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The Effect of Membrane Thickness on a Microvascular Gas

Exchange Unit

Du T. Nguyen, Y T. Leho, and Aaron P. Esser-Kahn*

For reducing anthropogenic CO, emissions, carbon capture and sequestra-
tion technologies benefit from the creation of new and efficient gas exchange
systems. Vascularized systems provide a means of exchanging CO, by
providing high specific surface areas and patterned, intimate contact between
capture fluids and gases. The well-defined geometrical arrangement of fluid
and gas channels, separated by semipermeable membranes, also provides

a new platform for augmenting the function of liquid chemical solutions to
carbon capture. In particular, the separation distance of the channels, or
polymer membrane thickness, is closely related to the absorption rate as
gases must permeate through the membrane before reacting with a fluid.
Here, a study of the relationship between the membrane thickness in 3D
microvascular contactors and absorption rates via a selective etching process
is reported. By decreasing the membrane thickness, the mass transport rate

efficiency by 30%, which hinders its wide-
spread adoption.

Many low energy solutions using dif-
ferent chemistries have emerged as poten-
tial methods of capturing CO, from mixed
gas streams including solid sorbents, new
solvents, and membrane technologies.~""!
In order for some of these solutions to
be implemented at scales beyond the
laboratory, they require larger, patterned
structural platforms. However, very little
research has been done in synthesizing
these new platform materials. In nature,
gas exchange is critical for survival and
requires energy efficient systems. In con-
trast to current research, these natural
systems use many different physical
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of CO; in the vascular contactor is increased by up to 160%.

1. Introduction

Each year, almost 29 billion metric tons of CO, are released into
the atmosphere from anthropogenic sources.l!! This results in
an atmospheric CO, concentration that is higher now than at
any other point in history within the past 800 000 years.? These
emissions are primarily caused by the combustion of fossil
fuels which are expected to remain a primary source of energy
production for the next 20 years.l’l As CO, is a major contrib-
utor to the global climate change, a route to lower emissions is
required. Carbon capture and sequestration technologies (CCS)
are being researched as a means of reducing CO, emissions
from point sources such as power plants. In proposed CCS tech-
nologies, CO, is captured, compressed, transported, and stored
in subterranean or submarine environments. The U. S. Dept.
of Energy has set a goal of achieving 90% CO, capture with the
cost of energy increasing by no more than 35%.°! The use of
amine-based aqueous solutions such as monoethanolamine
(MEA) is currently one of the most attainable methods of sepa-
rating CO, from flue streams as they have already been used
industrially for natural gas purification and food-grade CO,
production.®! However, using MEA is estimated to increase the
cost of energy for a new plant by 80-85% and reduce the plant’s
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structures for gas exchange with very few

different chemical methods. Inspired by

nature, we are working towards the goal of
building a platform analogous to the natural lung, a modular gas
exchange system that has a low footprint, high-selectivity, and
requires little energy.') Many methods have been developed to
create vascular structures in soft materials for self-healing mate-
rials, tissue-growth, and autonomic cooling.3!] We have recently
demonstrated the synthesis of biomimetic gas exchange units
capable of capturing CO,.'”! These gas exchange units are 3D
arrays composed of hollow microchannels patterned within
a polymer resin. The patterning of the channels creates short,
polymer-filled separations that have many properties of the given
polymer membrane. Our microvascular system also allows for
the well-defined geometrical positioning of gases and fluids. We
call these materials microvascular, based on their resemblance
to natural structures. This microvascular design allows for high
specific surface areas, which enhances the reactivity between
capture fluids and gases. Furthermore, our microvascular struc-
tures can serve as a new platform for enhancing the larger scale
function of emerging low-energy chemical solutions to carbon
capture. Each microvascular unit is made with entirely commer-
cially available components and can therefore be constructed in
a scalable manner. In this report, we detail our effort to improve
exchange rates and to better understand the relationship between
the positions of individual channels in our material.

