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A B S T R A C T

Use of novel biological materials as adsorbents for removal of xenobiotics is gaining significance owing to their
exceptional advantages. An extracellular polymeric substance (EPS) produced by Lysinibacillus sp. SS1 had rough
porous surface as observed by SEM analysis. Adsorption ability of EPS was estimated against various textile dyes
such as Malachite Green (MG), Methyl Orange, Congo Red and Coomassie Blue. About 82% of MG (100 mg/L)
was adsorbed onto 2.5 mg EPS within 30 min. Effect of MG concentration, EPS weight, agitation speed and in-
cubation time on adsorption, studied by one factor at a time approach, revealed that adsorption was influenced by
all factors. Maximum adsorption of 99.01 � 0.61% was achieved at 100 mg/L MG, 10 mg EPS, 120 RPM in 75 min
with maximum adsorption capacity of 247.5 mg/g. Kinetics was affected by MG and EPS amounts, with shift from
pseudo first to pseudo second order with increase in concentration. Adsorption of MG by EPS of Lysinibacillus sp.
SS1 was identified as unilayer chemisorption as it followed Langmuir isotherm with maximum adsorption ca-
pacity (Qm) of 178.57 mg/g (R2 ¼ 0.9889). This is the first report on potential of EPS produced by Lysinibacillus sp.
SS1 as novel biodegradable adsorbent with high efficacy of MG removal from aqueous solutions.
1. Introduction

The textile dye industry is one among the largest industries in India
that contributes to severe environmental pollution due to discharge of
untreated dyeing effluents [1]. Release of dyeing effluents cause dire
consequences on ecosystems, human health, soil fertility and marine life
due to genotoxicity, mutagenicity and carcinogenicity of dyes [2].
Different methods such as membrane separation processes, degradation,
flocculation, precipitation and oxidation, used for dye wastewater
treatment, are successful in dye removal, however, on application in
large scale are expensive for developing countries like India [3]. Process
of adsorption is extensively used for removal of dyes owing to its high
efficiency and ease of use [4]. Adsorbents such as activated carbon,
activated alumina, silica gel, zeolites etc used in wastewater treatment,
are expensive and have a complicated regeneration process [5]. This has
paved way for search of novel, cost effective and simple adsorbents with
high dye removal efficiency.
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Several biological materials such as lignocellulosic wastes, agricul-
tural wastes, bacterial and fungal biomass have been studied extensively
in adsorption of dyes fromwastewaters and effluents [6, 7, 8]. Utilization
of extracellular polymeric substances (EPS), i.e. high molecular weight
microbial polymers, as novel bio-adsorbents is currently gaining popu-
larity due to their biodegradability, eco-friendliness, high competence
and non-toxic nature [9, 10]. When a novel material is used as an
adsorbent, study of factors effecting the process, adsorption kinetics and
equilibrium data must be essentially studied and identified. Rate of
adsorption can be predicted by kinetics, which is the basis for design of
an adsorption process [11].

The present work deals with the adsorption of Malachite Green (MG)
dye by EPS produced by Lysinibacillus sp. SS1, isolated from automotive
service station soil. This EPS, previously reported for its heavy metal
adsorption abilities, is produced by bacteria in response to petroleum
crude oil (PCO) stress [12]. MG, a highly toxic triarylmethane dye, used
for various purposes, such as food, cloth and paper colorant and as
1
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

http://www.cell.com/heliyon
mailto:journal_logo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e07169&domain=pdf


H. Kamath Miyar et al. Heliyon 7 (2021) e07169
biocide in aquaculture, causes serious health effects and environmental
implications [13]. The effect of factors on adsorption of MG by EPS was
studied using one factor at a time (OFAT) approach. Additionally,
adsorption kinetics and isotherms were studied at various adsorbate and
adsorbent concentrations. This is the first report on study of kinetics and
isotherms of adsorption of MG by bacterial EPS.

