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Introduction

A high-throughput reactor array applied to the
parameter exploration of copper-exchanged
zeolites for dilute methane oxidation
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Methane abatement through thermocatalysis could be a powerful tool to reduce sub-flammable methane
emissions. Copper-doped zeolites are cost-effective, earth-abundant alternatives to platinum group metal
catalysts that have demonstrated oxidation of dilute methane (i.e., less than 1% CHy). Optimization of these
copper catalysts necessitates high-throughput experimentation to efficiently explore the complex
parameter space governing catalyst activity and catalyst kinetics. Here, we designed, built, and
demonstrated the use of a high-throughput reactor for heterogeneous catalysis (catalytic array for
screening and high-throughput discovery (CASHD)). CASHD consists of eight reactors with individual
temperature, flow, and effluent valve control. The system was used to screen 16 catalysts consisting of
different zeolite frameworks (BEA, FER, MFI, and MOR) and copper loadings (1.8-5.0 wt%). The best
performing zeolite catalyst tested, as measured by a light-off curve, was 4.3 wt% Cu MFI with a Tso of 366
°C. The catalysts' kinetics were subsequently evaluated through an Arrhenius experiment. BEA catalysts,
generally had higher activation energies, averaging to 119 + 16 kJ mol™, than FER, MFI, and MOR which
had average activation energies of 87 + 4, 85 + 7, and 94 + 7 kJ mol™, respectively. Two in situ
characterization techniques complemented these kinetic analyses: diffuse reflectance ultraviolet-visible
spectroscopy to probe the catalyst surface and isotopic-abundance analysis to quantify the effluent gas.
Such high-throughput experimentation as demonstrated on the CASHD system will enable better
integration of computationally enhanced materials discovery with experimental validation, accelerating
catalyst discovery for low-temperature methane abatement catalysts.

useful in abating these sub-flammable methane emissions;
however, widespread adoption has been limited due the

Methane's high global warming potential and short
atmospheric lifetime make it a powerful lever for mitigating
global temperature rise." Methane emission reduction has
garnered attention internationally as a tool to help meet the
Paris Agreement's 2 °C target, where 57% reductions in
anthropogenic emissions by 2030 may translate to 0.5 °C
savings in climate forcing.>* Converting methane emissions
to carbon dioxide yields a climate benefit by reducing the net
radiative forcing."* Unfortunately, the majority of methane
emissions are dilute (i.e., below the lower flammability limit
of 5 v/v%), with few technologically viable options for their
reduction.” Thermocatalysis has been demonstrated to be
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catalyst's high cost, poor resistance to chemical interferents
(e.g., humidity and sulfur-containing gases), and moderate
energy requirements.”® Copper zeolites offer an earth-
abundant, cost-effective alternative to the widely used
platinum group metal catalysts.” "

Copper zeolites have been extensively studied in partial
methane oxidation (PMO) to methanol,"*"* but assessment
of these materials for complete oxidation is
underexplored.”'" For PMO, high methane (i.e., greater than
18 v/v%) and oxygen availability control (ie., low oxygen
concentrations continuously or high concentrations run as a
pretreatment step before methane introduction help prevent
over-oxidation of methane to carbon dioxide."”>° While such
requirements make PMO impractical for dilute methane
emissions management, there are transferable materials
insights that can guide research into complete methane
oxidation. In the PMO reaction, there is wide agreement that
the most reactive active site is a copper dimer, whose copper
atoms cycle between an oxidation state of +1 and +2 during
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reaction and activation, respectively.'”*'>* For methane
combustion over copper zeolites, there is little consensus on
the active site. M'Ramadj et al. speculated that surface CuO
nanoparticles are responsible’’ but Brenneis et al, have
shown combustion activity in the absence of the CuO(111)
X-ray diffraction line.” Regardless, to our knowledge only
three copper zeolite catalysts at very limited condition sets
have been tested.”'" More catalysts need to be tested to
better understand the structure-activity relationships
governing these materials and to optimize the catalyst's
performance. To fully elucidate catalyst performance,
systematic variation of copper loading, zeolite framework,
pretreatment conditions, and reaction conditions is needed.
The urgency of methane mitigation necessitates the use of
high-throughput experimentation (te., increased
experimental productivity due to efficiency gains in space or
time) to explore this complex parameter space.

High-throughput experimentation will become
increasingly necessary to develop robust, intercomparable
datasets (e.g., dataset uniformity will be enhanced when
experiments are conducted on a single automated system) to
inform artificial intelligence-based materials discovery and
has been of growing interest in recent years. Publications
with the words “high-throughput experimentation” have
increased roughly 5-fold in the last 20 years resulting in 1470
total publications (2004-2024; Table S1 and Fig. S1).
However, the total number of publications that use high-
throughput reactors for catalysis is only 278 (5 times lower)
and the publication rate has remained relatively constant.
Existing high-throughput reactors that are most closely
aligned with methane combustion catalysis fall short in their
analytical instrument integration, temperature tuneability,
and their flexibility to conduct both screening and kinetic
studies.>®>® Additionally, most published high-throughput
reactor work has often not included characterization of
uncertainty,  sacrificed  throughput with triplicate
experiments, or used the generation of a large dataset as
justification for  the omission of  uncertainty
quantification.>®® Note that high-throughput reactors can
be purchased from commercial vendors,>>' when the
desired reaction suits the available design. However, due to
the highly specific nature of many reactions and especially
those in heterogeneous catalysis, many such systems are not
readily adaptable to other chemistries. This can result from
variation in reactant and product phases, associated in situ
diagnostics or online characterization, and necessary process
parameter ranges, ultimately requiring tailored
reactors,>”*831733

Here, we designed and built a high-throughput reactor for
solid—-gas heterogenous catalysis tailored to, but not limited
to, methane oxidation catalysis. We then demonstrated a new
workflow to quantify reactor variability in CASHD's primary
mode of operation, screening, to evaluate copper zeolite
catalysts. These catalysts were then further characterized
using CASHD's secondary mode of operation, kinetic testing.
Finally, we integrated in situ high-throughput diagnostic
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characterization methods for the gases and solids in
combination with reaction data to gain better insight into the
reaction mechanism and active site type.

