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ABSTRACT

Cellulose upgrading with methanol (MeOH) to produce fuel-range alcohols involves the formation
of a,B-diols like 1,2-propanediol (1,2-PDO) that can undergo C-C scission, C-O scission, and C-
C coupling with MeOH. In this work, the reaction network for conversion of 1,2-PDO and MeOH
in Ha flow over CuUMgAIOx has been elucidated. Isotopic **C-MeOH studies show that C-C
coupling with 1,2-PDO produces 2,3-butanediol (14% selectivity) and 1,2-butanediol (5.3%),
while 1,2-ethanediol (3.3%) forms from retro aldol condensation of a C-C coupling intermediate.
Products observed from dehydrogenation, direct C-C scission, and C-O scission of 1,2-PDO
include hydroxyacetone (44%), ethanol (15.2%), 1-propanol (5.5%) and 2-propanol (6%). C-C
coupling is zero-order with respect to Prydrogen 2nd P1,2-ppo, but has a 1.3 reaction order with respect
to Pmeon. C-O scission is 1% order in Phydrogen and has low/near-zero reaction orders with respect
to P1,2-ppo and Pmeon. Direct C-C scission has a 0.8-0.7 reaction order with respect to PHydrogen, P1,2-
poo and Pmeon. Dehydrogenation and C-C coupling have the lowest apparent activation energies
of 45.6 and 47.2 kJ/mol, respectively, while all other pathways have apparent activation energies
at least 15 kJ/mol higher. Cofeed experiments with formaldehyde show that the rate determining
step in C-C coupling is associated with the nucleophilic attack by 1,2-PDO. C-C coupling, direct
C-C scission and esterification rates increase with Prydroxyacetone, While C-O scission and retro aldol
condensation rates do not. C-C coupling is observed to occur with other a,B-diols and primary
monoalcohols, but not with a,m-diols or secondary monoalcohols.
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INTRODUCTION

A major challenge with biofuel research has been the development of reaction conditions
that can upgrade all fractions of lignocellulosic biomass in a single-stage reactor.l-3

Lignocellulose is composed of cellulose (40%), hemicellulose (25%), and lignin (20%).4 Matson
et al. demonstrated that whole biomass can be converted to aliphatic alcohols in a one-pot process
using supercritical methanol depolymerization and hydrodeoxygenation (SCM-DHDO) with a
CuMgAIOx catalyst at 300 °C and 160 bar.® The overall conversion achieved was greater than 98%
and overall carbon yield was greater than 121 wt% due to methanol (MeOH) incorporation. Other
one-pot processes use expensive precious metal catalysts but have lower yields than SCM-DHDO,
such as: Ni-W,C in water (76% diol yield), ® LiTaMoOs and Ru/C in aqueous phosphoric acid
(82.4% gasoline yield),” and Pt/NbOPQ, in cyclohexane (28.1% Cs.s alkane yield).®

In previous work, Galebach et al. demonstrated the SCM-DHDO of cellulose to aliphatic
alcohols over CuMgAIOx as shown in Scheme 1.° In the first step, cellulose is solubilized in
supercritical methanol and depolymerized to monomeric sugars. Retro aldol condensation then
produces Cz intermediates such as 1,2-propanediol (1,2-PDO) and the corresponding ketone,
hydroxyacetone. C-C coupling of MeOH with 1,2-PDO and other o,B-diols leads to the formation
of higher diols. Subsequent C-C scission and C-O scission of diols results in aliphatic
monoalcohols as the stable final products of SCM-DHDO. The C-C coupling rate between MeOH
and a,B-diols has been observed to be 100 times higher than the C-C coupling rate between MeOH
and monoalcohols.*® MeOH incorporation was detected in all liquid products, accounting for 30—
40% of carbon in the products. The importance of MeOH is three-fold: MeOH acts as the reaction
medium to solubilize biomass, MeOH provides H, via MeOH reforming, and MeOH forms the
electrophile during C-C coupling.!! Moreover, MeOH can be produced from sustainable sources
like biomass, or CO, and water.'2 The CuMgAIOx catalyst has been characterized before and after
reaction, and shown to be stable for over 100 h time on stream in a continuous flow reactor without
leaching or coke formation.!® The reaction rates increased when the catalyst was reduced in situ
before starting the reaction, indicating that metallic Cu is the active site for SCM-DHDO.

The objective of the present work is to better understand the fundamental reaction pathways
and Kinetics involved between 1,2-PDO and MeOH in order to increase the selectivity to C-C
coupling reactions, while minimizing the scission of C-C and C-O bonds early in the reaction
pathway. C-C coupling is proposed to occur via dehydrogenation of 1,2-PDO and MeOH to
hydroxyacetone and formaldehyde, respectively, followed by nucleophilic attack by
hydroxyacetone-derived enolate on the carbonyl carbon of formaldehyde, and hydrogenation to
the product diol.*® This is similar to the Guerbet coupling of ethanol to produce n-butanol via
acetaldehyde formation.** ¥ The cross-coupling of MeOH has also been observed with ethanol*®
and propanol.r” However, the reaction pathways involved in the formation of 2,3-butanediol and
1,2-butanediol from 1,2-PDO remain unclear as 1,2-PDO (and other a,B-diols) have two carbons
with B-hydrogens that can carry out the nucleophilic attack on MeOH. The reaction orders with
respect to MeOH and 1,2-PDO are also unknown, and the effects of varying the monoalcohol chain
and diol type (a,B-diol versus a,m-diols) are yet to be determined. In this study, we used isotopic
13C MeOH with quantitative 13C NMR to quantify the extent of MeOH incorporation. The reaction
orders with respect to the partial pressures of H2, MeOH, 1,2-PDO and water have also been
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determined, along with the apparent activation energies. Cofeed experiments with hydroxyacetone
and formaldehyde were carried out to determine the effect of proposed intermediates on reaction
rates. Experiments with other a,B-diols (1,2-butanediol and 2,3-butanediol) and o,w-diols (1,3-
propanediol and 1,4-butanediol) in MeOH were carried out to determine how C-C coupling and
C-C scission rates vary with diol position. Lastly, we also examined the effect of varying
monoalcohol chain length and functionality from experiments with 1,2-PDO and other
monoalcohols (ethanol, 1-propanol, and 2-propanol).

CH OH
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Scheme 1. Overall reaction pathway for SCM-DHDO of cellulose to aliphatic alcohols. Adapted
from Galebach et al.

EXPERIMENTAL

Experimental Setup.

