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The differential molar adsorption enthalpy of radon at zero coverage on the surface of laboratory made ice
was determined by the method of low-temperature thermochromatography. Spherical ice particles were prepared
as the stationary phase. For the investigation, the short-lived radon isotope220Rn was used, generated with a
232U-emanation source. Helium served as carrier gas. At a temperature of about 100 K, sharp adsorption
peaks of the220Rn atoms (∼108) were measured. From the measured deposition temperatures the adsorption
enthalpy on the surface of the ice spheres was determined as∆Hads ) -19.2 ( 1.6 kJ/mol. This value is
compared with data from the literature for adsorption enthalpies of radon on different solid surfaces. From
the estimated solution enthalpy of radon in water and the formation enthalpy of a hypothetical “Rn chlathrate
hydrate”, it follows that Rn is adsorbed on the ice surface as a free atom. The measured adsorption enthalpy
indicates that Rn and ice are not isomorphous and that Rn shows no solubility in the solid phase.

1. Introduction

Radon is a radioactive noble gas, mainly produced in the earth
crust from the long-lived primordial radionuclides232Th and
238U. Of great importance is222Rn as decay product of238U
since it has a half-life of 3.8 days. Because of the rather long
lifetime for this isotope of 5.5 days ()T1/2/ln 2) it emanates to
a considerable amount from the uppermost layer of the soil into
the atmosphere. The emanation rate depends strongly on the
composition of the soil and on humidity as well as changes in
atmospheric pressure.1

Similar to its lighter noble gas homologues Ar, Kr, and Xe,
Rn is able to form chemical compounds (for surveys see refs 2
and 3), but under natural conditions Rn is inert.

All Rn isotopes undergo radioactive decay to nongaseous
products. For atmospheric Rn, these products attach to aerosol
particles. Radon as well as its decay products are versatile tracers
to study transport phenomena in the atmosphere.4 In addition,
atmospheric particles containing Rn decay products are of high
relevance to humans since they may be deposited in the
respiratory tract, causing high radiation hazards. Therefore, great
interest exists in Rn filters. These filters should guarantee
removal of Rn, especially in uranium mining, uranium process-
ing, and nuclear fuel processing and refabrication.3,5-8 With
respect to sorption capacity, charcoal surpasses molsieves and
silica gel remarkably.6

The temperature-dependent adsorption behavior of Rn at
solid-state surfaces determines the probability of desorption. As
a natural phenomenon the desorption probability of Rn from
the surface of cosmic objects (e.g., from the surface of the moon)
has also been investigated.9

Knowledge of the adsorption behavior of radon on solid
surfaces is required to model its distribution processes. Despite
the fact that large areas of the earth surface are covered by ice,
little is known about adsorption of radon on ice. Knowledge of
this process is important for, e.g., application of the radon decay
product210Pb (T1/2 ) 22 y) for dating purposes.

In this work, the adsorption behavior of radon on ice surfaces
is investigated by low-temperature gas adsorption chromato-
graphy in form of thermochromatography.10

2. Experimental Section

Thermochromatography is a well-known gas chromatographic
technique in which a stationary negative temperature gradient
(in the direction of the carrier gas flow) is maintained along a
chromatographic column. For a given time, the species of
interest are injected into the chromatography column which is
usually filled with a stationary phase of interest (e.g., ice
spheres). After the experiment, the deposition zone of the species
and from this the deposition temperature is deduced. From the
measured deposition temperature the adsorption enthalpy of the
species on the surface of the stationary phase may be calculated.
For a description of this technique we refer to refs 10-12. In
the following, only some specific problems encountered in the
preparation and handling of chromatography columns with ice
as the stationary phase are discussed.

Deionized water was used for the preparation of spherical
ice particles. The water was dripped at a defined rate out of a
Teflon capillary (i.d. 0.5 mm) into a Dewar filled with liquid
nitrogen. The end of the capillary was connected to an electrical
vibrator to guarantee reproducible formation of small droplets.
Obviously, the droplets freeze at the very moment of contact
with liquid nitrogen, conserving their shape. They showed a
smooth glossy surface. The mass of a single sphere was
determined to be 0.7 mg. After production of sufficient ice
spheres, the liquid nitrogen was decanted. The particles could
then easily be filled in columns. All further manipulations such
as the preparation of the columns and the storage were
performed in a cold room kept at-20 °C. We assume that
during the fast solidification process of liquid water droplets at
liquid nitrogen temperature, amorphous ice (Ia) or cubic ice (Ic)
is formed. During storage at-20 °C both ice phases (modifica-
tions) most likely transform into hexagonal ice (Ih). This
transformation takes places even at-120°C during 2-3 days.49