Methods

Reactor design

A system was developed and termed the catalytic array for
screening and high-throughput discovery (CASHD). CASHD
is a manifold of eight vertical tube furnaces that have
independent heating and gas flow, enabling testing of up to
eight catalysts simultaneously under decoupled conditions
(Fig. 1). Each furnace consisted of a heating element and 50
mm of radial insulation (Fig. S2). A custom-machined
aluminum tube with a coil heater (Tempco Mightyband)
wrapped around it was used as the heating element,
resulting in a heated zone length of 150 mm. A quartz
reaction tube was placed in the center of the furnace. The
quartz tube [20 mm x 500 mm (ID x length)] was modified
with a frit (placed halfway down the tube; Technical Glass
Products) to hold the catalyst.

Flow control. Air (ultra-zero air, Linde AI 0.0UZ-T), and
methane (99.97% purity, Linde ME 3.7UH-T) flows are
specified with mass flow controllers (0-5 SLPM with accuracy
+0.6% of reading or +0.1% of full scale, whichever is greater
and 0-5 SCCM with accuracy + (0.8% of reading +0.2% of full
scale), respectively, Alicat Scientific) and mixed into a single
feed stream. A downstream flow meter (0-5 SLPM with
accuracy * 0.6% of reading OR +0.1% of full scale, whichever
is greater, Alicat Scientific) is used to confirm the flow rate
through each individual reactor.

Supplying a single gas stream to the system reduces the
complexity of flow controllers and ensures minimal inter-
reactor gas composition variability. Yet, this requires the
ability to precisely divide the stream across the array of
reactors. To accomplish this passively, the flow resistance
(i.e., pressure drop at a given flowrate, which is primarily a
function of catalyst bed resistance) of each leg (analogous to
parallel electrical resistors) needs to be matched. In CASHD,
this was accomplished through the addition of a flow resistor
upstream of each reactor with a sufficiently high resistance
(much greater than the catalyst bed, around 1 atm above
ambient) to minimize the flow variability attributed to the
catalyst (Fig. S3). In addition, a needle valve on each leg was
used to fine-tune or balance these flow resistors at the
beginning of each screening experiment (less than +2% of
the nominal flow rate).

Temperature control. Eight furnaces were built to operate
at independent temperature setpoints (Fig. S4). The
temperature was controlled using a K-type thermocouple
(DwyerOmega TJ36-CASS-116U-18-SB-SMPW-M) placed 2 mm
above the top of the catalyst bed (Fig. S2). Note that this is an
important distinction from traditional tube furnaces, which
are typically controlled via thermocouples mounted outside
of the reactor tube. The heater was controlled using a PID
(proportional-integral-derivative) ~ temperature  controller

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic, photograph, and uncertainty quantification of the catalytic array for high-throughput screening and discovery (CASHD). (A)
Schematic design of one reactor. The left view is a dimetric projection with flow paths (indicated by blue arrows) and external components labeled
and the right view is a cross-section with internal components labeled. (B) Fabricated device with gas flow, temperature, and valve control. A range
of flow rates (0.5-1000 SCCM per reactor), methane concentrations (1 ppm-10%), and temperatures (25-600 °C) can be tested autonomously. (C)
Light-off curves of the same catalyst in each reactor tested three times, where each line represents a different experiment (additional details in Fig.
S7). (D) Uncertainty envelope applied to the maximum and minimum performance light-off curves from all eight reactors. The envelope magnitude
for the maximum performance and minimum performance light-off curves are also plotted and designated as max envelope mag and min
envelope mag in the legend, respectively. The light-off curves were measured at 1000 ppm methane in 100 SCCM dry air with 1.0 g of 2.8 MOR
catalyst. Lines are to guide the eye; shading represents the uncertainty envelope.

(DwyerOmega CN-402) interfaced with a solid-state relay
(McMaster-Carr 7456K21) to convert the control signal into a
heating cycle and with feedback from the thermocouple to
achieve a temperature setpoint in the range of 30-600 °C.
The heaters were all controlled remotely using RS-485 serial
communication protocol and a custom Python script
(included in the SI).

Effluent valve control and analytical measurement.
Effluent gases from each reactor were monitored via a cavity
ring-down spectrometer (CRDS) by sequentially opening a
single three-way solenoid valve placed downstream of each
reactor while the remaining seven three-way solenoid valves
were closed. When the solenoids were closed, the
corresponding furnace effluent streams went to exhaust.
The timing and state of the solenoids were controlled by a
microcontroller (Arduino Mega) and an auxiliary crystal
oscillator real-time-clock for component synchronization
(Fig. S5). The effluent sent to analysis was first directed
through the flow meter and then delivered to a Picarro
G2201-i CRDS that measured the concentration and 6"
Cyppp signature of methane and carbon dioxide every 5
seconds. The analyzer was operated in CH, and CO,

This journal is © The Royal Society of Chemistry 2026

simultaneous high dynamic range mode. The operational
range for methane and carbon dioxide were 1.8-1500 ppm
and 100-4000 ppm, respectively.

Uncertainty quantification. Estimating uncertainty was
crucial for evaluating the reactor itself and enabled rapid
screening by reducing the need for triplicate measurements
on reaction data. To quantify CASHD's variability, light-off
curves of the same 2.8 wt% Cu mordenite (different samples
from the same batch) were run in each of the eight reactors
at three separate times, resulting in 24 total light-off curves.
The variance components used for uncertainty quantification
across light-off curve screening experiments were associated
with the experiment number (¢7), reactor number (¢7), and a
residual component (¢7; e.g., capturing analytical error).
These components encompassed the experiment-to-
experiment variability, the reactor-to-reactor variability, and
the remaining instrument variability, respectively. A two-way
crossed random-effects ANOVA with method-of-moments was
used to calculate these components.®* A variance components
model (eqn (1)) was analyzed to determine the pieces of
uncertainty as well as the total uncertainty at a given
conversion.

