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Every year, nearly 29 billion metric tons of CO2 are released
into the atmosphere from human activities.[1] Research into
carbon capture and sequestration (CCS) technologies is a key
element in reducing CO2 emissions.[2, 3] A set of CCS methods
uses chemical reactions between CO2 and liquid agents for the
capture and controlled release of CO2. Current CCS tech-
nologies, however, are estimated to increase the cost of
energy for a power plant by 80–85 %.[4] Much of this increased
cost is due to the high enthalpy associated with heating a CO2-
rich capture agent to “strip” it and release the captured
CO2.

[5–8] This “parasitic” energy loss might be lowered by
coupling these chemical reactions to low-grade waste heat
already present on the surfaces of many combustion systems
generating CO2. To date, no material system has used surface
waste heat to provide the energy for a CO2 stripping process,
although latent heat systems have been successfully imple-
mented.[9]

Herein we demonstrate a system that uses low-grade
waste heat from surfaces to provide energy for chemical
reactions. To access the waste heat, we fabricated a micro-
vascular stripping system composed of microchannels, up to
meters in length, conformed to heated ceramic and metal
surfaces in complex three-dimensional configurations. Our
initial system released CO2 from a saturated monoethanol-
amine (MEA) solution. MEA is a capture reagent currently
used in pilot-scale plants, but is often cited as too energetically
expensive for large-scale use.[4] In our microvascular system,
we found that increased CO2 release resulted from:
1) decreasing the diameter of the microchannel; 2) increasing
the surface temperature; and 3) increasing the solution
residence time. Using high-speed photography, we observed
a two-phase flow phenomenon in the form of bubbly, slug, and
annular flow.[10, 11] We report a stripping rate of 1.9 mgmin�1

for MEA in a 300 mm diameter microchannel conformed onto
a surface heated to 125 8C.

The micrometer-scale features in large, distributed sys-
tems are essential for accessing heat-transfer characteristics of
two-phase release.[12–18] Methods of microvascular fabrication,
such as the vaporization of a sacrificial component (VaSC),
lithographic techniques, direct-write approaches, and many
others, can form these micrometer-sized features.[19–27] At the
micrometer scale, differences from the macroscale arise, as
surface tension counteracts gravitational effects and laminar
rather than turbulent flows are dominant.[28] The mechanisms
of two-phase heat transfer and its relationship to gas
nucleation is not yet fully understood, as the methods of
characterizing these systems can vary widely.[29] However, we
observed rapid and complete CO2 release occurring only with
channels below 300 mm in diameter, indicating the advantages
of using microscale heat exchangers.

We fabricated our microvascular waste-heat system using
the VaSC process.[30] VaSC is a sacrificial polymer process to
create long, cylindrical microchannels and vasculature con-
formed directly to a surface. The non-lithographic nature of
VaSC is particularly suited for the formation of microvascu-
lature directly on surfaces with complex 3D contours that
allow direct access to waste heat. Most other microvascular
fabrication processes require initially flat substrates, restrict-
ing their direct access to many surfaces. Others, such as 3D
printing, can be well-suited for fabricating solid structures, but
are less capable of forming hollow structures. In contrast to
other heat exchanger fabrication techniques, the length, ease,
and conformability of VaSC allow this technique to adapt
microchannels to pre-fabricated surfaces. However, VaSC has
limitations in that it does not obtain the same structural
precision as lithographic techniques. The fabrication process
is also limited to materials which polymerize or set at
temperatures below 120 8C and can withstand temperatures
above 200 8C.

In a generalized model of our experiments, VaSC is used
to fabricate cylindrical microchannels on a heated surface.
MEA (4.9m) is saturated with CO2 (0.5 mol CO2/mol MEA).
CO2 is captured by MEA as the reaction between MEA and
CO2 forms carbamates via a zwitterionic intermediate
(Supporting Information, Section S2.1). The saturated MEA
flows through the microchannels at a controlled flow rate and
surface temperature (Figure 1). The high temperature
reverses the reaction, leading to the release of CO2. As CO2

releases from MEA, two phases appear within the micro-
channel and can be separated for future use or sequestration.

