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ARTICLE INFO ABSTRACT

Keywords: This study explores the impact of hydroxyl (-OH) and carboxyl (-COOH) functionalization on the hydrogen
MWCNT adsorption behavior and mechanisms of multi-walled carbon nanotubes (MWCNTs). MWCNT-OH and MWCNT-
Functionalization COOH samples were synthesized via oxidation reactions and characterized using BET, FTIR, Raman, TG, TEM,
;}; dert?f:n storage SEM/EDX, and AFM techniques. Functionalization reduced the BET surface area but notably increased mesopore
Mechanism volume. FTIR spectra confirmed the presence of hydroxyl and carbonyl groups at 3432 cm™! and 1755 cm™?,

respectively. Raman analysis showed shifts in the D, G, and 2D bands, while EDX results indicated a decrease in
carbon content and an increase in oxygen content after functionalization. Thermal analysis revealed that the
degradation profiles of the samples were altered. TEM and SEM images illustrated improved dispersion and
separation of nanotubes upon functionalization. AFM analysis indicated significant changes in surface roughness
and topography, suggesting modifications in nanotube structure. Hydrogen storage capacity was measured at
cryogenic temperatures under varying pressures and time intervals. MWCNT-OH demonstrated the highest
storage capacity (1.023 wt% at 80 bar). Storage rates increased with pressure, and kinetic data were best fitted to
the pseudo-second-order model, with equilibrium achieved in approximately 2 min, supporting a physisorption
mechanism. Mechanistic evaluation using Boyd, Avrami, and Weber-Morris models revealed a two-step
adsorption process: initial adsorption on the external surface followed by diffusion into mesopores. The con-
sistency between experimental and calculated g values further validated the pseudo-second-order model. The q;
vs t1/2 plots produced two intersecting lines, confirming the two-stage adsorption behavior described by the
Weber-Morris model. These findings highlight the potential of oxygen-functionalized MWCNTs as efficient,
metal-free materials for advanced hydrogen storage applications.

1. Introduction

Global energy demand is steadily increasing with ongoing urbani-
zation and industrialization [1,2]. Fossil fuels—oil, natural gas, and
coal—remain dominant but are depleting rapidly. Their use contributes
significantly to environmental issues such as greenhouse gas emissions,
ozone depletion, acid rain, and pollution. Although still widely used, the
negative impacts of fossil fuels and rising energy costs are driving the
global shift toward renewable alternatives [3]. Renewable energy
sources like hydraulic, solar, wind, geothermal, biomass, and hydrogen
are favored for their sustainability and minimal ecological footprint
[4-6]. Their widespread adoption helps mitigate environmental prob-
lems while diversifying the global energy supply [7,8]. Among these,
hydrogen is considered especially promising due to its exceptionally
high energy density—three times that of gasoline—and its potential to
support clean energy transitions in the 21st century [9,10]. Hydrogen is
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a clean-burning fuel that does not release greenhouse gases or ozone-
depleting substances, and it produces minimal pollutants during com-
bustion [11]. However, economic barriers—especially related to pro-
duction, storage, and infrastructure—limit its widespread use [12].
Hydrogen can be stored through various methods, including high-
pressure gas, cryogenic liquids, electrochemical process, metal hy-
drides, and carbon-based materials [13-15]. Each approach poses
unique challenges such as safety concerns, low volumetric energy den-
sity, or high operational costs [16]. Zhang et al. (2019) studied the
impact of milling time on the hydrogen storage performance of
Mg-Ce-Ni-Al alloys for Ni-metal hydride batteries [18]. Heydariyan
et al. (2024a) used a one-step auto-combustion method to produce
SmMn,0s5/Mn»03 nanomaterials, achieving 6.99 wt% hydrogen capac-
ity [19]. Monsef and Salavati-Niasari (2024) synthesized
NH4V4010-SnO2 nanocomposites with excellent capacity and cycling
stability [20]. Kianpour et al. (2013) reported morphology-controlled
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NiMoO4 nanorods [21]. Other related studies include Behpour et al.
(2009) [22], Salavati-Niasari et al. (2010) [23], Mohandes & Salavati-
Niasari (2013) [24], and Amiri et al. (2018) [25], exploring corrosion
inhibition, ZnS nanotubes, AgVOs microstructures, and biologically
active NiFe;O4 nanoparticles respectively. Among carbon-based storage
materials, activated carbon, carbon nanotubes (CNTs), graphene, ful-
lerenes [26], and metal organic frames (MOFs) stand out due to their
low cost, lightweight nature, and tunable structures. MXenes offer su-
perior conductivity but are prone to oxidation and require complex
synthesis [27]. MOFs, although highly porous and chemically tunable,
often lack thermal stability and are expensive to produce [28].

Carbon-based materials, including the MWCNTs in this study, offer a
practical balance of modifiability, cost, and performance. Their fast
adsorption kinetics and adaptability make them ideal for hydrogen
storage despite slightly lower capacities than MOFs [28-30]. Numerous
theoretical and experimental studies have examined the hydrogen
storage potential of these materials. For instance, Dogan et al. (2020)
[29] and Isinkaralar et al. (2022) [31] produced activated carbon from
fruit peels and chestnut shells respectively, with the latter achieving
3.18 wt% capacity. Fullerene nanocages and rGO/Zr-MOF composites
also showed promise, as did alkali metal-doped CNTs and mesoporous
carbon from rice husk [32,33].

CNTs—first discovered by lijima in 1991—are nanostructures known
for their cylindrical geometry and are available in single- and multi-
walled forms [34]. They synthesizes via arc discharge, laser ablation,
and especially chemical vapor deposition (CVD) [21-25]. Their appli-
cations span electronics, energy storage, catalysis, and medicine [17].
Several studies highlight the potential of functionalized MWCNTs for
improved hydrogen storage, including work by Tahermansouri et al.
(2013), Azizian et al. (2011), and Cakir et al. (2021) [30,35,36].
Functionalization with Schiff bases, hydroxyl, and aryl groups has
enhanced their storage capacity and surface interactions. Further studies
by Calisir et al. (2021), Yalcinkaya et al. (2024), and Cakir et al. (2025)
demonstrated improved performance through microwave-assisted syn-
thesis, lithium doping, and Schiff base modifications respectively
[37-39].

