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Cycloaddition—dehydration continuous flow
chemistry for renewable para-xylene production
from 2,5-dimethylfuran and ethylene over
phosphorous-decorated zeolite betat
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Continuous manufacturing of platform chemicals from lignocellulose is highly desirable for a fossil fuel
independent future. We demonstrate highly selective production of para-xylene (pX) from ethylene and
2,5-dimethylfuran (DMF) in a packed bed microreactor using phosphorous-decorated zeolite beta
(P-BEA), with pX selectivity up to 97% at 80% DMF conversion. We map the effect of reactor temperature,
space velocity, concentration, gas-to-liquid ratio, and process pressure. Time-on-stream (TOS) and in situ
regeneration studies show minimal productivity degradation over ~5 h TOS and full productivity restor-
ation upon regeneration for multiple cycles. Most non-selective Brensted acidity occurs at low TOS and is
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attributed to the remaining trace Al bridge site. External mass transfer limitations are implicated at low
space velocities. We combine the TOS data with NMR, XRD, and Raman to develop structure—perform-
ance insights into the catalyst behavior. A comparison with mesoporous P-supported materials illustrates
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Introduction

Lignocellulosic biomass upgrading has the potential to
produce low carbon emissions fuels and chemicals and
enhance energy security." Among the pathways in valorizing
biomass, lignocellulose-derived furans, such as furfural and
5-hydroxymethylfurfural (HMF) from the C5 and C6 sugars,
have been studied intensively. The tandem cycloaddition and
dehydration of 2,5-dimethylfuran (DMF), a key platform
chemical derived from HMF, can produce para-xylene (pX), as
shown in Fig. 1, an essential fossil fuel-dependent polymer
precursor.>® The catalytic conversion of DMF and ethylene to
pX forms an oxanorbornene cycloadduct via a Diels-Alder
reaction, which is dehydrated to water and pX. The Diels-Alder
step with ethylene is difficult but can still proceed homoge-
neously or over Lewis acid site (LAS) catalysts.*'® At low
Bronsted acid site concentrations, the second step typically
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that P-BEA is an excellent catalyst for size selectivity and long-term stability.

controls the rate; conversely, the Diels-Alder cycloaddition
controls the reaction at higher Brensted acid site (BAS) concen-
trations.® Moreover, the cycloaddition reaction is equilibrium
controlled, and the retro Diels-Alder is favored at high reaction
temperatures.'"

Cho et al. demonstrated the highest pX yield of 97% in
batch mode using the P-BEA catalyst prepared by dealumina-
tion of the CP814E commercial zeolite beta and incorporation
of phosphoric acid."® Gulbinski et al. further showed the inter-
play between phosphoric acid and the silica support for high pX
yields in batch."® Kim et al. investigated mesoporous titanium
phosphate catalysts for converting biomass-derived furans to pX
and toluene via Diels-Alder cycloaddition. Hydrothermally syn-
thesized MTiP catalysts, particularly MTiP-E, showed superior
performance in converting DMF and ethylene to pX, with over
90% selectivity and conversion. The same catalysts also efficien-
tly converted 2-MF to toluene.'® Feng et al. demonstrated DMF
and ethylene to pX chemistry over tin phosphate catalysts. The
SnPO catalysts, featuring tetrahedrally coordinated Sn(iv) active
sites, achieved a high pX yield of 93% after 18 h in batch. The
superior catalytic performance of these SnPO catalysts was
attributed to the enhanced main reaction via adjustable acid
sites upon varying the P/Sn molar ratio, improved mass transfer
efficiency, and carbon tolerance stemming from the meso-
porous support structure.'”” Wu et al. investigated the same
reaction using zirconium phosphate (ZrP-x) catalysts. ZrP-2.5
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Fig. 1 Cycloaddition of 5-dimethylfuran (DMF) and ethylene and dehydration of the oxanorbornene cycloadduct to form pX.

achieved a pX yield of 89.2% at 72.3 mmol pX per g per h at
250 °C after 12 h. This high performance was attributed to a
balance of Brensted and Lewis acid sites and the catalyst’s
mesoporous structure.'®

