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Abstract. Biochar fiber and activated biochar fibers from cotton fiber were prepared by carbonization at 400-700C and activation with 5 wt.% Al2O3 
and MgSO4, respectively. The final products were characterized by BET, FTIR, XRD, and SEM-EDS. The hydrogen storage of the final products at 
1.5 bar pressure and room temperature was studied. The objective of this research was to study the effects of Al2O3 or MgSO4 on activation and 
doping of Al or Mg compounds on cotton fibers and hydrogen storage of products at low pressure and room temperature. The results showed that 
the surface areas, micropore volumes, and average pore sizes developed well with increasing carbonization temperatures from 400C to 700C. In 
addition, the surface functional groups such as OH, C=O, COOH and C-O-C were also more developed with increasing carbonization temperature. 
Furthermore, the results confirmed that MgO or Al2O3 accumulated on the surface of the composites. The results of hydrogen storage showed that 
hydrogen uptake capacity due to spillover mechanism increased with increasing of carbonization temperature from 400C to 700C during the 
preparation of biochar fiber and activated biochar fibers. The hydrogen capacity at room temperature and 1.5 bar fell within the range of 0.32-0.44 
wt.%, 0.45-0.52 wt.%, and 0.59-0.63 wt.% for biochar fiber, Mg-activated biochar fibers, and Al-activated biochar fibers, respectively. This is because 
hydrogen molecules bonded on the surface of the products with physisorption. Therefore, hydrogen desorbs even at low temperature. It was 
concluded that metal biochar fibers made from cotton fiber with doping and activation by Al2O3 and MgSO2 at 400-700C are candidate adsorbers 
for hydrogen storage under 1.5 bar and room temperature with fast kinetics (within 30 min), quite high sorption selectivity/capacity (up 0.63 wt.%), 
and sorption stability/reversibility (at room temperature and 80C). 
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1. Introduction 

Metal-carbon materials have specific mechanical, optical, 
electronic, or physical properties (Lee, 2020). These materials 
have been employed in hydrogen production and storage or the 
methanation reaction of carbon monoxide/dioxide, 
photocatalysis, environmental remediation (Buaki-Sogó et al., 
2020), and energy storage (Xiao et al. 2023). The doping of 
metals on porous carbon materials changes the energy stripe 
structure and electron transfer characteristics, along with the 
surface polarity of carbon-based materials (Yao et al., 2022) and 
also improves the degree of graphitization, and provides more 
active sites with uniformly distributed high-density active sites 
(Xiao et al., 2023). For instance, Co, Ni, Fe, or Cu - carbon 
nanocomposites, which carbonized and reduced from a carbon 
matrix precursor of polyvinyl chloride, showed up to 50 layers 
of core metals with 20-100 nm size (Kryazheva et al., 2019). 
Generally, activated carbon and biochar (BC), which are 
abundant in nature and exhibiting porous structure and tunable 
surface chemistry, have emerged as an ideal support for the 
dispersion of active metals for electrocatalysis (Buaki-Sogó et 
al., 2020). For example, a catalytic system of platinum 
nanoparticles dispersed on cotton carbon nanofiber support 
was used for nitro reduction catalysis (Yao et al., 2022).  The Cu, 
Co, Mn - activated carbons have been used for the conversion 
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of nitrite to nitrates and ammonium (Gutsanu et al., 2023). 
However, the development of low‐cost, scalable, industrially 
and economically attractive, and sustainable carbon material 
preparation methods is a continued need (Lan et al., 2021). 
Therefore, the use of activated carbons or BC from biomass 
origins is a step forward in the development of more sustainable 
processes enhancing material recycling and reuse in the frame 
of a circular economy (Buaki-Sogó et al., 2020). Natural fibers, 
such as jute, cotton, flax, sisal, and hemp, which have low 
specific density, low cost, high strength, high sustainability, and 
decreased tool wear, possess crucial characteristics for 
polymeric composite materials preparation (Zaghloul et al., 
2021). Cotton fiber (CF) is a natural fiber of the purest form of 
cellulose, with around 90 % cellulose content (Awais et al., 
2021).  This fiber possesses a multi layered structure containing 
crystalline cellulose fibrils (Zaghloul et al., 2021). Its hollow 
nature is also good for its use as absorbent fibers (Awais et al., 
2021). Cotton-derived biochar has been used for soil restoration 
and carbon sequestration with high performance in commercial 
production (Tao et al., 2024). However, it has never appeared 
for hydrogen storage (HS) via metal supporting. Therefore, the 
CF is used for the preparation of metals-biochar fibers for HS in 
this research. Furthermore, biochar-based functional materials 
offer many advantages due to their tunable porosity and surface 
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area, which have been widely used in the preparation of 
nanostructured composites that can be applied as materials for 
energy storage and conversion (Buaki-Sogó et al., 2020). 
Hydrogen can replace fossil fuels by achieving both high energy 
effectiveness and eco-friendliness because of its high 
gravimetric energy density and pure byproducts (Hwang et al., 
2021). It produces energy without CO2 emissions making 
hydrogen an interesting energy source for stationary and 
vehicular applications (Buaki-Sogó et al., 2020).  Incorporation 
of metal particles into carbon can dissociate hydrogen and 
enhance hydrogen adsorption capacity (Xu et al., 2024). For 
example, Pd-decorated carbon from sepiolite exhibited a 
storage capacity 4 times higher than the raw material without 
Pd doping at room temperature (Buaki-Sogó et al., 2020). 
Doping of 2.5 wt.% Pd in the carbon pristine material and 5.1 
wt.%. Ni in graphite nanofibers could increase the HS capacity 
of 0.13 wt.% and 2.2 wt.% at room temperature, respectively 
(Sharon et al., 2011). In another example, a Pd-activated carbon 
fiber could achieve 0.31 wt.% HS at 77 K and 10 MPa (Hwang 
et al., 2021). However, one factor that needs to be considered is 
the type of metal for reducing the cost of the metal-carbon 
material production. Aluminum and magnesium are cheap 
and abundant elements, which offer low weight per electron 
exchanged, small size, and high charge (Hirscher et al., 2020). 
Al2O3 and MgO have been supported on monoxides or acidic 
zeolites (Bettahar, 2024). Al2O3 has been doped on MgO (Shun 
et al., 2024) and multi-walled carbon nanotubes (Konni & 
Mukkamala, 2019), respectively. Including, MgO has been 
supported on carbon nanofiber (Khafidz et al., 2019). These 
materials have been used for hydrogen storage at high pressure 
and low temperature, which are difficult to use in practical 
applications. However, the Al2O3 and MgO have also never 
appeared for supporting on biochar or activated biochar, 
especially cotton derived activated biochar fiber. Including, 
many previous researches have studied hydrogen adsorption at 
high pressure and low temperature. In this study, low pressure 
and room temperature conditions were used to reduce cost and 
ease of operation. Therefore, Al and Mg were used for cotton 
derived activated biochar fiber (CABF) preparation for 
hydrogen storage at low pressure and room temperature.  