Teflon (PTFE) tubes with 5 mm i.d. were used as columns.
† Paul Scherrer Institut.
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The ice spheres were fixed with quartz-wool plugs inserted into
the tubes at both ends. One end of the tube was filled with
molsieve 5A as sorbent for gaseous species which might break
through the stationary phase during the experiment (see Figure
1). Prior to an experimental investigation the columns were
pretreated for about 100 h at-20 °C. During that time an
equilibrium condition of the solid surface was established via
water vapor transport. Neither changes of the shape or surface
nor any formation of open porosity was observed visually.

The temperature gradient along the column was generated
by the setup shown in Figure 1. As a heat conductor a brass
tube with a wall thickness of 2 mm and an inner diameter of 8
mm was used. The “hot” end of the tube was kept at-10 °C
by a flux of alcohol, passing through a cryostat. The “cold”
end was placed at the bottom of a metal container filled with
liquid nitrogen. The entire setup was heavily isolated with
Styrofoam.

The temperature profile was measured in an empty column
with flowing carrier gas. It was assumed that the temperature
profile of the empty column resembles very much that of the
filled column due to the high heat conductivity of the He-carrier
gas and the turbulence of the gas in the stationary phase.

The temperature profile and the calculated mass transport of
water for representative experimental conditions in direction of
decreasing temperature are displayed in Figure 2. The values
are based on equilibrium partial pressure values of water over
the ice surface.13,14In the region of radon deposition (see Figure
3) the partial pressure of water is so low that a perceptible
transport of water may be excluded. Therefore, it can be assumed
in good approximation that in that region the surface is not
significantly increased during the experiment.

The adsorption chromatographic investigations in the ice
columns were performed with220Rn. The220Rn, as emanation
of a232U source, was injected into the He-carrier gas. The source

was prepared by evaporation of a solution of232U in nitric acid
on quartz powder. To achieve constant and high220Rn emanation
during the experiment the source was kept at 300°C.

During the chromatographic transport in the ice column220Rn
decays with a half-life of 55.6 s. The Rn produces nonvolatile
decay products:216Po (0.15 s) and the longer lived isotopes212Pb
(10.6 h) and212Bi (60.6 min). All these progenies immediately
stick to the ice surface. Detection of the activity of the long-
lived products, mainly212Pb, after an experiment can therefore
be used as tracer for the position at which220Rn decayed. With
such an approach the chromatographic retention timetr equals
the lifetimeτ of 220Rn (1.34 min) which is much shorter than
a typical duration of an experiment (about 2 h).

After the column is introduced in the temperature gradient
brass tube, the carrier gas was switched on until the temperature
equilibrium was reached. Then the220Rn generator was plugged
in the He-carrier gas stream at the “hot” side. All experimental
parameters are listed in Table 1.

After the experiment (120 min) the column was removed from
the low-temperature end of the gradient tube. Both ends were
sealed with silicone plugs. The column was then positioned in
a shallow U-shaped container filled with liquid nitrogen.

In this frozen state the activity distribution along the column
was measured in 1.5 cm increments with a Geiger-Müller
counter in combination with a lead collimator (see Figure 3 for

Figure 1. Scheme of the experimental setup.

Figure 2. Temperature profile in the column and mass transport of
water at a He gas flow rate of 100 mL/min during the experiment
(duration 2 h).

Figure 3. Distribution of the220Rn decay products along the ice column
at a He gas flow rate of 100 mL/min.

TABLE 1: Parameters of Thermochromatographic
Experiments

symbol explanations values and units

τ0 period of oscillation of the adsorbat
vertically to the surface

3 × 10-13 s

R gas constant 8.31 J/(mol K)
T0 standard temperature 298 K
c°gas standard concentration particles/

volume
cm-3

c°ads standard concentration particles/
surface area

cm-2

M molecular weight 220 g
V0 gas flow rate 10-200 cm3/min
tr retention time 1.34 min
∆H° standard enthalpy of the respective

reaction
kJ/mol

∆S° standard entropy of the respective
reaction

J/(mol K)

TD deposition temperature K
Ei*(x) integral exponential function ofx,

x ) ∆Hads/RTD or ∆Hads/RTS in eq 1;
see also Figure 4 and ref 11

Ts starting temperature 263 K
g temperature gradient 5.5 K cm-1

a surface area per unit of column length 8.5 cm2/cm
f factor) [c°ads]/[c°gas] ) cm3/cm2 1 cm
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an example). The deposition temperatureTD of 220Rn is defined
as the temperature corresponding to the peak maximum.

