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Binary Adsorption in a Fixed-Bed Column Packed with 
an Ion-Exchange Resin 

RUN-TUN HUANG, TEH-LIANG CHEN, 
and HUNG-SHAN WENG" 
DEPARTMENT OF CHEMICAL ENGINEERING 
NATIONAL CHENG KUNG UNIVERSITY 
TAINAN, TAIWAN 70101, REPUBLIC OF CHINA 

ABSTRACT 

A mathematical model was adopted to analyze a binary fixed-bed adsorption 
column packed with an ion-exchange resin. Two pairs of organic compounds, o- 
cresol-benzoic acid and p-chlorophenol-p-nitrophenol, were employed as the 
adsorbates. A modified Langmuir isotherm with interaction factors qi was found 
suitable for representing the adsorption equilibrium. Scale-up of the binary adsorp- 
tion column with respect to column length was effective based on the proposed 
mathematical model and corresponding methods for estimating the model param- 
eters. The significance of excess concentration in the breakthrough curve was 
related to inlet concentration, column length, and the difference in adsorption 
affinity. 

Key Words. 
Solid-diffusion model 

Binary adsorption column; Langmuir isotherm; 

INTRODUCTION 

Fixed-bed adsorption has found considerable application in the separa- 
tion and purification of liquid mixtures. Examples include water treatment 
and recovery of biological products. Early reports on this subject have 
focused on single-component systems. In practice, however, the feed 
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2732 HUANG, CHEN, AND WENG 

stream to a fixed-bed adsorption column often contains a broad range of 
adsorbates, and between the adsorbates there exist interactions. This fact 
complicates the theoretical description for a multicomponent adsorption 
column. 

Although multicomponent adsorption systems have recently received 
increasing attention, in the literature there still exists little information 
on column performance. Successful simulation of a fixed-bed adsorption 
column depends mainly on the choice of an adequate mathematical model. 
To develop a mathematical model that describes the adsorption process, 
four equations are essential: mobile phase mass balance, external film 
diffusion, intraparticle diffusion, and adsorption kinetics. Among these 
four relations, adsorption kinetics represents the major difference between 
single- and multicomponent adsorptions. 

In general, the adsorption rate is much faster than the diffusion rate, 
so that equilibrium can be assumed at every local position. The most 
simple equilibrium model of a single component that has been used is the 
Langmuir isotherm: 

With the further assumption of identical saturation capacities for all com- 
ponents, the single-component Langmuir isotherm, Eq. ( l ) ,  has been ex- 
tended to multicomponent adsorptions ( I ) :  

where the ai’s are derived from the corresponding individual Langmuir 
isotherm equations. However, it is unrealistic to assume identical satura- 
tion capacities for different solutes. Besides, multicomponent adsorptions 
are complicated by interactive and/or competitive effects of the solutes. 
Accordingly, prediction of mixture isotherms solely from isotherm data 
of the single solutes is impractical. To make improvement to Eq. (2), 
Schay et al. (2) proposed a modified model with interaction factors yi 
extracted from experimental competitive isotherms: 

(3) 

Intraparticle diffusion is an important mass transfer step in an adsorp- 
tion process. Both solid- and pore-diffusion models have been widely used 
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BINARY ADSORPTION IN A FIXED-BED COLUMN 2733 

to describe diffusion in a porous adsorbent ( 3 ) .  In a previous study on a 
single-component adsorption column (4), the solid-diffusion model was 
found to be more suitable for modeling favorable adsorptions onto an ion- 
exchange resin than the pore-diffusion model. 

The aim of this study was to examine the suitability of a combination 
of the modified Langmuir model (Eq. 3 )  and the solid-diffusion model for 
analyzing binary fixed-bed adsorption columns. An anion-exchange resin 
was used as the adsorbent. Two pairs of organic compounds, o-cre- 
sol-benzoic acid and p-chlorophenol-p-nitrophenol, were employed as 
the adsorbates. Scale-up experiments of the binary adsorptions with re- 
spect to column length were carried out to evaluate the proposed mathe- 
matical model. In addition, the relationships of excess concentration in 
the breakthrough curve with adsorption affinity, inlet concentration, and 
column length are discussed. 

