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The ionic liquid, 1-butyl-3-methylimidazolium acetate [bmim][Ac], was used to remove carbon dioxide (CO,)
from a simulated spacecraft cabin atmosphere (2 mm Hg (267 Pa) partial pressure of CO, with balance of nitrogen
(630 mm Hg total pressure)). Three gas-liquid contactor configurations were experimentally characterized to measure
the rates of CO, removal from the simulated atmosphere with [bmim][Ac]. Two of the contactors, a parallel path flat
plate and hollow fiber membrane, utilized hydrophobic porous membranes (silicone and polypropylene, respectively)
to separate the gas and ionic liquid streams. The third, a 3-D printed interior corner capillary-driven contactor was
configured for the crossflow of gas directly over the free liquid surface. At circa 90 — 100 mL/min liquid flow and
gas flow rate (0.24 slpm), inlet and outlet CO, concentration differentials in the gas flow were 990, 2420 and 2680
140 ppm for the flat plate, hollow fiber and interior corner contactors, respectively. For these same contactors, CO;
removal rates were (18 = 2) g m? day’!, (41 £ 3) g m? day”!, and (60 + 3) g m? day!, respectively. Overall mass
transfer coefficients k& were (5.2 £ 0.3) x 10" m s-1, (16.8 £ 1.3) x 10° m s-1 and (25.0 = 1.9) x 10> m s-1 for each
contactor, respectively. The coefficients generally decreased in direct proportion to increased gas flow. These
performance metrics were nearly insensitive to variations in the flow of ionic liquid. The maximum uptake of CO; by
[bmim][Ac] was measured at 7.45 w% at 630 mm Hg and room temperature (23°C) The loading was 1.67 w% when
exposed to the simulated spacecraft cabin atmosphere. In addition, desorption with thermal vacuum and thermal
sparge processes were studied at temperatures from 20 to 80°C, the latter using dry inert gases (argon and nitrogen)
to remove CO; from the ionic liquid. After 4 hrs at 71°C under rough vacuum (0.5 mm Hg) without stirring,
gravimetric measurements indicated a decrease in loading of CO; from 1.75 w% to 1.29 w%. In comparison, for a 95
mL/min gas sparge flow through CO; saturated [bmim][Ac] at 65°C, the loading decreased from 1.67 w% to 0.75 w%
over the same period. The results suggest the importance of elevated temperature coupled with agitation to increase
the rate of CO; desorption from the ionic liquid.
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Nomenclature
AETHER Atmospheric and Environmental Test Hub for Experimentation on Revitalization
CaA Ca?" exchanged zeolite A
ci concentration of species i, ppm
D diffusion coefficient, m? s’
G mass flux, g m? day"!
ID inner diameter, cm
1L ionic liquid
k overall mass transfer coefficient, m s-1
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m mass, g

MFC mass flow controller

OD outer diameter, cm

N number of acquired samples or readings for a given measurement
N molar flux, mol m? s

p pressure, Pa

ppCO; partial pressure of CO,, Pa

PMP pump

ppm parts per million

Ry universal gas constant, J mol™! K!

RTIL room temperature ionic liquid

t value from Student-t distribution table w/ o. = 0.025 to attain 95% confidence assuming a two-sided

distribution

T temperature, K

c thermocouple

U, the overall uncertainty on calculated parameter Z

X the measurement of importance (e.g. ¢i, m, p, T, etc.)

VA the derived parameter of interest (e.g. Ac;, N, etc.)

6B bias error

6S precision error

ox the measurement uncertainty on x including all sources of error
Am change in mass, g

v number of degrees of freedom

14 valve

Subscripts

i indice for precision errors
j indice for bias errors

I. Introduction

N one day, a person exhales about 1 kg of CO; [1]. On the International Space Station (ISS), the Carbon Dioxide

Removal Assembly (CDRA) has been the primary system for CO; control [2]-[6]. CDRA is a 4-bed molecular

sieve system that operates with two sets of beds that alternately sorb and desorb CO, using thermal/pressure swing
cycles. Cabin air is sent through the first of one 2-bed series, where water vapor is removed by desiccant material
(Sylobead and 13X zeolite). Once dried and conditioned, the air is sent through the second bed where most CO; is
removed by adsorbent zeolite SA pellets. The treated air is then re-humidified by passing it through the desorbing
desiccant bed to recover the trapped water. Heating the removal bed drives the CO; from the zeolite for compression
and delivery to downstream processes (e.g. a Sabatier reactor for recovery of oxygen). Exposing the CO, removal
adsorbent to the vacuum of space desorbs any remaining gases.

Historically, CDRA has been able to maintain the partial pressure of CO, (ppCO>) in the cabin atmosphere from
about 2 to 5 mm Hg (267 to 667 Pa) with 7-day averages of 3.4 mm Hg [7]. Long-term continuous exposure to
elevated CO, concentrations has been hypothesized to adversely affect crew performance and contribute to crew
physiological issues (headaches, vision impairment, and intracranial pressure) [1], [7]-[11]. Astronaut performance
and comfort can begin to degrade as early as 2.3 to 2.7 mm Hg ppCO, [1]. Allen et al. determined that 1,400 ppm
CO2 (1.1 mm Hg ppCO2) in ventilated indoor spaces adversely affected cognition [12]. In response to these concerns,
astronauts and physicians have advocated for lower levels. The ISS has reduced the maximum allowable level to 4
mm Hg ppCO;. Further reduction to levels below 2 mm Hg ppCO; are desired to keep the risk of headache below 1%
[7]. For these reasons, physicochemical technologies with potential to meet this goal have been under investigation.

