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Batch sorption experiments were performed in order to understand the potential value of local clinoptil-
olite rich mineral and its bacteria loaded form in Cr(VI) sorption. The results indicated that Cr(VI) sorption
capacities of the sorbents were increased after bacteria loading and the clinoptilolite rich mineral is a
promising material in Cr(VI) sorption. Zeta potential and Fourier Transform IR (FTIR) analysis were
performed to explain the possible mechanism involved in the Cr(VI) sorption. The results revealed that
non-electrostatic forces played a significant role rather than the electrostatic forces. The existence of
non-electrostatic forces was confirmed by the FTIR results.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Chromium (Cr), one of the most important pollutants, exists in
the effluents of various industries such as leather tanning, electro-
plating, pigments and metal finishing. Although it has oxidation
states of +2, +3, +4, +5 and +6, only two states, trivalent and
hexavalent chromium, are stable in the environment [1]. Chro-
mium(VI), which is more toxic than Cr(III), is found in anionic form
and it is soluble in aqueous phase almost within the entire pH
range. It causes lung cancer, gastrointestinal disorders, dermatitis
and kidney damage in humans. In addition it is toxic to other
organisms [2,3]. Reduction, precipitation, nano-ultrafiltration and
membrane technologies are among the waste treatment methods
applied for chromium(VI) removal. But due to the concerns related
to high energy input and large amounts of secondary wastes
produced, further research on alternative methods is needed. In re-
cent years, investigation on sorption with natural, synthetic and
biological sorbents has gained much attention. The cost of the
technology and the availability, the removal efficiency and the cost
of the sorbent are the prime factors to be considered in the selec-
tion of the sorbent. The usage of clinoptilolite rich mineral has
special value due to its low cost and abundancy in nature. Clinop-
tilolite rich mineral is a crystalline hydrated aluminosilicate. The
framework structure is made up of AlO4 and SiO4 tetrahedra and
three types of channels (A, B and C). Water and exchangeable
cations such as magnesium, sodium, calcium and potassium also
exist in its structure. It has high potential for separation, purifica-
tion, adsorption and ion exchange depending on the type of
ll rights reserved.

ax: +90 (232) 7506645.
rdoğan).
exchangeable cations and their specific positions within the frame-
work structure [4–12]. Additionally, high selective cation exchange
capacity makes clinoptilolite rich mineral useful in waste water
treatment especially in the removal of ammonium and heavy
metals such as copper, cadmium, iron, lead, nickel, silver and zinc
[13–30]. For the removal of anionic heavy metals such as Cr(VI)
and As(V), clinoptilolite rich mineral is not as efficient as it would
be in cationic heavy metals and ammonium removal. In order to
improve its affinity toward Cr(VI), clinoptilolite rich mineral has
been modified with acid and metal cations. Clinoptilolite rich min-
eral modified in this way has better removal performance than its
natural form [31–35]. In recent years, bacteria species supported
materials have been used as alternative material. Arthrobacter
viscosus supported granular activated carbon and NaY, Escherichia
coli supported granular activated carbon, kaolin and NaY zeolite
are used in the Cr(VI) removal [36–41]. It has been found that
the affinities of granular activated carbon, kaolin and NaY zeolite
were improved by the attachment of bacteria species on the mate-
rial surface. However, Cr(VI) sorption by bacteria loaded clinoptil-
olite rich mineral has not been subjected to study. The objective of
the study is to investigate the potential application of bacteria
loaded clinoptilolite rich mineral in Cr(VI) sorption.
2. Materials and methods

2.1. Sample preparation

Parent clinoptilolite rich mineral samples, from Manisa Gördes
region, were grounded and classified according to different particle
size ranges. After that, the samples were wet sieved to remove the
soluble impurities, then dried and kept in constant relative
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humidity for further studies. The experiments were performed
using 25–106 lm particle sized samples.

