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ABSTRACT: This study focuses on the development of a
conceptual vacuum pressure swing adsorption process (VPSA)
for green hydrogen (GH) recovery from natural gas grids (NGGs).
Accordingly, the kinetics-based separation of H2 from NGG was
achieved by using a commercial carbon molecular sieve (CMS-3K-
172) adsorbent. To develop the VPSA cycle, the CMS-3K-172 was
characterized, single- and multicomponent breakthrough curves for
H2 and CH4 were performed, and adsorption isotherms were
collected between 195 and 273 K and pressures up to 18 bar. To
separate H2 (20%) from CH4 (80%), three different VPSA cycle
configurations were designed and simulated by using Aspen
Adsorption. The operational variables, such as step times,
intermediate-to-high-pressure ratio, purge-to-feed ratio, and H2
initial concentration, were evaluated for maximum values of purity, recovery, and adsorbent productivity. The results show that
the VPSA processes can enrich H2 in the product stream by up to 68% with a recovery of 92%.

1. INTRODUCTION
Green hydrogen (GH) is widely recognized as a promising,
cost-effective, and environmentally sustainable fuel due to its
superior calorific value compared to other fuels, notably natural
gas (141.88 MJ kg−1 for H2 versus 52.21 MJ kg−1 for natural
gas).1,2 GH produced through water electrolysis utilizing
renewable energy sources such as wind, solar, and hydro-
electricity is characterized by its carbon-neutral nature. This
attribute is crucial in decarbonizing the energy sector and
attaining climate objectives. Furthermore, surplus renewable
energy can be efficiently exploited to produce GH, enabling
long-term storage and efficient transportation. Consequently,
the stored GH can be employed to generate electricity during
periods of high energy demand or when renewable energy
supply is constrained.1,3 Moreover, GH holds promise as a fuel
for long-distance transportation, powering fuel cells in the
mobility sector and helping to decarbonize heavy industries.1,4

The expansion of the GH sector has aroused significant
interest in the scientific community regarding the establish-
ment of a robust GH distribution network. A viable alternative
approach involves the injection of GH into the existing natural
gas grids (NGGs), thereby avoiding the need for extensive
infrastructure investments.5 However, upon GH injection into
the NGG, it becomes important to recover and purify the GH
to a high degree of purity to enable independent utilization of
pure GH and NG as per the requirement. Notably, a purity

level of up to 99.97% is necessary for GH to enable its
conversion of electricity via fuel cells.6,7

Adsorption processes are widely acknowledged as econom-
ically efficient and appealing alternatives for addressing various
industrial challenges, including but not limited to postcombus-
tion CO2 capture,

8−14 H2 purification from steam methane
reforming (SMR),15−17 medical O2 concentrator,

18−21 biogas
upgrading,22−25 and separation of straight-chain hydrocarbons
from the branched chain.26−29 Consequently, pressure swing
adsorption (PSA), which is a cyclic process that uses pressure
driven to perform bulk separation, is commonly used for H2
purification from SMR.16,17 The typical SMR off-gas is a
mixture of H2/CH4/CO/CO2 with a composition of 76/3/4/
17%, respectively. From this composition, the conventional
PSA can achieve purities of up to 99.9999% with high
recoveries of around 96%.15 However, the conventional PSA
process faces challenges when applied to recovering GH from
NGG due to the limited H2 concentration, which remains an
open issue in terms of admissibility, but not exceeding
20%.6,30,31 Moreover, the high concentration of CH4 and its
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relatively weak adsorption affinity on commonly used
adsorbents like zeolites, activated carbons, and silica further
complicates achieving high-purity H2 and high recovery rates.
A few studies are available in the literature that address H2

separation from NGG by the PSA technology.3,6,7,32−36

Liemberger et al.35 proposed a hybrid approach involving
membrane technology to initially enrich H2, followed by
further upgrading through PSA to achieve fuel cell quality as a
desired concentration level. Various feed and permeate
pressures as well as stage-cut (permeate flow divided by feed
flow) values were examined for membrane separation. The
optimized conditions for the permeate stream, set at 6 bar and
20 vol % of H2 content balanced with CH4, were adopted as
the feed condition for the PSA step. By utilizing activated
carbon as the adsorbent, the single-column PSA process
achieved a high H2 purity (>99%) along with a recovery of at
least 60%.
Dehdari et al.3 simulated a 6-bed PSA system with 12 steps

to produce highly pure H2 blended into NGG. The PSA
utilized a three-layered adsorption column configuration: silica
gel for capturing heavy hydrocarbons and CO2, activated
carbon for adsorbing CH4, and LiLSX zeolite for removing
trace amounts of N2. The simulation showed that the PSA
system achieved H2 product purity exceeding 99%, with
recovery rates of up to 85% for initial H2 concentrations
ranging from 5 to 30% in a 30 bar feed stream. The authors
suggest additional pressure equalization steps or the use of a
vacuum to enhance H2 recovery, and experimental con-
firmation is necessary.
Dehdari et al.34 conducted a comprehensive study to assess

the viability of vacuum swing adsorption (VSA), a potential
method for purifying H2 from NGG at low-pressure terminals.
The researchers employed a four-bed VSA apparatus filled with
Norit RB4-activated carbon to achieve H2 purity levels of 99%.
The experiments were conducted with H2 feed concentrations
of 30 and 50%, balanced with CH4, at a pressure of 102 kPa.
Furthermore, the authors validated their VSA experimental
data and subsequently developed a six-bed, three-layered
pressure vacuum swing adsorption (PVSA) using Aspen
Adsorption software. The PVSA system was predicted to
achieve H2 purity levels exceeding 99% and recovery above
93% for different initial H2 concentrations (10−50%) at a feed
pressure of 4 bar. The study also revealed that the power
required to obtain H2 purities above 99% decreased as the H2
feed concentration and desorption vacuum increased. Addi-
tionally, the H2 productivity was observed to increase with
higher H2 feed concentrations. Based on these findings, it can
be concluded that the effectiveness of conventional processes
for H2 production is directly influenced by the initial
concentration of H2.
These studies have employed the principle of the conven-

