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Conversion of methanol and dimethyl ether to high-octane gasoline catalyzed by beta zeolite
(BEA) provides an opportunity for the production of high-quality fuels from renewable carbon
sources (e.g., gasified biomass). Recent research demonstrated that a Cu-modified BEA zeolite
catalyst (Cu/BEA) offered advantages over the unmodified BEA catalyst due to multifunctional
Cu species that enabled incorporation of co-fed Ha, reactivation of light alkanes, and reduction of
products from the aromatic hydrocarbon pool. The shift in hydrocarbon pool chemistry has the

potential to influence the identity and relative composition of surface carbon species that are often
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linked to deactivation. A detailed understanding of these carbon species is important to develop an
effective and efficient regeneration procedure that can enable the transition from fundamental
catalyst development to commercial application. Here, we applied complementary ex sifu and in
situ characterization techniques to compare the structures of surface carbon species on post-
reaction Cu/BEA and unmodified BEA catalysts. Both catalysts contained acyclic and aromatic
hydrocarbons along with graphitic carbon species. However, the post-reaction Cu/BEA catalyst
had a lower polycyclic aromatic content, and further, the graphitic species were more hydrogenated
and defective. It was also found that the presence of Cu promoted carbon removal at lower
temperatures than for unmodified BEA through activation of O2 by Cu oxide during thermal
oxidation. The fundamental insight into the composition of surface carbon species enabled the
design of an effective and efficient regeneration strategy for the DME homologation reaction over

Cu/BEA, resulting in full recovery of the catalyst activity.

1. Introduction

The ongoing research into zeolite-catalyzed conversion of methanol (MeOH) and dimethyl
ether (DME) to hydrocarbons offers an opportunity to utilize renewable carbon sources (e.g.,
methanol from gasified biomass) to produce value-added fuels and chemicals [1-4]. One recent
development is the production of a high-value, high-octane gasoline (HOG) mixture consisting of
branched hydrocarbons rich in 2,2,3-trimethylbutane (i.e., triptane) [5-8]. The DME homologation
reaction to produce HOG employs a beta zeolite (BEA) catalyst at mild conditions of 175 — 225
°C and 1 — 10 atm in contrast to high temperatures and pressures (i.e., 300 — 500 °C and 20 atm)

typically used in methanol-to-hydrocarbons (MTH) reactions.
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Despite the lower severity operating conditions, the DME-to-HOG reaction over a BEA
catalyst follows the typical chemistry in MTH reactions, involving three major stages: (i) initial
C-C bond formation from DME/MeOH or trace amounts of hydrocarbon contaminants, (ii) auto-
catalytic, dual-cycle olefin and aromatic hydrocarbon pool chemistry, and (iii) accumulation of
polycyclic carbon species leading to deactivation. Direct C-C bond formation from surface
methoxy species is considered to be important in the early stage of the reaction (i.e., induction
period) to initiate the hydrocarbon pools [3, 9-12]. When sufficient hydrocarbon pool species have
been formed, auto-catalytic olefin and aromatic hydrocarbon cycles become the dominant reaction
pathways controlling the activity and product selectivity [3, 9, 13-15]. Zeolite topologies and
reaction conditions are known to affect the structures of surface hydrocarbon species that
contribute to both the olefin and aromatic cycles, resulting in changes to the observed product
distribution. Under typical high-temperature conditions for MTH reactions (e.g., > 300 °C), the
aromatic cycle is dominant in both small-pore zeolites such as SAPO-34 (composed of large 12-
membered ring (12-MR) cavities interconnected by narrow 8-MR windows) and large-pore
zeolites such as BEA (composed of 12-MR channels) [2, 3, 9, 15]. In contrast, the olefin cycle is
dominant in the unidimensional 10-MR channels of ZSM-22, since the pores are not large enough
for the aromatic pool to be active. The topological constraint of ZSM-22 results in a product
mixture that is rich in Cs+ hydrocarbons from carbon chain growth in the olefin cycle [2, 9, 15].
Both hydrocarbon pool cycles can operate simultaneously in HZSM-5 zeolite, which contains 10-
MR pores for the olefin cycle and spacious intersections for the aromatic cycle, leading to a wide
range of hydrocarbon products [2, 3, 9, 15]. On the other hand, Iglesia et al. have demonstrated
that at low temperatures and high DME partial pressures, the olefin cycle is dominant for many

solid acid catalysts, in which the relative stabilities of ion-pairs at transition states dictate the
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selectivity to highly branched hydrocarbon products such as isobutane and triptane [5, 6, 8]. Under
these conditions, hydride transfer with surface carbenium ions to form these alkanes also results
in the formation of alkylated benzenes, especially hexamethylbenzene (HMB), decreasing the

yield of desired products and deactivating the catalyst [5, 6, 16].

Aiming to improve HOG hydrocarbon yield from DME homologation, research from our
laboratory demonstrated that addition of Cu to BEA zeolite (Cu/BEA) enabled incorporation of
co-fed Hz into the hydrocarbon products, resulting in a 2-fold increase in hydrocarbon productivity
compared to unmodified BEA and reduced formation of alkylated benzenes from hydride transfer
[13]. Metallic and ionic Cu species were critical to the improved performance, where metallic Cu
facilitated hydrogenation of light olefins [13], preventing them from propagating the aromatic
cycle via aromatization reactions, and the ionic Cu sites activated light paraffins for continued
chain-growth in the olefin cycle [17, 18]. Further, we recently reported that the improved
performance demonstrated by the Cu/BEA catalyst may lead to favorable process economics for

the DME-to-HOG process over traditional, high-temperature methanol-to-gasoline processes [18].