The purpose of this research was to study the effects of 
Al2O3 or MgSO4 on activation and doping of Al or Mg 
compounds on cotton fibers at carbonization temperatures of 
400C to 700C and to investigate the HS of final products at 
room temperature and low pressure. The products were 
characterized by proximate analysis, BET, FTIR, XRD, and 
SEM-EDS. Finally, the hydrogen adsorption experiments with 
the manufactured biochar fiber and metal-biochar fiber 
products were carried out at 1.5 bar pressure and room 
temperature.       

2. Materials and Methods 

2.1 Preparation and Characterization of biochar fiber and activated 
biochar fiber 

CF was dried in an oven (SL 1375 SHEL LAB 1350FX) at 105oC 
for 6 h. Dried CF was kept in a desiccator for further 
experiments. Proximate analysis of dried CF was carried out to 
determine fixed carbon, volatile matter, and ash content using 
the ASTM D 3172-13 (2021), ASTM D 5832-98 (1998), and 
ASTM D 2866-11 (2011) methods, respectively. Meanwhile, 20 
g of CFs and 5 wt.% of Al2O3 or MgSO4 (weight by Sartorius 
ED224s Germany) were mixed with distilled water in a ceramic 
crucible with three repetitions. The correction of 5 wt.% of Al2O3 
or MgSO4 attributed to the reducing of surface area of the bead 

activated carbon with 7.6 wt.% by report of Nguyen et al. (2023). 
The mixed samples were dried in an oven at 105oC for 6 h. 

Subsequently, carbonization at 400C-700C with the heating 

rate of 10°C/min and soaking for 1 h in a muffle furnace (Fisher 
Scientific Isotemp® Muffle furnace U.S.A) under air atmosphere 
(partial air oxidation) with closing the lid of the crucible was 
performed.  After completion, the sample products were cooled 
to room temperature and weighted for percent yield calculation.  
The final products were characterized by proximate analysis, 
BET at -196.15C (Micromeritics TriStar II3020, Bavaria, 
Germany), FTIR between 400 cm-1 and 4000 cm-1 (Spectrum 
GX, Perkin Elmer, Connecticut, USA), XRD (PW 3040/60, X’ 
Pert Pro Console, Philips, Netherland), and SEM-EDS 
(Leo1455VP Electron Microscopy, Cambridge, England).   

