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Textile industrial wastewater is among the most polluting wastewater globally, necessitating efficient and sustainable
treatment methods. Therefore, this study investigates the use of extracellular laccase, which is eco-friendly and cost-
effective, particularly from an indigenous isolate coded as strain SK1, for bioremediation. The laccase production
was optimized, leading to a 68% yield improvement when temperature, pH, agitation, and inoculum size were set at
35°C, pH 8, 150 rpm, and 5% v/v, respectively, using banana peel as the substrate. This optimization also reduced the
incubation period by 67%. Remarkably, more than 65% decolorization was achieved with 100 mg/I concentrations of
various dyes, including Congo Red, Alizarin Yellow, Methyl Orange, Methyl Red, Methylene Blue, Crystal Violet,
and Malachite Green, within 60 minutes of incubation without mediators. Furthermore, the laccase application
removed 99% of the dye from real batik wastewater, rendering the treated water safe for irrigation, as evidenced
by a 98% germination rate of Vigna radiata. These findings underscore the effectiveness and practicality of laccase
for textile wastewater treatment. Future research should focus on immobilizing laccase to enhance its biocatalytic

performance, ensuring a robust and scalable bioremediation approach for industrial applications.

1. INTRODUCTION

The batik industry has significantly contributed to the Malaysian
economy, particularly through job creation and the development of
cultural tourism, fashion, and exports [1]. Despite its cultural and
economic benefits, the batik industry faces significant environmental
challenges, particularly in managing wastewater generated during
the production process. Batik dyeing involves the use of various
synthetic dyes, waxes, and chemicals that, if not properly treated,
can lead to serious water pollution [2]. The discharge of untreated
batik wastewater into water bodies can result in detrimental effects
on aquatic ecosystems, including reduced oxygen levels, disruption of
aquatic life, and contamination of drinking water sources [3].

Physical treatment techniques for batik wastewater, such as filtration,
sedimentation, and adsorption, are mostly successful at removing
suspended particles and particulate matter but are less effective at
removing dissolved contaminants and colors [4]. These methods
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often require significant maintenance and space and can be costly.
Chemical methods, including coagulation and flocculation, oxidation,
and chemical precipitation, use chemicals to neutralize, break down,
or precipitate pollutants, but they generate hazardous by-products,
require precise control, and can be expensive [5].

In contrast, biological treatment leverages microorganisms to break
down organic pollutants and dyes, offering a cost-effective and
environmentally friendly solution. Biological technologies are a more
sustainable and effective way to manage batik wastewater because they
create less harmful by-products, generate less sludge and effectively
remove a wide spectrum of contaminants [6]. Dye remediation is
often prioritized over other parameters because of their high visibility,
which can cause significant aesthetic and environmental damage even
at low concentrations [7]. Moreover, they require specific and targeted
remediation strategies due to their complex chemical structures and
some resistance to biodegradation.

Bacteria are excellent for dye decolorization due to their metabolic
diversity and adaptability, allowing them to degrade a wide range of
synthetic dyes in various environments [8]. They use enzymes like
laccases and azoreductases to break down complex dye molecules into
less toxic forms. Bacterial laccases have shown significant potential for
dye decolorization in various studies. Wang et al. [9] and Sharma and
Leung [10] both identified bacterial laccases with high decolorization
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capabilities, with Wang et al. [9] specifically highlighting the
potential of Anoxybacillus ayderensis SK3-4 laccase for industrial
applications. Differences in substrate specificities, stability, optimal
pH, and temperature of different bacterial laccases can result in an
expanded spectrum of dyes that can be treated. Therefore, the present
study aims to discover, optimize, and use extracellular laccase derived
from an indigenous isolate sourced from batik wastewater for the
decolorization of various textile dyes. Additionally, the laccase will be
employed to bioremediate actual batik wastewater and a phytotoxicity
study will be conducted to determine the safety of the treated batik
wastewater.

2. MATERIALS AND METHODS

2.1. Chemicals

The experiment utilized commercially available analar-grade chemicals
supplied by R&M Chemicals (UK) and Vivantis Technologies Sdn
Bhd (Malaysia). These materials required no further purification prior
to use.

