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ADSORPTION OF XENON AND ARGON ON GRAPHITE

M. C. Cannon W. T. Ward G. M. Watson W. R. Grimes

ABSTRACT

Adsorption isotherms for xenon on AGOT-grade graphite, having a sur-
face area of 0.64 m?/g, were determined at -79, 0, 20, 30, and 80°C in
order to determine whether the presence of helium affects the adsorption
behavior of xenon. The isotherms obtained from xenon-helium mixtures
were essentially the same as those obtained using pure xenon gas. The
calculated heats of adsorption for xenon range between 3500 and 3700
cal/mole and approximate the heat of vaporization of 3270 cal/mole re-
ported in the literature. The volume of xenon adsorbed (em? at STP) per
gram of graphite, a, vs xenon partial pressure, P (mm Hg), may be ex-
pressed by the equation a = bpP*8. The values of b are 2.14 x 107% and
6.33 x 1077 at O and 80°C respectively. Extrapolation of the measure-
ments to higher temperatures gives values of b of 6.5 X 107% and 4.1 x
107% at 500 and 750°C respectively.

Adsorption isotherms for argon were determined at -83 and 0°C and
can be expressed by the same equation indicated above. At -83 and at

0°C b has values of 1.00 x 107% and 1.60 x 1077 respectively.

INTRODUCTION

One of the problems inherent in reactor design is that of removing
the high-cross-section fission products. This is particularly important
in breeder reactors such as the molten-salt reactors and liquid-metal-

1,2 One of the more ob jec-

fuel reactors currently under consideration.
tionable fission-product poisons is xenon, and a knowledge of the ad-
sorption characteristics of xenon on reactor-grade graphites is impor-

tant in designing a xenon-removal process. One such proposed process

1H. G. MacPherson, Molten-Salt Breeder Reactors, ORNL CF-59-12-64
(Dec. 22, 1959).

2J. A. Lane, H. G. MacPherson, and F. Maslan (eds.), Fluid Fuel Re-
actors, Addison-Wesley, Reading, Mass., 1958.




involves sweeping out the xenon with a purge of helium gas. The experi-
mental program conducted as a part of this study includes a comparison
of the adsorption of xenon from helium-xenon mixtures with that from the

pure gas.

ObJjectives
The obJjectives of this study may be listed as follows:

1. to make a survey of the literature for adsorption data for noble
gases on graphites or charcoals,

2. to obtain experimental data to compare the adsorption of xenon from
a helium-xenon mixture with that from pure xenon on graphite,

3. to ascertain if a correlation exists between the adsorption of xenon
on graphite and on various charcoals as reported in the literature,

4. to attempt to predict by extrapolation the approximate amount of
xenon adsorption to be expected at reactor temperatures from the data
obtained at considerably lower temperatures (-79 to +80°C) where more

accurate data could be obtained.

Literature Survey

A search of the literature yielded no information on the graphite-
xenon system. Several investigations concerning adsorption of krypton
on powdered graphite and adsorption of helium, argon, krypton, and xenon
on charcoals at temperatures below O0°C have been reported.3’4'5 The data
in most of these reports were of relatively little value for the present
purpose since they were generally obtained at temperatures below 0°C, and
temperature-dependence studies were not carried out.

Difficulty is encountered in extrapolating the data in the literature
to fit graphite even when one assumes that the attractive forces causing

adsorption on charcoal may be of the same magnitude as those for graphite.

*R. A. Lad and T. F. Young, The Adsorption of Xenon on Charcoals at
Room Temperature, CC-3106 (Aug. 1, 1945).

“R. A. McNees, private communication (to be published), ORNL; HRP
Quar. Prog. Rep. Jan. 31, 1958, ORNL-2493, p 157.

°K. Peters and K. Weil, Z. physik. Chem. Al48, 1 (1930).




Most of the investigators gave no data on the surface area or surface
characteristics of the adscrbent. The surface areas of charcoals gener-
ally range from 300 to 3000 m?/g but only a rough dependence of adsorption
on the surface area is observed.

