Adsorption of Gaseous Hydrocarbons on
Activated Carbon: Characteristic Kinetic Curve

The internal diffusion coefficients, D;, of pure methane, ethane and ethylene
as well as some of their binary and ternary mixtures, have been calculated at 20°C
for solid particles of a commercial activated carbon, It has been observed that the
contribution of the surface migration mechanism to the global mass transfer process
inside the adsorbent particles can be as much as 70-80%. Values for the surface
migration coefficient D; have also been calculated from the relation D; = Dy +
KD, where K is a dimensionless mean slope factor. Values found for both coef-
ficients are of the same order of magnitude as those reported in the literature for
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similar systems.

All the values for the internal diffusion coefficients of these pure components
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and their mixtures fit into a single correlation curve, the characteristic kinetic curve

of the adsorbent.

SCOPE

The increasing importance of adsorption processes for the
separation of gaseous mixtures is due to the high selectivity and
adsorption capacity of solid adsorbents, the less extreme oper-
ation conditions needed, and the small energy consumption
required. Adsorption is becoming a competitive operation that
can advantageously substitute for other separation operations
such as distillation or liquid-liquid extraction. The advantages
are especially attractive when the problem is the separation of
light gases such as methane, ethane, ethylene and other typical
hydrocarbons of gaseous refinery streams, since their separation
by distillation requires expensive high pressure units.

Although there are some commercial processes for the sepa-
ration of hydrocarbons using gas adsorption (Milton, 1963;
Priegnitz, 1973; Yatsurugi, 1974; Broughton, 1977), the extension
of this method to other cases of practical interest is generally
limited by the lack of reliable fundamental data for estimating
the feasibility of a given separation and for reducing the em-
piricism of the present design of adsorbers.

Among these fundamental data, the equilibrium adsorption
isotherms and the internal diffusion coefficients of individual
species of the mixture should be emphasized. Although sub-
stantial attention has been paid in the literature to the adsorp-
tion isotherms of pure compounds and their mixtures, even to
the point of predicting multicomponent adsorption equilibria
(Lewis et al., 1950; Myers and Prausnitz, 1965; Costa et al., 1981),
most of the efforts on adsorption kinetics to calculate diffusion
coefficients inside the porous particles of solid adsorbents and
the contribution of different diffusion mechanisms (gas phase
diffusion and surface migration) involved only pure compo-
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nents. However, kinetic data from mixtures for adsorption bed
design are more useful than data from pure species. Data on
diffusion coefficients of the individual components of a fluid
mixture have been scarce up to now, Kokoszka (1970), Ma and
Roux (1973) and Ma and Lee (1977) are among those who have
shown that the adsorption rates of pure propane, n-butane, i-
butane, 1-butene and other light gases into molecular sieves
were lower when these compounds were present in binary
mixtures. Feng et al. (1973, 1974) have extensively studied the
diffusion of gaseous mixtures inside the pores of solid adsor-
bents, using several diffusion models. Their results, which were
achieved by assuming a single pore size for the adsorbent and
a reasonable tortuosity factor, were erroneous for not consid-
ering surface migration.

We present here new values for the internal diffusion coef-
ficients of methane, ethane, and ethylene, both as pure com-
ponents and as part of the mixtures of methane-ethylene, eth-
ane-ethylene, and methane-ethane-ethylene, mixtures of evident
practical interest for the purification of cracking gas streams,
with activated carbon as the adsorbent, at temperature of 20°C,
and hydrocarbon partial pressures up to 300 mm Hg (39.9
kPa).

The internal diffusion coefficients are calculated by com-
paring experimental kinetic curves with theoretical ones ob-
tained from a mathematical model for diffusion and adsorption
into the adsorbent pores. The model includes both diffusion
mechanisms: gaseous phase diffusion into the pores of the ad-
sorbent, and surface migration of adsorbed molecules.
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CONCLUSIONS AND SIGNIFICANCE

The internal diffusion coefficient D; and the surface mi-
gration coefficient D; have been obtained from experimental
data of adsorption for pure methane, ethane, and ethylene and
various binary and ternary mixtures of the components in the
range 0-300 mm Hg (0-39.9 kPa) hydrocarbon partial pressure
and 20°C. The simple experimental technique uses a periodi-
cally fluidized bed of activated carbon and a mathematical
model for adsorption that takes into account two possible
mechanisms for the diffusion of the adsorbates into the adsor-
bent particles.

Values obtained for the internal diffusion coefficient D; of
pure hydrocarbons range from 2.1074 to 5.10~3 cm?/s, increase
in the order methane, ethylene, ethane for any given partial
pressure, and decrease with increasing partial pressures. Values
obtained for the surface migration coefficient D, of pure hy-
drocarbons are about 10~8 cm2/s; they increase in the order
ethane, ethylene, methane, and also slightly with progressive
surface coverage.