Many research groups have sought to characterize the surface carbon species on zeolite
catalysts after typical high-temperature (e.g. > 300 °C) MTH reactions, and the presence of a wide
range of hydrocarbon species were identified by various spectroscopic methods such as UV-
visible, infrared, Raman, and solid-state nuclear magnetic resonance (NMR) spectroscopies [2, 3,
9, 19-24]. As mentioned above, both zeolite topology and reaction conditions affect the structure
of hydrocarbon pool species. For instance, under high-temperature MTH reaction conditions,
heptamethylbenzenium and pentamethylcyclopentenyl cations were identified as the main
catalytic engines for olefin formation from the aromatic cycle in BEA and SAPO-34 zeolites,
respectively [23, 24]. In contrast, cyclopentenyl or cyclopentadienyl cations and
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pentamethylbenzenium ions were identified as active species for olefin- and aromatic-based cycles
in HZSM-5, respectively [25, 26] The active states of surface carbon species were also affected by
reaction temperature. Methylated benzene species were found to be active in SAPO-34 at reaction
temperatures up to 325 °C, while methylated naphthalene species were found to cause deactivation
[27]. When the reaction temperature was increased to 500 °C, methylated naphthalenes were
considered the active species, and deactivation was caused by polycyclic aromatics and extended

carbon species [27].

The nature of the surface carbon species greatly impacts the catalyst stability and
regenerability, which are critical to both fundamental and applied catalysis [28]. In the later stage
of typical MTH reactions over zeolite catalysts, as mentioned above, carbon deposition is often
identified as the major cause of the deactivation [9, 10, 14, 22]. Due to the hydrocarbon pool
mechanism, active hydrocarbon species (e.g., monocyclic aromatics) can grow into inactive
species (e.g., polycyclic aromatics and graphitic carbon) that cause deactivation by blocking
accessibility to active sites [14, 22]. For the low-temperature DME-to-HOG reaction at 200 °C,
we previously demonstrated the ability to operate for over 4-fold longer times-on-stream (TOS)
for the Cu/BEA catalyst compared to unmodified BEA. With the BEA catalyst, the reactor plugged
after 20 — 24 h due to the excessive formation of HMB, but with Cu/BEA no reactor plugging was
observed after 100 h [18]. However, the identity of surface carbon species that may have resulted
in improved lifetime of Cu/BEA was not investigated. Complementary to studies of catalyst
deactivation, characterization of post-reaction catalysts and investigations into the removal of
surface-bound species are often critical in the design of an effective and efficient regeneration

procedure for the HOG process. Thus, fundamental differences in the speciation and composition
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of surface carbon species for the low-temperature HOG synthesis reaction compared to typical

high-temperature MTH reactions is of significant interest.

Herein, we report a detailed analysis of the speciation and oxidative removal of surface
carbon on both post-reaction Cu/BEA and unmodified BEA catalysts. Utilizing complementary
spectroscopic techniques, we identified reduced aromatic content, especially polycyclic aromatic
hydrocarbons, in the post-reaction Cu/BEA catalyst compared to post-reaction BEA. Moreover,
the graphitic carbon species in the post-reaction Cu/BEA catalyst were more hydrogenated and
defective than those in the post-reaction BEA catalyst. The contribution of graphitic carbon is
significantly reduced in the low-temperature DME-to-HOG reaction compared to high-
temperature MTH reactions. Further, applying in situ characterization techniques, we determined
that the addition of Cu significantly lowered the oxidation temperature for all carbon species.
Based on these findings, a minimum oxidation temperature of 450 °C was identified, and an
effective and efficient regeneration procedure for full recovery of DME homologation activity over

the Cu/BEA catalyst was developed and demonstrated.

2. Experimental

2.1 General

Beta zeolite with a S102/A1203 ratio of 27 (Si/Al = 13.5) and a particle size 0f 45 — 125 um
was obtained in ammonium form from Tosoh. It was calcined in flowing air at 550 °C to give the
proton form (denoted as BEA). Supported Cu on BEA zeolite, denoted Cu/BEA, was prepared via
an incipient wetness impregnation procedure as previously described [13], with 4.3 wt% Cu as
determined by ICP-OES analysis. The catalyst was calcined ex sifu in a box furnace in flowing air

by heating at 2 °C/min to 500 °C and holding at this temperature for at least 6 h prior to use. DME
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was purchased from Sigma-Aldrich. Compressed air, UHP Hz, UHP Ar, 5% H2/95% N2, 1%
02/99% He and 95% H2/5% Ar was purchased from Matheson gas. All gases were used without

any further purification.

2.2 DME homologation reaction and post-reaction catalyst preparation

BEA and Cu/BEA powders were pressed, crushed in a porcelain mortar and pestle, and
sieved to 212-300 pum pellets (50 — 70 mesh) for catalytic evaluation. The catalyst (0.6 g) was
diluted with 3.6 g of low surface-area, inert silicon carbide (60 — 70 mesh) to achieve a constant
catalyst bed volume and to minimize channeling, axial dispersion, and temperature gradients in
the bed. Catalysts were loaded into a 7.9 mm ID stainless-steel tubular reactor and positioned
within the isothermal zone using quartz chips and quartz wool. A four-point thermocouple
positioned within the catalyst bed was used to monitor and control reaction temperature. The
reaction temperature was maintained within + 0.5 °C of the set point by a 3-zone furnace. The
catalyst was reduced in flowing H2 (25 sccm) by heating at 5 °C/min to 300 °C and holding at this
temperature for at least 3 h before cooling to reaction temperature (200 °C). When the temperature
was stabilized at 200 °C, the reactant mixture was introduced with flow rates of 6.1, 6.1, and 1.0
sccm for DME, Hz, and Ar, respectively, to achieve a weight hourly space velocity (WHSV) of
1.2 gpme/geat'h, and H2 to DME molar ratio of 1:1. Ar was used as an internal standard. Time on
stream (TOS) is defined as the cumulative time elapsed from the start of DME flow. Reaction
products were analyzed online by Agilent Technologies 7890B gas chromatographs equipped with
flame ionization detectors and thermal conductivity detectors. The inlet gas composition was
quantified at the conclusion of each experiment. Equations to calculate the conversion, yield,
turnover number (TON), and selectivity are provided in the Supplementary Information. The

