Determination of the order of surface reactions in Li,O
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An analysis of the different surface reactions taking place in Li2O was performed in order to
determine whether adsorption and desorption of tritium are first or second order reactions.
Data from BEATRIX-II Phase I and CRITIC-I were used as basis for calculations. It was
found that only second order adsorption/desorption on the surface of Li2O can predict the
tritium behavior observed experimentally.
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1. Introduction

Lithium oxide is considered to be one of
the candidate solid breeder materials for
blankets in D-T fusion reactors. Therefore it is
important to fully understand the release
behavior of the tritium bred inside this
material. This is not an easy task because of
the complexity of processes occurring inside
the grains, on the grain surfaces and inside
the pores [1]. Among these processes, different
surface reactions (such as adsorption, desorp-
tion and dissolution) need to be accurately
described in order to determine the tritium
release and inventory in Li»O.

One of the problems that faces modeling is
that no experimental results are present to
determine the order of surface adsorption and
desorption processes in solid breeder materi-
als, with the exception of LiAlO, [2]. This led
some models to consider them to be second
order [3], while others use empirical equations
to overcome this problem [4]. Although previ-
ous theoretical work was done to analyze the
surface reactions in Li;O [5], this work
assumed the reactions were second order and
did not investigate first order reactions. To
date, no work was done to analyze first order
reactions.
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In this paper the order of the surface
reactions is investigated to examine how it
affects the steady state tritium inventories in
the grain and on the surface at different
conditions, thus deducing the correct order of
surface adsorption and desorption.

2. The tritium inventory

The tritium inside Li-based breeders is
divided mainly into two components: the
surface inventory and the grain inventory,
which is usually due to the tritium diffusion
inside the grain. In Li2O, an additional factor
contributes to the grain inventory. This is the
trapping of tritium atoms in the form of LiOT
inside the grains.

2.1. The surface inventory

The surface inventory is controlled by four
processes occurring on the surface. These are:
1. Adsorption of the atoms from the pore to
the surface of the grains. For first order
adsorption, the flux, Rads is equal to [6]:

C
P (1-9), 1
ﬁM(l 0) (1)

R = kads

ads
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where Cp is the concentration of the adsorbed
species in the pore, 6 is the total surface
coverage (i.e. the fraction of filled surface
sites). The term (1 - ) represents the number
of empty sites available for adsorption. Eaas is
the activation energy of adsorption, R is the
universal gas constant, T is the temperature, o
is the sticking coefficient, z is the number of
sites adjacent to each atom, and M is the
molecular weight of the adsorbing gaseous
species. For second order adsorption [7]

k

C
Rads:kads,z \/ML(]_—H)27 (3)
Kpger = ——=—JRT e : (4)
= P (-2E,4,/RT)

2 Jex10x

Note that the squaring of (1-6 and the
doubling of Eads stems from the fact that two
atoms are required to adsorb in order to form
HQ, HT, or TQ [7]

2. Desorption of atoms from the surface to the
pore. For first order desorption, the desorption
flux, Ruaes, is equal to [6]:

Rdes = kdesei ’ (5)
RN zT
Kges = /\Sh ep(-E,/RT) (6)

where Eqes is the activation energy of
desorption, 6 is the surface coverage of the
desorbing species, Nsis the number of sites on
the surface of the grain, A, is Avogadro’s
number, and h is Planck’s constant. For
second order desorption [7]:

Ries = Kees 267 » (7)

es

RN.2T o (-2E,_/RT). (8)

kdes,z =

3. Dissolution of atoms from the surface to the
grain. This flux, Ruaiss, is equal to [8]:

Raiss = Kaiss&,» (9)
RN, zT
Koos =~ po P/ RT): (10)

Euiss is the activation energy for dissolution.

4. A flux of atoms, R;, going from the grains to
the surface [6]:

R, =k,C,(1-6), (11)

_ 1x10"

TN

where Cp is the tritium concentration in the
grains just below the surface and E; is the
activation energy for adsorption from the bulk
to the surface.