tional PSA process for H2 purification, which operated based
on equilibrium separation. Specifically, the process relies on
the equilibrium interaction between CH4 and the adsorbent
material, while H2, being a small and light molecule, exhibits
negligible adsorption on any known material under standard
temperature and pressure conditions.32 Consequently, H2 is
selectively produced during the feed step, while CH4 is
retained within the column. However, this standard approach
encounters a challenge whereby conventional adsorbents have
a weak adsorption affinity for CH4, which decreases the
dynamic capacity of the fixed beds, with an impact on
productivity and operational costs in conventional cyclic PSA

processes. To overcome this issue, one approach involves the
development or enhancement of materials with a superior CH4
adsorption capacity compared with those existing in the
literature. For example, the binder-free method has been
demonstrated to enhance the adsorption capacity of zeolite by
converting the binder into adsorbent matter, which leads to an
adsorption increase of approximately 20%.9,37 Alternatively,
employing adsorbent materials that block or restrict the
diffusion of CH4 while also exhibiting an affinity for H2
adsorption offers another potential solution. To the best of
our knowledge, no studies have been conducted in the last
direction.
Therefore, this study aims to show an adsorption process for

GH recovery from NGG. For that, a conceptual vacuum
pressure swing adsorption process using a carbon molecular
sieve (CMS-3K-172), which kinetically separates H2 from
CH4, is proposed and studied. Accordingly, CMS-3K-172 was
characterized, single- and multicomponent breakthrough
curves for H2 and CH4 were performed to study the dynamics
of fixed-bed adsorption, and adsorption isotherms were
collected. Subsequently, the breakthrough data was used to
validate a fixed-bed adsorption mathematical model. After that,
three different VPSA cycle configurations were designed, and
simulations were performed using Aspen Adsorption software
for the determination of the overall process efficiency in terms
of purity, recovery, and adsorbent productivity of the H2 final
product-enriched stream.

2. EXPERIMENTAL AND METHODS
2.1. Materials. The carbon molecular sieve (CMS) 3K-

172, kindly supplied by Osaka Gas Chemicals Co., Japan,
consists of commercial cylindrical pellets with a diameter of 1.8
mm and a length between 1.18 and 2.8 mm. The gases
employed in the study were supplied by Air Liquide Portugal
with the following specifications: H2 ALPHAGAZ 2
(99.9999%), CH4 N35 (99.95%), He ALPHAGAZ 2
(99.9998%), and N2 N50 (99.999%).

2.2. Characterization of CMS. The textural properties of
CMS-3K-172 were assessed from the adsorption studies of
CO2 at 273 K, performed in an accelerated surface area and
porosimetry system (Micrometrics’ ASAP 2020) and by Hg
intrusion porosimetry, performed in a pore size analyzer
(Micromeritics AutoPore IV 9500). The morphology of CMS-
3K-172 was evaluated by scanning electron microscopy (SEM)
and high-resolution X-ray spectroscopy (EDX) using secon-
dary electron detector (E−T). The characterization studies
were performed at the Laboratorio de Solidos Porosos of
Maĺaga University.

2.3. Fixed-Bed Adsorption and Experimental Proce-
dure for Measuring Breakthrough Curves and Adsorp-
tion Equilibrium. Adsorption equilibrium data of pure H2,
CH4, and their mixtures were obtained by performing a set of
breakthrough curves in a cryogenic fixed-bed adsorption
apparatus, developed in a previous work.38 A detailed
description of the apparatus is given in Section S1 of the
Supporting Information (SI).
Single-component breakthrough experiments of CH4 and H2

were performed at three temperatures (195, 231, and 273 K)
and pressures of up to 18 bar. Tables S1 and S2 in the SI
summarize the experimental conditions for the single-
component breakthrough runs for CH4 and H2, respectively.
A binary breakthrough run was performed considering a
mixture of CH4/H2 (80/20 vol %) at 195 K and 12 bar. The
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binary experimental conditions are summarized in Table S3 (in
the SI).

2.4. Adsorption Equilibrium Model. The experimental
equilibrium isotherms on CMS-3K-172 were fitted with the
Langmuir model

q q
b p

b p1i m i
i i

i i
,

* =
+ (1)

where qm,i is the maximum adsorbed concentration of
component i in mol kg−1, bi is the adsorption affinity constant
of component i in bar−1, and pi is the partial pressure of
component i in bar.
The effect of temperature on the adsorption affinity

constant, bi, is taken into account by the van’t Hoff expression

b b ei i
H RT

,
( / )i= (2)

where b∞,i is the pre-exponential factor of the affinity constant
at an infinite temperature in bar−1, R is the ideal gas constant in
kJ mol−1 K−1, (−ΔHi) is the heat of adsorption kJ mol−1, and
T is the temperature in K.
The Langmuir fitting of the experimental data was carried

out by a nonlinear least-squares optimization procedure in
which the points were weighted according to their estimated
errors

N q q(1/ ) ( )
i

n

i i
2

1

exp eq (1) 2=
= (3)

2.5. Vacuum Pressure Swing Adsorption Cycle
Description. The VPSA (base cycle) design configuration
consists of 1 column with 5 steps per cycle, which is shown in
Figure 1. The 5 steps are described as follows:

(1) Pressurization: the column is pressurized with the feed
mixture at the feed/product end (with only the feed/
product end open, z = 0) from the vacuum pressure
(PV) to the high pressure (PH) by tPRESS seconds. As the
pressure increases in the column, H2 is adsorbed, being
separated from CH4, which spreads through the column,
reaching the exhaust end, which is closed (z = L).

(2) Feed: the exhaust end is open (z = L), and the column is
fed at the feed/product end (z = 0) at PH with the feed
mixture. In this step, H2 is still being adsorbed, whereas
CH4 is collected at the exhaust end.

(3) H2 purge: pure H2 is fed at the feed/product end (z = 0)
at PH to purge out CH4 located in the void spaces of the
bed and adsorbent. Also, in this step, CH4 is still
continuously withdrawn at the exhaust end as a product.
The H2 purge step stream is collected from an ideal
product storage tank with a purity higher than 99.97%.