Several regenerable sorbent materials have been researched for CO, removal from space habitat atmospheres,
which include zeolite-coated Microlith mesh substrates [13], zeolite sorbent materials [3]-[6], [13]-[15], liquid and
solid amines [16]-[17], and ionic liquids [18]. Implementations for treatment of spacecraft cabin or spacesuit
atmospheres include the CO, Removal and Compression System (CRCS) [19], the CO, And Moisture Removal Amine
Swing-bed (CAMRAS) [16], the Rapid Cycling Amine (RCA) system [17], Supported Ionic Liquid Membranes
(SILMs) [20]-[23], and water walls, a novel passive concept in which a supported water wall absorbs gases from the



cabin atmosphere for provision to algae [24]. Each of these sorbents are described below.

A. Zeolite Sorbents

Zeolites, often called molecular sieves because they can separate gas molecules by size, are microporous sorbents
used for gas separation and purification processes [25]. Composition of the zeolite can thermodynamically or
kinetically favor selective separation of gases [26]. The zeolite sorbent can be regenerated by applying heat
(temperature swing), reducing the pressure (pressure swing) or both to drive off the adsorbed gas.

CDRA uses a packed bed of CaA (5A) zeolite pellets with SA pore size for CO, removal from spacecraft cabin
atmospheres [3]-[6], [14]-[15]. However, since the 5A zeolite favors sorption of water vapor over CO,, the cabin air
first passes through a NaX zeolite (13X, 10A pore size) pellet bed to control humidity. The SA zeolite also has another
drawback; the CO; loading decreases with lower partial pressure. At 25°C and 267 Pa ppCO,, the SA zeolite saturates
at 3.4 g CO,/100 g sorbent. The loading drops to less than 2 g CO,/100 g at 133 Pa [27]. Recent work [28], [29]
screened alternative zeolite sorbents for mechanical integrity and recovery of CO, capacity after exposure to moisture.
Grade 544 13X zeolite had faster adsorption kinetics with improved capacity than SA zeolites.

B. Solid Amine Sorbents

The Shuttle Regenerative Carbon Dioxide Removal System (RCRS) used solid amine-coated ion resin beads. A
polymeric resin (e.g. acrylic, polystyrene or divinylbenzene) was coated with a CO, adsorbing amine such as
monoethanolamine (MEA), diethanolamine (DEA), or methyldiethanolamine (MDEA). Filburn et al. [30] later found
SA9T amine-coated porous plastic ion-exchange beads to have increased capacity over the RCRS solid amine sorbent,
although exposing the amines to space vacuum may result in a loss of sorbent to thereby reduce CO, removal capability
over time [16]. This same SA9T sorbent has since been used in the CO, And Moisture Removal Amine Swing-bed
(CAMRAS) [16] and the Rapid Cycling Amine (RCA) systems, which have packed beds and flow paths similar to
other pellet-based CO, removal beds [17]. CAMRAS was selected for use in Orion. The RCA system is being
considered for the next generation spacesuit CO> removal and humidity control system.

C. Monoethanolamine

Terrestrially, MEA has been considered for scrubbing CO» from exhaust gases [31]-[32] and onboard submarines
[33]. In the former application, a CO,-laden gas is sparged through the MEA solvent to preferentially remove CO,
gas. Regeneration of the MEA occurs by stripping the CO» via a sweep gas at elevated temperature (100-200°C if
using steam) [34]. However, there is generally concern for using liquid (supported or unsupported) amines in a
spacecraft cabin due to corrosion, amine degradation and the possibility of forming and releasing toxic ammonia gas
during desorption [34]. CO, sorption with MEA approaches equilibrium (0.5 moles CO»/mole MEA or 36 g CO»/100
g MEA) consistent with a global expression (Eq (1)) for the reaction mechanism [35].

€O, + 2RNH, = RNH} + RNHCO; (1)

D. Room Temperature Ionic Liquids (RTILS)

Room temperature ionic liquids (RTILs) are complex salts that by definition are liquid at room temperature and
remain in liquid form over a wide range of temperatures and pressures [18]. They have negligible vapor pressure, are
generally stable from 0 to 200°C and thus, are not expected to degrade or produce toxic vapors at conditions necessary
for regenerable CO; sorption [36]. Several ILs have been identified and developed that have high solubility for CO,
(on the same order as amine solvents at ~30 w% and higher) over a range of partial pressures. Together, the anion
and cation molecules comprising the IL determine its physical properties, such as viscosity and diffusivity, which in
turn affects its capacity for CO; uptake and mass transport.



Imida;olium-bas.ed ILs have shown high sele.ctivity for Cation ’ s Anion
CO; sorption over nitrogen and oxygen (depending on the [ »
nature of the anion and/or functional groups), allowing them " 0 \ﬂ/
to selectively uptake CO, without drastically changing the
remaining gas composition whether for revitalization of
spacecraft atmospheres [20]-[23], [36]-[41], control of
greenhouse gas emissions [42]-[48], or natural gas treatment
[49]-[50]. The RTIL, 1-butyl-3-methylimidazolium acetate ~ 1-butyl-3-methylimidazolium acetate
[bmim][Ac] (Fig. 1), readily and reversibly uptakes CO, [bmim] [Ac]
through both physical and chemical sorption [51]-[52].
Mixtures with CO, uptake of nearly 20 w% exhibits almost Fig. 1. 1-butyl-3-methylimidazolium acetate
no vapor pressure suggesting the formation of a chemical ([bmim][Ac]).”*
complex with the ionic liquid [53]. Chemical formation of 1-
butyl-3-methylimidazolium-2-carboxylate was identified in a room temperature mixture of CO; and pure non-aqueous
[bmim][Ac] [54]. Kortunov et al [55] confirm the chemical pathway via '"H NMR. Although, for approximately 70
wY% 1-ethyl-3-imidazolium acetate in deionized water, the authors report the absence of C-carboxylation.

CO; uptake may increase viscosity, and thereby the power required to pump the IL. It could also negatively affect
the rate of CO, uptake by slowing the diffusion kinetics and convective transport. [Bmim][Ac] was chosen for its
relatively low magnitude of CO»-saturated increased viscosity. No more than 10 mPa-s difference with CO,-saturated
[bmim][ac] was observed with respect to the CO»-free value of 406 mPa-s (all measurements made at 23°C + 1°C),
indicating that saturation with CO; should not negatively affect the ability to pump or flow the IL through membrane
contactors. The capacity of [bmim][Ac] for CO; sorption along with relevant thermophysical properties reported here
(Table 1).

