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A hybrid system combining the ion-exchange properties of a NaY zeolite and the characteristics of the bacte-
rium Arthrobacter viscosus was investigated to treat polluted effluents with dye and toxic metals. In this
study, the dye and the metal ion employed were a thiazine dye, Azure B, and chromium (VI), respectively.
Initially, the removal of dye by the zeolite was tested. The analysis of dye equilibrium isotherms data was
done using Langmuir, Freundlich, Sips and Redlich-Peterson models. Redlich-Peterson model gave the better
fitting to data. In the dye adsorption studies, pseudo-second order kinetics showed the more reliable results.
Operating at the optimised conditions in the treatment of single pollutants, a mixture of dye and metal solu-
tions was treated reaching a removal higher than 50% for chromium (VI) and higher than 99% for dye, in

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The presence of dyes and heavy metals is usual in industrial processes
like chrome tanning of tannery industry, and their removal may be an
environmental problem. These industrial activities are based on chemical
processes involving several organic and inorganic compounds such as:
acids, chromium salts, dyes, auxiliaries and other chemical additives
[1]. Dyes are widely used for colouring processes and many of them are
considered hazardous. Two percent of the produced dyes are discharged
directly in aqueous effluent, with a further 10% lost during the textile col-
oration process [2]. They are generally believed to be toxic and carcino-
genic or prepared from other known carcinogens [3]. The direct
discharge of dye effluents can cause serious problems to the environ-
ment due to contribution of high organic loading, toxicity and aesthetic
pollution related to colour [4]. Another environmental problem is the
presence of heavy metals in the effluent. Under certain environmental
conditions, they may accumulate to toxic levels and cause ecological
damage [5]. Amongst them, chromium is one of the major contaminants
in the effluents and demands special attention as it may present several
oxidation states. Between the different oxidation states, chromium (VI)
is of special concern due to toxicity and potential carcinogenicity [6].

Recently, different techniques were developed and applied for the
treatment of dyes and/or heavy metals in effluents. Amongst them,
adsorption was shown to be an economic, simple operation and effec-
tive technique. The most commonly used adsorption agent is
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activated carbon with high levels of recovery of dyes or of heavy
metals. In spite of this, its use is limited by high cost and difficulty
of recovery. Various low cost materials are increasingly employed as
non-conventional sorbents for inorganic as well as organic sub-
stances, including synthetic dyes [7]. Nowadays, the use of clay mate-
rials is being investigated by their cost and potential for ion exchange.
Zeolites possess a structural net negative charge due to isomorphic sub-
stitution of cations in the mineral lattice. They have a strong affinity for
cations of transition metals, but only little affinity for anions and non-
polar organic molecules [8]. The application of a zeolite to heavy
metal removal may be improved by the presence of microorganisms
able to change the metal speciation. These biosorbents (zeolite and bac-
terium) have been previously studied to remove chromium [9-11].

The aim of this work is the treatment of an effluent which contains
dyes and toxic metals such as Azure B and chromium (VI). In previous
reports, the chromium removal by an adsorption process has been
studied and prior to study the mixture pollutants, it is necessary to
know the characteristics of the adsorption process behaviour when
the effluent contains a dye as pollutant. Therefore, in this work a se-
quential study has been proposed. Initially, the adsorption process
of Azure B dye in NaY zeolite has been studied. Furthermore, a low-
cost system combining the biotransformation properties of a microor-
ganism with the ion-exchange properties of a zeolite has been developed
to remove simultaneously the chromium and dye from the effluent. This
innovative process combines the reduction of chromium (VI) to chro-
mium (III) by the bacterium Arthrobacter viscosus with adsorption of
the dye and chromium in a NaY zeolite. In our knowledge, few studies
were done with Azure B and the treatment with zeolite of a mixture
of dye and chromium.
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2. Material and methods
2.1. Materials and reagents

Dye solutions were prepared with Azure B purchased from Aldrich
(CAS Number 531-55-5). Its structure and properties are shown in
Table 1. Aqueous solutions were prepared according to the experi-
ments in concentrations between 1.5 and 2500 mg/L.