SCM-DHDO reactions of MeOH and 1,2-PDO in H; flow were studied in a downflow packed-bed
reactor, as shown in Figure 1. The reactor is composed of a stainless-steel tube of length 15” and
diameter %4 with a packed bed of calcined CuMgAlOx powder in the middle, held in place with
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quartz wool and glass beads at both ends. The CuMgAIOx catalyst was synthesized using co-
precipitation and characterized in previous work, as summarized in Table S1.% '8 The reactor is
enclosed in a cylindrical aluminum heating block and placed inside a clamshell furnace (Thermo
Scientific), which ensures effective heat transfer and isothermal operation of the reactor. System
pressure is maintained by an Equilibar dome-loaded back pressure regulator (BPR) with a
polyimide diaphragm and Argon (UHP grade, Airgas) as the pilot fluid. The liquid feed consists
of 10 mol% 1,2-PDO (99%, Acros Organics) in MeOH (HPLC grade, Thermofisher) and is
pumped out of a sealed 1 L bottle in a downflow configuration using an ISM Eldex HPLC pump
at 0.1 mL/min. H> gas (UHP grade, Airgas) is co-fed through a Brooks mass flow controller
(MFC). As the liquid feed encounters the heated reactor walls above the catalyst bed, the diol-
monoalcohol solution is vaporized. At the start of each experiment, the catalyst is reduced in-situ
with Hz flow of 102.5 mL/min at 350 °C with a temperature ramp of 1 °C/min for 5.5 h witha4 h
hold. The H> feed is maintained at the same flow rate till the end of the experiment. To begin the
reaction, the pressure of Ar in the BPR is increased to 1000 psig, the reactor temperature is changed
to 300 °C, and the liquid feed pump is switched on. When the pressure in the reactor exceeds 1000
psig, products begin to collect via a dip-tube into a 100 mL stainless steel vessel, which is chilled
using a circulating ethylene glycol/water bath and maintained at 45 psig with a spring-loaded
pressure regulator. The time on stream (TOS) was measured from the moment the reactor
temperature and pressure reached 300 °C and 1000 psig, respectively. The gas products are
analyzed with an on-line GC and the gas flow rate is measured with a bubble flowmeter. The liquid
products are sampled by draining the collection vessel periodically. The feed bottle is weighed
before and after the reaction to determine the inlet flow rate, and the collected product volume is
used to determine the outlet flow rate. Product yields for each set of reaction conditions are
reported from the sample obtained at 24 h time on stream to ensure the catalyst system has reached

steady state.
=< MFC Hydrogen
MFC Argon
: 9
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Figure 1. Schematic of continuously operating, packed bed reactor for SCM-DHDO. Feed mixture
of 1,2-PDO and MeOH is fed using an HPLC pump. H2 gas is cofed with a mass flow controller.
Pressure is maintained by a dome loaded back pressure regulator with Argon as the pilot fluid.

Product Analysis
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Liquid products were analyzed with a Shimadzu GC-2010 equipped with an RTX-VMS column
and FID detector, and with a Shimadzu GCMS-QP2010 mass spectrometer equipped with an RTX-
VMS column. The GC-FID oven was held at 40 °C for 5 min, ramped to 240 °C at 7.5 °C/min,
and held for 15 min. Products were quantified using the GC-FID via external calibrations. Gas
products were analyzed using an on-line Shimadzu GC-2014 with a 30m RT-Q-Bond column,
equipped with flame ionization (FID) and thermal conductivity (TCD) detectors. The GC oven
was held at 40 °C for 5 min, ramped to 150 °C at 5 °C/min, and held for 11 min. Products were
quantified via calibrations with Scott Specialty Gas mixtures (Air Liquide). The equations used to
calculate the product yields, selectivities, flow rates, and *C area enhancements are defined in Eq
1-3.

Space time yield = mmOlproduct (1)
gcatalyst
PR 1 roauc
Product selectivity (C %) = % 2)
Weight hourly space velocity (h~1) = —Jdiol 3)

catalyst

For the quantitative 13C nuclear magnetic resonance (NMR) analysis, the liquid product samples
were dissolved in DMSO-ds. The experiments were completed on a Bruker Biospin (Billerica,
MA) AVANCE I11 500 MHz spectrometer fitted with a DCH (*3*C optimized) cryoprobe with the
standard “zgig30” Bruker pulse sequence. The experiment was performed with a sweep width of
240 ppm centered at 110 ppm per 800 scans of 59520 data points using a 1 s acquisition time and
a 12 s interscan relaxation delay. The spectra were processed with Mestrelab Research’s
MestreNova software and were referenced to the residual DMSO solvent peak at 39.5 ppm. The
area enhancement of product peaks was calculated using Eq 4.

Species Peak Area 3¢ 4 DMSO Peak Area 13c

Species Peak Area 12¢ DMSO Peak Area 12¢

Where the subscripts ‘*2C” and ‘*3C’ indicate the sample was taken before and after the feed
respectively.

(4)

Area enhancement =

RESULTS AND DISCUSSION

Identification of Reaction Network from Isotopic Study of 1,2-Propanediol and *C MeOH.
Reactions were carried out with 10 mol% 1,2-PDO in MeOH over a packed bed of
CUMgAIOx at a WHSV of 40 h™ to determine the reaction pathways involved between a,B-diols
and MeOH. The corresponding reactant partial pressures of 1,2-PDO, MeOH, and H> are 31.8,
318.2, and 650 psig, respectively. After the first 24 h of TOS, 5 wt% of MeOH in the liquid feed
was replaced with *C MeOH (99 atom%, Sigma-Aldrich) without disturbing the steady state of
the reactor. The evolution of space time yield (STY) with TOS is shown in Figure S1. The product
STYs remained nearly constant from 6 h to 30 h of TOS. The quantitative 13C NMR spectra of the
products before and after the feed swap are shown in Figure S2, and the enhanced spectra for the
major species are shown in Figure S3. The STY, selectivity, and area enhancement of liquid
products are shown in Table 1. The carbon atom of MeOH was observed to have an area
enhancement of 5.4, since MeOH has a 1C content of 1.1% (natural abundance) before the feed
change and 5% after the feed change. The methyl carbon of 1,2-PDO has an area enhancement of
1. Any products with an area enhancement greater than 1 indicate *3C incorporation from MeOH.
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The main products observed were (in order of decreasing selectivity): hydroxyacetone, ethanol,
2,3-butanediol, 2-propanol, 1-propanol, 1,2-butanediol, 1,2-ethanediol, and methyl lactate. The
1,2-PDO conversion was 15% over the course of the experiment. The carbon balance was greater
than 100% due to MeOH incorporation into products. Small amounts of ethyl acetate, 1-butanol,
isobutanol, and 1,2-pentanediol were also observed but accounted for less than 1% of product
yield. Ethers, aldehydes, alkanes, or products with unsaturated carbon bonds were not observed.
CO and CO; were detected at <0.5 mmol h* geart, while CH4 was produced at an STY of 5 mmol
h™! gear’L. This indicates that MeOH reforming was minimal under these reaction conditions. An
experiment with a pure MeOH feed at the same reaction conditions was carried out and CHs4
formation was observed at a lower STY of ~1 mmol h gea. Amada et al. observed CHa
production from hydrogenolysis of 1,2-PDO at high Hx pressures (1160 psig) over Rh/SiO;
catalysts.’® CH,4 produced during the experiment could be from either hydrogenolysis of 1,2-PDO
and/or from methanation of MeOH-derived CO.2° The proposed reaction network based on the
findings from GC-FID and quantitative 3C NMR has been elucidated in Scheme 2 and will be
described in the following sections. When the reaction was carried out at 20 h™* with 50 mg of
catalyst, the conversion of 1,2-PDO was >95% and the selectivity to fuel-range C4+ monoalcohols
(including butanol and hexanol) was >80%, while the amount of hydroxyacetone detected was
negligible. This confirms that at higher conversions, SCM-DHDO is a useful technique for
complete valorization of biomass to monoalcohols.

