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Biodecolorization of Methylene Blue by Using Bacillus subtilis Immobilized
into SA-PVA-Bentonite Matrix in Mineral Salt Medium and Non-nutritious Medium
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be found in wastewater. Immobilizing clay material and degradative bacteria into a
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Accepted: September 23, 2022 subtilis in sodium alginate (SA)-polyvinyl alcohol (PVA)-Bentonite for adsorption and
DOL: 10.22146/ijc.76080 degrading MB in nutritious mineral salt medium (MSM) and non-nutritious media. The

result showed that SA-PVA-Bentonite-non-living B. subtilis beads (SPB-nBS) had the
highest result in non-nutritious medium, approximately 88.89%. While in nutritious
MSM, living B. subtilis addition into beads (SPB-BS) reached the highest MB removal,
which was 94.31%. Nutritious MSM had a role as the sole carbon and energy for living B.
subtilis. So, it could adsorb and degrade MB by its enzymatic system. The degradation
products were predicted as C;H1oN>0,S, CsHoN2O, and CsHsN,O;sS. Hence, this study
indicated that a nutritious medium was the suitable medium for MB degradation.
According to the SEM result, the bacteria spread and covered the beads. Furthermore, the
adsorption kinetics and isotherms were also analyzed; SPB beads followed the pseudo-
second order kinetic model and Langmuir isotherm.
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m INTRODUCTION physical and biological methods [6]. The biological

. . . method uses the role of microbes (bacteria, fungi and
Currently, dye wastewater is a major environmental

hazard since the effluents are mostly toxic and cannot microalgae), and it is environmentally friendly [7].

degrade easily [1]. The world has produced 7 x 10° tons of Bacillus subtilis is a species known to degrade synthetic
dye wastewater and adsorb synthetic dyes [8-10]. B.
subtilis can produce lignin peroxidase (LiP), NADH DCIP

reductase and laccase enzymes that can degrade complex

dyes, and in the textile industry process, it is estimated
that 10-15% was wasted through wastewater [2]. The

accumulation of dye in the environment can disrupt the

process of photosynthesis in waterbodies because it could aromatic compounds into simpler compounds [11-12].

retard light penetration from entering the waterbody. While living cells are more successful at biodegrading

Additionally, dye wastewater can cause the environment pollution, non-living cells are more effective in binding
to be less aesthetic [3]. Methylene blue (MB) is a synthetic

and cationic dye for coloring specimens in laboratories

pollutants to the cell surface [13]. Non-living cells of
bacteria, fungi, and microalgae have some advantages in

and is used as a dye for silk, wool, and cotton fabrics [4]. adSOFptIO? polflutan‘Fs nan aque(?us I}I:edlu}?'ét d(;les ?Ot
Untreated MB wastewater could induce human health risks, ~ '€4%¢ @ ot of nutrients to survive, has a high pollution
. o N tolerance, and may have the quickest adsorption rate
such as cyanosis, eye irritation and digestive problems [5]. Unf . it still b drawback )
Handling MB dye wastewater treatment before being [14]. Unfortunately, it still has some drawbacks to using
. . . : . . microbes through the free cell technique only, especially
discharged directly into the environment is very important.

Three methods can remove dye waste, including chemical, when it encounters environmental stress factors (pH,
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temperature, and nutrient amount). Therefore, an
appropriate strategy is required to preserve the microbe
while still achieving efficient decolorization results, such
as the immobilization technique with extra adsorbent
materials [15].

The immobilization technique limits the movement
of materials or microorganisms. It is used for pollutant
remediation and has several advantages in cycle
reusability, more resistance to the environment, and easy
separating from the treatment solution [16]. It usually
uses biodegradable sodium alginate (SA) which has high
adsorption capacity [17]. Entrapment by cross-linked
calcium alginate is the easiest way of immobilization [18]
but has the drawback of less mechanical strength [15].
Additionally, polyvinyl alcohol (PVA) is a material also
used for this process [19]. It can increase the mechanical
strength of the matrix immobilization, but it could reduce
mass transfer in the matrix system. The addition of
Bentonite adsorbent filler material is the best solution to
increase the mass transfer of the matrix and its adsorption
capacity [15,20].

