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A B S T R A C T

The paraffn-to-olefin (P/O) ratio in gasoline fuel is a critical metric affecting fuel properties and engine eff-
ciency. In the conversion of dimethyl ether (DME) to high-octane hydrocarbons over BEA zeolite catalysts, the P/
O ratio can be controlled through catalyst design. Here, we report bimetallic catalysts that balance the net hydro-
genation and dehydrogenation activity during DME homologation. The Cu-Zn/BEA catalyst exhibited greater
relative dehydrogenation activity attributed to higher ionic site density, resulting in a lower P/O ratio (6.6) ver-
sus the benchmark Cu/BEA (9.4). The Cu-Ni/BEA catalyst exhibited increased hydrogenation due to reduced Ni
species, resulting in a higher P/O ratio (19). The product fuel properties were estimated with an effciency merit
function and compared against fnished gasolines and a typical alkylate blendstock. Merit values for the hydro-
carbon product from all three BEA catalysts exceeded those of the comparison fuels (0–5.3), with the product 
from Cu-Zn/BEA exhibiting the highest merit value (9.7). 

1. Introduction

The transportation sector accounts for 70% of U.S. petroleum con-
sumption, and a corresponding 35% of total U.S. CO2 emissions [1,2]. 
Despite the advent of electric vehicles, motor gasoline is expected to 
constitute 56% of the sector’s total energy consumption in 2050 [3]. 
Thus, the challenge remains to improve gasoline fuel economy and de-
velop economical pathways to incorporate renewable carbon. Advance-
ments in the conversion of methanol and/or dimethyl ether (DME) to
high-octane gasoline (HOG) over BEA zeolite catalysts can enable eco-
nomical utilization of renewable and waste carbon (e.g., DME produced
from biomass, municipal solid waste, or bio-gas) in a high-value hydro-
carbon fuel product, with a modeled 84% reduction in greenhouse gas
(GHG) emissions compared to a petroleum gasoline benchmark.[4–9]
The HOG product is comprised of C5–8 branched paraffns and olefins, 
and is especially rich in 2,2,3-trimethylbutane (also called triptane)
which has a research octane number (RON) of 112.8 and motor octane
number (MON) of 101.3 [5,10]. The HOG fuel properties resemble a re-
fnery alkylate stream, which is used as a blendstock to increase gaso-

line octane rating and is among the most valuable hydrocarbon prod-
ucts in a refnery. Due to these alkylate-like fuel properties, the HOG 
product is directly responsive to the current demand-driven market for
octane in gasoline, and it has no inherent blend limit [11]. Catalyst de-
velopment research from our laboratory recently demonstrated that a 
Cu-modifed H-form BEA zeolite (Cu/BEA) catalyst out-performs the 
parent BEA in activity, lifetime, regenerability, and overall HOG yield,
resulting in a 35% reduction to modeled conversion cost at relevant 
production scale [12–14]. Thus, this process holds the potential to pro-
vide a renewable and sustainable fuel product with reduced GHG emis-
sions and improved fuel properties, meeting two important market 
needs, while utilizing an earth-abundant, relatively inexpensive (i.e., 
non-precious metal), and scalable zeolite catalyst.

The conversion of DME with co-fed H2 over Cu/BEA results in H-
incorporation in the HOG product due to hydrogenation activity of 
metallic Cu species, and a corresponding shift in the paraffn-to-olefin 
product ratio (P/O) towards paraffns [12]. To understand the impor-
tance of the fuel P/O ratio, a simplifed explanation of the fuel-engine
relationship is presented here. The P/O ratio is a critical metric because 
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it affects the fuel properties and thus engine effciency. The principal 
fuel properties affecting engine performance, namely RON, MON, and 
sensitivity (S = RON – MON), are infuenced by the paraffn and olefin 
content [15]. These properties determine whether the hydrocarbon 
mixture is suitable for automotive applications, where common fuels 
have RON > MON, that is, S > 0. Traditionally, the goal has been to
produce fuels with high RON and high MON. However, it was recently
demonstrated that next-generation strategies to increase engine eff-
ciency (e.g., higher compression ratio, advanced spark timing, tur-
bocharging) are facilitated with higher RON and higher S fuels [16–18]. 

A predictive metric proposed by Kalghatgi is the octane index (OI),
defned by Eq. 1: 

OI = RON – K * S (1) 

where K is an experimentally derived constant that is dependent on
engine design and operating conditions [16]. Traditionally, K = 0.5 
has been used in the U.S. However, modern engines (i.e., after 1995)
operating with a higher compression ratio and lower engine speed are
more prone to knocking, and subsequently, the value of K becomes neg-
ative (i.e., K = –1.25 for modern engines equipped with knock sensors) 
[16,17,19]. Considering the K value of –1.25 in Eq. 1, the octane index
increases with a fuel having high RON and high S (i.e., low MON).

An extension to Eq. 1, the gasoline effciency merit function, further
contextualizes the importance of high RON and high S fuels [19]. The 
function considers many fuel properties, including RON, MON, S, heat
of vaporization, fame speed, lower heating value, air-fuel ratio, and 
particulate matter index. When comparing gasoline-range hydrocarbon
fuels and blendstocks, which is the focus of this report, RON and S are
the dominant factors in the merit value. Eq. 2 defnes a simplifed eff-
ciency merit function for comparison of hydrocarbon mixtures, where
the contributing factors outside of RON and S were assumed constant to
regular gasoline. 

(2) 

The terms RONmix and Smix refer to the properties of the fuel mixture, 
and the K-value of –1.25 was inserted [19]. The normalization by a fac-
tor of 1.6 is used to equate the merit function value to the expected per-
centage increase in engine effciency, meaning an absolute increase in
OI by 1.6 leads to an estimated effciency increase of 1%. Thus, the 
merit function quantifes the relative effciency for a gasoline fuel in a
spark-ignition engine compared to Regular-E10 gasoline, which corre-
sponds to Merit = 0. Positive merit values indicate enhanced effciency
and negative values indicate reduced effciency relative to Regular-E10
gasoline.

The pure-component RON and MON values for representative C5–8 
species in the HOG product are given in Table 1. For branched paraf-
fns, both the RON and MON values are high (> 90), corresponding to
low S values of 2–6. The outlier is triptane, having a particularly high 
RON, giving a higher S of 11.5. RON values for branched olefins are 
similarly high (> 90) but MON values are significantly lower (77−83), 
leading to higher S values. Ghosh et al. developed a model to predict 
the RON and MON of gasoline-range hydrocarbon mixtures based on 

Table 1 
RON, MON, and S values for representative C5–8 components of the HOG 
product. Values from Ghosh et al. [10]. 
Parafins Olefins 

RON MON S RON MON S 
Iso-pentane 
Dimethyl-C6 

92 
99 

90 
94 

2 
5 

Iso-pentenes 
Iso-hexenes 

103 
100 

82 
83 

21 
17 

Dimethyl-C7 94 90 4 C7-enes 90 78 12 
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their individual RON and MON values, and included factors to account
for non-linear blending effects [10]. The fuel properties of paraffns 
tend to blend linearly, and thus, a fuel consisting of only branched
paraffns has a high RON and MON and a relatively low S value. Such a
fuel is not advantageous for modern spark-ignition engines in the con-
text of OI with a negative K value. For a mixture of paraffns and olefins,
olefins affect the modeled MON value strongly and non-linearly. The re-
sulting multi-component fuel will have a comparably high RON to the
paraffn-only fuel, but a lower MON value (i.e., greater S value), leading
to an increased OI and merit value (when K < 0). This conceptual
analysis shows that the P/O ratio in the HOG hydrocarbon mixture is a
key driver of the fuel properties.

