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Textile industry generates significant quantities of dye-containing wastewater, posing 

environmental challenges due to the persistence and potential toxicity of the synthetic dyes. 

Conventional wastewater treatment methods often exhibit limitations regarding efficiency, 

sustainability, or economic feasibility, which has increased interest in enzymatic treatment 

approaches such as laccase-based systems. This thesis aims to examine dye decolorization 

and degradation efficiency of laccase in textile dye treatment and evaluate the environmental 

and sustainability implications associated with its application. 

This thesis consists of a systematic literature review and separate experimental part. The 

systematic literature review evaluated reported decolorization efficiencies, degradation 

evidence, stability, reuse potential, toxicity reduction, and real wastewater applicability 

across different laccase system configurations. The experimental part examined 

decolorization behavior of Remazol Brilliant Blue R, Bezaktiv Blue BA, and Bemaplex 

Navy M-T. The findings demonstrate that laccase can achieve high decolorization 

efficiencies, but its performance is strongly dye-dependent and influenced by structural 

compatibility between the enzyme and dye chromophore. System configurations may 

enhance stability, redox accessibility, and operational robustness, but they do not overrule 

inherent dye–enzyme compatibility. The study highlights that decolorization efficiency 

should not be interpreted as sufficient evidence of environmental remediation, as evidence 

of degradation, toxicity reduction, and real wastewater validation remains limited. Laccase-

based dye treatment demonstrates significant potential, but its practical implementation and 

further sustainability claims should be evaluated within realistic industrial contexts.  
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Tekstiiliteollisuus tuottaa merkittäviä määriä väriainepitoista jätevettä, joka aiheuttaa 

ympäristöhaasteita synteettisten väriaineiden pysyvyyden ja mahdollisen toksisuuden 

vuoksi. Perinteisillä jätevedenkäsittelymenetelmillä on usein rajoitteita tehokkuuden, 

kestävyyden tai taloudellisen toteutettavuuden näkökulmista, mikä on lisännyt kiinnostusta 

entsymaattisiin menetelmiin, kuten lakkaasi-entsyymipohjaisiin järjestelmiin. Tämän 

diplomityön tavoitteena on tutkia lakkaasin värinpoisto- ja hajoamistehokkuutta 

tekstiilivärien käsittelyssä sekä arvioida sen käyttöön liittyviä ympäristö- ja 

kestävyysvaikutuksia. 

Työ koostuu systemaattisesta kirjallisuuskatsauksesta sekä kokeellisesta osuudesta. 

Kirjallisuuskatsauksessa arvioitiin raportoituja värinpoistotehokkuuksia, todisteita 

väriaineiden hajoamisesta, stabiilisuutta, uudelleenkäyttöpotentiaalia, toksisuuden 

vähenemistä sekä soveltuvuutta todelliseen jäteveteen. Kokeellisessa osuudessa tutkittiin 

Remazol Brilliant Blue R:n, Bezaktiv Blue BA:n ja Bemaplex Navy M-T:n värinpoisto 

käyttäytymistä. Tulokset osoittavat, että lakkaasilla voidaan saavuttaa korkeita 

värinpoistotehokkuuksia, mutta suorituskyky on vahvasti väriainekohtaista ja riippuu 

entsyymin ja väriaineen kromoforin rakenteellisesta yhteensopivuudesta. Konfiguraatiot 

voivat parantaa stabiilisuutta, redox-saavutettavuutta ja toiminnallista kestävyyttä, mutta ne 

eivät kumoa luontaista väriaine–entsyymi-yhteensopivuutta. Tutkimus korostaa, ettei 

värinpoistotehokkuutta tule pitää riittävänä näyttönä merkittävästä ympäristön 

remediaatiosta, sillä todisteet väriaineiden hajoamisesta, toksisuuden vähenemisestä ja 

todellisesta jäteveden validionnista jäävät rajallisiksi. Lakkaasi-entsyymipohjainen 

väriainekäsittely osoittaa merkittävää potentiaalia, mutta sen käytännön toteutusta ja 

kestävyysväittämiä tulisi arvioida realistisissa teollisissa olosuhteissa. 
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SYMBOLS AND ABBREVIATIONS  

 

Roman characters 

A Absorbance, [-] 

c Concentration, [mol·L-1] or [mmol·L-1] 

DE% Decolorization Efficiency, [%] 

E° Redox potential, [mV] 

Km Michaelis constant, [mM] 

r Decolorization rate, [mg·L-1·min-1] 

t Time, [min] or [h] 

v Reaction velocity, [mM·min-1] 

Vmax Maximum Reaction Rate [mM·min-1] 

 

Greek characters 

λmax Maximum absorbance wavelength, [nm] 

 

Abbreviations 

AOPs Advanced Oxidation Processes 

BOD Biological Oxygen Demand 

CI Color Index 

COD Chemical Oxygen Demand 

EC Exclusion Criteria 

GC-MS Gas Chromatography-Mass Spectrometry 

HPLC High-Performance Liquid Chromatography 



IC Inclusion Criteria 

LC-MS Liquid Chromatography-Mass Spectrometry  

LMS Laccase-Mediator System 

RBBR Remazol Brilliant Blue R 

SDG Sustainable Development Goal 

TOC Total Organic Carbon 

UV Ultraviolet 
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1. Introduction 

In her song ’The Seed’ from the album ‘A Different Kind of Human (Step II)’ artist AURORA 

(Aurora Aksnes) sings “You cannot eat money, (oh no) when the last tree has fallen and the 

rivers are poisoned you cannot eat money (oh no)”. This verse reflects the multidimensional 

challenges and current reality of climate change, which is no longer considered solely a 

natural phenomenon as it is strongly influenced by anthropogenic activities. One clear 

consequence is the decreasing availability of clean drinking water over the past three decades 

due to increased pollution and global warming (Singh, A. et al., 2021). Among these 

challenges, the discharge of dye-containing effluents from textile industries poses a 

significant environmental concerns due to their persistence and toxicity (Jeyabalan et al., 

2023). Thus, efficient and adequate water treatment is central aspect of sustainable 

development, requiring efficient, environmentally friendly, and economically sustainable 

methods.  However, conventional wastewater treatment approaches often fail to fully meet 

these requirements, which  has increased interest in alternative approaches such as enzymatic 

treatment (Saravanan et al., 2024). In this context, laccase, a versatile oxidoreductase 

enzyme, has emerged as a promising candidate for such applications; however, its 

effectiveness and sustainability require comprehensive evaluation (Jeyabalan et al., 2023). 

Previous research has demonstrated that laccase enzyme is capable of decolorizing a wide 

range of diverse textile dyes. Various configurations, including enzyme immobilization, use 

of mediators, and different hybrid and whole-cell systems, have been developed to enhance 

stability, catalytic performance, and applicability of these enzymes. Studies have frequently 

shown high decolorization efficiencies under optimized laboratory conditions, and 

enhancements, such as immobilization or mediator addition, have been shown to improve 

operational robustness or extend the range of treatable dyes. These findings highlight  the 

potential of laccase-based systems as alternatives to conventional physiochemical treatment 

methods. (Pearce, Lloyd & Guthrie, 2003; Younus et al., 2025). 

However, many studies rely primarily on decolorization as a performance indicator, while 

confirmed molecular degradation, toxicity reduction, and real wastewater validation are less 

consistently addressed, leading to dismissal and an incomplete assessment of environmental 

impacts. This thesis aims to address these gaps by providing a systematic evaluation of 
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laccase-based dye treatment, integrating both treatment performance as well as 

environmental and sustainability aspects. The study is guided by two research questions: (1) 

What is the decolorization and degradation efficiency, and (2) what are the advantages and 

limitations of laccase in dye treatment, particularly in terms of environmental, sustainability, 

and economic aspects. The work consists of a brief literature overview, followed by a 

systematic literature review and its synthesis, and is complemented by an experimental part 

and its results. This structure enables the assessment of both existing knowledge and 

practical performance, ultimately leading to the overall conclusions.  
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Literature part 

This literature part aims to provide fundamental background and more detailed foundation 

for the research topic. Chapter 2 outlines the environmental, toxicological and health impacts 

of textile dyes, examines the important relationship between sustainable development and 

adequate wastewater treatment, including the disadvantages and limitations associated with 

conventional wastewater treatment methods. Chapter 3 addresses dye chemistry, 

classification, ecotoxicity, and current challenges associated with dye degradation. Chapter 

4 introduces biological approaches for dye removal and presents bioremediation as a linking 

concept between water treatment and sustainable development, thereby leading focus to 

laccase enzyme in chapter 5, including their sources, structure, chemistry, and function as 

well as different laccase-based treatment systems. 

 

2. Environmental and Health Impacts of Textile Dyes 

Life, as we know it, would not exist without water. Besides being essential natural resource 

for existence, water is also crucial for development of societies and economies. The seeming 

availability of water can be misleading since approximately 71 % of the Earth’s surface is 

covered by water, justifying the name “Blue Planet”. However, up to 97.5 % of the Earth's 

water resources are salt water and only the remaining 2.5 % fresh water, much of which is 

snow and/or ice. After math, approximately 1% of the Earth's freshwater storages remain for 

humans as potential drinking water. Nevertheless, it is good to bear in mind that besides 

drinking, fresh water is also central for other domestic and municipal uses, like sanitation 

and cooking, and for agriculture as well as industry sectors. (Häder, Helbling & Villafañe, 

2021). 

This chapter goes into more detail about sustainability and environmental aspects around the 

topic. It covers the adverse impacts of polluted water including how dyes can harmfully 

affect aquatic and terrestrial environments. Additionally, the key Sustainable Development 

Goals regrading this topic are presented to highlight the importance of the issue in the context 
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of sustainability, as well as the sustainability-related disadvantages and textile wastewater-

specific limitations associated with conventional wastewater treatment methods.  

 

2.1. Sustainable Development Goals and the Adverse Impacts of Polluted Water 

The Agenda 2030 refers to United Nations’ global plan and its 17 Sustainable Development 

Goals (SDGs), established to promote sustainable development worldwide while respecting 

planetary boundaries (United Nations, 2025). These Goals aim, among other objectives, to 

protect the Earth, advance equality, and ensure access to clean water worldwide by the year 

2030 (United Nations, 2025). In context of this thesis, highlighting these goals is essential, 

as efficient and adequate water treatment is necessary component of sustainable 

development, as the advancement of water treatment simultaneously contributes to 

sustainable development and its goals.  

Water is intrinsically connected to several Sustainable Development Goals. Goals 6 ‘Clean 

water and sanitation’ and 14 ‘Life below water’ are primarily related to water and previously 

addressed issues. SDG 6 and its sub-goals emphasize everyone’s right to sanitation and clean 

water, sustainable water use, and the protection of aquatic ecosystems. SDG 14 highlights 

the sustainable use and conservation of seas and oceans and the natural resources they 

provide, which are threatened by eutrophication and pollution (United Nations, 2025). 

In addition, Goals 3 ‘Good health and well-being’, 11 ‘Sustainable cities and communities’, 

and 12 ‘Responsible consumption and production’ are indirectly associated with water. The 

sub-goals of SDG 3 emphasize the prevention of the spread of waterborne diseases and the 

reduction of diseases and deaths resulting from water pollution. SDG 11 seeks to minimize 

the impacts of disasters, including those related to water pollution, while SDG 12 aims to 

reduce adverse effects on human health and the environment by reducing the discharge of 

waste and chemicals into water bodies (United Nations, 2025). These interconnected goals 

underline the important consideration brought forward previously that water is not only an 

essential natural resource but also fundamental for societal and economic development. 

Despite the global commitment expressed in Agenda 2030, polluted and untreated water 

continues to pose severe challenges. According to the World Health Organization (WHO), 

in 2022 roughly 2.2 billion people suffered from a deprivation of safe drinking water, 
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meaning that nearly one in four people globally is threatened by the risks of 

microbiologically contaminated drinking water, as it can spread diseases such as polio, 

cholera and diarrhea. For instance, diarrheal deaths alone cover up to 505 000 cases annually. 

(World Health Organization, 2023). 

The consequences of inadequate water treatment extend beyond public health. Safe, clean, 

and accessible water is closely linked to ecological, economic, and social sustainability. By 

ensuring proper water resource management and improved sanitation, economic growth and 

decrease of poverty can be enhanced. However, sociocultural, geographic, and economic 

inequalities persist, as deprived and people with low-income often have poorer access to 

improved drinking water sources. (World Health Organization, 2023). 

Furthermore, ineffective or non-existent treatment of industrial, urban, and agricultural 

wastewater contributes significantly to water contamination. For example, some heavy 

metals such as arsenic and lead may occur naturally in water through corrosion or leaching 

processes. However, textile dye effluents often contain elevated concentrations of these and 

other heavy metals, and their discharge into the environment increases contamination levels 

thus causing deleterious impacts. (World Health Organization, 2023; Gupta et al., 2025). 

Improved water quality and accessibility not only reduce diseases and mortality but also 

generate broader social and economic benefits. When safe water is available, time-

consuming and physically demanding water collection is reduced, enabling increased 

productivity and improved safety. Enhanced access to safe water supports better health 

outcomes, facilitates education, especially for children, and contributes to long-term 

improvements in quality of life. (World Health Organization, 2023). 

 

2.2. Adverse Impacts of Dyes to Aquatic and Terrestrial Environments 

Amongst many diverse contaminants that spoil the environment, dyes are one of the most 

prominent pollutants. Most of the dye waste generated each year comes from the textile 

industry. The textile industry is an enormous industry, the size of which also corresponds to 

the amount of waste it produces. Indeed, the textile industry is liable for approximately two-

thirds of dye waste. Dyes end up into the environment and water bodies from the textile 
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industry due to their weak binding to textiles, resulting to the release of excess dye as an 

effluent. (Gupta et al., 2025; Jeyabalan et al., 2023). 

Textile wastewater contains not only synthetic dyes but also heavy metals such as arsenic, 

lead, cadmium and chromium, in addition to suspended solids, acids, alkalis, dispersing 

agents and salts (Muthu et al., 2021; Singh, A. et al., 2021). Consequently, textile effluents 

possess many problematic characteristics, such as high salinity, varying pH, elevated 

chemical oxygen demand (COD), biological oxygen demand (BOD), total organic carbon 

(TOC), high turbidity and color density, thus making them one of the most highly polluted 

waters and difficult to treat and decontaminate. (Al-Tohamy et al., 2022; Deng et al., 2020). 

Textile dyes are typically chemically stable, aromatic compounds with poor 

biodegradability, which contributes to their persistence and potential toxicity in aquatic and 

terrestrial environments (Singh, A. et al., 2021). During biodegradation processes, certain 

dyes may form intermediate compounds, such as aromatic amines, that are toxic and 

potentially carcinogenic, further increasing environmental and health risks when treating 

dye-containing wastewater (Muthu et al., 2021). Once discharged into the environment, dyes 

are capable to inflict severe consequences. Due to the increased color density resulting from 

excess dye in natural water reservoirs, photosynthetic activities of these aquatic 

environments are affected as the penetration of both light and oxygen is hindered. These 

changes negatively affect aquatic flora and fauna and may lead to hypoxic conditions (Al-

Tohamy et al., 2022; Muthu et al., 2021). Furthermore, dyes also pose a danger to food chain 

through metabolism, as they may enter organisms through ingestion and be metabolized into 

destructive intermediates (Al-Tohamy et al., 2022). Additionally, suspended solids present 

in textile effluents can lead to reduced growth and mortality of fishes by inhibiting air flow 

to their gills (Gupta et al., 2025). 

The adverse impacts of textile dyes extend beyond aquatic systems to soils and terrestrial 

ecosystems. When dye-containing wastewater is discharged into land or used for irrigation, 

it can disturb soil chemistry and microbial balance, impair seed germination and reduce plant 

growth by affecting chlorophyll content and photosynthesis (Al-Tohamy et al., 2022). Such 

consequences have been observed particularly where untreated industrial wastewater is 

applied to agricultural land, leading to soil degradation and reduced crop vitality (Gupta et 

al., 2025). Dyes can affect the health of humans and other animals indirectly through the 

food chain, or directly through skin contact, inhalation and/or consumption (ingestion). 
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Exposure to textile dyes has been associated with allergic reactions and dermatitis but also 

with cellular level damages as dyes may interfere with chromosome function and disrupt 

nervous system. (Al-Tohamy et al., 2022; Gupta et al., 2025). 

 

2.3. Limitations of Conventional Wastewater Treatment Methods 

The quantity of fresh water on Earth is limited, but it is further limited by pollution resulting 

from both anthropogenic activities and natural processes. Even though natural processes, 

like eutrophication, do exist without human interference, they are on many occasions 

accelerated and intensified by human actions. (Häder, Helbling & Villafañe, 2021). Many 

hazardous contaminants and pollutions are introduced to natural water reservoirs due to 

ineffective wastewater treatment, spills and runoffs, nonchalance, and improper disposals. 

Contaminants like heavy metals and dyes contaminate waters and pose a great risk not only 

to aquatic environment, but also to life of man by impacting and disrupting immune, nervous 

and reproductive systems. (Gupta et al., 2025; Kumar, 2024). 

Therefore, it is essential to prevent and control the release of all pollutants into the 

environment. Effective pollution control requires coordinated social, technological, legal, 

and economic measures (Patel, Himanshu & Vashi, 2015). The development of globally 

applicable regulations regarding the necessary legislation for pollutant control, and 

technologically effective, economically affordable, but environmentally conscious 

wastewater treatment methods are necessary to ensure universal access to safe and clean 

water and to promote sustainable development. 

Although, a wide variety of different wastewater treatment methods have been utilized to 

treat textile effluents and dye-containing wastewater, many of these approaches exhibit 

limitations that prevent them from fully meeting the requirements for technologically 

effective, environmentally conscious and economically feasible wastewater treatment. These 

methods include various chemical and physical methods such as Advanced Oxidation 

Processes (AOPs), different electrochemical methods, coagulation/flocculation, adsorption, 

and membrane filtration. (Crini, 2006; Robinson et al., 2001). 