In order to prepare bacteria loaded clinoptilolite rich mineral
samples, E. coli (NRLL-B-3008) and Pseudomonas aeruginosa (ATCC-
27853) were chosen as gram negative bacteria. Additionally Bacil-
lus subtilis (NRLL-B-4378), Staphylococcus aureus (ATCC-29213) and
Staphylococcus epidermidis (ATCC-12228) were chosen as gram po-
sitive bacteria for this study. These bacteria strains were stored at
�80 �C, and then grown in 8 mL Mueller Hinton Broth (Oxoid) at
37 �C for 24 h. Subsequently the cell cultures were centrifuged at
5000 rpm for 10 min. After the centrifugation, Mueller Hinton
broth was removed from the cultures and the cell cultures were
then suspended in 10 mL phosphate buffer solution (PBS) which
was prepared by mixing 5 mM disodiumhydrogen phosphate
(Na2HPO4) (Riedel-de Häen, 30427l), 5 mM sodiumhydrogen phos-
phate monohydrate (NaH2PO4�H2O) (Sigma S071) and 150 mM
NaCl (Riedel-de Häen, 31434). PBS was vortexed by Yellowline
TTS 2 for 3 s to obtain homogeneous solution. 0.1 g parent mineral
samples were added into cell cultures; and the bacteria-parent
mineral samples were placed in an incubator (37 �C) for 1 h. PBS
solution then was refreshed to eliminate the loosely bound bacte-
ria from the parent mineral surfaces. After that, they were placed in
a thermoshaker (37 �C) for 2 h. This procedure was repeated three
times under the same conditions. Finally, PBS was removed and
then the samples were dried. In each step, bacteria concentrations
of the samples were measured against time using Viable Cell Count
method. The initial bacteria cell concentrations were determined
as 1.8 � 109 CFU/mL for E. coli, 2.4 � 108 CFU/mL for B. subtilis,
1.7 � 109 CFU/mL for S. aureus, 1.7 � 109 CFU/mL for S. epidermidis
and 2 � 109 CFU/mL for P. aureginosa.
2.2. Characterization of the samples

Identification of the crystalline species present in the parent
mineral sample was established using a Philips X’Pert Pro Diffrac-
tometer (2h = 5–80�).The purity of the sample was determined by
the quantitative analysis method which has been proposed by
Nakamura et al. [42]. Chemical composition of the parent mineral
was estimated by Varian ICP-AES 96 Inductively Coupled Plasma
Atomic Emission Spectrometer. The surface area and pore size
distribution of the parent mineral was determined by Micromeri-
tics-ASAP 2010. The parent mineral sample was dried at 150 �C
for 4 h. The dried sample was degassed at 350 �C for 24 h [43].
Measurements were performed at 77 K by nitrogen as adsorptive.
The functional groups on the samples were characterized by
Fourier Transform IR (FTIR, Shimadzu-8201). The contribution of
the electrostatic interaction between the sorbents and Cr(VI) spe-
cies were determined by zeta potential (Zeta meter 3.0). Twenty
milliliters of 10 mg/L Cr(VI) solution were measured at pH 5 and
6. 0.1 M NaOH and HNO3 were used in the pH adjustment.
2.3. Batch experiments

Hexavalent chromium solution was prepared by dissolving
K2Cr2O7 (Sigma, 99.9% pure) in deionized water. 0.5 g sorbents
were added into the flasks containing 10 mg/L Cr(VI) solution
and then the flasks were placed in a water bath (25 �C, 140 rpm)
for 4 days. Each flask was used for the estimation of the solution
composition at the specified times. Samples were then taken and
analyzed spectrophotometrically at k = 540 nm using 1,5-diphe-
nylcarbazide reagent. All sorption experiments were repeated
three times. The existing Cr(VI) species in the Cr(VI) solution were
estimated by pH profile studies.

The amount of Cr(VI) sorbed by sorbents and the percent of
Cr(VI) removal were calculated by mass balance as follows:
qðtÞ ¼ ðC0 � CtÞV
m

ð1Þ
%PR ¼ C0 � Ce

C0
ð2Þ

where C0 is the initial concentration of Cr(VI) in solution (mg/L), Ct

is the concentration of Cr(VI) in the solution at time t (mg/L), Ce is
the concentration of Cr(VI) in the solution at equilibrium (mg/L),
V is the volume of solution (L), and m is the mass of the clinoptilolite
(g). Equilibrium experiments were carried out by contacting 0.5 g
samples with 50 mL of Cr(VI) solution of different initial Cr(VI)
concentrations 10, 50, 100, 200 and 300 mg/L. The temperature
was at 25 �C.

In order to determine the reusability of the sorbents, sorption/
desorption cycles were repeated five times. 0.1 M HNO3 was used
as desorption medium. 0.5 g Cr(VI) loaded samples were added
into 50 mL solution containing 0.1 M HNO3. The flasks were agi-
tated for 120 min at a constant agitation speed of 140 rpm at
25 �C. Desorption efficiencies of the sorbents (%) were determined
from the following equation:

Desorption efficiency ¼ qdes

qsorp
� 100 ð3Þ

where qdes is the amount of desorbed Cr(VI) (mg/g) and qsorp is the
amount of sorbed Cr(VI) (mg/g).
2.4. Sorption kinetic models

