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Abstract

In this mini-review, we compiled various types of Polyvinyl-alcohol-based hydrogel con-
struction recipes and methodologies, categorizing them based on their added materials or
production methods for wastewater applications. This classification is vital for identifying
recipes that require improvement in future research and for analyzing their practical param-
eters, such as durability, surface area, and cleaning efficiency. To evaluate their potential
for long-term use, we examined the durability of these groups. D- and E-type media
demonstrated notable durability, exhibiting lower degradation rates compared to A- and
B-types. Additionally, we gathered information on the measuring technologies available
for assessing the specific surface area of these media, a crucial parameter for both biological
and adsorbent applications. Based on the available data, we recommend enhancing the
quality and quantity of measurements by integrating and improving microscopic analy-
sis and adsorption techniques. Furthermore, these hydrogels showed superior cleaning
capacities compared to traditional carriers, with D- and E-types excelling in adsorption
capabilities, while the C-type exhibited exceptional potential for biological treatment.

Keywords: moving bed biofilm reactor; wastewater treatment; media materials; polyvinyl
alcohol-based carriers; size range and specific surface area; engineering

1. Introduction

Since the onset of the Industrial Revolution, the increasing aggregation of populations
within urban areas, propelled by enhanced employment opportunities, has rendered the
development of sophisticated sewage systems and urban wastewater treatment technolo-
gies essential. Initially, wastewater treatment predominantly utilized physical processes,
which proved inadequate for removing significant organic pollutants. In response to these
shortcomings, biological treatment methods emerged in the early 20th century [1]. The
foundational technologies, such as the Emscher settler and activated sludge tanks, have
since laid the groundwork for contemporary biological treatment systems.

Over time, evolving urbanization trends have emphasized the need for wastewater
treatment technologies that combine high efficiency with minimal spatial requirements.
These trends led to the development of innovative solutions, such as the Kaldnes Moving
Bed™ technology in the 1980s in Norway [2]. This system uses moving biofilm carriers
designed to host microorganisms in a structured biofilm, significantly enhancing the
removal of organic pollutants compared to traditional activated sludge systems [3]. Moving
Bed Biofilm Reactor (MBBR) technologies have since gained widespread adoption globally,
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with various manufacturers producing carriers featuring diverse materials, sizes, and
properties [3]. With the rapid advancements in material sciences, various innovative media
have been developed, including materials such as polyvinyl alcohol (PVA), polyurethane,
polypropylene, and other plastics. A review by [4] on polymeric biofilm carriers identified
PVA as the most promising material among these due to its superior biofilm attaching
capacity. Over time, PVA-based materials have been developed in numerous shapes and
forms owing to their exceptional reactivity; various additives can be incorporated into
their structure to enhance their properties. However, there are aspects that need to be
pointed out, making room for future improvements, like their minor degradability over
time and reusing cycles, sometimes their special need for unique technological elements,
and also their industrial applications and experiments beyond laboratory scale, which are
not as broad as other MBBR technologies. In this context, we collected and categorized the
available PVA-based media based on their production methods and the additives used.

Both production recipients and added materials play a critical role in determining the
durability of the media. For each type, we have compiled the available information on
their long-term durability and degradation rates, particularly regarding pollutant removal
efficiency. The degradation rate provides insights into the usability of the media and also
informs the frequency of media refills required for industrial applications.

The material composition of carriers plays a critical role in microbial adherence, di-
rectly influencing pollutant removal capabilities. Additionally, the material composition
and production methods determine various properties, including the composition, size—
typically defined by the longest cross-sectional dimension—and specific surface area (SSA).
SSA, which refers to the surface area per unit mass or volume of the media, dictates the
available space for microbial growth. We analyzed these parameters across the categorized
media types, as they significantly affect biofilm formation and pollutant removal effi-
ciency [5]. Through this critical review, we identified the strengths and weaknesses of each
PVA media type, providing valuable insights for future advancements and further studies.

2. Bridging the Gap: Revisiting PVA Hydrogel Research

Between April and August 2024, with supplementary updates in June and July 2025,
we conducted a comprehensive literature search to identify experimental studies on
polyvinyl alcohol (PVA)-based hydrogels and aerogels. Our strategy combined fo-
cused queries on the websites of major publishers—Elsevier, MDPI, Springer, and IWA
Publishing—with broader topic searches via Google Scholar, ResearchGate, and select
university repositories. To capture practical and industrial developments, we also incor-
porated data gathered at IFAT [6] drawing on presentations and unpublished materials
from industry participants. All records were screened against predefined inclusion cri-
teria, with priority given to peer-reviewed experimental research and detailed material
characterization methods. We framed our search around terms such as PVA, hydrogels,
PVA-based hydrogels and aerogels, microcarriers and biocarriers, and, in the context of
moving-bed biofilm reactor (MBBR) wastewater treatment, cleaning efficiency, specific
surface area, media size, carrier size, size measurement, and size distribution—along with
various combinations of these keywords.

Our selection yielded a total of 34 articles (Figure 1) that specifically describe the
fabrication and characterization of these materials. To organize the diverse approaches
and modifications reported in these studies, we categorized the articles into seven distinct
sections based on the production methods employed and the types of additives introduced
into the PVA matrices. These types are named from A to F with the following categories in
line: PVA-based foams (A), PVA beads with sodium alginate (B), PVA spheres via emulsifi-
cation (C), PVA cubes with inorganic particles (D), PVA with other polymers (E), and PVA
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beads with graphene oxide (F). We made this categorization for all types of PVA-based
carriers that are applicable in wastewater treatment that we found in various articles. This
structured framework allows us to clearly compare and contrast the various strategies and
to understand how different processing conditions and incorporated materials influence
the properties of the resulting systems.

Articles about different media types

Standard beads
m A-type
B-type
m C-type
D-type
m E-type
= F-type

Figure 1. Distribution of articles between media types.

It is also worth noting that while numerous articles emphasize the outstanding clean-
ing performance and diverse modification strategies for PVA beads, only 10 studies have
reported on the long-term durability and degradation of these materials. This discrepancy
highlights the need for further experiments under real-life conditions and demonstrates
that this area of research remains both emerging and highly relevant.

The need for this review is underscored by the evolving interest in PVA-based systems.
Notably, while only 4 of the collected articles were published between 1997 and 2010, a
significant 9 articles have appeared in the past five years (after 2020). This marked increase
in publication frequency highlights the contemporary relevance and rapid development
of research in this field. It also reflects a growing recognition of the potential applications
and advantages offered by these materials in areas such as environmental remediation,
biomedical engineering, and beyond.

