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Abstract

The bacterial strain Bacillus sp. ATS-2 isolated from Pb(II) polluted soil was immobilized with a silica matrix and Pb(II) biosorption properties
of immobilized biosorbent were examined. Optimum biosorption conditions were investigated in the fixed bed column with the variation in the
parameters of pH, bed lenght, flow rate and influent concentration. The Pb(II) biosorption equilibrium was attained within 60 min and the maximum
biosorption yield for silica gel immobilized Bacillus sp. ATS-2 was determined as 91.73% at pH 4.0. The higher biosorption yields were observed
at flow rates of 60 and 180 mlh™". The optimum bed length for the column was found as 10 cm. Data obtained from batch studies were evaluated
by Freundlich, Langmuir and Dubinin—Radushkevich (D-R) isotherm models. The maximum monolayer capacity of Bacillus sp. ATS-2 for Pb(II)
was 2.36 x 1073 mol g~'. The involvement of the functional groups on the surface of immobilized cells in biosorption process was also evaluated

by FTIR spectral analysis.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Heavy metal contamination of industrial effluents is one of
the significant environmental problems due to their toxic nature
and accumulation throughout the food chain as nonbiodegrad-
able pollutants [1-3]. Heavy metals are discharged from various
industries such as electroplating, plastic manufacturing, textile,
storage batteries, mining and metallurgical process. Traditional
technologies for removing of heavy metals from wastewaters are
include chemical precipitation, ion exchange, membrane sepa-
ration, reverse osmosis, evaporation and electrolysis. However,
these techniques sometimes restricted because of technical or
economical constraints and the imposition of stricter regulations
increases the demand for new technologies to reduce the metal
levels in wastewaters to the environmentally acceptable values
[4].

The use of biosorbents with microbial origin especially bac-
teria, algae, fungi and yeasts is a considerable alternative to
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the existing methods because of their good performance, low
cost and large availability [1]. The physicochemical interac-
tions between metal ions and different functional groups on
the biomass surface such as carboxyl, hydroxyl, sulthydryl and
amino groups play an important role in the biosorption pro-
cess. Living, dead and immobilized cells can be utilizes in this
process. Immobilized form of biosorbents is ideal for use in a col-
umn applications with the advantages of improved mechanical
strength, online matrix isolation in flow analysis, low resistance
to fluid flow, self supporting rigidity, excellent durability, easy
regeneration of biosorbent material and relatively high local cell
density [5-7]. Many different natural and synthetic polymeric
supports such as alginate, agar, silica, carrageenan, polyethylen-
imine, polyacrylonitril, polysulfone, polyvinyl alcohol and poly-
acrylamide have been widely used for the immobilization of
biosorbents [8-17].

The objective of this study was to investigate the Pb(II)
biosorption performance of Bacillus sp. ATS-2 biomass-
immobilized silica gel beads as an alternative biosorbent in up-
flow fixed bed column and batch systems. Bacillus sp. ATS-2 was
chosen as a biosorbent material because of its high Pb(II) resis-
tance. The effects of design parameters, such as pH, bed lenght,
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flow rate and influent concentration were examined. Equilib-
rium biosorption data obtained from batch process were applied
to Freundlich, Langmuir and Dubinin—Radushkevich isotherm
models in addition to the metal-biosorbent interactions evalu-
ated by FTIR spectral analysis.

2. Materials and methods
2.1. Isolation and screening of microorganism

The microorganism used in this study was isolated from
Pb(II) polluted soil. The soil samples were initially collected
from natural environment and 10 g of soil was polluted with
Pb(II) by treating with 100 ml of 1000 mgl_1 Pb(II) solution
in 250 ml flask to select the appropriate bacterial strains hav-
ing greater resistance towards Pb(I) toxicity. Soil sample was
stirred with 1000 mg1~! of Pb(II) solution for 48h and then
liquid phase was separated by filtration. For isolation of bac-
terial strains 1g of Pb(Il) treated soil sample was homoge-
nized with 9ml of 0.85% (w/v) sterile saline solution. Serial
dilutions were prepared in 9ml of 0.85% (w/v) sterile saline
solution and plated on Nutrient Agar (NA) (Merck). From the
NA plates, representative colonies of all different morpholo-
gies were chosen at random, purified by sub-culturing and
maintained in slants of NA. All culture works were conducted
aseptically.