2.2. Microorganism

The bacterial strains, identified as SK1 and SK2, were isolated from
wastewater from the Malaysian batik industry. The wastewater sample
was collected from Jadi Batek, a local manufacturing plant in Kuala
Lumpur, Malaysia. These strains were preserved at —80°C in the
Culture Collection Unit of the Institute of Bio-IT, Universiti Selangor,
located in Selangor, Malaysia. To repurpose the strains, one bead
was removed and immediately inoculated onto a nutrient agar plate.
Molecular characterization of these strains is being carried out by
another team, and once identified, they will be deposited in GenBank®
(NCBI).

2.3. Growth and Laccase Activity Profiling

A modified 10X M9 salts solution containing 0.5 g/l glucose, 50 g/
KH,PO,, 50 g/l K,HPO,, and 5 g/l NaCl served as the experiment’s
medium. The medium was inoculated separately with a loopful
of strains SK1 and SK2. The cultures were incubated at 30°C with
constant shaking at 150 rpm (Jeio Tech SI-600R, Korea) and a pH of
7. The incubation continued until the exponential phase was reached:
6 hours for strain SK1 and 24 hours for strain SK2. A 2% v/v inoculum
of the exponentially grown cultures were then transferred into a
fresh medium and incubated for 48 hours under the same conditions
(30°C, 150 rpm, and pH 7) in triplicate. A control experiment, with no
inoculation of strains, was also conducted. Growth and laccase activity
were measured at 6-hour intervals throughout the incubation period.

2.4. Optimization Study

The default incubation parameters for the experiments included a
0.5 g/l carbon source, 30°C temperature, 150 rpm agitation speed,
2% v/v inoculum size, a 24-hour incubation period, and a pH of 7.
All experiments were conducted in triplicate, with a control set
that lacked inoculum. As optimized values were determined, the
default parameters were sequentially adjusted for carbon source, pH,
temperature, agitation, and inoculum size.

Various parameters were tested to optimize the conditions. Fruit wastes
such as banana peel, coconut husk, orange peel, sugarcane bagasse,
and pineapple waste were sourced from the local market, washed
with distilled water, air-dried, and ground into powder. These were
used as glucose substitutes at a concentration of 0.5 g/l. Additionally,
temperature (25°C to 55°C), pH (4 to 10), agitation speeds (0 rpm to 200

rpm), and inoculum sizes (2% to 10% v/v) were varied accordingly. The
broth was collected after incubation and centrifuged for 15 minutes at
4°C at 13,000 xg. (Eppendorf 5702R, South Asia), and the supernatant
was collected to determine extracellular crude laccase activity.

2.5. Decolorization Study

Seven commonly used dyes in the textile industry were selected for
this study: Methylene Blue (A = 664 nm), Crystal Violet (A =
590 nm), Congo Red (A = 498 nm), Methyl Red (A = 435 nm),
Methyl Orange (A = 465 nm), Malachite Green (A, =614 nm), and
Alizarin Yellow (A = 389 nm), each at concentrations of 100 and
250 mg/l. One ml each of laccase, dye solution, and phosphate buffer
(pH 8) formulated the reaction mixture. The mixtures were incubated
at 35°C for 1 hour, after which absorbance readings were taken at each
dye’s maximum absorbance wavelength. A control set without laccase

was also prepared for comparison.

2.6. Phytotoxicity Study

Batik wastewater with a pH of 10.5 and a temperature of 37°C was
collected from a local batik facility. At a wavelength of 300 nm, the
wastewater showed the highest absorption and had a deep blue color.
In accordance with APHA Standard Methods for the Examination of
Water and Wastewater, all research parameters, including temperature,
pH, total dissolved solids (TDSs), total suspended solids (TSSs),
biological oxygen demand (BOD), chemical oxygen demand (COD),
and dissolved oxygen (DO), were measured before and after treatment
with 1 ml of bacterial laccase for 24 hours. In the experiment, 1 ml of
laccase and 1 ml of wastewater from the batik facility were combined,
and the mixture was incubated for 1 hour. At the beginning and end
of the incubation period, a triplicate absorbance reading was obtained.
For comparison, a control set devoid of laccase was also generated.
With a few minor adjustments, a phytotoxicity investigation was
conducted using the approach described by Maniyam et al. [11].