Despite increasing global interest in hydrogen storage, most pub-
lished studies have focused primarily on improving storage capacity
through the use of metal-doped or composite carbon materials, often
neglecting the underlying adsorption kinetics and mechanisms. The
central hypothesis is that oxygen-containing surface functionalities
enhance hydrogen storage by increasing mesoporosity and altering
surface interactions. To the best of our knowledge, there are no studies
investigating the hydrogen storage capacity, kinetic analysis and
adsorption mechanism of functionalized MWCNTs. Therefore, the
study’s objectives include synthesizing hydroxyl- and carboxyl-
functionalized MWCNTs, characterizing their structure, measuring
pressure-dependent hydrogen storage, and analyzing adsorption ki-
netics and mechanisms using advanced modeling. This study introduces
a novel approach using only oxygen-containing groups (-OH and
—COOH) to functionalize MWCNTs without metallic or polymeric dop-
ants. In addition to structural characterization (Brunner—Emmett-Teller
(BET), Fourier transform infrared spectroscopy (FTIR), Raman analysis,
thermogravimetry (TG), transmission electron microscopy (TEM),
scanning electron microscopy/energy dispersive X-ray spectroscopy
(SEM/EDX) and atomic force microscopy (AFM), this work applies
multiple kinetic models (pseudo-second-order, Boyd, Avrami,
Weber-Morris) to explore adsorption kinetics and mechanisms. This
safe, cost-effective and environmentally friendly strategy also supports a
sustainable energy future in alignment with the United Nations Sus-
tainable Development Goals (SDGs), particularly Goal 7: Affordable and
Clean Energy.
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2. Materials and methods
2.1. Materials

Except for MWCNT, all other chemicals used in the study were in
analytical grade. MWCNT was purchased from the Nanografi company.

2.2. Methods

2.2.1. Purification of MWCNT

In order to remove unwanted contaminants and by-products,
MWCNT samples were subjected to purification procedure by the
following method. 10 g of MWCNT and 200 mL of 5 M HCl solution was
placed in a 500 mL flask and kept in an ultrasonic bath at 30 °C for 2 h.
This mixture was then refluxed at 70 °C for 48 h. At the end of the reflux
process, the mixture was kept in an ultrasonic bath for another hour.
After these processes, 500 mL of pure water was added to the reaction
flask and dilution was performed. The diluted mixture was filtered by
washing with plenty of water until the pH of the filtrate reached 7 in a
vacuum filtration device. The obtained MWCNT sample was kept in an
oven at 60 °C for 24 h and then dried in a vacuum oven at 60 °C [38].

2.2.2. Synthesis of MWCNT-OH

1 g of MWCNT and 60 mL of 0.3 m FeCly-4H20 were mixed in a flask
and then subjected to ultrasonication at 30 °C for 1 h. Subsequently, the
mixture was placed on a magnetic stirrer, and 240 mL of 30 % H20, was
slowly added dropwise. The reaction was allowed to proceed for 12 h
under continuous stirring. The resulting mixture was then filtered and
washed several times with 5 % hydrochloric acid. In the final step, the
product was rinsed with deionized water, and washing continued until
the pH of the filtrate reached neutral (pH 7). The product was dried in a
vacuum oven at 60 °C for 24 h [40]. This product was named MWCNT-
OH. The reaction scheme is shown in Fig. 1

2.2.3. Synthesis of MWCNT-COOH

To add carboxyl groups to the surface of MWCNTSs, an acidic process
was typically applied. This process is usually carried out using a mixture
of sulfuric acid (HSO4) and nitric acid (HNOs3). This mixture facilitates
the formation of carboxyl groups (-COOH) by adding oxygen to the
carbon atoms on the surface of the nanotubes. In this study, H»SO4 and
HNO3 were slowly added in a 3:1 ratio to 1 g of MWCNT. The mixture
was kept in an ultrasonic bath for 3 h, and at the end of sonication, the
solution was diluted with distilled water and filtered. When the pH of
the filtrate reached 7, the MWCNTSs were considered to be acid-free and

FeCl,-4H,0

MWCNT-OH

Fig. 1. The reaction schema of MWCNT-OH and MWCNT-COOH from MWCNT.
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were dried in a vacuum oven overnight [41]. The obtained product was
named MWCNT-COOH. The reaction for the synthesis of MWCNT-COOH
from MWCNT is shown in Fig. 1.

2.3. Characterization

MWCNT and functionalized MWCNT samples were characterized
using BET, FTIR, Raman, TG, TEM, SEM/EDX, and AFM techniques.
Prior to BET surface area measurements and pore size analyses, the
samples were degassed at 105 °C for 24 h. The surface area measure-
ments and pore size distributions of the degassed samples were per-
formed using pure nitrogen gas as the adsorbate in a liquid nitrogen
environment (77 K) with a Quantachrome Nova 2200e series device.
The BET surface areas and pore volumes of MWCNT and functionalized
MWCNT samples were calculated using the NLDFT model implemented
in the instrument’s software. The Perkin Elmer Spectrum 100 device was
used for FTIR analyses; the FTIR spectra of the samples were obtained by
preparing pellets with KBr in the wavenumber range of 4000-400 cm™ 1.
Raman spectra were recorded by a Renishaw Raman system with the
excitation line at 532 nm. TG thermograms were obtained in the tem-
perature range of 35-1000 °C under a nitrogen atmosphere with a
heating rate of 20 °C per minute. TEM images of MWCNT and MWCNT-
OH were taken using the Hitachi HT7800 system at an acceleration
voltage of 100 kV. SEM images of MWCNT and functionalized MWCNT
samples were obtained with the Zeiss EVO LS 10 device at a magnifi-
cation of 25 KX, and EDX analyses were performed using a Bruker de-
tector at an acceleration voltage of 20 kV. Changes in the topography of
the samples were analyzed with Nanosurf Easyscan 2 AFM using a
“tapping” mode probe (Tap190AL-G) at 0 mV fixed amplitude, 48 N/m
field, 190 kHz frequency in air and room conditions. The surface scan
was performed perpendicular to the cantilever axis at a frequency of 1
Hz with a 5x5 pm? experimental scanning area.

2.4. Hydrogen storage

Hydrogen adsorption measurements of MWCNT and functionalized
MWCNTs were performed using Hiden IMI PSI gas storage device. The
hydrogen storage capacities of the samples degassed at 105°C for 4 h
before analysis was measured at cryogenic temperature depending on
the pressure [42].

