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ABSTRACT: The overall objective of this study is to model and optimize the elimination of lead ions from aqueous solutions by
inactive brewer's yeast in a batch reactor. Optimization of the most important factors directly affecting the adsorption of lead onto
the biosorbent was carried out by using a 2k factorial experiment. This later is performed to ascertain the effect of solution pH, initial
concentration of lead ions, inactive brewer's yeast dose, temperature, and their cross-influence on the lead adsorption yield. The
results suggest that the most influential factor is the solution pH followed by the initial concentration of lead ions, inactive brewer's
yeast dose, and temperature. The results have shown also the interaction between solution pH/initial lead concentration and initial
lead concentration/inactive brewer's yeast dose with different degrees of importance. The optimal values of solution pH, initial
concentration of lead ions, biosorbent dose, and temperature are 4, 53.75 mg 3 L

�1, 2.3emadse 2.5 g 3 L
�1, and 305e Te 308 K,

respectively. Adsorption parameters for the Langmuir and Freundlich isotherm models were determined at different temperatures
between (298 and 308) K. According to the biosorption isotherm plots, the Freundlich model describes perfectly the sorption of
lead onto inactive brewer's yeast.

’ INTRODUCTION

There has been increasing concern over dangerous levels of
heavy metals contaminating the aquatic environment and the
source of drinking water. Heavy metals have been a major cause
of concern over the last few decades because they are nonbiode-
gradable and hence are accumulated by living organisms.1,2 The
problem is aggravated by their high dispersion; they are widely
spread in aquatic systems where they enter the food chain.3,4

Conventional physicochemical methods like precipitation, ad-
sorption, chemical reduction, electrochemical treatment, and ion
exchange become inefficient when applied to metals present at
low concentrations in aqueous solutions.5 Among all of the
methods, adsorption is highly effective and economical.6,7 The
use of commercial activated carbon is a well-known adsorbent for
the removal of organic and inorganic compounds from water and
wastewater, but the high cost of activated carbon limits its use as
an adsorbent in developing countries.8 Consequently, in the
removal of pollutants from wastewaters, many investigators have
studied the feasibility of various low-cost sorbents, which are
defined as abundant materials in nature9�12 or a byproduct or
waste material from another industry.12 A large number of micro-
organisms (bacteria, fungi, yeasts, cyanobacteria, and algae) may
be employed as a potential alternative to remove heavy metals
from aqueous solutions.13�16

Most of the biosorption studies reported in literatures have
been carried out with living microorganisms.17�19 However, due
to certain inherent disadvantages, the use of living microorgan-
isms for metal removal and recovery is not generally feasible in all
situations. For example, industrial effluents contain high con-
centrations of toxic metals under widely varying pH conditions.
These conditions are not always conducive to the growth and
maintenance of an activemicrobial population. In the other hand,
the use of dead or inactive biomass presents several advantages;
the process is free from nutrient supply, there are no toxicity

constraints in the organism employed, a wider range of operating
conditions such as pH, temperature, and metal concentrations
are possible, and aseptic operating conditions are not essential.
Biosorption which is a property of certain types of inactive, dead
microbial biomass to bind and concentrate heavy metals from
even very dilute aqueous solutions is one of the most promising
technologies which can be used for this purpose.20,21 Therefore,
the purpose of this work was to evaluate the sorption potential of
biological waste obtained from brewer's yeast for lead. The
technique of statistical design for experiments can be used for
the process modeling and optimization of the operating para-
meters. It is widely accepted in manufacturing industry for
improving the product performance and reliability, the process
capability, and yield. In experimental statistical design, the factors
involved at their respective levels can be simultaneously varied.
Thus, a lot of information can be collected with a minimum
number of experiment trials. Basically, the classical parameter
design is complicated and not easy to use, especially when
considering that a large number of experiments must be con-
ducted when the number of the process parameters increased.
For this reason, the experimental design is a useful tool to study
the interactions between two or more variables at a reduced
number of experimental trials. There is a collection of mathe-
matical and statistical techniques useful for modeling and analysis
in complex process optimization.21�23 The optimization of
experimental conditions using experimental design is widely
applied in a large area of chemical processes. Many studies
concerning the uptake of biosorption of lead(II) ions in aqueous
solution have indicated that several parameters influence the
yield of biosorption.17,24�29 The individual and the interactive
effects on the yield of the biosorption of lead of four operating
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parameters, mainly: pH, initial concentration of lead [Pb2+]0,
adsorbent dose (mads), and temperature (T) are investigated.
The equilibrium of the biosorption of lead onto inactive brewer's
yeast process was also studied by using Langmuir and Freundlich
models.

