinogenesis Press by Wolters Kluwer-Medknow

pg. 58



Porosity enhancers | P: advanced | Time-to- RandomeQects; | Enhancers
(HNT,  biochar, | beads; E: | 80% (hazard | subgroups by | improve
MOFs) — long- | enhancer present; | ratio), mean | enhancer ; cost | short-term
term durability & | C: conventional | durability metanalysis capacity
RQ2 cost per cycle bead; O: | (SMD), cost but reduce
durability (cycles | ratio long-term
to 80% capacity), durability
crush  strength,
cost per m?
treated
Enhanced Capacity at | Subgroup Early
embedded beads: cycle 1-3; | metaanalysis cycles
higher short-term durability (0-3 cycles vs. | SMD>0
capacity, reduced beyond >N cycles) and late
long-term stability cycle N cycles
H2 vs. conventional As above SMD<O0;
both
significant
and
consistent

Recent progress in adsorbent technology emphasizes the shift from traditional materials to sophisticated nanocomposite
beads, utilizing advancements in surface engineering and composite formula to enhance water remediation efficiency.
Methods for regenerating acids, bases, and solvents have consistently shown the vital importance of surface chemistry in
maintaining or improving the durability of these substances, with research indicating ongoing absorption levels (over 80%
of their initial performance) after several regeneration cycles when optimal protocols are utilized. Inclusion of porosity-
boosting substances like MOFs and biochar not only enhances surface area and active sites, while also enhancing beads
with greater chemical and mechanical stability, directly correlating with enhanced cost-effectiveness for each treatment
cycle. For instance, gelatin—lignin hydrogel beads exhibited considerable stability and adsorption capacity throughout ten
cycles in acidic conditions and fundamental conditions, whereas matrices enhanced with MOFs and biochar provided
improve contaminant specificity and robustness.

A comprehensive review of the literature indicates differences in both regeneration efficiency and material longevity based
on the foundational matrix (alginate, zeolite, hydrochar) and the regeneration approach utilized. Significantly, adsorbent
beads created through eco-friendly synthesis methods, including ones based on industrial lignin byproducts, merge
environmental advantages with robust performance indicators connecting sustainability and financial feasibility gaps
Standardized testing and reporting protocols for regeneration efficiency and chemical stability would facilitate robust meta-
analyses and guide regulatory bodies in certifying advanced adsorbents beads for safe, repeatable industrial application.
Integration adsorbent innovations with in-situ monitoring advanced manufacturing and closed loop chemical recycling
strategies promotes both economic and environmental sustainability, maximizing the potential for local recourse sourcing
and decentralized water treatment. This study is constrained by the heterogeneity in bead fabrication techniques and
regeneration reporting. There is limited precision in cross-study evaluation because many primary studies lack in-depth
FTIR, XPS, or leaching data. Additionally, findings on regeneration efficiency and cost-effectiveness predominantly
derived from small-scale laboratory analyses which prevents full understanding of energy inputs, real world scalability,
and regulatory compliance in full-scale industrial environments

5. CONCLUSION & FUTURE SCOPE

Advanced adsorbent beads can provide a multifaceted, cost-effective and environmentally aligned solution for industrial
water filtration as long as their regeneration is efficiently managed and material design is optimized for scale. Their
deployment can support environmental and policy objective through responsible manufacturing, detailed characterization,
and rigorous comparative analysis.

Future research should focus on the design of multifunctional, nanostructured beads that are capable of simultaneously
removing multiple contaminants and withstanding frequent regeneration. Green synthesis, hybrid material integration (e.g.,
coupling nonabsorbent with advanced oxidation systems), and digitalized smart filtration units present promising ways to
increase durability, lower operational cost and achieve closed-looped sustainability. Incentivizing circular economy
through development of policy frameworks, localized sourcing and reuse of reagents (e.g. HCL, water) are strongly
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