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ABSTRACT

The biosorption of Pb (II), Cd (II), and Hg (II) from simulated aqueous solutions using baker’s
yeast biomass was investigated. Batch type experiments were carried out to find the equilibrium
isotherm data for each component (single, binary, and ternary), and the adsorption rate constants.
Kinetics pseudo-first and second-order rate models applied to the adsorption data to estimate the
rate constant for each solute, the results showed that the Cd (II), Pb (II), and Hg (II) uptake process
followed the pseudo-second-order rate model with (R?) 0.963, 0.979, and 0.960, respectively. The
equilibrium isotherm data were fitted with five theoretical models. Langmuir model provides the
best fitting for the experimental results with (R?) 0.992, 0.9987, and 0.9995 for Cd (II), Pb (II), and
Hg (II), respectively. The effect of various influent adsorbates concentration, and flow rate on the
performance of fixed bed adsorber was found for the three heavy metals. A mathematical model
was formulated to describe the breakthrough curves in the fixed bed adsorber for each compo-
nent. The results show that the mathematical model provides a good description of the adsorption
process for Cd (II), Pb (II), and Hg (II) onto fixed bed of baker’s yeast biomass.

Keywords: Biosorption; Yeast; Cd (II); Pb (II); Hg (II); Fixed bed; Mathematical model; Mass
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1. Introduction

The intensification of industrial activity during
recent years is greatly contributing to the increase of
heavy metals in the environment, mainly in the aquatic
systems [1]. Wastewater contained with heavy metals
is a serious environmental problem because they do
not undergo biodegradation and are accumulated into
the organism entering into the food chains [2]. Metals
can be toxic to microbial population at sufficiently high
concentrations. However, some metals are markedly
more toxic even at very low levels. Among the toxic
heavy metals, mercury, lead, and cadmium, “called the
big three’ are in the limelight due to their major impact
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on the environment; Lead and cadmium are potent
neurotoxic metals [3].

The sources of human exposure to Cd (II) include
atmospheric, terrestrial, and aquatic routes [4]. The
most severe form of Cd (II) toxicity in humans is
““itai-itai”’, a disease characterized by excruciating pain
in the bone [5]. Other health implications of Cd(II) in
humans include kidney dysfunction, hepatic damage,
and hypertension [6]. However, it has been suggested
that overall nutritional status (rather than more Cd
(II) content of food) is a more critical factor in determin-
ing Cd (II) exposure [7].

Lead (II) is heavy metal poison which forms com-
plexes with oxo-groups in enzymes to affect virtually
all steps in the process of hemoglobin synthesis and
prophyrin metabolism. Toxic levels of Pb (II) in man



A.H. Sulaymon et al. / Desalination and Water Treatment 24 (2010) 344-352 345

have been associated with encephalopathy seizures
and mental retardation [8].

Mercury pollution results from metallurgical indus-
tries, chemical manufacturing, and metal finishing
industries. Hg (II) in the liquid form is not dangerous
and it is used in a number of industries. In the vapor
form mercury becomes very poisonous. It attacks the
lungs, kidneys, and the brain. The vapor crosses the
blood-brain and blood stream [9].

Adsorption has been shown to be the most promis-
ing option for all these non-biodegradable heavy
metals for the removal from aqueous streams, acti-
vated carbon being the most common adsorbent for
this process due to its effectiveness and versatility.
Although activated carbon, in granular or powdered
form has a good capacity for the adsorption of heavy
metals, it suffers from a number of disadvantages.
Activated carbon is quite expensive and the higher the
quality the greater the cost. Both chemical and thermal
regeneration of spent carbon are expensive [10].

Alternatively, the so-called biosorption, i.e., the
passive uptake of pollutants from aqueous solutions
by the use of non-growing or non-living microbial
mass, thus allowing the recovery and/or environ-
mentally acceptable disposal of the pollutants, could
also be considered. “Biosorption” term is used to indi-
cate a number of metabolism-independent processes
(physical and chemical adsorption, electrostatic inter-
action, ion exchange, complexation, chelation, and
microprecipitation) taking place essentially in the cell
wall rather than oxidation though anaerobic or aerobic
metabolism (biodegradation). The main attractions of
biosorption are high selectivity and efficiency, cost
effectiveness and good removal performance [11].

