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Abstract

This work proposes a microfluidic gas — ionic liquid contactor for CO, removal from
anaesthesia gas, containing Xe. The working principle involves the transport of CO; through a
polymer flat membrane followed by its capture and enzymatic bioconversion in the ionic
liquid solvent. Microfluidic devices enable a rapid and inexpensive screening of potential CO,
absorbers. The alveolar — type design of the ionic liquid chamber was adopted to reduce mass
transfer limitations of CO, through the liquid phase. Polydimethylsiloxane (PDMS) was the
chosen polymer for dense membrane, as well as for the microfluidic device fabrication,
mainly due to the high permeability of gases, O, and CO,, and low cost. The selected ionic
liquid was cholinium propionate (CP) with a water activity of 0.753, due to its high affinity
towards CO, and biocompatibility with the enzyme used for CO, conversion to bicarbonate,
carbonic anhydrase (CA).

The CO, and Xe permeability and CO,/Xe selectivity were determined in the
microfluidic devices developed and compared to those exhibited by free standing PDMS
membranes mounted on a standard permeation cell. The performance of the microfluidic
devices as gas — ionic liquid contactors was evaluated for a given solvent flow rate with pure
gas streams of CO, and Xe. The obtained results show that cholinium propionate with or

without the enzyme has no effect on the Xe transport, but remarkably enhances the affinity
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towards carbon dioxide leading to enhancement factor up to 1.9 in the presence of 0.1 mg
CA/gIL.

Keywords: Carbon dioxide removal, Anaesthesia gas recovery, Microfluidic membrane
contactor, Cholinium-based ionic liquids, Carbonic anhydrase enzyme.

1. Introduction

The most commonly used anaesthetic gas for surgical operations is nitrous oxide (N,O).
The mixture of nitrous oxide and volatile anaesthetic compounds, mainly isoflurane,
desflurane and sevoflurane, is introduced to the closed breathing system [1]. The main
problem with such mixture is the risk of hypoxia. Hypoxia caused by the excessive amount of
N0, also called a ‘third gas effect’, influences the partial pressure of O, within the alveolar
channels. When high quantity of nitrous oxide is present in the alveoli, O, and CO; are diluted
by this gas which leads to the decrease of their respective partial pressures resulting in
insufficient blood oxygenation [2].

An alternative approach in order to replace nitrous oxide is to use Xe as an anaesthetic
gas. The anaesthetic properties of Xe were discovered, analysed and described in the early
1950s [3]. Xe possesses a number of characteristics that make it a perfect anaesthetic
compound. It is hemodynamically stable, which results in lack of cardiac depression, it
produces high regional blood flow and it possesses low solubility in liquids, greatly reducing
the risk of hypoxia [2, 4]. Xe is particularly attractive for the neonates as it attenuates
isoflurane neurotoxicity [5]. Moreover, Xe is non — flammable, non — toxic, and does not
contribute to the depletion of the ozone layer [2, 6] compared to N,O; however, it is far more
expensive (1 litre of produced liquid Xe consumes 792 kJ which costs approximately 1000 $,
that is 100 times more than the price of N,O) [4, 6]. Hence, recycling of Xe from the
anaesthesia exhaled gas rather than wasting it to the atmosphere is the only way to ensure
economic and efficient Xe use.

The gas mixture exhaled from the patient during the surgical operation, where Xe is used
as an anaesthetic gas, consists mainly of Xe (=65%), O, (=27%), N2 (=3.3%) and CO; (5%)
[1]. The conventional method of removing CO, from the exhaled gas mixture in a closed —
circuit technology relies on the use of soda lime that is composed of: calcium hydroxide,
water, sodium hydroxide and potassium hydroxide. In this system the removal of CO, is
limited by the size of the CO, absorber canister [5]. Apart from this, the process is relatively
efficient and commonly used, but it suffers from a number of problems. The soda lime, if

allowed to dry up, can produce hydrogen and heat resulting in an explosion hazard; or can
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react with volatile anaesthetic compounds producing toxic side products (e.g. fluoromethyl-1-
2,2-difluoro-a-(trifluoromethyl) vinyl ether [7] or carbon monoxide [1]) in the gas circuit.
Therefore, several attempts, with alternative methods, are being investigated for the on — line
removal of CO, from anaesthetic closed circuits down to 0.5%. Mendes et al proposed the use
of a membrane contactor technology with commercial carbon molecular sieve membranes
(CMSM) in the form of hollow fibres [8] or flat sheets [1], and diamine as CO, absorber. High
permeation and ideal selectivities for CO,/Xe and N,/Xe were obtained in the case of single
gas experiments. On the other hand, multicomponent performance was adversely affected by
Xe, that possesses a kinetic diameter of 4.04 A, which is able to block the pores close to the
CMSM surface (with diameters in the range of 3-5 A) resulting in the reduction of the free
pore space and limitation of the diffusion of other species. Hollow-fiber based non-volatile
liquid membranes have been also successfully applied for CO, removal from N,O anaesthesia
mixtures containing halogenated hydrocarbons [9].

