n
<

pubs.acs.org/acscatalysis

Ho®

Direct Conversion of Renewable CO,-Rich Syngas to High-Octane
Hydrocarbons in a Single Reactor

Claire T. Nimlos, Connor P. Nash, Daniel P. Dupuis, Anh T. To, Anurag Kumar, Jesse E. Hensley,

and Daniel A. Ruddy*
I: I Read Online

Article Recommendations |

Cite This: ACS Catal. 2022, 12, 9270-9280

ACCESS |

ABSTRACT: The synthesis of branched hydrocarbons for high-octane gasoline
and sustainable aviation fuel directly from CO,-rich syngas in a single reactor holds
potential to decrease capital and operating costs and increase overall energy and
carbon efficiencies in a biorefinery. Here, we report the cascade chemistry of syngas
to hydrocarbons under mild reaction conditions in a single reactor with C,, single-
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H,:CO:CO,, a hydrocarbon yield of 12.2% was observed with similar selectivity to
C,, products compared to the CO,-free feed. Definitive evidence of CO,
incorporation into the hydrocarbon products was demonstrated with isotopically
labeled '*CO, co-feed experiments, where mass spectrometry confirmed the
propagation of *C into the C,, hydrocarbons, highlighting the feasibility to co-
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convert CO and CO, in this single reactor approach.
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1. INTRODUCTION

A variety of carbon sources, including renewable sources, can
be converted to synthesis gas (syngas), a mixture of carbon
monoxide (CO) and hydrogen (H,), through well-established
gasification processes.' > Syngas is converted to hydrocarbons
(HCs) through “gas-to-liquid” methods, such as Fischer—
Tropsch synthesis, or via intermediates such as methanol
(MeOH) or dimethyl ether (DME). The methanol-to-gasoline
(MTG) process is one example of a technologically mature
process based on syngas-derived MeOH. The conventional
MTG process yields gasoline-range HCs with a high
concentration of aromatics to provide appropriate octane
rating, but aromatic content in gasoline is limited by current
fuel standards.” The high pressure and temperature conditions
(340—-510 °C, 2 MPa) required for the MTG process
combined with low per-pass yields results in high capital and
operating costs, especially at smaller scales typical of
biorefineries.” Conversely, a recently developed process termed
the “High-Octane Gasoline (HOG) pathway” converts
MeOH/DME intermediates to branched C,_; species over
beta zeolite (BEA) catalysts, operates at lower temperatures
and pressures (175—225 °C, 0.1-0.3 MPa), and produces a
high-octane, high-value gasoline product without aromatics.””*
The HOG product lacks an inherent blend limit, and it is
especially rich in branched species, such as 2,2,3-trimethylbu-
tane (triptane), which has a research octane number of 112.8.”
Catalyst development from our group has demonstrated that a

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

9270

multifunctional Cu-modified beta zeolite catalyst (Cu/BEA)
converts DME with co-fed H, to the HOG product with
improved per-pass yield, lifetime, and regenerability compared
to previously reported Bronsted acid zeolites.'"’""? In recent
work, we also assessed the viability of a biorefinery concept
centered around the HOG pathway, where process models and
techno-economic analysis (TEA) demonstrated a 38% overall
yield increase afforded by Cu/BEA through recycle and
reincorporation of the C, products.”'' Furthermore, this
biorefinery concept highlighted the versatility of the C,,
products to provide an attractive route to sustainable aviation
fuel (SAF) via known and relatively inexpensive downstream
processing.

Recently, several reports focused on process intensification
for the direct conversion of syngas-to-hydrocarbons (STH)
through MeOH and DME intermediates in a single step.”'> A
single-step process holds the potential to decrease capital and
operating costs and increase the overall energy efficiency.
However, envisioning a bifunctional catalyst or multicompo-
nent catalyst to directly convert syngas via a MeOH/DME
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intermediate presents a formidable challenge due to mis-
matched process conditions, especially reaction temperature:
lower temperatures (200—250 °C) are commonly employed
for MeOH synthesis, but higher temperatures (>350 °C) are
typically utilized for methanol-to-hydrocarbons (MTH)
reactions (Figure 1)."'*" Early studies utilized multi-
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Figure 1. Pressure and temperature conditions typically employed for
MeOH synthesis, the HOG pathway, MTG, and OX-ZEO.">™*

component catalysts, such as mixtures of Cu/ZnO or PdSiO,
with USY zeolite, to act as MeOH synthesis and HC synthesis
catalysts, respectively. These reports observed up to 77% HC
selectivity to C;_, paraffin products under intermediate
reaction temperatures (<325 °C) and pressure (2.1
MPa).'®"” In more recently reported cases, this temperature
mismatch was addressed by developing high-temperature
MeOH or alcohol synthesis catalysts combined with high-
temperature HC synthesis catalysts. Metal oxides (e.g.,
Zn,Mn,0,) combined with large-pore zeolites, commonly
denoted “OX-ZEO” (Oxide-Zeolite), offer a high temperature
and pressure (360 °C, 4 MPa) STH route, exploiting a
controlled C—C coupling concept to form gasoline-range
products with high Cs_,, selectivities (63—76%)."*"” For OX-
ZEQO systems, aromatic formation increased with higher-
dimension zeolite pores (1D to 3D) because of the larger
intersection voids.'” Dagle et al. demonstrated that physical
mixtures of Pd-based MeOH synthesis catalyst (e.g., Pd/ZnO/
ALO;) with ZSM-S (MFI zeolite) converted syngas to
aromatic-rich gasoline-range (Cs,) HCs at high temperatures
and pressures (310—375 °C, 2—6 MPa).*° In this system,
higher selectivity to larger carbon products (Cg, branched and
cyclic species) was observed at lower temperatures (310 °C vs
370 °C) or with increasing zeolite pore size (FAU vs MFI
topology). Furthermore, it was demonstrated that 0.5 wt % Pd
on a FeCoCu support mixed with the ZSM-5 catalyst
decreased the undesired durene formation.”' Another
approach for direct syngas-to-olefins utilized multicomponent
ZnO-ZrO,/SAPO-34 catalysts at high temperatures and
pressures (400 °C, 1—4 MPa). Control of the Zn/Zr ratio
and increasing the proximity of the metal oxide to the zeolite
pores (millimeter to nanoscale distances) increased CO
conversion and olefin selectivity until a maximum was reached
at ca. 29% CO conversion with a C,_, olefin selectivity of
77%.”>** Rather than a single bed to effect the STH reaction,
recent work by Ni, et al. employed a dual-bed reactor at
intermediate temperature and high pressure (260—320 °C and
3 MPa), utilizing commercial catalysts for MeOH and DME
synthesis (CuZnO/ALOj; and y-Al, 05 respectively) upstream
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of a reactor with a nanosized ZSM-5 catalyst for HC synthesis.
This reactor system effectively converted syngas to Cs_;; HCs
for 110 h."* These reports of single-step cascade reactions to
achieve direct STH, which occur under conditions enabling
both syngas-to-methanol and MTH chemistries, provide
conceptual improvements in process chemistry compared to
multi-step processes.' ">

