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Abstract The accumulation of Cd(II), Cu(II), Pb(Il) and
Zn(Il) at mgL-! concentration levels by inactive freeze-
dried biomass of Pseudomonas Putida has been investigated.
These metals could be efficiently removed from diluted
aqueous solutions. A contact time of 10 min was sufficient
to reach equilibrium. The pH has a strong effect on metal
biosorption and the optimal pH values were 6.0, 5.0-6.0,
6.0-6.5 and 7.0-7.5 for Cd(II), Cu(II), Pb(II) and Zn(II) re-
spectively. Under these conditions there was 80% removal
for all metals studied. The process of biosorption can be de-
scribed by a Langmuir-type adsorption model. This model
accounts for 98% of the data variance. The K, and ¢,,,, pa-
rameters for each metal are strongly correlated (at confi-
dence levels greater than 98%) with the metal acidity, quan-
tified by the constant of the corresponding M(OH)* com-
plex, thus confirming previous assertions by other authors.

Keywords Heavy metals - Biosorption - P. Putida -
Biomass

Introduction

The industrial use of metals leads to an alarming increase
of metal concentrations in the environment. Metals are
among main environmental concerns because of their
unique characteristics: unlike organic pollutants, they are
non-biodegradable and hence are accumulated by living
organisms. The problem is aggravated by their high dis-
persion; they are widely spread in aquatic systems [1] from
where they enter the food chain.

In general, chemical pollutants at low concentrations
are difficult to remove from aqueous solutions. The avail-
able technologies for metal removal include chemical pre-
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cipitation, complexation or extraction with organic sol-
vents, but they become inefficient when applied to metals
present at trace concentrations. Adsorption is one of the
few alternatives available for such situations and some in-
organic materials such as alumina [2] and activated car-
bon [3] have been tested. The possibility of using biolog-
ical solids has been also investigated: algae [4, 5, 6, 7],
yeast [8], fungi [9] and bacteria [10, 11, 12, 13, 14] have
been proposed to accumulate metal ions under the general
term of biosorption [15]. The biosorption of metals can be
produced by two main mechanisms [16]: active (depen-
dant upon metabolism) and passive (independent of me-
tabolism). The former may only take place in the restricted
range of conditions (pH, temperature, nutrients) that will
allow the cells to maintain their life functions. Passive
processes, on the other hand, take place in living and dead
cells and occur in a broader range of environmental con-
ditions. The efficiency of biosorption is usually higher in
the passive process [17, 18] and it seems to occur via an
ion-exchange process, in which metal ions compete with
hydrogen ions for negatively charged binding sites on the
cell wall [19, 20, 21]. To inactivate these microorganisms,
different physical and chemical treatments have been pro-
posed [22]. Although these treatments could change the
structural properties of the biological solids and therefore
their ability for biosorption, freeze-drying does not seem
to modify the structure of the wall cells [23].

In this paper, biosorption of cadmium, copper, lead an
zinc by freeze-dried Pseudomonas Putida has been inves-
tigated. Cadmium and lead are toxic at very low concen-
trations, whereas copper and zinc are essential but recog-
nized as potentially toxic at higher concentrations. Pseudo-
monas Putida is widely distributed in nature and its basic
habitat is wastewaters and soils.

Experimental

Reagents

Stock solutions of Cd(II), Cu(Il), Pb(Il) and Zn(Il) were prepared
daily by dilution of Carlo Erba standards (1,000 mgL-"). Acetate,



succinate and borate buffer solutions (0.1 M) were prepared from
the appropriate reagent (analytical-grade acetic acid, succinic acid
and boric acid, respectively) and sodium hydroxide and used to
cover the pH range 4.0-9.5. Glassware, sample bottles and reagent
containers were decontaminated before use by soaking in nitric
acid 2M for 2days and then rinsed several times with water.
Deionized water was used throughout the experimental study.

Instruments

The biosorption experiments were performed with shaking and the
centrifugation was carried out at 5,500 rpm. Values of pH were de-
termined by using standardized procedures. Mineralization of sam-
ples was carried out in a homemade UV digestor equipped with a
150-W mercury lamp [24].

