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Adsorption of Hydrocarbon Gas Mixtures

at High Pressure

J. PRESTON MASON and C. E. COOKE, JR.

Esso Production Research Company, Houston, Texas

An experimental investigation was made of the adsorption on silica gel of components from

light hydrocarbon mixtures, and the results were used to test a multicomponent adsorption
theory. Experimental methods included o volumetric technique to measure pure component
adsorption and flow techniques for adsorption from mixtures. Although the majority of measure-
ments was made at 100°F., two mixtures were studied over the temperature range 40° to 160°F.
Pressure was varied up to 1,800 lb./sq.in.abs. The Brunauer-Emmett-Telier (BET) theory of
adsorption, as extended to mixtures by Hill, was tested against the experimental data and was
found to be adequate for calculating adsorption from hydrocarbon mixtures of components
heavier than methane. To account for nonideal behavior, the fugacity of each component in
the gas and in the adsorbed phases was calculated by using the Benedict-Webb-Rubin equation
of state. The differences in experimental and theoretical values for adsorption capacity were
less than 10% for most of the conditions tested, but ranged up to about 25% for the highest
pressures studied. Although the BET theory represents a simplified model of a complex process,
it can be used to supply adsorption data for engineering application over ranges of pressure,

temperature, and gas composition usuaily encountered in adsorption processing of natural gas

mixtures.

The increasing use of adsorption separation techniques
in the natural gas industry generates a need for basic data
essential to effective design of adsorption processing equip-
ment. Gas streams processed in adsorption plants usually
contain about 909 or more of methane, with the remain-
der consisting of higher molecular weight paraffin hydro-
carbons. Pressurés commonly range from 300 to 1,200 Ib./
sq.in.abs. and temperatures from 80° to 120°F. Equilib-
rium adsorption capacities of commonly used adsorbents
for the individual components of these complex, high-
pressure, natural gas systems are therefore needed for a
wide range of conditions.

Literature references to adsorption data for multicom-
ponent natural gas mixtures are very scarce. Lewis et al.
(1) and Gilmer and Kobayashi (2) published the only
available information on adsorption of hydrocarbon gas
mixtures on silica gel at pressures greater than atmos-

Vol. 12, No. 6

A.L.Ch.E. Journal

pheric. However, all these results are limited to data for
five binary mixtures. Most of the measurements were made
at pressures less than those usually encountered in the
field.

The investigation described in this paper was designed
to supply experimental data concerning the adsorption

-capacity of individual components from natural gas mix-

tures on silica gel, one of the most commonly used ad-
sorbents in the natural gas industry. Effects of pressure,
gas composition, and, to a lesser extent, temperature were
investigated over ranges encompassm§ those usually en-
countered in natural gas treating, Applicability of various
adsorption theories to the resulting data was also investi-
gated.

In the succeeding paragraphs, results of the adsorption
capacity experiments are presented, and a multlcomponent
adsorption theory, capable of reproducing the experimen-
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tal data within limits of accuracy acceptable for design
purposes, is described.

ADSORPTION THEORY

Of various theories examined for application to high-
pressure multicomponent adsorption data, that by Brun-
auer, Emmett, and Teller (3) (BET) as extended to gas
mixtures by Hill (4) was found to be most satisfactory for
reproducing experimental data obtained during this in-
vestigation. This result is not unexpected, since pressures
of interest are sufficiently high to cause multilayer adsorp-
tion and nonideality in the gas and adsorbed phases. The
Langmuir theory and the Polanyi potential theory, as ap-
plied by Lewis et al. (1), were found to be inadequate.
In the following sections, application of the BET theory
to pure gases and of Hill's modified BET theory to gas
mixtures is discussed. For those interested in a general re-
view and comparison of adsorption theories, publications
by Young and Crowell (5) and by Adamson (6) are re-
commended.

