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% Check for updates Transitioning to a circular plastics economy will require use of renewable
feedstocks, energy-efficient processes, and closed-loop recyclable polymers,
such as polyesters. A key challenge lies in sustainably sourcing monomers used
to make recyclable polyesters. This work presents a catalytic platform utilizing
earth-abundant CuCaO mixed metal oxides for the oxidative dehy-
drocyclization of bio-based diols to lactones, which are advantaged for energy-
efficient ring-opening polymerization. Operating below 200 °C, at ambient
pressure, and without solvent, the process uses air as the sole oxidant,
achieving high yields of lactones across a broad substrate scope of C,.g diols in
the liquid phase. The oxidative dehydrocyclization reaction is thermo-
dynamically downhill due to water formation and energy-efficient compared
to incumbent, non-redox pathways utilized in fossil carbon-based industrial
processes for lactone production. Mechanistic studies reveal facile redox
cycling of Cu*-O(Ca*")-Cu®" interfacial sites unique to the developed catalyst.
Techno-economic analysis and life cycle assessment estimate 40% lower
energy demand and 15% lower GHG intensity per mass of butyrolactone pro-
duced compared to the fossil carbon-based route. Liquid-phase oxidative
dehydrocyclization offers a promising approach for scalable lactone produc-
tion from renewable, bio-based diols to enable circular polyesters.

Global production of primary plastics generated ~2.24 gigatonnes of  production'. Moving toward a circular economy necessitates adoption
carbon dioxide equivalent in 2019, representing 5.3% of total global of renewable carbon feedstocks in lieu of fossil-carbon sources, a
greenhouse gas (GHG) emissions. Importantly, 40% of the total energy  drastic reduction in energy demands and GHG emissions of processes,
use and 75% of the total GHG emissions from primary plastic produc-  especially for monomer production, and development and deploy-
tion occur from the steps prior to polymerization e.g., monomer ment of closed-loop recyclable polymers (e.g., polyesters)’. Various
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formulations of circular polyesters capable of facile depolymerization
back to polymerizable monomers have been reported, with polyester
architecture, composition, and co-monomer identity offering pro-
mising levers to tune polymer properties®”. A common strategy to
synthesize circular polyesters is the ring-opening polymerization of
lactones, which in turn raises the challenge of sourcing lactone
monomers sustainably.

In this regard, a promising pathway to access lactones is from bio-
derived diols like propanediol, butanediol, and pentanediol, which are
readily accessible from waste and renewable carbon sources”™.
Today, bio-based diols are industrially produced at tens-to-hundreds
of kiloton/year scale, typically from sugars** >, Diols can be catalyti-
cally dehydrocyclized to lactones via, as summarized in Fig. 1: (a) non-
oxidative (acceptor-less) pathways that co-produce H,, or through (b)
oxidative (acceptor-mediated) pathways using oxidants such as O, or
H,0, that co-produce H,O or hydrogen acceptors like carbonyl com-
pounds that co-produce alcohols*. In the non-oxidative route, one
hydroxyl group oxidizes to a carbonyl, forming a hydroxy aldehyde
intermediate, which undergoes intramolecular nucleophilic attack to
form a cyclo-ester alcohol intermediate. Cyclization is followed by a
second dehydrogenation step to yield the final lactone® 2%, The oxi-
dative mechanism proceeds analogously, besides the key difference
that H-transfer occurs to an oxidant, e.g., O,, to form H,0O instead of
evolving H,. Using O, in the oxidative route makes the overall trans-
formation exergonic and exothermic under standard conditions,
eliminating the need for high temperatures if a suitable catalyst is
employed. In contrast, the non-oxidative route remains endergonic
and endothermic regardless of Kkinetics, necessitating elevated
temperatures'®. For instance, the industrial production of y-
butyrolactone from 14-BDO (AH: +6l.6kJmol™) occurs at
300-500°C**°, with a co-flow of H, to keep the metal catalysts
reduced. Therefore, redox pathways of dehydrocyclization of diols to
lactones require lower intrinsic energy demand and offer improved
sustainability for polymerizable monomer production.

Oxidative dehydrocyclization reactions are often conducted
using supported precious metal such as Pt*, Au**”, or Pd*? supported
on oxide supports like SnO,” Ti0,*, AIOOH?, in the presence of sol-
vents like tri-butyl phosphate, mesitylene, or a,a,a-trifluorotoluene at
ambient or high pressures of air. The use of precious elements like Au,
Pd, and Pt instead of earth-abundant ones not only adds to the eco-
nomic cost burden of the process, but also results in significantly
higher GHG emissions and carbon footprint of the catalyst. For
instance, in comparison to Cu production (mining and concentration),
Pd, Pt, and Au production results in three orders of magnitude higher
CO0,% emissions per kg of metal®>**. Furthermore, the use of organic
solvents presents two major challenges: first, these solvents impose
economic and environmental burdens associated with their use and
recovery, which are exacerbated under the oxidative reaction

conditions, where the co-presence of oxygen/air, organic solvents, and
redox-active catalysts may lead to undesirable side reactions or safety
risks. Second, solvent-catalyst interactions can adversely affect cata-
lyst stability and performance, potentially inducing structural mod-
ification of metal-containing solid catalysts through chelation and
leaching, block active sites via competitive adsorption, and interact
with the support in ways that promote physical restructuring. Thus, an
optimal oxidative dehydrocyclization process would ideally avoid
organic solvents and precious-metal catalysts to improve economic
feasibility and exhibit low environmental impacts. In this context, the
water generated in situ during the oxidative pathway can serve as a
benign reaction medium, offering advantages in process safety and
environmental impacts. Moreover, the large differences in boiling
points between water, diol substrates, and the lactone products enable
straightforward product recovery.

To this end, here we develop an earth-abundant mixed metal
oxide (MMO) catalyst containing oxides of Ca and Cu that oxidatively
dehydrocyclizes neat (solventless), liquid-phase diols, at temperatures
below 200 °C, at ambient pressures, using air (O,) as the oxidant. The
catalyst developed here achieves quantitative lactone yields, mini-
mizing units and energy-intensive separations downstream of the
process. Further, we show that this catalyst can ring-close linear, cyclic,
and aromatic C4.g diols in the liquid-phase to the corresponding lac-
tones. Using differential kinetics and in situ characterization of the
catalyst, we show that the Cu-O-Ca interfacial sites readily redox-cycle
between +2, +1, 0 oxidation states during reduction and oxidation half
cycles, while crystalline CuO and other Cu- and Ca-contain-
ing supported catalysts do not under these reaction conditions. Lastly,
we develop a process model and conduct techno-economic analysis
(TEA) and life cycle assessment (LCA) of this process using 1,4-BDO
conversion to y-butyrolactone as an example reaction, showing that
this process is cost competitive and energy-advantaged, leading to
lower GHG emissions compared to incumbent fossil carbon-based
processes for lactone production.

Results

Catalyst screening via probe reaction and substrate scope
Since literature precedence is the richest for 1,4-BDO to Y-
butyrolactone conversion, we decided to use this as a probe reaction
to screen catalysts. Typically, redox dehydrocyclization of diols to
lactones are catalyzed by redox-active catalysts such as single-atom
transition metal catalysts (M-N-C type), and bulk or supported basic
oxides, hydroxides, and bifunctional (basic+tredox) MMOs*°. Con-
versely, non-oxidative/acceptor-less dehydrocyclization reactions are
catalyzed by supported transition metals in their metallic state®*°.
Taking inspiration from the broader literature on catalytic alcohol
dehydrogenation, we recently hypothesized' that the oxidative clea-
vage of C-H bonds during oxidative dehydrocyclization of diols to
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Fig. 1| Reaction pathways for lactone production from diols. A Acceptor-less/non-oxidative and B acceptor-mediated/oxidative dehydrocyclization of diols to lactones.
The non-oxidative route produces H, as the co-product, while the oxidative route produces H,O when O, is used as the oxidant.
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Fig. 2 | Screening results for different catalysts and substrate diols. (A) Catalyst
screening results of liquid-phase, solventless, ambient-pressure oxidative dehy-
drocyclization of 1,4-BDO to y-butyrolactone probe reaction for various families of
solid catalysts inspired by literature reports. Reaction setup details are provided in
Supplementary Fig. S1. Reaction temperature and time for the screens were held
constant at 180 °C and 24 h, respectively. The boiling point of 1,4-BDO and y-
butyrolactone are 235 °C and 204 °C, respectively, and the screening temperature
was chosen to minimize evaporative losses. (B) Substrate screening results at an
arbitrary but constant condition of 180 °C, diol/catalyst mass ratio: 20, reaction
time: 24 h, using Cug 15Cap g0 MMO catalyst. NMR spectra are shown in

