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ABSTRACT: The cost-effective production of sustainable aviation fuels (SAF)
remains a major challenge within the energy sector. One approach to address this
is the fermentation of biomass feedstocks into oxygenates followed by catalytic
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Aldehyde

conversion to alkenes or other oligomerization precursors. 2,3-Butanediol (BDO) )\/

. . : . : o 96+% Yield
is a promising fermentation product due to its four-carbon nature, its decreased Z° 1 Car Alkenes
microorganism toxicity and associated higher maximum fermentation titers relative I N
to other alcohols and oxygenates, and its capacity to be readily converted into /7 \
butene isomers and longer chain alkenes. BDO conversion is currently constrained N

by separation challenges for BDO isolation due to its high boiling point and
hydrophilicity. This work expands upon previous BDO reactive separation via dioxolane formation over a solid acid catalyst by
investigating the conversion of dioxolane into alkene mixtures. Dioxolanes can be formed from a range of aldehydes and
subsequently converted over a Cu/ZSM-$ catalyst (448—523 K) via an ether cleavage, hydrogenation, and dehydration reaction
network to form alkene-rich product mixtures (96% Cs, alkene yield, 523 K). This selectivity is greater than that of direct BDO
conversion to alkenes over an identical catalyst (89%, 523 K). C,, alkene selectivity is maximized between 498 and 523 K at
complete dioxolane conversion without significant alkene hydrogenation to alkanes. The alkene product distributions can be tailored
via aldehyde selection during dioxolane formation and the dioxolane conversion reaction temperature. Alkene mixtures from
dioxolane conversion predominantly reflect the carbon chain length and stereochemistry of BDO and the initial aldehyde at or below
498 K, yet higher reaction temperatures yield alkene mixtures of similar carbon chain distributions, regardless of initial aldehyde
selection. Deactivation of the Cu/ZSM-$ catalyst occurs for multiple steps of the overall reaction network but can be minimized by
facilitating the complete dioxolane-to-alkene reaction network at temperatures of at least 498 K.
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B INTRODUCTION

The generation of renewable and sustainable fuels remains a

zation” or by difficulties associated with initial C—C bond
formation between C, monomers such as CO,.” These

47
48

33 key scientific priority, requiring improved processes for
34 renewable feedstock generation and conversion to liquid
3s fuels. This is especially key for aviation and marine
36 transportation which are difficult to electrify and will require
37 the continued use of energy-dense liquid fuel for the
38 foreseeable future.' Biomass fermentation has long been
39 identified as a key pathway for generating alcohols and other
40 oxygenated feedstocks for downstream fuel generation. Ethanol
41 has been classically investigated as a large-scale fermentation
42 product and can be upgraded to middle distillate fuels via
43 alkene formation and subsequent oligomerization and hydro-
44 treating. However, the use of C; and C, feedstocks is often
4s hindered either by the formation of intermediates such as
46 ethene which are common coke precursors during oligomeri-
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difficulties could be avoided by tailoring fermentation 49
conditions to generate longer carbon chain alcohols, which so
can then be converted into Cj, alkenes as key fuel production s1
intermediates. s2

2,3-Butanediol (BDO) has been identified as a potential key s3
renewable feedstock for alkene formation and eventual fuel s4
production. BDO fermentation can be accomplished at higher ss
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titers (>150 g L™*°) than ethanol or other alcohols due to
lower microorganism toxicity, and BDO’s four carbon
backbone mitigates potential complications associated with
the initial C—C bond formation steps of shorter carbon chain
compounds. As such, BDO has potential as a fermentation-
derived feedstock for upgrading to fuels and chemical
production. Although it is not currently economically viable,
BDO production, isolation, and utilization are ongoing
research areas for future applicability.”” Catalytic upgrading
strategies of aqueous BDO solutions can suffer from relatively
low BDO reactivities, low BDO concentrations limited by
fermentation titers, and high heating costs to vaporize BDO-
containing aqueous streams.”® Further, direct BDO upgrading
within fermentation broths requires removing a range of
cations and other nutrient-derived species to avoid catalyst
poisoning.” Gas-phase BDO conversion over a bifunctional
Cu/ZSM-S§ catalyst yields C,, alkene yields above 92% (523 K,
0.2 mL h™" liquid BDO in 30 cm® h™ H,, 1.0 h™' WHSV) via
sequential dehydration steps and selective hydrogenation,” yet
this reaction pathway yields 1,3-butadiene as the key
intermediate, a compound that reportedly leads to increased
coke formation.'”"" Further, this pathway utilizes a pure BDO
reactant feed, requiring BDO isolation and purification from
aqueous solutions. This process is complicated by BDO’s high
boiling point (177 °C) relative to water and its high water
miscibility,'> making traditional separation methods such as
distillation prohibitively expensive due to the necessity of
vaporizing large water quantities. Additional separation
technologies such as membrane separation,"’ pervaporation,'*
and solvent extraction'*'® are currently being explored for
BDO isolation from fermentation broth, yet the current state
of technology must continue to overcome significant technical
and economic limitations to increase the industrial viability.

Another BDO separation technique is reactive separation via
dioxolane formation, avoiding aqueous-phase upgrading
concerns. BDO or another diol can be condensed with a
carbonyl-containing compound such as an aldehyde to
generate a highly hydrophobic dioxolane, which readily phase
separates from aqueous solutions. Dioxolanes can be formed
from a range of Eolyols (e.g., 2,3-butanediol, 1,2-propanediol,
ethylene glycol,'” propylene glycol,"® glycerol," 3,4-hexane-
diol, 4,5-octanediol®), yet dioxolanes generated from BDO
have been obtained at significantly higher yields relative to
shorter chain diols.'” Traditionally, dioxolanes and dioxanes
have been widely used for protecting functional groups such as
aldehydes or ketones to later recover via hydrolysis,”' yet
dioxolanes themselves have been explored for a wide variety of
uses including fungicides and herbicides,””** pharmaceuticals
and fragrances,”* polymers,”>*® Li-ion battery electrolytes,””**
or as a tailored organic solvent.”””’ Recently, dioxolanes have
also been investigated as renewably sourced fuel additives
which can increase a fuel’s cetane number and density while
decreasing its freezing point, viscosity, and soot formation.***
However, isolated dioxolanes could also be directly converted
into BDO- and aldehyde-derived molecules including methyl
ethyl ketone (MEK), 2-methylpropanal, the parent aldehyde,
and associated alcohols which can then be converted into Cs,
alkene mixtures.”

Here, we investigate this expanded application of dioxolane
compounds for isolating BDO from the fermentation broth
and subsequently generating C,, alkenes. Renewably sourced
C,, alkenes are key precursors for renewable fuel generation
from fermentation products and are the primary objective of

other alcohol conversion technologies including ethanol."”*
Dioxolanes are synthesized from BDO and a range of C,—Cg
aldehydes prior to converting them into C,, alkene mixtures.
Dioxolane conversion occurs over a bifunctional Cu/ZSM-S
catalyst previously identified for its catalytic functionality for
gas-phase BDO-to-alkene conversion, adding to a growing
literature on the development for bifunctional or multifunc-
tional catalysts for sustainable catalysis applications.”> ™’
Alkene product compositions are investigated as a function
of the reaction temperature and dioxolane composition, the
latter of which is controlled by the choice of aldehyde when
synthesizing the dioxolane. The wider scale application of
dioxolanes for renewable fuel generation is investigated using
aldehydes derived from renewable sources (e.g., acetaldehyde
from ethanol, furfural, MEK from BDO) to identify potential
advantages in the BDO-derived alkene formation process.

