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ABSTRACT.,

Desorption of chemisorbed tritiated hydrogen by mercury
vapour has been investigated to determine whether the surfaces
of evaporated nickel films are homogeneous or heterogeneous in
chemisorption at 25°C.

It has been found that the specific activity of the desorbed
tritiated hydrogen varied in a periodic way, and this has been
attributed to different hydrogen adsorption bond strengths on
the different exposed crystal faces of the nickel crystallites.

This heterogeneity of the surface has been demonstrable
because of an isotope effect in hydrogen and tritium behaviour;
tritium was displaced from the surface more slowly than was
hydrogen. Gas phase-surface phase exchange experiments have also
shown that the surface becomes enriched in tritium.

A certain proportion of adsorbed hydrogen and tritium was
not recovered from the surfaces by the mercury displacement
technique, the retention values for hydrogen and tritium on
vacuum evaporated films being 12% and 25% respectively. This
trapping effect has been shown to be dependent on film weight,
which suggested that a bulk diffusion mechanism might be at
least partially responsible.

The rise and fzall in the specific activity of the desorbed
tritiated hydrogen within each desorption step has been explained

by invoking the isotope effect in desorption and trapping.



A model has been propesed which satisfactorily explains
the phenomenon. ive desorption steps were observed in the case
of vacuum evaporated films, and seven in the case of films
evaporgted in an atmosphere of argon, The presence of a small
percentage of adsorbed oxygen disrupted the normally regular
desorption pattern and increased the amount of tritium, but not
of hydrogen, retained. At OOC, the number of desorption steps
increased, and the specific activity of the desorbed tritiated
hydrogen was depressed. An increased value was, however, obtained
in the last few desorption steps such that the overall tritium
retention figures were identical with those at 2500.

Desorption experiments at low temperatures indicated that
the displacement of hydrogen by mercury vapour was an activated
process proceeding, not by direct collision between gas phase
mercury atoms and the surface, but via an intermediate physically
adsorbed mercury layer. The presence of the latter effectively
prevented the gas phase-surface phase exchange reaction and per-
mitted the variation in specific activity of the desorbed gas to
be observed.

It has been concluded that nickel films are heterogeneous
for hydrogen and tritium chemisorption at 2500. This work has
extended to 2500 the known range of heterogeneity from low

temperatures to 0°¢c established by previous workers.



INTRODUCTION

It is of importance, from the point of view of catalysis, to
study the way in which surfaces adsorb a molecular speciesj whether
the adsorption is uniform over the entire surface or whether
particular points or areas can be differentiated by the formation of
stronger or weaker bonds with the adsorbate, It is the question of
homogeneity or heterogeneity of the surface which has been studied
in this thesis.

H.S. Taylor (1) originated the idea of the presence of ad~
sorption sites of varying activity. He pointed out that variations
in the geometry of the surface must give rise to differences in
degrees of unsaturation and hence of bond formation. Experimental
evidence in support of the presence of relatively few "active points"
was provided by Pease and Stewart (2), who discovered that catalytic
activity was considerably more sensitive to poisoning than was
adsorption.

Later calorimetric evidence (3) seemed to support the view of
surface heterogeneity, since it was found that heats of chemisorption
decreased markedly with the degree of surface coverage. If it was
assumed that certain sites adsorbed more readily than others, with
higher heats of adsorption, then this phenomenon could be explained.
An alternative reason was, however, that the greater the degree of

Coverage, the closer to one another must the molecules adsorb, and



.

the greater would be the effect of mutual repulsion forces, so that
the heat of chemisorption could also fall with increasing coverage
on a homogeneous surface (4).

A method which could partially resolve the question of surface
homogeneity or heterogeneity was devised by Roginskii and Todes (5)
in 1947. This was a differential isotope method involving two ad-
sorption stages, in the first of which one isotope was adsorbed and
in the second another isotope of the same element. If there were
heterogeneity of bonding on the surface, the possibility was that
the isotope adsorbed first would chemisorb on those sites which gave
the maximum free energy of adsorption and would, therefore, be more
strongly bonded. In a subsequent desorption process this isotope
would be more difficult to displace. In other words, the isotope
adsorbed first would be desorbed last.

Roginskii and Keier (6,7) applied this method to the study of
the chemisorption of hydrogen and deuterium on charcoal, reduced
nickel, and zinc oxide catalysts, the desorption process being
accomplished by what must be regarded as an undesirable method,
raising the temperature of the catalyst in successive stages to
53000. They found that the gas sample desorbed first had the same
isotopic concentration as the gas adsorbed last, and so they deduced
that the surfaces of their catalysts were heterogeneous.

This method was applied by Kummer and Emmett (8) to the chemi-
sorption of carbon monoxide on a promoted iron synthetic ammonia

catalyst. They used CO and 1400 added in succession as two separate



-3=

fractions at -19500 or —78°C. Desorption was effected by raising

the temperature in stages to about 120°C, the desorbed gases being
removed by pumping at each stage. Analysis of the samples showed
that the second fraction of added CO tended to be desorbed first,

but that a partial exchange occurred rapidly between the adsorbed
fractions corresponding to about 50% of the iron surface. This was
evident even at —195°C. If no factors other than heterogeneity of
the surface were involved, it would seem that about 50% of the surface
was homogeneous and the other 50% heterogeneous.,

Eischens (9) used a CO, 14CO exchange technique, as well as a
desorption technique similar to that of Kummer and Emmett, on un—
promoted iron, and a kinetic treatment of his results showed that the
surface appeared to consist of relatively few homogeneous portions,
rather than of a series of sites providing a spectrum of chemisorption
bond strengths.

On applying the Roginskii and Keier method to the study of the
surface nature of exhaustively reduced niqkel—on—silica catalysts,
GeCuA. Schuit (10) found that an equilibrium mixture of the hydrogen
and deuterium adsorbates, corresponding to the temperature of
desorption, was obtained. This is expected in the case of surface
homogeneity.

It is evident from the foregoing that the conclusions which can
be drawn are far from definite, in that some results indicate homo-
geneity whereas others on the same catalysts, indicate heterogeneity.

lioreover, other factors must be considered before a complete inter-
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pretation of results from the differential isotope method is
possible. Such possibilities aret mobility of the adsorbed
species, exchange between adsorbate and gas phase, interaction
between adsorbed atoms, and between adsorbed atoms and the surface,
in certain cases steric hindrance of the adsorbate to further
adsorption, and last but not least, the question of surface con-
tamination and its effect on adsorption and desorption.

The fall in heat of adsorption with increasing coverage
could be explained either by heterogeneity of the surface or by
mutual repulsion of surface dipoles, formed by polarisation of the
adsorbate metal bond, making further adsorption more difficult.
These alternatives can be differentiated satisfactorily by the
Rogenskii and Keier method, since, in the case of dipole repulsion,
each molecule once adsorbed, is no different from any other. If,
however, the adsorbed species is mobile, equilibration of the
isotopes would occur even if the surface were heterogeneous. This
would lead to the erroneous conclusion of surface homogeneity, and
could be an alternative explanation for Schuit's results. Hence the
differential isotope method cannot distinguish between homogeneity
and surface mobility, and this is an important criticism in view of
the elevated desorption temperatures used in most cases. Kummer and
Emmett's results are possibly more reliable in this context because
of recent work in field-emission microscopy (11) which shows that,
at comparatively high temperatures, carbon monoxide remains
essentially immobile, whereas adsorbed hydrogen atoms are mobile at

250K,
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It was decided in the present work to apply an improved version
of the differential isotope method to the study of the surface nature
of evaporated nickel films. The investigation of evaporated metal
films has been continuing since 1935 (12), but quantitative and
reproducible results in hoth chemisorption and catalysis were not
available until 1940, when the work of Beeck, Smith and Wheeler (13),
on evaporated nickel and iron films was publishede. They studied
the chemisorption of ethylene, hydrogen, carbon monoxide, nitrogen,
and oxygen, and found that the amounts adsorbed were proportional
to the film weight, indicating that the films have a porous structure.
Since that time the value of evaporated films for quantitative
studies of this kind has been realised, since these films have con-
veniently high surface areas per mg weight, and since the possibility
of surface contamination is lessened, a danger ever present with
catalysts prepared by reduction processes.

The isotopes chosen for adsorption were hydrogen and its radio-
active isotope, tritium. The advantage of using a radioactive isotope
is that a large number of desorption samples can be gquickly and
simply assayed by pumping them into a gas counting apparatus attached
directly to the main desorption apparatus.

Desorption of the gases from the surfaces of the films has been
carried out by exposing them to mercury vapour. The use of mercury
Vapour in this way was first mentioned by Porter and Tompkins (14),
and Gundry and Tompkins (15), and has been investigated in detail

by Campbell and Thomson (16). Its outstanding advantage is that it



allows desorption to proceed at room tempersture and hence, in
contrast to desorption by heating, the possibility of sintering
the films and of promoting surface mobility is reduced.

To sum up, it was hoped in this work that the differential
isotope method could be applied under more favourable conditions
than hitherto, by the use of reproducible surfaces, and by removing

the need for elevated desorption temperatures.
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CHAPTIR 1.

STUDY OF THY DISPLACEMENT BY MERCURY VAPOUR OF UYDROGEN
AND OF TRITIUM FROII TH: SURFACE: OF VACUUM TVAPORATED
NICKEL FIIMS.

The research work described in this thesis was directed towards
the end of deciding whether the surface of nickel catalysts was
by nature homogeneous or heterogeneous towards the chemisorption
of hydrogen. For reasons described in &, considerable controversy
was extant in the literature concerning this problem, some evidence
favouring the view that chemisorption bonds were identical over the
entire surface of the catalyst, other informavion seeming to suggest
that certain points or areas chemisorbed hydrogen in different ways
with the formation of stronger or weaker bonds.

Roginskii and Keier (7) described the application to nickel
catalysts of a neat and ingenious way of possibly settling this
problem. This was the differential isotope method (5) whereby if
the adsorption process was carried out in two steps, using hydrogen
for one and deuterium for the other, a subsequent desorption stage
should indicate heterogeneity if the isotope adsorbed last was
desorbed first, but homogeneity if an equilibrium mixture of the
isotopes was obtained. Any isotope effect could be allowed for
by varying the order of adsorption of the isotopes. Using this
technique, Roginskii and Keier arrived at the conclusion that the
surface of the nickel catalyst they studied was heterogeneous.

The present work involved the application bf the differential

isotope method, but with these important modifications.
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Pirstly, it was decided to study the surfece of a catalyst which
could be made reproducible from one sample to the next. Tor this
reason, instead of using supported nickel catalysts like Roginskii
and Keier, the surfaces of evaporated nickel films were studied.

Secondly, instead of using the stable isotope of hydrogen,
deuterium, which involved the use of mass spectrometric techniques
for its analysis, the radioactive isotope, tritium, was used. The
analysis of tritium content in any hydrogen-tritium mixture could
be easily and quickly determined by pumping the gases into a gas
counter.

Thirdly, and most important, desorption was effected, not by
the Russian and subsequent workers' technique of increasing the
temperature of the catalyst in successive stages to, in the majority
of cases, a high value, but at room temperature by adopting the
method studied by Campbell and Thomson (16), of carrying out the
displacement of hydrogen and tritium by exposing the surface to
mercury vapour. In this chapter the adsorption and desorption
techniques are described, the results of the experiments being

detailed in chapters 2 and 3.

I.l1. PREPARATION OF THE NICKEL FIIS.

Bach nickel film was deposited on the inner surface of a
Pyrex catalyst vessel from an electfically heated pure nickel wire.
To obtain reproducible results (13) it was essential to ensure

that the inner surface of the catalyst vessel was clean, and free
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from adsorbed gases, and this was achieved by heafing the catalyst
vessel to 500°C under high vacuum conditions for several hours.
It was also necessary to free the wire filament from occluded gases,
a satisfactory method being to heat the filament electrically to
Just below the evaporation teuperature of the nickel during the last
two hours of the de-gassing process. A licLeod gauge was provided
so that residual pressure in the catalyst vessel could be measured
and at the end of the de-gassing stage, this pressure was less than
lo-smm. After the catalyst vessel had been sealed, it was removed
to a large beaker containing cold, running tap water where evaporation
of the filament was carried out, the cooling process being desirable
to prevent undue sintering of the film. Filament evaporation was
at the rate of between 30 and 40 mg per hour and film weights were
usually also of that order.

Fach catalyst vessel was immediately, on completion of the
evaporation, glass blown to the adsorption-desorption section of
the apparatus and within a few hours adsorption of hydrogen or
tritium effected through the break-seal provided on each vessel.

Full details of catalyst vessel design and film preparation

are given in chapter 6.

1.2, THE ADSORPTION-DESORPTION APPARATUS.

The apparatus is shown schematically in fig.l. It was a high
vacuum system and pressures of about 10—6mm could be obtained.

Basically it consisted of a calibrated volume containing a McLeod
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gauge, from which gas could be pumped by a Toepler pump into the
catalyst vessel section. The same Toepler pump could be used for
pumping gas from the catalyst vessel back into the ilcLeod gauge
section. A second Toepler pump was provided to pump gas from the
McLeod section into the gas counter. A further section, opening
into a roughly calibrated gas pipette of low volume, was used for
metering volumes of gas into the licLeod section. This section was
provided with a manometer and storage bulbs containing pure hydrogen
and tritiated hydrogen which could be controlled by way of mercury
cut—offs.,

The catalyst vessel was separated from this apparatus by a
liquid nitrogen cooled trap to prevent access of mercury vapour.
Between the trap and the catalyst vessel was Joined a capillary

203Hg. This tube was maintained at

tube containing a bead of
liquid nitrogen temperatures until 203Hg vapour was required for

desorption.

I.3. THE ADSORPTION PROCESS.

The adsorption process consisted of measuring a suitable
pressure of gas from the appropriate storage bulb into the manometer
section, expanding this into the gas pipette and admitting gas trapped
inthe pipette to the licleod gauge volume which was accurately
calibrated. After measuring the pressure of the gas with the McLeod
gauge a proportion of it was transferred by the Toepler pump into

the catalyst vessel and the residual pressure in the llcLeod section
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was determined. The difference in the McLeod gauge readings gave

the volume of gas transferred to the catalyst vessel. The adsorption
was followed by a Pirani pauge system fitted to the catalyst vessel
section. Subsequent aliquots of gas were admitted to the catalyst
vessel in this way, either until a suitable volume had been ad-
sorbed or until the surface was saturated, indication of this being
given by the Pirani gauges, in which case the residual gas was
immediately pumped back into the McLeod section by the Toepler pump
and the total residual pressure in that section determined.

The adsorption method described allowed for the variation not
only of the species of each adsorbed aliquot, since the one isotope
could be pumped away from the manometer section and replaced by the
other at any stage in the adsorption, but also of the relative
volume of each, this being achieved simply by varying the initial
pressure measured in the manometer. In this way the relative
quantity of each gas adsorbed could easily be varied from between

10% and 90% of the total.

I.4. THE DESORPTION PROCESS.

Desorption was commenced, in nommal circumstances, the follow-—
ing day by removing the liquid nitrogen from the 203Hg capillary and
allowing the mercury vapour to come into contact with the nickel
surface, The rise in pressure ih the catalyst section due to desorbed
gas was followed by the Pirani gauges and when a suitable pressure

was indicated, the desorbed gas was Toepler pumped into the licLeod
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sectlon and its pressure measured. The second Toepler pump was
then employed te pump the sample into the gas counter for de-
termination of its specific activity. In this way very small
sortions of desorbed gas were assayed as they were desorbed, the
usual quantity of each aliquot being between 4 and 5 cm3mm.

The desorpiion could be stopped at any time by cooling the
203Hg capillary in liquid nitrogen.

Details of the experimental technique will be found in

chapter 8.

L,5, CONTINUQOUS ESTIMATION OF ADSORBED MiRCURY.

203

The purpose of using Hg was so that the arrival of mercury
vapour at the catalyst surface could be followed, and the amount
related, in a qualitative way, to the volume of hydrogen adsorbed.
Poxre this purpose a long gamme counter was placed parallel to, and
in: cenbact with the catalyst vessel, care being taken to ensure
that’ it was disposed symmetrically in relation %o the film, Tritium
or tHeé film had no effect on this counter since the beta emission
was 06 weak 1o penetraﬁe the walls of the catalyst vessel, and
ofily the' gamma rediation from the 203Hg could be counted.

& bockaround count was taken at the commencement of each
adéﬁr%fibn experiment, with the 203Hg source shielded by a %ﬂ thick
Y& dplinder, and thereafter counts were made at suitable intervals
g6 that’ an indication of mercury arrival at the surface, with

réspect to time and volume of desorbed gas was obtained.
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Full details are given in Chapter 8.

1,6 TRITIUM COUNTING.

The specific activity of each sample of hydrogen and tritium
desorbed was determined by Toeplering the gas from the McLeod
gauge section, where its pressure and volume had been measured,
into a gas counter, filled to a pressure of 8 cm with hydrogen and
containing 2 cm of ethyl alcohol as the quenching agent. Subsequent
samples were pumped into the same counter filling until the count
rate reached a limiting value as described in section 8.

To reduce statistical errors in the count rates to a minimum,
the counting of each sample was continued until at least 10,000
counts had been recorded, thus reducing the statistical error to
vfiazaaa'counts per 10,000 i.e. 1%. In normal circumstances this
error would be less at count rates over 1,000 cpm, since counting
was normally carried out over ten minute periods. To check the
reproducibility of the count rate, a second count for the same
period was taken immediately after the first. If the difference
between the two count rates was more than 1%, further counts were

taken until concordant results were obtained.

1.7. THE PRESSURE GAUGES.

(a) The MclLeod Gauge.

The McLeod gauge was used as the only accurate pressure

measuring device on the apparatus. Coupled with its associated
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calibrated volumes, this gauge was used in determining the
quantities of both adsorbed and desorbed gas. Each part of the
apparatus was pumped to sticking vacuum on this gauge prior to use.
Great care was taken in the construction and calibration of the
McLeod gauge to make it as accurate as possible. The closed and
compensating limbs were constructed from 1.5 mm precision bore
tubing, and the bulb volume was 100 ml., providing the gauge with
a useable pressure range between 3x10—1mm and 1.8x10-2mm, between
which limits all pressures of both adsorbed and desorbed aliquots
lay, and also between which the accuracy of the unit had been
determined. This was done by using the gauge for calibration of
the necessary associated volumes and studying the variation in
volume obtained for different readings. The maximum difference

+ . R
recorded was il% reducing to =0.2% by careful manipulation.

(b) The Pirani Gauges,

These gauges were used in a qualitative manner to follow the
adsorption process and indicate residual pressure in the catalyst
vessel and also to provide a dynamic method for following desorption.
In this context they were used asdirect reading instruments to
provide visual information on the commencement and cessation of the
desorption process, and to indiecate the pressure at which desorbed
gas Was to be pumped into the McLeod section. The gauges were
zeroed at the minimum pressure obtainable in the apparatus.

Details of the McLeod and Pirani gauges can be found in

Chapter 9.
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1,8, ESTTIATION CF TOTAL ERROR INCURRED DURING THE DETERMINATION
OF THE SPECIFIC ACTIVITY C¥ . THE DESORBED GAS SAMPLES.

