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ARTICLE INFO ABSTRACT

Editor: Yeshui Zhang In our previous work, microwave regeneration of 30 wt% ethanolamine solvents in a hollow fiber gas-liquid

contactor was experimentally investigated. In this system, the CO, desorption process was operated as the sol-

Keywords: vent was heated by microwaves when flowing through the lumen of the hollow fiber. Experimental results do not
Microwave ) provide insight into the effect of microwaves on the regeneration performances. The aim of this study is therefore
]S)()lvemt_regeneranon to develop a model to simulate the microwave solvent regeneration in the single fiber system.

esorption

The numerical approach is based on coupling 3D microwave heating of solvent flow, and 1D chemical
desorption of CO; applicable to non-isothermal conditions along the fiber. The model was successful in repro-
ducing with reasonable accuracy the global desorption data from the regeneration experiments, assuming a low
wetting fraction of the membrane. The effects of operating conditions were explored: results show that increasing
the solvent flow rates induces higher temperature gradients at the boundary of the fiber lumen thus increasing
desorption rates. It has been found that increased fiber radius leads to better desorption rates at the expense of
lowering the interfacial surface density. On another note, numerical results show that isothermal regeneration
performs better than microwave mode although the latter is able to outperform where hotspots persist along the
fiber. With regards to flow configurations during microwave regeneration, counter-current mode performed
better than co-current one: the sweeping gas in the former mode passes from the hot solvent side to the cold
solvent side which encourages reabsorption of the desorbed CO5.

CO,, capture
Process electrification
Membrane

1. Introduction expenditures and high energetic costs that inhibit wide-scale deploy-
ment [9,10].
Advances in amine absorption include but are not limited to novel

gas-liquid contactors such as polymeric membranes, or microwave

Since the industrial revolution, human activity has increased
greenhouse gases (GHG), causing global warming and risks like heat-

related deaths, biodiversity loss (forests, coral reefs, arctic), reduced
food production, freshwater scarcity [1], and coastal migration due to
sea level rise [2,3]. The Paris Agreement (2015, COP 21) seeks to limit
warming below 2 °C or ideally 1.5 °C by 2050 through net-zero emis-
sions [4]. To allow for the continual use of fossil fuel while conforming
to net-zero emissions, carbon capture allows decoupling emissions from
the fuel type used. Perhaps the category of carbon capture that is the
most advanced is the Post-combustion capture (PCC) technologies [5]
and more specifically amine absorption. Historically, amine absorption
process employs aqueous ethanolamine (ETA) [6] for the separation of
COs from natural gas. It was fitted to capture CO, from flue gases at a
rate of 80-95 % [7,8]. Associated to this technology are elevated capital
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irradiation as a heat source. The use of membranes in amine absorption
was first proposed in 1980s for the absorption of CO3 in sodium hy-
droxide solution [11,12]. The membrane acts as a non-selective barrier
between gas and liquid phases, and its use is motivated by many ad-
vantages [13-16] such as: high interfacial surface densities- up to 30
times [17], modularity, increased operational flexibility [18]. On the
other hand, microwave (MW) heating has found many applications in
the chemical industry [19]: organic synthesis [20,21], heterogeneous
catalysis [22] or MW-assisted extraction [23]. Advantages of this heat-
ing mode include higher energetic efficiency [24,25], shortening the
treatment time (up to 50 %) [26], selective and volumetric heating rates.
Having said that, it is of high interest to investigate the potential of using
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microwave (MW) heating for regenerating aqueous 30 %wt ETA solu-
tion loaded with dissolved COj, all while utilizing a hollow fiber
membrane as a gas-liquid contactor. Using hollow fiber membranes for
microwave solvent regeneration offers the benefits of membrane pro-
cesses, and enables continuous operation contrary to others which
operated in batch-mode [27-29]. One notable advantage of hollow fi-
bers is the stable interfacial areas and simple fluid dynamics, paving the
way for future modeling and a greater understanding of the effects of
microwaves on desorption process.

In our previous work, microwave regeneration of CO» from 30 wt%
ethanolamine solution was studied in a hollow fiber gas-liquid con-
tactor. In that work, the regeneration performance was characterized as
a function of the operating conditions, and comparison with literature
data provided an initial assessment of the separation performance. The
experimental work measured the global desorption rates and give a mere
bird's-view perspective on the process, not providing any details or in-
sights into the mass and heat transfers controlling this process. It is
therefore clear that a numerical modeling approach is in order. In this
work, we present the development of a multi-physical model that sim-
ulates chemical desorption of CO, from an alkanolamine solution in a
millimetric hollow fiber placed inside a mono-mode microwave appli-
cator. A progressive complexification strategy was adopted in order to
couple the electromagnetic field propagation with the heat and mass
transfer phenomena governing the chemical desorption process. We
start by simulating the propagation of the electromagnetic fields in the
microwave applicator; afterwards, heat and momentum transfers were
integrated into the model to simulate the microwave heating process of a
laminar flow of the solvent in the hollow fiber. In parallel, a resistance-
in-series model was adopted to simulate chemical desorption of CO in a
hollow fiber membrane under condition of partial wetting of the porous
matrix and non-isothermal conditions. The coupling between the 3D-
MW heating model and the 1D transfer model allows the quantifica-
tion of the local desorption rates as a function of the fiber length. The
model was validated against experimental data and used to examine the
influence of varying operating conditions on desorption flux, such as
fiber size, co-current versus counter-current modes. The model sensi-
tivity with respect to parameters representative of membrane and
transfer properties was also assessed.

2. Experimental system: A hollow fiber membrane in a mono-
mode microwave applicator

In previous part of the present work, microwave regeneration tests

MW entry port

Q, vllmL/s)' in~
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were carried out using the set-up shown in Fig. 2-1. A hollow fiber was
fixed concentrically in a quartz tube and the ensemble was placed in a
standard waveguide section (WR340) parallel to the small dimension
(43 mm). The solvent which is 30 wt% ETA aqueous solution, enriched
with CO,, was made to circulate inside the fiber lumen at an entry
temperature Tj, = 20 °C, and exiting at Toy. On the annular side be-
tween the fiber and the quartz tube a N5 flow played the role of sweeping
gas. During operation MWs traverse the waveguide under the funda-
mental mode (TE;() until they reach the applicator and get absorbed by
the solvent. The temperature increase of the latter evokes desorption;
CO9 concentration is quantified by an infrared sensor. Experimental
global desorption rates (Javg) were determined as a function of the
operating conditions, in the framework of @5 plan of experimental
design. Operating conditions of interest include: the carbonation ratio
(o), outlet temperature of solvent (Toyu), the solvent (v;) and gas (vg)
volumetric flow rates. The total number of experimental points tested
reached 16 experiments.

3. Modeling electromagnetic field propagation in the mono-
mode applicator

To describe the propagation of the electromagnetic fields in the
applicator, Maxwell's equations need to be solved over the representa-
tive domain. Maxwell's equations are reminded in equations ((3-1)-
((3-4) for ease of reference, with (fs) and (ﬁs) being the electric and
magnetic field intensities represented in phasor form, (¢) being the
electric permittivity, (p) the magnetic permeability, (¢) being the direct
current (DC) electrical conductivity of the material, and (®) being the
angular frequency.

Gauss's law V.EHS =0 (3-1)

Magnetic monopole V‘E} =0 (3-2)
Faraday s law V x E; = — ja)yﬁs> (3-3)

Ampere — Maxwell law VxH = (o + ja).tz)EHs (3-4)

3.1. Geometry and boundary conditions

The domain representative of the experimental system for solvent
regeneration at the fiber scale is shown in Fig. 3-1. The domain includes

’ 2
', Va(mt/s)
2

Hot solvent

out

Hollow fiber

Fig. 2-1. Representation of the experimental system used to perform microwave regeneration tests of CO,-rich 30 wt% ETA solvent in a hollow fiber. Operating

conditions include: o, Toyg, Vi, Vg.
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Fig. 3-1. Representation of the modeled MW-assisted desorption system in
Comsol multi-physics.

the MW entry port, the applicator and the sliding short circuit (SSC). The
microwave applicator is composed of a PTFE hollow fiber oriented in
parallel with respect to the incident E-field at the entry port. The fiber is
placed concentrically with respect to a surrounding quartz tube where
desorbed COs> is collected and diluted in a stream of Na-gas.

The propagation of electromagnetic fields was simulated using the
software Comsol® Multiphysics (6.1). The physical module “Radio
Frequency” was used to simulate EM field propagation over the entire
modeled domain by solving Maxwell's equations. Fig. 3-1 shows the
model geometry, the port is excited by a (TEjp), The walls of the
waveguide are assumed to be a perfect electric conductor (PEC), hence
the tangential component of the E-field cannot exist in that neighbor-
hood (7' x E = 0).

The dielectric properties of the materials composing the gas-liquid
contactor used in the simulation environment are given in Table 3-1.
The dielectric properties of fused quartz and PTFE were obtained from
the book of Von Hippel [30], while those of the porous fiber were
derived by using the Landau-Lifshitz-Looyenga dielectric mixing law
[31]. The properties of distilled water and loaded 30 wt% ETA are ob-
tained from the correlation of Stogryn [32] and from local measure-
ments respectively [33]. These liquids were used in the validation of the
numerical model. Details regarding the computation of the dielectric
data of the system components can be found in the Annex.

3.2. Meshing and resolution

To achieve a mesh-independent solution, the distance between the

Table 3-1
complex permittivity of materials used in the EM simulation at f = 2450
MHz.

Fused quartz [30] 3.78
PTFE [30] 3.15
Porous PTFE 1.44
Distilled water-20 °C [32] 78.62- j10.53
30 wt% ETA-20 °C, a = 0.443% 56.83- j 45.36
30 wt% ETA-60 °C, a = 0.443% 61.31-j 63.48

30 wt% ETA-80 °C, « = 0.441%%] 61.13-j 75.12
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nodes should be enough close so as to minimize interpolation errors. The
distance between the nodes in a dielectric is recommended to be less
than (A/5) with (A) being the unguided wavelength of the EM irradiation
in the dielectric [34].

Meshing the geometry was done using the built-in mesh generator in
the software. Air, quartz and fiber-thickness domains were meshed with
the presetting (Fine), Only the solvent domain was tested for different
meshes: it is important to well represent the E-field on the solvent
domain as this directly affects the simulated levels of absorbed powers.
Three different mesh configurations were tested herein: Finer, Extra
Fine, and Extremely Fine as detailed in Table 3-2.

Table 3-2 shows that the average size for all three meshes satisfies the
requirements of good meshing, i.e. the average element size is lower
than or equal to one-fifth of the wavelength of the EM irradiation in the
solvent domain (A = 1.38 cm for distilled water). It is partly for this
reason that the average E-field on the solvent domain is independent
from the mesh.

3.3. Results: model validation: distilled water flowing into the fiber

In order to validate the modeling of the electromagnetic phenome-
non, simulated and real levels of reflected powers were compared. If
both data sets agree, this means that the simulation was able to well-
predict the rate of absorbance of MW energy, hence the E-field maps
inside the lossy material. Comparison was performed by either varying
the position of the SSC, or by varying the frequency of the EM irradia-
tion. It should be highlighted that both methods of validation are
somewhat equivalent. A vector network analyzer (ENA 5062 A, Agilent
Technologies, Malaysia) was connected to the waveguide transition
instead of the microwave generator. The VNA is able to generate low
power EM waves and to record the norm of reflected E-field waves, in
order to obtain the (S;;) spectrum over [2400-2500 MHz]; the SSC was
adjusted to place minimal levels of reflected powers at f = 2450 MHz.
The (S11) parameter is defined in, with (E;) being norm of the reflected
E-field wave, (E;) that of the incident wave, while (0) is the phase dif-
ference. We define the optimum SSC position, as that which places the
minima of the reflected power spectrum at f = 2450 MHz. The (S11)
parameter can be represented in (dB) scale as shown in (3-5.