Several kinetic models which are based on reaction and diffu-
sion model are used to examine the rate of sorption process. Sorp-
tion rate covers a series of resistance resulted from diffusion and
reaction steps. The diffusion of the solute across the external film
surrounding the particle (external film diffusion), the diffusion of
the solute in the pores (pore diffusion) and the diffusion along
the sorbent surface (surface diffusion) are included in the diffusion
steps. Reaction steps are involved in the sorption of the solute on
the sorbent surface with surface reaction due to physical or chem-
ical interaction. The rate limiting step is resulted from one of these
step or combination of them. The experimental parameters such as
agitation speed, initial concentration and temperature should be
comprehensively discussed in order to decide which step should
be considered as the rate limiting one.
2.4.1. Diffusion models
2.4.1.1. Mathew–Weber model. This model [44] assumes that only
external film diffusion is dominant during the initial sorption per-
iod and controls the sorption process. The model equation is given
in Eq. (4):

ln
Ct

C0
¼ �kf St ð4Þ

where Ct is the concentration of Cr(VI) ion in the solution at time t
(mg/L), C0 is the initial concentration of Cr(VI) ion in the solution
(mg/L), kf is the external mass transfer coefficient (m/s), t is the time
(s), S is the surface area for mass transfer (m�1):

S ¼ 6m=V
dpqpð1� epÞ

ð5Þ

m is the mass of sorbent (g), V is the volume of solution (L), dp is the
particle diameter (m), qp is the particle density (g/L) and ep is the
porosity of the particle.

The initial slope of the linear plot of lnCt/C0 versus t is used in
the determination of external mass transfer coefficient (kf).
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2.4.1.2. Weber–Morris model. Weber–Morris model, which had
been derived from the Fick’s second law, assumes that the effect
of the external mass transfer resistance is negligible, the direction
of the diffusion is radial and the intraparticle diffusivity is constant
[45,46]. This model was used to calculate the intraparticle diffusion
rate constant. The model equation is given below:

qt ¼ kdt1=2 ð6Þ

where qt is the amount of Cr(VI) sorbed at time t (mg/g), kd is the
intraparticle diffusion rate constant (mg/g min0.5) and t0.5 is the
time (min0.5).

The intraparticle diffusion rate constant (kd) is calculated from
the slope of plot of qt versus t0.5. If the plot gives a straight line
through the origin, intraparticle diffusion is considered as the rate
limiting step. If the plot does not pass through the origin, intrapar-
ticle diffusion is not the only mechanism in the sorption process. If
there are two or more mechanisms in the sorption process, the plot
shows multilinearity.
2.4.2. Reaction models
2.4.2.1. Pseudo first order model. This model assumes that the rate
of change of solute uptake with time is directly proportional to
the difference in saturation concentration and the amount of solid
uptake with time. The model equation is given below [47]:

dqt

dt
¼ k1ðqe � qtÞ ð7Þ

the integrated form of Eq. (7) becomes:

logðqe � qtÞ ¼ log qe �
k1

2:303
t ð8Þ

where qe and qt are the amounts of Cr(VI) sorbed at equilibrium and
at time t (mg/g), k1 is the pseudo first order rate constant (1/min)
and t is the time (min).

The pseudo first-order rate constant (k1) is determined from the
slope of the log(qe � qt) versus t plot.
2.4.2.2. Pseudo second order model. The pseudo second order model
assumes that the sorption process is a pseudo-chemical reaction
process with the driving force being the difference between the
average solid concentration and the equilibrium concentration
with the overall sorption rate proportional to the square of the
driving force [48]. Differential form of the pseudo second-order
sorption kinetic equation is expressed by Eq. (9) [49]:

dqt

dt
¼ k2ðqe � qtÞ

2 ð9Þ

where qe and qt are the amounts of Cr(VI) sorbed at equilibrium and
at time t (mg/g), k2 is the pseudo second-order rate constant
(g mg�1 min�1) and t is the time (min).

After integration and applying boundary conditions t = 0 to t = t
and qt = 0 to qt = qt, Eq. (9) becomes:

1
qe � qt

¼ 1
qe
þ k2t ð10Þ

Eq. (10) can be rearranged to obtain Eq. (11):

t
qt

� �
¼ 1

k2q2
e
þ 1

qe
ðtÞ ð11Þ

Pseudo second order rate constant (k2) is determined from the
intercepts of t/qt versus t plot.
2.5. Sorption isotherm models

2.5.1. Langmuir isotherm
Langmuir model assumes that sorption occurs at specific homo-

geneous sites within the adsorbents and all sites of the sorbents are
identical and energetically equivalent [50]. The Langmuir model
equation and its linear form are given below:

qe ¼
bqmCe

1þ bCe
ð12Þ

Ce

qe
¼ 1

qmb
þ Ce

qm
ð13Þ

where qe and qt are the amounts of Cr(VI) sorbed at equilibrium and
at time t (mg/g), qm is maximum sorption capacity (mg/g) and b is
Langmuir constant (L/mg).