We hypothesized that the HOG product P/O ratio could be shifted 
using catalyst design principles that alter the relative hydrogenation 
and dehydrogenation activity during DME homologation, and conse-
quently, the fuel properties could be manipulated under the same reac-
tion conditions and without additional processing steps that would add
capital and operating costs in a biorefnery. This approach is akin to the
catalyst design principles that resulted in a shift in the relative aro-
matic/olefin cycle propagation in methanol-to-olefins chemistry, and to
the fuel-property-frst approach for biofuels processes [20–22]. In our 
development of the multi-functional Cu/BEA catalyst, we identifed 
that in addition to the homologation and hydrogen-transfer reactions 
catalyzed at zeolite Brønsted acid sites, ionic Cu1+ species dehydro-
genated alkanes and metallic Cu facilitated hydrogenation chemistry 
(Fig. 1) [12,23]. We further demonstrated that dehydrogenation of 
light alkanes occurred during DME homologation with co-fed H2 under 
mild conditions [13]. Considering the high activation energy that was
calculated for dehydrogenation at Cu1+, we postulated that known de-
hydrogenation active species, specifically those based on ionic Zn [24, 
25] and Ni [26], may enable increased dehydrogenation activity com-
pared to the Cu/BEA catalyst. Here we report the synthesis, characteri-
zation, and DME homologation performance of bimetallic catalysts
based on Cu/BEA, with incorporated Zn or Ni. The bimetallic catalysts
shifted the P/O ratio and the resulting calculated fuel properties of the
C5–8 hydrocarbon product mixture. This ability to shift the fuel proper-
ties in this manner represents a unique advantage in the catalytic path-
way for the conversion of DME to HOG. 

2. Experimental 

2.1. General 

Beta zeolite (BEA) having a SiO2:Al2O3 ratio of 27 (SiAl = 13.5) was
obtained in ammonium form from Tosoh and had a particle/agglomer-
ate size range of 45−125 µm. It was calcined under fowing air at 550 °C 
to give the proton-form, H-BEA. DME was purchased from Sigma-
Aldrich. UHP H2 and UHP Ar were purchased from General Air and the
1% isobutane/Ar was purchased from Airgas. All gases were used as re-
ceived. All volumetric fow rates are given at NTP (20 °C, 101.3 kPa) 
and all pressures are absolute. 

Trimethyl-C8 105 99 6 C8-enes 90 77 13 Fig. 1. Schematic of reaction pathways and corresponding active sites for DME 
Triptane 112.8 101.3 11.5 homologation with co-fed H2 over metal-modifed BEA zeolite catalysts. 
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2.2. Catalyst preparation 

Mono-metallic ion-exchange catalysts (IE-M/BEA) for isobutane de-
hydrogenation and ethylene hydrogenation experiments were prepared
by aqueous ion-exchange of H-form BEA (0.99 g) with Cu(NO3)2 • 
2.5 H2O (0.061 g), Ni(NO3)2 • 6 H2O (0.077 g) or Zn(NO3)2 • 6 H2O 
(0.077 g) in 40 mL of deionized water. The suspension was stirred for 
2–3 h at room temperature, followed by isolation of the material via 
centrifugation at 7500 rpm for 3 min, and rinsing with 30 mL of deion-
ized water. These materials are termed IE-M/BEA. The benchmark 
mono-metallic IW-Cu/BEA was prepared as previously described via an
incipient wetness impregnation procedure [12], and is referred to 
throughout as simply Cu/BEA. Bimetallic catalysts were prepared anal-
ogously to Cu/BEA, via aqueous incipient-wetness impregnation of IE-
M/BEA catalysts with Cu(NO3)2 • 2.5 H2O (i.e., IW-Cu-IE-M/BEA). 
Bimetallic catalysts are referred to as Cu-M/BEA (M = Zn or Ni). All 
catalysts were calcined ex situ in a box furnace at 500 °C (2 °C min−1 

ramp rate) with fowing air for at least 6 h prior to loading into the reac-
tor. Metal contents were determined by inductively coupled plasma op-
tical emission spectroscopy (ICP-OES) at Galbraith Laboratories 
(Knoxville, TN). 

2.3. Characterization 

2.3.1. Acid site characterization 
The density of Brønsted acid sites (BAS) on each catalyst was quanti-

fed by temperature programmed desorption (TPD) of adsorbed iso-
propylamine (IPA) [27]. Catalyst samples (ca. 200 mg) were reduced 
under 150 cm3 min−1 of 95% H2 / 5% Ar at 300 °C (2 °C min−1) and held 
for 2 h. After pretreatment, the catalyst was cooled to 100 °C in inert 
gas (95% N2 / 5% He). When the bed temperature stabilized at 100 °C 
for 15 min, 1 mL of IPA was slowly introduced via syringe injection
over the course of 10 min. After fushing with inert gas for at least 12 h
at 100 °C to remove weakly adsorbed IPA, the temperature was ramped
to 500 °C at 10 °C min−1. Desorbed products were analyzed and quanti-
fed on a Pfeiffer PrismaPlus mass spectrometer, with propylene used to
quantify BAS density. The propylene signal (m/z = 41) was calibrated
with 5 mL propylene pulses and normalized to the internal standard He
(m/z = 4) signal. 