S11(dB) = 10log,,[P./Pi] (3-5)

The model was validated by comparing the simulated and experi-
mental reflected powers spectra when distilled water (DW) - that acts as
absorbents of EM irradiation- circulated in the lumen region of the
hollow fiber. The use of distilled water instead of 30 wt% ETA + CO, was
motivated by the very well documented dielectric properties of the
former, whereas data on the properties of the latter are practically non-
existent. Fig. 3-2 presents both the experimental and computed power
reflection spectra: the experimental (VNA) results, the simulated (P,) at
the experimental optimum SSC position, as well at the simulated (P,)
optimum SSC position. Results show that experimental and simulated
curves have similar tendencies, but the simulated curve corresponding
to the real position of the SSC is shifted to higher frequencies. This can be
explained by many reasons: errors in the estimation of dielectric prop-
erties, the geometrical dimensions of the applicator and waveguide,
error in calibrating the VNA, as well as other simplifying assumptions.
Increasing the SSC position from 103.8 mm (experimental adjustment)

Table 3-2
Characteristics of different mesh types on the solvent domain.

Type Nodes Avg. size Max size Average E-field (V/
(mm) (mm) m)
Finer 3067 1.324 2.11 11,571
Extra fine 10,819  0.931 1.43 11,573
Extremely 28,777  0.678 1.18 11,574
fine
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Fig. 3-2. Reflected power spectrum with distilled water (T = 20 °C) occupying the lumen region.

to 107 mm places reduces the average relative deviation over [2.4-2.5
GHz] to (~5.5 %).

4. Simulation of EM fields: case of 30 wt% ETA enriched with
CO,

After experimentally assessing the accuracy of the simulated EM
propagation inside the contactor using DW, we attempt to model the
system when 30 wt% ETA enriched with CO; occupies the fiber lumen.
This step subscribes to the methodology of progressive complexification
of the numerical model, it will be followed by the incorporation of the
physical phenomena of heat and momentum transfers.

The E-field map was plotted in Fig. 4-1 along the waveguide, and the
hollow fiber whose lumen region is occupied with 30 wt% ETA at (a =
0.44) and (T = 60 °C). The incident power at the entry port was chosen
arbitrarily, thus Fig. 4-1 serves only as a qualitative representation that
is independent from the incident MW power. The planar representation
is sufficient given that in the (TE;o) mode, the E-field is invariant with
respect to the small dimension (b = 43 mm) of the waveguide. Fig. 4-1
shows that the E-field norm is stronger upstream the cavity than
downstream. The variations of energy densities between the two regions
imply that most of the EM power was absorbed upon first contact with
the product. Part of the incident power, which is reflected back to the
entry port, resonates with the incident E-field; the unabsorbed part of
the energy bypasses the solvent and reaches the sliding short circuit
where it gets reflected back towards the cavity. To obtain a more
quantitative assessment, the E-field norm was plotted in Fig. 4-2 along a
path (cut-line) that traverses the waveguide for cases where solvent
temperature (20, 60, 80 °C) was varied at a constant carbonation ratio
(o0 = 0.44). Fig. 4-2 shows that the different E-field curves are “in-phase”
upwind of the “product” and displaced from one another towards the
SSC, this is due to the different set values of SSC used to reach optimal
adaptation. The increased E-field norm upwind of the applicator is the
consequence of using higher MW entry powers to compensate for the
increased power reflection.

Fig. 4-3 presents the E-field maps within the solvent domain that fills
the lumen side. The figure demonstrates that the E-field is constant in the
solvent domain inside the MW cavity. This can be attributed to the

== x10%4(V/m)
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Z%-.. _»X
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Fig. 4-1. E-field norm in waveguide (f = 2450 MHz) - case of 30 Wt%ETA, a =
0.44, T = 60 °C.
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Fig. 4-2. Plot of E-field norm on cut-line along the length of the waveguide (f
= 2450 MHz). Case 30 wt% ETA (a = 0.44), T = 20 °C, 60 °C, 80 °C.
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Fig. 4-3. E-field in the longitudinal cross-section of the solvent domain at
different conditions [T, a]: [20 °C, 0.44], [60 °C, 0.44], [80 °C, 0.44].

lumen radius being considerably lower than the penetration depth of
MWs (mention MW penetration depth).

Fig. 4-4 presents the E-field maps across the radial cross-section of
the fiber at different conditions [T, a]: [20 °C, 0.44], [60 °C, 0.44], and
[80 °C, 0.44]. It is interesting to observe that the E-field is more
concentrated at the center of the fiber, this results from the super-
position of forward and backward traveling EM waves.

4.1. Simulating MW heating of solvent flow

This part capitalizes on the EM simulation previously performed. In
this part, the resolution of the energy and momentum balances was
incorporated in the model to allow for the simulation of microwave
heating of the solvent flowing into the fiber, and the determination of
temperature maps. The latter are necessary elements for modeling
chemical desorption in non-isothermal conditions.

4.1.1. Energy and momentum conservation equations

The liquid flow hydrodynamics was described according to the
Naviers-Stokes balance equation. The energy balance is expressed in
terms of the volumetric dissipation rate of EM energy (Q) in the solvent.
The dissipation of heat within the porous membrane, the quartz tube
and the gas were assumed non-existent given their negligible loss factor

€.
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Fig. 4-4. E-field in the radial cross-section of the solvent domain at mid-cavity.

—

Naviers — Stokes Equation p(W.V)U =pg — VP+uvV2w 4-1)

Energy Balance  pC,(W.VT)— V.(kVT) =Q (4-2)

EM dissipation rate  Qy/ms = we'goE? (4-3)

In Eq. (4-1), (p) is the density of the fluid, (u) is the velocity vector,
(g) is the gravitational acceleration, (P) is the pressure, and () is the
fluid viscosity. In (4-2, (Cp) is the specific heat of the fluid, (T) is the
temperature, (k) is the thermal conductivity, and (Q) is the volumetric
dissipation rate of EM energy. (Q) is computed according to (4-3 with
() being the angular frequency, (¢") the dielectric loss factor, (g;) the
permittivity of free space and (E) is the RMS-value of the electric field.

Fig. 4-5 illustrates the multi-physical modeling approach under
steady state conditions: the temperature of the solvent influences its
dielectric properties, while the change in dielectric properties influences
the E-field maps and hence the volumetric dissipation rate. On the other
hand, velocity fields influence convective rate of heat exchange,
consequently the change in temperature influences the physical prop-
erties of the solvent (p, ).

4.1.2. Boundary conditions

The boundary conditions of the fluid mechanics and heat-transfer
physical phenomena are presented in Table 4-1, while those related to
the EM phenomenon are identical to those given in Section 2. (r;) stands
for the internal radius of the fiber, (L) its length, () normal vector to
the surface, (P) pressure, () the velocity vector of the fluid flow, and
(qQ) the heat flux.
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Fig. 4-5. Schematic of the equation coupling to model solvent heating by mi-
crowave irradiation at steady state.

Table 4-1
Boundary conditions for fluid mechanics and heat transfer applied on fiber
lumen.

Coordinates Type Equation

Momentum z = 0 solvent Constant mass flow my, =
balance outlet [p(u.m)ds

z = L solvent Constant pressure condition P =0

inlet

O<z<Lir=r Liquid velocity is null at the T =0

radial boundary membrane wall (no-slip

condition)

z = 0 solvent Heat transfer by conduction -n.q =0

outlet is null

z = L solvent Fixed temperature T =Tin

inlet

O<z<Lir=r Heat transfer between the -n.q =0

radial boundary liquid flow and the
membrane was neglected

(thermal insulation)

We assume that under the current operating conditions, the lateral
surfaces of the fiber behave as insulator due to the thickness of the PTFE
fiber (1 mm) and the low sweeping gas flow rate (3.33-6.66 mL/s) used
in experiments (1-8). This was verified numerically where results show
that the evacuated thermal power by the N5 gas is in the order of (~0.1
%) with respect to the incident microwave power. The dielectric prop-
erties of the solvent were assumed to be invariant with COy loading
along the length of the fiber as the regeneration rate (Aa = ip-0toyt) Was
experimentally found to be very small, hence the dielectric properties
only vary due to temperature changes.

4.1.3. Resolution and meshing
The coupling between the physical phenomena related to the elec-
tromagnetic field, heat transfers was done by the addition of the
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“Electromagnetic heating” option. Heat transfer and fluid mechanics
were coupled by applying the “Non-isothermal Flow” option. The EM
phenomenon and fluid mechanics were solved using the (GMRES) solver
while energy balance equation was solved using the (PARDISO) algo-
rithm. Resolution of the system is done by a two-step procedure: in step
one, the Navier-Stokes equation was exclusively solved to initialize the
computation of the velocity field. In step 2, the model solves the whole
set of equations taking as initial guess the velocity field calculated in step
1. This procedure was found to reduce the computation time greatly.

With regards to meshing, several configurations were, the setting
“Fine” -preset by Comsol®- was used to mesh the entire simulated
domain with the exception of the solvent (Fig. 4-6). The latter was
meshed in various manners as shown in Table 4-2, either with a pre-
defined Comsol® mesh such: Fine or Extremely Fine. We explored
adding several boundary layers (Custom 1 - Custom 2) at (r = rj) to
accurately capture the T-gradients in this region. A good compromise
between solution time mesh independency could be reached with
“Custom 1”.

4.2. Numerical results

4.2.1. MW-heating of distilled water (DW)

In order to validate the numerical model, MW heating experiments
using distilled water were performed. Distilled water was made to
circulate inside the hollow fiber at different mass flow rates (2-5 mL/s)
by steps of 1 mL/s. The MW power incident from the generator was
adjusted so as to maintain an outlet temperature from the applicator at
40 °C, whilst the inlet temperature was 20 °C. The incident power from
the generator was measured using the six-port reflectometer and was
considered as the input power in the model. The use of distilled water
was motivated by its well-known physical, dielectric and thermal
properties, which is not the case of aqueous ethanolamine solutions,
especially when loaded with CO5. The properties of DW are reported in
the Annex.

Fig. 4-7 compares the simulated and the experimental outlet tem-
peratures (Tyy) of distilled water at different mass flow rates. Fig. 4-7
shows that the model is able to predict (Toy) with a very high accuracy
for the different tested mass flowrates. Deviations are not completely

Table 4-2
Meshing configuration and corresponding averaged quantities over the fiber
domain for the case of distilled water.

Type Fine Finer  Extra Extremely Custom Custom
fine fine 1 2

Number of 457 3176 10,828 28,836 8684 35,828
vertices

Maximum size 3.77 2.11 1.47 1.13 2.48 1.37
(mm)

Number of - - - - 3 5
boundary
layers
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Fig. 4-6. Meshing of the fiber lumen domain using two different configurations: (a)-Extremely Fine; (b)-Custom 2.
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Fig. 4-7. Comparison of simulated and experimental outlet temperatures of
MW heating of distilled water.

accounted for the uncertitude of measured Ty (£0.2 °C), as errors may
also derive from the pump (4+0.03 mL/s), or even the measurments of
absorbed MW power estimated in the range of (+ 3 W).

4.2.2. MW-heating of 30 wt% ETA enriched with CO2

MW heating of CO; loaded 30 wt% ETA solutions was simulated at
the operating conditions of experiments (1-8) of the experimental
design: volumetric flow rate of solvent at 0.2 and 0.6 mL/s, (Tqy) at 50
and 60 °C, solvent carbonation ratio was fixed at (o« = 0.44). As the
lateral surfaces of the fiber were assumed to be adiabatic, the sweeping
gas flow rate holds no effect on the temperature maps, hence it is only
necessary to simulate experiments (1-4), to the exemption of (5-8). As a
reminder, the operating conditions of the experimental design are
included in Table 4-3. It is important to highlight that the endothermic
nature of the desorption reaction was neglected: the highest experi-
mental regeneration rate obtained by a single pass of the solvent across
the MW applicator was (Aa/ain=0.15 %) due to the very low fiber ex-
change area. It follows that endothermal effect induced by the desorp-
tion reaction accounts to 0.12 % of the microwave power absorbed, and
was thus assumed negligible in the operating tested conditions.

In Fig. 4-8, temperature maps are shown over the solvent flow region
along the longitudinal section, for the experiments (1-4). Local axial and
radial temperature variations are observed, with hotspots located close
to the membrane wall in the region of exit flow, thus the region near the
liquid entry is deemed “cold” with respect to that near the liquid exit.
The magnitude of the local temperature variations is clearly related with
the solvent flowrate: the larger the liquid flowrate, the higher the local
temperature rises close to the membrane walls at the same mean outlet
temperature.