Chromium solutions were prepared by diluting K,Cr,0, (Riedel-de
Haen) in distilled water.

NaY zeolite (relationship Si/Al 2.83, BET area 700 m?/g) was used as
support. Prior to use, the faujasite zeolite NaY (Zeolyst International)
was pre-treated by calcination at 500 °C during 8 h under a dry air
stream.

A. viscosus was obtained from the Spanish Type Culture Collection
of the University of Valencia.

2.2. Methodology

2.2.1. Dye batch adsorption

Erlenmeyer flasks (250 mL) containing 1 g of NaY zeolite in 150 mL
of different Azure B solutions were employed. Isotherm studies were
made with concentration solutions of Azure B between 1.5 and
2500 mg/L. Kinetic studies were made at a concentration of 10 mg/L
for 15 min.

To study the effect of pH on dye removal, pH values range from 2
to 7.5. The solution pH was regularly maintained at the desired value
using H,SO4 or NaOH (0.1 M) solutions.

All the experiments were performed in a rotary shaker at 150 rpm
and 28 °C.

2.2.2. Batch adsorption

A. viscosus biofilm formation was prepared according to Quintelas
and Tavares [12-14]. A medium with 10 g/L of glucose, 5 g/L of pep-
tone, 3 g/L of malt extract and 3 g/L of yeast extract was used for
growth and maintenance of the microorganism. Bacterium was har-
vested during the exponential phase of the growth curve. The experi-
ments were performed with 250 mL Erlenmeyer flasks containing 1 g
of NaY zeolite covered with biofilm (bacterium concentration 5 g/L)
and 150 mL of the different solutions mixture of dye and chromium at
concentrations: 100 mg/L chromium with 100, 150, 300, 450, 600 mg/
L of dye. All adsorption experiments were performed in a rotary shaker
at 150 rpm, temperature 28 °C.

Samples of 1 mL were taken, centrifuged and analysed for dye and
chromium determination. These experiments were performed twice,
being the experimental error margin below 3%.

2.3. Analytical methods

2.3.1. Azure B determination

The dye content was measured spectrophotometrically (T60 UV
Visible, PG Instruments) in the supernatant based on the constructed
calibration curves at maximum absorption wavelength (648 nm). The

Table 1
Azure B properties and structure.

sample was diluted with distilled water if the absorbance exceeded
the range of calibration curve.

2.3.2. Chromium determination

Hexavalent chromium was quantified by measuring absorbance at
540 nm of the purple complex of chromium (VI) with 1,5-diphenylcar-
bazide [15] in acidic solution (T60 UV Visible, PG Instruments). For total
chromium determination, the chromium (III) was first oxidised to chro-
mium (VI) at high temperature by the addition of an excess of potassi-
um permanganate previous to the reaction with 1,5-diphenylcarbazide.
The chromium (III) concentration was calculated by the difference be-
tween the total chromium and chromium (VI) concentration.

2.3.3. Azure B and chromium adsorption uptake and removal percentages
The amount of dye or chromium adsorbed and the percentages of
removal were calculated using the following equations:

q=(G=G)-v/M (1)
D =100- (ci—cf) /Ci (2)

where q is the dye uptake (mg/g); C; and C; the initial concentration
and the concentration through time in the solution (mg/L) respec-
tively; V is the solution volume (L); M is the mass of adsorbent (g)
and D the percentage of dye or chromium removal (%).

3. Results and discussion

Zeolites are crystalline aluminosilicates mineral consisting of a
framework of tetrahedral molecules, linked with shared oxygen
atoms. Zeolites usually have a large surface area and high cation ex-
change capacity (CEC), and provide an exchange complex that can re-
tain different size ions, which promotes their use as selective
adsorbent for oil and gas pollutants, pesticides, and metals [14]. The
chromium (VI) removal ability of some zeolites is known, however
in our knowledge there are no similar studies for dye remediation for
the mixture of both pollutants. Therefore, it is necessary to evaluate
the dye adsorption process prior to study the remediation of pollutant
mixtures. For this reason, several variables such as solution pH, dye con-
centration and kinetic behaviour must be studied.

