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Nonisothermal effects on the adsorption kinetics of ethane
and propane in activated carbon are described for both single
and binary systems. A heterogeneous macropore, surface and
micropore diffusion model recently proposed by Hu and Do
(1993) describes the mass-transfer rate processes of gases in a
heterogeneous microporous bidispersed particle. The model
is extended to cover nonisothermal effects by taking into ac-
count the energy balance around the particle system. Experi-
mental uptake data of ethane and propane in Ajax activated
carbon previously collected in our laboratory (Hu et al., 1993;
Hu and Do, 1993) satisfy the isothermal criterion.

Theory

The physical system and assumptions in the model devel-
opment are the same as those of Hu and Do (1993) with the
additional heat balance equation. A lump thermal model, al-
lowing for a uniform temperature within the particle, is as-
sumed to describe the heat transfer between the particle and
surroundings. The model equations are similar to those of
Hu and Do (1993) with the following additional heat balance
equation:
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where p, and C,, are the apparent density and specific heat
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capacity of the particle, respectively, ¢ is time, 4 is the parti-
cle-to-fluid heat-transfer coefficient, a, is the heat-transfer
area per unit volume of particle, 7, and T are the tempera-
tures inside the particle and in the bulk phase, €, is the
macropore porosity of the particle, NC is the number of com-
ponent (adsorbate), — AH is the heat of adsorption, _which is
the mean of the adsorption energy distribution, and C_u is the
amount adsorbed per unit volume of the particle.

The temperature dependency of the adsorbed species dif-
fusivities has been determined via their relationship with the
adsorption energy distribution in Hu and Do (1993). The
variation of the pore diffusivity (D,) is assumed to follow the
following equation:
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where D, is the pore diffusivity at the bulk temperature Tj,.
The value of B is 1.63 for ethane and 1.75 for propane in
Ajax activated carbon.

The model equations are cast into nondimensional form
using the nondimensional variables and parameters defined
in Table 1 of Hu and Do (1993) and following additional vari-
ables and parameters for the purpose of numerical simula-
tions:
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The heat balance equation in nondimensional form is:
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The resulting nondimensional mass and heat balance equa-
tions are numerically solved by using a combination of an
orthogonal collocation technique of Villadsen and Michelsen
(1978) and a differential-algebraic equation solver (Petzold,
1982).

Experiments

The single and binary experimental data of ethane and
propane in Ajax activated carbon collected in our laboratory
(Hu et al., 1993; Hu and Do, 1993) are used in this article to
test the validity of the isothermal assumption. The activated
carbon particle used in our laboratory is a cylindrical extru-
date with flat surfaces at each end. In the kinetic measure-
ments selected surfaces were covered with epoxy so that the
curvature effect on mass transfer could be studied. For exam-
ple, if the cylindrical surface is covered with epoxy resin, the
particle is of slab geometry in terms of mass transfer. How-
ever, in terms of heat transfer all surfaces (cylindrical and
flat) are available. Therefore, the surface area per unit vol-
ume of particle for heat transfer is:
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where L denotes the half-length of the slab sides and R is
the radius of the cylinder.

Results and Discussion

The particle-to-fluid heat-transfer coefficient A is esti-
mated via a correlation given by Wakao and Kaguei (1982):

Nu=20+1.1Re"Pr'® (3 < Re <1,000) 7

where Nu, Pr and Re are the Nusselt, Prandtl and Reynolds
numbers and defined as follows:
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where R is the radius of the particle, C,,, p and p, arc the
specific heat capacity, kinematic viscosity and density of the
gas, respectively, u is the gas superficial flow rate and £, is
the fluid thermal conductivity.

The nonisothermal effect on the adsorption kinetics of
ethane and propane in Ajax activated carbon was first stud-
ied for single-component systems. The fastest adsorption rate
observed in Hu et al. (1993) was the adsorption of 20% ethane
in a 1/16-in. (1.6-mm)-dia. cylinder of Ajax activated carbon
at 30°C, as shown in Figure la, where experimental data are
shown as symbols. The equilibrium and dynamic parameters
obtained by Hu et al. (1993) are used to produce simulation
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Figure 1. Sorption kinetics and particle temperature
history of ethane in a 1/16 in. diameter cylin-
der of Ajax activated carbon at 30°C.

