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Abstract: Addressing the critical issue of water pollution, this review article emphasizes the need to
remove hazardous dyes and phenolic compounds from wastewater. These pollutants pose severe risks
due to their toxic, mutagenic, and carcinogenic properties. The study explores various techniques
for the remediation of organic contaminants from wastewater, including an enzymatic approach. A
significant challenge in enzymatic wastewater treatment is the loss of enzyme activity and difficulty in
recovery post-treatment. To mitigate these issues, this review examines the strategy of immobilizing
enzymes on newly developed nanostructured materials like graphene, carbon nanotubes (CNTs),
and metal-organic frameworks (MOFs). These materials offer high surface areas, excellent porosity,
and ample anchoring sites for effective enzyme immobilization. The review evaluates recent research
on enzyme immobilization on these supports and their applications in biocatalytic nanoparticles. It
also analyzes the impact of operational factors (e.g., time, pH, and temperature) on dye and phenolic
compound removal from wastewater using these enzymes. Despite promising outcomes, this review
acknowledges the challenges for large-scale implementation and offers recommendations for future
research to tackle these obstacles. This review concludes by suggesting that enzyme immobilization
on these emerging materials could present a sustainable, environmentally friendly solution to the
escalating water pollution crisis.

Keywords: enzyme immobilization; graphene; carbon nanotubes (CNTs); metal-organic frameworks
(MOFs); wastewater treatment; dye and phenolic compound remediation

1. Introduction

Environmental pollution has become a major global concern, with a wide range of
contaminants, such as phenolic compounds and organic dyes, posing significant threats
to water quality and ecosystem health [1-4]. The increasing release of these toxic and
recalcitrant substances into the environment, originating from various industrial wastew-
ater streams such as textile, pharmaceutical, and petrochemical industries, has caused
widespread concern [5,6]. Contaminated water sources can lead to adverse effects on
aquatic life and have potentially detrimental consequences for human health, as these
pollutants may exhibit carcinogenic, mutagenic, or teratogenic effects [7]. In particular,
understanding the effect of organic dyes and phenolic compounds on human health is
crucial for the development of effective policies and remediation strategies to minimize the
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risks associated with these contaminants [8]. As the demand for clean water continues to
increase due to population growth and industrialization, there is an urgent need to develop
effective, efficient, and sustainable strategies for environmental remediation, focusing on
the removal of these pollutants from wastewater [8-10].

Numerous conventional techniques have been employed to treat phenolic wastew-
ater and organic dyes, each with its own advantages and disadvantages. For instance,
adsorption is simple, flexible, and can be highly efficient with low capital cost, but the
performance is adsorbent-dependent, and some adsorbents can be expensive [11-17]. Dis-
tillation, while effective, can be energy-intensive and may not be suitable for all types of
contaminants [18-21]. Chemical oxidation can be highly effective, but it often involves the
use of harsh chemicals that can be harmful to the environment [22-24]. Extraction is a fast
and simple process, but it requires highly selective solvents, which can be expensive and
harmful to the environment [25-28]. Membrane separation is easy to operate with high se-
lectivity, but it can be expensive and suffers from issues such as membrane fouling [29-32].
Photocatalytic oxidation is a promising technique, but it often requires specific conditions
to be effective [33-36].

Given these limitations of conventional techniques, there has been growing interest
in environmental protection through the effective treatment of polluting streams [37-40],
the utilization of sustainable and biodegradable materials [41-48], and the application of
microorganisms for the biological treatment of wastewater contaminated with organic dyes,
and phenolic compounds have also been explored [49,50]. Microorganisms utilize various
enzymatic systems for the oxidative transformation of organic molecules, including laccases,
ligninases, tyrosinases, monooxygenases, and dioxygenases [51]. Flavoenzymes, known as
azoreductases, are present in both microorganisms and higher eukaryotes and are involved
in the detoxification and biotransformation of azo dyes [52]. Furthermore, microorganisms
utilize specific intracellular enzymes, namely oxidoreductases, to catalyze the metabolism
of phenolic compounds [53]. These enzymatic systems offer several advantages over
conventional techniques, including cost-effectiveness, sustainability, and the ability to
operate under mild conditions [54-56]. This highlights the critical function of enzymes in
the biodegradation processes of various organic pollutants, demonstrating the potential
of harnessing these enzymatic systems for efficient and eco-friendly pollutant removal
strategies [56]. As a result, a new approach has arisen in recent times where extracellular
enzymes are utilized instead of whole microbial cells for the remediation of wastewater
contaminated with organic substances.

Enzymes act as highly effective biological catalysts that enable specific reactions to
occur. The lock and key model or the induced fit model can be used to explain their
efficiency. By reducing the activation energy and stabilizing the transition state, enzymes
enhance the reaction rate [57,58]. Enzymes possess desirable qualities such as high effi-
ciency, high selectivity, and the ability to operate under milder conditions compared to
other chemical catalysts. Enzymes offer a cost-effective advantage in that they operate
under mild conditions, eliminating the need for expensive equipment that would otherwise
be required for chemical catalysts to achieve extreme conditions such as high pressure or
temperature. Their natural origin also makes them environmentally friendly due to their
biodegradability and low environmental impact.

There has been growing interested in employing enzymes for the treatment of dye
wastewater, and previous research has examined the use of various enzymes, including
soybean peroxidase [59,60], horseradish peroxidase (HRP), lignin peroxidase (LiP) [61],
and laccase [62,63], for their potential in treating dyes. Peroxidase, a member of the oxi-
doreductase enzyme family, can enable the oxidation of diverse substances in the presence
of an oxidizing agent like chlorine, hydrogen peroxide, and potassium permanganate.
A significant use of peroxidase is its ability to degrade aromatic compounds, especially
synthetic dyes. This occurs when they are decomposed into individual components and
the oxidative polymerization of phenolic compounds is triggered, leading to the creation of
insoluble polymers [58,64]. Hydrogen peroxide plays a crucial role in the catalytic cycle
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of peroxidase enzymes. The reaction begins with the reaction between the Fe(IIl) state
of peroxidase and hydrogen peroxide, leading to the formation of a high-oxidation-state
intermediate consisting of a cation radical based on porphyrin and an Fe(IV) oxo ferryl
center [65]. After the initial oxidation, the process consists of two reduction steps that bring
the peroxidase back to its original state, compound II, with the production of free radi-
cals. These free radicals then undergo polymerization. However, a high concentration of
hydrogen peroxide may inhibit the process, leading to a decrease in enzymatic activity [66].

The application of enzymes for dye wastewater treatment at an industrial scale is
often hindered by various limitations such as elevated production expenses, reduced
long-term operational stability, restricted reusability, and limited shelf life after the initial
use [59,67]. In their crude form, enzymes may exhibit limited catalytic activity because of
their vulnerability to inhibition, particularly in the case of complex dye wastewater [68].
Heavy metals can have a detrimental effect on enzymatic activity, as different enzymes
show varying degrees of sensitivity to these substances [58]. In certain cases, heavy
metals, such as mercury, can react with the reactive groups present in enzymes and render
them incapable of catalyzing further reactions [69]. As the complexity of wastewater
effluent increases, it is expected that enzyme activity will decline, further underscoring the
challenges associated with the use of enzymes in the treatment of wastewater [70,71].

In recent years, the use of free enzymes has gained considerable attention among the
various proposed methods for removing phenolic compounds [72-75]. Enzymatic treatment
offers a sustainable and eco-friendly alternative to conventional physicochemical treatment
methods, such as adsorption, coagulation, and advanced oxidation processes [76,77]. Free
enzymes are biodegradable, highly efficient, and selective biological catalysts that can
operate under mild conditions, thus reducing energy consumption and minimizing the
generation of harmful byproducts [78,79].

Researchers have explored the technique of enzyme immobilization as a means to
overcome limitations that free enzymes encounter, including reduced performance, high
costs, and impracticality for large-scale applications [56,80,81]. Enzymes have limited
operational stability, which can negatively impact their catalytic efficiency. Factors like
temperature, pH, and exposure to harsh conditions or solvents can lead to enzyme de-
naturation, degradation, or aggregation, thereby limiting their effectiveness [82]. Enzyme
immobilization can improve the stability of enzymes as it offers a physical support system
that safeguards them against destabilizing agents while maintaining their original struc-
ture [80,83]. The recovery and reuse of free enzymes after a reaction can be time-consuming
and costly, but enzyme immobilization allows for easy separation from the reaction mix-
ture and enables reuse for several reaction cycles, thereby decreasing the overall costs of
enzyme usage [84-86]. In some reactions, free enzymes can experience reduced catalytic
activity due to mass transfer limitations, substrate and product inhibition, or poor substrate
solubility in water. Immobilization can overcome these challenges by creating custom
biocatalytic systems with improved mass transfer properties, enhanced enzyme-substrate
interactions, and optimized reaction conditions [54]. Moreover, free enzymes may exhibit
low selectivity in certain reactions, especially when working with chiral compounds or
complex substrate mixtures. Immobilization has the potential to enhance selectivity by
enabling precise control over enzyme orientation and creating a microenvironment that
promotes selective catalysis [87,88].

According to Nguyen et al. [89], immobilized enzymes are more effective in eliminating
phenolic compounds than free enzymes due to the synergistic effect of enzymatic reactions
and pollutant adsorption on the solid support. While not examining the competition
between the adsorption of pollutants and products or the influence of product adsorption
on enzyme activity, previous research has demonstrated that the adsorption capacity of the
support medium deteriorates after multiple applications, even in the absence of enzymes.
This suggests that irreversible adsorption of pollutants or products could be involved in the
overall process, particularly when immobilized enzymes are recycled. Nguyen et al. [89]
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suggested that addressing the removal of irreversibly adsorbed pollutants or products
could potentially enhance the effectiveness of the immobilized enzyme system.

There is a broad range of nanomaterials that are widely employed for the purpose
of enzyme immobilization. This includes but is not limited to metal oxides [90], car-
bon dots [91], covalent organic frameworks (COFs) [92], graphene [93], CNTs [94], and
MOFs [95]. Each of these nanomaterials possesses unique properties that make them
suitable for enzyme immobilization. They often exhibit a high surface area to volume ratio,
excellent conductivity, good chemical stability, and strong adsorption capabilities, which
make them advantageous in improving the performance of immobilized enzymes [96].

Metal oxides like titanium dioxide and zinc oxide offer robustness, chemical stability,
and biocompatibility, making them useful for enzyme immobilization [90,97]. Carbon dots,
with their superior optical properties and biocompatibility, also have applications in this
area [91]. COFs, due to their designable structures, large pore size, and high surface area,
provide ideal platforms for enzyme immobilization [92]. However, this review specifically
focuses on the unique advantages of graphene, CNTs, and MOFs for enzyme immobi-
lization. Graphene and its derivatives, such as graphene oxide (GO), are widely used for
enzyme immobilization due to their high surface area, excellent thermal and electrical con-
ductivity, and strong 7- stacking interactions, which allow effective enzyme adsorption
and retention of their bioactivity [83,98]. CNTs offer similar benefits, with additional ad-
vantages coming from their tubular structure, which provides a protective environment for
enzymes, enhancing their stability and reusability [99,100]. MOFs, with their highly ordered
structures and large surface areas, offer unique possibilities for enzyme immobilization.
Their pore size, shape, and functionality can be finely tuned, allowing the accommodation
of a wide range of enzymes while preserving their activity and stability [101,102].

