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Abstract

Selective removal of CO, during biogas upgrading and subsequent sequestration can transform
the produced biomethane from a carbon-neutral to carbon-negative energy source. Such
technology can be considered as bioenergy with carbon capture and storage (BECCS), i.e., as a
negative-emission technology (NET). In this research, porous polymeric beads (PPBs) with a
practical working capacity above atmospheric pressure and cyclic performance were developed
to be used for biogas upgrading by pressure swing adsorption (PSA) without the need for
vacuum. The CO, and CHy4 equilibrium isotherms of PPBs were measured in the temperature
range of 0-70 °C and in the pressure range of 0-10 bar. The dynamic breakthrough curves of
40:60 (vol%) CO,/CH4 gas mixture were measured at 2 bar and 10 bar. These isotherms and
breakthrough curves were used as inputs in a dynamic PSA simulation model to predict the
performance of a twin double-bed PSA biogas upgrading process. The model indicated that
biomethane with 91% CH,4 recovery can be produced and a stream of >90% CO; purity from the

tail gas, suitable for geological storage, can be separated. It should be highlighted that unlike
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current state-of-the-art PSA units, the proposed process using PPBs can upgrade biogas with
minimal energy consumption for regeneration of adsorbents. The proposed selective tail gas

separation scheme can be used to produce carbon-negative biomethane.

Keywords: biogas upgrading; pressure swing adsorption; PSA; biomethane; carbon

sequestration; negative-emission technologies



1 Introduction

Due to anthropogenic greenhouse gas emissions (GHG) and the urgency to mitigate global
warming, the Intergovernmental Panel on Climate Change (IPCC) in 2019 recommended to limit
the average global warming to 1.5 °C'. To achieve this target, it is required to reduce CO,
emissions by 50% by 2030 compared to 1990 levels and to achieve net-zero emissions by 2050,
which requires deployment of negative-emission technologies (NET)>. Carbon-negative fuels
are expected to play a key role in NET roll-out®, Biogas, which is predominantly a mixture of
CO,/CH4 produced from natural feedstocks such as agricultural and food wastes, can be
considered as a carbon-neutral fuel>®. Moreover, biogas upgrading and separating CO; of high
purity, with specifications required for sequestration, converts the produced biomethane from a

. —11
carbon-neutral to carbon-negative fuel’ .

Adsorption technologies have been a promising route for biogas upgrading, and have been
commercially deployed due to their low energy demand, low capital investment and operational
costs'> . Their continuous operation is achieved by three main types of cyclic adsorption
processes: pressure swing adsorption (PSA), pressure vacuum swing adsorption (PVSA), and
temperature swing adsorption (TSA)"”'®. PVSA and TSA units require vacuum and heat for
adsorbent regeneration, respectively, while PSA does not require energy for this step'’. Most
state-of-the-art cyclic adsorption processes used for biogas upgrading are based on PVSA'*??!,
Several process parameters and components affect the PVSA performance, including the number
of beds, operating pressure, number of cycle steps, step duration, vacuum level, and the

adsorbent typel2’20_22.



The adsorbents are the most critical components of the adsorption processes and can be classified
into three categories: equilibrium, kinetic and functionalised. The equilibrium-based adsorbents,
such as activated carbons and zeolite 13X, are characterised by higher adsorption capacity of
CO, when compared to that of CH423. The kinetic adsorbents, such as carbon molecular sieves,
clinoptilolites, titanosilicates, and some metal organic frameworks (MOFs), operate based on the
difference in the rate of CO, and CH,4 uptake. The size of their micropores is designed to be in
the range where more CO; is retained per unit of time*’. The functionalised adsorbents are a new
class of materials recently used for biogas upgrading. Mafra et al.”> investigated SBA-15
functionalised by different amine groups. They found that the CO,/CH,4 selectivity of primary,
secondary, tertiary and mixed primary/secondary amine-functionalised adsorbents was 40, 1000,
6 and 11000, respectively. Although primary amines had lower selectivity when compared to
secondary and mixed amine-functionalised adsorbents, they were proposed for biogas upgrading
due to their linear adsorption isotherms that make their regeneration easier. The amine-
functionalised adsorbents have higher CO,/CH4 selectivity when compared to traditional
adsorbents, but they suffer from low chemical stability. Their adsorption capacity decreases after
each adsorption/regeneration cycle, which is a challenge for their industrial deployment®*.
Another disadvantage is low adsorption rate. An ideal adsorbent for biogas upgrading is featured

with high CO,/CHy selectivity, high CO, capacity, cyclic stability and ease of regeneration.

The performance of adsorbents must be evaluated by means of CH4 purity, recovery, energy

consumption, and CO; purity in the tail gas after several cycles in PVSA units. Canevesi et al."?

produced biomethane with 97.5% CHy purity and 93.5% CH, recovery in a two-bed PSA unit.