 The sustainability-related disadvantages and textile wastewater-specific limitations 

associated with these methods, are presented in the Table I below.  
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Table I Sustainability-related disadvantages and textile wastewater-specific limitations of 

conventional wastewater treatment methods 

Treatment method Disadvantage Reference 

AOPs 

High energy demand and chemical 

consumption (e.g. H₂O₂); pH 

requirements; economically unfeasible; 

sludge generation (iron-based systems); 

incomplete mineralization and possible 

formation of toxic intermediates; 

increased oxidant demand in textile 

effluents due to high COD; reduced 

efficiency with high-salinity matrices 

(Bai Xiangyu et al., 

2025; Crini, 2006; 

Oturan & Aaron, 2014) 

Electrochemical treatment 

High electricity consumption; expensive 

electrode materials; electrode passivation 

and fouling; potential formation of 

chlorinated by-products in chloride-rich 

textile effluents; possible corrosion  

(Martínez-Huitle & 

Brillas, 2009; Panizza & 

Cerisola, 2009; Robinson 

et al., 2001) 

Coagulation/Flocculation 

Sludge production; high chemical dosage 

required; disposal challenges; pollutant 

transfer (no dye degradation); reduced 

efficiency for highly soluble dyes 

(Brillas & Martínez-

Huitle, 2015; Crini, 

2006; Crini & 

Lichtfouse, 2019; 

Robinson et al., 2001; 

Singh, K. & Arora, 2011) 

Adsorption 

No molecular degradation (adsorption 

only); ineffective against certain dyes; 

adsorbent saturation; costly regeneration 

(Brillas & Martínez-

Huitle, 2015; Crini, 

2006) 

Membrane filtration 

Membrane fouling; increased cleaning 

frequency; sludge production; high energy 

demand; membrane replacement cost; 

concentrate (retentate) disposal problem; 

performance decline in high-salinity 

textile wastewater 

(Brillas & Martínez-

Huitle, 2015; Crini, 

2006; Crini & 

Lichtfouse, 2019; Du, S. 

et al., 2023; Robinson et 

al., 2001) 

 

The comparison of conventional treatment methods highlights that, although many 

physicochemical methods may be efficient at decolorizing certain dyes, they are frequently 

associated with operational and environmental drawbacks, particularly with wastewater 

having characteristics typical for textile wastewater including high salinity and varying pH. 
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Advanced oxidation processes and electrochemical processes require considerable energy 

and chemical inputs, and they may generate secondary by-products or sludge (Bai Xiangyu 

et al., 2025; Martínez-Huitle & Brillas, 2009; Oturan & Aaron, 2014; Robinson et al., 2001). 

Coagulation/flocculation and adsorption methods, while operationally simpler, largely rely 

on pollutant phase transfer rather than molecular degradation, thus generating secondary 

waste streams which may require further disposal or regeneration steps (Crini, 2006; 

Robinson et al., 2001; Singh, K. & Arora, 2011). Membrane filtration technologies provide 

high separation efficiency and can be exploited for the removal of all types of dyes. 

However, they exploitation is constrained by membrane fouling, concentrated sludge 

management challenges, elevated energy demand, and performance decline associated in 

high-salinity wastewater treatment (Brillas & Martínez-Huitle, 2015; Crini & Lichtfouse, 

2019; Du, S. et al., 2023; Robinson et al., 2001). Collectively, these limitations demonstrate 

that conventional approaches often involve high resource consumption, secondary pollution, 

or operational complexity when applied to textile dye effluents. This have sparked a growing 

interest for alternative treatment strategies, including enzymatic systems, which aim to 

achieve oxidative degradation of dye molecules under milder operational conditions and 

with potentially reduced environmental impacts (Saravanan et al., 2024). 
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3. Dyes – Classification, Chemistry, Toxicity and Applications 

Dyes can be roughly divided into natural and synthetic dyes. The invention of synthetic dyes 

dates back to the 19th century, when Willian Henry Perkin accidentally synthesized mauve 

(aniline purple) while attempting to produce quinine, the only know remedy for malaria at 

the time. This discovery led to the expansion in the use of synthetic dyes. By allowing shorter 

dyeing times and broader colour spectrum, achieved by modifying the chemical composition 

of synthetic dyes, they enabled large-scale production of textiles, thus improving their 

accessibility as well as their affordability. Nevertheless, the rich manufacturing and use of 

synthetic dyes for various purposes has brought to the surface their drawbacks regarding 

their adverse effects on the environment, including aquatic environment, and human health. 

(Alegbe & Uthman, 2024; Gupta et al., 2025; Nagendrappa, 2010). 

The dyes presented in this chapter are selected to provide a representative overview of 

structurally diverse and industrially significant dye classes relevant to textile wastewater and 

its biological treatment. As this chapter forms part of the pre-systematic literature foundation 

of the thesis, the aim is not to present all dye types, but rather to highlight those that are most 

relevant from the perspectives of industrial prevalence, structural characteristics, 

environmental impact, and biodegradation potential.  

Particular focus is given to azo dyes, as they cover the largest proportion of synthetic dyes 

used in textile applications and are frequently reported in dye effluents (Al-Tohamy et al., 

2022). In addition, anthraquinone dyes are included due to their distinct aromatic ring 

structures and comparatively high chemical stability, which influence their degradation 

behavior (Li, H. et al., 2019). Triphenylmethane dyes are also considered because of their 

highly conjugated cationic structures and documented ecotoxicological relevance, which 

distinguish them both structurally and toxicologically from azo and anthraquinone dyes 

(Mishra & Maiti, 2018; Wei et al., 2026). 

Reactive and disperse dyes are also considered, as they represent a widely used application-

based dye classes in textile industry and exhibit differing solubility and environmental 

perseverance characteristics, which further influence their  behavior in wastewater treatment 

(Singh, K. & Arora, 2011). 
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By selecting dyes that differ both in chromophore structure and application method, this 

chapter establishes a chemically diverse framework, supporting later discussion on structure-

dependent decolorization and enzymatic degradation mechanisms. 

 

3.1. Classification of Dyes 

The expansion of synthetic dyes also made their classification necessary. The classification 

of vast variety of dyes can be executed in several different ways, including upon source of 

origin, ionic nature, solubility, chemical structure, i.e. chromophore grouping, and 

application (Fig.1) (Rápó & Tonk, 2021). For annotations, Figure 1 below is a simplified 

representation, which does not contain all possible chromophore groups, nor dye types, 

aiming to illustrate different classification methods of dyes.  

 

Figure 1 Classification of dyes based on origin, ionic structure (solubility), chemical structure 

(chromophore), and application 
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The classification of dyes into natural and synthetic dyes depends on the source of origin 

(Pandit et al., 2022). Natural dyes are derived from plant- and mineral-based sources, such 

as flowers and other naturally occurring materials, whereas synthetic dyes are primarily man-

made and manufactured from organic chemical compounds (Ziarani et al., 2018).  

The characteristic color of each synthetic dye is due to its chemical structure, and by 

changing this structure, the color and its properties can be altered. The complex chemical 

structures of synthetic dyes include two main components that are responsible for the color 

and their efficiency to absorb light: chromophores and auxochromes. As mentioned, the 

classification of synthetic dyes can be performed based on their chemical structure, and 

commonly it is based on their chromophore groups; essential elements liable for color and 

the light-absorbing features of the dyes. Based on these chromophore groups, synthetic dyes 

can be classified into azo, anthraquinone, indigoid, and triphenylmethane dyes to name a 

few. (Alegbe & Uthman, 2024; Gomaa et al., 2023). 

Synthetic dyes can also be classified based on their ionic nature and application. Based on 

ionic nature, synthetic dyes can be further classified into non-ionic and ionic dyes (Rápó & 

Tonk, 2021). Classification on the basis of their ionic nature is also strongly related to their 

differentiation into water soluble and water insoluble dyes, as their solubility is related to 

their ionic charge (Patel, Heli et al., 2022). Based on application, synthetic dyes can be 

categorized into e.g. disperse, acid, reactive, and direct dyes (Alegbe & Uthman, 2024; 

Muthu et al., 2021). 

Classification of dyes can also provide essential information of their potential to cause 

adverse effects due to their inherent characteristics. For example, disperse dyes, and more 

specifically disperse azo dyes, are considered to be persevering dye group owing to their 

non-biodegradable and defiant characteristics (Benkhaya, M' rabet & El Harfi, 2020; Muthu 

et al., 2021). Additionally, reactive dyes are also noted for their low biodegradability, and 

reactive azo dyes as well possess mutagenic characteristics (Muthu et al., 2021). 

 

3.2. Azo Dyes 

Azo dyes cover the largest group of synthetic dyes used in textile industry and are therefore 

highly relevant in the context of dye-contaminated wastewater. It has been estimated that 
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azo dyes cover over 60 % of all synthetic dyes used in the industry (Al-Tohamy et al., 2022). 

Structurally, azo dyes consist of one or more azo bonds (–N=N–) connecting aromatic rings, 

which are responsible for the chromophoric properties and color intensity (Mishra & Maiti, 

2018). 

The chemical structure of azo dyes strongly influences their environmental impact and 

biodegradability. Under anaerobic conditions, azoreductases are able to break the azo bond 

through reductive cleavage, which causes decolorization of the dye but may simultaneously 

generate aromatic amine intermediates (Ali, 2010; Mishra & Maiti, 2018). These aromatic 

amines may be more toxic and persistent than the parent dye molecules and typically require 

subsequent aerobic degradation for further mineralization (Ali, 2010). In addition, the 

presence of multiple aromatic rings and sulfonate substituents may strengthen chemical 

stability and water solubility, which in turn can affect microbial uptake and degradation 

efficiency (Pandey, Singh & Iyengar, 2007; Stolz, 2001). Thus, the chemical structure of azo 

dyes, including their aromatic rings and attached substituents, influence their environmental 

persistence and degradation behavior. 

Several studies have reported adverse ecotoxicological effects of azo dyes on aquatic 

organisms. Acute toxicity toward aquatic fauna and flora has been exhibited, with reported 

LC50 and EC50 values frequently occurring from low to medium (mg·L-1) depending on dye 

structure, tested organism, and duration of exposure (de Aragão Umbuzeiro et al., 2005; 

Jiang et al., 2020). Furthermore, the aromatic amines formed during azo dye reduction have 

been associated with mutagenic and carcinogenic properties, raising additional 

environmental and human health concerns (Ali, 2010). These observations indicate that both 

azo dyes and their degradation products may contribute to ecological risk, which emphasizes 

the need for treatment approaches that achieve not only decolorization but detoxification and 

further degradation toward mineralization. 

A representative azo dye commonly selected for ecotoxicological evaluations is Reactive 

Red (RR120), which is a sulfonated diazo dye widely used in textile dyeing processes. 

Structurally, it contains multiple aromatic rings and sulfonate substituents, which increase 

its water solubility but also contribute to environmental persistence and resistance to 

conventional biological treatment. Toxicity assessments of RR120 have demonstrated 

adverse effects on aquatic organisms. In laboratory studies, RR120 exhibited moderate acute 

toxicity toward aquatic organisms, with a 48-h LC50 of 81.89 mg·L-1 for Artemia salina and 
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a 15-min EC50 of 120.27 mg·L-1 in the Microtox assay using Vibrio fischeri (Leme et al., 

2015). In contrast, RR120 was relatively less toxic to Daphnia similis, exhibiting a 48-h 

EC50 of 172.36 mg·L-1 (Leme et al., 2015). These findings indicate that RR120 is able to 

cause adverse ecological effects, especially in aquatic environments. Additionally, as stated 

previously, azo dyes may produce aromatic amine intermediates with increased toxicological 

concerns. (Çelekli, Al-Nuaimi & Bozkurt, 2019; Leme et al., 2015). 

 

3.3. Anthraquinone Dyes 

Anthraquinone dyes represent another structurally significant class of synthetic textile dyes. 

Compared to azo dyes, defined by azo bonds, anthraquinone dyes are characterized by an 

anthraquinone chromophore consisting of a fused aromatic ring system with carbonyl 

groups, forming an extended conjugated structure. Variations in substituents, such as 

sulfonic, halogen, or amino groups, influence their color and chemical properties. Due to 

their structurally complex and stable configuration, anthraquinone dyes are generally 

resistant to degradation, contributing to their persistence in the environment. (Li, H. et al., 

2019; Mishra & Maiti, 2018). 

The fused aromatic structure of anthraquinone dyes, along with the electron-accepting nature 

of their carbonyl groups, makes them highly stable and generally more difficult to degrade 

than azo dyes. Consequently, the selection of effective treatment method for these dyes 

remain challenging. However, oxidative enzymes, like oxidoreductases including laccases, 

have shown promising potential in decolorization of anthraquinone dyes, thus highlighting 

the relevance of enzymatic treatment approaches. (Routoula & Patwardhan, 2020). 

Besides their persistence nature, ecotoxicological studies have shown that anthraquinone 

dyes may cause inhibitory effects on aquatic organisms, including algae and invertebrates. 

Ecotoxicological evaluation of the Reactive Blue 19 (RB19) exhibited a 15-min EC50 of 

751.1 mg·L-1 in Vibrio fischeri, a 48-h LC50 of 248.07 mg·L-1 for Artemia salina, and a 48-

h EC50 of 178.44 mg·L-1 for Daphnia similis (Leme et al., 2015). In another study, it 

exhibited a 30-s EC50 of approximately 813 mg·L-1 for V. fischeri, and a 96-h EC50 of 

approximately 81 mg·L-1 for algal growth inhibition test (S. capricornutum) (Novotný et al., 
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2006). These values indicate that RB19 is comparatively less acutely toxic than RR120 (azo), 

but its structural stability and persistence remain environmentally relevant.   

 

3.4. Triphenylmethane Dyes 

Triphenylmethane dyes are structurally characterized by a central carbon atom bound to 

three aromatic rings. Their structural arrangement contributes to their  strong color properties 

and has led to their widespread use in dyeing industry. However, triphenylmethane dyes are 

considered xenobiotic compounds and have been associated with carcinogenic and 

mutagenic properties. In addition, their complex and stable molecular structure makes their 

removal from wastewater challenging. (Adenan, Lim & Ting, 2022; Du, L. et al., 2023; Wei 

et al., 2026). 

A commonly studied representative triphenylmethane dye is Malachite Green (MG), which 

is a cationic dye used in textile industry. Malachite Green has gained  attention due to its 

toxicity toward fishes and certain animals. In addition, it has associated to mutagenic, 

teratogenic, and carcinogenic properties. Studies have reported increasing toxicity 

depending on concentration, tested organism, and duration of exposure. For instance, 

toxicity studies have reported a 3-h LC50 value of 1.4–2.35 mg·L-1 for rainbow trout 

(Oncorhynchus mykiss), 96-h LC50 of 0.28 mg·L-1 for Atlantic salmon (Salmo salar), and 

96-h LC50 of 0.23 mg·L-1 for Brown trout (Salmo trutta), indicating high toxicity. 

(Srivastava, Sinha & Roy, 2004). 

Besides being a representative example of triphenylmethane dyes, these results emphasize 

why MG is a relevant dye for detoxification efficiency evaluation, and highlight the 

ecological risks associated with the discharge of triphenylmethane dyes into the aquatic 

environments and emphasize the need for effective degradation and detoxification of textile 

effluents. 
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3.5. Reactive Dyes 

Reactive dyes represent one of the most extensively used dye classes in textile industry, 

especially applied for cotton and cellulosic fibers. Reactive dyes form a covalent bonds with 

textile fibers during dyeing processes, which improves color fastness. However, it does not 

guarantee complete fixation during dyeing process. A notable proportion of reactive dyes or 

their hydrolyzed forms remains unfixed and is discharged into wastewater. Thus, physical 

treatment methods, such as adsorption and coagulation, which primarily transfer dyes to 

another phase, require further disposal, while chemical methods can remove dyes but often 

involve added reagents and may generate unwanted by-products. (Alegbe & Uthman, 2024; 

Leme et al., 2015; Muthu et al., 2021). 

Structurally, reactive dyes typically contain azo or anthraquinone chromophores along with 

reactive groups such as chlorotriazine or sulfone groups. These functional groups enable 

covalent bonding with cellulose fibers through reactions with hydroxyl groups.  Reactive 

dyes have been associated to potentially exhibit adverse impact to environment and aquatic 

organisms. In particular, reactive azo dyes have been associated with mutagenic 

characteristics due to the formation of aromatic amines during degradation. (Leme et al., 

2015). 

Reactive Red 120 (RR120), previously presented in the azo dye section, also serves as a 

representative example of reactive dye. This dual classification demonstrates the overlap 

between chemical structure and application-based characteristics, both of which influence 

dye’s environmental impact and toxicity side effects. 

 

3.6. Disperse Dyes 

Disperse dyes represent a non-ionic dye class primarily used for dyeing of hydrophobic 

synthetic fibers, e.g. polyester. Compared to reactive dyes, disperse dyes are associated with 

low water solubility. Structurally, disperse dyes often contain azo or anthraquinone 

chromophores. (Muthu et al., 2021). 

Certain disperse dyes have also reported to have potential adverse impact on aquatic 

organisms. de Jong, L et al. (2016) reported low-to-medium LC50 values for Hydra attenuate 
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after 48-h (79.77 mg·L-1), and moderate-to-high EC50 values after 48-h (2.60 mg·L-1) (de 

Jong et al., 2016). 
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4. Bioremediation 

The increasing environmental burden caused by textile dyes and the limitations associated 

with conventional physicochemical treatment methods have sparked interest in biologically 

based remediation strategies. Bioremediation refers to the use of living organisms or their 

metabolic products to remove, detoxify, neutralize, or transform environmental 

contaminants. In wastewater treatment, bioremediation utilizes microorganisms such as 

fungi, bacteria, algae, and their enzymes to biodegrade or transform pollutants into 

innocuous compounds through metabolic and enzymatic processes. (Azubuike, Chikere & 

Okpokwasili, 2016; Gomaa et al., 2023; Jeyabalan et al., 2023). 

From the sustainability perspective, bioremediation technologies have been recognized as 

environmentally compatible and potentially economically advantageous approaches that 

may contribute to broader environmental goals (Gomaa et al., 2023). Compared to 

conventional treatment methods, biological systems often operate under milder conditions, 

require lower chemical and energy inputs, and may reduce secondary pollution, thereby 

offering a promising alternative for dye-contaminated textile effluents (Ali, 2010). 

Bioremediation can be regarded as a conceptual and practical linking framework between 

wastewater treatment and sustainable development, as it brings together environmental 

protection, resource efficiency and long-term ecological restoration within a single 

remediation approach. According to Kuppan et al. (2024), the key objectives of 

bioremediation include recycling of wastewater and industrial effluents, detoxification of 

pollutants, mineralization of organic contaminants, ecosystem restoration, regulatory 

compliance, and cost-effectiveness. In the context of textile dye wastewater, these objectives 

are particularly relevant. The detoxification and potential mineralization of complex dye 

molecules directly address the persistence and toxicity associated with textile effluents, 

while the restoration of aquatic environments aligns with broader sustainability goals. 

Moreover, as bioremediation relies on natural biological processes, it is regarded as an 

environmentally compatible approach that may reduce chemical input, energy demand, and 

secondary pollution compared to conventional treatment methods. The combination of 

ecological effectiveness, regulatory compliance and economic feasibility further strengthens 

its role as a sustainability-oriented wastewater treatment strategy. 
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In this respect, bioremediation represents not only an alternative treatment method, but a 

sustainability-oriented approach that links environmental protection with economic and 

social feasibility. 