There are some data available on the surface area of bulk graphite.®
It is known that the surface area, and hence, presumably, the adsorption
characteristics of graphite, may be changed by oxidation of the surface.
This would occur when graphite is heated at 400°C or above to remove the
adsorbed gases. The oxygen content of the desorbed gases 1s always very
low, while CO,; and CO are present in greater abundances, indicating sur-
face disruption when the oxygen i1s removed. The density of graphite
measured by welghing in helium shows an apparent increase after oxidation
of the graphite; it is likely that some pores are opened by oxidation of
graphite crystallites which blocked them, and become accessible to the

small helium atom.®

These same investigators found that the surface area
measured by the B.E.T. method, with either argon or nitrogen, after out-
gassing at 370°C, had increased to 135% of the value obtained after out-
gassing at room temperature; another 6% increase was observed after out-
gassing at 800°C.

The surface area of bulk graphite is usually 0.5-1.5 m2/g, but this
area is increased considerably by grinding. Roberts® found that graphite
dust of 40-70 mesh had a surface area of 2.33 m?/g; the same sample after
grinding to less than 200 mesh had a surface area of 8.1 m?/g.

A comparison of the adsorption determined for xenon on AGOT-grade
graphite with that reported by Lad and Young? on charcoals appears later

in this report.

EXPERIMENTAL

A1l experimental tests run in this study were carried out on AGOT-
grade graphite. AGOT was selected because 1ts relatively high porosity
portended greater adsorption than that expected for more highly imper-
meable grades; more material adsorbed would result in more accurate meas-
urements. The two graphite samples utilized in the two types of measure-

ments outlined below were cut from the same AGOT block to help ensure

®L. E. J. Roberts, E. A. Harper,and C. T. Small, The Microstructure
of Graphite, AERE C/R-882 (May 1952).




uniformity. Both were pretreated by heating to 960°C under vacuum for 16
hr to remove adsorbed gases.

Two types of adsorption measurements were made. In the first type
the equilibrium gas consisted of the pure gas. The method consisted es-
sentially in admitting a measured quantity of xenon (or argon) into the
container holding the previously evacuated and desorbed graphite speci-
men, and measuring the resulting equilibrium pressure. Two isotherms

(O and 80°C) were determined for xenon by this method with measurements

at ten equilibrium pressures on each. Isotherms at O and -83°C for argon
were also determined’ by this method.

The equilibrium gas in the second type of measurement (performed by
the authors in this laboratory) consisted of xenon-helium mixtures in
which the xenon was the minor constituent (0.5 to 9.5 mole %). The method
consisted in circulating the xenon-helium gas mixture through the graph-
ite, which was enclosed 1in a gastight, close-fitting Inconel vessel. This
was done by providing a 1/4-in. hole, threaded at the top, down most of
the length of the graphite cylinder, into which was screwed a fitting and
tube leading to the circulation pump. The gas mixture was pumped into
the vessel around the outside of the graphite and flowed through the
graphite to the inner channel, where it was led back to the pump for re-
cycling. The pressure drop across the graphite cylinder was kept as low
as possible and was usually about 2 cm above the static pressure (with
the pump off) on the outside and 1.0 cm below on the inside of the graph-
ite. Adsorption pressures were assumed to be equal to the static pres-
sure.

After the gas was circulated for 10-15 min, the pump was stopped and
the mixture allowed to equilibrate for about 45 min. The process was re-
peated over a 4- to 5-hr period. ©No data were acquired to show the mini-
mum adsorption time necessary, but several investigators found that 15 to
30 min was entirely adequate to ensure the establishment of equilibrium

in the adsorption of gases. However, because of the relatively large

7A11 these measurements using the pure gas as equilibrium gas, along
with surface~area measurements by the B.E.T. method, were made at the
Barrier Testing Laboratory at the Oak Ridge Gaseous Diffusion Plant under
the supervision of P. G. Dake and E. A. Woy.




bulk (600 g) of the graphite a considerably longer period of equilibra-
tion time was allowed.