Although the accuracy of the lclLeod gauge had been deter-
mined, and although statistical errors in the counting were less
than 1%, it was decided to estimate the total error incurred
under experimental conditions in the measurement of the pressure
and count rates of the small desorbed aliquots. To this end,
aliquots of the stock tritiated hydrogen were expanded into the
McLeod gauge section from the region of fhe apparatus to which
the catalyst vessel was normally attached. The size of each

3

aliquot was about 5 cm”mm which corresponded to the quantity of
tritiated hydrogen in each of the desorbed samples. After its
pressure had been read, using the lMcLeod gauge, the gas was pumped
into the gas counter. Successive aliquots were added %o the counter
in this way until the count rate had attained a value comparable
with the maximum value used during the experiments. The counter
filling was then renewed and the procedure repeated.

A standard deviation was worked out for the specific activity
of the desorbed samples, and a value obtained for the specific
activity of the stock tritiated hydrogen. The value obtained for
the standard deviation was — 2.24%.

Full details of the method and calculation of the standard

deviation are given in Chapter 9.
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CHAPTER 2,

RESUILTS OF ADSORPTION AND DESORPTION EXPERIMENTS ON
VACUUM EVAPORATED NICKEL FIIMS.

2+1. ADSORPTION OF TRITIATED HYDROGEN BY VACUUM EVAPORATED
NICKEL FIIMS.

Adsorption of hydrogen or of tritiated hydrogen was very
rapid. The residual pressure in the catalyst vessel after the
4

adsorption of each aliquot was about 10" 'mm and the pressure, as
indicated by the Pirani gauges, returned to the same value after
each sample had been adsorbed until the surface neared saturation
when an increasingly higher pressure remained. This higher value
of the residual pressure was only obtained when the surface was
more than 80% saturated. Aftcr saturation, the pressure of the
residual gas would very slowly decrease for a few minutes, but
apart from this, no indication was ever observed of a slow sorption
(17) process. When the surface had been saturated, residual gas
phase tritiated hydrogen was pumped away by the Toepler pump. It
was not possible, however, to reduce the pressure in the catalyst
vessel below the value of the residual pressure obtained during the
adsorption, and it appeared that desorption from the surface oc-
curred to maintain this equilibrium pressure value of about 10-4mm.
When the film with adsorbed hydrogen was left overnight, a
higher residual pressure was obtained the next day and in fact, a
very slow rise in pressure could be observed with the Pirani gauges

H 1 .
immediately after the slow sorption process mentioned above was
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completed, i.e. within a few minutes of saturating the film and
punping off the excess gas. The quantity of hydrogen desorbed in
this way was very small, and corresponded to between 1% and 2% of
the total adsorbed. Even in films which were unsaturated, the
pressure rise occurred overnight, but in this case it was less than
1%. It is possible that this desorption was due to a sintering
process of the film, since the adsorptions were effected at 2500,
which is about 10°C higher than the temperature of deposition of
films, and the films were used within two to three hours of the
deposition.

Results of a representative number of the adsorption ex-
reriments are given in Bable I for saturated films. The overall

17

average amount of hydrogen adsorbed was 2.,00x107 "gtoms per mg

nickel, which is much higher than the values obtained by Beeck (13)

17

for vacuum evaporated nickel films (1.2x10 'atoms per mg nickel),
and higher also than those by Klemperer and Stone (18) and Wahba
and Kemball (19). The explanation for the higher adsorption
capacities is probably that more rigorous catalyst vessel and fila-
ment de-gassing processes were used in the present work.

Beeck found that the amount of hydrogen adsorbed was proportion-
al to the film weight and the present results are in agreement with
this. In fig.2 volumes of hydrogen adsorbed are shown plotted
against film weight. The graph is drawn through the points from

the films showing the highest adsorptive capacities and is used to

calculate the adsorptive capacities of unsaturated films.
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TABLE I.

Hydrogen adsorption on vacuum deposited nickel films at 2500.

Film No. Pilm weight cm3mm Hydrogeno Atoms hydrogen
mg adsorbed at 25°C per mg nickel

17
5 42,05 127.4 1.96x10

17
16 25453 84.79 2,15x10

17
26 29,4 94495 2,09x10

17
31 26435 86426 2.12x10

17
41 66416 204.6 2.,00x10

17
42 35.28 114.3 2.10x10

17
44 30.5 92,91 1,97x10
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Recent work by Anderson and Baker (20) showed that on nickel
films a monolayer of hydrogen, as judged by comparative krypton
areas, was adsorbed at 90°K with an ambient pressure of 10_3mm
of hydrogen. 10% of this hydrogen could be removed by pumping.

It was thought in the present work that, since the excess gas was
punped from the catalyst vessel on théiéompletion of the adsorption,
some at least of any less firmly bound hydrogen would be pumped

off, especially since the pressure always returned to an equilibrium
value. Apart from two results from films 12 and 44, which showed

a decreased adsorptive capacity of 13.8% and 7.06% respectively,

asg compared with films showing the highest adsorption capacity

there is no real evidence of this having occurred. Other films
which had been subjected to the same procedure showed no reduction
in adsorptive capacity. This would indicate that 100% coverage for

hydrogen is achieved with residual pressures as low as 5x16-3 mm

(cof. Anderson and Baker).

2.2, EARLY EXPERIMENTS ON THE APPLICATION OF THE DIFFERENTIAL
ISOTOPE METHOD.

The first series of desorption experiments were carried out
from the point of view of obtaining an indication of homogeneity
or heterogeneity of the surface by a combination of the
traditional Roginskii and Keier method of mercury desorption,
i.e. admitting hydrogen and tritiated hydrogen to the surface in
a certain order and looking for enrichment of the isotope added

last in the first desorbed samples, if the surface were
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heterogeneous. If the surface were homogeneous the specific act-
ivity of each desorbed sample should be constant, and in value should
ve the mean specific activiity of the adsorbed gas. In these ex-

periments the desorption process was uninterrupted once begun.

RESULTS s =
PILM 2, (Table IT)
Film weight - 52.6 mg
Temp. of adsorption - 25°¢C
Tritiated hydrogen admitted first
Specific activity - 119.1 cpm per cm3mm
lst sample - 22,45 cmm
2nd sample - 21.23 cm3mm
3rd sample - 20465 cm3mm
Total tritiated hydrogen admitted 64433 cm3mm
Hydrogen admitted
4th sample - 24635 cm3mm
5th sample - 23.21 cm3mm
6th sample - 22.49 cm3mm
Total hydrogen adsorbed T0.05 cm3mm
Film saturated .
Total volune of gas adsorbed 134.4 cm3mm
Mean specific activity of adsorbed gas 56.96 cpm per cm3mm

The film was left overnight before desorption was commenced.

Details of the desorption are given in Table II.

Volune of gas desorbed 115.3 cm3mm

Volume of gas retained Dby 3
surface 19.1lco’mm = 14¢22%

Total count rate of desorbed
gas corrected for dead time

and background 5669 counts per minute
Total count rate of adsorbed
gas 7654 counts per minute

% Tritium retained by surface = 1985x100/7654 = 25.93%
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TABLE II,

Displacement of tritiated hydrogen by mercury vapour at 2500.

FILL 2,

*
Desorbed pv Total Total Count | Sp. Act.

sample | cm3mm desgrbed Count fr?m each cpm/bm3mm
cm~mm | sample
1 13.58 13.58 635 635 46477
2 10.94 24452 420 | 420 38.38
3 9.572 34.09 845.5 42545 44445
4 9.414 43.51 1283 43745 46447
5 6.518 50402 1585 302 46434
6 24.30 T4432 2936 1351 55459
38.60 112.9 4911 1975 51417
8 2.354 | 115.3 5034 123 52425
i

*
Corrected for deadl time and minus background.
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It is seen that there was no outstanding variation in the
specific activity of the desorbed samples but that none of them
had a specific activity which corresponded to the gas originally
adsorbed. This was apparently because 25% of the tritium had been

retained by the surface,

FIL 3. (Table III)
Film weight - 5644 mg
Temp. of adsorption = 25°C
Hydrogen admitted first
lst sample - 20,71 cm3mm
2nd sample - 19.87 cm3mm
Total hydrogen adnitted 40458 -
Tritiated hydrogen admitted
Specific activity - 119.1 cpm per cm3mm
3rd sample - 18.38 o mm
Pilm unsaturated
Total volume of gas adsorbed 53.96 cm3mm
Mean specific activity of adsorbed gas 37.12 cpm per cm3mm

Desorption commenced 23 hours after admission of mercury vapour to
the catalyst vessel.

Volume of gas desorbed 48.37 cm3mm
Volume of gas retained 10.59 cmJmm = 18%

Total count rate of desorbed gas
corrected for dead time and

minus background 1360 counts per minute
Total count rate of adsorbed
gas 2189 counts per minute

». tritium retained by surface = 829x100/2189 = 37.87%
Calculated adsorptive capacity of film 183 cm™mm

«’e coverage with hydrogen = 58,96x100/183 = 32.21%
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TABLE TITI.

Displacement of tritiated hydrogen by mercury vapour at 25°C

PIIM 3.

*
Desorbed pv Total Total Count Spe Act.
sample 3 desgrbed Count | from each / 3
cn cm~mm sample cpm/ ci-mm
1 12,57 12,57 324 324 25.T7
2 24.79 37.36 819 555 22.39
3 9.279 46,64 1094 215 23.17
4 1,734 48437 - - -

* o
Corrected for dead time and minus background.
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Jo total gas retained as a function
of adsorptive capacity -

5.79%

ee tritium retained as a function

of total adsorptive capacity 92.9x100/6794 = 12.2%

]

The amount of tritium retained, as related to the calculated
adsorptive capacity of the film, is thus half of the percentage
of residual tritium on film 1. This is apparently in agreement
with the results of Campbell and Thomson (16) who observed that
for argon evaporated films of less than 50% coverage the amount of
tritium retained as a percentage of adsorptive capacity was half
the value obtained for saturated films.

Again it can be seen that there is no marked variation in
the relative specific activities of the desorbed samples, and

again retained gas is enriched in tritium.

2+3. LATER EXPERIMENTS ON THE DIFFERENTIAL ISOTOPE METHOD.

Experiments will be described in 2.5 which showed that ex-
change between gas phase and adsorbed phase tritiated hydrogen
readily occurred. In order to reduce the possibility of exchange
between the desorbed tritiated hydrogen and the residual tritiated
hydrogen on the nickel surface, the pressure was kept as low as
possible (between 10 3and 10-4mm) in the catalyst vessel by
constantly pumping the gas away as it was desorbed. This
necessitated the stopping of the desorption process when a suit-
able amount of gas had been displaced, in order to prevent an in-
crease in pressure in the catalyst vessel whilst pressure measure-

ment and counting of the sample were being carried out.
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Results obtained were as follows:-
PIIM 12. (Pable IV)

Desorption from this film was started immediately the adsorption
of tritiated hydrogen was completed, in order to determine whether
the surface eguilibration of the tritium and hydrogen had been
occurring overnight with the previous films. This equilibration
was thought to occur by mobility of the adsorbed phase, or by a
desorption~readsorption mechanism. This latter reason was inspired
by the residual pressure obtained in the catalyst vessel during an

adsorption as described in 2.1.

Film weight - 38.35 mg
Teup. of adsorption - 18.6°C
Hydrogen adsorbed first _
lst sample ' - 32.85 cm3mm
2nd sample - 32.00 am%mn
Total hydrogen adsorbed 64.85 cmmm
Tritiated hydrogen adsorbed
Specific activity - 110cpm per cm3mm
3rd semple - 32.22 an%mn
Film saturated
Total gas adsorbed 10737 cm3mm
Mean specific activity of adsorbed gas 43.74 cpm per cm™mm
Details of desorption are given in Table IV.
Volume of gas desorbed 99.61 cm3mm
.. g8 retained by surface 8.08 cm3mm = T.5%
Total count rate of desorbed gas
corrected for dead time and .
minus background 3540 counts per minute
Total count rate of adsorbed .
gas 4712 counts per minute

1172x100/4712 = 24.88%

L] . . .
ee Lritium retained
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TABLE IV,
Displacement of tritiated hydrogen by mercury vapour at 20°¢
FIIM 12,
13
Desorbed Vv Total Total Count Sp. Act.
sample 3 desogbed Count from each 3
cm~mm cpm/cm~mm
cm sample
1 28.91 28.91 1118 1118 38,66
2 17.5 46441 1749 631 36.06
3 17.95 64.36 2319 570 31.76
4 22.88 8T.24 680 680 29.73
5 12,37 99.61 1221 541 43.74

*
Corrected for dead time and minus background.
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An increased value for specific activity of the last desorbed
sample was obtained in this case (fig.3), but, as will become
apparent later, any correlation with the fact that the desorption
process was initiated immediately after adsorption was fortuitous.
It will also be noticed that enrichment of tritium was in the
opposite sense to that required by the differential isotope method.
The percentage of tritium retained is similar to that. retained
by £ilm 2,

FIIM 14, (Table V)
Film weight - 46.72 mg
Temp. of adsorption - 18.2°¢
Tritiated hydrogen adsorbed first
Specific activity - 115 cpm per cm3mm
1st sample - 22,90 cm3mm
Hydrogen adsorbed
2nd sample - 30.97 em3mm
3rd sample - 31.10 cm3mm
4th sample - 28.96 cm3mm
Total hydrogen adsorbed 91,03 an3mm
Total volume of gas adsorbed 113.9 ay3mm

Film unsaturated

Mean specific activity of adsorbed gas 23412 cpm per an3mm
Desorption
Total gas desorbed 98.29 cm3mm
cs gas retained by surface 15.61 cn’mn = 13.73%

Total count rate of desorbed gas 1861 counts per minute
Total count rate of adsorbed gas 2634 counts per mimute
o tritium retained by surface = T773x100/2634 = 29.34%
Calculated adsorptive capacity of film 152 cm3m

Volume of gas retained as a function
of adsorptive capacity of film 10.27%

os coverage 87.47 %
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TABLE V.

Displacement of tritiated hydrogen by mercury vapour at 20°¢c.

FInt 15
Desorbed | v Total *Total | Count from] Sp. Act.
sanmple cﬁ)3mm dez;g:lsd count s:;;’lie cpm /cm3mm
1 0.87 0.87 - - -
2 29.95 30.82 52345 523.5 17.48
3 28.15 58,97 | 1099 57545 20,45
4 6.78 65.75 136 136 20.05
5 17.82 83.57 | 474 338 18,97
\" 6 12.75 96,32 751 271 21,73
T 1.97 98.29 762 11 -

* : :
Corrected for dead time and minus background.
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oo tritium retained as function of
total adsorptive capacity = 773x100/152x23.12 = 22%
Although the amount of tritium adsorbed by this f£ilm was low,
a slight enrichment in specific activity is again apparent in the
last desorbed volume.
The percentage retention of tritium is lower than for a
saturated film.

FIIM 16, (Table VI)
In order to make any difference in the specific activity of
the desorbed samples more apparent, it was decided to saturate the
film with tritiated hydrogen only. This seemed especially
Jjustified since equilibration of hydrogen and tritium apparently
occurred on the surface, irrespective of the order of admission
of the isotopes.

Pilm weight - 25.5 nmg

Temp. of adsorption - 18.8°C

Tritiated hydrogen only

adsorbed

Specific activity - 115 cpm pex cm3mm

lst sample - 31.70 ca’m

2nd sainple - 29.81 cm3mm

3rd sample - 23.46 cnm
Film saturated
Total volume of gas adsorbed ' 84.79 oo mm
Desorption

Total volume of gas desorbed 75.19 cm3mm

o volume of gas retained 9.6 cnm = 11.58%

Total count rate of desorbed gas 7213 counts per minute
Total count rate of adsorbed gas 9751 counts per minute
os tritium retained by surface = 2538x100/9751 = 26.09%

The results obtained from this film represented a major step

forward in the understanding of the experimental technique nec2ssary
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TABLE VI.
Displacement of tritiated hydrogen by mercury vapour at 20°¢
FIIM 16.
*
Desorbed pV Total Total frg;uZZCh Sp. A3t°
sample e desgrbed Counit sanple cpm/cm~mm
oo mm
1 14.05 14,05 1279 1279 91.05
2 16.93 30,98 2851 1572 97.09
3 12,59 43.57 3985 1134 90.16
4 6.864] 50.43 4686 701 102,1
5 9.842 6,28 5700 1014 102.9
6 4.8761 65.15 6200 500 102.3
1 55521 T0.70 6768 568 102.4
8 4449 75419 7213 445 99.22

. _
Corrected for dead time and minus background.
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to study the desorption process. It now appeared that there
were at least two distinct sets of specific activities of the
desorbed gas’with a sharp change between them (fig.4), and it
seemed obviously desirable in subsequent experiments to follow
in detail the entire course of the desorption by studying more
samples of much smaller volume than hitherto, of the order of
magnitude of the last few samples in this experiment. It was also
obviously important to use adsorbed gas of high specific activity.
It can be seen that for an area corresponding to two fifths
of the total area for hydrogen adsorption in this film, the
specific activity of the desorbed tritiated hydrogen was of a higher
value than the remainder, although the value was still not as high
as the original adsorbed gas. This result confirmed those from
films 12 and 15, in which it will be remembered, enhanced specific
activities were obtained towards the end of the desorptions.
Again, the percentage of tritium retained by the surface

corresponded with that retained by previous saturated films.

2.4, DETAILED STUDIES OF THE DESORPTION PROCESS.

For this series of experiments the same technique was used
as in 2,3, i.e. the residual pressure in the catalyst vessel was
kept as low as possible by constantly Toepler pumping the gas away
as it was desorbed. Small desorbed aliquots were studied, the
desorption being stopped between successive steps. Higher

mean specific activities in the adsorbed gas were also used.
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FIIM 25. (Table VII)
Temp. of adsorption - 25°C
Hy&rogen adsorbed first
First sample - 21.92 cm3mm
Tritiated hydrogen
Specific activity - 106 cpm per cm3mm
2nd sample - 32.87 cm3mm
3rd sample - 30,01 cmmm
4th sample - 25,07 comm
Total tritiated hydrogen adsorbed 87.95 an%mm
Total gas adsorbed 109.9 cm3mm
Film unsaturated
Mean specific activity of adsorbed gas 86.4 cpm per cnmm
Desorption
Total gas desorbed 104.1 cm3mm
<egas retained by surface . 5.8 emmm = 5.28%
Total count rate of desorbed gas 6231 counts per minute
Total count rate of adsorbed gas 9499 counts per minute
& tritium retained = 3269x100/9499 = 34.41%

The weight of this film is not available.

If the specific activity of each desorbed fraction is plotted
against total desorption to that point, fig.5, it is seen that
thé specific activity during desorption varies in a periodic way,
apparently indicating that there were five modes of tritium
displacement.

In all subsequent experiments it was decided to adsorb tri-
tiated hydrogen only, since previous results using hydrogen as well
as tritiated hydrogen, indicated that the differential isotope

method, as such, was not applicable to the study of these surfaces.
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TABLE VII.