Table 1. STY, Selectivity and 3C NMR Area Enhancement of Major Species from Isotopic

Study of 1,2-PDO and *C MeOH
STY (mmol h? gear?) Selectivity (%) Area Enhancement (C atom)

Reactants

Methanol N/A N/A 5.4
1,2-Propanediol N/A N/A 1 (methyl)
Dehydrogenation of 1,2-PDO

Hydroxyacetone 47.1 44 1 (methyl)
C-0 scission of 1,2-PDO

2-Propanol 6.4 6 1 (primary methyl)
1-Propanol 5.8 5.5 1 (primary methyl)
Esterification between 1,2-PDO and MeOH

Methy! lactate 2.6 2.5 4.3 (alkoxy)
C-C coupling between 1,2-PDO and MeOH

2,3-Butanediol 14.8 14 2.95¢ (methyl)
1,2-Butanediol 6.4 5.3 41 (primary hydroxyl) &

1.4 (primary methyl)
Retro aldol condensation of C-C coupling intermediate

1,2-Ethanediol 35 3.3 3¢ (hydroxyl)
Direct C-C scission of 1,2-PDO
Ethanol 12.1 (16.1)¢ 11.5 (15.2)¢ 1 (hydroxyl)

Reaction conditions: 300 °C, 1000 psig, 40 h* WHSV, 24 mg CuMgAIOy, 0.1 mL/min feed with 10 mol% 1,2-
propanediol in 5% *C MeOH, 102.5 mL/min Ha, 30 h.
bStereoisomers observed; "NMR-equivalent carbon present; “Total STY and selectivity are in parentheses.
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Scheme 2. Reaction pathway for catalytic conversion of 1,2-PDO with MeOH over CuMgAIOx.
13C incorporation from MeOH is indicated in red circles. Observed species are shown in solid
rectangles while proposed intermediates are shown in dotted rectangles. Reaction conditions: 300
°C, 1000 psig, 40 h* WHSV, 24 mg CuMgAIOy, 0.1 mL/min feed with 10 mol% 1,2-PDO in
MeOH, 102.5 mL/min Ha, 30 h, feed switched to 5% 3C MeOH after 24 h.

Dehydrogenation and esterification of 1,2-PDO with MeOH

Dehydrogenation of 1,2-PDO at the secondary hydroxyl group leads to the formation of
hydroxyacetone with an area enhancement of 1 (methyl carbon) and selectivity of 44%.
Esterification of MeOH and 1,2-PDO is observed to form methyl lactate with an area enhancement
of 4.3 at the methoxy carbon (circled in red in Scheme 2) and selectivity of 2.5%. Yfanti et al.
observed hydroxyacetone formation from 1,2-PDO over a CuZnAl mixed metal oxide catalyst
with 45% selectivity and demonstrated that dehydrogenation of 1,2-PDO is a reversible
equilibrium-limited reaction.?! For a reaction to be at equilibrium, the ratio of Qreaction (Mole
fraction of products divided by the mole fraction of reactants) to Kequilibrium (€quilibrium constant)
should be 1. Dehydrogenation and esterification have Qreaction/Kequilibrium values of 0.1 and 0.01
respectively, indicating that both reactions are far from equilibrium at these reaction conditions.
Methyl lactate forms from dehydrogenation of 1,2-PDO and nucleophilic attack by the oxygen of
methoxide on the primary carbonyl carbon of lactaldehyde and subsequent deprotonation of the
resulting hemiacetal. This dehydrogenative coupling of alcohols via hemiacetal formation to
produce esters has been observed over other Cu-doped mixed oxide catalysts.?? Lactaldehyde
formation from dehydrogenation of 1,2-PDO at the primary hydroxyl group is not observed,
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suggesting that it is either a rapidly consumed intermediate in the formation of methyl lactate, or
the aldehyde-ketone tautomerization equilibrium is shifted far towards hydroxyacetone.??

C-C coupling of 1,2-PDO with MeOH

C-C coupling of 1,2-PDO with MeOH results in the formation of 2,3-butanediol and 1,2-
butanediol with selectivities of 14% and 5.3% respectively. 2,3-Butanediol was observed as two
stereoisomers (R,R and S,S) at nearly the same selectivities (7% each), and both molecules have
area enhancements of 3 at the methyl carbons. For molecules with two NMR-equivalent carbons
(such as the methyl carbons of 2,3-butanediol), if one of the carbons is **C with area enhancement
of 5 and the other is '2C with an area enhancement of 1, the average area enhancement of the
molecule would be 3. The position of the *C carbon indicates that 2,3-butanediol is produced from
C-C bond formation at the primary hydroxyl carbon of 1,2-PDO. 1,2-Butanediol was observed to
have an area enhancement of 4.1 at the primary hydroxyl carbon (from C-C bond formation at the
primary hydroxyl carbon of 1,2-PDO) and an area enhancement of 1.4 at the primary methyl
carbon (from C-C bond formation at the methyl carbon of 1,2-PDO). The formation of 1,2-
butanediol with *C incorporation at two different carbon positions reveals that C-C coupling of
1,2-PDO with MeOH is occurring at both the primary hydroxyl carbon and methyl carbon of 1,2-
PDO at these reaction conditions. The selectivity to 1,2-butanediol is lower than the selectivity to
2,3-butanediol, indicating that the reactivity of the primary hydroxyl carbon of 1,2-PDO is much
higher than that of the methyl carbon. C-C coupling at the primary hydroxyl carbon leads to the
formation of 2,3-butanediol or 1,2-butanediol, while C-C coupling at the methyl carbon occurs at
much lower rates and leads to the formation of only 1,2-butanediol. The proposed mechanism for
formation of 2,3-butanediol is shown in Scheme 3.2* This includes the following steps: 1)
dehydrogenation of 1,2-PDO and MeOH to hydroxyacetone and formaldehyde respectively; 2)
deprotonation of hydroxyacetone to form an enol; 3) nucleophilic attack by the enol carbon on
formaldehyde carbon to form new C-C bond; 4) dehydration to form resonance-stabilized a.,3-
unsaturated ketone; and 5) hydrogenation to a saturated diol. Since formaldehyde could not be
detected by GC-FID, a formaldehyde cofeed experiment will be carried out in the next section.

