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The conventional gas-phase simulated moving bed (SMB) process is a promising alternative to the cryogenic
distillation for the rejection of nitrogen from methane streams for small-scale applications. However, one of its
biggest disadvantages is the need to separate the downstream products, in this case, methane and nitrogen, from
the desorbent species that is used in the process to regenerate the adsorbent. To overcome this, one can use a
combination of pressure swing adsorption (PSA) steps and displacement chromatography to remove the adsorbed
phase from the solid material. This way, the desorbent gas can be removed from the process.

This work presents an in-silico study of such hybrid SMB/PSA process. A parametric study was also conducted
to observe the effect of different operating conditions on the performance and improve the process.

This advanced technique was able to produce high purity methane and nitrogen streams, meeting stricter
purity requirements for methane streams (97%) and achieving high nitrogen purity (99%). Partial recovery of the
purge outlet stream as heavy product gas enables an increase in methane recovery and productivity, reaching
values of up to 97.3% and 11.5 kg-mag-h ), respectively. Optimising the purge flow leads to a higher nitrogen
recovery and productivity. Maintaining very low desorption pressures (0.1 bar) was found necessary to achieve a

good process performance, leading to higher power consumption (503.0 W-h-kgciia).

1. Introduction

The separation of methane from nitrogen is a critical step in
upgrading low-quality unconventional methane sources, which often
contain high concentrations of Ny that significantly reduce the heating
value of the gas stream [1]. Depending on the unconventional gas
source, the nitrogen content in the methane gas streams varies. For
coalbed methane, CHy4 content can go as low as 60% [1]. In landfill gas,
which is produced from the anaerobic decay of waste, Ny content can
range from 5 to 25%, especially when air infiltrates during active gas
extraction at subatmospheric pressures, which is necessary to ensure
higher CHy4 recovery and to avoid its release in the atmosphere [2]. This
way, nitrogen must be removed to meet pipeline specifications or for
liquefaction processes [1]. Efficient and cost-effective separation tech-
niques are therefore necessary to maximize methane recovery and
minimise environmental and economic costs.

Currently, the predominant method for CH4/N; separation is cryo-
genic distillation. This technique exploits the difference in boiling points
between methane (—161.5 °C) and nitrogen (—195.8 °C), allowing for
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their separation through fractional distillation at cryogenic tempera-
tures [3]. The process typically involves compressing and cooling the gas
mixture to liquefy the components, followed by staged separation in a
distillation column [3]. Depending on the nitrogen content, a process
with multiple distillation columns may be necessary [3]. While cryo-
genic distillation offers high separation efficiency, it is energy-intensive
due to the low temperatures required and economically viable mainly
for larger-scale applications (with flow rates above 4.9 m3.s™1) [4].
Adsorption-based separation of CH4 and N3 has emerged as a
promising alternative to cryogenic distillation, particularly for small- to
medium-scale applications. Due to the similar molecular sizes and ki-
netic diameters of CH4 (3.8 ;\) and N, (3.64 /o\), the separation relies on
the different adsorption affinity toward the stationary phase, diffusivity
or tailored adsorbents with tuned pore size. Among the different mate-
rials utilised for this separation, carbon molecular sieves and titanosi-
licates have shown effective kinetic-based separation by exploiting the
faster diffusion of Ny over CHy, producing methane at a high pressure
[5-9]. On the other hand, equilibrium-based systems using activated
carbons and metal-organic framework (MOF) materials generally favour
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CH4 due to its higher polarizability and stronger interaction with the
adsorbent surface [10-12]. As a result, the CHy-rich product must be
recompressed before being injected into the pipeline, adding to opera-
tional costs. This way, the choice between kinetic and equilibrium PSA
depends on the specific application, with both approaches being found
at an industrial scale [13,14].

In our previous works, the conventional gas-phase SMB process was
shown to be a promising alternative to cryogenic distillation for the
rejection of nitrogen from methane streams [15-17]. However, one of its
biggest disadvantages is the need to separate the downstream products,
in this case, methane and nitrogen, from the desorbent species that is
used in the process to regenerate the adsorbent [18]. To overcome this,
one can use a combination of pressure swing adsorption steps and
displacement chromatography to remove the adsorbed phase from the
solid material. This way, the desorbent gas can be effectively removed
from the process.

The combination of the simulated moving bed technology with
pressure swing adsorption has been reported in the literature for several
gas-phase applications. LaCava and McKeigue first patented a contin-
uous pressure difference-driven SMB process requiring no eluent [19].
Rothchild later patented a “pressure swing chromatography” process for
selective adsorption of nitrogen from air, achieving high purity and
nearly 100% yield through pressure-induced desorption [20]. Cheng
and Wilson published two patents for separating propylene from a C3
hydrocarbon mixture by SMB with vacuum swing adsorption, achieving
high-purity propylene at a high recovery rate [21,22]. Rao et al.
modelled a hybrid SMB/PSA process to separate propane/propylene
mixtures, achieving complete separation of the Cs mixture with high
productivity (100-300 mol-kg'-h™!) under high vacuum conditions of
0.01 kPa [23]. Kostroski and Wankat researched the separation of
diluted enantiomeric enflurane in a nitrogen carrier gas by coupling the
gas-phase SMB technology with pressure swing adsorption (PSA) [24].
In 2009, the authors applied this system for the separation of concen-
trated binary gases, more specifically, the separation of a Hy/CHy
mixture [25]. More recently, Qian et al. introduced an improved VPSA
with SMB operation using activated carbon (AC) beads for CH4/N2
separation. In this experimental work, the authors reported enhanced
CH4 purity and recovery compared to PSA processes, producing a high-
purity CH4 stream (99.99%) with a 98.6% recovery [26]. The authors
also tested the performance of commercial coconut shell AC using the
improved VPSA process [27]. Building upon their previous works, the
authors investigated the use of a ZSM-5 zeolite in their pilot VPSA-SMB
unit. The best run achieved a 99% purity CHy4 stream with increased
recovery (99.6%), however, with a power consumption 10 kJ.molghs
higher than what was observed with the AC materials [28]. In 2025,
Miao et al. modelled the improved VPSA process for the separation of
CH,4/CO5 mixtures [29].

This work intends to build upon the state-of-the-art research on
hybrid systems and implement and model a pilot SMB/PSA hybrid
process for the separation of an equimolar methane/nitrogen mixture. In
this computational study, the gPROMS software was used to implement
the simulation framework for the hybrid process. The obtained simula-
tion results highlight the performance of the process under various
operating conditions and allowed to define a strategy to predict the
operating conditions that provide complete separation of the two com-
ponents. A parametric study was conducted to investigate the influence
of the key process parameters on the hybrid system's performance.

2. Theory
2.1. SMB/PSA hybrid process

In the hybrid SMB/PSA process, the regeneration zone, designated as
Section I, is decoupled from the SMB, and the desorbent is replaced with

a sequence of PSA steps that rely on pressure variations for the adsorbent
regeneration.
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While one column undergoes these PSA steps in section I, in parallel,
the remaining columns operate in series and are divided into two zones,
which operate at different flow rates and have different functions. In
Section II, known as the displacement zone, located between the dis-
placing gas inlet and the feed inlet, the heavy product acts as the eluent
to enrich the beds in the more retained species through displacement
chromatography. In the adsorption zone, Section III, located between
the feed inlet and the light product outlet, the more retained species
adsorbs preferentially to the solid material while the less retained spe-
cies travels in the fluid flow direction, with the outlet stream being
enriched in the latter. After a switching time, t*, elapses, which corre-
sponds to the duration of one step, the inlets and outlets shift in the gas
flow direction, promoting continuous mass transfer between solid and
fluid phases. After the switch, the column that ended the PSA sequence
in section I becomes the last column of section III, while the first column
of section II becomes the column in section I to begin the PSA sequence.
During a complete cycle of the SMB/PSA hybrid process, each column
undergoes a total number of steps corresponding to the number of col-
umns in the unit. Since the PSA sequence runs simultaneously to the
SMB part of the process, to maintain synchronous operation of the
process, the total duration of the PSA sub-steps (blowdown, counter-
current purge, and co-current pressurization) must be equal to the
switching time of the hybrid process, i.e., one step (Eq. (1)).

t* = thlow + tpg + tpress (1)

The PSA sequence is comprised of the counter-current blowdown sub-
step, during which the pressure is reduced, leading to the desorption
of the more retained species and producing it at the column outlet. This
is followed by a counter-current purge sub-step, where any residual
impurities are removed using the light product as the purge stream.
Then, a co-current pressurization sub-step is employed to restore the
operating pressure, using the light product, ensuring the column is
prepared to produce the less retained species in the following step.