’MATERIALS AND METHODS

Brewer's yeast was collected from BSA Beer Company in the
Bejaia city of Algeria. The brewer's yeast was first washed with
distilled water to remove any impurities and then dried in an oven
at 333 K for three days, crushed, and sieved to a particle size
diameter less than 500 μm. The average diameter of the particle-
size range used is estimated to be 246 μm. All reagents used in
this study were analytical grade. The lead(II) solution was
prepared from the dissolution of Pb(NO3)2 (100 % in mass
purity) in distilled water, and the concentrations of metal
solutions are varied between (53.75 and 151.25) mg 3 L

�1. The
pH of each solution is adjusted to the required value by adding
concentrated nitric acid (HNO3; 52.5 % in mass purity).

The agitation speed, agitation time, and the volume solution
were fixed to 480 rpm, 60 min, and 0.2 L, respectively. A
Schimadzu AA6500 atomic absorption spectrophotometer
(AAS), equipped with a Zeeman atomizer and a SSC-300
autosampler, is used to determine the concentration of unab-
sorbed Pb(II) in solution.
Modeling by Full Factorial Design. To develop an adsorp-

tion process, a number of the operating parameters influencing
the process such as pH, initial concentration of lead [Pb2+]0,
adsorbent dose (mads), and temperature (T) are studied. But the
study of the each and every factor is quite tedious and time-
consuming. Thus, a factorial design can minimize the above
difficulties by optimizing all of the affecting parameters collec-
tively at a time. Factorial designs allow the simultaneous study of
the effects that several factors may have on the optimization of a
particular process. It determines which factors have the impor-
tant effects on the response as well as how the effect of one factor
varies with the level of the other factors. The effects are the
differential quantities expressing how a response changes as the
levels of one or more factors are changed. Also, factorial designs
allow measuring the interaction between each different group of
factors. The interactions are the driving force in many optimiza-
tions of the processes. Without the use of factorial experiments,
some important interactions may remain undetected, and the
overall optimization may not be attained. One of the simplest
types of factorial designs used in experimental work is one having
two levels (2k). In a 2k factorial design experiment, each factor
may be assigned two levels: low (�1) and high (+1). If k factors
are considered, then 2k measurements are required to perform a
factorial design analysis.30

In this investigation, four operating factors were chosen as
independent variables, namely: pH (x1), initial concentration of
lead (x2), adsorbent dose (x3), and temperature (x4). Other
variables such as a time of experiments, agitation speed, and
solution volume were fixed at 60 min, 480 rpm, and 0.2 L,
respectively. On the other hand, the yield of lead adsorption onto
brewer's yeast (y) as da ependent output response variable which
is expressed in percent:

yð%Þ ¼ ½Pb2þ�0 � ½Pb2þ�t
½Pb2þ�0 3 100 ð1Þ

where [Pb2+]0 and [Pb
2+]t are the initial lead concentration and

lead concentration at a given time t.
The coded values of xj were obtained from the following

relationship:21�23

xj ¼
Zj � Z0

j

ΔZj
j ¼ 1, 2, :::, k ð2Þ

with:

Z0
j ¼ Zjmax þ Zjmin

2
and ΔZj ¼

Zjmax � Zjmin

2α

where xj is the coded value of jth variable, Zj is the encoded value
of jth variable, Zj

