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The biosorption equilibrium isotherms of Cu(ll) and Ni(ll) from wastewater onto
marine brown algae Cystoseira indica, which was chemically modified by various
methods were studied and modeled. To predict the biosorption isotherms and to deter-
mine the characteristic parameters for process design, 21 one-, two-, three-, four-, and
five-parameter isotherm models were applied to experimental data. The interaction
among biosorbed molecules is repulsive and there is no association between them, and
biosorption is carried out on energetically different sites and is an endothermic pro-
cess. The five-parameter Fritz-Schluender model gives the most accurate fit with high
R? (0.9899-0.9976), low standard error (0.1202-0.0144), and sum of square error
(0.0144-0.0495) values to all experimental data in comparison to other models. The
biosorption isotherm models fitted the experimental data in the order: Fritz-Schluender
(five-parameter) > Langmuir (two-parameter) > Radke-Prausnitz-1I (three-parameter)
> Fritz-Schluender (four-parameter) > Temkin (two-parameter). © 2008 American
Institute of Chemical Engineers AIChE J, 54: 3291-3302, 2008
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Introduction

The presence of toxic heavy metals in water, resulting

—— . _ ) . ) from rapid industrialization and technological advances,
Additional Supporting Information may be found in the online version of this

article. poses serious threat to human health and the environment,
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engineers and scientists are faced with the challenging task

©2008 American Institute of Chemical Engineers to develop appropriate low cost technologies for effluent
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treatment. Recently, increasing interest in the application of
biomass of diverse origin in heavy metals removal from vari-
ous industrial effluents or water resources has been observed.
Sorption with biomaterials has become an alternative to tra-
ditional methods of industrial wastewaters treatment, such as
precipitation, adsorption, coagulation, etc and is relatively
inexpensive, nonhazardous and may permit recovery of the
metals from the sorbing biomass.* Several researchers
investigated numerous biomass types and proposed excellent
metal biosorbents including bacteria, fungi, algae, industrial
wastes, etc.”® However, the research and development of
new biosorbent materials has focused especially on algae
because of its high sorption capacity and its availability in
almost unlimited amounts.

In general, sorption processes were found to proceed
through varied mechanisms such as external mass transfer of
solute, intraparticle diffusion, and adsorption at sites. Unless
extensive data are available, it is impossible to predict the
rate-determining step involved in the process. However, sorp-
tion isotherm equations, which explain the process at equilib-
rium conditions, provide an easier solution to this complex
problem. No matter how many components are present in the
system, the biosorption equilibria of pure components are the
essential ingredient for the understanding of how many those
components can be accommodated by a biosorbent. There-
fore, the most appropriate way, in designing and assessing the
performance of the sorption systems is to have an idea on
sorption isotherms. Langmuir and Freundlich models (two-
parameter models) are the most commonly used isotherms.
Simplicity and easy interpretability are some of the important
reasons for extensive use of these models. Moreover, linear
regression has been frequently used to evaluate the model pa-
rameters. However, transformations of nonlinear isotherm
equations to linear forms usually result in parameter estima-
tion error and distort the fit.>° Thus, nonlinear methods would
be a better way to obtain the equilibrium isotherm parameters.
Most of the published literatures have used two or three iso-
therm models, mainly Freundlich, Langmuir, Dubinin-
Radushkevich only. In this work, an attempt has been made
to test most of the available isotherm models with the bio-
sorption data obtained. Considering these, the efficacy of vari-
ous forms of Cystoseira indica for the removal of Cu(Il) and
Ni(II) was assessed using the best fit of one-parameter model,
Henry’s law'%; two-parameter models namely, Linear with
intercept, Freundlich,!! Langmuir,12 modified Langmuir-l,13
modified Langmuir-2,14 Elovich,15 Temkin,'® Dubinin-
Radushkevich (D—R),17 Fowler and Guggenheim,18 and Halseylg;
three-parameter models namely, Redlich-Peterson,20 Sips,21
Khan,??, Fritz-Schluender,”® Radke-Prausnitz,”* Toth,”> and
Koble—Carrigan26; four-parameter models, Fritz-Schluender??
and Baudu27; and a five-parameter model, Fritz and
Schluender® isotherms in their nonlinear form.

Materials and Methods
Reagents

All reagents used in this study were of analytical grade
and Conc. HNOj;, Conc. HCIl, and NaOH were obtained
from Merck. All glassware and polypropylene flasks used
were overnight immersed in 10% (v/v) HNO; and rinsed
several times with distilled deionized water. For adjusting
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the pH of the medium 0.1 N solutions of NaOH and HCI
were used.

Biomass and chemical modification

The brown alga Cystoseira indica was collected from the
Saurashtra coast of Gujarat (Veraval), India and its dried bio-
mass (designated as the raw biomass, RB) was subjected to
various chemical treatments. The chemical modification of C.
indica was carried out by the procedure reported elsewhere.”®
The biomasses CB1 and CB2 were obtained by cross-linking
the RB with epichlorohydrin followed by washing with 70
and 20% aqueous 2-propanol, respectively. Another biomass,
CB3 was obtained by oxidizing RB by potassium permanga-
nate.?®?° The surface area, pore volume, and pore size of
various forms of C.indica were previously reported.”

Wastewater samples

The wastewater samples were collected from a metallurgi-
cal industry located in an industrial zone of Bharuch, Gujarat
state, India. Triplicate samples were collected in polyethylene
bottles and placed in a cooler for transportation to research
laboratory. Metal species in the samples were identified and
their initial concentrations determined using inductively
coupled plasma atomic emission spectrometry (ICP-AES)
before the biosorption cycles were initiated. They contained
Cu, Ni, Cd, and Cr at 1305 = 13.75, 1072 = 6.58, 0.615 =
0.02, and 0917 = 0.014 mg/L, respectively, with pH 0.9 *
0.1. Because the wastewater had very high concentrations of
copper and nickel, appropriate dilutions were made before
use to the working range of these metals and also to ensure
the other metals in below detectable range.

Sorption experiments and analytical method

All the experiments were conducted at a constant tempera-
ture of 25+1°C to be representative of environmentally rele-
vant conditions. Batch equilibrium sorption experiments were
carried out in 250-mL Erlenmeyer flasks containing waste-
water solutions (100 mL) of known concentrations. Known
amounts of biomass (1.0 g/L) were added to each flask and
the mixtures were agitated on the rotary shaker (200 rpm) at
pH 6.0. The solution pH was adjusted to the required value
by using HCl or NaOH. After the sorption equilibrium was
reached (8 h), the solution was separated from the biomass
by membrane filtration (Millipore 0.45-mm pore size) and
the filtrates were analyzed by ICP-AES (ICP, Perkin—Elmer,
Optima 2000) for Cu(II) and Ni(I) ions. All the instrumental
conditions were optimized for maximum sensitivity as speci-
fied by the manufacturer.

