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Elemental Analysis of Catalysts in a Fixed-Bed Reactor by
Laser-Induced Breakdown Spectroscopy

Diego Espinoza,®! Hemanth Appala,'?! Oliver Korup,@! and Raimund Horn*!!

In situ and operando characterization techniques provide molec-
ular, surface, electronic, and structural information about cat-
alysts in reactors. Accessing changes in the “Elemental Com-
position” of catalysts under reaction conditions remains yet an
unsolved challenge. This work takes a first step in this direction
by investigating the potential and limitations of Laser-Induced
Breakdown Spectroscopy (LIBS) for monitoring catalyst deac-
tivation, specifically during Dry Reforming of Methane over
Ni/y-Al,O; and Propane Dehydrogenation over VOy/y-Al,O;.
The study increases complexity stepwise, starting from spa-
tially resolved ex situ LIBS analysis of catalyst particles removed
from the reactor after reaction, to the development of a fiber-
optic LIBS system and time-resolved intra-reactor measurements.
Spectroscopic measurements are complemented by monitoring

1. Introduction

Climate change, the finite nature of fossil resources and the
ever-increasing global energy demand require strong research
efforts to produce chemicals more sustainably. Heterogeneous
catalysis plays a crucial role in this endeavor; it is estimated
that approximately 90% of chemical production is assisted by a
solid catalyst!"! These extremely complex materials show a highly
dynamic behavior, meaning that changes in temperature, pres-
sure, or composition of the reaction mixture inside of the reactor
lead to changes in the surface/bulk structure, type of active sites,
and changes in the electronic properties of the material. Any
information on how this happens inside of catalytic reactors will
aid in the proposition of congruent reaction mechanisms and
structure-activity relationships and will ultimately contribute to
the design of more sustainable and energy-efficient processes.”?!

One opportunity to gain this understanding is through the
application of in situ and operando spectroscopy. These tech-
niques provide molecular, surface, electronic, and structural
information about a catalyst under reaction conditions. How-
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catalyst activity and temperature at each stage. For the dry
reforming of methane, a correlation was found between cata-
lyst performance, temperature, and the spatial distribution of
coke, with distinct zoning along the catalyst bed. A cost-effective
fiber-optic LIBS probe was developed, allowing for intra-reactor
measurements under harsh conditions. The LIBS probe was used
to study catalyst deactivation and regeneration during propane
dehydrogenation by measuring time-resolved carbon and vana-
dium profiles. A Partial Least Squares regression model was
developed to correlate the amount of carbon deposits with the
LIBS spectra, allowing the derivation of quantitative statements.
Despite its limitations, such as invasiveness and gas sensitivity,
the study highlights the potential of LIBS as an in situ/operando
elemental analysis technique.

ever, one piece of information that is hardly accessible yet is
the change in the “Elemental Composition” of a catalyst material
under reaction conditions.!>>! This is a severe deficit, considering
that catalyst deactivation by coking, poisoning, or catalyst mod-
eration by promoters or inhibitors is frequently encountered in
industrial catalysis.

In situ/operando spectroscopic measurements require often
a compromise between analysis under ideal laboratory condi-
tions and analysis under harsh industrial reaction conditions.
Traditional elemental analysis methods, such as electrothermal
atomization-atomic absorption spectroscopy (ETA-AAS), Induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES),
and inductively coupled plasma-mass spectroscopy (ICP-MS),
cannot be used for the remote analysis of heterogeneous cat-
alysts in reactors, because all of these methods would require to
take a sample from the catalyst inventory.!®!

On the other hand, synchrotron-based methods such as X-
Ray absorption spectroscopy (XAS) and X-Ray fluorescence (XRF)
are only partially applicable. First, they require synchrotron-
based facilities, only available in some parts of the world,
sophisticated instrumentation, high capital costs, precise experi-
mental planning, and limited beam time access. This means that
long-term catalyst deactivation can usually not be studied.”!
Second, suitable sample environments that offer optical access
are required.!>"!

