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COMPARISON OF METHODS TO PREDICT
MULTICOMPONENT ADSORPTION ISOTHERMS
FOR DYE ADSORPTION ONTO CARBON

The adsorption of three basic dyes (Basic Red 22 — BR22, Basic Yellow 21 — BY21 and Basic
Blue 69 — BB69) onto activated carbon has been studied as single, double and triple component
systems. Several models have been used to predict and correlate the equilibrium data. The ideal
adsorbed solute (IAS) theory enabled multicomponent isotherm data to be predicted using single
component data with excellent agreement between experimental and theoretical data. Due to the
extensive computational work involved in applying the IAS theory, three empirical methods were
tested. Two methods, based on extended Langmuir and Redlich-Peterson equations, even
incorporating an interaction factor, did not correlate experimental multicomponent isotherms well
for using single solute data. However, and extended general Freundlich expression was used with
considerable success.

NOMENCLATURE

— surface area of adsorbent (dm?),

— constant in Freundlich isotherm,

— Langmuir isotherm constant (dm?/mg),
— exponent in Freundlich isotherm,

— constant of equation (7),

— Jossens isotherm constant,

Langmuir isotherm constant (dm?3/g),
— Jossens isotherm constant,

— Universal Gas Constant,

— absolute temperature (K),

— dye concentration in liguid (mg/dm?),
— dye concentration on solid adsorbent (mg/g).
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GREEK LETTERS

— spreading pressure,
b — exponent in Jossens isotherm,
n — interaction term.

SUBSCRIPTS

1 — component 1,

2 — component 2,

A, B — components A and B,

i — general component, i,

Jj — components in a system,
k — concentration range,

r — number of components.

SUBSCRIPT

0 — pure component dye.

1. INTRODUCTION

Adsorption processes are continually gaining prominence as methods of purify-
ing textile effluents, industrial and municipal waste waters. Although a considerable
amount of information is available on single solute adsorption, most companies
discharge effluents containing several components. Experimental results for binary
mixtures were reported many years ago (AmioT, 1934; KOLTHOFF and Van der
GrooTt, 1929) but no attempt was made to analyse the results.

This paper reports the adsorption of three single component dyes, the three
possible binary mixtures and the one triple component mixture onto carbon have
been studied. The equilibrium isotherms have been determined experimentally and
several models have been tested to assess their ability to predict bisolute equilibrium
data using single component data. The model tested fall into the following categories:

(i) ideal adsorbed solute theory,

(i) empirical equations using single solute data based on extended conventional
isotherms, such as Langmuir, Freundlich and Redlich—Peterson,

(iii) modified extended isotherms,

(iv) empirical correlations for multicomponent data.

2. EXPERIMENTAL

Adsorption isotherms were determined by shaking a fixed mass of carbon
d, = 355-500pm) type Filtrasorb 400 (supplied by Chemviron Ltd) with fixed
volumes of dye solutions having different initial concentrations. The three dyes used
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in this work were Basic Blue 69 (BB69), Basic Red 22 (BR22) and Basic Yellow 21
(BY21), all supplied by Bayer Ltd. Analysis of dye mixture concentrations was
undertaken by measuring adsorbances on a Perkin Elmer 550S spectrophotometer
at wavelengths corresponding to the maximum absorbance band for each of the
dyes.

3. THEORY

The most thermodynamically acceptable model for multicomponent adsorption
is the ideal adsorbed solute theory (IAS theory), proposed by MyYERs and PRAUSNITZ
[11], and analagous to Raoult’s law. The theory was extended for dilute solutions by
RADKE and PRAUSNITZ [12] and only single solute data are required. The model is
based on calculating the spreading pressure 7 using equation (1)

0
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The spreading pressure is then used to determine the fractional surface coverage
of the adsorbent particle by-the solute, and then this fractional coverage is used to
predict multicomponent adsorbtion data. The method of solution is complex
requiring extensive iteration and computation. Therefore simplifying assumptions for
the term Y°(X?) have been proposed (KibNAY and MYERS [7], JAIN and SNOEYINK
[6], Di GiaNo et al., 1978, FriTz and SCHLUNDER [4]) and found to be useful for
certain systems.

