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ABSTRACT: Here, we demonstrate an integrated semibatch simultaneous [ %< IC3M

CO, capture and conversion to methanol process using a water-lean solvent, “E,

N-(2-ethoxyethyl)-3-morpholinopropan-1-amine (2-EEMPA), that serves as o e O sfoe..

both the capture solvent and subsequent condensed-phase medium for the - —‘ <o gl Treee
& 8

catalytic hydrogenation of CO,. CO, is captured from simulated coal-derived
flue gas at a target >90 mol % capture efficiency, with a continuous slipstream  rees¥ioes —
of CO,rich solvent delivered to a fixed bed catalytic reactor for catalytic
hydrogenation. A single-pass conversion rate >60 C-mol % and selectivity >80
C-mol % are observed for methanol at relatively low temperatures (<200 °C)
in the condensed phase of the carbon capture solvent. Hydrogenation MM
products also include higher alcohols (e.g,, ethanol and propanol) and s s IR ane, Ear, G ororise
hydrocarbons (e.g., methane and ethane), suggesting that multiple products s _(5@

could be made offering adaptability with varied CO,-derived products. ’
Catalyst activity and selectivity are directly impacted by the water content in
the capture solvent. Anhydrous operation provides high catalyst activity and productivity, suggesting that water management will be
a critical parameter in real-world operation. Ultimately, we conclude that the integrated capture and catalytic hydrogenation of CO,
are chemically viable and potentially more energetically efficient and cost-effective than conventional separate capture and
conversion approaches.
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1. INTRODUCTION capture of CO, (~400 ppm) coupled with permanent
geological sequestration, are envisioned. In the United States,
tax credits such as 45Q have been introduced as an economic
incentive to offset carbon capture and storage costs,”’ but
economically profitable CCUS has remained elusive thus far.

As such, there is a strong push to chemically convert CO,
into fuels and chemicals that could be sold, providing an
economic incentive for carbon dioxide removal. CO, could
become a renewable, abundant, and inexpensive C, source to
produce value-added chemicals and fuels, such as formic acid,
methanol, methane, ethanol, polycarbonates.”*** While these
reduced forms of reconstituted CO, are not CO,-negative,
they remain attractive targets that can be sold globally at

Anthropogenic emissions of carbon dioxide (CO,) into the
atmosphere continue to drive global warming and climate
change. Fossil fuels will be used until the world transitions to
true carbon neutrality, necessitating the rapid deployment of
carbon capture, utilization, and storage (CCUS). These
technologies will be needed to minimize increases in global
temperature to 1.5—2 °C above preindustrial times.'~'" The
most pressing need is emissions avoidance, which can be
accomplished by capturing CO, from large point sources, i.e.,
postcombustion flue gases (containing 4—15% CO,) from
fossil-powered power plants, cement kilns, and steel
manufacturing before it enters the atmosphere.'~'* For
industrial point sources, solvent-based postcombustion CO,

capture technologies using amines (e.g., monoethanolamine Received: August 1, 2024
[MEA]) are the most mature and are considered the industrial Revised: ~ October 23, 2024
benchmark,>~*’ although there are promising advanced Accepted: October 25, 2024
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. .22
solvents, solid sorbents, and membrane technologies
under development. Once point-source capture is achieved,
technologies enabling negative emission, such as direct air
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Scheme 1. Proposed Gas-Phase and Condensed-Phase Methanol Synthesis from CO, and H, (Republished from Reference 66

with Permission)
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commodity scale enabling the establishment of the first CO,
markets and economic incentives to pay for carbon capture
and geological sequestration of the bulk of CO, captured.’
While promising chemical transformations of CO, are on the
horizon, the energetic and capital costs associated with using
separate processes for capture, compression, transportation,
storage, and then conversion of CO, are high. Natural
processes, such as photosynthesis, couple the capture and
conversion of CO, to biomass, minimizing inefficiencies in the
two separate processes.

The field of CCUS has begun to focus on integrated capture
and conversion of CO, to materials (IC?M) as a way to
produce CO,-derived chemicals in a more efficient and
economically feasible manner.”””®* In the capture process,
the primary energetic driver is the energy-intensive endother-
mic regeneration of the capture medium. In an IC’M
approach, coupling an exothermic chemical conversion of
CO, with the regeneration of the capture medium could
partially or, in some cases, fully offset these energy demands. In
other words, if a fraction of captured CO, in the “condensed
phase” is directly converted in the capture medium, then the
energy associated with compression transportation, and storage
of the remaining CO,, is lessened. This provides significant
energy and cost savings over conventional gas-phase
conversions. Considering that the ICM process eliminates
the energy needed for CO, desorption and CO, compression
energies, IC*M can reduce the energy consumption per metric
ton of methanol by approximately 50% compared to the
separate capture and conversion approach.®> Moreover, the
captured CO, (anionic carboxylates) is “activated” relative to
molecular CO,, thereby providing new reaction pathways and
free-energy landscapes, creating enhanced reactivity and
conversion at lower temperatures and pressures, and
suppressing the undesirable, endothermic reverse water—gas
shift reaction that limits conventional gas-phase processes.”

There has been a notable increase in the number of reports
of CO, capture and conversion. However, most are not what
we would define as an IC*M approach as many of the amines
and cosolvents are too volatile, costly, or viscous or lack the
physicochemical properties needed for postcombustion CO,
capture.””~®* Only a handful of studies have demonstrated
systems that we consider truly integrated. In these systems, the
medium has been confirmed to efficiently perform the initial
separation and capture from a point source or air, while also
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enabling electrocatalytic or thermocatalytic conversion of
captured CO, directly into a value-added product. We have
proposed that IC*M could become a refinery of the future that
produces multiple CO,-derived material and financial
incentives with market adaptability.”

