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ARTICLE INFO ABSTRACT

Editor: Z. Bao Biogas has been introduced as a sustainable source of energy, which is considered as a promising alternative for

conventional fossil fuels. Indeed, biogas requires to be upgraded from the impurities, specifically, carbon dioxide

K?ywordff ) to be commercially utilized. In this study, the potential of shaped form MIL-160(Al) as a water stable Al
iz)gas ‘fpgradmg dicarboxylate microporous MOF has been assessed concerning the biogas upgrading application. To this end,
sorption

firstly, the dynamic fixed-bed adsorption of carbon dioxide and methane was investigated at 313 K and 4.0 bar.
The measured breakthrough outcomes were simulated with a developed mathematical model, which the results
confirmed an acceptable potential of model predictions. Afterwards, a pressure swing adsorption (PSA) process
with 5-steps was designed relying on dynamic equilibrium results, and experimentally validated by a lab-scale
PSA set-up for a 50:50 COy/CH4 mixture. Finally, an industrial PSA process was designed to have a precise
knowledge on the potential of MIL-160(Al) for biogas upgrading for large scale applications. The results
demonstrated the purity and recovery of methane around 99 % and 63 %, respectively, which indicated the
appealing capacity of this adsorbent for such a purpose.

PSA process
MOF MIL-160(Al)
Sustainability

1. Introduction

Climate changes attributed to the global warming and exponential
growth of energy consumption related to industrial development and
population expansion are two of the major challenges of modern era
[1-4]. Hence, the high energy demand has intensified the global fossil
fuels consumption [5,6], which has severely impacted the environment
through the global warming [7-9]. Accordingly, to reduce the fossil fuel
consumption and also to provide the global required energy, the average
annual renewable energy deployment showed a growth rate of 2.0 %
since 1990 to 2018, which around 11.5 % of this growth related to the
biogas [7,10,11], which Europe is considered as world leader of bio-
methane production [12]. The produced biogas can be directly utilized
as a source of energy by introducing to the gas engines or gas turbines for
electricity generation [13,14]. However, regarding the low efficiency of
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biogas to the electricity, which is around 10-16 %, the biogas upgrading
and considering biomethane is preferred because of its higher energy
density. Consequently, it can be employed as a clean energy in a broad
range of applications including industrial plants or domestic usages
[15,16].

Routinely, biogas is derived from the anaerobic digestion (AD) of
organic matter, which based on the origin of the organic samples, it
mostly includes CHy4 (35-70 %) and CO5 (15-50 %), also minor quan-
tities of HyS (0-10,000 ppm), H20 (0-10 %), NH3, N3, Oo, and CO, as
well as volatile organic compounds can be traced in the biogas
[12,17-19]. It is worth noting that currently different solid waste ma-
terials are considered as a source of biogas [20,21], which because of
that, biogas can also be considered as a renewable source of energy [22].
A comparison between the typical compositions of biogas from different
sources accompanied with related characteristics is presented in Table 1
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Table 1
A comparison between the typical compositions of biogas from different sources
and related characteristics [7,23].

Biogas from
Parameters Landfill Anaerobic Digestion Unit
Methane 35-65 50-70 %
Carbon dioxide 15-50 30-50 %
Nitrogen 5-40 - %
Oxygen 0-5 - %
Hydrogen sulphide 0-100 0-10,000 ppm
Ammonia 5 <100 ppm
Total chlorine (as Cl) 20-200 0-5 mg/NIn3
Lower Heating Value 12.3 20.2 MJ/kg
Density 1.3 1.2 kg/Nm?*
Wobbe index 18 27 MJ/Nm?®
Table 2

A summary of main characters of shaped form Al-based MOF MIL-160 [40].