Desorption of tritiated hydrogen by mercury vapour at 25°C

FIIM 25.
*

Desorbed oV Total Total Count Sp. Act.
sample em3mm d(e;g::;ed Count fr:r:m ;i.:h o /cm3mm
1 64466 6.466 431.8 431.8 66.79
2 Te145 13.61 939.9 508.1 T71.12
3 6.548 20.16 1409 468.8 71.58
4 Te734 27.89 1938 52946 68.48
5 7.530 35.42 2409 470.3 62.46
6 9.576 45.00 3012 603.6 63.02
1 64291 51.29 3457 444.6 70.66
8 9.504 60.79 4034 576.9 60,70
9 8.954 69.75 515.5 515.5 57.58
10 6.259 76.01 837.5 322 51.45
11 54346 81.35 1108 270.6 50,62
12 6.433 87.79 1415 307 47.72
13 5.216 93.00 1669 254.1 48.72
14 5.054 98.06 1936 266.1 52,72
15 6.057 104.1 2198 261.8 43.21

* Corrected for dead time and minus background.
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The addition of hydrogen at any stage of the adsorption merely

served to dilute the activity of the tritium.

FIIM 27, (Table VIII)

Film weight - 43.71 mg
Temp. of adsorption - 25°C

Tritiated hydrogen only adsorbed
Specific activity - 106 cpm per cm3mm
1 sample - 30.46 em3mm
2nd sample - 27.39 comm
3rd sample - 28.03 cm3mm
4th semple - 20.10 cn’m

Total gas adsorbed 106 cm3mm

Film unsaturated
Desorption commenced six hours after admitting mercury to the

catalyst vessel

RESUITSs-
Total volume of gas desorbed 88.60 an3mn
Volume of gas remaining 17.43 o mm = 16.42%
Total count rate of desorbed
gas T051 counts per minute
Total count rate of adsorbed
gas 11236 counts per minute
o tritium retained by film 4185x100/11236 = 37.24%
Adsorptive capacity of film 142 cm3mm
o+ coverage 74.64%
o+ total gas retained as function of
adsorptive capacity 12.25%
Je tritium retained as function of
adsorptive capacity 4185x100/142x106 = 27.81%

When the specific activity of the desorbed samples were

plotted against the total volume of desorbed gas (fig.6), a



~35~

TABLE VIII.

Desorption of tritiated hydrogen by mercury vapour at 25°C

FIIM 27.
< .

Desorbed pv Total Total Count Sp. Act.
sample cm3mm d::lg:;ed Count f:oaﬁp;:ch opm /cm3mm
1 14.190 14.19 1047 1047 72444
2 7.480 21,67 1694 647 86448
3 6.952 28.62 2267 513 82.43
4 T+943 36.57 2941 680.4 | 85.67
5 44295 40.86 371.6 371.6 | 86.52
6 5.900 46.76 872.6 501 84489
7 4.413 51.17 1239 366.1 | 82.96
8 5.298 | 56.47 1639 399.8 | 75.44
9 54261 6173 2053.7 415.2 | 78.91
10 5.099 66.83 2470 416.2 | 81.62
11 5.236 72.07 | 2865 395 T5.44
12 64515 78.58 3364 499.4 | T6.67
13 3.946 82.53 302 302 76.52
14 3.120 85.65 517.6 215.6 69.08

* Corrected for dead time and minus background.
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similar result was obtained to that from film 25.

FIIM 28. (Table IX)
Filn weaight - 44.20 mg
Temp. of adsorption - 25°C
Tritiated h&drogen only adsorbed
Specific activity - 106 cpm per am%mm
lst sample - 32,80 cm%mn
2nd sample - 37.15 cm3mm
3rd sample - 35.89 cm3hm
4th sample - 18.04 cmmm
Total gas adsorbed - 123.90 cm3mm
Film unsaturated
Desorption‘
' Total gas desorbed - 113.90 cm3mm
o« gas retained by surface 10.00 co’mm = 8.07%
Total count rabe of desorbed
gas 10012 counts per minute
Total count rate of adsorbed
gas 13133 counts per minute
< tritiun retained by surface = 3121x100/13133 = 23.77%
Adsorptive capacity of film = 143,00 cnmm
o« CoVerage 86.74%

oo tritium retained as a function
of total adsorptive capacity = 31211100/15158 = 20.59%

The plot of specific activity against total gas desorbed is
shown in fig.7.

It is seen that, unlike previous films, there were two
regions, the first where the specific activity of the desorbed gas
varies little, and the second where it appears that there is a more

sharply delineated variation into five regions, yet still with an



Desorption of tritiated hydrogen by mercury vapour at 25°C

FIIM 28
Desorbed | pV Total | ‘Total | Count | Sp. Act. |
sample cm3 m dzzg;'zed Count fgzﬁp;:ch op /@3mm
1 54302 54302 420.6 | 420.6 79.30
2 56332 10.63 883 462.4 86.72
3 5646 16.28 1385 502.4 88.94
4 5797 22,08 1890 50447 87.06
5 4.453 26.53 2281 390.7 87.74
6 5332 31.86 2750 468.8 87.90
T 50924 37.79 3262 512.4 86.80
8 44106 41.89 3618 35644 86.50
9 5.846 47.74 4111 492.6 84.28
10 5.608 53435 4655 543.8 96.96
11 5.755 59.10 50246 50246 87.84
12 44903 64.00 92545 423.8 86.42
13 54495 69.50 1405 478.1 87.00
14 6.124 75.62 1946 542.6 88459
15 6.063 81.69 2458 511.4 84.33
16 4.715 86440 2907 448.7 95.17
17 54093 91.49 3342 435.5 | 85.51
18 6552 98.05 3905 563+4 86.00
19 4.356 102.40 409.5 | 409.5 93.99
20 11.480 113,90 1448 1039.0 90.48

* Corrected for dead time and minus background.
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average activity corresponding to that of the first region. As
shall be seen in the next section, this is typical of the heavier

films.

2+5. FURTHER DETATLED STUDY OF THE DESORPTION PROCESS.

In this series of experiments, increments of desorbed gas
of comparable size to those in 2.4 were studied. Instead of
constantly removing the gas as it was desorbed, however, the
tritiated hydrogen was left in the catalyst vessel until an
appropriate volume had been desorbed, when it was pumped off and
estimated in the usual way. It was hoped that this typg of
experiment would demonstrate the effect to be expected if extensive
exchange occurred between the desorbed phase and the surface. By
this method, the pressure increased in the catalyst vessel to a
maximum value of the order of 4x10_2mm and the time of contact of
the desorbed and adsorbed phases was normally between 30 and 40

minutes, depending on the desorption rate.

FIIM 35. (Table X)

Film weight - 33.27 mg
Temp. of adsorption - 25°C

Tritiated hydrogen only adsorbed
Specific activity - 106 cpm per an3mm
1lst sample - 33.46 cm3m
2nd sample - 32.47 cn’mm
3rd sample - 31.95 cm3mm

Total volume of gas adsorbed 97.88 e mm



Desorption of itritiated hydrogen by mercury vapour at 25°C

* Corrected for dead time and minus background.

FIIM 35.
N
Desorbed pVv Total *'I‘otal Count |Sp. act. | Standard (alc f“’""'
sample cm3mm desorbed | Count Z:grg cng per devii:lion b4

sample cm mn Sp. act.
1 6.368| 6.368 | 517.6 | 518 | 81.3¢ | ¥ 2.76
2 5.549 | 11.92  [1043.6 | 525.5 | 94.71 | I 2.37
3 6.958| 18.88 |1726.6 | 683.4 | 98.22 | I 2,28
4 3.755| 22.63 336 336 | 89.48 | Z2.51
5 4.750| 27.38 | 1782 a6 | 93.89 | I2.39
6 4.896| 32.28 |1242 460 93.97 X 2.39
7 4.848| 37.12 1634 392.4 | 80.95 | X 2.77
8 5.569 | 42.69 |2164 529.3 | 95.04 | ¥ 2.36
9 4.444| 47.14 | 2568 404.6 | 90.97 | I 2.47
10 6.162| 53.30 |3175 607.4 | 98.58 ¥ .28
11 5.016 | 58.32 472.2 | 472.2 | 94.14 | T 2.38
12 4.883| 63.20 916.2 | 443.7 | 90.86 Y ou
13 5.020| 68.22 |1398.2 | 482.3 | 96.07 ¥ 2.33
14 4.655| 72.87 |1838 439.5 | 94.43 | T 2.38
15 4.114| 76.99 | 2204 366.1 | 88.98 | ¥ 2.52
16 7.086 | 84.07 |2726 502 | 73.67 | % 3.05
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Film unsaturated

Desorption
Total volume of gas desorbed 84,07 cm3mm
Volume of gas retained 13.81 cm3mm = 14.11%

Count rate of desorbed gas 7628 counts per minute

Total count rate of
adsorbed gas 10375 counts per minute

oo tritium retained by surface = 2704x100/10375 = 26.08%

Adsorptive capacity of £ilm 108,00 cm mm
«» volume of gas retained as function
of adsorptive capacity 12,78%
J» coverage 90.63%

oetritium retained as a function of
total adsorptive capacity = 2704x100/11448 = 23.61%

In fig.8 is shown the variations of specific activity as the
gas was desorbed. Surprisingly, instead of an overall equilibration
to a mean value as might have been expected because of the longer
contact times and the higher pressures permitted in the catalyst
vessel, the variation of specific activity was ernhanced. As can
be seen from the graph, five well defined areas were obtained. It
will also be observed that these peaks are of similar height
indicating that the mean specific activity of the gas varies little

over the entire surface.

FIIM 43. (Table XI)

The weight of this film is not available since the film was
subsequently used for electron microscope studies.

o
Temp. of adsorption - 25°C



Desorption of tritiated hydrogen by mercury vapour at 20°%

FIIM 43
Desorbed Vv Total *Total Count Spe. Act.
sample em3mm dizgzged Count fzzzp;:ch cpm/hm3mm
1 64977 6.97T 612.8 612.8 87.86
2 54400 12.517 1123 510 92,06
3 4.895 17.41 1578 455 92.96
4 5315 22.73 2069 491 92.39
5 5277 28.00 2562 493.4 93.50
6 6.745 34.75 3163 601 89.00
7 4.175 38.92 380.7 | 380.7 91.20
8 5.023 43.95 854.7 | 4713 94.19
9 5.201 49.15 1289 435 83.64
10 5.878 55.03 1882 593 100.90
11 4.743 59.T1 2370 489 103.00
12 4.865 64.63 2782 412 84.68
13 4.852 69.49 3221 439 90.48
14 44537 T74.02 3690 469 103.40
15 6.193 80.22 4219 529 85.43
16 8.626 88.84 792 792 91.81
17 44344 93.19 1228 436 100.30
18 4.188 97.37 1628 400 95452
19 5.404 102.78 2078 450 83.28
20 4.796 | 107.57 2555 477 99.45
21 5.002 | 112.58 3038 483 96.54
22 4.581 | 117.16 3477 439 95.85
23 44285 | 121.44 3918 441 102.90
24 4.122 | 125.56 4319 401 97.27

*
Corrected for dead time and minus background.
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Tritiated hydrogen only adsorbed

Specific activity
1st sample
2nd sample
3rd sample
4th sample
5th sample

Total tritiated hydrogen adsorbed

Film saturated
Desorption was at 20°¢

Total volume of gas desorbed

Volume of gas retained

Count rate of desorbed gas

Total count rate of
adsorbed gas

o» tritium retained by surface

106 cpm per cm3mm

32.95 cm3mm

30.97 camm
31.08 cnmm
30.48 cm3mm
18.81 cm3mm 3

144.30 cm~mm

125.6 cm3mm

18.73 cmomm = 12.,98%

11702 counts per minute

15296 counts per minute

3594x100/15296 = 23.49%

If the graph of specific activity of the desorbed fractions

(fige9) is compared with that of film 28, it will be observed that

a similar desorption pattern is obtained, although in this case,

the peak separation is again enhanced.

There are, however, two

areas, the first showing a less marked variation in specific

activity than the second. According to the volume of tritiated

hydrogen adsorbed, the film weight was 44 mg, i.e. comparable with

the weight of film 28.
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CHAPTER 3.

NON STANDARD FIIMS.

It was established in the previous chapter that a periodic
change occurred in the specific activity of the tritiated hydrogen
desorbed from vacuum evaporsted nickel films. It seemed possible
that one or both of two factors might be responsible, viz. the
physical structure of the nickel surface because of crystal size,
orientation of the crystal planes, or because of the presence of
cracks and fissures or other topographical irregularities; another
possible reason was surface contamination, especially.with oxygen.
This latter possibility was important because of the part thought
to be played by oxygen impurities in the study of heats of adsorption
of hydrogen on various nickel catalysts (4).

Accordingly, it was decided to study in turn, the effect of

each of these factors on the pattern of desorption.

Jels SINTERED FIIMS.

Beeck (13) reported that sintering evaporated nickel films
at a temperature higher than the deposition tempebature reduced
the volume of hydrogen adsorbed. For the purpose of studying the
effect of sintering on the desorption pattern, in each of the
following experiments the film was sintered by immersing the catalyst
vessel in boiling water for one hour prior to the adsorption

process.
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FPIIY 36

Film weight -
Temp. of adsorption -
Tritiated hydrogen adsorbed

Specific activity -

1st sample -
2nd sample -
3rd sample -

Total volume of gas adsorbed

" Desorption

Total tritiated hydrogen
desorbed -

oe volume retained by surface

Total count rate of
desorbed gas -

Total count rate of
adsorbed gas -
oo tritium retained by surface

Adsorptive capacity of film
« reduction in surface area
**  due to sintering

Count rate calculated from
maximun adserptive capacity

oo tritium retained as a function
of total adsorptive capacity

(Table XII)

41.58 mg

25°¢

106 cpm per cm3mm

32.99 ca‘mm

30.91 cm3mm

19.77 cm3mm
66,92 cm%mm

16.71 cm3mm = 20.02%
5125 counts per minute

8869 counts per minute

3744x100/8869 = 42.23%
136 cm3mm

38.5%

136x106 = 14416 counts per minute

3744x100/14416 = 25.96%

Fig.Oshows that the appearance of the graph is similar to that of

previous experiments with all five peaks still present although the

surface area is reduced by 38.5%.

It appeared that the reduction

in adsorption capabilities which accompanied the sintering process,

applied equally to all the areas responsible for producing the

characteristic desorption pattern.
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TABLE XII.

Desorption of tgitiated hydrogen at 25°C from a nickel film
sintered at 100°C.

FIL 36.
— %
Desorbed pVv Total Total Count Sp. Act.

sample cm3mm desorbed Count frggmsigh cpm/memm
I 6.795 | 6.795 505.4 |  505.4 74437
2 6.001 12,80 1035 529.6 88.26
3 5.017 17.81 1472 4374 87.20
4 5.719 | 23.53 1954 481.5 84.18
5 5.480 29.01 2387 434 7920
6 6,115 | 35.13 2879 492 80.46
7 50134 | 40426 388.5 |  388.5 75467
8 4.547 | 44.81 739 350.4 77.05
9 4.305 | 49.11 1084 34447 80.11
10 44417 | 53453 1405 321.1 T72.69
11 3.489 57.02 1678 274 78.54
12 3.386 60,41 1969 291 85.96
13 4.509 64.91 2236 267 59.21
14 2,008 | 66.92 - - -

* Corrected for dead time and minus background.
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FILM 40 (Table XIIT)
Film weight - 41.67 mg
Temp. of adsorption - 25°¢C
Tritiated hydrogen adsorbed
Specific activity =~ 106 cpm per cm3mm
1st sample - 34.70 cm3mm
2nd sample - 42,93 cm3mm
Total volume of gas adsorbed 77.63 cm3mm
Desorption
Total volume of gas desorbed 62.87 cm3mm
os volume of gas retained by surface 14.76 cmmm = 19.02%

Total count rate of desorbed gas 4130 counts per minute
Total count rate of adsorbed gas 8229 counts per minute
o tritium retained by surface 4099x100/8229 = 49.8%

Adsorptive capacity of film 136 un%mn

«s reduction in surface area 4209%

ee tritium retained as a function of
adsorptive capacity 4099x100/14416 = 28.43%

Figsll again illustrates the essential similarity of the desorption
processes from these films and from normal films. It may also be
noticed that the percentage of tritium retained by the surface is
much higher, expressed as a percentage of the total adsorbed
tritiated hydrogen. When considered in relation to the calculated
adsorptive capacity of the films, however, the values correspond
with the percentage retention by nommal films. It is possible

that during the sintering process, and despite rigorous catalyst
vessel preparation, small quantities of gas are desorbed from the
glass. These will, of course, be adsorbed by the film, perhaps

reducing the area available for hydrogen adsorption and poisoning
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TABLE XIII.

Desorption of tritiated hydrogen at 2500 from a nickel film
X (¢
sintered at 100°C.

FIIM 40

Dosorbed | 2V | Gougriea| L | i) o

cm”~mm cm™mm sample cpm/bm mm
1 5.238 5.238 | 279.6 279.6 53.37
2 5393 10.63 675.6 396 73443
3 6.057 16.69 | 1144 468.2 77429
4 2.471 19.16 | 1289 145 58.68
5 50771 24.93 | 1672 383 66437
6 3.916 28.85 | 1922 250 63.81
7 4.867 33.71 2268 345.9 71.06
8 44339 38.05 2562 293.6 67.67
9 44207 42.26 2796 234.3 55.69
10 3.918 46.18 3085 288.6 T73.65
11 5.865 52.04 | 3466 380.8 64.92
12 2.929 54.97 183 183 62.47
13 4.217 59.19 447 264 62.61
14 3.684 62.87 657 210 57.07

* Corrected for dead time and minus background.
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the surface, to a certain extent, for desorption. Experiments
carried out in which a very slight leak developed in the catalyst
vessel during a desorption indicated that the pattern of desorption
was normal, but that a higher percentage of tritium than usual was
retained. In view of this, it would not be surprising that,
especially in the case of the latter film, the retention of tritium
is a few percent higher than normal.

During the adsorption process in sintered films, the residual
hydrogen pressure in the catalyst vessel, before saturation, was
higher by a factor of 2 than for unsintered films.

The results of adsorption experiments on vacuum evaporated

nickel films sintered at 100°C for one hour, are tabulated below.

TABLE XIV.
. Observed | Calculated
Film No. . Weight cap§city adsorptive | % reduction
mg cm”~mm capacity .
36 41.58 83.67 136 38.5
37 44495 81.63 146 44.09

3e2+ 1OV TEMPERATURE DESORPTION EXPERIMENTS,

Certain desorption experiments were carried out at lower
temperatures than normal in an attempt to estimate the effect of

temperature variation on the surface.

FIIM 9.

