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New Methodology for the Measurement and Analysis of Adsorption
Dynamics: Butane on Activated Carbon
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The dynamic uptakes of n-butane on Westvaco BAX-1100 activated carbon were measured over
the temperature and pressure ranges of 283—383 K and ~3—1000 Torr, respectively. The
experimental uptakes were used to determine the overall linear driving force (LDF) mass-transfer
coefficients and their statistically significant dependences on the operating conditions (temper-
ature and loading). Moreover, the effects of temperature on the order of the parabolic
concentration profiles inside the adsorbent particle were determined, and the role of these effects
in providing the proper description of the energy-activated mechanism of diffusion was
established over the studied range of operating conditions. Overall, it was indicated that the
energy barrier for diffusion is independent of temperature and that it increases with increasing
adsorbent surface coverage with the adsorbate. Nevertheless, a transient state of diffusion was
indicated in which an apparent energy barrier for diffusion appears to depend on temperature.

1. Introduction

The simulation of cyclic adsorption processes for the
separation of gas components that have a dynamic-
controlled character of adsorption from mixtures de-
pends strongly on the accurate description of the mass-
transfer properties. This dependence becomes more
critical in the modeling of transient (unsteady-state)
adsorption processes and under extreme operating
conditions when the equilibrium-controlled character of
adsorption becomes subordinate. To further complicate
matters, the dominating mechanism of diffusion can be
very complex and can vary with the process operating
conditions.>2 The most commonly encountered diffusion
mechanisms in adsorption processes are molecular
(pore), Knudsen, and surface diffusions, as well as
Poiseuille (viscous) flow. Nonetheless, the effects of
molecular (pore) diffusion and Poiseuille flow, both being
dominant in large pores and at relatively high pres-
sures,? are usually negligible in highly porous adsor-
bents where the dominant diffusion mechanism tends
to be surface diffusion.3~5 A detailed description of these
mechanisms and the range of operating conditions
under which they dominate is given in the literature.1?
Moreover, surface diffusion, which is again considered
to be one of the most important mass-transfer mecha-
nisms in adsorption processes,>° is an energy-activated
mechanism,%’ and it has been shown to be largely
dependent on the operating conditions (temperature and
fractional surface coverage or pressure).*8-15 Overall,
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these different modes of diffusion can be estimated with
various experimental approaches, such as the measure-
ment of dynamic uptake curves,® which is the focus of
this work.

The linear driving force (LDF) approximation, which
represents a parabolic concentration profile of the
adsorbed species within a spherical adsorbent par-
ticle,1718 is sufficient to describe the overall dynamic
uptake on heterogeneous adsorbents, as well as adsorp-
tion-column breakthrough behavior.’® However, the
validity of the LDF approximation is limited to time
scales above ~1 or 100 s for activated carbons and
zeolite crystals, respectively.2® This limitation could be
improved by incorporating a time dependence of the
mass-transfer coefficient into the LDF equation.2t-23
Although the LDF model is originally based on linear
adsorption isotherms,?* it has been shown that nonlin-
ear adsorption isotherms can also yield a similar form
under certain conditions.?5~27 The general treatment of
the LDF model needs to consider the effects of nonlinear
isotherms to avoid erroneous analyses.?8

Overall, it has been shown that the proper description
of the dynamic, nonequilibrium adsorption uptake
curves and its dependence on the operating conditions
are essential for the complete description of the ap-
proach to equilibrium within a single adsorbent par-
ticle.?526 However, there is a paucity of published
literature that examines the roles of these effects on the
accurate prediction of cyclic adsorption process behavior,
despite the popularity of the LDF model in modeling
cyclic adsorption processes.?® Therefore, this work was
carried out as a further investigation of a previous
effort®® and aims to establish an experimental and
mathematical protocol for the determination and inves-
tigation of the mass-transfer characteristics of, for
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example, the adsorption of n-butane on BAX-1100
activated carbon.

