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Reaction kinetics and pathways of p-xylene formation from 2,5-dimethylfuran (DMF) and ethylene via cas-
cade reactions of Diels-Alder cycloaddition and subsequent dehydration over H-BEA zeolite (Si/Al = 12.5)
were characterized. Two distinct kinetic regimes were discovered corresponding to the rate limiting reac-
tion, namely Diels-Alder cycloaddition and cycloadduct dehydration, as the concentration of Brgnsted acid
sites decreases. At catalyst loadings with effective acid site concentrations exceeding a critical value (~2.0
mM), the rate of formation of Diels-Alder products becomes constant. Under these conditions, the mea-
sured activation energy of 17.7 + 1.4 kcal mol™ and reaction orders correspond to the [4 + 2] Diels-Alder
cycloaddition reaction of DMF and ethylene. Conversely, at catalyst loadings below the critical value, the
formation rate of p-xylene becomes first order in catalyst loading, and the measured activation energy of
11.3 + 3.5 kcal mol™ is consistent with dehydration of the Diels-Alder cycloadduct to p-xylene. Experimen-
tal comparison between H-BEA and H-Y zeolite catalysts at identical conditions indicates that the micro-
pore structure controls side reactions such as furan dimerization and hydrolysis; the latter is supported via
molecular simulation revealing a substantially higher loading of DMF within H-Y than within H-BEA zeolites
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1.0 Introduction

The production of renewable chemicals is currently of inter-
national interest due to increasing consumer demand for sus-
tainable products combined with the need for national energy
independence."” Global energy demand for the chemical
industry is 15 EJ per year, comprising 30% of the total indus-
trial energy demand worldwide.” Only five major products
dominate chemical production in terms of volume and energy
consumption: benzene/toluene/xylenes (BTX), methanol, eth-
ylene, ammonia, and propylene.> The North American shale
gas revolution can significantly contribute to four of these
products, with high production of low molecular weight
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chemicals (e.g. C2 and C3 compounds).”” However, produc-
tion of larger molecules in the BTX family will not likely be
replaced with shale gas derivatives and increased capacity will
rely on larger chemicals, such as C6 sugars, being obtained
from biomass.®”

One important BTX chemical requiring a low-cost, thermo-
chemical process for renewable production is p-xylene.®
p-Xylene is currently oxidized to terephthalic acid (PTA), the
building block for polyethylene terephthalate (PET), which is
used to manufacture plastic bottles, clothing, automobiles,
and food packaging. Production of p-xylene or PTA directly
from biomass has the benefit that it can be directly inte-
grated into the existing chemical and product infrastruc-
ture.”?® As such, there exist numerous ongoing research pro-
grams to produce renewable PET and its monomer
precursors.'**?

Diels-Alder reactions of biomass-derived furans have
recently demonstrated potential for producing renewable six-
carbon aromatic chemicals, including p-xylene and PTA. In
the first step, a furan diene, 5-hydroxymethylfurfural (HMF),
is produced by isomerization of glucose to fructose,
performed using either base catalysts’®'* or heterogeneous
Lewis acid catalysts, such as Sn-BEA."® The subsequent dehy-
dration of fructose produces HMF, with yields as high as

