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Simultaneous Determination of Multi-Component Isotherm Parameters
from Single Sample of Liquid
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Abstract. For the adsorption of multiple organic compounds using activated carbon in aqueous systems, several
useful models have been developed to describe the equilibrium relationship. One of the easy-to-use models was
developed by Suzuki et al. and the model was extended to determine equilibrium parameters for each component
simultaneously. The determination procedure required liquid mixtures at various initial concentrations. The industrial
sample, however, is normally controlled at constant concentration and hence the determination procedure mentioned
above was limited to be applied. In this study, simultaneous determination procedure of multi-component isotherm
parameters from single sample was discussed theoretically and experimentally. Then, it was found that Freundlich-
type parameters for each component dissolved in water could be obtained from constant composition solutions

based on Ideal Adsorbed Solution Theory.
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1. Introduction

For the design of an adsorption process, kinetic and ad-
sorptive equilibrium parameters are required. For the
adsorption of multiple organic compounds using acti-
vated carbon in aqueous systems, several useful mod-
els have been developed to describe the equilibrium.
Myers and Prausnits presented the Ideal Adsorbed So-
lution (IAS) theory for gaseous phase multi-component
adsorption (Myers et al., 1965). Radke and Prausnitz
later extended the IAS theory to dilute liquid solu-
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tions (Radke et al., 1972). Suzuki applied Freundlich
isotherm in IAS theory and developed easy-to-use
equations for the estimation of multi-component equi-
librium (Suzuki et al., 1983). Finally, Furuya extended
Suzuki’s model and developed a technique to deter-
mine the isotherm parameters from multi-component
aqueous samples (Furuya et al., 1986).

In the previous laboratory study, Furuya et al. var-
ied the initial concentration of adsorbates in a multi-
component system to determine the isotherm parame-
ters. However, liquid samples from industrial processes
normally only have a set of, if not fixed, concen-
trations for a given process stream. In other words,
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the composition of a process stream is normally con-
trolled at a constant level for reproducibility. Fur-
thermore, pure compounds are often not isolated and
become available for the preparation of a varying com-
position. As a result, the previous study has limited
application.

In this study, a technique for the simultaneous de-
termination of multi-component Freundlich isotherm
parameters in an aqueous system was developed using
test data from a single sample composition. The tech-
nique was first derived theoretically and then verified
experimentally.

2. Fundamental Equations

Equations (1) to (3) were derived by use of assumptions
of (a) adsorbent solid is inert, (b) molecular sieving
effect is negligible, (c) chemical potentials of adsorbed
and liquid phases are identical, (d) effect of pressure
on liquid phase properties is negligible, (e) adsorption
of each component obeyed Freundlich isotherm, and
(f) multi-component adsorption can be described by
ideal adsorbed (IAS) solution [7] concept.
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where A denotes specific internal surface area of adsor-
bent, ¢; is liquid phase concentration of solute i, and g;
is amount adsorbed of component i. R means gas con-
stant and T is absolute temperature. = denotes spread-
ing pressure and superscript O means a value for single
component adsorption at the same spreading pressure
and the same temperature as those for multi-component
systems.

By substituting the Freundlich-type equations (q,-o =
ki (cf.))l/ ") to the adsorption equilibria, Eq. (1) is inte-
grated to give [2, 8]:

= nik; ()" (5)
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where dimensionless variables employed here were;
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On the other hand, the following equation can be ob-
tained from Eq. (3).

c?:(9>% ©)
qi

Equations (5) and (6) provide a ratio of ¢{ to ¢ as

follows:
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Therefore, one can obtain the value of n;/n; from
slope by plotting (c? /c(j).) as a function of ¢! on a log-
arithmic graph, provided that k;, k;, n;, and n; are
constant.

As to the calculation of qio, Eq. (11) can be derived
by substituting the right-hand-side of Eq. (8) for IT on
Eq. (7).

0",
qi—§:(m>% (1)

Therefore, the adsorption equilibrium for single
component system, ¢? and ¢°, can be estimated
from the equilibria for multi-component system as

follows:

(a) Values of c? and c? / ¥ are estimated from Egs. (9)
and (12), respectively, using the values of ¢;, ¢;, ¢;,

and g;.
0 . .
(2)-C)/E) o
Cj Cj qj
(b) Values of (n;/n;) is calculated from the plot of
log(c? /C?) against log(c?).
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(c) The adsorption equilibrium for respective single
component systems can be estimated by use of
Eq. (11) and the value of (n;/n;).

3. Computational Approach

Base on the IAS theory, liquid phase concentration for
each component dissolved in water mixture can be esti-
mated from amount adsorbed for all solutes as follows:

(a) Estimate IT by use of Eq. (8) with amounts ad-
sorbed and Freundlich parameters.

(b) Evaluate the value of c? for each component.

