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COPPER AND CADMIUM BIOSORPTION
ONTO SPHAEROTILUS NATANS:
APPLICATION AND DISCRIMINATION OF
COMMONLY USED ADSORPTION MODELS

F. Pagnanelli,"* A. Esposito,> L. Toro,' and F. Veglio*

1Dipartimento di Chimica, Facolta di SM.F.N.,
Universita degli Studi “La Sapienza”, P. le A. Moro 5,
00185 Roma, Italy
“Dipartimento di Ingegneria Chimica e di Processo “G.B.
Bonino”, Universita degli Studi di Genova, via Opera Pia 15,
16145 Genova (Albaro), Italy

ABSTRACT

In this paper, the experimental data of copper and cadmium
biosorption onto Sphaerotilus natans obtained under different
operating conditions of pH (3+6 units) and biomass concentration
(0.5+2 g/L) were reported. These experimental data, showing the
good separative performances of S. natans and the strong effect of
the selected operative factors, were represented by three different
empirical models: Langmuir, Freundlich, and Redlich—Peterson
isotherms. A statistical representation of the characteristic model
parameters (parameter standard deviation and regression coeffi-
cient) along with a model discrimination analysis (model residual
variance, F-test and residual analysis) were proposed in order to
suggest a standardized procedure for treating the biosorption data.

*Corresponding author. E-mail: francesca.pagnanelli@uniromal.it
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INTRODUCTION

The increase in heavy metal pollution, the more stringent environmental
regulation along with the technical and economical inadequacy of the traditional
technologies used to remove these pollutants, have focused the attention towards
the research of new, economical, and easily available biosorbents. Biosorption of
heavy metals is an innovative separation technology using inactive and dead
biomasses (bacteria, yeast, fungi, and algae) to remove heavy metals even from
very dilute aqueous solutions (1-12).

The complexity of the microorganism structure implies that different
biosorption mechanisms can occur such as ion exchange, complexation, physical
adsorption, and precipitation (1). Consequently, this biological phenomenon can
be affected by many environmental factors such as pH, ionic strength, biomass
concentration, temperature, and presence of different heavy metals in solution.
All these factors have to be investigated in order to better understand how this
phenomenon takes place and to optimize the operating conditions.

In the literature, there are numerous publications on biosorption in which
the abilities of many biosorbents are reported in different operating conditions. In
spite of this huge biosorption databank, it is quite impossible to compare data
reported in the literature concerning the performances of the same sorbent
material under different conditions and also those of different sorbents under the
same operating conditions.

In many cases the estimated parameters were reported without the relative
errors (3,7) and were found by linearizing the employed models (i.e., Langmuir
and Freundlich equations) (5,8), while the use of simple mathematical programs
(fitting nonlinear equations to data) would permit the evaluation of the
characteristic parameters directly along with other important statistic parameters
such as parameter standard deviation, residual variance, regression coefficient,
skewness, and so on.

Moreover in very few cases (9) a statistical analysis of the possible
equilibrium models used for representing the experimental data is reported. Very
often one model is chosen among all the possible ones without giving any
explanation for the selected choice.

The biosorption performances of a biomass are usually represented in
isothermal graphs in which the equilibrium metal specific concentration in the
solid phase (milligram of metallic ion per gram of biomass) is reported as a
function of the metal equilibrium concentration in solution (milligram of metallic
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ion per liter of solution). These experimental data are usually represented by
various simple empirical models (i.e., Freundlich and Redlich—Peterson
isotherms) or by models derived from isotherms originally developed for
different systems (i.e., Langmuir isotherm created for gaseous adsorption on
planar surfaces) (13).

These models have been widely applied since they are simple, give a good
description of the experimental behavior in a large range of operating conditions,
and are characterized by a limited number of adjustable parameters.

