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Abstract. In the context of increasing demands for efficient hydrogen isotope storage
in nuclear and non-nuclear energy applications, metal hydrides have gained significant
attention as safe and viable storage methods. Their reversible absorption capability, high
volumetric storage density, and stability under radiation exposure make them suitable
candidates for advanced energy systems. However, the practical use of metal hydrides is often
constrained by the kinetics of hydrogen absorption and desorption processes, which play a
decisive role in material performance. Titanium is a promising hydrogen-storage material
owing to its low density and high affinity for hydrogen, which enables the formation of stable,
reversible metal hydrides. This study investigates the hydrogenation kinetics of Ti powder and
determines the activation energy of the hydriding process using thermogravimetric analysis
data and an Arrhenius plot. Ti powder was activated at 800 °C under Ar and subsequently
hydrogenated at 300, 400, and 500 °C for 20 hours. Kinetic analysis, based on mass-variation
data, reaction rates, and degree of conversion, reveals a multi-stage process involving
surface-controlled reactions, diffusion-controlled growth, and equilibrium saturation.
Arrhenius analysis indicates changes in the rate-controlling mechanism during hydrogen
absorption. The tendency to reach the absorption equilibrium state was observed to occur
more rapidly at 300°C, while the rate decreased as the temperature increased to 400°C and
500°C. Furthermore, it was found that higher temperatures led to greater absorption
capacity. Overall, the titanium—hydrogen system exhibits complex, temperature-dependent
kinetics, supporting its applicability in hydrogen storage technologies.

Keywords: hydrogen isotope storage; titanium hydride; metal hydrides; hydriding
kinetics; thermogravimetry; Arrhenius analysis.

1. INTRODUCTION

The identification of materials for hydrogen isotope storage that ensure high safety
and efficiency is of major importance, particularly in nuclear fission and fusion energy
research. These efforts are driven by the need to manage tritium generated during the
operation of nuclear fission reactors, to ensure its storage, and to enable its subsequent use as
a fuel in fusion reactors. In recent years, growing concerns about global warming and the
urgent need for clean, sustainable energy sources have further increased interest in hydrogen
and its storage. Hydrogen is considered a promising energy carrier because it does not
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contribute to atmospheric pollution and is not directly dependent on exhaustible fossil
resources.

Three main methods for hydrogen storage are currently known: (i) gaseous storage (in
pressurised tanks and cylinders), (ii) liquid storage (at cryogenic temperatures), and (iii) solid-
state storage (via absorption or adsorption in various hydrogen-absorbing materials) [1-6].
Owing to its numerous advantages reported in the scientific literature [7-12] (relatively low
operating pressures, high safety, the absence of evaporation losses, and high storage capacity),
solid-state storage is considered the safest and most practical approach for hydrogen isotope
storage and transportation.

Regarding this promising storage method, considerable research efforts focus on
identifying materials that meet as many of the requirements for efficient hydrogen storage as
possible [13-15], as shown in Fig. 1.
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Figure 1. Requirements for hydrogen storage materials.

Metal hydrides are among the most promising classes of materials for hydrogen
isotope storage applications. However, their practical application is strongly influenced by the
kinetics of hydrogen absorption and desorption, which govern the material's hydriding and
dehydring rates [16-18]. Therefore, a thorough understanding of these mechanisms is essential
for the development of efficient and sustainable hydrogen isotope storage solutions. The study
of the metal-hydrogen system provides valuable insight into the interaction between
hydrogen and metals during hydride formation, as well as into the kinetic and thermodynamic
mechanisms involved. Such knowledge is crucial for the development and optimization of
materials for hydrogen storage, particularly in energy applications.

Understanding the fundamental concepts of hydrogen sorption in metals [19] is
essential, as it provides the theoretical framework for interpreting absorption and desorption
mechanisms. It explains how hydrogen interacts with metals, defines key sorption parameters,
and facilitates interpretation of experimental results. Research on hydrogen absorption and
desorption kinetics aims to understand the underlying molecular mechanisms and to identify
factors that affect reaction rates, such as temperature, pressure, and material structure. Kinetic
studies also enable the determination of key parameters [20], such as reaction rate constants
and activation energies, providing essential information for optimizing material performance.
Among the materials of interest, titanium and its alloys are particularly attractive due to their
low density and high affinity for hydrogen, allowing the formation of metal hydrides.
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Although numerous studies have reported the hydrogen absorption behaviour of
titanium, differences in experimental conditions often lead to variations in the reported kinetic
parameters and proposed reaction mechanisms. Therefore, further investigation is required to
better understand the relationship between hydriding temperature, kinetic behaviour, and the
mechanisms controlling hydrogen absorption.