For preliminary tests, bacterial strains were investigated for
theirs biosorption capacities for Pb(Il) in a batch system. All
the batch biosorption experiments were performed at 20 °C in
a magnetic stirrer at 200rpm using 100ml beakers contain-
ing 0.1 g biosorbent sample in 50 ml of solutions containing
100mg1~! of Pb(Il). The pH of the solutions was adjusted
to 4.0. After 2h the biosorption mixture was centrifugated at
4500 rpm for 2 min and the residual Pb(II) concentrations in the
solutions were analyzed. The most effective bacterial strain for
the biosorption of Pb(II) was identified according to Bergey’s
Manual of Determinative Bacteriology and The Prokaryotes
[18,19].

2.2. Preparation of the immobilized biosorbent

The bacterial isolate was inoculated into 250 ml Erlenmeyer
flasks containing Nutrient Broth (Merck) and aerobically cul-
tivated at 30 °C by the agitating at the speed of 150 rpm. The
cells were harvested from the growth medium at early-stationary
phase by centrifugation at 5000 rpm for 10 min. After rinsing
in deionized water the cells were again centrifugated. For the
immobilization of the cells, the procedure previously reported
by Lopez et al. [20] was followed. About 10 g of silica gel was
dissolved by heating in 100 ml of 7% (w/v) aqueous solution
of KOH and sterilized by autoclaving (121 °C, 20 min). After
cooling to 20°C, 100 ml of cell suspension (20 g wet weight
Bacillus sp. ATS-2 was suspended in 11 of distilled water)
was added and mixed. Just before bead formation, a measured
amount of phosphoric acid solution (20%) was added, enough
to provide a pH of 7.0. Gel beads were formed by the interphase
technique.

2.3. Preparation of Pb(Il) solutions

The stock solution of Pb(Il) (1.0g 17") used in this study
was prepared by dissolving a weighed accurate quantity of
Pb(NO3), (Merck) in deionized water. Other concentrations
(25-300 mg 1) were prepared by dilution from this stock solu-
tion. Fresh dilutions were used for each experiment. The initial
pH of the solutions was adjusted to the required values by adding
0.1N HNO3 or 0.1N NaOH solutions for the biosorption exper-
iments.

2.4. Column studies

The immobilized cells were stacked into glass columns
with 1.5cm internal diameter and the bed length 3, 6
and 10cm. To avoid channel effects the Pb(II) solutions
(25-300mg1~") were continuously pumped upward through
the column by a peristaltic pump (Ismatec ecoline). The flow
rates of the solutions were varied from 60 to 300mlh~'.
The eluents were collected to measure of the residual
Pb(I) ion concentrations up to 360 min. The effect of ini-
tial pH on the Pb(Il) biosorption yield of fixed bed col-
umn system was investigated in the initial pH range of
1.0-5.0.

2.5. Isotherm studies

The Freundlich, Langmuir and Dubinin—Radushkevich
isotherm models for the Pb(I) biosorption by Bacillus sp.
ATS-2 were applied to batch experimental data. Pb(II) solu-
tions ranging from 25 to 150 mg1~! were prepared and used.
The initial pH of the solutions was adjusted to optimum
value of 4.0 in a beaker. 0.5g of biosorbent was added to
biosorption medium and stirred for 1h on a magnetic stir-
rer at 20°C. When the biosorption procedure completed the
solutions were centrifuged at 4500 rpm for 2 min and the super-
natants were then analyzed for residual Pb(II) ion concentra-
tions.

2.6. Analytical methods

The residual Pb(II) ion concentrations in the solution
were measured with an atomic absorption spectrophotometer
(Hitachi 180-70 Model, Japan) with an air-acetylene flame.
Deuterium background correction was used and the spectral
slit width was 1.3 nm. The working current and wavelength
were 7.5 mA and 283.3 nm, respectively. The instrument cal-
ibration was periodically checked by using standard metal
solution in every 10 readings. In order to identify the func-
tional groups responsible for the Pb(II) biosorption, immo-
bilized biosorbents before and after Pb(Il) sorption were
analyzed and interpreted by FTIR spectroscopy. The spec-
tra were recorded in a Bruker Tensor 27 Fourier trans-
form infrared spectrometer (Bruker Optics GmbH) within the
range of 400-4000cm™~! with the samples prepared as KBr
discs.
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2.7. Mathematical equations

The breakthrough curves for the biosorption of Pb(II) ions
were derived as a function of initial pH, equilibrium time, bed
length, initial Pb(II) ion concentration and flow rate. The max-
imum (equilibrium) capacity of the column for a given feed
concentration is equal to the area under the plot of the adsorbed
metal ion concentration, C;j 545 (Mg 1~1), versus time (min) or the
area behind the breakthrough curve and calculated by using the
following equations. The amount of metal that remains in the
effluent, Cjeq (mg 1~ ), is the area under the breakthrough curve
[21,22]:

Coo = Cit = [y Ciadsdr or O — WimdiegX )
ieq—— . ieq — ’
t Ot
a
Ci,max = Q/ Ci,adsdt’ (2)
0

where Cj max 18 the maximum (equilibrium) capacity of the col-
umn (mg); gjeq, the amount of Pb(Il) loading on Bacillus sp.
ATS-2 (mg g’l); C;j, initial Pb(IT) ion concentration (mg 1= 1,
contact time (min); Wj, amount of Pb(II) loading into the column
(mg); a, maximum value of time; X, amount of biosorbent filled
in the column (mg); O, volumetric flow rate (ml min—1).