In this article, we review the advancements made in developing supports for enzyme
immobilization and the application of these biocatalytic materials in the removal of dyes
and phenolic contaminants from polluted waters. Specifically, this review underscores
the use of emerging materials, such as graphene-based materials, CNTs, and MOFs, as
appealing supports for enzyme immobilization and the subsequent applications of en-
zymes immobilized on these nanostructured materials in treating wastewater containing
dyes and phenolic pollutants. We also address the limitations and challenges associated
with implementing this wastewater treatment technology on a larger scale and provide
recommendations to overcome these obstacles. This review article distinguishes itself from
other published works by its specific emphasis on the potential applications of effective
materials for environmental remediation (dyes and phenolic compounds), in contrast to
more general review articles on enzyme immobilization.

2. Enzyme Immobilization Techniques

Enzyme immobilization is a technique to improve enzyme stability and reusability
while maintaining their activity. It refers to the physical or chemical confinement of
enzymes in a distinct phase different from the substrate’s phase [103]. These techniques
can be classified into two broad categories: physical and chemical methods [103,104]. In the
following subsections, we delve deeper into each of these techniques, providing a detailed
review of their principles, advantages, and practical applications.

2.1. Physical Techniques

Physical immobilization, as the earliest form of immobilization, only involves physical
interactions. In this method, neither the immobilizer nor the immobilization agent is
changed, linked, or modified. This technique includes encapsulation, entrapment, and
adsorption. These processes do not necessitate a covalent bond between the enzyme
and the support, therefore maintaining the enzyme’s native structure [105]. Adsorption
involves enzymes interacting with a support material through forces such as hydrophobic
interactions or salt bridges, while entrapment is a technique where enzymes are confined
within gels or fibers using covalent or non-covalent bonds. Similarly, encapsulation secures
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enzymes within semi-permeable capsules, allowing for the movement of small substrates
or products while restricting the migration of larger enzymes [104-106].

2.1.1. Adsorption

Enzymes can be adsorbed onto support materials through interactions such as hy-
drophobic forces and salt bridges. Enzyme adsorption onto the support physically can be
achieved by immersing the support material in the enzyme solution or by drying enzymes
onto electrode surfaces. This immobilization method protects the adsorbed enzymes from
factors such as proteolysis, aggregation, and interaction with hydrophobic surfaces [107].
Scientists have utilized eco-friendly materials as enzyme supports to promote sustainable
practices. For instance, coconut fibers can retain high amounts of water and have strong
cation exchange properties, microcrystalline cellulose has a strong binding capacity, and
kaolin offers good enzyme retention through micro/mesoporous materials and chemical
acetylation with thiol functionalization and large surface areas that are suitable for redox re-
actions [108-113]. Silanized molecular sieves have been found to be an effective support for
enzyme adsorption, owing to the presence of silanols on the surface of the pores that allow
for enzyme immobilization through the process of hydrogen bonding [114]. Modifications
to the current support materials could potentially enhance enzyme immobilization. Prior
investigations have delineated the water activity patterns of polypropylene hydrophobic
granules-bound lipase, notably Accurel EP-100 [115]. It was observed that reducing the
particle size of Accurel has a positive effect on reaction rates and enantiomeric ratios during
biocatalysis [116].

To improve both process control and the cost-effectiveness of production, the immobi-
lization of Yarrowia lipolytica lipase on supports like octadecyl-sepabeads and octyl-agarose
through physical adsorption has been explored. As a result of this process, there were
significant improvements in yields and a tenfold increase in stability when compared to
free lipase. Octadecyl-sepabeads, which are hydrophobic in nature, enhance the affinity
between the enzyme and support, explaining this observation [117]. After being adsorbed
onto biodegradable poly (3-hydroxybutyrate-co-hydroxyvalerate), Candida rugosa lipase
was able to retain 94% of its activity after four hours at 50 °C and could be reused for up to
12 cycles [118]. The supports were selected due to their flexible and less ordered nature
when compared to polyhydroxybutyrate. Byssus threads activated with 1,4-butanediol
diglycidyl ether provided a suitable matrix for immobilizing urease, leading to enhanced
pH stability and maintaining 50% of the activity of the enzyme under dry conditions [119].
In recent years, biocompatible mesoporous silica nanoparticles (MSNs) have gained atten-
tion as an environmentally sustainable support for biocatalysis. The use of these supports
not only reduces production costs but also avoids ethical concerns. Due to their durability
and effectiveness, MSNs have been applied in energy-related biocatalytic processes [120].
Table 1 presents the benefits, challenges, and solutions for overcoming the limitations of
the adsorption technique.

Table 1. Common immobilization techniques, their advantages and disadvantages, and suggested
approaches to overcome limitations.

Immobll‘lzatlon Advantages Drawbacks Approac}‘les‘to {\ddress the Ref.
Technique Limitations
Non-targeted adsorption Using a blocking agent to
The expense of affinity reduce interactions that
binding aren’t specific
. . Prevention of proteolysis T e  Specific pH for the charge
Adsorption e Full activity retention The activity is affected by a difference between the silica [121-123]

slight shift in the reaction
conditions
e  The leaching of enzymes

support and the enzyme
Pore size decrease following
adsorption
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Table 1. Cont.

Immobll}zatlon Advantages Drawbacks Approac}.\es.to {\ddress the Ref.
Technique Limitations
Moderate preparation Limited mobility on mass . .
circumstances transfer Exact pore size selection
Entrapment Prevents direct contact . based on enzyme size [124-126]
. : Leakage is the result of .
with the environment . . Further covalent fusion
; fewer physical restraints
outside
. . g 1 . Development of capsules
Maintenance of enzymatic Difficulties in ensuring 1 s
- . e s with improved stability,
activity over prolonged optimal diffusion of . s
. selectivity, and permeability
periods substrates and products . .
. A Advances in materials
Encapsulation Easy passage of small Maintaining the structural . [126-129]
. . science for better
substrate molecules integrity of the capsules . .
- . encapsulation materials and
Large enzymes confined under operational
e " methods, such as 3D
within the capsules conditions
capsules
Reduced limitations of Specific binding site
mass transfer . Support and enzyme
Covalent Denaturation of the DR
o Improved storage and , . . modification [130-132]
bll’ldll’\g . H enzyme’s active site e 1. q- .
stability of reaction . 1 Specific binding site
. Irreversible binding
Stronger bonding
The cross-linking matrix’s The 1def1 laggregate size
Aggregates may fracilit determined by the
experience increased sty . cross-linker-to-enzyme ratio
.- Agents that precipitate T
c linki activity conflict Stabilizing components for
ross-inking Recyclability, higher the structure [130,133-135]

loading capacity, and total
activity retention

The pure enzyme is
necessary for cross-linking
enzyme crystals

Using cross-linking enzyme
crystals for enzymes that
haven’t been fully purified

2.1.2. Entrapment

Entrapment involves confining enzymes within gels or fibers using covalent or non-
covalent bonds [136]. Effective entrapment has been realized with hybrid carriers made of
alginate, gelatin, and calcium, which prevent the enzyme from leakage and offer increased
mechanical stability [137]. The implementation of nanostructured materials in enzyme
immobilization, such as pristine materials and electrospun nanofibers, which are produced
through a method known as electrospinning, has significantly impacted the field. Meso-
porous silica entrapment has recently emerged as a highly promising technology in fields
such as biomedicine, fine chemistry, biosensors, and biofuels. This is largely due to the
material’s unique properties, including a large surface area, uniform pore distribution,
adjustable pore size, and high adsorption capacity. These features enable mesoporous
silica to serve as an effective support material for various applications [138]. Lipase and
magnetite entrapment of nanoparticles simultaneously within biomimetic silica has been
shown to increase activity with various silane additives [139]. In the meantime, the selec-
tive binding and carrying properties of sol-gel matrices with supramolecular calixarene
polymers have been used to entrap C. rugosa lipase [140,141]. In Table 1, entrapment’s
advantages, disadvantages, and strategies to tackle its limitations are summarized.

2.1.3. Encapsulation

The method of encapsulation immobilization entails the confinement of a variety of
biomolecules within distinct polymeric structures [142]. This process shares similarities
with entrapment, as both techniques permit enzymes and cells to exist freely within a
solution while remaining in a controlled environment. Encapsulation aims to secure deli-
cate enzymes and cellular solutions within small vesicles with porous barriers, preventing
larger enzymes from exiting or entering the capsules, while smaller substrates or products
can traverse the semi-permeable barrier with ease [127]. This method allows for the preser-
vation of biological systems within a thin protective film, preventing direct environmental
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exposure that could negatively affect the performance of the biocatalysts, hence, enabling
the prolonged activity of these biocatalysts [143]. Various supportive materials, such as
cellulose nitrate and nylon, are employed in the production of microcapsules that range in
size from 10 to 100 um [144]. Furthermore, the process of ionotropic gelation of alginates
and nanoporous silica-based sol-gel glasses has proven its efficacy in the field of enzyme
encapsulation.

The simplicity of the encapsulation process distinguishes it, and advancements in ma-
terial sciences have led to the improvement of this method, with benefits such as increased
morphological stability, customizable physicochemical permeability, and reduced enzyme
leakage [144]. The technique also offers the potential for co-immobilization, allowing for
the possibility of immobilizing enzymes in any combination as required. Nevertheless,
the method is not without its limitations. For example, issues related to diffusion can be
significant, with the risk of membrane rupture if reaction products accumulate rapidly [128].
Table 1 provides a summary of the benefits, limitations, and strategies to overcome the
challenges associated with the encapsulation method.

2.2. Chemical Techniques

Chemical methods involve the formation of strong covalent bonds between the enzyme
and the support, leading to higher stability and reusability. Chemical techniques include
covalent binding, cross-linking, and affinity immobilization. Covalent binding attaches
enzymes to supports through covalent bonds formed with specific amino acids in the
enzyme’s side chains [124]. Cross-linking forms covalent bonds between enzyme molecules
using bifunctional or multifunctional agents. Affinity immobilization is a technique that
utilizes the enzyme’s specific binding properties to support materials under different
physiological conditions [104,145].

