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Kinetics and Transport of Hydrogen in Graphite at High Temperature and the Effects of
Oxidation, Irradiation and Isotopics

Lorenzo Vergari and Raluca O. Scarlat

ABSTRACT

The kinetics of uptake and desorption impact the performance of graphite as vector for tritium in high-
temperature fission reactors and in the blanket of fusion reactors. Graphite components in these reactors are
exposed to temperatures >500°C and H» partial pressures of few Pa and desorption temperatures are limited to
<1600°C; limited data is available at these conditions. We review the mechanisms for uptake in, transport and
desorption of hydrogen from graphite at high temperature, compiling data on uptake rates, diffusion coefficients
and activation energies and providing a discussion of the impact of irradiation, pre-oxidation and isotope. At
FHR conditions, trapping impacts uptake rates, leading to a reduction in apparent diffusivity by 35% to 80%
compared to higher partial-pressure uptake. Timelines for desorption are not clearly defined; extrapolating from
available data, at 1150°C desorbing 80% of tritium uptaken at FHR conditions may take from 100 to 10,000

hours.

LIST OF VARIABLES AND UNITS

Co, Ci Constants in hydrogen desorption fitting equation [eV], [eV/s]
0] Surface coverage [-]

u Pre-exponential factor [-]

p Density [g/cm’]
Aa Detrapping rate [1/s]

A Trapping rate [1/s]
[X] Concentration of X [-]
[H/C]« Molar fraction of hydrogen in site x to carbon atoms [appm]
D Diffusion coefficient [m%/s]
Dy Diffusivity [m?/s]
Eact Activation Energy [eV]

F Desorbed hydrogen fraction (-]

AG Gibbs free energy change [eV/K]
AH Enthalpy change [eV]
ky Kevin-Boltzmann constant [eV/K]
m Mass [g]

Ny Number of X [1/m’]
Py Partial pressure of X [Pa]
Tgrain Grain radius [m]
Tsample Sample thickness [m]

Sy Solubility constant [m*/V/Pa]
AS Entropy change [eV/K]
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t Time [s]

T Temperature [K], [°C]

V Volume [m*]
LIST OF ACRONYMS

appm Atomic part per million

BET Surface Area Brunauer-Emmett-Teller Surface Area

dpa Displacement-per-atom

FHR Fluoride-Salt-Cooled High-Temperature Reactor

GCR Gas Cooled Reactor

HOPG Highly Oriented Pyrolytic Graphite

HTGR High Temperature Gas Reactor

LWR Light Water Reactor

MSR Molten Salt Reactor

RCS Reactive Carbon Site

RLS Rate Limiting Step

TD Thermal Desorption

TDS Thermal Desorption Spectra

1 INTRODUCTION

Hydrogen uptake in graphite and carbon materials is a topic that has received transversal interest in the
vast energy community. Low-temperature, high-pressure hydrogen uptake in carbon materials (graphite,
graphite nanofibers and carbon nanotubes) has been studied for hydrogen storage applications [1-5]. High-
temperature, low-pressure hydrogen uptake in graphite has been studied for tritium recycling in nuclear fusion
reactors [6,7]. In most experimental studies, the main goal has been to measure the uptake capacity of the carbon
material, that is the maximum concentration of hydrogen that can be uptaken. Only some of these studies have
investigated how the uptake process develops or its kinetics. A small number of them have explored the impact
of pre-oxidation, neutron irradiation, and isotopic effects on these processes.

Recently, the hydrogen-graphite interaction has become relevant for the nuclear fission community for the
purpose of tritium management and removal in reactors that employ molten salt [§—11]. Multi-tons of graphite
are present in these reactors: Fluoride Salt-Cooled High-Temperature Reactors (FHRs) use graphite for the fuel
elements and reflectors [12], Molten Salt Reactors (MSRs) use graphite as moderators [13]. These graphite
components are exposed to tritium partial pressures up to a few tens of Pa and at temperatures of 500 — 800°C
and can act as a vector for trititum removal [9,14].

The performance of graphite as vector for tritium depends not only on its uptake capacity and
thermodynamics, but also on the kinetics of uptake and of desorption and on its desorption behavior. Any
theoretical prediction of hydrogen retention and distribution in graphite purely based on the thermodynamics

of the carbon — hydrogen reaction bears the risk of being an overestimate of the engineering-relevant uptake
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capacity, because the thermodynamic equilibrium condition to which it applies may be reached after a long
time or not reached at all. The purpose of this manuscript is a review of the kinetics and mechanisms for uptake,
transport and desorption of hydrogen in graphite at high temperature. For a review of overall uptake capacities,
thermodynamics, and an extensive discussion of different types of reactive carbon sites, we refer the reader to
[15]. Review of ion-implantation of hydrogen is here omitted, since it is well covered by other reviews, such as
[16]. We discuss kinetics and transport of hydrogen in neutron-irradiated and non-irradiated graphite. We also

review and discuss the effects of air oxidation and isotopics on kinetics and transport of hydrogen in graphite.

2 BACKGROUND ON GRAPHITE-HYDROGEN THERMODYNAMICS

A brief summary of terminology and concepts pertaining to graphite structure and mechanisms of
hydrogen uptake is provided here. For further discussion and background on each of these concepts, the
reader is directed to [15]. Graphite is composed of micron-sized grains that are comprised of nanometer-sized
crystallites, nominally consisting of ABAB-stacked graphene layers. Graphite contains porosity at two length
scales: micropores, among grains, and nanopores, among crystallites [17]. The porosity can be either open
porosity or closed porosity, according to fluid permeability through pore networks. A diversity of hydrogen
uptake studies is available in literature; they explore uptake temperature ranges from 623 to 1473 K, pressures
from 0.14 Pa to 101325 Pa and exposure durations from 0.5 to 80 h. The hydrogen uptake capacities
estimated in these studies span over six orders of magnitude (from 0.03 appm to 10000 appm) (See Table 2 in
[15]).

Carbon atoms in an infinite and perfect lattice are chemically inert (i.e. AG > 0 for Cigrapnite) +
2H, = CH,); however, the edges of the graphene layers and the defects within the graphene layers constitute
reactive carbon sites (RCS) where adsorbates can bond. RCS have different enthalpies of uptake, depending
on the specific chemical environment of each site. Trap I type of RCS are non-reconstructed crystallite edge
sites and have adsorption enthalpies around -4 to -5 eV/ Ha. Trap 2 type of RCS are reconstructed crystallite
edges sites and, like divacancies, have uptake enthalpies around -2 to -3 eV/ H; [6,18-23]. In addition to RCS,
closed porosity and basal plane crystallite surfaces also serve as uptake sites. Molecular physisorption on the
basal plane and uptake on Stone-Wales defect are slightly exothermic processes [18,24-27], while atomic
physisorption and chemisorption on the basal surface are endothermic [18-20,28-31].

Hydrogen is retained in graphite via a combination of uptake mechanisms: as H» in graphite in closed
porosity, physisorbed on graphite planes or chemisorbed at RCS. The dominant mechanism depends on
temperature, pressure and graphite structure and reactivity. These mechanisms are often investigated with
thermal desorption experiments [32]. In thermal desorption experiments, samples are heated at a uniform
temperature ramp rate, and the desorption of the adsorbate is plotted against temperature. Hydrogen thermal

desorption spectra (7DS) from graphite present four peaks, which are related to different uptake mechanisms:
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TDS Peak 1 (600-700 K) is attributed to H» in closed porosity; Peak 2 (900-1300 K) to atomic physisorption
(solid solution on the basal planes); Peak 4 (1300-1450 K) to hydrogen chemisorbed in Trap 2, and Peak 5
(1600-1800 K) to hydrogen chemisorbed in Trap 1 (Figure 2)'. The number density of Trap 1 and Trap 2 sites
depends on the graphite grade, but their occupancy and the concentration of hydrogen [H/C] depend on
temperature and hydrogen partial pressure during uptake.

Both neutron irradiation and air pre-oxidation (i.e., oxidation prior to hydrogen uptake) increase the
uptake capacity in graphite. With neutron irradiation, uptake capacities can increase by a factor 2x to more
than 250x, depending on the temperatures, pressures, dose, and graphite grade. The increase in uptake
capacities is lower in case of high-temperature pre-annealing — i.e. application of high temperatures (1000°C
—1600°C) and vacuum to graphite before exposure to hydrogen gas [33]. With pre-oxidation, the increase in
uptake capacity can increase by a factor of 1.1x to 700x in the case of air when oxygen and oxidation products
have been pre-outgassed from the sample subsequent to pre-oxidation. The distribution of hydrogen across
the different types of RCS is also impacted. Low-dose (below 0.006 dpa) neutron irradiation and pre-
oxidation increase the fraction of hydrogen in Trap 2 sites; higher-dose irradiation increases the fraction in
Trap 1 [33,34]. Isotopic effects have a measurable impact on hydrogen uptake. The entropy of chemisorption
and, to a smaller extent, the enthalpy of chemisorption depend on the hydrogen isotope mass. For Trap 1, the
most pronounced isotopic effect is at temperatures of 1200 to 1500 °C and above, and for Trap 2 at
temperatures of 700 to 900 °C. The temperature required to degas hydrogen and tritium from the trapping
sites (desorption temperature) is lower for trittum than for hydrogen, by 40 °C for Trap 1 and by 100 °C for
Trap 2. This behavior is caused by the predominant effect of entropy over enthalpy at high temperatures

(which does not manifest when hydrogen isotopes desorb from lower-energy implantation sites [35]).

3 TRANSPORT AND KINETICS OF HYDROGEN IN GRAPHITE

3.1 Hydrogen penetration with sample depth

Many uptake studies attempt to measure hydrogen uptake capacities at high temperature, which
indicate the total amount of hydrogen in a sample. A few studies focus on how hydrogen distributes
throughout the sample, and suggest that hydrogen concentration is not uniform, but is higher in the external
layers and lower in the bulk. Table 1 compiles the available data for the ratio of the tritium concentration in
the surface to the ratio of the tritium concentration in the bulk of the sample, surface-to-bulk ratio. The
surface-to-bulk ratio varied across samples with oxidation, irradiation, and graphite type.

Ref. [36] studied uptake of T, on graphite with and without simultaneous oxidation by steam. The

! The hydrogen TDS peaks were originally named Peak 1, 2, 3, 4 in 2013 [32], but where relabelled Peak 1, 2, 4,5 in 2015 [64,90], because of the

identification of another desorption peak (a new Peak 3) in the spectra of carbonaceous materials other than graphite.
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experiments were conducted on three graphite grades (POCO, A681, CGB), at partial pressures of 0.14 Pa
and a temperature of 1023 K. Tritium concentration was measured with increasing depth by analyzing 0.15
mm slices parallel to the tritium-exposed face. In all three samples, a tritium concentration gradient was
observed, with tritium concentration in the first layer being larger than in the bulk. Similarly, a gradient of
tritium concentration between the surface and the bulk of graphite was observed in the Molten Salt Reactor
Experiment (MSRE) operated at Oak Ridge National Laboratory (ORNL). In the MSRE, tritium was
produced by neutron reactions with lithium and beryllium in the FLiBe fluoride salt fuel solvent and coolant;
the tritium thus produced was in part uptaken by the CGB graphite moderator and POCO graphite samples
[37]. The graphite samples from the MSRE present a surface-to-bulk ratio much higher than the one observed
by [36] for T, uptake (Table 1).