Adsorption of Pure Materials

The BET theory for single-component adsorption is
based on a model in which a different behavior is assumed
for the first and for successive adsorbed layers. The theory
has been developed from kinetic theory and from statisti-
cal mechanics (5). In the model used, molecules in the
first layer are attracted to the surface by the short-range
forces of the solid. The second and higher layers are as-
sumed to behave as vapor-liquid systems. Thus, the heat
associated with attachment of the first layer to the ad-
sorbent surface is the heat of adsorption and that of higher
layers is equal to the heat of liquefaction. In the original
BET theory (used here), heat of adsorption is assumed to
be independent of amount adsorbed (7). One form of the
equation for the adsorption isotherm is

1 c—1
__P___ ol (2)
a(p° —p) Tfmc mc NP

Equation (1) was derived for pressure ranges where
the materials behave as ideal gases. To account for non-
ideal behavior over more extensive pressure ranges used
in the present work, a derivation was made in which fu-
gacities replaced pressures.

A problem encountered in the use of Equation (1) to
describe adsorption of the components of natural gas mix-
tures is that the temperatures of interest are above the
critical temperatures for methane and ethane. To circum-
vent this problem, pseudo values of p° were obtained for
these two materials from the extrapolated plots of satura-
tion vapor pressure vs. temperature given by Maxwell
(8). This approach permitted satisfactory application of
the BET theory to the heavier components in natural gas
mixtures.

Adsorption from Gas Mixtures

The theory for mixture adsorption developed by Hill
(4) is based on a similar model to the single-component
BET theory. Deviations from ideal mixtures are consid-
ered in the liquid layers (second and higher) and the
energy of attachment of a molecule in the i** layer is as-
sumed to depend upon the composition of only the (i —
1)t Jayer. Adsorption for any number of layers can be
calculated. The amount of adsorption predicted decreases
for layers increasing in distance from the surface.

Calculations were made in the present study for two
and three layers of adsorbate. However, results and equa-
tions are shown only for two. For the mixtures and ex-
perimental conditions used, the fugacity of each compo-
nent was far below that for the saturated vapor. For these
conditions, the amount of adsorbed material drops off
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sharply with successive layers away from the adsorbent
surface. The predicted adsorption for two layers usually
was not more than 25% greater than that for one layer,
and that for three layers only a few percent greater than
that for two. In addition, the small pore diameter, 22 A.,
of the silica gel used precludes adsorption of more than
two or three layers.

The equation used in the present work for two-layer
adsorption is

n; _E [(1+ Ei) yit + E; vi2]

— (2)
Mg 14 Eo (14 Ey)
where
Ey= x;C;
jzzl Fadt] (20)
% = fi/fi° (2b)
S %F;(Nyp)
E, = Xil i LVs 9
=2 (2)
Fi(Nj) = Nufi°/fui (2d)
Nji = xjci/Eq (2e)
Vi =
Nj
ETET v S
1i '1?]' 2i Aj Ji . ni Aj (2f)
Njy = x;F;(Ny) /Eq (2g)

Equations (2a) through (2g) are those shown by Hill,
except for the use of fugacity instead of pressure.

By Hill's model, effects of nonideal solution behavior on
composition of the adsorbed phase are accounted for by
F(N) of Equation (2c¢). This term reflects the difference
in the heat of liquefaction, at system temperature, of a
molecule condensing into a liquid of the composition of
the (i — 1) adsorbed layer and into a single component
of the same species. F(N), as defined by Hill, is the re-
ciprocal of the correction necessary when applying the
Lewis and Randall fugacity rule to liquid systems exhibit-
ing nonideal solution behavior. The fv; in Equation (2d)
is the fugacity of the j** component in a liquid of the
composition of the (i — 1) adsorbed layer Nj—,; the
liquid is at its bubble point and system temperature. For
the work reported here, the Benedict-Webb-Rubin
(B-W-R) equation of state (9) and thermodynamic rela-
tions of fugacities to PVT data were used to compute the
required f1;’s.