3.1. Azure B adsorption

3.1.1. Effect of pH

Initially the effect of the solution pH on the Azure B adsorption ca-
pacity of the NaY zeolite was studied. The work was done at the pH
values of 2, 4, 6 and 7.5 in order to obtain adsorption equilibrium
data (Fig. 1).

Initially, adsorption showed a linear rising with instantaneous up-
take followed by a stationary state. In all cases, the dye uptake profiles
were high with values from 1.30 to 1.42 mggye/gzeolite- The best re-
sults, obtained at pH 4, may be related to the surface charge density
decreasing with an increase in the solution pH and then the electro-
static repulsion between the positively charged dye and the surface

Dye Type ClL Structure Nmax Concentration
(nm) (mg/L)
Azure B Cationic metachromatic thiazine dye 52010 1.5-2500
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Fig. 1. Effect of pH on adsorption of Azure B into NaY zeolite (adsorbent dosage 1 g, ini-
tial dye concentration 10 mg/L).

of adsorbents is lowered, which may result in an increase in the ex-
tent of adsorption [16]. The low uptake value obtained at pH 6 and
7.5 can be explained by a greater concentration of the OH ™ in the sys-
tem which makes a competitive reaction with the zeolite. On the
other hand, the lower level of adsorption reached at pH 2 can be
due to the concentration of H" ions that interact with the zeolite re-
ducing the adsorption active sites, as Qiu et al. suggested [16].

3.1.2. Effect of Azure B concentration

The effect of the Azure B concentration on NaY zeolite adsorption
was investigated under the equilibrium conditions. Dye concentra-
tion ranged from 10 up to 2500 mg/L was selected to investigate the
removal efficiency (Table 2).

As shown in Table 2, when the dye concentration employed was
amongst 10-120 mg/L the dye removal percentages were nearly con-
stant (98.26-99.33%). The maximum removal percentage was 99.33%
obtained with 60 mg/L of Azure B. For higher concentrations the dye
removal decreased significantly. A similar effect was detected by
Qiu et al. [16] when studied the adsorption of Amino Black 108 and
Sagranine T. An explanation of this fact could be the limitation of ad-
sorption sites on the zeolite surface [4]. On the other hand, the uptake
capacity increased gradually with the concentration of the dye. The
maximum adsorption capacity attained was 140.953 mg/g,colite at
an Azure B initial concentration of 2500 mg/L. In accordance with
these results, Vimonses et al. [17] and Yao et al. [18] suggested that
an increase in the initial dye concentration leads to an increase in
mass gradient between the solution and adsorbent and this acts as a
driving force for the transfer of dye molecules from bulk solution to
the particle surface. The result obtained is more than twice higher
than other found in literature with other thiazine dye such as methy-
lene blue [19].

Table 2

Comparison of equilibrium uptakes and adsorption yields obtained at different initial
Azure B dye concentrations into NaY zeolite (adsorbent dosage 1 g, pH =4, agitation
150 rpm, V=150 mL, T 28 °C).

Ci (mgaye/L) Qe (MEaye/Ezeolite) D(%)
10 1.469 98.26
30 4751 98.91
60 9.460 99.33
90 13.297 99.15
120 18.257 98.86
500 58.727 78.22
700 73.517 78.24
1800 125.885 45.19
2500 140.953 37.89

3.1.3. Azure B adsorption isotherm

In order to optimise the design of an adsorption system to remove
pollutants from effluent, it was required to establish the most appro-
priate correlation of equilibrium curves, commonly known as adsorp-
tion isotherms. The adsorption isotherms are important in describing
how the adsorbate molecules are distributed between the liquid and
the solid phases when the adsorption process reaches an equilibrium
state. Interactions between adsorbate molecules and adsorbent sur-
face were investigated using several well-known models of two and
three fitting parameters. The models of Langmuir, Freundlich, Sips
and Redlich-Peterson were chosen.

