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ABSTRACT: Etherification of S-hydroxymethylfurfural (HMF) and

ethanol to yield ethoxymethylfurfural (EMF) is an important reaction e 2100 Bm,
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HMF etherification by ethanol is highly selective in H-BEA zeolites
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on H-BEA (95%) than on Amberlyst-15 (76%), H-FAU (64%), H- R 1P
MEFI (88%), and H-MOR (63%) at high conversions (>60%). This \\@/I
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selectivity toward EMF is not driven by transport limitations or Experiment ~ s.%
Bronsted acid site concentrations; instead, a kinetic preference for L L € f _ f 3
etherification on BEA leads to such high yields. Nonidealities %~~~ liq.~ dgas 2
associated with the liquid-phase reaction are addressed by using e ~— g \——[,— i
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UNIFAC-derived activities rather than concentrations, and reaction
kinetics measurements indicate that the reaction proceeds on a surface
saturated by ethanol with rates that are first order with respect to
HME activity and negative order with respect to ethanol activity. Gas-phase density functional theory calculations are unified with
aqueous liquid-phase kinetics measurements by using partial pressures of a hypothetical gas phase calculated from UNIFAC-derived
activities. DFT calculations indicate that etherification occurs in a single concerted step—rather than through a two-step sequential
pathway—in which HMF is protonated and dehydrated to form a relatively stable methoxyfurfural carbocation (in contrast to
ethanol dehydration). This methoxyfurfural carbocation is stabilized by resonance in contrast to ethyl carbocations formed from
ethanol protonation and dehydration, and it also leads to the observed high selectivity for cross-etherification (to EMF) vs self-
etherification of either HMF or ethanol. This rigorous mechanistic investigation uses gas-phase DFT calculations to offer insights
into aqueous-phase catalysis, thereby elucidating an important reaction in biomass upgrading.

Arvr
A hypothetical gas thermodynamically unifies kinetic and DFT data
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1. INTRODUCTION Scheme 1. Etherification of HMF with Ethanol

Lignocellulosic biomass is a renewable carbon resource that is \\

attractive. for its potential to replac.e fossil-ba§ed resources,”” a HO O ~oH o o o
need which has been exacerbated in the United States by the e} / e} /
predominance of light hydrocarbon feedstocks that are poor \ / LA» \ /

precursors to chemicals requiring five or more carbon
atoms.’~® The use of platform chemicals provides a flexible
approach for producing a variety of valuable products from a
handful of common intermediates.” One such platform
molecule is S-hydroxymethylfurfural (HMF), which can be
produced in high yields from C4 sugars’ '® and has been

upgraded Yéﬁga large number of processes to both fuels and combination of Sn-containing BEA zeolite and HCI,

also S-tert-butoxymethylfurfural (by reacting HMF with tert-
butanol)* and surfactants (by reacting HMF with long-chain
alcohols).”® These etherification reactions have also been

performed in one pot starting from glucose usin% a
5,23

chemicals.
The etherification of HMF (Scheme 1) is an important

reaction that has been studied as a means of producing

ethoxymethylfurfural (EMF), which is suitable for direct Revised: ~ May §, 2020 77

blending with diesel fuel.'””>" Solid Bronsted acids catalyze Published: May 11, 2020

the formation of EMF from HMF, including Amberlyst-ls,zo'22

Amberlyst-131,>* and AI-MCM-41."> H-BEA has also been

used for HMF etherification to produce not only EMF** but
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while 2,5-diethoxymethylfuran can be produced by coupling
transfer hydrogenation with etherification over Hf-, Zr-, and
Sn-BEA zeolites.”””® While etherification can be performed
solely over Lewis acid sites (e.g.,, Zr/SBA-15>* and NH," BEA
zeolite’™*”), such studies have not generally been performed in
the presence of water. Recent in situ and operando spectros-
copy measurements have indicated that these Lewis acid sites
form pyridinium ions in aqueous solution upon titration with
pyridine, suggesting that they function as Brensted acid sites in
the presence of water.””' Such considerations are important
for reactions with HMF because any practical application of
HMEF etherification to produce biodiesel, surfactants, or other
chemicals must contend with the ubiquity of water in biomass
processing.

Etherification reactions generally follow an Sy2-type path-
way with a concerted (or associative) transition state.*
Previous work by Bell and co-workers’”** assumed this
pathway dominates over tungstated zirconia for the conversion
of various long-chain alkanols to their corresponding mixed
ethers. Importantly, the activation energies for these various
self- and cross-etherification reactions are comparable,
indicatin3g poor selectivities to a single cross-etherification
product.”* Along the same lines, spectroscopic and computa-
tional studies using a variety of Brensted acid catalysts show
similar results for both methanol®® and ethanol®® dehydration
to dimethyl and diethyl ethers, and a bimolecular transition
state is formed during diethyl ether formation over Lewis acid
sites on y-Al,O,?” In contrast, for HMF etherification,
Balakrishnan et al. postulate a reaction mechanism wherein
the furan is protonated and undergoes dehydration in a rate-
limiting step. The resulting oxocarbenium ion then undergoes
nucleophilic attack by ethanol to yield the ether in a two-step
(sequential or dissociative) mechanism."’

In this work, we demonstrate that H-form BEA zeolite
catalysts provide exceptional cross-etherification selectivities
(>90%) to EMF at high conversions (>60%), thereby avoiding
self-condensation of either ethanol or HMF. We then use a
combination of reaction kinetics measurements and density
functional theory (DFT) calculations to elucidate the
mechanism by which ethanol reacts with HMF. Due to the
practical concerns associated with performing biomass
reactions in the absence of water, we have evaluated this
mechanism in the presence of excess water. To compare our
liquid-phase reaction kinetics data with calculations performed
in vacuo using DFT, we develop a model based on a
hypothetical gas phase that is in equilibrium with the
experimental liquid phase. We find that the kinetics for these
reactions are governed by transition states similar to those for
previously investigated dehydration reactions of other alcohols.
Finally, we show that a concerted bimolecular etherification
mechanism prevails under the relevant experimental con-
ditions.

2. MATERIALS AND METHODS

2.1. Catalyst Preparation. The zeolite catalysts were
acquired from Zeolyst International. BEA zeolite was obtained
with silica to alumina ratios (Si0,:Al,0;) of 25 (ammonium
form), 38 (ammonium form), and 300 (hydrogen form) (BEA-
25, BEA-38, and BEA-300, respectively). MFI zeolite was
obtained with SiO,:Al,0; = 23 (ammonium form), mordenite
(MOR) with Si0,:Al,0; = 20 (ammonium form), and
faujasite (FAU) with Si0,:AL,0; = 5.1 (ammonium form).
Amorphous SiO,—Al,0; (ASA) with Si0,:AL,0; = 5.1 was
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acquired from Grace Davison (Davicat 3113). These catalysts
were calcined in air (Matheson, breathing air) at 823 K for 1 h
(ramp rate of 3 K min™"). The calcined catalysts were crushed
and sieved between 50 and 100 mesh. Amberlyst-15 (A1S) in
its hydrogen form (Sigma-Aldrich) was washed in Milli-Q
grade water (18 MQ) and dried overnight in an oven at 383 K.
The washed AlS was also crushed and sieved between 50 and
100 mesh.