MATHEMATICAL MODELS 

The fixed-bed adsorption column is assumed to be packed with spherical 
particles of radius R .  The mass transfer processes include axial dispersion, 
intraparticle diffusion, and external film diffusion. The diffusional process 
within the adsorbents is described by the solid-diffusion model. Local 
equilibrium between the solid phase and the fluid phase is assumed with 
the modified Langmuir isotherm, Eq. ( 3 ) .  The breakthrough curve of com- 
ponent i can thus be obtained from the following set of equations. 

Mobile phase mass balance: 

Particle diffusion : 

External film diffusion: 

Adsorption isotherm: 
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2734 HUANG, CHEN, AND WENG 

Initial conditions: 

Ci = 0, at t = 0 (8) 

qi = 0, at t = 0 (9) 

Boundary conditions: 

MATERIALS AND METHODS 

Most materials and methods used in this study were the same as those 
used in the previous work (4). Ion Exchanger I1 (weak base, Merck, Art 
No. 4766) of size 28-35 mesh was employed as the adsorbent. The resin 
was immersed in 1 N NaOH solution for conversion to the OH-form. The 
average diameter of the swollen resin, measured by a profile projector, 
was 0.02522 cm. The apparent density of the wet resin was found to be 
0.476 g/cm3, and its true density was 1.116 g/cm3. 

Adsorption equilibrium was obtained according to the following mate- 
rial balance: 

The initial concentration of each solute employed in the equilibrium exper- 
iment was 13.0 pmol/cm3. Various amounts of Ion Exchanger I1 were 
used to generate the equilibrium data. Equilibrium was achieved in a 
shaker after about 6 days at 27°C. The concentration of each solute was 
determined by a UV spectrophotometer (Hitachi, Model U-2000). The 
molar absorptivities employed are given in Table 1. The procedure for 
determining the concentration of a bisolute system has been described 
elsewhere (5 ) .  

Column experiments were carried out in a glass tube of 1.142 cm. The 
solutions were fed upward in all the experiments. The void fraction in the 
bed, Eb, was estimated from the volume of water which occupied the 
intergranular space in the ion-exchange column, according to the following 
equation (6): 

volume of drained water 
bed volume Eb = 1.05 x (14) 

where 1.05 was used to account for the inclusion of incomplete drainage 
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TABLE 1 
Molar Absorptivities of Organic Compounds at Various Wavelength 

Compound Wavelength (nm) Absorptivity (cm3/mmol~cm) 

o-Cresol 223 2476 
270 1473 

Benzoic acid 223 7993 
270 468 

p-Chlorophenol 243 826 
280 4140 

280 4980 
p-Nitrophenol 243 4599 

of water from the bed. The values of the bed void fraction obtained in all 
experiments were around 0.345. 

Axial dispersion is a function of physical factors like flow rate and 
particle size of the adsorbent, but not of chemical differences between 
solutes. The axial dispersion coefficient for the liquid flowing through 
fixed beds was obtained from the correlation equation of Chung and Wen 
(7): 

Re - -  - DLPL 
0.20 + o.oii~e0.48 

Equation (15) is applicable in the Reynolds number range of 
The film mass transfer coefficient kf was calculated from (8, 9) 

to lo3. 

- -  2Rkf - 2.0 + 1.45Re”2Sc”3 
D, 

where the molecular diffusivity, D,, was estimated from the equation of 
Wilke and Chang (10). 

To obtain the breakthrough curves, the dimensionless forms of Eqs. 
(4)-(12) were first treated by the orthogonal collocation method. The re- 
sulting ordinary differential equations were then solved by the method of 
DGEAR. Four collocation points for both column length and particle ra- 
dius were found to be adequate in the calculation. The only unavailable 
parameter in the mathematical model, intraparticle diffusivity D, , was 
determined by fitting the model breakthrough curve to that of the experi- 
ment, in which a two-dimensional simplex ( 1  1)  was employed for the pa- 
rameter estimation. The optimization criterion chosen was the minimum 
total square error. All the computations were done on a 486 personal 
computer. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



2736 HUANG, CHEN, AND WENG 

RESULTS AND DISCUSSION 

Analysis of Equilibrium Data 

An accurate representation of single-component adsorption equilibria 
is a prerequisite for simulating multicomponent adsorptions. Figure 1 
gives the equilibria data for two pairs of adsorbates: o-cresol-benzoic 
acid and p-chlorophenol-p-nitrophenol. o-Cresol shows an approximately 
linear adsorption isotherm; benzoic acid exhibits a very favorable one; 
and the shapes of isotherms for p-chlorophenol and p-nitrophenol are 
favorable. It should be pointed out that the difference in adsorption affini- 
ties between the former pair is large, while it is small between the latter 
pair. Analyzing the equilibria data with the single-component Langmuir 
isotherm, Eq. ( I ) ,  a and qm were obtained as given in Table 2. 