Rather than trying to provide direct mechanistic
insight into this adsorbate—adsorbent system, the goal
of this work is to provide a systematic protocol for
determining the temperature and loading dependence
of the mass-transfer coefficient that could subsequently
be used in pressure swing adsorption (PSA) process
simulations to more accurately predict the dynamic
process behavior as shown in the previous study.3° For
this reason, broader ranges of temperature and pres-
sure, along with a more comprehensive analysis of the
roles of the thermal and operating conditions in the
estimated mass-transfer properties, are addressed here.
The experiments were also carried out over very small
pressure steps to eliminate the effects of adsorption
isotherm nonlinearities and any potential dependence
of the diffusion coefficients on the average concentration.
Moreover, the short-time correction of the LDF model
is addressed in this work through the adoption of a
dynamic concentration parabolic profile that flattens
gradually with time.

2. Theory

Dynamic, nonequilibrium adsorption uptakes describe
the variation of the amount adsorbed of a specific
component with time. The fractional uptake is expressed
with different models such as the LDF approximation,
which results in the following expression

m;
= =1—exp[-3(n + 3)ki] )

00

where m¢ and m., are the instantaneous and equilibrium
amounts adsorbed, respectively; t is the time; and k is
the overall mass-transfer coefficient. n represents the
polynomial degree of the parabolic concentration profile
of the adsorbed component inside the adsorbent particle.
Equation 1 can be used with a constant value of n (e.g.,
n = 2) or with a time-decaying exponential form such
as

n = n, exp(n,t) (2)

where n; is negative.

The overall mass-transfer coefficient is one of the most
important parameters for simulating cyclic adsorption
processes, such as PSA, because it indicates the rate of
variation of the amount adsorbed with time. This rate
is given with the LDF approximation by

where q is the instantaneous amount adsorbed per unit
mass of adsorbent, i is an indicator for different species
in the mixture, N is the number of species, and the
asterisk denotes the equilibrium amount adsorbed.
Equation 3 constitutes one of the most important
relationships in the component, total mass, and energy
balances that mathematically describe the PSA pro-
cess.3t

3. Experimental Section

The nonequilibrium dynamic uptake curves for the
adsorption of CP-grade n-butane (C,4) (used as received
from National Welders) on 23.7 mg of MeadWestvaco
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Figure 1. Sample input pressure steps and the corresponding
loading output measurements (solid and empty symbols, respec-
tively) at 283 K. Number of data points plotted was reduced for
clarity.

Table 1. Average and Equilibrium Amounts Adsorbed
(mol/kg) as a Function of Pressure (Torr) and
Temperature (K) with the Three-Process Langmuir and
Logarithmic Isotherm Correlations

amount adsorbed

average equilibrium
Three-Process Langmuir Correlation?

m; (mol/kg) 7.302 1639 7.062 063 9
bo1 (Torr—1) 7.152 x 10°° 1.271 x 10°°
b1 (K) 3561.7707 4113.2139
m; (mol/kg) 0.039538 3 2.703 661 6
boz (Torr=1) 0.999 607 7 4.08 x 1077
b1z (K) 3432.1514 3708.6487
m3 (mol/kg) 2.6805451 0
bos (Torr—1) 5.307 x 1077 0
b1z (K) 3564.0995 0
ARE (%) 15.53 8.43

Logarithmic Isotherm Correlation®
Aoo 54.0543 51.350 23
Ao —9.738 44 —9.124 73
Aio —9.378 44 —8.422 11
A11 1.781 379 1.561 721
Azo 0.716 203 0.612 686
A2,1 —0.133 45 —0.110 45
ARE (%) 16.30 8.34

2 Three-process Langmuir correlation:
q=5%m bg; exp(by/T)P
1781 + by, exp(by/T)P
b Logarithmic correlation:

q = exp(37o[(Ajo + Ajsln T)(In P))

BAX-1100 activated carbon were measured gravimetri-
cally using a VTI microbalance (located at the Univer-
sity of South Carolina) with LabView software devel-
oped in-house. The BAX-1100 activated carbon was
obtained from MeadWestvaco in the form of pellets (2.1
mm extruded) and used as received, except for regen-
eration. Prior to each isotherm measurement, the
activated carbon was regenerated at 523 K for 2 h under
a vacuum of less than 1 x 107 Torr.

