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a b s t r a c t

The study describes the sorption of Cr, Cu, Mn and Zn by Pseudomonas aeruginosa AT18 isolated from a
site contaminated with petroleum and heavy metals. The concentrations studied were 50, 49, 60 and
70 (mg L�1) for Cr, Cu, Mn and Zn, respectively. The solution pH and ionic strength were very important
factors in the metal biosorption performance and the biosorption capacity of P. aeruginosa AT18 for Cr3+,
Cu2+, Mn2+ and Zn2+. In aqueous solution, the biosorption increased with increasing pH in the range 5.46–
7.72. The results obtained in the experimental assays show that P. aeruginosa AT18 has the capacity for
biosorption of the metallic ions Cr3+, Cu2+ and Zn2+ in solutions, although its capacity for the sorption of
manganese is low (22.39 mg Mn2+/g of biomass) in comparison to the Cr3+, Cu2+ and Zn2+ ions, as shown
by the individual analyses. However, 20% of the manganese was removed from an initial concentration of
49.0 mg L�1, with a Qm value similar to that obtained in solutions containing mixtures of Cr3+, Cu2+, Mn2+

and Zn2+. The chromium level sorbed by P. aeruginosa AT18 biomass was higher than that for Cu, Mn and
Zn, with 100% removal in the pH range 7.00–7.72 and a Qm of 121.90–200.00 mg of Cr3+/g of biomass. The
removal of Cr, Cu and Zn is also a result of precipitation processes.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction Bioadsorption of heavy metals is one of the most promising tech-
The presence of heavy metals in aquatic environments is known
to cause severe damage to aquatic life, and the fact that these met-
als kill microorganisms during the biological treatment of waste-
water causes a delay in the water purification process. Most
heavy metal salts are soluble in water and form aqueous solutions
and, as a consequence, cannot be separated by ordinary physical
separation methods (Hussein et al., 2004a,b).

Physico-chemical methods such as chemical precipitation,
chemical oxidation or reduction, electrochemical treatment, evap-
orative recovery, filtration, ion exchange and membrane technolo-
gies have been widely used to remove heavy metal ions from
industrial wastewater. These processes may be ineffective or
expensive, especially when the heavy metal ions are in solutions
dissolved heavy metal ions/L containing in the order of 1–100 mg
(Volesky, 1990; Volesky and Holan, 1995). Biological methods such
as biosorption/bioaccumulation for the removal of heavy metal
ions may provide an attractive alternative to physico-chemical
methods Kapoor and Viraraghvan, 1995).
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+34 956016411.
z Silva), josemanuel.montes-
nologies involved in the removal of toxic metals from industrial
waste streams and natural waters. It is a potential alternative to
conventional processes for the removal of metals, such as ion ex-
change processes. If the biomass employed is a waste material, then
it represents a cheap alternative to conventional processes due to the
use of a low cost sorbent material (Shumate and Strandberd, 1985).

Microorganisms uptake metal either actively (bioaccumulation)
and/or passively (biosorption) (Zhou and Kiff, 1991; Andres et al.
1993; Fourest and Roux, 1992; Hussein et al., 2001, 2004a). Feasi-
bility studies for large-scale applications demonstrated that bio-
sorptive process is more applicable than the bioaccumulative
processes, because living systems (active uptake) often require
the addition of nutrients and hence increase biological oxygen de-
mand (BOD) or chemical oxygen demand (COD) in the effluent. In
addition, maintenance of healthy microbial population is difficult
due to metal toxicity and other unsuitable environmental factors.
In addition, the potential for desorptive metal recovery is restricted
since metal may be intracellular bound, metabolic products may
form complexes with metals to retain them in solution, and math-
ematical modeling of a non-defined system is difficult (Brown and
Lester, 1982; Ajmal et al. 1996; Dilek et al. 1998).

The use of adsorbents of biological origin has emerged in the last
decade as one of the most promising alternatives to conventional
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heavy metal management strategies (Shumate and Strandberd,
1985; Eccles, 1990; Macaskie, 1990; Tsezos, 2001). The absence a
of rational method for a priori prediction of the biosorption poten-
tial of a microorganism means that the only method for identifying
and developing newer and more efficient biosorbents is the sus-
tained screening of microbes (Muraleedharan and Venkobachar
1990).