In Fig. 2 is shown the experimental and theoretical bisolute equilibrium 
data for o-cresol and benzoic acid. Obviously, application of the extended 
Langmuir isotherm, Eq. (2), which does not consider the interactive and/ 
or competitive effects of the solutes, is not in agreement with the experi- 
mentals. In other words, the bisolute isotherm of o-cresol-benzoic acid 
cannot be predicted solely from the single-component ones. 

Compared with benzoic acid, o-cresol is a weak adsorbate. As a result, 
it cannot be adsorbed as much as Eq. (2) predicted due to the competitive 
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FIG. 1 Single-component equilibrium isotherm: (A) o-cresol, (B) benzoic acid, (C) p-chlo- 
rophenol, (D) p-nitrophenol. 
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TABLE 2 
Estimated Constants of Langmuir Isotherms 

Compound a (cm3/pnol) qm (mmol/g-resin) q 

o-Cresol 0.01 124 12.223 1.260 
Benzoic acid 1.906 2.849 0.842 
p-Chlorophenol 0.184 4.270 1.084 
p-Nitrophenol 0.487 3.965 0.976 

effect between the solutes. It is therefore supposed that the extended 
Langmuir isotherm overestimates the adsorption of the weaker adsorbate. 
A similar phenomenon also occurs in the case of p-chlorophenol-p-ni- 
trophenol, as shown in Fig. 3.  The extents of this overestimation for the 
weaker adsorbates are closely related to the relative values of the adsorp- 
tion affinities of the competing solutes. From Figs. 2 and 3 it can be seen 
that the extent of overestimation for o-cresol is more significant than for 
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FIG. 2 Experimental and theoretical bisolute equilibria data for o-cresol and benzoic acid. 
(0) Experimental data; (- -)extended Langmuir isotherm, Eq. (2); (--)modified Langmuir 

isotherm, Eq. (3). 
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FIG. 3 Experimental and theoretical bisolute equilibria data for p-chlorophenol and p -  
nitrophenol. (0) Experimental data; (- -) extended Langmuir isotherm, Eq. ( 2 ) ;  (--) modi- 

fied Langmuir isotherm, Eq. (3). 

p-chlorophenol. It is therefore implied that the larger difference in the 
adsorption affinity, the larger deviation of the solid-phase concentration 
of the weaker adsorbate from the predicted value. 

Benzoic acid and p-nitrophenol, on the other hand, are the stronger 
adsorbates in each pair, and thus are favored in the competition for adsorp- 
tion. Accordingly, underestimations for benzoic acid and p-nitrophenol 
in the solid-phase concentration are expected. Nevertheless, deviation 
from the predicted value from Eq. (2) is less significant for the stronger 
adsorbates because they are dominating species. 

By adopting the interaction factor q, the modified Langmuir isotherm, 
Eq. ( 3 ) ,  can well represent the experimental data (as shown in Figs. 2 and 
3 ) .  The values of qi obtained by curve fitting are given in Table 2. 

Fittings of the Breakthrough Data 

The experimental binary breakthrough data for o-cresol and benzoic 
acid on columns of 10,20, and 30 cm length are shown in Fig. 4. The feed 
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1 

0.8 

? 0.6 
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(a) o-cresol 
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0.2 

0 6 12 18 24 30 
Time (h) 

FIG. 4 Breakthrough curves for o-cresol and benzoic acid on columns of 10, 20, and 30 
cm length. Symbols, experimental; lines, calculated. CO = 4.87 i~rnol/crn~ for both solutes, 

Q = 6.16 cm3/min. 

rate introduced to the column was 6.16 cm3/min. Both solutes were at 
concentrations of 4.87 pmol/cm3. The mass transfer parameters estimated 
for the calculation of breakthrough curves were DL = 1.44 cm2/min, kf,cre 
= 0.1464 cm/min, and kf,br = 0.1442 cm/min. Fitting the mathematical 
model, Eqs. (4)-(12), to the 10-cm experimental breakthrough data, the 
surface diffusivity DSi were estimated as 8.51 x lop8 and 8.03 x lo-* 
cm2/min for o-cresol and benzoic acid, respectively. The agreement of 
the calculated breakthrough curves to that of experiment is quite good. 
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2740 HUANG, CHEN, AND WENG 

According to the solid-diffusion model, the solute is adsorbed on the 
outer surface of the adsorbents, followed by the diffusion of the adsorbate 
in the adsorbed state. Benzoic acid is more strongly bonded to the adsor- 
bent than o-cresol. Consequently, the solid diffusion of benzoic acid mole- 
cules in the adsorbent particle is slower than o-cresol molecules, and a 
smaller value of D, for benzoic acid than for o-cresol was expected. 