K i  Jo gz A Jee R A L

Scheme 3. Proposed mechanism for C-C couplmg of 1,2-PDO with MeOH to form 2,3-
butanediol via hydroxyacetone-derived enol formation and nucleophilic attack of MeOH-derived
formaldehyde.

Retro aldol condensation and direct C-C scission of 1,2-PDO

Quantitative 3C NMR results for C-C scission products reveal a previously unconsidered
reaction pathway for the formation of 1,2-ethanediol. Ethanol was observed to have an area
enhancement of 1 at both carbons, while 1,2-ethanediol has an area enhancement of 3. This
indicates that after C-C bond formation between MeOH and the primary hydroxyl carbon of 1,2-
PDO, the proposed intermediate (1,3-dihydroxy-2-butanone) undergoes retro aldol condensation
between the second and third carbons to form 1,2-ethanediol (with **C MeOH incorporation) and
ethanol (with no *3C MeOH incorporation). This intermediate (1,3-dihydroxy-2-butanone) can also
undergo C-O hydrogenolysis to form 2,3-butanediol or 1,2-butanediol, as described in the previous
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section. Retro aldol condensation of the other proposed C-C coupling intermediate (1,4-dihydroxy-
2-butanone), produced from C-C bond formation at the methyl carbon of 1,2-PDO, would lead to
13C incorporation in ethanol, which was not observed from the area enhancements. The
experimental stoichiometric ratio from retro aldol condensation of 1,2-ethanediol to ethanol
formation is 1:1 (by moles) but the STY of ethanol (16.1 mmol h™* gear?) is much higher than the
STY of 1,2-ethanediol (3.5 mmol h't gcar?). This indicates that ethanol formation also occurs from
direct C-C scission of 1,2-PDO. The C-C scission of 1,2-PDO has been split into 2 reaction
pathways: retro aldol condensation of a C-C coupling intermediate (1,3-dihydroxy-2-butanone) to
form 1,2-ethanediol and ethanol, and direct C-C scission to form ethanol and MeOH. The STY of
retro aldol condensation is calculated as the STY of 1,2-ethanediol, while the STY of direct C-C
scission is calculated by subtracting the STY of 1,2-ethanediol from the STY of ethanol.

C-O scission of 1,2-PDO

C-O scission of 1,2-PDO is observed to occur at both the primary and secondary hydroxyl
groups of 1,2-PDO, leading to the formation of 2-propanol and 1-propanol respectively. The
difference in selectivity to 2-propanol (6%) and 1-propanol (5.5%) suggests that C-O scission rates
are slightly higher at the primary hydroxyl group of 1,2-PDO. The area enhancement for both 1-
propanol and 2-propanol at the primary alkyl carbon is 1, showing that *3C incorporation from
MeOH is not involved. Peng et al. demonstrated that 1,2-PDO forms 1-propanol over metal sites
via dehydration to propionaldehyde and consecutive hydride transfers from adjacent surface
alkoxide species.?® Since propionaldehyde was not detected in the isotopic study, a co-feed
experiment was carried out by replacing 5 mol% of 1,2-PDO with propionaldehyde in the feed.
The STY of 1-propanol was observed to increase by an order of magnitude and very little
propionaldehyde was detected in the product stream (> 98% conversion), showing that CuMgAIOx
can rapidly hydrogenate aldehydes to their corresponding alcohols at these reaction conditions.

Thermodynamics of reaction network

Overall, the products observed in the catalytic conversion of 1,2-PDO with MeOH can be
classified into 6 types: dehydrogenation, esterification, C-C coupling, direct C-C scission, retro
aldol condensation, and C-O scission. The thermodynamic parameters for these reactions were
determined using the Aspen Plus software package at 300 °C and 1000 psig and can be found in
Table S2. All reactions have negative AG values, and all reactions except direct C-C scission and
retro aldol condensation have negative AH values. The AG value for C-C coupling of 1,2-PDO
with MeOH to form 2,3-butanediol is -148.4 kJ/mol, which is higher in magnitude than the AG
value for 1,2-butanediol formation (-99.6 kJ/mol), suggesting that thermodynamic differences
between the reaction pathways may explain the higher selectivity to 2,3-butanediol formation.
Similarly, the AG value for C-O scission of 1,2-PDO to form 2-propanol (-132.8 kJ/mol) is higher
in magnitude than the AG value for 1-propanol formation (-119.4 kJ/mol), indicating that
thermodynamic differences are likely contributing to the higher selectivity to 2-propanol formation
as well.

Determining Reaction Orders and Apparent Activation Energies.

The reaction orders for dehydrogenation, C-C coupling, direct C-C scission, C-O scission,
retro aldol condensation, and esterification with respect to the partial pressure of H., MeOH, 1,2-
PDO and water were determined by varying the partial pressure of one reactant while the keeping



Green Chemistry

the others constant. The effect of replacing varying fractions of the feed MeOH with formaldehyde,
and the feed 1,2-PDO with hydroxyacetone was also studied. The apparent activation energies
were determined from the Arrhenius equation by varying the reactor temperature. Table 2 lists the
range of parameters studied, with experiments carried out for 24 h of TOS at each condition. The
variation in product STYSs as a function of reactant partial pressures is shown in Figure 2. Reaction
orders for dehydrogenation, esterification, C-C coupling, C-O scission, direct C-C scission, and
retro aldol condensation are listed in Table 3.

Table 2. Range of Experimental Conditions for the Kinetic Study of 1,2-PDO and MeOH in H;
flow. Standard reaction conditions: 300 °C, 8 mg CuMgAIOx, 120 h* WHSV, 24 h at each
condition.

