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A B S T R A C T

This study compared methane adsorption/desorption for hydrogen purification over a pressure range of 1–60 bar 
at room temperature. The main aim of this work was comparing methane adsorption performance of two 
commercial activated carbons (GAC and CAC) with different porous properties. GAC, with lower mesoporosity 
(24 %) and a surface area of 896 m2/g, demonstrated superior methane capacity and longer breakthrough times 
at high pressures and low CH4 concentrations. Conversely, CAC, with higher mesoporosity, exhibited faster 
adsorption kinetics, especially at lower pressures and higher CH4 concentrations. The Gompertz model best 
described dynamic adsorption, while the Bohart-Adams capacity was 0.44 kmol/m3 for CAC and 0.63 kmol/m3 

for GAC at 60 bar. Langmuir and BET models showed a maximum monolayer capacity of 4 mmol/g for GAC, with 
an isosteric heat of 15.48 kJ/mol from the Dubinin-Radushkevich model. Optimal desorption used a H2 purge-to- 
feed ratio of 0.16 and 4 bara pressure.

1. Introduction

The energy sector’s shift towards addressing climate change and 
reducing fossil fuel reliance positions hydrogen as a key player in the 
transition [1,2]. With its high energy content and versatility, hydrogen 
is crucial for decarbonizing industry and power generation, aligning 
with global climate goals [3]. However, challenges in hydrogen pro
duction and storage remain [4]. The EU views hydrogen as vital for 
achieving carbon neutrality by 2050 and fulfilling Paris Agreement 
commitments [5].

Hydrogen can be produced through thermochemical, electrolytic, 
biological processes, or solar water splitting. Storage options include 
high-pressure cylinders, cryogenic tanks, adsorption on high surface 
area materials, absorption in metal interstices, chemical compounds, or 
reactions with metals like Li, Na, Mg, Al, or Zn [6]. Storing large 
quantities for medium to long-term use is crucial, particularly as a buffer 
for seasonal energy fluctuations. A promising method is geological 
storage in depleted oil and gas reservoirs, aquifers, or caverns in salt, 
coal, or rock formations [6].

Injecting pure hydrogen into depleted gas reservoirs results in low 
recovery leads to the need for cushion gas, which maintains pressure and 
ensures adequate withdrawal rates, contributing to storage costs [7]. 
These reservoirs still contain natural gas, which acts as cushion gas. 
When the reservoir is used, methane (CH4) exits with the hydrogen, 
making CH4 the primary impurity that must be removed before 
hydrogen can be injected into the network [8].

Pressure swing adsorption (PSA) is a cost-effective, energy-efficient 
technology for separating methane and hydrogen that produces high- 
purity hydrogen and reduces purification costs [9]. The adaptability of 
PSA to different feed compositions and conditions makes it suitable for 
various industrial applications [10]. It operates continuously, can be 
easily adapted to production requirements and can be seamlessly inte
grated into existing systems, making it ideal for retrofitting hydrogen 
plants [11,12]. A wide range of microporous adsorbents can be used, 
including zeolites, activated carbon and silica gel, with activated carbon 
often preferred due to its moderate adsorption capacity and efficient 
desorption properties [13–15].

Yavari et al. compared activated carbon (SBET = 1120 m2/g) and 5A 
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zeolite (SBET = 800 m2/g) for adsorbing a gas mixture of CO2, CO, CH4, 
and H2, finding that activated carbon’s maximum CH4 adsorption ca
pacity was 125 % higher due to its larger surface area and diverse pore 
size [16]. Ribero et al. studied a 4-bed PSA system with layered beds of 
activated carbon and zeolite, showing that while adding a zeolite layer 
slightly improved purity and recovery, it eventually limited the effec
tiveness of the activated carbon in retaining CO2 [17].

The adsorption and desorption rates of adsorbents are crucial for the 
efficiency of PSA systems, with materials that have higher contaminant 
capacity enhancing performance [16,17]. Lopes et al. improved acti
vated carbon’s adsorption capacity by altering its microporosity, testing 
various types, including a commercial one and further activated ver
sions. The modified carbons showed higher adsorption capacities for 
CO2, H2, CH4, and N2, with micropore diffusivity increasing by two or
ders of magnitude compared to the original carbon [18]. He et al. pre
pared a structured activated carbon adsorbent by dip-coating with a 
nickel framework to improve mechanical strength. They investigated 
CO2 adsorption and CO2/H2 separation under different pressures, flow 
rates and lamella spacing. The structured adsorbent showed a uniform 
gas flow, a lower pressure drop and sharper breakthrough curves [19].

A review of the literature shows that factors such as adsorbent type, 
shape, size, structure, specific surface area and microporosity signifi
cantly influence CH4 adsorption capacity. Park et al. developed a highly 
microporous activated carbon by sacrificial templating of melamine, 
which was found to be effective for CH4 and H2 storage and CH4/H2 
pressure swing adsorption. This activated carbon with a micropore 
volume of 1.07 cm3/g and a specific surface area of 2311 m2/g showed 
remarkable CH4 and H2 adsorption capacities at 298 K and 70 bar as well 
as an adsorption capacity of 3.13 mmol/g for CH4/H2 separation at a 
pressure swing of 1–10 bar [20]. Baamran et al. investigated three types 
of activated carbon with specific surface areas of 990, 2140 and 2480 
m2/g, mesopore volumes of 0.26, 0.96 and 0.89 cm3/g and micropore 
volumes of 0.36, 0.65 and 0.83 cm3/g, respectively. The activated car
bon with the highest porosity had the highest CH4 adsorption capacity 
[21]. However, the highest H2 productivity and recovery (99.6 % purity) 
when separating a multi-component gas mixture (H2/CO/CH4/CO2 at 
75/5/5/15 by volume) was achieved with the activated carbon with 
lower porosity and surface area, as it had minimal H2 equilibrium 
adsorption capacity despite its lower affinity for other contaminants 
[21]. In the context of CH4/H2 separation, having an excessively large 
specific surface area and micropore volume in activated carbon is not 
always beneficial. This is because it can enhance the adsorption capacity 
for H2, thereby reducing the efficiency of the PSA process. Additionally, 
the regeneration of such materials may demand higher energy input, 
leading to lower selectivity, decreased productivity, and increased en
ergy costs [22].

