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Our work involves experimental and simulation studies of the adsorption break- 
through and equilibria of ethyl benzene (a pollutant commonly encountered in indus- 
trial waste streams) on actiuated carbon in the presence of supercritical carbon dioxide. 
Frontal and single breakthrough saturations were analyzed for a range of operating 
conditions of pressure (100 - 130 bar) and temperature (313 - 338 K). The equilibrium 
data correlated well with the Langmuir isotherm. The adsorption process was succe~s- 
fully modeled by a three-parameter model with comparable fitting parameters for the 
two types of breakthrough curues. 

Introduction 
The adsorption ability of porous solids is a property that 

has many applications in large-scale separation and purifica- 
tion processes. Activated carbons are processed carbon mate- 
rial that are capable of adsorbing various substances from gas 
and liquid streams because of their highly developed pore 
structure and large internal specific surface areas. The appli- 
cations of thcse materials include solvent recovery processes, 
adsorption from waste streams, vacuum technology, adsorp- 
tion gas chromatography, catalyst supports, and electrode 
material in electrochemistry. 

The increasing awareness of the necessity for environmen- 
tal safety and pollution control has opened new prospects for 
activated carbons. In many industrial processes such as print- 
ing, coating, textile dyeing, spray painting, and polymer pro- 
cessing, emission of volatile organic compounds (VOCs) is a 
major economic and environmental concern. Some of the 
common VOCs that are perceived as environmental hazards 
are chloroalkanes, benzene, toluene and their derivatives, 
xylenes, chloroform, and glycol ethers. Activated carbon ad- 
sorption is one of the most effective methods of recovering 
these solvents from a variety of process streams. After the 
exhaustion of their full adsorption capacities, these carbons 
have been subjected to treatment not only to recover the sol- 
vents, but also to reuse the carbon material for further ad- 
sorption. 

The application of supercritical fluids has expanded from 
extraction, adsorption and desorption processes, and chro- 
matography to polymer engineering and supercritical fluid 
coatings during the past two decades. For a fluid to have wide 
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applications as an extraction solvent or a mobile phase for 
chromatography, it is essential for it to possess significant sol- 
vating strength. The solvent power of a fluid is directly re- 
lated to its solvent density. When supercritical fluids are 
compressed, they exhibit liquid-like densities and thereby 
possess enhanced solvation characteristics. This is evident 
from the fact that, when intermolccular distanccs in a fluid 
are reduced, the molecular interactions are enhanced, thus 
leading to greater solvating power. Furthermore, in the vicin- 
ity of the fluid critical point, that is, 0.9 I T,. I 1.3- and 0.7 I 
P,- 5 1.1, the supercritical fluid density increases significantly 
from low values to those comparable with liquid-like densi- 
ties. Supercritical fluids also possess favorable physicochcmi- 
cal properties such as diffusivities and viscosities in between 
those of liquids and gases. The combination of enhanced sol- 
vent properties and mass-transfer characteristics makes su- 
pcrcritical fluid extractions extremely advantageous com- 
pared with conventional solvent extractions. Of the various 
solvents available, carbon dioxide has been used extensively 
bccause of its inert, nontoxic, and noninflammable nature; 
low cost; easy availability; and favorable critical temperature 
of about 304 K, which is close to ambient conditions. 

Scope of Work 
The primary aim of our work is to study the dynamics of 

the adsorption-desorption process involving solutes that are 
strongly adsorbed on the adsorbent in the presence of super- 
critical CO,. To accomplish this, detailed study of the solute’s 
adsorption equilibria in the presence of the supercritical fluid 
phase is essential. Various researchers such as Kander and 
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Figure 1. Laboratory-scale experimental setup for supercritical adsorption studies. 