Large-scale implementation of biomass conversion requires
continuous flow reactors for the manufacturing of chemicals.
From a process development perspective, flow reactors allow
TOS data collection, a better understanding of catalyst de-
activation, and higher temperatures with shorter residence
times, mostly unattainable by batch reactors. The distributed
valorization of lignocellulosic biomass can also benefit from
continuous operation of flow reactors, reducing the demand
for cycling batch reactors. Prior works exploring the feasibility
of flow chemistry have been reported. Yu et al. demonstrated
for the first time this tandem reaction in a continuous flow
reactor using H-, Sn-, and Zr-BEA catalysts. They found that
both Brgnsted and Lewis acid sites can catalyze the oxanorbor-
nene dehydration reaction at similar rates, with Sn-BEA achiev-
ing the highest pX selectivity of 94% at 7.5% DMF conversion
and the highest DMF conversion of 35% with 74% selectivity
at 423 °C."* The Bronsted acid sites in H-BEA were unstable,
primarily due to oligomerizing DMF and 2,5-hexanedione.'* In
another continuous flow reactor effort, Mendoza Mesa et al.*”
proposed using liquid acrylic acid as the dienophile instead of
ethylene and achieved over 80% pX selectivity over H-BEA
(Si: Al = 150) using 0.3 M DMF in n-heptane for over 8 h time-
on-stream (TOS). These works show the potential to further
enhance pX chemistry productivity via catalyst optimization
and rational reactor design. In this work, we explore pX pro-
duction from ethylene and DMF in a gas/liquid three phase
packed bed microreactor using phosphorous-decorated zeolite
beta (P-BEA). We demonstrate high performance compared to
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previous flow reactor experiments with pX selectivity up to
97% at 80% DMF conversion. We map the effect of reactor
temperature, space velocity, concentration, gas-to-liquid ratio,
process pressure, and TOS. The near complete dealumination
of zeolite beta in this work, coupled with flow reactor experi-
ments, reveals transient catalyst behavior not typically seen in
batch reactors due to prolonged startup and heating times
typical of bench-scale batch reactors. The remnant aluminum
bridge sites are strong Brensted acids that lead to nonspecific
reactions seen in the flow reactor, as the early collectible
liquid outlet stream experiences all possible active sites.

Experimental methods
Catalyst performance evaluation

A typical reaction used a 152 mm x 4.6 mm ID stainless steel
tube as the reactor. P-BEA and P-SBA-15 catalysts were pelle-
tized into 150-250 pm pellets after pressing in an 1 inch LD.
hydraulic press die under 3 metric tons. Glass beads
(150-212 pm, Sigma Aldrich) and quartz wool were used to
pack the reactor. A syringe pump (Chemyx Fusion 6000-X) and
a 20 mm stainless steel syringe (Chemyx) provided liquid feed
at pressure. A mass flow controller (Brooks Instrument 5850)
regulated the ethylene gas flow (99.999%, Matheson). The gas
and liquid sides of the flow path consist of 1/16” OD, 0.02” ID
tubing that join in a 1/16" tee (Swagelok SS-100-3) from orthog-
onal directions. An HP 5890 series II gas chromatograph was
used to heat the preheating coil (SS316, 1/16” OD, 1.00 m x
0.02" ID, Restek), and an Equilibar ZF back pressure regulator
(BPR) was used to maintain the pressure. The liquid outflow
was collected with 300 pL gas chromatograph autosampler

This journal is © The Royal Society of Chemistry 2024
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vials immediately downstream of the BPR upon cooling to
room temperature within the sampling vial.

During a typical flow reaction (Fig. 2), the reactor was first
heated to the reaction temperature under slow N, flow at 1
atm, then pressurized with ethylene to the desired process
pressure before starting the gas and liquid flows immediately

initial liquid phase molar concentration — current liquid phase molar concentration

View Article Online
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pX calibration curves were used for the alkylated products. For
in situ catalyst regeneration, the reactor column was placed in
a tube furnace; its inlet was connected to flowing air at 15
scem at 1 atm, heated to 550 °C at 10 °C min™", and held for
5 h. In these experiments, the conversion, yield, selectivity,
and carbon balance are evaluated as follows:

Conversion% = ———— - x 100%,
initial liquid phase molar concentration
. current liquid phase product molar concentration
Yield = — q - p. P . x 100%,
initial liquid phase DMF concentration
.. current liquid phase product molar concentration
Selectivity% = —————— quidphasep — — x 100%,
initial liquid phase molar concentration — current liquid phase molar concentration
and
> (product species iliquid phase concentration x number of carbons in species i)
Carbon balance% = - — - x 100%.
initial liquid phase DMF concentration x 6
after. The first liquid samples exit the outlet after

~40 minutes. The gas is automatically separated from the
liquid upon cooling and depressurization. The liquid product
was characterized on an Agilent 7890B gas chromatograph
(GC) equipped with an HP-INNOWAX column (30 m length,
0.25 mm film thickness, 0.25 um ID). An Agilent GCMS with
an identical HP-INNOWAX column was used to identify
product species (Fig. S1t). In all samples with high pX yield,
meta-xylene (mX) was also observed in the gas chromatogram
at approximately 2% of the pX yield. In samples with >1%
yield of alkylated products, 2-ethyl-p-xylene was the dominant
product and was considered a model compound of alkylation
reactions beyond the primary reaction pathway. DMF (Acros
Organics, 99%) and pX (Sigma-Aldrich, 99%) in n-heptane
(Fisher Scientific, 99%) external calibration curves were
created for the concentration ranges relevant to this work. The

Catalyst preparation

Briefly, phosphoric acid-decorated, dealuminated zeolite beta
(P-deAlBEA, Si/P = 25) was prepared by dealuminating com-
mercial zeolite beta (Zeolyst CP814E, Si/Al = 12.5) using nitric
acid at 95 °C for 24 h and wetness impregnation of phosphoric
acid followed by calcination at 600 °C under airflow, similar to
the works by Cho et al. and Gulbinski et al.'>"? ICP analysis
suggests near-complete dealumination, with Si:Al ratios
exceeding 900 for all catalyst samples. P-SiO, and P-SBA-15
were prepared via incipient wetness impregnation on the
respective parent support with 6 nm pore size, followed by cal-
cination in static air at 500 °C for 3 h, as reported elsewhere.'®
For flow reactions, all catalysts except P-SiO, (150-212 um
silica gel) were pelletized to 150-250 pm after pressing under
30 000 psi.

BPR pilot gas

Liquid feed via hi-P
syringe pump

Ethylene
(Up to 1000 psig)

BPR

Sample outlet

Reactor

1 mpre-
heating
section

HP 5890 Il Gas Chromatography Oven

Fig. 2 Flow chemistry setup.
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Catalyst characterization

N, adsorption-desorption was performed at 77.359 K on a
Micromeritics ASAP 2000 Brunauer Emmett Teller (BET) analy-
zer. X-ray diffraction (XRD) of the catalysts was acquired on a
Bruker D8 powder diffractometer equipped with monochro-
matic Cu-Ka radiation at 4 = 1.54 A with a 45 kV acceleration
voltage and 40 mA current. Samples were scanned between 4
and 40° (26) at a 0.05° s~ scan rate using a 1.2 mm tall, 7 mm
wide slit. Scanning electron microscopy (SEM) was performed
using a Zeiss Auriga 60 high resolution focused ion beam &
scanning electron microscope. For elemental analysis,
ICP-OES was performed by Galbraith Laboratories using the
GLI Procedure ME-70. Thermal analysis data was recorded
with a thermogravimetric analyzer (Discovery TGA, TA
Instruments). Approximately 10 mg of powdered sample was
equilibrated at 30 °C on a platinum wafer before heated to
700 °C at a heating rate of 10 °C min™" in air at 20 mL min™".
Fresh and spent catalyst pellets were pressed onto glass slides
for Raman analysis, and a Horiba LabRAM HR Evolution
Raman spectrometer with a Syncerity OE detector was used
with 4y = 325 nm. An acquisition time of 30 s was used over 3
accumulations. All solid-state (SS)-NMR spectroscopy measure-
ments were carried out on a Bruker AVANCE III HD spectro-
meter operating at a proton resonance frequency of
600.13 MHz. Samples were prepared by mixing the catalyst
sample in a 1:10 ratio with quartz pellets. The mixture was
then spun at the magic angle of 54.74° in a 3.2 mm zirconia
rotor with a K-FEL cap at 14 kHz. A direct polarization pulse
sequence was used with a 3.65 ps pulse and a recycle delay of 2
seconds. For each spectrum, 512 scans were collected and aver-
aged at room temperature.