They used carbon molecular sieves as a kinetic-based adsorbent, which required high energy
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consumption for adsorbent regeneration during the vacuum (VA) and purge (PG) steps for bed
evacuation up to 0.1 bar. Grande et al.”> used zeolite 13X as an equilibrium-based adsorbent in a
PSA unit and produced biomethane with 98% purity and 60% CH,4 recovery, with adsorbent
regeneration under vacuum. Moreover, they demonstrated that CH4 recovery can be increased up
to 80% with a layered configuration of carbon molecular sieves/ 13X*. The required electricity
consumption during the PG step for maintaining vacuum level of 0.1 bar in the bed was as high
as 2125 kJ/kg CH,”. Wu et al.*® reported that the electrical energy demand required for the
operation of a PVSA unit loaded by MOF, Zeolite 13x, and CMS-3K is 944, 2155, and 1093
kJ/kg CHy, respectively. Augelletti et al.*' used Zeolite 5A as an equilibrium-based adsorbent for
biogas upgrading in two PVSA units. They obtained a CHy4 recovery of 99% with energy
consumption of 1250 kJ/kg CH4. The high energy consumption was related to the nonlinear

isotherm behaviour of Zeolite SA that required extreme vacuum for adsorbent regeneration.

Therefore, it can be noted that in state-of-the-art PSA units for biogas upgrading, either energy
consumption is high or CH4 recovery is low, i.e., the units with high CH,4 recovery require high
electrical energy consumption for bed regeneration. Moreover, although the adsorption processes
are usually regarded as PSA, in fact, they are PVSA. Developing PSA processes that do not
require vacuum, i.e., the adsorbent regeneration is performed at atmospheric pressure, would

enhance and promote adsorption technologies as a viable choice for biogas upgrading.

In this study, a novel porous polymeric bead (PPB) adsorbent with linear adsorption isotherms
and acceptable working capacity above atmospheric pressure is developed and its cyclic
performance in PSA processes is explored. This adsorbent was developed to operate in PSA

units without vacuum requirement for the regeneration step. The equilibrium adsorption
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isotherms and breakthrough curves of CO, and CH,4 for the PPB adsorbent were measured at
different temperatures and pressures. In order to simulate the performance of the PSA process for
biogas upgrading, a dynamic PSA simulation model was developed, which incorporates the
isotherm parameters and mass transfer coefficients (MTCs) obtained by fitting the model
predictions and the breakthrough curves. A twin double-bed PSA unit for biogas upgrading was
proposed and simulated. Finally, selective tail gas sequestration was proposed, which enables

biogas production and upgrading to be a NET rather than carbon-neutral technology.

2 Process description

The proposed biogas upgrading process consists of two PSA units, as presented in Figure 1. The
first two-bed PSA unit upgrades biogas to biomethane with high purity, but moderate recovery.
The tail gas of this unit is then processed in the second two-bed PSA unit to further increase the
overall recovery and CO; purity in the tail gas. The tail gas of the first PSA unit, which is
composed of blow down (BD) and purge (PG) streams of CO, (low purity) is not suitable for
storage; therefore, the second two-bed PSA unit situated downstream is used to enhance both
CO; purity and CH4 recovery. Moreover, during the periods of high CO; purity in the tail gas
downstream of the process, concentrated CO, stream is proposed to be either compressed for
underground storage or utilised, while the tail gas stream, during the periods of relatively higher
CH4 concentration, is utilised in processes such as combined heat and power (CHP), as
illustrated in Figure 1. This approach can be considered as a type of bioenergy with carbon

capture and storage (BECCS), i.e., as a negative-CO,-emission process.
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Figure 1: Schematics of twin double-bed PSA concept for biogas upgrading with selective tail
gas sequestration. F1: feed molar flowrate to 1 PSA, F2: effluent product molar flowrate from
1 PSA, F3: feed molar flowrate to 2" PSA, F4: effluent product molar flowrate from 2" PSA,
F5: effluent tail gas molar flowrate from 2™ PSA. F6: effluent product molar flowrate from twin
double-bed PSA unit.

The bed conditions and step durations of the proposed PSA process are depicted in Figure 2. It
can be seen that every cycle comprises six steps, including one equalisation step for enhancing
CH,4 recovery. A portion of the biomethane product from the bed at the adsorption (AD) step is
used for regeneration of the bed that is at the PG step. It should be noted that, unlike state-of-the-
art PSA processes for biogas upgrading”°, no vacuum is needed to regenerate the adsorbent

during purge (PG) steps.
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Figure 2: Schematic representation of the steps for each PSA unit of the proposed biogas
upgrading process. AD: adsorption, BD: blow down, ED: equalisation depressurisation, EP:

equalisation pressurisation, PPG: providing purge, PG: purge, and RP: repressurisation.
3 Mathematical model

The steps for both cyclic adsorption units of the PSA process were simulated using one dynamic
PSA simulation model. It was assumed that considered gases (CO, and CH,4) follow the ideal gas

law. The bed and particle porosity were assumed to be uniform along the bed, and the radial
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gradients of gas concentrations and temperature were neglected. The heat transfer for gas,
adsorbent and bed walls were considered. The dispersed plug flow was assumed, and the
pressure drop over the bed was estimated by the Ergun equation. The linear driving force (LDF)
model was used for the lumped resistance model, and the dual-site Langmuir model was used for

the prediction of equilibrium loadings.