2.2 Hydrogen storage 

A sample (20 g) of biochar fiber (BCF) or CABFs was dried at 
105C overnight to remove any adsorbed gases and moisture 
and then cooled to room temperature. Each sample was used 
for hydrogen adsorption experiment with three repetitions, 
which was performed in a conventional static volumetric 
adsorption Pyrex glass apparatus (Fig 1.) following the method 
of Souvakon et al. (2011). The glass apparatus with samples was 
placed in the chamber. The air in the chamber was removed by 
replacing it with nitrogen gas in 2-3 cycles for oxygen removal. 
After that, hydrogen gas (ultrapureplus grade, 99.9999%) was 
flowed into the glass apparatus with samples for 30 minutes at 
a pressure of 1.5 bar and room temperature. The efficient of H2 
physisorption on micropore (Bader et al., 2018) of product 
materials is focus. Finally, adsorbed hydrogen was desorbed 
from the samples at 80C by heater. The volume of adsorbed 
hydrogen gas was measured by water replacement.  The 
number of moles of hydrogen gas and the weight percent (wt.%) 
were calculated.   
 

3. Results and discussion 

3.1. Porous properties of products 

Surface areas (Fig 2.A), pore volumes (Fig 2.B), and micropore 
volumes (Fig 2.D) of the CBCFs and metals-CABFs increased 
with increasing carbonization temperatures from 400C to 
700C, while the average pore sizes show the opposite trend. 
The values of these parameters for the metal-CABFs are higher 
than the values for the CBCFs at each temperature [(Figs 2.A(a-
c), 2.B(a-c), and 2.D(a-c)]. This order is inverted for the average 
pore size values [(Fig 2.C(a-c)]. This showed that the effects of 
carbonization temperature and metal compounds on the 

 

Fig 1. The chamber used for hydrogen adsorption experiments. 
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activation process are significant. Furthermore, the effect of 
Al2O3 on all values is higher than the effect of MgSO4. These 
results were attributed to the decomposition of organic 
compounds and vaporization of metal compounds at high 
temperatures with highly dispersed active sites and rapid mass 
transfer during carbonization (Xiao et al., 2023). Carbonization 
involving metal compounds activation involved chemical 
activation, which created more pores on the surface of the 
composite’s products, and consequently, higher porosity with 
an improved surface area, pore volume, micropore volume, and 
average pore size (Hwang et al., 2021) compared to those of the 
biochar fiber made via carbonization without activation with 

metal compounds. Including, Al/2O3 can react water or CO/CO2 

from organics decomposition during carbonization, which 
causes the partial destruction of surface carbon texture (Kaluža 
et al., 2022). While MgSO4 has only affects the size of the 
microporous structure without generating a new porous 
structure (Zhou et al., 2018).  Therefore, these values for the Al-
cotton derived activated biochar fibers (Al- CABFs) are higher 
than the values for the Mg-cotton derived activated biochar 
fibers (Mg-CABFs), except for average pore sizes where the 
order is inverse. Including, this is because Al2O3 particles have 
porous morphology with high specific surface area and 
microporous structure (Urbonavicius et al., 2020). On the 
other hand, MgO particles were deposited in a film layer (Shang 
et al., 2021). Moreover, these trends levelled off for 
carbonization at temperatures between 600C to 700C of. This 
phenomenon is related to more severe reaction at high 
temperatures, resulting in serious external loss and the slow 
growth of micropores on the surfaces (Zhou et al., 2022) of the 
CBCFs and CABFs. 

3.2 Percent yield of products 

The contents of fixed carbon, volatile matter, and ash 
determined by proximate analysis as a percentage of dried 
weight of CF are 30.280.53%, 69.410.82%, and 0.310.01%, 
respectively. This result showed that the percent yields of the 
CBCFs and CABFs may not exceed 35%. After the carbonization 
process, the percent yields of the CBCFs and CABFs decreased 
with increasing carbonization temperatures from 400C to 
700C (Fig 3.a-c). This was attributed to the main thermal 
degradation of lignin during carbonization between 400C and 
700C and some partial oxidation (Rattana-amron et al., 2024). 

 

 

  

 

Fig 2. A) BET surface area, B) pore volume, C) pore size, and D) micro pore volume of a) cotton derived biochar fiber, b) Al-cotton derived 

biochar fiber, and c) Mg-cotton derived biochar fiber obtained at carbonization temperatures of 400C-700C.  