Furthermore, although there exist several reviews on PVA-based media, none have
specifically consolidated and analyzed the experimental findings related to these types
of carriers. By gathering and systematically distributing the available data on PVA-based
systems, our review fills a critical gap in the literature. It not only synthesizes recent
advances but also provides insights into emerging trends and challenges, thereby serving
as a valuable resource for researchers aiming to develop next-generation hydrogel and
aerogel carriers.

3. Previous Reviews on This Topic

Several review articles have summarized the various types of microorganism carriers
used in wastewater treatment, particularly in the context of moving bed biofilm reactors
(MBBRs). For instance, Barwal and Chaudhary [3] provided a detailed overview of available
MBBR media by compiling data on size, specific surface area, cleaning capacity, and kinetics.
They concluded that the success of MBBR processes fundamentally depends on the media’s
capacity to support a robust microbial community.

Similarly, Kawan et al. [7] emphasized the advantages of MBBR technology over
traditional activated sludge systems. Their review focused primarily on design parameters
such as the size and shape of the media, which are critical for efficient mass transfer and
biofilm development. However, they did not address the influence of the carrier’s material
composition on overall process efficiency.
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Madan et al. [8] further highlighted the superior cleaning performance of MBBR
systems compared with conventional activated sludge operations. Despite their compre-
hensive evaluation of process efficiency and operational stability, their review did not
explore the potential of polyvinyl alcohol (PVA)-based carriers—a material that may offer
unique benefits due to its hydrophilicity and biofilm compatibility.

In contrast, Al-Amshawee et al. [4] offered a more material-centric review by exam-
ining five biocarrier materials (PVA, polyurethane, polyvinyl chloride, polyethylene, and
polypropylene) as well as waste tire derivatives. Their analysis revealed that among the
materials studied, PVA stands out due to its exceptional performance in chemical oxygen
demand (COD) removal. Yet, they highlighted concerns regarding the long-term durability
and biodegradability of PVA-based biocarriers. Despite presenting significant insights into
PVA performance, the review did not focus exclusively on PVA media.

Mok et al. [9] took a further step in assessing PVA-based systems by gathering literature
on the adsorption properties of these materials. Their review underscored the potential
of modifying PVA media to enhance dye adsorption. However, this work was limited to
dye removal processes and did not address other critical wastewater components, such as
organic matter and nutrient removal.

The closest to our topic is the review written by Hasan et al. [10], which compre-
hensively gathered information on the potential of PVA-based biocarriers in wastewater
applications. Their work summarized factors that affect the usability and efficiency of
PVA-based biocarriers, such as hydraulic retention times, organic load rates, and biological
affinity to colonize the surface of PVA media. Their works structure is quite similar to those
who compiled the traditional MBBR carriers, just in case for PVA-based media. Yet their
article lacks and highlights the need for comparison of PVA beads with different additives
and with various structures.

Collectively, while these studies underscore the operational advantages of MBBR
systems, they do not fully account for the impact of the structural and chemical properties
of the carrier materials on treatment efficacy. The material composition—an aspect crucial to
determining media performance—remains underexplored. In this context, further research
is needed to specifically address how PVA-based carriers can be optimized for long-term
stability and enhanced pollutant removal beyond dye adsorption.

4. Types of PVA-Based Media in Wastewater Treatment

Early wastewater treatment technologies experimented with materials such as grit,
rock filters, wood, and cork as carrier media. However, it was soon discovered that free-
floating media provided optimal conditions for biological activity [11]. With the rapid
growth of the plastics industry in the 1970s, synthetic materials like polyethene (PE),
polypropylene (PP), and high-density polyethene (HDPE) became widely used in Moving
Bed Biofilm Reactor (MBBR) systems [3].

Polyvinyl alcohol (PVA), a water-soluble synthetic polymer, has become an essential
material in light industries (e.g., packaging, textiles, and papermaking), food production,
and wastewater treatment. PVA is particularly suitable for constructing carrier media due
to its high reactivity, ease of polymerization, and excellent biocompatibility, making it
highly effective for applications involving biological activity.

While synthetic polymers are generally effective for wastewater treatment, achieving
durable media for long-term industrial use is challenging. Okazaki et al. [12] tested three
types of hydrogel-based carriers: PEG (polyethylene glycol), polyacrylamide, and PVA
media. From all three Based on tensile strength and fold tests, PVA-based carriers produced
via a freeze-thaw process were the most durable.
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The freeze-thaw method has established PVA as a robust and efficient material for
carrier production in wastewater treatment applications. Since then, numerous methods
for producing stable PVA-based beads have been developed. We have collected and
classified these methods based on the production process and the materials added to the gel
structure. Table 1 summarizes various PVA-based media’s key characteristics, advantages,
and drawbacks.

Table 1. Classified PVA media based on their production method and added materials.

Type Main Characteristics Advantages Drawbacks

low durability, limited cleaning

PVA beads Standardized PVA beads ease of production efficiency, yet difficult to analyze

A PVA-based foams High porosity, easy to produce Relatively low durability

B PVA beads with sodium Well-established method, Requires post-treatment to prevent
alginate widely studied dissolution

C PVA spheres made Extremely high specific Difficult to produce,

by emulsification surface area less documented

D PVA cubes Wlth inorganic Durable, versatile applications Added part1cles'n.1ay detach;
particles long-term durability unclears

E PVA mixed with other polymers Versatlle,. applicable in Prone to degrade.atlon; limited

multiple areas data available

i

PVA beads with graphene oxide

High durability, excellent Adsorption capacity may diminish
adsorption capabilities over time; limited research

In addition to these types, other PVA applications merit attention despite lacking
outstanding properties. For instance, Chen et al. [13] developed PVA carriers by mix-
ing wastewater sludge with a 20% (w/v) PVA solution, forming spheres through boric
acid saturation and subsequent gel hardening in sodium phosphate solution. Similarly,
El-Naas et al. [14] employed a freeze-thaw method to produce PVA beads to immobilize
Pseudomonas putida.

Prefabricated PVA beads, such as those from Kuraray Inc., also demonstrate mi-
croorganism immobilization capabilities. These, called “standard PVA beads,” which are
unmodified chemically or physically prior to application, have been successfully used in
various studies (e.g., [15-18]; cited in [19]).

Hereby we collected and categorized the most promising and available PVA-based
media based on their fabrication method and construction materials.