The key factors that should be considered in the application of a
technology for the removal of toxic metals from industrial waste
solutions are the use of low cost waste biomass, the cost of biomass
immobilization and the possibility of continuous re-use of the
biomass (Volesky, 2003). Many microorganisms are able to accu-
mulate heavy metals from solutions. Accumulation mechanisms
vary, although a passive physico-chemical phenomenon appears
to be the most common. This is based on adsorption, ion exchange,
complexation and/or micro-precipitation (Volesky, 1986). Biomass
cell walls, which mainly consist of polysaccharides, proteins and
lipids, offer many functional groups that can bind metal ions and
these include carboxylate, hydroxyl, phosphate and amino groups.
In some cases, adsorption on the external cell surface is a biomass
defence system against toxic heavy metals, with the microorgan-
isms producing an external polymeric layer to avoid metal pene-
tration through the cell wall (Scott and Karanjkar, 1992).

Metal sorption performance depends on some external factors
such as pH, the presence of others ions in solution (which may
be in competition), organic material in solution (such as complex-
ing agents), cell metabolic products in solution (which may cause
metal precipitation) and temperature (Kuyucak and Volesky,
1988).

Adsorption is a phenomenon that has been studied in the biore-
mediation of heavy metals diverse as, for example, cadmium, chro-
mium, lead, nickel, zinc and copper (Macaskie et al. 1987; Jianlong
et al., 2001; Liu et al., 2003; Srinath et al., 2002; Tangaromsuk et al.,
2002). Microorganisms (bacteria, fungi and algae) utilised as bio-
sorbents were isolated from polluted ecosystems, and retained
the heavy metals in relatively short time frames in contact with
these metals solutions. In this process, the biomasses capable of
participating in the sorption process are extracted easily from the
aqueous systems.

Biosorption of Cr, Cu, Mn and Zn by Pseudomonas aeruginosa
AT18 (isolated from the sites contaminated with petroleum) in
artificial samples has been studied. It was found that the heavy
metals contained in these samples decreased with time (Pérez et
al. 2006a; Pérez et al. 2006b). The aim of this paper is to study
the biosorption of these heavy metal ions by P. aeruginosa AT18
strains in single and complex solutions at intervals of pH 3–7.72
units.
2. Methods

2.1. Microorganisms and culture harvest and use

2.1.1. Biomass production
P. aeruginosa AT18 strain was isolated from the petroleum-con-

taminated soil at the Petroleum Refinery ‘‘Hermanos Díaz” in Cuba
(Pérez et al., 2008). This strain, deposited in the Culture Collection of
the Industrial Study Biotechnology Centre in the West University
(Santiago of Cuba), was maintained on nutrient agar slants. The
stock culture was transferred weekly and stored at ambient temper-
ature (30 �C). Biomass ofP. aeruginosa AT18 was developed by grow-
ing in nutrient broth (pH 7.0) at room temperature (28 ± 3 �C) for
24 h. Cells were harvested by centrifugation at 10 509g for 15 min
(Sorvall RC-5B plus centrifuge, 12166 rotor). Cell suspensions of P.
aeruginosa AT18 were prepared by resuspending a cell pellet in dis-
tilled water for use in biosorption experiments. All the experiments
were carried out with resting cells. Biomass concentration in cell
suspensions was determined by dry weight at 105 �C.
2.2. Cultivation conditions for biodegradation experiments

The mineral medium used for P. aeruginosa AT18 contained
(g L�1) NH4Cl, 0.1; K2HPO4, 0.1; KH2PO4, 0.05; CaCl2, 0.001; KCl,
0.01; FeSO4 � 7H2O, 0.001; and MgSO4 � 7H2O, 0.05, and a mixture
of oligoelements (0.05 ml L�1), whose composition was B
(0.02% v/v), Cu (0.05% v/v), Mn (0.05% v/v), Mo (0.006% v/v) and
Zn (0.07% v/v). The carbon sources (0.2% w/v in all cases) used were
M30PP, lubricant oil, kerosene, toluene and naphthalene. Controls
without carbon sources were performed. The inoculum used was
2% (v/v) of a cellular suspension of a concentration of 0.5 McFar-
land (Jorgensen et al., 1999). The strain was incubated in 500 ml
Erlenmeyer flasks containing 100 ml of the medium at 30 �C for
20 days with shaking at 150 rpm in a reciprocal shaker. All exper-
iments were carried out in triplicate (Pérez et al. 2006b).