Supplementary Fig. S2. Prior literature precedence has already established the
direct and indirect polymerization and depolymerization routes of the polymers
formed using the lactones shown in (B). We list the representative studies for
various (lactone © polymer) systems for the reader’s convenience: y-butyrolactone
© poly(butyrolactone)’, y-valerolactone and derivatives > corresponding thio-
lactones ¢ poly(thioesters)®**, &-valerolactone © poly(valerolactone)®’, methyl-
valerolactone ¢ poly(methyl-valerolactone)’®”, (7) hexahydrophthalide &
poly(hexahydrophthalide)’. All yields are NMR based. Figure 2A was created in
BioRender (https://BioRender.com/e09t023), and is licensed under CC BY 4.0.

lactones should be achievable over group 10-11 transition metal oxide
sites with highly occupied d orbitals that do not exhibit strong Lewis
acidity unlike group 5-7 transition metal oxides with fully vacant d
orbitals. Moreover, we hypothesized that basic oxide supports or
promoters primarily suppress acid-catalyzed dehydration of the diols,
which typically occurs on common oxidic supports that contain acidic
hydroxyls. Based on this hypothesis, we designed and synthesized a
series of Cux)Ca-xO MMO catalysts by varying Cu/Ca nominal ratio in
the final catalyst.

The conditions for our screens were semi-batch, liquid-phase,
solventless reactions, at 180 °C to minimize vapor-phase evaporative
losses, ambient pressure air (O,) (see Supplementary Fig. S1 for setup
details). Typical dehydrocyclization catalysts, including various com-
positions containing precious metals, single-atom transition metal
catalysts, bulk or supported basic oxides, hydroxides, etc, were all
found to be inactive (Fig. 2A). Notably, this does not mean these cat-
alysts would be inactive for the probe reaction under all conditions,
however, under the conditions targeted here, they do not exhibit
measurable reactivity. The Cu,Cag.xy)O MMO catalysts exhibited tun-
able activity towards lactone production from a wide range of C,.g
diols (Fig. 2B). These diols were screened to demonstrate the catalyst’s
activity and the impact of diol size and substituent effects on the
catalytic rate. Note that lactone yields in Fig. 2B should not be inter-
preted as “upper limits”—each lactone can be produced in 100% yield
when optimized reaction conditions are used i.e., longer reaction time,
higher temperature, lower diol/catalyst ratio, etc. Considering the
probe reaction screening results in Fig. 2, in the next sections, we focus
on understanding the origin of this unique activity over these CuCag.

00 MMO catalysts for liquid-phase dehydrocyclization of diols to
lactones.

Kinetics and apparent energetics of dehydrocyclization of diols
to lactones over Cu)Cag.x)O mixed metal oxide catalysts
Figure 3A-E summarizes the performance screening of the CuCag-
0 MMO catalyst series for the probe reaction of 1,4-BDO conversion
to y-butyrolactone. Figure 3A compares O,-rich and O,-limited con-
ditions for catalysts with 1, 5, 10, and 18% Cu. Across all compositions,
higher lactone yields are observed under O,-rich (semi-batch) condi-
tions compared to O,-limited (batch), indicating a positive oxygen
order. However, we refrain from quantifying the O, reaction order
since pressurizing with air is not feasible from a safety standpoint.
These results corroborate the involvement of O, and suggest a redox
mechanism (Fig. 1B) as opposed to a completely non-redox pathway
catalyzed by supported metallic Cu catalysts>>$041,

To probe the influence of Cu-content on the catalytic perfor-
mance, CuCag-x0 MMO catalysts with x =0.01-0.9, i.e., Cu: 1-90%,
were tested for y-butyrolactone production, and results summarized in
the semi-log plots of Fig. 3B, C, where each catalyst formulation was
run at least 3 times; Cu(.05)Ca(o.950 was run 15 times, to account for
catalyst batch to batch variability and random experimental errors.
Reference materials (CuO, Ca(OH),,Ca0) were found to be inactive. In
contrast, lactone yield increased substantially with Cu-content in MMO
catalysts (Fig. 3B), though the trend is non-linear, likely due to mass-
transfer limitations at high conversions and due to diminishing Cu
returns (i.e., not all added Cu atoms form active surface sites). Site-
time yield (STY) analysis (Fig. 3C) reveals a volcano trend with highest
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Fig. 3 | Optimization of Cu(Ca.x)O MMO catalyst composition and reaction
conditions. A Probe reaction yield (1,4-BDO conversion to y-butyrolactone)
dependence on open-system (i.e., semi-batch) vs. closed-system (i.e., batch)
experiments. B Lactone yields at 180 °C, 24 h, diol/catalyst mass ratio 20 g/g. The
shades of burgundy represent Cu)Cag.xO MMO catalysts where darker shades
imply higher Cu-content, while the green datapoints represent the reference
compounds like CuO and Cu powder. The pink data points (bulk compounds CaO
and Ca(OH),) are not shown due to the log-scale x-axis and are indicated with an
arrow instead. Error bars are standard deviations of n=3-15 replicates, and when

not visible are hidden behind the data point. C The lactone yield data are used to
calculate a nominal STY by normalizing by moles of Cu. D STY as a function of
lactone yield. E Catalyst mass-normalized rates used for Koros-Nowak
/Madon-Boudart test, showing that as Cu-content increases, the reaction rate
increases non-linearly (i.e rate e [Cu]®®). F Arrhenius plot estimating apparent
activation barriers for 1,4-BDO, 1,4-PDO, and 1,5-PDO converting to corresponding
lactones over Cu(,05)Ca(0.950 MMO catalyst, 500 rpm stirring rate, diol/cata-

lyst mass ratio: 20 g/g. All numerical data shown in this figure are provided in
supplementary data tables.

STY at ~5% Cu-content; higher or lower Cu-contents leads to lower STY
values. We note that although convenient, analyzing data based on the
nominal STY framework overlooks the actual number of active surface
sites since the STY parameter simply lumps surface and bulk copper
into a single quantity via the assumption that all added Cu is active,
underestimating the true reaction rate per active Cu site***, Further-
more, catalyst reuse up to three times did not evince any change in
performance at partial conversions. In agreement, elemental analysis
via ICP-OES (Supplementary Fig. S3) of a wide range of representative
samples from reactions at 180-200 °C, representing lactone yields in
5-90% range, using Cu-content in the 5-18% range also show that Cu
remains below detection limit of 2 ppm in the filtrate (residual diol +
product lactone + product H,0). At very high Cu-content, e.g., 90%,
minor Cu-leaching occurred, presumably via chelation*!. Therefore, we
focus on 5-18% Cu-content catalysts for further analysis.

Correlating nominal STY with lactone yield or extent of reaction,
shown in Fig. 3D, reveals that initial STY values are nearly an order of
magnitude higher than STY values estimated at higher reaction
extents. Initial STYs plateau around ~0.055 molej,¢cone per molec, per
min. The observed decline in STY with higher conversion extents is
attributed to possible mass-transfer limitations due to diol depletion at
higher conversions and possible product inhibition. Product inhibition
was confirmed by spiking reactions with lactone (50% by volume lac-
tone), which leads to ~-88% reduction in STY values due to the lactone

competitively binding to the active sites. Conversely, spiking the diol
with H,O does not affect the STY up to 10% by volume H,O, while
further H,O addition up to 50% leads to -60% decrease in the STY
values compared to the neat diol case (Supplementary Fig. S4).
Accordingly, all kinetic analyses were performed using initial STYs at
<15% lactone yield to minimize transport and product inhibition arti-
facts, though these non-idealities cannot be completely eliminated in
the liquid-phase, semi-batch operation.

