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ABSTRACT

Environmental pollution from heavy metals, persistent organic compounds, and emerging contaminants poses a 
growing threat to ecosystems and human health. Remediation processes have typically been associated with high costs, 
low selectivity, and secondary wastes, prompting a search for greener solutions. Mixed into renewable biopolymers with 
reactive metal oxides, hybrid bio-inorganic materials have become a promising general choice in pollutant capture and 
degradation. The basic characteristics of biopolymers and metal oxides, approaches to their synthesis and combination, 
and the synergistic effects that enhance the performance of the combination by exploiting synergies not present with 
the separate components are reviewed. The removal of heavy metals, dyes, pesticides, pharmaceuticals, and PFAS is 
shown as a case study, demonstrating the material’s versatility with different classes of pollutants. Important issues 
regarding stability, scaling up, and ecological security are critically discussed, and newer areas of research, including 
green synthesis, interface engineering, and the design of multifunctional materials, are growing. Hybrid bio-inorganic 
materials have the potential to contribute towards high-efficiency, low-impact remediation strategies. These materials 
can be adapted to a variety of environmental situations as they incorporate chemical diversity, structural stability, and 
catalytic activity into the same platform.
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1.	 Introduction
The rapid rate of industrialization, urbanization, and 

agricultural intensification has not only solved the econom-
ic and technological challenges facing the world but has 
also led to the persistent emission of dangerous substances 
into the environment. Synthetic dyes, pesticides, pharma-
ceuticals, and persistent emerging pollutants like per- and 
polyfluoroalkyl substances (PFAS), as well as heavy met-
als (lead, cadmium, arsenic, and mercury), are all now reg-
ularly found in environmental soil, water, and sediments. 
Toxicity, persistence, and bioaccumulation potential are of 
such concern to these pollutants that they not only pose a 
threat to aquatic and terrestrial ecosystems, but also to hu-
man health due to food and water contamination [1].

The traditional treatment options—chemical precip-
itation, coagulation-flocculation, activated carbon adsorp-
tion, and advanced oxidation processes — have contribut-
ed greatly to the reduction of pollution. However, they are 
usually subjected to important drawbacks: high operating 
costs, the generation of waste by-products, a lack of selec-
tivity for specific contaminants, and barriers to regener-
ation and reuse. This has instigated the investigation into 
alternatives to the material and strategies that are both ef-
ficient and sustainable enough to trap a wide range of con-

taminants with minimal environmental impact [2,3].
Hybrid bio-inorganic composites are a recent emerg-

ing group of promisingly developed materials that offer 
the benefits of bio-polymer but also the unique benefits of 
inorganic metal oxides. An extra post-publication growth 
in research interest on hybrid bio-inorganic materials can 
be seen in Figure 1 over the previous 10 years, with a 
5-fold increase in publications, as indicated by the discrete 
growth of publication years. These materials are designed 
to exploit the complementary characteristics of their two 
components: the renewability, biodegradability, and func-
tional group diversity of biopolymers, and the high surface 
area, tenable surface chemistry, and catalytic potential of 
metal oxides. Biopolymers such as chitosan, cellulose, al-
ginate, starch, and various proteins are abundant in nature 
and possess reactive functional groups—such as amino, 
hydroxyl, and carboxyl moieties—that readily bind to con-
taminants through mechanisms including chelation, hy-
drogen bonding, and electrostatic attraction. Metal oxides 
such as Fe₃O₄, TiO₂, ZnO, MnO₂, and MgO, in turn, exhib-
it strong affinities for heavy metals, the ability to photode-
grade organic pollutants, and in some cases, redox-active 
surfaces that can transform harmful compounds into less 
toxic forms [4].

Figure 1. Annual number of publications on hybrid bio-inorganic materials (2016–2022), based on Scopus data.

When these two components are integrated, the 
resulting hybrid materials often display properties that 
far exceed the sum of their parts. Biopolymers serve as 
flexible and robust supports that stabilize and disperse 
metal oxide nanoparticles, preventing their aggregation 
and thereby maximizing their reactive surface area. This 

dispersion not only improves the accessibility of active 
sites but also provides additional binding domains for 
contaminants. The combination of organic functional 
groups and inorganic active sites enables multiple modes 
of pollutant capture, allowing for simultaneous chelation, 
surface complexation, ion exchange, and photocatalytic 
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degradation within the same material. As an example, a 
hybrid containing chitosan and FeO sub 3 and sub 4 may 
be able to bind heavy metal ions via the amino groups of 
the polymer as well as take advantage of the hydroxylat-
ed surfaces of the iron oxide to establish strong surface 
complexes. Likewise, in hybrids with TiO2, the dyes can 
be adsorbed, and the TiO2 hybrids can break down the 
dyes via exposure to light, producing a two-process solu-
tion for remediation  [5–7].

In addition to chemical performance, the hybrid 
composite offers improved mechanical durability and 
high thermal stability, making these materials capable of 
regeneration through multiple cycles without substantial 
efficiency decay. Expandability, through the addition of 
magnetic components like Fe3O4, can enable the rapid and 
efficient extraction of treated water, providing a solution to 
one of the main issues of nanoparticle-based remediation 
systems. Research into these hybrid bio-inorganic materials 
is a step toward next-generation remediation agents, aimed 
not only at high efficiency but also at easy deployment and 
sustainability. Through the integration of the strong sides 
of natural polymers and advanced inorganic nanomate-
rials, researchers have managed to develop systems that 
can solve intricate pollution problems in a fashion that is 
flexible to practical installations. This paper examines the 
art of such materials in relation to this premise, particular-
ly focusing on the synergistic effect between biopolymers 
and metal oxides, which forms the foundation of their 
ability to capture pollutants. It discusses the character and 
preparation of each constituent, the mechanism underlying 
its improved functioning, and various synthetic examples 
demonstrating its applicability against different grades of 
contaminants. It is also mindful of the practical obstacles 
to large-scale expansion of manufacturing, environmental 
protection, and the transition of these materials into work-
ing water treatment platforms. The discussion can provide 
context for future innovation and the translation of prom-
ising laboratory findings into meaningful real-world use. 
It will summarize what is known to date on this topic and 
highlight synergistic areas where new knowledge can sup-
port ongoing efforts to translate these successful laboratory 
results into positive real-life applications [8,9].

