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Kinetics and mechanism of hydrogen adsorption in as-obtained and ground nuclear graphite
Wendelstein 7-X are examined. In the first time interval the adsorption process is determined
by dissociation of the hydrogen molecule, occurring at the outer surface and in open
micropores of nuclear graphite particles. However, in the second time interval, the slowest
step in the hydrogen adsorption is inter-granular and inter-crystallite diffusion in nanopores
of graphite. The X-ray analysis shows, that grinding of as-obtained nuclear graphite results in
finer particles with finer nanocrystals and larger density of opened pores and carbon reactive
sites. The capacity and rate of adsorption increase with comminution of nuclear graphite particles and adsorbed hydrogen does not substantially alter the microstructure of nuclear
graphite.
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INTRODUCTION
Carbon materials have been of great interest for
nuclear applications since they exhibit high hydrogen
retention even at high temperatures [1-4]. In the
next-generation advanced fission reactors, including
solid fuel fluoride salt-cooled high temperature reactors [5], dissolved fuel molten salt reactors [6] and
high temperature gas cooled reactors [7], carbon materials have been proposed as moderating and structural
materials, where, they interact with substantial
amounts of produced tritium. In fusion systems, considerable attention has been focused on determining
the behavior of tritium on graphite due to their potential application as a heat-resistant, highly heat-conductive, first-wall materials [8, 9]. The worldwide use of
nuclear graphite results in more than 250 000 tons of
irradiated nuclear graphite that requires special treatment [10]. Tritium is rather short lived with a half-life
of about 12.3 years [11]. However, after shutting down
the nuclear reactor, in the first years 80-90 % activity
of the irradiated nuclear graphite originates from tritium and carbon 14 [12]. Tritium could be easily released from irradiated nuclear graphite and thus, pres* Corresponding author, e-mail: smilica84@gmail.com

ent a serious radiological health concern [13, 14].
Therefore, the removal of tritium from irradiated
graphite is one of the most important aims of decontamination of nuclear graphite.
Nuclear graphite has a complex structure that differs from the ideal mono-crystallites, which are nominally composed of ABAB-stacked graphene layers. Despite chemical inertness of carbon atoms in an infinite
and perfect lattice, the edges of the graphene layers and
defects within them are reactive carbon sites tritium can
bind for. Enthalpies of adsorption of these reactive carbon sites are different and depend on the specific chemical environment of each site. The adsorption of hydrogen
(tritium) on the zig-zag and armchair edges are substantially more stable than on the perfect graphite surface
[15-17], e. g., Lechner et al. [15] determined the adsorption energy, Ead, for hydrogen on the perfect surface
(–0.68 eV or –0.73 eV), Ead for hydrogen on zig-zag and
armchair edges (–4.99 eV and –3.73 eV), and Ead for hydrogen on zig-zag and armchair reconstruction edges
(–2.80 eV and –2.63 eV). Hydrogens are preferentially
adsorbed on the adjacent carbon sites until each carbon
site adsorbs the second hydrogen [4]. Armchair + 8H is
considered as the most stable edge at reasonable temperature and hydrogen (or tritium) pressure [4]. Hydrogen
can also firmly bind to point defects, such as mono and
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di-vacancies, with less strong binding to a divacancy
than to mono-vacancy [15, 18-20]. Graphite porosity is
rather complex. It contains micropores among grains and
nanopores, among crystallites [21]. The porosity can be
either open porosity or closed porosity [21, 22]. Since
hydrogen and tritium are isotopes with similar physical
and chemical properties, theoretical studies with the aim
of simulating the behavior of tritium in nuclear graphite
are performed with hydrogen instead of tritium [14, 23,
24]. Therefore, an understanding and prediction of hydrogen behavior on carbon materials is essential for evolution of performance and safety of present and future reactor design. In general, it is considered that hydrogen
chemisorbs onto graphitic material via chemical bending. However, the generally proposed mechanism has
been inconsistent, i. e., adequate for some studies and
completely improper for others [4, 8, 25, 26]. According
to findings of Shirasu et al. [27], the adsorption isotherm
followed Sievert's law, suggesting a simple dissociative
adsorption process. This result is also confirmed by
Strehlow [28]. Based on the results from temperature
desorption studies, Atsumi et al. [29, 30] have proposed
a co-existence of multiple adsorption and desorption
modes. They suggested a hydrogen transport and adsorption model, which elucidate both porous diffusion and
dissociative trapping. In this model, the edges of the
graphite sheets present under-coordinated carbon atoms
that have high hydrogen reactivity [29-32]. Lam et al.
[23] found a good positive correlation between the hydrogen adsorption, and the surface area and pore volume,
which is the result of the increase in available active site
density. They modeled the chemisorption isotherms with
several two- and three-parameter isotherms, namely the
Langmuir, Temkin, Freundlich and Sips models. The kinetic and mechanism for adsorption and desorption of
hydrogen in nuclear graphite and the effect of the type of
graphite on these processes have been studied by many
research groups [22, 29, 33-45]. Most authors considered the slow inter-granular diffusion and inter-crystallite diffusion as the slowest step of the hydrogen adsorption and desorption process. Vergari et al. [22] have
shown that hydrogen adsorbs in nuclear graphite: (a) as
H2 in closed porosity, (b) as physiosorbed on graphitic
planes, and (c) as chemisorbed at reactive carbon sites.
When exposing graphite to a hydrogen gas, the H2 molecules penetrate the sample surface, diffuse through the
open pores and reach the surface grain [22]. The diffusion through the open pores is a rapid process [22]. In the
closed porosity, the access of the H2 molecules to the surface of the grains is enabled by the inter-granular and
inter-crystallite diffusion. Within the graphite grain, hydrogen diffuses as a molecule via inter-crystallite diffusion (a diffusion-controlled process) and as an atom, via
intra-crystallite diffusion (a reaction-kinetics-controlled
process) [22]. The inter-crystallite diffusion process is
decelerated by adsorption at reactive carbon sites. The
intra-crystallite diffusion starts with dissociation of hydrogen atoms. The dissociated atoms diffuse between