catalysts were collected from the reactor after 20 h TOS for the BEA catalyst and 22 h TOS for
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the Cu/BEA catalyst, separated from the silicon carbide, and denoted as post-reaction (PR)

catalysts PR-BEA and PR-Cu/BEA, respectively.

2.3 Catalyst characterization
2.3.1 Thermogravimetric analysis coupled with Fourier transform infrared (TGA-FTIR)
spectroscopy

TGA-FTIR spectroscopic analysis of PR catalysts was conducted using a SYS Evolution
TGA instrument coupled with a Thermo Scientific Nicolet 6700 FTIR spectrophotometer. In a
typical analysis, ca. 30 mg of PR catalyst was pretreated at 100 °C for 30 min in 50 sccm flowing
N2 to remove adsorbed moisture. Then, the carrier gas was switched to air (50 sccm) at 100 °C and
held for 10 min to stabilize the baseline signals for both TGA and IR spectroscopy. The sample
was then heated to 800 °C at 20 °C/min in flowing air. The derivative mass loss (AM/dT) data were
obtained by differentiating the TGA data. IR spectra of the effluent gas were continuously
collected (ca. 30 seconds per spectrum) in the range of 400 — 4000 cm™! with a resolution of 4 cm-
I, The total intensity for each spectrum was determined from the integrated sum of all peaks and
plotted versus time to generate a total product evolution profile. The profiles for CO2, water, and
hydrocarbons were determined by integrating a characteristic peak for each species: 2200 — 2400
cm! for COz2, 1300 — 1900 cm™! for water, and 2800 — 3100 cm™! for hydrocarbons. Gaussian peaks
and a constant baseline were used to fit the profiles. For the TGA-FTIR spectroscopic analysis of
mixed PR-BEA and fresh Cu/BEA or mixed PR-BEA and PR-Cu/BEA catalysts, an equal mass
of each catalyst was mixed and crushed together in a porcelain mortar and pestle to facilitate
contact between the two materials. Then, the same analysis procedure was applied for ca. 40 mg

of the catalyst mixture.

2.3.2 In situ diffuse reflectance ultraviolet-visible (DR-UV-vis) spectroscopy
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In situ DR-UV-vis spectroscopy was conducted using an Agilent Cary 5000 UV-vis-NIR
spectrophotometer equipped with a Harrick Praying Mantis in situ diffuse reflectance cell which
allows a maximum temperature of ca. 475 °C when flowing room-temperature gases through the
sample. DR-UV-vis spectra of the PR catalyst samples were collected over the range of 200 — 800
nm. The PR catalysts were first measured without any thermal treatment, then at varying
temperatures up to 450 °C under 40 sccm air flow to study the evolution of surface hydrocarbon
species during catalyst regeneration. The series of in sifu spectra were normalized to the intensity
at the cutoff wavelength of the windows on the in situ cell (250 nm). The DR-UV-vis spectra of
the PR catalysts collected before in sifu oxidation were fitted with multiple Lorentzian peaks in
the range of 200 — 800 nm using a cubic baseline and the Multipeak Fitting package in the Igor
Pro 8 software. To achieve the best fit, the number of peaks and peak positions were not
constrained. The fitting results were then used to identify the position and area of all peaks. The
relative percentages of the peak areas corresponding to different carbon species identified by DR-
UV-vis spectroscopy in each PR catalyst were then calculated by dividing the area of the individual

peak by the sum of the areas of all the peaks.

2.3.3 In situ Raman spectroscopy

In situ Raman spectroscopy was conducted using a Horiba Jobin Yvon Raman system
equipped with a Linkam Scientific Instrument CCR1000 Catalyst Cell Reactor which allows a
maximum temperature of ca. 475 °C when flowing room-temperature gases through the sample.
A 325 nm UV laser was used as the excitation source. Raman spectra were collected under 40
sccm flowing Ar after exposure to 10 sccm flowing air for 30 minutes at varying temperatures up
to 450 °C to prevent laser-promoted oxidation during analysis. Each spectrum was normalized to

the intensity of the elastic scattering band (0 cm™) in each spectrum. The region of interest (1000
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— 2400 cm™') in the Raman spectra of the PR catalysts collected before in situ oxidation were fitted
with two Lorentzian peaks using a constant baseline and the Multipeak Fitting package in the Igor
Pro 8 software. The position of each Raman band was then directly obtained from the fitting results

and the ratio between two Raman bands was calculated using the fitted peak areas.

2.3.4 X-ray diffraction (XRD)

Powder XRD patterns were collected using a Rigaku Ultima IV diffractometer with a Cu
Ka source (40 kV, 44 mA). Powder samples were supported on a glass sample holder with a 0.5
mm recessed sample area and were pressed into the recession with a glass slide to obtain a uniform
z-axis height. XRD patterns were collected in the 26 range of 10 to 60° at a scan rate of 2°/min.