This film was immersed in liquid nitrogen before the adsorption

PTOCess was initiated./
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An attempt was made to effect a desorption with mereury vapeur at
this temperature but although the film was exposed to merecury
vapour for more than 24 hours, the Pirani gauges indicated ne in-
crease in pressure in the catalyst vessel throughout $his peried.
The tube leading from the mercury source to the catalyst vessel
was heated with an infra red lamp at one stage to inerease the
kinetic energy of the mercury atoms before entry to the eatalyst
vessel, but this was without result. As soon as the liquid nitregen
container was removed from the catalyst vessel, however, a
considerable increase in pressure was obtained even before the film
had time to reach room temperature. This seemed to indicate that
the mercury was indeed gaining access to the surface, but was possibly
physically adsorbed on top of the adsorbed hydrogen, bBince
apparently, the activation energy for the desorption protess was too
high for it to occur at liquid nitrogen temperatures. The resulis
of this experiment, although negative in nature, are interesting
compared with the observations recorded in section 3. It was alse
observed that during the adsorption process no residual pressure was
indicated at any stage by the Pirani gauges.

It seemed from this result that desorption by merfoury vapour
could not be carried out under extreme low temperaturé conditions,
so the following series of desorption experiments weré effected

with the catalyst vessel immersed in melting ice.

FILH 41,
Film weight - 66.16 mg
Temp. of adsorption - 26°¢

Tritiated hydrogen adsorbed



3

Specific activity - 106 cpm per cm>mm
1st sample - 35.67 cm3m
2nd sample - 29.98 am%mn
3rd sample - 30655 cm3mm
Ath sample - 2757 cm3mm
5th sample - 26.22 cmSmm
6th sample - 26.20 cm3mm
7th sample - 28441 cm3mm
Film unsaturated
Total volume of gas adsorbed 204.6 cm3mm

The desorption process from this film was begun as a normal
desorption at room temperature, but after it had been established,
immediately the fourth desorption increment had been pumped from
the catdlyst vessel, the latter was immersed in crushed ice. The
Pirani gauge reading immediately fell to zero, where it remained
for more than thirty minutes, despite the fact that the desorption
rate had been about 10 cm3mm per hour before the temperature of
the catalyst vessel was lowered. Eventually the desorption slowly
re-started and it was allowed ito proceed for another thirty minutes.
An attempt was then made to stop the desorption process by cooling
the mercury vapour source in liquid nitrogen, but the desorption
continued for thirty minutes before a perceptible reduction in rate
~ was observed, and another hour passed before it slowed to the normal
desorption rate (cf 3.6). The specific activity of the gas desorbed
during this time was about 10% more than that of the previously
desorbed sample. When the ice was removed from around the catalyst

vessel, a large volume of hydrogen was immediately desorbed, and

the specific activity of this hydrogen was gf the same order as the



-51-

first fractions. The important desorption results can be summarised

asfollowse-
1 Vo%ume Specific Activity Time of
Sample cm™mm counts ger minute @eso?ption
per cm mm in minutes

1 11.32 75.80 75
2 T.635 79.86 35
3 7.502 T7+59 35
4 6.892 T7.14 40
5 5.861 67.94 160
6 11.48 T5.T1 -
FITM 42.

The desorption from this film was carried out at 0°C but the

3

results were of doubtful integrity since 112.4 cm”mm of gas were

desorbed out of a total adsorption of 114.3 cm3mm. A very slight
leak was a possible explanation. However, the usual plot of
specific activity of the desorbed samples against total volumes
of gas desorbed showed two variations from normal; firstly, there
were at least seven peaks; and secondly, for the main part of the
desorption the average specific activity of the gas was lower than
for films at 25°C, but became about 15% higher towards the end of

the desorption. Despite the possible leak, these results are

typical of desorptions at OOC, as evidenced by the following

experiment.
FIIX 44. (Table XV)
Film weight - 30.50 mg
Temp. of adsorption = 25°C

Tritiated hydrogen adsorbed 3
Specific activity - 106 cpm per cm”mm



‘ww wy  g3840530 3INNT0A  TViOL .
06 08 , 0L 09 0§ _.3 0t 0z 0l
, _b, > \.*__/ /
[ 2§ ® o |
A\ B Y A
LV
_/
N 4

0L

001

clold

ol

ALTAILIV 21341334dS

‘wwewd/wd




1st sample - 33.90 cm3mm
2nd sample - 32.69 cm3mm
3rd sample - 26.32 cnmm
Film saturated
Total volume of gas adsorbed 92.91 cm3mm

Desorption was carried out at 0°C and, although the film was
saturated, initial displacement was preceded by an induction period
of nearly one hour.

Total volume of desorbed gas 80.71 cm3mm
Volume retained by surface 12,30 cm3mm
Total count of desorbed
gas - 7326 counts per minute
Total count rate of
adsorbed gas - 9849 counts per minute
J.tritium retained by surface 2523%100/9849 = 25.62%

It will be observed from fig.12 that, although the mean
specific activity of the desorbed gas is initially lower than from
corresponding desorptions at 25°C, the difference is recovered at
the completion of the desorption by the enhanced specific activity
of the last few fractions. The amount of retained tritium is thus
identical with that retained by films at 2500.

The desorption was interesting in that, although the film
was saturated, a considerable induction period was involved at the

3

beginning of the process, when 4.7 cm”mm of gas were displaced in

115 minutes. Thereafter, the rate of desorption was between 6 and T
cm3mm per hour which is comparable with normal desorption rates.
Conclusions from these films would appear to be twofolds

firstly, the desorption of tritiated hydrogen by mercury vapour is

an activated process requiring a considerable activation energy,
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TABLE XV,

Desorption of Tritiated hydrogen by mercury vapour at 0%

FIL 44
TR

e B R oA IS N IS

cmm sample - cpm/cm”mm
1 4.665 4.665 392.6|  392.6 84.18
2 4e444 9.109 802.6] 410 92.26
3 4.646 | 13.76 1227 424.5 91.37
4 4.735 18.49 1606 378.5 79.95
5 4.870 | 23.36 2059 453 93.03
6 4.525 | 27.89 2467 408 90.18
T 44545 32.43 2874 407.7 89.71
8 4.692 | 37.12 3292 417 88.86
9 4.628 |  41.75 3705 413 89.25
10 4.528 | 46.28 4135 430 94.97
11 4.530 | 50.81 4522 387 85.43
12 4,276 |  55.09 4996 474 110.9
13 5.883 60.97 564 563.9 95.85
14 4.573 | 65.54 1011 447 97.74
15 3.931 69.47 1374 363 92.32
16 4.384 | 73.86 1852 4787 109.1
17 6.857 | 80.71 2330 478 69.71

* Corrected for dead time and minus background.
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the displacement of tritium being affected to a greater extent
than hydrogen; and secondly, desorption does not proceed until
a sufficient concentration of mercury vapour, depending on the
temperature, has condensed or become physically adsorbed, perhaps
on top of the adsorbed phase on the surface. This latter point
is particularly important in view of the observations detailed

in 3.5.

3e3. OXYGEN ADSORPTION EXPERIMENTS.

Since contamination by impurities, especially oxygen in the
case of catalysts reduced from the oxide, is one of the causes
cited in the literature of possible surface heterogeneity, desorp-
tion experiments were carried out in which a low percentage of

oxygen was pre-—adsorbed.

FILY 46 (Table XVI)
Film weight - 38.10 mg
Tempe. of adsorption =~ 2500
Oxygen adsorbed first
1st sample - 14.19 em3mm
Tritiated hydrogen adsorbed
Specific activity - 106 ecpm per em3mm
2nd sample - 34.06 em3mm
3rd sample - 33.90 emBmm
4th sample - 31.94 cm3ﬁm
5th sample - 18.58 am%mn
Film saturated
Total tritiated hydrogen adsorbed 118.5 am%mm
Amount of oxygen adsorbed related
to total adsorption - 11.97%

Desorption
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Total volume of tritiated

hydrogen desorbed 104.60 -
o tritiated hydrogen retained 3
by surface 13.90 cm”mm = 11.73%
Total count rate of
desorbed gas - 7707 counts per minute
Total count of ad-
sorbed gas - 12561 counts per minute
oe tritium retained by surface 4854x100/12561 = 38.65%

It can be seem from fig.l3 that the normal desorption patiern has
been disrupted and it is difficult to recognise any essential
similarity with "clean" films. It would appear that certain of the
peaks have been split into smaller ones providing an overall
reduction in mean specific activity of the desorbed phase. This is
reflected in the percentage of tritium retained by the surface,
although the overall retention appears to be consistent with that of
normal saturated films. An unusual feature of this film is that,
in spite of the amount of oxygen adsorbed, the volume of hydrogen
adsorbed is within 3 or 4% of the calculated adsorptive capacity
of the film.

FIL{ 30. (Table XVII)

This film was evaporated in an atmosphere of 1 mm of

argon (cf next section).

Film weight - - 28 ng
Temp. of adsorption - 25°C
Oxygen adsorbed first
1st sample - 16.41 cm3nm
Tritiated hydrogen adsorbed
Specific activity - 106 cpm per cmmn
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TABLE XVI,

Desorption of tritiated hydrogen by mercury vapour at 25°C, from a
film containing 12% of pre-adsorbed oxygen.

FIIM 46.
Desorbed |  pV Potal *Total | Count | Sp. act.
sample cm3mm desgrbed count from cpm per
cm~mm each 3

sample cnmm

1 6390 6.390 438.8 | 436.4 68.29
2 4.961 11.35 822 383.8 77.38
3 5100 16.45 1194 371 72474
4 5.019 21.47 1564 370 73.62
5 5.199 26.67 1934 370 71.17
6 50136 31.81 2337 403 18.47
7 4.814 36.62 2676 341 70.84
8 4.879 41.50 3102 425 87.10
9 44594 46.99 3401 299.7 65.24
10 5,047 51.14 3731 330 65.39
11 5.046 56419 4089 358 70.96
12 4.884 61.07 4507 418 85.59
13 50578 66.65 4899 392 70.28
14 5.882 72.53 419.5 419.5 71.32
15 34984 76.51 709 289.5 72.68
16 4.113 80.63 1016 307 74.63
17 4.814 85.44 1373 35742 74420
18 44355 89.80 1695 322 73.94
19 44339 94.13 2041 346 79.75
20 44737 98.87 2349 307.5 | 64.91
2l 5.751 104.6 2809 460 79.98

* Corrected for dead time and minus background.
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ond sample - 39.30 cmomm
3rd sample - 36.39 cm3mm
4th sample - 35.40 cmmm
Film unsaturated
Total tritiated hydrogen adsorbed 111.1 an3mm
Amount of oxygen adsorbed related .
to total adsorption 14.77%
Desorption
Total volume of tritiated 3
hydrogen desorbed - 100.4 cm~mm
Total volume retained by 3
surface - 10.70 cm”mm = 10,66%
Total count rate of desorbed
gas - 8496 counts per minute

Total count rate of adsorbed
gas - 11777 counts per minute

oo tritium retained by surface = 3281x100/11777 = 27.91%
The desorption results are shown graphically in fig.14.

Again certain of the peaks have been reduced or split. Comparison
with fig.15 in the next section for an argon evaporated film will
show the difference between this result and that for a normal argon
film. The percentage'of tritium retained was higher than for a
normal argon evaporated film. Although this film was not fully
saturated, the value for the hydrogen adsorbed was within 8% of the
calculated value for an argon evaporated film of the given weight.
It would thus appear that the pre-adsorption of a low percenéage of
oxygen does not reduce the surface area for hydrogen adsorption.
Although the total retention is similar to that by normal films, a
considerable increase in tritium retention is observed.

3.4. NICKEL FILMS EVAPORRTED IN AN ATMOSPHERE OF ARGON.

According to Beeck, nickel films evaporated in an inert gas
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TABLE XVII,

Desorption of tritiated hydrogen by mercury vapour at 25°C from
the surface of an argon deposited nickel film containing 15%

oxygen.
FIIM 30,
e
Desorbed pV  Total Total Count Sp. activity
sample 3 desorbed| count |from each cpm per

o~ mm cm3mm sample cm3mm

1 4.597 4597 401.8| 401.8 87.40

2 4,261 8.858 113 365.3 85.73

3 5.343 14.10 1206 433 82.60
4 4.96 19.06 | 1644 437.8 88.26

5 5304 24436 2128 48443 92,08

6 6.198 30456 2649 459.7 74.16

7 6.348 36.91 523.3| 52043 81.96

8 4.897 41.81 919 373 76.17

9 44609 46,42 1300 381.3 82.71
10 4422 50.64 1625 325.3 77.09
11 44206 54.84 2008 382.4 90.91
12 40762 59.60 2327 319 65.10
13 4472 64.32 363.6| 363.6 76.82
14 6.428 T0.75 895 531 82.61
15 4.474 T5.23 1274 319.4 84.80
16 4.308 79.53 1618 34443 79.92
17 64594 86.13 2245 627.1 95.10
18 40104 90.23 2550 304.2 74413
19 4.998 95.23 3006 456.5 91.34
20 5.189 | 100.4 3534 52845 101.80

#* Corrected for dead time and minus background.
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atmosphere are orientated with the 110 crystal plane parallel to
the substrate. These films adsorbed twice as much hydrogen for a
given weight as vacuum evaporated films. Although Sachtler and
Dorgelo ( 21 ) later showed that a preferred orientation could be
obtained, the plane of orientation was not necessarily represented
on the surface. Nevertheless, in order to elucidate the reasons
for the desorption pattern, it was decided to study argon evaporated
films and determine the effect of possible differences in crystal

orientation or film structure.

FIIM (Table XVIII)
Film weight - 2525 mg
Temp. of adsorption - 25°C
Tritia?ed hyerggn adsorbed 3
Specific activity 106 cpm per cm mm
1st sample - 32.54 cm3mm
2nd sample - 32.41 cm3mm
3rd sample - 30.98 cm3mm
4th sample - 16,11 cmmm
Film saturated
Total tritiated hydrogen adsorbed 112 cm3mm
Desorption
Total gas desorbed - 104.70 cmmn
o+ gas retained by surface 7.30 cmmm = 6.52%
Total count rate of
desorbed gas - 9482 counts per minute
Totak count rate of
adsorbed gas - 11872 counts per minute

Jo tritium retained by surface = 2390x100/11872 = 20,13%

The results are plotted in fig.lH and are typical of the

desorption pattern obtained with the argon films investigated.
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TABLE XVIII,

Desorption of hydrogen by mercury yapour from the surface of an
argon evaporated nickel film at 25°C

FILM 49.
Desorbed :}.  pV Total *Total Count Sp. Act.
sample cm3mm desorbed | Count [from each cpm/bm3mm
sample

1 2.213 24213 166.7 166.7 75632
2 4447 64660 572.7 406 91.28
3 4.995 11.66 1050 417 95.50
4 44897 16.55 1484 434.6 88.76
5 5.315 21.87 1933 448 84.29
6 5.037 26.90 2438 505 100.2
1 5.064 31.97 2930 492 97.16
8 5.820 37.79 3392 462 79.38
9 5.129 42.92 3780 388 75.65
10 44733 47465 438.5 438.5 92.66
11 4,967 52,62 887 448.6 90.32
12 4.818 57.44 1302 415 86.12
13 5289 62.72 1787 485 91.68
14 5335 68.06 2281 493.7 92.51
15 4.968 |  73.03 2173 | 493 99,22
16 4.989 78.02 3178 405 81.19
17 5253 83.27 3673 495 94.23
18 4.859 88.13 4194 521 107.3
19 5.095 93.22 4579 385 75.56
20 11.48 104.7 5702 1123 97717

* Corrected for dead time and minus background.




—-61-

The number of peaks has been increased to seven and there is less
regularity in peak height compared with vacuum evaporated films.

It may also be observed that these films adsorbed a greater
volume of hydrogen per mg weight than vacuum films, the ratio
being 433, The percentage of tritium retained was correspondingly
less and, in fact, the retention ratio of tritium by vacuum films
and by argon films was also similar to this value.

Table XIX shows the adsorption values obtained for argon
evaporated films. The number of hydrogen atoms adsorbed per mg
of nickel was higher than that obtained by Beeck (2.5x1017atoms
per mg). The volumes adsorbed were proportionate to the film

weights and are shown graphically in fig.2.

3¢5, EXCHANGE EXPERIMENTS.

In a few early experiments, exchange between gas and adsorbed
phase had been demonstrated in a qualitative manner, and an
experiment was conducted to estimate the extent of exchange which
occurred at pressures comparable to those attained in the catalyst
vessel during desorption. Accordingly, an argon evaporated film
was saturated with tritiated hydrogen, and successive 5 cm3mm
aliquots of tritiated hydrogen of the same specific activity as the
adsorbed gas were pumped into the catalyst vessel at different
stages of the desorption process. Bach was allowed to remain in contact

with the surface for 40 mianutes, which was a similar period to the

contact time of desorbed fractions. Before pumping it away from the
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TABLE XIX.
Film Weight Volume No. of atoms
adsorbed per mg

30 28 111.1 *2.57 x 1077
47 21.18 88.32 2.70 x 1027
48 18,99 80.97 2,76 x 10%7
49 25,25 112.0 2.87 x 107
50 27439 109.8 2,60 x 107

* Pilm unsaturated.
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catalyst vessel for the determination of its specific activity,

the emchange sample was mixed by repeatedly expanding it into the
Toepler pump bulb, thus ensuring that all of it had been in contact
with the surface. When such a sample was to be admitted at any
stage of the desorption process, the mercury source was cooled in
liquid nitrogen and the desorbed gas pumped away. Pumping was
continued for about 30 minutes until the desorption rate had become
very slow, since apparently, complete cessation of the process only
occurred after a considerable period (cf section 6). Even 80, a
slightly larger volume of gas was usually pumped off than was ad-

mitted, but, as shall become apparent, this did not affect the

results.
FIIM 50 - Argon evaporated film. (Table XX)
Film weight - 27439 mg
Temp. of adsorption - 25°C
Tritiated hydrogen adsorbed first
Ppecific activity - 106 cm mn
1 st. sample - 31.28 cm3mm
2nd sample - 31.04 om3mm
3rd sample - 32653 cm3mm
4th sample - 14.99 cm3mm
Film shturated
Total tritiated hydrogen adsorbed 109.8 cm3mm

Tritiated hydrogen samples for exchange, of specific activity
106 cpm/bm3mm were admitted; the first, before desorption was
commenced, and subsequently after the 4th, 8th, 12th and 16th

desorption stages. The results are shown in Table XX and the
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TABLE XX.

Results of exchange experiment.

Volume of tritiated

Sample hydrogen desorbed Volume Volume Specific
amp before exchange admgtted re%oved activigy
sample admitted cm”mm cm~mm qpm/bm mmn

1 0 5.358 4.992 91.03

2 20,01 5940 6.330 91.79

3 39.66 6.770 T.066 89.78
4 59.134 4.980 5.941 93.56

5 78.83 6.914 T.750 92.12
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desorption curve is plotted in fig.1l6, the arrows indicating
the point at which samples for exchange were admitted.

It can be seen that the values obtained for the specific
activities were remarkably constant iriesPective of the stage at
which the gas was admitted, and that a 15% reduction in specific
activity had occurred. This result seemed rather surprising im
view of the variation in specific activity normally exhibited by
desorbed fractions. On reviewing the results from previous
experiments, however, it was discovered that when desorption from
normal films had been stopped overnight, the specific activities
of the fractions transferred to the gas phase during this period
were similar to those of the exchange experiments. Such results
are detailed in Table XXI.