(4) Cocurrent depressurization (COD): the column feed/
product end is closed, and the exhaust end is kept open
to cocurrently depressurize the column from PH to an
intermediate pressure (PI) during tCOD seconds. This
step aims to reduce the partial pressure of CH4 in the gas
phase for both adsorbent and column voids while
facilitating the desorption of H2 and consequent
enrichment of its concentration along the fixed bed.
Simultaneously, CH4 is still extracted at the exhaust end
with a high purity.

(5) Countercurrent vacuum blowdown (CVB): in this step,
the exhaust end is closed, and the feed/product end is
open to countercurrent evacuate the column from PI
until the PV, by tCVB seconds. In this step, a H2-rich
stream is collected as a concentrated product at the
feed/product end of the column; at the same time, the
bed is regenerated under vacuum desorption for the next
cycle.

Steps (3) and (4) are both used to reduce the partial
pressure of CH4 in the gas phase for both adsorbent and
column voids and enrich H2 purity and recovery in the CVB,
which is the strong adsorptive component. This strategy is well
described by Yang and co-workers.39,40 In this work, the effect
of both steps (3) and (4) will be evaluated together and
separately.

2.6. Performance Parameters and Parametric Study
Description. To evaluate the VPSA cycle performance in
terms of recovery, purity, and adsorbent productivity regarding
H2, the effect of the following process variables was
parametrically studied: (i) purge-to-feed ratio (eq 4), (ii)
intermediate-to-high-pressure ratio (eq 5), (iii) H2 purge step
time (tPURGE), (iv) COD step time (tCOD), and (v) initial H2
concentration. The purge-to-feed ratio is given by

P F/
volume of H used in the purge step 3
volume of gas used in the feed step 2

2=
(4)

the intermediate-to-high-pressure ratio is defined by

P P/
pressure in the COD step 4

pressure in the feed and purge steps 1 and 2I H =
(5)

The other variables were kept constant: pressurization time
(tPRESS) at 10 s, feed step time (tFEED) at 5 s, countercurrent
vacuum blowdown time (tCVB) at 10 s, high pressure (PH) at
30 bar, and vacuum pressure (PV) at 0.1 bar. These variables
were optimized for the base cycle (run 1) comprising the 5
steps VPSA and were used in all simulations.
Additionally, three different VPSA configuration cases were

tested as shown in Figure 2, namely,
1) case (i) a 5-step VPSA described in Section 2.5,
2) case (ii) a 4-step VPSA without COD step 4,
3) case (iii) a 4-step VPSA without H2 purge step 3.

Figure 1. Conceptual VPSA cycle scheme used for H2/CH4
separation with CMS-3K-172. (1) Pressurization, (2) feed, (3) H2
purge, (4) cocurrent depressurization (COD), and (5) countercurrent
vacuum blowdown (CVB). PH: high pressure; PI: intermediate
pressure; PV: vacuum pressure.
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The parametric study includes the following studies:
• Case (i): 5-step VPSA previously described was
simulated in a range of P/F and PI/PH different values.

• Case (ii): 4-step VPSA, without the COD step (4), was
simulated to evaluate the performance by changing the
P/F for different tPURGE times. Accordingly, it was
possible to compare the performance parameters with 5
steps versus one with only 4 steps.

• Case (iii): 4-step VPSA, without the H2 purge step (3),
was simulated to evaluate the effect of COD step time
(tCOD) for different PI/PH. Accordingly, it was possible
to compare it with the other cases.

• Finally, the H2 initial concentration was changed from
20 to 30 and 50% to evaluate the effect on the best-case
VPSA configuration.

The performance parameters, namely, H2 recovery (eq 6),
H2 purity (eq 7), and adsorbent productivity (eq 8), were
evaluated by the following equations

y F t y F t

y F t
recovery

d d

d

t
z

t
z

t t
z

0 H 0 0 H 0

0 H 0

CVB

2

PURGE

2

PRESS FEED

2

=
| |

|

= =
+

= (6)

y F t

y F t y F t
purity

d

d d

t
z

t
z

t
z

0 H 0

0 H 0 0 CH 0

CVB

2

CVB

2

CVB

4

=
|

| + |

=

= = (7)

y F t

m t
productivity

d
t

z0 H 0

ads cycle

CVB

2=
|

×
=

(8)

2.7. Mathematical Modeling and Numerical Method.
The dynamic behavior of the fixed bed and VPSA can be

predicted numerically based on the mass, momentum, and
energy conversation laws. The mathematical model used to
simulate the experimental breakthrough curves includes the
effects of axial diffusion and mass transfer resistance. Carbon
molecular sieves have bidisperse pore structures consisting of
macropores and micropores, where the gas molecules can
diffuse at different time rates.41 To simplify the mass transfer
model, a bilinear driving force (bi-LDF) model was used.42,43

As demonstrated in a prior study,38 it has been established
that the ideal gas law remains valid in describing the
experimental observation under low-temperature conditions
(until 195 K) and pressure up to 18 bar. Darcy’s law was used
to describe the pressure drop in the column. Accordingly, the
mathematical model equations, summarized in Table S4, were
implemented in the Aspen Adsorption package, where the
method of lines is used to solve the set of coupled partial and
algebraic differential equations.44 The spatial derivatives were
discretized by a biased upwind differencing scheme (BUDS)
into a uniform grid of 50 points. The boundary conditions for
the fixed-bed adsorption model and the VPSA model are
summarized in Table S5.

