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ARTICLE INFO ABSTRACT

Keywords: Methyl orange (MO) is commonly used in the textile dyeing industry, posing serious health and
Bioren'nediation environmental hazards due to its carcinogenic, mutagenic properties, and potential for bio-
Pollution accumulation. Appropriate handling is needed to solve these problems by harnessing the capacity
Immobilization . . . . . . .

Bacteria of living microorganisms and the adsorption properties of bentonite clay minerals. Although the

conventional approach predominantly depends on free cells, recent study has developed other
methods such as immobilization techniques. Therefore, this study aimed to investigate the effi-
ciency of the immobilization matrix comprising sodium alginate (SA), polyvinyl alcohol (PVA),
and bentonite by modifying Pseudomonas aeruginosa, Bacillus subtilis, and Ralstonia pickettii for MO
removal of 50 mg/L. In the free cell technique, the results showed that the MO decreased to
43.13, 36.61, and 27.45% for each of the bacteria within 10 days at 35 °C. The bacterial
immobilization technique, including live immobilized P. aeruginosa (LIPa), live immobilized
B. subtilis (LIBs), and live immobilized R. pickettii (LIRp) beads also demonstrated significant ef-
ficiency, achieving MO removal rates up to 97.15, 95.65, and 66.63% within 10 days. These
synthesized beads showed reusability, with LIPa, LIBs, and LIRp being used up to 4, 4, and 2
cycles, respectively. The external and internal surface conditions were observed using SEM in-
strument and the results showed that all components were agglomerated. Comparisons using dead
bacterial biomass indicated that treatment with live bacteria consistently yielded significantly
higher removal rates. These results showed the effectiveness of immobilized bacteria in MO
removal, offering a promising potential in reducing pollutants.

Methyl orange

1. Introduction

Dyes are materials with several functions and are often used in the textile industry for coloring fabrics and textiles. Various types of
dyes have been identified [1], one of which is classified based on charge, depending on the chemical structure. For example, anionic
dyes have a negative charge when dissolved in water, including methyl orange (MO), which is usually used for dyeing textiles such as
wool, cotton, and silk fabrics [2,3]. Actually, azo dyes (e.g. MO), contribute approximately 50% of global dyes production, approx-
imately 15% of these dyes are wasted in wastewater during dyeing operations [4]. These dyes could be toxic and mutagenic when
accumulated in living organisms [5] and can disrupt sunlight penetration in polluted water environments, thereby affecting the
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photosynthesis process [6]. The Ecological and Toxicological Association of Dyestuffs (ETAD) reported that 90% of the 4000 dyes that
are commonly used had severe toxicity, with an LDsq value of about 2 x 10% mg/kg [7,8].

Various methods have been developed for handling dyes, including adsorption, coagulation, advanced oxidation process (AOP),
and biodegradation [9-11]. The adsorption process depends on adsorbents to adsorb adsorbates or pollutants. This process was
affected by the large adsorption capacity and the interactions occurring between the adsorbent and the adsorbate [12]. Currently,
immobilization techniques are widely used in the dye removal process [13], specifically Immobilization Matrix comprising sodium
alginate (SA) and polyvinyl alcohol (PVA) [14,15], where crosslinked alginate forms calcium alginate within CaCl,. This matrix is
biocompatible, forming beads with a high absorption surface area [16]. Furthermore, a matrix made of PVA is characterized by a high
mechanical resistance, rendering it less prone to brittleness [16]. Previous studies had proven that matrix made of SA and PVA were
able to absorb several pollutants and dyes, such as methylene blue [17], phenol [18], thiamethoxam [15], polycyclic aromatic hy-
drocarbon [19], congo red, MO [20], Direct Orange-26 (DO-26), Direct Red-31 (DR-31), Direct Blue-67 (DB-67) and Ever direct
Orange-3GL (EDO-3) [21], and crystal violet [22].