Fig. 1 shows a schematic of an SMB/PSA hybrid process for methane/
nitrogen separation. An eight-column configuration was projected, with
one column in Section I, two in Section II, and five in Section III (1-2-5
column configuration). The total number of columns was fixed at eight
to remain consistent with the existing pilot-scale gas-phase SMB unit and
to facilitate its future adaptation to hybrid SMB/PSA operation. The
number of columns allocated to the adsorption zone is due to the low
adsorption selectivity of CH4/Ng2, requiring a longer bed length to
enhance the separation efficiency. Like the traditional SMB, the flow
rate in each section of the SMB component of the process is given by the
balance to the nodes, in SLPM.

QII = QDisp (2)

Qu = Qu+Qr 3)

By integrating SMB with PSA, this hybrid approach enhances sepa-
ration efficiency, eliminates the need for a desorbent, and reduces
additional purification steps, leading to a more cost-effective and
streamlined process.

2.2. Fixed-bed mathematical model

Once the study of equilibrium and the adsorption dynamics is com-
plete, a mathematical model that is able to describe the dynamic
behaviour of multicomponent adsorption inside a fixed-bed column can
be implemented to design an SMB/PSA hybrid process, also taking into
account the transport phenomena. This model was used to simulate the
results obtained for the hybrid SMB/PSA cycles and compute the sepa-
ration regions. The mass, momentum, and energy balance equations that
encompass the mathematical model and the initial and boundary con-
ditions are presented below. The proposed model assumes ideal gas
behaviour of the bulk phase, plug flow with axial dispersion, no radial
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Fig. 1. Schematic of an SMB/PSA process with a 1-2-5 column configuration. Z corresponds to the section of the hybrid process, and C corresponds to the column.

mass, temperature, and velocity gradients, external mass and heat re-
sistances expressed with the film model, bidispersed adsorbent particle
with mass transfer resistances in both macropore and micropores
expressed with the linear driving force (LDF) model, isothermal profile
inside the particles and homogeneously packed columns with constant
porosity [30]. Deviations from homogeneous packing may lead to
broader concentration fronts and earlier breakthrough, although these
effects are expected to be negligible for well-packed beds. This mathe-
matical model has been previously validated for the conventional SMB
process in a prior publication by our group [15], which includes
adsorption equilibrium measurements, as well as dynamic breakthrough
experiments for model validation, and cyclic SMB experiments
compared directly with simulation results.

Mass balance to the gas phase

a% (sDaxcg,T%) 70% (uoCqy) — € ‘ff*’ —(1-€)apke(Cyi —Csi) =0 (4
where ¢ is the bulk porosity, Day is the axial dispersion coefficient, Cg t is
the total concentration in the fluid phase, y; is the molar fraction of
component i, ug is the superficial velocity inside the column, Cy; is the
concentration of component i in the fluid phase, aj, is the particle specific
area, k¢ is the film mass transfer coefficient and Cs; is the concentration
of component i at the solid interface.

Mass balance to the solid phase at the macropore/mesopore scale

9Cps
ot

P 0T
Coi) = = (5)
) & Ot

= kmacro,i (Cs,i -

where C,; is the averaged mole concentration of component i in the
macropores, Kmacroi 1S the macropore mass transfer resistance coeffi-
cient, ¢ is the particle porosity, p,, is the apparent particle density, and

q; is the average adsorbed amount of component i inside the particle per
mass unit of solid.
Mass balance to the solid phase at the micropore level

o

ot = kmicro,i (ql - E) (6)

where q; is the adsorbed concentration in equilibrium with C,; and
kmicro is the mass transfer resistance coefficient at the micropore level.

Ideal gas law
NC
P=Y CuRyT, ™
i=1

Where P is the pressure evaluated locally at the axial position z, Ry is the
ideal gas constant, Ty is the temperature of the fluid phase and NC is the
number of components.

Momentum balance

oP  150u(1 — s)zu N 1.75(1 —¢)p
oz ed 0 e3d,

Uo|uo| ®

Where y is the gas mixture viscosity, p is the gas mixture density and dj, is
the particle diameter.

Energy balance to the gas phase

0 ( 0T, oT, 0Ce 1
E ( ()_Zg) — ung’TCpa—zg—F ERng ai — (1 — e)aphf(Tg — Ts)
4h oT, )
— T; (Tg — Tw) — gcg,TCVTf =0
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Where 1 is the heat axial dispersion coefficient, Ty, Ts, T, are the gas,
particle, and wall temperatures, respectively, cp and cy are the specific
heats at constant pressure and volume, respectively, hs is the film heat
transfer coefficient, h,, is the heat transfer coefficient between the fluid
phase and the column wall, and d,, is internal wall diameter, equal to the
bed diameter.

Energy balance to the solid phase

Ne ~ N o,
(1-¢)|pp Z(Iicv.i“'ﬂpcps +é& ;Cp,icv.i o

i=1

NC
=p
Niites aT NC ac_l
X ; {(—AHi_k) gtk} +(1—e)ayhy (T, —T;) +(1 —e)epRgTs;a—f’
10)

with Cps being the solid specific heat per mass unit and AH; being the
enthalpic parameter of component i and site k.

Energy balance to the column wall

_. 0T,
pwcpwaa—t = ayhy (T — Tw) — awU(Tyw — Tw), (11)
dy, 2
Ay = e(dw ¥ e)aawl - (12)

(dy + e)ln <dd;2>

where p,, is the wall density, ¢p, is the wall specific heat at constant
pressure (per mass unit), a,, is the ratio of the internal surface area to the
volume of the column wall, a,,; is the ratio of the log mean surface area
to the volume of the column wall, U is the overall heat transfer coeffi-
cient, T, is the column surrounding temperature, and e is the wall
thickness.

Flux equality at the solid surface

azf:(f (Cg.i - Cs,i) = kmacro,i (Csi - q) 13)

The transport parameters were obtained through the same correla-
tions presented in the referenced work [15]. The molecular diffusivity
and macropore diffusivity were estimated by the Chapman-Enskog and
Bosanquet equations, respectively, which were used to determine the
value of kpacro [31]. To determine the film mass and heat transfer co-
efficients and the axial heat dispersion coefficient, the Wakao and
Funazkri correlations were used [32,33]. The axial mass dispersion co-
efficient was obtained using the Hsu and Haynes eq. [34].

The equations and estimated transport parameters were introduced
into the gProms software to perform the required simulations. To dis-
cretise the axial coordinate, the orthogonal collocation on finite ele-
ments method (OCFEM), with second-order polynomials and 12
discretisation intervals, was used. The resulting system of ordinary dif-
ferential equations was numerically solved with the Differential Alge-
braic Equation solver with Backward Differentiation Formulae
(DAEBDF), with an absolute tolerance of 107°.

While performing the simulations, the mass balance to each
component, as well as the global mass balance, were calculated to ensure
there was mass conservation.

The initial and boundary conditions for the fixed-bed model are
presented below.

Initial conditions

N, =1 (14)
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Yen, =0 (15)
0q;
kL. 1
ot 0 16
Cpi = Cyi 17)
Cg.T = Cinlet,T (18)
Ty =Ts = Ty = Tinte 19
Boundary conditions for each bed
z = 0, inlet:
_ 9y
uO.inletCinlet.i - uOCg,i - EDang.TE (20)
uO.inletCinlet.T = uOCg.T (21)
0T,
uOAinletCinleLTcp Tinter = uOCg.TCp Tg - /Ig (22)
z = L, outlet:
0Cg;
80 (23)

0z
P= Poutlet (24)
dT,
Ze_9 (25)
0z

The inlet for each bed is determined by the balance to the nodes for the
SMB component of the hybrid unit.

2.3. SMB/PSA hybrid process modelling

To model and simulate the hybrid SMB/PSA process, in addition to
the fixed-bed model presented above, it is necessary to model the nodes
that interconnect the columns operating in SMB and account for the
input and output streams of the process. These node balance equations
are presented in Egs. (26) to (31).

