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Abstract

Nowadays, power generation and carbon-intensive industries (steel plants, cement plants, lime ...) are responsible for around 50%
of anthropogenic CO2 emissions to Earth’s atmosphere that mainly contributes to global warming. So, the reduction of CO2
emissions from industries is crucial. Absorption-regeneration amine-based process, the benchmark solution, suffers from high
energy penalties that leads adsorption process a promising alternative thanks to improvement of process design and development
of new materials. Among these materials, MOFs appears as very promising material for both gas separation and purification. In
the present work, the performance of the MIL-160(Al) produce at large scale were evaluated by adsorption isotherm measurements
and breakthrough curve experiment. A modelling procedure was applied to both experiments to determine the CO2 and N2
adsorption isotherm parameters and kinetic parameters on the adsorbent. The parameters obtained were used to simulate a VPSA
process at an industrial scale (100 Nm3/h of flue gas, 15% of CO2) to evaluate the process performance of MIL-160(Al). Two
different configurations were simulated for this study: a 2-stage VPSA process with 2 columns using 5 steps, and a 1-stage VPSA
process with 3 columns and 6 steps. These configurations have been investigated and optimized to reach the targets of such a
process: CO: purity of 95% and recovery of 90% with the lowest energy consumption and highest productivity. After a first
optimization of these processes based on a design of experiments, the targets are close for the 2-stage VPSA process and reached
for the 3bed-6step cycle. This last cycle can be optimized to promote energy consumption (393.1 kJ/kgco2) or productivity (0.1877
kgcoz/(kgadgs.n)). These results confirm the promising potential of this adsorbent for the use at an industrial scale.

Keywords: CO, capture; VPSA; MOF; Process optimisation; Parametric study; Pilot unit

Nomenclature

bo Affinity constant [bar?]

Ci Concentration of compound i in gas phase [mol.m™]
Cug Volumetric heat capacity of the gas [J.kg™t.K]

Cus Volumetric heat capacity of the solid [J.kg™2.K™?]

Di,i Axial dispersion coefficient for compound i [m2.s]
dp Diameter of the adsorbent [m]

&b Porosity of the adsorption bed [/]

n Efficiency of compressor/vacuum pump [/]

Y Ratio of heat capacity [/]
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AH Heat of adsorption [J.mol?]

h Overall heat transfer coefficient between solid and gas [W.m2.K™]
hw Heat transfer coefficient between gas and wall [W.m2.K]

kipri  Mass transfer coefficient of the compound i [s]

Ay Thermal conductivity of the gas [W.m™.K™]

hs Thermal conductivity of the solid [W.m2.K?]

P Power [W]

Pr Prandlt Number (=, Cp g/24)

p Pressure [bar]

Q Flowrate [mol.s™]

[N Average amount adsorbed of compound i in the pellet [mmol.g]
q Average amount adsorbed of compound i in the pellet at equilibrium [mmol.g]

Omax Maximum adsorbed amount [mmol.g™!]
Re Reynolds Number (=p,vod,/1tg)

Mg Dynamic viscosity of the gas [Pa.s]
R Perfect gas constant [J.mol"2.K]
Py Density of the gas [kg.m"~]

T Temperature [K]

Ty Temperature of the gas phase [K]
Ts Temperature of the solid phase [K]
Tw Temperature of the walls [K]

t Time [s]

% Interstitial velocity [m/s]

Vo Superficial velocity [m/s]

z Axial distance in the adsorption bed [m]

1. Introduction

Since the Industrial Revolution, human activities have led to a rapid change of the climate, mainly due to the release
of greenhouse gas in the atmosphere. Among these gases, CO; is the main contributor to global warming, and the
emissions of this gas should be reduced to limit global warming to 1.5 °C above pre-industrial levels, as stated in the
Paris Agreement. This objective can be achieved by a reduction of 50% of the anthropogenic CO; emissions (20
GtCO2/yr) in 2035 and the net zero emission in 2055 followed by negative net emissions, according to the scenarios
of the IPCC [1][2]. In 2019, the global CO emission was about 43.05 + 3.3 GtCO2 with 85% from fossil emissions.
Carbon dioxide emissions come from different sources in varying quantities and concentrations. Nowadays, power
generation and carbon-intensive industries (steel plants, cement plants, lime plant, ...) are responsible for around 50%
of CO; emissions [3][4].