2.7. Analytical Methods

To determine bacterial growth, 1 ml of bacterial broth was aseptically
pipetted into cuvettes. After thorough homogenization, absorbance
was measured at 600 nm (Biomate 3 Thermo Scientific, USA) in
triplicate at regular intervals, using distilled water as a blank.

To determine the laccase activity, the methodology described by
Sasmazet al.[12] was adopted. Using spectrophotometry, the oxidation
of guaiacol by laccase was tracked by variations in the absorbance
measurement at 465 nm. According to the definition, one activity
unit (U/ml) was the quantity of enzyme that oxidized and increased
absorbance by 0.1 absorbance units per minute at 465 nm. The culture
supernatant exhibiting elevated laccase activity was administered with
catalase in order to test the hypothesis that laccase was the cause of
the decolorization [12]. In addition, peroxidases that are involved in
dye decolorization and degradation require the presence of hydrogen
peroxide to get activated.

The percentage of decolorization was calculated using the formula
shown in Equation 1:

initial absorbance — observed absorbance o

% of decolorization = 100 (@)

initial absorbance

2.8. Statistical Analysis

The groups were compared using IBM SPSS version 23’s one-
way analysis of variance. For post hoc analysis, the Duncan test,
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represented by different letters, was selected. A p-value of less than
0.05 indicated statistical significance.

3. RESULTS AND DISCUSSION

3.1. Growth and Laccase Activity Profiling

Asseenin Figure 1, the laccase synthesis of two bacterial strains, strains
SK1 and SK2, was investigated in relation to time at various stages
of bacterial growth. The SK1 strain’s growth and laccase production
profile showed that extracellular laccase synthesis began after 6 hours
of incubation and continued to rise as the bacteria proliferated into the
exponential phase up to 24 hours. A comparable pattern was noted for
strain SK2, however a longer incubation of 24 hours was required.

After 24 hours of incubation which corresponded to an early stationary
phase, the maximum laccase synthesis of 321.5 U/ml by strain SK1
was reached and an additional 24 hours of incubation resulted in a
subsequent decline in enzyme production. Similar findings were
published by Javadzadeh and Asoodeh [13] about the symbiotic
bacteria of Bacillus sp. CF96. They found that the stationary phase
started after 25 hours of inoculation and the declining phase happened
after 35 hours. At 26 hours of incubation, which corresponded to
the early stationary phase, the maximum amount of enzyme was
produced. Additionally, extracellular laccase appeared to be a
secondary metabolite, based on the growth patterns of the Kabatiella
bupleuri G3 [14]. On day 20, it achieved a value of 35.21 = 0.64 U/L,
having reached its maximal concentration in the supernatant during
the strain’s stationary growth phase. Conversely, Gogotya et al. [15]’s
study showed that the mid exponential phase, which happened at 84
hours of incubation, was when laccase production was at its highest
yielding a titre of 40.58 + 2.35 U/ml. With an extended incubation
period, the synthesis of enzymes declined significantly beyond the
optimal duration of 84 hours. This indicated that laccase synthesis at its
peak during growth phases was reliant on the type of microorganism.

Strain SK2 exhibited delayed expression of the laccase enzyme,
requiring 36 hours of incubation to achieve an optimum yield of 169.0
U/ml. Similarly, a downward trend in laccase production was observed
with a prolonged incubation period. At this point in its growth, the
bacterium’s own secreted metabolites in the medium may be have an
inhibitory influence on laccase formation [16].

Similar to the present study, extracellular bacterial laccase generated by
Serratia proteamaculans AORB19 [17] and Lysinibacillus macroides
LSO [18] have been reported in previous studies. Because they are
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Figure 1. Growth and laccase activity profiling of strains SK1 and SK2. The
data presented are the means of triplicate samples + standard errors.

simpler to produce and purify on a large scale than intracellular and
spore-bound laccases, extracellular bacterial laccases are well suited
for industrial applications [19]. Therefore, further investigations will
be carried out using strain SK1 since this strain was able to produce a
high titer of laccase by 90% in comparison to strain SK2.