3. Results and Discussion
3.1. Characterization

3.1.1. FTIR analysis

Functionalization is carried out for different purposes such as
increasing the electrical conductivity of CNTs, preventing agglomera-
tion, improving metal removal, and increasing energy storage proper-
ties. Functionalization of CNTs can be done with groups such as carboxyl
groups [43], alkyl groups [44], amide groups [45], hydroxyl groups
[30]. Fig. 2 shows FTIR spectra of MWCNT samples functionalized with
hydroxyl and carboxyl groups. The spectra of functionalized MWCNTs
exhibit different bands from those of MWCNT. FTIR spectrum of pure
MWCNT does not show any peaks belonging to organic or inorganic
chemical groups. The peaks at 1570 and 1736 cm ™! are attributed to the
C=C bonds of aromatic rings on the MWCNT walls [46,47]. This pro-
vides information about the surface properties and chemical structures
of CNTs, while also revealing that the pure forms of these materials are
devoid of certain chemical groups.

In the spectrum of MWCNT-OH, a broad peak around 3432 cm™! is
attributed to the O-H stretching vibration due to hydrogen bonding,
while the peak near 1190 cm™! corresponds to the bending vibration of
the hydroxyl group. It is seen that the intensity of these peaks increases
in the spectrum, which indicates that the amount of hydroxyl groups
increases as a result of the oxidation of MWCNTs with HsO5 in
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Fig. 2. FTIR spectra of MWCNT and functionalized MWCNTs.

FeCl,4H,0 solution. The peak at 1635 cm ™! represents the conjugated
C=C structure in the graphene structure of MWCNTs. This peak shows
that the structural integrity of MWCNTs is preserved and still exists after
oxidation [39].

In the spectrum of MWCNT oxidized with a mixture of sulfuric acid
and nitric acid, various peaks were observed at certain wavenumbers.
The peak at 1221 ecm™! indicates the vibration stretching of —C-O
groups; the peak at 1565 cm ™! indicates the asymmetric stretching of
—COO; the peak in the range of 1755 cm™! indicates the stretching of
C=0 groups; the peak at 2917 cm™! indicates the asymmetric and
symmetric stretching of C-H groups; and the peak at 3449 ¢cm™! in-
dicates the stretching of O-H groups. Especially the peak at 1565 cm ™!
shows that oxygen-containing functional groups were added to CNTs
during acid treatment. These findings suggest that acid oxidation
changes the surface chemistry of MWCNTs and oxygen-containing
groups are attached in this process [48-50].

3.1.2. Raman analysis

Raman spectroscopy is a powerful tool for characterizing carbon
nanotubes (CNTs) and their functionality. This technique is particularly
useful for studying the structure, defects and functional groups and
other structural features of nanotubes [51,52]. Fig. 3 shows the Raman
spectra of MWCNT, MWCNT-OH and MWCNT-COOH structures.

185

—MWCNT
180 A

—MWCNT-OH
175 A —MWCNT-COOH

Intensity / a.u.

150 +————

T T T T T T T T T T T 1

2000 3000

Raman shift / cm!

0 1000

Fig. 3. Raman spectra of MWCNT, MWCNT-OH and MWCNT-COOH.
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MWCNT has a D band around 1332 cm™!. This band is associated with
the presence of defects in the structure of carbon nanotubes. The G band,
which appears around 1586 cm ™, is due to the vibrations of the car-
bon-carbon bonds and is usually associated with a healthy, flawless
graphite or carbon structure. The 2D band is observed around 2669
em ™. This band usually occurs in the presence of multiple functional
groups or defects. In the case of MWCNT-OH, D, G and 2D bands were
observed at 1340, 1568 and 2679 cm ™!, respectively, while in the case of
MWCNT-COOH, they were observed at 1331, 1568 and 2668 cm '
Again, when the band intensities of the Raman spectra are examined, it
is seen that they are different from each other. The changes in the lo-
cations and intensities of the D, G and 2D bands indicate that some
changes have occurred in the structure of the MWCNT with function-
alization, but the structure has not been significantly deteriorated.
Because it is seen that none of the D, G and 2D bands are lost.

3.1.3. TG analysis

The thermal properties of functionalized MWCNT were investigated
by thermogravimetric analysis. In this study, functional groups such as
hydroxyl and carboxyl bonded to the structure can be removed from the
structure by decomposition at different temperatures with the following
reactions.

MWCNT — OH—MWCNT — H + CO, M
MWCNT — COOH—MWGCNT — H + COy) )

Fig. 4 shows the TG thermograms of MWCNT, MWCNT-OH and
MWCNT-COOH and the thermal stability parameters calculated from
these thermograms in Table 1. In general, the mass loss occurring be-
tween room temperature and 150 °C is related to the release of physi-
cally adsorbed water on the surface. This provides information about the
moisture content of the material. Dehydration of functional groups and
their degradation reactions are observed between 150 °C and 600 °C
[53,54]. When the thermograms of MWCNT, MWCNT-OH and MWCNT-
COOH are examined, it is seen that 2.1, 0.5 and 1.6 wt% mass loss occurs
at 87, 91 and 146 °C, respectively. This is thought to be due to the
adsorption of moisture in the atmosphere [39]. From the thermograms
of MWCNT-OH and MWCNT-COOH, it was observed that the degrada-
tion of hydroxyl and carboxyl groups occurred at 361 and 478 °C with a
mass loss of 1.9 and 2.6 wt%, respectively. Finally, the degradation of
MWCNT, MWCNT-OH and MWCNT-COOH at 770, 838 and 812 °C
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Fig. 4. TG/d[TG] thermograms of MWCNT and functionalized MWCNTs.
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Table 1
Thermal stability parameters of MWCNT and functionalized MWCNTs.
Samples Tmax1 Delta Tmaxz  Delta Tmax3 Delta Residue
(°C) Y, (°C) Y °0) Y3 (%)
(%) (%) (%)
MWCNT 87 2.1 - - 770 16.7 80.0
MWCNT- 91 0.5 361 1.9 838 26.6 69.6
OH
MWCNT- 146 1.6 478 2.6 812 329 60.8
COOH

resulted in mass losses of 16.7, 26.6 and 32.9 wt%, respectively. When
the results were evaluated as a whole, it was seen that the total mass
losses for MWCNT, MWCNT-OH and MWCNT-COOH were 80.0, 69.6
and 60.8 %. It was observed that the mass loss increased in proportion to
the molecular weights of the groups attached to the structure with
functionalization. This shows the changes in the chemical structure of
MWCNT and the degradation of certain functional groups. In addition,
with functionalization, the decomposition temperature of MWCNT at
770 °C shifted to higher temperatures. This result shows that MWCNT
became more thermally stable with functionalization.

