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Abstract. Biosorption of Cd(II) and Pb(II) ions from aqueous solu-
tion using lyophilized Pseudomonas aeruginosa (PAOI) cells was studied
under various experimental conditions. The effect of pH, initial metal
concentration and adsorption time on bioadsorption was investigated.
The optimum pH value range for Cd(II) adsorption was found to be
4.0-7.0, and for Pb(II) it was 4.0-5.0. Pb(II) and Cd(II) bioadsorption
equilibrium was analyzed by using Langmuir model. The maximum up-
take capacity of Pb(II) and Cd(II) was estimated to be 164 mg g~! and
132 mg g~ !, respectively.
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1 Introduction

Heavy metal pollution is one of the most important environmental problems
today. In recent years, applying biotechnology in controlling and removing
metal pollution has been paid much attention, and gradually becomes hot
topic in the field of metal pollution control because of its potential applica-
tion. Alternative process is biosorption, which utilizes various certain natural
materials of biological origin, including bacteria, fungi, yeast and algae. These
biosorbents possess metal-sequestering property and can be used to decrease
the concentration of heavy metal ions out of dilute complex solutions with
high efficiency and quickly, therefore it is an ideal candidate for the treat-
ment of high volume and low concentration complex wastewaters. Therefore
researches on biosorption have become an active field for the removal of metal
ions or organic compounds [1, 2].

The capability of some living microorganisms to accumulate metallic ele-
ments have been observed at first from toxicology point of view. However,
inactive/dead microbial biomass can also passively bind metal ions via va-
rious physicochemical mechanisms. Mechanisms responsible for biosorption,
although understood to a limited extent, may be one or combination of ion
exchange, complexation, coordination, adsorption, electrostatic interaction,
chelation and microprecipitation [1, 3]. The uptake of heavy metals by biomass
is usually classified into three categories: (1) cell surface binding, (2) intracellu-
lar accumulation and (3) extracellular accumulation [1, 4]. Being metabolism-
independent, the cell surface binding can occur in either living or inactivated
microorganisms, whereas the intracellular and extracellular accumulation of
metals are usually energy-driven processes, and thus can take place in living
cells [5].

Several investigations have reported that Pseudomonas aeruginosa displays
efficiency for metal uptake [6, 7, 8]. Chang and Chen studied the biosorption
of cooper(II), lead(II) and cadmium(II) ions on P. aeruginosa and the multi-
metal adsorption results showed that lead and cooper significantly inhibited
the adsorption of cadmium, while the effects of cadmium on the adsorption of
cooper and lead were limited [9]. They also reported the combined effects of
two or more metal ions on inactivated P. aeruginosa depend on the number of
the metals competing for binding sites, metal combination, levels of metal ion
concentration, order of metal addition, and residence time [9], [10]. Leung et
al. selected Pseudomonas as biosorbent for lead, cooper and nickel, among 12
bacteria isolated from activated sludge. They reported the maximum sorption
capacity 271.7 and 46.8 mg g~ for lead(II) and copper(II) ions, respectively



Bioadsorption of lead(Il) and cadmium(II) ions of onto the lyophilized cell surface 7

[9, 10]. Kang et al. the Cr(III) and Cr(VI) biosorption studied onto the
cell surface of P. aeruginosa. Batch experiments were conducted with various
initial concentrations of chromium ions to obtain the sorption capacity and
isotherm. It was found that the sorption isotherm of P. aeruginosa for Cr(I1I)
was described well by Langmuir isotherm model, while Cr(VI) appeared to fit
Freundlich model. The results of F'T-IR analysis suggested that the chromium
binding sites on the bacterial cell surface were most likely carboxyl and amine
groups. The bacterial surface of P. aeruginosa seemed to engage in reductive
and adsorptive reactions with respect to Cr(VI) biosorption [11].

In this study the biosorption characteristics of lyophilized Pseudomonas
aeruginosa bacterial cells for cadmium(II) and lead(II) ions in aqueous sus-
pension are being presented. The effect of pH, contact time and initial heavy-
metal concentration on biosorption were investigated for both heavy-metal
ions. Bioadsorption isotherms were determined for cadmium(II) and lead(II)
ions in batch systems in the initial concentration range of 5-250 mg 1=1.