Connecting the catalyst and process design concepts from
these previous reports with our recent development of the
HOG pathway, we recognized the opportunity to eliminate the
mismatched reaction conditions noted above, while generating
a high-quality product. This is especially evident for reaction
temperature, where HOG synthesis occurs in the same range
as MeOH synthesis (Figure 1). This temperature overlap
enables the use of the relatively inexpensive and commercial
CuZnO/Al,0; MeOH synthesis catalyst, avoiding the need to
develop a new MeOH synthesis catalyst or use precious metals,
such as Pd. Furthermore, MeOH dehydration to DME occurs
under these conditions over inexpensive and commercial acid
catalysts, such as y-Al,0;. Our previous reports focused on
HOG synthesis at low pressures (i.e., below 0.5 MPa), but the
knowledge that MTH chemistry proceeds at higher pressures
over many zeolite catalysts led us to hypothesize that a
moderate pressure of 0.5—1.5 MPa could be employed with
H/BEA and Cu/BEA catalysts, while utilizing commercial
MeOH/DME synthesis catalysts at lower pressures than
commonly employed.

CO, is a byproduct of gasification, and it is commonly
removed from the process (or reduced to a target value, such
as 5% CO, in syngas for MeOH synthesis) during a clean-up
step prior to downstream conversion. Biomass-derived syngas
contains a high concentration of CO,, ranging from 19—23%
of reformed syngas,24 and therefore, utilization of this carbon
source would provide an avenue to substantially improve
carbon efficiency and overall fuel product yield in a syngas
conversion process. Furthermore, CO, is known to form under
STH process conditions through the water-gas shift reaction
over metallic Cu sites”*® and as an intermediate during the
conversion of syngas to methanol on CZA.””** In addition to
the process intensification approach to gain operational
efficiencies by using a single reactor, carbon-efficiency gains
in the STH reaction network may be achieved via co-
conversion of CO, in the STH reaction network.

Here, we report a single reactor approach to convert syngas
to branched hydrocarbon products, where commercially
available MeOH synthesis and MeOH dehydration catalysts
are combined with H/BEA and Cu/BEA HC synthesis
catalysts. Single-pass CO conversions up to 77% with
corresponding C,, carbon yields up to 44.9% were observed
under the conditions employed here. Furthermore, we
demonstrated that carbon from CO, co-fed with syngas was
incorporated into HC products with similar HC selectivity
(i.e., low methane and high C,_, selectivity), evidenced by the
incorporation of '*C into C,, products in isotopically labeled
BCO, co-feed experiments. This STH process intensification
approach using a single reactor provides a new avenue to
improve operational efficiency and carbon efficiency in the
HOG pathway, highlighted by high per-pass C,, yields, and
importantly, incorporation of CO,-derived carbon into the
hydrocarbon products.

https://doi.org/10.1021/acscatal.2c02155
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2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. Commercial BEA zeolite in the
NH,* form (Tosoh, SiO,/AlL,O; = 27, Si/Al = 13.5; 45—125
um particle sizes) was heated to 550 °C at 2 °C min™! in
flowing zero air for 8 h to produce the proton form, denoted
H/BEA. To produce a nominally S wt % Cu/BEA catalyst, an
aqueous solution of Cu(NO;),2.5 H,0O was added dropwise
to powdered NH,-BEA until the incipient wetness point was
achieved, as previously reported.'”'' The slurry was then
mixed and dried at 50 °C in flowing air overnight, followed by
oxidative treatment to 500 °C at 2 °C min~" in flowing zero air
for 6 h. Elemental analysis determined a Cu loading of 4.75 wt
%. Additional catalyst materials used for MeOH synthesis
(CuZnO/ALO;, “CZA”, Clariant, MegaMax 800) and DME
synthesis (7-Al,O;, “A”, Saint-Gobain NorPro, SA6173) were
acquired from commercial sources.

2.2. Catalyst Characterization. The Cu content was
determined by elemental analysis performed by Galbraith
Laboratories Inc. (Knoxville, TN) using inductively coupled
plasma optical emission spectroscopy. Powder X-ray diffraction
(PXRD) patterns were collected using a Rigaku Ultima IV
diffractometer operated at 40 kV and 44 mA with a Cu Ka X-
ray source. Diffraction patterns were measured in the 20 range
of 4°—60° to confirm the BEA structure after addition of Cu,
and the data matched those previously reported.'’ Extensive
characterization of the metallic and ionic nature of the Cu
species present in Cu/BEA has been previously reported.'’

Bronsted acid site density was quantified using temperature-
programed desorption of isopropylamine (IPA-TPD) for the
Cu/BEA and H/BEA materials, as previously reported.”
Catalyst samples (ca. 200 mg) were sieved to 212—300 pm
size and pretreated in 150 cm® min™" of 95% H,/5% Ar to 300
°C at 2 °C min~' ramp and held for 2 h. The sample was then
cooled to 100 °C and purged with inert gas (95% N,/5% He).
When the bed temperature stabilized at 100 °C, 1 mL of IPA
was introduced slowly via a syringe over 10 min to saturate the
sample. The sample was then purged in inert flow (95% N,/
5% He) for at least 12 h at 100 °C to remove physiosorbed
IPA. The TPD was performed with a 10 °C min™" ramp to 500
°C, and a Pfeiffer PrismaPlus mass spectrometer monitored the
desorbed products, with the propylene signal used to quantify
H* site density. The propylene signal (m/z = 41) was
calibrated with S mL propylene pulses and normalized to the
internal standard He signal (m/z = 4). The Bronsted acid site
densities for H/BEA and Cu/BEA were determined to be 805
and 925 mmol/g, respectively.