In this article, the experimental results obtained for copper and cadmium
biosorption on Sphaerotilus natans in different conditions of pH and biomass
concentration (14) were used to propose a simple statistical discrimination
analysis of different possible models. This analysis aims to select the most
appropriate model among many feasible ones. The best model should satisfy
some criteria such as the lowest number of coefficients and the simplest form
consistent with reasonable error, rational physical consistency, and the minimum
sum of squares of deviations between predicted and empirical values (15). Some
simple statistical tools (regression coefficient, model variance, F-test, and
residual analysis) were used in this paper to discriminate among different
commonly used models (9).

MATERIALS AND METHODS
Biomass

S. natans is a gram-negative bacterium isolated from the waste streams of a
water purification plant (16). The cultivation medium composition and operative
conditions are reported in a previous work (16). The biomass produced was
separated by centrifugation, washed by distilled water, lyophilized (17), and stored.

Biosorption Tests

Experimental tests were performed under different operating conditions:
pH (levels: 3, 4, 5, and 6 units) and biomass concentration (levels: 0.5, 1.0, and
2.0 g/L) were investigated as factors (14). Two different heavy metals, copper
and cadmium (CuCl, and CdCl,, respectively), were tested for biosorption on S.
natans. Each isothermal test at a specific condition of pH and biomass
concentration was carried out by using an experimental procedure named as
subsequent addition method (SAM) (6). This experimental procedure consists of
successive spikes of a heavy metal concentrated solution to a cellular suspension
kept under magnetic stirring. For each metal addition, residual metal
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concentration was determined on samples collected after the system has reached
an equilibrium condition (30 min). Metal specific uptake g (mmol/g) was
calculated by the mass balance of the metallic ion in the system (6,14).

Analytical Procedures

The residual metal concentrations in solution were analyzed by an
atomic adsorption spectrophotometer. These analyses were carried out at
327 nm with a flow rate of 7 mL/min; the calibration was performed by using a
standard solution, which is diluted by an automatic sampler obtaining 5 points
for each calibration curve. The analysis of the metal concentration in solution
is based on the mean values of three replicates and after each measure the
instrument executes washing for 60 sec by an aqueous solution of hydrochloric
acid.

RESULTS

The experimental data used in this paper for statistical data analysis and
model discrimination are reported in Table 1 (14): the effect of pH and biomass
concentration on copper and cadmium biosorption were already considered
without taking into account different possible equilibrium models in data
analysis. Therefore a model discrimination analysis was carried out in this paper
to evaluate which model represents the experimental data better.

Experimental data of heavy metal biosorption can be represented by
different ways, principally classified as empirical and mechanistic models. The
empirical models are simple mathematical relationships, characterized by a
limited number of adjustable parameters, giving a good description of the
experimental behavior in a large range of operating conditions.

The most commonly used empirical adsorption models are the Langmuir,
Freundlich, and Redlich—Peterson isotherms (16,18). These models cannot
represent the effect of the environmental conditions (such as pH, ionic strength,
temperature, and presence of multi-metal system) on biosorption performances,
being able to fit only the set of data obtained at constant operating conditions.

A deeper understanding of biosorption phenomenon can be achieved using
mechanistic models that are usually based on a preliminary biomass
characterization and in the following formulation of a set of hypothesized
reactions (ion exchange, complexation, surface micro-precipitation) among the
adsorbent sites and heavy metals (6,19), also considering the particular solution
chemistry of the metallic species (11,20). Electrostatic property (21) and
heterogeneity of the sorbent surface (22) can be also considered in the general
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formulation of the mechanistic models generating very complicated models with
many adjustable parameters.

Anyway the model growing complexity should be based on a wide and
deep experimental investigation made up of independent sets of data, avoiding
that a better fitting was reached only for the introduction of additional adjustable
parameters without understanding and isolating the chemico-physical mechan-
isms operating.

The complexity of the mechanistic models and the experimental work
necessary for their appropriate formulation make the use of the traditional
empirical model still very diffuse especially at the first stage of a biosorption
study. In this study three different models, largely reported in literature to
represent biosorption isotherms, were considered as a case study: Langmuir,
Freundlich, and Redlich—Peterson models.

The Langmuir isotherm (23) is the model mainly used (5,6,8,16,18,24) for
the representation of biosorption data obtained in constant conditions of pH, ionic
strength, and temperature.