The addition of support materials for adsorption such as bentonite, a cation exchange clay mineral with a sheet surface of Si-O has
been extensively studied [23,24]. In a previous study, bentonite was used as an adsorbent agent, particularly for cationic dyes, such as
MB [25]. The results showed that natural bentonite clay could adsorb cationic dyes (MB) with a maximum adsorption capacity of 256
mg/g [23]. According to Nabilah et al. [25], SA-PVA-bentonite could remove MB by 78.98% of the concentration initial 100 mg/L and
anionic MO dye. A hydrophobic interaction occurs between MO and SA-PVA-Bentonite with the organic compounds, allowing MO to
enter the bentonite sheet [26,27]. Consequently, MO requires a slightly longer time to be adsorbed in the adsorbent. Several studies
have also added bacteria to the adsorption and degradation processes [23,28], including Bacillus subtilis to adsorb MB and obtained a
maximum capacity of 37.01 mg/g [28]. The results showed that immobilized bacteria can still work for dye removal, as indicated by
the SEM obtained [29,30].

This study further investigated the removal ability of SA-PVA-Bentonite by modifying the addition of bacteria, namely Pseudomonas
aeruginosa, B. subtilis, and Ralstonia pickettii, as a biodegradation agent. Previous study only reported that MO removal was only
adsorbed with this matrix without any bacteria addition. Meanwhile, in this study the addition of bacteria was applied [26]. The
experiment was carried out three times (triplicate) and the immobilized beads used for MO removal were compared with each free
bacterial cell treatment. Furthermore, the effect of immobilized dead bacterial/bacterial biomass was investigated and the morphology
of each bead was analyzed using SEM instrumentation. This research supposed to be had such an efficiency result on MO removal than
without any bacteria addition and eco-friendly residual waste.

2. Materials and methods
2.1. Microbials

The bacteria used were P. aeruginosa NBRC 3080 (2.11 x 108 CFU/mL), B. subtilis NBRC 3009 (2.47 x 108 CFU/mL), and R. pickettii
NBRC 102503 (2.46 x 108 CFU/mL). These bacterial strains were sourced from the Laboratory of Microorganism Chemistry, Institut
Teknologi Sepuluh Nopember, Surabaya.

2.2. Materials

The materials used for the inoculation of bacteria consisted of nutrient agar (NA, Germany Merck), Luria Bertani broth (LB,
Germany Merck), demineralized water (UD. Sumber Ilmiah Persada, Indonesia), alcohol 70% (UD. Sumber [lmiah Persada, Indonesia).
The components for immobilization were sodium alginate for microbiology (SA, India Himedia), polyvinyl alcohol 60,000 molecular
weight (PVA, Germany Merck), and bentonite (PT. Bentonite Alam Indonesia), while the dye used was methyl orange (MO, Germany
Merck).

2.3. Culture condition

Each of the bacteria used was regenerated using NA media and incubated for 24 h at 37 °C. Subsequently, the cultures were
inoculated into LB broth and incubated at 37 °C for 24 h as a pre-culture. The culture was transferred to another LB until the optical
density (ODggo) touched a value of 1 and incubated at 37 °C to enter a stationary phase (P. aeruginosa: 24 h, B. subtilis: 24 h, and
R. pickettii: 44 h). Finally, 50 mL of each bacteria was taken, and centrifuged to obtain the biomass [28,29].

2.4. Hydrogel preparation

Hydrogel preparation was carried out using a w/v ratio of 1:4:1 for each of SA, PVA, and bentonite. In a total volume of 50 mL of
demineralized water, 0.5 g of SA was dissolved at 105 °C for 30 min, followed by the addition of 2 g PVA, which was heated until
dissolved. Subsequently, 0.5 g of bentonite was added and stirred until homogeneous for 30 min [25]. The hydrogel solution was
sterilized using an autoclave before being used for the next process.
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2.5. Immobilization of bacteria

Bacterial immobilization was carried out separately for each bacterium by adding centrifuged bacteria to the hydrogel solution.
The hydrogel was stirred using a stirrer for up to 30 min and dripped into a cold 4% w/v CaCly solution using a syringe injection to form
round beads [31]. The beads were immersed in CaCl; solution for 24 h [32] and stored in a refrigerator at 4 °C for preservation. In this
study, immobilization of dead bacterial biomass was also carried out and bacteria were inactivated using high temperatures by
autoclaving at 121 °C for 15 min [33]. Subsequently, the same process for immobilizing inactivated bacteria was used for live bacteria.