Results and discussion

Catalyst evaluation and optimization

First, we employed P-BEA (Si:P = 25, denoted as P-BEA(25)
below) to reproduce the highest batch performance reported
in the literature of 94% pX yield at 98% DMF conversion
after 24 h in batch at 250 °C.">"* A typical chromatogram is
shown in Fig. S1.} ICP, catalyst performance (ESI, Fig. S27),
XRD (below), and N, adsorption-desorption (Fig. S3 and
Table S17) results corroborate with the catalyst similarities.
The differences between batch and flow mode and headspace
pose a challenge in comparing performance. Differences in
flow and phase behavior, and inevitably mass transfer,
necessitate re-optimizing the operating conditions of the flow
reactor.

Our optimization efforts have led to optimum conditions
near 750 psig and 375 °C. Increasing the pressure from 300
and 750 psig (Fig. 3a) led to monotonic pX yield and selectivity
improvement. We attribute this to increased cycloadduct con-
centration at higher ethylene partial pressures, as the retro
Diels-Alder reaction is heavily favored at higher tempera-
tures."’ When changing the gas-to-liquid (G:L) flow ratio
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(Fig. 3b), a volcano-type behavior is seen as the pX yield and
DMF conversion peak near a G : L ratio of 400 v/v. The increase
in DMF conversion with increasing gas flow rate is probably
due to enhanced external mass transfer and the decline at
high flow rates to reduced residence time, while the pX selecti-
vity increases monotonically due to the higher ethylene avail-
ability from enhanced external mass transfer. We use a G:L
volume ratio of 400 for operational ease for subsequent experi-
ments. We further illustrate this behavior by analyzing the
Thiele modulus and Mears criteria in the ESL{

We vary the weight hourly space velocity (WHSV) to opti-
mize productivity further (Fig. 4). Specifically, 1/WHSV was
increased to 9.3 h at varied DMF feed concentrations and
temperatures. Interestingly, the DMF conversion, pX yield, and
pX selectivity showed non-monotonic behavior, except for
DMF conversion at 20 wt%, where DMF conversion increases
monotonically with inverse WHSV, potentially due to non-
selective reactions.

To understand the process stream phase behavior under
the experimental conditions in the flow reactor, COSMO-RS
(Amsterdam Modeling Suite) and NRTL (ASPEN Plus) models
were employed. Detailed simulation setup and results are dis-
cussed in the ESI Note 1.1 The process streams are either gas
phase or a gas-like supercritical phase. Short residence times
at fast flows lead to high external mass transfer and limited
contact time of the cycloadduct over the active site. Conversely,
long residence times come with slow flow and mass transfer,
and thus external mass transfer limitations. The concave curve
shapes in Fig. 4 demarcate a clear transition from external
mass transfer to potentially internal diffusion or kinetically
limited with increasing space velocity.

Further productivity optimization included a 1/WHSV study
with 20 wt% DMF feed at various temperatures (Fig. 5). A
temperature of 375 °C achieves the highest pX selectivity.
DMF appears particularly prone to non-selective conden-
sation reactions at 400 °C, as indicated by the early drop in
selectivity at 1/WHSV above 2 h, lack of quantifiable liquid
phase byproducts, and a product mixture turning brown
(inset in Fig. 5).

Phosphorous loading and support effects

Under fast gas flows, internal mass transfer limitation could
be relevant, especially at higher temperatures. In this work, the
P-BEA(25) catalyst shows a disordered distribution of zeolite
micro aggregates with nano-crystallites 20-40 nm in size, as
confirmed by SEM (Fig. S4t). Various works have been
attempted to combat internal mass transfer, using for example
hierarchical zeolite beta.'>?°>* We thus compare the stable-
regime performance (>1 h TOS) of P-BEA(25) against phospho-
ric acid-impregnated mesoporous silica gel (6 nm mesopores)
and SBA-15 (6 nm mesopores), P-BEA(12.5) equivalent to the
initial Al content (Fig. 6).