Displacement section node

Uo intet, 11 Cintet it = Uo,pisp Cisp.i (26)

U intet, i1 Cintet,7.11 = Uo pispCpisp,T (27)

Uo,intet, 11 Cintet, T.11Cp Tintet.1 = Uo isp Cisp.7Cp Tpisp (28)
Feed node

Uo jnter 11 Cinter,iir = Uo,rCri + (UonCyinr) | =iy (29)

Uo intet 111 Cinter. 7.1 = Uo rCr.r + (Uo,HCg.T,H) |z:L,, (30)

U intet, 11 Cintet,7,111Cp Tintet. ;1 = Uo pCr.1Cp Tr + (UO,HCg.T,HCp Tg.II) |z:Ln (31)

Also, the regeneration step of the SMB/PSA hybrid process involves a
sequence of pressure swing sub-steps. Each sub-step is described by the
fixed-bed dynamic model presented before with different boundary
conditions, which depend on the characteristics of that sub-step. As
such, coupled with the fixed-bed model, and the interconnection equa-
tions presented, the boundary conditions employed for each of the PSA
sub-steps are given by the following equations:

Counter-current blowdown sub-step.
z =1L
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Wsi _ (32)
0z

U =0 (33)

9Ty _ (34)
0z

z = 0, outlet:

Wi _ (35)
0z

P= Poutlet (36)

% =0 @37)
0%

Counter-current purge sub-step (with the light product):
z = L, inlet:
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co-current pressurization step, the inlet pressure (Pj,) increases line-
arly over time, from P, to the pressure at the end of Section III, Pyg,.

2.4. Performance parameters

The performance of the SMB/PSA hybrid cycles was evaluated ac-
cording to methane (A) and nitrogen (B) purity, product recovery, and
process productivity, which are defined by the following equations.
These parameters were evaluated at cyclic steady state, using data from
one step (from time O to time t*).

The heavy product is obtained during the blowdown sub-step. This
way, the purity can be calculated by the amount of A that exits the
column during this sub-step, divided by the total amount that exits the
column (Eq. (50)). The light product is produced at the end of Section III.
As aresult, the light product purity is obtained by dividing the amount of
B that exits this column during a step, divided by the total amount that
exits the column (Eq. (51)).

Also, a portion of the heavy product is utilised as displacement gas in

Uo intet Cintet = UoCyi — EDang,T% (38) Section II. Thus, the methane recovery can be obtained by subtracting
0z the amount of methane used as displacement gas during the step from
the amount of methane produced and dividing it by the amount of
Ug intetCi =u,C 39
Oinlet intet T = Hotog T 9 methane fed to the system (Eq. (52)).
oT The purge and pressurization sub-steps are performed with part of
Uo intet Cintet 7CP Tinter = UoCgrCp Ty */17; (40) the nitrogen product as the inlet gas. This way, the nitrogen recovery is
calculated by subtracting the amount of nitrogen used during these sub-
z = 0, outlet: steps from the amount of nitrogen produced during a step at the end of
aC,; Section III and dividing it by the amount of nitrogen fed at the feed inlet
5 = © (41 (Eq. (53)).
Accordingly, the heavy and light component productivity can be
P = Poytier (42) obtained through Egs. (54) and (55).
? —0 (43) Heavy and light component purity (%)
2
Tolow
C u dt
Co-current pressurization sub-step (with the light product) Pu, = e fo A ow 0|Z:°" x 100 (50)
2 =0, inlet: 5 (i Gt )
uO,inletCinlet,i = uOCg.i - EDang,Taii (44) *
Z t
fO CBuO|z:Lmdt
p_p 45) Pug = v X 100 (51)
= Fin) t
inlet ; <f0 Ciu0|z:Lmdt)
C Tiner = uoCyrcpTy — A% (46)
Uo intet Cinler TCP Linler = UoCg1Cply — 4 " Heavy and light component recovery (%)
z =1Lt ftblﬂw Ca bl ll0| dt — f[v Cagi u0| dt
) Recy =~ =0l 0 T 70l 100 (52)
£
agg~i —0 (47) Jo Carlior |z:0,HIdt
2
t* t; tpress
u =0 (48) Recp = fO CEuO'z:Lmdt B OPS CB-Pguolz:let B OP CB.press”OLZOJdt %« 100
o
oT. fo CBvFu0<F|z:0,mdt
8_0 49
oz (49) (53)
During the blowdown step, the outlet pressure (P,ue) decreases Heavy and hght component productivity (kgA,B'm;st'hil)
exponentially over time, starting from the pressure at the end of column
I of Section II at the end of the previous step and gradually reaching the { f;”’“w Caplowlo {z: ordt — f(; CadgispUo |Z:0~Hdt} x M4
blowdown pressure (Pj,,) due to the valve opening. In the case of the Prody = v (GD))
counter-current purge step, Poye i constant and is equal to Py, For the :
¢ tg tpress .
Prodp = / Csup dt — / Cipello| dt— Ch pressllo dt | x MRVt (55)
0 z=Lyy 0 z=L; 0 2=01
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To increase the methane recovery, it was considered the possibility
of a fraction of the purge outlet stream being recovered as heavy
product, while the methane purity is kept above the 97% specification.
The fraction of the purge duration where the purged methane is recov-
ered is defined as tint, pg. This way, only the gas purged from tiy, pg to t* is
considered as waste. In this case, the purity, recovery and productivity of
the heavy component are calculated by the equations provided below.

Heavy component purity (%)
tiow tint
fobl CA~b10Wu0|z:o.1dt + Jom CAngvvutuo‘z:ont

NG .
> ( J3 Civtowlto|,_o At + fo™* Cipg,outuo}z:o.ldt)

i=1

Pu, = x 100 (56)

Heavy component recovery, with purge recovery (%)

thiow tint pg o "
Jo CA.bluwuo‘ZZOJdt + [, CApg.auon|z:0_1dt - CA.qu:lloL:O»Hdt

Recy = -
t
fo CA~Fu0=F|z:o.mdt

x 100
(57)

Heavy component productivity (kg, -m_3-h™")

ads

Lplow tintpg _ £ . A
fO CA,blowuo‘Z:(Mdt + f() CA.pg,outu0|2:0_Idt fO CA,dLspu0|Z:07IIdt:| x M
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Table 1
Fitting parameters of the DSL model for N, and CH, adsorption equilibrium on
the BPL activated carbon.

Species Gmi1 mi2 boi1 x boi2 x — AHj; — AH;»
10* 104
molkg™?  molkg™! bar™? bar™? Jmol™  Jmol™!
Ny 6.78 0.66 3.33 2.03 10,856 15,648
CH4 4.72 0.40 1.76 2.98 16,310 20,595
following equation was used:
1 |4 P, atm =1
Wpe = —FpgoutRg T, 7{<7 v —1 (61)
P8 n pg.out™tg ng -1 Plow

Where Fpg oyt is the average molar flow rate at the outlet during the
purge sub-step, and Ty, is the temperature of the purge sub-step.

The total power consumption is then calculated by the sum of the
power consumption obtained for each sub-step, considering only the
time percentage each pump is on:

t t
WT = Wdisp + %Wblow + thng (62)

3. Results and discussion

Prod, = { Ve

As previously mentioned, a portion of the CH4 produced during the
blowdown sub-step is used to displace the adsorbed phase in Section II.
This way, a compressor is required to raise the low-pressure gas to the
higher pressure at the inlet of the first column. The power consumption
of this compressor was calculated assuming adiabatic and single-stage
compression. An efficiency of 80% was considered for the compressor.
The compression power required for the displacement gas, Wy;sp, wWas
determined with the following equation:

1 Pou\ =1
Wdisp = EFdispRgTinlet# |:<P:::) r =1 ] (59)

Where Fjs, is the molar flow rate of the displacement gas, Tiye; is the
inlet temperature, Py, and Py are the atmospheric pressure and outlet
pressure, respectively, and y is the ratio between the heat capacity of the
gas mixture at constant pressure and the heat capacity of the gas mixture
at constant volume, y = cp/cy.For the blowdown sub-step, since sub-
atmospheric pressures were used, a vacuum pump is necessary. For
the vacuum pump, an efficiency of 60% was considered. In this case,
multiple stages with equal pressure ratios, and negligible pressure drop
between stages were considered. Also, the inlet temperature was
assumed to remain constant across stages. For the calculation of the
power consumption of the blowdown, Wy, a similar equation is
employed:

1 P, =1
Whiow = 7FblongTblowL |:( atm) r —1 :| (60)
n V= 1 P, low

Where 7 is the pump efficiency, Fyo is the average molar flow rate of
the blowdown sub-step, and Ty is the temperature of the blowdown
sub-step.