Heavy metals were measured by differential pulse anodic strip-
ping voltammetry (DPASV) with a Metrohm 663 VA Stand con-
nected to a central control unit Metrohm E506 Polarecord. A con-
ventional three-electrode system was utilized, consisting of a
Metrohm multimode electrode used in the hanging mercury drop
electrode (HMDE) mode, an Ag/saturated AgCl/3M KClI refer-
ence electrode and a Pt rod as counter electrode. A medium drop
size of the HMDE was selected and the mercury used was triply
distilled.

Organism growing conditions

Pseudomonas Putida cells were grown in flasks at 30 °C with shak-
ing at 200 rpm for 24 h. The growth media for the experiments were
Tryptic Soy Agar (TSA) from Merck, prepared by dissolving 40 g
in 1L deionised water (pH 7.3 at 37°C), and Tryptic Soy Broth
(TSB) from Biolife prepared by dissolving 30 g in deionized water
to total dissolution (pH 7.3 at 37 °C). These growing media were
sterilized in an autoclave at 121 °C for 20 min before inoculation.
The bacterial cells were harvested by centrifugation at 12,400 g
(9,500 rpm) and then washed three times with distilled water.

Cell inactivation

Freeze-drying of the cells was performed at a temperature ranging
from —40°C to —50°C and a pressure of 10mbar. When the
process was finished, bacterial cells were reduced to powder and
stored at —3 °C in the darkness until use.

Analytical methods

The biosorption experiments were performed by preparing suspen-
sions with 1 mg mL~! of inactive cells in different media containing
a given amount of the studied metal. After the contact and cen-
trifugation, the metal present in the supernatant solutions was de-
termined by DPASV, and the retained metal was calculated by dif-
ference. DPASV requires the destruction of the dissolved organic
matter, so the solutions were previously mineralised by UV-diges-
tion [24]. The experimental procedure, optimised for our solutions
by using Taguchi experimental designs [25], was as follows: 20 mL
of the supernatant solution was transferred into a quartz tube with
60 UL of 40% hydrogen peroxide and 25 pL of concentrated sulfu-
ric acid and the mixture was irradiated for 45 min.

The digested sample was then transferred to the voltammetric
cell, and its pH adjusted to around 4.5 by addition of 2M sodium
acetate. The solution was deoxygenated by purging with water-sat-
urated nitrogen for 10 min. A new mercury drop was extruded and
the plating potential was set at —1.0 V for 60 s whilst the solution
was stirred at 1,920 rpm. Then the stirrer was stopped and after
30, the electrode potential was scanned towards more positive
potential values at a scan rate of 20mV s~! and using a superim-
posed differential pulse of 50-mV amplitude, a pulse duration of
60ms and an interval between pulses of 400 ms. Stripping peaks
were registered at different potentials for each metal: Zn(II) around
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—1.00V, Cd(I) around -0.60 V, Pb(II) around —0.40 V and Cu(1l)
around 0.00 V. The standard additions method was used to quan-
tify the metal concentration and avoid matrix effects.

Results and discussion
Centrifugation time

The biosorption studies imply the contact between the
biomass and the solution containing the metal. In order to
accurately determine the amount of metal retained by the
biomass it becomes necessary to separate the liquid and
the solid phases. In this case, the separation was accom-
plished by centrifugation, so a study to determine the op-
timal centrifugation time was carried out. A set of suspen-
sions containing different amounts (2—-34 mg) of biomass
in 25 mL of water was prepared. The suspensions were cen-
trifuged and the absorbance at 660 nm of the supernatant so-
lutions was measured at different times. The time for con-
stant absorbance (7.) was taken as an indicator parameter
of the end of centrifugation. A plot of centrifugation time
(t.) versus the amount of biomass in mg showed a linear
relationship (see Fig. 1). To simplify later calculations, the
t, value corresponding to 25 mg (giving 1 mgmL~! “con-
centrations” of biomass), that is 25 min, was selected as
centrifugation time.

