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ontmorillonite and Rhizobium
towards the adsorption of chromium(VI) from
aqueous medium

T. Sathvika,a Akhil Raj Kumar Saraswathi,a Vidya Rajeshb and N. Rajesh *a

Chromium in its hexavalent oxidation state is carcinogenic and wastewater from the electroplating industry is

one of the principal sources of pollution. To reduce this toxicity and pave way towards environmental safety,

a combination of environmental microbiology and chemistry is quite efficient for developing biosorbents to

sequester chromium from waste water. Immobilization of Rhizobium in sodium montmorillonite provides

a conducive environment to capture hexavalent chromium. Various characterization techniques such as

FTIR, XPS and SEM-EDAX were performed and batch parameters such as pH variation, adsorbent dosage,

concentration of metal ion and temperature were optimized. Pseudo second order kinetics coupled with

a higher regression coefficient for Freundlich isotherm and a Langmuir adsorption capacity of 22.22 mg g�1

was achieved for the adsorption process. The adsorption was enhanced by the charge interactions

between the protonated clay-Rhizobium surface and Cr(VI) ions in acidic medium. The biosorbent was

stable and easily regenerated using NaOH. Preliminary column studies were performed to test the

efficiency of the developed biosorbent at higher volumes on a laboratory scale.
1. Introduction

Heavymetal contamination is a major issue and ismainly caused
by anthropogenic activities. Chromium is regarded as one of the
toxic heavy metals. The principal sources for chromium
discharge encompass the tanning, leather, cement and electro-
plating industries. Even though chromium exists in various
oxidation states ranging from �2 to +6, the stable oxidation
states are +3 and +6 respectively.1 Trace amounts of trivalent
chromium is useful in regulating lipid and glucose metabolism
and also it is less mobile compared to its hexavalent form. Due to
its high mobility the hexavalent form is highly toxic, entering the
cell and interfering with the functioning of proteins, lipids and
DNA by producing reactive oxygen species (ROS).2,3Hence, USEPA
has categorized stipulated hexavalent chromium under group A
carcinogen and the chromium permissible limit in drinking
water is less than 0.1 mg L�1.4 Therefore, development of various
remediation methods for chromium is necessary. Several
physico-chemical techniques such as reverse osmosis, adsorp-
tion, precipitation, chemical coagulation, ion exchange are used
in the treatment of chromium contaminated waste water.
However, some of the processes are not cost effective and have
shortcomings such as sludge generation, use of higher volumes
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of reagents and greater energy consumption.5 In order to combat
most of these disadvantages, biosorption has proven to be
a viable choice for the removal and recovery of heavy metals.

The surface adsorption process which involves the use of
active or inactive microbes is termed as biosorption. When the
active microbes are involved in adsorption it is termed to be
active mechanism and is a metabolism dependent process,
wherein use of inactive microbes is metabolism independent
passive mechanism.6 There are also some drawbacks with the
direct use of primitive microbes such as poor mechanical
strength, regeneration ability and microbial separation from
solvent.7 Hence immobilization of microbes in suitable matrices
helps in gaining porosity, rigidity, mechanical strength, low
sludge formation, easy handling and good regeneration ability.8

The functional groups present in the microbial cell walls aid in
complexing the heavy metals.9 The bio based and eco-friendly
materials are used for many applications. Recent literature
highlights the importance of bio basedmaterials and eco-friendly
sorbents. The utility of molecularly imprinted biopolymers based
on a green synthesis strategy for determination of B-family vita-
mins10 and for clean separation of baclofen from bio-uid
samples has been reported.11 Molecularly imprinted nano-
particles based on functionalized silica as an efficient sorbent for
the determination of acrylamide in potato chips and a green
synthetic route for water-compatible molecularly imprinted
nanoparticles for the extraction of hydrochlorothiazide from
human urine has been reported recently.12,13