 

 

Fig 3. Percent yield of a) CBCFs, b) Al-CABFs, and c) Mg-CABFs 
made by carbonization at temperatures of 400C-700C.  
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Higher carbonization temperatures provided more kinetic 
energy to break bonds of organic compounds leading to the 
expulsion of C, H, and O species in higher quantities, leading to 
the reduction of the yields of the residues (Khan et al., 2022). In 
addition, the percent yields of the CABFs are higher than those 
of the CBCFs at all carbonization temperatures. This result is 
caused by numerous metal compound particles being 
embedded into the graphitic sheets of the CABFs (Costal et al., 
2021). Furthermore, the percent yields of the Al-CABFs are also 
higher than those of the Mg-CABFs. These results are attributed 
to the weight of Al2O3 in the final products. This is because of 
aluminium oxide is thermodynamically stable only losing the 
structural water and surface hydroxyl groups by desorption 
(Urbonavicius et al., 2020). Furthermore, the dissociation of 
structural water and desorption of hydroxyl groups requited 
more heat. Therefore, the amount of heat for the carbonization 
process is decreasing (Özdemi̇r & Faruk Öksüzömer, 2020). On 
the other hand, the decomposition temperature of MgSO4 is 
approximately 495C and MgO is stable above 590C (Souza 
et al., 2020). In addition, it was also attributed to more extensive 
oxidation by some sulphate, which has remained in CF during 
carbonization between 400 and 700C, of carbon texture of CF.  

3.3 FTIR result of products 

FTIR transmissions of the CBCFs prepared by carbonization at 
temperatures of 400C-700C are shown in Figs 4.a-d. The 
broad bands between 3250 cm-1-3500 cm-1 correspond to 
hydroxyl groups, which are present in alcoholic, phenolic, and 
carboxylic derivatives formed from macromolecules such as 
cellulose, hemicellulose, and lignin (Guo et al., 2018). 
Transmittance intensities of these bands decreased with 
increasing carbonization temperatures from 400C to 700C. 
Likewise, transmittance intensities of  the weak double peaks at 
2850 cm-1 and 2950 cm-1, bands at 1420-1450 cm-1, 1360-1390 
cm-1, and 1200-1230 cm-1 and a weak double peak at 820 and 
890 cm-1 also decreased with increasing carbonization 
temperatures from 400C to 700C. These peaks and bands 
correspond to C-H asymmetric and symmetric stretching 
vibrations of aliphatic groups (Liu et al., 2015), C-H in-plane 
bending of methyl and methylene groups (Guo et al., 2018), 
aromatic C-O stretching vibrations of -COOH (Xu et al., 2023), 
C-O-C stretching vibration of glycosyl ring in cellulose and 
hemicellulose (Guo et al., 2018), and C-O stretching of aromatic 
ethers and esters (Thummajitsakul & Silprasit, 2022), 
respectively. Transmittance intensities of these functional 
groups gradually decreased with increasing temperature from 
400C to 700C, which showed the decomposition of these 
functional groups and their release as volatiles.  Furthermore, 

these functional groups of the CBCFs are almost decomposed 
at carbonization temperature of 700C. This is confirmed by the 
disappearance of these peaks and broadening of some bands, 
which indicates that oxygen containing functional groups were 
removed at higher carbonization temperatures (Khan et al., 
2022). Finally, double bands appeared at 1700-1750 cm-1 and 
1580-1620 cm-1 corresponding to C=O stretching vibration of 
nonconjugated and conjugated carbonyl groups of those 
macromolecules in functional groups such as ester, ketone, 
carboxylic derivatives, and C=C stretching vibration of aromatic 
ring of lignin (Guo et al., 2018), respectively. The band at 1580-
1620 cm-1 is also related to C-O or C=O stretching vibration 
corresponding to functional groups like alcohols, esters, ethers, 
carboxylic acids, aldehydes, ketones, and carboxyl groups 
(Hasana et al., 2021). Furthermore, it was seen that the band at 
1700-1750 shifted to higher frequency, while the band at 1580-
1620 cm-1 shifted to lower frequency with increasing 
carbonization temperature. This indicated that the aromaticity 
of the CBCFs was augmented (Sun et al., 2023). In addition, 
apparent increase in the baseline transmission across the entire 
spectral region for CBCFs prepared at higher temperatures 
(600°C and 700°C) suggests a production of some graphitic 
carbon in nature (Li et al., 2024), which have some oxygen 
containing functional groups (-OH, C=O, COOH and C-O-C), 
which remained from the starting material or were newly 
created under partial air oxidation.  

FTIR transmission of the Mg-CABFs, which were 
activated with 5%wt. MgSO4 using carbonization temperatures 
of 400-700C, are shown in Fig 5.a-d.  It can be seen that the 
bands of Mg(OH)2 (relatively board band at 3400-3650 cm-1; Hu 
et al., 2023), which overlapped with bands of OH stretching, Mg-
O (peaks between 420 cm-1 and 700 cm-1 (Hasana et al., 2021), 
and -SO4

2- groups [bands at about 1151-1180 cm-1, 850-900 cm-

1, and 710-780 cm-1 (Sulaiman et al., 2017)], are present in all 

 

Fig 4. FTIR transmittance of CBCFs prepared by carbonization at 
temperature of a) 400C, b) 500C, c) 600C, and d) 700C. 

