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ABSTRACT: The temperature cycling of reactor systems with solid particles is ~_ Adsoretion i T ey

foundational to many processes in the chemicals industry. We present a clean
energy platform for gas—solid temperature cycling based on induction heating,
in which an open-cell metamaterial baffle loaded with solid particulates is
internally heated in a volumetric, efficient, and fast manner. This platform offers
flexible configurability, including operation as a fluidized or fixed-bed reactor at
different stages of the temperature cycling process, where the baffle prevents
bubble coalition during fluidized bed operation. We consider solid sorbents for
carbon dioxide capture as a model system, and we demonstrate adsorption in a
temperature-stabilized fluidized-bed mode and high-speed regeneration in a
fixed-bed mode. Electrified temperature cycling with magnetic induction is Lh’!l"
scalable, and we anticipate its adaptation to a wide range of chemical conversion fluegas

and separation processes.
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1. INTRODUCTION cycling times, and energy efliciency as well as mitigate the
carbon footprint of heating when using renewable electricity
sources. Resistive heating of conductive composites with
embedded sorbents and conductive monoliths packed with
solid sorbents has been shown to enable uniform surface and

Temperature cycling of solid particles is utilized in many
industrial processes, including chemical synthesis, energy
storage, and gas separations.”” In gas separations with solid
sorbents,”* which is the focus of this study, temperature swing

adsorption (TSA) is an established technique in which gases volumetric heating within the bed.'”'® Magnetic induction
are adsorbed into sorbents and then released in a regeneration heating of sorbents embedded with susceptors has been found
step as a high-purity stream at elevated temperatures. A central to facilitate the selective heating of susceptors and high heat
theme in TSA implementation is the codesign of heat transfer, transfer rates between the susceptor and sorbent.'’”*’
mass transfer, and pressure drop at different steps of the cycle, Microwave heating has been demonstrated to support direct
where adsorption and regeneration steps each require and selective sorbent heating with high power densities,
particular levels of temperature and mass transfer control leading to exceptionally fast regeneration times around S min
with constraints set by an energy budget.”*™” While TSA is or under, albeit with hot spots.'»** While these concepts show
industrially mature, it is still suboptimal due to nonidealities great promise, they still suffer from critical drawbacks,
featured in conventional solids heating and heat integration including electrical interconnect integration challenges in
schemes. Heating of fixed-bed systems with heating jackets resistive heating networks, efficiency limitations in induction

(limited to below two meters in diameter) and heat exchange
networks offer limited scaling as they are surface rather than
volumetric heating methods and often generate large thermal
gradients and hot spots.'”'" Internal heating with hot gases,
commonly steam, is energetically intensive and incompatible
with many water-sensitive sorbents. The inefficient heat
transfer and heating nonuniformity in all of these methods
lead to relatively slow cycling times on the order of an hour or
more."””"* In addition, conventional heat generation methods
utilize carbon fuels and possess a nontrivial carbon footprint.

Concepts in electrified heating offer an alternative approach
to heat integration in TSA that can enhance performance,

heating, and skin depth penetration, scaling, and hot spot
limitations with microwave heating.”>*° New concepts in
electrified heating that maintain advantages in performance
while overcoming these challenges are necessary.
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Figure 1. Temperature swing adsorption with solid sorbents and induction heating of a metamaterial baffle. Adsorption is performed in either
fluidized or fixed-bed mode. In fluidized-bed mode, the baffle reduces bubble coalescence, improving mass transfer. Regeneration is performed in
fixed-bed mode and is achieved by heating the baffle while flowing in steam as a sweeping gas. Cooling is performed by flowing gas into the system
at a high flow rate in either the downward direction in fixed-bed mode or in the upward direction in fluidized-bed mode.

We propose a new concept in volumetric electrified heating
for temperature-cycled reactors in which solid particles are
placed in an open-cell, electrically conductive baffle that is
inductively heated in an efficient, internal, volumetric, and fast
manner. We term this baffle a “metamaterial susceptor”
because it supports effective electromagnetic properties that
are tunable based on geometry, and the bulk electrical
conductivity can be designed to enable near-unity induction
coupling efficiencies (ie., selective heating of the susceptor
over the coil). The baffle simultaneously serves as a volumetric
heating source, a heat spreader that minimizes temperature
gradients in the bed due to its high effective thermal
conductivity, and a bubble breaker when the reactor is
operated in fluidized-bed mode. We focus on carbon dioxide
capture from flue gas streams as a model system and
specifically consider potassium carbonate-based sorbents
supported on porous alumina-silicate substrates. Potassium
carbonate-based sorbents have an adsorption—desorption cycle
based on a reversible chemisorption step