2.2.1. Covalent Binding

Enzymes can be attached to supports through covalent binding, which relies on spe-
cific amino acids in the enzyme’s side chains, such as arginine, aspartic acid, and histidine.
The effectiveness of this process is largely determined by the reactivity and efficiency of
the functional groups present in the support, such as imidazole, indolyl, and phenolic
hydroxyl [136]. Utilizing surfaces modified with peptides for enzyme immobilization leads
to enhanced specific activity and stability of the enzymes, as well as the regulated orienta-
tion of the proteins [146]. Using CNBr-activated agarose and CNBr-activated sepharose,
which have carbohydrate moieties and glutaraldehyde as a spacer arm, is one method for
covalently attaching enzymes to supports. According to studies, this immobilization strat-
egy has proven to give the linked enzymes thermal stability [117,147]. Through covalent
enzyme attachment, silica gel carriers modified with silanization and SBA-15 supports
with Si-F-lined cage-like pores created highly stable and hyperactive biocatalysts [143].
The enhanced half-life and thermal stability of enzymes have been achieved via cova-
lently attaching them to various supports such as mesoporous silica and chitosan [138,147].
Covalently linking enzymes to electrospun nanofiber leads to improved residual activity
as a result of greater surface area and porosity. The implementation of nanodiametric
supports has revolutionized biocatalyst immobilization [149-153]. Alcohol dehydrogenase
was covalently bound to attapulgite nanofibers (hydrated magnesium silicate) due to their
thermal endurance and varying nanosizes [154]. Cross-linked enzyme aggregates have
been developed by precipitating enzymes from aqueous solutions using organic solvents or
ionic polymers [155]. The pharmaceutical industry has found covalent binding to magnetic
nanoclusters to be useful in achieving varied orientations of immobilized enzymes. This
approach has resulted in enhanced operational stability, durability, and reusability, making
it a promising technique for enzyme immobilization [156]. One important function of
cross-linking agents in enzyme immobilization is to maintain the enzymes’ structural and
functional integrity. Glutaraldehyde is a commonly used bifunctional cross-linker that can
form stable covalent bonds both within and between enzyme subunits, thereby preserving
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the enzyme’s activity and structure. It is also soluble in aqueous solvents, making it a con-
venient option for use in enzyme immobilization processes. Table 1 outlines the advantages,
drawbacks, and approaches to address the limitations associated with covalent binding.

2.2.2. Cross-Linking

Cross-linking is a method of immobilizing enzymes that do not require a support
material and results in irreversible binding, preventing the enzyme from leaking into the
substrate solution [145,157,158]. This immobilization technique, referred to as carrier-free
immobilization, allows the enzymes to act as their carrier, thus resulting in a pure enzyme
product and avoiding the drawbacks of using carriers [125,159]. The addition of carriers for
enzyme immobilization may result in a decrease in activity, as the presence of non-catalytic
components, referred to as ballast, can account for a significant proportion of the total mass,
ranging from 90% to over 99%, ultimately leading to reduced space-time yields [155,159]
and increased costs [155].

Cross-linking is a process of forming covalent bonds between enzyme molecules using
bifunctional or multifunctional agents. One of the commonly used cross-linking agents is
glutaraldehyde, owing to its affordability and large-scale availability [125,160]. For several
decades, glutaraldehyde has been extensively utilized as a cross-linking agent to generate
intermolecular cross-links between proteins, such as enzymes. The cross-linking of enzymes
occurs through a reaction with free amino groups of lysine residues on neighboring enzyme
molecules. This results in the formation of oligomers or polymers through both inter- and
intramolecular aldol condensations, with the specific type of cross-linking dependent on
the pH [155,161].

Cross-linked enzyme aggregates (CLEAs) are formed by precipitating enzymes with
ammonium sulfate, acetone, or ethanol and then treating the aggregates with a cross-
linking agent [125]. There are three methods for immobilizing enzymes, which are: (1) the
blending of prepolymer and photosensitizer followed by gelling under near-UV radiation,
(2) the freezing of enzyme-containing monomer solution into beads and subsequently
polymerizing by gamma radiation, and (3) chemical polymerization via the combination
of enzymes with acrylamide monomer and a cross-linking agent in a buffered aqueous
solution. [162]. Lately, nanodiametric supports have induced significant advancements in
biocatalyst immobilization [56,96,163,164]. The cross-linking immobilization of enzymes
on electrospun nanofibers has been shown to improve residual activity, ascribed to the
larger surface area and porosity of the substrate. CLEAs were employed to immobilize
lysozyme on electrospun chitosan (CS) nanofibers, yielding a durable antibacterial material
that can be used continuously [165]. Table 1 provides an overview of the merits, drawbacks,
and methods to address the challenges related to the cross-linking technique.

2.2.3. Affinity Immobilization

The affinity immobilization of enzymes involves utilizing their specific binding proper-
ties to support materials under different physiological conditions. There are two approaches
to achieving this: first, by linking an affinity ligand specific to the target enzyme to the
matrix, or second, by attaching the enzyme to a molecule that develops an affinity for the
matrix [166]. The use of affinity adsorbents has not only been limited to the purification
of enzymes but has also been extended to their simultaneous purification [167]. Sophisti-
cated affinity matrices like chitosan-modified porous silica beads that are stable in alkali
environments and multilayered concanavalin A attached to agarose are capable of immobi-
lizing greater amounts of enzymes leading to better stability and efficiency [168,169]. The
technique of bio affinity layering is an improvement over affinity immobilization, and it
can significantly increase the capacity for enzyme binding and reuse. The non-covalent
interactions, such as van der Waals forces, coulombic forces, and hydrogen bonding, among
others, are utilized for this purpose [169,170].
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3. Wastewater Treatment Using Enzymes Immobilized on Graphene Materials
3.1. The Synthesis of Graphene-Based Materials

Graphene sheets can be produced using various methods, such as mechanical and
thermal abrasion, solvent extraction, and vapor deposition [171]. Chemical vapor depo-
sition (CVD) is the most prevalent. CVD, a temperature-sensitive process, takes place in
a reaction chamber where harmful oxygen molecules are distributed on the surface, and
waste gases are removed [172]. Despite producing high-quality graphene sheets, CVD can
generate hazardous byproducts. The process consists of two stages: pyrolysis of a reactant
substance to form a carbonyl group on a substrate, followed by a heat-intensive proce-
dure where fragmented carbon atoms assemble onto a substrate to create a single-layer
framework [173]. Copper is a common substrate for producing high-quality graphene, as it
bonds with carbon atoms and forms a single graphene layer on the surface. Using copper
oxide between layers can facilitate the removal of a single graphene layer, while machining
the copper substrate can lead to fewer defects in the final graphene product [174].

3.1.1. Graphene Oxide

GO is commonly produced by oxidizing graphite oxide, which introduces numerous
oxygen-containing organic compounds to the graphene layers’ interface. These functional
groups promote layer separation and solubility in water [175,176]. Due to GO’s hydrophilic-
ity, it can be subjected to ultrasonic waves, yielding a stable single graphene layer when
dispersed in deionized water and other solvents. GO possesses remarkable characteristics,
such as easy dissolution in various mediums, including water, ethanol, and different ma-
trices. Its versatile nature, derived from the combination of electron-rich reactive oxygen
and an electron-rich graphene framework, allows for extensive surface treatment and a
wide range of applications. However, GO exhibits poor electrochemical properties and
acts as an insulator in various phase separation solutions, while activated carbon remains
permeable [177,178].

3.1.2. Reduced Graphene Oxide

The three most common methods for converting GO to reduced graphene oxide (rGO)
are chemical, thermal, and chemical treatment. Other techniques include hydrazine vapor
treatment, and heat, light, and microwave reduction [179,180]. The reduction process is vital
in rGO synthesis, determining the similarity between the rGO structure and GO precursors.
While some commercial graphene nanoplatelet manufacturers supply an industrial-scale
rGO equivalent, the scientific rGO used in nanoenabled products is distinct [181]. Chemical
reduction is possible but often produces low yields and uses hazardous chemicals, resulting
in rGO with low surface area and permeability compared to GO. Thermal reduction
creates rGO with a large surface area and water volume like pure graphene, but causes
structural damage due to the high carbon dioxide build-up [180,182]. Despite challenges
in universality and viability, an electrochemical reduction is the most effective method,
yielding rGO with properties like pristine graphene, a high carbon-to-oxygen ratio, and a
resistance comparable to silver without generating harmful waste.

3.1.3. Graphene Nanoplatelets

Graphene nanoplatelets (GNPs) can be produced through the nanoindentation fracture
of graphene sheets, though this method yields a limited number of graphene flakes mixed
with nanocrystalline layers. Hydraulic breakage, commonly employed in large-scale GNP
synthesis, is subjected to chemical reduction to obtain the final GNP product [183,184].
Plasma abrasion is another technique for generating substantial GNPs, with the advantage
of creating and coating GNPs in a simple, dry step to enhance diffraction in the host
polymer. The material is purified using a vacuum in an RF or Microwave Plasma Reactor
to eliminate impurities and residual pollutants from plasma machining processes [185].
With a range of accessible organic compounds and reduced costs for raw materials, capital
equipment, plasma purification, and functionalization, GNPs could eventually become
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more cost-effective than (CNTs) on a large scale, promoting increased benefits for early
investors [183,184].

3.2. Enzyme Immobilization on Graphene-Based Materials

Graphene and GO have garnered considerable interest as enzyme support materi-
als among carbon-based substances, thanks to distinctive characteristics such as their
biodegradability, two-dimensional structure, extensive surface area, pore volume, and
excellent chemical and thermal stability [186,187]. Different chemical groups, like hydroxyl
(-OH), carboxylic (COOH), and epoxide groups, can form strong enzyme-matrix inter-
actions without the need for coupling agents or modifying the graphene surface [188].
Consequently, enzymes like peroxidases [93] and lipases [189] can be immobilized on
GO surfaces using adsorption, covalent binding, or entrapment [190]. Graphene-based
materials might even boost enzyme biocatalytic activity and possess antioxidant properties,
aiding in the elimination of free radicals (e.g., hydroxyl or dithiocyanate) from reaction
mixtures and enhancing enzyme protection against inactivation [191]. Due to its water
solubility and extensive surface area with oxygen functionalities, GO has emerged as an
especially promising material for immobilizing proteins and enzymes, negating the need
for the pre-modification of the surface [93,192]. Nevertheless, despite the immense po-
tential of GO, research on its effects on the catalytic properties of immobilized enzymes
is still limited, and the available results are challenging to compare due to differences in
the enzymes and methods of immobilization. For instance, Hernandez-Cancel et al. [193]
performed the first investigation on the immobilization of bilirubin oxidase on GO sheets
to understand the influence of chemical glycosylation and immobilization on the enzyme’s
catalytic properties. They revealed that glycosylation, which is an example of enzyme im-
mobilization on graphene materials for pollutant removal, decreased its catalytic properties
while increasing thermal stability.