The microvascular gas exchange units were fabricated using
the vaporization of a sacrificial component (VaSC) technique
to create a 3D patterned microchannel structure.l'® This tech-
nique constructs arrays of microscale hollow channels within
a polymer resin without lithography. The fabrication process
is highly modular and allows for a wide range of both mem-
brane materials and capture fluids. In this study, the units were
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Figure 1. A representative gas exchange unit. Optical microscope and
cross-sectional SEM images of a microvascular gas exchange unit com-
posed of a central channel with a diameter of 300 um and outer channels
with diameters of 200 um. The interchannel distance is initially 50 um.
Channels are separated in a second interface to ease the loading of chan-
nels with fluid and gas.

composed of a hexagonal arrangement of hollow channels
embedded within polydimethylsiloxane (PDMS) as a model
membrane. In each unit, the central channel began with a
diameter of 300 um while the outer channels had diameters of
200 um. The separations between the central and outer chan-
nels started as 50 um (Figure 1). This initial structure provided
a specific surface area of 2267 m? m~>. As a model capture-fluid,
the industrial standard gas scrubbing liquid, 30% MEA in water,
was loaded into the outer channels as CO, was flowed through
the central channel. Upon entering the material, CO, perme-
ated through the PDMS membrane until it reached the surface
of the capture fluid channel. The CO, then reacted with the
MEA at the surface and was subsequently retained as carbamic
acid in the outer channels, completing the capture process.

In our microvascular gas exchange system, the interchannel
distance was a critical parameter for controlling the perme-
ability of CO, between the gas channel and the capture channel.
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Figure 2. A schematic of the etching process. As TBAF flows through
the central channel, the PDMS undergoes a nucleophilic attack from the
fluoride anions. Through this process, the polymer sidewall is rapidly
depolymerized. The products are cleared from the system as new etching
solution is continually flowed into the channel. By etching the walls of
the central channel, the interchannel distance is decreased between the
central and outer channels.

A chemical etching technique was used to precisely modify the
interchannel distance of a gas exchange unit as the distances
dictated the thickness of the membrane.'! A tetrabutylammo-
nium fluoride (TBAF) in dimethylformamide (DMF) solution
(3:1; vol:vol; DMF:75 wt% TBAF in water, hereafter referred to as
the etching solution) was used to depolymerize the PDMS mem-
brane of the exchange units (Figure 2). The fluoride anions in
TBAF attacked the silicon centers of PDMS, forming Si-F bonds.
The smooth laminar flow of the etching solution provided pre-
cise control over the etching rate. Upon removal of the PDMS,
the central channel diameter increased causing the interchannel
distance, or membrane thickness, to decrease. We confirmed the
etching process by imaging horizontal and vertical cross-sections
of the microchannels with a scanning electron microscope (SEM)
(Figure 3). With this etching strategy, we were able to systemati-
cally study the relationship between membrane thicknesses and
CO, capture rates. To simulate the gas exchange units, we have
developed a computational finite element model which combines
fluid flows, reaction rates, and diffusion rates. This model was
able to accurately predict the capture rates in units with mem-
brane thicknesses above 25 um, but a divergence between the
experimental results and the model occurred below such thick-
nesses. We further explore the divergence in this report.

2. Results and Discussion

To determine the etching rate of the process, samples were cre-
ated with 500, 300, and 200 pm diameter channels. The etching
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Figure 3. Visualization of etching. SEM images of a gas exchange unit taken before and after
etching 50 um of PDMS from the central microchannel. Both horizontal and vertical cross
sections were imaged. The interchannel distance is decreased by 25 um and results in higher

mass transfer rates.

solution was flowed through the channels at a constant rate
of 0.5 mL min~! for 10 min. The channels were flushed with
DMF at the same flow rate for 2 min to clear any remaining
etching solution. A final rinse with 5 mL of DI water was then
performed. While this resulted in different flow velocities for
each channel due to the different channel radii, it provided an
accessible calibration of the etching rate. The channel diam-
eters were measured between each trial by imaging channels
loaded with red dye for visualization. The channel diameters
were computed with precise averages and errors using distance
detection algorithms on the images across the entire length of
the channels (Supporting Information). The overall etching rate
for each initial channel diameter was calculated after multiple
trials (Figure 4a). For the 200 and 300 um channels, the etching
rates were similar at =1 um min~! while the etching rate for the
larger 500 um channel was found to be =2 um min~. Although
only 300 um diameter channels were etched in this study for
the purpose of capturing CO,, further optimization of the gas
exchange units may use other initial channel diameters.

We also sought to understand the relationship between
etching solution flow rates and etching rates. Samples were
created with 500 um diameter channels and etched at varying
flow rates of etching solution for 5 min. The same flushing
procedure with DMF and DI water was then performed on the
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samples. It was found that by increasing the
flow rate, there was a slight increase of the
etching rate which then levels off (Figure 4b).
We believe this is due to the saturation of the
fluoride ions at the surfaces of the channels
above flow rates of 0.5 mL min!. Faster flow
rates required more overall solution and pro-
vided negligible increases in the etching rate.
This resulted in the use of lower flow rates to
reduce the overall consumption of the etching
solution.