The four energies, Eads, Edes, Ediss, and Ez are
related through the activation energy of
solution, Es, and the heat of adsorption, Q [5].

k .exp(-E, /RT)" (12)

Es = Eads — Edes + Ediss - Eﬁ . (13)
Q = Edes — Eads . (14)

The tritium surface inventory, I, is related to
the tritium surface coverage, ér, by:

Is =9TNSSBErpVbr(1_‘9)’ (15)

where Vir and ¢ are the breeder volume and
porosity, respectively, p is the theoretical
density of the Li,O and Saer is the total BET
surface area.

2.2. The grain inventory

The tritium inventory is divided into two
parts: the inventory due to tritium diffusion
and that due to trapping as LiOT

The tritium inventory, Ip, due to diffusion
is equal to [9]:

ory
ID: Cb+ﬁ br(l_g), (16)
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the tritium inventory, L, due to trapping is
equal to [9]:

gr2 kfor
I, =|C, +—— Vv, 1-¢)> (17)
tr |: b 15D:| kdsn br( 8)

where kfr and kasn are the reaction rate
constants for formation and dissociation of
LiOT [8]. Eqgs. (16 and 17) can be combined
together to give:

|g={cb+£m3}gxl—gmL+Km), (18)

15D

where I; is the tritium inventory inside the
grain due to both diffusion and LiOT
formation. Keq is the equilibrium constant for
the reaction 2LiOH = Li,O + H,O [8].

3. Surface coverage and grain
concentration

As seen from eqgs. (15 and 18), both the
grain and surface inventories depend on the
tritium  surface coverage and @ tritium
concentration in the grain. These in turn
depend on the surface reactions. As will be
shown, whether adsorption and desorption are
first or second order reactions will greatly
influence the tritium behavior and inventory
on the surface and inside the grains.

Some observations were made when
performing the following analysis. The first is
that when protium is added to the purge gas,
most of it is found in the form of H,, whereas
most of the tritium is found in the form of HT
[10]. This is due to the fact that the amounts
of tritium are much less than those of
protium. This is also the reason why the
surface coverage of the protium is usually
much larger than that of the tritium [5]. These
observations can be used to make the
following assumptions:

1. Comz >> Cpar

2. Cpur >> Cpm

3. Og >> 01, or Ot ~ O

where 6w, 01 and 6r, are the total, protium
and tritium surface coverage, respectively. The
above assumptions are valid for all the experi-
ments.

3.1. First order adsorption/desorption

At steady state the desorbing and
adsorbing fluxes of protium are equal, since it
is not generated in the breeder. Therefore:

C
kdeseH = kads :

My,

Since 6wt ~ 6y, we can simplify the above
equation to give:

(1_0t0t)' (19)

C C
6, =k PRI Ky, + K LU (20)

ads des ads
M, M,

For steady state tritium generation and
release, the net flux coming out of the pores is
equal to, g, the tritium generated inside the
grains. Therefore

Rdes,T - Rads,T =g- (2 1)

C
kdeseT -k =

My

Solving eq. (22) for Or:

(l_gtot) =0- (22)

C
0, :1{9 2 (1—%)] (23

kdes \ M HT

The tritium generation is also equal to the
amount of tritium leaving the grains, i.e.

k/be (1_9tot) - kdiss‘gT =0> (24)

or,

C _ g +kdiss0mt . (25)
’ k/;’ (1_0T)

3.2. Second order adsorption/desorption

For second order surface processes, the
same basic equations apply. However, the
terms 6 and (1- 0 are replaced with 6 2 and
(1- 2. Equating different adsorbing and
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desorbing fluxes containing protium, we get
[S]:

C
kdes,zeli =k 7pH(l_ Htot)z : (26)

— Mads2
M,

Solving for 6u, we get:

2
C C C C
7kas l * kasipH 7ka57pH kes 7ka =
6 ds,2 MHT [ dz\/m] { d,zm des,2 dszm
H kd Z_kd zcipH
(27)
Similarly for the tritium:
kdes,ZHH GT _kadsz (1_9tot)2 = g ’ (28)

C
9 +Kagr =(1-6,)°
0, = VM : (29)

kdes,ZHH

Eqgs. (27 and 29) differ from those derived by
Badawi et al. [5] in that they can be used for
large values of u whereas the equations in ref.
[5] use the assumption that 6x << 1, and thus
cannot be used for protium surface coverage
more than 0.1.

The tritium grain concentration can be
obtained from eq. (25).