The dynamic uptakes of C4 were measured at 10, 15,
25, 35, 50, 75, and 110 °C and were generated by
introducing uniform pressure step changes of ~3 Torr
in the range from ~3 to ~97 Torr and monitoring the
variations of the weight of the sample versus time.3° The
time resolution between each pair of successive points
was on the order of 0.14 s, and the precisions of the
weight and temperature measurements were 1 ug and
0.1 K, respectively. Pressure step changes were chosen
to be of this magnitude (~3 Torr) to minimize exother-
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Figure 2. Equilibrium and average amounts adsorbed (filled and
empty symbols, respectively) over the pressure ranges of 0—1000
Torr (») and 0—100 Torr with steps of ~3 (O) and 10 Torr (O).
Solid and dashed lines represent the logarithmic isotherm cor-
relation.
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Figure 3. Temperature dependences of the equilibrium and
average amounts adsorbed (solid and dashed lines, respectively)
obtained from the logarithmic isotherm correlation over the whole
range of 0—1000 Torr.

mic heat effects while maintaining resolution of the
measured dynamic uptakes over the total range of
pressure. Figure 1 shows a sample of the induced
pressure steps and the resulting increases in the
amount adsorbed of C4 versus time. To investigate the
role of the heat of adsorption on the estimated mass-
transfer coefficients, the same procedure was repeated
with pressure steps of ~10 Torr in the range from ~10
to ~100 Torr. These measurements were complemented
by scaling up the pressure range to ~30 to ~1000 Torr
in steps of ~30—100 Torr.

Ind. Eng. Chem. Res., Vol. 43, No. 22, 2004 7077

E T T T T T T T I§
[ . ]
0.1 3
0.01 2
T=383K -
0001 1 1 " 1 " 1 " 1
- ———— - T3
0.1 I=323K E ; : 3
[ a ] 0.1 E E
0.01F . I ]
E 3 0.01F 3
e ] T=348K ]
—‘8 0.001 n 1 1 1 0.001 1 1 2 1 2 1 n 1
2, M T M T T T T T T
~ IEF 3 0.1 E
0.1F 3 [ ]
E ] oo 3
0.01F 2 i ]
0.001 = 0.001 L
7 T T T T T T T3
i3 3 [ 7=288K ]
E E 0.1 3 E
0.1F 3 § ]
I T 0.01F E
0.01F E 3 E
0.001 0.001 L
0 8 0 8

average amount adsorbed (mol/kg)

Figure 4. Optimized (symbols) and correlated (lines) time-
independent LDF mass-transfer coefficients over the pressure
ranges of 0—1000 Torr (a) and 0—100 Torr with steps of ~3 (O)
and 10 Torr (O).

4. Results and Discussion

To characterize the fractional uptake experiments in
terms of loading instead of pressure, the equilibrium
amounts adsorbed were estimated from the average
weights of the sample taken over ~2—3 s after reaching
equilibrium. Overall, ~2—5 min was required for each
uptake to reach equilibrium. The average amount
adsorbed for each pressure step was defined by the
mean of the equilibrium amounts adsorbed before and
after the pressure step. Table 1 shows the expressions
and fitted parameters for three-process Langmuir and
logarithmic-type correlations for the equilibrium and
average amounts adsorbed. The model parameters were
obtained by minimizing the sum of squared errors (SSE)
of g and In q, respectively; the resulting average relative
errors (ARES) in the correlated amount adsorbed are
also reported in Table 1. Given that the logarithmic-
type correlation was more concise and accurate than the
three-process Langmuir correlation, it was considered
to be more descriptive of the experimental results.
Figure 2 shows a contrast between the logarithmic-type
correlation and the equilibrium and average amounts
adsorbed, and Figure 3 shows the difference between
the average and equilibrium amounts adsorbed over the
entire range of temperatures. It is clear from Figures 2
and 3 that the deviation between the average and
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Figure 5. Optimized (symbols) and correlated (lines) time-
dependent LDF mass-transfer coefficients over the pressure ranges
of 0—1000 Torr (») and 0—100 Torr with steps of ~3 (O) and 10
Torr (O). Filled and empty symbols denote mass-transfer coef-
ficients optimized with raw and correlated degrees of parabolic
concentration profiles, respectively, and the correlations (lines)
correspond to the latter case.

equilibrium amounts adsorbed becomes most significant
at very low temperatures or amounts adsorbed. There-
fore, the distinction between the two amounts adsorbed
in describing the uptake process is most important
under such conditions.

