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Abstract

Comparison analysis of linear least square method and non-linear method for estimating the isotherm parameters was made using tt
experimental equilibrium data of safranin onto activated carbon at two different solution temperatures 305 and 313 K. Equilibrium data were
fitted to Freundlich, Langmuir and Redlich—Peterson isotherm equations. All the three isotherm equations showed a better fit to the experiment:
equilibrium data. The results showed that non-linear method could be a better way to obtain the isotherm parameters. Redlich—Peterson isothel
is a special case of Langmuir isotherm when the Redlich—Peterson isotherm cgnetentnity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction diffusion, chelation, ion exchange and chemisorption) in-
volved in the sorption processes; engineers use the equi-
Currently, sorption processes are proved to be an effectivelibrium equation with ease for the design of batch sorp-
process for the removal of pollutants from wastewdte+§]. tion systems. The adsorption isotherms are equilibrium equa-
Sorption processes includes the selective transfer of solutetions and applied to condition resulting after the adsorbate-
components in the fluid phase onto the surface or onto thecontaining phase have been in contact with the adsorbent for
bulk of solid adsorbent materials. Activated carbonis the most sufficient time to reach equilibrium at a constant tempera-
commonly used adsorbent for separating the pollutants fromture. The different parameters and the underlying thermody-
the agueous solutions. Activated carbon have been widelynamic assumption of these equilibrium models often provide
used for the removal of various pollutants such as phi&jpl some insight into the sorption mechanism, the surface prop-
dyes[7], heavy metalg8] and flavor ester§5] from their erties and affinity of sorbent. Some of the isotherm equations
agueous solutions. that can explain solid—liquid adsorption systems are: Lang-
In general, sorption processes were found to proceedmuir, Freundicih, Sips, Toth isotherm, Redlich—Peterson,
through varied mechanisms such as external mass transfeDubinin—Raduskevich and Harins—Jura isotherm equations
of solute, intraparticle diffusion and adsorption at sites. Un- [9,10]. Out of these, Freundlicfil], Langmuir[12] and
less extensive data are available, it is impossible to predict Redlich—Petersoifil3] isotherms are the most commonly
the rate-determining step involved in the process. However, used isotherms by several researchers for different sor-
sorption isotherm equations, which explain the process atbent/sorbate systenfis4—17]and are given by Eq$1)—(3),
equilibrium conditions, provide an easier solution to this respectively:
complex problem. Also, isotherm equation does not con-
sider the complex mechanism (external mass transfer, porefe = KrCe'/"* 1)
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ACe solutions of desired initial dye concentrations were prepared
%= T Bos () by diluting the stock solution with distilled water.

The powdered activated carbon used in the present study
whereCe (Mg/L) is the left out solute concentration at equi- a5 obtained from E-Merck Limited, Mumbai. The obtained
librium, ge (Mg/g) is the amount of dye adsorbed at equilib- activated carbon was directly used as adsorbents without any
rium, Kr(mg/g)(L/g)'* is the Freundlich constantrelated to  pretreatment. Some of the specifications of the activated car-
adsorption capacityl is the Freundlich exponent related to o used in the present study as supplied by the manufacturer
adsorption adsorption intensity, respectivelly,is the Lang- are given by: substances soluble in wate%, substances
muir monolayer sorption capacity (mg/dia is related to  ggp|uple in HCI<3%, Cl <0.2% and SG?~ <0.2%. Heavy
the energy of adsorption (L/mgh is the Redlich-Peterson  metals as lead (Pb)0.005%, Iron (Fex0.1% and incom-
isotherm constant (L/gR is the Redlich—Peterson isotherm  pete carbonization: passes test, Methylene blue adsorption
constant (L/mg~*4) andgis Redlich-Peterson isothermex- <180 mg/g, loss on drying:10% and residue on ignition

ponent, which lies between 0 and 1. <5%; particle size: >60% passes through 300 mesh.
The termqe in isotherm equations can be calculated from  patch adsorption studies were carried out by contacting
the simple mass balance equation as follows: 0.01 g of activated carbon with 50 ml of dye solution of known

initial dye concentration in 125 ml capped conical flasks. The
contact was made using water bath shakers at a constant agi-
tation speed of 95 strokes with a stroke length of 1.5 cm at two
different solution temperatures 305 and 313 K. The contact
Linear regression was frequently used to determine the S made for 48 h, which is more than sufficienttime to reach

most fitted isotherm. The linear least-squares method to the€quilibrium. Preliminary studies carried out at different dye

linearly transformed isotherm equations was widely applied concentrations showed that the equilibrium time was foundto
to confirm the experimental data and isotherms using coeffi- Vary between 38 and 40 h. After 48 h, the dye solutions were

cient of determinatiofiL’5]. However, previously researchers S€Parated from the adsorbent by centrifugation. The left out
showed that, depending on the way isotherm equation is lin- concentration in the supernatant solution was analyzed using
earized, the error distribution changes either the worse or the® UV spectrophotometer.

