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Abstract-- Multicomponent adsorption equilibria of phenols on activated carbon were predicted by the 
ideal adsorbed solution (1AS) theory and results were compared with those calculated from two different 
Freundlich-type isotherms. Although some deviations between measured and calculated results are observed, 
the IAS theory permits rapid and relatively accurate predictions of adsorption equilibria for two-and three- 
component systems comparing with other isotherms. The results obtained show that the IAS theory is quite 
suitable for the extended application to multicomponent adsorption systems, 

INTRODUCTION 

Adsorption onto activated carbon has been known as a 
useful and effective method for the removal of toxic com- 
pounds in waste waters. The prediction of adsorption 
equilibria is quite necessary for the understanding of ad- 
sorption phenomena and for the incorporation into 
kinetic models. To find a proper multicomponent 
equilibrium relation, however, is not simple since in- 
dustrial and municipal wastes contain a vast number of 
organic substances ond a thorough understanding of the 
interaction between components is lacking. Keith and 
Telliard [1] reported 129 priority pollutants, which must 
be removed from waste waters. Thus, the equilibrium 
relation must be of a form that can be easily applied to 
multicomponent adsorption systems. 

During the past decade, the relations for representa- 
tion of multicomponent adsorption equilibria have been 
reported. Jain and Snoeyink [2] proposed a modified 
version of Langmuir isotherm under the hypothesis that 
a certain amount of adsorption occurs without competi- 
tion. But, the relation based on the Langmuir's theory is 
not likely to give accurate predictions of adsorption 
equilibria on highly heterogeneous adsorbents. In most 
cases, the Freundlich type isotherm is suitable for liquid 
phase adsorption on activated carbons. Fritz and 
Schlfinder [3] proposed a Freundlich-type isotherm for 
multicomponent systems and this isotherm gives quite 
accurate predictions. However, its generality remains 

questionable because many empirical parameters must 
be determined from single and multicomponent equilib- 
rium data correlations. Another Freundlich type 
isotherm was derived by Sheindorf et al. [4]. They ex- 
tended the Freundlich isotherm into multicomponent 
systems by introducing the competitive coefficient. This 
coefficient may be determined from two-component 
data correlations. Since the Sheindorf's isotherm has on- 
ly an inter-related parameter for each set of two com- 
ponents, it can be applied more conveniently to 
multicomponent adsorption than the Fritz-Schlfinder's 
isotherm. 

In this study, we concentrate on the application of 
the IAS theory. This theory was first derived by Myers 
and. Prausnitz [5] to predict the adsorption of gases on 
solids and extended by Radke and Prausnitz [6] to the li- 
quid phase adsorption from dilute solutions. The great 
advantage of the IAS theory is that it requires only single 
component equilibrium data in predicting multicompo- 
nent equilibria. A simpler method than the IAS theory 
was derived by Digiano et al. [7]. Although the results 
calculated by this method are in good agreement with 
those of the IAS theory in lower concentrations, they 
diverge at higher concentrations. At present, the INS 
theory remains the most viable method of predicting 
multicomponent equilibria. 

IAS THEORY AND MULTICOMPONENT 
ISOTHERMS 

* To whom all correspondence should be directed. In derivation of the IAS theory, the adsorbent is 
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assumed to be inert and to have a specific surface area 
identical for all adsorbates. It is also assumed that the 
adsorbed adsorbates form an ideal adsorbed solution on 
the surface. In this theory, the spreading pressure of 
component i is represented as follows: 

RT ~, '~'-~- fo Q~ dC~ (I) 

Here, rr, is defined as the difference between the inter- 
facial tension, of the pure solvent-adsorbent interface 
and that of th~ solution-adsorbent interface. The 
superscript o denbtes single component state. From the 
definitions of fugacity and chemical potential, the 
following equations for the IAS theory can be derived: 

C,~ = C~' (a, .  T) z, (2) 

