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Abstract

Adsorption properties of bacterial biomass were tested for Cd removal from liquid effluents. Experimental conditions (pH, time, cel-
lular mass, volume, metal concentration) were studied to develop an efficient biosorption process with free or immobilised cells of Pseu-
domonas veronii 2E. Surface fixation was chosen to immobilise cells on inert surfaces including teflon membranes, silicone rubber and
polyurethane foam. Biosorption experiments were carried out at 32 °C and controlled pH; maximal Cd(II) retention was observed at
pH 7.5. The isotherm followed the Langmuir model (Kg = 0.17 mM and ¢ax = 0.48 mmol/g cell dry weight). Small changes in the sur-
face negative charge of cells were observed by electrophoretic mobility experiments in presence of Cd(II). In addition, biosorption of 40%
Cu(Il) (pH 5 and 6.2) and 50% Zn(II) and 50% Cd(II) (pH 7.5) was observed from mixtures of Cu(II), Zn(II) and Cd(II) 0.5 mM each.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Heavy metal accumulation in the urban environment is
a final result of industrial waste discharges. The removal
and recovery of heavy metals from contaminated water
and wastewater is important in the protection of the envi-
ronment and human health. There are several chemical
technologies used to remove Cu, Cd, Pb, Zn, Hg or Cr.
These include chemical precipitation, oxidation or reduc-
tion, filtration, ion exchange, electrochemical treatment,
reverse osmosis, membrane technology and evaporation
recovery. Most of these are ineffective or excessively expen-
sive when the metal concentrations are less than 100 mg/L
(Ahluwalia and Goyal, 2007; Patterson et al., 1998). Bio-
logical treatment is an innovative technology available
for heavy metal polluted wastewaters. Since microorgan-
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isms have developed survival strategies in heavy metal pol-
luted habitats, their different microbial detoxifying
mechanisms such as bioaccumulation, biotransformation,
biomineralization or biosorption can be applied either ex
situ or in situ to design economical bioremediation pro-
cesses, (Gadd, 2000; Lim et al., 2003; Lin and Lin, 2005;
Lloyd and Lovley, 2001; Lovley, 2000; Malik, 2004;
Munoz et al., 2006; Umrania, 2006; Valls and de Lorenzo,
2002).

In terms of biosorption, polysaccharides, proteins and
lipids on bacterial cell walls offer many functional groups
such as carboxylate, hydroxyl, phosphate, amine and sul-
phate groups which can bind metal ions. This natural affin-
ity of biological compounds for metallic elements could
contribute to the purification of metal-contaminated waste-
water. Successful applications make use of either living or
nonliving cells, under controlled physicochemical condi-
tions, such as pH, temperature, sorbent mass and ionic
concentration.
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Commercial application of microbial biomass as a bio-
sorbent can suffer from problems associated with the phys-
ical characteristics of this material, which can make
difficult the liquid—solid separation. As a possible solution
to this fact, the utilisation of immobilised microorganisms
has the advantage of an easier separation of the decontam-
inated effluent. Entrapment, cellular aggregation or surface
fixation are the most common methods for cell immobilisa-
tion (Akhtar et al., 2004; Bender and Phillips, 2004; Chang
et al., 2006; Gadd, 2000; Liu et al., 2003). The choice of an
adequate matrix for cell immobilisation affects the perfor-
mance of the process, since the metal biosorption efficiency
can be affected by using these heterogeneous systems (Han
et al., 2006; Vijayaraghavan et al., 2005).

Cadmium is one of the most toxic heavy metals; its envi-
ronmental appearance is a consequence of human activi-
ties, fundamentally from industrial sources. Cadmium
concentration in the range 0.1-100 mg/L are typical in
wastewater from several industries (chemical and metal
product facilities, leather and tanning processes, electricity
and gas production and sanitary industries). For cadmium,
US EPA (1995) recommends a daily maximum of 0.73 mg/
L and monthly average of 0.17 mg/mL, when best practica-
ble control technology (BPT) is applied (Patterson et al.,
1998).