Recently, Yong et al (2016) have described the use of a hollow fibre membrane-based
gas-liquid contactor for CO, capture using potassium carbonate as a solvent [10]. The authors
propose the coating of the membrane surface, non-porous PDMS-PS or porous PP, with
carbonic anhydrase (CA) enzyme by LbL technique to: i) increase mass transfer rates due to
the reduction in pore wetting by the adsorbed polyelectrolytes; ii) to promote the CO,
absorption kinetics into K,COsz;. However, a slight loss in enzyme activity due to
immobilization is observed even during the short term Kinetic studies.

Additionally to all the trials focused on the membrane type, material and morphology, it
was discovered that some ionic liquids possess high affinity towards CO, and the addition of
carbonic anhydrase increases this property remarkably [11, 12]. CA is a naturally occurring
thermoresistant metalloenzyme that works as a catalyst for the reversible conversion of CO,
into bicarbonate (HCO3') at extremely high turnover rates. It regulates important biological
processes within humans and other living organisms. This catalytic activity has been exploited
for promoting the absorption of CO, from N, containing gas streams [12-14]. Neves et al
(2012) described the use of supported liquid membranes for the integrated CO, capture and
enzymatic bioconversion. A commercial hydrophobic porous membrane made of
polyvinylidene fluoride (PVDF) was used as a support for the immobilization of CO,
absorbing solvents, i.e. polyethylene glycol (PEG) 300 and 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl) imide ionic liquid. The CO; solubility increased between 20%
and 30%, even at low enzyme concentration (0.01% w/w) due to the chemical reaction

enhancement factor [12].



In the last decade, biodegradable, biocompatible and environmental-friendly ILs that are
synthesized by naturally-derived materials such as sugars and aminoacids are gaining
increasing importance. This novel class of ILs may provide an optimum media to stabilize
proteins (i.e. enzyme) [15] which is of our interest for the increase in CO, capturing effect.
Cholinium cations are quaternary ammonium cations (IN,N,N -
trimethylethanolammonium]®) fully derived from natural products [11, 16]. It was shown that
the cholinium cations combined with a range of alkanoate anions or amino acids provide a
media where living cells can actively grow [17, 18]. Moreover, they show high CO; capturing
effect by absorption plus chemical reaction that take place due to their ammonium cations
[19]. When compared to the commonly used ionic liquids for CO, capture [20], the CO,
solubility wvalues are lower, i.e 0.209 mol/mol for 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide compared to 0.152 mol/mol for cholinium propionate at 10
bar and 303 K. Nevertheless, cholinium based ILs show high biocompatibility and provide an
environment where CA is active.

Martins et al (2016) evaluated the CO, solubility and diffusivity values in cholinium
based ionic liquids as a function of water activity content and in the presence of CA (0.01%
w/w). The highest CO; solubility was obtained at the lowest water activity due to the lower
solubility of CO; in an ionic liquid with higher water content. However, in case of the ionic
liquid combined with the enzyme, the highest enhancement in CO, solubility was obtained
with the largest a,, because, under these conditions, the required water is available to assure
the enzyme activity. As a result, the optimal water activity value was identified to be 0.753.
Among the tested ILs, cholinium propionate (CP) exhibited the highest potential for CO,
capture with a maximum transport enhancement of 63% in the presence of CA [11].

The present work pursues the proof of concept validation of a PDMS based microfluidic
device as a gas — liquid contactor, with cholinium propionate and CA as a liquid phase, for the
removal of CO, from Xe anaesthetic gas. A priori, the high gas permeability values of dense
free standing PDMS membranes could allow to fully exploit the advantageous effect of the
CO; enzymatic reaction in the liquid phase. In addition, due to miniaturization, the volume of
ionic liquid required to fill the micro — chamber and the amount of CA are notably reduced
while providing high throughput for the preliminary screening of different ionic liquid-
enzyme formulations at several working conditions. Furthermore, this approach could be of
interest for Xe recovery systems that require low capacity as is the case of recirculating
machines for neonates. Moreover, the general advantages of PDMS microfluidic devices in