As will be observed, if two such samples were desorbed from
sintered or oxygen containing films, both of which showed enhanced
tritium retention, these were of the same specific activity.

These results show that equilibration between the gas and
adsorbed phases will only occur in the absence of gas phase mercury
vapour. Physical adsorption of mercury, possibly in a second
layer above hydrogen, would therefore seem to be a possibility.

3.6. MERCURY DISPLACEMINT EXPERIMENTS.

The displacement of hydrogen from the films was carried out
by 203Hg vapour, the arrival of which at the nickel surface was

monitored by the gamma counter arranged parallel with the catalyst
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TABLE XXI.

. Gas desorbed Specific
NF:le overnight activity
umber 3 3

cm™mm cpm/cm mm

34 9.340 91.77
35 ( 3.755 ( 89.48

( 5.016 ( 94.14

( 44175 ( 91.20

a3 ( 8.626 ( 91.81
30 ( 6.348 ( 81.96
(oxygen film) ( 4.474 ( 84.80
( 2.471 ‘ ( 61.51

(siﬁgere&iilm) ( 2.929 ( 62.47
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vessel. The count was taken during the first 10 minutes of each
desorption period and the value obtained related to the total
volume of gas and the amount of tritium desorbed up to the end of
the previous desorption stage.

Typical results are shown in Table XXII for film 44 (desorption
at 0°C). In figelT the increase in Hg count rate with time, is
shown, in comparison with the tritium count and with the total
volume of gas desorbed. It will be seen, as Campbell and Thomson
(16) also observed, that the desorption of tritium and of hydrogen
was directly proportional to the uptake of mercury on the film for
the greater part of the displacement, and only very close to the
completion of the reaction did the rate fall. The mercury count
increased linearly even after hydrogen displacement ceased, as was
observed by Campbell and Thomson (16). A 25% difference in dis-
placement rate between hydrogen and tritium is also apparent from
the graph, tritium being desorbed more slowly than hydrogen.

An induction period will be observed at the beginning of the
experiment when, although mercury was arriving at the surface, no
desorption of hydrogen was occurring. The length of this period
varied,being greater, as in this case, at 0°C than at 25°C. It
also depended on the surface coverage of the film; for instance,
desorption from film 2 which was only 32% saturated, did not
commence for 23 hours and from the argon film, 27, with a 74% cover—
age, a 6 hour induction period was obtained. This phenomenon was

also observed by Campbell and Thomson (16) but their calculations



68~
TABLE XXII.

Desorption rates of hydrogen and of trltlum compared with the
rate of adsorption of mercury vecpour at 25 C.

FIL 44
Time Mercury Tritium Total gas
minutes activity activity desogbed
cpm cpm
0 184 - -

35 194 - -

70 235 - -
110 252 392.6 4.665
150 295 8026 9.109
190 321.4 1227 13.76
230 381.3 1606 18.49
270 415.5 2059 23.36
310 460.3 2447 27.89
350 496.5 2854 32.43
390 5375 3271 37.12
430 583.2 3684 41.75
470 640.2 4114 46.28
510 673 4501 50,81
550 721.8 4975 55.09
615 185.4 5539 60.97
660 828.6 5986 65.54
705 867.4 6349 6947

- 170 933.8 6828 73.86
3120 3098 7306: 80.71
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showed that the amount of Hg adsorbed during this time was in~
sufficient to fill all the surface sites left vacant by hydrogen.
Desorption for saturated films began immediately, although the
maximum desorption rate was not attained during the first hour.

In the majority of films, the desorption process was
interrupted overnight, and it was observed that, although the dee
sorption rate fell to a low value soon after the mercury source
had been cooled in liquid nitrogen, cémplete cessation of the process
did not occur for some time. In fact, a volume of hydrogen of the

3

order of 5 cm”mm was usually obtained overnight by a slow, continued
desorption process. After such an interruption the count rate from
the surface had usually fallen, indicating that mercury vapour from
the immediate vicinity of the surface had distilled back on cooling
the source to liquid nitrogen temperatures.

In Table XXIII are the results of such an experiment involving
two interruptions to the desorption process, and in fig,18 the
desorbed tritium activity is plotted against the mercury count rate
from the film. (film 35). The steps obtained on the graph are the
coméosite results of firstly, the tritium desorbed overnight, and,
secondly, the reduction in count rate from the adsorbed mercury.

It may be observed that the plotted points immediately above each
step are not in line with the other values. The reason for this is
that, as at the commencement of the desorption process, an induction
period was obtained on re-admittingthe mercury vapour, during which

the adsorption rate of the latter was greater than the desorption

rate of tritium.



Relative tritium and mercury activities obtained during

~70~

TABLE XXIII.

an interrupted desorption process.

FIIM 35
Time Mercury Tritium
minutes activity activity
0 111.8 0
100 292.4 518
140 372.6 1044
170 - 1727
* 448.8 2062.9
230 543 2509
260 597.3 2969
305 668.2 3361.3
350 15244 3891
385 827.5 4295
415 - 4903
- * 842.4 5375
480 954.4 5819
540 1034 6301
655 1216 7106

* Mercury count taken on re-starting the desorption process

the following morning.

{ Increase in count rate from tritium desorbed overnight.
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Comparison of desorption rates is unsatisfactory in view
of the fact that most desorption experiments were interrupted
once or twice because of the length of time required and, since,
as explained previously, re-starting the displacement involved
an induction period. However, desorptions from films 39, an
argon evaporated film, énd 44, from which displacement was effect-
ed at OOC, were continudus until completion. The values obtained

3

were Teb cm3mm per hour and 6.3 cn”mm per hour respectively. The
rate from film 44 was thus slightly lower despite the fact that
the catalyst vessel was at 0°C and the ambient temperature of the

mercury source was 21—2200, which would promote the distillation

of mercury vapour on to the film.

307+ RETENTION OF HYDROGEN AND OF TRITIUM BY NICKEL FILMS,.

Retention figures for hydrogen and tritium are collected in
Table XXIV, from which®the following observations may be made.

Saturated vacuum deposited films retained 11-14% of the
total volume of gas adsorbed but the value for tritium retention
was 25%. The film from which desorption was carried out at 0°¢
showed the same retention figure. For the vacuum film of 32%
coverage, a greater value was obtained for both total gas re-
tention and tritium retention. If however, these values were
related to the total adsorptive capacity of the film, as deter—
mined by the reference curves in fig.2, the retention fell to

. values which differ from those of saturated films by a factor
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TABLE XXIV.

i

]

Film| Type # % Retention % of total
No.| of Coverage adsorptive
Flm 100 Total Tritium capacity
Total Tritium
"2 | Vac. 100 - - 14422 25.93
12 Vac. 100 - - 7.5 24.88
16 | Vac. 100 - - 11.58 26,09
43 | Vac. 100 - - 12.98 23.49
Vac
31 | Des, at{ 100 - - 13.15 25.62
0°¢
49 | Argon 100 - - 652 20.13
3 | Vae. 32.21 18 37.87 5.79 12,2
14 | Vac. 87.47 15.61 | 29.34 10.27 22
27 Vac. T4.64 | 16.42| 37.24 | 12.58 27.81
28 | Vac. 86.74 8.07| 23.77 11.19 20.59
35 | Vac. 90.63 14,11 | 26.08 12,78 23.61
Argon - - - . 27,
30 o0 10.66 7.91
46 | Vaee 100 - - 11.73 | 38.65
02
36 | Vace 100 20,02| 42.23| 12.28 25.96
sinte ‘
Vac. . 0.8 o8.
40 cint. 100 19.02‘ 49.8 10.85 43
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of 2. Campbell and Thomson (16) have observed a similar
relationship with argon evaporated films,

It is difficult to draw conclusions from the results of
films with greater than 70% coverage, since the retention figures
were similar. From the majority, however, slightly lower values
were obtained than for saturated films. From fig.2 it can be
seen that the weight ratio of argon evaporated to vacuum films
for equal adsorptive capacities was 3:4 and the tritium re-
tention ratios were also of this order. Total retention by those
films which had pre-adsorbed a low percentage of oxygen, was
surprising in that although it was similar to that for "clean"
films, a greater percentage of tritium was not recovered.
Apparently the oxygen trapping process observed by Campbell and
Thomson (16) was specified for tritium.

Sintered films showed enhanced retention, but referring the
observed values to their theoretical adsorptive capacities at
2560 gave figures comparable with those of unsintered {ilms.

It may, therefore, be concluded that retention of both
hydrogen and tritium is dependent on film weight and not on
surface area. An isotope effect is apparent in the case of both
"clean" and oxygenated films, tritium being preferentially re—
tained in each case.

Abnormally low total retention results were probably due
to slight leakage into the apparatus, since in many cases, the

desorption process was carried out over a three day period.



CHAPTER 4.

ELECTRON MICROSCOPE STUDIES OF EVAPORATED NICKEL
FILMS.

Electron microscope and diffraction studies have previously
been carried out, notably by Beeck (13) and by Sachtler and
Dorgelo (21).

Beeck's electron diffraction experiments seemed to indicate
that film evaporation in an atmosphere of argon produced orient-
ation of the crystal planes in relation to the substrate, this
orientation being reflected in the exposed faces of the crystal-
lites. He attributed the increased catalytic activity of the
films, as compared with vacuum films, to the presence of these
orientated surface planes.

Sachtler and Dorgelo, however, showed that orientation with
respect to the substrate did not pre-suppose orientation of the
exposed planes, and they were able to demonstrate that complete
110 orientation parallel to the substrate could be obtained by
film evaporation under suitable high vacuum conditionss The éxposed
crystal faces, however, as will be described in chapter 5, were
the stable 110 and 111 faces. They also observed that films
evaporated in an argon atmosphere consisted of an array of smaller
erystallites, and exhibited a greater degree of disorder than
films evaporated under high vacuum conditions. Micrographs of the
surfaces of films of various thicknesses were published to demon-

strate that, as the film thickness increased, the size of exposed
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110 faces, parallel to the substrate, decreased and eventually
disappeared. They attributed this phenomenon to the fact that,
because of geometric limitations imposed by neighbouring crystal-
lites, the maximum rate of crystal growth would be at right angles
to the surface, i.e. in the 110 direction, resulting in the
eventual annihilation of the 110 face by the bordering 111 and 100
faces. They also published photographs to show the effects of
depositing a film at a low temperature and subsequently allowing
it to warm up to room temperature. A re-~crystallisation occurred
which produced a more uniform surface with crystallites of a
larger size.

More recent photographs published by Anderson and Baker (20)
demonstrated the surface smoothing effect which occurred on
sintering.

Since the conditions of film preparation would seem to be
of importance in the degree of orientation produced, it was decided
that some indication of plane orientation and surface appearance
of the films used in the present work would be of interest. With
the willing co-operation of Dre R. Thirsk and Mr. E.H. Boult, of
King's College, Newcastle-upon-Tyne, certain of the films used
have been, and are in process of being, studied by electron micro-

scope and diffraction techniques.

4.1, FIRST RESULTS.

The first film studied was a vacuum evaporated film prepared



~76-

in the conventional cylindrical catalyst vessel (see chapter 7).
This film had been subjected to hydrogen adsorption procedures
but was free from mercury comtamination. The catalyst vessel
was broken up and suitable sections of the film still adhering
to the glass backing, were investigated. Illustrations 1 and 3
are pre-shadowed carbon replica micrographs of various parts of
the surface. It will be observed that the surface texture is
very different in each case.

The diffraction studies showed that considerable differences
occurred in the crystallographic structure. It appeared to con-
sist of predominantly, the face centred cubic structure, with
hexagonal close packed nickel also present.

Specimen 1 (illust.l) was structurally orientated and had a
well marked 110 fibre axis belonging to the face centred cubic
structure and a less well marked 10;2 orientation from the
hexagonal structure. Random material was also present. There
was no evidence of any preferred orientation with respect to
the substrate.

| Specimen 2 (illust.2) was almost entirely random, and con-
sisted of small crystals composed of a mixture of cubic and hex-
agonally packed nickel., In this case a slight 111 or 0002 orient-
étion with a nommal perpendicular to the glass surface and 100
orientation with the fibre axis at an acute angle to the glass
were obtained.

Specimen 3 (illust.3) was also a mixture of the two
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modifications and showed a degree of 100 one dimensional orient-
ation, a very slight 110 and a trace of 1012.

In each case the description was uniform over the samples
which were about 1x3 cm.

The random nature of the film was attributed by Dr.Thirsk
to the effect of temperature, dependent on the position of the
various areasin relation to the hot filament during evaporation.
The rate and angle at which the nickel was deposited was also
important. ©Since the catalyst vessel had been broken up before
the importance of these considerations had been appreciated, it
was impossible to relate the fractions studied to their original
positions relative to the filament.

It was suggested that a suitably scribed flat strip of glass
be included in the catalyst vessel during the evaporation process,
80 that short lengths could subsequently be broken off for study
and their relative positions noted. This idea was discarded because
of the difficulty in providing adequate cooling of the strip during
evaporation, since the film deposited thereon probably would not

have been typical.

4.2, LATSR EXPERIMENTS,

It was desirable from the point of view of the diffraction
experiments to provide s flat, rather than a curved, backing for
the £ilms, since a curved backing limited the direction in which

the diffraction patterns could be taken to that parallel with
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the filament. This prevented the search for tilts in the fibre
axis arising from the different directions in which the nickel
reached the glass surface. Acocordingly, a series of catalyst
vessels was prepared, one side of each being flattened along its
llength. The procedure adopted was to heat one side of the Pyréx
tubing with a large oxygen glass blowing torch flame, so that the
greatest possible length of the glass could be softened. A carbon
reamer was then used to flatten the softened area whilst, at the
same time, the glass was pushed flat against the reamer by blowing
into the tube. With cafalyst vessels of the size used, this
flattening process was completed in two steps, since it was not
possible to heat a sufficient length of tubing to enable the process
to be accomplished in one operation. In this way reasonably flat
interior surfaces, at least 1 cm in width, could be produced.

Four types of film were prepared in these vessels.

(1) A heavy vacuum deposited film.
(2) An argon evaporated film.

(3) A vacuum film from which hydrogen displacement had
been effected by mercury vapour.

(4) A vacuum film sintered at 100°C for one hour.

These films were each saturated with hydrogen in the usual
ﬁay. The flat portion of each vessel was cut out using a fibre
mounted abrasive wheel, and the position of the removed strip
relative to the filament was noted. Each of the hairpin-shaped

filaments had previously been arranged with its short axis parallel
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with the surface, although the distance from the surface along
its long axis was greater at its free end than at its supported
end.

It was decided to study a sintered film because the hex-
agonal form of nickel shown to be present in the early experiment
is stable above 35300, with a difference in free energy of
formation with the cubic form of about 80 calories. Sintering in
such a film, it was thought, might reduce the fraction of this
metastable form by allowing equilibration of the two forms to be
achieved more rapidly.

The diffraction results of these films were unfortunately
not available at the time of writing this thesis, but micrographs
of the surface of the argzon deposited film are reproduced in
illustrations 4-6. It will be observed that again a considerable
variation in structure was obtained. In this case the position
of the specimens relative to the filament are available.

Specimen

(1) This was from the area of the film adjacent to the
supported ends of the filament. It was thus closer
to the filament than the remaining specimens.

(2) This part of the film corresponded to a position
half-way along the filament and hence was from one
of the thickest areas. The distance from the film
was intermediate between those of specimens 1 and 3.

(3) This was taken from the region of the free end of
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(3) of the filament and probably corresponded to an
area where the film thickness was progressively
decreasing towards the edge of the evaporation
area. This specimen was furthest away from the
filament.

The film filament distance varied from about 6 to 7 mm in the

region of specimen 1 and 11 to 12 mm in that of specimen 3.
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CHAPTER 5.

DISCUSSION OF RESULTS.

The experimental results may be summarised as follows.

l. The specific activity of the desorbed gas varies in a periodic
manner,

2. Five periods are observed for vacuum evaporated nickel films.
3« Sintering reduces the surface area but not the number of periods.

4. The presence'of oxygen disrupts the regular pattern of the
periods.

5« Desorption at lower temperatures increases the number of peaks
and increases the height of the later peaks.

6. Argon evaporated films display seven such peaks.

T. Tritium is displaced by mercury vapour at a slower rate than
hydrogen.

8. Exchange occurs between the gas and the adsorbed phase, enrich-
ing the surface with tritium.

9. This exchange reaction is inhibited by the presence of mercury
vapour.

10. 24% of the adsorbed tritium could not be recovered by displace-
ment with mercury vapour in the case of vacuum evaporated
films.

11. The percentage of tritium retained by argon evaporated films
was 20% and for films sintered at 100 C, 40%.

12. The total amount of hydrogen retained is proportional to the
film weight and not to the volume of gas adsorbed.
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INTRODUCTION.

Exchange occurs between a gas phase species and an adsorbed
species, for instance, it is observed that if deuterium is pre~
adsorbed on a metal film and hydrogen is admitted to the gas
phase, an equilibrium mixture of hydrogen and deuterium in the
gés phase is rapidly obtained. Equilibration is the process
involved when two molecular gas phase species are brought into
contact, with or without the prssence of a catalyst, and mutual
interthange of atoms occurs between the species, e.g. for the
hydrogen-deuterium system the equilibration process is

H2 + D2 = 2 HD
The exchange process, however, involves equilibrationvof the
resulting gas phase mixture since the mechanism proposed for the
two processes is the same.

The first of these is the Bonhoeffer-Farkas mechanism (22)
which will be explained by reference to the hydrogen—-deuterium
system. It may be illustrated thus:

H2 + D2 +M = MH + MD = HD+ M.
where M is a surface metal atom. The process thus entails an
adsorption-desorption process involving both species, whether one
is pre-adsorbed or whether both are required to adsorb simul-
taneously.

The second mechanism was proposed by Rideal (23) and can

be represented thus

H + D = H + HD
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The process may proceed via a triatomic complex on one
site, involving a molecule in a van der Waals layer e.g.
D, +MH = MH(D2) = UD + HD
or the transition state may require simultaneously the presence
of an occupied site and at least one empty site.
Calculations of the kinetics of the para-hydrogen conversion

(24) lead to the expectation of a zero order reaction for the

first mechanism and a first order reaction for the second.