The used of a vacuum pump during the purge step is also necessary.
To obtain the power consumption of the purge sub-step, Wy, the

(58)

For the simulations, the BPL activated carbon was selected as the
stationary phase, as from a process design perspective, it showed a
higher productivity per column volume when compared to the other two
materials tested in our previous studies [15-17]. Also, the BPL material
has been fully characterized in our earlier work [15] through adsorption
equilibrium isotherms and dynamic breakthrough experiments, and the
fixed-bed model presented in Section 2.2 has been validated a priori,
providing a reliable basis for the present study.

This way, the previously determined DSL model parameters for CHy
and N, were used to describe the pure component adsorption equilibria
[15]. The model parameters are presented in Table 1. For the multi-
component adsorption equilibrium prediction, the extended DSL model
was utilised (Eq. (63)), where the affinity parameter, b; x, of component i
in site k is given by the Van't Hoff Equation (Eq. (64)). Also, the char-
acteristics of the adsorption beds considered for this study are presented
in Table 2. The bed characteristics listed in Table 2 were kept identical
for all columns and fixed throughout the simulations to ensure
compatibility with the pilot-scale SMB unit previously studied, intended
for future adaptation to hybrid SMB/PSA operation.

bi1P; bi2Pi

di = qmii1 NC +amiz— ¢ (63)
1 + Z bi.lpj ]. + ZbLZP}
j=1 j=1
Table 2
Characteristics of the adsorption beds.
Value Unit
Mass (m) 36.0 g
Internal diameter (d,,) 2.15 cm
Bed length (L) 25.0 cm
Bed porosity (¢) 0.41

Bulk density (pp,) 396.6 kg-m~3
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Table 3

Initial set of operating conditions (Case 1).
Operating conditions Value
P / bar 1.52-2.15
T/K 298

Nj: 0.5

¥r CH4: 0.5
Phigh / bar 1.52
Pyow / bar 0.10
t*/s 200
tplow / S 100
tog /s 60
tpress /' S 40
Qpg / SLPM 0.1

Table 4

Transport parameter values used in the simulations for
the hybrid process.

Parameter Value
Dax x 10* / m?s7? 2.0
ke x 102 /m-s™! 1.41
A/ Wom- LK 0.16
he / W-m— 2K 24.9
o Ny: 36.2
kmacroi / S CHy: 36.4
4 Nj: 2.78
Kmicroi /' S CH,: 1.70
U/ Wm-2K 40.4
b / Wm—2K-1 126.3
0.60 4
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Fig. 2. Hybrid process separation region for CH4/N, separation using BPL
determined with the complete model, with a 1-2-5 configuration, for the initial
set of operating conditions presented in Table 3, and heavy and light compo-
nent purities of 97 and 99%, respectively (full black line). The yellow lines
represent the displacement gas (dashed line) and feed flow rate (dotted line)
restrictions for positive CH4 productivity. The teal line represents the feed flow
rate restriction for positive N, productivity (dash-dot line). The slanted grey
line represents the maximum feed flow rate constraint obtained through the
equilibrium theory (dash-double-dot line). The point (e) represents the oper-
ating conditions for Case 4.

—AH,
bix = bo.i,kexp( RT k) (64)

Where g, is the saturation capacity, bg;x is the adsorption affinity
constant at infinite temperature and AH; is the enthalpic parameter for
component i and site k.

The initial simulation conditions are presented in Table 3. The
transport parameters required for performing the simulations were

Chemical Engineering Journal 535 (2026) 175211

obtained according to the referenced equations in Section 2.2 and can be
found in Table 4. These values were determined at feed conditions. For
the simulations presented in this work, a temperature of 298 K was used
and a pressure profile inside the columns of the SMB component of the
unit between 1.52 and 2.15 bar, with a feed composition, yr, of 50%
methane and 50% nitrogen. Also, cyclic steady state was considered
achieved when the product purities remained constant between
consecutive cycles, while ensuring mass conservation for both compo-
nents. This way, cyclic steady state was reached in approximately 35
cycles. Fig. 2 shows the separation region obtained for this set of oper-
ating conditions, from which the optimal flow rate conditions in each
section can be determined (full black line). The procedure employed to
determine the boundaries of the region is analogous to that described for
the SMB process in the referenced work [15]. Briefly, for a given
switching time, a low value of feed flow rate, Q, is first selected and
different values of displacement flow rate, Qpjsp, are screened until the
product specifications are met. Once the limits are identified for that
feed flow rate, its value is increased and the procedure is repeated for
progressively higher values until the complete separation region is
defined.

Also, in addition to the purity specifications (97% for the methane-
rich stream and 99% for the nitrogen-rich stream), two restrictions for
the productivity were also considered to ensure positive values for both
products. To derive the equations that define the boundaries of sepa-
ration region in terms of productivity, a range of Qp and Qqy pairs was
scanned, and the performance parameters were evaluated. These re-
strictions can also be found in Fig. 2.

Based on the analysis of Fig. 2, to prevent negative productivity
values in the heavy component stream, the amount of methane used to
displace the adsorbed phase in zone II during a step cannot exceed the
amount of methane produced during the blowdown sub-step. This is
translated by Eq. (65) and defines the yellow vertical dashed line in
Fig. 2.

Additionally, negative methane productivities are also obtained if
the amount of methane removed at the column outlet during the purge
sub-step exceeds the amount of methane fed to the system, as methane
losses occur mainly during the purge sub-step. By the definition of
methane recovery, Eq. (66) can be defined, which describes the yellow
slanted dotted line in Fig. 2.

This way, the following constraints can be established:

AP blow €t 14

Fpisp £ < ANlpiow iy, Afbiow,cr, = RTo. + AQblow.cu, M (65)
-g 4 blow

FF .yF.CH4 t* > npg.out.CH4 (66)

where Anpjow cn, is the amount of methane produced during the blow-
down sub-step, APy, is the pressure difference between the start and
end of the blowdown sub-step, ¢ is the total porosity, Agpiow,cn, is the
adsorbed concentration change observed during the blowdown sub-step,
m is the adsorbent mass, and npg out,cu, is the amount of methane exiting
the column during the purge sub-step.

To estimate nyg outcH,, the total moles of CH4 remaining in the col-
umn after the blowdown sub-step are calculated. This estimation ac-
counts for the CHy present in both the bed and particle voids, as well as
the adsorbed phase, all evaluated at Pjyy,.

To prevent negative productivities for the nitrogen stream, a feed
flow rate restriction can be found:

Table 5
Fitting parameters for the Langmuir isotherm for the calculation of the Qg max-
Species Qm.i bo; x 10° — AH;
mol-m~3 m> mol ! J-mol !
CHy, A 2201.2 7.10 17,232.4

N2, B 3783.9 8.91 11,959.9
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FF YEN, tdr: > Fpg,in.Nz tpg (67)

where Fpginn, is the purge molar flow rate of nitrogen, which is an
approximation to the nitrogen purged during the purge sub-step,
FpgoutN,- This equation defines the teal slanted dash-dot line in Fig. 2.

In addition to the productivity restrictions presented above, another
feed limitation can be found through the equilibrium theory. As such,
the maximum feed flow rate limit, also presented in Fig. 2 (dash-double-
dot line), was estimated based on the equilibrium theory for non-linear
and diluted systems described by a Langmuir isotherm as proposed by
Mazzotti et al [35]. Thus, to calculate this value, the Ny and CHy
adsorption equilibrium data previously available [15] was refitted with
the Langmuir model to ensure compatibility with the equilibrium theory
equations (Eq. (68) to (69)). The obtained parameters are presented in
Table 5.where qp; is the saturation capacity of component i, by; is the
adsorption affinity constant at infinite temperature of component i and
AH; is the enthalpic parameter of component i for the Langmuir model.
With these values, the maximum feed flow rate, Qf max, Was estimated by
solving the equation presented below:

_ (@c[wr(Aa — 48) + Zs(ds —@8)] Ao\ (L—e)LA
QF,ma_x < AB(lA — a)F) ﬂA t+.~ ) /{1 - qm.1b1

(68)

With the temperature-dependent adsorption affinity constant of
component i, b;, being calculated using the Van't Hoff equation (Eq.
(64)) and where 4; is the adsorptivity of component i, and A is the cross-
section area of the bed.

g > wr > 0 are equilibrium theory parameters and are given by the
roots of the quadratic equation:

(14baCh +bsCi)@* — [A5(1 +baCh) + 4 (1 +bsCy) 0+ Aads = 0
(69)

Where CT is the feed concentration of each component.