A waste-heat stripping system using this process can be
formed around many heated surfaces, including those already
present in combustion processes. We demonstrate coupling of
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VaSC with two-phase release through the microvascular
retrofitting of a pre-existing and lab-available waste-heat
source: a coffee mug (Figure 2 a). Using multiple polydimeth-
ylsiloxane (PDMS) coatings as the microvascular embedding
material, a 1.2 m long, 300 mm diameter microchannel was
wrapped around a coffee mug five times and separated from
the surface by 40 mm (Supporting Information, Sec-
tion S1.1.1).

We released CO2 from a saturated MEA solution (0.5 mol
CO2/mol MEA) by heating the mug as the solution flowed
through the wrapped microchannel. As CO2 reacts with MEA
it lowers the pH of the solution.[31] We visualized the release
of CO2 by adding a pH-sensitive dye, namely phenolphtha-
lein.[32] As CO2 is recovered, the solution returns to its original
pH, going from pH� 8 to pH� 12. The dye reflects this
change by shifting from clear to pink. To regenerate the
solution, the mug was heated until the average surface
temperature was 120 8C. After the mug reached thermal
equilibrium, the CO2-saturated solution flowed through the
microchannel at a rate of 0.1 mL min�1. Within one cycle, the
color of the solution shifted from clear to pink, indicating the
release of CO2 (Figure 2b). The lean MEA solution was then
re-saturated with CO2 to quantify the amount of CO2

released. This was calculated to be 0.10 mol CO2/mol MEA
(0.14 mol CO2/mol MEA is released in conventional sys-
tems),[33] corresponding to a release rate of 1.9 mg CO2/min.

Other stripping systems, such as packed columns and
membrane contactors, achieve higher fluxes of CO2. How-
ever, when the release rates of these systems are scaled
relative to the flow rates in our system, similar values are
found (ca. 1–3 mgmin�1 at 0.1 mL min�1 MEA flow rate).[35]

However, our system stands in contrast as it can use waste
heat energy owing to its conformability to 3D contours.

While the stripping mug demonstrated a practical surface
for microstructure fabrication, not all heated surfaces are
smooth and round. We verified the adaptability of the VaSC
process by fabricating microchannels on a rough surface,
a gear rack (Figure 2c). The fabrication process was similar to
that of the mug, using multiple PDMS coating layers
(Supporting Information, Section S1.1.2). Using VaSC,
many surfaces could provide energy for chemical reactions
through waste-heat recovery.

We then studied parameters affecting the release effi-
ciency including channel diameter, surface temperature, and
residence time. A smaller system (4.4 cm) was developed to
quantify the release of CO2 (Supporting Information, Sec-
tion S1.1.3). The exhaust gas flow rate and CO2 concentration
were used to calculate the total release of CO2, using an
infrared CO2 meter and mass flow-meter (Supporting Infor-
mation, Section S1.2). Using thermocouples, we measured
fluid input, fluid output, and surface temperatures to calculate
the heat transfer coefficients (Table 1). Additional values
such as Nusselt numbers and power input were also calculated
(Supporting Information, Table S2).

First, we investigated the effect of channel diameter on
the amount of CO2 released from MEA using 100–300 mm
diameter microchannels. We also examined a larger channel
with a 1.59 mm diameter, as an example of a traditional size
scale, and a hexagonally packed pattern of 200 mm diameter

Figure 1. Representation of CO2 stripping. Monoethanolamine (MEA)
saturated with CO2 flows through a microvascular channel surround-
ing a heated surface and embedded within PDMS. The channel is
heated to about 120 8C, which removes CO2 from the solution. A two-
phase flow profile develops within the microchannel from the released
CO2. The flow rate and concentration of CO2 exiting the system are
measured to calculate the total release of CO2. A sample data set is
provided.