Adsorbent Properties*

Parameter Numerical Values
Particle radius, (m) 0.001
Particle density at 0.0037 MPa, (g/mL) 1.07
Apparent (skeletal) density at 206.5 MPa, (g/mL) 1.40
Median pore diameter (volume) at 7.7 MPa and 0.1 mL/g, 0.162
(pm)
Median pore diameter (area) at 119.8 MPa and 9.7 m?/g, 0.0104
(pm)
Average pore diameter (4 V/A), (pm) 0.0454
Total intrusion volume at 206.5 MPa, (mL/g) 0.22
Total pore area at 206.5 MPa, (m?/g) 19.45
Micropore volume, (cm3/g) 0.336

*Measured using Micrometric Instrument.
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[7,23]. To meet the required standards and considered as a clean fuel,
biogas must be purified by removing the impurities and upgraded by
separating the carbon dioxide [17,24,25]. To date, different technolo-
gies have been evaluated for biogas upgrading including water scrub-
bing, physical scrubbing, chemical scrubbing, membrane, cryogenic and
pressure swing adsorption [7,23], which detailed description of these
technologies can be found in [23]. However, concerning the cost, energy
consumption, efficiency and environmentally friendly, pressure swing
adsorption using different classes of solid materials is among the most
favorable ones [7,17,18].

1.1. Pressure swing adsorption (PSA)
After the emerge of cyclic adsorption processes [1], which was firstly
Table 3

Operating conditions and some specific properties of fixed-bed adsorption set-
up.

Operating Conditions Numerical Values
F (Flowrate), (Nml/min) 378.5

T (Temperature) (K) 313

P (Pressure) (bar) 4.1

CO,/CH,4 composition 50/50

Ambient Temperature (K) 298

Adsorbent Properties

Parameter Numerical Values
Interparticle or bed porosity (m® yoiq/m? peq) 0.48

Intraparticle porosity (m® yeia/m> peaq) 0.31

Mass of sample (raw) (g) 12.2

Mass of sample (activated) (g) 10.9

Bed Characters Numerical Values
Bed length, (cm) 6.8

Bed diameter, (cm) 2.1

Bulk bed density, (kg/m>) 463.03
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Fig. 1. A simple schematic of available lab-scale PSA set-up.
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Fig. 2. Employed cycle sequences in the developed PSA experiments.

Table 4
A summary of key operating conditions of lab scale cyclic set-up.

PSA variables

PSA steps Temperature (K) Pressure (bar) Flowrate (SLPM) Step time (s) CO2% CH4%
Pressurization 318 1-46 0.75 51 - 100
Feed 318 4.6 0.6 300 50 50
Rinse 318 4.6 0.3 350 100 0
Blowdown 4.6 > 1.0 - 50 - -
Purge 1.0 0.1 60 - 100

patented by Skarstrom [26], PSA process has been a basic technology for
gas separation because of its simplicity, acceptable energy yield, ability
to control, and low capital/operating costs [17,27,28]. Designing a
highly efficient PSA unit require a full set of engineering details and
material characters. In this way, several operating factors including
times and schedule of the various steps, flow rates, and pressure levels
must be considered and optimized to develop an effective process
[29,30]. On the other hand, the type of adsorbent is also one of the key
elements in the adsorption process. Routinely, a proper adsorbent for
separation processes should represent high selectivity, convenient
loading capacity, service life and simplicity of regeneration [18,29]. To
this end, in the last decades, a variety of microporous materials
including activated carbons [31,32], zeolites [33-35], carbon molecular
sieves [29], and metal-organic frameworks (MOFs) [36] have been
tested for such a purpose.

1.2. Metal-organic frameworks (MOFs)

Lately, Metal-Organic Frameworks (MOFs) as a recent category of
crystalline porous materials received a notable interest for gas adsorp-
tion processes [17,37] due to their exceptional diversity in terms of
structural features, pore sizes/shapes and compositions. A summary of
recent main studies on the developed MOFs for carbon capture and
sequestration can be found in [38,39], associated with a wide domain of
functionality for selectivity, thermodynamics and kinetics [40].
Accordingly, theses attractive characters nominated MOFs as favorable
adsorbents for gas separation and purification studies. Despite
mentioned benefits, still some main constraints limit the industrial-scale

usage of this category of sorbents. For instance, the high synthesis cost is
one of the main challenges for the large-scale application of these ad-
sorbents, also the first proposed MOFs were poorly chemically stable or
not thermally stable as well as most of them were available only in the
powder from [37-39]. This is fortunately not anymore the case as many
high valence based MOFs are hydrothermally stable [41], while their
scale-up at the industrial scale is now becoming a reality [42].
Furthermore, in some cases, the high heat of adsorption limits their
applications to be an ideal adsorbent for carbon capture and seques-
tration [17]. In this way, MIL-53(Al) already demonstrated an attractive
potential for CO,/CH4 separation concerning the biogas upgrading [17].
Also, Abd et al. [43], investigated the UiO-66 for biogas upgrading to
natural gas pipeline quality using pressure swing adsorption. They re-
ported that the developed PSA upgrades the biogas with the purity of
98.2 % and recovery of 94.68 % [43]. On the other hand, concerning the
viability of MOFs in presence of humidity and other impurities, Silva
et al. [44], studied MIL-100(Fe) for atmospheric water harvesting by
employing a cyclic adsorption process. It was found that MIL-100(Fe)
remains stable during the water vapor contact and after exposure at
different temperatures [44].