 

 

Fig 5. FTIR transmittance of Mg-CABFs made with carbonization 
at temperatures of a) 400C, b) 500C, c) 600C, and d) 700C. 

 

 
Fig 6. FTIR transmittance of Al-CABFs made with carbonization 
at temperatures of a) 400C, b) 500C, c) 600C, and d) 700C 
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spectra. This confirms that Mg accumulated on the cotton 
carbon fibers. However, the sulphate group disappeared after 
carbonization at 500C. Furthermore, the breadth of the Mg-OH 
band has narrowed in response to increasing of the 
carbonization temperature from 400C to 700C, while the 
intensities of the Mg-O peaks tend to increase. This is due to the 
increase in MgO content in the CABFCs as a result of increasing 
carbonization temperature, which corresponded to the report of 
Sulaiman et al. (2017). The intensities of the bands at about 
1510-1560 cm-1, which correspond to aromatic C=C bonds, 
were significantly decreased, or even disappeared, after 
carbonization at 400-700C. This is due to the formation of 
MgO, which coated the aromatic structure (Xiao et al., 2024).  
Mg particles can be formed on the surface of the CABFs by 
attraction between the negatively charged surface of the CABF 
and the positively charged Mg ions, which facilitates the coating 
process of the surface of Mg-CABFs (Hasana et al., 2021). 
During carbonization, the MgSO4 was dissolved with SO2 gas 
evolution and the formation of a surface precipitate of MgO and 
Mg(OH)2 (Saleh & Hedia, 2018).  The very broad bands for the 
O-H stretching vibration in the FTIR spectra of the Al-CABFs at 
about 3200-3600 cm-1 have also appeared with Al2O3 activation 
(Fig 6.a-d). The broadness of these bands lowered with 
increasing carbonization temperature from 400C to 700C. 
This is due to the higher dehydration at higher temperatures. 
The bands at about 1610-1650 cm-1 corresponding to stretching 
of C=C bonds in aromatic groups also exhibit lower intensities 
of transmission. In addition, C-O and C-O-C groups lead to 
bands with relatively low intensities of transmission. This is 
especially case for the peaks of C-O bond stretching (1400-1430 
cm-1), which disappeared after carbonization at 700C. While 
the intensities of bands at about 550-600 cm-1, which were 
attributed to the vibration of Al-O in Al2O3 (Ameen et al. 2024), 
are present in all spectra. This confirmed the presence of Al2O3 
particles on the Al-CABFs surface with carbonization at 
temperatures of 400C to 700C. These functional groups act as 
a direct adsorption site (reversible or irreversible) in the 
spillover process, enhancing the formation of an island of the 
spilled-over H atoms around the oxygen groups and 
facilitating the surface diffusion and favorable adsorption of 
the atomic hydrogen (Sultana et al., 2021). For -OH, C-O, 
C=O, COOH and C-O-C surface oxygen functional groups on 
the surface of CBCFs, Mg-CABFs, and Al-CABFs, these groups 
can enhance hydrogen spillover properties, resulting in a 

significant improvement in the hydrogen storage capacity of 
CBCFs, Mg-CABFs, and Al-CABFs (Shen et al., 2022). However, 
these groups can also saturate the active carbon sites which 
leads to low physisorption of hydrogen (Bader et al., 2018).  

3.4 XRD results of products 

 The XRD diffractograms of the Mg-CABFs made by 
activation with MgSO4

 via carbonization at 400-700C 
showed peaks of Mg, MgSO4, Mg(OH)2, and MgO (Figs 7.a-
d). The intensities of peaks at 2= 24, 25, 27, 38, 52, and 
54.5,  which correspond to MgSO4 (Okhrimenko et al., 
2020), decreased with increasing carbonization temperatures 
from 400C to 700C. It was seen that the XRD fractogram 
intensities of MgSO4 are relatively high after carbonization at 
the temperatures of 400-500C. This indicated that a high 
content of MgSO4 remained in the produced materials. This 
is due to the high thermal requirements for the degradation 
of MgSO4 to MgO, which takes place at about 998C under 
oxidative conditions and at about 495 C under CO reducing 
conditions.  Full decomposition takes place at 1100C (Souza 
et al., 2020). On the contrary, the peaks at 2= 37, 42.5, 
62.5, 74.5, and 78.5, which correspond to MgO (Xiao et al., 
2024) increased with increasing carbonization temperatures 
from 400C to 700C. These results confirmed the formation 
of MgO by thermal decomposition of MgSO4. It was seen that 
the conversion of MgSO4 to MgO is initiated at 500C under 
partial air oxidation and increased until 700C leaving some 
residual content of MgSO4 even at the highest temperature. This 
result is in accordance with the behaviour of the reaction MgSO4 
and charcoal system (Souza et al., 2020). It was shown that the 
conversion of MgSO4 to MgO is the main process under partial 
air oxidation.  Furthermore, a small amount of Mg(OH)2 was 
found in the products formed by carbonization at 
temperatures from 400C to 700C as indicated by peaks of 
very low intensities located at 2= 20, 33,  38, 51.5, and 
64 (Kurosawa et al., 2021), which became less intense in 
response to increasing carbonization temperatures from 
400C to 700C. It was formed by chemical reaction between 
MgO and water (Kurosawa et al., 2021), from dehydration of 
MgSO4 hydrates and degradation of OH group in CF during 
carbonization. These results are in line with the FTIR results 
(Fig 5.)  The XRD patterns of the Al-CABFs (Figs. 8.a-d) 
indicated that Al2O3 present in the products consisted almost 
entirely of -Al2O3 phase with a small amount of α-Al2O3 

