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A B S T R A C T

This study investigates the cryogenic hydrogen storage performance of activated carbons synthesized from 
peanut shells via hydrothermal carbonization. Samples were prepared at 240 ◦C for 1, 3, and 6 h using ZnCl₂ as 
the activating agent. Comprehensive characterization was conducted using BET, FTIR-ATR, XRD, SEM/EDX and 
TGA devices. The PS-ZnCl₂-240-3 h sample exhibited the highest BET surface area (856 m2/g) and total pore 
volume (0.448 cm3/g), achieving a maximum hydrogen uptake of 2.1 wt% at 77 K and 30 bar. Adsorption 
behavior was analyzed using Langmuir, Freundlich, Dual-Langmuir, and Temkin isotherm models. The best fit 
was obtained with the Langmuir model (R2 > 0.996), indicating monolayer physisorption. Kinetic data were 
fitted to pseudo-first-order and pseudo-second-order models; the latter showed superior correlation, particularly 
for the 3 h sample (R2 = 0.9874). Boyd and Weber–Morris models revealed that intraparticle diffusion was the 
rate-limiting step. Comparative analysis confirmed that the 3 h activation condition yielded the most favorable 
combination of surface area, microporosity, and hydrogen storage capacity. These results demonstrate that 
peanut shell-derived activated carbons are promising, low-cost candidates for hydrogen storage applications 
under cryogenic conditions, offering competitive performance based on surface and pore structure optimization.

1. Introduction

Hydrogen energy, particularly green hydrogen, plays a critical role in 
the global transition to renewable energy systems. As an environmen
tally friendly alternative to fossil fuels, hydrogen has the potential to 
significantly reduce greenhouse gas emissions [1]. It serves as a long- 
term energy storage solution compatible with the intermittent nature 
of renewable energy sources, enhances grid stability, and facilitates the 
decarbonization of hard-to-abate sectors [2]. Many countries have 
incorporated hydrogen into their energy transition strategies and have 
promoted its use through updated energy policies. Although hydrogen 
has a high gravimetric energy density—approximately three times 
greater than gasoline—and produces zero greenhouse gas emissions 
upon oxidation, safe and efficient storage remains one of the key chal
lenges. The U.S. Department of Energy has set a gravimetric target of 5.5 
wt% reversible hydrogen storage for automotive applications, and 
achieving this target depends on the development of cost-effective and 
high-performance materials [3,4]. However, current market and tech
nological limitations have necessitated the reevaluation of these targets, 

leading to a growing demand for materials capable of higher hydrogen 
uptake [5]. The interaction of hydrogen with solid materials is generally 
categorized into two mechanisms: physisorption and chemisorption. In 
physisorption, molecular hydrogen interacts with the adsorbent through 
weak Van der Waals forces, electrostatic interactions, and orbital over
lap. However, due to its nonpolar nature and low polarizability, 
hydrogen molecules exhibit weak interactions with the surface, limiting 
adsorption capacity [6,7]. Therefore, hydrogen storage via phys
isorption is typically favored at cryogenic temperatures (77 K). 
Compared to conventional storage methods like compressed gas or 
liquid hydrogen, solid-state adsorbents offer advantages such as 
enhanced volumetric density, greater safety, and improved efficiency 
[8].

Among the various solid adsorbents studied for hydrogen storage, 
materials such as metal-organic frameworks (MOFs), zeolites, polymers, 
clays, and amine-functionalized porous materials have attracted atten
tion. However, carbon-based materials stand out due to their excep
tional thermal stability, chemical resistance, recyclability, low cost, and 
wide availability [9,10]. Hydrogen storage in these materials primarily 
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occurs through physisorption, diffusion, and Kubas-type interactions, 
making high-surface-area carbon-based materials and transition metal- 
doped nanocomposites highly promising candidates [11]. Carbona
ceous materials such as activated carbon, carbon nanotubes, graphene, 
carbon sphere and their derivatives offer large surface areas and tunable 
porosity, which enable effective hydrogen uptake [12–16]. Hydrogen 
adsorption on porous activated carbons presents significant advantages 
over other methods, including rapid adsorption/desorption kinetics, no 
energy input requirement for hydrogen release, and high adsorption at 
low temperatures and moderate pressures. As a result, carbon materials 
with high porosity are considered primary candidates to meet the 
gravimetric hydrogen storage targets [17–19].

Activated carbon is one of the most widely used adsorbents in in
dustry due to its high surface area, suitable pore structure, high carbon 
content, and excellent physicochemical stability. It is widely employed 
in air and water purification systems, as a catalyst or catalyst support, 
and in electrochemical applications [20–23]. However, commercial 
production often relies on expensive carbon-rich precursors with low 
inorganic content [24,25]. In recent years, to reduce production costs, 
agricultural wastes [26,27], by-products [28,29] and other biomass 
sources [30] have been explored as sustainable and low-cost alterna
tives. Peanut shells, as lignocellulosic waste with high carbon content 
and low ash yield, are particularly attractive as precursors for activated 
carbon production. Various studies have focused on the use of agricul
tural wastes such as peanut shells for the production of activated carbon 
due to their low cost, sustainability, and environmentally friendly 
characteristics. Li et al. reported that the carbon material derived from 
peanut shells and activated with KOH exhibited a high surface area of 
3728 m2/g and a total pore volume of 2.21 cm3/g, achieving a hydrogen 
storage capacity of 6.36 wt% at 77 K and 40 bar [31]. Arslanoğlu et al. 
synthesized activated carbon in a single step using peanut shells and 
vinasse, obtaining a surface area of 1290.5 m2/g, and demonstrated high 
adsorption capacities for dye and heavy metal removal [32]. Zhong et al. 
produced activated carbon from peanut shells using microwave-assisted 
phosphoric acid activation and reported favorable surface properties 
and effectiveness in H₂S removal applications. Sandeep and et al. chosed 
the peanut shells as a precursor to prepare the cost-effective electrode 
material for supercapacitors [33]. These studies indicate that activated 
carbons derived from peanut shells possess significant hydrogen storage 
potential due to their high surface area and suitable pore structure. In 
particular, materials obtained through KOH activation have shown 
notably high hydrogen adsorption capacities [34]. Faraji and Saidi 
showed the process of biochar production from peanut Shell biomass 
was investigated experimentally and theoretically and they specified it 
was favorable for being used as a gas adsorbent [35]. However, to date, 
no comprehensive study has systematically investigated the hydrogen 
storage performance of hydrothermally carbonized peanut shell-based 
activated carbons under cryogenic conditions using detailed kinetic 
and isothermal modeling. In this context, it is hypothesized that the 
porous structure and surface chemistry of activated carbons synthesized 
from peanut shells via one-step hydrothermal carbonization signifi
cantly influence their hydrogen adsorption capacity under low tem
perature and moderate pressure conditions. Therefore, the aim of this 
study is to develop low-cost, high-surface-area activated carbons from 
peanut shells via hydrothermal carbonization and evaluate their 
hydrogen storage behavior at cryogenic temperatures using advanced 
kinetic and isotherm models. The resulting activated carbons were 
characterized by Brunauer-Emmett-Teller (BET), Fourier-transform 
infrared spectroscopy (FTIR-ATR), scanning electron microscopy with 
energy dispersive X-ray analysis (SEM/EDX), and thermogravimetric/ 
derivative thermal analysis (TGA/d[TG]). Hydrogen storage measure
ments were conducted using a Hiden IMI-PSI instrument at cryogenic 
temperatures under various pressures. Moreover, the adsorption kinetics 
and mechanisms of hydrogen were analyzed using pseudo-first order, 
pseudo-second order, Elovich, Boyd, and Weber-Morris models, while 
isothermal behavior was assessed with Freundlich, Langmuir, Dual- 

Langmuir, and Temkin equations.