The amount of Pb(Il) loading onto Bacillus sp. ATS-2, is
calculated by Eq. (3).

C.
Gieg=—3 3)
The biosorption yield, Y;% (percentage of biosorbed Pb(II))

is the ratio of the maximum capacity of the column to the amount
of Pb(Il) loading into the column (Egs. (4) and (5)).

Wi = C; 01, “4)
C.
Y, = % x 100, ©)

3. Results and discussion

In this study, the bacterial strain was identified according
to Bergey’s Manual of Determinative Bacteriology and The
Prokaryotes [18,19] and the results are presented in Table 1.
According to these results the strain was identified as Bacillus
sp. and called as Bacillus sp. ATS-2 in this article. The iso-
lated strain was compared with Bacillus pasteurii and showed
the similar characteristics of these strains. But identification of
the isolated bacteria should be continue with detail for entire
description.

3.1. Effect of initial pH

The effect of initial pH on the biosorption of Pb(II) onto sil-
ica gel-immobilized Bacillus sp. ATS-2 was investigated at a
constant flow rate of 180mlh~!, fixed bed column with the
bed length of 10cm and the initial Pb(I) concentration of
100mg1~!. The results were given in Fig. 1. As seen in this

Table 1
. Biochemical and microscopic characteristics of effective isolate

Properties Result

Gram reaction +
Cell shape Rod
Cell diameter >1.0 um
Spores round
Sporangium swollen
Catalase

Anaerobic growth
Voges-prokauer test
Acid from Dp-glucose +
Acid from D-xylose —
Acid from D-mannitol —
Hydrolysis of casein
Hydrolysis of gelatin
Hydrolysis of starch
Utilization of citrate
Formation of indole —
Growth at pH 6.8, nutrient broth
Growth at pH 5.7, nutrient broth
Growth in NaCl 2%

Growth in NaCl 5%

Growth in NaCl 7%

Growth in NaCl 10%

Growth at 5°C —
Growth at 10°C —
Growth at 30°C
Growth at 40°C
Growth at 50°C
Growth at 55°C
Growth at 65 °C

+ + ]+ + o+

+ + + + + +

+ + 4+ + +

+: 90% or more strain positive; —: 90% or more strain negative.

figure initial pH played a significant role in the biosorption pro-
cess. The lower biosorption yield under the initial pH values
of 4.0 has been attributed to the competition of the metal ions
with the protons for the available binding sites on the immo-
bilized biosorbent. In the other words at pH values under the
isoelectric point of the cells, the surface area of the fungal cells
is surrounded by the protons, which competes with positively

100

90 1 ® [ ]

80

Y, (%)

704

60 4

50 T T T T T
2 3 4 5 6

Initial pH

Fig. 1. The effect of the initial pH on the biosorption of Pb(II) on silica gel-
immobilized Bacillus sp. ATS-2. (flow rate: 180 ml h~!; bed length: 10 cm; inlet
Pb(II) concentration: 100 mg 1.
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Table 2
The effect of the bed length on the biosorption of Pb(IT) on silica gel-immobilized
Bacillus sp. ATS-2

Table 3
The effect of the flow rate on the biosorption of Pb(II) on silica gel-immobilized
Bacillus sp. ATS-2

Bedlength (cm) X (g) Cimax (mg) Wi(mg) gieq(mgg ) Yi(%)  Flowratemlh™")  Cimaw(mg) Wi(mg)  gieq(mgg™) Y (%)
3.0 6.0 32.65 55.10 10.88 59.25 60 16.75 18.36 1.67 91.23
6.0 12.0 35.08 55.10 5.84 63.66 180 49.29 55.10 4.92 89.46
10.0 20.0 49.29 55.10 4.92 89.46 300 39.48 91.83 3.94 43.00

Flow rate: 180 mlh~!; inlet Pb(II) concentration: 100 mg 1!, initial pH: 4.0.

charged metal ions for binding. This prevents the approach of
metal ions as a result of the repulsive forces and causes the
biomass to adsorb less metal ions. The maximum biosorption
yield (89.45%) was obtained at the initial pH of 4.0 .When the
initial pH of the medium was adjusted to 5.0 biosorption yield
stayed nearly constant. At pH values above the isoelectric point
of the cells, the surface of the biomass carries negative charges,
which cause an increase on the sorption capacity of biosorbents
for the metal ions as a result of attractive forces. Similar observa-
tions were reported in the literature [23,24]. Experiments were
not conducted higher initial pH values of 5.5 because the Pb(II)
ions become precipitate due to high concentration of OH™ ions
in the solution.

