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HIGHLIGHTS

¢ Immobilized cells increased Congo red-decolorizing activity by 217%.

e Immobilized cells removed Congo red efficiently for 12 cycles without decline.
o Effective toxic component removal was revealed through a phytotoxicity study.

e Rhodococcus discovery boosts local biodiversity for effective bioremediation.

Abstract: In the present study, a cost-effective and eco-friendly approach is being explored to remove the
harmful dye Congo red from synthetic wastewater, using an equatorial strain of Rhodococcus
biphenylivorans. The immobilized cells’ Congo red-decolorizing activity in calcium alginate showed an
increase of 217% compared to the free cells. By improving the alginate concentration to 4% (w/v), the bead
diameter to 3 mm and using 50 beads, a 67% decrease in the time required for complete decolorization was
accomplished. Both free and immobilized cells followed first-order kinetics for the elimination of Congo red,
with immobilized cells displaying a decolorization rate 3.2 times greater than that of free cells, resulting in an
84% reduction in half-life. The immobilized cells displayed the capability to remove 0.10 g/L Congo red
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without any significant decline in their efficiency for up to twelve cycles, offering an economic advantage due
to their reusability. Examining the decolorized products of Congo red showed no hindrance in the germination
of Triticum aestivum and Vigna radiata, indicating the effective removal of all toxic components from the
original dye via the biological method. Therefore, this strain has significant potential as a biological agent to
eliminate wastewater contaminated with Congo red efficiently.

Keywords: Congo red; decolorization; immobilization; kinetic study; Rhodococcus biphenylivorans.

INTRODUCTION

Congo red (C.I. No. 22120, Direct Red 28) is an azo dye that can dissolve in water (as the sodium salt
of 3,3'-([1, -biphenyl]-4,4'-diyl) bis (4-aminonaphthalene-1-sulfonic acid)), but has greater solubility in organic
solvents [1]. It is commonly used in a variety of applications such as dyeing textiles and paper products, as
well as an acid-base indicator, a means of detecting bacteria and protein folding disorders, and a treatment
for dermatological disorders, neurodegenerative diseases and Alzheimer's disease [2]. Congo red is also
frequently used as an indicator dye in laboratory tests [2]. However, due to its mutagenic and mitotic
properties, it has been identified as a potential carcinogen [3]. When released as wastewater, it can cause
water discoloration and irritation or ruptures on sensitive skin, as well as permanent corneal damage from
prolonged exposure. As a result, there is a pressing need to remove Congo red from the environment to
eliminate these issues.

There are a variety of physico-chemical methods that have been employed to address polluted dye
wastewater, such as coagulation, precipitation, membrane separation, electrochemical treatment, photo-
catalysis, ion exchange and adsorption [4,5]. However, the expense of treatment for these methods is
considerable and they generate a substantial amount of hazardous waste that is difficult to break down, which
restricts their practical use [6]. The eco-friendly process of biological degradation of pollutants has been
discovered to fully mineralize organic compounds while producing a small amount of sludge. This approach
is highly effective and advantageous because it is simple, affordable and ecologically conscious. Additionally,
a plethora of microorganisms are readily available and require minimal preparation and maintenance, further
enhancing its appeal as a preferred treatment method [7].

There has been a growing recognition that the Rhodococcus genus holds significant promise for various
bioremediation applications. As a result, there has been an increase in research and interest from the
scientific community worldwide, as evidenced by a rise in publications and patents related to rhodococci over
the past several years [8]. Due to their metabolic flexibility, capacity to break down a diverse array of carbon-
based compounds and resilience to several of stressors namely metal poisoning, dryness and excessive
levels of organic solvents, bacterial species classified under the genus Rhodococcus are well-suited for
employment in microbial biotechnology applications [9]. Moreover, Rhodococcus spp. strains exhibit unique
biosynthetic activities, enabling them to persist and thrive in challenging and polluted environments, giving
them a competitive edge over other microorganisms [9]. Despite the potential benefits of using
microorganisms in biodegradation, certain challenges need to be addressed. These challenges include
limited stability under unfavorable environmental conditions, difficulties in recovery and the inability to reuse
the microorganisms [10]. To overcome these issues, considerable efforts have been devoted to enhancing
the robustness and functionality of the biological agent using immobilization technology.