2.	 Fundamentals of Bio-Inorganic 
Hybrid Systems

2.1.	Biopolymers as the Organic Component

Spider silk used to be the most well-known biopoly-
mer. However, now synthetic biopolymers and genetically 
modified bacteria produce biopolymers that can be har-
vested, such as those used in water filters. Chitosan, cel-
lulose, alginate, starch, and some protein-based polymers 
like silk fibroin or casein are also commonly used in the 
remediation materials. Several biopolymers are interesting 
in environmental applications due to renewability, biode-
gradability, and their abundance in waste streams, which 
are often of agricultural or industrial nature [10].

They have diverse functional groups in their chemi-
cal structure, most frequently amino (NH2), hydroxyl (OH), 
and carboxyl (COOH) groups, and can be relied upon to 
interact strongly with pollutant molecules or ions. Interac-
tions that result in binding contaminants by coordination 
to metal ions, hydrogen bonding with polar molecules, or 
electrostatic attraction with charged species are all possible 
in these groups. Besides their chemistry, they can be fabri-
cated into other physical formats: films, beads, fibers, and 
hydrogels. Thus, engineers can control the surface area, 
porosity, and subsequent mechanical strength to meet a 
certain treatment need [11].

2.2.	Metal Oxides as the Inorganic Component

Metal oxides, formed by metal cations and oxygen 
anions, are inorganic solids whose properties greatly aid 
in the removal of pollutants. Magnetic minerals like mag-
netite (Fe3O4) and maghemite (179\ Gray-Fe2O3) have a 
high affinity for arsenic, lead, and other toxic metals. This 
makes them easy to retrieve from water once treated due to 
their magnetic properties. Titanium dioxide (TiO2) has long 
been known to possess photocatalytic properties, allow-
ing it to degrade organic contaminants under ultraviolet or 
even visible light. Both zinc oxide (ZnO) and manganese 
dioxide (MnO2) have photocatalytic and oxidative prop-
erties, whereas aluminium oxide (Al2O3) or magnesium 
oxide (MgO) possess high adsorption capacity and a great 
stability to the chemicals [12].

These are typically high-surface area materials, and 
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such surfaces can be tailored to ensure that they contain 
many reactive sites, capable of hosting complexation with 
the contaminants at the surface. They are equally durable 
and, therefore, can fit reused cycles of treatment.

2.3.	Complementary Strengths and Limita-
tions

While biopolymers and metal oxides each have valu-
able properties, they also have limitations when used indi-
vidually. Biopolymers may be mechanically weak, prone 
to swelling in water, or susceptible to degradation under 
certain conditions. Metal oxides, although robust and reac-
tive, tend to aggregate into larger particles, reducing their 
effective surface area and limiting pollutant accessibility.

Combining them into hybrid materials addresses 
these weaknesses. The biopolymer matrix disperses and 
stabilizes metal oxide nanoparticles, preventing aggre-
gation and ensuring that active sites remain accessible. 
In turn, the inorganic phase reinforces the polymer struc-
ture, enhancing mechanical strength, thermal stability, and 
sometimes resistance to biodegradation [13].

2.4.	Synthesis Strategies for Hybrid Materials

Several established methods are used to integrate 
biopolymers and metal oxides:

•	 Physical blending: Pre-formed metal oxide particles 
are mixed into a biopolymer solution and then so-

lidified. This method is straightforward but relies on 
weak interactions, which can allow some leaching of 
metal oxides.

•	 In situ precipitation: Metal salts are introduced into 
the polymer matrix and chemically converted to met-
al oxides within the polymer itself, leading to strong 
interfacial bonding and uniform particle dispersion.

•	 Sol–gel synthesis: Liquid precursors undergo hydro-
lysis and condensation reactions within the polymer 
to form a metal oxide network, commonly used for 
TiO₂ and SiO₂.

•	 Surface functionalization: Chemical modification of 
the polymer or coating of the oxide surface to im-
prove compatibility and adhesion between the com-
ponents.

These strategies share conceptual parallels with lay-
ered double hydroxide (LDH) nanohybrid synthesis, as 
illustrated in Figure 2. While developed for therapeutic 
applications, LDH methods like (A) co-precipitation of 
metal salts, (B) ion-exchange, (C) surface functionaliza-
tion, and (D) exfoliation-reassembly can be adapted for 
environmental remediation by substituting biomedical pay-
loads with target pollutants (e.g., Pb²⁺ for drugs, dyes for 
proteins). Such adaptations leverage the same interfacial 
control principles critical for pollutant capture [14–16]. The 
choice of method influences particle size, crystallinity, sur-
face chemistry, and dispersion, all of which affect the hy-
brid’s pollutant removal performance.