 

Fig 7. XRD patterns of Mg-CABFs prepared with carbonization 
at a) 400oC, b) 500oC, c) 600oC and d) 700oC. 

 

 

Fig 8. XRD patterns of Al-CABFs prepared with carbonization 
at a) 400oC, b) 500oC, c) 600oC, and d) 700oC. 
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phase, which is consistent with the report of Suaebah et 
al. (2024). These results are also consistent with the FTIR 
results (Fig 6.). The formation of -Al2O3 phase was induced 
by thermal treatment at temperatures > 280C with 
desorption of surface hydroxyl groups (Urbonavicius et al., 
2020). This desorption of surface hydroxyl groups led to 
lowering of broadness of the -OH bands as a result of increasing 
carbonization temperature from 400C to 700C (Fig 6.). The 
presence of both phases of Al2O3 were well-resolved and 

proved by the high intensity diffraction peaks in the XRD 
diffractogram (Ameen et al., 2024), which depressed the 
diffractogram of graphite and amorphous carbon in the 
derived activated biochar fibers. It is even more interesting 
that the -Al2O3 phase has a large specific surface area and 
high chemical and thermal stability, and porous morphology 
(Urbonavicius et al., 2020), which could lead to adsorption of 
hydrogen molecules. Therefore, both Mg-CABFs and Al-
CABFs with support by non-reducible Al2O3 and MgO carriers 

  

  

Fig 9. SEM morphologies of Mg-CABFs prepared with carbonization at temperatures of a) 400°C, b) 500°C, c) 600°C, and d) 700°C. 

 

  

  

Fig 10. SEM morphologies of Al-CABFs prepared with carbonization at temperatures of a) 400°C, b) 500°C, c) 600°C, and d) 700°C. 
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for hydrogen spillover (Shen et al., 2022).  For Al2O3, active 
hydrogen substances can effectively spill on the surface of 
irreducible oxide Al2O3 due to the presence of defects and a 
small number of micropores as heating at high temperatures 
(Shen et al., 2022). While the F centers (oxygen vacancies) in 
MgO, which generated defect, are formed in MgO after H2 
reduction at high temperature (Shun et al., 2024). The effect of 
Al2O3 and MgO supports attributed to the basic/ionicity 
properties for diffusion of hydrogen spillover and transforming 
of the hydridic/protonic character of the resulting H atoms 
(Bettahar, 2024).  

3.5 SEM morphology of products 

SEM morphologies of the Mg-CABFs and Al-CABFs prepared 
using carbonization at 400C-700C are shown in Figs 9. and 
10., respectively. The fibers of the products exhibit spiral shape 
of parallel fibrils and accumulated small particles on their 
surface. These parallel fibrils are closely packed after 
carbonization at 400C (Figs 7.a and 8.a) and then have settled 
down at higher carbonization temperatures from 500C to 
700C. These fibers showed open hollow nature after settling 
down and more extensive degradation with increasing 
carbonization temperatures from 400C to 700C (Figs 7.a-d 
and 8.a-d). This is ascribed to a more extensive expulsion of C, 
H, and O species at the higher carbonization temperatures 
(Khan et al., 2022). The diameters of the fiber composites are 
approximately 7-13 m with wrinkles, gullies, and hollow pores. 
These characteristics may be responsible in aiding the 
adsorption of hydrogen. These features could make the 
kinetics of hydrogen adsorption and desorption very fast and 
highly reversible since no structural change occurs in the 
framework (Hirscher et al., 2020). 

3.6 Elements composition from EDS 

Energy dispersive spectroscopy (EDS) analysis results for the 
selected area (red square) on the surface of the CABFs are 
presented in Fig 11 (results shown only for materials prepared 
at 500C). The elemental composition of the Mg-CABF is C, O, 
and Mg. In addition, the elemental composition of the Al-CABF 
is C, O, and Al. These results confirmed the successful 
incorporation of Mg (Fig 11.a) or Al (Fig 11.b) elements into 
CABFs, which is consistent with the results of the FTIR and XRD 
analyses.  

