Chromatographic Study of Surface Diffusion
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A new method, based upon chromatography, was used to measure surface diffusion coeffici-
ents for ethane, propane, and n-butane on silica gel. The diffusivities correspond to very low .
surface coverages (fraction of a monolayer of the order of 10~4) and hence should represent
limiting values. A survey of ovailable surface diffusion information, all ot higher coverages, in-
dictoted that the results reported here are ot the lower end of the ronge of diffusivities, The
activation energy and heat of adsorption, for example, for n-butane, were 4.4 and —7.8

k cal./mole, respectively.

Surface diffusion was g significant fraction of the total intraparticle mass transport, in part
because in the small pores in silica gel gas phase diffusion was solely by the Knudsen mecha-
nism. For propane, surface migration was 73% of the total transport at 50°C. and 61.5% ot

125°C.

In a previous paper (1) it was shown that all the rate
constants necessary to describe the adsorption of a gas
from an inert carrier stream could be evaluated by anal-
ysis of the chromatographic wave leaving the bed of
porous particles. By using this method such constants, in-
cluding intraparticle dittusivities, were determined for
ethane, propane, and n-butane on silica gel.

The diffusivities so obtained indicated the presence of
surface diffusion. Our purpose was to investigate experi-
mentally the significance of surface migration, using the
chromatographic method. The conditions were chosen so
that equilibrium was obtained between the concentration
of adsorbate in the gas phase in the pores and on the
surface of the solid. This greatly simplifies the resolution
of the measured total flux into surface and gas phase con-
tributions. The gas phase diffusion in the pores of silica
gel used here was solely of the Knudsen type, thus re-
ducing its magnitude with respect to the surface con-
tribution.

Both steady state and transient procedures have been
published for evaluating surface diffusion. At steady state
it is possible to establish the average surface concentration,
or surface coverage, associated with the surface transport.
However, it is not feasible to operate at very low sur-
face coverages where the surface diffusivity should ap-
proach a constant value. With transient methods it is pos-
sible to operate in this region, but the surface coverage
varies not only with position but also with time. The
chromatographic method is a transient one, but the total
pressure gradient, normally required for unsteady opera-
tion, is absent. It is easy to make measurements at very
low concentrations on the solid surface. To our knowl-
edge, surface diffusivities have not been measured here-
tofore at fractional coverages as low (107%) as reported
here.

DESCRIPTION OF SURFACE DIFFUSION COEFFICIENTS

In order to analyze chromatographic curves when in-
traparticle surface diffusion is present, it is necessary to
introduce a description of the surface transport into the
set of differential equations representing the whole un-
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steady state process. One possibility is to consider sus-
face migration as a diffusional process in which the flux,
N,*, expressed as the molal rate of flow per unit perimeter
of pore surface perpendicular to the direction ot flow, is
given by the expression:

Ns“z—'Ds (l)

dx

where the surface concentration of adsorbate c; is de-
fined as moles adsorbed per unit area of surface. The pro-
portionality constant D is analogous to the diffusion
coefficient in Fick’s equation, and is, therefore, called
surface diffusivity or surface diffusion coefficient. It has
been shown experimentally (4 to 9), that the surface dif-
fusion coefficient is not constant, but varies with surface
concentration of the adsorbed substance. However, it ap-
pears (6) that for very low coverages (much less than
a monolayer), this coeficient approaches- a constant value.
For example, Metzner and Weaver (10) when measuring
the permeability of isobutane on Vycor glass have ob-
tained nonzero permeability for very low pressures of iso-
butane. Also their theoretical treatment suggests that for
surface coverages approaching zero the permeability co-
efficient tends to a finite value. It is therefore reasonable
to use Equation (1) for describing surface transport pro-
vided the surface coverage is very low. It will be shown
later that the chromatographic method permits measure-
ments in the region where the coverage is of the order
of fractions of a percent of a unimolecular Jayer.

The intraparticle mass balance of adsorbate, when
diffusion occurs only by Knudsen flow in the gas phase
of the pores, is normally written for a unit volume of the
particle as follows:

DK ( azci
B

To include surface diffusion it is necessary to define a
surface diffusion coefficient based on the surface flux
through unit total area. Depending on the units of the
surface concentration of adsorbate it is possible to write

Ns = — Dsp(dcsp/dr) = — Dgpe(dCsps/dr) =
- Ds,s<dcs,s/dr) (3)

Here the concentration is expressed as amount adsorbed
per unit volume; namely, per unit volume of pore space

2 9 ) oc; Pp
= (2)

el 0Caas
ar? r or ot B ot

November, 1968



(¢s,p), or per unit of particle space (Csps), or per unit
of the volume of the solid forming the particle (c,s). All
of these concentrations have been used by various au-
thors to describe surface transport, and leads to confusion
in comparing surface diffusivities from different sources.
In terms of the concentration c¢;, the mass balance in a
spherical particle of porous adsorbent, which takes into
account transport in both the pore space and on the
surface, can be expressed as

DK( d2c; 2 dg ) Dy (6203,,, + 2 dcsp )
B or? r or B ar2 r ar
aCi aCs,p
= —_— (4
ot + ot (4)