(a) 20% ethane adsorption; (b) 10% ethane desorption.

curves under both isothermal and nonisothermal conditions.
The isothermal model simulations (Hu et al., 1993) are pre-
sented as solid lines, while the nonisothermal model simula-
tions using the theory proposed in this article are plotted as
dashed lines for both fractional uptake and particle tempera-
ture. Experimental data obtained at the adsorbate mixture
flow rate of 500 cm®/min were used here to calculate param-
eters necessary for the simulation of the nonisothermal model..
The particle temperature change is about 2.5°C and its effect
on the fractional uptake is negligible as one would expect for
this use of high flow rate through the adsorption cell. Results
of further tests at an adsorbate flow rate of 100 cm®/min,
which would be expected to exacerbate nonisothermality, are
shown in Figure 1 as dashed-dotted lines. In this case a tem-
perature increase of 4°C in adsorption (Figure 1a) or a de-
crease of 2°C in desorption (Figure 1b) is observed during the
initial sorption process, which could be considered signifi-
cant. Even with this significant change in temperature, the
mass transfer is only affected marginally. This could be ex-
plained as follows. Although the pore diffusivity increases
with temperature, this increase is partly compensated by the
decrease in the adsorbed phase concentration, leading to the
net effect of invariant fractional uptake with temperature
(Figure 1 in Hu et al., 1993). Moreover, the decrease in the
adsorbed concentration reduces the value of the surface dif-
fusivity through its concentration dependency. This reduction
is compensated by an increase of the surface diffusivity
through the temperature dependent term, leading the same
argument of invariant fractional uptake with temperature.
The 20% propane adsorption and 10% propane desorption
kinetics in Ajax activated carbon of 1/16 in. diameter cylin-
der at 30°C are shown in Figure 2. Similar conclusions to
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Figure 2. Sorption kinetics and particle temperature
history of propane in a 1/16 in. diameter cylin-
der of Ajax activated carbon at 30°C.

(a) 20% propane adsorption; (b) 10% propane desorption.

those of ethane can be made here. The fractional uptake sim-
ulation of the nonisothermal model using a flow rate of 500
cm®/min is superimposed to that of the isothermal model.
Since the heat of adsorption in Ajax activated carbon is higher
for propane than for ethane, the temperature change in the
particle is more significant in the case of propane sorption
than for ethane. The temperature rise can be as high as 7°C
in the initial adsorption stage if a flow rate of 100 cm?/min is
used. Even in this case the sorption rate is only slightly af-
fected.

We study next the nonisothermal effect on the binary sorp-
tion dynamics of ethane and propane in activated carbon.
Figure 3 shows the adsorption and desorption kinetics of 10%
ethane and 10% propane in Ajax activated carbon of 1/16 in.
diameter cylinder. By using the equilibrium and dynamic pa-
rameters obtained for single-component, the model predic-
tions are superimposed to each other for the isothermal and
nonisothermal models. When an adsorbate flow rate of 100
cm>/min is utilized, which corresponds to a 6°C temperature
increase in adsorption or a 4°C decrease in desorption, the
model predictions are only marginally improved. Since all the
other sorption dynamics presented in Hu et al. (1993) and Hu
and Do (1993) are slower than the cases studied here, it is
reasonably safe to conclude that the isothermal assumption
made in those two articles is justified.

Conclusions

A nonisothermal heterogeneous macropore, surface and
micropore diffusion model is developed by taking into ac-
count the heat balance in the system. By using this model the
isothermal assumption in the studies of Hu et al. (1993) and
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Figure 3. Binary sorption kinetics and particle tempera-
ture history of 10% ethane and 10% propane
in a 1/16 in. diameter cylinder of Ajax acti-
vated carbon at 30°C.

(a) adsorption; (b) desorption.

Hu and Do (1993) is at least theoretically justified. Although
there are some temperature changes in the particle during
the initial sorption stages, the effect of nonisothermal condi-
tion on the adsorption and desorption kinetics of ethane and
propane in Ajax activated carbon is practically negligible.
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Notation

a =ratio of the surface activation energy to the heat of adsorp-
tion
a, =surface area per unit volume of particle, m?/m?
C,, =specific heat capacity of gas, J/(mol-K)
C,, =specific heat capacity of the particle, J/{mol-K)
C, =characteristic concentration for the fluid concentration,
kmol/m?
C,=average adsorbed concentration in the particle, kmol/m?
C,.0 =characteristic concentration for the adsorbed concentration,
kmol/m?
D, =macropore diffusivity, m?/
D,;, =macropore diffusivity at bulk temperature, m%/s
D, =surface diffusivity, m%s
D, =surface diffusivity at zero energy level, m2ss
€ =mean nondimensional energy
F =flow rate of adsorbate mixture, m3/
h =nparticle to fluid heat-transfer coefficient, W/ (m?-K)
k; =axial thermal conductivity, W/(m-K)
L =half-length of slab, m
LeBi, =nondimensional parameter defined in Eq. 4
R =particle radius, m
t =time, s
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=particle temperature, K
T, =bulk temperature, K
= gas superficial flow rate, m/s

=average nondimensional adsorbed concentration in the par-
ticle

L

0
z
A

Greek letters

— A H =heat of adsorption, J/mol

6, =nondimensional temperature defined in Eq. 3
4 =kinematic viscosity

p, = particle apparent density, kg/m’
7 =nondimensional time
¢ =nondimensional parameter defined in Eq. 3
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