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Abstract

The ability of three different bacterial species supported on granular activated carbon (GAC) to remove hexavalent chromium from low con-
centration liquid solutions was investigated, in batch and column studies. The microorganisms tested were Cr(VI) reducing types: Streptococcus
equisimilis (CECT 926), Bacillus coagulans (CECT 12) and Escherichia coli (CECT 515). The results showed metal uptake values of 5.82, 5.35
and 4.12 mg/gyos , respectively, for S. equisimilis, B. coagulans and E. coli, for an initial metal concentration of 100 mg/1. In the same order and for
the initial concentration of 50 mg/l, metal uptake values were 2.33, 1.98 and 3.60 mg/gpios.. Finally, for the initial metal concentration of 10 mg/l,
those values were, respectively, 0.66, 1.51 and 1.12 mg/gy;os.. Studies made with an industrial effluent, with the aim of testing these biofilms in
a real situation, showed values of Cr uptake of 0.083, 0.090 and 0.110 mg/gys., respectively, for S. equisimilis, B. coagulans and E. coli, for an
initial concentration of 4.2 mg/1 of total Cr. The quantification of polysaccharides, playing a key role in the whole process, was made and it was
concluded that the production of polysaccharides is higher for B. coagulans followed by S. equisimilis and E. coli (9.19, 7.24 and 4.77 mg/gpis.)-

The batch studies data were described using the Freundlich, Langmuir, Redlich—Peterson, Dubinin—Radushkevich, Sips and Toth model isotherms.
The best fit was obtained with Sips and Toth model isotherms, respectively, for the S. equisimilis and for the B. coagulans biofilms. For the E.
coli biofilm the Freundlich, Redlich—Peterson, Sips and Toth models fitted very well to the experimental data. The Adams—Bohart, Wolborska and
Yoon and Nelson models were applied to column studies data. Those models were found suitable for describing the dynamic behaviour of the
columns with respect to the inlet chromium concentration. Obtained results showed that the biofilms tested are very promising for the removal
of Cr(VI) in diluted industrial wastewater. Despite differences in the cell wall structure and composition, the three bacteria exhibit comparable
sorption affinities towards chromium, in the open systems studies. The Gram-positive bacteria tested (B. coagulans and S. equisimilis) presented
best metal removal percentages in batch studies.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction The conventional methods for heavy metal removal

from industrial effluents are precipitation, coagulation,

Chromium is a heavy metal with large industrial applications,
such as in textile dyeing, chemicals and pigments production,
wood preservation, tanning activity and electroplating for sur-
face treatment [1]. This metal is the second most common
inorganic contaminant of groundwater at hazardous waste sites
[2]. The hexavalent form of chromium, usually present in the
form of chromate (CrO4 ™) and dichromate (Cr,O7 ™), possesses
significant higher levels of toxicity than other valence states [3].
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ion exchange, cementation, electro-dialysis, electro-winning,
electro-coagulation, reverse osmosis [4], evaporation, solvent
extraction and membrane separation [1]. These processes are
expensive and present some technological problems, mainly
when applied to diluted metal solutions and, subsequently,
the search for clean and competitive technologies is strongly
recomended. Biosorption is a process in which certain types of
biomasses, viable or dead, may bind and concentrate heavy met-
als from aqueous solutions [5]. The mechanisms of biosorption
may involve intracellular uptake and storage via active cationic
transport systems, surface binding or same unidentified mech-
anisms. The chemical and biological characteristics of these
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Nomenclature

Oe is the amount of metal ion sorbed by the biofilm
at the equilibrium (mg/g)

Omax  1s the maximum metal sorption (mg/g)

Ce is the concentration of metal in solution at the
equilibrium (mg/1)

b is the Langmuir adsorption equilibrium constant
(I/mg)

K represents the capacity of adsorption

n represents the intensity of adsorption

Kr (I/g), ar (I/mg) and B represents the Redlich—Peterson
constants and are empirical parameters without
physical meaning [38]. S varies between 0 and 1

Ks (1" mg!=%/g), ag (1/mg)P* and bs are the Sips isotherm

parameters
Ki (mg/g), a; and ¢ represents the Toth isotherm constants
Bp is related to the mean free energy of sorption

per gram of the sorbate as it is transferred to the
surface of the solid from infinite distance in the

solution

T is the temperature (K)

R is the universal gas constant

kaB is the kinetic constant (I/(mgmin)) for the
Adams-Bohart model

No is the saturation concentration (mg/1) for the
Adams—-Bohart model

Co is the inlet chromium concentration (mg/1)

C are the effluent chromium concentrations (mg/1)

Cs is the chromium concentration at the solid/liquid
interface (mg/l)

D is the axial diffusion coefficient (cm?/min)

v is the migration rate (cm/min)

Ba is the kinetic coefficient of the external mass trans-
fer (1/min)

Bo is the external mass transfer coefficient with a
negligible axial dispersion coefficient D

kyN is the rate constant (1/min)

T is the time required for 50% adsorbate break-
through (min)

t is the breakthrough time (min)

processes of uptake are important for understanding the role
of metallic ions in basic cellular functions and also for detox-
ification of metal-polluted industrial effluents by application
of biomass [6]. Microorganisms have a high surface area-to-
volume ratio because of their small size and therefore, they
can provide a large contact interface, which would interact with
metals from the surrounding environment [7].