Catal. Sci. Technol.
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where y was the conversion at some reactor (j = 1-8),
experiment (i = 1-3) pair, which was modeled as the average
value (m) across all observations and random effects of
reactor (r), experiment (u), and residual error (¢). In this
model, interaction was absorbed by the residual component
because there was only one observation within a reactor and
experiment pair. The variance components were determined
through method of moments which equates the expected and
observed mean squares (eqn (2)-(4)).
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where j; is the mean of all y; for a given i, y; is the mean of
all y;; for a given j, and y.. is the mean of all y;. These variance
components were then solved for and assembled for future
unknown observations (eqn (5)).

2 — /2 2 2
Upredicted - Or + Oy + O (5)

An uncertainty envelope with a 95% predicted confidence
interval was determined and used in the catalyst screening
experiment by multiplying the aﬁredicted by the critical value
from a Student's ¢-distribution (eqn (6)).

ypredicted = ynew + 2-1450_predicted (6)

Catalyst preparation

Four zeolite frameworks were purchased in ammonium
form from Zeolyst: mordenite (MOR), beta (BEA), ferrierite
(FER), and ZSM-5 (MFI). Similar Si/Al ratios of 10 (MOR),
12.5 (BEA), 10 (BEA), and 11.5 (MFI) were used. Copper
nitrate trihydrate (Thermo Scientific, 99%) solutions
between 6-466 mM (750 mL) were made in 18 MOhm water
to tune the copper loading. Zeolite powder (15.00 + 0.01 g)
was added to the copper nitrate solution and mixed for 24
h. Post-exchange preparation was conducted according to a
procedure reported previously.” The particle sizes used in all
reactions were between 106 and 500 pm. Copper loading
was determined through inductively coupled plasma optical
emission (ICP-OES) after complete acid digestion both of
which were conducted by Galbraith Laboratories. Digestion
and ICP-OES details can be found in the SI. The catalyst
naming convention in subsequent sections takes the form
“weight percent copper framework code” (e.g., 1.9 MOR is
mordenite doped to a final weight percent of 1.9% Cu).
Note in ion-exchange it is inherently difficult to determine
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the copper loading a priori and thus metal loadings are
close to but not exactly at nominal loading levels of 1.5, 2.5,
3.5 and 4.5 wt%.

Catalysis

Catalyst screening. 500 mg of prepared catalyst was loaded
into CASHD and activated in continuously flowing (100
SCCM) dry air (Linde AI-0.0UZT) for one hour at 450 °C.
Methane (Linde ME 3.7UH-T) was introduced at 1000 ppm,
blank values were recorded prior to light-off curve initiation.
The temperature was varied from 250 to 500 °C in steps of 25
°C. The total flow rate remained at 100 SCCM for the entire
experiment. Space time through the catalyst total bed
volume, calculated at the inlet conditions, ranged between
0.9 and 1.7 seconds (GHSV of 3800 and 2100, respectively).
Note that since only one device (CRDS) was used to measure
the methane concentration, coordination between system
components and switching of reactors was necessary. Each
reactor was directed to the CRDS continuously for five
minutes after at least 15 minutes of equilibration at every
hour-long temperature step. The first three minutes of
measurement were used to flush the effluent tubes and the
last two minutes of measurement were recorded, averaged,
and reported on the light-off curve.

Kinetic testing. Experiments to determine the activation
energy and reaction order of the catalysts were conducted at
differential conditions (conversion <10%). The absence of
internal and external mass transfer effects was verified
through the Mears and Weisz-Prater dimensionless criteria
(Tables S2 and S3). Each of the 16 catalysts (500 + 1 mg) was
loaded into CASHD and activated for one hour at 450 °C in
dry air then cooled to the first temperature of kinetic testing.
The total flow was kept constant at 1000 SCCM. Reaction
order experiments and Arrhenius experiments were
conducted in triplicate at methane concentrations between
12 and 1200 ppm and temperatures between 290 and 390 °C.
Each replicate was tested in a different reactor; 30 minutes of
thermal equilibration followed each temperature step and an
in situ blank measurement was collected twice each hour.
Reported uncertainty on the apparent activation energy and
methane orders were derived from the standard error on the
fit slope. Statistical significance between catalyst pairs was
evaluated with a two-sided p-value of the Welch ttest to
populate a significance matrix for catalyst comparison.

In situ optical spectroscopy

Diffuse reflectance ultraviolet-visible (DR UV-vis) spectroscopy
was conducted on a custom-built in situ set-up. A high-
temperature 6-around-1 optical fiber reflection probe
(Avantes FCR-C-7UV400-2-BX-6X678-HTX; 200-800 nm) was
embedded in a standalone reactor (i.e., not part of CASHD)
directly above the catalyst bed. A UV-vis lamp (Ocean Insight
DH-2000-BAL, 210-2500 nm) was connected to one port of
the probe and a spectrometer (Ocean Insight Flame-S-XR1-ES,
200-1025 nm) was connected to the other port (Fig. S6).

This journal is © The Royal Society of Chemistry 2026
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Spectra were collected at temperature (400 °C) after one hour
in dry air at 100 SCCM to simulate the activation process. 30
spectra with integration time of 5 s and boxcar width of 5 nm
were averaged to calculate the reported spectra. The reflected
light intensity of barium sulfate was measured and used as a
100% reflection reference for calculating reflectance.