 

4.1. Biological Approaches for Dye Removal 

Textile dyes are typically chemically stable and resistant to natural degradation due to their 

complex aromatic structures and low biodegradability (Singh, A. et al., 2021). Biological 

systems, however, have been reported to possess diverse metabolic and enzymatic 

mechanisms capable of interacting and transforming recalcitrant dye compounds (Ali, 2010). 

By biological means, the removal of dyes occur through two main pathways: biosorption 

and biodegradation. Biosorption refers to the binding of the dye molecules into microbial 

biomass, resulting in dye removal without necessarily altering the molecular structure 

(Sharma, 2019). In contrast, biodegradation involves structural breakdown or enzymatic 

transformation of dye molecules into simpler or less toxic metabolites (Azubuike, Chikere 

& Okpokwasili, 2016; Sharma, 2019). This distinction is particularly relevant in the context 

of sustainability, as biodegradation offers potential for detoxification, not just mere pollutant 

transfer.  

Biological dye removal can be achieved by using various organisms, including bacteria, 

fungi, and algae, which metabolic versatility enables adaptation to diverse environmental 

conditions, and thereby help to aid the environment from serious contamination 

(Bhattacharyya et al., 2024). 

 

4.2. Microbial and Enzymatic Processes 

Microbial remediation of textile dyes relies on the metabolic capabilities of bacteria, fungi, 

yeasts, and algae to either transform or degrade complex organic molecules (Bhattacharyya 

et al., 2024). These microorganisms are able to function under aerobic or anaerobic 

conditions and employ various mechanisms, including biosorption, bioaccumulation, and 

enzymatic degradation (Bhattacharyya et al., 2024; Fatima et al., 2025; Shah, 2024). 
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Bacterial remediation 

Bacterial remediation has been reported to offer environmentally and economically 

favorable characteristics, as bacteria are able to operate under aerobic as well as anaerobic 

conditions, and degrade pollutants through enzymatic pathways (Bhardwaj & Bharadvaja, 

2021; Śāha, 2024). 

Phycoremediation 

Algae-based remediation (phycoremediation) utilizes mechanisms such as bioaccumulation, 

biosorption, and biodegradation for dye removal (Fatima et al., 2025). Functional groups 

present on algal cell walls facilitate interactions with dye molecules, enabling effective 

decolorization. Additionally, algae are capable of producing enzymes that contribute to 

oxidative transformation of dye structures (Fatima et al., 2025). 

Mycoremediation 

Fungal remediation (mycoremediation) has received particular attention due to fungi’s 

tolerance to varying pH and temperature conditions, which are characteristic of textile 

effluents. Fungi employ mechanisms including bioaccumulation, adsorption, volatilization, 

and enzymatic degradation. Importantly, many fungi produce extracellular oxidative 

enzymes capable of degrading complex aromatic compounds present in textile effluent. 

(Bhattacharyya et al., 2024; Shah, 2024). 

Among the enzymatic systems involved in microbial dye degradation, ligninolytic enzymes 

have attracted considerable attention. These include laccases, manganese peroxidases, and 

lignin peroxidases, capable of oxidizing chromophoric and aromatic structures present in 

synthetic dyes. Due to its broad substrate specificity and ability to operate under relatively 

mild conditions, laccase has emerged as one of the most investigated enzymes for dye 

decolorization and degradation. (Bilal et al., 2019; Jeyabalan et al., 2023; Saratale et al., 

2011). 

The following chapter focuses specifically on laccase, examining its structure, catalytic 

mechanism, and application potential in dye-containing textile wastewater.  
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5. Laccase Enzyme 

Laccases (EC 1.10.3.2.) are oxidoreductase enzymes which belong to the multicopper 

oxidase (MCOs) family, able to catalyze oxidation of different phenolic and aromatic 

compounds by using molecular oxygen as an electron acceptor, simultaneously reducing 

molecular oxygen to water, which is why they are often referred as green catalysts (Arregui 

et al., 2019; Claus, 2004; Jeyabalan et al., 2023). These enzymes are widely found in nature, 

mainly identified in bacteria, fungi, plants, and insects (Arregui et al., 2019). Research 

interest in laccases expanded after the discovery that the presence of redox mediators may 

extend the oxidative capacity of laccase to large molecules and high-redox-potential 

compounds, that are otherwise not direct laccase substrates, and currently, due to their broad 

substrate spectrum and redox potential, laccases have attracted considerable attention for 

various industry and environmental applications, including textile industries, e.g. dye 

decolorization. (Bilal et al., 2019; Bourbonnais & Paice, 1990; Jeyabalan et al., 2023). In 

dye treatment, laccases are capable to initiate oxidative reactions that modify aromatic 

structures commonly present in synthetic dyes. These transformations may alter 

chromophoric groups responsible for visible coloration, resulting in decolorization, whereas 

subsequent reactions may contribute to the degradation of the dye molecules into smaller 

compounds. (Jeyabalan et al., 2023). 

 

5.1. Sources of Laccase 

Laccases occur in a variety of organisms across different biological kingdoms, including 

fungi, bacteria, plants and insects. The properties of laccase, such as their stability, structure 

and redox potential (E°), vary based on their origin. (Arregui et al., 2019; Jeyabalan et al., 

2023).   

5.1.1.  Fungal Laccases 

Among these sources, fungal laccases have been most extensively studied and are commonly 

associated with ligninolytic enzyme systems involved in the degradation of complex 
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aromatic polymers. In particular, white-rot fungi are well known producers of extracellular 

laccases and other oxidative enzymes capable of transforming structurally complex aromatic 

compounds. Structurally, laccases are monomeric, but they may exist as heterodimeric, 

homodimeric or multimeric complexes as well. Based on the organism, the molecular mass 

of laccase typically ranges from approximately 50 to 140 kDa, from which the molecular 

mass of fungal laccase lies between 60–70 kDa. (Arregui et al., 2019; Claus, 2004; 

Wesenberg, Kyriakides & Agathos, 2003). 

The ligninolytic enzyme system of white-rot fungi typically includes laccase together with 

other oxidative enzymes, such as lignin peroxidase and manganese peroxidase. These 

enzymes contribute to the oxidation of aromatic substrates and are therefore widely 

investigates for the transformation of synthetic dyes in wastewater treatment. Fungal 

laccases possess favorable properties like high redox potential, meaning that they are able to 

oxidize compounds, such as synthetic dyes, with high redox potentials (E° > 400 mV). 

However, the activity of fungal laccases is restricted to certain environmental conditions, 

most commonly within an acidic pH range of approximately 3–6 and temperatures between 

30–55 °C. (Arregui et al., 2019; Jeyabalan et al., 2023; Wesenberg, Kyriakides & Agathos, 

2003). 

 

5.1.2. Bacterial Laccases 

In addition to fungal sources, laccases have also been identified in several bacterial species, 

including members of the genera Streptomyces, Azospirillum, and Bacillus (Arregui et al., 

2019). While fungal laccases may be both intracellular and extracellular, bacterial laccases 

are primarily intracellular monomeric proteins with molecular mass ranging between 50–70 

kDa (Arregui et al., 2019; Jeyabalan et al., 2023). 

Compared to fungal laccases, bacterial laccases often demonstrate greater tolerance to 

environmental factors, such as pH and temperature. Bacterial laccases are often described as 

relatively robust enzymes due to their high stability under diverse environmental conditions, 

including varying temperature, pH and variations in salt and organic solvents concentrations. 

They also generally exhibit considerable thermal stability and can retain activity at elevated 

temperatures. With regard to pH, these enzymes typically show optimal activity in neutral 



33 

 

to alkaline conditions, which resembles the behavior of plant laccases, but differs from most 

fungal laccases that generally function best under acidic conditions. However, the exact pH 

optimum may vary depending on the substrate. Although bacterial laccases are often 

considered more stable than fungal laccases, their practical application can be limited by 

their comparatively lower redox potential (E° < 460 mV). Despite this limitation, their 

tolerance to alkaline environments and high salt concentrations make bacterial laccases a 

promising candidates for the treatment of industrial wastewaters, such as textile effluents. 

(Arregui et al., 2019; Jeyabalan et al., 2023). 

 

5.1.3. Plant and Insect Laccases 

In addition to fungal and bacterial sources, laccases have also been identified in plants and 

insects. However, studies regarding the use of these enzymes for environmental applications 

remain comparatively limited. Plant laccases have similar fundamental structural features, 

like molecular structure, and reaction mechanisms as with fungal laccases. These enzymes 

typically consist of approximately 500 to 600 amino acids, and their molecular masses range 

from 60–130 kDa. Plant laccases are often characterized by relatively high glycosylation 

levels, which contribute to their structural stability. In plants, laccases are primarily 

associated with physiological processes such as lignin polymerization and biosynthesis as 

well as responses to environmental stress. (Arregui et al., 2019; Jeyabalan et al., 2023). 

Structurally, plant laccases are generally monomeric extracellular proteins. However, 

despite their structural similarities with fungal laccases, plant laccases typically exhibit 

lower redox potentials, which may limit their catalytic efficiency toward certain recalcitrant 

compounds in bioremediation applications. Nevertheless, their ability to participate in lignin 

modification has attracted interest in areas such as biofuel production and, in some cases, 

phytoremediation (ell. phyton = plant) of phenolic contaminants. (Jeyabalan et al., 2023). 

In contrast, insect laccases are primarily involved in physiological functions rather than 

environmental transformation processes. These laccase-like enzymes contribute to cuticle 

sclerotization and pigmentation and have also been associated with processes such as wound 

healing and development of immune system. To date, reports describing the use of insect-
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derived laccases in bioremediation or dye treatment applications remain extremely limited. 

(Arregui et al., 2019). 

Consequently, most studies investigating laccase-mediated dye-containing wastewater 

treatment have focused primarily on fungal and bacterial enzymes, while plant and insect 

laccases remain comparatively underexplored in this context. 

 

5.2. Structure, Chemistry and Function of Laccase 

Laccases are multicopper oxidases characterized by four copper atoms that form the catalytic 

site of the enzyme (Arregui et al., 2019). This structure consists of three redox sites: Type 1 

(T1), Type 2 (T2), and Cu-Cu pair of Type 3 (T3) copper atoms (Jeyabalan et al., 2023). T1 

copper is responsible for the substrate oxidation due to its high redox potential. Electrons 

generated during the substrate oxidation are then transferred internally through the protein 

structure to T2 and T3 copper atoms, which form a trinuclear cluster, where molecular 

oxygen is reduced to water. (Claus, 2004; Jeyabalan et al., 2023). 

The catalytic activity of laccase is based on this radical-mediated oxidation mechanism in 

which the electrons are transferred from substrate to molecular oxygen through copper 

centers (T1 → T2/T3 copper cluster). During this catalytic cycle, substrate molecules first 

undergo single-electron oxidation at T1 copper site, resulting in radical intermediates as 

laccase enzyme withdraws electrons. These radical intermediates generated during substrate 

oxidation may subsequently undergo secondary reactions, including cross-linking, 

degradation, or cleavage of covalent bonds depending on the chemical structure of the 

substrate. (Arregui et al., 2019; Claus, 2004; Jeyabalan et al., 2023). 

The radicalization of molecules leads to alteration of their chemical structure. For synthetic 

dyes, this may disrupt chromophoric groups resulting in decolorization due to the loss of 

visible color. However, laccase-catalyzed reactions do not always lead to complete 

mineralization. Instead, they often produce partially polymerized or oxidized intermediates. 

These products generally exhibit lower toxicity and improved biodegradability, allowing 

further microbial degradation, and thus highlighting the use of laccase as an effective 

pretreatment or as part of integrated remediation system. Further reactions may ultimately 

contribute to the degradation and complete mineralization of dye molecules into smaller 
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compounds, like CO2. (Arregui et al., 2019; Claus, 2004; Jeyabalan et al., 2023; Younus et 

al., 2025).  

The electrons are subsequently transferred through the enzyme to the trinuclear copper 

cluster (T2/T3 copper atoms) where the reduction of molecular oxygen to water takes place. 

The catalytic cycle involves four sequential one-electron oxidation reactions, thus allowing 

a single oxygen molecule to accept four electrons derived from substrate oxidation. As a 

result, water is produced as a final reduction product, without formation of harmful 

intermediates, which contributes to the environmental compatibility of laccase-based 

oxidation processes. (Claus, 2004; Jeyabalan et al., 2023). Figure 2 below illustrates this 

laccase-mediated substrate oxidation. 

 

 

Figure 2 Illustration of laccase-mediated substrate oxidation. Laccase catalyzes single-

electron oxidation at T1 copper, followed by internal electron transfer to the 

trinuclear copper cluster (T2/T3) where molecular oxygen is reduced to water. 

Resulting radical intermediates can lead to chromophore disruption causing 

decolorization or further structural transformation contributing to dye degradation 

and complete mineralization (inspirated from: (Jeyabalan et al., 2023; Mattos et al., 

2022)) 
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Overall, through this radical-mediated oxidation mechanism, laccases can modify 

chromophoric structures responsible for dye coloration, while subsequent radical reactions 

may contribute to further structural transformation and potential degradation of dye 

molecules. 

Decolorization of dyes is most commonly evaluated using UV-Vis spectrophotometry, 

where a decrease or disappearance of absorbance at the dye’s specific wavelength (λmax) 

reflects the disruption of chromophoric groups responsible for visible color. However, 

decolorization alone does not necessarily indicate complete degradation, as the molecular 

structure may remain partially intact. Therefore, additional analytic techniques are required 

to assess further degradation and mineralization. Chromatographic methods like high-

performance liquid chromatography (HPLC) can confirm degradation through the 

appearance of new peaks with differing retention times compared to initial dye, indicating 

the formation of transformation products. Additionally, other techniques including gas 

chromatography-mass spectrometry (GC-MS) or liquid chromatography-mass spectrometry 

(LC-MS) enable the identification of intermediate metabolites and structural changes. 

Furthermore, chemical oxygen demand (COD), biological oxygen demand (BOD), and total 

organic carbon (TOC) measurements are commonly used to evaluate the extent of 

mineralization by comparing initial and final values. (Saratale et al., 2011). Consequently, a 

combination of spectrophotometric and analytical approaches is necessary for the 

comprehensive evaluation of dye removal processes.  

 

5.2.1.  Factors Affecting Laccase Activity 

Activity of laccase is influenced by several environmental and operational parameters, 

including pH, temperature, and the presence of inhibitors. Metal ions, surfactants, and other 

chemical compounds may either inhibit or in some cases enhance laccase activity depending 

on their interaction with laccase enzyme or substrate molecules. For example, small anions 

are able to obstruct the internal electron transfer in laccase enzyme by attaching to the T2 

and T3 copper atoms, thus inhibiting the enzyme. Whereas the presence of certain 

substances, such as antichaotropic salts, has been found to enhance laccases activity. 

Especially the effect of heavy metals to the decolorization efficiency is notable since textile 

wastewater consists of heavy metals due to their leaching from dyes. Certain metal ions are 
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capable of binding to the T1 copper center, thereby acting as competitive inhibitors that 

hinder substrate access to the active site. Several studies have reported that Hg²⁺ and Fe²⁺ 

ions, in particular, exhibit strong inhibitory effects on enzyme activity. (Himanshu et al., 

2023; Jeyabalan et al., 2023; Strong & Claus, 2010). 

The structure and solubility of the substrate may also significantly influence enzymatic 

oxidation efficiency of laccase enzyme, especially when large or hydrophobic molecules 

limit accessibility to the catalytic site (Arregui et al., 2019). In addition, dye decolorization 

efficiency is also influenced by reaction time, enzyme dosage, and substrate concentration 

(Jeyabalan et al., 2023). 

The activity of laccase is strongly influenced by environmental parameters, particularly pH 

and temperature. Most fungal laccases exhibit optimal activity and stability under acidic 

conditions, generally within a pH range of approximately 3–6, although the exact optimum 

depends on the enzyme source (Baldrian, 2006). Temperature also affects laccases activity 

and performance, as increasing temperature may enhance reaction kinetics, after which it 

can result in declining activity due to thermal denaturation. Many fungal laccases show 

optimal activity between 30 °C–60 °C, although optima may differ depending on their origin. 

For example, bacterial laccases are generally associated with higher thermal and pH 

stabilities. (Albulaihed et al., 2023; Arregui et al., 2019; Pruthvi K. et al., 2011). 

 

5.3. Laccase-Based Treatment Systems  

Laccases are associated with few fundamental weaknesses restricting their large scale 

operations including poor stability and reusability, high production costs as well as limited 

substrate range in the absence of mediators. In order to address these drawbacks, several 

types on laccase-based systems have been investigated for the treatment of dye-containing 

wastewater, such as free, immobilized, whole-cell, hybrid, and mediator-assisted systems. 

Free laccase systems refer to the application in which the crude laccase enzyme is applied in 

solution as an individual molecules without attachment to a support where it catalyzes 

oxidation reactions of target substrates. These systems are relatively simple and rely on 

direct enzyme-substrate interactions, but are often associated with poor operational stability 
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and reusability. (Bilal et al., 2019; Jeyabalan et al., 2023; Strong & Claus, 2010; Younus et 

al., 2025). 

 

5.3.1. Laccase-mediator Systems 

In some cases, the oxidation potential of laccase alone may not be sufficient enough to 

oxidise certain substrates directly. Under such conditions, small redox mediator molecules 

are introduced to expand the oxidative capacity of laccase. In laccase-mediator systems 

(LMS) these mediators are oxidized by the enzyme, which subsequently oxidise the target 

substrates that may not be directly accessible to laccase due to redox limitations. These 

molecules can act as electron shuttles between the enzyme and the target compound, thereby 

expanding the substrate range of laccase-based oxidation systems. Yet, the use of mediators 

are associated with a few disadvantages mainly regarding the cost, possible toxicity, and 

recycling of the mediators. (Jeyabalan et al., 2023; Rodríguez Couto & Toca Herrera, 2006). 

 

5.3.2. Immobilized Laccase Systems 

Immobilized laccase system involve the attachment of laccase enzymes to solid supports 

such as polymers or membranes. Immobilization of laccase on solid support has been widely 

explored as a strategy to improve enzyme stability and reusability, subsequently reducing 

costs. Immobilization methods may include several chemical and physical methods such as 

encapsulation and entrapment, adsorption, covalent bonding, and cross-linking. 

Additionally, to improved stability and reusability, immobilization has been associated to 

enhanced decolorization efficiencies in dye treatment as well as increased enzyme activity. 

