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A continuum approximation is often used to describe diffusion and adsorption in long
layers of an adsorbent. This approach simplifies the analysis of the problem considerably.
The possibility of using the phenomenclogical approach is discussed in [1-3]. Both theo-
retical postulates and experimental data are used to write the corresponding kinetic equa-
tions, the former having the form of conservation laws and making it possible to determine
the qualitative structure of these equations. The experimental data, along with the deter-
mination of specific characteristics of the system, makes it possible to validate the theo-
retical postulates.

Adsorbents with a developed internal structure are commonly used in industry for low-
temperature adsorption [4]. The processes which take place in such adsorbents have specific
features which lead to activated diffusion [5], which is important in the case of small
amounts of adsorbent. We attempted to experimentally study the process of low-temperature
adsorption in long layers of adsorption by the tagged atom method. A description of the
experimental unit and some of the results is given in [6]. The tests showed that a char-
acteristic length arises in the layer in the case of relatively small amounts of adsorbent.
This length can be regarded as the depth of the layer of adsorbent that participates in ad-
sorption. It is known that in processes described by the diffusion equation (nonlinear in
the general case), such a situation is realized when the medium contains distributed sinks
of the transported quantity (see [7], for example). Below, we experimentally and theoreti-
cally study the possibility of constructing a model of high-vacuum low-temperature adsorption
with relatively low surface coverage.

High-vacuum low-temperature adsorption in long layers of adsorbent consists of several
important processes differing in their physical nature. We will examine them in chronological
order.

1. Movement of Molecules of Adsorbate between Dispersed Particles (Granules) of Ad-
sorbent. In the simplest case — that of planar symmetry with sufficiently low gas pres-
sures — this process can be described by the unidimensional diffusion equation

dc/dt = 8/0x D dcloz. (1)

Here, c is the concentration of molecules of adsorbate, x is the coordinate along which, on
the average, transport of the substance in the gas phase takes place, t is time; D is the dif-
fusion coefficient, which for the molecular flow regime can be calculated from the formula

(8]

1 8T, 3
D=D, 5 =21
°k3 3V am Tk’ (2)

where T is the temperature of the adsorbate, k is the Boltzmann constant, m is the mass of a
gas molecule, A is the characteristic size of the free space between the granules of ad-
sorbent, K; is the sinuosity factor, which accounts for the nonrectilinearity of the motion
of the gas, 1.4 <C K, <2.0); e =1 — p¥/p is porosity, p* and p are the apparent and true densi-
ties of the adsorbent.

2. Adsorption on Readily Accessible Surfaces of Adsorbent Molecules. The form of the
equation describing this process depends on the physical mechanism of adsorption. Estimates
of the characteristic time over which equilibrium is established at the given concentration
in the gas phase shows [9, 10] that equilibrium is established almost instantaneously in the
situations that will be of interest to us. Thus, under conditions which are close to iso-
thermal,
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a* = T(c)
[r (c) is the corresponding adsorption isotherm; a* is the quantity of adsorbed gas per unit
surface of a granule of adsorbent].

3. Diffusion of Adsorbate Molecules Inside Granules and Adsorption in Micropores. A
detailed analysis of activated diffusion inside a granule was made in [5] and in other ar-
ticles presented in the first part of the same book. The main feature of diffusion in these
investigations was presumed to be the presence of a potential barrier at the inlet to the
micropores. In the case of low degrees of surface coverage, the presence of this barrier
leads to a situation whereby the overcoming of the barrier by adsorbate molecules is the main
factor limiting the rate of adsorption inside the granule. There is almost no reverse flow
of molecules. The latter circumstance can be attributed to the fact that, for low levels
of surface coverage, the equilibrium pressure turns out to be small due to the presence of
the potential barrier.

Following [11], we determine the flow of molecules into a micropore:
q1 = 207 (ro) ¢y (3)

Here, c, is the concentration of molecules near the mouth of the micropore, r, is the char-
acteristic radius of the micropore, f = VRT/mexp[—Q(r)/kT] is the probability of a molecule
being inside a micropore, Q(r) is the potential barrier at the inlet of the micropore. It
is natural to assume that c, ~ a*. Then

91 = ') (4)

(n is a proportionality factor determined by the physicochemical properties of the adsorbent
and adsorbate).

Equation (4) shows that, under certain conditions, the flux of molecules undergoing ad-
sorption inside a granule depends only on the concentration of adsorbate molecules in the gasc
phase. A relation of type (4) exists if the penetration of adsorbate into micropores inside

a granule is impeded [12]. With allowance for (4), we write Eq. (1) in the form
dc/dt = 0/6xDdcldx — g, (5)
where q is the capacity of the distributed sink. It follows from the above relations that
g = (MYNI(c)

(the brackets denote averaging over the volume, while N is the number of micropores parti-
cipating in adsorption per unit volume of adsorbent). Thus, the capacity of the sink q in
(5) depends on the physicochemical properties and geometry of the adsorbent molecules, the
species of gas being adsorbed, the concentration of gas, and the degree of saturation of the
adsorbent.

A specific value can be found for q in (5) only by experiment. With this as a goal, we
determined the rate of adsorption in a layer of adsorbent.