3.2. Fruit Waste as Low-Cost Carbon Source

With an estimated value of RM1.46 billion (USD 347 million) in
2020, tropical fruit exports from Malaysia rank among the top exports
from the country’s agricultural industry [20]. This substantial export
activity results in the generation of large quantities of fruit waste and
remnants, particularly peels, due to the high consumption and industrial
processing of the edible sections of fruits [21]. Consequently, Malaysia
generates a variety of fruit leftovers that might potentially serve as a
valuable commercial supply of carbon for the synthesis of enzymes.
The current study, therefore, aims to explore the feasibility of utilizing
materials with minimal or no financial benefits as an alternative carbon
source for laccase synthesis, addressing the challenge of fruit waste
disposal.

All five different forms of fruit waste that were used to increase laccase
output were efficiently hydrolyzed by strain SK1, as shown in Table 1.
Among the various substrates tested, banana peels emerged as the
most effective nutrient source, yielding an optimal laccase production
of 501.54*+ 23.11 U/ml. Strain SK1 exhibited no significant variation
(p>0.05) in laccase activity when cultivated on coconut husks, orange
peels, sugarcane bagasse, and pineapple peels. This finding indicated
that strain SK1 had broad substrate selectivity across various types
of fruit waste, suggesting its potential for effective commercial-scale
laccase synthesis. The culture containing glucose exhibited the lowest
laccase activity, measuring 321.50¢ + 21.50 U/ml. Despite being a
conventional carbon source, glucose was found to be less effective
than fruit waste in the synthesis of laccase in this study. Similarly, the
white-rot fungus Coriolopsis gallica NCULAC F1 demonstrated the
lowest laccase production in response to glucose supplementation, as
observed by Cen et al. [22].

Banana peels have been identified as an effective fermentation
substrate due to their significant content of lignin (6%—12%), pectin
(10%-21%), cellulose (7%—10%) and hemicelluloses (6%-9.4%) [23].
Additionally, the polysaccharides and phenolic compounds present in
banana peels can enhance bacterial growth and subsequently stimulate
laccase production [24]. When banana peels were present, strain SK1
secreted more laccase, indicating that this substrate was ideally suited
for the strain to penetrate and break down plant cell walls and their
constituent components [25]. Kumar et al. [26] reported the use of

Table 1. Utilization of fruit waste as substrate for the production of laccase
from strain SK1.

Fruit waste Laccase activity (U/ml)
501.54* +23.11
442.01°+22.89
441.92°+22.38
438.73°+ 11.66
441.76°+ 11.91

321.50°+21.50

Banana peel
Coconut husk
Orange peel
Sugarcane bagasse
Pineapple waste

Glucose (control)

The incubation was conducted using 2% v/v SK1’s inoculum at 30°C, 150 rpm and pH
7 with 0.5 g/l carbon source. The laccase activity (U/ml) was averaged between three
readings and reported with + standard errors. Different letters indicate significant
differences among the evaluated factors (p < 0.05).
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banana peel as an effective precursor for the production of laccase
by Bacillus sp. strain AKRCO1. Similarly, Enterobacter sp. All
efficiently utilized banana peel, resulting in an optimal laccase yield
of 18.87 U/ml [25]. Alternatively, a study by Omeje et al. [27] found
that using groundnut husk as a carbon source resulted in the highest
laccase activity (336 = 11.31 U/l) by the isolate Aspergillus species
among the agricultural wastes used in the fermentation process. This
suggested that the characteristics of agro-waste residues that enhanced
laccase production were strain-specific. The study by Thakkar and
Bhatt [28] demonstrated that laccase from Alternaria alternata
exhibited significant activity with 1% sucrose, suggesting that
leftover industrial molasses could be further explored as a substrate
for industrial laccase production. Therefore, from both environmental
and economic perspectives, synthesizing laccase from fruit waste is
highly appealing and represents a significant step towards sustainable
development.