terms of fabrication (simplicity and cost), weight, size, easy integration and scaling up by
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replication and stacking by O, plasma are also worthy to mention. The microdevice consists
of two independent chambers (one dedicated to the liquid phase and the second one devoted
to the gas phase) and a non-porous flat PDMS membrane in between. The gas, CO; or Xe, is
introduced in one of the chambers, permeates through the membrane and dissolves in the
ionic liquid on the other compartment. An alveolar design has been mainly adopted for the
liquid chamber to ensure that mass transfer of CO, through the liquid phase, in order to reach
the CA active reaction sites, does not become rate controlling. As in previous works,
enhanced CO; transport is expected due to the high solubility of CO; in cholinium propionate
assisted by the enzymatic CO, conversion, both leading to greater driving force. In order to
confirm such hypothesis the following tasks were performed: 1 — design and fabrication of a
polymeric membrane and a microfluidic device with different geometries depending on the
chamber purpose (liquid or gas); 2 — characterization of the fabricated chip in terms of leaks,
membrane detachment and maximum tolerable pressure for its validation as G-L contactor; 3
— determination of the single gas permeability values of free standing membrane; and, 4 —
evaluation of the G-L microcontactor performance for CO, capture due to the presence of CP

solvent flowing in the liquid chamber and the use of CA to accelerate CO; transport.

2. Materials and methods
2.1.Materials
2.1.1. lonic liquid tested

Cholinium propionate (CP) was used in the CO,/Xe separation procedure. The ionic liquid
was prepared by neutralization of propionic acid (purchased from Sigma-Aldrich, USA) in
choline hydroxide. The resulting ionic liquid (IL) was equilibrated into a specific water
activity, i.e. 0.753, with a sodium chloride salt (Applichem, Panreac, Germany). The water
content corresponding to a given water activity was measured with a Karl-Fisher coulometer
(Metrohm, model 831 KF coulometer).

2.1.2. Carbonic anhydrase enzyme

Carbonic anhydrase (CA) lyophilized from bovine erythrocytes (ref: C3934, Sigma-
Aldrich, USA), was used in this work without any further purification. 0.1 mg of the enzyme
was added to 1 g of ionic liquid, and the resulting mixture was placed on the mixing plate till

complete dissolution.

2.1.3. lonic liquid and enzyme preparation



Taking into account that CO, is a Lewis acid, the absorbents which are chemically
reactive with CO, are usually bases [19]. Thus, cholinium — based ionic liquids show high
CO; capturing effect due to their ammonium cations. One of the parameters affecting the
performance of the ionic liquids is their water activity (ay). Henry’s constant, which is the
inverse of gas solubility, increases with the increase of a,. The water activity selected for the
permeation experiments was equal to 0.753 based on the results obtained by Martins et al
[11]. Table 1 shows the parameters of the ionic liquid and the enzyme selected for this work.
The enzymatic activity of CA is derived from a Zn®* ion that is coordinated to three histidine

residues near the centre of the molecule in a cone-shaped cavity.

Table 1 Parameters of the liquid phase used for CO, capturing experiments

lonic Liquid Cholinium propionate (CP)
Density [g-cm™] 1.07
Molecular weight [g-mol™] 177 .
P—— chAf
Viscosity [Pa-s] 0.039 &
Water activity 0.753 H3C\/N:/\/OH
Water content [%] 35.7 HeC' CHg
Henry Constant CO, [bar] 65.59
CO, Diffusivity [m?-s™] 3.3-10™
lonic Liquid + Enzyme Carbonic Anhydrase (CA)*
CA conc in IL [mg-g™] 01 F
.. HaN / NH 2
Water activity 0.753 y DI -
H, /inz. "
Water content [%] 40.9 AT
~ 5
NH / NH,
Henry constant CO, [bar] 74.23 o
R3

*the depicted chemical structure only corresponds to the central part of the molecule

2.1.4. Gases

The gases used in the experiments were xenon, Xe (purity grade 99.999%, Praxair, USA),
carbon dioxide, CO, (high-purity grade 99.998% Praxair, USA) and oxygen, O, (purity grade

99.999%, Praxair, USA).

2.2.Methods

2.2.1. Design and fabrication of the PDMS chip




The microfluidic device used in this work was entirely made of Poly dimethyl siloxane
(PDMS; Sylgard 184 Dow Corning, Midland, MI). PDMS was used due to its optical
transparency, biocompatibility and mechanical properties which mean that it can be easily
released from moulds and it conforms to surfaces. It consisted of two chambers, where one
was dedicated to gas and the other to ionic liquid (CO; solvent). Both compartments were
separated by a dense membrane (approximately 60 um thick) made of the same material. The
gas chamber, in the form of an empty reservoir, possessed a number of supporting pillars in
order to reduce the risk of membrane and chip collapse. Liquid channels were arranged in a
branching-like-architecture, including flow distributors, so the ionic liquid could circulate in a
homogenous flow regime to reduce dead volume (see Sl, Fig S1) and to avoid high pressure
drop across the structure when dealing with high viscous fluids. Computer modelling in
COMSOL Multiphysics 5.0 was done to calculate the pressure exerted on the walls of the
liquid chamber for the CP ionic liquid at a liquid flow rate of 0.01 mL-min™. The estimated
AP in the liquid chamber was equal to 0.14 mbar. Thus, the branching-like architecture allows
to work with high viscous ionic liquids without the risk of pressure build up, channel
blockage and chip collapse; unless fabrication defects or inadequate chip punching lead to
obstructed channels. The depth of the liquid channel, i.e. 100 um, also aimed to minimize
mass transfer limitations in the permeate side.