2.3.2. X-ray absorption spectroscopy (XAS)
Cu, Ni, and Zn K edge X-ray absorption spectra (XAS) were collected

on the bending magnet beamline of the Materials Research Collabora-
tive Access Team (MR-CAT) at the Advanced Photon Source, Argonne
National Laboratory. Measurements were made in transmission mode 
from approximately 250 eV below to 600 eV above the absorption 
edges (step size = 0.3 eV, count time = 0.2 s/step). During each mea-
surement a spectrum of the corresponding metal foil was collected si-
multaneously, using a third ion-chamber in series, for absolute energy
calibration. Catalyst samples were pressed into self-supporting wafers 
in a stainless-steel holder containing six wells. The holder was sealed in 
a quartz reactor tube using two Ultra-Torr fttings with Kapton win-
dows and ball valves through which gases could be fowed. The samples
were heated to the respective temperatures under a fow of either 20%
O2/He or 3.5% H2/He, treated for an hour, and then the reactor was 
purged with He while cooling. Once at room temperature the ball 
valves were closed, isolating the samples in a static He atmosphere, and
spectra were collected. After reduction, the XANES of the IE-Cu/BEA 
sample was consistent with a mixture of Cu1+ and Cu2+. To minimize 
the chances of the dispersed Cu1+ species oxidizing due to small leaks,
spectra were collected at high temperature under fowing gases rather
than at room temperature and after purging with He. The spectrum of 
IE-Cu/BEA at 150 °C in 20% O2/He was essentially identical to that col-
lected at room temperature. However, the spectrum collected at 300 °C 
in 3.5% H2/He showed the catalyst contained primarily Cu1+ with only 

a small fraction of Cu2+ remaining. Since temperature has minimal ef-
fect on the XANES, the spectrum acquired at 300 °C in 3.5% H2/He was 
used as a Cu1+ reference for linear combination fts of the XANES to es-
timate the fraction of each oxidation state in the reduced catalysts. Cu
foil and the room temperature, post oxidation spectrum were used as 
Cu0 and Cu2+ references, respectively. Post reduction, the Ni K edge
spectrum of IW-Cu-IE-Ni/BEA indicated a small fraction of metallic Ni
was present in the sample. As the Ni2+ species present in the sample is
likely similar to that in IE-Ni/BEA (which contained only oxidized Ni),
the post-reduction spectrum of the latter was used as a Ni2+ reference 
for a linear combination ft of the former. The spectrum of Ni foil was
used as the Ni0 reference. 

Data processing and analysis were performed using the Demeter 
software suite [28]. Standard procedures were used for normalization 
and background subtraction. The distributions of Cu and Ni oxidation 
states were determined from linear combination fts of the XANES. Co-
ordination parameters were determined from simultaneous least-
squares fts in R-space of the magnitude of Fourier transform of the k1,
k2, and k3-weighted EXAFS. Theoretical phase shift and backscattering
amplitudes were calculated using FEFF6 [29]. Amplitude reduction fac-
tors (S02) for Cu (0.86), Ni (0.85), and Zn (0.86) were determined from
references with known coordination numbers (Cu foil, Ni foil, Zn acety-
lacetonate) and these values were fxed in fts of the samples. 

2.3.3. Transmission electron microscopy (TEM)
Scanning transmission electron microscopy (STEM) was performed

on a JEOL 2200FS STEM/TEM instrument equipped with a CEOS GmbH
(Heidelberg, Ger) corrector on the illuminating lenses. The AMAG 5 C 
mode was used to achieve a probe with a nominal 150 pA current and
associated resolution of a nominal 0.07 nm. The presence and distribu-
tion of Cu, Ni, Zn in the Cu-M/BEA catalysts were confrmed by utiliz-
ing energy dispersive X-ray spectroscopy (EDS) analysis and acquiring
spectrum images with a Bruker-AXS silicon-drift detector system (SDD)
on the JEOL 2200FS STEM/TEM. 

2.4. Isobutane dehydrogenation 

Isobutane dehydrogenation activity was evaluated using a packed
bed reactor system. For IE-M/BEA catalysts, pre-oxidized catalyst (ca.
360 mg), diluted with inert silicon carbide (ca. 5.4 g), was loaded in the
isothermal zone of a 7.9 mm ID stainless steel tubular packed bed reac-
tor while being supported by quartz chips and quartz wool. The catalyst
was heated to 300 °C (at 2 °C min−1) in Ar (5 cm3 min−1) and dried for
at least 2 h. Subsequently, the catalyst was exposed to 1% isobutane/Ar
(25 cm3 min−1) at 300 °C and 200 kPa for > 8 h while analytical sam-

−1ples were collected. The WHSV of isobutane was 0.10 gisobutane gcat 
h−1, and the isobutane partial pressure was 2 kPa.

A prior report from our group has demonstrated that Cu2+ species
are rapidly converted to Cu1+ during isobutane conversion, and that re-
ductive pre-treatment of IE-Cu/BEA does not affect its H2 STY for isobu-
tane dehydrogenation [23]. The reaction temperature of 300 °C was 
chosen to obtain meaningful activity given existing reactor system and
analytical constraints. The equilibrium conversion for isobutane to 
form isobutene under the conditions utilized here is 8.3%. Isobutane 
conversion above equilibrium conversion was observed in some cases,
and this is attributed to secondary reactions of the product, isobutene,
at Brønsted acid sites that initiate/propagate the hydrocarbon chain-
growth cycle, as described below.

Reactor inlet lines were heated to 150 °C to preheat infuent gases 
and outlet lines were heated to 200 °C to prevent condensation of hy-
drocarbons. The gas composition was quantifed using an Agilent 7890
GC equipped with a fame ionization detector for analysis of oxygenates
and hydrocarbons and two thermal conductivity detectors for analysis
of permanent gases and water. GC response factors for reactants and 
products were calibrated using traceable gravimetric gas standards. The 
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gravimetric rate of H2 formation (rH2, in molH2 gcat−1 h−1) was calcu-
lated according to Eq. 3: 

(3) 

where ṅH2 is the effuent molar rate of H2 (molH2 h−1) and mcat is the 
total catalyst mass (g). The H2 site time yield (STY, in molH2 molM−1 s−1)
was calculated according to Eq. 4: 

(4) 

where rH2 is the gravimetric formation rate of H2 converted to s−1 

(µmol gcat−1 s−1) and mM is the metal loading of M (i.e., Zn, Ni or Cu) in 
−1µmolM gcat . 

For Cu/BEA and bimetallic catalysts, isobutane dehydrogenation ac-
tivity was evaluated using an identical system and similar procedure as
those used for mono-metallic IE-M/BEA catalysts. Pre-oxidized catalyst
(ca. 360 mg), diluted with inert silicon carbide (ca. 5.4 g), was loaded
in the isothermal zone of a 7.9 mm ID stainless steel tubular packed bed
reactor while being supported by quartz chips and quartz wool. The cat-
alyst was heated to 300 °C (at 2 °C min−1) in H2 (25 cm3 min−1) and 
held for 2 h. Following reduction, the catalyst was kept at 300 °C in Ar
(5 cm3 min−1) until isobutane fow began. Subsequently, the catalyst 
was exposed to 1% isobutane/Ar (25 cm3 min−1) at 300 °C and 200 kPa
for > 8 h while analytical samples were collected. The WHSV of isobu-
tane was 0.10 gisobutane gcat−1 h−1, and the isobutane partial pressure was 
2 kPa. 

Due to the possibility of activating in situ generated H2 over the Cu/ 
BEA and bimetallic catalysts as a result of their metallic site fraction,
the activity of these materials in isobutane probe reactions is presented
with two metrics. The gravimetric rate of H2 formation (Eq. 3), and the 
rate of hydrocarbon formation, expressed as the catalyst mass-
normalized carbon molar rate, rC, calculated according to Eq. 5: 

(5) 

where ∑ṅi is the effuent molar rate of product i (mol s−1), summed 
over all observed hydrocarbon products, vi is the stoichiometric coeff-
cient for product i (molC moli−1) and mcat is the total catalyst mass load-
ing (g). 