4. Results and discussion

The tritium release from Li»O was studied
in a number of experiments. These include
CRITIC-I [11-13] and BEATRIX-II [14-16]. The
effects of purge gas temperature and
composition on the tritium inventory were
studied in those experiments. A summary of
the sample and purge gas characteristics in
CRITIC-I and BEATRIX-II experiments is
shown in table 1.

The equations derived above were used to
calculate the tritium inventory in LioO at
different conditions, in order to reproduce the
experimental results and to simulate the
tritium  behavior observed in those

Table 1
Summary of the experimental data used in the
analysis.

Experiment CRITIC-I BEATRIX-II
[11-13] Phase I [14-16]

Sample mass (g) 5.5-6.9 11.95

Porosity (%) 8.5 20.7

BET area (m2?/kg) 52 60

Sample volume (ms3) 3.57 x 10° 7.72 x 106

Grain radius (um) 55 2.75

Tritium generation 5 Ci/day 5 Ci/day

Helium pressure 1 2.5

(atm)

He flow rate (ml/hr) 100 100

experiments. The tritium inventory is found to
exhibit the following behavior [11-16]:

1. it decreases with increasing temperature.
2. it decreases with increasing the hydrogen
concentration in the purge gas.

3. it is controlled by the surface processes
when the sample has small grains. For large-
grained samples the diffusion is the rate-
controlling mechanism.

4.1. Comparison with experimental results

As mentioned earlier, the tritium
inventories using first and second order equa-
tions were compared with the experimental
results. It should be noted, however, that two
main factors will prevent the tritium inventory
being accurately estimated using the derived
equations. First, the tritium surface coverage
is a function of the tritium concentration in
the pore (see egs. (23 and 29)). This changes
along the pore, and thus changes the tritium
surface coverage and the grain concentration
along the breeder material. In the analysis, Cp
was assumed to be constant and of known
value. Second, the temperature was assumed
to be constant in the analysis. However, in
practice it changes along the samples.

Accurate calculation of the tritium inven-
tory requires a numerical code in which the
temperature is allowed to change along the
solid breeder and the tritium pore concentra-
tion is calculated using the diffusion equation
along the pore. However, the equations derived
above can give a rough estimate of the tritium
inventories.
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In BEATRIX-II Phase [ experiment, the
changes in the tritium inventory, Al corre-
sponding to changes in the temperature
and/or hydrogen concentration in the purge
gas were measured. Nine cases were used for
comparison, three with temperature changes
and six with changes in H; concentration.
Table 2 shows the results of the experiment
and calculations using first and second order
reactions.

Some observations can be made from
Table 2:

1. There is a huge difference between Al
calculated using first order reactions and
those using second order reactions.

2. In cases with a changing purge gas
composition (presented as H: pressure), the
first order reactions do not predict any change
in the tritium inventory.

Table 2

3. The results using second order reactions
are much closer to the experimental results
than those using first order results.

In the CRITIC-I experiment, the change in
tritium inventory was also measured when the
temperature and/or hydrogen concentration
in the purge gas were changed. Four cases
were chosen for comparisons; two cases with
purge gas changes and two with temperature
changes. Table 3 shows the results of the
experiment and calculations using both first
and second order reactions. In all the cases,
the changes in the tritium inventory
calculated using first order reactions were
much smaller than the experimental results.
In the case when the hydrogen concentration
in the purge gas changed from 0.01% to 0.1%
there was no change in the calculated tritium
inventory. The changes in tritium inventory
using second order reactions were closer to
those measured experimentally.

Comparison between the changes in tritium inventory in CRITIC-I experiment and the calculations using first

and second order reactions.

Experimental conditions Al (Ci) Al (Ci) AI (Ci)
Experiment Second order First order

550°C, pure He 13 11.4 8.3x 105

— He + 0.01% Ha2

550°C, He + 0.01% H> 5 0.4 0

— He + 0.1% Hz

He + 1% Hoa, +<0.1 0.5 2.8x 104

651°C — 638°C

He + 1% Hoa, -<0.1 -0.2 -2 x10-5

638°C — 730°C

Table 3

Comparison between the changes in tritium inventory in BEATRIX-II experiment and the calculations using

first and second order reactions.