If the adsorption-desorption process is rapid with re-
spect to diffusion, the gas and surface concentrations are
in equilibrium: If this equilibrium can be described by
a linear isotherm, Ky = cags/ci, Equation (4) reduces to

the form
Po azci 2 ac,-,)
D Dgp—— )( —_
( x + Doy ﬂKA or +r or

=3(1+—’;LKA) O

since csp = (pp/B)Ka ¢ Under these restrictions Equa-
tion (2), in the absence of surface diffusion, becomes

6201 2 dcy ) ( Pp ) dc;
D — = 1+—K 6
x 2 + r or A B 4 dr (6)

If we define an overall diffusivity, D, as
Dc=DK+ (Pp/ﬂ)KA Ds,p (7)

Equations (5) and (6) are the same, except for the differ-
ence in meaning of D.; in Equations (6), D. = Dk, and
in Equation (5) D, is given by Equation (7).

For other definitions of the concentration, and with the
linear equilibrium restriction, there results

different subscripts in Equations (9) and (10).

METHOD OF EVALUATING DIFFUSIVITIES FROM
CHROMATOGRAPHIC CURVES

The differential equations describing the concentration
of adsorbate flowing under isothermal conditions with an
inert carrier gas through a column filled with spherical
adsorbent particles consists of a mass balance in the in-
terparticle space

E, 0% oc d0¢ 8Dc 1l—a dc

— ) —————— —— —— ——

a  0z% iz ot R o o1 [y=r

=0 (11)

and a mass balance in the particle, Equation (5). The
boundary conditions are

oc;
r=R, Dc—a;—=kf (c—c) (12)
dc; ac,,
r=0and t=0, — =2 _ 4 (1)
ar ar

The initial conditions describing the square wave input
of adsorbate may be written

z=0 t=20 c=10

r=0 t=0 Ci = Cags = 0

z=0 0<t=tn c=c,

z2=0 t> toa c=0 (14)

The Laplace-Carson transform of the concentration
function ¢(z,t) is defined by

s(ap)=p J‘o c(z,t) exp (—pt) dt
By using this transformation Kubin (2,3) solved Equa-
tions (5), and (11) to (14), obtaining
s(z,p) = co[1— exp (—ptoa) T exp (—yz)  (15)

where
Y = ——D/(2EA/a)

Po poKa + VIv/(2Ea/a) 2 + [p/ (Ea/a) 1(1 + h(p)) (16)
D, —Dg = 7 Ki Dsp = ppKa Deps = 1—g8 Dss (8) and
Sky 1—a |1 sinh (RVA)
Me)=g——|7~ D. _
(p De/ks)\/X cosh (R\VX) + p ( 1— R )sinh (RVAN) (17)
f
To evaluate the relations between the true surface dif- A= p/(D./B) (18)

fusion coefficient D, and effective coefficients Dsp, Ds,ps,
Dy, it is necessary to assume a model of the porous par-
ticle. If we adopt the simple model of parallel capillaries
with a tortuosity factor geurs, which is frequently used for
discussions of gas diffusion, the relationships are as fol-
lows:

1 1—8
Dy = £ Dg; Dsps = ——— Ds; Ds,s = Ds (9)
g surf qsurf qsurf

The effective gas diffusion coefficient, Dy, is then given as

Dx=—P— o4 (10)

qint

The tortuosity factors for surface and gas transport are
not necessarily the same, hence they are identified by
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The nth absolute (i',) and central (u,) moments of the
chromatographic curve are defined by Equations (19) to
(21)

n = Ma/ M, (n=0,1,2...) (19)

My = f: tre(z,t) dt (n=0,1,2...) (20)

pn = (1/my) f: (6— u') " o(at) dt
(n=0,1,2...) (21)

Since the following relation [Equation (22)] is valid
for Laplace-Carson transforms:

] (22)

N dr :
my =f trc(z,t) dt = (—1)"lim [ s(z,p)
° -0 (lpn p
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it is possible to evaluate explicitly the moments of the
chromatographic curve. Thus the first absolute moment,

¥, is

to
Wi=— (14 8,) +—2 (23)
v 2
The second and third central moments are
2 E toa2
j= 2o+ 22 aasey |+ 2 (20)
v a 12
3z 4E
= [82+ 280 (1+8,)
o
E 2
+4( 4 ) (1+80)3(1/v4)] (25)
[43
where
]_.__
8o = “ﬂ(1+—’;”—1<,;) (26)
l—a 32/32< o )2( 1 5 )
8 = 1+ 2K ) (27
! « 15 +BA Dc+k,R (27)
2
8y = lim —— [h(p)] (28)
>0 dp

In the preceding paper (1) it was demonstrated, that at
low Reynolds number the external mass transfer coefficient
did not depend on the carrier gas velocity. It was shown
therefore that k; could be calculated from the relation
Nxuap = 2.0, where the Sherwood number is Nyy p =
2R ky/Dag. By using the resulting relation kR = Dap in
Equation (27) the effective diffusion coefficients, D, can
be calculated from the experimental second central mo-
ments, up, for a series of chromatographic curves mea-
sured for different carrier gas velocities, v. The necessary
adsorption coefficients, K4, can be obtained by means of
Equation (23) from the experimental first absolute mo-
ments, 'y, using the same series of chromatographic
curves. Finally Equation (7) can be used to evaluate the
surface diffusivity from D.. To do this requires a knowl-
edge of the effective Knudsen diffusion coefficient Dy.
This is usually obtained by measurements with a non-
adsorbable gas. However, the flame ionization detector,
which was used in this study, because of its high sensi-
tivity, does not respond to inert gases like helium, There-
fore an adsorbable gas was used for this purpose, but at
high temperatures. In any event the true Knudsen dif-
fusivity must be known. This was caculated from