Figure 2. CO2 stripping using waste heat. a) Fabrication of microchan-
nels conformed to a coffee mug. First, a layer of PDMS coats the mug.
Next, PLA elements are placed to match the contour of the mug.
Another layer of PDMS then coats the fibers. Last, the PLA is
depolymerized under heat and vacuum. The end result is a single
microchannel conformed to the surface of the mug. b) CO2 release
with the mug. Phenolphthalein dye was added to a CO2 saturated MEA
solution, which changes from clear to pink when CO2 is released from
the solution. The solution flowed through the microchannel at a rate
of 0.1 mLmin�1. The average surface temperature of the mug was
120 8C. After one pass through the microvascular mug, a color shift
occurs, indicating the release of CO2. Scale bar: 2 cm (image) and
10 mm (inset). c) Microchannel on a rough surface. Scale bar: 4 mm.
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channels. For each experiment, the surface temperature was
125 8C and the solution flowed at a rate of 0.1 mLmin�1.
Computational models of the temperature profiles within the
channels were also developed (Supporting Information,
Section 2.2). As the channel diameters decreased, we saw an
increase in the total amount of CO2 released. The 100 mm
diameter microchannel obtained the highest heat transfer
coefficient (910 Wm�2 K�1). However, the dense, hexagonally
packed arrangement of microchannels released the most CO2

by more than a factor of two. Using packed patterns of
microchannels provides more efficient release of CO2 than
millimeter-size channels. The result of the packed hexagonal
structure also demonstrated that the release of CO2 can be
achieved while reducing the system footprint.

Next, we investigated the effect of surface temperature on
the flow stripping process using a 300 mm diameter micro-
channel and a flow rate of 0.1 mL min�1. We found that
increasing the surface temperature also increased the total
release of CO2, with an increase from 125 8C to 135 8C nearly
doubling the amount released. CO2 is released from MEA at
100–120 8C in industrial processes, matching the release
temperature of CO2 detected in our system.[34] The ability to
release CO2 on surfaces with temperatures from 100 8C and
higher may have practical applications, as heat pipes can
reach temperatures in excess of 120 8C.[36]

The last effect we investigated was the solution residence
time using our two most diverse cases for comparison: the
hexagonally patterned 200 mm and 1.59 mm diameter chan-
nels. The residence time was investigated by the MEA flow
rate. In both cases, decreasing the MEA flow rate in the
channel resulted in greater CO2 release. The hexagonal
pattern at a flow rate of 0.05 mL min�1 obtained the highest

release rate of any parameter set (1.7 mgmin�1). While the
slower flow rate allows for increased CO2 release, it also limits
the throughput of the microvascular system. For a full system,
a balance must be achieved between throughput and CO2

release efficiency.
Interestingly, little correlation between heat transfer

coefficients and either total CO2 release or initial release
rate was found. Instead, the gas release correlated more
strongly with power entering the system (Supporting Infor-
mation, Figure S10). This may be due to the chemical reaction
taking place or the complex geometry of the system. An
alternative calculation of the release rates was conducted
through the visual analysis of the flow-stripping phenomenon
using high-speed photography and a serpentine microchannel
(Supporting Information, Section S1.1.4).[37, 38] The release of
CO2 from MEA was observed predominantly as the slug flow
profile under these conditions (Supporting Information,
Movie S1). When a slug flow pattern develops, the velocities
of the gas phase allow for measurement of the pressure of the
gas. Combining this with the volume of the gas phase, the
ideal gas law is used to calculate the release rate of CO2 within
the microvascular system (Supporting Information, Sec-
tion S2.3). Using this visual analysis, the CO2 release rate
was calculated to be 0.8� 0.2 mgmin�1 (100 mm microchan-
nel, 125 8C, 0.1 mL min�1), agreeing with the previously
measured release rate.