The removal of Cr(VI) by few of the recently reported biosorbents
include Saccharomyces cerevisiae immobilized in crosslinked
This journal is © The Royal Society of Chemistry 2019
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cellulose using microwave radiation has an adsorption capacity of
23.61 mg g�1.14 The immobilization of Rhizobium and yeast in
functionalized carbon nanotubes have Langmuir adsorption
capacities of 24.86 mg g�1 and 31.6 mg g�1 for Cr(VI) removal.15

Aspergillus BVR immobilized in sodium montmorillonite16 and
cellulose17 also showed good efficacy in adsorbing Cr(VI). Adsorp-
tion coupled reduction of Cr(VI) has been observed as the mecha-
nism involving the inactive biomass of Aspergillus niger.18

The nitrogen xing bacteria Rhizobium is a Gram negative, rod
shaped prokaryote which provides nutrients to the plants by
increasing the agronomic output and also helps in regulating
fungal root infections.19,20 The carbon and nitrogen sources avail-
able in the sludge generated from the agro based industries offers
an economic route for growth of Rhizobium and also a sustainable
alternative in wastewater treatment.21 Cr(III) at pH 7.0 was removed
using the activated biomass of Rhizobium leguminosarum with an
efficiency of 84.4 � 3.6%.22 Clays possess hydrous aluminosilicate
tetrahedral and octahedral layers with cation exchange properties
and has several advantages such as large surface area, ordered
structure, intercalation and good thermal and chemical stabili-
ties.23 Montmorillonite is a 2 : 1 type of clay with an aluminum
tetrahedron sheet sandwiched between two silica octahedral
sheets with exchangeable cations which counteract the negative
charge produced in the isomorphic substitution.24 There are
several reports on adsorption of Cr(VI) using clays such as mont-
morillonite supported magnetite nanoparticles that could adsorb
up to 15.3 mg g�1 Cr(VI). Clay–biopolymer composites such as
cellulose-clay25 also has good potential for Cr(VI) removal. The
reduction of Cr(VI) has been correlated to the content of Fe2+ ions
present in dithionite reduced smectite.26

As the microbe-clay combination can exist in similar
ecological environment it could remove several organic pollut-
ants.27 Hence the combination of inactive or dead microbes in
conjunction with clays would be advantageous to sequester
hexavalent chromium. There are relatively few reports for heavy
metal sequestration using microbial–clay combination. The
current study demonstrates and highlights the importance of
microbe modied sodium montmorillonite for Cr(VI) removal
wherein the isolated Rhizobium species was immobilized in clay
using ultrasonication. The developed clay-Rhizobium biosorbent
was subjected to comprehensive characterization and batch
studies were conducted to adsorb Cr(VI) from aqueous medium.

2. Materials and methods
2.1. Chemicals and materials

Analytical and guaranteed grade reagents were used throughout
the experiments. A 1000 mg L�1 Cr(VI) stock solution was
prepared using K2Cr2O7 (Merck) and various working concen-
trations were prepared by further dilution. Ultrapure (Millipore)
water was used to prepare aqueous solutions. Montmorillonite,
K-10 was purchased from Sigma Aldrich. The chemicals used in
the YMA (Yeast extract, Mannitol) media for microbial culture
were procured from Himedia, India.

An ultra-sonication bath (Biotechnics, India) was used for the
immobilization of Rhizobium BVR in montmorillonite. Various
analytical techniques were used to characterize the developed
This journal is © The Royal Society of Chemistry 2019
biosorbent. FTIR spectrum was recorded using JASCO-4200 model
FTIR spectrometer by mixing 100 mg of KBr with 1 mg of the
biosorbent. A S3400N model Scanning electron microscope
(Hitachi) which was associated with Thermo Electron EDAX
system was used to understand the morphology of the biosorbent.
A post derivatized technique for the estimation of Cr(VI) at 540 nm
aer the adsorption was performed using 883 Basic IC plus Ion
chromatography with UV-Visible detector. Leica DMi8 laser scan-
ning confocalmicroscopy (S/N 418513) with a TCS SP8 scanner was
used to obtain the confocal images. A Jasco V650 UV visible
spectrophotometer was used to determine the concentration of
chromium(VI) during the column studies. The survey scan spectra
was recorded using XPS PHI 5000 Versa Prob II, FEI Inc, using
aluminum monochromator of power 25.4 W and 187.8 eV.
2.2. Preparation of the clay-Rhizobium biosorbent