This journal is © The Royal Society of Chemistry 2016
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70%;'°'® HMF is currently manufactured at a scale of 20
tons per year.” It has recently been proposed that oxidized
variants of HMF can undergo Diels-Alder (DA) addition of
ethylene, producing six-carbon ring aromatic chemicals with
1,4-substitution. For example, the oxidation of HMF to 2,5-
furandicarboxylic acid (FDCA) and the subsequent DA addi-
tion of ethylene can produce PTA; however, this reaction has
resulted in negligible yields of PTA.>°>> The DA reaction of
ethylene with other oxidized variants has been reported but
with only limited yields of six-carbon aromatic ring products.*
A more selective route to p-xylene and PTA first reduces
HMF to 2,5-dimethylfuran (DMF).>*** As shown in Fig. 1, the
reaction of DMF and ethylene (itself produced from ethanol
dehydration® ") consists of the cascade reactions of Diels—
Alder cycloaddition to 1,4-dimethyl-7-oxabicyclo[2.2.1]hept-2-
ene (oxa-norbonene), followed by dehydration to p-xylene in a
single reactor.”® p-Xylene can then be integrated within the
existing chemical process where it is oxidized to PTA.
Conversion of DMF and ethylene to p-xylene has been
demonstrated using H-Y and H-BEA zeolites at yields of 75
and 90%, respectively, in the presence of n-heptane as a sol-
vent.”**” In competition with the pathway to p-xylene are
three side reactions: (a) hydrolysis of dimethylfuran, (b) mul-
tiple additions of ethylene to form alkylated aromatic
chemicals, and (c) dimerization of the furan feedstock and/or
aromatic products.***" Density functional theory (DFT) stud-
ies have highlighted the benefit of strong acids for promotion
of the main pathway and facilitating a high yield of
p-xylene.*® Dehydration of the DA cycloadduct of DMF/C,H,
occurs in three steps, the first of which is prohibitive (E, ~ 60
keal mol™) at moderate reaction conditions (T < 300 °C).>®
Strong Brensted acids have been predicted to dramatically
lower the cycloadduct dehydration barrier (E, ~ 10-20 kcal
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Fig. 1 Catalytic process converting biomass-derived glucose to
terephthalic acid. One-pot conversion of glucose to 2,5-
hydroxymethylfurfural (left grey box) occurs through fructose, and
subsequent hydrogenolysis produces 2,5-dimethylfuran (bottom of the
graph). The Diels-Alder cycloaddition of dimethylfuran and the subse-
quent dehydration to p-xylene are highlighted in the right grey box. A
final reaction oxidizes p-xylene to terephthalic acid.
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mol ™), providing a low-energy pathway to p-xylene.** How-
ever, strong Brgnsted acids have been predicted to have negli-
gible impact on the rate of Diels-Alder cycloaddition of DMF
and ethylene, while Lewis acids, such as lithium, can poten-
tially lower the dimethylfuran DA energy barrier reaction
from the value of ~25 kcal mol™ to as low as ~15 kcal mol™
when binding with ethylene.*

The reaction of DMF and ethylene on aluminum-
substituted faujasite (H-Y) exhibits complex cascade kinetics
of DA addition and dehydration. Initial studies of the DMF-
ethylene reaction indicated a wide variation in the depen-
dence of the reaction rate on acid concentration, such as
zero-order rate dependence on the H-Y catalyst,>® while
Dumesic and co-workers reported first-order dependence on
the concentration of sites with tungstated zirconia.>” Using
the strong acid sites in faujasite, it was recently shown that
both interpretations of the dependence on catalyst concentra-
tion are possible, as the reaction can shift between overall
rate limitation in either the Diels-Alder cycloaddition reac-
tion or the subsequent multi-step dehydration.

In this work, we evaluate the kinetics of the reaction of
dimethylfuran and ethylene with H-BEA zeolite and demon-
strate a reaction pathway of tandem homogeneous Diels-
Alder cycloaddition followed by Brgnsted acid catalyzed dehy-
dration to p-xylene, consistent with the overall mechanism
occurring in H-Y zeolite. An improved catalytic selectivity
towards p-xylene with H-BEA was evaluated by comparison
with H-Y at identical experimental conditions and the results
were interpreted via Grand Canonical Monte Carlo simula-
tions, which revealed the distribution of reactants, intermedi-
ates and products within the different zeolite frameworks
under the reaction conditions.

2.0 Research methods

Experiments consisted of reactions within a stirred-tank reac-
tor with liquid sampling and ex situ characterization by gas
chromatography-mass spectrometry. In addition, Grand
Canonical Monte Carlo simulations were performed to evalu-
ate the loading of organic species at reaction conditions over
a range of dimethylfuran conversions.

2.1 Batch reactions

Reactions were performed in Parr 4560 series reactors
equipped with 4848 controllers and gas entrainment impel-
lers. Chemicals were used without further purification and
consisted of 2,5-dimethylfuran (Alfa Aesar 98+%), n-heptane
(Alfa Aesar 99+%), ethylene gas (Airgas UHP), and n-tridecane
(Sigma-Aldrich 98+%) as an internal standard.

An ammonium-form BEA catalyst with a SiO,/Al,0; ratio
of 25 (Zeolyst CP814E) was calcined in flowing air at 550 °C
for 12 hours to obtain an H-BEA zeolite with an acid site den-
sity of 0.64 mmol g ', as measured by isopropylamine tem-
perature programmed desorption. An H-Y zeolite catalyst
(Zeolyst CBV600) with a SiO,/Al,O; ratio of 5.2 exhibited an
acid site density of 0.36 mmol g™. The catalyst was stored in
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a desiccator and dried in a furnace at 200 °C prior to use in
all reactions to minimize the amount of adsorbed water. In a
typical reaction the Parr vessel was charged with DMF, hep-
tane, tridecane, and catalyst prior to purging the reaction ves-
sel with nitrogen. The reactor was then heated and the reac-
tion was initiated by adding 13.6 atm (200 psi) of ethylene
gas once the desired temperature was reached. Reaction pres-
sures were held constant throughout the experiment through
repressurization of the reaction vessel with ethylene after
sampling.