2.5. Ethylene hydrogenation 

Ethylene hydrogenation activity was evaluated using a fxed bed re-
actor system with co-fed H2. Pre-oxidized catalyst (ca. 360 mg), diluted
with inert silicon carbide (ca. 5.4 g), was loaded in a ca. 5 mm ID quartz
tube reactor, supported by quartz wool with a thermocouple to monitor
and control reactor temperature positioned at the top of the catalyst 
bed. The catalyst was reduced in fowing H2 (25 cm3 min−1) for at least 
2 h at 300 °C (at 2 °C min−1) before cooling to 100 °C. Subsequently, the
catalyst was exposed to 2.5% ethylene/He (25 cm3 min−1) at 100 °C and
200 kPa for > 7 h while analytical samples were collected. The WHSV 
of ethylene was 7.0 gethylene gcat−1 h−1, with pethylene = 2 kPa, and pH2 
= 20 kPa, with the remainder pHe. The reaction temperature of 100 °C
was selected to obtain sub-complete conversion over all materials and
to limit formation of byproducts.

Reactor system lines were heated to > 100 °C to preheat infuent
gases and prevent condensation of effuent products. The gas composi-
tion was quantifed using an Agilent 490 Micro GC equipped with four
thermal conductivity detectors for analysis of oxygenates, hydrocar-
bons, permanent gases and water. GC response factors for reactants and
products were calibrated using traceable gravimetric gas standards.

The gravimetric rate of ethane formation, rethane, was calculated ac-
cording to Eq. 6: 

(6) 

where ṅethane,out is the fow rate of ethane out of the reactor in mol 
s−1, and mcat is the total catalyst mass loading (g). 

2.6. Dimethyl ether homologation 

Pre-oxidized catalyst powders were pressed (22 kN), crushed in a 
porcelain mortar and pestle, and sieved to 212–300 µm (50–70 mesh). 
The catalyst (0.325 g) was diluted with ca. 5.3–5.8 g low surface-area,
inert silicon carbide 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 cata-
lyst bed was used to monitor reaction temperature. The reaction tem-
perature during an experiment was maintained within ± 0.5 °C of the
nominal setpoint. The catalyst was reduced in fowing H2 at 25 cm3 

min−1 for at least 3 h at 300 °C before cooling to 200 °C. Immediately
following the reduction, the catalyst was exposed to the reaction mix-
ture, and reactor outlet gas sampling began. In all experiments, the 
DME WHSV was ca. 2.2 gDME-gcat−1-h−1 (referred to as h−1). The reac-
tion gas fow rates were 6.1, 6.1, 1.0 cm3 min−1 for DME, H2, Ar, respec-
tively, where Ar was used as an internal standard. Time-on-stream 
(TOS) is defned as the cumulative time elapsed from the start of DME
fow. The gas composition at the inlet of the reactor was quantifed at
the conclusion of each experiment.

Reactor inlet and outlet gases were sampled through heated 
(170 °C) lines with an Agilent 7890 GC instrument equipped with a 
fame ionization detector for analysis of oxygenates and hydrocarbons
and two thermal conductivity detectors for analysis of permanent gases.
GC responses for reactants and products were calibrated using traceable
gravimetric gas standards. Carbon balances in these reactions were 
within ± 7%. Catalyst performance was evaluated from inlet fow and 
GC measurements using Ar as an internal standard. Turnover number 
(TON) values are reported as the cumulative mol of carbon in hydrocar-
bon products per mol of Brønsted acid sites in the reactor at each time
point [30], as represented in Eq. 7: 

(7) 

where t is TOS in h, NH+ is the moles of Brønsted acid sites, and nc 
(t′) is the total carbon incorporated (mol carbon h−1) in all products ex-
cept methanol, carbon monoxide and carbon dioxide at time t′. The 
conversion, X (in carbon %), was calculated according to Eq. 8 based on 
the hydrocarbon product formation rate and the inlet DME molar fow
rate: 

(8) 

where ṅC,DME,in and ṅC,HC-products represent the molar fow rates of car-
bon (molC s−1) in DME and hydrocarbon products, respectively. The 
term, ṅC,HC-products, excludes methanol and trace CO. The methanol-free 
product carbon selectivity, Si (in carbon %), was calculated via Eq. 9: 

(9) 

where ṅC,I represents the effuent molar fow rate of carbon in indi-
vidual products (mol s−1), excluding methanol. DME homologation data 
for Cu/BEA is reported as the mean of at least 3 independent experi-
ments. The standard error of the mean (SEM) was included as error bars
for Cu/BEA data calculated as the standard deviation divided by the 
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square-root of the number of data points used in the reported mean. Ex-
periments with Cu-Ni/BEA and Cu-Zn/BEA are reported as the mean of
2 independent experiments, therefore SEM was not calculated. Errors 
bars for Cu-Ni/BEA and Cu-Zn/BEA data represent the range of the two
data points used to calculate the mean. 

2.7. Octane number calculation 

The predicted RON and MON for gasoline-range hydrocarbon mix-
tures were calculated using Eq. 10, as reported by Ghosh et al. [10]: 

(10) 

where ONmix can be RONmix or MONmix, and ∑PONA and ∑P are summa-
tions over paraffns, olefins, naphthenes, aromatics (i.e., PONA) and 
paraffns (i.e., P), respectively. The υi, βi, ONi, and IP represent the vol-
ume fraction (here, estimated as mol fraction in the gas-phase GC analy-
sis) of species i in the sample, molecular lumped blend parameter of 
species i, pure component octane number (RON or MON) of species i,
and the interaction term describing the nonlinear interaction between
paraffns and naphthenes or olefins, respectively. The βi, ONi values 
were used as reported in Ghosh et al. The sensitivity (S) was calculated
as the difference between the RON and the MON values. 