Diffraction patterns were compared to powder diffraction files from the International Centre for

Diffraction Data (ICDD).

2.3.5 27 Al nuclear magnetic resonance (NMR) spectroscopy

Magic angle spinning (MAS) 2’ A1 NMR single pulse spectra were acquired using a Bruker
Advance III 600 MHz (14.1 T) spectrometer using 2.5 mm outer diameter zirconia rotors and a
MAS rotation frequency of 15 kHz. Spectra were accumulated from 8,192 scans and externally
referenced to a sample of Al2O3 with a chemical shift of 16.0 ppm. The analyzed samples were not

dehydrated prior to analysis.

2.3.6 Transmission electron microscopy (TEM)

TEM imaging was performed using a FEI Tecnai G2 ST30 TEM operated at 300 kV. The
catalyst was reduced in flowing 5% H2/N2 (500 sccm) by heating at 5 °C/min to 300 °C and holding
for 1 h. After cooling to room temperature in flowing Ho, the catalyst was passivated in flowing

1% O2/He (500 sccm) for 2 h before rapidly transferring to an N2 filled glovebox. The reduced and
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passivated catalyst was dispersed in dry hexanes under air-free conditions and drop-cast onto a
lacey carbon-coated Cu mesh grid (Ted Pella part no. 01895-F). Air exposure was minimized prior

to TEM imaging.

2.4 Catalyst regeneration evaluation

Catalyst regeneration was performed after 24 h of DME homologation reaction with
sequential oxidative and reductive treatments. The DME homologation reaction was performed as
described above, and then the reactor was cooled from reaction temperature of 200 °C to 150 °C
in flowing Ar (5 sccm). Once the reactor temperature was stabilized at 150 °C, Ar flow was stopped
and air was introduced at 25 sccm. The temperature was increased from 150 °C to 450 °C at 2
°C/min, and held at 450 °C for 8 h, before cooling to 300 °C. Once the reaction temperature was
stabilized at 300 °C, air flow was stopped, and the reactor was flushed with 5 sccm of Ar for 30
min. The catalyst was then reduced in flowing 95% H2/5% Ar (25 sccm) at 300 °C for 3 h before
cooling to 200 °C for the second DME homologation reaction cycle. After 24 h of reaction in the
second cycle, the catalyst was regenerated again following the same procedure as above, with
oxidative treatment in air at 500 °C and reductive treatment in 95% H>/5% Ar at 300 °C, before

the third DME homologation reaction cycle.

3. Results and Discussion

3.1 Identification of carbon species on post-reaction (PR) catalysts

To generate PR catalyst samples for characterization of surface carbon species, DME
homologation was performed at 200 °C and atmospheric pressure over the Cu/BEA and BEA
zeolite catalysts for 22 and 20 h, respectively, at which times the activity of the catalysts reached
steady state. Consistent with prior reports [13, 17, 18], the Cu/BEA catalyst exhibited notably
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higher activity than the BEA catalyst, highlighted by maximum DME conversion (16.3% vs 6.5%;
Fig. STA), gravimetric activity (Fig. S1C, 0.12 vs 0.05 gnc/geat/h) and cumulative turnover number
(TON) at ca. 20 h TOS (Fig. S1B, 90 vs 13 molc/molsn+). The product carbon selectivities over the
Cu/BEA and BEA catalysts were similar, as expected (Fig. SID). The PR-Cu/BEA and PR-BEA
catalysts were collected for investigation into the structure and composition of surface carbon

species and to understand carbon removal during catalyst regeneration.

DR-UV-vis spectroscopy was employed to initially identify the molecular hydrocarbon
species on the PR catalysts. Three peaks, centered at 300, 380, and 456 nm were present in the
DR-UV-vis spectra of both PR-Cu/BEA and PR-BEA samples (Fig. 1A). These peaks are similar
to those corresponding to surface hydrocarbons on zeolite catalysts identified after short TOS for
high-temperature MTH reactions, and representative structures are included Table 1 [3, 19, 22, 29,
30]. The peak at 300 nm is attributed to monoenylic and cyclopentenyl carbenium ions, the broad
peak at 380 nm to a combination of dienylic (367 nm) and methylated benzene carbenium (385
nm) ions, and the peak at 456 nm to trienylic carbenium ions. An important difference was
observed in the spectrum of PR-BEA, which included a shoulder peak at 420 nm corresponding to
polycyclic aromatic species, including methylated naphthalene carbenium ions [27]. These
polycyclic aromatic species were not observed in the spectrum of PR-Cu/BEA. In a typical high-
temperature MTH reaction, the peaks at 300, 380, and 456 nm were observed at early TOS and
started to broaden after 1 — 3 h of reaction [14, 22]. The peak broadening then extended to
absorbance over a wider range of wavelengths and the catalysts visibly darkened in color due to
the deposition of large/extended carbon species on the outer surface of the zeolite [14, 22]. This
type of extended carbon hinders detailed analysis of DR-UV-vis spectra and suggests that graphitic