2. Experimental

2.1. Materials

The peanut shells used in the experiments were procured from the 
Yarış village located within the Şamlı district of Balıkesir Province in 
Turkey. Zinc chloride (ZnCl2) used as the chemical activation agent was 
purchased from Sigma-Aldrich company. All other chemicals were 
bought of analytical purity and used within further purification.

2.2. Method

2.2.1. Grinding of peanut shells
Peanut shells were washed with distilled water several times to 

remove impurities and dried in an oven at 80 ◦C for 24 h. The dried 
peanut shells were ground with a laboratory steel mixer using liquid 
nitrogen and dried again in an oven at 80 ◦C for 24 h. The dried biomass 
was sieved on a Retsch AS 200 using 100 μm and 500 μm sieves, and 
peanut shells with grain sizes of 100–500 μm were obtained.

2.2.2. Preparation of activated carbons
The production of samples was carried out by hydrothermal 

carbonization method from peanut shells with grain size of 100–500 μm. 
Samples were prepared using an autoclave system resistant to high 
pressure and temperature. 50 mL of distilled water and/or reaction so
lution and 2.5 g of ground peanut shells were placed in the autoclave 
system and experiments were carried out by mixing at a stirring speed of 
500 rpm with help of a closed system magnetic bar. Activated carbons 
were produced at 240 ◦C, in ZnCl2 reaction media at a ratio of 1/1 by 
mass (w/w) and different reaction times (1, 3 and 6 h) and under 
spontaneous pressure. The samples obtained were washed many times 
with plenty of distilled water with the help of a vacuum engine, then 
passed through ethyl alcohol and dried at 80 ◦C for 6 h.

2.3. Characterization

Peanut shells as a starting material with grain size of 100–500 μm 
used in the preparation of activated carbons and produced activated 
carbons were characterized using BET, FTIR-ATR, XRD, SEM/EDX and 
TGA devices.

BET surface area measurements of carbon-derived materials were 
carried out with a Quantachrome Nova 2200e series device by degassing 
at 250 ◦C for 24 h. Surface area measurements and pore size distribu
tions of the samples were determined by using pure nitrogen gas as an 
adsorbate under liquid nitrogen at 77 K. In addition, in the pore size 
distribution of samples, the total pore volume was determined by the 
DFT method and the micropore volume was determined by the t-plot 
method using the BET surface area device. FTIR-ATR analyzes of carbon- 
derived materials were carried out with a Perkin Elmer Spectrum 100 
spectrophotometer in transmittance mode in the wave number range of 
4000–650 cm− 1. XRD analyses of the samples were carried out at room 
temperature using a Malvern Panalytical Philips X'Pert-Pro diffractom
eter, operated at 30 mA and 40 kV, over a 2θ range of 5◦ to 80◦ with a 
scanning rate of 2◦/min. The surface of activated carbons was coated 
with Au–Pd under 20 mA current for a certain period of 60 s, and their 
morphologies were visualized with a Zeiss Evo LS 10 scanning electron 
microscope. Thermogravimetric analyzes of activated carbons were 
performed using Perkin Elmer Diamond simultaneous TG analyzer in the 
temperature range of 30–1200 ◦C with 20 ◦C temperature increases 
under nitrogen atmosphere.

2.4. Hydrogen storage analyzes

Hydrogen adsorption measurements of the activated carbon samples 
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were conducted using a Hiden IMI-PSI high-pressure gas sorption 
analyzer equipped with a cylindrical sample cell. The hydrogen gas used 
in the experiments was of ultra-high purity (>99.999 %) and supplied 
from a 200 bar high-pressure cylinder. The working pressure range of 
the analyzer extended from high vacuum up to 100 bar, while the 
temperature range spanned from cryogenic temperatures to 500 ◦C. In 
this study, all measurements were performed at − 196 ◦C (liquid nitro
gen temperature). Prior to analysis, the activated carbon samples 
(typically 50–100 mg) were degassed under vacuum at 200 ◦C for 
approximately 8 h to remove any adsorbed impurities. The system was 
then pressurized with hydrogen to the desired pressure level, and the 
pressure drop was continuously monitored to evaluate hydrogen uptake. 
The measurement process was fully automated to ensure high data 
quality and reproducibility. All necessary precautions were taken to 
minimize potential sources of error, including gas leakage, temperature 
fluctuations, and pressure variations due to hydrogen diffusion into the 
sample cell. These measures ensured accurate and reliable adsorption 
data [36].

3. Results and discussion

3.1. Characterization

Characterization of the produced activated carbons was carried out 
using BET, FTIR-ATR, XRD, SEM/EDX and TG/d[TG] techniques.

3.1.1. FTIR-ATR analysis
Fig. 1 shows the FTIR-ATR spectra for peanut shells and activated 

carbons. The FTIR-ATR spectrum for peanut shells exhibited various 
bands belonging to different functional groups. This spectrum shows 
characteristic peaks corresponding to cellulose, hemicellulose, lignin, 
and various organic compounds. A wide and spreading band around 
3336 cm− 1 corresponds to stress vibrations belonging to the OH hy
droxyl group, and the peak at 2921 cm− 1 is attributed to –CH stress 
vibrations indicating the presence of methyl and methylene groups (the 
broad absorption in 3100–2800 cm− 1 region indicates the presence of 
aliphatic compounds). The peak at 1734 cm− 1 is associated with C––O 
stress vibrations (peaks at 1730 cm− 1 and 1637 cm− 1 suggest the pres
ence of carbonyl and aromatic groups, respectively). The peaks in 1604 
cm− 1 and 1507 cm− 1 correspond to the C––C tensile vibration, while the 
other bands in 1259 and 1232 cm− 1 show the bending vibrations of the 
–CH group. The characteristic peak at 1026 cm− 1 corresponds to the 

C–O stress vibrations [37]. The spectrum also reflects the complex 
composition of peanut shells biomass, highlighting its potential appli
cations in biofuels, agricultural residues, and other sustainable uses. 
When the FTIR-ATR spectra of activated carbons are compared with the 
spectrum of peanut shells, it is seen that most of the functional groups in 
the peanut shells are lost with the formation of activated carbon. This 
situation is also similar to the spectra of activated carbons obtained from 
different biomass [38]. In the synthesis of activated carbon with ZnCl₂ 
activation, ZnCl2 promotes pore formation in the carbon skeleton and is 
then removed by washing. Therefore, peaks directly related to Zn are not 
expected in the FTIR spectra. The hydroxyl bands expected to be 
observed at 3500–3000 cm− 1 in the FTIR spectra of the synthesized 
activated carbons after activation were not present because the C–H 
structures were removed during activation. The disappearance of the 
bands at 1750–1700 cm− 1 and 1300–1000 cm− 1 compared to biomass 
can be attributed to the disintegration of carbonyl, carboxyl, quinone 
and ester in the biomass structure into gaseous products by C––O and 
C–O stretches, respectively. The increase in the band at 1600–1500 
cm− 1 in activated carbon samples may be due to C––C aromatic ring 
vibrations due to the increase in the carbon content of activated carbons 
[22,39]. In addition, since the hydrothermal carbonization process re
sults in condensation and aromatization, more pronounced C––C peaks 
are expected.