2.2 Kinetic experiments

Reaction rates were measured at various conditions including
different catalyst loading, DMF concentration, and ethylene
partial pressure to determine the activation energies and
reaction rate orders with respect to DMF and ethylene. Reac-
tions investigating the rate of product formation (p-xylene,
alkylated six-carbon ring aromatics, and dimers), shown in
Fig. 2, utilized 1.4 M DMF in n-heptane with 0.082 M
n-tridecane as an internal standard and 13.6 atm (200 psi)
ethylene at either 200 or 250 °C. In these experiments, the
mass of catalyst charged to the reactor varied from 0.15 to
0.75 g in 100 ml of reaction solution to yield effective
Bronsted acid site concentrations between 0.96 mM and 4.8
mM. Experiments to determine the activation energy
(Fig. 2B and C) were performed at both low (0.7 mM) and
high (3.2 mM) catalyst loading over a temperature range of
200 to 250 °C. Experiments determining the reaction orders
for DMF and ethylene (Fig. 3 and 4) were conducted at low
(0.7 mM) and high (3.2 mM) catalyst loadings with DMF con-
centrations ranging from 0.46 M to 2.3 M and ethylene pres-
sures ranging from 6.8 to 34 atm, respectively.

2.3 Characterization of reaction products

Characterization of chemical components within the reaction
mixture was performed with an Agilent 6890 gas chromato-
graph equipped with a G1513A autosampler, HP-Innowax
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column (to achieve the separation of o, m, and p-xylene iso-
mers), and a flame ionization detector. Samples were col-
lected under reaction conditions at high temperature and
pressure utilizing a double block sampling system, which
allows for samples to be taken at high pressure and tempera-
ture without opening the reaction vessel directly to the atmo-
sphere. Major species were identified by matching retention
times with pure standards and/or comparison with a library
of MS spectra. The reported data have a carbon balance clo-
sure greater than or equal to 90%.

2.4 Zeolite models

Adsorption simulations were performed for two zeolites,
H-BEA (Si/Al = 15) and H-Y (Si/Al = 2.6). Zeolite beta is an
intergrowth of two closely related polymorphs (polymorph
A** with a P4,22 or P4;22 space group and polymorph B*?
with space group C2/c), both of which have a three-
dimensional pore structure of 12-membered rings. Minor dif-
ferences were found between the two polymorphs in simulat-
ing CO, and N, adsorption.>® Therefore, the model of H-BEA
was constructed using the crystallographic atomic positions
of all-silica polymorph A determined by Newsam et al.>*> The
simulation cell containing a 2 x 2 X 1 unit cell structure of
all-silica polymorph A** was composed of 256 Si and 512 O
atoms with cell lattice parameters of 25.322 A x 25.322 A x
26.406 A. After constructing the simulation cell composed of
only silicon and oxygen atoms, 16 of the total of 256 Si atoms
were randomly replaced with Al atoms to obtain a Si/Al ratio
of 15. To make the entire H-BEA system neutral, 16 H atoms
were added to the O atoms connected to the Al atoms to form
hydroxyl groups, which leads to the chemical composition of
the H-BEA simulation cell being Siy40Al;16051,H16. The H-Y (Si/
Al = 2.6) zeolite was modeled as in our previous work® and
in a similar manner to the H-BEA zeolite. It was constructed
based on the neutron diffraction data of Czjzek et al.*® char-
acterized using the Fd3m space group with a cubic lattice
parameter of 24.7665 A. The simulation cell contains one
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Fig. 2 Rate of formation of Diels-Alder (DA) products. A. Low strong acid site concentrations correspond to first order rate of formation of Diels—
Alder products, consistent with the rate of dehydration. High acid site concentrations result in the constant rate of formation of Diels-Alder
products, consistent with a homogeneous (in solution) Diels-Alder cycloaddition reaction. Conditions: Pgiyiene = 13.6 atm and 200 °C (O) or 250
°C (m). B. Rate of DA product formation at 0.7 mM vs. 1/T. C. Rate of DA product formation at 3.2 mM vs. 1/T.
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Fig. 3 Reaction rates, orders and selectivities in cycloaddition-limiting conditions. Reaction rate orders of dimethylfuran (A) and ethylene (B) in the
Diels-Alder cycloaddition limited regime, H-BEA (3.2 mM). Selectivity towards products from dimethylfuran and ethylene with (C) variable
dimethylfuran (DMF) concentration (T = 200 °C, Pgtnyiene = 13.6 atm), and (D) variable ethylene concentration (T = 200 °C, Cpmr = 1.38 M).

unit cell of the structure®” with a chemical composition of
Siy30Al530384Hs3.