2.3. Analytical determination

2.3.1. Metal solutions
The heavy metal adsorbates used in this study were chromium

(Cr2O3), copper (Cu(NO3)2), manganese (MnSO4) and zinc (ZnSO4).
Single stock solutions of chromium (60 mg L�1), copper (50
mg L�1), manganese (50 mg L�1) and zinc (80 mg L�1) were pre-
pared by dissolving appropriate quantities of pure metal powders
in 1% nitric acid.

2.3.2. Stock solutions
Solutions were adjusted to the desired pH values with 0.1 M so-

dium hydroxide and 0.1 M nitric acid. Chromium, copper, manga-
nese and zinc concentrations were determined using an Iris
Intrepid Thermo Elemental Inductive Coupling Plasma Atomic
Emission Spectrophotometer (ICP-AES).

2.3.3. Biomass
The qualitative analysis of the biomass obtained after 1 h in the

experiments of bioadsorption by P. aeruginosa AT18 strain was rea-
lised by Energy Dispersive Spectrometry (EDS) analysis using
instruments such as scanning electron microscope FIE Quanta-
200 (Philips) and an X-ray micro-analyser EDAX 9100/60 (Philips,
Holland). Samples of biomass were dried and coated with gold
prior to the EDS analysis.

2.4. Procedure of sorption experiments

2.4.1. Metal sorption studies
A batch equilibrium method was used to determine the sorp-

tion of chromium, copper, manganese and zinc by P. aeruginosa
AT18. A set of 250 mL Erlenmeyer flasks containing 100 mL of me-
tal solution was used in the experiments. Cell suspensions (10 mL)
were exposed to metal solutions for 72 h on a rotary shaker at
150 rpm. Biomass was separated by centrifugation at 10 000 rpm
for 15 min, and the supernatants were analysed for residual metal
concentration. Metal adsorbed by P. aeruginosa AT18 biomass (Q,
mg metal/g dry biomass) was calculated as

Q ¼ VðC0 � CeÞ=X; ð1Þ

where Q is the specific metal uptake (mg metal/g biosorbent), V is
the volume of the metal solution (mL), C0 is the initial concentra-
tion of metal in the solution (mg metal/L), Ce is the final
concentration of metal in the solution (mgL�1), and X is the dry
weight of the biomass (g).



Table 1
Kinetic parameters obtained in Langmuir and Freundlich models applied the study
bioadsorption in metallic ions Cr3+, Cu2+, Mn2+ and Zn2+ by Pseudomonas aeruginosa
AT18 in mixture solution

Metal pH Langmuir Freundlich

Kd Qm r2 K n r2
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The metal sorption ability of the biomass was determined by
the above-mentioned procedure, in all the following experiments,
unless stated otherwise.

2.4.2. Effect of pH
To check the effect of pH on biosorption, the biomass of P. aeru-

ginosa AT18 strain was conditioned to different pH environments
(ranging between 3 and 8). Suspensions of pH-conditioned
biomass (10 mL) were then contacted with metal solutions of the
corresponding pH.

2.4.3. Effect of contact time
To examine metal biosorption kinetic, 10 mL of cell suspension

(10 mg of dry cell biomass) was contacted with 100 mL aliquots of
metal solutions in 250 mL Erlenmeyer flask. Experiments were per-
formed in duplicate along with appropriate controls run simulta-
neously. Flasks were incubated on a rotary shaker at room
temperature (26–30 �C). Samples of metal solutions were with-
drawn from each flask at different time intervals (0–72 h) and were
analysed for residual metal content. The study is realised in indi-
vidual samples for each metal, and the solution mixture of metals
is studied.