1.3. Research objective

Among numerous efforts made on developing MOFs [38,39],
recently some of us developed the Al-based MOF denoted MIL-160 (MIL
stands for Materials from Institut Lavoisier). This MOF, constructed from
the bioderived FDCA feedstock (FDCA: Furane DiCarboxylic Acid), ex-
hibits 1D microporous channels decorated with weak Bronsted acid sites
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Fig. 3. Dynamic fixed-bed adsorption of carbon dioxide over the bed initially saturated with methane, the desorption with also pure methane, experiment at 313 K
and 4.0 bar. (a) molar fraction, (b) flowrate and (c) temperature history. Symbols represents experimental results and lines indicates model outcomes.

Table 5
The considered parameters related to simulation of the breakthrough
experiments.

_ by iP; by iP;
G = dmiiq Ty p T I,
AH;

b; =bo; x exp(RT )

COy CH4 unit
AH,; 21 12 kJ/mol
AHz 3.5 5 kJ/mol
bo,1 2.7 x 107 6.6 x 107° 1/Pa
bo2 3x 107° 1.9x 1077 1/Pa
dm1 5 5.2 mol/kg
qm2 4.5 1.3 mol/kg

[45], while its excellent hydrothermal and thermal stability are of in-
terest for many potential applications including heat reallocation. It can
also easily be scaled-up under ambient pressure in water with a cheap
cost production estimation at the industrial scale [36]. Once in shaped
form (granules), it has already demonstrated promising specifications
cornering the related heat pump/chiller applications [45-47] or the
separation of branched alkanes under realistic conditions [48]. In

addition, the study of loading capacity regarding the CO5 and CHy4
adsorption, heat of adsorption, kinetic assessment, and selectivity
showed its excellent capacity for biogas upgrading [40,49].

On these grounds, in the current study, the potential of MIL-160(Al)
sample for separation of CO2/CH4 concerning the biogas application has
been investigated using the PSA process for the first time. To this end,
firstly, the dynamic of fixed-bed adsorption of carbon dioxide and
menthane is accomplished, experimentally, and validated numerically.
Afterwards, a 5-step PSA process is simulated and experimentally vali-
dated for biogas upgrading in a lab-scale set-up. Finally, a PSA process
has been designed to evaluate the capacity of shaped MIL-160(Al) for
biogas upgrading in the industrial scale.

2. Materials and methods
2.1. Materials and instrumentation

The synthesis protocol of MIL-160(Al) has already been described in
[46]. However, here is a summary of main specifications. This adsorbent
has a potential to be synthesized with a promising Space Time Yield
(>160 Kg.day’l.m’s) by helicoidal cis-chains of Al04(OH), octahedra
connected through 2,5-FDCA ligands conducted to the microporous
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Fig. 4. Dynamic fixed-bed adsorption of pseudo binary CO5(50 %)/CH4(50 %) breakthrough experiment over the bed initially saturated with methane, the
desorption/cleaning with pure carbon dioxide, experiment at 313 K and 4.0 bar. (a) partial flowrate (b) molar fraction and (c) temperature history. Symbols rep-

resents experimental results and lines indicates model outcomes.

channels of free aperture of 5-6 A accompanied with isostructural from
the parent CAU-10(Al) [45,46]. Regarding the microporous polar
character of MIL-160(Al), it is highly proper for selective adsorption of
polar molecules for pre-combustion processes including biogas
upgrading while its moderate heat of adsorption enables a low tem-
perature regeneration [45,46]. The shaping of the MOF was ensured by
the wet granulation method, using a 5 wt% silica solution as the binder,
leading to 1-2 mm size granules of a good mechanical stability and little
decrease of pore volume compared to the bare powder. The main
characterizations and textural properties of this adsorbent are reported
in Table 2 [40], also N adsorption—desorption isotherm at 77 K is also
illustrated in Fig. S1 (Supporting Information). Further, carbon dioxide
(99.99 %) and methane (99.95 %) as studied sorbates, as well as helium
(99.999 %) as inert gas employed during the activation step were sup-
plied by Air Liquide.