3.1.2. XRD analysis
The XRD patterns of peanut shells and activated carbons are given in 

Fig. 2. The characteristic peaks obtained from the XRD pattern of the 
peanut shells are 2θ = 22◦ and 2θ = 72.73◦. The 2θ = 22◦ peak, which 
corresponds to the 002 crystallographic plane of the peanut shells cel
lulose I lattice, belongs to the typical cellulose diffraction peak [40]. The 
characteristic peaks of the peanut shells are not seen in the XRD patterns 
of the hydrocarbonized samples treated with ZnCl2. These patterns 
confirm that the samples have an amorphous structure rather than a 
crystalline structure [41].

3.1.3. SEM/EDX images
Although a porous structure is observed in the surface image of the 

peanut shells at 1500× magnification given in Fig. 3a, the surface is 
relatively smooth [42]. According to the surface morphologies of the 
samples viewed at different magnification ratios, it can be said that the 
surface morphology of the peanut shells changes significantly as the 
hydrothermal carbonization time increases, the pore structure becomes 

Fig. 1. FTIR-ATR spectra of peanut shells and activated carbons.
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more pronounced and it gains the character of activated carbon. While 
the surface morphology and pore formation of the activated carbon 
samples are clearly observed from the SEM images zoomed in at 1000×
and 5000×, nothing clear can be said about the micro and mesopore 

structure [43]. While the peanut shells are relatively smooth and less 
porous, the porous structure becomes more pronounced in the surface 
morphology of the sample activated with 1 h hydrothermal carboniza
tion (Fig. 3b), and collapse and fragmentation occur on the surface. In 

Fig. 2. XRD patterns of peanut shells and activated carbons.

Fig. 3. SEM/EDX images of a) peanut shells, b) PS-ZnCl2-240-1 h, c) PS-ZnCl2-240-3 h, d) PS-ZnCl2-240-6 h activated carbons.
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the SEM images of the samples activated with 3 h and 6 h of hydro
thermal carbonization, given in Fig. 3c and d, respectively, it is seen that 
the pores become more distinct, the pore structure is well developed and 
approaches more activated carbon character, and this situation is also 
compatible with the increased surface areas [36,44,45]. In addition, the 
high magnification ratio (5000×) of the sample synthesized with 6 h of 
hydrothermal carbonization provides a clearer view of the pores, in this 
example it is seen that the pore diameters become smaller and the 
structure becomes more irregular. When evaluated in general, the SEM 
images of activated carbons show that hydrothermal carbonization 
promotes pore formation.

EDX analysis is a frequently used method to determine the elemental 
content of biomasses such as peanut shells and the carbon and oxygen 
percentage of activated carbons synthesized from biomasses. According 
to the EDX spectrum given in Fig. 3a, the main components of the peanut 
shells are 46.95 % carbon (C) and 37.27 % oxygen (O) and these two 
elements constitute a large part of the total composition. The high car
bon content indicates that the lignocellulosic structure and organic 
content of the peanut shells are dominant. The presence of oxygen is due 
to oxygen-containing compounds such as cellulose, hemicellulose and 
lignin in the structure of the biomass. In addition, 7.11 % potassium (K), 
3.46 % silicon (Si), 0.98 % sulfur (S), 3.71 % calcium (Ca) and 0.50 % 
magnesium (Mg) were detected. These elements can generally originate 
from environmental contamination or minerals taken from the soil 
during the growth of the peanut and the soil structure in which the plant 
grows [46,47]. An increase in the amount of carbon and a decrease in 
the amount of oxygen are expected in the elemental compositions of the 
activated carbon samples obtained after hydrothermal carbonization 
because functional groups containing oxygen are removed from the 
structure by thermal decomposition. Therefore, C and O are the main 
elements in the EDX spectrum to evaluate the synthesis of activated 
carbon. When the EDX spectra of the samples activated with 1 h, 3 h and 
6 h of hydrothermal carbonization and the % elemental compositions 
given in Table 1 are evaluated, it is seen that they contain 70.99 % C and 
25.45 % O, 88.14 % C and 10.40 % O, 84.75 % C and 13.67 % O, 
respectively. These results show that hydrothermal carbonization suc
cessfully produces activated carbon by improving the pore structure on 
the surface together with ZnCl2 and enriches the carbon content by 
removing organic components. The ratios of elements such as Si and S 
may have changed in the EDX analysis and the source of these trace 
elements observed in the composition of activated carbons is probably 
the composition of the raw material. In addition, the presence of Cl in 
activated carbons is due to the activation of ZnCl2. In addition, after 3 h 
of carbonization, the carbon content increased to the maximum while 
the oxygen content decreased. As can be seen from the SEM image, the 
maximum pore formation was observed in this sample and compared to 
other samples, the carbon content reached the highest level while the 
oxygen and inorganic compounds decreased to the lowest level.

3.1.4. Thermal analysis
The TG and d[TG] thermograms of the peanut shells and activated 

carbons are given in Fig. 4a and b and the data obtained from these 
thermograms are given in Table 2. TGA was used to determine the 
moisture content and stability of the biomass and also the thermal sta
bility of activated carbons. It is clear from this thermogram that the 

degradation mechanism of the peanut shells occurs in 2 steps between 
room temperature and 1200 ◦C. In the first step between 30 and 200 ◦C, 
a mass loss of 5.75 % occurred. This loss may be due to the moisture 
released from the sample during heating. TG analysis of peanut shells 
revealed that the main decomposition occurred in the second step be
tween 200 and 600 ◦C (Tmax2: 350 ◦C), which may be due to the 
decomposition of chemically bound water, cellulose, hemicelluloses and 
lignin into carbon [48–50]. The mass loss in this step was 72.5 % and the 
maximum mass loss occurred at 350 ◦C. With heating above 400 ◦C, low 
weight loss occurs due to the formation of volatile products such as CO, 
CO2, etc. [51]. In addition, the amount of residue left from the decom
position at the end of the analysis was 21.8 %. According to Carrier, 
hemicellulose is the first component of woody biomass to decompose in 
the internal environment [52]. Hemicellulose begins to decompose at 
approximately 250 ◦C to 300 ◦C. After hemicellulose, cellulose begins to 
decompose at approximately 300–350 ◦C. Finally, the decomposition of 
lignin occurs at 300–500 ◦C. TG studies provide information about the 
thermal stability of activated carbons. TG thermograms of activated 
carbons are given in Fig. 4b. With the hydrothermal carbonization 
process, the thermal stability of the samples increased compared to the 
untreated peanut shells. Table 2 shows the increase in Tmax1, Tmax2, 
Tmax3 and Tmax4 temperatures confirming this stability. In addition, 
when the samples were heated up to 1200 ◦C under nitrogen environ
ment, there was an increase in the amount of residue compared to the 
untreated peanut shells. The degradation mechanism of the high surface 
area activated carbon samples obtained under these conditions occurs in 
a single step at 941 ◦C. Only the sample group that decomposed in a 
single step was the one that was activated with ZnCl2 for 6 h. According 
to this table, the TG results show that there are significant differences in 
the residual mass among samples activated for 1 h, 3 h, and 6 h (e.g., 
residue for the 1 h sample is 59.7 %, for the 3 h sample is 75 %, and for 
the 6 h sample is 67.5 %). The degradation peaks of the activated carbon 
samples whose degradation profiles changed after activation shifted to 
higher temperatures, especially in the 3 h sample. This indicates that the 
activation process increases the aromatic carbon content of the samples 
and forms a dense carbon skeleton resistant to high temperatures [53]. 
While 1 h was deemed insufficient for the activation period, 6 h may 
have caused pore collapse, a decrease in surface area and micro- 
mesopore volume. A 3-h activation period may represent the condi
tion where the pore structure developed optimally and the structure 
reached its most stable form with a high carbon/mineral skeleton ratio. 
This may also be the main reason why this sample had the maximum 
hydrogen storage capacity compared to other samples. This finding also 
demonstrates the importance of controlled optimization in determining 
the activation period. The use of activating agents such as KOH, ZnCl2, 
or H3PO4 not only increases the porosity of activated carbon but also 
improves its pore size distribution, ensuring optimal hydrogen adsorp
tion. This process facilitates the formation of distinct micro- and meso
porous architectures, which are crucial for the effective physical 
adsorption of hydrogen molecules. Therefore, the development and 
development of chemical activation procedures is essential to optimize 
the potential of ACs for hydrogen storage [54,55].

