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Exploration of Free and Immobilized Biocatalysts for the Treatment of Paper Industry 
Effluents
Toritsegbone Erik Titea, Peterson Thokozani Ngemaa, and Thobeka Pearl Makhathinib

aDepartment of Chemical Engineering, Chemical Engineering Thermodynamics, Durban University of Technology, Green Engineering Group, Durban, 
South Africa; bFaculty of Engineering, The Department of Chemical Engineering, Mangosuthu University of Technology, Umlazi, South Africa

ABSTRACT
The complex mixture of pollutants found in industrial effluents creates a significant environmental 
challenge. Enzymatic treatment offers a promising alternative to traditional physiochemical techniques. 
With an emphasis on laccase enzymes, this review examines the potential of both free and immobilized 
biocatalysts for the treatment of industrial wastewater, especially from pulp and paper mills. Laccase has 
become one of the most popular options for bioremediation because of its broad substrate specificity 
and capacity to break down different kinds of organic pollutants. The different methods of laccase 
immobilization, including adsorption, encapsulation and cross-linking are examined, exploring their 
advantages and limitations. The benefits of immobilization for enzyme stability, reusability and opera
tional efficiency in wastewater treatment processes are further discussed. By comparing the advantages 
and limitations of free and immobilized biocatalysts, this review aims to provide valuable insights for the 
development of efficient and sustainable enzymatic strategies for industrial wastewater treatment. 
Furthermore, this paper offers future possibilities for using biocatalyst in pulp and paper waste 
treatment.
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INTRODUCTION

One of the most important components of an ecosystem is 
water[1]. Rapid urbanization and industrialization produce 
solid and liquid wastes that are challenging to handle and 
dispose of using standard waste management techniques.[2] 

Significant amounts of wastewater are produced owing to 
intensive urbanization and rising water use for household, 
agricultural, and industrial purposes.[3] Like the majority of 
developing countries worldwide, South Africa primarily uti
lizes surface water for residential, recreational, and agricultural 
applications in its rural areas.[4,5] A significant portion of the 
population in the rural areas of developing countries continues 
to obtain their primary domestic water supply from untreated 
surface water.[5] This is due to either limited potable water 
supplies or insufficient water supply infrastructures.[5] 

Wastewater treatment plants become less effective because 
many new developing contaminants interfere with the separa
tion processes by generating complexes with other common 
pollutants.[2] Industries like pulp and paper mills are water- 
intensive and generate wastewater daily containing environ
mental contaminants like color, lignin and phenolic 
compounds.[6] Pesticides, toxic heavy metals, fertilizers, phar
maceuticals, personal care items, nano based chemicals and 
persistent organic pollutants are just a few of the highly com
plex anthropogenic chemicals that impact modern life 
worldwide.[2,7,8] Due to the untreated discharge of these sludge 
chemicals into streams and water bodies, these toxicological 
pollutants accumulate in soil, surface water, drinking water 

and other natural resources, posing significant challenges for 
their estimation, identification, and elimination.[7] Many was
tewater treatment plants in South Africa discharge their waste 
directly into rivers or streams that are used by the neighboring 
villages for a variety of water purposes. Pindihama et al.[9] 

demonstrated that wastewater treatment facilities in the 
Vhembe district of South Africa rarely treat wastewater to 
acceptable standards. Edokpayi et al.[10,11] confirmed this find
ing. It seems traditional wastewater treatment techniques are 
less effective to remove pollutants like pharmaceuticals, perso
nal care products, endocrine disruptors, or paper mill pollu
tants. Therefore, alternative technologies are necessary to 
reduce the adverse effects of these pollutants on the environ
ment and also promote waste recycling for industrial purposes.

Modern technologies are being developed and investigated 
for water treatment processes that are not only economically 
viable but also environmentally friendly. Nanotechnology is 
one of the recent developments in water treatment processes, 
especially in industrial wastewater treatment. Although in its 
early stages, the use of nanotechnology in the treatment of 
wastewater has the potential to completely revolutionize the 
process. Enhancing wastewater treatment technologies 
requires the use of biocatalysts, primarily enzymes and micro
bial cells. This is particularly important for effluents originat
ing from the pulp and paper industry, as these effluents 
contain high amounts of lignin, chlorinated chemicals, and 
other organic contaminants. Biocatalysts help to break down 
these complex chemicals into less hazardous and 
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biodegradable molecules, providing a sustainable and effective 
solution.[12] Wastewater treatment processes can be made 
more efficient by using enzymes like laccases, peroxidases, 
and cellulases, which are effective at breaking down many 
persistent pollutants found in wastewater.[13,14] Employing 
biocatalysts can result in lower chemical usage and reduced 
operating costs, which aligns with sustainability goals and 
environmental regulations. By incorporating biocatalysts into 
wastewater treatment systems, the pulp and paper industry can 
remove pollutants more effectively, resulting in cleaner efflu
ent discharge and better environmental health.[14,15] Different 
strategies like physical, chemical and biological methods have 
been used by various researchers to remove pollutants from 
industrial wastewater using free and immobilized 
biocatalysts.[16–18]

The review aims to promote biocatalysis as a practical and 
eco-friendly technique of treating wastewater from paper mills. 
It is focused on the paper industry specifically when other 
reviews have a more general focus on biocatalysis for waste
water treatment. First, the paper industry effluents and their 
impacts to the environment are assessed. Next, the treatment 
techniques are discussed and potential applications of laccase 
enzymes for the degradation of the pollutants and the different 
immobilization techniques, as well as their benefits for enzyme 
stability and reusability are presented. Challenges with bioca
talytic treatments must be known, but promising areas for 
future research to advance the technology for broader applica
tion are possible. The review hopes to offer a critical and 
comprehensive analysis of biocatalysis as a viable technique 
for the long-term treatment of wastewater from the paper 
industry.

PAPER INDUSTRY EFFLUENTS

In present day, the pulp and paper industry is recognized as 
one of the largest consumers of renewable resources such as 
wood, water and fossil fuels which are required for electricity 
production.[19] The industry produces significant amounts of 
pollutants during the pulping and production of paper-based 
products and these pollutants have varied compositions based 
on their production method.[19] It also manufactures a wide 
variety of goods, such as tissue papers and cardboards. The 
sector supports millions of jobs and contributes significantly to 
the global economy. Approximately 400 million tons of paper 
and board products and 188 million tons of raw pulp were 
produced worldwide in 2015, making the pulp and paper 
industry among the most important sectors in the world.[20,21]

Paper and pulp manufacturing industries contribute to the 
global economy just as much as the textile industry, but they 
negatively impact aquatic ecosystems more severely, posing 
a serious environmental risk. The elimination of lignin and 
hemicellulose is crucial for creating a higher-quality paper 
sheet.[7] To carry out these basic paper processing operations, 
pulp is heated to a temperature between 170 and 180°C and 
treated with an alkali solution along with various sulfur-based 
compounds such as sodium bisulfite, sulfide, sulfite, and chlor
ine dioxide. The lignin and hemicellulose bond link is broken 
because these chemically assisted digesting processes cause 
lignin to hydrolyze and transform into hydrophilic 

compounds.[22] Kraft pulping, often referred to as sulfate- 
pulping, is the combination of sulfide and alkali pulping.[7] 