Table 1: Surface-to-bulk ratio of tritium concentration in graphite samples

Temperature Thickness
Duration BET
Graphite of uptake / Open of outer Surface-to-
Oxidation of Surface Source
Type Pressure of Porosity | layer/ bulk ratio
exposure Area
uptake sample
(K)/ (Pa) (m’/g) (%) (mm) )
No 0.20 32
Not
A681 Yes 1.43 1.5
Reported
Yes 2.25 1.5
No 0.21 10.7
POCO No 0.28 14.8
16 [38]
AXF-5Q Yes 1023/0.14 4h 0.72 0.15/10 3.9 [36]
Yes 0.76 3.9
No 0.22 26.3
No 0.32 37.7
CGB 41[39]
Yes 2.31 5.1
Yes 2.68 4.0
POCO Not
No ~923 / Not 1786 h 16 [38] 450
AXF-5Q Reported 1.6/50.8 [37]
reported
CGB No ~5y 0.5 4[39] 200

The presence of a gradient in tritium concentration may indicate either that tritium transport in the graphite is
a rate-limiting step in the uptake of tritium within a graphite samples, or that the uptake capacity of the
graphite at the surface of the sample is significantly higher than the graphite in the bulk of the sample.
Furthermore, the presence of a steep tritium concentration gradient at the surface and a constant tritium
concentration few mm into the sample is uncharacteristic of a transient diffusion profile, and may suggest a

diffusion-trapping-detrapping mechanism for transport in the graphite; higher trapping-site density would lead
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to a lower effective diffusion coefficient, as discussed later in Section 3.2. Whether the effect is a
consequence of spatial heterogeneity of uptake capacity or of spatial heterogeneity of effective diffusivity,
both can be explained by a higher density of trapping sites at the sample surface. Under this hypothesis,
surface-to-bulk ratios are expected to be higher in environments where the production of RCS is promoted.
This would explain why the surface-to-bulk ratios are higher in the [37] where the graphite surface is exposed
to molten fluoride salt and neutron irradiation than in [36] where the graphite is as-manufactured.

The lower surface-to-bulk ratio observed by [36] with oxidation may indicate, as postulated by [36] in a
different context and also by [34], that oxidation preferentially removes the more reactive carbon atoms,
reducing the difference in reactive carbon site density between the surface and the bulk. Nonetheless, this
change would be accompanied by a decrease of the uptake capacity, which does not occur upon graphite
oxidation. The lower surface-to-bulk ratio can be explained with a change to graphite morphology as carbon
atoms are removed, increasing hydrogen diffusion coefficient (further discussed in Section 4.2), and allowing
more access to the bulk.

Similarly, [40] demonstrates that tritium uptake in a salt-irradiation capsule leads to a tritium uptake
in the graphite that scales with the surface area of the graphite that was exposed to the fluoride salt; this may
be explained by creation of RCS as a consequence of graphite fluorination by the salt [41]. The high
variability in surface-to-bulk ratio among the different types of graphite in [36] indicates that the graphite
manufacturing process also plays a role. In summary, exposure to molten fluoride salt and irradiation increase
the surface-to-bulk ratio, oxidation decreases the surface-to-bulk ratio, and graphite grade matters. The higher
density of RCS could be induced by interactions with the operational environment (e.g. oxidation,
fluorination, irradiation, possibly friction and wear from pebble fuel movement), or by the manufacturing
process (e.g. machining or polishing of sample surface, impregnation for graphite densification, specifics of
the manufacturing process that might lead to heterogeneity) [42,43].

Another hypothesis to explain the variability across graphite grades was formulated by [44]. Looking
at the data from [36], [44] argued that the amount of tritium in the bulk is correlated with the open porosity in
the sample. Graphite grades with abundant open porosity like POCO (16% open porosity, [38]) would then
have a lower surface-to-bulk ratio than a graphite with little open porosity like CGB (4% open porosity, [39]).
This hypothesis is not verified in the MSRE, where the surface-to-bulk ratio is more in POCO is more than
double in CGB. The hypothesis is not invalidated either, since the existence of longitudinal cracks where salt
may have resided and transported tritium could explain a higher-than-expected bulk concentration in the CGB
used in the MSRE. If one considers pore connectivity in graphite, several networks of pores exist within a
graphite sample. A set of networks will communicate with the surface. In order to access the next set of pores
into the depth of the graphite sample, which are closed porosity, diffusion is necessary. All the grains in

contact with this next set of pore networks then have access to uptake of hydrogen. From there, further
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diffusion of network is needed to access further pore networks and so on. Therefore, if the [44] hypothesis is
valid, that open porosity explains the surface-to-bulk ratios, then the uptake of tritium into graphite is limited
by transport to the closed porosity, as maintained also in [23], and the diffusivity of hydrogen in graphite must

be characterized in order to have a predictive model of hydrogen uptake in a macroscopic graphite sample.

3.2 Kinetics of Uptake

Table 2 compiles available data for overall diffusion coefficients in hydrogen uptake, measured by
transient uptake experiments, and termed here apparent diffusion coefficients. In these experiments, degassed
graphite samples are placed in a closed chamber filled with hydrogen atmosphere at the desired temperature
and initial (partial) pressure. As hydrogen is uptaken in the sample, the pressure decreases. The pressure in
the system is measured with a manometer and plotted against time. Eventually, the pressure stabilizes to the
equilibrium pressure. The time to this condition is named time to equilibrium. Uptake rates and apparent
diffusion coefficients can be computed through fitting of the pressure curves. In a diffusion-controlled process,

the evolution of the hydrogen partial pressure in the chamber Py, can be described by Equation 1 [45] :

dPu,(t)  Se/P() 6 d ~o* 1 _ 1
= 7 Faz:nzoﬁexp(—nznzD t)

where Sy is the hydrogen uptake capacity (in atoms / m*) divided by the square root of the pressure, D is the
uptake rate and Vy is the volume of the chamber. As will be discussed later, pressure curves are fitted well by
an inter-crystallite diffusion-controlled curve, suggesting that diffusion is the predominant process for

hydrogen uptake. In an inter-crystallite diffusion-controlled process, the uptake rate D and the apparent

diffusion coefficient Dy, oy, s are related as in Equation 2

D Hy,app abs
2
rgrain
where 7,4, 1s the radius of the graphite grain. As graphite grains have a distribution of size, the average

D=

radius is often used for computing the apparent diffusion coefficients.

Table 2: Apparent diffusion coefficients and uptake rates of hydrogen isotopes in graphite at

high temperature, ordered by uptake rate.

(a)  Unirradiated Graphite

Graphit Hydroge Sample Sampl Reporte | Temperatur | Partial Time to Uptak Grain Apparent Inter- Sourc
e n Isotope | Thicknes | e d Total e Pressur equilibriu e Rate Radiu Diffusion Crystallit e
s Volum Porosity e m D s [46] Coefficien | e
e a Tgrain | t Diffusion
ar Dy, app abs tC;)efﬁclen
DHz,ic int
(cm) (em’) (%) (X) (Pa) (h) (C8) (pm) (m*s™)
ISO- H 2 32 14-18 1273 350 22 4105¢ | 2.5 22101 22101 [7]
880U
ISO- H 2 32 14-18 1273 38200 33 710%¢ | 2.5 4110 4.110"° [7]
880U
Lorraine | H - - - 1273 10000 3.0 1107 - - - [34]
5980PT
1G-430U | H - - - 1273 10000 - 4103 - - - [34]
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ETP-10 | H - - 13 1273 10000 - 210* | 20 61014 610 [34]
IG-110U | H - - 11-12 1273 10000 - 20100 | 7 11014¢ 110" [34]
4
EK-98 H - - - 1273 10000 - 5010 | - - - [34]
5
POCO H - - - 1273 10000 - 1310 | 5 31078 31078 [34]
AXE- 4
5Q1
ATJ H - - - 1273 10000 - 1410 | - - - [34]
4
1SO- H - - 14-18 1273 10000 0.8 1310 | 2.5 810717¢ 81077 [34]
880U 5
IG-110U | H 2 32 11-12 1073-1323 37000 - 1105 |7 210752 210752 [47]
—-110° 10714¢ 104
4
IG-110U | H 2 32 11-12 1073-1323 270 - 107 |7 2107722 210772 [47]
-910° 10715¢ 1071
6
1G-430U | H 2 32 - 1073-1323 37000 - 5106 | - - - [47]
510
5
1G-430U | H 2 32 - 1073-1323 310 - 2107 | - - - [47]
-310°
6
1SO- H 2 32 14-18 1073-1323 36000 - 5105 |25 81074-1 81074-1 [47]
880U 710" 10712¢ 1012
4
1SO- H - - 14-18 973-1323 100009 | - 2105- | 25 1107-3 [ 11076-3 | [48]
880U 5104¢ 101 101
1G-430U | H - - - 1123-1323 100009 | - - - 1103 | - [48]
10—15
1SO- H - - 14-18 1073-1323 36000 - 210% | 25 110141 110141 [47]
880U 210 1013¢ 103
IG-110U | H - - 11-12 1273 17640 - 5105 [ 7 2.5 10 2.5 10 [49]
IG-110U | H - - 11-12 1273 1150 - 4106 | 7 2.0 10716 2.0 10716 [49]
1SO- H - - 14-18 1273 11300 2.5 310%¢ | 2.5 16210 | 1.6210"5 | [50]
880U
1G-430U | H - - - 1273 10400 - - - 9107 - [33]
IG-110U | H - - 11-12 1273 200- - 2106 |7 1107-7 [ 110%-7 | [47]
40000 -110° 1071 1071
4c
S1611 T - - 152 1023 80000 - - - - - [51]
A3 D 1.57 0.5 25 1173 164 80 - - - - [23]
POCO D 0.06 0.04 - 1373-1473 66 1-20 - 5 - - [44]
AXE-
5Q1

(b)  Irradiated Graphite

Graphi Hydrog Sample Sampl Report | Temperatu | Partial Neutro | Time to Upta Grain Apparen | Inter- Sourc
te en Thickne | e ed re Pressu n equilibriu | ke Radiu t Crystalli e
Isotope ss Volu Total re Fluenc | m Rate s¢ Diffusion | te
me Porosit e D Tgrain | Coefficie | Diffusion
y* nt Coefficie
ar DHz,app abs nt!
DHz,ic int
(cm) (em’) | (%) (X) (Pa) mm?) | (h) (s (pm) (m*s™)
ISO- H - - 14-18 1273 11200 39 53 - - 3.13 10 | 3.13 10" | [50]
880U 10%
1G- H - - - 1273 10400 39 - - - 310172 - [33]
430U 10%/ 107/ 6
1.9 107
102/
5.410%
ISO- H - - 14-18 1073-1323 10000¢ | 3.9 - - - 2107-8 | 21017-8 | [48]
880U 10% 10°'° 10°'°
1G- H - - - 1073-1323 10000¢ | 3.9 - - - 5101-3 | - [48]
430U 10% 107

2 See original sources for additional information on the techniques used; various techniques are used for determination of total porosity.