In this context, a comparably recent laser spectroscopy tech-
nique, laser-induced breakdown spectroscopy (LIBS), can bridge
between these two perspectives, offering the possibility to per-
form remote analysis at hardly accessible locations with high
spatial and temporal resolution and multielement detection
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capabilities. In comparison to the above-mentioned techniques,
a LIBS setup is rather simple and inexpensive.[""!

LIBS is an analytical method that relies on the principle of
atomic emission spectroscopy. A high-energy laser pulse is used
to vaporize a small amount of the sample where the laser pulse
hits, converting it to the plasma state. When the plasma cools,
it subsequently decays, emitting element-specific radiation. This
radiation is recorded as a function of wavelength using a spec-
trometer. While the position of the lines and bands allow a
qualitative detection of atoms and molecular fragments in the
plasma plume and thus the sample, the intensities of the lines
contain quantitative information about the elemental contents
of the sample.["”

Due to its versatility, LIBS applications have been reported
in fields such as medical sciences, geomaterials, explosives,
recycling, space exploration, forensics, and agriculture.™ In het-
erogeneous catalysis, the applications of LIBS have been limited
to the ex situ analysis of solid catalysts, with focus on elemental
imaging and optical setup optimization.

For example, Laserna et al. reported the first contribution of
LIBS in this field in the early 2000s. During this work, the suit-
ability of LIBS for the determination of vanadium (V) in pellets
of Ti0,-SiO, supports was evaluated.'™ Other investigations of
the same research group demonstrated the applicability of LIBS
for the generation of 2D multi-elemental maps of active material
(Pt, Pd) and poisoning agents (P, Zn, Pb) in gasoline and diesel
automobile catalytic converters.”'®! Motto-Ross et al. showed
the capability of LIBS to perform quantitative imaging measure-
ments using a palladium-based (Pd) porous alumina catalyst as a
model system.”! A subsequent study evaluated the diffusion of
trace metals (V, Ni, S) on supported alumina catalysts using 2D
elemental maps. This process is particularly relevant in heavy oil
upgrading, such as in the hydrodemetallization of oil residues.
The experimental LIBS profiles improved the understanding of
metal removal efficiency in the catalyst support by comparing it
with simple transport models.!?’!

In this work, we explore the potential and limitations of LIBS
as an in situ/operando reactor diagnostic technique. As a model
system, we investigated dry reforming of methane (DRM) on
a supported Ni/y-Al,O; catalyst and propane dehydrogenation
(PDH) on a supported VOx/y-Al,05 catalyst. Active metal distri-
butions (Ni, V) and poisons (C) were recorded in combination
with activity and temperature profiles. Complexity was increased
stepwise, starting from spatially resolved ex situ characterization
of aged catalysts extracted from the reactor, followed by the
development of a remote fiber optic LIBS system (FO-LIBS) and,
finally, time-resolved in situ measurements.

2. Results and Discussion

2.1. Methane Dry Reforming (DRM)

As a first test system, the catalytic dry reforming of methane
(DRM) on a supported Ni/y-Al,O; catalyst was studied in a
spatially resolved manner (Equation (1)). The feed mixture was
composed of CH; and CO, reacting to produce CO and H,.
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Figure 1. a) Schematic of semi-pilot profile reactor employed in methane
dry reforming. b) Working principle of spatial profiling technique for
simultaneous concentration and temperature measurements. c)
Layer-by-layer ex situ LIBS characterization.

This reaction can have a positive environmental impact, since
it can convert two strong greenhouse gases CH,; and CO, to
synthesis gas for the production of renewable fuels. Transition
metals, especially nickel, are often used as catalysts, showing
good activity and selectivity at moderate costs. The drawback
of transition metal catalysts is their tendency to deactivate with
time-on-stream by coking, limiting long-term applications.!?-2*]

CHy + CO, <> 2CO +2H,  HYygy = 247, 3kJ/mol 0]

LIBS was used to spatially resolve elemental gradients caused
by deactivation in an ex situ manner. Intra-reactor species and
temperature profiles were recorded to complement the ex situ
LIBS data. Further details are provided in the experimental
section.