In Fig. 3E, a log-log plot of initial STY for CuyCagxO MMOs
catalysts as a function of Cu-content (5-18%) reveals a slope of -0.5,
indicating that increasing Cu leads to a lower STY due to the formation
of inactive crystalline CuO phase (vide infra). The same panel also
includes a Madon-Boudart plot (In(rate) as a function of In(Cu con-
tent)), which yields a slope of +0.5 - suggestive of internal mass-
transfer limitations even in the initial STY data**". However, this test is
best suited to supported catalysts where the active phase is on the
external surface and accessible. In MMOs, a significant fraction of Cu
resides in the bulk and is inaccessible to the substrate, meaning that
even in the absence of mass-transfer limitations, a slope of +1 is
unlikely*3#546,

Figure 3F summarizes the apparent activation barriers for lactone
formation as a function of substrate structure by comparing: (i) 1,4-
BDO with 1,4-pentanediol (1,4-PDO) to assess the effect of methyl
substitution, and (ii) 1,4-BDO with 1,5-pentanediol (1,5-PDO) to
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Fig. 4 | Molecular structure of Cu,Cag.x)0 MMO catalysts. A Ex situ Raman
spectra (785 nm laser) of bulk reference compounds including Ca(OH), and CuO and
Cug,05Cap.9s0 MMO catalyst. B Ex situ Raman spectra (785 nm laser) of CuyCag.0
catalysts as a function of Cu-content from 5 to 18% Cu. Bands marked with (*)
represent vibrational modes of CuO and Ca(OH), related domains present in the
CuCaO MMO catalysts. C In situ Raman spectra evolution of Cug osCa 95O catalyst
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during reaction with 1,4-BDO at 25°C, 150 °C under inert (i.e., reduction half cycle)

and under air (i.e., oxidation half cycle). The gray shaded spectrum in each panel is
the reference Raman spectrum of as-synthesized Cug 9sCag.050. The as-synthesized
spectrum is presented in each panel to draw the eye to the Raman bands assigned to
Cu-O-Ca interfacial bonds (500-710 cm™) that diminish in intensity upon reduction
of the catalyst and then reappear upon reoxidation of the catalyst.

evaluate chain length and lactone ring size effects. Under identical
conditions (fixed stirring rate, temperature range, and Cug 0sCag 950
catalyst), initial rates yield apparent barriers of 147,117, and 89 k) mol !
for y-butyrolactone, y-valerolactone, and &-valerolactone formation,
respectively. While derived from initial rates, these activation barriers
reflect combined effects of intrinsic factors e.g., ring strain and alkyl
substituents (Thorpe-Ingold effect)'’®, as well as extrinsic factors e.g.,
substrate size and active-site accessibility, diol viscosity, O, solubility
in each diol at a given temperature, and product inhibition from lac-
tone and water binding during reaction. Experimental error <10% in E,
estimates can be reasonably assumed, as repeats at 180 °C for 1,4-BDO
and 1,5-PDO indicate the average STY values to be 0.092 + 0.002 and
0.136 + 0.010 Molja¢conemole, ™ min™, respectively. The error in activa-
tion barrier estimates stems from factors like temperature variations
during the holding time, errors in mass measurements, etc.

Molecular structure of Cu-O-Ca active sites in Cu,Ca.)0
MMO catalysts

Next, we probed the origin of the activity observed in Figs. 2 and 3 over
the Cu)Cag.x)O MMO catalysts by studying their molecular structure
before and during reaction with in situ Raman spectroscopy. Figure 4A
shows Raman spectra of bulk references (Ca(OH), and CuO) and the
MMO catalyst. The band assignments are summarized in Table 1 for the
reviewer’s convenience. Curious readers are directed to Supplemen-
tary Fig. S5 for extended comparisons. Since the Raman spectra of
Ca(OH), and CuO are well-known in the broader literature cited in
Table 1, we do not discuss specific band assignments for bulk com-
pounds for brevity.

On the other hand, the CuggsCaposO catalyst, synthesized by
adding aqueous Cu?** to Ca(OH), and annealing at 500 °C under N,,
shows distinct Raman bands, not present in the reference compounds
including Ca(OH), and CuO. Unique Raman bands observed in the
MMO catalysts include lattice breathing modes at 122 and 140 cm™,
Cu-0 vibrations at 253 cm™, and overlapping contributions from CuO
and Ca(OH), domains at 274-290 and 355 cm™, respectively. Bands at
518, 550, and 615 cm™ - absent in both Ca(OH), and CuO/Cu,O - are
attributed to interfacial Cu-O(Ca*")-Cu bonds unique to the catalyst.
The Cu-O(Ca*")-Cu vibrations are blue-shifted relative to Cu-O-Cu in
CuO due to shorter Cu-O bond lengths and increased bond polarity
from the higher Pauling electronegativity of Cu?* (-1.5) than Ca*'(-1.1)*%.
The higher polarity of the Cu-O(Ca*")-Cu bonds is expected to make

the corresponding vibrational modes more Raman-active that
Cu-0-Cu vibrations in CuO. We note that our band assignments align
with prior reports of Ca—Cu mixed oxides such as CaCu0,**", Lastly,
as with other Ca-containing materials, surface CO;®> bands at
1086-1400 cm™! stem from adsorbed CO, on residual basic Ca(OH),
domains.

In Fig. 4B, the Raman spectra of Cu)Cag.xO MMO catalysts are
summarized for different Cu loadings from 5 to 18%, demonstrating
that the molecular structure of the catalysts does not drastically
change, and that the interfacial Cu-O-Ca sites, signified by Raman
bands in the 500-700 cm™ region, are present in these MMO catalysts
at all studied Cu loadings. At higher copper content, bulk-like CuO
domains form, which would convolute the Raman signatures, pre-
venting clean analysis possible in the case of lower Cu-content sam-
ples. Summarily, the Raman analysis shows that Cu-O(Ca*)-Cu
interfacial sites are present in the MMO, and also that the Cu migrates
to some extent into the lattice of the Ca(OH), matrix, as seen from the
presence of unique lattice breathing modes below 200 cm™. Cu?* ions
are smaller than Ca® ions (73 pm vs. 99 pm radius, respectively)*,
which increases the likelihood that at least some of the added copper
diffuses into the bulk matrix during catalyst synthesis and annealing
steps, thus forming an MMO instead of a supported metal oxide.

To further examine the formation of MMO, in situ DRIFTS was
used to study the hydroxyls in the Ca(OH), with and without Cu
addition (Supplementary Fig. S6A). The spectra of dehydrated samples
clearly show that the parent Ca(OH), exhibits IR peaks at 3639 and
3710 cm™ from O-H vibrations of the bulk and surface hydroxyls. Upon
adding Swt% Cu to Ca(OH),, the 3639 and 3710 cm™ peaks entirely
disappear, instead of experiencing a small decrease from stoichio-
metric anchoring of copper species on the surface hydroxyl expected
when a supported metal oxide forms, as opposed to a MMO***, The
disappearance of all peaks from bulk and surface hydroxyls implies, in
agreement with Raman spectroscopy results, that the Ca(OH), matrix
undergoes significant restructuring to form a CuyCagxO MMO
instead of forming an overlayer of CuO, species anchored on the
hydroxyls of calcium oxide/hydroxide support.

Figure 4C shows in situ Raman spectra of a representative catalyst,
Cug 05Cap.0s0 before, during, and after reaction with 1,4-BDO. The
bottom panel shows the spectrum at room temperature of catalyst
with a small amount of liquid 1,4-BDO added to the catalyst under inert
gas flow. Even at room temperature, the Raman bands from interfacial
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Table 1| Observed Raman bands and corresponding assignments for bulk reference compounds and CuCaO MMO catalysts

Sample Observed band (cm™) Assignment References
Ca(OH), 153 Lattice breathing mode 81,82

280, 358, 690 OH ion vibrations relative to stationary Ca** ions—translational motion 81,82

1089, 1156, 1262, and 1346 C-0 and C=0 vibrations in CaCO3 from adsorbed CO, 83
CuO 275, 340 Cu-0 and Cu-O-Cu vibrations 84-86
CuCaO MMO 122-140 Lattice breathing mode this work

518, 550, 615, 710

Cu-0O(Ca?)-Cu vibrations

49-51 (and this work)

Cu-0(Ca*)-Cu sites at 500-700 cm™ significantly diminish in inten-
sity due to the diol adsorbing on these sites. The diminishing of
Cu-0(Ca®)-Cu Raman bands also confirms that these bonds are at the
catalyst surface where the diol adsorbs. Conversely, the sharp band at
344-354 cm™ attributed to Ca(OH), remains unaffected indicating that
those domains are not interacting with the diol or in the bulk. As the
temperature increases to ~150 °C under an inert atmosphere, the diol
dehydrogenates, and the catalyst reduces i.e., the reduction half-cycle
(RHC) occurs. The Cu-0O(Ca®)-Cu vibrations completely diminish,
indicating that the interfacial sites are consumed during the
reduction half cycle, yielding oxygen vacancies. In a later step,
as the gas feed is switched to air to initiate the oxidation half-cycle
(OHC), rapid reoxidation of the interfacial sites leads to full
recovery of the corresponding Raman bands in the 500-700 cm™
region. In fact, a comparison of the Raman spectrum of as-synthesized/
fresh catalyst (black shaded spectrum) shows that the reoxidizied
MMO catalyst after a full sequence of reduction and oxidation quan-
titatively matches the fresh catalyst and no indication of restructuring
is observed, proving the facile, reversible redox cycling of the
Cu-0(Ca®")-Cu sites during liquid-phase dehydrocyclization of diols
to lactones.