Dk = (4/3) 7~/2R,;T7 (M) (29)

Equation (29) is satisfactory when the mean free path
of the adsorbate molecules is large in comparison with
the pore diameter. In the experimental work reported here
the pressure was atmospheric and the mean pore radius
of the silica gel adsorbent was 11A. Under these condi-
tions Equation (29) is justified.

SCOPE OF EXPERIMENTS

Chromatographic curves were measured for propane at
50, 75, 100 and 125°C., for n-butane at 50, 100, 125, and
150°C., and for ethane at 50, 175, and 200°C. The par-
ticle size of silica gel was R = 0.50 mm. It was shown
earlier (1) that for this particle size and at 50°C. the re-
sistance of the surface process of adsorption was negligible
in comparison with the intraparticle mass transport re-
sistance. Hence at 50°C. and higher temperatures, the
adsorption equilibrium assumption employed in Equation
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(5) is justified.

Carrier gas velocities varied from v = 1.5 — 15 cm/
sec. In the relatively short chromatographic column
(z = 13.0 cm.) the difference between the inlet and out-
let total pressures was but several millimeters of mercury,
in the worst case. Hence, it was possible to assume con-
stant pressure, in agreement wtih the implicit assumption
upon which the chromatographic theory is based.

The adsorbate gas was injected as a square function
of concentration in accordance with Equation (14). To
determine the dispersion of the square wave between
sample injection and entrance to the bed of particles,
moments were measured when the bed of particles was re-
moved and the detector placed where the bed had been.
For n-butane at 50°C., with a carrier gas flow rate of
49.6 cc./min., the first and second moments were 0.1 sec.
and 0.015 sq. sec., respectively. These values are negli-
gible with respect to about 10 sec. and 30 sq. sec., mea-
sured in the effluent from the bed. Hence, the assumption
of a square wave input to the bed is valid. Instead of in-
jecting pure hydrocarbons in the stream of helium, mix-
tures of hydrocarbon with helium were injected into the
carrier gas. The concentration of hydrocarbon in this
mixture was 0.9-1.0 vol. % for ethane and propane and
0.5 vol. 9, for n-butane. At these low concentrations the
adsorption isotherm is linear as required in Equation (5).
Evidence for this was obtained (1) in the same system by
direct measurement of the isotherms, and by comparison
of equilibrium constants, K4, obtained from chromatog-
raphy [Equation (23)] with those evaluated directly.

EXPERIMENTAL PROCEDURE

Adsorbent

Silica gel was fractured and ground, and the fraction with
R = 0.50 + 0.03 mm. separated by sieves. The diameter of
the equivalent spherical particle was taken as the average of
the sieve openings. The gel was pretreated in place in the
column by heating in a stream of helium at 200°C. for 18 hr.
Masamune and Smith (1) used the same gel and reported
the following properties: specific surface area 832 sq.m./g.,
void volume 0.43 ml./g., internal void fraction 8 = 0.486,
particle density pp = 1.13 g./ml. The average pore radius,
calculated as 2(void vol.)/(surface area), is r = 11A.

Gases

The helium had a stated purity of better than 99.99%. It
was dried by passing through a metal trap cooled in an ace-
tone-dry ice bath. The helium-hydrocarbon streams were pre-
pared as elsewhere (1) by mixing streams of synthetic helium-
hydrocarbon mixtures and pure helium. These streams were
dried in an acetone-dry ice trap and then retained in sample
loops of difterent volumes. To make a run, the gas mixture in
the loop was flushed into the column with carrier gas (pure
helium ).

Chromatograph

A constant temperature, gas chromatograph (Maodel 600-D,
Varian Aerograph) with a flame ionization detector was used.
A detailed description of this apparatus and of the six-way,
two-position sampling valve used for injection of the square
function of concentration is given elsewhere (1). The column
(# = 13.0 em.) was of 3 in. O.D. copper tubing; cross-
sectiopal area 0.472 sq. cm. The external void fraction of the
column packed with silica gel was « = 0.340. The intraparticle
void5volume per unit of interparticle voids, g{1 — «)/a =
0.945.

EVALUATION OF MOMENTS OF THE
CHROMATOGRAPHIC CURVES

The moments, u'y and u,, were evaluated according to
Equations (30) to (32)

pwy=m'y/m’, (30)
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pe =gy — (¢1)? (31)

Wo=m's/m/, (32)

where

and m’; and m’; have the same meaning as m, and ms in
Equation (20), except that the outlet concentration,
c{z,t), is replaced by the deflection w(t) of the recorder
pen connected with the jonization detector at the column
outlet. Thus

mfnzfo tmw(t)dt, (n=012....)