graphite-based planes and are finally adsorbed at the reactive carbon site [22]. The reaction-kinetics-controlled
process is attributed to molecular dissociation. Hydrogen
desorption has a different rate-limiting step and kinetics
that depend on the way the hydrogen is kept in the graphite: molecular hydrogen confined in closed pores desorbs
through a diffusion-controlled process [22], hydrogen
dissolved as a solid solution on graphite basal plane is
desorbed through a recombination-controlled process
[22], hydrogen adsorbed at edges desorbs through an
inter-crystallite diffusion-controlled [43] or, a recombination-controlled process [44], and hydrogen adsorbed
in vacancies desorbs through a desorbing-controlled process [43]. However, in spite of a large number of publications regarding this subject, kinetics and mechanism of
hydrogen adsorption and desorption has not been clarified yet. Thus, the aim of this study was to investigate the
effect of the relative density of open pores on the kinetics
and mechanism of hydrogen adsorption in nuclear
graphite. Also, it was examined how the adsorption process affected the microstructure of graphite.
EXPERIMENTAL

In order to investigate kinetics of the hydrogen
adsorption, as-obtained and ground samples of nuclear graphite Wendelstein 7-X were used. Graphite
was ground in a planetary ball mill (Retsch PM-400).
The grinding time of the powder was from 50 to 130
min. Hydrogen adsorption and an effect of adsorption
on microstructure of as-obtained and ground powders
were examined. Adsorption of hydrogen is performed
using a chamber, with the thermoregulation system
and different mercury pressure gauge. The volume of
the chamber was 120.53 cm3. Samples were de-gassed
prior to hydrogenation. The hydrogen adsorption was
measured: (a) during the sample heating from 30 to
160 °C, by rate 14 °Cmin–1 and (b) under isothermal
conditions at temperature of 70 °C.
The X-ray diffraction patterns of samples were
obtained using a Bruker DM (XRD) instrument in
Bragg-Brentano geometry with a grazing incidence
angle of 0.5° using CuKa (lka = 0.154 nm) radiation.
Diffraction data were acquired over the scattering angle 2q from 10° to 90° with step of 0.05°.
RESULTS AND DISCUSSION

The hydrogen adsorption on nuclear powders,
ground for 50, 90, and 130 minutes, is studied. During
the adsorption process, pressure inside the chamber
with the graphite sample, is determined. Dependance
of pressure on the time of hydrogen adsorption, on the
samples of nuclear graphite, is shown in fig. 1.
Figure 1 shows that initial time interval is characterized by the exponential pressure drop. In the following (second) time interval the pressure drop is slower,
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Figure 1. Hydrogen pressure as a function of adsorption
time on the samples of nuclear graphite ground for:
¡ – 50 minutes, o – 90 minutes, and r – 130 minutes.
Temperature inside the chamber was 70 °C