3.3. Optimization Study

Due to their ability to function well in harsh environments and their
potential for production in industrial prokaryotic expression systems
like Escherichia coli, laccase enzymes originating from bacteria have
become a growing priority [29]. Our investigation showed that the
bacterial laccase was active across a pH range of 5.0 to 10.0, with
a maximum activity of 583.03* + 17.81 U/ml observed at pH 8.0,
suggesting that this is the ideal pH for the enzyme (Table 2). This
laccase’s alkaline character was demonstrated by its greater activity in
the pH range of 7.0 to 9.0, making it suitable for textile wastewater
remediation [30]. These findings align with similar studies on laccases
from Alcaligenes faecalis, which showed 100% relative activity [16],
and from Chitinophaga sp., which exhibited the most activity at slightly
basic pH values [31]. Specifically, after 16 hours of incubation at 37°C
with guaiacol, Chitinophaga sp. laccase achieved 100% activity in
CAPS buffer at pH 10.5 [31]. Both studies highlight the optimal activity
of these laccases in alkaline pH ranges, underscoring a common trait
among bacterial laccases that often show better performance at higher
pH levels. It is well-known that the optimum pH for laccase activity
can vary depending on the bacterial source and the substrate used. Our
findings are consistent with the literature for phenolic substrates like
guaiacol, where laccase activity is reported to be greater at more basic
pH readings. Sondhi et al. [32] reported that when syringaldazine,
ABTS (2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), DMP
(2,6-Dimethoxyphenol), and guaiacol were used as substrates, the
optimal pH values for the MSKLAC laccase from Bacillus sp. MSK-01
were recorded as 7.0, 4.5, 8.0, and 8.0, respectively.

The investigation into the temperature dependence of laccase activity
revealed that the enzyme exhibits substantial catalytic function within
the range of 30°C to 50°C. Optimal laccase activity of 737.26* +
13.49 U/ml was observed at 35°C, suggesting this temperature was
the most favorable for maximum enzyme efficiency (Table 2). This
aligns with the known behavior of laccase from Pleurotus sajor-caju,
reported by Rampinelli et al. [33], which typically exhibited peak
activity within a similar temperature range. In addition, the current
study’s findings on the optimal activity of the laccase enzyme closely
matched those reported by Umar and Ahmed [34], who studied laccase
from Ganoderma leucocontextum. They documented an optimal
laccase activity of 855 U/1 at 40°C. This corroborates our data, further
validating the optimal temperature range for laccase activity observed
in this study. However, a decline in laccase activity was observed
when the temperature exceeded 50°C. Prolonged exposure to elevated
temperatures likely results in denaturation or structural alterations of
the enzyme, thereby reducing its catalytic efficacy. Additionally, high

temperatures may impair the stability of the microorganism, leading
to lower overall metabolic rates and, hence, a decrease in substrate-to-
product conversion.

Laccase activity increased progressively with agitation rates from 0
to 150 rpm (Table 2). This trend suggested that moderate agitation
enhanced enzyme production. At 150 rpm, the optimal laccase
activity of 891.47* + 19.16 U/ml was observed, indicating that
this agitation rate provides sufficient oxygen transfer and mixing,
promoting microbial growth and enzyme synthesis [35]. However, at
an agitation rate of 200 rpm, a notable decline in laccase production
was recorded, with the activity dropping to 7.34¢ £ 0.18 U/ml. This
sharp decrease suggested that excessive agitation adversely affected
enzyme production. The reduction in laccase activity at 200 rpm can
be attributed to the increased shear forces and potential cell damage
caused by high agitation [36]. Excessive agitation may lead to a
higher diffusion rate of oxygen, which, paradoxically, can harm the
bacterial cells, thereby reducing their ability to produce the enzyme.
These findings align with those reported by Geethanjali ef al. [37] who
observed that Mucor circinelloides GL1 exhibited maximum laccase
activity under shaking conditions at 150 rpm, while a lower activity
was recorded at 0 rpm after an 8-d incubation period. Additionally, in
the case of the newly discovered Ganoderma multistipitatum sp. nov.,
maximum laccase production of 19.44 x 10° + 0.28 U/l was attained
at an agitation speed of 150 rpm, which provided ideal DO levels
for laccase synthesis [38]. This consistency supports the notion that
moderate agitation is beneficial for laccase production, while both low
and excessively high agitation rates are suboptimal.