2.3. Syngas to Hydrocarbon Reaction Testing. CZA
and A catalysts were crushed in a porcelain mortar and pestle
and sieved to 212—300 um size. Cu/BEA powders were
pressed (22 kN), crushed in a porcelain mortar and pestle, and
sieved to 212—300 pum size. Approximately 1.10 g of CZA, 0.35
g of A, and 0.35—1.10 g of Cu/BEA (or H/BEA) were loaded
into the reactor depending on the composition tested. To
create a “mixed-bed” configuration, catalysts were physically
mixed, then diluted with 177—250 um low surface-area silicon
carbide (SiC) to achieve the same bed volume (4.2 + 0.2 cm®)
for each run and to minimize channeling, axial dispersion, and
temperature gradients in the bed. The “stacked-bed”
configuration was achieved by loading two beds, each
physically mixed with SiC, separated by a plug of quartz
wool. Here, notation for a mixed bed uses the “+” symbol,

+
(e.g, catalystl + catalyst2 + catalyst3), and stacked-bed
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configuration is denoted using a vertical bar symbol “I", (e.g,
catalystllcatalyst2). Specifically, a combination of mixed and
stacked catalysts was employed in our typical stacked-bed
configuration, leading to both + and | notation, such as CZA
+AlH/BEA, whereby CZA and A are physically mixed and
located upstream of H/BEA. The catalysts were loaded into a
7.9 mm ID stainless-steel tubular reactor placed within an
electric furnace operating in downflow configuration with a
four-point thermocouple to monitor reaction temperature
(typical variation in a temperature of +0.25 °C). Catalyst beds
were loaded into the reactor and positioned within the
isothermal zone using quartz chips and quartz wool. Mass flow
controllers (Brooks Instrument) were used to control gas flow
rates to the reactor and were calibrated for the specific gas
streams prior to use.

Prior to the STH reaction, the catalyst bed was reduced with
25 cm® min~" of H,, ramped at 1.0 °C min~" to 180 °C then at
0.5 °C min~! to 230 °C, and held for 2 h before cooling to the
reaction temperature of 220 °C. The reactor was pressurized to
750 kPa absolute and was maintained using a Badger Meter
research control valve. The pressure at the reactor inlet and
effluent were monitored, and pressure drop across the catalyst
bed was negligible (<15 kPa). A H,:CO molar ratio of 2:1
(molyy,:molcy™") was employed, and the space velocity (SV)
of CO relative to the total CZA and A mass loading was
controlled at 0.3 or 0.8 gco gczasa ' h™', where geya,a is the
combined mass of the CZA and A catalysts. The syngas
mixture was prepared in-house using H,, CO, and Ar to
generate a 49:49:2 molar ratio. To achieve H,:CO ratios of 2
or greater, additional 95% H,/5% Ar was added using an
independent mass flow controller. For CO, co-feed experi-
ments, CO, was introduced with an independent mass flow
controller at a H,:CO:CO, molar ratio of 2.5:1:0.9.

Reactor inlet and outlet gases were sampled through heated
(170—200 °C) lines using two Agilent 7890 gas chromato-
graph (GC) systems. The first GC was equipped with a flame
ionization detector (FID) to quantify light hydrocarbons
(Cy_s) and two thermal conductivity detectors to quantify
inert and light permanent gases. The second GC was fitted
with two FIDs, one to quantify heavy hydrocarbons (Cs,) and
the second to quantify oxygenates (MeOH, DME). This
second GC was also equipped with an Agilent 5977A mass
spectrometry detector (MSD) to measure mass spectra of
hydrocarbon products. GC responses for reactants and
products (hydrocarbons C,_, and all other products except
H,0) were calibrated using traceable gravimetric gas stand-
ards. For hydrocarbons Cs or higher, GC responses for the
respective detector were linearly extrapolated from the FID
response of C,_, compounds and confirmed with in-house-
prepared Cs_, liquid injection standards.

Products and reactants were quantified using Ar as an
internal standard and conversion of CO (Xcg) was calculated
with eq 1:

(1)

where 7oy, and fico .y represent the molar flow rates in
(measured by inlets) and out of the reactor of CO (molcq
h™'), respectively. The product yield for various products, and
product groupings (e.g., Cs,), was calculated with eq 2:

https://doi.org/10.1021/acscatal.2c02155
ACS Catal. 2022, 12, 9270-9280
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nC,i,out

Y, = —%% X 100%
"nco,in

)

where fico;, is used as previously defined, and 7ic ), is the
molar flow rate of carbon in product(s) i. For example, yield to
triptane (2,2,3-trimethylbutane) would use i yipane fOr 71 out-
The product carbon selectivity, S; (in carbon %, noted as C-
selectivity), was calculated via eq 3:

fc;
Si — V,t,out
Z nC,i,out (3)

where 7, o is used as previously defined and may be summed
over a group of desired products as exemplified for Y;. The
denominator term )} fic;,, was summed over all products. A
corollary to eq 3, carbon selectivity neglecting all oxygenate
products (CO,, MeOH and DME) was calculated via eq 4:

X 100%

nC,i,out

ZhC,i,out - ZhC,o ,out
Xy,

S.

i, oxygenate-free —

X 100%
(4)

where the Y1 oy ouc is the sum of carbon molar flow rates of
products CO,, MeOH, and DME. The gravimetric activity of
the catalyst, termed productivity, P; (g gcupea = h™'), was
calculated with eq 5:

©)

where 7, is the molar flow rate of product i (mol; h™"), My, is
the molecular weight of product i (g, mol™"), and mc,gg, is the
mass of the Cu/BEA catalyst used. Error for selectivities is
reported with a 99% confidence interval and is calculated with

eq 6:

c=z2L

N (6)
where ¢ is the standard deviation of the data, n is the sample
size, and Z is the confidence level value, which is 2.576 for the
chosen 99% confidence interval. Cumulative turnover number
(TON, eq 7) values are reported in terms of the cumulative
mol of carbon in hydrocarbon products per mol of Brensted
acid sites in H/BEA or Cu/BEA at each time point, where ¢ is
TOS in h, Ny, is the moles of Bronsted acid sites determined
by IPA-TPD, and n.(t') is the total carbon incorporated (mol
carbon h™!) in all products except methanol, dimethyl ether,
carbon monoxide, and carbon dioxide at time ¢'.