(Bilal et al., 2017; Jeyabalan et al., 2023). 

 

5.3.3. Whole-cell Systems 

Whole-cell systems refer to the use of intact microbial cells as biocatalysts, where dye 

removal is achieved through multiple simultaneous mechanisms, including adsorption to 
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biomass, intracellular metabolic processes, and extracellular enzyme activity. The dye 

molecules are initially adsorbed onto the functional groups present on the cell surface, 

followed by their uptake into the cell, subsequently leading to intracellular metabolic 

degradation. In addition, certain microorganisms are able to secrete extracellular enzymes, 

such as laccases, which contribute to dye oxidation outside the cell. This integration of 

enzymatic activity and cellular metabolism allows whole-cell systems to operate as self-

sustaining catalytic units, eliminating the need for enzyme isolation while enabling 

continuous regeneration of biocatalytic components. Compared to isolated enzyme systems, 

whole-cell systems may require optimization to achieve rapid degradation, as they rely on 

cellular metabolism and multi-step degradation pathways, the efficiency of which is 

influenced by environmental conditions and microbial activity. (Pearce, Lloyd & Guthrie, 

2003; Pham et al., 2023). 

 

5.3.4. Hybrid Systems 

Hybrid systems are typically multi-stage treatment processes which combine laccase-based 

treatment with physical, chemical, or electrochemical processes to overcome individual 

limitations. For instance, integration with technologies like AOPs, nanotechnology, and 

membrane filtration may yield in increased degradation efficiencies, extends the 

applicability to a wider range of pollutants, as well as enable enhanced catalytic efficiency 

and stability depending on the hybrid system. However, these systems may present  same 

disadvantages inherent for the integrated processes, such as increased energy demand and 

costs. (Younus et al., 2025). 
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Systematic Literature Review 

Based on the need for technologically effective, economically feasible, but environmentally 

conscious wastewater treatment methods highlighted previously, this part of the thesis 

evaluates the potential of laccase-based dye treatment, focusing on its effectiveness, 

sustainability, feasibility, and environmental implications. This section covers the 

methodology of the conducted study, including research questions and research design; the 

search query used, inclusion and exclusion criteria, performance of the review, the database 

retrieval as well as the screening of the resulting articles. And finally, the findings and 

discussion of the review.  

 

6. Methodology 

As it been brought out, the methodology chosen for this study is a Systematic Literature 

Review (SLR), aimed at identifying research articles relevant for the study and the research 

questions by designing a search query, pre-defined inclusion and exclusion criteria, data 

collection and screening, and evaluation of remaining studies. In this chapter, the used 

research questions along with more detailed research design are presented, including the 

used search query, inclusion and exclusion criteria, database retrieval as well as the further 

screening of the articles. 

 

6.1. Research Questions 

The research questions in this thesis are designed to explore the usability of laccase enzyme 

in dye treatment. The first research question (RQ1) is primarily intended to determine the 

effectiveness of laccase in dye decolorization and degradation. In addition to efficiency, this 

review aims to explore the potential of the laccase enzyme to provide an economically and 

environmentally conscious bioremediation method for dye treatment, on the basis of which 

the second research question has been created (RQ2).  
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RQ1 – What is the decolorization and degradation efficiency?  

 

RQ2 – What are the advantages and limitations of laccase enzyme in dye treatment, mainly 

regarding the environmental, sustainability, and economic aspects? 

 

6.2. Research Design  

Based on the research questions, the following search query was created: 

(‘LACCASE’ OR ‘LACCASE ENZYME’) AND (‘DYE DEGRADATION’ OR ‘DYE DECOLORIZATION’ 

OR ‘DYE REMOVAL’) AND (‘WASTEWATER TREATMENT’ OR ‘TEXTILE EFFLUENT’ OR 

‘INDUSTRIAL EFFLUENT’) AND (‘DECOLORIZATION EFFICIENCY’) 

This search query aimed to identify the most relevant articles and studies for this review, 

which would best answer the research questions posed. The same search query was used for 

three databases, which were Web of Science (WoS), Scopus, and LUT Primo. These three 

separate databases were used for database retrieval to ensure comprehensive and reliable 

basis for the review as possible. These databases were selected for the review due to their 

comprehensive literature, possibility to track impact metrics and value high-quality research.  

After the search, the resulting articles were further filtered based on pre-defined inclusion 

criteria (IC) and exclusion criteria (EC) in order to limit the number of articles and 

simultaneously ensuring the reliability and usefulness of the results.  

Inclusion Criteria: 

IC1 – Publications with ‘Article’ selected as publication type. 1 

IC2 – Articles must have been peer-reviewed. 

IC3 – Publication date between 2015–2025. 

IC4 – Articles in English. 

 

 
1 The publication type was limited to articles, because the aim was thus to limit the results as much as possible 

to initial studies. 
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Exclusion Criteria: 

EC1 – Publications whose publication type is something other than 'Article', including 

review-articles. 

EC2 – Non-peer-reviewed articles.  

EC3 – Articles published before the year 2015. 

EC4 – Articles in a language other than English. 

The results obtained after the first filtering were then transported to Excel and possible 

duplicates were searched and deleted. This was due to the use of more than one database 

during the search phase. After the duplicates were deleted, a second screening was conducted 

for the remaining articles in order to ensure the accuracy, regarding laccase focused studies, 

and high-quality restriction of the results. This second screening included following 

inclusion and exclusion criteria: 

Inclusion Criteria: 

IC5 –  Journals ranked to Quartile 1 (Q1) enabling high-quality and high impact articles. 

IC6 – Articles including keyword ‘Laccase’ 

Exclusion Criteria: 

EC5 – Journals ranked to Q2 to lower.  

EC6 – Articles that don’t mention ‘Laccase’ as a keyword.  

 

6.2.1. Database Retrieval & Results Screening 

The search carried out with the aforementioned search query yielded overall 527 results: 

Wos 277; Scopus 22; LUT Primo 228. The first filtration with I/E criteria 1–4 excluded 203 

results, after which the number of overall included results was 324: WoS 154; Scopus 20; 

LUT Primo 150, which were then transported to Excel. 

After searching for duplicates from the overall results, 103 duplicate articles were excluded. 

In addition to this, during title screening, three review-articles were found in the results, 
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which were then also excluded based on EC1. These 218 included articles were then further 

screened based on I/E criteria 5–6, leading to the exclusion of total 179 articles. Of these 179 

excluded articles, I/E criterion 5 was responsible for the exclusion of 153 articles that did 

not meet the imposed strict high-quality demands. In the early stages of the review planning, 

a possible further delineation of the results was planned with the Journal Impact Factor (JIF), 

however as the JIF values of the remaining results were already comparatively high (avg. 7) 

due to Q1 filtering, this delineation was omitted. The remaining 65 articles were then 

screened based on keywords (I/E criterion 6), with 26 articles excluded due to the absence 

of the keyword ‘Laccase’, leading to the inclusion of 39 articles in the systematic literature 

review. Figure 3 below shows a 7-level inverted pyramid diagram of the above described 

SLR process, including the I/E criteria applied at each stage as well as the number of both 

included and excluded articles. 

 

 

Figure 3 7-level inverted pyramid diagram of the SLR process 
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7. Review Findings and Discussion 

In this chapter the findings and results of the systematic literature review are presented and 

discussed. It examines the key objectives and findings of the included studies and provides 

a more detailed analysis of the literature in relation to the research questions of this research. 

 

7.1. Overview of the Included Studies 

The conducted data gathering of the SLR process, which was presented in the previous 

Chapter, provided the total of 39 articles. A condensed overview of these included studies is 

presented in the Table II below, including their ID number used for forthcoming citations, 

title of the article, as well as authors and publication year. A more comprehensive Table is 

presented in Appendix I. 

 

Table II Articles included in the systematic literature review 

ID No. Title Authors (Year) 

1 

Optimization, purification and characterization of laccase from a new 

endophytic Trichoderma harzianum AUMC14897 isolated from 

Opuntia ficus-indica and its applications in dye decolorization and 

wastewater treatment 

(Salem et al., 

2024) 

2 

Biocatalytic decolorization of azo dye-containing wastewater by 

immobilizing metagenome-derived laccase on green synthesized Co-

doped NiO NPs 

(Ariaeenejad et 

al., 2023) 

3 
Hybrid electrocoagulation and laccase mediated treatment for efficient 

decolorization of effluent generated from textile industries 

(Kalia et al., 

2023) 

4 

Immobilization of Pleurotus nebrodensis WC 850 laccase on 

glutaraldehyde cross-linked chitosan beads for enhanced biocatalytic 

degradation of textile dyes 

(Aslam et al., 

2021) 

5 
Detoxification and decolorization of complex textile effluent in an 

enzyme membrane reactor: batch and continuous studies 

(Dahiya et al., 

2023) 

6 

Co-immobilizing laccase-mediator system by in-situ synthesis of MOF 

in PVA hydrogels for enhanced laccase stability and dye decolorization 

efficiency 

(Yang, X. et al., 

2024) 
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7 
Efficient removal of various textile dyes from wastewater by novel 

thermo-halotolerant laccase 

(Motamedi et 

al., 2021) 

8 
Kinetic studies on optimized extracellular laccase from Trichoderma 

harzianum PP389612 and its capabilities for azo dye removal 

(Abd El-latif et 

al., 2024) 

9 
Sustainable acid dye removal: A biocatalytic approach using glyoxal-

immobilized oxidase enzymes 

(Hoang & Kim, 

2025) 

10 

Harnessing the hidden environmental power of Bjerkandera adusta 

laccase: Sustainable production, green immobilization, and eco-friendly 

decolorization of mixed azo dyes 

(Ilić et al., 

2024) 

11 
Immobilization of fungal laccase onto red seaweed biomass as a novel 

support for efficient dye decolorization 

(Borham et al., 

2025) 

12 
Effect of co-cultivation of white and brown rot species on basidiome 

production, lignocelluloytic enzyme activity and dye decolourisation 

(Barbelli-Lopez 

et al., 2024) 

13 

Characterization of a Novel, Cold-Adapted, and Thermostable Laccase-

Like Enzyme With High Tolerance for Organic Solvents and Salt and 

Potent Dye Decolorization Ability, Derived From a Marine 

Metagenomic Library 

(Yang, Q. et al., 

2018) 

14 
Decolourisation of textile dye by laccase: Process evaluation and 

assessment of its degradation bioproducts 

(Yadav et al., 

2021) 

15 
Aliphatic oxime 3-(hydroxyimino)pentan-2,4-dione as new potential 

mediator for laccase-catalyzed decolorization of dyes 

(Zosenko et al., 

2022) 

16 

Synergistic action of laccase treatment and membrane filtration during 

removal of azo dyes in an enzymatic membrane reactor upgraded with 

electrospun fibers 

(Jankowska et 

al., 2022) 

17 
Synergistic effect of biological and advanced oxidation process 

treatment in the biodegradation of Remazol yellow RR dye 

(Thanavel et 

al., 2020) 

18 
Construction of co-immobilized laccase and mediator based on MOFs 

membrane for enhancing organic pollutants removal 

(Lou et al., 

2023) 

19 
Novel Magnetic Polymeric Filters with Laccase-Based Nanoparticles for 

Improving Congo Red Decolorization in Bioreactors 

(Sotelo, 

Ornelas-Soto & 

Osma, 2022) 

20 
A High Redox Potential Laccase from Pycnoporus sanguineus RP15: 

Potential Application for Dye Decolorization 

(Zimbardi et 

al., 2016) 

21 
Enzymatic analysis, structural study and molecular docking of laccase 

and catalase from B-subtilis SK1 after textile dye exposure 

(Kadam et al., 

2018) 

22 
Improvements in the enzymatic degradation of textile dyes using ionic-

liquid-based surfactants 

(Bento et al., 

2020) 
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23 

Improving laccase production from Trametes versicolor using 

lignocellulosic residues as cosubstrates and evaluation of enzymes for 

blue wastewater biodegradation 

(Atilano-

Camino et al., 

2020) 

24 

Optimization of laccase from Stenotrophomonas maltophilia E1 by 

submerged fermentation using coconut husk with its detoxification and 

biodecolorization ability of synthetic dyes 

(Albulaihed et 

al., 2023) 

25 
Degradation of dyes using crude extract and a thermostable and pH-

stable laccase isolated from Pleurotus nebrodensis 

(Yuan et al., 

2016) 

26 
Lignin waste as co-substrate on decolorization of azo dyes by 

Ganoderma lucidum 

(Liu, J. et al., 

2021) 

27 
Improved performance of immobilized laccase on Fe3O4@C-Cu2+ 

nanoparticles and its application for biodegradation of dyes 

(Li, Z. et al., 

2020) 

28 
Biodecolourization of textile dyes by novel, indigenous Pseudomonas 

stutzeri MN1 and Acinetobacter baumannii MN3 

(Kuppusamy et 

al., 2017) 

29 
The heterologous expression, characterization, and application of a novel 

laccase from Bacillus velezensis 

(Li, T. et al., 

2020) 

30 

Preparation of Efficient, Stable, and Reusable Laccase-Cu3(PO4)2 

Hybrid Microspheres Based on Copper Foil for Decoloration of Congo 

Red 

(Rong et al., 

2017) 

31 
Synthesis of a polydopamaine nanoparticle/bacterial cellulose composite 

for use as a biocompatible matrix for laccase immobilization 

(Zhai et al., 

2019) 

32 
Improving the catalytic efficiency of Bacillus pumilus CotA-laccase by 

site-directed mutagenesis 

(Chen et al., 

2017) 

33 

Decolorization of recalcitrant dyes by a multicopper oxidase produced 

by Iodidimonas sp Q-1 with iodide as a novel inorganic natural redox 

mediator 

(Taguchi et al., 

2018) 

34 

Immobilization of yeast cell walls with surface displayed laccase from 

Streptomyces cyaneus within dopamine-alginate beads for dye 

decolorization 

(Popović et al., 

2021) 

35 

Acrylic modified kraft lignin microspheres as novel support for 

immobilization of laccase from M. thermophila expressed in A. oryzae 

(Novozym® 51003) and application in degradation of anthraquinone 

textile dyes 

(Salih et al., 

2023) 

36 
Bioremediation of reactive blue 19 dye by laccase-producing Serratia 

marcescens AY4 strain 

(Mustafa et al., 

2025) 

37 

Supported growth of inorganic-organic nanoflowers on 3D 

hierarchically porous nanofibrous membrane for enhanced enzymatic 

water treatment 

(Luo et al., 

2020) 

38 
Laccase – methacrylyol functionalized magnetic particles: Highly 

immobilized, reusable, and efficacious for methyl red decolourization 

(Lin et al., 

2017) 

39 
Anthraquinone removal by a metal-organic framework/polyvinyl 

alcohol cryogel-immobilized laccase: Effect and mechanism exploration 

(Peng et al., 

2021) 
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The annual distribution of these included articles is shown in the Figure 4. The bars chart 

expresses a non-linear increase in the number of published studies over the years of 2015–

2025; the average number of articles, published between the years 2015 and 2020, is 2.7, 

while between the years of 2020–2025 the number is 4.83. This (increase) suggests and 

emphasizes the growing interest around the topic as well as the rising concern regarding dye-

containing wastewater.  

 

 

Figure 4 Annual distribution of the included articles 

 

These 39 articles have been published in 25 different journals, of which the most common 

ones are 'Journal of Environmental Chemical Engineering', 'Journal of Hazardous 

Materials', and 'Bioresource Technology'. This journal distribution of the studies is more 

distinctly presented in Figure 5 below.  
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Figure 5 Journal distribution of the included articles 

 

This distribution illustrates the positioning of the topic in relation to the field of research. 

The spectrum of the research articles on the topic, as well the diverse range of journals 

publishing them, suggest a fragmentation of the topic and information regarding laccase-

based dye degradation research. This distribution of studies across multiple journal 

categories and fields, including environmental science, chemical engineering, and applied 

biotechnology, strongly indicates to the interdisciplinary nature of the topic and its growing 

importance among researchers. The fragmentation of the topic on the other hand underlines 

the value and relevance of this integrative systematic literature review also in the frameworks 

of sustainable development. 
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7.2. Overall Decolorization Performance Across Studies (RQ1) 

When examining the decolorization efficiencies of the laccase enzyme-based studies, the 

main focus lied on the maximum decolorization (%) values and time (time-to-max), which 

refers to the reaction time at which the reported maximum decolorization efficiencies were 

achieved under the stated conditions of each study. 

Table III below shows the max. decolorization (%) and time-to-max values of each study, in 

addition to the laccase system type, solution matrix, and dye class(es) studied. This Table 

only includes primary systems, meaning when studies evaluated multiple laccase systems, 

the system identified as the primary and/or optimized configuration by the authors was used 

for the study-level comparison, while comparative systems were included in cross-study 

comparison and figures. For the studies that evaluated multiple dyes, decolorization 

efficiencies are reported as ranges to reflect the intra-study variability and highly dye-

dependent performances.  

 

Table III Study characteristics and peak performance 

ID No. System type Matrix Dye class(es) 

Max. 