Because of its high mobility, cadmium can be found
either in water or soil of any polluted ecosystem. Cd(II)
biosorption is a viable method for its immobilisation and
the use of indigenous multiresistant microorganisms for
that purpose is an efficient, ecofriendly and economical
alternative. The retention of cadmium by bacterial biomass
in industrial effluents could avoid an increase in Cd con-
tamination of water courses.

The aim of our study is to select autochthonous micro-
organisms that are able to biosorb heavy metals in aqueous
systems with 1-100 mg/L of Cu(II), Cd(II) and Zn(II), and
can be easily immobilised in polymeric matrices for the
development of a wastewater bioremediation process.
Our work is structured in four stages: (1) screening of
indigenous Cu(II), Cd(IT) and Zn(II) multiresistant/toler-
ant microorganisms from natural samples, (2) selection of
strains with the highest metal retention, (3) cell immobilisa-
tion studies on microorganisms with surface fixation ability
and (4) cadmium biosorption studies by living biomass for
future bioremediation processes.

2. Methods

2.1. Screening and selection of heavy metal resistant/tolerant
bacteria for bioremediation purposes

2.1.1. Samples

Samples were collected from polluted environments in
the Buenos Aires Metropolitan Area: (1) Estacion Fluvial
Tigre (34°25'S, 58°34'W) surface water and coastal sedi-
ments from four different points at a highly polluted area
of Reconquista River (Olguin et al., 2004; Topalian et al.,

1999a,b; Vullo et al., 2005), (2) surface water from Areco
stream, downstream of a tannery effluent discharge
(34°15'S, 59°28'W) and (3) two soil samples from a car
washing and parking area contaminated with hydrocar-
bons and heavy metals.

2.1.2. Screening of Cu, Cd and Zn resistant/tolerant bacteria

A 0.1 mL of each water sample were spread on plates
prepared with PCA medium (Plate Count Agar: casein
peptone 5 g/L, yeast extract 2.5 g/L, glucose 1 g/L, agar
14 g/L) simultaneously spiked with 0.5mM Cu(II),
0.5 mM Cd(II) and 0.5 mM Zn(I1). When soil samples were
treated, 0.1 mL of a 1:10 soil suspension in 150 mM NaCl
were spread in the same medium. Plates were incubated at
32 °C for at least 1 week. Isolated colonies were purified
three times in the same medium and tested for minimal
inhibitory concentration (MIC) for each metal in separate
assays.

2.1.3. MIC determination

MIC was determined in duplicate in PYG broth (casein
peptone 2.5 g/L, yeast extract 1.25 g/L, glucose 0.5 g/L)
with 0.1, 0.25, 0.5, 1, 2, 5 and 10 mM Cu(Il), Zn(II) or
Cd(II). Cultures were incubated at 32 °C for at least 1
week, checking bacterial development by absorbance at
600 nm every 24 h. MIC was estimated as the first dilution
which completely inhibits bacterial growth in PYG
medium.

2.1.4. Biochemical and molecular characterization

Biochemical characterization was performed by API
multitest system (Bio Mérieux). Molecular characterization
was performed by 500 bp 16S r-RNA gene sequencing
(MIDI Labs, USA) or 1500 bp 16S r-RNA (MacroGen,
Korea).

2.1.5. Batch culture heavy metal retention experiments
Metal retention in batch cultures was tested by inoculat-
ing 100 mL of PYG culture medium containing simulta-
neously Cu(II), Cd(II) and Zn(IT) (0.5 mM for strains 2E,
AR and M2 or 0.25mM for strains 1P and P2) with
10 mL of a previous culture (PYG broth plus Cu(II),
Cd(Il) and Zn(Il)). The initial metal concentrations
depended on the bacterial MIC values previously obtained.
Samples were taken at initial, exponential and stationary
phases of growth (1 week incubation, 200 rpm and
32°C). Growth was tested measuring absorbance at
600 nm (Agpo nm) and pH was determined in each sample.
All samples were centrifuged and supernatants analysed
for total Cu, Cd and Zn to estimate total retention (%).
Cell free medium (pH 5) was tested simultaneously as con-
trol and all experiments were performed in duplicates.