Parameter Range
H. partial pressure (psig) 350 - 1150
MeOH partial pressure (psig) 170 - 480
1,2-PDO partial pressure (psig) 15-50
Water partial pressure (psig) 415 - 650
Temperature (°C) 280 — 320
% MeOH replaced with formaldehyde 0-40
% 1,2-PDO replaced with hydroxyacetone 20 - 60

Reaction orders with respect to H partial pressure

H: is required for the removal of adsorbed atomic oxygen from water dissociation to create
empty sites on the catalyst, and for the hydrogenation of unsaturated intermediates.?® The variation
in product STYs with the partial pressure of hydrogen (PHydrogen) iS Shown in Figure 2A. As
Phydrogen 1S Increased from 350 to 1150 psig, the STYs of hydroxyacetone and methyl lactate
decrease three-fold from 150 to 50 mmol h™ gear?, and from 15 to 5 mmol h't gear?, respectively.
Dehydrogenation and esterification both produce 1 mole of H2 per mole of reactant consumed,
which is in agreement with the observed reaction orders of -1 and -0.8 with respect to Prydrogen fOr
dehydrogenation and esterification, respectively. As Prydrogen INCreases, the STYs of C-C coupling
and retro aldol condensation remain nearly constant at 60 and 9 mmol h™ gear?, respectively. C-C
coupling and retro aldol condensation have a net-zero consumption of H, and are observed to have
near-zero reaction orders with respect to Phydrogen. This indicates that dehydrogenation of 1,2-PDO
or subsequent hydrogenation of the unsaturated intermediates to form the product diols are not the
rate-limiting steps in C-C coupling or retro aldol condensation. In contrast, the rate-limiting step
during Guerbet coupling of ethanol over hydroxyapatite catalysts was observed to be the enolate
formation from ethanol.?” As Pryarogen is increased from 350 to 1150 psig, direct C-C scission
increases from 5 to 13 mmol h™! gear? while C-O scission increases from 5 to 20 mmol h™ gear™.
The corresponding reaction orders for direct C-C scission and C-O scission with respect to Phydrogen
are 0.8 and 1.1 respectively, which are expected due to the stoichiometric consumption of 1 mole
of H, during both reactions. The near 1% order rate dependencies suggest that the STY of
degradation products from direct C-C scission and C-O scission can be decreased by operating at
lower Prydrogen Without affecting C-C coupling rates.

Reaction orders with respect to MeOH partial pressure
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The variation of product STYs with Pmeon is shown in Figure 2B. As Pweon is increased
from 170 to 480 psig, the STY of hydroxyacetone remains nearly constant at 60 mmol h™* gear?,
showing that dehydrogenation of 1,2-PDO is nearly zero-order with respect to Pmeon. All other
reactions have positive or negative reaction orders with respect to Pmeon. AS PmeoH IS increased,
C-C coupling increases three-fold from 24 to 88 mmol h gea?, retro aldol condensation increases
by an order of magnitude from 2 to 14 from mmol h*! gea, and esterification doubles from 5 to
10 mmol h? gearL. The corresponding reaction orders for C-C coupling, retro aldol condensation,
and esterification with respect to Pwmeon are 1.3, 1.6, and 0.8 respectively. The >1 reaction orders
for C-C coupling and retro aldol condensation suggest that the rate-limiting step during C-C bond
formation is related to the adsorption of MeOH and the subsequent nucleophilic attack on the
carbonyl carbon of formaldehyde during aldol condensation. The 0.8 reaction order dependence
of esterification on Pweon indicates that the rate limiting step during methyl lactate formation is
also associated with MeOH adsorption or the subsequent nucleophilic attack by the oxygen of
methoxide species. Since direct C-C scission of 1,2-PDO leads to the formation of MeOH, it was
expected that increasing Pmeon Would lead to a decrease in direct C-C scission rates. However, the
STY of direct C-C scission doubles from 13 to 26 mmol h' gea®, corresponding to a 0.7 reaction
order with respect to PmeoH. AS Pmeon is increased, C-O scission decreases from 13 to 9.5 mmol
h™! gear, corresponding to a reaction order of -0.3 with respect to Pmeon.

Reaction orders with respect to 1,2-PDO partial pressure

As seen in Figure 2C, all reaction orders with respect to P12ppo are lower than 1,
suggesting high surface coverage of 1,2-PDO. As P12-ppo increases from 15 to 50 psig, the STY
of dehydrogenation decreases from 80 to 60 mmol h? ger while the STY of retro aldol
condensation remains nearly constant at 9 mmol h* gca*. The corresponding reaction orders with
respect to 1,2 PDO for dehydrogenation and retro aldol condensation are -0.3 and -0.1 respectively.
STYs for the other reactions increase with P12-pp0. C-C coupling and esterification increase from
50 to 72 mmol h! geart, and from 5.6 to 8.4 mmol h™ gear®, respectively. The reaction orders for
C-C coupling and esterification with respect to P12-ppo is 0.3 for both. This is much lower than the
reaction orders of C-C coupling and esterification with respect to Pmeon, suggesting that MeOH
adsorption on the catalyst is weaker than 1,2-PDO adsorption. As P12.ppo is increased, C-O
scission and direct C-C scission also increase from 5 to 8.5 mmol h™ gea, and from 6 to 15 mmol
h gear’®, respectively. The corresponding reaction orders for C-O scission and direct C-C scission
with respect to P12-ppo are 0.4 and 0.7 respectively. The similarity in reaction orders between C-C
coupling and retro aldol condensation with respect t0 PHydrogen, Pmeon, and P12-ppo suggests that
they involve the formation of a common C4OsHy intermediate preceding a branch point, with the
selectivity to final C-C coupling products being 6 times higher.? This hypothesis is consistent with
the isotopic 3C MeOH experiments discussed in the previous section.
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Figure 2. Variation in product STYs with respect to the partial pressure of: (A) Hz; (B) MeOH;
(C) 1,2-PDO; and (D) Water. Axes have been scaled to the natural log values. Standard reaction
conditions: 300 °C, 8 mg CuMgAIOy, 120 h't WHSV, 24 h at each condition.

Table 3. Reaction orders with respect to the partial pressure of H2, MeOH, 1,2-PDO and water.
Standard reaction conditions: 300 °C, 8 mg CuMgAIOx, 120 h't WHSV, 24 h at each condition;
partial pressures of H2, MeOH, 1,2-PDO and water are varied as needed.

Reaction Phydrogen Pmeon P1,2-ppo Pwater
Dehydrogenation -1+0.1 0.1+£0.1 -0.3+£0.1 02+0.1
Esterification -0.8+0.2 0.8+0.0 03x0.1 0£0.1
C-C coupling -0.1+0.0 1.3£0.1 03+01 -04+00
C-O scission 1.1+0.1 -02+01 04+01 -1.1+£01
Direct C-C scission 08+0.1 0.7x0.1 0.7x0.1 -0.7+0.1
Retro aldol condensation 0.1+0.1 16+0.1 -0.1+0.1 -0.7+0.1
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Reaction orders with respect to water partial pressure