The active sites (Al atoms and protons) are distributed
homogeneously in the H-BEA and H-Y zeolites, subject to the
following constraints: the application of Lowenstein's rule®”
(no Al-O-Al is allowed), no two hydroxyl groups can be linked
to the same Si atom, and certain separation distance con-
straints between two protons and/or two Al atoms were
applied depending on the Si/Al ratios. For example, no pro-
ton can be closer than 4.0 A to another in H-Y (Si/Al = 2.6),
and no Al atoms can be closer to each other than 7.0 A and
no protons can be closer than 5.0 A in H-BEA (Si/Al = 15).
The final configuration of the protons without any high-
energy regions was obtained by performing an energy mini-
mization of the fixed (except for the protons) zeolite struc-
tures using the conjugate gradient method.*® The final simu-
lation cells for the two zeolites are shown in Fig. 5.

2.5 Simulation methods

The reaction of 2,5-dimethylfuran (DMF) and ethylene was
carried out in a constant pressure reactor with the continu-
ous addition of ethylene.>**® Calculations were designed to

This journal is © The Royal Society of Chemistry 2016

mimic the experimental system.>**° The side products are
not considered here because of their relatively small frac-
tions. Adsorption isotherms were calculated using
configurational-bias Grand Canonical Monte Carlo (CB-
GCMC)*>*® simulations, which were carried out in the above-
created simulation cells for the H-BEA (Si/Al = 15) and H-Y
(Si/Al = 2.6) zeolites with periodic boundary conditions
applied in all three dimensions. At equilibrium, the chemical
potential of each species in the zeolite is equal to that in the
bulk phase. The chemical potential values required for the
CB-GCMC simulations were calculated with the ASPEN Plus®
commercial software package using the Soave-Redlich-
Kwong-Kabadi-Danner (SRK-KD) equation of state (EOS),
which is suitable for calculating the phase behavior of mix-
tures of hydrocarbons and water.*" The procedures to deter-
mine the bulk phase equilibria and the force fields used for
the adsorption simulations are as in our previous work.>® We
used the TraPPE-zeo force fields*>** that have been shown to
be transferrable among various zeolites including a faujasite-
type zeolite** and a beta zeolite.** Literature force fields were
used for the sorbates: p-xylene®>*” and DMF,"**® ethylene,"’
water®® and n-heptane.®® All sorbate-sorbate and sorbate-zeo-
lite interactions were described using 12-6 Lennard-Jones

Catal Sci. Technol, 2016, 6, 178-187 | 181
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Fig. 4 Reaction rates, orders and selectivities in dehydration-limiting conditions. Reaction rate orders of dimethylfuran (A) and ethylene (B) in the
Diels-Alder cycloaddition limited regime, H-BEA (0.7 mM). Selectivity towards products from dimethylfuran and ethylene with (C) variable
dimethylfuran (DMF) concentration (T = 200 °C, Pgthyiene = 13.6 atm), and (D) variable ethylene concentration (T = 200 °C, Cpmr = 1.38 M).

(LJ) plus Coulombic point-charge potentials. The Lorentz-  term interaction parameters. The intermolecular interactions
Berthelot combining rules were used to calculate the cross-  were truncated at a fixed cutoff distance of 12.0 A with the

Fig. 5 Site distributions in the simulation cell of (A) H-BEA (Si/Al = 15) and (B) H-Y (Si/Al = 2.6). The skeleton of the H-BEA zeolite model is viewed
from the [100] direction and that of the H-Y zeolite model is viewed from the [111] direction. The blue and light grey spheres show where the 12-
membered ring supercages of H-Y are located, respectively, in front of or behind 6-membered ring sodalite cages of H-Y that are connected
through hexagonal prisms. Legend: Si, gold; Al, magenta; H, green. Oxygen atoms are not shown.
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long-range tail correction applied. The electrostatic interac-
tions were computed using the Ewald summation method.>?
Further simulation and force field details can be found in our
previous work.*

3.0 Results and discussion

The kinetics of p-xylene production from DMF and ethylene
with an H-BEA zeolite (Si/Al = 12.5) catalyst have been investi-
gated using semi-batch Parr pressure vessels and analyzed
with gas chromatography. Experimental data reveal the exis-
tence of two kinetic reaction regimes that coincide with the
rate in each regime being controlled by a different reaction,
either: (i) Diels-Alder cycloaddition or (ii) dehydration.
Insight into both the cycloaddition-limited and dehydration-
limited kinetic regimes has been obtained through the deter-
mination of activation energies and the reaction orders of
DMF and ethylene in each regime. The enhanced catalytic
performance of the H-BEA zeolite catalyst relative to the H-Y
zeolites is further elucidated using molecular simulation.