Paulaitis (1983). Erkey et al. (19931, Macnaughton and Foster 
(1995), and Shojibara et al. (1995) have investigated the equi- 
librium phenomenon employing different solutes. But the 
range of solutes industrially classified as VOCs is extensive. 
This, in addition to the fact that VOCs adsorb with various 
degrees of strength, necessitates exploration of a variety of 
solutes to arrive at a general proposition for sorption equilib- 
rium phenomena of  organics under these conditions. In our 
work, we have considered ethyl benzene as a potential VOC 
and have extensively studied the experimental as well as 
modeling aspects of the adsorption equilibria over activated 
carbon in the presence of supercritical CO,. 

Experimental Studies 
The experimcntal apparatus employed for the study is 

shown in Figurc 1. Virgin activated carbon (BDH; charcoal 
granular activated; particle size 10-18 mesh) was packed in a 
stainless steel tube with stainless steel frits (Supelco) on ei- 
ther side to confine the carbon to the column. A systematic 
procedure was adopted before packing the carbon to prepare 
it for experimental purposes. The virgin carbon was initially 
screened to obtain an 18-20 mesh fraction (average particle 
size is 0.001 m) and then boiled in deionized water repeat- 
edly to remove the fines. The sample was dried in an oven at 
about 423 K in the presence of an inert atmosphere of puri- 
fied nitrogen (Soxal, 99.9995%). About 0.025 kg of this pre- 
pared carbon was packed in the column to constitute a fixed 
bed. Properties of the packed bed are shown in Table 1. In 
order to neutralize the column end effects on the experimen- 
tal observations, an identical column packed with spherical 
glass beads (0.001 -m dia.) was placed parallel with the granu- 
lar activated carbon (GAC) column. The two columns were 
immersed in an insulated constant temperature bath. The 

temperature was controlled by an immersion circulator (Poly- 
science; model 9101) with an average temperature stability of 
about 0.01"C. A coil positioned in front of the column in the 
constant temperature bath ensured that the fluid reached the 
bath temperature before entering the bed. Preliminary exper- 
iments were conducted to confirm this. 

Purified CO, (Soxal, 99.8%) was sent into the fixed bed by 
an HPLC pump (LC-9A Shimadzu liquid chromatograph). 
The other HPLC pump (HP series 1050) was used to pump 
the pollutant (ethyl benzene) into the fixed bed as shown in 
Figure 1. The exit concentrations of the solutes in the super- 
critical phase were monitored using a gas chromatograph 
(Perkin Elmer Autosystem XL) by employing flame ioniza- 
tion method as the detection technique. The fluid was chilled 
at the exit of the gas chromatograph (GC) by a refrigerated 
circulating bath (NESLAB Endocal) so as to collect the so- 
lutes in an ethanol-water mixture and the carbon dioxide was 
discharged as exhaust. The CO, flow rates were measured by 
a wet gas meter (Sinagawa; W-NK model 1A) at the exit con- 
ditions. In order to confirm the trace of the concentration 
profiles, preliminary experiments were conducted using an 
online SPD-6A Shimadzu UV spectrophotometer that 
recorded the absorbance profiles on a recorder (Rikadenki 
multi-pen recorder). The calibration graph between ab- 

Table 1. Properties of Packed Bed 

Length of packed bed, L 
OD of column, D 
Porosity of bed, c 0.38 
Particle density, p,, 800.8 kg/m' 
Particle porosity, (Y 0.535 
Particle radius, r,, 0.0005 m 
Specific surface area 1,316 mz/g 

0.302 m 
0.019 m 
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sorbance and concentration generated from preliminary ex- 
periments was used to determine the exit concentration pro- 
file. 

