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Abstract

Trivalent and hexavalent chromium continuous biosorption was studied using residual brewer Saccharomyces cerevisiae immobilized in volcanic
rock. The columns used in the process had a diameter of 4.5 cm and a length of 140 cm, working at an inlet flow rate of 15 mL/min. Breakthrough
curves were used to study the yeast biosorption behavior in the process. The saturation time (z;) was 21 and 45 h for Cr(III) and Cr(VI), respectively,
and a breakthrough time (#,) of 4 h for Cr(III) and 5 h for Cr(VI). The uptake capacity of the biosorbent for Cr(IIl) and Cr(VI) were 48 and 60 mg/g,
respectively. Two non-diffusional mathematical models with parameters 7y and o were used to adjust the experimental data obtained. Microsoft
Excel tools were used for the mathematical solution of the two parameters used.

© 2007 Published by Elsevier B.V.
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1. Introduction

Due to the development of industrial activities, there is an
increase in the content of heavy metals inside the effluents head-
ing towards rivers, generating 2.4 million tonnes of As, Cd, Cr,
Cu, Hg, Ni, Pb, Sc, V and Zn [1], which affect the water quality.
Chromium is a transition metal located in group VI-B of the
periodic table. Although it is able to exist in several oxidation
states, the most stable and common forms are the trivalent Cr(III)
and the hexavalent Cr(VI) species, which display quite differ-
ent chemical properties [1]. Biosorption technology comes as an
answer to the reduction of water toxicity [2], its processes are
based in the ability of a microorganism to adsorb a metal in solu-
tion by several physical-chemical processes through the cell’s
wall; this process does not always involve biomass metabolism,
and that is why it does not matter if the microorganisms are
dead or alive for the development of such processes [3—5]. The
physical-chemical processes involved in biosorption are usually
identified as ion exchange, complexation, coordination, chela-
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tion, micro-precipitation or adsorption, due to the removal of the
metal from the solution [6].

Continuous packed bed column systems are the most suitable
and economic ways to remove heavy metals, offering an alter-
native treatment for the removal and recovery of heavy metals
in aqueous systems [2,4].

Breakthrough curves are necessary for the adsorption column
design, due to the information about the dynamic behavior of the
metal concentration of the effluent in time [4,5]. Another impor-
tant factor for the column design is the maximum capability of
adsorption of the metallic ion with a specific amount of biomass,
this process is studied with the help of sorption isotherms [3,5].

Mathematical models were created for the adjustment of
experimental breakthrough curves, and the dynamic behavior
prediction of the column in biosorption processes.

These models are useful for the sizing and optimization of
the industrial scale process using laboratory data; mathematical
models also enable the response and mechanisms prediction of
the system [7].

The aim of the present survey is to study the chromium
biosorption process using Saccharomyces cerevisiae as the
biosorbent in a support of volcanic rock, by analyzing the
behavior of the experimental breakthrough curves for each
one of the stable oxidation states of chromium using the two
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parameters (dose-response) mathematical model proposed by
Belter in Brady et al. [8] and modified by Chu [9].

2. Materials and methods
2.1. Biosorbent

The biosorbent used for the chromium removal was the
residual yeast S. cerevisiae originated in the brewery industry
Cerveceria Unién S.A./Colombia

2.2. Metal solution preparation

The Cr(IIT) solutions were prepared using KCr(SO4),-12H>0
(MERCK), and Cr(VI) solutions were prepared using KoCr,O7
(JT BAKER) with concentrations of 300 mg/L and 200 mg/L,
respectively, the solutions concentrations were measured using
atomic absorption spectroscopy in a Perkin Elmer 3100 spec-
trophotometer.

The initial values of the trivalent and hexavalente concen-
trations of chromium solutions were obtained from the real
solutions of the leather industry of Antioquia (Colombia) and
the values of pH were adopted of the experimental results in
batch after making a response surface designs that optimizes the
value of the parameters in the biosorption process, the results
were analyzed by means analysis of the variance and -test of
student as it is to Carmona et al. [10].

2.3. Breakthrough curve

A PVC pipe of 4.3 cm of diameter was the building material
of the column with volcanic rock, porous structure, originated
in the jean washing industries as the packing material with a
length of 140 cm. The column was filled with volcanic rock up
to a height of 120 cm, approximately 85% of the total volume of
the column, and the void fraction within the column was 0.67,
i.e., total porosity, calculated like water volume added divided
volume of the bed.

The immobilized microorganisms were pumped and recycled
into the column as a suspension with a biomass concentration
of 155 ¢g/L for a period of 8 days, period in which the yeast
is adhered strongly on the interstices of volcanic rock. The
amount of immobilized biomass was determined by quantify-
ing the biomass concentration each day taking a known volume
and bringing it to a dry weight, from here find the concentration
that has the solution and less the initial concentration, during the
8-day of immobilization process until the amount of biomass in
the samples were maintained constant.

The initial volumetric flow used in this paper was calcu-
lated from Eq. (1), with base in the results in batch. When
we use a volumetric flow under observe preferential channels
and died zones, which cause difficulties in the repetition data.
Consequently other values of volumetric flows were used.