better{18]. So, it will be an inappropriate technique to use the
linearization method for estimating the equilibrium isotherm
parameters. Thus, in the present study, non-linear method is
used to determine the adsorption isotherm parameters. Also,

a comparative analysis was made between the linear and non- The_search for best-fit equation using the I_inear regressi_on
linear method in estimating the rate parameters for the sorp-analysis was the mostcommonly used technique to determine

tion of safranin and activated carbon systems. The problemsthe best-fitisotherm and the method of least squares has been

associated with transforming the non-linear equations to lin- US€d for finding the parameters of the isotherms. The Lang-
ear form are also reported. muir isotherm can be linearized into at least four different

types and simple linear regression will result in different pa-

rameter estimateld 8]. The details of these different forms

of linearized Langmuir equations and the method to estimate

the Langmuir constantg, andK; from these plots were ex-
CpIained inTable 1 Out of the four different type of linearized

Langmuir isotherm equations, Langmuir-1 and Langmuir-2

are the most commonly used by several researchers because

ge = (Co — Ce)V/M 4)

whereC, is the initial dye concentration (mg/L)/ is the
volume of solution (L) andW is the mass of adsorbent (g).

. Results and discussions

2. Materials and methods

The solute used in all the experiments was safranin, a basi
(cationic) dye. The structure of safranin (C.I: Basic Red 2) is

given by: of the minimized deviations from the fitted equation resulting
in the best error distribution. For Langmuir-1, the isotherm
HsC = N N CHs constants, monolayer sorption capaciyandK, can be cal-
culated from the slope and intercept of plot betw€afe
HaC X N/ = CHs versuL,. The calculated,, andK;values and the coefficient

of determination values were shownTable 2 Theqy, and

Ka values predicted from the other linearized forms of Lang-

muir equations, Langmuir-2, Langmuir-3 and Langmuir-4,

were obtained from the plot betweemgdyersus 1T, ge ver-

suse/Ce and ge/Ce Versusge, respectively. The calculated

isotherm parameters are shownTiable 2 FromTable 2 it

was observed that the Langmuir constants varied for different

The stock solution of safranin was prepared by dissolving forms of linear Langmuir equations. This is because depend-

one gram of safraninin one liter of distilled water. Allworking ing on the way isotherm is linearized, the error distribution
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Table 1
Isotherms and their linear forms
Isotherm Linear form Plot Reference
Freundlich ge = KFCeY"F log(ge) = log(KF) + 1/nglog(Ce) log(ge) vs. 10g(Ce) Freundlich[11]
C 1 1 C
Langmuir-1 == T Cet —— =€ vs.Ce Langmuir[12]
gmKaCe qe dm Kagm qe
9e= T K.Co 1 1 1 1 1 1
Langmuir-2 1+ KaCe — = < ) — + — — Vs, —
qe Kagm/) Ce  gm qe Ce
. 1 qde qe
Langmuir-3 = N\ =)= VS, —
g de = gm (Ka> Co qe Co
: qe qe
Langmuir-4 — = Kagm — Kage — VS.¢e
Ce Ce
. ACe Ce Ce .
Redlich—Peterson o= —"— In|{A— —1) = gIn(Ce) + In(B) In{A— —1) vs.In(Ce) Redlich and Petersdi3]
1+ BCe® qe qe

changes either the worse or the befte#]. Further out of culated Freundlich isotherm parameters and the correspond-
the coefficient of determination for Langmuir-1, Langmuir- ing r2 values were shown iffable 2 From Table 2 it was
2, Langmuir-3 and Langmuir 42 value for Langmuir-1was  observed that at all solution temperatures rthealues were
found to be relatively higher when compared to others. In found to be relatively less than best fit linearized Langmuir
addition, Table 2 Langmuir-3 and Langmuir-4 showed a isotherm. This suggests that the Langmuir isotherm as the
similarr? value confirming that both these types are in same most appropriate isotherm than the Freundlich isotherm for
errordistribution structure. Froirable 2 itwas also observed  the present system.
that the equilibrium sorption capacity of activated carbon for ~ The sorption of safranin onto activated carbon follow-
safranin was found to be 576 mg/g (calculated based on Lang-ing the linearized form of Redlich—Peterson isotherm can be
muir type 1 equation) at 305 K. The very high sorption ca- observed from the plot between AC./qe) versus InCyg).
pacity of activated carbon confirms that the activated carbon However, this is not possible as the linearized form of
can be used as an adsorbent for the removal of safranin fromRedlich—Peterson isotherm equatidalfle 1) contains three
its aqueous solutions. unknown parameterd, B andg. Therefore, a minimization
The equilibrium data were further analyzed using the lin- procedure is adopted to maximize the coefficient of determi-
earized form of Freundlich equation using the same set of ex- nationr?, between the theoretical data fqy predicted from