Therefore, investigating the adsorption behavior of various activated 
carbons with differing levels of micro and mesoporosity, surface area, 
and pore size distribution is crucial for the effective separation of CH4 
and H2. Although some studies have explored methane and hydrogen 
separation, there remains a critical need for experimental high-pressure 
data, adsorption breakthrough curves, and equilibrium data. Addition
ally, there is a noticeable gap in comparative studies that evaluate 
different types of activated carbon under consistent conditions. More
over, desorption, a key factor for adsorbent regeneration, has been 
significantly less studied compared to adsorption.

In this study, the performance of two types of activated carbon with 
varying surface areas and pore size distributions was compared for 
methane (CH4) adsorption under different operating conditions. 
Adsorption breakthrough curves were utilized to estimate kinetic pa
rameters and adsorption capacities using shortcut models. Key operating 
parameters, including adsorption pressure, flow rate, and methane inlet 
concentration, were systematically examined. Equilibrium adsorption 
data for both activated carbons were obtained and analyzed, showcasing 
their distinct porous properties. Additionally, the desorption kinetics of 
CH4 from saturated activated carbon with the highest adsorption 

capacity were studied, leading to optimized values for parameters such 
as the purge-to-feed ratio and desorption pressure.

2. Experimental

2.1. Materials

Two activated carbons were used for the study: (1) CAC: Cylindrical, 
commercial steam-activated carbon from coconut shells with a 3 mm 
nominal diameter and 2–8 mm length. It has a bulk density of 457 kg/m3 

and a particle density of 1026 kg/m3 and (2) GAC: Granular, commercial 
acid-washed carbon with a 6 × 12 mesh particle size. Its bulk density is 
546 kg/m3, and its particle density is 1221 kg/m3. The laboratory uses 
gas cylinders from Messer Austria GmbH, including hydrogen (99.999 
%), methane (99.5 %), and helium (99.999 %) for preparing the feed 
stream.

2.2. Characterization

The adsorbent samples’ surface morphology was analyzed with an 
FEI Quanta FEG-250 SEM. They were mounted on aluminum rods using 
carbon tape, gold-coated for improved conductivity and reflectance, and 
then vacuum-coated in a Q150T S sputter coater for 5–10 min at 15 mA. 
The adsorbents’ porous properties were evaluated by N2 adsorption- 
desorption at 77 K. Samples were degassed at 350 ◦C for 8 h. Iso
therms provided data on specific surface area, total pore volume and 
average pore width. Microporosity was assessed using the HK method 
and mesoporosity using the BJH method [23].

The physical properties of the activated carbons, including density 
and porosity, were measured as follows: Bulk density (ρb) was deter
mined by weighing the adsorbent in a graduated cylinder [24]. Bed 
porosity (εb) was calculated by measuring the volume of water required 
to fill the voids in the adsorbent-filled cylinder [25]. Particle porosity 
was estimated from the total pore volume of N2 adsorption at the highest 
P/P0 multiplied by the particle density. Eq. (1) was also used for esti
mation of particle density. These properties were used to calculate the 
equilibrium parameters from the dynamic breakthrough data. 

ϵb =1 −
ρb

ρp
(1) 

2.3. Adsorption-desorption system

Fig. 1(a) shows a schematic diagram of the gas adsorption-desorption 
system, including the adsorption column, gas mixture inlet, back pres
sure control valve, and analysis area. The gas mixture generation system 
uses precise mass flow controllers (Bronkhorst) to regulate H2, CH4, and 
He (carrier gas). The mixture is fed into an adsorber sub-unit by Axiom 
angewandte Prozesstechnik GmbH, consisting of a stainless-steel col
umn (SS-316) with a height of 160 cm and an internal diameter of 27.3 
mm, designed for operating pressures up to 100 bara [26].

A Swagelok KPB back pressure regulator (SS 316, 0–70 bar inlet and 
413 bar outlet) maintains a consistent pressure and ensures continuous 
flow through the system [27]. Gas flows upward in the adsorber column, 
with a stainless-steel grid preventing carbon bed fluidization. The 
adsorber outlet and exhaust lines connect to the gas processing sub-unit 
and then to the flare for treatment. All experiments are conducted at a 
stable ambient temperature of 25 ◦C.

2.4. Methane adsorption-desorption experiments

Methane adsorption-desorption experiments were performed to 
evaluate activated carbon’s ability to adsorb CH4, separate it from H2, 
and allow for regeneration. The adsorption pressure varied from 25 to 
60 bara, with feed gas hydrogen content between 70 and 98 v/v%, and 
the remainder CH4. As shown in Fig. 1(b), the experiments were divided 
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into four stages: Stage I had the highest pressure and lowest methane 
content, while Stage IV had the lowest pressure and highest methane 
content. These conditions simulate the transient gas flow from single 
withdrawals in underground hydrogen storage [27].

Methane concentration in the column outlet was monitored over 
time during adsorption and desorption, generating breakthrough curves. 
A SICK GMS810 gas analyzer was used for CH4/CAC, and an AXIOM 
speed of sound meter for CH4/GAC.

Adsorption breakthrough experiments were performed to compare 
the adsorption capacity of two types of activated carbon under the 
specified conditions. In further experiments, the effects of total flow 
rate, adsorption pressure and feed composition were investigated, 
varying each parameter individually. Some data were used to derive 
isothermal equilibrium models and parameters as described in section 
3.4.

Desorption experiments were conducted by reducing the column 
pressure via a control valve concurrently and flushing it with pure H2 at 
a specific purge ratio. The desorption parameters, including pressure 
and purge-to-feed ratio, were varied. The purge-to-feed ratio is repre
sented as either the hydrogen in the purge stream to the hydrogen in the 
feed (H2,Purge

H2,Feed
) or the total purge flow to the total feed flow (P/F).

All experiments were performed in duplicate for accuracy, and data 
with less than 95 % accuracy were excluded. Experimental data were 
fitted to models using MATLAB’s curve fitting toolbox. The goodness of 
fit was assessed using statistical parameters: SSE (Sum of Squared Er
rors) for total deviation (Eq. (2)), RMSE (Root Mean Square Error) for 
residual standard deviation (Eq. (3)), and R2 (Correlation Coefficient) 
for the proportion of variance explained by the model (Eq. (4)). 