2.2. Reaction Kinetics Measurements. Reactions were
performed in thick-walled glass batch reactors (Alltech, 10 mL)
equipped with triangular stir bars and sealed with PTFE liners
(Qorpac) in plastic caps (Qorpac). In a typical reaction, 4 mL
of liquid feed containing 200 mM HMF (Acros Organics,
98%) and 12.9 M alcohol in aqueous solution was placed in a
reactor containing the catalyst at an HMF to catalyst ratio of
10:7 (g:g). Alcohols used include ethanol (Acros Organics,
99.5+%), n-butanol (Sigma, >99.4%), phenol (Fisher, 91%),
and cyclohexanol (Fisher, reagent grade). Reaction temper-
atures were maintained at 433 K in a stirred oil bath, and
reaction times ranged from 15 min to 96 h to achieve the
desired HMF conversions. Selectivity was measured at
fractional conversions of HMF between 70 and 60%, and
initial rates were measured at HMF fractional conversions
below 15%. Reaction products were quantified using a
Shimadzu GC-2010 instrument with an APC-2010 FID
detector. Separation was achieved using an Agilent DB-
634Ul column (30 m X 0.025 mm, 140 pum). Helium
(Matheson, grade 5.0) with a linear velocity of 35 cm s~ was
used as the carrier gas. Components were identified by
comparison with retention times of known standards.

2.3. Catalyst Characterization. Diffuse reflectance infra-
red Fourier transform (DRIFT) spectra were recorded using a
Nicolet 6700 Fourier transform infrared spectrometer (FTIR)
equipped with a Praying Mantis (Harrick Scientific Produc-
tion, IBC) accessory for DRIFT applications. KBr powder was
placed in the sample cup inside a Harrick Scientific high-
temperature reaction chamber (HVC). The sample cup in the
HVC was placed on a temperature-controlled sample stage
equipped with a cartridge heater and a thermocouple. The
temperature of the sample cup was controlled by a Harrick
Scientific automatic temperature controller (ATC-024-1).

KBr powder was placed into the sample cup and was heated
under low vacuum (~3 Pa) at 473 K for several hours, after
which a reference beam spectrum was recorded. Zeolite
samples were spread on top of the KBr powder in the sample
cup. Before pyridine adsorption, the samples were heated
under vacuum for several hours at 473 K and a single-beam
spectrum was recorded. Pyridine was introduced into the
chamber at room temperature followed by 1 h of evacuation to
remove gas-phase and weakly physisorbed pyridine. DRIFT
spectra were recorded under evacuation by accumulation of
512 scans at 4 cm™' resolution and using a mercury—
cadmium—telluride (MCT) detector. After pyridine exposure,
scans were measured at 293, 373, 423, and 473 K with 1 h of
evacuation between each temperature. Difference spectra were
obtained by subtracting the spectrum of the clean zeolite from
the spectra obtained after pyridine adsorption.

In the pyridine difference spectra, peaks at 1545 cm™! were
assigned to pyridine bonded to Brensted acid sites and peaks at
1455 cm™" were attributed to pyridine bonded to Lewis acid
sites.”® Peak areas were measured by integrating linear-
baseline-corrected curves from 1515 to 1565 cm™' for the
Bronsted acid peak and from 1435 to 1470 cm™ for the Lewis

https://dx.doi.org/10.1021/acscatal.0c01328
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Table 1. Rates and Selectivity Data for Conversion of HMF to EMF Using Breonsted Acid Catalysts

EMF EL
catalyst Si0,:ALO; time, h conv,” % sel, % sel, %
Amberlyst 15 (A1S) N/A 2.5 84 76 24
faujasite (FAU) S.1 48 88 64 nm®
ZSM-5 (MFI) 23 24 66 88 7
mordenite (MOR) 20 S 73 63 nm®
beta zeolite (BEA-25) 25 2.5 66 95 <S
beta zeolite (BEA-38) 38 1.5 73 90 <S
beta zeolite (BEA- 300 4 60 91 <S

300)

Brensted acid sites, initial EMF rate,” initial EMF TOF,b

pmol ¢! pmol g 57! ks™!
1800 1.69 0.94
6787 0.14 0.19
1098 0.22 0.20
1786° 0.36 0.21
6187 1.65 2.7
5539 1.62 2.9
1007 0.25 2.6

“Reaction conditions: 4 mL of 200 mM HMF and 12.9 M C,H;OH in H,0, HMF:cat. = 10:7 (g:g), 433 K. ®Measured at HMF conversions below
15%, achieved by varying the contact time. “Not measured. “Measured by temperature-programmed desorption of isopropyl amine, reported by
Semelsberger et al.®® (FAU), Wan et al.*” (MFI), Abdelrahman et al.”® (BEA-25 and -38), and Luo et al.** (BEA-300) “Measured by temperature-
programmed desorption of NH;, reported by Hulea et al,”® coupled with the pyridine FTIR data in Table S1.

acid peak.’” To correct for physisorbed pyridine, which
appears in some samples as a shoulder on the Lewis acid
peak,”” two Lorentzians were fitted to the Lewis acid peak at
1455 cm™! and the physisorbed pyridine peak at 1444 cm™.
Analytical integrals for the Lorentzians were evaluated to
calculate the fraction of the numerical area of the Lewis acid
peak and to exclude the physisorbed pyridine peak. The ratio
of the Bronsted area to the Lewis area was reported as the
Bronsted/Lewis (B/L) absorbance ratio. To calculate the B/L
concentration ratio, the absorbance ratio was corrected by
molar extinction coeflicients of pyridine on Brensted and
Lewis sites of 1.67 and 2.22 cm gumol ™, respectively.”

The loading of Brensted acid sites on each catalyst was
obtained from a review of the literature. As has been shown
recently by Dauenhauer’s group,”’ the measurement of acid
sites by temperature-programmed desorption of amines, as
originally described by Gorte and co-workers,*' is reproducible
across many laboratories for commercial zeolite samples
obtained from Zeolyst, Inc. Correspondingly, we have used
these values for our analysis (individual citations given in Table
1).

2.4. Computational Details. Periodic, plane-wave density
functional theory (DFT) calculations were performed usin,
the Vienna ab initio simulation package (VASP)**~*
implemented in a computational catalysis interface (CCI).*
Plane waves were constructed using the projector augmented
wave method (PAW)"*® with an energy cutoff of 400 eV.
Structures were converged such that the forces on all atoms
were <0.05 eV A™!, as determined by a fast Fourier transform
(FFT) grid with a cutoff twice the plane-wave cutoff, and
electronically converged to an energy difference between
iterations of <107¢ eV. The revised Perdew—Burke—Ernzerhof
(RPBE) form of the generalized gradient approximation
(GGA) was used to calculate electronic energies for all
structures.”” Dispersive interactions were included by adding
the DFT-D3 dispersive correction with Becke—Johnson
damping (D3BJ).”” The Brillouin zone was sampled at the I’
point.