5.1. REASONS FOR THE OBSZRVED VARIATION OF THE SPECIFIC ACTIVITY
OF THE DESORBED GAS.

The specific activity of the desorbed fractions varied
periodically in a regular pattern, within each period reaching a
maximum value and then declining. There were five such periods
in the case of vacuum evaporated films. This behaviour can be
explained by postulating five different modes of hydrogen adsorption,
coupled with an isotope effect in the bonding of hydrogen and
tritium to the surface. The areasof the surface responsible for
these different bond types, were apparently of equal size and all
of them adsorbed hydrogen and tritium in the same ratio, since a
similar variation in specific activity was répeated in each case.
The bonds formed by these different parts of the surface must,
of course, be energetically different, but this difference must
be of such magnitude that a considerable degree of separation
occurs between successive desorption stages. If the free energy
of adsorption of hydrogen and tritium was substantially uniform

over all the exposed metal faces overlapping would have occurred,
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making the detection of the different peaks more difficult or
even impossible. There is observed a fall in heat of adsorption
of the order of 20 K cals./ﬁole, with increasing coverage, for
hydrogen on evaporated nickel films (17) and for hydrogen on
rigorously reduced nickel-on-silica (25). This may be
attributed to surface heterogeneity and then the difference in
the heat of desorption between suécessive areas must be of the
order of 4 K cals./mole. This value is probably a fair estimate,
since as Gundry and Tompkins (26) point out, attempted explan~-
ations for the fall in heat of adsorption with increasing coverage
based oﬁ physical rather than chemical reasons, are inadequate
to explain the high value obtained. Beeck (17) had suggested
that interaction between adsorbed atoms was a sufficient explan-
ation for this phenomenon but, for instance, the mutual repulsion
of parallel orienteted dipoles would give a decrease of only
2 X cals./bole (26). A demonstration of this was provided by
Gomer (27), by observing separately, the diffusion of oxygen
and hydrogen on a tungsten field emission tip. His results
showed that at comparatively high temperatures, the sharply defined
diffusion boundary ceased to move if a constant.supply of adsorb-
ate was not maintained. This would indicate that interaction
between adsorbed atoms is small.

De Boer (3) is of the belief that the effect can be explained
by the variation 6f the work function of the metal caused by

removal of electrons to the adsorbed atoms, This would make
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subsequent bond formation more difficult, but equations proposed
by Boudart (28) and Mignolet (29) for the change in work function
with increasing coverage give very low values for the decrease
in heat of desorption, since these effects and the dipole effects
stem from the same source. MNoreover, now that accurate values for
the surface potentials of the hydrogen-nickel system are available
(30), it can be shown that these calculated values must fall short
of the experimental values by a factor of 4 or 5. Eley (31),
Schwab (32), and Mignolet (33) have suggested that the fall in
heat of adsorption may be due to the withdrawal of electrons from
increasingly lower energy levels in the metal as coverage increases,
but as the number of bonds on the surface is minute compared with
the number of conduction electrons in the metal, this explanation
also seems inadequate. Attempts to surmount this difficulty by
Temkin (34), who suggested a surface electron gas separate from
the three dimensional conduction electrons, are also difficult
to accept.

There are reasons to believe that the increase in concen-
tration of adsorbate may affecé the type of bond formed with later
adsorbed molecules, as suggested by Dowden (35). Such evidence
comes from infra red studies of adsorbed molecules (36) where, for
instance, carbon monoxide as been found to be singly bonded to
two metal atoms at low coverages, but doubly bonded to a single
metal atom at higher coverages. Even so, such an explanation of

the variation in the number of bonds to hydrogen atoms would not
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explain the different "areas" observed in the present work. In
any case Selwood (37) has recently shown that the magnetic sus-
ceptibility of nickel falls linearly with coverage, as a greater
nunber of electron spins become paired, implying that no change
in bond type occurs, even up to very high pressures of hydrogen.
Gundry and Tompkins (15) postulate of an intermediate "initial"
state which at higher coverages requires an activation energy
to transfer hydrogen to the "final" adsorbed state, is also in-
applicable., In fact it appears that the fractions of the surface
corresponding to the peak areas are self-contained and can be
regarded as quite separate parts of the surface, to which, in-
dividually, certain of the above arguments might apply. Hence,
although the fall in heat of adsorption with increasing coverage
might be explained within each fraction to adsorbate-adsorbate
interaction, or adsorbate-surface interaction, the overall fall
must be explained by a priori heterogeneity of the surface. It
would seem that a linear reduction in heat of adsorption with
coverage would be expected from these results (cf curves of
Beeck (17) and Schuit (25)), hence the rapid fall obtained by
Fryling (38) on nickel, and Frankenberg (39) on tungsten, would

indeed seem to be a result of surface contamination as Kwan (4)

and Beeck (17), respectively, suggest.

5.2+ REASONS FOR HETEROGENEITY.

Possible reasons for the observed phenomenon are twofeld
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Firstly, the physical structure of the surface must be considered.
According to de Boer (3), surface irregularities caused by cracks
and fissures have a far greater influence on the bonds of low
energy formed in physical adsorption than those formed in chemi-
sorption. Hence it would appear that difference in chemisorption
bond strength caused by such features would be inadequate to
explain the observed effect. Perhaps an instance of this is that
the infra red spectrum bands of adsorbed ppecies are fairly broad,
which can be attributed among other reasons, to slight differ—
ences in bonding energies because of non-uniformity of the surface.
Yet, where greater differences in bonding strength apparently
exist, as in the case of carbon monoxide chemisorbed on palladium,
separate absorption peaks are obtained (36). Results of the present
work show that the number of peaks, and their general areas, are
reproducible, and it is difficult to believe that surface
irregularities of the type described could be similarly reproduced
in every case.

A much more likely explanation is that the various exposed
’crystal faces of nickel have different free energy of adsorption
for hydrogen. It has besn established that the work function is
different for the various crystallographic faces of metals (30),
and although these differences are small, since the bonding
electrons for hydrogen adsorption are derived from the metal, a
small difference may be important. The configuration of the

binding sites is also important as can be observed in field
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emission work (40). For instance, hydrogen is more strongly
bonded on the 111 and 100 faces of tungsten than on the 110 face.
Oxygen, because of its larger size, is even more sensitive to
variations in surface atom positions, diffusion from the 110 face
of tungsten involving a higher activation energy than from the
100 face. Diffusion'of hydrogen and oxygen on tungsten is also
observed to take place to preferred planes along well defined
paths of low activation energy of diffusion. It is true that
nickel does not show the same sharp boundary diffusion effects

as tungsten, since the surfaces of face centred cubic metals

are atomically smoother than the more open body centred cubic
structure of tungsten. It must be pointed out, however, that

the effect observed in the present work is a very small one, and
as will be discussed in section 4, the desorption technique would,
by its nature, be sensitive to small differences in bonding

© energy.

Beeck (17) maintained that the heat of adsorption was
independent of orientation; this he deduced from experiments
with films evaporated in vacuum and in an atmosphere of argonj but
since Sachtler and Dorgelo (21) have shown that orientation with
respect to substrate does not necessarily mean orientation of the
exposed crystal planes, Beeck's argument is not valid.

The results of the present work would seem to indicate that
crystal faces are responsible for the observed effects. Sherman

and Byring (41) proposed, from theoretical considerations,
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that the energy of adsorption of hydrogen on carbon depended on
the lattice spacing, and similar calculations have been made by
Okamoto (42) for the hydrogen-nickel system. Gwathmey (43) has
shown, from single crystal studies, that catalytic activity is
dependent on crystal face, and he points out that many factors
are involved, such as the surface arrangement of &toms, and the
number and arrangement of those below the surface. &4 further'
factor is the number of surface steps and kinks, which are also
dependent on crystal orientation. These considerations are
important in view of suggestions (44) that chemisorbed hydrogen
will take up the position of greatest symmetry and highest
co—ordination with respect to the surface atoms, and will lie
within the surface, bonded to several neighbouring atoms.

If the results from the sintered films are considered, it
may be seen that the overall reduction in surface area applied
more or less equally to each of the surface fractions. The
results of Sachtler and Dorgelo (21) show that by depositing a film
at a low temperature and allowing it to warm up to room temperature,
a re-crystallisation process occurs which provides larger
crystallites. Electron micrographs from Anderson and Baker's
work (20) show that on sintering a smoothing of the surface
occurs. It would seem that the effect of sintering is to reduce
the surface area by the provision of fewer but larger crystal-
lites. Hence the relative number of crystal faces should not

vary, provided only the preferred stable faces, as will be
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discussed later, were originally present. The reduction in
surface area in such cases should apply equally to the contribution
from each face. If, however, surface heterogeneity arose because
of crystal defects or other ftopographical irregularities, it is
unlikely that sintering would reduce the contribution of each

type to the same degree. As stated previously, it is also
difficult to believe that such defects could be reproduced to the
same relative extent from film to film.

The eleciron microscope photographs in chapter 5 showed that
the surface texture of our films varied considerably, and this
was apparently dependent on the relative surface to filament
distance. Although care was taken to align the filament in the
eatalyst vessel, variations could, none the less, occur. However,
as Sachtler (21) points out, only a relatively few crystal faces
of the surface may be expected in such a system, provided the size
of the crystallites is within the limits discussed later. Thus
the size of crystallite could be unimportant. From this point
of view, the supposition that the crystal face is the important
influence in the observed heterogeneity is acceptable, since
other surface irregularities would be expected to vary with
erystal size. [Mlso, since the adsorptive capacity of these films
was proportionel to their weights, it would seem that the crystal
faeces only are important in adsorption and the number of large
erecks and fissures small or non-existent.

The theory of Kossel (45), Strenski (46) and Kaischew (47 )
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shdwed that the rate of growth of a given crystal face was depend-
ent on the number and distance of neighbouring atoms which a
newly adsorbed atom found on the surface. Experimental evidence
showed that in fact the immediate neighbours had a greater in-
fluence than the next nearest, and so on. Hence for the face
cenired nickel structure, since the 111 and 100 faces provided
fewer neighbours for a newly adsorbed atom than the 110 face,

the latter would grow at a more rapid rate than the adjacent 111
and 100 faces, resulting in its eventual disappearance. Sachtler
and Dorgelo (21) showed that the direction of maeximum growth of
the crystal would define the orientation, and for nickel, this
was in the 110 direction, at right angles to the substrate, since
only in this direction was growth unimpeded by neighbouring
erystallites. They pointed out that, provided the film thickness
was sufficient, only the stable 111 and 100 faces would be pre-
sented to the surface. It would then seem reasonable to attribute
the reproducibility in number and size of the observed adsorption
aress to this reason. 4 further point in fevour of this argument
was provided by Sachtler, who found that films evaporated in an
argon atmosphere were composed of much smaller crystallites, and
he suggested that planes other than the stable 111 or 100 were
exposed, because the equilibration process was only complete when
the crystallites were above a certain minimum size. Small
cerystellites may then expose a greater number of planes than is

normel with larger crystallites. Sachtler also showed that a
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greater degree of disorder was always observed in the case of
films evaporated in an inert gas atmosphere. If the observed
heterogeneity could be attributed to exposed crystal faces,
argon evaporated films should exhibit an increased number of
peaks. This was observed since it will be remembered that the
argon films displayed two more peakes than the vacuwn films.
Five of the seven peaks may be those in common with vacuum
gveporated films, the remaining two being explained by the pre~
sence of faces not normally found at the surface. It would seem
likely, a5 Sachiler claimed, that the presence of an inert gas
during evaporaztion does not produce orientation of the exposed
faces, and in fact may reduce the overall crystal orientationm.

Argon films have agrester adsorptive capacity than vacuum
ewvaporated films, and this mey be explained by the fact that
amaller crystellites have a greater surface area. Perhaps, also,
the structure is more porous because of inert gas occluded during
the evaporation, and subsequently pumped away. 4 reduced sinter~
ing effect is, of course, also possible because of the heat
dissipated by the inert gas.

It is imteresting to note that the heavier films studied,
those of weight about 40 mg, displeyed several small additiemal
psaks &1t the beginning of the desorption process. The reason for
this ie not immedistely obvious, but Beeck (13) observed that the
4hicker vaouum evaporgted films showed a2 slightly increased

eptalytic aetivity which he attributed to a degree of oriemtation.
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Since the difference between vacuum films and inert gas films is
apparently one of crystal size, it would seem that Beeck's results,
and the present results, indicate the presence of smaller crystal-
lites, perhaps formed by nucleation on the surfaces of the first
deposited crystallites when they had attained a certain size.

That crystal faces may give rise to heterogeneity was
demonstrated by the work of Eischens, Francis and Pliskin (48),
who studied the infra red spectra of carbon monoxide adsorbed on
supported palladium. The spectra produced showed bands which
could be attributed to the carbon atoms of the carbon monoxide
being bonded to two palladium atoms. The number of bands in-
creased with the amount of carbon monoxide on the surface. Five
such bands were produced and the amount of overlapping between
each was small and, in fact, non-existent in some cases. The
surface coverages represented by the appearance of the bands were
20%, 45%, 65%, 85% and 100%. The reverse phenomena occurred when
the gas was pumped off. This would indicate that the surface is
divided into five parts which differ from each other but which
are relatively homogeneous within themselves. Eischens considered
it possible that the portions may be identified as the major
crystal faces.

Contamination of the surface has been claimed as the cause
of apparent heterogeneity, and Kwan (4) was of the opinion that the
large observed falls in heat of adsorption were attributable to in-

adequately reduced or contaminated surfaces. The results of our
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oxygen adsorption experimenis demonstrated clearly, however, that
heterogeneity of the type obtained was not induced by oxygen
- contamination. Reference to the desorption graphs of these ex-
periments, when oxygen was present, shows that a different desorp-
tion pattern is obtained, with none of the regularity of peak
height or area demonstrated by "clean" films. A possible inter—
pretation of the graphs is that, by comparison with tungsten,
oxygen is preferentially adsorbed on certain crystal faces or, at
least, on certain suitable sites on particular faces. According
to Campbell and Thomson (49), the fact that hydrogen retention on
oxygen contaminated films is increased, can be explained by the
presence of positively charged hydrogen atoms trapped amongst the
negatively charged adsorbed oxygen atoms (see also Tompkins (50)).
These hydrogen atoms cannot be displaced by mercury vapour.
Evidence for the presence of positively charged hydrogen stems from
conductivity and photoelectric emissivity experiments. Sachtler
(51) found that for films prepared at 10-8mm, a negative surface
potential for hydrogen was obtained, the conductivity falling when
hydrogen was admitted. With films prepared at 10-6mm an increase
of both conductivity and photoelectric emissivity was obtained,
indicating the presence of positively charged hydrogen. Oda and
Arata (52)'concluded that hydrogen would adsorb on bare nickel
sites rather than on adsorbed oxygen, and that hydrogen sorption
‘on partially oxygenated films raised, and then lowered, the

electrical resistance, as if some of the hydrogen was positively
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charged. Farnsworth (53), by electron diffraction studies, found
that surface nickel hydroxide was not formed as Roberts and Sykes
(54) had suggested, unless hydrogen was pre-adsorbed, and Campbell
and Thomson (49) found no traces of tritiated water in the de-
sorbed phase.

If it is accepted that a certain percentage of hydrogen is
trapped between oxygen atoms, and if oxygen in low concentrations
is adsorbed only at certain sites, then part of the hydrogen ad-
sorbing near these sites on particular faces may be impossible to
displace. This would reduce the volume, and reduce also the
specific activity of the desorbed fractions from an oxygenated face
for it was observed that tritium retention was greater on films
partially covered with oxygen. (The amount of tritiated hydrogen
adsorbed on an oxygenated film is, incidentally, comparable with
that on a "clean" film).

It is also possible that the hydrogen to nickel bond energy
distribution over the surface has been affected by the oxygen. If
each oxygen atom influences the bonding to the hydrogen atoms in
the vicinity, it is possible that the relatively low bond energy
differences at each face may be subtmerged, so that a certain pro-
portion of the hydrogen atoms over the complete surface has bonds of
‘equivalent strength. The high peaks on the graph, which are of low .
area, may be attributed to such hydrogen desorbing, when the re-
quired stage in the desorption has been attained. As de Boer (3)
points out, an increased range of small desorpiion energy differ—

ences may be induced by the proximity of the adsorbed oxygen, with
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its negative dipole.

The shape of the desorption curve when oxygen is present at
low concentrations, would seem to indicate that, as Campbell and
Thomson (49) observed, the surfaces of the nickel films prepared
by the method described, are substantially free from tontamination.

In summary, the conclusions from this part of the work are
that the surfaces of evaporated nickel films are heterogeneous,
this heterogeneity arising from the different bond strengths be-
tween hydrogen and between tritium and the various exposed crystal

nok

faces. Contamination with oxygen couldee the explanation of the

peaks in the desorption curve.

5e3s HYDROGEN AND TRITIUM RETENTION STUDIES.

Campbell and Thomson (16) found that 7% of the adsorbed tritium
could not be displaced by mercury vapour from the surface of argon
evaporated films when the initial surface covering with tritiated
hydrogen was less than 50%. By means of stochastic calculations
they showed that if it was assumed that a neighbour on an adjacent
site was a prerequisite for desorption, then 7% of the hydrogen
atoms would be isolated on a surface consisting of a two dimensional,
rectangular lattice. They also found that, if the film was
initially saturated, the tritium retention was higher and of the
order of 15-16%. They suggested that the difference between the
latter result and that for unsaturated films, might be accounted for

by the slow sorption process discussed at length in the literature,
(3,17).
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In the present work, using vacuum evaporated films, similar
results for total hydrogen and tritium retention were observed.
For a film less than 38% saturated, the total retention of hydrogen
as related to the adsorptive capacity of the film was 6%. Tritium
retention was, however, twice this value. With saturated films,
the volume of gas retained was usually 12-13%. If, as Campbell
and Thomson suggest, the value at low coverage can be taken as
the result of isolation trapping of the hydrogen atoms by mercury
vapour, then for the films under review, the figure of 124 for
tritium shows that it was preferentially trapped by mercury vapour
to an extent greater than can be accounted for by isolation. It
is interesting to note that, by using a "circular linear" model,
representing say, the line of adsorption sites along the lower
edge of a surface step, and if displacement of hydrogen was effected
in a random manner, assuming that an adjacent hydrogen was necessary
before desorption could occur, a figure of 12% was obtained for the
number of isolated atoms. Hence, although the overall retention was
that of the rectangular lattice of the Campbell and Thomson model
with some added retention, the 12% retention of tritium could be
explained also by a one dimensional desorption pattern. A poss-
ibility is that tritium atoms on each part of the surface pre-
ferentially migrate to sites which offer the maximum co-ordination
with surface atoms. Such sites may be, as mentioned before, along
the lower edge of a surface step or other such crystal irregularity.

It was also found in the present work that, at complete
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coverage, the ratio of tritium retained to total gas retained was
almost exactly double that of the low coverage filmy This ratio
applies equally to the sintered films studied, the surface area
of which had been reduced by nearly 40%. When the retained values
are related to the theoretical adsorptive capacities for the
sintered films, very similar values to those of normal films are
obtained, which seems to indicate that the overall determining
factor for retention is the film weight. This is borne out by
results from argon films. The weight ratio for equal adsorptive
capacities for argon and vacuum evaporated films is 3:4. For
argon films the retained tritium was 20% of the total adsorbed as
against 24-25% for vacuum films. This seems to be in reasonable
agreement with a 334 weight ratio. If the volume retention due to
mercury trapping is subtracted from the total retention, the per-
centage of gas trapped by this second weight determined process is
obtained. For vacuum films this is 12% for tritium and about T%
for the total volume of hydrogen retained. If it is assumed that
the proportion of gas trapped by mercury is constant, as it should
be on any surface if a rectangular site trapping mechanism is
applicable, values for this second type of trapping are 8% and 14%
for argon and sintered films respectively, the value for the
sintered film being referred to the adsorptive capacities of argon
films. Similar reference for vacuum films gives a value of 9%
which is similar to that observed for this effect by Campbell and

Thomson. The value for the sintered films is not in reasonable
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agreement with those from the other films, and, since the overall
trapping effect was proportional to film weight, it would seem
that more than a straightforward atom isolation process was in-
volved.