The obtained value for Qg max, in m3-s’l, can then be converted to
SLPM. However, this value can serve only as an approximation, as it
neglects the mass transfer resistance effects and assumes a diluted sys-
tem, whereas this process involves a non-diluted system where gas ve-
locity variations occur. This way, a slight discrepancy is observed
between the value calculated with the equilibrium theory and the actual
Qrmax, Obtained at the upper boundary of the separation region, as
introducing mass transfer resistances reduces the size of the feasible
separation region.

After establishing the productivity constraints, the feasible separa-
tion region is determined based on the specified operating conditions
and purity requirements. Defining these boundaries in advance reduces

0.60
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streams product

=

E Pure

: 0.30 + light
= product

o
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000 010 020 030 040 0.50 0.60
Q,/ SLPM

Fig. 3. Regions of the Q;/Qu plane in terms of purity of the outlet streams.
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the computational effort involved in determining the optimal flow rate
conditions, as they provide both the maximum displacement gas flow
rate and the minimum viable feed flow rate for the process. These
boundaries define the starting point for the search of the separation
region.

In Fig. 3, the different regions of the Qu/Qm plane regarding the
purity of the outlet streams are defined. If a low displacement gas flow
rate is used, then the nitrogen is not sufficiently displaced from the
column, contaminating the methane stream produced during the
blowdown sub-step above the 3% limit. On the other hand, if the flow
rate in zone III is too high, then methane is carried with the fluid and the
light product is contaminated. A combination of the two leads to impure
heavy and light products.

Once the separation region is obtained, the concentration fronts in-
side the hybrid system were analysed to understand the multicomponent
adsorption dynamics at cyclic steady state. For the columns in Zone II
and III (SMB component of the hybrid unit), the internal molar
composition profile at 10%, 50%, and 90% of the switching time was
determined. For the column under PSA operation, the concentration
profiles were obtained at the beginning and end of each sub-step, to
account for the pressure changes imposed during the sequence. To do so,
an operation point inside the separation region was selected, corre-
sponding to a Qpjsp of 0.227 SLPM (with a composition equivalent to the
average concentration of the heavy product) and a Qr of 0.238 SLPM
(Case 4, 50% CH4/50% Ny). Fig. 4 and Fig. 5 show the obtained con-
centration profiles. Fig. 6 shows the pressure history, during a cycle, for
column 8, where the first seven steps represent the pressure variation
inside the columns in SMB operation (1.52-2.15 bar), while the last step
corresponds to the regeneration step in section I, where the pressure
inside the column is decreased to Pjoy (0.1 bar) during the blowdown
sub-step, is equal to Pjoy during the purge sub-step and returns to Ppjgn
(1.52 bar) in the pressurization sub-step.

It can be noted, in Fig. 4, that the defined CH4 displacement gas flow
rate is sufficient to ensure that the first column becomes saturated with
methane, preparing it for the PSA sequence in the next step. Addition-
ally, in the adsorption zone, CHj is preferentially adsorbed on the solid
phase. Due to the periodic column switching that simulates solid
movement in the SMB operation, the CH4 concentration front shifts
downstream. In contrast, No, being less retained in the adsorbent, travels
with the fluid phase leading to an increase in the N molar fraction
within these columns. During a step, the concentration fronts move in
the direction of the fluid flow within the SMB component of the unit,
from one column to another, until the switching occurs. The internal
concentration profiles suggest that a higher flow rate in Zone III could be
used, allowing an increase in the process feed flow rate, moving closer to
the upper boundary of the defined separation region. To support this, the
internal profile at 50% of the switching time, for the operation point
located at the upper boundary of the separation region, is provided in
Fig. S1.

Analysing Fig. 5, the heavy product gas is obtained by desorbing the
full methane column from the displacement zone (corresponding to
column I of Zone II, before the switch), during the blowdown sub-step.
Also, the defined purge flow rate is enough to ensure that most of the
methane is removed from the column. The pressurization step then in-
creases the pressure back to the high pressure employed at the end of
Section III.

As previously mentioned, in the SMB/PSA hybrid process, the heavy
product is produced during the blowdown, while the light product gas
corresponds to the outlet stream at the end of the adsorption zone
(corresponding to column V of Zone III). In Fig. 7, the concentration
histories for both product streams are presented. Fig. S2 provides the
molar fraction histories for the heavy and light product streams.

The concentration histories (Fig. 7) and molar fraction histories (Fig.
S2) show that high purity streams are obtained for both products, with
an average molar fraction of 99% methane for the CHy-rich stream and
99% nitrogen for the No-rich stream.
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at the defined operating conditions.
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Fig. 5. Concentration profiles at the end of each sub-step of the PSA sequence, obtained at cyclic steady state.

performance of the hybrid system. In each subsection, the operating
conditions for each case are summarised in Table 6, Table 7, Table 9 and
Table 11. For all cases, a temperature of 298 K was used and a pressure

A parametric study is essential for understanding how key operating
variables affect the performance of the hybrid SMB/PSA process. Pa-
rameters such as switching time, duration of the PSA sub-steps, purge
gas flow rate, feed composition and the pressure reached during the
desorption steps (Pjow) directly impact the separation region, purity,
recovery, productivity and power consumption. By analysing these
factors, it is possible to identify optimal operating conditions, improve
the process efficiency, and expand the feasible separation region. This
study provides insights into how each parameter affects the overall

profile inside the columns of the SMB component of the unit between
1.52 and 2.15 bar, with a feed composition of 50% methane and 50%
nitrogen. The performance parameters and power consumption values
were calculated using Eq. (50) to Eq. (62) provided in Section 2.4.

3.1.1. Switching time

The effect of the switching time on the hybrid process was investi-
gated. To do so, the separation regions were computed for two addi-
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Fig. 6. Pressure history at the outlet of Column 8, during a cycle. The vertical
lines indicate the transitions between sections as the column is assigned to
Section III (first five steps), Section II (next two steps), and Section I (last step)
during the cycle.

tional switching times, 100 s and 300 s, while maintaining the initial
time percentage of the switching time for each of the sub-steps of the
PSA sequence (50% for the blowdown, 30% for the purge, and 20% for
the pressurization sub-step) and adjusting the purge flow rate accord-
ingly. The operating conditions for each case are shown in Table 6. Case
1 refers to the initial set of operating conditions used for the determi-
nation of the separation region presented in Section 3. In Case 2 and
Case 3, only the switching time and, consequently, the sub-step dura-
tions were altered. Once again, the values of Qp;s, and Qr were varied to
define the limits of the separation region.

The obtained separation regions are presented in Fig. 8. As observed,
changing the switching time shifts the operating window, affecting the
flow rate ratios in the different zones of the SMB component of the unit.
This effect is also observed in conventional SMB processes, as changing
the switching time of the process changes the equivalent solid velocity
throughout the system (u; = L/ t) [18]. This way, increasing the
switching time shifts the operating conditions toward lower flow rates in
zones II and III, to avoid the more retained species, CHy4, from contam-
inating the light product stream in section III. On the contrary, reducing
the switching time leads to higher flow rates in these zones to achieve
complete separation of the feed mixture, ensuring that the less retained
species does not move downward to section II and contaminate the
heavy product stream. Also, a higher switching time results in a smaller
separation region, which may hinder the feasibility of the separation.
Reducing the switching time results in a larger separation region.
However, it may lead to mass transfer limitations, which compromise
the separation efficiency.

To verify the equivalence to the conventional SMB, for each sepa-
ration region, the section flow rates were converted into the dimen-
sionless ratio of the interstitial fluid and solid velocities, v =Y /us, and
the y;;/ym plots were compared. This comparison can be found in Fig. 9.

As observed, the separation regions overlap one another, indicating
that the values of y; are the same regardless of the switching time. This is
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important from a design perspective, as with this equivalence, we can
predict the operating flow rates when changing the switching time of the
process.