SSE=
∑N

i=1

(
yexp,i − ymodel,i

)2
(2) 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N
∑N

i=1

(
yexp,i − ymodel,i

)2

√
√
√
√ (3) 

R2 =1 −

∑N

i=1

(
yexp,i − ymodel,i

)2

∑N

i=1

(
yexp,i − yexp

)2
(4) 

Where yexp,i is the experimental value, ymodel,i is the model’s predicted 
value for the ith data point, N the number of data points and yexp is the 
mean of the experimental values.

3. Results and discussion

3.1. Characterization studies

The porous properties of CAC and GAC were characterized using N2 
adsorption-desorption tests at 77 K, with the results summarized in 
Table 1. CAC exhibited a higher BET specific surface area, larger total 
pore volume, and greater mesopore volume compared to GAC, while 
both had similar average pore sizes. The N2 adsorption-desorption 
curves in Fig. 2(a) reveal that CAC, with its H4 hysteresis loop, is clas
sified as a type IV micro-mesoporous adsorbent, indicative of slit-shaped 
pores [23]. GAC, with a smaller hysteresis loop and a higher micropo
rosity contribution, is classified as type I [23], although it contains a 
small percentage of mesoporosity.

Fig. 2(b) and (c) depict the pore size distribution of CAC and GAC in 
the mesopore and micropore regions, respectively. These distributions 
confirm that CAC has a higher mesopore volume and a lower contri
bution of micropores compared to GAC. Most mesopores in both carbons 
have pore sizes below 70 Å. The micropore size distribution shows 
distinct shapes for the two samples. As shown in Table 1, mesoporosity 
accounts for approximately 55 % of CAC, while it is less than 25 % in the 
predominantly microporous GAC.

SEM micrographs in Fig. 2(d) and (e) reveal the morphology and 
surface texture of CAC and GAC. The GAC surface appears more ho
mogeneous, with uniform pores in shape and size, contributing to 
consistent adsorption behavior. In contrast, the CAC sample exhibits 
numerous cracks, fractures, and an inhomogeneous particle distribution, 
leading to more dispersed mesoporosity. The irregularities in the surface 
structure of CAC and the more homogeneous structure of GAC influence 
their respective adsorption capacities.

3.2. Adsorption experiments and modeling

3.2.1. Adsorption breakthrough
The initial adsorption breakthrough experiments compared the 

adsorption capacities of two activated carbon grades under identical 
conditions, including pressure and feed composition. Fig. 3 shows 
breakthrough curves showing the volumetric (molar) CH4 composition 

Fig. 1. (a) A schematic of the gas adsorption-desorption system, including the adsorption column, gas mixture inlet, back-pressure control valve, and analysis 
section, and (b) the operating parameters for different stages of CH4 breakthrough experiments.

Table 1 
The porous properties of the fresh commercial activated carbons.

Sample SBET 

(m2/g)
Vtot 

(cm3/g)
Vmes,BJH 

(cm3/g)
davg 

(Å)
Mesoporosity 
contribution (%)

CAC 1195 0.62 0.34 20.7 55
GAC 896 0.45 0.11 20.1 24
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ratio between outlet and inlet, with the curves indicating saturation 
capacity and mass transfer rates [28]. A comparison of the performances 
of GAC and CAC shows the superior capabilities of GAC, at high 
adsorption pressure and when the mole fraction of CH4 in the feed is low 
(stages I and II). This superiority is evident from the breakthrough 
curves, which show a more efficient adsorption process for GAC under 
these conditions.

Breakthrough times, defined as the duration until the CH4 outlet-to- 
inlet ratio reaches 0.05, are shown in Table 2. Both activated carbons 
exhibit increased breakthrough times from stage IV to stage I due to 
higher adsorption pressure and lower CH4 content. For instance, at stage 
I, GAC maintains CH4 below 0.001 for about 1890 s, while CAC does so 

for 1255 s. At stage II, with 50 bar pressure and 0.1 CH4 concentration, 
breakthrough times are approximately 1035 s for GAC and 760 s for 
CAC, indicating the time CH4 remains below 0.005 at the outlet.

Fig. 2. (a) N2 adsorption-desorption isotherm curves at 77 K, (b) BJH mesopore size distribution and (c) HK micropore size distribution of fresh commercial activated 
carbons (GAC and CAC), as well as SEM micrographs of the fresh (d) CAC and (e) GAC samples with the magnification of 20 kx.

Fig. 3. CH4 adsorption breakthrough curves at different stages on CAC and GAC activated carbons.

Table 2 
Comparison of breakthrough times (sec) for GAC and CAC (yCH4,out/yCH4,in =

0.05 at tBT).

Adsorbents Stage I Stage II Stage III Stage IV

CAC 1255 760 578 510
GAC 1890 1035 660 545
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As adsorption pressure and methane content decrease, the perfor
mance difference between GAC and CAC narrows. Lower pressure re
duces the driving force for adsorption, leading to shorter breakthrough 
times. At high pressures and low CH4 concentrations, micropores 
dominate adsorption, and GAC’s higher microporosity results in longer 
breakthrough times. In contrast, CAC’s higher surface area but greater 
mesoporosity makes it less effective under these conditions. At lower 
pressures and higher CH4 concentrations, adsorption is less influenced 
by micropores and more by surface area and mesoporosity, reducing the 
performance gap between GAC and CAC.

This behavior can be further understood by considering the physical 
mechanisms behind micropore adsorption under these conditions: at 
high pressures, the gas molecules are more densely packed, increasing 
the probability of interactions with narrow micropores (<2 nm). These 
small pores provide high adsorption potentials due to micropore filling 
by overlapping van der Waals forces from the pore walls, which en
hances methane uptake. Meanwhile, under low methane concentrations, 
the competition among methane molecules for adsorption sites is 
reduced. In this case, the more energetically favorable sites within mi
cropores dominate the adsorption process. These sites are typically filled 
first, and because they are more selective, the microporous adsorbent 
(like GAC) exhibits superior performance in selectively adsorbing 
methane over hydrogen, which has much lower adsorption affinity. 
Therefore, the combination of higher pressure (driving force for pore 
filling) and lower CH4 concentration (reducing competitive saturation of 
less selective mesopores) enhances the micropore-driven separation 
effect.