K,CO4(s) + CO,(g) + H,0(g) « 2KHCO,(s)
AH_ 143 kJ

(1)

These alkali metal carbonate sorbents are attractive for point
source capture applications because they are effective, cheap,
do not degrade in humid environments, and can capture and
release carbon dioxide at relatively low temperatures.”” Among
alkali metal carbonates, K,CO; performs the best and has
promising cost effectiveness at scale and absorbs optimally at
60 °C.>” Porous supports for K,CO, enable faster carbonation
rates.”” While many K,CO5 and support-based sorbents can be
completely regenerated at 150 °C, some supports such as
ALO; form products with K,CO; that result in higher
temperatures for complete regeneration.”® Even in these
more complex cases, the regeneration reaction, shown as the
reverse reaction in eq 1, has a maximum rate at 150 °C.!78%9
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The operating principles of our reactor are summarized in
Figure 1. During adsorption, the reactor can operate in either
fixed or fluidized-bed mode, and induction heating of the baffle
controls the volumetric bed temperature. Regeneration is
performed with the sorbents in fixed-bed mode, during which
the baffle is quickly and volumetrically heated by induction and
the released carbon dioxide is swept away by a low-flow gas,
commercial steam, which is later condensed, resulting in a pure
stream of CO,. The gas flow rate for regeneration is low,
minimizing the energy cost of steam production, so fluid-
ization, which requires a minimum gas velocity above that of
the sweeping gas, should not be utilized. Cooling is performed
by flowing a large stream of cool gas into the bed at high flow
rates and can be done in either fixed or fluidized-bed mode.
When cooling in fixed-bed mode, gases are top-fed, whereas
gases are bottom-fed in fluidized-bed mode. Fluidization in
either adsorption or cooling allows for lower pressure drops
and greater heat transfer.

Our temperature cycling concept combines many of the
advantageous features of electrified heating while managing
many of the aforementioned challenges. First, it is a simple and
versatile platform that can operate in different reactor bed
configurations, and it does not require external heating
infrastructure, electrode contacts, or modifications to sorbent
particles such as the impregnation of heating susceptors.
Second, regeneration can be performed quickly, as the
susceptor can be rapidly and volumetrically heated with high
power densities and supports large heat transfer rates to
sorbents due to the susceptor’s large surface area. Third, it is
exceptionally efficient due to high heating rates and high
coupling efficiency of electricity to internal heat due to the
informed selection of power amplifier frequency, electrical
conductivity, and thermal conductivity. Overall efficiency is
further enhanced as the susceptor itself has a small thermal
mass, and minimal amounts of sweeping gas during
regeneration are required. Fourth, it can be readily scaled

https://doi.org/10.1021/acssuschemeng.5¢10443
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Figure 2. Experimental TSA demonstration. (A) Schematic of the experimental setup, which includes check valves, mass flow controllers, gas
switches, a moisture sensor, and a mass spectrometer. (B) Image of the experimental setup. The inset shows an enlarged image of the reactor
without the sorbent and shows the preheating, gas distributor, reaction, and post-heating zones.

due to the volumetric nature of induction heating and known
scaling laws relating metamaterial susceptor electromagnetic
properties, size, and induction frequency.”’

2. MATERIALS AND METHODS

2.1. Sorbent Preparation

We prepared our sorbents as Geldart B-sized particles with an average
diameter of 300 ym. Geldart B particles are selected due to their ease
of synthesis and handling and their ability to fluidize at high velocities
with limited bed expansion.”’ The sorbent is prepared by performing
wetness impregnation of K,COj; into porous aluminosilicate, where a
37% loading fraction is used. The aluminosilicate support is chosen
due to its high surface area (450 m?/g) and alkaline properties, which
enable enhanced loading and erosion resistance.”> More details on
sorbent preparation and size distribution are included in Supporting
Information.