Focusing on the industrial sector, several solutions can be used to reduce the CO, emissions: increasing the
renewable energies share, fuel switching from solid or liquid to gas, process efficiency improvement ... Nevertheless,
during this transition, an efficient solution to reduce the CO emissions while using fossil fuels, is to capture the CO;
before it is released into the atmosphere. Capture processes are particularly interesting for reducing emissions from
certain sources that cannot work without fossil fuels, such as certain industrial sectors where the temperatures to be
reached are very high (> 1000°C) and for which electric heating is not possible. In addition, a part of the CO, emitted
from several industrial processes is unavoidable (such as decarbonation phase in cement plant or lime plant) even if
the energy required comes from a renewable source. According to International Energy Agency projections, 17% of
the carbon dioxide emissions reduction should be done by Carbone Capture and Storage (CCS) by 2035 [2][5][6][7].

Different processes for capturing the CO, from industrial sources can be found in the literature such as the pre-
combustion or the oxy-combustion capture. Capture by post-combustion is currently the configuration which is the
most widely studied and considered. In this configuration the CO- is captured at the end of a process before the flue
gases are released into the atmosphere. This process is the most easily implemented on an existing installation
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compared to the two other processes [7][8][9]. Among the gas separation techniques, the most well-established and
understood technology is the post-combustion chemical absorption in solvents which are generally aqueous
alkanolamine such as monoethanolamine (MEA) and N-methyldiethanolamine (MDEA). Carbon dioxide capture in
amines can achieve a recovery rate of 90% with the purity of the CO; stream equal to 95-98%. Carbon capture by
chemical absorption is already applied at commercial level, but the energy consumption of these units is not really
communicated. At a lower scale, the best pilot plants use around 2.3-2.4MJ/kgCO; (URCASOL™ solvent) [7][10]
[11][12]. Several drawbacks are associated to the chemical absorption with amines. The solvents are generally
unstable at high temperature leading to the decomposition of the amines and a decrease in performance over time.
Moreover, amine solutions are corrosive and sensitive to contaminants such as SOz, NOx or O,. Amine loss by aerosols
and degradation products are also problematic in these processes due to their environmental hazards and toxicity.
Nevertheless, the high energy consumption required for the solvent regeneration remains the main reason for the
search of alternative capture technology [7][10][13]. In addition some industries that are not Seveso sites do not wish
to become Seveso sites (Directive 96/82/EC) for the use and storage of amines.

Among the other technologies, adsorption processes are a promising alternative to amines solvents, allowing to
decrease the energy penalty, cost, and environmental impact. Adsorption is already used in applications such as
petrochemical, air separation or hydrogen purification and can be used for the separation of CO; in post-combustion
[71[14][15]. Performance of adsorption processes is directly related to the material used. For post-combustion process,
zeolites which are porous aluminosilicate materials show good CO- capacity and selectivity at low pressure and
temperature making them suitable for capture processes. Nevertheless, zeolites are sensible to water due to their
hydrophilic nature, reducing their capacity and active surface area [10][16].

A promising class of adsorbent material is the Metal Organic Frameworks (MOFs) due to their high surface areas
and void volume, high porosity, finely tunable pore surface properties and industrial scalability. MOFs consist in a
central metal atom (or cluster of atoms containing a metal) where organic ligands are linked by coordinate bonds to
form a one, two or three-dimensional network. The large number of MOFs that can be synthesized has led to numerous
research in the context of CO; capture to find materials which exhibit a high selectivity for CO2, high CO; capacity,
minimal energy penalties for regeneration, and a good chemical and mechanical stability [8][10]. The choice of the
regeneration method is made based on economic and technical considerations. Thermal swing adsorption (TSA)
allows the use of a cheap steam source or waste heat making this method attractive. However, TSA processes suffer
from the long time needed to heating and cooling the bed, making it impossible for fast cycle. Therefore, the amount
of adsorbent needed for a TSA process (and thus the investment costs) is higher than in pressure swing adsorption
processes (PSA) which are more suitable for rapid cycling. The main drawback of PSA process is the mechanical
energy required for modifying the pressure, being more expensive than the thermal energy. As a rule of thumb, PSA
process is preferred when the most adsorbed compound as a concentration higher than a few per cent in the feed gas.
An alternative configuration to the PSA process is the vacuum pressure swing adsorption (VPSA) process by
regenerating the adsorbent under vacuum. This configuration allows to reduce the energy consumption of the process
compared to a classical PSA [16][17].

In this context, the H2020-MOF4AIR project (https://www.mof4air.eu/) aims to develop and promote the use of
MOFs for CO, capture in energy and industrial sectors. The project started in July 2019 and was initially planned to
last 4 years. 14 partners are involved in the project, to develop the process of CO, capture with MOFs from the material
synthesis to an industrial pilot scale. Several MOFs have been studied to be used in a VPSA process. MIL-160(Al)
[18][19] have been selected after several experimental measurements at small scale proving its capacity to keep CO»
capture properties in real conditions (presence of impurities as water, NOx, SO,).