Decolorization 

(%) 

Time to 

max 

1 Free 
Synthetic & 

real WW 

Multiple classes (e.g. 

azo, thiazine, 

triphenylmethane) 

20–89 % 24 h 

2 Immobilized 
Synthetic & 

real WW 

Azo, Real WW spiked 

with Congo Red 
90–98 % 60 min 

3 
Hybrid (LT-

EC/EC-LT) 
Real WW 

Real textile WW (dye 

classes not specified) 
51–80 % 72 h 

4 Immobilized 
Synthetic 

solution 
Reactive, Disperse 83–90 % 120 h 

5 
Hybrid (Free + 

EMR) 
Real WW 

Real textile WW 

(disperse azo 

identified) 

95–97 % 6–20 h 

6 
Combination 
(immobilized 

LMS) 

Synthetic 

solution 

Triphenylmethane, azo, 

anthraquinone 
80–100 % 4–5 h 

7 Free 
Synthetic & 

real WW 

Azo; anthraquinone; 

triphenylmethane, real 

WW (dye classes not 

specified) 

84–100 % 
5–30 

min 

8 Free 
Synthetic 

solution 
Azo 68–99 % 72 h 
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9 Immobilized 
Synthetic 

solution 
Acid dyes 71–84 % 4 h 

10 Immobilized 
Synthetic 

solution 
Azo dyes 64 % 30 min 

11 Immobilized 
Synthetic 

solution 
Azo dyes 98 % 4 h 

12 Whole-cell 
Synthetic & 

real WW 

Reactive dyes, disperse 

dyes 
38–98 % 

24–120 

h 

13 LMS 
Synthetic 

solution 

Azo, triphenylmethane, 

indigoid 
76–100 % 12 h 

14 Free 
Synthetic 

solution 
Anthraquinone 97 % 4 h 

15 LMS 

Synthetic & 

simulated 

textile 

effluent 

Multiple classes (e.g. 

azo, indigoid, 

anthraquinone) 

0–99 % 
0.5–200 

h 

16 
Hybrid 

(immobilized 

LMS + EMR) 
Synthetic Azo dyes 30–100 % 

1 

filtration 

cycle 

17 
Hybrid 

(Whole-cell + 

AOPs) 

Synthetic 

solution 
Azo 100 % 4 

18 
Combination 
(immobilized 

LMS) 

Synthetic 

solution 

Triphenylmethane, 

anthraquinone, azo 
21–64 % 24 h 

19 
Hybrid 

(immobilized + 

biofilter) 

Synthetic 

solution 
Azo 17–27 % 60 min 

20 Free 
Synthetic 

solution 

Triphenylmethane, 

anthraquinone 
55–90 % 0.5–2 h 

21 Whole-cell 
Synthetic 

solution 
Azo, triphenylmethane 71–82 % 3 h 

22 Free (enhanced) 
Synthetic 

solution 
Indigoid dye 6–93 % 0.5–24 h 

23 Free Real WW 
Real textile WW (dye 

classes not specified) 
- - 

24 Free 
Synthetic 

solution 

Azo, triphenylmethane, 

thiazine 
21–99 % 24 h 

25 LMS 
Synthetic 

solution 

Azo, triphenylmethane, 

anthraquinone 
0–89 % 1–24 h 

26 
Whole-cell 

(EMAL) 
Synthetic 

solution 
Azo dyes 62–96 % 

84–120 

h 

27 
Combination 
(immobilized 

LMS) 

Synthetic 

solution 

Triphenylmethane, azo, 

anthraquinone 
75–100 % 2 h 

28 Whole-cell 
Synthetic 

solution 
Triphenylmethane, azo 83–97 % 120 h 

29 LMS 
Synthetic 

solution 

Triphenylmethane, azo, 

anthraquinone 
55–90 % 6 h 

30 Immobilized 
Synthetic 

solution 
Azo 95 % 3 h 

31 Immobilized 
Synthetic 

solution 
Anthraquinone 71 % 3 h 
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32 
LMS (multiple 

configurations) 
Synthetic 

solution 
Azo, anthraquinone 60–95 % 10 h 

33 LMS 
Synthetic & 

real WW 

Azo, anthraquinone, 

indigoid, real WW 

(dye classes not 

specified) 

62–100 % 2–8 h 

34 

Combination 
(immobilized 

whole-cell 

system) 

Synthetic 

solution 

Multiple classes (e.g. 

azo, anthraquinone, 

triarylmethane) 

0–61 % 48 h 

35 Immobilized 
Synthetic 

solution 
Anthraquinone dyes 85–90 % 

45 min 

– 24 h 

36 Whole-cell 
Synthetic 

solution 

Reactive dyes, disperse 

dyes, direct dyes 
8–96 % 96 h 

37 

Hybrid 
(immobilized + 

nanoflower 

membrane) 

Synthetic 

solution 

Indigoid, 

anthraquinone, azo 
83–99 % 3–10 h 

38 Immobilized 
Synthetic 

solution 
Azo 85–91 % 12–15 h 

39 Immobilized 
Synthetic 

solution 
Anthraquinone 95 % 12 h 

 

As can be seen from the Table III, the achieved maximum decolorization values are overall 

relatively medium-high. However, the results show clear intra- and inter-study variability 

which in strongly dye-dependent in terms of decolorization. A clear variation is also caused 

by the laccase system type when examining the time-to-max values.  

 

7.2.1. Effect of Laccase System Type on Efficiency 

These included studies (No.1–39) were divided by laccase system types to enable 

comparison between studies that differed in several experimental variables, while 

maintaining consistency and acknowledging differences in study designs and outcomes. The 

system types were categorized as free, immobilized, hybrid, laccase-mediator system 

(LMS), and whole-cell. In addition, a combination system was included to represent studies 

that integrated multiple laccase-based systems (e.g. No.6 immobilized LMS and No.34 

immobilized whole-cell system), and therefore could not be directly assigned to a single 

system type. In this context, combination systems were defined as integrations within 

laccase-based enzymatic or biological systems, such as immobilized LMS or immobilized 

whole-cell systems. In contrast, hybrid systems were defined as integrations of biological 
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laccase-based treatment with distinct physicochemical treatment processes, including 

electrocoagulation, membrane filtration, or advanced oxidation processes. This 

classification framework was applied consistently across all included studies to support 

structured comparison of system performance. 

Figure 6 below aims to illustrate the variability as a cross-study comparison based on time 

and performance by showing the relationship between maximum decolorization efficiency 

and reaction time for different laccase system types. In the Figure, each datapoint represents 

one outcome (dye/sample) and it includes both primary and comparative systems. 

 

 

Figure 6 Relationship between maximum decolorization efficiency and reaction time for 

different laccase system types. Note: Reaction time is presented on a logarithmic scale 

to adapt values spanning minutes to days 

 

The figure shows how the effectiveness of different system types varies greatly between 

reaction time and the dye studied. Free laccase systems showed highly varying performance: 

high decolorization efficiencies (≥ 90%) were achieved over short reaction times (0.5–1 h) 

as well as over longer reaction times (24 h). Similarly, low decolorization efficiencies were 

reported over both short and long reaction times, thus directly demonstrating the dye-

dependent limitations of laccase enzyme-based dye removal processes.  
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Similar to the case of free laccase, LMS showed very dye dependent and highly varying 

performance across studies, and the results varied widely despite the used mediator (ABTS, 

HBT…). With the shortest reaction times (0.5–2 h), decolorization efficiencies varied from 

0 % to 78 % at highest. Highest efficiencies (≥ 80–100 %) were achieved between 2–12 

hours. However, this reaction time span also resulted in low-to-medium decolorization 

efficiencies (0–60 %). With longer reaction times (24 h), the dye dependent performance 

continued strong (e.g. 0–89 % [No.25]).  

The immobilized laccase systems showed altogether high decolorization ability (avg. 83.51 

% across studies). They achieved high decolorization with azo, reactive, disperse, and 

anthraquinone dyes, with over short reaction times (e.g. 1 h; 98 % [No.2]) and over long 

reaction times (e.g. 120 h; 90 % [No.4]). 

Hybrid systems showed relatively high decolorization efficiencies, averaging 73.3 % across 

studies. A correlation between longer reaction times and higher decolorization efficiencies 

is showing, but due to very limited evidence on shorter reaction times, this assumption 

remains flimsy. However, hybrid systems resulted in high decolorization, with best 

performing hybrids being No.37 (immobilized laccase + nanoflower membrane) and No. 17 

(Whole-cell + AOPs). Study No.37 reported high decolorization of indigoid, azo and 

anthraquinone dyes (84–99.5 %) over reaction times 3 h and 10 h, which is relatively short 

time compared to many other studies, given that the average reaction time, including all 

outcomes, is approximately 27 hours. Whole-cell + AOPs system achieved 100 % 

decolorization of Remazol Yellow RR over 4 h. As with other systems, the hybrid systems 

also showed some dye dependency. Hybrid EMR system[No.16] resulted simultaneously very 

high and low-to-medium decolorization efficiencies for some azo dyes, varying from 96 % 

to 100 % at highest, and 30 % and 65 % at lowest. The lowest decolorization rates of hybrid 

systems were achieved with short reaction times (1 h), resulting poor decolorization of just 

17–27 % with immobilized laccase + biofilter [No.19]. Studies No. 3 (Laccase treatment + 

Electrocoagulation) and No. 5 (Free laccase + EMR) used real textile wastewater in their 

studies. LT-EC system required relatively long reaction time (72 h) but achieved medium-

to-high decolorization ranging between 51–81 %. The hybrid EMR system achieved high 

real wastewater decolorization with both batch and continuous operations (6 h; 97 %, 20 h; 

95 %).  
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Interestingly, differing from other systems, combination systems exhibited inverse trend 

between decolorization efficiencies and time-to-max values, as lower decolorization 

efficiencies could be associated with higher time-to-max values, suggesting that increased 

system complexity may present mediator instability or progressive enzyme degradation that 

could limit the achievable decolorization regardless the increased reaction times. However, 

the proportion of these combination systems was relatively small resulting in fewer 

outcomes despite the examination of multiple different dyes. So even though these outliers 

formed apparent pattern, these observations cannot be straightly used to support generalized 

conclusions. Immobilized LMS systems (No.6, No.18, and No.27) achieved higher 

decolorization efficiencies with shorter reaction times. Highest decolorization values were 

achieved with triphenylmethane dyes over shorter reaction times (2–4 h; 80–100 %). 

Achieved decolorization outcomes with higher time-to-max values remained lower. 

Immobilized whole-cell system[No.34] examined decolorization with longer reaction times (48 

h) resulting in poorer decolorization efficiencies compared to other combination system 

studies, results ranging only from 0 % to 60 % simultaneously showing clear dye 

dependency.  

Whole-cell laccase systems also achieved relatively high decolorization, averaging 76.2 % 

across studies. However, whole-cell systems generally required extended reaction times 

(typical range 84–120 h) to achieve maximum decolorization. Across the reviewed studies, 

this appeared to be associated with the growth-dependent nature of enzyme production. In 

several cases, laccase activity increased gradually, reaching its peak only after extended 

incubation (around 96 h). In fungal systems, ligninolytic enzymes were associated with 

secondary metabolism, further delaying the start of strong catalytic activity. Additionally, 

factors such as substrate toxicity, oxygen availability, and the need for enzyme induction 

were reported to influence performance. Overall, these findings suggest that the longer 

reaction times observed in whole-cell systems are primarily related to biological production 

constraints rather than low catalytic efficiency of the laccase enzyme itself. Notably, studies 

that examined free laccase performance separately (i.e. primary vs. comparative system) 

observed significantly shorter reaction times, thus supporting the hypothesis that enzyme 

production kinetics represent the primary bottleneck in whole-cell systems. Nevertheless, 

studies No.17 and No.21 reported high decolorization of azo and triphenylmethane dyes (71–

82 % [No.21] and 90 % [No.17]) within notably shorter reaction times (3–9 h), under optimized 

laboratory conditions using pre-grown cultures, suggesting that when operating conditions 
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are optimized and enzyme production is already established, biological rate limitations may 

be reduced.  

Overall, research on real textile wastewater was limited, but the shown performance varied 

considerably between different laccase systems types. In the few available studies, free and 

whole-cell systems showed relatively low efficiencies under the tested conditions. For 

example, a free laccase system[No.2] achieved only 8.68% and 2.18% decolorization of 500 

mg·L-1 and 1000 mg·L-1 textile wastewater within 1 hour. Even with remarkably longer 

reaction time of 120 h, the whole-cell system[No.12] reached only 38% decolorization. In 

contrast, the same study[No.2] reported that the immobilized laccase system achieved 

substantially higher efficiencies, reaching 95.73 % and 92.29 % decolorization of 500 mg·L-

1 and 1000 mg·L-1 wastewater within 1 hour. Laccase mediator-systems on the other hand 

demonstrated more variable performance. Study No.3 reported moderate decolorization 

(46% and 19.8 %) for two different wastewater samples over 72 h, whereas No.15 achieved 

higher removal (83 % and 92 %) of simulated textile effluent, albeit over extended reaction 

times (200 h). Whereas study No.33 reported 62 % decolorization of real wastewater within 

only 2 hours.  

These differences are likely to reflect the highly complex nature of textile wastewater, which  

may contain mixture of dyes, surfactants, heavy metals, and high salt concentrations. These 

factors can, for example, inhibit enzyme activity and thereby influence the overall 

decolorization performance of different laccase systems.  

Based on reviewed studies, the comparatively strong performance of immobilized systems 

may be explained by enhanced enzyme stability and protection against inhibitory compounds 

present in wastewater, whereas free enzyme systems are more prone to deactivation. Whole-

cell systems may be constrained by growth-dependent enzyme production and oxygen 

availability. LMS may increase redox capability, but their performance depends greatly on 

the mediator stability and interactions with wastewater components. 

 

7.2.2. Influence of Dye Class  

As stated, the decolorization results showed dye-dependency across reviewed studies. 

However, direct comparison between individual dyes is difficult given the many inter-study 
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variables. In order to execute a coherent examination and comparison of different dyes, the 

dyes and their decolorization outcomes were categorized based on their structure 

(chromophore) into azo, anthraquinone, indigoid, triphenylmethane, and thiazine dyes.   

The first major observation was that the literature is heavily azo-dominated. This thus means 

that any overall average decolorization efficiencies in this SLR are strongly influenced by 

azo dyes as other dye classes (e.g. thiazine) were left underrepresented. Figure 7 below 

shows boxplot representation of maximum decolorization efficiencies by dye classes across 

reviewed studies, with whiskers indicating variability and separate points individual outliers.  

 

 

Figure 7 Maximum decolorization efficiencies by dye class 

 

Overall, clear differences were observed in median decolorization efficiencies between dye 

classes. Anthraquinone and indigoid dyes exhibited highest median decolorization 

efficiencies across studies, 83 % and 86 % respectively. Anthraquinones were consistently 

well decolorized with moderate variability. However, while indigoid dyes showed strong 

performance, the interpretation of these results should be done cautiously as the sample size 

remained low (n=12) among reviewed studies.  

D
ec

o
lo

ri
za

ti
o

n
 e

ff
ic

ie
n

cy
 (

%
)

0

10

20

30

40

50

60

70

80

90

100

Azo Anthraquinone Indigoid Triphenylmethane Thiazine



57 

 

Azo and triphenylmethane dyes showed moderate median efficiencies (≈ 70 %) but with 

substantially high variability within both classes. Azo dyes consisted of the largest 

proportion of a dataset (n=115) and showed very high variability, showing strong system-

dependent behavior and that some azo dyes are more easily decolorized as others remain 

more resistant regardless of the system type. Interestingly, thiazine dyes exhibited 

consistently limited decolorization (median ≈ 0 %) across studies and system types even 

over longer reaction times. However, as the percentage of these thiazine dyes was small 

(n=7) among reviewed studies, this observation should be interpreted cautiously. But even 

with limited number of studies, this pattern is suggesting that thiazine dyes are potentially 

more recalcitrant and structurally resistant to laccase-catalyzed chromophore oxidation.  

Additionally, besides the extent of decolorization, the structural chromophore type 

influenced the reaction times required to reach the maximum decolorization efficiencies. 

Both anthraquinone and indigoid dyes generally achieved high decolorizations within 

relatively shorter reaction times, especially with laccase-mediator system (e.g. RBBR 90 %; 

4 h (comparative system) [No.14], Reactive Blue 4 90 %; 3 h [No.15], Indigo Carmine 100 %; 2 

h [No.33] and 99.4 %; 3 h [No.15]), suggesting good redox compatibility with laccase systems. 

In contrast, azo and triphenylmethane dyes exhibited considerable variability in both 

decolorization (0–100 %) and time-to-max values (30 min–120 h), reflecting the structural 

heterogeneity and strong system dependency. Thiazine dyes remained recalcitrant even with 

longer reaction times, for example, only 18 % decolorization of Methylene Blue was 

reported within 48 h in a combination system[No.34], indicating potential structural 

incompatibility with laccase-mediated oxidation. 

 

7.2.3. Dye Class × Laccase System Type 

When interpreting interactions between dye classes and laccase system type, azo dyes exhibit 

meaningful pattern which suggests that laccase immobilization enhances the decolorization 

of azo dyes more effectively than mediator addition. The median decolorization efficiency 

of immobilized systems was highest (≈ 90%), whereas LMS remained notably lower (≈ 

60%). This indicates that operational stability (e.g., improved enzyme stability) may be more 

important than increasing oxidation strength via mediators for azo dye decolorization. 
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Overall, immobilized and hybrid systems demonstrated higher median decolorization 

efficiencies compared to free and LMS systems (≈ 60–70 %).  

Anthraquinone dyes appeared to benefit from both immobilization and mediator addition, as 

LMS and immobilized laccase systems showed high median decolorization efficiencies 

(≈85–87 %). This suggests that mediator addition may enhance chromophore oxidation, 

possibly due to redox limitations in free enzyme systems. In contrast, free and combination 

systems exhibited lower decolorization efficiencies for anthraquinone dyes (≈ 60–70%). 

Based on the reviewed studies, indigoid dyes demonstrated strong mediator dependency. 

The median decolorization efficiency of laccase-mediator systems was high (≈ 99%), 

whereas free laccase systems achieved only moderate efficiencies (≈ 57%). This indicates 

that mediator-assisted oxidation plays a crucial role in indigoid dye decolorization. 

For triphenylmethane dyes, whole-cell systems appeared to be particularly effective (median 

≈ 85 %), suggesting that cellular systems may provide additional decolorization pathways 

beyond laccase alone. Combination systems showed moderate decolorization but did not 

surpass whole-cell systems. Interestingly, free laccase systems outperformed LMS, which 

did not improve decolorization performance consistently. As stated previously, thiazine dyes 

exhibited remarkably lower decolorization efficiencies across system types, suggesting 

structural incompatibility with laccase oxidation under reported conditions. Based on the 

limited amount of reviewed studies, no system type notably improved thiazine dye 

decolorization; mediator as well as combination systems did not provide noticeable 

enhancement. 

The dyes were also categorized according to application type (reactive, disperse, direct, and 

acid dyes). The observations were generally consistent with those described above, most 

likely resulting from the grouping of structurally diverse chromophores within same 

category (e.g. reactive azo and reactive anthraquinone dyes). Immobilization improved 

decolorization efficiency across all application classes, whereas LMS enhanced 

decolorization of acid dyes, but performed poorly for reactive, disperse, and direct dyes. 

Immobilized and hybrid systems exhibited improved decolorization of reactive dyes, 

whereas these dyes remained relatively resistant under free and LMS systems. Acid dyes 

demonstrated generally good decolorization across laccase system types, while disperse and 
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direct dyes showed variable performances, which is likely due to the structural heterogeneity 

within these categories.  

However, the relatively small sample sizes of certain application classes represent an 

important limitation when comparing decolorization performance, as the application 

classification was assigned only when the dye name or the original study explicitly indicated 

its application type. This categorization, however, did not provide additional insights, as 

decolorization efficiency appeared to be more strongly influenced by chromophore structure 

than by textile application method. Nevertheless, application-based classification remains 

relevant from an industrial perspective when considering laccase-based treatment 

approaches. 