3. RESULTS AND DISCUSSION
3.1. Adsorbent Characterization. The Hg porosimetry

results are shown in Figure 3a where it is possible to see a
unimodal and narrow macropore size distribution ranging from
211 to 379 nm, which is characteristic of carbon molecular
sieves.45 The CMS-3K-172 textural properties are summarized
in Table 1. Figure 3b shows sorption analyses of CO2 at 273 K,
which leads to a micropore surface area equal to 481 m2 g−1

and a limiting micropore volume equal to 0.19 cm3 g−1, which
compares with values found in the literature.46−48

Figure 2. VPSA scheme and cyclic configurations, namely, case (i): 5-step VPSA; case (ii): 4-step VPSA (without the COD step); case (iii): 4-step
VPSA (without the H2 purge step). (1) Pressurization, (2) feed, (3) H2 purge, (4) cocurrent depressurization (COD), and (5) countercurrent
vacuum blowdown (CVB).
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CMS-3K-172 SEM images are presented in Figure 3c−f,
which clearly show that the cylindrical extruded pellets have a
defined diameter of around 1.8 mm and lengths ranging
between 1.18 and 2.8 mm. Also, Figure 3d−f shows that CMS-
3K-172 presents controlled agglomerates or compacts of
approximately uniform spheres, which corroborates with the
very narrow pore size distribution shown in Figure 3a. From
the EDX spectra, placed in Table S6 in the SI, the expected
elements were found (C (>97%), Rb, Nb).

3.2. Single-Component Breakthrough Data and
Adsorption Isotherms. The H2 adsorption isotherms in

CMS-3K-172 were obtained through a series of breakthrough
curve measurements at three temperatures, 195, 231, and 273
K, and pressures of up to 18 bar. The experimental conditions
are summarized in Tables S1 and S2 of the SI for CH4 and H2,
respectively.
Figure 4a−c shows the corresponding observed break-

through curves for H2 and CH4 on CMS-3K-172 and
comparison with blank experiments (glass spheres inside the
fixed bed). It is possible to see that H2 is adsorbed on CMS-
3K-172 since its breakthrough curve presents a delay compared
with the blank experiment. On the opposite, the breakthrough

Figure 3. Characterization of CMS-3K-172: (a) differential intrusion and extrusion of Hg in pores; (b) adsorption equilibrium isotherm of CO2 at
273 K; and (c−f) SEM images.
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curves of CH4 and the blank in the CMS-3K-172 are
coincident, which indicates that CH4 does not enter the
pores of CMS-3K-172, in accordance with the literature
data.41−43,49 These results demonstrate that CMS-3K-172 can
easily separate H2 from CH4. For example, Kowalczyk et al.

48

have shown that the kinetic H2/CH4 selectivity, for carbona-
ceous molecular sieves, is very high, in the order of 102−103.

All of the single-component breakthrough curves for H2 on
CMS-3K-172 studied in this work are shown in Figure S1 in
the SI.
Figure 5 shows the experimental (symbols) and theoretical

(lines) isotherms measured for H2 on CMS-3K-172 from the

breakthrough experiments. The maximum loading for H2 is
around 1.38 mol kg−1 at 195 K and 12 bar. Moreover, the H2
isotherm is of type I according to the IUPAC classification,50

being practically linear. Accordingly, the Langmuir isotherm
model fits the experimental data well, as shown in Figure 5.
The Langmuir isotherm parameters are summarized in Table
2. The heat of adsorption is around 8.33 kJ mol−1, which is

Table 1. Textural Properties of CMS-3K and Fixed-Bed
Column Properties

unit value

Hg porosity
total intrusion volume cm3 g−1 0.304
total pore area m2 g−1 5.760
median pore diameter (volume) nm 379
median pore diameter (area) nm 203
average pore diameter (4V/A) nm 211
solid density g cm−3 1.495
apparent density g cm−3 1.028
porosity % 31.25

CO2 adsorption at 273 K
micropore surface area m2 g−1 481
limiting micropore volume cm3 g−1 0.193

adsorbent and exp. column properties
adsorbent shape cylindrical
adsorbent diameter mm 1.8
adsorbent length mm 1.18−2.8
Exp. column porosity 0.4438
Exp. column length m 0.1
Exp. column diameter m 0.0046

Figure 4. Experimental breakthrough curves of H2 (green) and CH4 (purple) on CMS-3K-172 in comparison to the blank experiments (red,
column filled with glass sphere) at (a) 195 and 12 bar, (b) 231 and 15 bar, and (c) 273 and 18 bar. The experimental conditions can be found in
Tables S1 and S2.

Figure 5. Adsorption equilibrium of H2 on CMS-3K-172 obtained
from breakthrough experiments at 195, 231, and 273 K. Symbols =
experimental; solid lines = model.
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very close to the values reported in the literature for H2
adsorption in similar materials, ranging from 7 to 12 kJ
mol−1.51−54

3.3. Mathematical Model Validation. The mathematical
model was validated through the fitting of binary experimental
breakthrough curves, and after that, it was used for the VPSA
process simulations. To perform the simulations, the transport
parameters were estimated except the H2 micropore coefficient
(kmic = 10 s−1) that was obtained from trial-and-error
simulations of the experimental breakthrough curves, as can
be observed in Figure S6. For CH4, the micropore coefficient
(kmic = 1 × 10−4 s−1) was taken from Rocha et al.42 All of the
simulation parameters are summarized in Tables S7 and S8 in
the SI. Figure 6 shows the binary breakthrough curve for CH4

and H2 (80/20 vol %) on CMS-3K-172 and respective fitting,
with experimental conditions shown in Table S3 in the SI. The
lines in Figure 6 represent model predictions that agree well
with the experimental data. The close agreement between
experimental and simulated data indicates that the chosen
mathematical model conveniently describes the observed fixed-
bed dynamic data and can be used to design the VPSA cycle
process. It is worth mentioning that since CH4 takes at least 3
days to reach the equilibrium (in an uptake rate experiment at
308 K) due to its strongly limited diffusion, we consider that it
cannot adsorb in CMS-3K-172 in a short VPSA cycle time.41,43

More details about the mathematical model can be found in
the SI (Figure S2 for energy balance considerations and Table
S7 for the model parameters).