2 Materials and Methods

Bacterial strain and cultivation

The microorganism used in this study was Pseudomonas aeruginosa (PAO1).
The strain was cultivated in Mueller-Hinton broth (Difco) using shaken flasks.
They were incubated at 37 °C and the liquid cultures were agitated at 220
rpm. The reproduction curve was performed by using ODggg values by spec-
trophotometry (Fig. 1., Spectronic, Genesys 5, Milton Roy Company, USA).
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Figure 1: Time-course profiles of growth by Pseudomonas aeruginosa PAO1 cells.
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In Fig. 1 the optical densities of bacterial cell suspension were presented
against incubation time. The minimum inhibitory concentration (MIC) was
determined with half dilution method by using 96 mmol 17! initial heavy-metal
concentration. The concentrations of heavy-metals were 96.0, 48.0, 24.0, 12.0,
6.0, 3.0 and 1.5 mmol 17!, The MIC values were determined after solid plate
cultivation and the cell number was compared with the control culture.

Preparation of biosorbents

Cells were harvested by centrifugation (10000 rpm, 30 min) at early-stationary
phase of growth, after 38 h incubation. Cells were twice rinsed with physio-
logical salt solution, then freeze-dried (lyophilization) after centrifugation.

Preparation of heavy-metal solution

The heavy-metal test solutions containing Pb(II) and Cd(II) ions were pre-
pared from PbNO3 (Fluka, Germany) and CdNO3-H2O (Fluka, Germany) in
the concentration range of 5-500 mg 1='. The pH values of the adsorption
systems were adjusted by using 0.1 M NaOH and 0.1 M HCI solutions.

Analysis of heavy-metals

The concentration of heavy-metals in solutions was measured by Atomic
Absorption Spectrometer (Perkin — Elmer 2380) at 217 nm for Pb(II) and
228 nm for Cd(II). Before measurement the heavy-metal solutions were di-
luted with deionized water to ensure that the heavy-metal concentration in
the sample was linearly dependent on the absorbance detected. The calibra-
tion of cadmium(II) and Pb(II) was made with standard cadmium and lead
solution (Scharlau) in the concentration range of 0-2.5 mg 17! for Cd(IT and
0-10 mg 17! for Pb(II).

Study of pH effect on biosorption

The effect of pH on Cd(II) and Pb(II) adsorption was investigated by Pseu-
domonas aeruginosa biomass in aqueous suspension. To determine the opti-
mum pH range of bioadsorption, adsorption measurements with 25 and 50 mg
171 solutions were performed for both Cd(IT) and Pb(II) ions in the pH range
of 3.0-8.0. The suspension concentration was 1 g 17!, The initial pH of the sus-
pension was 5.6 and the expected pH was regulated with 0.1 M NaOH and 0.1
M HCI solutions, then the adsorption systems were agitated at 250 rpm. After
24 hours samples were taken from the adsorption systems and were spin-dried
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at 10000 rpm till 10 minutes and diluted for analysis by atomic absorption
spectrophotometry.

Kinetics study of biosorption

In the Cd(IT) and Pb(II) biosorption kinetics study by Pseudomonas aerugi-
nosa the concentration of Cd(IT) and Pb(II) ions were 50 mg 17! at suspension
concentration of 1 g 17'. Samples were taken from the solutions at desired in-
tervals and the metal concentrations of the supernatants were measured after
centrifugation. The supernatants were spin-dried at 5500 rpm till 10 minutes
and diluted for analysis by atomic absorption spectrophotometry.

Determination of bioadsorption isotherms

The biomasses (1g 17!) were suspended in heavy-metal solutions in the glass
containers, which were gently agitated at room temperature. For the determi-
nation of adsorption isotherms for Pb(II) and Cd(II) solutions in the concen-
tration range of 5-250 mg 1=! were used. After 24 hours incubation, samples
were taken from the suspensions, and the biomass was separated from the
heavy-metal solution at 10 000 rpm for 5 min, and then the heavy-metal
content of the supernatant was measured by AAS. The metal uptake was

calculated as follows: ( )V
Co— Ce) -
g=-2 "7 (1)

m

q is the adsorbed amount of heavy-metals (mg g~ 1),
co is the initial heavy-metal concentration (mg 171),
ce is the heavy-.metal concentration in the adsorption equilibrium (mg171),
V is the volume of the solution (1), and
m is the mass of biosorbent (g).
All experiments were performed in duplicates.