3. Results and discussion 

3.1. Catalyst design, synthesis, and characterization 

3.1.1. Bimetallic catalyst design informed from mono-metallic M/BEA
catalysts

The design of bimetallic catalysts was motivated by a preliminary 
assessment of dehydrogenation activity for mono-metallic Cu, Ni, and 
Zn sites in BEA zeolite. We previously demonstrated that the parent H-
BEA is inactive for isobutane dehydrogenation, but ionic Cu1+-BEA 
sites are active for this chemistry [23]. Ionic Zn and Ni species are 
known dehydrogenation active sites for light (C2–4) alkanes, where the
recent focus has been on the conversion of propane to propene [24–26]. 
Catalysts based on Ag, In, and Ga have also been investigated, but we
chose to focus our initial assessment on earth-abundant and relatively
inexpensive Zn and Ni species [32–35]. Aqueous ion-exchange (IE) of
the respective metal nitrate solution provided comparable molar metal

−1loadings in IE-M/BEA materials, ranging from 135 to 153 µmol gcat . 
X-ray absorption spectroscopy (XAS) confrmed the presence of ionic 
metal sites following reduction at 300 °C, consistent with exchange at
Brønsted acid sites (BAS), without any metallic Cu, Ni, or Zn observed
(Tables S1 and S2, Fig. S1-S8). Isobutane dehydrogenation serves as a 
relevant probe reaction due to the high selectivity to isobutane 
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(35–40%) and low selectivity to C2–3 olefins (< 3%) over BEA catalysts 
in DME homologation [5,12,23]. The isobutane dehydrogenation activ-
ity of each catalyst was evaluated at 300 °C and 200 kPa. These condi-
tions were chosen to provide measurable H2 production rates (Fig. 2A), 
which were monitored as a quantitative indicator of dehydrogenation 
activity and normalized to the molar metal loading to give site-time 
yield (STY) values (Fig. 2B) [23]. After the induction period of ca. 8 h 
time-on-stream (TOS), the H2 formation rates for IE-Ni/BEA (52.7 mol 
gcat−1 h−1) and IE-Zn/BEA (22.5 mol gcat−1 h−1) were greater than the 
rate from IE-Cu/BEA (8.62 mol gcat−1 h−1). Accordingly, the STY val-
ues indicate greater dehydrogenation activity for IE-Ni/BEA 
(10.6 ×10−5 molH2 molM−1 s−1) and IE-Zn/BEA (4.6 ×10−5 molH2 
molM−1 s−1) compared to IE-Cu/BEA (1.5 ×10−5 molH2 molM−1 s−1).
These results support our hypothesis that ionic Ni and Zn active sites 
have higher activity than ionic Cu sites for alkane dehydrogenation un-
der these relatively mild conditions. 

3.1.2. Synthesis of bimetallic catalysts and acid site characterization
In addition to alkane dehydrogenation activity, the activation of co-

fed H2 by metallic Cu species during DME homologation is an essential
function of the Cu/BEA catalyst that leads to enhanced performance 
[12]. To this end, bimetallic catalysts were synthesized with a two-step
method, where the Ni or Zn was frst incorporated at a low metal load-
ing (< 1 wt%) using the ion-exchange method described above. After 
oxidation of the IE-M/BEA material at 500 °C, Cu was deposited via in-
cipient wetness impregnation (IW) at a higher metal loading (4–5 wt%) 
to promote the formation of metallic Cu after oxidation at 500 °C and 
subsequent reduction at 300 °C. This method yielded bimetallic materi-
als with metal weight loadings reported in Table 2. A Cu/BEA catalyst
was prepared using a one-step IW procedure as a benchmark compari-
son for the bimetallic materials. BAS densities were determined using 
isopropylamine temperature-programmed desorption (IPA-TPD) (Table 
2, Fig. S9). The observed BAS densities are consistent with ion-
exchange of BAS with ionic metal sites, as observed for Cu/BEA com-
pared to H-BEA and similar metal-modifed zeolites [12,21,36]. 

3.1.3. X-ray absorption spectroscopy
The oxidation states for Cu, Ni, and Zn species were determined af-

ter oxidation and reduction using XAS (Tables S1 and S2, Fig. S1-S8),
which enabled quantifcation of the ionic and metallic content of the 
catalysts (Table 3). The ionic content represents the expected dehydro-
genation site density. The metallic content represents the total amount
of metallic species in the metal particles (i.e., not just the surface metal
sites), and while not a direct measure of the hydrogenation site density,
provides useful information for comparison of the structural differences
between the catalysts. The Cu species in Cu-Ni/BEA were a mix of 
metallic (80%) and ionic (20%) Cu, similar to that observed for Cu/BEA
(82% metallic, 18% ionic). For the Ni species, 24% of Ni was in the re-
duced metallic form, and 76% remained as Ni2+. The metallic Ni con-

Fig. 2. (A) H2 formation rate and (B) STY of H2 over IE-M/BEA catalysts during isobutane dehydrogenation as a function of TOS. Reaction performed at 300 °C, 200 
kPa, isobutane WHSV of 0.10 gisobutane gcat−1 h−1, and pisobutane = 2 kPa. 
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Table 2 
Metal loadings and Brønsted acid site (BAS) densities for the bimetallic cata-
lysts and the benchmark Cu/BEA catalyst. BAS densities were determined us-
ing IPA-TPD. 
Catalyst Metal loadings Cu; M (wt%) BAS density (µmol g−1) 

Cu/BEA 4.3 925 
Cu-Ni/BEA 4.6; 0.71 830 
Cu-Zn/BEA 4.3; 0.77 785 

Table 3 
Ionic and metallic site densities for the bimetallic catalysts compared to the 
benchmark Cu/BEA catalyst. Content of each species or group of species was 
calculated from XAS oxidation states and ICP-OES metal loading (Table S1). 
Catalyst Total ionic 

content (µmol 
g−1) 

Total metallic 
content (µmol 
g−1) 

Ionic Cu 
content (µmol 
g−1) 

Ionic Ni or Zn 
content (µmol 
g−1) 

Cu/BEA 
Cu-

Ni/BEA 
Cu-

Zn/BEA 

120 
235 

350 

555 
600 

450 

120 
145 

230 

– 
90 

120 

tent equates to 0.17 wt% (30 µmol g−1), which when combined with the 
metallic Cu content (3.7 wt%, 570 µmol g−1), gives a total of 3.9 wt% 
(600 µmol g−1) metallic species. The combined ionic Ni and Cu content
equates to 1.5 wt% (235 µmol g−1). Thus, Cu-Ni/BEA contains a compa-
rable amount of total metallic species to Cu/BEA (4.3 wt%, 
555 µmol g−1) and nearly double the ionic metal species versus Cu/BEA 
(120 µmol g−1). The Cu species in Cu-Zn/BEA were a mix of metallic 
(66%) and ionic (34%) species, again similar to that observed for Cu/
BEA. The Zn species remained Zn2+ after reduction, consistent with the
IE-Zn/BEA above and with previous investigations where isolated Zn2+ 

species were observed after reductive pre-treatments [25]. Cu-Zn/BEA 
possesses a lower metallic species content than Cu/BEA (450 vs 
555 µmol g−1), but a 3-fold increase in ionic metal loading (350 versus 
120 µmol g−1). 