Figure 2. Logarithm of the hydrogen pressure Lnp as a
function of time t on nuclear graphite ground for:
¡ – 50 minutes, o – 90 minute, and r – 130 minute at
temperature of 70 °C

whereas after a longer period of time the pressure asymptotically approaches to the final value. The samples
of examined nuclear graphite are porous and contain
open micropores. The diffusion process in these
micropores is rapid and thus, during the adsorption process the hydrogen pressure inside pores is equalized
with that in the chamber. At the outer surface of graphite
particles and the graphite surface in pores, the hydrogen
molecules and surface carbon atoms collide. During
collision between hydrogen molecules, whose energy is
greater than the energy of activation of dissociation of
H2 molecules, the following reaction occurs

Separation of variables in the eq. (4) and integration with boundaries from c0(H2) to c(H2) and from
t = 0 to t = t result in

H2 + C2 ® 2CH

(1)

The adsorbed hydrogen atoms, formed in this reaction, reach reactive carbon sites by rapid surface diffusion, where they are chemisorbed.
The rate of reaction (1) is determined from the
following eq
-

dc( H2 )
= k 2 c( H2 )N(C t )
dt

(2)

where c(H2) – concentration of hydrogen in the chamber, t-time, k2 – rate constant and N(Ct) – the total number of carbon atoms at the outer surface of graphite particles and the graphite surface in open micropores. At
the outer surface and the surface of open pores, reactive
carbon sites are zig-zag and armchair, and reconstructed
zig-zag and armchair edges. Adsorption of hydrogen at
reactive carbon sites reduces the total number of available free C atoms at the graphite surface. However, this
effect is negligible since the number of reactive carbon
sites N(CR) is substantially lower than the total number
of surface C atoms, N(Ct). Therefore
N(C t ) » const

(3)

and
-

dc( H2 )
= kc( H2 )
dt
k = k 2 N(C t )

(4)
(5)

c( H2 ) = kc 0 ( H2 )exp( -k × t )

(6)

From the eq. (6) a linear dependance of lnc(H2)
on t is obtained. Since
p
(7)
c=
RT
then there is a linear dependence of logarithm of the
hydrogen pressure in the chamber, on time of adsorption occurrence. Where R – is the universal gas constant and T – temperature expressed in Kelvin. Figure
2 shows the dependance of lnp on t in the initial (first)
time interval of the hydrogen adsorption process.
Diagram from fig. 2 shows that the experimental
results corroborate the theoretically obtained dependance, described by the eq. (6). These findings indicate
that in the initial time interval, the hydrogen adsorption
on nuclear graphite, is a pseudo first-order reaction,
with dissociation of hydrogen molecules as the rate determining step. With increasing the grinding time a
slope of line lnp-t raises, whereas the length of initial
time interval declines, fig. 2. The increase in grinding
time results in finer graphite particles and thus, the
larger total outer surface area and a greater number of
surface carbon atoms per unit weight of the sample. According to eq. (5), this effect causes the increase in both
the value of constant k and the slope of lines ln-t. From
the eq. (5), it was determined that the increase in grinding time from 50-90 minutes and finally 130 minutes,
results in the increase of the number reactive carbon
sites with N50(Ct) at 3.4 N50(Ct) and 5.5 N50(Ct). A particle comminution of nuclear graphite causes a quicker
increase in the number of surface carbon atoms than the
number of reactive carbon sites, resulting in decline in
the length of the initial time interval of the hydrogen adsorption. In the second time interval, the rate determin-
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ing step in the hydrogen adsorption process on nuclear
graphite is the inter-granular diffusion of molecular hydrogen in nanopores to closed pores and carbon reaction sites (zig-zag, armchair and, reconstructed zig-zag
and armchair edges) and inter crystallite diffusion of
molecular hydrogen in nanopores to carbon reactive
sites. The intra-crystallite diffusion of atomic hydrogen
between graphite basal planes to mono-vacancies and
di-vacancies occurs simultaneously. In nuclear graphite, the intra-crystallite diffusion is substantially less evident than simultaneous inter crystallite diffusion. In the
second time interval, the rate-determining step is
non-stationary diffusion of hydrogen in nanopores. As
a result of this diffusion, the coverage degree of carbon
active sites in nanopores with hydrogen increases.
Greater coverage decelerates the rate of non-stationary
diffusion, dp/dt. Solution of the equation for non-stationary diffusion indicates the linear dependance between the rate of diffusion expressed as dp/dt and t–0,5.
The data from fig. 1 was used to determine values for
the rate of diffusion dp/dt and t–0,5 in the second time
interval. Dependance of dp/dt on t–0,5 is shown in fig. 3.
The obtained linear dependance between dp/dt
and t–0,5, shown in fig. 3, corroborates that the rate of
the hydrogen adsorption process in the second-time
interval is determined by the slow diffusion.
The hydrogen adsorption on nuclear graphite
is observed during the sample heating from 30 °C to
160 °C with a heating rate of 14 °C min–1. Figure 4
shows dependance of pressure on temperature in the
absence, pe and the presence of graphite sample, pp.
The pressure difference, Dp = pe – pp, as a function of
temperature is also presented in this figure.
As shown in fig. 4, the adsorption starts at
around 60 °C. Below this temperature, energy of the
hydrogen molecule is insufficient to overcome the activation energy of the dissociation reaction (reaction
1). In the temperature range of 60 to 105 °C adsorption
exponentially increases. In this temperature interval,
the sample is heated to 105 °C for 192 seconds. As