Kraft pulping is the process of dissolving lignin from the 
hemicellulose and cellulose fibers of wood chips by cooking 
them at 155–175°C in a pressurized aqueous solution of NaOH 
and Na2S2, sometimes referred to as white liquor.[23] Low- 
molecular-weight thiolignin oligomers are released when the 
aromatic ether linkages of the lignin structure are broken by 
the resulting OH− and HS− anions.[24] Despite numerous 
developments in kraft pulping, the fundamentals of this pulp
ing process are still widely used for turning wood into com
mercial pulp and paper. The pulping process produces 
sulfonated, soda, kraft and organo lignins as some of the end 
products. Chlorine dioxide is used as an additional treatment 
for these lignin residues, resulting in a notable release of 
organic halogens.[7] Additionally, the main lignin bond clea
vers that connect the various monomeric units are organic 
solvents such as acids, alcohols, ketones, and esters. The pri
mary monomeric units found in lignin are the para-coumaryl 
alcohol (H-type), coniferyl alcohol (G-type) and sinapyl 
(S-type) alcohol units as presented in Figure 1.[25]

A wide variety of environmentally persistent compounds, 
such as oligophenols, are produced in the wastewater released 
by the paper and pulp industries. More aromatic pollutants are 
produced from the various stages of the papermaking process, 
such as heavy metals, phenolics, guaiacol, and derivatives 
based on lignin.[7] Following treatment procedures, lignin 
experiences modification, which results in the production of 
large amounts of lignosulfonates as byproducts.[26] Almost all 
pulp mill stages involve the use of fresh water, including the 
handling of wood, cooking, screening, washing, and bleaching 
of pulp. This high amount of water consumption results in 
wastewater effluents at the different stages as presented in 
Figure 2.[27] Untreated wastewater may have significant 
amount of chemical oxygen demand (COD), biochemical oxy
gen demand (BOD), suspended particles (mostly fibers), fatty 
acids, tannins, resins, lignin and its derivatives depending on 
the raw materials processed.[19]

ENVIRONMENTAL POLLUTANTS IN PULP AND PAPER 
WASTEWATER

The most prevalent pollutant in effluents from the pulp and 
paper industry is color. Lignin, its derivatives, and dyes are just 

Figure 1. Monomeric units constituting the biopolymer lignin: (i) p-coumaryl 
alcohol, also known as p-hydroxycinnamyl alcohol (H) (ii) coniferyl alcohol, or 
guaiacyl (G), (iii) sinapyl alcohol, or syringyl (S).
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a few of the substances that give wastewater from pulp and 
paper mills its brown color.[28,29] Using traditional treatment 
techniques, it is challenging to get rid of these substances from 
wastewater. Since color does not directly affect either human 
health or the environment, it is classified as aesthetic pollution. 
However, it might have a variety of unintended 
consequences.[21] Colored effluents might make it more diffi
cult to spot pollution indications and decrease the recreational 
value of aquatic bodies.[30] Additionally, the removal of other 
pollutants may be hampered by colored wastewater. Color can 
hinder the disinfection of wastewater thereby increasing the 
difficulty of removing heavy metals.[31] Many researchers con
centrate on color reduction strategies at the starting point 
instead of at the final point of the pipe treatment methods. 
Different materials for adsorption have also been employed to 
remove contaminants. These adsorbents include sludge, fly 
ash, bagasse, saw dust, silica, peat, neem leaf powder, and 
activated carbon. However, these different techniques have 
practicable and economic impacts on the treatment process. 
Coagulation and flocculation procedures cannot remove chro
mophoric chemicals, resulting in a large volume of chemical 
sludge.[29]

Pollutants like pesticides, heavy metals, dyes, bleaching 
agents, pharmaceuticals, personal care products, and many 
more have been identified as significant dangers to water 
supplies globally as shown in Table 1. [32–136] The accumula
tion of suspended particles in pulp and paper wastewater is 
a key environmental issue.[19,40] The spectrum of sunlight that 
gets to aquatic plants can be diminished by suspended parti
cles, which can also cover the surface of the water.[41,42] This 
may cause mortality of fishes and lower the productivity of 
aquatic ecosystems.[43] Additionally, suspended particles may 
sink to the bottom of water bodies, suffocating benthic 
organisms.[42] The high concentration of organic materials in 
pulp and paper wastewater is a significant environmental 
concern. Decomposing organic material might deplete the 
water oxygen supply. As a result, this limits the oxygen present 
for aquatic life to survive.[44] Reduced oxygen levels may result 
in death of aquatic organisms and harm to aquatic 
ecosystems.[45] Wastewater from pulp and paper mills may 
contain a range of inorganic substances, including chlorine 
and heavy metals, alongside suspended particles and organic 
materials.[46] These substances have the potential to be hazar
dous to aquatic life as they bioabsorb into the food chain.[46]

Figure 2. Schematic representation of the papermaking process [adapted from 27]. Dashed arrows: fresh water consumption; bold arrows: wastewater generation.

Table 1. Environmental pollutants in industrial sectors and their impacts.

Industrial Sector Pollutant Type Target Pollutant Environmental Impact Ref.

Pharmaceutical 
Industry

Pharmaceuticals and personal care 
products (PPCPs)

Carbamazepine, diclofenac Endocrine disruption, antibiotic resistance, water 
contamination

[32,33]

Chemical 
Manufacturing

Organic pollutants VOCs, PCBs, dioxins Respiratory issues, endocrine disruption, air and 
water pollution

[34]

Pulp and Paper 
Production

Lignin, color, bleaching agents, dissolved 
wood components

Black liquor, TOC, phenols, 
chlorinated compounds

Depletion of oxygen in water, toxicity to aquatic life [29,35]

Textile Industry Dyes and finishing agents Dyes, formaldehyde Allergies, aquatic life toxicity, and water pollution [36]

Agriculture Pesticides and fertilizers Microplastics, insecticides, fungicides, 
nitrates, phosphates

Toxic algal blooms, loss of biodiversity, contaminated 
water and soil

[37]

Electronics 
Manufacturing

Heavy metals, flame retardants Lead, mercury, polybrominated 
diphenyl ethers (PBDEs)

Developmental issues, toxicity to the nervous system, 
soil and water contamination

[38,39]
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Industrial Wastewater Treatment Techniques

Industrial wastewater treatment technology employs physical, 
chemical and biological techniques.[47,48] Figure 3 illustrates 
different wastewater treatment techniques, unit operations 
and processes. Individual wastewater treatment techniques 
can be merged into a range of processes to achieve various 
degrees of contamination removal, which can be categorized 
as the three stages of wastewater treatment: primary, secondary 
and tertiary. More stringent wastewater treatment includes 
removing specific pollutants as well as removing and control
ling nutrients.[48]