2. Materials and methods

2.1. Bacterium, substrates and chemicals

Lysinibacillus sp. SS1 (GenBank: MW897754.1), used for production
of EPS, was previously isolated from automotive service station soil [12].
MG was procured from Sisco Research Laboratories (SRL Pvt Ltd,
Mumbai, Maharashtra, India). All other chemicals used in this work were
of analytical grade.
2.2. EPS production, extraction and structural analysis

EPS was produced by growing Lysinibacillus sp. SS1 (10% v/v, 108

CFU/mL) in Bushnell Haas broth (g/L: MgSO4:0.2, KH2PO4: 1.0, K2HPO4:
1.0, CaCl2: 0.02, FeCl3: 0.05, NH4NO3: 1.0) supplemented with 3.0% v/v
PCO as sole carbon source. After incubation at 27� 2 �C at 80 RPM for 10
days, EPS was extracted and purified from cell free supernatant (CFS) as
previously described [12]. Briefly, CFS was dispersed with cold ethanol
(1:4) and kept at 4 �C overnight. The precipitated EPS was collected by
centrifugation at 10,000 RPM for 15 min and extracted with
chloroform-butanol (99%) mixture (2:1). Partially purified EPS was ob-
tained on evaporation of solvent at 60 �C. The surface of purified EPS was
visualized by subjecting it to Scanning Electron Microscopy (SEM) (Jeol
JSM 6390LV), while the elemental composition was determined by en-
ergy dispersive X-ray analysis (EDS).

2.3. Screening of dyes for adsorption by purified EPS of Lysinibacillus sp.
SS1

Aqueous solutions (25 ml) of MG, Methyl Orange (MO), Congo Red
(CR) and Coomasie Blue (CB) containing 100 mg/L was incubated with
2.5 mg of EPS for 30 min at 80 RPM. Temperature and pH were
maintained at 27 � 2 �C and 6.0 respectively. Residual concentrations
of MG, MO, CR and CB in the solution were determined by measuring
absorbance spectrophotometrically at 620 nm, 470 nm, 485 nm and 560
nm respectively. Percentage adsorption of dyes was calculated as fol-
lows

%Adsorption¼Ci� Ct
Ci

*100: (1)

Where Ci and Ct are the initial dye concentration and the dye concen-
tration after 2 h respectively.

Amount of dye adsorbed by EPS was calculated as per the following
Table 1. Adsorption of MG by various adsorbents.

Adsorbent MG (mg/L) % Adsorption

Silica/rice husk composite 200 97.11

Mesoporous magnetic biochar 100 98.9

EPS stabilized iron oxide nanoparticles 100 93.77

Cellulose nanofibrils aerogel 100 92

Azadirachta indica leaves 50 92.8

Pandoraea pulmonicola biomass 50 85.2

Bacillus cereus biomass 100 85

EPS of Lysinibacillus sp. SS1 100 99.01

2

Qt ¼VðCi� CtÞ
W

(2)
Where Qt ¼ amount of dye adsorbed (mg/g), V is the total volume of the
solution (L), Ci and Ct are the initial dye concentration and the dye
concentration after 2 h respectively (mg/L) and W is the weight of EPS
added (g).

2.4. Effect of factors on MG adsorption by purified EPS by OFAT approach

Effect of factors such as MG concentration, EPS weight, agitation
speed and incubation time on adsorption of MG by purified EPS was
studied by OFAT. In OFAT approach, effect of one factor is studied by its
variation while maintaining others constant [14]. The level of factor at
which maximum output is obtained is fixed while varying the next factor.
Levels of factors were maintained as per Table 1 and % adsorption was
calculated as per Eq. (1). Temperature and pH were maintained at 27� 2
�C and 6.0 respectively for all experiments. Adsorption capacity (mg/g)
and % adsorption were calculated by performing experiments at level of
factors where maximum adsorption was achieved.