1 t
TON(t) = — dt' n (t'
() Nyt fo {£) (7)

3. RESULTS AND DISCUSSION
3.1. Approach for STH Using BEA Catalysts. The STH

reaction network in a single reactor entails syngas conversion
to MeOH (Reaction R1), MeOH dehydration to DME
(Reaction R2), and HC synthesis from DME (Reaction R3;
represented with a balanced reaction for triptane synthesis with
H, incorporation, as previously demonstrated using Cu/
BEA'’). This system also has the known side reaction of
water-gas shift (WGS, Reaction R4), which can be catalyzed by
metallic Cu in the CZA and Cu/BEA catalysts.zs’26 The WGS
reaction is important in this system as it relates to carbon loss
via the production of CO, from syngas, but conversely,
potential carbon efficiency gains through the conversion of co-
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fed CO, via the reverse-WGS reaction to produce CO for
subsequent conversion to HCs via Reactions RI—R3 (vide
infra). When feeding syngas, Reactions R1, R2, and R3 occur
sequentially in this scheme for STH, suggesting that an
optimum HC yield can be achieved by controlling the relative
performance of each catalyst and/or the mass ratio of catalysts
in the reactor. However, thermodynamic equilibrium consid-
erations at the reaction temperature studied here (220 °C) are
necessary as they will limit the extent of each reaction.”’
Although all four reactions are exothermic under these
conditions (AH® values from —23.0 to —813 kJ mol™") and
Reaction R3 has a large equilibrium constant (K,q of 10" egs
S1—S3) that renders HC formation from DME essentially
irreversible, large equilibrium constants are not found in all
cases. Notably, the first reaction in the sequence, MeOH
synthesis, has a low K value of 0.0081 at this temperature.
Also, the presence of MeOH and water, which are essential to
achieve subsequent HC production, have important implica-
tions on the reaction network. For example, the reverse of
Reactions R1 and R2 can occur when large concentrations of
MeOH and water are present, respectively, which is especially
problematic because of the small equilibrium constant for
Reaction RI1 at the targeted conditions. Therefore, to
overcome the low CO conversion dictated by the thermody-
namic limitations of Reaction RI1, the equilibrium CO
conversion during STH can be increased in a single-reactor
through a synergistic effect between Reactions R1 and R2.
Specifically, including a MeOH dehydration catalyst serves to
minimize the in situ MeOH concentration and increase the
total flux of CO through Reaction R1 (ie., into subsequent
reactions) than would otherwise be achieved if Reaction R1
was performed independently. Similarly, the irreversible
consumption of DME to HCs in Reaction R3 enables a
greater net flux of MeOH through Reaction R2. The
equilibrium constants are only a function of the temperature
and not pressure for the four gas-phase reactions in the STH
reaction network; however, by exploiting La Chatelier’s
principle, increased MeOH yield can be achieved by increasing
the absolute reactor pressure (common practice for industrial
MeOH synthesis). This thermodynamic analysis highlights the
cooperative advantages of a single reactor for STH and outlines
the research challenge to balance reaction rates and equilibria
of each step to achieve an overall performance that would not
be achieved if the reactions were performed independently.

CO + 2H, = CH,OH (R1)
2CH,0H = CH,0CH, + H,0 (R2)
7CH,0CH, + 2H, — 2C,H,, + 7H,0 (R3)
CO + H,0 = CO, + H, (R4)

where Reaction R1: AH® = —90.4 kJ mol™}; Keq,rxnl(T =220
°C) = 0.0081; Reaction R2: AH® = =23.0 kJ mol™"; Kguno(T
= 220 °C) = 24.4; Reaction R3: AH®° = —813 kJ mol};*°
Kegon3(T = 220 °C) ~ 10'*% Reaction R4: AH® = —41.0 kJ
mol ™ Kqna(T = 220 °C) = 157.

3.2. STH Performance of H/BEA and Cu/BEA in
Different Bed Configurations. As an initial assessment of
the STH reaction network over our multicomponent catalyst
system, syngas conversion was investigated with “mixed-bed”
and “stacked-bed” catalyst configurations (Figure 2) combin-
ing three catalysts: MeOH synthesis catalyst (CuZnO/ALOQ,,
“CZA”), MeOH dehydration catalyst (y-AL,O; or “A”), and a

https://doi.org/10.1021/acscatal.2c02155
ACS Catal. 2022, 12, 9270-9280
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Mixed-bed Stacked-bed
reactants reactants
products products

Cu/ZnO/Al,03 + y-Al,O3 (DME synthesis)
H/BEA or Cu/BEA (HC synthesis)

Figure 2. Schematic of mixed-bed and stacked-bed configurations for
STH reactions employing H/BEA and Cu/BEA as the hydrocarbon
(HC) synthesis catalyst.

H/BEA (SiO,:ALO; = 27) or Cu/BEA (4.3 wt % Cu) HC
synthesis catalyst.'”'" The performance of Cu/BEA was
compared to the parent H/BEA to investigate if the enhanced
performance exhibited by Cu/BEA with a DME feed'*™" also
occurred with a syngas feed. The mixed-bed and stacked-bed
configurations with catalyst mass ratio compositions of 3:1:1
for CZA:y-AL,O;:H/BEA (or Cu/BEA) were compared at
conditions of 220 °C, 750 kPa, and a H,:CO mol ratio of 2:1,
which is representative of that from biomass feedstocks after
CO, removal.”* An initial space velocity of 0.8 gco gczara
h™" was employed for the first 6 h of reaction time to target an
intermediate CO conversion (20—30%) during the typical
induction period of the H/BEA and Cu/BEA catalysts."”"!
The space velocity was then decreased to 0.3 gco gczaa h™!
for detailed analyses and comparisons between catalysts at
greater CO conversions (>40%). In this initial set of
experiments, all catalyst combinations demonstrated stable
activity over the 18—22 h time period without evidence of
substantial deactivation (Figure S1). The performance metrics
compared here for the different catalyst combinations (Table 1

Table 1. Data from STH Reactions with Mixed-Bed and
Stacked-Bed Catalyst Configurations of CZA:A:BEA Mass
Ratio of 3:1:17

CZA:A:H/BEA  CZA:A:Cu/BEA
mixed stacked mixed stacked
CO conversion (%) 47.1 53.0 42.5 52.8
DME yield (%) 122 361 31 16.1
C,. yield (%) 129 3.1 16.3 13.0
Total hydrocarbon productivity 0.093  0.024 0120  0.093
(g goea ' b7
CO, C-selectivity (%) 451 313 SL1 351

“Reaction conditions were 220 °C, 750 kPa, H,:CO ratio of 2:1, and
space velocity of 0.3 gco gczasa - h™'. Hydrocarbon productivity was
normalized by mass of H/BEA or Cu/BEA. Reported values are an
average of data over 9—16 h time on stream.

and Figure 3) are an average of the data collected from 9—16 h
time on stream (TOS). As noted above, the C,, products
provide a versatile mixture to access HOG and SAF products,
and therefore, we will focus on this product slate as a metric of
performance."’