Table 1. Physical properties of [bmim][Ac] at 25°C unless otherwise specified.

This Work Literature Reference
23+1°C 25+0.1°C

Density (kg/m?) Not measured 1052.59 [56]
Viscosity (mPa-s) 406 + 4 428 +£0.5° [57], [58]
Specific heat (J/kg-K) Not measured 1922.23 [56]
Electrical conductivity (mS/cm) 0.639 0.5221 [59]
CO, diffusivity (m%s) 1.99 x 107! [60]
w% CO; at 84.1 kPa 7.45+0.1 7.62+0.07° [52],[61]

2 linear interpolation of viscosity assuming 2 w% water
® linear interpolation of CO, sorption at 84.1 kPa

Because [bmim][Ac] absorbs CO, using both chemical and physical means, its uptake capacity exceeds that
expected from Henry's law [51]. A CO,-laden atmosphere (0.27 kPa ppCO: in an ideal gas mixture at those same
conditions) comprises 0.26 mol% of CO,, yet from an extrapolation of solubility data [52]-[61], the ionic liquid
[bmim][Ac] is expected to absorb as much as 5.6 mol% (1.3 w%) before reaching saturation. At conditions of 101.3
kPa and 25°C, the maximum uptake of CO; in [bmim][Ac] will be 27.5 mol% (7.77 w%). Even a 23 w% aqueous
solution with [bmim][Ac] absorbed 6.88 w% (25.0 mol%) CO, after 60 minutes of sparge at 84 kPa and 295.1 K [62].
The uptake of CO; by the aqueous solution at partial pressures of 63, 42, 21 and 0 kPa CO, with balance of argon are
also reported.

RTILs can continually remove CO; from spacecraft and spacesuit atmospheres when used in a supported ionic
liquid membrane [20]-[23] or direct liquid contactor [36]-[41] given subsequent removal from the permeate flow to
maintain a difference in partial pressures, the driving potential for gas transport. Membrane supports can be either
organic (polymeric) or inorganic (ceramic or metallic), porous or non-porous. The pores of polymeric flat sheet and
hollow fiber membranes are infiltrated with an RTIL to produce a supported liquid membrane (SLM). The CO»-laden

** Molecular structures from chemspider.com, http://www.chemspider.com/Chemical-
Structure.13095209.html?rid=22042a9b-8097-437¢-91£5-9a701f456b77 <accessed 3 Jan 2020>.




air can flow through either the lumen or shell side of the contactor. By using a sweep gas or vacuum on the opposing
side, these membranes continuously separate CO, from the atmosphere with high selectivity. Permeance, the rate of
volumetric flux of the solute gas across the membrane for a given pressure gradient, is a defining metric for SLM
performance. Both the membrane structure and liquid sorbent affect permeance. The membrane through pore size
and tortuosity. Greater capacity for gas sorption and faster diffusivity through the liquid will increase permeance.
Importantly, some ILs have been shown to facilitate CO, permeance under conditions of reduced ppCO; in the feed
stream [20].

One direct liquid contactor, Carbon Dioxide Removal by lonic Liquid Sorbent (CDRILS) flows an ionic liquid
(both [emim][Ac] and [bmim][Ac] have been studied) through the lumen side of a hollow fiber contactor to remove
CO; from the gas flow passing over the fibers on the shell side [36]-[39]. Arquilla et al. [40] describe designs for a
flat plate contactor, a 3-D printed capillary-driven contactor and a hollow fiber contactor that use the ionic liquid
[bmim][Ac] for CO, removal. Unlike the CDRILS contactor, aemm -
this group’s hollow fiber membrane contactor passed the CO, e .
laden gas stream through the lumen side of the fibers and the J I——— ,", / ;‘ 0.635-cm
RTIL was pumped through the shell side. In another concept, \ | !
3-D printed pipes were designed with interior capillary flow
tubes for support and circulation of liquids to an air-liquid
interface in microgravity. Using ILs as the CO, capture
solvent, these pipes could enable passive CO, capture and
humidity control at ambient temperatures and pressures [41].
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In this paper, we present the results of experiments to —~ &
characterize CO removal from simulated spacecraft cabin 30.5-cm y
atmospheres using the gas-liquid membrane contactors of \y M
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characterize CO, desorption from the ionic liquid
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A. CO: Removal with IL-based Contactors

constructed for the characterization of CO, removal using

[bmim][Ac]. A flat plate membrane contactor was used asa  Air \
control, due to its simple geometry. A hollow fiber contactor i \ 5.08-cm OD
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angle, an interior corner capillary contactor can function in a b) Hollow fiber contactor
microgravity environment despite having a free surface [63].
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electrical conductivities (Omega CDH-280 conductivity ,“40X channels \J\"P'
meter) were measured to inform the effects of material ’/' fe>t— 0.508-cmy,
interactions on the composition of [bmim][ac] samples, while [ . :
visual observations of the IL color were also noted. \\ 40 4
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. . Interi ill tact
The custom built flat plate membrane contactor (Fig. 2a) ©) Interior corner capillary contactor

has twenty-one 0.635-cm-wide x 0.318-cm-deep x 26.1-cm  Fig. 2. Gas-liquid contactors after Arquilla et al. [40]
long parallel channels for the liquid flow and a single 0.635- for CO, removal from simulated space habitat cabin
cm-wide x 0.318-cm-deep serpentine channel for the gas atmospheres.



flow. The article provides 348 cm? surface area. The surface area-to-volume ratio of this contactor is 160 m? m=. The
serpentine flow path was chosen to increase gas residence time and increase the CO; transport across the 0.0127-cm-
thick hydrophobic silicone membrane (SSPM823-008, Interstate Specialty Products). The contactor housing was
machined in-house from ultra-high molecular weight polyethylene (UHMWPE).