Transition state searches were initiated by nudged elastic
band (NEB)®"** calculations with 16 images along the
reaction coordinate and were converged such that forces on
each atom were <0.3 €V A7l From these calculations,
transition states were refined using the dimer method,>
which were converged such that the forces on all atoms were
<0.05 eV A™! and the energy difference between iterations was
<107% eV—the same convergence criteria used for optimiza-
tion calculations.
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The Si-form structure of the BEA zeolite was obtained from
the International Zeolite Association (IZA) structure database
with unit cell parameters a = b = 12.632 A, ¢ = 26.186 A, and a
= f =y = 90.0°.>* BEA has straight 12-membered rings (12-
MR) which connect and intersect to form a 2D pore network.
The zeolite structure in which these calculations were
performed resembles the polymorph A structure of BEA.>>*
All calculations were performed at site T8 in the BEA
structure,”>*® which is surrounded by two symmetrically
unique O atoms and is located at the intersection of the
BEA 12-MRs. This site was chosen because of its proximity to
the channel intersection within BEA, thus allowing for
bimolecular reactions involving HMF, a relatively large
molecule.

One challenge associated with the elucidation of reaction
mechanisms for liquid-phase biomass conversion processes is
that the bulk phase—a nonideal aqueous solution—is not
readily modeled by density functional theory (DFT)
calculations. Thus, even if one can model solvent molecules
near the catalyst site (through explicit solvation, implicit
solvation,””*® or a combination thereof), there is no
straightforward means for unifying results from DFT and
liquid-phase kinetics studies. This is especially relevant for
reactions in zeolites, where the relative hydrophobicity of the
zeolite micropores may reduce intrapore solvent aggregation,
such that transition states are relatively “dry” while the bulk
phase is “wet”, complicating modeling efforts. Using an explicit
or implicit solvent model around bulk molecules will influence
their potential energies, but estimating the translational and
rotational entropy of such molecules in the liquid environment
is much more difficult and usually requires computationally
intractable molecular dynamics simulations. Here, we over-
come this challenge by modeling desorbed species as ideal
gases and by unifying these ideal gases with the liquid phase
through a hypothetical gas phase whose properties are dictated
by vapor—liquid equilibrium (details in section 3.4). This
thermodynamic manipulation is reminiscent of referencing
proton energies to the standard hydrogen electrode when fuel
cell chemistry at metal—water interfaces is modeled.>”

Solvent molecules may also enter the BEA zeolite and
congregate near Bronsted acid sites.””®" Here, we account for
these solvent molecules using an implicit solvent model
(VASPsol),””** which allows us to tune the properties of that
implicit solvent to qualitatively match the shifts in relative
permittivity (from 80 to 15) that occur across the range of
conditions studied in this work, in which the ratio of H,O to
C,H,OH solvent molecules varies from 8 to 1 as the ethanol

https://dx.doi.org/10.1021/acscatal.0c01328
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concentration is increased. For these calculations, the plane-
wave energy cutoff was increased to 600 eV.

Frequency calculations were used to approximate zero-point
vibrational energies (ZPVE), vibrational enthalpies (H,;,), and
vibrational free energies (G,,) of relevant gas-phase species
and adsorbed guest species in the zeolite at 433 K. Two
displacements per atom were used to calculate the Hessian
with the finite difference method; all framework atoms except
the Al site and its four surrounding O atoms were frozen in
place. Low-frequency vibrations (<60 cm™) associated with
frustrated translations and rotations were replaced with a value
of 60 cm™, as low frequencies for guest species are inaccurate
in zeolite frameworks but these motions still contribute to the
enthalpies of guest species. The enthalpy and free energies of
these species were calculated by summing the electronic
energies from DFT (E;) and the energies of dispersive
interactions (Ey, from D3BJ*°) with these vibrational (ZPVE,
H,, G.;,) and frustrated translational (H,, G,,) and rotational
(Hiop Giop) energies

H=E,+ E;+ZPVE+ H, + H, + H_, (1)

@)

for all reactant, transition state, and product calculations. The
translational and rotational enthalpies and free energies of gas-
phase species were calculated from statistical mechanics, as
shown by eqs $1—S10 in the Supporting Information.”

G = E, + Ey + ZPVE + Gy, + G, + G,

3. RESULTS AND DISCUSSION

3.1. Selectivities and Rates of EMF Formation on
Bronsted Acid Catalysts. We evaluated HMF etherification
with ethanol (C,H;OH) using several Bronsted acid catalysts.
Consistent with previous reports, Amberlyst 15 (ALS)
achieved 76% selectivity to EMF at 84% HMF conversion
(Table 1)."”?° Because the reaction was carried out in the
presence of 25 wt % water, the formation of acetals of HMF
was suppressed, minimizing the potential for acetal-based
routes to EMF formation.”> EMF selectivity is nearly
quantitative at low conversion and decreases with increasing
conversion (Figure 1), predominantly due to the formation of
ethyl levulinate (EL). For entries in Table 1 where the carbon
balance does not close, the “missing” carbon is due to humin
formation.”* The formation of humins in particular is largely
attributed to bimolecular self-condensation reactions that
ultimately lead to tarry, polymeric materials,"* although
zeolite catalysts decrease the rate of humin formation for
upgrading highly reactive furan derivatives.”” HMF ether-
ification is 95% selective to EMF at 66% HMF conversion on a
beta zeolite (SiO,:ALO; = 25, BEA-25), with nearly the same
initial rate of EMF production as for A15 (Table 1). The other
zeolite topologies evaluated here (FAU, MFIL, and MOR),
however, do not exhibit such high selectivities when they are
measured at comparable conversion (Table 1), with FAU and
MOR having selectivities near that of A1S (64%, 63%, and
76%, respectively), while MFI achieves 88% selectivity at 66%
conversion. HMF etherification rates, furthermore, are higher
for ethanol than for butanol, cyclohexanol, or phenol in BEA-
25 catalysts under similar conditions (Figure 2). The
differences in selectivity and EMF production rates for the
catalysts studied here could result from acid site density effects,
mass transport limitations in some catalysts, or catalyst
topology and intrinsic kinetic behavior. We next evaluate
each of these effects in turn.
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Figure 1. Influence of fractional conversion of HMF on selectivity to
EMF in Amberlyst-15 (A1S). The decrease in EMF selectivity with
increasing HMF conversion suggests the presence of secondary
reactions that consume EMF and high primary selectivities for the
cross-etherification reaction. Reaction conditions: A1S catalyst, 4 mL
of 200 mM HMF and 129 M C,H;OH in H,0, HMF:cat. = 10:7
(g:g), 433 K.
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Figure 2. Influence of alcohol identity on the formation of HMF
ethers. Reaction conditions: BEA-2S catalyst, 4 mL of 115 mM HMF
and 12.9 M alcohol in H,0, HMF:cat = 10:7 (g:g), 433 K, HMF
conversion <15%.

