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Abstract: In the field of environmental science and engineering, microorganisms, enzymes and
algae are promising biomass materials that can effectively degrade pollutants. However, problems
such as poor environmental adaptability, recycling difficulties, and secondary pollution exist in
the practical application of non-immobilized biomass materials. Biomass immobilization is a novel
environmental remediation technology that can effectively solve these problems. Compared with non-
immobilized biomass, immobilized biomass materials have the advantages of reusability and stability
in terms of pH, temperature, handling, and storage. Many researchers have studied immobilization
technology (i.e., methods, carriers, and biomass types) and its applications for removing refractory
organic pollutants. Based on this, this paper reviews biomass immobilization technology, outlines
the mechanisms and factors affecting the removal of refractory organic pollutants, and introduces
the application of immobilized biomass materials as fillers for reactors in water purification. This
review provides some practical references for the preparation and application of immobilized biomass
materials and promotes further research and development to expand the application range of this
material for water purification.

Keywords: immobilization; microorganisms; enzyme; organic pollutants; bioreactor

1. Introduction

In recent years, environmental pollution caused by human activities has become an
increasingly serious problem, posing a serious threat to human health and the environ-
ment [1,2]. Various types of organic pollutants (e.g., dyes, phenols, pesticides, drugs,
and hormones) discharged in human production and life have seriously polluted water
bodies, and many of them can accumulate in organisms, leading to adverse effects on
growth, development, and metabolism [3,4]. In addition, refractory organic pollutants are
highly stable and biotoxic, and most have been shown to cause diseases such as cancer,
cardiovascular diseases, and reproductive disorders [5,6]. Therefore, it is critical to remove
these organic pollutants before they are discharged into an aqueous environment. Com-
monly used wastewater treatment methods include physical and chemical methods (such
as adsorption, electrocatalysis, advanced oxidation, and membrane filtration) and their
combined techniques [7]. Although these methods can achieve high removal rates, there
are still some limitations to their practical applications. The disadvantages associated with
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these conventional methods include complete removal of pollutants, time consumption,
sludge generation, and high energy requirements [8]. Therefore, it is necessary to find
easy-to-operate and cost-effective alternative solutions.

Bioremediation is an effective technique for treating pollutants in water and soil
environments. It has the advantages of low cost, no secondary pollution, high efficiency,
and eco-friendly recycling resources [9]. Currently, the desired bioremediation materials can
be obtained from various sources, such as the plants Acalypha indica [10], Saccharomyces [11],
Aspergillus [12], white-rot fungi [13], and algae [14,15], which have been widely used for
the removal of organic pollutants from wastewater. In addition, it has been reported
that peroxidases [16] and laccases [17,18] among biological enzymes also degrade organic
pollutants; however, existing studies have shown that free microorganisms/enzymes have
low stability, short service lives, and are not easy to separate and recover, which limits their
further industrial application [19].

Immobilization is a technique that confines biomass materials (microorganisms or
enzymes) to a certain spatial extent by physical or chemical means so that they cannot
move freely and maintain their activity, facilitating their separation and recovery [20].
Immobilized biomass materials are significantly enhanced in terms of storage, operational
stability, and reusability compared with free microorganisms/enzymes [21]. Immobiliza-
tion techniques have been widely used in environmental management for the treatment
of pollutants. Among them, biofilm method is a membrane immobilization method that
uses immobilization of active bacteria to form biofilms for efficient removal of pollutants,
and has been widely used in the field of water pollution treatment. Studies have shown
that immobilization techniques can increase the biodegradation rate, especially in harsh
environments [22]. For example, immobilized laccase can completely remove 100 mg/L of
bisphenol A (BPA) in 4.0 h and has better thermal stability and reusability than free laccase
does [23]. Immobilized microalgae (such as chlorella, red alga, marine diatom etc.) are
highly effective in removing nitrogen and phosphorus from water [24]. Saccharomyces is a
commonly used microorganism for immobilization, and studies have shown that immo-
bilized Saccharomyces cerevisiae (S. cerevisiae) can remove up to 86.23% of antibiotics [25].
In addition, immobilization technology has applications in biosensors [26,27], medical
imaging, biocatalysis [28], cancer therapy [29], and cell delivery [30].

In recent years, many studies have been conducted on immobilization techniques and
immobilized biomass materials for the treatment of refractory organic wastewater [31,32],
but very few reviews of this research have been published. Therefore, based on previous
studies and achievements of the authors in this field, this paper reviews the characteristics
of immobilization methods, carriers, and biomass materials in the immobilization process,
analyzes the effects of different operational factors in the preparation of immobilized
biomasses, and presents applications of immobilized biomass materials in the treatment of
refractory organic wastewater and its degradation mechanisms. Finally, challenges and
possible future research directions in this field are briefly discussed.

2. Overview of Immobilization Technology

Biomass materials (such as microorganisms, enzymes) have been widely used for envi-
ronmental protection because of its ease of production, greenness, and high environmental
economic efficiency [33]. However, these biomass materials (such as saccharomycetes)
are often difficult to recycle and have poor practicability. Many biomass materials have
high requirements for the external environment, which affects their wide-scale use [34].
Immobilization technology is an effective way to solve these problems. Commonly used
immobilization techniques include adsorption, covalent binding, entrapment, and cross-
linking [35,36]. In this section, immobilization methods, carrier materials, and biomass
types used in immobilization techniques are discussed.
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2.1. Immobilization Methods

Adsorption and entrapment are physical immobilization methods, cross-linking and
covalent binding are chemical immobilization methods [8], and the biofilm method is the
physicochemical immobilization method, with entrapment being one of the most commonly
used methods. Each immobilization method has specific operating conditions; therefore,
the selection of an appropriate immobilization technique is a key factor for success [37],
and inappropriate immobilization can lead to structural changes, blockage of the active
site, and blocked mass transfer, which in turn leads to a loss of material activity.

2.1.1. Adsorption

Compared to other immobilization methods, the adsorption immobilization method is
simple and low cost. It mainly immobilizes biomass materials on the surface or inside the
carrier material through interactions such as hydrogen bonding, hydrophobic interactions,
electron affinity, and van der Waals forces [38] without changing the natural structure of
the biomass, as shown in Figure 1a. Commonly used adsorption carrier materials include
activated carbon, kaolin, porous glass, bentonite, and the corresponding modified materials.

Figure 1. Illustrative scheme showing immobilization methods: (a) adsorption, (b) entrapment,
(c) covalent binding, (d) cross-linking.

Yan et al. [39] utilized graphene oxide (GO) to immobilize Enterococcus avium strain
BY7 sulfate-reducing bacteria and found that the addition of GO accelerated the growth
rate of the strain, with a maximum growth rate of about 0.27/h and a maximum doubling
time of about 2.5 h at GO addition of 12.0 mL/L; the growth rate of the strain was three
times higher than it was without the addition of GO. Wen et al. [40] utilized acid-base
modified bentonite (BDMMs) to immobilize laccase by adsorption and demonstrated that
the specific surface area of the modified bentonite reached 244.62 m2/g, which is 74 times
higher than that of the original bentonite, while laccase activity reached 800 U/g at pH 4–5,
which led to a significant improvement in the thermal and operational stability of laccase.

Adsorption immobilization has certain advantages in terms of preparation, operating
conditions, and reuse, but it also has some disadvantages, such as a weak affinity between
microbial cells/enzymes and carriers, which leads to easy shedding of the loaded biomass,
thus decreasing the immobilization efficiency and reducing its effect on pollutant removal.
Therefore, it is necessary to develop carriers with strong adsorption capacity to improve
the immobilization effect when this technology is employed.
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2.1.2. Entrapment

Entrapment is one of the most commonly used methods to prepare immobilized
materials (Figure 1b); it involves immobilizing biomass materials in a carrier to form small
particles, preventing leakage, and reducing the effect of adverse external environments on
the biomass materials. Entrapment methods can be divided into gel entrapment and semi-
permeable membrane/capsule entrapment. Entrapment materials include natural gels (e.g.,
alginate, gelatin, chitosan) and synthetic polymers (polyvinyl alcohol, polyacrylamide),
of which alginate is the most commonly used natural polymer carrier material because of
its porosity and high biocompatibility [41]. Wu et al. [42] utilized sodium alginate (SA)
and polyvinyl alcohol (PVA)–encapsulated magnetic-Fe3O4-immobilized S. cerevisiae to
remove atrazine; they found that the removal of atrazine by the materials prepared using
this technique could reach 92%. In addition, the encapsulation method can be used for
the preservation of strains, which can conserve the activity of cells for a long time under
ultra-low-temperature storage conditions [43].

Entrapment can protect biomass materials from the external environment and prevent
leakage of microorganisms and enzymes [33]. However, because the entrapment method
limits the mass transfer efficiency between the biomass materials and the external environ-
ment, which may affect the activity of the biomass, it is most suitable for reaction systems
with small molecular substrates.

2.1.3. Covalent Binding

Covalent binding (Figure 1c) is based on the formation of covalent bonds between
chemical groups on the surface of the carrier and the nucleophilic groups on the biomass
material [44], which is particularly suitable for immobilizing biomasses to enhance stability.
For example, Petronijević et al. [45] prepared biochar (BC)-immobilized horseradish peroxi-
dase (HRP) for the biodegradation of phenol (Figure 2), first oxidizing the BC using a nitric
acid solution to introduce the hydroxyl group and binding it to the aldehyde group at one
end of the molecular chain of glutaraldehyde (cross-linked). Then, the amino group of the
enzyme was combined with the free aldehyde group at the other end of glutaraldehyde via
a strong covalent bond to complete the fixation of HRP. This study demonstrated that the
prepared BC-HRP had higher storage and thermal stability than the non-immobilizing HRP.

Figure 2. Procedure of covalent immobilization of HRP onto biochar.

Simon-Herrero et al. [46] immobilized laccase on modified polyimide aerogels via
covalent bonding. The study showed that the activity of the immobilized enzyme was
consistently higher than that of the free enzyme, whereas the effective binding efficiency
of covalent immobilization was 3.6 times higher than that of absorbed immobilization.
In addition, some studies have found that the use of nanomaterials with large specific
areas as additives could further enhance the biomass-loading capacity of carriers in the
covalent bonding method. For example, Skoronski et al. [47] immobilized laccase using
graphene nanomaterials modified with NH2 groups and used glutaraldehyde to covalently
immobilize the graphene and enzymes. The results showed that the immobilized laccase
had a much higher range of adaptation to the environmental pH and temperature than the
free enzyme did. Meanwhile, the covalently immobilized laccase still had good operational
stability and enzymatic activity after six repeated uses.