In this work, the performance of MIL-160(Al) produces at large scale have been evaluated by CO; and N pure
component adsorption isotherms and breakthrough curve measurements with CO2/N, (15/85) mixture. All the
measurements carried out on the material (adsorption isotherms, breakthrough curves) were used to validate the model
used for the simulation of the industrial unit. A complete simulation of VPSA process using the Linear Driving Force
(LDF) model and ideal adsorbed solution theory (IAST) was performed on Aspen Adsorption® software to evaluate
the performances of a VPSA process with MIL-160(Al) on an industrial scale (100 Nm3/h of flue gas). The flue gas
specification used in the simulation (15% CO,, 85% N, dry) is representative of the flue gases (after dust removal
unit, De-SOx and De-NOy unit, and dehumidifying) coming from a fluid catalytic cracking (FCC) system in
Technology Centre Mongstad pilot plant which is a demonstration site of the MOF4AIR project. Several
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configurations with different numbers of columns and beds can be used in a VPSA cycle. The simplest configuration
is a two columns configuration using the Skarstrom cycle [20]. Nevertheless, two successive units are required to
reach the targets of recovery and purity. To increase the performance and reach the targets with a single unit, the 3
columns processes can be used. Several configurations exist with three adsorption bed such as the 3bed-5step cycle
[21] or 3bed-7step cycle [22]. The 3bed-6step cycle was selected for this study. This cycle has been reported to show
promising results for CO; capture, allowing to potentially meet the targets of purity and recovery [23][24]. Therefore,
in this work, the 2bed-5step configuration, and the 3bed-6step have been investigated and optimized to study the
influence of some variables and reach the targets of such a process: CO, purity of 95% and recovery of 90% with the
lowest energy consumption.

2. Materials and methods
2.1. Experimental measurements

2.1.1. Materials

The material studied in this work is the MIL-160(Al) (Formula: Al(OH)(0O,C-C4H.0-CQ2)) which is composed
of an inorganic aluminum chain linked via five-membered ring 2,5 furan di-carboxylate ligand, forming helical chains,
and pore size between 4 and 6 A. This MOF has interacting sites for CO, (or H,0) molecules which provides a good
selectivity of CO, over Na. This material is stable under water condition and has also been reported to be resistant to
SO, where adsorption occurs for this compound with a higher selectivity than CO,. The stability against H2S is not
fully known but molecular simulations tend to show that this adsorbent is not stable against this compound requiring
pretreatments [18][19][25][26].

The MIL-160(Al) was provided by IMAP (Institut des Matérieux Poreux de Paris) and is shaped with 3% of
polyvinyl butyral (PVB) as binder by wet granulation following the method described by the reference [27]. The
materials obtained have a spherical shape with diameters varying between 1.4 and 2.5 mm. The BET surface of this
shaped MOF is equal to 1130-1140 m#/g.

2.1.2. Gases
Carbon dioxide, nitrogen and helium were provided by Air Liquide Belgium with a purity of 99.999%.

2.1.3. Adsorption isotherms

Adsorption isotherm measurements for CO2 and N2 were performed by gravimetric techniques with a built in-house
apparatus around a high-pressure magnetic suspension balance marketed by Rubotherm after in-situ outgassing
overnight at 150° the column overnight at 150° under secondary vacuum. The system allows measurements of an
adsorbent sample (around 1 g) in a pressure range of 0-150 bar and in a temperature range of 233.15-403.15 K. More
details about the installation and the methodology can be found in literature [28].

Adsorption isotherms were measured at three temperatures (20°C, 30°C and 40°C) to consider the temperature
dependency in the modelling. The CO, adsorption isotherms were measured between 0.01 and 1 bar, and N adsorption
isotherms between 0.1 and 50 bar. This wide range of pressure allows to use the IAST were the computation of the
adsorbed amount at lower pressure than the actual pressure for the most adsorbed compound, and at higher pressure
for the less adsorbed is necessary [29][30].

2.1.4. Breakthrough curves

The experimental set-up for CO»/N; breakthrough curve measurements is represented in Figure 1. It is composed
of a metallic column (height: 50 cm; diameter: 2.17 cm; volume: 180cm?3) containing the adsorbent surrounded by a
jacket in order to set the column temperature to a set point value, with a water bath. The gas mixture is generated using
2 mass flow controllers [D1 and D2] (Brooks Instrument: CO,: 0-1 NL/min and N»: 0-10 NL/min) and analyzed
continuously by a mass spectrometer [MS] (InProcess Instruments — GAM 200 with a mass range from 1 to 200 amu).
The mass spectrometer is calibrated before each set of measurements. A back-pressure controller [BP] (Brooks
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Instrument) allows to set the pressure and to keep it constant in the column and a vacuum pump is used to regenerate
the adsorbent under vacuum. There are 3 thermocouples inside the column (at 2, 22 and 42 cm from the inlet) to record
the temperature.