carbon (i.e., coke) is the dominant species after high-temperature MTH reactions [31, 32]. In
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contrast, at the lower reaction temperature of 200 °C studied here, peak broadening was minimal
for both PR-Cu/BEA or PR-BEA catalysts after 20 h TOS, suggesting limited graphitic carbon
content on the external zeolite surface, thus allowing for analysis of the relative composition of
the molecular species. The DR-UV-vis spectra for PR-Cu/BEA and PR-BEA catalysts were fitted
with multiple peaks based on the species identified above, and the relative composition of each
species was then calculated (Figs. 1B, S2A, S2B, and Table 1) [14]. For the PR-Cu/BEA catalyst,
the monoenylic species were most abundant (39%). Di- and tri-enylic species accounted for 30%
of the total peak area, and the monocyclic aromatic species contributed 31%. Importantly, there
was no contribution from polycyclic aromatics (Fig. 1B and Table 1). In contrast, for the PR-BEA
catalyst, monoenylic species constituted only 16%, while monocyclic aromatic species contributed
7% and polycyclic aromatic species had the greatest contribution at 49%. The lower total aromatic
content, especially polycyclic aromatic content, deposited on the PR-Cu/BEA catalyst compared
to PR-BEA is consistent with previously reported observations over the Cu/BEA catalyst: (i)
reduced HMB formation [13], (i1) promotion of the olefin cycle over the aromatic cycle [13], and

(ii1) operation for longer TOS without reactor plugging [18].
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Fig. 1. (A) DR-UV-vis spectra of PR-Cu/BEA and PR-BEA catalysts. (B) Relative surface
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hydrocarbon composition of PR-Cu/BEA and PR-BEA catalysts obtained from fitting of DR-UV-

vis spectra.

Table 1 DR-UV-vis peak assignments and positions for PR catalysts.

Composition
Representative Peak
Hydrocarbon species structure position PR-Cu/BEA PR-BEA
X
Monoenyl H
300 nm 39% 16%
up
Cyclopentenyl Df
H
Dienyl % 367 nm
30% 28%
X
Trienyl 456 nm
o >_<\_/
in
Monocyclic Aromatic :@i 385 nm 31% 7%
H
Polycyclic Aromatic 420 nm 0% 49%

The absence of a broad absorbance across the visible region of the DR-UV-vis spectra for

both the PR-Cu/BEA and PR-BEA catalysts suggests that the relative quantity of graphitic carbon

species deposited on the catalysts during the low-temperature DME-to-HOG reaction is less than

that for typical high-temperature MTH reactions. However, during the peak fitting of the DR-UV-

vis spectra, it was found that a non-linear baseline with a broad peak shape (Figs. S2A and S2B)

was necessary to obtain appropriate fits. Such a baseline suggests that extended carbon species are

likely present in the PR-Cu/BEA and PR-BEA catalysts, but at quantities too small to be directly
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observed in the DR-UV-vis spectra given that the extinction coefficient of graphitic carbon [33] is
significantly lower than those of hydrocarbon molecules [34]. Complementary to DR-UV-vis
spectroscopy for the identification of molecular hydrocarbon species, Raman spectroscopy was
utilized to characterize extended carbon species (i.e., graphitic carbon) [35]. In the Raman spectra
of both the PR-Cu/BEA and PR-BEA catalysts (Fig. 2), features that correspond to the D band
(centered at ca. 1380 cm™) and G band (centered at ca. 1585 cm™") of defective (i.e., partially
hydrogenated) graphitic carbon species were observed [35]. The position of the G band in the
spectrum for PR-Cu/BEA (1580 cm™') was at a lower wavenumber than that for PR-BEA (1588
cm™), indicating that the graphitic carbon species on the PR-Cu/BEA catalyst were more
hydrogenated. This conclusion is also supported by the greater D:G ratio for the PR-Cu/BEA
catalyst (1.3 for PR-Cu/BEA vs 1.1 for PR-BEA) [36]. Additionally, a shoulder (S) band in the
range of 1180 — 1200 cm™ corresponding to molecular aromatic species with large carbon rings
was observed for both PR catalysts [37]. Fitting details for PR-Cu/BEA and PR-BEA are provided
in Figs S2C, S2D, and Table S1. The Raman spectroscopy analysis of the PR catalysts indicates
that extended carbon species still form during the low-temperature DME-to-HOG reaction, similar
to high-temperature MTH reactions [14, 27, 38], albeit at much lower abundance, as determined

by DR-UV-vis spectroscopy.

15

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



— PR-Cu/BEA
- PR-BEA

Normalized intensity (a.u.)

| ;I | | | |
1000 1200 1400 1600 1800 2000 2200 2400
g -1
Raman shift (cm )

Fig. 2. Raman spectra of PR-Cu/BEA and PR-BEA catalysts with S band, D band, and G band

assignments.

The combined results from DR-UV-vis and Raman spectroscopies of the PR catalysts after
the low-temperature DME-to-HOG reaction indicated the presence of a range of surface carbon
species that were predominantly acyclic hydrocarbons and aromatic hydrocarbons, with a
contribution from defective, partially hydrogenated graphitic species. This complex composition
of surface carbon species is comparable to that commonly observed on catalysts after high-
temperature MTH reactions; however, the DR-UV-vis spectra suggest a markedly lower
contribution from graphitic carbon species after the low-temperature DME-to-HOG reaction
studied here. Comparing the PR-BEA and PR-Cu/BEA catalysts, the presence of polycyclic
aromatics on PR-BEA and absence of these species on PR-Cu/BEA is a key difference that is

anticipated to impact removal of the carbon species from the PR catalysts.