It was presumed that after equilibrium had been reached the composi-
tion of the gas in the dead space of the graphite (that is, in equilibrium
with the graphite surface) was the same as the gas in the pump and lines
leading to it. By means of adequately located valves, the adsorption
chamber could be closed off and samples of the gas in the pump and lines
taken for analysis. Such samples are referred to as the "equilibrium
gas." The pump and lines were then evacuated and the graphite sample
heated to 600°C to desorb the xenon. The desorbed xenon thus enriched
the gas which was still confined in the dead space and in the pores of
the graphite, and, after mixing by cycling, this "desorbed gas" mixture
was sampled for analysis.

The volume of the dead space in the adsorption vessel was determined
by evacuating and then filling with helium under known conditions. From
the analyses of the equilibrium gas and the desorbed gas, and knowing the
dead volume, the amount of adsorbed xenon could be determined.

Figure 1 is a line drawing showing the essential parts of the ad-
sorption apparatus. It was possible to prepare and store a standard gas
mixture in the gasometer, G. The mixture could be transferred to the ad-
sorption vessel, A, by means of the glass manifold, which also held the
gas sampling bulbs, S. A circulating pump, P, could, with the proper
manipulation of needle valves, be used to mix the gases during prepara-
tion of a standard gas mixture or could be used to force the gas mixture
through the graphite in the adsorption vessel.

Standard gas mixtures were prepared by evacuating the gasometer and
the line leading to it from the gas supply. Xenon was admitted until the
approximate pressure desired was oObtained, and the pressure was read on
an open-end mercury manometer. The gasometer stopcock was closed and the
gas line again evacuated. Helium was next admitted until a total pressure
of nearly 1 atm was reached, and this pressure was also read on the manom-
eter, Care was taken to minimize the diffusion of xenon out of the gasom-
eter by maintaining a positive helium pressure while it was added to the
gasometer. Assuming the ideal gas laws to hold, the fraction of xenon was

calculated by dividing its pressure by the total pressure. The gases
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Fig. 1. Adsorption Apparatus.

could be allowed to mix by standing, or the gasometer could be opened to
the evacuated manifold and pump for forced mixing. It was difficult to
read the manometer to better than 1 mm at each end. With a partial pres-
sure of xenon of about 75 mm, this could cause an error of up to *2% in
calculating the composition of the gas mixture.

Samples of the standard gas mixtures were submitted to the Mass
Spectrometer Laboratory along with samples from the experiments and served
as checks on the analytical procedure. Reasonably good agreement between
the calculated and the analyzed values was found, as shown in Appendix A.
A few samples were analyzed by gas chromatography. A comparison of results
obtained by the two analytical methods is shown in Appendix B. Appendix C
gives an indication of the amount of variation in the mass spectrometric
analyses on supposedly identical samples.

The calculations of the adsorption by this second method were made

with two assumptions: (1) that helium adsorption was negligible?' © at

these temperatures, and (2) that xenon adsorption would be negligible at




the desorption temperature of 600°C. Extrapolation of the data (dis-
cussed later in the report) indicates that this second assumption is not
entirely valid. A xenon partial pressure in the desorbed gas of from 7
to 70 mmn Hg existed during the 600°C desorption period, which (based on
Fig. 8) required corrections of the values as first calculated amounting
to from 5 to 7% for the 80°C points, about 2-1/2% at 0°C, and less than
1% for the -79°C data.

RESULTS

The adsorption isotherms at O and 80°C obtained by using pure xenon
as the equilibrium gas are shown as the solid lines and points in Fig. 2.
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The isotherms obtained at these same temperatures using xenon-helium mix-
tures as the equilibrium gas are shown as open circles. Although the
data obtained by the latter method are considerably more scattered, it
appears that essentially the same results are obtained by the two meth-
ods. In other words, the presence of the relatively large proportion of
helium has a negligible effect on the adsorption of xenon. Xenon iso-
therms at five different temperatures are shown in Fig. 3. Argon iso-
therms on the same AGOT sample are shown in Fig. 4.
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An analysis of these isotherms shows that they obey the Freundlich-
type equation

a=1vp’ ¥ , (1)

where a is the volume adsorbed (cm®, STP, per gram of graphite), and p is
the equilibrium pressure in millimeters of mercury. The O.8-power pres-
sure dependence applies to both xenon and argon as shown in Figs. 2 and 4.
Values of b calculated for both gases at two temperatures each are shown

in Table 1.