The experimental method is as follows: The adsorbent is placed in the column and regenerated under vacuum by
heating the column overnight at 150°C. The column is then pressurized with nitrogen until equilibrium is reached
(constant temperature in the column). After pressurization, the CO2/N, mixture is generated and analyzed with the
mass spectrometer before the adsorption measurement. The mixture is then sent to the column to perform the
breakthrough curve measurement. During the experiment, the pressure, temperatures, flow rates and CO;

concentration are recorded.
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Fig. 1. Experimental set-up for CO,/N, breakthrough curve measurements.
2.1.5. Vacuum pressure swing adsorption processes

2.1.5.1. Indicators and targets
Several indicators exist to evaluate the performance of an adsorption cycle. Four main indicators are:

e Recovery: Quantity of CO- retrieved in the product stream divided by the quantity of CO; in the feed
stream for one cycle.

e  Purity: Average composition in CO; of the product stream for one cycle.

e  Productivity: Amount of CO; captured by grams of adsorbents used in the process and by hours.

e Energy consumption: Energy needed to capture one gram of CO.. This indicator is more complex since it
depends on the performance of the compressor and/or vacuum pump used. Moreover, there are different
models which can be used to determine the energy consumption of a pump. The simplest model is an
adiabatic and reversible compression. The compression power needed in this case is given by equation 1.
By dividing the power required by the amount of CO; retrieved during one cycle, we obtain the energy

consumption for the capture of one kilogram.
y-1

T [(’;’:—9;)7 - 1] 0

The expected performances of a CO, capture unit are a recovery of 90% and a purity of 95% to compete with amine
solvents. The energy consumption should be as low as possible to reduce the operating cost while the productivity
should be as high as possible to reduce the investment cost [31].
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M
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2.1.5.2. 2-bed 5-step
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The carbon capture with a two-bed configuration is based on a Skarstrom cycle [20] with an additional pressure
equalization step for increasing the efficiency of the process and reduce the energy consumption [17]. In this
configuration, two successive units are required to approach the targets of a CO; capture process [32][33]. The five
steps of the cycle are as follows and represented in Figure 2;

e Adsorption: The flue gas is sent to the adsorption bed. The CO; is retained (adsorbed to the solid surface)
and the stream at the outlet of the bed contains almost no CO2. During the adsorption step, the amount of
CO; adsorbed increases, and the concentration of CO; at the outlet can increase when the bed begins to
breakthrough.

e Equalization: To reduce the energy consumption of the compressor or vacuum pump, a step of pressure
equalization is made between the adsorption and blowdown. The bed in adsorption and the second bed in
blowdown are connected to equalize the pressure and then reduce the work of compression and vacuum.

o Blowdown: The bed filled with CO; adsorbed is regenerated with a decrease of pressure during the
blowdown step. The top of the bed is closed, and a vacuum pump connected to the bottom decreases the
pressure and collect the CO, which is desorbed at low pressure.

e Purge: This step is intended to flush the gas (rich in CO) at the end of the blowdown with the gas leaving
the adsorption bed (rich in N>) to increase the recovery of carbon dioxide.

e  Pressurization: After the blowdown step at low pressure and before the adsorption step at high pressure,
a pressurization step is needed to increase the pressure inside the bed. This step should be as fast as

possible.
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Fig. 2. Pressure levels and representation of each step for the 2-bed 5-step process

The time of each step is not independent the sum of the time of pressurization and adsorption are equal to the sum
of the time of blowdown and purge. Since the bed is not working during the pressurization and equalization steps,
theses last must be as fast as possible.

2.1.5.3. 3-bed 6-step

The three-bed VPSA cycle with 6-step [24] aims to reach the targets of a CO, capture process with only 3 columns
and a low energy consumption. The pressure levels of a bed during the cycle are represented in Figure 3. A new step
called “light blowdown” is used to decrease the bed pressure to an intermediate pressure, the stream recovered during
this step is not collected and sent to the atmosphere. The purpose of this step is to remove the nitrogen from the column
without desorbing the CO..
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A special characteristic of this cycle is the synchronisation of the purge and rinse steps. As represented in Figure
3, a part of the nitrogen stream retrieved from the adsorption step is used for the purge of a second bed. The stream
recovered from the purge is then directly used for the rinse of the third bed after recompression. The aim of the rinse
step is to flush the nitrogen at the end of the adsorption step with a CO,-rich stream to increase the overall purity of
the recovered CO2. The pressurization step is also slightly different, using nitrogen from one bed in adsorption to
increase the pressure of a second bed instead of flue gas.