Most studies have focused on phase formation, hydrogen storage capacity,
thermodynamic behaviour, or the characterization of hydride phases. Comparative Kinetic
analyses combining thermogravimetric measurements, conversion-factor analysis, multiple
solid-state kinetic models, and Arrhenius evaluation over a wide conversion range remain
relatively limited. Therefore, the objective of the present paper is to investigate the hydriding
behaviour of titanium in the Ti-H system at three different temperatures by correlating
thermogravimetric data with kinetic modelling and Arrhenius analysis. This approach enables
the identification of the dominant mechanisms governing the different stages of hydrogen
absorption and provides a more comprehensive description of the hydriding process under the
investigated conditions.

1.1. METAL — HYDROGEN INTERACTION

Metal hydrides are formed when transition metals react with hydrogen, typically in a
reversible manner. The general reaction for hydride formation is given by Equation (1):

X

M
+2

H, & MH, + AH 1)

where M is the metal, x represents the stoichiometric ratio of hydrogen to metal, indicating
how many hydrogen atoms are bonded to each metal atom, and AH is the enthalpy of hydride
formation [21].

The formation of metal hydrides is a multistep process that proceeds through several stages
and phase transformations before a hydride with a specific stoichiometry is obtained [21-28],
as schematically illustrated in Fig. 2.
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Figure 2. Metal hydride formation process.
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In titanium, hydrogen absorption leads to the formation of different crystalline phases,
depending on the absorbed hydrogen content, temperature, and pressure. To better understand
the hydriding mechanism, the phase diagram of the titanium-hydrogen system is shown in
Fig. 3 [29]. As observed, several allotropic forms are present, as reported in the scientific
literature [30], including the a, B, 6, and € phases, whose stability depends on hydrogen
concentration, temperature, and pressure.

At low hydrogen concentrations, hydrogen forms interstitial solid solutions in the a—Ti
(hcp) and B-Ti (bcc) phases, whereas at higher concentrations, hydride phases are formed.
The solubility of hydrogen in a—Ti at room temperature is approximately 0.12 at.% H and
increases with temperature, reaching a maximum value of 7.9 at.% (i.e., at.% is atomic
percentage) at the eutectic temperature of 300 °C. This value remains approximately constant
up to 600 °C, after which it decreases.
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Figure 3. Ti — H phase diagram.
Source: image reproduced as is from [29].

At temperatures above 880 °C, pure titanium exhibits a body-centred cubic structure
(B-—Ti). The presence of dissolved hydrogen lowers the a-to-p phase transition temperature (f3-
transus), thereby acting as a B-phase stabiliser. The stable hydride phase with the lowest
hydrogen concentration, the 6-phase, which has a face-centred cubic (fcc) structure of the
CaF: type. This phase can coexist with a—0 or —0 solid solution mixtures over a wide range
of hydrogen compositions. At room temperature, it forms a single-phase material in the
hydrogen concentration range of 6066 at.% H, while this range becomes broader at elevated
temperatures. The e-phase, which is a tetragonally distorted fcc hydride with an axial ratio c/a
<1, forms at high hydrogen concentrations, where the atomic ratio H/Ti is approximately 2:1.

Finally, a metastable hydride precipitates within the a—Ti(H) solid solution, in which
the hydrogen content ranges from 1 to 3 at.%. This hydride is referred to as the y-phase and
has a tetragonal structure with an axial ratio c/a > 1 [29, 31, 32].

1.2. KINETIC MEASUREMENT TECHNIQUES

The hydrogen absorption/desorption properties can be determined using various gas
sorption measurement techniques, the principal ones being volumetric and gravimetric
methods [34-38]: (i) the volumetric method is based on monitoring pressure variations within
a calibrated volume; (ii) the gravimetric method relies on recording the change in mass of a
sample subjected to a hydrogen absorption or desorption process. When the variation in the
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mass of a sample is measured as a function of temperature, the thermogravimetric analysis
(TGA) is used. In this paper, hydrogen sorption behaviour in titanium powder was analysed
using the thermogravimetric method.

2. EXPERIMENTAL INVESTIGATION OF HYDROGEN ABSORPTION IN
TITANIUM POWDER

2.1. MATERIALS AND EQUIPMENT

For the performed experiments, elemental Ti powder supplied by Alfa Aesar (Thermo
Scientific, Waltham, US) was used. According to the manufacturer's certificate of analysis,
the powder had a purity of 99.4% and a particle size of —100 mesh (~149 pum). The
atmospheres used during the experiments were: (i) an inert atmosphere of argon with a purity
of 99.999%; (ii) a hydriding atmosphere of hydrogen with a purity of 99.995%.