An example of the use of immobilized enzymes is the employment of HRP immobi-
lized on the nanoparticles of rGO that have been treated with glutaraldehyde, which has
shown significant improvements in the enzyme’s kinetic parameters and the enzyme’s
ability to be reused [194]. Likewise, d-psicose 3-epimerase (DPEase) immobilized on un-
modified GO displayed increased biocatalytic conversion efficiency and superior thermal
stability [195]. Although some studies in the literature have reported a decline in bio-
catalytic activity, recent investigations suggest that employing nanoparticles as enzyme
carriers can preserve or even boost the efficiency of immobilized enzymes [196,197]. For
example, lipase immobilized on GO showed a 55% increase in hydrolytic activity [198],
and trypsin’s activity for casein digestion was enhanced when bound to PEG-coated GO
nanosheets [199]. Wei and Ge [200] examined the influence of GO on the conformation and
activity of immobilized catalase, discovering that changes in protein structure induced by
GO led to a reduction in catalytic ability, with these alterations being reliant on the carrier
concentration and duration of the interaction. According to Zhang et al. [201], the immobi-
lization of HRP onto a nanostructure GO support has been shown to considerably improve
its thermal stability. However, this positive effect diminishes at high temperatures. A study
by Chang et al. [202] reported that the immobilized HRP’s activity on a nanocomposite of
superparamagnetic Fe304/GO decreased to 40% of its initial activity when subjected to a
temperature of 70 °C, which is 40 °C above the optimum temperature.

3.3. The Remediation of Dyes by Enzymes Immobilized on Graphene-Based Materials

Exploring the potential of enzyme immobilization on graphene materials for the
removal of organic dyes has become a focal point in recent research, contributing to the de-
velopment of efficient treatment methods. In a study by Xu et al. [203], bi-functional hemin-
graphene nanosheets were created and effectively used for the adsorption of dye pollutants
from an aqueous solution. Bovine serum albumin (BSA) was used by Wang et al. [204] to
develop a green synthesis method for bi-functional hemin—graphene nanosheets, which
were efficiently utilized for the adsorption of dye contaminants from an aqueous solution.
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In these bi-functional systems, GO served to adsorb the dye while simultaneously immobi-
lizing the enzymes catalytically degrading it [204]. This approach has informed the field
of catalytic applications, where the integration of GO with metal nanoparticles has been
of significant interest to reduce dye pollution catalytically utilizing reducing agents like
NaBH4 and hydrazine hydrate [205,206].

In a related study, Patila et al. [207] conducted the multipoint covalent immobiliza-
tion of laccase onto functionalized GO (fGO) and found that the catalytic activity of the
resulting nanoassemblies was dependent on the number of GO-laccase layers. The authors
found that, compared to free enzymes, the immobilized laccase exhibited 4.7 times greater
thermal stability at 60 °C. Furthermore, it showed a 10% improvement in decolorizing
pina cyanol chloride, an industrial dye. The immobilized enzyme also showed excellent
reusability, retaining almost complete decolorization activity after five reaction cycles. In
a similar vein, Kashefi et al. [208] developed a large-scale and straightforward method
for covalently immobilizing laccase onto GO nanosheets. The synthesized immobilized
enzymes and nanomaterials were characterized and confirmed to be successful through
the decolorization experiments of Acid Blue 92 and Direct Red 23 dyes. The nanobiocata-
lyst had a reusability rate of over 75% after six cycles, indicating the effectiveness of the
immobilization process. The work of Ariaeenejad et al. [209] focuses on the improved
efficacy of dye removal, such as Methylene Blue, from water through the use of a recently
developed immobilized enzyme on modified magnetic graphene oxide (GO), which has
demonstrated dual functionality. PersiManXyn1, a model enzyme, was covalently attached
to an amine-functionalized GO nanocarrier. The immobilized enzyme exhibited excellent
thermostability, retaining more than 35% of its activity at a high temperature of 90 °C,
while the free enzyme maintained only 5% of its maximum activity. Furthermore, even
after a storage period of four weeks, the immobilized enzyme retained 54% of its initial
activity, while the free enzyme was deactivated. The immobilized PersiManXyn1 effectively
removed Methylene Blue from water using two distinct approaches. In contrast to the
negligible catalytic ability of the pristine nanocarrier and free enzyme, the immobilized
PersiManXyn1 rapidly reduced concentrated Methylene Blue solutions within 150 s and
exhibited excellent reusability (94% dye removal after the 15th cycle).

Expanding on these findings, Vineh et al. [210] covalently immobilized HRP onto func-
tionalized reduced graphene oxide-SiO,. The immobilized HRP showed a 100% removal
efficiency for a phenol concentration of 2500 mg/L, whereas the free HRP achieved a re-
moval efficiency of only 50%. In the case of immobilized HRP, most dyes were decolorized
completely with 100% efficiency. Meanwhile, Ali et al. developed a simple adsorption
mechanism to immobilize GP onto a novel nanocomposite, PCeGONC. The activity of GP
was enhanced through the immobilization process, with a recuperation rate of 128% of
the original activity. This immobilized GP showed improved efficiency in decolorizing
Reactive Blue 4 dye compared to free GP, reaching a decolorization efficiency of 99% within
a 3 h stirred batch treatment. Additionally, the immobilized GP demonstrated greater
operational stability, maintaining roughly 72% of its initial activity even after 10 separate
rounds of dye decolorization in a batch method. Table 2 provides further information on
the use of enzyme immobilization on GO for dye removal.

Table 2. Enzyme immobilization on graphene-based materials, CNTs, and MOFs supports for dyes
and phenolic compound remediation with the reported optimum condition and removal %.

Dye
Media Enzyme Techniques Optimum Condition Pollutant Removal (%) Ref.
Genetically
Modified Covalent . 5 Acid Blue 92 75
GO nanosheets Aspergillus binding 60 min, pH 5, 45 °C Direct Red 23 75 [208]
Laccase
Polypyrrole-cellulose- -, 406 Non-covalent 100 min, pH 4, 40 °C Reactive Blue 4 99% [211]

GO nanocomposite

binding




Nanomaterials 2023, 13, 2152 12 of 38
Table 2. Cont.
Dye
Media Enzyme Techniques Optimum Condition Pollutant Removal (%) Ref.
GO Porcine Adsorption 240 min, pH 8, 40 °C Azo dyes 89.47 [212]
pancreas lipase
Crystal Violet
. o Reactive Brilliant Blue Better
GO Laccase Adsorption 24 h, pH 5,50 °C Methyl Orange than 40% [203]
Reactive Brilliant Blue 14
Manganese Covalent Azo dye Better than
GO & o 5h,pH5,35°C Triphenylmethane dye . [213]
Peroxidase binding . simple enzyme
Anthraquinone dye
GO Laccase Cross-linking 60 min, pH 3,45 °C Direct Red 23 91 [214]
Laccase from
CNTs/GO trametes Adsorption 20°C Methylene Blue 80 [215]
versicolor
Laccase from
CNTs trametes Cross-linking 24h,pH5,25°C Methylene Blue % [216]
. Orange Il dye 74
versicolor
Laccase from
CNTs trametes Adsorption 3h,pH?7,35°C Congo Red 96 [94]
versicolor
Ganoderma Covalent 5 s
CNTs lucidum’s LiP binding 24h,pH3.5,25°C Remazol Brilliant Blue R 78 [217]
Fe:O Laccase from Covalent Acid Red 88 98,
304~ o .
. Trametes C 1. 3.5h,pH3, 60 °C Reactive Black 5 99, [218]
MWCNTs@Sio2 versicolor binding Eriochrome Black T 66
Laccase from
MWCNTs mycelioph- Covalent 24 h, pH 5,25 °C Reactive Black 5 84 [219]
thora binding
Thermophile
Cu-PABA (MOFs) Laccase Encapsulation 6h,pH 4.5,40 °C Direct Red 31 92 [220]
Cu-MOFs 1h, pH4.5,50 °C Reactive Blue 171 89
Co-MOFs L En. lation 1h,pH5,50°C Reactive Blue 171 88 [221]
Cu-MOFs accase capsuiatio 1h, pH 45,50 °C Reactive Blue 198 39
Co-MOFs 1h,pH5,50°C Reactive Blue 198 77
Fe-B"fISI/Olglsl;eZOA; Laccase Coprecipitation 1h,pH3,22°C Methylene blue 100 [222]
. . o Crystal Violet 93
Fe;0,@ZIF-8 (MOFs) Laccase Coprecipitation 30 min, pH 4.5,70 °C Methylene Blue 91 [223]
NH;-MIL88 (Fe) Laccase Cross-linking 2h,30°C Remazol Brilliant Blue R 92 [224]
(MOFs)
Fe;04@ZIF-8 (MOFs) Laccase Coprecipitation 15 min, pH 7, 40 °C Indigo Carmine 100 [225]
ZIF-8 (MOFs) Laccase %‘.’Vﬁ!ent 2h, pH 3,40 °C Acid Blue 92 90 [226]
inding
Covalent L
Fe;O04-NH,@MIL-101 .1 o Alizarin Red S 100
(MOFs) Laccase binding fmd 2h,pH3,25°C Reactive Black 5 81 [227]
adsorption
Phenolic compound
GO HRP Covalent pH 5,40 °C Phenol 100 [194]
binding
3-aminophenol 87.6
Catechol 72.7
2-methoxy phenol 68
Nanostructure GO HRP Adsorption 30 min, pH 6 Phenol 64 [201]
4-methoxy phenol 69
2,4-dimetheoxyphenol 344

2-CP
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Table 2. Cont.
Dye
Media Enzyme Techniques Optimum Condition Pollutant Removal (%) Ref.
Covalent o Phenol 70
GO/Fe304 HRP binding 3h,pH6,25°C 2 4-DCP 100 [228]
Covalent 2-CP 23
Fe304/GO HRP b‘i’; di‘; 2h, pH 6.4,25 °C 4-CP 44 [202]
& 2,4-DCP 83
1GO OCh;gb;%mm Adsorption 10 days, pH 7, 25 °C BPA 64.6 [229]
Phenol 90
Functionalized Covalent . o Resorcinol 90
MWCNTs Laccase binding 60 min, pH 56,23 °C 4-Methoxyphenol 100 [230]
4-CP 45
MWCNTs Laccase Cross-linking 300 min, pH 5, 3545 °C BPA 90 [231]
PAN-MIL-101 (Cr) Electrostatic o
(MOFs) Laccase adsorption 5h,pH5,23°C BPA 92 [232]
NH,-MIL-53(Al) Non-covalent 5
(MOFs) Laccase immobilization 0.5h,pH45,21°C BPA 99 [233]
HKUST-1 (MOFs) Laccase Encapsulation 4h,pH®6.5,40°C BPA 98.2 [234]
Cu3((1]341§}3§)@P1 Laccase Encapsulation 12h, pH 5,40 °C BPA 99.6 [235]
Cu-PABA (MOFs) Laccase Coprecipitation 12h, pH 5.5,35°C BPA 84.7 [95]
aerocgz?zll ?nMeOFs Laccase Adsorption 24h,pH4,40°C Hydroquinone 79 [236]
BC/c-MWCNTs/ ZIE-
20 Laccase Encapsulation 2h,pH4,50°C Catechol 93.4 [237]
(MOFs)
Fe;04-NH,@MIL- .
101(Cr) Laccase Adsorption and 2h, pH 4,25 °C 2,4-DCP 87 [238]
(MOFs) covalent binding
Nonylphenol
Fe;04-NH,@MIL- Adsorption and . o polyethoxylated 98.16
100(Fe) Laccase 1 200 min, pH 5, 50 °C [239]
(MOFs) covalent binding Octylphenol 100
S polyethoxylated