Each of the uptakes measured as described above was
fitted individually by minimizing the SSE in correlating
the fractional uptake according to eq 1 with both an
exponentially time-decaying n value and a constant n
value of 2. The optimized k values withn =2 and n =
n(t,T) are shown in Figures 4 and 5, respectively
(symbols). It is clear from both cases that the differences
between the optimized k values obtained with different
pressure step sizes are minimal. Therefore, because the
pressure step size is one of the direct factors that
determine the magnitude of heat evolution due to
adsorption, this indicates that the optimum k values are
practically independent of the amount of heat evolved
during the uptake step. Moreover, except for minor
scattering, it is clear from Figures 4 and 5 that the
optimum k values follow an almost fixed trend versus
the average amount adsorbed and temperature. How-
ever, the k values optimized with the time-dependent
concentration profiles resulted in less scattering than
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Figure 6. Variation of degree of parabolic concentration profiles
with time over the pressure ranges of 0—1000 Torr (a) and 0—100
Torr with steps of ~3 (O) and 10 Torr (O). The correlated
temperature effect on the degree of the parabolic concentration
profiles is summarized in the upper right subplot.

Table 2. List of 107 Predictors Allowed to Compete
Statistically for the Significant Description of In(k)2

1 (qT)0® exp(T) In(g*1)

T=m @™h°* exp(T™™) In(g*?)

q* (QITE)05  exp(q7IT) In(T=1)
gHTEM exp(q*)) exp(gHiT™™) In[(q~%)°9]
qO.S exp(in.S) exp[(qilTil)o.S] |n[(qi1Ti1)o.5]
(qT—l)O.S

a Stepwise regression criteria: Py = 5% and Pout = 10%; j and
m=1, 2, or3.

those with constant n. Along with k values for time-
dependent concentration profiles, n was fitted for each
temperature and assumed to be fixed throughout the
consecutive pressure steps within the same experiment.
Figure 6 shows the optimized n values versus time,
where the magnitudes of the pressure steps show no
effect on the optimum values. However, it seems that
the magnitude of the total pressure has a minor effect
on n, as evident by the frequent deviations between the
n values over the ranges of ~30—1000 and ~3—97 Torr
with different step sizes. Overall, it seems that the
intercept of n at t = 0 (or ng) is almost constant and
that only the degree of the exponential decay (n;)
depends on temperature. Therefore, the optimum n
values were fitted satisfactorily according to eq 2 with
the following correlation

n(t,T) = 15.977 exp[(0.1392 — 7.576 x 10 *T)t] (4)

It is clear from eq 4 that the steepness of the concentra-
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Table 3. SW Regression Results for the Overall Mass-Transfer Coefficients with Fixed and Variable Degrees of

Parabolic Concentration Profiles

k(n=2) K [n=n@)]

i Ci Vi Ti Ci Vi Ti
1 —2859.265 Tt —19.603 —1768.517 Tt —72.046
2 2.159 IN[(Tq)°5] 9.563 1.256 x 10-20 exp[(Tq)*] 12.596
3 6.974 x 10-3 exp(q) 6.817 1.190 x 1076 T2q 5.169
4 —3.084 exp(qiT—1) —5.492 —6.810 x 107 Tq2 —2.944
ARE (%) 10.35 5.08

tion profile increases with increasing temperature.
Behaviors correlated according to eq 4 are plotted in
Figure 6 against the optimized data, and the collective
variation with temperature is shown in the upper right
corner of Figure 6.

To obtain the best correlations for the variation of k
with temperature and average amount adsorbed, In(k)
was subjected to stepwise (SW) regression (as described
elsewhere3?) versus a collection of combinations of the
independent variables T and g, where q is the average
amount adsorbed. The proposed formula for the SW
regression was