3.2. Hydrogen storage

In hydrogen storage, BET surface area and pore volume are the basic 
parameters that determine the adsorption capacity [56]. High BET 
surface area increases the number of active points where hydrogen 
molecules can be retained by physical adsorption. Appropriately sized 
and high volume pore structure facilitates the effective retention and 
release of hydrogen. Therefore, these two properties directly affect the 
storage performance, especially in porous solid adsorbents. In the study, 
activated carbons were produced from peanut shells by hydrothermal 
method at 240 ◦C for 1, 3 and 6 h. The hydrogen storage capacities of the 
produced activated carbons measured at cryogenic temperature are 
given in Fig. 5. From the figure, it is seen that the storage capacities for 

Table 1 
Elemental composition (wt%) of peanut shells and activated carbons.

Samples C O Si S Ca Mg K Cl

PS 46.95 37.27 3.46 0.98 3.71 0.50 7.11 –
PS-ZnCl2-240- 

1 h
70.99 25.45 1.60 0.65 – – 1.25

PS-ZnCl2-240- 
3 h

88.14 10.40 0.34 0.41 – – 0.58

PS-ZnCl2-240- 
6 h

84.75 13.67 0.36 0.54 – – 0.67
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all three activated carbon samples increased with increasing pressure, 
and the storage capacities of other activated carbon samples except the 
PS-ZnCl2-240-3 h sample tended to decrease slightly after approximately 
17.5 bar. This situation shows that PS-ZnCl2-240-1 h and PS-ZnCl2-240- 

6 h samples exhibit excessive adsorption behavior after a certain pres
sure. On the contrary, it was determined that the storage capacity of PS- 
ZnCl2-240-3 h sample increases with increasing pressure. Excessive 
adsorption is the situation where the gas density in the pore is higher 

Fig. 4. TG and d[TG] thermograms of a) peanut shells and b) activated carbons.

Table 2 
Thermal stability parameters of peanut and activated carbons.

Samples Tmax1 

(◦C)
ΔY1 

(%)
Tmax2 

(◦C)
ΔY2 

(%)
Tmax3 

(◦C)
ΔY3 

(%)
Tmax4 

(◦C)
ΔY4 

(%)
Residue (%)

PS 74 5.8 350 72.5 – – – – 21.8
PS-ZnCl2-240-1 h 69 7.5 318.7 2.8 583 12.0 1199 18.0 59.7
PS-ZnCl2-240-3 h 65 2.9 857 12.6 1057 9.5 – – 75.0
PS-ZnCl2-240-6 h – – – – – – 941 32.5 67.5
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than the environmental gas density due to the excess adhesion of the gas 
to the adsorbent surface under certain temperature and pressure con
ditions. In this case, the adsorption amount of the gas increases with the 
increase in the number of molecules on the adsorbent surface and the 
pressure, but after a certain point, the addition of gas decreases due to 
the repulsion of the existing adsorbed molecules on the surface. The 
excessive adsorption isotherm curve shows a maximum value as the 
pressure increases and then decreases as a result of the subsequent 
pressure increases. This occurs because the gas fills both the adsorbent 
surface and the internal pores, while the external gas density is still 
increased. Therefore, excessive adsorption reveals the complexity of the 
interactions between the gas phase and the solid phase and the effect of 
the gas density. Similar results have been observed in different studies in 
the literature. Excessive adsorption was observed during the adsorption 
of hydrogen on activated carbons synthesized from tangerine peel under 
low temperature and high pressure. Especially in the measurements 
made at high pressure at cryogenic temperature (77 K), the isotherms 
tended to increase to a maximum point and decrease again instead of 
reaching saturation; this indicates that the hydrogen density in the pores 
is higher than the surrounding gas. This confirms that excessive 
adsorption occurs and shows that the adsorption is limited only by 
physical interactions (van der Waals forces) [57]. In another study, 
excessive adsorption was observed at a temperature of 77 K and a 
pressure of approximately 20 bar. Under these conditions, the adsorp
tion capacity reached its maximum due to the filling of the activated 
carbon pores with hydrogen, and no increase was observed afterwards. 
In the experiments, activated carbons synthesized using 1:2 and 1:4 
ZnCl₂ ratios showed the best hydrogen storage performance, especially 
when pyrolyzed at 600 ◦C, thanks to their high surface area (2270 m2/g) 
and high micropore volume (0.93 cm3/g). Although the adsorption rate 
was fast at the beginning as the pressure increased, the adsorption 
amount was fixed after the pores were filled after 20 bar. This shows that 
hydrogen was physically adsorbed by van der Waals interactions, 
especially at low temperatures, and excessive adsorption capacity 