3. Results and discussion

3.1. Growth P. aeruginosa AT18 on heavy metals

To examine the tolerance of heavy metals by P. aeruginosa AT18,
the cells were cultivated in nutrient broth with concentrations of
Cr3+, Cu2+, Mn2+ and Zn2+. It appears that the cells were able to sur-
vive metal concentrations as high as 300 mg L�1 for Cu2+, 150
mg L�1 for Mn2+, 100 mg L�1 for Cr3+ and 320 mg L�1 for Zn2+.

Fig. 1 shows the growth curves of P. aeruginosa AT18 in the pres-
ence of heavy metals. The observed growth is similar for all cases,
and the obtained specific growth rates are: 1.23 � 10�1 h�1 for
Cr3+, 1.33 � 10�1 h�1 for Cu2+, 1.06 � 10�1 h�1 for Mn2+ and
1.5 � 10�1 h�1 for Zn2+. However, with the presence of the mixture
of four heavy metals, the growth rates of P. aeruginosa AT18 were
inferior to the realised individual heavy metals. The growth was
major in Zn2+ followed by Cu2+, Cr2+ and Mn2+. The resistance of
P. aeruginosa AT18 to high concentration of the four heavy metals
suggests its suitability for heavy metal treatment.

3.2. Adsorption of Cr3+, Cu2+, Mn2+ and Zn2+ by P. aeruginosa AT18
(CCCEBI 1044)

During the study on the influence of Cr3+, Cu2+, Mn2+ and Zn2+ in
biodegradation of petroleum by P. aeruginosa AT18, it was observed
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Fig. 1. Growthof Pseudomonas aeruginosa AT18 in nutrient both with 300 mg L�1 for
Cu2+, 150 mg L�1 for Mn2+, 100 mg L�1 for Cr3+ and 320 mg L�1 for Zn2+.
that the concentration of these metals in the medium studied was
considerably low, and that chromium was more attractive. What is
more Pseudomonadaceas, for example P. aeruginosa, has demon-
strated to be efficient in the accumulation of different heavy metals
present in the contaminated effluents (Hussein, 1999; Hussein et
al., 2001, 2005). For this, the study of bioadsorption of the heavy
metals such as Cr3+, Cu2+, Mn2+ and Zn2+ by P. aeruginosa AT18
strain was realised.

3.3. Capacity of P. aeruginosa AT18 for adsorption of Cr3+, Cu2+, Mn2+

and Zn2+

The microorganisms and these products can be very efficient
accumulators of metals. For this reason, the technologies based
in the microorganisms are often the alternative treatments that
are viable or and that helping conventional techniques in the elim-
ination and/or recuperation of metals.

The experience on the study of capacity of biomass P. aeruginosa
AT18 in the adsorption of the metallic ions Cr3+, Cu2+, Mn2+, and
Zn2+ in aqueous solution was realised in triplicate.

3.4. Bioadsorption of Cr3+, Cu2+, Mn2+ and Zn2+ of mixture dissolution
by P. aeruginosa AT18

The biosorption of a mixture of metal ions Cr3+, Cu2+, Mn2+ and
Zn2+ using P. aeruginosa AT18 was investigated. The concentration
of each metal was 50, 60 and 70 mg L�1 for copper, manganese,
chromium and zinc, respectively.

The Langmuir and Freundlich adsorption models were used to
evaluate the adsorption behaviour on biosorbent P. aeruginosa
AT18. The Langmuir model gave the maximum sorption data of
Cr3+ Cu2+, Mn2+ and Zn2+ by P. aeruginosa. The b constant affinity
is represented between the sorbent and the sorbet, and the maxi-
mum capacity of adsorption is estimated.