Several physical and chemical techniques, including sedi
mentation, membrane filtration, chemical oxidation and ozo
nation, have been documented, however because of their high 
operating costs and environmental drawbacks, they are not 
ideal for the treatment of effluent.[49,50] Apart from being 
expensive from the perspective of treatment, they also run 
the risk of escalating pollution and harm.[51] Most contami
nants in wastewater can be removed using biological processes, 
which are more environmentally friendly. For wastewater 
treatment, these techniques use plants, microorganisms, and 
enzymes.[46,49] Biological treatment is regarded as one of the 
best strategies for getting rid of persistent pollutants among the 
treatment approaches illustrated in Figure 3. The biological 
method for the removal of color is particularly desirable 
because it decreases BOD along with low molecular weight 
chlorolignins in addition to color and COD.[52] Biological 
treatment is a successful, economical substitute to chemical 
and physical alternatives. Research has been done extensively 
on employing fungi, bacteria, and their enzymes to deconta
minate the effluent from pulp and paper industries. Newly 
isolated Bacillus altitudinis SL7 was employed for effective 
reduction of color and lignin content from pulp and paper 
mill effluent.[50] Maximum laccase activity after 5 days of 
incubation showed that B. altitudinis SL7 reduced the color 
and lignin content by 26 and 44%, respectively. Degradation 
was at its best at pH 8.0 and 40°C. The results obtained 
demonstrated the oxidation of lignin polymer groups like 
coniferyl (G) and sinapyl (S).[50]

Biocatalysts and Their Industrial Applications

Biocatalysis is the process of catalyzing chemical reactions 
using enzymes or related biological substances. Proteins called 
enzymes function as catalysts that accelerate chemical reac
tions without consuming any energy themselves.[53] Because of 
their extreme specificity, each enzyme can only catalyze 
a single kind of reaction. They are therefore perfect for appli
cations in industrial processes that call for high levels of 
specificity and selectivity.[54] Water typically serves as the 
media for biocatalysis.[55]

Complete organisms or their specific extracted enzymes can 
be utilized to biologically eliminate environmental 
pollutants.[56] Applying entire organisms, plants, or bacteria 
to wastewater is a slow process.[56] Organisms are susceptible 
to the severe conditions found in wastewater and may become 
inactive or disintegrate over time.[56] Conversely, enzymes 
function effectively in the biocatalytic conversion of water- 
soluble chemicals of different origins, even when present 
in minute concentrations. They offer high activity and selec
tivity as well as rapid catalytic action. Enzymes are less suscep
tible to inhibition by hazardous chemicals that harm living 
organisms.[46] Additionally, comparative evaluations of the 
different wastewater treatment methods reveal that enzymatic 
removal of pollutants reduces the negative environmental 
impact of the treatment process and its resulting products.[56] 

Enzymatic treatment also necessitates the use of less harmful 
solvents, water and energy. Enzymes can be used as free (crude 
enzymes or refined enzymes) or immobilized biocatalysts, 
which affects the effectiveness of the bioremediation as well 
as the functionality and reusability of the biocatalysts.[57] 

A well-designed enzymatic system minimizes enzyme con
sumption during wastewater treatment procedure and makes 
it easier to use biocatalytic reactors for continuous wastewater 
treatment.[56]

Biocatalysts and Their Sustainability
A significant challenge in tackling environmental pollutants is 
ensuring the long-term viability of the method employed to 
eliminate the pollutants. An optimal methodology wastewater 

Figure 3. The wastewater treatment processes [adapted from 40].
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treatment is one that effectively eliminates or breaks down 
contaminants while preventing the production of hazardous 
byproducts. A process like this would be ideal if it could be 
easily modified to accommodate different types of pollutants, 
be efficient even at low concentrations of contaminants, and 
have a small amount of sludge or process effluent that is not 
hazardous.[58] Enzymes have proven to be highly effective in 
treating both organic and inorganic pollutants, including those 
that are becoming increasingly concerning such as color, 
COD, or total organic carbon (TOC).[59] The outcome is the 
total elimination of pollutants, or their breakdown into simpler 
compounds with limited hazard potential.[59,60] Enzymes can 
be used in the biodegradation of a wide variety of molecules 
with comparable structures because of their broad biocompat
ibility and specificity.[61]

The elimination of pollutants is mostly accomplished by 
bioremediation using intracellular accumulation and/or bio
catalytic transformation.[61,62] Biocatalysis is appealing 
because it allows for the engineering of enzymes to have 
greater durability and efficiency for certain substrates or 
conditions.[63] Enzyme immobilization on neutral surfaces 
significantly lowers the possibility that dangerous compounds 
may develop after biocatalytic treatment.[64] Metal oxides 
(such as iron, titanium, and aluminum oxides), natural poly
mers (such as agarose, agar, gelatin, collagen, carrageenan, and 
alginate), and synthetic polymers (such as polystyrene and 
polyacrylonitrile) can provide these inert surfaces.[65] The like
lihood that biocatalysts can be made insoluble to enable recy
cling and reusability increases the sustainability of biocatalytic 
bioremediation.[66] Enzymes are primarily non-hazardous, 
biodegradable, and may be manufactured from readily avail
able abundant resources. Most enzymatic reactions occur in 
water at ambient temperature and atmospheric pressure, typi
cally without the need for activation, protection and deprotec
tion stages.[67] Isolated enzyme activities can be performed in 
traditional multipurpose batch reactors, eliminating the need 
for investing in high-pressure equipment.[67] It is relatively 
simple to incorporate several transformations of contaminants 
into environmentally friendly and commercially successful 
cascade processes since enzymatic processes often occur 
under roughly the same pressure and temperature.[58,67]

Economic considerations should be made when thinking 
about the practical applications of enzymes since enzymes are 
very expensive. However, in addition to the expenses asso
ciated with producing and purifying the biocatalyst, the finan
cial contribution of enzyme immobilization, if applicable, must 
also be considered.[56] Additionally, consideration must be 
given to the costs of the biodegradation process, including 
reactor expenditures, reagent requirements, and energy con
sumption. Lastly, financial considerations should be made for 
the separation of resultant products from post-reaction mix
tures as well as the expenses associated with using these pro
ducts and detoxifying them. Predicting the exact monetary 
impact of the enzymatic treatment is difficult due to the wide 
range of variables and parameters that vary within a single 
operation. The overall costs of treating phenol with free man
ganese peroxidase were approximately 15 times less than those 
of immobilized enzyme, according to López et al..[68] This is 
primarily due to the loss of enzyme activity caused by 

immobilization. Data from Abejón et al.[69] demonstrated 
that the cost of laccase treatment for 1 m3 of antibiotic- 
containing wastewater is approximately 13 Euro, which is 
about 20 times more than the cost of photo-Fenton or electron 
beam remediation. This financial drawback might be mitigated 
by the sustainability of the technique and the low environ
mental impact of the final compounds.[56] The global market 
demand for enzymes varies among the various nations, with 
enzyme production market having the largest share from 2015 
to 2022.[7] At a compound annual growth rate of 9.1%, the 
market was projected to increase from $9.4 billion in 2021 to 
$10.25 billion in 2022.[70] It is anticipated to grow at 
a compound annual growth rate of 4% from 2023 to 2032, 
surpassing roughly US$ 15 billion.[71]