The sodium form of montmorillonite (NaMMT) was prepared by
treating montmorillonite with sodium chloride as described in
literature.28 The isolated Rhizobium BVR was grown in YMA broth
medium and complete characterization of the microbe has been
reported in our earlier studies15 and assigned an accession number
MF136764 by NCBI genbank. The grown culture was centrifuged to
obtain a pellet. A 2.0 g weight of Rhizobium wasmixed with 1.0 g of
NaMMT in aqueousmediumand subjected to sonication for about
8 min (50W, 230 V) to ensure the bacterial surface immobilization
in sodium montmorillonite. The NaMMT-Rhizobium biosorbent
was ltered, rinsed with water and dried for further experimental
studies. The biosorbent developed is pale yellow in color and has
varied functional groups which could adsorb Cr(VI).
2.3. Synthesis of probes for Cr(VI) and Cr(III)

Cr(VI) and Cr(III) were also differentiated by specic binding
probes such as Rhodamine sensors where the spirolactam
structure and spiro ring opening mechanism play a key role. The
synthesis of Cr species specic probes, Rhodamine B hydrazide
(RBH)29 and Rhodamine based chemosensor (RF)30 was done as
described previously. The probes synthesized were mixed with
the samples for capturing the laser confocal microscopy images.
2.4. Biosorption studies

The biosorption experiments were optimized by conducting
batch studies using 0.2 g of the prepared NaMMT-Rhizobium
biosorbent in 30 mL of 5 mg L�1 working Cr(VI) solution. The
temperature variations at different time intervals with an agita-
tion speed of 120 rpm was performed in an incubator shaker
(Biotechnics, India). The Cr(VI) concentration le in solution was
quantitatively analyzed using ion chromatography technique
through post column derivatization using diphenyl carbazide.31

The adsorption capacity of the biosorbent containing Cr(VI) (mg
g�1) aer reaching equilibrium (qe) was calculated using

qe ¼ ðCo � CeÞV
W

(1)

where qe ¼ Cr(VI) (mg g�1) aer adsorption onto biosorbent, Co

¼ initial Cr(VI) concentration (mg L�1), Ce¼ Cr(VI) concentration
RSC Adv., 2019, 9, 28478–28489 | 28479
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Fig. 1 (a) Calibration graph of Cr(VI) (b) FTIR of sodium montmorillonite, biosorbent before and after Cr(VI) adsorption.
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at equilibrium (mg L�1) V ¼ volume of Cr(VI) solution (L) and W
¼ weight of clay-Rhizobium biosorbent (g).

The calibration graph of Cr(VI) was performed in the range 0–
3 mg L�1 and is presented in Fig. 1a.

3. Results and discussion
3.1. Characterization of the clay-Rhizobium biosorbent

The frequency shis in the IR spectrum reveals the participa-
tion of hydroxyl, amino, carboxyl functional groups present in
the microbial cell walls. The characteristic band for clays was
observed at 3643 cm�1 corresponding to the Si–OH functional
groups.16,32 The hydroxyl and amine functional groups and also
the Al–O–H stretching vibrations together contribute to the
broad band at 3454 cm�1. The Si–O–Si stretching of clay was
observed at 1114 cm�1 and the amide-I band at 1640 cm�1 (ref.
32) could be attributed to the bacteria and hydrogen bonding in
water. The other characteristic peaks for montmorillonite at
792 cm�1 and 688 cm�1 indicates the broadening of quartz and
silica and Si–O bond deformation respectively.25 A shouldering
peak at 918 cm�1 corresponding to Cr]O aer adsorption of
hexavalent chromium16 is an evidence for metal adsorption as
shown in Fig. 1b.