The initial rates of EMF production were measured at HMF
conversions below 15%. The specific rate of EMF production
over AlS is nearly identical with that measured over BEA-2S,
consistent with the high selectivity observed at low conversion
over both catalysts. Within the set of zeolites in Table 1, the
rates and selectivities follow the same trend with respect to
topology, with the rate of EMF production increasing in the
order FAU < MFI < MOR < BEA. FTIR spectroscopy of
adsorbed pyridine shows that the ratio of Breonsted to Lewis
acid sites varies across this series of zeolites (Table S1).
However, as shown in Figure S1, there is no clear trend in
EMF selectivity with respect to the Lewis acid site density.
Given the direct correlation of the EMF production rate with
respect to Bronsted acid site density (vide infra), it is
unsurprising that Lewis acidity does not strongly influence
the EMF selectivity and suggests that, for the zeolites studied
here, the rates of Lewis acid catalyzed reactions are small
relative to the rates of Bronsted acid catalyzed reactions. The
density of Bronsted acid sites also differs among these catalysts,
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and some of the variation in the initial rate of EMF production
can be attributed to differences in the number of sites available
for reaction. The turnover frequency (TOF) accounts for
differences in acid site density by normalizing the EMF
formation rate by the number of Bronsted acid sites on each
catalyst. The TOF for EMF production measured over AlS
(0.94 ks™') is substantially higher than those measured over
MFI, MOR, and FAU (~02 ks™'); however, the TOF
measured over BEA-25 is 1 order of magnitude greater than
that measured over the other zeolites (2.7 ks™'). The high
TOF for EMF production over BEA-2S, relative to the other
materials, suggests that the enhanced selectivity observed for
this catalyst is due in part to faster EMF production relative to
the rate of byproduct formation. However, the constancy of the
EMF production rate over MFI, MOR, and FAU—despite the
significant differences in EMF selectivity across this series of
catalysts—suggests that each catalyst exhibits a different rate of
byproduct formation.

One potential explanation for the differences in the rates of
byproduct formation is the presence of a concentration
gradient within the BEA-2S crystallites, which would locally
suppress the rate of bimolecular condensation. If such a
gradient is present, then the TOF for EMF production should
depend on the density of acid sites, which can be altered by
varying the Al content of the zeolite. Accordingly, the rate of
EMF production was measured using catalysts commercially
available from Zeolyst, Inc., and compared to the Bronsted acid
site densities reported in the literature for these catalysts as
measured by temperature-programmed desorption of isopro-
pylamine.**** The selectivity to EMF is nearly constant for this
series of materials (Table 1), and the rate of EMF formation is
directly proportional to the number of acid sites (Figure 3).
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Figure 3. Influence of Bronsted acid site density on the rate of EMF
production for three BEA samples. Reaction conditions: BEA-2S,
BEA-38, and BEA-300, 4 mL of 200 mM HMF and 12.9 M C,H;OH
in H,0, HMF:cat. = 10:7 (g:g), 433 K, HMF conversion <15%.

Therefore, there is no significant concentration gradient
present in the BEA samples, and the high activity and the
high selectivity to EMF observed over BEA cannot be caused
by locally suppressed rates of bimolecular condensation. Apart
from MFI, the other catalysts evaluated here all have pore
diameters as large as or larger than that of BEA, suggesting
they too lack concentration gradients during reactions. While
the concentration of HMF in the pores of MFI may be
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nonuniform, the selectivity over this catalyst is comparable to
that over FAU and MOR, likely due to reactions occurring on
the external surface of the zeolite crystallite. Correspondingly,
the BEA, FAU, and MOR catalysts meet the Koros—Nowack
criterion for the absence of internal mass transfer effects, as
described by Madon and Boudart,”' indicating that the
reaction kinetics data collected for the BEA samples are free
of mass-transfer artifacts. Similarly, we have calculated the
Weisz—Prater number, Ny.p, for EMF formation in BEA-25
(which has the highest specific reaction rate), as described by
Vannice.”” The value of Ny.p for this catalyst is 0.002 for the
conditions used in generating the data in Figure 3, which
corresponds to an effectiveness factor of 99.97%, confirming
the absence of concentration gradients within the zeolite
crystallite. Notably, this value of Nyy.p is below the 0.3 criterion
generally given for the absence of mass-transfer limitations.””
Therefore, neither mass transfer limitations nor Bronsted acid
site densities are responsible for differences in selectivity
toward EMF over these catalysts. Figure S2 indicates that there
is an o_Ptimum in EMF selectivity with respect to the constraint
index,”® which is an empirical parameter that is indicative of
confinement effects due to the topology of zeolite catalysts. It
is then likely that the high selectivity to EMF and the high rates
observed over BEA zeolite are due to the unique topology of
that catalyst. Notably, the kinetic diameter of HMF is ~6.2 A”*
while the largest sphere that can be inscribed in the BEA
framework is 6.9 A in diameter,”® suggesting that there may be
a match between the geometry of the zeolite and the transition
state for EMF formation.

3.2. Kinetics of EMF Formation on H-BEA. With mass
transfer and site density effects having been eliminated, EMF
selectivity can be governed by the intrinsic reaction kinetics for
each catalyst. Here, we focus on elucidating the mechanism of
cross-etherification of HMF and ethanol on H-BEA using both
kinetics measurements and theory. Such a mechanistic analysis
on a catalyst where few side products form must precede
rigorous analyses of structural characteristics of these frame-
works that dictate selectivity differences. Moreover, a full
investigation on the kinetics of cross-etherification in each of
these frameworks is beyond the scope of this study. The rate of
EMF formation increases with HMF concentration (Figure
4a). Solvation effects can lead to nontrivial kinetics trends,
which can be simplified by expressing the reaction rates in
terms of activities.”® Activities, a;, can be expressed in a
straightforward manner using activity coefficients estimated by
the UNIFAC method,”””® and the rate data obtained here are
plotted according to their UNIFAC activities in Figure 4b. The
EMF formation rates are first order (0.98 + 0.04) with respect
to HMF activity, as shown by the dashed curve in Figure 4b.
The HMF concentration and activity correlate to one another,
as HMF is dilute (<1 mol %) across all conditions studied
here, but changes in C,H;OH concentration will lead to
nontrivial shifts in activity, as discussed later, prompting the
use of activities in rate expressions. On the basis of the first-
order behavior of HMF, it is unlikely that HMF monomers are
abundant surface intermediates. Next, we consider the kinetic
behavior of the various HMF etherification pathways.