Prediction of Breakthrough Curves for Longer Columns 

The estimated Dsi’s were then used to predict breakthrough curves for 
longer adsorption beds. As one can see from Fig. 4, the experimental data 
for column lengths of 20 and 30 cm coincide well with the predictions 
based on the mathematical model. The close agreement between the ex- 
perimental data and the calculated curves indicates that the proposed 
mathematical model and methods for determining corresponding param- 
eters can perform effectively for the binary adsorption column. 

Characteristics of Excess Concentration 

In Fig. 4(a) it is noted that a peak of excess concentration appears in 
each of the breakthrough curves of o-cresol, which is a common phenome- 
non in multicomponent adsorption columns and is caused by a displace- 
ment effect (12-16). Due to the difference in the adsorption affinity, a 
chromatographic separation of o-cresol and benzoic acid occurs within 
the column. At the beginning of the column performance, benzoic acid, 
being the stronger adsorbate, is adsorbed near the influent end of the 
column while o-cresol (the weaker adsorbate) is largely adsorbed further 
along the bed. As the feeding continues, benzoic acid moves as a wave 
front down the bed, which results in a competitive binary sorption regime. 
Consequently, some previously adsorbed o-cresol is displaced by benzoic 
acid. An enrichment of o-cresol in the liquid phase thus results. 

The significance of the excess concentration in the breakthrough curve 
of the weaker adsorbate is related to inlet concentration. From Fig. 5 one 
can see that the peak height decreases with decreasing inlet concentrations 
of both o-cresol and benzoic acid. As described above, the excess concen- 
tration is a result of displacement effect. For this phenomenon to occur, 
apparently there should exist sufficient amounts of o-cresol and/or ben- 
zoic acid. Nevertheless, it is interesting to find out what species is determi- 
nant in the concentration-dependency. Keeping the concentration of o- 
cresol constant, the peak height was found to decrease with decreasing 
concentration of benzoic acid, as shown in Fig. 6.  The variation in the 
breakthrough curves is very close to that in Fig. 5 .  On the contrary, as 
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FIG. 5 Experimental breakthrough curves for o-cresol and benzoic acid at various 
inlet concentrations. CO: (0) 8.64, (0) 4.87, and (0)  2.44 prnol/crn3. L = 20 cm, Q = 

6.16 crn3/rnin. 

depicted in Fig. 7, if the concentration of o-cresol was decreased while 
keeping the concentration of benzoic acid constant, the peak height was 
not significantly changed. It is therefore concluded that the significance 
of the excess concentration depends mainly on the concentration of the 
stronger adsorbate rather than the weaker adsorbate. 

The peak height of the excess concentration in the breakthrough curve 
of the weaker adsorbate is also related to column length. The weaker 
adsorbate must be adsorbed onto the adsorbent prior to the displacement 
by the stronger adsorbate. Therefore, if we shorten the column length to 
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FIG. 6 Variation of the excess peak composition with the concentration of benzoic 
acid at an o-cresol concentration of 8.64 ~mol/crn3. CO,bz: (--) 8.64, (- -) 4.87, and 

(-.-) 2.44 pmoUcm3. 

an extreme, it can be said that there is negligible adsorption of the weaker 
adsorbate on the bed, and the displacement effect will not be observed. 
If the column is lengthened, on the other hand, the amount of the weaker 
adsorbate available for displacement will increase. Accordingly, the ex- 
tent of enrichment of the weaker adsorbate in the liquid phase is increased, 
and a more remarkable excess concentration can be observed. This trend 
can be found in Fig. 4(a). For compounds with similar adsorption affinities 
(say, p-chlorophenol and p-nitrophenol), the displacement effect is not 
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FIG. 7 Variation of the excess peak composition with the concentration of 0-cresol 
at a benzoic acid concentration of 8.64 pmol/cm3. COScrc: (--) 8.64, (- -) 4.87, and 

(--) 2.44 pmol/cm3. 

apparent, and excess concentrations can only be observed in long col- 
umns, as shown in Fig. 8. 