With the exception of ethylene in its mixture with methane,
the internal diffusion coefficients of the three individual hy-
drocarbons in their mixtures were always smaller than the
coefficients of the pure components; they decreased with de-
creasing initial concentrations and with increasing partial

pressures in the mixture. Under the experimental conditions
investigated, the relative variations observed in all the internal
diffusion coefficients were coincident with the variations of the
slope of the respective equilibrium isotherms. This fact shows
the close interrelation of these slopes, K, with the internal dif-
fusion coefficients, D;, according to the expression D; = D, +
KD;. Under these conditions, the contribution of the surface
migration term KD; to the global mass transfer inside the po-
rous particles of the adsorbent is about 70-80%.

After plotting more than two hundred values of the internal
diffusion coefficients of the three hydrocarbons, pure and
mixed, against the mean values of the slope of their respective
adsorption isotherms, a single curve was obtained with an av-
erage deviation of less than 5%. Since no precedent is known
in the literature for such correlation, it has been called the
“characteristic kinetic curve” of the adsorbent. Such a curve
allows the determination of the internal diffusion coefficients
of the mentioned hydrocarbons, as pure components or in their
mixtures, from only the slope of the adsorption isotherms of the
individual species, and could probably be extrapolated to con-
ditions other than the ones investigated (e.g., different pressures,
different mixtures, and even different temperatures),

THEORY

The gas adsorption rate is governed by three resistances in se-
ries:

a) Resistance to the adsorbate transfer through the external gas
phase surrounding the adsorbent particles.

b) Resistance to the adsorbate diffusion through the pores of the
solid particles.

c) Resistance corresponding to adsorption on the pore walls of
the adsorbent.

The first of these resistances has been extensively studied, and
thus several good correlations for calculating the corresponding
mass transfer coefficient are available (Gamson, 1951). In addition,
the first resistance for turbulent gas flow around the adsorbent
usually is not significant. With respect to the third resistance, it is
generally accepted that physical adsorption occurs almost instan-
taneously. Therefore, the global adsorption rate in this situation
will be controlled by the second resistance, which can be charac-
terized by an internal diffusion coefficient for each single adsor-
bate.

According to several investigators (Masamune and Smith, 1964;
Chao and Hoelscher, 1966; Nemeth and Stuart, 1970; Costa et al.
1971, 1975), if each adsorbent particle is considered as a hetero-
geneous system formed by a porous solid phase and a gaseous phase
filling the void fraction of the solid, the internal diffusion coeffi-
cient D; can be expressed in terms of two other diffusion coeffi-
cients that characterize the two possible simultaneous mechanisms
of diffusion: (a) A molecular or Knudsen diffusion coefficient for
the adsorbate molecules diffusing through the gas filling the pores,
D,, and (b) a surface migration coefficient for the adsorbed mol-
ecules moving along the solid surface, D;. Thus, for linear ad-
sorption isotherms, the total flux of adsorbate into the solid adsor-
bent could be expressed by Fick’s law of diffusion using a global
internal diffusion coefficient represented by an equation similar
to that used by Masamune and Smith (1964):
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D, =D, + KD, 1)

where K represents a dimensionless mean slope of the equilibrium
isotherm in the concentration range of each experiment.

Other authors (Meyer and Weber, 1967; Lee and Weber, 1969;
Marcussen, 1970; Lee and Chi, 1971; Furusawa and Smith, 1973)
bave developed this pore diffusion model for nonlinear adsorption
isotherms, assuming spherical shape for the adsorbent particles and
using analytical or numerical integration techniques.

However, there are no general correlations available to estimate
these global internal diffusion coefficients for pure and mixed
hydrocarbons, as previously indicated. Therefore, the practical
interest of theoretical models to predict the breakthrough curves
of fixed bed adsorption columns is notably limited.

In this paper we present new experimental data of internal
diffusion coefficients of pure methane, ethane, and ethylene, and
their binary and ternary mixtures of various compositions.

MATHEMATICAL MODEL

The mathematical model used to calculate the internal diffusion
coefficients from the experimental measurements of time depen-
dent concentrations of diffusing species takes into account the two
stated possible simultaneous mechanisms: gas phase diffusion and
surface migration of adsorbed molecules. This previously used
model (Costa et al., 1971, 1975) is based on the following transport
equations for each adsorbate inside the pores:

Gaseous phase: %ts =DgV2%,; + R, (2)
oc; 2
Adsorbed phase: > DV, + R, (3)

where ¢z and ¢, are molar concentrations of the adsorbate in the

June, 1985 Page 983



gaseous and solid phases of the adsorbent, respectively, and R, and
R; are the corresponding generation terms. The two generation
terms are interrelated by Eq. 4, and the concentrations ¢, and ¢;
are related by the adsorption isotherm, Eq. 5:

|«
—-R, = (——2—1 — ap) Rg (4)
| «
de, = (——P—l — a,,) Kdcg (5)

Equations 2 and 3 can be rewritten into a single equation in
terms of the gaseous concentration of the adsorbate in the pores:

Ocg _ _Di V2, (6)
o 1+K

where D; represents the internal diffusion coefficient, expressed
by Eq. 1.

