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a b s t r a c t

The pollution caused by heavy metals is one of the major environmental problems that is imperative to
be solved. New technologies, easy to implement and to adapt to any system, deserve special attention
and are a focus of this work. The ability of a biofilm of Escherichia coli supported on kaolin to remove
Cr(VI), Cd(II), Fe(III) and Ni(II) from aqueous solutions was investigated in batch assays for the treatment
of diluted aqueous solutions. The biosorption performance, in terms of uptake, followed the sequence:
eywords:
iofilm
iosorption
admium
hromium

Fe(III) > Cd(II) > Ni(II) > Cr(VI). The equilibrium data in batch systems were described by Langmuir, Sips
and Redlich–Peterson model isotherms. The best fit for chromium and nickel was obtained with the
Redlich–Peterson model and for cadmium the best fit was obtained with the Sips model. The presence of
functional groups on the cell wall surface of the biomass that may interact with the metal ion was con-

ples
e rem
ron
aolin
ickel

firmed by FTIR. Kaolin sam
are very promising for th

. Introduction

Heavy metals pollution represents a serious problem for human
ealth and for life in general. The disposal of heavy metals is a con-
equence of several activities like chemical manufacturing, painting
nd coating, mining, extractive metallurgy, nuclear and other indus-
ries. Those metals exert a deleterious effect on fauna and flora of
akes and streams [1].

The removal of toxic metals is often performed by oxidation–
eduction processes, filtration, electrochemical treatment, evapo-
ation, ion exchange or reverse osmosis [2]. But these methods
resent several disadvantages like high energy and chemical
equirements, low efficiency and usually produce large amounts
f sludge.

In this context, the search for new technologies is strongly
ecommended. Biosorption is a process that involves the use of
iological materials that form complexes with metal ions using
heir functional groups [3]. The mechanism of biosorption usually
nvolves the chemical link between functional groups on the biosor-
ent and the metal ions or an ion-exchange reaction due to the high

on exchange capacity of the biosorbent [4]. One of the major advan-

ages of a biosorption system is its economical nature. Moreover, it
resents an ecofriendly behaviour, the regeneration of biosorbents
or multiple uses is easy, it shows selectivity towards different met-
ls and it presents high efficiency [5]. Bacteria have a high surface

∗ Corresponding author. Tel.: +351 253604400; fax: +351 253678986.
E-mail address: cquintelas@deb.uminho.pt (C. Quintelas).

385-8947/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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have been fully characterized by chemical analyses. The results obtained
oval of metal ions from effluents.

© 2008 Elsevier B.V. All rights reserved.

area-to-volume ratio that can provide a large contact interface, and
this allows the interaction with metals from the surrounding envi-
ronment [6]. On the other hand, the use of natural adsorbents like
clays and zeolites is also very promising due to their availability,
low cost, simplicity of extraction and retention capacity [7]. The
large surface area of natural clays, helped by edges and faces of clay
particles, accounts for the excellent capacity of the clay minerals to
adsorb heavy metals [8]. A system that uses clays covered with a
microorganism allows to combine the features of both for an even
more efficient heavy metals removal.

Kaolin is a 1:1 alumina silicate structure comprising a tetrahe-
dral silica sheet bonded to an octahedral alumina sheet through the
sharing of oxygen atoms between silicon and aluminum in adjacent
sheets [9], with the ideal formula of Al2Si2O5(OH)4 [10]. This clay
is found as a common constituent of soils and sediments and the
exchange sites are located on the surface of kaolin with no interlayer
exchange sites. Accordingly with Sari et al. [10], the sorption prop-
erties of this clay are determined by the nature of its surface and
edges. Kaolin clay possesses a variable charge that can be related
to the reactions between ionisable surface groups located at the
edges and the ions present in aqueous solution. Miranda-Trevino
and Coles [11] affirmed that the use of kaolin reveals great advan-
tages in many processes due to its high chemical stability and low
expansion coefficient.
Bacteria are known to produce macromolecules usually called
extracellular polymeric substances (EPSs). EPSs are metabolic prod-
ucts of bacteria and may derive from their lysis or hydrolysis. They
are also associated with the organic matter present in the effluent
to be treated [12]. EPSs are mainly composed by polysaccharides,

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:cquintelas@deb.uminho.pt
dx.doi.org/10.1016/j.cej.2008.11.025
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Table 1
Chemical composition of kaolin by XRF.