As a step toward this goal, we have shown the viability of
two integrated thermocatalytic process where CO, chemically
bound in a leading water-lean postcombustion solvent, N-(2-
ethoxyethyl)-3-morpholinopropan-1-amine (2-EEMPA), can
be catalytically converted to CO,-neutral fuels and chem-
icals.>”**® First, 2-EEMPA was found to be a promising
medium for producing synthetic natural gas at temperatures
comparable to its own regeneration temperature.”” The
commercial Ru Al,O; catalyst used in that work produced
>90% conversion during the hydrogenation reaction. A
technoeconomic analysis showed 12% lower synthetic natural
gas selling price, a 5% increase in thermal efficiency, and a 32%
reduction in capital expenditures (CAPEX) for an integrated
capture and conversion system compared to a stepwise
process.”” By changing the catalyst from Ru/ALO; to Pt/
TiO,, we also demonstrated that CO, chemically bound in 2-
EEMPA could be catalytically converted via C—N cleavage of
the critical N-formamide intermediate at the same conditions,
making methanol in both batch-wise and flow reactors.®

We also demonstrated how CO, captured in 2-EEMPA
solvent could be converted to methanol when using the same
ICM platform by changing the choice of catalyst and
processing conditions (e.g., temperature, pressure, and H,
feed concentration). The key enabling technology was
identification of a suitable heterogeneous catalyst that
facilitates both methanol formation while simultaneously
allowing reuse of the solvent (after separately and recycle).
To accomplish this, a TiO,-supported Pt heterogeneous
catalyst was developed that contains the suitable metal and
acid—base properties to suppress N-methylation of the amine
solvent, while also facilitating selective C—N cleavage to
produce methanol. Scheme 1 illustrates the gas-phase and
condensed-phase mechanisms, the latter using CO,-captured
amines, reported to facilitate the hydrogenation of CO, to
methanol. Furthermore, we reported technoeconomic analyses
that suggest methanol can be produced with a minimum selling
price of $4.4/gallon ($1460/metric ton) when using CO,
captured from a 650 MW natural gas combined cycle plant. We
also reported how assumed but realistic improvements made to
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space velocity and methanol selectivity could enable cost parity
to fossil-derived methanol, with a selling price of ~$1.4/gal
($470/metric ton).*® However, while EEMPA has been shown
to be a cost-effective and energy-efficient solvent for carbon
capture and a promising solvent for catalytic reductions, our
previous work had not yet experimentally demonstrated both
capture and conversion steps together under sequential process
operation. The envisioned integrated process had been
reflected as a process model in prior work, which notably
did include water management at scale to separate conversion
products.®®

In this work, we present the results and viability of an IC’M
process performing an integrated semibatch single-pass
demonstration of both capture and conversion operating
concurrently at realistic process conditions. CO, is first
captured from a simulated coal-derived flue gas in a S L lab-
scale continuous flow solvent-based absorption unit. From this
absorber, a slipstream of CO,-rich EEMPA is flowed through a
packed bed catalytic reactor, co-fed with H,, to produce
methanol continuously in the condensed phase. We present
results for catalyst activity, lifetime, productivity, product
selectivity, and solvent durability under conditions relevant to
real-world operation. We conclude with a discussion of process
viability and the potential economic and energetic benefits of
IC*M as a carbon capture and valorization process.

2. EXPERIMENTAL METHODS

In our process, integrated CO, capture and conversion occur
sequentially. First, the lean solvent absorbs CO,, capturing it
into the liquid phase. Then, a slipstream of the CO,-rich
solvent is routed through a continuous catalytic converter to
generate value-added products. Two independent systems
were plumbed together to develop this semiclosed loop
integrated process (see Figure 1). The first is our laboratory-
scale continuous flow system (LCFS) apparatus, which enables
the continuous capture and separation of CO, from simulated
flue gas. This unit was uniquely designed to mimic a traditional
capture plant flowsheet to evaluate the continuous capture
performance of novel solvent chemistries using reasonable
solution volumes (~3 L). For continuous operation, a
separation process is required to regenerate the carrier capture
solvent after passing through the catalytic conversion unit. This
solvent contains a reduced concentration of CO, in liquid,
which can then be recycled back into the absorber column. In
our coupled system, a portion of the CO,-captured solvent is
then sent to the second unit, the thermocatalytic CO,
conversion system (TCCS). There, CO,-captured 2-EEMPA
is sent to a packed bed reactor containing a heterogeneous
multifunctional catalyst for conversion to methanol. A
slipstream with a manually operated valve downstream of the
CO,-rich solvent pump is used to connect the LCFS unit to
the TCCS unit. For TCCS, 2-EEMPA plays the role of a CO,
carrier.

2.1. Capture Solvent Synthesis. The synthesis of 2-
EEMPA solvent was performed as previously reported.’”
Briefly, 2-EEMPA was synthesized in a single step by the
reaction of commercially available 3-aminopropylmorpholine
and 2-bromoethyl ethyl ether, providing the product in good
yields (86%).

2.2. LCFS. Details regarding the process equipment in the
LCES and a range of run conditions have been described in
prior publications.”” " Briefly, the LCES consists of an
absorption and desorption/stripper column (both 3 in. in
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Figure 1. Process flow diagrams of the two independent bench-scale
test systems, the laboratory-scale continuous flow system (LCFS) and
the thermocatalytic CO, conversion system (TCCS), which together
make up the IC*M apparatus for combined capture and conversion of
CO, to methanol.

diameter and ~20 in. high) through which a constant
inventory of capture solvent, 2-EEMPA, recirculates. The
absorber column is packed with two 8 in. pieces of Sulzer
Mellapak 500.Y structured packing sections. The stripper
column is packed with 0.24” Pro-Pak 316 stainless steel Canon
Instruments random packing material. The capture process in
the LCFS is initiated in the absorber column with the
interaction between the amine solvent and the CO,-rich
feedstock gas as the solvent flows down the column. The CO,-
rich solvent flows to the bottom of the absorber column and
the gas feedstock, now with reduced CO, concentration, leaves
out of the top of the absorber column. The CO,-rich solvent is
pumped from the absorber column to the top of the stripper
column through a cross-flow heat exchanger. The average
temperature of the stripper column is 105 °C with the heat
sourced from the reboiler, which results in the thermal
desorption of CO, from the CO,-rich solvent. The stripper
column maintains pressure from continuous release of CO,
into the gas phase, providing a driving force for recirculation
back into the absorber column via the cross-heat exchanger in
the absence of a pump. The liberated CO, exits the column as
a concentrated CO,-rich gas.2.3.