It is necessary to employ the right cell inoculum level in order to
produce industrial enzymes in large quantities. An optimal inoculum
size is essential to control the initial lag phase of microbial growth
[39]. In this study, it was observed that smaller inoculum sizes
extended the lag phase, necessitating a longer incubation period.
Conversely, increasing the inoculum size shortened the lag phase,
thereby reducing the overall incubation period to just 8 hours. Laccase
production was found to increase incrementally with an increase in
inoculum size from 2% to 6% (v/v) as shown in Table 2. However, the
synthesis of laccase decreased when the inoculum size was increased
beyond 6% (v/v). This reduction in enzyme yield at higher inoculum
sizes was likely due to the rapid depletion of nutrients, which stunted
bacterial growth and subsequently lowered enzyme production [40].
Furthermore, the synthesis of laccase may be further inhibited by the
build-up of hazardous metabolites at larger inoculum levels [40]. Our
findings are consistent with previous research. For instance, Sharma
et al. [41] reported that an inoculum size of 1% (v/v) of Bacillus
marisflavi Strain BB4 was sufficient for maximum laccase production.
In another study, a 2 ml inoculum size of Aspergillus niger yielded
the highest laccase activity, measuring 3.206 U/ml [42]. However,
increasing the inoculum size to 7 ml, while keeping other parameters
constant, resulted in a 59% decrease in laccase activity.

3.4. Dye Decolorization

In many different sectors, synthetic dyes are widely employed,
especially in the manufacturing of textiles. The two biggest groups
of these dyes are azo and triphenylmethane [43]. Because of their
intricate makeup, these dyes are not biodegradable and can cause
major health and environmental. The application of enzymes
particularly laccase can be presented as an economical, ecologically
responsible, and successful method of breaking down these harmful
dyes [44]. Therefore, the present study examined how effectively the
laccase produced by strain SK1 decolorized seven common dyes with
various structures, including triphenylmethane and azo dyes.
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Table 2. Optimization of different culture conditions for the optimum
production of laccase by strain SK1 using one-factor-at-a-time (OFAT)
approach.

Factor Laccase activity Incubation
(U/ml) time (hours)
Initial pH value
4 12.32¢+ 1.02 24
5 417.09¢ +21.63 24
6 489.16°+ 14.55 24
7 501.54°+23.11 24
8 583.03° + 17.81 24
9 502.14° +23.18 24
10 336.0144 11.32 24
Temperature (°C)
25 211.68¢+ 19.16 24
30 501.54°+ 23.11 24
35 737.26" + 13.49 24
40 632,140 £3.91 24
45 509.03¢ + 7.4 24
50 511.89° + 12.68 24
55 89.43¢+2.35 24
Agitation (rpm)
0 7.824+0.98 24
50 2833+ 1.73 24
100 294.18 £ 12.05 24
150 891.47°+ 19.16 24
200 7.349+0.18 24
Inoculum concentration (% v/v)
2 353.17¢ + 8.59 8
4 510.53" + 14.33 3
6 1,017.07*+ 10.07 8
8 51101+ 4.61 8
10 21433+ 1.69 8

Laccase activity (U/ml) was expressed with + standard errors after being averaged across
three measurements. Significant differences (p < 0.05) between the examined parameters
are indicated by different letters.

Although mediators significantly enhance laccase activity for dye
decolorization, they are both hazardous and expensive. Asadi et al. [45]
have revealed that some laccases exhibit mediator-insensitivity, which
presents a benefit for industrial applications. Therefore, the ability of
laccase to decolorize all tested dyes without mediators in the current
study is highly favorable for industrial use. The bacterial laccase
demonstrates its capacity to decolorize a range of dyes, as illustrated
in Table 3. The rate of decolorization was observed to increase in the
following order: Congo Red > Alizarin Yellow > Methyl Orange and
Methyl Red > Methylene Blue, Crystal Violet, and Malachite Green,
with respective removal efficiencies of 32%¢ £ 1%, 43%° = 0%, 66%" +
1%, and 64%° £ 1% (p > 0.05) and 99%" £ 1%, 99%* + 0% and 99%" +
0% (p > 0.05) within 30 minutes of incubation with dye concentration
of 100 mg/l. When the incubation was extended to 60 minutes, almost
complete decolorization of all dyes was observed except for Alizarin
Yellow and Congo Red yielding 81%® + 0% and 68%° + 0% removal
efficiency, respectively.

When the concentration was increased to 250 mg/l representing the
typical dye concentration in actual textile wastewater samples [46],
a decreasing trend of dye removal efficiencies was observed after 30
minutes of incubation. Following a 60-minute incubation, Malachite
Green, Crystal Violet, and Methylene Blue exhibited nearly complete
decolorization. The removal efficiencies for Methyl Red and Methyl
Orange on the other hand escalated to 71%° + 0% and 73%" + 0%,
respectively. Congo Red and Alizarin Yellow demonstrated resilience to
decolorization, showing reduced dye removal at higher concentrations

Table 3. Decolourization of selected dyes by laccase derived from strain SK1.