The experiments were performed using a SETARAM Setsys Evolution 24
thermoanalyzer (Setaram, Caluire-et-Cuire, France). The instrument operates at atmospheric
pressure and temperatures up to 1400°C, and can be used under various gaseous atmospheres.
The furnace is equipped with a microbalance capable of measuring masses from 200 mg to
+2 g. Experimental programming and data acquisition were performed using the SETARAM
Setsoft 2000 software (Setaram, Caluire-et-Cuire, France).

2.2. EXPERIMENTAL HYDRIDING METHOD

The first step in conducting the experiments consisted of weighing the titanium
powders required for the study. To investigate hydrogen absorption at three temperatures,
three Ti powder samples were prepared. The required quantities were determined by weighing
using an analytical balance, with a precision of +0.00001 g. Each sample was introduced
individually into the thermoanalyser and processed according to the experimental program
after initialization.

It should be noted that most materials are reactive and tend to form surface oxides that
hinder hydrogen absorption; therefore, most metal hydrides require an activation step [37].
For the Ti powder, activation was performed by heating the sample from 25 °C to 800 °C (at a
rate of 50 °C/min), holding it at 800 °C for 1 h, and then cooling it to the target hydriding
temperature (at a rate of 20 °C/min). These steps were conducted under an argon (Ar)
atmosphere. After activation, the hydriding stage was initiated by maintaining the samples at
the target hydriding temperature for 20 h in a hydrogen atmosphere. Three hydriding
temperatures were investigated in this study: 500 °C (sample 1), 400 °C (sample 2), and 300
°C (sample 3).

Investigating the hydrogenation kinetics at 300 °C, 400 °C, and 500 °C is relevant
because hydrogen behaviour in titanium is strongly temperature-dependent, both
thermodynamically and kinetically. At ~300 °C, the system is in the region where hydrogen
solubility in the a—Ti phase reaches a maximum (approximately 7.9 at.% H), which
corresponds to the eutectic temperature range. Under these conditions, the system approaches
the stability limit of the solid solution, and hydride formation is strongly governed by the
balance between dissolution and precipitation.
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At higher temperatures (400 °C and 500 °C), hydrogen solubility in o~Ti does not
increase significantly and even tends to decrease, while hydrogen diffusivity in the lattice
increases substantially. This allows a clearer distinction between thermodynamic effects
(phase stability and solubility) and kinetic effects (transport rate and hydride nucleation) [29,
31, 32].

Therefore, including 400 °C and 500 °C provides a comprehensive view of the
transition from a solubility-controlled regime (near 300 °C) to a diffusion-controlled regime
with accelerated transformation Kkinetics, enabling a more robust interpretation of the
hydrogenation mechanism in titanium.

Under the experimental conditions, hydrogen uptake during the cooling stage is
considered negligible; therefore, only the isothermal hydrogenation exposure contributes
significantly to the kinetics of hydrogen absorption and hydride formation. This is why, after
the 20-hour exposure to hydrogen, the working gas was switched to argon, and cooling was
performed at a rate of 20 °C/min. Fig. 4 illustrates the experimental procedure.

data_ Arrhenius
processing . plot
(Am, dov/dt,
dTG/dt, k)

(Ea, A)

Figure 4. Applied experimental methodology

This study focused only on data from the hydriding stage. The results were processed to
determine mass variations, conversion factors, and reaction rates, thereby facilitating the
analysis of kinetic rate constants and reaction mechanisms and the construction of the
Arrhenius plot.

3. RESULTS AND DISCUSSION

3.1. MASS VARIATIONS DURING HYDRIDING AND THE CONVERSION FACTOR

Mass variations during the hydriding treatment illustrate the increase in sample mass
as hydrogen is absorbed and are useful for identifying the point at which the mass becomes
constant, indicating that the hydriding process has stabilized. From the experimental data, the
final mass gain increases with hydriding temperature (as shown in Fig. 5a). Furthermore, with
respect to the saturation tendency, a stabilization trend is observed (the curve approaches a
plateau) after different time intervals depending on the temperature. Under the applied
experimental conditions, higher hydriding temperatures required longer times for the samples
to begin approaching saturation.