To explain the occurrence of local high temperature rises close to the
membrane wall, the velocity field and the E-field of experiment (4) were
plotted in Fig. 4-9 and 4-10 respectively. The velocity field displays a

Table 4-3

Operating conditions at experiments (1-8) of the experimental design.
Experiment a Vg(mlL/s) Vi(mL/s) Toutcc)
1 0.44 3.33 0.2 50
2 0.44 3.33 0.2 60
3 0.44 3.33 0.6 50
4 0.44 3.33 0.6 60
5 0.44 6.66 0.2 50
6 0.44 6.66 0.2 60
7 0.44 6.66 0.6 50
8 0.44 6.66 0.6 60
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typical parabolic profile and having its maxima at the fiber center and its
minima at the fiber boundary. While the flow stagnates at the boundary
of the fiber lumen (stagnant film region), the E-field does not experience
radical changes between its center and boundary hence the EM dissi-
pation rate appears uniform over the fiber cross section. Thus, the en-
ergy absorbed at the fiber center is easily evacuated due to large local
solvent flow velocities, whereas the film region has less convective
evacuation of heat which leads to higher temperature levels. As a gen-
eral rule, it can be said that the use of higher MW powers leads to the
accumulation of thermal energy at the fiber boundaries and thus an
increase of local temperatures.

The radial and tangential temperature profiles were plotted in Fig. 4-
11 and 4-12 respectively, the temperatures were plotted on the paths
shown in Fig. 4-13. Fig. 4-11 shows that at the fiber boundaries, the
temperature reaches high values then drops swiftly as we move further
towards the bulk. In experiments 3 and 4, corresponding to the highest
solvent flowrate, the bulk flow is characterized by a temperature
plateau. Fig. 4-12 presents the tangential T-profiles to show the heating
homogeneity due to the uniform dissipation of MW power.

5. Desorption process modeling across the hollow fiber

This part focuses on the theoretical description of mass-transfer
combined with chemical desorption reaction described by the
resistance-in-series model. First, a theoretical background regarding
reactive mass-transfer phenomena are laid-out, for conditions of wetting
and non-wetting of the membrane material. The model simulating the
desorption process at isothermal condition was first established and
validated with experimental data from the literature. This model was
afterwards extended to describe the chemical desorption process
assuming axial and radial temperature variations in the solvent.

5.1. Resistance in series for modeling mass-transfer

In a membrane process, mass-transfer takes place between the liquid
and the gas bulks. Over an elementary volume of the fiber, three
transport resistances are accounted for, as shown in Fig. 5-1:

1. The liquid film adjacent to the internal membrane surface is stag-
nant, therefore a concentration gradient is formed implying a resis-
tance to molecular diffusion.

2. Porous membrane: The stagnant gas filling the pores, as well as the
tortuosity of the traveled path poses a resistance to mass-transfer.
Equal pressures on both sides of the membrane dictate that diffu-
sive transfer takes place via the molecular and the Knudsen
diffusions.

3. Gas film: The thin film in contact with the outer surface of the
membrane induces a supplementary mass transfer resistance.

The resistance-in-series model is useful in order to calculate the
overall mass transfer coefficient across all three resisting phases, starting
from partial mass transfer coefficients in the liquid, membrane, and gas
films, which are presented in Egs. (5-1), (5-2), and (5-3) respectively. In
these equations the subscripts (1), (m), and (g) stand for liquid, mem-
brane and gas respectively while subscript (i) stands for interface, (N) is
the solute transfer rate, (A) is the surface area of gas-liquid contact, (k) is
the partial mass transfer coefficient, and (C) is the concentration of
physically dissolved volatile species.

N; = Ak (C — Cimj) (5-1)
Nm = Amkm (Pl—m,i - Pm—g.i) (5-2)
Ng = Agky (Pmgi — Py) (5-3)

Rearranging and using the partition coefficient (He. = P/C"), Egs.
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Fig. 4-8. Simulated temperature maps on the longitudinal (ZY) cross-section of the hollow fiber for different experiments [v}, Toul: Exp 1 - [0.2, 50]; Exp 2 - [0.2,

60]; Exp 3 - [0.6, 501; Exp 4- [0.6, 60].

Fig. 4-9. Velocity map in fiber lumen at operating conditions of Exp 4: v; = 0.6
mL/s, Tou = 60 °C, a = 0.44.

(5-1) to (5-3) become (5-4) with the superscript (*) designating the
hypothetical concentration of a liquid phase at equilibrium with the
partial pressure of the solute (or volatile component) in the gas bulk at
the shell side.

G-GC,

1 1 1
Ak, + AmkmHee + AgkgHe,
The mass-transfer rate is expressed in (5-5) with respect to the
driving force for mass transfer, the surface area of exchange (A)) of the

fiber lumen, and the over-all mass-transfer coefficient (K ) as expressed
in (5-6).

N= (cl - C;) Ki A (5-5)

1 1 d; d;

K.~k | dpk, He, ' dok, He. (56)

5.1.1. Liquid phase mass-transfer coefficient

The liquid phase mass transfer correlation (k) first derived by Graetz
[35] is expressed in Eq. (5-7) with (d;) and (1) being the diameter and the
length of the fiber, (Sh) the Sherwood number, (Re) the Reynold's
number, and (Sc) being the Schmidt number. The expressions of the
dimensionless numbers are given in (5-8), with (D) being the diffusivity
of the solute in the liquid phase, (u) the average velocity of the solvent in
the fiber lumen, (p) the solvent viscosity.

1

d;\3
Sh = 1,615(Re.SC.T) (5-7)

x10° V/m
MW cavity 6

— N W ks W

Fig. 4-10. Electric field map in fiber lumen at operating conditions of Exp 4: v,
= 0.6 mL/s, Ty = 60 °C, a = 0.44.

kldi// Pdiu// B
Sh=— Re = Sc=— 5-8
D, ; o5 (5-8)

The expression of the physical mass-transfer coefficient in the hollow
fiber lumen in (5-9). The expression of the diffusivity of CO2 in
carbonated 30 wt% ETA can be found in the Annex.

—

2\ 3
Kk =1,615 G%) (5-9)

5.1.2. Membrane mass-transfer coefficient

The resistance to mass-transfer in the membrane depends on the
operating conditions, such that high operating trans-membrane pressure
may lead to the intrusion of the liquid phase into the pores [36]. The
membrane wetting is known to have adverse effects on mass-transfer
performance, as the diffusivity of the solute in the wetted pores is a
few orders of magnitude lower than in gas-filled ones. We note that
other wetting mechanisms can occur such as condensation wetting
which may take place when the solute vapors cool down and condenses
inside the membrane pores. The membrane mass-transfer coefficient is
estimated considering either non-wetting or partially wetted modes.

Non-wetted mode.

In the non-wetted mode, the mass transfer coefficient — (k) (m/s) - is
calculated from (5-10) [37]. (t) being the tortuosity and expressed in
(5-11) and obtained from [38,39], (Dger) is the solute effective diffu-
sivity in the pores filled with the gas phase (m?%/s), (8) being the mem-
brane thickness (m), and (&) is the connected porosity of the membrane.

ku = [Dgerr €] /[7 3] (5-10)

Exp 1

----------- Exp 2
65 === Exp3 .
\ —— Exp4

LRARE RS

50 -

TTT T TET

N
<
|

W W

S W

| |
EEEEEEmE:

T

Fig. 4-11. Radial temperature profiles at “mid-cavity” position for experi-
ments (1-4).
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Fig. 4-13. Schematic showing the paths over which temperature
was evaluated.
T=1/8 (5-11)

When the solute diffuses through the membrane pores it encounters
resistances originating from collisions with gas molecules (molecular
diffusion), and collisions with the pore walls (Knudsen diffusion). The
effective diffusivity (Dy ) is calculated as per (5-12) [40-42], with (Dg)
accounting for the molecular diffusion of the solute in the gas phase,
while (Dy,) accounts for the Knudsen diffusion.

1 1 1
Dg.eff Dg Dkn

(5-12)

The molecular diffusivity of CO5 is given in the appendix, while the

jnq senH

yinq pibry
wy pmbry

N,+CO,

Fig. 5-1. Schematic of the resistance in series model for mass-transfer, gas
filled membrane.
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Knudsen diffusivity is expressed according to Eq. (5-13) with r being the
mean pore size in (cm), M the molar mass of COz (g/mol), and R the
ideal gas constant (J/mol. K).

2
Dkn = §r [8RT/T[MCOZ] (5-1 3)

Partially wetted mode.

When the membrane pores are partially wetted, the membrane mass
transfer coefficient is greatly reduced, as observed by many authors
[17,39,43-46]. Reduction in mass transfer rates resulting from the
diffusivity of the liquid filling the pores is about a few orders of
magnitude higher compared when no wetting takes place. The physical
mass transfer coefficient in partially wetted membrane pores is
expressed according to Eq. (5-14) [44,45,47] with (F) being the wetted
fraction of the pores thickness as represented in Fig. 5-2, (Dgefr) the
effective diffusivity of the solute in the gas filling the pores of the
membrane, (D)) the diffusivity of the solute in the liquid phase, and
(He,) is the gas-liquid partition coefficient.

1 6t(1—F) &7(F)He,
ke~ Dyt + Dt (5-149)

The first term of (5-14) accounts for resistance in the non-wetted
region of the membrane, while the second accounts for that in the
wetted region of the membrane.

Effect of chemical reaction on liquid phase mass-transfer coefficient.

Chemical desorption involves the release of chemically bound CO2
by the dissociation of carbamate ion (ETACOO™) to produce COy and
ETA molecules as per reaction (5-15).

ETACOO™ + ETAH" <2 ETA + CO, (5-15)

There exists different levels of complexity in modeling chemical
absorption of COo, it can be as tedious as kinetic modeling with the
whole set of chemical reactions being assigned forward and reverse re-
action rates, and it can be as convenient as assuming the absorption
reaction to be irreversible as implied by the pseudo-first order
assumption [48]. Within the framework of the resistance-in-series
model, it is possible to account for the effect of the chemical accelera-
tion of the desorption through the inclusion of an enhancement factor
(E) as introduced in Eq. (5-16).

1 1 d;

r_t.,. & (5-16)
KL Erxnkl dlnkm Hec

Therefore, the desorption rate results from two contributions: the

< I Q
S =)
£ . -
=% =% =]
5 = =
= 8

G

Fig. 5-2. Schematic of the resistance in series model for mass-transfer, partially
wetted mode of operation.
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diffusion of CO from the liquid bulk to the gas bulk, or the generation of
CO> in the liquid film by dissociation of carbamate ion at increasing
temperature. In our work we chose the expression of the enhancement
factor as derived by Astarita [49] and used by others [18,39,41,50]. The
analytical derivation of the enhancement factor is based on the
assumptions:

o A single reaction describes the absorption of COs (2ETA +
CO2-ETACOO- + ETAH+)

o The reaction is infinitely fast,
instantaneous

o Applicability of physical equilibrium at liquid-gas interface (Henry's
law)

o Transfer by molecular diffusion in both the liquid and gas films

i.e. chemical equilibrium is

The expression of the enhancement factor is given in (5-17), where
(Dp) is the diffusivity of the carbamate ion, (D,,) is the diffusivity of CO,
in the solvent phase, (Cgra) is the concentration of free unreacted
ethanolamine in the liquid bulk (mol/m?) expressed in (5-18), (Dgra) is
the diffusivity of ethanolamine in the aqueous solvent, (c;) is the total
concentration of the solvent components (mol/m®), (x;;) is the mole
fraction of free unreacted CO- at the liquid-membrane interface (i), (x¢;)
is the mole fraction of free unreacted CO3 in the liquid bulk (1). Free CO,
is dissolved in its molecular form in the liquid bulk phase and is repre-
sented by the subscript (f), this comes contrary to the chemically dis-
solved CO, that is under the form of carbamate ions.

Dp K
Beo, VKCera

Ceraf = CETA,o(l - 20()

Exn =1+

(5-17)

D,
|:1 +2 DE:A

(5-18)

The equilibrium constant of the reaction (K) is presented in (5-19)
with respect to the absorption reaction of COy in ETA, with (a) being the
carbonation ratio and (Cco, ;) being the free CO, concentration in the
liquid bulk.