3.1.4. TEM images

TEM is a powerful tool for characterizing MWCNTs. TEM images of
MWCNT and MWCNT-OH samples at the same magnification ratio are
given in Fig. 5. The diameters of MWCNT and MWCNT-OH are in
nanoscale, while their lengths are in micrometers. The average inner
diameters of MWCNT and MWCNT-OH samples vary between 2.5-7 nm
and their outer diameters vary between 8-16 nm. The difference be-
tween the inner and outer diameters indicates that the carbon nanotube
samples are multi-walled. Morphological changes such as capping at the
ends of MWCNT were also observed with oxidation. This shows that the
internal structure and chemical properties of the nanotubes change [55].
It can be said that the hydrophilic property of MWCNT increases with
functionalization and as a result, van der Waals interactions and
agglomeration between carbon nanotubes decrease. Because in the TEM
images of MWCNT-OH, functionalized MWCNTs are seen to have a
better dispersed and separated structure. This provides better dispersion
of the nanotubes and therefore better performance.

3.1.5. SEM/EDX analysis

FTIR, TG and TEM analyses show that the functionalization process
significantly affects the surface properties and distribution of MWCNTs.
The changes in the morphological properties and elemental composition
of the samples are explained by the SEM/EDX technique. Fig. 6 shows
both SEM and EDX results of the samples at the same magnification
ratio. The morphology of the MWCNT samples exhibits an agglomerated
and rather rough structure before modification. With functionalization,
it was observed that the MWCNTs (e.g., MWCNT-OH or MWCNT-COOH)
showed less aggregation and rough surface and exhibited a more ho-
mogeneous distribution. In addition, the functionalized MWCNTs have a
more pronounced tubular surface morphology. These results are in good
agreement with the TEM images. EDX analysis shows that the carbon
content of the samples decreases and the oxygen content increases with
functionalization, similar to thermogravimetric analyses (Table 2).
These results prove that the MWCNT surface is functionalized with hy-
droxyl and carboxyl groups. Another analysis technique that shows the
presence of hydroxyl and carboxyl groups in the structure of MWCNT by
oxidation reaction is FTIR. There is no hydroxyl peak around 3500 in the
structure of pure MWCNT. An intense and widespread hydroxy peak was
observed at 3432 cm ™! by hydroxylation reaction. In addition, the band
that emerged at 3449 cm ™! by carboxylation reaction shows the hy-
droxyl peak of the carboxyl group, the band at 1221 cm ™ shows the C-O
band and the band at 1755 cm ™! shows the C=0 band. These results are
also in good agreement with the EDX and thermal analysis results.
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Fig. 5. TEM images of a) MWCNT and b) MWCNT-OH.

3.1.6. AFM images

Atomic force microscopy (AFM) was used to investigate the structure
and surface topography of carbon nanotubes. Fig. 7 shows the topo-
graphic and three-dimensional topographic micrographs of MWCNT,
MWCNT-OH and MWCNT-COOH structures. It is possible to observe the
presence of irregularly shaped particles and filamentous structures
(carbon nanotubes) from the three-dimensional images. It is seen that
the roughness increases with the functionalization of MWCNT. Because
the roughness values for MWCNT, MWCNT-OH and MWCNT-COOH
structures were calculated as 10.33, 13.03 and 17.85 nm, respectively.
Again, it is seen in the 3D images of the samples that their heights also
change with functionalization. For example, the heights of MWCNT,
MWCNT-OH and MWCNT-COOH structures were measured as 71.4,
72.5 and 84.7 nm, respectively. These results show that functionaliza-
tion of MWCNT results in significant changes in its topography and
surface roughness.

3.2. Hydrogen storage

The functionalization of MWCNT can affect their hydrogen storage
capacity. Fig. 8 shows the storage capacities of MWCNT, MWCNT-OH
and MWCNT-COOH samples as a function of pressure at cryogenic
temperature. Hydrogen adsorption on carbon nanotubes occurs pri-
marily at three main sites: the exterior surface, the interior surface, and
the interstitial spaces within the nanotube structure. On the exterior
surface, hydrogen molecules are adsorbed primarily through van der
Waals forces, allowing for weak but effective interactions. The interior
surface offers additional points for adsorption, where hydrogen can
occupy narrow gaps within the nanotube. Additionally, the interstitial
spaces provide opportunities for hydrogen molecules to be captured in
the voids between carbon atoms. Overall, the combination of these
adsorption sites enable efficient hydrogen uptake [56]. The storage ca-
pacity of MWCNT initially increases rapidly with increasing pressure,
decreases without reaching a plateau as the pressure is increased, and
the storage capacities increase again when the pressure is increased. A
similar situation was observed for the storage of hydrogen on activated

carbon surfaces produced from almond shells and tangerine peel
[29,57]. The observation of a maximum point in the isotherm curve is
explained by the term excess adsorption. Excess adsorption refers to the
accumulation of adsorbed gas molecules on the surface of a material at a
certain temperature and pressure, more than the theoretically expected
maximum capacity. Excess adsorption may be i. when the interactions
between the molecules on the surface cause the adsorbed molecules to
bind more strongly to the surface and ii. when the pore structure of the
material causes the molecules to be squeezed into more space, thus
resulting in greater adsorption capacity [17,29]. In the cases of MWCNT-
OH and MWCNT-COOH, the adsorbed amount of hydrogen initially in-
creases rapidly with increasing pressure, the isotherm curve reaches a
plateau when the pressure is continued to be increased, and when the
pressure is further increased, it is seen that the amount of adsorbed
hydrogen increases. In this case, it can be said that multilayer adsorption
occurs. This result shows that functionalization causes significant
changes in the surface properties of MWCNT. Van der Waals interactions
are in question between carbon nanotube molecules [41]. The increase
in the storage capacity of the samples with increasing pressure is a result
of the increase in the density of gas molecules and increased van der
Waals interactions [57].