Assuming that the actual cylindrical particles of the active carbon
used can be represented by spheres of equal relation (external
surface/volume) to obtain a simple analytical solution (it was ex-
perimentally observed that this simplifying hypothesis was ac-
ceptable by Costa et al., 1975), Eq. 6 takes the following form in
spherical coordinates:

92& = __D" (—_gazc + géﬁg (7)
ot 14+ K\or2 " r or

On the other hand, a macroscopic balance for the adsorbate in
the external gas mixture surrounding the adsorbent particles can
be expressed in our case by the following equation:

dc 3Wa dc
l=Pp =8
dt Vppra ( or )r=ro (8)

Equations 7 and 8 can be integrated with the following initial
and boundary conditions:

t=0, C:Ca, Cg =Cg,, Cs =€, (9)
t>0 T=1 C=Cs (10)
150 r=0 (%) =0 an

or Jr=0

The boundary condition expressed in Eq. 10 holds when the
external resistance to the adsorbate transfer through the gas film
surrounding the particles is not significant. This was the case under
our experimental conditions, since the results of the model were
not at all affected by very large variations of the mass transfer
coefficient through the gas film (k;), using Gamson’s (1951) cor-
relation to calculate it, with a boundary condition that equals the
molar flux through the gas film (in terms of kg) and the molar flux
of diffusion into pores of the particles. This model was solved an-
alytically in a previous work by Costa et al. (1971), following the
method recommended by Edeskuty and Amundson (1952), to give
a dimensionless concentration of the adsorbate in the bulk gas
around the particles as a function of time:

y = C- g,
C, — Cg,
=Y, + 6c 3 (P cos¥a —sinya) expl= Vat/Bri] )
n=1  YalYn €OSYn + (3¢ + 2)sin7y,]
where:
Wa
e=(1+K)—2 B=(+K)/D, (13)
Vo,

and 7y, are the successive solutions of the transcendental equa-
tion:
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tany _ ____236 (14)
0% Y2+ 3¢

The term Y, in Eq. 12 represents the equilibrium dimensionless
concentration of the adsorbate in the bulk gas phase for C = C, that
was also experimentally obtained, as shown later.

Under our experimental conditions it is reasonable to assume that
diffusion through the gas filling the pores is a Knudsen diffusion.
Furthermore, for the term representing the surface migration
contribution KD, (Eq. 1), the differences between the values of
K for a component in the pure state and in a mixture are much
more important than the corresponding differences of D;. This is
particularly true for the low concentration range, that is, far from
saturation, where values of K are very high. Under these circum-
stances, the application of the established mathematical model to
a mixture of adsorbates leads to an expression identical to Eq. 12
for each of the adsorbates.

Obtaining the Internal Diffusion Coefficients

With assigned numerical values for D;, Eq. 12 allows calculation
of the dimensionless concentration Y as a function of time, and so
yields a theoretical curve Y(¢) for any assumed internal diffusion
coefficient. A group of such theoretical curves can be compared
with the experimental one to deduce the value of D; for each ad-
sorbate. The comparison was made in the following way: For each
set of theoretical curves the assumed internal diffusion coefficient
D, and the calculated equilibrium time ¢, (for which each curve
became practically horizontal) was correlated with

D{ = ateb (15)

and the two empirical parameters, ¢ and b, were determined by
linear regression analysis. The equilibrium time, ¢, was established
in each case by assuming a theoretical value for the dimensionless
concentration Y separated from the equilibrium experimental
value (Y )exp (for C = (Ce)exp in Eq. 12), by less than 0.0003, a
difference that implies an error of less than 0.3%.

Finally, the experimental value for D; was easily deduced in each
case by using the experimentally determined value of ¢, in Eq. 15.
A sample calculation for one experiment has been included in the
Appendix.

The convergence of the series in Eq. 12 was relatively slow,
especially for the highest values of D;, but in all cases the number
of terms under the summation grouping required for an accurate
calculation of ¢, was smaller than 300, the limiting number of terms
set in the calculation program.