For H/BEA, the single-pass CO conversion was slightly
lower in the mixed-bed configuration compared to the stacked-
bed (Table 1, 47.1 vs 53.0%, respectively). The equilibrium-
limited CO conversion for syngas to DME under these
conditions is 47% (Section S2, for Reactions R1, R2, and R4).
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Figure 3. Oxygenate-free carbon selectivity for H/BEA (blue) and
Cu/BEA (orange) in mixed-bed (dashed) and stacked-bed (solid)
configurations with a CZA:A:BEA mass ratio of 3:1:1. Reaction
conditions were 220 °C, 750 kPa, H,:CO ratio of 2:1, and space
velocity of 0.3 gco gczasa - h™'. Values are an average of data over 9—
16 h time on stream, with error bars representing 99% confidence
intervals. “Naph.” indicates Cy, and cyclic Cg, hydrocarbons, as
previously observed.”

The observation of CO conversion at or above the
equilibrium-limited value confirms our hypothesis that the
cascade chemistry of MeOH/DME synthesis followed by HC
synthesis may enable a greater single-pass conversion of CO to
HCs in a single reactor than would be permitted based on
thermodynamics for single-pass CO to MeOH followed by HC
synthesis in a subsequent reactor. In both configurations, the
HC product oxygenate-free carbon selectivities were com-
parable to those observed with a DME feed,'™" displaying
the characteristic low selectivity for C,_; products and high
selectivity for C, and C, products (Figure 3, Tables S2 and
S3). The stacked-bed exhibited lower selectivity for C, (36.8 vs
43.1%) and slightly greater selectivity for C, (19.1 vs 18.4%)
compared to the mixed-bed. A portion of Cg, products was
also observed, and like C, selectivity, the stacked-bed exhibited
greater selectivity to these higher carbon-number, fuel-range
products. A benefit of the stacked-bed configuration was the
substantially decreased CO, selectivity, which decreased from
45.1 to 31.3%. Carbon yields to C,, products with H/BEA
were 12.9% for the mixed-bed compared to just 3.1% for the
stacked-bed. Unreacted DME intermediates were observed in
both cases, with a greater yield (36.1 vs 12.2%) associated with
the lower activity of the stacked-bed configuration. Thus, the
lower HC yield observed from the stacked-bed was not due to
insufficient DME production. We propose that the improved
yield of C,, HCs from the mixed-bed CZA+A+H/BEA
configuration compared to stacked-bed CZA+AIH/BEA can
be attributed to metallic Cu from CZA in close proximity to
the H/BEA active sites, promoting H, activation and
incorporation into the products during HC synthesis. This
hypothesis is supported by results from our previous report for
the conversion of DME to HCs with co-fed H,, where
improved HC yield was observed using a physical mixture of
H/BEA and H,-activating metallic Cu/SiO, compared to H/
BEA alone."

For Cu/BEA, greater CO conversion was also observed for
the stacked-bed (Table 1, 52.8%) compared to the mixed-bed
(42.5%), and both were near or above the equilibrium
limitation for syngas to DME. Similar to the trends observed
for H/BEA, the carbon selectivities to C, and C,, were the
most affected by the change from mixed-bed to stacked-bed
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(decrease of 9.2% for C, and increase of 4.5% for C,, Figure 3),
and substantially lower CO, selectivity was observed for the
stacked-bed (35.1 vs 51.1%). Unreacted DME was also
observed in both configurations, but nearly complete DME
conversion (3.1% yield) was observed for the mixed-bed.
Unlike H/BEA, comparable C,, yields of 13.0 and 16.3% were
observed for both configurations of Cu/BEA, which has
metallic Cu near the zeolite active sites, adding further support
to the assignment that Cu promotes HC synthesis in this STH
reaction.

Considering the full data sets for H/BEA and Cu/BEA in
both bed configurations, a few trends emerged that informed a
down selection of catalyst composition and configuration for
further investigation. The two mixed beds demonstrated
comparably high CO conversions and C,, yields, with
correspondingly high values for total hydrocarbon productivity
(ie., gravimetric activity) of 0.093 and 0.120 g ggzs ' h™' for
H/BEA and Cu/BEA. However, both resulted in undesired
high CO, selectivity (above 45%). These greater C,, yields
and HC production rates for the mixed-bed configurations may
be attributed to the ability to better minimize in situ MeOH
and DME concentrations through the catalyst bed, overcoming
equilibrium limitations for the reaction network (Table S1).
However, the unwanted high CO, selectivity may be attributed
to the WGS reaction occurring on CZA in the lower portion of
the mixed-bed catalyst, where unreacted CO is in contact with
higher concentrations of water due to HC synthesis (Reaction
R3) that occurs throughout the length of the mixed-bed
configuration. In contrast, the stacked-bed configuration
separates the WGS catalyst (CZA) from the water being
produced during HC synthesis over Cu/BEA. The stacked-bed
CO conversion for CZA+AlCu/BEA (52.8%) was similar to
that observed for CZA+AIH/BEA (53.0%), but the DME
conversion was substantially greater for CZA+AlCu/BEA,
leading to disparate C,, yields of 13.0 versus 3.1%, where the
Cu/BEA catalyst clearly outperformed H/BEA in this
configuration. This is reflected in the total HC productivity
values, where the stacked CZA+AlCu/BEA demonstrated a
greater activity than CZA+AIH/BEA (0.093 versus 0.024 ¢
gsea ' h™'). For both stacked-bed cases, the C, selectivity
decreased with an associated increase in C,, selectivity, and
importantly, CO, selectivity decreased by ca. 14—16%. These
selectivity data indicate that MeOH and DME synthesis
occurring upstream from the (H or Cu)/BEA catalyst favors
the hydrocarbon pool methylation chemistry, improving
selectivity to C,, products and simultaneously minimizing
the WGS side-reaction in the second bed, resulting in
decreased CO, selectivity. This effect is similar to a recent
report utilizing CZA, y-ALO;, and a zeolite catalyst (ZSM-S,
H-form, Si/Al = 97) in a single reactor, where improvements in
HC selectivity and CO, selectivity were observed when CZA
and y-ALO; catalysts were upstream of the zeolite bed.'*”’
Based on the beneficial selectivity trends and the high
performance of Cu/BEA in the stacked-bed configuration,
CZA+AICu/BEA was chosen to further investigate the effects
of process conditions on performance metrics, such as C,,
yield, and to explore CO, co-feeds.