Ce

Q
¼ Kd

Q m
þ 1

Q m
Ce ð2Þ

ln Q ¼ ln K þ l
n

ln Ce ð3Þ
Cr3+ 3.09 0.770 5.85 0.9093 0.290 0.6890 0.9190
5.46 1.290 59.50 0.9064 0.100 0.7280 0.9933
6.25 0.121 99.68 0.9973 0.010 0.7370 1.0000
7.0 0.152 121.90 0.9975 0.020 0.7670 1.0000
7.72 0.203 200.00 0.9957 0.022 0.8580 1.0000

Cu2+ 3.09 0.751 2.20 0.8890 0.345 0.7151 0.9011
5.46 0.004 55.25 1.0000 5 � 10�7 0.8418 1.0000
6.25 0.104 86.95 O.9994 6 � 10�5 0.9762 1.0000
7.0 0.051 5.25 1.0000 5 � 10�6 0.8423 1.0000

Mn2+ 3.09 0.441 6.60 0.8990 0.369 0.3599 0.9071
5.46 6.510 13.70 0.9010 0.537 0.5374 0.9781
6.25 4.440 17.70 0.9531 0.304 0.3045 0.9972
7.0 0.443 20.32 0.9744 0.225 0.2267 1.0000
7.72 0.275 12.38 0.9722 0.354 0.3541 0.9821

Zn2+ 3.09 1.791 1.90 O.8956 0.745 0.2032 0.9626
5.46 6.192 10.00 0.9967 0.844 1.1355 0.9922
6.25 7.334 21.9 1.0000 0.716 0.0949 0.9924
7.0 4.871 74.5 0.9872 0.657 0.7312 0.9999
7.72 6.332 56.4 0.9679 0.790 0.0834 0.9932

r2, regression coefficient of kinetic curves obtained of Langmuir and Freundlich
models.
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Fig. 2. Concentration of metallic ions: Cr3+, Cu2+, Mn2+ and Zn2+, evolution in the
solution on the biomass of Pseudomonas aeruginosa AT18.

Table 2
Kinetic parameters obtained of Langmuir and Freundlich models applied the study of
bioadsorption of Cr3+, Cu2+, Mn2+ and Zn2+ by Pseudomonas aeruginosa AT18

Metal pH Langmuir Freundlich

Kd Qm r2 K n r2

Cr3+ 7.72 0.195 200.45 0.9957 0.0002 0.7621 1.0000
Cu2+ 6.25 0.159 113.64 O.9994 4 � 10�5 0.7151 1.0000
Mn2+ 7.00 0.443 22.39 0.9744 0.0002 0.9757 1.0000
Zn2+ 7.00 2.877 87.72 0.9872 0.0020 0.8883 0.9999
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The Langmuir and Freundlich constant models, and thus the
correlation coefficients for the bioadsorption of copper by the bio-
mass of P. aeruginosa AT18 are listed in Table 1. The parameters of
Langmuir model were dependents of initial valour of pH of solu-
tion. The maximum capacity (Qm) of the metal and the constant
of equilibrium (Kd) increase with increase of initial pH and de-
crease when the pH valour is superior to 7.0, except for chromium.

The initial pH in the mixed metal ion solution is the most
important factor for the capture of metal ions by the P. aeruginosa
AT18 biomass. The low adsorption at pH 3.09 increases with the in-
crease in the pH. The highest level of adsorption was observed for
the Cr3+ ions, and the maximum adsorption capacity of 200.00 mg
Cr3+/g of biomass was obtained at pH 7.72, which represents the
removal of 99.6% of Cr3+ present in the solution.

The sorption of copper at low pH is indicative of competition
with the excess protons in the cell wall (Puranik and Paknikar,
1999). An increase in the sorption of copper was observed on
increasing the pH, with the highest removal obtained at a pH of
6.25. However, higher pH values led to a decrease in removal effi-
ciency. A study at pH 7.0 was not carried out because copper
hydroxide would precipitate out of solution at this pH. P. aeruginosa
AT18 removed 95.0% of the Cu2+ ions at pH 6.25, with a sorption
capacity of 86.95 mg of Cu2+/g of biomass. Lower values were ob-
tained both at lower and at higher pH, demonstrating that 6.25 is
the optimum pH for the adsorption of copper by P. aeruginosa AT18.