The partial differential equations (PDEs) for the mass balance, momentum, and heat balance for
gas, adsorbent and wall are presented in Table 1. These PDEs were discretised by the finite
difference method, and the obtained ordinary differential equations (ODEs) were solved by the
implicit Euler method using Aspen Adsorpti0n®. The bed was divided into 40 segments and 1 s
time interval was used in solving the ODEs. It was assumed that cyclic steady-state conditions
were achieved when the relative tolerance of mole fraction for every product component at the

bed outlet in every moment is less than 107 for two successive cycles (convergence criterion).

Table 1. Partial differential equations (PDEs) of the dynamic PSA simulation model®.

Description Formulation

Mass balance for component i in gas 9 ay; d dcgi 0q; (1)
a7 (eDecon ) = 55 (wsear) = e 2 = (1= gy = 0

phase

Gas-to-particle mass transfer (LDF dgq; . )
a_tl = MTC;(q; — q:)

model)

Dual-site Langmuir model for * . ek;_,i P, ks e";_.i P 3)

equilibrium adsorption isotherms 7= Kai * ket

1+Zl k3‘i€TPi 1+Zl k7'ieTPi



Heat balance for gas bulk o (. 0T, d(usTy) dcgr “)
ST A PR R r

4h
— (1= aphy(Ty = T,) = Z_W(Tg ~T)
Tbi
aT,
- SCgTCV E =0
Heat balance for adsorbent “ aT, - 9q; 5)
(1 - g) Pp Z Qin,ads,i + ppCps ? =Pp Z(_AHads)iE
i=1 i=1
Heat balance for bed wall oT, 6)
prprwa—:V = 2nrbilllw(Tg - Tw) - 2T”"boho (Tw u Tatm)
Effective axial heat dispersion 3 (7)
0 =7+ 0.5Re Pr
coefficient”” 9
Heat transfer coefficient between h.d ®)
Nuy = =~ =2+ 1.1 Pr'/?Re°
particle and gas®"* g
Heat transfer coefficient between Ry, 27y; 9
Nu,, = ——=" = 12.5 + 0.048 Re
inner wall and gas™ g
Heat transfer coefficient between h, 27, (10)
Nu, === = 0.1 Ra'/?
outer wall and ambient®* a
Ergun equation for momentum 9P 150 u (1 — )2 1.75 (1—¢) p (11)
- = u Us|u
3637 0z dp € ’ dp € oil

balance”

* Initial conditions (t = 0) are: Yo, = 0; Cgcoz = 05 Geoz = 0:Yena =1 Ty =Ty = Ty = Tiner
The CH4 purity in the produced biomethane and CO; purity in the tail gas of every single PSA

unit were calculated after reaching cyclic steady state conditions using Eqs. (12) and (13):
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tads
fo CCH4Pusp dt

t
n ads
i=1 fo Cipuspdt

CH, Purity (%) = x 100 (12)

ftBD Cco,tUst + ftPG Cco,tUst | dt
CO, Purity (%) = o ccouese + " cconeir) x 100 (13)

t t
n BD PG
i=1 (fo CitUse + fo Citust) dt

The ccy,p and ¢;, are methane and component i concentrations in product stream, respectively.
The terms uy, and u,, are superficial velocity at product and tail gas end, respectively. The terms
cco,e and c;, are concentrations of CO; and component i at tail gas end, respectively.

The combined CHy4 purity of the twin double-bed PSA unit can be calculated by either Eq.(14) or
(15):

R X Purit +(1—-R X R X Purit
CH, Purity(%) = PSA1 Vpsa1 + ( psa1) PSA2 YpsaAz % 100 (14)
Rpsar + (1 — Rpsa1) X Rpsaz

F. +F
2,CH4 4,CH4 % 100 (15)

CH, Purity (%) = TR
2T Iy

The F, and F, are effluent product molar flowrate from 1** and 2" PSA units, respectively
(Figure 1). The Fycns and Fycpa are CHy molar flowrates of streams F, and Fa, respectively.
Rpsa1 and Puritypsa;, and Rpsaz and Puritypsas are recovery and purity of 1** and 2™ PSA units,
respectively.

Recovery is the portion of CH4 in biogas which is converted to biomethane, calculated by Eq.

(16) for every single PSA unit:

tads tpG
Jo™® ccnypttsp At = J,7° con,puspe dt

taa trpP
Jo ™ ccpppusy dt + [ )57 cop,puisr dt

(16)

Recovery =
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The ccy,; is methane concentration at feed while u, and ugp, are superficial velocity at feed and

purge steps, respectively.

The combined CHy4 recovery of twin double-bed PSA unit is calculated by either Eq. (17) or

(18):

CH, Recovery(%) = [Rpsa1 + (1 — Rpsa1) X Rpsaz] X 100 (17)
F +F

CH, Recovery (%) = —<1 —_*<H% 100 (18)

Fl,CH4—

The F; cna is the total CHs molar flow rate to the twin double-bed PSA unit during AD and RP

steps.