Overall, immobilized systems exhibited a positive effect for azo and anthraquinone dyes, 

suggesting that enzyme stability and reusability may improve chromophore removal across 

multiple dye classes. LMS showed structural selectivity by significantly improving the 

decolorization efficiencies of both anthraquinone and indigoid dyes, but not azo, 

triphenylmethane, and thiazine dyes, indicating that the mediator effectiveness depends on 

chromophore characteristics. These findings highlight that the dye’s chromophore structure 

plays a central role in determining how effectively different laccase system configurations 

perform, ultimately influencing the selection of the most appropriate treatment approach. 

 

7.2.4. Limitations 

Following limitations should be acknowledged. First, dye classes were unevenly 

represented, with azo dyes comprising the largest proportion; therefore, the conclusions 

made for well-represented structural classes (such as azo and anthraquinone dyes) are more 

reliable than those for less represented classes (such as thiazine and indigoid dyes). 

Second, structural classification was assigned only when sufficient information (e.g., Colour 

Index or structural description) was available. Dyes identified only by trade name were 

excluded from structural analysis to avoid speculative categorization.  

Third, the represented dataset only reflects the effectiveness of decolorization and does not 

indicate complete molecular dye degradation. 
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Despite these limitations, consistent structural trends across system configurations suggest 

that chromophore chemistry plays a central role in determining laccase-based decolorization 

performance. 

 

7.3. Sustainability Assessment of Laccase-Based Dye Treatment (RQ2) 

To address the second research question (RQ2), sustainability-related aspects of laccase-

based dye treatment were systematically evaluated across five different dimensions: (i) 

degradation, (ii) stability, (iii) reuse, (iv) toxicity reduction, and (v) real wastewater 

relevance. Only the primary laccase systems of each study were included in this analysis.  

Each study was scored on a 0–3 scale for each category based on predefined criteria. A score 

of 0 indicated no evidence, and scores from 1 to 3 reflected increasing levels of provided 

methodological evidence strength. For example, degradation evidence was scored higher 

when confirmation of structural breakdown (e.g., LC–MS, TOC reduction, NMR) was 

provided, whereas UV–Vis color disappearance alone represented limited evidence. 

Similarly, reuse was scored based on the number of reuse cycles tested. Toxicity reduction 

required direct ecotoxicological testing to receive higher scores, and real wastewater 

relevance was scored based on whether actual textile effluent was treated rather than 

synthetic dye solutions. The bar chart (Fig. 8) below shows the sustainability evidence 

distribution by laccase system type, aiming to reflect the evidence breath, not performance 

quality. The figure illustrates mean evidence scores across system types. Mean values were 

calculated in order to account the unequal representation of system types. 
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Figure 8 Sustainability evidence distribution by laccase system type 

 

As shown in Figure 8, immobilized and hybrid systems exhibit the broadest sustainability 

evidence across the evaluated categories, especially regarding the reuse and stability testing. 

Combination systems provided strong reuse evidence, while LMS systems focused on 

stability. In contrast, free and whole-cell systems exhibited comparatively limited evidence 

breadth across several evaluated sustainability dimensions.  

 

7.3.1. Sustainability Outcomes 

While the evidence scoring indicates whether sustainability aspects were examined, the 

actual study outcomes reveal whether the favorable sustainability performance was achieved 

in practice. Table IV summarizes the typical outcomes of each evaluated sustainability 

category.  
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Table IV Summary of the sustainability outcomes  

Sustainability 

Dimension 

Evidence 

Trend 
Typical Outcomes 

Strong example 

cases 
Key Limitations 

Degradation 

Overall 

moderate; 

strong 

analytical 

confirmation 

limited 

High decolorization 

frequent, but 

confirmed structural 

degradation or 

mineralization less 

common 

No.39 

(Immobilized): 

structural 

degradation 

confirmed via 

HPLC-Q-TOF-

MS and NMR; 

No.16 & No.17 

(Hybrid): 

significant 

TOC/TN/TC and 

BOD/COD 

reductions 

Decolorization 

often assumed to 

indicate 

degradation; 

actual confirmed 

degradation 

remains limited 

Stability 

Frequently 

tested (excl. 

whole-cell) 

Immobilized 

systems show 

generally improved 

thermal and pH 

stability; residual 

activity often higher 

than free enzyme 

No.37 (Hybrid): 

minimal 

efficiency loss 

over 14 cycles; 

No.38 

(Immobilized): 

continuous multi-

day stability 

Stability often 

tested only under 

laboratory 

conditions 

Reuse 

Commonly 

tested in 

immobilized 

and 

combination 

systems 

Multiple reuse 

cycles feasible, but 

gradual efficiency 

decline frequently 

observed; sustained 

long-term efficiency 

less common 

No.37 (Hybrid): 

sustained multi-

cycle (14) 

performance; 

No.2 

(Immobilized): 

extensive reuse 

testing under 

wastewater 

conditions 

Multi-cycle reuse 

often associated 

with efficiency 

loss, limiting 

long-term 

economic 

feasibility 

Toxicity 

Reduction 

Limited 

evaluation 

overall 

When tested, 

toxicity generally 

decreased after 

treatment; 

intermediate 

products 

occasionally 

exhibited residual 

toxicity 

No.10 

(Immobilized): 

multiple 

ecotoxicological 

assays confirmed 

toxicity reduction 

Environmental 

safety often 

inferred from 

color removal 

rather than 

directly tested 

Real 

Wastewater 

Relevance 

Less frequent 

but high-

impact 

evidence 

Performance in real 

textile effluent often 

more variable than 

in synthetic systems; 

successful cases 

demonstrate 

practical feasibility 

No.2 

(Immobilized): 

high 

decolorization 

efficiency with 

real textile 

effluent 

Majority of 

studies conducted 

with synthetic 

dyes, limiting 

industrial 

extrapolation 
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Many studies reported high decolorization performance rather than confirmed actual 

degradation and detoxification. In many cases decolorization was often assumed and falsely 

stated to indicate actual degradation, indicating that evidence for environmental benefit is 

often incomplete. However, strong confirmation was reported by few studies. For example, 

study No.39 (immobilized system) provided structural confirmation of dye breakdown using 

HPLC-Q-TOF-MS and NMR analyses. Similarly, hybrid systems in Studies No.16 and 

No.17 demonstrated significant reductions in TOC, TC, and BOD/COD-related parameters, 

indicating broader pollutant removal. However, many studies relied primarily on UV–Vis 

spectral changes or partial analytical methods, which provide indirect evidence of 

degradation. Thus, while decolorization was frequently achieved, complete structural 

degradation was less consistently demonstrated. 

Reusability was one of the most frequently tested sustainability aspects, especially with 

immobilized and combination systems. However, the outcomes revealed considerable 

variation in long-term operational performances. Several studies (e.g. No.9, No.10, No.11, 

No.15) reported declining decolorization efficiency and enzyme activity over reuse cycles, 

suggesting potential limitations in long-term stability. In contrast, some studies 

demonstrated strong reusability. For instance, study No. 37 (hybrid system) managed to 

maintain efficiency over 14 reuse cycles (Δ ≈ 0.96 %), and study No.38 (immobilized system) 

was able to achieve continuous multi-day operation with sustained performance. Study No.2 

further demonstrated extensive reuse testing under wastewater-relevant conditions. 

Thermal and pH stability were frequently evaluated, particularly with immobilized and LMS 

systems. In general, immobilization improved enzyme stability compared to free laccase, 

resulting in higher residual activity under elevated temperatures or broader pH ranges. 

However, stability was typically assessed under controlled laboratory conditions, and fewer 

studies examined stability under fluctuating or long-term industry-corresponding scenarios. 

Only fewer studies assessed toxicity reduction compared to reuse and stability. Some studies 

conducted direct ecotoxicological assessments, such as study No.10 (immobilized), which 

included all microbial, phytotoxicity, and cytotoxicity evaluations. These results provided 

strong support for environmental safety claims. However, many studies inferred 

environmental improvement solely from decolorization perspective, without direct 

assessment of toxicity. This represents a significant limitation when evaluating 

environmental sustainability. 
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Studies with real textile wastewater was less common but particularly important regarding 

practical relevance. Study No.2 (immobilized) demonstrated high decolorization efficiencies 

with real textile effluent in high concentrations (95.73 %; 500 mg·L-1 and 92.29 %; 1000 

mg·L-1), thereby providing strong practical validation. In contrast, numerous studies relied 

on synthetic dye solutions or model effluents, which may not fully represent the complexity 

of industrial wastewater, and therefore limit industrial applicability assessment.   

 

7.3.2. Alignment with Sustainable Development Goals 

Aiming to further frame sustainability implications, achieved outcomes were evaluated 

against Sustainable Development Goals 6.3 (Improve water quality), 6.4 (Water-use 

efficiency) and 14.1 (Reduced marine pollution), by using a 0–4 scale ranging from no 

evidence to strong evidence. Unlike with the sustainability evidence matrix, SDG scoring 

was directly based on achieved outcomes, not breadth of literature evidence.  

Studies that demonstrated high decolorization efficiency with real textile wastewater, 

combined with reduced pollutant loading or confirmation of structural degradation (e.g. 

No.3, No.7, No.17 and No.23) provide the strongest evidence of contribution to SDG 6.3. 

These findings indicate that laccase-based systems can reduce visible pollution and further 

improve the quality of water by toxicity reduction.  

Nevertheless, declining enzyme activity and decolorization efficiency across reuse cycles 

observed in several studies indicates that long-term efficiency remains a challenge for 

laccase systems and therefore effecting its contribution to SDG 6.4. Studies that 

demonstrated sustained multi-cycle reuse (e.g. No.2, No.30, and No. 37) suggest that 

immobilization strategies can enhance enzyme lifespan and reduce resource consumption. 

Additionally, improved stability under varying temperature and pH conditions further 

support operational feasibility. Overall, while laccase systems show potential for resource-

efficient wastewater treatment, some operational and economic optimizations are still 

required.  

The contribution of laccase enzyme to SDG 14.1 was interpret mainly through following 

aspects: reduced dye discharge into aquatic environments, lower organic pollutant load, and 

reduced toxicity of treated effluent. Studies that included toxicity testing (e.g. No.10) 
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provided strong support for this target. However, in many cases, reduced marine pollution 

is inferred from decolorization rather than directly demonstrated ecotoxicological or 

receiving-water assessments. Thus, contribution to SDG 14.1 remains probable but often 

indirect.  

 

7.4. Integrated Synthesis 

Based on synthesized findings of the reviewed studies, it becomes apparent that laccase 

enzyme itself represents the central driver of dye decolorization performances, while system 

configurations primarily modify its operational stability and efficiency. Across the 39 

reviewed studies, laccase enzyme demonstrated broad substrate range by being able to 

decolorize azo, anthraquinone, indigoid, and triphenylmethane dyes. This range highlights 

the inherent oxidative versatility of multicopper oxidases when targeting diverse 

chromophoric structures.  

However, results revealed clear enzyme-related limitations as the performance was strongly 

dye-dependent, suggesting that laccase-based oxidation is being charged by chromophore 

chemistry and redox accessibility, rather than enzyme presence or system configurations 

alone. Anthraquinone and indigoid dyes exhibited generally high decolorization efficiencies 

and shorter reaction times (Mdn. 83 %; Mdn. 6 h and Mdn. 86 %; Mdn. 3 h, respectively), 

suggesting favorable redox compatibility with laccase enzyme. Azo dyes, on the other hand, 

demonstrated notable variability (0–100 %; 30 min–120 h), which likely reflects the 

structural diversity within the class. Thiazine dyes showed consistently limited 

responsiveness (decolorization Mdn. 0 %), suggesting structural resistance to laccase-based 

oxidation. These observations indicate that the chromophore structure leads the outcome 

more fundamentally than system configuration, as these trends were persistent across system 

types.  

Important consideration is that the high decolorization does not consistently correspond to 

confirmed molecular degradation. While laccase was shown to effectively disrupt 

chromophores, actual degradation and detoxification were only proven in a subset of studies, 

albeit in many cases decolorization was often assumed to indicate dye degradation. 
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Therefore, the compatibility of the dye and enzyme determines catalytic efficiency, but 

environmental benefit remains dependent on verified degradation.  

 

7.4.1. Structural Compatibility and System Configuration 

As stated, review findings strongly indicate that decolorization efficiency is primarily 

determined by the structural compatibility between laccase enzyme and dye, whereas 

different system configurations mainly affects  how stable and efficient the process is in 

practice under operational conditions.  

Free laccase systems, in many cases representing the comparative baseline of inherent 

enzyme capability, provided direct insight of the catalytic potential of laccase enzyme 

without stabilization or redox extension mechanisms. In several cases, free laccase achieved 

notable decolorization with structurally compatible dyes. However, performance often 

declined over time due to enzyme inactivation, limited stability under varying pH or 

temperature conditions, and lack of reusability. Thus, free systems reveal the intrinsic 

efficiency of the enzyme but also its practical limitations. 

Among the reviewed studies, immobilization emerged as the most effective configuration 

for improving operational performance. By anchoring the enzyme onto solid supports, 

immobilized systems generally demonstrated enhanced thermal and pH stability, improved 

resistance to deactivation, and suitability for multi-cycle reuse. Importantly, immobilization 

does not alter the inherent redox chemistry of laccase, but it assists to preserve catalytic 

activity over extended periods. Laccase–mediator systems are able to extend the effective 

redox range of the laccase enzyme via electron-transfer mediators. This proved to be 

beneficial for certain dyes, especially for anthraquinone and indigoid. However, mediator 

addition did not in all cases improve performance across all dye classes, indicating that redox 

extension does not overrule the dye–enzyme structural compatibility.  

Hybrid and combination systems integrated stabilization and redox-extension strategies and 

frequently demonstrated strong overall performance. However, the available evidence 

among reviewed literature remains comparatively limited, restricting broad generalization. 

Whole-cell systems demonstrated more variable outcomes (decolorization range 8–98 %) 

and were less consistently represented in the reviewed studies, limiting broad conclusions 
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regarding their comparative effectiveness. In general, whole-cell configurations tended to 

show notably longer reaction times (Mdn. 96 h) compared to other systems configurations. 

The longer reaction times observed in most of the whole-cell systems may be related to the 

biological regulation of enzyme production, however, more detailed mechanistic assessment 

was beyond the extent of the reviewed studies. While effective decolorization was achieved 

with certain dyes (e.g. Reactive Blue 19 96 %; 96 h [No.36] and Congo Red 97 %; 120 h [No.28]), 

decolorization performance with real wastewater remained low. These observations suggest 

that whole-cell systems may be efficient for single synthetic dyes but struggle with complex 

industrial matrices. 

Overall, these findings further indicate that the structural compatibility between laccase and 

the dye forms the primary foundation for decolorization success. Although system 

configurations, such as immobilization, mediator addition, and hybrid integration, modify 

stability, redox accessibility, and operational robustness, they do not overrule intrinsic dye–

enzyme compatibility. The continuum of dye-dependent performance across system types 

reinforced that chromophore chemistry control decolorization outcome more fundamentally 

than system configuration. Thus, effective application of laccase-based dye treatment 

requires consideration of enzyme-dye compatibility along with appropriate system-level 

optimization.  

 

7.4.2. Performance Implications, Sustainability Trade-offs, and Research Gaps 

The performance and sustainability evidence findings shows that laccase-based dye 

treatment systems present considerable potential but associate with noteworthy limitations 

and research gaps. While high decolorization efficiencies were frequently achieved under 

optimized laboratory conditions, a comprehensive validation of environmental performance 

remains inconsistent across the reviewed literature. 

A commonly cited advantage of laccase is its ability to function under relatively moderate 

laboratory conditions, and thus potentially reduce energy demand and reliance on harsh 

chemical oxidants. This feature aligns with cleaner production concepts and encourages the 

application of biocatalytic processes in environmentally focused wastewater treatment. 

However, the practical sustainability of this advantage depends on the compatibility between 
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enzyme optimal conditions and actual wastewater characteristics, as textile effluents exhibit 

highly varying pH levels that may require adjustment prior to enzymatic treatment, thus 

introducing additional operational considerations. Therefore, sustainability claims must be 

evaluated within realistic industrial contexts rather than optimized laboratory conditions 

alone.  

The central trade-off emerge between reported efficiency and confirmed environmental 

remediation. Although rapid and high decolorization was commonly reported, molecular 

degradation, mineralization, and toxicity reduction were assessed only in subset of reviewed 

studies. In several cases, decolorization served as the primary performance indicator, 

creating a gap between the apparent treatment success and actual verified environmental 

safety.  

Operational stabilization strategies further illustrate this balance. Laccase immobilization 

enhanced enzyme stability and enabled multi-cycle reuse, thus improving practical 

feasibility. However, sustained catalytic efficiency across extended reuse cycles was not 

universally maintained. Additionally, mediator-assistance extended redox accessibility for 

some dye classes but introduced additional chemical components which environmental 

consequences were not systematically evaluated. Thus, these strategies designed to enhance 

performance may simultaneously introduce new sustainability considerations.  

Several structural research gaps were consistently observed. Real textile wastewater 

validation was notably more limited compared to experiments conducted with synthetic dye 

solutions. Comprehensive degradation and mineralization assessment as well as ecotoxicity 

evaluation were rarely performed. In addition, unequal representation of dye classes, 

especially the dominance of azo dyes across literature, may influence generalized 

conclusions regarding overall performances. 

Collectively, these findings suggest that although laccase-based dye treatment systems 

demonstrate strong catalytic versatility and possess considerable potential as a biological 

alternative to conventional methods, particularly when structural compatibility is favorable 

and operational stabilization strategies are employed, the field remains for the most part 

laboratory-oriented. Future research would benefit from integrated evaluation that 

simultaneously assess decolorization efficiency, confirmed degradation, toxicity reduction, 

operational stability, and performance with real wastewater matrices. Such comprehensive 
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approaches are necessary to transform laccase-based dye treatment from experimental 

studies toward practical and sustainable industrial implementation. 

 

7.4.3. Integrated Answers to the Research Questions 

Research Question 1 

The reviewed studies demonstrate that laccase achieves a wide range of decolorization 

efficiencies depending on dye structure, system configuration, and experimental conditions. 

High decolorization efficiencies were often reported, especially for anthraquinone and 

indigoid dyes, whereas azo dyes exhibited notable variability, and thiazine dyes showed 

consistently limited responsiveness. These findings indicate that decolorization efficiency is 

largely due to the structural compatibility between laccase and the dye chromophore. 

System configurations influenced operational performances but did not overrule structural 

limitations, as dye-dependency proceeded across reviewed studies and different systems 

configurations. Immobilized systems often maintained high and more stable efficiencies, 

while LMS systems improved performance for specific structurally compatible dyes but did 

not universally enhance decolorization. Hybrid, combination and whole-cell systems 

demonstrated promising results, although evidence remained comparatively limited. Free 

laccase systems revealed the inherent catalytic capability of the laccase enzyme, but they 

were constrained by limited stability and reusability.  