In spite of being extremely small, bacteria have the largest
surface area to volume ratio of any independent life form. The
structural polymers in the bacteria cell wall provide acidic func-
tional groups like carboxyl, phosphoryl and amino groups that
are directly responsible for the reactivity of bacterial cells [8].
All the surfaces of bacteria are intrinsically reactive towards dis-

solved metals, despite the different surface formats between the
different types of bacteria. It has been proved that, in some cases,
growing cells are able to remove metals continuously through
internal detoxification mechanisms [9].

Biofilms can be defined as communities of microorganisms
attached to a surface [10,11]. The binding of metal ions with
supported biofilms is relayed by several authors: Quintelas and
Tavares [12,13] used a biofilm of Arthrobacter viscosus to
remove Cr(VI), Cd(II), Pb(Il) and Fe(I1), Kang et al. [ 14] applied
a biofilm of Pseudomonas aeruginosa to the removal of Cr(III),
Ni(II) and Co(II), Leonhauser et al. [ 15] studied the behaviour of
abiofilm of A. hydrophila and P. putida in mercury removal. The
bacterial extracellular polymeric substances (EPS) synthesis is
an aspect of special relevance in the development of biofilms.

The main composition of EPS includes a complex mixture of
macromolecular biopolymers such as polysaccharides, proteins
[16], lipids or humic substances [17]. On the other hand, these
EPS building molecules contain ionisable functional groups
such as carboxyl, phosphoric, amine and hydroxyl groups [17].
Several important functions can be attributed to EPS including
adhesion to surfaces, aggregation of bacterial cells in flocs, stabi-
lization of the floc structure, formation of a protective barrier that
provides resistance to biocides or other harmful effects, retention
of water, sorption of exogenous organic compounds for the accu-
mulation of nutrients from the environment and accumulation
of enzymatic activities, such as digestion of exogenous macro-
molecules for nutrient acquisition, aiding the cells in uptaking
metal nutrients [18]. Some of these functions play a key role in
biosorption procedures.

Cr(VI) reduction by different microrganisms has been well
documented in different studies [19]. Activated carbon is widely
used as an adsorbent in industry due to its high adsorption capac-
ity. This capacity is related to the pore structure and chemical
nature of the carbon surface in connection with preparation con-
ditions [20]. The behaviour of a biofilm supported on granular
activated carbon (GAC) for the removal of heavy metals and
organic compounds was studied by Quintelas el al. [21] and
Quintelas and Tavares [12,13].

The investigation presents a comparative study of the
behaviour of three different biofilms supported on granular acti-
vated carbon (GAC) in terms of the removal of chromium(VI).
For that purpose Bacillus coagulans, Streptococcus equi-
similis (both Gram-positive bacteria) and Escherichia coli
(Gram-negative) were selected. The relationship between the
Gram-positivity or negativity and the removal of Cr(VI) was also
evaluated. Activated carbon might be able to retain chromium
from liquid solutions in certain conditions but the fact that the
hexavalent ion is negatively charged as chromate (CrO4~) or
dichromate (Cr,0727) and strongly hydrated drastically reduces
the uptake of this metal by GAC. On the other hand, the cationic
form Cr* is easily retained by the adsorbent. The novelty of
this study is the synergetic effect of the combination between
each one of the bacterial biofilms, able to reduce Cr* to Cr3*,
and GAC, able to retain this last ion on its surface. The biofilm
by itself would not be able to retain appreciable amounts of
Cr, but the carbon matrix will allow Cr accumulation for down-
stream processing. Without the biofilm, GAC would not adsorb
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the chromate or dichromate ions due to ionic repulsions and
sterical limitations.

The effect of the initial concentration of metal was tested, the
polysaccharide and polymeric net were quantified and the appli-
cation of these systems to the treatment of a specific industrial
effluent was made. All the equilibrium isotherms for the adsorp-
tion of Cr(VI) on the biofilms were described by Freundlich,
Langmuir, Redlich—Peterson, Dubinin—Radushkevich, Sips and
Toth isotherms. The dynamic behaviour of the columns with
respect to the inlet chromium concentration was analysed by the
Adams—Bohart, Wolborska and Yoon and Nelson models.