The liquid as well as gas channel moulds were fabricated using a fabrication procedure
reported previously by several authors [21-25] (See SI, Fig S2). Briefly, the masters were
prepared by standard photolithography to create a pattern in SU-8 photoresist (SU-8 50 DE
MicroChem) deposited on a flat silicon substrate (Fig 1 A-B). SU-8 is a commonly used
epoxy-based negative photoresist, which is a light sensitive material, that is used to form a
patterned coating usually on a silicon wafer surface. Next, PDMS pre-polymer and curing
agent were thoroughly mixed in a ratio 10:1 and placed in the vacuum chamber for degassing.
PDMS was poured on the masters and placed in the oven for 45 min at 80°C (Fig 1 C). The
moulds were peeled off from the silicon wafer, cut to the required size and punched for inlet
and outlet by a round punch (TiN Coated Round Punch, Syneo). Fabricated chambers were
immersed in the solution of isopropanol (Sigma Aldrich) and placed in the ultrasound bath for
approximately 2 minutes in order to remove any possible dust that could be attached to the

inside of the channels or PDMS debris inside the punched holes prior any further procedure.

The PDMS membrane was made by spin coating (WS-400BZ, Laurell Technologies

Corporation Spin Coater) on the surface of another wafer. The PDMS precursor solution was



placed on the wafer and spincoated at 1000 rpm during 1 minute resulting in a membrane
thickness of 60 um (Fig 1 D). The fabricated PDMS platform dedicated to liquid was placed
inside the O, plasma chamber (Diener electronic, Plasma-surface-technology) operating at 0.4
mbar, 120 W and 50% of O, during 50 sec, in order to activate the surfaces, which will enable
connecting the PDMS platform to the PDMS membrane [26] (Fig 1 E). After the surface was
functionalized with O, plasma, the PDMS compartment was connected to the membrane and
peeled off from the wafer. Next, the other platform was placed inside the O, plasma chamber,
functionalized and connected to the other side of a membrane resulting in a microfluidic
device made of two independent PDMS compartments (Fig 1 F). The fabricated chips were
free of dust and other particles and both chambers were well attached to the membrane, no
leaking was observed. Figure 1 A-F shows the process flow of the PDMS chip fabrication.

[a] —Su-8

. Silicon
wafer
Silicon

wafer
Su-8

PDMS
UV light P nhamber
1 l l ¢ —— PDMS | PDMS
sili | b
g —mask — i mem
T~Su-8 Silicon
———
Silicon wafer
. wafer
El PDMS gas
CO2/Xe ;
side
PDMS memb

(60 pm thick)

Figure 1 Process outline of the microfluidic chip fabrication. SU-8 negative photoresist was spin coated on the
silicon wafer (A), mask alignment, UV exposure and SU-8 development (B), PDMS was poured on a created
mould (C) and peeled off after curing. The membrane was prepared by spin coating on a silicon wafer (D) and
connected to the PDMS mould by O, plasma procedure (E). After curing in the oven, the membrane and the
chamber was peeled off of the wafer and connected to the other chamber (F).

2.2.2. Characterization of the microfluidic device



The liquid chamber architecture enabled uniform flow of the ionic liquid through the
branching construction of the microchannels while capturing CO, permeating through the
PDMS membrane. Use of PDMS elastomer facilitated chip fabrication and reproduction of
the same design with thin non-porous membrane attached to the chambers. Four replica of the
same design were fabricated. All of them possess a membrane of approximately 60 um
thickness, but slightly differ in the thickness of the PDMS mould compartment, varying from
0.8 to 1 cm due to the fabrication procedure. The four chips were built and tested; each device
was capable to work for many hours under the conditions indicated below.

Figure 2 A shows the photograph of a microchip with the liquid chamber filled with blue
dye and the gas compartment filled with pink dye to visualize the flow path. The image
indicates that the filling of the gas and liquid channels was homogenous, demonstrating that
there was no dead volume. Metallic pins (precision stainless steel dispense tips from Nordson,
The Netherlands) with outer diameter of 0.025” and gauge 23 were inserted at the inlet and
outlet of gas and liquid compartments to facilitate introduction of the piping into the
microchip. Metallic pins and piping also contribute to the increase of a pressure drop across
the entire system. To avoid deformations or leaks in the chip the maximum allowable pressure
in the gas side was 0.1 bar. On the other hand, the maximum allowable liquid flow rate was
equal to 0.01cm®-min™, leading to the pressure drop of the liquid side, considering piping,
pins and the chamber, to approximately 6 mbar. The SEM (CSEM-FEG INSPECT F50)
picture of a cross section of the microdevice was taken after coating the PDMS with platinum
by low vacuum coater (Leica EM ACE200). Figure 2 B indicates that the membrane is well

attached to the microfluidic chambers.