B RESULTS AND DISCUSSION

To recover BDO from aqueous-phase solutions, aldehydes
were introduced over Amberlyst-15 to BDO-rich aqueous
solutions (313 K, 6 h, 1.5:1 aldehyde:BDO molar equivalent,
>95% yield) to generate dioxolanes as previously published.’’
Scheme 1 depicts a generalized dioxolane formation reaction

Scheme 1. Proposed Reaction Pathway for Generalized
Dioxolane Formation via Condensation Reactions from
BDO and an Aldehyde®

“This reaction pathway is known to be catalyzed over Brgnsted acid
sites such as those found on Amberlyst-15 and is adapted from the
previous literature.®" In this work, R is either a H or a C,—Cg linear
alkyl chain, and R’ is either a H or ethyl group.

adapted from previous literature®’ where aldehyde-derived
dioxolanes are known to form over the Brgnsted acid sites of
Amberlyst-15 (5.1 mmol g~' H* density’®). While dioxolanes
can be formed directly from fermentation broth, aldehyde-rich
solutions were utilized here for the sake of simplicity. Table 1
lists the dioxolanes synthesized in this work and their
corresponding C,—Cg aldehyde parents. As the reaction
occurs, a separate organic phase forms containing only the
dioxolane and residual unreacted aldehyde. Once complete,
the organic solutions were decanted and used without
additional purification. Mass spectra (Supplementary Figure
S1) and NMR spectra (Figure S2) collected of the formed
organic phases indicate the presence of three distinct dioxolane
diastereomers as previously reported'”*" and corroborate gas
chromatography spectra obtained with a flame ionization
detector (GC-FID). Small concentrations of the parent
aldehyde are also observed with minimal water ugtakes due
to low dioxolane-water miscibilities (<40 mg L™").”"*” When
utilizing short carbon chain aldehydes such as acetaldehyde, a
postreaction water addition step is necessary to facilitate the
organic and aqueous phase separation. Overall, the formation
of dioxolanes from BDO and an aldehyde is a reactive
separation technique for removing BDO from aqueous
solutions to form a relatively pure reactant mixture.

https://doi.org/10.1021/acssuschemeng.4c01155
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Table 1. Dioxolane Reactants Synthesized and Investigated in This Work Were from the Reaction of BDO and Various

Aldehydes over Amberlyst-15

Dioxolane
Number IUPAC Name Aldehyde Reagent Chemical Structure
1 2,4,5-trimethyl-1,3-dioxolane Acetaldehyde
(¢]

)\ (¢]

2 4,5-dimethyl-2-propyl-1,3-dioxolane Butyraldehyde
o

g

3 4,5-dimethyl-2-(propan-3-yl)-1,3-dioxolane  Isobutyraldehyde /g\
o

W/k o

4 4,5-dimethyl-2-pentyl-1,3-dioxolane Hexaldehyde
[¢]

/\/\/I\o

5 4,5-dimethyl-2-(pentan-3-yl)-1,3-dioxolane  2-Ethylbutanal
o

/\(k o

6 4,5-dimethyl-2-heptyl-1,3-dioxolane Octaldehyde
(0]

Wo

7 2-(heptan-3-yl)-4,5-dimethyl-1,3-dioxolane  2-Ethylhexanal

To establish dioxolanes as effective BDO synthons, the
conversion of dioxolane to Cs, alkenes should be compared
with direct BDO conversion. Cu/ZSM-5 has been shown to be
an effective catalyst for BDO conversion to Cs, alkenes’ and
could also be useful for catalyzing dioxolane conversion to
similar products. Cu/ZSM-5 materials were synthesized by Cu
incorporation onto a commercial MFI zeolite (Si/Al = 140) via
ammonia deposition to generate high Cu loadings (~9—13 wt
%). Table 2 lists the key catalyst properties for Cu/ZSM-5 and

Table 2. Micropore Volumes, Elemental Compositions, and
Cu Dispersions of the Zeolite Materials Studied Here

Vs (N, Bronsted acid
77 K)* Al wt Cu site densit¥ Cu
sample (em®g™) %"  wt%” (10* mol g7)¢ dispersion®
Cu/ZSM-5 0.128 0.28 9.0 0.45 30.5%
ZSM-5 0.142 0.33 1.17
Cu/Si-MFI 0.115 n.d. 13.8 0.12 30.8%
Si-MFI 0.152 0.028

“N, volumes at the end of the micropore filling transition. “Measured
via ICP-OES. “Not determined. “Determined from NH; TPD
measurements assuming monomolecular NH; adsorption. “Deter-
mined from H, TPR experiments after N,O exposure.

the key control samples. Both XRD patterns (Figure S3) and
micropore volumes derived from N, adsorption isotherms (77
K, Figure S4) indicate that the MFI topology is maintained
throughout the synthesis process (Table 2). Notably, XRD
patterns do not show significant peaks for CuO, nanoparticles
(Figure S3C), indicating that CuO, nanoparticles are typically
small (<3 nm). Micropore volumes decrease after Cu
incorporation onto MFI supports (~10 and 30% for H-
ZSM-S and Si-MF], respectively), yet H-ZSM-S and Si-MFI
materials treated to the ammonia deposition conditions
without Cu show negligible micropore volume losses from

the basic treatment (pH 9, <10% micropore volume loss). This
indicates that some Cu species are occluded within the zeolitic
micropores or at the micropore openings, lowering the
micropore volume accessible to N,. This is expected for high
Cu loadings such as those present here (~9—13 wt %, Table
2).

Al Brgnsted acid site densities on Cu-free H-ZSM-5, Cu/
ZSM-5, and Cu/Si-MFI samples were evaluated using NH;
TPD and are listed in Table 2. Water fractionation
contributions to the m/z = 17 trace were accounted for on
all samples. The NH; TPD profile collected from H-ZSM-5
(Figure SS) displays a single peak centered at ~645 K
reflecting NH; desorption from Al Brensted acid sites.'”*'
Quantification of this peak assuming monomolecular NH;
adsorption indicates that 92% of total Al sites are Brénsted
acidic, matching previously published observations on similar
commercial samples.”” The NH; desorption profile of Cu/
ZSM-5 shows two peaks where with the higher temperature
desorption peak centered at ~560 and 700 K, reflecting NH,
desorption from Cu species and residual Brénsted acid sites,
respectively. Quantifying the higher temperature desorption
peak yields ~37% Brénsted acid sites per total Al content
where the decrease in NH; peak area is caused by Cu exchange
onto a subset of the Br@nsted acid sites which do not adsorb
NH; as strongly. Notably, not all of the Brénsted acid sites
have been exchanged by Cu ions. A similar desorption profile
is observed for Cu/Si-MFI with a much less pronounced
second peak centered at ~700 K, reflecting the ~10X lower Al
content between the Si-MFI and H-ZSM-S parent materials.
For the remaining Brgnsted acid sites on both Cu/ZSM-5 and
Cu/Si-MFI materials, the NH; desorption peaks shift to
significantly higher temperatures around 700 K. The ~55 K
shift in NH; desorption peak center between Brgnsted acid
sites on H-ZSM-§ and Cu/ZSM-S$ is not caused by interactions
with Cu cations which simply decrease high temperature NH;

https://doi.org/10.1021/acssuschemeng.4c01155
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Figure 1. Representative HAADF-STEM images (A,B) and nanoparticle distributions (C,D) measured on Cu/ZSM-S and Cu/Si-MFI zeolites.

Additional HAADF-STEM images are presented in Figure S6.