3.1 Characteristics of reactor transport

Ethylene gas-liquid mass transfer experiments were conducted
to eliminate the potential for interphase mass transfer limita-
tions. The experiments depicted in Fig. S1A} were performed
by adding 60-100 mL of n-heptane to a reaction vessel and
rapidly pressurizing to 54.4 atm (800 psi) with ethylene. Once
pressurized, the gas dispersion impeller was turned on and
operated at 1000 rpm; the system pressure was then monitored
with 1/24th of a second precision. A least squares fit of the
data provided a gas-liquid mass transfer coefficient of kia
0.066 s~". The Damkdohler number was calculated from Da
kea/kpa, resulting in values of the order 107 to 107>, providing
quantitative support that no ethylene uptake limitation exists
at any of the considered experimental conditions.

Additional experiments were conducted to measure the
rate of reaction of DMF and ethylene as a function of particle
size of the H-BEA zeolite. As shown in Fig. S1B,} the overall
reaction rate was determined at 1.38 M DMF in n-heptane,
250 °C, and 37.4 atm (550 psi) ethylene for four particle sizes
of H-BEA: (i) 20 nm, (ii) 0.2 pum, (iii) 0.95 pm, and (iv) 4.5
um. The synthesis of these particles is outlined in the ESL}
The two smallest particles achieved the same overall reaction
rate, indicating that intraparticle diffusion limitations were
not rate determining at the considered reaction conditions.
All kinetic experiments used to determine reaction rates, acti-
vation energies, and reaction orders utilized a commercial
H-BEA containing mesopores; this commercial catalyst
exhibited an identical reaction rate to the smallest synthe-
sized zeolites, indicating that no intraparticle diffusion limi-
tations exist for the considered experimental conditions.

3.2 Reaction kinetics

The reaction of DMF and ethylene via the cascade reactions
of Diels-Alder cycloaddition and dehydration exhibits two

This journal is © The Royal Society of Chemistry 2016
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distinct kinetic regimes for the production of p-xylene and
total Diels-Alder products (p-xylene, alkylated Cé6-aromatic
chemicals, and dimers containing Cé6-aromatic chemicals). As
shown in Fig. 2, the DA product rate as a function of total
Bronsted acid sites per volume of reactor liquid exhibits first
order behavior (linear). As the Breonsted acid concentration
increases, the reaction rate eventually achieves a maximum
rate. At 250 °C (solid black squares, left hand axis), the maxi-
mum rate of production of Diels-Alder compounds is about
13 mM h™', while at 200 °C (open squares, right hand axis),
the maximum reaction rate is 1.6 mM h™". The transition
between the two regimes occurs at a Bronsted acid site con-
centration between 2.0 and 2.5 mM, which corresponds to a
catalyst loading of approximately 0.35 g H-BEA (Si/Al = 12.5)
in 100 mL of reaction solution. The same trend is also
observed at 200 °C, even though the overall reaction rate is
lower by nearly an order of magnitude.

Arrhenius plots were generated in each kinetic regime
identified in Fig. 2A to evaluate the rate-limiting chemistry.
Fig. 2B depicts an Arrhenius plot generated at the experimen-
tal conditions of Fig. 2A with an acid site concentration of
1.3 mM and variation in the temperature between 200 and
250 °C. The linear least squares fit reveals an activation
energy of E, = 11.7 = 3.5 kcal mol™ for the conditions
exhibiting first order dependence on Brensted acid concen-
tration. Fig. 2C depicts an Arrhenius plot generated at the
experimental conditions of Fig. 2A with an acid site concen-
tration of 3.2 mM and variation in the temperature between
200 and 250 °C. The linear least squares fit indicates an acti-
vation energy of E, = 17.7 + 1.4 kcal mol™ for the conditions
exhibiting zero order dependence on Brensted acid site con-
centration (the plateau regime of Fig. 2A).