The sorption of Zn2+ ions by the P. aeruginosa AT18 biomass in
the mixture was lower than 15 mg of Zn2+/g of biomass at pH val-
ues below 6.0. However, at higher pH, Zn2+ is sorbed by the bio-
mass, and pH 7.0 proved to be the optimum pH with 87.7% of
the metal removed and with a maximum biosorption capacity of
77.5 mg of Zn2+/g of biomass. At pH values above 7, a decrease
was observed in the removal of this metal by the strain under
investigation.

In the experiments, it was found that manganese was adsorbed
to the lowest extent by the P.aeruginosa AT18 biomass, with a max-
imum biosorption capacity of 38.2 mg of Mn2+/g of biomass and a
removal of only 21.69% at pH 7.0. It is believed that this difference
in behaviour is due to the fact that Mn2+ is more soluble than Cr3+,
Cu2+ and Zn2+, meaning that a proportion of the Mn2+ was taken up
by the functional groups in the cell wall – this metal can subse-
quently be desorbed into solution. However, of the metals studied,
manganese has the highest atomic mass and this parameter could
also influence the adsorption process (Chen et al. 2000).

The maximum sorption capacity of P. aeruginosa AT18 at pH val-
ues below 6.0 units was low. This dependence of biosorption on pH
is caused by the presence of functional groups in the cell wall and
the chemical configuration of the metal. The cell wall contains
amines, amides and carboxylic acid functional groups that are
either protonated or deprotonated, depending on the pH of the
aqueous medium. Increasing the pH increases the negative charge
at the surface of the cells until all relevant functional groups are
deprotonated, a situation that favours electrochemical attraction
and sorption of cations. Furthermore, the increase in metal uptake
on increasing the pH may be the result of more efficient competi-
tion between cations and H+ for the binding sites on bacteria. An-
ions would be expected to interact more strongly with the cells as
the concentration of positive charges increases, as a result of pro-
tonation of the functional groups at low pH values (Puranik and
Paknikar, 1999).

Microscopy electronic analysis and EDS of this sample of bio-
mass taken after 1 h incubation showed the presence of metallic
ions Cr3+, Cu2+, Mn2+, and Zn2+ in the biomass, besides other con-
stituent groups of the cell wall. Among the ionic metals, chromium
was found in major proportion in the cell wall and manganese was
found in low proportion, demonstrating the result obtained in the
experiment.
3.5. Bioadsorption of Cr3+, Cu2+, Mn2+ and Zn2+ by P. aeruginosa
AT18 in independent solutions

The optimum obtained time at the pH for the adsorption of Cr3+,
Cu2+, Mn2+ and Zn2+ in the solution mixture of these metals was
prudently realized in the study of adsorption for each metal indi-
vidually, with the purpose of knowing a lot about the influence
that could cause the mixture of these metals in the adsorption pro-
cess by P. aeruginosa AT18. The study was realized in a period of
72 h at the initial pH corresponding to each metal.

During the adsorption of Cr3+ ions by P. aeruginosa AT18, the cel-
lular concentration changes depending on time (Fig. 2). It was also
observed that at the one hours of contact of dissolution with bio-
mass, the concentration decrease from 60 mgL�1 to 3.8 mgL�1,
and the bioadsorption in equilibrium was determined at 28 h.
The constant kinetic parameters of adsorption (Kd) and the maxi-
mum capacity (Qm) for the adsorption of Cr3+ by P. aeruginosa
AT18 were determined by experimental data (Table 2). P. aerugin-
osa AT18 in the assay conditions has the maximum capacity of
adsorption of 200.45 mg Cr3+ /g of biomass at a pH of 7.72, similar
to that obtained in the solution mixture (200.00 mg Cr3+/g of bio-
mass), showing that the mixture of the four metals in this study
does not have significant influence on the bioadsorption of Cr3+.
P. fluorescens bioadsorbs Cr3+ obtaining 13.26 mg Cr3+/g of biomass
to a maximum capacity of bioadsorption (Hussein et al., 2005).

The kinetic curves of Langmuir and Freundlich have the lineal
comportment with correlation coefficients proximate to 1, being
superior in the Freundlich model.