CA S

Liquid chamber:
100 um depth

2N

Membrane:
=~ 60 um thick

Gas chamber:
100 pm depth

Figure 2 PDMS microfluidic device (A) with food dye for better visualisation of liquid and gas chamber and (B)
SEM image of a microchip cross section

The volume of the gas chamber was equal to 0.073 cm® and volume of the liquid was

0.038 cm?®, while the depth of each chamber was equal to 100 um. The chip footprint, defined



as the total size of the microfluidic device taking into account its width and length, was equal
to 18.9 cm? making it a very compact system. The membrane surface area was 3.87 cm?,
resulting in a 3500 M™ S/Vjiquids+gas ratio.

2.2.3. Single gas permeation experiments on PDMS membranes

Firstly, the permeability of a free-standing PDMS membrane was evaluated, according to
the method previously described by Neves et al [12]. The system was composed of a gas
source, gas compartment, pressure transducers (Druck PDCR 910 models 99166 and 991675,
England) and temperature controller which was immersed in a water bath. The stainless-steel
cell was made of two identical chambers (6 cm®) dedicated to the feed and permeate with the
membrane in between. The stainless-steel cell was placed in a water bath at 30°C. The
permeability of three different pure gases was measured: CO,;, O, and Xe. The identical
compartments were pressurized with pure gas, and after opening the permeate outlet (see Fig
S3in Sl) a pressure difference of about 0.7 bar was imposed. The pressure decay on the feed
side and the pressure increase on the permeate side were recorded using two pressure

transducers.

2.2.4. Single gas permeation experiments on microfluidic devices containing ionic liquids

and enzyme

The experiments with ionic liquids were carried out in the experimental system shown in
Fig 3. In this case, there was one pressure transducer connected to the gas chamber while the
ionic liquid, without and with the enzyme, was fed by a syringe pump connected to the liquid
chamber, i.e. permeate side, at 0.01 cm*®min™. The outlet of the liquid side was left open to
the atmosphere so there was always a fresh portion of ionic liquid entering the compartment.
The permeation of Xe and CO, was measured. The gas compartment was pressurized up to
approximately 0.1 bar. After equilibrium, valve V3 was opened while all the other valves

were closed. The temperature was kept constant at 30°C.
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Figure 3 Experimental system for measuring the transport rate of CO, and Xe in the
presence of ionic liquid and ionic liquid containing carbonic anhydrase

2.3. Calculations

The equations presented below were used for calculating the permeability of a free-
standing membrane. Moreover, the global mass transfer coefficients were also calculated for
the chip under operation with the liquid compartment filled with ionic liquid or with ionic

liquid and enzyme. The equations and assumptions used are presented below.

2.3.1. Gas permeability calculation of a free-standing membrane

Single gas permeability of a free standing membrane was calculated according to
expression (1), which was derived from the mass balance equation under non-steady state

conditions [27] as described by Neves et al [12]:

l " [Pfeed - Pperm]o _ pE (1)
'B [Pfeed - Pperm] l

where Pred and Pperm are the pressures in the feed and permeate side, respectively [bar], t is
time [s], | corresponds to the membrane thickness [m], p is the membrane permeability [m? s°
7 and B [m™] is a parameter which depends from the geometry of the compartment and is

given by:
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ered Vperm

where Vseeq and Vperm are the volumes of the feed and permeate chambers, respectively [m],
and A is the membrane surface area [m?]. In the experimental system used for our
measurements the value of p was equal to 106.38 [m™]. The conversion of permeability
expressed in m?s™, into units of barrer is described in detail in [27] .

The permeability of the free-standing membrane, calculated by the presented method, was

used for the evaluation of individual resistances in the liquid phase (see section below).