The f1; of Equation (2d) is not defined for cases in
which system temperature is above the critical tempera-
ture of a fluid of the composition of the adsorbed phase.
In this paper, the adsorbed phase of such systems is as-
sumed to be an ideal solution requiring F({N) to be equal
to one and removing the need for calculating fi.

As a practical matter, the fugacity of a fluid phase,
whether it be liquid or gaseous, of the composition of the
adsorbed phase at the temperature and pressure of the
adsorption system may be used to calculate F(N) for all
systems studied experimentally in the present work. For
systems below critical temperature of the adsorbed phase,
the calculated results with fugacities used at system pres-
sure and-temperature closely approximated those which
used bubble point fugacities. For systems with no bubble
point at system temperature, the results which used fugaci-
ties at system conditions calculated from the B-W-R equa-
tion were actually closer to experimental values than when
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ideal solutions were assumed. This agreement may be
fortuitous.

To apply Equation (2) the amount and composition of
the surface layer are first calculated. Then, if necessary,
F(N) can be calculated and used to compute adsorption
in the second layer. Calculations are best made with a
computer. A step-by-step procedure for use of Equation
(2) is given in the Appendix.

EXPERIMENTAL PROCEDURES

To cover the range of variables studied, three experimental
techniques were used to measure adsorption: a static volu-
metric method and two flow methods.

Volumetric Method

In the volumetric method for measuring adsorption capacity,
a weighed adsorbent sample is contacted in a closed system
with a gas of known composition. The system volume and
quantity of gas must be known. After adsorption equilibrium
is reached, the pressure, composition, and temperature are
used to calculate the quantity of each component remnaining
in the gaseous phase. The amount of each component adsorbed
can then be calculated.

The procedure for preparing the adsorbent and measuving
the void volume of the system included heating the adsorbent
to 500°F. for 3 hr. and cooling it in a desiccator. After this
treatment, approximately 50 g. of adsorbent were placed in
the cell, and the temperature was raised to 500°F. while a
vacuum was applied until the pressure was less than 10u Hg.
To measurc the void volume, a known quantity of helium was
metered into the system and the pressure was measured. Pres-
sures ranged from 400 to 700 Ib./sq.in.; to avoid errors from
helium adsorption, temperatures above 400°F. were used. Void
volume of the system was calculated from PVT data for
helium. After the volume measurement, the system was evacu-
ated and brought to temperature for an adsorption experiment.

For an adsorption measurement, a sample of gas was in-
jected with either a gas burette or a mercury injection pump
as the pressure required, The system was allowed to equili-
brate, and the pressure and temperature were recorded. For
mixtures, a rocker-arm type of mercury pump (I) was used
to circulate the gas during equilibration.

For single-component gases, the system volume, tempera-
ture, and pressure, and the PVT data of Sage and Lacey (10)
were used in a mass balance to caleulate equilibrium adsorp-
tion. For gas mixtures, chromatographic analyses of the in-
jected gas and the equilibrium gas supplemented PVT data.
From the analyses and a calculation of the quantity of gas
mixture present, based on PVT data, a mass balance deter-
mined the adsorption of each component.

At 100°F. and at pressures above 200 lb./sq.in.abs., the
volume of the adsorbed phasc affects adsorption calculated. In
the volumetric data reported for pure methane, ethane, and
the binary mixture with methane, it was assumed that ad-
sorbate density equalled liquid density of the material at the
atmospheric pressure boiling point. Taking into account the
volume of the adsorbed phase in this way increased the cal-
culated adsorption of methane and ethane, and converted the
values to absolute adsorption (11). {Adsorption of pure meth-
ane and pure ethanc will be shown, both including and neglect-
ing the adsorbed phase volume.) The volumetric method was
used for measuring all single-component data. Also, since it
was the only one of the three techniques used that permitted
measurement of adsorption of every componcent in a multicom-
ponent gas system, it also was used in the study of adsorption
of methane-pentane mixtures. The adsorption of methane as
well as that of pentane was measured.

