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Chromatograophic techniques are used with nonadsorbable and slightly adsorbable tracers
to evaluate mass transfer parameters in packed beds. If accurate values of intraparticle diffu-
sivities are to be obtained, it appears that fong beds of relatively large particles must be
used. Otherwise the moments of the chromatographic peaks are too small for accurate analysis.
With adsorbable gases, such precautions are not necessary, and, in addition, the adsorption rate
constant can be estimated. However, the intraparticle diffusivity determined for adsorbable
gases can include a contribution due to surface migration. The method is applicable to all

types of porous particles used as catalysts or catalyst carriers.

A combination of measurements of slightly adsorbable and nonabsorbable tracers can be
used to approximate the adsorption rate constant for a slightly adsorbable gas such as

nitrogen.

Chromatography offers a new method for measuring
transport parameters in packed beds, especially intraparti-
cle diffusivity. The method is rapid and versatile. Recent
mathematical solutions (1 to 3) for the partial differential
equations describing the concentration of the tracer com-
ponent provide a clear interpretation in terms of the basic
transport steps. The Kubin theory (1, 2) has been used
with an adsorbable tracer to evaluate the mass transfer
rate constants of hydrocarbons in beds of silica gel (4, 5),
and to study thermal and nonlinear effects (6). Recently,
Davis and Scott (10) have shown that the chromatographic
technique can be employed with a nonadsorbable tracer
to obtain intraparticle diffusivities. Their analysis was de-
veloped from the modified plate (or rate) theory (7 to
11). The Kubin and plate theories are based upon similar
descriptions of packed beds, but the method of interpret-
ing the chromatographic data is different for the two
approaches.

The first objective of this work was to evaluate the
Kubin theory for a nonadsorbable tracer by using experi-
mental data for the helium (tracer)-nitrogen system. Data
were also obtained for the slightly adsorbable system, nitro-
gen (tracer)-helium. By combining the results for the two
systems, it is possible to estimate the rate of physical ad-
sorption for nitrogen on silica gel.

THEORETICAL RESULTS

Kubin Theory

In this theory the moments of the chromatographic peak
leaving the bed are related to the parameters describing
the mass transfer processes, that is the axial dispersion
coefficient E,4, external mass transfer coefficient ka, intra-
particle diffusivity D,, and the adsorption rate constant
kags, at a site within the porous particle. The results for
the first absolute and second central moments, which are
developed elsewhere (1, 2), are
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At the low flow rates reported here, the Nusselt number
for external (fluid-to-particle) mass transfer is given by
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where D, is the molecular diffusivity. With this relation-
ship, Equation (7) reduces to
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At higher flow rates, when Equation (8) is not valid, the
error introduced in replacing Equation (7) with (9) is
usually low, because the contribution of external mass
transfer resistance to the overall process is small (4). In
other words, 3. is small with respect to 8 and §;. Note
that 8, represents the contribution of the adsorption rate
at the site to the second moment, while §; is the contribu-
tion due to intraparticle diffusivity.

Equations (3), (5) to (7), and (9) apply for a pulse
(square wave) of adsorbable tracer introduced into the
feed. If a nonadsorbable tracer is used, K4 = 0, and these
equations become
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The moments p;” and uy can be evaluated from the ob-
served chromatographic peaks for the tracer. Then the
rate parameters are obtainable from Equations (1) to (6)
and (9), or the simplified expressions for a nonadsorbable
tracer.

EXPERIMENTAL PROCEDURE

When a nonadsorbable tracer is used, the retention time and
second moment become much smaller than those for an ad-
sorbable tracer. This reduces the accuracy of parameter de-
terminations from the moments and increases the significance
of entrance, exit, input pulse distortion, wall, and other side
effects. All of these effects will be referred to hereafter as
entrance and exit effects. For our experimental conditions, the
retention time was of the order of 1 min.

The bed consisted of a 98 cm. length of silica gel particles
packed in 0.200 in. I.D. copper tubbing. The properties of the
silica are shown in Table 1. Three average particle sizes were
studied. The mean particle sizes and void fractions in the bed
were

Average particle size, cm. Void fraction, a

0.050 0.376
0.0359 0.395
0.0227 0.405

The expected, slight decrease in void fraction with decrease in
particle size was not observed. This is apparently because there
was a wider distribution of sizes about the average for the
large particles than for the small ones. This resulted in a bet-
ter accommodation of particles in the bed, and lower void frac-
tion, for the larger particles. All measurements were made at
75°C. and approximately 1 atm. pressure.