As seen in Figure 2D, the addition of water to the feed inhibits C-C coupling, C-O scission,
direct C-C scission, and retro aldol condensation. As Pwater increases from 70 to 140 psig, the STY
of hydroxyacetone increases from 38 to 47 mmol h! gear!, corresponding to a reaction order of 0.2.
Esterification remains nearly constant at 3.2 mmol h™* gea®, indicating a zero-order dependence on
Pwater. AS Pwater increases from 70 to 140 psig, C-C coupling decreases from 9.8 to 5.9 mmol h!
geat - While C-O scission decreases from 1.4 to 0.4 mmol h gear L. The stoichiometric reactions for
C-C coupling and C-O scission involve the loss of 1 mole of water for each mole of product
formed, which explains the decrease in rates with increasing Pwatr. The reaction orders for C-C
coupling and C-O scission are -0.4 and -1.1 respectively. Direct C-C scission and retro aldol
condensation also decrease from 2.1 to 0.9 mmol h? gear?, and from 1 to 0.3 mmol h? gear?,
respectively, and both reactions have a reaction order of -0.7 with respect to Pwatr. The increase
in Pwater IS Observed to have the largest inhibitive effect on formation of 1-propanol and 2-propanol
via C-O scission. Hanspal et al. observed the irreversible adsorption of water over MgO catalyst
during Guerbet coupling of ethanol leads to inhibition of butanol formation, with the OH"~ from
water coordinating to Mg?* Lewis acid sites and the H* coordinating to O? Bronsted basic sites.?®

Effect of formaldehyde cofeed

The effect of replacing MeOH with formaldehyde is shown in Figure 3A. Since C-C
coupling of 1,2-PDO and MeOH is proposed to occur via nucleophilic attack of formaldehyde by
hydroxyacetone, the effect of replacing 0—40% of feed MeOH with formaldehyde, and 20-60% of
feed 1,2-PDO with hydroxyacetone was studied. Formaldehyde (Sigma-Aldrich) was purchased
as a 12 wt% aqueous solution so the impact of Pwater sShould be considered when analyzing results
from the formaldehyde cofeed experiments. As shown in Figure 3A, an experiment with 10 mol%
1,2-PDO in MeOH with no added water or formaldehyde was carried out, labelled “No water”.
Pwater Was maintained at 290 psig for the next 3 experiments (0, 20 and 40% MeOH replaced by
formaldehyde) by adding water to the feed as needed. The corresponding partial pressures of
formaldehyde (Prormaidenyde) for the 0, 20 and 40% replacement runs are 0, 60, and 130 psig
respectively, while Pwmeon is 320, 250, and 190 psig respectively. When water was added to the
feed without any formaldehyde (labelled “0% FA”), all product STYs decreased from the “No
water” run. Dehydrogenation and esterification decreased from 45 to 32 mmol h' gear, and from
410 0.5 mmol h™? gear?, respectively. C-O scission and direct C-C scission also decreased from 8
t0 0.9 mmol h't gear’?, and from 9.4 to 1.5 mmol h™* gear, respectively. C-C coupling and retro aldol
condensation decreased by an order of magnitude from 35 to 4 mmol h? gear?, and from 5 to 0.3
mmol h™ gea?, respectively. This is similar to the decrease in rates observed with the Pwater
experiments discussed in the previous section.

When the formaldehyde concentration was increased from 0 to 20% of MeOH replaced,
the STYs of C-C coupling, retro aldol condensation, and esterification increased from 4.5 to 24
mmol ht gear?, from 0.3 to 3.5 mmol h't gear, and from 0.5 to 3 mmol h? gear®, respectively. The
opposite trend was observed for dehydrogenation — the STY of hydroxyacetone decreased from
32 to 23 mmol h gear®. The corresponding STY of C-O scission remained nearly constant at 0.9
mmol h™ gear* and the STY of direct C-C scission increased slightly from 1.5 to 2.4 mmol h™* geat
! This shows that C-C coupling, retro aldol condensation, and esterification rates increase by an
order of magnitude when 20% of MeOH is replaced with formaldehyde, while C-O scission and
direct C-C scission are relatively constant. With further increase in formaldehyde concentration to
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40% of feed MeOH, the STY's of C-C coupling, C-O scission, direct C-C scission and retro aldol
condensation increase to 28, 2.6, 5.3, and 4.2 mmol h™ gear® respectively. These results further
elucidate that the rate determining step in C-C coupling is associated with the adsorption of MeOH,
dehydrogenation of MeOH to formaldehyde, or the subsequent nucleophilic attack by the 1,2-PDO
derived species.

Effect of hydroxyacetone cofeed

The effect of replacing 1,2-PDO with hydroxyacetone is shown in Figure 3B. When the
hydroxyacetone concentration was increased from 20 to 60% of 1,2-PDO, the STY of C-C
coupling increased linearly from 17 to 25 mmol h? ger?, while the STY of direct C-C scission
nearly doubled from 9 to 19 mmol h™ gea. The STY of esterification nearly tripled from 6 to 17.5
mmol h'? gear’t. The corresponding STYs of C-O scission and retro aldol condensation remained
nearly constant at 5 and 3 mmol h™ gea? respectively. This suggests that C-C coupling, direct C-
C scission and esterification involve hydroxyacetone-mediated pathways, while C-O scission and
retro aldol condensation rates do not vary with changes in PHydroxyacetone.
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Figure 3. Variation in product STYs with changes in feed. (A) MeOH replaced with
Formaldehyde. *Indicates addition of water to maintain constant Pwater 0f 290 psig. (B) 1,2-PDO
replaced with Hydroxyacetone (HA). Standard reaction conditions: 300 °C, 650 psig H2, 318.2
psig MeOH, 31.8 psig 1,2-PDO, CuMgAIOy, 120 h't WHSV, 24 h at each condition.

Apparent activation energies

The apparent activation energies were calculated from the Arrhenius plot shown in Figure
4. As the temperature was increased from 280 to 320 °C (i.e. from 1.81 to 1.68 x 10% K?), the STY
for dehydrogenation, C-C coupling, and esterification nearly doubled from 19 to 38 mmol h' gear
! from 15 to 30 mmol h? gear?, and from 2 to 5 mmol h? gear® respectively. The STY for C-O
scission, direct C-C scission and retro aldol condensation increased three-fold from 8 to 24 mmol
ht geart, from 9 to 26 mmol h? gear’®, and from 2 to 6 mmol h! gear® respectively. Dehydrogenation
is observed to have the lowest apparent activation energy of 45.6 kJ/mol, while C-C coupling is
slightly higher at 47 kJ/mol. The apparent activation energies of esterification and C-O scission
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are 64.9 and 62.7 kJ/mol respectively, while the apparent activation energies of direct C-C scission
and retro aldol condensation are 68.3 and 69.4 kJ/mol respectively. The similarity in apparent
activation energies for direct C-C scission and retro aldol condensation suggests the C-C
hydrogenolysis mechanism involved in both pathways is likely very similar, or proceeds through
pathways that happen to have similar thermodynamic barriers. The lower apparent activation
energy for C-C coupling indicates that the selectivity to C-C coupling can be increased by
operating at lower temperatures.

50
45.6 £ 0.1 kd/mol
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< § 204 ,
= 64.9+0.1ki/mol =
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Figure 4. Arrhenius plot of product STYs with apparent activation energies listed. Reaction
conditions: 1000 psig, 8 mg CuMgAIOy, 120 h™X WHSV, 24 h at each temperature.