2.3. TCCS. The TCCS consists of a temperature-controlled,
pressurized, cylindrical packed bed (<10 g catalyst) within
which the three-phase reaction takes place to selectively
convert dissolved CO, into desired products. Details regarding
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Table 1. Process Conditions at Steady State for LCFS during Demos 1, 2, and 3

demo 2 demo 3
LCEFS process parameter demo 1 before regen after regen before regen after regen units
feed CO,/N, [dry basis] 15/85 15/85 15/85 15/85 15/85 [mol %]
dew point 15.6 15.6 15.6 [°C]
absorber avg. temperature 32.3 31.8 31.7 324 32.7 [°C]
avg. pressure 0.08 0.23 022 0.26 0.27 [psig]
stripper avg. temperature 95.1 103.4 102.8 103.4 103.5 [°C]
avg. pressure 14.4 14.8 149 15.1 15.3 [psig]
reboiler temperature 114.9 116.6 115.6 116.1 116.2 [°C]
flow liquid 153 12.6 12.8 11.9 115 [kg/h]
gas 0.61 0.60 0.60 0.60 0.60 [kg/h]
L/G 252 20.9 21.1 19.7 19.1 [-]
Table 2. Relevant Process Conditions in the TCCS for Demos 1, 2, and 3
demo 2 demo 3
TCCS process parameter demo 1 before regen after regen before regen after regen units
temperature 170 °C 190 °C 190 °C 190 °C 190 °C [°C]
water content in liquid feed 2 2 2 <0.1 <0.1 [ wt %]
gas feed H,/N, 93/7 93/7 93/7 93/7 93/7 [mol %]
flow rate S9E -4 S9E — 4 S9E —4 S9E -4 S9E -4 [kg/h]
liquid feed 2-EEMPA/CO,/H,0 78/5/17 79/4/17 76/3/21 96/3/1 95/4/1 [mol %]
flow rate 67E -3 6.7 E -3 67E -3 67E -3 67E -3 [kg/h]
reactor temp. 170 190 190 190 190 [°C]
pressure 865 865 865 865 865 [psig]
catalyst 1 1 1 1 1 [g]
WHSV 0.084 0.058 0.059 0.054 0.055 [g CO, fed/g cat X h]

the process equipment in the TCCS and the flow conditions
utilized are more thoroughly described in the literature.®”
Briefly, continuous-flow experiments were performed in a
stainless steel tubular reactor (3/8 in. outer diameter, 0.305 in.
inner diameter) where the reactor wall was conductively
heated via a 3 in.-height tubular stainless steel block wrapped
with fiberglass heating tape. Liquid was continuously fed from
the absorber column to the TCCS reactor using a Teledyne
high-performance liquid chromatography pump. Gases were
fed to the reactor using Brooks mass flow controllers at a high
pressure. The product stream was condensed in a 50 mL
condenser pot maintained at 7 °C by using recirculatory
thermostat baths. Gas products were analyzed in situ using
GC, while liquid products were analyzed ex situ using GC-FID.
The current configuration of the TCCS only allows a single-
pass operation such that the reaction products must be phase
separated. It also requires further distillation of the liquid phase
to separate the unreacted carrier capture solvent.

2.4. Integration of LCFS and TCCS: Process Con-
ditions. The LCFS was operated independently from the
TCCS under the conditions listed in Table 1 until the system
reached steady-state operation. Steady-state CO, capture was
determined by monitoring the absorber gas outlet CO,
concentration and confirming that the concentration had not
changed >5% over the course of ~1 h. After steady-state
carbon capture was achieved, the LCFS and TCCS were
integrated with the opening of a two-way valve, which allowed
the CO,-rich solvent to be pumped from the bottom of the
absorber column to the TCCS inlet. It is important to note
that the typical solvent flow rates used in both the LCFS and
TCCS setups currently in our lab are incompatible for seamless
integration. Since they are significantly different in their
existing configuration (the typical recirculation rate in LCFS is
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~2000X larger than that of TCCS), the current approach to
integration involves making use of the large difference in scale
by running the TCCS in single-pass mode and maintaining
cyclic operation of the LCFS by introducing a fresh makeup
solvent stream at the same flow rate as what is diverted into the
TCCS.

The integrated system contained a total solvent inventory of
~3 L, with >97% of solvent volume participating in continuous
capture in the LCFS. The remaining <3% was routed for
catalytic conversion in the TCCS over the course of the 8 h of
operation. The gas feedstock used for the LCFS was a
humidified mixture of CO,/N, (15.07/84.93 mol % on a dry
gas basis). The concentration of CO, in this feedstock was set
to mimic the National Energy Technology Laboratory B11A
baseline, which represents a subcritical pulverized coal power
plant."> The concentration of water used in the inlet feed to
the IC?M apparatus was lower than typical flue gas
concentrations to account for a routinely used prescrubber
that reduces acid gas concentrations. To match the water
concentration after this hypothetical prescrubber, a previously
optimized humidification level corresponding to a dew point of
15.6 °C was used in some runs. The 95/5 mol % H,/N, gas
feedstock for the TCCS comprised was used for the catalytic
hydrogenation of CO,. Dilute concentrations of nitrogen were
employed to facilitate quantification of the total gas flow out of
the reactor. Since regeneration of the CO,-carrier solvent is
not the primary objective of this demonstration, the product
liquid generated after the catalytic reaction was accumulated
and analyzed without recycling or purification. Three demo
(demonstration) experiments were performed to experimen-
tally evaluate IC*M to methanol in EEMPA. Approximately 1 g
of solid crushed powder catalyst composed of 5 wt % Pt
supported on TiO, was used in the TCCS for each experiment.

https://doi.org/10.1021/acsomega.4c06919
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The conversion for “Demo 1” and “Demo 2” was performed
with fresh catalyst at 170 and 190 °C, respectively. “Demo 2” is
a repeat experiment of “Demo 1” with an extra step to
regenerate the catalyst. Here, the spent catalyst was heated to
475 °C and oxidized for 1 h under a 10 vol % O,/N, gas
stream. This was followed by cooling to 120 °C and rereducing
the catalyst for 8 h under a 10 vol % H,/N, gas stream. “Demo
3” was performed under comparable conditions to Demo 2,
but in anhydrous EEMPA to study the influence of water
content entering from the LCFS capture unit. Demo 3 also
included a second interval of catalytic conversion after catalyst
regeneration similar to Demo 2 to study the influence of a
higher regeneration temperature (550 °C held for >S5 h). All
other test parameters, including total solvent inventory, catalyst
composition, capture conditions, and reaction pressures, were
held constant between Demo 1, Demo 2, and Demo 3.