2.6. MO removal test

All treatment tests were carried out under sterile conditions, with three repetitions to ensure accuracy. The synthesized beads with
a mass of 35 g were washed three times using sterile demineralized water and were used for MO removal at an initial concentration of
50 mg/L for 10 days at 35 °C [6,25,34,35]. A similar procedure was also applied for the beads without bacteria and inactivated (dead)
bacteria. For comparison within the free cell technique, the biomass of live and dead bacteria was also used for this treatment at the
same initial MO concentration at wavelength 465 nm. The MO removal process was analyzed using a UV-Vis Genesys 10S Thermo
scientific spectrophotometer. The calculation of the percentage of MO removal used Eq. (1), as expressed below:

CO - Cz

0

MO Removal = x 100% (€8}

where Cy is the initial concentration, while C; is the final concentration [36].
2.7. Beads viability test

The viability test was carried out to determine the condition of the immobilized bacteria in the beads. The process was conducted
by reinserting the sample beads of each of the bacteria that had been synthesized into the sterile LB broth. Subsequently, the growth of
bacteria that occurred was analyzed using a UV-Vis spectrophotometer at ODggo. From this test, the value of bacterial growth was
obtained starting from the lag to the dead phase. In addition to immobilized beads, free bacterial cells were also used for this viability
test, serving as a comparison within immobilized beads [37].

2.8. Reusability test

The reusability test was used to determine the times and performance of the synthesized beads. In this test, the concentration of MO
remained constant, with the same incubation time for each bacterium. The analysis process also used a UV-Vis spectrophotometer and
Eq. (1), which was continued until the synthesized beads were damaged. Experiments on this treatment were also carried out in
triplicate under sterile conditions [28].
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Fig. 1. MO removal percentage by immobilized bacteria.

Note. — SPB = SA-PVA-Bentonite; LIPa = Live Immobilized P. aeruginosa; NIPa = Nonlive Immobilized P. aeruginosa; LIBs = Live Immobilized
B. subtilis; NIBs = Nonlive Immobilized B. subtilis; LIRp = Live Immobilized R. pickettii; NIRp = Nonlive Immobilized R. pickettii. The result exhibited
means values + SD of three replicate experiments. All relationships are statistically significant (P < 0.05).
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2.9. Morphological characterization analysis

Freeze-drying preparation was handled before characterization to remove the water content of beads. Subsequently, beads were
characterized using Scanning Electron Microscopy (SEM) to determine their morphology and topology, indicating the surface and
slicing appearance [28].

2.10. Statistical analysis

The statistical analysis employed Analysis of Variance (ANOVA) to investigate the significant different between each treatment on
beads immobilization and free cell, which expressed as mean of three replicates + SD (standard deviation). The difference between
mean values at confidence level of 5% (P < 0.05) were considered as statistically significant between group mean [1,38].

3. Results and discussion
3.1. MO removal

In this study, an anionic synthetic dye MO was treated using a matrix derived from SA, PVA, and Bentonite with the addition of
P. aeruginosa, B. subtilis, or R. pickettii, separately. The result obtained is shown in Fig. 1 and the final MO concentrations are presented
in Table 1. The figure showed that the beads without bacteria (SPB) had an MO removal percentage of 33.48%, as similarly obtained in
other treatments. The percentage of immobilized dead bacteria NIPa, NIBs, and NIRp beads also had a lower percentage compared to
the removal of each live bacterium, with final concentrations of 21.16, 32.46, and 17.97 mg/L, respectively. This variation was due to
the biosorption properties of live bacteria, which contributed to the adsorption of MO when entering the beads [39].

Dye removal through bacteria has been widely investigated in previous studies. Nabilah et al. [25] successfully removed methylene
blue dye using a mixture of R. pickettii bacteria and Trichoderma viride fungi immobilized into SA-PVA-Bentonite. Rohmah et al. [28]
also showed that B. subtilis could decolorize and degrade methylene blue dye, while according to Upendar et al. [31], the bacteria were
immobilized into the suitable matrix. Generally, P. aeruginosa is one of the bacteria that is often used in study focused on the
degradation of dye waste, indicating its potential to degrade methylene blue, methyl orange, reactive yellow, direct orange, etc
[40-42]. Dyes consist of various types and groups, including classification based on charge, which was divided into cation and anion
dyes [43].