3.4. VPSA Simulations. 3.4.1. Fixed-Bed Dynamics for
Base Cycle. The VPSA base cycle (run 1) comprises 5 steps
described in Section 2.5, with the operating conditions
summarized in Table 3.
This VPSA configuration corresponds to case (i) shown in

Figure 2. A feed mixture of H2/CH4 with a ratio of 20/80%
was chosen, which is typical of those injected in NGG.6,30,31

Under the conditions described in Table 3 for run 1, the
performance achieved for the final product stream is a recovery
of H2 of 84% with a purity of 65% and the adsorbent

productivity of 1748 (mol kg−1 day−1). Concerning the
dynamics of the VPSA, the cycle steady state (CSS) is
achieved in almost 5 cycles, as can be seen in Figure S3 (in the
SI), which shows the H2 axial adsorbed amount profiles along
several cycles. Run 1 is simulated in isothermal conditions, and
the performance results for nonisothermal (run 1a) and
adiabatic (run 1b) conditions are compared in Table 4. Figure
S4 in the SI shows the temperature evolution at the feed/
product end, middle, and exhaust end of the column for runs 1a
and 1b. As indicated in Table 4 and Figure S4, temperature
effects gave practically the same performance results as those
under the isothermal conditions. This is because the heat of
adsorption for H2 is small (ca. 8 kJ mol−1). For example, by
comparing run 1 (isothermal) with runs 1a (nonisothermal)
and 1b (adiabatic) in Table 4, the H2 recovery decreases by 3%,
while the H2 purity increases by 3%. In this way, all of the
other simulations described in Table 4 were performed in
isothermal conditions.
The axial profiles of the H2 molar fraction and adsorbed

amount at the end of each step in the CSS for run 1 are shown
in Figure 7a,b, respectively. The 5-step VPSA (case(i) in
Figure 2) cycle starts with the pressurization step with the feed
mixture (H2/CH4�20/80%). At the end of the pressurization
step, shown in Figure 7a,b (step 1�black line), it can be
observed that H2 spreads through the column due to its low
affinity to the adsorbent where the adsorption equilibrium
isotherm is not so favorable to self-sharpen the H2 mass
traveling wave. Afterward, the exhaust end is open, and the
feed step starts. At the end of the feed step, shown in Figure
7a,b (step 2�red line), the H2 mass transfer zone (MTZ) is
practically spread through almost 50% of the column. In the
H2 purge step, the objective is to purge out the weak
adsorptive component by using the strong adsorptive
component.55 Here, pure H2 is fed at the feed/product end,
and Figure 7a,b (step 3�blue line) shows the expected
increase of the H2 partial pressure along the bed resulting into
a steeper MTZ.
At the same time, CH4 present in the void spaces of the

adsorbent and bed is purged out through the exhaust end. In
the cocurrent depressurization (COD) step, shown in Figure
7a,b (step 4�green line), the feed/product end is closed, and
the column is quickly depressurized until an intermediate
pressure (15 bar for run 1).
As the pressure decreases, during the COD step, the H2-

adsorbed amount decreases, and consequently, the H2 molar
fraction increases significantly in the gas phase. While the H2

Table 2. Langmuir Isotherm Parameters for the Sorption of
H2 on CMS-3K-172

qm (mol kg−1) b (bar−1) −ΔH (kJ mol−1) σ2

3.91 4.67 × 10−2 8.33 9.0 × 10−5

Figure 6. Binary breakthrough curve for a mixture of CH4/H2 (80/20
vol %) at 195 K and 12 bar on CMS-3K-172. Symbols = experimental;
solid lines = model.

Table 3. VPSA Process Variables for the Base Cycle with 5
Steps (Run 1)

parameter value units description

tPRESS 10 s pressurization time
tFEED 5 s feed time
tPURGE 2 s H2 purge time
tCOD 5 s COD time
tCVB 10 s CVB time
FFEED 97.14 SLPM feed flow rate
FPURGE 48.57 SLPM purge flow rate
PH 30 bar high pressure
PI 15 bar intermediate pressure
PV 0.1 bar vacuum pressure
T 195 K feed temperature
H2/CH4 0.2/0.8 molar fraction ratio
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MTZ moves forward to the exhaust end of the column, it
displaces CH4 farther out of the bed. The COD step also helps
to increase the H2 purity in the bed for the next step. In the
final countercurrent vacuum blowdown (CVB) step, the
exhaust end is closed, and the column is countercurrently
depressurized from the intermediate pressure until the vacuum
pressure to collect a high purity of H2 product stream. At the
end of the CVB step, it can be observed in Figure 7b (step 5�
purple line) that the H2-adsorbed amount approaches zero
(meaning that the bed is cleaned for the next cycle), while the
molar fraction (Figure 7a) is around 60% in the feed/product
end.
Figure 7c,d shows the total molar flow rate and the

component molar fraction histories withdrawn from the
column along all of the steps at CSS for run 1, respectively.
In steps 2 and 3 (feed and H2 purge steps, respectively), a
CH4-rich stream (ca. 96%) is obtained in the exhaust end as

can be seen in Figure 7d, illustrated by the black dashed line.
Even in step 4 (COD step), the molar fraction of CH4 in the
exhaust end is still very high but decreases to around 90%. On
the opposite, the molar fraction of H2 as expected is very high
along step 5 (CVB step), starting from a practically pure
stream to a constant value of around 60% until the end of the
step, where the bed is cleaned from H2 (adsorbed amount very
low) for the next cycle. Also, at the beginning of step 5 (CVB
step), the product flow rate increases significantly at the feed/
product end due to the evacuation of the column (Figure 7c),
but positively this stream is practically pure in H2 (Figure 7d),
which is very important for the overall performance of the
VPSA cycle. Along this cycle, the H2 molar fraction in the
product flow rate decreases to around 60% until the bed is
practically completely cleaned (Figure 7b). To be noted is also
that step 4 (COD step) causes a sudden increase in the total
molar flow rate at the exhaust end (Figure 7c), where the H2
molar fraction slightly increases (Figure 7d), which can
negatively impact the H2 recovery in the final CVB step 5.