Percentage of dye removal (%)

30 minutes 60 minutes
100 mg/1 dye concentration
Methylene Blue 99+ 1 99:+0
Crystal Violet 99+ 1 99+ 0
Congo Red 324+0 68°+0
Methyl Red 64"+ 1 99+ 1
Methyl Orange 66°+ 1 99:+ 0
Malachite Green 99°+ 0 99:+ 0
Alizarin Yellow 43¢+ 0 81°+0
250 mg/l dye concentration
Methylene Blue 47042 920+ 1
Crystal Violet 48+ 1 95:+0
Congo Red 94+ 0 294+ 0
Methyl Red 34+ 0 71+ 1
Methyl Orange 34+ 0 73+ 0
Malachite Green 51°£0 95+ 0
Alizarin Yellow 13¢+0 41¢+0

Laccase was not used in the control trials, which led to very little dye loss (less than 2%).
There was a statistically significant difference (p < 0.05) in the percentage of dye removal.

post 60 minutes of incubation. Even when the incubation period was
extended to 2 hours, there was no discernible increase in the removal
efficiency. This resistance may be attributed to metabolites formed
during the enzyme’s decolorization process and the dyes’ inherent
toxicity [47]. In addition, due to their intricate structures, azo dyes
namely Congo Red and Alizarin Yellow are resistant to most laccases,
resulting in slow oxidation. In contrast, triphenylmethane dyes are
readily oxidized by the majority of laccases [16]. In comparison to
the laccase used in this study, other published laccases demonstrated
less than 50% decolorization of known azo and triphenylmethane dyes
at lower concentrations and/or longer reaction times [29,48-52]. This
study, therefore, highlights the regional biodiversity and encourages
further research into local strains with enhanced dye decolorization
capabilities. Furthermore, future studies will be carried out using
Fourier Transform Infrared Spectroscopy (FTIR) to analyze dye
decolorization processes. FTIR can identify chemical changes in dyes
and degradation products, providing insights into the decolorization
mechanism and efficiency, which could enhance the optimization and
understanding of dye removal strategies [53].

3.5. Phytotoxicity Study

Laccase derived from strain SK1 demonstrated the ability to
decolorize a variety of dyes. Therefore, the utilization of this
enzyme to decolorize real Malaysian batik (textile) wastewater was
attempted. The batik wastewater was collected from a local facility
and possessed the following characteristics: a temperature of 37°C, a
pH level of 10.5, and a maximum absorbance at a wavelength of 300
nm, representing a deep blue hue. After an incubation period of 30
minutes at 160 rpm and 37°C, a removal efficiency of 99% + 0% was
achieved, recording a complete disappearance of the deep blue color.
In addition, all parameters namely pH, temperature, TDS, TSS,
BOD, and COD of the batik wastewater exceeded the limits set by
Malaysian regulations (Table 4). Treatment with strain SK1°s laccase
improved the quality of the batik wastewater, reducing the pH from
10.50 + 0.31 to 7.81 + 0.02 and the temperature from 37.00°C =+
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Table 4. Characterization of Malaysian batik wastewater.

Malaysian environmental quality act 1974

Parameter Before treatment After treatment

Standard A Standard B
pH 10.50 +£0.31 7.81+0.02 6.0-9.0 5.5-9.0
Temperature (°C) 37.00 +£ 0.04 36.00+0.11 40 40
BOD (mg/l) 512.5+2.1 1.70£0.14 20 50
COD (mg/l) 4,518.0+2.6 136.8 £ 0.6 80 250
TSS (mg/l) 1,147 £3.1 75+1.9 50 100
TDS (mg/1) 40.6 0.8 13.2+£0.2 Not stated Not stated
DO (mg/l) 22+0.5 6.3+£0.0 Not stated Not stated

Standard A: applicable to discharges into any inland waters within catchment areas.
Standard B: applicable to discharges into any other inland water or Malaysian waters.