In contrast to decolorization, confirmed molecular degradation and mineralization were less 

consistently demonstrated. Although structural breakdown was verified in few studies, 

comprehensive degradation assessment and toxicity reduction were not frequently executed. 

Therefore, although high decolorization efficiencies were often reported, confirmed 

degradation was less consistently demonstrated in the literature.  

Research Question 2 

From the sustainability perspective, laccase-based dye treatment offers several potential 

advantages. Laccase enzyme is able to operate under relatively moderate reaction conditions 

and can thus reduce the reliance on strong chemical oxidants and reduce energy demand. 

Immobilization strategies enable reuse and enhance stability, thereby supporting resource 
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efficiency. In a few cases, confirmed degradation, toxicity reduction, as well as real 

wastewater validation demonstrate meaningful environmental benefits.  

However, important limitations remain. High decolorization efficiency does not consistently 

correspond to confirmed molecular degradation or detoxification. Toxicity assessments were 

limited across the literature, and real textile wastewater validation was comparatively rare. 

Thus, operational stability under industrially relevant conditions requires further 

investigations. Additionally, mediator-assisted systems introduce additional chemical 

components which may potentially cause new sustainability considerations. 

Therefore, although laccase-based dye treatment exhibits promising potential under 

laboratory conditions as a biological alternative to conventional methods, its sustainability 

potential requires comprehensive assessment beyond decolorization metrics alone.  
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Experimental part 

This section examines the decolorization of three different dyes by using laccase from white-

rot fungi Trametes pubescens. This experimental part complements the literature-based 

research of this study by providing assessment of practical performance before overall 

conclusions of the research. Chapter 8 presents the materials and methods applied in the 

study, including used dyes and chemicals, experimental setup and conditions, and analytical 

methods. Chapter 9 focuses on the experimental results and discussion leading to final 

summarization of experimental findings.  

 

8. Materials and Methods 

The raw data used and examined in this experimental part was obtained at Ceit-IK4 Water 

and Health Division in San Sebastian (Spain) by Susana Rodríguez Couto. In addition, two 

of the examined textile dyes, Bezaktiv Blue BA and Bemaplex Navy M-T, were provided 

by CTH R. Beilich GmbH (Barcelona, Spain) for the experiments. Therefore, the exact 

chemical structures of these dyes are not disclosed. 

 

8.1. Chemicals and Dyes 

The three textile dyes used for this experiment were Remazol Brilliant Blue R (RBBR), 

Bezaktiv Blue BA, and Bemaplex Navy M-T. Both Bezaktiv and Bemaplex are metal 

complex dyes, Bezaktiv being a reactive copper-complex dye and Bemaplex an acid 

chromium-complex dye. Both of which exact structures remain not disclosed due to their 

origin from CTH R. Beilich GmbH (Barcelona, Spain). The third dye, RBBR, was from 

Sigma-Aldrich (50%), and which chemical structure is known and represented in this 

chapter. 
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These examined dyes represent different dye classes and chemical compositions, thus 

providing a comparative analysis of laccase-mediated decolorization across structurally 

different dye systems. The main information available for the studied dyes, including dye 

type, Colour Index (CI) names and numbers, as well as the chemical structure of RBBR, is 

summarized in Table V below.  

 

Table V Information of the dyes used in the experiments, including dye type, CI name, CI 

number, and chemical structure (where possible) 

Dye Dye type CI name CI No. Structure 

Remazol 

Brilliant Blue 

R 

Anthraquinone 
Reactive 

Blue 19 
61200 

 

Bezaktiv Blue 

BA 

Metal complex 

dye (Reactive 

copper-complex 

dye) 

Reactive 

Blue 235 
- Not disclosed 

Bemaplex 

Navy M-T 

Metal complex 

dye (Acid 

chromium-

complex dye) 

Acid Blue 

193 
- Not disclosed 

 

In addition to the dyes, reaction mixtures contained crude laccase enzyme produced from 

the white-rot fungus Trametes pubescens (500 U/L) and an acid buffer (succinic buffer, 20 

mM, pH 4.5). Laccase was produced under semi-solid-state fermentation conditions using 

sunflower seed shells as support substrate (Rodríguez-Couto, Osma & Toca-Herrera, 2009). 

The culture broth was collected at maximum laccase activity, filtered, clarified by 

centrifugation, and frozen prior to filtration of precipitated polysaccharides. Subsequently, 

the filtrate was concentrated using ultrafiltration (Amicon UF device, 10 kDa membrane cut-

off) before experimental use. Reaction mixtures were incubated in the dark at room 

temperature under static conditions. No additional pretreatment was applied prior to 

spectrophotometric analysis. 
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8.2. Experimental Setup and Conditions 

The experimental data used in this study were obtained from laboratory-scale decolorization 

experiments carried out at Ceit-IK4 Water and Health Division in San Sebastian, Spain. The 

experiments were performed in order to evaluate decolorization of the dyes by fungal laccase 

under controlled aqueous conditions. The reaction systems consisted primarily of the dye 

solution, buffer, and laccase enzyme. The reaction mixtures were prepared directly in 

spectrophotometric cuvettes, and the dye decolorization was monitored over time without 

additional sampling or pretreatment steps. This allowed direct monitoring of spectral 

changes during incubation. 

The experiments were conducted under acidic conditions by using succinic buffer at 

approximately pH 4.5, which is in favorable range for fungal laccase activity. Incubation 

times and initial dye concentrations varied depending on the studied dye and were selected 

individually for each experiment. Dye stock solutions (1 g·L-1 in distilled water) were used 

in the experiments. For RBBR, the initial added dye amounts were 100, 200, 400, 600, and 

800 µL, and the monitored incubation times were 0, 30, 60, and 120 minutes. For Bezaktiv, 

initial added dye amounts were 200 and 300 µL, and the incubation times were 0, 5, 20, 60, 

120, and 180 minutes. For Bemaplex, the examined initial dye amount and incubation times 

were 100 µL and 0 min,  5 min, 20 min, 60 min, 120 min, 44 h, 48 h, and 5 days. 

 

8.3. UV-Vis Spectrophotometric Analysis 

Dye decolorization was monitored by UV-Vis spectrophotometry (Helios alfa (Thermo 

Spectronic, Cambridge, UK)) by measuring adsorption spectra over defined incubation times 

throughout the reaction. Spectral measurements were performed directly from the reaction 

mixtures in cuvettes (final volume 1.5 mL), thus allowing the decolorization progress to be 

followed in situ over time. No additional sampling or pretreatment steps were applied prior 

to measurements.  

The UV-Vis spectra were recorder over the wavelength range relevant to each dye. For 

Remazol Brilliant Blue R, spectra were recorded between 350 and 800 nm, whereas for 

Bezaktiv Blue BA and Bemaplex Navy M-T the recorded range was 350–750 nm. 
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Measurements were performed at selected times depending on the dye, allowing the 

monitoring of spectral changes during early-stages of the reactions as well as over extended 

incubation periods. 

 

8.4. Data Analysis Methods 

Based on the obtained measurements of the UV-Vis spectrophotometer, the decolorization 

efficiencies were determined spectrophotometrically by integrating the area under the visible 

absorbance curve and calculating the relative decrease in absorbance according to the 

Equation 1. 

 

𝐷𝐸% =  
𝐴0 − 𝐴𝑡

𝐴0
∙ 100                                                                                                        (1) 

 

Where DE% Decolorization Efficiency, [%] 

A0 Initial absorbance, [-] 

 At Absorbance at time t, [-] 

 

The absorbances used for decolorization calculations of each dye were determined from the 

area under the curve of the UV-Vis spectra (500–700 nm). This approach takes into account 

the possible formation of intermediate compounds absorbing at different wavelengths. The 

use of absorbances for decolorization calculations is justified by the Beer-Lambert law (Eq. 

2), according to which absorbance is directly proportional to the concentration (Mayerhöfer, 

Pipa & Popp, 2019). 

 

𝐴 =  𝜀 ∙ 𝑙 ∙ 𝑐                                                                                                                            (2) 

 

Where A is absorbance [-], ε is molar absorptivity [L·mol-1·cm-1], l is path length [cm], and 

c is the concentration [mol·L-1].  
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The early-stage decolorization rate was estimated based on the decolorization percentage 

achieved at early reaction phase, which was 0–5 min or 0–30 min depending on the dye. The 

rate was estimated by converting the decolorization percentage into the corresponding 

decrease in dye concentration over time (Eq. 3). This  provides an estimation of the reaction 

rate during the early stage of the process (Boeckx et al., 2017). 

 

𝑟 =

𝐷𝐸%_𝑡

100 ∙ 𝑐0

𝑡
                                                                                                                     (3)  

 

Where DE%_t Decolorization efficiency at time t, [%] 

 C0 Initial dye concentration, [mg·L-1] 

 t Time, [min] 

 

The same approach was applied to determine the average decolorization rate over longer 

time periods, where the rate represents overall change in dye concentration during the time 

interval. These approaches follow the general principle of reaction rate estimations based on 

concentration changes over time (dc/dt). While the early-stage decolorization rate describes 

reaction behavior during initial phase of the reaction, the average rate reflects the overall 

reaction behavior over extended incubation times (Boeckx et al., 2017). 

In addition to decolorization-based rate calculations, reaction velocity (v, mM·min-1) was 

calculated similarly according to Equation 3 by using concentration units (mmol·L-1) derived 

from initial dye concentrations, which allows the expression of the rate in terms of molar 

concentration change over time. For Remazol Brilliant Blue R, the calculated reaction 

velocities were further used to generate a Lineweaver-Burk plot 1/v vs 1/c (Eq. 4), enabling 

the estimation of kinetic parameters, namely Michaelis constant (Km) and the maximum 

reaction rate (Vmax) (Aledo, 2021). This analysis was limited to RBBR due to the availability 

of its molar mass, which was required for concentration conversion.  
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1

𝑣
=

𝐾𝑚

𝑉𝑚𝑎𝑥
∙

1

𝑐
+

1

𝑉𝑚𝑎𝑥
                                                                                                            (4) 

 

It should be noted that this kinetic analysis provides an approximation of the enzyme 

behavior as the reaction rates were derived from decolorization data rather than direct 

substrate concentration measurements.  

In addition to quantitative calculations, the UV-Vis spectra were evaluated qualitatively by 

examining spectral changes over the wavelength range (350–800 nm). Particular attention 

was given to the evaluation of absorbance profiles over time, including changes in peak 

intensities, possible peak shifts, as well as the influence of dye concentration. These 

observations were used to support the interpretation of decolorization behavior, while 

recognizing that UV-Vis analysis alone does not directly confirm complete degradation. 
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9. Results and Discussion 

This chapter presents and discusses the results obtained using the methods presented in the 

preceding chapter. These findings are interpreted from the perspective of the objectives of 

this study, finalizing the basis for the overall conclusions and future prospects of this 

research. 

 

9.1. Spectral Changes and Analysis 

The UV-Vis spectra of RBBR exhibited absorption maximum (λmax) at approximately 593 

nm, and over the examined incubation time (0–120 min), a consistent decrease in absorbance 

was observed, indicating relatively effective decolorization. The position of the λmax 

remained relatively unchanged throughout the examined incubation times, suggesting that 

decolorization occurred primarily through the gradual disruption of the chromophore, as 

UV-Vis spectra exhibited gradual decrease in the absorbance, and no significant peak 

broadening was observed. However, a minor increase in absorbance in the UV region (≈ 350 

nm) was observed over time, which could indicate the formation of smaller aromatic 

degradation products, as the cleavage of chromophoric structures may lead to the generation 

of intermediate compounds that absorb in the UV region (Liu, Y., Huang & Zhang, 2009). 

Similar time-dependent decolorization trends were observed across all tested concentrations. 

These spectral changes are consistent with laccase-mediated decolorization of the dye, where 

disruption or alteration of the chromophore may lead to the loss of visible color. The minor 

increase observed in the UV region may indicate the formation of UV-absorbing 

transformation products, but their identity, toxicity, or degradation degree cannot be 

confirmed based on UV-Vis analysis alone. Figure 9 illustrates the spectral evolution of 

Remazol Brilliant Blue R across the wavelength range of 350–800 nm at different dye 

concentrations (66.67, 133.33, 266.67, 400, and 533.33 mg·L-1). 
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Figure 9  Spectral evolution of Remazol Brilliant Blue R over wavelength range of 350–800 nm 

at different concentrations; A) 66.67 mg·L-1, B) 133.33 mg·L-1, C) 266.67 mg·L-1, D) 

400 mg·L-1, E) 533.33 mg·L-1 [laccase 500 U/L, pH 4.5, room temperature]  

 

For Bezaktiv Blue BA a broad absorption band was observed in the visible region. Over 

time, a decrease in absorbance within this region was observed at both tested concentrations 

(133.33 mg·L-1 and 200 mg·L-1), indicating decolorization. The overall shape of the spectra 

remained relatively consistent throughout the examined incubation times, and no remarkable 

shift in the position of the band was observed. This suggests that the chromophore of the dye 

was progressively disrupted. Similar time-dependent trends were observed for both of the 

studied concentrations; a more noticeable decrease in absorbance during the early stages of 

the reaction, followed by a slower change rate at later time points. Altogether, the overall 

pattern of spectral change remained comparable between the studied concentrations. 

At the tested concentration (66.67 mg·L-1) of Bemaplex Navy M-T, a broad absorbance band 

was observed in the visible region (≈ 550–650 nm). Over time, a decrease in absorbance 

within this region was observed, which indicates the disruption of the chromophore and 
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decolorization of the dye. However, the decrease was less striking than in the case of RBBR 

and Bezaktiv. Nevertheless, the overall spectral shape remained consistent, no significant 

shifts in the absorption band position was observed, and no new absorption peaks were 

detected. The availability of multiple time points allowed the spectral evolution of Bemaplex 

to be examined over both short and extended incubation times. Overall, the observed spectral 

changes showed a gradual decrease in absorbance over time, indicating slow but progressive 

decolorization under studied conditions. 

Figure 10 below illustrates the spectral evolution of Bezaktiv Blue BA and Bemaplex Navy 

M-T over the wavelength range of 350–750 nm at the tested concentrations. Data from the 

5-day time point (Bemaplex) were excluded from the analysis due to clearly inconsistent 

absorbance values and unreliable results. 

 

 

Figure 10 Spectral evolution of Bezaktiv Blue BA A) 133.33 mg·L-1, B) 200 mg·L-1, and C) 

Bemaplex Navy M-T (66.67 mg·L-1) over wavelength range of 350–750 nm [laccase 

500 U/L, pH 4.5, room temperature] 
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9.2. Decolorization Efficiency 

Based on the absorbance values measured with UV-Vis spectrophotometer, the 

decolorization values were able to calculate to each dye according to Equation 1 presented 

in the previous chapter. Obtained decolorization values followed the observations made from 

the spectral evolutions of each of the studied dyes. 

The decolorization of the RBBR increased progressively with increasing incubation times 

across all tested concentrations (66.67–533.33 mg·L-1), which indicates that the enzymatic 

treatment was effective over the studied period of time. However, higher initial dye 

concentrations resulted in lower decolorization efficiencies, suggesting that higher dye levels 

may limit the efficiency of the system.  

A rapid decolorization was observed at lower concentrations, as approximately ≥ 60 % 

decolorization was achieved within the first 30 minutes. In contrast, decolorization was 

significantly reduced at higher concentrations, with values of 36.73 % and 21.71 % measured 

at 30 minutes for 400 mg·L-1 and 533.33 mg·L-1 respectively. Although decolorization 

continued to increase over time across all studied concentrations, the overall efficiency 

remained lower at higher dye concentrations.   

This trend is consistent with the observed spectral changes, which showed how the reduction 

in absorbance at the initial λmax was reduced at higher dye concentrations, indicating 

decreased decolorization efficiency. The decolorization efficiencies of Remazol Brilliant 

Blue R at different initial dye concentrations (66.67–533.33 mg·L-1) over incubation times 

(0–120 min) are presented in the Figure 11 below. 
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Figure 11 Decolorization efficiency (%) of Remazol Brilliant Blue R (RBBR) at different initial 

dye concentrations (66.67–533.33 mg·L-1) over time (30–120 min). The decolorization 

increased with incubation time for all concentrations, although higher dye 

concentrations resulted in lower overall decolorization efficiencies [laccase 500 U/L, 

pH 4.5, room temperature] 

 

Although decolorization increased over time, the reduced efficiency at higher concentrations 

highlights the potential limitations of the system under elevated dye loads. This is 

particularly relevant for practical wastewater applications, where high dye concentrations 

may reduce treatment efficiency. Overall, these results demonstrate that while laccase-

mediated decolorization of RBBR is effective, its performance may be strongly influenced 

by the initial dye concentration, emphasizing the importance of optimized operating 

conditions for practical applications.  

The decolorization efficiency of Bezaktiv Blue BA increased with incubation time with both 

examined concentrations (133.33 mg·L-1 and 200 mg·L-1), which indicates that the 

enzymatic treatment was effective over the studied period of time. A rapid decrease in color 

was observed at the early stages of the reaction, as 50.95 % and 42.77 % decolorizations 

were achieved during the first 5 minutes. The decolorization rate slowed over time, reaching 

69.26% and 67.12 % decolorization efficiencies after 2 and 3 hours. 

A concentration dependency was also observed, as the results with lower dye concentration 

consistently exhibited higher decolorization efficiencies throughout the experiment. 
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Although both concentrations followed similar time-dependent trends, the difference 

between them indicates that the increased dye concentration slightly reduced the efficiency 

of the enzymatic system. However, this effect was less pronounced compared to that 

observed for RBBR, where higher dye concentrations resulted in more remarkable reduction 

in decolorization efficiencies.  

In contrast, Bemaplex Navy M-T exhibited significantly lower decolorization behavior. 

Only limited decolorization was observed with the tested concentration (66.67 mg·L-1) at the 

early time points, as 5.96 %, 12.70 % and 19.17 % decolorization was achieved within 5, 20, 

and 60 minutes respectively. The decolorization increased gradually over time, reaching 

23.10 % at 2 hours and 35.84 % after 44 hours. A slight decrease was observed in 

decolorization efficiency between 44 and 48 hours (35.84 % ↓ 34.28 %), which may reflect 

minor experimental variability or changes in enzyme activity over extended incubation 

times. Compared to RBBR and Bezaktiv, the decolorization of Bemaplex was considerably 

slower and required notably longer incubation times to achieve moderate color removal. 

The decolorization behaviors of Bezaktiv and Bemaplex over time are illustrated in the 

Figure 12 below. 