Flow Methods

The flow methods are based on a material balance as ma-
terials are transported by a carrier gas through an adsorbent-
packed column. The inlet composition is constant during a
measurement—carrier gas plus materials to be adsorbed for
an adsorption measurement, or pure carrier gas for a desorp-
tion measurement. Chromatographic analysis of the effluent
gas from the column and knowledge of the gas flow rate per-
mit a material balance to be made.
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The experimental apparatus used for the flow experiments
includes a gas supply system which delivers a constant com-
position mixture to a column at a steady rate. Mixtures are
prepared by injecting hydrocarbon liquids into the methane
carrfer upstream from the column. Flow rates are always ad-
justed to an actual gas velocity of 0.5 ft./sec. or less in the
0.5-in. by 42-in. column normally nsed. A relatively fine mesh
size is desirable for the desorption measurements; 40-50 mesh
adsorbent particles were used for a majority of the experiments.

In a typical experiment, the column is packed with a weighed
quantity of adsorbent that has bceen heated at 500°F. for 3
hr. After the column is purged with carrier gas and the pres-
sure adjusted, flow is diverted to a bypass line while com-
position of the inlet stream is adjusted. When the desired com-
position has becn attained, flow is diverted back through the
adsorption column. Samples of effluent from the column are
withdrawn periodically for analysis until the effluent composi-
tion reaches a steady value equal to that of the inlet gas. A
plot of composition with time so obtained is commonly called
an adsorption breakout curve. If a desorption measurement is
to be made, pure carrier gas is then passed through the column
until the effluent analysis shows no trace of the materials under
study. A desorption breakout curve is thus obtained.

The area behind the breakout curve is proportional to the
quantity of the component adsorbed at the concentration of
the inlet gas and the temperature and pressure of the column.
This method can be used to measure the adsorption of all
components other than the carrier in any gas mixture, How-
ever, because of reequilibration between gaseous and adsorbed
phases as successive adsorption fronts move through the ad-
sorbent bed, the column must be saturated with the most
highly adsorbed material before the breakout curve for any
component is complete,

For binary mixtures, values of adsorption for the heavier
component at all levels of concentration up to that of the mix-
ture used can be calculated from one desorption breakout
curve. Eberly (12) has shown how the desorption curve can
be used to make thesc calculations. The theory assumes in-
stantaneous equilibrium between gaseous and adsorbed phases
and absence of longitudinal diffusion in the adsorbent column.
The calculation is accomplished for a concentration shown as
point B in Figure 1 by integrating the area ABDC under the
desorption curve. The quantity of material represented by this
area equals that which would be adsorbed from a gas of the
composition represented by B at the conditions of temperature
and pressure in the column.

Desorption experiments were used for measuring adsorption
of the heavier materials in all binary mixtures with methane.
The adsorption breakout curve was used for all components
heavier than methane from other gas mixtures.

Materials Used

The adsorbent used was Davison Chemical Company’s O3
refrigerant grade silica gel. Swiface area of the gel by nitrogen
adsorption was 807 to 8§30 sq. meters/g. The average pore size
was reported to be approximately 22A. Particle density was
1.2 g./cc. Single-component gases used were of at least 99%
purity, Ethane through n-hexane hydrocarbons were Phillips
Petroleum Company pure grade. Methane was from a natural
gas well which produces 99.9% methane, with carbon dioxide
as the impurity. Gas mixtures were prepared from these single
components.

Gas of Concentration
C, Flow.ng into Calumn
{Adsarption)

Pure Carrier Gas
Flowing inte Columa —a
(Desorption}

male fract.an

o Desorption
Breakout Curve

Adsorption
Breakour

Curve

Effluent Concentration,

C D
Quantity of Gas Injected
Fig. 1. Effluent gas composition from adsorp-
tion column during flow measurements of ad-
sorption capacity.
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Fig. 2. Adsorption of pure hydrocarbons (methane and ethane) on
silica gel at 100°F.