The utilization of immobilized cells offers several distinct advantages compared to free forms for
bioremediation purposes. For instance, immobilization technology allows the biocatalyst to be removed
effortlessly from treated water, provides longer endurance times, enhances stability and enables reusability
without any reduction in activity [11]. In particular, there are several undeniable benefits associated with
utilizing calcium alginate as an immobilization matrix. These advantages include its eco-friendly nature, non-
toxicity, biodegradability, the ability to manufacture under mild conditions and relatively low production costs
[12]. Therefore, the goal of the current study is to evaluate and compare the effectiveness of decolorizing
Congo red using both immobilized and free cells of Rhodococcus biphenylivorans. Additionally, the study
seeks to explicate the kinetic properties of the decolorization process and evaluate the biocatalyst's
reusability for multiple cycles. After the breakdown of Congo red by the immobilized cells of Rhodococcus
biphenylivorans, the resulting metabolites were evaluated for phytotoxicity and contrasted against the parent
dye. As far as we are aware, this is the first investigation to utilize immobilized cells of Rhodococcus
biphenylivorans isolated from mangrove water for efficient decolorization of Congo red.
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MATERIAL AND METHODS

Chemicals

The study employed commercially available chemicals of analar grade. These chemicals were procured
from Vivantis Technologies Sdn Bhd (Malaysia) and R&M Chemicals (UK).

Microorganism

Rhodococcus biphenylivorans was isolated from samples of mangrove water collected from Sungai
Buloh in Selangor, Malaysia. The Culture Collection Unit of the Institute of Bio-IT Selangor, University of
Selangor conserved and stored Rhodococcus biphenylivorans as a routine procedure [13]. The strain was
added in GenBank® (NCBI) and assigned the reference number MN56071 [14].

Kinetic study

The discoloration of Congo red was studied with slight modifications to the systematic approach originally
illustrated by Maniyam and coauthors [15]. Specifically, the protocol for preparing the inoculum, resting cells
(free cells) and immobilization method using calcium alginate was followed, while testing two different
concentrations of Congo red (0.04 g/L and 0.10 g/L). To evaluate Congo red-decolorizing activity, 50 bead-
bound cells or an equivalent suspended cell mass were incubated at 30°C, pH 7 and O rpm for 24 h. The
negative control investigations were conducted in the absence of resting cells and empty beads (cell-free
beads) to assess biosorption on the carrier matrix and non-biological loss, respectively. To quantify the Congo
red-decolorizing activity as a percentage, Equation 1 was utilized, and the measurement was taken at a
wavelength of 498 nm.

. Initial absorbance —Final absorbance
Color removal ef ficency = — %X 100 (D)
Initial absorbance

The discoloration of Congo red can be described by first-order reaction kinetics in relation to various dye
amounts, as shown in Equation 2 below:

C
~Inc- =kt @)

In Equation 2, Co denotes the initial loading of Congo red in g/L, while the amount of Congo red in g/L at time
t (in h) is represented by C. The first-order reaction rate constant for Congo red removal (per h) is denoted
by k. Additionally, Equation 3 can be used to determine the half-life for removing Congo red by Rhodococcus
biphenylivorans.

In2
ti/2 = nT (3)

Effect of different immobilization factors on the decolorization of Congo red and repeated use of the
immobilized cells

To achieve beads that possess both efficient Congo red-decolorizing capability and strong mechanical
properties, different factors were explored such as alginate solutions of different strengths (concentrations
ranging from 1% to 5% wi/v), bead quantity (ranging from 10 to 50) and bead sizes (ranging from 1 to 5 mm).

Once the immobilized beads had effectively decolorized 0.10 g/L of Congo red, the beads were
recovered by filtration and subjected to three washes using a sterilized 0.1 M NaCl solution. The purified
beads were subsequently immersed in a fresh solution containing 0.10 g/L Congo red. The incubation
process was extended for an additional 8 hours to assess Congo red removal activity. This process was
duplicated a number of times up to when the Congo red-decolorizing activity decreased by 25% compared
to the initial activity. Cell escape was evaluated using the technigues established by Maniyam and coauthors
[15].
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Phytotoxicity study

Ten viable plant seeds of Triticum aestivum and Vigna radiata were individually positioned on filter paper
beds in separate Petri dishes. On a daily basis, the plant seeds were watered with 5 mL of Congo red
solutions, both untreated and treated and cultivated at a temperature of 27°C. The metabolites resulting from
the decolorization of Congo red were extracted using ethyl acetate, desiccated and subsequently
reconstituted in 5 mL of distilled water to obtain a finishing concentration of 0.1 g/L. As a control, a separate
group of seeds were watered with purified water instead of Congo red solutions and the germination
percentage, shoot length and root length were measured after one week of growth.