Functionalized samples have higher storage capacities. There may be
several reasons for this increase. Functional groups can establish
stronger chemical interactions with hydrogen. These interactions can
increase the storage capacity by allowing hydrogen to bind more tightly
to the nanotube surface. Functionalization can increase the surface
reactivity of CNTs, allowing hydrogen to be better adsorbed. For
example, functional groups containing oxygen or nitrogen can increase
the ability of hydrogen to bind to the nanotube surface. Functional
groups can affect the physical and chemical adsorption mechanisms of
hydrogen. This has a direct effect on the way hydrogen is stored and thus
can affect the total storage capacity [58]. A similar situation was
observed for the adsorption of hydrogen on functionalized and Schiff
base based multi-walled carbon nanotubes. In the study, it was stated
that functionalization increased the hydrogen storage capacity by
creating new chemical groups on the surface of carbon nanotubes.
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Fig. 6. SEM images of MWCNT and functionalized MWCNTs.

Especially functional groups such as -OH and C-N increased the binding
ability by providing stronger electrostatic and London dispersion in-
teractions with hydrogen molecules. These groups enabled hydrogen to

Table 2
EDX elemental content of MWCNT and functionalization MWCNTs.

Samples Elements (wt. %) interact more easily with the nanotube surface, which increased the

C o) cl adsorption capacity [39]. One of the most important parameters
MWCNT 961 2.9 B affecting the storage capacity of adsorbents is the BET surface area and
MWCNT-OH 93.1 5.7 1.2 pore volume. Fig. 9 shows the adsorption-desorption isotherm plots to
MWCNT-COOH 92.4 7.6 - obtain the pore size distribution profiles. The results are presented in

Table 3. BET surface areas of MWCNT, MWCNT-OH and MWCNT-COOH
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are 271, 247 and 199 m?/g, respectively. BET surface areas of MWCNT
samples decrease with functionalization. The reasons for this decrease
are: i. during functionalization, chemical groups can bind to the surface
of MWCNT and cover the empty spaces on the surface of nanotubes,
reducing the total surface area, ii. it may be due to aggregation, iii. it
may be due to the blockage of the voids in the porous structure of
MWCNT with the addition of functional groups, and iv. it may be due to
defective points in the structure of MWCNT as a result of some chemical
reactions during functionalization. The hydrogen storage capacities of
the samples generally vary in direct proportion to the BET surface area.

In the study, the hydrogen storage capacities of the samples increase
with functionalization, while their BET surface areas decrease. In this
case, it does not seem possible to explain the changes in the hydrogen
storage capacity of the samples with the BET surface area. It is stated in
the literature that the hydrogen storage capacity of the samples changes
in direct proportion to the pore volume rather than the BET surface area
[39]. Fig. 10 shows the change in the pore diameter of the samples with
the cumulative pore volume. Table 3 and Fig. 10 show that the MWCNT
samples do not have micropore volume and consist of meso and mac-
ropores. The meso and macropore volumes of MWCNT, MWCNT-OH and
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Fig. 8. Hydrogen adsorption isotherms of MWCNT, MWCNT-OH and
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MWCNT-COOH samples are 0.496 and 0.083 cc/g, 1.209 and 0.781 cc/
g, and 0.945 and 0.378 cc/g, respectively. These results show that
MWCNT-OH has the highest meso and macro pore volume, followed by
MWCNT-COOH and MWCNT, respectively. Parallel to the pore volume
data, the sample with the highest hydrogen storage capacity is MWCNT-
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OH, followed by MWCNT-COOH and MWCNT. These results show that
the increase in hydrogen storage capacity with functionalization
changes directly proportional to the pore, especially the mesopore vol-
ume, rather than the BET surface area. The hydrogen storage capacities
of MWCNT, MWCNT-OH and MWCNT-COOH samples at 1 and 10 bar
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Fig. 10. Pore size distributions of carbon nanotubes.
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Fig. 9. N, adsorption—desorption isotherm curves of carbon nanotubes.

Table 3
BET surface areas and pore volumes of carbon nanotube samples.

Samples Hy % (w/w) Ha % (W/w) Maximum value Sper (m?/g) Vi (cc/g) Vmicro(cc/g) Vineso (cc/g) Vimacro (€¢/8)
1b 10 b
(1 bar) ( ar) Hy % (w/w) Pressure (bar)
MWCNT 0.212 0.502 0.537 18 271 0.579 - 0.496 0.083
MWCNT-OH 0.226 0.514 1.023 80 247 1.990 - 1.209 0.781
MWCNT-COOH 0.228 0.461 0.786 80 199 1.323 - 0.945 0.378
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and the pressure values at which maximum storage occurs are given in
Table 3. The hydrogen storage capacities of MWCNT, MWCNT-OH and
MWCNT-COOH at 1 and 10 bar are 0.212 and 0.502 wt%, 0.226 and
0.514 wt%, and 0.228 and 0.461 wt%, respectively. The pressures at
which maximum removal occurs for MWCNT, MWCNT-OH and
MWCNT-COOH samples are 18 bar (0.537 %), 80 bar (1.023 %) and 80
bar (0.786 %), respectively.

3.3. Adsorption rate

Adsorption processes are affected by various parameters such as
particle size, initial concentration, pH, adsorbent amount and contact
time [59]. Especially for hydrogen adsorption, pore size, pressure and
contact time are critical factors [60]. Fig. 11 shows the adsorbed
amounts of MWCNT, MWCNT-OH and MWCNT-COOH samples with
time at 77 K. The adsorbed amount of hydrogen shows a rapid increase
at the beginning. During this period, gas molecules collide the adsorbent
surface and adsorb rapidly. At this stage, the adsorbed amount increases
proportionally with time. As time progresses, the empty areas on the
adsorbent surface decrease and the probability of molecules reaching
the surface decreases. Therefore, the adsorption rate slows down and the
adsorbed amount reaches saturation at a certain point. When the satu-
ration point is reached, the adsorbed amount remains constant because
all active sites on the surface are filled. At the saturation point, an
equilibrium occurs between the adsorption and desorption processes. In
this case, the adsorbed amount does not change with time, but some of
the molecules on the surface may be released, while others may be
adsorbed back to the surface. The adsorption process is generally based
on an equation such as the following:

dy

- Ra—Rq 3
Here, dy/dt: change in adsorbed amount with time, R,: adsorption rate
and Ry: desorption rate. The adsorption rate of hydrogen can be related
to the pressure and surface coverage fraction. For example, the
adsorption rate increases proportionally with the pressure, which causes
the adsorbed amount to increase with time. Mathematically, the
adsorption rate of hydrogen can be expressed as:

Ry=Kyepe(l-y) “4)

Here, K, is the adsorption constant, p is the pressure and y is the surface
coverage fraction [61]. According to this equation, as the pressure in-
creases, the adsorption rate also increases, which leads to more
hydrogen being adsorbed onto the surface. As a result, as the pressure
increases, the amount of hydrogen adsorbed also increases, which has a
significant effect on the adsorption kinetics. The desorption rate,
depending on the amount adsorbed, is expressed as follows:

Ri=Kqey (5)

It is stated that the time for hydrogen adsorption to reach equilibrium
may vary depending on the pore size of the adsorbent [60]. All three
CNT samples used in the study are mesoporous. When the figures are
examined, it is seen that the adsorption process reaches equilibrium in
approximately 2 min. Fig. 11 also shows the change of the amount
adsorbed on all CNT surfaces at three different pressures with time. As
the pressure increases, the density of gas molecules increases. This
causes the molecules to collide with the adsorbent surface more
frequently. More collisions increase the adsorption rate because the
probability of molecules reaching the surface increases. High pressure
allows more molecules to be held on the adsorbent surface.

3.4. Adsorption kinetics

Adsorption kinetics is very important to understand adsorption
processes and pseudo-first order and pseudo-second order models are
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Fig. 11. The change of the adsorbed hydrogen amount on the surfaces of
MWCNT and functionalized MWCNTs at different pressures with time.

widely used [62,63]. These models are derived from chemical reaction
kinetics are applied to time-dependent adsorption data [62]. Pseudo-
first and second order integrated rate equations were used to analyze
the experimental data in the study.

The pseudo-first-order kinetic model is a widely used approach to
describe the adsorption process where the rate of adsorption is propor-
tional to the difference between the equilibrium concentration and the
concentration at time t. This model is particularly applicable when the
concentration of the adsorbate is relatively low compared to the



Z. Bicil

adsorption capacity of the adsorbent. Pseudo-first order integral rate
expression;

In(q. — q;) = logq. — kit 6)
Where q; is the amount of adsorbate adsorbed at time t (umol/g), qe is
the amount of adsorbate adsorbed at equilibrium (umol/g), k; is the
pseudo-first-order rate constant (min~1) and t is time (min). In this
equation, g and q; represent the amounts of adsorbate (hydrogen in this
case) adsorbed on the adsorbent at equilibrium and at a certain time t,
respectively. According to this equation, the value of the pseudo-first-
order rate constant k; can be determined from the slope of the plot of
In(qe — qp) versus t [64]. The regression coefficient values obtained by
applying the experimental data to the pseudo-first-order integral rate
expression are given in Table 4.

The pseudo-second-order kinetic model is commonly used to
describe the adsorption process where the rate of adsorption is propor-
tional to the square of the amount of adsorbate already adsorbed. This
model is particularly applicable when the adsorption capacity is high
and the adsorption sites are not fully occupied. The pseudo-second-order
integrated rate equation can be expressed as:

t 1 t
@ kg q @
Where kj is the pseudo-second-order rate constant (g/(umol-min)). This
equation indicates that a plot of t/q; versus t will yield a straight line,
where the slope of the line is 1/q. and the intercept is 1/k2q§ [65]. The
regression coefficient values obtained by applying the kinetic data to the
pseudo second-order integrated rate expression are given in Table 4.
The regression coefficient values calculated for the pseudo first order
integrated rate expressions are in the range of 0.5830-0.7987, while
those for the pseudo second order integrated rate expressions are in the
range of 0.9845-0.9978. The regression coefficient values calculated for
the pseudo second order equations are higher. This result shows that the
experimental data are compatible with the pseudo second order inte-
grated rate equation. Table 4 also shows Qe(cal), Qe(exp) and ko values
calculated for the pseudo second order equation. The second way to test
the compatibility of the experimental data with the pseudo second order
equation is to compare ge(cal) and Qe(exp) values. When the values in
Table 4 are compared, it can be said that ge(car) and Qecexp) data are in
very good agreement with each other. This result proves that the
experimental data are compatible with the pseudo second order equa-
tion. The plots obtained by applying the kinetic data to the pseudo
second-order integrated rate expression are given in Fig. 12. Again, the
fitting curves obtained by using the data obtained from the pseudo
second-order rate expressions are shown in Fig. 11. It can be said that the
experimental data are in very good agreement with the fitting curve. In
the literature, the experimental kinetic results for hydrogen adsorption
on the defective fullerene surface showed a rapid initial adsorption
phase followed by a slower stabilization to equilibrium. At lower
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pressures, the adsorption rate was higher, with the D-C60-1 h-500 rpm
sample achieving a significant rate constant of 8.03 pmol/g min at 25
bar. As pressure increased, the adsorption rate decreased due to surface
saturation effects. The kinetic analysis demonstrated that the adsorption
process followed a pseudo-second-order model. These findings indicate
that the processing conditions significantly influence the hydrogen
storage capabilities of defective fullerenes [66].

Although pseudo-second-order kinetics is often linked to chemi-
sorption processes, its applicability in this study is attributed to the
surface-limited and structured nature of physical adsorption. Hydrogen,
being a small, non-polar, and weakly interactive gas, primarily un-
dergoes physisorption on carbon surfaces. This is supported by the rapid
equilibrium time (~2 min), relatively low adsorption capacity, and the
absence of activation energy barriers typical of chemisorption. The
introduction of polar ~-OH and ~COOH groups on MWCNT surfaces en-
hances the physisorption potential by increasing surface polarity and
available interaction sites. As a result, the hydrogen uptake becomes
more regulated by surface diffusion and site accessibility, rather than
purely by Van der Waals forces. The high correlation (R? > 0.99)
observed with the pseudo-second-order kinetics model thus reflects a
surface-controlled physisorption mechanism, where the adsorption rate
depends on the number and distribution of accessible surface sites rather
than strong chemical bonding. Therefore, the dominance of the pseudo-
second-order kinetics model in this case is mechanistically consistent
with a structured, site-specific physisorption process rather than true
chemisorption.