3.2.2. Breakthrough modeling
This study evaluates several straightforward and reliable models for 

gas-phase adsorption, including the Bohart-Adams (BA) [29] and 
Yoon-Nelson (YN) [30] models, both subsets of the logistic model, and 

the Gompertz model [31], a double exponential model [32]. These 
models offer parameters that reveal details about adsorbent and adsor
bate properties, as well as bed performance.

Table 3 presents the non-linear equations and parameters for the 
Bohart-Adams (BA), Yoon-Nelson (YN), and Gompertz models, fitted to 
data from four stages for both adsorption systems. The BA model as
sumes irreversible adsorption proportional to the residual adsorbent 
capacity and gas phase concentration, with a rectangular isotherm and 
homogeneous bed, neglecting axial dispersion [33,34]. The YN model, 
akin to the logistic equation, provides a probabilistic analysis of 
breakthrough and predicts symmetrical sigmoidal curves [30]. The 
Gompertz model, originally for population growth, describes sigmoidal 
breakthrough curves and effectively handles asymmetric curves [35]. 
Fig. 4 visually compares the performance of these models in fitting the 
experimental data.

According to Table 3, all models perform comparably in describing 
the experimental data, but the Gompertz model slightly outperforms the 
BA and YN models, as indicated by higher R2 values and lower SSE and 
RMSE. This is due to the Gompertz model’s ability to handle deviations 
from the symmetric S-shape of breakthrough curves [38], capturing 
slight asymmetries effectively. Despite this, the logistic models remain 
robust for estimating parameters and comparing adsorbent 
performance.

The BA model parameter, N0, indicating adsorption capacity per unit 
volume of the bed, shows that GAC has a higher CH4 capacity than CAC 
under the same conditions. Similarly, the Yoon-Nelson parameter, τYN, 
representing the time to 50 % breakthrough, confirms GAC’s longer 
breakthrough time compared to CAC, with this difference growing from 
stage IV to stage I. The ratios of N0,GAC

N0,CAC 
and τYN,GAC

τYN,CAC 
ranging from 1.15 to 1.45, 

highlight GAC’s superior adsorption capacity, especially at higher 
pressures and lower CH4 concentrations.

The kinetic comparison of CH4 adsorption on the two activated 

Table 3 
Comparative analysis of breakthrough models for the adsorption of CH4 on CAC and GAC at different stages.a

Stage Adsorbent Breakthrough models

Logistic model 
yi,out

yi,in
=

1
1 + exp[a − bt]

Bohart-Adams 
yi,out

yi,in
=

1

1 + exp
[
KBAN0L

u
− KBAc0t

]

Yoon-Nelson 
yi,out

yi,in
=

1
1 + exp[KYN(τYN − t)]

Double exponential model; Gompertz [36,37] 
yi,out

yi,in
= exp [ − exp(αG − βGt)]