2.5. Adsorption kinetics

Pseudo first order (PFO) and pseudo second order (PSO) models are
models that are extensively used to describe kinetics of adsorption of
contaminants from liquid systems [15]. The kinetics of adsorption de-
pends on initial concentration of pollutant in the system. In the present
study, linearised equations of PFO and PSOmodels were used to describe
adsorption kinetics of MG at various concentrations (25 mg/L - 100
mg/L) for 2.5 mg purified EPS. Additionally, kinetics was studied at
various weights of EPS (2.5 mg–10 mg) for 100 mg/L MG.

The linearised form of PFO model is given as follows

logðQe�QtÞ¼ log Qe�
�

k1
2:303

�
t (3)

Where Qe and Qt ¼ amount of MG adsorbed (mg/g) at equilibrium and
time t respectively and k1 (min�1) is the pseudo-first-order rate constant
[16, 17].

The linearised form of PSO model that describes chemisorption is
given as follows

t
Qt

¼ 1
k2Qe2

þ 1
Qe

t (4)

Where k2 (g/mg.min) is the pseudo-second-order rate constant [18, 19].
Mechanism of adsorption includes three steps i.e. transfer of adsor-

bate to the surface of adsorbent (film diffusion), transfer from surface to
the active sites (intraparticle diffusion) and binding of adsorbate on the
active sites [20]. In-order to ascertain if intraparticle diffusion was the
rate limiting step, intraparticle diffusion model was used. The linearised
form of this model is described as follows
Time (min) Kinetics Isotherms Reference

- PSO Freundlich [42]

20 PSO Langmuir [43]

6 PFO - [44]

- PSO Langmuir [45]

120 PSO Langmuir [46]

- - Langmuir [47]

360 PSO Langmuir [48]

75 PFO Langmuir This study



Figure 1. Surface and elemental composition of EPS produced by Lysinibacillus sp. SS1 visualized by SEM (A) and EDS (B) analysis.
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Qt ¼ kpt0:5 þ C (5)
Figure 2. Adsorption of dyes by EPS produced by Lysinibacillus sp. SS1.
Where kp (mg/g h) is the rate constant of this model. When a graph of Qt
versus t0.5 is plotted, if a relationship is observed in the form of a straight
line, it implies that intraparticle diffusion is rate limiting step, if multi-
linear patterns are observed it indicates that the rate of the reaction is
controlled by more than one step [21].

2.6. Adsorption isotherms

Adsorption isotherms are essential in design and optimization of
adsorbent capacity for removal of pollutants from aqueous solutions
[22]. They are curves relating equibrium amount of pollutant in solution
(Ce) to the equilibrium amount of pollutant adsorbed (Qe) [23]. The
equilibrium study of MG adsorption by EPS of Lysinibacillus sp. SS1 was
studied by three widely used adsorption isotherms namely, Freundlich,
Langmuir and Temkin.

Eq. (6) depicts the linearized form of Freundlich isotherm

ln Qe ¼ ln Kf þ 1
n
ln Ce: (6)

Where Kf indicates maximum adsorption capacity (mg.L/g2) and n ranges
between 0 to 1 and determines the dependency of process on pressure
[24, 25].

Linearized form of Langmuir isotherm is described by the following
equation:

Ce

Qe
¼ 1
QmKb

þ Ce

Qm
(7)

Where Qm indicates the maximum adsorption capacity (mg/g) and Kb (L/
mg) is the Langmuir constant [26].

The favourableness of adsorption can be described by a dimensionless
constant RL (Eq. (8))

RL ¼ 1
1þ KbCi

(8)

If RL values vary between 0 to 1, adsorption is favourable, whereas
values greater than 1 indicate unfavourable adsorption [22].

Temkin isotherm is depicted by the following equation

Qe ¼B ln KT þ B ln Ce (9)

Where, KT (L/mg) is the Temkin isotherm constant and B is constant
related to sorption heat (J/mol) [27].