2.2. Spatially Resolved Experiments

To evaluate the changes in the elemental composition of the
catalyst as a result of coking, molecular emissions in the CN vio-
let band (Av = 0) and the G, band (Av = 0) of carbon were
employed. Pretests under atmospheric conditions, using pure
carbon standards, showed intense molecular emission bands in
the 350-570 nm range. Weaker emissions of the main atomic car-
bon lines in the ultraviolet region, namely C () at 193,1 nm and C
(1) at 247,8 nm, have also been detected. Molecular emission lines
are, therefore, more sensitive for carbon detection than atomic
lines, in agreement with several reports in the LIBS community
focusing on carbon analysis.[>%!

As illustrated in Figure 1, capillary sampling was used to
record spatially resolved species and temperature profiles in the
reactor. In this method, a thin sampling capillary slides through
the center of the catalytic bed. The capillary has a small side sam-
pling orifice for continuous sampling of a small fraction of the
reaction mixture into an analytical instrument, here a mass spec-
trometer. The local temperature within the bed was measured by
means of a thermocouple, tip-aligned with the orifice. By moving
the capillary relative to the catalyst bed, gas species and tem-
perature profiles could be measured. Changes in the reaction
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mixture composition were evaluated by monitoring the mass-
to-charge ratios: H, (2 amu), CH,4 (15 amu), CO (28 amu), Ar (40
amu), and CO, (44 amu). Argon was used as internal standard.
Signal contributions to peak 28 amu were corrected by subtract-
ing the contribution from CO,. Water was calculated from the
atom species balance of the reaction mixture. To validate this
approach, the total mass balance was evaluated, closing better
than 3,5%, which is a good value for species quantification by
mass spectrometry.

This set of experiments provided three important pieces
of information from inside the catalyst bed: i) species concen-
tration, profiles, ii) temperature profiles, and iii) LIBS profiles.
Figure 2 summarizes the results.

Interpreting the measured species, temperature and LIBS
profiles is not straightforward, as they are the result of a number
of interconnected chemical, physical, and mathematical effects.
Two features of the profiles are eye-catching. While there is cok-
ing of the Ni-catalyst along the entire catalyst bed as revealed by
LIBS (Figure 2¢), the catalytic performance is very stable and both
sets of profiles are very similar even though they were measured
4 h apart (Figure 2a,b,e—f). One way to explain this behavior
could be, that on this nickel catalyst, nondeactivating carbon is
formed, e.g. in form of filaments carrying the Ni-nanoparticles at
their tip, maintaining catalytic activity.l?®?! This interpretation is
supported by the detection of nickel signals along the bed by
LIBS, irrespective of the coke loading (Figure 2d).

Second, there are distinguishable zones inside the catalyst
bed. In the first zone, Z;, stretching from the beginning of the
catalyst bed at 0 mm to about 4 mm into the bed, methane
dry reforming dominates, following approximately a stoichiom-
etry CH,; + CO, — 2CO + 2H,. CH, and CO, are converted at
almost equal rates and CO and H, are formed at almost equal
rates. However, due to the high diffusivity of H,, H, diffuses
against the flow direction and H, is detected already several mil-
limeters upstream of the catalyst bed. This leads to a smearing
out of the H, profile, and a less sharp onset compared to the
heavier molecules CH,4, CO, and CO,. Because H,O could not be
measured and had to be calculated from the H-balances, the
apparent H,O formation in zone 1 is at least in parts due to the
“missing” hydrogen. Before the catalyst bed begins, the temper-
ature profile rises fast from about 430 °C-540 °C due to heat
transfer from the furnace surrounding the reactor tube which
was set to 720 °C. Once the reaction mixture hits the catalyst
bed, the temperature rise slows down, because part of the heat
flowing in the catalyst bed is consumed by the endothermic dry
reforming. The slope of the temperature profile becomes zero at
around 4 mm, marking the end of zone Z; and the beginning of
zone Z; in which the slope of the temperature profile becomes
negative. In zone Z,, stretching from about 4 mm to about
10 mm, the temperature decreases due to endothermic chem-
istry. While the rate of Equation (1) remains almost unchanged as
can be seen from the unchanged slope of the CH, profile, a sec-
ond and more rapid endothermic reaction kicks in, the reverse
water gas shift (RWGS) reaction (Equation (2)).