The dynamic breakthrough experiments and cyclic process were
carried out by a fixed-bed dynamic set-up containing two columns,
which to have the benefits of counter-current flows in the process, only
one was employed in this study. Also, the feed flowrates were measured

by mass flow controllers, while a mass flow meter was employed to
monitor the flowrate at the outlet stream, all supplied by Alicat Scien-
tific. In addition, the compositions of outlet gas from the adsorption
column were continuously recorded using infrared gas analyzer. A
thermocouple was improvised at the middle of column to record the
temperature history during the adsorption process. Further, a back-
pressure regulator was provided by Bronkhorst to control the pressure of
system. A simple schema of this unit is illustrated in Fig. 1. Also, the
main specifications of this experimental unit accompanied with oper-
ating conditions of breakthrough tests are described in Table 3.

2.2. Experimental procedures

In this work, the breakthrough tests and PSA cycles were developed
in the same experimental set-up, which was already discussed. In this
way, the activation procedure of virgin samples was accomplished by
passing a helium flow with a flowrate of 378.5 Nml/min and heating up
the bed with the rate of 1 K/min, up to 423 K, overnight. To perform the
single component breakthrough test, the bed was firstly saturated with
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Fig. 5. The experimental and modeling outcomes of the cyclic steady state
(cycle 12) of developed lab scale PSA process at 318 K and 4.6 bar. (a) pressure
and (b) temperature history. Symbols represents experimental results and lines
indicates model outcomes.

methane, afterwards, the feed (pure carbon dioxide) was infused to the
system, which after getting the equilibrium conditions in the composi-
tion, pressure and temperature, the desorption step was accomplished
by displacing the inlet stream to the CH4. However, to fulfill the pseudo
binary test, the bed was firstly saturated with CHy, then, a stream con-
taining CO» (50 %) / CH4 (50 %) was fed to the adsorption column. It is
noteworthy that in all adsorption—desorption experiments, the flowrate
variations and temperature history were recorded, also an infrared gas
analyser was employed to monitor the compositions at the outlet stream.

In the next phase, the PSA cycles containing five steps were designed
and developed (represented in Fig. 2), at 318 K and 4.6 bar. To this end,
the first cycle of PSA process initiated with pure methane in a counter-
current way as the pressurization step, then the feed step was accom-
plished, afterwards, the rinse step performed using pure carbon dioxide,
followed by blowdown and purge steps. It is worth noting, a pure flow of
methane was counter-currently employed during the purge step to
regenerate the bed. A summary of key operating conditions of developed
PSA unit is reported in Table 4.

3. Mathematical model
Routinely, process design of adsorption technology requires robust

mathematical approaches regarding the equilibrium values. Up to date,
various models have been introduced to describe the adsorption iso-
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therms, which Dual Site Langmuir (DSL) is among the most favorable
ones because of its simplicity and accuracy for process simulation [50].
Accordingly, this model was employed to qualify the adsorption equi-
librium values and developing the simulation of PSA cycles. This
approach is described by Eq-1, where in this model, firstly, the strongest
adsorption sites are filled followed by the weak adsorption energy sites
[50,511, which after getting the equilibrium conditions in both sites, the
constant values (b; and by) can be determined by Van’t Hoff’s equation
(Eq-2) [50].
b P b,P

i = qm m 1
4=y ptAn T p M

that g; is the adsorbed concentration of the component i, g, the satu-
ration adsorbed concentration, P the equilibrium pressure, and b the
adsorption affinity constant, presumed to change with temperature,
according to the Van’t-Hoff relation [50]:

~ (AH

b = b%¥exp (ﬁ) 2)
here, AH is the adsorption heat, R the ideal gas constant and b* is the
adsorption affinity constant at infinite temperature.

Typically, to evaluate the dynamic paradigm of adsorption process,
mathematical modeling is employed containing governor equations
such as mass, energy and momentum balances accompanied with some
auxiliary relations, which they have been discussed by details in Ap-
pendix A (Supporting Information). Further, here is some man as-
sumptions considered during the development of the simulation
procedure:

The ideal gas law was considered for gas phase description.