The power consumption of compressors for pressurisation of feed at first and second PSA units

is calculated using Eq.( 19)%:

Power (W) = F.M (#) CF (%) (i—i)nT ~1 (19)

where F is molar flowrate, M is molecular weight, P;and P, are the pressure of inlet and
discharged streams, respectively, and p; is the density of inlet stream. n and CF are isentropic

power factor and correlation factor, respectively, and calculated using Egs. (20) and (1)

n=In (%) / In (g—i) (20)
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hy =

0% %) -

where p; and h; are density and enthalpy of exit stream, respectively, corresponding to the

CF =

entropy of the inlet stream.

The static selectivity is calculated based on ideal adsorption solution theory (IAST) using Eq.

(22)*:

_ qéoz/qéH4

S =
PCOZ/PCH4

(22)

where q¢o, and q¢y, are equilibrium adsorption capacity of CO, and CHy at given CO; (P¢o,)
and CHy partial pressure (Pcy,), respectively. The dynamic selectivity of binary mixture of
CO,/CHy 1s calculated using Eq. (23)*

_ qCOZ/qCH4

S
¢ Yco, / YcH,

(23)

where q represents loading measured from dynamic breakthrough, and at specific mole fraction

(v) in gas phase.

The dynamic adsorption capacity is calculated from the measured breakthrough curves using

Egs. (24) and (25)*":
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QtCOitq
= 24
q: m (24)

[ee]
Cc 9
o= (1-22)a (25)
Cn:
0 0,i
Where ¢,; and c,; are concentrations of each component at inlet and outlet of the column. Q; is

the feed volumetric flow rate and m is the adsorbent mass.

4 Experimental section

4.1 Adsorbent synthesis

The poly(AA-co-EGDMA) porous polymeric beads (PPB) were synthesised using the oil-in-oil
suspension polymerisation method. The dispersed phase was prepared by dissolving 48 mmol
acrylamide (AA), 7.2 mmol 2,2’-azobis(2-methylpropionitrile) (AIBN) and 120 mmol
ethyleneglycol dimethacrylate (EGDMA) in 60 mL acetonitrile (AN). The continuous phase was
light mineral oil. For suspension polymerisation, 360 mL mineral oil was poured into a 1 L
jacketed reactor equipped with a five-neck lid and heated up to 60 °C, using a
refrigerated/heating circulator (Julabo, Germany), while agitating with a four-bladed impeller.
Then, the dispersed phase was poured into the reactor and the emulsion was purged with nitrogen
for 10 minutes, followed by nitrogen blanketing throughout the entire polymerisation for 3 hours.
Upon completion of the polymerisation, the PPBs were separated from the mixture (mineral oil
and remaining AN), and washed several times with isopropanol, until no traces of any other
compound in the solvent were detected using a Beckman Coulter UV-Vis spectrophotometer.

PPBs were then filtered and dried overnight at 80 °C.

14



4.2 Materials characterisation

The BET pore surface area and pore volume of the PPB adsorbent were measured by nitrogen
adsorption/desorption at 77 K using a 3P meso apparatus. The BET surface area was obtained
from adsorbed nitrogen in relative pressure (P/Py) range of 0.06-0.30, while the total pore
volume was measured at P/Py = 0.99. The specific heat capacity was measured using a Universal
V4.5A TA Instruments differential scanning calorimeter (DSC). The properties of the
synthesised material used for simulations in the dynamic PSA simulation model are provided in

Table 2.

Table 2: Adsorbent specifications as model parameters

Parameter Unit Value
Particle porosity, &, - 0.322
Pore specific surface area, a, m%/m® 1479
Particle density, p,, kg/m’ 880
Bulk density, p,, kg/m’ 460
Bulk porosity, & = 0.477
Particle radius, 7, mm 0.5
Specific heat capacity, Cps kJ/kg-K 1.2

The equilibrium isotherms (static tests) were measured by a mixSorb L instrument in the
pressure range of 0-10 bar and the temperature range of 0-70 °C, and breakthrough curves
(dynamic tests) were obtained using the experimental setup presented in Figure 3. Both static and
dynamic tests were carried out in the 3P INSTRUMENTS GmbH laboratory (Germany). The gas
flow rates and gas composition at the inlet of the dynamic setup were controlled by three mass

flow controllers (MFC) downstream of CO,, CH4 and He cylinders. The concentrations of CO,

15



and CHy at the bed outlet were measured by an internal thermal conductivity detector (TCD). In
order to satisfy the minimum flow rate required for the TCD analyser, helium as an inert gas was
injected to increase the flow rate at the bed outlet. The pressure of the adsorption vessel is
controlled by a back-pressure regulator (BPR). The dynamic experiments at low pressure (2 bar)
and high pressure (10 bar) were performed at two temperatures (0 °C and 25 °C) in order to
obtain breakthrough curves, with test conditions specified in Table 3. The gas inlet temperature
was controlled by a heat exchanger with water as heat exchange media. The internal diameter of
the adsorption cell was 3.0 cm and adsorbent mass was 42.9 g. Before each dynamic test, the
sample was regenerated by simultaneous heating and purging with helium under vacuum

conditions for three hours.