This transformation is valid because of the direct pro-
portionality between the recorder pen deflection and the
concentration in the detector, The integrals m’,, m’y, and
m’y were evaluated numerically from the experimental
chromatographic curves using Simpson’s rule on an IBM
7044 computer.

RESULTS AND DISCUSSION

EQUILIBRIUM ADSORPTION CHARACTERISTICS FROM
THE FIRST ABSOLUTE MOMENT

For an inert or nonadsorbable gas (K, = 0), Equa-
tions (23) and (26) show that the first absolute moment
is

(l"'l)inert= [1 +B(1'_0‘)/‘0‘](Z/U) (33)

when the injection time (f,)mert = 0. Then the reduced
first moment is given by

[aw's — (toa/2) 1/[B(1 — &) /o] = (pp/B)Ka (/v) (34)
where
At = p'1— (#1) inert

This equation shows that the adsorption equilibrium con-
stant, K4, can be evaluated from the slope of the linear
plot of [Aw'y— ($,4/2)1/[B(1—a)/a] vs. z/v. As an
illustration, the experimental results for propane are so
plotted for different temperatures in Figure 1. The experi-
mental points for particle sizes R = 0.11 and 0.39 mm.

were taken from (I). The temperature dependence of K,
obtained from such plots for all three hydrocarbons are
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Fig. 1. Correlation of reduced first moment for propane.
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Fig. 2. Temperature dependence of adsorption equilibrium constants.

summarized in Figure 2., It is worth noting that Eberly
and Spencer (12) found from chromatography that the
adsorption coefficient of n-butane on silica gel at 60°C.
was 225 ml./g. From line 1 in Figure 2, essentially the
same result is obtained.

Heats of adsorption, AH,gs, calculated from the van’t
Hoff equation using the slopes of the lines in Figure 2
were —3.5, —5.9, and —7.8 kcal./g.mole for ethane,
propane, and n-butane, respectively. These results are
each higher than the heats of condensation of the hydro-
carbons at their normal boiling points, although the com-
parison is not very meaningful because of the difference
in temperature between condensation and adsorption.

Haul's (14) measurement of the adsorption heat of
n-butane on Linde Silica, extrapolated to zero coverage,
is —7.5 kecal./mole. This compares well with 7.8 kcal./
mole found in this study. Surprisingly, the adsorption heat
of isobutane on Vycor glass, given in the literature (10)
as —7.1 kcal./mole, is also close to the value for n-butane
on silica gel. The adsorption heats of propane and ethane
on industrial silica alumina cracking catalyst, found by
Barrer and Gabor (15) to be —5.7 and —4.1 kcal./mole,
respectively, are in reasonable agreement with the values
found here.

AXIAL DISPERSION AND INTRAPARTICLE DIFFUSION
CONSTANTS FROM THE SECOND CENTRAL MOMENT

For correlation purposes it is advantageous to rewrite
Equations (24) and (27) in a modified form:
[h2 — (124/12)1/(22/0) = 3, + &
+ (Ea/a) (1 + 8)%(1/v%) (35)
where

8 = 8,(R28/15) ( 14 -2

Ki) (1/D)  (36)
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Fig. 3. Correlation of second central moment for n-butane.

Py

8 = 8,(R2B8/15) ( 1+ KA> (5/kR)  (37)
and &, is given by Equation (26).

According to Equation (36) §; does not depend on the
gas velocity, v. Also if 8, is velocity independent, a plot
of [pe— (#2,,/12)1/(22/v) vs. (1/v?) should result in a
straight line, The experimental data were plotted in this
manner and are illustrated in Figure 3 for butane. The
data points fulfill the straight line dependence, a result
that was also obtained in reference 1. By using the rela-
tionship kR = Dap, mentioned previously, it can be
shown that 8, characterizing the external mass transfer
contribution to the second central moment, is at least two
orders of magnitude less than the 8;, characterizing intra-
particle transport. Thus the influence of the external mass
transfer is very small in comparison with the intraparticle
transport processes.

The adsorption coefficient, K4 and hence §,, is known
from the analysis of the first absolute moments, and the
external mass transfer coeflicient, k;, can be estimated
from the above relationship. Therefore, it is possible to
evaluate the axial dispersion coefficient, E,, and the
effective diffusion coefficients, D,, from the slopes and
intercepts of the straight lines using Equations (35) to
(37) and (26).

The values of E4 so established are summarized in
Table 1, together with the external tortuosity factors,
Gext, defined by

E = (a/qext)DAB <38)

This equation is based upon a model of the packed bed
of adsorbent frequently used for porous media; that is,
smooth, cylindrical capillaries with the same average
diameter, running in the direction of the gas flow. The
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tortuosity factor then expresses the average length of the
pass of the flowing gas relative to the shortest possible
pass. It is also supposed that the axial dispersion is due
only to molecular diffusion in the interparticle space. Ac-
cording to this model, gex; should not depend on the kind
of the gas or on the temperature. From the data in
Table 1 it is seen that gex follows this pattern. The vari-
ation of gex for a particular hydrocarbon shows no trend
with temperature, nor is there any influence of hydrocar-
bon structure. To illustrate the results, Figure 4 shows the
experimental E, values for propane together with the
coefficients predicted from Equation (38) with specific
tortuosities. Also the upper line in the figure gives the
molecular diffusivity in the propane-helium system.