In addition to the IAS theory for the prediction of multicomponent isotherm
data, a number of empirical equations have been proposed and summarized in tab. 1.

Table 1
Summary of isotherm equations studied in the work
Single Extended Modified
Isotherm type
component type extended
2 K; X} K; X} (K X7/n;)
Langmuir Y=———(2 Y=—"—"—(3) Y=—""—
]+aLino it . ' H'(a,‘jX?)
> (a, X3) 2
J=1 ji=1 nj
. a; Xt a,, X
Freundlich Y, =a, X" (5) 2= EUr— ()| Y= fﬁ' (7)
X1“~+a12X2” citr o
2 a;X
j=1
K ;X2 K X0 (K X%/,
Redlich-Peterson Y= — (8) Y, = el 9) Y, = b L{A] (10
14+m; X% 1dr Tt X
. > my Xy y

Jj=1 =1 r]j

* For bisolute systems.
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MARrkHAM and BENTON [9] proposed equation (3) but when it was found
inapplicable to several systems, ScHay et al. [14] modified the equation by
accommodating molecular interactions in the adsorbed phase, depicted by equation
(4). FriTz and SCHLUNDER [4] extended the Freundlich equation (5) to produce
equation (6) which is a simplification of the general isotherm equation (7), setting
¢, =0. It is for bisolute systems and does incorporate some multicomponent
correlation factors in evaluating its constants. MATHEWS [10] and CRITTENDEN [2]
used a REDLICH-PETERSON [13] equation (8) and applied an extended form, equation
(9), and a modified form, equation (10), incorporating a molecular interaction factor
(Yon and TurNock [15]) to a number of bisolute systems.

4. RESULTS AND DISCUSSION

The aim of this paper is to develop and test the suitability of a range of models to
predict multicomponent equilibrium isotherms for the adsorption of basic dyes onto
activated carbon. Figure 1 shows the isotherms for the adsorption of BR22 dye as

BR 22 + BB 69

BR 22 + BY 21

Y (mg/g)

4 m N9

600 |-

1 1
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X, (mg/dm?3)

Fig. 1. Comparison between adsorption isotherms of BR22 in single component with several multi-
component systems

a pure single component, in its bisolute mixtures with BY21 and BB69, and in its
triple mixture. The capacity of the dye for carbon is seen to decrease as the
competition for carbon from other dyestuffs increases. The saturation monolayer
adsorption capacities for BR22 dye onto carbon are 500 mg dye/g carbon for single
component, 320, 300, and 200 in BY, BB and the triple component system,
respectively.
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The IAS theory, in general, gave the best correlation between experimental and
theoretical data, and fig. 2 shows such a comparison for the adsorption of BR22 in
a mixture of BR22 and BY21. The application of the IAS theory to the other dye
mixtures gave similar excellent correlations between experimental and theoretical
results. Due to extensive computational time, however, several other approaches,

using simplifying assumptions or empirical correlations, were then proposed and
tested.

® e
300 e '; ®
v //,.’ o
{mglg) o,

200 #

I

3

i

|
100 }

i s .
0 50 100 XZ(mQ/dm3) 150

Fig. 2a. Comparison of experimental points with theoretically predicted equilibrium isotherm for BY21 in
a mixture of BR22 and BY2!
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Fig. 2b. Comparison of experimental points with theoretically predicted equilibrium isotherm for BR22 in
a mixture of BR22 and BY21

Figures 3, 4 and 5 show predicted and experimental data using; the extended
Langmuir (equation 3) for the adsorption of BR22 in a mixture of BR22 and BY21,
the extended Freundlich (equation 6) for the adsorption of BB69 in a mixture of
BB69 +BR22, and the extended Redlich-Peterson (equation 9) for the adsorption of
BY21 in a mixture of BB69 and BY21. It was found that for the BR22 and BY21
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Fig. 3. Predicted and experimental data using the empirical extended Langmuir formula for the
adsorption of BR22 in a mixture of BR22 + BY21 on carbon
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Fig. 4. Predicted and experimental data using the empirical Freundlich formula for bisolute mixtures for
the adsorption of BB69 in a mixture of BB69 + BR22 on carbon
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Fig. 5. Predicted and experimental data using the empirical Redlich-Peterson formula for the adsorption
of BY2! in a mixture of BB69 + BY21 on carbon
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system, the three equations gave predictions only moderately close to experimental
data. However, for any mixture involving BB69 dye, the correlation between
experimental and theoretical results was very poor and this method was unsatisfac-
tory. That is because the above mentioned equations assume independent com-
ponent adsorbtion regardless of interactions and competition.