Other phosphorous-decorated mesopore supports, P-SiO,
and P-SBA-15, show enhanced productivity of ethyl-p-xylene,
with slightly reduced pX yield for P-SiO,(25) at 50% and

This journal is © The Royal Society of Chemistry 2024
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n-heptane, 750 psig, 0.025 mL min~?, and 10 sscm gas feed. P-BEA at
two phosphoric acid loadings, 0.5 g of 150-250 pm pellets of P-SBA-15
(6 nm mesopores) at Si/P = 25 (same as P-BEA(25)), 150-212 pm SiO,
(6 nm mesopores as per Sigma Aldrich); this is not the most selective
space velocity for P-BEA(25) (1/WHSV = 2.5 h vs. ~5 h with 97% selecti-
vity). All data taken after the 1st h of stabilization since the start of gas
and liquid flows, except for the peak ethyl pX yield.

P-SBA-15(25) show comparable pX yield (57% vs. 56%) to
P-BEA (25). However, the reduced pX selectivity due to a higher
occurrence of alkylated products results in lower pX selectivity
for both P-SiO,(25) and P-SBA-15(25). Compared to P-BEA(25),
P-BEA(12.5) exhibits comparable ethyl-p-xylene yield, a reduced
pX yield, and a slightly higher DMF conversion. The GC-FID
shows an abundance of other alkylated products. This could
result from aggregated P sites giving rise to non-selective
chemistry. High phosphoric acid concentrations in batch reac-
tions have also reduced pX selectivity."®

Time-on-stream behavior of P-BEA

We further explore the productivity of the P-BEA(25) catalyst in
extended TOS experiments (Fig. 7). As the pX yield stabilizes
after 1 h, the pX selectivity improves with long TOS and resets
with regeneration. Over longer times across two regeneration
cycles, the DMF conversion reduces slightly, but the pX yield is
unaffected after two regeneration cycles. After taking out small
portions of the spent catalyst before regeneration, the pellets
retain their shape while dark in appearance. Significant coking
is indicated by TGA (Fig. 8), with 22.5 wt% loss at 700 °C after
~10 h TOS. The spent catalyst shows minimal mass loss until
500 °C, where up to 22.5 wt% loss is seen after being heated to
up to 700 °C, indicative of heavy/polyaromatic coke domi-
nance. The catalyst stability is further demonstrated with TOS
up to ~60 h before the pressure drop across the column
exceeds 30 psi, leading to liquid-only reactor outflow at signifi-
cantly reduced DMF conversion. One cycle of in situ regener-
ation led to near-full restoration of productivity (Fig. S77).
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Continuous flow reactors provided ease of catalyst regener-
ation without the need to recover the catalysts after each batch
reaction. In situ regeneration of the catalyst performed for mul-
tiple cycles shows little degradation in pX yield despite a slight
decrease in DMF conversion (Fig. S5 & S61). Motivated by this,
we characterized small catalyst quantities (~10 mg) near the

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Raman spectra of (a) fresh P-BEA(25) and after 1, 2, and 8 h time on stream; and (b) fresh P-BEA, P-SBA-15 (6 nm mesopores) and P-SiO,
(6 nm mesopores) at Si/P = 25 loading, and after 2 h time on stream. Conditions: 375 °C, 20 wt% DMF in n-heptane, 750 psig, 0.025 mL min~, 10
sccm gas feed, 0.5 g of 150-250 pm pellets, 1/WHSV of 2.5 h, 0.01 g catalyst taken out at each sampling point.

end of the reactor at short TOS before resealing the reactor and
resuming the reaction. A slight reduction in productivity over
time is seen in Fig. 7, attributed to catalyst loss from sampling
for characterization.