Reaction time

Suspensions containing 100 ug L' of the metal ion and
1 mgL-! of biomass were prepared and, after different re-
action times, the metal remaining in the supernatant solu-
tion was determined by DPASV. The measured concentra-
tions were plotted as a function of time, as shown in
Fig. 2 which displays the results for Cu(Il) and Pb(II) (sim-
ilar results were obtained for Cd(IT) and Zn(II)). As shown,
metal concentrations reach an approximately constant
value for reaction times of about 5 min. This short time re-
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Fig.1 Centrifugation time to reach a constant absorbance versus
amount of biomass (volume 25 mL)
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Fig.2 Metal ion remaining in the supernatant solutions as a func-
tion of the reaction time. (@) Cu(Il) at pH=7.0, (H) Pb(Il) at
pH=4.0. Initial metal ion concentration 100 pg L-!

quired for biosorption is in accordance with the results
given by other researchers such as Jackson et al. [26], Tse-
zos and Volesky [27, 28] or Huang et al. [23] who reported
contact times for complete biosorption in the same order of
magnitude for similar biomass. In our case, a reaction time
of 10 min was selected to ensure an optimum metal uptake.

Effects of pH on biosorption
The pH of the metal solution plays a crucial role in pas-

sive microbial biosorption [29]. It has been shown that the
affinity of cationic species for the functional groups pre-

Fig.3a-d Percentage of metal ion

sent in the cellular surface is strongly dependent on the
pH [30, 31]. Figure 3 summarizes the results of the ad-
sorption of metal ions Cd(I), Cu(Il), Pb(Il) and Zn(II) by
Pseudomonas Putida as a function of pH.

In all cases, metal uptake by the biomass increases with
increasing pH and reaches a maximum after which the
metal uptake decreases. The optimal pH values for Cd(Il),
Cu(Il), Pb(Il) and Zn(II) were, respectively, 6.0, 5.0-6.0,
6.0-6.5 and 7.0-7.5. These results suggest that the ad-
sorption of metals onto the biomass could be ruled by
ionic attraction. At low pH values the inactivated cell sur-
face becomes more positively charged, reducing the at-
traction between metal ions and functional groups on the
cell wall. In contrast, when the pH increases the cell sur-
face is more negatively charged and the process of reten-
tion is favoured [10, 11, 32, 33] until a maximum is reached
around pH7. However, for values of pH higher than the
optimum, the formation of hydroxylated complexes of the
metal will also compete with the active sites and as a con-
sequence, the retention will decrease again. Table 1 shows
a comparative study between the results reached in this
work and the results published by other researchers using
different active and inactive biomass. We can see that in
general, the state of the material (i.e. active or inactive) has
a greater effect on the values than its type: the pH range of
freeze-dried Pseudomonas Putida coincides with that found
for inactive Pseudomonas aeruginosa, whereas it differs
from the pH range found for active Pseudomonas Putida.

The maximum retention percentages were about 80%
for all the metal ions. As above, the obtained percentages
are higher than those found for active materials [17] and
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Table1 Optimal pH for maxi-
mum removal of Cd(II),
Cu(I), Pb(I) and Zn(II) by
different biomass

Biomass State Optimal pH

Cddn Cu(ID) Pb(II) Zn(II)
Pseudomonas putida (this work) Inactive 6.0 5.0-6.0 6.0-6.5 7.0-7.5
Pseudomonas putida 11-11 [11] Active — 8.0 - -
Pseudomonas aeruginosa PU 21 [12] Active 6.0 6.0 7.0 -
Pseudomonas aeruginosa PU 21 [12] Inactive 6.0 6.0 6.0 -
Rhizopus arrhizus [36] Active - - 5.0 -
Penicillium chrysogenum [37] Active - - 4.5 -
Saccharomyces cerevisiae [4] Active - 6.5 - -
Saccharomyces cerevisiae [22] Active - 5.5 - -
Saccharomyces cerevisiae [22] Inactive - 6.5-8.5 - -
Aspergillus oryzae [23] Inactive 7.5-80 6.5 7.0 7.5
Datura innoxia [26] Active 5.0 5.0 - -

are in accordance with the results reported by Huang et al.
[22], who describe an increase of the retained metal when
the material is inactivated.

Biosorption models

The two most widely accepted surface adsorption models
for single-solute systems used in the literature are the
Langmuir and Freundlich models [34, 35].