I CAC a = 17.72 KBA = 0.2525 KYN = 0.0122 αG = 11.54 
βG = 0.0083 
R2 = 0.9961; SSE = 0.17; RMSE = 0.0269

b = 0.0122 N0 = 0.4413 τYN = 1448.90
R2 = 0.9938; SSE = 0.2717; RMSE = 0.034

GAC a = 23.78 KBA = 0.2360 KYN = 0.0114 αG = 15.53 
βG = 0.0077 
R2 = 0.9953; SSE = 0.4173; RMSE = 0.0313

b = 0.0114 N0 = 0.6337 τYN = 2080.49
R2 = 0.9938; SSE = 0.5459; RMSE = 0.0358

II CAC a = 29.41 KBA = 0.1750 KYN = 0.0353 αG = 19.49 
βG = 0.0239 
R2 = 0.9971; SSE = 0.1105; RMSE = 0.0256

b = 0.0353 N0 = 1.0770 τYN = 832.67
R2 = 0.9961; SSE = 0.149; RMSE = 0.0297

GAC a = 21.82 KBA = 0.0941 KYN = 0.0190 αG = 14.27 
βG = 0.0128 
R2 = 0.9968; SSE = 0.2124; RMSE = 0.0254

b = 0.0190 N0 = 1.4862 τYN = 1149.03
R2 = 0.9958; SSE = 0.2783; RMSE = 0.0290

III CAC a = 29.19 KBA = 0.1696 KYN = 0.0479 αG = 19.39 
βG = 0.0326 
R2 = 0.998; SSE = 0.07328; RMSE = 0.0209

b = 0.0479 N0 = 1.3243 τYN = 609.14
R2 = 0.9969; SSE = 0.1138; RMSE = 0.0260

GAC a = 17.23 KBA = 0.0791 KYN = 0.0223 αG = 11.27 
βG = 0.0152 
R2 = 0.9988; SSE = 0.04; RMSE = 0.0161

b = 0.0223 N0 = 1.6761 τYN = 770.92
R2 = 0.9976; SSE = 0.07806; RMSE = 0.0224

IV CAC a = 25.79 KBA = 0.1575 KYN = 0.0477 αG = 17.11 
βG = 0.0324 
R2 = 0.9957; SSE = 0.1444; RMSE = 0.0306

b = 0.0477 N0 = 1.5232 τYN = 540.90
R2 = 0.9942; SSE = 0.1938; RMSE = 0.0355

GAC a = 16.39 KBA = 0.0855 KYN = 0.0259 αG = 10.7 
βG = 0.0176 
R2 = 0.999; SSE = 0.01777; RMSE = 0.0135

b = 0.0259 N0 = 1.7828 τYN = 633.06
R2 = 0.9970; SSE = 0.05328; RMSE = 0.0234

a a and b: parameters of the logistic equation; KBA (m3/kmol.s) is the B-A rate coefficient, N0 (kmol/m3) is the adsorption capacity of the adsorbent per unit volume of 
the bed, L (m) is the bed depth, and u (m/s) is the superficial velocity [34]; KYN (1/s) is the Yoon and Nelson rate constant, and τYN (s) is the time required for reach 50 
% adsorbate breakthrough; αG and βG (1/s) parameters of the Gompertz equation.
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carbons (GAC and CAC) can be effectively evaluated using several model 
parameters of these models. A key parameter is the Bohart-Adams rate 
constant (KBA), which directly relates to the rate at which CH4 is 
removed from the gas stream by the adsorbent. Similarly, the Yoon- 
Nelson rate constant (kYN) reflects the adsorption kinetics and pro
vides information on how fast the adsorption process takes place. A 
comparison of these parameters shows that CAC has faster adsorption 
kinetics. Additionally, the Gompertz model shows a higher βG for CAC, 
indicating a steeper breakthrough curve. The comparison of kinetic 
parameters indicates that CAC consistently has a higher adsorption rate 
than GAC across all stages. Specifically, CAC’s rate is nearly twice that of 
GAC in stages II, III, and IV, and about 1.1 times higher in stage I. This 
enhanced rate is attributed to CAC’s greater mesoporosity, which offers 
more accessible adsorption sites for CH4.

This difference in adsorption rates has important implications for the 
efficiency of hydrogen separation and purification, especially under PSA 
operation. CAC’s higher mesoporosity enables faster CH4 diffusion, 
making it more effective for dynamic PSA processes requiring rapid 
cycles. While GAC offers greater CH4 and H2 capacity due to its higher 
surface area and microporosity, it may also exhibit greater mass transfer 
resistance, potentially slowing desorption and slightly reducing H2 
recovery.

It is notable that while GAC has higher microporosity, the difference 

compared to CAC is moderate. CAC’s 55 % mesoporosity (vs. 24 % in 
GAC) supports its faster kinetics. GAC outperforms CAC in CH4 capacity 
by 44 % at Stage I, but this advantage drops below 20 % in later stages, 
indicating that porosity differences may have limited impact on overall 
performance. Moderate differences in surface area and pore structure 
lead to modest variations in adsorption/desorption rates. Bohart-Adams 
parameters show CAC’s adsorption rate is up to 2 × faster than GAC’s in 
Stages II–IV and ~10 % faster in Stage I. CAC likely also desorbs faster, 
though GAC’s slower desorption has minimal impact on H2 recovery.

Ultimately, CAC benefits from faster adsorption and desorption, 
reduced mass transfer resistance, and shorter cycle times, which can 
significantly enhance the overall efficiency of H2 purification—partic
ularly under cyclic or rapid-process conditions where speed and regen
eration performance are critical.

3.2.3. Adsorption equilibrium
However, breakthrough models parameters, especially the BA model 

parameter (N0), help estimate adsorption equilibrium properties. 
Additional dynamic adsorption experiments were conducted to derive 
equilibrium data and isotherm models for granular activated carbon by 
numerically integrating the breakthrough curves [39,40]. In these ex
periments, with a constant feed flow rate of 15 L/min, the total pressure 
ranged from 25 to 60 bar, and CH4 concentration varied from 0.02 to 
0.10. Due to the low CH4 mole fraction, equal inlet and outlet flow rates 
were assumed, allowing us to neglect heat of adsorption effects. Under 
these conditions, H2 adsorption on activated carbon is negligible [39].

Adsorption loading is calculated using Eq. (5), which measures the 
CH4 adsorbed by subtracting the gas-phase CH4 from the total CH4 
retained by the column during the breakthrough period [40,41]. 

qCH4 =

Ps
RTs

(
yCH4,in

)
vf
∫∞

0

(

1 −
yCH4,out
yCH4,in

)

dt − Pb
RTb

(
yCH4,in

)
εTVb

m
(5) 

Where qCH4 (kmol/kg) is the CH4 loading of the bed per unit mass of the 
adsorbent (reported as mmol/g in Table 4), vf (m3/s) is the volumetric 
feed flow rate at standard conditions, Ps (Pa) is the standard pressure, R 
(Pa.m3/kmol.K) is the universal gas constant, Ts (K) is the standard 
temperature, Pb (Pa) is the bed pressure, Tb (K) is the bed temperature, 
εT is the total porosity (calculated from εT = εb + εp(1 − εb), where εb 

and εp are the bed and particle porosity), Vb (m3) is the volume of the 
bed, and m (kg) is the mass of activated carbon in the bed.

Applying Eq. (5) to breakthrough curves at low feed concentrations 
yields equilibrium data for fitting adsorption models. Eq. (5), based on a 
constant gas phase volume, calculates the (Gibbs’) excess adsorption 
capacity (qCH4

exc ) [45,46]. The absolute adsorption capacity (qCH4
abs ) is then 

derived by applying a correction term (Eq. (6)) to the excess value before 
fitting it to isotherms [41]: 

qCH4
abs =

qCH4
exc

(

1 −
ρgas

CH4
ρads

CH4

) (6) 

The superscripts “abs” and “exc” denote the absolute or excess 
adsorption capacity, where ρgas and ρads represent the gas phase density 
of CH4 [45] and the density of the adsorbed phase [45], respectively. 
The adsorbed phase density varies with temperature and pressure but 
generally ranges from 0.30 to 0.40 g/cm3, with a maximum of 0.421 
g/cm3 at methane’s boiling point [46]. For this study, a density of 0.354 
g/cm3 was used [47]. The ideal gas law was suitable for calculating the 
gas phase density.

Fig. 5 displays the absolute equilibrium adsorption capacity (mmol/ 
g) of CH4 versus partial pressure (bara). The adsorption equilibrium of 
CH4 on GAC is shown in comparison to the results reported for CH4 
adsorption on CAC [26]. The derivation of the CAC isotherm was per
formed according to the method developed by Malek and Farooq [48].

The experimental CH4 adsorption data on GAC were initially 

Fig. 4. Breakthrough curves fitted with different models. The curves represent 
experimental data (dots) and model predictions (dashed lines for the logistic 
model and line for the Gompertz model).
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modeled using the Langmuir isotherm, which assumes monolayer 
adsorption [49]. Table 4 shows the Langmuir model parameters for CH4 
adsorption on GAC at room temperature, along with statistical data 
confirming an excellent fit to the experimental equilibrium data. 
Although the Langmuir model fits the data well, it may not fully capture 
the physical adsorption mechanism, particularly where multilayer 
adsorption and pore filling are more likely. Therefore, additional 
isotherm models were considered to better understand the adsorption 
mechanism, heat of adsorption, and the number of methane layers 
formed on the activated carbon surface.