Figure 2. Various ways to prepare LDH nanohybrids for therapeutic application from top to bottom co-precipitation, ion exchange, 
surface functionalization, and exfoliation reassembling [16].
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2.5.	Role of the Polymer–Oxide Interface

The interface between the biopolymer and the met-
al oxide is where the hybrid’s unique performance char-
acteristics emerge. Hydrogen bonding, electrostatic forc-
es, and sometimes covalent linkages can form between 
polymer functional groups and oxide surfaces. These 
interactions not only stabilize the composite but may also 
alter the electronic structure of the oxide, enhancing its 
catalytic or adsorptive activity. Synergistic effects at this 
interface often lead to higher removal capacities, faster 
pollutant uptake rates, and greater selectivity compared 
to the individual components. For example, smaller oxide 
nanoparticles provide more reactive surface area but must 
be securely anchored in the polymer to prevent leach-
ing; uniform dispersion ensures that pollutants encoun-
ter active sites more efficiently. The degree of polymer 
cross-linking can influence water uptake, swelling behav-
ior, and accessibility of binding sites, further shaping the 
material’s performance [17,18].

The hierarchy of interaction types governing poly-
mer-oxide interfaces is systematically classified in Figure 
3. Class I interactions (e.g., hydrogen bonding, electro-
static) dominate in biopolymer-rich systems like chi-
tosan-Fe₃O₄ hybrids, enabling reversible pollutant binding, 
which is ideal for regenerable adsorbents (Section 5.4). In 
contrast, Class II interactions (e.g., covalent grafting in al-
ginate-TiO₂) enhance structural stability for long-term use 
in harsh environments. The lower panels further illustrate 
how matrix design—whether inorganic nanoparticles dis-
persed in biopolymers (top) or organic modifiers embed-
ded in mineral frameworks (bottom)—dictates pollutant 
accessibility and reaction kinetics, as demonstrated in Sec-
tions 3.1–3.3.

Figure 3. Hybrid materials are general classifica-
tions. On the left, classification based on the differences 
between the interactions of the components, having class 
I and class II hybrid materials. On the right, the classifica-
tion according to the matrix and filler component nature, 
being divided into four classifications: I–O, O–I, I–I, and 
O–O types.

2.6.	Importance of Fundamental Understand-
ing

A clear understanding of the inherent properties of 

biopolymers and metal oxides, as well as their interac-
tions in hybrid form, is critical for designing high-perfor-
mance remediation materials. The flexibility in choosing 
component types, structural configurations, and synthesis 
methods allows for fine-tuning toward specific contami-
nants—whether the goal is to adsorb toxic metals, degrade 
persistent organic molecules, or remove emerging pol-
lutants that challenge traditional treatment systems. This 
knowledge forms the foundation upon which the diverse 
environmental applications of bio-inorganic hybrids are 
built [19].

3.	 Synergistic Mechanisms in Pollut-
ant Capture

The defining advantage of hybrid bio-inorganic ma-
terials lies not simply in the sum of their components, but 
in the synergistic effects that emerge from their intimate 
integration. These synergies arise from the interplay be-
tween the chemical functionalities, structural features, and 
physical properties of biopolymers and metal oxides, en-
abling pollutant removal performance that surpasses what 
either material could achieve alone [20].

3.1.	Chemical Synergy: Multi-Modal Binding 
Mechanisms

At the molecular level, chemical synergy manifests 
as the coexistence of multiple binding mechanisms with-
in a single material. Biopolymers contribute functional 
groups such as amino, hydroxyl, and carboxyl moieties, 
which can chelate metal ions, form hydrogen bonds with 
polar organic compounds, or engage in electrostatic inter-
actions with charged pollutants. Metal oxides contribute 
surface hydroxyl groups, coordinatively unsaturated metal 
sites, and, in some cases, redox-active centres capable of 
chemically transforming pollutants [21].

When combined, these functionalities work in con-
cert. For example, a chitosan–Fe₃O₄ hybrid can capture 
Pb²⁺ ions through amino group chelation while simultane-
ously forming inner-sphere complexes with the hydroxylat-
ed iron oxide surface. This dual binding pathway increases 
both the adsorption capacity and the selectivity for specific 
contaminants. In the example of organic dyes, adsorption 
of the dye molecules on the surface of the polymer can be 
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facilitated either by electrostatic interactions, or 2pi to 2pi 
stacking, and photocatalytic combustion by TiO2 nanoparti-
cles embedded on the polymer can then be used to oxidize 
the adsorbed molecules, thereby turning adsorption into a 
form of pre-concentration in the presence of the catalyst.

This multi-modal binding is especially beneficial in 
remediating complex wastewater streams, which contain a 
mixture of contaminants, because a single hybrid material 
can address various contaminants simultaneously.

3.2.	Structural Synergy: Enhanced Stability 
and Accessibility

There is synergy, too, in the physical structure of the 
hybrid. Unsupported nanoparticles of inorganic material 
can form larger aggregates, which severely limit available 
surface area. Such aggregation does not occur when em-
bedded in a biopolymer matrix, yielding a high density 
of available active sites. The nanoparticles are separated 
by the scaffolding, which contains a flexible polymer de-
signed to separate them and simultaneously create pores, 
allowing pollutants to diffuse.

In exchange, the inflexible character of the non-or-
ganic phase strengthens the structure of the polymer. Pure 
biopolymers easily swell in water or deform over time. 
This limitation is addressed by adding metal oxides, which 
enhance mechanical resistance and temperature stability, 
allowing the hybrid to PA 00354 retain most of its prop-
erties after repeated use and regeneration processes. This 
structural longevity is critical in terms of practical imple-
mentation when materials have to be able to perform on a 
monthly or even yearly basis [22].