 

 

Figure 12 Decolorization efficiencies (%) of Bezaktiv Blue BA (133.33 mg·L-1 and 200 mg·L-1) 

and Bemaplex Navy M-T (66.67 mg·L-1) over time. Bezaktiv exhibited rapid initial 

decolorization followed by a slower phase, while Bemaplex showed a slow gradual 

increase over extended incubation times [laccase 500 U/L, pH 4.5, room temperature] 
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These results are consistent with the spectral observations, which showed a gradual decrease 

in absorbance over time without significant shifts in the absorption band. Overall, these 

findings exhibit that while laccase-mediated dye treatment was effective for Remazol 

Brilliant Blue R and Bezaktiv Blue BA, it was less effective for Bemaplex Navy M-T. This 

demonstrates that both, the decolorization efficiency and decolorization rate, were strongly 

dependent on the dye, with RBBR exhibiting the highest efficiency, Bezaktiv intermediate 

efficiency, and Bemaplex the lowest performance.   

As summarized in Table VI, the maximum decolorization efficiencies and corresponding 

times vary between the examined dyes and concentrations. For RBBR and Bezaktiv, the 

highest decolorization efficiencies were observed at 133.33 mg·L-1, which indicates optimal 

range for laccase-mediated dye treatment of these dyes under studied conditions. Results 

suggest that at lower concentrations, the availability of substrate may limit the overall 

reaction, whereas at higher concentrations, the observed efficiency decrease may be due to 

limited accessibility of dye molecules to laccase enzyme active sites or other possible 

inhibition effects, including inhibitory compounds that may form during the dye treatment 

process. This demonstrates that dye concentration is important for overall process efficiency 

in laccase-mediated dye treatment. In contrast, Bemaplex exhibited significantly lower 

maximum decolorization and required substantially longer incubation times, indicating 

lower responsiveness to laccase treatment under studied conditions. 

 

Table VI Maximum decolorization efficiencies (%) and corresponding times (h) of each dye 

(RBBR, Bezaktiv Blue BA, and Bemaplex Navy M-T) at each initial dye concentrations 

(mg·L-1) under applied experimental conditions 

Dye Dye concentration Max decolorization Time-to-max 

Remazol Brilliant 

Blue R (RBBR) 

66.67 mg·L-1 

133.33 mg·L-1 

266.67 mg·L-1 

400 mg·L-1 

533.33 mg·L-1 

73.81 % 

78.23 % 

74.75 % 

69.68 % 

59.25 % 

2 h 

2 h 

2 h 

2 h 

2 h 

Bezaktiv Blue BA 
133.33 mg·L-1 

200 mg·L-1 

69.26 % 

67.12 % 

2 h 

3 h 

Bemaplex Navy M-T 66.67 mg·L-1 35.84 % 44 h 
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9.3. Kinetic Evaluation 

The kinetics of the studied laccase-mediated decolorization reactions were evaluated using 

the equations presented in the previous chapter (Eq. 3–4). The early-stage and average 

reaction rates, as well as the reaction velocities for RBBR, were calculated based on the 

decolorization data obtained from UV-Vis measurements. To examine reaction behaviors at 

the beginning of each reaction, the early-stage decolorization rates were determined using 

first time intervals, 0–5 min or 0–30 min depending on the dye. Average decolorization rates 

were calculated over longer time periods to illustrate the overall reaction behavior. 

It is important to acknowledge that the differences in the datasets and time intervals used for 

rate calculations and analysis limit the direct comparison of reaction rates between the 

studied dyes. In addition, the obtained results are based on limited datasets and apply to 

specific experimental conditions. Therefore, the kinetic evaluation was primarily focused on 

describing the overall reaction behaviors, underlying trends, and relative differences 

between the studied systems, rather than establishing detailed kinetic models. 

 

9.3.1. Reaction Rate Analysis of RBBR 

The calculated reaction rates of Remazol Brilliant Blue R were able to be evaluated across a 

wider range of initial dye concentrations compared to Bezaktiv and Bemaplex dyes. The 

early-stage decolorization rates, determined over time period of 0–30 min, increased with 

increasing dye concentrations from 66.67–400 mg·L-1, thus indicating enhanced reaction 

rates with increasing substrate availability. However, a decrease was observed at the highest 

concentration (533.33 mg·L-1), which may be due to possible limitations of the enzymatic 

systems at elevated dye levels. 

A similar trend was observed for calculated reaction velocities. In contrast, the average 

decolorization rates, calculated over longer time period (0–2 h), increased continuously with 

increasing dye concentrations, reflecting the overall extent of dye removal over longer 

periods of times. These results suggest that although increasing dye concentration initially 

increases reaction rate, excessively high concentrations may reduce the efficiency of the 
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system, potentially due to inhibition effects, enzyme saturation, or limited accessibility of 

dye molecules to laccase enzyme active sites.  

Table VII below summarizes the early-stage decolorization rates, calculated reaction 

velocities (v), and average decolorization rates of RBBR at different dye concentrations. 

 

Table VII Early-stage decolorization rate (mg·L-1·min-1, 0–30 min), reaction velocity (mM·min-

1), and average decolorization rate (mg·L-1·min-1, 0–2 h) of Remazol Brilliant Blue R 

(RBBR) at different initial dye concentrations, illustrating the effect of concentration 

on reaction kinetics 

Concentration 

(mg·L-1) 

Early-stage decolorization 

rate (mg·L-1·min-1) 

Reaction velocity, v 

(mM·min-1) 

Average decolorization 

rate (mg·L-1·min-1) 

66.67 1.3365 0.0021 0.4101 

133.33 2.7115 0.0043 0.8692 

266.67 4.4179 0.0071 1.6611 

400 4.8967 0.0078 2.3226 

533.33 3.8597 0.0062 2.6332 

 

For RBBR, the determined reaction velocity values were further used to generate a 

Lineweaver-Burk plot, thus enabling the possible estimation of kinetic parameters, namely 

the Michaelis constant (Km) and the maximum reaction rate (Vmax). Parameters were 

determined from the linearized form of Michaelis-Menten equation (Eq. 5), in which the y-

intercept corresponds to 1/Vmax and the slope to Km/Vmax. 

Based on the linear regression, the estimated values were Vmax = 0.02391 mM·min-1 and 

Km=1.0654 mM, with coefficient of determination R²=0.9897, which indicates good linear 

fit to the data. However, it is important to note that one data point corresponding to the 

highest dye concentration was omitted from the analysis due to a clear deviation from 

linearity. However, the estimated values provide an approximation of the enzymatic 

behavior under studied conditions. The Km value (≈ 1 mM) suggests moderate affinity 

between laccase and the dye, and that relatively high RBBR concentration is required for the 

reaction to reach half of the theoretical maximum reaction speed. This indicates that 

substrate availability is important for laccase-catalyzed decolorization of RBBR. However, 

the reaction velocities showed that the rate increased up to 400 mg·L-1 after which it 

decreased. Therefore, although adequate dye concentration appears necessary for supporting 
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the decolorization reaction, the observed decrease in reaction velocity at higher 

concentrations suggests that excessively high dye concentrations may negatively affect the 

reaction efficiency under the examined conditions, suggesting that dye concentration should 

be optimized rather than simply increased.  

Vmax represents the theoretical maximum reaction speed under applied experimental 

conditions where laccase is fully saturated with substrate. However, as shown in the Table 

VII, calculated reaction speeds were lower than Vmax, clearly exhibiting that the maximum 

velocity was not reached under the studied conditions. The reaction velocity increased with 

increasing RBBR concentration up to 400 mg·L-1, suggesting that higher dye availability 

initially enhanced the reaction. However, the reaction velocity decreased at 533.33 mg·L-1, 

showing that further increase in dye concentration did not improve decolorization, further 

supporting previous observation that dye concentration has an important effect on the overall 

efficiency of RBBR decolorization. 

 

9.3.2. Rate observations of Bezaktiv and Bemaplex 

The calculated reaction rates of Bezaktiv Blue BA and Bemaplex Navy M-T are summarized 

in Table VIII. For Bezaktiv, the early-stage decolorization rates (0–5 min) were relatively 

high and increased with increasing dye concentration, with the determined values being 

13.586 and 17.11 mg·L-1·min-1 at 133.33 mg·L-1 and 200 mg·L-1 respectively. The average 

decolorization rates showed 0.7695 mg·L-1·min-1 at 133.33 mg·L-1 after 2 hours and 0.7458 

mg·L-1·min-1 at 200 mg·L-1 after 3 hours, suggesting that higher substrate availability may 

not enhance overall reaction rates for Bezaktiv dye. 

In contrast, Bemaplex exhibited significantly lower reaction rates. The calculated early-stage 

decolorization rate (0–5 min) was low (0.7952 mg·L-1·min-1), and the average decolorization 

rate over extended incubation time (0–48 h) remained minimal (0.0079 mg·L-1·min-1), 

indicating slow and gradual reaction, which is also supported by earlier observations.  
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Table VIII Early-stage and average decolorization rates (mg·L-1·min-1) of Bezaktiv Bue BA and 

Bemaplex Navy M-T at different initial dye concentrations (mg·L-1) with 

corresponding time intervals used for rate calculations 

Dye Concentration  Early-stage decolorization rate  Average decolorization rate  

Bezaktiv 

Blue BA 

133.33 mg·L-1 

200 mg·L-1 

13.586 mg·L-1·min-1, 0–5 min 

17.110 mg·L-1·min-1, 0–5 min 

0.7695 mg·L-1·min-1, 0–2 h 

0.7458 mg·L-1·min-1, 0–3 h 

Bemaplex 

Navy M-T 
66.67 mg·L-1 0.7952 mg·L-1·min-1, 0–5 min 0.0079 mg·L-1·min-1, 0–48 h 

 

It is important to consider that the early-stage as well as the average rates were calculated 

over different time intervals for the studied dyes, which limits direct numerical comparison. 

In addition, the obtained results are based on limited datasets and apply to specific 

experimental conditions. Nevertheless, the results suggest that both RBBR and Bezaktiv 

undergo more rapid decolorization, whereas Bemaplex appears to exhibit slower reaction 

kinetic under the studied conditions, possibly due to steric hindrance and/or energy barriers 

that may limit laccase-mediated oxidation. 

 

9.4.  Summary of Experimental Findings 

Experimental results exhibited that laccase-mediated treatment could induce dye 

decolorization under studied laboratory conditions, albeit the decolorization extent and rate 

varied between the examined dyes. Based on the UV-Vis spectral analyses, decolorization 

in all cases appeared to occur primarily through gradual disruption of the chromophore 

structures responsible for visible color, as absorbance decreased at λmax without showing 

significant peak shifts or formation of new absorption peaks in the visible range.  

Clear differences were observed between the studied dyes. Remazol Brilliant Blue R 

exhibited highest overall responsiveness to laccase treatment, with relatively high 

decolorization efficiencies depending on the dye concentration (decolorization range 59.25–

78.23 %; 2 h). The decrease in efficiency at higher dye concentrations as well as observed 

kinetic trends, suggest that dye concentration may affect the overall efficiency of laccase-

catalyzed decolorization of RBBR. 

Bezaktiv Blue BA showed similar decolorization behavior, although with slightly less 

distinct concentration dependency, thus suggesting a little more stable interactions with the 
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laccase enzyme under varying dye levels. Its rapid and relatively high decolorization rates 

and observed kinetic patterns suggest efficient early-stage oxidation, although the followed 

slower phase may indicate limitations regarding long-term operations, and the overall 

performance remained slightly lower than for RBBR. 

In contrast, Bemaplex Navy M-T exhibited significantly slower and lower decolorization 

under studied laboratory conditions. Both spectral and kinetic findings indicated slow and 

gradual decolorization, as well as low reaction rates, which was also reflected in the extended 

incubation times required to achieve moderate dye removal. These results may suggest 

limited susceptibility of the dye to laccase-mediated oxidation under the examined 

conditions, which may potentially be related to structural characteristics of the dye that limit 

enzymatic oxidation, although the interpretation is limited by the available dataset and 

experimental setup. 

Overall, these results suggest that while laccase is able to achieve relatively effective 

decolorization of certain dyes, its performance appears highly selective and dependent on 

both the dye type and operating conditions. This highlights the importance of  dye-specific 

optimization for practical wastewater applications. 

 

9.4.1. Limitations 

It is important to acknowledge certain limitations related to the comparison of the studied 

dyes. The datasets were not fully uniform, as different dyes were examined using varying 

concentration ranges and incubation times, and the quantity of data differed between systems 

as well. Therefore, direct quantitative comparison is limited, especially in terms of kinetic 

estimations including examined reaction rates. Thus, the results should be interpreted as 

representative analyses of the overall reaction behaviors, general trends, and relative 

differences between the studied systems, rather than exact relationships.  

In addition, the UV-Vis measurements used, can be utilized to examine decolorization, but 

based on UV-Vis results alone, no degradation or complete mineralization of these dyes can 

be verified. These results are well suited for efficiency examination and evaluation, but not 

for comprehensive assessment of environmental implications.  
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10. Conclusions 

There is a need for not only effective, but sustainable, environmentally conscious, and 

economically feasible wastewater treatment methods. Laccase enzyme has gained 

considerable interest as an alternative green catalyst due to its ability to operate under 

relatively moderate reaction conditions in addition to producing only water as the final 

reduction product. However, these characteristics alone are not sufficient enough to confirm 

that laccase-based treatment is efficient, sustainable, and environmentally safe for practical 

textile wastewater treatment applications. To support such conclusions, treatment 

performance must be evaluated beyond visible color removal by combining 

spectrophotometric and analytical approaches, and include evidence of dye degradation, 

mineralization, toxicity reduction, operational stability, long-term reusability, and real 

textile wastewater performance. 

Laccase enzyme expresses clear potential as an efficient biological approach for dye 

treatment, but its real environmental value and sustainability bearing cannot be assessed 

from decolorization outcomes alone. The objectives of this thesis were achieved in terms of 

evaluating the decolorization efficiencies and identifying the main factors influencing 

laccase-based dye treatment, and its sustainability-related advantages and limitations. The 

systematic literature review demonstrated that laccase enzyme can be effective for 

decolorization, particularly when the dye structure is compatible with laccase enzymatic 

oxidation. This observation constitutes one of the central findings of this thesis: the 

decolorization efficiency is largely based on the structural compatibility between laccase and 

the dye chromophore. The experimental results further supported these observations and 

demonstrated dye-dependent decolorization behavior under controlled laboratory 

conditions. The dye-dependent nature of laccase enzyme, further demonstrated with 

Remazol Brilliant Blue R, Bezaktiv Blue BA, and Bemaplex Navy M-T, demonstrate that 

laccase enzyme cannot be considered universally effective for all dyes even under the same 

treatment conditions. 

However, the objective of evaluating dye degradation efficiency could only be addressed to 

a limited extent, as both the reviewed literature and the experimental analysis contained 

limited evidence of confirmed degradation, mineralization, and toxicity reduction. As 
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decolorization solely should not be interpreted as sufficient evidence of complete 

degradation or environmental remediation, the topic was assessed in a wider sustainability 

context, which demonstrated that while the compatibility of the dye and enzyme determines 

catalytic efficiency, environmental benefits remain dependent on verified degradation and 

reduced toxicity. 

The central trade-off emerged between reported efficiencies and confirmed environmental 

remediation, highlighting a gap between apparent treatment success and actual verified 

environmental safety. While relatively high decolorization efficiencies were commonly 

reported across reviewed studies (overall Mdn. 71.4 %, with several studies exceeding 80–

90 % under laboratory conditions), degradation, mineralization, and toxicity reduction were 

assessed only in a subset of reviewed studies, as decolorization often served as a primarily 

performance indicator in several cases, despite provided limited confirmation of gained 

environmental safety. In addition, although laccase is considered to be environmentally 

conscious due to its ability to operate under relatively moderate conditions, real textile 

effluents are chemically complex and variable, exhibiting highly varying pH levels that may 

require adjustment prior to effective enzymatic treatment and performance. Thus, 

sustainability claims must be evaluated within realistic industrial contexts rather than 

optimized laboratory conditions alone. 

From an economic perspective, laccase-based dye treatment may offer advantages through 

moderate reaction conditions, reduced chemical use, and enzyme reuse, especially in 

immobilized systems. Nevertheless, further economic feasibility remains uncertain, as 

enzyme costs, mediator addition, immobilization materials, long-term operability, and real 

wastewater validation require further comprehensive evaluation. In addition, the dominance 

of synthetic dye solution experiments limits the transferability of the findings to industrially 

relevant conditions, where varying pH level, temperature, presence of heavy metals, 

surfactants, and other chemical compounds may interfere with enzymatic activity. Therefore, 

laccase-based dye treatment should be considered very promising but yet developing 

treatment approach in the studied context. 

Future research would benefit from integrated evaluation of analytical research, practical 

wastewater validation, process optimization, techno-economic analysis, sustainability, and 

scale-up studies, which would enable simultaneous assessment of decolorization efficiency, 

confirmed degradation, toxicity reduction, reusability, operational stability, and performance 
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with real textile wastewater matrices. Such comprehensive approaches are necessary to 

transform laccase-based dye treatment from experimental studies to practical sustainable 

industrial implementation. Future research should strategically combine spectrophotometric 

measurements, such as UV-Vis, with additional analytic methods like HPLC, GC-MS, COD, 

LC-MS, BOD, or toxicity assays to confirm whether decolorization corresponds to actual 

degradation, mineralization, and detoxification.  

In addition, research should focus on laccase-dye compatibility by examining the 

relationship between molecular structure of the dye and laccase-mediated treatment 

performance, including both decolorization and confirmed degradation. Furthermore, the 

combined effects of operational conditions, dye concentration, employed system 

configuration, and long-term operational stability under industrially relevant conditions 

require further investigations, as efficient application of laccase-based dye treatment requires 

consideration of enzyme-dye compatibility along with appropriate system-level 

optimization. In particular, mediator-assisted systems introduce additional chemical 

components which may potentially cause new sustainability considerations, which should 

be evaluated for the potential toxicity and environmental impacts. 

Overall, both performance and sustainability evidence findings demonstrate that laccase-

based dye treatment has significant potential as a sustainable biological approach for textile 

wastewater treatment, particularly when the dye structure is compatible with enzymatic 

oxidation and operational stability is improved through suitable system configuration. 

However, its comprehensive sustainability potential requires further assessment beyond 

decolorization metrics alone, due to the demonstrated limitations and research gaps. Practical 

implementation of laccase-based dye treatment systems requires a transition from 

decolorization-focused evaluation towards more comprehensive assessment of degradation 

products, toxicity reduction, real wastewater performance validation, operational stability, 

and economic feasibility. 
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