emerged after the pores were completely filled [38]. In this type of 
adsorption, especially micropores (<2 nm) are more effective; because 
the interaction forces between the gas molecules and the surface are 
more intense in these pores and allow the gas to be trapped in the pores 
and kept at high density. Therefore, activated carbons with high 
micropore volume are more advantageous in terms of excessive 
adsorption capacity. BET analyses were performed to determine the 
surface areas and pore volumes of the activated carbon samples. Fig. 6
shows the nitrogen adsorption-desorption isotherm curves of the acti
vated carbon samples. According to the IUPAC (International Union of 
Pure and Applied Chemistry) classification, there are 6 types of isotherm 
classifications. These classifications are very important for understand
ing the pore structure and surface properties of the materials [58]. When 
the nitrogen adsorption-desorption isotherms are examined according to 
the IUPAC classification, it is seen that all samples have a Type IV 
isotherm. This isotherm type is particularly characteristic for meso
porous solids and is typically seen with a hysteresis loop [59]. PS-ZnCl2- 
240-3 h sample exhibits a significant hysteresis loop, indicating that it 
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Fig. 6. Nitrogen adsorption-desorption isotherm curves for activated car
bon samples.
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contains mesoporous structure, while PS-ZnCl2-240-1 h and PS-ZnCl2- 
240-6 h samples have much more limited hysteresis loop, suggesting 
that micropores are dominant. In Fig. 7, the pore size distribution and 
cumulative pore volumes of PS-ZnCl2-240-1 h, PS-ZnCl2-240-3 h and PS- 
ZnCl2-240-6 h samples are compared. PS-ZnCl2-240-3 h sample has a 
significant pore density in the range of approximately 1–2 nm and the 
highest cumulative pore volume around 0.5 cm3/g. This shows that 3 h 
of activation supports the formation of both micropores and mesopores. 
PS-ZnCl2-240-1 h and PS-ZnCl2-240-6 h samples exhibit lower total pore 
volume and their pore distributions are narrower and they have pre
dominantly microporous structure. Especially PS-ZnCl2-240-1 h sample 
presents a very limited pore volume, while PS-ZnCl2-240-6 h sample 
shows lower performance compared to PS-ZnCl2-240-3 h sample despite 
being more developed in terms of pore volume. This situation reveals 
that 3 h activation time with ZnCl₂ is the most suitable time for optimum 
pore development. The pore volume values of the samples calculated 
according to the DFT method are presented in Table 3. The pore volume 
values calculated according to the DFT method confirm the above re
sults. With the DFT method, the total pore and micropore volumes of PS- 
ZnCl2-240-1 h, PS-ZnCl2-240-3 h and PS-ZnCl2-240-6 h samples were 
calculated as 0.250, 0.448 and 0.335 cm3/g; and 0.250, 0.346 and 
0.333 cm3/g, respectively. In terms of mesopore volume (Vmeso), the 
most significant difference is noted as 0.102 cm3/g in PS-ZnCl2-240-3 h 
sample, which shows that the formation of mesoporous structures occurs 
most efficiently in this period. In line with these data, it can be said that 
3 h of activation provides the optimum condition in terms of both higher 
surface area and developed pore structure. According to the IUPAC 
classification, the hysteresis loop is Type 4, which indicates the presence 
of slit-type micropores together with mesopores. Therefore, 3 h activa
tion with ZnCl2 provided balanced formation of both micro and meso
pores. When Table 3 is examined, it is shown that PS-ZnCl2-240-1 h and 
PS-ZnCl2-240-6 h samples have quite low mesopore volumes. The fact 
that microporous structures are more dominant in excessive adsorption 
is in good agreement with the pore structures of PS-ZnCl2-240-1 h and 
PS-ZnCl2-240-6 h samples. PS-ZnCl2-240-6 h sample has both micro and 
mesopore volumes. The fact that excessive adsorption is not observed in 
this sample may be due to the storage of hydrogen gas in mesopores in 
addition to micropores with increasing pressure and higher pore 
volumes.

When Fig. 5a is examined, it is seen that the hydrogen storage ca
pacities of the activated carbon samples are different from each other. It 
is seen that the differences in hydrogen storage capacities between the 
samples are related to the presence of BET surface area, micropore 
volume and mesopore. PS-ZnCl₂-240-3 h sample has the highest BET 
surface area with 856 m2/g, micropore volume of 0.346 cm3/g and also 
a significant mesopore volume (0.102 cm3/g). Thanks to these 

properties, it reached the highest hydrogen storage capacity by 
providing both high surface area and easier diffusion paths for hydrogen 
molecules. PS-ZnCl₂-240-1 h sample showed a more limited adsorption 
performance with 693 m2/g surface area and low micropore volume 
(0.250 cm3/g). Although the PS-ZnCl₂-240-6 h sample was similar to the 
1 h sample in terms of surface area (722 m2/g) and micropore volume 
(0.333 cm3/g), it was observed that the long activation time negatively 
affected the pore structure and decreased hydrogen adsorption. As a 
result, high BET surface area, large micropore volume and the presence 
of an appropriate amount of mesopores are critical factors in increasing 
the hydrogen storage capacity. Especially in the PS-ZnCl₂-240-3 h 
sample, a superior hydrogen adsorption performance was obtained due 
to the synergistic effect of both the large surface area and the well- 
balanced micro and mesopore structure.

Furthermore, when the adsorption/desorption curve of the PS-ZnCl2- 
240-3 h sample is examined in Fig. 5b, the desorption isotherm does not 
overlap with the adsorption isotherm. In this case, the adsorption- 
desorption isotherm curve exhibits hysteresis. This situation is gener
ally observed in adsorbents that also have mesopores, and when Table 4
is examined, it is seen that this sample has micro- and mesopores [81].

In the literature, the hydrogen storage capacities of activated carbons 
produced from various biomass and organic sources vary widely 
depending on temperature, pressure, and the pore characteristics of the 

Fig. 7. Variation of cumulative pore volume with pore size for activated car
bon samples.

Table 3 
BET surface areas and pore size distributions of activated carbons.

Samples SBET
a

(m2/g)
Vt

b

(cm3/g)
VDFT

c

(cm3/g)
Vmic

d

(cm3/g)
Vmeso

e

(cm3/g)

PS-ZnCl2-240-1 h 693 0.285 0.253 0.250 0.003
PS-ZnCl2-240-3 h 856 0.496 0.448 0.346 0.102
PS-ZnCl2-240-6 h 722 0.378 0.335 0.333 0.002

a SBET, computed by BET equivalent at P/P0 
= 0.05–0.3.

b Vt, predicted from the the amount of N2 adsorption at P/P0 = 0.99.
c VDFT, measured by DFT method using slit pore model.
d Vmic, determined by DR method.
e It was achieved by deducting the micropore volume from the pore volume 

which was analyzed by the DFT technique.

Table 4 
Hydrogen storage capacities of some activated carbons.

References Source T 
(K)

Pressures 
(bar)

H2 (wt%)

Sethi and Sayari [4] Petroleum pitch 77 1 2.94
Stock et al. [26] Orange peel 77 1 2.60–2.80
Stock et al. [26] Tea leaves 77 1 2.50–2.60
Peng et al. [27] Bagasse –* 1 2.62
Peng et al. [27] Cornstalk –* 1 2.61
Peng et al. [27] Pine powder –* 1 2.13
Selvaraj et al. [28] Bamboo- 

chopsticks
77 1 2.30

Stock et al. [29] Coffee waste 77 37 5.79
Serafin et al. [30] Polypodium vulgare 

leaves
298 45 2.73

Ariharan and 
Viswanathan [36]

Peanut shell 298 100 1.20

Türkyilmaz et al. [38] Horse chestnut 
shell

77 30 4.46

Doğan et al. [57] Tangerine peel 77 30 1.67
Doğan et al. [60] Olive leaf 77 80 0.43
Choi and Park [61] Biomass derived 

aerogels
77 1 2.70

Casa-Lillo et al. [62] Activated carbon 
fibers

298 10 1

Bicil and Doğan [63] Almond shell 77 30 2.53
Heo and Park [64] Rice husk 77 1 2.50
Arshad et al. [65] Empty fruit bunch 77 20 2.14
Işınkaralar et al. [66] Horse chestnut 