3.3. Effect of Relative Catalyst Loading. Experiments
were performed with increasing relative catalyst loading of Cu/
BEA to explore the relationship between DME yield, HC yield,
and carbon number selectivity toward achieving high single-
pass C,, yields. Systematic increases in the Cu/BEA catalyst
mass, with constant CZA+A mass and constant total bed
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volume (by changing the mass of SiC diluent), provided a
series of CZA+AlCu/BEA compositions with mass ratios of
3+111, 3+112, and 3+1I3. Each composition was tested at the
same reaction conditions from Section 3.2 (Table 2 and Figure

Table 2. Data from STH Reactions over Stacked-Bed CZA
+AICu/BEA, with Increasing Amounts of Cu/BEA”

CZA+AICu/BEA

3+111 3+112 3+113
CO conversion (%) 522 56.2 55.3
DME yield (%) 158 114 55
C,. yield (%) 137 191 235
CO, C-selectivity (%) 35.2 39.0 39.0
C,, C-selectivity (%) 28.3 37.3 47.1
Total hydrocarbon productivity 0.098  0.064  0.051

(g gowmea ' B!

Cumulative TON (molc moly,™) 84 81 74

“Reaction conditions were 220 °C, 750 kPa, H,:CO ratio of 2:1, and
space velocity of 0.3 gco gczaa - h™'. TON data measured at ca. 10,
16, and 20 h TOS for bed ratios 3+111, 3+1I2, and 3+1I3, respectively.
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Figure 4. Oxygenate-free carbon selectivity for STH reactions over
stacked-bed CZA+AICu/BEA, with increasing amounts of Cu/BEA
from 3+111 to 3+1I3. Reaction conditions were 220 °C, 750 kPa,
H,:CO ratio of 2:1, and space velocity of 0.3 gco gczaa + h™'. Data
reported at a cumulative TON of ca. 80 molc moly;, ™' measured at ca.
10, 16, and 20 h TOS for bed ratios 3+1I1, 3+112, and 3+1I3,
respectively, with error bars representing 99% confidence intervals.

4). For these experiments, the data were compared at the same
cumulative turnover number (TON = 80 + 6 mol: moly, ™),
because cumulative TON combines HC yield, reactant space
velocity, and catalyst site density into a single term describing
the hydrocarbon pool chemistry.'"** Comparing first the
activity of these three compositions with increasing Cu/BEA
content, the CO conversion only changed slightly from 52.2 to
56.2%, but the product yield of the DME intermediate
decreased from 15.8 to 5.5%, indicating greater conversion of
this oxygenate intermediate to the desired HC products. The
corresponding C,, yield increased from 15.8 to 19.1 to 23.5%
with increasing Cu/BEA content. Despite the absolute
decrease in the DME yield and related increase in the HC
yield, a decrease in the gravimetric activity was observed with
increasing Cu/BEA content (0.098 to 0.064 to 0.051 g
gcusea | h7'). This stepwise drop in productivity is attributed
to the relationship between DME production and consump-
tion in the STH cascade chemistry. The rate of DME

https://doi.org/10.1021/acscatal.2c02155
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conversion to HCs is dependent on the rate of DME
production, which is presumed to be constant across the
three catalyst compositions because of the constant CZA+A
mass in each composition. Thus, with greater relative Cu/BEA
loading, there is an effective decrease in the concentration of
DME per gc,/pga Which in turn limits the HC formation rate
throughout the Cu/BEA bed when normalized gravimetrically.

Comparing the selectivity of the three compositions, small
changes in the CO, selectivity were observed with increasing
Cu/BEA content (35.2—39.0%). Minor changes to the carbon
number distributions were observed with increasing Cu/BEA
content, where the selectivity to C, products increased from
37.6 to 39.5%, and inversely, the selectivity to C, decreased
from 17.2 to 15.3% (Figure 4). This minor shift away from
higher carbon number products with greater relative Cu/BEA
content may be due to the decreasing concentration of DME
available for methylation reactions or cracking of higher HCs
at acid sites; another consequence of the concept presented
above for the observed decrease in gravimetric activity. These
data demonstrate that through control of the catalyst
composition the conversion of syngas to HCs can be increased
while maintaining high selectivity to C,, products and
decreasing the yield of the DME intermediate. It is also
worth reiterating that compositions with greater relative Cu/
BEA content did not lead to increased CO, selectivity via the
WGS reaction.

Comparing the performance of our CZA+AlCu/BEA
catalyst system to those previously reported, one finds a
wide range of CO conversions (20—90%) for the STH reaction
through MeOH or DME intermediates. Therefore, here, we
will focus on comparisons of product selectivity and yield. In
reports of STO (syngas-to-olefins, 400 °C and 1—4 MPa)
using oxide-zeolite catalysts (e.g, Zn-ZrO,/SSZ-13), lower
olefin products were targeted rather than fuel-range products,
and high selectivities to C,_, products (70—90%) were
achieved with low Cj, selectivity (5—15%).'”**** For STH
reports targeting fuel-range products (Cs_;;) with multi-
component catalyst systems (e.g, Cu/ZnO with ZSM-S) at
intermediate temperature and high pressure (260—320 °C, 3.0
MPa), C,, HC selectivities up to 84% were observed.' %%
Under the more mild conditions of 220 °C and 750 kPa
employed here, we observed a maximum Cs, HC selectivity of
58.5% using the 3+1l1 catalyst composition of CZA+AlICu/
BEA with an associated C,_j selectivity of just 3.9%. This Cs,
HC selectivity is largely dictated by the choice of zeolite, and
Cu/BEA does not meet the highest selectivity reported in the
literature using ZSM-5. However, the C, selectivity observed
here is comparable to that typically reported from DME
homologation over Cu/BEA zeolite (50—70%), and the
product slate is aromatic-free.””'> Considering the C,,
products from Cu/BEA as a versatile mixture to access
HOG and SAF products, as previously outlined,'’ a maximum
C,, HC selectivity of 96.1% was observed, highlighting the
utility of the STH approach developed here to direct a high
fraction of the carbon to renewable fuels.