Recorded mass gains ranged from approximately 15 to 50 mg, allowing the estimation
of the maximum hydrogen absorption capacity. While a significant difference in mass gain
was observed between the samples hydrided at 300 °C and 400 °C, the difference between the
samples hydrided at 400 °C and 500 °C was negligible.
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Figure 5. Mass variation and conversion factor.

To quantify the amount of hydrogen absorbed compared to the maximum theoretical
capacity, the conversion factor (o), also referred to as the reaction fraction, is used. Since the
experimental data did not allow a definitive conclusion on whether equilibrium was reached
after 20 hours of hydriding, the conversion factor was adopted as a “relative parameter” for
comparing the isothermally treated samples.

This coefficient is determined using Equation (2):

my —mgy

a=m (2)

where: m, is the mass at time t, m, is the initial mass before absorption, and m; is the final
mass after absorption.

This parameter can only take values between 0 and 1 (o = 0 — no hydrogen absorbed;
a = 1 — maximum saturation), thus enabling comparison of hydrogen absorption across
different materials or experimental conditions.
Fig. 5b shows the variation of the conversion factor during the hydriding experiments. The
results indicate different hydriding rates as a function of temperature. At 300 °C, the
absorption process is the fastest, with o increasing more rapidly, indicating a shorter time
required to reach the same hydrogen fraction. Compared to the samples hydrided at 400 °C
and 500 °C, the absorption rate decreases with increasing temperature, while no significant
differences are observed at 400 °C and 500 °C.

3.2. REACTION RATE VARIATION (da/dt) AND THE RATE OF MASS CHANGE (dTG/dt)

As previously mentioned, the parameter a indicates the fraction of hydrogen absorbed
at a given time. Its time derivative (do/dt) represents the instantaneous hydrogen absorption
rate and is an important parameter in the kinetic analysis of the process. Fig. 6 presents the
corresponding experimental plots.

The analysis of the experimental reaction rate curves (da/dt) highlights the evolution
of the hydrogen absorption process, indicating regions where the reaction accelerates or
decelerates, clearly distinguishing the initial, intermediate, and saturation stages.

The derivative curve (dTG/dt) represents the rate of mass change during the
experiments and indicates how rapidly hydrogen is absorbed or desorbed at a given moment
of the reaction. The rate of mass variation for the three experiments is also presented in Fig. 6.
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The peaks in the dTG curve correspond to maximum rates of mass loss or gain and can be
used to identify the kinetic regions for Arrhenius analysis or the application of reaction
models. As expected, do/dt and dTG/dt are proportional, although scaled differently.

The presence of multiple peaks in both the do/dt and dTG/dt curves indicates that the
process occurs in several stages. Consequently, the curves were divided into distinct regions,

each of which was analyzed separately to determine rate constants and construct Arrhenius
plots.
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Figure 6. Reaction rate variation (do/dt) and the rate of mass change (dTG/dt).

3.3. DETERMINATION OF THE KINETIC CONSTANT

To evaluate the kinetics of the titanium hydriding process, the rate constant, k, was
determined by fitting the experimental data with various empirical models reported in the
literature: simple zero-, first-, and second-order models, as well as physico-kinetic models
commonly used for solid-state reactions (i.e., Jander, Ginstling—Brounshtein, Avrami,
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Contracting Sphere). The equations corresponding to each model are presented in Table 1
[38].

Order-based models describe the dependence of the reaction rate on the conversion
factor a and are primarily applicable to the initial stages of the reaction. The Avrami—Erofeev
model is used for processes involving nucleation and growth of the product phase, providing
information on the growth exponent and the kinetic constant.

Diffusion-controlled models (i.e., the Jander equation and the Ginstling—Brounshtein
equation) and the Contracting Sphere model describe reaction stages in which the formation
of a product layer limits the reaction rate. In these cases, the reaction is controlled either by
diffusion through the product layer or by the progressive reduction of the reactive surface
area.

The combined application of these models allows the identification of the dominant
mechanisms across different conversion ranges and temperatures, providing a more complete
description of the overall hydriding process.

Table 1. Kinetic models used in experimental study.

Type of model Integrated/linearized equation re;();rreigm;?ilon
simple 0 - Order a =kt avst
st — - -
empirical 1% - Order —ln(i —a)=1+kt In(1-o) vs t
models 2" -Order T =1+kt 1U(1-0) vs t
—
Contracting sphere 1—(1—a)3 =kt —(1—a)3vst
Physico- Jander gl@)=1- E (1- a)1/3 +l(1 —a) =kt g(a) vst
chemical Sinstl 2 o 2 -
models Instling - 11— w5=
Brounshtein gla) =1 3 (1—a)3 =kt g@) st
Avrami - Erofeev [-In(1—a)]Y/™ =kt In[-In(1 —a)] vsInt

For each model, the experimental data were linearized using the corresponding
equations (Table 1), and a linear fit was applied. The quality of the fit was evaluated using the
correlation coefficient R2, which reflects the agreement between the model and the
experimental data.