The use of dead microbial cells in biosorption is
more advantageous for water treatment in that dead
organisms are not affected by toxic wastes, they do not
require a continuous supply of nutrients and they can
be regenerated and reused for many cycles. Dead cells
may be stored or used for extended periods at room
temperature without putrefaction occurring. More-
over, dead cells have been shown to accumulate pollu-
tants to the same or greater extent than growing or
resting cells.

However, the use of dead biomass in powdered form
in the column has some problems, such as difficulty in
the separation of biomass after biosorption, mass loss
after regeneration, low strength and density and small
particle size, which makes it difficult to use in column
applications. To solve these problems, dead biomass can
be immobilized in a supporting material [12].

Yeast biomass plays an important role in investiga-
tions in the field of biosorption. Yeast is an inexpen-
sive, easily available source of biomass. Yeast cells

are known to bind various metal ions from solution
under a wide range of external conditions [13]. Contin-
uous packed bed column systems are the most suitable
and economic ways to remove heavy metals, offering
an alternative treatment for the removal and recovery
of heavy metals in aqueous systems. 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. Another important factor for the column design
is the maximum capability of adsorption of the metal-
lic ion with a specific amount of biomass; this process
is studied with the help of sorption isotherms. Math-
ematical models were carried out for the adjustment
of experimental breakthrough curves, and the
dynamic behavior prediction of the column in bio-
sorption 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 [14].

The aim of the present research is to investigate the
lead, cadmium, and mercury ions (single, binary, and
ternary) biosorption batch processes using baker’s
yeast as a biosorbent, as well as the effect of different
influent adsorbates concentration, and flow rate on the
performance of fixed bed adsorber for the three heavy
metals.

2. Mathematical models
2.1. Kinetics models

There are various kinetic models have been used for
evaluating the intraparticle diffusion coefficients. The
pseudo-first-order rate expression of Lagregren [13] is
generally described by the following equation:

d
“r=kig.- ) M

where g, and g; are the amounts of each solute (mg/g)
adsorbed onto the adsorbent at equilibrium and time ¢,
respectively, k; is the rate constant (min ). Integrating
and applying the boundary conditions, t =0 and g, = 0
tot =tand g; = q., Eq. (1) takes the form:

Ln(g, — q¢) = Ing, — kit (2)

While the linearized form of the pseudo-second-
order equation [15] is given by:

t 1 1
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where k; is the rate constant of pseudo-second-order
biosorption (mg g~ ' min™"); g, is the amount of metal
adsorbed at equilibrium (mg g '); and g, is the amount
of metal adsorbed at time ¢ (mg gfl).

Replacing the initial sorption rate k; by &, one can
get:

1

qt

+ (4)

1 1
it

= -

2.2. Breakthrough curves model

A two parameters model for the modeling of
breakthrough curves described by Belter et al. [16]
takes the form:

C 1 t—t,

C 2 [1 +erf [\/ZGtU]:l ©)
where erf(x) is the error function of x, f is the column
residence time, f; is the time at which the effluent con-
centration is half the influent concentration, and o
represents the standard deviation which is a measure
of the slope of the breakthrough curve. The model
parameters ¢, and ¢ can be estimated by fitting Eq.
(5) to experimental breakthrough data. Since major
process variables such as influent flow rate, column
length, and adsorbent particle size are not incorporated
in Eq. (5), therefore it is necessary to empirically corre-
late the two model parameters with these variables in
order to use Eq. (5) to simulate the dynamics of a bio-
sorption column operated under varying experimental
conditions [17].

MATLAB was used for the mathematical solution of
the above equation. The breakthrough curve presented
in terms of the dependence time of the relation between
the final and initial Cd (II), Pb (II), and Hg (II) concen-
trations (C/Cy).

3. Materials and methods
3.1. Materials

Adsorbent: The yeast used in the experiments was
supplied from Pakgida Company, Turkey.