4.1. A-Type Media

PVA-based foams have been widely explored due to their high porosity and ease of
production, yet their application is not common in wastewater treatment. To produce this
type of media, constant pressure conditions often followed by freezing/thawing methods
to release the added carbonate are required (Figure 2). X. Bai et al. [20] created PVA foams
by mixing calcium carbonate powder with PVA in boiling water, followed by adding
hydrochloric acid to produce CO; bubbles. The resulting foam was frozen overnight, cut
into small cubes, and treated with NaOH. Similarly, X. Li et al. [21] employed a calcium
carbonate—hydrochloric acid method but incorporated a freeze-thaw process for enhanced
properties. Abdeen and Mustafa [22] improved foam structure and durability by adding
epichlorohydrin for chemical crosslinking.
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Figure 2. Production method of A-type media.

While Li and Abdeen’s studies primarily investigate the adsorption of metals and oils
using PVA-based materials, Bai’s research focuses on the immobilization of microorganisms.
Among the tested carriers, crosslinked PVA foams demonstrated superior performance in
supporting nitrifying bacteria, making them the most effective medium in Bai’s study.

4.2. B-Type Media

Hydrogels made from PVA and sodium alginate (SA) are quick and efficient to produce
(Figure 3). The method utilizes sodium alginate blended with poly (vinyl alcohol), which
undergoes thermal treatment to promote hydrogen bonding between the polymer chains.
The addition of a chemical crosslinking agent further enhances the mechanical strength
and stability of the resulting composite. Often boric acid is used for initiating crosslinking,
as Toh et al. [23] used immobilized PVA-Sodium Alginate beads crosslinked with boric
acid to degrade o-cresol. Other researchers, such as Zain et al. [24], Lee and Cho [25], and
Chou et al. [26], adapted similar methods with varying crosslinking agents to optimize
structure and efficiency. Specific applications included immobilizing microorganisms
like Pseudomonas putida [27], Nitrosomonas, Nitrobacter [28], and Acinetobacter sp. [29] for
wastewater treatment, with each study focusing on improving biodegradation capacities
through tailored crosslinking methods.

Small droplets
with pipette

SA  Cool Cross-
overnight linking
—_— (\ :>
; Boric acid
Heating solution PVA beads

Figure 3. Production of PVA-based media with SA.

4.3. C-Type Media

PVA capsules and spheres made via emulsification have shown promise for enhancing
activated sludge (AS) systems. They show exceptional small size and pumping capabilities,
yet their production method and measurement remain challenging. Their production starter
solution, composed of poly (vinyl alcohol) (PVA), water, and various acids to maintain a low
pH, is prepared, along with a chemical initiator for crosslinking. This hydrophilic mixture
is then poured into an oil phase, where emulsification occurs, forming microcapsules.
Within these emulsion droplets, the crosslinking reaction takes place, resulting in the
formation of stable PVA beads. Their production (Figure 4) often requires heating, like
Guerrero et al. [30], who developed PVA capsules to improve nitrogen removal efficiency,
using a high-temperature emulsion process with benzaldehyde and oil. Microcarriers in
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the micrometre range, such as those developed by Cvetkovic et al. [31], were produced by
mixing PVA with AS and dispersing it into a chilled soybean oil phase containing lecithin,
resulting in smaller particles with high surface area.

-PVA )

- bond iniciator Chemically
id crosslinked

o PVA hydrogels

- supplementary materials

A\

&

|
|

AN
v

\ Phase separation
via
=
settling or filtering '

Oil Emulsification ~ Crosslinking

Figure 4. Phases of PVA-based media production.

4.4. D-Type Media

Many scientists in the previous types discovered that adding various materials to
the PVA matrix helps its physical strength and makes it more durable against biological
degradation. The following types are created not based on their producing method but
on the added materials, such as different inorganic parts. There are several approaches
to incorporating inorganic particles into PVA matrices. One method involves using oxide
precursors, which generate inorganic nanoparticles within the polymer matrix through
thermal treatment or chemical crosslinking. Alternatively, pre-synthesized inorganic parti-
cles can be directly dispersed into the PVA solution, followed by crosslinking induced by
mechanical stress such as stirring or ultrasonication.

PVA cubes modified with inorganic nanoparticles (Figure 5) have been used to en-
hance both stability and pollutant removal. Jiang et al. [32] combined PVA cubes with ZnO
nanoparticles to immobilize Ochrobactrum sp. for quinoline removal. Su et al. [33] incorpo-
rated Fe;04 nanoparticles for nitrate and metal removal. The inclusion of nanomaterials
such as TiO, and Fe3O4 in PVA-based media [34] has further strengthened the mechanical
and adsorption properties of these media, with tailored crosslinking methods enhancing
their long-term performance.

/ ’ 7 PVA

———.lnorganic
particles

Figure 5. The schematic of D-type media.
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4.5. E-Type Media

Inorganic particles added the right way, as described in the previous chapter, improve
the strength of PVA, yet various polymers like -cyclodextrin or other additives have
been developed to increase adsorption capacities (Figure 6). Sharma et al. [35] created
a f-cyclodextrin-PVA composite for dye removal using a multi-step process involving
ultrasonication and crosslinking with citric acid. Shin et al. [36] improved mechanical
strength by incorporating PEG and phosphate buffers into PVA-based media. Other
researchers, such as Hou et al. [37], used cyclodextrin-modified polyacrylic acid for host-
guest interactions, achieving high crosslinking densities.

PVA

Various
polymers

Figure 6. PVA polymer media with additives.

4.6. F-Type Media

The lesser-known group of PVA-based medjia is F-type, yet they show some potential,
and also for a comprehensive review, we felt the urge to add this type as well. Incor-
porating graphene oxide (GO) into the structure of PVA beads (Figure 7) results in high
mechanical strength and increased specific surface area, making it a good overall choice
for upgrading PVA-based carriers. Yu et al. [38] produced PVA-GO spheres by blending
GO with PVA-sodium alginate and crosslinking the mixture with boric acid and calcium
chloride. Dai et al. [39] and Joshi et al. [40] improved adsorption capacities by combining
GO with materials like kaolinite clay, creating porous structures through freeze-drying
processes. These advanced composites demonstrate excellent potential for applications in
MBBR technologies.