The application of the modified extended Langmuir (equation (4)) and Re-
dlich-Peterson (equation (10)) expressions are represented in figs. 6 and 7. These
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Fig. 6. Application of the empirical extended Langmuir formula with interaction term 5 to the adsorption
of BR22 in (BR22 + BB69)
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Fig. 7. Application of the empirical extended Redlich—Peterson formula with interaction term n to the
adsorption of BB69 in (BB69 + BR22 + BY21) trimixture

results were optimized using a minimization subroutine programme from the
computer library file and although better fits were obtained using the interaction
factor # than using equations 3, 6 and 9; the results were still relatively poor except
for the BR22 and BY21 system. Figure 6 shows the adsorbtion of BR22 in a BR22
and BB69 mixture and fig. 7 shows the adsorbtion of BB69 in the triple mixture.

It is apparent from the application of equations (3)-(10) that extended equilib-
rium isotherms and the modified expressions are not sufficient for all mixtures. The
previous equations are derived for competitive adsorption and dye-dye interaction.
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It would appear, however, that BB69 dye adds an additional complication to the
adsorption mechanism by creating a dye—carbon surface-dye interaction or by
perhaps ‘swamping’ competition and interaction effects in the early stages of
adsorption. The BB69 dye has the highest capacity in all the systems in which it is
a component. Consequently, it is necessary to consider a different empirical
approach for the systems containing BB69 dye. The high adsorptive capacity of
BB69 (Q,,., 800 mg/g) is related to these interactions whose presence adds further
complications to the system equilibrium conditions making equations (4) and (10)
partially successful for multicomponent isotherm calculations of BB69 systems as it
does not correlate K values which are directly related to equilibrium
K
Adsorption = Desorption.

Equation 10 was derived basing on the analysis of multicomponent data and has been
applied to all the dye mixtures. Figure 8 shows the agreement between experimental
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Fig. 8. Application of the extended empirical Redlich-Peterson formula with interaction term 7
to the adsorption of BR22 in a (BR22 + BY21) mixture

Y,(mg/g)

100 @ Experiment

Theory

L " 1 .«
o 50 100 150 X, mg/dm?)

Fig. 9. Application of equation (6) to the adsorption of BY21 in (BB69 + BY2I) bisolute system




and theoretical data for the adsorption of BR22 on carbon in a mixture of BR22 and
BY21. Excellent agreement was obtained for all the dye mixtures using equation (6)
because both its constants are correlated with multicomponent data and this takes
all interactions into account. Tables 2 and 3 give a statistical comparison of the
approaches in this paper in terms of the variance ¢?

O.Z — .é’:l [Qexa— Qcal:lz/n-

Comparison of variances o using different equations for the bisolute mixture (BB69 and BR22)
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Table 2

Compo- Empirical extended Empirical extended 7 Empirical
nents
Langmuir Redlich—Peterson Langmuir Redlich—Peterson Freundlich

Formulae

BB69 0.755 0.783 0.198 0.158 0.0891

BR22 0.405 0.462 0.266 0.268 0.0928

|
Table 3

Comparison of variances ¢ using different formulae for the prediction and correlation of bisolute mixture
(BB69 and BY21)

Compo- Empirical extended/without 5 Empirical extended/with 5 Empirical
nents
Langmuir Redlich-Peterson Langmuir Redlich—Peterson Freundlich
Formulae
BB69 0.687 0.713 0.197 0.203 0.0871
BY21 0.338 0.278 0.128 0.0986 0.0897