With the calibration of the etching proce-
dure prepared, we then sought to explore the
effects of decreasing the interchannel dis-
tances on the ability of gas exchange units to
capture CO,. To determine the mass transfer
rate of the units, a colorimetric technique was
used. CO, was flowed through the central
channel at a rate of 1 cm?® min™' while a solu-
tion of MEA (30:70, vol:vol, MEA:DI H,0)
was loaded into the outer channels. As MEA
captures CO,, the solution becomes more
acidic (pH =12 to =8). This reaction was indi-
rectly visualized by adding phenolphthalein, a
pH sensitive dye that shifts color from red to
colorless (red to light pink in bulk) once the
channel was saturated with CO, (6 mg dye/
mL MEA solution).?% Defining the saturation
time as 50% color change, the shift occurred
at =9 wt% CO, (=2.2 M carbamic acid) which
was determined through UV-Vis spectros-
copy (Supporting Information). This method
allowed us to observe the reaction of CO,
with MEA on an optical microscope in real
time. Combining the saturation times with
the saturation concentration, the average mass transfer rates
could then be calculated.

The microvascular gas exchange units were also modeled
using the COMSOL Multiphysics simulation software.?!l The
model uses a combination of fluid flow and diffuse species
transport physics to simulate the system. Several assumptions
and parameters were used to create the model, including diffu-
sion coefficients and reaction rates (Supporting Information).
A time-dependent model was then created, simulating the flow
and diffusion of CO, through a gas exchange unit as well as its
reaction with MEA once it reached the outer channels. By aver-
aging the concentration of carbamic acid over the outer channel
volumes, we used the model to predict the saturation times for
various interchannel distances (Figure 5). The model saturation
times were defined as the time to reach 2.2 M carbamic acid and
could then be compared with the experimental data. A linear
trend of decreasing saturation times with decreasing channel
separations was predicted.

Using this colorimetric technique, we determined the rela-
tionship between interchannel distances and gas exchange
rates of our microvascular units with 100% CO,. Between each
trial, the central channel was etched for 4 min with an etching
solution flow rate of 0.5 mL min™! resulting in the interchannel
distance decreasing by =4 um per trial. The 3D arrangement of
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Figure 4. Etching rate calibration. a) Etching rates for 500, 300, and 200 um

channel diameters with an etching solution flow rate of 0.5 mL min~".

An enhanced set of a 200 um channel is shown to illustrate error bars.
b) Etching rates for varying etching solution flow rates in a 500 um diameter
channel. An increase in etching rate occurs as the flow rate increases.

channels interfered with the two-dimensional optical imaging
of channels and resulted in large errors in the channel separa-
tion measurements. To reduce this error, MEA without dye was
loaded into the upper and lower channels to increase transpar-
ency while the two flanking channels were loaded with dyed
MEA for both the separation distance and saturation time meas-
urements. The minimum membrane thickness reached was

Carbamic Acid
Concentration (M)

1 1 1 1
0 100 200 300 400 500 600
Time (s)

Figure 5. COMSOL model simulation of CO, capture in gas exchange
units with various membrane thicknesses. As CO, diffuses into the
outer channels, a reaction occurs with MEA, forming carbamic acid
which is modeled by the software. The time to reach a concentration of
=2200 mol m~3 is considered the saturation time.
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Figure 6. The effect of membrane thickness on saturation times. a) Sat-
uration times for 100% CO,. Inset is the channel before and after the
etching trials were complete. Dye is loaded on the central and flanking
outer channels while the upper and lower channels are loaded with water
for visual clarity. b) Saturation times for 10 vol% CO, balanced with N,.
In both cases, as the membrane thickness decreases, the saturation
times also decrease. Initially this trend is linear, but then accelerates and
diverges from the model as the thickness decreases under 25 um. The
divergence is less prominent with the lower concentration of CO,.

21 um and resulted in a specific surface area of 2706 m? m=. As
expected, the saturation times decreased when the interchannel
distances decreased (Figure 6a). With thinner membranes,
CO, diffused to the outer channels more rapidly. The initial
gas exchange rate was found to be 3.59 £ 0.19 mol m~2 h! for
an interchannel distance of 45.7 um. For pure CO,, the fastest
mass transfer rate was found to be 6.86 £ 0.43 mol m= h~!
which was obtained for an interchannel distance of 20.8 um.
By etching the central channel to produce smaller interchannel
distances, the mass transfer rate increased by 91%.