3.7 Hydrogen storage results 

The results of hydrogen adsorption of the CBCFs and CABFs 
have shown that hydrogen uptake capacity increased with 
increasing carbonization temperature from 400C to 700C used 
for the preparation of the CBCFs and CABFs (Fig 12). This is 
because the hydrogen uptake is proportional to the surface area, 
pore volume, and microporous character with condensation 
forces (Viswanathan, 2024). These characteristics are increased 
with increasing carbonization temperature from 400C to 
700C, except microporous is inversed. In addition, more 
functional groups are present on the surfaces of the CBCFs and 
CABFs because of increasing of carbonization temperatures. 
These functional groups acted as receptors for spillover 
hydrogen by physisorption (Sharon et al., 2011), which could 
improve the spillover efficiency and lead to an increase in the 
hydrogen storage capacity (Shen et al., 2022). At the 
experimental conditions of 1.5 bar and room temperature, H2 
molecules were adsorbed on the functional groups with strong 
fluid–functional group interactions until they became saturated 
(Anuchitsakol et al., 2023). In addition, the hydrogen uptake 
capacities of the CABFs (Figs 12.b and 12.c) are higher than 
those of CBCFs (Fig 12.a) prepared at the same carbonization 
temperatures. These results are attributed to the effects of 
accumulated metal compounds on surface of the CABFs, which 
acted as catalysts for enhancing the spill over mechanism for 
the hydrogen uptake capacity (Samantaray et al., 2019). The 
metal compound particles are additives that act as a catalytic 
active center for the dissociation of hydrogen during the 
storage process, and the carbon receptor plays an important 
role as it provides the adsorption sites for the spillover of 
hydrogen (Sultana et al., 2021). Furthermore, the hydrogen 
uptake capacities of the Al-CABFs (Fig 12.b) are higher than 
those of the Mg-CABFs (Fig 12.c) prepared at the same 
carbonization temperatures. This is because hydrogen can 
easily incorporate on top and bottom surfaces of Al2O3 (Gordon 
et al., 2014). In addition, the -Al2O3 phase has a large specific 
surface area and porous morphology (Urbonavicius et al., 
2020). At the same time, the content of MgO films on the 
surface of the Mg-CABFs may be high and form a thick oxide 
layer, which leads to lower H2 absorption rate (Shang et al., 
2021). Another reason is the effect of Mg(OH)2 and MgSO4 
associated to H2O, which has a negative effect on the hydrogen 
storage properties of Mg-based materials (Shang et al., 2021). 
The H2 capacity obtained in this study at room temperature and 
1.5 bar fell within the range of 0.32-0.44 wt.%, 0.45-0.52 wt.%, 

  

  
Fig 11. EDS spectra of a) Al-CABF, and b) Mg-CABF prepared with carbonization at 500°C. 
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and 0.59-0.63 wt.% for the CBCFs, Mg-CABFs, and Al-CABFs, 
respectively. In addition, the doping of Al2O3 and MgO in the 
CABFs increased the hydrogen sorption capacities by 41.86%-
66.67% and 18.18%-25.0%, respectively. In this study, hydrogen 
remains molecular and binds on the surface of the CBCFs and 
CABFs with physisorption. The main hydrogen adsorptions in 
this study are attributed to physisorption by microporous on 
surface of activated biochar products. The microporous are 
much more efficient in H2 adsorption at lower pressures with the 
overlap of van der Waals potentials, which due to the atoms of 
adjacent walls favours stronger physisorption (Bader et al., 
2018). Therefore, hydrogen desorbs even at low temperatures 
(Viswanathan, 2024). Usually, the amounts of adsorbed 
hydrogen on industrial carbon adsorbents were no higher 
than 2 wt.% at room temperatures (20C-30C) and 200 bars, 
and the filling of the micropore volume was about 15%-20% 
(Fomkin et al., 2021). However, hydrogen adsorptions in this 
study are quite good in comparison to MgO specimen and Al-
MgO (1:5 ratio by weight) specimen), which can absorb 0.093 
wt.% and 0.29 wt.% of hydrogen at air atmosphere pressure 
(1.01325 bar) and room temperature, respectively (Shun et al., 
2024). Another research, hydrogen storage for Al2O3 
nanoparticle decorated functionalized multi-walled carbon 
nanotubes is range between 0.17 wt.% to 0.46 wt.% at 25C and 
70 bar (Konni & Mukkamala, 2019). Including, the MgO-
activated fibers from polyacrylonitrile only adsorbed 0.7 wt.% 
H2 at 50 bar and room temperature (Khafidz et al., 2019). While 
the activated carbon material made with activation by KOH 
exhibited hydrogen uptake capacity of ∼1.06 wt.% at 15 bar and 
25°C (Samantaray et al., 2019). In addition, 5 wt.% Ni on carbon 
nanospheres can adsorb hydrogen with capacity of only 0.42 
wt.% at 50 bar and room temperature (Sharon et al., 2011). In 
addition, they are still quite good as compared to commercial 
materials such as metal (e.g. Ni, Pt, Mg, Co, Zn)-organic 
frameworks (0.5–1 wt.% at room temperature and 100 bar), 
azine-linked covalent organic frameworks (0.99 wt.% at -
196.15C and 1 bar), boron-carbon nanotube (0.35 wt.% at 30C 
and  under 16 bar),  graphene (0.25 wt.% at room temperature 
and 40 bars), nitrogen-enriched mesoporous carbons (0.03 
wt.%-0.24 wt. at 25C and 45 bar) (Osman et al., 2024). It was 
seen that the Al-CABFs and the Mg-CABFs from CF by doped 
with Al2O3 and MgSO2 and activated at 400C-700C can be 
considered as candidate adsorbers for hydrogen storage under 
1.5 bar and room temperature with simplify practical process 
and low cost for commercial production, fast kinetics, quite high 
sorption selectivity/capacity, and sorption 
stability/reversibility. 