3.2. Effect of bed length of column

The biosorption performance of immobilized biosorbent was
investigated with the various bed lengths at a constant flow rate
(180mlh~") and 100 mgl_lof inlet Pb(II) ion concentration
(Table 2). Maximum value of column capacity (Cjmax) of sil-
ica gel-immobilized Bacillus sp. ATS-2 for Pb(II) sorption was
obtained at a bed length of 10cm. The biosorption yields of
Pb(II) ions decreased with a decrease in the bed length from 10
to 3 cm. This may be due to a relatively small amount of biosor-
bent in a shorter bed. However, an increase in the bed length
may be caused to increase of equilibrium time of biosorption.

The increase in Y;% values with the amount of biosorbent
could be due to an increase in the surface area and the avail-
ability of more binding sites of biosorbent while the decrease
in biosorption capacity may be attributed to unsaturated binding
sites of the biomass during the biosorption process and reduc-
tion in the effective surface area for biosorption resulting from
cell aggregation at high biosorbent concentration [25].

3.3. Effect of flow rate

When the concentration of initial Pb(II) ion (100 mg 17! at
initial pH 4.0) and bed length (10 cm) were kept constant, flow
rates were changed from 60 to 300mlh~! and the results are
presented in Table 3. The decrease in the flow rate of the col-
umn resulted in an increase in the biosorption yield (¥;%). The
higher Y; values were obtained at flow rates of 60 and 180 mlh~!.
Cimax values were increased with flow rates up to 300 mlh~!
but decreased at 300 mlh~! of flow rate. This could be attributed
to metal solution leaved the column before the biosorption equi-
librium attained when the flow rate increased [21,26,27].

Bed length: 10 cm; inlet Pb(IT) concentration: 100 mg1~'; initial pH: 4.0.

The concentration of unsorbed metal ion in the effluent
was high at the beginning of the column process. Sag et al.
[28] reported that, the initial decrease in the adsorption yield
may be due to the diffusion limitations. This behavior was
observed especially at low flow rates. After a while, concen-
tration of metal ion in the effluent decreased in a short time.
In this study, amount of biosorbed Pb(II) ion by silica gel
immobilized Bacillus sp. ATS-2 was almost the same at the all
flow rates at the beginning of the column operations. There-
after biosorbed Pb(II) concentration increased at lower flow
rates.

3.4. Effect of inlet Pb(Il) ion cencentration

The effect of inlet Pb(II) ion concentration was investigated
at the concentration range of 25-300 mg 17!, The results are pre-
sented in Table 4. The Pb(II) biosorption capacity and Cj max of
the immobilized biomass firstly increased with increasing of the
initial concentration of Pb(II) and then reached a saturation value
at 200mg1~! of Pb(II) concentration. The maximum biosorp-
tion yields for silica gel immobilized Bacillus sp. ATS-2 at 25
and 50 mg 17! of initial Pb(II) concentration were determined as
91.72% and 91.73%, respectively.

The effect of immobilization on the Pb(II) biosorption capac-
ity of Bacillus sp. ATS-2 was investigated under the deter-
mined optimum conditions. The biosorption capacity of silica
gel immobilized cells was compared with the cell free silica gel
matrix. As can be seen from Fig. 2, Pb(II) biosorption was 98%
(C/C; ratio 0.98) for immobilized biosorbent. For the negative
control (silica gel alone with no biomass) Pb(Il) was biosorbed
by 41%.