The Langmuir model has a theoretical fundament: it hypothesizes chemical
and/or physical interactions between solutes and active sites on the adsorbent
surface and adsorption heat independent of the fraction of surface covered by the
adsorbed solute.

The Langmuir isotherm is given by the following expression (Eq. 1):

_ C]max'b'ceq

1+ bCe )

qeq

where g.q is the adsorption capacity at the equilibrium solute concentration Ceq
(milligram of solute adsorbed per gram of adsorbent); Cq is the concentration of
adsorbate in solution (mg/L); gmax 1S the maximum adsorption capacity
corresponding to complete monolayer coverage (milligram of solute adsorbed
per gram of adsorbent); b is a Langmuir constant related to the energy of
adsorption (L/mg).

The Freundlich expression (13) is an empirical equation relative to sorption
on heterogeneous surface. The Freundlich model can be derived by assuming a
logarithmic decrease of the adsorption heat with the covered fraction of surface.
The Freundlich equation (Eq. (2)) is commonly presented as (5,8,18):

q=KpCl, 2

where Kr and n are the mono-component Freundlich constants, characteristic of
the system indicating, respectively, the adsorption capacity and intensity.

A further empirical isotherm (Eq. (3)) has been developed by Redlich and
Peterson (5,11), incorporating three parameters to improve the fit by the
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Langmuir and Freundlich equations because of the major model flexibility:

q= M 3)
1+ aR-CEq
where Ky, ar and 3 are the characteristic parameters.

These models have been chosen not only because they are the most used
but also in order to compare two- and three-parameter models.

The Langmuir, Freundlich, and Redlich—Peterson models are not linear
equations with respect to parameters. Anyway, for the Langmuir and Freundlich
isotherms a linear regression can be performed after linearizing the equations. In
the case of Langmuir, there are different available forms of linearization (Eqs.

@-()):

C 1 C

— = + Langmuir )
q Qmax'b qmax

1 1 1 1 .

= +—.—  Lineweaver—Burk Q)

q Gmax Gmax b C

1
4 = dmax — E % Eadie—Hoffstie (6)

% = b-Gmax — b-q Scatchard @)

The calculated values of the two adjustable parameters can change for the
same set of experimental data according to the chosen linearized form because of
the inappropriate weighing of the experimental error related to each value of the
dependent variable during the linear regression. In fact in each linearization the
dependent variable and the associated error change requiring appropriate
transformation of weighing (25).

In this study a nonlinear least square regression was performed using the
SCIENTIST package in which the least squares fitting is performed using a
modified Powell algorithm to find a local minimum, possibly the global
minimum, of the sum of squared deviations between observed data and model
calculations.

Nonlinear regression uses variables without any change with respect to the
original nonlinear equation and makes the comparison between experimental and
calculated profile easier and more direct (25).

In Fig. 1 an example of the application of the three models to the same set
of data is reported.

Copyright © Marcel Dekker, Inc. All rights reserved.
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50
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—— Redlich-Peterson

0 20 60 80

40
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Figure 1. Langmuir, Freundlich, and Redlich—Peterson fittings of cadmium biosorption
data at pH = 5 with X = 1 g/L.

The first step of this comparative analysis was the calculation of the
characteristic parameters of each analyzed model for copper and cadmium
biosorption in different experimental conditions. The SCIENTIST program (26)
was used to calculate the parameters, the relative standard deviations, and the
regression coefficient R 2 (Eq. 8):

SSk

R*="+ 8

S (3)

where SSy and SSt are given by the following expressions (Egs. 9 and 10):

n

SSr = Z (qical - Qm)2 9)
i=1

SSt =) (qiexp — )’ (10)
i=1

where g;c and gy, are, Tespectively, the metal specific uptake calculated by the
model and experimentally measured, and ¢, is the average of the experimental
data.
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Tables 2—4 show the results of the regression analysis for copper and
cadmium biosorption respectively using the Langmuir, Freundlich, and Redlich—
Peterson models.

The analysis of these data outputs that both the Langmuir and Freundlich
models present low parameter standard deviations never larger than the same
parameters, while the Redlich—Peterson model often gives errors exceeding the
parameter values.