The relevant process conditions pertaining to the LCFS for
each run are listed in Table 1. As intended, the steady-state
values are consistent with each other for each Demo, including
before and after regeneration. For a typical demonstration of
the IC®M, the run begins with an initial decoupled operation of
both the LCFS and TCCS for a short period. During this
period, the TCCS is brought up to pressure and temperature
and the LCEFS reaches a steady state. When the TCCS has
reached desired operating conditions, coupled, integrated
operation begins. During this period, a fraction of the CO,-
rich solvent is siphoned from the bottom of the absorber
continuously into the TCCS at the conditions presented in
Table 2. The table also includes weight hourly space velocity
(WHSYV) values based on the mass of CO, fed to the TCCS
reactor. As soon as the CO,-containing solvent reaches the
catalyst bed, the hydrogenation reaction that converts CO, to
various products occurs at the three-phase solid—liquid—gas
interface. After hydrogenation, the product stream passes
through a condenser trap to separate the condensed products,
which are collected and sampled, from the gaseous products,
which are sampled periodically and vented. Gas chromatog-
raphy (GC) analysis of the exhaust gas from the TCCS reactor
was sampled every 0.5 h to quantify the concentration of
species such as unreacted H,, thermally desorbed CO,, inert
N,, and any gaseous products (CH,, C,Hy, CO, etc.). Raman
spectroscopy chemometrics analysis’® of the condensed liquid
phase can identify presumably inert 2-EEMPA and unreacted
dissolved CO,, Karl Fisher analysis tracks H,O concentration
as a product of hydrogenation, and GC-FID analysis monitors
condensable hydrogenation products of methanol and ethanol.

Additionally, liquid 1 mL aliquots were taken from the lean
and rich solvent streams from the LCES, as well as all of the
condensed product solution from the collection pot down-
stream of the TCCS reactor. The LCFS liquid samples were
characterized using Karl Fischer titration for water content as
well as Raman spectroscopy for CO, and water content.”’ The
hourly collected liquid products from the TCCS were
measured by weight for mass balance and subsequently
analyzed via a predetermined recipe on GC with flame
ionization detection (GC-FID) for methanol and ethanol
concentrations. They were analyzed via Karl Fischer titration
for water content and NMR for carrier solvent stability
analysis. The gas vents on the absorber and stripper columns
were continuously monitored for CO, composition via infrared
gas analyzers to quantify CO, capture efficiency.

After IC*M demonstration completion, the spent catalyst
was characterized using temperature-programmed oxidation

mass spectroscopy (TPO-MS), diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), and/or powder X-
ray diffraction (PXRD) for comparison with fresh unused
catalyst.

2.5. Analytical Details. IR CO, Analyzer. The gas phase
exiting the absorber column is analyzed in situ using a
slipstream plumbed directly into a Quantek (Model 906E)
portable IR analyzer calibrated for CO, detection in the
concentration range of 0—20 vol %.

Gas Chromatography Coupled with a Flame lonization
Detector (GC-FID). Liquid product samples from the TCCS
reactor were analyzed using an Agilent 6890GC instrument
equipped with a flame ionizing detector. The column was an
Agilent HP-SMS 30 m X 0.25 mm X 1.0 ym film thickness
with a carrier gas of helium at 2.0 mL/min. The oven
temperature was initially held for 5 min at 60 °C, ramped at 25
°C/min to 325 °C, with a final hold of 1 min. The inlet was
heated at 260 °C and 1 uL of the sample was injected.

Nuclear Magnetic Resonance (NMR). "H NMR spectra of
the liquid product from the TCCS carts were recorded on a
500 MHz Bruker NMR spectrometer in deuterated acetoni-
trile.

Raman Spectroscopy. A MarqMetrix Raman spectrometer
with a liquid flow cell was used to record Raman spectra of the
liquid samples collected from the LCFS system and TCCS
cart. Spectra were recorded by using a laser power of 450 mW
with an integration time of 200 ms. The flow cell was rinsed
with methanol before and after the samples. A precalibrated
chemometrics analysis model for CO, and water content was
applied to the Raman spectra.”’

Karl Fischer (KF) Titration. A Mettler-Toledo Coulometric
KF Titrator was used to quantify the water content in each
sample collected from the CO,-rich and CO,-lean streams in
the LCFS cart, as well as the product liquid samples from the
TCCS reactor.

GC. Analysis of the gas phase products from the catalysis
bed was performed in situ using an Inficon Micro GC. The
injector pulled samples for 30 ms with a backflush time of 12 s
with a heater at 90 °C. Two columns were used to characterize
the gas product: column A and column B. Column A utilized
an Rt-Molsieve SA column at a pressure of 45 psig and a
temperature of 60 °C with an argon carrier gas. Column B
utilized a Rt-Q-Bond column at a pressure of 25 psig and a
temperature of 60 °C with a helium carrier gas. Automated
injections occurred every 0.5 h. The GC was calibrated using a
mixed gas cylinder containing light hydrocarbons including
relevant compositions of H,, N,, CH,, CO, CO,, and C,H,.

Temperature-Programmed Oxidation Mass Spectrometry
(TPO-MS). TPO was performed in a fixed bed quartz reactor
(inner diameter of 10 mm) with plug flow fluid dynamics. 50
mg of spent Pt/TiO, was loaded into the reactor. The reactor
was located within a resistively heated furnace with its
temperature controlled by a digital feedback controller
(Omega, CN3251). Inside the quartz reactor, the sample was
supported on a quartz frit, and the bed temperature was
recorded using a K-type thermocouple placed at the center of
the catalyst bed. The sample was treated in 50 cm® min™" 10%
0,/He (OXARC, Certified Standard) and fed through a
combined CO, and H,O filter (Restek, 23843) at 20 °C for 40
min. Without any prior thermal pretreatment, the sample
temperature was ramped to 600 °C at 10 °C min~" and held at
600 °C for 20 min. Heated lines (80—110 °C) transferred
effluent gases to an online mass spectrometer (MS) (Stanford
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Research Systems, RGA 200). The m/z ratios and assigned
molecules monitored were 4 (He), 18 (H,0), 28 (CO), 30
(NO), 32 (0,), 44 (CO,), and 46 (NO,). Quantitative
analysis of the carbon laydown on the fresh and spent catalyst
samples was determined from the TPO peaks corresponding to
CO and CO, by using MSRESOLVE software.