Results and discussion

Reactor system development and validation

The high-throughput reactor, CASHD, was designed and built
with the goal of performing facile inter-reactor comparison
as a means of catalyst screening (Fig. 1A and B). To
demonstrate the consistency between reactors, a 2.8 MOR
catalyst was tested in triplicate across all eight reactors. The
24-total corresponding light-off curves (Fig. 1C) showed a
high degree of overlap, consistent with uniform and
repeatable temperature and flow control across all eight
reactors and across separate reaction runs. Despite a high
degree of visual similarity, there was slight variation between
different runs and reactors. The standard deviation of
conversion increased from low temperatures up to a
maximum (+1.2%) at the inflection point of the light-off
curve and then decreased back towards zero, as temperature
and conversion increased further. The standard deviation
values of conversion were 0.1, 0.2, 1.2, 0.8 and 0.2% observed
at 300, 350, 400, 450, and 500 °C, respectively. The overall
low variation across the reactors and experiments
demonstrates the utility of CASHD for high-throughput
catalyst screening.

To quantify the interoperability and reproducibility of the
reactor array, an uncertainty envelope was constructed with
the components of variance (Table S4) from initial
benchmarking experiments (Fig. 1C). The envelope,
representing the 95% predicted confidence interval, was
constructed as a function of conversion instead of
temperature to retain applicability to different catalysts. The
envelope's maximum uncertainty (+2.6% conversion)
occurred at 49.2% conversion. At higher (90.8%) and lower
(11%) conversions, the envelope decayed to +1.6 and 1.1%,
respectively. To demonstrate the utility of this technique, this
envelope was applied to the lowest temperature (maximum
performance) and  highest temperature (minimum
performance) light-off curves (Fig. 1D) generated from all
eight reactors. Comparing these minima and maxima, the
data exhibited overlapping uncertainty envelopes, suggesting
that there is good intercomparability between individual
reactors. This approach bounds the degree of confidence that
can be applied to a given experiment, particularly when the
operator does not wish to sacrifice throughput for
experimental replicates. The uncertainty envelope was used
in the subsequent screening experiments to highlight catalyst
performance differences and to accelerate the materials
discovery process. This uncertainty envelope is applicable to
catalysts with similar performances but some caution should
be taken when evaluating catalysts with notably different

This journal is © The Royal Society of Chemistry 2026
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activation energies, as the catalyst used for the envelope's
construction will implicitly influence the absolute amount of
uncertainty. For qualitative screenings where the primary
objective is to rank the performance of several catalysts, a
light-off curve with an uncertainty envelope developed from
one set of reactor intercomparisons may suffice since few
parameters are being extracted from the data. However, for
more mechanistic studies involving the extraction of kinetic
parameters, the authors recommend replication of tests in
order to measure uncertainty explicitly. Having constrained
uncertainty in screening experiments, the tool was applied to
evaluate catalyst performance via intercomparison across an
experimental matrix of variable copper-loading within
distinct zeolite frameworks.

Methane oxidation catalyst screening

The type of zeolite framework and copper loading were
systematically varied to test CASHD's capability to generate
data for catalyst inter-comparison for methane conversion.
Light-off curves were developed for 16 -catalyst-loading
combinations consisting of the four zeolite frameworks, each
at four copper loadings. Performance was evaluated via Ts,
(the temperature at 50% conversion), a metric widely used to
describe a light-off curve's position with respect to
temperature and, consequently, catalyst activity.>*>® Across
all zeolite frameworks, performance increased monotonically
with copper loading (Fig. 2). The 4.3 MFI and 3.5 MFI
catalysts showed the lowest Ts, values across all catalysts (T,
values of 366 and 374 °C, respectively), whereas the 1.9 MFI
and 2.5 MFI catalysts had notably higher Ts, values (429 and
400 °C, respectively) that were in the range of the worst
performing Cu-loadings of FER and MOR (1.8 and 2.7 FER
had Ts, values of 431 and 406 °C, respectively, and 1.9 and
2.7 MOR had T, values of 413 and 407 °C, respectively). The
BEA framework had the lowest activity across all catalysts
regardless of copper loading (1.9, 2.5, 3.4, and 5.0 BEA had
Tso values of 505, 471, 460, and 441 °C, respectively). MOR
and FER showed intermediate but consistent behavior across
the catalysts tested and Ts, values were clustered closer to
the MFI catalysts than BEA, as shown by the overlapping Ts,
values for FER, MFI, and MOR. The spread of T, values
between the highest and lowest copper loading for each
catalyst was lower for MOR (spread of 27 °C) than for FER (46
°C), MFI (53 °C), and BEA (64 °C). Additionally, the slope of
the light-off curve at Ts, was more consistent across copper
levels for MOR (0.86 to 0.89% °C™") and FER (0.76 to 0.85%
°C™), whereas BEA and MFI displayed a larger increase in
slope with increasing copper loading (0.58 to 0.75% °C™" for
BEA and 0.56 to 0.92% °C™* for MFI). The consistency in the
MOR and FER curve shape resulted in a high degree of
overlap in the uncertainty envelopes. The highest loadings of
FER, 3.7 FER and 4.3 FER, were functionally
indistinguishable from each other. Similarly, MOR showed
comparable curves at low loadings (1.9, 2.7, and 3.3 wt%),
with 2.7 MOR showing envelope overlap with both 1.9 and
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Fig. 2 Methane oxidation light-off curves for copper zeolites. Frameworks (A) BEA, (B) FER, (C) MFI, and (D) MOR were evaluated, where the
numbers in the legend correspond to measured copper loading (wt%). Experiments were run at 1000 ppm methane in dry air at 100 SCCM over
500 mg of catalyst. Dotted lines are to guide the eye; shading represents the uncertainty envelope.

3.3 MOR, but observable distinction between 1.9 MOR and
3.3 MOR. CASHD and its uncertainty envelope facilitated this
rapid screening which was successful at identifying 4.3 MFI
as the optimal catalyst for achieving complete methane
conversion at the lowest operating temperature under the
conditions tested.