TABLE 1. Ax1AL DisPERsION COEFFICIENTS, E 4, AND
TorTUOsSITY FACTORS, (ex(, FOR SILICA GEL PARTICLES WITH
R = 0.50 min. (a = 0.34)

Temperature E4, sq.cm./sec.; Gext
°C. Ethane Propane n-Butane
50 0.130; 1.55 0.125;1.31 0.130;1.21
75 —_ 0.146 ; 1.28 —_
100 . —_ 0.158;1.32 0.119; 1.69
125 —_ 0.174; 1.34 0.137;1.65
150 — —_ 0.170; 1.46
175 0.232; 1.50 —_ —
200 0.237; 1.50 — —_
Average Gext 1.52 1.31 1.50

1. The molecular diffusivities, §),5, were calculated from Hirsch-
felder’s ‘equation (16) using potential energy constants e¢/k and ¢ for
ethane and propane given by Bird, Stewart, and Lightfoot (16). Po-
tential energy comstants for n-butane were taken from Reid and Sher-
wood (17).

2. Average gext for all hydrocarbons and all temperatures is 1.43.

The effective intraparticle diffusion coefficient, D, ob-
tained from the intercepts of Figure 3 are summarized in
Figure 5. The Knudsen diffusivities calculated from Equa-
tion (29) also are shown. Whereas the Knudsen diffusivity
increases slightly with temperature, D, decreases with
temperature increase. This is expected when surface trans-
port is significant. Thus (p,/B8)K4 D;sp in Equation (7)
will decrease with temperature as long as the activation
energy, E,, for surface diffusion is less in absolute mag-
nitude than the heat of adsorption. E; will always be less
than |AH adsLacoording to the concept that surface migra-
tion occurs by movement of partially desorbed molecules
along the surface.

g TEMPERATURE, °C
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Fig. 4. Temperature dependence of E4 for propane (0, experimental
points; 1, calculated with gexe = 1.31; 2, calculoted with geyt =
1.43; 3, calculated molecular diffusivities D4p).
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Fig. 5. Temperature dependence of the introparticle diffusion coeffi-
cient, D, (0, experimental points; lines for D calculated by means
of Equation (7), using adsorption coefficients from Figure 2, D5y
from Figure 8, and gin: = 3.35).

SURFACE COVERAGE

The surface diffusivity normally depends upon the
fraction of the surface covered by adsorbed molecules. In
our experiments the surface coverage varies with time and
position in the bed. This variation can be predicted ap-
proximately from the equations of Kubin (2) and Kucera
(18) using the values of the constants Ky, E,, D. and k¢
already established. According to these authors the con-
centration of the adsorbable gas in the interparticle space,
c(z,t), can be expressed by means of a series expansion
using Hermitian polynomials:

n=«

c(z,7) = Coto €xp (—72) z an Hn(7) (39)
where =
Hale) = (—1)"exp () - [exp (—1)]  (40)
and
= (t— 1)/ V22 (41)

The coefficients, @,, can be expressed (2) in terms of
the moments of the chromatographic curve. The equa-
tion up to a4 are

by = (42)
Qmpy
ag=a;=0 (48)
1 s
44
22(81)\/m ( o ) (44)
1 B
252 (41) s ( p? -2) W)
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The central moments uy; and p3 are given by Equations
(24) and (25); expressions for gy and higher moments
can be obtained from Equations (21) and (22).

From Equation (39) the concentration of adsorbable
gas in the interparticle space can be evaluated as a func-
tion of bed length for r = 0; that is, the concentration
corresponding to the maximum (more exactly to the time
of the center of gravity) of the chromatographic wave.
Results for propane at typical conditions are shown by the
curve in Figure 6. For the computations, the series ex-
pansion was terminated after the a4 term. The maximum
gas concentration of the wave leaving the bed is known
from experimental measurements. This value is also noted
on the figure.

The curve in Figure 6 shows that the interparticle con-
centration decreases very rapidly as the wave travels
through the bed. Since the curve represents the maximum
concentration, the average value for the wave will be
much lower. Furthermore, the large intraparticle diffusion
resistance means that the concentration within the par-
ticle will be even less. Thus the results in Figure 6 depict
the upper limit of possible gas concentrations. The ordi-
nate at the right side gives the fractional surface coverage
(fraction of a monolayer) as evaluated by assuming t]%e
surface to be in equilibrium with the interparticle gas
concentration. For the calculations, the area occupied by
one adsorbed propane molecule was taken as 30.3 (A)?
as suggested by Taylor and Atkins (19). From these re-
sults the average surface coverage during the chromato-
graphic process is of the order of @propane = 1074, or less.

Additional evidence of the low concentrations involved
is given in Figure 7 where experimentally determined
maximum concentrations of the peak at the column outlet
are shown for butane for different velocities of carrier
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N-BUTANE, 50°C,

R=0.I1 mm, COLUMN LENGTH 30.1cm
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Fig. 7. Influense of carrier gas velocity on the moximum concentra-
tion of the chromatographic peak at the column outlet.
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gas. Again the maximum outlet concentrations are of the
order of 10~2 vol. 9. The surface coverage of the ad-
sorbent here is then of a similar order as that for pro-
pane.