From Fig. 4 we noted that the timings of the appearance of the peak 
of excess concentration of o-cresol and the breakthrough point of benzoic 
acid were about the same. This is a clear indication of a strong displace- 
ment effect, which primarily arises from a large difference in the adsorp- 
tion affinities of the two solutes. As an extreme case of a binary adsorption 
column with two solutes of equal adsorption affinities, the breakthrough 
points are the same and excess concentration will never occur. Based on 
this reasoning, for cases with small differences in adsorption affinity, the 
displacement effect will not be remarkable and the breakthrough point of 
the stronger adsorbate will appear prior to the peak of excess concentra- 
tion of the weaker adsorbate. Therefore, it can be said that the smaller 
this time period, the larger will be the difference in the adsorption affinity. 
An illustration of such a situation can be found in Fig. 8. The time period 
between the breakthrough point of the stronger adsorbate and the peak 
of excess concentration of the weaker adsorbate could therefore be a 
qualitative or even a quantitative representation of the difference of ad- 
sorption affinities. 
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FIG. 8 Breakthrough curves for p-chlorophenol and p-nitrophenol on different column 
lengths. Co,pcp = 9.25 pmol/cm3, C O . ~ ~ ~  = 9.32 pmol/crn3, Q = 10.2 cm3/min, DL = 2.36 
cm2/min, kf,pcp = 0.1831 cm/min, and kf.pnp = 0.1785 cdrn in .  20-cm curve: fitting of experi- 

mental data. 50-, loo-, and 150-cm curves: calculated. 

CONCLUSIONS 

Binary adsorptions of o-cresol-benzoic acid and p-chlorophenol-p-ni- 
trophenol onto Ion Exchanger I1 can be well represented by the modified 
Langmuir isotherm with interaction factors qi extracted from experimental 
competitive isotherms. Simulation of fixed-bed column adsorption for bi- 
nary systems is effective with a solid-diffusion model previously used in 
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single-component adsorption (4). The occurrence of excess concentration 
in the breakthrough curve is caused by the displacement effect between 
solutes. As the inlet concentrations, the column length, or the difference 
in adsorption affinity increases, the excess concentration becomes more 
apparent. In the concentration-dependency , the excess concentration is 
mainly related to the concentration of the stronger adsorbate rather than 
the weaker adsorbate. 
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NOMENCLATURE 

a 
C 
C, 
C1 

CS 
co 
DL 
D ,  
DS 
kf 
L 
Q 
4 
q m  
40 

R 
r 
Re 
s c  
t 
u0 

V 
V 

Langmuir constant (cm3/mol) 
solute concentration in mobile phase (mol/cm3) 
solute concentration in liquid phase at equilibrium (mol/cm3) 
initial solute concentration used in the equilibrium experiment 
(mol/cm3) 
equilibrium liquid-phase concentration (rnol/cm3) 
inlet concentration of solute (mol/cm’) 
axial dispersion coefficient (cm2/min) 
molecular diffusivity (cm2/min) 
surface diffusivity (cm2/min) 
film mass transfer coefficient (cm/min) 
bed length (cm) 
volumetric flow rate of feed stream (cm3/min) 
solute concentration in solid phase (mol/g-resin) 
maximum solid phase concentration of solute (mol/g-resin) 
solid phase concentration of solute in equilibrium with C, (rnol/ 
g-resin) 
particle radius (cm) 
radial distance from center of spherical particle (cm) 
Reynolds number (2Ru0pL/k) (dimensionless) 
Schmidt number ( p/pLDm) (dimensionless) 
time (minutes) 
superficial velocity (cm/min) 
liquid volume (cm3) 
interstitial fluid velocity (cm/min) 
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W weight of resin (8) 
2 distance in flow direction (cm) 

Greek Letters 

Eb bed void fraction (dimensionless) 
rl interaction factor (dimensionless) 
P liquid viscosity (g/cm-min) 
P 
PL  density of liquid (g/cm3) 

density of the adsorbent particle (g-resin/cm3) 

Subscripts 

bz benzoic acid 
cre o-cresol 
i ith component 
pcp p-chlorophenol 
pnp p-nitrophenol 
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