2.7. Statistical analysis

All the experiments of screening, OFAT, adsorption kinetics and iso-
therms were performed in triplicates. All the results are displayed as
mean � standard deviation.
3

3. Results and discussion

3.1. SEM-EDS analysis

The yield of purified EPS was 6.86� 0.14 g/L. The surface of purified
EPS was visualized and characterised by SEM analysis as rough and
partially porous (Figure 1). The presence of pores facilitates adsorption
due to enhanced surface area. EDS analysis revealed the presence of
carbon, oxygen and nitrogen confirming that the EPS was a glycolipid
with protein moieties as reported earlier [12]. EPS-R040 produced by
Lactobacillus plantarum had similar surface topology, which was effec-
tively utilized in adsorption of methylene blue [9].

3.2. Screening of dyes for biosorption by purified EPS of Lysinibacillus sp.
SS1

On addition of purified EPS (2.5 mg) to aqueous solution (25 mL)
containing 100 mg/L of dyes, maximum % adsorption of 82.3 � 0.17%
was observed in 30 min for MG (Figure 2). Dyes MO and CB showed
negligible adsorption while % adsorption of 13.71 � 0.9% was observed
for CR. The maximum adsorption capacity of EPS produced by Lysini-
bacillus sp. SS1 was calculated as 823.7 mg/g for MG, while the least
adsorption capacity was 16.45 mg CB/g. Table 1 depicts the adsorption
efficiency of MG by various adsorbents reported earlier. EPS of Exiguo-
bacterium sp. VK1 showed biosorption capacity of 684.38 mg/g during
adsorption of MG [28].

3.3. Effect of factors on MG adsorption by EPS of Lysinibacillus sp. SS1

3.3.1. Effect of MG concentration
The effect of MG concentration was varied from 100 to 300 mg/L on

addition of 2.5 mg of EPS. After 30 min of agitation at 80 RPM, %
adsorption was calculated. As the concentration of MG increased from
100mg/L to 300mg/L, the % adsorption reduced drastically from 82.3�
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Figure 3. Effect of variation in MG (A); EPS (B); agitation speed (C) and time of incubation (D) on the adsorption of MG by EPS produced by Lysinibacillus sp. SS1.

Figure 4. Decolorization of MG on addition of different weights of purified EPS
produced by Lysinibacillus sp. SS1 after 30 min (A) and 75 min (B) of incubation.
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0.81% to 11.94 � 0.17%, indicating MG adsorption as a concentration-
dependent process (Figure 3A). Several researchers have explained
similar pattern on variation of dye concentration during adsorption with
bio-adsorbents. Adsorption of methylene blue by corn husk decreased
when concentration was increased from 20 mg/L to 100 mg/L [29]. On
increase in MG concentration from 600 to 1500 mg/L the % adsorption
by EPS of Exiguobacterium sp. VK1 reduced from 76% to 67% [28].

3.3.2. Effect of EPS weight
Adsorption was performed by variation of EPS weights (2.5–15.0 mg)

while maintaining MG concentration at 100 mg/L, agitation speed of 80
RPM for 30 min. Adsorption increased from 82.3 � 0.44% to 92.65 �
0.31% on increase of EPS weight from 2.5 mg to 10 mg (Figure 3B).
Increase in adsorbent amount means a greater number of interacting sites
resulting in enhanced adsorption [30]. Further increase in EPS weight
showed no significant change in % adsorption which is due to the fixed
amount of adsorbate molecules (MG concentration ¼ 100 mg/L). About
98–99% for adsorption of Reactive Blue and CR by coffee waste adsor-
bent was achieved at adsorbent weight 0.1 g with no change in further
increase of weight [31].

3.3.3. Effect of agitation speed
Agitation speed plays an important role in solid liquid mass transfer

mechanism and reduced boundary layer resistance while enhancing
contact between adsorbate and adsorbent [32]. Agitation speed was
varied from 60 RPM to 120 RPM to study its effect on adsorption of MG
(100 mg/L) by EPS (10 mg) of Lysinibacillus sp. SS1 (Figure 3C).
Adsorption increased with increase in agitation speed and was maximum
at 120 RPM (% adsorption ¼ 94.12 � 0.11). Maximum adsorption of
Eriochrome Black-T by titanium oxide was observed at agitation speed of
200 RPM [33]. EPS produced by Lactobacillus plantarum also showed
increase in adsorption of methylene blue on increase in agitation speed
from 0 to 100 RPM [9].