3.2 Oxidation of carbon species
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To inform the conditions required for carbon removal towards catalyst regeneration, a
coupled TGA-FTIR spectroscopic analysis of the PR catalysts in flowing air was performed and
the results are shown in Figs. 3 and S3 — S6. For the PR-Cu/BEA catalyst, mass loss accounting
for 9.5 wt% of the catalyst mass occurred between 200 and 500 °C, and the gaseous products
identified in the FTIR spectra were CO2 and water from oxidation of surface carbon species (Figs.
3A, S3B and S5A). In contrast, mass loss from the PR-BEA catalyst occurred in two stages (Figs.
3B and S4) with different gaseous product compositions. Between 200 and 360 °C, a mass loss of
3.5 wt% was observed. In addition to CO2 and water, the FTIR spectra of the gaseous products
from this initial mass loss indicated the presence of unoxidized hydrocarbons, evidenced by an
absorption band at 2800 — 3200 cm’! that was comparable to the infrared spectrum of branched C7
hydrocarbons, one of the major hydrocarbon products from the DME-to-HOG reaction (Figs. 3B,
S3D, S5B and S6). The second stage of mass loss occurred between 400 — 700 °C, and an
additional 5.5 wt% was lost. The gaseous products identified in the FTIR spectra were the expected
COz2 and water from complete oxidation of surface carbon species (Figs. 3B, S3D and S5C). The
TGA-FTIR profile of the PR-BEA catalyst (Fig. 3B) was comparable to temperature-programmed
oxidation of catalysts after high-temperature MTH reactions, where the maximum of carbon
removal occurred at 580 — 650 °C [39-41]. This high-temperature oxidation event is usually
attributed to the oxidation of “hard coke” or polycyclic aromatic hydrocarbons [40]. In contrast,
the TGA-FTIR profile of PR-Cu/BEA was unique in that the maximum of CO2 evolution was
observed at a much lower temperature of 400 °C (Figs. 3A and S4). The removal of the complex
surface carbon species identified using DR-UV-vis and Raman spectroscopies was further

explored using in situ spectroscopy (vide infra).
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Fig. 3. TGA-FTIR spectroscopic analysis of oxidation of surface carbon species for (A) PR-
Cu/BEA and (B) PR-BEA catalysts with temperature-resolved mass loss and integrated FTIR band
intensity of gaseous products, CO2, H20 and hydrocarbons (HC). Data shown here were collected

in flowing air.

TGA-FTIR spectroscopic analysis demonstrated that the required temperature for
oxidation of carbon species on the PR-Cu/BEA catalyst (peak mass loss at 400 °C) was
significantly lower than that for the PR-BEA catalyst (peak at 600 °C). Given the lower aromatic
content and more-hydrogenated graphitic carbon on PR-Cu/BEA identified using DR-UV-vis and
Raman spectroscopy, the lower oxidation temperature is not unexpected [42]. However, the 200
°C difference in carbon oxidation temperature was substantial and led to the hypothesis that Cu
species may activate oxygen at lower temperature to aid carbon oxidation. To investigate this
concept, two analogous oxidative TGA-FTIR experiments were conducted using physical
mixtures of PR-BEA and fresh (oxidized without reduction) Cu/BEA catalysts or PR-BEA and

PR-Cu/BEA (after exposure to air) catalysts with mass ratios of 1:1. Despite the reduced physical
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proximity between the carbonaceous species on PR-BEA and Cu oxide on fresh Cu/BEA or PR-
Cu/BEA, the presence of Cu oxide enabled carbon oxidation at lower temperature (Fig. 4). The
maximum of CO2 and water evolution occurred at ca. 400 °C, similar to that observed for PR-
Cu/BEA (Figs. 3A and 4). It is worth noting that the low-temperature CO2 evolution (ca. 400 °C)
was relatively greater for the mixture of PR-BEA and PR-Cu/BEA (Fig. 4B) compared to PR-BEA

and fresh Cu/BEA (Fig. 4A) due to the oxidation of carbon species from PR-Cu/BEA.

The TGA-FTIR profiles in Fig. 4 indicated that the presence of Cu oxide on either fresh
Cu/BEA or PR-Cu/BEA promoted the oxidation of carbon species from PR-BEA at lower
temperature compared to the carbon removal profile from PR-BEA without Cu. Supported Cu
oxide has been reported to catalyze oxidation of volatile organic compounds, and we propose that
similar reactions are occurring during the carbon removal explored here [43-45]. TGA-FTIR
analysis of the PR catalysts conducted under inert gas flow demonstrated that similar unoxidized
(i.e., branched C7) hydrocarbons were observed in the FTIR spectra for both the PR-Cu/BEA and
PR-BEA catalysts (Fig. S7). These “lighter” molecular hydrocarbon species, consistent with those
identified by DR-UV-vis spectroscopy on both PR-Cu/BEA and PR-BEA, were oxidized when
volatilized in the presence of Cu oxide and oxygen, as observed in Figs. 3A and 4. The graphitic
carbon identified on both PR catalysts by Raman spectroscopy could be directly oxidized if in
close proximity to Cu oxide, and this may be a pathway for carbon removal from PR-Cu/BEA.
Alternatively, for both PR catalysts, cracking of these “heavier” species, including polyaromatics
identified on PR-BEA by DR-UV-vis spectroscopy, to light hydrocarbon fragments and
subsequent oxidation by Cu oxide represents a pathway that would lead to the lower temperature
carbon removal that was observed. It is important to note that a portion of the carbon species in

PR-BEA still required higher temperature (ca. 600 °C) for removal, which may be due to
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insufficient proximity between Cu oxide and carbon species and/or the inherent higher
temperatures needed for oxidation of the polycyclic aromatics and graphitic carbon species on the

PR-BEA catalyst identified by DR-UV-vis and Raman spectroscopies.
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Fig. 4. TGA-FTIR spectroscopic analysis of oxidation of surface carbon species on a physical
mixture of (A) PR-BEA + fresh Cu/BEA catalysts (50:50 mass ratio) and (B) PR-BEA + PR-
Cu/BEA catalysts (50:50 mass ratio) with temperature-resolved mass loss and integrated FTIR
band intensity of gaseous products, CO2, H20 and hydrocarbons (HC). Data shown here were

collected in flowing air.