Because there is a chemical reaction process in covalent bonding, when using covalent
binding to immobilize microorganisms, the cells are exposed to chemicals that can easily
damage the cells and reduce the metabolic activity of the microorganisms. Therefore,
covalent bonding is more suitable for immobilizing inactive cells [8]. Overall, this immobi-
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lization method exhibits a higher affinity between the carrier and the biomass materials,
as well as better stability, but the method is more complicated to operate and has harsh
conditions [19], making it less suitable for industrialization. Covalent bonding can lead
to changes in the spatial structure of the biomass materials, which may alter its original
biological properties and functions and cause biological activity loss [48].

2.1.4. Cross-Linking

Compared to covalent bonding, the cross-linking method (Figure 1d) is more widely
applicable and has strong bonding, high stability, and simple operation. Cross-linking
agents play an important role in cross-linking immobilization. Commonly used cross-
linking agents include glutaraldehyde, diacetamide, hexanediamine, maleic anhydride,
and isocyanate derivatives.

Dzionek et al. [49] used xanthan gum to cross-link immobilized microbial cells Bacillus
thuringiensis B1 and hardened them using polydopamine, which showed that the material
could completely remove naproxen within 14 days, while no by-products were produced
during degradation. Lee et al. [50] utilized inorganic calcium carbonate to cross-link and
immobilize carboxyl esterase. They demonstrated that the cross-linked enzyme exhibited
higher activity than the free enzyme did and maintained 60% of the enzyme activity after
10 reuse cycles, indicating that cross-linked immobilization enhanced the stability of the
enzyme. Guo et al. [51] prepared an immobilized material, MDCIL, by immobilizing
Rhizopus lipase on magnetic nanoparticles using dialdehyde cellulose (DAC) as a cross-
linking agent. In this study, it was found that the immobilization yield and recovery of
lipase were 60% and 89%, respectively, under optimal conditions. In addition, MDCIL had
better thermal and storage stability than the free enzyme did, which is mainly due to the
increase in the secondary structural rigidity of MDCIL due to immobilization.

Unlike adsorption, cross-linking is an irreversible process, and cross-linking agents
used are usually cytotoxic, leading to the loss of microbial activity and making cross-linking
more successful in the immobilization of inactive microbial cells or enzymes [33].

In practice, multiple methods are used together to address the shortcomings of a
particular technique, such as adsorption–covalent [52,53] and covalent–cross linking [54].
Combining multiple immobilization methods can effectively improve the stability of mi-
croorganisms and enzymes as well as their adaptability to the environment.

2.1.5. Biofilm Method

The biofilm method is used to immobilize microbial community groups on the carrier
through surface adsorption and inner fixation, gradually forming biofilm. The growth of
biofilm on the carrier accumulates and sheds, so as to achieve continuous degradation of
pollutants [55].

In the application, the selection of biological carriers is the key factor affecting the
immobilization. The physical properties, chemical stability, particle size, and porosity of
the carriers have an important influence on the biofilm method, and the carriers usually
used to immobilize biofilms are inorganic materials such as quartz sand, activated carbon,
ceramic granules, and some organic materials such as polyethylene, polypropylene, and
PVC. Wang et al. [56] used 20 mesh stainless steel sieve as a carrier to immobilize mixed
microorganism as biofilm, and it was found that phthalates and bisphenols were easily
adsorbed onto the biofilm with the action of microorganisms. In addition to the influence of
the carrier, microbial activity is also the key factor in the application of biofilm. Derakhshan
et al. [57] utilized biofilm to remove atrazine and showed that under optimal conditions,
60% of the atrazine was removed, but when increasing the concentration of atrazine,
the microorganism activity in the biofilm was inhibited and the removal of atrazine was
decreased by 12%.

The core of the biofilm method is the carrier, which plays the role of fixing microorgan-
isms and directly affects the operating effect of the biofilm reactor. Therefore, it is necessary
to choose the carrier materials with good effect.
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2.2. Immobilization Carriers

In general, the mechanical strength and mass transfer properties of immobilized
biomasses are affected by the immobilization method as well as the carrier material. There-
fore, the selection of a suitable immobilized carrier to meet the high affinity for biomass
materials (microorganisms/enzymes) and the high contaminant removal capacity is also a
key factor [58,59]. Simultaneously, it should be noted that carriers should be environmen-
tally friendly, chemically and mechanically stable, and have excellent biocompatibility [60].
Various types of carriers are available at present, which can be broadly classified as tra-
ditional carriers (such as activated carbon, clay, zeolite, etc.) and novel carriers (such as
nanomaterials, magnetic materials, and mesoporous materials). Table 1 shows the changes
in enzyme activity, thermal stability, storage stability, and operational stability before and
after immobilization.

2.2.1. Traditional Carriers

Traditional carriers include inorganic, organic and composite materials such as acti-
vated carbon (AC), clay, chitosan, agar, and silica. Mineral materials are common inorganic
carriers with low cost and easy accessibility, excellent thermal and chemical stability, and
a high number of adsorption sites [61]. Among them, carbon-based materials have great
potential for practical applications owing to their high thermal and chemical stability [62].
It has been shown that the addition of BC during the immobilization process can reduce
inter and ionic repulsion and enhance the binding ability between microorganisms and the
carrier, thereby improving the efficiency of atrazine removal [63]. Chen et al. [64] improved
the performance of immobilized microorganisms and enhanced the mechanical strength
and mass transfer efficiency of immobilized beads by adding AC. The study found that the
material increased the degradation rate of crude oil by 8%, indicating that the AC carrier
provided a good platform for microbial degradation. In most cases, the use of inorganic
materials for immobilization is prone to unstable fixation and loss of biomass; therefore, it
is necessary to improve the effective immobilization of inorganic materials. By changing
the surface groups, specific surface areas, or pore structures of the inorganic carriers, they
can be used in combination with other polymer materials to obtain a carrier with better
performance [65].

Organic carriers can be divided into natural polymeric materials (e.g., agar, gelatin,
alginate, and chitosan) and synthetic polymeric materials (e.g., polyvinyl alcohol, poly-
acrylamide, and polyurethane sponges) [66]. Compared to synthetic polymers, natural
polymeric materials have superior diffusion efficiency, better biocompatibility, and lower
costs [67,68]. Researchers have found that the amount of SA significantly affects the appar-
ent morphology and mass transfer rate of immobilized materials, which in turn affects the
degradation of pollutants [69], indicating that the carrier material is an important aspect
affecting the performance of immobilized materials. In addition, synthetic organic materials
have higher mechanical strengths and more stable chemical properties than natural organic
polymers do [33]. Su et al. [70] investigated the immobilization of Pseudomonas sp. H117
using modified polyvinyl alcohol (PVA) and found that the addition of PVA facilitated
bacterial immobilization and biofilm formation with longer retention and higher microbial
cells metabolic activity.

Organic materials are easily decomposed by the external environment, leading to im-
mobilization failure in practical applications; some organic materials are toxic to biomasses,
which limits their widespread use. These problems are also technical issues that need to be
solved when organic carriers are applied.

2.2.2. Novel Carriers

Currently, magnetic materials, mesoporous materials, and metal–organic frameworks
(MOFs) are considered novel carriers. Compared with traditional carriers, novel carriers
have special structures and functions, such as magnetic and electrical conductivity; thus,
they have unique advantages for immobilizing biomass.
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Table 1. Performance parameters of various free and immobilized enzymes.

Enzyme and Carrier Enzyme Activity Thermal Stability Storage Stability Operation Stability Ref.

Free Laccase / 70 ◦C, 6 h, 15% 4 ◦C, 28 d, 40.2% /
[71]Laccase on Fe3O4@CS

nanoparticles 114.2 U/mg 70 ◦C, 6 h, 35% 4 ◦C, 28 d, 75.2% 5cycles: 36%

Free Chymotrypsin / 60 ◦C, 3 h, 29.6% 4 ◦C, 20 d, 18.8% /
[71]Chymotrypsin on magnetic

Chitin Nanofiber Composite / 60 ◦C, 3 h, 70.7% 4 ◦C, 20 d, 84.9% 5cycles: 78.6%

Free Porcine pancreatic lipase / 60 ◦C, 26% 4 ◦C, 56 d, 20% /
[72]Porcine pancreatic lipase on

3D,GO/PVA/Fe3O4
/ 60 ◦C, 64% 4 ◦C, 56 d, 71.1% 6cycles: 70.8%

Free Laccase 85.9 U/g 40 ◦C, 55% 25 ◦C, 20 d, 4% /
[46]Laccase on polyimide aerogels 8.0 U/g 40 ◦C, 98% 25 ◦C, 20 d, 20% 7cycles: 22%

Free Inulinase 33.8 U/mg 60 ◦C, 3 h, 33.8% 4 ◦C, 6 w, 44.3% /
[73]Inulinase on shallow porous

microsphere carriers 24.7 U/mg 70 ◦C, 3 h, 69.2% 4 ◦C, 6 w, 71.4% 10cycles: 77.9%

Note. d—days, U—Enzyme activity units, 1 U = 16.67 nkatal, w—weeks.

In recent years, magnetic materials with high specific surface areas and high loading
capacities have been considered as promising immobilization carriers that can be easily sep-
arated and recovered from the reaction system by applying an external magnetic field [74].
A new magnetic carrier, α-Fe2O3, was developed to immobilize B. encimensis and B. badius,
and the results showed that the immobilized material achieved 90% removal of atrazine
within 20 days; in addition, the microorganisms immobilized on the magnetic material were
found to have better tolerance to temperature and pH compared to free microorganisms [75].
For example, Li et al. [76] used glutaraldehyde to immobilize horseradish peroxidase (HRP)
and magnetic nanofibers (MNFs) to prepare immobilized material H-MNFs, which suc-
cessfully achieved 85% removal of phenol and maintained 52% removal after five cycles.
It has been demonstrated that some magnetic materials used as immobilization carriers
also participate in the pollutant removal process to further improve the performance of
immobilized materials [77]. Combining microorganisms/enzymes with magnetic materials
is more helpful for the simple and effective recovery of immobilized materials, making the
application of immobilization technology in industry more feasible. However, magnetic
materials are generally made of metallic raw materials, most of which have certain toxic
effects on biomass materials that when immobilized will be released into the environment
and produce secondary pollution when applied; therefore, the development of low-toxicity
or non-toxic magnetic materials is crucial. In addition, the cost of preparing magnetic
particles is also a challenge for commercial applications.