A previous study reported that Bentonite had been
applied in alginate beads for MB removal [21]. At the
same time, Ravi and Pandey [22] exhibited the adsorption
capacity of alginate beads within Bentonite addition until
85% efficiency removal. On the other hand, the addition
of B. subtilis showed that it could degrade the wastewater
pollutant industry and become its secondary product
[23]. Therefore, to enhance adsorption and degrading
ability in the removal of MB wastewater, B. subtilis
bacterium was immobilized into SA-PVA-Bentonite. The
application was conducted in various aqueous mediums,
which has

composition. The bead's morphology was characterized

nutrient source and limited nutrient

by using SEM and FTIR for the functional group
identification. Additionally, the adsorption kinetics and
isotherms of the SA-PVA-Bentonite (SPB) beads were
also studied.

m EXPERIMENTAL SECTION
Materials

The strain of B. subtilis NBRC 3009 was obtained
from the Microbial Chemistry Laboratory collection,
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Department of Chemistry, Institut Teknologi Sepuluh
Nopember Surabaya, Indonesia. The growth media were
Nutrient Agar (NA; Merck, Germany) and Luria Bertani
Broth (LB; Merck, Germany). Methylene blue
(CisHisN3SCl-xH,O, MB) was purchased from Merck,
Germany. Furthermore, this research also used sodium
alginate (SA; Himedia, India), polyvinyl alcohol (PVA;
Merck, Germany), Bentonite (PT. Bentonit Alam
Indonesia), calcium chloride (CaCl,; SAP Chemicals),
demineralized water, and ethanol (70%) were purchased
from UD.
Dipotassium phosphate (K;HPO,4), monopotassium

Sumber Ilmiah Persada Indonesia.
phosphate (KH,PO,), magnesium sulfate heptahydrate
(MgSO47H,0), sodium chloride (NaCl), iron(II) sulfate
hexahydrate  (FeSO,7H,O), ammonium nitrate
(NH4NO:s), calcium chloride dihydrate (CaCl,-2H,O),
and D-glucose (CsH12O¢) were purchased from Merck

Germany and used for making MSM.
Instrumentation

This study used Vertical Steam Sterilizer LS-50L]
(GEA Medical; autoclave) for sterilizing, laminar airflow
(Hotpack) and Incubator (LOVIBOND) for bacteria
culture and incubation. The result treatment was
analyzed by using UV-VIS Spectrophotometer Genesys
10s (Thermo Scientific) and Scanning Electron
(SEM) INSPECT-S50 (FEI). The
degradation product was analyzed by using LC-TOF/MS
(Bruker), with an ESI mass range of 50-1000 m/z. The
column was Acclaim TM RSLC 120 C18, 2.1 x 100 mm,
with a particle size of 2.2 um at 33 °C.

Microscopy

Procedure

Bacteria culture preparation

B. subtilis was inoculated onto NA medium sterile
in an agar plate by re-streaking, and the culture was
incubated at 37°C for 24h inside an incubator.
Furthermore, the culture of B. subtilis from NA was
inoculated into a 20 mL LB broth liquid medium. The
culture was pre-incubated for 24 h at 37 °C [24-25]. B.
subtilis culture was streaked on sterile NA medium with
MB 50 and 100 mg/L for biodecolorization MB on solid
agar medium. The culture was then incubated at 37 °C
for 1 and 3 days.
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Matrix beads preparation and immobilization process

Matrix beads were synthesized from 0.5 g (1% w/v =
g of solute/100 mL solution) SA, diluted in demineralized
water by heating at 105°C and stirred for an hour.
Subsequently, SA hydrogel was added by 2 g (4% w/v) PVA
and 0.5g (1% w/v) Bentonite to make SPB hydrogel
[15,26]. Furthermore, the hydrogel was stirred until it
became homogeneous and was dropped into an 8 g (4%
w/v) CaCl, solution using a sterile syringe. Afterward,
formed beads were sunk into fresh CaCl, solution for
crosslink until 24 h. The beads were washed with
demineralized water three times to eliminate excess CaCl,
[27].