Mass transfer coefficients were assumed constants and described by

lumped kinetic model.

e Energy pattern was characterized by non-isothermal and no-
conduction model.

e Ergun equation was employed to describe the pressure drop in the
system.

e Langer correlation was considered to describe the axial dispersion

throughout the column [52].

In the next step, the simulation of PSA process was performed by
employing proper boundary conditions, as reported in Table S1 (Sup-
porting Information) coupled with developed dynamic fixed-bed
adsorption model. Additionally, the yield of the PSA process can be
assessed by product purity, recovery, and productivity factors as speci-
fied by Egs. ((3)-(7)) [53].

[V Fen, omdt
CH,purity(%) = (o Fenyouct) x 100 3)

Zj( (;j FCH4 autdt + jg’ FCOz_Du!dt)

Zj( f(;j FCH4.()I([dt) - Zk ( ﬁ;k FCH4.[11dt)

CHyrec(%) = - x 100 4)
Z[( f(;, FCH4.indz)
" F ol dt
COypurity(%) = ,mzm(ﬁ) co: - ) x 100 )
S (Jo" Fettyoudt + [ Feo, oudt)
" Feo, oudt) —  Feo,nd
COsrec(%) = Zm(ﬁ) CO, out l‘) Zm(fo €O, t) < 100 ®)

Zz( fé‘ FCOZ,ind[)
Ej( f(;, FCH4,auldt) - Zk ( f(;k FCH4»’"dt)

e —1p-1) _
CH,productivity (molkg h ) = massofdryadsorbent X foy,

)

Here, 1is the feed, counter-current pressurization, j is the feed, rinse,
k is the purge, counter-current pressurization, and m is the blowdown,
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Table 6
The characteristics of designed industrial PSA process for biogas upgrading.
Unit Value
Bulk bed density kg.m 3 548.90
Particle radius m 1.35 x 10
Bed porosity - 0.487
Bed volume m? 10.61
Bed area m? 1.77

L2=5m

L3=0.5m 1
v

Designed Bed
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Table 7
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The specifications of designed industrial PSA process accompanied with obtained purity, recovery and productivity of methane and carbon dioxide.

PSA variables

PSA steps Temperature (K) Pressure (bar) Flowrate (SLPM) Step time (s) CO>% CH4%
Pressurization 318 1- 40 35,000 230 - 100
Feed 318 4.0 100,000 170 40 60
Rinse 318 4.0 45,000 100 100 0
Blowdown 4.0 - 1.0 0 75 - -
Purge 1.0 - 0.2 8000 340 - 100
Performance of designed industrial PSA
Purity (%) Recovery (%) Productivity (mol kg'Ih’I )
CH, 99.5 66.0 14.09
CO, 76.1 97.0 6.54
flowrate and (3c) temperature history) of CH4-CO5 onto shaped MIL-160
T T T T ¥ T " T x (Al) particles accompanied with prediction/simulation results as well as
" i the temperature history. Also, the considered parameters related to the
simulation of the breakthrough experiments have been presented in
(a) Table 5. As can be observed in Fig. 3a, the column is firstly fully satu-
e Pressurized rated with CHy4 (for 400 s), afterwards, the pure flow of CO; is fed to the
34 e Adsorption bed, which it takes around 225 s, to completely displaced with adsorbed
a e R ins methane. Further, the fast increase in the flowrate (Fig. 3b) corresponds
= e Blowdown to CHy4 that is fed accompanied with displaced adsorbed carbon dioxide.
E 2 s Purge i During the adsorption-desorption processes, in the second step, CO; is
2 adsorbed as long as CHy is desorbed. Regarding the temperature history
o (Fig. 3c), there is a temperature increment related to the adsorption of
carbon dioxide (around 20 K) due to the higher heat of adsorption of CO,
i T comparing with adsorption heat of CH4 (-28.5 and —11 kJ/mol,
respectively). Accordingly, the temperature history of all process is
dominated by adsorption-desorption of CO,. As can be found in Fig. 3,
0 . I r T T . I there is an admissible agreement between the simulation results and
0 200 400 600 800 experimental ones, which demonstrates that the developed model rep-
Time (s) resents a satisfactory potential for predicting the breakthrough
360 . T . ; . ' . ' . outcomes.
] . Fig. 4 represents a pseudo binary experiment of carbon dioxide and
350 4 - methane on the fixed bed adsorption column ((4a) partial flowrate, (4b)
] E molar fraction and (4c) temperature history). One can observe, the
340 4 (b) 5 E simulation results with considered the DSL model can properly describes
9 —Pressurl'zed : the experimental breakthrough assessments. Fig. 4a illustrates a com-
g 330 4 :;fi::rptm“ parison between the CO, and CH,4 flowrates through the adsorption and
@ 1 ] desorption experiments, which truly demonstrates the typical roll-up
g 320 1 :P]?lorw;lown . effect. As can be observed, the molar flowrate of light component
i 5 1 urg ] almost is the double of the inlet molar flowrate due to the displacement
a 3104 with heavy component (CO2). Accordingly, it can be considered as an
= 1 experimental proof of strong competitive adsorption for displacing
309 adsorbed methane molecules with carbon dioxide. Concerning the
299 temperature history (Fig. 4c), as expected, during the pseudo-
experiment of carbon dioxide and methane adsorption there are two
280 ] ' : . : ' : ' : peaks of temperature, unlike what happened in the previous experiment.
0 200 400 600 800 In this particular one, the CO, adsorption continues in the third step.