3.3.	Functional Synergy: Combining Adsorp-
tion and Catalysis

The potential hybrid synergy between functional 
groups and bio-inorganic systems has proven to be one of 
the most powerful, due to the unique ability of bio-inor-
ganic systems to combine both adsorption and catalytic 
degradation in a material. This biopolymer portion offers a 
large-affinity layer that concentrates the pollutants proxi-
mally toward the metal oxide catalytic locations. Accumu-
lated pollutants can be degraded relatively easily during 
transportation by an inorganic phase via photocatalysis 

reactions, oxidation-reduction reactions, or advanced oxi-
dation processes [23].

Instead, as an example, hybrids in which TiO2 or 
ZnO was used can destroy dyes, pharmaceuticals, or pes-
ticides in the presence of light. Conversely, some organic 
pollutants may be oxidized, or metal ions, such as toxic 
ions, may be reduced by hybrids based on Fe, O, and Fe 
or MnO, starting with Fe3O4 or MnO2. Mass transfer con-
straints are reduced by the adsorption step, and, particu-
larly with unsupported oxides, also improve the apparent 
catalytic activity [24].

3.4.	Prevention of Nanoparticle Leaching and 
Environmental Safety

The other crucial characteristic of synergy is avoid-
ing the release of nanoparticles into the environment. 
When working separately, metal oxide nanoparticles 
could leach into treated waters, which is ecologically and 
health-hazardous. With a hybrid, these particles are immo-
bilized within a biopolymer matrix, significantly decreas-
ing the risk of release without any loss of accessibility to 
reactive sites. Such immobilization enhances safety as well 
as retention of valuable nanoparticles during use and re-
generation to increase long-term cost-efficiency of the ma-
terial [25].

3.5.	Improved Regeneration and Reusability

The hybrid materials can also be easier to regenerate 
because of synergetic interactions. This enables the mate-
rial to be chemically or thermally regenerated―without 
much structural collapse—based on the flexibility of the 
polymer and the stability of the oxide. In magnetic hybrids 
of Fe3O4, magnetic separation can be used in combination 
with regeneration, meaning the recovery of the adsorbent 
from solution is quick, and the cleaning/reactivation steps 
are simple. These synergies enhance both the economic 
and environmental sustainability of using the adsorbent by 
extending its operational life.

3.6.	Broader Selectivity and Adaptability

Lastly, synergy increases the number of pollutants 
that can be effectively combated. Biopolymers alone 
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might be selective towards cationic species, owing to 
the presence of negatively charged functional groups, 
whereas metal oxides can be functionalised to remove 
anionic species. When combined, they can be designed 
to remove not only the cation content and anions but 
also neutral organic molecules found in the same water 
stream. Such flexibility makes hybrid bio-inorganic ma-

terials particularly attractive for treating actual wastewa-
ter, which has a complicated and changing contaminant 
profile. Synergistic mechanisms identified in this section 
are presented together in Table 1, which aims to show 
how hybrid materials combine the chemical, structural, 
and functional benefits to excel in environmental reme-
diation [7,26].

Table 1. Summary of synergistic mechanisms in hybrid bio-inorganic materials, highlighting their roles in enhancing pollutant cap-
ture, stability, and multifunctionality.

Mechanism Key Features Example Systems Benefits

Chemical 
Synergy

- Multi-modal binding (chelation, H-bonding, 
electrostatic).
- Combined functional groups (e.g., –NH₂, –
OH) and metal oxide active sites.

Chitosan–Fe₃O₄ (Pb²⁺ capture), 
Alginate–TiO₂ (dye degradation).

Enhanced adsorption capacity 
and selectivity for complex 

pollutant mixtures.

Structural 
Synergy

- Prevents nanoparticle aggregation.
- Improves mechanical/thermal stability of bio-
polymers.

Cellulose–ZnO (porous scaffolds), 
Starch–Fe₃O₄ (magnetic recovery).

High surface area accessibility; 
durability for long-term use.

Functional 
Synergy

- Adsorption pre-concentrates pollutants near 
catalytic sites.
- Couples capture with degradation (e.g., pho-
tocatalysis).

Chitosan–TiO₂ (dye removal), Pro-
tein–MnO₂ (phenolic oxidation).

Simultaneous removal and 
detoxification of pollutants.

Environmental 
Safety

- Biopolymer immobilizes nanoparticles, 
reducing leaching risks.

Alginate–Fe₃O₄ (magnetic hybrids), 
Chitosan–SiO₂ (core-shell designs).

Safe for water treatment; mini-
mizes nanomaterial release.

Regeneration 
& Reusability

- Polymer flexibility + oxide stability with-
stands regeneration cycles.
- Magnetic separation (Fe₃O₄-based hybrids).

Starch–Fe₃O₄ (acid washing), Cellu-
lose–TiO₂ (UV self-cleaning).

Cost-effective; extends materi-
al lifespan.

Adaptability - Targets cations, anions, and neutrals via tun-
able components.

Chitosan–Al₂O₃ (anion capture), 
Cellulose–ZnO (organic pollutants).

Broad applicability to diverse 
wastewater streams.

4.	 Applications in Environmental 
Remediation

Hybrid bio-inorganic materials have demonstrated 
excellent potential to address a diverse variety of pollut-
ants in water, soil, and industrial effluents. This is due to 
their inherent abilities, including high adsorption capacity, 
strong catalytic potential, and good structural durability, 
making them flexible to various environmental challenges. 
This section examines their use in eliminating heavy met-
als, organic pollutants, and emerging contaminants, sup-
ported by exemplary case studies and trends in efficacy.