3.1.4. Transmission electron microscopy and elemental mapping
Scanning transmission electron microscopy (STEM) imaging with

energy dispersive spectroscopy (EDS) was employed to investigate the
spatial distribution of the metal species. The catalysts were analyzed af-
ter oxidation at 500 °C and reduction at 300 °C to mimic the activation 
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procedure used in subsequent DME homologation reactions. After re-
duction, the catalysts were passivated at room temperature with 1% 
O2/N2 prior to STEM analysis. Although the catalysts were not charac-
terized in their fully reduced form, any metallic interfaces or alloys that
formed during reduction were assumed to remain co-located as oxides
after mild oxidative passivation. The bright-feld (BF)-STEM image and
EDS elemental maps for the Cu-Ni/BEA catalyst displays both Cu and Ni
signals in the larger metal particles, suggesting co-localization of Cu 
and Ni within the same particle (Fig. 3A). Nanoparticles of metallic Cu
without Ni incorporation as well as nanoparticles of metallic Ni without
Cu were also observed (Fig. S10). In contrast, the Zn species were more 
uniformly distributed on the BEA zeolite without preferential co-
location with Cu particles (Fig. 3B). These results support the XAS 
analysis, indicating spatially resolved metallic Cu and ionic Zn species
in the Cu-Zn/BEA catalyst, and a fraction of reduced metallic Ni in the
Cu-Ni/BEA catalyst. The combination of characterization techniques re-
veals that the Cu-Ni/BEA catalyst consists of isolated Ni2+ sites, iso-
lated Cu1+ sites, metallic Ni, metallic Cu, and possibly alloyed CuNi 
metal. The Cu-Zn/BEA catalyst consists of ionic Zn2+ and Cu1+ sites, 
and metallic Cu. 

3.2. Hydrogenation and dehydrogenation probe reactions 

The bimetallic catalysts and the benchmark Cu/BEA were tested in
two probe molecule reactions, ethylene hydrogenation and isobutane 
dehydrogenation, to assess the activity of metallic sites and ionic sites,
respectively, as outlined in Fig. 1. Ethylene hydrogenation was chosen 
because neither ethylene nor ethane participates in the subsequent 
olefin-cycle hydrocarbon pool chemistry, according to the reported 
mechanism [37]. Ethane was the only observed product in these reac-
tions (i.e., 100% selectivity), therefore the ethane production rate was 
taken as a quantitative indicator of hydrogenation activity (Fig. 4A). 
Comparing at ca. 2.5 h TOS, the Cu-Ni/BEA catalyst was ca. 250-fold 
more active than Cu/BEA (47.9 and 0.17 µmol gcat−1 s−1, respectively).
The marked increase in hydrogenation activity exhibited by Cu-Ni/BEA
relative to Cu/BEA and Cu-Zn/BEA is attributed to the metallic Ni 
species, which are well-known hydrogenation catalysts. It is worth not-
ing that the hydrogenation activity of Cu-Zn/BEA is approximately the
same order of magnitude as Cu/BEA, and the observed increase in ac-
tivity may be attributed to different Cu particle sizes, which were not 
attempted to be controlled in these materials. 

Fig. 3. BF-STEM images with EDS elemental maps for (A) Cu-Ni/BEA and (B) Cu-Zn/BEA after ex situ oxidation in air at 500 °C, reduction in H2 at 300 °C, and passi-
vation in 1% O2/N2 at room temperature. 
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Fig. 4. (A) Plot of ethane rate from ethylene hydrogenation reactions, (B) rate of hydrogen formation from isobutane dehydrogenation reactions, (C) rate of hydro-
carbon formation from isobutane dehydrogenation reactions, and (D) paraffn/olefin product ratio of C3–5 products from isobutane dehydrogenation reactions. Re-
action conditions for (a) were 100 °C, 200 kPa, ethylene WHSV of ca. 7.0 h−1; pethylene and pH2 were 2 and 20 kPa, respectively, remainder pHe, and for (b-d) were 
300 °C, 200 kPa, isobutane WHSV of 0.10 gisobutane gcat−1 h−1, and pisobutane = 2 kPa. Reactant conversions in (A) were 83–98% for Cu-Ni/BEA, 1.6 – 2.3% for Cu-
Zn/BEA, and 0.2 – 1.0% for Cu/BEA. Reactant conversion values in (B-D) were between 2.1% and 4.9% after 6 h TOS for all catalysts. 

Isobutane dehydrogenation was performed under reaction condi-
tions identical to those used with the mono-metallic IE-M/BEA catalysts
described above. As reported before, isobutane activation is facilitated
by dehydrogenation at ionic sites but not metallic Cu sites [23], and 
once the olefin is formed, it may react with Brønsted acid sites to initi-
ate the hydrocarbon chain-growth cycle [6,7]. The metallic sites in Cu/ 
BEA, Cu-Ni/BEA and Cu-Zn/BEA can activate and incorporate the in 
situ-generated H2 into secondary reactions of isobutene [12], and there-
fore, the STY based on H2 production per total ionic site content in the
Cu-Ni/BEA, Cu-Zn/BEA and Cu/BEA catalysts does not provide a direct
metric for comparison. Rather, both the H2 production rate and the to-
tal hydrocarbon formation rate were used to compare dehydrogenation
activity. After 8 h TOS, greater H2 formation rates were observed for 
Cu-Ni/BEA and Cu-Zn/BEA (15.0 ± 2.3, 16.3 ± 1.2 molC gcat−1 h−1,
respectively) compared to Cu/BEA (11.3 ± 1.1 molH2 gcat−1 h−1), rep-
resenting relative increases of 33% and 44% versus Cu/BEA (Fig. 4B).
Similar increases were observed in the hydrocarbon formation rate for
Cu-Ni/BEA and Cu-Zn/BEA (212 ± 14, 237 ± 6 molC gcat−1 h−1, re-
spectively) compared to Cu/BEA (168 ± 8 molC gcat−1 h−1), represent-
ing relative increases of 26% and 41% versus Cu/BEA (Fig. 4C). As ob-
served previously, greater than 98% selectivity to C3–5 hydrocarbons 
was observed over all three catalysts [23], and a comparison of the P/O
ratio of these products provided the frst indication of a shift in the rela-
tive hydrogenation and dehydrogenation activity based on catalyst 
composition. Compared after 8 h TOS, the P/O ratios for Cu/BEA and 
Cu-Ni/BEA were comparable (9.5 ± 0.6 and 10.7 ± 0.7 mol mol−1, re-
spectively), but a substantial reduction to 5.7 ± 0.2 mol mol−1 was ob-
served for Cu-Zn/BEA (Fig. 4D). These isobutane probe reaction data 
indicate that dehydrogenation activity was enhanced for both bimetal-

lic catalysts, and that the Cu-Zn/BEA catalyst promoted olefin forma-
tion versus Cu/BEA and Cu-Ni/BEA under these conditions, providing 
the opportunity to explore the relative hydrogenation and dehydro-
genation activity in the more complex DME homologation chemistry. 