Time (s)

Fig. 7. The outcomes of developed industrial PSA process at the end of each
step of the cyclic steady state (CSS), at 318 K and 4.0 bar. (a) pressure and (b)
temperature history.

purge. It is worth noting that the developed model for dynamic simu-
lation was solved by the gPROMS platform using a second order
orthogonal collocation over twenty-eight finite elements.

4. Results and discussion

4.1. Breakthrough experiments and simulation

Fig. 3 illustrates breakthrough experiment ((3a) molar fraction, (3b)

Hence, the temperature still increases due to the CO, energy of
adsorption being higher than CHy. Still in Fig. 4c, it can be noted that the
first peak is higher than the second one. It can be explained due to during
the second peak of temperature, CO, adsorbed amount is a little lower
than the amount adsorbed in the previous step. Once again, a proper
agreement among the experimental outcomes (specified by symbols)
and modeling results (specified by lines) are detected in Fig. 4, providing
that the considered model is reliable for designing/developing cyclic
adsorption process. Taking into account the promising results of
experimental and simulation outcomes, a PSA process was designed,
afterwards, validated experimentally regarding the separation of carbon
dioxide and methane (50 %:50 %) to biogas upgrading application.
Finally, to demonstrate the appealing potential of shaped MIL-160(Al)
for large scale applications, an industrial PSA scale has been designed
and investigated, as well.
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Fig. 8. The outcomes of developed industrial PSA process at the end of each step of the cyclic steady state (CSS), at 318 K and 4.0 bar. (a) carbon dioxide molar
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4.2. Lab-scale cyclic adsorption experiment

Relying on the dynamic fixed-bed adsorption outcomes, a cyclic
adsorption process containing five main steps including: counter-current
pressurization, adsorption (feed), rinse, counter-current blowdown, and
purge was designed and experimentally validated for biogas upgrading.
Totally, the experimental outcomes are properly described with the
designed simulation, and of course some incongruity related to the dy-
namic of system. The total time of cycles was around 811 s including
pressurization: 51 s; feed:300 s; rinse: 350 s, blowdown: 50 s and purge:
60 s. More details related to each step are represented in Table 4.

The experimental and simulation outcomes at the end of each step of
the cyclic steady state (CSS) are illustrated in Fig. 5 & 6. As shown in
Fig. 5a, through the pressurization step, the column is pressurized up to
4.5 bar by the pure methane, whereas this pressure is kept in feed
(adsorption) and rinse steps. In the regeneration steps (blowdown and
purge), the pressure is decreased to the atmospheric pressure. However,
regarding to some restrictions related to existing set-up, is not possible to
achieve the vacuum pressure. As can be seen, the experimental and
simulation results demonstrate a good agreement. The temperature
history is also represented in Fig. 5b, which demonstrates around 20 K
temperature oscillation in each cycle. Further, molar fraction of carbon

dioxide and methane accompanied with the total flowrate of the rep-
resented CSS are illustrated in Fig. 6. As shown in Fig. 6a & b, the
dominated tendency of methane and carbon dioxide percentage through
the five steps have been properly predicted by the simulation results.
Accordingly, through the pressurization step, the bed is almost saturated
by countercurrent methane flow and prepared for adsorption step (as
shown in Fig. 6a). During the rinse step, the fraction of COj is increased
for subsequent production regarding the cleaning the bed (as observed
in Fig. 6a), as well as the methane is produced through this step. After
the blowdown, the cycle is warped up by purge step, which through this
phase, a fraction of the produced CHy is counter currently fed to the
column at low pressure to effectively regenerate the bed and making it
possible, getting high purity methane in the next cycle.