Constituent %

SiO2 48.1
Al2O3 35.5
Fe2O3 1.70
CaO 0.13
MgO 0.30
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roteins, humic substances and uronic acid [13,14] which con-
ain several functional groups like carboxyl, phosphoric, amine and
ydroxyl groups. EPSs have various functions, the more important

s the induction of cell aggregation [15], producing a protective bar-
ier for cells against harmful products and allowing the sorption of
norganic ions from the environment [16].

The use of kaolin for the treatment of heavy metals contami-
ated aqueous solutions was studied by several authors. Covelo et
l. [17] studied the sorption of Cd, Cr, Cu, Ni, Pb and Zn while Asçi et
l. [18] studied the sorption of Cd(II) onto kaolin. Ohnuki et al. [19]
nvestigated the interactions between Pu(VI) and Bacillus subtilis,
aolin clay and a mixture of the two. The use of biofilms to remove
eavy metals was well studied using bacterial biofilms supported
n GAC [20–25] and on NaY [26].

This work aims to investigate the biosorption behaviour of a
iofilm of Escherichia coli supported on kaolin clay for the treat-
ent of cadmium, iron, nickel and chromium aqueous solutions.

he effect of initial heavy metal concentrations was studied and
he relationship between pH and removal efficiency was analysed.
or comparison purposes, the same study was carried out with-
ut the bacterial biofilm. Experimental results were analysed using
he Langmuir, Redlich–Peterson and Sips adsorption isotherms. The
resence of functional groups in the suspended biomass that may
ave a role in the biosorption process was confirmed by FTIR. The
aolin samples were characterized by Inductively Coupled Plasma
tomic Emission Spectrometry (ICP-AES).

. Materials and methods

.1. Materials

The bacterium E. coli was obtained from the Spanish Type
ulture Collection of the University of Valência. Stock heavy met-
ls solutions with the appropriate concentrations (10, 25, 50,
0, 80, and 100 mg/L) were prepared by dissolving K2Cr2O7,
eCl3·(6H2O), CdSO4·(8/3H2O) and NiCl2·(6H2O), in distilled water.

tomic absorption spectrophotometric standards were prepared

rom 1000 mg/L metal solutions.
The kaolin was obtained from Minas de Barqueiros, S.A. (Apúlia,

ortugal). The chemical compositions of kaolin as analysed by X-ray
uorescence (XRF) is given in Table 1. The analysis of this material

able 2
sotherm models used to represent the equilibrium of biosorption.

sotherm model Equation Nomenclature

angmuir Qe = (Qmax b Ce)/(1 + b Ce) Qe (mg/g) is the amoun
equilibrium, Qmax (mg/
the concentration of me
the Langmuir adsorptio

ips Qe = (KS C1/bS
e )/(1 + aS C1/bS

e ) KS (lbS mg1−bS /g), aS (l/

edlich–Peterson Qe = (KRCe)/(1 + aRCˇ
e ) KR (l/g), aR (l/mg) and ˇ

are empirical paramete
0 and 1
ing Journal 149 (2009) 319–324

revealed that it contains mainly silica and alumina, which account
for 86.6% of the total weight.

Glassware used for experimental purposes was washed in 10%
nitric acid and rinsed with deionised water to remove any possible
interference by other metals.

2.2. Methods

2.2.1. Preparation of the biofilm supported on kaolin
A medium with 5 g/L of beef extract, 10 g/L of peptone and

5 g/L of NaCl, pH 7.2, was used for the microorganism growth. The
medium was sterilized at 121 ◦C for 20 min, cooled to room tem-
perature, inoculated with bacteria and kept at 37 ◦C for 24 h with
moderate stirring in a incubator.