Q, = 1/ (Z ,  zJQ~)  (3) 

z ,  = Q f /Q ,  (4) 

~!  7., = ~ (5) 
i = l  

where z, is the adsorbed mole fraction of component i 
and Qt denotes the total number of moles adsorbed. Ac- 
cording to the assumption of an ideal adsorbed solution, 
the spreading pressure of each component must be 
equal. 

a-, - -  ~ ,  = . . . . . . . . . .  ~ , ,  (6) 

The most difficult thing in applying the IAS theory arises 
in the calculation of the spreading pressure from Eq. (1). 
This can be calculated by analytical or numerical in- 
tegral:ion according to the form of single component 
isotherms. Fritz and Schlunder [8] propsed a very sim- 
ple method for the calculation of a-, using a piecewise 
Freundlich isotherm as a single component isotherm. 

Qf A,, ~(C?~ r'~' +~ ( 7 )  

where A,.~ and P,,k a r e  the Freundlich isotherm 
parameters for the concentration range of C,~_/_<C?< 

O O C,.~. C~, is the maximum concentration of the k-th range 
which can be evaluated by matching the k-th and 
(k+ l)-th equations. 

Substituting Eq. (7) into Eq. (1), the spreading 
pressure becomes: 

11 : ~ 1  A , , .  , ,r ,C?) p~ ~ -  fi'~. ~ , A / ' R T  (8) 

where 

J , ~  i ~ ,,P,~ , ~ ' ~ 1 1  A.,~ 

:(C~.m) p~m !C~.,~ ,)P~'~I (9) 

The adsorbed phase concentration, Q,, can be obtained 

from Eqs. (3}, (4) and (8). 

q ,= t,,~ z, '='P .... ( / / + G . ~ ) t  
l z ~  

( I 0 )  

The bulk concentration, C~, which is in equilibrium with 
Qi becomes: 

Cz= / p~ k ( / /+~ '~ ~)} {1/p~ ~)z, (I 1) 
A ~  

Substituting Eq. (11) into Eq. (5) yields 

To calculate r / ,  Eq. (12) may be rearranged into the 
following form : 

(13) 

Newton's iterative method can be applied to obtain // 
which satisfies Eq. (13). O n c e / / i s  known, Q, and C,can 
be calculated from Eqs. (10) and (11)[9]. 

In this study,  two different Freundl ich- type  
isotherms were also applied to evaluate the adsorption 
equilibria and the results compared with those predicted 
by the lAS t h e o l .  One is an empirical mhlticomponent 
isotherm proposed by Fritz and SchlUnder [3]. 

Q~=A~C~ (p' + b " ) / t , s  a,~C,[h~; (14) 
J i 

where % and be are the inter-related parameters which 
must be de te rmined  from the mul t i componen t  
equilibrium data. The other isotherm was derived by 
Sheindorf et al.[4]. The form of this isotherm is: 

3 

(~); = A~C~ j'c~o a , ,Ci  I r ')  (15) 
J i 

where (% isthe competitive coefficient which may be 
calculated from the two-component adsorption data cor- 
relation. 

EXPERIMENTAL 

Materials 
The adsorbates for study are phenol, p-chlorophenol 

(PCP) and p-nitrophenol (PNP). Stock solutions of each 
component were made up by dissolving reagent grade 
chemicals in distilled and activated carbon-filtered 
water. Multicomponm~t solutions were prepared by ad- 
ding stock solutions that had been made up at varying 
concentrations. 

The adsorbent used here was a commercial activated 
carbon supplied by Calgon Co. The physical properties 
are shown in Table 1. Prior to use, activated carbon par- 
ticles were boiled and washed to remove impurities. 
Equilibrium Experiments 

Adsorption equilibrium data were obtained by in- 
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Table 1. Properties of act ivated carbon used. 