4.3. Industrial scale PSA evaluation

To evaluate the capacity of shaped MIL-160(Al) for large scale ap-
plications, in the next attempt, an industrial scale PSA was designed
concerning biogas upgrading. To this end, the designed specifications
were considered based on details described by [17,54]. Accordingly, the
considered characterization of the current study is reported in Table 6.
To achieve the highest possible purity, a PSA process with 5 different
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designed industrial PSA process throughout all process (50 cycles).

on

steps including: pressurization, feed (adsorption), rinse, blowdown, and
purge was considered, which the detailed description of designed PSA is
represented in Table 7. The process was assumed as a non-adiabatic,
non-isotherm system, which the feed with 50 %CO»-50 %CH,4 was fed
to the column at 318 K to pass through 4 bar (in pressurization step) to
0.2 bar (in purge step). Further, the total duration of each cycle was 915
s, including pressurization step: 230 s; feed (adsorption) step: 170 s;
rinse step: 100 s; blowdown step: 75 s; purge step 340 s. The simulation
was developed for total number of 50 cycles, while after around 20
cycles the CSS emerged in the process.

Fig. 7 represents the pressure and temperature history at the end of
each step of a CSS. The bed is firstly prepared by feeding a pure flow of
CH4 co-currently, till 4 bar, as displayed in Fig. 7a, which the methane
adsorption results in temperature increment, as shown in Fig. 7b.
Throughout the adsorption step, due to the carbon dioxide adsorption, a
temperature peak is observed. The temperature enhancement continues
during the rinse step, even more, related to pure adsorption of COj,
while during the desorption steps (blowdown and purge), the pressure
and temperature reduce, remarkably. Fig. 8, also illustrates, the carbon
dioxide and methane behaviour at the end of each step of a CSS.
Accordingly, the methane stream is fed to the bed during the pressuri-
zation step, which contributes to a bed almost only containing CHy, that
is ready for adsorption step (as exhibited in Fig. 8a&b). However, a rinse
step (as a pure flow of CO2) is considered to regenerate the bed and
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enhance the CO, molar fraction for next production. Accordingly, when
the rinse step come to end, the bed is almost fully saturated with CO,.
Accordingly, all over the regeneration steps, the CO5 concentration de-
creases and CH4 enhances, hence, this orientation is more significant
through the purge step, which in this step, a pure flow of CH, is counter
currently fed to the column, as shown in Fig. 8a & b, until reaching the
vacuum pressure at 0.2 bar, as specified in Fig. 7a, that prepares it for
the next cycle. The performance of the developed process, calculated
based on Egs: 3-7, is illustrated in Fig. 9. As can be detected in Fig. 9a, in
this process, the CH4 is produced by the purity of 99.5 %, while the
purity of CO5 is around 76 %. Further, the recovery of CH4 and CO5 are
around 66 % and 97 %, respectively. It is worth noting that the CSS
cycles of designed process is represented in Appendix B (Supporting
Information). As an evaluation, the potential of MIL-160(Al) for biogas
upgrading has been compared with other benchmark adsorbents in
Table 8. Accordingly, concerning the attractive characteristics of MIL-
160(Al) including shaping in an easy way, stability, and cost
[36,45,46], it represents a very competitive potential for industrial scale
biogas upgrading. However, the challenge of biogas upgrading under the
wet operating conditions or considering other impurities such as HsS in
the feed can be investigated as future studies.