® Computed using Equations 3-6 and assuming n=200 appm and a,, = 1/2 ar

¢ Computed using Equation 2.

4 Equilibrium pressure. Initial partial pressure not provided

¢ Grain radius post-irradiation is not provided by any of the sources.

fComputed using Equations 3-6 and assuming n=2000 appm and a,, = 1/2 ar

Note: Data from [45] have not been included because temperature and pressure of the experiments are not specified in the original source
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Apparent diffusion coefficients have been observed to depend on the uptake pressure [52], and

significant variability is also observed with graphite type (Figure 1). In what follows, we discuss the transport

mechanisms that lead to these dependences of diffusivity on partial pressure and graphite type. The

distribution of hydrogen atoms and molecules across different uptake sites is the result of a multi-step

hydrogen uptake and transport process (illustrated in Figure 2). Uptake sites are occupied progressively based

on their location within the graphite, their enthalpy of uptake [52], and also based on transport within graphite

and the kinetics of the uptake and desorption reactions.
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ISO-880U / 8E-16 / [4 1SO-880U / 1E-13 /[3 00
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Figure 1: Apparent diffusion coefficients from hydrogen uptake studies
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Figure 2: Uptake and desorption mechanisms in graphite. From left to right: macroscopic scale
to molecular scale. The interpretation of an example TDS is shown, as an experimental method that

probes the RLS of

uptake and desorption.

When the surface of a graphite sample is exposed to a hydrogen partial pressure, gas molecules
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penetrate the sample surface and reach the surface of grains by permeation through the open porosity. The
diffusion of molecular hydrogen through the open pores is assumed to be rapid enough so that the partial
pressure at the grain surface is the same to the pressure outside the sample [34]. Inter-granular diffusion
allows access of the H, molecules to the surface of the grains in the closed porosity. According to one of the
earliest studies on hydrogen chemisorption in graphite [23], hydrogen diffusion in closed porosity is the rate
limiting step in hydrogen uptake. The two paths for access of the closed porosity are inter-granular diffusion
and inter-crystallite diffusion.

Within the graphite grain, hydrogen diffuses as a molecule via inter-crystallite diffusion, with a
diffusion coefficient Dy, ;¢ aifs. The difference between the inter-crystallite diffusion coefficients and the
apparent diffusion coefficients is explained by the trapping of hydrogen in Trap 2 sites, which involves
dissociation of the molecules into atoms and formation of C-H bonds. For hydrogen uptake in steel, the effect
of trapping sites on the apparent diffusivity is captured in the model of [53]: diffusing atoms can be trapped in
trapping sites along the diffusion path and trapped hydrogen is in equilibrium with un-trapped hydrogen at
each point of the diffusion path. For inter-crystallite diffusion in graphite, trapped hydrogen is hydrogen in
Trap 2 sites, and un-trapped hydrogen is molecular H; in the nano-porosity. Introducing €, as the occupancy
fraction of Trap 2 sites, n, as the number density of Trap 2 sites (sites per m*) and [H],4n0 as the number

density of hydrogen in nanoporosity (atoms per m?), the apparent diffusion coefficient can be computed as in

Equation 3:
D = Dy, ic aiff 3
H,,app abs — n-»€e
’ S T )
nano
The concentration of hydrogen in nanoporosity can be computed using the ideal gas law (Equation 4):
[H] _ anPHz(g)NAU 4
nano RT

where a,, is the nanoporosity in the sample (in percent over sample volume), N, is the Avogadro number
and R is the universal gas constant. As discussed in [15], Trap 2 occupancy follows a Langmuir isotherm
(Equation 5):

1+ (KepemaP)

where Kcpem 2 1s the equilibrium constant of chemisorption in Trap 2, computed as in Equation 6 :

ﬁ) ex (ASCﬂ) 6
k,T ky

where AH, is the enthalpy of adsorption in Trap 2, AS:pem 1S the entropy of adsorption and k,, is the

€2

Kchem,z = exp <_

Boltzmann’s constant. Equations 3-6 describe the effect of one type of trapping sites (Trap 2) on apparent
diffusion coefficients. Graphite crystallite surfaces present two uptake sites (physisorption and Trap 2) of

similar locations within the graphite microstructure (i.e., at the surface of the crystallite). The formulation can
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be extended to consider more than one type of trapping site, either starting from Equation 3 or starting from
the balance equations discussed in [54].

As aresult of Equations 4, 5, and 6, the apparent diffusion coefficient depends on temperature,
pressure, and density of Trap 2 trapping sites. The apparent diffusion coefficient converges to the inter-
crystallite diffusion coefficient in case of no trapping sites and would degenerate to zero in the limit of an
infinite amount of Trap 2 sites. To illustrate the effect of Trap 2 sites on the apparent diffusion coefficient,
Figure 3 plots the ratio of the apparent diffusion coefficient to the inter-crystallite diffusion coefficient at
various pressures and two temperatures, for two values of n..

Ref. [18] estimated the concentration of Trap 2 sites in POCO AXF-5Q to 200 appm. We use this
value and Equations 3-6 to estimate the inter-crystallite diffusion coefficients, which we report in Table 2
alongside the apparent diffusion coefficient. We emphasize, however, that Trap 2 number density 7. varies
across graphite grades and may vary across different types of grains within the same sample. Furthermore, as

discussed in [15], neutron irradiation and pre-oxidation increase the number density of Trap 2 sites.

T=900 K T=1300 K
1.0 T - = 1of T —
T osf T o8l
= =
= 06} 2 06t
g b
X x
B 0.4} % 0.4
i = o
§ 02l np=200 appm | g 02
ny=2000 appm
0.0 . . . ) ; 0.0 ) ) ) . N
0.1 1 10 100 1000 10*  10° 0.1 1 10 100 1000 10*  10°
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Figure 3: Ratio of the apparent diffusion coefficient to the inter-crystallite diffusion coefficient
for two cases of Trap 2 density, as a function of partial pressure. Calculated from Equations 3-6.

Figure 3 shows that at high pressure or with a low density of trapping sites, the apparent diffusion
coefficients converge to the inter-crystallite diffusion coefficients. For this reason, apparent and inter-
crystallite diffusion coefficients of the experiments in Table 2 (all performed at pressures above 66 Pa)
coincide. On the other hand, the difference between the apparent and inter-crystallite diffusion coefficient
would be marked at low pressures, as in the FHR. In this case, assuming a partial pressure of 20 Pa and a
temperature of 900 K, apparent diffusion coefficients would be 35% to 80% of the inter-crystallite diffusion
coefficients otherwise measured at higher H partial pressures.

The inter-crystallite diffusion coefficient Dy, ¢ qifs has an Arrhenius dependence on temperature

(Equation 7) [52]:
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m? B3 aips 7
Dy, ic aiff <T> = Dy exp <— %

where T'is in K, k5 1 the Kevin-Boltzmann constant, Dy depends on the type of graphite and E ,‘_}ZC";C aiff 1s the

activation energy for inter-crystallite diffusion. The apparent diffusion coefficient has an additional
dependence on temperature arising from the thermodynamics of trapping (Equations 3-6). Therefore, if
trapping effects are important, the uptake rates and apparent diffusion coefficients should not follow a purely
Arrhenius behavior. The deviation of the apparent diffusion coefficient from the Arrhenius behavior can be
observed by plotting the ratio of the apparent and inter-crystallite diffusion coefficients as a function of
temperature, for different pressure levels.

This is shown in Figure 4, for two values of the trapping site number density n, and for three levels of
pressure. Figure 4 indicates that trapping effects are not effective at pressures of tens of kPa and become
visible only for large Trap 2 number density and low pressure. At a pressure of 0.27 kPa and a number density
of 200 appm (indicative of unirradiated graphite), the maximum predicted deviation is of about 5% at 1000 K.
With a number density of 2000 appm (indicative of irradiated graphite), the maximum predicted deviation
increases to about 20% at the same pressure and temperature. Based on Equations 3-6, we postulate that at a
pressure of 20 Pa, relevant for FHRs, the temperature dependence of the apparent diffusion coefficient
deviates from the Arrhenius behavior by about 30% with a Trap 2 number density of 200 appm and by 80%
with a density of 2000 appm.

P=37kPa P=0.27kPa P=20Pa
1.0 . 1.0 — H — 1.0 =
~. - SN
T o8 T 08 RN -~ T o8 N -]
; E Rl ; ) \\ ”’
H 8 2 \ e
o 06 g 06 308 \ o
8 8 o]
3 04 g 04 % 04 \ Y
o i i \ ’
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Figure 4: Ratio of the apparent diffusion coefficient to the inter-crystallite diffusion coefficient
for two cases of Trap 2 density, as a function of uptake temperature. Calculated from Equations 3-6.

Apparent diffusion coefficient from uptake experiments on unirradiated graphite show little effect of
the trapping sites. Ref. [47], for example, fitted the apparent diffusion coefficient with an exponential function
of the temperature in the interval 1100 — 1300 K and at pressures between 0.027 kPa and 31 kPa (Figure 5).
The fit seems reasonable for all datapoints except for IG-110U at 0.027 Pa. In this case, the apparent diffusion
coefficient shows a marked decrease around 1200 K, coherently with Figure 4. As the fitting lines and the R?

coefficient of the linear fit in Figure 5 are not available within the original source, this observation cannot be
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supported quantitatively.
If trapping effects are not impactful on the absorption rate, the only dependence on temperature
appears in the Arrhenius relation for the inter-crystallite diffusion coefficient (Equation 7). This means that

inter-crystallite diffusion activation energies E ng’-;c aiff can be extracted from the logarithmic plots of the

apparent diffusion coefficient (Table 3).
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Figure 5: Hydrogen uptake rates into graphite exposed at two cases hydrogen pressures, as a
function of uptake temperature. Samples: 1G-110U, 1G-430U, 1G-880U [47].