Table 2. Parameters, Relative Standard Deviations and Regression Coefficients (R %) for
Langmuir Modeling of Copper and Cadmium Biosorption onto S. natans at pH 3, 4, 5, and
6 with 0.5, 1.0, and 2.0 g/L of Biomass Concentration (X)

Langmuir

Metal X (g/L) pH Gmax * 0, (mg/g) b= o, (mg/L) R?
Copper 0.5 3.0 1.8+0.1 2.6+0.7 0.996
4.0 12+7 0.6*0.5 0.975
5.0 64+8 0.7+0.2 0.987
6.0 (11 £ 3)x10 04+02 0.983
1.0 3.0 2.8+0.2 1.9+05 0.994
4.0 11.6 0.8 0.26 +0.09 0.993
5.0 45+2 0.17 +0.03 0.997
6.0 73+9 0.19 + 0.05 0.994
2.0 3.0 40+03 0.5+0.2 0.989
4.0 59+0.4 0.7+0.2 0.992
5.0 39+3 0.12+0.03 0.992
6.0 53+2 0.35+0.05 0.996
Cadmium 0.5 3.0 3305 0.18 £ 0.06 0.993
4.0 6.7+0.6 0.11 +0.02 0.997
5.0 21 %1 0.5+0.1 0.995
6.0 27.4+0.6 3.6+0.4 0.998
1.0 3.0 27+0.1 5+2 0.996
4.0 7+1 6+4 0.931
5.0 25.6+0.4 0.37 £ 0.03 0.999
6.0 31+4 0.5+0.2 0.973
2.0 3.0 1.6+0.2 04+02 0.987
4.0 2+ 1)x10 0.04 + 0.04 0.931
5.0 31+1 0.29 +0.05 0.997
6.0 45+2 1.0+0.2 0.994

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 3. Parameters, Relative Standard Deviations and Regression Coefficients (R 2) for
Freundlich Modeling of Copper and Cadmium Biosorption onto S. natans at pH 3, 4, 5, and
6 with 0.5, 1.0, and 2.0 g/L of Biomass Concentration (X)

Freundlich

Metal X (g/L) pH Kg *+ ogp (L/g) n*ao, R?
Copper 0.5 3.0 1.24 = 0.04 0.39 £0.06 0.995
4.0 45+03 0.8+£0.2 0.975
5.0 25*£3 0.45 +0.08 0.983
6.0 33+3 0.6 0.1 0.974
1.0 3.0 1.7+0.1 0.31 +0.08 0.985
4.0 6*1 0.16 = 0.07 0.982
5.0 153 0.24 +0.05 0.992
6.0 13+2 0.58 +0.08 0.987
2.0 3.0 2004 0.21 +0.08 0.980
4.0 2.8+04 0.24 +0.06 0.984
5.0 99+0.5 0.32+0.01 0.999
6.0 161 0.42 +0.05 0.985
Cadmium 0.5 3.0 0.6 +0.1 0.5*0.1 0.988
4.0 1.1£0.2 0.48 +0.08 0.992
5.0 8+1 0.32 =0.08 0.983
6.0 18+1 0.20 +0.03 0.990
1.0 3.0 22+1 0.09 = 0.04 0.992
4.0 52*+0.6 0.20 = 0.09 0.942
5.0 10+1 0.26 +0.03 0.996
6.0 144 0.2*0.1 0.949
2.0 3.0 0.7+0.2 02%x0.1 0.978
4.0 2+1 0.6*+02 0.924
5.0 11=x1 0.26 +0.03 0.994
6.0 22+3 0.25 =0.05 0.982

On the other side the R? values are very good for all three models
underlining that this parameter cannot be considered alone as a useful tool to
evaluate if a model represents well the experimental data.