Furthermore, minimizing CO, selectivity is key to
developing an STH process with high carbon efficiency. The
CO, selectivities reported for multicomponent oxide-zeolite
catalyst systems ranged from 35-50%,'%'®'® with the
minimum value observed at 25% for a 0.5Pd/FeCuCo catalyst
with ZSM-5 (300 °C and 7.0 MPa).”' We observed CO,
selectivities in a narrow range of 35—39% for CZA+AICu/BEA
and demonstrated that controlling the catalyst composition
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affected the HC product yield but did not significantly affect
CO, selectivity. The CZA+AICu/BEA catalyst achieved similar
performance metrics at moderate temperature and pressure
conditions (220 °C and 750 kPa, < 39% CO, selectivity, 96.1%
C,, selectivity within HC products) to a stacked-bed STH
approach using CZA+A with a nano-ZSM-5 catalyst that
employed much higher temperatures and pressures (300 °C
and 3.0 MPa, 35% CO, selectivity, 85% C,, selectivity)."” In
summary of these experiments exploring bed configuration and
relative catalyst composition, a relatively low CO, selectivity
was maintained with a high C,, product distribution, leading to
a single-pass C,, yield as high as 23.5% (3+113, CZA+AICu/
BEA), which is on the high end of the range of 13—28%
previously reported for STH reactions.'>'®'”*

3.4. STH Performance Compared to DME Homologa-
tion. Previous reports from our group have focused on HOG
and SAF production from biomass-derived DME at 200 °C
and atmospheric pressure, highlighted by Cu/BEA exhibiting
high selectivity to C,, products with a greater HC formation
rate than H/BEA.”™** In Table 3 and Figure 5, the results from

Table 3. Data from DME Conversion over Cu/BEA, and
Syngas Conversion over Stacked-Bed CZA+AlICu/BEA with
Bed Ratios 3+1I1 and 3+1I3¢

CZA+AICu/BEA

Cu/BEA (DME) (STH)

200 °C 220 °C  3+1l1 3+113
DME or CO conversion (%) 9.1 17.6 52.2 55.3
C,. yield (%) 64 132 137 235
total hydrocarbon productivity 0.048  0.116  0.098  0.051

(8 gowpea BT

cumulative TON (mol: moly, ™) 79 84 84 74

“For DME, the reaction conditions were 200 and 220 °C, 89 kPa,
H,:DME ratio of 1:1, and space velocity of 1.2 gpye gcu/pea D
Data at 200 °C was previously reported in Wu et al.'> For STH the
reaction conditions were 220 °C, 750 kPa, H,:CO ratio of 2:1, and
space velocity of 0.3 gco gczara ' h™'. TON was measured at ca. 10
and 20 h for STH 3+1I1 and 3+1I3, respectively. DME TONs were
measured at ca. 20 and 8 h for 200 and 220 °C, respectively.

STH experiments for two stacked-bed compositions, CZA+Al
Cu/BEA of 3+1I1 and 3+1I3, are compared to performance
data for Cu/BEA from DME conversion with co-fed H, at
both 200 and 220 °C. Plots of DME conversion and C,, yield
versus time-on-stream during DME homologation at the two
temperatures are provided in Figure S2. To account for the
effects from the different reaction conditions (e.g,, temper-
ature, pressure, and space velocity) between the syngas and
DME feeds, the data were compared at the same cumulative
TON (80 + 6 mol. molyy, ™). For DME homologation under
our typical conditions at 200 °C, markedly lower C,, yield
(6.4%) was observed compared to STH at 220 °C. Comparing
DME homologation at 220 °C, STH reactions still resulted in
greater yields of C,, products for both CZA+AICu/BEA beds
(13.7 and 23.5% for STH 3+1l1 and 3+1I3, respectively,
compared to 13.2% for DME at 220 °C, Table 3). Notably,
lower selectivity to C, products was observed from STH
reactions for both bed compositions compared to DME feed
(17.2 and 15.3% for 3+1l1 and 3+1I3, respectively, vs 19.5% for
DME, Figure 5). Intermediate values for the gravimetric
activity (normalized to gc,/pea as above) were observed during
the STH reaction compared to DME homologation at both
temperatures. The STH reaction exhibited a lower gravimetric
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Figure 5. Oxygenate-free carbon selectivity for DME conversion over
Cu/BEA, and STH over stacked-bed CZA+AICu/BEA with bed ratios
3+1I1 and 3+1I3. For DME, the reaction conditions were 200 or 220
°C, 89 kPa, Hy:DME ratio of 1:1, and space velocity of 1.2 gpyg
gcupea  h7h Data at 200 °C were previously reported in Wu et al.’?
For STH, the reaction conditions were 220 °C, 750 kPa, H,:CO ratio
of 2:1, and space velocity of 0.3 gco gczara ' h™'. The data are
reported at a common TON of 80 + 6 molc moly,™". The TON
values correspond to ca. 10 and 20 h TOS, for STH catalyst
compositions of 3+111 and 3+113, respectively, and ca. 20 and 8 h for
the DME homologation at 200 and 220 °C, respectively, with error
bars representing 99% confidence intervals.

activity at the 3+1I1 and 3+1I3 bed compositions (0.098 and
0.051 g gcu/pea ' h7Y, respectively) compared to the DME feed
at the same temperature (0.116 g gc,/pea ' h™'), but greater
activity than was previously reported at 200 °C (0.048 g
gcusea - h7'). Using Cu/BEA as the HC synthesis catalyst,
these results highlight advantages of the STH reaction
compared to DME homologation, where comparable or
greater C,, yield and gravimetric activity values were achieved
during STH, while maintaining the desired selectivity toward
C,, HCs previously observed for DME homologation.