Overall, the results from the partial pressure and apparent activation energy experiments
indicate how to change the selectivity between C-C coupling, C-C scission, C-O scission and the
retro aldol condensation reactions. The selectivity to C-C coupling can be increased by decreasing
the reactor temperature and Pn2, while increasing Pmeon. Increasing Pveon relative to P12-ppo will
increase the selectivity to the C-C coupling and the retro aldol condensation products. Increasing
Phydrogen Will increase the selectivity to direct C-C scission and C-O scission products.

Reaction pathways between alternative diols and monoalcohols

At higher conversions during SCM-DHDO of whole biomass, the chemistry between
intermediate diols and monoalcohols besides MeOH becomes important. Monoalcohols with 2 or
more carbons can also self-couple via the Guerbet reaction, which is not observed with MeOH due
to the absence of B-hydrogens.® In this section, experiments with MeOH and other a,f-diols (1,2-
butanediol and 2,3-butanediol) and a,®-diols (1,3-propanediol and 1,4-butanediol) have been
carried out to examine the effect of diol carbon size and proximity of hydroxyl groups on product
selectivities. Experiments with 1,2-PDO and other monoalcohols (ethanol, 1-propanol, 2-
propanol) have also been carried out to examine the effect of monoalcohol carbon size and
functionality of the hydroxyl carbon on product rates. The feed composition was maintained at 10
mol% diol in monoalcohol and the catalyst loading was adjusted accordingly to maintain a WHSV
of 120 h! for each run. Figure 5 summarizes the product STYs for C-C coupling, C-O scission,
direct C-C scission, and the diol conversion for each diol/monoalcohol combination tested.
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Figure 5. STY of C-C coupling, C-O scission, direct C-C scission, and diol conversion for
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300 °C, 1000 psig, CuMgAIOy, 120 h * WHSV, 0.1 mL/min feed with 10 mol% diol in
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Reaction pathways of MeOH with other diols

Detailed product STYs and diol conversion rates from the reaction of MeOH with other
diols are shown in Table S3. The reaction network for the major products has been shown in
Scheme 4. C-C coupling is observed with all vicinal diols studied (1,2-PDO, 1,2-butanediol and
2,3-butanediol). 1,2-PDO has the highest conversion (11.8%), while 1,2-butanediol and 2,3-
butanediol have lower conversions (7.5 and 3.5% respectively). 1,2-PDO also has the highest C-
C coupling rate with MeOH, followed by 1,2-butanediol. The reaction pathways and selectivity
trends of 1,2-butanediol are very similar to those of 1,2-PDO. 1,2-Butanediol dehydrogenates to
form 1-hydroxy-2-butanone with a selectivity of 41%. C-C coupling at the primary hydroxyl
carbon of 1,2-butanediol with MeOH leads to the formation of 1,2-pentanediol (5%) and 2,3-
pentanediol (9%). C-C coupling at the secondary alkyl carbon with MeOH would lead to the
formation of 2-methyl-1,2-butanediol, which is not observed at these reaction conditions, likely
due to steric hindrance. Retro aldol condensation of the C-C coupling intermediate from 1,2-
butanediol forms 1,2-ethanediol (3%) and 1-propanol, while direct C-C scission of 1,2-butanediol
forms 1-propanol (7.2%) and MeOH. 1,2-Butanediol also undergoes C-O scission to form 1-
butanol (4%) and 2-butanol (5%).

The trends with an internal vicinal diol like 2,3-butanediol are different. 2,3-Butanediol
dehydrogenates to form 3-hydroxy-2-butanone with a selectivity of 44%. C-C coupling of 2,3-
butanediol with MeOH forms 2,3-pentanediol (3%) but the C-C coupling STY of 2,3-butanediol
(2.6 mmol h* gear™) is an order of magnitude lower than that of 1,2-butanediol (36 mmol h™ geat
). Retro aldol condensation is observed to form ethanol and 1,3-propanediol (4%), which is a
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terminal diol. As seen from the structure of the proposed C-C coupling intermediate (1,4-
dihydroxy-3-pentanone), C-O scission of 2,3-butanediol forms 2-butanol (3%) and direct C-C
scission forms ethanol (4%). Based on the observed reaction network from vicinal diols, some
generalizations can be made. C-C coupling of MeOH with a 1,2-diol with n carbons leads to the
formation of 1,2- and 2,3-diols with n+1 carbons, with higher selectivity to the 2,3-diol. Retro
aldol condensation occurs between the 2" and 3" carbons of the C-C coupling intermediate (with
the 1% carbon originating from MeOH) to form 1,2-ethanediol and a monoalcohol with n-1
carbons. C-O scission occurs at both hydroxyl groups of the 1,2-diol, with slightly higher
selectivity to the secondary monoalcohol formed. 2,3-diols cannot form 1,2-diols via C-C coupling
or retro aldol condensation. Instead, 2,3-diols with n carbons undergo C-C coupling with MeOH
to form 2,3-diols with n+1 carbons. Retro aldol condensation forms a terminal diol and a lower
monoalcohol.

C-C coupling between MeOH and terminal diols (1,3-propanediol and 1,4-butanediol) is
not observed at these reaction conditions. Nucleophilic attack by the -carbon of a,w-diols would
lead to the formation of methyl-branched a,®-diols, such as 2-methyl-1,3-propanediol, which are
not detected. Unlike a,B-diols that form resonance stabilized a,B-unsaturated ketones during C-C
coupling, the absence of C-C coupling products with a,»-diols could be due to steric hindrance at
the nucleophilic center of the diol or instability of the a,w-unsaturated intermediate. 1,3-PDO was
observed to undergo C-O scission to form 1-propanol (46%), and C-C scission to form ethanol
(15%). Acetalization of 1,3-propanediol with formaldehyde produces 1,3-dioxane (23%), a
reaction that is carried out commercially to extract diols from complex mixtures.®! 1,4-Butanediol
was observed to undergo C-O scission to form 1-butanol (19%), and dehydration to produce
tetrahydrofuran (15%). Dehydrogenation of 1,4-butanediol leads to the formation of 2-hydroxy-
THF (16%), which is proposed to occur via hemiacetalization of an unobserved intermediate, 4-
hydroxybutanal. Ichikawa et al. observed similar reaction pathways in their work on
dehydrogenative cyclization of 1,4-butanediol to produce y-butyrolactone via 2-hydroxy-THF
over Cu catalysts.*2
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Reaction pathways of 1,2-PDO with other monoalcohols

Detailed product STYs and 1,2-PDO conversion for experiments with 10 mol% 1,2-PDO
in varying monoalcohols (ethanol, 1-propanol and 2-propanol) are shown in Table S4. The
reaction network for products formed from C-C coupling of 1,2-PDO with the monoalcohol, and
self-coupling/esterification of the monoalcohol are shown in Scheme 5. The main products
observed are from dehydrogenation of 1,2-PDO (hydroxyacetone), direct C-C scission of 1,2-PDO
(ethanol and MeOH) and C-O scission of 1,2-PDO (1-propanol and 2-propanol).