shell
77 45 2.2

In this study Peanut shell 77 30 2.10

* The study temperature is not clear.
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material. Adsorption studies conducted at low temperatures (77 K) 
generally provide higher capacities compared to those carried out at 
higher temperatures (298 K). This is attributed to the more effective 
physical adsorption of hydrogen molecules at lower temperatures. 
Increasing the pressure generally improves the storage capacity; how
ever, beyond a certain point, the increase becomes limited. At 298 K, 
Casa-Lillo et al. reported a hydrogen storage capacity of 1.00 % for 
activated carbon fibers at 10 bar [62]. Ariharan and Viswanathan ob
tained 1.20 % for peanut shell–derived activated carbon at 100 bar [36]. 
Serafin et al. achieved 2.73 % for activated carbons produced from 
Polypodium vulgare leaves at 45 bar [30]. At 77 K under moderate 
pressure conditions, Türkyılmaz et al. achieved 4.46 % for activated 
carbons from horse chestnut shell at 30 bar [38]. Doğan et al. reported 
1.67 % for tangerine peel–derived activated carbons under the same 
conditions [57]. Activated carbons from almond shells reached 2.53 % 
at 30 bar in the study by Bicil and Doğan [63]. In the present study, 
peanut shell–derived activated carbon achieved a hydrogen storage 
capacity of 2.10 % at 77 K and 30 bar. Under low pressure (1 bar) and 77 
K conditions, Sethi and Sayari (2016) reported 2.94 % for petroleum 
pitch–derived activated carbons, while Choi and Park obtained 2.70 % 
for biomass-derived aerogels [4,61]. Stock et al. achieved 2.60–2.80 % 
for activated carbons derived from orange peel and 2.50–2.60 % for 
those from tea leaves [26]. Selvaraj et al. reported 2.30 % for bamboo- 
chopstick-derived activated carbons [28]. Heo and Park obtained 2.50 % 
for rice husk-based activated carbons [64]. Peng et al. reported 2.62 % 
for bagasse, 2.61 % for cornstalk, and 2.13 % for pine powder-derived 
activated carbons [27]. At 77 K under medium-to-high pressure condi
tions, Arshad et al. reported 2.14 % for empty fruit bunch–derived 
activated carbon at 20 bar [65]. Işınkaralar et al. achieved 2.20 % for 
horse chestnut shell–derived activated carbon at 45 bar [66]. Stock et al. 
reported 5.79 % for coffee waste–derived activated carbons at 37 bar 
[29]. In contrast, Doğan et al. obtained only 0.43 % for olive leaf-derived 
activated carbon at 80 bar [60]. The hydrogen storage capacity of 2.10 
% achieved in this study under 77 K and 30 bar is competitive when 
compared to many results reported in the literature under similar con
ditions. It falls within the same pressure range as 2.20 % for horse 
chestnut shell [66] and 2.53 % for almond shell [63], while exceeding 
the 1.67 % reported for tangerine peel [57]. In conclusion, when the 
hydrogen storage performances of activated carbons produced from 
different sources are compared, the value obtained in this study is sig
nificant both for its performance under moderate pressure conditions 
and for the use of a sustainable feedstock such as peanut shell.

Table 5 presents the storage capacity, cost performance, and ad
vantages/disadvantages of the activated carbons obtained in this study 
and the state-of-the-art technology storage materials. As summarized in 
Table 5, the peanut shell-derived activated carbon developed in this 
work shows hydrogen uptake comparable to or better than commercial 
activated carbons. While its gravimetric and volumetric capacities are 
lower than those of advanced MOFs and metal hydrides, our material 

offers remarkable advantages in terms of sustainability, cost- 
effectiveness, and large-scale availability, since it is obtained from 
agricultural waste. When benchmarked against the DOE 2025 targets 
(≥5.5 wt% and ≥40 g/L), the material still requires improvement; 
however, its favorable cost-to-performance ratio and renewable origin 
make it a promising candidate for low-cost, practical hydrogen storage 
applications.

3.3. Isotherm analysis

Isotherm analysis is critical in understanding the adsorption process 
of gases, determining and optimizing the distribution of gas molecules 
and its maximum adsorption capacity on the adsorbent surface. In 
addition, isotherm analysis also elucidates the nature of the adsorption 
mechanism (physical or chemical) and the surface properties of the 
adsorbent. The selection of the appropriate isotherm model can gener
ally be optimized by regression coefficient analysis methods, which 
provides a more accurate description of the adsorption process [74–76]. 
The isotherms commonly used to analyze the adsorption data of gases 
are Freundlich, Langmuir, Dual-Langmuir and Temkin isotherms [65].

The Freundlich isotherm is a model based on the energy distribution 
of active sites on the adsorbent surface for adsorption. This isotherm is 
an empirical equation that states that at low concentrations the amount 
of adsorption increases with the adsorbate concentration or pressure and 
can be written in linear form as follows [77]: 

lnqe = lnkF +1/nlnP (1) 

In this equation, qe is the amount of substance adsorbed (mmol/g); kF 
and n are the Freundlich constants; and P is the pressure (bar). If the 
experimental data are consistent with the Freundlich isotherm, the plot 
of lnqe against lnP should give a straight line with slope 1/n and 
extrapolation to lnkF.

The Langmuir isotherm is an equation that models the adsorption of 
gases on a solid surface and assumes that each adsorption site on the 
surface can be occupied by only one gas molecule. This model predicts 
that gas molecules will adsorb to the surface up to a certain maximum 
saturation level and that there is no interaction between the molecules 
during this process. The Langmuir isotherm can be given in linear form 
as follows [63]: 

P
qe

=
1

K1qm1
+

P
qm1

(2) 

Here, qe is the amount of hydrogen adsorbed (mmol/g); P is the 
hydrogen pressure (bar); qm1 is the monolayer capacity (mmol/g); and 
K1 is the equilibrium constant. From the slope and extrapolation of the 
plot of P/qe against P, qm1 and K1 can be calculated.

The dual Langmuir model is a powerful tool for relating multicom
ponent gas adsorption and provides flexibility in describing mixed gas 
competition while maintaining thermodynamic consistency [78]. In this 

Table 5 
Comparative performance of hydrogen storage materials.

Material H2 storage 
capacity (wt%)

Operating pressure/ 
temperature

Approx. cost Advantages Disadvantages

Commercial activated carbon 
[67,68]

0.6–1.8 30–100 bar/77 K Low–medium Widely available, inexpensive, 
stable

Relatively low capacity

MOF-5 [69] 4.5 1–10 bar/77 K High Extremely high surface area Moisture sensitive, expensive
HKUST-1 (Cu-BTC) [70] 2.27–3.6 1–10 bar/77 K High Good uptake, well studied Moisture instability
MIL-101(Cr) [71] 5.6–6.1 1–10 bar/77 K High Very high surface area, large 

pores
High synthesis cost

LaNi₅H₆ (metal hydride) [72] 1.0–1.3 <10 bar/room temp. Medium–high High volumetric capacity, 
stable

Heavy, low wt%, kinetic 
barriers

MgH₂ [73] 6.4–8.8 >300 ◦C Low High gravimetric capacity Requires high temperature 
activation

DOE target (2025) ≥5.5 100 bar/40–85 ◦C – Benchmark for applications Challenging to meet
In this study (peanut shell- 

derived activated carbon)
2.10 30 bar/77 K Very low (agricultural 

waste-based)
Renewable, low-cost, scalable, 
waste valorization

Moderate wt%, less ordered 
pore structure
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model, each hydrogen molecule is assumed to dissociate and occupy two 
points. The dual-Langmuir equation can be given as 

P1/2

qe
=

1
K2qm2

+
P1/2

qm2
(3) 

qm2 and K2 in this equation are different numerical values from those 
in Eq. 2.

Temkin isotherm is a model that describes the adsorption equilib
rium conditions by considering the interactions of adsorbent molecules 
on the surface and surface heterogeneity. This isotherm expresses the 
relationship between the adsorption pressure (P) and the adsorbed 
amount in a logarithmic manner at a given temperature. Temkin 
isotherm is generally valid at low and medium pressures and can be 
written as the following linear equation [79]: 

qe = AlnP+B (4) 

In this equation, A and B are specific constants related to the Temkin 
model.