3.1.2. PSA sub-step time and purge flow rate

To assess the impact of the duration of each sub-step of the PSA
sequence, the percentage of the switching time allocated to each of the
sub-steps (blowdown/purge/pressurization) was modified. In addition
to Case 4 (50%/30%/20%), which corresponds to the operating condi-
tions used for the analysis of the concentration fronts inside the hybrid
unit in Section 3, two cases were examined: 25%,/50%,/25% (Case 5) and
10%,/80%,/10% (Case 6). The operating conditions used in each case are
presented in Table 7. The methane purity, recovery, and productivity
were obtained with and without the recovery of the methane during the
purge sub-step, and the power consumption per kilogram of methane
produced was determined. The simulation results are summarised in
Table 8.

Table 6
Operating conditions defined for each case studied in the study of the effect of
the switching time in the hybrid process.

Operating conditions Case 1 Case 2 Case 3
P / bar 1.52-2.15 1.52-2.15 1.52-2.15
T/K 298 298 298

Nj: 0.5 N,: 0.5 Nj: 0.5
Ir CH4: 0.5 CH4: 0.5 CH; 0.5
Phign / bar 1.52 1.52 1.52
Pyow / bar 0.10 0.10 0.10
t“/s 200 100 300
tplow / S 100 50 150
tyg /S 60 30 90
toress / S 40 20 60
Qpg / SLPM 0.1 0.2 0.067

Table 7

Operating conditions defined for each case studied in the study of the influence
of the sub-step duration and purge flow rate in the hybrid process performance.

Operating conditions Case 4 Case 5 Case 6
P / bar 1.52-2.15 1.52-2.15 1.52-2.15
T/K 298 298 298
No: 0.5 Nj: 0.5 Nj: 0.5

Yr CHq: 0.5 CH,: 0.5 CH,: 0.5
Phign / bar 1.52 1.52 1.52
Pjow / bar 0.1 0.1 0.1
t*/s 200 200 200
thlow /' S 100 50 20
thg/ S 60 100 160
oress / S 40 50 20
Quisp / SLPM 0.227 0.227 0.227
Qr / SLPM 0.238 0.238 0.238
Qpg / SLPM 0.1 0.1 0.1
Qpg, min / SLPM 0.06 0.035 0.022
80
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Fig. 7. Concentration histories obtained for the heavy product gas, CH4 (left) and light product gas, N, (right).
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Table 8

Performance parameters obtained for each run performed with different sub-

step times, at a purge flow rate of 0.1 SLPM and minimum purge flow rate.

Case 4 Case 5 Case 6

Qg / SLPM 0.1 0.06 0.1 0.035 0.1 0.022
Pucy, / % 99.16 99.23 99.15 99.23  99.13  99.23
Puy, / % 99.83  99.01 99.99 98.98 99.99  98.98
Reccy, / % 76.29 76.62 7587 7627 7294 73.41
Recy, / % 81.12 90.71 6446 91.19 39.28 91.26
Pucy, with purge / % 96.98 97.01 96.97 96.98 97.05  97.00
Reccu, with purge / % 96.22 9715 9591 97.32 9497 97.27
Prodcy, / kg-mgg-h™! 9.0 9.0 8.9 9.0 8.6 8.7
Prody, / kg-myg-h™! 16.7 18.7 13.3 18.8 8.1 18.8
Prodeu, with purge / 1.3 115 113 115 112 115

kg'mads'h
Power consumption / 503.0 4760 5557 491.3 6483 525.8

W-h-kgcna

Analysing the product stream purities confirms that the purity re-
quirements were met for both components in all simulated cases. This
was expected, since the selected operation point lies within the
computed separation region.

In terms of recovery of each product, discarding the purge outlet
stream leads to a low methane and nitrogen recovery, with recovery
values below 76.3% and 81.1% for the heavy and light products,
respectively. However, if a portion of the purge outlet stream is recov-
ered as methane product (while the methane purity specification is kept
above 97%), both recovery and productivity can be significantly
improved, reaching up to 97.32% and 11.5 kg-mags-h !, respectively, for
the main product.

The results also show that the Ny recovery is significantly impacted
when increasing the duration of the purge sub-step, without minimising
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the purge flow rate. This results in excessive nitrogen consumption,
halving the productivity of the light product for the longest purge sub-
step.

To improve the recovery and productivity of the light component
stream, the nitrogen purge flow rate was tuned for each case. To do so,
the purge flow rate was decreased until the nitrogen stream purity was
compromised, indicating that the desorption of the adsorbed methane in
the purge sub-step was inefficient. The minimum Q¢ obtained for each
case is presented in Table 8, as well as the performance parameters
achieved for each run. The concentration histories during the PSA
sequence for each run can be found in Fig. 10, Fig. 11, and Fig. 12.

By minimising the purge flow rate for each case, both nitrogen re-
covery and productivity values increased, reaching a maximum value of
91.26% and 18.8 kg-m;dgs-h’1 for the defined conditions. Also, if the
purge flow rate is minimised to account for the increase in the duration
of the purge sub-step, most of the methane that would be lost during the
purge sub-step can be recovered. This way, the maximum methane re-
covery and productivity of 97.32% and 11.5 kg-mad-h !, respectively,
can be achieved for the tested flow rate conditions. The methane pro-
ductivity (11.5 kc(g-m;d?;-h_1 or 1.07 mol-kg;dls~h_1) is comparable to the
values reported in literature for adsorptive processes for methane up-
grade of equimolar feed mixtures (0.61 mol~kg;dls-h’1 [36], 0.93-1.07
mol-kgadeh™! [26], and 1.64 mol-kgadsh ™t [28]).

Blowdown duration shows no significant influence on the steady-
state performance parameters for the heavy component product
stream (recovery and productivity). This is expected, as the process
ensures that the column pressure reaches the target low pressure, Pjqy,
during the blowdown interval. For the blowdown durations considered,
the full mathematical model is employed, which accounts for the mass
transfer resistances effects, and so, desorption is not assumed to be
instantaneous. However, the kinetics are sufficiently fast that the
desorption is equilibrium-controlled. As shown in Fig. 10 to Fig. 12, the
bulk compositions during the blowdown step reach nearly constant
values, indicating that gas-solid equilibrium is achieved within the
specified blowdown time. Also, the faster concentration decrease
observed at shorter blowdown durations is not caused by faster
desorption kinetics, but rather by a faster pressure decrease. Thus, the
total amount of gas released during this sub-step remains nearly con-
stant, regardless of its duration.

A similar observation applies to the pressurization sub-step. Since the
column pressure is always increased to the target high pressure, Phign, by
the end of the pressurization time, tprs, the amount of gas utilised is
effectively the same. Therefore, varying the duration of the pressuriza-
tion sub-step does not influence the recovery and productivity of the
light species.

In terms of power consumption, the blowdown sub-step contributes
the most to the overall energy requirements. Reducing the blowdown
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Fig. 10. Concentration histories during the PSA sequence for Case 4: a) with a purge flow rate of 0.1 SLPM, and b) with a purge flow rate of 0.06 SLPM.
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Fig. 11. Concentration histories during the PSA sequence for Case 5: a) with a purge flow rate of 0.1 SLPM, and b) with a purge flow rate of 0.035 SLPM.
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Fig. 12. Concentration histories during the PSA sequence for Case 6: a) with a purge flow rate of 0.1 SLPM, and b) with a purge flow rate of 0.022 SLPM.

duration increases power consumption by 3.1-6.6% to maintain the
performance parameters achieved for the CHy stream. As such, for the
shortest blowdown duration of 20 s, the power consumption reached
525.8 W-h-kgchs. Nevertheless, the power consumption values across
the three examined cases remained within the same order of magnitude,
with the lowest value being 476.0 W-h-kgcii4 (approximately 1.7 MJ per
kilogram of methane produced). These values are comparable to the
ones reported in literature for other PSA-type processes for methane
purification: 1.4 MJ ~kga114 (feed Ny content of 25%) [37], 4 MJ ~kgE}114
(feed Ny content of 50%) [36], 1.6-2.4 MJ -kg&}M (feed N5 content of
12%) [38]. A sensitivity analysis showed that increasing the vacuum
pump efficiency from 60% to 80% would reduce the specific energy
consumption by approximately 21%.