Living and non-living cells of B. subtilis were
immobilized in SPB gel before it was dropped into the
CaCl, solution. Non-living B. subtilis was killed by the
heating process at 121°C for 15 min. The gel was
homogenized by stirring for 30 min to ensure the
bacteria’s biomass was spread evenly [9,15]. The following
technique was the same as the SPB beads procedure.

Methylene blue dye biodecolorization

SPB beads were applied to decolorize MB dye in a
nutritious medium (Mineral Salt Medium/ MSM) and a
non-nutritious medium (demineralized water). About
100 mL MB 50 mg/L in 250 mL Erlenmeyer flask which
was diluted by MSM and non-MSM, were added by
32.5 mg beads, followed by incubation for 24 h at 30 °C
After
taken and

under static conditions. incubation, the

supernatants were analyzed wusing a
spectrophotometer UV-Vis at 664 nm.

Furthermore, MB was also decolorized by using
dried beads in a batch system for various initial weights of
beads 10-30 mg within 5 mg intervals into 30 mg/L MB
for 120 min under shaking conditions. In contrast,
various time incubations were conducted by 20 mg beads
into 30 mg/L MB for 5-240 min. Then various MB
concentrations of 10, 20, 30, 40, 50, and 70 mg/L were
decolorized by 20 mg beads for 180 min. All variation
experiments were conducted in 20 mL non-nutritious
medium under 30 °C and 120 rpm rotary shaker. The
adsorption capacity of beads on MB decolorization was

determined by using Eq. (1):
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(CO ;A(;t)v (1)

where ¢, qc, and ¢, are initial concentration, equilibrium

9e =

concentration, and final concentration at a current time
(mg/L), respectively, while V is the volume of MB
solution (L), and W is the weight of beads (g).

Beads characterization

The functional group information of the synthesized
immobilization beads was analyzed using FTIR at wave
range 4000 until 400 cm™. SEM analyzed the surface and
morphology of the beads before the MB adsorption
treatment process. Before scanning by SEM, the beads
were dried out by freeze-drying to remove all water
contents. This analysis was also conducted for beads with
and without bacteria addition (SPB-BS and SPB-nBS) [6].

Adsorption kinetics and isotherms study

Adsorption kinetic models were used to investigate
the kinetics of beads adsorption. Furthermore, pseudo-
first and pseudo-second order kinetic models are
commonly used in adsorption kinetic models. This is
shown by Eq. (2) and (3):
In(q, —q; ) =Ing, —k;t (2)

oL +[L]t (3)
qt k2qe qe

where q. and q; are adsorption capacity at equilibrium

and at a current time t (mg/g), k; is the pseudo-first
order rate constant (min™'), and k; is the pseudo-second
order rate constant (g.mg'.min™").

The adsorption isotherms of MB into the beads
were various MB initial

investigated  using

concentrations. These were assessed by using the

Langmuir and Freundlich models, which are

represented by Eq. (4) and (5):

e 1 LS (4)

4 Kam qnm

Inq, =InK; +ilnce (5)
n

where c. is the equilibrium equation, qm and q. are
maximum and equilibrium capacity (mg/g), K. (mg/L)
and K (mg/g) are Langmuir and Freundlich constants,
respectively [28].
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m  RESULTS AND DISCUSSION

Decolorization and Degradation of Methylene Blue
in Solid Medium (Nutrient Agar)

B. subtilis was inoculated onto nutrient agar (NA)
medium and observed for 1 and 3 days. The results were
shown in Fig. 1(a) and 1(b), B. subtilis could grow on the
first day at 50 and 100 mg/L MB. The faded blue color
visual from decolorization zones proved that B. subtilis
could survive in a medium with MB on the NA medium
by secreting its enzymes [29]. NA consists of peptone,
malt extract, and yeast extract that can be utilized as
nutritional resources for bacteria, especially for its sole
carbon and energy. Supported by its composition, such as
amino acid, vitamin, and protein, nutrition could rapidly
lead to the growth of bacteria, have the optimum
capability to produce its colony, and enhance its potential
enzymes secretion [30].