2.2. TSA Reactor Setup

A schematic and image of our experimental TSA setup are shown in
Figure 2A,B, respectively. The reactor consists of a quartz tube with
an inner diameter of 39 mm that is sealed by two metallic flanges. The
reactor is surrounded by a 25 mm thick thermal insulation layer of
mineral wool (not shown for clarity) and a helical coil. The six-turn,
94 mm diameter coil is 150 mm in constructed length and consists of
a copper tube with a diameter of 6 mm. The induction coil and
flanges are mounted on acrylic holders that do not couple to the
magnetic field generated by the induction coil. The reactor baftle and
distributor are elevated within the tube by using glass beads to
minimize coupling between the coil magnetic field and the flange at
the bottom of the tube.

Inside the reactor, the 100 mm tall reaction zone consists of a
reaction-bonded silicon carbide (i.e., SiSiC) foam metamaterial baffle
loaded with sorbent particles. Silicon carbide-based monoliths are
ideal from a heat management point of view because silicon carbide
has a high thermal conductivity, enabling enhanced heat spreading
within the reactor and the management of hot spots. The preheating
and post-heating zones each comprise 25 mm-tall sections of the same
SiSiC foam as in the reaction zone and do not contain sorbent
powder. These zones mitigate axial temperature gradients in the
reaction zone that naturally form at the top and bottom of the
internally heated reactor due to heat loss at the ends. Between the
preheating and reaction zones, a 3 mm-thick silicon carbide foam disk
with an average pore size of 250 um is placed and serves as the gas
distributor. To measure the temperature within the reactor, a 4 mm-
diameter hole is axially milled through the reaction zone and post-
heating foam zone, enabling placement of a Hastelloy thermowell
with a multipoint fiber optic temperature sensor. Fiber optic
temperature sensors are used over thermocouples because they do
not interact with high-frequency magnetic fields and provide fast
temperature readings. Experimental temperature control used
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measurements from a fiber optic sensor located approximately 55
mm above the distributor.

Beyond axial temperature characterization of our system, we briefly
remove insulation and use a midwave infrared camera (FLIR
X6901sc) to characterize the surface temperature of the porous baffle
and sorbent bed. Prior studies indicate that removal of the insulation
leads to enhanced heat loss radially within the system but minimally
impacts the axial temperature profile.”® These infrared images are
temperature-calibrated by tuning the emissivity of the reactor zone to
match steady state temperature readings from a fiber optic within the
sorbent reaction section held at 60 °C.

For the adsorption steps, the temperature of the reaction zone is
maintained at 60 °C by inductively heating the baffle with fluctuating
powers based on temperature feedback while flowing gas at the
minimum fluidization velocity, u,,z The duration of adsorption is
dictated by the time required to reach 95% of the total sorbent
adsorption capacity, which we measured to be 50 s using a mass
spectrometer and show in Supporting Information. During regener-
ation, which occurs with reasonable kinetic rates between 120 and
170 °C, we send in a sweeping gas of nitrogen at 0.5 SLPM. Cooling
at a given high gas flow can either be done using downflow, resulting
in a fixed-bed mode with effective particle cooling without gas
channeling or attrition at the expense of high pressure drop, or
upflow, resulting in a fluidized-bed mode that supports cooling with
reduced pressure drop conditions at the expense of particle attrition
and the need for more infrastructure such as cyclones. For this study,
we operate the reactor in a reverse flow fixed-bed mode and prioritize
considerations in sorbent attrition and simplifications in reactor
design. Thus, to perform cooling, nitrogen is flowed downward
through the system at 8 SLPM.

To deliver power to our induction heating system, we set our
function generator (Siglent SDGS162) to a sine wave at 6.78 MHz
that is then passed to a power amplifier (E&I A1000 (300 kHz—35
MHz, 1 kW)). The power coming from the power amplifier is passed
through an RF power meter (Agilent N1914A, N8428A) that reads
the power going into and reflected from our matching network, coil,
and inductively heated components. Our matching network is tuned
such that our system appears to be a 50 £ load to our power amplifier
and power meter to maximize power delivery. The induction coil and
susceptor together present mostly an inductive load, and a high-pass
low-high matching network must be implemented to convert this
impedance to a purely resistive load to ensure high power delivery to
the susceptor. We construct the matching network using two variable
vacuum capacitors (Jennings GCS-90-15S, 5—90 pF, and Comet
CV1C-500NM/10, 80—500 pF).

Flue gas is simulated using a mixture of CO, and N, with a five
percent CO, concentration, and moisture is added using a bubbler.
More details on the setup are provided in the Supporting Information.