3.3. DME homologation 

Catalysts were tested in the DME homologation reaction with co-fed 
H2 at 200 °C and 103 kPa. DME homologation over mono-metallic IE-
Cu/BEA, IE-Zn/BEA, and IE-Ni/BEA catalysts is not reported here due
to low activity in preliminary experiments compared to Cu/BEA. Con-
version values of less than 10% were targeted to compare catalyst selec-
tivities at near-diferential conversion conditions, and all three catalysts
met this criterion after the initial induction period (Fig. 5A). The Cu-
Ni/BEA catalyst exhibited a longer induction period than the other cat-
alysts but achieved a comparable steady-state activity to that of Cu/
BEA after about 10 h TOS. The Cu-Zn/BEA was slightly less active than
the other catalysts, exhibiting a conversion of ca. 3.8% at 10 h TOS ver-
sus ca. 6.5% at 10 h for Cu/BEA and Cu-Ni/BEA. The turnover number
(TON) in this Brønsted-acid-catalyzed homologation reaction is a met-
ric that enables a coherent comparison of the inherently transient 
chemistry of zeolite catalysts that operate through the hydrocarbon 
pool, since TON accounts for catalyst loading, acid site density, DME 
fow rate, and hydrocarbon product yield (Fig. 5B, Fig. S11) [30,38]. A 
common TON value of 52 ± 2 molC molH+−1 was reached for each cata-
lyst, providing a point of comparison for the selectivity values of inter-
est to the P/O ratio.

The methanol-free product carbon-selectivity for the C5–8 range 
products stabilized at ca. 50% for each catalyst after 25–35 turnovers 
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Fig. 5. Plots from DME homologation over Cu/BEA, Cu-Zn/BEA and Cu-Ni/BEA for (A) conversion and (B) TON versus TOS with TON = 52 indicated with a hori-
zontal dashed line. Methanol-free carbon-selectivity for (C) total high-octane gasoline range C5–8 hydrocarbons versus TON, and (D) hydrocarbon distribution by
carbon number taken at TON = 52 ± 2 molC molH+−1. Reaction conditions were 200 °C, 103 kPa, DME WHSV of 2.2 h−1, pDME and pH2 each 47 kPa, remainder pAr. 
Data are presented as mean ± SEM for Cu/BEA and mean ± range for Cu-Ni/BEA and Cu-Zn/BEA. 

(Fig. 5C), corresponding to 4–7 h TOS (Fig. S12). Comparable
methanol-free product carbon-selectivity at a TON of 52 molC molH+−1 

was observed for the three catalysts, and was consistent with the high
selectivity for C4 and C7 products that is characteristic for DME homolo-
gation over BEA and Cu/BEA (Fig. 5D and Table S3) [5,7,8,12,13]. Pre-
vious investigations reported product carbon-selectivity up to C8 with a 
focus on the high-octane C7 product, triptane [5–8]. Here, we included
higher carbon-number products in our analysis, and observed the pro-
duction of naphthenes (i.e., methylated cyclohexanes) from all three 
catalysts. These cyclic products can be attributed to cyclization reac-
tions of dienes with mono-olefins followed by hydrogenation (e.g.,
Diels-Alder reactions), intramolecular cyclizations of long-chain trienes
followed by hydrogenation, and/or hydrogenation of aromatic interme-
diates such as hexamethylbenzene, which is the only aromatic product
observed in this chemistry over BEA catalysts. Of the observed 11–18% 
of naphthene products, more than 95% of these are C8+ cyclic products
for all catalysts, and thus, they do not contribute to the C5–8 hydrocar-
bon HOG product following a conceptual distillation [9], as discussed 
below. These naphthene products may have been observed and 
grouped with the C8+ product in previous reports, but not discussed in 
great detail due to the uniquely high selectivity for triptane and the 
mechanistic aspects that were the focus of those reports [5,6]. Despite
similar overall product carbon number distributions, changes in selec-
tivity to specifc products are worth noting for the bimetallic catalysts
versus the benchmark Cu/BEA (Table S3). A greater n-butane selectiv-
ity (2.9 versus 0.2%) and reduced naphthene selectivity (11.3 versus 
17.8%) was observed for Cu-Ni/BEA compared to Cu/BEA, consistent 
with increased hydrogenation activity that would promote hydrogena-
tion of C4 olefins and decreased cyclization chemistry due to hydro-
genation of intermediate dienes (e.g., reaction of butenes and butadiene 

to n-butane). Greater isobutene selectivity (7.5 versus 4.1%) was ob-
served for Cu-Zn/BEA compared to Cu/BEA, consistent with increased
dehydrogenation activity (e.g., reaction of isobutane to isobutene) (vide 
infra). Overall, the consistent C5–8 selectivities exhibited by each cata-
lyst at greater TONs suggest that the fundamental zeolite hydrocarbon
pool chemistry (i.e., homologation in Fig. 1) was largely unchanged
over these bimetallic catalysts, similar to that observed upon the addi-
tion of Cu to BEA zeolite [12,13]. Furthermore, there were no clear 
trends in C5–8 selectivities or P/O ratios with conversion (Fig. S13).
Thus, the HOG product P/O ratio was explored in the context of the rel-
ative metal-catalyzed hydrogenation and ionic-catalyzed dehydrogena-
tion activity of the catalysts. 

3.4. Parafin-to-olefin product ratio and calculated fuel properties 

The P/O ratio (mol mol−1) stabilized after the initial induction pe-
riod of 25–35 turnovers, giving 19, 9.4, and 6.6 mol mol−1 at TON of 
52 molC molH+−1 for Cu-Ni/BEA, Cu/BEA, and Cu-Zn/BEA, respectively 
(Fig. 6). The increased paraffn content over Cu-Ni/BEA versus Cu/BEA
is attributed to the markedly greater hydrogenation activity of metallic
Ni species, as described above for the ethylene hydrogenation probe re-
action. Despite the comparable dehydrogenation activity exhibited by
Cu-Ni/BEA and Cu/BEA in the isobutane dehydrogenation probe reac-
tion, the metal-based hydrogenation activity has a greater effect on the
resulting product slate in DME homologation with co-fed H2 under 
these conditions. The decreased P/O ratio exhibited by Cu-Zn/BEA is 
attributed to enhanced relative dehydrogenation activity due to ionic 
Zn2+ sites, similar to the shift in P/O ratio observed in the isobutane de-
hydrogenation probe reaction. The ethylene hydrogenation rate for Cu-
Zn/BEA was slightly greater than that for Cu/BEA, suggesting that the 
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Fig. 6. Ratio of HOG paraffns-to-olefins from DME homologation over 
bimetallic Cu-M/BEA catalysts relative to benchmark Cu/BEA. Data are pre-
sented on log plot. Reaction conditions were 200 °C, 103 kPa, DME WHSV of 
ca. 2.2 h−1, pDME and pH2 each ca. 47 kPa, remainder pAr. 

reduced P/O ratio is not due to a loss of hydrogenation activity for Cu-
Zn/BEA versus Cu/BEA. It is unclear if the dehydrogenation turnover 
frequency for Zn2+ sites is greater than Cu1+ sites due to the secondary
reactions of alkenes in both the isobutane dehydrogenation probe reac-
tion and DME homologation. Thus, we propose that the decrease in the 
P/O ratio in the C5–8 products is due to the increase in total ionic metal 
content present in the Cu-Zn/BEA versus Cu/BEA (350 versus 
120 µmol g−1, respectively). Further experiments are necessary to ex-
plore how Zn2+ sites may affect H-transfer in the complex dual-cycle 
mechanism and to fully understand the role of Zn2+ sites in reducing
the P/O ratio. Similarly, experiments with long times on stream would
be necessary to probe changes to the metal speciation and any effects
on the P/O ratio after extended reaction times. Nevertheless, compared
to the benchmark Cu/BEA catalyst, Cu-Ni/BEA and Cu-Zn/BEA demon-
strate shifts in net hydrogenation and dehydrogenation of the C5–8 prod-
uct mixture, resulting in markedly different P/O ratios (i.e., 19 versus 
6.6 mol mol−1, respectively). This was accomplished using catalyst de-
sign principles, rather than changes to the reaction conditions or addi-
tion of unit operations.