Besides the error parameters, another direct comparison among different
models can be obtained by graphing the experimental data vs. the predicted values
(scatter diagrams). These diagrams output the spreading of the experimental data
with respect to the selected model: the more the model is suitable, the more are the
data tightly and symmetrically distributed on the diagonal. In Figs. 2—4 are

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 4. Parameters, Relative Standard Deviations and Regression Coefficients (R %) for
Redlich—Peterson Modeling of Copper and Cadmium Biosorption onto S. natans at pH 3,

4,5, and 6 with 0.5, 1.0, and 2.0 g/L of Biomass Concentration (X)

Redlich—Peterson

Kr £ okr ar X o.R

Metal X (g/lL) pH (L/g) (L/mg)" B*ogs R?Z
Copper 0.5 3.0 6+4 35+35 0.8+03  0.99
4.0 (1£5)%x10 1+12 0.5*2 0.975
5.0 (5+3)x10 0.8+1 1.0£0.5  0.987
6.0 35+4 0.003 = 0.03 5+10 0.992
1.0 3.0 3.5+0.7 0.8+0.4 14+02 0997
4.0 1.7+03 0.05 +0.03 12%20.1  0.998
5.0 7+3 02+0.1 1.0£0.1  0.997
6.0 11*2 0.03 +0.05 1.6+0.6  0.996
2.0 3.0 12+03 0.09 + 0.08 14202  0.995
40 3x1 04+04 1.1£02  0.993
5.0 (7+9)x10 7+10 0.70 £0.03  0.999
6.0 15+2 0.18 + 0.09 12202 0997
Cadmium 0.5 3.0 0.37 = 0.04 0.003 = 0.005 25+0.7  0.998
4.0 0.5*+0.6 0.005 = 0.003 18202  0.999
5.0 7.0%0.7 0.12 +0.05 14+01  0.999
6.0 (12+2)%10 5+1 0.96 +0.03  0.999
1.0 3.0 7+2 1.9+0.9 1.12+£0.08  0.987
40 2x10°*3x10’ 5%10° = 6x10° 0.8+03 0942
5.0 =1 0.5%0.1 0.94+0.03  0.999
6.0 7+2 0.06 = 0.07 14203 0986
2.0 3.0 0.26 = 0.03 0.012 = 0.009 1.9+02  0.998
4.0 0.6 0.2 3x107°+4x107* 3+3 0.942
5.0 14+4 0.6 0.3 0.99£0.05 0.999
6.0 (5%2)x10 1.0=0.7 1001  0.994

reported the scatter diagrams for copper and cadmium biosorption modeled by the
Langmuir, Freundlich, and Redlich—Peterson equations.

These graphs output that no significant difference can be detected between
these models and copper data seem to be always more dispersed than those for

cadmium.
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Figure 2. Scatter diagram for Langmuir fitting of copper and cadmium biosorption data
onto S. natans at pH 3, 4, 5, and 6 with 0.5, 1.0, and 2.0 g/L. of biomass concentration.
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Figure 3. Scatter diagram for Freundlich fitting of copper and cadmium biosorption data
onto S. natans at pH 3, 4, 5, and 6 with 0.5, 1.0, and 2.0 g/L of biomass concentration.
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Figure 4. Scatter diagram for Redlich—Peterson fitting of copper and cadmium
biosorption data onto S. natans at pH 3, 4, 5, and 6 with 0.5, 1.0, and 2.0 g/L of biomass
concentration.

The residual variance S% (Eq. 11) is a quantitative measure of the deviation
between experimental and predicted values:

Z?:] (Qiexp - Qical)z

Sz =
R n—p

(1)

where g;ca and gjexp are, respectively, the metal specific uptake calculated by the
model and measured experimentally, # is the total number of experimental point
and p is the number of estimated parameters.

The model residual variances for Langmuir, Freundlich, and Redlich—
Peterson are reported in Table 5: as a general observation no apparent significant
difference can be evidenced between the models even though the mean values of
the residual variances (Sf{M) change for each model in the following growing
order: Redlich—Peterson (Szy, =2.999) < Langmuir (S&,; = 4.611) < Freundlich
(Sky = 8.203).