Maximum sorption capacity and the Langmuir constant are
estimated from slope and intercept of the Ce/qe versus Ce plot,
respectively.

2.5.2. Freundlich isotherm
Freundlich isotherm, which is the earliest known relationship,

describes the non-ideal and reversible adsorption [51]. The model
equation and its linear form are written as:

qe ¼ kF � C1=n
e ð14Þ

log qe ¼ log kF þ
1
n

log Ce ð15Þ

where qe and qt are the amount of Cr(VI) sorbed at equilibrium and
at time t (mg/g), kF is the Freundlich constant and 1/n is the heter-
ogeneity factor.

The slope and intercept of the linear plot of logqe versus logCe

are used to determine heterogeneity factor (1/n) and Freundlich
constant (kF), respectively.

2.5.3. Dubinin–Radushkevich isotherm
Dubinin–Radushkevich (DR) isotherm model is based on the

assumption that the characteristics of sorption curves relate to
the porous structure of the sorbent [52]. The model equation and
its linear form are given below:

qe ¼ qm expð�Ke2Þ ð16Þ

ln qe ¼ ln qm � Ke2 ð17Þ

e ¼ RT 1þ 1
Ce

� �
ð18Þ

where e is Polanyi potential, R is the gas constant (8.314 � 10�3 kJ/
mol K) and T is the temperature (K), Ce is the equilibrium concentra-
tion (mg/L), qm is the maximum adsorption capacity based on D–R
isotherm (mg/g) and K is the constant related to the sorption energy
(mol2/kJ2).

The slope and intercept of the linear plot of lnqe versus e2 are
used to determine sorption energy constant (K) and maximum
adsorption capacity based on D–R isotherm (qm), respectively.

The mean adsorption energy (E) is calculated from the following
equation:

E ¼ 1ffiffiffiffiffiffiffi
2K
p ð19Þ

where E is the mean adsorption energy (kJ/mol) and K is the con-
stant related to the sorption energy (mol2/kJ2).

The magnitude of the mean adsorption energy gives an idea
about the type of sorption whether it is physical or chemical. If
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its value is lower than 8 kJ/mol, sorption is physically controlled. If
the value is between 8 and 16 kJ/mol, sorption is controlled by
chemical sorption.
Fig. 2. pH profiles of the parent mineral and bacteria loaded forms in Cr(VI)
solution.
3. Results and discussion

3.1. pH profiles of sorbents in Cr(VI) solution

The form of Cr(VI) species existing in the medium should also
be considered in the explanation of the sorption mechanism. Cr(VI)
can be found in the forms of H2CrO4, HCrO�4 , CrO�2

4 , Cr2O�2
7 and

HCr2O�7 depending on the pH and the total Cr(VI) concentration
in the solution. As it is seen from the Fig. 1, Cr(VI) is mainly found
as HCrO�4 in the pH range of 1–5; while in the pH range of 8–14 it
exists in the form of CrO�4 2.However both forms exist in the pH
range between 6 and 7.

pH profiles of the parent mineral and bacteria loaded samples in
Cr(VI) solutions (Fig. 2) were in the range of 5.1–5.9, which has
implied the existence of only HCrO�4 and CrO�4 2 forms of the Cr(VI)
in the solution and interactions of them with the sorbents.
Fig. 3. Effect of initial concentration on the sorption of Cr(VI) by E. coli loaded
clinoptilolite rich mineral (temperature: 25 �C, agitation speed: 140 rpm, particle
size: 25–106 lm).

Table 1
Cr(VI) removal percentage values of all sorbents at different initial concentrations.

Sorbents % Cr(VI) removal
3.2. Effect of experimental parameters on Cr(VI) sorption

3.2.1. Effect of initial concentration
The experimental studies were carried out with varying initial

metal ion concentrations of Cr(VI) ranging from 10 to 300 mg/L,
at 25 �C and 140 rpm. The effect of initial concentration on sorption
of Cr(VI) by E. coli loaded clinoptilolite rich mineral is shown in
Fig. 3. The trend for each sorbents was observed to be similar. As
shown in these figures, uptake rate of Cr(VI) was rapid at the
beginning of the sorption process due to the availability of large
number of unoccupied sites in the sorbent. As sorption time pro-
gressed, Cr(VI) uptake rate gradually slowed down since the sites
in the sorbents were occupied and fewer available sites were in-
volved in the sorption process. The results also indicated that at
equilibrium the amount of Cr(VI) sorbed by the sorbent increased
with increasing initial concentration.