The custom hollow fiber contactor (Fig. 2b) had 118 porous polypropylene fibers, each with an outer diameter of
0.065-cm, an inner diameter of 0.039-cm, and a wall thickness of 0.014-cm. The wetted length of the fibers was 14.6-
cm. In total, the fibers provide 352 cm? surface area. This contactor has a surface area-to-volume ratio of 210 m?> m-
3, whereas densely-packed hollow fiber configurations have ratios that typically range from 500 to 9,000 m?> m= [64].
The CO, gas permeable fibers have a porosity of 60-70% (manufacturer supplied information, pore size not known).
The hydrophobic polypropylene does not allow [bmim][Ac] to infiltrate the fiber pores. Fibers were supported
between two polypropylene guides and UHMWPE end caps. A third polypropylene guide maintained separation
between the suspended fibers. Polyurethane adhesive (H.B. Fuller®, UR-2187 A/B) and Buna-N o-rings sealed the
gas and liquid flow paths. Silicone tubing (L/S 15 Masterflex) flowed [bmim][Ac] to and from the shell-side of the
contactor. The assembly fit within an UHMWPE housing.

The interior corner capillary contactor (Fig. 2¢) has forty 0.508-cm-wide x 12.7-cm-long channels with 30°
included angle (15° half angle). The interior corner channels readily wet and advance the [bmim][Ac] through the
contactor bed. Surface tension allows the ionic liquid to creep up the sides of each channel and form a liquid surface
(approximately 258 ¢cm? surface area) for direct contact with the CO,-laden atmosphere flowing across the bed. The
surface area-to-volume ratio of this contactor is 80 m> m3. The contactor was additive manufactured using a
proprietary polycarbonate-type resin (VisiJet SL Clear, 3D Systems, Rock Hill, South Carolina). A silicone gasket

sealed a polycarbonate window between the contactor and an acrylic lid.

Key characteristics of each membrane contactor are given in Table 2. The contact surface area applies to the
interface between the CO,-laden gas and ionic liquid. The potential for use in gravity and microgravity environment
are also indicated for each. Only the hollow fiber and interior corner contactors are designed for use in microgravity
(uG) environments.

Table 2. Characteristics of the gas-liquid contactors.

Geometric Features Principal Materials Contact Surface  Potential Use
of Construction Area (cm?) Environment
Flat plate 21X 0.635-cm-wide x 0.33-cm Ultra high molecular 348 Gravity
deep liquid channels weight polyethylene environments
1X 0.635-cm-wide x 0.33-cm deep (UHMWPE)
serpentine channel for gas flow
Hollow fiber 118 hollow fibers Polypropylene and 352 uG and gravity
0.065 cm OD x 0.039 cm ID UHMWPE environments
Interior corner 40X 0.508-cm-wide liquid Polycarbonate 258 uG
capillary channels with 15° half angle environment

2. Method and Apparatus

Each contactor was characterized using the Atmospheric and Environmental Test Hub for Experimentation on
Revitalization (AETHER) test rig in the CU Boulder Bioastronautics Laboratory. AETHER can simulate and deliver
space habitat cabin atmospheres to a test article. Fig. 3 shows the process diagram for contactor testing. Nominally,
a metered, dry gaseous N, stream with 2.0 mm Hg ppCO: (3,200 ppm CO, at 84 kPa local atmospheric pressure) was
provided to each membrane contactor for characterization of CO, removal. Although the capability exists, the feed
stream of CO»-laden gas was not humidified. An Omega FMA-1607A-V2P flow meter measured the gas flow rates
which were parametrically varied from 0.2 to 0.7 slpm (reference conditions of 25°C and 14.7 psia). Inlet and outlet
concentrations of CO, were measured using non-dispersive infrared (NDIR) CO, sensors (GC-0012, CozIR®). Inlet
gas pressure and temperature were measured with Honeywell 140PC15 S112 and Vaisala HMP 110 sensors,
respectively.

Fresh, stock [bmim][Ac] (assay 97.4% pure with 1.73% water, Sigma-Aldrich CAS 284049-75-8, lot number
BCBM4905V) was loaded into each contactor for the set of CO; removal experiments. CO; was not desorbed from



the IL as the accumulative uptake over the course of the experiment was estimated to be negligible in comparison to
the initial loading of 1.67 w% level. A peristaltic pump (Masterflex model 07554-90 L/S Economy Drive with 77200-
62 L/S Easy-Load II Pump Head, Cole-Parmer Item # EW-77910-20) controlled the flow of [bmim][Ac] through the
contactors. This flow was varied from 50 to 400 mL/min. A 16-bit LabVIEW data acquisition and control system
(National Instruments™ M Series Multifunction DAQ) acquired and stored data at approximately 0.8 Hz.

T

=S 10
PMP-1
V-3 MFC-3 50 — 400 mL/min
co,
— € OEE
V-5 o
8_i>_l<l_|__1|:| Membrane I~ ¢
V-2 MFC-2 V-4 | CO,-laden Contactor
N, gas flow
0.2-10 slpm
0-100% CO, IL flow
—
V-1 MFC-1 Humidifier

AETHER

Fig. 3. Process and instrumentation diagram for testing of membrane contactors.

3. Calculations

The molar flux N is proportional to the concentration difference (ci|gas — ¢i|iz). This proportionality, denoted by
k, is the overall mass transfer coefficient [65].

: (ilgas-cili) p 2o
N=k-%-}eu—¢|gas (mol m?s) )
k overall mass transfer coefficient (m s-1)

cilqas average concentration of species i at the interface (ppm)
cilr  concentration in bulk solution (ppm), assumed negligible
p static pressure of the gas (84,100 Pa)

R,  universal gas constant (8.315 J mol!' K™!)

T gas temperature (297 K)

Then, the mass flux G is obtained by multiplying the molar flux N by the molecular weight of CO, (M, =44.01 g
mol).