Experimental Procedure 
The experimental procedure primarily involved an adsorp- 

tion and a desorption step. During the adsorption process, 
ethyl benzene was adsorbed on the active carbon by a frontal 
analysis technique. In this method, the fluid phase concentra- 
tion of ethyl benzene was increased in sequential steps and 
adsorption equilibrium was established on exposure of the 
carbon surface to each concentration level until the adsorp- 
tion capacity was reached. Initially, supercritical CO, was 
pumped through the blank column packed with glass beads 
to establish a baseline for pure CO, flowing through the GC. 
A known concentration of ethyl benzene was then introduced 
through the HPLC pump to obtain the saturation concentra- 
tion chromatogram. Equal-area chromatograms from succes- 
sive samplings indicated that a uniform ethyl benzene con- 
centration pervaded through the fluid phase of the blank col- 
umn. The flow was then switched to the GAC column in or- 
der to commence the adsorption process. It was possible to 
view the status of the adsorption breakthrough from the out- 
put of the GC. The GC was calibrated using a range of con- 
centrations and the calibration plot between the chro- 
matogram area and ethyl benzene concentration in carbon 
dioxide was used to determine the trace of the breakthrough. 
The concentration of ethyl benzene in the fluid stream was 
increased to begin the second step of the frontal adsorption 
breakthrough after equilibrium was reached for the first step. 

Mathematical model development for frontal breakthrough 
Analysis 

Mathematical modeling of adsorption breakthrough curves 
has been studied quite extensively. Ruthven (1984) did a 
comprehensive compilation of models for both linear and 
nonlinear systems. Tan and Liou (19881, Recasens et al. 
(19891, and Reverchon (1997) have simulated the desorption 
efficiency curves. Porto Jefferson et al. (1995) investigated the 
effect of intraparticle diffusion and external mass transfer on 
the dynamics of benzene adsorption on activated carbon in 
supercritical CO,. While greater attention has been diverted 
to single breakthrough analysis or desorption modeling, we 
have concentrated on the adsorption modeling of the frontal 
breakthrough under supercritical conditions. To our knowl- 
edge, this is the first time that modeling of an entire frontal 
sequence has been attempted at supercritical conditions. 

The model was developed considering the following as- 
sumptions: 

1. Isothermal adsorption occurs. 
2. Axial dispersion (valid assumption for supercritical flu- 

ids; Recasens et  al., 1989) is negligible. 
3. Mass transport from bulk fluid phase to  the fluid inside 

the particle occurs through a film; the resistance is character- 
ized by a transfer coefficient k f .  

4. Concentration of solute inside the particle C-is aver- 
aged over the volume of the solid particle to yield C,, where 
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5. A transfer resistance represented as k,, which includes 
the external film and intraparticle diffusion effects, governs 
the gradient between the fluid concentration and the average 
pore concentration of the solute. Hypothesizing a parabolic 
concentration profile inside the pore as suggested by Do and 
Rice (1986), k ,  can be evaluated from k ,  and D,. 

1 1 rp 
f -  _ -  _ -  

k ,  k ,  SD, 

6. The solid-phase mass-transfer coefficient k ,  and the 
surface driving force determine the rate at which the instan- 
taneous surface loading approaches the equilibrium loading. 

Considering the mass balances in three different control 
volumes, the fluid phase in the columns external and internal 
to the particle, and the solid surface of the particle, the pro- 
posed model is governed by the following differential equa- 
tions: 

d q  
- = k , (q*  - 4 )  
d t  

(4) 

The equilibrium relationship is modeled using the Langmuir 
adsorption isotherm. 

The initial and boundary conditions that define the model 
are given by 

C,(Z > 0. t = 0) = cjo 
C,( 2 > 0, t = 0) = cpo 

q ( z  > 0, t = 0) = q, 
cr ( 2  = 0, t > 0) = c,, 

(7) 

(8) 

(9) 

(10) 

- 

The numerical values vary for each of the initial and bound- 
ary conditions and correspond to  the particular step under 
investigation in the frontal analysis. Rewriting the model 
equations in dimensionless format, the boundary value prob- 
lem (BVP) was transformed into an initial value problem 
(IVP) using the orthogonal collocation method suggested by 
Villadsen et al. (1978). A minimum of 13 collocation points 
for convergence were used to solve the equations. In order to 
achieve greater accuracy, the results were generated using 16 
collocation points. Program run times were found to  be in- 
significant. 
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Figure 2. Experimental and simulated frontal break- 
through curves at 318 K. 