3.5. The Effect of Process Variables on VPSA
Performance. Here, the parametric study described in
Section 2.6 was performed to optimize the VPSA cycle base
(run 1) in terms of H2 purity and recovery. The operating
conditions and simulation results are summarized in Table 4,
and the column properties and simulation parameters are
summarized in Table S8.
3.5.1. Effect of P/F Ratio for Different PI/PH Values. The

relative importance of the P/F (eq 4) and PI/PH (eq 5) ratios
in the 5-step VPSA (case (i) in Figure 2) process performance
around the base cycle (run 1) were studied and are
summarized in Table 4. Figure 8 shows the H2 recovery and
purity as a function of P/F and PI/PH ratios from where it is
possible to see an opposite trend between H2 recovery (Figure
8a) and purity (Figure 8b). The higher the P/F, the higher the
purity and the lower the recovery. This can be explained since
by increasing the P/F ratio, the higher the amount of CH4 is
being displaced out of the column along the H2 purge step 3,
which leads to an increase in the H2 purity in the final CVB
step 5. For instance, by increasing the P/F from 0.5 (run 1) to
1.5 (run 4), the purity increases from 65 to 89% (Table 4).
However, the higher the P/F ratio, the higher the amount of
H2 lost in the H2 purge and COD steps, leading to a lower H2
recovery. By comparing again runs 1 and 4, the recovery
decreases from 84 to 52% as P/F increases from 0.5 to 1.5
(Table 4). The PI/PH ratio affects the VPSA performance
contrarily compared to the P/F ratio, e.g., the lower the PI/PH
ratio, the lower the H2 recovery and the higher the H2 purity.
This effect was observed by comparing runs 1 and 11 in Table
4, e.g., as the PI/PH increases from 0.5 to 0.7, the recovery
increases from 84 to 91% and the purity decreases from 65 to
56%. Thus, to increase the H2 molar fraction in the gas phase
along the column, and, hence, its purity in the CVB step, the
PI/PH must be set to the lowest value possible, which agrees
with that observed by Chen and Ahn.56 However, it is worth
noting that the lower the PI/PH, the lower the H2 recovery.
The red lines in Figure 8 represent the results for the four-

step VPSA without the COD step (case (ii) in Figure 2) and
run numbers 17, 18, and 19 in Table 4. The H2 purge step time
was kept with the same values as in the runs with the COD
step (runs 1−15). As can be seen, without the COD step, the
process achieved the highest recovery (Figure 8a), around
96%, but, on the other hand, these runs were the ones with the
lowest purities, between 40 and 73% (Figure 8b). This occurs

Table 4. Operating Conditions and Process Performance of
the VPSA Cycles Simulated for H2/CH4 Separation with
CMS-3K-172a

run
tPURGE
(s)

tCOD
(s)

P/F
(−)

PI/
PH
(−)

H2
recovery
(%)

H2
purity
(%)

H2 productivity
(mol kg−1

day−1)

case (i): 5-step VPSA
1 2 5 0.5 0.5 84 65 1748
1a 2 5 0.5 0.5 81 68 1700
1b 2 5 0.5 0.5 81 68 1698
2 2 5 1 0.5 75 79 1549
3 2 5 1.25 0.5 65 85 1351
4 2 5 1.5 0.5 52 89 1059
5 2 5 1.75 0.5 33 91 681
6 2 5 0.5 0.6 88 60 1841
7 2 5 1 0.6 82 75 1708
8 2 5 1.25 0.6 76 80 1577
9 2 5 1.5 0.6 67 85 1373
10 2 5 1.75 0.6 53 88 1090
11 2 5 0.5 0.7 91 56 1904
12 2 5 1 0.7 87 71 1804
13 2 5 1.25 0.7 83 76 1713
14 2 5 1.5 0.7 76 81 1567
15 2 5 1.75 0.7 66 85 1354

case (ii): 4-step VPSA
16 2 0.25 96 40 2398
17 2 0.5 95 48 2371
18 2 1 93 62 2292
19 2 1.5 86 73 2131
20 5 0.25 95 52 2113
21 5 0.5 92 68 2041
22 5 1 69 89 1514
23 5 1.5 1 96 28
24 8 0.25 88 62 1891
25 8 0.5 85 83 1701
26 8 0.75 53 95 1052

case (iii): 4-step VPSA
27 5 0.5 87 43 1949
28 5 0.6 91 40 2032
29 5 0.7 93 37 2089
30 10 0.5 88 43 1686
31 10 0.6 91 40 1750
32 10 0.7 94 37 1795
aa Nonisothermal consideration; b adiabatic consideration; the other
constant parameters are shown in Table 3.
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because, during the H2 purge step, the H2 partial pressure
inside the column becomes higher, which leads to a steeper
MTZ moving faster in the bed. Consequently, the H2
wavefront displaces a larger amount of CH4 in the bed
through the exhaust end before the CVB step (i.e., and without

too much H2 spent at the exhaust end). Thus, at the end of the
H2 purge step, a great part of H2 molecules in the gas and solid
phases remain inside the column, being recovered during the
following CVB step, which explains the highest recovery of H2
achieved for the 4-step VPSA (case (ii)) in comparison with

Figure 7. VPSA simulation results for H2/CH4 separation with CMS-3K-172 for the 5 cycle steps, shown in Figure 1, in run 1 (base cycle). (a)
Axial bed molar fraction of H2 in the cycle steady state (CSS); (b) axial bed adsorbed amount of H2 at CSS; (c) total molar flow rate history at the
CSS; (d) component molar fraction history at the CSS, CH4 (dashed lines), and H2 (solid lines). The numbers shown in the figure represent (1)
pressurization, (2) feed, (3) H2 purge, (4) COD, and (5) CVB steps. On panels (c) and (d), the black lines indicate the history in the exhaust end
(z/L = 1) and red lines represent the history in the feed/product end (z/L = 0). The simulation conditions and performance parameters for run 1
are shown in Tables 3 and 4.

Figure 8. Effects of P/F and PI/PH ratios on the (a) H2 recovery and (b) H2 purity for the H2/CH4 separation by VPSA, using CMS-3K-172.