The very low average surface coverages are a special
feature of this method of studying surface diffusion. It
seems probable that under such conditions the surface
diffusion coefficient will be approximately constant. Usu-
ally experimental methods for measurement of surface
diffusivities operate where the surface coverage is about
a complete monolayer or higher. The lowest coverages
were of the order of one-tenth of a monolayer (8). In this
respect the paper of Gorring and deRosset (20) is an
exception. These authors have used a somewhat similar
experimental technique, nonsteady elution of the adsorbed
substance from the adsorbent, so that the average cov-
erages lie between the values commonly used and those
of this study.

SURFACE DIFFUSIVITIES

To separate the surface diffusivity from the experi-
mentally determined D. by using Equation (7), the
effective Knudsen diffusion coefficient Dg, or the intra-
particle tortuosity factor must be known. As already noted,
Dy could not be measured directly. Another approach,
described in the following paragraph, was adopted.

With increasing temperature Dy in Equation (7) in-
creases slightly, while the term (p,/8)Ka Ds, decreases,
due to the dominating influence of temperature on Kj.
Therefore it is possible to measure D. at so high a tem-
perature that (p,/8)Ka Dy, will be negligible, and
Dk = D,. Then the intraparticle tortuosity factor gint, ac-
cording to Equation (10), becomes equal to 8 Di/D..
This value for gin, can then be used in Equation (10) to
establish Dk at other temperatures. These values of Dy
along with D, may be employed in Equation (7) to de-
termine D,,. This method will be better the lower the
absorptivity of the adsorbate chosen for the high tempera-
ture measurement. Hence ethane was chosen, and chro-

TABLE 2. DIFFUsION OF PROPANE

Temperature D103 D103 (pp/B)KaDspl03  Ds 105
(°C.) sq.cm./sec.sq.cm./sec. sq.cm./sec. - sq.cm./sec.
50 1.54 0.42 112 0.74
75 1.45 0.44 1.01 1.31
100 1.33 0.45 0.88 1.95
125 1.22 0.47 0.75 2.80
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matographic experiments made at several temperatures.
Analysis of the data according to Equations (35) to (37)
showed that 8 Dx/D, = 1.2 at 50°C., 3.34 at 175°C,,
and 8.35 at 200°C. Since 8 Dy/D. did not increase ap-
preciably above 175°C,, it was assumed that D, = Dy at
200°C., and that gine = 3.85. The values of Dx calculated
from this tortuosity factor are shown as a function of
temperature in Figure 5. The difference between curves
for D, and Dk on this figure is, according to Equation
(7), equal to (pp/B)Ka Dsp.

Weisz and Schwartz (21) proposed, on the basis of
their spherical cell model of porous structure, the ex-
pression

Fint == \/§/1-5B
which yields, for the silica gel used here, gint = 2.38.
From the experimental results which these authors pre-
sent there follows another possible expression, that is
Gint = 2v/2 = 2.83. Both of these values as well as those
summarized by Satterfield and Sherwood (22) are similar
in magnitude to ¢ = 3.35 obtained from this study.

The effective surface diffusivities, calculated from the
experimental D, results, and using this value of gin;, are
plotted in Figure 8 as a function of temperature. To illus-
trate relative numerical values, D,, Dk and (p,/B) K4 Ds,,
are given in Table 2 for propane. The activation energies
for surface diffusion, calculated from the relation, D, =
(const) exp (—Es/R,T), are similar for propane and
n-butane (propane, E; = 4.5 kcal./mole; n-butane,
E; = 44 kcal./mole) and are equal to 76 and 56% of
the heats of adsorption of propane and n-butane, re-
spectively.

The importance of surface diffusion relative to the total
intraparticle transport can be visualized by means of the
ratio (pp/B)KaDsyp/D.. At 50°C. surface diffusion forms
64, 73 and 87.5% of the total transport for ethane, pro-
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Fig. 8. Effective surface diffusion coefficients, D; .
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TABLE 3. SURFACE DIFrusiviTIES OF ETHANE, PROPANE AND BUTANE