2
[Cgra0] 1 [ o (5-19)

2
- CC02.f.l<[(1 — za)CETAO ]2 - CCOZ.f.l 1-— Z(J

5.2. Model equations and implementation

The CO, desorption process along the hollow fiber is represented in
Fig. 5-3, where the solvent circulates in the lumen side and the sweeping
gas in the shell side in a counter-current manner. The overall mass
balances derived for the fiber are similar to the ones of a classical packed
column: at (z = 0) marks the section of sweeping-gas entry, and (z =L) -
the section of solvent entry. The nomenclature of the different streams
throughout the cross section of an elementary volume are presented in
Fig. 5-4. To model the chemical desorption rates of CO; along the hollow
fiber, the set of differential mass balance was solved to predict the
average CO» flux across the hollow fiber (Jco,). The numerical model
consists of solving a set of 4 main equations on each differential element

of the fiber to produce a solution vector [x, X1, X;,p y] = f(2). It should be

noted that water evaporation was neglected, as the condensate collected
from the gas phase during the experimental tests proved to be negligible
after several hours of operation.

5.2.1. Model equations

Operating curve.

The operating curve is a mass-balance between the bottom section of
the fiber (z = 0) and that at a given height (z). The equation of the
operating line is presented in (5-20), with (L) and (G;) are the molar
flow rates (mol/s) of the inert components in the liquid phase and the

10
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S

gas phase respectively. This expression relates the mole fractions of CO4
in both phases with the inert flow rates of liquid and gas phases. The
advantage of such a formulation is that variations of total molar flow
rates are accounted for so that the non-linearity of the operating curve
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can when necessary be considered.

Vin L[ X Xout Vin L[ X Xout
= = — 1 = _
e ()| e ()|

(5-20)

Differential mass balance.

The general form of the differential mass-balance equation is pre-
sented in (5-21), with (K.) being the overall mass-transfer coefficient
(m/s) with respect to the liquid-phase, (a) the surface density of ex-
change at the fiber interior per unit length (m?%/ m), (cg) is the free
concentration of the (CO3) in the liquid bulk (mol/m3), (c;) is the con-
centration of free CO; in a hypothetical liquid phase at equilibrium with
the gas bulk (mol/ m3), and X is the molar ratio of total dissolved CO5
with respect inert species.

Lsi—f —K.a (cf_l - c;> (5-21)

The free concentration of CO; in the liquid bulk can be presented in
terms of its mole fraction (%)), and the total concentration in the liquid
(cy) as given by (5-22). The total concentration was obtained from Eq.
(5-23) with (p) being the density of 30 wt% ETA loaded with CO,, and
MW its average molecular weight.

Crl = CeXfl (5-22)

¢ = p(T, )/ MW (5-23)

The concentration of free CO,, in the solvent phase supposed in
equilibrium with the gas bulk, can be obtained by applying Henry's law
as shown in (5-24) with (He) being the solubility of CO5 in 30 wt% ETA
at ambient pressure.

c;:y/He

Replacing (5-22) and (5-24) in (5-21) and substituting the (X =
x/1 — x) we get a modified expression of the differential mass balance
given in (5-25).

Lg dx y
2 _K __r
1- X)z dz Lac (Xf.l e Ct)

Vapor-liquid equilibrium.

The dissolved CO- in the solvent is either chemically bound under
the form of carbamate ions (ETACOQ ™), or exists in its molecular form
(physically dissolved). While the concentration of chemically bound
carbon in the liquid bulk can be easily derived from the carbonation
ratio (o), that of free carbon — although much less considerable- is less
straightforward to determine. By using a VLE model, it is possible to plot

(5-24)

(5-25)

(Dp / Dco, ) VK Cgra

ak |1+
{1 + 2(DP/Dam) K<CtX§,i) } [\/m + Ctx;.i}

the chemical speciation with respect to operating conditions, the free
CO3 included. This method however is not preferred as VLE data have
low accuracy as reported in [51-54]; it is for this reason that the free
concentration is determined in another manner. Starting from the
carbonation ratio and temperature, the mole fraction of CO; in a hy-
pothetical gas phase in equilibrium with the solvent bulk can be calcu-
lated using chemical equilibrium relation in (5-26). The obtained mole
fraction of CO- in the gas phase is then used in conjunction with Henry's
law to find the concentration of free molecular CO; in the liquid phase, i.

c (X“ — xf1> — amkn (ct He xfl — y) =0
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Fig. 5-5. Vapor-liquid equilibrium plot of CO5 with 30 wt% ETA as a function
of the carbonation ratio at different temperatures: (x)-40 °C, (A)-60 °C,
([D-80 °C; ({))-100 °C. Colors indicate the source of each data set: Red- [55],
Violet- [54], orange- [56], green- [57]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

e. by using relation. The mole fraction (x¢)) can then easily be computed
and introduced in the differential mass-balance. Several correlations for
vapor-liquid equilibrium for HoO-ETA-CO, are proposed in literature
such as those given by Weiland [50] or by Koonaphapdeelert [18]. For
greater accuracy, we preferred to describe chemical equilibrium from
real experimental data extracted from literature. Fig. 5-5 presents a
compilation of experimental equilibrium data for 30 wt% ETA as a
function of carbonation ratio and temperature.

y = (o, T) (5-26)

Flux Continuity.

The calculation of the enhancement factor — accounting for the effect
of chemical reaction on mass transfer - necessitates the knowledge of the
mole fraction of free unreacted CO, at the membrane-liquid interface,
X;;. This value can be calculated by equating CO, desorption rates be-
tween the liquid phase and the gas phase in permanent regime which
produces (5-27): (a)) represents the mass-transfer at the internal
diameter of the fiber, and (a;,) being the mass-transfer area computed
from the logarithmic mean diameter of fiber thickness.

(5-27)

5.3. Model validation: chemical desorption in a hollow fiber at isothermal
conditions

Before attempting to model MW-assisted chemical desorption, the
modeling of mass-transfer phenomena with chemical reaction is to be
validated independently from other phenomena. For this reason,
chemical desorption was simulated to replicate the experiments of
Koonaphapdeelert [18]. The author performed CO5 desorption with Ny
gas sweeping from 15 %wt. ETA solution using a module composed of
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Fig. 5-6. Isothermal regeneration of 15 %wt. ETA at varying temperatures and
liquid velocities: comparing the simulated results to experimental data of [18].
(Lines)- predictions from numerical model; (symbols)- experimental data.

surface modified ceramic hollow fibers, maintained in isothermal con-
ditions. Fig. 5-6 shows the experimental and simulated regeneration
extent (Ao = ajp-Ooyr) Of 15 %wt. ETA solution as a function of liquid
velocity at different temperatures. Fig. 5-6 shows the good agreement
between both sets of data which accords confidence in the mass transfer
model. This validates the correctness of its underlying assumptions, its
implementation, and input data such as correlations of physical and
transfer properties. It is worthy to note that observed discrepancies may
arise from several reasons, on the part of the author this includes:

o Deviation from isothermal conditions
o Inaccurate measurement of CO5 loading
o Occurrence of membrane wetting

On the part of the numerical model errors may arise from:

o Inaccurate estimation of transfer properties
o Assumption of infinitely fast chemical reaction

0.030 .
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L X vl=5cm/s_model A vI=7.5cm/s_model O vl=10cm/s_model
0.025 | "
0.020 |
30015 |
N A
0010 | .7 __---8
[ &a
- >< D
0.005 F,
+ O
0.000 ; | ey
0 2 4 6 8 10

Velocity-gas (cn/s)

Fig. 5-7. Isothermal regeneration of 15 %wt. ETA at varying liquid and gas
velocities: comparing the simulated results to experimental data of [18].
(Lines)- predictions from numerical model; (symbols)- experimental data.

12

Separation and Purification Technology 389 (2026) 136751

Fig. 5-7 presents the experimental and predicted regeneration rates
as a function of gas velocity at different liquid flow rates. The figure
shows a general agreement between both sets of data with higher de-
viations at low gas velocities; this is due to the contribution of the mass-
transfer resistance in the gas phase which the model does not account
for.

6. Coupling MW solvent flow heating with chemical CO»
desorption

Till now, chemical desorption was modeled using the 1D resistance-
in-series model while the MW-heating model is 3D. The modeling of
chemical desorption necessitates the coupling of both models, albeit this
requires downscaling the 3D temperature maps to a single dimension to
ensure compatibility with desorption model.

6.1. Downscaling 3D T-maps to 1D profiles

The 3D T-maps were reduced to two 1D profiles: one for the liquid
film region, and for the bulk region. The film region is that occupied by
the stagnant liquid film defined arbitrarily by the criteria (u < 5 % Upax),
the bulk region is the core of the cross-section as described in Fig. 6-1.
The temperature over each region of the cross section was averaged to
obtain two 1D axial profiles. It is noteworthy to say that in this work we
presented a first approach in obtaining 1D T-profiles from 3D maps; the
choice of the film and bulk regions of the fiber was made in an intuitive
manner. It remains important to establish some physical reasoning that
well demarks the film and the bulk regions.

The derived “bulk” and “film” temperature axial profiles are plotted
in Fig. 6-2 and 6-3 respectively, for experiments (1-4) of the experi-
mental design. Fig. 6-2 shows that the bulk temperature profile has a
linear increase from (T, = 20 °C) at the cavity entrance till (Toy) at the
exit, irrespective of the solvent mass flow-rate due to uniform EM power
loss density as mentioned earlier. In Fig. 6-3, the film temperature in-
creases before the liquid exit region are significant compared to (Toyt).

The axial temperature profiles were fitted with a polynomial of the
fifth degree —i.e. (T = f(z)), and integrated into the non-isothermal mass
transfer model such that each position along the hollow fiber has a
unique temperature couple [Tpyx(z), Trim(z)]. Consequently, all phys-
ical, transfer and chemical properties of the system are evaluated as
function of temperature in each region of the liquid flow to compute
variations of local desorption flux along the fiber. The coupling between
MW-heating and chemical desorption is presented in Fig. 6-4.

One important detail is to determine based on which temperature
profile should a quantity be evaluated. Table 6-1 elaborates the choice of
temperatures used to evaluated the chemical and transfer quantities of
the model - the T-dependent quantities used to calculate the mass
transfer coefficients (kj, kp, E, K1) or the driving force (x;i —y/(ct He)).

6.2. Resolution and boundary conditions

The current fiber of length of 113 mm was uniformly divided into
400 elements. Over each element, the system of equations were solved
using finite difference method to produce the solution vector [X,Xf,l,X;‘i,

y] = f(z). The equations were implemented in a Matlab® code. Model
inputs are membrane properties, inlet solvent composition, as well as
the operating conditions which include gas and liquid volumetric flow
rates (ug) and (uy) respectively, in addition to bulk (Tpy) and film (Tgim)
axial temperature corresponding to the tested conditions in experiments
(1-4). The model is starts at one end (z = 0) and moves towards the other
(z = L). Initially, only the compositions of inlet gas and liquid streams
are known (Xin, y;,) therefore, in a counter-current operation, it is
necessary to guess the boundary conditions (Xout,Yout)- At the end of the
resolution, COq-balance on the fiber is used to test proximity of (yout)
calculated to the guessed one (You,g). For a co-current mode of
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Fig. 6-2. Longitudinal temperature profiles of the bulk region at operating
conditions [mass flow-rate, Toy] of experiments (1-4): Exp(1)-[0.2, 501; Exp
(2)-[0.6, 501; Exp(3)-[0.2, 60]1; Exp(4)-[0.6, 60].

operation, such an iteration loop is not necessary.

The resolution of the equation set is schematically given in Fig. 6-5.
Inert molar flow rates (Ls, Gs), as well as composition variables at (z = 0)
are first computed, as well as temperature dependent diffusivities and
equilibrium data in order to derive the partial mass transfer coefficients
and the chemical enhancement factor. The “flux-continuity” equation is
solved to obtain the CO5 molar fraction at the interface between the film
and the membrane (xj, j=o)- The differential mass balance is then
resolved after an explicit discretization scheme in order to compute the
fraction of CO dissolved in the solvent at the exit of the first elementary
volume (xj—1). The CO; fraction present in the gas entering in counter-
current flow into the neighboring elementary volume is deduced from
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Fig. 6-3. Longitudinal temperature profiles of the film region at operating
conditions [mass flow-rate, To,:] of experiments (1-4): Exp(1)-[0.2, 50]; Exp
(2)-[0.6, 501; Exp(3)-[0.2, 60]; Exp(4)-[0.6, 60].

the operating curve. The free unreacted CO3 in the liquid bulk phase and
liquid film were calculated from the VLE equilibrium data. The model
iterates along the fiber length until reaching the point corresponding to
the solvent entrance at (z = L).