Propert ies  Unit 

Real density 2, 000 kg/m'  

Part icle  density 880 kg/m ~ 

Surface  area (BET) 9.5 • 10 ~ m ' / k g  

Porosi ty 0.56 

Mean pore radius 1. 34 nm 

Part icle  diameter 0.9 x 10 ' m 

troducing known weight of activated carbon into 2xl 0 -4 
m 3 of mixed solution in Erlenmeyer flasks with stoppers 
and shaking in a constant temperature incubator at 
20~ for 15 - 30 days to give sufficient contacting time 
for equilibrium. After equilibrium was obtained, a sam- 
pie was taken from each flask. The concentrations of in- 
dividual components were analyzed using an UV spec- 
trophotometer in the range indicating a linear relation- 
ship between absorbance and concentration. For 
multicomponent systems, it was necessary." to measure 
absorbances at different wavelengthes. 270, 280 and 314 
nm were chosen in this ~tudy. The concentration of 
each component was then obtained by solving the cor- 
responding Beer-Lambert equations with calibration 
constants. 

RESULTS AND DISCUSSIONS 

For single component systems, the adsorption 
equi l ib r ium relat ions were  represented  by the 

Table 2. Single component Freundlich isotherm 

parameters. 

Smgle-range Two-range 

A, P1 A, P, A~ P, 

Phenol 1.836 0.206 

P C P  2.496 0.174 2.379 0.177 2.387 0.159 

P N P  2.374 0.138 2.438 0.146 2.353 0.109 

Freundlich isotherm. The empirical parameters of single 
component isotherms are given in Table 2. The average 
percent deviations between measured and calculated 
values of amount adsorbed were less than 5% for single- 
range isotherms and less than 4% for two-range iso- 
therms. 

In the most of two-component systems, each compo- 
nent exhibits different adsorptivity because of affinity for 
activated carbon surfaces. Table 3 shows the parameters 
of two-component isotherms, Eqs. (14) and (15). Moon 
[10] reported that the affinity of a component increases 
as the value of exponent parameter of its single compo- 
nent Freundlich isotherm becomes small. 
According to values shown in the first column of Table 
2, the affinity of phenols for activated carbon used here 

increases in the order: phenoI<PCP<PNP. The order 
of affinity is also confirmed by the value of the com- 

petitive coefficient of the Sheindorfs isotherm. Nu- 
merical value of a~ is a measure of the competition 
effect between adsorbable components. The high value 
of aq  means that the concentration of component j 
greatly affects the adsorption of component i but compo- 
nent i does not affect the adsorption of component j 
significantly. In this study, the key number of corn- 
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Measured and predicted results for phe- 

nol(l)/PCP(2) system. 

A : Cpce with Co,ph~oz =4.  0mol/m'  
B : Cp~,~o~ with Co, ecp=4.0mol/m 3 

Table 3. Parameters of two-component isotherms. 

Component Sheindor f'  s* Fr i t z -  Schlfinder' s** 
(1) / (2) a ,a a,, a2, b,l b= b,~ b,, 

Phenol /PCP 9.27 3. 159 0. 700 0. 362 0. 222 0. 520 9. 408 

P h e n o l / P N P  18.03 7. 136 0. 802 0. 646 0. 051 0. 873 O. 714 

P C P / P N P  1.72 1. 308 0. 801 0. 630 0. 516 0. 884 0. 808 
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F i g .  2. M e a s u r e d  and  pred ic t ed  r e s u l t s  for p h e -  

n o l ( 1 ) / P N P ( 3 )  s y s t e m ,  

A " Cesp with C0, ~.~.o~ =4.0mol/m'  
B ' Cph~oz with C0, ,,Ne=4. 0mol/m' 

ponents are ordered according to the affinity for ac- 
tivated carbon. Table 3 shows that ao of phenol/PCP 
and phenol/PNP systems are large values over 9 while 
that of PCP/PNP system becomes a low value near to 
unity. "['his fact shows that PCP and PNP have similar af- 
finity for activated carbon. This difference could be in- 
terpreted by the interaction between the carbon surface 
and the functional groups of each component. 