On the third day of incubation (Fig. 1(c) and 1(d)),
the result showed that B. subtilis had been decolorized and
degraded MB more clearly than on the first day (Fig. 1(a)
and 1(b)). It was proved by the appearance in the middle
of NA agar which is lighter than on the first day of
incubation. In a previous study by Purnomo et al. [31], B.
subtilis cell could decolorize 100 mg/L MB until 88.00%
on the seventh day, followed by its decreasing MB color
absorption in nutritious potato dextrose broth (PDB)
medium.

Decolorization of Methylene Blue in Non-nutritious
Liquid Medium and MSM

MB decolorization in a non-nutritious liquid medium
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was conducted using variation beads (SPB, SPB-nBS,
and SPB-BS). The medium consisted of MB diluted with
demineralized water. In a free environment, especially in
wastewater treatment, the lack of nutrition and other
stressing factors are commonly found, such as pH,
temperature, and salinity. Those are essential concerns
regarding the remediation of pollutants. It could affect
the bead’s ability to decolorize pollutants, especially
adsorbent material supported by living microorganisms
[9].

Various decolorization beads experiments were
conducted by using 32.5 mgat 100 mL volume within

Fig 1. Decolorization and degradation of MB by B.
subtilis on NA medium (a) 50 mg/L MB after 1 day, (b)
100 mg/L MB after 1 day, (c) 50 mg/L MB after 3 days,

and (d) 100 mg/L MB after 3 days
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Fig 2. MB percent removal in (a) non-nutritious medium and (b) mineral salt medium (MSM)
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50 mg/L MB concentration under 24 h. Fig. 2(a) showed
MB removal in a non-nutritious liquid medium. SPB-BS
beads could remove 73.56% MB, while SPB and SPB-nBS
could decolorize MB to 85.67 and 88.89%, respectively. In
addition, beads with SPB-nBS had a higher percent
removal result than SPB-BS. The heating process made B.
subtilis cells inactive [32]. Tural et al. [32] reported that
the B. subtilis cell wall consists of peptidoglycan, which
belongs to some of the functional groups (carboxylate
anions (-COO"), -NH, hydroxy (-OH), -C=0, -C-N-,
-C-0, and -C-H). Hence, it could make interaction with
some molecules such as MB. Meanwhile, it was reported
that living cell bacteria also had a defense ability,
especially B. subtilis, which could produce biofilm to
protect its cell from the toxic environment, such as dye
pollutants [33]. This biofilm inhibited MB in contact with
B. subtilis cells due to the adaption of lacking nutrition
and high toxicity medium.

At MB biodecolorization by beads in a medium
which consists of nutrient/MSM, the MB removal (Fig.
2(b)) was different from the non-nutritious medium
result (Fig. 2(a)). Fig. 2(b) showed that the highest MB
removal was reached by SPB-BS at approximately 94.31%,
followed by SPB-nBS and SPB, which decolorized MB to
86.60 and 79.40%,
composition has a crucial role in MB biodecolorization as

respectively. Nutrient amount

a mineral and sole carbon source. Hence, B. subtilis
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bacteria needs some of those nutrients for growth,
especially for enzyme secretion [34]. Those enzymes
could degrade MB and become its degradation product.
While, on SPB-nBS beads treatment, the bacteria did not
produce the enzyme. The heating treatment process
killed the bacteria and denatured its enzymes [31].

Adsorption and Degradation Mechanism

The mechanism in SPB and SPB-nBS beads
experiments was adsorption, while the SPB-BS beads
experiment was involved in adsorption and
biodegradation. The matrix framework of the beads was
formed by crosslinking between sodium alginate and
calcium chloride (CaCl,). Alginate is a biocompatible
material commonly used in immobilization [35]. In
addition, PV A and Bentonite were used as fillers which
can bind through hydrogen bond interaction [36]. Fig. 3
showed that MB was adsorbed into the beads by
hydrogen bond and electrostatic interaction. The
electrostatic interaction was caused by the positive charge
of MB and the negative charge of Bentonite. Bentonite
has super-capacity in adsorbing MB because of its ionic
exchange (cationic) and high adsorption capacity [15].