Mesoporous materials have a regular and ordered rigid pore structure, and their
pore size and arrangement can be adjusted by changing the synthesis parameters, which
can significantly increase the load of microorganisms/enzymes, making them effective
immobilization carriers for many biomasses [78]. SBA-15 is a hexagonal mesoporous silica
(Figure 3a) with a high specific surface area and pore size that is often used for enzyme
immobilization. Kuo et al. [79] immobilized Streptomyces griseus HUT 6037 in three different
mesoporous matrices: mesoporous silica film, mesocellular foam, and rod-like SBA-15.
Their study demonstrated that all three immobilized materials exhibited more than 90%
enzyme loading at optimal pH with efficient performance and reusability, indicating that
the mesoporous materials improved the chemistry and stability of the enzyme. Parmegiani
et al. [80] modified silica with tin (SnS23) to obtain SBA-15 with a pore size of 25 nm
and used it as a carrier for immobilized lipase. The modified silica surface generated a
Si-O-Sn-Cl chemical bond that reacted with the sulfhydryl group in the lipase molecule
to form a strong covalent bond. The covalent bond between the enzyme and carrier can
prevent desorption of the protein and enhance the stability of the immobilized lipase. The
preparation process is demanding for obtaining the desired pore size; thus, carrier materials
are generally expensive, which limits their application.
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Figure 3. Structural diagram of typical novel carrier material: (a) mesoporous silica SBA-15,
(b) MOF-5.

MOFs are emerging crystalline porous materials that are organic–inorganic hybrid
materials composed of organic ligands and metal ions/clusters through covalent bonds [81].
More than 2000 MOFs have been reported, and MOF-5 (Figure 3b) is a common MOFs
material first synthesized by Li et al. in 1999, which can have a specific surface area of
up to 2900 m2/g [81]. The high porosity, open active sites, adjustable pore size, and mild
synthesis conditions of MOFs make them excellent candidates for the immobilization of
biomass materials, which have been extensively studied in recent years [82].

Researchers have used ZrCl4 and Fe-TCPP (where TCPP is tetrakis (4-carboxyphenyl)
porphyrin) to prepare a multilayer porous material HP-PCN-224 (Fe) (where PCN stands
for “porous coordinated network”) and applied it to the immobilization of natural en-
zymes, greatly improving the stability and loading capacity of immobilized enzymes [83].
Nowroozi-Nejad et al. [84] immobilized luciferase on MOF using benzaldehyde and found
that the thermal stability and kinetic properties of the immobilized enzyme were greatly
improved. However, the pore size of the MOFs carrier affects the loading capacity and
mass transfer performance of the immobilized biomass, thereby affecting the interaction
between biomass materials and carriers. Therefore, the design and regulation of the pore
size and surface interface characteristics are important research directions.

For immobilized biomass, different carrier materials have different advantages, such
as biocompatibility, mechanical stability, environmental friendliness, cost effectiveness, and
feasibility of industrial applications [85]. Therefore, the structure of the carrier material,
characteristics of the biomass, properties of the pollutants, and their removal conditions
should be comprehensively considered when selecting the carrier. In practice, two or more
materials can be combined by physical or chemical means to form a composite-carrier
material to solve the defects existing in a single material and to optimize the performance
of the immobilized carrier [86]. For example, considering the high biocompatibility and
excellent stability of organic carriers, as well as the stability and chemical inertness of
inorganic carriers, the combination of these two materials to obtain composite-carrier
materials has been used to develop more efficient carriers. Girelli et al. [61] demonstrated
that immobilizing laccase in silica–chitosan composites as carriers had higher thermal
stability, and immobilized laccase maintained 40% of its enzyme activity after 200 days.
Therefore, this is noteworthy for the study of stable performance, high biocompatibility,
and affordable composite-carrier materials.

2.3. Biomass Materials Type

Immobilization techniques can be applied to different types of biomass, including mi-
croorganisms, enzymes, and whole cells, and they play an important role in environmental
remediation, biotechnology, and biomedicine. In environmental remediation, the perfor-
mance of immobilized materials is not only related to the carrier but also to the biomass
materials and its suitability for pollutant removal [87]. For example, laccase and peroxidase
are commonly used for phenolic compound removal and dye decolorization [88], and
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bacteria, fungi, and algae are widely used in water pollution, air control, and soil pollution
treatment [89].

2.3.1. Microorganisms

Microorganisms in environmental remediation can not only remove organic pollutants,
heavy metals, and pathogens but can also remove odors, improve water transparency, and
reduce chromaticity. However, free microbial cells are less stable, less adaptable and
tolerant to the external environment, and difficult to recycle and reuse. Immobilization is
an environmentally friendly and efficient technical means of solving these problems and
has been valued by many researchers (Table 2).

Chen et al. [90] immobilized phosphate-solubilizing bacteria (PSB) on BC to remove
Pb2+ from organic media. The study showed that the immobilization of BC significantly
enhanced the removal of Pb2+ by PSB, and the addition of PSB also enhanced the release
of phosphorus from the surface of BC to regulate environmental pH and improve the
adsorption of Pb2+. Liu et al. [91] immobilized mixed microbial MO (mainly composed of
Pseudomonas and Delftia) in chitosan and polyvinyl alcohol beads (MO/PVA-CS), which
achieved a phenol degradation efficiency of 99.5% in 120 h, while the degradation rate of
phenol by free MO under the same treatment conditions was only 21.1%, indicating that
the activity of MO can be improved by immobilization. Wu et al. [42] prepared a novel
bio-nanomaterial using magnetic Fe3O4 and SA-PVA-immobilized S. cerevisiae to remove
atrazine. The study found that the presence of active S. cerevisiae greatly improved the
removal of atrazine, with a maximum removal rate of 97.7%, which also indicated that
the removal of atrazine by this novel material was mainly due to the biodegradation and
metabolism of S. cerevisiae. Wang et al. [92] immobilized Escherichia coli on magnetic pellets
for tanning wastewater treatment and found that the removal of Cr(III) from the water
by the immobilized bacteria reached 91.3%, which was much higher than the adsorption
efficiency of the magnetic carrier alone.

Microorganisms have been widely used as effective bioremediation materials in vari-
ous fields of environmental remediation. The application of immobilization technology, in
turn, provides a more stable living environment for microorganisms and enables micro-
bial cells to maintain higher activity than free cells do in harsh environments. However,
immobilization of microbial cells also has some disadvantages, such as the possibility of
cell inactivation during immobilization, reduced microbial activity due to mass transfer
limitations, accumulation of toxic metabolites in the carrier, and uncontrolled cell growth
in the blocked region, leading to cell leakage [22]. Therefore, maintaining the activity
and productivity of microbial cells in immobilized systems and enhancing the perfor-
mance of carrier materials has become the main focus in the application of immobilized
microbial technology.

Table 2. Application of immobilized microorganism in the treatment of refractory organics contami-
nants contained in waste water.

Microorganisms Carrier Immobilization Method Contaminant Ref.

Halomonas and Aneurinibacillus Straw-alginate Entrapment Diesel [41]
Pseudomonas moorei KB4 Loofah sponge Adsorption Paracetamol [93]
Seudomonas citronellolis Biochar Adsorption Biodegradation [94]

Consortium GYB1 Alginate-biochar Entrapment 2,3′,4,4′,5-pentachlorodiphenyl [58]

P. putida Biochar Covalent
binding-Adsorption Paraquat [95]

P. putida AC Adsorption phenol [96]
Bacillus thuringiensis B1 XAN-PDA Cross-linking Naproxen [49]

Saccharomyces pastorianus Alginate Entrapment Ethacridine lactate [97]

2.3.2. Enzymes

Enzymes are efficient natural catalysts with high activity, substrate specificity, and
selectivity compared with traditional catalysts [98,99]; however, enzymes are soluble
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substances that are not conducive to separation and recovery. Residual enzymes may also
cause pollution, and most of them are sensitive to the external environment and highly
susceptible to inactivation [99]. Immobilization technology is an effective way to solve
these problems. The immobilized enzyme can be easily separated from the reaction system
so that the enzyme can be continuously produced, and it has been widely used in practical
production. As early as 1916, Nelson and Griffin demonstrated that immobilized invertase
on charcoal materials could maintain catalytic activity in aqueous environments [100].

Immobilized enzymes have great potential for environmental remediation (Table 3).
Masjoudi et al. [101] immobilized laccase for the removal of the organic drug diclofenac and
found that the operational stability of the immobilized enzyme was significantly enhanced,
maintaining more than 20% of the initial activity after five repetitions, whereas the removal
efficiency of the enzyme for diclofenac reached 95% within 4 h after immobilization. Im-
mobilized horseradish peroxidase (HRP) has been shown to be effective in removing the
carcinogen aflatoxin B1 (AFB1), and the immobilized enzyme maintained 65% removal
after five cycles [102].

During enzyme immobilization, the rate of enzymatic reactions is usually described
using the Michaelis–Menten equation (Equation (1)) [103]:

v =
vmax[S]
km + [S]

(1)

where v is the reaction rate, km is Michaelis constant, vmax is the reaction rate of the enzyme
at substrate saturation, and [S] is the substrate concentration.

It has been found that the increase in km values and decrease in vmax values after
immobilization indicate a decrease in the affinity between the enzyme and the substrate
and a decrease in the maximum reaction rate, which may be due to structural changes in
laccase during immobilization and mass transfer limitations to the substrate and product
molecules [104].

Overall, immobilization technology enhances the thermal stability of enzymes and
their resistance to adverse environments [105] while the reaction conditions are milder [106],
compensating for the disadvantages of free enzymes, such as poor storage, poor operational
stability, and difficult recovery [107]. However, immobilized enzymes still have limitations;
for example, immobilized carriers can affect mass transfer efficiency, and enzyme activity
can be affected by the carrier, which affects the removal of pollutants. In addition, the use
of enzymes as biodegradable materials in large-scale water treatment is limited by their
high cost. In contrast, the use of low-cost microorganisms to treat wastewater is a trend in
industrial applications [108].

Table 3. Application of immobilized enzyme in the treatment of refractory organics contaminants
containedin waste water.

Enzyme Carrier Immobilization Method Contaminant Ref.