Statistical analysis

The trials were performed in triplicate and the mean values were presented along with the standard error.
The groups were compared using a one-way analysis of variance (ANOVA). The level of statistical
significance was set at p < 0.05 using IBM SPSS version 23.

RESULTS AND DISCUSSION

Kinetic study

Various models are employed to describe the biodegradation of organic pollutants, with the first-order
kinetic model being frequently used to depict dye decolorization [16]. Therefore, in the current research, the
color elimination of Congo red by Rhodococcus biphenylivorans's free and immobilized cells was adjusted to
the first-order rate law equation.

For the decolorization of 0.10 g/L Congo red, both resting cells and immobilized cells of Rhodococcus
biphenylivorans in calcium alginate were utilized as the biological agent. Following a 24-h incubation period,
resting cells were capable of decolorizing 0.100 + 0.000 g/L Congo red to 0.071 + 0.002 g/L, indicating a
Congo red—decolorizing activity of 29% as shown in Table 1. On the other hand, immobilized cells showed a
significantly higher Congo red—decolorizing activity of 92% (p < 0.05), effectively decolorizing 0.990 + 0.001
g/L Congo red to 0.008 = 0.000 g/L. By utilizing the immobilization method, the Congo red removal efficiency
was increased by 69%.

A similar trend was observed during the decolorization process using 0.04 g/L of Congo red. The results
showed that free cells only achieved 46 + 2% removal efficiency, while immobilized cells of Rhodococcus
biphenylivorans in calcium alginate achieved 88 * 3% decolorization. The decrease in decolorization
efficiency with increasing concentrations of Congo red was significant (p < 0.05). This observation suggests
that the free cells had a greater vulnerability towards the hazardous Congo red and, for that reason, were not
effective as a biological agent for the decolorization of Congo red [15]. Although free cells exhibited significant
Congo red-decolorizing activity through a simpler process than immaobilization, this type of biological agent is
not feasible for the bioremediation of textile industry wastewater owing to the risk of cell flushing [17]. The
control beads and heat-treated free cells displayed minimal decolorization activity of Congo red (less than
2%) effectively eliminating the possibility of biosorption and/or adsorption. No measurable cell leakage was
observed during the conduct of this study.

Table 1. Decolorization of Congo red by immobilized and free cells of Rhodococcus biphenylivorans.

Congo red concentration Modes of cells Decolorization Immobilization
(g/L) efficiency (%) efficiency (%)
Free Cells 46+ 2 —
0.04
Immobilized Cells 88+3 96 £ 2
0.04
F Il 29 + -
0.10 ree Cells 9+0
0.10 Immobilized Cells 920 971

Different concentrations of Congo red were used to expose the free and immobilized cells of Rhodococcus
biphenylivorans at 30°C, pH 7 and 0 rpm for 24 h. Control experiments were conducted without free cells and vacant
beads. The detailed procedure is described in the Materials and Methods section. The modes of cells showed a
statistically significant difference (p < 0.05).
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The results of our investigation are aligned with the observations made by Rajhans and coauthors [18],
which showed that Geotrichum candidum immobilized on coconut fibers achieved a decolorization rate of
98.5% in textile wastewater, compared to free cells which achieved 85.5% decolorization. Another study by
Kurade and coauthors [19] reported similar findings, wherein a synergistic microbial community composed
of Brevibacillus laterosporus and yeast (Galactomyces geotrichum) encapsulated in calcium alginate
achieved 95% decolorization of textile wastewater within a 48-h incubation time. However, when the non-
immobilized consortium was used, a decolorization rate of 96% was achieved, albeit with the requirement of
a lengthy cultivation duration of 60 h. Furthermore, in contrast to the sustained activity of unacclimatized
mixed cells encapsulated in a biocarrier Orchis mascula plant, the effectiveness of resting cells decreased
as the strength of individual dyes escalated up to 100 mg/L for three reactive azo dyes, namely RR2 (red),
RB4 (blue) and RY15 (yellow) [20]. In a different study, it was found that the use of calcium alginate-
immobilized Chlorella pyrenoidosa resulted in the decolorization of 77% of dye from textile effluent after a 3-
h incubation period, compared to 67% decolorization achieved by free cells [21].