The morphological features of the Rhizobium immobilized in
clay captured using SEM showed assorted clusters (Fig. 2) and
also the elemental analysis through EDAX showed the presence
of elements such as Na, K, Al, Si respectively. The presence of Cr
Fig. 2 SEM and EDAX images of the biosorbent (a) before Cr(VI) adsorpt

This journal is © The Royal Society of Chemistry 2019
peak between 5–6 keV aer adsorption conrmed Cr(VI)
adsorption (Fig. 2). The possible reduction of Cr(VI) was
explored using X-ray photo electron spectroscopy since micro-
bial adsorption mechanism is oen coupled with reduction.
The survey scan revealed the presence of elements such as C,
O, N, Cr (Fig. 3a) and the short scan of the C 1s peak was cor-
rected to 284.8 eV (Fig. 3b). The binding energies in the survey
scan showed a peak at 576.9 eV that corresponds to Cr(III) and
585.7 eV which is characteristic of Cr(VI).33 It was observed that
there was no immediate reduction aer biosorption of Cr(VI)
and the clay-Rhizobium surface turned pale green only aer few
days signifying the formation of Cr(III).

Specic rhodamine based sensors were utilized in the
characterization to differentiate Cr(III) and Cr(VI) with laser
confocal microscopy by using probes such as RBH and RF as
discussed in our earlier work.15,29,30 The bright eld and uo-
rescent images are shown in Fig. 4a–h. The images captured
before and aer addition of probes conrmed the presence of
Cr(VI) and Cr(III) respectively. The pink color formation indicates
the presence of chromium in their respective oxidation states
using the above probes.
3.2. Effect of pH, adsorbent dosage and interaction
mechanism for biosorption

In accordance with the pH of the aqueous phase, hexavalent
chromium is present as hydrogen chromate (HCrO4

�),
ion (b) after Cr(VI) adsorption.

RSC Adv., 2019, 9, 28478–28489 | 28481
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Fig. 3 XPS spectra of the biosorbent after Cr(VI) adsorption (a) survey scan spectra (b) high resolution spectra of C 1s.
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dichromate (Cr2O7
2�) and chromate (CrO4

2�) oxy anions
respectively. The dichromate and hydrogen chromate anions
exist in equilibrium and the plausible mechanism indicates the
existence of HCrO4

� at pH greater than or equal to 2.0.34

Quantitative adsorption was observed on the surface of the
biosorbent at pH 2.0 for a 30 mL volume of 5 mg L�1 hexavalent
chromium concentration (Fig. 5a). The functional groups such
as amine, carboxyl, hydroxyl (from microbial surface), silanol
and aluminol groups (from clay) are protonated at pH 2.0
resulting in electrostatic interactions with hydro chromate
ions.16,25 According to hard–so acid base concept, Cr(VI) in the
form of hydrochromate anion reacts with protonated nitrogen
and oxygenated functional groups of the biosorbent resulting in
electrostatic interactions.25 At pH 2.0 and at a adsorbent dosage
of 0.2 g, 30 mL of 5 mg L�1 Cr(VI) was adsorbed completely
beyond which saturation of active binding sites was observed
(Fig. 5b). With increase in pH, decline in adsorption was
Fig. 4 Confocal using laser source and bright field images of the biosorb
and f) without RF (g and h) with RF.