0 is the value of Zj at the center point of the
investigation domain, and ΔZj is the step size. Here, Zjmax and
Zjmin represent themaximum and theminimum level of factor j in
natural unit; α is the distance of the axial point from the center
domain (α = (2k)1/4, k is number of factors considered),
respectively. The experimental data are analyzed by full factorial
design to fit the following first-order polynomial equation:21�23

ŷ ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b4x4 þ b12x1x2
þ b13x1x3 þ b14x1x4 þ b23x2x3 þ b24x2x4
þ b34x3x4 þ b123x1x2x3 þ b124x1x2x4
þ b134x1x3x4 þ b234x2x3x4 þ b1234x1x2x3x4 ð3Þ

Table 1. Values and Levels of Operating Parameters

levels

operating factors �1 0 1

Z1: pH 2 3 4

Z2: [Pb
2+]0/ mg 3 L

�1 53.75 102.5 151.25

Z3: mad/ g 3 L
�1 0.3 0.4 0.5

Z4: T/K 298 303 308

Table 2. Full Factorial Design Matrix: Natural and Coded
Values of Parameters

natural values of parameters coded values of parameters

run no. Z1 Z2 Z3 Z4 x0 x1 x2 x3 x4 y(%)

1 2 53.75 0.3 25 1 �1 �1 �1 �1 5.30

2 2 53.75 0.3 35 1 �1 �1 �1 1 11.97

3 2 53.75 0.5 25 1 �1 �1 1 �1 16.48

4 2 53.75 0.5 35 1 �1 �1 1 1 23.34

5 2 151.25 0.3 25 1 �1 1 �1 �1 15.20

6 2 151.25 0.3 35 1 �1 1 �1 1 18.06

7 2 151.25 0.5 25 1 �1 1 1 �1 12.21

8 2 151.25 0.5 35 1 �1 1 1 1 15.42

9 4 53.75 0.3 25 1 1 �1 �1 �1 90.39

10 4 53.75 0.3 35 1 1 �1 �1 1 93.86

11 4 53.75 0.5 25 1 1 �1 1 �1 95.41

12 4 53.75 0.5 35 1 1 �1 1 1 96.20

13 4 151.25 0.3 25 1 1 1 �1 �1 73.20

14 4 151.25 0.3 35 1 1 1 �1 1 67.64

15 4 151.25 0.5 25 1 1 1 1 �1 73.96

16 4 151.25 0.5 35 1 1 1 1 1 79.10
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The natural values of each factor and their respective levels are
presented in Table 1.
The full factorial design was composed of 24 experiments of

factorial design (Table 2) and 5 experiments realized at the
center work domain (Table 3).21�23

’RESULTS AND DISCUSSION

Characterization of Adsorbent. FTIR Spectrum of the Bio-
sorbent. Fourier transform infrared (FTIR) transmission spectra
of samples were obtained on an IR Affinity-1 Shimadzu FTIR
spectrometer. FTIR spectra of the brewer's yeast sample was
obtained using an FTIR spectrometer over the wavenumber
range of (4000 to 500) cm�1. Brewer's yeast powder was mixed
with potassium bromide at a ratio of roughly 2/100. The FTIR
spectrum of the brewer's yeast displays a number of absorption
peaks, indicating the complex nature of the brewer's yeast.
The spectrum displays the following bands:
• The broad absorption band around 3418 cm�1 indicated the
existence of O—H in the carboxyl groups andN—Hgroups
of protein.19,31

• The absorption peak at 2924 cm�1 can be assigned to C—H
stretching,11 and that at 1650 cm�1 can be assigned to CdO
stretching of carboxyl groups.19

• Peaks at 1053 cm�1 to 1237 cm�1 indicated the presence of
aliphatic amines and/or halo compounds; the same results
are reported by (Pratibha et al.32).

Therefore, it should be noted that the FTIR spectrum of the
brewer's yeast supports the presence of amine and carboxyl
groups.
Brunauer�Emmett�Teller (BET) SurfaceAreaof theBiosorbent.