EXPERIMENTAL

The experimental system was essentially the same used previously and
has been already described (Costa et al., 1981). It consists basically of a

TABLE 1. PHYSICAL PROPERTIES AND CHARACTERISTICS OF
ADSORBENT*
Carbon type AC-40, cylindrical
BET surface area, m2/g 782
Particle porosity 0.715
Real density, g/cm3 3.06
Particle radius, cm 0.081
Particle length, cm 0.302
Adsorbent bed diameter, cm 5.1
Adsorbent bed static height, cm 5.0
Weight of adsorbent in bed, g 54

* Activated carbon AC-40, from CECA, S.A., Spain.
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TABLE 2. INTERNAL DIFFUSION COEFFICIENT OF PURE HYDROCARBONS IN ACTIVATED CARBON AT 20°C
Experi- fe P N D;
ment a b (min) (mm Hg) (mol/g) K* (cm?2/s)
Methane
1 0.18398 —0.91000 8 1.44 4.50 10~¢ 174.80 0.00067
2 0.27300 —1.00000 6 4.58 1.83210°5 139.93 0.00076
3 0.28220 —1.02215 6 9.57 2.48 1075 124.55 0.00069
4 0.28265 —1.03734 6 17.65 4131075 106.79 0.00063
5 0.18573 —(.98682 8 28.50 6.10 105 96.62 0.00042
6 0.20307 -1.01114 8 67.52 1.23 104 89.36 0.00039
7 0.09303 —0.89003 8 101.80 1.76 104 84.55 0.00038
8 0.16560 —1.00000 6 145.76 2.39 104 74.71 0.00046
Ethane
1 2.69996 —1.00000 8 0.50 3.42 1075 3,213.28 0.00562
2 2.21189 —0.98879 8 1.29 7.53 10~5 2,730.53 0.00494
3 2.03997 —1.00000 8 2.39 1.23107¢ 2,201.28 0.00425
4 1.88545 —1.01207 6 4.01 1.8010~¢ 1,794.60 0.00488
5 1.48780 —1.00559 8 6.30 2.44 1074 1,393.58 0.00299
6 1.15199 —1.00000 8 10.04 3.22 1074 1,031.71 0.00240
7 1.11774 —1.01468 10 16.36 4.27 1074 868.76 0.00170
8 0.81948 —1.00197 8 36.88 6.85 10~ 629.01 0.00169
9 0.41945 —0.92998 8 53.86 8471074 459.00 0.00135
Ethylene
1 2.80957 —0.99869 8 0.14 8.37 1078 3,462.17 0.00590
2 2.48003 —1.00429 8 0.44 2.5110°5 2,741.16 0.00503
3 2.36053 —1.00424 8 0.92 478 10°5 2,554.28 0.00479
4 1.71322 —-0.99511 8 1.78 8271073 1,717.84 0.00368
5 1.53082 —1.00986 8 3.74 1351074 1,363.39 0.00300
6 1.10246 —0.99999 8 8.81 2.26 104 915.49 0.00230
7 0.77713 —0.99516 8 20.12 3.70 104 609.54 0.00167
8 0.72652 —1.00770 8 41.72 5531074 400.08 0.00144
9 0.51822 —1.00770 10 80.23 7.92 104 315.76 0.00082
10 0.38120 —0.99946 6 124.57 1.01 103 232.60 0.00106

SI conversion: mm Hg X 0.133 = kPa.

periodically fluidized bed of adsorbent, a membrane compressor for cir-
culating the gaseous mixture through the bed, and a gas chromatograph
for the analysis of the gas phase.

The hydrocarbons were supplied by the Sociedad Espaiiola del Oxigeno,
S.A. (SEO, S.A.) with the following minimum purity grades: methane,
99.95%; ethane, 99.0%; and ethylene, 99.93%. Helium was also supplied
as inert gas with a minimum purity of 99.998%.

The physical properties and characteristics of the adsorbent used, an
activated carbon supplied by Compaiifa Espafiola de Carbones Activos,
S.A. (CECA, S.A.), are summarized in Table 1.

The experimental procedure was analogous to that used to obtain the
equilibrium isotherms of hydrocarbon gas mixtures (Costa et al., 1981). In
the present study, the gaseous phase was periodically analyzed by gas
chromatography during each experiment, recording values of the con-
centration of each adsorbate and the total pressure with time, until equi-
librium was attained. These experiments, repeated with ever-increasing
initial compositions of the gaseous mixture, covered the entire concentration
range in each adsorption isotherm. The successive amounts of adsorbate
added were always small enough to consider the adsorption isotherm to
be linear in the composition range of each experiment. The amounts ad-
sorbed were always calculated from mass balances.

All the experiments were conducted at 20°C, with partial pressures for
the adsorbates in the range of 0-300 mm Hg (0-39.9 kPa). The experiments
with hydrocarbon mixtures were extended to several initial compositions
of the gas mixture. Under these experimental conditions, adsorption of
helium was negligible.

RESULTS AND DISCUSSION

Pure Hydrocarbons

Table 2 summarizes the results of a series of experiments to de-
termine the internal diffusion coefficient D; for the three pure
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hydrocarbons. Each experiment has been characterized by an
average partial pressure P and adsorbed concentration N, repre-
sentative of the average equilibrium conditions corresponding to
the short segment of the isotherm implied in each run. Table 3 gives
the isothermal equilibrium data of the three pure hydrocarbons.