Pressure
h

GOy + Ny 1 i 1 ; H O, + Ny

Light Pressu-
o Blowdown Purge

Adsorption Rinse .
Blowdown rization

Fig. 3. Pressure levels and representation of each step for the 3-bed 6-step process

Step Bed 1 Bed 2 Bed 3
Purge Rinse
1 Adsorption . Light Blowdown
Pressurization
Blowdown
2 Rinse Purge
3 Light Blowdown Adsorption o
Pressurization
4 Blowdown
5 Purge Rinse
Light Blowdown Adsorption
6 Pressurization g P
Blowdown

Fig. 4. State of the three beds during one cycle of 3-bed 6-step process.

From the Figure 4, a relationship between the steps can be made. The adsorption time is equal to the sum of the
pressurization and purge times. Moreover, the purge and the rinse have the same duration since they are synchronous.
The last relationship is the link between the pressurization time and the sum of the two blowdown steps.

2.2. Modelling

A modelling work was performed to determine equilibrium and kinetic parameters from adsorption isotherm
measurements and breakthrough curve measurements, respectively. In second a second step, the parameters will be
used for the modelling of a vacuum pressure swing adsorption process. This process modelling will allow to study the
influence of different operating parameters, and to determine the optimum operating conditions for CO capture.

2.2.1. Adsorption isotherms
Data obtained from adsorption isotherm measurements were modeled with a Langmuir model (equation 2) with a

temperature dependency [34]. The parameters of the model were obtained with a fitting of the data with a nonlinear
least-squares solver in Matlab©(Isgnonlin) using the trust region reflective algorithm. The algorithm searches the
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minimum of the cost function describe by the sum of squared differences between measured adsorbed amount and
modeled adsorbed amount with the parameters to be identified. In addition, a multistart procedure was used to perform
the identification procedure with several initial conditions in order to avoid local minima. The 95% confidence
intervals of parameters were determined by the Jacobian matrix provided by the solver. The results of the fitting were
evaluated with the R-squared (equation 3) and the normalized root mean square deviation (NRMSD, equation 4) [35].

bo exp(#)p

=y @

R2 = Xi (qupl ‘ImodEll) (3)
Z (‘Iexpz qmean)

qd = Qmax

1+bg exp(

i (qexp,i‘qmodel,i)2
n

NRMSD =

(4)

dmean

2.2.2. Breakthrough curves

Breakthrough curves were modelled in Aspen Adsorption© V11 software to fit the experimental data and determine
the kinetic parameters of adsorption. The adsorption bed is divided into 100 axial nodes for the resolution of the mass,
momentum, and thermal balance across the bed. The assumptions for the modelling are:

IAST is used for the co-adsorption prediction [28].

The flow through the bed is represented by the axial dispersed plug flow model (equation 5) [36].
The gas phase is represented with the Redlich-Kwong equation of state.[37]
Ergun equation is used for the momentum balance (equation 6) [38].
Linear driving force with a constant coefficient (no temperature dependency) is used for the mass transfer
resistance (equation 7) [39].
The column is non-isothermal with solid and gas conduction in the column and through the wall (equations
8and 9). The external jacket is considered. The heat transfer coefficient between solid and gas is estimated
by the Chilton-Colburn analogy [40] (equation 10), the external heat transfer coefficient is estimated with
the Dittus-Boelter correlation [41][42] (equation 11) and the gas to wall heat transfer coefficient by Dixon
model [43].
92 cl 6(vcl) 1-£p\ 0q; __
_DL‘ t oo +at+(sb)at_0 ®)
_dp _ 150;49(1 eb)z 1.75(1-p)pg 5
dz ~  &}d? 0 eldyp Yo ©)
aq, —
&= kepr; (@7 — @) )
Ay U T (1) ()0 _ (1) ()20 _thy
Cog 622 tv + at + ( &p ) Cog) 0t ( &p ) Cug) 0t  epdpCyg (Tg Tw) )
6TS aq
Cos 5o = (T T,) + (—AH) * ©
Nu=2+ 1.1 Pri/3Re0® (10)
Nu = 0.023 Pr%3Re® (11)

The identification of the linear driving force coefficients for CO, and N, and thermal conductivity of the adsorbent
was made by minimization of the sum of squared differences with the surrogate optimization algorithm (surrogateopt)
in Matlab (between measured and modelled breakthrough curves). The concentration profile and the thermal profile

obtained

with the three temperature sensors of the adsorption bed were used for the identification procedure.