The graphical analysis allowed the estimation of the rate constant k for each studied
temperature and reaction domain, providing an initial evaluation of the apparent reaction rate
and a basis for comparing potential transformation mechanisms. The Kinetic rate constant k
was determined from the slope of the linearized plots at each temperature.

3.3.1. Determination of the kinetic constant for the 300°C hydriding experiment

Following the application of the experimental data to the equation of each kinetic
model presented in Table 1 (for each identified domain), different values of the correlation
coefficient (R2) were obtained.

For the experiments performed at 300 °C, the most appropriate models for each
kinetic domain were selected based on the highest correlation coefficient (R2 ~ 1). The rate
constant was then determined from the slope of the corresponding linearized equations, and
the results are presented in Table 2.
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Table 2. Optimal kinetic models for describing the domains of Ti hydriding at 300 °C.
. 2 Potential selected .
Domain R model Equation k
0,9996 0 - Order y = 4E-05x V4 0.00004
1
2 0.9908 2" - Order y =0.0011x - 20.501 0.0011
0.993 Contracting core y = 5E-07x + 0.9665 0.0000001
3
0.9937 0 - Order y = 1E-06x + 0.9011 X -

* The table presents only the models that best describe each kinetic domain
** The rate constants (k) were determined from the slopes of the linearized representations corresponding to each model

The analysis of the titanium hydriding process at 300 °C reveals three distinct kinetic
domains, corresponding to successive reaction mechanisms.

In domain 1 (0 < o < 0.727), the process is best described by a zero-order model (R?
=0.9996), indicating a surface-controlled regime with an approximately constant reaction rate
due to the easy accessibility of hydrogen.

In domain 2 (0.727 < a < 0.950), the second-order model provides the best fit (R2 =
0.9908), suggesting an interfacial mechanism in which the reaction rate depends on the
concentration of reactive hydrogen and on the growth of the hydride phase at the metal—
hydride interface.

In the final domain (0.950 < a < 1), although the zero-order model gives a slightly
better statistical fit (R> = 0.9937), the physical interpretation and the shape of the curve
indicate that this stage is limited by hydrogen diffusion through the compact hydride layer.
Therefore, the contracting core model (R? = 0.990) was selected based on physical
considerations, indicating diffusion limitations as the TiH: layer thickens.

3.3.2. Determination of the kinetic constant for the 400°C hydriding experiment

Table 3 presents the best-fitting models for each domain in the hydriding
experiments performed at 400 °C, selected based on the highest correlation coefficient (R?).

Table 3. Optimal kinetic models for describing the domains of Ti hydriding at 400 °C.

. 2 Potential selected .
Domain R model Equation k

1 0.9942 0 - Order y = 2E-05x 0.00002

2 0.9989 2" - Order y = 0.0046x - 201.77 0.0046
0.9916 0 - Order y = 1E-06x + 0.925 X -

3 instli -
0.9915 Ginstling y = 3E-06x + 0.1103 | 0.000003

Brounshtein

* The table presents only the models that best describe each kinetic domain

** The rate constants (k) were determined from the slopes of the linearized representations corresponding to each model

At 400 °C, three kinetic domains were identified.
In domain 1 (0 < a < 0.936), the modelling indicated an excellent fit to a zero-order
model (R2 = 0.9942), suggesting a surface-reaction-controlled regime in which the reaction
rate remains approximately constant.
In domain 2 (0.936 < a < 0.981), the second-order model provides the best fit (R2 =
0.9989), characteristic of a stage controlled by processes at the metal-hydride interface, where

the propagation of the reaction front is dominant.

WWW.josa.ro

Physics Section




Effect of Temperature on ... Irina Sturzeanu et al. 535

In the final domain (0.981 < a < 1), similar correlation coefficients were obtained for
the zero-order model (RZ = 0.9916) and the Ginstling—Brounshtein model (R? = 0.9915),
indicating a transition toward a diffusion-controlled regime. The Ginstling—Brounshtein
model is selected based on physical considerations, as hydrogen diffusion through the TiHy
becomes rate-limiting.

3.3.3. Determination of the kinetic constant (k) for 500°C hydriding experiment

Table 4 presents the best-fitting models for each domain in the hydriding
experiments performed at 500 °C, selected based on the highest correlation coefficient (R?).