3. Results and Discussion

3.1. Measured Deposition Peaks at Different Gas Flow
Rates. Table 2 summarizes the deposition temperaturesTD of
the peaks measured in nine experiments performed at different
gas flow rates. The errors represent the standard deviations of
the peaks. They therefore do not include systematic errors.

Despite the small number of Rn atoms (∼108) used for each
experimental study, a well-defined peak is observed. This fact
is worth mentioning because at the low temperatures which are
required for the adsorption of Rn, the formation of a deposition
peak is not a priori expected. Diffusion coefficients decrease
with temperature and could therefore prevent a peak formation.

In the molsieve section only small traces of the activity were
found. This proves that220Rn decayed nearly completely in the
ice column. Also, the formation of sharp adsorption peaks
indicates that the decay products (Po, Pb, Bi, Tl) are preserved
at the location of their formation, as expected.

3.2. Determination of the Adsorption Enthalpy. From the
experimentally determined deposition temperatures the adsorp-
tion enthalpy can be calculated with11

with

All symbols are explained in Table 1 as well as some
experimental parameters.

To obtain the adsorption enthalpy from the measured data
(see Table 2), the adsorption entropy must first be calculated.
This can be performed with the model of mobile adsorption15

assuming that the adsorption entropy may be calculated for the
temperature which corresponds toTD since the Rn atoms stay
during most of the time near the deposition position.

The period of oscillationτ0 necessary to calculate the entropy
of adsorption was derived from the vibrational frequencyν of
the solid state of ice. Since no experimental data exist forτ0 or
ν, the period of oscillationτ0 was estimated with data from ref
49 applying the relations from Madelung and Einstein (τ0 )
3.1×10-13 s), Lindemann (τ0 ) 2.5× 10-13 s) and Debye (τ0

) 3.4 × 10-13 s).16 A rounded value of 3×10-13 s was used
for further calculations.

Averaging all unweighted experimental values yields:

Under the condition of a temperature-independent adsorption
enthalpy, and using the calculated entropy (eq 2), the dimen-
sionless equilibrium constantKadsof the adsorption reaction for
temperatures close to the deposition temperature is given by

resulting in

3.3. Comparison with Adsorption Enthalpies on Different
Adsorbents. Literature values for the adsorption behavior of
radon on ice surfaces are not available. Therefore, only
thermochemical literature data for other radon-adsorbent com-
binations can be used for comparison (Table 3). All values relate
to very small degrees of coverage. The adsorption enthalpy of
radon on ice surfaces is clearly lower than the values measured
with any other adsorbent.

The most important interactions between radon and solid-
state surfaces base on dispersion forces. By their nature, such
forces are similar to the interaction between radon atoms in a
condensed state. To demonstrate this assumption the adsorption
enthalpies of noble gases on different sorbent materials (Table
4) are plotted in Figure 4 as a function of the sublimation
enthalpies of the noble gases. Obviously, there is a proportional-
ity between the two values for a given sorbent.

TABLE 2: Flow Rates and Experimental Results

expt
gas flow rate
(cm3/min)

exptl
deposition

tempTD
a (K)

calcd (eq 2)
ads entropy

∆Sads(J/(mol K))

deduced (eq 1)
ads enthalpy

∆Hads
a (kJ/mol)

1 10 110 -170.3 -18.1
2 10 116 -170.1 -19.0
3 20 115 -170.1 -19.6
4 50 112 -170.2 -20.0
5 50 115 -170.2 -19.3
6 100 107 -170.1 -19.8
7 100 110 -170.3 -20.3
8 200 95 -170.9 -18.2
9 200 98 -170.8 -18.7

a Typical errors (1σ): ∆TD ) ( 5 K; ∆Hads ) ( 0.7 kJ/mol.