Table 3: Activation energy for hydrogen diffusion in graphite estimated from hydrogen uptake

experiments

Graphite Type Inter-crystallite Temperature Range | Pressure Hydrogen Isotope Source

diffusion activation

energy E?iczt,ic dif f

(eV) () (Pa)
POCO-AXF 0.9 573-773 Not Available D, T [44]

(Exposure to plasma)

ISO-880U 1.04 973-1323 10,000 H [48]
1G-110U, 1G-430U, 1.3 1100-1300 27-37000 H [52]
ISO-880U
ISO-880U * 1.60 973-1323 10,000 H [48]
Platinized Carbon 1.7 573-665 40,000-80,000 H [55]
1G-430U*° 1.92 973-1323 10,000 H [48]
1G-430U 1.99 973-1323 10,000 H [48]

2 Irradiated at a fluence of 3.9 10'° n/cm?

As Trap 2 sites become more occupied and the chemisorption reaction approaches thermodynamic
equilibrium, hydrogen atoms detrap from Trap 2 sites at the same rate at which they are trapped and

recombine in molecules. The yet-to-be-trapped or detrapped H» molecules continue their diffusion along
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crystallite edges, as a sequence of trapping and detrapping. Ultimately, the molecule may dissociate at the
crystallite surface and migrate inside the crystallites, diffusing between graphite lamella (intra-crystallite
diffusion), being ultimately bound to Trap 1 sites. Trapping in Trap 1 (Equation 8) has an equilibrium

constant expressed in Equation 9.

2C; + Hy(g) > 2Cf —H 8
K _ [Cl* B H]2 _ ( AHl) ASChem 9
chem,1 — [Cf]z - PHZ(g) = exp k,T exp( K, )

where C7 is the Trap 1 RCS and AH, is the enthalpy of adsorption in Trap 1. For practical applications,
hydrogen does not detrap from Trap 1. The enthalpy of Trap 1 is large enough that, at the temperatures and
pressures of interest, the equilibrium constant of the reaction in Equation 8 is very high, and the reaction rate
of the inverse reaction is negligible.

Figure 6 shows a pressure curve for an uptake experiment that exhibits two regimes for the time-
dependent uptake rate: a first regime that is diffusion-controlled, and a second regime that is reaction-kinetics-
controlled [7]. In the experiment with an initial hydrogen pressure of 38.2 kPa, the pressure evolution with
time is fitted by the equation for transport by diffusion (Equation 1) only for an initial phase. At longer times,
the decrease in the hydrogen partial pressure predicted by the diffusion-controlled curve is an underestimate
of the experimental pressure decrease in the chamber. This second phase occurs as Trap 2 chemisorption
approaches equilibrium and hydrogen starts to be trapped in Trap 1. In this second phase, the pressure
decreases exponentially, hence following a first-order reaction kinetics. Both molecular dissociation and
detrapping are first-ordered reactions, hence the reaction-kinetics-controlled process could be in principle
attributed either to detrapping from Trap 2 sites or to a molecular dissociation at the surface of the crystallite.

In a dissociation-controlled reaction, hydrogen pressure would evolve as in Equation 10:

dPy, RT dNy,  RT 10
= = kpiss [Ha] & Py (t

where, in addition to the variables introduced earlier, Ny, and [H;] are the number and concentration of
hydrogen molecules in the chamber and kp ;4 is the dissociation reaction constant.

In a detrapping-controlled process, the rate of detrapping atoms d Ny /dt is expressed as in Equation

Ny Fact 1
ac TSP T T

11:

where N is the number of trapped atoms, u is a pre-exponential factor, and ESf¢ is the activation energy for

detrapping. In steady state, assuming that hydrogen atoms are detrapped at an exponential rate, Trap 2 sites
are filled by newly uptaken hydrogen atoms at the same rate. As a result, the decrease of hydrogen

concentration in the chamber is exponential too. Assuming that the ideal gas law is valid for hydrogen in the
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chamber, also the hydrogen partial pressure will decrease exponentially (Equation 12).

dP RT dNy, dN 12
f2 = %2 o —T o No(t)
At~ VoN,, dt  dt

Studying the reaction rate (computed from the pressure evolution with time in uptake experiments) at various
temperatures (presumably in the 1100 K - 1300 K, but not reported in the article), [7] estimated the activation
energy of Trap 1 uptake to 1.25 eV/H,. This value is considerably smaller than the enthalpy of detrapping
from Trap 2 (2 to 3 eV/H,). For this reason, [7,56] hypothesized that that the process could be rate-limited by
surface dissociation, instead of detrapping from Trap 2. Surface dissociation to a hypothetical free hydrogen
atom requires an energy of 4.8 eV/Ha; however, as the state of hydrogen atoms diffusing intra-crystallite is
different from free hydrogen atoms, the dissociation energy might be lower than 4.8 eV/H», and somewhere
below 1.25 eV/H,. Detrapping from Trap 2 starts at an energy level that is 2 to 3 eV/H; lower versus an H»
molecule, which would make it not compatible with the 1.25 eV/H, activation energy measured
experimentally. However, the two mechanisms might have different intermediate states, and if the
intermediate state for H, dissociation is much harder to reach than the intermediate state for detrapping, then
detrapping might in fact be associated with the 1.25 eV/H; activation energy. Ref. [7] does not include details
on how the activation energy has been estimated from the data, and whether this results depends on pressure

or varies across graphite grades.
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Figure 6: Hydrogen pressure change during hydrogen uptake on graphite compared to
calculations based on inter-crystallite diffusion controlled-uptake, at different partial pressures.
Sample: ISO-880U. Uptake Temperature: 1273 K [7].
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This regime of reaction kinetics-limited transport leading to Trap 1 uptake is not seen when the initial
pressure of the uptake experiment is at the lower value of 350 Pa. In this case, the time-dependent pressure
curve is fitted accurately by an inter-crystallite diffusion-controlled curve. Ref. [7] argued that at this low
pressure the occupancy of Trap 2 sites was insufficient to cause their detrapping and the trapping of the Trap
1 sites. In agreement with this hypothesis, we calculate 5% Trap 2 occupancy, using the Langmuir isotherm at
350 Pa, 1273 K and Trap 2 enthalpy of -2.4 eV/H, [15]. This result suggests hydrogen needs to be previously
trapped in Trap 2 sites to be able to access Trap 1 sites and points towards a detrapping rather than a
molecular dissociation mechanism. The missing information to elucidate the nature of the transport
mechanism in the reaction kinetics-limited regime is the energy level of a dissociated hydrogen atom that is
diffusing intra-crystallite; no prior studies have estimated this energy level. Neither have there been prior
studies that quantify the reaction constant or activation energy for trapping in Trap 1, or the diffusion
coefficient or its activation energy for intra-crystallite diffusion; therefore, it remains an assumption that the
rate-limiting step of Trap 1 uptake mechanism is either detrapping or dissociation, and not intra-crystallite
diffusion or trapping in Trap 1.

In summary, hydrogen uptake in graphite occurs via a multi-step process (illustrated in Figure 2).
When graphite is exposed to a hydrogen partial pressure, by permeation through the open porosity, gas
molecules penetrate the sample surface and reach the surface of grains that outline the open porosity
networks. Inter-granular diffusion and inter-crystallite diffusion allow access of the H, molecules to the
surface of the grains in the closed porosity. Within the graphite grain, hydrogen continues to diffuse as a
molecule via inter-crystallite diffusion (a diffusion-controlled process) and as an atom via intra-crystallite
diffusion (a reaction-kinetics-controlled process). The inter-crystallite diffusion process is slowed down by
trapping-detrapping at Trap 2 sites; this effect is quantified by the ratio of the apparent diffusivity to the inter-
crystallite diffusivity, which is dependent on temperature, pressure, and abundance of Trap 2 sites in the
graphite; the activation energy for the inter-crystallite diffusion is 0.9 to 1.7 eV/H,. The intra-crystallite
diffusion takes place with hydrogen atoms dissociated and not yet trapped or detrapped from Trap 2 sites.
Once dissociated or detrapped, the atoms migrate inside the crystallites, diffuse between graphite basal planes,
and are finally trapped by Trap 1 sites. The reaction-kinetics-controlled process is attributed either to
molecular dissociation or to detrapping from Trap 2; the activation energy is 1.25 eV/Hs. The enthalpy of
Trap 1 is large enough that, at the temperatures and pressures of interest for fission and fusion applications,
the equilibrium constant of the trapping reaction is very high, and the reaction rate of the inverse reaction is
negligible.

For FHRs, it has been proposed to use fuel pebbles as vectors for tritium degassing [9,14]. According
to this strategy, the pebbles would uptake tritium while in core and would then desorb it when degassed out of

core. As shown in Table 2, the time required to reach thermodynamic equilibrium spans from less than one
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hour to eighty hours, for sample thicknesses on the order of cm.

Estimates of apparent diffusion coefficients are not available at low partial pressures, such as 20 Pa.
Extrapolating the trapping effects at this pressures, apparent diffusion coefficients are postulated to be 35% to
80% of the inter-crystallite diffusion coefficients otherwise measured at higher H; partial pressures. As a
result, the time required to reach thermodynamic equilibrium in tritium uptake at FHR conditions may be
longer than that of studies at higher pressures. Comparing this time window to the length of stay of fuel
pebbles in the FHR core could support a preliminary estimation of whether the pebbles will be capable of
uptaking the amount of tritium predicted by thermodynamics before they are withdrawn and, potentially,

degassed.

3.3 Kinetics of desorption studied via thermal desorption spectra (TDS)

Hydrogen desorption occurs via different mechanisms depending on the site at which hydrogen is
retained within the graphite sample (i.e., confined in molecular form in the pores, physisorbed/ dissolved on
the basal planes, chemisorbed on trapping sites). Each of the desorption mechanism has a different kinetics,
influenced by a different rate-limiting step (RLS). Thermal desorption is an experimental method that can
probe the RLS of uptake and desorption. Figure 2 shows the interpretation of an example TDS, and each of

the TDS peaks is discussed in detail in the subsequent sections, in terms of kinetics and transport.

3.3.1 Peak 1: desorption from closed pores

Molecular hydrogen confined in closed pores is desorbed through inter-granular diffusion [32]. This
is confirmed by the effect of shorter uptake times on the temperature of Peak 1 in the TDS. As shown in [32],
a shorter uptake time leads to a downshift of Peak 1 temperature in TDS. In a diffusion-controlled process, an
insufficient charge of the sample produces higher concentration of gas close to the sample surface. As a result,
gas molecules start to be desorbed sooner during desorption, and the TDS peak is shifted to a lower
temperature. The diffusion scale is the thickness of the sample. To access the closed pores, hydrogen diffuses
by inter-granular diffusion, moving across the different pore networks. During desorption, it is evident that
the rate-limiting diffusion is at the sample scale because the Peak 1 intensity is impacted by the sample
thickness. The diffusion coefficient Dy, ;4 qif ¢ for the inter-granular diffusion of hydrogen molecules can be
modeled with an Arrhenius equation (Equation 7), with an activation energy of 1.3 eV/H2[57]. The desorption
rate dN, /dt can be modeled by Equation 13,

dn, 8 d 1 (2n + 1)2n? 13
FrR ) M ey G e

sample
where N ; is the number of confined molecules and 7umpie 1s the thickness of the sample [58]. As discussed in

Section 3.2 for hydrogen uptake, inter-granular diffusion allows access of the H> molecules to the surface of

the grains in the closed porosity. Inter-granular diffusion coefficients and their corresponding activation
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energies have not been estimated in any hydrogen uptake study. However, as the diffusion mechanism should
occur equivalently in uptake and desorption, estimates performed by [57] might apply to the uptake step as

well.