2.2.3. Vacuum pressure swing adsorption process
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The two vacuum pressure swing adsorption cycles presented in Section 2.1.5 were modelled in Aspen Adsorption©
V11 software with the same assumptions as the breakthrough curve modelling. The system studied is a CO, capture
unit treating L00Nm3/h of a CO2/N2 mixture with 15% of CO, at 25°C. Several parameters were studied with a design
of experiments to study their influence on the four indicators presented in Section 2.1.5.1 [44]. Each simulation was
performed until the cyclic steady state was reached. Unlike the breakthrough curve, the simulated industrial column
does not have a double jacket. Classical correlations of heat transfer in free convection were used [41][42].

For both cycles, the volume of the bed (20 to 120 L for the 2 columns cycle and 20 to 140 L for the 3 columns
cycle), the length to diameter ratio (2 to 8), the adsorption pressure (1.1 to 2 bar) and the blowdown pressure (0.5 to
0.1 bar) were studied. For the 2bed-5step cycle, the adsorption time (30 to 200 s), purge time (10 to 190 s) and purge
flow rate (20 to 80 Nm?3/h) were studied in addition to the parameters above. For the 3bed-6step, the adsorption time
(30 to 200 s), the purge time (10 to 190 s), the light blowdown time (10 to 190 s), the purge flow rate (20 to 80 Nm?3/h),
and the intermediate pressure (0.2 to 1.9 bar) were investigated.

3. Results and discussions
3.1. Adsorption isotherms

The adsorption isotherms obtained for CO; and N at 20, 30 and 40°C are represented in Figure 5. The working
capacity which is the difference between the partial pressure of CO; during adsorption and desorption can be computed

from the experimental data. By taking an adsorption pressure of 1.1 bar and a blowdown pressure of 0.1 bar with a
concentration of CO; of 15% at 30°C, the working capacity obtained is equal to 0.87 mmol/g of CO..

(@) (b)
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- X 40°C X 40°C
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Pressure [bar] Pressure [bar]

Fig. 5. Adsorption isotherms obtained for CO, (a) and N, (b) at three different temperatures (marks = experimental data, plain lines = modelling).

A Langmuir model with a temperature dependency was fitted to the experimental data with the procedure explained
in the section 2.2.1. The parameters obtained in addition to the confidence intervals at 95% are given in the Table 1.
The resulting model is also represented in Figure 5 by the solid lines. The model shows a good fitting, giving a value
of R2 equal to 99.88% for CO; and 99.95% for N». The values of NRMSD obtained are equal to 0.58% for CO; and
equal to 0.35% for N..

Selectivity of the MIL-160(Al) can be computed with the Langmuir model by using the IAST Taking the operating
conditions of the adsorption bed (1.1 bar, 30°C, 15% CO,), the selectivity for CO; is equal to 36.7, showing a good
affinity for CO, over nitrogen.
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Table 1. Parameters obtained for Langmuir model with the experimental data.

Parameters CO; N>

Qmax [Mmol.g™] 6.33 £0.15 4.85+0.05

bo [bar] 1.28e-5 + 4.42e-6 1.89e-5 + 4.49¢-6
AH [J.mol. K] -28930 + 930 -19640 + 620

3.2. Breakthrough curve

Breakthrough curve was measured with the apparatus described in section 2.1.2 with 95.17g of adsorbent. The
experiment was performed with a flow rate of 11.9 NL/h and a CO, molar fraction of 14.95%. The experimental
results obtained are represented in Figure 6. In addition, the breakthrough curves obtained were shown to be
reproducible.

The breakthrough curve was simulated as described in section 2.2.2 to determine the mass transfer coefficients in
addition to the thermal conductivity of the adsorbent. The results of the fitting are shown in Figure 5 by the dashed
line. In addition, the Rz and NRMSD obtained for each curve are given in the Table 2. The fitting obtained has an
excellent value for the breakthrough curve, and acceptable values for thermal profile, showing an overall good fitting
of the experimental data. The parameters obtained from the fitting procedure are given in the Table 3.
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Fig. 6. Breakthrough curve (a) and thermal profile (b) obtained from breakthrough curve experiment and modelling (marks = experimental data,
dashed lines = modelling results).