All the biosorption experiments were repeated twice to
confirm the results. The data were the mean values of two
replicate determinations. Control experiments, processed
without the addition of biosorbents, confirmed that the sorp-
tion of metals on the walls of glass flasks or in the filtration
systems was negligible.

Metal uptake capacity
The amount of metal sorbed at equilibrium, ¢. (mg/g)
which represents the metal uptake, was calculated from the
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difference in metal concentration in the aqueous phase before
and after biosorption, as per the following equation:

_ V(Ci - Ce)

9e W ey

where, V is the volume of metal solution (L), C; and C,. are
the initial and equilibrium concentration of metal in solution
(mg/L), respectively, and W is the mass of dry seaweed (g).

Nonlinear regression analysis

All the model parameters were evaluated by nonlinear
regression using the DATAFIT® software (Oakdale Engineer-
ing, USA). The optimization procedure required an error
function to be defined in order to be able to evaluate the fit of
the equation to the experimental data.’’>' Apart from the
regression coefficient (R?), the residual or sum of square error
(SSE) and the standard error (SE) of the estimate were also
used to gauge the goodness-of-fit. SSE can be defined as:

SSE = Z (Ql — q,-)z (2)
i=1

SE can be defined as:

1 m
—> (0i—a) 3)

m—=pi3

SE =

where ¢; is the observation from the batch experiment i, Q; is
the estimate from the isotherm for corresponding ¢;, m is the
number of observations in the experimental isotherm, and p is
number of parameters in the regression model. The smaller
SE and SSE values indicate the better curve fitting. F-ratio is
the ratio of the mean square of the model to the mean square
of the true error. A good model will have a high mean square
for the model; therefore, the larger this ratio, the better the
model “fits” the experimental data. In this study, the correla-
tion coefficient, R, SE, SSE, F-ratio, and predicted ¢, (wher-
ever applicable) values are used to determine the best fit bio-
sorption isotherm model.

Results and Discussion

Biosorption equilibrium data are generally represented in
the form of isotherm models. The existing sorption isotherm
models are based on different theoretical assumptions and
consist of a different number of constants. To compare the
applicability of these models to describe the biosorption
equilibrium, the common basis could be the number of pa-
rameters in a model because some isotherm models, for
example, Langmuir can be derived using more than one theo-
retical approach.lo’32 Applicability of models having the
same number of parameters would provide theoretical insight
rather than a mere comparison of model fitting. Therefore, in
this study, models have been grouped on the basis of number
of parameters. Twenty-one models have been analyzed (pro-
vided as Supporting Information). Out of 21 models, one
model, Henry’s Law has one parameter; 10 models have
two; seven models have three; two models have four; and
one model has five parameters. The batch experimental data
(provided as Supporting Information) on equilibrium studies
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for the biosorption of Cu(Il) and Ni(II) onto various forms of
C. indica was tested to fit the above equilibrium models.

One- and two-parameter models

Among the isotherm models considered in this study,
Henry’s law is the simplest one having only one parameter
and has been successfully applied in many cases.®>*® The
Henry’s law model was applied to describe the experimental
data obtained for the sorption of Cu(Il) and Ni(Il) onto C.
indica. The values of R?, SE, SSE, and F-ratio indicate that
this model completely fails to predict the equilibrium iso-
therm (Tables 1 and 2). This may be due to the unavailabil-
ity of sorption data in the lower range of metal concentra-
tion. In liquid-phase sorption, the equilibrium sorption data
are generally obtained at higher equilibrium concentrations,
where the sorbent surface is almost at the verge of saturation.
Therefore, this study supports the fact of the failure of
Henry’s law at the high residual solute concentration range.
However, high concentrations may suggest the applicability
of a model having a linear relationship between ¢. and C. at
the latter part of the equilibrium isotherm curve. This
requirement may be partly fulfilled using the “Linear with
intercept” model, i.e., Henry’s Law equation with a constant
term. The addition of a constant term in Henry’s law pro-
vides the model to incorporate the basic characteristics of the
equilibrium isotherm curve at the high concentration range.
A comparison of regression parameters revealed the improve-
ment in R?, F-ratio and lower SE and SSE values by Linear
with intercept over Henry’s law. An increase in the parame-
ter in the isotherm model definitely improved the capability
of modeling the experimental data. However, this capability
may also be improved by providing a new placement of the
model constant and dependent variables in the equation,
keeping the degree of freedom the same. In this regard, the
applicability of other two parameter models was studied.

The Freundlich isotherm is originally empirical in nature,
but was later interpreted as sorption to heterogeneous surfaces
or surfaces supporting sites of varied affinities, and has been
used widely to fit experimental data of liquid phase sorption
whereas the Langmuir isotherm model is an analytical equa-
tion basically developed for gas-phase adsorption on homoge-
neous surfaces of glass and metals and predicts a single maxi-
mum binding capacity.'®'*?* The value of n, of the Freund-
lich model, falling in the range of 1-10 indicates favorable
sorption while K of Langmuir model is a coefficient attrib-
uted to the affinity between the sorbent and sorbate.'***
Model fits for both Langmuir and Freundlich isotherms along
with experimental data for Cu(Il) and Ni(II) are presented in
Figures 1 and 2, respectively. The values of model constants
along with the corresponding correlation coefficient, Rz, SE,
SSE, and F-ratio values for all biosorbent-metal systems are
presented in Tables 1 and 2. For the Freundlich equation, R*
varied from 0.9584 to 0.9777; and for Langmuir, it varied
from 0.9897 to 0.9985. Statistically, the Langmuir model pro-
vided a good fit to the experimental data with low SE, SSE,
and high F-ratio values when compared with the Freundlich
model. The Freundlich model accounts for the surface hetero-
geneity; however, the surface heterogeneity parameter in the
Freundlich equation does not provide any significant improve-
ment in model performance. The Freundlich model predicts
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Table 1. Isotherm Constants for One and Two-Parameter Models for Cu>* Biosorption onto C. indica
Biomass
Models CB1 CB2 CB3 RB
(£ 95% confidence interval)
Henry’s Law
Kug 0.9075 (1.0342) 0.8374 (0.9648) 0.8733 (0.9704) 0.8812 (0.9911)
R* 0.8702 0.8324 0.8611 0.8581
SE 7.2337 9.4553 7.9708 8.4726
SSE 261.63 447.02 317.67 338.92
F-ratio 29.919 21.122 26.129 24.806

Linear with intercept
a
b
R2
SE
SSE
F-ratio
Freundlich
Kr(L/g)

F-ratio
Langmuir
Gm (Mg/g)
Ky (L/mg)
Ry
R?
SE
SSE
F-ratio
Modified Langmuir-1
Ky (L/mg)
ny
R2
SE
SSE
F-ratio
Mogiﬁed Langmuir-2

n
Ky (L/mg)
R

SE

SSE

F-ratio
Elovich

Kg (L/mg)

G (mg/g)

R?