Ink = ZCivi (5)

where v; is each combination of the independent vari-
ables and c; is the coefficient (constant) of this combina-
tion. A list of the combinations allowed to compete for
the statistical description of In(k) is given in Table 2.
The SW regression procedure compares the changes in
the statistical significance of the correlated variable
after the entry and removal of each of those variables.
With input and removal criteria of probabilities of 5%
and 10%, respectively, only four of the 107 predictors
listed in Table 2 survived this SW regression and proved
to be statistically significant in describing In(k) in each
case. The results from the SW regression, with n either
fixed at 2 or given by eq 4, are reported in Table 3, along
with the average relative errors (ARES) in correlating
the experimental fractional uptakes and the significance
indicator (z) for each term. Knowing that higher abso-
lute values of t denote higher significances in describing
the dependent variable, it becomes clear that the most
dominant descriptor of In(k) is 1/T, which represents an
Arrhenius behavior. Therefore, it is believed that the
diffusion process is mostly dominated by an energy-
activated mechanism such as surface diffusion. The two
correlations shown in Table 3 are contrasted with the
optimized data in Figures 4 and 5 for constant and time-
dependent n, respectively.

Figure 7 shows a comparison between the k values
with constant and time-dependent n’'s. It can be seen
that the two approaches give almost equivalent values,
especially at moderate temperatures or at low temper-
atures and high loadings. Therefore, it can be judged
that k (which also represents the overall mass-transfer,
or diffusion, coefficient) is dependent mostly on the
operating conditions (T and q) and to a much lesser
extent on the concentration profile inside the particle
of the adsorbent. Moreover, Figure 7 shows the expected
behavior of increasing the overall mass-transfer coef-
ficient when increasing the temperature, as expected
because of the increase of the kinetic energy of the
adsorbed molecules with temperature. This behavior
might reflect the importance of a Knudsen diffusion

mechanism also contributing to the surface diffusion
flux. Nevertheless, the increase of the mass-transfer
coefficient with loading was most significant at very low
and very high loadings. These two regions correspond
first to a clean adsorbent surface, which has a marked
affinity for adsorbing molecules, and second to a highly
covered surface, which is characterized by an increase
in the surface diffusion possibly due to the well-accepted
hopping kind of mechanism associated with crowed
surfaces.? Nevertheless, moderate loadings (i.e., q =
~1-6 mol/kg) exhibit negligible effects on the overall
mass-transfer coefficient.

Figure 8 shows the Arrhenius plots for the k values
correlated with constant and time-dependent concentra-
tion profiles. Clearly, the k values correlated with the
constant n always exhibited an Arrhenius-type behav-
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Figure 7. Overall temperature and loading effects on the LDF
mass-transfer coefficients optimized with second-order and time-
dependent degrees of the parabolic concentration profiles (solid
and dashed lines, respectively).
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Figure 8. Arrhenius plots of temperature and loading effects on
the LDF mass-transfer coefficients optimized with second-order
and time-dependent degrees of the parabolic concentration profiles
(solid and dashed lines, respectively).
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Figure 9. Arrhenius plots of temperature and loading effects on
the LDF mass-transfer coefficients optimized with second-order
and time-dependent degrees of the parabolic concentration profiles
(solid and dashed lines, respectively) multiplied by 3(n + 3).

ior, but with an increasing slope with loading. The
variations of these slopes can be used as indicators of
the magnitude of the activation energy for diffusion
under different operating conditions. On the other hand,
k values with time-dependent n deviated from the
Arrhenius (linear) behavior, especially at high loadings.
Moreover, the k values correlated with the time-depend-
ent n exhibited infinite values at high loadings and high
temperatures (low 1/T). Nevertheless, accounting for the
temperature dependence of n (correlated in eq 4) as an
essential part of the overall mass-transfer coefficients,
i.e.

k' = 3[n(t,T) + 3]k (6)

recovers the expected Arrhenius (linear) behavior of K’
calculated with the time-dependent n as shown in
Figure 9. Figure 9 also shows that k' values calculated
with n = 2 are generally equivalent to those calculated
with a time-dependent n under moderate conditions and
specifically at short times and high temperatures or at
long times and low temperatures. Moreover, Figure 9
shows that the time effects on k' is most significant at
short times, which is equivalent to the behavior indi-
cated from n in eq 4. Nevertheless, the effects of time
on the slope are mostly negligible.