Table 2 shows the kinetic parameters calculated by applying the
kinetic Langmuir and Freundlich models on the basis of the exper-
imental data obtained during the process bioadsorption of Cr3+,
Cu2+, Mn2+ and Zn2+ by P. aeruginosa AT18.

The copper ions were removed (96%) from the solution by P.
aeruginosa AT18 at optimum pH with the adsorption being supe-
rior (113.64 mg/g of biomass) to that obtained in the solution mix-
ture (86.95 mg/g of biomass), the other metal ions in the medium
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(Cr3+, Mn2+ and Zn2+) can compete with Cu2+ ions for capturing
upon the functional group of the cell wall of P. aeruginosa AT18,
thereby obtaining much less capacity. Saxema et al., 2001 studied
removal of Cu2+ in wastewater by P. putida S4, obtaining that this
strain is capable of removing more than 80% of Cu2+ present in
the wastewater. The initial pH of the medium has an influence
on the ability of the Bacillus, Pseudomonas and Micrococcus bacteria
isolated from activated sludge. In this process, the adsorption of
Cu2+ is superior the more high is the pH (>20 mg/g of biomass at
pH > 3.5 units) (Low et al., 1998). Savvaidis et al. (2003) also stud-
ied the bioadsorption of Cu2+ by the Pseudomonas genus strain iso-
lated from the environment contaminated with heavy metals. The
study was realised in the intervals of 3–8 pH unit and obtained that
P. cepacia showed high capacity bioadsorbance with Qm of 20.32–
25.4 and 40.0–45.72 mg/g for a biomass of 317.5 mg L�1 and
635 mg L�1, respectively, for initial concentrations (Savvaidis et
al. 2003).

The adsorption of Zn2+ ions by P. aeruginosa AT18 in the individ-
ual solution of this metal is higher than the solution mixture of
Cr3+, Cu2+, Mn2+ and Zn2+. P. aeruginosa AT18 adsorbed 87.72 mg
Zn2+/g of biomass, higher than that obtained in the solution mix-
ture (74.5 mg Zn2+/g of biomass), the 94% of zinc present in the
solution was removed. Brevibacterium sp. HZM-1, isolated from
one of the soils of zinc mine showed to high adsorption this metal,
with a Qm of 41.85 mg of Zn2+/g of biomass. This biomass was also
capable of adsorbing other metallic ions such as Cu2+ (Taniguchi et
al., 2000). Thiobacillus ferroxidans also presented a high capacity of
adsorbing Zn2+ ions in aqueous solution (82.61 mg/g of biomass)
for a period of 30 min (Celaya et al., 2000).

Solution pH and ionic strength play crucial roles in determining
the metal bioadsorption performance. Bioadsorption capacity of P.
aeruginosa AT18 for Cr3+, Cu2+, Mn2+ and Zn2+ in water increased
with increasing pH in the pH range of 5.46–7.72. The results ob-
tained from experimental assay showed that P. aeruginosa AT18
has the capacity of adsorbing the metallic ions Cr3+, Cu2+ and
Zn2+ in the solutions presents; however, it showed a low capacity
for the adsorption of manganese, as in the analyses of individual
solutions low level of adsorption was obtained (22.39 mg Mn2+/g
of biomass) compared with the Cr3+, Cu2+ and Zn2+ ions. However,
the removal of 20% of manganese from the initial concentration of
49.0 mg L�1 with Qm similar to that obtained in the solution mix-
ture of Cr3+, Cu2+, Mn2+ and Zn2+ was studied.

4. Conclusions

The removal of Cr, Cu and Zn is also a result of precipitation
processes. The study demonstrated that competition besides sorp-
tion and precipitation processes can play a role in the removal of
these heavy metals. This competition at rising pH is possibly due
to enhanced alkali ion concentration and to the complexation of
the functional groups at the cell wall of P. aeruginosa. Conse-
quently, the metal removal above a pH of 5.5–5.8 is frequently
originated from mechanisms other than biosorption, as well as
the decreasing removal data above pH 7.0. Further research work
will be necessary to elucidate the contribution of the particular
processes.
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