Fig. 1~3 show experimental and calculated 
equilibrium data of two-component systems. The 
broken lines represent values predicted by the Firtz- 
Schliinder's isotherm and the dotted lines do those 
predicted by the Sheindorfs isotherm, the solid lines 
stand for the IAS theory. The average percent deviations 
of two-component systems between measured and 

[0 . . . . . . . .  1 . . . . . . . .  I '1 
~ I PCPI2)/PNP(3) system 
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F i g .  3. M e a s u r e d  and  p r e d i c t e d  r e s u l t s  for PCP 

(2)/PNP(3) s y s t e m .  

A : CpNp with Co. Pcv=2. Omol/m' 
B : Cpcp with CD. p~e=2.0mol/m' 

T a b l e  4. A v e r a g e  p e r c e n t  d e v i a t i o n s *  o f  ind iv i -  

d u a l  a d s o r p t i o n s .  

Component 
(1)/(2) 

Phenol/PCF 

Phenol/PNP 

PCP/PNP 

Shenidorfs 
$ 1  $ 2  

12.2 9.1 

9.6 3.3 

17.5 4.3 

Fritz- 
S chliinde r '  s 

S ,  S a  

8.7 5.9 

I 5.3 3.7 

7.1 2.2 

IAS theory 
$ 1  S z  

13.6 5.6 

21.6 4.5 

17.5 4.3 

* s , =  12~ IQ  . . . . . .  - Q  . . . . . .  I / / N  

calculated results are shown in Table 4. In all cases, the 
Fritz-SchliJnder's isotherm gives better predictions than 
the Sheindorfs isotherm and the IAS theory. The 
average percent deviation of the Fritz-Schlimder's 
isotherm is 2-10% while those of others are 5 - 24%. 
"]'his is likely to be an inevitable result since the Fritz- 
Schliinder's isotherm contains many adjustable 
parameters to correlate two-component equilibrium 
data. For example, this isotherm for two-component 
systems has 6 independent inter-reLated parameters 
because an and a22 are unity. On the other hanoi, the 
Sheindoffs isotherm has only a parameter since % = 
ai~. When there are many adsorbable species in solu- 
tion, it is nearly impossible to use the Fritz-Schliinder's 
isotherm because the determination of inter-related 
parameters gives rise to a serious difficulty. From this 
point, the Sheindoffs isotherm and the IAS theory' have 
a good advantage of the use for multicomponent 
systems. 

Fig. 1 -  3 show that the iAS theory and the 
Sheindoffs isotherm predict two-component equilibria 
with similar accuracy. The IAS theory has not an inter- 
related parameter besides single component  
equilibrium data. In this point, the use of the IAS theory 
is considered to be quite attractive for multicomponent 
adsorptions. Digiano et al. [7] presented a simple model 
for multicomponent equilibria which is based on the 
same concepts as in the IAS theory. This model allows 
direct computation of adsorbed amount from known 
concentrations in mixture, but it has a limitation that it is 
applicable only in a low concentration range less than 
0.1 molJm 3. Such a limitation for the use of this simple 
model was also found in this study. In recent years, the 
species grouping has been studied to simplify the 
multicomponent adsorption calculation. It is, however, 
not easy to deduce some pseudo-species from a vast 
number of components because there are not ap- 
propriate grouping criteria. The adsorption and kinetic 
behaviors should be checked for the species grouping. 
[11]. On the other hand, the equilibrium relation must 
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be easily incorporated with the model equations for the 
adsorption in batch or fixed bed adsorbers since the use 
of carbon adsorption requires information on the kinetic 
analysis of adsorption data. Thus, the adsorption 
isotherm should be examined, considering the incor- 
poration with model equations as well as the accuracy in 
the prediction. 