Cr(VI) removal percentage values of all the sorbents at two dif-
ferent initial concentrations are tabulated in Table 1. As indicated
in Table 1, Cr(VI) removal percentage value of the parent mineral
was slightly increased after the attachment of bacteria to its
surface. The results also indicated that Cr(VI) removal with gram
positive bacteria loaded parent mineral samples were slightly
higher than gram negative bacteria loaded samples. This is ex-
plained by the nature of the cell wall constituents. Secondary
polymers which only present on the gram positive cell wall struc-
ture enhanced the interaction between Cr(VI) species and the sor-
bents and thus higher Cr(VI) sorption values were observed with
gram positive bacteria loaded parent mineral samples.
Fig. 1. Cr(VI) speciation diagram.

10 mg/L 300 mg/L

Clinoptilolite rich mineral 48 4.6
E. coli loaded clinoptilolite rich mineral 54 5.9
B. subtilis loaded clinoptilolite rich mineral 58 9.1
S. aureus loaded clinoptilolite rich mineral 56 6.4
S. epidermidis loaded clinoptilolite rich mineral 55 6.3
P. aeuriginosa loaded clinoptilolite rich mineral 50 5.0
3.2.2. Effect of agitation speed
The effect of agitation speed on Cr(VI) sorption by E. coli loaded

clinoptilolite rich mineral at different stirring speeds, ranging from
60 to 140 rpm, is shown in Fig. 4. Similar results were obtained
with clinoptilolite and B. subtilis, S. aureus, S. epidermidis and P.
aeruginosa loaded clinoptilolite rich mineral. It is well known that
the formation of the external film boundary layer is influenced by



Fig. 4. Effect of agitation speed on the sorption of Cr(VI) by E. coli loaded
clinoptilolite rich mineral (concentration: 10 mg/L, temperature: 25 �C, particle
size: 25–106 lm).

Fig. 5. Effect of temperature on the sorption of Cr(VI) by E. coli loaded clinoptilolite
rich mineral (concentration: 10 mg/L, agitation speed: 140 rpm, particle size: 25–
106 lm).

B.C. Erdoğan, S. Ülkü / Microporous and Mesoporous Materials 152 (2012) 253–261 257
the agitation speed. By increasing the agitation speed, the thick-
ness of the boundary layer decreases and thus the external mass
resistance becomes smaller. As seen in the figures, initial uptake
rate increased with increasing agitation speed. The results also
showed that at equilibrium the amount of Cr(VI) sorbed by the sor-
bent was independent of the agitation speed.
3.2.3. Effect of temperature
The effect of temperature on the Cr(VI) sorption by E. coli loaded

clinoptilolite rich mineral is shown in Fig. 5. The results indicated
that the amount of Cr(VI) sorbed at equilibrium, and the initial
uptake rate were decreased when the temperature was increased
from 40 to 25 �C. Similar trend was observed with the parent min-
eral and B. subtilis, S. aureus, S. epidermidis and P. aeruginosa loaded
parent mineral. The decrease in Cr(VI) sorption with increasing
temperature indicated the weak interaction between sorbents
and Cr(VI) species and this supported physical sorption. Moreover,
the decrease in sorption with increasing temperature showed
exothermic nature of the Cr(VI) sorption process.
3.3. Sorption kinetic model results

External mass transfer coefficient (kf), intraparticle diffusion
rate constant (kd), pseudo first (k1) and second order (k2) rate
constant were determined for the experimental parameters includ-
ing initial concentration, agitation speed and temperature. Their
values are tabulated in Tables 2–7. As seen from the tables, the ef-
fects of initial concentration, agitation speed and temperature are
similar for all the sorbents (clinoptilolite rich mineral and bacteria
loaded forms). The correlation coefficients of Mathew–Weber
model were in the range of 0.87–0.97. The correlation coefficient
(R2) values of Weber–Morris model were higher than 0.94. For
the pseudo first order kinetic model, the obtained R2 values were
between 0.78 and 0.98. The values of R2 for the pseudo second-or-
der model were always greater than 0.99. The results indicated
that pseudo-second order kinetic model and Weber–Morris model
fitted well with the experimental data better than the pseudo first
order kinetic model and Mathew–Weber model. Similar results
were obtained with the parent mineral and bacteria loaded forms.