2.3.2. Calculation of Global Mass Transfer Coefficient, Individual Resistances and

Enhancement Factor

The flux of CO,, denoted as J [mol-m™:s™'], from the gas to the liquid side in a membrane

contactor is governed by equation (3):
J = KAC = K(C; — C§) @)

where K [m-s™], is the overall mass transfer coefficient for CO, transport, AC is the driving
force: Cg is the concentration of CO; in the gas phase and Cg is the concentration of CO, in
the gas phase that is in equilibrium with the CO, concentration in the bulk liquid phase. Under
the experimental conditions chosen for the evaluation of Kcoy, the hypothetical concentration
of CO, in equilibrium with the CO, dissolved in the ionic liquid (Cg ), can be considered
negligible due to the CO, Henry constant value of the selected cholinium-based ionic liquid
(see Table 1) and the continuous feeding of fresh ionic liquid to the chip (0.01 cm*min™).
The mass transfer coefficient for the ionic liquid or ionic liquid with enzyme was calculated
from the exponential fit of the normalized pressure decay curve based on equation (4):

dC;

—V—=K-A-(C; — C¢) 4)

dt
where, A is the membrane surface area [cm?].
The overall mass transfer coefficient for gas transport in a G-L membrane contactor can be

described by the resistance in series model as shown below in equation (5):
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(5)

where k. is the individual mass transfer coefficient in the gas phase [m.s™], k,, is the
individual mass transfer coefficient associated with transport through the membrane [m.s™],
k? is the individual liquid phase mass transfer coefficient [m.s™] in absence of chemical
reaction, i.e without the CA enzyme, m is the Henry’s law constant [-] and E is the
enhancement factor due to the enzymatic reaction [-] which can be expressed as in equation 6
for first order reactions, which is reasonable to assume because the enzyme is far from being

saturated:

Ha

E= tanh(Ha) ©

where Ha is the Hatta number which relates the overall absorption rate to the physical
absorption rate of CO,,

The membrane resistance (Ry) is calculated simply by the inverse of the individual mass

transfer coefficient inside the membrane (ki). Similarly, the resistances resulting from the
M

presence of ionic liquid (Rcp) or ionic liquid with the enzyme (Rcp+ca) are calculated from the

: . 1 . :
inverse of the mass transfer coefficient of the IL (mko) and mass transfer coefficient with the
L

1
mEk;}

enzyme (. ) respectively.

The overall mass transfer coefficient expression can be simplified further to be solely
dependent on k,, and k? because all the experiments herein performed have been carried out
with pure gases resulting in:

1 1

1
— T — +
K ky mEK?

(7)

3. Results and discussion

3.1 Permeability of a Free — Standing Membrane
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Figure 4 shows the normalized AP/AP, decay (defined using t=0 as reference) as a
function of time divided by the membrane thickness, for two different free-standing
membranes (60 um thick and 126 pum thick). The measurements were performed for O, Xe
and CO,. The raw data (see Fig S4, SI) shows that the pressure decrease of the feed is equal to
the increase of pressure at the permeate indicating that the volumes of the feed and permeate
chambers are identical. As it was expected, the slowest AP/AP, decrease is observed in case
of O, which has the lowest permeability through the PDMS membrane and the fastest
decrease is detected for CO,, which has the highest permeability through PDMS. This is in
agreement with previous findings [28] and technical information provided by PDMS
membrane suppliers. In all the cases, the mass balance is satisfied within £5%.

The objective of the experiment with a free-standing membrane was to validate the
experimental system, confirm the calculation procedure and to compute the permeability of
the spin — coated non — commercial PDMS membranes (See Table 2). There are several
factors influencing the permeation through PDMS membranes, being the two most important
ones the mixing ratio and curing temperature during membrane preparation. The mixing ratio
of the PDMS prepolymer to the curing agent used in this work was 10:1. This ratio is
suggested by the polymer provider and leads to a good balance between permeability and
mechanical stability of the material. In general, a higher amount of cross—linker leads to a
more mechanically stable structure with lower permeability [29-32]. Thus, the optimal

prepolymer: curing agent ratio depends on the final application.

Table 2 O,, CO, and Xe permeability values calculated for the prepared free-standing

membranes
Thickness | Permeability O, | Permeability CO, | Permeability | Ideal Selectivity
[um] [barrer] [barrer] Xe [barrer] olCo2/xe
60 357 854 620 1.4
126 310 843 612 1.4

Additionally, it is concluded from Table 2 that the permeability of Xe is only slightly lower
than that of CO, with an ideal selectivity of 1.4. In fact, the values of the Lennard — Jones
kinetic diameters are similar, 3.94 A and 4.04 A for CO, and Xe, respectively [33]. Merkel et
al [28] studied the permeability of different gases in PDMS and they concluded that, even
though the kinetic diameters of gases are similar, permeabilities can be different as a result of
relative solubility of a gas in PDMS. Typically, gases with higher critical temperatures, such

as COy, exhibit high condensability and are more soluble in polymers as well as in liquids.
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Figure 4 Normalized pressure drop in the experiments with three different gases (O,, Xe and CO,) for two
distinctive free-standing membranes (60 pm thickness and 126 um thickness).