3.4. The Remediation of Phenols by Enzymes Immobilized on Graphene-Based Materials

Investigations into the use of enzyme immobilization on graphene materials for pheno-
lic compound removal have demonstrated promising results, offering innovative solutions
for environmental remediation. The use of GO as a matrix for immobilizing enzymes has
been reported by Zhang et al. [93,201]. The authors of the study employed a cross-linking
agent-free method to immobilize HRP and lysozyme onto GO sheets. This involved incu-
bating the GO sheet in a phosphate buffer solution that contained the enzyme molecules.
The concentration of the buffer solution in which the HRP was initiated was observed to
affect the loading density of HRP on GO. AFM imaging allowed for the visualization of
the immobilized enzymes, which can be difficult to achieve with other nanoscale solid sub-
strates. The dimensions of the immobilized enzymes were estimated to be approximately
140 x 140 x 15 A, which is similar in size to free HRP (30 x 60 x 75 A). According to
the authors, electrostatic interactions between enzyme molecules and negatively charged
GO sheets (within a pH between 4 and 11) were the primary driving force behind the
immobilization of HRP and lysozyme on GO. The thermal stability and pH range of the
immobilized enzymes on GO were enhanced compared to their free counterparts. In ad-
dition, the immobilized enzymes showed high efficiency in removing various phenolic
compounds commonly present in industrial wastewater, such as 2,4-dimetheoxyphenol
and 2-chlorophenol (2-CP). These results showed that GO has exceptional potential as a
solid substrate for enzyme immobilization.
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In a study by Wu et al. [240], a composite comprising graphene quantum dots and
Fe304 nanoparticles was synthesized and tested for its ability to eliminate phenolic com-
pounds in synthetic wastewater. The authors observed that the composite displayed higher
removal efficiency than HRP, indicating its potential as a viable option for the removal of
phenolic compounds from wastewater. In a study conducted by Chang et al. [202], Mag-
netic Fe304 nanoparticles were utilized as a support for the immobilization of HRP onto
GO sheets, which were then used for the removal of 2-CP, 2,4-dichlorophenol (2,4-DCP)
and 4-chlorophenol (4-CP) from contaminated water. The chlorophenol removal efficiency
was impacted by the varying numbers and positions of electron-withdrawing substituents,
following the order of 2,4-DCP > 4-CP > 2-CP. Gas chromatography mass spectrometry
was employed to analyze the oxidation products generated during chlorophenol degra-
dation. The NPs were retrieved using an external magnetic field, and the immobilized
HRP retained 66% of its activity after four consecutive uses. These findings suggest that
the immobilized enzyme is effective in treating hazardous phenolic compounds present in
wastewater. Table 2 shows additional research on the application of enzyme immobilization
on GO for the removal of phenolic compounds.

4. Wastewater Treatment Using Enzymes Immobilized on CNTs
4.1. Synthesis of CNTs

Various techniques can be used to produce CNTs. These include the chemical vapor
deposition (CVD) method, arc discharge method, laser ablation method, mechano-thermal
synthesis method, flame synthesis method, and electrolysis method; some of the common
methods demonstrated in Figure 1 [241]. The production of CNTs involves several tech-
niques, including the arc discharge method and laser ablation method. In the method
of arc discharge, two graphite electrodes are subjected to direct current arc voltage in an
inert gas atmosphere, producing CNTs that are collected at the graphite cathode. The use
of a pure graphite anode typically results in multi-walled carbon nanotubes (MWCNTs),
while metal-doped graphite anodes generate single-walled carbon nanotubes (SWCNTs).
Alternatively, the laser ablation method involves the use of a high-energy pulsed laser
system to heat graphite samples in a high-temperature reactor, with the resulting CNTs
transferred to a cooled collector using high-pressure inert gases [242]. In contrast to other
methods of producing CNTs, CVD involves the continuous flow of hydrocarbon gases
over a catalyst at high temperatures to create CNTs [243]. The mechano-thermal synthesis
method has been investigated by researchers as an alternative to laser methods for pro-
ducing CNTs. This process involves milling graphite flakes and then thermally annealing
the resulting nanopowder at high temperatures to create the CNTs. The flame synthesis
method, which requires no complex installations, utilizes a premixed flame consisting of
fuel and an oxidizing agent directly applied to catalysts for CNTs production [243]. Finally,
the electrolysis method is like the arc discharge method but with a graphite electrode
immersed in solution to synthesize CNTs [244].

The chemical vapor deposition (CVD) technique is widely regarded as the most promis-
ing method for producing CNTs on a larger scale and with greater process adaptability.
This is attributed to its economic benefits, reduced energy use, and more straightfor-
ward operation in comparison to alternative methods like arc discharge, laser ablation,
mechano-thermal, and electrolysis. These other approaches depend exclusively on raw
graphite materials, which constrains their ability to utilize various carbon precursors and
scale up. Recent studies have demonstrated the potential to generate CNTs from plastic-
derived pyrolytic gas using CVD, emphasizing the method’s versatility and potential for
industrial-scale production. Moreover, the flame synthesis method generally underachieves
in comparison to CVD, as it frequently leads to the creation of soot nanoparticles. This
is likely due to the presence of OH radicals that erode CNTs in a continuous O; supply
environment, as well as unstable reactor conditions caused by uneven temperature profiles
in substrates generated by flames [241].
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Figure 1. The diagram illustrates the various techniques employed for CNTs synthesis, including arc
discharge (a), chemical vapor deposition (b), and laser ablation (c) [245].

4.2. Enzyme Immobilization on CNTs

CNTs are often utilized as carriers for biological applications owing to their robust
mechanical properties and high chemical and thermal stability. Oliveira et al. [217] em-
ployed CNTs as a biological carrier for LiP to degrade Remazol Brilliant Blue R dye.
The use of CNTs as a support resulted in immobilized enzymes with higher specific
activity and reusability compared to free enzymes, which implies their potential in in-
dustrial applications for dye removal [217]. Xu et al. [246] attached the laccase enzymes
to PVA/chitosan/MWCNTs, which were electrospun onto aluminum foil and activated
with glutaraldehyde before enzyme immobilization [246]. These PVA /chitosan/MWCNTs-
immobilized laccase membranes exhibited an enhanced enzyme loading capacity and
activity retention compared to those without MWCNTs, achieving 100% diclofenac removal
versus 84.9% removal with laccase PVA/chitosan [246]. CNTs were utilized as a biological
carrier to immobilize LiP and facilitate the enzymatic degradation of Remazol Brilliant
Blue R dye. The immobilized enzymes showed increased specific activity and reusability
when compared to their free counterparts, indicating their potential as an effective tool for
industrial dye removal applications [246].

CNTs have proven to be an effective support for immobilizing various enzymes used
for wastewater treatment, such as Lip, laccase, and HRP. In their research, Oliveira et al. [217]
demonstrated the potential for using CNT-immobilized LiP to degrade dyes. The immobilized
enzyme showed improved catalytic efficiency and stability in comparison to the free enzyme.
In addition, Chen et al. [247] introduced an innovative technique to immobilize laccase on
magnetic GO to remove the dye. Their findings revealed that the laccase immobilized on
magnetic nanoparticles demonstrated enhanced thermal and pH stability, elevated enzyme
activity, and exceptional reusability compared to the free enzyme. Moreover, the catalytic
efficiency of laccase immobilized on different carbon nanomaterials, including C60, MWCNTs,
O-MWCNT5, and GO for phenolic compounds removal, was studied by Pang et al. [248].
Their findings revealed that, while the enzyme loading increased, the reaction rate decreased
as compared to free enzymes.

4.3. The Remediation of Dyes by Enzymes Immobilized on CNTs

The use of enzyme immobilization on CNTs for removing organic dyes has gained
considerable interest as an innovative solution for tackling pollution issues in the scientific
community. A promising method entails treating textile-dye-contaminated wastewater
with fungal extracts containing LiP. Oliveira et al. [217] fermented Jatropha curcas seed
cake using Pleurotus ostreatus (PLO9) and Ganoderma lucidum (GRM117) to generate
enzymatic extracts. These extracts were subsequently immobilized on CNTs, leading to
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enhanced LiP-specific activity compared to the free enzyme. The immobilized extracts
exhibited higher Vmax and lower Km values than the free enzyme and demonstrated
efficient reusability in dye decolorization, making them a promising biocatalyst for the
process. Expanding upon this research, Lia et al. [177] created a biocatalyst by immobilizing
laccase on cross-linked polymethacrylate (PMMA)/(CNTs) fabricated through miniemul-
sion polymerization and activated with glutaraldehyde (GA). The immobilized laccase
displayed high reusability, maintaining around 50% of its initial activity after 10 batches.
With exceptional storage capacity, stability across a wide range of working temperatures,
and optimal pH stability, the immobilized laccase effectively decolorized both Methylene
Blue and Orange II, achieving decolorization rates of up to 96% and 74%, respectively. The
decolorization rate declined by approximately 10% after 10 consecutive cycles, making this
approach a promising option for eliminating azo dyes from wastewater samples [216].

In a related study, Zhang et al. [94] employed laccase-immobilized CNTs to improve
the removal of dyes from wastewater samples. The laccase-CNT nanocomposites surpassed
traditional techniques in terms of pollutant elimination efficiency and catalytic degradation.
The addition of the laccase enzyme averted CNT agglomeration and expanded the space
between them, promoting more effective adsorption sites and yielding a removal rate of
over 90% after 100 min of operation. The laccase-CNTs achieved an enhanced dye removal
capacity of more than 96%, attributable to the even distribution of dye within the CNTs,
which improved the mass transfer efficiency of pollutants. The combination of adsorption
and catalytic biochemical degradation also contributed to greater particle diffusion in
laccase—CNTs. In a complementary study, Othman et al. [219] attached Myceliophthora
thermophila laccase to functionalized MWCNTs, forming a bio-barrier with impressive
operational stability and resilience to temperature and pH changes. The immobilized
laccase demonstrated strong operational stability, preserving over 95% of its starting
activity after ten reaction cycles. For example, when exposed to 20% acetone (v/v) for
6 h, the stability of free and immobilized laccase was 21% and 49%, respectively. The
researchers employed the immobilized laccase to decolorize Reactive Black 5 dye, reaching
a 68.09% decolorization rate after 6 h and 84.26% after 24 h. The procedure was refined by
incorporating 1-hydroxy benzotriazole as a mediator and sustaining a pH of 5.0. Table 2
presents a comprehensive overview of the research on enzyme immobilization on CNTs for
dye removal.