The validity of the sorption kinetic models was also checked by
the comparison of the experimental and theoretical model results.
Using the external mass transfer coefficient obtained from Mathew
and Weber Model, the comparison of the theoretical and experi-
mental decay curves for E. coli loaded clinoptilolite rich mineral
is shown in Fig. 6. The results indicated that the experimental
and theoretical data were closer during the first 10 min of the sorp-
tion period. After approximately 10 min, the deviation between
experimental and theoretical results showed the effectiveness of
the other mass transfer resistances. Fig. 7 shows the comparison
of theoretical and experimental results of Weber–Morris model.
The results indicated that the experimental and theoretical data
were closer after 10 min. The deviation during 10 min implied that
the external mass transfer was much more effective in the sorption
process during this period. After that, intraparticle diffusion gov-
erned the sorption process. Fig. 8 shows the comparison of the
experimental and reaction model results. As it is seen from the
figure that, pseudo second order model was fitted well to experi-
mental data.
3.4. Characterization studies

XRD characteristic peaks of the parent mineral were observed at
2h = 9.76�, 22.23� and 30.05� and the purity of the sample was
found to be 90%. Chemical composition of the parent mineral
was: 65.1% SiO2, 12.6% Al2O3, 1.42% Fe2O3, 3.93% K2O, 0.92%
Na2O, 1.92% CaO, 0.85% MgO and 13.4% H2O. BET surface area for
parent mineral was found as 49.5 m2/g and the pore size distribu-
tion of it is given in Fig. 9. The results indicated that pore sizes



Table 2
The values of model constants at different conditions for clinoptilolite rich mineral.

Parameters MWa WM PFO PSO
kf � 106 (m/min) kd � 103 (mg/g min0.5) k1 � 103 (min�1) k2 � 103 (g/mg min)

Initial concentration (mg/L) 10 15.6 26.9 21.7 51.9
50 7.3 29.7 20.5 40.7

100 4.8 45.8 19.8 37.8
200 1.9 70.1 17.7 32.5
300 1.5 72.8 14.1 23.8

Agitation speed (rpm) 60 10.1 21.7 8.9 20.8
100 12.8 23.1 11.2 34.8
140 15.6 26.9 21.7 51.9

Temperature (�C) 25 15.6 26.9 21.7 51.9
40 7.6 11.3 16.1 15.5

a MW: Mathew–Weber, WM: Weber–Morris, PFO: pseudo-first order model, PSO: pseudo-second order model.

Table 3
The values of model constants at different conditions for E. coli loaded clinoptilolite rich mineral.

Parameters MWa WM PFO PSO
kf � 106 (m/min) kd � 103 (mg/g min0.5) k1 � 103 (min�1) k2 � 103 (g/mg min)

Initial concentration (mg/L) 10 42 30.4 37 160
50 7.6 51.4 24.8 30.5

100 5.1 62.6 17.2 27.5
200 3.7 77 16.3 20.6
300 2.9 96.5 12.7 19.7

Agitation speed (rpm) 60 16.1 19.5 18.7 55.2
100 26.7 23.6 22.4 64.9
140 42 30.4 37 160

Temperature (�C) 25 42 30.4 37 160
40 9.2 9.7 17.9 110.4

a MW: Mathew–Weber, WM: Weber–Morris, PFO: pseudo-first order model, PSO: pseudo-second order model.

Table 4
The values of model constants at different conditions for B. subtilis loaded clinoptilolite rich mineral.

Parameters MWa WM PFO PSO
kf � 106 (m/min) kd � 103 (mg/g min0.5) k1 � 103 (min�1) k2 � 103 (g/mg min)

Initial concentration (mg/L) 10 46.6 25.2 30.2 116.1
50 12.9 51.4 21.4 24.2

100 7.6 62.6 19.1 19.4
200 5.1 74.6 16.3 11.3
300 4.2 101 13.8 10.8

Agitation speed (rpm) 60 16.1 19.5 14.9 44.4
100 31.1 21.2 23.5 67.6
140 46.6 25.2 30.2 116.1

Temperature (�C) 25 46.6 25.2 30.2 116.1
40 6.4 12.1 13.2 75.9

a MW: Mathew–Weber, WM: Weber–Morris, PFO: pseudo-first order model, PSO: pseudo-second order model.
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distribution of the sample was in the range of 25–110 Å. Regarding
the pore size distribution, the sample has a mesoporous structure.

In order to asses the contributions of the non-electrostatic
forces in the sorption mechanism, further characterizations studies
were performed by FTIR. The FTIR result of the parent mineral after
Cr(VI) sorption is given in Fig. 10. Characteristic bands of the
clinoptilolite related to T–O streching, T–O bending, OH streching,
hydrogen bonding of water and water bending were observed at
1085, 476, 3672, 3477 and 1672 cm�1, respectively. Band shift in
the water molecules, which was an indication of existence of
hydrogen bonding, was observed after Cr(VI) sorption. Similar FTIR
results were observed with bacteria loaded samples.