Ether formation can proceed by three distinct pathways
(Figure S) that involve a total of four transition states. For each
pathway, either ethanol or HMF can undergo dehydration
(R,OH and R,0H can be HMF and C,HOH, in either
order). Each transition state can be kinetically relevant, and we
describe these pathways and their rate expressions below.
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Figure S. Ether formation mechanisms considered in this work. R,
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In the first potential pathway, the ether is formed according
to a concerted Sy2 reaction mechanism (Figure S, top). Given
that there are two distinct alcohols, there are two routes by
which this concerted mechanism can occur: via dehydration of
either HMF or ethanol. The rate-controlling step is preceded
by quasi-equilibrated adsorption of both alcohols and followed
by the kinetically irrelevant desorption of water and EMF. If
the surface is covered by adsorbed ethanol, by adsorbed HMF,
and by ethanol-HMF pairs, then the corresponding rate
equation for this concerted route is

1o/ [L]
ke,[R,OH][R,0H]
1 + Ky [ROH] + Ky [R,0OH] + K,[R,OH][R,0H]
®3)

where k¢, is the effective rate constant for forming the
concerted transition state from a bare surface; Ky,;, Ky, and
Kp, are the equilibrium constants for the adsorption of each
alcohol and a protonated R,OH—R,OH pair, respectively; and
[L] = [*] + [R,OH*] + [R,OH*] + [R,OH—R,OH*] is the
site balance. The value of the rate constant, k), is governed by
whether EtOH or HMF undergoes dehydration, as those
transition states have distinct carbenium ions and structures.
However, the form of the Sy2 rate expression is identical for
both cases. In a second pathway, one alcohol is dehydrated to
form a surface alkyl species (Figure S, bottom). This pathway
is analogous to an Syl mechanism, where the surface alkyl is a
reactive intermediate. If the rate-determining step of this

mechanism is the alkylation of the zeolite surface, the
corresponding rate equation is

751/ [L]
kg [R,OH]

1 + Ky [ROH] + Kg [R,0H] + Kp,[ROH][R,OH]
(4)
where kg, is the effective rate constant for surface alkylation.
This rate equation is distinct from the kinetic expression for
the concerted Sy2 pathway (eq 3). This surface alkylation
reaction can also take place in the presence of a spectating
alcohol species (Figure S, middle), whose presence can affect
the barrier (as shown previously for zeolite methylation near
benzene and methanol).””*" The coadsorption of the second
alcohol in this mechanism leads to a rate equation functionally

identical to eq 3:

rs1s/[L]

kg;[R,OH][R,0H]

1 + Ky [R,OH] + Ky [R,0H] + Kp,,[R,OH][R,OH]
©)
where kg is the effective rate constant for surface alkylation
with a spectating alcohol. Finally, these surface alkylation
reactions are followed by a second step in which the EMF
product is formed, and this step could be rate controlling if
surface alkylation is quasi-equilibrated. Because water desorbs
prior to ether formation in the sequential mechanisms, the
second step is inhibited by water, as it reduces the coverage of

surface alkyls; therefore, the rate equation takes the form

Vsz/[L]

ks,[R,OH][R,OH][H,0] "

1 + Ky [R{OH] + Ky [R,OH] + Kp,[R,OH][R,0H]
(6)

where kg, is the effective rate constant for ether formation.
The functional forms of eqs 3 and 5 are identical, and for
reactions in the aqueous phase they are identical with eq 6.
Thus, if the reaction is limited by the transition states of the
concerted pathway (step Cl, eq 3), surface alkylation with a
spectator (step S1S, eq S), or ether formation from a surface
alkyl species (step S2, eq 6), then the apparent reaction orders
with respect to the alcohol concentrations would be the same.
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Figure 6. Dependence of the EMF production rate on ethanol concentration (a) and how the HMF-normalized rate depends on ethanol activity
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As such, kinetics studies can only assist in contrasting these
scenarios with one in which surface alkylation occurs in the
absence of coadsorbed alcohols and is rate-limiting (step S1, eq
4). If this step is rate-determining and involves the dehydration
of ethanol (eq 4, R;OH = C,H;OH), then the rate should not
increase with HMF concentration, as observed, ruling out this
pathway. Otherwise, all reaction pathways described above
predict first-order behavior in HMF, consistent with the
kinetics data (Figure 4b).

The ethanol concentration was also varied (from S to 14 M)
to determine how ethanol influences HMF etherification rates.
EMEF formation rates are nearly constant at <10 M C,H;OH
and increase with C,H;OH concentration >10 M (Figure 6a),
an observation that is inconsistent with any rate equation
derived above. However, these large changes in solvent
composition with varying C,H;OH concentration also alter
HMF activities (even though the HMF concentration remains
constant) because of liquid-phase nonidealities. These shifts in
HMF activities must be accounted for in EMF formation rates,
and because EMF formation is first-order in HMF (Figure 4b)
this can be accomplished conveniently by dividing those rates
by the HMF activity (Figure 6b). By making this correction
and plotting the rate data against C,H;OH activity, estimated
with UNIFAC,”””® a clearer picture of the kinetic behavior
emerges. Rates normalized by HMF activity decrease by ~40%
as the C,H;OH activity increases from 0.3 to 0.9, indicating
that ethanol either has very little effect on the rates or weakly
inhibits the reaction. The kinetic behavior of HMF and
C,H;OH is consistent with concerted HMF dehydration as the
sole rate-limiting step (eq 3, ROH = HMF) if H,O-derived
species are the most abundant surface intermediate (leading to
first- and zero-order behavior in HMF and C,H;OH,
respectively). The lack of ethanol adsorbed at acid sites is
possible at low concentrations (~8:1 H,0:C,H;OH molar
ratio) but less likely at high ethanol concentrations (~1:1
H,0:C,H;OH), as C,H;OH binding is expected to be
stronger than H,O binding. Importantly, the reaction kinetics
data do not rule out other pathways (e.g,, those described by
egs 3, 5, and 6); while those pathways involve ethanol, the
influence of ethanol on rates will be approximately zero order if
ethanol-derived species cover the acid sites. Accounting for the
nonideality of the liquid phase allows for reasonable
interpretations of the kinetics data; however, the exact
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mechanism cannot be derived through such interpretations
alone.