Table 4. Optimal kinetic models for describing the domains of Ti hydriding at 500 °C.

Domain R? Poten;iqa(l)ldse(-:ilected Equation k
1 0.9973 1% - Order y = -4E-05x v/ | 0.00004
0.9999 2" - Order y = 1E-04x - 0.6999 v 0.0001
5 0.9997 Jander y = 7E-06x - 0.0594 X -
0.9995 Ginstling y = 4E-06x - 0.0315 X -
0.999 1% - Order y = -4E-05x + 0.0408 X -
3 0.9907 Contracting core y = 5E-06x + 0.7286 v | 0.000005
0.9996 1* - Order y =-0.0002x + 6.2172 v 0.0002
4 0.9993 Jander y = 3E-05x - 0.916 X -
0.9995 Avrami y =2.9375x - 30.634 X -
5 0.9931 Ginstling y = 3E-06x + 0.1008 v | 0.000003

* The table presents only the models that best describe each kinetic domain
** The rate constants (k) were determined from the slopes of the linearized representations corresponding to each model

At 500 °C, five kinetic domains were identified.

In domain 1 (0 < a < 0.519), the process follows a first-order model (R = 0.9973),
indicating that it is controlled by the adsorption and reaction of hydrogen at the metal surface.

In domain 2 (0.519 < a < 0.601), the second-order model provides the best fit (R? =
0.9973), slightly exceeding diffusion models (i.e., Jander, Ginstling—Brounshtein equations).
This stage may be attributed to the propagation of the metal-hydride interface, where the
reaction rate is influenced by both the local availability of hydrogen and the effective surface
area of the advancing TiH, phase boundary. The fact that diffusion models also fit nearly as
well suggests interfacial control with incipient diffusion limitations.

In domain 3 (0.601 < a < 0.936), the Contracting Sphere model gives the best
description (R2 = 0.9907), indicating the progression of the reaction front toward the interior
as the unreacted core shrinks.

In domain 4 (0.936 < a < 0.975), the reaction temporarily returns to a first-order
process (R2 = 0.9996), likely due to the exposure of new internal surfaces. The fact that the
Avrami model also provides an excellent fit (R2 = 0.9995) suggests the simultaneous
occurrence of nucleation and growth processes of the hydride phase.

For the final domain (0.975 < a < 1), the Ginstling—Brounshtein model best describes
the data (R2 = 0.9931), indicating that the process enters a final stage controlled by hydrogen
diffusion through the hydride layer.

ISSN: 1844 — 9581 Physics Section




536 Effect of Temperature on ... Irina Sturzeanu et al.

To ensure the physical consistency of the kinetic parameters, only data from
kinetically homologous domains should be included in the Arrhenius analysis. The identified
homologous domains are summarized in Table 5. However, similarity between temperatures
was observed only for two cases, which is insufficient to construct a reliable Arrhenius plot.

Table 5. Data needed for the Arrhenius plot.

Reaction stage Kinetic model Temﬁ%ie\ ture Rate cFSr)ls]tant, k

1% - Order 500 0.00004
initial 0 - Order 400 0.00002
0 - Order 300 0.00004
1% - Order 500 0.0002
transitional 2" - Order 400 0.0046
2" - Order 300 0.0011

Ginstling 500 0.000003

final (saturation) Ginstling 400 0.000003

contr. core 300 0.0000005

Therefore, the kinetic coefficient (k) was also determined by considering the same a
domains and fitting the experimental data using the Avrami model. The selection of this
model was based on its versatility compared with classical kinetic models, as it can
simultaneously describe nucleation and phase growth, providing a more realistic
representation of complex structural transformations.

The data were linearized as In[-In(1-a))] vs In t, and the fitting procedure yielded the
corresponding equations and coefficients of determination (R?), as presented in Table 6.

Table 6. Equations obtained from Avrami fitting.

a 300 °C 400 °C 500 °C
domain Equation R’ Equation R’ Equation R?
0-1 y=1.2227x-11.878 0.9879 | y=1.3679x-13.781 | 0.9689 | y=1.2538x-12.463 0.9690
0-0.3 y=1.1086x-11.018 0.9982 | y=1.0219x-10.793 | 0.9974 | y=1.0453x-10.618 0.9997
0.3-0.8 y=1.4732x-14.338 0.9971 | y=1.4129x-14.484 | 0.9965 | y=1.1190x-11.309 0.9991
0.8-1 y=0.9087x-8.4892 0.9381 | y=1.9046x-19.505 | 0.9669 | y=2.2896x-23.628 0.9876

From these equations, the kinetic coefficients (k) listed in Table 7 were calculated.
The slope of the fitted line represents the Avrami exponent (n), while the kinetic coefficient k
was derived from the intercept (k = ™" where e=2.718).