The high activation energy kinetic regime was further
characterized to determine its dependence on the DMF and
ethylene reactant concentrations. Fig. 3 depicts the reaction
rate dependence for Diels-Alder products at a Brensted acid
site concentration of 3.2 mM and a temperature of 200 °C.
As shown in Fig. 3A, variation of the initial concentration of
DMF from 0.44 to 2.56 mM indicates a reaction dependence
that is close to first order (1.13 + 0.06). Similarly, Fig. 3B
shows that the reaction rate dependence for ethylene is
close to first order (1.17 + 0.12) at a DMF concentration of
1.38 M (18 wt%) in n-heptane with the ethylene partial pres-
sure varying from 6.8 to 34 atm. The ethylene concentration
in Fig. 3B was determined from the data provided by Zhuze
et al.>® The selectivity towards products in the high activa-
tion energy kinetic regime depends on the DMF and ethyl-
ene reactant concentrations, as shown in Fig. 3C. Increasing
the initial DMF concentration decreases the selectivity
towards p-xylene from 85% to 45% and increases the selec-
tivity towards dimer products from 15% to 55%. A negligi-
ble change in selectivity towards alkylated species was
detected. In contrast, as illustrated in Fig. 3D, variation in
the initial ethylene pressure from 6.8 to 34 atm (100 to 500
psi) does not have a significant effect on selectivity towards
p-xylene or other products.
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The reaction rate orders of DMF and ethylene with H-BEA
(Si/Al = 12.5) were also determined in the low activation
energy kinetic regime at a Bronsted acid concentration of 0.7
mM and 200 °C, as shown in Fig. 4A and B. With variation in
the DMF concentration with a fixed ethylene concentration of
1.38 M (18 wt%), first order behavior is exhibited (1.09 +
0.08), as shown in Fig. 4A. With variation of the initial con-
centration of ethylene from 0.44 to 2.56 mM in the dehydra-
tion limited regime, a reaction rate close to first order is indi-
cated (1.04 + 0.05), as shown in Fig. 4B.

The effect of variation in the initial DMF concentration or
ethylene pressure on the selectivity towards Diels-Alder prod-
ucts in the low activation energy kinetic regime is illustrated
in Fig. 4C. Increasing the initial DMF concentration
decreases the selectivity towards p-xylene from 80% to 55%
and increases the selectivity towards dimers and trimers from
18% to over 50%; no significant variation in the alkylated
products was observed. Variation in the initial ethylene pres-
sure from 6.8 to 34 atm (100 to 500 psi) shown in Fig. 4D
resulted in no significant difference in selectivity towards any
of the major products.

3.3 Simulation results

Simulations using the H-BEA and H-Y unit cells shown in
Fig. 5 resulted in the adsorption isotherms for the reactants
and products in the presence of the solvent n-heptane as a
function of DMF conversion under the reaction conditions
(250 °C and 56.1 atm), which are shown in Fig. 6. Four differ-
ent extents of the reaction were studied, equivalent to 0, 10,
50 and 95% conversion of DMF. The adsorption trends of the
reactants and products are similar in both the H-BEA and
H-Y zeolites. As DMF is consumed and p-xylene is produced,
the amount of adsorbed DMF is reduced and that of p-xylene
increases.

In our previous work,>* we have shown that the amount of
water adsorbed in H-Y is significantly reduced in the pres-
ence of the solvent n-heptane. Since water causes DMF hydro-
lysis and the resulting 2,5-hexanedione can participate in side
reactions, we have attributed the increased selectivity towards
p-xylene in heptane to this effective enhanced hydrophobicity
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of the zeolite. The amount of water adsorbed decreases fur-
ther in H-BEA (Si/Al = 15) to be about one-fifth of that in H-Y
(Si/Al = 2.6) at 95% DMF conversion. The amount of DMF
adsorbed in H-BEA also decreases from one-half to one-third
compared to that in H-Y at all the DMF conversions studied.
Since the heat of adsorption of DMF is higher in H-BEA than
in H-Y, as shown in Table 1, the amount of DMF adsorbed is
expected to be higher in H-BEA where the adsorption is dom-
inated by the energetic interactions rather than the free pore
volume. Therefore, we conclude that the decrease in the
amount of DMF adsorbed is due to the smaller free pore vol-
ume in H-BEA than in H-Y. The decrease of DMF and water
adsorption in H-BEA reduces the probability of the hydrolysis
and dimerization side reactions. As a result, the selectivity
towards p-xylene is increased in H-BEA, providing rationale
for the experimental observations.>

3.4 Comparison of faujasite and beta zeolites

The H-BEA and H-Y zeolites were also compared experimen-
tally to evaluate the differences in selectivity towards products
under identical experimental conditions, as depicted in Fig. 7.
Using a catalyst concentration at the transition between
kinetic regimes ([H'] = 2.0 mM), the concentration of DMF
was varied between about 0.25-2.0 M while fixing the tempera-
ture (200 °C), and ethylene pressure (19.7 atm). For these con-
ditions, the selectivity towards products was measured at a
conversion of DMF less than 10%. For the H-Y zeolite in
Fig. 74, it is clear that the maximum p-xylene yield occurs at
lower concentrations of DMF. As the initial concentration of
DMF increases, the production of p-xylene is reduced and the
yield of dimers and trimers increases, while the production of
alkylated species remains small (<5%). In comparison, the uti-
lization of H-BEA zeolite results in higher p-xylene production
than in H-Y for all initial DMF concentrations, as shown in
Fig. 7B. The improved performance is due to the significantly
reduced production of dimers and trimers.