3.3.2 Peak 2: desorption from basal plane/solid solution
Hydrogen dissolved as a solid solution on graphite basal plane desorbs through a recombination-
controlled process [32]. This conclusion is supported by Peak 2 temperature decreasing at increasing uptake
pressures. In fact, if the process is rate-limited by recombination, the desorption occurs faster in case of a
larger concentration of hydrogen atoms able to recombine, which is obtained with a higher uptake pressure
[59]. The desorption rate dN, /dt with a recombination-controlled process is described by Equation 14 [58].

dNZ EI(-IIL;"teC 14
— % — 1, N2(t __
dt 2Nz ( )exp( kT

where y, is a pre-exponential factor, depending on sample specifics, and EfS%. is the recombination

activation energy. In these studies, the activation energy for the process was not estimated. Estimates of the
activation energy were instead provided by [42] (2.5 eV/H, using TDS of milled graphite) and [60] (2.17
eV/H, by means of density functional theory (DFT) calculations).

3.3.3 Peak 4: desorption of Trap 2 chemisorbed hydrogen

According to [32], hydrogen trapped in Trap 2 sites is desorbed through inter-crystallite diffusion. As
in the case of Peak 1, evidence for a diffusion process is given by the decrease of the peak temperature in the
TDS with shorter uptake times. Unlike Peak 1 desorption, the diffusion scale for Peak 4 is the graphite grain.

The activation energy of the process was derived using the Kissinger method [61]. In this method, a
thermal desorption experiment is performed several times with different values of the heating rate . Changes
to the heating rate produce shifts in the temperature of thermal desorption peaks Ty, (for example, in [62],
Peak 4 temperature increases by 80 °C when the heating rate is increased from 0.0083 K/s to 0.1 K/s). [61]
showed that a plot of 1/ Tw versus log /T, yields straight lines, and that activation energies can be estimated
through the slope of the lines. Using this method, the activation energy of the process was estimated to 3.48
eV/H,. This activation energy is more than double the activation energy for inter-crystallite diffusion
estimated for H, uptake [47]. The difference was explained by trapping effects, hypothesizing that hydrogen
diffuses in atomic form and is subjected to a sequence of trapping and detrapping from the crystallite edges
that slows it down. The atomic desorption rate dN,/dt can be modeled through Equation 15 [58].

B N S Lexp<_ﬁDH. y t) 13
dt 2 dt Lap—qn? gzmin e diff

where Ny 4 is the number of hydrogen atoms trapped in Trap 2 sites, 7 is the radius of the grain and

Dy ic aifr 1s the trapping-influenced inter-crystallite diffusion coefficient (which follows an Arrhenius
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equation with activation energy of 3.48 eV/Hs>).

The activation energy found by [32] agrees with the value found by [63] in deuterium desorption
experiments. In [63], A3 graphite was charged at 900°C with a D, partial pressure of 74 Pa. Deuterium
desorption was studied at temperatures below 1700°C. Two main desorption peaks, Peak 4 (1150°C) and
Peak 5 (1500°C) were individuated. The first was attributed to a recombination-controlled desorption

mechanism with an activation energy of 3.8 eV/Ho.

3.3.4 Peak 5: desorption of Trap 1 chemisorbed hydrogen
Hydrogen desorbs from Trap 1 sites through a detrapping-controlled process, according to [32]. Despite Peak
5 desorption temperature decreases with shorter uptake times, [32] argued that hydrogen diffusion within the
grain and within the crystallite diffusion are rapid above 1400 K, and therefore that the desorption is not rate-
limited by diffusion (this was the original attribution by [63], with an activation energy of 4.8 eV/H>). Hence,
detrapping was regarded as the RLS. A detrapping-controlled process would lead to a desorption peak
narrower than Peak 5, if with a single-valued uptake enthalpy for Trap 1. Hence, [32] hypothesized a
continuum distribution of uptake enthalpies between 4.0 and 4.9 eV/H; to reproduce the shape of the
experimental desorption peak. This hypothesis is supported by the variability of the uptake enthalpies in non-
reconstructed reactive sites in the -4 to -5 ¢V/H, window [15].

The desorption rate dN5/dt is modeled through Equation 16, valid for detrapping-controlled

dN E&ct 16
— = usNs(t) exp <— H'dt>

processes [58].

dt k,T
where s is a pre-exponential factor, depending on sample specifics, and E gf;t is the detrapping desorption
process activation energy. Using Kissinger’s plots, the activation energy was estimated to 6.93 eV/H,. The
value might not be accurate since Peak 5 does not have a sharply defined peak temperature to use in

Kissinger’s plot [32,59,64].

In summary, hydrogen desorption occurs through different modes depending on the way hydrogen is
retained within the graphite sample (Table 4). Molecular hydrogen confined in closed pores (Peak 1) is
desorbed through a diffusion-controlled process [58]. Hydrogen dissolved as a solid solution on graphite basal
plane (Peak 2) desorbs through a recombination-controlled process [58]. Hydrogen trapped in Trap 2 sites
(Peak 4) is desorbed through an inter-crystallite diffusion-controlled [32] or a recombination-controlled
process [63]. Finally, desorption of hydrogen trapped in Trap 1 sites (Peak 5) takes place through a
detrapping-controlled [32] or a diffusion-controlled process [63]. Table 4 compiles the activation energies for

each of these RLS relevant to desorption.
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Table 4: Attribution of uptake and desorption mechanisms and features of each TDS peak

Peak 1 Peak 2 Peak 4 Peak 5
Desorption Peak Temperature [32] (K) 600-700 900-1300 1300-1450 1600-1800
Dependence of Peak Area on Charging Pressure Lincar dependence Square root Square root dependence Independent
[32] dependence with a knee
Dependence of Peak Temperature on Charging Independent Decrea;e with Independent Independent
Pressure [32] increasing pressure
Dependence of Peak Temperature on Time of Increase with Increase with increasing !ncreasg with

. o Independent . increasing
Uptake [64] increasing time time time
Dependence of Peak Intensity and Area on Decrea§e with Decrease with increasing Decrea§e with

Independent increasing increasing
Uptake Temperature temperature

temperature temperature
. Hz in closed Solid solution on the . - Chemisorption

Uptake mechanism [32] porosity basal plane Chemisorption in Trap 2 in Trap 1
Uptake enthalpy (eV/H2) -2.6 -4.4

Inter-G ! Inter-Crystallite Diffusion Det .
Desorption RLS [32] nter-franular Recombination with trapping effects (or clrapping

Diffusion s [63])

Recombination [63])

Activation energy of desorption RLS 0.9 [44] or 1.3 [57] 6.93 [59] or
..... b (eV/H2) or 1.7 [55] 2.5 [42] or 2.17 [60] 3.48 [59] or 3.8 [63] 4.8 [63]

3.4 Kinetics of desorption at constant temperature

In thermal desorption experiments, hydrogen-loaded graphite samples are heated with a constant temperature
ramp rate. This condition happens rarely for degassing in technological applications. More frequently, the
samples are heated to a given temperature which is kept constant for the duration of the degassing. An
experimental approach in which a pre-charged graphite sample is maintained at high temperature and the
desorption of hydrogen is monitored is more representative of these applications. This approach allows to
assess the fraction of hydrogen evolved with time and was followed by [65]. TSP nuclear graphite was
charged with hydrogen at partial pressures of 2.4 kPa and temperatures of 1193 — 1768 K for the duration of
the uptake. Then, the graphite samples were heated at temperatures between 1318 — 1538 K and the
desorption of hydrogen was monitored [65]. Hydrogen desorption curves were plotted against the logarithm
of time (Elovich plots), obtaining linear curves at each desorption temperature (Fig. 2 in [65]).

In their analysis, the energy of activation for desorption depends on the surface coverage ¢. In adsorption
isotherms, the surface coverage represents the number of adsorbed molecules on a surface divided by the
number of adsorbate molecules in a filled monolayer required for saturation [66]. In [65], ¢ is rather intended
as the ratio of hydrogen not yet desorbed and still in the sample to the total amount of uptaken hydrogen at
equilibrium with the hydrogen partial pressure used for charging the sample. The activation energy £ was
modelled as a linearly decreasing function of the surface coverage (Equation 17).

E%t = E3%) — Co 17

where E, gito is the activation energy at the end of the desorption, i.e. at zero coverage and C; is a constant. For
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TSP graphite, E gito was estimated to 5.9 eV/Hs and C, to 1.8 eV/Ha. As a result, the activation energy spans

from 4.1 eV/H; at the beginning of the desorption to 5.9 eV/H, at the end. The magnitude of the activation
energy is comparable the values estimated by [63] and [62] for hydrogen desorption from Trap 1 and Trap 2
sites. The increase in the desorption activation energy with decreasing coverage hints that hydrogen retained
in less energetic reactive sites (i.e., hydrogen in pores, physisorbed and in Trap 2) is desorbed earlier (i.e. at
higher coverage ratio) than hydrogen in deeper trapping sites, i.e. Trap 1 (which would desorb at a lower
coverage ratio).

Hydrogen desorption curves were normalized to the total volume of desorbed hydrogen and were
fitted by Equation 18:

RT RT 18

F(t)=1 —1+RT1 t 1
sloe=lr it

where Fis the fraction of hydrogen desorbed after an interval of time ¢ at a temperature 7 and C; is a constant.
Other authors have explored hydrogen desorption at constant temperature and have modelled the overall
desorption as a diffusion process, estimating single-valued apparent activation energies. These activation
energies are collected in Table 3. In a diffusion process, hydrogen desorption is proportional to the square root
of time, rather than to the logarithm of time [67]. However, none of the studies on unirradiated graphite
includes a plot of hydrogen desorption against time. Such plots are included in two studies on irradiated

graphite [68,69], and will be discussed in the next section.

Table 5: Activation energy for hydrogen diffusion in graphite estimated from hydrogen

desorption experiments

Graphite Type Apparent Desorption Uptake Pressure Hydrogen Isotope Source
diffusion Temperature Range
activation
energy
(eV) () (Pa)
Pyrolytic Carbon 2.6-2.7 973-1223 Not available D,H [67]
(Exposure to ions)
AL2-500, AS1-500, Matrix 2.78 973-1673 Not reported T [69]
Graphite *
A3° 3.8 973-1223 Not reported T [68]
Pyrolytic Carbon 43 1430-1730 Not available T [70]

(Exposure to ions)

TSP 41-59 1318 — 1538 2400 H [65]

* AS1-500 irradiated at a fluence of 1.6 10% n/cm™, AL2-500 irradiated at a fluence of 7.7 10?! n/cm™, Matrix Graphite irradiated at a fluence of 2.5
10% n/cm™

® Irradiated at a fluence of 2.3 10 n/cm™
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Degassing of trititum-loaded FHR pebbles is one example of a technological application involving
constant-temperature desorption of hydrogen from graphite. During their irradiation, FHR pebbles alternate
periods in core with periods out-of-core. A pass through the core requires about 60 days, and FHR pebbles
spend 4 days in the defueling chute between two passes. Tritium degassing may take place during some or all
of these out-of-core periods or at the end of the pebble irradiation. If degassing is expected to take place
during the out-of-core periods, these periods should be long enough to allow for the desired fractional
desorption of tritium. Assuming a linear increase of the activation energy with coverage, [65] estimated that
hydrogen/tritium desorption at constant temperature occurs at an exponential rate. Assuming a degassing
temperature of 1150 °C and extrapolating from [65], we find that about 100 hours would be required for a
tritium fractional desorption of 80%.This interval is comparable to the time spent by the pebbles in the

defueling chute.