The importance of metal loading was observed previously,
where M'Ramadj et al. demonstrated an increase in methane
oxidation with an increase in copper loading on a ZSM-5 (i.e.,
MFI) zeolite support.'’ This relationship supports the
hypothesis that copper is the active component for catalytic
methane oxidation, and the reaction is not strictly due to the
zeolite framework (see Fig. S8 for no-copper control data).”
Nevertheless, the choice of framework exhibited a clear effect
on the catalyst's reactivity (Fig. 2), suggesting that the site
type, site accessibility, and/or resistance to inhibition may
differ across the set of catalysts tested. The changing light-off
curve shape may result from internal mass transport
limitations within the zeolite particles.®” This may be
particularly true at high temperatures, when reaction rates
are more likely to exceed the diffusion rate (i.e., differences
in reactivity are a result of differential transport rates of
methane through the zeolite pore structure). In this case of
internal mass transport limits, the reaction's apparent
activation energy can be reduced by as much as half of the
reaction's true activation energy, severely reducing the
reaction's measured temperature dependence.*® Previous
work demonstrated that combustion active sites, for a
palladium zeolite oxidizing methane® and a copper zeolite
oxidizing 1-octadecene,* were located at variable depths in
the zeolite pore structure. However, copper zeolite site types
and their corresponding detectable diffusional behavior due
to site location have not been explicitly studied for methane
total oxidation. Future work should focus on understanding
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these features to elucidate site-accessibility differences and
guide material development.

Kinetic evaluation of catalysts using CASHD

To better understand the relative activation barriers for
these catalysts, the kinetics for all 16 catalysts were probed
with triplicated Arrhenius experiments (Fig. 3A). All data
was extracted from differential conversion regimes (e.g.,
less than 10% conversion), such that the local methane
concentration at any point within the catalyst bed can be
approximated by the inlet concentration. To highlight
CASHD's capability to quantitatively determine meaningful
kinetic parameters, we no longer assumed uncertainty
envelope  transferability = to  quantify  performance
discrepancies but rather used standard errors derived from
triplicate measurements. Apparent activation energies were
explicitly measured with the aforementioned Arrhenius
experiments (Table 1, where constant reaction order was
verified in Fig. S9). The apparent activation energy of the
reaction describes the barrier of the ensemble of processes
that dictate the catalyst's reactivity (e.g:, adsorption and
reaction steps which both contribute to the measured
apparent activation energy), and provides a combination of
information about the site type and species adsorption.*>*°
The measured apparent activation energy decreases from
BEA (105.6 + 14.6 to 138.3 + 13.9 kJ mol ™), to MOR (90.8
+ 6.0 to 101.8 + 6.6 k] mol™), to FER (85.0 + 5.2 to 89.4
+ 6.0 k] mol™), and finally MFI (79.8 + 10.4 to 93.2 + 7.9
k] mol™), consistent with the ordering of their light off
curves. We illustrated the high activation energies of BEA
a with a statistical significance matrix using a Welch ttest
(p < 0.05, 95% confidence level), as summarized in the
significance matrix in Fig. 3B (full p-values in Fig. S10).

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Kinetic comparison of the zeolite framework type and copper loading on methane oxidation. (A) Arrhenius experiments were conducted
over 500 mg of catalyst at 1000 SCCM dry air with 1200 ppm methane between 390 and 265 °C. Symbols represent the data points, lines are fit
lines, and values next to fit lines are activation energies with the associated standard error in kJ mol™. Note that curves are only shown for the
highest and lowest copper loadings for clarity, and the full figure is shown in the SI (Fig. S11). Order with respect to methane was verified to be
consistent across the temperatures tested (Fig. S9). (B) Catalyst pairs with statistically significantly different (p < 0.05) activation energies evaluated
by a Welch t-test are labeled with an asterisk, and the color in the matrix corresponds to the p-value magnitude. Note that the matrix shows
symmetry across the diagonal but identical values are displayed to enable easier visual comparison. (C) A Madon-Boudart plot for all of the
frameworks tested at their lowest metal loading (extrapolated to 350 °C by the Arrhenius equation for MFI and FER as these tests only reached
max temperatures between 330 and 305 °C) showed the influence of copper loading on the reaction rate. Symbols defined in panel a apply

throughout the figure and all symbols are consistent with Fig. 2.

The activation energies of the two lowest copper loading
BEA catalysts, 1.9 BEA (138.3 + 8.3 k] mol™") and 2.5 BEA
(113.8 + 8.3 k] mol™"), were statistically different from many
of the other catalysts. The activation energy of 1.9 BEA was
significantly different from all MOR, FER, and MFI catalysts.
Additionally, 2.5 BEA had an activation energy that was
significantly different from 1.9 MFI (79.8 + 10.4 k] mol™), 2.5
MEFI (80.8 + 5.3 k] mol™), 3.5 MFI (85.6 + 2.8 k] mol ™), 3.3
MOR (90.8 + 6.0 k] mol™), and all FER catalysts. The only
other catalyst that had a different activation energy compared
with more than three catalysts was 1.9 MOR (101.8 + 6.6 k]
mol ™). This catalyst was significantly different from 1.9 BEA,
the catalyst with the highest activation energy, and 3.7 FER
(85.6 + 2.4 k] mol™), 2.5 MFI, and 3.5 MFI, three catalysts
with relatively low activation energies. Importantly, within a
framework type there were no significant differences in

This journal is © The Royal Society of Chemistry 2026

activation energy across copper loadings. This suggests that
the differences in catalytic mechanism and/or active site
identity between zeolites stem from differences in their
crystal structure more than copper loading. While
comparison of activation energies is useful for determining
mechanistic insights, intercomparison of reaction rates may
be more useful for practical extensions (e.g:, designing
reactors or selecting optimal performance).