2.2. Biosorption experiments

Each isolate was tested for its biosorbent behaviour in
the presence of a heavy metal solution.
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2.2.1. Bacterial suspension preparation

Fifty milliliters early stationary phase cultures
(Agoo nm = 1.1-1.2) in PYG broth were centrifuged
(3000g, 15 min.). Cells were washed and resuspended in
an adequate volume of water (18 MQ cm, Millipore). The
resulting suspension contained living biomass at a concen-
tration of approximately 3 g dry weight/liter.

2.2.2. Biosorption assay

A general biosorption assay was designed for testing
bacterial retention of heavy metals in non growth condi-
tions. For that purpose, the biosorption mixture [5 mL cel-
lular suspension, 0.5 mM of each metal, 10 mM buffer and
water (18 MQ cm, Millipore) to a final volume of 10 mL]
was incubated at 32 °C and 200 rpm during 24 h. Suspen-
sions were centrifuged (3000g, 20 min.) and filtered through
0.45 pum-pore diameter cellulose membrane to obtain cell
free supernatants. Cu, Cd or Zn concentrations in superna-
tants were determined in duplicates and their decrease was
estimated by comparison to a cell free control biosorption
mixture.

2.2.3. Influence of pH on copper, cadmium and zinc
biosorption

Biosorption experiments were carried out at pH 5.5, 6.2
and 7.5. Buffer solutions of MES (2-[N-morpholino]Jethane-
sulfonic acid, pK, = 6.1, Sigma), PIPES (piperazine-N,N'-
bis[2-ethanesulfonic acid], pK, = 6.8, Sigma) and HEPES
(N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic  acid],
pK, = 7.5, Aldrich) were added to the biosorption mixture
up to 10 mM for pH regulation.

2.3. Cell immobilisation in polymeric surfaces

Different synthetic polymers were used as matrices to
evaluate bacterial adherence on their surfaces and visualize
the ability of the strains to develop biofilms on them. Poly-
urethane foam cubes (1 cm?), Teflon membrane squares
(1 cm?, 175 pm thickness) and silicon tubes (1.5 cm long,
5mm internal diameter, 2 mm wall thickness) were used
for surface immobilisation of microorganisms. The immo-
bilisation was carried out by growing cells, either in batch
or continuous systems, in presence of the different matrices
to allow adherence to each surface. For batch systems, each
material was suspended in 10 mL of PYG broth with
0.1 mM Cu, 0.1 mM Cd and 0.1 mM Zn to allow any pos-
sible activation of resistance genes and inoculated with
1 mL of the culture. The incubation was performed at
32 °C under agitation (150 rpm) or static conditions. The
culture medium was replaced every 48 h in order to
increase biomass. For continuous systems, each material
was suspended in mini-reactors containing 10 mL of the
same medium and inoculated with 2 mL of the culture.
When cells reached exponential phase of growth, by incu-
bation at 32 °C, fresh medium supply was connected at
low fluxes: 0.5mL/h. After a week, the matrices were
washed four times with water and stained with safranin

solution (0.1% in water) for microscopic observation
(100-400x).

2.4. Cadmium biosorption by Pseudomonas veronii 2E

2.4.1. Cadmium biosorption kinetics: time optimization

Cadmium biosorption was determined at different incu-
bation times of the biosorption mixture, prepared as
described above, with P. veronii 2E suspension and regu-
lated at pH 7.5 with HEPES buffer. The biosorption mix-
tures were incubated from 0 to 30h at 32°C and
200 rpm. Mixtures were treated as mentioned for cadmium
quantification in supernatants.

2.4.2. Biosorption isotherm construction

Experimental conditions previously established (pH 7.5,
HEPES, 32°C, 200 rpm, incubation time 24 h) were
applied to obtain the biosorption isotherm. P. veronii 2E
cells were exposed to Cd(II) concentrations in the range
0.050 to 2 mM. Cd(II) equilibrium concentration was mea-
sured in each supernatant after incubation and compared
to cell free control biosorption mixtures.

2.4.3. Bacterial electrophoretic mobility

The bacterial electrophoretic mobility was evaluated in
the presence and absence of Cd(II). For that purpose, a
suspension containing P. veronii 2E at a concentration of
7.6 mg dry weight/L was incubated for 3 h at 32 °C with
0, 0.01, 0.025, 0.05, 0.1 and 0.5 mM Cd(II), 10 mM KCl,
10 mM HEPES (pH 7.5) in 10 mL final volume. Z potential
was determined by scattering of laser light in a Brookhaven
90-plus zetameter as the mean value of seven measurements
of the electrophoretic mobility.