2. Materials and methods
2.1. Materials

The microorganisms used were the Cr(VI) reducing species
S. equisimilis (CECT 926), B. coagulans (CECT 12) and E. coli
(CECT 515) (Spanish Type Culture Collection, University of
Valencia). Aqueous chromium solutions were prepared by dilut-
ing K> Cr,O7 (Riedel) in distillated water. All glassware used for
experimental purposes was washed in 60% nitric acid and sub-
sequently rinsed with deionised water to remove any possible
interference by other metals. Atomic absorption spectrometric
standards were prepared from 1000 mgCr1~! solution. The sup-
port was granular activated carbon (GAC) from MERCK with
an average particle size of 2.5 mm, characterised by N, adsorp-
tion (77 K) with an ASAP Micromeritics 2001 which indicated
a Langmuir area of 1270 m? g~! and an average pore diameter
of 2 nm.

2.2. Methods

2.2.1. Column biosorption

The whole experimental work was completed in triplicate.
GAC was placed in Erlenmeyer flasks of 250 ml with 150 ml of
distilled water. It was sterilised at 120 °C for 20 min to release
the air inside the pores. Then, it was placed in mini-columns
(internal diameter =2 cm, h=30cm) for open system studies.
The microorganism culture and the nutrient broth were pumped
through at a flow rate of 25 ml/min. A media with 5g/l of
beef extract (HIMEDIA), 10g/l of peptone (Riedel), 5 g/l of
NaCl (Prolabo) and 10 mg/l of MnSO4-H,O (Panreac) for the
B. coagulans and with 5 g/l of beef extract (HIMEDIA), 10 g/l
of peptone (Riedel), 5 g/l of NaCl (Prolabo) for E. coli, both
with pH of 7.2, were used to grow the microorganisms for 3
days, aiming the optimisation of the adhesion. The same proce-
dure was used for the S. equisimilis with the media Brain Heart
Infusion CMO0225 (Oxoid, 37 g/l, pH 7.4). All growth media
were prepared accordingly to collection instructions. The exper-
imental assays were made, during the biofilm formation and
passage of the Cr solutions, at a temperature of 37 °C, once more
accordingly to collection instructions. The high flow rate used
(25 ml/min) allows the formation of a compact biofilm, resis-
tant to the erosion stress promoted by hydrodynamic forces. The
extensive coverage of GAC surface by the biofilm was confirmed
(after dehidratation with different concentration of ethanol) by

(b)

Fig. 1. SEM image of: (a) Bacillus coagulans biofilm supported on GAC, (b)
Escherichia coli biofilm supported on GAC and (c) Streptococcus equisimilis
biofilm supported on GAC.

SEM (Leica Cambridge S360) and is shown in Fig. 1(a)—(c).
The samples were gold coated prior to SEM observation. These
figures intend to show that the biofilm uniformly covered the
GAC surface for all the microorganisms and each of them is an
example of many pictures taken at various zoomed areas.

After biofilm formation, beds were washed out and the
metal solutions with Cr concentrations between 10 and 100 mg/1
(prepared on laboratory) and a Cr concentration of 4.2 mg/l
(industrial effluent), with pH ranging from 4.5 to 5.5, were
passed through the columns with a flow rate of 5 ml/min. At the
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end of each run, columns were washed out and samples of the
effluent were seeded in Petri plates with nutrient agar to assess
the metabolic activity of the microorganism. Total Cr concentra-
tion at the inlet and at the outlet of the columns was measured by
Atomic Absorption Spectroscopy, Varian Spectra AA-250 Plus,
by acetylene flame emission and wavelengths of 357.9, 425.4
and 520.8 nm. The metal ionization state was confirmed by the
diphenylcarbazide method.

2.2.2. Batch biosorption studies

The biofilm formation experiment was setup according to the
previous section (see Section 2.2.1). The adsorption isotherms
for chromium on GAC with biofilm were obtained from batch
experiments at 37 °C. The experiments were performed with
250 ml Erlenmeyer flasks containing 150 ml of chromium solu-
tion. The initial chromium solutions varied between 50 and
1000 mg/l. The flasks were rotated at a constant shaking rate
of 150rpm until equilibrium was reached. Previous studies
were made for determining the time needed for equilibrium
to be reached. Five millilitres samples were taken after reach-
ing equilibrium, centrifuged at 4000 rpm during 5 min and the
supernatant liquid was analysed for chromium ions.

2.2.3. Quantification of polysaccharides and total polymers

The method used for the quantification of polysaccharides
and total polymers was first described by Oliveira and Azeredo
[22]. Tt consists of three steps: (i) solubilization of the polysac-
charide and polymeric net with a solution of glutardialdehyde,
(ii) dialysis of the obtained solution and (iii) precipitation of the
dialyzed. This precipitation step is achieved with phenol and
sulphuric acid for quantification of polysaccharides, which is
performed by spectrometry at 440 nm. The quantification of total
polymers is achieved by precipitation of the dialysed with nitron
solution, followed by centrifugation and drying. The residual
material is finally weighted.