6.3. Results

6.3.1. Validating the two-profile approach

Coupling microwave heating to mass-transfer and chemical reaction
is achieved by integrating two longitudinal temperature profiles in the
1D reactive mass-transfer model. How to define these temperature
profiles starting from 3D T-maps was addressed, however we deemed it
interesting to analyze the behavior of the simulated desorption flux
using single T-profiles: either that of the bulk or of the stagnant film, and
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Fig. 6-4. Schematic of mass-transfer coupling to MW heating to simualte MW-
assisted chemical desorption.

Table 6-1
Choice of T-profile in calculating physical and equilibrium properties in the non-
isothermal chemical desorption model.

Quantity Temperature Justification
choice
VLE Bulk VLE relation is used for calculation of
molecular CO, in the liquid bulk.
He Bulk/film Bulk temperature is used to determine the free

unreacted CO; in the liquid bulk.
Film temperature is used to determine free
unreacted CO; in equilibrium with gas phase.

D ETA in 30 wt% Film Dgra determines the transfer rate of ETA out of
ETA+CO2 the reacting film. Hence it is dependent on the
film temperature.
Dco2 in 30 wt% Film Dco2 determines the transfer rate of CO5
ETA+CO2 across the liquid film to reach the liquid-gas
interface. Hence it is dependent on the film
temperature.

For cases of membrane wetting by solvent,
Dcoz is calculated from the film temperature.

Dco2 in N2 Film The porous membrane has been shown to have
similar temperature as the hot liquid film.
Dco2-knudsen Film The porous membrane has been shown to have

similar temperature as the hot liquid film.

compare them to use of dual profiles. As a reminder, the operating
conditions of experiments (1-8) of the experimental design are
mentioned in Table 6-2.

We start by examining the desorption rates averaged over the cross-
section of the fiber assuming radially uniform temperature that varies
axially according to the film profile. Results in Fig. 6-6 show that the
model overestimates the experimental average CO, desorption rate by a
factor of five in comparison to experimental data. It can be suspected
that the large discrepancy could also be caused by partial membrane
wetting. To test this hypothesis, desorption was simulated considering
different fractions of wetting in the membrane as shown in Fig. 6-7. The
figure shows that despite the huge decrements of the computed
desorption flux, the allure of the curves remains independent from the
wetting fraction used. This shows that the occurrence of membrane
wetting cannot account for the deviations observed in Fig. 6-6. In
conclusion the exclusive use of the film T-profile in the numerical model
is not appropriate to simulate MW-assisted desorption.

Fig. 6-8 compares the experimental desorption flux to that predicted
by the model utilizing the “bulk” temperature profile. The figure shows
that the predicted flux is of the same order of magnitude as the exper-
imental, albeit it cannot correctly account for variations observed in the
different operating conditions. The model is unable to account for the
jump in the desorption flux at experiments between (2) and (4) or
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Inputs
Membrane properties : €, 1, 8, rp, L, di, do, F
Operating conditions : T, V,, V,
Solvent : %wt. ETA, oy
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Inert molar flow rates : Gg, Lg
T-profiles: Compositions
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6-5. Solving procedure of the microwave-assisted CO, desorption model.
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Table 6-2
Operating conditions at experiments (1-8) of plan of experimental design.
Experiment Ug(mL/s) Vi(mL/s) Toutcccy
1 3.33 0.2 50
2 3.33 0.2 60
3 3.33 0.6 50
4 3.33 0.6 60
5 6.66 0.2 50
6 6.66 0.2 60
7 6.66 0.6 50
8 6.66 0.6 60
7 30
6 1 Model: film T-profile A
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Fig. 6-6. Comparison of experimental desorption flux with the numerical
model utilizing the “film” temperature profile and F = 0 %.
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Fig. 6-7. Desorption flux with model utilizing “film” T-profile at different
wetting fractions.

between (6) and (8). This is expected as the inversed T-gradients are not
accounted for. Fig. 6-9 presents the average desorption flux when
considering the two T-profiles (Bulk & film), in the manner previously
highlighted. Despite the overestimation of the simulated data, the effects
of the operating parameters on relative variations of the desorption flux
appear better represented, especially at points (4) and (8). As a
conclusion, the use of both temperature profiles is deemed appropriate,
still, deviations between data sets persist nonetheless.
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Fig. 6-11. Evolution of the resistance in the membrane and the liquid phase at
different wetting fractions (F).

6.3.2. Effect of partial membrane wetting

It is suspected that deviation from experimental data in Fig. 6-9 is
caused by the partial wetting of the porous structure that downgrades its
performance with respect to experimental data. In this part, the sensi-
tivity of the model towards the partial membrane wetting is examined.

The influence of wetted fraction on desorption is presented in Fig. 6-
10. It is revealed that with even very low wetting fractions, the global
desorption rates experiment significant decrements. One can also
observe that the sensitivity to operating conditions decreases with
increased wetting. The mass-transfer resistances are plotted in Fig. 6-11
where the membrane resistance dominates at all experimental condi-
tions. It should be pointed out the even at no wetting the membrane has
a thickness of 1 mm, this is higher than what is usually employed in
membrane modules [58]. Consequently, the wetted fraction to produce
the best fit with experimental desorption data is (F = 0.01): The pre-
dicted desorption seems to provide reasonably accurate estimation of
the experimental desorption, but it is difficult to assert if the fitting in-
dicates the occurring of wetting or if it is a lump term that counters other
sources of error in the model. In this study the wetted fraction is taken to
be independent from the operating conditions which may be untrue.
Conversely, going with an assumption of a variable value of (F) would
give an excellent agreement at each point; this however is to the detri-
ment of extrapolating the numerical data to cases that aren't tested
experimentally. It is interesting to note that the current model

i MW applicator

2.5)x10%

J(mol/m

i Entry

Exit# ‘
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80 100

Fig. 6-12. CO, desorption profile as a function of the fiber position (Exp 1-4).
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reproduced the experimental desorption rates however under the
assumption that desorption is purely a thermal phenomenon.

The in-detail modeling of the temperature gradients revealed the
elevated temperatures at the gas-liquid interface, which provides to
some extent an explanation for the boosted desorption rates. This result
points in the direction of discrediting the long discussed “non-thermal”
effect that microwaves might have on reaction kinetics.

6.3.3. Local desorption flux

Fig. 6-12 shows the axial variations of the desorption rates computed
along the whole fiber length. Desorption appears to be negligible in the
first half of the microwave cavity region, at mid-cavity desorption rates
steeply increase then reaches a plateau at the solvent exit. It appears that
the useful surface area for desorption corresponds to half of the whole
fiber under the tested conditions where the other half is not hot enough
to overcome the equilibrium conditions with the gas phase. The cumu-
lated desorption rates were plotted as function of the total surface area
fraction in Fig. 6-13. The figure shows that cumulated desorption rates
are identical for all experiments, and that 40 % of the fiber mass-transfer
area is actually responsible for the total desorbed quantity. This result
raises the question as to over which surface area should the average
desorption flux be estimated, a question that is exclusive to microwave
regeneration. Consideration of entire exchange area would negatively
impact the estimation of the average desorption flux, thus clouding any
advantages that this novel regeneration method might promise. This
question was not explored any deeper, hence we base our estimations of
average desorption flux on the entire surface of exchange including the
sections outside the microwave applicator.

Further consideration of the desorption profiles in Fig. 6-12 shows
the existence of negative flux for (z > 60 mm). This shows that on the
cold side of the fiber, chemical absorption takes place, due the counter-
current operation. The sweeping gas - being poor in CO; - contacts the
hot solvent and thus desorption takes place; as it progresses along the
fiber length it gets more and more enriched, simultaneously, up to a
point where the partial pressure of CO5 surpasses that in equilibrium
with the solvent and chemical absorption occurs.

It is important to point out that, in general, isothermal membrane
regeneration studies employ different operating conditions which makes
it challenging to draw out clear conclusions as to which membrane,
solvent, or process configuration are more efficient. When employing
MW regeneration, comparison is rendered more difficult due to the
delivery of MW power — an aspect of the process that is difficult to
normalize.
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Fig. 6-13. Accumulated desorption rate function of the area for mass-transfer
(Exp 1-4).
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6.3.4. Overall mass-transfer coefficient & mass-transfer driving force

Desorption profiles observed in Fig. 6-12 depend on the driving force
of mass-transfer and on the overall mass-transfer coefficient. We plot in
Fig. 6-14 the profile of the overall transfer coefficient as function of the
fiber length. For brevity of presentation, only results of experiments
(1-4) are shown. The overall mass transfer coefficient does not experi-
ence great variations throughout the fiber length and is higher at the
“hot” side of the fiber. It is interesting to note that variations of the
overall mass transfer coefficient show a high degree of similarity to the
film T-profile, but differs in the position of its maxima. The driving force
was plotted in Fig. 6-15 for experiments (1-4), the driving force becomes
significant at (z < 60 mm) which explains why desorption becomes
active in this region. At the region of solvent entry, the driving force is
negative indicating a CO5 flux from the gas to liquid phases, hence
chemical absorption. The discontinuities observed in the curves are
caused by the interpolations on experimental VLE data.

Under the assumption of a uniform EM-dissipation in the solvent
domain bounded by the MW cavity and as long as (Tyyt) is maintained
constant, (Thyk) is expected to be invariant at different fiber geometries
or different solvent hydrodynamics as can be shown in Fig. 6-2 (exper-
iments 1,3 or 2,4). Therefore, with regards to the driving force for mass-
transfer no enhancement of this quantity is expected. This highlights
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Fig. 6-16. Driving force diagram, case of isothermal regeneration at operating
conditions of experiment (4), (F = 0.01 %).

that any potential of improvement proposed by MW-regeneration would
mainly target the transfer coefficient (Ki), a conclusion that is subject to
the assumption of chemical desorption being influenced only by tem-
perature instead of a non-thermal effect.

We deemed it interesting to perform a comparison of the driving
force between isothermal and non-isothermal regeneration (using MW
irradiation). We plot both the operating line and the equilibrium curve
in Fig. 6-16 and 1-66, corresponding respectively to the isothermal
conditions. In isothermal regeneration the fiber volume was maintained
at constant temperature which is the outlet temperature of the solvent
from the microwave cavity (Toy = 60 °C). Fig. 6-16 shows that driving
force exists along the entire fiber length contrary for the non-isothermal
mode where driving force becomes substantial after midway through the
applicator. Towards the solvent exit region, the driving force increases
in both modes to reach similar values at solvent exit. We point out that
the use of experimental VLE data can cause some discontinuities in the
equilibrium curve as observed in Fig. 6-16. In isothermal desorption the
equilibrium curve and the operating line cannot intersect, however MW-
regeneration demonstrates the opposite (Fig. 6-17). Towards the region
of solvent entry, solvent temperature drops decrease the theoretical
partial pressure of CO3 in equilibrium with the liquid phase, resulting in
chemical absorption on the cold side of the hollow fiber.
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Fig. 6-17. Driving force diagram, case of microwave regeneration at operating
conditions of experiment (4), (F = 0.01 %).
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7. Complementary studies
7.1. MW-assisted versus isothermal regeneration

To evaluate the efficiency of MW regeneration, we compare it to the
case of isothermal regeneration where a uniform temperature equal to
that of the solvent outlet is applied. Fig. 7-1 presents the average COy
flux simulated in isothermal and MW conditions for a wetted membrane
(F = 0.01 %), as well as the experimental results of MW-regeneration.
The figure shows that the average desorption flux under isothermal
regeneration conditions exceed those obtained with microwave radia-
tion. However, it should be noted that the average desorption fluxes
were computed over the entire length of the fiber. The entire length of
the fiber was so assumed to be at the same temperature under isothermal
conditions, whereas only a portion of this length was actually exposed to
microwave irradiation within the cavity.

Plotting the local desorption rate profiles along the fiber highlights
the significant variations induced by the unexposed surface fraction of
the fiber upstream of the MW cavity. For instance, this profile is reported
in Fig. 7-2 in case of experiment 4, and compared with the one simulated
assuming isothermal conditions. Whilst local desorption rates are found
nearly constant along the fiber in isothermal conditions, significant

12 T
10 £
s \
> [ k!
w61 \
£ L Y
° o \
4 f ‘ .
E r VMW regeneration
— [ \
2 4
0-AlIA}IIAA}AII\A\}IIAI}IAAI}AII
0 20 40 60 80 100
z (mm)

Fig. 7-2. Desorption flux: isothermal - (T = T,y vs non-MW-regeneration.
Operating conditions of experiment 4. Wetting fraction (F = 0.01 %).
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increases are denoted after the cavity entrance, in the region where the
fiber is submitted to MW. A maximum of the local flux is denoted in the
region corresponding to the cavity exit, which exceeds the isothermal
data. In the region of (z < 35 mm), hotspots form in the liquid film with
temperature rising up to 90 °C against 60 °C in the bulk flow (Fig. 4.8).
These results indicate that such local temperature rises at the solvent-
fiber wall interface hence result in an intensification of the mass trans-
fer rates thanks to the direct molecular heating process induced by MW.
A rigorous comparison between the two regeneration modes
(isothermal-MW) would therefore require taking into account the pre-
heating region of the fiber in both cases.