3 Results and discussions

Determination of minimum inhibitory concentration for cadmium/(IT)
and lead(II) ions

Free cells of P. aeruginosa were susceptible to the heavy-metals tested. The
measured value of MICs for cadmium(II) was 20 mmol 17! and for lead(II)
was 12 mmol 171 | respectively. These values were close to previously reported
for P. aeruginosa (15 mmol 171 for Pb(II)) [12]. The growth medium having
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complex rich composition (Mueller-Hinton broth) was used, which resulted
in a high level of complexation between the metal cations and components
of the growth medium. The residual concentrations of supernatant in the
heavy-metal stock solutions were determined after centrifugation. Due to pre-
cipitation the MIC value was found to be 6 mmol 17! for cadmium(II) and 1.8
mmol 171 for lead(II).

pH effect on cadmium(II) and lead(II) bioadsorption

It has been shown that the affinity of cationic species towards the functional
groups present in the cellular surface is strongly dependent on the pH [13]. Fig.
2a and 2b summarize the results of the adsorption of Cd(II) and Pb(II) ions
by Pseudomonas aeruginosa PAO1 bacterial cells as a function of pH at initial
concentrations of 25 and 50 mg 17.
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Figure 2: Effect of pH on (a) Cd(II) and (b) Pb(II) biosorption by Pseudomonas
aeruginosa PAO1 bacterial biomass. Initial concentrations: 25 and 50 mg 17!, contact
time: 24 h, biomass concentration: 1 g 17!, temperature: 22.5°C.
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In both cases, metal uptake by the biomass increases with increasing pH till
it reaches a maximum after which the metal uptake decreases. The bacte-
rial cell wall contains negatively charged functional groups such as carboxyl,
phosphate, imidazole and amino groups. They are primarily responsible for
the anionic character and metal binding capacity of the cell wall by Gram-
negative bacteria [14]. Increasing pH increases the negative charge on the cell
surface, which favors the adsorption of the heavy-metal cations. In addition,
metal ions undergo hydrolysis as the pH inceases, so strong acidic pH range
(pH < 3) is not appropriate for adsorption. High alkaline pH (pH > 8) re-
sults metal precipitation. So the effect of pH was determined in the pH range
of 3.0-8.0. Optimum pH values were found to be at 4.0-7.0 for cadmium(II)
and 4.0-5.0 for lead(II) biosorption. Other investigators like Chang et al. re-
ported that the maximum pH by inactivated and resting cells of P. aeruginosa
PU21 was 5.5 for lead(II) and 6.0 for cadmium(II) [5, 15]. For P. pudita it
was 6.0 [16].

Time-course of biosorption

The time-course profiles for the adsorption of Pb(II) and Cd(II) ions by
freeze-dried bacterial cells are shown in Fig. 3a-b. and 4a-b. Fig. 3a and 4a
represent the adsorbed amounts of Cd(II) and Pb(II) by the biomass, respec-
tively, in the function of contact time. In Fig. 3b and 4b the adsorption effi-
ciencies by the biomass for Cd(II) and for Pb(II) are presented against contact
time. The metal concentration decreased rapidly during the first 10 minutes
and remined nearly constant after 20 minutes of adsorption, suggesting that
the biosorption was very fast and reached saturation within 20 minutes.

50
45 A
40 A
35 A1
30 A
25 A
20 A
15 1
10 A
51 a

q (mg/g)

0 20 40 60 80 100 120

t(min)



12

A. Kénig-Péter, T. Pernyeszi, B. Kocsis, A. Hegediisova

120
100
g g0
c
2
2 60
¥
o 40
T
©
20
0

e o o o0

20 40 60

t(min)

Figure 3: Biosorption of Cd(II) by lyophilized cells of Pseudomonas aeruginosa PAO1

(pH = 5.6) as a function of time. Biomass concentration: 1 g17!, initial concentration
50 mg 17!, temperature: 22.5°C.
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Figure 4: Biosorption of Pb(II) by lyophilized cells of Pseudomonas aeruginosa PAO1

(pH = 5.6) as a function of time. Biomass concentration: 1 g 17!, initial concentration
50 mg 17!, temperature: 22.5°C.
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This finding is in agreement with earlier studies [5,15]. The cells can accu-
mulate metal ions by their surface and intracellular binding sites. The metal
adsorption capacity of lyophilized cells for Cd(II) was 47.6 mg g~ (95 %) and
for Pb(II) it was 46.6 mg g~! (92 %), which values do not show significant
difference at initial 50 mg 17! metal concentration. Further examination of
bioadsorption equilibrium is needed.