Table 1. Value of b in Freundlich Equation a = pr‘B, as Applied
to Xenon and Argon on AGOT-Grade Graphite

Cas -83°(C 0°c +80°¢C
Argon 1.00 x 1074 1.60 x 1077
Xenon 2.14 x 1074 6.33 x 107°

Comparison with Charcoal Data

The search of the literature revealed some data on the adsorption of
xenon on charcoals,s_lo but none were found on the adsorption of xenon on
graphite. The effective surface area of charcoals usually varies from
300 to 3000 m?/g while that for graphite runs from 0.5 to 1.5 m?/g, so
that a comparison of the two adsorbent media should be made on an area
rather than a weight basis. Most of the charcoal data in the literature
contained no surface-area measurements. However, Lad and Young® obtained
data on the adsorption of xenon on seven different types of charcoals,
together with surface-area and density data. A comparison of the 25°C
isotherm*! for the AGOT graphite with those reported by Lad and Young
for the seven types of charcoal (both on a surface-area basis) are shown
in Fig. 5, and a similar comparison at 0°C is shown in Fig. 6. The seven
charcoals are identified in Table 2. The amount of adsorption exhibited
on the various charcoals varied from the highest to the lowest by a fac-
tor of approximately 16. Thus it would be difficult to predict the amount
of adsorption on graphite from charcoal data, even though the isotherms on
AGOT graphite fell within the range of those found on various charcoals
and the pressure dependence in the Freundlich equation in both cases is to

the 0.8 power.

8R. A. Iad and T. F. Young, The Adsorption of Xenon on Charcoals at
Room Temperature, CC-3106 (Aug. 1, 1945).

9R. A. McNees, private communication (to be published), ORNL; HRP
, ————
Quar. Prog. Rep. Jan. 31, 1958, ORNL-2493, p 157.

10k, Peters and K. Weil, Z. physik. Chem. A148, 1 (1930).

llInterpolated from experimentally determined isotherms shown in
Figs. 2 and 3.

10
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Heat of Adsorption

The adsorption isotherms may be used to calculate the heat of ad-
sorption. The heat of adsorption, generally speaking, will be found to
vary with the amount of gas adsorbed, particularly at pressures where the
surface is not completely covered with gas molecules. Heats of adsorption
are therefore calculated for particular volumes of adsorbed gas.

The heat of adsorption can be calculated from any twe isotherms using
the integrated form of the Clausius-Clapeyron equation:

log P, - log Py

AH = 2.303R , (2)
(1/12) - (1/T1)

or it can be obtained from the slope of the isosteres (log p vs 1/T).

Three such isosteres are shown in Fig. 7. Because the isotherms obtained
using pure xenon at O and 80°C are probably more accurate than the others,
the isosteres are drawn as straight lines through these points. DPoints
from the -79°C isotherms are also shown.

Heats of adsorption calculated by Eq. (2) from the O and 80°C data

for five different adsorbed volumes are given in Table 3. The values of

11
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Table 2. Properties of the Charcoals Used by Lad and Young*
and of AGOT-Grade Graphite

Apparent Density Ares

Charcoal Preparation
(g/cm?) (m®/g) P
A-1 0.31 2800 Made from wood flour; activated
with ZnCl,
A-2 0.35 2400 Made from wood flour; activated
with ZnCl,
A-3 0.35 2400 Made from wood flour; activated
with ZnCl,
B-1 0.69 400 Made from coal; activated with
steam
B-2 0.56 660 Made from coal; activated with
steam
B-3 0.51 663 Made from coal; activated with
steam
B-4 0.56 600 Made from coal; activated with
steam
AGOT-grade 0.64%%
graphite

*R. A. Lad and T. F. Young, The Adsorption of Xenon on Charcoals
at Room Temperature, CC-3106 (Aug. 1, 1945).