In this study, living B. subtilis has a role in
degrading MB to become metabolite degradative
products by its enzymatic system. Oxidoreductase

enzymes are enzymes that could lead to the oxidation or
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reduction process. B. subtilis is known to produce those
enzymes. Laccase and lignin peroxidase (LiP) are a group
of oxidation enzymes. A previous study reported that B.
subtilis produced laccase identified by 2,2’-azino-bis(3-
(ABTS). This
decolorized 44.6 pg indigo carmine dye [37]. While

ethylthiazoline-6-sulfonate) laccase

another study reported, B. subtilis degraded reactive blue
dye by LiP, azoreductase and NADH-DCIP reductase
activity [11]. Azoreductase enzyme activity also could
degrade mixed azo dyes (Reactive Red, Reactive Brown, and
Reactive Black) [38]. In SPB-nBS beads, the degradation
process was not found. Heat-killed bacteria (non-living B.
subtilis) cannot degrade MB pollutants because high
temperatures made its enzymes denatured [32].
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MB degradation products were analyzed by using
LC-MS. At 16.17 min retention time, the chromatogram
control from SPB decolorization showed m/z 284, which
was identified as MB (Fig. 4(a)). Then Fig. 4(b) showed
the chromatogram of MB degradation by SPB-BS beads.
The retention time of 4.32 and 8.93 min were shown as
m/z 218 and 167, respectively. These degradation
products were predicted as C;H;oN,O,S and CsHioN,O,
based on TiO,/UV photocatalytic study by Houas et al.
[39]. At the same time, a retention time of 11.17 min was
predicted as CsHsN,OsS (m/z 187), which was supported
by Jia et al. [40] about MB degradation by novel
ZnO/bone char composite. The chemical structure of
metabolite product prediction was exhibited in Table 1.

16.17

0 5 10

15 20 25

Retentention time (min)

Fig 4. LC-MS result of MB degradation (a) SPB and (b) SPB-BS decolorization result

Table 1. Prediction of MB degradation metabolite products

Retention time (min) m/z Molecular formula Structure
HO NH,
4.32 218 CHN:0sS H{ j@S%H
&Hy
NH
0 2
8.93 166 CsHioN0; H/H\N oH
NH,
11.17 187 CsHsN,O;S /@:
H,N SO,H
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Fig 5. FTIR image of beads after and before adsorption

The mechanism of degradation by SPB-BS beads was
through the chemisorption mechanism. The MB was
degraded to become a simpler product by B. subtilis
enzymatic mechanism.

Bead Analysis

Fourier transform infrared

Fig. 5(a) showed the FTIR results of SPB beads
before MB decolorization, followed by control analysis
(MB dye) and SPB beads after MB decolorization. SPB
beads were composed of the combination SA; PVA; and
Bentonite, proved by the presence of peak spectra at range
O-H stretching (3700-3200 cm™); C-H stretching
vibration (2900 cm™); stretching C=O and C-O
(1700 nm™), and the combination functional groups (range
1400 and 1100 cm™). Si-O group stretching vibrations of
Bentonite corresponded in the range of 950-1100 cm™
and divided into a sharp band at 1033 cm™ with a
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shoulder around 1088 cm™ attributed to perpendicular
Si-O stretching [36].

On MB FTIR result analysis, there are a significant
peak at 2924 cm™ refers to C-H asymmetric stretching,
-NH stretching vibration at band 3443 cm™, C=C ring
stretching figured at 1500 to 1400 cm™', CH=N at
1600 cm™, the -CH, or -CHj stretching at 1400 to
1300 cm™, and the ~-C-N and N-N stretching absorption
peaks at 1252 and 1224 cm™’, respectively (Fig. 5(b))
[41]. The C-H at 1176 cm™}, C-N at 1146 cm™, C-S-C
at 1064 cm™, and C-H out-of-plane bending vibrations
of the ring at 881 and 824 cm™ were the other MB
absorption peaks [41].

After the MB adsorption process, the SPB beads
FTIR result showed that there was spectra addition of
MB (Fig. 5(c)). The combinations were shown at
overlapping -OH and -NH spectra bands at 3200-3500
nm™. Based on LCMS analysis prediction, it showed that
the functional group of metabolite products from SPB-
BS beads was similar to the functional groups of MB and
the beads themselves. Hence, FTIR spectra SPB beads
after MB removal had the same peaks among MB and
SPB beads.