2.3. Hydrodynamics Characterization

To identify u,,; and further understand the impact of our metamaterial
baffle on the hydrodynamic properties of our system, we perform
differential pressure drop measurements through the sorbent bed at

https://doi.org/10.1021/acssuschemeng.5¢10443
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Figure 3. Hydrodynamics of solid sorbents in an open-cell baffle. (A) Hydrodynamic study of time-averaged pressure drop across sorbent powders,
for the reactor system with and without the SiSiC foam baffle. Pressure drop is normalized relative to the weight of the sorbents. The minimum
fluidization velocity when a baffle is present, which corresponds to our operating flow condition for adsorption, is demarcated as u¢ and is 3.2
SLPM. (B) Similar plot as in (A) but without time averaging. Inset: pressure drop as a function of time, given a flow rate of 3.2 SLPM. (C)
Snapshot image of the reactor system without the SiSiC foam baffle, showing the formation of large bubbles even near u,. (D) Snapshot image of
the reactor system with the SiSiC foam baffle, showing a reduction in bubble size.

different gas velocities with and without the metamaterial baffle. The
tests are conducted by flowing nitrogen at room temperature into the
reactor and utilizing a differential pressure gauge before the gas
distributor and after the reactor outlet. To calculate the pressure drop
across just the particles, pressure drop measurements of the bed with
and without the metamaterial baffle are taken without and with
sorbent particles sequentially. Subtraction of the reactor pressure drop
without sorbent particles from the pressure drop with particles results
in calibrated values of particle bed pressure drop for proper
comparison.

2.4. Susceptor and Coil Electrical Characterization

We experimentally characterized our coil and SiSiC foam susceptor
using small signal impedance measurements from a vector network
analyzer (Bode 100) to quantify the AC resistance of the system. The
AC resistance of the susceptor (Rsuscepmr) is obtained by subtracting
the AC resistance measurement of just the coil (R.;) from the AC
resistance measurement of the coil with the susceptor. Coupling
efficiency refers to the fraction of power dissipated in the susceptor
relative to that of the coil and susceptor system, and it is calculated as
']coupling = Rsuscepmr/(Rsusceptor + Rcoil)'

2.5. Multiphysics Heating Simulation Setup

To create a computational surrogate for our experimental reactor
system, we utilize multiphysics finite element modeling using
COMSOL Multiphysics. We utilize combined physics from electro-
magnetics using Maxwell’s equations, free and porous media flow
using time-independent Brinkman’s equations, and heat transfer in
solids and fluids using the transient solution of the heat equation. We
simplify the gas flow by assuming an incompressible gas. We used a
Darcy—Forchheimer model to account for the friction of the inserted
baffle. To accurately fit the model with our experimental system, we
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perform a control experiment in which a constant power of 80 W is
input into a regenerated sorbent-loaded reactor starting at 25 °C, the
axial temperature is recorded as a function of time, and the reactor
model is adjusted to fit these transient measurements. The thermal
resistance between reactor components and the thermal conductivity
of the fiber optic temperature sensor and thermowell are considered
as fitting parameters, while realistic convection coeflicients, porosities,
thermal conductivities, densities, and heat capacities of the reactor
components are kept fixed, as can be seen in the Supporting
Information. Porous foams have been shown to facilitate homoge-
nization of heating radially between phases, so we model our reaction
zone to be a uniform porous medium with spherical pellets with an
average diameter of 300 m, which matches that of the average of the
sorbent particles.>*

3. RESULTS AND DISCUSSION

We implement a set of design principles to identify proper
reactor configurations for electrified TSA systems. These
design principles govern choices in susceptor construction and
operational frequency that facilitate efficient and volumetric
inductive heating, choices in the heating control approach that
enable fast cycling with minimal energy input, and particle bed
operating modes for enhanced mass transfer. We then utilize
our designed parameters on a 39 mm-diameter lab scale setup,
demonstrating cycles for point-source carbon capture.