3. Modelling
3.1. Modelling column biosorption studies

3.1.1. The Adams—Bohart, Wolborska and Yoon and Nelson
models

The prediction of the concentration—time profile or break-
through curve for the effluent is one of the requirements
for a successful design of a column adsorption process. The
Adams—Bohart, Wolborska and Yoon and Nelson models can
be used to predict the behaviour of breakthrough curves. All
parameters are referred to in Nomenclature, in order of appear-
ance.

3.1.1.1. The Adams—Bohartmodel. 1In 1920, Adams and Bohart
[23] established the fundamental equations that described the
relationship between C/Cy and 7 in a flowing system for the
adsorption of chlorine on charcoal. The model proposed assumes
that the adsorption rate is proportional to the residual capacity
of the activated carbon and to the concentration of the sorbing

species. The mass transfer rates obey the following equations:

dq

M~ kapqC 1
” AB4Ch (D
aCyp kaB

— = =2)qC 2
0Z ( Uy ) Kt 2)

Two assumptions are made for the solution of these differen-
tial equation systems: t — 0o and ¢ — Ny. When the differential
equations system is solved, the following equation is obtained
with parameters kap and Ny:

1 ¢ kaBCot — ka N, z 3)
n —_— = — —_—
Co ABLo AB Vo Uo

From this equation values describing the characteristic oper-
ational parameters of the column can be determined from a plot
of In C/Cy against ¢ at a given bed height and flow rate.

3.1.1.2. The Wolborska model. Wolborska [24] proposed
another model for the description of adsorption dynamics using
mass transfer equations for diffusion mechanisms in the range
of the low-concentration breakthrough curve. The mass transfer
in the fixed bed sorption is described by the following equations:

aCh aCy g\ . [9*Cy
0 _ (%) _ _
it <az) = Ba(Co — Cy) )

Three assumptions are made for the solution of this differen-
tial equation:

Cs K Cp, v< U, and axial diffusion negligible D — 0 as
t — 0. The solution can be approximated to:

C Co
In <C0> = (@;\70 )> 1= Ba(Co — Cy) (6)

with

_U? 1 + 480D
=g ((Ham2) 1) %

The author observed that in short beds or at high flow rates
of solution through the bed, the axial diffusion is negligible and
Ba = Bo. The migration rate of the steady-state front satisfies the
Wicke’s law:

UsCo
V= ———
(No + Co)
The expression of the Wolborska model is equivalent to the
Adams—Bohart relation if the coefficient kap is equal to Sa/Np.

So, the drawing of In C/Cy versus ¢t would also give information
on this model.

®)

3.1.1.3. The Yoon and Nelson model. 1In 1984, Yoon and Nelson
[25] developed a simple model for describing the adsorption and
breakthrough of adsorbates with respect to activated carbon. The
basis of this model is the assumption that the rate of decrease



Table 1

C. Quintelas et al. / Journal of Hazardous Materials 153 (2008) 799-809

Isotherm models used to represent the equilibrium of biosorption

Isotherm model

Equation

Theory

Reference

Langmuir

Freundlich

Redlich—Peterson

Sips

Toth

Qe = (OmaxbCe)/(1+bCe)

Qe =K;¢Ce U

Qe =(KRCe)/(1 +ar CeP)

Qe = (KsCe)/(1 + as C. 7o)

Qe = (K Ce)/[(ag+ Ce)'™

Established a relationship between the amount of gas sorbed
on a surface and the pressure of gas. Assumes monolayer
coverage of adsorbate over a homogenous adsorbent surface.
This exponential equation assumes that as the adsorbate
concentration increases so too does the concentration of
adsorbate on the adsorbent surface. Can be applied to non-
ideal sorption on heterogeneous surfaces as well as multilayer
sorption.

This isotherm model incorporates features of both the Lang-
muir and Freudlich isotherms and may be used to represent
adsorption equilibria over a wide concentration range.

Is also called Langmuir—Freundlich isotherm, and the name
derives from the limiting behaviour of the equation. At low
sorbate concentrations it effectively reduces to a Freundlich
isotherm and thus does not obey Henry’s law. At high sor-
bate concentrations, it predicts a monolayer sorption capacity
characteristics of the Langmuir isotherm.

Derived from potencial theory is used in heterogeneous sys-
tems. It assumes a quasi-Gaussian energy distribution, i.e.
most sites have an adsorption energy lower than the peak of

Langmuir [27]

Freundlich [28]

Redlich and
Peterson [29]

Sips [30]

Toth [31]

maximum adsorption energy.

Dubinin—Radushkevich Qe =¢gp exp(—Bp[RTIn (1 + 1/C)1?)

The characteristic sorption curve is related to the porous
structure of the sorbent.