3.2 Gas transport in the microfluidic device

The gas permeation experiments through the membrane integrated in the microfluidic
chip were carried out in the experimental system shown in Figure 3. In this case, the liquid
chamber was empty and the valves connecting the chamber to the atmosphere were closed.
The pressure decay was recorded for Xe and CO,. Figure 5 shows the comparison of
normalized pressure drop for four different chips in the case of CO,.

T T T T T T y T T
0 1000 2000 3000 4000 5000
t[s]

Figure 5 Normalized pressure drop of CO, in the four different chips
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For raw data of the pressure decrease at the feed side and pressure increase at the permeate
side for CO, inside one of the chips, see Fig S5, SI. The pressure in the feed side decreases
slower than the pressure at the permeate increases. This is related to the difference in the
volume of the two chambers. Considering that the feed chamber consists of a gas
compartment made of a stainless steel connected to the gas side of the microdevice and
accounting for all the connections, the total volume of the feed side is 72.83 cm®. On the other
hand, the permeate side consists only of a liquid chamber of the microfluidic device and the
piping resulting in a volume of 0.12 cm®. Additionally, in the proposed microdevice there is
not only a membrane which is made of PDMS but also both chambers. Unlike free-standing
membrane experiments, the amount of CO, moles permeating from the feed side significantly
differed from the amount of CO, moles appearing on the permeate side. The contribution of
CO; sorption on the PDMS side walls accounts for up to 15%. In other words, the gas
permeates not only through the membrane but through the chamber walls as well, resulting in
modified gas transport values. In this scenario, a significant contribution of the PDMS walls
effect on the recorded pressure variation in the feed side is expected. To corroborate such
hypothesis, the CO, permeability measurements of chip 4 were carried out slightly different:
before the pressure decay measurement, the microfluidic device was saturated with CO, for
about 3 hours. After that time, the measurement was performed as it was described above.
The purpose of this procedure was to saturate the PDMS walls with CO,. Therefore, the total
transport of CO, occurred in the membrane rather than in the PDMS walls. This is visible in
Figure 5 where the highest decay of the normalized pressure is observed in Chip 4. Hence, it
was decided that to avoid the contribution of the PDMS walls in the gas permeation, the
values of the PDMS membrane permeability and a membrane resistance for a given gas will
be taken from the experiments presented in the previous section for a free — standing
membrane (see Table 2) rather than from the measurements of gas permeation in the
membrane integrated in the chip.

3.3 CO; transport enhancement due to cholinium propionate ionic liquid and carbonic

anhydrase enzyme

To increase the CO, capturing effect, cholinium propionate ionic liquid, CP, alone or
combined with the carbonic anhydrase enzyme, CA, was introduced in the liquid chamber by
a syringe pump with the flow rate of 0.01 cm®min™ (see Figure 3). The experiments were
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carried out for four different chips with PDMS dense membrane, 60 um thick. However, in
order to ensure the selectivity of the process, which is the separation of CO, from Xe in an
anaesthesia gas stream, the transport of Xe in presence of cholinium propionate and cholinium
propionate combined with carbonic anhydrase has to be investigated. Therefore, the same set
of experiments were carried out in the case of Xe. As it was done in the previous
measurements, pressure decay of the analysed gas was recorded and the calculation of the
resistance of each process as well as the mass transfer coefficients were performed.

Figure 6 shows the normalized pressure decay in the feed side for all three experimental
configurations as a function of time for CO, (A) and Xe (B), respectively. There is no visible
effect of ionic liquid and the enzyme on the affinity to Xe, in comparison to the measurements
with the empty liquid chamber. Accounting from preliminary results of Xe solubility in bulk
cholinium propionate ionic liquid, i.e. negligible [11] (see Figure S6 in Sl), the Xe pressure
decay profiles depicted in Figure 6b could be explained by the contribution of Xe sorption on
the walls of the PDMS chambers.

On the other hand, there is a slight enhancement in the pressure decay in case of CO, and
ionic liquid. The CO, pressure decreases even more rapidly as a result of the enzymatic
reaction, i.e. due to the presence of the enzyme in the ionic liquid. Figure 7 represents the
final decay of pressure in the feed side of the four different chips. The normalized pressure
decay of the four chips is presented in the supplementary information (SI, Fig S7). It is visible
that the ionic liquid has an influence on the CO, transport and it increases it moderately.
However, a significant increase in CO, transport is obtained when the enzyme is added to the
IL, which is in agreement with previous works and results obtained by Martins et al for the

immobilization of carbonic anhydrase in cholinium propionate in a bulk system [11].
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Figure 6 Normalized pressure decay in the feed side over time in the empty chip 1 (no IL), the chip 1 with
cholinium propionate and the chip 1 filled with cholinium propionate and carbonic anhydrase for CO, (A) and
Xe (B).
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Figure 7 Enhanced CO, transport due to the presence of ionic liquid and the enzyme in the liquid chamber:
results for the 4 different chips prepared in this work.