3.1.3.1. Two-parameter models

3.1.3.1.1. Langmuir isotherm. The Langmuir isotherm is based on
the assumption of a structurally homogeneous adsorbent, a monolayer
coverage and all the surface points are equal. Once a dye molecule oc-
cupies a site, no further adsorption can take place at that site. The equa-
tion is given as:

0= GG/ (14 b)) 3)

where ¢max (Mgdye/Ezeolite) cOrresponds to the maximum achievable
uptake by a system, and b; (L/mgaye), which is related to the affinity
between the adsorbate and adsorbent. The Langmuir constant qqx
is often used to compare the performance of adsorbents, whilst the
other constant b; characterises the initial slope of the isotherm.
Thus, for a good adsorbent, a high g, and a steep initial isotherm
slope (i.e., high b;) are generally desirable [20].

According to Weber and Chakraborty [21], the favourable adsorp-
tion of Langmuir isotherm can be expressed in terms of a dimension-
less constant separation factor or equilibrium parameter R;.

R =1/(1+b;-G) (4)

where by is the Langmuir constant and Cy is the initial concentration
of dye. The value of separation factor R, provides valuable informa-
tion about the nature adsorption. The value of R, indicated the type
of isotherm to be irreversible (R =0), favourable (0<R;<1), linear
(RL=1) or unfavourable (R >1).

3.1.3.1.2. Freundlich isotherm. The Freundlich isotherm was origi-
nally empirical in nature, but was later interpreted as the adsorption
on heterogeneous surfaces or surfaces supporting sites with various
affinities. It is assumed that the stronger binding sites are initially oc-
cupied, with the binding strength decreasing with increasing degree
of site occupation. The Freundlich isotherm can be represented as:

qr = Kp-C''" (5)

It incorporates two constants: Ky (mgdye /" L'/ e0lite), Which
corresponds to the binding capacity; and np, which characterise the
affinity between the sorbent and sorbate.

The magnitude of the exponent 1/ny gives an indication of the
favourability of adsorption. It is generally stated that values of ng in
the range 2-10 represent good adsorption, 1-2 moderately difficult
adsorption and less than 1 poor adsorption characteristics.

3.1.3.1.3. Three-parameter models. Despite the simplicity of these
two-parameter models, some three-parameter models have also
been widely used and tested. Amongst them, Redlich-Peterson and
Sips isotherms are the most successful three-parameter models
used [22,23]. Both models reflected the combined feature of Langmuir
and Freundlich isotherm models.

3.1.3.1.4. Redlich-Peterson isotherm. Redlich-Peterson model [24] in-
cludes an exponent (fBgp), Which lies between 0 and 1. There are two
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limiting behaviours: the Langmuir form for Bgp=1 and Freundlich
form for Brp=0.
q= KRP'Cf/(1 + aRP'CfBRP> (6)
where Kgp (L/Sseotie) and agp (L®/mgh,e) are the Redlich-Peterson
model constants, 3gp is the Redlich-Peterson model exponent.
3.1.3.1.5. Sips isotherm. Under low sorbate concentrations, Sips
model [25] effectively reduces to Freundlich isotherm and; thus,
does not obey Henry's law. For high sorbate concentrations, it pre-
dicts a monolayer adsorption capacity, characteristic of the Langmuir
isotherm.
q=Ks- G/ (1 + ag- cf“S) (7)
where Ks (LP*- mgdye "*/geoiite) and as (L*$/mglse) are the Sips model
constant; s the Sips model exponent which lies between 0 and 1.
There are two limiting behaviours: the Langmuir form for Bs=1
and Freundlich form for 3s=0.

The fit of the analysed models to the data along with the isotherm
constants and correlation coefficients (R?) for the four models are
presented in Fig. 2.

The results of the present study indicated that the Langmuir
model did not fit the experimental data due to low R? value which
suggested that homogeneous and monolayer mode of adsorption
was not suitable in the present case. The obtained value of b; was
low, which it is not very desirable according to Kratochvil and
Volesky [20]. The Ry value was found to be 0.953 to 0.075 for concen-
tration of 10-2500 mg/L of dye indicating that the type of isotherm is
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favourable. In addition, the g4y calculated with this model is greater
than reported to similar dyes as methylene blue [19].

