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Abstract The goal of the present research was to study the
ability of Corynebacterium glutamicum MTCC 2745
immobilized on Sawdust/MnFe2O4 composite to treat arsenic
bearing wastewater by simultaneous biosorption and bioaccu-
mulation (SBB) system at laboratory scale and also to inves-
tigate the influences of initial pH, biosorbent dose, contact
time, temperature and initial arsenic concentration on
biosorption/bioaccumulation of both As(III) and As(V). The
surface texture of the immobilized bacterial cells was investi-
gated through SEM–EDX analysis. The presence of func-
tional groups on the surface of immobilized bacterial cells
that may interact with the metal ion was confirmed by FT-
IR. The pattern of biosorption/bioaccumulation fitted well
with Vieth and Sladek isotherm model for As(III) and
Brouers–Sotolongo and Fritz–Schlunder–V isotherm models
for As(V). The maximum adsorption capacity estimated using
Langmuir model was 1672.32214 mg/g for As(III) and
1861.71453 mg/g for As(V) at 30 °C temperature and
240 min contact time. The results showed that As(III) and
As(V) removal was strongly pH-dependent with an optimum
pH value of 7.0. The effect of co-existing ions, such as Cu2+,
Zn2+, Bi3+, Cd2+, Fe3+, Pb2+, Co2+, Ni2+, Cr6+ and SO4

2−, at

different concentrations were examined. Desorption study ex-
hibited that over 81.34 and 88.727 % could be desorbed from
immobilized bacterial cells with 0.05 M NaOH solution.

Keywords As(III) and As(V) . SD/MnFe2O4 composite .
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Introduction

Arsenic is one of endocrine disruptors and is classified as one
of the most toxic and carcinogenic chemical element [1, 2].
Arsenic occurrence in the environment can be because of hu-
man activities such as smelting of non-ferrous metals, uses of
arsenical pesticides, insecticides, mining and burning of fossil
fuels [3]. Copper smelting produces a huge volume of waste-
water having large amounts of highly carcinogenic metalloid
like arsenic species, poses a serious threat towards man and
the flora and fauna of our ecosystem contaminating the natural
water tables (ground water and surface water) in the vicinity
[4]. With the aim of maintaining a good quality of fresh water
resources, this wastewater must be treated so that the water
can be reverted to the ecosystems. As(III) and As(V) ions are
the most common arsenic species in nature and create the
extreme environmental issue [5]. On the basis of investigation
of the detrimental effect of arsenic on human body, in drinking
water, the maximum contaminant level (MCL) of arsenic has
been revised to 10 from 50 μg/L by the World Health
Organization (WHO) in 1993 [6] and the European
Commission in 2003 [7].

New and very old techniques used to remove arsenic from
have been developed including precipitation [8], electrochem-
ical treatment [4], electrocoagulation [5] and adsorption [9].
However, these high-technology methods have considerable
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drawbacks such as high capital and operational cost, high re-
agent or energy necessities, production of contaminated sludge
that require disposal and are not appropriate for small-scale
industries and are not eco-friendly [10, 11]. Among several
treatment techniques, the surface modified adsorbents and bi-
ological treatment with living microbes are gaining interest in
recent years for the removal of arsenic from contaminated wa-
ter [3]. Biological method has many benefits over the chemical
ones in the aspects of environmental friendliness, ease in ap-
plication, more effectiveness and cost reduction [12]. Most of
the researches have focused on either the biosorption of metal
ion on the surface of non-living biomass or biosorption on the
surface living microbial cells followed by intracellular and
extracellular accumulation ofmetal ion [13]. Giri et al. reported
the unexploited sorption properties of the Bacillus cereus for
the removal of As(III) from aqueous solutions [14, 15].
Recently, studies related to biosorption of arsenic from aque-
ous solution by Mougeotia genuflexa [16], Rhodococcus sp.
WB-12 [17], Arthrobacter sp. [18] were carried out.

A novel technique for an efficient metal ion removal me-
diated by immobilized bacterial cells is designed. This metal
ion removal system is called simultaneous biosorption and
bioaccumulation (SBB) system. In this system, both non-
living biomass and living microbial cells are used simulta-
neously. Due to practical difficulties in solid–liquid separa-
tion, the free biomass is immobilized on the support.
Immobilized biomass also shows better potential in packed/
fluidized bed reactors and continuous stirred tank reactors due
to minimal clogging under continuous flow conditions as well
as effective biosorbent regeneration and metal recovery [19].
A small number of researchers have investigated the simulta-
neous use of both non-living biomass and living microbial
cells [20–23]. Mondal et al. described the bio-removal of ar-
senic from contaminated water by using Ralstonia eutropha
MTCC 2487 and activated carbon in batch reactor [20].

C. glutamicumMTCC 2745 species is of specific attention
due to its high capability for abatement biologically. Bacteria
can depollute arsenic wastewater, by accumulation outside the
cells and/or biosorption of the ion on their surface [24] as was
defined earlier for E. coli [25] and Ralstonia eutropha [26].

In the present work, a composite of Sawdust/MnFe2O4 was
synthesized in order to hybridize high adsorption capacity of
MnFe2O4 with biosorptivity of sawdust. So, the current study
aimed at selection of arsenic resistant strain, followed by the
immobilization of microbial strain on carrier particles (SD/
MnFe2O4 composite), and use of immobilized microbial cells
as biosorbent for the biosorption/bioaccumulation of arsenic
(either As(III) or As(V)) ions from synthetic wastewater in batch
studies. SD/MnFe2O4 composite was used as carrier because of
its higher porosity, surface area, easy availability of sawdust and
cost effectiveness. Sawdust is the agricultural waste which con-
tains many organic compounds (cellulose, hemicellulose and
lignin) with polyphenolic groups that might be beneficial to bind

heavy metals ions [27]. The sawdust is also rich in hydroxyl
groups like tannins [27]. The hydroxyl groups can offer chem-
ical reaction sites and adsorb iron and manganese ions to grow
MnFe2O4 particles. Formation of MnFe2O4 layer enhanced the
net positive charge (NPC) of SD/MnFe2O4 composite and im-
proved the arsenic biosorption capacity. The iron and manga-
nese in SD/MnFe2O4 composite triggered the oxidation of
As(III) toAs(V), which can easily be adsorbed by the biosorbent
in the experimental pH range [28]. In case of SD, As(III) did not
oxidize to As(V). So, the binding of the As(III) or As(V) to the
surface of SD/MnFe2O4 composite biosorbent generally result-
ed in higher binding capacities owing to the probable various
electron transfers from either Mn or Fe ions [29].

Moreover, the aims were prolonged to investigate the effect
of initial pH of the solution, biosorbent dose, contact time,
temperature and initial concentrations of arsenic (either
As(III) or As(V)) ions on the removal of arsenic ions from
synthetic wastewater. The effect of co-existing ions present
in copper smelting wastewater on the removal of arsenic (ei-
ther As(III) or As(V)) was investigated. Desorption of arsenic-
loadedC. glutamicumMTCC 2745 immobilized on surface of
SD/MnFe2O4 composite was also examined. The second part
of the present research was to study 30 adsorption isotherms
for biosorption/bioaccumulation of both As(III) and As(V) on
C. glutamicum MTCC 2745 immobilized on SD/MnFe2O4

composite to inspect their ability for modelling the
biosorption/bioaccumulation equilibrium data.

Materials and Methods

Materials

Sawdust of Syzygium cumini (Jamun tree) was collected from
timber working shop situated near the campus of Indian
Institute of Technology, Roorkee, India. All the chemicals
and reagents were of analytical reagent grade and used with-
out additional purification. The stock solutions of As(III) and
As(V) were prepared by dissolving sodium arsenite (NaAsO2)
and sodium arsenate (Na2HAsO4, 7H2O), purchased from
Himedia Laboratories Pvt. Ltd. Mumbai India, in double dis-
tilled water, respectively. All other necessary chemicals used
in the experiments were purchased from Himedia
Laboratories Pvt. Ltd. Mumbai India.

Microorganism and Growth Medium

The microorganism used was the arsenic-resistant bacterium
C. glutamicum MTCC 2745 (Microbial Type Culture
Collection and Gene Bank (MTCC), Chandigarh, India).
Culture media was prepared as per the guidelines of microbial
type cell culture (MTCC). Composition of growth medium
and cultivation conditions are shown in Table 1.
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Acclimatization

The revived culture was initially grown in MTCC prescribed
growth media in a 250 mL round bottom flask tightly closed
with cotton plug as follows:

C. glutamicumMTCC2745was cultivated in 250mL flask
containing 100 mL of the growth media with As(III) and
As(V). The cultures were acclimatized to As(III) and As(V)
individually exposing the culture in a series of shake flasks
(Mondal et al., 2008) (The details provided with supplemen-
tary materials).

Methods

Biosorbent Preparation

Sawdust (SD) was washed to clean the adhering dirt, rinsed
thoroughly with double distilled water and finally heated in an
air oven at 105 °C for 4 h. Further details of biosorbent prep-
aration are provided with the supplementary materials.

Immobilization of Microbial Cells Onto the Biosorbent

To immobilizeC. glutamicumMTCC 2745 onto prepared SD/
MnFe2O4 composite initially, 90-mL culture media was inoc-
ulated with 5 mL of bacterial suspension of C. glutamicum
MTCC 2745 from both As(III) and As(V) acclimatized 24-h
old culture. The flasks were incubated at 30 °C for another
24 h with moderate shaking at 120 rpm. Then, immobilization
of bacterial cell was performed by adding weighed amount of
prepared SD/MnFe2O4 composite to the above suspension
containing 24-h old culture. Then, the flasks were again incu-
bated at 30 °C for the next 24 h with moderate shaking at
120 rpm. Bacterial cell immobilization was established by
observing a small amount of bacterial treated SD/MnFe2O4

composite through scanning electron microscopy.

Characterization

Infrared spectra of the unloaded and metal loaded SD/
MnFe2O4 composite attached with biofilm were obtained

using a Fourier t ransform infrared spectrometer
(NICHOLET 6700, coupled with OMNIC software version
6.2). The measurements of SEM were carried out for noticing
the surface morphologies of the SD/MnFe2O4 composite at-
tached with biofilm before and after biosorption/
bioaccumulation process (SEM; LEO Electron Microscopy,
England). The images were taken with an accelerator
voltage = 15 kV and an emission current = 100 μA by the
Tungsten filament.

Batch Experimental Studies and Analytical Methods

A medium with 1.0 g/L of beef extract and 2.0 g/L of yeast
extract, 5.0 g/L of peptone and 5.0 g/L of NaCl was utilized for
the growth of the microorganism. The media was sterilized at
121 °C for 15min, cooled to room temperature, inoculated with
bacteria and kept at 30 °C for 24 h with moderate shaking
(120 rpm) in an incubator cum orbital shaker (REMI
Laboratory instruments). Batch biosorption/bioaccumulation
studies for optimizing process parameters were performed in
round bottom flasks by taking 100 mL of C. glutamicum
MTCC 2745 bacterial suspension as a test solution in
250 mL round bottom flask closed with cotton plug tightly.
After 24 h of immobilization of bacteria on SD/MnFe2O4 com-
posite as described above, the effect of difference process pa-
rameters (such as pH, biosorbent dose, contact time, tempera-
ture and initial adsorbate (As(III) or As(V)) concentration) were
studied adding calculated amount of arsenic (As(III) or As(V)).
To regulate the initial pH of the solution using a digital pH
metre (HACH® India), 1.0 N NaOH and 1.0 N HCl solutions
were used. The flasks were moderately agitated in an incubator
cum orbital shaker (REMI Laboratory instruments) working at
120 rpm. The standard experimental operating conditions for
batch SBB studies are exhibited in Table 2.

The samples were withdrawn from the flasks through fil-
tration by Whatman Filter paper (Cat No 1001 125) at
predetermined time intervals and then centrifuged at 10,
000 rpm for 10 min and then centrifuged at 10,000 rpm for
10 min (Remi Instruments ltd., Mumbai India) for studying
the influence of parameters and at equilibrium time for iso-
therm studies, a portion of filtrate was diluted with HNO3

solution (10 %, v/v). The filtrate was analysed for determina-
tion of arsenic concentration using ThermoFisher Scientific
iCE 3000 Series AA graphite furnace atomic absorption
(GFAA) spectrometer (The details are provided with
supplementary material).