Results and Discussion 
Analysis of breakthrough curves 

The adsorption breakthrough curves for ethyl benzene were 
generated experimentally by the frontal chromatography 
technique in which the supercritical fluid phase was sub- 
jected to sequential increments in solute concentrations of 
ethyl benzene and the exit concentrations were monitored. 
From the breakthrough curves, the respective ethyl benzene 
loadings on GAC were determined for different inlet concen- 
trations of the fluid phase. An important observation was the 
saturation of a significantly large portion of the absorbent 
capacity at the lowest fluid-phase concentration of ethyl ben- 
zene. This may be due to the initial filling of the most active 
sites of the adsorbent that contribute significantly to the ad- 
sorption capacity. As the ethyl benzene concentration in the 
fluid phase was increased to obtain successive frontal break- 
through curves, the available sites for adsorption decreased, 
resulting in reduced adsorption in comparison with the previ- 
ous frontal steps. Experimental results were obtained for var- 
ious combinations of temperature (313-338 K) and pressure 
(100-130 bar) as shown in Figures 2 and 3 (marked symbols 
represent experimental results). Since each frontal step 
yielded a single point on the adsorption isotherm curves, a 
complete set of equilibrium data was obtained for the ethyl 
benzene-SC CO, . GAC system. 

Analysis of isotherm data 
Adsorption experimental data obtained for ethyl benzene 

over the range of operating conditions of temperature and 
pressure were fitted to Langmuir adsorption isotherms. The 
fitting parameters for the isotherms were determined from 
the Langmuir plots as shown in Figure 4. The parameter val- 
ues are shown in Table 2. 

The shape of the curves indicated the favorable nature of 
the adsorption isotherms. The limitations of the experimental 
conditions employing supercritical fluids restricted the data 
generation to the nonlinear region of the isotherm. The ef- 
fects of operating parameters, temperature and pressure, and 
fluid properties such as solubility and density on solute load- 

0 100 200 300 400 500 600 
Time (minutes) 

Figure 3. Experimental and simulated frontal break- 
through curves at 130 bar. 

ing were studied to derive relevant information from the ad- 
sorption data. 

The salient observations are summarized below: 
1. Increasing the operating pressure of adsorption under 

isothermal conditions resulted in a decrease in equilibrium 
adsorption loading (Figure 5).  Shojibara et al. (1995) ob- 
served a similar phenomenon for benzene adsorption on acti- 
vated carbon under supercritical conditions. This effect 
seemed to be more pronounced at temperatures closer to the 
fluid critical temperature due to higher solute solubility at 
elevated supercritical pressures. 

2. The influence of pressure on loading weakened, further 
away from T, in the supercritical region, as shown in Figure 
6. This suggested the existence of a transition temperature 
(in the range 328-338 K) below which the supercritical phase 
solubility effect appeared dominant. 
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Figure 4. Langmuir plot at 313 K. 
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Table 2. Langmuir Isotherm Parameters for Adsorption of Ethyl Benzene on GAC in the Presence of SC CO, 
Temp. 313 K 318 K 328 K 338 K 
Pres 45 b 49 h q,  b 4 ,  b 
(bar) (kmol/kg) (rn'/kmol) (kmol/kg) (m'/kmol) (kmol/kg) (rn'/kmol) (kmol/kg) (rn7/kmol) 
100 0.0046 9.99 0.004 14.60 0.0039 35.15 
110 0.0053 12.55 0.0043 10.16 0.0030 16.13 0.0036 31.61 
120 0.0039 8.09 0.0034 13.56 0.0032 19.74 0.0035 26.25 
130 0.0041 4.60 0.0039 7.99 0.0047 11.87 0.0040 17.14 

~ 

- - 

0 006 

0.005 
A 

0 a 
2 

0.004 
Y 

a, 
al 

. 
5 0.003 

r 
- z 
..- 

3. Under isobaric conditions closer to the fluid critical 
pressure P,, the loading decreased with an increase in tem- 
perature (Figures 5 and 7). This sorption phenomenon was 
due to the temperature effect on loading. 