4. Conclusion 

Effects of carbonization temperature and activation with Al2O3 
or MgSO4 have a significant influence on the properties of the 
CBCFs and metal-CABFs. Surface areas and micropore volumes 
of these products are increased with increasing carbonization 
temperatures from 400C to 700C, while the trend for average 
pore sizes is inverted. In addition, Al2O3 or MgSO4 exhibit 
beneficial effects on these properties with the effect of Al2O3 
being higher than that of MgSO4. This is because aluminium 
oxide is more thermodynamically stable than magnesium 
sulphate.  These effects have caused the percent yield of 
products to have the same trend as the average pore sizes. The 
CBCFs have some oxygen containing functional groups such as 
-OH, C=O, COOH, and C-O-C on their surface. Mg-O and Al-O 
groups have occurred on the surface of the Mg-CABFs and Al-
CABFs, respectively. This result is consistent with the XRD 
results, which show the presence of MgO and Al2O3 on the Mg-
CABFs and Al-CABFs, respectively. These characteristics are 
confirmed by SEM-EDS results, which showed spiral shape of 
parallel fibrils with diameters of 7-13 m and accumulation of 
small particles on the surfaces.  The Mg-CABFs and Al-CABFs 
showed open hollow nature after settling down and more 
extensive degradation with increasing carbonization 
temperature from 400C to 700C. The results of the 
investigation of hydrogen storage capacities show that 
hydrogen uptake capacity increased in proportion to surface 
area, pore volume, and microporous characteristics achieved 
with increasing carbonization temperature from 400C to 700C 
used for the preparation of the CBCFs and CABFs. The 
hydrogen adsorptions of the CBCFs and metal-CABFs are due 
to the action of surface functional groups as direct adsorption 
sites and the action of MgO or Al2O3 as catalytic active 
centers for enhancing the dissociation of hydrogen during the 
spillover process. It was shown that MgO and Al2O3 could 
improve the spillover efficiency leading to increase in the 
hydrogen storage capacity. Furthermore, the hydrogen uptake 
capacities of the Al-CABFs are higher than those of the Mg-
CABFs for materials prepared at the same carbonization 
temperature. This result is attributed to the -Al2O3 phase in 
the Al-CABFCs, which has large specific surface area and 
porous morphology, while the MgO accumulated on the 
surface of the Mg-CABFs in the form of films and can be 
associated with H2O.  The hydrogen capacity obtained in this 
study at room temperature and 1.5 bar fell within the range of 
0.32-0.44 wt.%, 0.45-0.52 wt.%, and 0.59-0.63 wt.% for the 
CBCFs, Mg-CABFs, and Al-CABFs, respectively. During the 
hydrogen storage by these products and under conditions of 1.5 
bar and room temperature, hydrogen remains in its molecular 
form and binds on the surface of the CBCFs and CABFCs with 
physisorption. Therefore, hydrogen desorbs even at low 
temperature. This study can conclude that the Al-CABFs and 
Mg-CABFs from CF made by doping by Al2O3 and MgSO2 and 
activation at 400-700C are candidate adsorbers for hydrogen 
storage under 1.5 bar and room temperature with simplify 
practical process and low cost for commercial production, and 
also fast kinetics (within 30 min), quite high sorption 
selectivity/capacity (up 0.63 wt.%), and sorption 
stability/reversibility (at room temperature and 80C). 
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