Liquid products could not be collected at the volumes necessary for
physical octane number measurements; however, the RON, MON, and
corresponding S value were calculated using the method reported by 
Ghosh et al. [10] These calculations were performed on the C5–8 prod-
uct mixture at the TON of 52 molC molH+−1. This selected C5–8 product 
mixture represents the HOG product from a conceptual distillation to 
separate light species (e.g., unreacted DME and H2, C1–4 products) and 
any residual heavy species (e.g., C8+ naphthenes) from the desired C5–8 
products [9,31]. The values are presented in Fig. 7 and compared with 
two gasoline benchmarks – regular U.S. gasoline (Reg-E10) and pre-
mium U.S. gasoline (Prem-E10) both containing 10 vol% ethanol [39]. 
A representative refnery alkylate stream (98 RON and 93.5 MON),
which is used as a blendstock to increase octane in gasoline, is also in-
cluded for comparison to the HOG products [40]. The products from 
each catalyst have high RON values of 98–99, comparable to alkylate 
and exceeding that of premium fuel (97), thus highlighting the desir-
able high-octane nature of this fuel product compared to a traditional 
methanol-to-gasoline (MTG) product that resembles regular gasoline 
(91 RON) [41]. As expected, the MON values for the HOG products de-
creased with decreasing P/O ratio (i.e., increasing olefin content), from
88 for Cu-Ni/BEA to 87 for Cu/BEA and 85 for Cu-Zn/BEA. The corre-
sponding S values increased from 10 to 12 and 14 for Cu-Ni/BEA, Cu/
BEA, and Cu-Zn/BEA, respectively, greatly exceeding that of alkylate 

Fig. 7. Estimated fuel properties and expected engine effciency for the C5–8 
hydrocarbon products (RON, MON, S, and effciency merit) over BEA cata-
lysts compared to U.S. Regular-E10, Premium-E10 gasolines [19] and a rep-
resentative refnery alkylate stream [40] (“Alkylate”). Data for BEA catalysts 
reported at TON = 52 ± 2 molC molH+−1. 

(4.5). For Cu-Ni/BEA, the product has the same S as premium fuel, but
with higher independent RON and MON values. For Cu-Zn/BEA, the 
product has a notably greater S of 14, and maintains a high RON value
(99).

The importance of both high RON and high S is further contextual-
ized using the recently developed gasoline effciency merit function 
[19]. For example, the high RON and low S of alkylate result in a mod-
est merit value of 1.6, but the high RON and higher S of Premium-E10
fuel versus alkylate and Regular-E10 results in a merit value of 5.3 (Fig.
7, Table S4), corresponding to an expected 5.3% increase in engine eff-
ciency. The product from Cu-Ni/BEA has a RON that is 1 unit greater
than Premium-E10 with the same S, giving a slightly greater effciency
value of 5.9. The higher S values for the products from Cu/BEA (12)
and Cu-Zn/BEA (14) result in markedly greater effciency merit values
of 7.5 and 9.7, respectively. These increased merit values over that of 
Premium-E10 suggest absolute engine effciency gains of 2.3% (Cu/
BEA) and 4.4% (Cu-Zn/BEA) compared to Premium-E10 if the product
were used as an unblended fuel. If compared as a blendstock to alkylate,
the products from Cu-Ni/BEA, Cu/BEA, and Cu-Zn/BEA provide engine
effciency gains of 4.3%, 5.9%, and 8.1% over that provided by alky-
late. These increased merit values underscore the engine effciency ben-
efts that can be achieved by increasing S in a high RON mixture, rather
than focusing solely on increasing RON. 

4. Conclusions 

One approach to improve fuel economy is through increased fuel oc-
tane, since spark-ignition engines with reduced engine knock con-
straints can utilize high-octane fuels, ultimately reducing feet fuel con-
sumption [18,42]. Specifically, engine effciency increases with higher
RON and higher sensitivity fuels (S = difference in research and motor 
octane numbers) [16,17]. Here, we demonstrated an advancement in 
an emerging and scalable catalytic pathway that converts renewable 
carbon sources to a high-RON hydrocarbon fuel by offering a means to
adjust S, and thus engine effciency, through targeted catalyst design to
modify the net hydrogenation and dehydrogenation activity of multi-
functional catalysts under the same reaction conditions. Informed by 
isobutane dehydrogenation reactions over ionic mono-metallic IE-
M/BEA catalysts, bimetallic Cu-M/BEA catalysts were synthesized and
characterized in depth to quantify the ionic and metallic species. Dur-
ing DME homologation, the Cu-Ni/BEA catalyst increased the HOG 
product P/O ratio to 19 mol mol−1 relative to benchmark Cu/BEA 
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(9.4 mol mol−1) due to the enhanced hydrogenation activity conferred
by reduced metallic Ni species. In contrast, Cu-Zn/BEA provided a de-
crease in the P/O ratio to 6.6 mol mol−1 which was attributed to the en-
hanced net dehydrogenation activity from ionic Zn2+ sites and a 
greater total ionic site density.

The ability to adjust the P/O ratio, and thus the MON value, through
catalyst design can be used to target high-S fuels that enable high eff-
ciency engine operation. The MON value for the HOG product formed 
over Cu-Zn/BEA was reduced, and the resulting sensitivity of the fuel 
product was 14. Using a recently developed effciency merit function to
quantify the expected increase in engine effciency compared to Regu-
lar-E10 gasoline (merit = 0), the HOG product from Cu-Zn/BEA exhib-
ited a remarkably high value of 9.7 (Premium-E10 = 5.3, Cu/BEA = 
7.5). This product could be used directly as a fuel or as a blendstock,
similar to the manner in which alkylate streams are utilized in refning
processes. Specifically, for Cu-Zn/BEA, the HOG product could be used
as a high-RON blendstock that also increases the S of a fnished gasoline
fuel, and thus the expected engine effciency. These results represent a
foundational advancement in the catalytic pathway for DME to high-
octane fuels using multi-functional BEA catalysts to access specifc P/O
ratios, and therefore specifc fuel properties. Further tuning of the P/O
ratio is envisioned with continued catalyst development to control ac-
tive site densities in proportion to the desired activity (i.e., dehydro-
genation versus hydrogenation). 
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