G =N - My, - 86,400 s/day (g m? day™) (3)
B. CO: Desorption from [bmim][Ac]

1. Preparation of COz-laden [bmim][[Ac]

Glassware, except the Pyrex® tray and 500 mL beaker, were cleaned and washed using a three step process
between every experimental run. Washes progressed from tap water, to filtered deionized water, and then isopropyl
alcohol. Beakers and flasks were wiped dry with Kimwipes® between each wash, while fritted glass bubblers (Prism
Research Glass) were left to air dry.



Water and dissolved gasses were removed from the stock [bmim][Ac] at elevated temperature under vacuum for
up to 47 hours. A 125 mL Pyrex flask containing the IL was immersed in a water bath held at a temperature between
70 and 80°C on a hot plate (Bante Instruments MS300) with closed loop control. A two-stage vacuum pump (CPS
Products Inc Pro Set VP2D) was connected to the sidearm of the flask through a liquid trap with wire reinforced plastic
tubing. The pressure in the side arm flask was held between approximately 40 and 75 Pa. Time, temperature (digital
temperature gauge, Omega HH42A), pressure (digital vacuum gauge, Omega OVG64), and mass (analytical balance,
Cole-Parmer Symmetry PA-224) were recorded at 1/2 to 2 hour intervals. From these measurements, the RTIL mass,
the change of mass each measurement interval, accumulative loss of mass, and rate of mass loss were determined.
The rate of mass loss was used as an indicator for the progression of water removal from the ionic liquid. About two
hours after initiation of the thermal vacuum drying process, the loss rate reached an approximately constant value of
0.03 w% per hour. At 6 hours, and after removal of 1 w% water from the solution, the drying process was stopped
and the IL stored under rough vacuum (< 2.7 Pa) until use.

gk
MFC

Fig. 4 presents the apparatus for saturation of ionic liquid
with CO,. CO; gas (Airgas, 99.999%) was sparged through
a fritted glass bubbler into the ‘dried’ ionic liquid at 95
mL/min (Alicat mass flow controller). The sparge gas
agitated the IL eliminating the need for a stir plate. Pressure
and temperature within the beaker were ambient (84.1 kPa,
23°C). Excess CO; exhausted to the atmosphere. At 30 to
60 minute intervals, the bubbler was disconnected from the
gas flow and the combined mass of the beaker, bubbler, and
IL was obtained. The sparge process was continued until the
CO, uptake exceed 7.30 w%. At laboratory temperature (23
+ 1°C), [bmim][Ac] should uptake 7.62 £ 0.07 w% CO,
before reaching saturation (estimated from [52]). Neat
[bmim][Ac] was added to a known mass of dry, CO,-saturated [bmim][Ac] in order to lower the CO, concentration
to 1.67 w%, equivalent to saturation in a 630 mm Hg (84.1 kPa) atmosphere with 2 mm Hg partial pressure CO,. The
resulting solution was then used to study methods for desorption of CO2 from the IL.

» Excess
CO,

aprxoI uoqe) ™

Fig. 4. Apparatus for sparging CO; into ILs.

Viscosities of stock and CO,-laden [bmim][Ac] were measured with a falling ball viscometer (Gilmont EW-08702-
10). Viscosities of the latter were no more than 10 mPa-s greater than 406 mPa-s for the stock IL at 23°C.

2. Methods and Apparatus for CO: Desorption
Two methods for CO, desorption are described: thermal vacuum and thermal sparge desorption.

a. Thermal Vacuum Desorption

A side arm flask with known mass of [bmim][Ac] loaded with 1.67 w% CO, was connected via vacuum hose to
the CPS ProSet VP2D two-stage vacuum pump (Fig. 5). A stopper sealed the top of the flask. A second flask served
as a liquid trap. An Omega DVG-64 vacuum gauge measured rough vacuum pressure (circa 500 microns Hg). All
connections between the components were coated with vacuum grease. Hose clamps secured and sealed the vacuum
hose to connections on the vacuum pump and vacuum gauge. The flask was placed in a water bath on a hot plate
(Bante Instruments MS300) set to the desired temperature. An integrated thermal probe controlled the bath
temperature. Neither the ionic liquid or water bath were agitated or stirred. Sous vide (PVC) 20-mm-dia balls were
used to cover the water in order to limit evaporation. Pressure, temperature and total mass were recorded at regular
intervals. During the first hour of desorption, the IL was observed to bubble vigorously which was thought to be
remaining volatile impurities as well as CO, coming out of solution.



Sample Vial

Hot Plate

Fig. 5. CO; desorption setup. Water bath not included for clarity.

b.  Desorption via Inert Gas Sparge

CO; sparge desorption setup used an argon gas (Airgas,
>99.5% pure) handling system connected to a side arm flask
that was vented to the atmosphere, nominally 84.1 kPa and
23°C (Fig. 6). A mass flow controller (Alicat Scientific
MCE-100SCCM-D/5M) metered a 95 mL/min flow of argon
through the bubbler and into the ionic liquid. The IL was not
stirred by any other means. At 30 to 60 minute intervals, the
argon flow rate and water bath temperature were recorded.
For gravimetric measurements, the bubbler was disconnected
from the argon flow, the flask removed from the hot water
bath and wiped dry, and then its mass recorded on the
analytical balance before being returned to the water bath and
the argon reconnected to resume sparge desorption.

Fig. 6. Assembly for sparge desorption of CO; from
[bmim][Ac].

C. Quantification of Uncertainty

The uncertainty of a measured parameter §x was estimated from the root-sum square of both the precision 4§S;
and bias §B; errors using Eq (4), where the indices i and j represent unique sources of error.
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with ¢ the value assuming a two-sided Student-t distribution with oo = 0.025 and v = N-1 to attain 95% confidence of
the uncertainty on the measurements. Measurement uncertainties were then propagated through Eq (5) to obtain the
uncertainty U, of a derived performance parameter Z. The derivative of Z with respect to the measured parameter x
captures the influence (or significance) of that parameter’s uncertainty with respect to the parameter Z. The
uncertainty U, then results from the root-sum square of contributions from the measured parameters x.