Examining the rate of reactant transformation per mole of
metal as a function of metal loading (Madon-Boudart
experiment)*' has both been used to confirm the absence of
intraparticle diffusion when metal dispersion remains
consistent® and to bolster claims of site type changes in
dynamic catalysts like metal-doped zeolites.® Comparison of
the copper-normalized reaction rates revealed more than an
order of magnitude performance increase (i.e., 18 to 27 times
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Table 1 Channel system, chemical composition, water absorption capacity, specific surface area, and performance metrics of the zeolites catalysts used

in this study

Material 1ZA code  Channel System®  Si/Al°  SA” (m? g™") Water ads. (€ Zeoie | ) Wt% Cu  Tso (°C)  E,* (I mol™®)  Order?

Beta BEA 12-ring 12.5 680 0.213 1.9 505 138 + 14 0.75 £ 0.03
2.5 471 114 £ 8 0.77 £ 0.04
3.4 460 118 + 24 0.75 £ 0.04
5.0 441 106 + 15 0.76 + 0.04

Mordenite MOR 12- and 8-ring 10 500 0.150 1.9 413 102 + 7 0.78 £ 0.02
2.7 407 92 +8 0.76 £ 0.02
3.3 401 91+6 0.72 + 0.02
5.0 384 92+9 0.70 £ 0.03

Ferrierite FER 10- and 8-ring 10 400 0.090 1.8 431 89+ 6 0.80 + 0.02
2.7 406 88 £2 0.75 £ 0.00
3.7 388 86 £ 2 0.70 £ 0.01
4.3 385 85+5 0.70 £ 0.02

ZSM-5 MFI 10-ring 11.5 425 0.068 1.9 428 80 £ 10 0.88 + 0.02
2.5 400 81+5 0.78 £ 0.02
3.5 374 86 £3 0.75 £ 0.01
4.3 366 93+8 0.71 £ 0.04

4 Channel system referenced from Database of Zeolite Structures. ” Referenced from Zeolyst International product specifications. ¢ Aggregated

l48d

from Tatlier et a Uncertainty from standard error of the fit slope.

larger rates at comparable copper loadings) spanning BEA to
MFI. Interestingly, MFI was the only framework that showed
a monotonic increase in the copper-normalized reaction rate.
MOR, FER, and BEA all showed variable but relatively
consistent copper-normalized reaction rates. This indicates
that the dominant site type may have remained consistent
for MOR, FER, and BEA, whereas for MFI a shifting site
distribution may be responsible for the larger effect of copper
loading on catalyst reactivity. In the context of other work,
nonlinear site distributions as a function of metal loading
have been reported for copper-exchanged zeolites.”? It is also
worth noting that intraparticle diffusion limitations in these
experiments was unlikely because the measured activation
energies did not show a meaningful decrease (limit of E,/2)
with metal loading.

Previous literature on methane total oxidation catalysts
has shown similar activation energies to those reported here.
Dry and wet methane oxidation over palladium catalysts has
been reported to have apparent activation energies from 66
to 87 kI mol' and from 125 to 179 k] mol™,
respectively.®**™*® Reports of activation energies for copper
catalysts are limited, but copper-exchanged zeolites for PMO
have been shown to have relatively low measured activation
energies between 33 and 66 k] mol ', dependent on the
dominant site type.”>"” In this work, BEA exhibited generally
higher activation energies, followed by MOR, then FER, then
MFI. This ordering corresponds to the relative water
adsorption capacities of the frameworks (0.213, 0.150, 0.090,
and 0.060 Zwater Zreolite ). This may suggest that water
generated from the oxidation process played a
disproportionate role in BEA catalytic activity. Such an effect
would be pronounced when the reaction is run at dry
conditions (i.e., no water vapor is added to the influent
stream), as in these experiments. Other intercomparable
properties of the zeolite frameworks, such as channel system,

Catal. Sci. Technol.

silicon-to-aluminum ratio, and the surface area, do not have
any noticeable differences that correspond to the relative
ordering of framework performance (Table 1) that can be
quantitatively evaluated. BEA is a 12-ring assembly, MOR
contains 12- and 8-ring, FER contains 10- and 8-ring, and
MFI contains a 10-ring structure. The Si/Al ratios in this study
were purposefully close (12.5, 10, 10, 11.5 for BEA, MOR,
FER, and MFI, respectively), and the relative surface area
ordering did not follow the same rank ordering as activation
barrier observations (680, 500, 400, and 425 m?> g !
respectively). Interestingly, despite the wide range of
performances across the frameworks and copper loadings
tested, the reported reaction order (Table 1) with respect to
methane stays relatively consistent (i.e., a range of 0.71 + 0.04
to 0.88 + 0.04), which suggests that the methane adsorption
on the active site could have followed similar behavior across
the distinct catalysts if the reaction mechanism was
dependent on fractional site coverage (i.e., Langmuir-
Hinshelwood or Eley-Rideal). A Langmuir-Hinshelwood
mechanism is potentially more plausible due to the
previously reported zeroth order dependence on oxygen
partial pressure®*® in dilute methane oxidation and the
fractional methane order reported here. This may indicate
that oxygen (high site coverage) and methane (intermediate
site coverage) adsorption are both important and thus the
reaction proceeds through a Langmuir-Hinshelwood
mechanism.

The general effect of metal loading on reaction rate for
combustion catalysts has been documented previously. The
optimum loading (i.e., the loading resulting in the maximum
per-gram-of-catalyst reaction rate) and what inhibits further
return on reactivity as loading is increased can vary widely
depending on the metal and support structure used.®*°
Losch et al. found that increasing the palladium loading past
0.5 wt% constricted zeolite pores in ultra-stable Y (USY), BEA,

This journal is © The Royal Society of Chemistry 2026
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and MFL*® Cui et al found the effect of increasing the
palladium loading in SSZ-13 from 0.2 to 2 wt% resulted
in a more than three orders of magnitude rate increase,’®
but diminishing returns when the loading was increased
to 2 wt%, potentially due to a reduction in copper
dispersion. There was then a steady increase in the per-
gram-of-catalyst reaction rate up to the maximum tested 5
wt%.® In this study, copper loading had a more modest
effect across a broad range of metal loading (1.9-5.0%),
while framework type resulted in an order of magnitude
rate increase (Fig. 3C). It is worth noting that at 350 °C
MFI had both the highest reported rate per mole of
copper across all copper loadings and a positive slope on
the Madon-Boudart plot. This indicates a higher per-gram-
of-catalyst rate could be achieved at higher copper
loadings.