220 desorption peak areas™ but likely reflects an increased NH,
221 diffusion path length tortuosity out of the zeolitic micropores
222 with additional readsorption and desorption events.***
223 Changes in diffusion pathlengths could be caused by Cu
224 sites occluded within zeolitic voids and are evidenced by 10—
225 30% decreases in micropore volume after Cu incorporation
226 procedures.

227  Bulk Cu distributions were investigated by using HAADF-
228 STEM images and H, TPR comparisons from before and after
229 N,O titration. Figure 1 shows HAADF-STEM images of Cu/
230 ZSM-S and Cu/Si-MFI (Figure 1A,B, additional images in
231 Figure S6) and associated Cu nanoparticle size distributions
232 (Figure 1C,D). The presence of Cu nanoparticles greater than
233 3 nm in diameter is observed on both samples, and these
234 nanoparticles are too large to be occluded within the zeolitic
235 micropores of MFI (~0.55 nm diameter). Surface Cu
236 distributions were evaluated by quantifying MS peaks obtained
237 during H, TPR both before and after N,O exposure to the Cu-
238 loaded samples (Figure S7). Since N,O exposure has been
239 reported to oxidize only surface Cu species™ due to limited
240 OXygen migration into metallic Cu nanoparticles at 363 K, H,
241 TPR measurements taken before and after N,O exposure
242 correlate with total reducible Cu and only surface Cu sites on
243 Cu nanoparticles, respectively. H, TPR measurements indicate
244 that 31 and 30% of Cu sites on Cu/ZSM-S and Cu/Si-MFI
245 respectively are accessible to oxidation via N,O. Calculated Cu
246 dispersions then indicate average Cu nanoparticle diameters of
247 3.7 and 3.6 nm, respectively, further corroborating the bulk Cu
248 distribution measurements observed from HAADF-STEM
249 images despite the lack of XRD peaks reflecting larger CuO,
250 nanoparticles on either the Cu/ZSM-S or Cu/Si-MFI
251 materials. This could reflect differences in the CuO, nano-
252 particle sizes before and after reduction. Taken together, Cu
253 active site distributions reflect a range of mostly 2—10 nm

CuO, nanoparticles, with ~30% of Cu sites accessible on 254
nanoparticle surfaces as potential catalytically relevant active 2ss
sites. These materials were then studied for catalyzing the 256
dioxolane-to-alkenes reaction pathway. 257
Using 3 as a representative dioxolane reactant, Figure 2 258
depicts transient dioxolane conversion (473 K) and key 259
product yields over Cu/ZSM-5, Cu/Si-MFI, H-ZSM-S, and a 260
physical mixture of Cu/Si-MFI and HZSM-5, while Figure 3 26183
depicts the product distributions measured over these four 262
catalysts at ~3 h time-on-stream as representative product 263
distribution, allowing for easier comparison of product 264
compositions (see Figure S8 for more detailed product 26s
selectivity profiles). Cu/Si-MFI and H-ZSM-S were inves- 266
tigated as control samples to isolate the roles of Cu and Al, 267
respectively. A physical mixture of Cu/Si-MFI and H-ZSM-5 268
was also investigated for comparison with Cu/ZSM-5, where 269
the physical mixture maintains similar bulk Cu and Al active 270
site densities without potential proximal Cu and Al species. 271
Key products observed from dioxolane conversion include 272
MEK, isobutyraldehyde, butanol, butene isomers, and other 273
alkenes. Each catalyst exhibits transient deactivation, yet 274
dioxolane conversions are significantly and consistently the 275
highest over Cu/ZSM-5. Dioxolane conversions are negligible 276
over Cu-free Si-MFI (not shown) and Al-free Cu/Si-MFI 277
(Figure 2C) while Cu-free H-ZSM-S yields high initial 278
dioxolane conversions that rapidly deactivate (Figure 2D). 279
This indicates the catalytic significance of Al sites for the initial 280
step(s) of the dioxolane-to-alkenes pathway. 281
As seen in Figures 2D and 3, product distributions collected 282
over H-ZSM-S show MEK and isobutyraldehyde as the 283
primary two products from the conversion of 3 over H- 284
ZSM-S, indicating that the Al sites catalyze successive ether 285
cleavage reactions of the dioxolane S-member ring to return 2s6
the parent aldehyde and MEK, a BDO-derivative.**’ Ether 287

https://doi.org/10.1021/acssuschemeng.4c01155
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Figure 2. (A) Transient conversions of 3 over the catalysts investigated here and transient conversions and key product distributions measured over
(B) Cu/ZSM-5, (C) Cu/Si-MFL (D) H-ZSM-S, and (E) the physical mixture of Cu/Si-MFI and H-ZSM-S (S kPa dioxolane in 96 kPa H,, 473 K,
2.38 h™" w8 hly space velocity (WHSV) over Cu/ZSM-5, Cu/Si-MFI, and H-ZSM-S or 1.18 h™' over the physical mixture). The catalyst loading of
the physical mixture of Cu/Si-MFI and H-ZSM-$ aimed to match the Cu and Al loadings of Cu/ZSM-5.

288 cleavage is typically facilitated via protonation as the first
289 mechanistic step, so this reaction is then reasonably assignable

to Brénsted acidic Al sites, which can protonate a dioxolane 290
ether. The lack of dioxolane conversion over Cu/Si-MFI is due 291

https://do
ACS Sustain

i.org/10.1021/acssuschemeng.4c01155
able Chem. Eng. XXXX, XXX, XXX—XXX



292
293
294
298
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310

=

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg Research Article

10%

0% -

H-ZSM-5
H-ZSM-5

100%
Other
90% Isobutanol
H|sobutyraldehyde
80% - .
’ MEK
< 70% . M Butenes
Q2
< 60% -
k=)
g 50%
k3]
S 40%
°
o
S
o 30% A
20%
w0
=
2]
N
=
O

Cu/Si-MFI
Cu/Si-MFI +

Figure 3. Product distributions from 3 conversion over Cu/ZSM-§,
Cu/Si-MFI, and H-ZSM-S and the physical mixture of Cu/Si-MFI
and H-ZSM-S taken at 3 h time-on-stream (S kPa dioxolane in 96 kPa
H,, 473 K, 2.38 h™" WHSV over Cu/ZSM-5, Cu/Si-MFI, and H-
ZSM-5 or 1.18 h™' over the physical mixture). Residual product
distribution percentages reflect remaining dioxolane reactant at sub-
100% conversion. Errors in product distributions are 12% under these
conditions. The “Other” category combines C;—Cg alkenes with trace
butane, ethylene, propene, and propane.

to a lack of ether protonation reactivity by Cu sites or other
surface species, such as silanols, under these reaction
conditions. The lack of acetoin or BDO in the product stream
indicates that successive ether cleavage steps effectively
separate the oxygen atoms between the two formed product
molecules. Interestingly, isobutyraldehyde and MEK formed
over H-ZSM-S are observed in a ~2:1 molar ratio favoring
isobutyraldehyde rather than the 1:1 ratio expected for cleanly
separating the dioxolane at both ether groups. This
phenomenon has been previously observed,* yet an in-depth
mechanistic analysis is beyond the scope of this work. Here,
the presence of Brénsted acid sites such as those present on H-
ZSM-S is critical for catalyzing the initial ether cleavage steps
of the dioxolane conversion reaction pathway.