4. At pressures about 120 bar (Figure 81, restricted varia- 
tion in solubility in the temperature range 318-328 K re- 
sulted in invariant loading. However, at higher supercritical 
temperatures (338 K), lower solubility resulted in higher 
loading. The transition behavior of solute solubility in the su- 
percritical phase with respect to temperature can be visual- 
ized in the solubility plot for naphthalene in supercritical car- 
bon dioxide (Kander and Paulaitis, 1983). Tan and Liou (1988) 
and Recasens et al. (1989) also observed this trend and our 
observations support their investigations. Chimowitz and 
Pennisi (1986) examined these unusual phenomena as a 
crossover effect and have indicated that the phenomena re- 
sult from the effect of temperature on density at elevated 
pressures. Thus, a region of transition may exist (120-130 bar) 
where control over the influence on loading shifts from tem- 
perature to solubility. 

5. At a higher pressure of 130 bar, which falls in the tran- 
sition region in the solubility plot of naphthalene (120-150 
bar), our investigations showed an increase in loading with 
temperature (Figure 91, which is similar to the effect of de- 
creasing solubility on loading at 120 bar and 338 K. Though 
solubility variation was not clear from the naphthalene solu- 
bility plot (Kander and Paulaitis, 19831, our observations fur- 
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Figure 5. Adsorption equilibria at: 313 K vs. 328 K. 

ther support the earlier contention (point 4) that a transition 
region exists for indicating the controlling factor on loading. 

Modeling the breakthrough curves 
To obtain best matches for the experimental breakthrough 

curves the film, pore, and surface mass-transfer resistances 
were independently taken into consideration, as opposed to 
using an overall resistance model. The steep nature of the 
breakthrough curves suggested negligible influence of axial 
dispersion effects on loading. The modeling procedure in- 
volved the estimation of parameters like k,, Of, k,,, D,,, and 
k,$. The starting value of kf was determined from the correla- 
tion (Wakao and Kaguei, 1982) 

-- 2kfrp -2+1.1(Re)"h(S~)' /3 
Df 

where Re and Sc represent the Reynolds and Schmidt num- 
bers. 
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Figure 6. Adsorption equilibrium at 338 K. 
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The estimation of Df was by Takahashi's correlation (Reid 
et al., 19871, which relates the product DABP at elevated 
pressures to products at lower pressures, (DAB PI* through a 
function fCT,, P,) in the form 

Density and viscosity of the fluid at the various operating 
conditions were estimated from established correlations doc- 
umented in Reid et al. (1987). The starting value for the pa- 
rameter D, was predicted by assuming a value of l/a for the 
tortuosity factor T .  The validity of this assumption was based 
on T being a geometric factor independent of temperature or 
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Figure 8. Adsorption equilibrium at 120 bar. 
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Figure 9. Adsorption equilibrium at 130 bar. 

nature of the diffusing species and inversely proportional to 
the particle porosity a.  

The simulated results (shown as continuous curves in Fig- 
ures 2 and 3)  gave the optimized fitted values for k,, D,,, and 
k,s.  Employing the linear driving force model relating D, and 
k,, the optimum values for k ,  were also obtained. The tortu- 
osity factors for the adsorbent were calculated using the rela- 
tion between the predicted Df and the fitted D,, values and 
an average value of four was obtained. 