Dubinin and
Radushkevich [32]

in the probability of adsorption for each adsorbate molecule
is proportional to the probability of adsorbate adsorption and
to the probability of adsorbate breakthrough on the adsorbent.
The Yoon and Nelson model can be expressed by the following
equation:

C
In <(Q)_Q) = kYNt - TkYN (9)

The values values of kyn and t can be calculated from the
plot of In (C/(Cp—C)) versus ¢.

3.2. Adsorption isotherm models

The distribution of Cr(VI) between the liquid phase and the
solid adsorbent phase is a measure of the position of equilib-
rium in the adsorption process [26] and can be expressed by
isotherm models. Six isotherm equations have been tested in
the present study and are represented in Table 1. The simplest
method to determine isotherms constants for two parameter
isotherms (Langmuir, Freundlich and Dubinin—Radushkevich)
is to convert the equation to a linear form and then to apply linear
regression. For the other equations, the model parameters were
estimated by non-linear regression using MATLAB and EXCEL
softwares.

4. Results and discussion

It was confirmed that wall characteristics are determinant
for good biosorption performances, depending on surface func-
tional groups and mainly on the ability of the bacterium to
protect itself from the xenobiotic environment. These prelimi-
nary results reveal that further studies are needed to establish the

basic characteristics of biomass to define a robust and effective
biosorbent, for different ranges of ions concentrations.

Biosorption investigations on bacteria in the acidic pH range
have demonstrated a reduction in the available metal-binding
sites due to protonation or interaction between cations and neg-
ative charges of acidic functional groups of polysaccharides [6].
The studies made by this group were performed at pH of 7.2-7.4
(during the biofilm formation) which proves that all the metal-
binding sites are available at the beginning of the biosorption
process.

The inclusion of an industrial effluent in this study aims to
evaluate the behaviour of these biosorption systems in the pres-
ence of an industrial effluent obtained from a tannery facility,
known to include several metal ions and organic substances in
its composition that may compete with Cr for the same active
sites on the biosorbent surface.

4.1. Column studies

4.1.1. Effects of initial concentration of metals ions on the
biosorption capacity

The results showed metal uptake values of 5.82, 5.35 and
4.12 mg/gpios., respectively, for S. equisimilis, B. coagulans and
E. coli, for the initial concentration of 100 mg/1; 2.33, 1.98 and
3.60 mg/gpios. for the initial concentration of 50 mg/l; and 0.66,
1.51 and 1.12 mg/gyp;qs. for the most diluted initial concentration
used, 10 mg/1 (Fig. 2). The performances of each of the bacteria
are comparable, despite the differences between their cell walls
structure and composition. Kulczycki et al. [8] explained this
with the specific chemical reactivity of functional groups (e.g.,
carboxyl and phosphoryl groups) that occur within the structural
polymers of cell walls of all bacteria. Industrial effluent was also
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Fig. 2. Uptake values obtained for the column studies as a function of the inlet
chromium concentration, for all the different biofilms tested.

included in this approach, for comparison purposes, reaching an
uptake never higher than 0.12 mg/gp;os.

Fig. 3 illustrates the resulting breakthrough curves for Cr at
different inlet concentrations and for all the different biofilms
tested. From its analysis it can be concluded that the biosorp-
tion process occurs in two stages, the first one is very fast
and reversible and is mainly based on physical adsorption, ion
exchange and chemisorption. The second one is a much slower
and irreversible metal binding process that may include covalent
bonding, surface precipitation, redox reactions or crystalliza-
tion on the cell surface [33]. Padmesh et al. [34] affirm that
the biosorption capacity of the biofilm increases with increas-
ing initial + metal concentration and suggesting that the driving
force for biosorption is the concentration difference between the
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Fig. 4. Removal percentage values after 10 h of experimental assay for all the
concentrations tested and for the industrial effluent, for all the biofilms tested.

chromium concentration in the solution and the chromium con-
centration on the biosorbent. Thus, the high driving force due
to the high chromium concentration in the liquid phase results
in better column performance. The present study confirms this
statement in terms of uptake (Fig. 2), the removal percentage
after 10 h of experimental assay shows that the removal capac-
ity increased with the concentration for the E. coli and the B.
coagulans biofilms. For the S. equisimilis biofilm, the removal
capacity decreases with the increase of concentration, for the
solutions of 10, 50 and 100 mg/1, Fig. 4. A possible explanation
could be that this bacterium is more sensitive to the xenobiotic
effect caused by the increase on the concentration of chromium.
Industrial effluent was also included in this approach, with best
removal percentage achieved with E. coli.