In order to understand the contribution from electrostatic inter-
action between sorbents and Cr(VI) species, zeta potentials of the
sorbents in Cr(VI) solution at pH 5 and 6 had to be measured. Aver-
age values are tabulated in Table 8. The results implied that the
surfaces of the parent mineral and bacteria loaded samples were
negatively charged; and thus repulsive electrostatic forces could
exist between the sorbents and anionic Cr(VI) species. Although
there were repulsive electrostatic forces, Cr(VI) sorption was
observed and these results indicate the contribution of the non-
electrostatic forces in connection with hydrogen bonding. The exis-
tence of hydrogen bonding was confirmed by the band shift in the
FTIR results.

3.5. Sorption isotherm model results

Equilibrium data of the experimental results were fitted to
Langmuir, Freundlich and D–R model isotherms. Values of the
model constants are tabulated in Table 9. The correlation coeffi-



Table 5
The values of model constants at different conditions for S. aureus loaded clinoptilolite rich mineral.

Parameters MWa WM PFO PSO
kf � 106 (m/min) kd � 103 (mg/g min0.5) k1 � 103 (min�1) k2 � 103 (g/mg min)

Initial concentration (mg/L) 10 43.1 29.0 37.3 147.3
50 13.0 48.7 22.8 32.6

100 8.8 60.3 21.2 23.2
200 3.7 77.1 17.9 20.6
300 2.9 96.5 16.4 19.4

Agitation speed (rpm) 60 14.7 20.6 13.8 61.5
100 26.5 24.6 19.4 78.7
140 43.1 29.0 37.3 147.3

Temperature (�C) 25 43.1 29.0 37.3 147.3
40 10.3 11.8 14.1 77.8

a MW: Mathew–Weber, WM: Weber–Morris, PFO: pseudo-first order model, PSO: pseudo-second order model.

Table 6
The values of model constants at different conditions for S. epidermidis loaded clinoptilolite rich mineral.

Parameters MWa WM PFO PSO
kf � 106 (m/min) kd � 103 (mg/g min0.5) k1 � 103 (min�1) k2 � 103 (g/mg min)

Initial concentration (mg/L) 10 48.6 27.5 36.7 153.8
50 15.5 47.6 22.1 28.1

100 9.4 61.5 20.7 25.6
200 3.8 77.2 19.3 22.4
300 3.5 96.1 15.9 20.1

Agitation speed (rpm) 60 21.9 18.2 17.5 54.5
100 34.5 20.6 27.1 115.2
140 48.6 27.5 36.7 153.8

Temperature (�C) 25 48.6 27.5 36.7 153.8
40 7.8 12.0 13.8 120.2

a MW: Mathew–Weber, WM: Weber–Morris, PFO: pseudo-first order model, PSO: pseudo-second order model.

Table 7
The values of model constants at different conditions for P. aeuriginosa loaded clinoptilolite rich mineral.

Parameters MWa WM PFO PSO
kf � 106 (m/min) kd � 103 (mg/g min0.5) k1 � 103 (min�1) k2 � 103 (g/mg min)

Initial concentration (mg/L) 10 24.9 29.9 26.2 84.6
50 9.9 44.3 19.5 32.1

100 6.2 47.6 17.3 24.1
200 2.4 70.8 16.1 21.9
300 1.6 71.1 15.2 19.9

Agitation speed (rpm) 60 16.1 21.1 15.9 39.8
100 20.6 24.8 16.8 54.9
140 24.9 29.9 26.2 84.6

Temperature (�C) 25 24.9 29.9 26.2 84.6
40 9.2 11.6 17.8 29.1

a MW: Mathew–Weber, WM: Weber–Morris, PFO: pseudo-first order model, PSO: pseudo-second order model.
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cients (R2) of Langmuir model were higher than 0.99 whereas the
correlation coefficients of Freundlich and D–R isotherm models
were lower than 0.98 and 0.87, respectively. Higher correlation
coefficients indicate better representation by the Langmuir iso-
therm model. Equilibrium isotherm data for Cr(VI) sorption with
E. coli loaded clinoptilolite rich mineral is given in Fig. 11. As it is
seen from the figures, equilibrium data was very well represented
by the Langmuir isotherm model. Similar results were obtained
with the parent mineral and bacteria loaded forms.

3.6. Reusability of the sorbents

Table 10 shows the results of sorption–desorption cycles for
E. coli loaded clinoptilolite rich mineral. The results indicated that
the desorption efficiency was above 81% when the sorbent was re-
used after five times. Desorption efficiency trend for each sorbents
was observed to be similar. Based on the economic point of view;
the usage of parent mineral and bacteria loaded forms in Cr(VI) re-
moval was feasible.