4 EFFECTS OF NEUTRON IRRADIATION AND GRAPHITE OXIDATION

Both neutron irradiation and graphite pre-oxidation can increase uptake capacities at thermodynamic
equilibrium by more than a factor of 100, and change the relative abundance of Trap 1 RCS vs. Trap 2 RCS
[15]. Since the abundance of RCS impacts kinetics of uptake and desorption, the expectation is to also
observe kinetic effects on the uptake and desorption of graphite, upon irradiation and pre-oxidation of
graphite. Here we review the ways in which the time required to reach thermodynamic equilibrium is

influenced by neutron irradiation and pre-oxidation.

4.1 Neutron Irradiation
The changes in microstructure and porosity introduced by graphite impact uptake and desorption

kinetics, with both uptake and desorption observed to be decreasing.

4.1.1 Impact of irradiation on uptake Kinetics

Uptake kinetics of hydrogen into graphite is much slower with neutron irradiation (Figure 7). Very low
doses (less than 0.1 dpa) are sufficient to cause the apparent diffusion coefficients to drop drastically (from a
factor 1/2 for ISO-880U in [33] to a factor 1/40 for IG-430U in [48]). The apparent diffusion coefficient
increases with larger doses but remains one order of magnitude lower than for the unirradiated samples (Figure
7(a)). The increase at larger dpa was ascribed to: the saturation of the number of Trap 2 sites (which makes the
trapping-detrapping mechanism less pronounced, per Equation 3); the reduction of the crystallite size; and the
formation of micro cracks, hence higher connectivity of the pore networks and shorter effective inter-granular
diffusion length in order to reach all pore networks in a sample [48]. The drop in diffusion coefficients was
accompanied by an increase in the activation energy by 54% for ISO-880U and by a 4% decrease in IG-430U.
With error bars not being provided, the decrease in IG-430U may be an artifact. Ref. [48] attributed the increase
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for ISO-880U to pre-annealing of the samples during uptake measurements. This explanation is partially
supported by Equations 3-6: the decrease in the Trap 2 number density caused by pre-annealing would cause
an increase in the apparent diffusion coefficient at higher temperature, hence of the measured activation
energies. However, as was shown in Figure 4, the apparent diffusion coefficient deviates from the inter-
crystallite diffusion coefficient only at pressures of tens of Pa, while the pressure in [48] is 10 kPa. The increase
in activation energies may therefore be ascribed to other causes, and additional experimental evidence is
suggested.

As described in Section 3.2, hydrogen uptake is composed of a diffusion-controlled process followed
by a reaction-kinetics controlled process. In addition to the decreased apparent diffusion coefficient due to the
higher abundance of Trap 2 with irradiation, the reaction-kinetics controlled process is also slower with
irradiation [33]. The uptake rate for the reaction-kinetics controlled process drops by a factor 5 at 0.1 dpa and
remains constant at larger dpa (Figure 7(b)). The sudden reduction of the uptake rate at 0.1 dpa was attributed
to the appearance of Trap 1 sites (unreconstructed defects) close to the crystallite surface, which decrease the
apparent diffusion coefficient (Equation 3). The reaction-kinetics controlled process is limited by dissociation
or detrapping from Trap 2, and it is not affected by the concentration of Trap 1 sites, as hydrogen does not
detrap from Trap 1. Hence, despite the number of Trap 1 sites increasing at larger fluence, the uptake rate does
not change [33].

While pre-turnaround irradiation leads to shrinkage of graphite [71], it is unlikely that changes in porosity have
a marked effect of the diffusion coefficients measured in the available studies. Experimental studies of graphite
porosity evolution with irradiation show that both open and total porosities decrease with increasing dose, and
that only a few percentual points are lost even after irradiation of several dpa (e.g. 3% decrease of open porosity
at 7 dpa in [72], as probed by mercury porosimetry, and 5% decrease of total porosity at 9.2 dpa in [73], as
probed via SEM imaging). Conversely, studies on hydrogen diffusion highlight a drastic reduction of the
diffusion coefficient (up to 97.5%) with less than 0.1 dpa, and a slight increase with increasing dose, an opposite

behavior to the porosity evolution.
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Figure 7: Uptake Kinetics in irradiated graphite, as a function of dpa. Samples: 1G-430U and
ISO-880U. Uptake temperature: 1273 K. (a) Apparent diffusion coefficient. (b) Uptake rate for
trapping in Trap 1. [33].
The reduction of uptake rates with irradiation could be detrimental for the effectiveness of pebbles as
a vector removal for tritium in FHRs. As shown in Table 2, as many as 80 hours might be required to reach
thermodynamic equilibrium in a hydrogen uptake experiment in absence of irradiation. Neutron irradiation
has been shown to cause uptake rates to drop to as low as 1/40 of the unirradiated values. If we assume that
the time to thermodynamic equilibrium increases by a factor of 40, then it could take more than 1000 days for
the pebbles to complete uptake. If the in-core residence time is shorter than 1000 days, then removal of in-
core tritium by the graphite pebbles is uptake-kinetics-limited, not uptake capacity-limited. Hence, from the
point of view of assessment of tritium scavenging capability by irradiated graphite in FHR, the focus must be
on quantification of hydrogen uptake rates for irradiated graphite, rather than on quantification of hydrogen
uptake capacity. The temperatures in the FHR (500 °C- 800 °C) are lower than the temperatures used for pre-
annealing in [33]. However, a partial annealing could take place in the hotter region of the core reducing the
number of Trap 2 sites and therefore increasing apparent diffusion coefficients for the low tritium partial
pressure conditions.

In summary, uptake kinetics of hydrogen into graphite is strongly decreased with neutron irradiation.
Diffusion coefficients are reported to be as low as 1/40 of the unirradiated values [48] with irradiations below
0.1 dpa. Uptake rates partially increase at larger doses but remain lower than for unirradiated samples. Uptake
rates are increased by pre-annealing, but the effect should be limited to the cases with low hydrogen partial
pressure. It is not clear whether irradiation causes changes to the activation energies of diffusion and results

may differ across graphite grades. Additional experimental evidence is required to clarify the behavior and to
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separate it from the effect of pre-annealing. At conditions relevant to FHR, tritium uptake in irradiated
graphite is limited by uptake rate, rather than by uptake capacity; the two are related through the density of
RCS, which changes with irradiation, and which impacts both the kinetics of uptake and the hydrogen uptake

capacity.

4.1.2 Impact of irradiation on desorption kinetics
To the knowledge of the authors, while several studies of thermal desorption of ion-irradiated
graphite have been conducted [74-79], TDS of neutron-irradiated graphite charged with hydrogen gas have
been published only in a few articles. Table 6 summarizes the available data on hydrogen desorption kinetics

from neutron-irradiated graphite.

Table 6: Kinetics of hydrogen thermal desorption from irradiated graphite; the first rows

provide a comparison to experiments on unirradiated graphite.

Sample | Hydrog | Uptake Du Neutro Details on irradiation Desor Peak 1 Peak 2 Peak 4 Peak 5 Desor Source
en Temper | rati | n and uptake ption Temper | Temper | Temper | Temper | ption
Isotope ature / on Fluence Temp ature / ature / ature / ature / Activa
Partial of eratur | Activati | Activati | Activati | Activati | tion
Pressur Upt e on on on on Energ
e ake Interv | Energy Energy Energy Energy y*
al
X)/ (h) (nm?) (K) X)/ K)/ X)/ K)/ (eV/H
(Pa) (eV/Hy) (eV/Hp) (eV/Hp) (eV/Hp) 2)
Multipl Hydrog 573- 0.5- | Unirrad - 400- [32,64]
e en, 1323 50 iated 1800 1300- 1600-
graphite | Deuteri [83- 900- 1450/ 1800/
grades um 63300] 600-700 | 1300 3.48 6.93
RGT- Hydrog 1150/ 6 Unirrad | - 300 - 770/ 1100 [80]
Graphit en 100000 iated 1800 2.8 /4.0
e 3210 Irradiated in hydrogen 770/ 1100/ 1300/
2 atmosphere 2.8 4.0 5.0
Irradiated in nitrogen 770/ 1100/
atmosphere 2.8 4.0
AL2- Tritium 573- 500 | 7.710% | Irradiated in HTGR, 373- 373-573 | 773- 1173- 2.78 [81]
500 1173/ partial pressure not 1373 1073 1373
Unspeci reported
fied
A3 Tritium | 373/ 27 2.310% | Irradiated in research 973- 3.8 [68]
Unspeci reactor at T < 100 °C, 1273
fied pressure not reported
Pechine Hydrog 423-673 | Uns | 1.66 Irradiated in GCR, 300- 773 1023 1273 [82]
yQl en, / pec | 10% partial pressure not 1623
Tritium Unspeci | ifie (therma reported
fied d 1); 1.88
1023
(fast)
2 If not differentiated for the individual desorption peaks

Ref. [80] studied desorption of hydrogen from RGT-graphite and is the only study where the TDS of
an irradiated sample and unirradiated one are directly compared. RGT-graphite contains titanium (7 wt.%) in
the form of titanium carbide, but [83] showed that the titanium carbide impregnations do not influence
hydrogen/ deuterium desorption kinetics. In the study, three samples were compared. One sample was
exposed to neutron irradiation under a hydrogen partial pressure (Sample A), a second sample was irradiated

and subsequently exposed to a hydrogen atmosphere (Sample B), a third sample was exposed to hydrogen
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without being irradiated (Sample C). Samples A and B received a total fluence of 3.2 10'® n/cm? (10 dpa). In
all samples, hydrogen exposure took place at a partial pressure of 100 kPa at 1150 K and lasted 6 hours.
Sample B and C have similar TDS, with a first desorption peak at 770 K (Peak 1), a second peak at 1100 K
(Peak 2) and a shoulder at higher temperatures. Sample A differ from the other two samples as it presents a
third peak at 1300 K (Peak 4). The appearance of a marked Peak 4 instead of a shoulder for Sample A
suggests that irradiation in hydrogen atmosphere caused an increase in Trap 2 number density and in the Trap
2 hydrogen inventory. The absence of this peak in Sample B, which received the same dose, may be explained
assuming that a partial annealing occurred prior to hydrogen exposure, reducing the number density of Trap 2
sites available for chemisorption. None of the TDS in [80] show Peak 5. The absence of this peak may be
explained by the short duration of charging (6 hours), which may be insufficient to produce a sufficient
degree of occupancy of Trap 2 for detrapping from Trap 2 and subsequently trapping in Trap 1, following the
mechanism discussed in Section 3.2. The partial pressure in [80] is 1-3 orders of magnitude larger than in the
TDS from [62,64]. As a result, the area of Peak 1 (hydrogen in closed porosity) becomes a relevant fraction of
the spectrum (about 10%, using ideal gas law).