In an analogous experiment to Fig. 4C, the surface intermediates
were tracked via in situ DRIFTS at identical gas flows and temperature
over this representative catalyst, shown in Supplementary Fig. S6B. As
a function of time, the diagnostic IR peak at 1760 cm™ corresponding
to the C=0 stretching evolves, indicating lactone formation, confirm-
ing that as Cu-O-Ca sites redox cycle (Raman experiment), the for-
ward reaction occurs to yield the lactone on the MMO surface (DRIFTS
experiment).

Electronic structure & redox dynamics of Cu-0O-Ca active sites
in CuyCag.xyO MMO catalysts

Next, the electronic structure and redox dynamics of the Cug osCag 050
catalyst were further investigated using a combination of in situ
UV-Vis diffuse reflectance spectroscopy (UV-VisDRS) and X-ray
absorption spectroscopy (XAS), shown in Fig. 5A-C. Figure 5A dis-
plays the UV-Vis DRS spectra of the fresh MMO catalyst, which shows
minimal absorption in the 400-800 nm range—where d-d transitions
typically appear in bulk CuO as well as reported UV-Vis spectra of
catalysts containing copper like copper-loaded zeolites, copper-
containing mixed metal oxides, supported copper oxide
catalysts®*’. Typically, d—d transitions in Cu**O, bulk compounds like
CuO and copper-loaded catalysts exhibit substantial absorption bands
in 400-800 nm region, especially in the 600-800 nm region. The
suppressed absorption suggests a symmetric octahedral environment
around Cu®** (where d-d transitions are Laporte-forbidden) or
increased electron density on Cu?, shifting its character toward Cu*
(d, with no possible d-d transitions). The 200-400 nm ligand-to-
metal charge transfer (LMCT) region also shows distinct features. By
analogy to literature on Cu-zeolites, the 216 nm band is assigned to
isolated CuOx species, and the 340 nm band to oligomeric CuxOy
species with Cu2+-O-Cu2+ bridging bonds**~%®, A unique 268 nm
band is observed and tentatively attributed to LMCT from interfacial
Cu2+-0(Ca2+)-Cu2+ sites. The blue-shifted absorption of the LMCT

compared to Cu?*-O-Cu? is consistent with higher electron density in
the Cu-0-Ca, requiring more energy for LMCT due to reduced d-
orbital vacancy.

Once the diol is added to the catalyst and temperature increased
to 150 °C to initiate the reaction, all LMCT bands diminish rapidly and
the highest energy LMCT at 216 nm shifts to even higher energy, which
coincides with the catalyst color darkening. If the catalyst and diol are
kept under an inert gas flow at 150 °C, the reoxidation cannot occur
and the copper species stay reduced (reduction half-cycle), as indi-
cated by the band intensities diminishing. In the next step, when air is
turned on while the temperature is held constant at 150 °C, the LMCT
bands rapidly appear again and within a few minutes, the intensity of
the absorption bands at 216, 268, and 340 nm increases, indicating
reoxidation (oxidation half-cycle). The redox cycling experiment in
Fig. 5A confirms that the MMO catalysts contain unique
Cu?*-0(Ca*")-Cu?sites distinct from crystalline reference compounds
like CuO or Cu-loaded catalysts. Upon reaction with 1,4-BDO without
air present, the Cu in the MMO catalyst reduces, which causes the
LMCT bands to diminish. Upon reoxidation with air, the LMCT bands
reappear, indicating reformation of the original sites. These redox
cycling experiments are in good agreement with the redox cycling
experiments studied via Raman spectroscopy in Fig. 4.

Figure 5B summarizes XAS results, focusing on X-ray near-edge
absorption spectra (XANES) analysis. Compared to reference materials
(CuO, Cu;0, and Cu foil representing Cu*", Cu*, and Cu®, respectively),
the fresh Cug osCag 950 catalyst shows pre-edge and white line features
consistent with octahedral Cu*. We note that XAS probes the bulk
structure, and minority sites e.g., Cu**-O-Ca surface sites may be
obscured by higher population bulk species unless advanced analysis
is applied. Anyhow, upon heating the catalyst with 1,4-BDO to 150 °C
under oxygen-limited conditions using a capillary tube reactor, a rapid
shift of the pre-edge and white line to lower energies signifies reduc-
tion of Cu* species as the diol dehydrocyclizes.

Through linear combination fitting of the normalized XANES data,
the fractional population of copper species in various oxidation states
is estimated, shown in Fig. 5C. As the reaction progresses, Cu** and Cu®
both co-evolve. The formation of Cu® from the onset of reaction
indicates a 2-electron redox cycle (Cu** = Cu®). Conversely, formation
of the Cu" species also at the onset of reaction indicates another
possibility, i.e., two consecutive 1-electron reduction steps occurring
on the same copper site (Cu?* = Cu* = Cu°). If two consecutive steps
occur and no re-oxidation occurs in between, then Cu* should form
transiently as it eventually will be consumed to form Cu®, which is
inactive for the reaction. However, we observe a steady persistence of
Cu™ species (15-20% of total Cu), suggesting that some reoxidation
occurred during the reaction. All three oxidation states of copper,
Cu*, Cu", and Cu®, were found to co-exist, where the relative popu-
lation balance will be a function of redox dynamics and O, availability.
Taken together, the in situ XAS data quantitatively verify the redox
cycling insights from Raman and UV-Vis and indicate that the dehy-
drocyclization of diols to lactones over the Cug 05Ca0.9s0 MMO cata-
lyst occurs via a redox mechanism as opposed to a non-redox pathway,
where the redox cycle seems to operate via both 1- and 2-electron
pathways.
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Fig. 5| Electronic structure and redox dynamics of Cu,Ca.x)O MMO catalysts.
A In situ UV-VisDRS of fresh Cug osCap.9s0 MMO catalyst and during reaction with
1,4-BDO at 150 °C under inert (RHC) and under air (OHC). B In situ XANES at 150 °C
of Cug 05Cagp.9s0 MMO catalyst during reaction with 1,4-BDO. As the reaction pro-
ceeds (0-75 min), the catalyst reduces. C The relative population of Cu®*, Cu*, and

Temperature (°C)
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Cu® extracted from panel (B) as a function of reaction time at 150 °C. H,-TPR
profiles of D crystalline CuO, crystalline Cu,0, and E CuCag.xO MMO catalysts
with 5-36% Cu-content. F Results of TPR peak deconvolution quantifying crystal-
line CuO and CuCaO domains in the MMO catalysts.

Next, the reduction of copper species was quantified with H,-
temperature-programmed reduction experiments (H,-TPR), summar-
ized in Fig. 5SD-F. The reduction peaks for reference CuO and Cu,O are
shown in Fig. 5D, indicating that CuO reduces to Cu° via a single-step
2e” process at 217 °C*’. Likewise, Cu,0 reduced to Cu® via a single-step
1e” process at 306 °C. While the exact peak reduction temperature (T;,)
values are a function of H, flow rate, temperature ramp rate, amount of
catalyst loaded, hydrodynamics of the TPR reactor, and domain size
(i.e., micro vs. nano vs. isolated CuO, surface species), the trends
observed here match the literature, where CuO is found to be more
reducible than Cu,0°° %,

In contrast, as shown in Fig. 5E, the Cux)Cag.)O catalysts exhibita
T, significantly higher than CuO but lower than Cu,O. Since the
domain size is expected to be lower for CuyCagxO than CuO, it is
expected that the Cu?*>Cu® transformation should have occurred at
temperatures lower than that of CuO, unless Cu** species are strongly
interacting with the Ca matrix via Cu-O-Ca bonds, which in turn leads
to the increase in Ty, value, in agreement with the unique Raman bands
in Fig. 4, and blue-shifted LMCT in Fig. 5A. The shift in the T, to higher
temperatures upon Ca*" interaction with Cu-O sites agrees with
broader literature on binary and ternary cuprates being less reducible
than CuO®. It may suggest higher electron density in the Cu centers in
cuprates, yielding Cu®®* type sites, which would shift the reduction
temperature to higher values, noting Cu™ in Cu,O reduces less readily
than Cu?" in CuO.