Adsorbates: Cadmium, lead, and mercury ions were
prepared by dissolving cadmium salt Cd (NOj),, lead
salt Pb (NOj3),-2H,0, and mercury salt HgCl, in dis-
tilled water, respectively. These solutions were kept
at room temperature.

3.2. Methods

Physical properties of baker’s yeast were measured
at Oil Research and Development Centre, Baghdad,

Table 1

Characteristics of yeast

Bulk density (kg/m®) 692.6
Porosity 0.36
Actual density (kg/m®) 1406.5
Surface area (m?/ ) 2.6599

Iraq, and listed in Table 1. The non-living yeast bio-
mass was dried in an oven at 120°C for 24 h before
being used as adsorbent. The aqueous solution of cad-
mium, mercury, and lead were prepared from reagent
grades.

For the determination of adsorption isotherms, nine
250 ml flasks were filled with known concentration of
solute and a known weight of yeast. The flasks were
then placed on a shaker and agitated continuously for
30 h at 30°C. The concentration of solute in the solution
was determined using atomic absorption spectrophot-
ometer (Type Perkin-Elmer -5000, USA). This experi-
ment was carried out for single adsorbate, binary,
and ternary adsorbates.

The adsorbed amount is calculated by the following
equation:

o VL(C - Ce)
g = 12/7/4 (6)

The mass transfer coefficient for each adsorbate was
estimated using the following steps:

+ Estimating the optimum agitating speed for batch
adsorber to reach the needed equilibrium concentra-
tion of Cd (II), Pb (II), and Hg (II).

+ Estimating the mass transfer coefficient (k) in batch
process at optimum agitation speed for each compo-
nent using pseudo-second order model.

The mass transfer coefficient for Cd (II), Pb (II), and
Hg (II) were obtained by using 2 L Pyrex beaker fitted
with a variable speed mixer. The beaker was filled with
1 L of known concentration solution and agitation
started before adding the yeast. At time zero, the accu-
rate weight of yeast was added. Samples were taken
every 5 min.

The necessary dosage of yeast to reach equilibrium
related concentration of C./Cy equal 0.05, were calcu-
lated by using Eq. (6).

The fixed bed adsorber experiments were
carried out in a glass column of 50 mm internal dia-
meter and 50 cm height. A 100 g of yeast was mixed
with 480 g glass beads of 1 mm size (these
weights were selected after many trials to fix the yeast
in the bed) for each experiment in the fixed bed at
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Table 2
Parameters of isotherm for Cd (II), Pb (II), and Hg (I) and correlation coefficient for various models
Model Parameters Cadmium Lead Mercury
Langmuir g, — GmbCe Gm 0.373 0.3101 0.348
* T 14bC, b, m3/kg 13.154 205.5 116.303
Correlation coefficient 0.9992 0.9987 0.9995
Freundlich g, = KCi/ " K 4.3453 61.422 37.24
n 1.27 1.012 1.24
KirC, Correlation coefficient 0.9886 0.987 0.9766
Radk-Prausnitz g, = TR\ Kgrp 25.62 65.6 34.6
1+ (ﬂ) Cl-Nee Frp 0.812 9.0572 5.2805
Fre Ngp, 74401 —-3.221 —1.58522
ARC, Correlation coefficient 0.9736 0.97599 0.9773
Reddlich-Peterson g, = T3 BC™® AR 5.1617 65.536 34.688
Rt-e Br 0.1 8.401 6.657
MR 5.851808 4.069189 2.577402
Correlation coefficient 0.9879 0.9788 0.9321
Combination of Langmuir-Freundlich Gm 15.29367 138.955 201.291
bq,,,Ci/” B 0.18667 1.01213 0.207137
Ge = m n 1.14616 0.482614 0.779962
¢ Correlation coefficient 0.9939 0.9921 0.9943

different effluent concentrations and flow rate of Cd
(1), Pb (II), and Hg (II). The mixture of yeast and glass
beads were confined in the fixed bed by fine stainless
steel screen and two layers of fine texture at the bottom
and glass packing at the top of the bed to ensure a
uniform distribution of influent through the yeast
bed. The influent solution was introduced to the
column through a perforated plate fixed at the top of
the column. Feed solution was prepared in a stainless
steel vessel supplied with immersed heater and a
thermocouple to adjust the temperature of the solution
to 30°C.