From discussions mentioned above, the IAS theory 
is the most convenient method at present for the predic- 
tion of multicomponent adsorption equilibria. The in- 
corporation with mode equations has been examined by 
Merket al.[12] and Wang and Tien [9]. They applied the 
[AS theory to two-component fixed bed adsorptions and 
obtained good results. In this study, one of the objectives 
is directed to the application of the IAS theory to three- 

component systems of phenols. Table 5 shows calculat- 
ed and measured results of a three-component system 
using the Sheindorf's isotherm and the [AS theory. r in 
Table 5 represents the ratio of calculated to measured 
values of amount adsorbed. To show the applicability of 
IAS theory, the average percent deviations of two 
methods are also listed. For phenoI/PCP/PNP system the 
deviations of the individual adsorption of each compo- 
nent are in the range of 6 -20% similar to those of two- 
component systems. Table 5 shows that two methods 
give quite similar accuracy in predicting three- 
component adsorption equilibria. It is very interesting 
that the IAS theory predicts equilibrium data with 
similar accuracy comparing with the Sheindorfs iso- 
therm. This result proves that the IAS theory is quite 

Table 5. Predictions of three-component adsorption equilibria. 

Experimental Sheindorf' s* IAS Theory 
C, C, C~ Q, Q= Q, r r ~, r r ~3 

3.090 2.430 1.260 0.276 1.270 1.516 

5.271 5.523 3.895 0.327 1.283 1.722 

5.181 4.709 2.285 0.327 1.471 1.406 

5.179 3.729 3.311 0.329 1.029 1.774 

5.033 3.033 1.826 0.365 1.232 1.499 

5.315 3. 189 1.327 0.324 1.491 1.215 

5.250 3.143 2.444 0.381 1.068 1.713 

5.221 2.844 1.721 0.376 1.163 1.512 

4.796 1.932 0.833 0.464 1.276 1.165 

5.151 2.062 1.522 0.395 0.997 1.546 

4.930 1.671 0.879 0.468 1.106 1.305 

4.446 5.176 3,615 0.226 1.332 1.708 

4.328 4.269 2.065 0.247 1.534 1.489 

4.408 5.168 2.141 0.301 1.656 1.387 

4.550 3.749 3.471 0.212 1.152 1.879 

4.313 2,983 1.872 0.268 1.312 1.553 

4.324 3,126 1.682 0.307 1.459 1.447 

4.410 3.154 1.420 '0.301 1.639 1.269 

4.207 2.326 1.690 0.273 1.169 1.646 

4 065 2.097 1.182 0.367 1.242 1.438 

3.984 1.980 0.887 0.422 1.362 1.239 

4.391 2.048 1.930 0,275 0.988 1.779 

4.010 1.654 1. 151 0.409 1.054 1. 523 

3.901 1.390 0.725 0,456 1.169 1.304 

0.945 1.279 0.801 0.878 0.828 1.038 

0.633 1.309 0.956 0.697 0.890 1.077 

0.816 1.278 0.915 0.864 0.879 1.118 

0.749 1.353 0.978 0.770 0.876 1.096 

0.908 1.275 0.901 0.887 0.832 1.103 

1. 185 1.208 0.886 1. 174 0.821 1. 160 

0.792 1.331 0.915 0.783 0.855 1.064 

0.954 1.323 0.882 0.922 0.860 1.085 

1.062 1.233 0.853 0.970 0.813 1.170 

1.043 1.316 0.905 0.955 0.823 1.103 

1.117 1.276 0.835 0.993 0.817 1.115 

0.820 1.257 0.954 0,889 0.849 1.085 

0.980 1.211 0.915 1,016 0.826 1.133 

0.749 1.232 0,857 0.805 0.864 1.072 

1.002 1.193 0,949 1.031 0.770 1.057 

1.064 1.184 0,896 1.033 0.768 1.092 

0.956 1.142 0,885 0.935 0.753 1.107 

1.052 1.083 0.902 1.034 0.728 1. 168 

1.153 1.182 0.876 1.071 0.743 1.062 

0.993 1.202 0.849 0.905 0.768 1.093 

0.958 1.171 0.842 0.871 0.765 1.146 

1.163 1.205 0.905 1.064 0.736 1.055 

0.960 1.230 0.864 0.840 0.758 1.089 

1.059 1.179 0.815 0.908 0.744 1.113 

Shenidorf' s isotherm : s l = l l .  2, s,=23. 6, s3=l l .  1 
IAS theory, : s,=10.6, s==:19.3, s ,=10.0  *r p~,d/Q, . . . . .  