Table 3: The dynamic test conditions

Parameter Unit Low pressure High pressure

Bed pressure bar 2 10

Simulated biogas composition mol% 20% CO,, 30% CHy, 50% He 24% CO,, 36% CH,, 40% He
Biogas inlet temperature °C 0,25 0,25

Biogas flow rate mL/min 1000 1320

Note 1: All measurements are taken at standard conditions, 0°C and 1 atm

16
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Figure 3: Schematics of dynamic rig for measuring breakthrough curves. ATM: atmosphere,
BPR: back-pressure regulator, FA: flame arrestor, MFC: mass flow controller, PG: pressure

gauge, and GA: gas analyser.

5 Results and discussion

5.1 Isotherm model and parameters

Figure 4 presents the equilibrium adsorption isotherms of CH4 and CO, for PPB at different
temperatures and under pressure in the range of 0-10 bar. The dual-site Langmuir model, Eq. (3),
was used to fit the experimental data, and very good agreement was achieved. The model
parameters (k;;), and heat of adsorption, were calculated using the least square regression, and
are presented in Table 4. It can be seen in Figure 4 that the CO, isotherms of PPBs follow a
linear pattern in the pressure range of 1-10 bar, which enables PSA operation in this pressure
range without the requirement of vacuum for the regeneration step. Also, the linear pattern shows

that the adsorbent is characterised by a practical working capacity at pressures above 1 bar,
17



which enables the design of PSA process systems entirely above atmospheric pressure. Figure 5
presents a comparison of the measured CO, isotherm and working capacity (W) of commercial
adsorbents with PPB, in a PSA process with 40:60 (vol%) CO,/CH4 gas mixture. The total
pressure of PG step is 1 bar (CO, partial pressure = 0.4 bar), while the total pressure of AD step
is 6 bar (CO; partial pressure = 2.4 bar). The CO, working capacity is defined as the difference
in adsorption capacity of CO, at PG and AD steps. It can be seen that the CO, isotherms of
presented commercial sorbents (Zeolite 13x*, PEI-loaded mesoporous silica®®, and ZSM5*)
between 0.4 — 2.4 bar CO, partial pressure is featured with a gradual slope in comparison with
PPB. This indicates that the working capacity of PPB is superior, even though the CO, capture
capacities of some of those sorbents are larger in this range. To utilise those commercial sorbents

2,12,20

for biogas upgrading, extreme vacuum is needed to achieve a practical working capacity ,

which can lead to significant energy demand.

CO, adsorption capacity (mmol/g)
CH, adsorption capacity (mmol/g)

Pressure (bar) Pressure (bar)
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Figure 4: Results of static experiments with PPB adsorbents fitted by the dual-site Langmuir
model: (a) CO; and (b) CHy4. Legend: Solid lines are dual-site Langmuir model fitting curves, and

symbols are experimental results (¢ 0 °C, © 25 °C, 0 50 °C, and A 70 °C).

Table 4: Dual-site Langmuir model parameters for fitting CO, and CH4 isotherms of PPB

adsorbent

Parameter Unit CO, CH,4

ky; kmol/(kg-bar) 4.55x107® 6.31x10°
ks, K 2415.74 3415.67
ks, 1/bar 4.37x10°° 1.82x107
ky; K 2415.74 3415.67
ks, kmol/(kg-bar) 1.62x107 2.83x10°
ks.i K 2587.52 2718.98
ks, 1/bar 1.75%10™ 6.83%107
ks,; K 2587.52 2718.98
R ) 0.99991 0.99978
AH 4 kJ/mol -17.77 -15.66
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5.2 Adsorption breakthrough curves

The measured breakthrough curves of CO;, and CH4 at 25 °C and 0 °C are presented in Figure 6.
The MTC values in the dynamic PSA simulation model are tuned, so that model outputs fit the
experimental breakthrough curves. Therefore, the MTCs for CO, and CHy at different pressures
and temperatures are fitting parameters in the model, and their values are 0.9 1/s and 0.008 1/s,
respectively. It was found that temperature and pressure had a negligible effect on the MTCs. It
should be noted that the pore size distribution of PPBs was beyond micropore range (> 2 nm),

Figure 7a. It is also observed that the measured N, isotherm at 77 K (Figure 7b) followed type II
20



isotherm, according to IUPAC®, which corresponds to multilayer adsorption on macroporous

sorbents.
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Figure 7: (a) Pore size distribution of PPBs (b) N, adsorption desorption isotherm of PPB at 77