The individual mass transfer coefficient for transport through the membrane, ky, and the
global mass transfer coefficients for CO, transport, K¢, with ionic liquid and with ionic
liquid combined with the enzyme are presented in Table 3. The mass transfer coefficient for
the membrane, ky is calculated by dividing the permeability value by the thickness of each
membrane integrated in the microfluidic device. The global mass transfer coefficients for CO,
transport, K¢, is calculated from equation (4). In the case of Xe, the calculation of the overall
mass transfer coefficient cannot be performed following the same procedure since there is not
a measurable absorption of Xe in the ionic liquid. Table 3 also shows the enhancement factor,

as well as, the molar flux ratio between CO; and Xe, i.e. J¢o, //xe-

Table 3 Mass transfer coefficients, resistances and enhancement factor for CO, transport
in cholinium propionate and cholinium propionate combined with carbonic anhydrase. Rcp is
the resistance in the ionic liquid, Rcp+ca IS the resistance in the ionic liquid combined with the

enzyme, E is the enhancement factor due to the chemical reaction.
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Chip Chip+CP Chip+CP+CA
K K

Kcoz _coz 1 _coz 1 ]

Chip | kv | =TT |Rep[%] | =T . 1 | "PCA | E | Jeollxe
-t 70 —+t—— [%] 2
[m-s] kv = mk? kv = mEK?
[m-s?] [m-s?]

1 1.19-10° 1.24-10°° 89.6 2.11-10° 82.3 1.9 35
2 1.17-10° 1.25-10° 89.3 2.07-10° 82.3 1.8 2.9
3 1.10-10° 1.58-10°° 85.6 2.11-10° 80.8 1.4 3.8
4 1.14-10° 1.51-10° 86.8 1.87-10° 83.6 1.3 3.0

Above all, the results obtained indicate that the main controlling resistance to CO,
transport in the gas — liquid membrane contactor is located in the liquid phase. We found that
individual liquid phase resistance values, Rcp, are in the range of 86-90% of the total
resistance. The overall mass transfer coefficients are two orders of magnitude lower than the
ones presented by Yong et al due to the higher viscosity of the ionic liquid (39 mPa:-s vs 2
mPa-s) and the much lower solvent Reynolds number (0.001 vs. 20) used in this work.
Additionally, in our case, it was decided to not increase the flow rate of the IL because this
would augment the pressure drop in the entire system, above the limit of 0.1 bar, leading to
deformation and leaks in the chambers. The enhancement factor on CO, transport due to the
presence of the enzyme increases up to an average value of 1.6. This value is rather positive
when compared with published results [10], in particular if we take into consideration the low
i.e. 0.1 mgCA/gIL. The

enhancement factor (E) results, after addition of carbonic anhydrase to the cholinium

enzymatic concentration used in the microfluidic device,

propionate ionic liquid, are in agreement with the results obtained by Martins et al. for bulk
experiments [11], where an enhancement factor of 1.6 was also obtained. This observation
supports the benefits of the alveolar type design for ensuring the facile access of CO, to the
CA active reaction sites. Moreover, the CO,/Xe molar flux ratio after addition of the ionic
liquid and the enzyme is as high as 3.3 compared to 1.4 ideal selectivity obtained using the
PDMS membrane.

Since there is no Xe absorption by the ionic liquid it can be totally recycled in a closed

anaesthetic circuit as represented in Figure 8.
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Figure 8 Simplified scheme for CO, removal and Xe recycling in a closed anaesthetic circuit

4. Conclusions

In summary, we have investigated the effect of an ionic liquid and its combination with
carbonic anhydrase to remove CO, from Xe used in anaesthesia. The microfluidic
experimental system was designed as a membrane contactor working in a semi-continuous
operation mode. Even though the permeability of PDMS for Xe and CO, was similar, the
cholinium propionate and cholinium propionate in combination with carbonic anhydrase
showed the enhancement in the CO, capturing effect, while there was no effect on the Xe
transport rate.

Our work demonstrates the proof of concept for CO, removal from anaesthesia gas
circuits through a membrane contactor in the form of a microfluidic device. Thanks to
miniaturization, the consumption of chemicals, i.e. ionic liquid and enzyme, is notably
reduced. At the same time, it provides a significant enhancement factor and molar flux ratio of

COy/Xe using very small concentration of CA enzyme 0.1 mgCA/gIL.

Further research should also consider: i) alternative non—permeable materials with higher
mechanical resistance for the fabrication of the microfluidic chambers; ii) exploring novel
membrane architectures (porous, corrugated) to increase the S/V ratio; and, iii) use of higher
concentrations of the CA enzyme and solvent flow-rates for promoting CO; transport.
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