Figure S5F shows the results of TPR peak deconvolution, where two
Gaussian peaks centered at 217 and 243 °C, corresponding to bulk-like

CuO and CuCag.yO MMO phase, respectively, were fit to the TPR
profiles (Supplementary Fig. S7). The deconvoluted envelopes were
used to estimate the amount of reducible Cu in Cu)Cag.xO MMO
catalysts, assuming Cu:H, ratio of 1:1°°%>. Deconvolution results, in
agreement with STY values reported in Fig. 3, show that as the overall
Cu content increases in the CuCag-xy)O MMOs, a significant portion of
the Cu is tied up in a bulk CuO-like phase (-30% Cu for Cug 3¢Cag.640),
which explains the decrease in STY values with increasing Cu content,
noting that bulk CuO is inactive for this reaction and may physically
block the Cu-0(Ca*)-Cu active sites in the MMO domains. The TPR
results also corroborate the Raman findings where these materials
exhibit a mixture of phases including CuO, CuCaO, Ca(OH), and are
not homogeneously one phase e.g., CuCaO,.

Techno-economic analysis and life cycle assessment of bio-
lactone production

A process model for catalytic dehydrocyclization of diols to corre-
sponding lactones was developed in Aspen Plus using bio-derived 1,4-
BDO to y-butyrolactone as the representative case, using experimental
insights and kinetic data from the experimental work. Figure 6A shows
a simplified process flow diagram. The process model is based on a
continuous supply of bio-derived 1,4-BDO from an upstream facility
with a production capacity of 65 kilotonnes per annum (ktpa), yielding
63 ktpa of y-butyrolactone. The conversion of 1,4-BDO to Y-
butyrolactone is conducted in batch-operated bubble column reac-
tors at ambient pressure and 195 °C, with a 1,4-BDO-to-catalyst mass
ratio of 20. Complete conversion is achieved within 24 h and reactor
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scheduling ensures semi-continuous operation (Supplementary
Fig. S8). Compressed air is introduced at a flow rate of 0.62 vessel
volumes per minute to provide the required oxygen for the reaction.
Water formed as a byproduct of the reaction is continuously removed
from the reactor in the exhaust gas stream, preventing its accumula-
tion in the liquid phase. Complete assumptions and a detailed process
flow diagram are provided in Supplementary Table S1 and Supple-
mentary Figs. S8-11.

The resulting mass and energy balances from the process model
were used to inform the TEA. Key assumptions and parameters for the
TEA are summarized in Supplementary Tables S2, 3. The total direct
installed capital cost was estimated at $15 MM and the annual oper-
ating cost at $165 MM. The reactor represents the largest capital
investment, accounting for 79% of the total installed cost (Fig. 6B). For
operational expenses, feedstock represents the dominant expense,
contributing 96% of the total annual operating cost while other costs
for raw materials and utilities contribute less than 1% each (Fig. 6C, D).
Discounted cash flow analysis estimated a minimum selling price of
$2.89/kg for y-butyrolactone, with feedstock costs ($2.43/kg®, Sup-
plementary Fig. S12) contributing 88% overall (Fig. 6E). Compared to
the average 5-year market price of $3.53/kg y-butyrolactone®, this
represents an 18% reduction.

The mass and energy balances derived from the process models
were also used to develop a foreground process inventory to conduct a
cradle-to-gate LCA for the process, with a functional unit of 1 kg GBL. y-
Butyrolactone produced from bio-based 1,4-BDO® resulted in a 15%
reduction in GHG emissions and 40% reduction in energy use com-
pared to traditional fossil-based industrial route (Fig. 6F). This bio-
based y-butyrolactone production route also resulted in a 5-40%
reduction in other environmental impacts including water use, parti-
culate matter emissions, and ionizing radiation compared to fossil-
based y-butyrolactone (Fig. 6G). The majority (95-100%) of all envir-
onmental impacts for bio-based y-butyrolactone come from the 1,4-
BDO feedstock, while steam, electricity, and cooling water, combined,
are responsible for less than 2% of overall climate change impacts. The
1,4-BDO feedstock is derived from glucose from corn maize. The
agricultural impacts of corn production, driven by land occupation,
fertilizer inputs and runoff, and use of agricultural machinery, there-
fore result in a >15% increase in land-use, acidification, ecotoxicity, and
marine eutrophication compared to fossil-based y-butyrolactone
production.

A univariate sensitivity analysis, shown in Fig. 6H, suggests that
the MSP is respondent to changes in feedstock price, plant capacity,
and reaction rate. A 66% increase and 50% decrease in feedstock price
results in a 60% increase and 47% decrease in MSP, respectively. When
the reaction rate is reduced by an order of magnitude, the MSP
increases by 18%; however, a tenfold increase in the reaction rate yields
only a 1% decrease in MSP. Among all parameters analyzed, feedstock
price is the only factor capable of raising the MSP of bio-derived y-
butyrolactone above the prevailing average market price of $3.53/kg.
The solubility of oxygen in the liquid phase is a critical parameter in
ensuring complete conversion, and its variation with the extent of
reaction is presented in Fig. 6I. Given that all the environmental
impacts are driven by 1,4-BDO production, the sensitivity analysis did
not result in notable changes. For example, a change in air flow rates
resulted in minimal changes (less than 1%) to environmental impacts. A
decarbonization scenario was also considered wherein the electricity
and heat used to produce the 1,4-BDO as well as y-butyrolactone are
assumed to be renewable (Fig. 6J, K). By utilizing renewable energy, a
22% and 43% reduction in GHG emissions is achieved for bio-based and
fossil-based y-butyrolactone, respectively, making the fossil-based
route slightly lower in terms of GHG emissions (3.12 kg CO,e/kg fossil-
y-butyrolactone vs. 3.68 kg CO,e/kg bio-based y-butyrolactone). Bio-
based 1,4-BDO could also be produced from second-generation sugars
rather than glucose (i.e., first-generation sugars), further lowering the

impacts of bio-based y-butyrolactone by 45%. Therefore, when com-
bining the impacts of utilizing second-generation sugars for 1,4-BDO,
along with renewable energy, the GHG emissions for bio-based
butyrolactone have the potential to be roughly 45% lower than
fossil-based.

Discussion

We found no literature-reported catalyst capable of converting neat
diols to lactones in the liquid phase at ambient pressure using air (O,)
as the sole oxidant. Guided by mechanistic site requirements detailed
in our prior work'®, we designed an earth-abundant Cu,Cag-,0 MMO
catalyst featuring both basic and redox-active sites that enable diol
dehydrocyclization to lactones at mild conditions. In situ spectro-
scopies (Raman, DRIFTS, UV-Vis DRS, XAS; Figs. 3-5) reveal the pre-
sence of unique Cu-0O(Ca)-Cu interfacial sites not found in crystalline
reference oxides. These sites are identified by characteristic Raman
bands (500-700 cm™), a distinct 268 nm LMCT in UV-Vis DRS, weak
basicity in CO,-DRIFTS, intermediate H,-TPR reduction temperature to
Cu*" and Cu*, and rapid redox cycling observed in XAS. Collectively,
the data indicate that Cu-O(Ca)-Cu sites drive liquid-phase C-H bond
activation at <200 °C, which crystalline oxides and hydroxides like
Ca(OH), CaO0, CuO, Cu,0, and physical mixtures of these compounds
cannot accomplish.