> PVA

Graphene-
oxid

Figure 7. The unique structure of PVA beads with added graphene oxide.
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5. Durability of PVA Beads

PVA beads can be produced using various methods, allowing for the incorporation of
different materials into their structure to suit diverse wastewater treatment applications.
However, to be practical and effective, PVA-based media must withstand the physical,
mechanical, and biological stresses inherent in wastewater treatment systems. Below, we
summarize the durability of PVA-based media based on existing studies.

PVA-based media are highly effective for intensifying activated sludge (AS) cleaning
systems and immobilizing various bacteria. Despite their potential, durability challenges
persist. For example, Guerrero et al. [30] reported a 30% release of added PVA in chemical
oxygen demand (COD) in effluent during the first 5 weeks of an 8-week experiment
where the temperature was between 16.6 and 19.2, the dissolved oxygen concentration
was held between 0.3 and 3.4 mg/L, the pH varied between 6.5 and 8.1 (after an initial
drop to around 3), and the loading rate of the reactors was between 1.2 and 2.2 kg/ m3
during the experimental period. Similarly, Jiang et al. [29] observed an 8.8% reduction in
cleaning efficiency after 10 reuses. Their experiment varied, however, as they did not hold
consecutive experiments, but they removed phenol (up to 600 mg/L) from wastewater
and then stored it for up to 35 days at 4 °C. When stored for a few days and then reused
10 times, the removal efficiency dropped by 8.8%: however, after storing for 35 days, the
rate dropped by 50%. Toh et al. [23] noted that o-cresol biodegradation capacity decreased
by over 15% after three reuses at low influent concentrations (100 mg/L). This reduction
was even more pronounced at higher concentrations (400-800 mg/L); after 3 cycles some
of the beads disassembled. Between the cycles the beads were rinsed with distilled water
2-3 times, so no major physical or chemical impact occurred. Zain et al. [24] addressed
dissolution issues by using higher amounts of sodium alginate and sodium sulfate to
improve structural stability.

The long-term performance of polymerized PVA beads remains uncertain. Chemi-
cally crosslinked media often exhibit greater durability than their physically crosslinked
counterparts. However, even chemically crosslinked PVA beads may degrade over time.

5.1. Enhancements to Improve Durability

Incorporating materials into the structure of PVA-based carriers can enhance their
strength and durability. At D, E, and F, different types of materials were added to the PVA
media structure for improving durability: for instance, Zhang et al. [34] reported only a 1.8%
mass loss over a 15-day continuous reuse of Fe3O4-enhanced PVA-SA—-diatomite beads.
Each cycle involved a fresh batch of synthetic wastewater with a hydraulic retention time
(HRT) of 24 h. The experiments were conducted in vitro using 100-300 mL reactors, with
influent containing 500 mg/L COD and 50-300 mg/L ammonium nitrogen. Jiang et al. [31]
demonstrated that ZnO nanoparticle-functionalized PVA cubes exhibited only minimal
degradation after five consecutive reuse cycles for quinoline removal (initial concentration:
300 mg/L). Between each cycle, the carriers were autoclaved at 121 °C for 25 min and
reinoculated with fresh organisms. Su et al. [33] used similar regeneration methods but
with Fe304 particles added to the PVA matrices. They used their media 10 times, between
each a rinsing and heat sterilizing. Their media did not decrease in terms of TN removal,
yet their Mn(II) and Cd(Il) decreased from 94.16 to 98.30 percent to 74.60 and 89.53 percent,
respectively. They also reported that added materials detached from PVA cubes after ten
reuses, although the PVA cube structure itself remained intact.

Zhu et al. [29] investigated the adsorption capacity of PVA/CH (chitosan) media for
dyes and set adsorption kinetics for their media. They removed the adsorbed dyes with
0.1 M HNOj; solution between each use up to four cycles, and their adsorption ability
reduced from 91.1 to 86.2 percent. Surkatti et al. [41] reported a 12% reduction in bead
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mass after three weeks of continuous use for p-cresol degradation up to 200 mg/L, while
adding TiO, to the carriers, the mass reduction is only 5% for the same period of time and
experimental setup.

These findings indicate that advanced PVA media are more suitable for real-world ap-
plications than unmodified beads. While they show greater durability and adaptability for
immobilizing various organisms, further improvements are needed to match the longevity
of traditional carriers, which can last for decades.

5.2. Discussion and Challenges of PVA Beads Durability

Table 2 summarizes the durability issues associated with various types of PVA-based
media. The data highlight significant reductions in mass and performance for media
without added materials such as inorganic particles or polymer enhancements. Despite the
substantial body of research on PVA media applications, fewer studies focus specifically on
their durability, mass loss, or cleaning capacity over time.

Table 2. Durability of Different Types of PVA-Based Media.

Media Type Durability Issues Duration Experimental Conditions
0 . pH: 6.5-8.1
30% of a‘i?gjei\t”é Spreared m 5 weeks DO: 0.3-3.4 mg/L
A Media T:16.6-19.2 °C
o . - . 10 reuses/stores for pH: 5.5-9.0
8.8-50% cleaning efficiency reduction up to 35 days T 1545 °C
o-cresol biodegradation capacity 3 reu Room temperature
decreased >15% euses pH: 2-11
B Media pH:7.0
12% mass reduction 3 weeks DO: 4-5mg/L
T:30°C
pH:7.0
5% mass reduction 3 weeks DO: 4-5mg/L
C Media T:30°C
o . T:35°C
1.8% mass reduction 15 days DO: 4-5 mg/L
Slight structural degradation 5 reuses 11;1_31775
D Media added particle detachment, noticeable .
. . . 10 reuses Not available
cleaning efficiency reduction
1.6% adsorption capacity decrease 7 reuse cycles Not available
E Media o . . T: 25 °C
4.9% adsorption capacity decrease 4 reuse cycles pH: 4.0-11.0
F Media Not specified Not specified

It remains unclear whether observed mass loss and cleaning efficiency reductions
are due to residual production materials or an inherent trend toward complete media
degradation. Further research is needed to explore the role of production methods in
influencing media stability and its effect on the durability of PVA-based media. Also,
maintaining their adsorption and cleaning efficiency is important. Understanding and
addressing these challenges is crucial to advancing the practical application of PVA-based
media in wastewater treatment systems.
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6. Methods for Measuring and Calculating Size and Specific Surface Area

After discussing the durability of PVA-based media, it is critical to examine methods
for measuring their key parameters—size and specific surface area (SSA). These parameters
significantly influence the cleaning capacity of the media, as they determine the available
surface for colonization by microorganisms and the adsorption of pollutants. Increased
SSA directly correlates with the media’s capacity to bind and remove pollutants effectively
for adsorptive applications. For biological applications, protected SSA is also a form factor
in biofilm development, as shear stress is a significant factor in the biofilm structure and
growth rate [42].