EXPERIMENTAL RESULTS AND COMPARISON WITH
THEORY

Adsorption measurements were made by using the pure
materials and a variety of mixtures. The pressure range of
the mixtures was 300 to 1,800 Ib./sq.in. Most of the meas-
urements were made at a temperature of 100°F. but two
mixtures were studied at temperatures from 40° to 160°F.
Comparisons of pure component results with those of other
investigators and comparisons of experimental multicom-
ponent adsorption results with those calculated from Equa-
tion (2) are presented.

Pure Components

Adsorption isotherms measured at 100°F. for pure com-
ponents are shown in Figures 2 and 3. Data for methane
and ethane are shown with and without correction for
adsorbed phase volume as discussed above. The correction
is less than 109, at pressures below 300 Ib./sq.in. for
ethane and 800 lb./sq.in. for methane. Data obtained for
pure propane, n-butane, iso-butane, and n-pentane agreed
with the generalized correlation curve of Lewis et al. (1)
for pure paraffin hydrocarbons on silica gel. This correla-
tion is based on the Polanyi potential theory. The data
for pure components did not fit the form of a Langmuir
adsorption isotherm.

To obtain values of the BET constants ¢ and n,,, ad-
sorption data were replotted as f/n(f° — F) vs. {/f,. This
plot gave straight lines for values of f/f, between approxi-
mately 0.05 to 0.3 for each hydrocarbon, and the constants
were calculated from the slope and intercept of these
lines. Results of the calculations are shown in Table 1.
Also shown in the table are the values of the heat of ad-
sorption AH,, calculated from the value of the constant c,
and the area per molecule in a complete monolayer, cal-

TaBLE 1. SINGLE-COMPONENT ADSORPTION
ConstaNTs AT 100°F.

Tn,

Ib.-mole/ £, A, AHaas.,

1,0001b.  lb./sq. sq.A./ g.-cal./
Component c silica gel  in.abs. molecule g.-mole
Methane 10.7 2.75 3,926* 50.1 1,475
Ethane 7.3 2.69 503% 51.2 1,235
Propane N 2.70 152 51.0 4,540
i-Butane 9.2 2.47 65.6 55.8 5,705
n-Butane 11.3 2.39 47.2 57.6 6,275
i-Pentane 10.1* 2.23% 19.8 63.2% 6,900*
n-Pentane 12.1 2.18 14.7 63.2 7,650
n-Hexane 12.3% 1.97#% 4.9 68.8% 9,050*

® Values obtained by extrapolation or interpolation of experimental
data.
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Fig. 3. Adsorption of pure hydrocarbons (pentane, butane, and
propane) on silica gel at 100°F.

culated from ny, and the nitrogen surface area of the ad-
sorbent. The latter two values for n-butane and n-pentane
agree well with those reported by Kiselev (13) Kiselev
noted a linear increase of heat of adsorption with increas-
ing molecular weight of the normal paraffin hydrocarbons
from butane to octane; the present results confirm the ob-
servation,

The calculated heats of adsorption for methane and
ethane are much lower than those for the other materials.
Anomalous behavior should perhaps be expected since
these components were above their critical temperature.
However, this behavior could also reflect uncertainty in
the adsorbed phase density correction or in the experi-
mental results at higher pressures. Results for propane ap-
pear consistent with those for the heavier components and
follow the trend of linear increase with molecular weight.

Adsorption of Mixtures

The effect of additional components in a gas mixture on
adsorption of a particular component can be pronounced.
This effect for n-pentane is illustrated by the data shown
in Figure 4. Temperature was maintained at 100°F. in all
experiments shown here, and the partial pressure of n-
pentane was held at 1.8 % 0.05 lb./sq.in.abs. Pentane ad-
sorption decreases with addition of other components. Cal-
culations showed that most of the decrease in pentane ad-
sorption was caused by competition between components
for the available surface area, although a part of the re-
duction was caused by a decrease in pentane fugacity.
Also shown in the figure are the amounts of pentane ad-
sorption calculated with Equation (2) for each system.
Agreement between experimental and calculated results
is good.