3.5 Interpretation of kinetics and reaction pathways

The catalytic conversion of DMF and ethylene in H-BEA zeo-
lites is consistent with a recently published mechanism to
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Fig. 6 Simulated amounts of reactants and products adsorbed in (A) H-BEA (Si/Al = 15) and (B) H-Y (Si/Al = 2.6) as a function of dimethylfuran
conversion at 250 °C in a constant pressure reactor. (B) Dimethylfuran, DMF. (O) Ethylene. (a) Water. (¥) p-Xylene. (*) n-Heptane. The solid lines
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Table 1 Heats of adsorption (kcal mol™) in H-BEA (Si/Al = 15) and H-Y
(Si/Al = 2.6) at zero coverage and 0 K from grand canonical Monte Carlo

simulations
Heats of adsorption at zero coverage (kcal mol™)
Species H-Y (Si/Al = 2.6) H-BEA (Si/Al = 15)
p-Xylene 14.3 19.7
Water 8.5 7.2
Ethylene 4 5.4
Heptane 10.3 15.6
DMF 12.9 17
100 A —#- p-Xylene 100 B ~#-p-Xylene
i -#- Alkylated Products [ ~#-Alkylated Products
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Fig. 7 Comparison of selectivity towards products of H-Y and H-BEA
zeolites. Conditions: T = 200 ° C, Pgtnyiene = 19.7 atm, Xpme < 10%, var-
iable DMF concentration in heptane solvent. Catalyst acid site concen-
tration = 2.0 mM. (A) Faujasite, H-Y, Si/Al 2.6 (B) Beta, H-BEA, Si/Al =
12.5.

describe the same reaction in H-Y.>* In that work, a micro-
kinetic model considered the following reactions: (a)
uncatalyzed Diels-Alder reaction of DMF and ethylene to
form oxanorbornene, (b) uncatalyzed dehydration of oxa-
norbornene to p-xylene and water, (c) Bronsted acid catalyzed
Diels-Alder reaction of DMF and ethylene to oxanorbornene,
(d) Brensted acid catalyzed dehydration of oxanorbornene to
p-xylene and water, (e) catalytic hydrolysis of DMF to 2,5-
hexanedione, and (f) all associated adsorption and desorption
steps of the reactants, intermediates, and products. From
insights obtained from a sensitivity analysis of the complete
mechanism, it was determined that the Diels—-Alder reaction
of DMF and ethylene proceeds uncatalyzed, while dehydra-
tion of the Diels-Alder cycloadduct is catalyzed by the
Bronsted acid sites. The resulting simplified mechanism was
subsequently described by a rate expression using the liquid-
phase concentration of dimethylfuran [DMF], liquid concen-
tration of ethylene [C,H,], acid site concentration [H'], and
water concentration [H,O]:

ko K\ K, [DMF][C,H,][H"]

K, (1+ K,[H,0])[DMF] + []/::]IQ [H]

Tx =

ey

where k, is the reaction rate coefficient of the Diels-Alder
cycloadduct dehydration, K; is the equilibrium constant for
the Diels-Alder cycloaddition reaction of DMF and ethylene,
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K; is the equilibrium constant for the hydrolysis reaction of
DMF and water, K, is the adsorption constant of the Diels-
Alder cycloadduct, K is the adsorption constant of DMF, and
k_, is the reverse reaction rate coefficient for the Diels-Alder
cycloaddition reaction of DMF and ethylene.

The simplified rate eqn (1) developed for the H-form
faujasite is consistent with the kinetics of the reaction of
DMF and ethylene with H-BEA, as depicted in Fig. 2A. At high
Bronsted acid site concentrations ([H'] > 2.0 mM), the rate
expression for the formation of p-xylene (r,x) reduces to
Iyx~[DMF][C,H,]. The reaction rate should be independent of
acid site concentration with first order dependence on
dimethylfuran and ethylene; this rate behavior is observed in
the ‘plateau region’ of Fig. 2A and the first-order kinetics
shown in Fig. 3A and B. Within this kinetic regime, the over-
all rate is limited by the rate of Diels-Alder cycloaddition of
dimethylfuran and ethylene. In contrast, at low Brensted acid
site concentrations ([H'] < 2.0 mM), the rate expression for
the formation of p-xylene (r,x) reduces to first order rate
dependence on the acid site concentration and ethylene, r,x
~ [H+][C,H4], and variable order rate dependence on
dimethylfuran (from zero to one). Consistent with this kinetic
extreme, first order rate dependence on the acid site concen-
tration is observed in the low catalyst loading conditions of
Fig. 2A, and first order reaction rate dependence is observed
for dimethylfuran and ethylene in Fig. 4A and B. Due to the
similar behavior of the H-BEA and H-Y catalysts in the DMF
and ethylene reaction, it can be concluded that the reaction
proceeds by the same pathway; DMF and ethylene react in an
uncatalyzed manner to form oxanorbornene, which adsorbs
on acid sites and dehydrates to form water and p-xylene.