When 3 is converted over Cu/ZSM-$ containing both Cu
and Al sites, the product stream contains MEK and
isobutyraldehyde along with butanol and butene isomers as
substantial products (Figure 3). Since MEK and isobutyr-
aldehyde result from ether cleavage reactions over Al Brénsted

acid sites, butanol isomers (e.g, isobutanol, 2-butanol) reflect 311
the hydrogenation of either isobutyraldehyde or MEK, 312
respectively. Cu sites are well-known for their aldehyde 313
hydrogenation reactivity under similar reaction conditions 314
with decreased alkene hydrogenation reactivity.**™>° Butene 315
isomers can then be formed from the dehydration of butanol, 316
where Brénsted acid sites are well-known for catalyzing 317
dehydration reactions. This proposed mechanism for the 318
formation of alkenes from dioxolanes is shown in Scheme 2 319
using 3 as a representative dioxolane. Scheme 2 can be readily 320
extended to additional dioxolanes studied here. 321

Notably, dioxolane conversion is significantly higher over 322
Cu/ZSM-5 than over Cu-free H-ZSM-§ with higher MEK and 323
isobutyraldehyde partial pressures. Since Cu sites alone do not 324
catalyze the initial ether cleavage steps, higher dioxolane 325
conversion over Cu/ZSM-§ can reflect one of two phenomena: 326
the formation of Cu-exchanged Al Brgnsted acid sites that 327
catalyze dioxolane cleavage with greater reactivity than 323
Brénsted acid sites alone or the removal of intermediates 329
such as MEK or isobutyraldehyde, which potentially 330
competitively adsorb onto Brénsted acid sites and decrease 331
the number of ether cleavage active sites. The first proposed 332
explanation was investigated using a physical mixture of Cu/Si- 333
MFI and H-ZSM-S5 where the Cu and Al active sites are 334
separated in space. As seen in Figure 3, product distributions 335
measured over the physical mixture and over Cu/ZSM-5 are 336
quite similar, and the physical mixture possesses higher 337
dioxolane conversion reactivity than H-ZSM-5 alone with an 338
overall dioxolane conversion closer to that observed over Cu/ 339
ZSM-$ (see Figure S9 for a direct comparison of the transient 340
behavior of Cu/ZSM-S and the physical mixture). Further, the 341
physical mixture largely resists the rapid deactivation observed 342
over H-ZSM-S. These physical mixture results indicate that the 343
Cu and Al sites do not require close proximity to catalyze their 344
respective reactions within the dioxolane-to-alkenes pathway 34s
and circumstantially suggest the necessity of hydrogenation 346
sites to convert intermediate species that competitively adsorb 347
onto Al Brénsted acid sites, maintaining higher ether cleavage 343
rates as a function of time. 349

Overall, the product distributions and yields presented in 3s0
Figures 2 and 3 indicate the catalytic relevance of both Al and 351
Cu sites for facilitating the cascading dioxolane-to-alkene 3s2
reaction network proposed in Scheme 2. Dioxolane conversion 3s3
appears to undergo multiple ether cleavage steps to cleave the 3s4
dioxolane at the oxygens to form MEK and the parent 3ss
aldehyde followed by carbonyl hydrogenation to form alcohols 3s6
and dehydration to form alkenes. This proposed mechanism is 357
similar to those proposed over other catalysts for dioxolane 3ss
conversion®>" and is in alignment with previous mechanisms 359
for dioxolane formation.”*> Cu/ZSM-S contains all relevant 360

—

Scheme 2. Proposed Reaction Pathway for Dioxolane Conversion into Alkenes Using 3 As an Example”

PSS
& P

AN
/N

“3 is derived from isobutyraldehyde and BDO. Reaction steps include ether cleavage, hydrogenation, and dehydration to yield a butene-rich alkene

product mixture.

https://doi.org/10.1021/acssuschemeng.4c01155
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Figure 4. Grouped (A) and detailed (B) product distributions derived from the conversion of BDO, 2, and 3 over Cu/ZSM-$ at 523 K (0.375 cm®
s™ H,, 0.8—1.0 h™! WHSV, ~0.005 mol (g catalyst)™ h™"). Errors in product distributions are 12% under these conditions. The “Other” category

in (A) combines trace butanol and butane.

active sites for facilitating the entire reaction pathway just as it
has for direct BDO conversion.”

Since Cu/ZSM-S has been demonstrated as an effective
catalyst for the conversion of both BDO and dioxolanes to
alkenes, a direct comparison can be made between the two
reactants, where the latter reactant is derived from BDO and
could represent a better process for BDO conversion into Cj,
alkenes. Figure 4 shows measured product distributions
derived from the thermocatalytic conversion of BDO and
dioxolanes 2 and 3 derived from BDO and either
butyraldehyde or isobutyraldehyde respectively over Cu/
ZSM-S using consistent operating conditions (523 K, 0.8—
1.0 h™" WHSV). Reactant flow rates were controlled to
maintain a constant molar flow rate over the Cu/ZSM-S
catalyst and therefore a constant reactor residence time. The
simplest BDO-to-alkenes reaction network combines two
dehydration steps and a single hydrogenation step to form
butene’ while the dioxolane-to-alkenes reaction network
proposed in Scheme 2 combines two ether cleavage steps,
two hydrogenation steps, and two dehydration steps to yield
two moles of butene with one molar equivalent ultimately
derived from BDO. Thus, at a fixed reactant molar flow rate for
BDO and the two dioxolanes, dioxolane conversion requires
additional steps, can generate more potential intermediates,

s and handles twice the total carbon amount over the same Cu/

ZSM-S catalyst loading and corresponding active site
concentrations. A lower total alkene yield would then be
understandable, given the increased complexity of dioxolane
conversion relative to BDO; however, alkene yields are higher
for dioxolane conversion than for pure BDO (96% vs 89%
yield, 100% conversion, 523 K).

Figure 4A combines all C,, alkenes together since the
formation of these compounds is the primary goal for eventual
fuel generation, and Figure 4B depicts the more detailed alkene
distributions. BDO, 2, and 3 are all completely converted at
this temperature and space velocity, and minimal differences
are observed between the product distributions derived from
the three reactants. Indeed, product distributions derived from
both 2 and 3 show increased selectivity toward C,, alkenes

(95+%) over direct BDO conversion (89%). This indicates
that dioxolane conversion pathways are not only equivalent to
BDO conversion but also can outcompete direct BDO
conversion for the formation of desired alkene products. The
presence of longer carbon chain alkenes in these product
distributions indicates various metathesis or oligomerization
and cracking reactions previously observed with BDO-to-
alkenes formation,” yet bulk C,, alkene distributions remain
butene-rich (35—41%, Figure 4B) as expected from the C,
chain lengths of BDO and BDO- and aldehyde-derivatives
from 2 and 3 conversions. Small amounts (<3%) of MEK and
the parent aldehyde indicate incomplete hydrogenation over
the Cu/ZSM-S catalyst which would further increase the
butene yield if these species were hydrogenated and
dehydrated, allowing for additional optimization of reaction
conditions or catalytic active sites on Cu/ZSM-S. However,
this Cu/ZSM-S catalyst can catalyze the conversion of both
BDO and dioxolane reactants, notably converting both the
BDO and aldehyde components of the dioxolane into butene
isomers.