Figure 1 represents the internal diffusion coefficients of Table
2 vs. the square root of partial pressures, for each pure hydrocarbon.
For a given adsorbate the internal diffusion coefficient decreases
as its partial pressure increases, and for any given partial pressure
the coefficient increases in the order: methane, ethylene, ethane.
These variations can be easily understood considering the experi-
mental adsorption isotherms of the pure hydrocarbons represented
in Table 2. Since for the considered partial pressures, the values of
D, and D; are not very different for the three hydrocarbons, and
since the equilibrium isotherm slope K for methane is lower than
those for the other hydrocarbons, Eq. 1 dictates that the surface
migration term KD, will be lower, and hence D; will be lower, than
those for the other hydrocarbons.

Figures 2-4 represent the internal diffusion coefficients vs. the
average slope of the adsorption isotherm. The internal diffusion
coefficient of each pure hydrocarbon results in a practically linear
function of the average slope of their respective adsorption iso-
therms in the concentration range investigated. Therefore, ac-
cording to Eq. 1, the slope of each straight line in Figures 24 will
represent the average value of the surface migration coefficient
D, for each pure hydrocarbon, Table 4 summarizes these average
values and the intervals of the isotherm slope K and partial pressure
P for which they are valid.

It is evident that the internal diffusion coefficient of each com-
ponent is highly sensitive to the slope of its adsorption isotherm.
That means that the contribution of surface migration is very im-
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TABLE 3. ADSORPTION [SOTHERMS ON ACTIVATED CARBON AT 20°C OF PURE HYDROCARBONS, BINARY MIXTURES, AND TERNARY MIXTURES

Pure Hydrocarbons

Methane Ethane Ethylene

P (mm Hg) N (mol/g) P (mm Hg) N (mol/g) P (mm Hg) N (mol/g)

2.88 9.010 1076 0.21 1.722 1075 0.27 1.673 1075

6.27 1.750 1075 0.80 5.115 1075 0.61 3.341 1075

12.86 3.219 1075 1.79 9.953 105 1.24 6.221 1073

22.44 5.050 105 3.00 1.472 1074 2.32 1.031 104

34.55 7.1441075 5.03 2.124 104 5.15 1.661 10~4

52.67 9.950 1075 7.58 2.760 104 12.48 2.862 1074

82.37 1.470 104 12.53 3.674 1074 27.77 4.530 1074

121.23 2.058 10~4 20.19 4.865 1074 55.66 6.527 10~¢

170.29 2714 10~* 29.41 6.012 10 104.80 9.304 1074

44,36 7.695 1074 144.34 1.095 1078

63.35 9.255 1074
CgH, in binary mixtures (CeHy + CgHe)
LV.R. = 85/1.5%* 1/1 1.5/8.5

P (mm Hg) N (mol/g) P_(mm Hg) N (mol/g) P (mm Hg) N (mol/g)

1.07 5.736 1075 0.71 3.341 107> 0.25 9.791 107°

2,77 1.136 1074 2.25 7.859 1075 1.03 2.893 1075

7.65 2.195 1074 4.20 1.153 104 2.66 5.618 1075

14.55 3.196 10~ 6.33 1.444 1074 5.17 8.064 10~5

23.15 4,146 1074 11.21 2.018 1074 9.60 1.106 10—4

37.82 5.521 104 21.00 2.788 1074 14.70 1.382 1074

56.36 6.779 1074 36.90 3.716 10~4 21.96 1.700 1074

81.10 8.454 1074 56.36 454910~ 33.20 2.080 104

105.15 1.01510°3 47.87 2.535 1074

CgHy in ternary mixtures (CH4 + CoHg + CoHy)
LV.R.=3/2/1*%* 1/2/2 3/1/1 1/1/2 3/1/2
PmmHg) N (mol/g) P(mmHg) N(mol/g) P(mmHg) N(mol/g) P (mmHg) N(mol/g) P(mmHg) N (mol/g)
0.45 1.973 1075 1.51 6.671 107> 0.27 1.353 1075 0.95 4.681 10~5 0.85 3.999 103
1.49 5.223 102 4.66 1.288 10~¢ 1.01 3.990 1075 4.45 1.348 104 2.07 7.896 1075
4.00 9.811 105 13.98 2.437 104 2.83 8.885 10~5 13.77 2.512 1074 5.82 1.531 104
7.55 1.4151073 26.34 8.425 1074 7.96 1.666 104 37.69 4.598 104 17.32 2.890 10—4
41.53 4.465 104 14.90 2.391 104 69.60 6.473 1074
69.95 57601074 24.73 3.241 104 102.01 8.324 104
36.24 404010~

SI Conversion: mm Hg X 0,133 = kPa.
** Initial Volumetric Ratio of CgH4/CoHe in binary mixtures and CHy/CoHg/CoHy in ternary mixtures.