3.5. Co-Conversion of CO, with Syngas. Syngas from
biomass or biogas typically contains appreciable amounts of
CO,, such as 19—23% of reformed biomass-derived syngas in a
recent report.24 In many instances, the CO, is removed prior
to MeOH or fuel synthesis; however, a process able to co-
convert CO, to produce high-value HC products would avoid
the removal step and would conceptually improve the overall
carbon efficiency. To explore the co-conversion of CO, in our
STH approach, CO,-rich and CO,-free syngas conditions were
studied (independent of previously described CO,-free
experiments, conducted without the 6 h induction period at
higher space velocity, as described above). These experiments
employed a 3+113 stacked-bed CZA+AlICu/BEA configuration
at a reaction temperature of 220 °C, pressure of 750 kPa, and
with CO,-rich or CO,-free syngas (H,:CO:CO, molar feed
ratio of 2.5:1:0.9 or 2.5:1:0, corresponding to common
compositions from biomass sources”"). In experiments feeding
CO and CO,, conversion and yield treat both CO and CO, as
reactants, according to eqs S10 and SI11. The catalytic
performance results are presented in Table 4. Without co-fed
CO,, the results were similar to those presented above, but
exhibited moderately greater CO conversion (77.3%), C,,
yield (40.8%), and gravimetric activity (0.090 g gc./ppa "
h™") with the higher H,:CO ratio, along with no DME yield
and comparable CO, selectivity (38.8%). With co-fed CO, at a
0.9:1.0 ratio of CO,:CO, markedly lower conversion (19.5%)
and C,, yields (12.2%) were observed, which is not surprising
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Table 4. Data from STH Reactions with and without Co-
Fed COza

CZA+AICu/BEA: 3+1I3

without with
CcO, CO,
CO or CO + CO, conversion (%) 77.3 56.1
DME yield (%) 0.0 0.0
C,, yield (%) 449 122
CO, C-selectivity (%) 38.8 28.9
Total hydrocarbon productivity (g gcu/pea ' h™") 0.090 0.053

“Reaction conditions were 220 °C, 750 kPa, H,:CO ratio of 2.5:1 or
H,:CO:CO, ratio of 2.5:1:0.9, and space velocity of 0.3 gco gczasa
h™". Partial pressure of CO was 214 and 169 kPa, respectively.

considering the substantial decrease in CO partial pressure and
replacement with the more difficult to activate CO, molecule.
No DME product was detected, indicating full in situ
consumption of DME. The gravimetric activity (0.053 g
gcupea - h7') remained within the range previously observed
for Cu/BEA (vide supra) but was approximately 40% lower
than the CO,-free value. Importantly, the HC selectivity was
comparable to the CO,-free experiments described throughout
this report, exhibiting the characteristic distribution of low
selectivity to C,_; with high C,, selectivity (Figure S3). As a
first indication of CO, affecting the reaction network, either
through activation via reverse-WGS or by suppressing CO,
formation through equilibrium considerations, the CO, carbon
selectivity with the CO,-rich syngas feed decreased by 25%
relative to the CO,-free feed (28.9% compared to 38.8%).
Finally, it is worth noting that this CO, selectivity of 28.9% was
comparable to the lowest reported in previous STH chemistry
(ca. 25%),”" while maintaining moderate C,, yield values
(Table 3).

To investigate if CO, participated in the reaction network,
and specifically, the HC synthesis reactions, isotopically labeled
BCO, experiments were performed. At constant reaction
conditions of pressure, temperature, and H,:CO:CO, ratio
(750 kPa, 220 °C, and 2.5:1:0.9), either unlabeled or labeled
CO, was fed to the stacked-bed CZA+AlCu/BEA (3+1I3)
catalyst, and ">C in the HC products was monitored using
mass spectrometry. In Figure 6, the mass spectra for abundant
C4_, HC species are compared between the *CO, co-feed
(red) and the unlabeled '>CO, co-feed (blue) conditions. For
each of these products, mass fragment peaks shifted to (m/z) +
1 or greater when *CO, was fed, indicating CO, activation
and propagation through the reaction network into the HC
products. As an example, the peak which corresponds to the
propyl fragment in isobutane, isopentane, and isohexane
shifted from m/z 43 for *CO, co-feed to m/z 44 and 45 for
BCO, co-feed (Figure 6a—c). Similarly, the butyl fragment of
triptane at m/z 57 for '2C shifted to m/z 58, 59, and 60 in the
spectrum with the isotopically labeled '*CO, co-feed,
indicating 1—3 *C species were incorporated into the product
(Figure 6d). This mass spectrometry analysis illustrates that
CO, is activated under these conditions, presumably via the
reverse water gas shift reaction, and importantly, that CO, is
incorporated into the HC products.

4. CONCLUSIONS

By employing commercially available MeOH synthesis
(CuZnO/ALO;, CZA) and MeOH to DME catalysts (y-
Al O;, A) with H/BEA and Cu/BEA catalysts, we explored a
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Figure 6. Mass spectra for four abundant hydrocarbon products during STH reactions with co-fed *CO, or *CO,, (a) isobutane, (b) isopentane,

(c) isohexane, and (d) triptane.

direct conversion route of syngas to hydrocarbons in a single
reactor. Results using H/BEA and Cu/BEA demonstrate the
importance of the proximity of Cu species to the BEA zeolite
for the formation of C,-and-C,-rich HC product streams
during the STH reactions, similar to our previous reports for
the conversion of DME to HCs. Through a comparison of
catalyst configurations, it was advantageous to position Cu/
BEA in a stacked-bed configuration downstream of a CZA+A
bed, which improved selectivity to C,, HCs and favorably
decreased CO, selectivity. Through control of the catalyst bed
composition and process conditions, we demonstrated that the
Cu/BEA activity in the STH reaction can meet or exceed that
observed in the DME homologation reaction, with single-pass
C,, yields as high as 23.5% and gravimetric activity at the high-
end of the range previously observed for Cu/BEA (up to 0.098
g Zcupea - b7 compared to 0.048—0.116 g gcy/ppa  h™' for
DME homologation). Furthermore, with the CZA+AICu/BEA
stacked-bed configuration, we demonstrated that CO, can be
co-converted with CO in a CO,-rich syngas feed to generate
HC products with similar selectivities to C,_, products. Using
a CO, cofeed and monitoring the products with mass
spectrometry provided the critical evidence that carbon from
co-fed CO, was incorporated into the HC products.

The results from this initial catalysis investigation of STH
over the catalyst system reported here sets the foundation for
applied engineering studies into the further development of
this process intensification approach. First, utilizing one reactor
for this STH pathway reduces the number of unit operations
compared to the traditional three-step HOG pathway, with a
corresponding opportunity to reduce the separation intensity
necessary between units, serving to reduce overall capital and
operating costs. The co-conversion of CO, reduces the
requirement to remove CO, from syngas prior to HC synthesis
and suggests that a full or partial CO, recycle may be feasible,
which is expected to have economic benefits. Overall, these
results, with continued development, provide an opportunity
to increase carbon efficiency within the conceptual process to
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generate high-value, high-octane gasoline and sustainable
aviation fuel.
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