Table 7. Kinetic parameters (k) obtained using Avrami fitting.

o domain
Temperature 0<o<1 0<0<0.3 0.3<0<0.8 0.8<a<1
k In (k) k In (k) k In (k) k In (k)
300 6.95E-06 | -11.876 | 1.64E-05 | -11.016 | 5.94E-07 | -14.336 | 2.06E-04 | -8.487
400 1.04E-06 | -13.779 | 2.06E-05 | -10.791 | 5.13E-07 | -14.482 | 3.39E-09 | -19.502
500 3.87E-06 | -12.461 | 2.45E-05 | -10.616 | 1.23E-05 | -11.307 | 5.49E-11 | -23.625

The kinetic rate constants obtained at each temperature enable analysis of the
temperature—rate dependence using the Arrhenius relationship, thereby determining the
activation energy and pre-exponential factor for the titanium hydriding process investigated in
this study.
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3.4. ARRHENIUS PLOT

The linear Arrhenius plot was used to evaluate the temperature dependence of the
reaction rate constant and to determine the activation energy from the slope of the linear
regression. The Arrhenius relationship, given by Equation (3), describes the dependence of
the reaction rate constant on temperature:

Eq
k = Ae RT (3)

where k is the reaction rate constant, A is the pre-exponential factor (or frequency factor),
representing the probability of molecules colliding in a favorable orientation, E, is the
activation energy of the reaction (expressed in J/mol), R is the universal gas constant (8.314
J/mol-K), T is the absolute temperature (in K), and e is the base of the natural logarithm.

Using the activation energy and the pre-exponential factor, it is possible to predict
both the reaction rate and the degree of conversion, a, at any temperature and reaction time
without performing additional experiments.

The logarithmic form of the Arrhenius equation is Equation (4). This expression can
be written in the linear form given by Equation (5), which is used to construct the Arrhenius
plots:

E, 1

= - 4

Ink=1nA =T 4)
E, 1

_ _fa 2 5

Ink o p T InA )

Using Equation (5), an Arrhenius plot of In k vs. 1/T was constructed (Fig. 7).
Temperatures were converted from degrees Celsius to Kelvin using the relationship
T[K]=273.15+T °C.

. Arrhenius plot

y = -884.74x - 9.4741
-10 R® = 0.9998

y =-6296.9x - 3.8783
-14 RZ=0.6338

0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018

Ink

-18
* Avrami0-0.3

Avrami0.3-0.8

Avrami 0.8 - 1
-22

- Linear (Avrami 0 -0.3)
y = 34031x - 68.532 Linear (Avrami 0.3 - 0.8)
R?=0.9709

Linear (Avrami 0.8 - 1)

-26
1/T [K-1]

Figure 7. Arrhenius plot for Ti hydriding kinetics, at 300 °C, 400 °C and 500 °C
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3.4.1. Determination of activation energy

The activation energy, E,, represents the minimum energy required for the reaction to
occur and reflects the sensitivity of the reaction rate to temperature variations.

From the slope of the Arrhenius plot, the activation energy E. can be determined
using Equation (6) and Equation (7):

E
lope = ——= 6
slope R (6)

E, = —slope-R (7)

As observed from the plot shown in Fig. 7, the obtained linearized equations were:
— for 0<0<0.3: y =-884.74x — 9.4741,;
— for 0.3<a<0.8: y =—6296.9x — 3.8783;
— for 0.8<a<1:y =34031x — 68.532.

Using the gas constant (R = 8.31 J/mol-K), and applying Equation (7), the activation
energies corresponding to the three conversion intervals were determined as follows (using 1
kJ/mol = 1000 J/mol unit conversion:

—  for 0<0<0.3: E, = 7.35 kJ/mol;
—  for 0.3<0<0.8: E, =52.32 kJ/mol;
— for 0.8<a<1: E, =-282.79 kJ/mol.

3.4.2. Determination of the pre-exponential factor

The pre-exponential factor, A, represents the frequency of effective collisions
between reactant species and provides information regarding the probability of successful
reaction events. The reaction rate constant at any temperature can be calculated using
Equation (8):

k = A - e Ea/(RT) (8)

In general, a high A value indicates a large number of effective molecular collisions
and kinetically favourable conditions, whereas a low A value suggests that the reaction is
more strongly influenced by geometrical or configurational constraints.