4. Results and discussion
4.1. Adsorption isotherm

The equilibrium isotherms display a nonlinear
dependence on the equilibrium concentration. The
adsorption data for both systems were fitted by
Langmuir model [18], Freundlich model [19], Radke-
Prausnitz model [20], Reddlich-Peterson [21], and
Combination of Langmuir-Freundlich isotherm model
[22]. The determination coefficients are shown in
Table 2 for the Cd (II), Pb (II), and Hg (II) systems.
Table 2 indicates that Langmuir model provides the
best fit as judged by its correlation coefficient for the
three components.

The pH values for Cd (II), Pb (II), and Hg (II) were
6.22,5.01, and 6.15, respectively, and after mixing with
yeast the pH values became 4, 4.6, and 5.4, respectively.

The equilibrium isotherms for each single compo-
nent Cd (II), Pb, and Hg (II) onto yeast are presented
in Fig. 1, and the adsorption isotherms for each solute
in the presence of other solutes are shown in Figs.
2-4. Fig. 5 represents the isotherm curve for the three
solutes together, which showed the equilibrium iso-
therm of each solute is of favorable type. It was found
that the amount of adsorbate adsorbed per unit mass of
yeast for Pb (II) is greater than that for Hg (II) and Cd
(IT). This can be explained by the effect of solubility,
where the solubility of lead nitrate salt in water is less
than that of mercury chloride salt and cadmium nitrate
salt. It is expected to have a highest adsorption rate.

140

co,:d,?b. H;:D' lkgfma

120

100

80

ge (mg/g)

60

=4 + Leadisotherm

A  Mercury isotherm
| Cadmiumisotherm
= Theoretical

20

0
0.00E+00 2.00E-03 4.00E-03 6.00E-03 8.00E-03 1.00E-02 1.20E-02 1.40E-02
Ce(kg/m?)

Fig. 1. Adsorption isotherm for single systems of Cd (II), Pb
(II), and Hg (II) onto yeast at 303K using initial concentration
for each ion 0.1 kg/m?>.
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Fig 2. Adsorption isotherm for a binary system of Cd (II) and

Pb (II) onto yeast at 303 K using initial concentration for each
ion 0.1 kg/ms.
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Fig. 3. Adsorption isotherm for a binary system of Pb (II) and
Hg (II) onto yeast at 303 K using initial concentration for each
ion of 0.1 kg/m3.
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Fig. 4. Adsorption isotherm for binary system of Cd (II) and
Hg (II) onto yeast at 303 K using initial concentration for each
ion 0.1 kg/mB.
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Fig. 5. Adsorption isotherm for ternary system of Pb (II), Cd
(II), and Hg (II) onto yeast at 303K using initial concentration
for each ion 0.1 kg/m?>.

Furthermore it may be related to the molecular weight,
where the higher adsorption rate related to the higher
molecular weight salt.

Pb(NO;,),.2H,0 > HgClL,> Cd(NO,),

4.2. Mass transfer coefficient

The amounts of yeast used for adsorption of Cd (II),
Pb (II), and Hg (II) were calculated for final equilibrium
related concentration of C./Cy = 0.05. The initial con-
centrations for each solute was 0.1 kg/ m? with the
doses of yeast for Cd (II), Pb (II), and Hg (II) systems
are 3.4 x 107° kg, 0.5 x 107> kg, and 0.75 x 10~° kg,
respectively.

The typical concentration decay curves of solute in
batch experiments were carried out for Cd (II), Pb
(IT), and Hg (I) at different agitation speeds as shown
in Figs. 6, 7, and 8, respectively. The optimum agitation
speed needed to achieve C./Cy = 0.05 was found to be
1,000 rpm.

The adsorption data at optimum agitation speed for
the three solutes were analyzed in terms of pseudo-first
and second-order mechanisms.