28482 | RSC Adv., 2019, 9, 28478–28489
observed due to the deprotonation of functional groups present
on the surface of clay-Rhizobium biosorbent.
3.3. Equilibrium adsorption isotherms, kinetics and
thermodynamic studies

The association between the adsorbent and the adsorbate at
equilibrium was studied using isotherms.35 The data obtained
(Table 1) is very useful in understanding the mechanism and
was tted with classical isotherms.36 The data obtained (Fig. 6a–
d) depicts the increase in adsorption at higher Cr(VI) concen-
trations gradually leading to saturation. The Langmuir model
assumes monolayer sorption in which metal ion adsorption
occurs on a homogenized surface and there is no contact
between the adsorbed ions. The multilayer adsorption which
occurs on a heterogeneous surface is described by Freundlich
model. Among the two models, Freundlich isotherm, with r2
ent after Cr(VI) adsorption (a and b) without RBH (c and d) with RBH (e

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) pH effect on biosorption (at 30 �C, 5 mg L�1 Cr(VI)) (b) variation of adsorbent dosage (at pH 2.0, 30 �C, 5 mg L�1 Cr(VI)).
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value of 0.99 and a low c2 value of 0.03 was quite appropriate in
describing the adsorption process. The favorability of adsorp-
tion is also indicated by the value of the exponent in which lies
in range of 1–10. The Langmuir adsorption capacity of the
system was found to be 22.22 mg g�1 with 0.93 as correlation
coefficient and RL (a dimensionless parameter) given as RL¼ 1/1
+ bCo,37 was below unity and this conrmed the suitability and
reversibility of adsorption. Rhizobium BVR strain as such could
adsorb Cr(VI) with an adsorption capacity of 11.5 mg g�1. In
addition, Temkin and Dubinin Radushkevich (D–R) isotherms
were also studied through the respective plots (Fig. 6) and the
corresponding parameters are given in Table 1. Temkin
isotherm assumes that there is a linear decrease in the enthalpy
of adsorption with incremental surface coverage by the adsor-
bate. The mean energy obtained from the D–R isotherm which
is less than 8 kJ mol�1 indicates that the physical adsorption
process involves the electrostatic interaction between the
functional groups on the Rhizobium-clay surface and hexavalent
chromium. The low r2 values obtained with Temkin and D–R
isotherms indicates that the adsorption mechanism could only
be best described through Langmuir and Freundlich isotherms.
The maximum adsorption capacities of various related adsor-
bents15,25,38–41 reported in literature are given in Table 2.

The kinetics of the Cr(VI) adsorption was assessed for varying
contact time period ranging from 5 min to 180 min. An
Table 1 Langmuir, Freundlich, Temkin and D–R isotherm parameters

Langmuir,
Ce

qe
¼ 1

qob
þ Ce

qo

qo (mg g�1), 22.22

Freundlich, log qe ¼ log KF � 1

n
log Ce

KF (mg1�1/n g�1 L1/n), 0.5058

Temkin, qe ¼ RT

b
ln KT þ RT

b
ln Ce, B ¼

RT/b

KT (L g�1), 0.199

Dubinin Radushkevich (D–R),

ln qe ¼ ln qm � b3, E ¼ 1
ffiffiffiffiffiffiffiffi�2bp

qm (mg g�1), 8.519

This journal is © The Royal Society of Chemistry 2019
adsorption efficacy of 60% was achieved during initial ve
minutes and later the adsorption rate continued to raise
steadily and attained equilibrium at 180 min. The adsorption
kinetics were evaluated using the pseudo rst order42 and
second order kinetics43 equations as shown below

logðqe � qtÞ ¼ log qe � k1t

2:303

t

qt
¼ 1

k2 qe2
þ t

qt

A working solution of 10 mg L�1 Cr(VI) was used for the
kinetic studies. The data obtained from the kinetic plots (Fig. 6e
and f) are tabulated in Table 3. The system followed pseudo
second order kinetics with observed and calculated qe values as
1.0446 and 1.020 mg g�1. The Cr(VI) uptake is majorly driven by
the mechanisms such as lm, particle diffusion and surface
adsorption. At high Cr(VI) concentrations, intraparticle diffu-
sion plays a major role whereas at low metal concentrations
pore diffusion takes place.14 The boundary layer mechanism for
efficient metal uptake is well explained by Weber–Morris intra
particle diffusion model and was obtained by plotting qt and Ot
(Fig. 6g) and ascertained through the non-zero intercept.
b (L mg�1), 0.0087 RL, 0.9199 r2, 0.9315 c2, 0.0685