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Predictions of three-component equilibrium 
data. 

suitable for phenols-activated carbon systems. At pre- 
sent, it is not clear if the IAS theory will give good pre- 
dictions when the adsorbates have dissimilar equilibri- 
um and kinetic behaviors. The extension of the ]AS 
theory to such systems should be studied in the future. 
Fritz and Schliinder [8] reported that systematic devia- 
tions between measured and calculated results can be 
observed when there are ionic dissociation or molecular 
sieve effects. In the adsorption systems encountered 
here, these effects are negligible. Since pH of stock solu- 
tions is about 5-7 below the dissociation constant of 
phenols, the effect due to ionic dissociation is not signifi- 
cant during the adsorption. 

In the application of the IAS theory, the most impor- 
tant thing is how to obtain accurate single component 
isotherms. The single component isotherm, sometimes, 
could not be represented by an equation. In this case, a 
piecewise isotherm or a combination from of some dif- 
ferent isotherms may be used in representing single 
component equilibrium data over the concentration 
range. Here, the isotherms of PCP and PNP were divid- 
ed into two regions which can be correlated by the 
Freundlich isotherm. Other isotherms can be also com- 
bined if an appropriate analytical relation between equa- 
tions could be obtained. Fig. 4 shows a typical result of a 
three-component system in which some deviations bet- 
ween measured and calculated results are observed. 
However, such deviations may be insignificant for 
engineering-design applications considering experimen- 
tal errors. 

CONCLUSIONS 

The IAS theory may be satisfactorily applied in 
predicting adsorption equilibria of phenols on activated 
carbon comparing with other Freundlich-type iso- 
therms, the Fritz-Schlunder's isotherm and the Shein- 
doffs isotherm. Even for a three-component system, it 

gives good predictions. For phenols-activated carbon 
systems, ths [AS theory is likely to be quite suitable. Ac- 
cording to the major advantage of the IAS theory which 
requires only single component equilibrium data, this 
theory will be the most effective method for the case that 
solution contains many adsorbable species. 

NOMENCLATURE 

A :surface area per unit mass of adsorbent 
(m3/kg) 

A~ :Freundlich isotherm parameter of component i 
a,j :parameters of Fritz-Schlfinder's isotherm 
bq :exponent parameter of Fritz-Schlfinder's 

isotherm 
C, :equilibrium liquid phase concentration 

(mol/m3) 
F(;,r) :function defined in Eq. (13) 
N : number of components 
Pt :exponent parameter of Freundlich isotherm 
Q, :equil ibr ium solid phase concentrat ion 

(mol/kg) 
Qt :total number of moles adsorbed (mol/kg) 
R : universal gas constant 
sj :average percent deviation (%) 
T :absolute temperature (K) 
z, :adsorbed phase mole fraction of component i 

Greeks 
a,;, -parameter of Sheindoffs isotherm 

~ :integration constant defined in Eq.(9) 
/ /  :parameter defined in Eq.(8) 
~r, :spreading pressure 
�9 j :ratio of calculated to measured values 

Superscripts and Subscripts 
o :single component state 
i,j :components 
k,m :concentration range 
0 : initial concentration 

Abbreviations 
PCP : p-chlorophenol 
PNP : p-nitrophenol 
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