Uy = (5 (Z ox) ®)

The Cole-Parmer Symmetry PA-224 specifies that a measurement is repeatable to 0.2 mg (\/LN 2i(65)2 =02

mg) and the overall linearity for the balance is also 0.2 mg (6B; = 0.2 mg). Thus, a single measurement has an

uncertainty of 0.4 mg. The uncertainty on change of mass Am due to gas sorption and/or desorption is +0.57 mg given

an influence coefficient ?—;n of 1.0. Sufficient quantities of [bmim][Ac], about 50 g, were used to keep the

uncertainties on CO» sorption and desorption below +0.010 w%.

The Omega FMA-1607A-V2P flow meters have an accuracy of 0.8% of reading plus 0.2% full-scale. The CozIR
GC-0012 CO; sensors are accurate to = 50 ppm or +3% of reading, whichever is greater. Linearity is < 1% of full
scale (10,000 ppm) or +£100 ppm, which can contribute to both precision and bias errors. Sensitivity to pressure is
0.13% of reading per 133 Pa in normal atmospheric conditions (approximately £0.26% bias error at 267 Pa ppCO; or
3,200 ppm CO; at 0.0841 MPa, the Boulder local atmosphere). The National Instruments M series data acquisition
module records data with 12-bit accuracy, which introduces negligible error (+0.24% full scale on measurements).
By averaging at least 30 samples, the influence of precision errors is significantly reduced, and the uncertainty on CO»
concentration measurements within the gas stream is expected to be less than + 203 ppm at 3,200 ppm CO; and less
than + 138 ppm at 1,000 ppm CO».

I11. Results and Discussion

A. Material Compatibility

The compatibility of  stock
[bmim][Ac] with eight polymeric
materials was assessed (Fig. 7).

e  Ultra-high molecular weight
polyethylene (UHMW PE),
polytetrafluoroethylene (PTFE),
polypropylene (PP),

nylon,

fluorinated ethylene propylene
(FEP),

polyvinylidene fluoride (PVDF),

Fig. 7. Material compatibility samples compared to a control; 23°C +
Tygon®, and 1°C.

Versilon™

After several weeks, only PVDF and Tygon materials exhibited a visual color change with respect to the control
due to interaction with [bmim][Ac]. Viscosity and electrical conductivity measurements were made at 23°C + 1°C to
quantitatively assess the stock samples of [bmim][Ac] after material exposure (Table 3). The control sample had a
viscosity of 406 mPa-s. Based upon the manufacturer specification for repeatability, the error was estimated between
+0.2 and £1.0% (approx. 4 mPa-s). As seen in Table 4, the viscosities of [bmim][Ac] were lower after exposure to
the materials. Electrical conductivity, a measure of ion mobility, was 0.639 + 0.006 mS/cm for the control. Values
outside this range suggest an interaction between the material and the [bmim][Ac] even though no visual change was
observed. Material interactions with [bmim][Ac] and water could have released organic solvents such as toluene,
ethanenitrile, dichloomethane and benzene that affect viscosity [18] and electrical conductivity.



Table 3. Material compatibility test results.

Control UHMW PE PTFE PP Nylon FEP PVDF Tygon Versilon
Color Light Light Light Light Light Light Brown  Dark Light
yellow yellow yellow  yellow yellow yellow brown  yellow
Viscosity 406 301 387 348 352 358 367 349 379
(mPa-s)
Electrical 0.639 --- 0.612 0.656  0.625  0.625 0.617  0.391 0.637
conductivity
(mS/cm)

B. CO: Removal from Simulated Spacecraft Cabin Atmospheres

Contactor performance is characterized by the measured concentration differences (Fig. 8) and calculations of the
mass flux (Fig. 9). At the end of each set of experiments, the total uptake of CO2 by [bmim][Ac] was calculated and
found to be less than 5% of its 1.67 w% capacity for CO2 sorption at the test conditions. At most this would impart
a 5% degradation in mass transport over the course of the experiment. Our estimates for uncertainty on CO;
concentrations, rates of removal and mass transport coefficients accounted for this factor.

The rank order of the contactors based on these attributes is:
Interior corner capillary > hollow fiber > flat plate

The interior corner capillary and hollow fiber membrane contactors had similar capabilities for reduction of the CO»
concentration level within the simulated cabin atmospheres. At 0.24 slpm gas flow, CO, levels were lowered from
the inlet condition of 3,200 ppm * 800 ppm to less than 1,000 ppm at the outlet. However, the interior corner capillary
contactor achieved this reduction with greater transport of CO, (approximately 60 g m? day™' as compared to 40 g m"
2 day! for the hollow fiber contactor and 18 g m™ day' for the flat plate contactor). The results also show the influence
of cabin atmosphere and IL flows on CO, removal. For all contactors, slower gas flow rates (i.e. longer residence
times) achieve a greater difference in concentration (Fig. 8a) and thus, a greater reduction of the CO, concentration
level in the simulated cabin atmosphere at the contactor exit, even though the mass flux rate of CO, removal remained
nearly constant for the range of gas flows tested (Fig. 9a). Except for the interior corner capillary contactor, varying
the IL flow rate from 50 to 400 mL/min had little effect on CO; transport. Both the concentration differences (Fig.
8b) and removal rates (Fig. 9b) were relatively insensitive to the flow of IL through the contactor.
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Fig. 8. Absolute difference in CO; concentrations from the inlet (nominally 3,200 ppm in the simulated cabin
atmosphere) to the outlet of the membrane contactors.
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Fig. 9. Flux rates of CO, removal by the contactors.