Upon identification of Cu/ZSM-5 as a useful catalyst for
dioxolane conversion, a larger range of dioxolanes were
investigated for alkene formation at various reaction temper-
atures. Figure 5 shows high conversion product distributions
(473—523 K, ~5 kPa dioxolane in balance H,) derived from
the conversion of the range of dioxolane compounds shown in
Table 1. In general, each product distribution primarily
consists of C;, alkenes including C,, alkenes coupled together
under the nonene label, C,—C; alkanes, MEK and butanol
isomers as BDO derivatives, and aldehydes and alcohols with
carbon chains matching the parent aldehyde used for dioxolane
formation (labeled “Other Aldehyde” and “Other Alcohol,”
respectively; see Figures S10 and SI1 for more detailed
product distributions and selectivity figures). As an example,
the other aldehydes and alcohols from the conversion of 7 are
2-ethylhexanal and 2-ethylhexanol, respectively. This labeling
scheme allows for a ready comparison of aldehyde and alcohol
yields derived from the aldehyde-derived dioxolane compo-
nent. Trace side products include diethyl ether, butane, and

https://doi.org/10.1021/acssuschemeng.4c01155
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rate. Residual product distribution percentages reflect remaining dioxolane reactant at sub-100% conversion. Errors in product distributions are
12% under these conditions. The “Other” category combines butane and diethyl ether.

439 acetone which are labeled as “Other.” Furthermore, despite
440 each dioxolane feed containing a mixture of all three
441 stereoisomers, limited reactivity differences are observed
442 between the various isomers under these conditions.

443 Interestingly, dioxolanes derived from branched aldehydes
444 (e.g, isobutyraldehyde, 2-ethylbutanal, and 2-ethylhexanal)
44s have higher conversions than dioxolanes derived from linear
446 aldehydes. Despite conversion differences, observed product
447 distributions collected at 473 K primarily show two product
448 groupings: one comprised of C, compounds, and another
449 comprised compounds matching the carbon chain length of
450 the parent aldehyde utilized for dioxolane formation (Figure
451 SA). The molar ratio between C, compounds and the
452 associated carbon length of the parent aldehyde are given in
453 Table 3 at 273 and 498 K. For the conversion of 1, the
454 dioxolane derived from the reaction of BDO and acetaldehyde,
4ss product distributions depict butene isomers and MEK as well
456 as ethanol (“Other Alcohol”), ethylene, and acetaldehyde

-

Table 3. Molar Ratios of Dioxolane Conversion Products
over Cu/ZSM-$ as a Function of the Temperature”

C,/ C,/
aldehyde Cy Cldehyde Ciidehyde Cildehyde
dioxolane carbon selectivity  selectivity molar molar
number  chain length (%)? (%)? ratio” ratio®
1 2 58.8 27.8 10 0.9
2 4 89.2
3 4 91.6
4 6 22.3 71.7 0.5 0.7
S 6 353 59.0 0.9 14
6 8 34.0 §5.5 12 14
7 8 27.6 55.5 1.0 1.1

“Cy and Cygenyqe selectivity values couple together all products of
those carbon chain lengths. ®Derived from product distributions
measured at 473 K. “Derived from product distributions measured at
498 K.

H https://doi.org/10.1021/acssuschemeng.4c01155
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Cg oxygenates.

(“Other Aldehyde) as the two primary product groupings. 2
and 3 derived from BDO and butyraldehyde or isobutyr-
aldehyde, respectively, primarily yield product distributions
that highly favor butene isomers and MEK while 6 and 7
derived from BDO and octanal or 2-ethylhexanal respectively
yield significant amounts of both C, (e.g, butene isomers,
MEK) and Cg compounds (e.g., octene, octanal, and octanol
isomers). The presence of aldehydes and alcohols of various
carbon chain lengths as well as MEK at 473 K reflects
insufficient hydrogenation and dehydration rates to form the
associated alkenes (Scheme 2). Increasing the temperature to
498 K increases the overall conversions above 90% for all
studied dioxolanes (Fig. SB). Relative aldehyde or alcohol
yields decrease in favor of increased alkene yields, indicating
increased hydrogenation and dehydration reactivity. The
carbon chain lengths of the alkene mixtures maintain increased
selectivity towards butene and alkenes matching the carbon
chain length of the parent aldehyde, indicating minimal
metathesis and various oligomerization and cracking reactions
of formed alkenes.

The reaction temperature could be further increased to
hypothetically drive hydrogenation and dehydration rates
toward completion and maximize C,, alkene formation. At
523 K (Figure SC), the temperature previously investigated for
pure BDO conversion over Cu/ZSM-5,” complete dioxolane
conversion is observed for nearly all dioxolanes with combined
C,, alkene yields that are often above 85%. While alkene
compositions span a range of carbon chain lengths from ethene
to nonenes and longer, product distributions look similar
within error regardless of selected dioxolane reactant (Figures
S10 and S11). This indicates a redistribution of carbon chain
lengths between the aldehyde and BDO components to a
seemingly “equilibrated” mixture of alkenes regardless of each
dioxolane’s initial side chain length or configuration, reflecting
a series of metathesis and oligomerization or cracking reactions
that reconfigure carbon chain lengths. Additionally, alkanes
ranging from methane to butane were observed at low but
detectable partial pressures (<2%), indicating the onset of

undesirable alkene hydrogenation. These side reactions
become significantly more pronounced at elevated reaction
temperatures (523 vs 473—498 K), trading higher conversions
for selectivity toward less desired final products. While alkane
generation is highly undesirable due to their limited chemical
reactivity relative to alkenes, the mixed alkene product
distributions derived from metathesis and/or oligomerization
and cracking reactions are still suitable for bulk oligomerization

for aviation fuel generation. Traditional oligomerization s
reactors are accustomed to processing mixed alkene distribu- s

tions, yet product distributions targeting specific alkene lengths
could be surmised using the dioxolane conversion pathway.

While lower reaction temperatures yield more controllable :
alkene compositions, overall dioxolane conversion and hydro- s

genation and dehydration rates increase with increasing
temperature. This can be more clearly observed in Figure 6

which depicts product yields as a function of temperature :
derived from the conversion of 2 over Cu/ZSM-5 (see Figures :

S12—S14 for product distributions and selectivities derived
from 1, 3, and 7 as a function of temperature). Below 473 K,
the conversion of 2 drops to ~50% due to substantially
decreased ether cleavage rates, and the observed product
distribution yields primarily C, compounds, including butene
isomers, MEK, and butanol isomers. Complete conversion is
observed at and above 473 K with 85+% selectivity toward
butene isomers at 473 and 498 K. Residual MEK reflects
incomplete hydrogenation, yet minimal shorter or longer
carbon chain alkenes indicate negligible rates of metathesis,
isomerization, oligomerization, and cracking. As the temper-
ature is increased further, Cs, alkene selectivities remain high,
yet short-chain alkenes (e.g, ethylene and propene) and their
hydrogenated alkane equivalents become increasingly present,
generating undesirable products while consuming additional
hydrogen gas. Additionally, Cs, alkene distributions shift from
primarily butene isomers to a wide range of alkenes. Taken
together, this suggests an optimal temperature range of 498—
523 K for maximizing dioxolane conversion without minimiz-
ing undesirable side reactions that form shorter carbon chain

https://doi.org/10.1021/acssuschemeng.4c01155
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Figure 7. (A) Transient product distributions and (B) product selectivity from the conversion of 3 over Cu/ZSM-S (~5% dioxolane in H,, 473 K,

0.8 h™" WHSV). Errors are 12% under these conditions.

alkenes or fully hydrogenated alkanes. This optimal temper-
ature range holds for dioxolanes derived from other aldehydes
(Figures S12—S14).