3.3. DFT Calculations of HMF Etherification Path-
ways. We further investigate the mechanism of cross-
etherification of HMF and ethanol using DFT calculations.
These calculations, in conjunction with kinetics measurements,
help determine the mechanism by which cross-etherification
occurs in H-BEA as a preliminary explanation of its high
selectivity toward EMF. We calculated free energies of the
intermediates in each HMF etherification pathway (Figure S)
at a standard state (433 K, 1 bar of C,H;OH and HMF) in H-
BEA. HMF binds more strongly to the acid sites than either
ethanol or H,O, with binding free energies of —54, —37, and
—21 kJ mol™!, respectively. Binding a second alcohol to these
complexes is less favorable (e.g, the binding free energy of
ethanol near HMF adsorbed to a proton (HMF*) is —23 kJ
mol™" in comparison to —37 kJ mol™" in the absence of
HMF*), as it results in sharing a proton between two weak
bases. The base pairs, however, are strong enough to
deprotonate the acid site, and we note that binding free
energies remain negative for alcohol adsorption even in the
presence of preadsorbed alcohols. These binding energies are
calculated with gas-phase reference states (1 bar) despite the
reactions occurring in the liquid phase. The errors inherent in
this assumption are remedied in section 3.4; for now, intrinsic
barriers will be examined for reactions described in Figure 5, as
these intrinsic barriers are independent of the bulk properties
(i.e., whether we use a gas or solvated bulk phase).

HMF dehydration occurs with a lower intrinsic barrier (96
k] mol™') in comparison to ethanol dehydration (120 kJ
mol™"), likely because it occurs via a more stable carbocation
(Figure 7). Dehydrating HMF to form a bound alkoxide occurs
with an intrinsic barrier of 96 k] mol™ in the absence of
ethanol and 116 kJ mol™" in the presence of ethanol, indicating
that coadsorbing ethanol makes surface alkylation by HMF
dehydration more difficult, potentially because of repulsive
steric interactions (Figure 7). Dehydrating ethanol to form
ethoxide, in contrast, has an intrinsic barrier of 111 kJ mol™ in
the presence of HMF, which is 9 kJ mol™" lower that than in its
absence (120 kJ mol™'), and the transition state structure
(Figure S4d in the Supporting Information) shows that the
leaving H,O group H-bonds to HMF, which confers additional
stabilization.
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The intrinsic barriers for concerted ether formation (104
and 114 kJ mol™") and for surface alkylation with a spectating
alcohol (111 and 116 k] mol™") are similar to one another and
follow the same rate expression (eqs 3 and S5, respectively),
rendering these pathways difficult to distinguish (Figure 7).
Among them, concerted ether formation via HMF dehydration
has the lowest barrier (104 kJ mol™).

The transition state structure for concerted EMF formation
from HMF dehydration is similar to previously calculated
transition states for concerted etherification of other
alcohols.*>**7°7%* The water and ethanol interact simulta-
neously with two different O atoms of the conjugate base (190
and 187 pm, respectively), while the methylfurfural cation
(MF") is located between the water leaving group (216 pm)
and the ethanol (236 pm; Figure 8). The methylfurfural
carbocation forms a planar sp*hybridized C atom upon
dehydration of HMF. The accessible resonance structures for
this MF" species—shown in Figure S7 in the Supporting
Information—reduce its AG,, value to form EMF (104 kJ
mol™") in comparison to a AG,, value of 114 k] mol™" to form
EMF via C,H;OH dehydration. While the concerted transition
state via C,H;OH dehydration forms a structure similar to that
via HMF dehydration with H bonds to the conjugate base
(Figure S4b), the ethyl group cannot effectively redistribute its
charge.

Generally, transition states which occur via a methylfurfural
cation (MF*)—i.e., from dehydrating HMF—are consistently
lower in energy than those which occur via an ethyl cation for
comparable routes (Figure 7), because the MF' cation has
several resonance structures (Figure S7 in the Supporting
Information) which favor its formation over that of an ethyl
cation. This stability is confirmed by gas-phase calculations of
alkyl transfers between two water molecules, which is
barrierless for MF* but occurs with a barrier of 25 kJ mol™"
for ethyl transfer (Figure S8), demonstrating that MF*
carbocations are more stable than ethyl carbenium ions.
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a)

AG,,
AGint

Figure 8. Structure of the transition state for concerted EMF
formation via HMF dehydration shown (a) along the a vector of the
BEA unit cell and (b) along the b vector of the BEA unit cell
Incipient and breaking bonds are indicated with black lines, and H
bonds are indicated with dashed blue lines. Bond lengths are shown in
pm. Intrinsic (AG;,,) and apparent (AG,,, relative to a bare proton)
free energy barriers are shown in kJ mol™'. Additional structures are
shown in Figures S3 and S4 in the Supporting Information.

Cross-etherification between HMF and C,H;OH to form
EMF occurs with high selectivity at low conversion for both
AlS and BEA-2S5 materials and at high conversions for the
latter material, as it suppresses the secondary reactions which
decrease selectivity with increasing conversion on A1S (Figure
1). Here, we contrast cross-etherification through a concerted
Sy2 mechanism (via HMF dehydration) with the self-
etherification of ethanol to form diethyl ether (DEE) and
the self-etherification of HMF to form S$,5’-oxy(bismethylene)-
2-furaldehyde (OBMF). Forming DEE from two coadsorbed
ethanols occurs with an intrinsic barrier of 110 k] mol™, or 6
kJ mol™" higher than that to form EMF and 4 kJ mol™" lower
than dehydrating ethanol near HMF to form EMF (Figure 8b).
Forming OBMF from two coadsorbed HMF molecules occurs
with an intrinsic barrier of 141 kJ mol™', despite occurring
through HMF dehydration to form a stable MF" carbocation
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(Figure 8c). The large barrier in spite of the stable carbocation
suggests that this reaction is sterically or conformationally
hindered in the BEA framework—i.e., it lacks the room to
form the preferred Sy2 transition states observed for DEE and
EMF formation. This crowding is also indicated by the low
adsorption free energy of HMF near HMF (—8 kJ mol™'),
whereas adsorbing HMF near C,H;OH (—40 kJ mol™) or
onto a bare proton (—54 kJ mol™") is much more favorable.
Together, these lead to lower predicted rates of DEE and
OBMEF formation in comparison to that for EMF in BEA
(Figure S9 in the Supporting Information). Generally,
C,H,OH self-etherification is less favored than EMF formation
because it must occur through an ethyl carbenium, which is
less stable than the MF* carbenium, while HMF self-
etherification is limited by the pores of the BEA zeolite.

The adsorption energies and thus the effective barriers for
these pathways are calculated on the basis of an ideal gas phase
composed of HMF and ethanol (433 K, 1 bar), whereas the
kinetics data were collected in the aqueous phase. Here, we
introduce a hypothetical vapor phase to reconcile this
difference.