3.1. Hydrodynamic Results

To perform adsorption, reactor configurations based on fixed
beds, bubbling beds, and turbulent fluidized beds have been
utilized in ways that are tailored and optimized for particular

https://doi.org/10.1021/acssuschemeng.5¢10443
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Figure 4. Electromagnetic properties of the metamaterial baffle. (A) The heating properties of the susceptor, modeled as an effective medium that
is a homogeneous conductive cylinder, correlate with its AC resistance. Optimal conditions that correspond to regimes of volumetric and efficient
heating are achieved when the susceptor skin depth is roughly half its radius (f,). (B) Calculated AC resistance curves for homogeneous cylindrical
susceptors with varying effective electrical conductivities together with the AC resistance curve of the magnetic coil. (C) Corresponding coupling
efficiencies of the inductively heated systems from (B). (D) Experimental AC resistances of the susceptor and coil and corresponding coupling

efficiency curve for the baffle and coil used in this study.

gas concentrations and sorbent types.””~” Fluidized beds, the
focus here, have ideal heat transfer properties, eliminate hot
spots, and process large volumes of gas per cycle. However,
they suffer from poor mass transfer when gas bypasses the bed
as bubbles.”

We aim to utilize the SiSiC foam baffle as a bubble breaker
that balances wall effects, bubble-breaking capabilities, and a
desire to easily load the sorbent and to operate the bed without
a major pressure drop penalty. With these considerations in
mind, we specify the SiSiC foam to have a pore density of ten
pores per inch, which for our Geldart B particles corresponds
to an average opening diameter of approximately eight times
the effective sorbent particle diameter.

Characterization of the pressure drop in the sorbent-loaded
system with and without the baffle is shown in Figure 3A,B.
With and without the foam baffle, the pressure drop initially
increases linearly with increasing superficial gas velocity until
fluidization begins, as predicted by Ergun’s equation for fixed-
bed systems. At u_; the sorbents fluidize, and the pressure
drop becomes constant as a function of flow rate. The
normalized pressure drop after fluidization and the minimum
fluidization velocities are comparable for the system with and
without the baflle, indicating that the presence of our baffle
does not contribute additional parasitic pressure drop in the
system. We identify our system’s u,; to be 3.2 SLPM. We
utilize this flow rate for the adsorption stage of CO, capture as
it enables an ideal operation regime that features good heat
and mass transfer properties, minimal particle attrition, and
adequate residence times for high CO, recovery rates.

5926

Improved mass transfer at u,¢ in our reactor is a result of
the baffle disrupting bubble coalescence, keeping bubbles, that
begin to form at u, small.**~%

The ability of the SiSiC baffle to prevent bubble coalescence
is evidenced by the relative reduction in pressure fluctuations
when the SiSiC foam is used (Figure 3B). Pressure fluctuations
are proportional to the size of the bubble and occur when a
bubble breaks, often at the top of a fluidized bed. We observe
that for a fluidized bed without a baffle, the pressure
fluctuations steadily increase as flow increases, but when the
baffle is present, the pressure fluctuations are nearly constant as
a function of flow. With the baffle, fluctuations are reduced by
20% when the flow rate is at u,,¢ and by up to five times at flow
rates around 8 SLPM. Evidence for reduction of bubble
coalescence for enhanced mass transfer in fluidized beds can
also be visually observed in images of the fluidized beds
without and with the baffle, shown in Figure 3C,D,
respectively. Without the baffle, large bubbles responsible for
pressure fluctuations are clearly visible, whereas with the baffle,
the bubbles all have size scales on the order of the foam pore
size or smaller. We note that our foam bubble-breaking
structure is distinctive from those often used in fluidized bed
systems, which typically consist of single-layer discs or tubes of
less structural complexity.**™*" We reserve a more detailed
analysis of hydrodynamics within highly structured bafile
structures for a future study.

3.2. Metamaterial Baffle and Power Electronics Co-design
The second key design task involves proper specification of the

induction heating-power electronics system in a manner that

https://doi.org/10.1021/acssuschemeng.5¢10443
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Figure 5. Dynamic heating analysis. (A) Multiphysics model setup. (B) Experimentally measured (dots) and simulated (lines) transient axial
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Figure 5. continued

of time and total energy input to heat the central axis of the reactor to 160 °C as a function of heating rate, given a two-step approach where a
period of constant power input is followed by a time period where power is turned off. Subplot curves each plotted 15 s apart. The red curve
plotted for minutes to reach 160 °C includes the time for both steps.

supports volumetric heating with a high coupling efficiency. To
perform this analysis and optimization, we treat the macro-
scopic electromagnetic properties of the SiSiC foam as a
homogeneous medium with an effective electrical conductivity
(o.), as seen in Figure 4A. In this picture, magnetic field
penetration into the susceptor is characterized by the skin

depth, 6 = /1/7mu 0,qf, where g is the permeability of free

space and f is the frequency. When 6 ~ r/2, where r is the
susceptor radius, the alternating current (AC) resistance curve
of the susceptor has a transition point that corresponds to a
heating regime with near maximal coupling efficiency and a
desirable volumetric parabolic heating profile. Based on prior
work, we have found that lab-scale SiSiC foams have such a
transition point at megahertz frequencies and that, by
operating at such high frequencies, induction heating can be
performed with high coupling efficiencies.*