Figure 1. Adsorption of pure hydrocarbons: methane (M), ethane (E~) and ethylene (E™)
on activated carbon at 20°C. Internal diffusion coefficients
as a function of partial pressure of adsorbate.
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Figure 2. Varlation of the internal diffusion coefficient of methane (D) with
the slope of its equllibrium Isotherm (K*) at 20°C.

portant in spite of the low values of the surface migration coeffi-
cient itself. These results are in agreement with others in the lit-
erature (Masamune and Smith, 1964; Schneider and Smith, 1968;
Gilliland et al., 1974; Sladek et al., 1974).

On the other hand, it is obvious in the case of the hydrocarbons
investigated that the surface migration coefficient is inversely re-
lated to the retention time of the molecules of the solid surface.
Since the energy required for adsorbed molecules to leave the
surface before being readsorbed is directly related to the adsorption
energy (Smith, 1980), a higher adsorption capacity for a given
adsorbate will mean a higher adsorption energy. This will result
in a long retention time, and therefore a lower surface migration
coefficient. So, the higher adsorption capacity of ethane and eth-
ylene with respect to methane explains the lower values of the
surface migration coefficients found for the two first hydrocarbons,
as shown in Table 4.

Binary Mixtures

Two mixtures, methane-ethylene and ethane-ethylene, have
been investigated. Figure 5 shows the internal diffusion coefficients
of ethylene as a pure component and of ethylene as a component
in three different initial ethylene-ethane compositions. Table 3
summarizes the individual adsorption isotherms of ethylene in the

D;x 10°, cm¥s
o
T T

»
T
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i S " - 1 1
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Flgure 3. Varlation of the Internal diffusion coefficient of ethylene (D) with
the slope of its equilibrium isotherm (K*) at 20°C.
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Figure 4. Variation of the internal diffusion coefficient of ethane (D;) with the
slope of its equilibrium isotherm (K*) at 20°C.

binary ethane-ethylene mixtures shown in Figure 5.

In Figure 5 it is observed that internal diffusion coefficients of
ethylene in the presence of ethane are always smaller than those
of pure ethylene, decreasing with its initial concentration in the
mixture and with its increasing partial pressure. These variations
of the internal diffusion coefficients are parallel to the variations
observed in the slopes of the respective adsorption isotherms, Table
3, from which the important contribution of the surface migration
term KD, to the global diffusion coefficient D; is confirmed.

When investigating the diffusion of ethylene in the binary
mixture ethylene-methane (Domingo, 1981), it was observed that
the internal diffusion coefficients of ethylene are not influenced
by the presence of methane. This can be explained by the large
difference in adsorption capacity of methane and ethylene on
activated carbon at 20°C. Accordingly, since the adsorption ca-
pacities of ethane and ethylene are more similar, it is not surprising
that a competitive diffusion of the two hydrocarbons will occur,
resulting in lower values for the internal diffusion coefficient of
each hydrocarbon. This can be observed in Figure 5 for eth-
ylene.

Ternary Mixtures

Just as in the case of binary mixtures, Figure 6 represents the
internal diffusion coefficients of ethylene in its ternary mixture
methane-ethane-ethylene vs. the square root of the average partial
pressure in each experiment, for the initial compositions of six
different mixtures. Table 3 shows the individual adsorption iso-
therms of ethylene in the same ternary mixtures of methane, eth-
ane, and ethylene represented in Figure 6. The results are similar
to those obtained for binary mixtures, showing that the internal
diffusion coefficients of each individual hydrocarbon in the ternary
mixture are always smaller than the corresponding internal dif-
fusion coefficients of the pure species under the same conditions.

TABLE 4. AVERAGE SURFACE DIFFUSION COEFFICIENT OF PURE
HYDROCARBONS ON ACTIVATED CARBON AT 20°C

P Range
Adsorbate D; (cm2/s) K* Range (mm Hg)
Methane 9.1 1076 175-70 0-170
Ethylene 39107 3,400-230 0-140
Ethane 3.810°6 3,200-320 0-120
SI Conversion: kPa = mm Hg X 0.133.
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Figure 5. Adsorption of binary mixture ethane (E™)/ethylene (E™) on activated carbon at 20°C.
Effect of mixture initial composition and average partial pressure
of ethylene on the internal diffusion coefficlent of ethylene.

It can be seen in Figure 6 that the presence of methane exerts only
a slight influence on the internal diffusion coefficient of ethylene,
due to the higher adsorption capacity of the latter hydrocarbon,
and that the initial ethane/ethylene proportion has a strong effect
on this diffusion coefficient. This is more clearly observed in Figure
7, where the internal diffusion coefficients of ethane and ethylene
are plotted again for only the binary and ternary mixtures that have
the same ethane/ethylene relation (1:1), giving just two curves, one
for each hydrocarbon, regardless of the presence and initial pro-
portion of methane.