7.2. Effect of solvent preheating on desorption

It has been shown that the average desorption rates correlated
positively with the solvent outlet temperature (Toyt) and flow rate. In
order to explore potential parameters that may improve desorption rates
under MW mode, the impact of (Tj,) on the performance of was assessed.

The inlet temperature (Tj,) of the solvent was varied between
[10-50 °C] by steps of 10 °C, other operating conditions were held
constant at those of experiment (4). Film T-profiles are plotted in Fig. 7-3
function at varying Tj,. Results show that as Tj, decreases, the “cold”
side of the fiber becomes colder leading to lower film temperatures; the
“hot” side of the fiber becomes hotter leading to increased film tem-
peratures. It appears as well that all temperature curves have similar
tendencies, locations of maxima and intersect at mid-cavity, indepen-
dently from (Tiy). The desorption profiles corresponding to different
(Tin) were plotted in Fig. 7-4. The figure shows that greater of flux
variations are observed when (Tj,) is lower, i.e. for Tj; = 10 °C,
desorption is highly impacted on the “cold” side, on the hot side, the
local desorption flux is superior to all other cases. It can also be seen as
Tin increases, desorption flattens until reaching the isothermal case
representing an almost constant desorption profile. Practically speaking,
The local variations of (J) at (Tj; = 10 °C) do not amount to any
improvement or deterioration of the average desorption flux as can be
seen from Fig. 7-5. The observed changes in desorption profile along the
fiber balance out such that on average, no change in global desorption
performance is observed.

7.3. Effect of fiber radius on desorption flux

The hollow fiber used for desorption tests is of millimetric radius
(2.15 mm), which is relatively large in comparison to those used in

100

80

20

60 120
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Fig. 7-3. Film T-profiles along the fiber for 30 wt% ETA solvent flow rate (0.6
mL/s) at different entry temperature Ti,= [10,50], and Toy = 60 °C.
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membrane modules. In order to take advantage of high interfacial sur-
face density that membrane contactors might offer, the diameter of the
fiber needs to be small. For this reason, the effect of the fiber size on the
temperature distribution and the process performance needs to be
explored.

For all tested cases, inlet and outlet temperatures were held constant
at (T, = 20 °C) and (Tt = 60 °C) respectively, in addition the solvent
flow per unit area of cross-section was held constant. The T-maps were
computed at different fiber radii: 1, 1.25, 1.5, 1.75, 2.15, 2.5, 2.75, and
3 mm. To simplify evaluation (Tpax) was used as indicator of radial
temperature gradients and was plotted as a function of the fiber radius in
Fig. 7-6. The figure shows that Tpay follows increase with fiber di-
mensions. Consequently, this translates to an increase of (Jayg) with fiber
radius as shown on the same figure.

In order to assess performance on the scale of a gas-liquid contactor,
the height of transfer unit is a good indicator of the volumetric perfor-
mance of the equipment. Starting from the differential mass-balance
(5-21) we can deduce the expressions of the number of transfer units
(NTU) and the height of the transfer unit (HTU) expressed in (7-1) and
(7-2) respectively. In (7-2) (v}) is the average solvent velocity over the
entire section of the module, (Ky) is the average transfer coefficient, (ay)
the volumetric interfacial area as expressed in (7-3) with (d;) and (d,)
being the inner and outer diameters of the fiber, and (¢) is the volu-
metric fraction of the hollow fibers in the membrane module. Keep in
mind that for our case, the fiber and the surrounding quartz tube
constituted the membrane contactor.

NTU = / Xi"+ 7-1)
Xout (1 - Xl) (Xf_l — ng>

HTU = v;/K.ay (7-2)

a, = (4¢d;) /d; (7-3)

The HTU is plotted as a function of the fiber radius in Fig. 7-7: The
figure shows that increasing the radius of the fiber increases the height
of the transfer unit, thus decreasing the volumetric desorption efficiency
of the module. This shows that the improvement of the desorption flux
from bigger fibers is outweighed by the loss in the volumetric density
area; In simpler terms, the decrease in (ay) beats the increase in (K;). We
hence conclude that using fibers of large size would not lead to an
intensification of MW-assisted desorption.
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Fig. 7-7. Height of transfer unit function of the internal radius of the fiber. For
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7.4. Co-current versus counter-current operation

In Fig. 7-8 we plot the desorption flux along the fiber length, for both
co-current and counter-current modes of operation. The co-current
mode shows a very similar profile to the counter-current one. It is sus-
pected that because the CO; concentration at the gas outlet is very low,
changing the flow configuration of the gas phase would have no effect on
performance, we also note that T-profiles are slightly affected by gaseous
flow. Co-current flow differs from the counter-current, in that only
desorption takes place instead of a mixed absorption- desorption process
as seen in Fig. 7-8: in co-current operation, the sweeping gas contacts an
ever-hotter solvent. It is true that in counter-current operation, absorbed
CO> on the “cold” side of the fiber is almost negligible, nonetheless, this
is exclusive to our work which involves a single fiber. When operating a
membrane contactor in counter-current mode, the sweeping gas phase
would be enriched in CO5 when passing the “hot” side of the contactor;
consequent CO, absorption is on the “cold” side of the contactor would
be great enough to penalize the process performance. The average
desorption flux for co-current and counter current modes are shown in
Fig. 7-9. Overall the co-current mode achieved a better performance as
no absorption seems to take place along the fiber length.
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Fig. 7-9. Comparison of desorption performance between two modes of oper-
ation: co-current vs counter-current operation for solvent and sweeping
gas flows.
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7.5. Transposability to the scale of a membrane module

So far, the proposed numerical model was able to provide important
insights into the operation of desorption under microwaves at the scale
of an elementary fiber volume. It remains important nonetheless to
examine its ability to predict process operation at the membrane module
scale. To extrapolate the 1D simulation to a membrane system, it would
be necessary to assume that all fibers within the bundle behave simi-
larly. However, such an approach is unlikely to be valid as the electric
field is expected to vary spatially across the radial section of the fiber
bundle, giving way to temperature heterogeneities of the solvent flow
over the module cross sectional area. It would also be numerically very
demanding to account for local electric field variations and to simulate
the thermal behavior of hundreds or thousands of millimetric fibers. To
achieve radial temperature uniformity throughout the fibers, it is
possible to design an optimal microwave applicator, whose module
diameter must be sufficiently small in relation to the penetration depth
of the microwaves. Another approach to overcoming the numerical cost
issue would be to represent the fiber bundle as a pseudo-homogeneous
medium, with effective dielectric and porous properties. The effective
dielectric data should then be experimentally derived, or estimated from
dielectric mixing laws. In addition, the desorption process model should
be completed with the modeling of the phenomena that could be
reasonably neglected at the local scale i.e. partial solvent evaporation
and endothermic effect due of the CO, desorption process.

8. Sensitivity analysis of CO5 desorption rates
8.1. Objectives and motivation

It has been established that the proposed model is able to predict
fairly well the MW regeneration in a hollow fiber membrane. However,
it remains necessary to evaluate the model sensitivity with respect to its
parameters so that future efforts can be efficiently channeled in
improving process performance. Another advantage of this analysis is to
quantify the accepted accuracy in estimating physical, chemical, and
transfer properties. The sensitivity study was conducted with respect to
the membrane properties, the transfer and equilibrium properties of
CO2-ETA system, and the operating conditions as presented in Table 8-1.
We note that each parameter was changed over a tight range to so that T-
maps are assumed unaffected; otherwise analysis would drastically be
more complex.

Membrane properties include those pertaining to the morphology of
the porous media, and fiber dimensions which influence mass-transfer as
well as hydrodynamic conditions respectively. The transfer or chemical
properties include the diffusivities of CO5 in the solvent and membrane
presented by (Dco2.1) and (Dco2 eff ¢) respectively, the diffusivity of ETA
in the solvent (Dgra.1), physical solubility of CO, in the solvent (He) as
well as the VLE. Operating conditions include average liquid (v)) or gas
(vg) volumetric flow rates, carbonation ration at entry (o), composition
of the sweeping gas at entry (yiy), as well as bulk (Tp) and film (T)
profiles. We note that the quantities (E) and (kj), although completely
dependent on other physical quantities or operating conditions, were
included in this study as this puts in question errors that result from the
inherent assumptions used in deriving them.

Table 8-1
quantities used to evaluate the sensitivity of the desorption flux.

Membrane properties Physical properties Operating conditions

g Dco21 vi
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8.2. Methodology and equations

The sensitivity of the desorption flux was evaluated by applying a
perturbation to each tested quantity. Each quantity was changed in the
range [—10 %, +10 %] with respect to the base value, and with a step of
2 % to give a total of 11 points. This procedure was performed over
experiments (1-4), which results in a total of (8 x 11) average desorp-
tion flux data.

The relative average desorption rate (J.vg_r) Was calculated relative
to the base case as per (8-1). (Javg) is the average desorption flux over
the fiber surface, (P) being the factor that adjusts the value of a given
quantity. The subscript (g) stands for relative, i.e. relative to the base
case. As an example, (P = 1) is the case where the tested parameter is not
varied from the reference case, (P = 1.1) represents an increase of 10 %
relative to the base value of that parameter. For ease of presentation,
variations in the flux (J) were normalized with respect to the base case
(P = 1) and expressed in percentage points.

Ja"g !Exp Ja"g |Exp(i).P:1

x 100 (8-1)

avy |
J 8-R |, p(i
* a&g ‘Exp(i).P:l

For a given tested parameter and value (P), the mean relative
average desorption flux ngiR was obtained from the eight experiments
(1-8) as expressed in (8-2).

1 i= 16
/8 Zl o Jave- R|Exv(l

The local sensitivity of the mean average relative flux at a given

(8-2)

Javg vy =

adjustment (P) of a given parameter, is denoted by (A_Javg_R|P) as
expressed in Eq. (8-3). This formulation gives 9 estimations of the local
sensitivity: P belongs to the range [0.92-1.08] as the sensitivity cannot
be determined at points (P = 0.9) and (P = 1).

AJavg,R|P _ jﬂvg—R}Ho,oz — javgj!l)fo.oz

0.04x 100 (8-3)

The total average relative sensitivity (ﬂavgf}u) with respect to a
parameter can be calculated as shown in (8-4) by averaging the ob-
tained estimations of the local sensitivities at different perturbations.

1,08
AJavg R_t = /QZP OQZAJavg,R‘p

&4

8.3. Membrane properties

The sensitivity to membrane properties is presented in Fig. 8-1,
where the mean relative flux (javng) was plotted with respect to the
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Fig. 8-1. Sensitivity curves of the desorption flux with respect to the change in
membrane properties.
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factor (P). Fig. 8-1 shows that membrane porosity is the most influential
parameter, i.e. an increase of (10 %) raises the desorption flux by (17 %)
relative to the average base value. The internal diameter (d;) influences
the liquid phase mass transfer coefficient, while (rp) holds the lowest
influence as it is responsible for decreasing the effective diffusivity of
CO3 in the porous media. The tortuosity is shown to have a negative
influence on desorption as it increases the path traveled by CO2 mole-
cule to reach the sweeping gas.