To further fine-tune our understanding of susceptor design
for our lab-scale reactor form factor, we calculate the AC
resistance of SiSiC foams (Ryyceptor) With G ranging from 12
to 400 S/m (Figure 4B). This range reflects the ability for the
electrical conductivity of SiSiC foams to be tuned based on
excess silicon content and foam geometry.*"*> The AC
resistivity is derived as a function of frequency from Maxwell’s
equations, and solving the Helmholtz equation

L((1+05)
B +05) @)

where L is the length of the coil and susceptor, J, are Bessel
functions of the nth order, and N is the number of turns of the
coil. We also include a plot of the frequency-dependent AC
resistance of the magnetic coil (R.y) calculated using the
improved Dowell method*

B 7[3/4dN3/2
coil 0::5‘: f—RCL (3)

where R_ is the radius of the coil and d is the coil diameter. The
coil resistance follows a square root of frequency trend, which
is consistent with the regime in which the skin depth in the
copper coil is less than the coil wall thickness. The foam
resistances have transition point frequencies that scale inversely
with conductivity, and the transition point frequency is
approximately S MHz for the highest conductivity foam. The
coupling efficiency is plotted in Figure 4C and shows that the
efficiencies are generally high for all foams at megahertz
frequencies. Marginal efficiency gains can be had in the limit
where the foam conductivity is reduced, and the operating
frequency is increased.

Based on these observations, we chose to operate our system
at 6.78 MHz, which is the lowest standard industrial, scientific,
and medical frequency band above S MHz, and aim to set our
foam transition point to be near this frequency. While this
condition does not maximize efficiency, coupling efficiencies
are generally high at this frequency, and power amplifiers are
known to have reduced efficiency, scalability, and susceptibility

4ﬂ2f,uON 2
susc L
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to parasitics as the operating frequency increases.”* Due to
availability, we utilize a SiSiC foam with a slightly suboptimal
effective conductivity of 12 S/m. The AC resistances, together
with experimentally derived coupling efficiency, are plotted in
Figure 4D. The coil resistance scales as the square root of
frequency, while the susceptor resistance scales as the square of
frequency, both of which are consistent with our theoretical
framework. The large rise in coil resistance at high frequencies
is due to resonances in the coil system and does not impact
coupling efficiency. The coupling efficiency curve also follows
that from theoretical trends, and we measure this efficiency to
be 86% at 6.78 MHz.

When the reactor is scaled up, the volumetric heating profile
and high coupling efficiency can be maintained as long as 6 ~
r/2, similar to what is shown in Figure 4A. Skin depth can be
adjusted in a number of different ways, including maintaining
0. while reducing f, maintaining f while reducing o,4, or by a
combination of the two methods. In the limit where o4 is kept
constant, the coupling efficiency remains the same, although
more efficient and higher-power amplifiers can be imple-
mented at lower frequencies. In the limit where f is kept
constant, the coupling efficiency increases with the scale. A
more detailed scaling analysis of inductively heated volumetric
susceptors is presented elsewhere.”

3.3. Dynamic Heating Analysis

Our multiphysics model allows us to quantify the impact of the
heating rate on the volumetric temperature profile within the
reactor and optimize a control scheme for fast sorbent bed
regeneration. Experimental and modeled axial temperature
profiles for a power input of 80 W, measured every 18 s, are
plotted in Figure 5B and show good agreement. With our fitted
model, we can simulate heating at other power levels and
visualize the volumetric temperature profile as a function of
time. As an example, the volumetric temperature profiles for
the reactor, given a steady input power of 400 W, are visualized
at three different times in Figure SC and show a reaction zone
with a relatively uniform thermal profile at each time. These
results also indicate that the axial temperature gradients
measured by our fiber optic sensor near the post heating zone
are mostly due to the thermowell serving as a heat sink and
that the actual temperature profile within the reaction zone is
much more uniform.