2.2.2. Biosorption assays
Batch experiments were conducted using 1 g of the kaolin clay

with 15 mL of E. coli culture media and 150 mL of the different heavy
metal solutions (10, 25, 50, 70, 80, and 100 mg/L) in 250-mL Erlen-
meyer flasks. Experiments were repeated without the bacterium
for comparison purposes. The whole experimental work was con-
ducted in duplicate. The pH of the initial solutions was measured
(pH meter ORION 720 A). The Erlenmeyer flasks were kept at 37 ◦C,
with moderate stirring for about 10 days. Samples of 1 mL were
taken, centrifuged and analyzed for metals using atomic absorption
spectrophotometry. Three isotherm equations have been tested in
the present study and are presented in Table 2.

2.2.3. Characterization procedures
Total metal ions concentrations during the experiments were

measured using a Varian Spectra AA-400, an Atomic Absorption
Spectrophotometer (AAS). Infrared spectra of the unloaded biomass
and the metal loaded biomass, both in suspension, were obtained
using a Fourier transform infrared spectrometer (FTIR BOMEM MB
104). For the FTIR study, biomass was centrifuged and dried, fol-
lowed by weighting. Then, 10 mg of finely ground biomass was
encapsulated in 100 mg of KBr in order to prepare translucent sam-
ple disks. Elemental chemical analyses (Si, Al, Na, Cr, Cd, Fe and Ni)
were performed by ICP-AES using a Philips ICP PU 7000 Spectrom-
eter.

2.2.4. Effect of pH on metal ions biosorption
Several factors influence a biosorption process and the solution

pH is one of the most important. This is so, partly because hydro-
gen ions themselves are strongly competing with metal ions and
because pH determines the valence state of the ions and their pre-
cipitation process. Comte et al. [12] affirm that the deprotonated
form of the reactive sites, mainly carboxylic, phosphoric and amino

groups, is primarily responsible for the binding of metal ions to
EPS. The solution pH affects the ionization state of these functional
groups.

It is well known that the hydrolysis of Fe(III) occurs at pH val-
ues higher than 3. However, the adsorption of Fe(III) increases

Reference

t of metal ion sorbed by the biofilm at the
g) is the maximum metal sorption, Ce (mg/L) is
tal in solution at the equilibrium, b (l/mg) is
n equilibrium constant

Langmuir [27]

mg)bS and bS are the Sips isotherm parameters Sips [28]

represents the Redlich–Peterson constants and
rs without physical meaning. ˇ varies between

Redlich and Peterson [29]
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Table 3
Uptake values (mg/g) and removal percentage values for Cr(VI), Cd(II), Fe(III) and
Ni(II), obtained for different initial concentrations of metal (37 ◦C, 150 rpm), for the
biofilm of Escherichia coli supported on kaolin.

C0 (mg/L) Uptake (mg/g) Rp (%)

Cr(VI)
8 1.2 100

30 1.1 23.6
62 2.1 22.9
85 2.6 20.2
97 3.4 23.2

116 4.6 26.2

Cd(II)
13 1.5 78.9
25 2.7 69.6
50 5.8 77.8
70 7.7 73.0
78 7.8 67.1
97 10.3 71.3

Fe(III)
7 1.0 100

22 3.4 100
53 7.9 98,7
78 11.7 100
87 13.0 100

110 16.5 100

Ni(II)
12 1.4 74.2
29 3.1 71.0
56 4.2 49.9
76 4.6 40.6
86 5.1 39.4
C. Quintelas et al. / Chemical Eng

ntil this value of pH is reached [30]. Usually, an increase in pH
esults in an increased in Cd(II) adsorption. Hetzer et al. [31] justi-
ed this fact with the deprotonation of cell wall functional groups
hat occurs with increasing pH, progressively resulting in increasing
d(II) biosorption until saturation of binding sites is reached. How-
ver, several authors affirm that the optimal pH for the biosorption
f cadmium is situated around 6 [18,32] as the formation of anionic
ydroxide complexes and their competition with the active sites
ffects dramatically the Cd biosorption process at higher pH val-
es [33]. The same authors affirm that at pH lower than 6 the poor
iosorption could be due to competition with the H+ ions for metal
inding sites on the microbial cell.