Polyphenol oxidase Chitosan-montmorillonite Adsorption Phenolic compounds [109]
Laccase from Aspergillus oryzae Graphene Oxide Adsorption Malachite Green [110]
Laccase from Aspergillus oryzae Porous geopolymer Cyclic adsorption Crystal violet [111]

Laccase from Pycnoporus
sanguineus (CS43)

Multi-channel ceramic
membrane Covalent bonding BPA [112]

Soybean peroxidase Fe3O4@SiO2 particles Covalent bonding Malachite green [113]

Laccases from T. pubescens Alginate-glutaraldehyde Cross
linking-Entrapment BPA [114]

Tyrosinase from Penicillium
chrysogenum Alginate Entrapment Phenol [115]

Laccase CoCu-MOF Entrapment Congo red [116]
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3. Removal of Refractory Organic Pollutants in Wastewater

Currently, with industrial development, the amount of wastewater discharged is
increasing daily, and the removal of refractory organic compounds from wastewater has
become one of the main concerns of the public. The removal of refractory organic pollutants
such as phenol compounds, pesticides, medical wastewater, synthetic dyes, and surfactants
is crucial because they are ubiquitous in the environment and pose a serious threat to
ecosystems and human health [117]. Previous studies have found that immobilized biomass
materials can be effectively used for the removal of refractory organic pollutants from
wastewater (Table 4).

3.1. Removal of Organic Pollutants by Immobilized Microorganisms

Immobilized microorganisms have shown great potential for the removal of organic
pollutants. Yu et al. [63] immobilized Arthrobacter sp. ZXY-2 on BC to remove the pesticide
atrazine; in that study, a high removal percentage was obtained in a short time period:
complete removal of 50 mg/L atrazine within 1 h. The degradation pathways include
dealkylation, alkyl hydroxylation, dichlorination-hydroxylation, and alkyl oxidation. The
addition of carrier BC enhanced the binding force between ZXY-2 and the pollutant and
improved its atrazine degradation rate. Pongkua et al. [118] studied the immobilization of
Acinetobacter indicus on sulfuric acid–modified bagasse-activated carbon-bone BC beads.
Beads were utilized for the biodegradation of gaseous methyl tert-butyl ether (MTBE),
and the results demonstrated that the prepared biocatalyst achieved 90% degradation of
MTBE within 3 h with the attached growth of Acinetobacter indicus. After eight cycles,
the biocatalyst could continue to degrade pollutants as new nutrient sources were added.
Deng et al. [119] utilized modified peanut shell powder (PSP) to immobilize Mycobacterium
gilvum and achieved 98% removal of 10 mg/L pyrene (PYR) within 7 days. The study
demonstrated that the immobilized cells showed more significant advantages at higher
PYR concentrations than free microorganisms did; this is likely because the immobilized
carriers provided a good growth environment for the microorganisms to maintain a faster
proliferation rate even at higher PYR concentrations. Partovinia et al. [120] investigated
the degradation performance of immobilized microbial flora (obtained from the activated
sludge of the Tehran refinery) on the polycyclic aromatic hydrocarbon phenanthrene (PHE).
The results showed that the immobilized microorganisms achieved complete removal
of 250 ppm PHE within five days and maintained effective removal of PHE after nine
cycles, while immobilized microorganisms were found to have a better ability to remove
hydroxylated PHE (IMs), an intermediate metabolite in the degradation process, than to
remove free microorganisms. Huang et al. [121] utilized mixed flora to remove the organic
pollutant benzo[a]pyrene (BaP) and noticed mutual repulsion between degrading flora;
however, the technique was used to immobilize these degrading bacteria individually,
which could effectively reduce the repulsion between degrading flora and improve the
degradation efficiency of BaP.

Microorganisms immobilized on the carrier proliferate and grow, forming an ex-
tremely ecosystem-rich biofilm with good removal of refractory organic contaminant. Tang
et al. [122] used a biofilm reactor to treat pharmaceutical-containing wastewater and ob-
tained a more than 50% removal rate of diclofenac and atenolol. Tombola et al. [123] used
recycled corrugated wire hose cover as carriers placed in a biofilm reactor for wastewater
treatment. It was found that the reactor had a good removal effect on various refractory
organics including naproxen and trimethoprim, and the removal rates of all pollutants
were above 85%. Tian et al. [124] used a biofilm reactor for degrading phenolic compounds
in high saline wastewater, and found that γ-proteobacteria played a major role in the
biofilm, and more than 90 % of phenol degradation rate was maintained within 90 days at
stable operation.

Previous studies have confirmed that immobilized microorganisms can be applied
for the removal of a wide range of refractory organic pollutants and are mostly adaptable
to complex external environments [94]. However, cell leakage can occur in immobilized
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systems because of diffusion effects. Therefore, research and application of immobilized mi-
croorganisms can focus on the effective combination of microorganisms with immobilized
carriers and the mass transfer efficiency of pollutants in immobilized systems.

3.2. Removal of Organic Pollutants by Immobilized Enzyme

In recent years, research into the use of immobilized enzymes to degrade organic
pollutants has received extensive attention [125,126]. Vineh et al. [127] used modified
reduced graphene oxide (RGO) to covalently immobilize HRP. The results showed that the
immobilized HRP had a removal efficiency of up to 100% for high-phenol-concentration
wastewater (2500 mg/L), while the removal of phenol by free HRP was only 55%. Further
investigations revealed that there was a synergistic effect between the immobilized HRP
and RGO through covalent bonding, which enabled HRP to maintain high activity during
biodegradation, thus achieving the desired removal effect. Petronijević et al. [45] prepared
an immobilized BC-HRP material for phenol degradation by immobilizing HRP onto BC.
In this study, a high degradation percentage was obtained in a short time period: a 90%
degradation rate in 2 h. After five cycles, the removal efficiency of phenol was still 64%,
and the immobilized HRP could still maintain 20% activity at 80 ◦C. Mechanistic studies
demonstrated that the hydrophobic group on the carbon material enhanced the affinity
of the enzyme for phenolic compounds, while immobilization resulted in a synergistic
effect between the carbon carrier and HRP. In addition, immobilized redox enzymes
are effective biocatalytic materials and have great potential for water treatment. Bilal
et al. [128] achieved complete removal of BPA utilizing chitosan immobilized laccase,
while the immobilized laccase exhibited a high degree of stability, with residual enzyme
activity exceeding 90% even when stored at 4 ◦C for 28 days. Fan et al. [129] immobilized
chloroperoxidase (CPO) on both the inner and outer walls of Halloysite nanotubes (HNT)
to obtain the immobilized material I-CPO. In this study, I-CPO completely degraded
26.7 µmol/L of isoproturon in only 10 min, indicating that I-CPO has potential application
in pesticide wastewater treatment. Wen et al. [40] utilized acid-base-modified bentonite-
derived mesoporous materials (BDMMs) to immobilize laccase to prepare BDMMs-Lac for
tetracycline (TC) removal. The results showed that BDMMs-Lac was able to remove 60%
of TC within 120 min, and its thermal stability was greatly improved compared to that of
free laccase. This study proved that BDMMs are novel, environmentally friendly, low-cost,
reusable immobilized laccase carriers with potential applicability in the immobilization
of biomolecules.

Enzyme immobilization technology is very effective for the removal of refractory
organic compounds from wastewater, and its removal ability is related to both the im-
mobilized carriers and enzymes, most of which have a synergistic effect. However, the
presence of immobilized carriers makes it difficult for substrate molecules to interact with
enzymes, causing spatial blockage of the active site of the enzyme, which leads to lower
enzyme activity and a lower reaction rate. Therefore, for the research on and application
of immobilized enzymes, the diffusion limitation problem in the reaction system can be
overcome by developing excellent carriers.

Table 4. Parameters of immobilized enzyme for Organic pollutant removal.

Immobilized Biomass Contaminant Immobilization
Method

Initial
Concentration

Degradation
Efficiency Ref.

Biochar-Bacillus cereus LZ01 Chlortetracycline Adsorption 75 mg/L 83%, 2 d [130]
Pine needle biochar-Laccase Malachite green Adsorption 50 mg/L 85%, 5 h [131]

Bacillus subtilis Methylene blue Covalent binding 100 mg/L 95%, 3 h [132]
Fe3O4-Penicillium sp. yz11-22N2 Atrazine Entrapment 8 mg/L 91.2%, 5 d [133]

Bamboo charcoal-Microbial community Nonylphenol Adsorption 50 mg/L 69.5%, 8 d [134]
Alginate-Laccase BPA Cross-linking 20 mg/L 99%, 2 h [114]
Zeolite-Laccase 2,4-Dinitrophenol Covalent binding 1.5 mg/L 100%, 6 h

[135]Montmorillonite-Laccase 90%, 6 h
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4. Factors Affecting the Application of Immobilized Biomass Materials

The application of immobilized biomass materials is influenced by many factors, such
as environmental conditions, operating temperature, pH, and biomass concentration.

4.1. Effect of Temperature

Temperature affects microorganism/enzyme activity and the mechanical properties
of some carrier materials, which in turn affects the application of immobilized biomass
materials in bioremediation. Ariaeenejad et al. [136] investigated the performance of GO
immobilized on a model enzyme (PersiManXyn1) for the removal of methyl blue (MB)
dye in water. The results showed that the removal efficiency of MB increased from 31%
to 78% within 180 min as the temperature increased from 25 ◦C to 45 ◦C. In another
study, researchers found that the removal of BPA using immobilized laccase increased
continuously as the temperature was increased to 45 ◦C. However, experiments also
revealed that a further increase in temperature led to a decrease in the removal rate [137].
These data coincided with the optimum temperature of the enzyme, indicating that the
ability of the immobilized enzyme to remove contaminants is closely related to the operating
conditions of the enzyme. In addition, the effect of temperature on the spatial structure
and strength of the carrier is also evident, which in turn impacts the immobilization
effect [19]. Flores et al. [138] used genipin as a cross-linking agent to immobilize enzymes
on chitosan. The study found that the reaction between genipin and chitosan was slower
at lower temperatures, creating a better spatial matrix for enzyme immobilization and
thus achieving higher immobilization efficiency. Too high temperatures will accelerate
molecular movement and promote the cross-linking reaction, but high temperatures are
not favorable for enzyme immobilization because of the unstable nature of genipin and its
ease of decomposition above 60 ◦C.