3.6 Interpretation of the differences between H-BEA and H-Y

While the reaction kinetics of DMF and ethylene indicate an
identical reaction pathway to p-xylene and water regarding
the main reaction paths for both H-BEA and H-Y, the differ-
ence in selectivity towards p-xylene and side products indi-
cate the importance of pore properties and the micropore
framework. As previously shown, the maximum demon-
strated selectivity towards p-xylene at a high conversion of
DMF was 90% with H-BEA*® and only 75%° with H-Y. By
comparing the two catalysts at identical conditions in Fig. 7,
the difference in catalyst performance is clear; the H-Y cata-
lyst promotes the formation of a significantly higher amount
of dimer and trimer species of DMF than the H-BEA catalyst.
The origin of this difference is seen in the distribution of
molecules predicted by simulation to exist within the micro-
pores during the reaction, as shown in Fig. 6. While the pores
of MFI catalysts are too small to permit the formation of oxa-
norbornene and eventually p-xylene, the simulated quantities
of DMF and p-xylene inside H-Y reveals that the supercages
are too large. DMF and p-xylene are present within the
faujasite pores at nearly twice the amount as within H-BEA,
allowing for the increased formation of dimers and trimers.
Moreover, H-Y contains more water and has a higher
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concentration of the ethylene reactant; higher ethylene con-
centration will promote alkylation, while water leads to the
ring opening of DMF to form 2,5-hexanedione. The results of
our simulations indicate that the =zeolite exhibits a
‘Goldilocks effect’, whereby the most desirable pore for pro-
motion of p-xylene formation is H-BEA, which is small
enough to exclude the large oxanorbornene intermediate, but
not too large to allow for significant formation of dimeric
and trimeric side products.

Despite small differences in product selectivity between
the zeolite structures, it is worth speculating about the effect
of the amount of DMF inside the zeolite on the overall reac-
tion rate. In the dehydration limited regime (linear, [H'] <
2.0 mM in Fig. 2), the rate of p-xylene formation is deter-
mined by the concentration of cycloadduct inside the zeolite
and its dehydration rate constant on the Bronsted acid sites.
The former is determined from the equilibrium of the Diels-
Alder reaction between DMF and ethylene in solution, since
the volume of the zeolite is small in comparison to that of
the solution. The latter is similar in value within H-Y and
H-BEA. As a result, the reduction in the amount of DMF
inside the zeolite should not affect the reaction rate in a sig-
nificant way, which is what is observed. Additionally, in the
Diels-Alder regime (plateau, [H'] > 2.0 mM), the rate-
limiting Diels-Alder reaction occurs primarily in solution.
The differences in the micropore framework should have no
apparent effect on the overall reaction rate, which is what is
observed under identical experimental conditions. Conse-
quently, our molecular simulations support the view that
both the presence of heptane and the different frameworks
mainly affect the side reactions, and thus the yield, rather
than the main reaction of DMF to p-xylene.

5.0 Conclusions

Experiments reveal the existence of two kinetic reaction
regimes dependent on the loading of the H-BEA catalyst for
the formation of p-xylene and water from 2,5-dimethylfuran
(DMF) and ethylene. At low catalyst loading ([H'] < 2.0 mM),
the overall reaction is limited by the rate of dehydration of
the Diels-Alder cycloadduct of DMF and ethylene. As catalyst
loading increases past an acid site concentration in solution
of 2.0 mM, the formation of p-xylene becomes limited by the
rate of the Diels-Alder cycloaddition of DMF and ethylene. It
was also shown that lowering the initial concentration of
DMEF increases the selectivity towards p-xylene by decreasing
the formation of dimer/trimer and alkylated products.
Increasing the pressure of the reactant ethylene serves to
increase the production rate of Diels-Alder compounds in
both the cycloaddition and dehydration limited regimes with-
out having a statistically significant effect on the selectivity
towards products. Differences in the experimentally-observed
selectivity towards products between BEA and FAU H-form
zeolites was attributed to differences in the reactant DMF,
product p-xylene and water concentrations within the pores,
as determined from molecular simulation. Based on this
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study, maximum reaction rates with optimal selectivity to
p-xylene occur at higher temperatures, lower DMF concentra-
tions, higher ethylene pressures, and an effective Bronsted
acid site concentration above 2.5 mM.
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