8.4. Transfer and equilibrium properties

The mean relative flux (javg_R) with respect to liquid mass transfer
coefficient, physical solubility and vapor-liquid equilibrium properties is
shown in Fig. 8-2. The vapor-liquid equilibrium is shown to have the
greatest influence followed by the effective diffusivity of CO; in the gas
phase (Dcoo.eff)- This is not surprising as even under non-wetted con-
dition; the membrane presents the biggest resistance to mass-transfer.
Increase in CO; diffusivity in the liquid phase is found to negatively
impact desorption performances, because as diffusivity increases, CO5
concentration in the reactive film becomes similar to that in the bulk of
the solvent thus chemical desorption reaction is less active. Increased
diffusivity of ETA has a positive impact on desorption, this is due to the
fact that the liquid film is richer in ETA than the liquid bulk, conse-
quently greater diffusivity of ETA helps evacuate the produced ETA
which helps shift the chemical reaction to the products side. It is also
worth noting that, in the numerical model, the diffusivities of ETAH"
and ETACOO™ were assumed identical to that of ETA. Therefore,
increased diffusivity allows faster diffusion of these reactants from the
solvent bulk into the reactive film. Fig. 8-2 also shows that desorption
has negligible sensitivity to henry's law, however it is very sensitive with
respect to the equilibrium of 30 wt% ETA-CO5 system.

8.5. Operating conditions

The mean relative change in desorption flux is plotted in Fig. 8-3
with respect to changes in the operating conditions. The carbonation
ratio holds the greatest effect on desorption rates, it is followed by bulk
temperature as it increases the concentration of free CO3 in the bulk. The
film temperature on the other hand - used for calculation of transfer
properties, transfer coefficients and enhancement factor — follows the
same trend as the bulk temperature but with a lower impact. (See
Fig. 8-4.)

These results indicate that the carbonation ratio needs to be deter-
mined with a high degree of accuracy. They also show the importance of
careful prediction of (Tpyk) profiles, and the necessity of precise

--VLE
=D _CO2g m
6 —+O H
-kl
4 | D ETA |
N -=-Te¢
) --D _CO2_1
2
=)
B
)
>
-4 |
-6 0
4
N AR e

09 092 094 096 0.98 1.02 1.04 1.06 1.08 1.1

1
P
Fig. 8-2. Sensitivity curves of the desorption flux with respect to the change in
physical or equilibrium properties.
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Fig. 8-4. Mean sensitivity of the desorption flux with respect to quantities
pertaining to membrane properties, physical properties of the solvent, and
operating conditions.

modeling of heat transfer in a microwave cavity. Liquid and gas flow
rates have little contribution on desorption performance in comparison
to other quantities, liquid velocity only contributes to the liquid mass
transfer coefficient, but in a small manner as it is raised to the power of
(1/3) in the Graetz-Lévéque correlation.

8.6. Recommendations

The overall mean parameter sensitivities were calculated are plotted
in Fig. 8-4. With regards to the membrane properties, it is recommended
to choose a highly porous membrane material with small pore sizes as
this would prevent liquid intrusion all while ensuring a good regener-
ation performance. With regards to the solvent properties, accuracy in
determining (He) can be neglected as this has little impact on desorp-
tion, while (D¢o21) and (Dco2.¢) can be estimated with mild accuracy. In
view of the moderate effect of VLE, data can be estimated with mild
accuracy. Still, VLE data experience logarithmic variations with
carbonation ratio or with temperature, therefore it holds the greatest
effect on desorption rates amongst the other physical quantities. Sensi-
tivity with respect to the operating conditions underlines the great
improvement of desorption performance using high solvent carbonation
ratios at entry. Fig. 8-4 reveals that desorption is highly sensitive to
(Thulk), the film temperature on the other hand depends on Ty as well
as several parameters mainly the solvent flow rate, and fiber diameter.
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9. Conclusion

In this work, a multi-physical model was conceived to simulate MW
desorption of CO; from 30 wt%ETA solvent circulating in the lumen of a
porous PTFE hollow fiber membrane. The hollow fiber was placed
concentrically in a quartz tube and the ensemble was placed in a mono-
mode microwave cavity. A progressive complexification approach was
adopted in which physical phenomena were independently simulated
and experimentally validated. Numerical modeling of the electromag-
netic fields in the microwave cavity shows the electric field to be ho-
mogeneous. To simulate the dissipation of microwaves in the solvent
stream, heat and momentum transfers were integrated into the elec-
tromagnetic field propagation model so that 3D T-maps of the solvent
flowing along the fiber could be determined. The latter highlight the
occurrence of strong local temperature gradients in the liquid film re-
gion close to the membrane wall of the hollow fiber. Mass-transfer
modeling in a hollow fiber membrane was based on the 1D resistance-
in-series model which accounts for the acceleration effects due to
chemical reactions, and for the decrement of the desorption rates caused
by partial wetting of the membrane. The model simulates the local
desorption rates along the axial direction of the hollow fiber according
to temperature changes within the solvent bulk and film respectively. To
simulate the microwave desorption process, the 3D temperature maps
obtained in the MW cavity were transformed into two 1D temperature
profiles that represent the variations of temperature along the fiber
length in both the liquid film and bulk. The model was able to reproduce
the experimental global desorption rate data with good accuracy, under
the assumption that high local desorption rates induced by microwaves
only result from thermal effects. This supposes to negate the said non-
thermal effects that microwave fields might have on desorption kinetics.

Desorption fluxes along the axial direction of the fiber show that
desorption onsets beyond a region close to the cavity entrance, where
the solvent temperature is rising from ambient and is not large enough to
activate the desorption process. A comparison with performance
computed in isothermal conditions enlightens the intensification of the
desorption process resulting from the hot spots induced by microwave
selective heating within the liquid film at the interface between the
membrane wall and the solvent flow. Complementary studies suggest
that co-current mode of operation may be more advantageous than the
counter-current one due to the occurrence of COy absorption at cold
regions of the fiber. Furthermore, increasing the fiber diameter was
shown to improve the global desorption rates, however at the expense of
volumetric efficiency. At last, according to the model parameter sensi-
tivity study, it was found that the solvent bulk temperature, its
carbonation ratio and chemical equilibrium data are the main drivers of
the process performance predictions.
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Appendix A. Appendix

A.1. Electromagnetic modeling: Dielectric properties

A.1.1. Dielectric properties of porous PTFE fiber

The relative permittivity of porous PTFE fiber is determined using the Landau-Lifshitz-Looyenga dielectric mixing law [59]; the law is used to
calculate the apparent dielectric properties of a dispersed phase in a continuous phase. The equation is given in (A-1) with (¢") being the complex
permittivity of the mixture, (¢]) complex permittivity of the continuous phase, (¢;) complex permittivity of the dispersed phase, and (v) being the
volumetric fraction (v; + vo = 1).

. 1 o 1
(e )1/3 =vi(e) /3+V2(€2> 72 (A-1)

A.1.2. Dielectric properties of distilled water

The Debye model was used for calculation of the dielectric properties of distilled water. The dispersion parameters function of temperature were
obtained from previous authors [60]. Validity of these parameters are for T € [0, 55] °C and in the frequency range f < 20.05GHz. The complex
permittivity is given by the Debye model:

b €0 — €ao ic
- = € A * A-2
£ =t 1-— 12771'f+ 2me, f (4-2)

The relative static dielectric constant is given by the following expression:

€0 = 87,85306exp( — 0,00456992 T) (A-3)
The relaxation time is given by:

7(ps)' =5.631107%2+2.1210"°T +1.86 10-®T2 (A-4)
The optical relative dielectric constant is given by:

£ = 6,490,025 T('C) (A-5)

A.1.3. Dielectric properties of 30 wt%ETA

The dielectric properties of 30 wt% ETA used in the MW heating model are displayed in Table A1l over the temperature range [20-80 °C], and the
carbonation ratio [0.2-0.55] from [33]. Linear interpolation was used to estimate the properties within and outside the measurement ranges of
temperature and carbonation ratio.

Table Al
Relative permittivity (¢’) and loss factor (¢”) of 30 wt% ETA at 2.45GHz.

o T(°C) € €”

0 20 61.5 18.8
0 60 56.9 9.1
0.22 20 56.04 34.19
0.22 30 57.29 34.33
0.22 40 57.95 35.45
0.22 50 58.27 37.49
0.22 60 57.78 39.79
0.22 70 56.92 42,71
0.22 80 55.94 46.78
0.33 20 56.54 39.68
0.33 30 58.27 41.52
0.33 40 59.33 44.42
0.33 50 59.69 47.73
0.33 60 59.33 52.27
0.33 70 58.88 56.62
0.33 80 56.44 59.48
0.44 20 57.04 45.66
0.44 30 58.64 48.43
0.44 40 60.22 53.51
0.44 50 60.93 58.26
0.44 60 61.18 63.50
0.44 70 61.01 68.96

(continued on next page)
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Table A1 (continued)

o T(°C) € €’

0.44 80 61.54 74.43
0.55 20 56.42 50.92
0.55 30 58.53 55.29
0.55 50 59.12 64.84
0.55 60 59.08 69.10
0.55 70 61.59 74.29
0.55 80 61.23 78.43

A.2. Thermal and physical properties:

A.2.1. Thermal conductivity of 30 wt% ETA

The thermal conductivity of 30 wt% ETA was fitted by Ghasem [61] using the Filippov equation of a binary mixture presented in (A-6). (1) is the
thermal conductivity of pure component in (W/m K), (w;) and (w») are the weight fractions of ethanolamine and water respectively, (K) is a fitting
constant taken as (K = 0.72) for aqueous ethanolamine solution. The correlation is valid for a molar fraction (xgra < 0.1) and at T = 25 °C. Despite its
limited validity, it was used in the current multi-physical model due to lack of better data.

An = WiA1 + Woky — Kwywy (7\,2 — }\,1) (A-6)

The thermal conductivity of pure ETA is determined from the correlation proposed by Shokouhi [62] and presented in (A-7) for a validity range of
30 < T< 80°C.

Mviea = —0,1711T + 291, 2846 (A7)
The thermal conductivity of DW is determined from correlation (A-8), taken from [63].

N = —1,48+4,12T? — 1,63T> (A-8)

A.2.2. Specific heat of 30 wt% ETA solution

The specific heat of aqueous ethanolamine was calculated from the correlation of Kim [64] for loaded and fresh solutions of aqueous ethanolamine.
The expression of the specific heat is given in equation (A-9), and the pertaining constants are listed in Table A2 for different ETA mass fractions, and
carbonation ratios. Equation (A-9) is valid for 30 °C < T < 80 °C, for temperatures outside this range linear extrapolation was used. Linear inter-
polation was used to determine the specific heat at carbonation ratios bounded by @ = 0 and & = Oyax.

C(Jg'K ') =a+bT (A-9)
Table A2
Parameters for the calculation of specific heat of aqueous ethanolamine solutions.
% wt. ETA Carbonation ratio a bx10%
20 Fresh solution 3.1315 2.8479
0.634 2.247 4.4044
29.5 Fresh solution 3.0666 2.8945
: 0.616 2.1374 4.5492
25 Fresh solution 2.9523 3.1530
0.597 1.9983 4.8434
30 Fresh solution 2.5661 4.1847
0.581 1.8252 5.0097

It is worth mentioning that as we rely on interpolating, this is not without justification. To our knowledge, the only other author who reported the
specific heat of aqueous ETA solution at different carbonation ratios, was Weiland [65]; unfortunately, his data are limited to ambient temperatures
which limits their utility.

A.2.3. Density of 30 wt% ETA solution

Weiland [66] measured the density of aqueous solutions of single and blended alkanolamine aqueous solutions at different temperatures and
carbonation ratios. The author used experimental data along with data collected from ten different sources to establish the density correlation valid for
several amines, over the temperature range [273-398 K°] and the carbonation ratio (a < 0.6).

The density is presented in (A-10) with subscript (AM) representing amine, (x) is the mole fraction, (M) is the molar mass, (V) is the molar volume
of the solution.

p = [XamMau + Xu20Mh20 + Xco2Mcoz)/V (A-10)

The molar volume of the solution (mL/mol) is expressed in (A-11) with (V*) being null for the case of ETA, while (V**) being the excess molar
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volume from two component interactions is expressed in (A-12) for ETA. The constants “e”, and “d” are found in Table A3.

V = XamVam + Xu20 Vizo + Xco2Veoz + XamXu20V + XamXcoz2 V

V™" =d+exam

(A-11)

(A-12)

The molar volume of amine is presented in (A-13), with (Vay) expressed in (mL/mol), (T) is in K°, with the constant “a”, “b”, “c” being expressed in
Table A3.
VAM = MAM/ [a T2 + bT + C} (A-13)

The molar volume of HoO (mL/mol) was calculated from (A-14) and has a validity range [273-648 K°]. The constants A, B, C, D are presented in
Table A3.

(A-14)

d
1+ (1%)
Puzo=2/b

Table A3
Constants for calculation of molar and excess volumes.