Mg

¢= Cteq
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where Q is volumetric flow (mL/min), M the biosorbent mass
(g), g the metal uptake capacity (mg metal/g biosorbent), C the
inlet metal concentration (mg/L) and feq is the time to reach the
equilibrium (min).

Subsequently, the uptake capacity was determined as shown
in Eq. (2).

qrot
X
where geq is biosorbent uptake capacity for metal ion, g the
total quantity of adsorbed metal ion (mg) and X is the biosorbent
mass (g).

Values for total quantity of adsorbed metal ion after final
time were 2956 and 3691 mg for Cr(IIl) and (VI), respectively,
the biosorbent mass and immobilized volcanic rock mass in the
column were both 61.4g. The values for the uptake capacity
were 48 mg/g for Cr(IIT) and 60 mg/g for Cr(VI).

Initially, the value of the flow of 6 mL/min, then was increased
to 15 mL/min. The results using flow of 6 mL/min are in Fig. 1.

In order to apply the model it is necessary that the rupture
curve present rupture time and saturation time. The rupture
curves vary according to the flow, one of those variations is
the form and the inclination that the curve displays from each
one of these points, therefore, when varying the flow, vary the
parameters of the model to gamma.

The inlet volumetric flow was of 15 mL/min and it was sup-
plied at the upper section of the column with a peristaltic pump
(Cole Palmer, model 77201-60), using a latex pipe L/S 13 with
an inner diameter of 0.8 mm. The Effluent samples where col-
lected at the bottom of the column using a sample collector
programmed for the duration of the assays, all the samples
where submitted to analysis to determine the final metallic ion
concentration (Cg).

The initial inlet conditions for the metallic solution were
300 mg/L and 200 mg/L of Cr(III) and Cr(VI), respectively, with
a pH value of 4.34 for Cr(IIl) and 1.66 for Cr(VI) [10].

@)

deq =

2.4. Mathematical modeling of breakthrough curves

The biosorption experimental data adjustment for continuous
systems used in this process is the one suggested by Thomas in
Volesky [11,12], thermodynamically obtained models [2], mass
transfer and diffusional models [2,3,12—-18], BDST (bed depth
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Fig. 1. Breakthrough curves for Cr(III) and Cr(VI) using 6 mL/min inlet volu-
metric flow.
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service time) [6,19-21] and scientific models [4] among oth-
ers, are very complex in their mathematical solution due to the
determination of some diffusional parameters in the equations
involved in the description of the biosorption process [1,2].

The models used in this survey were the ones developed by
Belter and Cussler and modified by Chu [9], as it is shown in
Egs. (2)-(4).
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where erf(x) is the error function of x, ¢ the residence time
inside the column, #y the temporal parameter which indicate
time needed for the outlet metal concentration to be the half of
the one inlet metal concentration and o is the standard deviation
of the linear part of the breakthrough curve.

The model parameters fy and o can be estimated by fitting
Egs. (2)-(4) to experimental breakthrough data.

Microsoft Excel® tool was used for the mathematical solu-
tion of the above equations. 7y and o were estimated by replacing
in Egs. (2)-(4) data from the experimental breakthrough curves.
Before using the data of the breakthrough curve obtained exper-
imentally, all the data in the curve should be normalized, this
means that, the breakthrough curve must be presented in terms
of the dependence in time of the relation between the final and
initial chromium concentrations (C¢/Cy).

3. Results and discussion

The breakthrough curves, normalized concentration defined
as the measured concentration divided by the inlet concentra-
tion is plotted against time in Fig. 2, and shows the amount of
chromium present in the solution (both oxidation states) was
removed with S. cerevisiae (as the biosorbent) inside a continu-
ous packed bed column system. The S shape and the appearance
of the breakthrough point describe a typical behavior of biosorp-
tion inside fixed bed column systems. The sorption process for
Cr(IIT) and Cr(VI) did not happen very fast; this can be con-
cluded from the behavior of the curve that didn’t show a linear
vertical behavior between the breakthrough point and the sat-
uration point. The breakthrough point for each one of the ions
of chromium is identified well in Fig. 2. According to Treybal
[21], the time to reach breakthrough point decreases due to sev-
eral factors; as the fixed bed length decreases, the normal size of
the biosorbent increases, the volumetric flow increases through
the column or having no solute concentration at the inlet stream.

The Cr(VI) concentrations in the effluent, were higher than
zero, this could be attributed to the initial flow rate conditions
that could have been too high. According to Treybal [21] and
Aksu et al. [22] the flow rate is an important factor involved in
the biosorption process.

Breakthrough point observed for Cr (III) ions was early than
that for Cr(VI) ions, possibly the chemical properties of Cr(VI)
and Cr(III) are different. Cr(VI), considered the most toxic form
of Cr, is usually associated with oxygen as chromate (CrO, %)
or dichromate (Cr,0,~7) ions. In contrast, Cr (III) in the form
of oxides, hydroxides or sulfates, is much less mobile [23].
Most cells are impermeable to Cr (III) probably because it
forms water insoluble compounds in non-acidic aqueous solu-
tions [23], similar justification was exposed for Travis et al.
[24].