2.5. Analytical procedures

Cu, Cd and Zn were determined by Anodic Stripping
Voltammetry (ASV) using an Autolab PGStat10 (EcoChe-
mie) and a Metrohm 663 VA polarographic stand (hanging
mercury drop electrode mode). Samples were photoxidised
(Hg-UV lamp photoreactor) during 14 h in FEP bottles
(Nalgene) in order to avoid interaction between metals
and organic matter previous to cadmium quantification.

3. Results and discussion

3.1. Screening and selection of heavy metal resistant/tolerant
bacteria for bioremediation purposes

Eleven strains, able to grow in presence of Cu, Cd and
Zn in the semisolid medium, were isolated from the pol-
luted samples. These isolates were tested for Cu, Cd and
Zn MIC estimation in PYG broth. Five of them were cho-
sen due to their highest MIC for each heavy metal and the
highest biomass yield in shortest incubation times. Results
of MIC estimation are shown in Table 1. Except for M2,
Cd(I0) is clearly the most toxic metal of the three for each
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Table 1
Cu, Cd and Zn minimal inhibitory concentration (MIC) in PYG Broth of
five of the isolates

Strain MIC (mM)

Cu Cd Zn
P. veronii 2E 2 0.5 10
R. taiwanensis M2 2 5 10
D. acidovorans AR 2 1 5
K. ornithinolytica 1P 2 0.25 0.5
K. oxytoca P2 1 0.25 0.5

strain. These results are consistent with the screening for
multiresistant bacteria performed in previous studies (Vul-
lo et al., 2005), where isolates with Cd resistance were also
resistant to Cu, Zn and Pb, belonging to the lowest per-
centage group of culturable microorganisms found in the
natural samples assayed. Two factors can be considered
to account for Cd toxicity: (a) this metal is not an essential
trace element for organisms and (b) the low complexing
capacity of the culture medium used in this assay leaves
cadmium almost completely bioavailable (Ceretti et al.,
2000).

Both biochemical and molecular characterization was
carried out for each strain. The 16S rRNA gene sequence
of 500 bp revealed the identity of the microorganisms as
follows: P. veronii (2E), Ralstonia taiwanensis (M2), Delftia
acidovorans (AR), Klebsiella ornithinolytica (1P) and Kleb-
siella oxytoca (P2).

Batch culture heavy metal removal was evaluated for
each isolate, to make an adequate selection based on the
maximal Cu, Cd and Zn microbial uptakes in growth con-
ditions. In this case, different mechanisms as biosorption,
bioaccumulation, chemical precipitation of an insoluble
compound or any combination of these metal-cell interac-
tions can lead to metal retention. In all cases, culture pH
(pH 5 at initial stage, 7 at exponential phase of growth
and 8 at stationary phase of growth) were registered.
Results of maximal retention, obtained in early stationary
phase of growth, are summarized in Table 2.

Zn and Cd were retained by all strains; Cd(II) showed
the higher uptake of the three metals assayed, with reten-
tions from 7.5% to 47% (Table 2). However only P. veronii
2E retained Cu(Il) significantly (35%). Low Cu(II) bio-
availability could be responsible for these results, either
through metal complexation with culture medium compo-

Table 2
Cu, Cd and Zn maximal retention detected in early stationary phases of
batch cultures of the isolated strains

Strain Maximal retention (%)

Cu Cd Zn
P. veronii 2E 35 47 41
R. taiwanensis M2 5 46 25
D. acidovorans AR 0 7.5 38
K. ornithinolytica 1P 13 45 29
K. oxytoca P2 0 24 10

nents or through the release of a bacterial metabolite to
the culture medium with complexing capacity to Cu(Il)
(Bridge et al., 1999). PYG medium has significant concen-
trations of amino acids and peptides, which can act as com-
plexing agents. Although PYG complexing capacity was
not tested for Cu(Il), it is well established in the literature
that thermodynamic formation constants of Cu-peptide
complexes are from 3 to 7 orders higher than Cd-peptide
complex constants (Martell and Smith, 2001). Low copper
toxicity to these bacteria, as observed in MIC estimations,
could be due to Cu complexation with medium compo-
nents, biological metabolites or both.