Based on the characterization data, a mechanism is proposed
(Fig. 7) that involves stepwise C-H activation in the diol on
Cu*-0(Ca)-Cu sites, forming oxygen vacancies and reducing the Cu
species. Since UV-Vis and XAS cannot resolve between 1- and
2-electron redox pathways due to coexisting Cu®*, Cu*, and Cu® spe-
cies, we refrain from assigning a specific active oxidation state. In
future studies, we will further probe the redox dynamics to delineate if
a singular oxidation state constitutes the active site or if different
oxidation states contribute partially to the overall activity. The first
dehydrogenation of the diol results in the production of H,0, which is
expected to leave the catalyst surface faster than the reaction time
scales under these conditions of 150-200 °C. The hydroxyaldehyde
intermediate produced is expected to cyclize rapidly via a non-surface-
catalyzed step, owing to nucleophilic attack of the hydroxyl oxygen on
the electron-deficient carbonyl carbon, resulting in a lactol. The lactol
then undergoes a second dehydrogenation step to form lactone and a
second equivalent of H,0. During the reduction half-cycle, if the sec-
ond dehydrogenation occurs on a different Cu**~O(Ca)-Cu site than
the first dehydrogenation step, two Cu* sites would be formed after
the reduction half-cycle is complete (i.e., 2 Cu**->2 Cu®). Conversely, if
the second dehydrogenation occurs on the same site, which would
now be present as Cu'-O(Ca)-Cu, Cu° is expected to form (i.e.,
Cu?*>Cu®). Once Cu® forms, it may reoxidize back to Cu'’?* depending
on the nature and concentration of the dominant oxidant species
at the catalyst surface, for example, hydroxyl ions OH~, atomic
oxygen O, super oxide O,, etc. Conversely, some Cu® may
persist under reaction at steady state and contribute by serving
as adsorption sites for dissociative adsorption of dissolved O, or as
active sites for C-H cleavage non-oxidatively (Fig. 1) if the oxidant
coverage is low®7°,

Importantly, at low conversions, e.g., <5% 1,4-BDO conversion at
short reaction times, the putative hydroxy aldehyde and lactol inter-
mediates were not detected by NMR, with the only species detected in
the samples being diol and the corresponding lactone. NMR quantifi-
cation suggests that the first dehydrogenation may be the rate-limiting
step and once that occurs, the cyclization and the second dehy-
drogenation steps are energetically downhill and occur rapidly, lead-
ing to the lactone product. Had the second dehydrogenation been as
rate-limiting as the first dehydrogenation, the reaction intermediate
would presumably be observed, which is not the case in our experi-
ments, although we acknowledge the limitations of NMR quantifica-
tions at low concentrations.
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Fig. 6 | Techno-economic analysis and life cycle assessment of lactone pro-
duction. A Simplified process flow diagram for ambient-pressure, solventless,

liquid-phase oxidative dehydrocyclization of 1,4-BDO to y-butyrolactone (abbre-

viated in figure labels as GBL for clarity) using the Cu)Cag.)O MMO catalyst.
B Breakdown of direct installed cost in millions of dollars ($MM). All costs and
prices shown are on a 2022 USD basis. C Feedstock contribution to total annual

operating cost in millions of dollars per year (SMM/yr). D Breakdown of other cost
contributions in $MM/yr for the annual operating cost. E Breakdown of minimum
selling price in $/kg GBL by cost category. The five-year average price for GBL is

shown for reference; since industrial market prices for GBL are not publicly avail-
able, import data from the U.S. Trade Census (Supplementary Fig. S12) was used to
estimate its cost. F Breakdown of greenhouse gas (GHG) emissions. G Normalized

results comparing fossil resource use, land use and water use for bio-based and

fossil-based GBL. Error bars represent standard deviation determined from Monte
Carlo analysis with n=1000 runs. H Univariate sensitivity analysis for 1,4-BDO
conversion to GBL. I Illustration of dependence of saturation oxygen solubility on
conversion. Impact of second generation (gen. 2) sugars for 1,4-BDO production
and renewable utility usage on J the MSP ($/kg GBL) and K the GHG emissions (kg
CO,/kg GBL). Renewable electricity is modeled using the Regional Energy Devel-
opment System ReEDS mid-case scenario for 95% decarbonization by 20352, while
renewable heat is derived from biomethane. Second-generation sugars are derived
from corn stover and are modeled using the life cycle inventory reported in ref. 79.
Model inputs and detailed diagrams are provided in Supplementary Figs. S8-12 and
Supplementary Tables S1-3. All numerical data shown in this figure are provided in
supplementary data tables.
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Fig. 7 | Proposed reaction mechanism for oxidative dehydrocyclization of
liquid diol to lactone over Cu,Cau.x)O MMO catalyst. [] represents an oxygen
vacancy. 2e” redox cycle involves a single -O(Ca)-Cu-O(Ca)- site for the entire

catalytic cycle involving two dehydrogenation steps, while 1e” redox cycle involves
two different -O(Ca)-Cu-O(Ca)- sites, with each site catalyzing one dehydrogenation
step. The pink annotations highlight the oxidation state of the Cu site involved.

Notably, the current data do not offer quantitative insights into
the kinetics and rate-limitations stemming from transport, dissolution,
and diffusion of gaseous O, in air into the reaction media (diol pri-
marily), followed by O, activation to replenish the oxygen vacancies on
the catalyst surface during the oxidation half cycle. Since the apparent
activation barriers estimated are 147kJmol”, 117kJmol?, and
89 k] mol™ for the formation of y-butyrolactone, y-valerolactone, and
6-valerolactone, respectively, it can be reasonably argued that at least
the estimated barriers are not entirely dominated by O, activation
kinetics as O, activation during the oxidation half cycle is expected to
be similar owing to identical reaction conditions across the experi-
ments. Under the tested conditions, the catalyst is clearly able to
complete the redox cycle and since an open-system configuration was
used for these tests instead of a completely sealed system, we expect
that especially at low diol conversions, the headspace of the reactors
have sufficient air to prevent O, limitations.

TEA and LCA for the conversion of 1,4-BDO to y-butyrolactone
highlighted the high impact of the feedstock contributions across both
economic and environmental metrics. For the MSP, feedstock cost
accounted for 88% of the total with process operations contributing
only 12%. The estimated MSP of y-butyrolactone is $2.89/kg, repre-
senting an 18% reduction compared to the five-year average market
price ($3.53/kg)®, highlighting the economic viability of the proposed
process. Across environmental impacts, similar findings were
observed with feedstock accounting for 95-100% across most metrics.
Although we only evaluated conversion of 1,4-BDO, the process design
is representative of other diols that result in high conversion to lactone
product or do not require final purification. While differences in utility
demands, reactor sizing, etc. would be expected for conversion other
diols, the dominance of the feedstock contribution would still yield
costs and impacts that closely resemble those of the diol feedstock.

Beyond feedstock contributions, oxygen solubility emerged as a
critical parameter, as complete conversion of 1,4-BDO to Y-
butyrolactone within 24 h depends on sustained oxygen dissolution
in the liquid phase. Under constant reaction rate and airflow, and in a

mass transfer-limited regime, oxygen is immediately and stoichiome-
trically consumed with 1,4-BDO upon dissolution, keeping the required
oxygen mass transfer rate constant. As the reaction proceeds, both 1,4-
BDO concentration and oxygen solubility decline (Fig. 6B and Sup-
plementary Fig. S10). This lowers the concentration driving force for
oxygen transfer. Hence, maintaining a constant oxygen mass transfer
rate requires an increasing the gas-liquid mass transfer coefficient
(kLa) as conversion progresses. This is achieved through a system
design that combines mechanical agitation with intensive aeration. A
tenfold increase in reaction rate shortens reaction time, reduces
reactor count, and lowers capital costs. However, it also demands a
tenfold increase in oxygen mass transfer rate, necessitating higher kLa,
more intensive aeration and mixing, and greater energy input, result-
ing in only 1% reduction in the MSP. The combination of mixing,
aeration, and changing liquid-phase composition during reaction
results in liquid entrainment. To minimize losses of reactants and
products, the evolved gas stream is condensed, and liquid is recycled
back to the reactor, while water is vented with exhaust gas”. The
exhaust gas stream retains less than 0.03 mol% of 1,4-BDO and y-
butyrolactone (Supplementary Fig. S11).

In the LCA, the biogenic carbon associated with bio-based y-
butyrolactone is not accounted for. This is because the end-of-life
impacts of y-butyrolactone are not considered, and therefore, the fate
of the biogenic carbon is unknown. For example, if y-butyrolactone is
polymerized to poly(y-butyrolactone) (PGBL) there is the possibility of
biogenic carbon storage if the polymer is landfilled or recycled at end-
of-life. Recent studies have shown the complete recyclability potential
of PGBL>’>”®, which would enable the biogenic carbon to remain stored
in the material as it is continuously depolymerized and repolymerized
via circular methods. Based on the carbon content of y-butyrolactone,
this biogenic carbon would result in 2 kg CO,e/kg polymer of carbon
storage, resulting in a 51% reduction in GHG emissions compared to
fossil-based y-butyrolactone. Given the significant contribution of the
1,4-BDO feedstock to environmental impacts, it is important to con-
sider additional 1,4-BDO production routes. In this study, we examine
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second-generation sugars from corn stover as an alternative feedstock
to glucose from corn maize, which further lowered the environmental
impacts of bio-based y-butyrolactone by 45%, and also improved other
environmental impacts such as ecotoxicity, water use, particulate
matter emissions and human toxicity. Future work should consider
additional 1,4-BDO production routes and expand the scope of LCA to
include end-of-life and account for biogenic carbon to draw further
comparisons to fossil-based y-butyrolactone.