4.1.	Removal of Heavy Metals

Heavy metals such as lead (Pb²⁺), cadmium (Cd²⁺), 
chromium (Cr³⁺/Cr⁶⁺), mercury (Hg²⁺), and arsenic (As³⁺/
As⁵⁺) are among the most persistent and toxic environmen-
tal contaminants. They do not degrade biologically and 
tend to bioaccumulate in living organisms, leading to se-

vere health problems.
Hybrid bio-inorganic materials excel in heavy metal 

removal due to their multi-modal binding capabilities. The 
biopolymer matrix provides functional groups such as –
NH₂ and –OH that chelate cations or form hydrogen bonds, 
while the metal oxide component offers additional surface 
complexation sites and, in some cases, redox activity to 
transform metal ions into less soluble forms.

For example:

•	 Chitosan–Fe₃O₄ hybrids have been shown to remove 
Pb²⁺ with adsorption capacities exceeding 200 mg/g, 
benefiting from both chelation and magnetic separa-
bility for easy recovery.

•	 Alginate–MnO₂ composites can oxidize Cr³⁺ to Cr⁶⁺ 
or vice versa, depending on pH, enabling selective 
removal or detoxification.

•	 Cellulose–ZnO hybrids demonstrate enhanced up-
take of Cd²⁺ due to the combination of hydroxyl-rich 
cellulose and ZnO surface sites.
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The presence of the biopolymer prevents nanoparti-
cle aggregation and allows the hybrid to maintain perfor-
mance even in waters containing competing ions such as 
Ca²⁺ and Mg²⁺, which often reduce adsorption efficiency in 
conventional materials [27].

4.2.	Removal of Organic Pollutants

Organic pollutants in water include synthetic dyes, 
pesticides, phenolic compounds, and pharmaceuticals. 
Many are toxic, carcinogenic, and resistant to biodegrada-
tion. The removal of such contaminants requires not just 
adsorption but often chemical transformation to render 
them harmless.

Hybrid materials are particularly effective here be-
cause they can integrate adsorptive concentration with cat-
alytic degradation. For example:

•	 Chitosan–TiO₂ hybrids adsorb dye molecules via 
electrostatic interaction and subsequently photo-
degrade them under UV or visible light, leading to 
nearly complete mineralization.

•	 Starch–ZnO composites have been used to degrade 
pesticides like atrazine, with the starch component 

capturing the pesticide molecules and the ZnO gen-
erating reactive oxygen species to break down the 
compounds.

•	 Protein-based hybrids with MnO₂ have shown poten-
tial for oxidative degradation of phenolic contami-
nants through electron transfer reactions at the oxide 
surface.

The dual action—first binding, then breaking down 
the pollutant—ensures that harmful organic compounds 
are not simply transferred from one phase to another but 
are actually neutralized [28,29].

Recent advances have extended the application of 
hybrid bioinorganic materials to antibiotic degradation. 
For instance, laccase-Cu₃(PO₄)₂ hybrid nanoflowers (Lac-
hNFs) were synthesized via a one-step process in PBS 
buffer (Figure 4). These hybrids efficiently degraded 
tetracycline antibiotics (TCs), reducing their toxicity, as 
evidenced by restored bacterial growth (E. coli) post-treat-
ment (Figure 4A,B). Molecular docking simulations fur-
ther elucidated the binding interactions between laccase 
and tigecycline (Figure 4C), highlighting the role of en-
zyme-inorganic synergy in pollutant breakdown.

Figure 4. Application of Lac-hNFs for tetracycline degradation. (A) Schematic illustration of laccase-inorganic hybrid nanoflower 
(Lac-hNF) preparation for tetracycline (TC) degradation. (B) Bacterial growth inhibition by TCs was assessed before and after Lac-
hNF treatment. Lac-hNF treatment reduced E. coli’s susceptibility to TCs. (C) Depiction of the binding interactions between laccase 
and tigecycline (TGC), as revealed by molecular docking simulations.
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4.3.	Removal of Emerging Contaminants

Emerging contaminants, such as endocrine-disrupt-
ing chemicals (EDCs), pharmaceuticals, personal care 
product residues, microplastics, and PFAS, are of grow-
ing concern due to their persistence and potential to cause 
ecological and health effects even at low concentrations. 
Many of these compounds are small, polar, and chemically 
stable, making them difficult to remove with conventional 
adsorbents.

Bio-inorganic hybrids offer new opportunities here:

•	 Magnetic chitosan–Fe₃O₄–TiO₂ composites have 
demonstrated the ability to adsorb and photodegrade 
pharmaceuticals like diclofenac and carbamazepine, 
achieving over 90% removal within hours.

•	 Cellulose–graphene oxide–Fe₃O₄ hybrids can re-
move bisphenol A (BPA) from water by adsorption 
onto the polymer–graphene network, followed by 
catalytic breakdown with embedded metal oxides.

•	 Alginate–iron oxide beads have been explored for 
PFAS adsorption, leveraging electrostatic attraction 
and hydrophobic interactions in the polymer phase, 
combined with oxide surface binding.

The multifunctionality of these hybrids allows for a 
tailored approach—modifying the polymer chemistry, ox-
ide type, and surface properties to target specific emerging 
contaminants [30].

4.4.	Field-Scale and Pilot-Scale Implementa-
tions

While most research to date has been conducted at 
the laboratory scale, there are promising moves toward re-
al-world application. Pilot studies have tested hybrid mate-
rials in industrial wastewater treatment plants and contam-
inated groundwater sites. For instance:

•	 Magnetically recoverable chitosan–Fe₃O₄ systems 
have been trailed for treating electroplating wastewa-
ter, showing rapid removal of Cr⁶⁺ and easy regener-
ation over multiple cycles.