In order to determine the statistical significance of the model variance, an
F-test can be carried out evaluating and comparing the calculated F values
(Eq. 12) with the tabulated ones:

Fea = 12

S
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Sf{ is the model variance (Eq. 11) and S]%: is the error variance (Eq. 13):

PR 1 (g — gm)
2 _ =1 m
Sg = pr— (13)
where m is the number of replicates, g, is the average value of g; at a certain value
of metal concentration C;.

The error variance was calculated by replicated tests (with 5 degrees of
freedom), and the related o, (standard error) was considered constant and
estimated to be 10 % of the experimental values.

If Fog = Sﬁ/ S]%: is greater than F_,, the variance due to the model is
significantly different with respect to the error variance for the selected level of
significance. The F-test on the variance ratio can demonstrate if the S% value is
only due to the statistical random error (F.y < F|—,) or if there is also a
systematic contribution due to an incorrect model used for biosorption data
(Fcal > Fl—a)~

In Table 5 the calculated F values (Eq. 12) for the Langmuir and Freundlich
models are reported along with the tabulated F values for a certain level of
significance (1 — a = 0.90) and the relative degrees of freedom (number of data
less than the number of estimated parameters).

By analysing Table 5 it is possible to see that using the Langmuir,
Freundlich, and Redlich—Peterson equations, the model variances are not
significant in all the tested conditions, so these models can be considered suitable
to represent the experimental data.

Nevertheless it is possible to see that F' calculated values in (Table 5),
are generally minor than one: this means that the model residual variances are
less significant than the variance due to the experimental errors. This
observation indicates that a model is able to fit not only the data profile but
also the experimental error fluctuations. In these conditions the use of a more
flexible model as the three-parameter Redlich—Peterson one seems to be
useless because the two-parameters models already present F' values less than
one.

A model could pass the F-test (Feq < Fi—,) even if important
discrepancies can still exist. The analysis of the residuals (Eq. 14) examining
the deviations between experimental and predicted values can detect the presence
of such discrepancies.

5= Gical — 2qiexp (14)
\/ SR

If a model fits well the experimental data, the residuals should be randomly
distributed, while systematic deviations indicate that the model may be not a

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



wv
-
4
[-3
a.
w
o«

PAGNANELLI ET AL.

692

"PAAIISAI SIYSLI [ "OU] I [2IRA @ WYS1AdoD

91¢°E ovT's 980°¢ 6LY°0 697°€1 6£1°0 €16'¢ 6 09

Sov'E 820'1 899°0 0S0°0 ¥SL0 6210 €759 9 0¢

€S'e 015’1 8L1°0 11 L8E°0 €LS°0 00T°0 S 0¥

€Sr'e €9L°0 190°0 00S'1 0vT0 0180 0€1°0 S 0¢ 0T

€St'e ¥S0°€ 6ST'Y 1L20 8SHH1 LTT0 8LL9 S 09

€S'e LOL'S LET'S 929°0 789°C1 $ST0 9I°S S 0§

€Sr'e 1LL0 vTT0 Yo'l 010C L8S°0 06L°0 v ot

0Ts'€ 891°0 Z100 1L8°0 890°0 8T€°0 920°0 v o€ 01

0Ts°€ L81°9 019°€I 6LE0 TE8°SH 1520 96€°0€ S 09

€S'e 0SS¥1 v79'81 1290 9S°ST 95¥°0 799'81 S 0¢

sor'e vE9'1 LTE0 87T0 62€°0 0£T°0 1€€°0 9 0¥

0Ts°€ €61°0 900°0 920 6000 8070 £00°0 v o€ S0 1ddop
oeo=o-1y  HgAemwoy (8w ¥ Ho¥gmy  (pBw ¥ Godgry  (psw ¥ p Hd (/)X B

Uuo0sIaRg —YoI[pay yor[punaig Jmnwgue]

(X) uonenuaduo)) sseword jo /30

pue ‘0’1 ‘G0 WM 9 pue ‘G ‘¢ ‘¢ Hd 18 suppu g ojuo uondiosorg wnrwpe)) pue 12ddo) Jo FUIOPOJA UOSISIOJ—UOI[PIY PUe ‘YOI[PUNIL]
‘rmwgue oyl 103 (P17 pue [%2,7) san[eA pare[nqe], pue pajenoe) ‘(Jp) WopadL Jo 92139 A@mv SQJURLIBA [BNPISIY [OPOIN 'S 219D,

1102 Alenuer gz /€ :0T

1Y papeo |umog

MaRcEL DEKKER, INC.