Catalytic dehydrocyclization of scalable bio-derived diols offers a
direct route to lactone monomers for sustainable polyesters. We
report a low-temperature (<200 °C), ambient-pressure process using a
Cux)Cag-x»0 MMO catalyst that converts neat liquid diols to lactones
with air as the oxidant. Our results identify Cu-O-Ca interfacial sites
unique to this catalyst as the active sites for low-temperature C-H
activation in liquid diols, as confirmed by in situ Raman spectroscopy
(peaks at 500-610 cm™ that diminish during RHC and reappear during
OHC), DRIFTS (C=0 formation), UV-Vis DRS and XAS (Cu* reduction
to Cu™ and Cu®), and Hy-TPR (higher T, of Cux)Caa.xO than CuO).
Taken together, we posit that this catalyst operates through a redox
mechanism involving both le” and 2e” pathways, with Cu cycling
among Cu*, Cu™, and Cu®. NMR quantification suggests that initial
dehydrogenation is likely rate-limiting; cyclization and the second
dehydrogenation proceed rapidly. Apparent activation barriers are
147, 117, and 89 k) mol™ for y-butyrolactone, y-valerolactone, and &-
valerolactone formation from corresponding diols, respectively. It
suffices to note that detailed mechanistic analysis including the reac-
tive intermediates, rate-determining steps, and active-site dynamics
will be addressed separately in future studies. TEA suggests that bio-
derived 1,4-BDO feedstock price dominates economics (-88%), yield-
ing an MSP of $2.89/kg, below the market price of fossil-derived lac-
tone ($3.53/kg). LCA suggests that the bio-1,4-BDO feedstock also
accounts for ~95-100% of environmental impacts; other process
operations including the catalytic steps contribute little to environ-
mental footprint of this process owing to the lack of solvent use,
minimal unit op requirements, earth-abundant catalyst composition,
and mild temperatures.

Overall, CuCag-xO MMO catalysts provide a viable platform for
converting bio- and waste-derived diols to lactones for circular
polyester production. Remaining challenges include long residence
times and limited efficiency of these catalysts towards four- and seven-
membered lactone production, motivating further compositional and
process optimization. The mechanistic insights developed here may
extend to upgrading other oxygen- and nitrogen-containing feed-
stocks, including amino-alcohol dehydrocyclization to lactams.
Moreover, future work should also explore additional BDO production
routes and include end-of-life impacts in LCA for more accurate
comparisons

Methods

Catalyst synthesis

The catalysts that were inactive were not analyzed further for physi-
cochemical properties and instead we focused on Cu)Cag.x)O series.
Sigma Aldrich Ca(OH), catalog # 239232 (BET 32 m’g™) was used as a
support where the hydroxide yielded a more robust anchoring of
copper species than calcium oxide due to the presence of surface
hydroxyls. 0.5mLg™” of copper nitrate solution was impregnated
sequentially with drying at room temperature in between. For exam-
ple, 1.0g of Cu(.05Ca.950 was synthesized as follows: 0.95g of
Ca(OH), was impregnated with 0.5 mL of aq. solution containing 0.19 g
of Cu(NO3),.3H,0. 0.19 g Cu(NO3),.3H,0 contains 7.86 x10™* moles
Cu, which would give 0.05g Cu (metal basis) in 0.95g Ca(OH), sup-
port. Once the impregnation process was complete, the resulting dark
blue powder was dried in the fumehood overnight. The dried powder
was then further dried in a muffle furnace under N, flow at 120 °C for

4 h, followed by annealing at 500 °C for 4 h. The annealed catalysts
looked white to light gray in color. CuO (Sigma Aldrich #241741), Cu,0
(Sigma Alrich #566284), Cu metallic powder (Sigma Aldrich #203122)
were all sourced commercially and used as reference materials.

All supported catalysts e.g., Cu-Ca/SiO,, Cu-Ca-Na/Al,0;, etc. were
prepared via incipient-wetness-impregnation (IWI) method. Appro-
priate amounts of copper(Il)nitrate trihydrate (Sigma Aldrich 61194-
100G), calcium nitrate tetrahydrate (Sigma Aldrich C4955), sodium
hydroxide (Supelco 1064980500) were dissolved in deionized water
via sonication, and the resulting solution impregnated sequentially
onto various supports via a micropipette. The following supports were
purchased and used without further treatment/purification besides
grinding and sieving to <200 um particle size when needed: Sasol
Puralox SBA-200 y-Al,O3 (BET: 217 m* g™), Sigma Davisil amorphous
SiO, catalog # 243981 (BET: 300 m* g'), ACS Materials mesoporous
SiO, catalog # MSB15011SBA-15 (BET 550 m? g™). All IWI samples were
thermally dried and annealed as described above. All bulk bases were
sources from Sigma Aldrich as well.

Reaction tests and product analysis

All catalytic tests were conducted in custom-built 12-well microwave
vial setup, (pictured in Supplementary Fig. S1). Each vial was 20 mL
volume, 23 x75 mm (Agilent 5183-4474), sealed with a crimp top cap
with PTFE lining and silicone septa (Biotage 352298). In a typical trial,
2.00 mL of 1,4-BDO (2.04 g diol; 0.027 mmol diol) was pipetted into
each vial using a calibrated micropipette, followed by the addition of
100 mg of catalyst powder sieved to <140 mesh, and a 10 mm rare-
earth elliptical stir bar. Typically, the diol/catalyst mass ratio was
maintained in the range of 20-80 for various experiments to control
the extent of diol conversion. Each vial was stirred at 500 RPM
throughout reaction. The vials are housed in a thick-walled aluminum
block (60 mm thick sides) to ensure isothermal operation and heat
retention over prolonged reaction times. Additionally, the aluminum
block was further insulated by a 3D-printed polyetherimide thermo-
plastic jacket (ULTEM™ 9085 resin from Stratasys) to ensure iso-
thermal operation. A 3 ml plastic syringe, with the plunger removed,
fitted with a narrow bore needle (0.5 x25mm) is fixed to each vial
through the crimp-top septum to allow for the escape of volatile
vapors or gases that are expected to form during reaction and prevent
pressure build up. The narrow-bore needle is intentionally used to
leverage Venturi effect to promote condensation of the vapor in the
syringe as the vapors exit into the syringe and cool down to enhance
mass-balance closure. For all tests, a mass balance of >90% was
ensured.

After reaction, the vials were cooled down to room temperature.
2.00 ml of methanol was added into the vials and vigorously shaken to
help mix the solvent with the diol, lactone mixture. The resulting
solution was then filtered using a 0.2 micron syringe filter to remove
catalyst powder from the solution. 100 L of the diol, lactone,
methanol solution was pipetted into an NMR tube and diluted with
0.3 ml of DMSO solvent for all NMR analysis. NMR was conducted on a
400 MHz Bruker instrument at ambient temperature. Chemical shifts
were referenced to internal solvent resonances and reported as parts
per million (ppm) relative to tetramethylsilane. The following abbre-
viations (and their combinations) are used to label the multiplicities: s
(singlet), d (doublet), t (triplet), m (multiplet) and br (broad). Repre-
sentative samples covering 10-90% lactone yield from NMR quantifi-
cation were cross-verified with quantitative GC-MS were the
diol + lactone + methanol mixtures (without DMSO) were directly
analyzed. GC-MS and NMR quantifications of lactone yields resulted in
excellent agreement, but NMR quantifications are preferred as GC-MS
can lead to ring-opening of strained lactones, and dehydration of
some diols in the stationary phase due to high temperatures used in
the GC-MS.
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Safety consideration. During oxidative conditions, care must be taken
to prevent an uncontrolled exotherm and ensure that explosive mix-
tures of diol and air are not formed by exercising heat management, O,
concentration management, and product separation strategies. Dur-
ing oxygen-lean conditions, if Cu® forms due to lack of reoxidation and
initiates H, production (as opposed to H,0) via the non-redox route,
further care must be taken to prevent H,-related hazards.

In situ Raman spectroscopy

The Raman spectra were obtained with a Renishaw InVia Raman
spectrometer equipped with 785, 514, and 325 nm (excitation) lasers.
For this study, the ex situ measurements were conducted with the
785 nm (1200 I/mm grating) and 514 nm lasers (2400 I/mm grating)
and Leica N PLAN EPI objective with 20x magnification, using a
spectral range of 100-1400 cm™. Only CuO and Cu,O required the
514 nm laser. All Raman spectra were calibrated to an internal Si (111)
standard at 521 cm™. These measurements were recorded in exten-
ded scan mode with 60 s exposure time with three accumulations.
The 785 nm laser was used at 10% power and the 514 nm laser at
20% power.