(c) Calculate liquid concentration for each component

by Eq. (9).

The procedure mentioned above can be formulated as;

o= (=G =(ER)
' q:) " q: nik; i nik;

13)

For multi-component batch adsorption, on the other
hand, liquid phase concentration c; in equilibrium with
amounts adsorbed, ¢;, for component i i = 1 ~ n)
can be obtained as;

¢ =Coi — 2 qi (14)
’ 1%

Combining Egs. (13) and (14), amounts adsorbed, g;,
can be determined easily for given values of ¢ ;, m, V,
and Freudlich parameters, k; and n;, with the aids of
“solver in the excel”.

4. Results and Discussions
4.1. Experimental Approach

The analysis technique mentioned above was tested by
the following method. Simulated wastewater samples
employed for preliminary research were composed of
two aromatic compounds. The initial concentration ra-
tio for each run was different each other.

For phenol—benzoic acid system, the amount ad-
sorbed of each component, was estimated from exper-
imental values for binary system by the batch bottle
technique described above. For each run, Values of ad-
sorbate concentration for single component adsorption
at the same 7T and p as those for multi-component sys-
tem, c?, were estimated by Eq. (9) and also values of
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Figure 1. Determination of (n/n;) value for phenol—benzoic acid
system.

(n;/n ;) were calculated. In the Fig. 1, relationship be-
tween cg and (cg / c?) were illustrated. From the linear
regression line shown in the figure, value of n; /n, was
determined to be 0.6877.

The adsorption equilibrium for respective single
component systems was estimated by use of Eq. (11)
with the value (n,/n;). For single component systems,
adsorption equilibria were also obtained experimen-
tally by using the batch bottle technique. These re-
sults for both single and binary adsorption systems are
shown in Fig. 2(a) and (b).

The points clarified from the figures are summa-
rized as “Adsorption isotherms for each component
estimated by the procedure agreed well with those
measured experimentally for single component
adsorption”.

4.2.  Numerical Approach

As mentioned above, simulated multi-component ad-
sorption equilibria can be easily generated by combin-
ing Egs. (13) and (14) for given values of ¢g;, m, V,
and Freudlich parameters, k; and n;, with the aids of
“solver in the excel”. In this study, simulated adsorp-
tion equilibrium was calculated by the procedure with
values summarized in Table 1. The Freundlich param-
eters employed here were similar to those for aromatic
compound—activated carbon systems.

Solid and fluid concentration data at equilibrium,
q. and c,, are obtained by using three different ini-
tial concentrations (the concentration ratio was un-
changed) and three solid/liquid ratios as 20.0, 16.0
and 12.0. From thus-obtained data, equilibrium con-
centrations were scattered except two values and
hence the determination procedure seemed to be
applicable.
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Table 1. Original concentrations and equilibrium parameters
employed for case 1.

Component 1 ~ Component 2 ~ Component 3

Table 2. Equilibrium parameters obtained from Fig. 4.

Component | ~ Component 2 ~ Component 3

n 2.099 2.570 2.649
co (mg/L) 600 600 600 k (mol/g) 0.11¢ 0.39 0.79
M (g/mol) 60.1 74.1 88.2
co (mol/L) 9.98 8.10 6.80 .
" 210 257 265 From plots of (cg / cg) against cg of component 2 and
k (mol/e) 0.12 0.40 0.80 (cg/c?) against cg of component 3, values of (n3/n;)

As mentioned in experimental approach section, val-
ues of (c?) and (c? /c?) for each run were calculated
and values of log(c{)) were plotted against log(c{/c9).
While 9 simulated data were generated, only 8 points
were shown in figures. This means that two points were
obtained as almost the same value.

From the relationship between ¢ of component
1Land () /cY), avalue of (n,/n;) was obtained as 1.224¢
by use of the calculation procedure mentioned above.

and (n;/n3) were determined as 1.031; and 0.791,, re-
spectively. Then, all values of ¢ and ¢! for each run
were determined from equilibrium data, i.e. (c1, g1),
(2, g2) and (c3, g3) by use of Egs. (9) and (11). The re-
sults estimated for each component are shown in Fig. 4.
For the estimation of all (n; /n;) values from the data,
only two figures are required, while three figures can
be illustrated from thus-generated equilibrium relation-
ships. Freundlich parameters were determined from in-
tercept and slope of regression line within each figure
in Fig. 4 and the obtained values were summarized in
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Figure 2. Adsorption isotherm determined from single and binary adsorption.
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Figure 3. Determination of (n; /n ;) value for ternary component system.
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Figure 4. Adsorption isotherm determined from ternary adsorption.

Table 2. These values are very close to those shown in
Table 1.

5. Conclusions

A technique for the simultaneous determination of
multi-component Freundlich isotherm parameters in an
aqueous system was developed using test data from a
single sample composition. The technique was derived
theoretically and experimentally.
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