Figure 9. Effects of P/F and H2 purge step time on the (a) H2 recovery and (b) H2 purity for the H2/CH4 separation by VPSA, using CMS-3K-172.
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the 5-step VPSA (case (i)). To increase the H2 purity in the
final CVB step, the H2 purge step can be extended in time as
discussed in the next section. Looking at Figure 7d, we can see
that during the COD step, in the base cycle (run 1), some H2
is spent at the exhaust end, which explains the overall lowest
recovery using a 5-step VPSA (case (i)). The COD step can be
advantageous when it does not result in significant losses of the
more adsorptive component.
3.5.2. Effect of P/F Ratio for Different H2 Purge Step Time

Values. Steps 3 and 4 (H2 purge and COD steps, respectively)
are used with the same purpose, reduce the partial pressure of
CH4 in the gas phase in both adsorbent and column voids
before the final CVB step, to increase the final product H2
purity and recovery. The effect of each step in the VPSA was
studied separately through cases ii and (iii). In this study, the
COD step was removed from the VPSA (case (ii) in Figure 2),
and only the H2 purge step was used to reduce the CH4 partial
pressure inside the column. Figure 9 shows the relative
importance of the H2 purge step time for different P/F ratios in
the H2 recovery and purity. As shown in Figure 9a, as the H2
purge time increases, from 2 to 8 s, the recovery decreases, e.g.,
from 93 to 69% (runs 18 and 22, respectively). Figure 9b
shows the opposite trend for the purity, as the higher the H2
purge time, the higher the H2 purity, e.g., from 62 to 89% (runs
18 and 22, respectively). This occurs because the higher the H2
purge step time, the higher the amount of CH4 that will be
taken out of the column before the following CVB step. For
instance, for P/F equal to 0.5, H2 purity increases from 48 to
83% by increasing the H2 purge time from 2 to 8 s. However,
there is a limiting H2 purge time that can be used to maximize
the purity without significantly decreasing the H2 recovery. For
a constant H2 purge time, the effects of the P/F ratio in the H2
recovery and purity shown in Figure 9 are similar to those
observed in Figure 8. The performance parameters for run 1
are also represented in Figure 9a,b, which can be seen that for
the 4-step VPSA (without COD, case (ii)) several combina-
tions can provide better performance parameters than for run
1. For example, H2 purity up to 68% with a recovery of 92% is
achieved by using case (ii) 4-step VPSA in run 21, as shown in
Table 4 and Figure 9.
3.5.3. Effect of PI/PH Ratio for Different COD Step Time

Values. In this parametric study, only the COD step was used
to reduce the CH4 partial pressure inside the column before
the CVB step. This is the 4-step VPSA configuration case (iii)
presented in Figure 2. In this way, the relative importance of
PI/PH ratio and COD step times in the VPSA performance are
illustrated in Figure 10. The H2 recovery increases with
increasing values of PI/PH (Figure 10a), while the H2 purity

decreases (Figure 10b). For example, as the PI/PH increases
from 0.5 to 0.7, the recovery increases from 87 to 93% and the
purity decreases from 43 to 37% (runs 27 and 29,
respectively). Interestingly, the H2 recovery and purity seem
not to be affected by the COD time as indicated in Figure 10
since they are almost the same by using 5 or 10 s of the COD
time for a fixed PI/PH, a result also observed elsewhere.

57 In
this way, only the ratio PI/PH has a major influence on the
performance of the overall cycle with the COD step.
Accordingly, as PI becomes close to PH, i.e., for high values
of the PI/PH ratio, lower is the molar flow rate that leaves the
column, and, consequently, lower the H2 purity and higher the
H2 recovery as depicted in Figure 10. From Table 4, the 4-step
VPSA (case (iii) without the H2 purge step) can concentrate
H2 up to 43% only with a recovery of 87% (run 27) and
adsorbent productivity equal to 1949 mol kg−1 day−1,
indicating lower performance compared with the 5-step
VPSA (case (i)) and 4-step VPSA (case (ii)). For a
comparison, Figure 10 also shows the performance parameters
for run 1 (5-step VPSA (case (i)), where the 4-step VPSA
(case (iii)) provides lower H2 purity values).
3.5.4. Effect of the VPSA Configuration Cases. Three

VPSA cases were studied, namely, case (i): a 5-step VPSA
described in Section 2.5, case (ii): a 4-step VPSA without
COD step 4, and case (iii): a 4-step VPSA without H2 purge
step 3, as shown in Figure 2.
In case (i) 5-step VPSA, as mentioned before, the H2 purge

(step 3) and COD (step 4) steps work with the same purpose,
reduce the partial pressure of CH4 in the gas phase for both the
adsorbent and column voids to maximize the H2 purity and
recovery during the final CVB step. During the H2 purge step
3, Figure 7a, there are two regions in the bed, a zone filled with
pure H2 near the feed/product end to almost 30% of bed
length and another with a similar composition of the feed
mixture at almost 60% of the bed. As the H2 pressure increases,
the isotherm becomes more favorable, MTZ being steeper near
the feed end. This is important to displace CH4 from the bed
without losing too much H2 at the exhaust end of the column
(Figure 7d, step 3). Consequently, in the following COD step,
the steeper high-purity H2 MTZ moves faster in the bed in the
direction of the exhaust end resulting in an increasing spent of
H2 and consequently decreasing H2 recovery in the overall
process (Figure 7d). For example, Table 4 shows that run 5,
which has higher P/F and lower PI/PH ratios, leads to a higher
displacement of CH4 throughout the column at the exhaust
end and, consequently, we can obtain a high purity of 91%.
However, some H2 is lost together with CH4 in the COD step
resulting in a lower H2 recovery of only 33% for run 5. Thus,

Figure 10. Effects of PI/PH and COD step time on the (a) H2 recovery and (b) H2 purity for the H2/CH4 separation by VPSA (without H2 purge
step), using CMS-3K-172.
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the COD step needs to be short and the PI/PH needs to be
high to avoid a significant loss of H2 in purge step 3 and COD
step 4 at the exhaust end.
To reduce the H2 lost in steps 3 and 4, the COD step was

removed before the CVB step (step 5). This is a VPSA
configuration with a 4-step case (ii). In this way, we can
decrease the loss of H2 through the exhaust end of the column,
leading to an improvement in the H2 recovery and purity
during the final CVB step. Accordingly, the performance values
for case (ii) 4-step VPSA (run 21) are 92% recovery with 68%
purity (Table 4), which leads to an increase of 21% in the H2
purity as compared with run 11 (5-step VPSA).
Another 4-step configuration was considered to improve H2