3.5. Adsorption mechanism

Determination of the rate limiting step in the adsorption process is
very important for industrial applications. Because in mobile applica-
tions, the release and time of the stored gas are important. Depending on
whether the adsorbate gas is stored on the solid surface or in the pores of
the adsorbent, the adsorption mechanism can be external diffusion and/
or intraparticle diffusion. Linear Boyd equation derived for adsorption of
adsorbate on the surface of the adsorbent

in(

In this equation, R and A are known as the rate constant and the Boyd
equation constant, respectively. According to the equation (8), the plot
of In(1-q¢/qe) against t should give a straight line with slope —R and
extrapolation A. The correlation coefficient values for the Boyd equation
are given in Table 4. The correlation coefficient values in Table 4 are
quite low. The relatively low regression coefficients suggest that
external surface diffusion is not the rate-limiting step of hydrogen
adsorption in these systems.

The Avrami equation is a model generally used to model kinetic
processes such as crystallization, decomposition, intercalation and
phase transformation, and especially to describe the rates of adsorption

1—i):—Rt+A ®

e

Table 4
The kinetic parameters for hydrogen adsorption on MWCNT and functionalized MWCNTs.
Samples Pressure Pseudo-first ~ Pseudo-second order Boyd Weber-Morris Avrami
2
(bar) ;l;der R® Qe(exp) Qe(cal) ko R R} ky R} ko R? n Kav
(umol/g) (umol/g)
MWCNT 70 0.7987 0.9969 109.5 111.1 0.040 0.6117 0.9504 106.10 0.7706 20.22 0.8057 0.4678 1.6502
45 0.5914 0.9933 64.0 59.5 0.122 0.4801 0.9328 80.87 0.6103 8.96 0.8148 0.3665 1.5545
30 0.6371 0.9718 26.7 23.9 0.131 0.5941 0.8707 22.28 0.6039 4.92 0.9045 0.5323 1.0635
MWCNT- 70 0.7684 0.9978 164.9 163.9 0.046 0.4789 0.9866 230.11 0.8253 20.74 0.7113 0.2903 1.9701
OH 45 0.6020 0.9935 84.6 81.9 0.082 0.5346 0.9856 137.19 0.7405 13.23 0.7372 0.3478 1.7996
30 0.5830 0.9845 33.1 29.6 0.187 0.4735 0.9678 49.27 0.5597 4.37 0.8574 0.4191 1.3800
MWCNT- 70 0.6958 0.9974 140.8 142.8 0.038 0.5105 0.9906 154.10 0.7213 18.22 0.8121 0.4093 1.7489
COOH
45 0.6642 0.9963 75.9 73.0 0.078 0.5038 0.9775 82.89 0.6172 10.10 0.8824 0.5062 1.4999
30 0.6337 0.9847 37.9 34.9 0.124 0.5472 0.9317 39.22 0.5433 5.80 0.8825 0.5522 1.2915
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Fig. 12. The plots of t/q, against t for hydrogen adsorption on the surfaces of
carbon nanotubes at different pressures.

or desorption events [67]. Avrami equation can be given as following:

— 111(1 — 9) = kAvtn (9)

where 0 is the conversion fraction; kay is the rate constant; t is time and
n, Avrami parameter. The logarithmic form of this equation is as follows:

In[—1In(1 — 6) ] = Inksy + nint (10)
For equation (10), the plot of In[-In(1-0)] against Int should give a
straight line with slope n and extrapolation kay. The regression coeffi-
cient (R?), kay and n values obtained by applying the experimental data
to equation (10) are given in Table 4. If the Avrami equation gives a
straight line passing through the origin and/or if the value of n is less
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than one, it can be said that the adsorption mechanism is diffusion
controlled [68]. The experimental data do not give a straight line
passing through the origin. However, the fact that the n values are below
1 supports a diffusion-limited adsorption mechanism rather than a
purely surface reaction-limited process. This shows that the diffusion
mechanism is the rate-determining step to a certain extent. Because the
regression coefficients vary between 0.7113-0.9045, which limits the
diffusion-controlled mechanism to some extent.

The intra-particle diffusion model is an approach used to explain the
diffusion of gas inside the adsorbent. This model takes into account the
movement of gas within the pore structure of the adsorbent and the
factors affecting the rate of this movement. If the intra-particle diffusion
process is the only rate-determining step, then according to the Weber-
Morris model, the q; versus t*/2 curve should give a straight line through
the origin. However, if the adsorption steps are independent of each
other, the q; versus t'/2 curve contains two or more intersecting lines
depending on the mechanism [69]. The Weber-Morris equation for
intra-particle diffusion is given by the equation (11) [70,71].

Qt:kdif\/EJFC an

According to this equation, the plot of g; versus t/? should give a
straight line with slope kgir and extrapolation C. From Fig. 13, it can be
seen that the plot of q; versus t/2 is not a straight line through the origin.
In this case, intraparticle diffusion is not the only rate-determining step.
Fig. 13 shows the intraparticle diffusion curves for the Weber-Morris
equation. Table 4 shows the model parameters for the corresponding
equation. The curves show bilinearity. The first part of this linearity
represents the diffusion of the adsorbate from the gas bulk phase to the
adsorbent surface, and the second part represents the intraparticle
diffusion of the adsorbate into the interior of the adsorbent [65]. When
the k; and kg values in Table 4 are compared, ky values are lower. The
diffusion rate of the gas depends on the pore size distribution of the
adsorbent. Different pore sizes can affect the movement of the gas in
different ways. Table 3 shows that the MWCNT and functionalized
MWCNT samples do not have micropores and are largely composed of
mesopores. The intra-particle diffusion model is observed in both
microporous and mesoporous solids. Microporous solids are materials
that generally have pore sizes smaller than 2 nm. Materials such as
activated carbons and zeolites fall into this category [72,73]. In micro-
pores, the diffusion of gas molecules occurs more slowly due to the
narrow structure of the pores and the equilibrium period takes longer.
Mesoporous solids are materials with pore sizes between 2 nm and 50
nm. Such pores can provide faster diffusion of gases because the pores
are wider and provide more space for the movement of molecules [73].
As a result, the presence of two intersecting linear regions in the g, vs. t*/
2 plot implies a two-step process: initial external surface adsorption
followed by mesopore diffusion, which is consistent with the meso-
porous structure revealed by BET analysis.