SE

SSE

F-ratio
Temkin

Kt (L/mg)
—AH (kJ/mol)
R2

SE

SSE

F-ratio
Dubinin-Radushkevich

B (mol*/kJ?)

i (mg/g)

RZ

0.8842 (0.5142)
2.5231 (5.1421)
0.9711
6.9732
254.29
134.51

1.2306 (2.0141)
1.0685 (2.1435)
0.9728
7.7269
238.82
143.48

143.31 (79.612)
0.0050 (1.3475)
0.03154
0.9968
0.1089
0.0320
133.4

0.0036 (0.0231)

—1.6121 (0.3451)
0.4043
42072
0.3866
2.9490

128.67 (10.652)
0.0430 (1.1023)
0.7959
21.207
1799.06
15.578

1.3462 (0.0127)
1.1604 (0.0147)
0.9702
9.3387
261.63
48.984

0.0490 (0.0124)
—0.4032 (1.1468)
0.9411
1.384
18.425
242.72

402.63 (10.267)
132.54 (1.3645)

0.7564 (0.9561)
8.7683 (3.1467)
0.9452
8.4645
358.30
69.874

1.9614 (1.4762)
1.2186 (1.8753)
0.9584
8.2948
275.21
92.176

137.17 (85.124)
0.0060 (0.1267)
0.02849
0.9922
0.1282
0.0573
103.82

0.0056 (0.0012)
—1.4632 (3.5674)
0.4226
4.1899
0.3246
2.7568

118.97 (163.97)
0.0441 (2.4134)
0.8622
15.098
911.83
25.029

1.3113 (0.0459)
1.1470 (0.1275)
0.9324
12.206
447.02
20.705

0.0534 (0.0348)
—0.4582 (5.1348)
0.9693
2.1265
20.152
63.945

424.71 (51.087)
122.22 (59.643)

0.8480 (0.5342)
2.7961 (1.2647)
0.9622
7.7892
309.01
101.82

1.1534 (2.0413)
1.0622 (2.3476)
0.9632
8.6692
300.46
104.83

132.71 (151.32)
0.0068 (0.0462)
0.02169
0.9897
0.1564
0.0726
95.962

0.0017 (0.0492)
—1.6453 (10.347)
0.5467
3.1033
0.0961
6.2413

123.09 (87.342)
0.0435 (1.4234)
0.7633
21.806
1902.1
13.191

1.3294 (3.4892)
1.1541 (0.6798)
0.9611
10.290
317.61
37.101

0.0497 (0.1287)
—0.4233 (1.3472)
0.9291
2.8521
40.726
126.29

520.13 (100.679)
133.81 (2.4679)

0.8665 (1.6427)
1.5933 (3.6742)
0.9584
8.4339
355.96
92.287

1.0819 (3.1547)
1.0451 (1.2145)
0.9592
9.3466
349.44
94.092

154.54 (106.32)
0.0056 (1.3687)
0.0426
0.9955
0.1174
0.0221
114.37

0.0016 (0.054)
—1.6327 (0.6791)
0.5239
3.5242
0.1389
5.8465

124.62 (450.274)
0.0431 (0.0729)
0.7658
22.396
2006.4
13.084

1.3335 (5.6724)
1.1556 (5.3484)
0.9581
10.938
358.92
34312

0.0487 (0.2435)
—0.4141 (0.9435)
0.9264
3.378
71.934
43.878

530.58 (395.13)
135.49 (512.367)

0.9401 0.9255 0.9681 0.9701
SE 12.280 11.096 15.119 14.280
SSE 726.36 492.55 914.44 815.75
F-ratio 33.246 48.741 31.762 36.274

Fowler—Guggenheim
Krg (L/mg) 0.2687 (5.6342) 0.3177 (0.0543) 0.2674 (2.1364) 0.2628 (2.3657)
Weg (kJ/mol) 1.7524 (12.342) 1.7555 (20.314) 1.7560 (5.124) 1.7518 (0.6724)
R? 0.6670 0.6770 0.6596 0.6518
SE 0.2500 0.2412 0.2512 0.2581
SSE 0.3569 0.1745 0.1894 0.1996
F-ratio 3.0042 3.1414 2.9070 2.8082
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Table 2. Isotherm Constants for One- and Two-Parameter Models for Ni>* Biosorption onto C. indica
Biomass
Models CB1 CB2 CB3 RB
(£ 95% confidence interval)
Henry’s Law
Kug 0.9020 (0.1247) 0.8594 (0.4568) 0.8521 (2.3478) 0.8700 (1.9564)
R* 0.8758 0.8740 0.8654 0.8630
SE 5.1999 5.1105 6.1218 6.3488
SSE 135.19 130.58 187.38 201.53
F-ratio 33.095 32.085 26.557 26.145

Linear with intercept

a
b
R2
SE
SSE
F-ratio
Freundlich
Kr (L/g)

F-ratio
Langmuir

Gm (mg/g)

K. (L/mg)

Ry

R?

SE

SSE

F-ratio

Modified Langmuir-1

K. (L/mg)
ny

R

SE

SSE
F-ratio

Modified Langmuir-2
2

n
Ky (L/mg)
R

SE

SSE

F-ratio
Elovich

Kg (L/mg)

G (mg/g)

R?

SE

SSE

F-ratio
Temkin

Ky (L/mg)
—AH (kJ/mol)
R2
SE
SSE
F-ratio

Dubinin-Radushkevich

B (mol*/kJ?)
qm (mg/g)
RZ

SE
SSE
F-ratio

Fowler—Guggenheim

Krg (L/mg)
Weg (kJ/mol)
R’

SE
SSE
F-ratio

0.8829 (0.0457)
1.6516 (0.0142)

0.8371 (2.3117)
1.9313 (0.3257)

0.9763 0.9749

4.7456 4.6187
132.04 126.28
165.31 172.35

1.1593 (5.3478)
1.0587 (3.1645)

1.1491 (2.1346)
1.0685 (1.6759)

0.9777 0.9766

5.5799 5.4197
124.54 117.49
175.52 167.37

131.56 (105.624)
0.0065 (0.1435)

116.82 (167.68)
0.0070 (0.0723)

0.02986 0.02462
0.9968 0.9953
0.1435 0.1562
0.0527 0.0481
125.9 118.22

0.0011 (1.3271)
—1.2347 (0.2356)

0.0012 (0.0162)
—1.2946 (3.4134)

0.4453 0.4454
0.5607 0.5598
1.2575 1.2539
2.9490 3.2116

102.33 (56.237)
0.0537 (0.2346)

97.515 (152.34)
0.0538 (0.6453)