The specific surface area of the resulting biomaterial was determined
by nitrogen adsorption at 77 K (Quantachrome NOVA WIN2,
Version 9.0). Prior to gas adsorption measurements, the sample
was degassed at 373 K in a vacuum condition for a period of at
least 3 h. The BET surface area was determined by means of
the standard BET equation applied in the relative pressure range
from 0.05 to 0.32.
The surface area of brewer's yeast sample was observed to be

35.13 m2
3 g

�1.
First-Order Model Using Full Factorial Design. The results

of the first-order model are collected in Tables 2 and 3. The
model coefficients are estimated by the standard least-squares
regression method using “Excel” software. Three tests are
required to evaluate the adequacy of the model: Student's test,
which is used to determine the significance coefficients and
discarding the insignificant coefficients, R-square test, and
Fisher tests.

Student’s Test. To determine whether calculated effects were
significantly (different from zero), Student's t test was employed.
The estimated t values for particular process paramters can be
calculated as follows:33

tj ¼
jbjj
σbj

ð4Þ

with

σbj
2 ¼ σ2

rep

N
¼ 0:456 and

σ2
rep ¼

∑
n0

i¼1
ðyi � y̅0Þ2

n0 � 1
¼ 3:328 and N ¼ 16

where σ2bj is the variance coefficients; σ2rep the replication
variance; yi the predicted values of lead removal yield for the
ith central point; y0 the average value of lead removal yield for the
central point; n0 the repetition number of experiments at the
center work domain, and N the total number of the experiments
(N = 16) of the full factorial design. The tabulated t value for a
5 % level of significance and 4 degrees of freedom ( f = n0 � 1 =
5 � 1 = 4) is t0.05( f = 4) = 2.78. It is found that all individual
effects and only the interactions (x1x2) and (x2x3) are significant
at a 5 % significance level, but the interactions (x1x3), (x1x4),
(x2x4), (x3x4), (x1x2x4), (x1x3x4), (x2x3x4), and (x1x2x3x4) are
not significant. Therefore, they are eliminated from the regres-
sion equation.
Reliability Test. The test of reliability for predicting equations

has been carried out by Fisher's variance ratio test, known as the
F-test. The F-ratio is given by the following form:33

F ¼ σ2
res

σ2
rep

¼ 2:108 with

σ2
res ¼

∑
N

i¼ 1
ðyi � ŷiÞ2

N � l
¼ 7:015 ð5Þ

where σ2res is the residual variance; N the total number of the
experiments of the full factorial design (N = 16); l the number of
significant coefficients (l = 8); yi the observed values of lead
removal yield for the ith observation, and ŷi the predicted value of
lead removal yield for the ith observation.
The higher level of freedom degrees is 8 (f1 = N � l = 16 �

8 = 8), and the lower freedom degree level is 4 (f2 = n0� 1 = 5�
1 = 4). The tabulated value of F for the 5 % level of significance is
6.04. The estimated F value is much less than the tabulated value
of F (F0.05 (8, 4) = 6.04). It can be concluded that the two
variances are equal and that most of the response variation can be
explained by the regression.
Test of Regression Significance. This test calculates F by eq 6

and compares it to the tabulated F value for a 5 % level of
significance and two degrees of freedom (f1 = l� 1, f2 =N� 1).33

F ¼
∑
N

i¼1
ðŷi � y̅Þ2=l� 1

∑
N

i¼1
ðyi � ŷiÞ2=N � l

¼ 409:143 ð6Þ

The tabulated value of F (F0.95 (f1 = l � 1 = 7, f2 = N � l = 8) is
equal to 3.50. The calculated F value (F = 409.143) is much

Table 3. Results of Lead Biosorption at the Center Work
Domain

natural values of parameters coded values of parameters

run no. Z1 Z2 Z3 Z4 x0 x1 x2 x3 x4 y(%)

1 3 102.5 0.4 30 1 0 0 0 0 50.55

2 3 102.5 0.4 30 1 0 0 0 0 53.43

3 3 102.5 0.4 30 1 0 0 0 0 55.17

4 3 102.5 0.4 30 1 0 0 0 0 51.50

5 3 102.5 0.4 30 1 0 0 0 0 51.78
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higher than this interval. Hence, it can be concluded that the first-
order model eq 7 is valid at 95 %.