4.2. Effect of pH

pH is one of the most significant factors affecting immobilized biomass materials in
practical applications and may affect the activity of the biomass and the functional groups
on the surface of the material during the reaction process. During application, the activity of
immobilized microorganisms and enzymes can be inhibited under strongly acidic and alka-
line conditions, reducing the efficiency of pollutant removal. Zhu et al. [139] demonstrated
that the removal of atrazine using immobilized S. cerevisiae increased continuously from
55% to 85% when the pH of the solution was increased from 3 to 7; however, the removal
decreased to 60% when the pH was increased to 9. On the other hand, immobilization
can also increase the tolerance of biomass materials to environmental pH. For example,
Wang et al. [140] utilized magnetic shell-core MOFs to immobilize laccase for alkylphenol
ethoxylate compound; the results showed that the optimum pH for both immobilized and
free laccase was 5. However, the residual activity of immobilized laccase was 1.7 times
higher than that of free laccase at a pH of 3, indicating that immobilized enzymes exhibited
a wider pH tolerance range than free enzymes did. Furthermore, it has been shown that
environmental pH affects the difference in surface charge and the interaction between the
biomass materials and carrier, which in turn affects the performance of the immobilized
biomass materials [48]. For example, Fan et al. [141] showed that the immobilized carrier
SA/cellulose nanocrystal/PVA had a positive surface charge when the solution pH was
<5.3 and a negative surface charge when the pH > 5.3, while at a pH > 4, the COOH in
diclofenac sodium (DS) was ionized, mainly in the form of anions, so there was mutual
repulsion between the carriers and the DS at a pH > 5.3, resulting in a sharp decrease in the
DS removal capacity of the carriers. Therefore, choosing an appropriate pH is beneficial for
enhancing the removal of pollutants by immobilized carrier materials.

4.3. Effect of Biomass Materials Concentration

When immobilized biomass materials are used in environmental remediation, the
concentration of biomass materials often affects the performance of the material in re-
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moving contaminants. Within a certain range, microbial/enzyme activity increases with
concentration, and when the optimal level is reached, higher concentrations reduce mi-
crobial/enzyme activity. On the one hand, microbial overgrowth can clog the pores on
the surface of immobilized materials and reduce their mass transfer effect; on the other
hand, this may be due to the interaction of adjacent microbial/enzyme molecules, resulting
in partial loss of biomass activity. Zhang et al. [142] studied the removal of trichlorfon
(TCF) by immobilizing Aspergillus sydowii (A. sydowii) on magnetically separable chitosan
beads (MCBAs). Their results showed that for A. sydowii spore concentrations of 5.2 × 104,
5.2 × 105, and 5.2 × 106 CFU/mL (CFU, Colony-Forming Units), the removal capacity of
MCBAs for TCF was 80.38, 109.91, and 135.43 mg/g, respectively, indicating that relatively
higher A. sydowii concentrations had higher removal rates for TCF. Another study also
confirmed that the activity of the enzyme during the immobilization process can achieve
efficient removal of pollutants within a certain range; however, when the enzyme con-
centration is too high, it will lead to a lack of inter-binding regions and adsorption sites
between the carrier material and the enzyme, which hinders electron transfer and thus
leads to a decrease in enzyme activity [143]. Therefore, to achieve the best performance of
immobilized biomass materials, the biomass concentration needs to be carefully considered
in the preparation of materials so that the concentration is not too high or too low, which
reduces the activity of the biomass and thus affects the removal of pollutants.

5. Applications of Immobilized Biomass Materials in Bioreactor

Immobilized biomass materials in a reactor are effective in avoiding microbial/enzyme
detachment and preserving the activity and performance stability of biomass through
continuous operation. In addition, reactor design flexibility and operational stability are
advantages of immobilized biomass materials in practical applications, and the type of
reactor plays an important role in the development of the process [144].

Fixed-bed reactors (Figure 4a) are simple in design, easy to operate, and widely used
in environmental management [87]. In recent years, research on the use of immobilized
biomass materials as a filler in fixed-bed reactors to treat organic wastewater has grad-
ually emerged, and its contribution to environmental sustainability has been significant.
Mohanty et al. [145] utilized corn cob BC to immobilize microbial consortia from textile
wastewater and used it as a filler in a continuous up-flow fixed-bed reactor for the removal
of indanthrene blue RS. The results showed that the maximum adsorption capacity of RS
was 4.55 mg/g under optimal conditions (pH of 10.0, temperature of 30 °C, and an inocu-
lum amount of 3.0 × 106 CFU/mL). This study demonstrates that immobilized biomass
materials as a filler in a reactor has been successfully used for the decolorization of dye
wastewater on an industrial scale. In another study, Erhan et al. [146] utilized immobilized
Pseudomonas syringae for phenol degradation in a fixed-bed column bioreactor. The study
showed that the reactor achieved 100% degradation of phenol during continuous operation
of the bioreactor when the phenol concentration was 200 mg/dm3 and the flow rate was less
than 10 cm3/min. Xia et al. [147] immobilized laccase on polyethyleneimine-functionalized
magnetic nanoparticles, which were filled with magnetic laccase in a novel fixed-bed biore-
actor. The study demonstrated that, after continuous degradation of phenolic compounds
for 18 h, the degradation rate in the reactor was 2.38 times that of the batch treatment,
and, under optimal operating conditions, the fixed-bed reactor still maintained a phenol
degradation rate of more than 70% after continuous operation for 48 h.

The fluidized bed reactor (Figure 4b) has better heat and mass transfer performance
than the fixed-bed reactor does, which can maintain the immobilized beads in suspen-
sion, thus exhibiting a higher pollutant removal effect. Ferreira et al. [148] immobilized
Pseudomonas stutzeri CECT 930 on agar as a biofiller in a fluidized bed reactor to remove
groundwater PHE. When the initial concentration of PHE in the system was 100 µmol/L,
the reactor quickly reached its steady state and achieved 96% removal. Wang et al. [149]
utilized magnetic mesoporous silica nanoparticles to immobilize laccase in a fluidized bed
reactor to achieve efficient degradation of phenol in coking wastewater. When the flow
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rate was less than 45 mL/h, the system achieved more than 99% degradation of phenol
wastewater with an initial concentration of 100 mg/L in the continuous reactor, which
was higher than the 69.2% degradation for indirect treatment, and the degradation rate
remained above 90% after 40 h of continuous operation. Lassouane et al. [150] immobilized
laccase using cross-linking–entrapment technology as a filler in a fluidized bed reactor
for the degradation of BPA. The results of the study showed that the removal rates of
BPA in the reactor were 98.4% and 96.5% at BPA concentrations of 60 mg/L and 80 mg/L,
respectively. When the concentration was increased to 100 mg/L, the biodegradation rate
of BPA remained above 75%, and the performance of the system was quite stable. In actual
production, the fluidized bed reactor with immobilized biomass materials as a filler showed
excellent reaction activity and system stability, which provided an effective method for the
continuous removal of organic pollutants from industrial wastewater.

Figure 4. Schematic diagram of fixed bed reactor and fluidized bed reactor: (a) fixed bed reactor,
(b) fluidized bed reactor.

Biofilm reactors have been extensively studied in the field of treating refractory organic
contaminants. Spennati et al. [151] found that a fixed bed biofilm reactor inoculated with
Aspergillus tubingensis MUT 990 have a destructive effect on the removal of tannins. Kumar
et al. [152] prepared a fluidized bed biofilm reactor for the removal of microcystin-LR from
wastewater, which used A. ramosus and Bacillus sp. as degrading bacteria, respectively.
They found that the reactor achieved 93% and 90% degradation rates for these two different
microbes, and after 1.5 days of reaction, this reaction treated 200 m3 wastewater with high
efficiency and economy.

At present, research on and application of immobilized biomass materials as a filler
in reactors to remove organic wastewater are still rare, and many problems occur in
existing application cases; for example, the residence time of pollutants in bioreactors is too
short to achieve effective contact with immobilized biomass materials at higher flow rates,
resulting in low pollutant removal rates. However, as a novel and efficient environmental
functional material, the application of immobilized biomass materials to reactors to treat
polluted environments has favorable results. Therefore, research in this area needs to be
strengthened further.

6. Conclusions

This research demonstrates that immobilized biomass materials have higher stabil-
ity, better resistance to harsh environments, and better recovery and reusability than free
biomass does, making this technology a promising research direction. This review focuses
on biomass materials immobilization in organic wastewater treatment in recent years and
discusses the roles of immobilization methods, carriers, and biomass materials in immobi-
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lization technology; the significance of biomass materials immobilized in environmental
bioremediation was affirmed.

7. Perspectives

Although immobilization technology is rapidly developing, it faces various challenges
that need to be further studied:

(1) The development of novel efficient and inexpensive immobilization carriers is crucial.
At present, immobilization technology has been widely studied in the field of wastew-
ater treatment; however, industrial-scale applications are limited by the composition of
wastewater, operating conditions, and other factors. In particular, the price and service
life of carrier materials are key factors for the economic feasibility of immobilization
technology. Appropriate carriers and corresponding immobilization methods are the
basis for success; therefore, seeking carriers with low cost, high stability, and excellent
biocompatibility may become a new topic in this field.

(2) Maintenance of biological activity and mass transfer efficiency during immobiliza-
tion is the core technology of immobilization methods. Although biomass materials
immobilization is economical, efficient, recyclable, and adaptable to environmental
changes, most immobilization methods lead to biomass materials deactivation, and
traditional immobilization techniques often affect the mass transfer efficiency between
the biomass materials and substrate. Therefore, it is crucial to develop better immobi-
lization methods to address the shortcomings of traditional methods for more efficient
engineering applications.