With the purpose of estimating biosorption capacity,
expressed as the amount of adsorbate molecules adsorbed
per unit mass of adsorbent (mg/g), the adsorption capacity
was calculated as follows:

qe ¼ Co−Ceð Þ V
m

ð3Þ

Table 1 Composition of
growth medium and
cultivation conditions

Component (g/L) or condition

Beef extract 1.0

Yeast extract 2.0

Peptone 5.0

NaCl 5.0

pH 7.0

Temperature (°C) 30
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The amount of adsorbate molecules adsorbed in terms of
percentage was calculated as follows:

Re %ð Þ ¼ co−ceð Þ
co

� 100 ð4Þ

Distribution coefficient Rd (L/g) was estimated using the
mass balance equation as follows:

Rd ¼ Amount of adsorbate in adsorbent

Amount of adsorbate in solution
� V

M
ð5Þ

Interference Studies

The As(III) and As(V) binding capacity experiments were
again done with synthetically prepared wastewater containing
the co-existing ions commonly existing in copper smelting
wastewater with arsenic solution. The effect of ions such as
Cu2+, Zn2+ and SO4

2− (100–2000 mg/L), Fe3+, Cd2+ and Bi3+

(10–500 mg/L), Pb2+, Co2+, Ni2+ and Cr6+ (1–70 mg/L) on
elimination of As(III) and As(V) were inspected.

Desorption Studies

The desorption study was performed with As(III) and
As(V) ions. The biosorption/bioaccumulation study was
accomplished following the similar procedure stated
above. Then again, desorption was examined as follows:
0.1 g of the arsenic–laden C. glutamicum MTCC 2745
immobilized on SD/MnFe2O4 composite from the previ-
ous metal biosorption/bioaccumulation study was added
into a 250-mL round bottom flask containing 100 mL of
different concentrations of NaOH (0, 0.001, 0.01, 0.05,
0.1, 0.5 and 1 M). The mixture was then agitated with
the incubator cum orbital shaker at 120 rpm for 240 min
at 30 °C. Then, the suspension solutions were filtered and
analyzed for As(III) and As(V) according to the method

discussed earlier. After the desorption experiment, the
amount of desorbed As(III) and As(V) was estimated by
the residual As(III) and As(V) concentrations in the solu-
tion. The amounts desorbed of adsorbate were assessed
using the following equation:

%Desorption ¼ Released adsorbate mg=L
� �

Initially adsorbate adsorbed mg=L
� �

� 100 ð6Þ

Theoretical Background

Isotherm Studies

The capacity of the adsorption isotherm is essential and
takes a governing part to determine the maximum capac-
ity of adsorption. Mainly, it is a vital curve which defines
the phenomenon that leading the retaining/discharge or
movement of an adsorbate from liquid phase to solid ad-
sorbent surface at a constant pH and temperature. It also
offers a view of the process taken by the system under the
study in a brief form, signifying how competently an ad-
sorbent will adsorb and permits an estimation of the fi-
nancial feasibility of the adsorbent, commercial applica-
tions for the definite adsorbent. When adsorbents contain-
ing solution has been kept in contact with the adsorbate
for enough contact time and the concentration of adsor-
bate in the solution becomes constant, then adsorption
equilibrium is achieved. Obviously, the statistical correla-
tion playing a significant role in the isotherm modelling,
operative designing and significant exercise of the adsorp-
tion systems, is observed by graphical representation of
the uptake capacity of adsorbent against residual concen-
tration of adsorbate. It is essential to form the utmost
suitable correlation for equilibrium data with model pre-
dictions for optimizing the design for arsenic adsorption

Table 2 Different process conditions used in this study

Type of experiments Range of operating parameters

pH Biosorbent dose (g/L) Contact time (min) Temperature (°C) Initial concentration of As(III)
or As(V) (mg/L)

Effect of pH 2.0–12.0 4 90 30 50

Effect of adsorbent dose 7.0 10 90 30 50

Effect of contact time 7.0 1 5–500 30 50

Effect of temperature 7.0 1 240 20–50 50

Effect of initial arsenic concentration 7.0 1 240 30 50–2000
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Table 3 Adsorption isotherm models

Sr. no. Expression Equation form Remarks

Single parameter model

1 Henry’s law qe=KHECe Simple expression

Two-parameter model

2 Langmuir
qe ¼ qmLKLCe

1þKLCe

Monolayer adsorption

3 Freundlich
qe ¼ K FC

1
n F
e

Simple expression

4 Temkin
qe ¼ RT

bTE
ln KTECeð Þ ¼ BTEln KTECeð Þ Considering temperature

5 Dubinin–Radushkevich

qe ¼ qmDRexp −KDR RT ln 1þ 1
Ce

� �h i2� � Considering temperature

6 Activated sludge
qe ¼ Km

Ce
M

� � 1
Nm

Considering tendency of floc formation

7 Jovanovic qmJV{1− exp(−KJVCe)} Adsorbent surface coverage is presumed to be zero

Three-parameter model

8 Redlich–Peterson
qe ¼ KRPCe

1þαRPC
βRP
e

Approaches Freundlich at high concentration

9 Sips

qe ¼ KsqmSC
1
mS
e

1þKSC
1
mS
e

Approaches Langmuir at high concentration

10 Toth
qe ¼ qmTKTCe

1þ KTCeð ÞnTð Þ 1
nT

Complicated

11 Brouers–Sotolongo qe= qmBS(1− exp(−KBSCe
α)) Complicated

12 Vieth–Sladek
qe ¼ KVSCe þ qmVSβVSCe

1þβVSCe

Complicated

13 Koble–Corrigan
qe ¼ AKCBKCC

nKC
e

1þBKCC
nKC
e

Combination of both Freundlich and Langmuir

14 Khan
qe ¼ qmKbKCe

1þbKCeð ÞαK
Approaches Freundlich at high concentration

15 Hill
qe ¼ qmHC

nH
e

KHþC
nH
e

Complicated

16 Jossens
qe ¼ K JCe

1þ JC
b J
e

Approaches Henry’s law at low capacities

17 Fritz–Schlunder–III
qe ¼ qm FSK FSCe

1þK FSC
n FS
e

Approaches Freundlich at high concentration

18 Unilan
qe ¼ qmU

2s ln
1þKUCeexp sð Þ
1þKUCeexp −sð Þ

n o restricted to Henry’s law

19 Holl–Krich
qe ¼ qmHKKHKC

nHK
e

1þKHKC
nHK
e

Approaches Langmuir at high concentration

20 Langmuir–Freundlich
qe ¼ qmL F KL FCeð ÞmL F

1þ KL FCeð ÞmL F

Combination of both Freundlich and Langmuir

21 Langmuir–Jovanovic
qe ¼

qmL J Ce 1−exp KL J C
nL J
eð Þf g

1þCe

Combination of both Langmuir and Jovanovic

22 Jovanovic–Freundlich
qe ¼ qmJ F 1−exp −K J FCeð Þn J Ff gð Þ Combination of both Freundlich and Jovanovic

23 Radke–Prausnitz I
qe ¼ qmRPIKRPI Ce

1þKRPICe
mRPIð Þ

Approaches Freundlich at high concentration

24 Radke–Prausnitz II
qe ¼ qmRPII KRPIICe

1þKRPIIC
mRPII
e

Approaches Freundlich at high concentration

25 Radke–Prausnitz III
qe ¼ qmRPIII KRPIII C

mRPIII −1
e

1þKRPIII C
mRPIII −1
e

Approaches Langmuir at high concentration for
Radke–Prausnitz III.

26 Langmuir–Freundlich–
Jovanovic qe ¼ qmLFJ C

nL F J
e 1−exp − KL F J Ceð ÞnL F Jð Þf g

1þC
nL F J
e

Combination of Langmuir, Freundlich and Jovanovic



onto the adsorbent. Several empirical models including 1,
2, 3, 4 or even 5 parameters have been applied to fit batch
equilibrium isotherm curves to biosorbents. To describe
the adsorption equilibrium, numerous isotherm models
were recommended (Table 3). The details of isotherm
study are provided with supplementary materials along
with Table S1.

Determining Adsorption Isotherm Parameters
by Non-Linear Regression

The isotherm parameter sets are calculated by non-linear re-
gression owing to the inherent bias resulting after lineariza-
tion. This offers a mathematically laborious method to esti-
mate isotherm parameters using the original isotherm equation
[30, 31]. Mostly, Gauss–Newton methods or Levenberg–
Marquardt based algorithms [32, 33] are used. As non-linear
equations, the linearization step of the isotherm models leads
to the modification of the distribution of error after converting
the data to a linear form [30]. The equilibrium data for
biosorption/bioaccumulation of arsenic on C. glutamicum
MTCC 2745 immobilized on the surface of SD/MnFe2O4

composite were analysed by non-linear curve fitting analysis
using professional graphics software package OriginPro
(8.5.1 version) for fitting the one-, two-, three-, four- and
five-parameter isotherm models.

The optimization method needs the choice of a
Goodness-of-Fit Measure (GoFM) with the purpose of
estimating the fitting of the isotherm to the experimental
data. In the present research, six GoFM (residual sum of
squares (SSE), reduced chi-square test (Reduced χ2), co-

efficient of determination (R2), adjusted R-square (R2 ), R
value (R) and Root–MSE value) were employed for esti-
mating isotherm parameters using the OriginPro software
by considering 95 % confidence interval (The details pro-
vided with supplementary materials).

Results and Discussions

Characterization

FT-IR Analysis

The Fourier transform infrared spectra (FT-IR) study of
fresh SD/MnFe2O4 composite as well as As(III) acclima-
tized C. glutamicum MTCC 2745 immobilized on surface
of SD/MnFe2O4 composite at unloaded (represented by
red shift) and metal loaded stage (represented by blue
shift) (Fig. 1a; Table S2 and fresh SD/MnFe2O4 compos-
ite plus As(V) acclimatized C. glutamicum MTCC 2745
immobilized on surface of SD/MnFe2O4 composite at
unloaded (represented by red shift) and metal loaded stage
(represented by blue shift) (Fig. 1b; Table S3) at opti-
mized batch experimental condition were observed for
identifying the function groups responsible mainly for
the process of biosorption/bioaccumulation. Surface –OH
and –NH groups were main active functional groups lia-
ble for biosorption/bioaccumulation as the wavenumber
shifted from 3432.725 to 3426.977 cm−1 (As(III)) and
from 3434.653 to 3431.938 cm−1 (As(V)) which may be
perhaps due to the complexation of –OH groups with
As(III) or As(V) ions [34, 35]. Aliphatic C–H stretching
may be responsible for biosorption/bioaccumulation of
As(III) and As(V) on immobilized bacterial cells as wave-
number shifted from 2919.68992 to 2924.651 cm−1 and
from 2921.673 cm−1 to 2925.271 cm−1, respectively, pos-
sibly due to the complexation of C–H stretching vibration
of alkyl chains. Aldehyde C–H stretching may be respon-
sible for biosorption/bioaccumulation of As(III) and
As(V) onto immobilized bacterial cells as wavenumber
shifted from 2852.71318 to 2857.674 cm−1 and from
2854.176 to 2847.752 cm−1, respectively. The next
biosorption/bioaccumulation peaks at 1658.508 cm−1

26 Water Conserv Sci Eng (2016) 1:21–48

Table 3 (continued)

Sr. no. Expression Equation form Remarks

Four-parameter model

27 Marczewski–Jaroniec

qe ¼ qmM J
KM JCeð Þ

mM J
nM J

1þ KM JCeð ÞnM J

� 	mM J
nM J

Complicated

28 Baudu
qe ¼ qmBbBC

1þxþyð Þ
e

1þbBC
1þxð Þ
e

Complicated

29 Fritz–Schlunder–IV
qe ¼ AFSC

α FS
e

1þBFSC
b FS
e

Approaches Freundlich at high concentration

Five-parameter model

30 Fritz–Schlunder–V
qe ¼ qm FS5K1C

α FS
e

1þK2C
β FS
e

Approaches Freundlich at high concentration



shifted to 1629.58 cm−1 for As(III) and 1640.93023 cm−1

shifted to 1635.969 cm−1 for As(V), perhaps owing to the
complexation of amide group (N–H stretching and C=O
stretching vibration) with As(III) and As(V) ions [36].
Another shi f t was not iced from 1449.30233 to
1459.872 cm−1 (As(III)) and from 1444.34109 to
1425.159 cm−1 (As(V)), corresponding to the complexa-
tion of nitrogen with As(III) and As(V) ions of the N–H
group [37, 38]. The peaks at 1087.13178 cm−1 (As(III))
and 1087.13178 cm−1 As(V) may be attributed to the C–N
stretching vibrations of amino groups which shifted to
higher frequency and appeared at 1061.085 and
1113.178 cm−1, respectively, owing to the interaction of
nitrogen from the amino group with As(III) and As(V)
i o n s [ 1 3 , 3 9 ] . Th e o t h e r we ak b i o s o r p t i o n /
bioaccumulat ion peak shif ted from 885.5814 to
902.5367 cm−1 (As(I II ) ) and from 885.5814 to