Infrared Spectroscopy. A Nicolet iSSO spectrometer
equipped with a Praying Mantis DRIFTS accessory was used
to record absorbance spectra of the spent catalyst from demo
3. The spectra were recorded at room temperature in a dry
nitrogen atmosphere. The sample was mixed with KBr to
improve the spectral quality. The instrument resolution was 4
cm™, and 16 scans were coadded for the spectrum. IR spectra
of the fresh and spent catalysts for demo 2 were recorded using
a Bruker IFS 66/s spectrometer. The instrument resolution
was 4 cm™! with an 8 mm aperture, and 1042 scans were
coadded for the spectrum.

PXRD. Fresh and spent Pt/TiO, catalysts used in demo 1
and demo 3 were characterized by PXRD to verify structural
integrity and analyze phase composition. Prior to analysis, the
spent catalysts were rinsed with ethanol to remove the EEMPA
solvent and dried under vacuum. Experiments were performed
with a Rigaku MiniFlex 600 X-ray diffractometer (Cu Ka, 4 =
1.5406 A). The sample was placed in a powder sample holder
under ambient conditions, and a pattern was collected from the
20 range of 20—80° with a step size of 2° min~".

Brunauer—Emmett—Teller (BET) Surface Area. Nitrogen
adsorption was measured at 77 K with an automatic volumetric
sorption apparatus (Micromeritics ASAP 2000). Samples were
pretreated at 150 °C for 12 h under a vacuum. The surface
areas were determined from adsorption values for five relative
pressures (P/P,) ranging from 0.0S to 0.2 using the BET
surface method.

2.6. CO, Capture Efficiency. The primary metric of
evaluation for the capture performance is defined as the CO,
capture efficiency (CE), the difference in the CO, composition
between the inlet and outlet vapor streams of the absorber.
The expression used to evaluate CE is shown in eq 1, where
yélész‘” and y‘é%sz"“ represent the gas phase concentration of CO,
(in mole fraction) entering and exiting the absorber column,
respectively.

yABSOUT 1 — yABSIN
CE(%) =1 — [(F52—) x ( S22 )1 X 100
IN — ouT
co2 co2 (1)

2.7. Catalyst Performance. The overall reaction perform-
ance can be summarized by three major metrics: conversion,
selectivity, and catalyst productivity. The conversion of CO, is
represented by the elemental carbon mole conversion as shown
in eq 2, which can be defined as a ratio of converted
stoichiometric product moles to the total carbon moles in CO,
fed into the reactor. Note that the carbon moles from the
carrier solvent, 2-EEMPA, are disregarded in this calculation,
as it is assumed that the solvent composition does not change
as a result of this hydrogenation reaction.

conversion[mol%]
our our our our our
_ Mcen, T ficeo T e e,n, T e enon T C,CHOH
= N
nc,co,
x 100 (2)

Subsequently, the selective conversion of a given species in
this reaction, denoted simply as the selectivity of species X (as
shown in eq 3), can be defined as the ratio of stoichiometric
moles of carbon in the product for that species (as shown in eq
4) compared to the sum of all converted product carbon
moles. Here, species X can be any one of the five major
products observed from this reaction (X = CH,, CO, C,H,,
CH,0H, C,H;OH) and A is the stoichiometric number of
carbon moles in species X (ex. for CH,, A = 1, for C,H,;, A =2,
etc.). The catalyst productivity is defined by the total mass flow
rate of CO, converted to the mass of catalyst utilized for a
given duration of time (eq 5).

, OUT
.. _ C,X
selecthlty ofX[mol%] = m X 100
100 "ic,co, (3)
ouT ouT
nex =AXny (4)
.. | §CO, converted
catalyst productivity| =————
g catalyst X h
IN conversion
Mo, X (HeE) X MW,
mcatalyst (5)

The carbon, hydrogen, and oxygen balances were closed for
demo 3 and found to be within 1, 6, and 1% error, respectively.
This considers the CO, and H, feeds to the TCCS reactor and
the resulting products. This represents our confidence in the
reported CO, conversion, product selectivities, and catalyst
productivity (within 6%).

3. RESULTS AND DISCUSSION

3.1. CO, CE. Based on LCFS operating conditions
identified in Table 1, and online gas phase analysis of the
absorber outlet, the steady-state CE for demo 1 was observed
to be ~88%. For demo 2 and demo 3, this value was closer to
~92%. The increase is attributed to minor modifications to the
set point conditions, specifically the solvent recirculation rate.
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Figure 2. CO, capture efficiency data from the LCES for demo 1,
demo 2, and demo 3. [Demo 1: Tyemer = 32-3 °C, Pypeorver = 0.08
PSig Tdewpoint = 15:6 °C, Tpripper = 95.1 °C, Pyipper = 14.39 psig. Demo
2 before regeneration: Tpeomber = 31.8 °C, Popsorper = 023 psig, Tripper
=103.4 °C, Pyipper = 14.8 psig. Demo 2 after regeneration: Typorber =
317 °C, Piporber = 022 psigy Taeupoint = 15:6 °C, Tagipper = 102.8 °C,
Pyipper = 149 psig. Demo 3 before regeneration: Tpoper = 324 °C,
Pabsorber =0.26 PSig) Tdewpoint = N/A) Tstripper =103.4 OCJ Pstripper =15.1
psig. Demo 3 after regeneration: T pemer = 32.7 °C, Poporper = 0.27
Psig Taewpoint = N/A, Tyipper = 103.5 °C, Py, = 15.3 psig]. The
CO,/N, in the gas feed for each demo was constant at 15/8S.
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Figure 3. Liquid phase analysis from the LCES for demos 1, 2, and 3. Experimental data is shown in points, with dashed lines added as a guide.
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It should be noted that at consistent process conditions, the
CE is reproducible (before and after regeneration) and is very
stable during the integration period.