The observation of carbon removal at different temperatures for PR-BEA and PR-Cu/BEA
motivated the application of in situ spectroscopies to follow the evolution/removal of each type of
surface carbon species. The PR catalysts were heated in flowing air from room temperature to 450
°C, which was sufficient to remove surface carbon species from PR-Cu/BEA and is near the
operational limit for the in situ cells. The in situ DR-UV-vis spectra for the PR-Cu/BEA catalyst

(Fig. 5A) indicated that heating for 30 min at 250 °C resulted in greatly decreased intensity for all
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three peaks at 300, 380, and 456 nm corresponding to monoenylic, dienylic and methylated
benzene, and trienylic species, respectively. The removal of hydrocarbon species at this
temperature is in agreement with the TGA-FTIR results, where substantial oxidation products were
observed at temperatures near 250 °C. The spectrum after oxidation at 450 °C for 30 min was free
from peaks related to hydrocarbon species and the only features present were the absorption edge
at ca. 300 nm and the broad band at 700 — 800 nm, which are characteristic absorbance features of
CuO and isolated Cu?* species, respectively, in the Cu/BEA catalyst [46, 47]. On the other hand,
in the case of PR-BEA catalyst, the intensity of peaks corresponding to surface hydrocarbon
species did not decrease until the catalyst was oxidized at 350 °C for 30 min (Fig. 5B). Moreover,
the removal of polycyclic aromatic species required temperatures up to 450 °C. Consistent with
the TGA-FTIR spectroscopic analysis, the broad residual absorbance following oxidation at 450
°C for 30 min indicated that 450 °C was not sufficient to completely remove the surface carbon
species on PR-BEA catalyst. As mentioned above, a broad absorbance in the DR-UV-vis spectra
was assigned to extended carbon species in the case of high-temperature MTH reactions [14]. This
type of broad absorbance was only observed in the in sifu spectra of PR-BEA after removal of the
molecular hydrocarbon species at 450 °C, strengthening the assignment of molecular species as
the dominant carbon species in the DR-UV-vis spectra (Fig. 5B). Additionally, as mentioned
previously, the extinction coefficient of graphitic carbon [33] is significantly lower than those of
hydrocarbon molecules [34]. Thus, in the case of high-temperature MTH reactions where the broad
absorbance is the dominant feature in UV-vis spectra, the quantity of extended carbon species must
be significantly larger than that of molecular hydrocarbon species. Whereas, in the case of the low-

temperature DME-to-HOG reaction, the well-defined peaks corresponding to molecular
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hydrocarbon species suggests that the relative amount of deposited graphitic carbon species is

much lower than that from high-temperature MTH reactions.
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Fig. 5. In situ spectroscopic investigation of residual carbon species on PR-Cu/BEA and PR-BEA

catalysts following oxidation in air at increasing temperatures for 30 min. /n situ DR-UV-vis

spectra of (A) PR-Cu/BEA and (B) PR-BEA catalysts, and in situ Raman spectra of (C) PR-

Cu/BEA and (D) PR-BEA catalysts.
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The oxidation of graphitic carbon species on PR catalysts was monitored using in situ
Raman spectroscopy. For both PR-Cu/BEA and PR-BEA, species corresponding to the S bands
were removed at lower temperature (350 °C) than those corresponding to the D and G bands. For
PR-Cu/BEA, intensities of bands for graphitic carbon species began to decrease at 350 °C and
were fully removed after heating at 450 °C (Fig. 5C). These in situ Raman spectra highlight the
higher temperature needed to fully remove graphitic carbon in comparison to molecular
hydrocarbon species, which were fully removed at 250 °C, as demonstrated above using in situ
DR-UV-vis spectroscopy (Fig. 5A). The difference in required temperature to remove molecular
hydrocarbon and graphitic carbon in PR-Cu/BEA agreed well with the continuous mass loss and
CO2 evolution observed by TGA-FTIR spectroscopy. In the case of the PR-BEA catalyst, the
graphitic carbon was not completely removed after treatment at 450 °C (Fig. 5D), consistent with

the TGA-FTIR spectroscopic data showing mass loss and CO:z evolution through 700 °C.

The combination of TGA-FTIR spectroscopy and in situ DR-UV-vis and Raman
spectroscopies demonstrated that the addition of Cu to BEA zeolite not only reduced the total
aromatic content, especially polycyclic aromatic hydrocarbons, but also promoted the oxidation of
all surface carbon species by activating oxygen. Therefore, complete removal of carbon species
was achieved at 200 °C lower for PR-Cu/BEA (450 °C) than for PR-BEA (> 650 °C). Higher
temperatures were required to remove both the molecular hydrocarbon species and the graphitic
carbon species from PR-BEA. A temperature greater than 550 °C is typically required for non-
catalytic carbon removal during regeneration of catalysts [48] including zeolite catalysts after
high-temperature MTH reactions (600 — 700 °C) [2, 49]. Thus, the addition of Cu both enhanced
the catalytic performance for the DME-to-HOG reaction and enabled removal of residual carbon

at a lower temperature, which is beneficial for catalyst lifetime and process economics [18].
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3.3 Catalyst performance with forced regenerations