Biocatalyst Groups for Environmental Pollutants Removal
Given that using microbes to break down pollutants can be 
slow and complicated, the last ten years have seen a major shift 
toward the extraction of microbial enzymes from cells and 
their applications in bioremediation of water pollutants.[72] 

By changing the routes that lead to the breakdown of pollu
tants, biocatalysts accomplish chemical transformations and 
have an impact on biological reactions. The catalytic activity of 
the microbial enzyme, rather than the growth of a single bac
terium in a contaminated environment, may be the basis for 
bioremediation, which is dependent on complete and relatively 
pure enzymes. To accomplish bioremediation in a soil defi
cient in nutrients, a refined enzyme may be used.[73] 

Biotechnology uses two different processes, solid-state fermen
tation (SSF) and submerged fermentation (SmF), to produce 
a range of biochemical products.[74] Since SmF is the primary 
method utilized in the commercial production of biocatalysts, 
most research have concentrated on the design and implemen
tation of this type of bioreactor. On the other hand, SSF is 
a comparatively less expensive method of biocatalysts produc
tion and yields larger amounts of enzymes.[75] SSF involves 
microorganisms developing on a solid substrate that has a low 
moisture content.[76] Usually, this substrate is made of waste 
agricultural materials like rice husk or wheat bran. Benefits of 
this approach include decreased energy needs, lower chance of 
contamination, and higher yields of product because of 
improved control over microbial development. SSF does, how
ever, have certain drawbacks, such as slower fermentation 
rates, trouble optimizing process variables, and issues increas
ing output volume.[77] Caroca et al.[78] found that Trametes 
versicolor and Pleurotus ostreatus exhibited maximum enzy
matic activity for fungal growth, with the former producing 
1590 U/L of laccase and the latter only 820 U/L of manganese 
peroxidase in 12 days of SSF. Both extractants demonstrated 
good enzymatic stability under a temperature condition of 
17°C. However, only the enzymes that were recovered with 
phosphate buffer were able to degrade the micropollutant in 
the raw bean pod waste used as the growth medium. SSF 
increased the biodegradability of lignocellulosic residue, 
increasing the biogas output between 0% and 75%. The 
amount of biogas per volatile solid mass was reduced prior to 
treatment, due to high consumption of volatile solids during 
fungal growth.
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On the contrary, SmF gives more control over process 
variables like pH, temperature, and availability of nutrients 
because it involves growing microorganisms in a liquid 
media.[76] Higher biomass concentrations, quicker fermenta
tion rates, simpler production monitoring and scaling up are 
all common benefits of this approach. The disadvantages to 
SmF include increased energy consumption, a higher chance 
of contamination, and the need for a clean environment, which 
can drive up production costs. Sharma et al.[79] used a fungal 
strain of Cotylidia pannosa under SmF with wheat bran (2%) 
supplemented yeast extract peptone dextrose medium and 
after 56 h at 30°C and pH 5.0, with an agitation rate of 
120 rpm and a saccharification value of 50.5%, they produced 
8.48 U/mL of endocellulase. The ability to produce endocellu
lase decreased with additional temperature increase. It has 
been noted that at higher incubation temperatures, changes 
in the membrane composition led to protein catabolism and 
a decrease in the pace at which fungi grow. As a result, the 
decision between SSF and SmF is based on the needs of the 
fermentation process as well as the final product.[77]

Biocatalysts have been produced using a variety of agro- 
industrial wastes as precursors.[80] The immobilization of the 
source microbes has been the main method utilized to increase 
biocatalysts production.[81] For benefit in multiple industrial 
applications, biocatalysts capable of withstanding unfavorable 
conditions like acidic or alkaline pH, higher temperatures, and 
high salt concentrations must be synthesized. This is because 
microbial enzymes are protein-based and therefore susceptible 
to changes in pH and temperature. Extremophilic microorgan
isms create biocatalysts appropriate for the hydrocarbon 
breakdown process.[82] The manufacture of lipases, proteases, 
and ligninolytic enzymes from filamentous fungus and yeasts 
has been investigated by Wentzel et al..[83] Numerous sectors 
currently benefit from the versatile applications of multi- 
copper oxidase enzymes or laccase produced by microbes 
like bacteria, fungus, and microalgae. Recombinant protein 

functions have been shown to increase productivity over 
shorter times. Using rDNA technology, horseradish peroxi
dase was isolated from the horseradish plant and introduced 
into E. Coli BL21. This allowed horseradish peroxidase to be 
produced in greater quantities and to break down phenolic 
compounds. Similarly, pesticides and carbamate compounds 
could be broken down by carboxylesterase that was isolated 
from human liver and added to E. Coli.[84] The different 
biocatalyst groups are illustrated in Figure 4, based on their 
respective levels of activity in the removal of pollutants.

The most widely utilized groups of enzymes for environ
mental applications are oxidoreductases including laccases, 
oxygenases and peroxidases, and hydrolases which include 
lipases, cellulases and proteases. A wide range of environmen
tal pollutants, such as pharmaceuticals, dyes, personal care 
items, hormones, pesticides, phenol and its derivatives, can 
be treated by different oxidoreductases because of their broad 
substrate specificity, while lipases alongside other hydrolases 
can effectively convert oils, greases and plastics.[56,85] Because 
of their limited substrate specificity, laccase and tyrosinase 
(oxygenase) mostly catalyze the oxidation of monophenols, 
diphenols, and polyphenols, alongside aromatic amines, and 
diamines. Their catalytic activity, however, differs greatly. 
Laccase produces phenoxy free radicals throughout the course 
of the reaction, while tyrosinase produces quinone intermedi
ates during oxidation. Peroxidases can also convert a wide 
variety of substances, including monomeric and dimeric phe
nols, aromatic phenols, and non-phenolic chemicals such as 
pharmaceuticals, coloring agents, as well as xenobiotics, using 
free radicals as intermediates.[86] Although free radicals gen
erated during the process of reaction may be more hazardous 
than the original chemicals, these secondary compounds react 
with one another promptly. As a result of the reaction, they 
generate different combinations of C–C and C–O bonds, for
min dimers, trimers, and oligomers of the parent 
compounds.[87] The oligomeric products are distinguished by 

Figure 4. Biocatalyst groups used in wastewater treatment [adapted from 50].
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their markedly reduced toxicity in comparison to the original 
pollutants. They can be precipitated and centrifuged to sepa
rate them from the post-reaction mixture, making it easier to 
acquire an undiluted stream of the resultant solution.[56] 

Hydrolases are involved in several related processes, including 
condensations and hydroxylation, and they accelerate the 
breaking of C-O, C-C, C-N, S-P, S-S, S-N, C-P, and other 
bonds by H2O. By using water to break down chemical con
nections, hydrolases can lessen the toxicity of larger pollutant 
molecules by reducing their size.[88] Lipases, cellulases, pro
teases, carboxylesterases, haloalkane dehalogenases, phospho
triesterases, and other enzymes belonging to the hydrolase 
family are highly useful in the treatment of oil-contaminated 
soils, biofilm deposits, and the management of wastes from 
food processing. They can also be used in the degradation of 
plastic and insecticides.[89]