Bhattacharyya and Sen Gupta [8] studied the adsorption of Ni(II)
n kaolinite and montmorillonite and concluded that it was not
ossible to carry out adsorption experiments with pH higher than
due to precipitation of that ion as an hydroxide. Like for several

ther ions, an increase in pH had a positive impact on the adsorption
f nickel. Sari et al. [34] reported a maximum biosorption for nickel
t pH 5–6 with low Ni(II) adsorption at lower pH values. This was
ue to the effect of pH on metal binding sites of the biomass sur-

ace and on metal speciation in aqueous solutions. The increased
umber of protons on the sites of biomass surface restricted the
pproach of metal cations as a result of repulsive forces.

The biosorption of Cr(VI) is strongly affected by the pH of the
queous solutions. For pH values higher than 6 the biosorption of
r(VI) on Sargassum sp. become negligible [35]. Bhattacharyya and
en Gupta [36] defend that the formation of hydroxyl complexes
f chromium may be responsible for that decrease in adsorption
ecause it hinders the diffusion of Cr(VI) ions into the clay sur-
ace. The same authors affirm that at low pH values, the biosorption
ecreases due to the competition with ions like NO3

− introduced in
he form of nitric acid to maintain the pH low. Contrarily, Murphy
t al. [37] revealed that as solution pH decreases the biosorption
ncreases because the amino and carboxyl groups may become
rotonated, thus making the biomass more positively charged and
ence creating an electrostatic attraction with Cr(VI) species.

In this study, pH values between 4.6 and 5.1 (for chromium), 2.7
nd 3.5 (for iron), 5.6 and 6.0 (for cadmium) and 5.7 and 6.2 (for
ickel) were used for the reasons discussed above.

. Results and discussion

.1. Batch biosorption assays

Batch biosorption data showed differences on the biosorption
erformance between the four metals studied (Table 3). Kaolin sur-

ace in water had a net negative charge [9] and the bacteria have
lso a net negative charge [26]. These negative surfaces obviously
avour the biosorption of cations. In addition to the valence state,
he electronegativity [38], atomic weight and ionic radius are also
haracteristics that influence the biosorption efficiency [21].

In accordance to studies performed by Krishnani et al. [3] the
arboxyl groups are the main groups responsible for the binding
f metal ions. At low pH values these groups retain their protons
ence reducing the possibility to bind any positively charged ions.
n the other hand, at high pH values, the carboxyl groups are depro-

onated and become negatively charged, which attract positively
harged metal ions. In this way, the metal binding to the biomass
s a mechanism involving electrostatic interaction between metal
ons and the biomass. Recently Xu and Liu [39] studied the mecha-
ism of biosorption of Cd(II) and Ni(II) and concluded that the main

ontribution for the process comes from an ion exchange process,
ollowed by extracellular polymers binding and chemical precip-
tation. Baral et al. [40] investigated the biosorption of Cr(VI) by
he weed Salvinia cucullata and found that the mechanism is purely
dsorption with three stages: mass transfer (boundary layer/film
101 6.9 45.3

diffusion), followed by intraparticle diffusion and, finally, sorption
of ions.