The outcomes discovered in this investigation showed that Rhodococcus biphenylivorans was able to
achieve a significantly higher level of Congo red decolorization in a shorter incubation time of 24 h.
Specifically, the strain was capable of removing Congo red at a concentration 400% higher than the initial
concentration employed in the research conducted by Abou-El-Souod and coauthors [22], which reported
only 62% decolorization of 0.02 g/L Congo red after a 10-d incubation period using Scenedesmus obliquus
immobilized in calcium alginate. In contrast to the present study, the use of Arjuna (Terminalia arjuna) seeds
biochar immobilized with Providencia stuartii as the biological treatment required a longer incubation period
of 48 h to remove 85% of 0.1 g/L Congo red, which was 100% longer than the time required in our study [23].
In addition, although Bacillus subtilis HAU-KKO1 immobilized in calcium alginate was able to achieve an
appreciable removal of 84.5% of 0.1 g/L Congo red via biosorption after 10 h, the authors did not provide
details on the disposal of these biobeads [24]. This information is critical because biosorption solely captures
dye particles within the pores of biological adsorbents, without undergoing conversion into less toxic by-
products. Therefore, these findings indicate that Rhodococcus biphenylivorans has significant potential for
effectively removing Congo red, as the metabolites resulting from its decolorization are non-toxic, as revealed
by the phytotoxicity study.

The enhanced elimination of Congo red through immobilized cells is attributed to their capability of
confining viable and functional cells within a specific region, which elevates cell density leading to greater
bioactivity of the biomass [25]. The removal of dyes is significantly affected by variations in environmental
factors such as pH, temperature and the concentration of toxic dyes which can otherwise be maintained via
the use of immobilization technology [26]. Furthermore, immobilization safeguards the cells against the
adverse effects of severe toxicity and more significantly, deters cell flushing [27], thus offering practical
advantages for the bioremediation of dye-containing industrial wastewater.

Figures 1 and 2 present the results of a kinetic analysis of Congo red decolorization by Rhodococcus
biphenylivorans 's free and immobilized cells. The plots suggest that the first-order framework adequately
illustrates the kinetics of decolorization of Congo red by both resting and immobilized cells, as confirmed by
the strong linear relationship (R?) of 0.9834 and 0.9549, respectively, obtained for In concentration (g/L) of
Congo red [A] versus time (h).

The immobilized cells demonstrated an enhanced Congo red decolorization rate of 0.038 mM/h
compared to the free cells' rate of 0.012 mM/h, resulting in a 3.17-fold rise in the decolourization rate. When
free cells were employed for Congo red removal, the discoloration rate constant (k) was 0.0150 h~'. However,
when immobilized cells were employed, the rate constant dramatically rose to 0.0932 h~', indicating the
effectiveness of the immobilization technique for Congo red removal by Rhodococcus biphenylivorans.
Furthermore, the immobilized cells exhibited reduced susceptibility to environmental variations, particularly
higher Congo red concentrations. This was demonstrated by the shorter half-life (ti2) value of 7.4 h,
compared to the value of 46.2 h observed with free cells.

These findings strongly suggest that the immobilization technique provided expeditious and improved
Congo red-decolorizing activity in comparison to the resting cells of Rhodococcus biphenylivorans, as
demonstrated by the lower magnitude of half-life and greater value of the rate constant when using
immobilized cells for the removal of Congo red. The discovery is in line with the investigation conducted by
Satish and colleagues [28], who observed that the biodegradation of the azo dye Congo red by
Staphylococcus aureus immobilized in calcium alginate follows a first-order model as confirmed by kinetic
elucidation. However, this study recorded a rate constant of 0.0730 h~", which is lower than the rate constant
recorded in the present study.
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Figure 1. Kinetics of Congo red decolorization by free cells of Rhodococcus biphenylivorans. The data presented are
the means of triplicate samples + standard errors. The decrease in the concentration of 0.1 g/L Congo red was measured
at suitable intervals over 24 h at 30°C and pH 7 under static conditions. The error bars represent the standard error
between the three determinations.
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Figure 2. Kinetics of Congo red decolorization by immobilized cells of Rhodococcus biphenylivorans. The data
presented are the means of triplicate samples + standard errors. The decrease in the concentration of 0.1 g/L Congo
red was measured at suitable intervals over 24 h at 30°C and pH 7 under static conditions. The error bars represent the
standard error between the three determinations.