The Freundlich model exhibited good fit to the experimental sorp-
tion data suggesting the heterogeneous mode of adsorption since R?
value was 0.9968. Furthermore, the ng value, which is related to the
distribution of bonded ions on the adsorbent surface, was found to
be 3.011 indicating that adsorption of dye onto NaY zeolite is
favoured [26-28]. A suitable explanation for the adsorption mecha-
nism would be that the stronger binding sites were initially occupied,
with the binding strength decreasing with increasing degree of site
occupation.

The abilities of the three-parameter models, Redlich-Peterson and
Sips, were examined to model the equilibrium data. In terms of R?
values, the three-parameter models were better than the two-parameter
models as expected from the number of parameters involved in the
models. Thus, the three-parameter models suggested a non-monolayer
sorption. The best representation of the experimental results of the ad-
sorption isotherms was obtained using the Redlich-Peterson model
(R2=0.9974). The S3gp value (0.6808) indicates that the adsorption sys-
tem was between the two limiting behaviours.

3.1.4. Azure B adsorption kinetics

In order to develop applications of the system, operation control
and adsorption kinetic are very important to the process design.
They provide us valuable insights into the reaction pathways and
mechanism of the reaction.

3.1.4.1. Pseudo-first-order model. Pseudo-first-order equation or
Langergren's kinetic equation [29] have often been used to describe
the adsorption of an adsorbate from an aqueous solution. This
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Fig. 2. Langmuir (a), Freundlich (b), Redlich-Peterson (c) and Sips (d) isotherms for Azure B adsorption onto NaY zeolite.
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kinetic equation is based on the assumption that the rate of change
of solute uptake with time is directly proportional to the difference
in saturation concentration and the amount of adsorbate uptake
with time.

dq/dt =ky-(qe—qy) (8)

when g, = 0 at t =0, the expression can be integrated into the following
equation:

e = 4o (1—exp(—k; -t)) 9)

where g, is the amount of solute sorbed at time t (Mgaye/Szeolite); e
is the amount of solute sorbed at equilibrium (mgaye/gzeolite) and k;
the first-order equilibrium rate constant (1/min).

3.1.4.2. Pseudo-second-order model. The pseudo-second-order kinetics,
described by Ho & McKay [27], is:

dq/dt = ky+(q,—q,)’ (10)

Integrating Eq. (9) and noting that g, = 0 at t =0, the equation can be
rearranged into:

4 = qe=qe/(1 +qeky+t) (11)

where g, is the amount of solute sorbed at time t (Mgdye/Zzeolite)» e 1S
the amount of solute sorbed at equilibrium (mgaye/gzeolice) and k- the
second-order equilibrium rate constant (g;eolite/(Mgaye-min)).

The pseudo-second-order model equation provides an excellent
fit between the predicted curves and the experimental values, where-
as the first-order kinetics did not fit well to the experimental data.
This fact was confirmed by a good linearization of the data with
R?>0.999 (Fig. 3). Pseudo-second-order adsorption rate constant
(k2) and equilibrium uptake values (q.) were determined from the
slope and the intercepts of the plots in the linearized form of the
pseudo-second-order model (Eq. 8). The calculated g. values also
agree very well with the experimental data (ge = 1.4182 mgaye /8zcolite)-
The best fit of the second-order expression suggests that the chemisorp-
tion mechanism is involved in the adsorption. Similar phenomena were
observed for some thiozine dyes adsorption like methylene blue.

3.1.5. Azure B adsorption mechanism

Intraparticle diffusion has often been shown to be an important
factor in the attainment of equilibrium and in the identification of
the adsorption mechanism for design purposes. The kinetic results
were analysed by the diffusion model because neither pseudo-first-

order nor pseudo-second-order model can identify the diffusion
mechanism.

The effect of intraparticle diffusion resistance on adsorption can be
determined fitting an intraparticle diffusion plot to the kinetic data
[30]:

q =kt 41 (12)

where kiq is the intra-particle diffusion rate constant (mgaye/(gzeolite"
min?)). Values of I give information regarding the thickness of boundary
layer, i.e. the larger intercept the greater is the boundary layer effect.