The regression coefficient was used to determine which isotherm the 
experimental data are compatible with. The linear regression co
efficients calculated by applying the experimental data to the Freund
lich, Langmuir, Dual-Langmuir and Temkin isotherms are given in 
Table 6. It is seen that the regression coefficients for the Freundlich 
isotherm vary in the range of 0.8421–0.9272; for the Langmuir 
isotherm, in the range of 0.9964–0.9981; for the Dual Langmuir 
isotherm, in the range of 0.7876–0.9481; and for the Tamkin isotherm, 
in the range of 0.9662–0.9954. The highest regression coefficients were 
obtained for the Langmuir isotherm. Another parameter showing the 
agreement of the experimental data with the Langmuir isotherm is the 
agreement of the maximum amount of hydrogen adsorbed at equilib
rium with the monolayer capacities calculated for the Langmuir model. 
This result shows that hydrogen molecules are adsorbed at the active 
points on the surfaces and pores of the activated carbon samples, there is 
no interaction between the molecules, the adsorption is limited to the 
monolayer, and the active points on the activated carbon surface have 
the same affinity for the hydrogen molecule. In the literature, it has been 
found that the adsorption of hydrogen on the surface of activated car
bons produced from almond shells by chemical and microwave activa
tion is well correlated with the Freundlich isotherm [63]. In another 
study, the adsorption of hydrogen on the Pt surface was found to be 
more compatible with the Langmuir model. This is because the Lang
muir model is based on the assumption that the adsorbate binds singly to 
specific binding sites on the surface [80].

3.4. Adsorption rate and kinetics

The kinetics of gas adsorption on adsorbent surfaces is very impor
tant for determining the interaction of gas molecules with adsorbent 
surfaces and the rate-determining step. Adsorption rate expresses how 
fast molecules adhere to an adsorbent surface. This rate varies 
depending on the material and environmental conditions and includes 
molecular transition processes from the gas or liquid phase to the solid 
phase. Fig. 8 shows the change in hydrogen storage capacities of porous 
activated carbon samples produced by hydrothermal method at constant 
ZnCl2 concentration for different periods of time. It is seen that the 
adsorption rate is quite fast at the beginning and decreases with time. 
The high rate at the beginning is due to the low coverage fraction of the 
activated carbon surface and the decrease in the number of active points 
where gas molecules can interact due to the increase in coverage fraction 
over time. Again, it is seen from the curves that the hydrogen storage 
capacities of the samples increase with increasing pressure.

The investigation of adsorption rates as a function of pressure or the 
amount of adsorbed gas allows the determination of the degree of 
adsorption. Pseudo-first and second-order kinetic equations are widely 
used to investigate the adsorption kinetics of adsorbates from the gas or Ta
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Fig. 8. The changing of the amount of adsorbed hydrogen with time for a) PS-ZnCl2-240-1 h, b) PS-ZnCl2-240-3 h and c) PS-ZnCl2-240-6 h samples at 
different pressures.
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liquid phase to the solid surface. The pseudo-first-order kinetic equation 
states that the adsorption rate is proportional to the change in the 
concentration of the adsorbate. The pseudo-first-order equation can be 
written in linear form as follows: 

ln(qe − qt) = lnqe − k1t (5) 

In this equation, qe is the amount of adsorbate adsorbed at equilib
rium (mmol/g); qt is the amount of adsorbate adsorbed at any time t 
(mmol/g); t is time (min); and k1 is the rate constant (min− 1). For the 
experimental data to be compatible with this equation, the plot of ln(qe 
− qt) against t should give a straight line with slope − k1 and extrapo
lation lnqe.

The pseudo-second order kinetic equation states that the reaction 
rate is proportional to the square of the adsorbate concentration. Ac
cording to this model, the kinetic equation in linear form is 

t
qt

=
1

k2q2
e
+

t
qe

(6) 

In this equation, k2 is the rate constant (mmol/g min). If the plot of t/ 
qt against t gives a straight line, qe can be calculated from the slope of the 
line and then k2 can be calculated from extrapolation.

The regression coefficient values obtained by applying the experi
mental data to the pseudo first and second order kinetic equations are 
given in Table 7. The regression coefficient values for the pseudo first 
order kinetic equation vary in the range of 0.2835–0.6806, while they 
vary in the range of 0.8680–0.9874 for the second order kinetic equa
tion. These values show that the second order kinetic equation is in good 
agreement with the experimental data. Another parameter that shows 
that the experimental data are compatible with this equation is the 
agreement between the experimental and computational qe values. The 
points in Fig. 9 represent the experimental data, while the lines show the 
fitting curves for the qe and k2 values calculated from the pseudo-second 
order. Fig. 9 shows the curves of t/qt against t for the activated carbon 
samples. Similar results are available in the literature. For example, the 
defective fullerenes were produced from fullerenes by mechanical 
grinding at different grinding rates and times, and the adsorption ki
netics of these structures were investigated with pseudo-first and 
second-order equations. The kinetic analysis results showed that both 
the regression coefficients for the pseudo-second-order kinetic equation 
were higher and the experimental and computational qe values were in 
good agreement with each other [81]. In addition, it was determined 
that the adsorption kinetics of benzene vapors on the surface of biochar 
produced from almond shells was also compatible with the pseudo- 
second-order kinetic equation [82]. The adsorption kinetic analysis of 
hydrogen on the Pt/TiO2/Pt structure revealed that the experimental 
data showed high agreement with the pseudo second-order model. This 
model is used to determine the hydrogen flux and diffusion rate, 
explaining how hydrogen interacts with the chemicals on the surface 
[83]. The adsorption kinetics of NO2 on SnO2/RGO nanohybrids were 
investigated using Elovich and pseudo second-order models. Experi
mental data show that at low NO2 concentrations (1 ppm), the adsorp
tion obeys the Elovich model. In this case, the response time was 
measured as 10 s and the return time as 20 s. At higher concentrations (6 
and 9 ppm), it was observed that the linear relationship decreased, 
which revealed that the adsorption kinetics were also supported by the 
second-order reaction kinetics [84].

In order to interpret experimental data from a mechanistic point of 
view, it is necessary to define the steps that occur during adsorption. In 
general, during adsorption, the adsorbate diffuses from the bulk phase to 
the solid surface, the adsorbate diffuses intraparticle in the internal 
pores of the adsorbent, and the adsorbate adsorbs on the active sites on 
the adsorbent surface. In general, the adsorption of the adsorbate on the 
active sites on the adsorbent surface occurs very quickly and this step 
does not constitute the rate-determining step [85]. Therefore, the 
experimental data can be analyzed with the Boyd and Weber-Morris 
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equations to determine which of the other two steps is the slowest and 
the rate-determining step.

The diffusion model is based on the Fickian diffusion model, and the 
Boyd equation for the diffusion of adsorbate from the bulk phase to the 
solid surface in the adsorption process where solid diffusion dominates 
can be written as follows [86]. 

ln
(

1 −
qt

qe

)

= − 0.497 −
π2Dc

r2
c

t (7) 

Here, Dc is the diffusion coefficient (cm2/min); rc is the diameter of 
the adsorbent (cm); t is the time (min); qt is the amount of adsorbate 
adsorbed at any time t (mmol/g); and qe is the amount of adsorbate 
adsorbed at equilibrium (mmol/g). According to this equation, if the 
curve of ln(1 − qt/qe) against t gives a straight line passing through the 
origin, the adsorption mechanism is governed by intraparticle diffusion. 
If it intersects the y-axis at − 0.497, it shows that the adsorption mech
anism is governed by external mass transfer.