Another key aspect for assessing the viability of the proposed
BDO-to-dioxolane-to-alkenes process is the stability of the Cu/
ZSM-S catalyst. While the high conversion product distribu-
tions shown in Figures S and 6 reflect the full dioxolane
conversion reaction network at discrete times-on-stream,
Figures 7 and 8 probe catalyst stability at both high and low
steady-state conversions, respectively. Figure 7 depicts the high
conversion catalytic stability of Cu/ZSM-$ at 473 K using 3 as
a representative dioxolane reactant. These high conversion
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B Butyraldehyde
90% @ |sobutyraldehyde
m MEK
80% i
M 2-Butanol
. 10% --: m 3, Cu/ZSM-5
x ®3,H-ZSM-5
S 60% 1T
- [
2 50% 15 =
& %
Z 40% o
[<]
o n
e 30% =
- n
o
20% L
o
10% !..A: . n [ ]
- g o U &5 o "y
m | )
0% T T - T L_. 1
0 5 10 15 20 25

Time-on-Stream

(h)

Figure 8. Transient conversion of butyraldehyde, isobutyraldehyde,
MEK, 2-butanol, and 3 over Cu/ZSM-5 (498 K, ~5 kPa reactant in
H,, 11.9 h™" WHSYV). The conversion of 3 over H-ZSM-5 (2.4 h™
WHSV) is included for comparison. Detailed transient product
distributions from each reactant are shown in Figure S15.

conditions were used to investigate changes throughout the
cascading dioxolane-to-alkene reaction network in the presence
of the full range of intermediates and products that would be
present under industrially relevant conditions. Transient

product distribution differences can be evaluated to :
qualitatively investigate changes in the multiple reaction ss

steps and associated active sites. Product distributions
collected at initial times indicate high selectivity toward butene
isomers (~65%), some alkenes with both longer and shorter
carbon chain lengths than butene, and small amounts of MEK.
Negligible alkane formation was detected.

After initial catalyst degreening (~2—3 h), butene selectivity
is maximized at ~83% alongside decreased selectivity toward
other alkene products, indicating the mitigation of metathesis
or related reaction steps due to the deactivation of those active

sites. This deactivation could be caused by either coke :

formation or competitive adsorption of other intermediates
or products. At longer TOS, butene selectivity slowly begins to
decrease, while MEK selectivity increases stoichiometrically,
indicating decreased hydrogenation or dehydration reactivity

required for MEK conversion into butene. Similarly, butanol s

selectivity begins to increase at longer TOS primarily in the
form of isobutyraldehyde alongside low amounts of isobutyr-
aldehyde. This indicates an incremental decrease in the
dehydration reactivity of isobutanol to isobutene, which

could reflect the deactivation of the Al Brgnsted acid sites :
responsible for dehydration. The isobutanol/isobutyraldehyde :

components are primarily derived from the parent isobutyr-
aldehyde utilized for initial 3 formation and favor the reduced
product of isobutanol while MEK and trace 2-butanol are
derived from BDO with MEK as the more energetically

favorable product. Therefore, the deactivation phenomena :

associated with downstream steps of the cascading dioxolane-
to-alkene reaction network cannot be easily attributed to one
specific set of active sites or reaction intermediates.

To further probe potential catalyst deactivation mechanisms,

MEK, 2-butanol, and butyraldehyde were independently :

converted over Cu/ZSM-S (498 K) with overall conversion
as a function of time plotted in Figure 8 (see Supplementary
Figure S15 for transient product distributions derived from

https://doi.org/10.1021/acssuschemeng.4c01155
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sss each reactant). Figure 8 also depicts the deactivation profiles
s86 for the conversion of 3 over Cu/ZSM-S and H-ZSM-5 for a
sg7 direct comparison. Catalyst masses were decreased from
ss8 previous high conversion measurements to observe deactiva-
s89 tion phenomena more directly, and a consistent molar flow of
so0 the liquid reactants was maintained across all experiments.
so1 Reactions were performed at 498 K as this temperature reflects
592 the maximum butene selectivity (Figure S) without the alkene
593 carbon chain scattering observed at higher reaction temper-
s94 atures. Products formed from each of these reactants reflect the
595 reaction network proposed in Scheme 2 (ie., alkenes and 1-
596 butanol from butyraldehyde, alkenes alone from 2-butanol,
597 etc.).

so8  The conversion of butyraldehyde is nearly 100% at early
599 TOS yet deactivates quickly. Butyraldehyde conversion
600 primarily forms butene isomers at initial times, yet alkene
601 formation quickly deactivates in favor of near-100% selectivity
602 to 1-butanol, indicating decreased dehydration rates with TOS
603 likely from the loss of dehydration sites. Steady-state
604 butyraldehyde conversion levels out around 10% under these
605 conditions. In contrast, isobutyraldehyde conversion remains
606 low yet consistent (~10%) across the 25 h reaction and does
607 not see significant deactivation, matching the steady state
608 butyraldehyde conversion. Transient MEK conversion mirrors
609 isobutyraldehyde, remaining low yet fairly steady; lower MEK
610 hydrogenation rates than isobutyraldehyde or butyraldehyde
611 explain the presence of residual MEK in dioxolane conversion
612 product distributions (Figures S and 6). At these temperatures,
613 catalyst loadings could not be reasonably lowered enough to
614 drop 2-butanol conversions below 100%, yet the formed
615 products shift from an alkene mixture toward ~95% butene
616 selectivity (Figure S1SD). This high dehydration reactivity of
617 2-butanol and the lack of isobutanol observed in the
618 conversion of isobutyraldehyde contrasts the 1-butanol
619 dehydration behavior seen during butyraldehyde conversion.
620 MEK and isobutyraldehyde are either fully converted to butene
621 or other alkenes or remain unreacted while butyraldehyde
622 rapidly hydrogenates. This behavior is generalizable for linear
623 aldehydes studied in Figure SB: product distributions collected
624 at 498 K from the conversion of 4 and 6 have higher alcohol
625 yields than those of dioxolanes formed from branched
626 aldehydes.

627 The transient conversions of key intermediate species can be
628 directly compared with the conversion of 3 over Cu/ZSM-5.
629 Deactivation is slower for the total dioxolane conversion, and
630 the observed product distributions favor MEK and isobutyr-
631 aldehyde over alkenes or butanol. Here, catalyst deactivation
632 reflects decreasing ether cleavage rates with deactivation rates
633 that are ~5X lower over Cu/ZSM-5 than over H-ZSM-5
634 (Figure 8). Since the physical mixture experiments shown in
63s Figure 2 indicate minimal Cu exchange onto Al Brgnsted acid
636 sites, this increased deactivation over H-ZSM-S is likely caused
637 by competitive adsorption of intermediate species onto Al
638 Brénsted acid sites. Notably, competitive adsorption onto each
639 set of active sites is dependent on the partial pressures of each
640 reactant, intermediate, and product such that the deactivation
641 observed from feeding key intermediates does not directly map
642 onto high conversion measurements or measurements
643 sampling the full dioxolane conversion reaction network.
644 These competitively adsorbing species are reacted off via
645 hydrogenation when Cu is present, leading to Sx greater
646 catalyst stability over Cu/ZSM-S relative to H-ZSM-S.
647 Therefore, controlling hydrogenation rates of MEK, isobutyr-
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aldehyde, and other aldehydes will be critical for the 64s
commercial application of the dioxolane-mediated BDO-to- 649
alkenes process investigated here. 650
To further investigate the role of competitive adsorption on 651
observed catalyst deactivation, a stripping experiment was 652
performed over H-ZSM-5 after the catalyst was allowed to 6s3
deactivate. Stripping experiments investigate the removal of 654
reversibly adsorbed compounds under reaction conditions but 6ss
without introducing a new reactant. Figure 9 shows transient 656 £
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Figure 9. Transient conversion of 3 over H-ZSM-S (473 K, ~5 kPa
reactant in Hy, 2.4 h™ WHSV). The gap from ~16 to 22 h reflects the
stripping period where no additional liquid reactant was introduced to
the reactor and formed products and intermediates are desorbed.