The experimental data shown in Fig. 2 were adjusted to
the mathematical models proposed by Chu [9] in Egs. (2)—(4).
According to Chu [9], variables such as the inlet flow rate, col-
umn length and average size of the sorbent were not used to
develop Eq. (2), and it was also empirically correlated to simulate
the dynamic response of the column at different experimental
conditions.

The equations described previously were used to fit the
experimental data obtained in the chromium—yeast system
employed. These equations do not use diffusional coefficients;
they only use the error function (erf) to describe the process
as well as the standard deviation (o) of lineal part. These
equations are only appropriate in the cases that the system
chromium—yeast are favorable (when the breakthrough curve
evidences an S shape), and this is shown in discontinuous sys-
tems in the isotherm building process, in which there is a
maximum chromium removal capacity by S. cerevisiae [25].
In the cases that the biosorption system is unfavorable it
is necessary to use other mathematical models that include
the diffusional coefficients such as Treybal describes them
[21].

Egs. (2)—(4) were applied to adjust the models to break-
through curve obtained in the process of biosorption of Cr(III)
and Cr(VI), by using S. cerevisiae due to the isotherms for
the same process gave favorable curves, such as it shown by
Carmona [10]. They were used to model the experimental break-
through curves for Cr(IIT) and Cr(VI), and the results are shown
in Fig. 2.

The model shown in Eq. (2) is capable to describe the
symmetric breakthrough curve behavior. When symmetric or
asymmetric curves are obtained Eqgs. (3) and (4) are employed
for the modeling of the process.

The curves of rupture for Cr(IIT) showed symmetric behavior
to the difference of the curve for Cr(VI) that was asymmetric,
possibly due to the Cr(VI) before to be totally attracted by the
yeast, first is convert to Cr(III) [23].

For Cr(VI), the behavior of the breakthrough curve was asym-
metric, showing a well adjustment to the models described by
Egs. (2) and (4), the best values of standard deviation, how-
ever, this last one describes the curve starting at time (¢) equal
to zero, allowing a simulation or prediction more adjustable to
the model expressed by Eq. (2). As it was mentioned previously
Egs. (3) and (4) were modified by Chu [9] so that the experimen-
tal data would fit better, no matter if the curve is symmetrical or
asymmetrical.

There are several papers in literature [2,4,11-14] that use
mathematical models to fit experimental data obtained in con-
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Fig. 2. Models obtained for the breakthrough curves for Cr(IlI) and Cr(VI) using Eqs. (2)—(4).

tinuous biosorption systems. Da Silva et al. [26] made Cu(II)
biosorption assays using Sargassum sp. in batch and continu-
ous systems, demonstrating the suitability of the system by the
building of sorption isotherms. Researchers have made several
assays in packed bed columns to demonstrate the symmetry of
the breakthrough curves, furthermore, they use mass transfer
mathematical models to adjust experimental data. The results
obtained showed the sensibility to breakthrough curve adjust-
ment. The mathematical models employed for such predictions
were complex and depended on assumptions like; the radial
dispersion was negligible, and in addition the finite volume tech-
nique and Dassal code were used for the mathematical solution
of the differential equations present in the model.

Although, the mathematical models involving diffusional
coefficients to adjust the experimental data are sensible and
well fit, they are complex in their mathematical development,
whereas, the models described in Eqgs. (2)—(4) are more suitable
for calculations and experimental data fitting.

Sigma, fo and standard deviation of lineal part data for triva-
lent and hexavalent chromium, were obtained from Fig. 1, is
shown in Table 1.

The use of the methodology proposed by Chu, facilitates the
use of the error function (erf), which is inside Microsoft Excel
package.
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Table 1
Sigma (o), to and standard deviation
Cr(III) Cr(VI)
fo Sigma (¢)  R? fo Sigma (6)  R?
Eq. (1) 10.29 0.40 0.9968 17.25 0.70 0.9802
Eq. (2) 10.68 0.54 0.9863 19.43 0.85 0.8388
Eq. 3) 10.03 0.30 0.9988 15.93 0.52 0.9821

4. Conclusions

The use of immobilized S. cerevisiae in volcanic rock (high
porosity) is suitable for the biosorption of each one of the oxi-
dation states of chromium. The breakthrough curve for Cr(III)
describes more symmetry, however, the Cr(VI) breakthrough
curve shows a breakthrough point in a time of 40 h, higher than
the one reported by the Cr(III) that was of 15 h.

The breakthrough curve for Cr(VI) describes an asymmetric
behavior, and the model that gave the best fit was the one given
by Eq. (4), allowing a much better simulation or prediction than
the one given by Eq. (2).

The breakthrough curves for chromium biosorption with S.
cerevisiae as the biosorbent, were described by Egs. (3) and (4),
showing a better adjustment to the experimental data than the
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last one of the models used, because of the time zero correction
given by the model.

The applicability of the mathematical models used does not
require complex mathematical manipulations; this makes a great
difference between the mass transfer balance models used to
describe the biosorption processes.
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