MEA DEA MDEA H>O
a -5.35E-07 -6.91E-07 -4.68E-07 0.14395
b -4.51E-04 -2.07E-04 -4.25E-04 0.0112
c 1.194 1.217 1.205 649.727
d 0 0 12.983 0.05107
e 0 0 397.72 -

A.2.4. Viscosity of 30 wt% ETA solution

The viscosities of partially carbonated aqueous amine solutions were measured and correlated in [66] according to equation (A-15). The validity of
this correlation extends to the temperature range [273-398 K°], a carbonation ratio (« < 0.6), and for an amine mass fraction (Q < 40 %). The
constants in equation (A-15) are presented in Table A4 for three different alkanolamines.

5—1 = exp[[(a2+b)T+ (c+d)] [a(e2+ T +g) + 1]Q/T2] (A-15)
H20
Table A4
Fitting constants for the viscosity of amine solvents.
ETA DEA MDEA
a 0 —0.0724 —0.1944
b 0 —3.4363 0.4315
c 21.186 54.319 80.684
d 2373 3628 2889.1
e 0.01015 —0.0015 0.0106
f 0.0093 0 0
g —2.2586 0.204 —-0.2141
The viscosity of HyO is given by correlation (A-16) obtained from [67], where () is in (mPa.s), while T in (K°).
o = A10/T —C (A-16)

A.3. Model parameters: Mass-transfer modeling

A.3.1. COy diffusivity in 30 wt% ETA

It is difficult to determine the diffusivity of COy in 30 wt% ETA, due its reactive nature in the solvent. This renders common determination
techniques unsuitable. One way of determining this data is by using the N2O analogy. This analogy - first proposed by Ladda [68] and verified by
Joosten [69]- is based on the similarity of molecular sizes between carbon dioxide and dinitrogen monoxide, and states that the ratios of diffusivity
and solubility between these molecules is constant irrespective of the solvent. Given that (N2O) does not react with ethanolamine, this relation can be
used to estimate the diffusivity of acid gas in a reactive medium as given in:
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D D
e o
Dn2o] 1,0 Dn20 | 300eTA

The diffusivity of CO3 and N2O in HyO were correlated by [70]. They are presented in (A-18) and (A-19) respectively with (T) being the tem-
perature, for a validity range of [273-353 K].

Do, 11,0 = 3,7191 10 %exp( — 2257.9/T) (A-18)

Dn,0-1, = 5,2457 10 %exp( — 2388.9/T) (A-19)

Experimental data on the diffusivity of N2O in aqueous ETA solutions at different temperatures and carbonation ratios are rather very limited and
cover the temperature range encountered in the absorption step of carbon capture at null carbonation ratio [54,71,72]. It is for this reason that the
diffusivity of N2O in 30 wt% ETA was determined from the modified Stokes-Einstein equation as shown in (A-20). The exponent value 0.8 was
proposed by [70] by fitting experimental data from literature; correlation errors are of the order of 20 % in comparison to experimental data [72].

08 _ 08
Dn20-30%ETA -H3goerma - = DNZO—H20~PH20 (A-20)

A.3.2. ETA diffusivity in 30 wt% ETA solution
The diffusivity of ETA in aqueous 30 wt%ETA solution was determined from modified Stokes-Einstein correlation presented in (A-21).

(A-21)

0.6 _ 0.6
Dampt ‘H o Dampt |soln
>

The correlation was fitted by Versteeg [70] to experimental data from literature at 25 °C for different alkanolamines including ETA, (a) was fitted
to be 0.6. The diffusivity of the amine in pure water was determined from the Wilke-Change [73] correlation presented in (A-22), with (x) being the
molecular weight adjustment factor (1.6 for water), (M) molecular weight of H,0, (T) is the temperature in K°, () is the viscosity of water (mPa.s), and
(V) is the molar volume of the solute at its normal boiling point (for ETA 170 °C).

D=7,410" [[XM]O'ST / pVO‘G] (A-22)

Snijder [74] measured the diffusivities of alkanolamines in several aqueous alkanolamine solutions at T = [25-60 °C] and that the correlation of
Versteeg gave an average error of 7 % and a maximal error of 25 %, while Jamal [72] and Glasscock [75] used the correlation in their studies.

A. Solubility of CO; in aqueous ETA solution

Versteeg [70] used the N,O analogy for calculation of CO5 solubility in a reactive medium based on the works of Laddah [68] who found a ratio of
solubility between CO;, and N»O in different organic solvents, and Haimour [76] who verified the validity of the N2O analogy in aqueous MDEA
solution.

The solubility of CO3 and N»O in pure water were measured and correlated by Jamal [72]. The correlations are shown (A-23), and (A-24) and have
a validity range of [273-523 K], as well as [278-393 K] respectively.

H(CO2 — H,0) = 10(69, 395 — 3557,79/T — 22, 29log(T) + 0, 0039T) (A-23)

H(N20 — H,0) = 10(85, 84 — 4373, 35/T — 27, 71log(T) + 0, 0033T) (A-24)
The ratio of both solubilities is constant as per the NyO analogy shown in equation (A-25).
(Heoz/Hno2) 20 = (Heoz/Hnoz)sotvent (A-25)

Wang [77] measured the solubility of NO in pure alkanolamines at the temperature range [20-95 °C]. The experimental findings were correlated
by (A-26), while coefficients (by, by) are presented in Table A5 for several pure alkanolamines. The solubility of CO5 in pure alkanolamines can then be
calculated using the N2O analogy.

Hy20-am = biexp(bz/T) (A-26)

Table A5
Coefficients for solubility of N2O in pure alkanolamines.

bl b2 c (%)
AMP 86,480 —1205.2 1.55
MEA 120,700 -1136.5 1.39
DEA 163,800 —1174.6 2.43
TEA 482,500 —1572.2 0.3
MDEA 152,400 -1312.7 0.9
DIPA 101,000 —1187.9 1.85

26



A. Hajj et al. Separation and Purification Technology 389 (2026) 136751

The solubility of CO5 in a mixture can be determined by (A-27), with (Hco, m) being the solubility in unloaded solvent mixture, (@;) being the
volumetric fraction of pure solvent (i) in the mixture, (Hco, i) is the solubility of CO in the pure solvent (i), and R is the excess solubility due to the
interaction between the different molecules in the mixture.

InHeo,m = Z @i InHeo, i +R (A-27)

The volume fraction of each solvent in the mixture is presented in (A-28), with v; being the molar volume, and (x;) the molar fraction.
XiVi
- A-28
o] S X, ( )
The excess term (R) was taken from [78,79] and is expressed in (A-29) with (a;2) being a temperature-dependent empirical parameter obtained
from Jamal [72] and valid over the range [20-120 °C].

R= D1D2012 (A-29)

012 = a; + az/T (A-30)

To calculate the solubility of 30 wt% ETA, equation (A-31) can be used. The solubility of CO; in a solution containing ionic species such as loaded
ETA solution, is calculated using (A-31). Here, (Hco, m) is the solubility in 30 wt% ETA solution with no ionic content, HZoz m is the solubility of COzin a
similar solution but with CO; loading, h is the Van-Krevlen coefficient, and (I) is the ionic strength.

log (Hgomm / Hcoz_m> —hI (A-31)

The Van-Krevlen coefficient is expressed in (A-32), with (h.) is the sum of coefficients of cationic species, (h_) that of the ionic species, and (h) that
of dissolved but unreacted gases, i.e. CO5. Coefficients pertaining to the ionic and cationic species were obtained from [80] while that of COy was
obtained from [81].

h=h, +h_ +h, (A-32)

The ionic strength (I) is expressed in (A-33) with ¢; being the concentration of the ionic species, (Z;) being the charge of the ionic species. Con-
centrations of ionic species were obtained from Kent-Eisenberg [82] vapor-liquid equilibrium model at 50 °C and were used.

—15Y 22 (A-33)

A.3.3. Diffusivity of COz in N gas
The diffusivity of CO in N gas is calculated from equation (A-34) used by Khaisri [41] with “A” denoting CO, “B” denotes N5 gas, (M) is the molar

mass (g/mol), (T) is the temperature in (°K), (P) is the total pressure (bar), (6ap) is the mean collision diameter (A), (Q) is the collision integral
(unitless). In what follows all expressions and properties were obtained from [83].

1
Dap = 0,0018581%(1 /M +1 /MB)E} / [Poi, Q0] (A-34)

The collision diameter is expressed in (A-35) with (65) and (op) corresponding to the molecular diameter of CO5 and N; respectively. The latter can
be calculated from the critical temperature and pressure (T.), and (P.) in (A-36).

OCAB = [GA + GB]/Z (A-35)

Ox = 2,44(T/P.) /> (A-36)

The collision integral (Q) is defined as in equation (A-37), with (k) being the Boltzmann constant (1.38 10’16), and (eap) being the energy of
molecular interaction for non-binary system defined in (A-38) and (A-39). (Ty) is the normal boiling point in kelvin (K°).

Q = f(xT/eas) (A-37)
€ = /€88 (A-38)
SA/K = 1,15 Tb‘A (A'39)

The collision integral is identified by the curve shown in Fig. Al.
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.4. Evaluating the Knudsen diffusivity

The Knudsen diffusivity was calculated as per the expression from [40-42] and presented in (A-40). “r” is the average pore radius (cm), R is the
ideal gas law (8.314 Pa.m?/mol K), T is the temperature (K°), M is the molar weight of CO-.

- %r\/BRT/(nMA)

Expression (A-40) can be simplified to obtain that more commonly used Eq.

= 0,97 Ipore/T/Myp

Data availability

Data will be made available on request.
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Glossary

Notations:

E: Electric field intensity (V/m)

H: Magnetic field intensity (A/m)
: Angular frequency (rd/s)

u: Magnetic permeability (H/m)

¢&: Electric permittivity (F/m)

¢ Relative permittivity

¢": Dielectric loss factor

o: Electrical conductivity (S/m)

c: Speed of light in vacuum (m/s)

f: Frequency (Hz)

A: Wavelength (m)

S11: Reflected power coefficient (dB or %)
P: Power (W) or pressure (kPa)

a: Carbonation ratio

r: Fiber radius (mm)

a: Width of WR340 waveguide (43 mm)
b: Length of WR340 waveguide (86 mm)
p: Fluid density (g/mL)

v: Fluid velocity (m/s)

g Gravitational acceleration (m/s%)
p: Viscosity (cP)

[ Specific heat (J/g K)

T: Temperature (°C)

Q: Volumetric heating rate (W/m%)
£o*: Permittivity of free space (F/m)
': Normal vector

C: Concentration (Mol/m®%)

N: Mass-transfer rate (Mol/s)

A: Mass-transfer area (m?)

He,: Partition coefficient

He: Henry's law (kPa m® / Mol)

d: Diameter (m)
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K: Overall mass-transfer coefficient (m/s)
L: Fiber length (m)

¢&: Fiber porosity

Re: Reynold's number

Sc: Schmidt number

Sh: Sherwood number

D: Diffusivity (m?/s)

7: Tortuosity

S5: Membrane thickness (m)

M: Molar mass (g/Mol)

R: Ideal gas constant (J/Mol K) or mass-transfer resistance (s/m)
F: Wetting fraction

E,; Enhancement factor

K: Equilibrium constant of CO2 with ETA
Gq: Inert gas flow rate (Mol/s)

Ly: Inert liquid flow rate (Mol/s)

x: Mole fraction in liquid phase

¥y: Mole fraction in gas phase

J: CO2 desorption flux (Mol/m? s)
X: Mole fraction relative to inert species in liquid phase
Y: Mole fraction relative to inert species in gas phase
Abbreviations:

MW: Microwaves

EM: Electromagnetic

SSC: Sliding short circuit

TE: Transverse electric

PTFE: Polytetrafluoroethylene

DW: Distilled water

ETA: Ethanolamine

Max: Maximal

VNA: Vector network Analyzer
CO2: Carbon dioxide

N: Nitrogen

Eff: Effective

Kn: Knudsen

Exp: Experiment

Subscripts / superscripts:

s: Phasor domain

r: Reflected

i: Incident, or at gas-liquid interface
*: In equilibrium with vapor phase
L: Liquid

m: Membrane

k: Mass transfer coefficient (m/s)

t: Total

f: Free

0: At initial conditions

R: Relative

s: Phasor domain

r: Reflected

i: Incident, or at gas-liquid interface
*: In equilibrium with vapor phase
I: Liquid

g Gas
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