10 mg/l
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Fig. 3. Breakthrough curves for Cr(VI) biosorption onto B. coagulans, E.coli and biofilms supported on GAC at different inlet metal concentrations.
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4.1.2. Application of the Adams—Bohart and the Wolborska
models

The Adams—Bohart and the Wolborska sorption models were
used to describe the experimental data. This approach was
focused on the estimation of characteristic parameters, such as
maximum adsorption capacity (Ny) and kinetic constant (kap)
of Adams—Bohart model and kinetic coefficient of the external
mass transfer (8,) of Wolbraska model. After applying Eq. (3)
(or Eq. (6)) to the experimental data for different inlet chromium
concentrations, a linear relationship between In C/Cy and r was
obtained. Respective values of Ny, kap and S, were calculated
from the In C/Cy versus ¢ plots at all inlet chromium concen-
tration as presented in Table 2 together with the respective
correlation coefficients. These models were applied to all the
different biofilms. The value of maximum adsorption capacity
(No) increased with increasing inlet chromium concentration, as
expected. The predicted and experimental breakthrough curves,
with respect to inlet chromium concentration, are shown in
Fig. 5. For the most diluted concentration used, the discrepan-
cies are relatively higher (data not shown, for the concentration
of 10 mg/1) for the B. coagulans and E. coli biofilms. The rel-
atively higher errors obtained for the lower concentrations of
metal seem to be related to the metabolic activity which is not
quantified and consequently is not introduced in the model. The
S. equisimilis data were well fitted with this model. A probable
reason for this evidence could be that the metabolic activity for
this microorganism remains the same for all ranges of concen-
tration used with little influence in the overall process. Although
the Adams—Bohart (or Wolbraska) model provides a simple and
comprehensive approach to running and evaluating sorption-
column tests, its validity is limited to the range of conditions
used.

4.1.3. Application of the Yoon and Nelson model

A simple theoretical model developed by Yoon—Nelson was
applied to describe the breakthrough behaviour of chromium on
three different biofilms supported on GAC. The values of kyn
and t were determined from In [C/(Co—C)] against ¢ plots at
different inlet chromium concentrations varied between 10 and
100 mg/L. These values are listed in Table 2. The theoretical

curves are compared with the corresponding experimental data
in Fig. 6, and it could be concluded that the experimental break-
through curves were followed very closely by those predicted
by the Yoon—Nelson model for all the concentrations tested, for
the biofilm of S. equisimilis supported on GAC. For the biofilm
of B. coagulans there is a good agreement between the experi-
mental and predicted values for the higher concentrations used.
As with the models of Adams—Bohart and Wolborska, the most
diluted concentration showed large discrepancies, most prob-
ably for the same reason. For the biofilm of E. coli, there is
good agreement between the experimental and predicted values
for periods of time longer than 300 min at the higher concen-
trations studied. Despite some discrepancies found between the
experimental results and data regression, the model proposed by
Yoon—Nelson provided a good correlation of the effects of inlet
chromium concentration.

4.1.4. Effects of other ions presents on the solution

Studies made with the industrial effluent, containing several
different ions, showed values of Cr uptake of 0.083, 0.110 and
0.090 mg/gp;os., respectively, for S. equisimilis, E. coli and B.
coagulans for an initial concentration of 4.2 mg/l (Fig. 2). As
with the uptake value, after 10 h of experimental assay, the best
removal value was obtained with the biofilm of E. coli (10.2%,
Fig. 4). The value obtained for the removal percentage with
the most diluted solution used (10 mg/l) was of 19.3%, 24.7%
and 31.8% (after 10h of experiment), respectively, for the E.
coli, B. coagulans and S. equisimilis biofilms. These values were
much higher than the values obtained with the industrial effluent
(10.2%, 5.4% and 6.1%, respectively, for E. coli, B. coagulans
and S. equisimilis biofilms), for the same period of time. As it
was shown in Figs. 3 and 4, the process of metal removal is
inhibited by the presence of other ions.

4.2. Batch studies

The pH dependence of metal adsorption can largely be related
to type and ionic state of the functional group present in the
adsorbent and also to the metal chemistry in the solution. High
adsorption of Cr(VI) at low pH can be explained by Cr species

Table 2
Parameters predicted from the Adams—Bohart, Wolborska and Yoon and Nelson models at different inlet chromium concentrations and for the three different biofilms
Co (mg/l) No (mg/l) kap (I/(mg min)) Ba (1/min) R? 7 (min) kyn (min~!) R?
Bacillus coagulans
10 658.5 4.44E—5 0.029 0.94 61.11 0.0018 0.91
50 10436.7 1.76E—6 0.018 0.89 519.25 0.0004 0.83
100 13091.3 2.15E—6 0.028 0.89 554.83 0.0006 0.84
Escherichia coli
10 8049.8 6.22E—5 0.50 0.84 358.36 0.0014 0.84
50 44801.6 1.26E—5 0.57 0.87 284.21 0.0014 0.85
100 495370.4 1.08E—6 0.54 0.86 186.2 0.0005 0.91
Streptococcus equisimilis
10 20424.8 2.66E—5 0.54 0.89 10 269.11 0.0009
50 67768.9 7.53E—6 0.51 0.83 50 490.38 0.0008
100 138421.1 3.23E-6 0.48 0.86 100 463.33 0.0012
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Fig. 5. Comparison between the experimental results and those predicted by
the models for the inlet solute concentration of 50 and 100 mg/l, according to
the Adams—Bohart (or Wolbraska) model, for all the biofilms. (a) E. coli biofilm
supported on GAC, (b) B. coagulans biofilm supported on GAC, (¢) S. equisimilis
biofilm supported on GAC.