3.3.4. Effect of incubation time
Adsorption experiments were carried out by addition of 10 mg of EPS

to aqueous solution (25 mL) of MG (100 mg/L) for 2 h at 120 RPM. %
Adsorption was calculated every 15 min in order to estimate the effect of
incubation time (Figure 3D). A rapid increase in adsorption was observed
4

up to 30 min of incubation (93.23 � 0.18%) after which a gradual in-
crease up to 75 min (98.97 � 0.69%) was noted. Equilibrium was
attained after 75 min of incubation. Adsorption of methylene blue by
Exiguobacterium sp. VK1 increased up to 90 min post which equilibrium
was attained [28].

3.3.5. Adsorption at optimum conditions
Adsorption of MG by EPS of Lysinibacillus sp. SS1 was carried out at

optimum conditions as obtained by OFAT studies i.e., 100 mg/L MG, 10
mg EPS weight, agitation speed 120 RPM and incubation time 75 min.
Maximum % adsorption of 99.01 � 0.61% was attained with fold in-
crease of 1.2. The adsorption capacity was reduced to 247.5 mg/g from
initial capacity of 1035 mg/g (section 3.1), due to increase in EPS weight
(from 2.5 mg to 10 mg). Figures 4A and 4B depict the adsorption of MG
by EPS at optimised conditions after 15 and 75 min of incubation
respectively. After 75 min, complete decolourisation of aqueous solution
can be visualised on comparison with the control.
3.4. Adsorption kinetics

The kinetics of adsorption of MG by EPS of Lysinibacillus sp. SS1 was
studied by two models namely PFO and PSO. Kinetics of adsorption was
compared at different MG concentrations (100 mg/L – 200 mg/L) using
constant quantity of EPS (2.5 mg) (Figure 5). Although, PSO model
showed good fit (R2 ¼ 0.9853), adsorption kinetics was best described by
PFO model (R2 ¼ 0.9971) at 100 mg/L. At higher concentrations, the
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Figure 5. Kinetics of adsorption of different concentrations of MG (100–200 mg/L) by 2.5 mg EPS of Lysinibacillus sp. SS1: PFO (A); PSO (B) and intraparticle
diffusion (C).
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adsorption kinetics followed PSO model (Table 2), indicating adsorption
of MG by EPS of Lysinibacillus sp. SS1 is concentration-dependent with
surface adsorption being the rate controlling step [34]. Adsorption ki-
netics of methylene blue by EPS produced by Lactobacillus plantarum also
shifted from PFO to PSO with increase in concentration from 50 mg/L to
100mg/L [9]. Most of biosorption processes of dyes reported in literature
follow PSO kinetics (Asfaram et al., [37]; Aksakal and Ucun, [36]; Ncibi
et al., [35]). The PFO rate constant (k1) was obtained as 0.053 min�1 at
100 mg/L, while k2 values were 4.61E-05 g/mg.min and 2.47E-05
g/mg.min at 150 mg/L and 250 mg/L respectively. Adsorption of MG
by Yarrowia lipolityca followed PSO kinetics with k2 of 7E-04 g/mg.min
[37].

Effect of adsorbent amount on adsorption kinetics of MG was studied
by performing experiments with EPS weight of 2.5 mg, 5.0 mg and 10.0
mg at 100 mg/L MG (Figure 6). Adsorption followed PFO kinetics at 2.5
mg and 5.0 mg (R2 ¼ 0.9976 and 0.998), but at 10 mg EPS, adsorption
was best described by PSOmodel (R2 ¼ 0.9976). These results reveal that
adsorption kinetics is also affected by adsorbent amount along with the
adsorbate. Adsorption rate constant (k1) was obtained as 0.052 min�1

and 0.066 min�1 at 2.5 mg and 5.0 mg respectively, while k2 values were
1.35E-03 g/mg.min at 10 mg.
Table 2. Kinetics of Adsorption of MG by EPS produced by Lysinibacillus sp. SS1.