The general Langmuir sorption model is expressed by:

q= [gmaxcf (1)

L+ Ct
where ¢ is the uptake of the metal ion by the biomass
(mol g1, ¢may 1S the maximum uptake (molg™), C; is
the final concentration of metal in the solution (molL-1)
and K; is the Langmuir adsorption equilibrium constant
(mol L-1). This model implies the possibility of saturation
of the adsorptive surface, so g eventually can reach a
maximum value (¢a,)-

The Langmuir general model has been adapted by Nel-
son et al. [38] to the case of metal adsorption by biomass,
by considering biosorption as a simple metal complex for-
mation:

M+ S = MS

whose conditional formation constant becomes:
MS
_ _[MS] 2
[M] {S}

where M represents the free metal, S the free surface sites
and MS the bonded sites. The symbols [] and {} refer, re-
spectively, to concentrations in mol L' and gL-'. In the
suspension formed by the solid biomass and the metal so-
lution, the following mass-balance can be applied:

St = {S} + [MS]/Xwm 3)

where Sy is the total biomass (g L!) and X,,, the number of
complexing sites (mol g-!) that coincides with the ¢y, pa-
rameter of the general Langmuir model. By rearranging
Egs. (2) and (3), the following equation is obtained:

Xm [M]

" Xu/Ka+[M]

A

q “

Equation (4) is identical to Eq. (1) of the general Lang-
muir model, by making X/K, equal to K; . K, is a condi-
tional constant whose actual value will depend on the con-
ditions of the reaction medium, and particularly on pH.
By rearranging Eq. (4) the model can be easily linearized:

1/qg=1/q,,. +1/(KaM]) (5)

As 1/q and [M] can be experimentally determined, the
values of ¢, and K, can be obtained by least-squares fit-
ting.

On the other hand, the general form of the Freundlich
model is:

q=kc!l" (6)

where ¢ and C; have the same meaning as in Eq. (1), and
k and n relate to the capacity and intensity of adsorption,
respectively. The Freundlich model does not imply a satu-
ration of the adsorptive surface and can be directly
adapted to the biosorption of metals:

q = kM (7)
and linearized by taking logarithms:

1
logq =logk + — log [M] ®)

n

where the parameters k and n are determined as in the
Langmuir case.

To ensure the higher metal adsorption capacity, the
pHs of the solutions were adjusted to their respective op-
timum values (i.e. 6.0 for Cd and Cu, 6.5 for Pb and 7.0
for Zn). A comparative study of the four metal ions at
the same pH was also performed at the arbitrarily chosen
pH value of 4.5.

A plot of ¢ (mg g~!) versus [M] (mg L") showed a sim-
ilar behaviour for the four metals (Fig.4): ¢ increases up
to a maximum value that remains constant.

Only the Langmuir model showed a good fit to the ex-
perimental data, as can be seen in Fig.5 that shows the
linearized plots. The Freundlich model did not fit the data
with the exception of the first data points, so this model is
only suitable at low metal concentrations. The linearized
Freundlich plots are not shown here.

Table 2 summarizes the numerical results of the Lang-
muir parameters K, and ¢,,, and the > coefficient. The
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Table2 K, and g,,,, for the
four metal ions studied at dif- Metal pH Ka . Gmax qmaxX193 r Buiom+"
ferent pH values Lgh (mgg™) (mol g™')
Cddn 6.0 6.85 8.0 71.9 0.999 43
Cu(I) 6.0 14.78 6.6 109 0.997 6.0
Pb(ID) 6.5 26.60 56.2 271 0.984 6.2
Zn(ID) 7.0 6.91 6.9 106 0.982 4.4
Cddn) 4.5 1.95 2.6 23.1 0.999 43
Cu(ID) 4.5 12.04 6.3 99 0.997 6.0
Pb(II) 4.5 18.48 36.0 183 0.996 6.2
Zn(1I) 4.5 1.06 2.5 38 0.991 4.4

[42]

r? coefficient gives the amount of variance explained by
the model, so it can be used to evaluate the goodness of
fit. In all occasions, the variance not explained by the model
(100(1-r?)) was lower than 3%, so the Langmuir model is
adequate to describe the behaviour of the biosorption of
metals on inactive Pseudomonas Putida. In this model,
the metal ions retained by the biomass increase up to a
constant value, due to the progressive diminution of the
free binding sites on the cell wall.