0.7960 0.8002
16.882 15.851
1140.1 1005.2
15.610 16.027

1.3436 (26.349)
1.1594 (0.3642)

1.3225 (52.643)
1.1514 (5.6715)

0.9758 0.9740
10.938 6.5976
135.19 130.58
60.514 56.304

0.0609 (1.2347)
—0.5055 (2.6271)

0.0613 (0.1648)
—0.5322 (0.1276)

0.9430 0.9450
8.9230 8.3159
318.48 276.62
66.202 68.768

363.03 (54.327)
113.42 (1235.7)

357.46 (100.34)
107.59 (2137.5)

0.9054 0.9062
11.4950 10.858
528.54 471.65
38.301 38.677

0.3568 (0.0246)
1.7822 (10.267)

0.3581 (0.0846)
1.7812 (5.6792)

0.6735 0.6755
0.2456 0.2442
0.1811 0.1789
2.8082 3.1234

0.8655 (1.1472)
1.1609 (5.6472)
0.9657
5.8159
185.83
112.88

0.8063 (0.0467)
1.0037 (5.1672)
0.9665
6.8365
186.95
124.63

111.26 (85.624)
0.0073 (0.2671)
0.02213
0.9908
0.2250
0.0346
105.07

0.0010 (1.246)
—1.1259 (1.5736)
0.4331
0.5776
1.3346
3.2130

96.492 (64.376)
0.0531 (0.6752)
0.7450
18.601
1384.6
11.692

1.3188 (31.264)
1.1500 (10.246)
0.9654
7.9033
187.38
41.966

0.0585 (2.6134)
—0.5225 (1.0249)
0.9083
11.152
497.50
39.658

418.05 (237.62)
112.02 (697.64)
0.9820
12.105
586.19
33.052

0.3417 (1.2835)

1.7920 (20.497)
0.6513
0.2598
0.2025
2.8019

0.8658 (5.6327)
0.3612 (4.5621)
0.9630
6.0955
201.38
104.28

0.9373 (1.6845)
1.0167 (4.6732)
0.9631
7.0853
200.70
104.60

121.35 (201.34)
0.0075 (0.04629)
0.0364
0.9901
0.2721
0.0422
98.015

0.0016 (0.1294)
—1.6294 (0.6472)
0.4468
0.5506
1.2130
3.2095

98.085 (25.643)
0.0539 (0.1467)
0.7442
18.666
1393.8
11.639

1.3278 (10.247)
1.1535 (0.2375)
0.9630
8.1962
201.53
39.062

0.0604 (1.2148)
—0.5221 (3.6421)
0.9065
11.282
509.12
38.815

411.30 (69.963)
113.63 (892.34)
0.9763
12.980
673.95
28.343

0.3490 (0.7961)

1.7896 (9.6482)
0.6535
0.2558
0.1964
2.8291
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Figure 1. Langmuir and Freundlich isotherms obtained
for the biosorption of Cu(ll) onto C. indica.

that the metal concentration on the adsorbent will increase so
long as there is an increase in the metal concentration in the
liquid phase. However, the experimental evidence indicates
that an isotherm plateau is reached at a limiting value of the
solid-phase concentration. This plateau is not predicted by the
Freundlich equation. Thus, in all of the cases the Langmuir
model provided good fit when compared with the Freundlich
model. Moreover, the separation factor (Ry) values (Tables 1
and 2) in the case of the Langmuir model indicated that metal
sorption on to C.indica was favorable.

The modified Langmuir-1 equation describes temperature-
dependent saturation coverage (T~ "), whereas modified
Langmuir-2 equation accounts the surface heterogeneity of
the sorbent in terms of first-order correction term (1) and
both the equations have never been applied to liquid-phase
sorption.'**>3® Both modified forms of the Langmuir equa-
tion, i.e., modified Langmuir-1 and Langmuir-2, do not
improve the ability to fit the experimental data. However, the
modified Langmuir-1 provided a satisfactory fit with R* val-
ues ranged from 0.8471 to 0.9667. The value of the exponent
term, ny, is negative for all systems. This indicated that metal
sorption could be favored at high temperature and involve-
ment of several mechanisms in the sorption of Cu(Il) and
Ni(I) on to C.indica. However, both the modified forms of
Langmuir equation did not provide any improvement when
compared with the Langmuir equation.

The Elovich isotherm constants, K¢ and ¢,,, as well as the
coefficient of correlation, Rz, SE, SSE, and F-ratio and val-
ues are presented in Tables 1 and 2. In all cases, the Elovich
isotherm exhibited satisfactory and higher coefficients of cor-
relation (0.9324-0.9758), but lower than those obtained for
Langmuir expression. In spite of the good correlation coeffi-
cients, the values of maximum biosorption capacity deter-
mined using the Elovich equation (Tables 1 and 2) are much
lower than the experimental biosorbed amounts at equilib-
rium corresponding to the plateaus of the sorption isotherms.
This means that the assumption of the exponential covering
of sorption sites that implies multilayer sorption is not in
agreement with the experiments in the studied concentration
range. Therefore, the Elovich model is unable to describe the
biosorption isotherms of Cu(Il) and Ni(Il) onto C.indica.
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The parameters of the Temkin model as well as the non-
linear correlation coefficients (RZ) with SE, SSE, and F-ratio
values are given in Tables 1 and 2. The satisfactory values
of R? (0.9065-0.9693) and F-ratio (38.82-242.72) show an
acceptable fit to the experimental data. The variation of bio-
sorption energy, AQ = (—AH), is negative for all the studied
systems, which indicated that the biosorption reaction is
endothermic.

The liquid-phase biosorption of Cu(Il) and Ni(Il) onto
C.indica have been analyzed by the Dubinin-Radushkevich
equation. The isotherm constants along with the statistical
parameters are presented in Tables 1 and 2. In all cases, the
values of the correlation coefficients (0.9054-0.9820) are
lower than Langmuir model but higher than other two-param-
eter models. Poor performance in terms of high SE and SSE
values of the Dubinin-Radushkevich equation indicated the
involvement of metal sorption mechanism other than van der
Waals force.

The coefficients of correlation, SE, SSE, and F-ratio and
the parameters of the Fowler-Guggenheim model are sum-
marized in Tables 1 and 2. The values of R? indicate that
this model completely fails to predict the equilibrium iso-
therm. However, the interaction energy, W, is positive, which
indicates that there is repulsion between the biosorbed
molecules.

The multilayer sorption is generally described by the Has-
ley model." The present experimental data give poor fit as
evidenced by zero correlation coefficients, high SSE, and SE
values.

It can be observed from the above discussion that the pre-
dicted Langmuir isotherm curve fits better followed by the
Freundlich and Temkin models. Upon comparing all the iso-
therm models, the isotherm curve predicted by the Langmuir
model coincides with the experimental curve with a high cor-
relation coefficient and low SSE and SE as well as high F-
ratio values.