The pre-exponential factor is obtained from the intercept of the Arrhenius plot using
Equation (9) and Equation (10):

In A = intercept )
A= eintercept (10)

Using the intercept values obtained from the linear regressions shown in Fig. 7, the

pre-exponential factors were calculated as follows:
— for 0<a<0.3: A=7.68 x 10 °7;
— for 0.3<a<0.8: A=2.07 x 10 %;
— for0.8<a<l: A=1.73 x 10,

The analysis indicates that hydrogen absorption in titanium cannot be described by a
single kinetic mechanism over the entire conversion range investigated. For the intervals
0<0<0.3 and 0.3<0<0.8, the relatively low activation energy indicates a weak temperature
dependence of the reaction rate.
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In the 0.8<0<l domain, the system approaches a saturated state as hydride layers
progressively develop around the titanium particles. These layers hinder hydrogen transport
toward the remaining unreacted titanium core, resulting in increasing diffusion limitations.
The positive slope observed for this conversion interval results in an apparent negative
activation energy. Such a value should not be interpreted as a true physical activation barrier
but rather as evidence that the Avrami model is no longer adequate for describing the reaction
Kinetics in this stage. Similar behaviour has been reported in studies where diffusion through
hydride layers and mass-transfer limitations become the dominant rate-controlling
mechanisms. It should also be noted that the activation energies were determined using a
limited number of experimental temperatures; therefore, the associated uncertainty may be
significant.

4. CONCLUSIONS

Metal hydrides are among the most promising materials for hydrogen storage
because they offer enhanced safety compared with conventional storage methods and exhibit
high volumetric hydrogen density. However, their practical application is strongly influenced
by the Kkinetics of hydrogen absorption and desorption, which govern the rates of hydriding
and dehydriding in the material. The study of metal-hydrogen systems provides insight into
the mechanisms governing hydride formation and decomposition. A thorough understanding
of these processes is essential for evaluating the performance of hydrogen storage materials
and assessing their suitability for specific applications. Among the candidate materials, Ti
(and its alloys) are particularly attractive due to their low density, high affinity for hydrogen,
and ability to form metal hydrides reversibly.

This paper presents a comparative kinetic analysis of hydrogen absorption in
titanium (a promising candidate material for hydrogen storage) under different experimental
conditions. Although the kinetic models are well-established and widely used in the literature,
the novelty of the present paper lies in their comparative application to the investigated
system under the selected experimental conditions. By evaluating the suitability of various
kinetic models and analysing the resulting kinetic parameters, this study provides further
insight into the mechanisms governing the process under investigation.

The main contribution of this study is the comparative kinetic assessment of titanium
hydriding using thermogravimetric measurements, conversion-factor analysis, Kkinetic
modelling, and Arrhenius analysis. The results demonstrate that distinct kinetic mechanisms
dominate at different conversion intervals, confirming the multi-stage nature of the hydriding
process under the experimental conditions investigated.

The observations derived from the experiments and subsequent kinetic data analysis
can be summarised as follows: (i) Increasing the hydriding temperature prolongs the time
required to reach saturation. Differences in the final absorption capacity become noticeable
only at 300 °C and 400 °C. At 500 °C, the mass gain reaches a plateau, indicating the
approach to a hydriding limit and a stronger influence of diffusion and microstructural effects
during the final stages of the reaction. (ii) Analysis of the conversion factor shows that Ti
hydriding proceeds most rapidly at 300 °C, where a increases faster and the hydrogen uptake
time is reduced. At 400 °C and 500 °C, the absorption rate decreases slightly, with only minor
differences between the two temperatures, suggesting that lower temperatures within this
interval are more favourable for hydrogen absorption. (iii) The experimental reaction rate
curves (da/dt) obtained at different temperatures reveal the evolution of the hydrogen
absorption process. The shape of the da/dt vs o curve served as the basis for selecting kinetic
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models that describe the dominant reaction. (iv) The occurrence of multiple peaks in both
do/dt and dTG/dt curves indicates that hydrogen absorption proceeds through several stages.
Consequently, the curves were divided into distinct regions and analyzed separately to
identify the appropriate kinetic models for each stage. (v) The determination of kinetic
coefficients and activation energies confirmed the complex nature of the hydrogenation
process. The results demonstrate that no single kinetic model can adequately describe the
entire reaction pathway under the investigated conditions. (vi) Overall, the observed
behaviour is consistent with a nucleation—growth—saturation mechanism that is characteristic
of metal hydride formation.
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