This way, the percentage of the switching time allocated to each of
the PSA sub-steps does not seem to have an impact on the efficiency of
the process, as long as the purge flow rate is minimised according to the
duration of the purge sub-step. Also, part of the purge outlet stream can
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be recovered to not waste the non-desorbed methane that remains inside
the column after the blowdown sub-step occurs, maximising the
methane recovery. To further improve the recovery and productivity of
both product streams, future process designs may also consider recycling
the purge outlet stream to the feed inlet.

3.1.3. Feed composition

The effect of feed composition was investigated to assess process
performance under both more challenging and more favourable sepa-
ration conditions. The feed composition was varied from the base case of
50% CH4/50% No to 20% CH,/80% Ny and 80% CHs/20% N, while the
remaining operating conditions presented in Table 3 (Case 1) were kept
constant. For each composition, the feasible separation region was
determined using the same procedure described in Section 3, as pre-
sented in Fig. 13.

The effect of feed composition on the separation performance can be
clearly observed from the shape and position of the computed separation
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Fig. 13. Hybrid process separation region for an equimolar CH4/N; mixture using BPL determined with the complete model, with a 1-2-5 column configuration, for
a feed composition of 20% CH,/ 80% N, (left) and 80% CH4/ 20% N, (right), and heavy and light component purities of 97 and 99%, respectively (full black line).
The yellow lines represent the displacement gas (dashed line) and feed flow rate (dotted line) restrictions for positive CH4 productivity. The teal line represents the
feed flow rate restriction for positive Ny productivity (dash-dot line). The slanted grey line represents the maximum feed flow rate constraint obtained through the
equilibrium theory (dash-double-dot line). The points (#) and (m) represents the operating conditions for Case 7 and Case 8, respectively.

Table 9

Operating conditions defined for each case studied in the study of the influence

of the feed composition in the hybrid process performance.

Operating conditions Case 4 Case 7 Case 8
P / bar 1.52-2.15 1.52-2.15 1.52-2.15
T/K 298 298 298
Nj: 0.5 Nj: 0.8 Nj: 0.2
T CH,: 0.5 CH,: 0.2 CH,: 0.8
Phigh / bar 1.52 1.52 1.52
Pjow / bar 0.1 0.1 0.1
t*/s 200 200 200
thlow / S 100 100 100
tog /S 60 60 60
fpress / S 40 40 40
Quisp / SLPM 0.227 0.293 0.163
Qg / SLPM 0.238 0.272 0.232
Qpg / SLPM 0.06 0.058 0.062
Table 10
Performance parameters obtained for each run performed with different feed
compositions.
Case 4 Case 7 Case 8
Pucy, / % 99.23 99.52 98.93
Puy, / % 99.01 98.98 99.01
Reccy, / % 76.62 47.60 84.93
Recy, / % 90.71 95.45 73.34
Pucy, with purge / % 97.01 96.97 96.97
Reccu, with purge / % 97.15 93.21 97.82
Prodcy, / kg-mag-h™! 9.0 2.6 15.5
Prody, / kg-mzi-h™! 18.7 35.9 5.9
Prodcy, with purge / kg-myg-h™! 11.5 5.0 17.9
Power consumption / W-h-kggils 476.0 1596.4 420.7

regions. As the CHy4 content in the feed increases, the separation region
becomes less sharply defined, and its upper boundary shifts downward
and toward lower displacement flow rates. This behaviour is expected,
since a lower Ny content in the feed reduces the amount of CHy
displacement gas required to displace the nitrogen in Section II.

The productivity constraints defined by Egs. (65) to (67) remain
applicable for all feed compositions. However, the constraint that
actively limits the separation region changes as the Ny content de-
creases. When Ny is present at lower concentrations, the feed flow rate
must remain sufficiently high to ensure positive Ny productivity, as it
must exceed the amount that is removed during the purge sub-step. As a
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result, the separation region becomes bounded by the Ny productivity
constraint rather than by CHy recovery limitation. If the productivity
constraints were not active, the intersection of the separation region
with the diagonal would remain unchanged, as it corresponds to the
infinite dilution conditions of the system. The effects of the feed
composition observed for the hybrid process are consistent with those
reported for conventional SMB systems operating with non-linear
adsorption isotherms, as discussed by Mazzotti et al [39].

Afterward, an operating point within each region was selected,
corresponding to Case 7 and Case 8. In all cases, the purge flow rate was
minimised. The corresponding operating conditions and simulation re-
sults are reported in Table 9 and Table 10, respectively.

The results show that the hybrid SMB/PSA process can effectively
upgrade feed streams containing 20%, 50%, and 80% CH4 to a product
purity of 97%, with methane recoveries exceeding 93%. For feeds with
low CH,4 content, lower productivity (5.0 kgmag-h ' or 0.46
mol-kgzd-h™!) and higher energy consumption (approximately 5.8
MJ ~kg€ﬁ4) are observed, as a result of the reduced methane concentra-
tion in the feed stream. Nevertheless, the productivity value remains
comparable to those reported for other adsorption-based processes in
the literature, such as 0.48 mol-kg;dls-h’1 for a 25% CH4 feed [37], 0.99
mol-kg;dlyh’1 for a 20% CH4 feed [40], and 0.52-0.6 mol~kg;dls-h’1 for a
30% CH,4 feed [26].

For mixtures with lower nitrogen content, the process performance
improves significantly, yielding a higher methane throughput and
reduced energy consumption compared to the base case (1.66

Table 11
Operating conditions defined for each case in the study investigating the effect of
Py, on the performance of the hybrid process.

Operating conditions Case 4 Case 9 Case 10
P / bar 1.52-2.15 1.52-2.15 1.52-2.15
T/K 298 298 298
Ny: 0.5 Ny 0.5 Na: 0.5
Yr CH.: 0.5 CH,: 0.5 CH.: 0.5
Phign / bar 1.52 1.52 1.52
Pjow / bar 0.10 0.20 0.30
t*/s 200 200 200
thlow /' S 100 100 100
thg /S 60 60 60
toress / S 40 40 40
Quisp / SLPM 0.227 0.227 0.227
Qg / SLPM 0.238 0.238 0.238
Qpg / SLPM 0.10 0.20 0.30
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Table 12
Influence of the value of Pj,, in the performance parameters of the hybrid
process.

Case 4 Case 9 Case 10
Pucy, / % 99.16 99.10 99.04
Puy, / % 99.83 99.73 99.65
Reccy, / % 76.29 56.98 37.61
Recy, / % 81.12 63.11 45.11
Pucy, with purge / % 96.98 97.07 97.07
Reccu, with purge / % 96.22 86.04 74.32
Prodcy, / mol-mygsh™! 9.0 6.7 4.4
Prody, / mol-mg-h™! 16.7 13.0 9.3
Prodcy, with purge / mol-mzi-h™! 11.3 10.1 8.8
Power consumption / W-h-kggils 503.0 482.0 452.1
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Fig. 14. Concentration history during the PSA sequence for Case 9, with a
desorption pressure of 0.2 bar.

100 Blow H Pg || Press
z=0 z=0 z=1

. 80 -

E 60 -
B
30T

)
20 ¢ A

0 4 o
0 50 100 150 200
t/s
== N2 CH4

Fig. 15. Concentration history during the PSA sequence for Case 10, with a
desorption pressure of 0.3 bar.

mol‘kg;dlyh’1 and 1.5 MJ ‘kg&}m, respectively). These values are similar
to those reported for a DR-PSA process using an ETS-4 adsorbent by
Wang et al., who achieved a productivity of 1.52 mol-kgzd-h™ and
energy consumption of 1.5 MJ -kgalm (85% CH4 feed) [41]. In this case, a
lower N; recovery is obtained due to the reduced nitrogen content in the
feed stream, while a similar nitrogen purge is still required to displace
the methane during the purge sub-step. This limitation can potentially
be mitigated by recycling the purge outlet stream to the feed inlet, as
suggested in the previous section.

3.1.4. Low pressure

The low pressure defined during the desorption steps in the PSA
sequence greatly affects the overall power consumption, particularly
due to the multiple vacuum stages required to reduce the pressure down
to 0.1 bar. If a desorption pressure above 0.2 bar can be employed
without compromising the process performance, energy efficiency can
be improved. To test this possibility, two different values of P, were
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tested — 0.2 (Case 9) and 0.3 bar (Case 10) - and their impact on the
performance parameters was assessed. The purge flow rate was
increased to compensate for the increase in the value of Py,. The
operating conditions for each case are presented in Table 11. The cor-
responding results are summarised in Table 12. The concentration his-
tories inside the column operating under PSA is presented in Fig. 14 and
Fig. 15 for Case 9 and Case 10, respectively.