Table 4
The effect of the inlet Pb(II) concentration on the biosorption of Pb(II) on silica
gel-immobilized Bacillus sp. ATS-2

Inlet Pb(II) concentration Ci max Wi Gieq Y;
(mgl~") (mg) (mg) mgg ™) (%)
24.40 12.08 13.17 1.20 91.72
48.60 24.07 26.24 2.40 91.73
73.30 33.30 3743 3.33 88.96
96.60 46.54 52.16 4.65 89.22
153.80 53.03 66.89 5.30 79.27
196.90 68.11 100.90 6.81 67.50
245.30 55.68 132.46 5.58 42.10
300.30 76.51 162.17 7.65 47.17

Flow rate: 180mlh~!; bed length: 10 cm; initial pH: 4.0.
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C/G;

—O— silica gel
—— silica gel-immobilized cells

0,0 T T T

0 20 40 60 80 100 120 140 160 180 200
time (min)

Fig. 2. Comparison of the breakthrough curves of the cell free silica gel and
silica gel-immobilized Bacillus sp. ATS-2 for Pb(II) ions (flow rate: 60 ml hl;
bed length: 10 cm; inlet Pb(IT) concentration: 50 mg 1=!; initial pH: 4.0).

3.5. Isotherm models

The equilibrium adsorption isotherms are one of the most
important data to understand the mechanism of the adsorp-
tion. Langmuir, Freundlich and Dubinin—Radushkevich (D-R)
isotherm models were applied to the experimental data obtained
from batch system in this study. The biosorption isotherm for
Pb(II) biosorption onto silica gel-immobilized biosorbent is
shown in Fig. 3.

The Langmuir isotherm model assumes a monolayer sorp-
tion which takes place at specific homogeneous sites within the
biosorbent. The Langmuir isotherm equation is represented by
the following [29]:

_ QmaxKLCe

= dmaxBLlbe 6
1+ KLC, .

qe

2.5e-5 4

2,0e-5 4 [ ]

1.5e-5 4 P

1,0e-5 -

g, (mol g-1)

5,0e-6 4

0.0 T
le-5 le-4 le-3

C, (mol I'")

Fig. 3. Biosorption isotherm for the biosorption of Pb(II) onto silica gel-
immobilized Bacillus sp. ATS-2 at 20 °C (initial pH: 4.0; contact time: 60 min;
biosorbent concentration: 10g1~1).

The linear form of the Langmuir isotherm equation is

1 1 n ( 1 ) 1 7
qe Gmax qmax KL ) Ce '
where ¢ is the equilibrium Pb(II) concentration on the biosor-
bent (mol g’l), C. the equilibrium Pb(II) concentration in the
solution (mol171), gmax the monolayer biosorption capacity of
the biosorbent (mol g_l), and K, is the Langmuir biosorption
constant (Imol~!) and is related to the free energy of biosorp-
tion. The plot of 1/g. versus 1/C, for the biosorption gives a
straight line of slope 1/gmax K1, and intercepts 1/gmax.

The Freundlich isotherm is an empirical equation employed

to describe heterogeneous systems. The Freundlich equation is
[30]:

ge = KpCe'/™, (8)

A linear form of the Freundlich equation is
1

Inge =In Kp + —InCe, ©)]
n

where Kg (1g~!) and n are Freundlich isotherm constants, being
indicative of the extent of the biosorption and the degree of
nonlinearity between solution concentration and biosorption,
respectively. The plot of In g, versus In C, for the biosorption
was employed to generate Kr and n from the intercept and the
slope values, respectively.

The Dubinin—Radushkevich (D-R) isotherm is more general
than the Langmuir isotherm. It was applied to distinguish the
nature of biosorption as physical or chemical [31]. The D-R
isotherm equation [32] is:

_p2

ge =qme ", (10)
The linear form of (D-R) isotherm equation is

Inge = Ingm — Be* (11)

where f is a constant related to the mean free energy of biosorp-
tion (mol2 J ’2), gm the theoretical saturation capacity, and ¢ is
the Polanyi potential, which is equal to RT In(1 + (1/C¢)), where
R (Jmol~! K~1) is the gas constant, and T (K) is the absolute
temperature. Hence by plotting In ¢ against &7 it is possible to
generate the value of ¢, (mol g~!) from the intercept, and the
value of 8 from the slope.

The constant 8 gives an idea about the mean free energy E
(kJ mol~") of biosorption can be calculated using the relation-
ship [33-35]:

1

E= B (12)

E values give information about biosorption mechanism as
chemical ion-exchange (If E values are between 8 and
16 kJ mol~") or physical adsorption. The numerical value of the
mean free energy of biosorption is 12.83kJ mol~!' which may
correspond to chemical ion-exchange.

The Langmuir, Freundlich and D-R parameters for the
biosorption of Pb(Il) onto silica gel-immobilized Bacillus sp.
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Table 5
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Biosorption isotherm constants for the biosorption of Pb(II) onto silica gel-immobilized Bacillus sp. ATS-2 at 20°C

Langmuir Freundlich Dubinin—Radushkevich (D-R)
Gmax (molg™h) Ki (Imol™1) 2 RL n Ke(1g7hH r2 Gmax (molg™!) B (mol? kJ—2) B e E (kJmol™")
236 x 107 2.05 % 10° 0.99 0.06 3.08 2.82x 1074 0.98 6.68 x 1073 3.05%x 1073 0.99 12.83

ATS-2 are listed in Table 5. It is indicated that all of the isotherm
models fit very well when the 72 values are compared.