1,2-PDO conversion with ethanol is 4.3%, nearly half of that with MeOH (11.8%).
Hydroxyacetone was observed at a selectivity of 66%, followed by MeOH at 23%. C-O scission
of 1,2-PDO produces 1-propanol (3%) and 2-propanol (1.5%). A small amount of C-C coupling
of 1,2-PDO with ethanol is observed to occur at both terminal carbons of 1,2-PDO to form 2,3-
pentanediol (1.5% selectivity) and 1,2-pentanediol (1%), but the total selectivity to C-C coupling
of 1,2-PDO with ethanol (2.5%) is 10 times lower than that with MeOH (24%). No retro aldol
condensation products are observed when 1,2-PDO is reacted with C2+ monoalcohols at these
reaction conditions. Acetaldehyde is observed to form from dehydrogenation of ethanol at an STY
of 33 mmol h* geart. 1-Butanol (0.1 mmol h™ gear!) and ethyl acetate (1 mmol ht gear®) are also
detected from Guerbet coupling and dehydrogenative coupling of ethanol, respectively.™ 1,2-PDO
conversion with 1-propanol is 7.5%, which is lower than 1,2-PDO conversion with MeOH but
higher than that with ethanol. Hydroxyacetone is observed with a selectivity of 44%, followed by
MeOH and ethanol (each with a selectivity of 14%). 2-Propanol is produced at a selectivity of 5%,
but 1-propanol produced from C-O scission of 1,2-PDO could not quantified as 1-propanol is the
solvent in this reaction. C-C coupling of 1,2-PDO with 1-propanol is observed to form 1,2-
hexanediol at a selectivity of 2%. Retro aldol condensation products are not seen. Propyl
propanoate is observed to form at an STY of 12 mmol h' ge? via dehydrogenative coupling of 1-
propanol with itself, similar to the pathway involved in ethyl acetate formation. With 2-propanol,
1,2-PDO conversion drops to 0.05% and C-C coupling is not observed. Shimura et al. observed
the self-coupling of secondary alcohols like isopropanol to 4-methyl-2-pentanone at low
temperatures (80-144 °C) over Ni/CeO- catalysts.®® This was not observed over CuMgAIOy at the
given reaction conditions. Hydroxyacetone is observed to form with a selectivity of 67%, followed
by MeOH (22%) and 1-propanol (11%). Esterification of 1,2-PDO with 2-propanol to form
isopropyl lactate was observed at a very low selectivity of 0.5%.
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Scheme 5. Products observed from C-C coupling/esterification of 1,2-PDO with Ethanol, 1-
Propanol, and 2-Propanol, and self-coupling of the monoalcohol. Products from direct C-C
scission and C-O scission of 1,2-PDO are not shown. Reaction conditions: 300 °C, 1000 psig,
CuMgAIOy, 120 h't WHSV, 0.1 mL/min feed with 10 mol% 1,2-PDO in monoalcohol, 102.5
mL/min Hy, 24 h.

CONCLUSIONS

a,fB-Diols like 1,2-PDO have been identified as important cellulose-derived intermediates
during biomass upgrading with SCM-DHDO. In this work, the reaction network between 1,2-PDO
and MeOH was studied at 300 °C and 1000 psig over a CuMgAIlOy catalyst in a continuous flow
reactor. Hydroxyacetone, ethanol, and 2,3-butanediol were the major liquid products observed,
with selectivities of 46.2, 14.5, and 12% respectively. An isotopic study with 1,2-PDO and 3C
MeOH demonstrated that C-C coupling occurs at both terminal carbons of 1,2-PDO. C-C coupling
at the primary hydroxyl carbon occurs at higher rates and leads to the formation of 2,3-butanediol
or 1,2-butanediol, while retro aldol condensation of the C-C coupling intermediate forms 1,2-
ethanediol. C-C coupling at the primary alkyl carbon of 1,2-PDO also forms 1,2-butanediol. *C
incorporation from MeOH was only observed in 2,3-butanediol, 1,2-butanediol, 1,2-ethanediol,
and methyl lactate. Direct C-C scission of 1,2-PDO produces ethanol and MeOH, while C-O
scission produces 1-propanol and 2-propanol.

Dehydrogenation has a negative first-order rate dependence on PH2, while esterification has
reaction orders of -0.8 and 0.8 with respect to Px2 and Pmeon respectively. C-C coupling has a 1.3
reaction order dependence on Pmeon partial pressure but is zero-order with respect to Pr2 and Py .
ppo. C-O scission is 1% order in P2 but has low/near-zero reaction orders with respect to Pmeon
and P12-ppo. Direct C-C scission has 0.8-0.7 reaction orders with respect to Pn2, Pmeon and P -
ppo. Water inhibits all reactions, with C-O scission having a negative 1% order dependence on Przo.
Cofeed experiments were also carried out by replacing 0-40 % of MeOH with formaldehyde, and
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20-60% of 1,2-PDO with hydroxyacetone. As formaldehyde concentration was increased, C-C
coupling yields increased by order of magnitude, while dehydrogenation decreased. As
hydroxyacetone concentration was increased, the yields of C-C coupling, direct C-C scission and
esterification increased, while C-O scission and retro aldol condensation remained nearly the same.
These results reveal that the rate determining step in C-C coupling is associated with the adsorption
of MeOH, dehydrogenation of MeOH to formaldehyde, or the subsequent nucleophilic attack by
the 1,2-PDO derived species.

The apparent activation energy of dehydrogenation and C-C coupling were found to be
45.6 and 47.2 kJ/mol respectively, the lowest among all reactions observed. The apparent
activation energies for C-O scission (64.9 kJ/mol), direct C-C scission (68.3 kJ/mol), retro aldol
condensation (69.4 kJ/mol) and esterification (62.7 kJ/mol) were found to be at least 15 kJ/mol
higher. We also carried out experiments with MeOH and other a,f-diols (1,2-butanediol and 2,3-
butanediol), and a,-diols (1,3-propanediol and 1,4-butanediol). C-C coupling was only observed
between MeOH and a,B-diols, while the major products from a,®-diols were C-O scission and C-
C scission. Experiments carried out with 1,2-PDO and other monoalcohols (ethanol, 1-propanol
and 2-propanol) showed C-C coupling occurring between 1,2-PDO and primary alcohols, but not
with secondary alcohols like 2-propanol. Moreover, products from self-coupling/esterification of
the monoalcohols, such as 1-butanol and ethyl acetate from ethanol, were observed with Ca
monoalcohols.
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