As observed, increasing the value of Py, results in incomplete
desorption of methane, which negatively impacts the methane recovery.
Also, to compensate for the poor methane desorption during the blow-
down sub-step, a higher purge flow rate is required to ensure that the
purity requirement for the nitrogen stream is met, leading to reduced
process efficiency. As expected, the use of a very low pressure (0.10 bar)
for regeneration has a high negative impact on the energy consumption.
Although higher desorption pressures improve energy efficiency, this
comes at the expense of overall process performance.

This indicates that, to optimize the CH4/N5 separation by an SMB/
PSA hybrid process, the value of P, needs to be set to very low values to
ensure effective methane desorption and maximize product recovery
and productivity.

4. Conclusions

In this work, an SMB/PSA hybrid process for the separation of CHy/
Ny mixtures was implemented, and the influence of key parameters was
assessed. This novel technique was able to produce high purity methane
and nitrogen streams, meeting the 97% and 99% purity requirements
specified for each component. By partially recovering the purge outlet
stream as heavy product gas, the methane recovery and productivity can
be increased up to 97.3% and 11.5 kg-mzg-h !, respectively. Optimising
the purge flow rate utilised during this sub-step allows the recovery of
the light product to be kept above 90%.

Also, increasing the value of Py, is inefficient in terms of process
performance, as it reflects in a lower recovery of methane and, conse-
quently, lower productivity. This way, to obtain a high purity and high
recovery methane stream, the pressure during the desorption sub-steps
in the PSA sequence needs to be set to very low values (0.1 bar), lead-
ing to a power consumption of 503.0 W~h~kg51314.

A strategy was developed to determine the separation region of the
hybrid SMB/PSA process, enabling a more efficient selection of the flow
rate conditions when designing the separation cycles.

The presented results show that this advanced hybrid process can be
a competitive alternative to the state-of-the-art nitrogen removal tech-
nologies for small-scale applications, allowing the production of purified
methane with high throughputs. From an engineering perspective,
implementation of the hybrid SMB/PSA process mainly involves man-
aging process control aspects, including synchronized valve switching,
step sequencing, and pressure modulation for adsorbent regeneration.
When scaling-up, practical considerations related to pressure control,
flow distribution, and equipment sizing need to be addressed as well.

Future work will focus on adapting the existing gas-SMB pilot unit to
hybrid SMB/PSA operation, experimentally validating the process, and
conducting multivariable optimization and techno-economic analysis
for industrial applications.

Nomenclature
List of symbols
A cross-section area of the column m?
a, particle/monolith channel specific area m!
boi adsorption affinity constant at infinite temperature bar™!
b temperature-dependent adsorption affinity constant of bar-!
' component i
cr feed concentration of component i mol-m—3
Cgi fluid phase concentration of component i mol-m3

(continued on next page)
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(continued) (continued)

Cet total concentration in the fluid phase mol-m~3 W power consumption resultant from the vacuum pump W
Cinlet.i total inlet gas phase concentration of component i mol-m™ blow during the blowdown sub-step in the hybrid process
Cinlet.T total inlet gas phase concentration mol-m™ W power consumption resultant from the compression of W
cp gas mixture molar heat capacity at constant pressure Jmol LK ! disp the displacement gas in the hybrid process
T averaged mole concentration of component i inside the mol-m-2 w power consumption resultant from the vacuum pump W

pd particle ’ P8 during the purge sub-step in the hybrid process
Tps solid specific heat Jkg LK! Wr total power consumption w
Crw column wall specific heat Jkg LK ! YE feed composition
Csi concentration at the solid interface of component i mol-m™ Yi molar fraction in the gas phase of pure component i
cy gas mixture molar heat capacity at constant volume J-mol 1K1 y average molar fraction
Cvi molar heat capacity of component i at constant volume J-mol LK ! z axial direction m
Dax axial dispersion coefficient m%s !
d, particle diameter m
dy internal column diameter m Greek letters
e width of the column wall m
F molar flow rate mol-s~! ratio of the internal surface area to the volume of the m!
Fuisp displacement gas molar flow rate mol-s ™t O column wall
F molar flow rate in each zone j mol-s~! - ratio of the logarithmic mean surface area of the column m!
he film heat transfer coefficient between the gas phase and Wom-2K-1 she'll to the volume of the col'umn wall )

the solid / monolith wall ratio between the heat capacity of the gas mixture at

A film heat transfer coefficient between the gas phase / Wom-2K-1 14 co'nstant pressure and the heat capacity of the gas

" monolith wall and the column wall mixture at constant volume
ks film mass transfer coefficient ms! / dimensionless ratio of the interstitial fluid and solid
X mass transfer resistance coefficient at the macropore o1 / veloc1t1<.=.s in section j ) ) o

macro level AH; enthalpic parameter of component i for site k J-mol

mass transfer resistance coefficient at the micropore 1 A amount of methane produced during the blowdown sub- 1

Kkmicro level s Tlow CHs step mo
L column length m AProw pressure difference between the start and end of the Pa
m adsorbent mass kg blowdown sub-step
M molecular weight kg-mol ! Adbow i adsorbed concentration change observed during the mol-kg~!
Tpg out,i amount of i exiting the column during the purge sub-step mol o blowdown sub-step
NC number of components € bed porosity
Niites number of sites £ Particle/monolith wall porosity
P total pressure of the system Pa or bar & total porosity
Pam atmospheric pressure Pa n compressor/vacuum pump efficiency
P; partial pressure of component i bar A heat axial dispersion coefficient W-m LK!
Phigh pressure at the end of Section III Pa Ai adsorptivity, 4 = gmibi
Pinlet inlet pressure Pa " gas mixture viscosity Pa-s
Piow low pressure during the desorption sub-steps Pa 4 gas mixture density kg~m’z
Prod productivity kg A,B'mari;s'h71 Pb blﬂk_ density ) ) kg-m it
Poutet outlet pressure Pa Po particle/monolith wall apparent density kg-mi3
Pu purity % Pw coh{n-m wall density ‘ ) kg-m
Q flow rate m3s! op.06 equilibrium theory parameter defined as solution of Eq.
Q flow rate in each section SLPM (68)
Quisp displacement gas flow rate SLPM
QF max maximum feed flow rate in the hybrid process SLPM Subscripts and superscripts
qi adsorbed concentration of component i mol~kg’1

adsorbed concentration of component i in equilibrium 1 - -
q; with Cpy mol kg l comPonent of the mixture
_ particle averaged adsorbed concentration of component 1 J Section mumber
T ; mol-kg k Nun"'Aber of columns '
qm,i saturation capacity of component i mol-kg’1 ;H’ m izztdwn 1, 11, and IIL, respectively
Qg purge flow rate SLPM A B Heavy and light component
Qpg.min minimum purge flow rate SLPM ’
Rec recovery %
R, ideal gas constant (=8.314) J-mol L.K! Abbreviations
t time H
T temperature of the system K -
thlow blowdown sub-step duration s AC a?tlvated. carbon . . . L
Toon blowdown temperature K D{\EBDF d%fferentlal-algebralc equation - backward differentiation formulae
Tinlet inlet temperature K Disp d}splacerr\gnt gas
tintpg fraction of purge sub-step duration that is recovered s LDE linear dr1v1r1.g force
¢ switching time s MOF metal organic fram(?work »
T temperature of the gas phase K OCFEM orthogonal collocation on finite elements method

8 . Pg purge
g purge srlb-s'tep duration X § Press pressurization
Epress pressurization sub-step duration s PSA pressure swing adsorption
Ts temperature of the solid phase K SMB simulated moving bed
Ty temperature of the wall of the column K VPSA vacuum pressure swing adsorption
Teo the temperature of the surroundings K
U overall heat transfer coefficient W-m2K!
u; interstitial gas velocity in section j m-s™!

- ; -1

Zz.inlet ?;ﬁ:ii:g;:;icgomy 2.271 CRediT authorship contribution statement
Us interstitial solid velocity ms
v column volumn m? Rafael O.M. Dias: Writing — review & editing, Writing — original
Y interstitial fluid velocity in section j ms~! draft, Validation, Software, Investigation, Data curation. Alexandre F.
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