Germination (%)
Seedling length (cm)

Control (dH20) Treated batik waswater Untreated batik wastewater

Tested experimental conditions

== Germination (%] - - ¢-- Sezdling length (cm]

Figure 2. Impact of batik wastewater and its decolorization by-products on V.
radiata growth. A 7-day investigation of phytotoxicity was conducted on batik
wastewater and its decolorization metabolites (0.2 g/1) at room temperature.
By averaging three repetitions, the results for germination and seedling length
were determined and shown with +/- standard errors. Among the parameters
under investigation, statistically significant differences (p < 0.05) were noted.

0.04°C to 36.00°C £ 0.11°C, bringing both into compliance with
standard values. The removal efficiencies for TDS, TSS, BOD,
and COD were 67.5%, 93.5%, 99.7%, and 97.0%, respectively,
indicating the active role of laccase in reducing these pollutants, as
supported by the study conducted by Igbal et al. [54]. These findings
signify the potential of bacterial laccase for treating actual textile
wastewater.

Significant amounts of highly contaminated wastewater are produced
by textile manufacturing, which is one of the main causes of ecological
damage [55]. Hazardous contaminants are present in this effluent, with
dye being one of the main concerns [56]. Since textile wastewater can
potentially be used for irrigation, it is crucial to remove dyes from
it before reuse. Thus, this study examined the relative susceptibility
of Vigna radiata seeds to Malaysian batik wastewater, comparing the
effects of laccase-treated and untreated wastewater, and the findings
are presented in Figure 2.

The phytotoxicity study indicated that soaking V. radiata seeds
in laccase-untreated batik wastewater inhibited germination by
approximately 67%. In contrast, laccase-treated batik wastewater
resulted in only a 2% suppression of V. radiata seed germination

compared to the control. Additionally, the study demonstrated that
the lengths of seedlings germinated in the untreated batik wastewater
were approximately 11.56 times shorter than those germinated in
the decolorization metabolites (p < 0.05). Studies have consistently
shown that treated textile wastewater can lead to higher germination
rates and seedling lengths compared to untreated counterparts.
For example, Selim et al. [57] discovered comparable seedling
lengths with the control system (dH,O) when textile effluent treated
by a consortium of Aspergillus flavus and Fusarium oxysporum
was used to germinate Vicia faba. Similarly, when comparing
the toxicity of all treated textile wastewaters using Citrobacter
sp. M41 in a bioaugmented packed bed column bioreactor with
granulated corncob and its biochar to untreated textile wastewater,
the phytotoxicity study using V. radiata seeds showed a significant
decrease in toxicity [58]. Therefore, treated batik wastewater, after
the effective removal of harmful dyes using laccase treatment, can be
repurposed for irrigation, supporting water recycling and promoting
water sustainability.

4. CONCLUSION

This study presents the first report on tropical laccase derived
from an indigenous bacterial strain isolated from batik wastewater.
The successful utilization of fruit waste as a substrate for laccase
production by strain SK1 offers a dual advantage: it provides an
economical solution and helps mitigate fruit waste disposal. Upon
optimization of key parameters—temperature (35°C), pH (8),
agitation (150 rpm), and inoculum size (5% v/v) using banana peel as
the substrate—the laccase yield improved significantly from 321.5
to 1,017.07 U/ml, and the incubation time was reduced from 24 to 8
hours. The optimized laccase was effective in decolorizing various
dyes commonly found in textile wastewater, including Congo Red,
Alizarin Yellow, Methyl Orange, Methyl Red, Methylene Blue,
Crystal Violet, and Malachite Green, at a concentration of 250
mg/l. This demonstrates the enzyme’s viability as a biocatalyst
for actual bioremediation of textile wastewater. When applied to
real batik wastewater, the laccase achieved a 99% dye removal
rate, showcasing its potential in industrial applications. Moreover,
the treated batik wastewater did not hinder the germination of V.
radiata seeds, with results comparable to the use of distilled water
as a control. This indicates that the treated wastewater is safe and
can be repurposed for irrigation, contributing to sustainable water
management practices. Future studies will focus on immobilizing
the laccase to enhance its biocatalytic performance for treating
batik wastewater. This biological method presents a green solution
for mitigating textile wastewater pollution and the disposal of fruit
waste, aligning with environmental sustainability goals.
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