Figure 1 shows the layer of adsorbent in the ampul (a diagram of the unit was pre-
sented in [6]) (1 is a glass ampul, 2 is the layer of adsorbent, and 3 is copper powder).
We use xenon Xe and nitrogen N, as the adsorbate, while activated chacoal SKT-4 and zeolite
SaEN-4V were used as the adsorbent. The arrow shows the direction of motion of the gas being
adsorbed. The mass of the adsorbent was determined by weighing. The thickness of the layer
of adsorbent 2 was measured with a ruler, gas flow rate was determined with a buret, and
pressure above the surface of the adsorbent was determined with three lamps (PMI-2, PMI-10-2,
and LM-3-2). The instrument error of the flow-rate determination was 5%, while the error
for the pressure determination was about 307. Measurements of flow rate and pressure were
made every 15 min over an extended period of time (4-7 h). Here, pressure and flow rate
remained nearly constant, providing evidence of the steady-state nature of the process).

The experimental data thus obtained, averaged over the time of the experiment, is shown
in Fig. 2 in the form of the dependence of the flow rate of the gas Q (m®Pa‘sec™!) on pres-
sure P (Pa) above the surface of the SaEN-4V adsorbent (1 — xenon; 2 — nitrogen; £ = 1072 m).
The choice of xenon was dictated by considerations of convenience regarding the use of its
radioisotope Xe-133. Simjilar experiments were conducted with & = 0.2 m.

Analysis of the results (Fig. 2) shows that a good approximation for the relation Q(P)
is the power relation Q = APM (A, m = const > 0). Thus, in Eq. (5) we can put q = yc%.
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Taking as the characteristic quantities c, (the concentration of gas above the surface of
adsorbent), L =|[Djycy~t]¥? (length), and t, = y~i¢ * (time), we can write Eq. (5) in dimen-
sionless form

dclot = 9%c/ox® — c*. (6)

Having augmented Eq. (6) by boundary conditions corresponding to the conditions of the
experiment (see Fig. 1), we have

c=1 at =0, dc/dx =0 at z = /L. (7

As already noted, adsorption occurred nearly steadily during the experiment. Thus,
here it is expedient to rewrite out only the steady-state solutions of Eq. (6) which satisfy
conditions (7) for two limiting cases: a thin layer of adsorbent £ » L, and a thick layer
2 € L. At 2 KL, cy =1. Gas flow rate in the layer of adsorbent is determined only by
the capacity of the sink: Q; = vc3V (V is the volume of adsorbent). Henceforth, it is con-
venient to write this relation in the form

Q, = v(P/IKT*M (8)
(M is the mass of adsorbent). At 2 » L

% a—1 ]—2/(06—-1)
x

T3 (@>1). (9)

c2==[1-+ v/—

Here, the subscripts 1 and 2 correspond to the case of thin and thick layers of adsorbent.
Gas flow rate in the thick layer of adsorbent

de
Qz=f"Sl?Zf

xX=0

(S is the cross-sectional area of the adsorbent layer). We will rewrite the last relation
in the form

Qs = V4D (PIRT)0+a28 [ —de(0)/dz),

where from (9) de(0)/dz = —[—2/(a +1)1V2.

Figure 3 shows results of measurement of the relative intensity of radiation of the
isotope Xe-133 [ = I(x)/I(0); I(x) is the intensity of radiation of the isotope Xe-133
minus the background intensity] used to label the xenon. The intensity distribution is
shown through the depth of the layer of asorbent for different saturation times t (1-4 —

T =2,5, 8, 11 h, respectively). Radiation intensity of the surface of the adsorbent x = 0
was taken as unity. The layer of adsorbent was deliberately made thick. It can be seen
that if £ = 10”2 m, then such a layer of SaEN-4V can be considered thin. If ¢ = 0.2 m, then
the layer can be considered thick.

Experimental data on the relation Q; = Ql(P) obtained by the above method was analyzed
by the least squares method using the power relation Q, = A,P™1/kT. Tt follows from a com-
parison with (8) that o = m,. Here, if the experimental data for a thick layer is also ap-
proximated by the power relation Q, = A,PM2/kT, then it is consistent with the proposed theo-
retical model with m, = (1 + m,;)/2. The constant A was determined by the least squares meth-
od. The chosen correlation coefficient for A, was at least 0.85 in all cases.
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TABLE 1
3 _
v,m S(@—1) x| pr=rpe®—1, D. . m2- Da,m2*
Adsorbate « xsecl sec-1 séﬁéﬂ e -1
Xe 1,13 2,2-10"2 9,81 3,‘3-10"3 2,6-10-3
N, 1,08 4-10-2 1,706 | 7,510 | 6,8-10-3
TABLE 2
Adorbate a v,m3(a—1y v*=vc“*1ﬁéec‘1
sec”! -
Xe 14 . 3810 | 393
N, 1,32 1,05.10-% 27,2

Finally, we calculated the constants y and D from the formulas

Alp*

A, MrT ™My +1
Y= M .