(3) If a single immobilization method cannot effectively achieve biomass immobilization,
two or more immobilization methods can be combined to enhance the immobilization
process; for example, using the adsorption–entrapment method can simultaneously
solve the low affinity of adsorption and the high mass transfer resistance of entrapment.
Therefore, the choice of two methods that can complement each other for the composite
immobilization of biomass materials can lead to better overall performance of the
immobilized biomass materials.
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application of biochar-immobilized crude horseradish peroxidase for removal of phenol from water. Colloids Surf. B 2021,
208, 112038. [CrossRef]

46. Simon-Herrero, C.; Naghdi, M.; Taheran, M.; Kaur Brar, S.; Romero, A.; Valverde, J.L.; Avalos Ramirez, A.; Sanchez-Silva, L.
Immobilized laccase on polyimide aerogels for removal of carbamazepine. J. Hazard. Mater. 2019, 376, 83–90. [CrossRef]

47. Skoronski, E.; Souza, D.H.; Ely, C.; Broilo, F.; Fernandes, M.; Furigo, A.J.; Ghislandi, M.G. Immobilization of laccase from
Aspergillus oryzae on graphene nanosheets. Int. J. Biol. Macromol. 2017, 99, 121–127. [CrossRef] [PubMed]

48. Hoarau, M.; Badieyan, S.; Marsh, E.N.G. Immobilized enzymes: Understanding enzyme—Surface interactions at the molecular
level. Org. Biomol. Chem. 2017, 15, 9539–9551. [CrossRef] [PubMed]

49. Dzionek, A.; Wojcieszynska, D.; Adamczyk-Habrajska, M.; Karczewski, J.; Potocka, I.; Guzik, U. Xanthan gum as a carrier for
bacterial cell entrapment: Developing a novel immobilised biocatalyst. Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 118, 111474.
[CrossRef]

50. Lee, C.H.; Lee, H.S.; Lee, J.W.; Kim, J.; Lee, J.H.; Jin, E.S.; Hwang, E.T. Evaluating enzyme stabilizations in calcium carbonate:
Comparing in situ and crosslinking mediated immobilization. Int. J. Biol. Macromol. 2021, 175, 341–350. [CrossRef]

51. Guo, H.; Lei, B.; Yu, J.; Chen, Y.; Qian, J. Immobilization of lipase by dialdehyde cellulose crosslinked magnetic nanoparticles. Int.
J. Biol. Macromol. 2021, 185, 287–296. [CrossRef]

52. Wu, E.; Li, Y.; Huang, Q.; Yang, Z.; Wei, A.; Hu, Q. Laccase immobilization on amino-functionalized magnetic metal organic
framework for phenolic compound removal. Chemosphere 2019, 233, 327–335. [CrossRef] [PubMed]

53. Yang, Y.; Wu, X.; Sheng, X.; Zhang, J.; Lu, P.; Li, N.; Ping, Q. Immobilizing laccase to cellulose-biochar composite beads for
removing phenol from an aqueous system. Desalination Water Treat. 2021, 226, 157–166. [CrossRef]

54. Chen, X.; Zhou, Q.; Liu, F.; Peng, Q.; Teng, P. Removal of nine pesticide residues from water and soil by biosorption coupled with
degradation on biosorbent immobilized laccase. Chemosphere 2019, 233, 49–56. [CrossRef] [PubMed]

55. Yang, C.; Chen, H.; Zeng, G.; Yu, G.; Luo, S. Biomass accumulation and control strategies in gas biofiltration. Biotechnol. Adv. 2010,
28, 531–540. [CrossRef]

56. Wang, L.; Li, Y.; Zhang, P.; Zhang, S.; Li, P.; Wang, P.; Wang, C. Sorption removal of phthalate esters and bisphenols to biofilms
from urban river: From macroscopic to microcosmic investigation. Water Res. 2019, 150, 261–270. [CrossRef]

57. Derakhshan, Z.; Mahvi, A.H.; Ghaneian, M.T.; Mazloomi, S.M.; Faramarzian, M.; Dehghani, M.; Fallahzadeh, H.; Yousefinejad, S.;
Berizi, E.; Ehrampoush, M.H.; et al. Simultaneous removal of atrazine and organic matter from wastewater using anaerobic
moving bed biofilm reactor: A performance analysis. J. Environ. Manag. 2018, 209, 515–524s. [CrossRef]

58. Ouyang, X.; Yin, H.; Yu, X.; Guo, Z.; Zhu, M.; Lu, G.; Dang, Z. Enhanced bioremediation of 2,3′,4,4′,5-pentachlorodiphenyl by
consortium GYB1 immobilized on sodium alginate-biochar. Sci. Total Environ. 2021, 788, 147774. [CrossRef]

59. Zhao, Y.; Liu, D.; Huang, W.; Yang, Y.; Ji, M.; Nghiem, L.D.; Trinh, Q.T.; Tran, N.H. Insights into biofilm carriers for biological
wastewater treatment processes: Current state-of-the-art, challenges, and opportunities. Bioresour. Technol. 2019, 288, 121619.
[CrossRef]

60. Yushkova, E.D.; Nazarova, E.A.; Matyuhina, A.V.; Noskova, A.O.; Shavronskaya, D.O.; Vinogradov, V.V.; Skvortsova, N.N.;
Krivoshapkina, E.F. Application of Immobilized Enzymes in Food Industry. J. Agric. Food Chem. 2019, 67, 11553–11567. [CrossRef]

http://doi.org/10.1007/s10311-018-0795-7
http://doi.org/10.1016/j.trac.2018.03.011
http://doi.org/10.1007/s12154-013-0102-9
http://doi.org/10.1016/j.colsurfb.2021.111774
http://doi.org/10.1080/02648725.2020.1864187
http://doi.org/10.1016/j.biortech.2018.07.012
http://doi.org/10.1016/j.chemosphere.2019.02.020
http://doi.org/10.1016/j.biortech.2019.02.019
http://doi.org/10.1007/s00253-018-9143-x
http://www.ncbi.nlm.nih.gov/pubmed/29909573
http://doi.org/10.1016/j.lwt.2018.12.058
http://doi.org/10.1007/s10311-020-01081-y
http://doi.org/10.1016/j.colsurfb.2021.112038
http://doi.org/10.1016/j.jhazmat.2019.05.032
http://doi.org/10.1016/j.ijbiomac.2017.02.076
http://www.ncbi.nlm.nih.gov/pubmed/28237573
http://doi.org/10.1039/C7OB01880K
http://www.ncbi.nlm.nih.gov/pubmed/28932860
http://doi.org/10.1016/j.msec.2020.111474
http://doi.org/10.1016/j.ijbiomac.2021.02.028
http://doi.org/10.1016/j.ijbiomac.2021.06.073
http://doi.org/10.1016/j.chemosphere.2019.05.150
http://www.ncbi.nlm.nih.gov/pubmed/31176895
http://doi.org/10.5004/dwt.2021.27235
http://doi.org/10.1016/j.chemosphere.2019.05.144
http://www.ncbi.nlm.nih.gov/pubmed/31163308
http://doi.org/10.1016/j.biotechadv.2010.04.002
http://doi.org/10.1016/j.watres.2018.11.053
http://doi.org/10.1016/j.jenvman.2017.12.081
http://doi.org/10.1016/j.scitotenv.2021.147774
http://doi.org/10.1016/j.biortech.2019.121619
http://doi.org/10.1021/acs.jafc.9b04385


Int. J. Environ. Res. Public Health 2022, 19, 13830 19 of 22

61. Girelli, A.M.; Quattrocchi, L.; Scuto, F.R. Silica-chitosan hybrid support for laccase immobilization. J. Biotechnol. 2020, 318, 45–50.
[CrossRef]

62. Ramanayaka, S.; Tsang, D.C.W.; Hou, D.; Ok, Y.S.; Vithanage, M. Green synthesis of graphitic nanobiochar for the removal of
emerging contaminants in aqueous media. Sci. Total Environ. 2020, 706, 135725. [CrossRef] [PubMed]

63. Yu, T.; Wang, L.; Ma, F.; Wang, Y.; Bai, S. A bio-functions integration microcosm: Self-immobilized biochar-pellets combined with
two strains of bacteria to remove atrazine in water and mechanisms. J. Hazard. Mater. 2020, 384, 121326. [CrossRef] [PubMed]

64. Chen, Q.; Li, J.; Liu, M.; Sun, H.; Bao, M. Study on the biodegradation of crude oil by free and immobilized bacterial consortium
in marine environment. PLoS ONE 2017, 12, e0174445. [CrossRef] [PubMed]

65. Jiang, Y.; Yang, F.; Dai, M.; Ali, I.; Shen, X.; Hou, X.; Alhewairini, S.S.; Peng, C.; Naz, I. Application of microbial immobilization
technology for remediation of Cr(VI) contamination: A review. Chemosphere 2021, 286, 131721. [CrossRef]

66. Cheng, Y.; Li, X.; Liu, H.; Yang, C.; Wu, S.; Du, C.; Nie, L.; Zhong, Y. Effect of presence of hydrophilic volatile organic compounds
on removal of hydrophobic n-hexane in biotrickling filters. Chemosphere 2020, 252, 126490. [CrossRef] [PubMed]

67. Yang, S.; Zhang, X.; Zhang, D. Electrospun Chitosan/Poly (Vinyl Alcohol)/Graphene Oxide Nanofibrous Membrane with
Ciprofloxacin Antibiotic Drug for Potential WoundDressing Application. Int. J. Mol. Sci. 2019, 20, 4395. [CrossRef] [PubMed]

68. Cui, Z.; Zheng, Z.; Lin, L.; Si, J.; Wang, Q.; Peng, X.; Chen, W. Electrospinning and crosslinking of polyvinyl alcohol/chitosan
composite nanofiber for transdermal drug delivery. Adv. Polym. Technol. 2018, 37, 1917–1928. [CrossRef]

69. Wang, B.; Xu, X.; Yao, X.; Tang, H.; Ji, F. Degradation of phenanthrene and fluoranthene in a slurry bioreactor using free
and Ca-alginate-immobilized Sphingomonas pseudosanguinis and Pseudomonas stutzeri bacteria. J. Environ. Manag. 2019,
249, 109388. [CrossRef]

70. Su, J.; Fan, Y.; Huang, T.; Wei, L.; Gao, C. Modified PVA (polyvinyl alcohol) biomaterials as carriers for simultaneous removal
of nitrate, Cd (II), and Mn (II): Performance and microbial community. Environ. Sci. Pollut. Res. Int. 2020, 27, 28348–28359.
[CrossRef]

71. Huang, W.-C.; Wang, W.; Xue, C.; Mao, X. Effective Enzyme Immobilization onto a Magnetic Chitin Nanofiber Composite. ACS
Sustain. Chem. Eng. 2018, 6, 8118–8124. [CrossRef]

72. Li, Y.; Jing, T.; Xu, G.; Tian, J.; Dong, M.; Shao, Q.; Wang, B.; Wang, Z.; Zheng, Y.; Yang, C.; et al. 3-D magnetic graphene
oxide-magnetite poly(vinyl alcohol) nanocomposite substrates for immobilizing enzyme. Polymer 2018, 149, 13–22. [CrossRef]

73. Yang, Y.; Yu, H.; Zhou, X.; Zhou, Z. Shallow porous microsphere carriers with core-shell structure based on glass beads
cross-linking chitosan for immobilizing inulinase. Mol. Catal. 2020, 486, 110871. [CrossRef]

74. Coutinho, T.C.; Malafatti, J.O.D.; Paris, E.C.; Tardioli, P.W.; Farinas, C.S. Hydroxyapatite-CoFe2O4 Magnetic Nanoparticle
Composites for Industrial Enzyme Immobilization, Use, and Recovery. ACS Appl. Nano Mater. 2020, 3, 12334–12345. [CrossRef]