Figure 3. The rate of hydrogen diffusion, dp/dt, in
ground nuclear graphite as a function t–0,5 at 70 °C.
Graphite is ground for:  – 50 minutes, £ – 90 minutes
and r – 130 minutes

Figure 4. The pressure in the chamber as a function of
temperature in: – the absence,  – presence of graphite
sample, and D – the pressure difference, Dp, as a function
of temperature. The heating rate of the sample ground
for 130 minutes is 14 °C min–1

shown in fig. 2, the rate of the adsorption process in
this time interval and at these temperatures is determined by dissociation of hydrogen molecules (reaction 1). This chemical reaction, according to the
Arrhenius equation, exponentially rises with increasing temperature. In the temperature range of 105 °C to
160 °C, the increase in temperature and adsorption
time results in linear increase in the adsorption rate,
fig. 2. In this temperature and time interval, in accordance with fig. 2, the adsorption rate is determined by
slow inter-granular and inter-crystallite diffusion of
molecular hydrogen to carbon reactive sites in
nanopores. Under these circumstances, non-stationary
diffusion in nanopores is a complicated function of
time and temperature [22-24, 29-45].
Adittionaly, with increasing temperature the intensity of intra-crystallite diffusion of atomic hydrogen between graphite basal planes to mono-vacancies,
di-vacancies and other carbon reactive sites also increases. The diffusion rate is as well affected by the
shape of function of nanopores size distribution [4].
Properties of this function depend on a degree of irradiation of nuclear graphite and grinding time, as demonstrated in this study [21-24, 29-47]. Nuclear graphite exposed to irradiation changes its microstructure
with time. Crystallinity declines and thus the number
of reactive carbon sites increases. In order to examine
the effect of the particles and nanocrystals size as well
as density of reactive carbon sites, nuclear graphite is
ground for different periods of time in a planetary ball
mill. Subsequently, the microstructure of the ground
powders is determined. The effect of microstructure
on the hydrogen adsorption is analyzed. The XRD
analysis is used to determine microstructural properties of as-obtained nuclear graphite. The XRD pattern
exhibits a relatively sharp diffraction peak at about
26.4°, which corresponds to the reflection in the (002)
plan of graphite layers, and four less pronounced
peaks at about 42.5°, 43.7°, 54.2° and 77.8° for graphite planes (100), (101), (004), and (110), fig. 5.
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Figure 5. The XRD pattern of the as-obtained nuclear
graphite