Effect of different immobilization factors on the decolorization of Congo red

The execution of Rhodococcus biphenylivorans as the biological agent in the removal of Congo red was
found to be comparable after an incubation time of 24 h across different concentrations of alginate. Hence,
to identify the best alginate concentration for the decolorization of Congo red by Rhodococcus
biphenylivorans, the cultivation time was shortened to 12 h and the findings are presented in Table 2.

Table 2 reveals that increasing the concentration of alginate negatively impacted the decolorization of
Congo red. Increasing the alginate concentration from 1% (w/v) to 5% (w/v) resulted in improved stability of
the alginate beads, leading to the complete elimination of cell leakage. Nonetheless, surpassing a 4% (w/v)
concentration of alginate led to a decline in the percentage of Congo red removal, reaching a mere 40°¢ + 1%.
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This signifies a substantial decrease of 37% in Congo red-decolorizing activity when compared to the
utilization of a solution containing 4% (w/v) alginate concentration. Increasing the concentration of alginate
resulted in beads with greater structural strength. However, this also led to narrower porosity of the beads,
which meant that less volume of the substrate was able to enter the beads [29]. Furthermore, the
immobilization efficiency decreased at higher alginate concentrations due to the increased viscosity of the
beads [30] and limitations on substrate diffusion [31]. Conversely, cells encapsulated in lower concentrations
of alginate had a more porous structure due to the alginate network being less tightly cross-linked and having
weak mechanical strength, making them fragile, flaccid and challenging to handle [31].

Table 2. Enhancement of the decolorization of Congo red by Rhodococcus biphenylivorans immobilized in calcium
alginate through various immobilization factors.

Percentage of Congo Immobilization Cell leakage

Factor red removal (%) efficiency (%)  (g/L) Incubation period (h)
Concentration of
alginate (% (w/v))
1 42¢+ 2 52+0 0.0054 + 0.000 12
2 40c+1 50+0 0.0041 + 0.000 12
3 53b+1 60+0 Not detected 12
4 632+ 1 73+0 Not detected 12
5 40c+ 1 501 Not detected 12
Bead diameter
(mm)
1 58c+1 71+1 Not detected 12
2 720+ 1 88+1 Not detected 12
3 972+ 0 95+1 Not detected 12
4 745 + 2 95+1 Not detected 12
5 760+ 0 95+0 0.048 + 0.000 12
Number of beads
30 73¢+0 96+ 0 Not detected 8
40 816+ 0 98 +0 Not detected 8
50 982+ 0 99+0 Not detected 8
60 962+ 0 95+1 Not detected 8
70 982+ 0 95+ 0 Not detected 8

When using vacant beads in the control system, there was minimal loss of Congo red (<2% removal). The removal of
Congo red (%), immobilization efficiency (%) and cell leakage (g/L) were determined from three readings, and their
respective standard errors were reported as + values. Results that were significantly different from each other are
denoted by different letters (p < 0.05), with "a" representing the highest value and "c" representing the lowest value
when making comparisons between parameters within each factor.