In situ characterization of catalysts

Catalyst characterization via DR UV-vis spectroscopy. In
situ spectroscopic techniques have been widely used in
catalysis to non-invasively measure materials during reaction
conditions."*'®?** DR UV-wis is particularly useful for
probing transition metal catalysts, as it is robust and
provides rapid assessment relative to other spectroscopic
techniques such as, X-ray diffraction (XRD) and X-ray
absorption spectroscopy (XAS).>> A ninth reactor tube was
constructed to enable DR UV vis, spectra (Fig. 4) were
measured for each catalyst after activation in dry air. In
future work we envision integrating DR UV-vis across all eight
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reactors in CASHD. Across all catalysts tested, increasing
copper loading generally led to higher attenuation across all
wavenumbers (12500-45000 cm ). Additionally, broad
bands at 42000 and 13000 cm " were seen across all
catalysts, corresponding to the ligand-metal charge transfer
and d-d regions, as have been observed for other ion-
exchanged copper zeolite catalysts.'>'82*2%51:33  However,
these same studies consistently report a 22000 to 26000
em™ band, often attributed to the copper mono-(u)-oxo
dimer, that was absent from the reported spectra in this
study. Several hypotheses may explain the absence of this
band: residual water may have hydrolyzed dimers upon
dimer formation,’**> dimers may not have formed at all due
to a lack of the hypothesized precursor Cu*,>® domination of
the spectra by isolated monomers (Z,Cu),”" or obfuscation by
the broad background attenuation of nanoclusters or
nanoparticles.*®

Enhanced curvature in the reflection spectra was seen
near 27000 cm ' as copper loading increased for BEA, but
assignment of this feature was difficult due to a dearth of
UV-vis data on copper-exchanged BEA. MFI showed the
most noticeable change in attenuation when increasing
copper loading. The curvature changed the most between
2.5 and 3.5 and occurred primarily at wavenumbers
between 10000 and 30000 cm™'. This broad attenuation in
the intermediate wavenumber region has been attributed to
nanoparticle formation."®>” The lack of evidence of Cu
dimers via DR UV-vis, combined with the reaction kinetics,
indicates that Cu dimers might not be necessary at these
conditions (unlike PMO where they have been confirmed to
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Fig. 4 Diffuse reflectance spectra of UV-vis light for various copper-doped zeolites. Spectra were collected in situ after a one hour activation at
400 °C in continuously flowing dry air without methane. All 16 catalysts were measured and are grouped by zeolite framework (A) BEA, (B) FER, (C)
MFI, and (D) MOR, where the numbers in the legend correspond to measured copper loading (wt%). The diffuse reflectance probe was embedded
in the reactor directly above the catalyst. Light attenuation at various wavenumbers as a function of copper loading is shown in the SI (Fig. S12).

This journal is © The Royal Society of Chemistry 2026

Catal. Sci. Technol.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cy00033a

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 1:49:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Catalysis Science & Technology
A B
BEA FER
-15 -15
19 1.8
20 4 ~— 25 20 1 2.7
- 34 3.7
25 -8 50 o5] - 43
> W =07
-35 - -35 -
é '40 T T T T T T T T T '40 T T T T T T T T T
= 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
oC D
1 MFI MOR
L2 15
“lo 1.9
-20 25
—A— 35 A
-25 4 —A— 43
> _m
-35 A

-40

10 20 30 40 50 6

70 80 90 100

30 40

50 60 70 80

10 20 90 10

CH, Conversion (%)
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BEA, (B) FER, (C) MFI, and (D) MOR were evaluated, where the numbers in the legend correspond to measured copper loading (wt%). Data were
collected during light-off curve experiments at 1000 ppm methane in dry air, and the conversion scale corresponds to progressively increasing
reaction temperatures. Methane starting composition of -34%o0 was measured at 0% conversion.

be necessary).'”?'>* However, Cu dimers activity for

methane oxidation should not be completely disregarded as
there still may be a path to lower temperature complete
oxidation activity that leverages these sites. Future studies
could explore this systematically via variable preparation
techniques favoring formation of the distinct active site
morphologies and rapid screening on CASHD.

Effluent gas characterization via isotopic abundance.
Many heterogeneous catalysis reactor systems characterize
the effluent gas composition via gas chromatography, which
relies on injection of discrete packets of gas onto a
separatory column which then feeds into a detector. In this
high-throughput system, the use of a Picarro CRDS tool
allowed for continuous characterization of both gas
concentration as well as the isotopic abundance (**C-to-'>C
ratio). The isotopic abundance of the residual methane
reflected differences across catalyst types, even though the
influent methane was derived from the same source
throughout (Fig. 5). This indicates that isotopic
fractionation occurred differentially as a function of catalyst
type, allowing for further investigation into active site types
or  physical transport through the frameworks.
Measurement of isotopic abundance of **C is one of the
unique capabilities of CASHD when integrated with a
Picarro G2201-i. By convention, isotopic ratios are reported
using 6"°C notation, which normalizes small differences in
the "C to 'C ratio of a sample to that of a reference
material (eqn (7)), where the scale is defined by the
reference material Vienna Pee Dee Belemnite (VPDB) with a
1*C:"*C of 0.011113.

Catal. Sci. Technol.