The effect of concentration on the adsorption of one
component from a binary mixtwre is shown in Figure 5.
This graph shows the experimental and calculated varia-
tion of adsorption of n-butane, n-pentane, and n-hexane
from mixtures of each with methane. Temperature and
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Fig. 4. Effect of added components on adsorption of n-pentane on
silica gel at 100°F.

pressure are constant. Note that the shapes of these curves
are similar to single-component isotherms. Also, the
amount of adsorption increases with increasing molecular
weight. The calculated curves agree within a few percent
with experimental values.

As the amount of n-pentane or n-hexane adsorbed in
the first layer increases, the critical temperature of the
adsorbed mixture increases. When critical temperature of
the mixture was below system temperature, the calculation
of adsorption was made by assuming both ideal solution
behavior and by using a nonideal solution correction for
the second absorbed layer. The effect of using nonideal
solution factors [F(N) not equal 1.0] is shown in Figure
5 at n-pentane concentrations above 0.005 mole fraction.
The two methods of calculation in this case bracket ex-
perimental points. For n-hexane, calculated adsorption
with the nonideal solution factor used differs only slightly
from the ideal solution calculation, as indicated by the

2.0

T
~— Calcuiated I

1.5 n—hexane__ Ideel

~%_ Non-ideal
Solution

_—*

® Experimental

—

Adsorption, Ib mole/1000 Ibs silica gel

0 .001 .002 .003 .004 .005 .006 .007

Mole fraction in gas phase

Fig. 5. Effect of concentration on silica gel adsorption of the heavier
component from binary gas mixtures. (Lighter component in mixture
is methane; 100°F. at 1,000 |b./sq.in.abs.)
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W 2l

0 .001 .002 .003  .004  .005

Mole fraction, n- pentane in gas phase
Fig. 6. Effects of pressure and composition on
silica gel adsorption of both components from
methane—n-pentane mixtures at 100°F.

small discontinuity in the curve at 0.002 mole fraction
concentration. Nonideal solution calculations are shown
above this concentration and ideal solution calculations
below. For n-butane, the calculated composition of the
adsorbed first layer had a critical temperature above sys-
tem temperature at all concentrations used.

Measured effects of concentration and pressure on ad-
sorption of methane and pentane from a binary mixture
are shown in Figure 6. The results show decreasing ad-
sorption of methane with increasing pentane adsorption at
cach system pressure. Although calculated values are not
shown, values for pentane agree with experimental results
with approximately the same accuracy as the comparisons
in Figure 5. As was to be expected, since the mixture
temperature was above the critical for methane, calculated
values for methane adsorption did not match the experi-
mental.

8 T , I

=== Calculated

A © n-pentane Experimental |

A n-hexane Experimental

t
n-hexane

Adsorption, |b mole/1000 Ibs silica gel

4
wmne
\
Q@ T
1|_/ | methane .9898
-2 n-butane .0065
n-pentane -0022
n-hexane .0015
0
0 400 800 1200 1600

Pressure, psia

Fig. 7. Effect of total pressure on silica gel adsorption of n-pentane
and n-hexane from a complex gas mixture at 100°F.
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Fig. 8. Effect of total pressure on silica gel adsorption of n-butane
from a complex gas mixture at 100°F.

Effect of total pressure on multicomponent adsorption
is illustrated in Figures 7 and 8. These plots show the ad-
sorption of n-hexane, n-pentane, and n-butane from a mix-
ture of these materials with methane. The adsorption ca-
pacities for the three heavier materials were measured as
the gas composition and the system temperature were held
constant and the system pressure was varied. The amount
of each of the three heavier materials adsorbed first rises
with increasing pressure, then passes through a maximum
value, and finally declines. An analogy might be drawn
between this phenomenon and retrograde behavior in
vapor-liquid systems.