The principle that works in dead bacteria is biosorption, while live bacteria incorporate both biosorption function and biodeg-
radation [44]. Kishor et al. [40] proved that living P. aeruginosa can degrade MO dye into its metabolite product, including water and
carbon dioxide, due to the presence of a ligninolytic enzyme (manganese peroxidase/MnP) secreted by the bacteria. MnP enzyme can
also degrade, remove, and mineralize the textile dyes [45]. B. subtilis has shown the ability to degrade azo-mixed dye by producing
intracellular azoreductase and laccase [46,47]. The use of non-living bacteria biomass has been reported to be effective in the removal
of dyes [25,26,48] through surface adsorption cell and diffusion processes [49].

In the case of immobilized living bacteria, the percentage of MO elimination successively decreased from the smallest to the highest
ranging from LIRp, LIBs, and LIPa beads. Based on the results, LIPa beads were removed 50 mg/L within 10 min and reached an almost
perfect result of 97.15%, MO final concentration after treatment 1.41 mg/L, followed by LIBs beads of 95.65%. P. aeruginosa and
B. subtilis bacteria were able to secrete the enzymes azoreductase and laccase [40,46]. Azoreductase enzyme was included in the
biotransformation of azo dyes and catalyzes reactions in the presence of reducing agents such as NADH, NADPH, and FADH, [50].
However, laccase is an oxidizing enzyme that breaks down dye structure by removing a hydrogen atom from the hydroxyl group of
ortho and para-substituted mono and polyphenolic substrates, as well as aromatic amines, leading to depolymerization, demethyla-
tion, or quinine formations [50].

R. pickettii bacteria is still rarely investigated for dye removal. R. pickettii can produce lipase enzymes and be immobilized into
alginate as an additive to commercial detergents in laundry and in the hydrolysis of oils [11]. A previous study also showed that
R. pickettii had resistance to arsenite [51], with promising potential in dye removal for the elimination of methylene blue, due to a
combination of alginate, PVA, and bentonite [25].

This study also conducted a comparison of MO removal using the free cell technique through bacterial biomass obtained from liquid
culture. A total of 50 mL bacterial biomass was taken and applied to 50 mg/L MO solution for 10 days at 35 °C. The results obtained
were shown in Fig. 2 and the final concentrations were in Table 2, indicating the percentage removal of MO by each bacterium. Live

Table 1
Final MO concentration after treatment by immobilized bacteria.
Sample Name MO Final Concentration (mg/L)
SPB 33.52
LIPa 1.41
NIPa 21.16
LIBs 217
NIBs 32.46
LIRp 33.06
NIRp 17.97
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Fig. 2. MO removal percentage by free cell technique.
Note. -LPa = Live P. aeruginosa; NPa = Nonlive P. aeruginosa; LBs = Live B. subtilis; NBs = Nonlive B. subtilis; LRp = Live R. pickettii; NRp = Nonlive
R. pickettii. The result represented means values + SD of three replicate experiments. All relationships are statistically significant (P < 0.05).

Table 2
Final MO concentration after treatment by free cell technique.
Sample Name MO Final Concentration (mg/L)
LPa 26.30
NPa 28.40
LBs 33.54
NBs 47.37
LRp 27.45
NRp 9.59

P. aeruginosa (LPa) bacteria showed a high percentage removal of 43.37%, compared to B. subtilis (LBs) and R. picketti (LRp) with 34.61
and 36.20%. The final MO concentrations after treatment of each bacteria were 26.30, 33.54, and 27.45 mg/L, respectively.

MO removal using dead bacteria to determine the biomass ability was also examined. The results showed that dead bacteria had
significantly higher values, when compared to others, except for B. subtilis (NBs). Specifically, inactive R. pickettii (NRp) reduced MO
dye up to 45.11%, due to rupture of cell membranes and the loss of intracellular components in dead bacteria caused by high tem-
peratures, which facilitated liquid absorption [52,53]. A similar phenomenon was observed in P. aeruginosa, which has an optimum
temperature of approximately 37-40 °C [54]. However, B. subtilis has higher resistance and adaptive ability, which kills at a range
temperature of 95-100 °C [55]. This ability could make B. subtilis only show a lower percentage of MO removal compared to others.
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Fig. 3. Growth of bacteria culture on viability test.
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3.2. Beads viability analysis

In this study, the immobilized bacteria were analyzed either alive or dead. A bacterial viability test was used on the beads to
determine whether the bacteria remained viable [56]. This method was carried out to make a bacterial growth curve, which was
measured using the turbidimetric principle at ODggg. The measured OD was rated as absorbance at a wavelength of 600 nm because the
medium used had a brownish-yellow color [57].