It is observable in Table 3, that as the initial metal ion concen-
tration increases, the metal uptake, defined as the mass of metal
ion over the mass of sorbent, increased as well and this is true for
all the metal ions tested and for the range of concentrations used.
Hanif et al. [41] justified this behaviour with the fact that surface
saturation was dependent on the initial metal ion concentration.
At low concentrations, the available adsorption sites are more eas-
ily occupied and, at higher concentrations, the metal ions have to
diffuse into the biomass surface by intraparticle diffusion and this
process is slow. The sequence in terms of uptake values by the E.
coli biofilm supported on kaolin was Fe > Cd > Ni > Cr, confirmed by
ICP-AES. The preference of a sorbent for a metal may be explained
on the basis of electronegativity of the metal ions (Fe, 1.96 Paul-
ing; Ni, 1.8 Pauling; Cr, 1.6 Pauling [42] and Cd, 1.69 Pauling [43]),
molecular weight (Fe, 55.8 u; Cd, 112.4 u; Ni, 58.7 u, and Cr, 51.99 u),
ionic radius (Fe, 55 pm; Cd, 95 pm; Ni, 69 pm and Cr, 44 pm [44])
and with the cation/anion state. The lowest biosorption capacity
for chromium is justified by its anionic state. Comparing the results
obtained for the cationic metals, better retentions were obtained
for iron and this can be justified with the higher electronegativity
and smaller ionic radius which promote the penetration into the
polymeric net. Nickel ion has high electronegativity, low atomic
weight and lower ionic radius and these characteristics allowed
good qualities for entrapment by a biofilm. However, better results
were obtained for cadmium. A possible explanation for these unex-
pected results is a stronger xenobiotic effect caused by the nickel
on the biofilm in comparison to cadmium. In a biofilm–kaolin sys-

tem both materials contribute to the biosorption performance and
the retention by the biofilm includes a metabolic path that is more
sensitive to the toxicity of nickel than to the toxicity of cadmium.
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Table 4
Chemical analysis of unloaded and metal loaded kaolin samples by ICP-AES.

% Cr % Fe % Cd % Ni Si/Al

Kaolin – – – – 1.50
Kaolin + biofilm + Cr 0.05 – – – 1.52
Kaolin + biofilm + Fe – 2.54 – – 1.52
Kaolin + biofilm + Cd – – 0.72 – 1.58
Kaolin + biofilm + Ni – – – 0.52 1.45
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Table 5
Adsorption isotherm constants for the best fit models, for Cr(VI), Cd(II) and Ni(II)
onto a biofilm supported on kaolin.

Cr(VI)

Best fit model KR aR ˇ R2

Redlich–Peterson 0.615 8.629 0.143 0.984

Cd (II)

Best fit model KS aS bS R2

Sips 0.019 0.002 2.750 0.977

Ni (II)

Best fit model KR aR ˇ R2

Redlich–Peterson 0.733 0.136 1 0.994
ig. 1. Uptake values for four different metal ions by kaolin and by kaolin with
iofilm for the highest concentration tested (ca. 100 mg/L).

In terms of removal percentage, the results showed around 100%
or iron and for the range of concentrations tested. For cadmium the
emoval percentage remains around 70% for all the initial concen-
rations tested (between 67.1% and 78.9%) and for nickel the removal
ercentage is around 70% for the two lower concentrations (12 and
9 mg/L) and around 40% for higher concentrations (56, 76, 86 and
01 mg/L), confirming the xenobiotic effect caused by nickel ion.
or chromium, the removal was 100% for the lower concentration
ested (8 mg/L) and around 20% for the higher ones. The results were
onfirmed by chemical analyses (Table 4) where kaolin-supported
iofilm showed highest iron concentration compared to cadmium,
ickel and chromium.

The accumulation of each of the four metal ions by kaolin with
nd without the bacterium biofilm was compared and systemati-
ally showed better results when the supported biofilm was used,
or the whole range of initial concentrations. Fig. 1 shows the metal
ptake values with and without biofilm, for the highest concentra-
ions tested. These results confirm the important role of the biofilm
n the biosorption process.
.2. Modelling batch biosorption data

Through the modelling of equilibrium data it is possible to
haracterize biosorbents under various operational conditions

Fig. 2. Best fit sorption isotherms for Cr(VI), Cd(II)
Fig. 3. Nickel sorption isotherm, adjusted by Langmuir model (. . . experimental
data; — model).