Raman spectroscopy on the fresh samples shows an utterly
flat baseline between 600 and 1850 cm ' (Fig. 9). Raman
spectra on the spent catalysts show typical coking signa-
tures. No significant change in coking between 1 and 8 h
TOS and on different supports is seen. A strong signature of
G (1620 cm™") and D (broad peak at 1350 cm™') bands
without apparent differences in sub-signals from the D1-D4
bands, indicative of identical coking pathways with TOS, are
seen.”® The same analysis on fresh and spent (2 h TOS)
P-SiO, and P-SBA15 shows that the spent spectra are nearly
identical to P-BEA (Table 1), indicating a similar coking
mechanism.>®

We conducted solid-state *'P NMR on the P-BEA(25) cata-
lysts to investigate the P speciation (Fig. 10). The intense
signal at 0 ppm (q°) is from H3PO4, likely trapped in the

Table 1 3P NMR peaks for fresh P-BEA(25), after 1 h and 2 h TOS, and
post regeneration after ~70 h TOS at 375 °C and 750 psig

q° (0 shift), q'(-11 ppm),
Sample % % Qs, Q3, Q4
Fresh 734 26.6 Not detected
1 h TOS 75.3 24.7
2 h TOS 72.9 27.1
70 h TOS + regeneration  57.8 42.2

This journal is © The Royal Society of Chemistry 2024

micropores without chemical bonding. The —11 ppm q" signal
is from O=P(OSi or OP)(OH)2. Signals indicating higher
degree of P agglomeration, such O=P(0OSi or OP)2(OH) at
approximately —24 ppm and O=P(OP),,(0OSi), between —30
and —35 ppm, (m + n = 3), are absent.”>>® Comparison of fresh
and TOS samples shows negligible change in P speciation over
short TOS, except a slight reduction in peak sharpness at
longer TOS. As minimal reactivity loss is seen and portions of
the catalyst were removed from the reactor, the signal
reduction is unlikely an effect of significant P loss. This indi-
cates a low degree of P aggregation within the P-BEA(25)
zeolite, and while the overall signal intensity decreases with
increasing TOS, the relative q°/q" ratio remains constant. The
combination of modest P loading and low mesoporosity of
P-BEA(25) catalyst gives high activity and stability compared to
other supports and the higher loading of P-BEA(12.5). After
approximately 70 h TOS and in situ catalyst regeneration, the
q°/q" ratio slightly decreases, reflecting potential P loss in the
form of H;PO, even though the catalyst activity is largely sus-
tained post-regeneration.

The XRD patterns of the P-BEA(25) show the typical
zeolite beta characteristics after synthesis (Fig. 11).>” The peak
widths at 26 = 8° and 22° of the fresh and 8 h TOS samples are
the same despite a decrease in peak intensities, potentially
due to coke. Slight crystallinity degradation upon long TOS
and in situ regeneration (from pressure, DMF concentration,
temperature effects, and WHSV experiments) without an
impact on productivity was also observed in our prior batch
experiments.
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Fig. 10 3P NMR spectra of fresh P-BEA (25) and post-reaction at 1 and 2 h TOS, and post-reaction after in situ regeneration following ~70 hours of
continuous operation. 375 °C, 20 wt% DMF in n-heptane, 750 psig, 0.025 mL min~%, 10 sccm gas feed, 0.5 g 150-250 um pellets, 0.01 g catalyst
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Fig. 11 X-ray diffraction patterns of fresh P-BEA(25) and spent catalysts (1, 2, and 8 h time on stream), and after approx. 70 h time on stream and

one regeneration cycle.
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Conclusions

We report high selectivity and high yield of para-xylene (pX)
from 2,5-dimethylfural (DMF) and ethylene in a micro-packed
bed flow reactor over phosphorous-decorated zeolite beta, with
peak pX selectivity of 97% at 1/WHSV of 4.7 h at 80% DMF
conversion. We identify optimal process pressure, gas-to-liquid
feed ratio, DMF concentration, and space velocity and revealed
external mass transfer limitations at slow flow rates (1/WHSV >
5 h at 375 °C) and kinetics/internal mass transfer limitations
at faster flow rates. Compared to mesoporous supports, like
silica gel and SBA-15, P-BEA provides size selectivity and sup-
presses non-specific reactions, by incorporating phosphorous
within the micropores achieving catalyst stability over long
operation. In situ regeneration of the catalyst performed for
multiple cycles shows slight pX yield and DMF conversion
reduction. Future implementation of flow chemistry to enable
the production of renewable pX will benefit from a comprehen-
sive techno-economic analysis and life cycle assessment.
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