perimental data, by plotting logf) versus logCe). The cal- the linearized form of Redlich—Peterson isotherm equation
and the experimental dat&ig. 1 shows the plot between
Table 2 In(AC:/de) versus InCe). The calculated Redlich—Peterson
Isotherm parameters obtained by using linear method constants fromFig. 1 and their corresponding linear
Temperature (K)
305 313 3.5
Langmuir-1 dm (Mg/g) 576 564
Ka (L/mg) 0.0646 0.0390 3
r2 0.999 1.000
. mT=305K
Langmuir-2 dm (Ma/g) 560 566 25
Ka (L/mg) 0.0743 0.0386 '
r2 0.990 0.997 _ *T=313K
Langmuir-3 gm (Mg/g) 563 564 ? 21
Ka (L/mg) 0.0728 0.0389 )
r2 0.980 0.994 % 15 4
Langmuir-4 gm (Mg/g) 565 565 £
Ka (L/mg) 0.0713 0.0387 1 4
r2 0.980 0.994
Freundlich e 0.240 0.312 0.5
Kr(mg/g)(L/9)'F 165.5 106.3
r2 0.998 0.981 o
Redlich—Peterson g 0.836 1.000 0 1 2 3 4 5 6
1-1/A
B (L/mg ) 0 0 In(Ce)
A (L/g) 106 22
r2 1.000 0.999

Fig. 1. Redlich—-Peterson isotherm for safranin onto activated carbon.
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regression coefficient of determination were shown in
Table 2 FromTable 2 it was observed that the value for
Redlich—Peterson isotherm was found to be 1 and 0.999 (
at 305 and 313 K, respectively. This shows that in addition to
Langmuirisotherm, Redlich—Peterson isotherm model can be
used to explain the present system at equilibrium conditions.
The present investigation shows that linearization can
be successfully applied in predicting the equilibrium pa-
rameters. However, comparison analysis of tRevalues
of all the four linearized form of Langmuir equation with
Redlich—Peterson isotherm and Freundlich isotherm show
different outcomes. At 305 K, when comparing thealue of
Langmuir-1 with Freundlich isotherm equation, Langmuir-
1 was found to better represent the experimental equilib-
rium data. But, when comparing th@value of Langmuir-2,
Langmuir-3 and Langmuir-4 with Freundlich, it was observed
that Freundlich isotherm as an appropriate relation to explain

the present system. This makes a confusion to decide whether

the sorption process is due to monolayer coverage of solute
particle or not. Further, based on the calculaigdralues by

the four type of linear Langmuir equations, the following ob-
servations are made: for Langmuir-1 form, thevalue gets
decreased with increasing temperature. Butgthealue cal-
culated by Langmuir-2 shows an increasgiywith increas-
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Fig. 2. Adsorption isotherm for safranin onto activated carbon at 305 K.

tained isotherm parameters were listedétle 3 In the case
of Langmuir isotherm, the results from the four Langmuir lin-
ear equations are the same. By using non-linear method, there

ing temperature. Whereas in case of Langmuir-4, the calcu-are no problems with transformations of non-linear Langmuir
latedqm, value was found to be the same, suggesting that theisotherm equation to linear forms, and also they are in the
temperature had no effect on adsorption. But, experimentalS&me error structures. Frofable 3 it was observed that at

data confirms that there is a definite effect of temperature onPoth the solution temperature of 305 and 313K, the isotherm

the dye uptake process. In addition, the Langmuir congtant

parameters estimated for different isotherms were found to

calculated by the four different linearized forms of Langmuir Pe more or less same except the value of Redlich—Peterson
isotherm equations also gets varied for the same experimenisotherm constan@ at 305K. The Redlich-Peterson con-
tal equilibrium data. These different outcomes show the real Stantg was found to be unity at all the solution temperatures.
complexities and problems in estimating the isotherm param- The Redlich—Peterson constgr#ipproaching unity suggests
eters by linearization technique. The different outcomes for that the isotherm is approaching Langmuir instead of Fre-
different linearized form of Langmuir isotherm are because undlich. Furtherr? values suggest that the Redlich—Peterson

the error structure will get varied upon linearizing the non-
linear equation. The error distribution may vary the better or
worse depending on the way the equation is linearized. Vari-
ous outcomes for the four linearized equations are also due to
the different axial settings, that would alter the result of lin-
ear regression and influence the determination prddégs
Thus, it will be more appropriate to use non-linear method to
estimate the parameters involved in the isotherm or any rate
equation. Also, non-linear method had an advantage that the
error distribution does not get altered as in linear technique,
as all the isotherm parameters are fixed in the same axis.