Approxi-
Intrapar- mate  Activation
ticle  Average surface  energy, Method
Surface void pore coverage E, Es/ of
area fraction, radius Tempera- Dy ps (% of kcal./ AHyqs measure-
Adsorbent sqm./g. B, % r,A  ture °C. sg.cm./sec. monolayer  mole % ment Ref.
ETHANE
Alumina 158 69 43 29 2.4 x 104 Oto5 ® (20)
Silica alumina
(96% SiOg) 600 46 15 22 43 X 10-3 Oto5 ® (20)
Silica alumina
cracking catalyst 360 40 17 50 14 x 10—¢ t 14 (15)
29 70
137 39 x 104 t 1 (15)
50 6.5 x 10—8 t ++ (15)
34 82
137 1.9 x 10—4¢ 1 § (15)
53 25 50 3.9 x 104 t ++ (15)
3.3 80
137 175 x 104 t §
50 2.0 X 104 U +4 (15)
4.2 100
137 5.4 x 104 t § (15
Silica gel 832 49 11 50 5.5 x 10—5 <<1 i this
Vycor glass 140 30 30 50 7.0 X 165 ¥ paper
3.2 68 1,8 (23)
70 9.0 X 10—5 1 1§ (23)
PROPANE
Alumina 200 45 50 1.1 X 10-5 3t035 i (24)
to 12 x 10—5
Alumina 158 69 43 22 48 X 10—3 0to 15 ® (20)
Silica alumina 360 40 17 180 2.5 X 104 } i (15)
cracking catalyst 180 1.5 x 10—+ t § (15)
53 25 50 2.1 x 10—¢ t A (15)
3.3 59
137 6.5 x 10—4 t i (15)
50 5.6 x 10—5 t 1+ (15)
5.0 90
137 3.1 X 104 t § (15)
Silica gel 832 49 11 50 1.5 X 10—5 <<1 4.5 76 Il this
Silica alumina paper
(96% SiO2) 600 46 15 22 33 x 10—5 0 to 20 * (20)
N-BUTANE
Spheron 6 (2,700°) 84 54 140 30 16 x 10—3 25 b (9)
carbon black 45 56
50 2.3 x 105 25 1 (9)
Pt-Alumina 164 62 54 21 14 x 10-5 20-30 1 (25)
Alumina 200 45 25 3.6 x 10-8 20 to 90 i (24)
t0 9.7 X 10—8 #
Linde silica 300 72 80 —14 9.3 x 1035 95 e (14)
4.0 66
50 4.3 x 10— 95 1 (14)
53 —14 5.4 X 10-3 95 v (14)
2.9 48
50 1.6 x 10—4 95 1t (14)
Linde silica 300 52 —10 15 x 10-35 10 1 (7)
72 —10 3.0 X 10-3 10 1 (7)
Silica gel 832 49 11 50 7.3 X 10-8 <<1 44 56 I this
paper
ISOBUTANE
Alumina 158 69 43 29 4.7 x 10-5 0 to 30 * (20)
Silica alumina
(96% SiOz) 600 46 15 22 1.9 X 10-5 0 to 50 # (20)
Vycor glass 140 31 31 0 3.0 X 10-5 15 i (5)
3.0 40-50 )
50 71 x 1075 15 1t (5)
Vycor glass 28 20 25 44 % 105 3to 80 i (10)
to72 x 10-5
* Transient elution of adsorbed substance. || Evaluation of the moments of chromatographic curves.
+ In the range of validity of the linear isotherm. 2,p- .
1 Permeability measurement under steady state. #¢ Evaluation of adsorption kinetics.
§ Unsteady state flow [time lag method of Barrer (26)1. 1 Extrapolated.
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pane and n-butane, At 125°C, 61.5% of propane is still
transported by the surface process. At the same tem-
perature the surface transport of n-butane represents
68.59% of the total.

Table 8 summarizes some of the results of studies
of surface diffusion of ethane, propane, and butanes, given
in the literature. Only those papers were included which
were concerned with surface transport at coverages less
than a monomolecular layer. The diffusivities are ex-
pressed as Dy, which according to the Equation (9), is
closely related to the true surface diffusion coefficient,
Ds. The data in the table were obtained in many cases by
recalculation of the original results; for example when the
permeability concept (surface flow) was used rather than
diffusion. When the original data were insufficient for
such recalculation, estimates were made. In order to ob-
tain diffusion coefficients at 50°C., for comparison with
the results of this study, it was sometimes necessary to
extrapolate the literature data beyond the temperature
interval in which they were obtained. In many cases the
degree of coverage was not explicitly stated; the values
presented in Table 2 are, therefore, only approximate
estimates, based usually on the original sorption data.

It is noted that the surface diffusion coefficients are
usually of the order 10~ to 10~5. Also activation energies,
E;, lie usually between 3 and 5 kcal./mole. This is rather
striking in view of the wide spectrum of the adsorbents
[from nonpolar Spheron 6 (2,700°) carbon black to
polar alumosilicate catalysts]. Though the influence of the
chemical character of the adsorbent surface is in some
degree camouflaged by the simultaneously changing tex-
ture {physical structure) of the sorbents, it seems that the
role of the chemical nature of the adsorbent is not strong
for the systems listed in the table. Apparently, a more
significant variable is the texture of the adsorbent. If this
is so, surface transport resembles in many aspects gaseous
diffusion in porous solids where also the chemical nature
of the solid is not important but texture is.

The data in Table 3 show that the activation energies
for propane and n-butane from this study lie rather close
to the values of other authors. On the other hand, dif-
fusivities from this work are at the lower limit of the
tabulated results. This is not surprising because of the
very low surface coverages in our work. Though the
average surface coverages are orders of magnitude lower
than those of other studies, the differences between the
surface diffusion coefficients are not so marked. This in-
dicates that diffusivities obtained at coverages of about
one-tenth of a monolayer are not far from the values
on a nearly bare surface.

Some sets of data in Table 3 make it possible to com-
pare diffusion coefficients for different hydrocarbons on the
same adsorbent: for example, Gorring and deRosset’s (20)
data for alumina and silica alumina (96% silica) and the
data for silica-alumina industrial cracking catalyst of
Barrer and Gabor (15). Though the comparison is not
very conclusive, the surface diffusion coefficients appear
to decrease with increasing molecular weight of the hy-
drocarbon, This conclusion is supported by our results
which show that D, very roughly, is inversely pro-
portional to the square root of the molecular weight of
the hydrocarbon.