dioxolane 3 conversion and key product yields at 473 K over 657
H-ZSM-S where the catalyst was first allowed to deactivate for sss
~16 h time-on-stream. The dioxolane reactant flow was then 659
shut off for ~6 h, while a constant H, flow was maintained at 660
the reaction temperature, allowing for the reaction of adsorbed 661
dioxolane species and bulk desorption of bound species. GC- 662
FID spectra show the rapid disappearance of dioxolane 663
reactant peaks followed by a slower decrease and eventual 664
disappearance of dioxolane ether cleavage products including 66s
MEK and isobutanal. Once the product peaks had disappeared, 666
the surface and associated catalytic active sites were assumed to 667
be clean of adsorbed intermediates, and the syringe pump was 668
restarted for additional data collection. Notably, both the 669
overall dioxolane conversion and respective isobutyraldehyde 670
and MEK vyields are nearly fully recovered (within 10% of the 671
initial reactivities) after the desorption period. Therefore, the 672
observed deactivation is largely reversible without oxidation or 673
another regenerative procedure, indicating that Brénsted acid 674
site deactivation is not caused by coke or titration and instead 675
is caused by the competitive adsorption of intermediates. 676
Comparing this deactivation profile with the conversion of 3 677
over Cu/ZSM-S (Figure 2) indicates mitigated deactivation 678
when Cu species are present. Within this reaction network, this 679
mitigation likely reflects the hydrogenation of MEK and the 6o
aldehyde over Cu sites and thus decreased chemical potentials 681
and associated coverages of these oxygenates onto the 6s2
Brénsted acid sites. Further catalyst deactivation studies will 683
be investigated in the future to improve the catalyst stability for 6s4
commercial applications. 685
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Bl CONCLUSIONS

We have investigated the use of dioxolane synthons for a BDO-
to-alkenes reaction pathway pointed toward the generation of
aviation fuels. Dioxolanes can recover BDO from aqueous
media via reactive separation that avoids critical barriers for
BDO separation and purification and can then be converted
into Cj, alkene mixtures over Cu/ZSM-S at greater yields
(>95%, 523 K) than those measured from direct BDO
conversion. These BDO-derived dioxolanes can be synthesized
with >90% yield utilizing a wide range of aldehydes, increasing
process versatility with renewable aldehyde availability and
affordability. Dioxolane conversion over Cu/ZSM-5 proceeds
via two ether cleavage steps over Al Brénsted acid sites to form
MEK and the parent aldehyde, hydrogenation of MEK and the
aldehyde into alcohols over Cu sites, and dehydration of the
alcohols into alkene mixtures over Al Brgnsted acid sites. At
reaction temperatures below 523 K, the carbon chain lengths
of both BDO and the parent aldehyde can be maintained in the
product distributions as either alkenes or aldehydes and
alcohols, allowing for controlling the final alkene composition
without necessarily sacrificing overall dioxolane conversion.
Higher temperatures allow for metathesis, oligomerization and
cracking, and alkene hydrogenation steps over Cu/ZSM-$ that
can shuffle alkene chain lengths and form shorter alkenes and
alkanes, limiting the Cs, alkene yields useful for downstream
oligomerization and hydrotreating to generate sustainable
aviation fuel. Catalyst deactivation occurs for each step of the
cascading reaction network, yet deactivation can be minimized
at 498 K by processing the entire dioxolane-to-alkene reaction
network simultaneously, indicating complex competitive
adsorption effects from various intermediates formed along
the way.

Opverall, the use of dioxolanes as BDO synthons avoids
critical barriers for BDO utilization as a renewable fuel
feedstock and can increase overall C;, alkene yields using a
simple Cu/ZSM-5 synthetic procedure and commercially
available catalyst supports. However, this dioxolane formation
and conversion process typically consumes the aldehyde under
the reaction conditions investigated in this work and therefore
would require a low-cost aldehyde to be consistently fed into
the dioxolane formation reactor. This aldehyde would likely be
derived from petroleum until either a sufficiently inexpensive
and renewably sourced aldehyde was generated at a
commercial scale or the dioxolane conversion reactor could
be tailored to recapture aldehydes after dioxolane cleavage
steps. Future work will investigate process improvements that
can facilitate aldehyde recovery and recycling to minimize
aldehyde losses and improve technoeconomic and life-cycle
assessments.

B EXPERIMENTAL METHODS

Dioxolane Syntheses and Characterization. Dioxolane
compounds were synthesized from BDO and an aldehyde by adapting
a previously published method.*’ Typically, 18 g of BDO was added
to 1.7 g of Amberlyst-15 (Sigma-Aldrich, 216380, 5.1 mmol g~! H*
density’®) in a Teflon-lined stainless-steel autoclave (45 cm?, Parr
Instruments) followed by the desired aldehyde. The mass of the
aldehyde was adjusted to maintain a 1.5:1 aldehyde:BDO molar ratio.
The autoclave was then sealed and heated to 313 K for 6 h while
rotating (30 rpm) in an isothermal oven (VWR 1350FM oven) prior
to being cooled to room temperature. The resulting mixture was left
for 0.25 h to settle into distinct organic and aqueous phases above
solid Amberlyst-15. For dioxolanes synthesized using acetaldehyde, an
apparent phase separation between the liquid solutions was not

observed until after a small amount of water (5—10 mL, 18.2 MQ)
was added. The organic layer was decanted and used without
additional purification. BDO recovery exceeds 95% under these
conditions which is consistent with previous reports.”'

Dioxolane purity was assessed via NMR and gas chromatography—
mass spectrometry (GC—MS). 'H and C NMR spectra were
collected on a Bruker Avance AV400 MHz spectrometer at ambient
temperature in CDCl. 'H (400 MHz) and *C (101 MHz) spectra
were referenced relative to tetramethylsilane, and chemical shifts were
recorded in parts per million (ppm). GC—MS measurements were
obtained on an Agilent 5975C GC—MS.

Catalyst Synthesis. Cu/ZSM-5 materials were synthesized via
ammonia deposition using a previously reported procedure.’>**
Commercial MFI (Zeolyst CBV28014, Si/Al = 140) was thermally
treated in air (250 cm® min™" (g solids)~", Airgas, Ultra Zero grade)
to 823 K (5§ K min™") for 6 h to remove any adsorbed species. The
recovered solids provide support for Cu incorporation via liquid-phase

ammonia deposition. In a typical deposition experiment, 0.76 g of 766
Cu(NO3),-3H,0 (Sigma-Aldrich, 99—104%) was added to 4 g of 767

water (18.2 MQ). Aqueous NH,OH solution (Acros Organics, 25%)
was added dropwise to the Cu-containing solution until a pH of 9.0—
9.1 was achieved (Fisher Scientific, AE150). Water was then added to
the solution to achieve 8 cm® of total liquid prior to the addition of 1
g of the calcined MFI and a stir bar. The mixture was then stirred for
4 h at room temperature, followed by heating to 353 K in an oil bath
for 2 h while stirring prior to cooling back to room temperature. The
resulting solids were washed with water (15 cm® (g catalyst)™),
centrifuged, and decanted three times prior to drying overnight at 373
K. The solids were then thermally treated in air (1000 cm® min™") at
2 Kmin™! to 373 K, held for 0.5 h, heated further at 5 K min™! to 823
K, held for 4 h, and then cooled back to room temperature. The
resulting solids comprise the Cu/ZSM-5 catalyst material utilized
here.