purity and recovery by keeping the COD step (step 4) and
removing the H2 purge step (step 3). This is the so-called 4-
step VPSA-case (iii), where after the feed step, only the COD
step (step 4) preceded the CVB step (step 5). In this case, it
lost the effect of concentrating H2 before the final CVB step.
Thus, the VPSA configuration leads to performance with high
H2 recoveries but with lower purities, as can be seen in Table 4
for runs 27−32. Moreover, by using only the COD step before
the CVB step, the H2 recovery and purity decrease around 4
and 23%, respectively, when comparing run 11 (5-step VPSA)
with run 27 (4-step VPSA) in Table 4.
3.5.5. Effect of the H2 Initial Concentration. The H2 initial

concentration was varied from 20 to 50% in the same cycle
conditions of runs 16−19 (case (ii) 4-step VPSA), which
showed the best results in Table 4 in terms of H2 recovery.
This range was considered because the effect of adding up to
50% of H2 into the NGG is under commercial consideration.
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Figure 11 shows the H2 recovery and purity for different H2

feed value concentrations. As can be seen, as higher the H2
feed concentration, the higher the H2 purity and lower the H2
recovery. For instance, comparing run 16 with H2 feed
concentrations of 20% (black square) and 50% (blue triangle),
the recovery decreases from 96 to 89% and the purity increases
from 40 to 70%. This is expected since as the H2 concentration
in the feed increases, the contamination with CH4 along the
bed is lower before the CVB step, improving the final product
H2 purity. On the other hand, as the concentration of H2 is
higher in steps 1 and 2, the respective concentration front
moves faster through the axial position of the bed (favorable
isotherm), increasing the losses in the exhaust end and thus
reducing the H2 recovery. This is seen in Figure S5 of the SI

that illustrates the H2 molar fraction profile in the bed at the
end of the feed step for run 16 for different H2 feed
concentrations. Overall, the increasing H2 feed concentration
in this newly proposed conceptual VPSA cycle results in a
better overall process performance, especially the level of
purity of the final H2 product stream collected in the CVB step.

4. CONCLUSIONS
In this study, the recovery of GH from NGG using a new
conceptual VPSA cycle was evaluated. The separation of H2
from CH4 was achieved by employing the CMS-3K-172
adsorbent, which exhibits a moderate adsorption capacity for
H2 and kinetically separates it from CH4. The H2 adsorption
equilibrium was studied between 195 and 273 K and
conveniently fitted with a Langmuir isotherm. Furthermore, a
mathematical model, developed in Aspen Adsorption, was
validated by fitting binary fixed-bed breakthrough curves for
further simulations of three different VPSA process config-
urations with 5 and 4 steps. The 4-step VPSA (case (ii)),
without the COD step, allows obtaining a H2 purity of up to
68% with a recovery of up to 92%, being the best trade-off
between purity and recovery achieved with 83% purity and
85% recovery. This 4-step VPSA (case (ii)) showed better
performance as compared to the 5-step VPSA (case (i)) and 4-
step VPSA (case (iii)) because the H2 purge step has a positive
effect in preventing the losses of H2 through the exhaust end of
the column, leading to an improvement of the H2 recovery (up
to 96%) with high purity (up to 89%) during the following
final CVB step. On the contrary, the 4-step VPSA (case (iii))
with only the COD step does not improve the VPSA process
because the amount of CH4 remaining inside the column
before the final CVB is still very high, which severely impacts
the H2 purity. In summary, as interest and demand for green
hydrogen continue to increase, the conceptual VPSA proposed
in this study exhibits great potential for the recovery of green
hydrogen from natural gas grids. The VPSA allows for the
effective concentration of H2 from 20 to 68%, with recovery of
up to 92%. This VPSA process can be used as a pre-enrichment
step, which subsequently can be directly followed into an
already commercial conventional PSA processes that utilizes
adsorbents with a strong equilibrium affinity for CH4 (e.g.,
with zeolites 5A or 13 X) to produce H2 from NGG with a
higher purity level (>99.97%).
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■ NOMENCLATURE
ap specific area of the pellet (m−1)
ac specific area of the column (m−1)
bi adsorption equilibrium constant of component i

(bar−1)
b∞,i pre-exponential factor of the affinity constant at an

infinite temperature of component i (bar−1)
C total gas concentration (mol m−3)
Cf feed gas concentration (mol m−3)
Cpg heat capacity of gas (J mol−1 K−1)
Cps adsorbent specific heat capacity (J mol−1 K−1)
db bead diameter (m)
dc column diameter (m)
Dax axial mass dispersion coefficient (m2 s−1)
Dm molecular diffusivity (m2 s−1)
Dp macropore diffusion coefficient (m2 s−1)
Dc micropore diffusion coefficient (m2 s−1)
F total molar flow rate (mol s−1)
hw constant heat transfer between gas and wall (W m−2

K−1)
hp film heat transfer coefficient (W m−2 K−1)
kmic micropore constant coefficient (s−1)
kmac macropore constant coefficient (s−1)
Kp Darcy’s law coefficient (-)
Kax effective axial bed thermal conductivity (W m−1 K−1)
Ks adsorbent thermal conductivity (W m−1 K−1)
Lc length of the column (m)
Mi molecular mass of component i (kg kmol−1)
mads mass of the adsorbent (kg)
pi partial pressure of component i (bar)
P total pressure of the column (bar)
q̅i average adsorbed phase concentration of component

i (mol kg−1)
q* equilibrium adsorbed concentration of the compo-

nent (mol kg−1)
qm maximum adsorbed phase concentration (mol kg−1)
R universal gas constant (J mol−1 K−1)
Rp adsorbent particle radius (m)
rc crystal radius (m)
t time (s)
vi interstitial velocity (m s−1)
vg = viεb superficial velocity (m s−1)
yi molar fraction of component i (-)
z axial coordinate in the bed (m)

■ GREEK LETTERS
ΔHi heat adsorption of species i (J mol−1)
ΔHst isosteric heat adsorption (J mol−1)
εb bed porosity
εp particle porosity
ρp solid density (kg m−3)
ρs apparent adsorbent density (kg m−3)
ρb bulk density (kg m−3)
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