898.6797 cm−1, corresponding to the O–C–O scissoring
vibration of polysaccharide [40, 41]. The band at
603.6196 cm−1 (Fig. 1a) and 605.5482 cm−1 (Fig. 1b)
could be attributed to the existence of Fe–O bond [42,
43], but then it shif ted to 665.3315 cm−1 after
biosorption/bioaccumulation of As(III) (Fig. 1a) and to
600.3101 cm−1 after biosorption/bioaccumulation of
As(V) (Fig. 1b), respectively. A characteristic peak at
548.83721 cm−1 (Fig. 1a) and 564.34109 cm−1 (Fig. 1b)
could be assigned to Mn–O bond [44, 45] and it had a
different variability to 595.3488 cm−1 (Fig. 1a) and
574.8837 cm−1 (Fig. 1b) for biosorption/bioaccumulation
of As(III) and As(V), respectively. The change in wave-
number of Me–O bonds after biosorption/bioaccumulation
of As(III) and As(V) specified that both Fe–O and Mn–O
bonds were responsible for both MnFe2O4–As(III) and
MnFe2O4–As(V) [43, 46]. Presence of As(III) and As(V)
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(a) Fig. 1 FT-IR spectra of a fresh
SD/MnFe2O4 composite (MSD),
As(III) acclimatized
C. glutamicum MTCC 2745
immobilized on SD/MnFe2O4

composite before and after As(III)
biosorption/bioaccumulation and
b fresh SD/MnFe2O4 composite
(MSD), As(V) acclimatized
C. glutamicum MTCC 2745
immobilized on SD/MnFe2O4

composite before and after As(V)
biosorption/bioaccumulation
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on the biosorbent attached with biofilm can be assured
from the bands appeared at 797.5194 cm−1 (Fig. 1a) and
828.5271 cm−1 (Fig. 1b), respectively [47–49]. It has to
be cited here that a clear band was very hard to be got in
the case of As(III), compared with the distinctive band of
As(III) found at 797.5194 cm−1 and As(V) found at
828.5271 cm−1. This may be because of different mecha-
nisms involved in As(III) and As(V) biosorption/bioaccu-
mulation. It should be distinguished that the As–O band

after biosorption/bioaccumulation of arsenic was not ob-
viously detected owing to the broad overlapping peaks in
this region [46].

SEM Analysis

Figure 2a, b exhibited the morphology of As(III) and As(V)
acclimatized C. glutamicum MTCC 2745 bacterial cells, re-
spectively. From the figure, it is obvious that they were

(b)

(a)

(c)

(d)

(e)

(f)

(g)

Fig. 2 Scanning electron micrographs (SEM) and EDX of a As(III)
acclimatized living cells of C. glutamicum MTCC 2745 at loaded stage,
b As(V) acclimatized living cells of C. glutamicumMTCC 2745(original
magnification, ×5000), c fresh SD/MnFe2O4 composite, d As(III)
acclimatized C. glutamicum MTCC 2745 immobilized on SD/MnFe2O4

composite at unloaded stage, e As(III) acclimatized C. glutamicum

MTCC 2745 immobilized on NL/MnFe2O4 composite at loaded stage, f
As(V) acclimatized C. glutamicum MTCC 2745 immobilized on SD/
MnFe2O4 composite at unloaded stage and g As(V) acclimatized
C. glutamicum MTCC 2745 immobilized on SD/MnFe2O4 composite
at loaded stage(original magnification, ×500)
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basically rod-like shape. The SEM images of the prepared
fresh SD/MnFe2O4 composite (Fig. 2c) and As(III) accli-
matized C. glutamicum MTCC 2745 immobilized on sur-
face of SD/MnFe2O4 composite at stage of unloaded and
loaded with As(III) (Fig. 2d, e) and As(V) acclimatized
C. glutamicum MTCC 2745 immobilized on surface of
SD/MnFe2O4 composite at stage of unloaded and loaded
with As(V) (Fig. 2f, g) were also shown. It can be un-
derstood from Fig. 2c, manganese ferrite (MnFe2O4) par-
ticles with numerous diameters were arbitrarily distribut-
ed onto the acid treated SD surface. It is clear from
Fig. 2d, f that most of the active sites of SD/MnFe2O4

composite were shielded owing to the formation of bio-
film on it. The bacterial mass partially occupies the void
spaces of the biosorbent surface, so formation of bio-
layer on the surface of biosorbent decreases its surface
porosity [20]. It can be observed from Fig. 2e, g, the
immobilized bacterial cells have bulky structure with no
porosity. A change in surface morphology from being
smooth to rough and occupation of pores specified the
As(III) and As(V) biosorption/bioaccumulation on the
surface and pores of SD/MnFe2O4 composite providing
it a rough texture (Fig. 2e, g) [50].

The corresponding EDX spectra of the As(III) and
As(V) acclimatized bacteria and the unloaded and load-
ed immobilized bacterial cells were collected and shown
in Fig. 2a–g. The presence of iron, manganese and ox-
ygen onto the unloaded composite surface and iron,
manganese and oxygen, arsenic on the surface of loaded
immobilized bacterial cells were shown clearly. This
outcome again recognized the attendance of MnFe2O4

particles onto the acid treated SD surface in addition
to biosorption/bioaccumulation of arsenic onto the sur-
face of immobilized bacterial cells.

Effect of pH

Since both the distribution of arsenic ions in natural water and
the overall charge of the biosorbent mainly depends on pH
conditions [51, 52], so pH plays a significant governing role in
the biosorption/bioaccumulation process to attain maximum
arsenic removal by a biosorbent [53]. Therefore, the effect of
pH on biosorption/bioaccumulation of As(III) and As(V) by
immobilized bacterial cells was investigated by changing the
initial pH of the solution in the range of 2.0–12.0 and the
results are shown in the Fig. 3. The dependency of uptake of
adsorbate on pH is associated to both functional groups on the
surface of biosorbents and to chemistry of the adsorbate in
aqueous phase. The pH value can change the state of the
active-binding sites.

In the pH range of 2.0–9.0 and 10.0–12.0, As(III) occurs
mostly in neutral (H3AsO3) and anionic (H2AsO3

−) forms,
respectively. Reports also confirm that As(V) exists mainly

in the monovalent form of H2AsO4
− in the pH range 3.0–

6.0; nevertheless, at pH near 2.0, a small extent of H3AsO4

also remains. Whereas a divalent anion HAsO4
2− predomi-

nates at higher pH values (>8.0); both species co-exist, in
the intermediate region of pH 6.0–8.0 [54]. Arsenic occurs
in several oxidation states, and the stability of these ionic
species are influenced by the pH of the aqueous system. The
speciation of As(III) and As(V) under various pH is shown in
Table 4 [55].

It has become evident from Fig. 3 that in the pH
range < 3.0, the removal of both As(III) and As(V) ions
(31.74 and 33.31 %, respectively) was very poor. With the
increase in pH from 3.0 to 7.0, there was a significant increase
in removal of both As(III) and As(V) ions. The maximum
removal of As(III) and As(V) ions was obtained as 80.435
and 84.846 %, respectively, at pH 7.0. Then, a sharp decline
in the removal was observed and As(V) exhibited more re-
moval than As(III). These results can be evident from the
following reasons.

The microbe used in the study, i.e. bacteria of
C. glutamicum MTCC 2745, stops to grow in extreme acidic
and extreme alkaline conditions [20, 56]. With the reduction in
pH (pH<7.0), the growth of the bacterial cells reduced, which
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Fig. 3 Effect of pH on As(III) and As(V) removal in SBB studies (Co:
50 mg/L; T: 30 °C; t: 90 min; M: 4 g/L)

Table 4 Stabilities of arsenic species under different pH and redox
conditions

Reducing conditions Oxidizing conditions

pH As(III) pH As(V)

0–9.0 H3AsO3 0–2.0 H3AsO4

10.0–12.0 H2AsO3
− 3.0–6.0 H2AsO4

−

13.0 HAsO3
2− 7.0–11.0 HAsO4

2−

14.0 AsO3
3− 12.0–14.0 AsO4

3−
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reduced the % removal of As(III) and As(V). At pH 4.0, the
growth of the bacteria was less, as a result the % removal of
both As(V) and As(III) was slightly higher than that of the
corresponding values acquired by physico-chemical adsorp-
tion under the experimental conditions. At pH<3.0, very less
growth of bacteria was observed. With the increase of pH
(>7.0), the growth of bacterial cells also decreased. So, the
highest removal of As(III) and As(V) ions in biosorption/
bioaccumulation process was acquired at pH 7.0.

Moreover, at low pH<3.0, the density of hydrogen ion was
quite high against the As(III) and As(V) ions, which caused
the protonation of the components of the cell walls. The pro-
tonation of bacterial cell wall moieties affected the biosorption
capacity since there was a strong electrostatic interaction re-
mains between positively charged biosorbent surface and
oxyanions. Comte et al. established that the deprotonated form
of the reactive sites in cell wall, mostly carboxylic, phosphoric
and amino groups, is mainly responsible for the binding of
metal ions to EPS [57]. It was also shown from FT-IR studies.
The solution pH affects the ionization state of these functional
groups. Anions could be expected to interact more strongly
with cells as the concentration of positive charges rises.

The surface of immobilized bacterial cells are very proton-
ated in extreme acidic conditions and such a condition is not
so promising for removal of As(III) due to the presence of
neutral As(III) species in this range, causing almost no change
in the degree of biosorption/bioaccumulation within the pH
range 2.0–5.0. The degree of protonation of the surface de-
clines gradually with the rise in pH of the system. The highest
removal of As(III) was at pH 7.0 where only non-ionic species
H3AsO3 are governing [1], might be attributed to several prod-
ucts of undetermined reaction all through the process of
biosorption/bioaccumulation. The neutral (H3AsO3) and
monoanionic (H2AsO3

−) species are thus considered to be
responsible for the biosorption of As(III), also due to the sub-
stitution of hydroxyl ions or water molecules. The neutral
species (H3AsO3) cannot undergo electrostatic interaction
with the biosorbent. However, such species can interact with
the unprotonated amino groups [17, 49]. The negative charged
H2AsO3

− species starts dominant in alkaline medium and thus
surface also tends to achieve negative charges (OH−). This
trend of adsorbate species and immobilized bacterial cells will
endure to increase with the increase of pH instigating a con-
tinuing increase in the repulsive forces between the adsorbate
species and immobilized bacterial cells causing in a decrease
of biosorption/bioaccumulation [54].

In case of As(V), neutral (H3AsO4) and anionic (H2AsO4
−)

species occur at pH 2.0–7.0; however, the prevailing is
H2AsO4

− [1]. At pH (2.0–7.0), the surface of immobilized
bacterial cells is extremely protonated and thus a strong elec-
trostatic interaction remains between positively charged
immobilized bacterial cells and oxyanions and as a result the
removal improved in this pH range owing to the rise in

H2AsO4
− species with the pH. The dominant species of

As(V) in the above-mentioned pH range are H2AsO4
− ions,

which can be sorbed on the biosorbent by substituting hydrox-
yl ions or coordination of hydroxyl groups with the sorbate
[17, 58]. Further reduction in removal of As(V) with rise in pH
(7.0–12.0) may be clarified as the immobilized bacterial cells
may be negatively charged by adsorbing hydroxyl ions onto
the surface or by ionization of very weak acidic functional
groups of the immobilized bacterial cells or both at higher
pH values. A repulsive force may exist between the anionic
species and negatively charged surface. This results in reduc-
tion of As(V) removal at higher pH values [54].