The regression are not linear over the whole time range but can be di-
vided in a few linear regions. According to Vimonses et al. [17] this may
indicate the existence of several adsorption stages taking place because
some resistance to mass transfer may be involved during the adsorption.
The fact that none of the lines pass through the origin, I # 0, indicates that
the intraparticle diffusion is not the only rate-controlling step involved
in the adsorption process. Lorenc-Grabowska and Gryglewizc [31]
explained such multilinearity stages. The first section may be attributed
to the diffusion of adsorbate through the solution to the external surface
of adsorbent or the boundary layer diffusion of solute molecules. The
second portion describes the gradual adsorption stage, where intrapar-
ticle diffusion rate is rate-limiting. The third portion refers to the final
equilibrium stage for which the intraparticle diffusion starts to slow
down due to the extremely low adsorbate concentration left in the
solution.

3.1.6. Effect of A. viscosus biofilm

Based on Silva et al. [11] and Figueiredo et al. [32] the presence of
bacterium A. viscosus improves the chromium removal. Previous tests
were done to evaluate the effect of the biomass in the dye adsorption
conditions. It is concluded that the A. viscosus biofilm did not modify
the obtained adsorption profiles of Azure B and the dye adsorption
mainly takes place on NaY zeolite surface.

3.2. Model effluent treatment

In this study, the ability to Azure B adsorption of a zeolite was de-
termined and in previous papers [11,32] a reduction of chromium
(VI) to chromium (III) by the bacterium A. viscosus with adsorption
of chromium (III) in a zeolite was proved. Therefore, the adsorbent
obtained by combination of NaY zeolite and A. viscosus has been tested
in order to degrade an effluent like chrome tanning of tannery industry.

Operational conditions were established according to the results pre-
viously obtained in the dye adsorption studies and described in bibliogra-
phy [11,32]. Experimental studies were done in 150 mL at pH 4, using 1 g
NaY zeolite, 5 g/L of biomass, agitation 150 rpm and 28 °C. Different dye

8 concentrations (60, 150, 300, 450 and 600 mg/L) were tested with a chro-
mium concentration of 100 mg/L. The obtained data are shown in Table 3.
In all cases, the dye was the first pollutant to be removed with a
Y level higher than 99% after one hour. The chromium exhibits two ad-
g’ sorption stages typical of adsorption kinetics: first associated with ex-
=, ternal cell surface reaching a removal of approximately 40% in one
%
B 41
@
< Table 3
e Adsorption uptake values into NaY zeolite for a mixture of Azure B and chromium (VI)
= q.=1.4182 at different initial dye concentrations (adsorbent dosage 1 g, pH =4, agitation 150 rpm,
T 2 K,= 8.722 V=150mL, T 28 °C).
e R%= 0.9994
Initial concentration (mgaye/L) D (%) Cr (VI)
Chromium Dye removal (%)
0 T T T T T
0 2 4 6 8 10 12 100 60 99.28 47.68
t (min) 100 150 99.25 69.60
100 300 99.54 59.81
. . ) . 100 450 99.48 60.59
Fig. 3. Pseudo-second-order kinetics for adsorption of Azure B on NaY zeolite (adsor- 100 600 99.82 61.44

bent dosage 1 g, initial Azure B concentration 10 mg/L, pH=4).
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Fig. 4. Normalised concentration (C/Co) plot of Azure B and chromium adsorption in
presence of A. viscosus into NaY zeolite at 300 mg/L and 100 mg/L initial concentration
respectively (pH =4, adsorbent dosage 1 g).

day, followed by intracellular accumulation/reaction. Fig. 4 shows the
typical adsorption profile obtained. Accordingly the NaY zeolite
showed preference for the adsorption of the dye and later the adsorp-
tion of the chromium in the zeolite. This may be explain by the affinity
between the positive charge of the dye and the negative charge in the
zeolite due to the negative charge of the framework Al atoms, which
are located inside the three-dimensional pore structure of the solid
[10,11,33]. The predominant species of chromium (VI) at pH 4 are
CrOz 2 (1%) and HCrOz (99%). The presence of chromium (VI) in an
aqueous media as an anion with a big radius implies repulsion forces
and a size that difficult the adsorption into the zeolite which is related
with its anionic form. Figueiredo et al. [32], who studied adsorption of
chromium in NaY zeolite, reported a chromium uptake two-fold higher
than our system. This fact suggested a competitive behaviour between
chromium and the dye, thus the dye presence reduced the available ac-
tive sites.