ŷ ¼ 49:234 þ 34:486x1 � 4:885x2 þ 2:281x3 þ 1:467x4

� 5:36x1x2 � 1:458x2x3 þ 2:065x1x2x3 ð7Þ
The absolute value of the coefficient of a particular factor is the

measure of its influence on the percentage removal of lead. The
positive value of the coefficient indicates that a high level setting
of the factor provides better adsorption than the low level setting
and vice versa for the negative value of the coefficient.
The regression equation, eq 7, allows the prediction of pH

(x1), initial concentration of lead (x2), adsorbent dose (x3), and
temperature (x4) with a good accuracy (the correlation coeffi-
cient R2 was found to be 0.997). A comparison of the experi-
mental and calculated responses (Figure 1a) shows a clear
agreement between the observed values and those predicted by
the statistical model in eq 7. The random distribution of the
residuals (Figure1b) shows the absence of a trend, indicating that
the mathematical model was adequate and that there was no
inconsistency between the experimental and the calculated
values of the response.
The initial pH of the adsorbent solution is one of the most

important parameters (b1 = +34.486) controlling the removal of
the metal ions by the biosorbent. The positive sign of the b1
coefficient suggests that the increase of pH of lead solution
increases the yield of biosorption of lead. A similar trend of the
pH effect was observed for the biosorption of Pb(II), Ni(II), and

Cr(II) ions24 and Ni(II) and Cd(II) ions19 onto inactive
Saccharomyces cerevisiae. This is partly due to the fact that the
hydronium ions [H3O

+] themselves are strong competing
sorbates and that the solution pH influences the chemical
speciation of lead ions and the charge of functional groups of
the biomass. Lead(II) ions in solution at an acidic pH appear as
divalent positive ions and are suitable to interact with negatively
charged groups in biomass. €Ozer and €Ozer24 reported that the
outer layer of the cell wall of S. cerevisiae consists of a coat protein
that can develop a charge by the dissociation of ionizable side
groups of the constituent amino acids. The ionic state of ligands
such as carboxyl, phosphate, imidazole, and amino groups will
promote reactions with the positively charged metal ions. At a
low pH, cell wall ligands were closely associated with the
hydronium ions [H3O

+] and restricted the approach of metal
cations as a result of the repulsive force. The optimal pH for
Pb(II), Ni(II), and Cd(II) removal by inactive S. cerevisiae is in
the range 5.0 to 6.0.19,24 The initial concentration of lead(II) was
the second significant parameter with a negative effect (b2 =
�4.885) on the percentage uptake. In other words, the adsorp-
tion yield decreased with increasing initial lead(II) concentra-
tion. There was a decrease of lead removal (= 17 %) when the
initial concentration was increased from (53 to 151) mg 3 L

�1 at
pH = 4, mads = 2.5 g 3 L

�1 and T = 308 K. The third impacting
factor was the adsorbent dose with a positive effect (b2 = +2.281).
This result suggests an increase in the percentage adsorption with
increasing adsorbent dosage. There was an increase of lead removal
(= 11%) when the biomass was increased from (1.5 to 2.5)
g 3 L

�1 at pH = 4, [Pb2+]0 = 151.25 mg 3 L
�1, and T = 308 K. This

was due to the availability of more surface functional groups
at higher biosorbent concentrations. The temperature had
also a positive effect (b2 = +1.467) on the percentage uptake.

Figure 1. Analysis of quality of the model. (a) Comparison of experi-
mental and predicted responses; (b) residual analysis for the estimated
model.