The XRD pattern of graphite shows two characteristic peaks. The (002) peak originates from the orientation of the aromatic ring carbon reticulated layer
in three-dimensional arrangement. The second characteristic peak is the (100) peak, which is attributed to
the degree of condensation of the aromatic ring, referring to the size of the carbon mesh slice of the aromatic
ring. The narrower and the higher the (100) peak, the
larger the size of the aromatic layer slice [35]. The
afore-mentioned theory and the XRD-results indicate
the existence of very small graphite microcrystalline
structures in nuclear graphite. Grinding of nuclear
graphite causes a decrease in the intensities of the all
diffraction peaks and widening of their half heights,
compared to as-obtained nuclear graphites. This finding indicates the decrease in stacking structure of the
aromatic layer in the ground nuclear graphite, fig. 6.
Therefore, grinding of nuclear graphite results in finer
particles that consist of finer nanocrystals with higher
density of carbon reactive sites and greater density of
open pores.
In order to examine an effect of hydrogenation
on microstructure, diffractograms of a hydrogenated
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Figure 7. The XRD patterns of hydrogenated samples of:
(a) as-obtained nuclear graphite and (b) nuclear graphite ground for 30 minutes

sample of as-obtained nuclear graphite, and
hydrogenated and ground sample of nuclear graphite
are recorded, fig. 7.
Diffraction peaks of both hydrogenated samples,
fig. 7 are of same intensity and have the identical widths
at half heights, as the diffraction peaks of non-hydrogenated samples, fig. 6. This indicates that the sample hydrogenation does not cause collision of nanocrystals in
nuclear graphite. However, the 2q peaks maximums of
the plane (002) of the hydrogenated powders is slightly
shifted towards lower angles. The shift is marginally
greater for powders ground for longer times. This finding suggests that the graphite nanocrystalline layers
spacing (d002) is getting higher for the hydrogenated
samples [34]. The XRD analysis reveals a higher adsorption capacity of nuclear graphite with finer particles composed of finer nanocrystals, and also corroborates hydrogen chemisorption manly on zig-zag and
armchair edges, and the zig-zag and armchair reconstruction edges. The increase in point defects, mono and
di-vacancies, during grinding is of substantially lower
intensity than the increase of carbon reaction sites located at the edges of graphite layers.

CONCLUSION

Figure 6. The XRD patterns: (a) as-obtained nuclear
graphite and (b) nuclear graphite ground for 50 minutes

In this paper, the kinetics and mechanism of hydrogen adsorption on as-obtained and ground samples
of nuclear graphite Weldenstein 7-X were determined.
The samples were ground for 50, 90, and 130 minutes.
For all the samples, in the initial time interval, the adsorption rate was determined by the pseudo first-order
reaction, i. e., dissociation of the hydrogen molecules,
which occurred at the outer surface and in open
micropores of nuclear graphite particles. In the second
time interval, the rate determining step in the mechanism of the adsorption process, was inter-granular and
inter-crystalline diffusion of molecular hydrogen in
nanopores, to carbon reactive sites. The X-ray analysis
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revealed that the as-obtained and ground samples were
composed of nanocrystals. With increasing grinding
time, finer particles with lower mean size of
nanocrystals, larger density of open nanopores and
greater number of carbon reactive sites were formed.
The nuclear graphite, with larger number of carbon reactive sites showed the higher capacity for the hydrogen storage and faster occurrence of adsorption on this
sample. Adsorbed hydrogen did not deteriorate the
crystalline lattice of nuclear graphite. The sample
hydration just slightly increased the graphite
nanocrystalline layer spacing, d002.
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Miroslav D. SPASOJEVI], Aleksa M. MARI^I]
ADSORPCIJA VODONIKA U NANOKRISTALNOM NUKLEARNOM GRAFITU
Determinisana je kinetika i mehanizam adsorpcije vodonika u sve`em i mlevenom
nuklearnom grafitu Wendelstein 7-X. Pokazano je da u prvom vremenskom intervalu brzinu procesa
adsorpcije odre|uje disocijacija molekula vodonika koja se odvija na spoqnoj povr{ini i u
otvorenim mikroporama nuklearnog grafita. U drugom vremenskom intervalu najsporiji stupaw u
procesu adsorpcije vodonika je difuzija u nanoporama lociranim izme|u ~estica i izme|u kristala
nuklearnog grafita. Analizom pomo}u X-zraka ustanovqeno je da mlevewem sve`eg nuklearnog
grafita nastaju sitnije ~estice sa sitnijim nanokristalima i ve}om gustinom otvorenih pora i
reaktivnih atoma ugqenika. Kapacitet i brzina adsorpcije rastu sa usitwavawem ~estica
nuklearnog grafita. Adsorbovani vodonik zna~ajnije ne mewa mikrostrukturu nuklearnog grafita.
Kqu~ne re~i: adsorpcija vodonika, porozan grafit, povr{ina, nanokristalni nuklearni
..........................grafit, kinetika i mehanizam