K,. Legend: o adsorption, o desorption

Figure 8 presents a sensitivity analysis of MTCs for the breakthrough experiment at 2 bar and 0
°C, and the corresponing fitting correlation coefficients (R*) are tabulated in Table 5. The
optimum MTCs are presented in Case 1 with 0.9 and 0.008 1/s for CO, and CHy4, respectively. In
Case 2, where the MTC of CH,4 increased to 0.3 1/s, the model could not predict the CH4
breathrough accurately, and led to a reduction in R? of CH, from 0.94 to 0.35. In Case 3, MTC of
CO, was decreased from 0.9 to 0.4 1/s, while the MTC of CH4 was kept constant at 0.008 1/s.
Accordingly, it was seen that the decrease in MTC of CO, caused an early breakthrough point

and resulted in a reduction in R? from 0.95 to 0.81.
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Figure 8: sensitivity analysis of MTCs at 2 bar and 0 °C. Legend: A CH,4 experimental, o CO,
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Table 5: sensitivity analysis of MTCs for breakthrough fitting by model at 2 bar and 0 °C.

Unit Case 1 Case2 Case3

MTC (CHy;) (1/s)  0.008 0.3 0.008
MTC (CO,) (1/s) 0.9 0.9 0.4
R’ (CO,) ) 0.95 0.93 0.81
R? (CH,) (-) 0.94 0.35 0.94

The temperature profile at four different locations along the bed during the breakthrough
experiment has been measured (Figure 9). It was observed that the temperature at each location
initially rose, due to exothermic gas adsorption process, and then decreased once the adsorbent
was saturated, and cooled by exposure to the inlet gas flow. A comparison between experimental
and simulated temperature profiles is provided in Figure S1 (Supplementary Information). The
temperature profiles of the model and experiment for both 0 °C and 25 °C show similar trends,
reaching the peak values at almost the same time. However, the discrepancy between the
simulated and experimental profiles may be due to the slight difference in the breakthrough

. 46
times .
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The dynamic adsorption capacity, CO,/CHy4 static selectivity and dynamic selectivity based on
breakthrough curves have been presented in Figure 10. The initial linear increase in dynamic
adsorption capacity correspondences to the breakthrough time (Figure 10a). The CO,/CH4
dynamic selectivity (Figure 10b) is much higher than the static selectivity of (Figure 10c), which
can be related to the high MTC of CO,. An increase in temprature led to a reduction in both
static and dynamic selectivity, which can be attributed to increased kinetic energy of molecules,

and weakening of intermolecular hydrogen bonds®’.
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5.3 Cyclic adsorption process
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The calculated equilibrium parameters using the dual-site Langmuir model along with MTCs
were used as inputs to simulate the twin double-bed PSA process presented in Figure 1, with the
steps and their durations provided in Figure 2. The MTCs in PSA simulations were assumed to
be constant, and measured from breakthrough curves. The feed stream was composed of 40%
CO; and 60% CH,. The simulated purity and recovery of biomethane, as well as CO, purity in
the tail gas for each PSA unit under different scenarios (purge-to-feed ratio (PG/F) and bed
length) are presented in Table 6. The minimum biomethane purity at the outlet of the twin
double-bed PSA unit should meet the required criteria for injection into the natural gas grid,
which varies in the range of 85%-97% for developed countries*. Therefore, the objective of this
research is to optimise the process to produce biomethane with a minimum purity of 85% and
maximum possible recovery, and a tail gas stream with CO, concentration suitable for

sequestration (>80%)* >

. It should be mentioned that although countries like the Netherlands
and France require a minimum CHy purity of 85%, other countries like Sweden, Spain, and the
UK are obligated to a minimum purity of 97%".

The combined purity and recovery of the twin double-bed PSA process can be calculated using
either Egs. (14) or (15), and Eq. (17) or (18), respectively. It was seen that there is a ~2%
difference between the purity calculated using Eq. (14) and Eq. (15). This discrepancy can be
attributed to the fact that although purity and flowrates vary by time, the range of variation in
flow rate is much larger (Figure S2 of the Supplementary Information) and can lead to a larger
error when averaged values are used. Therefore, Eq. (14) and (17) were selected for further

calculation of combined purity and recovery, respectively. The molar flows and composition of

feed, internal and product streams of the twin double-bed PSA process were provided in Table
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S1 (Supplementary Information). The purge flowrate for a PSA simulation with 5% PG/F value

is 5% of feed flow rate (stream F1 of Table S1).

Table 6: Performance of twin double-bed PSA unit for biogas upgrading with high CO; purity in

tail gas
Bed length CH, purity CH,4 recovery CO, purity
Run
PG/F (mm) (%) (%) (%)
o 15 ond 19 ond Combined I 2" Combined 1 nd

1 20 13.2 95.8 46.5 51.6

2 5 5 13.2 10 92.5 92.1 924 70.2 69.0 90.8 59.1 754
3 5 10 13.2 6 92.5 69 87.1 70.2 70.0 91.1 59.1 80.0