Figure 2. Significant interaction graphs. The symbols: 3 3 3 , initial
concentration of the lead(II) low level; —, initial concentration of the
lead(II) high level; •••, adsorbent dose high level; � 3� 3�, adsorbent
dose low level.
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This parameter is important in the context of adsorption on solid
phase. The temperature has two main effects on the sorption
processes. Increasing the temperature is known to increase the
diffusion rate of the sorbate within the pores as a result of
decreasing solution viscosity, and it also modifies the equilibrium
capacity of the sorbent for a particular sorbate. In the present case
the effect of temperature was investigated between (298 and
308) K. As the temperature increases, the yield of the adsorbed
quantity slightly increases. There was an increase of lead removal
(= 5 %) when the temperature was increased from (298 to 308)
K at pH = 4, [Pb2+]0 = 151.25 mg 3 L

�1, and mads = 2.5 g 3 L
�1.

€Ozer and €Ozer24 reported 298 K as the optimal temperature for
the biosorption of Pb(II), Ni(II), and Cr(II) ions onto inactive
S. cerevisiae.
All significant interactions found by the model are displayed in

Figure 2. According to the interaction graphs (Figure 2), the
strongest interaction was between the initial concentration of
Pb(II) and the adsorbent dose.
Optimization. The model equation obtained by full factorial

design was used to determine the optimal values of the operating
parameters to obtain the highest yield of biosorption of Pb(II) ions.

The response surface and contour plots (Figure 3 a and b)
were drawn using STATISTICA software. An analysis of these
figures clearly indicated that the optimal conditions found for
the yield of biosorption of Pb(II) were: pH 4, [Pb2+]0 = 53.75
mg 3 L

�1, 2.33 e mads e 2.5 g 3 L
�1, and (305 e T e 308) K.

Under these conditions, the obtained biosorption yield of Pb(II)
ions was 96 %.
Biosorption Isotherms. Since the adsorption isotherm pro-

vides important information about the working mechanism,17

the biosorption equilibrium of lead ions on dead brewer's yeast
at three different temperatures, (298, 303, and 308) K, are
presented in Figure 4. The experiments are performed with
2.5 g 3 L

�1 of dead brewer's yeast at pH 4, agitation time of 60
min, and agitation speed of 480 rpm, in a shake-flask system.
The classic models of Langmuir and Freundlich were used to

fit this type of adsorption isotherm. The Langmuir model is valid
for monolayer adsorption onto a surface with a finite number of
identical sites which are homogeneously distributed over the
adsorbent surface. It is expressed as follows:6,34

qe ¼ qmkLCe

1 þ kLCe
ð8Þ

Figure 3. Response surfaces (a) and contour plots (b) showing the effect of adsorbent dose and temperature on the yield of biosorption of Pb(II).
Conditions: pH = 4; [Pb2+]0 = 53.75 mg 3 L

�1.
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where qe, the lead concentration retained in the adsorbent phase,
was calculated according to:

qe ¼ ðC0 � CeÞ
m

V ð9Þ

C0 is the initial lead concentration (mg 3 L
�1), Ce the equilibrium

lead concentration (mg 3 L
�1), V the volume of the solution (L),

and m the mass of the brewer's yeast (g).
qm and kL are the Langmuir parameters related to the

maximum adsorption capacity and bonding energy of adsorption,
respectively.
The Langmuir equation can be linearized as shown:

Ce=qe ¼ 1
qm

 !
Ce þ 1

kLqm
ð10Þ

kL and qm are calculated by plotting Ce/qe versus Ce.
The Freundlich model is based on sorption onto a hetero-

geneous surface, suggesting that binding sites are not equivalent.
It is characterized by the following equation6 where kF and n are
Freundlich parameters indicating the adsorption capacity and the
adsorption intensity, respectively:

qe ¼ kFC
1=n
e ð11Þ

From the linear plot (eq 12) of ln qe versus lnCe, kF, and 1/n
values can be determined.