Table 2. R2and NRMSD obtained for breakthrough curve fitting

R? NRMSD
Breakthrough curve 99.9% 1.55%
Top temperature 71.6% 4.06%
Middle temperature 88.8% 1.38%

Bottom temperature 95.7% 0.73%
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Table 3. Parameter obtained from the fitting of breakthrough curves experiment

Parameters

Value

kipr CO; [s]
Kior N2 [s™]
A [W.mKY]

0.35
0.03
0.13

3.3. Vacuum pressure swing adsorption process

3.3.1. 2-bed 5-step

1

The parameters listed in section 2.2.5 were studied by a design of experiments. 84 simulations were performed,
and the results were fitted to a response surface. The response surface is in accordance with the results obtained from

the simulation, showing a R2 of 97% for purity and energy consumption, and 96% for recovery and productivity.

The Figure 7 shows two pareto plots obtained from the response surface for two levels of adsorption pressure (1.1
and 2 bar), and different volumes of the adsorption bed (20 to 120 L). For both plots, the increase of volume shows
an increase of purity for a given recovery until 80 L. For the 1.1 bar plot, the 80 L and 100 L curves are merged
showing that an increase in volume no longer increases the performance of the cycle. Moreover, the 120 L curve is
below the 100 L curve, indicating a decrease in performance. This suggests that there is an optimum volume beyond
which the maximum purity reachable decrease for a given recovery. For the 2 bar plot, the same behavior is observed
with a merge of the 80,100 and 120 L curves. The 100 L curve is slightly above the 80 and 120 L curve for recovery
lower than 90%. The increase of pressure seems to increase the purity for a given recovery. A difference of +- 5% of
purity increase by increasing the pressure from 1.1 to 2 bar is observed. Nevertheless, this increase of pressure has a
detrimental effect on the energy consumption of the VPSA cycle.

Purity

Fig. 7. Purity versus recovery obtained for different volumes of individual adsorption bed at two different adsorption pressure.
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The results obtained doesn’t allow to reach the desired performance of a CO; capture process. The 2bed-5step can
reach high recovery, but the purity obtained at high recovery are significantly below the target of 95%. To reach this
value, a second stage of a 2bed-5step VPSA was studied with the same methodology as the first unit. 106 additional
simulations were performed and fitted to a response surface to study the second unit. The fittings obtained are good
showing a R2 of 95% for purity and recovery, 93% for productivity and 96% for energy consumption.

1007 © * 8 v

* O
o KOV
L o ¥
95 o
2]
Ll o
OVVE*D*O*Q
90 r 0y o %0

Purity

85r 0o v
o 4
o hd

80T o,
o
o v=20L 2
|| * v=a0L KN
75T o v=eoL %,
v v=soL %,
o v=100L 0y

70 . . .
30 40 50 60 70 80 90 100

Recovery
Fig. 8. Purity versus recovery obtained for different volumes of individual adsorption bed for the second unit of the 2bed-5step cycle.

Figure 8 gives the pareto plot of the recovery and purity obtained with different volumes of the second unit. This
pareto plot was obtained by optimizing the parameters of the first unit for a fixed bed volume of 80 L, and the
parameters of the second. The high pressure of the first and second unit can vary in this graph. The CO; concentration
at the entrance of the second unit is equal to the purity obtained from the first unit, and the feed flowrate of the second
unit is obtained from the recovery and the purity of the first unit.

As observed, for recovery higher than 90%, the decrease of the volume of the adsorption bed seems to increase
the purity. This effect is particularly visible between 60 and 100 L and seems to decrease below 60 L. One possible
explanation is that the heat generated by the adsorption is better dissipated in a smaller volume. Since the CO;
concentration at the inlet of the second unit is between 40 and 60%, the heat released by the adsorption in the second
unit is much more important, thus decreasing the adsorption capacity on columns that dissipate temperature poorly.

The best point obtained has a recovery of 90.1% for a purity of 87.9%, the productivity is equal to 0.1240
Kgco2/(Kgads.h) and the energy consumption to 988.7 kJ/kgco2. The targets are not totally met with this cycle, the
energy consumption obtained is also very high making it difficult to compete with other capture processes. This cycle
could nevertheless find applications where less purity is required such as the reuse of CO, (CCU) if the energy
consumption is lowered.