n, 1.5755 — r2, 0.9935 c2, 0.0386

B (J mol�1), 3.512 — r2, 0.876

b (mol2 kJ�2), 4.86 E (kJ mol�1), 0.32 r2, 0.56

RSC Adv., 2019, 9, 28478–28489 | 28483

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05528b


Fig. 6 (a) Langmuir isotherm (b) Freundlich isotherm (c) Temkin isotherm (d) D–R isotherm (e) plot of pseudo first order kinetics (f) plot of pseudo
second order kinetics (g) intra particle diffusion (h) Van't Hoff plot.
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The changes in the thermodynamic parameters such as
enthalpy (DH), Gibbs free energy (DG), and entropy (DS) at
various temperatures signies the feasibility and nature of the
28484 | RSC Adv., 2019, 9, 28478–28489
adsorption reaction. The transfer of chromium from solution
phase occurs onto the immobilized bacterial cell surface
wherein montmorillonite acts as the primary host and the clay–
This journal is © The Royal Society of Chemistry 2019
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Table 2 Comparison of biosorption capacities against few related adsorbents

Adsorbents pH Biosorption capacity (mg g�1)

Cellulose-sodium montmorillonite25 3.8–5.5 22.2
Magnetic nanoparticles38 6.0 3.0
Montmorillonite supported nanoparticles39 4.0 15.3
Bacterial cellulose40 1.5 5.13
Bacillus marisavi41 5.0 5.78
(Present study) 2.0
Only Rhizobium BVR 11.5
Only Na montmorillonite 9.51
Rhizobium BVR immobilized in sodium
montmorillonite

22.22

Table 3 Kinetic parameters associated with biosorption

Co (mg L�1) qe (mg g�1) k2 (g mg�1 min�1) R2 k1 (min�1) R1
2 kint (mg g�1 min�0.5)

10 1.0446 0.0584 0.9943 0.0231 0.9031 0.034
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bacteria biosorbent acts as a secondary host for Cr(VI). The
overall reaction Gibb's free energy change (DGr) can be
explained as a summation from clay-Rhizobium surface and
clay-Rhizobium-chromium surface.

DGr ¼ DGclay-Rhizobium surface + DGclay-Rhizobium-Cr

The reaction Gibb's free energy can also be correlated to the
enthalpy and entropy changes as

DGr ¼ DHclay-Rhizobium-Cr � TDSclay-Rhizobium-Cr

At equilibrium,

Clay-Rhizobium-Cr(solution) # clay-Rhizobium-Cr(surface)

DGr ¼ DG0
r þ RT ln

a½clay-Rhizobium-Cr�surface
a½clay-Rhizobium-Cr�solution

The chemical potential mCr ¼ m0Cr + RT ln aCr (solution)

In dilute solutions at ppm levels, it is reasonable to
approximate the activity, a ¼ c.
Table 4 Thermodynamic parameters involved in the biosorption

Temperature
(Kelvin) DG� (kJ mol�1) DS� (J mol�1 K�1) DH� (kJ mol�1)

303 �2.11 �65.202 �21.765
313 �1.273
323 �0.646
333 �0.132

This journal is © The Royal Society of Chemistry 2019
Therefore,

DGr ¼ DG0
r þ RT ln

½clay-Rhizobium-Cr�surface
½clay-Rhizobium-Cr�solution

Hence,

DGr ¼ DG0
r + RT ln Kc

At equilibrium DGr ¼ 0.