Laccases and Their Applications
Laccases are a group of multi-copper oxidases which are pre
sent in several fungi, bacteria, insects, higher plants, and var
ious microorganisms.[90] They are one of the earliest classes of 
enzymes (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) 
identified by Yoshida in 1883.[91] Laccases are composed of 
four copper atoms that are categorized into three categories 
based on UV-visible and electron paramagnetic resonance 
spectroscopy: Type 1 (T1), also known as the blue site, Type 
2 (T2), also known as the normal site, and Type 3 (T3), also 
known as the binuclear site.[91] They function as biocatalysts in 
the oxidation of various mitigated aromatic as well as reduced 
phenolic substrates. The biological oxygen degradation to 
water is a byproduct of their catalytic activity.[90] The mechan
ism of pollutant removal by laccase involves a catalyzed oxida
tion reaction in three phases: (i) The substrate is oxidized by 
binding to the active site of the laccase, losing an electron to 
form a radical. T1 copper is reduced by accepting the electron 
from the substrate. The radicals then undergo further reactions 
like self-coupling or polymerization to form less hazardous 
and easily removable compounds. (ii) The electrons are after
ward transferred from T1 to T2/T3 trinuclear cluster. (iii) 
Lastly, the electrons at the T2/T3 trinuclear cluster reduces 

molecular oxygen to water.[91] Figure 5 illustrates a summary 
of the oxidation of phenolic substrates catalyzed by laccase.[92] 

Laccases are useful enzymes employed in a variety of indus
tries, including bioremediation, food, pulp and paper, dye 
decolorization, biocells and biosensors.[93] The most well- 
known properties of these enzymes are their capacity to 
break down a variety of phenolic and non-phenolic substrates, 
as well as long-lasting environmental contaminants by the 
reduction of molecular oxygen to water.[94] Typically, laccases 
are found in various isoenzyme forms, each of which is dis
tinguished by a distinct gene.[95] It is typical for the genes to 
express themselves differently depending on the type of 
inducer.[95]

The oxidation of phenolic compounds like polyphenols, 
aminophenols, orthodiphenols, paradiphenols, polyamines, 
aryl diamines, lignin and other inorganic ions can be catalyzed 
by the intracellular and extracellular laccases secreted by 
a variety of microorganisms. They are capable of decarboxyla
tion and demethylation in addition to oxidizing phenolic and 
methoxy-phenolic acids.[92] These enzymes have a role in the 
depolymerization of lignin, which produces a range of phenols. 
Moreover, laccase either repolymerizes these substrates to 
compounds that are humic or uses the substrates as food for 
microbes.[92] Aniline, hydroxide and cyanide are examples of 
reagents that impede the catalytic activity of laccases and alter 
their substrate affinity and specificity in response to pH 
variations.[96]

A crucial part of oxygen reduction is played by laccase and 
its active sites involving copper ions. One of the main elements 
influencing the rate of oxidation is the difference in redox 
potential (Eo) between the substrate and the T1 copper site. 
As a result, laccases are divided into three groups based on 
their redox potential: low (0.4–0.5 V), medium (0.5–0.6 V), 
and high (0.7–0.8 V).[97] The range of redox potentials corre
lates with the sources, namely fungi, bacteria, or plants, due to 
variations in the composition of amino acid residues sur
rounding the copper of the initial reaction site. The highest 
potential is exhibited by laccase from white rot fungi, which 
has an affinity for phenylalanine to function as the unstable 
axial binding agent at the T1 copper site (0.73–0.79 V).[98] 

Figure 5. Mechanism of phenolic substrates oxidation catalyzed by laccase[92].
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Laccase has been identified in ascomycetes and basidiomycetes 
fungal species. Several white rot basidiomycetes, like Trametes 
versicolor, Pleurotus ostreatus and Cerrena unicolor, are also 
effective lignin degradation enzymes.[3]

Multiple support materials with distinct chemical and 
nanostructure properties have been investigated. 
Nanoparticles have garnered more interest due to their 
increased surface area for enzyme attachment.[99] Owing to 
entrainment or adsorption, the depletion of the enzyme- 
substrate complex can be avoided by using functionalized 
microporous substrates like membranes.[99] The immobiliza
tion of nanoparticles, including zinc oxide, titanium dioxide, 
copper oxide, and iron oxide, onto the polymeric membrane 
have been investigated for the purpose of eliminating environ
mental pollutants and conducting anti-biofouling studies.[100– 

103] Table 2 presents the numerous studies on industrial efflu
ents that have demonstrated the efficiency of laccase in elim
inating difficult-to-remove contaminants.[137–141]

Applications of Free Biocatalysts
The languid process of applying plants and microorganisms in 
bioremediation encourages the use of isolated microbial 
enzymes from entire cells to expedite the process.[104] There 
are two types of free enzymatic systems that can remove 
pollutants: crude enzymes and purified enzymes. There are 
three crude enzymes derived from white-rot fungal cultures, 
namely laccase, lignin peroxidase and manganese peroxidase. 
The most widely used bioremediation enzymes are laccase and 
horseradish peroxidase, which perform best at a pH 7 and 
temperature 25–40°C. This is because they oxidize a variety 
of contaminants by taking recourse to their low specificity for 
their substrates.[105] While both systems are capable of effi
ciently transforming dangerous substances, there are benefits 
and drawbacks to each of their strategies. Using unpurified 
enzymes instead of refined enzymes and skipping the purifica
tion step is less expensive. The extract of crude oxidoreductase 
enzymes may also include mediators, which raise the enzyme 
redox potential and broaden the range of environmental pol
lutants that can be transformed.[106] The biodegradation rate 
of laccase is enhanced up to 40% when mediators such syr
ingaldehyde, 1-hydroxybenzotriazole, or 2,2-azino-bis 
-3-ethylbenzothiazoline-6-sulfonic acid are present in 

comparison to the isolated, purified enzyme.[105] In contrast, 
the use of purified enzymes has several benefits, such as more 
effective and focused pollution remediation, a decreased risk of 
inhibition, and high activity throughout a wide variety of 
procedure parameters.[107] Purified enzymes are more accus
tomed to the ideal conditions for enzyme reactions, so they 
have fewer side effects, and are typically used to improve the 
control of the process.[108] Finding a balance that considers 
enzyme price, purity, activity, and capacity to convert a wide 
spectrum of dangerous chemicals is therefore necessary for 
economic wastewater treatment.