The size of alginate beads could be the critical factor in achieving ideal immobilization of Rhodococcus
biphenylivorans [32]. To create alginate beads of different sizes ranging from 1 mm to 3 mm, the diameter of
the needle used to drop a mixture of free cells of Rhodococcus biphenylivorans and alginate into a CacCl,
solution was adjusted. Table 2 demonstrates a positive correlation between bead diameter and Congo red
decolorizing activity, with an ascending trend observed as the diameter of the beads ranged from 1 mm to 3
mm. When using 1 mm diameter beads for the decolorization of Congo red, a Congo red-decolorizing activity
of 58°¢ + 1% was detected. However, using beads with a diameter of 3 mm resulted in an increased Congo
red removal efficiency of 972+ 0%, showing a 67% increase in efficiency. The beads with smaller diameter
sizes exhibited a higher surface-to-volume ratio than bulkier beads. Consequently, beads having a thickness
of 3 mm showcased the utmost efficacy in removing Congo red. No substantial disparity was observed in
Congo red-decolorizing activity when beads with a diameter of 4 mm and 5 mm, consisting of free cells of
Rhodococcus biphenylivorans, were utilized for Congo red decolorization (p > 0.05). The Congo red removal
efficiencies for the 4 mm and 5 mm beads were 74° + 2% and 76° + 0%, respectively, which were significantly
different from the 3 mm beads. A notable decline of 22% in Congo red removal efficiency was observed when
utilizing 5 mm beads in comparison to 3 mm beads, potentially attributable to the formation of a mass barrier.
[32]. Moreover, employing 5 mm beads led to a cell escape of 0.048 + 0.000 g/L, whereas no cell escape
was detected with 3 mm beads. This can be attributed to the higher susceptibility of beads with a larger radius
to swelling and cracking, which consequently releases a considerable number of cells into the
experimentation medium.
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https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Nallapan Maniyam, M.; et al. 8

It is essential to determine the lowest amount of beads required for efficient decolorization of Congo red
in order to prevent overuse of the beads. The findings presented in Table 2 indicate that when the number of
calcium alginate beads was increased to 50, there was a corresponding increase in Congo red-decolorizing
activity, reaching 982 + 0.%. This was in contrast to the activity of 73° + 0% observed when only 30 beads
were utilized. Using a smaller number of beads resulted in a reduction in the overall surface area of the
encapsulated beads [33]. This, in turn, decreased the number of free cells that were available to decolorize
Congo red. The utilization of a larger number of beads (60 to 70 beads), comprising resting cells of
Rhodococcus biphenylivorans as the biological agent for Congo red elimination, resulted in comparable
efficiencies of 962 £ 0% and 982 + 0%, respectively. No discernible distinction was observed (p > 0.05)
between these two results. These findings indicate that a subsequent increase in the number of beads did
not result in a significant enhancement of Congo red-decolorizing activity. Therefore, utilizing 50 beads was
deemed ideal for effective dye removal. It is worth noting that the enhancement process resulted in a

significant reduction in the time required to achieve efficient removal of Congo red. Specifically, the time was
reduced by 67%, from 24 h to 8 h.

Repeated use of the immobilized cells

One of the primary objectives of utilizing biotechnological methods for wastewater treatment is to reduce
costs, which can be accomplished by utilizing immobilized cells that can be reused multiple times. Therefore,
the continuous use of calcium alginate-immobilized cells of Rhodococcus biphenylivorans was investigated
to assess their effectiveness in decolorizing 0.10 g/L Congo red. The study showed that effective
decolorization was achieved for up to 12 cycles, with an average decolorization efficiency of 90% as
illustrated in Figure 3.

However, the Congo red-decolorizing activity decreased to 71% by the 13" cycle which may be caused
by gradual enzyme inactivation [34]. The support matrix exhibited excellent mechanical strength and cell
biomass preservation, as demonstrated by the absence of detectable cell leakage even after 13 consecutive
cycles [35]. The current study exhibited better results compared to the findings of Hamad and Saied [36] who
reported a significant decline in the decolorization percentage of 0.10 g/L Congo red, reaching only 72%
during the sixth repeated cycle when they employed Aspergillus niger MK640786 immaobilized cells on
calcium alginate. Thus, it can be inferred that the results of this study offer a financially feasible and
environmentally friendly approach for decolorizing wastewater that contains Congo red.
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Figure 3. Decolorization of Congo red by immobilized cells of Rhodococcus biphenylivorans in calcium alginate for
thirteen repeated batches. Control was established in the absence of immobilized cells of Rhodococcus biphenylivorans.
The percentage of Congo red decolorization represents the means of triplicate samples * standard errors. Each cycle

was incubated under static conditions for 24 h at 30°C and pH 7. The error bars represent the standard error between
the three determinations.
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Phytotoxicity study

The results of the phytotoxicity analysis conducted on the original dye and its resulting by-products,
following the complete removal of Congo red, are presented in Table 3. Triticum aestivum and Vigna radiata
were employed as test plants for the analysis. The study revealed that the by-products obtained after the
removal of Congo red did not exhibit any inhibitory effects on the sprouting of both plant species. Conversely,
the untreated Congo red, at a concentration of 0.1 g/L, considerably suppressed the sprouting of Triticum
aestivum and Vigna radiata, bringing about 37 £ 1% and 33 + 2% inhibition of germination, respectively.
Furthermore, the plumule and radicle lengths of the untreated Congo red-treated seeds were significantly
reduced compared to the control set.