Fitting all experimental breakthrough curves with reason- 
able accuracy necessitated considering a significant solid film 
resistance, measured by k , ,  which is related approximately to 
the solid diffusion coefficient D, and the solid film thickness 
8, by 

D, 8 -- '- k ,  

A typical characteristic of a nonlinear adsorption relation- 
ship such as the Langmuir isotherm is the variation in bond 
energy with loading resulting in a concentration-dependent 
surface diffusivity. Although several investigators, such as 
Neretnieks (1976) and Seidel and Carl (19891, have derived 
equations for depicting the concentration dependence of D,, 
no confirmed general theories currently exist to explain the 
dependence phenomena. Extending the same principle to 
surface mass transport, we expect k ,  to be a function of con- 
centration. It is impractical, however, to measure the influ- 
ence of surface resistance on loading by distinctly neglecting 
the other transfer interferences under these experimental 
conditions. Even if an exponential relationship or an adsorp- 
tion isotherm-based equation was assumed to fit the experi- 
mental data, the functional dependence is not necessarily 
proven accurate. As a result, an adequate assumption that 
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Figure 10. Experimental and simulated single break- 
through at 338 K. 

was sufficient to fit all experimental breakthroughs was to 
consider k ,  as a constant fitting parameter. An average value 
of 1.567X lo-’ m/s was obtained for k,. 

Although our assumption pertaining to the surface mass 
transport was not completely realistic, it does give an oppor- 
tunity to simplify the effect of taking an additional resistance 
into account. As mentioned earlier, the overall transport of 
the ethyl benzene from the fluid phase to the adsorbent sur- 
face is controlled by three resistance mechanisms. Assuming 
one of these resistance parameters k ,  to be constant does 

0 50 100 150 
Time (minutes) 

Figure 11. Experimental and simulated single break- 
through at 328 K and 120 bar; 318 K and 130 
bar. 

Table 3. Modeling Parameters for Frontal Breakthrough 
Curves 

Temp. Pres. 
( K) (bar) k.f J!)P 

338 130 6.393X lo-’  9.941 X 10- “’ 
3.608 X lo r5  9.941 X 10- “’ 
2.261 x 10-j 9.941 X 10- “’ 
0.926 x 10-’ Y.941 X 10- ”’ 

1.684 X 10-‘ 3.907 X lo-’ 
9.784 X lo-’ 3.907 x lo-’ 
5.400x 1 0 - 5  3.907 X lo-’ 
4.14OX 3.907 X lo-’ 

328 130 1.610 X lo-‘ 2.835 x 10-q 
9.894 x lo-: 2.835 X lo-’ 
4.554x10--1 2.835 X lo-’ 
4.054 X lo-.’ 2.835 x lo-’ 
3.054 x lor5 2.835 X lo-’ 

2.261 X 9.941 x 10- “I 

338 120 3.754 x lor4 3.907X 

328 110 2.770X lo-‘ 

7.970 X 10-5 

5.840X 10-’ 

1.233 X l W 4  
9.233 x lo-’ 
5.535 x 
5.535 x 10-5 

9 . 9 7 0 ~  10-5 

6 . 9 7 0 ~  10-5 

328 100 4.535 x 

3.898X lo-’ 
3.898X lo-’ 
3.898X lo-’ 
3.898 X lo-’  
3 . 8 9 8 ~  lo-’ 

4.399 X 10 ’ 
4.399 x 10- 
4.399 x 10- 
4.399x 10-9 
4.399 x 10-9 

318 130 1.109 x 10-4 2 155 x 10-9 
6.309X 10-4 2.155 x lo-’ 
3.409 x 10-5 2.155 x 10-9 
1.403 X lo-’ 2 155 x lo-” 
1.403 X lo-’ 2.155 x lo-‘ 

318 110 1.825 X lo-: 2.792X lo-’ 
9.680 X 10- 2.792X lo-’ 
5.480X10-’ 2.792x10-’ 
3.682 X 2 792x lo-’ 
2.680 X lo-‘ 2.792X lo-’ 

318 100 2.683 X lV4 3314X10-’ 
1 17OX lo-‘ 3 . 3 1 4 ~  lo-’ 
8 . 1 1 7 ~  10-5 3 314X lo-’ 
5.117X 10-5 3.314XlO-’ 
4 117X lo-’ 3.314X lo-’ 

For successive steps of the frontal breakthrough 

cause the range of other fitting parameters kf and Dp to 
conform to those of the predicted values. 