DG0
r ¼ �RT ln Keq

From the plot of ln K against 1/T (Fig. 6h) the thermody-
namic parameters namely, enthalpy and entropy changes were
obtained from slope and intercept (Table 4). The biosorption
process was spontaneous as observed from negative free energy
values. Further, from the negative values of enthalpy, it is
obvious that adsorption reaction is exothermic. The range of DH
(20–40 kJ mol�1) also indicates physico–chemical
adsorption phenomenon.15 The negative DS value is attributed
to the decreased randomness at the clay-Rhizobium-aqueous
interface.
3.4. Column studies

3.4.1. Effect of sample volume. A higher volume of metal
ion solution was tested with the developed biosorbent by per-
forming small scale column studies. A 2.0 g of biosorbent was
packed in a glass column of 30 cm length and 2 cm width up to
a bed height of 3 cm (Fig. 7a). A 50 mL volume of 5 mg L�1 Cr(VI)
was passed through the column continuously and assessed
periodically (10mL portions) for the presence of Cr(VI) using UV-
RSC Adv., 2019, 9, 28478–28489 | 28485
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Fig. 7 (a) Diagrammatic representation of column setup for Cr(VI) treatment (b) breakthrough curve (c) effect of sample volume (d) effect of
varied NaOH concentrations (e) regeneration efficiency of the biosorbent.
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visible spectrophotometry with diphenyl carbazide as the
complexing agent.16 A sample volume of 150 mL could be
treated quantitatively beyond which the saturation of active
28486 | RSC Adv., 2019, 9, 28478–28489
adsorption sites decreased the metal ion adsorption (Fig. 7b
and c). At higher volumes, the swelling of clay results in
expansion of the bed and reduces the adsorption efficiency.
This journal is © The Royal Society of Chemistry 2019
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3.4.2. Regeneration of the clay-Rhizobium biosorbent and
application studies. The reusability of clay-Rhizobium bio-
sorbent was tested using desorbing agents that were selected
carefully not to inict any damage to the biosorbent surface.
The Cr(VI) adsorbed onto the biosorbent surface was eluted as
sodium chromate using 10 mL of 1.5 mol L�1 NaOH15,44

(Fig. 7d). Quantitative adsorption of chromium was achieved in
the rst two cycles and in the third cycle the adsorption was
78%, followed by 62% and 46% in the fourth and h cycles
respectively (Fig. 7e). Repeated adsorption–desorption cycles
under alkaline conditions would deprotonate the biosorbent
surface resulting in reduction of active sites of the biosorbent
surface. The eluted Cr(VI) was converted to Cr(III) (less toxic) and
diluted to ppb levels to minimize direct disposal of higher levels
of hexavalent chromium.

The effect of diverse ionic constituents were studied inde-
pendently as well as in a mixture in the concentration range as
reported earlier.15,17 Accordingly, the interference studies were
performed by preparing a synthetic mixture containing ions
such as Cu2+, Pb2+, Co2+, Ni2+, Fe2, nitrate, chloride and
sulphate at 100 mg L�1 level using 5 mg L�1 Cr(VI) solution. Due
to the interference of sulphate and Fe2+, reduction in Cr(VI)
adsorption was observed and the formation of stable metal
chloro complexes [CoCl4

2�, NiCl4
2�] also compete with hydro-

chromate ions thereby lowering the percentage adsorption of
hexavalent chromium from aqueous phase.15
4. Conclusions

The developed clay-Rhizobium biosorbent showed good efficacy
in adsorbing Cr(VI) from liquid phase. The adsorption followed
pseudo second order kinetics and equilibrium is attained in
180 min with a Langmuir adsorption capacity of 22.22 mg g�1.
Protonated surface functional groups on the Rhizobium cell
surface and montmorillonite promotes effective interaction
with the hydrochromate ions from liquid phase. The thermo-
dynamics of adsorption was observed to be less random,
exothermic, and spontaneous with negative entropy (DS� ¼
�65.202 J mol�1 K�1), enthalpy (DH� ¼ �21.765 kJ mol�1) and
free energy changes. The presence of Cr(VI) and trace Cr(III) were
conrmed by XPS and confocal microscopy. The regeneration of
biosorbent using NaOH was effective up to two cycles from
a sample volume of 150 mL was also validated in a synthetic
mixture of diverse ions at 100 mg L�1 concentration.
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