4.4. The Remediation of Phenols by Enzymes Immobilized on CNTs

The removal process of phenolic compounds using nanotubes has gained attention in
environmental research, offering the potential for significant contributions to sustainable
practices. Dai et al. [231] developed MWCNTs integrated with laccase electrospun fibrous
membranes (LCEFM) for bisphenol removal in water [231]. The researchers employed an
in situ electrospinning technique to produce MWCNTs-LCEFM nanofibers. To prepare
the polymer solution, PDLLA was mixed with laccase initially to stabilize the enzyme
before being incorporated with MWCNTs. The study showed that the MWCNTs-LCEFM
nanofibers contained active laccase, and the enzyme was uniformly distributed within the
fibers, as observed from the pore edges. The addition of 1.5 wt% PDLLA to the MWCNTs
and laccase mixture resulted in an approximately threefold improvement in the specific
surface area and mechanical tensile strength of the MWCNTs-LCEFM compared to LCEFM.
The MWCNTs-LCEFM nanofibers displayed an improved catalytic activity of 89.9% and
superior storage and operational capabilities compared to LCEFM. The modified nanofiber
membrane was able to remove triclosan, bisphenol A (BPA), and 2,4-DCP from wastewater,
with adsorption efficiency for BPA and 2,4-DCP increasing by 50%. MWCNTs-LCEFM
achieved degradation rates of 99.7% =+ 0.02%, 95.5% =+ 0.46%, and 92.6% =+ 0.74% for
triclosan, BPA, and 2,4-DCP, respectively. Additionally, MWCNTs-LCEFM demonstrated
practical potential for treating emerging organic pollutants in wastewater, as degradation
efficiencies of 90.5% + 1.1%, 85.6% =+ 1.5%, and 81.7% =4 1.9% were recorded for BPA,
triclosan, and 2,4-DCP, respectively [231].
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In a study by Costa et al. [230], multi-walled carbon nanotubes (MWCNTs) that
had been chemically functionalized were employed as carriers for the immobilization
of laccase. The MWCNTs were altered using various techniques and methods in com-
bination. The most favorable balance between recovered activity and immobilization
efficiency was achieved using MWCNTs functionalized with 0.3 M HNOj3 and treated with
N-hydroxysuccinimide and N-ethyl-N-(3-(dimethylamino)propyl) carbodiimide hydrochlo-
ride. The thermal stability of this catalyst was found to be exceptional at temperatures
of 50 and 60 °C. Based on the results of the reusability test, the laccase activity remained
above 65% of its initial value after five consecutive cycles of reuse. The immobilized en-
zyme's biocatalytic performance was assessed for the degradation of a phenolic compound
mixture in water consisting of resorcinol, phenol, 4-chlorophenol, 4-chlorophenol, and
4-methoxyphenol, with removal rates of 90, 90, 45, and 100%, respectively. For additional
research on the application of enzyme immobilization on CNTs for the removal of phenolics,
Table 2 can be referenced.

5. Wastewater Treatment Using Enzymes Immobilized on MOFs
5.1. Synthesis of MOFs

MOFs are a type of framework structure composed of metal ions or clusters coordi-
nated with organic ligands [124]. The synthesis of these frameworks involves the combina-
tion of metals and organic skeletons, resulting in highly porous structures with tunable and
ultrahigh porosity, structural flexibility, chemical and thermal stability, large surface areas,
and multiple functional sites [225,249,250]. In addition, MOFs can be modified by syn-
thetic methods that enable the introduction of specific functional groups into their organic
bridging ligands, allowing for the customization of the framework to meet specific require-
ments or applications [251]. The synthesis of MOFs involves dissolving metal precursors
and organic linkers in solvents and then placing them in a sealed reaction vessel, leading
to the self-assembly of MOFs crystals. This is usually completed through a solvother-
mal method, which is carried out at a temperature below 220 °C, and it can take several
weeks for the crystals to form. Common solvents used in this process include ethanol,
methanol, acetonitrile, N, N-dimethylformamide (DMF), and N, N-dimethylformamide
(DEF) [252-254].

After more than twenty years of research and development, significant progress has
been achieved in MOFs synthesis. Additional synthesis methods have been reported, in-
cluding electrochemical, microwave-assisted, mechanochemical, and microfluidic synthesis
methods, among others [235]. The timeline in Figure 2 below outlines the progression
of the most commonly employed MOFs synthesis methods over time, while Figure 3
demonstrates some of the common methods to synthesize MOFs.

MICROWAVE IONOTHERMAL

ELECTROCHEMISTRY SONOCHEMICAL SPRAY DRYER FLOW CHEMISTRY

1995

1998

2001 2010 2013 2016

2004 2007
HYDROTHERMAL TEMPLATE SUPERCRITICAL
MECHANOCHEMISTRY SOL GEL

ATOMIC LAYER DEPOSITION

Figure 2. A chronology of the prevalent patented methods for synthesizing MOFs [235].
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Figure 3. The diagram depicts various techniques for MOFs synthesizing, including solvothermal
and hydrothermal (a), diffusion (b), electrochemical (c), microwave-assisted (d), mechanochemical (e),
and sonochemistry (f) [255].

Numerous synthesis approaches have expanded the number of MOFs structures
synthesized since their initial discovery. The principle of “structure dictates function” is
evident in this field [256]. The control and customization of the morphology, size, and
chemical functionalization of MOFs crystals are crucial for achieving specific properties
and optimal performance in resulting MOFs materials. Achieving this requires advanced
synthesis strategies based on an understanding of the crystallization mechanisms that occur
during synthesis. Several modulated synthesis methods have been developed to achieve
control over MOFs crystal morphology and size, as well as doping to create hybrid MOFs
crystals.

5.2. Enzyme Immobilization on MOFs

MOFs represent a promising category of materials with unique properties suitable for
a range of applications, including catalysis, storage, separation, purification, and water
remediation [257-262]. The immobilization of laccase on MOFs has been achieved using
a variety of metals and metal oxides, including iron [263], copper [249], zeolite [225], and
zirconium [264]. MOFs, unlike traditional inorganic materials, allow for precise control over
composition, morphology, pore properties, and function by carefully selecting construction
units and incorporating intelligent functionalities. The ability to control the properties of
MOFs is crucial for improving their performance in specific applications [265-267]. The
catalytic activity of MOFs is generated from uncoordinated metal centers or functional
groups linked to the structure’s ligands [268]. In addition, MOFs can also serve as support
for catalysts, including nanoparticles, metal complexes, or biomolecules, by either housing
them within the MOFs cage or anchoring them to the MOFs surface. This approach can
provide size-selective catalyst support and stabilize active catalysts [269,270].

MOFs have become a promising candidate for enzyme immobilization due to their
numerous advantages, such as large specific surface area, high pore volume, customizable
porosity, high thermal and chemical stability, and adjustable mechanical stability. These
distinctive properties of MOFs enable them to accommodate a higher loading of enzymes
compared to conventional carrier materials, and to stabilize the conformational structure
of enzymes, thereby improving their stability [271,272]. MOFs can modulate enzyme
properties by enabling different functionalizations, sizes, morphologies, and electrostatic
potentials [273,274]. The ability of MOFs to adapt to extreme conditions, including high
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temperatures, acidic or alkaline media, and organic solvents, is essential for ensuring
the efficient stabilization and activity of enzymes. As shown in Figure 4, there are four
common strategies used for the preparation of MOFs-immobilized enzymes: encapsulation,
physical adsorption, covalent binding, and pore trapping with pre-synthesized MOFs.
These approaches offer flexibility and allow for the effective immobilization of enzymes,
ultimately leading to enhanced stability and catalytic activity [275]. Enzyme stability can
be enhanced in harsh environments, including high temperatures, organic solvents, and
extreme pH levels, by encapsulating enzymes within porous materials such as porous
nanoparticles or reversible micelles [129]. The potential for synergistic catalysis between
MOFs and enzymes holds great promise for industrial applications [274,276].

Figure 4. Typical methods used to synthesize enzyme-MOFs biocomposites include physical adsorp-
tion (a), covalent binding (b), encapsulation (c), and pore trapping (d) [254].

Cuietal. [277] proposed a technique for creating a durable and reusable MOFs-enzyme
composite by incorporating catalase and ZIF-8 nanocrystals into multiple layers of meso-
porous silica through encapsulation. The composite exhibited a high activity recovery
rate of up to 81%, where the silica layer served as a shield against chemical and biolog-
ical degradation. In addition, the composite demonstrated exceptional stability even in
harsh conditions such as low pH and against proteolytic agents, retaining 50% of its ini-
tial activity even after ten cycles of use [277]. In a separate study by Ladole et al. [223],
the researchers produced magnetic MOFs (MMOFs) containing magnetic nanoparticles
and peroxidase. The researchers utilized nanocrystalline NH,-MIL-53 (Al) to encapsulate
laccase and develop a biocatalyst with desirable properties such as high thermal stabil-
ity, excellent residual activity even after several reaction cycles, and long-term storage
stability. Entrapping laccase in NH,-MIL-53 (Al) allowed for high enzyme loading and
permanent retention, resulting in a biocatalyst with an average diameter of 100 nm. The
biocatalyst effectively eliminated BPA from water, with complete removal achieved within
three minutes [233].

5.3. The Remediation of Dyes by Enzymes Immobilized on MOFs

Enzymes, especially laccases, have shown success in eliminating dyes from wastewa-
ter when immobilized on MOFs [278]. MOFs can contribute to the dye removal process via
adsorption [223,224,279]. Certain MOFs-based supports display fast adsorption processes,
accounting for a substantial part of dye elimination in the early stage. As the support
reaches saturation, dye removal primarily takes place through laccase-catalyzed degra-
dation. For example, the adsorption—-degradation process was followed by the laccase
included in MIL-68(Al)/PVA’s degradation of Alizarin Green (AG). This composite MOFs
rapidly adsorbed AG, attaining a 65.32% removal rate within 2 h. The removal efficiency
rose to 95.86% with additional laccase degradation. However, as the support was reused
more often, the adsorption impact decreased [254].

The continuous degradation of dyes can be accomplished through the utilization of
bioreactors containing immobilized laccase as an alternative to the conventional batch
method. Ladole et al. [223] demonstrated this by introducing laccase@MMOFs into a
glass column for the continuous degradation of Crystal Violet and Methylene Blue [223].
By employing immobilized laccase in a bioreactor, the mass transfer rate and interaction
between dyes and the enzyme were improved, leading to a slightly enhanced degradation



Nanomaterials 2023, 13, 2152

20 of 38

efficiency in comparison to the traditional batch method. The application of MOFs-based
immobilized laccase showed a higher removal efficiency due to the combined effect of
adsorption and biodegradation, surpassing that of free enzymes [254].