CHARACTERISTIC KINETIC CURVE

When plotting the 210 values of the internal diffusion coefficient
of the three hydrocarbons, both as pure components and as com-
ponents in their binary and ternary mixtures, against the corre-
sponding mean slopes of their respective individual adsorption

isotherms, only a single curve is obtained (Figure 8), characteristic
of the diffusion rate of these hydrocarbons into the activated carbon
at 20°C. No precedent for such a curve is known in the litera-
ture.

According to Eq. 1, the slope of the characteristic kinetic curve
of the adsorbent at each point in Figure 8 represents the surface
migration coefficient D;. This curve has been fitted by a polyno-
mial function and its slope, mathematically calculated. Thus, D,
is represented vs. the isotherm slope K*, Figure 9. It is now clearly
shown that a sharp initial decrease of the surface migration coef-
ficient with the slope K* for low values of this parameter (K* <
200) is followed by a more gradual decrease of D;. For the range
of high values of K* (K* 2 200), the surface diffusion coefficients
show a relatively small continuous increase with progressive surface
coverage (decreasing K*). Since this range corresponds only to
experimental points of ethane and ethylene, and the difference in
their respective average surface migration coefficients is only about
2%, it can be concluded that the increase of the surface migration

D;ix10° cm¥s
—

METHANE | ETHANE [ ETHYLENE

Vem

i 1

i
8 0 12
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Figure 6. Adsorption of ternary mixture methane (M)/ethane (E~)/ethylene (E~) on activated carbon at 20°C.
Effect of mixture initial composition and average
pantial pressure of ethylene on its individual internal diffusion coetficlent.

Page 988 June, 1985

AIChE Journal (Vol. 31, No. 6)



6
w
°F € e Mo M-
- b A & BINARY MIXTURE - 1 1
S
e
= 31 1
& © @ TEANARY MIXTURE [1 2 2

i i i i A 1
10 _v, IR
P . mmnug?

Figure 7. Individual internal diffusion coefficients of ethane (E~)( A) and ethylene (E~)(4)
in their binary mixture 1:1 and of ethane (E~)(O) and ethylene
(E=)( @) in thelr ternary mixtures 3:1:1 and 1:2:2.

coefficient with progressive surface coverage in the range studied
is probably due to the advantageous effect of the increasing re-
pulsion of adsorbed molecules, which is in agreement with the
conclusions of other authors (Gilliland et al., 1958, 1974; Ponzi et
al., 1977; Sudo et al., 1978). On the other hand, the sharp increase
of the surface migration coefficient for values of the slope K* lower
than 200 can be explained by taking into account that this range
of slopes corresponds only to adsorbates of low adsorption capacity,
such as methane in our case, which has a much higher surface
diffusion coefficient than ethane and ethylene (Table 4). The av-
erage surface migration coefficient of methane indicated in Table
4 is in fact an average value of the corresponding range in the curve
of Figure 9.

From this curve and the characteristic kinetic curve (Figure 8),
Eq. 1 allows the evaluation of D, for each component (Domingo,
1981). Comparison of these values with those expected from the
Knudsen diffusivity, yielded tortuosity factors of 4 to 6, which are
of the same order of magnitude of those reported by others (Smith,
1981). These tortuosity factors were found to increase slightly with
pressure.

Finally, Figure 10 clearly shows the contribution of the surface
migration mechanism to the global mass transfer process inside the
adsorbent particles expressed as (KD,/D;)-100 versus the slope K*.
It can be observed that the contribution of KD; is as much as
70-80% for practically the whole range of slopes of the adsorption
isotherms.

I 1 —1 —1 1

o 500 1000

1500 2000 K* 2500

Figure 8. Characteristic kinetic curve of activated carbon AC-40 at 20°C. Effect of the siope of the equilibrium isotherm
of each individual hydrocarbon on its respective internal diffusion coetficient (for methane (A), ethane (O) and ethylene (@)
as pure components and In their binary and ternary mixtures).

AIChE Journal (Vol. 31, No. 6)

June, 1985 Page 989



2
~
n
T

sxno..cm/s

D,
o
o

255

Figure 9. Variation of the surface migration coefficients D, for each indlvidual
hydrocarbon with the slope of the respective adsorption Isotherm.

SUMMARY

The result that all the values of the internal diffusion coefficient
fit into a single characteristic kinetic curve, Figure 8, can be ex-
plained primarily by the following facts:

a) Clear predominance of surface migration over diffusion in
the gas phase filling the pores of the adsorbent particles, Figure
10.

b) Similarity of the values of the surface migration coefficient
of the hydrocarbons investigated for the same range of slopes K.

¢) Predominance of the variations of the slopes of the equilib-
rium isotherms over the variations of the surface migration coef-
ficients themselves, Figure 9.

With much shorter experimentation than that presented in this
paper, analogous characteristic kinetic curves could be obtained
for other adsorbents.