A pulse of tracer was introduced to the bed through a 0.25 cc.
sample loop. With the flow rates employed (10 to 40 cc./min.
at 75°C.,, 1 atm.), the sample injection time ranged from
0.00625 to 0.025 min. It was found that nitrogen was slightly
adsorbed on the gel so that data suitable for application of the
nonadsorbable gas equations were obtained by using helium as
a tracer in a stream of nitrogen. Runs were also made with
nitrogen as a tracer.

The experimental equipment and procedure was similar to
that described in reference 4. The carrier gas passed through
the reference side of the thermal conductivity cell detector,
then through the column, and returned through the sample
side of the cell. An aerograph with a recorder were used. Pre-
cautions already described (4) were taken to ensure reliable
data. The beds were pretreated by maintaining them at 200°C.
for 18 hr., while carrier gas flowed through at a rate of 5 to 10
cc./min. Runs were made at different flow rates for each par-
ticle size. The chromatographic peaks were recorded and the
moments evaluated from the peaieheight by the Gaussian ap-
proximation (12). A comparison of this approximate result with
the proper integrations by using the whole curve indicated a
difference of but a few percent.

A set of blank runs were made at various flow rates, with
nitrogen as tracer, to establish the contribution of entrance and
exit connections to the second moment. For these runs, the
packed columns were replaced with a short length of 0.065 in.
I.D. copper tubing having a volume less than 0.5 cc. Earlier
experiments (4) established that the deviations of the input
pulse from a square wave and the length of 0.065 in. tubing
gave negligible contributions to the second moment.

TABLE 1. PROPERTIES OF SILICA GEL PARTICLES®

Surface area (from low temp.

N3 adsorption) 832 sq.m./g.
Void volume 0.43 cc./g.
Particle density pp = 113 g./cc.
Internal void fraction B = 0.486

Average pore radius (2V4/8y) 11A

# Grade 05 of the Davison Chemical Division, Grace Co. properties
supplied by manufacturer.
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Fig. 1. First moments for nitrogen and helium.
RESULTS

Analysis of First Moments

For a nonadsorbable, or slightly adsorbable, gas, the
second moments are small enough that accurate evaluation
of the contribution of entrance and exit effects to p, is
necessary. For adsorbable tracers, such blank runs are not
required. This procedure would normally be necessary also
for first moments. However, in our case no blank runs (in
which the bed was replaced by an empty tubing) were
needed, because the runs for the bed, with helium as a
tracer, could be used for this purpose. By taking K4 = 0
for helium, Equations (1) and (3) become

L 1-— t
#1'=—(1+ aﬁ)+JA
v 2

(24

This does not include a contribution for entrance and exit
effects. If (n,"), represents this contribution, the equation
is

N
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By taking (py’), the same for a slightly adsorbable gas,
Equations (1) and (3) written to include entrance and
exit effects give
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TABLE 2. AXxiaL DISPERSION RESULTS

D, R = 0.05 cm.
Tracer sq.em./sec.  Ega,sq.cm./sec. Gext
Helium 0.88 0.321 1.03
Nitrogen 0.88 0.241 1.36

Average qext = 1.43 for Ny
= 1.21 for He

By plotting the difference between the first moments, in
the form suggested by Equation (12), the effect of en-
trance and exit effects is eliminated. This difference gives
an accurate value for the first moment of the slightly
adsorbable gas. Figure 1 shows both the individual data
for nitrogen and helium and also the difference (the dotted
line). The results are linear in L/v for both nitrogen and
helium, as predicted by Equations (11) and (10). The
value of K, for nitrogen obtained from slope of the dotted
line, by using Equation (12), is 0.81 cc./g.

No information was found in the literature on adsorption
equilibrium data for nitrogen on silica gel at 75°C. How-
ever, Homfray (13) reported K, values of 30,600, 3,100,
and 145 cc./g. at 83°, 195°, and 273°K,, respectively, for
nitrogen on wood charcoal. Extrapolating these results to
75°C. is uncertain, but a value between 0 and 10 cc./g. is
estimated for this different adsorbant. For silica gel of
unknown properties, K4 values for ammonia have been
reported (14) as 53.5 and 23.0 cc./g. at 313° and 373°K.
For sulfur dioxide, the results were 9.75 and 1.12 cc./g.
These data would suggest that K4 for nitrogen would be
somewhat smaller but probably within one order of mag-
nitude of that for sulfur dioxide. This is in general agree-
ment with our value of 0.61 cc./g. Using the silica whose
properties are given in Table 1, Schneider and Smith (5)
obtained, for 75°C., K4 = 130 cc./g. for n-butane, 32 for
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Fig. 2. Second moments for helium.
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R = 0.0359 cm. R = 0.0277 cm.
Ea, sq.cm./sec. Gext E 4, sq.cm./sec. Gext
0.302 115 0.243 1.45
0.241 1.44 0.239 1.49

propane, and 10 for ethane.