3.2. Influence of pH on copper, cadmium and zinc biosorption

Heavy metal bioremediation processes involving bio-
sorption do not require growing cells, so it is not necessary
to add extra nutrients to the biosorption mixture. In the
absence of nutrients, no complexing capacity is expected
in the bacterial environment, so the metal is completely
available to interact with cells. Biosorption studies were
carried out to establish experimental conditions and to
select the proper bacterial strain for the process design.

pH was evaluated since it affects the number of cellular
surface sites available to bind cations, as well as metal spe-
ciation. Previous published data (Yan and Viraraghavan,
2003) showed significant pH changes during a biosorption
process when it was carried out without pH regulation. In
this work, buffered solutions are used for pH control dur-
ing the biosorption assays to ensure reliable results. Simul-
taneous biosorption of Cu, Cd and Zn was tested for each
selected strain at different pH values with proper buffer sys-
tems. 10 mM MES, 10 mM PIPES and 10 mM HEPES
were used for biosorption experiments performed at pH
5.5, pH 6.2 and pH 7.5, respectively. These buffer solutions
were chosen for the lack of complexing capacity for the
assayed metals (Ceretti et al., 2006; Good et al., 1966;
Soares et al., 1999; Soares and Conde, 2000; Vasconcelos
et al., 1998). Results shown in Table 3 are mean values
of Cu(Il), Cd(II) and Zn(II) biosorption duplicate experi-
ments. At pH 5.5 only Cu(Il) was effectively biosorbed
(22-43%, depending on the microorganism), meaning that
Cu(Il) adsorption could be achieved under these condi-
tions. This fact would confirm the possible reasons for
the low retention results obtained in batch cultures, except
for P. veronii 2E where a 35% of Cu(Il) retention was
observed at stationary phase (pH 8). Similar results are
observed at pH 6.2: besides Cu(Il) biosorption (19-51%),
48% Zn was also biosorbed by K. oxytoca P2. Cd(II) and
Zn(I1) biosorption is clearly observed at pH 7.5 in all
strains.

3.3. Cell immobilisation in low cost materials
Besides the high biosorption yield obtained in the iso-

lated bacteria, the heavy metal bioremediation process
requires the microorganisms to be attached to a solid
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Table 3

Cu, Cd and Zn biosorption by indigenous bacteria at different pH and in low complexing capacity conditions (absence of nutrients)

Strain % Heavy metal biosorbed

pH 5.5 (MES) pH 6.2 (PIPES) pH 7.5 (HEPES)*

Cu Cd Zn Cu Cd Zn Cd Zn
P. veronii 2E 43 5 7 40 0 0 50 53
R. taiwanensis M2 25 6 3 42 0 5 33 38
D. acidovorans AR 27 0 0 51 3 4 64 78
K. ornithinolytica 1P 29 0 0 26 0 0 49 61
K. oxytoca P2 22 0 0 19 0 48 42 45

& Cu(II) biosorption was not evaluated at this pH due to chemical precipitation of copper compounds.

surface. Different matrices were tested for cell immobilisa-
tion. Surface fixation was chosen as immobilisation meth-
odology instead of cell entrapment. Although cell
immobilisation was successfully achieved in calcium algi-
nate beads, this matrix was not considered for our biosorp-
tion experiments because of its high affinity for heavy
metals. Studies of metal retention kinetics by calcium algi-
nate were carried out, confirming that almost 100% of the
metal assayed was retained by the beads (Vullo et al., 2003)
and that it is pointless to try to improve heavy metal reten-
tion by bacterial cell entrapment in calcium alginate beads
(Arica et al., 2001, 2004; Davis et al., 2003; Vullo et al.,
2003). Calcium alginate is very useful for entrapping cells
in its gel structure. Its advantage resides mostly in the
re-utilisation of the entrapped cells. Although, the high
heavy metal affinity of alginate makes it unusable for the
development of continuous industrial processes as the

recovery of the alginic acid would increase the final costs
of the effluent treatment.