The essential feature of the Langmuir isotherm can be
expressed by means of a separation factor or equilibrium param-
eter, Ry, is calculated using the following equation:

1

RL = T o ~
1+ K1.Cy

(13)
where Cy is the highest initial Pb(II) concentration (mol 1=h.
As the Ry, values lie between 0 and 1, the biosorption process is
favorable [36,37]. The Ry, value for this study was 0.06, there-
fore, biosorption of Pb(Il) was favorable.

The Freundlich constants Kr and n indicate the biosorp-
tion capacity of the biosorbent and a measure of the deviation
from linearity of the biosorption, respectively. The values of Kr
and 7 at equilibrium were 2.82 x 107*1g~! and 3.08, respec-
tively. The well description of the experimental results with
both Langmuir and Freundlich isotherm models implies that
the surface of Bacillus sp. ATS-2 is made up of homogeneous
and heterogeneous biosorption patches. Also E value obtained
from D-R isotherm indicated that biosorption takes place with
chemical ion-exchange mechanism. It can be concluded that the
biosorption of Pb(II) ions onto silica gel-immobilized Bacillus
sp. ATS-2 is complex and involving more than one mechanism.

3.6. FTIR spectral analysis

The FTIR spectra of the immobilized biosorbent before
and after Pb(II) sorption in the range of 400—4000cm~! were
taken and compared with each other to find out which func-
tional groups are responsible for the Pb(Il) biosorption (Fig. 4).
The spectra of the unloaded immobilized biosorbent indicated

(b)

Relative transmittance

2500 2000 1500 1000 500

Wavenumber ¢cm-!

4000 3500 3000

Fig. 4. FTIR spectra of immobilized Bacillus sp. ATS-2: (a) unloaded and (b)
Pb(II) loaded.

strong asymmetrical stretching bands at 3297 cm™! (-NH and
bonded —OH groups). 1656 and 1565 cm™! (carbonyl stretch-
ing vibration of amide considered to be due to the combined
effect of double-bond stretching vibrations) and —NH defor-
mation band, respectively [38], 1086 cm~ ! (C-0O stretching of
carboxyl groups) [39], 796 cm™! (possibly belonging to di sub-
stituted aromatic protons) and under 700 cm~! (N-containing
bioligands) [40]. The FTIR spectra of immobilized biomass
exposed to Pb(II) ions indicated the band shifts from 3297, 1086
and 541 cm~! to 3424, 1076 and 572cm ™!, respectively. Also
after the Pb(II) biosorption appearance of the peak at 1384 cm™!
(amide or sulfamide band) and a small increase in the intensity
of the peak at 796 cm~! were observed. These results indicated
that these functional groups are likely to participate in metal
binding process.

4. Conclusion

The Pb(II) biosorption properties of immobilized Bacillus sp.
ATS-2 cells were investigated in the fixed bed column and batch
system. The maximum Pb(II) biosorption capacity of the immo-
bilized biosorbent was obtained at the initial pH of 4.0. Column
studies showed that the bed length and flow rate were affected
the biosorption process. Better results were obtained with the
highest bed length and 60 and 180mlh~! of flow rates. The
batch experimental results fitted well to Langmuir, Freundlich
and Dubinin—Radushkevich (D-R) isotherm models. The possi-
ble interactions between Pb(II) ions and biosorbent surface were
confirmed by the FTIR analysis. These results indicated that sil-
ica gel immobilized Bacillus sp. ATS-2 cells may be used as an
inexpensive, effective and alternative biosorbent for the removal
of Pb(Il) ions from aqueous solutions.

References

[1] B. Volesky, Biosorption, in: B. Volesky (Ed.), Biosorption of Heavy
Metals, CRC Press, Boca Raton, FL, 1990, pp. 7-43.

[2] T. Akar, S. Tunali, Biosorption performance of Botrytis cinerea fun-
gal by-products for removal of Cd(II) and Cu(Il) ions from aqueous
solutions, Miner. Eng. 18 (2005) 1099-1109.

[3]1 A. Ozcan, A.S. Ozcan, S. Tunali, T. Akar, I. Kiran, Determination of
the equilibrium, kinetic and thermodynamic parameters of adsorption of
copper(Il) ions onto seeds of Capsicum annuum, J. Hazard. Mater. 124
(2005) 200-208.