As shown Figure 2, prior to integration (ET < 0 h), there is a
transitory period during which the system is still approaching
the steady state. During this period, recirculating solvent
temperature in the LCFS is increasing to set point conditions
and CO, loading is likely not stable. However, after integration
with the TCCS (ET > 0 h), a steady state is achieved for the
coupled capture and hydrogenation processes.

In addition to gas phase analysis that allows us to compute
CE, liquid phase analysis of samples periodically collected from
the lean and rich solvent streams in the LCFS allows us to
track solvent composition to verify steady-state concentrations
in the solution. Interpreting the rich solvent composition is
critical for this integration, as it represents the composition of
solvent entering the TCCS for conversion. For each run, the
liquid phase in the LCFS has three components, 2-EEMPA,
the solubilized H,O, and the dissolved CO,. We assumed that
the concentration of any dissolved nitrogen in the solvent is
negligible. Figure 3 summarizes the composition analysis of

46253

this three-component mixture for samples collected during
each demo.

The data show that the H,O content between the rich and
lean solvents is similar at any given time. However, the H,O
concentration increases during operation, from 14 mol %
during the start of demo 1 up to 24 mol % by the end of demo
2. The increase reflects the inability to maintain a water
balance during steady-state operation via gas feedstock
humidification. Since the analysis was not performed
simultaneously with data collection, the imbalance could not
be corrected during the run and was observed only after run
completion. However, this increase in H,O concentration does
not impact capture performance as CE is stable during these
runs. For demo 3, the water content remains minimal
throughout the run. The CO, loading shown in Figure 3 is
more stable in demo 3. As expected, the rich solvent has a
higher CO, loading than the lean solvent, given the thermal
desorption that occurs upstream of lean solvent sampling. For
demo 1, the rich solvent CO, loading ranged from 5 to 5.5 mol
%, while the rich solvent CO, loading ranged from 3.5 to 4 mol
% for demos 2 and 3. These values for the rich solvent
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Figure 4. Gas phase analysis from the TCCS for demos 1, 2, and 3 showing the molar composition of sampled gas at periodic intervals during the
runs. Experimental data are shown in points, with dashed lines added as a guide. [Demo 1: Tqor = 170 °C, Prepcror = 865 psi, H,O 17 mol %.
Demo 2 before regeneration: Tye,tor = 190 °C, Proyetor = 865 psi, H;O 17 mol %. Demo 2 after regeneration: Tye,eqor = 190 °C, Pyoyior = 865 psi, H,O
21 mol %. Demo 3 before regeneration: Teytor = 190 °C, Preaeror = 865 psi, H,O 1 mol %. Demo 3 after regeneration: Tieyeror = 190 °C, Pregeror = 865
psi, H,O 1 mol %].

represent the concentration of CO, fed into the TCCS (demo 3), methanation is more productive before catalyst
catalytic reactor. regeneration. Additionally, low CO signals are periodically
3.2. Catalyst Performance. A slipstream of the CO,-rich observed in demo 3, possibly from the endothermic reverse
solvent from the LCFS was routed through the TCCS to water—gas shift reaction, given the unique operating conditions
demonstrate sequential capture and conversion steps sequen- including an active catalyst, high hydrogen gas Ehase partial

tially. In the TCCS reactor, the CO,-rich EEMPA solvent pressure to CO, ratio, and efficient CO removal.”"”>
undergoes hydrogenation to produce methanol (EEMPA- The C,Hy product was more prominent in the initial stages
CO,” + 3H, —» CH;0H + H,0 + EEMPA). While methanol of the higher temperature runs and is more prominent in the
is our target product, the gas and liquid phase analyses also absence of water. Gas phase CO, is not present in significant
revealed the presence of other value-added products, including quantities in the gaseous product stream for all demos, with
methane and ethanol. Figure 4 shows a summary of the gas only a small concentration observed in the initial hours of
phase analysis of the effluents from the TCCS reactor. operation in demo 2. This may be due to the higher
Compared to the feedstock concentration of H, at 93 mol %, temperature of the reaction in demo 2 that may increase the
the product gas stabilizes at a slightly lower H, concentration thermal desorption of CO,. Given the lack of significant CO,
of ~91 mol % for all runs indicating the consumption of H,. concentration observed in the product gas phase overall, it can
The overall composition of all gaseous reaction products is be inferred that either (1) the dissolved CO, reacts in solution
<0.15 mol %, which is not unusual given the low concentration with the H, without first thermally desorbing, (2) any
of dissolved CO, in the liquid feedstock. Of the three observed thermally desorbed CO, subsequently reacts in the gas phase
gas products, the CH, concentration is the highest but or adsorbed phase of Pt/TiO, to form the observed products,
decreases as the reaction proceeds. It should be noted that in (3) any unreacted CO, remains dissolved in the liquid phase,
the absence of significant water loading on the carrier solvent or, the most likely scenario, (4) a combination of all the above.
46254 https://doi.org/10.1021/acsomega.4c06919
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Figure S. Liquid phase analysis from the TCCS for demos 1, 2, and 3 showing the molar composition of liquid sampled at periodic intervals during
the runs. Experimental data is shown in points, with dashed lines added a guide. [Demo 1: T,eycior = 170 °C, P,oeior = 865 psi, H,O 17 mol %. Demo

2 before regeneration: T,

ceactor = 190 °C, Properor = 865 psi, H,O 17 mol %. Demo 2 after regeneration: Tyueror = 190 °C, Preperor = 865 psi, H,0 21

mol %. Demo 3 before regeneration: Tyecior = 190 °C, Preyetor = 865 psi, H,O 1 mol %. Demo 3 after regeneration: Treocror = 190 °C, Preyeror = 865

psi, H,O 1 mol %].