Several studies have shown that ligninolytic enzymes, both 
crude and refined, can eliminate contaminants in both batch 
and continuous processes. Table 3 shows a summary of the 
removal of pollutants from industrial wastewater using free 
enzymes.[142–151] Using P. chrysosporium crude extract, Li et 
al.[109] removed almost 90% of naproxen (starting concentra
tion 10 mg/L) in 2 days. This was shown to be superior to 
whole-cell treatment, which only removed 68% after 2 days. 
The outcomes showed that the extracellular enzymes of 
P. chrysosporium had a significant impact on naproxen elim
ination. An investigation involving laccase-assisted biodegra
dation revealed that laccase generated by Trametes versicolor 
also contributed to the elimination of naproxen, resulting in 
nearly total breakdown in 5 h.[110] The quantitative degrada
tion efficiency of laccase isolated from Trametes versicolor and 
Streptomyces cyaneus microbes for mefenamic acid and diclo
fenac was investigated by Margot et al..[111] Fungal laccase was 
found to be more effective than bacterial laccase under typical 
municipal wastewater settings (10–25°C and neutral pH), 
resulting in the rapid breakdown of both pharmaceutical con
taminants. Mefenamic acid and diclofenac were completely 
eliminated by fungal laccase after a 12-day period of incuba
tion, however bacterial laccase was able to destroy roughly half 
of both pollutants in the same 12-day time. Laccase removed 
78% of the tetracycline after 18 h, whereas esterase removed 
50% of the erythromycin after 16 h.[112]

However, difficulties with bioremediation when utilizing 
free enzymes may arise in certain situations. An enzyme can 
become more potent than the problematic contaminant, mak
ing it a bigger environmental risk. The purification and extrac
tion method for solving this issue is costly and time- 

Table 2. Application of laccase as a biocatalyst on different industrial effluents.

Wastewater 
Source Laccase Source Successes Challenges Ref.

Pulp and paper 
industry 
effluent

Bacterial laccase 
(Bacillus cereus)

Effective decolorization of kraft lignin Limited removal of COD [137]

Textile industry 
effluent

Fungal laccase 
(Coriolopsis 
gallica)

Significant decolorization of anthraquinone dye, Remazol 
Brilliant Blue R

Low decolorization of diazo dyes; Enzyme 
deactivation at high dye concentrations

[138]

Pharmaceutical 
effluent

Fungal laccase 
(Trametes 
versicolor)

Efficient removal of specific pharmaceuticals 
(sulfamethoxazole, carbamazepine, ciprofloxacin, and 
amoxicillin)

Poor  
stability of immobilized laccase; oxidation 
mechanism affected by the use of redox 
mediators

[139]

Olive mill effluent Fungal laccase 
(Pleurotus 
citrinopileatus)

Enhanced removal of phenolic compounds High cost of immobilized laccase [140]

Oil and gas 
production 
effluent

Fungal laccase 
(Aspergillus sp.)

Effective removal of petroleum contaminants like polycyclic 
aromatic hydrocarbons (PAHs)

High energy consumption for biochar preparation [141]
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consuming because enzymes are potentially unstable and 
quickly disintegrate in a hostile environment devoid of organ
isms. Enzyme waste also happens throughout the bioremedia
tion procedure.[58] One common solution to these problems is 
enzyme immobilization.

Application of Immobilized Biocatalysts
When free enzymes are employed in bioremediation pro
cesses, they demonstrate high activity. However, because 
enzymatic recovery post bioremediation is impossible, large- 
scale application of free enzymes is constrained by their low 
stability and high production costs.[113] To solve the cost 
concerns for large-scale effluent treatment, several strategies 
have been developed.[114] These include applying ultra- 
filtration membranes to prevent enzyme loss with effluent, 
immobilizing biocatalysts onto various matrices for simple 
enzyme extraction from the treated wastewater samples and 
producing enzymes during treatment by growing microor
ganisms on cost-effective feedstocks.[115] Enzyme immobili
zation on solid supports has been shown in multiple studies 
to increase stability and activity.[3,116] Biocatalyst 

immobilization is the process of transforming a soluble bio
catalyst to an insoluble state by binding it to an insoluble 
substrate or encasing it in a synthetic or natural matrix. It 
limits the mobility of an enzyme or microbial cell without 
affecting its ability to perform catalytic tasks.[117] 

Immobilization generally improves enzymatic stability, resis
tance, reusability, activity, selectivity, improves separation 
and purification and overall efficiency.[3] Catalytic properties 
of immobilized enzymes can be maintained for extended 
time periods. The protective and supportive structure of 
immobilizer materials aids preservation of enzyme proper
ties across broader pH and temperature ranges.[118] 

Immobilized enzymes demonstrate resilience to inhibitory 
effects from various components in wastewater. 
Immobilized enzymes also improve the process efficiency 
and the purity of the finished product.[119] However, because 
of structural conformational changes and heterogeneity on 
the immobilization support, immobilized biocatalysts may 
become less active than their free form in some cases.[120] 

The immobilization procedure affects the properties of the 
enzyme; hence the choice of the immobilization 

Table 3. Bioremediation of pollutants by free biocatalysts.

Enzyme name Enzyme source Target pollutant Biodegr. 
(%)

Ref.

Laccase 
(Lac)

Penicillum citrinum Industrial dyes in textile effluent 50% [36]

Pleurotus ostreatus Triclosan 95% [142]

Trametes versicolor Tetrabromobisphenol A (TBBPA) 40% [143]

Trametes trogii Triphenylmethane dyes 99% [95]

Trametes hirsuta Cannabidiol 35% [144]

Klebsiella pneumoniae Industrial dyes in textile effluent Over 77% [145]

Aspergillus niger Naproxen 96% [146]

Pycnoporus sanguineus bisphenol A, 4-nonylphenol, triclosan Over 89% [147]

Horseradish peroxidase 
(HRP)

Commercial Phenol Over 95% [148]

17-α-ethinylestradiol 30% [149]

Bisphenol A 82% [150]

Manganese peroxidase 
(MnP)

Ganoderma lucidum Drimaren Blue CL-BR 92.8% [151]

Drimaren Yellow X-8GN 90.2%
Drimaren Red K-4B1 70.1%
Dispersed Navy Blue HGN 93.4%

Table 4. Bioremediation of pollutants by immobilized horseradish or laccase biocatalysts.

Enzyme source 
(Name)

Immobilization support (Method) Target pollutant Biodegr. 
(%)

Ref.

Armoracia rusticana (HRP) Crosslinked enzyme aggregates (crosslinking) Methyl orange 94.3% [152]

Basic red 9 91.7%
Indigo 84.3%
Rhodamine B 81.5%
Rhodamine 6 G 73.6%

Horseradish cv. Balady (HRP) Magnetic polymethyl methacrylate fibers (encapsulation) phenol 55% [153]

Sigma-Aldrich 
(HRP)

Magnetic sol-gel (encapsulation) Carbamazepine 69% [154]

Diclofenac 59%
Paracetamol 9%

Sigma-Aldrich 
(HRP)

Graphene oxide/Fe3O4 

NPs (covalent bonding)
Phenol Over 95% [155]

2,4-Dichlorophenol
Aspergillus sp. 