Mondal et al. estimated the optimum value of pH equiva-
lent to 7.0 in simultaneous adsorption and bioaccumulation
study using Ralstonia eutropha MTCC 2487 and granular
activated carbon and obtained the maximum As(III) and
As(V) ions removal about 86 % [20].

Biosorption/Bioaccumulation Mechanism of As(III)
and As(V) Ions

The mechanism of any biosorption/bioaccumulation process
is a very vital section to understand the characteristics of the
material in addition to understand the process, which supports
to design a novel biosorbent for forthcoming uses (The details
are provided with supplementary materials).

Effect of Biosorbent Dose

Biosorbent dose is also a significant factor which governs
the uptake of immobilized bacterial cells for an initial adsor-
bate concentration. The influence of biosorbent dose on the
% removal is shown in Fig. 4. The removal of As(III) and
As(V) improved up to 80.453 and 84.846 %, respectively,
when the biosorbent dose was increased from 0.1 to 1 g/L.
Further increase in biosorbent dose up to 10 g/L had no
effect on the removal of arsenic. The increase in biosorbent
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Fig. 4 Effect of SD/MnFe2O4 composite dose on As(III) and As(V)
removal in SBB studies (Co: 50 mg/L; T: 30 °C; pH: 7.0; t: 90 min)
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dose (0.1–1 g/L) resulted in a rapid increase in arsenic ions
biosorption/bioaccumulation. This result can be clarified by
the statements that during the biosorption/bioaccumulation
process, larger surface area was available and the
biosorption sites remain unsaturated, while the number of
sites available for the biosorption site increases with the
increase in the biosorbent dose. With the increase in
biosorbent dose, the number of active sites in unit volume
of solution increases, which leads to the increase in the %
removal of arsenic [47]. On the other hand, with further rise
in biosorbent dose (1–10 g/L), there was no prominent dif-
ference in the % removal of As(III) and As(V) ions. It may
also be owing to the fact that a higher dosage could create a
‘screen effect’ on the immobilized bacterial cells, protecting
the binding sites, therefore the lower arsenic biosorption/
bioaccumulation [14]. The decrease in removal efficiency
at higher biosorbent dose can also be elucidated as a result
of a partial aggregation of immobilized bacterial cells,
which results in a reduction in effective surface area for
the biosorption/bioaccumulation and overlapping of ac-
tive sites [59, 60]. So, 1 g/L of SD/MnFe2O4 composite
was selected as the optimum biosorbent dose for further
studies.

Effect of Contact Time

Figure 5 shows the influence of contact time on the %
removal of As(III) and As(V) using immobilized bacterial
cells. Contact time is also a significant factor for the
biosorption/bioaccumulation process. From the above ob-
servation, it can be concluded that the time compulsory to
reach equilibrium for both As(III) and As(V) biosorption/
bioaccumulation on immobilized bacterial cells was
240 min. For further rise in time, no notable enhancement
was observed in removing arsenic . So, fur ther
biosorption/bioaccumulation studies were continued for a
contact time of 240 min.

From the consequences, it is further obvious that in all the
systems, the saturation time does not depend on the adsorbate
concentration in the solution. The change in the rate of remov-
al might be owing to the fact that initially all sites of
immobilized bacterial cells are easily accessible and also the
concentration gradient of adsorbate is very high. At optimum
pH, the fast kinetics of interaction of adsorbate-immobilized
bacterial cells might be decided to increase availability of the
active sites of the immobilized bacterial cells. So, the removal
of adsorbate was fast in the early stages and progressively
declines with the interval of time until equilibrium in each
case. The reduction in removal of metal ion at the later stage
of the process was owing to the lowering of concentration of
metal ions [61]. Furthermore, the characteristic of the equilib-
rium time curve exhibited that the SBB process approaches
the equilibrium in short span of time [22]. So, the curves found
were single, smooth and continuous leading to equilibrium
and suggested the possibility of monolayer coverage of the
adsorbate on the immobilized bacterial cells [54].

Effect of Temperature

The temperature has two main influences on biosorption/
bioaccumulation process. Temperature essential for the
biosorption/bioaccumulation system governs the biosorption/
bioaccumulation process as endothermic or exothermic.
Increasing the temperature is familiar to raise the rate of dif-
fusion of the adsorbate, due to the reduction in the viscosity of
the solution. Besides, changing the temperature will alter the
equilibrium biosorption capacity of the immobilized bacterial
cells for a specific biosorbent [62].

The effect of temperature on the removal efficiency of
As(III) and As(V) was inspected in the range of 20–50 °C
during the equilibrium time. The consequences of influence
of temperature have been exposed in Fig. 6. It was observed
from the Fig. 6 that with a little increase in temperature from
20 to 30 °C, the biosorption/bioaccumulation of arsenic
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Fig. 5 Effect of contact time on As(III) and As(V) removal in SBB
studies (Co: 50 mg/L; T: 30 °C; pH: 7.0; M: 1 g/L)
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(As(III) or As(V)) ions on immobilized bacterial cell surface
increased. After 30 °C temperature, the removal of arsenic
(As(III) or As(V)) ions by immobilized bacterial cell de-
creased with the increase in temperature. For As(III) and
As(V), % removal decreased from 90.87 to 79.565 % and
94.846 to 86.385%, respectively, with increase in temperature
from 30 to 50 °C.

The favourable temperature for the growth of
C. glutamicum MTCC 2745 is 30 °C according to the guide-
line of MTCC. The result specified that the highest removal
was got at a temperature of 30 °C in biosorption/
bioaccumulation system. Further rise in temperature resulted
in lower scavenging efficiency for arsenic removal in
biosorption/bioaccumulation system.

This can also be clarified by the exothermicity of the
biosorption/bioaccumulation process. Temperature influences
the interaction between the biomass and the metal ions, gen-
erally by impacting the stability of the metal-sorbent complex
and the ionization of the cell wall moieties [63]. The temper-
ature of the biosorption solution could be vital for energy
dependent mechanisms in metal binding process [64].
Energy independent mechanisms are less expected to be in-
fluenced by temperature because the processes responsible for
biosorption are mainly physico-chemical in nature [65, 66].
The results acquired in the current study indicated that the
metal ion sorption in SBB system was exothermic. Kacar
et al. [65] and Ozdemir et al. [66] reported in their work about
the exothermic behaviour of metal ion sorption on the bacte-
rial surface. The authors correlated their research outcomes as
an energy independent mediated sorption of metal ions.

This can also be clarified by the spontaneity of the
biosorption/bioaccumulation process. Initial rise in removal
efficiency up to 30 °C is mainly because of the rise in collision
frequency between biosorbent and adsorbate. Further rise in
temperature (>30 °C) caused lower removal efficiency for
arsenic removal by immobilized bacterial cells. This reduction
in scavenging efficiency might be owing to many factors: the
relative increase in the dodging tendency of the arsenic ions
from the solid biosorbent phase to the bulk liquid phase;
deactivating immobilized bacterial cells or destructing some
active sites on the surface of immobilized bacterial cells due to
bond ruptures [67, 68] or owing to the weakening of
biosorptive forces between the adsorbate species and the ac-
tive sites of the immobilized bacterial cells and also between
the adjacent molecules of adsorbed phase for high tempera-
tures or movement of biosorbents with more speed, so, lower
interaction time with the biosorbent active sites was available
for them [69, 70].

Effect of Initial Arsenic Concentration

Effect of initial metal ion concentration on the % removal
of arsenic in biosorption/bioaccumulation system is

presented in Fig. 7. All the parameters, such as pH,
biosorbent dose, contact time and temperature, remain
constant; it can be safely concluded that positive and the
negative charge density on the surface of immobilized
bacterial cells at the initial stages of biosorption/
bioaccumulation must have remained constant.

With rise in initial arsenic concentrations, more arsenic
ions are left un-adsorbed in the solution owing to the
saturation of the binding sites. This recognizes that ener-
getically less favourable binding sites become involved
with rising ions concentration in aqueous solution.
Removal process of arsenic ions is referred to various
ion exchange mechanisms along with the biosorption/
bioaccumulation process. Throughout the ion exchange
process, the arsenic ions have to be transferred through
the biosorbent pores, but also through the lattice channel,
they have to be substituted exchangeable anions.
Diffusion was quicker through pores and was arrested
when the ion transfers through the channels with smaller
diameter. Here, the biosorption/bioaccumulation of arse-
nic ion is typically attributed to ion exchange reactions in
the biosorbents micro pores [71].

Effect of initial metal ion concentration in terms of dis-
tribution coefficient Rd, as defined in Eq. 5, is presented in
Fig. 8. The distribution coefficient (Rd) can be used as a
significant tool to estimate mobility of metal ion. The Rd

values reduced with the rising concentration of adsorbate.
High values of distribution coefficient, Rd, indicated that
the adsorbate has been engaged by the biosorbent attached
with biofilm through biosorption/bioaccumulation process,
whereas low values of Rd indicated that a large portion of
the adsorbate leftovers in solution [53]. With the increase in
concentration of As(III) and As(V), a corresponding de-
crease in the Rd value from 9.952 to 1.775 L/g and from
18.403 to 2.189 L/g, respectively, suggested the fixed num-
ber of biosorption sites obtainable for biosorption/bioaccu-
mulation. This effect can also be clarified as at high
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Fig. 7 Effect of initial arsenic concentration on As(III) and As(V)
removal in SBB studies (pH: 7.0;M: 1 g/L; t: 240 min; T: 30 °C)
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adsorbate/biosorbent attached with biofilm ratios,
biosorption/bioaccumulation of adsorbate contains higher
energy sites. As the adsorbate/biosorbent attached with bio-
film ratio rises, the higher energy sites are saturated and
biosorption initiates on lower energy sites, affecting in de-
creases in the % removal of adsorbate [71]. These results
repeat the efficiency of biosorbent material attached with
biofilm for the elimination of arsenic from liquid phase over
a broad range of concentrations in biosorption/
bioaccumulation system.

Model Selection: Error Analysis and Maximum
Adsorption Capacity

The optimum parameter sets, evaluated on the basis of higher

correlation coefficient (R, R2 and R2 ) and lower error values
(SSE, Reduced χ2 and Root–MSE), were estimated by con-
sidering 95 % confidence interval. The ideal parameters along
with the correlation coefficients and error values are given in
the Tables 5, 6 and 7.

One-Parameter Model

Henry’s law was unsuccessful for defining the experimen-
tal data obtained for the biosorption/bioaccumulation of
arsenic (As(III) and As(V)) on immobilized bacterial cells
(Fig. 9a, b). The highest error values (SSE, Reduced χ2

and Root–MSE) and the lowest correlation coefficient

values (R, R2 and R2 ) for both As(III) and As(V) indicat-
ed that this model is really ineffective to predict the equi-
librium data (Table 5). It might be because of the non-
availability of biosorption/bioaccumulation data in the
vanishing range of arsenic. Generally, in liquid phase
biosorption/bioaccumulation, the equilibrium data are
attained at higher equilibrium adsorbate concentrations,
while the immobilized bacterial cells are almost at the

edge of saturation. Therefore, this research established
the fact of let-down of Henry’s law at the high ranges of
residual adsorbate concentration.

Two-Parameter Model

Among all the other two-parameter models (Fig. 9a, b), the
Langmuir isotherm showed a good fit to the experimental data
for both As(III) and As(V) due to the highest correlation co-

efficient (R, R2 and R2 ) and the lowest error values (SSE,
Reduced χ2 and Root–MSE) (Table 5) and a high qmL value.
This recognized the homogeneous and monolayer manner of
biosorption/bioaccumulation of As(III) and As(V) on
immobilized bacterial cells. Also, it delivered provision to
the supposition that biosorption/bioaccumulation of As(III)
and As(V) happened uniformly on the active sites of the
immobilized bacterial cells, and once a molecule occupies a
site, no more biosorption/bioaccumulation could happen at
this site. The separation factor (RL) value (Fig. 10) which is
a measure of biosorption/bioaccumulation favourability
assessed from the Langmuir isotherm recognized that As(III)
and As(V) biosorption/bioaccumulation on the surface of
immobilized bacterial cells were in favourable region
(0<RL<1). The reduction in RL with a rise in the initial con-
centration has accepted that the biosorption/bioaccumulation
was more encouraging at high concentrations.