The experiment was repeated with a flue gas simulant
of 10 vol% CO,, balanced with N,, to determine if the same
trend would be found with lower concentrations of CO,. The
model again predicted a linear trend of decreasing saturation
times with decreasing interchannel distances, and with satura-
tion times increasing by a factor of 10 in comparison to using
100% CO,. Again, a general decrease in saturation time with
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a 50 um interchannel distance resulting in
segments with closer separations. From the
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results of the model, the saturation time of

Model a gas exchange unit with the microdents
[Experimental [ jecreased by 25 s in comparison to the model

with smooth channels (Figure 7). While this
accounted for some of the discrepancy, the
model did not fully agree with experiments.
We then attempted to introduce microdents
experimentally to examine the resulting
decrease in saturation time. The microdents
were created by joining extra PLA to the cen-
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Figure 7. The effect of inducing microdents on the central channel. a) Experimental and model
gas exchange units with microdents. Microdents are added to the model through additional
cylindrical segments with larger radii than the central channel. Experimental microdents are
added by fusing 25 um PLA fibers to the central channel resulting in a rougher surface. b) A
graph of saturation times with and without dents. In both cases with the microdents, a decrease
in saturation time is observed. Only with the experimental data does this decrease in saturation
time match the divergence from the model seen at low channel separations.

a decrease in membrane thickness was found (Figure 6b).
The initial interchannel distance of 42.7 um resulted in a
mass transfer rate of 0.30 £ 0.02 mol m™2 h™!. At the lowest
interchannel distance of 20.8 um, a mass transfer rate of 0.78
£ 0.03 mol m™? h™! was obtained, increasing by 160%. While
this absolute rate may be lower in comparison to other devices
such as hollow fiber membrane contactors (=2 mol m=2 h™),
the rates for other such devices include flowing rather than
stationary MEA and slightly higher concentrations of CO,
(=14%).122 This result suggests the intriguing possibility that
creating gas exchange units with interchannel distances less
than 20 pm could improve gas exchange rates more dramati-
cally. However, we believe this may require a new approach to
overall fabrication.

While the general trends with pure and 10% CO, matched
our predictions, the linear trends expected by the model did not
match with the experimental results. Instead, the trends were
only linear at interchannel distances above =25 pm. When the
distances were less than 25 um, the saturation times decreased
at a faster rate and diverged from the model. We attempted to
decrease the interchannel distance below 20 um, but were hin-
dered by the leaking of capture fluid between the outer and cen-
tral channels at various points along the channels. We exam-
ined what effects these leak points would have on the mass
transfer rates to determine if they could cause the divergences.
Leaking might be explained by the presence of microdents in
the material prior to etching. The presence of these microdents
creates membrane regions of smaller thicknesses. CO, could
permeate through the membrane more rapidly at these points
and then diffuse through the MEA solution resulting in a more
rapid saturation time.

To understand if the divergences from the model at smaller
interchannel distances were caused by microdents, we first
attempted to model the system with simulated microdents.
The microdents were simulated with cylindrical portions with
180 um radii added to the central channel of the model with

Indentations Indentations
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T With tral channel using 25 pum fibers and TFE.
With these artificially created microdents, the
saturation time of a gas exchange unit with
a 44 um interchannel distance improved by
~90 s. This rate was comparable to the diver-
gence between the model and experimental
saturation times at 20 um separations. This
result suggested that the microdents improved
the mass transfer rates of a gas exchange unit
and accounted for the divergences found pre-
viously. It also implied that smooth micro-
channels were not necessary to promote enhanced gas absorp-
tion rates in our microvascular gas exchange units.

3. Conclusions

We have demonstrated the ability to precisely control the
interchannel distances of our microvascular gas exchange
units at the microscale. This allows for the study of the con-
nection between membrane thickness and gas exchange rates.
Decreasing the membrane thickness resulted in increased mass
transport. Below separations of =25 pum, the increase in mass
transport with respect to the membrane thickness was further
accelerated. The presence of microdents was found to be the
cause of this acceleration and indicates that the entire inter-
channel membrane is not required to have uniform thickness
to improve mass transfer rates. While we were unable to obtain
interchannel distances below 20 um due to the leakage of cap-
ture fluid between channels, membrane healing processes can
potentially be used to repair the areas where leakage occurred
and allow for channel separations below 20 um.[?) Additionally,
modifications to the surface chemistry of the channels may fur-
ther enhance the reactivity of our microvascular gas exchange
units. Also, it has not escaped our attention that PDMS is not
an ideal material and we are interested in exploring alternative
materials for synthesizing exchange units in future studies.