After 100 h, the total chromium removal was constant. The chromi-
um (VI) was slowly reduced to chromium (III) as shown in the Fig. 4,
being this ion easily exchanged in the internal surface of the zeolite.
The chromium removal was favoured by the presence of A. viscosus
which is suggested to reduce the chromium (VI) to its oxidation state
chromium (II) by chromate reductase activity [34-37], thus it is more
easily sorbed in zeolite [11]. However, a level was reached at which
the zeolite does not accept the uptake of more chromium. In spite of
this, values higher than 50% of chromium (VI) removal were reached
in all the experiments. This may be due to the change of the oxidation
state of chromium from VI to Il in presence of the bacterium. This
change may be useful because this lower oxidation state is less harmful
to the environmental. The toxicity of chromium (III) is 1000-fold lower
than chromium (VI). When a dye concentration of 150 mg/L and chro-
mium concentration of 100 mg/L were tested, removal values of 70%
of chromium (VI) and more than 99% of Azure B were reached in 8 days.

After this adsorption treatment, exhausted NaY zeolite (containing
dye and chromium) is generated and it could be recovered by thermal
treatment. The heat generated during calcination decomposed the or-
ganic contaminants on the surface or pores of the adsorbent and then oxi-
dised to carbon oxides in air [38]. Then, the NaY zeolite with chromium
could be used to catalytic purposes [10].

4. Conclusions

The results obtained in this work demonstrated that Azure B can be
effectively removed by adsorption in NaY zeolite. Adsorption isotherms
of Azure B on the zeolite were studied using Langmuir, Freundlich, Sips
and Redlich-Peterson isotherm models. Amongst all the tested isotherm

models for the description of adsorption equilibrium isotherms of Azure
B on zeolite, the best fitting model was Redlich-Peterson. Kinetic studies
on sorption of Azure B on zeolite system revealed that pseudo-second-
order model showed the best fit to the experimental data suggesting
that a chemisorption mechanism is involved in the adsorption.

This innovative process showed that zeolite-biomass system is able
to perform the removal of a combination of Azure B and chromium
reaching a removal levels higher than 50% in case of chromium (VI)
and more than 99% for Azure B. The presence of the bacterium facilitates
the reduction of the chromium (VI), the consequent adsorption to the
NaY zeolite and reduction of the toxicity of the effluent.

The aforementioned results show that the hybrid system developed
in this work is a strong choice for recovery operations as it is operation-
ally very simple and can adapt to different dye and metal compositions.
The system appears to be a promising process to the removal of both
pollutants simultaneously (inorganic and organic pollutants) reducing
the pollutant charge and toxicity.

Nomenclature

Amax Langmuir model maximum achievable uptake by a system
( mgdye/ gzeolite)

b; Langmuir model affinity between the sorbate and sorbent
(L/mg)

R? Coefficient of determination

Kr Freundlich model binding capacity (mgdye /™ -L"/"/g)

ne Freundlich model affinity between the sorbent and sorbate

Krp Redlich-Peterson model isotherm constant (L/geolite)

agp Redlich-Peterson model constant (L®/mghye)

Brp Redlich-Peterson model exponent

Ks Sips model isotherm constant (L™ mggye **/8eolite)

as Sips model constant (L*/mgbs,ice)

Bs Sips model exponent

kq Pseudo-first-order rate constant (1/min)

k> Pseudo-second-order rate constant (geolite/(Mgaye - Min))

Ce Concentration of dye solution at adsorption equilibrium
(mgdye/L)

G Initial dye concentration of dye solution (mggye/L)

Qe Equilibrium adsorption capacity of adsorbent (mgaye/gzeolite)

q: Amount of dye adsorbed per unit of adsorbent at time t
( mgdye/gzeolite)

t Contact time (min)

kid Intra-particle diffusion rate constant (mg/(g-min'/?))
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