On the other hand, the acquired error values and correlation
coefficient values in case of Jovanovic model acknowledged
better fit with the experimental data for As(III) and As(V),
respectively, to some extent though having lower maximum
adsorption capacity than Langmuir isotherm.

Also, Freundlich isotherm (Table 5) closely fitted to the
equilibrium data in providing of the suppositions of heteroge-
neous manner of biosorption/bioaccumulation to a certain ex-
tent because of high correlation coefficient and low error
values. But Freundlich isotherm model fit as well as
Langmuir and Jovanovic isotherm. The respective value of
nF of Freundlich isotherm, 1.95502 and 1.99542 for As(III)
and As(V), respectively, showed that the biosorption/
bioaccumulation of both As(III) and As(V) on the surface of
immobilized bacterial cells was favourable biosorption/
bioaccumulation.

The attained high correlation coefficient and low error
values of activated sludge isotherm model established the bet-
ter fit of equilibrium data as compared with Temkin and
Dubinin–Radushkevich isotherm models. Though, activated
sludge isotherm model was not as good as Langmuir,
Freundlich and Jovanovic isotherm. A low value of Km,
20.26035 and 25.44612 for As(III) and As(V), respectively,
activated sludge isotherm recommended that the tendency of
formation of floc was probable but little. A lower value of 1/
Nm (<1) attained from activated sludge isotherm evaluated
that any huge change in the equilibrium arsenic concentration
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would not result in a visible change in the amount of formation
of floc of arsenic by immobilized bacterial cells.

Temkin and Dubinin–Radushkevich isotherm models did
not fit well with the experimental data due to low correlation
coefficients and high error values than that for Langmuir iso-
therm model (Table 5) specified that the mechanism of
biosorption/bioaccumulation did not carry on either with pro-
gressive widening of biosorbent surfaces or heterogeneous
biosorption manner in total (Fig. 9a, b). The mean free energy
of adsorption, E estimated from Dubinin–Radushkevich were
15.81139 KJ/mol for both As(III) and As(V), was signifying
that the biosorption/bioaccumulation of As(III) and As(V)
using by immobilized bacterial cells happened through ion
exchange mechanism. The larger value of bTE for both
As(III) and As(V) (9.93981 KJ/mol and 10.31756 KJ/mol
for As(III) and As(V), respectively) achieved from Temkin
isotherm specified that the interaction between As(III) or
As(V) and immobilized bacterial cells was strong and the
positive value of bTE specified an exothermic process. So,
the biosorption/bioaccumulation process of As(III) and
As(V) on immobilized bacterial cells can be taken as chemi-
sorption mechanism, as specified by the value of bTE.

Three-Parameter Model

The abilities of the three-parameter equations for model-
ling the equilibrium biosorption/bioaccumulation data
were verified using non-linear regression analysis, and
their isotherm parameters are shown in Fig 11a, b and
Table 6. All the models appropriately simulated the ad-
sorption isotherms of the studied systems, and the equi-
librium As(III) and As(V) uptake by immobilized

Table 5 Isotherm constants of one-parameter and two-parameter
models for As(III) and As(V) biosorption/bioaccumulation on
C. glutamicum MTCC 2745 immobilized on surface of SD/MnFe2O4

composite

Isotherm models Parameters Values for
As(III)

Values for
As(V)

Henry KHE (L/g) 2.173 2.712

Reduced χ2 41789.969 49335.291

SSE 417899.692 493352.910

R 0.905 0.902

R2 0.818 0.814

R2
0.818 0.814

Root–MSE 204.426 222.115

Langmuir qmL (mg/g) 1672.322 1861.715

KL (L/mg) 0.004 0.004

Reduced χ2 1544.280 1393.368

SSE 13898.518 12540.311

R 0.997 0.998

R2 0.994 0.995

R2
0.993 0.995

Root–MSE 39.297 37.328

Freundlich KF ((mg/g)(L/mg)1/
nF)

46.151 57.017

nF 1.955 1.995

Reduced χ2 2312.077 1514.244

SSE 20808.694 13628.193

R 0.995 0.997

R2 0.991 0.995

R2
0.990 0.994

Root–MSE 48.084 38.913

Temkin bTE (J/mol) 9.940 10.318

KTE (L/mg) 0.128 0.223

Reduced χ2 12651.487 19481.860

SSE 113863.379 175336.743

R 0.975 0.966

R2 0.950 0.934

R2
0.945 0.926

Root–MSE 112.479 139.577

Dubinin–
Radushkevich

qmDR (mg/g) 1134.766 1289.676

KDR (mol2/KJ2) 0.002 0.002

E (KJ/mol) 15.811 15.811

Reduced χ2 27222.822 25371.326

SSE 245005.394 228341.937

R 0.945 0.956

R2 0.893 0.914

R2
0.882 0.904

Root–MSE 164.993 159.284

Activated Sludge Km (L/g) 20.260 25.446

Nm 1.955 1.995

Reduced χ2 2312.077 1514.245

Table 5 (continued)

Isotherm models Parameters Values for
As(III)

Values for
As(V)

SSE 20808.697 13628.209

R 0.995 0.997

R2 0.991 0.995

R2
0.990 0.994

Root–MSE 48.084 38.913

Jovanovic qmJV (mg/g) 1291.900 1417.420

KJV (L/g) 0.004 0.005

Reduced χ2 3141.767 2379.943

SSE 28275.901 21419.490

R 0.994 0.996

R2 0.988 0.992

R2
0.986 0.991

Root–MSE 56.051 48.785
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Table 6 Isotherm constants of three-parameter models for As(III) and
As(V) biosorption/bioaccumulation on C. glutamicum MTCC 2745
immobilized on surface of SD/MnFe2O4 composite

Isotherm models Parameters Values for
As(III)

Values for
As(V)

Redlich–Peterson KRP (L/g) 11.988 19.579

αRP (L/mg)
β 0.049 0.111

βRP 0.723 0.659

Reduced χ2 570.872 460.879

SSE 4566.980 3687.029

R 0.999 0.999

R2 0.998 0.999

R2
0.998 0.998

Root–MSE 23.893 21.468

Sips qmS (mg/g) 2300.348 2837.013

KS (m/Lg)-1/ms 0.008 0.009

mS 0.770 0.719

Reduced χ2 783.906 232.792

SSE 6271.251 1862.340

R 0.999 1.000

R2 0.997 0.999

R2
0.997 0.999

Root–MSE 27.998 15.258

Toth KT (L/mg) 0.004 0.005

qmT (mg/g) 2310.960 2845.265

mT 0.647 0.580

Reduced χ2 809.172 585.324

SSE 6473.372 4682.595

R 0.999 0.999

R2 0.997 0.998

R2
0.996 0.998

Root–MSE 28.446 24.193

Brouers–Sotolongo qmBS (mg/g) 1687.782 1908.550

KBS ((mg/g)(L/
mg)1/α)

0.013 0.015

α 0.718 0.698

Reduced χ2 882.997 179.148

SSE 7063.975 1433.185

R 0.998 1.000

R2 0.997 0.999

R2
0.996 0.999

Root–MSE 29.715 13.385

Vieth–Sladek KVS (L/mg) 0.709 0.788

qmVS (mg/g) 901.051 1058.640

βVS 0.010 0.010

Reduced χ2 475.099 999.591

SSE 3800.790 7996.730

R 0.999 0.998

R2 0.998 0.997

0.998 0.996

Table 6 (continued)

Isotherm models Parameters Values for
As(III)

Values for
As(V)

R2

Root–MSE 21.797 31.616

Koble–Corrigan 6.892 8.122

BKC (L/g)nKC 0.004 0.004

nKC 1.000 1.000

Reduced χ2 1737.358 1567.578

SSE 13898.864 12540.625

R 0.997 0.998

R2 0.994 0.995

R2
0.992 0.994

Root–MSE 41.682 39.593

Khan qmK (mg/g) 512.729 359.888

bK (L/mg) 0.020 0.045

aK 0.639 0.584

Reduced χ2 504.028 599.473

SSE 4032.226 4795.786

R 0.999 0.999

R2 0.998 0.998

R2
0.998 0.998

Root–MSE 22.451 24.484

Hill nH 0.770 0.719

KH (L/g) 125.854 106.271

qmH (mg/g) 2300.005 2837.100

Reduced χ2 783.907 232.793

SSE 6271.255 1862.341

R 0.999 1.000

R2 0.997 0.999

R2
0.997 0.999

Root–MSE 27.998 15.258

Jossens KJ ((mg/g)(L/mg)) 11.988 19.569

J (L/mg)bJ 0.049 0.111

bJ 0.723 0.659

Reduced χ2 570.872 460.877

SSE 4566.978 3687.018

R 0.999 0.999

R2 0.998 0.999

R2
0.998 0.998

Root–MSE 23.893 21.468

Fritz–Schlunder–III KFS (L/mg)nFS 0.049 0.111

qmFS (mg/g) 244.733 175.645

mFSI 0.723 0.659

Reduced χ2 570.873 460.879

SSE 4566.981 3687.029

R 0.999 0.999

R2 0.998 0.999

0.998 0.998
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bacterial cells were sincerely well signified with good

correlation coefficient values (R, R2 and R2 ) and low
error values (SSE, Reduced χ2 and Root–MSE). The ap-
propriateness of these isotherms again confirmed the ho-
mogeneous biosorpt ion /bioaccumulat ion on the

Table 6 (continued)

Isotherm models Parameters Values for
As(III)

Values for
As(V)

R2

Root–MSE 23.893 21.468

Unilan qmU (mg/g) 1776.581 1978.622

s 1.000 1.000

KU (L/mg) 0.004 0.004

Reduced χ2 1334.848 1275.086

SSE 10678.781 10200.689

R 0.998 0.998

R2 0.995 0.996

R2
0.994 0.995

Root–MSE 36.536 35.708

Holl–Krich qmHK (mg/g) 2300.471 2837.011

KHK (L/mg)nHK 0.008 0.009

nHK 0.770 0.719

Reduced χ2 783.906 232.792

SSE 6271.250 1862.340

R 0.999 1.000

R2 0.997 0.999

R2
0.997 0.999

Root–MSE 27.998 15.258

Langmuir–Freundlich qmLF (mg/g) 2302.431 2835.278

KLF (L/mg) 0.002 0.002

mLF 0.769 0.719

Reduced χ2 783.908 232.793

SSE 6271.262 1862.343

R 0.999 1.000

R2 0.997 0.999

R2
0.997 0.999

Root–MSE 27.998 15.258

Langmuir–Jovanovic qmLJ (mg/g) 1755.177 2043.418

KLJ (L/mg) 0.014 0.016

nLJ 0.692 0.662

Reduced χ2 789.817 225.456

SSE 6318.535 1803.648

R 0.999 1.000

R2 0.997 0.999

R2
0.997 0.999

Root–MSE 28.104 15.015

Jovanovic–Freundlich qmJF (mg/g) 1688.491 1907.898

n 0.718 0.698

KJF (L/mg) 0.002 0.002

Reduced χ2 882.999 179.149

SSE 7063.992 1433.188

R 0.998 1.000

R2 0.997 0.999

Table 6 (continued)

Isotherm models Parameters Values for
As(III)

Values for
As(V)

R2
0.996 0.999

Root–MSE 29.715 13.385

Radke–Prausnitz I KRPI (L/mg) 0.020 0.045

qmRPI (mg/g) 512.729 359.888

mRPI 0.639 0.584

Reduced χ2 504.028 599.473

SSE 4032.226 4795.786

R 0.999 0.999

R2 0.998 0.998

R2
0.998 0.998

Root–MSE 22.451 24.484

Radke–Prausnitz II qmRPII (mg/g) 244.733 175.645

KmRPII (L/mg) 0.049 0.111

mRPII 0.723 0.659

Reduced χ2 570.873 460.879

SSE 4566.981 3687.029

R 0.999 0.999

R2 0.998 0.999

R2
0.998 0.998

Root–MSE 23.893 21.468

Radke–Prausnitz III qmRPIII (mg/g) 12.002 19.512

KRPIII (L/mg) 20.337 9.042

mRPIII 0.277 0.341

Reduced χ2 570.872 460.877

SSE 4566.973 3687.017

R 0.999 0.999

R2 0.998 0.999

R2
0.998 0.998

Root–MSE 23.893 21.468

Langmuir–Freundlich–
Jovanovic

qmLFJ (mg/g) 1807.519 2126.619

nLFJ 0.669 0.635

KLFJ (L/mg) 0.002 0.002

Reduced χ2 763.740 244.977

SSE 6109.923 1959.814

R 0.999 1.000

R2 0.997 0.999

R2
0.997 0.999

Root–MSE 27.636 15.652
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heterogeneous surface of immobilized bacterial cells and
the cooperative manifestations of the biosorptive As(III)
and As(V) ions.