Scanning electron microscopy

The morphology and topology structure of beads
were characterized using Scanning Electron Microscopy
(SEM). Fig. 6 showed SEM images of the bead’s outer
surface. SPB bead reported an irregular visual shape
constructed by a mix of SA, PVA, and Bentonite (Fig.
6(a)) similar to SPB-BS and SPB-nBS beads (Fig. 6(c)
and 6(e)). However, it showed that B. subtilis bacterium
colony (rod shape) had been spread out on the bead's
surface, which was different from the SPB beads (no
bacteria). Heat-killed non-living bacteria were flatter
than the living types (Fig. 6(c) and 6(e)). A previous
study reported that B. subtilis had a maximum growth
temperature of 53 °C [42]. After the MB adsorption
process, beads were also analyzed by SEM, as shown in
Fig. 6(b), 6(d), and 6(f), and the image showed the MB-
covered bead's surface, represented by agglomeration. B.
subtilis bacteria blocked MB transfusion in and out of
the beads [15].
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Fig 6. SEM images of the bead surface (a) SPB before, (b) SPB after, (c) SPB-BS before, (d) SPB BS after, (e¢) SPB-nBS

before, and (f) SPB-nBS after MB adsorption

Adsorption Analysis of Dried Beads

Analysis of MB decolorization by various weights of
dried beads mass was conducted on SPB, SPB-nBS, and
SPB-BS beads (Fig. 7(a)). MB removal by SPB-BS beads
was still increased, similar to SPB-nBS beads on 10-30 mg
mass weight beads at 5 mg intervals. While SPB beads
reached equilibrium at 20 mg mass weight in 30 mg/L MB
solution at 120 min time shaking condition, estimated
62.10% within 19.25 mg/g adsorption capacity. The
higher percent removal was obtained at 30 mg beads for
SPB, SPB-BS, and SPB-nBS, estimated at 64.43, 53.98, and
60.26%, respectively. At 10 mg mass of weight beads, SPB-
nBS beads had been adsorbed at 26.64%.

When various adsorption times were carried out,
the equilibrium capacity was reached at 180 min,
estimated at 23.78 mg/g adsorption capacity for SPB
beads (Fig. 7(b)). The weight of beads in this analysis was
20 mg, and the MB concentration was 30 mg/L under
120 rpm shaking condition. Beads adsorption capacities
were increased directly under 180 min. In addition, SPB-
nBS and SPB-BS beads had higher capacity adsorption at
240 min incubation shaker time, 23.45 and 20.11 mg/g,
respectively.

Various MB concentrations were conducted at 10,
20, 30, 40, 50, and 70 mg/L MB. At 30 mg/L, the
adsorption capacity of SPB-BS, SPB-nBS, and SPB beads
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Fig 7. MB percent removal by (a) various beads weight, (b) various adsorption times, and (c) various MB

concentrations

was 18.85, 21.76, and 23.78 mg/g, respectively. It was still
increased to a 50 mg/L concentration of MB (Fig. 7(c)).
Then at 70 mg/L, the SPB-BS beads after MB adsorption
decreased to 21.25 mg/g. At MB concentrations of 40 and
50 mg/L, the adsorption capacities of SPB-BS beads were
22.95 and 23.16 mg/g, respectively.

Adsorption Kinetics

Adsorption kinetic reveals the equilibrium capacity
and rate, which is influenced by the presence of active
binding sites, the physicochemical nature of the
adsorbent, and the specific surface area [43]. Chemical
interaction between the adsorbate, mass transfer, bulk
transfer, intraparticle diffusion, diffusion through
micropores/macropores, and diffusion through the liquid
film around the solid phase surface are all part of the
mechanism [44]. The general adsorption process is

dependent on the amount of adsorbate and the

availability of adsorptive sites, according to pseudo-first
and pseudo-second-order kinetic models [45].