5. CONCLUSIONS

Several models have been tested with regard to their ability to predict
multicomponent equilibria for the adsorption of basic dyes onto carbon. The ideal
adsorbed solute theory, based on classical thermodynamic consideration, enables
multicomponent equilibria data to be predicted using pure single component data.
An extended Freundlich isotherm, using limited multicomponent factors, also gave
excellent correlation between theoretical and experimental equilibrium data. Other
empirical correlations based on Langmuir and Redlich-Peterson single component
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data only correlated multicomponent data well when the adsorption capacities of the
individual components in the mixture were of a similar order of magnitude, these are
systems with similar equilibrium behaviours.
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POROWNANIE METOD PROGNOZOWANIA PRZEBIEGU
WIELOSKLADNIKOWYCH IZOTERM ADSORPCYJNYCH PODCZAS ADSORPCII
BARWNIKA NA WEGLU

Adsorpcja trzech podstawowych barwnikow (czerwien zasadowa, z01¢ zasadowa i bigkit zasadowy)
na weglu aktywnym byla badana w uktadzie jedno-, dwu- i trojsktadnikowym. Zastosowano kilka modeli,
aby przewidzie¢ i skorelowa¢ dane odnoszace sic do stanu réwnowagi. Teoria idealnego roztworu
adsorpcyjnego (IAS) umozliwia przewidywanie przebiegu wieloskladnikowych izoterm na podstawie
danych dotyczacych jednosktadnikowego uktadu. Dane do$wiadczalne i teoretyczne sa w tym przypadku
zgodne. Poniewaz zastosowanie teorii IAS wymaga czasochtonnych obliczen komputerowych, przetes-
towano wiec trzy metody do$wiadczalne. Dwie z nich, bazujace na rozszerzonych rownaniach Langmuira
i Redlicha—Patersona, chociaz uwzglgdniaja wzajemne oddzialywanie, nie korclowaly zadowalajaco
doswiadczalnych izoterm wieloskladnikowych z danymi dla jednej substancji rozpuszczonej, uzycie
jednak rozszerzonego ogélnego rownania Freundlicha dato zadowalajace wyniki.

CPABHEHME METOJIOB IMPOTHO3MPOBAHMSA XOJA
MHOTOKOMITOHEHTHBIX AJICOPBLIMOHHBIX M30TEPM BO BPEMSI ACOPBLIMUN
KPACUTEJISI HA VIJIE

AACOpOIIS TPEX OCHOBHBIX KpacHTeslell (OCHOBHOTO KPACHOIO, OCHOBHOTO KEJITOrO U OCHOBHOTO
rony6oro) Ha AaKTHBHOM yIJI€ HCCIEIOBAjgach B OMHO-, JIBYX- H TPEXKOMIIOHEHTHON CHCTEMaX.
TIpAMEHHUIIN HECKOJIBKO MOJENEH, YTOOBI MPETYCMOTPETh M KOPPEIMpOBaTh JTAaHHbIE, OTHOCSIIMECS
K COCTOSHHMIO PaBHOBECHS. TeOpHs MICATBHOTO anCOPOIMONHOTO pacTBopa (TAS) /1aeT BO3MOXHOCTH
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TpeIyCMOTPETL X0/ MHOTOKOMIIOHEHTHBIX HM30TepM Ha 0ase NAHHBIX, KACAIOLIUXCS OJHOKOMIIO-
HEHTHOM CHCTEMBI. DKCNEPUMEHTAJIbHbIE U TEOPCTHUCCKUE NAHHBIE B ITOM CIy4Yae COTJIACHBI APYT
¢ apyrom. U3-3a Toro, 4To mpuMeHeHHe Teopun IAS Tpebyer Tpymoemxnx KOMIIbIOTEPHBIX PACYETOB,
TIPOTECTHUPOBAHBI TPH OKCNCPUMEHTATBHBIX MeToAa. JIBa M3 Hux, Gasupyrolie Ha pPaCIIMPEHHBIX
ypaBHenusx Jlanrmyapa um Peanuxa-Ilatepcona, xoTs YUHUTHIBAIOT B3aHMOBO3/IEHCTBHE, He Koppe-
JIMPOBAJIH YIOBJIETBOPUTENILHO 3KCIEPHMEHTAIBHBIX MHOTOKOMITOHEHTHBIX H30TEPM C JAHHBIMH IS
ORHOTO paCTBOPEHHOTO BewecTBa. OAHAKO, YNOTPeGIeHHE PACUIMPEHHOTO OBIIEro ypaBHenus Ppoitnj-
JIMXa Najo yAOBJIECTBOPUTEIBHBIE PE3yJIbTATHL