In case of As(III) on the basis of the maximum correla-
tion coefficients (R, R2 and R2 ) and the lowest error values
(SSE, Reduced χ2 and Root–MSE), the better and perfect
illustration of the experimental outcomes was attained
using Vieth–Sladek isotherm among the verified three-
parameter isotherm (Fig. 11a, b). Vieth–Sladek isotherm
constant, KVS, was closely equal to zero revealed that the
biosorption data trailed the suppositions of Langmuir
isotherm.

The value of Vieth–Sladek isotherm constant, KVS, was
nearly equal to zero showed that the biosorption data
trailed the assumptions of Langmuir isotherm. The value
of Vieth–Sladek model exponent βVS for As(V) tending to
zero indicated that the data can desirably fit with Langmuir
model. This is ascertained by the suitable fit of the data to
Langmuir model. Vieth–Sladek isotherm is utilized for cal-
culating diffusion rates in solid materials from transient
adsorption. Especially, this isotherm applies to adsorbates
which are adsorbed according to a specific isotherm: one
defined by a linear component (Henry’s law) and a com-
monly found non-linear component (Langmuir equation).
The linear component relates physically to gas dissolved in
the amorphous regions and, the non-linear, to the adher-
ence of gas molecules to sites on the surface of porous
adsorbents [72].

However, for As(V), based on maximum correlation coef-
ficients (R, R2 and R2 ) and the lowest error values (SSE,
Reduced χ2 and Root–MSE), the greater and perfect demon-
stration of the experimental results was observed using
Brouers–Sotolongo isotherm model (Fig. 11a, b) among all
the tested isotherm models.

Brouers–Sotolongo isotherm was competent to describe
the biosorption/bioaccumulation process taken into consid-
eration from the beginning that it is a complex system.
Certainly immobilized bacterial cells has strong heteroge-
neous surface that stems from two sources recognized as
geometrical and chemical ones [73]. Geometrical hetero-
geneity is mostly a result of variances in size and shape of
pores, cracks and pits. Chemical heterogeneity is connect-
ed to numerous functional groups, e.g. phenols, carbonyls,
aldehydes, lactones of surface of immobilized bacterial
cells. Both geometrical and chemical heterogeneities add
strongly to the biosorption/bioaccumulation of As(III) and
As(V) on the surface of immobilized bacterial cells [74].

The maximum adsorption capacity predicted by Sips,
Toth, Brouers–Sotolongo, Hill, Unilan, Holl–Krich,
Langmuir–Freundlich, Langmuir–Jovanovic, Jovanvic–
Freundlich and Langmuir–Freundlich–Jovanovic was
higher than Langmuir isotherm but it was observed

Table 7 Isotherm constants of four-parameter and five-parameter
models for As(III) and As(V) biosorption/bioaccumulation on C.
glutamicum MTCC 2745 immobilized on surface of SD/MnFe2O4

composite

Isotherm models Parameters Values for
As(III)

Values for
As(V)

Marczewski–
Jaroniec

qmMJ (mg/g) 2305.486 2839.466

KMJ (L/mg) 0.002 0.001

nMJ 0.751 0.725

mMJ 0.795 0.711

Reduced χ2 892.179 263.813

SSE 6245.251 1846.688

R 0.999 1.000

R2 0.997 0.999

R2
0.996 0.999

Root–MSE 29.869 16.242

Baudu qmB (mg/g) 2300.938 2836.590

x −0.231 −0.281
y 1.000 1.000

bB (L/mg) 0.008 0.009

Reduced χ2 895.893 266.048

SSE 6271.248 1862.339

R 0.999 1.000

R2 0.997 0.999

R2
0.996 0.999

Root–MSE 29.931 16.311

Fritz–Schlunder–
IV

AFS ((mg/g)(L/
mg)aFS)

11.960 28.256

BFS (L/mg)
bFS 0.049 0.003

aFS 1.000 0.685

bFS 0.724 0.841

Reduced χ2 682.197 211.734

SSE 4775.382 1482.140

R 0.999 1.000

R2 0.998 0.999

R2
0.997 0.999

Root–MSE 26.119 14.551

Fritz–Schlunder–
V

qmFSS (mg/g) 11.984 30.097

K1 (L/mg)
αFS 1.000 1.000

K2 (L/mg)
βFS 0.049 0.001

αFS 1.000 0.658

βFS 0.723 1.000

Reduced χ2 761.512 192.958

SSE 4569.072 1157.750

R 0.999 1.000

R2 0.998 1.000

R2
0.997 0.999

Root–MSE 27.596 13.891
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opposite in the case of Vieth–Sladek, Khan, Fritz–
Schlunder–III, Radke–Prausnitz I, II and III isotherms for
both As(III) and As(V).

The values of βRP, mS, mT, aK, mFSI, mLF, nLJ, mRPI, mRPII

and nLFJ for both As(III) and As(V) approaching unity spec-
ified that the biosorption/bioaccumulation data observed in
this study were more of a Langmuir form rather than that of
Freundlich isotherm.

The values of mRPIII for both As(III) and As(V) were
observed to be close to zero which indicated that the model
supported Langmuir model. The Hill model exponent nH
for both As(III) and As(V) were <1, conveyed the fact that
the binding interaction between As(III) or As(V) and
immobilized bacterial cells was in the form of negative
cooperativity.

Though the correlation coefficient values were moderately
good for all the three-parameter models (Table 6), poor error
values (SSE, Reduced χ2 and Root–MSE) clearly indicated
that Koble–Corrigan and Unilan isotherm were unsuccessful
to fit the experimental equilibrium data may be due to the fact
that the most of the active sites might have adsorption energy
higher than maximum value.

Four-Parameter Model

Among three isotherms of four-parameter models
(Fig. 12a, b; Table 7), very well fitting of the experimen-
tal results of biosorption/bioaccumulation data for both
As(III) and As(V) were found using Fritz–Schlunder–IV
isotherm with the lowest error values and the highest cor-
relation coefficient values for both As(III) and As(V)).
This isotherm was found to be slightly better than
Marczewski–Jaroniec and Baudu isotherm models on the
basis of correlation coefficient (R, R2 and R2 ) and error
values (SSE, reduced χ2 and Root–MSE).

Furthermore, the values of aFS and bFS for both As(III) and
As(V) approaching unity stated that the biosorption/
bioaccumulation data can suitably be fitted with the
Langmuir isotherm. The parameters assessed AFS and BFS,
and a value of AFS/BFS was revealing the adsorbate and ad-
sorbent interaction strength. Similarity was also observed be-
tween the BFS and the Langmuir constant KL.

Also, the values of nMJ and mMJ for As(III) approaching
unity stated that the biosorption/bioaccumulation data can
preferably be fitted with the Langmuir isotherm. Wherever
in case of As(V), the values of nMJ and mMJ also approaching
unity indicated that the biosorption/bioaccumulation data can
also preferably be fitted with the Langmuir isotherm.
Similarity has also been observed between the KMJ and the
Langmuir constant KL.

Fritz–Schlunder–IV and Baudu isotherms yet again con-
firmed the fact that the biosorption/bioaccumulation of
As(III) and As(V) on the surface of immobilized bacterial cells
was homogeneous and characteristically followed Langmuir
isotherm; however, the biosorption/bioaccumulation was hap-
pening on the heterogeneous surface.

Five-Parameter Isotherm

The biosorption/bioaccumulation data were analyzed in
keeping with the non-linear form of the five-parameter
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Fig. 9 Isotherm modelling of As(III) and As(V) biosorption/bioaccumulation on C. glutamicumMTCC 2745 immobilized on surface of SD/MnFe2O4

composite for one and two-parameter models (Co: 50–2000 mg/L; M: 1 g/L; pH: 7.0; t: 240 min; T: 30 °C)
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isotherm model of Fritz–Schlunder–V. A proper fitting of
the experimental data of the adsorption isotherms achieved
employing the five-parameter model of Fritz–Schlunder–V
(Fig. 12a, b; Table 7) with the lowest error values (SSE,
reduced χ2 and Root–MSE) and the highest correlation

coefficient values (R, R2 and R2 ) for both As(III) and
As(V) was found. The values of αFS and βFS for both
As(III) and As(V) were very close to unity which showed
that the biosorption/bioaccumulation data followed the
suppositions of Langmuir isotherm.

Final Remarks on Isotherm Study

The experimental equilibrium data are observed to be well
fitted with the Langmuir isotherm model among two-
parameter isotherm models which stated the monomolecular
biosorption/bioaccumulation of As(III) and As(V) on the sur-
face of immobilized bacterial cells. The value of correlation
coefficient (R, R2 and R2 ) and error values (SSE, reduced χ2

and Root–MSE) showed the best fit to the adsorption isotherm

data of As(III) among all the models using Vieth–Sladek iso-
therm model. Vieth–Sladek model exponent recommended
that the biosorption/bioaccumulation data got in this study
was more of Langmuir form rather than that of Freundlich
isotherm and the current data supported monolayer mode of
biosorption. It was well-fitting Brouers–Sotolongo iso-
therm model among three-parameter isotherm models for
As(V) and its model exponent recommended that this iso-
therm is proficient to define the biosorption process hap-
pening from the beginning is a complex system. Among
four-parameter isotherm models, most well-fitting iso-
therm was Fritz–Schlunder–IV isotherm for both As(III)
and As(V) and similarity was also found between the BFS

and the Langmuir constant KL.

The adjusted coefficient of determination (R2 ), which gen-
erally accounts for the number of variables and sample size in
the model, is considered superior to the coefficient of deter-
mination (R2), as it revises the overestimation by R2 [75]. It is
more exact than R2 specially when dealing with small
samples.

0 100 200 300 400 500 600 700 800
0

200

400

600

800

1000

1200

1400
q e

)g/g
m(

Ce (mg/L)

 Experimental
 Redlich-Peterson
 Sips
 Toth
 Brouers-Sotolongo
 Vieth-Sladek
 Koble-Corrigan
 Khan
 Hill
 Jossens
 Fritz-Schulender-III
 Unilan
 Holl-Kirch
 Langmuir-Freundlich
 Langmuir-Jovanovic
 Jovanovic-Freundlich
 Radke-Prausnitz I
 Radke-Prausnitz II
 Radke-Prausnitz III
 Langmuir-Freundlich-Jovanovic

As(III)

0 100 200 300 400 500 600 700
0

200

400

600

800

1000

1200

1400

1600

q e
)g/g

m(

Ce (mg/L)

 Experimental
 Redlich-Peterson
 Sips
 Toth
 Brouers-Sotolongo
 Vieth-Sladek
 Koble-Corrigan
 Khan
 Hill
 Jossens
 Fritz-Schulender-III
 Unilan
 Holl-Kirch
 Langmuir-Freundlich
 Langmuir-Jovanovic
 Jovanovic-Freundlich
 Radke-Prausnitz I
 Radke-Prausnitz II
 Radke-Prausnitz III
 Langmuir-Freundlich-Jovanovic

As(V)

Fig. 11 Isothermmodelling of As(III) and As(V) biosorption/bioaccumulation onC. glutamicumMTCC 2745 immobilized on surface of SD/MnFe2O4

composite for three-parameter models (Co: 50–2000 mg/L; M: 1 g/L; pH: 7.0; t: 240 min; T: 30 °C)
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Fig. 12 Isothermmodelling of As(III) and As(V) biosorption/bioaccumulation onC. glutamicumMTCC 2745 immobilized on surface of SD/MnFe2O4

composite for four and five-parameter models (Co: 50–2000 mg/L; M: 1 g/L; pH: 7.0; t: 240 min; T: 30 °C)
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On the basis of R2 values, the higher fitted model order
among one and two-parameter models in decreasing manner
is shown in Table S4 of supplementary materials. Based on R2

values, the best fitted model order among one and two-
parameter models was Langmuir model with a maximum ad-
sorption capacity of 1672.32214 mg/g for As(III) and
1861.71453 mg/g for As(V). According to correlation coeffi-
cient R2 values, the fitness of the models for three-, four- and
five-parameter models are almost similar to each other. Thus,
based on equivalent adsorption capacity, the orders followed
by the models in decreasing manner are shown in Table S5 of
supplementary materials. Based on the equivalent adsorption
capacity values, the higher fitted model order among three-,
four- and five-parameter models was Toth model with a max-
imum adsorption capacity of 2310.96019mg/g for As(III) and
2845.26471 mg/g for As(V).