Maxima in adsorption isotherms of the heavier compo-
nents from hydrocarbon gas mixtures reflect increasing
methane adsorption and decreasing gas phase fugacity of
other components with increasing pressure. At high pres-
sures the fugacity of the heavier components rises much
slower with pressure than does the fugacity of methane.
Fugacities of the components shown in Figures 7 and §
actually decrease with increasing pressure at the highest
pressures. Methane fugacity does not exhibit this behavior;
consequently, methane is increasingly competitive for
available surface area. The result is a significant decrease
in adsorption of heavier components at high pressure.

Agreement of calculated and experimental values in
Figures 7 and 8 is better for hexane and pentane than for
butane. In general, agreement for the heavier components
of a mixture was better than for lighter components of
that mixture. Adsorption of butane from a mixture not
containing heavier components, such as shown in Figure
9, was calculated to be nearer experimental values than
the agreement shown in Figure 8.

Effect of temperature on adsorption of a heavier com-
ponent from gas mixtures is illustrated in Figure 9. Data
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Fig. 9. Effect of temperature on silica gel adsorption from gas
mixtures at 500 ib./sq.in.abs.
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TABLE 2. EXPERIMENTAL AND PREDICTED ADSORPTION OF
CompLEX Gas MIXTURES ON SiLicA GEL AT 100°F,

Mixture A, P == 1,400 Ib./sq. in. abs.

Concen- n n %
Component tration Exp. Calculated Deviation
Methane 0.9184
Ethane 0.0400
Propane 0.0240 0.335 0.322 —4
i-Butane 0.0068 0.274 0.192 —30
n-Butane 0.0056 0.235 0.235 0
i-Pentane 0.0020 0.187 0.144 —23
n-Pentane 0.0012 0.136 0.125 —8
n-Hexane 0.0020 0.516 0.480 —7

Mixture B, P = 1,000 Ib./sq. in. abs.

Concen- n n %
Component tration Exp. Calculated Deviation
Methane 0.9747
Ethane 0.0151
Propane 0.0087 0.146 0.126 —14
i-Butane
n-Butane 0.0012 0.065 0.081 124
i-Pentane
n-Pentane 0.0012 0.191 0.226 418
n-Hexane 0.0012 0.491 0.542 +10

are given for the adsorption of n-butane from a mixture
composed of five materials and of n-pentane from a two-
component mixture. In each case, the amount of adsorp-
tion decreases with increasing temperature. As would be
expected from BET theory, the effect is much more pro-
nounced for the n-pentane in the two-component mixture.

Adsorption data for complex gas mixtures are given in
Table 2. A comparison of predicted and experimental ad-
sorption for the propane through hexane components of
two complex gas mixtures is included in the table. For
mixture A deviations between calculated and experimental
values range from 0 to 30%. For mixture B deviations
range from 10 to 249%. The experimental accuracy of
these data is not as great as for simpler systems. Measure-
ments for the lighter hydrocarbons are particularly sub-
ject to experimental error and these errors contribute sub-
stantially to the deviations between calculated and ex-
perimental results.

Adsorption from a mixture of ethane and propane is il-
lustrated in Figure 10. The experimental data are from
a paper of Lewis et al. (1). These published data were
used to test the BET theory for mixtures outside the range
of experiments in the present work. Because of different
silica gel used by Lewis et al., BET constants determined
from their single-component data were used in Equation
(2) to calculate the mixture adsorption curve in Figure
10. The agreement between theory and experimental re-
sults for both components is satisfactory.