This approach was also confirmed when excellent fits, 
shown in Figures 10 and 11, were obtained for the experi- 
mental single breakthrough curves from a different set of ex- 
periments. The entire set of single breakthrough parameters 
was in close agreement with those simulated for the sequen- 
tial frontal curves for the same experimental conditions. All 
the modeling results are presented in Tables 3 and 4. The 
optimized parameter values obtained for kf, k,,  D f ,  Dp, and 
T agreed well with previously published results by Recasens 
et  al. (1989). In our study, the excellent match between the 
experimental and the model predictions confirmed the ability 
of the three-parameter model to successfully describe the dy- 
namics of ethyl benzene adsorption on a fixed bed of GAC 
within the wide range of the operating conditions investi- 
gated. 
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Table 4. Model Parameters for Single Breakthrough Curves 

Temp. Pres. k f DP 
( K) (bar) (m/s) (sm2/s) 
338 130 1.736 X 9.941 X 10- ’(’ 

120 1.341 x 1 0 - ~  3.907X lo - ’  
110 1.752X 4.465 X lo-’ 

328 130 6.201 X 2.835 X lo-’ 
120 9.538 X 3.377x l o - ’  
110 1 . 6 5 7 ~  10-4 3.898 X lo-’ 

318 130 7.025 X 2.155 X lo-’ 
110 2.825 X 2.791 X lo-’ 
100 3.251 X 3.310X 

q, =adsorption capacity of adsorbent, kmol/kg 
q* =equilibrium adsorbed phase sorbate concentration, kmol/kg 

;=adsorbed phase sorbate concentration at the beginning of 
=adsorbed phase sorbate concentration, kmol/kg 

each sorption step (frontal or single), kmol/kg 
r =radial coordinate for particle 

t =time, s 
Sh = Sherwood number 

T, =critical temperature, K 
T, =reduced temperature, T f l c  
u =fluid superficial velocity at supercritical conditions, m/s 
z =length along the fixed bed, m 
p ==viscosity of CO, at supercritical conditions, kg/m.s 

Conclusions 
Experimental frontal breakthrough curves were obtained 

for a range of operating conditions. Pressure between 
100-130 bar, temperature between 313-328 K, and a three- 
parameter model were employed to successfully fit the curves. 

For identical experimental conditions as above, single 
breakthrough data were obtained and simulated using the 
same model. The parameters were in close agreement with 
those for the frontal curves. 

From the frontal breakthrough analysis, the adsorption 
equilibrium data was modeled by the Langmuir isotherm. The 
desorption isotherms for this system were consequently found 
to be unfavorable. The discussion of the desorption isotherms 
and modeling dynamics for this system will be presented in a 
forthcoming publication. 
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Notation 
h = Langmuir equilibrium parameter, m’/kmol 
C = fluid-phase concentration of adsorbate, kmol/m3 or kg 

C, =ethyl benzene concentration in the bulk supercritical phase, 
kmol/m ’ 

C,, =ethyl benzene concentration in the bulk supercritical phase 
at the inlet of packed bed, kmol/m3 

C,,, =ethyl benzene concentration in the bulk supercritical phase 
at the beginning of each sorption step (frontal or single), 
kmol/m’ 

C,, =maximum fluid-phase concentration of adsorbate for frontal 
or single breakthrough analysis, kmol/m3 or kg c,,<, =average ethyl benzene concentration in the pores at the be- 
ginning of each sorption step (frontal or single), kmol/m3 

DAB =binary diffusion coefficient, m2/s 
Df =bulk diffusivity of ethyl benzene in supercritical CO,, m2/s 
D, = etfective pore diffusivity of ethyl benzene in supercritical 

0, =surface diffusivity of ethyl benzene, m2/s 
k ,  =overall pore mass-transfer coefficient, m/s 
F‘, =reduced pressure, P/Pc 

CO?, m2/s 

Literature Cited 
Chimowitz, E. H., and K. J. Pennisi, “Process Synthesis Concepts for 

Supercritical Gas Extraction in the Crossover Region,” AlChE J.,  
32, 1665 (1986). 