(lsc/lzc)sample - (13C/12C)VPDB
(3C/C)yppp

3" Csample (%0) = < ) x1000 (7)

Fractionation of a reactant from its starting isotopic
composition can result from a variety of phenomenon, such
as kinetic isotope enhancement (KIE), equilibrium isotope
enhancement (EIE), and diffusional enhancement. KIE and
diffusional enhancement usually result in the preferential
reaction of the light isotope due to differences in either
transition state energies or diffusion between the heavy and
light isotopes. EIE often results in the preferential reaction
of the heavy isotope if the surface adsorption phenomena
resulted in a more strongly bound “C.”®

Measurement of the isotopic composition of the residual
methane showed an increasing residual methane §'*C with
increasing conversion (Fig. 5) up to 60% conversion for all
catalysts. The increase in ¢'°C (i.e., enrichment) in the
remaining unreacted methane, meant more of the 2CH, was
oxidized than "*CH,. Across all copper loadings, FER and
MOR showed very similar §'°C profiles over concentration.
The average maximum §'°C for FER and MOR was -26 and
—24 %o, respectively. The more prominent difference for FER
and MOR was that the average maximum §°C value was
observed at different total conversions; 92% and 82%
conversion for MOR and FER, respectively. The apparent
sharp depletion at high conversion rates for MOR and FER
may be a consequence of the near total conversion,
translating to very low methane levels that approach the

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cy00033a

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 1:49:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

limits of Picarro CRDS sensitivity (limit of detection of "*CH,
is 1.8 ppm); if BEA and MFI where tested to these extreme
conversions, the isotopic abundance as a function of total
conversion would likely show the same behavior. BEA and
MF]I, the least and most reactive catalysts, exhibited different
isotopic fractionation trends as compared to MOR and FER.
BEA had a more gradual increasing §'°C trend as conversion
increased across copper loading, with 3.4 and 5.0 wt%
reaching a maximum ¢">C of —-30%o. The low copper loadings
of BEA at 500 °C (the highest measured conversion) began to
deviate from the trajectory of the higher loadings with 1.9
BEA reaching -26%o and 2.5 BEA reaching —28%o. The most
striking differences were observed for MFI, which displayed
similar ¢'°C trends across copper loadings up to 35%
conversion. At higher methane conversions, 1.9 MFI and 2.5
MFI inflected upwards, reaching a maximum value of —19%o
and -17%o, respectively, suggesting that a unique mode of
fractionation = dominated the  isotopic = abundance
measurements of these two catalysts.

The upward inflection in both BEA and MFI could result
from the onset of diffusion limitations. However, due to the
multiple drivers of fractionation, further characterization
would be required to build evidence in support of a
particular dominant mechanism. To date, no other methane
oxidation studies used natural abundance of "*C to assess
diffusional or kinetic enhancement (one study used a *C
tracer in PMO to confirm catalytic turnover on the copper
active sites).”® Isotope tracer studies obfuscate any
fractionation effects due to the overwhelming presence of a
single isotope. Here, the highly variable fractionation across
copper loading in the MFI isotopic abundance plots could
plausibly result from a diffusional effect. This is partially
supported by the screening experiment (Fig. 2C), which may
have shown a diffusional effect difference at high
conversions between the low (1.9 and 2.5 wt%) and high (3.5
and 4.3 wt%) loading MFI and the DR UV-vis experiment,
which showed segregation of behavior between 2.5 and 3.5
MFI, potentially due to nanocluster or particle formation.
Hypothesized nanoparticles could be investigated by trying to
increase or decrease their formation during preparation and
direct investigation of particle presence (e.g with X-ray
absorption spectroscopy (XAS) and transmission electron
microscopy (TEM)). This, coupled with detailed batch and
flow studies of the isotopic phenomenon as a function of
catalyst type and proposed active sites in isolation, could be
used to better constrain the underlying chemical physics
driving complete methane oxidation in metal-doped zeolite
catalysts.

Catalysis for greenhouse gas removal presents a unique
and impactful test case for materials discovery and
optimization. For dilute catalytic methane oxidation, even a
marginal improvement in catalytic activity can translate to an
improved net climate impact via a reduction in the reaction
temperature.” Relative to other frameworks, BEA catalysts
showed lower catalytic performances (i.e., high Ts, values,
low reaction rates, and high activation energies) across all

This journal is © The Royal Society of Chemistry 2026
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copper loadings, potentially due to its relatively high
hygroscopicity (i.e., active site blockage by water molecules or
surface hydroxyls). MFI, the framework with the highest
measured catalytic activity, showed potential site type
changes and high-conversion diffusional limitations with
increasing copper loading, highlighted primarily by the light-
off curves shapes, Madon-Boudart plot, DR UV-vis spectra,
and isotopic fractionation. MOR and FER appear to have
consistent populations of active site type across all copper
loadings, as evidenced by the uniform shape of their light-off
curves, consistent activation energy across loadings, constant
Cu-normalized reactivity, similar DR UV-vis spectra and
uniform isotopic fractionation behavior. While this work was
focused on the design and validation of CASHD, future high-
throughput assessments can prioritize catalysts of interest for
the development of detailed mechanistic understanding
using lower throughput advanced microscopy (TEM) and
spectroscopy (XRD, XAS, EPR, and NMR).

Conclusions

Overall, CASHD demonstrated its utility by screening a suite
of zeolite catalysts for methane oxidation and evaluating their
kinetics. Improvements to the reactor design, like increasing
the number of gases that can be delivered to the reactor
could allow for more mechanistic order or other reaction
studies. Additionally, adding a saturator for water vapor
control and measurement of residual water content in the
effluent could help probe the role of water and bolster the
real-world applicability of the catalyst screening and
characterization. Ultimately, automatization of the catalyst
dispensing and reaction tube loading would further enhance
throughput and enable an additional degree of closed loop
experimentation. As materials discovery and catalysis are
accelerated with recent advances in machine learning and
generative design, the actual physical testing of materials
remains a rate-limiting step. Development of CASHD and
high-throughput reactors like it helps eliminate this
bottleneck, ultimately enabling the rapid discovery of
critically needed catalysts or testing of a variety of structures
posed by artificial intelligence-informed materials discovery.
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