CONCLUSIONS

Adsorption on silica gel of individual paraffin hydrocar-
bons, propane to hexane, from dilute gas mixtures con-
taining more than 90 mole % methane decreases with the
addition of other heavy hydrocarbons, increases with con-
centration of the particular component, and decreases with
temperature. In addition to these expected trends, adsorp-
tion of the heavier components was found to increase, to
pass through a maximum value, and then to decrease with
increasing pressure. Conclusions drawn from examination
of the data are:
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Fig. 10. Adsorption of ethane-propane gas
mixtures on silica gel ot 1 otm. and 25°F.

1. Adsorption on silica gel of pure hydrocarbon gases
from methane through pentane can be described by the
Brunauer-Emmett-Teller (BET) theory of adsorption.

2. Hill's extension of BET theory predicts adsorption
on silica gel of intermediate hydrocarbons, Cs through Cs,
from natural gas mixtures with engineering accuracy for
ranges of conditions commonly encountered in adsorption
processing of natural gas.

NOTATION

4A; = adsorbed area per mole of component §

Cj = pure component BET energy constant for com-
ponent §

E; = ratio of adsorption surfaces s;+1/s; (i = 0, 1,
2, . ...)

fi = gas phase fugacity of component j, 1b./sq.in.abs.

fu; = tugacity of component j in reference liquid phase,
Ib./sq.in.abs.

fi° = fugacity corresponding to the saturation vapor
pressure of component j, 1b./sq.in.abs.

n; = adsorption of component §, Ib.-mole/1,000 Ib. ad-
sorbent

fim; == monolayer adsorption of component j, lb.-mole/
1,000 1b. adsorbent

N; = adsorbed phase concentration of component j

p; = partial pressure of component j

p;°® = saturation vapor pressure of component §

p = total system pressure

ga = heat of adsorption of pure component

gr = heat of liquefaction of pure component

R = gas constant

s; = adsorbed surface covered by i layers

T = system temperature, °F.

V= molar volume

x; = relative fugacity, ({/f°);

vi = surface fraction of layer i that is covered by com-
ponent §

Subscripts

i = layer of adsorption (1, 2, 3, etc., except as sub-

script to E)
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i = number of component
n = dummy indices used in definition of v
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APPENDIX

Calculation Procedure

The calculation procedure for the assumption of two-layer
adsorption involves the following steps:

1. By using the temperature, pressure, and gas phase analy-
sis, calculate the gas phase fugacity for every hydrocarbon
component in the gas mixture with either the Polyco data
charts (14), the Edmister and Ruby charts (15), or the BWR
equation.

2. Calculate the fugacity ratio x; for each component in the
gas mixture by using the fugacities obtained in the preceding
step and the appropriate values of f° read from Table 1 or
obtained from Maxwell (8).

3. Calculate the product %; and ¢; for each component by
using the «’s calculated in step 2 and the appropriate ¢’s from
Table 1 (¢’s for temperatures other than 100°F. may be cal-
culated by the defining equation). With these products, cal-
culate Ep and then the Ny for each component from Equation
(2a) and (2e), respectively.

4. Calculate the F;(Nj) terms by using Equation (2d)
when values other than one are used. The adsorbed phase
fugacity fLjy is assumed to be equal to the fugacity at the tem-
perature and pressure of the system and at the first layer com-
position Nj. When calculating adsorption of components heav-
ier than butane from dilute mixtures with methane, the value
of the Fj(Nj) can be taken as unity with approximately 10%
loss of accuracy.

5. With the values of x; calculated in step 2 and the values
of Fj(Nj) calculated in step 4, calculate the E; and the Nj
by Equations (2¢) and (2g), as was done in step 3 for the
first Jayer.

6. With the first layer concentration (Njy), calculate the
values for the v; by Equation (2f). The monolayer adsorp-
tion ny, is given in Table 1 for each component at 100°F. For
other temperatures, assume n, is inversely proportional to ab-
solute temperature.

7. Calculate the values for the vj2 by using the second-layer
concentrations (Nj2) by Equation (2f), as was done for the
first layer.

8. Use these values with Equation (2) to calculate the ad-
sorption of each component.
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