Traditional carriers, such as AnoxKaldnes, have well-documented data regarding
their size, shape, surface area, and specific surface area. In contrast, PVA-based carriers,
hydrogels, and aerogels lack such comprehensive information. Standard techniques for
measuring size and SSA in these media include variable pressure scanning electron mi-
croscopy (VPSEM), porosimetric analysis, and adsorption-desorption methods. These
techniques are tailored to the unique structural characteristics of PVA-based carriers, par-
ticularly their high porosity and diverse material composition. Hereby we collected the
strengths and weaknesses of methods that are used for determining size, biofilm thickness,
and SSA for PVA-based carriers.

6.1. Microscopic Analysis

Microscopy is commonly used to analyze both the size and porosity of PVA-based
media. Variable Pressure Scanning Electron Microscopy (VPSEM) is frequently combined
with image processing software for biofilm and carrier dimension analysis [43—46]. Scan-
ning Electron Microscopy (SEM) is also used for porosity analysis, often paired with
sample preparation techniques such as cryogenic fracturing in liquid nitrogen and gold
sputtering [37,38]. Light microscopy is applied by Kloknicer et al. [47] combined with
0.5% triphenyl tetrazolium chloride to stain living microorganisms for size and surface
area analysis.

Using these methods allows for detailed visualization, size measurement, and the
separation of living parts from non-living organisms and the media itself. However, it is
worth noting that such techniques require deep knowledge and a software background
for image analysis, as well as a significant amount of time to statistically analyze the
media’s surface. Additionally, these methods are limited to the outer surface area, while
microorganisms can penetrate porous surfaces inside the media.

6.2. Adsorption Methods

Adsorption techniques are effective for calculating specific surface area (SSA) and
internal porosity. Nitrogen adsorption-desorption is a widely used method for SSA determi-
nation, employing apparatus such as the Micromeritics Tri-Star II [48] and TriStar 3000 [40].
Methylene blue adsorption with the Langmuir equation is also used by Bai et al. [20] for
SSA determination. Physisorption analysis, evaluated by Zhang et al. [34], was used to
determine porosity and SSA in PVA-based carriers. These methodologies show accurate
detection of the media’s internal and outer surface. Carefully chosen adsorbents may
be suitable for determining the actual size of the available surface for microorganisms.
However, these methods cannot analyse the shape and size of the media and are also
limited for biofilm thickness measurement. Media often have internal and external surface
areas that offer different environments for microorganisms to attach to, which is worth
separating in calculations. Yet, when measuring SSA with adsorption, the ratio of these
areas remains unknown.
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6.3. Porosimetry

Porosimeters are instruments for measuring pore size and distribution, providing an
easy and automated way to determine parameters for PVA-based media. Shin et al. [36]
used porosimetry to calculate pore sizes in PVA-based carriers. Additionally, photometric
analysis using fluorescein reagents is also possible [36]. This method is time-efficient and
accurate yet often limited due to the unique structural properties of different types of
PVA-based media.

6.4. Challenges and Future Directions

While various techniques exist for measuring the size and SSA of PVA-based media
(Table 3), no single method is universally applicable. Microscopic techniques provide
detailed structural insights but are time-intensive, whereas adsorption and porosimetry
offer efficient SSA calculations but cannot measure size or shape directly. The increasing
miniaturization of PVA-based carriers presents additional challenges, as smaller media
make porosity and SSA detection increasingly difficult.

Table 3. Summarized Comparison of Methods for Measuring Size and Specific Surface Area.

Method Examples Strengths Weaknesses
. . . VPSEM, SEM, Light Measures size and SSA; Time-consuming; limited in
Microscopic Analysis . . . o . .
Microscopy detailed visualization measuring overall porosity
Adsorption N, Adsorption, Calculates porosity and Cannot determine the size,
P Physisorption internal surface area shape, or protected SSA
Porosimetry Porosimeters, Fluorescein Automated; standardized Difficult to apply to all types of

Reagents PVA-based media

The development of smaller and more durable media is essential to advancing biologi-
cal wastewater treatment. This creates an urgent need for new standards and methodologies
tailored to the unique properties of PVA-based carriers. These methods should enable
accurate, reliable measurements of size, porosity, and surface area while accommodating
the diverse structural characteristics of modern carrier media.

Combining adsorption techniques with microscopic analysis provides a comprehen-
sive analytical method for determining the main characteristics of biofilms. This approach
allows for calculating and measuring the overall inner and outer surface area, which is
useful for determining the actual biofilm and its growth potential on a media. By choosing
absorbents such as BSA (bovine serum albumin), it is possible to accurately determine
the surface area available for microorganisms, as demonstrated by Mahdavinia et al. [49]
and Xue et al. [50], who utilized protein-based adsorptions similar to the initial stage
of biofilm formation. For microscopic analysis, using SEM or light microscopy may be
suitable; however, improving image processing techniques is necessary for these methods
to be effective.

7. Size Range and Specific Surface Area of PVA Carriers

Moving Bed Biofilm Reactor (MBBR) technology is an advanced method in biological
wastewater treatment [51]. It leverages microorganisms attached to surfaces rather than
living in flocs. Biofilm-based systems are more stable and can better withstand fluctuations
in organic load and exposure to toxic pollutants. Microorganisms in biofilms are denser
and more efficient, enabling higher wastewater cleaning capacities within smaller reactor
footprints. To maximize the cleaning efficiency of MBBR systems, the size of the media
must be minimized while maximizing their specific surface area (SSA).
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Traditional media carriers typically range in size from 2.2 to 50 mm in length or 9
to 64 mm in width [3,52-55]. Their SSA values vary between 78 and 5500 m?2/m?3, with
protected surface areas between 66 and 900 m?/m3 [56-61]. For PVA-based carriers, while
various production methods exist, detailed data on their size and SSA are more limited.
These types of media have a wide range of sizes, which we summarized in Figure 8. to
demonstrate the difference between the types.

D Media
PVA cubes with metal
particles

Size: 0.5-2cm Size: 3-7mm Size: 0.28 - 0.75 mm Size: | em Size: 4 - T mm Size: 4 - 35 mm

A Media B Media
PVA-based foams PVA beads with
sodium alignate

\\III\I"\l\Illlll\l\I\\I\-‘r\-/\lr\l\ll

40 mm

Figure 8. Size comparison of different types of PVA media.