CO; +Hy <> CO+H,0  Hyy = 41, 3kJ/mol P)
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This is most clearly visible from the profiles of CO, H, and CO,.
While CO formation and CO, consumption increase noticeably at
4 mm, the slope of the H, formation remains almost constant.
This seems at first glance counterintuitive as RWGS consumes
H, and a drop-in slope of the H, profile would be expected.
The slope of the H, profile does not change noticeably because
enhanced back diffusion of H, compensates for H, conversion by
RWGS.

At 10 mm into the catalyst bed, the slope of the tempera-
ture profile changes sign again, marking the end of zone Z, and
the beginning of zone Z;. At the beginning of zone Z;, the H,0
profile levels off while CO and H, increase parallel to each other
until about 25 mm. In line with the parallel decrease of CH,; and
CO, and increase of CO and H,, respectively, this means stoi-
chiometrically that DRM (Equation (1)) prevails in Z3 while RWGS
(Equation (2)) is basically ineffective. The slight increase of H,O
in zone Z3 is a physical/mathematical artifact because the miss-
ing H, due to back diffusion is mathematically compensated by
H,O which is computed from the H-atom balance. Because the
rate of DRM is comparatively low, heat flow into the catalyst bed
overcompensates the endothermic heat consumption and the
temperature rises monotonically up to about 25 mm.

The end of zone Z; at about 25 mm into the catalyst bed
is marked by a deviating slope of the CO and H, profiles. At
this point zone Z, begins, stretching until the end of the cat-
alyst bed at 30 mm. Approaching the end of the catalyst bed,
both, the CO and the H, profiles level off. However, due to the
higher back diffusion of H,, the H, profile levels off earlier. While
CH,4 and CO, were measured by mass spectrometry and decrease
monotonously and in parallel until the end of the catalyst bed,
H,0, which was calculated from the H-atom balance seems to
increase from 25 mm on, which is however not a true water for-
mation rather than a mere mathematical compensation for the
missing H, due to back diffusion.

All along the catalyst bed, but in particular between the bed
inlet at 0 mm and about 25 mm (Zones 1-Zone 3), strong CN-
signals are detected by ex situ LIBS indicating coking (Figure 2c).
Small but measurable Ni-signals are detected in Zone 1-Zone 3
as well (Figure 2d). Scanning electron micrographs (SEM) of cat-
alyst spheres extracted from these zones (Figure 3a,b) show that
the originally smooth y-Al,0; spheres are covered with a scaly
shell of porous carbonaceous deposits in which the catalytically
active Ni-sites remain obviously accessible to the reactants. At
the beginning of Zone 4, approximately 25 mm into the bed, the
normalized band areas of CN start decreasing, indicating coke
removal. In line with this, the LIBS signals of Ni start increasing
steeply. Figure 3d shows the corresponding LIBS spectra. Cata-
lyst spheres extracted from Zone 4 and investigated by SEM do
not show macroscopic amounts of coke (Figure 3c). The spheres
look smooth, almost “like as prepared”. Elemental distributions of
carbon and nickel were confirmed by performing energy disper-
sive spectroscopy (SEM-EDS) of the aged samples, the results are
presented in the Figure S1.