Three-parameter models

The abilities of the three-parameter equations, Redlich-
Peterson, Sips, Khan, Fritz-Schluender, Radke-Prausnitz (two
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Figure 2. Langmuir and Freundlich isotherms obtained
for the biosorption of Ni(ll) onto C. indica.
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Table 3. Isotherm Constants for Three-, Four- and Five-parameter Models for Cu®* Biosorption onto C. indica

Models

CBl1

CB2

CB3

RB

Redlich-Peterson
Krp (L/g)
agp (L/mg)

R?

SE

SSE

F-ratio
Sips

Ks (L/g)

as (L/mg)

y

R>

SE

SSE

F-ratio
Khan

G (Mg/g)

bi (L/mg)
ag (L/g)
R

SE

SSE

F-ratio
Fritz—Schluender

4mFs (mg/ g)

Kgs

Mgs

R?

SE

SSE

F-ratio
Radke-Prausnitz-I

agy (mg/g)

gy (L/mg)

ORI

R?

SE

SSE

F-ratio
Radke-Prausnitz-IT

agn (mg/g)

rri (L/mg)

ORI

R>

SE

SSE

F-ratio
Toth

Gm (Mg/g)

br (L/g)

nr

R>

SE

SSE

F-ratio
Koble-Carrigan

Agn (mg/g)

Byn (L/g)

NKH

R?

SE

SSE

F-ratio

0.9670 (6.3495)

1.074 X 10~ (0.00024)

0.6479 (0.0243)
0.9865
6.2737

118.08
110.36

11520 (16248)
9.2675 (15.642)
0.8189 (0.0423)
0.9882
0.9380
0.2639
126.14

0.6499 (3.4267)
1.9852 (0.1347)
0.0647 (0.7531)
0.8728
8.9199
238.69
53.836

6599.7 (167.53)
9.0353 (0.1547)
0.8550 (0.0462)
0.9891
0.9048
0.2456
136.94

0.9847 (6.3249)
4943.6 (10.362)
—1.2193 (0.3458)
0.9781
1.0175
2.8422
59.624

130.19 (192.34)
0.0034 (2.5267)
0.2193 (0.0236)
0.9981
0.1928
0.0801
166.99

15.585 (296.32)
0.4569 (2.4672)
—30.387 (0.2374)

0.4267

0.6551

1.2877

1.1169

7.7191 (100.36)
179.40 (0.6843)
63.365 (1.3691)
0.6321
115.55
40059
2.3456

(£ 95% confidence interval)

0.9692 (2.3674)

5.794 X 10719 (2.67 x 107 1)

0.6999 (0.0017)
0.9896
4.7889

68.803
142.77

4737.5 (10247)
16.299 (2.3641)
0.7849 (1.2046)
0.9922
0.7373
0.1631
191.88

1.3670 (0.6485)
1.5725 (0.4372)
0.1812 (1.3241)
0.8585
9.5625
279.32
34.683

18955 (643.97)
6.0515 (0.9736)
0.7503 (0.0364)
0.9895
0.8889
0.2370
141.65

1.0772 (3.4953)
2582.1 (203.46)
0.3660 (1.3164)
0.9732
1.6836
3.7711
54.544

116.11 (79.624)
0.0057 (1.3472)
0.3665 (0.0467)
0.9953
0.2177
0.0683
166.99

15.164 (346.85)
0.0311 (1.3695)
—919.77 (20.3467)
0.4385
0.6273
1.1806
1.1717

7.2887 (213.44)
171.49 (5.6247)
60.306 (5.3109)
0.6926
106.60
34094
2.1354

0.9260 (2.3972)

5.433 X 1071 (6.85 X 107%)

0.6198 (0.0157)
0.9792
8.6211

226.79
52.568

10934 (1247.3)
8.2192 (5.6784)
0.7733 (1.9346)

0.9714

1.4212

2.6049
SL.115

0.5179 (2.3769)
2.3467 (5.1367)
0.0589 (2.167)
0.8632
10.006
300.41
39.319

10867 (1024.8)
7.1559 (2.6492)
0.7219 (0.9431)

0.9666

1.6191

2.7864
43.412

0.9346 (4.6794)
10988 (1037.2)
—1.3552 (2.0462)
0.9669
2.4877
8.5405
43.908

125.91 (234.16)
0.0072 (0.4672)
0.3551 (0.9642)
0.9969
0.2070
0.0387
143.92

15.249 (512.32)
0.7424 (10.697)
—19.203 (10.637)

0.4334

0.6330

1.2022

1.1477

7.4640 (56.987)
174.25 (21.367)
61.301 (26.374)
0.6435
111.26
37140
2.2437

0.9310 (1.6739)

1.949 x 107 (0.0007)

0.7253 (0.0184)
0.9712
9.0611

246.31
50.686

10050 (24301)
9.4683 (2.6742)
0.8366 (0.0169)

0.9710

1.4726

2.6504
50.251

0.4825 (10.247)
2.3303 (10.346)
0.0435 (0.9462)
0.8592
10.791
349.39
35.289

13267 (2137.6)
6.1454 (0.0649)
0.7697 (2.3164)
0.9630
1.6392
2.8068
39.147

0.9401 (3.6492)
90868 (6928.5)
—0.9494 (0.1362)
0.9812
29122
10.864
78.452

128.04 (155.643)
0.0039 (2.0144)
0.8331 (1.0467)
0.9961
0.2045
0.0328
137.68

15.309 (100.54)
0.3824 (5.6134)
—2198.6 (16.349)

0.4230

0.6569

1.2947

1.0999

7.5085 (0.6792)
173.95 (84.691)
61.385 (1.9634)
0.6379
112.38
37893
2.2784
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Table 3. (Continued)

Models

Biomass

CB1

CB2

CB3

RB

Fritz—Schluender (Four-parameter)

A 0.3328 (1.9536) 0.2448 (0.0679) 0.3946 (1.6572) 0.3261 (2.4852)
Bgs 7.4987 (5.1369) 6.9391 (1.3697) 2.9578 (0.4634) 2.1948 (1.2762)
o 0.8616 (0.0436) 0.8144 (0.0126) 1.2193 (0.9856) 1.2654 (2.1346)
Prs 0.0648 (0.0564) 0.0538 (0.1364) 0.0903 (0.0162) 0.0982 (1.6438)
R? 0.9948 0.9947 0.9888 0.9860
SE 0.5805 0.6853 0.7856 0.9641
SSE 0.0334 0.0496 0.0473 0.0865
F-ratio 43.359 43.025 20.725 18.957
Baudu
Gmo (Mg/g) 18.264 (100.36) 22.654 (69.327) 5.6789 (200.36) 10.263 (269.27)
o 0.0152 (1.1034) 0.0119 (0.9643) 0.9156 (5.6214) 0.1266 (3.6452)
X 0.3255 (2.1463) 0.9213 (0.0694) 0.8456 (2.6489) 1.0149 (0.0637)
y —0.1469 (2.1647) —1.3874 (0.6375) —0.9598 (0.1643) —0.6412 (1.3467)
R? 0.7842 0.7816 0.7689 0.7812
SE 10.237 10.572 11.112 10.688
SSE 100.172 102.229 110.892 107.0332
F-ratio 10.2875 10.1572 9.9426 10.1357