7.1. Standard PVA Beads

Standard PVA beads, often referred to as “eggs,” are porous with diameters ranging
from 3 to 4 mm. Studies by Hoa et al. [15], Zhang et al. [16], and Gani et al. [18], cited in
Wang et al. [19], used pre-made beads from Kuraray Co. Ltd. with estimated SSA values of
2500 to 6000 m?/m3. Custom-produced beads by Chen et al. [13] and Nie & Gu [62], which
incorporated sludge during fabrication, demonstrated improved biofilm attachment and
were similarly sized.

7.2. A-Type Media

A-Type media are generally larger than standard beads. For instance, Bai et al. [20] pro-
duced foam cubes with dimensions of 2 x 2 x 2 cm and an SSA of 177 m? /g, though the ma-
terial density was not reported, complicating direct comparisons. Abdeen & Moustafa [22]
fabricated foam discs (0.5 cm thick, 1.2 cm diameter), while Li et al. [21] produced 0.5 x
0.5 x 0.5 cm cubes. These larger sizes may still achieve high SSA due to their foam-like
structures.

7.3. B-Type Media

Hydrogels made with PVA, sodium alginate (SA), and calcium chloride typically range
from 3 to 7 mm in diameter. Toh et al. [23] and Zain et al. [24] produced hydrogels in the
3-6 mm range, while Lee & Cho [25] achieved 3-7 mm with a phosphorylated hydrogel
variant. As reported by Mideksa et al. [48], SSA values for these hydrogels fall between 16
and 23 m?/g.

7.4. C-Type Media

C-Type media represents the most minor PVA-based carriers, produced via oil-in-
water emulsion methods. Cvetkovic et al. [30] achieved sizes ranging from 280 to 480 pm
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by optimizing oil-to-PVA ratios and stirring speeds. Other studies, such as Fleit et al. [63]
and Sandor et al. [64,65], reported sizes from 50 to 750 um for PVA-PAA microcarriers.
However, due to their small size and high porosity, measuring SSA for C-Type media
remains challenging.

7.5. D-Type Media

D-Type media, such as PVA-based carriers with added inorganic nanoparticles, are
generally larger. Jiang et al. [32] used ZnO nanoparticle-enhanced PVA cubes (1 X 1 x 1 cm)
with a pore size of 20-100 um. Su et al. [33] produced similarly sized cubes infused with
Fe304. SSA values for these media range between 27.77 and 29.96 m?2/ g [37].

7.6. E-Type Media

PVA-based media combined with polymers, such as PEG or (3-cyclodextrin, exhibit
SSA values from 17.34 to 64.7 m?/g. Shin et al. [36] reported media sizes between 4 and
7 mm, while Sharma et al. [35] noted pore diameters of 4.12 nm. These media are smaller
than PVA cubes but have lower porosity and SSA.

7.7. F-Type Media

F-Type media include PVA-GO composites, which can be both large and highly porous.
Joshi et al. [40] produced media with dimensions of 35 mm (height) x 23 mm (diameter)
but did not report SSA. Dai et al. [39] fabricated PVA /GO aerogels with 20 x 20 x 8 mm
dimensions and 95% porosity. Yu et al. [38] developed modified PVA-GO-GLU gels with
SSA values of 194.4 to 229.2 m? /mL, the highest among known PVA-based media.

7.8. Summary of Size and SSA Data

Hereby in Table 4. we summarized the available data. The size range of standard PVA
beads, A-Type, B-Type, and E-Type media falls within the lower spectrum of conventional
carriers, with A-Type media achieving higher SSA than others with similar sizes. D-Type
and F-Type media align more closely with traditional carrier dimensions, but F-Type media
exhibits the highest SSA of all PVA-based media studied. C-Type media represent the
smallest carriers, but their SSA is difficult to measure due to their intricate structures.

Table 4. Summary of Size and Specific Surface Area of PVA-Based Media.

Media Type Size Specific Surface Area (SSA)

Standard PVA Beads 3-4 mm 2500-6000 m?/m?3

A-Type Media 0.5-2.0 cm 177 m?/g

B-Type Media 3-7 mm 16-23 m?/g

C-Type Media 0.28-0.75 mm Not available

D-Type Media 1cm 27.77-29.96 m? /g

E-Type Media 4-7 mm 17.34-64.7 m?/g

F-Type Media 4-35 mm 194.4-229.2 m%/mL

The data highlight the potential for PVA-based media to optimize MBBR performance.
However, further research is needed to standardize SSA measurement techniques. Future
research must also determine the specific surface area (SSA) of media based on volume
rather than mass, as the surface area per reactor volume is a critical factor in wastewa-
ter treatment.

8. Cleaning Efficiency of MBBR Systems

The primary goal of developing novel microorganism-carrying materials for wastewa-
ter treatment is to enhance cleaning efficiency and remove pollutants that neither traditional
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activated sludge (AS) nor conventional moving bed biofilm (MBBR) systems can effectively
process. MBBR systems demonstrate superior pollutant removal rates compared to con-
ventional AS systems [7,66,67], primarily due to their higher biomass concentration and
biofilm stability.

For example, Zhu et al. [29] utilized polycaprolactone (PCL) and polyurethane foam
(PUF) carriers for ammonium and total organic carbon (TOC) removal, achieving 90% and
65% removal rates with PUF and 72% and 56% with PCL at 14-h hydraulic retention time
(HRT). Similarly, Ashkanani et al. [68] evaluated AnoxKaldnes media (K3, K5, and M3)
for ammonium removal, with rates of 87.3%, 71.8%, and 47.2% at 20 °C. Shitu et al. [69]
reported removal rates of 86.67% and 91.65% for K5 and sponge media, respectively, at
6 HRT. Delnavaz et al. [70] achieved 75-90% cleaning efficiency using clay aggregate carriers
at 8HRT with influent COD concentrations of 750-1000 mg /L.

These results are summarized in Table 5. highlight the potential of MBBR systems for
high-efficiency pollutant removal within smaller reactor footprints. The hereby mentioned
media are conventional carriers, which means that by further increasing specific surface
area (SSA) through advanced carriers, even greater cleaning efficiencies are achievable. Al
Amshawee et al. [4] reviewed the performance of PVA-based carriers, identifying them as
highly effective for COD removal due to their ability to biodegrade and adsorb compounds
beyond the capacity of conventional systems.