Do, D. D., and R. G. Rice, “Validity of the Parabolic Profile As- 
sumption in Adsorption Studies,” AIChE J . ,  32, 149 (1986). 

Erkey, C., G. Madras, M. Orejuela, and A. Akgerman, “Supercritical 
Carbon Dioxide Extraction of Organics from Soil,’’ Enuiron. Sci. 
Tech., 27, 1225 (1993). 

Kander, R. G., and M. E. Paulaitis, “The Adsorption of Phenol from 
Dense Carbon Dioxide onto Activated Carbon,” Chemical Engi- 
neering at Supercritical Fluid Conditions, M. E. Paulaitis, J. Pen- 
ninger, R. Gray, and P. Davidson, eds., Ann Arbor Science, Ann 
Arbor, MI, p. 461 (1983). 

Macnaughton, S. J., and N. R. Foster, “Supercritical Adsorption and 
Desorption Behavior of DDT on Activated Carbon Using Carbon 
Dioxide,” Ind. Eng. Chem. Res., 34, 275 (1995). 

Neretnieks, I., “Analysis of Some Adsorption Experiments with Acti- 
vated Carbon,” Chem. Eng. Sci., 31, 1029 (1976). 

Porto Jefferson, S., K. Tanida, Y. Sato, S. Takishima, and H. Ma- 
suoka, “Adsorption Dynamics of Benzene on Activated Carbon in 
the Presence of Supercritical Carbon Dioxide,”J. Chem. Eng. Jpn., 
28, 388 (1995). 

Recasens, F., B. J. McCoy, and J. M. Smith, “Desorption Processes: 
Supercritical Fluid Regeneration of Activated Carbon,” AIChE J . ,  
35, 951 (1989). 

Reid, R. C., J. M. Prausnitz, and B. E. Poling, The Properties of Gases 
and Liquids, 4th ed., McGraw-Hill, New York (1987). 

Reverchon, E., “Supercritical Desorption of Limonene and Linalool 
from Silica Gel: Experiments and Modeling,” Chem. Eng. Sci., 52, 
1019 (1997). 

Ruthven, D. M., Principles of Adsorption and Adsotpion Processes, 
Wiley, New York (1984). 

Seidel, A,, and P. S. Carl, “The Concentration Dependence of Sur- 
face Diffusion for Adsorption on Energetically Heterogeneous Ad- 
sorbents,” Chem. Eng. Sci., 44, 189 (1989). 

Shoijbara, H., Y. Sato, S. Takishima, and H. Masuoka, “Adsorption 
Equilibria of Benzene on Activated Carbon in the Presence of Su- 
percritical Carbon Dioxide,”J. Chem. Eng. Jpn., 28, 245 (1995). 

Tan, C. S., and D. C. Liou, “Desorption of Ethyl Acetate from Acti- 
vated Carbon by Supercritical Carbon Dioxide,” Ind. Eng. Chem. 
Res., 27, 988 (1988). 

Villadsen, J., and M. L. Michelsen, Solution of Differential Equation 
Models by Polynomial Approximation, Prentice-Hall, Englewood 
Cliffs, NJ (1978). 

Wakao, N., and S. Kaguei, Heat and Mass Transfer in Packed Beds, 
Gordon and Breach, New York (19821. 

Manuscript received Mar. 4, 1998, and revision receiwd June 16. 1998. 

AIChE Journal December 1998 Vol. 44, No. 12 2627 