Catalyst Characterization. Powder X-ray diffraction (XRD)
patterns were measured by using a PANalytical X'Pert Pro MPD
equipped with an X'Celerator solid-state detector. Measurements
range from 4° to 80° (26) with a scan rate of 0.03° s™' and a 0.017°
step size. N, adsorption isotherms (77 K) were measured using a
Quantachrome Autosorb iQ. ~ 0.03 g of pelletized and sieved sample
(125—180 pm) was loaded into the instrument and degassed under
vacuum (<0.002 Torr) first at 393 K (0.0833 K s™*) for 1 h and then
at 623 K (0.0833 K s™*) for 6 h prior to adsorption experiments.
Micropore volumes were quantified from a semilog derivative (6( V4
g1)/6(log(P/P,) vs log (P/P,)) analysis of N, adsorption isotherms.
Bulk Cu and Al densities of zeolite samples were measured at
Galbraith Laboratories, Inc., using inductively coupled plasma atomic
emission spectroscopy (ICP-AES).

High-resolution (HR) scanning transmission electron microscopy
(STEM) imaging was performed on an aberration-corrected JEOL
JEM-ARM200F NEOARM TEM/STEM operated at 200 kV with a
cold field emission gun (Cold-FEG), a next-generation Cs probe
corrector (ASCOR) and energy dispersive X-ray spectroscopy (EDS)
system with dual JEOL 100 mm? silicon-drift detectors (SDD) for
chemical analysis. High-resolution analysis was performed with a
nominal beam current of ~25 pA and an associated nominal
resolution of 0.7 A. For STEM analysis, the catalysts were drop-cast
onto Carbon Coated 200 Mesh Gold Grids 3 mm grids (SPI Supplies
part no. 3820GH-CF) from isopropanol suspensions.

N,O temperature-programmed reduction (TPR) measurements
were performed on an Altiamira AMI-300 instrument system
equipped with an OmniStar GSD-301 (Pfeiffer Vacuum) online
quadrupole mass spectrometer (MS) using an adaptation of a
previously published method.***® ~0.03 g of sample (125—180 ym)
was loaded between quartz wool plugs in a U-tube reactor. Samples
were thermally oxidized in 5% O, in Ar (50 cm® min™!, Airgas) by
heating to 823 K (5 K min™"), holding for 1 h, and cooling to 323 K
until the temperature was stabilized (~0.25 h). H, was introduced to
the sample (4% H, in Ar, 50 cm® min~', Airgas) for 1 h prior to
measuring the first H, TPR. While measuring H, consumption using
online MS, the sample was heated to 673 K (5 K min™"), held for 0.25
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h, and then cooled to 363 K. Once cooled, the sample was flushed
with 50 cm® min™" of Ar (Airgas, Ultra High Purity) for 1 h prior to
feeding 5% N,O in He (50 cm® min™", Airgas) for 1.5 h. This has
been reported to selectively oxidize surface Cu within CuO,
nanoparticles due to limited oxygen diffusion into metallic Cu
nanoparticles.46 The sample was then flushed with 50 cm min™" Ar for
0.25 h to remove residual physisorbed N,O prior to cooling to 323 K
and holding for 0.5 h for the second H, TPR. 50 cm® min™"
concentration of 4% H, in Ar was introduced over the sample
while measuring H, consumption. The sample was heated to 673 K (S
K min™"), held for 0.25 h, and cooled back to room temperature.
Transient MS was integrated for both H, TPR measurements to

compare bulk H, consumption quantities from Cu reduction using
56

the following previously published empirical relationship.
3.32
dys = dCu*—l_zg,
(2* Clurface )
Cugonal (1)

Here, dyg is the volume-surface mean diameter of the Cu
nanoparticles, dc, is the atomic diameter of Cu, Cuy,, is the total
number of reducible Cu atoms measured by the first H, TPR, and
Cugygace is the amount of surface Cu atoms measured by the second
H, TPR.

NHj; temperature-programmed desorption (NH; TPD) measure-
ments were performed on an Altiamira AMI-300 instrument system
equipped with an OmniStar GSD-301 (Pfeiffer Vacuum) online
quadrupole mass spectrometer (MS) following a previously reported
procedure for measuring Brénsted acid site densities on Al-containing
MFI catalysts.”! ~0.05 g of sample (125—180 pm) was loaded
similarly to the N;O TPR measurements. Samples were held in 10
em® min™' of H, (Airgas, Ultra High Purity) in 50 cm® min™ Ar for
0.25 h, heated to 573 K (5 K min™!), held for 1 h, cooled to 383 K,
and flushed with 50 cm® min™ Ar for 0.5 h prior to NH; adsorption.
These conditions are analogous to the catalyst pretreatment
conditions prior to dioxolane conversion measurements. After
stabilization, 2% NHj in balance Ar (50 cm® min™', Airgas) was
flowed over the sample for 1 h prior to switching to Ar (50 cm®
min~") for 1.25 h at 433 K. The sample was then heated to 873 at 10
K min~", held for 0.5 h, and finally cooled to room temperature. NH;
quantities were analyzed throughout the experiment via MS (m/z =
17), and m/z contributions from water were accounted for. A
calibration was performed after each experiment for the NH;
concentrations.

Dioxolane Conversion Measurements. Dioxolane conversion
measurements were measured using a vertically aligned tubular quartz
reactor (0.5 in. OD) under ambient pressure. Prior to the
performance of dioxolane conversion experiments, each catalyst was
pelletized, crushed, and sieved (125—180 ym). Typically, 0.1S g of
catalyst was diluted in 0.6 g of silica carbide (SiC, Alfa Aesar, 120 grit)
placed between two quartz wool beds (Chemglass, 8—15 ym) within
the tubular reactor with a K-type thermocouple (Omega) positioned
within the catalyst bed to monitor the catalyst bed temperature.
Catalyst beds were pretreated to 573 K ($ K min™") in a reducing
environment (10 cm® min™ H, in 50 cm® min™" Ar) and held for 1.5
h prior to cooling to the desired reaction temperature. Gas transfer
lines were then set to bypass the catalyst bed and switched to 22.5
cm® min™ H,. Liquid dioxolanes were introduced via a syringe pump
(KD Scientific Legato 180) into the preheated gas stream and
vaporized. Liquid dioxolane flow rates were adjusted to maintain a
constant molar flow rate and associated residence time within the
reactor (67:1 H,:dioxolane molar ratio). A consistent reactant flow
was obtained via subsequent GC injections prior to switching the gas
streamflow pattern over the catalyst bed. Dioxolane conversion
background reactions using quartz wool, SiC, or Si-MFI show no
discernible dioxolane conversion within the studied temperature
range. Product distributions were measured using a gas chromato-
graph (Agilent 7820A) equipped with a flame ionization detector
(GC-FID). Product mixtures were separated using an HP-PLOT-Q
column (30 m, 0.32 mm diameter, 20 pym film) using known

standards for product identification. Carbon balances were measured 88s
using l-octane as an inert internal standard and are consistently above 886
95%. 887

Reactant conversions were determined based on peak area 888

differences between stability measurements and product distributions. 889
Conversion, product selectivity, and yield of species i were quantified 890
via eqs 1-3: 891

){ — [1 _ ﬂ.reactant,out] x 100
n

reactant,in (2) 892
ne;
S, = —— X 100
e, prod (3) s03
fc;
nreactant,in (4) 894

Here, y is conversion, flye,cantin 0 fescqanyoue are the inlet and outlet 895
reactant molar flow rates, S; is the selectivity toward species i, nc; is 896
the moles of carbon in product i, and n¢ g is the combined moles of 897
carbon in all detectable products. Y; is the yield toward species i, and 898

fic,; is the product molar flow rates. 899
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