Table 8 represents the high adsorption capacity of metal
ions reported by various researchers. Qualitatively speaking,
it can be found that As(III) and As(V) loadings acquired from
the present study are within the ranges obtained with other
metals, though differences in the type of adsorbent/
biosorbent (among other experimental conditions) utilized
are of a paramount significance if quantitative comparisons
must be done. Activated carbon adsorption was explored in
removal of arsenic and antimony from copper electrorefining
solutions [80]. A huge arsenic sorption capacity (2860 mg/g)
was obtained on this coal-derived commercial carbon. The
transition from surface coverage to surface precipitation is
not easy to evaluate from the adsorption isotherm or to model
employing estimated iron arsenic solubility. The transition
occurred at varying surface coverages and dissolved arsenic
concentrations. The beginning of surface precipitation hap-
pens well before monolayer coverage (assuming a mononu-
clear complex) [81]. In trying to differentiate between adsorp-
tion and surface precipitation in the accumulation of metal
ions on solid surfaces, Sposito inferred that it is not possible
to distinguish between the two phenomena based only on

sorption data [82]. Rather, determination of the mechanism
must be obtained through close spectroscopic determination
of the molecular structure of the sorbed layer.

The descriptive models from the best to worst for As(III)
and As(V) were sorted according to GoFM values and shown
in Table S6 and Table S7 of supplementary materials, respec-
tively. Among 30 different isotherm models, Vieth–Sladek
isotherm was observed to be appropriate to predict the equi-
librium data of biosorption/bioaccumulation of As(III) on
immobilized bacterial cells according to GoFM values.
However, Brouers–Sotolongo was observed to be appropriate
to predict the equilibrium data of biosorption/bioaccumulation
of As(V) on immobilized bacterial cells according to R2,
Reduced χ2 and Root–MSE, and Fritz–Schlunder–V was
the best on the basis of R, R2 and SSE. It signifies that the
biosorption of both As(III) and As(V) does not form a multi-
layer on acid treated tea waste; it rather follows monolayer
adsorption process and mechanism of adsorption process is
complex.

Studies of Influencing Co-existing Ions

The effect of concentrations of initial co-existing ions on the
biosorption/bioaccumulation process of As(III) and As(V) on
C. glutamicum MTCC 2745 immobilized on surface of SD/
MnFe2O4 composite is revealed in Figs. 13a–c and 14a–c,
respectively. Consequences clearly showed that the % remov-
al of As(III) and As(V) were observed to decrease with the
presence of a very low concentration of various ions, for ex-
ample copper (Cu2+), zinc (Zn2+), bismuth (Bi3+), lead (Pb2+),
cobalt (Co2+), nickel (Ni2+), chromium (Cr6+) and sulfate
(SO4

2−). On the other hand in the presence of iron (Fe3+)
and cadmium (Cd2+), the removal efficiencies were observed
to increase. The reduction of % removal in the existence of
Cu2+, Zn2, Bi3+, Pb2+, Co2+ and Ni2+ ions may be clarified on
the basis of the ionic radii. All these ions are bigger than
As(III) and As(V) and therefore in their attendance, the %

Table 8 Metal loadings on various adsorbents/biosorbents

Metal Adsorbent/biosorbent Adsorption capacity (mg/g) Remarks References

Gold Activated carbon 1380 Cortez Gold Mines coconut
shell-activated carbon

[76]

Gold Activated carbon 3400 Harmony No. 4 Plant 1 stage of
seven-stages CIP circuit

[77]

Molybdenum Activated carbon 160 pH 2.0 [76]
Molybdenum Activated carbon 130 Spent acid effluent

Copper Chitosan–Fe–S–C 413.20 Carbonaceous sulfur-containing
chitosan–Fe(III)

[78]

Copper Tailor-made composite adsorbent 200.80 Wastewater [79]

Arsenic Activated carbon 2860 Copper electrorefining solution [80]

Arsenic (As(III)/As(V)) C. glutamicumMTCC 2745 immobilized
on SD/MnFe2O4 composite

1672.322 for As(III) and
1861.715 for As(V)

Synthetic wastewater Present study
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removal reduced [53, 83, 84]. This might be owing to the
competition of these ions with arsenic for the biosorption sites
and/or owing to masking of biosorption sites by the bigger
ions [85]. Conversely, the ionic radii of Cd2+ and Fe3+ are
almost the same, so there was no reducing effect [85]. The
% removal of As(III) and As(V) increased in presence of both
Cd2+ and Fe3+ ions. Mostly, Cd2+ and Fe3+ ions could be
biosorbed/bioaccumulated by immobilized bacterial cells
and efficiently compensated the surface negative charge gen-
erated by specific biosorption/bioaccumulation of As(III) and
As(V) and acted as a bridge between immobilized bacterial
cells and As(III) and As(V) ions, which has preferred the
biosorption/bioaccumulation of As(III) and As(V) anions
[83, 84]. While the ionic radius of Cd2+ is nearly the same,
so there was no reducing effect [53]. As well as this, Fe3+ ions
being an outstanding adsorbent for arsenic, the current effect
in the occurrence of Fe3+ may also be owing to adsorption of
arsenic onto ferric hydroxides (Fe(OH)3) that would form
while Fe3+ ions are present in wastewater under oxic condi-
tions [86]. Sulfate is divalent oxyanion and has competition
with anions of both As(III) and As(V) through enhanced elec-
trostatic interaction [87]. Sulfate is divalent oxyanion and has
competition with anions of both As(III) and As(V) through
enhanced electrostatic interaction [87]. Sulfate had a negligi-
ble influence on As(III) and As(V) biosorption/bioaccumula-
tion. This is due to the fact that the sulfate binding affinity for

the immobilized bacterial cells is much weaker than arsenic
[48, 88, 89]. These consequences are also consistent with
other study [90, 91].

Desorption Studies

In biosorption/bioaccumulation process, heavy metals are
biosorbed/bioaccumulated on C. glutamicum MTCC 2745
immobilized on surface of SD/MnFe2O4 composite. With
the time of shaking, the bacterial cells consume more arsenic
and die. So, a large amount of biomass is produced and the
immobilized bacterial cells lose its activity. Loss on
biosorption capacity is also attained because of the blockage
of pores of the biosorbents attached with biofilm due to the
biosorption/bioaccumulation of metals/metalloids and growth
of biomass. So, desorption of biosorbed heavymetals from the
metal–loaded biosorbent or regeneration of the biosorbent is
mandatory.

Desorption of biosorbed/bioaccumulated As(III) and
As(V) from the arsenic-loaded immobilized bacterial cells
was performed using different concentrations of NaOH solu-
tion. The results are shown in Fig. 15. It is agreed that while
the concentration of NaOH was about 0.05 M, the rate of
desorption of As(III) and As(V) improved with the rise in
alkalinity and grasped a maximal of 81.34 and 88.727 %,
respectively. Then, rate of desorption reduced with further rise
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Fig. 13 Effect of co-existing ions a copper, zinc and sulfate; b iron, cadmium and bismuth and c lead, cobalt, nickel and chromium on the removal of
As(III) (Co: 50 mg/L; M: 1 g/L; pH: 7; t: 240 min; T: 30 °C)
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in alkalinity. The lower rate of desorption exposed that the
As(III) and As(V) biosorption/bioaccumulation on the surface
of immobilized bacterial cells are partially reversible, because
of the strong adsorptive interactions between As(III) and
As(V) and the surfaces of the immobilized bacterial cells.
The surface hydroxyl groups became deprotonated and nega-
tively charged at high pH, causing an efficient desorption of
negatively charged arsenic species. So, NaOH solution was

utilized for desorption of the adsorbed arsenic from
immobilized bacterial cells [92]. Then, the main possible de-
sorption reaction could be summarized as:

MeOHþ
2 ⋯⋯⋯AsO3−

3 þ OH− →MeOHþ AsO3−
3 þ H2O

ð25Þ
MeOHþ

2 ⋯⋯⋯O3AsH2 þ OH− →MeOHþ H2AsO
3−
3 þ H2O

ð26Þ
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Fig. 14 Effect of co-existing ions a copper, zinc and sulfate; b iron, cadmium and bismuth and c lead, cobalt, nickel and chromium on the removal of
As(V) (Co: 50 mg/L; M: 1 g/L; pH: 4; t: 240 min; T: 30 °C)
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MeOHþ
2 ⋯⋯⋯AsO3−

4 þ OH− →MeOHþ AsO3−
4 þ H2O

ð27Þ
MeOHþ

2 ⋯⋯⋯−O4AsH2 þ OH− →MeOHþ H2AsO
3−
4 þ H2O

ð28Þ
Meþ⋯⋯⋯AsO3−

3 þ OH− →MeOHþ AsO3−
3 ð29Þ

Me−OAsO3H2 þ OH− →MeOHþ H2AsO
3−
3 ð30Þ

Meþ⋯⋯⋯AsO3−
4 þ OH− →MeOHþ AsO3−

4 ð31Þ
Me−OAsO4H2 þ OH− →MeOHþ H2AsO

3−
4 ð32Þ

Advantage of Simultaneous Biosorption
and Bioaccumulation Study

The adherence of the bacterial cells to SD/MnFe2O4 compos-
ite particles was found through SEM studies (Fig. 2e, g). The
cell wall structure of the microbes had numerous sites and
complexity for the uptake of metal ions. Biosorption of thori-
um and uranium by R. arrhizus not only involved physical
adsorption but also the complex formations. At this point, the
complex involved was the metal ion with hydroxyl group of
EPS and the nitrogen of the chitin cell wall network and the
hydrolysis of complex and precipitation of the hydrolysis
product in the cell wall [93]. Immobilization of bacterial cells
onto the surface of a non-living carrier, like SD/MnFe2O4

composite through physical adsorption, electrostatic forces
or covalent bonding between the cell membrane and the car-
rier was a beneficial method. The photomicrographs of the
bacterial cells absorbed onto the surface of SD/MnFe2O4 com-
posite particles exposed that SD/MnFe2O4 composite particles
have many crevices which perform as a den for the microbial
cells. This defends the bacterial cells from direct exposure to
high concentration of the poisonous metal due to which there
is a rise in the metal uptake capacity of the bacterial cells [22].
Andrews and Tien recommended that the formation of

microbial monolayer on the surface of a solid carrier includes
a complex mechanism for the elimination of target element
from the liquid medium [94]. In the presence of microbial
film, the mechanism of removal of substances includes (i)
the transport of substance, like metal ions from bulk liquid
to the microbial monolayer surface, (ii) simultaneous mass
transfer, biosorption of ions on the surface, biochemical reac-
tion inside the microbial monolayer film and (iii) simulta-
neous mass transfer and biosorption inside the biosorbent
[94]. Dynamic nature of the microbial film increases the com-
plexity [11]. In SBB, the presence of solid carrier increases the
liquid–solid surfaces, on which microbial cells, organic mate-
rials, enzymes and oxygen are adsorbed providing an enriched
environment for microbial metabolism [11, 94]. Thus, the
SBB process was found to be much more efficient than that
of biosorption alone.

It is very difficult to compare directly the adsorbent capacity
of studied adsorbents with other adsorbents capacity stated in
the literature because of the changing operating conditions used
in those studies; yet, C. glutamicumMTCC 2745 immobilized
on SD/MnFe2O4 composite used in this research have higher
adsorption capacity compare to other adsorbents. The adsorp-
tion capacity differences of As(III) and As(V) ions uptake are
attributed to the properties of each adsorbent for instance ad-
sorbent structure, functional groups and surface area [95].

Table 9.