Fritz—Schluender (Five-parameter)

oy (mg/g) 142.96 (100.36) 131.16 (312.35) 137.13 (69.672) 139.84 (368.62)
oy 2.2465 (0.1342) 5.0606 (0.0896) 12.559 (1.8304) 8.3415 (2.6952)
o 0.0523 (0.2685) 0.0114 (1.0463) 0.0820 (0.9543) 0.0717 (3.3672)
b1 0.5181 (0.0679) 0.6040 (3.6492) 0.9501 (1.6942) 0.9503 (0.0156)
fa 0.9181 (0.0648) 0.9168 (0.0134) 0.9501 (1.0027) 0.9530 (0.0531)
R? 0.9920 0.9929 0.9914 0.9901
SE 0.1336 0.1221 0.2089 0.2226
SSE 0.0178 0.0149 0.0436 0.0495
F-ratio 131.18 134.99 111.90 111.06

models), Toth and Koble-Carrigan isotherms, to model the
equilibrium biosorption data were examined. These models
can be classified into two categories. The first category
includes models that express the sorption capacity, ¢,,, as an
implicit function of the equilibrium concentration (Khan,
Fritz-Schluender, Toth, Koble-Carrigan), whereas the second
category consists of models that express the sorption capacity
as an explicit function of the equilibrium concentration (Sips,
Radke-Prausnitz). It is also important to note that the models
considered in the first group are empirical in nature while the
second group is based on thermodynamic considerations.
Tables 3 and 4 show the isotherm parameters obtained using
nonlinear fitting analysis.

Among the isotherm models having three parameters, Red-
lich-Peterson has been most frequently employed in liquid
phase sorption of heavy metals and organic compounds.&37’38
It incorporates the features of the Langmuir and Freundlich
isotherms into a single equation. There are two limiting
behaviors: the Langmuir form for f = 1 and the Henry’s law
form for f = 0. In this study, the Redlich- Peterson equation
has established its capability to fit the experimental data sat-
isfactorily (with R? between 0.9648 and 0.9896). However,
SE and SSE values were higher than other three-parameter
models except Khan and Koble-Carrigan. Also, it does not
provide any improvement over the Radke-Prausnitz-II model
(Tables 3 and 4). The f-values ranged from 0.60 to 0.74,
ie., the data can preferably be fitted with the Langmuir
model. This is confirmed by the satisfactory fit of the data to
the Langmuir model.

At low sorbate concentrations, Sips isotherm®' effectively
reduces to the Freundlich isotherm and thus does not obey
Henry’s law. At high sorbate concentrations, it predicts a
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monolayer sorption capacity characteristic of the Langmuir
isotherm. The Sips equation fits adequately the experimental
results. The exponent y-value was in the range of 0.72-0.85,
meaning that the sorption data obtained in this study is more
of a Langmuir form rather than that of Freundlich, which
was also confirmed by the results shown in Tables 1 and 2.
Though the R? values of the Khan and Fritz-Schluender mod-
els were satisfactory (0.8585-0.8777 and 0.7983-0.9895,
respectively), the predicted values of ¢, by both the models
do not match the experimental data (Tables 3 and 4). There-
fore, these models are unable to fit the experimental data
compared with other three-parameter models. Similarly, in
spite of the good coefficients of correlation (>0.9631) and F-
ratio (>39.252), the maximum sorption capacities for the
studied metals determined using the three-parameter equa-
tions of Radke-Prausnitz-I (Tables 3 and 4) were lower than
the biosorbed amounts at equilibrium corresponding to the
plateaus of the isotherms. For all the cases except, the Ni(II)-
CB2 system, the Radke-Prausnitz-I model exponent, og;, was
negative and inadmissible. Consequently, the Radke-Praus-
nitz-I cannot describe the experimental equilibrium data.

The Radke-Prausnitz-II model correctly simulates the bio-
sorption isotherms of the studied metals (Figures 3 and 4).
The coefficients of correlation are good (R* > 0.9899) for all
the tested systems. The SE, SSE, and F-ratio values lie
between 0.1048-0.4325, 0.0164-0.0912, and 137.6-178.45,
respectively. The biosorption maximum capacities deter-
mined using the Radke-Prausnitz-II model was comparable
to experimental data and lower than the Langmuir model.
The order of the equilibrium constant gy is similar to that
of the parameter Ki of Langmuir. Hence, this model is pre-
cise for the experimental data among the three-parameter
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Table 4. Isotherm Constants for Three-, Four- and Five-Parameter Models for Ni>* Biosorption onto C. indica

Biomass

Models CB1

CB2

CB3

RB

Redlich-Peterson

Kgp (L/2) 0.9540 (2.3627)
agp (L/mg) 4467 X 107'% (1.25 X 1071
0.6459 (5.3138)
R 0.9884
SE 4.6465
SSE 64.768
F-ratio 127.94
Sips
Ks (L/g) 6599.7 (10.643)
as (L/mg) 9.0353 (0.2137)
y 0.8550 (0.0096)
R 0.9891
SE 0.9048
SSE 0.2456
F-ratio 136.94
Khan
qm (Mg/g) 0.7103 (10.652)
bg (L/mg) 1.6868 (0.0062)
ag (L/g) 0.0562 (0.5134)
R? 0.8777
SE 6.4407
SSE 124.44
F-ratio 65.876

Fritz—Schluender

Gmrs (Mg/g) 0.1979 (0.0015)

Krs 3.806 X 10'® (26736)
Mps —2.7779 (1.3642)
R® 0.7983
SE 0.4775
SSE 0.6840
F-ratio 34718
Radke-Prausnitz-1

agy (mg/g) 0.9723 (0.0028)
rrr (L/mg) 92878 (3.4681)
ORI —0.9494 (0.0048)
R’ 0.9812
SE 1.9122
SSE 4.8641
F-ratio 78.452

Radke-Prausnitz-IT
agy (mg/g)
rri (L/mg)
ORI

104.33 (59.637)
0.0058 (0.1967)
0.9494 (0.0256)

(£ 95% confidence interval)