Based on the linear graphics (Fig. 8(a) and 8(b)),
the calculated values of K, q., and regression coefficient
(R?) were obtained and shown in Table 2. The regression
coefficient of 0.981 with calculated q. was 26.546 mg/g
when the incubation was at a range of 5 until 240 min
under the pseudo-first order kinetic. Therefore, this
analysis can confirm that MB decolorization followed
the pseudo-second order. Previous studies also reported
that both pollutant adsorption by using PVA-SA-kaolin
beads and calcium alginate-Bentonite/activated biochar
followed pseudo-second order kinetics [46-47].

Adsorption Isotherms

The adsorption isotherm mechanism describes the
distribution of adsorbate molecules in a solution
between the solid and liquid phases at a particular system
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Fig 8. Graphic of (a) pseudo-first and (b) pseudo-second order kinetic models
Table 2. Kinetic parameters for adsorption of MB onto SPB beads based on different models
Pseudo-first order Pseudo-second order
R? Slope  Intercept K, qe cal R? Slope  Intercept K, q. cal
0.861 -0.025 3.395 0.025 1.222 0.981 0.038 1.201 0.001 26.546
temperature. According to the Langmuir model, was 0.803 (Fig. 9(b) and Table 3). These indicated that

monolayer adsorption occurs on the adsorbent surface
with similar homogeneous binding sites [48]. In contrast,
the Freundlich model is based on the assumption of a
heterogeneous distribution on the adsorbent surface [49].
The results showed that the regression coefficient (R?)
value of Langmuir isotherm was 0.973, with Ky of 0.238
and qn of 37.010 mg/g (Fig. 9(a) and Table 3), while the
regression coefficient (R*) value of Freundlich isotherm

0.14 7 (a)
0.12 9 P
01 4
» 0.08 1
 0.06 4 ‘@
0.04 1 ".n.
0.02 4
0 T T T J
0 0.2 04 0.6 08
1/ce
° SA-PVA-Bentonite

Linear (SA-PVA-Bentonite)

the varied Langmuir isotherm is applicable in this study.
Therefore, MB adsorption by SA-PVA-Bentonite bead
materials was conducted by monolayer adsorption.

Comparison with Other Biosorbents

Table 4 compared the biosorption capabilities of
various biosorbents for the elimination of MB. In
comparison to those described in the literature, dried SPB
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Fig 9. Graphic of (a) Langmuir and (b) Freundlich adsorption isotherms

Table 3. Isotherm adsorption analysis of MB onto SPB

beads, according to Langmuir and Freundlich models

Langmuir isotherm

Freundlich isotherm

R? Slope  Intercept K. Qm

R? Slope  Intercept K n

0.973 0.113 0.027 0.238  37.010

0.803 0.349 2.312 205.112  2.866
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Table 4. Comparison of biosorption capacities of various biosorbents for MB removal

Adsorption capacity

Adsorbent References
(mg/g)

Alginate-polyvinyl alcohol-Bentonite beads 37.01 Present study
Ca-alginate-Bentonite/biochar 47.39 [47]

PV A-Alginate/Bentonite nanocomposite hydrogel 51.37 [36]
polyvinyl alcohol/Bentonite hydrogels 27.90 [50]
Fe-sludge biochar 29.13 [51]
Alginate-graphene oxide beads 8.36 [52]
Magnetic/Activated Charcoal/B-Cyclodextrin/Alginate Polymer Nanocomposite 2.08 [53]

beads have a significant biosorption capacity.
m CONCLUSION

In this study, B. subtilis was immobilized in the SA-
PVA-Bentonite MB. The
experiments were conducted under a non-nutritious
medium and MSM. SPB-BS beads had the highest removal
result in MB solution within MSM, approximately 94.31%
for 24 h at 30 °C under static conditions. MSM was
utilized by bacteria as the sole carbon and energy. The

matrix to decolorize

degradation products were predicted as C;HioN,OsS,
CsH1oN,0O, and C¢H;N,Os;S. While in the non-nutritious
medium, non-living B. subtilis addition beads (SPB-nBS)
reached the highest MB removal, which was 88.89%. SEM
characterization showed that B. subtilis covered the
surface of the beads. In addition, SPB beads were followed
by pseudo-second order (K; 0.001 and q. 26.546 mg/g),
and Langmuir isotherm (K 0.238 and qn 37.010 mg/g).
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