TABLE 3: Adsorption Enthalpies of Radon on Solid State
Surfaces

adsorbent -∆Hads(kJ/mol) carrier gas temp (K) ref

silica gel 37.7 air or argon 298 17
28.7 air 204-303 18

charcoal 35.6 hydrogen 293-353 19
32.7 nitrogen 293-353 19
30.0 air 293-303 19
28.9 air 273-323 20
31.4 air 204-303 18
35.4( 5.2 helium 193-373 20

palladium 37.0( 4.0 hydrogen 168 21
ice 19.2( 1.6 helium 90-115 this work

TABLE 4: Mean Values of Adsorption Enthalpies of Noble
Gases on Different Adsorbents from the Literaturea

-∆Hads(kJ/mol)noble
gas charcoal silica gel molsieve TiO2

He 1.7( 0.7
(22-24)

Ne 5.4( 0.9
(23-25)

6.4
(37)

Ar 11.2( 3.7
(22-31)

13.2( 5.4
(17, 26)

13.9( 4.2
(6, 27, 29, 34, 35)

7.2
(28)

Kr 16.1( 3.1
(22, 23, 25, 26,
28-32)

17.0( 4.3
(27, 31, 34, 36)

13.3( 0.5
(30)

Xe 24.3( 7.8
(22, 25, 26, 32, 33)

26.6( 5.4
(31, 36)

19.8
(10)

Rn 35.8( 7.0
(5, 19, 20)

33.2( 4
(17, 18)

a The adsorption enthalpies were determined by isothermal gas
chromatography (refs 25-28, 35), from adsorption isotherm or isostere
(dynamic: refs 5, 18, 19, 36; static: refs 20, 34), by calorimetry (ref
37), and from a literature survey (refs 6, 22-24, 30-32).

trV0g

aT0 f exp(∆Sads
0 /R)

) Ei*(-∆Hads
0

RTD
) - Ei*( -∆Hads

0

RTs
)

(1)

∆Sads
0 ) R ln[cgas

0

cads
0

τ0( RTD

2πM)1/2] + R/2 (2)

∆Hads) -19.2( 1.6 kJ/mol (2σ uncertainty)

ln Kads) -
(∆Hads- T‚∆Sads)

RT
(3)

log Kads) (1004( 92)/T - 8.9( 0.1 (4)
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In the following, an estimate is made on the dispersion
energies between Rn and graphite as well as Rn and ice.
Graphite is taken as example, since for this sorbent reliable
experimental data exist (see Table 3). The dispersion energies
W between two particles can be calculated with38

with E1,2 ) 1.57I1,2, and W the dispersion energy,R1,2

polarizability of the particles,r1 + r2 distance of the centers of
the particles,E1,2 average dipole transition energies, andI1,2 first
ionization potentials.

For a comparison of the interaction between radon and
different adsorbents, the ratio of the dispersion energies can be
derived from

This ratio was calculated with the data for charcoal (C) and
water (H2O) compiled in Table 5.

The polarizability of radon was extrapolated from an empiri-
cal correlation of the polarizability of the noble gases39,40 with
their sublimation enthalpies13 with a polynomial expansion:

With ∆Hsubl ) 19.69 kJ/mol,13 R ) (6.1428( 0.0023)× 10-30

m3 is obtained.
PolarizabilityR and molar polarizationPM are connected by

With these data the following ratio is obtained:

According to this ratio of the dispersion energies, it can be
expected that the absolute value of the adsorption enthalpy of
radon on ice is much smaller than on charcoal. The experimental
result is in agreement with this prediction.

The energy of the van der Waals interaction of polarizable
atoms with a surface of a dielectric material or a metal can be
estimated with39

Again utilizing data from Table 5 we obtain for the “adsorption
energies” of radon on

and on

These values agree well with experimental data (see Table 3).
3.4. Interaction of Radon with Water and Ice in Bulk

Phases. Finally, we discuss the interaction of Rn with water
and ice in bulk phases. Figure 5 displays the temperature
dependence of the solution enthalpy of radon in water. The
solution enthalpy-∆HL(T) increases with decreasing temper-
ature according to43

The standard enthalpy of solution is∆H°L(298) ) -22.79 kJ/
mol and at 0°C ∆H°L(273) ) - 28.61 kJ/mol.43

During the solution process of radon a reorientation of the
water molecules in the neighborhood of the nonpolar atom takes
place.44 A chlathrate-like cage is formed around the Rn atom.
The strength of the hydrogen bonds increase slightly. The
formation of the cage around the Rn atom contributes to the
enthalpy of solution.

The interaction of the polarizable radon with the solvent water
is much stronger than the measured adsorption enthalpy of Rn
on ice. Therefore, in the adsorbed state on ice surfaces radon is
not completely surrounded with water molecules.

Figure 4. Adsorption enthalpies of noble gases on surfaces of solid
adsorbents (see Table 4) versus their sublimation enthalpies.