This characteristic Arrhenius behavior of k' gives rise
to the determination of the slope of the linear functions,
which can be used as an indicator of the magnitude of

40007 T T T

3000

2000

3000 g=3 molkg

- d[Ink(s ) V[ 1/T(K)]

1000:"-“" R N
278 298 318 338 358 378
T (K)

Figure 10. Effects of loading, temperature, and time on [d In k
(s™H)/B[U/T (K)] with loading predicted with second-order and time-
dependent degrees of the parabolic concentration profiles (solid
and dashed lines, respectively).

the activation energy barrier for the energy-activated
diffusion mechanisms. Figure 10 shows the variation
of this activation energy barrier with loading, temper-
ature, and time. It can be clearly seen from Figure 10
that setting n = 2 results in the overestimation of the
energy barrier with respect to that predicted with the
time-dependent n. Moreover, at low loadings, it is clear
that the initial temperature effect (at t = 0) on the
energy barrier is negligible and that the most significant
factor in determining the magnitude of this energy
barrier is the amount adsorbed. However, at high
loadings, the energy barrier estimated with the time-
dependent n increases markedly with temperature.
Another condition that shows a marked effect of tem-
perature on the activation energy is the short-time
behavior (0 < t < 80 s), which resembles a transient
state of molecules being transmitted from one energy
level to another after providing the initial activation
energy barrier at t = 0.

Figure 11 presents a demonstration of the correlations
provided by the mass-transfer coefficients with n = 2
(given in Table 3) and with time-dependent n (given in
Table 3 and eq 4) at various pressure steps. It can be
seen that the correlated fractional uptakes with k'
involving the time-dependent n are always more ac-
curate than those based on n = 2. Moreover, it can be
seen that this approach preserves its accuracy of cor-
relating the fractional uptakes even at high pressures
at which the measurements of the microbalance suffered
from a minor noise due to the lower accuracy of the
pressure transducer at those pressures. The predict-
ability of the uptakes exhibited the same qualities at
different temperatures. Nevertheless, at T = 383 K, the
predicted uptakes did not estimate the measured frac-
tional uptakes adequately with the ~3 Torr pressure
step changes. However, they succeeded in predicting the
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Figure 11. Experimental fractional uptakes (symbols) at 283 K
and pressure steps of (a) 442—514, (b) 89—92, and (c) 2.6—5.5 Torr
predicted with the LDF model and second-order and time-
dependent concentration profiles (solid and dashed lines, respec-
tively). The inserts show logarithmic-scale representations of the
same surrounding figures.

fractional uptakes measured after the pressure step size
was increased to ~30 Torr. This artifact is attributed
to the very low affinity for adsorption at very high
temperatures.

Conclusions

The dynamic uptakes of n-butane on BAX-1100
activated carbon were measured gravimetrically using
an automated VTI microbalance in the temperature and
pressure ranges of 283—383 K and ~3—1000 Torr,
respectively. The measurements were conducted with
variable pressure step sizes to examine the effects of
different amounts of heat evolved upon adsorption. A
regression of the overall linear driving force (LDF) mass-
transfer coefficients indicated that this latter effect was
negligible on their magnitudes.

A stepwise analysis of the significant dependences of
the overall mass-transfer coefficients on the operating
conditions revealed that the most dominant factor is the
Arrhenius dependence, which indicates an energy-
activated adsorption mechanism, such as surface dif-
fusion. However, it was found that the complete de-
scription of the Arrhenius character of diffusion requires
the inclusion of the variations of the concentration
profiles inside the particle with different operating
conditions, namely, temperature. The amounts adsorbed
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resulted in a positive effect on the overall mass-transfer
coefficients, especially at very low and very high load-
ings. Overall, a satisfactory representation of the ex-
perimental data was provided with the optimized mass-
transfer coefficients.

The initial activation energy barrier for diffusion was
found to be mostly independent of temperature, except
at very high loadings. This behavior can be used as an
indicator of the appearance of different interaction
forces under the different dynamic conditions. Never-
theless, an apparent diffusion energy barrier was indi-
cated at short times of diffusion. This apparent transient
energy barrier is lower (in absolute value) than the
initial energy barrier, but the difference between the
two energy barriers diminishes at long times. The
temperature effect on this apparent energy barrier
becomes significant only under those transient condi-
tions. The effects of loading were more pronounced than
those of temperature, thereby resulting in an increase
of the required activation energies.
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