We wanted to determine, for potential applications, what
our current stripping rates would translate to on a larger scale.
To give a sense of what might be possible, we performed
a calculation of how much heated area would be required to
recover the CO2 captured from an automobile. Assuming
a square packed arrangement of microchannels and a release
rate of 0.8 mgmin�1 per channel, 0.0565 m2 of surface area
would be required to recover the amount of CO2 emitted from
an automobile (Supporting Information, Section S2.4). The
total system dimensions required corresponds approximately
to the size of a laboratory notebook. In contrast to other heat
exchangers, this exchanger volume could also be conformed
directly to a heated area rather than located in a separate
region. However, this volume only accounts for the heat
exchanger dimensions and does not consider other necessary
system components that increase the size.

In conclusion, our results demonstrate the first adaptable
system to use low-grade waste heat from a surface for
powering the chemical reaction used in removing CO2 from
a saturated capture solution. This initial system has been
shown to conform, on a lab scale, to both smooth, cylindrical
surfaces and to uneven surfaces using the VaSC fabrication
process. The system was demonstrated by flowing a CO2

saturated solution as the surface was heated. The subsequent
chemical reaction resulted in the release of CO2 from the
solution through a two-phase heat transfer phenomenon. This
flow-release process was further characterized with respect to
flow rates, temperatures, and channel diameters. Increasing
the solution residence time, increasing the temperature, and
decreasing the channel diameters have all resulted in
increased CO2 release capabilities. The heat transfer coef-
ficients obtained by our microvascular systems (200–
1000 Wm�2 K�1) are lower in comparison to other microscale

Table 1: CO2 release under experimental conditions.[a]

Length
scale
[mm]

Flow rate
[mLmin�1]

T
[8C]

Total CO2

release
[mg]

Initial release
rate [mg min�1]

h
[Wm�2 K�1]

Hex. 0.05 125 29.8�2.6 1.00�0.17 70�10
Hex. 0.1 125 19.0�3.6 1.11�0.28 80�20
Hex. 0.2 125 12.7�0.9 1.68�0.65 170�50
100 0.1 125 9.1�1.7 0.69�0.14 910�140
200 0.1 125 4.9�0.3 0.46�0.02 570�90
300 0.05 125 9.0�1.1 0.55�0.05 320�50
300 0.1 125 5.1�0.2 0.43�0.02 430�80
300 0.2 125 1.4�0.1 0.23�0.03 870�170
1590 0.05 125 9.2�1.2 0.53�0.04 41�4
1590 0.1 125 2.8�0.4 0.24�0.02 23�3
1590 0.2 125 1.6�0.6 0.24�0.14 21�7
300 0.1 105 0.8�0.4 0.06�0.04 73�19
300 0.1 115 2.5�0.4 0.24�0.08 310�40
300 0.1 125 5.1�0.2 0.43�0.02 430�80
300 0.1 135 8.7�0.9 0.84�0.19 560�140

[a] After multiple cycles, no further CO2 releases from the solution and
the total CO2 release is recorded. The first several cycles give the largest
release rates. These initial release rates most closely mimic a continuous
operation environment. Heat transfer coefficients were calculated from
fluid input, fluid output, and surface temperatures, coupled with CO2

release rates. Surface area for the hexagonal pattern uses all seven
200 mm diameter channels and the length scale is considered to be
200 mm.
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heat exchangers (5–30 kWm�2 K�1).[16] However, our initial
material (PDMS) is a partial insulator. Furthermore, these
microvascular systems conform directly to surfaces which are
incompatible with other microscale systems. In the future, we
plan to use more conductive materials by integrating con-
ductive elements into conformable polymers. The advantages
of these conformal systems allow them to potentially find use
in a variety of applications including flow chemistry, thermal
management, and removal of CO2 from saturated solutions.
This microvascular system might easily interface with
common heated surfaces such as a boiler, radiator, or other
pre-existing waste-heat surfaces to power chemical reactions
and lower parasitic energy loss. Further investigation into the
exergy cost of the microvascular system will be required in
order to determine the full energy loss of a wider implemen-
tation.
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