Table 5. Cleaning efficiency of conventional MBBR media with retention times.

Media Cleaning Efficiency (%) HRT (Hours) Pollutant
90 14 Ammonium
PUF 65 14 TOC
72 14 Ammonium
PCL 56 14 TOC
K media (K3, K5, M3) 47.2-87.3 6 Ammonium
Sponge 91.65 6 -
Clay aggregate 75-90 8 COD

8.1. Performance of PVA-Based Media

With different added materials, there are a broad range of pollutants that can be
removed from wastewater both via adsorption and biological removal, degradation. We
summarized in Figure 9. the removable materials based on the media type.

Suspended
Solids

Malachite
green
F Methyl
orange
i Rhodamine’ AIC':S:IW
G- E

Figure 9. Removable pollutants via the types of PVA-based media.
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It is worth noting that while this list is not fully complete, not all types of media have
been tested with each of the pollutants, which leads towards matrix-like experiment setups
to analyze the full potential of each group of media. Below we analyze the characteristics
and number of pollutants with the reactor setups where the experiments were carried out.

8.2. Standard PVA Beads

Standard PVA beads, such as those produced by Kuraray, exhibit excellent clean-
ing performance. Wang et al. [19] achieved organic compound removal rates of up
to 1.5 kg/m3-day. Hoa et al. [15] used PVA beads with anammox bacteria, achieving
83% total nitrogen (TN) removal at 4 HRT with an influent concentration of 605 mg/L.
Zhang et al. [16] attained a 96% COD removal efficiency at an organic loading rate (OLR)
of 25 g/L*day and 10 HRT. Gani et al. [18] reported removal rates of 84-98% for total phos-
phorus (TP) and 85-94% for suspended solids. Jiang et al. [29] immobilized Acinetobacter
sp. on PVA beads, achieving 96% phenol degradation (800 mg/L initial concentration)
within 30 h. Surkatti et al. [27] immobilized Pseudomonas putida on PVA beads, removing
85% of p-cresol with an initial concentration of 200 mg/L.

8.3. A-Type Media

PVA-based foams are not widely available, yet a few experiments can be used to
determine their efficiency. Abdeen & Moustafa [22] used this type to adsorb crude oil
with a 5 g/L initial concentration. Their results show it is highly pH dependent, with the
peak capacity at a pH of 9. The lowest measured capacity was at pH 7 with 67.6%. Lee &
Cho [25] used PVA foams for COD and TN removal; as they set the proper COD/N ratio,
the efficiency went up to 92% of COD and 61% of TN. They fixed the HRT at 12 h with an
initial concentration of 0.5-2.4 gCOD/L.

8.4. B-Type Media

B-Type media, primarily PVA-alginate carriers, demonstrate high efficiency for ammo-
nium and COD removal; Chou et al. [26] achieved near 100% ammonium-nitrogen removal
at 40 HRT with an initial concentration of 0.6 g/L. Lee & Cho [25]: Reported 70% TN and
90% COD removal at 12 HRT with an influent COD of 2.4 g/L and nitrogen of 0.43 g/L.
It is also possible to remove complex pollutants, as Toh et al. [23] biodegraded o-cresol at
6.00-9.66 mg/L*h rates.

8.5. C-Type Media

Micro-sized PVA carriers, such as PVA-PAA microcarriers, have demonstrated promis-
ing cleaning capacities with traditional wastewater pollutants. Fleit et al. [63]: Achieved
near 100% nitrification and denitrification efficiency at 9.5-10.5 HRT with 60 g/m? in-
fluent. Kloknicer et al. [47]: Reported 99.4% ammonium, 94.3% COD, and 75.0% TN
removal with a daily inflow of 27 m3 and COD influent concentrations of 729-1308 mg/L.
Cvetkovic et al. [31]: Achieved 95.6% reducible COD removal with an initial concentra-
tion of 100 kg/m3-day. These show incredible pollutant removal rates, yet their ability
to remove more complex molecules or other hazardous materials, such as heavy metals,
remains unknown.

8.6. D-Type Media

D-Type media, such as PVA-based media modified with nanoparticles, exhibit high
pollutant removal efficiency for ammonium removal. Zhang et al. [34] achieved 95%
ammonium-nitrogen removal with Fe304 PVA beads at 12 HRT. Su et al. [33] reported
near 100% ammonium removal and 74.3% denitrification efficiency. These media also
show potential in COD removal, as Surkatti et al. [41] achieved 89% COD removal with
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TiO;-modified PVA beads. Additionally, Su et al. [33] removed heavy metals such as Mn(II)
and Cd(II) with removal rates of 91.16% and 96.19%, respectively, at a remarkable 10 HRT.

8.7. E-Type Media

E-Type media, composed of PVA with PEG or 3-cyclodextrin, have shown remarkable
adsorption capacities compared with PVA beads without modifications. Sharma et al. [35]
Reported adsorption capacities are 366 mg/g for Congo red and 1436 mg/g for tartrazine
dyes (TD). Hou et al. [36] Recorded 6.12-25.86 mg/g adsorption capacities for methylene
blue (MB) and rhodamine B dyes (RD). Joshi et al. [40] achieved 535 mg/g adsorption
capacity for MB with kaolinite clay-PVA-GO carriers. Mok et al. [9] summarized in a
systematic review the dye adsorption capacity of PVA-based gels both with and without
modifications. They found that for MB 13.80-23.30 mg/g and 276.20 mg/ g for bromothymol
blue is the maximum adsorption capacity of unmodified PVA beads. Their paper dealt
with added materials to PVA matrices such as PAA (poly-acrylic acid), PVA-CH (chitosan),
and 3-cyclodexrin, amongst other PVA-based carriers. Their studies show remarkably high
adsorption capacities up to ~1200 mg/g. This review clearly shows that these modifications
significantly increase the adsorption capacity of PVA-based media. It is also possible
to remove ammonium and COD from wastewater with these media; however, it is a
slightly less researched topic. Shin et al. [36] achieved 99% ammonium and 85% organic
load removal.

8.8. F-Type Media

Adding graphene oxide to the PVA matrix significantly increases the dye adsorption
capacity, as stated in the Dai et al. [39] article. They experimented with aerogels and various
dyes, like methylene blue, malachite green, and Congo red. Their experiments lasted a
relatively high HRT of 48 h. The removal efficiency varied between 10% and above 90%
based on the dye type. Joshi et al. [40] also examined the dye adsorption capacity of F-type
aerogels. However, they determined the adsorption capacity of media in mg/g, which
is more useful in technological applications. Their capacity ranged from 80 mg/g up to
380 mg/g based on the dye they used.