4. Experimental Section

Materials: Monoethanolamine (=99%, MEA), phenolphthalein, methyl
blue, tin (I) oxalate (98%) tetrabutylammonium fluoride solution
(75 wt% in water, TBAF), and N,N-dimethylformamide (99.8%, DMF)
were purchased from Sigma-Aldrich. Sylgard 184 silicone elastomer
kit (PDMS) was purchased from Dow Corning. Disperbyk-130 was
purchased from BYK Additives & Instruments. Trifluoroethanol (TFE)
was purchased from Halogen Inc. Poly(lactic) acid (PLA) fibers were
provided by Teijin Monofilament.

Adv. Funct. Mater. 2013, 23, 100-106
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Preparation of Fibers for Exchange Unit Fabrication: PLA fibers were
infused with tin (Il) oxalate to lower its depolymerization temperature
from 280 °C to 200 °C. A 800 mL treatment solution was created
(400 mL deionized water, 400 mL trifluoroethanol, 50 g tin oxalate, 20 g
DISPERBYK-130, 0.5 g malachite green) to infuse the tin oxalate within
the fibers and to dye the fibers for visual clarity. Fibers were wound
around a custom spindle and placed within the solution. The solution
with the fibers was agitated by spinning the spindle at 300 RPM for 48 h
at room temperature. The fibers were then removed from the solution
and dried in air at room temperature for 24 h.

Gas Exchange Unit Fabrication: Gas exchange units were created
using the Vaporization of a Sacrificial Component (VaSC) technique.
Poly(lactic) acid (PLA) fibers were infused with a tin (Il) oxalate (SnOx)
catalyst. PDMS was created using mixtures of the Sylgard 184 silicone
elastomer base and curing agent with a 10:1 ratio between base and
curing agent. The mixture was then degassed using a rough vacuum
pump and glass bell jar for 15 min. The fibers were strung through two
laser-cut brass plates containing a hexagonal pattern. The plates were
placed onto a mold box with the fibers tensioned on either side to create
a set of parallel fibers in a hexagonal arrangement within the mold box.
The mold box was then filled with PDMS and cured at 65 °C for 1 h.
A second stage of molding with PDMS was performed to separate the
channels from the hexagonal pattern and allow for easier loading of
channels. The vascular preforms were heated to 210 °C under vacuum
to vaporize and evacuate the fibers embedded within the PDMS resin
resulting in the hexagonal arrangement of hollow channels.

Creating Microdents: A procedure similar to the fabrication of a normal
gas exchange unit was followed. After the fibers were strung through
the patterning plates, but before placement onto the mold box and
tensioning, the microdents were added. Small loops of 25 um PLA fibers
were wrapped around the 300 um central fiber. Single drops of TFE were
added to the loops to meld the 25 um fibers onto the central fiber. The
remaining TFE was then dried in air and resulted in a central fiber with
increased surface roughness to simulate the microdents.

COMSOL Model: To model the system, the Laminar Flow and
Transport of Dilute Species modules were coupled to simulate the
flow of CO,, diffusion of CO,, and reaction of CO, with MEA. Diffusion
coefficients of 1.6 X 107> m2 s, 1.51 x 10° m? s7', and 7.08 x 10710 m?
s7! for CO, in air, water, and PDMS respectively were used to determine
the transport properties of the model.?*26l The densities and dynamic
viscosities of N, and CO, were used to determine the flow properties
of 10 vol% CO, and 100% CO, respectively. The reaction rate between
CO, and MEA was approximated using a first order reaction and
calculated as r = 6550[MEA] where r is the rate in mol m= s71.27-30
Time-dependent simulations were run using a generalized alpha time-
stepping method.

Optical Microscopy: Optical microscopy images were taken with a
Zeiss Axio Observer. Al Microscope at a 5x objective for determining
interchannel distances and a 2.5x objective for determining saturation
times. Tiled images were taken over the entire unit as water dyed with
methyl blue was loaded into the central and flanking outer channels
while water without dye was loaded into the upper and lower outer
channels to determine the interchannel distances. To determine the
saturation times, time-lapsed images with 4 s intervals were taken on
marked central positions along the length of the gas exchange units.
Regions of interest were made along the outer channels to quantify the
image data within the regions. The average hue within the regions were
found and normalized from the initial to final hue values. The time to
reach 50% hue change was defined as the saturation time.

Scanning Electron Microscopy: SEM images were taken on a FEI
Quanta FIB system (Oxford Instruments) with currents ranging from
1.06 pA to 4.74 pA and voltages ranging from 1.00 kV to 2.00 kV.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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