[4] A.I. Zouboulis, M. Loukidou, K.A. Matis, Biosorption of toxic metals
from aqueous solutions by bacteria strains isolated from metal-polluted
soils, Process Biochem. 39 (2004) 909-916.

[5] Y. Madrid, C. Camara, Biological substrates for metal preconcentration
and speciation, Trends. Anal. Chem. 16 (1997) 36—44.

[6] G. Yan, T. Viraraghavan, Heavy metal removal in a biosorption col-
umn by immobilized M. rouxii biomass, Bioresour. Technol. 78 (2001)
243-249.



A. Cabuk et al. / Journal of Hazardous Materials B136 (2006) 317-323 323

[7]1 EA. Abu Al-Rub, M.H. El-Naas, F. Benyahia, I. Ashour, Biosorption of

nickel on blank alginate beads free and immobilized algal cells, Process
Biochem. 39 (2004) 1767-1773.

[8] C.D. Scott, Immobilized cells: a review of recent literature, Enzyme
Microb. Technol. 9 (1987) 66-73.

[9] J.I.S. Khattar, T.A. Sarma, D.P. Singh, Removal of chromium ions
by agar immobilized cells of the cyanobacterium Anacystis nidulans
in a continuous flow bioreactor, Enzyme Microb. Technol. 25 (1999)
564-568.

[10] A.C. Texier, Y. Andres, C. Faur-Brasquet, P. Le Cloirec, Fixed-bed study
for lanthanide (La, Eu, Yb) ions removal from aqueous solutions by
immobilized Pseudomonas aeruginosa: experimental data and modeliza-
tion, Chemosphere 47 (2002) 333-342.

[11] R.S. Bai, T.E. Abraham, Studies on chromium(VI) adsorption-desorption
using immobilized fungal biomass, Bioresour. Technol. 87 (2003) 17-26.

[12] E Beolchini, F. Pagnanelli, L. Toro, F. Veglio, Biosorption of copper by
Sphaerotilus natans immobilized in polysulfone matrix: equilibrium and
kinetic analysis, Hydrometallurgy 70 (2003) 101-112.

[13] N. Lazaro, A.L. Sevilla, S. Morales, A.M. Marques, Heavy metal
biosorption by gellan gum gel beads, Water Res. 37 (2003) 2118-2126.

[14] A.L Zouboulis, K.A. Matis, M. Loukidou, F. Sebesta, Metal biosorption
by PAN-immobilized fungal biomass in simulated wastewaters, Colloids
Surf. A: Physicochem. Eng. Aspects 212 (2003) 185-195.

[15] N. Rangsayatorn, P. Pokethitiyook, E.S. Upatham, G.R. Lanza, Cadmium
biosorption by cells of Spirulina platensis TISTR 8217 immobilized in
alginate and silica gel, Environ. Int. 30 (2004) 57-63.

[16] S. Deng, Y.P. Ting, Characterization of PEI-modified biomass and
biosorption of Cu(Il), Pb(II) and Ni(II), Water Res. 39 (2005)
2167-21717.

[17] P. Xiangliang, W. Jianlong, Z. Daoyong, Biosorption of Pb(II) by Pleu-
rotus ostreatus immobilized in calcium alginate gel, Process Biochem.
40 (2005) 2799-2803.

[18] O. Kandler, N. Weiss, Regular nonsporing gram positive rods, in: PH.A.
Sneath, N.S. Mair, M.E. Sharpe, J.G. Holt (Eds.), Bergey’s Manual of
Systematic Bacteriology, Williams and Wilkins, Baltimore, 1986, pp.
1208-1259.

[19] R.A. Slepecky, H.E. Hemphill, The genus bacillus-nonmedical, in: A.
Balows, H.G. Triiper, M. Dworkin, W. Harder, K. Schleifer (Eds.),
The Prokaryotes, 2nd ed., Springer-Verlag, Berlin, Germany, 1992, pp.
1663-1689.

[20] A. Lopez, N. Lazaro, A.M. Marques, The interphase technique: a simple
method of cell immobilization in gel-beads, J. Microbiol. Methods 30
(1997) 231-234.

[21] Y. Sag, I. Atacoglu, T. Kutsal, Equilibrium parameters for the single and
multicomponent biosorption of Cr(VI) and Fe(Ill) ions on R. arrhizus
in a packed column, Hydrometallurgy 55 (2000) 165-179.

[22] Y. Sag, Y. Aktay, Application of equilibrium and mass transfer models
to dynamic removal of Cr(VI) ions by chitin in packed column reactor,
Process Biochem. 36 (2001) 1187-1197.