and adsorbent surface characteristics. Above pH 8, only CrO4%~
is stable and as the pH decreases into the region 3—6, the equilib-
rium shifts to dichromate according to the overall equilibrium:

2Cr04%>~ +2H" — Cr,072~ + H,0 (10)

Decreasing pH results in the formation of more polymerised
Cr oxide species. The surface of the adsorbent becomes highly
protonated and favours the uptake of Cr(VI) in the anionic form,
under acidic conditions. With increase in pH, the degree of pro-
tonation of the surface reduces gradually and hence adsorption
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Fig. 6. Comparison between the experimental data and those predicted by the
models for the inlet solute concentration of 50 and 100 mg/l, according to the
Yoon and Nelson model, for all the biofilms. (a) E. coli biofilm supported on
GAC, (b) B. coagulans biofilm supported on GAC, (c) S. equisimilis biofilm
supported on GAC.

is decreased. Furthermore, as pH increases there is competition
between OH~ and chromate ions (CrO427), the former being
the dominant species at higher pH values. The net positive sur-
face potential of sorbent decreases, resulting in the weakening
of electrostatic forces between sorbent and sorbate, which ulti-
mately leads to reduced sorption capacity [26]. The present study
used solutions with pH ranging from 4.5 to 5.5.

Adsorption experiments at initial Cr(VI) concentrations from
50 to 1000 mg/1 were performed with fixed doses (1.5 g/150 ml)
of GAC covered with biofilm. The results indicated that the per-
centage of Cr(VI) removal decreased as the initial concentration
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Table 3

Equilibrium adsorbed quantities and removal percentages of Cr(VI) ion obtained
at different initial metal ion concentration (37 °C, 150 rpm), for all the biofilms
tested

Bacillus coagulans Escherichia Streptococcus
coli equisimilis

Co Ceq Rp Ceq Rp Ceq Rp
(mg/l) (mg/l) (%) (mg/l) (%) (mg/D) (%)

73.2 389 46.9 46.4 36.6 20.5 72.0
105.9 62.6 40.9 74.8 29.4 37.8 64.3
247.0 169.5 314 198.8 19.5 138.2 44.1
365.2 251.5 31.1 303.0 17.0 2224 39.1
546.9 393.0 28.1 462.9 154 355.2 35.1
743.6 579.8 22.0 655.1 11.9 498.8 329
947.4 784.9 17.2 845.3 10.8 508.5 46.3

of Cr(VI) was increased (Table 3). Cr(VI) removal ranged from
46.9% to 17.2% at initial Cr(VI) concentration of 50—1000 mg/1,
for the biofilm of B. coagulans, from 36.6% to 10.8%, for the E.
colibiofilm and from 72% to 46.3%, to the S. equisimilis biofilm.
Padmesh et al. [34] explain this decrease based on the fact that at
lower concentration, the ratio of the initial moles of chromium
to the available surface area may be lower and subsequently the
fractional sorption independent of the initial concentrations. On
the other hand, at higher concentration the available sites become
fewer compared to the moles of chromium present and hence the
removal percentage of chromium is dependent of the initial per-
centage. Horsfall Jr. et al. [3] reinforce this idea and affirm that
at higher concentrations, the reduced average distance between
the adsorbing species affects the charge distribution of its neigh-
bours, thus altering the ability of the species to migrate to the
biomass surface, which results in reduced adsorption.

In terms of removal percentage, the Gram-positive bacte-
ria tested (B. coagulans and S. equisimilis) presented the best
results, in the batch studies (Table 3). This seems to be related
to the higher contact time of the chromium solution with the
biofilm in batch studies compared to the residence time in col-
umn studies.

30 -

———B. coagulans
25 | E.coli

A PP S. equisimilis
20 -

Qe(mg/g)

0 T T T T 1
0 200 400 600 800 1000

Ce (mg/l)

Fig. 7. Chromium adsorption isotherms at 37°C using the three different
biofilms supported on GAC.