Figure S shows a summary of the liquid phase analysis of the
effluents from the TCCS reactor. In the presence of a higher
water composition, the increase in reaction temperature from
170 °C in demo 1 to 190 °C in demo 2 has a minimal impact
on the liquid products generated. However, the absence of
water in the rich solvent stream in demo 3 significantly impacts
the liquid products generated. Although the plotted data in
Figure S shows the molar composition of the stream where the
2-EEMPA concentration varies due to the other components
in the solvent, we assume that the net molar flow rate of 2-
EEMPA is the same going into and exiting the reactor. This
encompasses the underlying assumption that the reaction
temperature does not degrade the carrier solvent and that it is
thermally stable at relevant temperatures. This assumption is
corroborated with '"H NMR analysis of the liquid product
collected from demo 3 (Figure 6), which matched the as-
synthesized solvent, confirming the stability of 2-EEMPA
during the catalysis reaction under these conditions.

Additionally, NMR analysis (Figure 6) also showed (1) no
degradation products of 2-EEMPA and (2) the presence of
methanol (peak at 3.3 ppm) in the liquid product, consistent
with the GC-FID results presented here in Figure 5. We note
that the peak at ~2.3 ppm in the fresh solvent corresponds to
the N—H proton of EEMPA. Because this proton is highly
sensitive to its environment due to hydrogen bonding, it
cannot be detected in the spent solvent because of fast proton
exchange.

The water concentrations after catalysis for both demo 1 and
demo 2 are shown to increase compared to the concentration
in rich solvent entering the TCCS. This is attributed to the net
production of H,O as a byproduct of the hydrogenation
reaction. This is especially noticeable in demo 3 analysis as
there is minimal water (<1 mol %) entering the TCCS, but up
to 10 mol % water in the effluent product. Interestingly water
production is higher in the early stages of the run, indicating
dynamic changes in the extent of byproduct reactions during
operation. The dissolved CO, concentration in the liquid
phase TCCS product stream decreases compared to the
concentration in the rich solvent exiting the LCES absorber
column (Figure 3), corresponding to the expected con-
sumption of CO, in the TCCS. In addition to water, methanol
is one of the primary observed liquid products, especially at a
lower reaction temperature (demo 1). A relatively small
amount of ethanol production is observed only in the higher
temperature run (demo 2).

Importantly, the lower water composition in the solvent for
demo 3 clearly affects the production of methanol. In general,
the water content in the solvent entering the catalysis reactor
adversely affects the yield of methanol. For the runs (demos 1
and 2) that had water in the inlet solvent, the selectivity of
methanol over the course of the experiment was relatively low
and/or quickly reduced to minimal as the reaction progressed.
For the run without water (demo 3), the selectivity of
methanol was much higher (~2 mol %) and consistently
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Figure 6. '"H NMR analysis of liquid product from demo 3 as compared to fresh solvent.

maintained over the course of the experiment. It should be
emphasized that these results confirm successful capture and
conversion of CO, via this unique integrated methodology,
corroborating our previous ex situ batch experiments. The
additional, subsequent catalyst performance analysis evaluates
the nonoptimized reaction conditions and parameters used in
these initial runs to establish a path forward for future studies.

Combining the time-dependent gas and liquid analysis, the
conversion and corresponding selectivity for product species
can be represented as a function of elapsed reaction time for
demos 1, 2, and 3 (Figure 7). The higher reaction temperature
in demo 2 yielded higher overall conversion compared to
demo 1 during the initial few hours of reaction before catalyst
activity decreased. Catalyst activity was not maintained for the
duration of the experiment for demos 1 and 2.

Instead, conversion rapidly decreases from as high as 35—50
mol % to <10 mol % within ~4 h of reaction. This rapid
reduction in conversion is more prominent for the lower
reaction temperature (demo 1). Conversion after regeneration
of catalyst in demo 2 is lower than fresh catalyst conversion,
suggesting that the specific procedure used to regenerate the
catalyst for this run was not sufficient to reproduce the same
catalytic activity. The spent catalyst likely needed to be
oxidized at high temperature for a longer time than the 1 h
activation period used in demo 2. Moreover, the presence of
significant water in the reactant feed may contribute to the
poisoning of the catalyst and hinder conversion. This is
confirmed by the results of demo 3, where longer/hotter
regeneration conditions and, more importantly, the absence of
water in the solvent feed for TCCS yield much higher

conversion (~60 mol %) that is maintained through the course
of operation.

For the reaction at 170 °C (demo 1), the catalyst is initially
more selective toward the production of methanol (with
selectivity as high has ~90%). Conversion significantly
decreases to <10% after approximately 6 h of time on stream,
due to catalyst deactivation whereby only a small amount of
methane is produced. At 190 °C (demo 2), the selectivity of
the catalyst is altered such that in addition to methanol,
ethanol and more methane are also produced. Regeneration of
the spent catalyst seems to further inhibit methanol production
more rapidly, favoring increased methane and ethanol
production. The decay in methanol selectivity over the course
of operation for demo 1 and demo 2 is likely significantly
impacted by the presence of water. In demo 3, high selectivity
(>70 mol %) is maintained throughout. Moreover, catalyst
regeneration appears to improve the methanol selectivity to
~80 mol % while decreasing methane selectivity.

Figure 8 summarizes catalyst productivity for demos 1, 2,
and 3, which has an observed trend similar to that of CO,
conversion. This allows for comparison of runs based on
catalyst amount. The productivity can also be used as a
comparison with larger-scale reactions to evaluate industrial
viability. At peak activity, the productivity of the catalyst is as
high as ~0.06 g of CO, converted/g of catalyst-h at initial
operation. For demos 1 and 2, the productivity remains <0.02
g CO, converted/g catalyst-h throughout the course of
operation. Between the two, a higher reaction temperature
seemingly leads to lower productivity even though conversion
is higher. This indicates an unsurprising trade-off for
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Figure 10. PXRD patterns of fresh and spent Pt/TiO, catalysts.

productivity vs conversion as a function of reaction temper-
ature. Alternatively, when minimal water is present in the
TCCS (demo 3), productivity steadies at ~0.03 g CO,
converted/g catalysth. A lack of water clearly minimizes
catalyst poisoning and benefits productivity.