The absolute equilibrium adsorption data were also analyzed using 
the Dubinin-Radushkevich (DR) isotherm model [50], which is based on 
pore-filling and Polanyi potential theory, rather than monolayer surface 
coverage [51]. The original DR equation includes a saturation pressure 
parameter, but since methane is in a supercritical state at the studied 
conditions, it lacks a saturation vapor pressure. Therefore, a modified 
DR equation was used, employing the ratio of ρads/ρgas instead of P0/P 
[52]. Table 4 presents the DR model parameters, which fit the data well, 
though the Langmuir model provided a better fit, indicating that 
monolayer adsorption may better describe CH4 adsorption on GAC than 
pore filling under the range of partial pressure studied.

The DR adsorption isotherm equation can be used to estimate the 
characteristic energy of the system (E0) [53], via the equation E0 = 1/
( ̅̅̅̅̅̅̅̅̅̅̅

βKDR
√ )

, where β is a similarity coefficient depending only on the 
adsorptive and for methane the promising value is 0.35 [54]. Dubinin 
chose benzene as the standard adsorbate for carbonaceous materials (β 
= 1) because its ring structure resembles the hexagonal carbon 

arrangement in graphite [55]. Based on the KDR value obtained from the 
non-linear curve fitting of the DR equation to the CH4 adsorption 
experimental data onto GAC, E0 is calculated to be 19.65 kJ/mol. 
Additionally, βE0 can be related to the isosteric heat of adsorption at a 
fractional filling (∅) of e− 1 by using the enthalpy of vaporization (ΔHv) 
at the boiling point (Eq. (7)) [56,57]. 

qst,∅=e− 1 =ΔHv + βE0 (7) 

Based on methane enthalpy of vaporization (8.6 kJ/mol) [58], the 
isosteric heat of adsorption is calculated to be 15.48 kJ/mol. This value 
is within the range described in the literature for the adsorption of 
methane on different types of activated carbon [56]. Lopes et al. re
ported that the isosteric heat of adsorption for CH4 onto activated car
bon, determined using the multisite Langmuir model of Nitta, is 22.7 
kJ/mol [57].

The Brunauer-Emmett-Teller (BET) isotherm model, used to study 
CH4 adsorption on GAC, extends the Langmuir model by accounting for 
multiple adsorbed layers while assuming a homogeneous surface and no 
lateral interactions [59]. The simplified BET equation, typically used for 
specific surface area (SBET) measurement, assumes an infinite number of 
layers (Eq. (8)). The general BET equation, with three parameters (Eq. 
(9)), simplifies to either the Langmuir isotherm or the simplified BET 
equation depending on the number of adsorbed layers (n) [59]. For 
gas-phase adsorption at T > Tc [42,44], the undefined saturation pres
sure (P0) issue is resolved by substituting P/P0 with ρgas/ρads [42]. 
Table 4 presents the non-linear fit parameters of this modified BET 
equation with the experimental data. 

qi =
qmCPi

(P0 − Pi)

[

1 +
(C− 1)Pi

P0

] (8) 

qi =

qmC
(

Pi
P0

)

(

1 − Pi
P0

)

(

1 − (n + 1)
(

Pi
P0

)n

+ n
(

Pi
P0

)n+1)

(

1 + (C − 1)
(

Pi
P0

)

− C
(

Pi
P0

)n+1) (9) 

The qm,BET, which represents the maximum adsorption capacity 
when the entire adsorbent surface is being covered with a complete 
monomolecular layer [59], agrees well with the value of the corre
sponding parameter determined with the Langmuir isotherm (qm,L). The 
parameter n, which estimates the number of possible adsorbed layers as 
about 7. It is notable that this prediction is based on the adsorption in the 
range of P0, which was considered in this experiment.

While this section has focused on CH4 adsorption, the adsorption of 
hydrogen (H2) on activated carbon is known to be minimal. Due to the 
unavailability of a suitable hydrogen detection system in our setup, 

Table 4 
The parameters of different isotherm models for the adsorption of CH4 onto GAC.

Langmuir Dubinin-Radushkevich Brunauer-Emmet-Teller [42,43,44]

qCH4
abs =

KLqm,LPCH4

1 + KLPCH4 qCH4
abs = q0,DR exp

(

− KDR

[

RTln
(

ρads

ρgas

)]2)

qCH4
abs =

qm,BETC
(

ρgas

ρads

)

(

1 −
ρgas

ρads

)

(

1 − (n + 1)
(

ρgas

ρads

)n
+ n
(

ρgas

ρads

)n+1)

(

1 + (C − 1)
(

ρgas

ρads

)

− C
(

ρgas

ρads

)n+1)

qm,L (mmol/g) 3.9912 q0,DR (mmol/g) 7.034 qm,BET (mmol/g) 3.8981
KL (1/bara) 0.3886 KDR (mol/kJ)2 0.0074 n 7.366
R2 0.9912 R2 0.9771 C 219.9
RMSE 0.0877 RMSE 0.1224 R2 0.9870
SSE 0.0923 SSE 0.1648 RMSE 0.0967
​ ​ ​ ​ SSE 0.0935

* qCH4
abs (mmol/g) is the absolute amount adsorbed, qm,L (mmol/g) is the maximum monolayer adsorption capacity based on Langmuir model, and KL (1/bara) is the 

Langmuir equilibrium constant; q0,DR (mmol/g) is the maximum absolute amount of adsorption, limited by the volume filling of the micropores, R (kJ/mol.K) is the gas 
constant, and T (K) the temperature, ρads (kg/m3) and ρgas (kg/m3) are the density of the adsorbed gas and bulk adsorptive gas, KDR (mol/kJ)2 is an interaction constant 
related to the characteristic energy of system [43]; qm,BET (mmol/g), represents the maximum monolayer adsorption capacity according to the BET model, C is a 
constant related to the net heat of adsorption, and n is a parameter representing the number of possible adsorbed layers.