There has been much discussion in the literature of the
reasons for the "slow sorption" process observed by several workers,
and a review of these observations is appropriate at this point,
although no "slow sorption" as such, was observed in the present
work. None the less, the results of the "slow sorption" experi-
ments bear a resemblance to the retention effect herein observed.
In his study of evaporated films, Beeck (17) found that a slow
uptake of hydrogen occurred after the initial fast desorption was
complete. The volume of hydrogem adsorbed in this process was in-
dependent of the sintering temperature of the films, over the range
23 to 400°C, and was proportional to the film weight. He ex~
plained this phenomenon by suggesting that the slow uptake was
penetration of hydrogen into the bulk of the metal to give a lattice
solution. He concluded that the process was partly adsorption and
partly absorption.

Trapnell (55) found similar results with tungsten films, but
Porter and Tompkins (56) found that, after simtering, the amount
of hydrogen taken up by this slow process varied directly with the
decrease in surface area, and they suggested that heterogeneity
of the surface was a possible explanation. De Boer (3) however,

maintained that this activated process was a naturalconsequence

of the decrease in the heat of adsorption, and he believed that
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a de~-sintering process might occur during adsorption, an
activation energy being required to re-open capillary pores.

de Boer thought this sintering process might have been involved
in Taylor's work (57), since the latter observed that an increase
in temperature during such a slow adsorption process aaused
rapid desorption, but that a slow re-adsorption then occurred.
This has often been suggested as evidence for surface hetero-
geneity.

Baker, Jenkins and Rideal (58) used a photoelectric work
function method to study evaporated films at high hydrogen coverages.
Since, apparently, the nickel-hydrogen dipole changed its sign
when the slow sorption process started, they concluded that
hydrogen atoms were being adsorbed below the surface of the film,
perhaps in pores or other defects. A different opinion was ad-
vanced by Gundry and Tompkins (15), who advocated that the slow
sorption process was chemisorption. They postulated that the
final chemisorbed state was attained via an intermediate state with
a lower adsorption enmergy. Dowden (59) suggested that the initial
state might be attributed to the formation of bonds involving the
metallic d orbitals, and the final state, a dsp hybridised bond.

The present work is not in accord with these latter views.
Firstly, the amount retained is, as Beeck observed, proportional
to the film weight, whereas any pore diffusion theory would imply

a surface area dependence, if, as Rideal states, adsorption also

takes place in the pores. It is agreed that this process proceeds
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via the initial adsorption process and probably concurrently

with it, at least beyond a certain minimum coverage. Even films
which were between 80 % and 90% saturated, i.e. with no measurable
residual pressure in the gas phase, showed a loss of tritiated
hydrogen in this way. Guadry and Tompkins, and Dowden's theory
suggestied an essential homogeneity of the siirface., If this were
80, no retention of hydrogen should be observed. The diffusion of
tritium or hydrogén into sites inaccessible to mercury, such as

in pores, would also seem to depend on surface area rather than on
weight.

There has been evidence from physical measurements that two
states of bonding are present. The anomalous resulis of Selwood's
(60) magnetic susceptibility studies seemed to indicate that
perhaps diffusion of hydrogen was occurring to preferred sites on
smaller crystallites. These results have recently, however, been
explained for a different reason (61). Suhrmann (62) observed that
the resistance of a film fell initially sharply and then more slowly.
This has recently been attributed to contamination of the surface,
and results from films prepared under better vacuum conditions show
a sharp and complete decrease in résistance on adsorption of hydrogen
(51). It is possible that the retention of tritiated hydrogen
observed in the present work is attributable to the presence of
contaminants since tritium is preferentially retained by oxygen,
and is also reduced in concentration in the desorbed phase if a

slight leak of air entered the catalyst vessel. It is difficult
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to explain how such contamination could vary in proportion to the
film weight and be independent of large changes in surface area.
It would seem likely that a bulk diffusion mechanism was responsible.
The effect applied equally to all areas'of the surface, since the observed
desorption peak heights were relatively constant. The exghange
experimenta at different desorption stages showed that the same gas
phase specific activity was obtained, independent of the surface
area uncontaminated by mercury vapour, indicatingthat the adsorbed
phase activity was constant over the whole surface. It is known
that high energy trapping sites occur near the 110 face in nickel
(63), where the lattice is more loosely packed, but as these sites
occupy only 1%of the total number this explanation is inadequate.
Adsorbed hydrogen atoms have been considered to lie between
the adsorbent atoms (11), actually in the surface of the metal,
and to diffuse because of their small size, not over the surface
but between the surface atoms. It may be possible to propose an
internal diffusion mechanism because of lattice faults or vacant
lattice sites.
At all events, this kind of heterogeneity, should not be

confused with the observed surface heterogeneity described in the
previous section.

5e4. REASONS FOR THE FATLURE OF THE DIFFERENTIAL ISOTOPE METHOD.

Rideal and Sweet (64) calculated the molar entropy of adsorbed

hydrogen at 25°C on evaporated nickel films at coverages varying from
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1% to complete coverage. Their calculations showed that as the
coverage increased above 404, a greater and greater fraction of
the adsorbed hydrogen became mobile. At high coverages the value
of the molar entropies calculated from the observed heats of ad-
sorption of hydrogen approached values derived from Kemball's ex-
pression (65) for the molar entropy of a two dimensional gas of
hydrogen atoms, each requiring an area of one nickel site at com~
plete coverage. It would seem from this result that, on the films
used, the adsorbed hydrogen would be mobile at high coverage. This
is in accord with the field emission work of Gomer, Wortmann and
Lundy (63) who observed surface diffusion of hydrogen on nickel
points between 180° K and 240° X. From this study of hydrogen-—
deuterium exchange over nickel films and nickel-silica respectively,
Gundry (66) and Schuit (67) came to the conclusion that the adsorbed
phase was immobile at least at the lowest temperature employed

(77° K). They found that when one of the isotopes was pre-adsorbed
on the surface, if the other was admitted to the catalyst vessel,
an equilibration occurred by which a low concentration of the pre-
adsorbed isotope was obtained in the gas phase. This indicated
that only a very small part of the surface was active in the ex-
change process, which is involved in both the Bonhoeffer-~Farkas

and Rideal mechanisms for the catalytic equilibration of hydrogen
and deuterium. If mobility of the adsorbate had been possible all
of the adsorbed phase could have equilibrated with the gas phase

via this small area. They came to this conclusion since they
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both found that a very small part of the surface was active in
exchange at that temperature, since the concentration of the pre-
adsorbed isotope found in the gas phase after exchange, was low,
yet the gas phase always contained an equilibrium mixture of the
isotopes. The active part of the surface increased with temperature
and at 2950 K all of the adsorbed isotope equilibrated rapidly with
the gas phase. As Gundry pointed out, however, it was not possible
to specify from these experiments whether the increase in the
activity with temperature could be atiributed to greater areas be-
coming able to desorb, or to migration to the parts of the surface
from which desorption could occur most easily. Schuit was of the
opinion that, if the adsorbed hydrogen was mobile, it was because
of an adsorption-readsorption mechanism or of mobility of the nickel
atoms. This latter reason seems invalid in view of the fact that
adsorbed hydrogen reduces the rate of sintering of the nickel
catalyst, attributable, according to Anderson, to the fact thaf
hydrogen atoms are co-ordinated to more than one nickel atom, the
epesultant bonding reducing the mobility of the nickel atoms. The
work of Anderson and Baker (20) is difficult to reconcile with that
of Rideal, firstly because of the above observations and also be-
cause Anderson showed that no major change occurred in the rare
gas~surface distance on "clean" and hydrogen—-chemisorbed surfaces.

He suggested that the hydrogen atoms must then be buried in the

metal surface.
If Rideal's evidence that the hydrogen atoms are completely
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mobile at high coverage is accepted, and that the strength of the
hydrogen-metal bond is little affected by the relative position of
the hydrogen atom to the surface atoms, then the differential isotope
method must fail since equilibration of the isotopes will immediately
occur. The technique depends for its success on localisation of
bonding. This is perhaps why Schuit's study of the surface of a
nickel-silica catalyst produced results of apparent homogeneity (10),
yet those of Kummer and Emmett (8), and of Eischens (9), using carbon
monoxide, were successful., Field emission studies (11) have shown
that even at comparatively high temperatures carbon monoxide is
essentially immobile. Recent studies of reduced nickel surfaces by
Hirota et al (68), using two samples of carbon dioxide, one of which
was enriched in 180, showed that on desorbing the gas by raising

the temperature, the first desorbed samples showed enrichment of the
isotope adsorbed last. These authors obtained evidence that an
amount of chemisorbed carbon dioxide corresponding to about one

third of the surface, was strongly bonded as the temperature was
raised successively from —78°C to 0°C and to 19°C. Part of this
carbon dioxide remained undesorbed even at 30000. Since this was
unlikely to occur because of induced heterogeneity, these workers
concluded that the nickel surface was heterogeneous, .possibly

because of differences in ackivity of the orystal faces. It would
seem from these results that carbon dioxide on nickel is also
immobile.

In the present work, Rideal's theory can explain the fact
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that equilibfation of the isotopes occurred over the entire
surface, since the experimental results demonstrated that the
average specific activity of the desorbed gas was similar from
beginning to end of the reaction, despite variations in the order
of admission or relative volumes of the isotopes. The question
arises, as to the reason why, on desorption of this equilibrated
adsorbate, a repeated variation of specific activity can arise.
If the adsorbed gas were mobile during the displacement of
tritiated hydrogen, the gas phase hydrogen should have the same
activity throughout the entire process. During the adsorption
process the choice of adsorption site by either hydrogen or
tritium molecules, is likely to be a random process, equilibration
or adjustment of site choice occurring, as Beeck (17) suggested,
by surface migration. Hence it might be expected that each crystal-
lite would adsorb tritiated hydrogen of similar specific activity
and a situation would arise comparable to that of complete surface
mobility. It is unlikely that different crystallites would display
an overall difference in exposed faces which might give rise to
effects similar to those noted, since Sachtler (21) has shown that
a preponderance of the stable 111 and 110 faces are present in all
films, however prepared.

The answer to this anomaly may be found in the results of
exchange experiments quoted in the last chapter. These showed
that exchange between gas phase and adsorbed phase was inhibited

by the presence of mercury vapours Gundry (66) suggested that
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mobility may be inhibited by the presence of surface contaminants,
and the results of Roginskii and Keier's original work on reduced
nickel may be explained also in this way, if it is assumed that
unreduced oxide was present which prevented the complete mobility
of the adsorbate and allowed the formation of localised bonds
with the isotope fraction first adsorbed. The significant ob-
servation in the present work is that exchange occurred before
and after exposure of the surface to mercury vapour, provided

no gas phase mercury was present. Gundry (66) noted that

mercury vapour rapidly inhibited the hydrogen-deuterium equili-
bration but he did not state whether this was chemisorbed mercury.
A significant observation, however, was that nitrogen inhibits
the reaction at 70° K. The reactivity of the surface could be
restored, however, by allowing it to warm up to room temperatuyre,
and the original activity at 78o X was recovered if the nitrogen
was then pumped away. Experiments carried out by Gundry, to
establish whether hydrogen displaced nitrogen adsorbed on nickel,
showed that this occurred, but the number of molecules of nitrogen
displaced per molecule of hydrogen fell as the concentration of
hydrogen increased, indicating that once the hydrogen coverage

was significant, adsorption of nitrogen, i.e. on top of hydrogen,
was occurring, and this reversible second layer adsorption in-
hibited the hydrogen-deuterium equilibration. Mignolet (69)
obtained surface potential measurements at 77° K and ld-%mn,

which showed that a very small concentration of hydrogen Was
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adsorbed on nickel with a positive surface potential, which he
explained as second layer adsorbed H2+, stabilised by charge
transfer. Gomer (70) also suggested evidence for this kind of
adsorption on tungsten field emission tips, and more recent studies
by Sachtler and Dorgelo (71) indicated that molecular hydrogen was
adsorbed when first layer adsorption was almost complete. In view
of this evidence, Gundry suggested that since hydrogen has a lower
ionisation potential than hydrogen it would be adsorbed in the
second layer as N2+. The explanation of the inhibition of the
equilibration reaction follows if the Rideal mechanism is postul-
ated, since the second layer N2+ would block the sites at which
reaction occurred. Since the latter only occurs at a few sites,
and since inhibition is obtained at low coverages of nitrogen
(less than 30%) further evidence is provided that particular sites
of adsorption are chosen. Shooter and Farnsworth (72) studied
hydrogen~deuterium exchange on nickel surfaces after argon ion
bombardment, and the observed kinetics were closer to those re-
quired by the Eley-Rideal mechanism than by the Bonhoeffer-Farkas
mechanisme.

The present experimental evidence may be explained in a
similar way if it is assumed that mercury atoms, which have a much

lower ionisation potential than nitrogen, are being physically ad-~

sorbed in a second layer. It will be remembered that, on cooling

the mercury vapour source in liquid nitrogen, a reduced count rate

Was obtained from the surface, indicating that the concentration of
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mercury vapour either in the physically adsorbed layer, or in the
vicinity of the surface, was becoming reduced. On the other hand,
Campbell and Thomson (16) observed that at the end of the desorp-
tion the quantity of mercury adsorbed by the surface was only
about 1.Zi mercury atoms per hydrogen atom, so that, for instance,
the proposal of a complete physically adsorbed monolayer is un-
tenable. If, in accordance with the above arguments, exchange
occurs at a relatively few sites, and may be inhibited by a very
low concentration of a positively charged second layer adsorbate,
it is not necessary to postulate a high value for the concentration
of mercury on the surface at the end of a desorption. Campbell
and Thomson further observed that mercury adsorption did not stop
at a monolayer, but continued for a considerable period.

Thus the variation in specific activity of the gas phase
desprbed tritiated hydrogen may be explained. However, if mobility
of hydrogen on the surface were still possible, the variation in the
gas phase specific activity cannot be explained because, as mentioned
before, equilibration would occur on the surface;  and even if
a difference in bonding between hydrogen, and between tritium, and
the surface is accepted because of an isotope effect, the series of
variations of the kind observed would not be obtained. It seems
reasonable to postulate that second layer adsorption of mercury
prevents mobility of the hydrogen atoms. Thisvseems acceptable since,
if the mercury atom has a small positive charge, and is bonded

to the surface with a bond strength of a reasonable magnitude,
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or to the neighbouring hydrogen atoms by virtue of their negative
dipole arrangement, the mobility of the hydrogen would be re—
stricted. I?¥ is noteworthy that chemisorbed first layer mercury
does not have this effect since equilibration still occurs at
any stage throughout desorption even at high mercury coverage.
It is also possible, of courde, that adsorption of mercury on
specific sites is not required, if the functionof the second layer
mercury is to prevent migration of hydrogen atoms on the surface.
By this mechanism, the surface equilibrium of hydrogen and tritium
either over the whole surface or confined to individual crystal-
lites, will be "frozen" on the admission of mercury vapour, which
is why the mean specific activity of the desorbed gas is constant,
and since, as will be seen later, desorption is an activated process
from an adsorbed mercury layer, desorption will be likely at
energetically favourable sites. Desorption from the gas phase by
mercury atoms would be a random process unlikely to lead to the
peaks in the desorption graphs. It must be pointed out that the
effect observed is a minute one, the variation in specific activity
of the desorbed phase varying only to about 20% for an adsorbed
specific activity of 106 cpm per cm3mm, hence only small differences
in bond energy are required for its explanation.

Heterogeneity, for hydrogen isotopes, of the present type has
not been observed before for two reasonsy firstly, exchange must

be prevented; and secondly, an isotope effect in bonding must

be of a sufficiently high order to ensure a difference in desorption
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rates of the isotopes. It is perhaps possible that the initial
increase in tritium concentration observed by Campbell and Thomson
(16) in their mercury displacement experiments is attributable

to the increase in specific activity as the first peak is formed,
subsequent variations being unobserved since only the total tritium
at each stage was counted. It is also possible that such very
minor variations in bonding energy would play no significant part
in DZ/H2 exchange reactions and they would certainly seem to be
insufficient to cause preferred adsorption on one species if
mobility was not restricted.

The present desorption method seems to be very sensitive,
unlike the heating processes used in previous work. These probably
ensured that the effect was swamped.

Recent work by Boreskov and Vassilevitch (73) on the exchange
of gas phase hydrogen or tritium with the preadsorbed isotope led
them to the conclusion that, as with the hydrogen—-deuterium ex-
change reaction, the surface was characterised by a low activation
energy of exchange, and the isotope adsorbed there rapidly
equilibrated with the gas phase. They postulated that an adsorbed
atom liberated itself from the surface to form either a hydrogen
molecule or molecule ion which remained bound to the surface with
an energy of 5 - 7 K cals per mole. The vacant sites remaining
| were available for the reception of atoms from the gas phase, hence
an adsorbed atom'of tritium was replaced by an atom of hydrogen,

which was in accordance with their experimental results. They
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suggested that a considerable activation emergy was required to
displace the molecule formed to the gas phase, but they assumed
that one of the atoms could transfer to neighbouring atoms very
easily hence was capable of moving over the surface. If sub-
sequent desorption occurred at the point on the surface where

the activation energy was low, then the above arguments will also
explain why, on this modél, exchange would be inhibited by mercury.
Here the free movement of the desorbed atom over the surface would
be prevented. The presence of second layer mercury would reduce
the possibility of the formation of a positively charged hydrogen
ion molecule if, as seems possible, the mercury was polarised with
a partial positive charge because of interaction with the surface

or neighbouring hydrogen atoms.

5e5. THE ACTIVATED DESORPTION PROCESS.

The evidence from the low temperature desorption experiments
is a further indication that the desorption process is initiated,
not from the gas phase, but from an intermediate surface phase of
mercury. The reasons are as follows. At liquid nitrogen temper-
atures no desorption occurred, yet in allowing the temperature of
the catalyst vessel to rise, desorption was extensive and rapid.
This could be explained by condensation of mercury atoms on the

low temperature nickel surface, and an activation energy of de-
sorption is implied. The experiments showed that even with a

sufficient concentration of vapour phase mercury present to effect
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to effect desorption at 25°C, lowering the temperature to 0°¢c
immediately stopped the desorption, which was not resumed until
apparently a higher concentration of mercury was present. The
desorption then restarted and continued at a rate only slightly
glower than that at 2500. The faét that the walls of the catalyst
vessel were at a lower temperature than the mercury source in these
experiments, would preclude the possibility of a higher gas phase
mercury vapour pressure in the catalyst vessel. The required
concentration of mercury vapour must then have built up on the
surface, perhaps, as suggested before, either totally or partially
in an adsorbed second layer. During the induction period in

these desorption experiments, the gamma count indicated that a
build up of mercury was occurring on the surface before desorp-
tion began. It is also significant that even with a large temper-
ature differential between the catalyst vessel and the mercury
source, the rate of desorption once begun is no faster than at room
temperature. This would indicate that a rate detemining step is
involved and this is probably the formationof a second layer of
physically adsorbed mercury corresponding to the temperature of

the desorption experiments.