Conclusions

& In this study, C. glutamicum MTCC 2745 immobilized on
surface of SD/MnFe2O4 composite excellently was
employed to remove As(III) and As(V) from synthetically
preparedwastewater and showed high elimination efficiency.

& FT-IR analysis recommended that Fe–O, Mn–O, Me–OH
bond (Me stands for MnFe2O4 and surface of bacteria) of
C. glutamicum MTCC 2745 immobilized on surface of

Table 9 Maximum adsorption
capacities (qm, mg/g) of As(III)
and As(V) of immobilized
bacterial cells compared with
other adsorbents (in mg per g of
solid material)

Adsorbent pH As(III) pH As(V) References

C. rhizoma – – 8.0 22.04 [91]

W. frutescens – – 8.0 16.88 [91]

Inonotus hispidus biomass 6.0 51.9 2.0 59.6 [96]

Zr(IV)–loaded orange waste 9.0 130.0 – – [97]

Lassonia nigrescens – – 2.5 45.2 [98]

Zirconium–loaded adsorbent – – 2.0 149.8 [99]

Fe(III)–loaded cellulose 9.0 18.0 4.5 137.1 [100]

Chitosan – – 4.0 58 [101]

Iron(III)–loaded LDA 9.0 62.9 3.5 55.7 [102]

C. glutamicum MTCC 2745 immobilized on SD/
MnFe2O4 composite

7.0 1672.322 7.0 1861.715 This study
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SD/MnFe2O4 composite were credited to the good
biosorption/bioaccumulation.

& The optimum pH for As(III) and As(V) biosorption/
bioaccumulation process with C. glutamicum MTCC
2745 immobilized on surface of SD/MnFe2O4 composite
is 7.

& The biosorption/bioaccumulation mechanism of As(III)
and As(V) on the C. glutamicum MTCC 2745
immobilized on surface of SD/MnFe2O4 composite was
complex. Electrostatic interaction happened in
biosorption/bioaccumulation of As(III) and As(V) and
the hydroxyl groups bonded to MnFe2O4 and surface of
bacteria played a significant role in the biosorption/
bioaccumulation of As(III) and As(V) via electrostatic in-
teraction or ligand exchange.

& The optimum biosorbent dose and contact time for
biosorption/bioaccumulation of As(III) and As(V) are
1 g/L and 240 min, respectively.

& The rate of biosorption/bioaccumulation of both As(III)
and As(V) by C. glutamicum MTCC 2745 immobilized
on surface of SD/MnFe2O4 composite has reduced with
rising concentration.

& Cd2+ and Fe3+ ions present in copper smelting wastewater
exhibited positive influence on biosorption of As(III) and
As(V) by that biosorbent attachedwith biofilmwhile other
ions such as Cu2+, Zn2, Bi3+, Pb2+, Co2+, Ni2+ and Cr6+,
and SO4

2− had negative influence on scavenging of
As(III) and As(V) by that biosorbent attached with
biofilm.

& Biosorbed/Bioaccumulated As(III) and As(V) Could Be
Efficiently Desorbed by 0.05 M NaOH Solution.

& By applying 30 different isothermmodels and using meth-
od of the non-linear regression for curve fitting analysis
(maximizing the correlation coefficient (R, R2, R2 ) and
minimizing the error values (SSE, Reduced χ2 and Root–
MSE)) to evaluate optimum parameter sets, the Vieth–
Sladek isotherm was the best fit isotherm for As(III) while
the Brouers–Sotolongo isotherm (according to R2,
Reduced χ2 and Root–MSE) as well as Fritz–
Schlunder–V (according to R, R2 and SSE) were observed
suitable to forecast the equilibrium data of biosorption/
bioaccumulation of As(V) onto C. glutamicum MTCC
2745 immobilized on surface of SD/MnFe2O4 composite.
It specifies that the biosorption/bioaccumulation of both
As(III) and As(V) does not form a multilayer on C.
glutamicum MTCC 2745 immobilized on surface of SD/
MnFe2O4 composite; it rather follows monolayer
biosorption/bioaccumulation process and mechanism of
biosorption/bioaccumulation process is complex.

& On the basis of R2 values, the highest fitted model order
among one and two-parameter models is Langmuir model
with a maximum adsorption capacity of 1672.3221 mg/g
for As(III) and 1861.7145 mg/g for As(V).

& Based on the equivalent adsorption capacity values, the
higher fitted model order among three-, four- and five-
parameter models is Toth model with a maximum adsorp-
tion capacity of 2310.96 mg/g for As(III) and
2845.265 mg/g for As(V).

& From Dubinin–Radushkevich model, it was determined
that the adsorption of As(III) and As(V) byC. glutamicum
MTCC 2745 immobilized on surface of SD/MnFe2O4

composite may be an ion exchange and spontaneous
process.

& C. glutamicum MTCC 2745 immobilized on surface of
SD/MnFe2O4 composite, hybrid biosorbent has a potential
application for elimination of arsenic in water treatment.

AE the energy of adsorption (KJ/mol), AFS Fritz–Schlunder–
IV isotherm constant ((mg/g)(L/mg)αFS), aFS Fritz–Schlunder–
IV model exponent, aK Khan isotherm exponent, AKC Koble–
Corrigan parameters ((mg/g)(L/mg)nKC), bB Baudu isotherm
constant (L/mg), BFS Fritz–Schlunder–IV isotherm constant
((L/mg)βFS), bFS Fritz–Schlunder–IV model exponent, bJ
Jossens model exponent, bK Khan isotherm constant (L/mg),
BKC Koble–Corrigan parameters ((L/g)nKC), bTE Temkin iso-
therm constant corresponding to heat of adsorption (J/mol),
C0 initial concentration of arsenic in the solution (mg/L), Ce

equilibrium concentration of arsenic in the solution (mg/L), E
mean free energy (KJ/mol), K1 Fritz–Schlunder–Vequilibrium
constant ((L/mg)αFS), K2 Fritz–Schlunder–V equilibrium con-
stant ((L/mg)βFS), KBS Brouers–Sotolongo isotherm constant
((mg/g)(L/mg)1/α), KF Freundlich isotherm constant ((mg/
g)(L/mg)1/nF), KDR Dubinin–Radushkevich isotherm constant
or activity coefficient linked to mean adsorption energy (mol2/
KJ2), KFS Fritz–Schlunder–III isotherm constant ((L/mg)nFS),
KH Hill isotherm constant (L/g), KHE adsorption equilibrium
constant known as Henry constant (L/g), KHK Holl–Krich iso-
therm constant ((L/mg)nHK), KL Langmuir isotherm constant
signifying the affinity between the adsorbent and the adsorbate
molecules relating the energy of adsorption (L/mg), KLJF

Langmuir–Freundlich–Jovanovic isotherm constant (L/mg),
KJ Jossens isotherm constant ((mg/g)(L/mg)), KJF Jovanovic–
Freundlich isotherm constant depends only on the temperature
(L/mg), KJV Jovanovic isotherm constant linked to the free
energy of adsorption (L/g), KL Langmuir isotherm constant
(L/mg), KLF Langmuir–Freundlich isotherm constant (L/mg),
KLJ Langmuir–Jovanovic isotherm constant (L/mg), Km

Activated sludge model constant (L/g), KMJ Marczewski–
Jaroniec isotherm constant (L/mg), KRP Redlich–Peterson iso-
therm constant (L/g),KRPIRadke–Prausnitz I isotherm constant
(L/mg), KRPII Radke–Prausnitz II isotherm constant (L/mg),
KRPIII Radke–Prausnitz III isotherm constant (L/mg), KS Sips
isotherm constant related to affinity constant (mg/L)−1/mS, KT

Toth isotherm constant linked to affinity constant (L/mg), KTE

Temkin isotherm constant corresponding to the maximum
binding energy (L/mg), KU Unilan isotherm constant ((L/
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mg)bHK), KVS Vieth–Sladek isotherm constant (L/mg), J
Jossens isotherm constant ((L/mg)bJ),M mass of the adsorbent
(dry) used (g), mLF Langmuir–Freundlich model exponent or
heterogeneity factor, mMJ Marczewski–Jaroniec model expo-
nent, mRPI Radke–Prausnitz I model exponent, mRPII Radke–
Prausnitz II model exponent, mRPIII Radke–Prausnitz III model
exponent, ms Sips model exponent, n the number of observa-
tions in the experimental study, nF Freundlich model exponent,
nFS Fritz–Schlunder–III model exponent, nH Hill cooperativity
coefficient, nHK Holl–Krich model exponent, nJF Jovanovic–
Freundlich model exponent, nLJ Langmuir–Jovanovic model
exponent, nLJF Langmuir–Freundlich–Jovanovic model expo-
nent, nKC Koble–Corrigan parameters, Nm Activated sludge
model exponential constant, nMJ Marczewski–Jaroniec model
exponent, nT Toth isotherm exponent, a measure of surface
heterogeneity, p the number of parameters to be determined,
qe adsorption capacity or amount of arsenic adsorbed onto the
surface of adsorbent at equilibrium (mg/g), qe,exp the equilibri-
um adsorption capacity observed from the batch experiment
(mg/g), qe,model the prediction from the isotherm model corre-
sponding to Ce (mg/g), qmB maximum monolayer adsorption
capacity predicted by Baudu isotherm (mg/g), qmBS maximum
monolayer adsorption capacity forecasted by Brouers–
Sotolongo isotherm (mg/g), qmDR maximum monolayer ad-
sorption capacity predicted by Dubinin–Radushkevich iso-
therm (mg/g), qmFS maximum monolayer adsorption capacity
forecasted by Fritz–Schlunder–III isotherm (mg/g), qmFS5max-
imum monolayer adsorption capacity given by Fritz–
Schlunder–V isotherm (mg/g), qmH maximum monolayer ad-
sorption capacity predicted by Hill isotherm (mg/g), qmHKmax-
imum monolayer adsorption capacity predicted by Holl–Krich
isotherm (mg/g), qmJF maximum monolayer adsorption capac-
ity predicted by Jovanovic–Freundlich isotherm (mg/g), qmJV
maximum monolayer adsorption capacity predicted by
Jovanovic isotherm (mg/g), qmK maximum monolayer adsorp-
tion capacity forecasted by Khan isotherm (mg/g), qmL maxi-
mum monolayer adsorption capacity predicted by Langmuir
isotherm (mg/g), qmLF maximum monolayer adsorption capac-
ity predicted by Langmuir–Freundlich isotherm (mg/g), qmLFJ
maximum monolayer adsorption capacity predicted by
Langmuir–Freundlich–Jovanovic isotherm (mg/g), qmLJ maxi-
mum monolayer adsorption capacity predicted by Langmuir–
Jovanovic isotherm (mg/g), qmMJmaximummonolayer adsorp-
tion capacity forecasted by Marczewski–Jaroniec isotherm
(mg/g), qmL maximum monolayer adsorption capacity predict-
ed by Langmuir isotherm (mg/g), qmRPI maximum monolayer
adsorption capacity forecasted by Radke–Prausnitz I isotherms
(mg/g), qmRPII maximum monolayer adsorption capacity fore-
casted by Radke–Prausnitz II isotherms (mg/g), qmRPIII maxi-
mum monolayer adsorption capacity forecasted by Radke–
Prausnitz III isotherms (mg/g), qmS maximum monolayer ad-
sorption capacity predicted by Sips isotherm (mg/g), qmT max-
imum monolayer adsorption capacity forecasted by Toth

isotherm (mg/g), qmU maximum monolayer adsorption capaci-
ty forecasted by Unilan isotherm (mg/g), qmVS maximum
monolayer adsorption capacity predicted by Vieth–Sladek iso-
therm (mg/g), R universal gas constant (8.314 J/mol K), Rd
distribution coefficient, Re removal efficiency, RL separation
factor or adsorption intensity, s Unilan model exponent depen-
dent on temperature describing the heterogeneity of the system,
T absolute temperature (K), V working volume of the solution
(L), x Baudu model exponent, y Baudu model exponent, α
Brouers–Sotolongo model exponent, αFS Fritz–Schlunder–V
model exponent, αRP Redlich–Peterson isotherm constant (L/
mg)βRP, βFS, Fritz–Schlunder–V model exponent, βRP,
Redlich–Peterson model exponent, βVSVieth–Sladek equilibri-
um constant, ε Polanyi potential (mol2/KJ2)
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