For adsorbents with a wide range of pore sizes, such as the carbon
used here, we believe our curves would be valid for all adsorbable
substances with favorable isotherms (Giles, 1960; Hall, 1966). For
adsorbents such as molecular sieves, with a uniform pore size, we
consider that our curves could be valid only for substances with a
molecular configuration and with an average size that is not critical
with respect to the zeolite pore size. In such cases, the usefulness
of our curves is evident: Only the equilibrium isotherms of the
substances, pure or in their mixtures, which are easy to obtain ex-
perimentally or to predict theoretically from the equilibrium
characteristic curve of the adsorbent in the case of pure substances
(Myers and Sircar, 1981), would be required to estimate with
precision the internal diffusion coefficients of the substances and
thus predict their kinetic behavior.

NOTATION

a = empirical parameter in Eq. 15, cm2/s2

b = empirical parameter in Eq. 15

Cg = adsorbate concentration in gaseous phase filling pores,

mol/em® of pores

¢z, = initial adsorbate concentration in gaseous phase filling
pores for t = 0, mol/cm? of pores

[ = adlsgrbate concentration in adsorbed phase, mol/cm? of
soli

Cs, = initial adsorbate concentration in adsorbed phase for ¢
= 0, mol/em3 of solid

o = adsorbate concentration in bulk gas surrounding particles,

mol/cm3
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Figure 10. Contribution of the surface migration mechanism to the giobal mass
transfer process Inside the adsorbent particles.

C. = equilibrium concentration in bulk gas surrounding par-
ticles, mol/cm3
C, = initial adsorbate concentration in bulk gas surrounding

particles for ¢ = 0, mol/cm®
C; = adsorbate concentration in bulk gas phase at particle
surface, mol/cm?
= gas phase diffusion coefficient, cm2/s
= internal diffusion coefficient, cm?2/s
= surface migration coefficient, cm?2/s
= K* (1 — a,,)/a, (dimensionless)
= slope of adsorption isotherm (moles adsorbed/cm3 of
solid)/(moles of adsorbate/cm3 of gas)
= mass transfer coefficient for gas phase film around ad-
sorbent particles, cm/s
= adsorbed moles of adsorbate at equilibrium, mol/g ad-
sorbent
= average adsorbed moles of adsorbate at equilibrium,
mol/g adsorbent
= equilibrium partial pressure of adsorbate, mm Hg (0.133
kPa)
= average equilibrium partial pressure of adsorbate, mm
Hg (0.133 kPa)
r = radial position in spherical coordinates, cm
To = radius of adsorbent particles assumed to be spherical,
cm
R, = ratg of disappearance of adsorbate in gas phase, mol/
cmds
R, = rate of appearance of the adsorbate in the adsorbed phase,
mol/cm3-s of solid
t = time, §
t, = equilibrium time for adsorption, s
\% = gas volume in adsorption bed, cm3
w = weight of solid particles in the bed, g
Y = dimensionless concentration of adsorbate in bulk gas, Eq.
12
Y. = equilibrium dimensionless concentration of adsorbate in
bulk gas for C = C,, Eq. 12

-~

Z S ARPED

2

=

Greek Letters

op = porosity of adsorbent particles
= parameter defined in Eq. 13
¥ = solutions of transcendental Eq. 14
€ = parameter defined in Eq. 13
Pp = ap%)arent density of adsorbent particles, g/cm? of par-
ticle
Ds = density of solid adsorbent, g/cm3
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APPENDIX

Sample calculation of D; for an experiment of adsorption (ex-
periment No. 3, corresponding to pure ethane, Table 2):

Calculation of Parameters

Calculation of K*
From the experimental isotherm of pure ethane:
Initial point

P =179 mm Hg (238 Pa); N =9.953 10~° mol/g

Final point
P = 3,00 mm Hg (399 Pa);

K* = (i—ll\’] RTp, = 2,201.28

N =1.472 104 mol/g

P =2.396 mm Hg (318.7 Pa); N =1.234 104 mol/g

Calculation of r,
From Costa et al. (1975):

3(r-1
7o —2(r+])—0.0960m
where r,, represents the radius of the sphere with the same ratio of
external surface to volume as that of a eylindrical particle of radius
r and height 1 (Table 1).

Determination of D,

Calculation of (t.)exp
From the gaseous phase analysis: (£, )exp = 8 min
Assumed values for D, (cm?2/s)

D, = 0.009; 0.007; 0.006; 0.005; 0.004; 0.003; 0.002; 0.001

Calculated equilibrium times t, (s) and concentration for each
D; (Egs. 12, 13, 14)

t, = 228; 294; 342; 408; 510; 690; 1,020; 2,040
Y, = 0.071

The total number of terms of the series in Eq. 12 required for
an accurate calculation of ¢, was always smaller than 40.
Calculation of constantsaand b

From Eq. 15 and previous values of D; and ¢,:

a = 2.03997
b = —1.00000

Calculation of D,
From values calculated for a, b and (2, )exp, from Eq. 15:

D, = a(t,)byp = 0.00425 cm?/s
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