According to Run 1 (Table 6), the produced biomethane in the first PSA unit has a CHy purity of
95.8%, but a recovery of 46.5%. Since the recovery in the first PSA unit was low, the PG/F ratio
was decreased from 20% to 5% to achieve a higher recovery (Run 2). This resulted in an increase
in recovery to 70.2%, but a reduction in purity to 92.5%. To further enhance CH4 recovery, the
twin double-bed PSA process was introduced by adding a secondary PSA to capture the
remaining CHy in the tail gas of the first PSA unit. Consequently, the overall CH4 recovery
increased to 90.8%. However, the concentration of CO; in the tail gas of the second PSA was
low (75.4%), and this gas stream could not be stored. Furthermore, it was found that a decrease
in the bed length from 10 to 6 cm led to an increase in CO; purity in the tail gas of the second
PSA unit to 80.0% (Run 3), although the overall CHy4 purity slightly dropped and recovery
slightly increased. Although this purity (80:20 (vol%) CO./CH4) is sufficient to meet

requirements in some CO, sequestrations, the associated energy demand for liquefaction (121
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bar at 20 °C) is relatively high. However, upon applying the proposed tail gas sequestration
scheme, as illustrated in Figure 11, the average purity of CO; in the tail gas increased to 90%,
and correspondingly the required pressure for liquefaction at 20 °C was reduced to 78 bar,
leading to a reduction in the energy demand for liquefaction. In the proposed scheduling scheme,
the tail gas stream is compressed from nearly the end of the BD step until the middle of the PG
step, when averaged cumulative CO, concentration is 90% (Zone B). The remaining tail gas,
produced during BD (Zone A) and the second half of PG (Zone C) steps, with low CO, purity,
but a significant amount of CHs (>20%), can be flared, or alternatively used to generate
additional revenue, for example, by CHP. Therefore, this scheduling scheme enables the

proposed twin double-bed PSA process to be a NET, rather than a carbon-neutral technology.
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To understand the reason for low CHy4 recovery and CO; purity in the first PSA unit, their
simulated axial concentration and loading profiles during the adsorption step are presented in
Figure 12. It can be seen that CO, loading is highest near the bed inlet due to high CO,
concentration. However, by increasing the axial distance, CO, concentration decreases, which

results in decreasing the CO, loading (Figure 12a and c). Moreover, due to the adsorption of
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CO,, CHy4 concentration increases with axial distance (Figure 12b), which results in increased
CH, loading near the bed outlet (Figure 12d). This rise in CH4 loading is not favourable since
this CHy is desorbed during the BD and PG steps, which negatively affects both CH4 recovery
and CO, purity. These results show that an important property of adsorbents for biogas
upgrading is low CHy4 adsorption capacity to avoid low recovery, but also to increase the purity

of CO; in the tail gas, especially if CO; storage is considered.
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It is noted that a reduction in bed length from 10 cm to 6 cm in the second PSA unit resulted in
an increase in CO, purity. To further explore this, the transient axial profiles of CH4 loadings
were simulated for bed lengths of 10 cm and 6 cm, and provided (Figure 13). It can be seen that
the CO; purity continuously increased during the BD step for both bed lengths (Figure 13a and
b). This is in agreement with the considerable reduction in CO, loading, i.e., a large amount of
CO; desorbed (Figure 13c¢ and d). On the other hand, during the PG step, the CO; purity initially
increased (first 10 s), which is then followed by a continuous reduction (Figure 13a and b). The
initial increase in CO; purity is caused by the sharp decrease in CO, loading in the first 10 s of
the PG step (Figure 13c and d) that results in desorbing a large amount of CO, and reaching the
maximum purity. The subsequent reduction in CO, purity by the end of PG step is due to the
negligible change in CO, loading. Moreover, it can be seen (Figure 13e and f) that the CH4
loading near the end of the longer bed is considerably higher than that of the smaller bed, thus

more CHy4 is desorbed during the BD and PG steps, which results in reducing CO; purity.

In the proposed twin double-bed PSA configuration, the second PSA unit was introduced as a
replacement for the vacuum pump of conventional PVSA. The total energy requirement is 903
kJ/kg CH4, comprised of 869 kJ/kg CHy for the first compressor and 34 kJ/kg CH, for the second
compressor. In comparison with conventional PVSA units for biomethane production, the
proposed configuration benefits from lower required energy demand. For example, the
associated energy requirement for PVSA systems developed by Grande et al.” , Santos et al.”’
and Augelletti are 2125, 4500 and 1250 kJ/kg CHy, respectively. The proposed PVSA system by

Wu et al.”® consumed 944, 2155, and 1093 kJ/kg CHgelectrical energy when MOF, Zeolite 13x,
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and CMS-3K were used, respectively. Therefore, the high energy demand of conventional PVSA

systems can be attributed to the extreme vacuum requirement for adsorbent regeneration.