The Weber-Morris equation is a linear representation used to analyze 
intraparticle diffusion in adsorption kinetics. According to the Weber- 

Morris equation, if intraparticle diffusion is the only rate-determining 
step, the plot of the adsorbed amount versus the square root of time 
should give a straight line through the origin. If the curve does not pass 
through the origin, the adsorption process can be represented by mul
tilinear curves representing the different steps. The Weber-Morris 
equation can be given as follows. 

qt = kint
̅̅
t

√
+C (8) 

In this equation, kint is the intraparticle diffusion rate constant, and C 
is a constant that represents the intraparticle diffusion constant.

The regression coefficient values obtained by applying the experi
mental data to the Boyd and Weber-Morris equations are given in 
Table 7. The regression coefficient values for the Boyd equation vary in 
the range of 0.0509–0.6479. The very low regression coefficient values 
indicate that the adsorption mechanism is not external mass transfer 
diffusion. Fig. 10 shows the Weber-Morris curves for the experimental 
data. It is seen from the figures that the curves do not pass through the 
origin. This situation shows that intraparticle diffusion is not the only 

Fig. 9. The curves of t/qt versus t for samples a) PS-ZnCl2-240-1 h, b) PS- 
ZnCl2-240-3 h and c) PS-ZnCl2-240-6 h at different pressures.

Fig. 10. The curves of qt versus t0.5 for samples a) PS-ZnCl2-240-1 h, b) PS- 
ZnCl2-240-3 h and c) PS-ZnCl2-240-6 h.
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rate-controlling step. Because the figures exhibit two intersecting curved 
lines. The regression coefficient values calculated for the Weber-Morris 
curves are shown in Table 7. It is seen that the regression coefficient 
values for the first region are in the range of 0.4338–0.9454 and the 
regression coefficient values for the second region are very low. In 
addition, at low pressures, the extensions of the Weber-Morris curves 
pass through points very close to the origin. The fact that the experi
mental data are not compatible with the Boyd equation, the fact that the 
Weber-Morris curves pass through points very close to the origin at low 
pressures and the regression coefficient of the first region is higher re
veals that the rate-determining step in the adsorption process is the 
intraparticle diffusion step. The adsorption kinetics of methylene blue 
on the hazelnut shell was investigated. The experimental results showed 
that the adsorption provided good agreement with the pseudo-second- 
order kinetic model (R2 value in the range of 0.9991–0.9999). In addi
tion, the intraparticle diffusion process was determined as the rate- 
determining step in the adsorption process [87]. In another study, the 
adsorption kinetics of maxilon blue GRL on sepiolite was investigated. 
Experimental data show that the kinetic behavior of adsorption can be 
best described by the pseudo-second-order model. Furthermore, the 
intra-particle diffusion process has been identified as the rate-limiting 
step of the adsorption process [85].

3.5. Conclusions

In this study, the cryogenic hydrogen storage performance of acti
vated carbons synthesized from a low-cost and sustainable biomass 
source—peanut shells—was comprehensively investigated. Activated 
carbons were produced via hydrothermal carbonization, with chemical 
activation using ZnCl₂. The process yielded significant enhancements in 
surface area and pore structure. Among the prepared samples, the PS- 
ZnCl₂-240-3 h material exhibited the highest BET surface area (856 m2/ 
g) and total pore volume (0.448 cm3/g), achieving a maximum 
hydrogen uptake of 2.1 wt% at 77 K and 30 bar. This performance is 
competitive compared to similar biomass-derived carbons reported in 
the literature under equivalent conditions.

Comprehensive characterization analyses revealed the structural and 
morphological evolution of the carbon materials. FTIR-ATR spectra 
confirmed the elimination of oxygen-containing functional groups dur
ing activation, indicating an increase in carbonization content. XRD 
patterns showed the amorphous nature of the ZnCl₂-activated samples, 
while SEM images displayed the progressive development of porosity 
with increasing activation time. The PS-ZnCl₂-240-3 h sample demon
strated a well-balanced micro- and mesoporous structure, supported by 
DFT analysis, which quantified the micropore volume as 0.346 cm3/g 
and mesopore volume as 0.102 cm3/g. EDX results indicated a sub
stantial increase in carbon content (up to 88.14 %) and a decrease in 
oxygen content, highlighting a favorable surface composition for 
hydrogen adsorption. Furthermore, TGA analyses demonstrated 
enhanced thermal stability in the activated carbons, particularly for the 
3 h and 6 h activation times.

Adsorption isotherm modeling showed that all samples followed the 
Langmuir model with high correlation coefficients (R2 > 0.996), sug
gesting monolayer physisorption behavior. Kinetic analyses demon
strated that the hydrogen adsorption process was best described by the 
pseudo-second-order model, while Boyd and Weber–Morris models 
indicated that intraparticle diffusion was the rate-limiting step. The PS- 
ZnCl₂-240-3 h sample, in particular, exhibited fast adsorption kinetics 
and the highest agreement with theoretical models.

In addition to material performance, the study offers important im
plications from a process engineering perspective. The hydrothermal 
carbonization process, conducted at a relatively low temperature 
(240 ◦C) and moderate reaction times (1–6 h), is energy-efficient and 
environmentally benign. The use of ZnCl₂ as an activating agent enables 
high porosity formation in a short period, while minimizing chemical 
consumption and secondary waste generation. The simplicity and 

reproducibility of the synthesis steps—combined with standard equip
ment such as a stainless-steel autoclave and vacuum filtration—enhance 
the scalability of the process from laboratory to pilot scale.

In conclusion, activated carbons derived from peanut shells present 
not only excellent structural and adsorption properties but also offer a 
promising, sustainable, and process-efficient route for cryogenic 
hydrogen storage applications. With optimized pore structures and 
favorable kinetics, these materials hold strong potential for integration 
into future energy storage systems.
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A. Linares-Solano, Hydrogen storage on chemically activated carbons and carbon 
nanomaterials at high pressures, Carbon 45 (2) (2007) 293–303.

[6] R.C. Lochan, M. Head-Gordon, Computational studies of molecular hydrogen 
binding affinities: the role of dispersion forces, electrostatics, and orbital 
interactions, Phys. Chem. Chem. Phys. 8 (12) (2006) 1357–1370.

[7] E. Klontzas, E. Tylianakis, G.E. Froudakis, On the enhancement of molecular 
hydrogen interactions in nanoporous solids for improved hydrogen storage, 
J. Phys. Chem. Lett. 2 (2011) 1824–1830.

[8] M. Kalibek, A. Ospanova, B. Suleimenova, R. Soltan, T. Orazbek, A. Makhmet, Kh. 
S. Rafikova, N. Nuraje, Solid-state hydrogen storage materials, Discov. Nano 19 (1) 
(2024).

Y. Turhan et al.                                                                                                                                                                                                                                 Journal of Energy Storage 140 (2025) 118998 

14 

http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0005
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0005
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0010
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0010
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0015
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0015
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0015
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0020
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0020
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0025
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0025
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0025
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0030
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0030
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0030
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0035
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0035
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0035
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0040
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0040
http://refhub.elsevier.com/S2352-152X(25)03711-9/rf0040
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removal of methylene blue by adsorption onto perlite, J. Hazard. Mater. 109 (1–3) 
(2004) 141–148.
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[85] M. Doğan, M. Alkan, Ö. Demirbaş, Y. Özdemir, C. Özmetin, Adsorption kinetics of 
maxilon blue GRL onto sepiolite from aqueous solutions, Chem. Eng. J. 124 (2006) 
89–101.

[86] K.H. Chu, M.A. Hashim, G. Hayder, Boyd’s film diffusion model for water 
contaminant adsorption: time for an upgrade? J. Mol. Liq. 409 (2024) 125466.
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