(Lac)
Chitosan-carbon NPs decorated with ZnO (adsorption) Bisphenol A. 94.5% [156]

Commercial 
(Lac)

Nanozeolite-carbon nanotube composites (covalent bonding) Direct Red 23 91% [157]

Trametes versicolor 
(Lac)

Silica gel particles (covalent bonding) Sulfamethoxazole From 50% to 100% [139]

Carbamazepine
Ciprofloxacin

Sigma-Aldrich 
(Lac)

Magnetic cellulose nanofibers (encapsulation) Cefixime antibiotic 98.2% [158]

Carbofuran pesticide 96.8%
Safranin O dye 100%
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methodology controls the cost of the enzyme, biocatalytic 
functionality, and inactivation dynamics.[115,121,122] Recent 
studies describing the biodegradation of different pollutants 
by immobilized biocatalytic systems have been summarized 
in Table 4.[152–158]

Drawbacks of immobilizing enzymes include a possible 
lower activity levels than native enzymes. The stability of an 
enzyme may be decreased by improper immobilization. Also, 
the matrix may interact with the enzyme and impede the 
reaction. Reactants may be prevented from accessing the reac
tive enzyme sites. In cases where a substrate is insoluble, 
immobilization may not be the optimal solution.[58] One sig
nificant observation is the sharp decline in the rapid activity of 
native enzymes, like proteases or amylases, following immobi
lization due to diffusion restrictions. This decreases the immo
bilized enzyme appeal from an economic standpoint.[123]

Immobilization methods include entrapment, encapsula
tion, covalent bonding, adsorption, and crosslinking as pre
sented in Figure 6.[124] A comparison of the benefits and 
challenges of these immobilization methods is presented in 
Table 5.[58,159,160] The process of immobilization, which 
involves a chemical reaction with the enzyme molecule, results 
in minimal enzyme deactivation and stable attachment. 
Because of covalent bonding, the native enzyme structure of 
the enzyme is altered, and this may sometimes affect its bio
catalytic activity.[125] Entrapment and adsorption techniques 

generally preserve the structure of the enzyme, but they pro
vide less stability during catalytic activity.[115] The best materi
als to support environmental wastewater treatment 
applications are inorganic and hybrid.[126] Selecting the right 
support, a highly porous material that has a large surface area, 
can also help to remove pollutants because of simultaneous 
adsorption and biocatalytic conversion.[113]

Haq and Kalamdhad[127] employed Pseudomonas putida 
strain immobilized by entrapment on a mixture of polyvinyl 
alcohol with sodium alginate (PVA-SA) and agar-agar (AA) 
for effectively treating paper industry wastewater. After 6 days 
of degradation, the bacterial culture immobilized in PVA-SA 
polymer effectively eliminated BOD5, COD, TOC and total 
Kjeldahl nitrogen (TKN), as well as phenol, lignin, and color. 
The percentages were 69.6%, 78.6%, 81.7%, and 88.0%, 98.4%, 
65.6%, and 85.7%, respectively, with 24.8 IU/mL of Lac activ
ity. Pollutant levels decreased by 61.0%, BOD5, 75.9%, COD, 
76.5%, TKN, 86.0%, TOC, 97–9.9%, phenol, 62.3%, lignin, and 
89.8%, respectively, with 18.5 IU/mL Lac activity when PVA- 
AA immobilized bacteria were employed. Overall, the results 
indicated that the bacterial immobilization was highly effective 
in degrading the pollutants of the paper industry effluent. The 
reason for this is that PVA-SA may have securely attached 
bacterial cells more than PVA-AA due to its unstable struc
tures. The strength of the biocarrier matrix was increased by 
adding PVA to the SA.[127] Enzyme immobilization has been 

Figure 6. Enzyme immobilization techniques [adapted from 116].

Table 5. Benefits and challenges of various immobilization techniques.

Immobilization 
techniques Benefits Challenges Ref.

Covalent bonding Strong heat resistance and strong enzyme binding keeps enzymes 
from eluting

Reduced mobility leading to a decrease in enzyme activity. 
Ineffective in terms of immobilizing cells

[159]

Cross-linking Robust binding of enzymes. Minimal desorption and no leakage Enzyme alterations may occur at their active sites Limitations 
on diffusion

[160]

Adsorption Easy and economical to use, elevated catalytic activity, 
no reagent requirements and no enzyme conformational changes. 
Pricey support and enzyme materials can be easily repurposed.

Low stability (weak bonds), desorption of enzymes. Kinetics 
distorted by partitioning or diffusion phenomena.

[160]

Entrapment/ 
Encapsulation

Enzyme protection and minimal molecular weight compound 
transportation. Continuous operation maintaining cell density 
Easy downstream procedures (cell separation), regulated release of 
goods

Limited mass transfer is observed in addition to low biocatalyst 
loading

[58]
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very successful in the treatment of other industrial wastes apart 
from the paper industry effluents. Homaei[128] reported that 
Penaeus merguiensis alkaline phosphatase immobilized on 
gold nanorods for heavy metal detection exhibited outstanding 
adsorption through both hydrophobic and ionic interactions. 
The process of immobilization involved combining 
a suspension of gold nanorods at room temperature with 
a relative concentrate solution of the enzyme, continuously 
agitated at 200 rpm for 4 h. The significance of gold nanorods 
as an immobilization support for alkaline phosphatase is high
lighted by the combined effects of a wider temperature and pH 
profile, increased thermal stability as well as stability at critical 
pHs, and improved storage qualities.

The immobilized enzymes showed similar biocatalytic 
behavior when compared to the kinetic parameters of free 
enzymes, as seen by their similar Km, Kcat, and Vmax values. 
This suggests that immobilization served to preserve the active 
structure of the enzyme from disruption and improved the 
thermal stability of alkaline phosphatase. Naghdi et al.[129] 

degraded carbamazepine in spiked water and secondary efflu
ent by immobilizing 25 mg of laccase on carboxyl functiona
lized nanobiochars. The immobilized laccase performed better 
than free laccase in terms of thermostability by retaining 35– 
42% its initial activity between 50 and 70°C; the free laccase 
was unable to retain < 11% of its initial activity. In terms of pH 
stability, immobilized laccase maintained roughly 36% of its 
activity at pH > 8 whereas free laccase lost nearly all its activity 
at same pH level. With the contributions of biodegradation 
exceeding 45% and adsorption below 35%, approximately 85% 
of the pollutant degradation was attained. Cross-linked 
enzyme particles with or without support may be utilized to 
mitigate costs and diffusional limitations.

In a study by Kumar and Cabana,[130] the suitability of 
a laccase-based bioprocess for treating a combination of 13 
selected pharmaceuticals was examined. Amine functionalized 
magnetic NPs were used to immobilize laccase as cross-linked 
enzyme aggregates (MAC-CLEAs) using chitosan/1-ethyl- 
3-(3-dimethylaminopropyl)-carbodiimide hydrochloride as 
the cross-linking mechanism. In ideal circumstances, the activ
ity recovery of laccase was 61.4% for the creation of MAC- 
CLEAs. Almost complete removal efficiency was seen for acet
aminophen (97%), atenolol (90%), epoxy-carbamazepine 
(93%), and diclofenac (95%), at a contact time of 12 h. In 
addition, the pharmacological transformation efficiency of 

ketoprofen (48%), trimethoprim (60%), and diazepam (68%), 
was significant. The presence of an aromatic amine in the 
chemical structures of mefenamic acid, acetaminophen, and 
diclofenac may have contributed to their high removal rates by 
lowering their redox potential and making them more suscep
tible to oxidation by laccase. Another study by Primožič et al.
[131] showed that 93% of the diclofenac was eliminated from 
wastewater composed of synthetic materials using two forms 
of immobilization: CLEAs and magnetic CLEAs. The mCLEAs 
laccase showed superior thermal stability and remained more 
stable over time, while having a lower diclofenac removal 
capability than CLEA laccase. However, this indicates that 
both immobilized laccase forms have the potential to be 
employed in cleaner industrial practices for the elimination 
of environmental pollutants. These studies further demon
strate the practical potential of enzyme systems.