Although K, allows us to make a comparison of the
affinity of the biomass towards the metal ions, it must be
taken into account that it is a conditional constant. Its value
will depend on the experimental conditions, particularly
pH, which remains a major factor in biosorption. None of
the studied metal ions has significant side reactions at the
pH values studied [39]; therefore, we can directly com-

pare the K, values at constant pH. The K, values at pH 4.5
follow the same order as that at optimum pH values:
PbI) >Cu(Il) >Cd(I) =Zn(II).

Different mechanisms have been proposed to explain
the biosorption of metals. The first one is based on ionic
exchange equilibrium [40]. In this case the charge density
of the metal ions will be the governing factor. For the four
metal ions studied, Pb(II) has the lowest radius (450 pm),
followed by Cd(II) (500 pm) and Cu(Il) and Zn(II) with a
similar value of 600 pm. Therefore ionic attraction and ex-
change do not fully explain the biosorption, so other phe-
nomena must be also taken into account.

Huang et al. [23] and Pagnanelli et al. [41] have pointed
out that the acidity of cations can be an important factor
influencing biosorption. We have found a strong correla-
tion between K, and metal acidity, represented by Byon,



[42] the stability constant of M(OH)* which is the first hy-
droxy-metal complex (Table 2).

At pH4.5 the regression equation is: K,=1.69+8.34x
107Byiony- This linear model explains a 95.1% of the data
variance and the regression is significant with an a poste-
riori confidence level p=0.025. Therefore, the effect of the
acidity of the cations is extremely important and cannot
be disregarded.

The ¢, 18 another main parameter when considering
the use of biomass for removal of metal ions. The g,
(mg g~ at pH4.5) follow a sequence identical to that for
K,: Pb(Il) >Cu(Il) >Cd(Il) = Zn(Il). If we consider the
values at the optimum pH, the order becomes Pb(II)
>Cu(Il) =Zn(II) >Cd(II). These results agree with those
reported in ref. [23] for Aspergillus oryzae (Pb(Il) >Cu(Il)
>Cd(I) =Zn(I)), in ref.[41] for Sphaerotilus natans
(Pb(II) >Cu(Il) >Zn(I) >Cd(I)) and in ref.[33] for
Nocardia sp. (Pb(Il) >Cu(Il) >Cd(II)). Some authors have
also made a comparison of g,,,, with other materials, in-
cluding active sludge [43] and active carbon [44] and re-
ported similar sequences.

A significant correlation was also found between ¢,
and PByion). The regression equation at pH4.5 is @pu=
25.0049.24x107°Byyon)- The amount of explained variance
is 96.2% and the regression is statistically significant at an a
posteriori confidence level p=0.019, so the effect of the acid-
ity of cations as a prime ruling factor is again highlighted.

As the pH is an easily controllable experimental pa-
rameter, the strong dependence of the retention on it opens
many possibilities for the use of the freeze-dried Pseudo-
monas Putida biomass in the separation of the studied
metals. On an analytical scale, the biomass could be used
to preconcentrate trace metals prior to their analysis,
whereas on an industrial scale, biomass could be used for
depuration of polluted effluents.

Conclusions

— Inactive freeze-dried Pseudomonas Putida has been
shown to be able to accumulate Cd(II), Cu(1l), Pb(1)
and Zn(I) at mg L~! concentration level, with consider-
ably high capacities.

— More than 80% of metal ions were rapidly removed in
less than 5 min contact time.

— Results also demonstrate that pH is a factor with a main
implication in these processes. For the four heavy met-
als studied, the maximum retention was achieved at
pH values ranging from 5.0 to 7.5.

— The Langmuir model can adequately represent the dis-
tribution of the metals between the solution and the
solid biomass. The conditional constants, K, and g,
derived from least-squares fits can be used to quantify
metal adsorption.

— There is a strong correlation between acidity of the
metals (quantified by Byon)) and the Langmuir param-
eters K, and ¢, The regression equations could be
used to predict values for K, and ¢,,, for other metal
ions and the biomass studied.
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— Finally, the results also suggest that inactive Pseudo-
monas Putida could be used as a basis for the precon-
centration and/or isolation of the studied metals on an-
alytical or industrial scales.
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