Bioadsorption isotherms

Cadmium(II) and lead(II) sorption performance on lyophilized bacterial
cells of P. aeruginosa PAO1 was achieved by the biosorption equilibrium mea-
surements at initial concentration of 5-250 mg 1! for both metals at pH 5.6.
Biomass concentration was 1 g 17'. The equilibrium bioadsorption isotherms
determined for both heavy-metals using batch technique shows that metal up-
take by bacterial biomass was a chemically equilibrated and saturable mecha-
nism (Fig. 5.) Thus, there was an increase in metal uptake as long as binding
sites were free. Preferential adsorption mechanism can be observed for Pb(II)
adsorption in comparison with Cd(II) adsorption process. Experimental data
were applied to adsorption model given by Langmuir, where its mathematical
formulas can be expressed as:

_ 9maz bce

e = 2
g 1+ bee 2)

and its linear form is represented by the following equation:

Ce 1 Ce
€ 3
-+ (3)

q qmazx * Gmin

where b is the adsorption equilibrium constant including the affinity of binding
sites (1 mg™!), ce and qe are unadsorbed metal ions in solution and adsorbed
metal ions on the biosorbent at equilibrium, respectively, qmax is the max-
imum amount of metal ion per unit weight of adsorbent to form a complex
monolayer on the surface (mg g=!) [1, 2, 5, 13, 15, 17].

The calculated gqmax Langmuir parameter gave a correlation with the ex-
perimental value. The calculated gmax value obtained for Pb(II) was 163.9
mg g~ !, it was higher than that for Cd(II): 131.6 mg g~!. The experimental
qmax value for Pb(II) was 155 mg g~ !, while it was 117 mg g~ ! for Cd(II). The
values of equilibrium constant b for Pb(II) and Cd(II) were calculated to be
0.508 1 mg~! and 0.054 1 mg~', respectively, which indicates that, lyophilized
cells of P. aeruginosa possesses a higher adsorption affinity for Pb(II) ions as
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compared to that for Cd(II) ions. Such correlation led us to conclude that the
energy of adsorption is more favorable for lead (II) ions that for Cd(II) ions.
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Figure 5: Bioadsorption isotherms of freeze-dried Pseudomonas aeruginosa PAO1
bacterial cells.for Cd(IT) and Pb(II) ions in the initial heavy-metal concentration of
5-250 mg 1~! . Biomass concentration: 1 g 17!, pH = 5.6, temperature: 22.5°C.
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Figure 6: Bioadsorption isotherms of freeze-dried Pseudomonas aeruginosa PAO1
bacterial cells.for Cd(IT) and Pb(II) ions in the initial heavy-metal concentration of
5-250 mg 1~! . Biomass concentration: 1 g 17!, pH = 5.6, temperature: 22.5°C.
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4 Conclusion

Lyophilized bacterial cells of Pseudomonas aeruginosa PAO1 was able to
adsorb cadmium(II) and lead(IT) ions with considerably high capacities. As the
pH increased, the metal adsorption capacity increased significantly. However,
with the restriction of forming insoluble metal hydroxides at high pH values,
the optimal operating pH in this study was 4.0-7.0 for biosorption of Cd(II)
and 4.0-5.0 for biosorption of Pb(II), respectively. At low initial concentrations
of Cd(II) and Pb(II) ions there was no significant difference in adsorption
capacities. The biosorption was very fast and reached saturation within 20
minutes. Adsorption data were well described by the Langmuir model. The
maximum uptake capacity of Pb(II) and Cd(II) ions was estimated to be 164
mg g~ and 132 mg g~ !, respectively. Biomass of Pseudomonas aeruginosa
PAO1 appears to have the possibility to be an effective adsorbent for the
removal of heavy-metals from polluted wastewaters.
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