The rate constant using pseudo-first-order rate
expression was obtained from the slope of the linear
plots of log (g — ;) against t for each solute using
Eq. (2). While, the rate constants for Cd (II), Pb (II), and
Hg (II) by using pseudo-second-order biosorption rate
constant (k;) were determined from the slope and inter-
cept of the plots of 1/, against 1/t using Eq. (4). The
values of the rate constants with the corresponding cor-
relation coefficients are presented in Table 3 for both
kinetic models and for the three solutes
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1.2
Cd systme, Co=0.1kg/m?
—t— 500 rpm
1 == 700 rpm
—te— 500 rpm
- 000

—a— 1000 rpm
== 1100 rpm

C/Co

0 50 100 150 200
Time, min

Fig. 6. Concentration-time decay curves for Cd (II) adsorption
onto yeast at different agitation speed using initial concentra-
tion 0.1 kg/m°.
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Fig. 7. Concentration-time decay curves for Pb (II) adsorption
onto yeast at different agitation speed using initial
concentration 0.1 kg/m°.

Table 3
Pseudo first and second order rate constants for Cd (II), Pb
(I), and Hg (II) with correlation coefficients

Pseudo-second order
kinetic model

Pseudo-first order
kinetic model

R? R?
Ky (correlation K, (correlation
Pollutant (min~') coefficient) (mg/g min) coefficient)
Cd (I1)  0.002 0.516 6.099 x 107* 0.963
Pb (1) 0.016 0.856 1.259 x 107 0.979
Hg (I)  0.005 0.804 9.6 x 107 0.960

12

Hg system, Co=0.1kg/m?

1 —+—600rpm
—&— 700 rpm
0.8 == 300 rpm
—a— 900 rpm
- —— 1000 rpm
- 0.
o —— 1100 rpm
04
0.2
0
0 50 100 150 200

Time, min

Fig. 8. Concentration-time decay curves for Hg (II)
adsorption onto yeast a different agitation speed using
initial concentration 0.1 kg/m?>.
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4 Experimental, Co=0.05kg/m3
0.2 | Experimental, Co=0.025kg/m3|
Theortetical
0
0 5000 10000 15000 20000 25000 30000
Time, s

Fig. 9. Experimental and theoretical breakthrough curves for
adsorption of Cd (II) onto yeast at different initial
concentrations and Q = 1.4*107° m3/s.

As can be seen from Table 3, the correlation coeffi-
cients for the pseudo-first-order kinetic model for the
various solutes were found to be lower than that for the
pseudo-second-order kinetic. Therefore, the pseudo-
second-order kinetics model can be used very well to
find the rate constant. From Table 3, Pb (II) has the
largest value of pseudo-second and first-order rate
constants in comparison with Hg (II) and Cd (II). This
enhances the results regarding Pb (II) for its fastest
adsorption onto yeast.

4.3. Breakthrough curves for packed bed adsorber
4.3.1. Effect of influent concentrations

Figs. 9, 10, and 11 show the experimental and pre-
dicted breakthrough curves for Cd (II), Pb (II), and
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1.2
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4 Experimental, Co=0.0
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0 —— Theoretical
0 2000 4000 6000 8000 10000 12000
Time, s

Fig. 10. Experimental and theoretical breakthrough curves for
adsorption of Pb (II) onto yeast at different initial concentra-
tions and Q=1.4"10"°m?/s.

Hg (II), respectively, for adsorption onto baker’s yeast
at different initial concentrations of adsorbate at con-
stant temperature of 303 K. It can be seen that an
increase in the initial concentration of Cd (II), Pb (1),
and Hg (II) make the breakthrough curves much stee-
per, this would be anticipated on the basis that the
driving force for mass transfer increases with increase
of concentration of adsorbates in the solution [23]. A
high adsorbates concentration may saturate the adsor-
bent more quickly, thereby decreasing the break-
through time. The same conclusion was obtained by
Ref. [24,25]. There is a good matching between the pre-
dicted and the experimental breakthrough curves, as
shown in the figures.