Fig. 5. Isotherm equilibrium data of CH4 adsorption on CAC and GAC at a 
temperature of 25 ◦C, fitted with the Langmuir model.
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direct H2 adsorption data were not obtained. However, extensive liter
ature reviews support the assumption of negligible H2 uptake, consis
tently reporting hydrogen adsorption capacities below 0.5 mmol/g. For 
example, Choi et al. recorded an H2 adsorption capacity of 0.36 mmol/g 
at 293 K and 20 bar [39], while Zhou et al. reported 0.3219 mmol/g at 
298 K and 10 bar [37]. Similarly, Siriwardane et al. observed H2 
adsorption values below 0.5 mmol/g even at pressures approaching 20 
bar [44,60]. Also, the maximum reported H2 adsorption capacity re
ported by Sudibandriyo and Kusumadewi was 0.181 mmol/g at 6.37 bar 
[61].

Given the consistent trend, assuming negligible H2 uptake is a 
reasonable approximation for practical engineering purposes. However, 
this approach may lack the precision needed for highly sensitive sepa
rations, where minor H2 adsorption could impact performance metrics.

Single-component adsorption measurements using pure gases are the 
most common and straightforward method for estimating CH4/H2 
selectivity. Several researchers have reported valuable data on this for 
activated carbons. Choi et al. measured CH4 and H2 isotherms on acti
vated carbon (BET: 1150–1250 m2/g, pore volume: 0.72 cm3/g), 
reporting capacities of 4.25 mmol/g (CH4) and 0.36 mmol/g (H2) at 
293.15 K and ~20 bar, yielding a CH4/H2 selectivity of ~12 under low 
CH4 feed conditions [39]. Zhou et al. reported H2 and CH4 adsorption on 
activated carbon (JX101, BET: 1500 m2/g, pore volume: 0.52 cm3/g) 
with capacities of 0.3219 mmol/g (H2) and 3.7132 mmol/g (CH4) at 
298 K and 10 bar, giving a CH4/H2 selectivity of ~12 [37]. Across 
various studies, CH4/H2 selectivity for activated carbons is consistently 
~12 at ambient temperatures and 10–20 bar. However, selectivity is 
higher at lower pressures due to minimal H2 adsorption; Zhou et al. 
reported a drop from ~37 at 1 bar to ~12 at 10–20 bar [37]. Further
more, Mohammad and Sabeeh reported a CH4/H2 selectivity of ~5 at 
303 K and 30–35 bar [62], reflecting CH4 saturation at higher pressures, 
while H2 adsorption slightly increases, leading to reduced selectivity.

3.2.4. Effect of operating parameters
Fig. 6(a–c) illustrates the effects of total flow rate, adsorption pres

sure, and inlet CH4 concentration on the adsorption breakthrough 
curves (BTCs) of CH4 on GAC. Each parameter is varied independently, 
while the others are kept constant, to isolate and highlight their specific 
impacts on the adsorption process.

Fig. 6(a) demonstrates the impact of total inlet flow rate (under 
standard conditions) on CH4 adsorption BTCs at a constant adsorption 
pressure of 50 bar and an inlet CH4 mole percentage of 10 %. As the flow 
rate increases, reduced contact time with the adsorbent limits adsorp
tion and hinders effective diffusion of CH4 molecules to the adsorbent 
surface. This results in faster saturation of the adsorbent, causing an 
earlier breakthrough point as the adsorbent reaches its capacity more 
quickly due to the continuous influx of CH4 gas, disrupting the dynamic 
adsorption equilibrium.

Fig. 6(b) shows how varying adsorption pressures (25, 35, and 50 
bar) affect the BTCs of CH4, with a constant inlet concentration of 2 % 
and a flow rate of 15 L/min. Higher pressures increase gas density and 
van der Waals forces, enhancing adsorption. This results in a higher 
capacity and a delayed breakthrough point, as the adsorbent reaches 
saturation more slowly.

Fig. 6(c) illustrates the effects of varying CH4 concentrations (2 %, 5 
%, and 10 %) on the BTCs, with a constant flow rate of 15 L/min and an 
adsorption pressure of 50 bar. Higher CH4 concentrations accelerate 
saturation as more molecules compete for adsorption sites, leading to an 
earlier breakthrough. However, the shape and slope of the BTCs’ rising 
part remain consistent, reflecting unchanged adsorption dynamics and 
mechanisms across different concentrations.

3.3. Desorption experiments

The first series of desorption experiments was conducted on a CH4- 
saturated GAC column after adsorption breakthrough experiments, 
based on the conditions explained in Fig. 1(b). Desorption commenced 

Fig. 6. Breakthrough curves (BTCs) for CH4 adsorption on GAC under different conditions: (a) effect of total flow rate at a CH4 feed mole fraction of 0.1 and an 
adsorption pressure of 50 bar; (b) effect of adsorption pressure at a CH4 feed mole fraction of 0.02 and a total flow rate of 15 L/min; (c) effect of CH4 feed mole 
fraction at an adsorption pressure of 50 bar and a total flow rate of 15 L/min.
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once a yCH4,out/yCH4, in ratio of 99.5 % was achieved. The time to 
reach saturation increased with decreasing methane concentration, 
delaying the start of desorption. The desorption process involved 
reducing bed pressure to atmospheric levels by co-current gas release 
while introducing pure H2 as the purge gas, with a purge-to-feed ratio of 
0.25 times the total feed flow. Fig. 7 (a) shows the desorption curves and 
the corresponding adsorption breakthrough profiles for each stage. The 
area under the desorption curve, which represents yCH4, out over time, 
indicates the amount of desorption. Stage IV has the largest area, 
reflecting the highest CH4 adsorption during the adsorption phase under 
the same conditions.

It is important to note that desorption experiments in this study were 
conducted solely for GAC. Due to resource constraints, our experimental 
scope was structured to first compare the two activated carbons based on 
their adsorption capacities, followed by desorption testing on the carbon 
(GAC) that exhibited the highest capacity.