8.9. Summarized Cleaning Capacities

As we discussed the cleaning capacity, the available data shows excellent potential in
any PVA-based media. The results indicate that technologies applied with these carriers
tend to remove a significant number of pollutants from water in a short time. With the
addition of other polymeric materials, not only can the adsorption capacity be increased, but
also the number of pollutants that can be adsorbed is also widened. We have summarized
the available data about the media in Table 6.

Both standard PVA beads and other types of media can remove pollutants via material
degradation (e.g., ammonium to nitrate). However, D and E media can also adsorb various
types of pollutants like metals and complex molecules such as dyes. Among all types of
media for ammonium and organic compound degradation via microorganisms, B media
can remove the highest concentration but with a very high retention time (up to 40 h). In
contrast, C media is also capable of significant pollutant removal, yet with much shorter
retention times (9.5-12 h). Standard PVA beads, B, and D can also decompose complex
compounds like cresols or quinoline. All mentioned media types have great capacity
in adsorption or biological cleaning, although most experiments were conducted on a
laboratory scale. It is also evident that not all media types have been tested with every
compound, indicating that their full potential is not yet thoroughly researched. Further
research should focus on the scalability of these media, as well as their removal potential



Environments 2025, 12, 294

18 of 22

for a range of pollutants. This includes simple biological treatments like nitrification, as

well as more complex molecules such as dyes, cresols, and various types of metals.

Table 6. Cleaning capacity of each media type.

Cleaning . .
PVA Type Compound Effectiveness (%) HRT (Hours) Cleaning Capacity
TN 83% 4 0.605 g/L
COD 96% 10 25¢g/L/d
Standard TP 84-98% Not specified 3.3-7.1mg/L
beads Suspended Solids 85-94% Not specified 74-356 mg/L
Phenol 96% 30 0.8g/L
p-Cresol 85% Not specified 0.2g/L
crude oil 80,82% 3 5g/L
A COD 92% 12 24¢g/L
TN 61% 12 Not specified
Ammonium-Nitrogen Close to 100% 40 0.6g/L
B TN 70% 12 24¢g/L
COD 64.65-90% 12 043 ¢g/L
0-Cresol 100% Not specified 6.00-9.66 mg/L*h
TN Near 100% 9.5-10.5 60 g/m?
Ammonium 99.4% 28.8-33.6 mg/L; 27 m3/day
C COD 94.3% 12 0729-1.308 g/L; 27 m3/day
TN 75% 27 m3/day
Reducible COD 95.6% Not specified 100 kg/m3d
COD 89% Not specified 11g/L
Ammonium-Nitrogen 95-100% 10-12 Not specified
D Denitrification 74.3% 10 Not specified
Mn(1l) 91.16% 10 0.04g/L
Cdr) 96.19% 10 0.01g/L
Quinoline Degradation 72-132 0.1-05g/L
Ammonium-nitrogen 99% Not specified 0.05g/L
Organic Load 85% Not specified 0.15g/L
P e Neiied 0t
artrazine o ot specifie 436¢g/g
Methylene blue Above 96% Not specified uptol2g/g
Rhodamine B Not specified 2586 mg/g
Methylene blue
Malachite green Above 95% 380 mg/g
Neural red 0.025-0.040 g/L
4
Eosin'Y 80% 8 0.025-0.040 g/L
F Alcian blue 8GX 10% 0.025-0.040 g/L
Congo red 30% 0.025-0.040 g/L
Rhodamine 6G 320mg/g
Rhodamine B not specified 6.7 120 mg/g
Methyl Orange 80mg/g

9. Conclusions

PVA-based carriers offer small size, high specific surface area (SSA), and the ability to

immobilize various microorganisms, making them an innovative solution for advanced

wastewater treatment. To analyze cleaning efficiency, we summarized the PVA-based

media into 6 types (A to F) based on constructing recipes. Added materials directly affect
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the media durability; adding inorganic particles (D type) improves durability from up to a
30% degradation rate (A Media) to minor structural degradation. Mixing with polymers
also added to the strength of the media structure (maximum 4.9% adsorption capacity
decrease), yet both improved media types show degradation, like added parts detaching
and adsorption capacity losses, which should be minimized during future developments.

Analyzing media surface area and size requires effective analytical methods. Due to
the unique structure of PVA-based media, none of these techniques provide comprehensive
results on their own. Adsorption methods are effective for determining porosity and surface
area, while microscopic measurements are more suited for assessing biofilm thickness
and outer surface area. A combination of these techniques is recommended to obtain
comprehensive insights, though both require improvements from a biological perspective.
Adsorption methods often utilize dyes, which may attach differently than proteins and
microorganisms. To address this, using protein adsorption, such as with BSA, can be a
viable solution. For enhancing microscopic analyses, techniques like live biomass staining
and color-based separations should be applied. However, to reduce the time-intensive
nature of such analyses, investment in automated software is crucial.

Types A and D fall within the centimeter range, which is slightly larger, while types B,
E, and F are in the millimeter range, aligning with the size range of traditional media. How-
ever, type C is notably smaller (lower millimeter, micrometer range) than all other types.
Beyond size variations, all PVA-based media demonstrate significantly higher (m? /m?3
range versus m?/mL range) specific surface areas compared to conventional carriers. The
available data on specific surface area (SSA) is often incomplete, with results frequently
reported per mass or per volume. To standardize measurements, the density of the media
should be determined, or standardized methods for SSA measurement should be adopted.
Furthermore, some media, such as type C, lack SSA data, possibly due to their extremely
small size, which poses measurement challenges and necessitates further research.

Type E demonstrates exceptional capabilities in removing dyes and complex molecules,
which makes it promising for testing pharmaceutical residue removal rates. Conversely,
type C exhibits low retention times (9.5 to 12 h) for extremely high COD and nitrogen
(60 g/m?3 nitrogen, 1.308 g/L COD) concentrations. However, there remains significant
scope for further investigation, as the adsorption capacities of types A, B, and C are still
unknown. Additionally, type C’s ability to degrade complex molecules such as o-cresol
or quinoline requires further research. Overall, literature suggests that type D can remove
the broadest range of pollutants. Combined with its overall durability, this makes it an
excellent candidate for further research and industrial applications.
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