270 Madison Avenue, New York, New York 10016



wv
-
4
[-3
a.
w
o«

693

COPPER AND CADMIUM BIOSORPTION

"PAAIISAI SIYSLI [ "OU] I [2IRA @ WYS1AdoD

0cse
eST'e
€ST'e
€Sr'e
€ST'e
€ST'e
€Sr'e
€ST'e
€ST'e
€Sr'e
€ST'e
€ST'e

[44%°
Y0E'1
erel
€100
0cesl
8S1°0
12AN4!
65¢0
OLT'T
¥29°0
6€0'0
<Iro

6069
6080
69¢°S
000°0
6616
180°0
€861
6100
1¥9°0
290
S00°0
L00°0

SOI'1
88¢0
Y8L'1
[A!
08¢
L0€0
90y
L8LO
6vL0
001
L9T0
SLEO

1102 Alenuer gz /€ :0T

89¢°CC
8CL'E
9cI'L
8¢€0°0
869°¢E
¥10°C
€861
LSOO
029°¢
8cr'y
0cro
1v0°0

Iveo
9LT0
L6S°T
£88°0
7981
0€0°0
18y
S0
Icro
98¢0
$60°0
€Ico

1Y papeo |umog

016’9
1691
98¢9
€200
0T6'LT
¥61°0
9¢eC
1€0°0
8060
09C'1
€00
€200

mnmwnunwumuymnnununynn <k

09
0°¢
(%
0¢
09
0
0y
0¢
09
0
(%
0¢

07¢

01

0

wnpe))

MaRcEL DEKKER, INC.

270 Madison Avenue, New York, New York 10016



10: 37 25 January 2011

Downl oaded At:

ORDER REPRINTS

694 PAGNANELLI ET AL.
1
5 LANGMUIR
0 & o A
A A
0,5 a4 .
i & Oa " O A

A, ‘q‘ A

A pOA kg A

N 0 anP (g |gw ry ‘:; A T

) Q- Ta
e so 2 o A, 60 80
% o 4 9 g A

A
o 4o n
—0,5 '?l 4 o 'y

L o A N 4 Copper

A
% i o o Cadmium

A

-1
q eqexp (mg/g)

Figure 5. Residual distribution for Langmuir fitting of copper and cadmium biosorption
data onto S. natans at pH 3, 4, 5, and 6 with 0.5, 1.0, and 2.0 g/L of biomass concentration.
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Figure 6. Residual distribution for Freundlich fitting of copper and cadmium biosorption
data onto S. natans at pH 3, 4, 5, and 6 with 0.5, 1.0, and 2.0 g/L of biomass concentration.
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Figure 7. Residual distribution for Redlich—Peterson fitting of copper and cadmium
biosorption data onto S. natans at pH 3, 4, 5, and 6 with 0.5, 1.0, and 2.0 g/L. of biomass
concentration.

good representation for the set of data. The residual patterns could also be used to
improve and optimize a model.

In Figs. 5-7 the residuals calculated for the tested models were reported as
a function of the calculated value of the metal specific uptake. It is possible to see
that all the models present z residuals ranging from —2 to +2, but considering the
ideal random distribution the Langmuir model seems to be the best one. In fact
the Freundlich model presents a z distribution shifted to positive values for
copper (as for Redlich—Peterson) and to negative ones for cadmium.

A quantitative measure of the asymmetry of the z residual distribution is the
skewness a3 defined as follow (Eq. 15):

_ M3

a3 = —x
o3

(15)
where g is the third order moment and o is the standard deviation (15).