Insights into the speciation and structure of carbon deposits and the removal of these
species during oxidation provided by ex situ and in situ characterization techniques enabled the
design of a carbon removal procedure for the Cu/BEA catalyst. In order to investigate the recovery
of catalytic performance after carbon removal, a series of forced regenerations were performed.
The catalyst was subjected to the regeneration procedure after 24 h TOS, which is the same
reaction period used to prepare the PR catalysts, and therefore, the catalyst is assumed to contain
the carbon species described above. This reaction time allowed the catalyst to reach steady state
activity but did not lead to complete deactivation. Following the typical hydrocarbon pool
chemistry over Cu/BEA, the DME conversion and hydrocarbon product yield increased with TOS
over the initial 3-5 h, attributed to the accumulation of the hydrocarbon pool species during
induction period (Figs. 6A and S1A). After reaching a maximum in activity, deactivation occurred
over the next 4 — 6 h (i.e., 4 — 10 h TOS), attributed to carbon species affecting the strong and
highly dense acid sites [20]. The catalyst activity was relatively stable after 10 h TOS, evidenced

by little change in activity or product selectivity (Figs. 6B and S8A).
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Fig. 6. (A) DME Conversion and Cs+ hydrocarbon yield as a function of time during the DME-to-
HOG reaction with co-fed H2 over Cu/BEA before and after forced regeneration procedures. (B)
Carbon selectivity grouped by carbon number before and after regeneration procedures. Product
selectivity reported as the average of data points at 21 — 24 h TOS, with error bars representing
99% confidence intervals. Reaction conditions: 200 °C, 0.8 atm, WHSV of 1.2 gpme/gear/h, and

H2:DME molar ratio of 1:1.

The first forced regeneration procedure consisted of an oxidation at 450 °C for carbon
removal, as informed by characterization results above, followed by reduction at 300 °C to activate
Cu prior to resuming the DME-to-HOG reaction. To compare the effect of oxidation temperature
on regeneration, an additional forced regeneration cycle was performed with an oxidation at 500
°C. Analysis by XRD and ?’Al NMR spectroscopy of PR-Cu/BEA sample with and without
regeneration at 500 °C (Figs. 7A and 7B) confirmed that the zeolite framework retained its

crystallinity and no dealumination was observed after carbon removal. In addition, TEM imaging
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showed a distribution of Cu particle sizes after the oxidation-reduction cycles (Figs. 7C and 7D)

that was consistent with TEM analysis of the fresh reduced catalyst [13].
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Fig. 7. (A) XRD patterns of PR and regenerated catalysts, where * indicates reflection from
residual quartz packing used in the reactor. (B) Solid-state magic angle spinning 2’ Al NMR spectra
of PR and regenerated catalysts. The resonance centered at 50 — 60 ppm is characteristic of
tetrahedral Al in the BEA structure (i.e., framework Al). (C) and (D) TEM images of regenerated
Cu/BEA catalyst at different magnifications showing both small and large Cu particles consistent

with previously published results. [13]
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As shown in Fig. 6, catalytic performance of the Cu/BEA catalyst after two forced
regeneration cycles resembled that of the fresh catalyst, evidenced by the three stages of the
hydrocarbon pool chemistry proceeding similarly before and after the forced regenerations.
Compared to the fresh catalyst, the regenerated Cu/BEA catalyst achieved a slightly higher DME
conversion and Cs+ hydrocarbon yield during the induction period (i.e., maximum conversion) and
after the reaction reached steady state. This slight improvement in activity may be attributed to
more efficient activation of the catalyst in flowing air in the reactor tube compared to calcination
in a muffle furnace with limited air flow during preparation of the fresh catalyst. The further minor
enhancement in activity with increased regeneration temperature from 450 °C to 500 °C supports
this concept of a more efficient activation. Importantly, the hydrocarbon product selectivity did
not change after the catalyst regeneration procedures during the induction period (Fig. S8) or at
steady state (Fig. 6B). Therefore, the catalytic performance of Cu/BEA was fully recovered,

confirming the value of fundamental characterization to inform catalyst regeneration.

4. Conclusions

Inspired by the exceptional catalytic performance of the Cu/BEA catalyst for DME
conversion to HOG, we investigated the identity of the carbon species deposited during the
reaction and the subsequent carbon removal necessary for regeneration of this catalyst. Applying
complementary ex sifu and in situ characterization techniques, we identified that the formation of
aromatics, especially polycyclic aromatics, was suppressed on Cu/BEA compared to unmodified
BEA, and the graphitic carbon was more hydrogenated and defective. Compared to the extended
graphitic surface carbon species observed after high-temperature MTH reactions, DR-UV-vis
spectroscopy indicated an abundance of molecular hydrocarbon species and a substantially lower

relative amount of graphitic carbon species for the catalysts after the lower temperature DME-to-
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HOG reaction. Furthermore, analysis of the carbon removal on post-reaction catalysts using TGA-
FTIR spectroscopy and in situ DR-UV-vis and Raman spectroscopies demonstrated that the
addition of Cu promoted the oxidation of the surface hydrocarbon and graphitic carbon species at
lower temperature by activating oxygen. Lastly, guided by the understanding of the carbon species
on the catalyst, an effective and efficient regeneration procedure was designed and demonstrated
through a series of forced regenerations during the DME-to-HOG reaction over the Cu/BEA
catalyst. This regeneration procedure enabled full recovery the catalytic performance. The ability
to regenerate this catalyst aids the transition from fundamental catalyst development to applied
catalysis, where the ability to utilize the Cu/BEA catalyst with multiple regenerations will be a

critical factor in commercial process design and economic models.
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