Temperature Ho pressure Al (mCi) Al (mCi) Al (mCi)
(Pa) Experiment Second order First order

638°C — 600°C 150 28 + 54 96 0.2
600°C — 550°C 150 36 £ 27 44 1
550°C — 597°C 150 -24 £ 19 -34 -0.3
636°C 150 - 0 15+10x 103 300 0
636°C 0—- 15 -3+10x 103 -124 0
636°C 15— 150 -5+10x 103 -176 0
545°C 150 - 0 15+10x 103 717 0
545°C 0—15 -4+10x 103 -388 0
545°C 15— 150 -7+10x 103 -329 0
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4.2. Effect of temperature

The tritium inventory was calculated for
temperatures in the range 500K - 1200K
using data from both experiments. The results
are shown in figs. 1 and 2 for CRITIC-I and
BEATRIX-II data, respectively. Both first and
second order processes show that the tritium
inventory decreases with increasing
temperature. However, the tritium inventory
for second order processes is much higher

10° 4~ -+ Surface, 1st order
w0d N | Grain, total, 1st order
—————— Surface, 2nd order
Grain, total, 2nd order

Tritium Inventory (um)
g,
L

10° A
10°

T T T T T T \
500 600 700 800 900 1000 1100 1200
Temperature (K)

Fig. 1. Effect of temperature on the tritium inventory
using first and second order reactions and CRITIC-I data
with He + 0.01%Ho.

10" ‘\\ ———— Surface, 1st order

10°4 N\ |- Grain, total, 1st order
N | e Surface, 2nd order

— Grain, total, 2nd order

10° A
10° A
104
10° A
10° A
10"+
10° A
10°9-..

1004
10° A
10"
10?

Tritium Inventory (um)

T T T T T T T Y
500 600 700 800 900 1000 1100 1200 1300
Temperature (K)

Fig. 2. Effect of temperature on the tritium inventory
using first and second order reactions and BEATRIX-II
data with He + 0.01%Ho.

than that for first order. In fig. 1 the second
order inventory is found to be one order of
magnitude higher at S00K and four orders of
magnitude higher at 1200K. Note that both
the second and first order inventories are too
high at 500K (5.6 x 10*Ci and 3 x 103C;j,
respectively). This temperature is too low for
use in the fusion reactor because the grain
diffusion becomes too slow and the LiOT
formation causes a large fraction of the
generated tritium to be trapped inside the
grains.

Fig. 2 shows that the tritium inventory
using the BEATRIX-II data is higher than in
fig. 1 (with the CRITIC-I data). This is due to
the higher tritium generation in BEATRIX-II.
The second order inventory is also higher than
the first order inventory by one order of
magnitude at 500K and by four orders of
magnitude at 1200K. The reason why the
difference in tritium inventory is smaller at
lower temperatures is because at low
temperatures the tritium release is diffusion
controlled, whereas at higher temperatures it
is surface controlled. Thus whether the
surface reactions are first or second order will
have a greater impact at higher temperatures.

4.3. Effect of Purge gas composition

The tritium inventory was calculated for
different protium concentrations inside the
purge gas, ranging from 0.0001% to 50%. The
tritium inventory calculated using data from
CRITIC-I and BEATRIX-II experiments are
shown in figs. 3 and 4, respectively. Figure 3
shows that the first order inventory is
independent of the protium concentration. The
tritium inventory is 5.2uCi in all cases. When
second order surface reactions are used, the
tritium inventory is found to decrease with
increasing the Hj concentration. At low H
concentration, the change in the tritium
inventory is more than that at high H
concentration. Changing the percentage of H»
in the purge gas from 0.0001% to 0.001%
changes the inventory by one order of
magnitude (0.22Ci to 0.07 Ci, respectively).
Changing it from 1% to 10% changes the
inventory by 30% (2210 pCi to 712 pCi,
respectively).
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10° 5
10° 4
10° 4
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2 10°+
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¢ 104
P
E 107
s owd] Sur_face, 1st order
fffff Grain, total, 1st order
1074 | Surface, 2nd order
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10° 4
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T
10° 10* 10" 10° 10

% H2 in purge gas

Fig. 3. Effect of H2 concentration on the tritium inventory
using first and second order reactions and CRITIC-I data
with 800K.