and this point is essential for future industrial applications. For
the biosorbent used (biofilm + kaolin), sorption isotherms were
experimentally determined. Three different models – Langmuir,
Sips and Redlich–Peterson – were fitted and constants calculated
for the best fit are presented in Table 5. The comparison between
the experimental results and those predicted by the best fitted
model is shown in Fig. 2. For the range of initial concentrations
tested, iron was totally and instantaneously biosorbed so the
concentration at equilibrium was always 0 and consequently it
was not relevant to represent Ce (mg/L) vs. Qe (mg/g). The best fit
for chromium and nickel was obtained with the Redlich–Peterson
model isotherm and for cadmium the best fit was the obtained
with the Sips model. The Redlich–Peterson model incorporated the
features of both Langmuir and Freundlich isotherms models but

in a single equation. At low concentrations, the Redlich–Peterson
isotherm approximates to Henry’s law and at high concentrations
its behaviour approaches that of the Freundlich isotherm. The
exponent ˇ lies between 0 and 1. For ˇ = 1, the isotherm converts

and Ni(II) (. . . experimental data; — model).
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Fig. 4. FTIR spectra of Escherich

o the Langmuir form. This is confirmed by the satisfactory fit of
he Langmuir model to the data, for nickel (Fig. 3).

.3. FTIR spectral analysis

The FTIR spectra of unloaded and metal-loaded E. coli biomass,
n the range of 500–4000 cm−1, were taken to confirm the pres-
nce of functional groups that are usually responsible for the
iosorption process (Fig. 4). The unloaded biomass displays a num-
er of absorption peaks, reflecting the complex nature of the
iomass. A peak at 3500–3200 cm−1 region is due to the stretch-

ng of the N–H bond of amino groups and indicative of bonded
ydroxyl group [45]. A change in peak position in the spectrum
f the chromium and iron-loaded samples indicates the binding of
hromium and iron with amino and hydroxyl groups. The absorp-
ion peaks at 2900–3000 cm−1 are ascribed to the asymmetric
tretching of �C–H bond of the –CH2 groups combined with that
f the CH3 groups [46]. The nickel and cadmium-loaded samples
resent slight changes in this region. In the unloaded spectrum,
he �C O of amide I and �NH/�C O combination of the amide II
ond were present at 1650 and 1544 cm−1, respectively, indicat-

ng the presence of carboxyl groups. Interestingly, the 1544 cm−1

eak increased with the presence of chromium and iron suggesting
n interaction of Cr and Fe with carboxyl groups. The peaks in the
ange 1300–1067 cm−1 are attributable to the presence of carboxyl
nd phosphate groups [47] and at 861 cm−1, to the presence of aro-
atic –CH stretching peak [48]. Pradhan et al. [42] and Volesky [49]

ffirm that the main functional groups responsible for a biosorp-
ion process are the hydroxyl, carbonyl, carboxyl, sulfonate, amide,
midazole, phosphonate and phosphodiester groups. Some of these
roups are present on the E. coli biomass and may interact with the
etal ions.

. Conclusions

It was demonstrated that a biofilm of E. coli supported on kaolin

s able to remove Cr(VI), Cd(II), Ni(II) and Fe(III) from aqueous solu-
ions. The best isotherm fit for chromium and nickel was obtained
ith the Redlich–Peterson model while the Sips model was the

est option for cadmium. Complete removal of iron was achieved
ollowed by cadmium (70%), nickel (between 74 and 40%) and
before and after metal loading.

chromium (between 100% and 20%). FTIR analyses showed that
functional groups on the biomass, such as hydroxyl, carboxyl and
phosphate groups, would be the main binding sites for biosorption
of the studied heavy metals by E. coli. The presence of the biofilm
increased the uptake efficiency of the kaolin. Finally, the metal affin-
ity to the biofilm was found to be in the sequence Fe > Cd > Ni > Cr
and the preference of this sorbent for a metal may be explained on
the basis of electronegativity of the metal ions and on the basis of
their cation/anion state.
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