•	 Alginate–TiO₂ photocatalytic beads have been tested 
in sunlight-driven water purification systems, treat-
ing textile dye effluents on-site without the need for 
external UV lamps.

•	 Cellulose–Fe₃O₄–MnO₂ hybrids have been applied 
for simultaneous removal of arsenic and organic con-
taminants in rural water treatment units, with regen-
eration possible using mild chemical washing.

These examples illustrate the adaptability of hybrid 
bio-inorganic materials to different scales and conditions, 
although scaling up remains a challenge due to material 
synthesis costs and long-term stability considerations [31].

4.5.	Performance in Complex Water Matrices

A key test for any remediation material is perfor-
mance in real water matrices, which contain competing 
ions, dissolved organic matter, and varying pH levels. Hy-
brid materials often maintain higher performance under 
such conditions compared to single-component systems 
because their multiple binding mechanisms reduce sus-
ceptibility to competitive inhibition. The presence of both 
organic and inorganic active sites ensures that even if one 
mechanism is hindered—for example, electrostatic binding 
reduced by high ionic strength—other mechanisms such as 
chelation or surface complexation can still operate effec-
tively [32].

4.6.	Environmental and Operational Benefits

Besides the high removal efficiencies, hybrids have 
been characterized by operational advantages, including 
the possibilities of attaining magnetic separability, reus-
ability, and low-effectiveness regeneration. The immobi-
lization of nanoparticles in the biopolymer matrix reduces 
the likelihood of their release into the environment, there-
by eliminating safety risks associated with using free metal 
oxide nanoparticles.

Hybrid bio-inorganic materials have therefore prov-
en to possess wide and versatile effects in the decontami-
nation of varied polluted environments. These include uses 
in the removal of toxic heavy metals, degradation of recal-
citrant organic contaminants, and addressing the increasing 
number of countermeasures resistant to conventional meth-
ods. These materials are highly promising as candidates to 
become sustainable, high-performance remediation tech-
nologies through a synergy of adsorption, catalysis, and 
hard structural design [33].
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5.	 Challenges and Future Perspec-
tives

The hybrid bio-inorganic materials have proven to 
be a potential source of sustainable environmental remedi-
ation due to their high-performance potential, versatility, 
and ability to incorporate multiple remedial functionalities, 
such as adsorption and catalysis, with excellent recovery. 
Nonetheless, on the path to large-scale and practical use, 
they encounter challenges. These problems are not just 
technological but also extend into material science, en-
gineering, economics, and environmental policy. To deal 
with them, a comprehensive view is necessary, i.e., that 
which takes into account, not just the performance bench-
marks of the material itself, but the possibility, security, 
and sustainability of the worldview life-cycle [34].

5.1.	Material Limitations and Long-Term Sta-
bility

Though most hybrid bio-inorganic materials show 
remarkable adsorption capacities and catalytic efficiencies 
in controlled laboratory settings, their performance may 
decline dramatically when exposed to normal environmen-
tal conditions over the long term. Both main components, 
including metal oxide and biopolymer, are exposed to vari-
ous methods of degradation.

By definition, biopolymers are biodegradable. Al-
though this is an advantage for environmental compatibili-
ty, it also implies that the polymeric medium may be slow-
ly degraded in aqueous media, where biomass proliferation 
is prolific due to enzymatic activity. Photodegradation of 
the polymer chains can also be caused by the ultraviolet 
radiation found in sunlight, particularly in an outdoor treat-
ment system. Moreover, the binding capacity of the mate-
rial may be reduced by chemical hydrolysis or oxidation 
of functional groups in polluted water due to exposure to 
acidic or alkaline pH, excessively high salinity, or oxidiz-
ing substances.

Metal oxides, on the other hand, are generally stable 
but are not immune to performance loss. A common prob-
lem is surface fouling—the deposition of organic matter, 
biofilms, or inorganic scale (such as calcium carbonate or 
silica) that physically blocks reactive sites. In photocata-
lytic systems, oxides like TiO₂ and ZnO can undergo pho-

to-corrosion, where prolonged light exposure alters their 
surface chemistry or causes structural changes, leading to 
reduced catalytic activity [35,36].

To counteract these issues, researchers are exploring 
strategies such as:

•	 Cross-linking the biopolymer matrix with agents like 
glutaraldehyde, genipin, or ionic cross-linkers to en-
hance resistance against swelling, dissolution, and 
microbial attack.

•	 Protective coatings on metal oxide nanoparticles 
(e.g., silica shells or carbon layers) to prevent photo 
corrosion without blocking active sites.

•	 Incorporation of secondary stabilizers such as 
graphene derivatives, clay minerals, or silica parti-
cles to reinforce the hybrid’s mechanical integrity.

The challenge lies in implementing these modifica-
tions without compromising the pollutant removal perfor-
mance or significantly increasing the cost of the material.

5.2.	Scalability and Production Cost

Scaling up the synthesis of hybrid materials from 
milligram-to-gram laboratory batches to kilogram-to-ton 
industrial quantities presents both engineering and eco-
nomic hurdles. Many synthesis routes reported in the liter-
ature involve multi-step processes, carefully controlled re-
action conditions, and sometimes expensive or hazardous 
reagents. While such conditions may be acceptable for re-
search, they are impractical for large-scale manufacturing, 
especially for materials intended for deployment in low-re-
source regions or rural water treatment systems.

The main scalability issues include:

•	 Uniformity of properties: At larger volumes, con-
trolling nanoparticle size, dispersion, and distribution 
within the polymer matrix becomes more difficult. 
Variations in these parameters can lead to inconsis-
tent performance across different production batches.