We use this model to perform parametric numerical heating
experiments to understand and quantify the relationship
between heating rate, energy efficiency (i.e., the total inputted
energy required to heat the sorbent bed), and heating time. We
are particularly interested in understanding how fast and
efficiently we can heat, with an understanding that our use of a
volumetric heating scheme overcomes some of the heat
transfer bottlenecks associated with conventional heating
methods. We considered two heating control schemes for
regeneration. The first involves a direct one-step procedure in
which the heating rate is fixed until the minimum temperature
along the central axis of the reactor zone reaches 160 °C. The
second is a two-step procedure in which the bed is first heated
at a fixed rate to a temperature below 160 °C, and then the
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Figure 6. Thermal characterization of the TSA system. (A—C) Thermal images of the reactor taken during adsorption (A), regeneration (B), and
cooling (C) steps. Photographs on the left of each figure show the sorbent bed height and relative gas flow. Bounding boxes indicate the reaction
zone. (D) Axial temperature measurements within the sorbent bed taken from a multipoint fiber optic temperature sensor at the end of adsorption,
regeneration, and cooling steps. Axial distance is measured starting from the top of the gas distributor.

power is shut off, during which time axial temperature
gradients are leveled such that the reaction zone reaches 160
°C. The first step heating time is optimized by simulations to
ensure the entire axial reaction zone temperature rises to 160
°C in the second step before dropping to ambient temper-
atures.

Starting from 25 °C, the transient axial temperature profile,
energy consumption values, and temperature ramping time for
the one-step heating process are summarized in Figure SD. We
find that as the heating rate increases, a monotonic decrease in
heating time is observed, indicating that extreme regeneration
times are possible. The total amount of energy consumption
initially decreases as a function of heating rate to a minimum
value near a heating rate of 84 W, after which it slowly
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increases. The initial reduction in power consumption is due to
the fact that as the heating rate increases, there is less time for
energy to be transported away from the reaction zone to the
ambient at the ends of the reactor and through the thermal
insulation. In this regime, the transient axial thermal profiles
are relatively isothermal within the reaction zone and
uniformly increase with time. At higher heating rates beyond
the inflection point in power consumption, axial temperature
gradients start to appear within the reaction zone with a peak
near the outer edges of the zone. These arise because the heat
capacity of the pre- and postheating zones is lower than that of
the reaction zone, and the heating rate exceeds the rate of heat
transfer from the axial edges to the center of the reaction zone.
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Figure 7. Experimental TSA results showing temperature ramping and cooling with capture and release of CO, over six cycles. The shaded regions
indicate the amount of normalized CO, captured or released per adsorption or regeneration step.

With this accentuated thermal time delay, the axial edges of the
reaction zone get overheated, leading to excess energy usage.

This overheating problem is addressed with our two-step
method, shown in Figure SE, also with an initial temperature of
25 °C. This simple control protocol ensures that some excess
heat generated at the reaction zone edges transfers to the zone
center. Due to the enhanced effective thermal conductivity of
all reactor zones supported by the SiSiC baffle and the low
thermal conductivity of our insulation, the temperature
gradient within the reaction zone decreases during the second
step. We find with our two-step method that increases in the
heating rate lead to a plateauing of energy consumption while
still reducing heating time. With this in mind, we select to use a
two-step approach with an initially high heating rate for
efficient energy use and fast cycling.

The regeneration of K,COj; on an aluminate-based support
has been previously shown to have a dependence on heating
rates, and full regeneration occurs in three different stages,
each with different temperatures.”®*> The predominant stage is
the reverse reaction of eq 1 and accounts for 76% of the CO,
release, which has a maximum kinetic rate that occurs at 150
°C.* As it is the goal of this study to demonstrate fast heating
rates and short cycle times for the reaction in eq 1, we do not
cycle to the higher temperatures required for the two other
stages of regeneration and use only a portion of our sorbent in
each cycle. Given our limited sorbent utilization, the actual
energy consumed by the reaction during cycling is small
compared to that required to heat the reaction zone. As such,
our surrogate model does not account for the particular
reaction heat consumption of the regeneration process.