6 Conclusions

The current state-of-the-art adsorption units for biogas upgrading are PVSA that require high
energy consumption for adsorbent regeneration. To tackle this challenge, in this study PPBs with
linear adsorption isotherms and working capacity above atmospheric pressure, as well as
acceptable cyclic performance, were developed for CO, removal from biogas. The adsorbent was
characterised by means of equilibrium isotherms and breakthrough curves obtained from static
and dynamic tests, respectively. The dual-site Langmuir model was used to fit the adsorption
isotherms, and the MTCs were obtained from fitting the breakthrough curves. The fitting curves
and calculated MTCs were used as inputs in a dynamic PSA simulation model to simulate biogas
upgrading in a twin double-bed PSA unit without vacuum requirement for adsorbent
regeneration. Low CH,4 recovery in the first double-bed PSA unit (70.2%) was improved by the
second double-bed PSA, which was used to treat the tail gas of the first unit, resulting in a
cumulative CHy recovery of 91.1%. In addition to increasing the CH4 recovery, the second PSA
unit increased the average CO; purity in the tail gas stream from 59.1% to 80.0%. Although this
purity is sufficient to meet requirements in some CO, sequestration, a selective tail gas
sequestration scheme was proposed, which means compressing CO, for storage during the
periods when its average purity in the tail gas is above 90%.This approach allows PSA
processes, if CO, is stored or utilised, to produce carbon-negative rather than carbon-neutral

biomethane. Finally, in addition to other adsorbent properties, this study emphasises the benefits
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of adsorbents with linear adsorption isotherms and working capacity above atmospheric pressure

in order to design PSA processes that do not require energy intensive and costly vacuum.
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Abbreviations

AA acrylamide

AD adsorption

ATM atmosphere

BD blow down

BECCS bioenergy with carbon capture and storage
BPR back-pressure regulator

CHP combined heat and power

CSS cyclic steady state

DSC differential scanning calorimetry
ED equalisation de-pressurisation
EP equalisation pressurisation
EGDMA ethyleneglycol dimethacrylate
FA flame arrestor
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GA gas analyser

GHG greenhouse gas

IPCC Intergovernmental Panel on Climate Change

MEFC mass flow controller

MOF metal organic framework

NET negative-emission technology

ODE ordinary differential equation

PDE partial differential equation

PG purge

PPG providing purge

PPB porous polymeric bead

PSA pressure swing adsorption

PVSA pressure vacuum swing adsorption

RP re-pressurisation

TSA temperature swing adsorption

Nomenclature

Item Description Unit
a surface area m*/m’
A area m’

c concentration mol/m’
C molar specific heat capacity J/(mol-K)
D diffusivity coefficient m®/s
D, axial dispersion coefficient m’/s
d diameter m
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Q
Ra

Re

AH

Greek letters

heat transfer coefficient
thermal conductivity
molecular weight

adsorbent mass

mass transfer coefficient (LDF model)

Nusselt number

pressure

Prandtl number

loading

Feed volumetric flowrate
Rayleigh number
Reynolds number

radius

temperature

time

velocity

working capacity

mole fraction in gas phase

heat of adsorption

porosity
viscosity
density

tortuosity factor
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W/(m*s)
W/(m-K)
g/mol

kg

1/s

bar

mol/kg
)

J/mol

kg/(m-s)
kg/m’

)



A thermal conductivity J/(s:m-K)

Subscripts

ads adsorbate or adsorption
atm atmosphere

a air

b bed

f film or feed (end)

g gas phase

i component i or inside
o outside

P particle or product end
PG purge

RP re-pressurisation

s superficial

T total

t tail gas

\ constant volume

w wall
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Supplementary Information

Table S1: Molar flows and composition of feed, internal and product streams of the double PSA

process

Stream Description Duration Flow rate Composition (vol%)
s SCCM kmol/s x10"7 CO, CH,4

F1 AD Feed to 1* PSA at AD step 45 792 5.89 40 60

F1 RP Feed to 1% PSA at RP step 20 754 5.61 40 60

F2 Effluent product from 1* PSA at AD step 45 515 3.82 7.5 92.5

F3 Feed to 2™ PSA at AD and RP steps 65 434 3.23 59.1 40.9

F4 Effluent product from 2™ PSA at AD step 45 241 1.79 31 69

F5 Effluent tail gas from 2™ PSA during BD & PG steps 65 215 1.59 78.1 219

Flow rates are at standard conditions: 0 °C and 1 atm, the streams refer to Figure 1
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Figure S1: Experimental and simulated temperature profile for breakthrough measurements at 2
bar, Legend: — 25 °C Experiment, —— — 25 °C Model, —-— « — 0 °C Experiment, and 0 °C
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Figure S2: CH,; molar flowrate after reaching CSS condition. Legend: o F1 molar flowrate of
CH, to 1* PSA, o F2 effluent product CH4 molar flowrate from 1** PSA, A F3 CH, feed molar
flowrate to 2" PSA, ¢ F4 CH, effluent product molar flowrate from 2™ PSA, and x F5 effluent
tail gas CH4 molar flowrate from 2" pPSA
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Highlights:
Carbon dioxide is removed and biogas upgraded to biomethane

A twin double-bed pressure swing adsorption process is proposed for biogas upgrading
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Novel porous polymeric beads are employed as adsorbents for carbon dioxide

Selective tail gas sequestration is a carbon-negative route for biomethane production
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