- A, p*S 2

(kTY™, D

Table 1 shows data obtained in this manner for Xe and N, in the case of adsorption on
SaEN-4V ([y] = m3(e-1).sec™?]). The values in the table corresponding to the denominator of
D are theoretical values of the diffusion coefficient found from Eq. (2), where K, = 1.5;

e =0.4; A = 1073 m.

Along with experimental data on the adsorption of Xe and N, on adsorbent SaEN-4V, Fig.
2 shows curves obtained with a power approximation of the relation Q(P). TFigure 4 shows
results for a thickness of adsorbent layer £ = 0.2 m. Figure 3 shows the curve calculated
from Eg. (9) for Xe. On the whole, all of the experimental and theoretical data shown in
Figs. 2-4 shows that the theoretical and experimental relations agree satisfactorily.

We attempted to perform similar experiments involving adsorption on activated charcoal
SKT-4. However, experiments with the radioisotope Xe-133 showed that the thin-layer situa-
tion is almost impossible to realize under the given conditions. This is because the length
2 at 2 « L becomes comparable to the dimensions of the adsorbent granules. This makes the
continuum approximation invalid. We therefore attempted to conduct tests on a thick layer
2 » L. The diffusion coefficient was assumed to be equal to its value found for SaEN-4V
(the sizes of the SKT-4 and SaEN-4V granules were roughly the same). The results of cal-
culations of the constants a and y are shown in Table 2.

One of the main postulates of the theory of adsorption in long layers of adsorbent is
the near absence of desorption (due to activated diffusion) and redistribution of the ad-
sorbate layer. To substantiate this hypothesis, we experimentally determined the intensity
of radiation of the isotope Xe-133 when the adsorbent was held at the nitrogen temperature
for a long period of time in a vacuum after the cessation of saturation. Holding the adsor-
bent under these conditions for 3-5 days did not lead to any appreciable redistribution of
the isotope along the layer of adsorbent.

The completed analysis of activated diffusion in long layers of adsorbent accurately de-
scribes the effect associated with the manifestation of characteristic length (depth of layer).
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The largest deviation from the theoretical relation is seen near the boundary of the layer

X =

0.

This is apparently related to a certain amount of heating the adsorbent undergoes

due to the heat released during adsorption.

Thus, despite the sizable instrument errors which generally occur in similar experiments

conducted under high-vacuum, low-temperature conditions, it can be considered proven that
Eq. (3), with a nonlinear sink, satisfactorily describes activated low-temperature diffusion.
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72

LITERATURE CITED

0. M. Todes and Ya. M. Bikson, '"Dynamics of sorption on an actual granular adsorbent,"
Dokl. Akad. Nauk SSSR, 75, No. 5 (1950).

P. P. Zolotarev and L. V. Radushkevich, "Derivation of equations describing the dynamics
of adsorption for a nondeformable porous medium,' Dokl. Akad. Nauk SSSR, 182, No. 3
(1968).

P. P. Zolotarev and L. V. Radushkevich, "Derivation of general equations of adsorption
dynamics for a stationary granular porous medium," Zh. Fiz. Khim., 44, No. 4 (1970).

A. M. Makarov, "Theoretical models of high-vacuum systems of large cryogenic decompres-
sion chambers,”" in: Trends and Problems in the Development of Vacuum Pumping Equipment
[in Russian], Mashinostroenie, Moscow (1976).

V. S. Kogan, K. G. Breslavets, and L. V. Tanatarov, ''Features of the adsorption of gases
by microporous adsorbents with low degree of surface coverage," in: Problems of Nuclear
Sciences and Engineering. Ser.: Low-Temperature Adsorption and Cryogenic Vacuum. No.
1(2), KhFTI Akad. Nauk UkrSSR, Kharkov (1972).

A. Yu. Poluéktova and V. I. Kupriyanov, "Determination of characteristics of layers of
adsorbents in cryogenic adsorption pumps," in: Processes and Control in Cryogenic Units
and Systems [in Russian], Balashikha Mosk. Obl. (1986).

K. B. Pavlov and A. S. Romnov, "Change in the region of perturbation localization in
nonlinear transport processes,' Izv. Akad. Nauk SSSR, Mekh. Zhidk. Gaza, No. 6 (1980).
D. P. Timofeev, Kinetics of Adsorption [in Russian], Izd. Akad. Nauk SSSR, Moscow
(1963).

S. Braunauer, in: Adsorption of Gases and Vapors [Russian translation]}, IL, Moscow
(1948).

L. N. Rozanov, Vacuum Technology [in Russian], Vysshaya Shkola, Moscow (1982).

L. V., Tanatarov, V. S. Kogan, and K. G. Breslavets, "Activated adsorption of gases by
ultraporous adsorbents," in: Problems of Nuclear Science and Engineering. Ser.: Low-
Temperature Adserption and Cryogenic Vacuum, No. 1(2), KhFTI Akad. Nauk UkrSSR, Kharkov
(1972).

L. V. Tanatarov, '"Diffusion of an adsorbate in a transporting pore,'" in: Problems of
Nuclear Science and Engineering. Ser.: Low-Temperature Adsorption and Cryogenic Vacuum,
No. 1(2), KhFTI Akad. Nauk UkrSSR, Kharkov (1972).