3.4. Unifying Experimental and Theoretical Results.
The presence of a highly nonideal liquid phase in kinetics
measurements complicates comparisons between them and
DFT calculations performed under vacuum. A common
approach to reconcile these conditions is to simulate the
liquid phase in the DFT calculations (e.g, by including solvent
molecules and performing molecular dynamics calculations);
however, this approach can prove to be computationally
expensive. Static explicit or implicit solvation models, while
computationally feasible, can give insights into how the solvent
influences the potential energy and vibrational frequencies, but
the ideal-gas formalisms for estimating translational and
rotational entropies would be inappropriate for these liquid-
phase reactions, rendering free energy estimations difficult.
Instead, for each experimental condition we calculate the
pressure of an equivalent, hypothetical ideal gas in equilibrium
with the reacting liquid phase and use this value to determine
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the chemical potential. Chemical potentials, y;, are directly
related to fugacities, f;, by

w,=p° + RT Inf )
where p° corresponds to the chemical potential of a pure
species at unit fugacity, R is the ideal gas constant, and T is the
reaction temperature.”> We have adopted the notation of
Smith and Van Ness,”” wherein the circumflex operator (*) is
used to represent values of species in mixtures. Any influence
of the mixture on the chemical potential of species i is captured
in the fugacity term, which can be calculated by any convenient
means. The fugacity for the liquid phase can be assumed to be
in equilibrium with a hypothetical vapor phase, such that £ = f,
which also requires that the temperature and pressure of the
hypothetical vapor phase match those in the real liquid phase.
For these conditions (1 atm and 433 K), it is reasonable to
assume that the vapor phase is an ideal gas, for which the
fugacity is simply the partial pressure, p;, determined by the
modified Raoult’s law formulation of vapor—liquid equili-
brium:”’

NP = xrf (8)

where x; and y; correspond to liquid and vapor mole fractions,
respectively, P corresponds to the total system pressure, ¢; to
the fugacity coeflicient of species i, and f; corresponds to the
fugacity of pure i. For a liquid, f; can be rewritten in terms of
the saturation pressure, P, and the fugacity coefficient at
saturation, ¢. As y,P is the partial pressure, p, of a
compound, combining the fugacity coeflicients into a ratio,
D, = /P, and recognizing the Poynting factor should be
negligible at 1 bar leads to

xi}/ipisat

T e ©)

For ideal gases ®; = 1, so that the equivalent pressures can
be calculated solely from the experimental mole fractions (x;),
the activity coefficients (y,) predicted by UNIFAC,”® and the
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Figure 10. DFT-predicted surface coverages as a function of (a) HMF pressure (at 0.34 bar of C,H;OH) and (b) C,H;OH pressure (at 0.54 mbar
HMF) at 433 K. The species considered were as follows: bare protons, adsorbed HMF, C,H;OH, and H,O; dimeric complexes of HMF, C,H;OH,
and H,0; mixed complexes (C,H;OH—HMF, C,H;OH—H,0, and HMF—H,0). Species covering less than 1% of the surface are not shown for

clarity.

saturation vapor pressures (P%) at the reaction temperature
given by tabulated Antoine coefficients.*® These virtual partial
pressures enable DFT analysis using gas-phase statistical
mechanics equations and bulk (vacuum) calculations. Because
the hypothetical gas phase and liquid phase are considered to
be in equilibrium with one another, their chemical potentials
are equivalent. Therefore, free energies for this hypothetical gas
phase calculated from DFT and statistical mechanics should
match experimental observations when the reaction rates are
written as a function of calculated chemical activity (which is
proportional to the partial pressure of species i in the
hypothetical ideal gas calculated in eq 9). Activity coefficients
(UNIFAC) and partial pressures (eq 9) are shown in Table S2
in the Supporting Information for all experimental conditions
used in this work.

We analyze DFT-calculated adsorption, reaction, and
activation free energies using the maximum rate analysis
approach. A maximum rate analysis evaluates each step in a
reaction mechanism as if it were rate-controlling, with all
preceding steps assumed to be quasi-equilibrated.87 Here, rates
at a variety of imposed pressures can be calculated from
relevant rate equations (eqs 3—6), which were derived by
assuming each of the four transition states shown in Figure 4
are kinetically relevant.

DFT-predicted maximum rates at partial pressures derived
from the thermodynamic relationships described above are
shown in Figure 9. These maximum rates can be used to
determine which steps are quasi-equilibrated and which are
kinetically relevant for the two-step sequential mechanisms.
Rates for each step are calculated as through that step were
rate-limiting in its appropriate pathway; among these rates, the
slowest is the rate-determining step. This consideration,
however, is not very relevant in this case, as these results
show that the concerted S\2 reaction via HMF dehydration
occurs with rates >10X greater than the maximum rate of any
other elementary step. The next fastest pathway is the
concerted Sy\2 reaction via C,H;OH dehydration, which
occurs at rates ~15X lower than the concerted pathway
(n.b., while the first step of the sequential mechanism is faster
than concerted C,H;OH dehydration, reactive flux through
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that pathway is limited by the slow rate of the second step).
These two reactions both start with a C,H;OH—HMF
complex coadsorbed to an acid site, and thus their relative
rates are a function only of their intrinsic activation free
energies (104 and 114 kJ mol™') and are independent of
reaction conditions. On the basis of UNIFAC-derived partial
pressures for these species under the conditions of these
experiments (Table S2), this further indicates that the
concerted route via this MF" transition state prevails under
all conditions tested experimentally.

DFT-predicted adsorption free energies for HMF, C,H;OH,
and H,O along with their coadsorption free energies to form
three homodimer (HMF—HMF, C,H;OH-C,H:OH, and
H,0-H,0) and three mixed-dimer complexes (HMF—
C,H,0OH, C,H,0H-H,0, HMF—H,0, Figures S5 and S6
in the Supporting Information) can be used to predict the
most abundant surface intermediates as a function of HMF and
C,H;OH pressure. C,H;OH dimers make up over half the
surface intermediates at 0.34 bar of C,H;OH and <0.15 mbar
of HMF (Figure 10a), which is a 2000:1 pressure ratio
(C,H;OH:HMF), corresponding to a concentration ratio of
560:1 in the nonideal solution. At higher HMF activities, the
C,H;OH—HMF mixed complex covers half the surface, with
coverages approaching 1 ML as HMF activity increases over
the range of this study (corresponding to the high HMF
concentration data points in Figure 4). No other species (of
the 10 considered) make up more than 10% of the surface
within the domain of experimental conditions tested in this
work, and bare protons are essentially absent, as expected.

These surface coverages are used in the maximum rate
analyses, and thus the reaction orders in HMF and ethanol are
predicted by these techniques. Predicted EMF formation rates
(Figure 9) increase with increasing HMF activity, and the
reaction order shifts from first (at low HMF pressures) toward
zero (at high HMF) in a typical Langmuir—Hinshelwood—
Hougen—Watson fashion as the surface shifts from being
covered by C,H{OH—C,H;OH complexes to C,H{OH—HMF
complexes (Figure 10). The rates are nearly independent of
ethanol pressure at constant HMF activity with slight
inhibition at higher ethanol pressures, consistent with a shift
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Figure 11. (a) Measured (dots) and predicted (solid line, scaled by 5.2 X 10~*) EMF formation rates in BEA (433 K, <10% HMF conversion) as a
function of HMF activity. Predicted rates after adjustment of HMF binding energy by 10 kJ mol™" are represented by a dashed line and scaled by
1.0 X 1073, (b) Parity plot of EMF formation rates while HMF concentration (green circles) and C,H;OH concentration (blue squares) were
varied . Hollow symbols are those after adjusting HMF binding energies by 10 kJ mol™'; filled symbols are unadjusted. Predicted rates are

multiplied by 5.2 X 107* (unadjusted) and 1.0 X 107> (adjusted).

in the surface from C,H,OH—HMF to C,H,OH—C,H;OH as
the C,H;OH pressure increases. Because the transition state
involves C,H;OH and HMF under all reaction conditions, the
reaction order depends only on whether the surface is covered
by C,H;OH—C,H;OH, in which case the rates are promoted
by HMF and inhibited by C,H;OH, or the surface is covered
by C,H;OH—HMEF, in which case the rates are zero order in
both species.