0.9135 (5.6743)
3201 X 10713 (5.42 %
0.6059 (2.4362)
0.9881
4.4638
59.777
124.77

18955 (196.34)
6.0515 (10.687)
0.7503 (0.0127)
0.9895
0.8889
0.2370
141.65

0.8753 (5.946)
1.3454 (10.369)
0.0652 (1.3682)
0.8766
6.2547
117.36
62.815

0.0606 (2.1473)
2.861 X 10'7 (5.36 %
—6.5781 (0.0246)

0.8830

0.1131

0.0384

8.6834

0.9338 (2.3672)
10479 (613.58)
—1.006 (0.0014)
0.9810
1.6408
5.4582
77.575

98.982 (162.34)
0.0079 (0.0624)
0.9624 (0.0112)

0.8608 (3.1275)
1077)
0.7390 (0.0047)
0.9658
7.8677
185.07
42.360

10867 (900.64)
7.1559 (100.36)
0.7219 (0.0004)
0.9666
1.6191
2.7864
43.412

0.2505 (0.0043)
3.1737 (0.0247)
0.0122 (5.6432)
0.8655
7.8942
186.95
42.066

1.1869 (1.6842)
10%)
—1.5556 (3.1462)
0.9311
0.1624
0.2324
20.283

0.9342 (25.682)
4.4066 (0.0367)
—1.1743 (3.4293)
0.9656
2.8901
10.764
42.111

102.66 (49.628)
0.0057 (0.3627)
0.9743 (1.0034)

4.833 X 1071 (243 x 107%

1.579 X 10" (6.82 X 10°%

0.9051 (0.0458)
7.650 X 1077 (0.0046)
0.6357 (2.4847)
0.9648
7.9891
191.47
41.191

13267 (26.374)
6.1454 (0.0024)
0.7697 (0.0075)
0.9630
1.6392
2.8068
39.147

0.6787 (7.621)
1.3905 (0.0069)
0.0167 (0.648)
0.8631
8.1791
200.69
39.231

1.3729 (0.0029)
9.074 X 10'? (16958)
—1.5022 (1.3497)
0.9328
0.2121
0.1350
72.785

1.0742 (82.347)
7.1508 (0.1964)
0.9014 (1.3679)
0.9631
3.1769
12.582
39.252

103.88 (72.651)
0.0122 (0.0274)
0.9014 (0.0039)

R? 0.9982 0.9910 0.9965 0.9899
SE 0.1048 0.1403 0.1086 0.4325
SSE 0.0912 0.0164 0.0167 0.1699
F-ratio 178.45 167.47 142.11 139.25
Toth
gm (Mg/g) 14.145 (151.36) 13.837 (1.3672) 13.626 (95.637) 13.669 (200.37)
bt (L/g) 52947 (1.3694) 673154 (6234.5) 413494 (136.95) 300903 (2469.3)
nr —241.33 (1.3612) —170.19 (6.7128) —139.16 (20.379) —210.47 (7.3694)
R? 0.4469 0.4470 0.4347 0.4475
SE 0.6464 0.6455 0.6661 0.6345
SSE 1.2538 1.2501 1.3311 1.2075
F-ratio 1.0999 1.2129 1.1536 1.2152
Koble-Carrigan
Akn (mg/g) 27.520 (0.0238) 26.266 (1.3694) 25.928 (0.0672) 26.454 (5.6314)
Bxy (L/g) 142.34 (0.3671) 136.27 (3.6723) 127.69 (0.0579) 138.82 (0.9437)
Ny 116.27 (1.0142) 111.04 (10.368) 107.11 (0.0247) 111.39 (5.9537)
R? 0.7215 0.7518 0.7426 0.7348
SE 66.681 63.445 63.676 64.804
SSE 13338 12077 12162 12598
F-ratio 5.6420 6.3241 5.9426 5.8472
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Table 4. (Continued)

Models

Biomass

CB1

CB2

CB3

RB

Fritz—Schluender (Four-parameter)

A 0.3818 (200.34) 0.3576 (5.6237)
Brs 2.5504 (24.672) 1.7015 (50.361)
o 0.8359 (0.0008) 0.8442 (0.0062)
PBrs 0.0595 (1.3486) 0.0589 (7.3259)
R? 0.9967 0.9971
SE 0.8026 0.6775
SSE 0.0688 0.0469
F-ratio 149.730 151.374

Baudu
Gmo (Mg/Q) 10.413 (167.38) 14.692 (0.3692)

o 0.4205 (10.349) 0.5527 (8.6273)

X 0.7032 (3.7602) 0.9027 (10.628)
Y —0.8546 (1.3615) —1.4762 (10.372)
R? 0.7891 0.7834
SE 1.6235 1.5726
SSE 3.1272 2.9227
F-ratio 12.959 13.015

Fritz—Schluender (Five-parameter)

oy (mg/g) 121.91 (92.367) 103.14 (69.482)
o 2.0504 (10.652) 2.3286 (0.3642)
o 0.0110 (0.6486) 0.0408 (1.3672)
B 0.5737 (0.0062) 0.6582 (0.0024)
B 0.8612 (0.0271) 0.9243 (0.0704)
R® 0.9976 0.9918
SE 0.1202 0.1359
SSE 0.0144 0.0184
F-ratio 138.96 130.35

0.2704 (10.395)
8.9546 (0.0679)
0.8144 (4.3279)
0.0782 (0.2861)
0.9903
0.9749
0.0845
121.803

10.163 (0.0069)
0.5871 (0.0571)
1.9549 (0.0038)

—0.3459 (0.0024)

0.7689

2.1591

5.1492
10.722

106.48 (200.64)
1.4874 (0.0611)
0.0109 (2.6738)
0.8013 (2.349)
0.8336 (2.6049)
0.9903
0.2152
0.0463
112.35

0.3623 (0.0006)
2.2664 (0.0062)
0.8531 (10.382)
0.0577 (6.3495)
0.9867
0.9806
0.0985
119.38

12.516 (78.632)
0.6216 (0.0009)
1.5483 (0.0462)
—0.8463 (4.627)
0.7825
1.6882
4..1532
12.926

112.37 (88.602)
1.2918 (0.0063)
0.0436 (0.1037)
0.8232 (0.0951)
0.8324 (0.0509)
0.9899
0.2210
0.0488
110.93

models. The values of Rz, gm as well as F-ratio of Toth
model indicate that this model completely fails to predict the
equilibrium isotherm. Also, the Toth model exponent, nr
were negative and inadmissible.

The Koble-Carrigan26 model is essentially a Freundlich
isotherm that approaches a sorption maximum at high con-
centrations of sorbate and this model is valid when n > 1.
This isotherm showed a poorer fit than the other three-param-
eter models as evidenced by the low correlation coefficient
and F-ratio as well as high SSE and SE values.

The results obtained using the three-parameter equations
show that the best-fitted biosorption isotherm models were
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Figure 3. Radke-Prausnitz Il isotherm obtained for the
biosorption of Cu(ll) C. indica.
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determined to be in the order: Radke-Prausnitz-II > Sips >
Redlich-Peterson.