•	 Availability and purity of raw materials: While bio-
polymers like cellulose and chitosan can be sourced 
from agricultural or seafood waste, their purity and 
chemical composition can vary significantly depend-
ing on source and extraction method. Metal oxide 
nanoparticles, especially with engineered morpholo-
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gies or dopants, can be costly to produce at scale.
•	 Process economics and sustainability: Energy-inten-

sive steps such as high-temperature calcination, vac-
uum drying, or solvent-based synthesis add to opera-
tional costs and carbon footprint.

To address scalability, the focus is shifting toward 
green and low-energy synthesis methods—for example, 
using plant extracts as reducing agents for metal oxide for-
mation, producing oxides directly from industrial by-prod-
ucts, or developing continuous-flow synthesis reactors that 
operate at ambient temperature and pressure. Such meth-
ods not only reduce production cost but also align with the 
sustainability goals that motivate the use of hybrid materi-
als in the first place [37].

5.3.	Environmental Safety and Ecotoxicity 
Concerns

One of the stated benefits of hybrid bio-inorganic 
materials is the reduced environmental risk compared to 
using free nanoparticles. In theory, the polymer matrix 
immobilizes the oxide particles, preventing them from en-
tering natural water bodies where they could harm aquat-
ic organisms. In practice, however, the immobilization is 
rarely perfect. Mechanical abrasion, polymer degradation, 
or repeated regeneration cycles can lead to partial release 
of nanoparticles.

Metal oxides themselves can pose risks depending 
on their composition. While iron-based oxides are gener-
ally considered environmentally benign, oxides of zinc, 
copper, or manganese can exhibit toxicity at certain con-
centrations, especially toward planktonic microorganisms 
that form the base of aquatic food webs. Moreover, little is 
known about the long-term fate of these nanoparticles once 
released—whether they persist, dissolve, or undergo chem-
ical transformations in natural environments [2,20,38].

This uncertainty highlights the need for comprehen-
sive life-cycle assessments (LCA) and ecotoxicological 
studies that go beyond standard adsorption tests. Such 
evaluations should consider:

•	 The stability of the hybrid material under realistic 
environmental stresses.

•	 The toxicity of degradation products from both the 

polymer and the metal oxide.
•	 The behavior of the material in different ecosys-

tems—freshwater, marine, sediment, and soil.

Designing inherently safer hybrids is also an active 
research area—for example, using only oxides with low 
toxicity profiles, incorporating natural mineral particles 
like kaolinite or bentonite, or engineering strong covalent 
bonds between polymer and oxide phases to minimize 
leaching [39].

5.4.	Regeneration, Reusability, and Waste 
Management

For hybrid materials to be economically viable and 
environmentally sustainable, they must be regenerable and 
reusable over many cycles. Regeneration typically involves 
removing adsorbed pollutants from the material’s surface 
through washing, pH adjustment, solvent extraction, or in 
some cases, catalytic degradation of organics directly on 
the material. However, these processes introduce challeng-
es:

•	 Structural degradation: Harsh chemicals or repeated 
swelling–drying cycles can weaken the polymer–ox-
ide interface or break down the polymer chains.

•	 Loss of active sites: Metal oxide surfaces can un-
dergo irreversible changes, such as binding with 
non-desorbable species or structural rearrangement.

•	 Secondary waste streams: Regeneration produces 
concentrated waste containing the removed pollut-
ants, which must be treated to prevent simply trans-
ferring the problem from one medium to another.

Innovative regeneration strategies include light-as-
sisted self-cleaning, where photocatalytic oxides break 
down organic foulants without removing them from the 
material, and mild chelation for metal ions that selectively 
desorbs target contaminants without damaging the matrix. 
Waste minimization can also be achieved by coupling the 
hybrid material’s regeneration step with downstream treat-
ment processes, such as electrochemical oxidation or ad-
vanced oxidation, to neutralize the desorbed contaminants 
[40]. The key challenges and emerging strategies for regen-
eration and waste management are summarized in Table 2.
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Table 2. Summary of key challenges and solutions for ensuring the regeneration, reusability, and waste management of hybrid bio-in-
organic materials.

Aspect Challenges Innovative Strategies
Structural 
Integrity

- Polymer–oxide interface weakened by 
harsh chemicals/swelling–drying cycles.

- Cross-linking polymers (e.g., glutaraldehyde). 
- Protective coatings (e.g., silica shells).

Active Site 
Retention

- Irreversible changes to metal oxides (e.g., 
non-desorbable species binding).

- Light-assisted self-cleaning (photocatalytic degradation of foulants). 
- Mild chelation for selective desorption.

Waste Manage-
ment

- Concentrated pollutant waste from regen-
eration.

- Coupling with downstream treatments (e.g., electrochemical/ad-
vanced oxidation). 
- Recovering metals for reuse.

Economic 
Viability

- High energy/cost for regeneration process-
es. - Green solvents, low-energy methods (e.g., pH-triggered release).

5.5.	Integration into Real-World Treatment 
Systems

Even when a hybrid material performs well in a lab-
oratory setting, integrating it into an operational treatment 
plant requires additional considerations. Water treatment 
facilities typically operate in continuous flow modes, 
where the residence time is short and contact between pol-
lutants and the adsorbent must be maximized. Hybrid ma-
terials tested as loose powders in batch systems may not 
translate well to fixed-bed columns or membrane-assisted 
reactors due to pressure drop, clogging, or insufficient con-
tact time.

To facilitate integration, materials may need to be 
processed into granules, pellets, or composite membranes 
with optimized size, porosity, and mechanical strength. 
For example, embedding hybrid materials into polymeric 
membrane matrices can enable simultaneous filtration and 
adsorption, while immobilizing them in packed beds al-
lows for continuous operation. The choice of configuration 
will depend on the nature of the contaminant, the required 
throughput, and the infrastructure available.