------- Surface, 1st order
————— Grain, total, 1st order
ffffff Surface, 2nd order
— Grain, total, 2nd order

Tritium Inventory (nm)

T T
10" 10° 10
% H2 in purge gas

Fig. 4. Effect of H2 concentration on the tritium inventory
using first and second order reactions and BEATRIX-II
data with 800K.

The tritium inventory using data from
BEATRIX-II experiment is shown in fig. 4.
Again, the first order inventory is independent
of the protium concentration. It is 1.8mCi in
all cases. The second order inventory is shown
to decrease with increasing the Ha
concentration.

4.4. Effect of grain size

The tritium inventory was calculated using
data from both experiments, with Li;O grain

sizes changing between 0.0lym and 5 mm.
The results are shown in figs. 5 and 6 for
CRITIC-I and BEATRIX-II data, respectively,
using first and second order reactions.

As seen in fig. 5, the inventory is found to
increase with increasing grain size. Both the
first and second order surface inventories are
found to be independent of the grain radius.
For second order reactions, the grain inven-
tory is 40 uCi for 0.01 pum grains. The surface
inventory is 23uCi. Using first order reactions
with the same grain size gives a grain and
surface inventories of 5.4 x 10-4uCi and 7.3 x
104 uCi. The grain inventory increases with
grain size.

For O0.1um grains, the second order grain
and surface inventories are 40 uCi and 23 pCi.
The first order grain and surface inventories
are 5.4 x 104uCi and 7.3 x 104 uCi. The
inventories of the small grains suggest that
the tritium release is surface controlled. This
is due to the fact that the small radius allows
the tritium to diffuse fast from the grains.
Larger grains makes the tritium take a longer
time to diffuse to the surface, thus making the
release diffusion control.

v - Surface, 1st order
fffff - Grain, 1st order
P LR Total, 1st order
P I Surface, 2nd order
----- Grain, 2nd order
— Total, 2nd order

Tritium inventory (u m)

Grain radius (m)

Fig. 5. Effect of grain radius on the tritium inventory
using first and second order reactions and CRITIC-I data
with 800K and He + 0.01% Ho.
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10° 107 10° 10° 10* 10° 10*
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Fig. 6. Effect of grain size on the inventory using second
order reactions and BEATRIX-II data with 800K, He +
0.01%Ho.

Fig. 6 shows the results using BEATRIX-II
data. Again, the surface inventories are
independent of the grain size, whereas the
grain inventories increase with increasing the
grain size. The first order inventories are also
much smaller than the second order
inventories. The difference between the two
inventories are much larger for smaller grains.
The first order inventory is about five orders of
magnitude smaller than the second order
inventory for 0.01 pm grains (0.8 uCi and 13
mCi, respectively). For 5000 pm grains, the
first order inventory is about 15% smaller
than the second order inventory (5800 Ci and
6800 Ci, respectively). The huge difference at
small sizes can be attributed to the fact that
the surface reactions greatly influence the
tritium release for small-sized grains whereas
the grain diffusion controls the tritium release
for large-sized grains.

5. Conclusions

The first and second order reactions were
used to reproduce the experimental results
and to simulate the tritium behavior observed
in CRITIC-I1 and BEATRIX-II experiments. The
experimental data included cases with
changing temperature and changing Hj

concentration. From the analysis, the
following conclusions can be made:
1. The first order reactions give a tritium
inventory that is much smaller than that
measured experimentally. The second order
reactions give results that are closer to the
experiments, the worst case being off by one
order of magnitude.
2. Both first and second order reactions give
the same response to temperature changes. In
both cases the tritium inventory decreases
with increasing temperature. The difference is
in the numerical values of the inventory,
which are much smaller in the case of first
order reactions.
3. The first order reactions do not simulate
the behavior related to changes in purge gas
composition, since they give inventories that
are independent of the Hy concentration. Only
second order adsorption/desorption reactions
are able to simulate experimentally observed
trends.
4. At very low temperatures, the first and
second order inventories are comparable,
showing that the tritium release is diffusion-
controlled. At high temperatures the
inventories differ by 4 orders of magnitude,
which means that they are surface-controlled.
5. Both first and second order reactions give
inventories than increase with increasing
grain size. The second order inventories are
surface controlled at larger grains than the
first order inventories (about a factor of 5).
This leads to the conclusion that the
adsorption and desorption of tritium on the
surface of LioO are second order reactions.
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