The in situ measurements were taken with a Linkam CCR1000 cell
attached to the MS 20 Encoded Stage and Olympus LMPlanFLN
objective with 50x magnification utilizing a 60 s exposure time with
three accumulations in extended scan mode. The cell was packed with
quartz wool, a quartz filter, then a flattened layer of catalyst on top.
The cell temperature was controlled by a Linkam T95-HT system.
Under 8.0mlImin™ N, (Airgas, Industrial grade) flow, spectra of the
reference samples were taken at room temperature and during heat
treatment to obtain dried material spectra. For the catalyst samples,
room temperature in situ spectra were recorded under 8 mL/min N,.
After room temperature spectra were obtained, the catalysts were
doped with 1,4-BDO then ramped at 1°C min™ to 150°C under
8.0 mImin™ N, and held at 150 °C for -1 h while measurements were
taken. After the spectra were recorded at 150 °C under N,, the gas was
switched to air (Airgas, Medical grade) and held at 150 °C under air for
~1h while taking spectra during oxidation.

H, temperature programmed reduction

H,-TPR were carried out using a homebuilt setup utilizing an SRI 8690
as a TCD. Approximately 50 mg of each sample was packed in a quartz
reactor tube in between quartz wool and quartz chips. The samples
were reduced in 50 sccm 5% Hy/N, (Airgas, Industrial grade) and
heated to 400 °C with a ramp rate of 2 °C/min. After the TPR the flow
gas was switched to He (Airgas, UHP grade). The temperature was then
lowered to 150 °C for N,O pulse chemisorption experiments. A 250-pL
sample loop was filled with 10% N,O/He (Airgas, Industrial grade) and
flown to the samples using He as the carrier gas. A total of 100 pulses
were performed on each sample. A cold trap filled with liquid nitrogen
was utilized to condense unreacted N,O.

In situ UV-VisDR spectroscopy

UV-Vis DR spectra were collected using an Agilent Cary 5000 UV-vis-
NIR spectrophotometer equipped with a Harrick Praying Mantis dif-
fuse reflectance attachment and reaction chamber. In situ spectra
reported herein were taken at room temperature post dehydration and
during heat treatment to obtain dried material spectra. For the catalyst
samples, room temperature in situ spectra were recorded under
50 mL/min N,. After room temperature spectra were obtained, the cell
was opened and catalyst was doped with 1-2 drops of liquid 1,4-BDO.
The temperature was ramped at 5 °C min™ to 150 °C under 50 ml min™
N, and held at 150 °C for -1 h while measurements were taken (con-
stituting the reduction half cycle). After the spectra were recorded at
150 °C under N,, the gas was switched to 10% air (Airgas, Medical
grade) and held at 150 °C under air for ~30 min while taking spectra
during oxidation half cycle.

X-ray absorption spectroscopy

XAS data were collected at beamline 9-3 of Stanford Synchrotron
Radiation Lightsource (SSRL). The beamline was configured to Cu
K-edge using a double crystal monochromator with Si (220) phi 0O
crystals. Data were collected as continuous scan mode (-2 min/scan)
using WebXAS/CXAS software. The energy was calibrated to a reference
foil of Cu (7.5 um thickness), which was set to 8979.0 eV. Beam size for
ex situ and in situ measurements were 1.0 mm x 3 mm and 1.0 mm and
0.5 mm, respectively. The ex situ samples were fresh Cug gsCag.os0 MMO
powder, post-reaction Cug os5CagosO MMO powder (on a filter paper).
Powder samples were pressed into 7 mm pellets (of about 20 mg, diluted
with cellulose if necessary) and X-ray absorption coefficient retrieved in
transmission mode (u(E)=In(lo/1y)), while data for the filter paper sample
was collected in fluorescence mode (u(E) = Ig/lp).

The in situ XAS data for Cug osCag.9s0 MMO catalyst with 1,4 BDO
was also recorded in fluorescence mode. The Co-ACCESS/SSRL experi-
mental cell was modified to hold a vertical one-end-closed glass capillary
of 8cm length, 0.9 mm diameter and 10 micrometer wall thickness.
About 5 mg catalyst powder was added at the bottom of the capillary,
followed by 15 mg of 1,4 BDO (about 1:3 dilution) resulting in a slurry of
catalyst-reactant between 0.5 and 2.0 cm from the bottom of the capil-
lary. The top of the capillary was open to atmosphere. Radiative-
convective heating was provided using resistant coils with PID controller
pre auto-tuned to 150 °C. The X-ray measurement position was about
1cm from the bottom with the active catalyst presence. A thermocouple
was inserted into the capillary (touching the slurry e.g., from 1.5 cm from
the bottom). The sample was heated from 25 °C with 3 °C/min ramp rate
to 150 °C, kept for 75 min at this temperature (e.g., 30 in situ scans), and
then cooled at 10 °C /min to 25 °C, while collecting continuous XAS scans
at all steps. Calibration, normalization and linear combination fitting of
XAS data was performed using Athena software. The three standard
spectra used in linear combination fitting range of —20 + 30 eV were Cu
foil (as Cu®), Cu,O (as Cu™), and the room temperature scan for the
Cug 05Cao.os0 in 1,4 BDO (as Cu?) therefore enabling the estimation of
the fraction of copper species during the reaction.

Process modeling, TEA, and LCA

Process simulations for the catalytic conversion of 1,4-BDO to GBL
were performed using Aspen Plus V14. The feedstock, bio-derived 1,4-
BDO, was assumed to be sourced from a facility with 65 ktpa capacity,
aligned with the planned scale of Qore’s commercial plant’*. The NRTL
activity coefficient model was employed to represent non-ideal beha-
vior in the liquid phase, while the vapor phase was assumed to be ideal
under the ambient pressure conditions considered. A detailed process
description and corresponding stream compositions are provided in
Supplementary Figs. S8-12 and Supplementary Table S, respectively.
The material and energy balances derived from the simulations served
as the basis for estimating CAPEX, and OPEX associated with the pro-
cess. These financial inputs were subsequently used to construct dis-
counted cash flow (DCF) models to evaluate the economic viability of
the system. The minimum selling price (MSP) of y-butyrolactone—
defined as the price required to achieve a net present value (NPV) of
zero over a 30-year plant lifetime—was determined through this ana-
lysis. Further details regarding the process simulation method and TEA
can be found in Supplementary Tables S2, S3.

LCA was conducted using Brightway”, and version 2.1 of the
Activity Browser’ to evaluate the production of 1,4-BDO from biolo-
gically derived 1,4-BDO and compare against conventional fossil-based
production. The LCA follows a cradle-to-gate system boundary and
uses a functional unit of 1 kg of GBL. Life cycle stages analyzed include
the cultivation of bio-based feedstocks (corn/corn stover), production
of BDO, and final conversion to bio-based y-butyrolactone. The ReCiPe
2016 v1.03 midpoint H impact assessment method’” was used for all
impact categories except for climate change, which was analyzed using
the Intergovernmental Panel on Climate Change (IPCC) 2021
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methodology. Foreground data for y-butyrolactone production from
bio-based BDO are obtained from the process models developed
herein using Aspen plus. Background data for bio-based 1,4-butanediol
from glucose were developed based on the work of Satam et al.,
and background data for bio-based y-butyrolactone production as well
as life cycle inventories for traditional fossil-based y-butyrolactone
production were derived from ecoinvent v3.9.1%. Glucose production
for the base-case scenario for bio-based BDO production is also
derived from ecoinvent, while the second-generation sugars scenario
is derived from literature’. For the decarbonization scenarios, the
renewable electricity grid is based on the mid-case scenario modeled
in the Regional Energy Development System (ReEDS) for 95% dec-
arbonization by 2035. The renewable heat scenario leverages an
ecoinvent life cycle inventory for decarbonized heat from biomethane
sources, For the sensitivity analysis, the standard deviations for each
environmental impact category were derived from a Monte Carlo
assessment using 10,000 iterations. The uncertainty assessment was
conducted using a semi-quantitative pedigree matrix approach out-
lined in our previous work®.

Data availability

All data are available from the corresponding author, Gregg T. Beck-
ham (gregg.beckham@nlr.gov), upon request. Additionally, supple-
mentary experimental details regarding the reaction setup, additional
experimental results including NMR spectra, product inhibition stu-
dies, IR spectra, ICP-OES results, process-flow diagram and TEA/LCA
details. Supplementary data tables also contain numerical data from
Fig. 3 and Fig. 6 of main text.
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