Four- and five-parameter models

The biosorption data were analyzed according to the non-
linear form of the four-parameter isotherm models. Very
good fitting of the experimental results of sorption isotherms
is obtained wusing the four-parameter model of Fritz-
Schluender (Figures not shown). From Tables 3 and 4, the
coefficients of correlation (>0.9860) were very good and the
SE and SSE values were in the range of 0.0309-0.9806 and
0.0334-0.0985, respectively. The values of o and fgs for all
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Figure 4. Radke-Prausnitz Il isotherm obtained for the
biosorption of Ni(ll) C. indica.
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the tested systems approach unity, i.e., the data can preferably
be fitted with the Langmuir model. An agreement has also
been noticed between the Bgg and the Langmuir constant K .

The calculated parameters of equilibrium biosorption iso-
therms of Cu(Il) and Ni(Il) onto various forms of C.indica
by the Baudu model are given in Tables 3 and 4. An appro-
priate fit was not obtained using the model of Baudu. Also,
the values of the maximum biosorption capacity obtained
using the Baudu isotherms were very much lower than the
experimental results. Therefore, this model cannot describe
the experimental data.

The biosorption data were analyzed according to the nonlin-
ear form of the five-parameter isotherm model of Fritz-
Schluender. An accurate fitting of the experimental results of
the biosorption isotherms is obtained using the five-parameter
model of Fritz-Schluender (Figures 5 and 6). From Tables 3
and 4, high correlation coefficients (>0.9899) and low SE (<
0.2226) and SSE (< 0.0495) values were obtained for the
studied systems. The values of the maximum biosorption
capacity obtained using the Fritz-Schluender equation are
higher than those calculated by the Radke-Prausnitz-II model
model and lower than the Langmuir model. The five-parame-
ter model of Fritz-Schluender is reduced to the Langmuir
model when the exponents f3; and f, were equal to unity. This
model is empirical in nature with a larger numbers of con-
stants. The increased number of constants would be able to
simulate the model variations more accurately. In the case of
biosorptive processes, the factors affecting sorption are large.
So, in the absence of a theoretical model that could account
for the chemical heterogeneity of the surface, and simultane-
ous prevalence of different sorption mechanisms, probably an
isotherm model having a greater number of model constants
should be able to predict better, which is observed in this
study. However, the Fritz-Schluender model is mathematically
more complex and its solution requires the application of non-
linear regression techniques. Thus, limiting the routine appli-
cation of the model may not be widely practiced.

Conclusions

Biosorption isotherms of Cu(II) and Ni(Il) on both raw and
treated biomass of C.indica were studied and modeled using
21 well-known isotherm models. Out of the 21 isotherm mod-
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Figure 5. Fritz-Schluender (Five-parameter) isotherm
obtained for the biosorption of Cu(ll) C. indica.
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Figure 6. Fritz-Schluender (Five-parameter) isotherm
obtained for the biosorption of Ni(ll) C. indica.

els, some models are based on well-established theoretical
concepts, and their application indicates that the types of
sorption mechanisms in operation during biosorptive uptake
of Cu(Il) and Ni(I). Most of the models having two or more
parameters, namely, Langmuir, Freundlich, Temkin, Freund-
lich, Sips, Redlich-Peterson, and Fritz-Schluender could pre-
dict the sorption equilibrium well, with a varying degree of
correlation. Among the two-parameter models, the predicted
Langmuir isotherm curve fits better followed by Freundlich
and Temkin. The classification of the three-parameter models
according to the simulation of the biosorption isotherms was:
Radke-Prausnitz-II > Sips > Redlich-Peterson. The four-pa-
rameter equation of Fritz-Schluender simulates well the ex-
perimental results, but the equation of Radke-Prausnitz-II
(three-parameter) was better. Among all the tested equations,
an excellent and perfect representation of the experimental
results was obtained using the five-parameter equation of
Fritz-Schluender. This study shows that the adjustment of
more parameters makes possible a better fitting of the equilib-
rium isotherms. However, the mode of covering of the sorp-
tion sites on the biosorbent surface is not possible by the
models with more than two parameters owing to the fact that
they do not adapt a thermodynamic model such as those of
Langmuir or Elovich. Therefore, based on Ockham’s razor
approach, it could be concluded that the Langmuir model pro-
vides a suitable description of the experimental data.
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Notation

ag = Khan model exponent

agr = Radke-Prausnitz isotherm constant
agp = Redlich-Peterson model constant, L/mg

A = Fritz-Schluender four-parameter model constant
Akc = Koble-Carrigan isotherm constant

bk = Khan isotherm constant

bt = Toth isotherm constant

bte = constant in Temkin sorption isotherm, J/ mol

B = constant in Dubinin-Radushkevich sorption model, mol?/ kJ?
Bgs = constant in Fritz-Schluender four-parameter model
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Bygc = Koble-Carrigan isotherm constant
C. = equilibrium concentration of sorbate in solution, mg/L

e = Polanyi potential, kJ/mol

Ky = Freundlich isotherm constant, L/g
Krg = Fowler-Guggenheim equilibrium constant, L/mg
Kyg = Henry’s law constant, L/g

Ky = Halsey isotherm constant

K = Langmuir isotherm equilibrium binding constant, L/mg
Kgrp = Redlich-Peterson isotherm constant, L/g

K = Sips isotherm constant, L/g

K1 = Temkin isotherm constant, L/mg

m = number of experimental data points

n = exponent in Freundlich isotherm

ny = Halsey isotherm constant
nkc = Koble-Carrigan model exponent
nt = Toth isotherm constant

p =number of parameters in the sorption isotherm

¢. = amount of sorbate sorbed at equilibrium, mg/g

g; = observed sorption capacity of batch experiment i
¢m = maximum sorption capacity, mg/g

¢; = amount of sorbate sorbed at time t, mg/g

Q; = estimated sorption capacity of batch experiment i
rr = Radke-Prausnitz isotherm constant

R = universal gas constant, 8.314 J/ mol/ K

R? = correlation coefficient
Ry = Langmuir separation factor
SE = standard error
SSE = sum of squares error
Wrg = the interaction energy between adsorbed molecules, kJ/mol

o = Radke-Prausnitz isotherm constant

oy = Fritz-Schluender five-parameter model sorption capacity, mg/g
o) = Fritz-Schluender five-parameter model constant
o, = Fritz-Schluender five-parameter model constant

ogs = Fritz-Schluender four-parameter model exponent

S = Redlich-Peterson isotherm constant

f1 = Fritz-Schluender five-parameter model exponent
p> = Fritz-Schluender five-parameter model exponent
Prs = Fritz-Schluender four-parameter model exponent

7 = Sips model exponent
0 = surface coverage
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