Thermal desorption of hydrogen and tritium from graphite matrix samples irradiated in HTGRs was
studied in the interval 200°C to 1000°C. The TDS presented three desorption peaks (Peak 1,2 and 4) [81].
Since the TDS did not cover temperatures above 1000°C, it is not possible to verify the presence of Peak 5
and its relative area. The desorption of tritium from graphite employed as a moderator in the Tokai-1 GCR
was also studied by thermal desorption. The used graphite had been irradiated up to a thermal neutron fluence
of 1.6 10*' n/cm? at temperatures between 250 °C and 300°C. The TDS included two main peaks at about 900
°C and 1350°C, corresponding to Peak 4 and Peak 5 [82].

As was discussed in Section 3.4, [81,84] investigated the time-dependence of hydrogen desorption at
constant temperature from irradiated graphite. In both studies, the fractional desorption was shown to be
proportional to the square root of time (rather than the logarithm of time as showed by [65] for unirradiated
graphite), supporting the argument according to which tritium desorption is dominated by diffusion (see Fig.
4 in [81]). According to [62], hydrogen desorption from Trap 2 sites occurs via a diffusion-controlled process.
The evidence of a square-root time-dependence of hydrogen desorption from irradiated graphite suggests that
a large amount of hydrogen was trapped in Trap 2 sites. This would be in contradiction with the evidence of a
relative increase of hydrogen in Trap 1 sites with irradiation [48].

Using the logarithmic relation for tritium desorption from [65], we have estimated that about 100
hours would be required to desorb 80% of the tritium in a charged FHR pebble (at 1150°). A much longer
degassing time would be required, according to the square-root relation from [81]. Using the square-root
relationship from [81], around 11,000 hours (1.25 years) are required to desorb 80% of the tritium. Full

degassing during the out-of-core passes would become impractical, but since the uptake capacity of irradiated
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graphite is high, then partial tritium removal during recirculation passes may be acceptable. Furthermore,
hydrogen uptake in-core in the irradiated graphite is also likely kinetically limited, thus actual fraction of
desorbed tritium during out-of-core periods for recirculating period will depend on the relative kinetics of
uptake and desorption, and on the relative residence times for in-core and out of core. Extrapolation of
desorption kinetics data to times longer than one hour is significantly impacted by the selection of a square
root (demonstrated for irradiated graphite) vs. logarithmic (demonstrated for non-irradiated graphite)
functional dependence on time. Further studies are needed for a mechanistic understanding of the functional
dependence of desorption amount on time and a mechanistic understand of irradiation effects on desorption
kinetics.

In summary, only few TDS of irradiated graphite exist in literature. Such spectra seem to show the
same peaks as non-irradiated samples. A direct comparison of the TDS of irradiated and unirradiated samples
has been performed only in one study, for samples loaded at a partial pressure of 100 kPa. In this study, Peak
4 is visible only for samples irradiated in hydrogen and not for the unirradiated samples, while Peak 5 is
absent in all samples, probably because of a short charging time. Constant-temperature desorption from
irradiated samples has been reported to be proportional to the square root of time, rather than the logarithm of

time.

4.2  Graphite Oxidation

Oxidation of graphite appears to increase the uptake rate and apparent diffusion coefficient of
hydrogen [34]. In this study, [G-110U samples were pre-oxidized at 973 and 1073 K, outgassed at a
temperature between 1273 K and 1773 K, and then exposed to an hydrogen partial pressure of 10 kPa and
1273 K. Figure 8 shows that pre-oxidation causes an increase in uptake rate up to a factor eight, and that the
increase is larger with lower outgassing temperature. Ref. [34] provided three possible explanation for such
behavior: (a) the change of diffusion path by oxidation, (b) the destruction of existing trapping sites, (c) the
occupation of trapping sites by oxygen atoms. All three options are reasonable explanations. As discussed in
Section 3.1, the main mechanism involved in hydrogen uptake is inter-crystallite diffusion. A change in the
diffusion path (option (a)) may lead to a reduction in the size of the diffusion medium (graphite grain) and an
increase of the diffusion coefficient. The destruction of existing trapping sites (option (b)) and the competitive
occupation of trapping sites by oxygen atoms (option (c)) would not impact the diffusion coefficient but
would cause an increase in the apparent diffusion coefficient (Equation 3). These observations are in line with
the observation by [36], where the surface-to-bulk ratio decreased with oxidation of the graphite sample.

Desorption studies of pre-oxidized graphite are not available in literature. Graphite pre-oxidation
leads to an increase in Trap 2 sites available for hydrogen chemisorption, provided that oxygen and oxidation

products have been degassed prior to hydrogen uptake [23,34]. Consequently, desorption spectra of pre-
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oxidized graphite should present a larger Peak 4 than a non-oxidized sample. Moreover, as desorption from
Trap 2 seems to occur via a diffusion-controlled process [62], a constant temperature hydrogen desorption
from a pre-oxidized sample could be expected to manifest a square-root time dependence. These speculations
would need to be verified with experimental TDS and constant-temperature desorption studies on pre-
oxidized graphite samples. Moreover, the effects that pre-oxidation plays on uptake kinetics and desorption
behavior may depend on the specific oxidizing species (air, H,, O,, CO»). A direct comparison of uptake and
desorption studies on graphite pre-oxidized with these species may highlight the potential differences on

kinetics as well as on thermodynamics.
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Figure 8: Uptake rate in graphite with and without pre-oxidation with air. Sample: 1G-110U.
Uptake temperature: 1273 K. Uptake partial pressure: 10 kPa [34]

5 IsotoriCc EFFECTS

Because tritium is radioactive, it is frequent in experimental studies to replace it with hydrogen or
deuterium, and to assume that the results are unchanged. We review here the validity of this assumption.
Changes in the uptake and desorption behavior across the isotopes may be due to isotopic effects on
the diffusivities or on the activation energy of hydrogen diffusion. According to classical diffusion theory, the
diffusivity coefficients of isotopes in metals scale with the inverse of the square root of the mass of the
isotopes, as in Equation 19 [85]:
19

Equation 19 predicts a 1.4 diffusivity ratio for hydrogen vs. deuterium, 1.7 for hydrogen vs. tritium, and 1.2
for deuterium vs. tritium. In many hydrogen-metal systems, deviations from this relation have been observed
experimentally. Experimental results indicate that Equation 19 might be accurate only at elevated

temperatures (above 200°C), and that it tends to underestimate the isotopic effects for BCC metals and to

2941



Manuscript for submission to JNM

overestimate them for FCC metals [86]. In graphite, computational and experimental studies suggest that
some deviation from Equation 19 occur even at elevated temperatures. Using Kinetic Monte Carlo and
Molecular Dynamics, [87] showed that hydrogen diffusion in graphite takes place by two mechanisms: a
jump mechanism that shows 1/v/m dependence and a jump mechanism that is independent of the mass of the
isotope and depends only on the phonon frequency of the graphite; at 700°C, they computed a ratio of 1.2 for
T vs H and 1.1 for D vs H diffusivity in a graphite crystallite, and higher ratios at lower temperatures. Ref.
[34] studied the uptake behavior of hydrogen and deuterium in IG-110U graphite under an uptake pressure of
10 kPa and estimated a ratio of 1.33 between the diffusivities of the isotopes at 1273 K. Ref. [88] studied
deuterium and hydrogen diffusion in desorption experiments with ATX-20U graphite and estimated a ratio of
1.7 between their diffusivities (for temperatures in the interval 973-1273 K). Neither [88] nor [34] provided
error bars in their data.

On the contrary, the activation energy of diffusion, in both uptake and desorption processes, does not
appear to demonstrate isotopic effects. Ref. [34] estimated an activation energy of diffusion of 1.58 eV for
hydrogen uptake and 1.64 eV for deuterium (6% deviation). The uncertainty associated with the estimation
was not reported, and therefore the difference in the activation energies may be artificial. Ref. [88] estimated
the desorption energy of both hydrogen and deuterium to 1.05 eV (error bars on these values are not
reported); these results were obtained by fitting the desorption curves of hydrogen and deuterium from pre-
charged ATX-20U graphite to a model of diffusion-controlled desorption. Ref. [81] plotted thermal
desorption spectra of hydrogen and tritium from graphite matrix and individuated three peaks in the interval
200°C — 1000°C: Peak 1,2 and 4. Peak 1 and Peak 4 are controlled by diffusion, and Peak 2 is controlled by
recombination. As each peak occurs approximately at the same temperature for both isotopes, the activation
energies for diffusion and recombination process appear to be approximately the same between tritium and
hydrogen (Fig. 4 in [81]). The resolution of the thermal desorption spectra (~100 ‘C) is too low to allow for a
more precise comparison.

The lack of isotopic effects on the activation energy of recombination-controlled desorption is
confirmed by [76]. Ref. [76] studied thermal desorption of hydrogen, deuterium, and tritium from ion-
implanted pyrolytic graphite. They individuated three peaks in the desorption spectra, approximately at the
same temperature for the three isotopes. Among these, Peak 2 was located around 650°C and was attributed to
a recombination-controlled desorption process. The same desorption activation energy (1.91 eV) was
estimated for all three isotopes. For recombination-controlled desorption, [76] observed that the pre-
exponential factor in Equation 14 is proportional to //m; the ratio of the desorption frequencies was measured
at Hy:D»:T»= 3:1.5:1. This result is in opposition to the theoretical model developed by [89] for

recombination-controlled desorption from metals, according to which the desorption rate is proportional to

1NVm.
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An isotopic-dependence of the activation energy was observed only in the case of ion-implanted
isotopes; for example, [35] studied low temperature (T < 700K) thermal desorption from HOPG graphite
implanted with hydrogen and deuterium atoms and the desorption of H chemisorbed on the basal plane (with
puckering of a carbon atom out of the surface) had an activation energy of 0.95 eV for D and 0.6 eV for H.