Successful bacterial immobilisation was achieved on
inert surfaces such as Teflon membranes, silicone rubber
and polyurethane foams. Best results on surface fixation
were obtained with P. veronii 2E, which was able to grow
on all three surfaces. This microorganism was able to
develop a film over the matrix surfaces, and also to form
aggregates and to adhere to glass during batch cultures.
The development of the other bacteria on the same surfaces
could barely be observed. Photos of cell immobilisation on
different materials are shown in Fig. 1: P. veronii 2E red-
stained cells were seen over polymeric structures of poly-
urethane foams (Fig. 1A), on silicone rubber surfaces
(Fig. 1C) and on Teflon membranes (Fig. 1E), while K. orn-
ithinolytica 1P was not able to attach successfully to any of
these surfaces (Fig. 1B, D and F). Higher bacterial density

Safranin stained cells

e

c D
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d

Fig. 1. Safranin stained cells immobilised on polymeric surfaces (100x magnification images): P. veronii 2E grown on polyurethane foam structure (A); on
silicon rubber (C) and on Teflon membrane (E). K. ornithinolytica 1P grown on polyurethane foam structure (B); on silicon rubber (D) and on Teflon

membrane (F).
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was observed when the microorganisms grew in static
batch culture conditions with periodic medium removal,
or when very low culture medium fluxes in continuous sys-
tems were used.

3.4. Cadmium biosorption by P. veronii 2E

P. veronii 2E was selected for further studies of cadmium
biosorption for the following reasons: (1) the high tolerance
to cadmium and high biomass yields observed in PYG
broth with low complexing capacity, (2) high cadmium bio-
sorption yield at controlled pH (7.5) in a non-complexing
mixture and (3) the ability to develop films on inert surfaces,
which allow the utilisation of fixed or fluidized bed reactors.

As a first approach, biosorption kinetics were studied
following Cd retention as a function of time (Fig. 2). Max-
imal biosorption efficiency (76.8%) was reached in 5 h and
no further changes in Cd(II) concentration were observed
through 30 h under these experimental conditions.

Cadmium biosorption isotherm was constructed
(Fig. 3A) and data were analyzed using the classical Lang-

100 q
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60 A
504
40
304
201!
10 1
0

e

BIOSORBED Cd (%)

a 5 10 15 20 25 30 35 40
TIME ¢hours)

Fig. 2. Cd biosorption kinetics of P. veronii 2E: total Cd(I1I) biosorbed as
% of initial concentration as a function of incubation time (32 °C,
200 rpm, pH 7.5).
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muir adsorption model. This model assumes that adsorp-
tion occurs in a monolayer, that all adsorption sites are
identical and that no changes in adsorption free energy
are observed at all sites. According to this, when adsorp-
tion follows Langmuir model the number of occupied sites,
g, 1s given by

9 = 9max ° Cf/(Kd + Cf) or Cf/q = Kd/qmax + Cf/qmax

where ¢n.x 1s related to the total number of adsorption
sites, Cris Cd (II) final equilibrium concentration in super-
natants and Kj is the equilibrium constant for the dissoci-
ation of the surface complex. The number of occupied sites,
g, was calculated as follows:

q = (Cl — Cf) X Vl/mt

where C; is the initial Cd(II) concentration, ¥V is the total
volume of the biosorption mixture assayed and m, is the
total biosorbent mass as dry weight. Cd(II) equilibrium
concentration was determined as previously described.
Adsorption parameters obtained after linearization of
the Langmuir model (Fig. 3A and B) showed that cadmium
biosorption mediated by P. veronii 2E is in agreement with
this model. Model parameters K4 = (0.17 4+ 0.06) mM and
Gmax = (0.48 £ 0.09) mmol/g cell dry weight were obtained.
Dissociation constant (Ky) is the inverse of the affinity con-
stant of binding sites (K,gz= 5.88 mM*') and ¢max 18 the
maximal amount of Cd per unit weight of cell to form a
complete monolayer on the surface (theoretical saturation
capacity). Comparison of these results with previous
reported data on some Langmuir constants are shown in
Table 4. K4 is in good agreement with the value obtained
with the endospore forming Gram positive bacterium
Bacillus cereus (Qi et al., 2006) and with the fungus Rhizo-
pus arrhizus (Yin et al., 1999). Meanwhile, ¢,.x = 0.48
mmol/g cell dry weight is similar to Pseudomonas aerugin-
osa PU21 (Chang et al., 1997), Bacillus cereus or Rhizopus
arrhizus (Qi et al., 2006; Yin et al., 1999). The maximal
biosorption capacity values of Langmuir parameters for