5. Conclusions

The shaped form of the bioderived Al dicarboxylate MIL-160(Al)
MOF was successfully investigated for separation of carbon dioxide
and methane concerning the biogas upgrading application using a PSA
process. This sample is known for water stability and being synthesized
with a rational cost in a sustainable way. The fixed-bed breakthrough
tests were developed as single and pseudo binary experiments at 313 K
and 4.0 bar. The dynamic adsorption equilibrium outcomes were
modelled using the Dual-Site Langmuir accompanied with a set of mass,
energy, momentum balances as well as auxiliary relations. The break-
through results proved the potential of considered model for predicting
and developing the PSA process. Accordingly, a lab-scale PSA process
with 5-steps demonstrated the well potential of MIL-160(Al) for biogas
upgrading. Afterwards, a PSA process was designed in the industrial-
scale considering a mixture of 40 %-60 % CO2:CH,4 at 318 K and 4
bar. The designed PSA illustrated the purity and recovery of methane
around by 99 % and 66 %, also in the case of carbon dioxide around 76
% and 97 %, respectively. The outcomes of this work indicated the su-
perb capacity of MIL-160(Al) for biogas upgrading concerning its
unparalleled specifications such as adsorption performance, synthesized
cost, easy shaping, and stability comparing with other sorbents.
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Table 8
A comparison between the potential of some of the benchmark adsorbents for biogas upgrading using PSA process.
Adsorbent Process Feed Operating conditions PSA Performance Cycle Productivity =~ Description Ref
description specification Temperature Pressure CH4 CH, time (s) (mol/kg.h)
X) range (bar) purity recovery
(%) (%)
Zeolite 13X 2-bed, 6-step 67:33 % CHy- 323 1-4.0 99.84 83.16 850 5.43 Simulation and [55]
CO, experiments in lab scale
Zeolite 13X 2-bed, 6-step 67:33 % CHy4- 323 0.3-8.0 98.60 77.50 NA NA Simulation and [56]
CO, experiments in bench
scale
Zeolite 13X 2-bed, 8-step 64:35:0.01 % 298 0.3-4.0 95.47 91.27 850 NA Simulation and [57]
CH4-CO,-H,S experiments in lab scale
Zeolite 2-bed, 4-step 58:42 % CHy4- 303 0.1-1.5 99.28 85.94 336 15.58 Simulation and [58]
NaUSY CO, experiments in bench
scale
Zeolite 5 A 4-bed, 6-step 60:40 % CHj4- NA 0.2-6.0 98.90 83.90 760 NA Simulation in bench [59]
CO, scale
Zeolite 3-bed, 9-step 50:50 % CHy- 313 0.1-2.0 99.40 96.90 NA NA Simulation and [60]
NaUSY CO, experiments in lab scale
Silica gel 4-bed, 9-step 55:45 % CHy- NA 0.1-4.0 99.56 56.95 NA NA Simulation and [61]
CO, experiments in bench
scale
Silica gel 2-bed, 4-step 55:45 % CH4- 303 1-4.0 97.17 87.26 228 NA Simulation and [62]
CO, experiments in lab scale
CMS KP 2-bed, 6-step 60:40 % CHy4- 303 0.1-5.0 99.36 83.80 NA 3.46 Simulation and [63]
407 CO, experiments in bench
scale
CMS KP 3-bed, 9-step 60:40 % CHy4- 303 0.1-5.0 98.40 92.10 NA 2.56 Simulation and [63]
407 CO, experiments in bench
scale
CMS 3 K 2-bed, 6-step 55:45 % CHy- 308 0.5-6.5 92.08 81.63 560 NA Simulation in lab scale [64]
CO,
CMS 3-bed, 6-step 55:45 % CHy4- 303 0.1-4.0 98.03 83.17 NA NA Simulation and [65]
CO, experiments in lab scale
CMS-FB 4-bed, 7-step 54.9:45.1 % 298 0.21-4.05 99.60 67.30 1200 NA Simulation and [66]
CH4-CO, experiments in bench
scale
Spent 2-bed, 4-step 68:32 % CHy4- 300 1-2.0 97.00 95.43 NA NA Simulation and [67]
coffee CO, experiments in lab scale
Pine 1-bed, 4-step 50:50 % CHy4- 303 1-3.0 96.5 58.5 1680 3.9 Simulation and [68]
sawdust CO, experiments in lab scale
AC
MIL-160 1-bed, 5-step 60:40 % CHy4- 318 1-4.0 99.5 66.0 915 14.09 Simulation in industrial ~ This
(AD CO, scale, validated by lab work
experiments
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