The skewness values are reported in Table 6 for the Langmuir, Freundlich,
and Redlich—Peterson models in all the tested conditions. The analysis of these
data outputs that considering the single data set for each tested condition of pH
and biomass concentration the skewness values between —1 and +1 can be
considered not significant; while outranging values indicate the likelihood of a
few large positive (z; > 1) or negative (z; < —1) residuals having an undue effect
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Table 6. Skewness Values for Langmuir, Freundlich, and Redlich—Peterson
Modeling of Copper and Cadmium Biosorption onto S. natans at pH 3, 4, 5, and
6 with 0.5, 1.0, and 2.0 g/LL of Biomass Concentration (X)

Metal pH X=05¢g/L X=10g/L X=20g/L
Langmuir
Copper 3.0 —1.37 0.46 -0.22
4.0 1.15 —0.04 —0.10
5.0 —0.42 0.16 —3.73
6.0 1.02 —0.21 1.15
Cadmium 3.0 —1.07 —2.56 0.93
4.0 1.97 —1.11 0.71
5.0 0.43 —0.54 1.59
6.0 1.25 —2.52 0.96
Freundlich
Copper 3.0 —1.52 0.31 0.29
4.0 0.71 0.67 1.15
5.0 —1.98 —0.11 —1.41
6.0 0.52 —0.15 0.55
Cadmium 3.0 0.85 —1.94 1.04
4.0 1.53 0.37 0.63
5.0 0.64 1.45 —0.08
6.0 1.62 —1.55 0.92
Redlich—Peterson
Copper 3.0 —1.87 0.66 0.56
4.0 0.89 —0.28 —0.55
5.0 —0.59 0.49 —0.88
6.0 0.21 0.33 1.86
Cadmium 3.0 —1.06 —0.14 —-0.52
4.0 —0.62 0.37 0.45
5.0 —0.20 —1.03 —1.04
6.0 —0.36 0.23 0.94

on the fit. The skewness values reported in Table 6 permit one to evaluate the
model goodness for each one of the tested conditions. The general patterns of the
residuals for copper and cadmium (Fig. 5—7) are not confirmed for the single set
of data showing the importance of comparing quantitatively the residual
distribution characteristics in each experimental condition. Also in this case it is
not possible to discriminate between the Langmuir and Freundlich models: it can

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. m
270 Madison Avenue, New York, New York 10016 o



10: 37 25 January 2011

Downl oaded At:

ORDER i REPRINTS

COPPER AND CADMIUM BIOSORPTION 697

be concluded that in the tested conditions both models are suitable to represent
the experimental data.

CONCLUSIONS

In this paper three commonly used adsorption models (Langmuir,
Freundlich, and Redlich—Peterson) were applied to represent biosorption of
copper and cadmium onto a biomass in different operating conditions.

A simple statistical procedure is applied in order to evaluate which one of
the tested model represents the experimental data better. The first analysis of the
parameter standard deviations outputs that the three-parameters model (Redlich—
Peterson) is not useful to represent the data according to the principle that a
model should have the minimum number of adjustable parameters consistent to
acceptable errors. In this case two-parameter models (Langmuir and Freundlich)
fit the experimental data even better than the Redlich—Peterson model, which
presents parameter deviations greater than the same parameter values. The
comparison between the three models also underlines the uselessness of the
regression coefficients in comparing these models. The comparison among the
models was also carried out by considering the deviations between experimental
and predicted values in a qualitative (the scatter diagrams) and also quantitative
(residual variances and F-test) way. Both scatter diagrams and F-test were not
able to discriminate between Langmuir and Freundlich models; anyway using a
three-parameter model, such as Redlich—Peterson one, seems to be useless
because model residual variances are even smaller than the error variances

The analysis of the residual distribution using residual graphs outputs a less
random distribution in the case of the Freundlich model considering all the data
of copper and cadmium. Anyway, the skewness values relative to each set of data
obtained in different operating conditions of pH and biomass concentration do
not permit one to discriminate between the models. Considering these results,
both the Langmuir and Freundlich models are suitable to describe the reported
experimental data. Moreover the results here reported show the suitability of S.
natans as a potentially useful biosorbent material for heavy metal separation
processes from contaminated industrial waters, although further work is in
progress in order to evaluate this possibility.
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