TABLE 5: Atomic or Molecular Radii, Ionization Potentials,
and Polarizability of the Atoms of Radon and Carbon and
the Water Molecule

Rn C H2O

radiusr (10-9 m) 0.18a 0.071b 0.14a

ionization potentialsI (eV) 10.7513 11.2613 12.6141

polarizabilityR (10-30 m3) 6.14 (eq 7) 1.7639 1.4439,52

gq ) (ε0 - 1)/(ε0 + 1)39 1.0 0.99c

molar polarizationPM (10-6 m3) 15.49 (eq 8)

a Derived from the van der Waals constantb. b Graphite42 c Value
for dielectric constantε0 from ref 51.

Figure 5. Solution enthalpies of radon in water at different temper-
atures from refs 3, 24, 43, 50. The linear regression fits only the data
of ref 43.

WC/WH2O
) 4.6

W )
R1g

q

8(r1 + r2)
3

E1E2

(E1 + E2)
(9)

charcoal WRn-C ) 36.2 kJ/mol

ice WRn-ice ) 18.9 kJ/mol

-∆HL(T) ) - 0.291T + 108.053 (10)

W ) - 3
2

R1R2

(r1 + r2)
6( E1E2

E1 + E2
) (5)

WC

WH2O
)

RC(rRn + rH2O
)6

RH2O
(rRn + rC)6

ICIRn + ICIH2O

IH2O
IRn + ICIH2O

(6)

R ) 0.0096∆Hsubl
2 + 0.1147∆Hsubl + 0.1624 (7)

PM ) 4/3πNLR (8)
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A long known45,46but poorly investigated compound is radon
chlathrate hydrate. Noble gas compounds of this type are formed
when Ar, Kr, or Xe is passed through water under high pressure
at low temperatures. Their structure can be described as
occlusion compounds with X8‚H46O23 units, with X being a
noble gas atom. For Rn only mixed hydrates with other gases
(SO2, H2S, etc.) are known. Probably single atoms are not able
to form such chlathrates. Nikitin45 described the formation of
the chlathrates with SO2 as isomorphous cocrystallization of
the single chlathrates with the stoichiometric constitution: X‚
H12O6. According to more recent models22,47the cages are filled
with help gases.

Extrapolated data for the stability of a hypothetical radon
chlathrate hydrate from literature data of formation enthalpies,
decomposition pressures, and temperatures as functions of the
molar polarization are shown in Figures 6 and 7. The linear
extrapolation in Figure 6 results in upper limits of the formation
enthalpies. The formation enthalpy of a hypothetical radon
chlathrate compound, related to 1 mol Rn surpasses the
measured adsorption enthalpy of about 20 kJ/mol considerably.

3.5. Influence of the Adsorbent Properties. The differential
molar adsorption enthalpy at zero coverage may be calculated
from the desublimation enthalpy (∆Hdesubl), the differential molar
solution enthalpy of the solid adsorbat in the pure solid adsorbent

(∆HL), and the enthalpy of vacancy formation (∆HVV):48

VA/VB is the ratio of the volumes of the atoms of the adsorbate
and the molecules of the adsorbent, respectively.

Since the measured adsorption enthalpy of radon on ice
approximately corresponds to the desublimation enthalpy, the
differential molar enthalpy of solution of solid radon in solid
ice must be equal to the displacement enthalpy (VA/VB)∆HVV,
which is necessary for the uptake of 1 mol radon in ice of normal
structure (ice I). With∆HVV ) 51 kJ/mol49 it follows that∆HL

) +105 kJ/mol.
The sign and order of magnitude of this value are in

agreement with the fact that solid radon and ice are not
isomorphous and not soluble in each other in the solid phase.

4. Conclusions

1. Gas adsorption chromatographic studies are well suited to
study the behavior of trace gases with spherical ice particles
down to liquid nitrogen temperature. Under such conditions,
thermochromatographic experiments allow the determination of
adsorption enthalpies in the range of 15< -∆Hads < 60 kJ/
mol.

2. A comparison of the experimentally determined adsorption
enthalpy of radon on ice of-19.2 ( 1.6 kJ/mol with the
adsorption enthalpies of radon on other solid state surfaces, the
solution enthalpy of radon in water, and the formation enthalpy
of a hypothetical radon chlathrate hydrate shows that with a
high probability radon is adsorbed as a free atom on the ice
surface and is not fully coordinated by water dipoles.

3. On the basis of the calculated temperature-dependent
adsorption entropy and the experimental adsorption enthalpy,
assumed to be temperature independent, the equilibrium constant
of the adsorption reaction can be given for a small temperature
range around the deposition temperature in a thermochromato-
graphic column.
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