Using immobilized enzymes effectively and sustainably in 
wastewater treatment involves establishing robust enzyme- 
support bonds and minimizing enzyme elution. Accordingly, 
covalent immobilization is most frequently used with a variety 
of organic and inorganic supports, typically modified by car
bonyl, amine, or hydroxyl groups.[126] Trametes hirsuta laccase 
was covalently immobilized onto a specially designed PVDF 
membrane by Masjoudi et al.,[32] which allowed pharmaceu
ticals such as carbamazepine and diclofenac to be removed. 
The immobilized nanobiocatalyst exhibited a notable improve
ment in thermal and operational stability compared to the 
soluble enzyme, as well as excellent catalytic efficiency and 
recuperated activity. In a mini-membrane reactor, immobi
lized laccase eliminated 27% of carbamazepine and 95% of 
diclofenac in 2 days. Yanto et al.[132] observed that adding 1 g 
of Trametes hirsuta laccase immobilized on light enlarged clay 
aggregates to 100 mL of wastewater resulted in complete deco
lorization efficiency of the batik wastewater in 1 h. At the end 
of four consecutive cycles, over 95% of the decolorization 
efficiency was retained. It is important to emphasize that the 
enzyme stable, covalent binding to the support was the reason 
for the limited enzyme discharge from the matrix during 
storage and repeated use in these investigations.

Enzyme Reusability
The reusability of enzymes is a crucial component for eco
nomic feasibility and ultimately broad adoption of its use in 
industrial wastewater applications.[17] For long-term 

Table 6. Different immobilized laccase efficiency for pollutants removals and their reusability potential.

Laccase Immobilization support Target Pollutant Process conditions/Removal efficiency (%)
Reusability Potential 

(%) Ref.

Poly vinylidene fluoride membrane Congo red dye pH 7.0, 35°C, 
3.5 h: 97.1%

5 cycles: >75% [161]

Chitosan microspheres Indigo carmine (IC) pH 4.0, 25°C: 80% 10 cycles: 85% [162]

Superparamagnetic iron oxide nanoparticles Pentachlorophenol pH 4.0, 50°C, 
24 h: 61.6%

5 cycles: 62.4% [99]

Titania nanoparticles Bisphenol A pH 5.5, 25°C, 
12 h: 99%

5 cycles: 50% [133]

Calcium alginate beads BPA pH 5.0, 30°C, 
2 h: 99%

10 cycles: 70% [119]

Fe3O4–graphene oxide nanocomposite 2,4- Dichlorophenol pH 5.0, 25°C, 
8 h: 88%

8 cycles: >70% [163]

Dual-functionalized cellulose beads Indole pH 5.0, 30°C, 
18 h: 99.7%

10 cycles: 86.3% [164]
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reusability, choosing enzymes with inbuilt stability within 
wastewater conditions is essential. Wastewater treatment 
applications can benefit from the enhanced stability that extre
mophiles exhibit against fluctuations in salinity, pH and tem
perature. Maximizing reusability requires streamlining 
wastewater treatment procedures to reduce enzyme inactiva
tion. The efficacy of immobilized laccases in removing differ
ent pollutants and their potential for reuse under varying 
operating conditions are summarized in Table 6.[99,161–164] 

Enzyme lifespan can be greatly increased by elements like pH 
regulation, inhibitor removal, and a suitable reactor design. It 
is occasionally possible to reverse the inactivation of enzymes 
caused by inhibitor exposure or adverse environments.[133] 

Enzyme treatments or specific reagent washings are examples 
of regeneration techniques that can restore enzyme activity 
and enable further use.[58]

CURRENT CHALLENGES AND FUTURE 
OPPORTUNITIES

Compared to traditional techniques, enzymes have a number 
of benefits, such as high specificity, mild operating conditions, 
and environmental friendliness. The widespread use of bioca
talysts in the treatment of industrial wastewater is still ham
pered by various challenges despite their potential. These 
challenges include:

● In harsh environments, such as high temperatures, low 
pH levels, and the presence of inhibitors, enzymes can 
become inactivated. Their applicability in actual waste
water treatment processes is limited by this instability.

● Enzymes can be expensive to produce and purify, which 
makes it difficult to economically employ them for large- 
scale industrial wastewater treatment. For biocatalysis to 
be economically viable, efficient techniques for enzyme 
recovery and reuse are essential. Nevertheless, creating 
recycling plans that are both scalable and successful con
tinues to be difficult.

● Enzymes have a high specificity, but not all pollutants 
found in various industrial wastewaters will be broken 
down by them. Enzyme customization to particular was
tewater compositions necessitates continuous research 
and development.

● It is frequently necessary to adjust and modify opera
tional procedures and infrastructure in order to integrate 
biocatalytic processes into current wastewater treatment 
plants. This integration may be expensive and time- 
consuming.

Several studies have demonstrated the significant potential of 
enzymatic processes in wastewater treatment, as previously 
noted. Further research is therefore required to investigate 
how effectively enzymes perform with different types of indus
trial wastewater. These future opportunities include:

● Enzyme engineering: The development of more stable, 
active, and economically viable enzymes for wastewater 
treatment appears to be possible thanks to advancements 

in enzyme engineering techniques like directed evolution 
and protein design.[134]

● Immobilization techniques: Enzymes can be made more 
stable, reusable, and inhibitor-resistant by immobilizing 
them on solid supports. Innovative immobilization tech
niques are being created to meet the unique requirements 
of treating industrial wastewater.[88]

● Enzyme discovery and metagenomics: Metagenomics 
enables the identification of new enzymes from various 
environmental sources, which may result in the discovery 
of enzymes with improved wastewater treatment charac
teristics.[135]

● Reactor design and process optimization: The overall 
effectiveness and financial viability of biocatalytic waste
water treatment systems can be raised by creating effective 
reactor designs and streamlining process parameters.[136]

● Financial incentives and regulatory support: By offering 
monetary incentives and regulatory assistance to pro
mote research and development in this field, govern
ments and industries can contribute to the adoption of 
biocatalysts.

Despite these challenges, biocatalysts have a promising future in 
the treatment of paper industrial wastewaters. More resilient, 
affordable, and adaptable enzymes should be created as research 
and development advances on, increasing their appeal for use in 
large-scale industrial wastewater treatment applications.

CONCLUSIONS

This review emphasizes the potential of free and immobilized 
biocatalysts, especially laccase enzymes, for the treatment of 
industrial wastewater, notably that from paper mills. Enzyme 
immobilization enhances cost-effectiveness, reusability, and 
stability for large-scale applications. To maximize the applica
tion of immobilized enzymes and evaluate their efficacy in 
removing priority pollutants, further research is required. 
Crucial steps include optimizing reactor designs, formulating 
biocatalysts, and doing techno-economic analyses. By addres
sing these issues, biocatalysis may become a viable and sustain
able technique for treating wastewater, encouraging ethical 
industrial practices and a cleaner environment.
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