Interestingly, comparable results were recorded between the reference group and the test group treated
with the decolorization by-products in terms of plumule and radicle lengths. These findings corroborate the
previous research conducted by Du and coauthors [37], which proposed that the by-products generated after
the elimination of Congo red were comparatively less detrimental than the original dye. Therefore, the use of
Rhodococcus biphenylivorans for the decolorization of Congo red has the potential to produce a safe solution
that can be used in practical applications such as field irrigation systems [38].

Table 3. Phytotoxicity study of Congo red and its decolorization metabolites against Triticum aestivum and Vigna radiata.
Triticum aestivum

Parameters Water Congo red (0.1 g/L) Extracted Metabolites (0.1 g/L)
Germination (%) 100+ 0 371 98+0
Plumule length (cm) 4.81+0.13 0.33+0.09 4.69 +0.10
Radicle length (cm) 5.23+£0.20 0.42+0.11 5.08 £ 0.17
Parameters Vigna radiata
Water Congo red (0.1 g/L) Extracted Metabolites (0.1 g/L)
Germination (%) 1000 332 990
Plumule length (cm) 5.64 £ 0.22 0.11+£0.10 5.45+0.20
Radicle length (cm) 6.01 £ 0.29 0.27 £0.10 5.77 £ 0.24

The experimental methodology involved using 0.1 g/L Congo red and its breakdown products for seven days at 27°C.
The mean values of triplicate samples + standard errors are presented for radicle length, plumule length and
germination. Statistical analysis revealed significant differences (p < 0.05) between the metrics of the Congo red solution
and its isolated metabolites.

CONCLUSION

To the best of the authors' understanding, this study represents the first investigation of the decolorization
kinetics of Congo red using both free and immobilized cells of tropical Rhodococcus biphenylivorans. The
study discovered that when immobilized in calcium alginate, the cells of Rhodococcus biphenylivorans
achieved a decolorization rate of 92 %, whereas free cells only managed to remove 29 % of 0.10 g/L Congo
red after a cultivation time of 24 h. Furthermore, the process of immobilization led to the enhanced ability to
withstand higher concentrations of the dye, allowing the biocatalysts to achieve nearly complete
decolorization of 0.10 g/L Congo red within 24 h, as opposed to free cells. The use of calcium alginate as the
carrier material for encapsulation led to nearly complete decolorization of Congo red after 8 h of incubation,
whereas the non-immobilized counterpart achieved only 29% removal of Congo red after 24 h of incubation.
The decolorization of Congo red by the Rhodococcus biphenylivorans adhered to the first-order kinetic model.
The kinetic variables for immobilized cells, namely a half-life of 7.4 h and a rate constant of 0.0038 h™",
contributed to an improved Congo red-removal activity compared to resting cells. Moreover, the immobilized
beads were capable of maintaining nearly complete removal of Congo red for twelve consecutive cycles,
indicating their potential as a cost-effective approach for practical use in industrial wastewater treatment. The
solution obtained from extracting metabolites during the Congo red decolorization process showed minimal
restriction when tested with plant seeds. This indicates its safety and potential use for watering purposes in
recreational parks, sports fields, agricultural fields and landscaping areas. Future research efforts should
focus on optimizing the decolorization efficiency of the Rhodococcus biphenylivorans by adjusting various
factors, including temperature and pH using the Response Surface Methodology approach. We have
implemented the first-order kinetics model in the present study because it is often favored for dye
decolorization due to its simplicity, ease of interpretation and broad applicability. However, in future studies,
we plan to use more complex models, such as Monod and Haldane, to explore the relationship between
substrate (dye) concentration and microbial growth or enzyme activity.
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