3.3.2. 3-bed 6-step

The second cycle studied is the 3-bed 6-step. 302 simulations were performed, and the results were fitted to a
response surface. The surface response is in accordance with the results obtained from the simulation, showing a R?
of 92% for purity, 85% for recovery, 86% for productivity and 93% for energy consumption. From this surface
response, a pareto plot was made for an adsorption pressure of 1.1 bar and 2 bar represented in Figure 9. As for the 2
columns cycle, the increase of bed volume seems to increase the purity obtained for a given recovery. At 1.1 bar, this
effect is visible between 20 and 80 L, we can also observe that a recovery of at least 90% can only be achieved with
a bed of 80L or more. At higher bed volume, an increase of volume doesn’t seem to increase the performance of the
VPSA cycle, which is represented by a merge of the 80,100,120 and 140 L lines. At 1.1 bar, the targets of the CO,
capture process are not met with a purity of maximum 77% for a recovery of 90%.
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For the 2 bar plot, an increase of volume also increase the performance of the VPSA, as the 1.1 bar plot, but the
effect of bed volume increase is more pronounced, and there does not seem to be a limit to this increase contrary to
the case at 1.1 bar. In this case, the desired targets (at least 90% of recovery and 95% of purity) are barely met with a
bed volume of 100 L. At 120 L and 140 L, several points are above theses targets.
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Fig. 9. Purity versus recovery obtained for different volumes of individual adsorption bed at two different adsorption pressure for the 3bed-6step
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Fig. 10. Pareto plot of productivity versus energy consumption obtained for a recovery of at least 90% and purity of at least 95%.

Since the targets are reached with this cycle, an optimization of productivity and energy consumption was made in
order to find the best operating conditions giving the desired purity and recovery. Nevertheless, there is a trade-off
between productivity and energy consumption. A pareto plot was made by optimizing these two indicators for a purity
of 95% or higher and a recovery of 90% or higher. This pareto plot is represented in Figure 10. As represented, the
lowest energy consumption reachable is 393.1 kJ/kgcoz, giving a productivity of 0.1526 kgcoz/(Kgads-h). Starting from
the lowest energy consumption, we can observe two distinct areas. The first is located at the lowest energy
consumption and productivity. We can observe a L-shape where the productivity starts to decrease quickly when the



GHGT-16 Henrotin A. 14

lower bound of energy consumption is approached. In this area, the volume of the column is equal to 120 to 140 L,
which gives the best energy consumption but low productivity. In the second area, the size of the bed begins to
decrease, showing an increase of productivity but also an increase in energy consumption. The highest productivity
obtained is 0.1877 kgcoz/(Kgags.h) with an energy consumption 579.8 kJ/kgcoz. There is no optimal value since the
choice depends on the price of the MOF for the productivity, and the price of electricity for the energy consumption.
The operating conditions of the 2 extrema are given in the Table 4. It is also interesting to note that the energy
consumption and productivity are better than the two-column cycle for both cases.

Table 4. Operating conditions for three optima reaching the targets of purity and recovery for the 3bed-6step cycle

Best energy Best productivity

consumption
Adsorption time [s] 200 139
Purge time [s] 168.2 119
Light blowdown time [s] 10 10
Adsorption pressure [bar] 2 2
Middle pressure [bar] 1.44 1.26
Blowdown pressure [bar] 0.1 0.1
Purge flow rate [Nm3/h] 5 5
Volume of the bed [L] 127 100
L/D ratio [/] 2 35
Purity [%] 95.73 95
Recovery [%] 90 90
Productivity [kgcos/(KGass-n)] 0.1526 0.1877
Energy consumption [kJ/kgcoz] 393.1 579.8

4. Conclusions

In this work, the performances of the shaped MIL-160(Al) were evaluated from a laboratory scale to an small
industrial pilot scale (TRL-6). Adsorption isotherm measurements were performed and modelled, showing good
working capacity and selectivity for CO,. A breakthrough curve measurement was performed to determine the kinetic
parameters of the adsorption by fitting of the breakthrough curve. The results obtained from adsorption isotherms and
breakthrough curve allow to simulate two VPSA cycles in Aspen Adsorption V11 software.

Recovery and purity optimum for the 2 bed-5step cycle were investigated at 1.1 and 2 bar for different volumes of
adsorption columns. In this cycle, it seems to have an optimum bed size for the treated flow rate which is around 80L.
Above this value the performance of the cycle starts to decrease at 1.1 bar and remain identic at 2 bar. The targets of
a CO; capture process are not met with a single unit of 2 beds, and a second unit was investigated to reach the desired
performance. The two units were optimized to reach a purity of 95% and a recovery of 90%. Nevertheless, the best
results obtained give a recovery of 90% and a purity of 88%.

A second cycle was studied to reach the desired performances with a single unit. The 3bed-6step cycle was studied
and optimized. The results shown that the objectives can be reached with an adsorption bed of at least 100 L and with
an adsorption pressure of 2 bar. The cycle was then optimized to find the best productivity and energy consumption
for the targets. In order to make a complete comparison with absorption-regeneration capture in amines, the energy
consumption of pre-treatment should be taken into account in a simulation of the complete CO, capture chain. The
results obtained from theses simulations are promising and will be compared to the Technology Centre Mongstad pilot
plant which is a demonstration site of the MOF4AIR project.
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