4.2.1. Adsorption isotherm studies

The process of adsorption of a substance from one phase
to a surface of another in a specific system leads to a ther-
modynamically defined distribution of that substance between
the two phases as the system reaches equilibrium. This dis-
tribution can be expressed in terms of adsorption isotherms,
whereby the metal species, sequestered by the sorbent (biofilm)
through a number of several mechanisms, is in equilib-
rium with its residue left free in solution [35]. For the
biosorbent used (biofilm+ GAC), adsorption isotherms were
experimentally determined and results are shown in Fig. 7.
Six different models — Langmuir, Freundlich, Redlich—Peterson,
Dubinin—Radushkevich, Sips and Toth — were fitted and con-
stants calculated are presented in Table 4 and the comparison
between the experimental results and those predicted by different
models are shown in Fig. 8. For the biofilm of E. coli, the worst
fit was obtained with the Langmuir and Dubinin—Radushkevich
models and for the other four models used the fit was very good.
For the B. coagulans biofilm the best fit was obtained with the

Table 4

Adsorption isotherm constants for all the isotherm models studied for
chromium(VI) onto a biofilm supported on GAC and for all the bacterial biofilms
tested

Qmax b R2
Langmuir parameters
E. coli 9.533 0.0077 0.943
Bacillus 19.455 0.0052 0.976
Streptococcus 16.077 0.0220 0.931
K¢ n R?
Freundlich parameters
E. coli 0.408 2.091 0.991
Bacillus 0.431 1.751 0.970
Streptococcus 1.226 2.147 0.984
' Bp R
Dubinin—Radushkevich parameters
E. coli 9.677 45.862 0.928
Bacillus 17.264 36.438 0.989
Streptococcus 14.415 1.951 0.740
Kr ar B R?
Redlich—Peterson parameters
E. coli 0.693 1.500 0.537 0.992
Bacillus 0.088 0.0038 1.000 0.980
Streptococcus 2.163E+5 2415E+5 0.475 0.989
Ks as bs R?
Sips parameters
E. coli 0.321 0.0057 0.543 0.992
Bacillus 0.051 0.0024 1.120 0.981
Streptococcus 1.744 —0.279 0.169 0.999
K ag t R?
Toth parameters
E. coli 0.402 —0.205 1.928 0.992
Bacillus 2.788E +7 1381 0.366 0.988
Streptococcus 0.578 —13.880 2.480 0.995
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Fig. 8. Comparison between the experimental results and those predicted by different models for the chromium adsorption isotherms, (A) for the biofilm of E. coli,
(B) for the biofilm of S. equisimilis, (C) for the biofilm of B. coagulans, all supported on GAC (—, model; - - -, experimental data).

Toth model isotherm and for the S. equisimilis biofilm the best
fit was the obtained with the Sips model. The fact that the fit
obtained, for all the biofilms, with Langmuir model represents
the worst results suggests that the binding of chromium do not
occur as a monolayer on the surface of the biomass and this
surface is far from energetically homogeneous.

4.3. Quantification of polysaccharides and total polymers

The attachment of bacteria to a solid surface forming a
biofilm can be described by a process with two steps: first,
the microorganisms come close enough to the surface to be
weakly held by electrostatic forces (at this point the cells can
be easily removed from the surface) and second, the attached
microorganisms are harder to remove from the surface, as the
bacteria produce exopolysaccharides which eventually form the
biofilm matrix which is firmly adherent to the substract [36]. The
polyssacharide and polymeric net give important informations
about the capacity of biofilm formation by the microrganism.
The presence of binding sites enables EPS not only to sequester
minerals and nutrients for microbial growth, but also to remove
toxic metals in biological treatment of wastewater [37].

The production of polysaccharides is higher for B. coag-
ulans follow by S. equisimilis and E. coli (9.19, 7.24 and

4.77 mg/gpios.)- The results are from the same order of mag-
nitude and it can be concluded that, in all the cases, bacteria
have a very good adhesion of to GAC and good qualities for
metal ions entrapment.

5. Conclusions

e Three different bacterial species (S. equisimilis, B. coagulans
and E. coli) supported on GAC were tested to remove hexava-
lent chromium from aqueous solutions and the overall results
were very promising.

e The quantification of EPS for the three biofilms showed that
their production is of the same order of magnitude and it
can be concluded that, in all the cases, bacteria have a very
good adhesion to GAC and promising qualities for metal ions
entrapment.

e These studies were focused in hexavalent chromium fixation
but it was concluded that the presence of other ions does affect
the uptake and removal efficiency of the biosorbent. Still, the
procedure optimization will allow good results in industrial
applications.

e The equilibrium data were well described by the Sips and Toth
model for the S. equisimilis and for B. coagulans biofilms.
The Freundlich, Redlich—Peterson, Sips and Toth isotherms
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fitted very well to the experimental equilibrium data obtained
with E. coli biofilm. This difference in the sorbent properties
may result from the fact that B. coagulans and S. equisimilis
are Gram-positive, while E. coli is Gram-negative, with the
consequent difference in the sorption properties. The possible
reduction of Cr(VI), negatively charged, to Cr(III), a cation,
enhances the sorption ability on the Gram-negative E. coli.

e The Adams—Bohart, Wolborska and Yoon and Nelson models
were applied to column studies data with a good correlation
between the predicted and the experimental data.
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