ln qe ¼ ln kF þ ð1=nÞln Ce ð12Þ
It is generally stated that values of n in the range 2 to 10

represent good, 1 to 2 moderately difficult, and less than 1 poor
sorption characteristics.35 In the last case, impractically large
adsorbent dosages may be required for the appreciable fractional
removal of solute.36 Table 4 shows the values of Langmuir and
Freundlich constants and the related correlation coefficients
(R2). The Freundlich isotherm model yielded a better fit with
the higher R2 value compared to the Langmuir model. Hamdaoui
and Naffrechoux37 reported that linear correlation coefficient
(R2) showed the fit between experimental data and the linearized
form of isotherm equation, while the average percentage error
(D(%)) obtained from eq 13 indicated the fit between the
experimental qe

exp and predicted qe
th values of sorption equilibri-

um capacity used for plotting isotherm curves. It is not appro-
priate to use the coefficient of correlation of linear regression
method for comparing the best-fitting isotherms.

Dð%Þ ¼ 1
P ∑

P

i¼1

jqexpe � qthe j
qexpe

 !
i

ð13Þ

where P is the number of experimental data.
Then, to check the validity of the two models, it is interesting

and essential to recalculate the adsorbed amount using the
calculated constant parameters determined using the linearized
forms and the average percentage errors (D (%)).
The average percentage errors and the simulated curves at (298,

303, and 308) K using Freundlich and Langmuir models are given.
In Figure 4, the points represent experimental data, and the lines
represent Freundlich and Langmuir isotherm models. It is clear
from the average percentage errors shown in Table 4 that the
Freundlich model provides a better fit to the experimental data.
The values of n shown in Table 4 are greater than 2, indicating

that lead is favorably biosorbed by brewer's yeast.

’CONCLUSION

The present study shows that dead biomass (S. cerevisiae)
obtained from BSA Beer Company in Bejaia city, Algeria, can be
used as an adsorbent for the removal of lead from aqueous
solutions. Optimum biosorption conditions were determined by
using a full factorial design (FFD). The model equation obtained
led to a classification of the parameters based on their level of
significance, namely, the solution pH > the initial concentration
of lead(II) > the adsorbent dose > the temperature. In addition,
two relevant interactions were found: initial concentration
of Pb(II)/adsorbent dose and solution pH/initial concentration
of Pb(II). In the optimal conditions determined by response
surface and contour plots (pH = 4, [Pb2+]0 = 53.75 mg 3 L

�1,

Figure 4. Adsorption isotherms of lead ions onto brewer’s yeast at
different temperatures Conditions: pH = 4, agitation speed = 480 rpm,
and t = 60 min; (a) T = 298 K, (b) T = 303 K, (c) T = 308 K. The
symbols:[ experimental points; 3 3 3 , Langmuir isotherm;�, Freundlich
isotherm.

Table 4. Langmuir and Freundlich Constants for Lead
Sorption at Three Temperatures

Freundlich Langmuir

T/K kF 1/n n R2 D (%) qm/ mg 3 g
�1 kL R2 D (%)

298 13.999 0.33 3.077 0.999 0.47 51.81 0.148 0.992 1.14

303 15.768 0.30 3.322 0.999 0.44 51.54 0.183 0.991 8.78

308 18.047 0.27 3.704 0.997 1.13 51.28 0.233 0.989 8.05
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(2.33 e mads e 2.5) g 3 L
�1, and (305 e T e 308) K) the

biosorption yield reached 96 %. The model was tested under
optimal conditions (pH 4, [Pb2+]0 = 53.75 mg 3 L

�1, mads = 2.5
g 3 L

�1, and T = 308 K). A good adequacy between the experi-
mental (94.8 %) and theoretical (96 %) biosorption yields was
found. Langmuir and Freundlich isotherm models were deter-
mined at different temperatures,T = (298 to 308) K. According to
the biosorption isotherm plots, the Freundlich model describes
perfectly the sorption of lead onto dead brewer's yeast. It can be
concluded that dead biomass tested can be used as an alternative
biosorbent to treatment wastewater containing lead ions, since dead
S. cerevisiae is low-cost biomass and has a high biosorption capacity.
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