The beads that had been synthesized were put back into the LB medium. When the bacteria immobilized in the beads were still
alive, the available carbon source was used for growth to obtain phases of bacterial life [57]. Fig. 3 shows the results of the viability test
for P. aeruginosa, B. subtilis, and R. pickettii bacteria in the beads, indicating that each bacterium experienced different growth at certain
times due to their unique growth phases [58].

Fig. 3 showed that the viability of each free cell decreased the absorbance due to the direct use of carbon sources in the media,
leading to a rapid entry into the death phase. The growth curve of immobilized bacteria was different, as bacteria were more resistant
to pressure in their environment, including limited carbon and energy sources. Consequently, bacteria were able to survive, as
indicated in the absorbance of immobilized bacteria which continued to increase.

3.3. Beads reusability

One of the advantages of using the immobilization technique is the reusing of synthesized beads maximum capacity is reached.
When optimum capacity has not been achieved, the beads continue to reabsorb the substrate solution [59]. The measurement of the
percentage of MO removal in each cycle is calculated until it reaches 50% or the beads are not able to absorb optimally [60]. Based on
the results, it was found that LIPa, LIBs, and LIRp beads had reuse cycles of up to 4, 4, and 2, respectively, as shown in Fig. 4.
P. aeruginosa and B. subtilis bacteria showed a stable decrease in graphic results compared to R. pickettii bacteria. In the 4th cycle, the
LIPa and LIBs bacteria absorbed MO up to 41.23 and 26.43%. However, for the LIRp bacteria, in the 2nd cycle, the bacteria experienced
a significant decrease, with a percentage MO removal of 20.03%.

3.4. SEM characterization

Characterization analysis was carried out using an SEM instrument to determine the state of the morphology and topology of the
beads. Before imagining, the beads were dried using a freeze dryer to remove their water content. The SEM image results showed that
all the components that build up the beads were agglomerated, as presented in Fig. 5a, b, ¢, and d. Furthermore, the bead morphology
after MO adsorption treatment was also observed, as illustrated in Fig. 6a, b, c, and d, indicating that MO was adsorbed into the beads.

This research involved bacteria’s role on MO removal. Hence, MO treatment had been carried out by environmentally friendly
principle. In addition, it also proven that immobilized bacteria showed high result on MO removal than without bacteria addition.
These results could enhance the efficiency level on pollutant remediation, especially anionic dyes. However, bioremediation methods
using bacteria still require improvement and development for their application on a wide scale area, because of its limitations on
nutrition source and environmental stress.

4. Conclusion

In conclusion, this study successfully immobilized P. aeruginosa, B. subtilis, and R. pickettii in a matrix made of SA, PVA, and
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Fig. 4. MO removal depends on the various beads reusability.
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Fig. 6. SEM images of (a) SPB, (b) LIPa), (c) LIBs, and (d) LIRp beads after MO removal.

bentonite, separately. The Immobilization matrix was used for the removal of anionic MO dyes, leading to a significant reduction in
MO compared to non-bacterial and cell-free techniques. The results showed that 50 mg/L MO could be removed by LIPa, LIBs, and LIRp
beads within 10 days of incubation with a removal percentage of 97.15, 95.65, and 66.63%, respectively. The use of dead bacteria
immobilization was also investigated and the highest percentage of removal was obtained from NIPa beads, amounting to 57.58%.
Furthermore, using the free cell technique for each of P. aeruginosa, B. subtilis, and R. pickettii, yielded 43.13, 36.61, and 27.45%. The
use of repeated beads was observed for LIPa, LIBs, and LIRp beads and could eliminate MO at 4, 4, and 2 cycles, respectively. These
results showed that bacterial immobilization had an effective ability to produce higher removal outcomes in handling MO dye.
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