MOFs-based support can enhance the catalytic properties of laccase, leading to in-
creased dye decolorization efficiency. Yang et al. [222] created magnetic micromotors
(Fe-BTC/NiFe,O4-MT) with peroxidase activity and utilized them for the immobilization
of laccase. When tested in a solution containing 3% H,O,, the laccase@Fe-BTC /NiFe;O;-
MT was able to completely decolorize MB within 20 min, whereas the free enzyme was
only able to decolorize 15% of MB. The Fe-BTC/NiFe,O4-MT nanoenzyme played a crucial
part in breaking down MB, while the immobilized laccase oxidized MB and its degradation
byproducts. The micromotor’s propulsion, driven by oxygen bubbles produced from H,O,
decomposition, expanded the reaction’s contact area and hindered product buildup. The
generated oxygen also took part in laccase catalysis, facilitating the reaction [222].

Laccases show promise not just in the effluent of dye treatment but in textile bleaching
as well. Bioscouring, a technique that employs enzymes instead of chemicals, can enhance
product quality and decrease resource usage [280]. To improve ZIF-8's bleaching ability,
Madurella mycetomatis laccase (MmLac) was immobilized in silica-modified ZIF-8. Com-
pared to control tests utilizing simple chemical agents, free MmLac and silica@MmULac/ZIF-
8 demonstrated improved bleaching efficiency [281,282]. Silica@MmLac/ZIF-8 exhibited a
2.3-fold increase in bleaching efficiency compared to the free enzyme, indicating its poten-
tial application in textile bleaching. As the laccase-MOFs composite exhibits high efficacy
and low environmental impact, it can be considered a promising alternative for the textile
industry [283]. Table 2 contains more studies on the utilization of enzyme immobilization
on MOFs for the removal of dyes.

5.4. The Remediation of Phenols by Enzymes Immobilized on MOFs

Recently, MOFs have gained significant attention as potential solid support for im-
mobilizing enzymes, particularly in the context of eliminating phenolic compounds from
industrial wastewater [284]. Among these compounds, BPA, a widely used monomer
in polycarbonate plastic production and a known endocrine-disrupting chemical (EDC),
has been found in wastewater treatment facilities” effluents and sludge, highlighting the
urgency for effective removal strategies [285].

Catalytic oxidation using laccase, in both homogeneous and heterogeneous forms, is
effective in breaking down BPA in wastewater [286]. The introduction of laccase media-
tors into the system can considerably improve BPA degradation efficiency. For instance,
Laccase@HKUST-1 completely decomposed BPA when ABTS was used as the mediator in
under 4 h. According to a study by Zhang et al. [234], the transformation of BPA through
immobilized laccase was significantly higher than that of free laccase, with immobilized
laccase accounting for 74.2% of the transformation compared to 35.5% by free laccase,
without taking adsorption into account. The immobilized laccase also displayed a high
level of recyclability at 40 °C, with the 75.9% degradation efficiency of BPA remaining after
ten cycles.

Laccase encapsulated in Cu-PABA has also been shown to be effective for BPA removal
in the laccase/ABTS system [95]. Cu-PABA@Lac demonstrated a limited capacity for BPA
removal, achieving only around 26% removal after 12 h in the absence of ABTS, with
almost 10% of the removal efficiency attributed to support adsorption. However, the
inclusion of ABTS in the system enhanced the degradation of BPA, resulting in the removal
of approximately 84.7% of BPA within 12 h. This increase in removal efficiency was largely
attributed to the improvement of electron transfer within the system [95].

While incorporating mediators into laccase-based reactions can substantially improve
their efficiency, the economic ramifications of utilizing expensive laccase mediators like
ABTS must be considered for practical applications [287]. In an effort to create a mediator-
free laccase system, researchers combined substrate aptamers with laccase-MOFs hybrids,
forming an intelligent biocatalyst known as enzyme-nanoMOFs@aptamers [288]. The incor-
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poration of P1 substrate aptamers into laccase-MOFs composites resulted in the creation of
laccase-Cu3(BTC), @P1 nanoflowers (laccase-CBP1), which improved BPA capture, leading
to a higher local concentration of BPA around the nanoflowers. This elevated concentration
facilitated improved access to the laccase active site, thereby increasing the immobilized
laccase’s catalytic activity. Furthermore, CBP1 exhibited laccase-like properties, which,
when combined with substrate enrichment, resulted in a 4.4-fold increase in BPA catalytic
efficiency, achieving an impressive degradation efficiency of 99.6% for BPA. Furthermore,
the reusability, pH tolerance, and thermal stability of the laccase-Cuz(BTC), were improved
through surface modification with aptamers, resulting in enhanced BPA removal. The
laccase-CBP1 biocatalyst could be conveniently retrieved using magnetically controllable
cDNA, and aptamer-BPA binding automatically initiated cyclic enzyme catalysis [288].
MOFs-based laccases have shown effectiveness in degrading other toxic phenolic com-
pounds, such as alkylphenols and 2,4-DCP, without the need for mediators; however,
it should be acknowledged that the MOFs support primarily removed these pollutants
through adsorption, with laccase-mediated degradation serving a secondary role [238,239].

Enzymatic membrane reactors (EMRs) have been identified as a viable solution for en-
vironmental bioremediation. EMRs can be used in batch or continuous mode by combining
biocatalytic conversion with membrane separation [289]. Notably, the use of laccase-grafted
membranes provides an eco-friendly and economical method for removing persistent or-
ganic pollutants, such as phenolic compounds, from wastewater [290]. Researchers have de-
veloped highly permeable and effective biocatalytic membranes with immobilized laccase
through a three-dimensional modification approach [232]. The integration of water-stable
MOFs into the membrane matrix is an effective strategy for increasing laccase loading and
enhancing BPA elimination efficacy by providing dual adsorption on both laccase and
BPA. The adsorption of the substrate via the biocatalytic membrane limits the enzyme’s
entry into the pores, leading to a decrease in pore blockage. As a result, the membrane can
degrade 92% of BPA in a single flow-through cycle, requiring a smaller amount of laccase
and displaying enhanced reusability [232].

Recently, Li et al. [237] described a flexible biocatalytic membrane made of bacterial cel-
lulose (BC), carboxylated-MWCNTs, filter paper, and Lac@ZIF-90. The catalytic membrane
displayed outstanding capability in degrading catechol, attributed to the two-fold role of
ZIF-90 in preserving the activity of laccase and retaining catechol via adsorption [237]. An
EMR assembled using this biocatalytic membrane maintained a high degradation efficiency
of about 72% after operating for five days. Similar to this, another EMR that used laccase
that was immobilized on a graphene aerogel-Zr-MOFs membrane showed that laccase
catalysis and support adsorption together were effective in removing hydroquinone [289].

Although EMRs hold significant potential for the treatment of wastewater on large-
scale applications, the membrane frequently has short pollutant retention durations as a
result of the pressure-driven filtration process [257]. The effectiveness of the biotransforma-
tion can be increased by combining MOFs with laccase-based EMRs by extending the time
that the substrate is in contact with the laccase. However, MOFs properties like particle size
and adsorption capacity strongly influence membrane function [232]. Therefore, careful
consideration of MOFs materials is crucial to achieving optimal contaminant removal
efficiency for EMRs.

A biocatalytic membrane consisting of Lac@ZIF-90, carboxylated-MWCNTs, bacterial
cellulose (BC), and filter paper was recently presented by Li et al. [237]. This membrane
demonstrated exceptional catechol degradation performance, owing to ZIF-90’s dual func-
tions of preserving laccase activity and adsorbing catechol [237]. An EMR assembled using
this biocatalytic membrane maintained a high degradation efficiency of around 72% after
five days of operation. Similarly, an EMR using a graphene aerogel-Zr-MOFs membrane
immobilized with laccase was able to effectively eliminate hydroquinone through the com-
bination of laccase and support adsorption. Although EMRs possess considerable promise
for extensive wastewater treatment applications, the process of pressure-driven filtration is
known to often result in short retention times of pollutants on the membrane surface [289].
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The incorporation of laccase-based EMRs with MOFs can extend the interaction duration
between laccase and substrate, improving biotransformation efficacy. However, membrane
performance largely depends on MOFs characteristics, such as particle size and adsorption
capability [232]. Therefore, it is essential to carefully evaluate MOFs materials to obtain
the best pollutant removal efficiency for EMRs. To gain more insights into the application
of enzyme immobilization on MOFs for removing phenolic compounds, Table 2 can be
consulted.

6. Challenges and Limitations of Wastewater Treatment Using Immobilized Enzymes
6.1. Costs of Enzyme Immobilization

When assessing enzyme immobilization for wastewater treatment applications, such
as eliminating dyes and phenolic compounds, it is crucial to weigh the costs against
the potential advantages [291-293]. One significant expense is the cost of the support
material and the immobilization process itself [294]. Although scientific research usually
recommends that the immobilization technique and support should be inexpensive, this
notion frequently overlooks critical factors like the support’s loading capacity. Support
with greater loading capacity may be more cost-effective, even if it comes at a higher
price [295-297].

Biocatalysts with low enzyme loading can lead to further issues, such as necessitating
a large support mass per reactor volume [298]. When selecting a suitable immobilization
system for wastewater treatment, it is essential to consider economic factors, including
the cost of the support material, enzyme loading capacity, and operational stability. In
cases where enzyme immobilization is required to minimize expenses or enable enzyme
reuse, the added value of the product must be balanced against the enzyme cost. Immo-
bilization is only warranted if the immobilized enzyme can achieve the desired reaction
yields and reactor productivity [298,299]. The decreasing expense of sustainable products
generated through biocatalysis highlights the importance of enzyme recycling and reuse
for maintaining low enzyme costs and optimizing cost-effectiveness [293,300,301]. Enzyme
immobilization continues to be relevant in wastewater treatment applications, and selecting
appropriate immobilization systems is crucial for achieving both cost-effectiveness and
efficiency [302,303].

6.2. The Production of Obstacles That Hinder the Access of Substrates to the Active Site of the Enzyme

This point addresses two main challenges associated with immobilizing enzymes on
porous supports for wastewater treatment specifically targeting dyes and phenolic com-
pounds [304]. The first challenge arises when nanoparticles aggregate, creating macro sup-
port which has a porous structure, which causes steric obstacles for the enzyme molecules
acting on large substrates [305]. The second issue occurs when the enzyme’s active center
is not properly oriented with the support surface in mind, leading to steric or partition
difficulties for the substrate to access the enzyme activity center [306]. These challenges
become more pronounced when dealing with large substrates, such as polysaccharides,
proteins, and nucleic acids. In these cases, an enzyme with a correctly oriented active
center may be inactive on large substrates while remaining active on smaller ones [306].
Evaluating the overall activity of the biocatalyst can be accomplished by analyzing enzyme
activity using both large and small substrates.