4. Conclusion

The performances of the parent mineral and bacteria loaded
samples in Cr(VI) sorption were established. The results implied
that functional groups on the bacteria species enhanced the inter-
action between Cr(VI) species and bacteria loaded samples and
thus higher Cr(VI) sorption values were observed with the bacteria
loaded samples. When Cr(VI) sorption performances of the bacteria
loaded samples were compared, Cr(VI) sorption with the gram po-
sitive bacteria loaded samples were slightly higher than the gram
negative bacteria loaded samples. The reason was explained by
the difference between cell wall structures. Secondary polymers



Fig. 6. Comparison of theoretical and experimental concentration decay curve for
the E. coli loaded clinoptilolite rich mineral (concentration: 10 mg/L, agitation
speed: 140 rpm, particle size: 25–106 lm, temperature: 25 �C).

Fig. 7. Comparison of theoretical and experimental Weber–Morris model results
for the E. coli loaded clinoptilolite rich mineral (concentration: 10 mg/L, agitation
speed: 140 rpm, particle size: 25–106 lm, temperature: 25 �C).

Fig. 8. Comparison of the experimental and reaction model results for E.Coli loaded
clinoptilolite rich mineral (concentration: 10 mg/L, agitation speed: 140 rpm,
particle size: 25–106 lm, temperature: 25 �C).

Fig. 9. Pore size distribution of the parent mineral.

Fig. 10. FTIR results of parent mineral and after Cr(VI) sorption.

Table 8
Average zeta potential values of sorbents in 10 mg/L Cr(VI) solution at pH 5 and 6
(five measurement).

Samples pH 5 pH 6
Zeta potential
(mV)

Zeta potential
(mV)

Clinoptilolite rich mineral �28.9 �31.9
E.coli loaded clinoptilolite rich mineral �32.4 �33.4
B. subtilis loaded clinoptilolite rich

mineral
�31.9 �32.8

S. aureus loaded clinoptilolite rich
mineral

�28.4 �29.2

S. epidermidis loaded clinoptilolite rich
mineral

�27.2 �28.6

P. aeuriginosa loaded clinoptilolite rich
mineral

�29.4 �30.6

Table 9
Isotherm model parameters.

Sorbents Langmuir Freundlich D–R

qm b R2 kf n R2 qm K R2

CLI 1.52 0.03 0.987 0.3 3.64 0.978 9.9 0.35 0.786
EC-CLI 1.93 0.046 0.995 0.34 3.24 0.967 15.8 0.37 0.868
BS-CLI 2.44 0.045 0.996 0.39 3.0 0.975 21.3 0.38 0.937
SA-CLI 2.02 0.051 0.997 0.37 3.26 0.968 17.8 0.38 0.939
SE-CLI 1.99 0.065 0.999 0.39 3.29 0.953 17.6 0.38 0.951
PA-CLI 1.49 0.058 0.998 0.34 3.77 0.977 11.7 0.36 0.931
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which only present on the gram positive cell wall structure en-
hanced the interaction between the Cr(VI) species and the
sorbents. Thus higher Cr(VI) was obtained with the gram positive
bacteria loaded samples.

Zeta potential results of the samples imply the existence of
repulsive forces between the parent mineral and the Cr(VI) species,
and between the bacteria loaded samples and the Cr(VI) species.
Although there were repulsive electrostatic forces, the existence



Fig. 11. Equilibrium isotherm for Cr(VI) sorption by E. coli loaded clinoptilolite rich
mineral at 25 �C.

Table 10
Sorption–desorption cycles for E. coli loaded clinoptilolite rich.

Sorption–desorption cycle

1 2 3 4 5

Sorption amount (mg/g) 0.54 0.51 0.48 0.45 0.43
Desorption amount (mg/g) 0.50 0.46 0.42 0.37 0.35
Desorption Efficiency (%) 92 90 88 82 81
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of Cr(VI) sorption indicates a significant role of the non-electro-
static forces in Cr(VI) sorption.

Sorption diffusion model results implied that external and
intraparticle diffusion are effective in Cr(VI) sorption; external film
diffusion was effective at the beginning of the sorption process;
thereafter, it is tended to be controlled by the intraparticle
diffusion. Sorption reaction model results showed that the Cr(VI)
sorption fitted well to pseudo second order model. Sorption iso-
therm results indicated that the experimental data is represented
very well by Langmuir isotherm model

As a summary, gram positive bacteria loaded parent mineral
samples are promising materials in Cr(VI) removal.
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