3.3. Spent Catalyst Characterization. To understand the
mechanism of deactivation of the catalyst, we characterized the
spent and fresh catalysts by DRIFTS, PXRD, BET, and TPO-
MS.

DRIFTS characterization shows the different adsorbed
species between the demo 1 spent catalyst and the demo 3
spent catalyst (Figure 9). Spent catalysts showed C—H bands
(~3000—2800 cm™') corresponding to the capture solvent
EEMPA. The demo 1 catalyst showed a strong band
corresponding to terminal Pt-CO at 2100 cm™". In the demo
1 and 3 spent catalysts, we observed bands between 1700 and
1200 cm™! that are likely bicarbonate and carbonate. The
bicarbonate and carbonate may be related to water in the
feedstock, particularly in the case of demo 1. Water could react
with the captured CO, to form bicarbonates and carbonates
(carbamate/CO, + H,0 - HCO; /CO;") that bind strongly
with the catalyst at low reaction temperatures. In demo 3,
bicarbonate and carbonate are likely formed by the reaction of
captured CO, with lattice oxygen sites and hydroxyls on the

The fresh and spent (demos 1 and 3) catalysts showed
similar PXRD patterns (Figure 10). Peaks corresponding to Pt
particles were not seen in the PXRD given their small
crystallite size, which remains below the detection limit. A
strong diffraction pattern corresponding to the anatase phase
of the TiO, support was observed in both the fresh and spent
catalysts, in addition to minor peaks for the rutile phase. The
TiO, support phases remain constant in all of the cases. The
BET surface area of the fresh 5 wt % Pt/TiO, catalyst is 57.1
m?/ g

TPO-MS analysis of the fresh catalyst showed minimal
concentrations of H,O and CO, (see Figure 11). The spent
catalyst showed significant liberation of H,0, CO,, and CO
starting at 100 °C. This indicates that carbon-containing
species were sorbed on the catalyst, which could be oxidized to
CO and CO, in the presence of O,. It is interesting to note
that significantly more CO, liberation was observed on the
spent catalyst after demo 1 compared to demo 3. Quantitative
analysis of this TPO-MS analysis indicates that the amount of
carbon laydown present on the spent demo 1 and demo 3
catalysts was 2.2 and 0.8 wt %, respectively (see Table 3). This
corroborates our conversion performance data, which
indicated that much more captured CO, in the solvent was
converted in demo 3. The source of CO, observed in this
analysis can be attributed to the decomposition of sorbed
bicarbonate and carbonate species on the catalyst surface.
Given the lack of NO observed from the TPO-MS analysis, it
can be assumed that negligible solvent adsorption occurred on
the catalyst surface. The peak for CO, liberation for the demo
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3 catalyst occurred at a much higher temperature (~226 °C)
than the demo 1 catalyst (~130—196 °C), likely corresponding
to the minimal residual sorbed bicarbonate and carbonate
species that remain tightly bound to the demo 3 catalyst.
Together, DRIFTS, TPO-MS, and conversion results suggest
that the presence of water in the feedstock enriches the
formation of carbonates and blocks the catalyst active sites. In
addition, the DRIFTS and TPO-MS results indicate that the
excess carbonate concentration on the catalyst surface likely
converts to CO, which can strongly bind to Pt and deactivate
the catalyst.

Overall, the observed catalytic deactivation during operation
in the presence of water presents two approaches for next
steps: (1) identify a new catalyst that is optimized for higher
selectivities even in the presence of water or (2) reduce the
water concentration in the feedstock for the IC®M process.
Future studies will address both approaches to not only
optimize alternate catalyst formulations but also identify
whether reducing the water concentration in the feed can be
justified by projected process economics. Future experimental
work on the ICM apparatus will also involve a revised
flowsheet where the TCCS does not need to operate in single-
pass mode, enabling the capture solvent to be recycled into the
LCES for closed loop operation.

4. CONCLUSIONS

In summary, we have demonstrated the viability of a
simultaneous, integrated semibatch postcombustion capture,
and catalytic reduction of CO, to methanol in the condensed
phase of a single-component water-lean diamine solvent, 2-
EEMPA. 2-EEMPA achieved steady-state carbon capture from
simulated coal flue gas (CO, N, H,0) with >90 mol %
capture efficiency. A slipstream of a CO,-rich solvent was
pumped through a single-pass fixed bed catalytic reactor
packed with Pt/TiO, fed with H, gas. Single-pass conversion
rates of CO, reached >60 C-mol % with methanol selectivities
greater than 80 C-mol % at relatively low temperatures (190
°C) in the condensed phase with negligible solvent
decomposition. Other hydrogenation products detected
include ethanol, methane, ethane, and carbon monoxide,
with distributions that are sensitive to changes in hydro-
genation temperature and water content. This sensitivity
suggests that process conditions could be optimized to alter
product distribution, providing some degree of market
adaptability to adjust to changes in reagent or product pricing
and availability.

Catalyst activity and selectivity were shown to be directly
impacted by the water content in the solvent, with anhydrous
operation providing the highest catalyst activity, productivity,
and lifetime. Catalyst activity is sustained for ~3 h in
experiments with water in the feed, with a subsequent decay
in activity attributed to sorbed carbonates and CO impeding
the reaction. Water content in the solvent is believed to react
with captured CO, to form bicarbonates and carbonates
(carbamate/CO, + H,0 — HCO; /CO;"). These species
bind strongly with the catalyst at low reaction temperatures
and thus deactivate the catalyst. Oxidation of the spent catalyst
at high temperature was found to help regenerate some
conversion, but subsequent activity was not sustained as long
as for fresh catalysts.

Ultimately, we conclude that integrated processes that
capture and catalytically hydrogenate CO, are also chemically
viable. These processes are potentially more energetically

efficient and cost-effective than conventional separate capture
and conversion approaches, although significant work remains
to achieve commercial viability. Key process parameters will
need continued efforts to achieve higher conversion rates and
selectivity of desired products, in addition to establishing a
catalyst water tolerance. We posit that with continued
refinement, our envisioned fully closed-loop continuous
IC*M process can be realized. Current efforts in our laboratory
are focusing on assessing optimal process conditions for the
coupled processes, testing new catalyst formulations, and
developing efficient methods for regenerating spent catalysts.
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