*¥Measured at the Barrier Testing Laboratory at ORGDP.

3500-3700 cal/mole are fairly close to the heat of vaporization of xenon,
which is reported by Peters and Weill® as 3270 cal/mole.

This agreement, plus the fact that the adsorption process appears to
be completely reversible (as evidenced by the agreement between the two
experimental methods), indicates that the adsorption of xenon on graphite

may be classified as physical adsorption rather than chemisorption.

Extrapolation to Reactor Temperatures

In order to estimate the amount of xenon adsorption to be expected

at reactor temperatures, a straight-line extrapolation of the isosteres

13
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Table 3. Heat of Adsorption of Xenon on AGOT-Grade Graphite Calculated
from O and 80°C Isotherms

Volume Adsorbed Heat of Adsorption
(cm?, STP, per gram of graphite) (cal/mole)
0.0005 3530
0.0010 3630
0.0015 3660
0.0020 3700
0.0025 3710

14



to 750°C was made in Fig. 7. Log plots of isotherms at 500 and 750°C cb-
tained from this extrapolation are shown in Fig. 8, along with the O and
80°C isotherms. The value of b in Eq. (1) can be obtained from the in-
tercepts of these log plots. Thus for 500 and 750°C the values of b are
6.5 x 107% and 4.1 x 107° respectively. An extrapolation may also be
made on a log plot of the isobars (Fig. 9).

It would appear from these curves that at temperatures of 500 to
750°C the adsorption of xenon on AGOT graphite would be less than 1 x 1072

3

cm? (STP) per gram at a xenon partial pressure of 1 mm Hg and approxi-

mately 3 x 107° cm?/g at 10 mm Hg. At 1 atm approximately 1 X 1072 cm?
(8TP) would adsorb at these temperatures. The length of the extrapola-

tion should be kept in mind when considering the validity of these values.
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CONCLUSICONS

The following conclusions were reached as a result of this study:

1. The presence of relatively large proportions of helium has a
negligible effect on the observed adsorption of xenon at temperatures
above 0°C.

2. The adsorption isotherms for both xenon and argon on AGOT graph-

ite over the range studied and for xenon on various charcoals at room

16



temperature as reported in the literature may all be expressed by means
of Freundlich's equation showing O.8-power pressure dependence.

3. The temperature dependence of the adsorption behavior of xenon
shows a heat of adsorption of about 3500 cal/mole, which is close to the
published heat of condensation. This is an indication that the adsorp-
tion is physical.

4. The data for adsorption of xenon on various types of charcoal as
reported in the literature exhibit too great a spread (more than an order
of magnitude) to be useful in predicting the adsorption of xenon on graph-

ite.
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Appendix A

Comparison of Calculated and Analyzed Percentage of Xenon
in Standard Mixtures

Mass Spectrometric Analyses

Celculatedx (Average)
9.67 9.76
9.69 9.34
4.50 4 .68
471 4.83
9.91 9.67
9.7 9.78

*From mixing of known volumes of xenon and helium.
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Appendix B

Comparison of Mass Spectrometric Analyses with Analyses by Gas Chromatography

Mass Spectrometric

By Gas Chromatography

Sample
No. Number of Average Value and Number of Average Value and
Determinations Average Deviation Determinations Average Deviation
SA-8 6 10.68 + 0.07=* 2 10.73 + 0.06%
SA-19 5 9.51 + 0.07% 2 9.57 = 0.04%
18X-6 5 8.92 + 0.19 1 9.65
18%x-12 5 8.78 + 0.23 1 9.95
19X-6 5 7.21 = 0.09 2 8.05 £ 0.04
19%X-12 4 9.25 * 0.04 2 11.10 * 0.27
22X-6 4 7.00 £ 0.04 2 7.15 + 0.11
22X-12 5 9.53 * 0.04 4 9.81 + 0.28
23%X-12 5 8.91 * 0.06 2 8.28 £ 0.10
33%X-12 5 4.25 £ 0.03 2 4.39 = 0.29
SX-72 10 9.78 £ 0.12 2 g8.52 = 0.05
*The first two samples were analyzed for argon in helium, the remainder for xenon in helium.