75. Khatoon, H.; Rai, J.P.N. Augmentation of Atrazine biodegradation by two Bacilli immobilized on alpha-Fe2O3 magnetic
nanoparticles. Sci. Rep. 2018, 8, 17831. [CrossRef]

76. Li, J.; Chen, X.; Xu, D.; Pan, K. Immobilization of horseradish peroxidase on electrospun magnetic nanofibers for phenol removal.
Ecotoxicol. Environ. Saf. 2019, 170, 716–721. [CrossRef]

77. Qiao, K.; Tian, W.; Bai, J.; Wang, L.; Zhao, J.; Song, T.; Chu, M. Removal of high-molecular-weight polycyclic aromatic hydrocarbons
by a microbial consortium immobilized in magnetic floating biochar gel beads. Mar. Pollut. Bull. 2020, 159, 111489. [CrossRef]

78. Costantini, A.; Califano, V. Lipase Immobilization in Mesoporous silica Nanoparticles for Biofuel Production. Catalysts 2021, 11, 629.
[CrossRef]

79. Kuo, P.-C.; Lin, Z.-X.; Wu, T.-Y.; Hsu, C.-H.; Lin, H.-P.; Wu, T.-S. Effects of morphology and pore size of mesoporous silicas on the
efficiency of an immobilized enzyme. RSC Adv. 2021, 11, 10010–10017. [CrossRef]

80. Parmegiani Marcucci, S.M.; Zanin, G.M.; Arroyo, P.A. Synthesis of SBA-15 and pore-expanded SBA-15 and surface modification
with tin for covalent lipase immobilization. Microporous Mesoporous Mater. 2022, 337, 111951. [CrossRef]

81. Li, H.; Eddaoudi, M.; O’Keeffe, M.; Yaghi, O.M. Design and synthesis of an exceptionally stable and highly porous metal-organic
framework. Nature 1999, 402, 276–279. [CrossRef]

82. Gkaniatsou, E.; Sicard, C.; Ricoux, R.; Mahy, J.-P.; Steunou, N.; Serre, C. Metal–organic frameworks: A novel host platform for
enzymatic catalysis and detection. Mater. Horizons 2017, 4, 55–63. [CrossRef]

83. Liu, X.; Qi, W.; Wang, Y.; Lin, D.; Yang, X.; Su, R.; He, Z. Rational Design of Mimic Multienzyme Systems in Hierarchically Porous
Biomimetic Metal-Organic Frameworks. ACS Appl. Mater. Interfaces 2018, 10, 33407–33415. [CrossRef] [PubMed]

84. Nowroozi-Nejad, Z.; Bahramian, B.; Hosseinkhani, S. Efficient immobilization of firefly luciferase in a metal organic framework:
Fe-MIL-88(NH2) as a mighty support for this purpose. Enzym. Microb. Technol. 2019, 121, 59–67. [CrossRef] [PubMed]

85. Rodrigues, R.C.; Virgen-Ortiz, J.J.; Dos Santos, J.C.S.; Berenguer-Murcia, A.; Alcantara, A.R.; Barbosa, O.; Ortiz, C.;
Fernandez-Lafuente, R. Immobilization of lipases on hydrophobic supports: Immobilization mechanism, advantages, problems,
and solutions. Biotechnol. Adv. 2019, 37, 746–770. [CrossRef]

86. Wang, Y.; Li, B.; Li, Y.; Chen, X. Research progress on enhancing the performance of autotrophic nitrogen removal systems using
microbial immobilization technology. Sci. Total Environ. 2021, 774, 145136. [CrossRef]

87. Basso, A.; Serban, S. Industrial applications of immobilized enzymes—A review. Mol. Catal. 2019, 479, 110607. [CrossRef]
88. Liu, S.; Huang, B.; Zheng, G.; Zhang, P.; Li, J.; Yang, B.; Chen, Y.P.; Liang, L. Nanocapsulation of horseradish peroxidase (HRP)

enhances enzymatic performance in removing phenolic compounds. Int. J. Biol. Macromol. 2020, 150, 814–822. [CrossRef]

http://doi.org/10.1016/j.jbiotec.2020.05.004
http://doi.org/10.1016/j.scitotenv.2019.135725
http://www.ncbi.nlm.nih.gov/pubmed/31940729
http://doi.org/10.1016/j.jhazmat.2019.121326
http://www.ncbi.nlm.nih.gov/pubmed/31629595
http://doi.org/10.1371/journal.pone.0174445
http://www.ncbi.nlm.nih.gov/pubmed/28346510
http://doi.org/10.1016/j.chemosphere.2021.131721
http://doi.org/10.1016/j.chemosphere.2020.126490
http://www.ncbi.nlm.nih.gov/pubmed/32220715
http://doi.org/10.3390/ijms20184395
http://www.ncbi.nlm.nih.gov/pubmed/31500190
http://doi.org/10.1002/adv.21850
http://doi.org/10.1016/j.jenvman.2019.109388
http://doi.org/10.1007/s11356-020-09114-3
http://doi.org/10.1021/acssuschemeng.8b01150
http://doi.org/10.1016/j.polymer.2018.06.046
http://doi.org/10.1016/j.mcat.2020.110871
http://doi.org/10.1021/acsanm.0c02811
http://doi.org/10.1038/s41598-018-36296-1
http://doi.org/10.1016/j.ecoenv.2018.12.043
http://doi.org/10.1016/j.marpolbul.2020.111489
http://doi.org/10.3390/catal11050629
http://doi.org/10.1039/D1RA01358K
http://doi.org/10.1016/j.micromeso.2022.111951
http://doi.org/10.1038/46248
http://doi.org/10.1039/C6MH00312E
http://doi.org/10.1021/acsami.8b09388
http://www.ncbi.nlm.nih.gov/pubmed/30146872
http://doi.org/10.1016/j.enzmictec.2018.10.011
http://www.ncbi.nlm.nih.gov/pubmed/30554646
http://doi.org/10.1016/j.biotechadv.2019.04.003
http://doi.org/10.1016/j.scitotenv.2021.145136
http://doi.org/10.1016/j.mcat.2019.110607
http://doi.org/10.1016/j.ijbiomac.2020.02.043


Int. J. Environ. Res. Public Health 2022, 19, 13830 20 of 22

89. Robinson, P.K.; Wilkinson, S.C. Removal of aqueous mercury and phosphate by gel-entrapped Chlorella in packed-bed reactors.
Enzym. Microb. Technol. 1994, 16, 802–807. [CrossRef]

90. Chen, H.; Zhang, J.; Tang, L.; Su, M.; Tian, D.; Zhang, L.; Li, Z.; Hu, S. Enhanced Pb immobilization via the combination of biochar
and phosphate solubilizing bacteria. Environ. Int. 2019, 127, 395–401. [CrossRef]

91. Liu, X.; Xue, P.; Jia, F.; Qiu, D.; Shi, K.; Zhang, W. Tailoring polymeric composite gel beads-encapsulated microorganism for
efficient degradation of phenolic compounds. Chin. J. Chem. Eng. 2021, 32, 301–306. [CrossRef]

92. Wang, J.; Zhao, S.; Ling, Z.; Zhou, T.; Liu, P.; Li, X. Enhanced removal of trivalent chromium from leather wastewater using
engineered bacteria immobilized on magnetic pellets. Sci. Total Environ. 2021, 775, 145647. [CrossRef] [PubMed]

93. Surma, R.; Wojcieszynska, D.; Karcz, J.; Guzik, U. Effect of Pseudomonas moorei KB4 Cells’ Immobilisation on Their Degradation
Potential and Tolerance towards Paracetamol. Molecules 2021, 26, 820. [CrossRef] [PubMed]

94. Zhao, L.; Xiao, D.; Liu, Y.; Xu, H.; Nan, H.; Li, D.; Kan, Y.; Cao, X. Biochar as simultaneous shelter, adsorbent, pH buffer, and
substrate of Pseudomonas citronellolis to promote biodegradation of high concentrations of phenol in wastewater. Water Res. 2020,
172, 115494. [CrossRef] [PubMed]

95. Ha, N.T.H.; Toan, N.C.; Kajitvichyanukul, P. Enhanced paraquat removal from contaminated water using cell-immobilized
biochar. Clean Technol. Environ. Policy 2021, 24, 1073–1085. [CrossRef]

96. Khraisheh, M.; Al-Ghouti, M.A.; AlMomani, F.P. putida as biosorbent for the remediation of cobalt and phenol from industrial
waste wastewaters. Environ. Technol. Innov. 2020, 20, 101148. [CrossRef]

97. Rusu, L.; Grigoras, , C.-G.; Simion, A.-I.; Suceveanu, E.-M.; Istrate, B.; Harja, M. Biosorption Potential of Microbial and Residual
Biomass of Saccharomyces pastorianus Immobilized in Calcium Alginate Matrix for Pharmaceuticals Removal from Aqueous
Solutions. Polymers 2022, 14, 2855. [CrossRef]

98. Cao, S.; Xu, P.; Ma, Y.; Yao, X.; Yao, Y.; Zong, M.; Li, X.; Lou, W. Recent advances in immobilized enzymes on nanocarriers. Chin. J.
Catal. 2016, 37, 1814–1823. [CrossRef]

99. Wang, X.; Lan, P.C.; Ma, S. Metal-Organic Frameworks for Enzyme Immobilization: Beyond Host Matrix Materials. ACS Cent. Sci.
2020, 6, 1497–1506. [CrossRef]

100. Nelson, J.M.; Griffin, E.G. Adsorption of Invertase. J. Am. Chem. Soc. 1916, 38, 1109–1115. [CrossRef]
101. Masjoudi, M.; Golgoli, M.; Ghobadi Nejad, Z.; Sadeghzadeh, S.; Borghei, S.M. Pharmaceuticals removal by immobilized laccase

on polyvinylidene fluoride nanocomposite with multi-walled carbon nanotubes. Chemosphere 2021, 263, 128043. [CrossRef]
102. Zhou, F.; Luo, J.; Qi, B.; Chen, X.; Wan, Y. Horseradish Peroxidase Immobilized on Multifunctional Hybrid Microspheres for

Aflatoxin B1 Removal: Will Enzymatic Reaction be Enhanced by Adsorption? Ind. Eng. Chem. Res. 2019, 58, 11710–11719.
[CrossRef]

103. Nguyen, T.A.; Fu, C.-C.; Juang, R.-S. Effective removal of sulfur dyes from water by biosorption and subsequent immobilized
laccase degradation on crosslinked chitosan beads. Chem. Eng. J. 2016, 304, 313–324. [CrossRef]