Considering the trade-off in kinetics and heating rates, which
is specific to our sorbent, the ideal heating rate for both energy
efficiency and kinetics is 35 °C per minute,”® which would
require a heating rate of around 200 W using the two-step
heating approach. However, as the goal of the demonstration is
to showcase fast heating rates, we chose a higher heating rate
of 350 W for the cycling demonstration. This dynamic heating
analysis would need to be considered in tandem with specific
reaction kinetics for other temperature cycling processes.
When using the two-step heating approach for regeneration
with a 350 W for the first stage, we found that upon shutting
the power off for the second stage, the bed temperature
continued to rise until our temperature control point reached
160 °C. This two-step approach ensured that the entire
reaction zone reached at least 150 °C. The total time required
for heating from 60 to 160 °C and the sorbents to be
regenerated is measured to be around four and a half minutes.
The time required for cooling is then measured to be around
six and a half minutes.
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3.4. Temperature Uniformity during TSA

Temperature characterization of our system using comple-
mentary analyses of infrared imaging and multipoint fiber optic
temperature sensing indicates that the temperature of the
reaction zone is relatively uniform at all points of the TSA
process. Experimental axial measurements (Figure 6D) show
that within the reaction zone, a minimal temperature gradient
of <8 °C exists for fluidized adsorption, which is expected
given the heat transfer benefits of fluidized beds. The measured
temperature profile within the reaction zone during regener-
ation is mostly uniform except near the region at the reaction
zone-post heating zone interface, which is mostly an artifact
from the thermowell acting as a cold sink, as described earlier
with our multiphysics finite element modeling. Due to
differences in emissivities in the different sections of the
reactor, only the temperatures within the bounding box of the
sorbent reactor section are considered.

3.5. Cycling Results

We performed six continuous cycles of CO, adsorption,
regeneration, and cooling in our system, as shown in Figure 7.
Positive values represent regenerated milligrams of CO, per
gram of K,CO;, while negative values represent adsorbed
amounts. The positive sharp peak in each cycle occurs during
the onset of cooling when the flow rate changes quickly from a
low sweeping gas flow rate to a large cooling gas flow rate. This
peak was used to synchronize the time between the gas
analyzer readings (which are delayed due to the length of the
gas outlet line) and near-instantaneous measurements such as
temperature and mass flow rates. On average, 8.8 mg of CO,/g
K,CO; is both captured and released each cycle with a
standard deviation of 0.16 mg of CO,/g K,CO;. The average
difference in how much was regenerated and adsorbed per
cycle, represented by the difference in the shaded regions, is on
average 0.016 mg of CO,/g K,CO; with a standard deviation
of 0.30 mg of CO,/g K,CO; which is likely a result of the
uncertainty of exact time of transitioning between regeneration
and adsorption gas readings due to gas mixing and not utilizing
the sorbent to its full capacity, as described in the experimental
heating rate section. Each cycle takes about 12 min, including
cooling time.

4. CONCLUSIONS

This study represents the first of its kind to combine the
inductive heating of a porous baffle with a fluidized-bed
system. Our concepts enable enhanced levels of performance
for TSA processes, as they capitalize on the ability of
structured baffles to serve as enhanced bubble breakers and
volumetric heating elements with high effective thermal
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ACS Sustainable Chem. Eng. 2026, 14, 59225932



ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

conductivities. By performing adsorption, regeneration, and
cooling steps all in the same reactor, our concept supports
considerable simplifications in the reactor design. We
anticipate that our concept can adapt to other TSA processes
and that it is particularly suited for temperature cycle reaction
processes in which fluidization benefits the exothermic stage
with reduction of hot spots and temperature stabilization,
while inductive heating facilitates fast heating rates and energy
savings when ramping to endothermic reaction temperatures.
In our particular demonstration, we reached regeneration
temperatures under 2 min with volumetric heating and low
thermal gradients. We also anticipate that our concept can be
readily adapted to circulating fluidized-bed systems, many of
which utilize heating for solid particle regeneration.

In this study, we chose to operate near the minimum
fluidization velocity during adsorption to balance the residence
time, temperature homogenization, and particle attrition
considerations. We anticipate that for reactions with
sufficiently good capture kinetics and more mechanically
robust sorbent particles, operation at higher gas flow rates is
possible and enabled by the excellent bubble-breaking
characteristics of the baffle. As we consider scaled system
implementation, we anticipate new system-level architectures
for the TSA reactor design. To accommodate steady-state
point-source gas flows, an ensemble of inductively heated
reactors can be utilized in which a fraction of reactors at any
given time is being regenerated, while the rest of the reactors
are operated in adsorption mode. An ensemble of reactors can
also facilitate more effective modes of heat integration in which
the sorbent cooling process is used effectively for gas
preheating. We plan to systematically examine different
systems-level TSA architectures in future work to understand
and quantify the heat utilization efficiency limits of this class of
systems.
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