It is important to consider the relationship between enzyme activity and enzyme
loading when working with large substrates. As support loading increases, enzyme
activity against both large and small substrates decreases due to diffusion limitations.
At maximum loading, the proximity of immobilized enzyme molecules may prevent
the substrate from reaching the active center, resulting in a sudden drop in observed
enzyme activity [306]. Extremely high immobilization rates can also contribute to these
issues [307,308]. Steric problems can potentially be addressed by employing protocols that
allow for different enzyme orientations. Moreover, recent studies indicate that the spatial
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distribution of enzymes on the support surface can significantly impact the enzyme’s
kinetic properties [107].

6.3. Using Unstable Supports

Utilizing mechanically unstable supports in wastewater treatment can result in various
challenges at both laboratory and industrial scales. Unstable supports may cause biocatalyst
particle size to diminish during operation, potentially leading to filter blockages and
necessitating the manual removal of material from the reactor. Furthermore, a reduction in
particle size can create diffusion and mass transfer issues, impacting enzyme activity or
stability [309].

Support fragmentation can also considerably affect biocatalyst performance. For in-
stance, when using co-immobilized enzymes with unstable supports, the enzyme activity
ratio may be altered, resulting in decreased final yield and increased unwanted byprod-
ucts [310,311]. Researchers should choose supports that are physically compatible with
the reactor employed. Another significant problem occurs when support dissolves in the
reaction medium, such as improperly cross-linked polymers, complicating downstream
product recovery processes. Additionally, the released polymer-carrying enzymes will be
flushed out and incorporated into the product, making enzyme reuse unfeasible and affect-
ing filtration systems. To avoid such problems, avoid using supports that may disintegrate
in the media and look for alternative supports [312].

6.4. The Process of Extrapolating from One Support to Another Is Not Always Straightforward

Adapting immobilization methods from one support material to another can be diffi-
cult due to differences in support properties [297]. Several factors should be considered:

e  The geometric compatibility between the enzyme and the support can affect enzyme-
support interactions. For instance, Eupergit and Sepabead epoxide supports produce
different results in enzyme immobilization. [297,309].

e  Different supports may allow varying degrees of activation, influencing the enzyme
immobilization rate and multi-point covalent linkage. Comparing supports with
diverse surface densities of reactive groups may not be fair. The highest activation
level should be considered for each support [297].

e  Support surfaces can possess unique physical properties, leading to unwanted enzyme-
support interactions [313]. Proper blocking can minimize these effects, but physically
active supports can never be completely inert. These interactions can impact enzyme
function, stability, and the inactivation process [313,314].

To create a novel enzyme immobilization technique, it is advised to begin with an
unreactive and water-loving substrate such as agarose and then attempt to replicate the
procedure with the desired substrate. Variations can be attributed to the qualities of the
substrate, enabling scientists to identify and adjust unsuitable properties of the substrate.
In some cases, the active group used for immobilization, rather than the support, generates
physical properties that interact with the enzyme [313].

6.5. Difficulties in Co-Immobilizing Multiple Enzymes

Developing a co-immobilized enzymatic biocatalyst necessitates the consideration of
the arrangement of enzymes within the biocatalyst particle [315]. Achieving the desired
enzyme distribution can be difficult, as the simultaneous immobilization of enzymes on the
support does not ensure co-localization [315,316]. Some enzymes may immobilize more
quickly than others, resulting in varying distributions inside the particle.

To accomplish proper co-localization, researchers should first immobilize the slowest
enzyme to ensure its distribution throughout the pores, followed by the faster immobilizing
enzyme, which can fill the spaces between the other enzymes’ molecules. This process
becomes more complex when using impure enzymes or when the contaminant fractions
vary in each batch. Creating concentric enzyme layers is also challenging and can only be
guaranteed if certain enzymes immobilize faster than they diffuse [317].
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Creating concentric enzyme layers is also challenging. Researchers can only guarantee
the formation of a layer of certain enzymes that immobilize faster than they diffuse. When
altering the immobilization method or support, studies should be reconducted due to
potential changes in enzyme interactions or variations in pore diameter that may impact
relative immobilization rates [318]. Particle size changes also necessitate biocatalyst re-
optimization due to modified mass transfer. Confocal microscopy with fluorophore-labeled
enzymes can be used to examine enzyme localization within the particle [319-321]. Despite
the complexity of optimization, controlling enzyme order is achievable if researchers
comprehend the phenomena taking place in co-immobilization [317].

6.6. The Protocols of Immobilization Are Not Complete When All the Enzyme Activity Is
Incorporated into the Support

The enzyme immobilization process on support is often mistakenly considered com-
plete by many researchers. However, physically active supports can continue to develop
enzyme-support interactions during storage, altering enzyme properties [297]. Although
storage conditions can help alleviate this, it is crucial to use inert support for enzyme
immobilization [297].

Researchers need to differentiate between immobilization and multi-point covalent
attachment. The optimal conditions for immobilization, which dictate enzyme orientation
on the support, might not align with the requirements for strong enzyme-support multi-
point interactions associated with enzyme and support reactivity [318]. After the initial
enzyme immobilization process, it is essential to optimize the subsequent step involving
multi-point covalent attachment independently, which may necessitate moderately long
reaction times. This approach is critical for achieving full enzyme stabilization through
multi-point covalent immobilization using a specific protocol [322]. Emphasizing this point
is vital in enzyme immobilization research.

6.7. The Utilization of Weakened-Loading Supports

Utilizing immobilized enzymes enables high enzyme concentrations in reactors with-
out the danger of collection, which is crucial for process intensification strategies [323].
However, these benefits can only be achieved with supports that allow high enzyme load-
ings or loadings appropriate for reaction times and productivity targets [323,324]. Loading
capacity is defined by a specific area if the pore size is large enough to allow for enzyme
immobilization. Supports with a low specific area (e.g., 1 m?> mL~!) result in low loadings.
Supports with low-stability reactive groups may yield confusing outcomes, as the immobi-
lization rate and final enzyme loading on the support can be influenced by the number of
remaining reactive groups [325,326].

Problems may stem from the protein sample components themselves. Employing
unpurified enzyme extracts or partially purified commercial enzymes can lead to immo-
bilization issues. For instance, if an enzyme preparation contains large-molecular-weight
contaminant proteins, immobilization might be obstructed, as these contaminants can block
pores or aggregate, resulting in lower enzyme loadings [309].

The reproducibility of support loading may be impacted by such problems. Solutions
include purifying the target enzyme or dissociating multimeric protein complexes before
immobilization. In some cases, adding compounds to the immobilization buffer that
break down “false” oligomers without affecting the enzyme’s active structure can be
beneficial. For example, the use of 1 M urea as an immobilization support was effective in
preventing uncontrolled enzyme aggregation of multimeric uridine and purine nucleoside
phosphorylases from Bacillus subtilis [327,328].

6.8. Enzyme Release from the Support

Enzyme immobilization is essential in diverse applications, such as wastewater treat-
ment for dyes and phenolic compounds. The primary objective of immobilization is
to facilitate enzyme recovery and reuse. A significant challenge is preventing enzyme
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release during operation, as it can affect operational stability and product contamina-
tion [323,329,330]. Physical immobilization methods, like ion exchange and hydrophobic
supports, can sometimes result in enzyme release due to changes in pH, ionic strength,
or reaction products. To minimize enzyme release, researchers can employ support coat-
ings, more hydrophobic supports, or cross-link immobilized enzymes using polymers or
covalent bonds [55,331].

Enzyme release is a critical concern when immobilization is assumed to be irreversible
but is not, such as when dealing with multimeric enzymes, hetero-functional supports, or
supports with strong but reversible enzyme-support bonds. Researchers must carefully
evaluate the immobilization method and optimize protocols for each enzyme to minimize
enzyme release and ensure optimal immobilization [331].

In conclusion, enzyme immobilization plays a crucial role in various applications,
including wastewater treatment. Preventing enzyme release is vital for maintaining op-
erational stability and preventing product contamination. Researchers must consider the
immobilization method, the support used, and potential enzyme release mechanisms to
design optimal immobilization protocols for each enzyme [329-331].

7. Conclusions

Enzyme immobilization on emerging and highly porous materials such as graphene,
CNTs, and MOFs has proven to be an innovative and promising solution for addressing
the removal of dyes and phenolic contaminants from wastewater. This approach effec-
tively overcomes several limitations of traditional methods while providing numerous
advantages, such as improved enzyme stability, reusability, and an expanded operational
lifetime. The unique physicochemical properties, large specific surface area, and porosity
of graphene, CNTs, and MOFs facilitate optimal enzyme—substrate interactions, leading to
the enhanced removal of organic water contaminants. Moreover, these materials offer the
possibility of tailoring their properties, allowing for the creation of customized solutions to
address specific wastewater treatment challenges, ultimately allowing for more targeted
and effective remediation strategies.

Despite the high potential and promises of enzyme immobilization on graphene, CNTs,
and MOFs in boosting the efficacy of enzymatic wastewater treatment, several challenges
remain unresolved, including scaling up the production of biocatalytic nanoparticles, main-
taining quality consistency, optimizing enzyme immobilization and operational parameters
for maximum efficiency, and evaluating the long-term stability and environmental impact
of the enzyme immobilization process and the utilized supports. Nonetheless, the adoption
of enzyme immobilization on emerging materials such as graphene, CNTs, and MOFs
represents a valuable and promising approach in wastewater treatment. To ensure the
successful large-scale applications of this emerging technology, it is vital to continuously
explore and address the associated challenges. Advancements in this area hold the potential
to substantially influence the wastewater treatment industry, fostering the development of
more efficient, sustainable, and environmentally friendly solutions to combat the growing
water pollution problem.

To guide the future direction of research in this field, a few key areas merit particular
attention:

1.  Hybrid Materials: Given the unique properties of graphene, CNTs, and MOFs, the
development of hybrid materials that combine their strengths could lead to superior
supports for enzyme immobilization [221,222]. Future research could explore this
avenue and potentially unveil highly efficient, tailor-made materials for wastewater
treatment.

2. Enzyme-Substrate Dynamics: While we have discussed the enzyme-substrate interac-
tions in the context of the physicochemical properties of graphene, CNTs, and MOFs,
further understanding of these dynamics in various operational conditions will en-
hance the efficacy of the treatment process [83,100,102]. Unraveling these complex
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interactions could provide critical insights into the design of advanced immobilization
techniques.

3. Environmental Impacts: Long-term environmental studies are needed to ensure the
sustainability of using these emerging materials in the enzyme immobilization process.
The environmental fate of these materials, once they complete their operational
lifecycle, is still not well understood and requires thorough investigation.

4. Cost-Effectiveness: The economic aspect of implementing these emerging materials
in real-world scenarios is another research gap that needs to be addressed. It will
be important to develop techniques to lower the cost of producing and using these
materials, ensuring their feasibility for industrial applications.

Addressing these areas in future research will provide comprehensive insights into the
practical applicability and sustainability of enzyme immobilization on emerging materials
such as graphene, CNTs, and MOFs for wastewater treatment. This, in turn, will foster
the development of more efficient, sustainable, and environmentally friendly solutions to
combat the water pollution problem.
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