For non-linear method, a trial and error procedure, which
is applicable to computer operation, was developed to deter-
mine the isotherm parameters by minimizing the respective
coefficient of determination between experimental data and
isotherms using the solver add-in with Microsoft’s spread-
sheet, Microsoft Excel.

Figs. 2 and 3shows experimental data and the pre-
dicted equilibrium curve using non-linear method for
the three-equilibrium isotherm Freundlich, Langmuir and
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Redlich—Peterson at 305 and 313K, respectively. The ob- Fig. 3. Adsorption isotherm for safranin onto activated carbon at 313 K.
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Table 3 _ _ _ of experimental equilibrium data in Langmuir isotherm sug-
Isotherm parameters obtained by using non-linear method gests the monolayer coverage and chemisorption of safranin
Temperature (K) onto activated carbon.
305 313
Non-linear Langmuir dm (Mg/g) 569 565
Ka (L/mg) 0.0690 0.0389 References
r2 0.988  0.998
. . [1] Y.S. Ho, G. McKay, Can. J. Chem. Eng. 76 (1998) 822-826.
Non-linear Freundiich b " 0.238 0.308 [2] G.M. Walker, L. Hansen, J.A. Hanna, S.J. Allen, Water Res. 37
Ke(mg/g)(L/gy'" 1668~ 108.0 (2003) 2081-2089.
r 0.997 0.980 [3] G. McKay, S.J. Allen, I.F. McConvey, M.S. Otterburn, J. Colloid
Non-linear Redlich-Peterson g 1.000 1.000 Interface Sci. 80 (1981) 323-339.
B (L/mg~1/4) 0.0690 0.0389 [4] S.J3. Allen, G. McKay, Can. J. Chem. Eng. 58 (1980) 521-526.
A(L/g) 39.3 219 [5] S. Ismadji, S.K. Bhatia, Can. J. Chem. Eng. 78 (2000) 892—901.
r2 0.988 0.998 [6] M.W. Junga, K.H. Ahna, Y. Leea, K.P. Kimb, J.S. Rheec, J.T. Parkd,

K.J. Paeng, Microchem. J. 70 (2) (2001) 123-139.
[7] G. McKay, J. Chem. Tech. Biotechnol. 32 (1982) 759-772.
and Langmuirisotherms fit the experimental data equally well [8] K. Kadirvelu, K. Thamaraiselvi, C. Namasivayam, Bioresource Tech-
with the same values of coefficient of determinatidalfle 3. nol. 76 (1) (2001) 63-65.
From FigS. 2 and 3it was also observed that the Langmuir [9] Y.S. Ho, J.F. Porter, G. McKay, Water Air Soil Pollut. 141 (1-4)

X . . (2002) 1-33. )
isotherm overlapped the Redlich—Peterson isotherm. Thus,[lo] A. Giirses, S. Karac&:. Dagar, R. Bayrak, M. Acikyildiz, M. Yalcin,

Langmuir isotherm is a special case of Redlich-Peterson” "~ ; coioid Interface Sci. 269 (2004) 310-314.

isotherm when constagtwas unity. [11] H.M.F. Freundlich, Zeitschrift ifr Physikalische Chemie (Leipzig)
57A (1906) 385-470.

[12] I. Langmuir, J. Am. Chem. Soc. 38 (1916) 2221-2295.

[13] O. Redlich, D.L. Peterson, J. Phys. Chem. 63 (1959) 1024.

[14] Y.S. Ho, W.T. Chiu, C.S. Hsu, C.T. Huang, Hrdrometallurgy 73
(2004) 55-61.
Present study shows that all the three isotherm equa-[15] Y.S. Ho, Carbon 42 (10) (2004) 2115-2117.

tions Freundlich, Langmuir and Redlich—Peterson models [16] Y.S. Ho, Water Res. 37 (2003) 2323-2330. _

well represent the sorption of safranin onto activated carbon.[17] Y.C. Wong, Y.S. Szeto, W.H. Cheung, G. McKay, Langmuir 19

P . . : (2003) 7888-7894.
Non-linear method is a better way to obtain the adsorption [18] E. Longhinotti, F. Pozza, L. Furlan, M.D.N.D. Sanchez, M. Klug,

parameters. Langmuir is a special case of Redlich—Peterson ~ pcu. Laranjeira, V.T. Favere, J. Braz. Chem. Soc. 9 (5) (1998)
isotherm when constagtwas unity. The relatively better fit 435-440.

4. Conclusions
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