Analysis of Second Moments

Figure 2 shows the second moments for helium (for R
= 0.05 mm.), for the blank runs, and also the corrected
results (dotted line). The correction was made by sub-
tracting the value of po — #0,2/12 for a blank run from
the packed bed value, at the same flow rate. Similar cor-
rections were made for the other particle sizes and for the
data with nitrogen as tracer. The corrected results are
plotted in Figures 3 and 4. Straight lines are drawn
through the points, in accordance with the linear form
suggested by rearrangement of Equation (2):

2 — t0,2/12 E 1
=+ (14 (20)
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o

From the slopes of these lines, E4 was evaluated. For
helium, Equation (3a) was used for 8, while for the
slightly adsorbable nitrogen, Equation (3) was employed
with K4 = 0.61 cc./g. Perhaps the most meaningful in-
terpretation of axial dispersion is through the external
tortuosity factor, defined in terms of E, as follows:

a Dy,

q ext

Tortuosity factors should be independent of the diffusing
gas and are a measure of the length of the diffusion path
with respect to the length of the column. For an ideal
diagonal path, gex = /2. The nitrogen data in Table 2
give 1.43 and the helium data 1.21. For columns prepared
from the same type of silica gel particles, Schneider and
Smith (4) obtained 1.35 and Cerro and Smith (6) 1.54.
All of these data are close to the expected result. The
helium results are low, perhaps because of the lower
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level of the second moments (compare Figures 3 and 4)
which makes absolute experimental errors more significant.

The ordinate at nearly any velocity in Figure 3 is larger
than the intercept. This shows that, for nonadsorbable
gases, the contribution of axial dispersion to the second
moment is larger than the contributions due to external
diffusion, intraparticle diffusion, and adsorption on the
pore surface. This explains why accurate results for E4
were obtained and suggests that the results for the other
parameters may be less satisfactory with the helium data.
The data apply to beds of relatively small particles. The
intercept could be made relatively larger by using larger
particles, which would in turn necessitate a larger column
diameter.

The intercepts in Figures 3 and 4 are equal to &. The
derived expressions for 8, are obtained from Equations
(6a) and (9a) for helium, and Equations (5) to (7) for
nitrogen:
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These expressions show that a linear relationship should
result when the intercepts are plotted vs. R2 Figure 5 is
such a plot. Equation (14) further indicates that the in-
tercept for helium should be zero, while the data in Fig-
ure 5 suggest a finite intercept. The helium moments are
so low that even the different connections used for the
blank runs can give erroneous values for the entrance and
exit effects in the packed bed. Also, blank runs will not
account for input pulse distortion and similar effects which
we have included in the entrance and exit category. It is
believed that this is the explanation for the small but finite
intercept in Figure 5. However, the intercepts do mnot

TaBLE 3. INTRAPARTICLE DIFFUSION RESuLTs

Tracer Helium Nitrogen
Dk, sq.cm./sec. 9.97 x 10—3 3.77 x 103
De, sq.cm./sec. 9.4 % 104 5.3 X 10—¢
qint 52 3.4
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affect the calculation of the intraparticle diffusivity. This
quantity, as seen from Equations (14) and (15), depends
upon the slopes of the lines in Figure 5. The resulting
values for D, are given in Table 3 along with internal
tortuosities, g, calculated from the expression

Gint

The Knudsen diffusivity is used here because the mean
pore radius (11A from Table 1) is much less than the
mean free path of either nitrogen or helium at 75°C. and
1 atm. Internal tortuosities should be independent of the
diffusing gas and be characteristic of the geometry of
the porous material. The difference between the helium
and nitrogen values in Table 3 is believed to be due
again to the small magnitude of 3;, that is, the very
small contributions of intraparticle diffusion and external
diffusion to the second moment of a nonadsorbable gas.
Schneider and Smith (4) obtained 3.35 for gins for the
same silica gel by an independent method. Their value was
obtained by measuring ¢in; With ethane as a tracer at suc-
cessively higher temperatures until surface diffusion was
eliminated. The concurrence of the nitrogen value in Table
3 with this result lends confidence to a value of about 3.4
for this silica.