There is also potential for hybrid material combina-
tions—pairing bio-inorganic hybrids with other treatment 
technologies such as biological filtration, ion exchange res-
ins, or UV-based advanced oxidation—to create multi-bar-
rier systems capable of handling complex and variable 
pollutant loads [41].

5.6.	Future Research and Innovation Path-
ways

Several promising directions can help overcome cur-
rent challenges and accelerate the transition from laborato-

ry prototypes to field-ready solutions:

•	 Sustainable raw materials: Sourcing biopolymers 
from abundant waste streams (e.g., chitosan from 
crustacean shells, cellulose from agricultural resi-
dues) and using industrial waste-derived metal ox-
ides to reduce cost and environmental burden.

•	 Interface engineering: Using surface chemistry mod-
ifications, molecular linkers, or bio-inspired adhe-
sion mechanisms (e.g., polydopamine coatings) to 
strengthen polymer–oxide bonding and improve 
long-term stability.

•	 Multi-functionality: Designing hybrids with com-
bined adsorption, catalytic degradation, antimicrobi-
al activity, and sensing capabilities to address multi-
ple challenges in a single treatment step.

•	 Data-driven design: Employing computational mod-
eling, machine learning, and high-throughput screen-
ing to predict optimal polymer–oxide combinations 
for specific pollutants.

•	 Field validation: Moving beyond laboratory-scale 
experiments to long-term pilot trials in industrial and 
municipal treatment plants, with performance moni-
toring under real operating conditions [42].

5.7.	Outlook

The field of hybrid bio-inorganic materials for envi-
ronmental remediation is poised at an exciting stage. The 
fundamental principles of their design are well established, 
and proof-of-concept studies have demonstrated their abil-
ity to outperform conventional adsorbents and catalysts. 
However, realizing their full potential will require address-
ing the interconnected challenges of durability, safety, scal-
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ability, and integration into practical systems.
With continued innovation in green synthesis, mo-

lecular-level interface control, and process engineering, 
these hybrids could become a cornerstone of sustainable 
water and soil treatment technologies. Their ability to com-
bine renewable, biodegradable polymers with the powerful 
reactivity of metal oxides positions them uniquely to tackle 
the increasingly complex pollution problems of the modern 
world—provided that we match scientific ingenuity with 
responsible engineering and environmental stewardship.

6.	 Conclusions
Hybrid bio-inorganic materials, formed by integrat-

ing naturally derived biopolymers with reactive metal ox-
ides, have emerged as one of the most versatile and prom-
ising classes of materials for environmental remediation. 
By combining the chemical diversity and renewability of 
biopolymers with the high surface area, catalytic potential, 
and robust physicochemical properties of metal oxides, 
these hybrids achieve a level of pollutant capture perfor-
mance that exceeds what either component can offer on 
its own. The synergies between the organic and inorganic 
phases—whether in the form of multi-modal binding, en-
hanced structural stability, or the coupling of adsorption 
with catalytic degradation—are the central reason for their 
effectiveness across such a broad spectrum of contami-
nants.

Over the past decade, research has demonstrated 
their capacity to remove toxic heavy metals, degrade per-
sistent organic pollutants, and even target emerging con-
taminants such as pharmaceuticals, endocrine disruptors, 
and PFAS. Their flexibility in form, including powders, 
beads, membranes, and coatings, further enhances their 
potential for integration into a wide variety of treatment 
systems, at any scale from small-scale rural treatment units 
to large industrial wastewater plants. Their functionality 
is also expanded by additional features, such as magnet-
ic separability, photocatalytic activity, and antimicrobial 
properties, making them favorable options as multifunc-
tional remediation platforms.

Nevertheless, barriers such as translating laboratory 
successes into real life still limit this process. Problems in 
long-term stability, scalability, environmental safety, and 

incorporation into existing treatment infrastructure contin-
ue to be topics of active investigation. The performance of 
hybrids in controlled settings does not always carry over 
to complex natural water matrices, where competing ions, 
variable pH, and natural organic matter can interfere with 
pollutant capture. Moreover, ensuring that these materials 
can be produced cost-effectively, regenerated repeatedly 
without significant loss of activity, and disposed of safely 
is essential for their adoption in practice.

The future development of hybrid bio-inorganic 
materials will likely be shaped by advances in green syn-
thesis methods, molecular-level interface engineering, 
and data-driven material optimization. Leveraging abun-
dant waste-derived biopolymers and low-toxicity oxides 
can help reduce costs and environmental impact, while 
computational modeling can guide the selection of opti-
mal polymer–oxide combinations for specific remediation 
challenges. Importantly, long-term pilot studies and field 
trials must become a greater priority to validate laboratory 
findings under real environmental conditions, providing 
the performance data and reliability metrics that industry 
and regulatory bodies require for adoption.

As environmental pollution becomes increasingly 
complex—both in the diversity of contaminants and in 
the scale of the problem—the need for multifunctional, 
sustainable, and adaptable remediation technologies will 
only intensify. Hybrid bio-inorganic materials are uniquely 
positioned to meet this need. By uniting the principles of 
green chemistry, nanotechnology, and environmental engi-
neering, they offer a pathway toward remediation solutions 
that are not only effective but also aligned with the broader 
goals of environmental stewardship and sustainable devel-
opment. With continued interdisciplinary collaboration, 
these materials could transition from innovative research 
concepts to indispensable tools in the global effort to re-
store and protect our ecosystems.
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