Appendix C

Precision of Mass Spectrometric Xenon Analyses*

Number of Number of Analyses  Average Mole %

Run No. Anslyses Discarded Included in Xenon a?d Average
Average Deviation
Stand. 1 0 10 9.76 £ 0.10
12-g%* 0 6 2.31 = 0.08
12-b** 0 6 12.19 * 0.08
13-a 0 6 2.28 £ 0.08
13-b 0 6 12.02 + 0.12
14=g 0 6 2.00 = 0.12
14-D 0 6 10.14 * 0.08
15-a 0 6 7.48 * 0.06
15-b 0 6 9.35 * 0.11
16-a 0 6 8.50 + 0.19
16-Db 0 6 10.01 + 0.16
Stand. 2 1 9 9.34 * 0.15
17-a 0 5 8.34 = 0.06
17-b 2 3 9.42 = 0,11
18-a 0 5 g8.92 + 0.19
18-v 0 5 8.78 = 0.23
19-a 0 5 7.21 = 0.09
19-b 1 4 9.25 = 0.04
20-a 2 4 8.81 + 0,14
20-b 1 4 9.55 * 0.20
21-a 0 5 7.52 = 0,06
21-b 0 6 9.42 = 0.10
22-3 1 4 7.00 £ 0.04
22-b 0 5 9.53 = 0.04
23-a 0 6 6.27 £ 0.09
23-Db 0 5 8.91 £ 0.06
Stand. 3 1 11 4.68 = 0.10
24=a 0 6 3.05 = 0.22
24-1 1 5 4.70 = 0.04
25-a 0 6 3.41 = 0.07
25-b 0 6 4.96 = 0.17
26-a 0 6 3.55 £ 0.19
26-b 0 6 4.85 * 0.10
28-a 2 4 3.37 £+ 0.03
28-b 1 5 5.30 £ 0.02
Stand. 4 2 10 4.83 * 0.12
29-a 0 6 0.88 = 0.04
29-Db 0 5 5.53 + 0.09
30-a 0 6 0.56 = 0.06
30-p 1 4 5.16 * 0.06
31-a 0 6 0.66 = 0.06
31-b 0 6 4.53 £ 0.03

20




Appendix C (continued)

Number of Analyses Average Mole %

Run No. Analgzzzegiziarded Included in Xenon agd Average
Average Deviation
32-a 1 5 3.35 £ 0.07
32-D 0 6 4,42 = 0.08
33-a 0 5 3.13 + 0.11
33-Db 0 5 4.25 = 0.03
34-a 1 5 3.66 £ 0.09
34-Db 0 6 4.67 + 0.06
35-a 0 6 3.48 £ 0.13
35-b 0 6 4.51 £ 0.08
Stand. 5 1 10 9.67 £ 0.14
36-a 1 5 7.63 = 0.06
36-b 0 6 10.53 £ 0.08
37-a 1 5 8.25 £ 0.10
37-b 1 5 10.66 % 0.16
38-a 0 5 7.29 + 0.30
38-Db 0 6 10.00 £ 0.30
39-a 1 5 8.57 + 0.07
39-b 2 4 10.50 = 0.09
40-a 2 4 8.66 + 0.08
40-Db 1 5 10.64 = 0.15
41l-a 1 5 8.21 £ 0.25
41-D 1 5 10.01 £ 0.16
4R-a 1 5 7.08 £ 0.17
42-D 0 5 9.01 + 1.15
Stand. 6 1 10 9.78 =+ 0.11
43-a 0 6 9.30 £ 0.18
43-b 1 5 10.29 = Q.08
blpma, 1 5 9.27 £ 0.07
44=D 1 5 10.18 £ Q.07
45-8 0 6 9.12 + 0.09
45D 0 6 10.11 = 0.05
Total 35 410 Over-all av. dev. = = 0.12

*Some of the variation in the reported values might possibly be due
to imperfect mixing of the gas before sampling or to air leakage.

**g — equilibrium gas samples; b — desorbed gas samples.
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