At the operating conditjons used here, measurements
with a nonadsorbable tracer give but approximate results
for the intraparticle diffusivity. The magnitude of 8,, and
the accuracy of the resulting D, could be increased by
using larger particles packed in a tube of larger diameter.
This was recognized by Davis and Scott (10) who used
13- to Ye-in. particles in appropriately sized tubes. Mea-
surements for one particle size are sufficient to establish
K4, Ea, D,, and kags. Thus, Equation (2) for the second
moment could be applied to a series of u; vs. velocity data
to evaluate the four parameters. A minimum of four veloc-
ities would be needed, and additional points would im-
prove the accuracy of the results. Actually, data for differ-
ent particle sizes are particularly helpful for establishing
D. because the contribution to u, of intraparticle diffusion
resistance is proportional to the square of the particle
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radius. When such information is available, the parameters
may be determined either graphically, as illustrated in this
paper, or by statistical methods by using Equation (2).

Adsorption Rate Constant for Nitrogen

The rate of adsorption of slightly adsorbable gases is
difficult to measure by standard methods. Without addi-
tional information, the chromatographic data only for the
gas in question would also not be useful for this purpose.
This is illustrated in Figure 5. The intercept for nitrogen
is so small that it is of the same order as uncertainties,
such as those due to entrance and exit effects, in the
experimental results. However, runs at the same operating
conditions with a nonadsorbable gas would be expected
to involve the same uncertainties. According to this in-
terpretation, the true intercept for nitrogen data is the dif-
ference between the observed values of 8; for nitrogen and
helium. Then, according to Equation (15)

Ka2/(1—
(al)Nz,corr = (sl)Nz,obs - (sl)He,obs = Po 4 ( “ )
kAds o

(17)

From the intercepts in Figure 5, kags = 13.4 cc./ (g.) (sec.)
for nitrogen at 75°C. There appear to be no data in the
literature for comparison with this result. Rate of adsorp-
tion data commonly available include unknown effects due
to intraparticle diffusion and external mass transfer. The
rate constant calculated from the collision frequency by
using kinetic theory is many orders of magnitude high,
because the condensation coefficient for nitrogen at 75°C.
should be very low; also, this coefficient is not known.
Schneider and Smith (4) for the same silica found kaq4s to
be 1,500, 255, and 167 cc./(g.) (sec.) for n-butane, pro-
pane, and ethane, respectively, at 50°C. Since nitrogen
has a lower boiling point than that of ethane, 13.4 for
nitrogen at 75°C. is not unreasonable, but a more quantita-
tive comparison cannot be made. It should be noted that
these constants all refer to a linear rate equation, rate =
kaas(C), applicable only at low surface coverages.

CONCLUSIONS

The Kubin theory can be used to obtain accurate intra-
particle and external mass transfer rate parameters for
adsorbable or slightly adsorbable gases. Small particle
sizes and relatively short bed lengths are satisfactory. For
adsorbable gases, entrance and exit effects can be ne-
glected safely, but for slightly adsorbable tracers, correc-
tions are required.

To determine intraparticle diffusivities accurately with
a nonadsorbable tracer, long beds of relatively large
particles should be used. However, runs with a nonadsorb-
able gas can be used effectively to correct the results for
a slightly adsorbable gas. In particular, the second mo-
ments can be corrected so that an estimate can be made
for the adsorption rate constant for a slightly adsorbable
substance.
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NOTATION

C = gas concentration, g. moles/cc.

D, = effective, intraparticle diffusivity, sq.cm./sec.
Dx = Knudsen diffusivity, sq.cm./sec.

Dy, = binary molecular diffusivity, sq.cm./sec.
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average particle diameter, cm.

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

K4 = adsorption equilibrium constant for tracer, cc./ g

kaas = adsorption rate constant on pore surface, cc./
(g.) (sec.)

ks = fluid-particle mass transfer coefficient, cm./sec.

L = bed length, cm.

Nyu = Nusselt number for external mass transfer

q = tortuosity factor; e applies to path of fluid in
packed bed, g = intraparticle tortuosity

R = average radius of particle, cm.

to4, = injection time of tracer, min.

v = linear velocity of the carrier gas in the interparti-

cle space, cm./min.

Greek Letters

a = void fraction in bed

B = intraparticle void fraction

80 = coeflicient defined by Equation (1)

8 = contribution to second moment function, defined
by Equation (2), sec.

8. = contribution of surface adsorption to second mo-
ment function, Equation (5), sec.

§; = contribution of intraparticle diffusion to second
moment function, Equation (6)

8¢ = contribution of external diffusion to second mo-
ment function, Equation (7)

p’ = first absolute moment of chromatographic peak,

sec.
(m1”), = entrance and exit contributions to first absolute
moment, sec.

pz = second central moment, sec.?

pp = density of silica gel particles, g./cc.
Subscripts

corr = corrected

obs = observed

Note

Moments are reported on the basis of measuring time in
minutes, while the rate parameters and equations from
which they are calculated are based upon time in seconds.
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