Experimental results show that the adsorption process is a rapid
process and reaches equilibrium on the carbon nanotube surface and
pores in about 2 min. This result shows that the adsorption process first
occurs on the surface of the adsorbent and then by diffusion into the
mesopores of the adsorbent. Fig. 14 shows the transfer of hydrogen
molecules from the gas phase first to the outer walls of the MWCNT
samples and then the intraparticle diffusion mechanism to the inner
parts of the tubes. Again, the situation where hydrogen molecules are
adsorbed in the gaps between the tubes is schematized. As seen from
TEM analyses, the inner diameter of the MWCNT samples varies be-
tween 2.5-7 nm. This value shows that the gap in the inner parts of the
MWCNTs correspond to the mesopore.

Table 5 compares the functionalized multi-walled carbon nanotubes
(MWCNT-OH and MWCNT-COOH) synthesized in this study with
various hydrogen adsorbents reported in the literature. The comparison
focuses on parameters such as BET surface area, pore structure,
hydrogen storage capacity, adsorption kinetics, and thermal stability.
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Fig. 13. The plots of q; against t*/? for hydrogen adsorption on the surfaces of
carbon nanotubes at different pressures.

The functionalized carbon nanotubes synthesized in this study offer
significant advantages over other carbon-based adsorbents in the liter-
ature in many aspects such as better dispersed structure, high mesopore
volume, stronger Hy interaction groups, effective storage at high pres-
sure and fast adsorption kinetics. It is one of the rare studies where
functionalization increases the capacity by improving the pore structure
and the mechanism is supported by detailed kinetic modeling.

3.6. Factors affecting the efficiency of hydrogen adsorption

The efficiency of hydrogen adsorption on MWCNT-based materials is
governed by several interrelated parameters. One of the most influential
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factors is the type of surface functionalization applied to the nanotubes.
The introduction of hydroxyl (-OH) and carboxyl (-COOH) groups
significantly enhances adsorption by increasing the surface polarity and
creating additional active sites for hydrogen interactions. These polar
functional groups facilitate stronger physisorption through dipole-
induced and dispersion forces, resulting in a noticeable increase in
hydrogen uptake. Among the modified samples, MWCNT-OH displayed
the highest storage capacity, demonstrating the effectiveness of hy-
droxyl functionalization. Another critical factor is the increase in mes-
opore volume following functionalization. While the BET surface area
slightly decreased due to the occupation of surface sites by functional
groups, the mesoporous and macroporous volumes increased consid-
erably—most notably in MWCNT-OH. This enhanced pore structure
enables multilayer adsorption and improves the diffusion of hydrogen
molecules into the interior of the nanotubes, leading to improved overall
storage efficiency. Operating pressure also plays a significant role in
adsorption efficiency. Higher hydrogen pressures increase molecular
density and collision frequency, which facilitates faster and more
extensive adsorption on the nanotube surfaces. The highest storage ca-
pacities for all samples were observed at 80 bar, with MWCNT-OH
achieving a maximum of 1.023 wt%. Additionally, the surface
morphology and dispersion characteristics of the nanotubes influence
their adsorption behavior. TEM and SEM analyses revealed that func-
tionalized MWCNTs exhibit better dispersion and reduced agglomera-
tion compared to pristine MWCNTs. This more uniform distribution
increases the availability of accessible surface areas, thus contributing to
improved adsorption performance. Finally, adsorption kinetics are a key
determinant of efficiency. The hydrogen adsorption process reached
equilibrium in approximately two minutes across all samples, reflecting
a rapid and efficient mechanism. Kinetic modeling showed a strong
agreement with the pseudo-second-order model, indicating that the
process is primarily controlled by surface interactions typical of phys-
isorption. Taken together, these findings reveal that the functionaliza-
tion chemistry, pore structure, operating pressure, surface morphology,
and adsorption Kkinetics collectively determine the efficiency of
hydrogen adsorption in MWCNT-based materials.

4. Conclusions

In this study, pristine and functionalized multi-walled carbon
nanotubes (MWCNTSs) were synthesized and characterized to investigate
their hydrogen adsorption behaviors. Surface functionalization with
—OH and ~COOH groups led to decreased BET surface area but increased
mesopore volume and surface polarity. Characterization techniques
including FTIR, Raman, TG, SEM/EDX, TEM, and AFM confirmed
structural and morphological changes associated with oxidation.
Hydrogen adsorption capacities improved with functionalization, espe-
cially in MWCNT-OH samples, correlating with enhanced surface hy-
drophilicity and reduced agglomeration. Kinetic modeling revealed that
the adsorption process follows pseudo-second-order kinetics and pri-
marily occurs via a physical adsorption mechanism, as supported by the
rapid equilibrium time and diffusion-based model fits. Overall, the
findings demonstrate that surface functionalization of MWCNTs signif-
icantly enhances hydrogen storage capacity through increased meso-
porosity and surface polarity. Future studies should incorporate
additional reference materials for broader comparative evaluations
under identical conditions.
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Data availability

Comparison of some properties of functionalized multi-walled carbon nanotubes

synthesized in this study with adsorbents in the literature.

Criterions/ Literature In this study References
Properties
BET Typically MWCNT: 271, [29,31,74] 11
500-1500 m2/g MWCNT-OH: 247,
(e.g., activated MWCNT-COOH: 199
carbon) m?/g [2]
Pore structure Mostly Mesoporous (2-50 [39]
microporous nm); Vmeso: OH >
(<2 nm) COOH > pristine
Hydrogen storage Mostly <1 wt%;  MWCNT-OH: 1.023 [29,30,31,37,38] (3]
capacity (wt%) e.g., 0.45-3.18 %, MWCNT-COOH: 141
wt% 0.786 %, MWCNT:
0.537 %
Functional Various: Schiff Hydroxyl (-OH) and [30,39,58]
Groups bases, metals, Carboxyl (-COOH) [5]
N/O groups functionalization
Thermal stability Limited analysis =~ TGA shows thermal [39]
stability increased [6]
from 770 °C to
838 °C [71
Kinetic modeling Mostly focused Pseudo-second- [39,66]
on capacity; order + Boyd,
limited kinetic Avrami, Weber- (8]
studies Morris models
Characterization Typically FTIR FTIR, Raman, SEM/ [30,58] [9]
and Raman EDX, TEM, AFM,
DTA/TG [10]
Pressure range Usually 1-30 Tested from 1 to 80 [38]
bar bar; max storage at
80 bar [11]
[12]
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No data was used for the research described in the article.
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