1.2
Hg adsorption, Q=1.4*10"°m?/s
1
0.8
S
- 06
o + Experimental, Co=0.1kg/m3
0.4 4 Experimental, Co=0,05kg/m3
&5 | Experimental, Co=0.025kg/m3
Theoretical
0
0 5000 10000 15000 20000
Time, s

Fig. 11. Experimental and theoretical breakthrough curves for
adsorption of Hg (II) onto yeast at different initial concentra-
tions and Q = 1.4*10 °m>/s.
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1
- 0.8
£
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Experimental, Q=8.4*10-7
m3/s
5A A Expeimental, Q=1.4%10-6
m3/s
0.2 Theoretical
0
0 5000 10000 15000 20000
Time, s

Fig. 12. Experimental and theoretical breakthrough curves
for adsorption of Cd (II) onto yeast at different flow rates
and C, = 0.1 kg/m”>.

4.3.2. Effect of flow rates

Figs. 12, 13, and 14 present the experimental and
predicted breakthrough curves for Cd (II), Pb (II), and
Hg (II), respectively, for adsorption onto baker’s yeast
at different flow rates of adsorbate at constant tempera-
ture of 303 K. An increase in the adsorbate flow rate
decreases the breakthrough time due to the decrease
in the contact time between the adsorbate and the adsor-
bent along the adsorption bed. Increasing the flow rate
may be expected to make reduction of the liquid film
thickness. Therefore, this will decrease the resistance
to mass transfer and increase the mass transfer rate as
well as there is not enough time for adsorption equili-
brium to be reached. These phenomena agree with that
obtained by Ref. [26,27].

1.2
Pb adsorption, Co=0.1kg/m?
1
0.8
Q
L
o 06
04 +  Experimental, 0=1.4*10-6
m3fs
0.2 4 Experimental, 0=8.4*10-7
: m3fs
—— Theoretical
0
] 2000 4000 6000 8000 10000 12000
Time, s

Fig. 13. Experimental and theoretical breakthrough curves
for adsorption of Pb (II) onto yeast at different flow rates and
C, = 0.1 kg/m>.
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1.2
Hg adsorption, Co=0.1kg/m?
1
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S 06
£
94 Ecperimental, Q=1.4*10-6
m3/s
0.2 A Experimental, Q=8.4%10-7
m3/s
Theoretical
0
0 2000 4000 6000 8000 10000 12000 14000

Time, s

Fig. 14. Experimental and theoretical breakthrough curves
for adsorption of Hg (II) onto yeast at different flow rates
and C, = 0.1 kg/m”.

5. Conclusions

The equilibrium isotherm data were correlated with
five models for each solute, Langmuir model gave the
best fit for the experimental data for all of them. The
batch experiments were helpful in estimating the opti-
mum agitating speed for each solute and to find the
rate constants for Cd (II), Pb (II), and Hg (II) by using
pseudo-first and second-order models, the results
showed that the Cd (II), Pb (II), and Hg (II) uptake
process followed the pseudo-second-order rate model.
A two parameters model for the modeling of break-
through curves was used. An increase in the initial con-
centration of each adsorbate makes the breakthrough
curves much steeper, which would be anticipated with
the basis of increases driving force for mass transfer
with the increase of adsorbates concentrations. The
increase in the flow rate for each solute decreases the
breakthrough time due to the decrease in the contact
time between the adsorbate and the adsorbent along
the adsorption bed.
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Symbols

Ar Reddlich-Peterson model parameter
B Langmuir constant, 1/mg

Bg Reddlich-Peterson model parameter
C Concentration of fluid, kg/ m>

Co Initial concentration, kg/ m>

Ce Concentration of solute at equilibrium, kg/m?
Frp Radke-Prausnitz model parameter

Q Flow rate, m%/s

K Freundlich empirical constant

Kgp Radke-Prausnitz model parameter

MR Reddlich-Peterson model parameter

Nrp Radke-Prausnitz model parameter

n Freundlich empirical constant

\%3 Volume of solution, m®

Wa Mass of adsorbent, kg
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