3.3.1. Effect of parameters on desorption kinetics
Fig. 7 (b) and (c) illustrate the effects of two key parameters on the 

desorption curves: the H2,Purge
H2,Feed 

ratio and desorption pressure (Pdes). The 
adsorption conditions were consistent across experiments: 50 bar 
adsorption pressure, 5 % CH4 inlet composition, and a 10 L/min flow 
rate. The pressure profile during desorption is indicated by lines in the 
figures.

Fig. 7 (b) and (c) compare desorption kinetics under varying pa
rameters. Table 5 shows the time required to achieve 95 % desorption at 

different H2,Purge
H2,Feed 

ratios and desorption pressures. Increased purge-to-feed 
ratios and decreased desorption pressures enhance the desorption rate 
by increasing the driving forces. The most economical H2,Purge

H2,Feed 
ratio is 0.1, 

but a small increase to 0.16 is a practical adjustment as it improves 
desorption kinetics significantly and shortens the time required to ach
ieve the desired desorption. Additionally, desorption at 4 bara shows 
similar efficiency to atmospheric pressure, making it a viable 
alternative.

To further evaluate adsorption–desorption performance, the 
hydrogen recovery ratio—a critical indicator of PSA system effi
ciency—was estimated from the simulated adsorption–desorption ex
periments conducted in this study. The hydrogen recovery ratio is 
typically defined as the ratio of the moles of H2 in the product stream to 
the moles of H2 in the feed stream, which reflects the efficiency of a PSA 

Fig. 7. (a) Breakthrough curves of adsorption at different stages followed by desorption at a total H2 purge to total feed ratio of 0.25 and a desorption pressure of 1 
atm; Effect of (b) H2,Purge

H2,Feed 
ratio and (c) desorption pressure on the desorption curve of CH4 from a saturated GAC-filled column. Adsorption conditions: Pressure: 50 bar; 

yCH4, inlet: 0.05; Total feed flow: 10 L/min. Desorption was conducted at 1 bara when varying the purge-to-feed ratio, and with a purge-to-feed ratio of 0.1 when 
varying the desorption pressure.

Table 5 
Comparison of the time required to achieve 95 % of total desorption under 
varying parameters.

H2,Purge

H2,Feed

Desorption pressure (bara) Time (sec)

0.10 1 7300
0.16 1 2340
0.26 1 1500
0.53 1 1380
0.10 4.3 7320
0.10 7.6 12120
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system in retaining hydrogen while removing impurities. In our study, 
although full PSA cycle experiments were not conducted, adsorption and 
desorption tests were performed, an estimation of the hydrogen recov
ery ratio was made under various test conditions using simplified 
assumptions—primarily, the negligible adsorption of H2 on activated 
carbon.

Adsorption time (tads) was defined as the period until the outlet CH4 
concentration reached 95 % of the inlet, marking column saturation to 
calculate the total H2 fed. During desorption, H2 purge usage was 
tracked until 99 % H2 was observed at the outlet. Assuming negligible H2 
adsorption, recovery was estimated by subtracting purge H2 from the 
total H2 fed. Using this method, H2 recovery ratios for GAC were 
approximately 77 %, 58 %, and 40 % for Stages I, II, and III, respectively; 
Stage IV yielded no reliable result. These relatively low values stem from 
our experimental setup, which extended adsorption to near-satu
ration—unlike PSA systems that stop at breakthrough to maximize H2 
recovery.

Additionally, recovery ratios were calculated for experiments 
investigating the effect of the purge-to-feed ratio. The estimated H2 re
covery values were 83 %, 89 %, 90 %, and 90 % for purge-to-feed H2 
ratios of 0.53, 0.26, 0.16, and 0.10, respectively. It can be observed that 
a lower purge-to-feed H2 ratio enhances hydrogen recovery by mini
mizing purge gas losses; however, it must be carefully optimized to 
ensure sufficient desorption. The calculated H2 recovery values quanti
tatively confirm that a purge-to-feed ratio of 0.16 offers an effective 
balance between high recovery (90 %) and efficient desorption.

3.4. Application implications based on adsorbent characteristics

The comparative analysis of GAC and CAC behaviors enables the 
determination of each material’s suitability for specific applications. 
CAC’s higher mesoporosity promotes faster desorption kinetics, allow
ing quicker release of adsorbed methane. This trait is especially bene
ficial in processes requiring frequent adsorbent regeneration, as it 
minimizes downtime and boosts overall PSA efficiency—making CAC 
well-suited for high-frequency cycling operations. CAC’s faster adsorp
tion kinetics make it ideal for applications requiring rapid gas uptake, 
such as systems with variable feed composition or high throughput. 
Suitable examples include dynamic gas separation, high-flow processes, 
and emergency response scenarios requiring swift contaminant removal.

GAC’s higher microporosity may lead to slower desorption kinetics 
compared to CAC, resulting in a more gradual release of adsorbed 
methane. This controlled desorption supports a stable and continuous 
flow of purified hydrogen, making GAC well-suited for applications that 
demand consistent output and high gas purity. With its higher adsorp
tion capacity, GAC is ideal for applications focused on maximizing gas 
capture under stable feed conditions. Key examples include long-term 
gas storage, high-purity gas production, and buffer systems for man
aging seasonal energy fluctuations through hydrogen storage and 
release.

4. Conclusions

This study examined methane adsorption on two types of activated 
carbon (CAC and GAC) up to 60 bara. GAC, with its primarily micro
porous structure, demonstrated superior methane capacity, especially at 
high pressures and low concentrations. Breakthrough curves were 
modeled using both logistic and double exponential models, with the 
latter providing a better fit for asymmetric curves. CAC, featuring higher 
mesoporosity, showed faster adsorption kinetics. Langmuir modeling 
effectively described GAC adsorption up to 6 bar, while BET modeling 
suggested approximately seven adsorbed layers. The DR model yielded 
an isosteric heat of adsorption of 15.48 kJ/mol, consistent with litera
ture values. Increased flow rate and CH4 concentration led to earlier 
saturation and breakthrough, while higher pressure delayed break
through. Desorption efficiency improved with a H2 purge-to-feed ratio of 

0.16 and a desorption pressure of 4 bara, which was sufficiently low for 
effective methane separation. In conclusion, GAC is best for high ca
pacity, while CAC excels in kinetics, allowing for optimization based on 
specific application requirements.
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