In conclusion, the kinetics of uptake and desorption are susceptible to isotopic effects on the pre-
exponential factor, but not on the activation energy. According to classical diffusion theory, the diffusivity
coefficients of isotopes in metals scale with the inverse of the square root of the mass of the isotopes.
Computational and experimental studies suggest that isotopic effect for hydrogen diffusion in graphite may be
either more or less pronounced than the inverse square root relation. Desorption frequencies of
recombination-controlled processes were shown to be proportional to //m, in disagreement with theoretical
predictions for metals showing a 1/v'm dependency [35,76]. Activation energies of diffusion-controlled
processes and recombination process were shown to be generally insensitive to isotopic effects [34], [88].
Only desorption of ion-implanted hydrogen isotopes showed a difference in activation energy between

hydrogen and deuterium [35].

6  DISCUSSION AND CONCLUSIONS

For tritium management in FHRs, it has been proposed to use fuel pebbles as vectors for tritium
degassing [9,14]. According to this strategy, the pebbles would uptake tritium while in core and would then
desorb it when degassed out of core. Any theoretical prediction of hydrogen retention and distribution in
graphite based entirely on the thermodynamics of the C-H reactions bears the risk of being an overestimate in
the case of uptake and an underestimate in the case of desorption, because the thermodynamic equilibrium
condition to which it applies may be reached after a long time or not reached at all. The purpose of this
manuscript is a review of the kinetics and mechanisms for uptake into, transport, and desorption of hydrogen
from graphite at high temperature and to briefly discuss the applicability of the reviewed concepts to FHR
conditions: <20 Pa partial pressures, 500-700 °C uptake temperature, <1600 ‘C desorption temperature, in-
core neutron irradiation above 1 dpa, in-core residence time of 100s days, and pebble lifetime on the order of
a year.

A review of uptaken hydrogen distribution within a sample shows that the distribution is not spatially
uniform, with hydrogen concentration in the external surface up to 450 times larger than in the bulk (Table 1).
A higher density of RCS at the sample surface could be induced by interactions with the operational
environment (e.g. oxidation, fluorination, irradiation, possibly friction and wear from pebble fuel movement),
or by the manufacturing process (e.g. machining or polishing of sample surface, impregnation for graphite
densification, specifics of the manufacturing process that might lead to heterogeneity) [42,43].

Available literature on hydrogen uptake rates is compiled in Table 2 and Figure 1 and the multi-step
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process through which uptake take place is described in Figure 2. When graphite is exposed to a hydrogen
partial pressure, gas molecules penetrate the sample surface and reach the surface of grains outlining the open
porosity networks by permeation through the open porosity. Inter-granular diffusion and inter-crystallite
diffusion allow access by the H> molecules to the surface of the grains in the closed porosity. Within the
graphite grain, hydrogen continues to diffuse as a molecule via inter-crystallite diffusion (a diffusion-
controlled process) and as an atom via intra-crystallite diffusion (a reaction-kinetics-controlled process). The
inter-crystallite diffusion process is slowed down by trapping-detrapping at Trap 2 sites; this effect is
quantified by the ratio of the apparent diffusivity to the inter-crystallite diffusivity, which is dependent on
temperature, pressure, and abundance of Trap 2 sites in graphite (Figure 3); the activation energy for the inter-
crystallite diffusion is 0.9 to 1.7 eV/H». The intra-crystallite diffusion takes place with hydrogen atoms
dissociated and not yet trapped or detrapped from Trap 2 sites. Once dissociated or detrapped, the atoms
migrate inside the crystallites, diffuse between graphite basal planes, and are finally trapped by Trap 1 sites.
The reaction-kinetics-controlled process is attributed either to molecular dissociation or to Trap 2 detrapping;
the activation energy is 1.25 eV/H,. The enthalpy of Trap 1 is large enough that, at the uptake temperatures
and pressures of interest for fission and fusion applications, the equilibrium constant of the trapping reaction
is very high, and the reaction rate of the detrapping from Trap 1 is negligible.

Hydrogen desorption has a different rate-limiting step (RLS) and hence different kinetics, depending
on how the hydrogen is retained in the graphite (Table 4 and Figure 2): molecular hydrogen confined in
closed pores (Peak 1) is desorbed through a diffusion-controlled process [58]; hydrogen dissolved as a solid
solution on graphite basal plane (Peak 2) desorbs through a recombination-controlled process [58]; hydrogen
trapped in Trap 2 sites (Peak 4) is desorbed through an inter-crystallite diffusion-controlled [32] or a
recombination-controlled process [63]; hydrogen trapped in Trap 1 sites (Peak 5) desorbs through a
detrapping-controlled process [32]. Table 4 compiles activation energies from experiments of hydrogen
desorption at constant temperature. Two possible desorption kinetics have been postulated in literature: an
exponential time-dependence for unirradiated samples that would indicate that hydrogen retained in less
energetic reactive sites (i.e. hydrogen in pores, physisorbed and in Trap 2) is desorbed earlier than hydrogen
in deeper trapping sites (i.e. Trap 1); and a square-root time dependence for irradiated samples that would
indicate that desorption is diffusion-controlled from Trap 2.

Uptake kinetics is strongly decreased by neutron irradiation and increased by oxidation, but the data
and mechanistic descriptions are limited. Diffusion coefficients are reported to be as little as 1/40 of the
unirradiated values [48] with irradiations below 0.1 dpa. Uptake rates partially increase at larger doses but
remain lower than for unirradiated samples (Figure 7). Only few TDS of irradiated graphite exist in literature
(Table 6). A direct comparison of the TDS of irradiated and unirradiated samples has been performed only in

one study, for samples loaded at a partial pressure of 100 kPa.
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Oxidation of graphite appears to increase the uptake rate and apparent diffusion coefficient of
hydrogen (up to a factor eight, and mainly with lower outgassing temperature) [34] and to reduce the surface-
to-bulk ratio [36]. Desorption studies of pre-oxidized graphite are not available in literature. Graphite pre-
oxidation leads to an increase in Trap 2 sites available for hydrogen chemisorption, provided that oxygen and
oxidation products have been degassed prior to hydrogen uptake [23,34] (Figure 8). Therefore, we postulate
that pre-oxidized samples should present a larger Peak 4 and their constant temperature hydrogen desorption
should manifest a square-root time dependence; such data is absent from literature, as is a variability of
effects with the different possible oxidizers.

Isotopic effects on the kinetics of uptake and desorption have been shown by computational and
experimental studies to deviate from the classical diffusion theory, in which the diffusivity coefficients of
isotopes in metals scale with the inverse of the square root of the mass of the isotopes. Desorption frequencies
of recombination-controlled processes were shown to be proportional to //m. [35,76]. Activation energies of
diffusion-controlled processes and recombination process were shown to be generally insensitive to isotopic
effects [34], [88].

As shown in Table 2 for sample thicknesses on the order of cm, the time required to reach
thermodynamic equilibrium spans from less than one hour to eighty hours. Estimates of apparent diffusion
coefficients are not available at low partial pressures, such as 20 Pa. Extrapolating the trapping effects at these
pressures (Equations 3-6), apparent diffusion coefficients are postulated to be 35% to 80% of the inter-
crystallite diffusion coefficients otherwise measured at higher H» partial pressures. As a result, the time
required to reach thermodynamic equilibrium for tritium uptake at FHR conditions may be longer than that of
studies at higher pressures and may exceed the pebble residence time in core. The reduction of uptake rates
with irradiation could also decrease the effectiveness of pebbles as a vector for removal of tritium in FHRs. If
we assume that the time to thermodynamic equilibrium increases by a factor of 40 with irradiation, then it
could take more than 1000 days for the pebbles to reach its hydrogen uptake capacity.

Constant-temperature desorption of hydrogen from graphite is relevant for degassing of tritium-
loaded FHR pebbles. Tritium degassing may take place in-between consecutive irradiation of the pebbles or
after the pebbles are ultimately discharged. If degassing is expected to take place in-between irradiation
periods, these periods should be long enough to allow for the desired fractional desorption of tritium. Using
the exponential relation from [65] with a degassing temperature of 1150 °C, we find that about 100 hours
would be required for a tritium fractional desorption of 80%. This interval is comparable to the time spent by
the pebbles in the defueling chute. Using the square-root relation developed by [81] with a degassing
temperature of 1100 °C, the estimated degassing time would increase to around 11,000 hours (1.25 years,
making full degassing during the out-of-core passes impractical, but degassing before spent fuel disposal still

feasible). Nevertheless, as the uptake capacity of irradiated graphite is high and hydrogen uptake in-core in
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the irradiated graphite is kinetically limited, partial tritium removal during recirculation passes may be
acceptable.

We highlight numerous gaps that prevent from a full description of hydrogen uptake and desorption
behavior. Experimental gaps are particularly concentrated around pressure, temperature, irradiation, and
oxidation conditions of great interest for FHRs operations and accident scenarios. Hydrogen uptake
experiments seem to suggest that uptake occurs in a two-stage process, but the kinetics and rate-limiting steps
are far from being convincingly explained. The interpretation of TDS is not univocal; authors have attributed
some of the desorption peaks (e.g. Peak 4 and Peak 5) to different RLS and have estimated alternative
desorption activation energies. It is not clear whether RLS and activation energies are the same across grades
or are influenced by microstructure. It is not clear whether irradiation causes changes to the RLS and
diffusion activation energies. Estimates of apparent diffusion coefficients at low partial pressures, such as 20
Pa, are not available. In this review, we extrapolate apparent diffusion coefficients at these pressures using a
model developed for interstitial diffusion in metal. The validity of this model for hydrogen diffusion in
graphite needs to be verified experimentally with uptake studies at low pressures. Constant-temperature
hydrogen desorption have been described with exponential and square-root time evolutions. Such attributions
are derived from few experimental results and lead to opposite theoretical conclusions (variable vs constant
activation energies) and to significant variability in predictions for desorption time longer than one hour. In
the future, producing a wide database of desorption experiments, under variable experimental conditions
(uptake and desorption temperature, uptake pressure, graphite grade, oxidation, and irradiation conditions)
could support mechanistic models to identify the appropriate desorption behavior and would increase the
accuracy for long desorption time extrapolations. Only few TDS of irradiated graphite exist in literature and
these TDS are not representative of FHR conditions (pressures of 100 kPa vs 20 Pa). The spectra seem to
show the same peaks as unirradiated samples, but the evidence cannot be considered conclusive. Desorption
studies of pre-oxidized graphite are not available in literature. We speculate that desorption spectra of pre-
oxidized graphite should present a larger Peak 4 than non-oxidized sample and that constant temperature
degassing of pre-oxidized graphite should manifest a square-root time behavior, but our hypotheses need to be
verified with experimental TDS and constant-temperature desorption studies. Moreover, the effects that pre-
oxidation plays on uptake kinetics and desorption behavior may depend on the specific oxidizing species (air,
H,, O,, CO»). A direct comparison of uptake and desorption studies on graphite pre-oxidized with these
species may highlight the potential differences on kinetics as well as on thermodynamics. Lastly, studies on
the isotopic effects on kinetics are limited to diffusion-controlled and recombination-controlled processes.
Investigating the effects on detrapping-controlled processes would be relevant for FHR designers, as about

25% of tritium in an FHR would desorb from Trap 1 with a detrapping-controlled process.
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