104. Amin, R.; Khorshidi, A.; Bensch, W.; Senkale, S.; Faramarzi, M.A. Degradation of Sesame Oil Phenolics Using Magnetic
Immobilized Laccase. Catal. Lett. 2020, 150, 3086–3095. [CrossRef]

105. Jun, L.Y.; Yon, L.S.; Mubarak, N.M.; Bing, C.H.; Pan, S.; Danquah, M.K.; Abdullah, E.C.; Khalid, M. An overview of immobilized
enzyme technologies for dye and phenolic removal from wastewater. J. Environ. Chem. Eng. 2019, 7, 102961. [CrossRef]

106. Chang, S.; He, Y.; Li, Y.; Cui, X. Study on the immobilization of carbonic anhydrases on geopolymer microspheres for CO2 capture.
J. Clean Prod. 2021, 316, 128163. [CrossRef]

107. Bilal, M.; Zhao, Y.; Rasheed, T.; Iqbal, H.M.N. Magnetic nanoparticles as versatile carriers for enzymes immobilization: A review.
Int. J. Biol. Macromol. 2018, 120, 2530–2544. [CrossRef]

108. Leal, T.W.; Lourenco, L.A.; Brandao, H.L.; da Silva, A.; de Souza, S.; de Souza, A.A.U. Low-cost iron-doped catalyst for phenol
degradation by heterogeneous Fenton. J. Hazard. Mater. 2018, 359, 96–103. [CrossRef]

109. Li, S.; Zhong, L.; Wang, H.; Li, J.; Cheng, H.; Ma, Q. Process optimization of polyphenol oxidase immobilization: Isotherm, kinetic,
thermodynamic and removal of phenolic compounds. Int. J. Biol. Macromol. 2021, 185, 792–803. [CrossRef]

110. Zhou, W.; Zhang, W.; Cai, Y. Enzyme-enhanced adsorption of laccase immobilized graphene oxide for micro-pollutant removal.
Sep. Purif. Technol. 2022, 294, 121178. [CrossRef]

111. Zhang, J.; Ding, S.; Ge, Y.; Li, Z. Enhanced removal of crystal violet in water using a facile-fabricated and environmental-friendly
laccase immobilized composite membrane. Process. Biochem. 2020, 98, 122–130. [CrossRef]

112. Barrios-Estrada, C.; Rostro-Alanis, M.J.; Parra, A.L.; Belleville, M.P.; Sanchez-Marcano, J.; Iqbal, H.M.N.; Parra-Saldivar, R.
Potentialities of active membranes with immobilized laccase for Bisphenol A degradation. Int. J. Biol. Macromol. 2018,
108, 837–844. [CrossRef] [PubMed]

113. Donadelli, J.A.; Garcia Einschlag, F.S.; Laurenti, E.; Magnacca, G.; Carlos, L. Soybean peroxidase immobilized onto silica-coated
superparamagnetic iron oxide nanoparticles: Effect of silica layer on the enzymatic activity. Colloids Surf. B Biointerfaces 2018,
161, 654–661. [CrossRef] [PubMed]

114. Lassouane, F.; Ait-Amar, H.; Amrani, S.; Rodriguez-Couto, S. A promising laccase immobilization approach for Bisphenol A
removal from aqueous solutions. Bioresour. Technol. 2019, 271, 360–367. [CrossRef]

115. El-Shora, H.M.; El-Sharkawy, R.M. Tyrosinase from Penicillium chrysogenum: Characterization and application in phenol
removal from aqueous solution. J. Gen. Appl. Microbiol. 2021, 66, 323–329. [CrossRef] [PubMed]

http://doi.org/10.1016/0141-0229(94)90039-6
http://doi.org/10.1016/j.envint.2019.03.068
http://doi.org/10.1016/j.cjche.2020.08.002
http://doi.org/10.1016/j.scitotenv.2021.145647
http://www.ncbi.nlm.nih.gov/pubmed/33631574
http://doi.org/10.3390/molecules26040820
http://www.ncbi.nlm.nih.gov/pubmed/33557429
http://doi.org/10.1016/j.watres.2020.115494
http://www.ncbi.nlm.nih.gov/pubmed/31954934
http://doi.org/10.1007/s10098-020-01996-8
http://doi.org/10.1016/j.eti.2020.101148
http://doi.org/10.3390/polym14142855
http://doi.org/10.1016/S1872-2067(16)62528-7
http://doi.org/10.1021/acscentsci.0c00687
http://doi.org/10.1021/ja02262a018
http://doi.org/10.1016/j.chemosphere.2020.128043
http://doi.org/10.1021/acs.iecr.9b02094
http://doi.org/10.1016/j.cej.2016.06.102
http://doi.org/10.1007/s10562-020-03226-8
http://doi.org/10.1016/j.jece.2019.102961
http://doi.org/10.1016/j.jclepro.2021.128163
http://doi.org/10.1016/j.ijbiomac.2018.09.025
http://doi.org/10.1016/j.jhazmat.2018.07.018
http://doi.org/10.1016/j.ijbiomac.2021.06.188
http://doi.org/10.1016/j.seppur.2022.121178
http://doi.org/10.1016/j.procbio.2020.07.021
http://doi.org/10.1016/j.ijbiomac.2017.10.177
http://www.ncbi.nlm.nih.gov/pubmed/29101049
http://doi.org/10.1016/j.colsurfb.2017.11.043
http://www.ncbi.nlm.nih.gov/pubmed/29169120
http://doi.org/10.1016/j.biortech.2018.09.129
http://doi.org/10.2323/jgam.2020.01.002
http://www.ncbi.nlm.nih.gov/pubmed/33041267


Int. J. Environ. Res. Public Health 2022, 19, 13830 21 of 22

116. Li, X.; Wu, Z.; Tao, X.; Li, R.; Tian, D.; Liu, X. Gentle one-step co-precipitation to synthesize bimetallic CoCu-MOF immobilized
laccase for boosting enzyme stability and Congo red removal. J. Hazard. Mater. 2022, 438, 129525. [CrossRef] [PubMed]

117. Gao, Y.; Luo, J.; Song, T.; Yu, X. Research progress on nano-Fe0/PS system for degradation of refractory organics in aqueous
solution. J. Environ. Chem. Eng. 2021, 9, 105345. [CrossRef]

118. Pongkua, W.; Dolphen, R.; Thiravetyan, P. Bioremediation of gaseous methyl tert-butyl ether by combination of sulfuric acid
modified bagasse activated carbon-bone biochar beads and Acinetobacter indicus screened from petroleum contaminated soil.
Chemosphere 2020, 239, 124724. [CrossRef]

119. Deng, F.; Liao, C.; Yang, C.; Guo, C.; Dang, Z. Enhanced biodegradation of pyrene by immobilized bacteria on modified biomass
materials. Int. Biodeterior. Biodegradation 2016, 110, 46–52. [CrossRef]

120. Partovinia, A.; Naeimpoor, F. Comparison of phenanthrene biodegradation by free and immobilized cell systems: Formation of
hydroxylated compounds. Environ. Sci. Pollut. Res. Int. 2014, 21, 5889–5898. [CrossRef]

121. Huang, J.; Yang, X.; Wu, Q.; Mai, S.; Chi, H. Application of independent immobilization in benzo[a]pyrene biodegradation by
synthetic microbial consortium. Environ. Sci. Pollut. Res. Int. 2019, 26, 21052–21058. [CrossRef]

122. Tang, K.; Ooi, G.T.H.; Litty, K.; Sundmark, K.; Kaarsholm, K.M.S.; Sund, C.; Kragelund, C.; Christensson, M.; Bester, K.; Andersen,
H.R. Removal of pharmaceuticals in conventionally treated wastewater by a polishing moving bed biofilm reactor (MBBR) with
intermittent feeding. Bioresour. Technol. 2017, 236, 77–86. [CrossRef] [PubMed]

123. Tombola, R.; Buttiglieri, G.; Auset, M.; Gonzalez-Olmos, R. Recycled corrugated wire hose cover as biological carriers for
greywater treatment in a sequential batch biofilm reactor. J. Environ. Manag. 2019, 240, 475–484. [CrossRef] [PubMed]

124. Tian, H.; Xu, X.; Qu, J.; Li, H.; Hu, Y.; Huang, L.; He, W.; Li, B. Biodegradation of phenolic compounds in high saline wastewater
by biofilms adhering on aerated membranes. J. Hazard. Mater. 2020, 392, 122463. [CrossRef] [PubMed]

125. Zdarta, J.; Meyer, A.S.; Jesionowski, T.; Pinelo, M. Developments in support materials for immobilization of oxidoreductases: A
comprehensive review. Adv. Colloid Interface Sci. 2018, 258, 1–20. [CrossRef]

126. Shakerian, F.; Zhao, J.; Li, S.P. Recent development in the application of immobilized oxidative enzymes for bioremediation of
hazardous micropollutants—A review. Chemosphere 2020, 239, 124716. [CrossRef]

127. Besharati Vineh, M.; Saboury, A.A.; Poostchi, A.A.; Rashidi, A.M.; Parivar, K. Stability and activity improvement of horseradish
peroxidase by covalent immobilization on functionalized reduced graphene oxide and biodegradation of high phenol concentra-
tion. Int. J. Biol. Macromol. 2018, 106, 1314–1322. [CrossRef]

128. Bilal, M.; Jing, Z.; Zhao, Y.; Iqbal, H.M.N. Immobilization of fungal laccase on glutaraldehyde cross-linked chitosan beads and its
bio-catalytic potential to degrade bisphenol A. Biocatal. Agric. Biotechnol. 2019, 19, 101174. [CrossRef]

129. Fan, X.; Hu, M.; Li, S.; Zhai, Q.; Wang, F.; Jiang, Y. Charge controlled immobilization of chloroperoxidase on both inner/outer wall
of NHT: Improved stability and catalytic performance in the degradation of pesticide. Appl. Clay Sci. 2018, 163, 92–99. [CrossRef]

130. Zhang, S.; Wang, J.; Wang, S.; Leng, S. Effective removal of chlortetracycline and treatment of simulated sewage by Bacillus cereus
LZ01 immobilized on erding medicine residues biochar. Biomass. Convers. Biorefinery 2022. [CrossRef]

131. Pandey, D.; Daverey, A.; Dutta, K.; Arunachalam, K. Bioremoval of toxic malachite green from water through simultaneous
decolorization and degradation using laccase immobilized biochar. Chemosphere 2022, 297, 134126. [CrossRef]
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