Using Eqs (4) and (5) we calculated the overall mass transfer coefficients £ (Fig. 10). The mass transfer
coefficients for each contactor decrease with increased gas flow (Fig. 10a), yet with the exception of the hollow fiber
contactor were insensitive to increased IL flow rate (Fig. 10b). It was expected that the laminar flow Reynolds number
and therefore also the Sherwood number and mass transfer coefficient would increase with a greater flow of IL. The
largely insensitivity of & to the IL flow rate suggests that another mechanism (e.g. gas diffusion through the porous
membrane or the laminar boundary layer) has limited CO, transport.
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Fig. 10. Experimentally determined overall mass transfer coefficients k for the membrane contactors.

At 0.24 slpm feed flow and the optimum IL flow rate tested, the overall mass transfer coefficients £ were (5.2 +
0.3) x 10° m s-1, (16.8 £ 1.3) x 10° m s-1 and (25.0 £ 1.9) x 10~ m s-1 for the flat plate, hollow fiber and interior
corner contactors, respectively. The value for the interior corner contactor was at its design flow for capillarity of 45
mL/min. In general, the coefficients were observed to decrease in direct proportion to increased gas flow. This
performance metric was nearly insensitive to variations in the flow of ionic liquid.

Table 4 compares these experimental results to those derived from analytical models [40] for test conditions of
0.24 slpm gas flow and IL flows less than 100 mL/min. The analytical models significantly underpredicted mass
transport for all contactor configurations. In addition, our mass transfer coefficient for the hollow fiber membrane



contactor falls between those from Yates et al. [37] for CO, removal with commercial (Microza Membranes) and
proprietary membranes. The mass transfer coefficient for the latter (7.80 x 10* m s!) suggests that the membrane
material, porous structure and geometry are important to mass transfer since the liquid, gas and CO, concentrations
were held constant.

Table 4. Comparison of mass transfer coefficients (m s-1) for [bmim][Ac] contactors.

This work® Arquilla et al. [40]*° Yates et al. [37]° Santos et al. [60]¢
Flat Plate (52+£03)x 107 2.8x 103 --- 5.65 x 10
Hollow Fiber (16.8 £1.3)x 10° 3.6x 107 2.17 x 10 (commercial)
7.80 x 10 (proprietary)
Interior Corner  (25.0 £ 1.9) x 1073 6.7x 107 -
Capillary
2(.24 slpm gas flow.
b Calculated from the analytical predictions for CO, difference between inlet and outlet concentrations in the
gas flow.

€90:10 molar ratio of [bmim][Ac]:water as the sorbent, and with carrier gas of air at atmospheric pressure laden
with 1 to 4 mm Hg partial pressure of CO,.
4 SILM contactor with pure CO2 feed gas at 0.45 bar pressure differential and 298K

The mass transfer results are also compared to the literature (Table 5). Coefficients are reported for CO, removal
from challenge atmospheres using ionic-liquid based hollow fiber membrane contactors. The values span more than
two orders of magnitude (from 1.0 x 10 m/s to 7.80 x 10* m/s) dependent upon the liquid sorbent, CO,-laden
atmosphere fed to the membrane contactor, operating conditions and membrane contactor features (not reported here).
The highest mass transfer was obtained with [bmim][Ac] in solution with water which at 10 vol% lowers the viscosity
while nearly retaining the same capacity for CO, sorption as the neat IL at room temperature [66]. Elevating the
temperature also increases mass transfer through increased chemisorption phenomenon, lower viscosity and higher
diffusivity [47].

Table 5. Comparison with literature values for hollow fiber membrane contactors with other ILs.

Sorbent Feed Gas Stream (Vol %) P (atm) T (°C) k (ms") Reference
[bmim][Ac] 0.32/99.68 CO2/N; 0.83 231 (16.8£1.3)x 10°  This work
[bmim][Ac]:H,O? 0.13 to 0.72 COx/balance air 1.0 f 78 x 10°° [37]
[bmim][TCM]® 45/55 COy/He 19.74 80 0.1x10°3 [43]
[dmpdah][Ac]:H,0 © 10/90 COy/air 1.0 20 (3.71 £0.2)x 10 [45]
[emim][EtSO4] ¢ 15/85 CO4/N; 1.02 18 3.99x 107 [46]
[emim][EtSO4] 15/85 CO2/N; f 25 0.071 x 103 [48]
[emim][Ac]® 15/85 CO2/N; f 30 1.66 x 107 [47]
[emim][Ac] 15/85 CO2/N; f 25 0.11 x 107 [48]

2 1-butyl-3-methylimidazolium acetate + 10% H,O
b 1-butyl-3-methlyimidazolium tricyanomethanide
¢ dimethylpropylenediamine acetate + 50% H,O
41-ethyl-3-methylimidazolium ethylsulfate

¢ 1-ethyl-3-methylimidazolium acetate

fnot reported, presumed laboratory conditions

Each contactor considered here can be scaled for application to space habitats, although ones with low mass and
volume will be desired. Using the highest empirically determined values for the rate of CO, removal by each contactor,
Table 6 summarizes the surface area and volume needed to remove 1.037 kg CO»/day. Estimates for the mass assumed
a density of 420 kg m calculated from CDRA data [38].



Table 6. Contactor sizing.

CO; removal rate ~ Surface Area Surface Area to Volume (m?) Mass (kg)
(g m? day™!) (m?) Volume Ratio (m?> m)
Flat Plate 18 58 160 [40] 0.36 150
Hollow Fiber 42 25 3000, based on [64] 0.0082 3.5
Interior Corner 71 15 80 [40] 0.18 77

Capillary

The hollow fiber contactor will have the highest surface area to volume ratio (a value was assumed for this analysis
that was midway within the 500 to 9000 m> m™ reported by Seader and Henley [64]). The volume of a single contactor
should only be about 0.0082 m® to remove the CO? respired by one crewmember in one day. In comparison, the
packaging of flat membrane and free liquid surfaces will be much less efficient requiring substantially greater volumes
on the order of 0.18 to 0.36 m®. Their relatively large volume and mass will likely make them unattractive for crewed
spacecraft, although the simplicity of the interior corner capillary contactor warrants its consideration in design trade
studies. As points of comparison, CDRA and the CDRILS membrane contactors have the capability to support a crew
of four and yet have volumes of 0.44 m® and 0.093 m>, respectively [38]. An assembly comprising two hollow fiber
membrane contactors based upon this work (0.016 m?) should compare favorably to CDRILS when infrastructure and
support equipment are included.