3B
4.5 1 y=2.1007 x +0.3637
4 4 RZ=0 9693
354

m/mmol.g”

-~ P
= K mow
PP

EQUILIBRIUM CONCENTRATION/qg

0 05 1 15 2

EQUILIBRIUM CONCENTRATION (mM)

Fig. 3. Biosorption isotherm of Cd by P. veronii 2E: (A) ¢ (number of occupied sites: mmol Cd biosorbed per g cellular dry weight) vs. cadmium
equilibrium concentration: (#) experimental data, (B) Langmuir model linearization.
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Table 4

Comparison of Cd(II) biosorption Langmuir parameters (Kg, ¢max)
between microorganisms reported in the literature (Chang et al., 1997;
Yan and Viraraghavan, 2003; Qi et al., 2006; Yin et al., 1999) and P.
veronii 2E

Microorganism Ky Gmax
mg/L mM mg/g mmol/g
Pseudomonas aeruginosa PU21 1.25 - 57.37 -
0.59 43.44
0.39 40.80
Mucor rouxii 0.17 - 8.46 -
Bacillus cereus 20 - 44.4 -
Rhizopus arrhizus - 0.082 - 0.56
P. veronii 2E 19 0.17 54 0.48
Cd (mM)
0 0.1 0.2 03 0.4 05
-20
-22
s 24
E-25~ e == === === 2@ @c==.==.n -
E 28
d L}
= -30 4 .
E -321 o
E -34
N -36 4
387
-40 A

Fig. 4. Effect of increasing cadmium concentration on P. veronii 2E
electrophoretic mobility.

different microorganisms, including P. veronii 2E, are in the
same range.

Bacterial cell surface properties play an important role
in many physical phenomena. Metal biosorption depends
upon the available surface negative charges. Cd(II) bio-
sorption could affect these surface negative charges and
thus bacterial electric properties. Electrophoretic mobility
measurements are generally done to understand bacterial
cell electric properties (Borrok and Fein, 2005; Hayashi
et al., 2003; Hetzer et al., 2006), determining Zeta potential
values. Results of bacterial electrophoretic mobility exper-
iments in presence of Cd(II) are shown in Fig. 4. Higher
values of Zeta potential were obtained with increasing Cd
concentrations. Since this parameter is proportional to
the electrophoretic mobility, these results mean that the
number of exposed negative charges on bacterial surface
decreased with concentrations of 0.01 and 0.025 mM Cd.
For concentrations greater than 0.05 mM, no changes are
observed in Z potential, which could be explained by the
saturation of the cell surface sites available for Cd, under
the experimental conditions set for this assay.

4. Conclusion

In conclusion, P. veronii 2E may be considered a good
candidate for the biosorption of metals, in particular cad-

mium. When designing a reactor for water treatment, it is
important to achieve the best conditions for metal reten-
tion at the lowest cost. Experimental biosorption condi-
tions (pH 7.5, 3 g dry weight biomass/L, 32 °C) were
studied in absence of microbial nutrients to ensure a low
complexing capacity of medium components and high bio-
availability of metals. Also, for an ex situ bioremediation
process, costs will be lower when there is no need to include
nutrients. The use of fixed or fluidized bed reactors is pre-
ferred because of easier recovery of the treated effluent, so a
successful bacterial immobilisation on different matrices is
required. Experiments on complexing capacity evaluation
in industrial effluents are necessary to verify the metal bio-
availability and improve the efficiency of the process. Our
immobilisation and sorption results can be used to guide
and optimize bioremediation pilot-scale experiments using
this indigenous microorganism as metal biosorbent.
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