These DFT-predicted rates can be compared to exper-
imentally measured rates to assess whether they capture the
correct trends. The experimental rates are approximately first
order in HMF activity, while the DFT-predicted rates are
sublinear in HMF activity (Figure 11a). This trend suggests
that the HMF binding energy is overpredicted by DFT
methods (the free energy of adsorption is too exergonic),
leading to high C,H;OH—HMF coverages (and thus zero-
order kinetics) at lower than measured HMF:C,H;OH ratios.
If the adsorption free energy of HMF is increased ad hoc from
—54 to —44 kJ mol™’, then the predicted C,H;OH-HMF
coverage decreases (C,H;OH—C,H;OH increases) and rates
become first order in HMF over the entire activity range. Such
overprediction of the binding energy was also observed for
benzene alkylation reactions (where the benzene binding
energy was too exergonic).79 This overestimation is likely
caused by an overestimation of the dispersive interactions by
the D3 correction, which affects larger molecules (e.g., HMF)
more than smaller species (e.g,, C,H;OH). Unlike variations in
HMEF concentration, variations in C,H;OH concentration
change the UNIFAC-derived activities (and therefore partial
pressures) of HMF (Table S2); therefore, we directly compare
DFT-predicted rates while accounting for these thermody-
namic nonidealities (Figure 11b). DFT-predicted rates are
approximately invariant as the concentration of C,H;OH
changes (causing both the C,H;OH and HMF partial
pressures to vary), while measured rates increase by a factor
of ~3. This leads to a large deviation from parity and
qualitative disagreement between DFT-predicted rates and
measured rates, particularly at low ethanol concentrations.
Notably, the adjustment of the HMF binding energy also
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improves the qualitative agreement of the data gathered at
varying C,H;OH concentrations. These DFT data are scaled
by ~3 orders of magnitude to facilitate these qualitative
comparisons. The large deviations between the quantitative
and measured data are likely caused by an overestimation of
the binding energies of all complexes in this solvent-free BEA
framework with the D3 dispersion corrections mentioned
earlier. Implicit solvent modeling with VASPsol increases the
predicted rates, indicating that these errors are not associated
with the lack of implicit solvent within the pores (Figure S10 in
the Supporting Information).

This mechanistic investigation indicates a preference for
concerted etherification routes via a MF" cation in BEA. Such a
transition state might be unfavorable in the other frameworks
tested here, which have smaller pores that could be too small
for this transition state to form (MFI and the 8-MR of MOR;
Table 2) or larger pores which might not effectively solvate the

Table 2. Zeolite Frameworks Tested in This Work and
Their Pore Dimensions from the Atlas of Zeolite
Frameworks®’

framework ring dimensions (A)
BEA 12-MR along [100] and [010] 6.6 X 6.7
12-MR along [001] 5.6 X 5.6
FAU 12-MR 74 X 74
MFI straight 10-MR 55X 5.1
sinusoidal 10-MR 5.6 X 5.3
MOR 12-MR 7.0 X 6.5
8-MR 5.7 X 2.6

transition state (FAU and the 12-MR of MOR; Table 2). This
specificity is typical of zeolite catalysts, whose voids stabilize
transition states more effectively as the void approaches the
size of the relevant transition state.**~°° Experimental evidence
for such matching between the size of the transition state and
the void size is found in Figure S2, which shows that the
highest selectivity for EMF is obtained for the zeolite (BEA)
with an intermediate constraint index, and lower EMF
selectivities are obtained for low (FAU and MOR) and high
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(MFI) constraint index zeolites. Therefore, these results
indicate that the high selectivity in BEA arises because its
pores most effectively solvate the preferred transition state—
concerted HMF dehydration—for cross-etherification.

4. CONCLUSIONS

We have observed that H-BEA zeolite achieves nearly
quantitative selectivity for the formation of ethoxymethylfur-
fural (EMF, a biodiesel additive) from S-hydroxymethylfurfural
(HMF) and ethanol in an aqueous solvent system. We
attribute this high selectivity to the unique reactivity of HMF
over BEA, which exhibits a higher TOF for etherification (2.6—
29 ks™) in comparison to other H-form zeolites (MFI, FAU,
and MOR; TOFs ranging from 0.19 to 0.21 ks™"'). BEA is also
more active, on a TOF basis, than Amberlyst 15 (0.94 ks™*),
which achieves only ~75% selectivity to EMF. This rate
enhancement on BEA does not occur as a result of mass
transport limitations on BEA. The overall rate of EMF
formation increases with Brensted acid site density in BEA,
indicating the absence of a concentration gradient of the
reactants within the BEA crystals.

The rate of EMF formation in BEA is first order with respect
to HMF concentration, but we observed the rate to vary in a
nontrivial fashion over a large range of ethanol concentrations.
We showed that this variation is due to thermodynamic
nonidealities induced by the mixed alcohol/water solvent used
for the reaction, and the rates are inhibited by increasing
thermodynamic activity of ethanol, consistent with stable
ethanol-related species blocking sites on the BEA surface.
These nonidealities also hinder the direct comparison of
theoretical and experimental results to explain the observed
kinetics. However, calculation of equivalent partial pressures in
a hypothetical ideal gas phase in equilibrium with the liquid
phase allows for direct calculation of rates from density
functional theory (DFT), which can in turn be compared with
the experimental rates measured in the aqueous phase.

Using this approach, we have shown that a concerted
etherification mechanism proceeding through HMF dehydra-
tion prevails under all experimental conditions. This concerted
route has an overall free energy barrier of 27 kJ mol™" relative
to a bare proton from DFT-calculated energies (433 K, 1 bar).
DFT-predicted rates show sublinear behavior with respect to
HMEF activity and zero-order behavior with respect to ethanol
activity, only partially consistent with experimental rates. This
discrepancy is likely due to overprediction of the binding
strength of HMF; by an artificial increase in the binding free
energy of HMF from —54 to —44 k] mol™', good qualitative
agreement between DFT-predicted rates and observed kinetics
is obtained. Critically, we show that the reactivity of HMF in
zeolite catalysts in an aqueous medium is dominated by
carbenium ion chemistry, rather than the Lewis acidity that the
literature suggests may prevail under anhydrous conditions.
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