C. CO: Desorption

Desorption experiments via thermal vacuum were 2.0%
conducted at temperatures ranging from ambient to 80°C. 1.8% L
The desorption results on w% basis are plotted in Fig. 11. .o ly\M
155 mg of mass were lost over 4.5 hours at 22°C (a rate of 34 § 14% N
. S0 s
mg COy/h). Although some water may have been driven T 12% *~\.
from the solution, this loss of mass was attributed to 2 ~7 RN .
. . % | Al
desorption of CO; from the solution. At 71°C, the average % 1.0% A,
loss rate had increased to 67 mg COy/h. At81°C, the average & 08% | o~ 22°C -
. <
rate of loss had increased further to 105 mg CO/h. These g 06% J10¢
results are thought to be diffusion-rate limited as the vacuum  §' 04% r
desorption apparatus did not have provision for stirring. © 029 || -a--81°C
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Fig. 11. CO; desorption via thermal vacuum.



Gas sparge desorption experiments were conducted at room and elevated temperatures (Fig. 12). At room
temperature (19°C), an initial increase of 10.8 mg was observed during the first hour due to sorption of Ar gas. From
that point forward, a net decrease in system mass of 74 mg over the next 2.7 hours was measured which is attributed
to loss of CO; from the solution. The average loss rate was 27 mg CO»/h. At 65°C, the average rate of loss increased
to 94-102 mg CO»/h. It is expected that further increase in temperature or higher sparge gas flow rate would increase
the rate of desorption.

Analysis of results from the two methods suggests that 18%
sparge desorption outperformed vacuum desorption. After 4 1.6% -”HH\WQ
hrs at 71°C and rough vacuum (68 Pa), gravimetric T 14% |
measurements indicated a decrease in loading of CO, from 2 ., |
1.75 w% to 1.29 w%. In comparison, for a 95 ml/min gas g
sparge flow through CO; saturated [bmim][Ac] at the cooler % 10% ¢
temperature of 65°C, the loading decreased from 1.67 w% to £ 08% |
0.75 w% over the same period of time. It should be noted § 0.6% |
that stirring the CO»-laden IL would likely have increased the ~ S oa% | [ —e—19°C
rate of desorption under vacuum. 9:: e .

0.2% 65°C

Other considerations include the influence of operating SO . . . ‘
conditions and method on power demand and stability of the ' 3 1 5 3 4 5
ionic liquid. [Bmim][Ac] needs 1922 J kg'! K™! to raise its i
temperature. The lower the desorption temperature, the less Time (h)
power needed for heating and greater likelihood for holding 1.8%
the IL below its threshold for thermal stability (approx. 120°C . l
for [bmim][Ac] [60]). In addition, both desorption methods 16% W
require power in proportion to the volumetric flow of gases & 14% |
and the pressure differential. Vacuum desorption has a much é 12%
lower flow of gas to work on as primarily drawing CO, from .8 ;oo |
solution, but has a one atmosphere pressure differential. The g .
sparge method moves a higher flow of gas with only a small § &% I
increase in pressure to overcome the viscous resistance of the § 06%
IL. Further development will be needed to determine which % 04% | | —e—19°C
method will need less power. S 02% | 65°C

IV.  Conclusions 0.0% 0 1 2 3 ‘; 5
Time (h)

The capacity of an IL-based CO, removal system for
revitalization of spacecraft cabin atmospheres depends upon  Fig. 12. CO, sparge desorption.
several factors: the rate of mass transfer from gas to liquid
and rate of desorption from the liquid. The first is directly proportional to the difference between its saturated capacity
at the desired atmospheric concentration and the amount of CO, remaining in solution after regeneration. Three
contactors were experimentally characterized for efficacy of [bmim][Ac] to remove CO, from a simulated space
habitat atmosphere with 2 mm Hg ppCO,. All three reduced the level of CO, with the interior corner capillary being
most effective (k =25.0 x 10° m s}, 60 g CO, m? day™"), the hollow fiber next (k = 16.8 x 10° m 5!, 41 g CO, m™?
day) and a flat plate configuration the least effective (k = 5.2 x 10° m s, 18 g CO, m*? day™"). The interior corner
capillary contactor has advantages over the other two configurations: 1) it does not need a physical membrane to
separate the ionic liquid from the gas stream which is expected to facilitate a greater rate of sorption and 2) ideally,
capillarity will wet the contactor surface with the IL. The contactor only needs power to pump liquid to or from the
contactor surface. However, the interior corner capillary contactor will not package as well as a hollow fiber
membrane contactor. Its ratio of surface area-to-volume was 80 m?*m’® whereas densely packed hollow fiber
configurations have ratios that are from one to two orders of magnitude greater. A preferred configuration for a given
application will likely depend upon the trade between these metrics and thus, both the interior corner capillary and
hollow fiber contactors warrant scale up for further study.

The reversible uptake of CO, with an IL depends upon its efficacy for desorption, which in turn will ultimately
determine the feasibility for use in a regenerable CO; removal system. CO; does not readily desorb at ambient
temperature, so thermal vacuum and inert gas sparge methods were evaluated for desorption of CO, from the ionic



liquid [bmim][Ac] as appear feasible for integration within space habitat architectures. Further both methods should
be feasible to use with the contactors investigated here, although data are not yet available to determine if the surface
area employed for CO2 removal will later be sufficient for desorption. Of the two, inert gas sparge provided twice the
desorption rate of thermal vacuum for similar operating temperatures (circa 70°C). Thus, an inert gas sparge offers
potential for faster regeneration and greater reversible uptake at elevated temperature than thermal vacuum. Future
work should investigate feasibility for use of these desorption methods with hollow fiber and interior corner capillary
contactors.
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