Kinetic Parameters MG (mg/L)

100 150 20

Qe, exp (mg/g) 979.031 1414.6 17

Pseudo-first Order

k1 (min�1) 0.053 0.08 0.0

Qe, cal (mg/g) 990.375 3122.48 36

R2 0.9971 0.9023 0.8

Pseudo-Second Order

k2 (g/mg.min) 1.00E-03 4.61E-05 2.4

Qe, cal (mg/g) 1111.11 1666.67 20

R2 0.9853 0.9729 0.9

5

The intraparticle diffusion model describes the diffusion of adsorbate
into the porous matrix of the adsorbent [38]. Multilinear intraparticle
diffusion curves were observed in all cases implying that adsorption
process was controlled by intraparticle diffusion till 30 min beyond
which it was governed by multiple steps (Figure 5C;Figure 6C).
3.5. Adsorption isotherms

The equibrium data of adsorption of MG by EPS of Lysinibacillus sp.
SS1 was modelled by Freundlich, Langmuir and Temkin isotherms
(Figure 7). Among three isotherms tested, the EPS mediated biosorption
was best described by Langmuir isotherm (R2 ¼ 0.9889) indicating that
MG gets adsorbed on the homogenous EPS surface as a monolayer [39].
Most of the adsorption processes involving MG have been reported to
follow Langmuir isotherm (Table 1). The binding of MG onto the EPS was
strong to prevent displacement of MG along from the surface indicating
that the process is chemisorption [40]. These results match with the
findings of kinetic studies. Adsorption of uranium by EPS of Synecho-
coccus elongatus also followed Langmuir isotherm with R2 of 0.988 [41].
The maximum adsorption capacity (Qm) was calculated as 178.57 mg/g
which was comparable to the adsorption capacity at optimized
EPS (mg)

0 2.5 5 10

46.51 979.031 490.2 247.623

61 0.052 0.066 0.0794

57.1 951.91 471.3 201.1

813 0.9976 0.998 0.9585

7E-05 1.00E-03 4.65E-04 1.35E-03

00 1111.11 500 256.41

413 0.9853 0.9938 0.9976
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Figure 6. Kinetics of adsorption of 100 mg/L MG by different weights of EPS (2.5–10 mg) of Lysinibacillus sp. SS1: PFO (A); PSO (B) and intraparticle diffusion (C).

Figure 7. Isotherms describing equilibrium studies of 100 mg/L MG adsorption
by EPS (10 mg) of Lysinibacillus sp. SS1: Langmuir isotherm (A), Freundlich
isotherm (B) and Temkin isotherm (C).
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conditions (247.5 mg/g) (Table 1). The value of Langmuir constant (Kb)
was observed as 0.089 L/mg which was comparable with reports in
literature [9]. RL values varied from 0.036 to 0.101 for MG concentra-
tions used in this study (100 mg/L to 300 mg/L) indicating that
adsorption of MG by EPS of Lysinibacillus sp. SS1 was spontaneous and
favourable.

4. Conclusions

Availability of novel bio adsorbents and extensive knowledge of
adsorption equilibrium and kinetics is essential for removal of contami-
nants from polluted water. This present study portrays the ability of a
previously reported novel lipoprotein heavy metal adsorbing bacterial
EPS in dye adsorption. The study of kinetics and isotherms depicted that
process of MG removal was due to chemical binding which was affected
by its initial concentration. EPS had a maximum adsorption capacity of
247.5 mg/g for 100 mg/L MG indicating its high appropriateness for
treatment of dye wastewaters polluted with MG.
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