Further evidence for this stems from the fact that, even
when the concentration of gas phase mercury vapourvwas removed at
the conclusion of any stage in the desorption, the desorption
process did not immediately stop, but continued at an ever reduced
rate, for several hours, so that overnight a volume of hydrogen

of about 4 or 5 cm3mm was usually desorbed. It seems possible
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from this evidence that a small concentration of mercury vapour

in an intermediate state between physical adsorption and chemi-
sorption was present, since it could not be distilled back from
the catalyst vessel by lowering the temperature of the mercury
source, and yet it was not capable of providing immediate desorption
of hydrogen. An induction period was also involved at 25°C, even
with a saturated film. Although desorption began immediately
mercury vapour was admitted to the catalyst vessel, the maximum
desorption rate was not achieved for some time, usually for at
least one hour. It would seem probable that a saturation vapour
pressure of mercury would be attained very rapidly in the catalyst
vessel at the gas phase pressitres involved, especially if the
catalyst vessel was at a lower temperature than the mercury source.
If this is so the induction period could only be explained by the
time taken to achieve a stationary intermediate state between the
gas and chemisorbed mercury phases.

It is postulated in the present work that desorption does
not occur directly from the gas phase, but via an intermediate
physically adsorbed phase which requires an activation energy for
transference to the chemisorbed state. This seeﬁs a reasonable
explanation for the fact that the desorption process is apparently
sengitive to differences in bond strength between the adsorbent
and the adsorbate and also the small differences in bonding in-
curred by the hydrogen-tritium isotope effect, which apparently

causes tritium to be more fimly bound than hydrogen. It is
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difficult to see how a random displacement directly from the gas
phaée could detect these verysmall differences between the film
sites.

The reason for the different desorption results at 0°C could
be explained in terms of an activated process. It will be remember-
ed that the mean specific activity of the desorbed gas in these
experiments was of a lower value than that for experiments at 25°C,
but that a sudden increase occurred towards the end of the desorp-
tion which restored the amount of retained tritium to that of normal
films. An increased number of pesks was also obtained but these
were of low area. It is possible that on each fraction of the
surface at 0°C a certain proportion of the tritium was, by virtue
perhaps of its adsorption position as suggested in section 4, ad-
sorbed with a higher bond energy. & 0°C the activation energy
required for its displacement was not available at the time of
displacement of the remainder of the gas from the particular area.
This tritium however, was not trapped, hence there was no reason
that at a subsequent stage, when conditions. were energetically
more favourable, thié should not be desorbed even after gas from
other areas had been displaced. 4 certain proportion of tritium
on other areas might also be retained in this way. It is suggested
‘that the peaks thus observed corresponded, not to other areas of
the surface, but merely to the sudden displacement of this more
strongly bound hydrogen. Sites of this type have been proposed

by Gomer (40) on different fractions of the surface, where, by
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virtue of similarity of co-ordination, the adsorption bond
energies may be equivalent. This would seem to imply a spectrum
of bonding energies occurred within each fraction of the surface
because of steps or faults on the surface.

It may have been remembered that from films 25 and 27 which
were only partially covered with tritiated hydrogen, the greatest
displacement of tritium was obtained at the beginning of the
desorption process, since the first few peaks were higher than the
remainder. It may be supposed that the gas first desorbed was that
which was least strongly bound to the surface.

This seemed anomalous since, even if, from Rideal's results,
only limited mobility was achieved at lower coverages, it would
be reasonable to suppose that sites of highest adsorption energy
would be preferentially filled. Again, the activated desorption
~ process could explain this result. It may be postulated that the
tritiated hydrogen would be equally distributed over the entire
surface on sites with the highest adsorption energies, irrespective of
whether mobility was confined to each crystallite or was possible
over the entire surface. The mercury may be visualised as adsorb-
ing preferentially on these high energy sites, displacing hydrogen,
either by a surface mechanism or by an adsorption~desorption
process, on to the less-active sites until those are completely
filled. Sites of increasingly higher energies will be filled by
this process, until the number of sites left unfilled by mercury

corresponds with the number of hydrogen atoms present. Desorpiion
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will then begin. Campbell (74) calculates that the amount of
mercury adsorbed in the case of an unsaturated film before dedorp—
tion occurs is lower than that required to fill all the vacant
sites. If an adsorption-desorption process is postulated, it is
possible that, as fewer vacant sites become available for re-
adsorption the presence of mercury inhibits the process in a
similar way to the inhibition of the exchange process.

It was also observed that during experiments when the desorbed
gas was pumped continuously from the catalyst vessel, the peak
heights were reduced. During these experiments the desorption
process was stopped between successive stages, to prevent an undue
rise in préssure in the catalyst vessel during the time that each
sample was being measured and counted. Since it has been shown
that desorption does not immediately stop on cooling the mercury
source to liquid nitrogen temperatures, a small pressure of de-
sorbed gas was obtained during this period. Two results are there-
fore possible; firstly, since gas phase mercury was being removed,
exchange could occur between this desorbed gas and the surface,
the effect on the subsequently desorbed sample being one of reducing
the specific activity to nearly the mean value; secondly, if a
certain amount of surface mobility was regained during this period,
equilibration of the gas remaining on the surface fraction under.
review would occur, either with the remainder of the entire surface
or of the surface of the crystallite. Since the period between

each desorption was short (about 15 minutes) both of these effects
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would be limited as is eviderced by the fact that a detectable

variation in specific activity was still achieved.

5.6. THE DISPLACEMENT OF HYDROGEK AND TRITIUM FROM NICKEL
PIIMS.

A displacement model has been devised which gives a satis—
factory interpretation of the rise and fall of the specific activity
of the tritiated hydrogen displaced from nickel by mercury.

Although some of the concepts were subsequently discarded,
they are included, for the present, in the following development
of the model.

(1) If displaced tritium and hydrogen are in equilibrium with the
surface according to

H + HA <& H2 + TA where A represents the substrate,
then they will distribute themselves between the gas and adsorbed

phases such that

T oan where T is the number of adsorbed
a - g a

H Hg atoms, 'I'g is the number of tritium
a

atoms in the gas phase and Ha and Hg
have similar meanings for hydrogen.
From chapter 3.5, it was seen that the ratio of the specific
91
activities of the gas phase and surface phase was 106 approx.

~-300-- 100
The value for @ from this result will then be 91/106 = 85.

Gluecksuf and Kitt (75) observed for the deuterium-hydrogen system

on palladium at 25°C

for molecular fractions Xy = 0.01 to Xy = 0.99
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Gundry (66) and Schuit (67) observed with the same system
on nickel at room temperature, a value for g a little less than
unity.

It has already been pointed out that mercury vapour may
interfere with this equilibrium, and it will be seen later that

egquilibrium is not invoked in the final model.

(2) The desorption of hydrogen and tritium was not instantaneous
on the admission of mercury vapour. If the supply of mercury
vapour was stopped, the desorption continued for some time. A4s
has already been observed, mercury may be physically adsorbed on
the surface and an activation energy is required to displace
hydrogen in a subsequent step. This physical adsorption has been
confirmed by cooling the mercury reéervoir in liquid nitrogen
temperatures when 203Hg distilled back. The significance of this
is that, when mercury was in random collision with surface atoms,
they were not immediately displaced, i.e. an isotope effect could

thereby operate during the displacement.

(3) The tritium in the gas phase was present as HT. The equi-

librium constant for the reaction

H. + T2 == 2HT is calculated as follows

2
For Al + B1 —_— A2 + 32 or H2 + T2 S 2HT
A r° A F° AN
-1nX = RT = |—= + | —

n RT |4 o A Rl | B, 5 B

(o] (o) O 0
= F - P P - P

4 A 4 B By
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F° F° F° F°
) o~ P . m - Fo
oy BT
= - 3.95061 + 3.04344
1.6 =1nK = = 0.907 K = 89997 . 5.58

(Necessary values tabulated by Haar, Friedman and Beckett (76)).

From the relative numbers of hydrogen and tritium atoms
present, it is concluded that over 99.9% of the tritium is present
as HT. Since only one atom in 108 adsorbed atoms was a tritium
atom, the near neighbour atoms for any particular atom would be
hydrogen. The chance of finding neighbouring tritium atoms was
considered to be remote. We have, therefore, restricted our
attention to the processes.

+ + - + H +
Hg(a) HA HA HZ(g) gh A
and Hg(a) + HA + TA -> HT(g) "+ HgA + A

neglecting Hg(a) +TA + TA -2 Tz(g) " HgA + A

where Hg(a) represents physically adsorbed mercury.
(4) Let us now consider a fraction of the area of a tritiated
film, say 1/51;}1 of the total area. Let us assume, for the present,
that there are Ta adsorbed tritium atoms and Ha adsorbed hydrogen
atoms which are in equilibrium with ’Pg gaseous tritium atoms as

HT and Hg hydrogen atoms as H, at that moment, i.e.

T ar?T
. = B
H H
a g

If mercury atoms displace a small amount of hydrogen and tritium to
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the gas phase, A H and A T atoms
Ta - AT T +AT

[ a.
Ha -AH Hg+AH

i.e. (T, -AT)(Hg+AH) (8, - AH)(‘I‘g+AT)d.

a AHTg - A AHAT

since T H = HTa
a g a g

TAH - ATH

a H,AT -aAHT,

i.e. AH(Ta+aTg) AT(a H o+ Hg)

Ar  as%Tp 1%
A E aE_ +H_ . a3, a H
since T > T and  H > 2,

From this it is observed that the ratio of increments coming
into the gas phase is related to the Ta/Ha; ratio on the surface at
that moment.

We conclude from this section that if Ta/Ha can vary on this
l/Sth of the surface, then so also might AT/AH, as was experiment-
ally observed. If, however, the ratio Ta/Ha is affected by equi-~
libration with the whole surface via the gas phase AT and AH, at
all stages in the desorption, then variations in AT and A H would
be small.

It was in fact experimentally observed that when the system
was allowed to partially equilibrate (e.g. films 27 and 28), the

peak heights were reduced (figs. 6 and T).
5.7. THE GENERAL FORM OF THE FINAL DISPLACEMENT EQUATION,
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There are two possible ways of reducing the concentration

of free tritium and hydrogen atoms on the surface.

(1) They may be displaced to the gas phase.
(2) They may be trapped on the surface. Trepping was suggested
by Campbell and Thomson (16) to account for the observed retention
of tritium on nickel when mercury displacement ceases. They
postulated that an atom could not be displaced to the gas phase if
it was isolated by mercury atoms from an immediate neighbour. It
is apparent that an isotope effect between tritium and hydrogen
will lead to different probabilities of removal of H~ Hy, or H -~ T,

The extent of desorption of hydrogen and tritium is over a
la:ge part of the process, proportional to the mercury introduced
to the surface, as shown by Campbell and Thomson (16) and by the
present results.

The proposed model for the desorption process can be develop-
ed as followst Consider desorption of the species S by mercury.

Thus if the amount of free species on the surface is called
S, free in the sense of not being trapped or removed to the gas
phase, the desorption may proceed according to the equation

-ds = k + k' Hg
dig
where Hg represents the mumber of mercury atoms on the surface

and k and k' are constants. The first term gives a constant rate
of desorption to the gas phase, the second the rate at which S

atoms become trapped. The general shape of the desorption curve
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discussed in section 6 indicates that k dominates the expression
at low mercury coverages. k'Hg must increase at high mercury
coverages. This &s observed during stochastic calculationsj in
other words, trapping is only significant at high mercury values.
It should be stated that the term k'Hg is only a convenient working
approximation. The true trapping term is probably more complex,

If the requirements of section 4 are now added, where de-
sorption seems to depend on the isotope ratio on the surface, the

desorption expression for H and T can be written

d Ha Ha I-Ia
- — = k + —— Lk, Hg
d Hg Ta+ Ha 1 Ta + Ha 2

where Ha is the number of the free hydrogen atoms on the surface when

Hg mercury atoms have arrivedj
Ta is the number of adsorbed tritium atomsj
k., is a constant for desorption to the gas phase;

1

k2 is a constant for removal of Ha atoms to traps

T
a7 Tak

.. a _ 3 a
Similerly =~ FHg ~ T+ E, YTy Hak4 e

The T/H ratio in the gas phase alters comparatively little and so

i +
let it be assumed that Ha/Ha+ T, and T (H Ta) are constant

2
then _ H = kiHg + %kéHg - B
. 2
= ! 2kt -
T, = k3Hg+%k4Hg B
Ha.
Where T x kl = kl etc.
a a

and H + T are the initial number of hydrogen and tritium atoms.
a a

The results of such a calculation are shown below.
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If the specific activity of the adsorbed gas is 106 cpm/bm3mm

then 1 cm3mm contains 1.023 x 109 atoms of tritium;
3
and 1 cg mm of hydrogen at 16
20°C contains 6.58 x 10 atoms .
3

If 80 cmmm of gas are adsorbed on a film, there will be
8.18 x 10'° atoms of tritium
and 527 x 1018 atoms of hydrogen
For a film with five peaks, it is assumed that there are five
areas on the surface each with

1.64 x loloatoms of tritium

and 1,05 x 1018atoms of hydrogen.

DISPLACEMENT AND TRAPPING OF HYDROGEN,

According to Campbell and Thomson (16) adsorption of 100

mercury atoms displaces 83 hydrogen atoms.

Also the ratio of atoms displaced to atoms trapped, according

to Campbell and Thomson and the results detailed in chapter 3.7,

is about 93:7.

Hence at the end of the desorption procesé there will be

7/100 x 1,05 x 1018 atoms trapped
and 93/100 x 1.05 x 10°° displaced to the
gas phase.
At the end of a desorpiion process
| ' 18

0 = leg+%¢—kéHg2- 1.05 x 107

The number of hydrogen atoms in the gas phase
t
0.92 x 1.05 x 10 = k, He

! 18
i.ee 0,93 x 1.05 x 1088 - k) x 100/83 x 0,93 x 1.05 x 10

¥



Now '
£k, (200/83 x 0.93 x 1.05 x 10)% = 7/100 x 1.05 x 2018

t
Sk, = 0107 x 10718
H 81‘6 ' ' [ ]
ky = k) and k, = k, osince H /H+T -—1

The desorption of hydrogen may now be plotted from
2

H = kHg + %szg - H  where k; = 0.83
k, = 0,107 x 10718
H = 1.05 x10%
B/E, + T, - 1'
Hg k,He 3 k2Hg2 Total B,
x 1088 | x 1018 x 10'8 x 108 | x 1018
042 0.166 0.0021 0.1681 | 0.8819
0.4 0.332 |  0.0085 0.3405 | 0,7095
0.6 0.498 0,0192 0.5172 | 0.5328
0.8 | 0.664 0.0341 0.6981 | 043519
1.0 0.83 0,0533 0.8833 | 0.1667
1.2 0.996 0.0767 | 1.073 |=0.02

According to this all the hydrogen has been displaced when the Hg

18

concentration on the surface is 1.19 x 107 atoms (see fig.19)

DISPLACEMENT AND TRAPPING OF TRITTUM.

The value of @ observed from the exchange experiments was

100 i 100

91/106  * B



ie. & - 8 a
1. i 00 * "
g _ 8
i.e. T t H
p g is lower than Ta ] Hé
T
Now AT = 85 =x Ta = 1 =x &
AT 100 H a H,
k H
Also jgi g = 38 x Tq § B+ % . E; x _'a
le Ha Ha * Ta k1 Ha
. Eﬁ. x Ei = 1 x _EE ‘X El = 0.8
E; 5 a i o Ky g «03k,
Since kl = 0.83, k:3 = 0.85 x 0.83 = (0,706

Reference to figs1l7 also shows that the rate of displacement
of tritium is 85% that of hydrogen.

Although k3 has been derived from the gas phase - adsorbed
phase equilibrium, the idea of such equilibrium at each dage of
a desorption process was subsequently discarded.

If, say, all the tritium is displaced from the surface at
Hg = 1.15 x 1018atoms, then the concentration of free tritium on
the surface at any point in the desorption process is given by

(v, /B, +1 )efs + d,(T, + B)ES - T
and at the end of the displacement, this equals zero, i.e.

10
10 1.64x 10 o 5706 x 1.15 x 10°0 +

1.64 x 10°° =
1.05 x 1020
10
gebdx 10 5 (115 1018)21:4
1.05 x 10
o k. = 0.36 x 10718
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The stepwise desorption and trapping of tritium may now be

calculated from

“ AL - % e

Alg
i.e. A
T iy T
a a
- = k, + =—— k,|(Hg)
A Hg T+, 3 T+ 4[ ]
Step 1.
18 18
0= 0.2 x 107" atoms Hge Average Hg = 0.1 x 10  atoms
10
T/H+T = L84 x 10 . 1.562 x 1078
a 1.05 x 10
AT = 1.562x 100 x 00706 x 0.2 x 10°° + 1,562 x 10~%x
0.2 x 10*8 x 0.36 x 107 1 0.1 x 108

= 0.2205 x 10° + 0.01125 x 10*°

= 0.2317 x 10%°

1.408 x 1010 atoms.

os Tesidual tritium

S‘heg 2e
, 18 ‘ - 18
0e2 = 0.4 x 107 atoms Hg Average Hg = 0.3 x 107 atoms
10
T/H +T = hﬁ&iﬁ¥m = 1.596 x 10
& & @ 0.8819 x 10
10 10
AT = 1,596 x 0.2 x 0.706 x 107 + 1.596 x 0.36 x 0.2 x 0.3 x 10
- 0.2254 x 100 + 0,03447 x 10™°
- 0.2599 x 10°°

10
oe Tesidual tritium 1.148 x 107 atoms.

Step 3. .8
0.4 - 0.6 x 1018 atons Hg Average Hg = 0.5 x 10" atoms
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10
T/E +T = 1.148 x 10 - = 1.618 x 1078
0.7095 x 10
10 10
= 0.2284 x 10°° + 0.0583 x 10%°
= 0.2867 x 10°°

& residual tritium 0.8614 x 10%° atoms

SteE 40
0.6 - 0.8 x 1018 atoms Hg Average Hg = 0.7 x 1018atoms
10
T /H +T 0.8614 x — 1,617 x 1070
a a 0.5328 x 10
10 10

-AT = 10617 x 0.2 x 00706 x 10 + 10617 X 0036 x 0.2 x 007 x 10

= 0.2287 x 10°° + 0.0815 x 10%°

= 0.3098 x 10%°

0.5516 x 1010 atoms

oe Tresidual tritium

Step 5.
. .18 18
0.8 ~ 1.00 x 10" "atoms Hg Average Hg = 0.9 x 10" atoms
10
D 4T 0.5516 x 10 - 1.568 x 100
a a a 18
0.3519 x 10
10 10
AT = 1.568 x 0.2 x 0.706 x 10°0 + 1.568 x 0,36 x 0.2 x 0.9 x 10
- 0.2214 x 10°% + 0.1016 z 10%°
- 0.3230 x 100

0.2286 x 10lO atoms

os Tesidual tritium

Step 6.
18 18
1.00 - 1.15 x 10" "atoms Hg Average Hg = 1.075 x 10" atoms


































































































































































































































