[23] Y.H. Ju, T.C. Chen, J.C. Liu, A study on the biosorption of lindane,
Colloids Surf. B 9 (1997) 187-196.

[24] 1. Kiran, T. Akar, S. Tunali, Biosorption of Pb(II) and Cu(Il) from
aqueous solutions by pretreated biomass of Neurospora crassa, Process
Biochem. 40 (2005) 3550-3558.

[25] Z. Aksu, S.S. Cagatay, Investigation of biosorption of Gemazol Turquise
Blue-G reactive dye by dried Rhizopus arrhizus in batch and continuous
systems, Sep. Purif. Technol., in press.

[26] K. Vijayaraghavan, J. Jegan, K. Palanivelu, M. Velan, Removal of
nickel(II) ions from aqueous solution using crab shell particles in
a packed bed up-flow column, J. Hazard. Mater. B113 (2004) 223—
230.

[27] K. Vijayaraghavan, J. Jegan, K. Palanivelu, M. Velan, Biosorption of
cobalt(Il) and nickel(II) by seaweeds: batch and column studies, Sep.
Purif. Technol. 44 (2005) 53-59.

[28] Y. Sag, M. Nourbakhsh, Z. Aksu, T. Kutsal, Comparison of Ca-alginate
and immobilized Z. ramigera as sorbents for copper(Il) removal, Process
Biochem. 30 (2) (1995) 175-181.

[29] 1. Langmuir, The adsorption of gases on plane surfaces of glass, mica
and platinum, J. Am. Chem. Soc. 40 (9) (1918) 1361-1403.

[30] H.M.F. Freundlich, Uber die adsorption 16sungen, Z. Phys. Chem. 57
(1906) 385-470.

[31] A. Benhammou, A. Yaacoubi, L. Nibou, N. Tanouti, Adsorption of metal
ions onto Moroccan stevensite: kinetic and isotherm studies, J. Colloid
Interf. Sci. 282 (2005) 320-326.

[32] M.M. Dubinin, L.V. Radushkevich, Proc. Acad. Sci. U.S.S.R. Phys.
Chem. Sect. 55 (1947) 331.

[33] J.P. Hobson, Physical adsorption isotherms extending from ultrahigh
vacuum to vapor pressure, J. Phys. Chem. 73 (1969) 2720-2727.

[34] S.M. Hasany, M.H. Chaudhary, Sorption potential of Hare river sand for
the removal of antimony from acidic aqueous solution, Appl. Radiat.
Isot. 47 (1996) 467-471.

[35] S.S. Dubey, R.K. Gupta, Removal behavior of Babool bark (Acacia
nilotica) for submicro concentrations of Hg?* from aqueous solutions:
a radiotracer study, Sep. Purif. Technol. 41 (2005) 21-28.

[36] K.R. Hall, L.C. Eagleton, A. Acrivos, T. Vermeulen, Pore- and solid-
diffusion kinetics in fixed-bed adsorption under constant-pattern condi-
tions, Ind. Eng. Chem. Fundam. 5 (1966) 212-223.

[37] T.W. Weber, R.K. Chakravorti, Pore and solid diffusion models for fixed-
bed adsorbers, J. Am. Inst. Chem. Eng. 20 (1974) 228-238.

[38] N. Kuyucak, B. Volesky, The mechanism of cobalt biosorption, Biotech-
nol. Bioeng. 33 (7) (1989) 823-831.

[39] M.X. Loukidou, K.A. Matis, A.I. Zouboulis, M. Liakopoulou-
Kyriakidou, Removal of As(V) from wastewaters by chemically modified
fungal biomass, Water Res. 37 (2003) 4544-4552.

[40] A.A. Kamnev, M. Ristic, L.P. Antonyuk, A.V. Chernyshev, V.V. Igna-
tov, Fourier transform infrared spectroscopic study of intact cells of
the nitrogen-fixing bacterium Azospirillum brasilense, J. Mol. Struct.
408-409 (1997) 201-205.



	Biosorption characteristics of Bacillus sp. ATS-2 immobilized in silica gel for removal of Pb(II)
	Introduction
	Materials and methods
	Isolation and screening of microorganism
	Preparation of the immobilized biosorbent
	Preparation of Pb(II) solutions
	Column studies
	Isotherm studies
	Analytical methods
	Mathematical equations

	Results and discussion
	Effect of initial pH
	Effect of bed length of column
	Effect of flow rate
	Effect of inlet Pb(II) ion cencentration
	Isotherm models
	FTIR spectral analysis

	Conclusion
	References