CONCLUSIONS

By analyzing the moments of chromatographic curves,
it is possible to evaluate intraparticle effective diffusion
coefficients, from which surface diffusivities can be ex-
tracted. An advantage of this method is that the aver-
age surface coverage is very low. Thus the surface
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diffusion coefficients so obtained are very close to limit-
ing values. The activation energy for surface diffusivities
of propane and n-butane were found to be 4 to 5 keal./
mole in agreement with values reported by others. The
diffusivities decrease with increasing molecular weight of
the hydrocarbon adsorbed on the silica gel.
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NOTATION

an{n=20,1,2...) = coeflicients in expansion Equations
(39), (42)

c = gas concentration in the interparticle space, mole/
ml.

¢; = gas concentration inside the particle, mole/ml.

Caas = surface concenfration expressed as amount ad-
sorbed per unit weight of adsorbent, mole/g.
sorbent

¢s = surface concentration, amount adsorbed per unit

area of the adsorbent surface, mole/sq.cm.

Cs,0:Cs,p0:Cs,s = surface concentration, amount adsorbed per
unit of volume of pores, of particle, of solid, re-
spectively, mole/ml.

D. = effective intraparticle diffusion coefficient, Equa-
tion (7), sq.cm./sec.

Dx = effective gas (Knudsen) diffusion coefficient,
sq.cm./sec.

Dk = Knudsen diffusivity, sq.cm./sec.

Ds = true surface diffusion coefficient, {Equation (1)],
sq.cm./sec.

Dap = binary gas diffusion coefficient, sq.cm./sec.

Dy, Dg ps,Ds,s = effective surface diffusion coefficients,
Equation (3), sq.cm./sec.

E;, = effective axial dispersion coefficient, sq.cm./sec.

AH 45 = heat of adsorption, kcal./mole
h(p) = function defined by Equation (17)
H,(s) = Hermitian polynomial, Equation (40)

K4 = adsorption equilibrium constant (adsorption co-
efficient), ml./g,

ki = mass transfer coefficient, Equation (12), cm/sec.

m, = integral, Equation (20)

M = molecular weight, g./mole

N*; 4 = surface flux, Equation (1), mole/sec.cm.

Ns; = surface flux, Equation (3), mole/sec.sq.cm,

Nyusp = Sherwood number, 2R k;/Dap

p = variable in the Laplace-Carson transformation

Jext = tortuosity factor for axial dispersion, Equation
(38)

gmi = tortuosity factor for intraparticle gas diffusion,
Equation (10)

Gsure = tortuosity factor for intraparticle surface trans-

port, Equation (9)

= radius of the spherical particle, cm.

= gas constant

= average pore radius, cm.

= radial coordinate in the spherical particle

(z,p) = Laplace-Carson transform of c(zt), Equation
(15)

t = time, sec.

toa,(to)inert = injection time for adsorbable or unadsorb-
able substance, sec.

EE

[ T ¥

v = carrier gas velocity in the interparticle space,
cm./sec.

w(t) = deflection of the recorder pen

x = coordinate in the direction of the surface fux

z = coordinate along the length of the chromato-

graphic column
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Greek Letters
= external void fraction

[+4

B = intraparticle void fraction

v = function defined by Equation (16)

80,81,82,8¢,8; = groups of constants defined by Equations
(26), (27), (28), (36), and (37)

A = expression defined by Equation (18)

wnpn = nth absolute and central moment, respectively,
Equations (19), (21)

T = reduced time defined by Equation (41)

Byropane = coverage of the adsorbent swrface, fraction of
a monolayer
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Two Phase Friction Factor for Para-

Hydrogen between One Atmosphere and

the Ciritical Pressure

JOHN D. ROGERS

Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico

The Martinelli model for pressure drop in flowing two-phase systems hos been examined in
detail for para-hydrogen from 1 atm. to its critical pressure. A method for obtaining the Mar-
tinelli & term, two phase friction factor, at intermediate pressures is presented. 2 can be ex-
pressed as a function of pressure and quality. The Martinelli 3 term, ratio of actual vapor or
gas ared to an idealized cylindrical areq, is found to vary greatly and to indicate first an in-
crease in gas-liquid interface to gas volume ratio and then o decrease with increasing pres-

sure. Some experimental data are examined in light of this development.

A need exists for a semi-empirical, theoretical method
to predict pressure drop for flowing two phase systems at
pressures other than those for which data is readily ob-
tained. Most often for one component systems, data are
limited to near atmospheric conditions or at best to a few
pressures intermediate between one atmosphere and the
critical condition. This development offers a means of de-
termining the two phase pressure drop for one component
systems over the entire regime of gas-liquid coexistence,
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provided a good estimate can be made of either « or g as
defined for the Martinelli, et al. model (1). This develop-
ment has been performed for para-hydrogen.

$ VS. X AT INTERMEDIATE PRESSURES

Figure 1 gives the @, R, X relationships as presented by
Lockhart and Martinelli (2). Only @ for the liquid, turbu-
lent-turbulent system will be considered; hence no sub-
scripts will be carried on @ or other terms if not needed.
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