As carbon deposition is thermodynamically favored at low
temperatures and high methane concentrations,'??! it is under-
standable that coke deposition decreases toward the end of
the catalyst bed where temperatures above 600 °C are reached
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Figure 2. Reactor profiles measured for dry reforming of methane. a), b) Species profile replicates. c), d) Carbon and nickel ex situ elemental profiles and
standard deviation. e), f) Temperature profile replicates. Reaction conditions: Feed composition CH;/CO,/Ar = 25/25/50, 500 mL min~', 720 °C, 1 bar, 30 mm
catalyst bed, 20 wt.% Ni//y-Al,0s. LIBS conditions: 1-shoot, 3 replicates, 1.8 ps acquisition delay, 50 mJ/pulse, CN band (Av = 0) at 388,33 nm, and Ni (I) at

341,4 nm.

and the methane concentration is low. A similar tendency was
reported in a recent study from Colombo et.al.>*! where spa-
tially resolved operando Raman studies were performed to
resolve carbonaceous deposits over a Rh/a-Al,O; catalyst in
an annular reactor. The authors provided mechanistic insights,

ChemCatChem 2025, 0, e00978 (4 of 16)

emphasizing that carbon deposition is significantly influenced by
methane concentration and the CO,/CH, ratio.

In addition to validation, the SEM images provide an impres-
sion of the invasiveness and surface sensitivity of the method.
The catalyst sphere shown in the SEM picture in Figure 3b was
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Figure 3. Scanning electron micrographs of spent catalyst particles from: a)
entrance (Z1), b) middle (Z3), and c) outlet (Z4) reactor zone. d) Spatially
resolved detection of nickel and carbonaceous deposits after reaction.
Reaction conditions: Feed composition CH4/CO2/Ar = 25/25/50, 500 mL
min~', 720 °C, 1 bar, 30 mm catalyst bed, 20 wt% Ni//y-Al,0s. LIBS
conditions: 1-shoot, 3 replicates, 1.8 ps acquisition delay, 50 mJ /pulse, CN
band (Av = 0) at 388,3 nm, and Ni (I) at 341,3 nm.

exposed to a LIBS pulse. According to literature the average abla-
tion rate (AAR) for LIBS ranges between 1 and 5 pm/pulse."
However, this property is strongly material dependent, for this
study a worst-case scenario with an ablation rate of 30 pm/pulse
was estimated. By analyzing the magnitude of the estimated
ablation rate, we can clearly state that from the perspective
of heterogenous catalysis, LIBS is a bulk analysis method. True
surface-sensitive techniques should probe the top atomic layers
(nm range), like X-ray photoelectron spectroscopy (XPS) or auger
electron spectroscopy (AES).

Whether the ablation rate, or invasiveness of LIBS is a prob-
lem or not will depend on the application and the question to
be answered. For resolving elemental gradients along an indus-
trial reactor containing between kilograms to tons of catalyst,
LIBS ablation will be negligible, and the bulk character of the
method will be of advantage. In laboratory reactors filled with
milligrams of catalyst, sample ablation might be problematic,
potentially biasing the sample composition by depth profiling,
as well as inducing surface changes (e.g., oxide formation), due
to high local temperature from the micro-plasma. The destruc-
tive nature of the laser ablation does not allow for the averaging
of several measurements at the same sample position. It is desir-
able to sample always a fresh position and to limit analysis to
a one-shot sampling scheme. Also, if surface-specific elemental
information is required or if sub-millimeter elemental gradients
must be resolved, LIBS is not the proper method. The most
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promising systems to apply LIBS to are possibly those in which
a fresh catalyst is continuously moving through the detection
volume, e.g., stirred tanks with solid catalyst in slurry phase or
transport reactors with fluidized catalyst particles.

Overall, it was possible to find a correlation between the
changes in catalytic activity, temperature, and catalyst ele-
mental distribution along the reactor bed. LIBS was able to
provide multi-element information in a time efficient man-
ner. The elemental distributions of carbon and nickel were in
good agreement with SEM/EDS observations. However, it is
important to highlight that at this point we cannot strictly
speak from a structure-activity relationship since the LIBS
analysis was performed in an ex situ manner. Nevertheless,
these first experiments can serve as benchmark and proof of
concept.

2.3. Fiber-Optic LIBS Development (FO-LIBS)

A major challenge in conducting spectroscopic diagnostics in
industrial reactors is achieving optical access. These reactors
are usually made from stainless steel and operate under harsh
conditions, including high temperatures, high pressures, and
dangerous reaction mixtures. Optical fibers offer a practical solu-
tion to this problem, as they are made from fused silica, a
chemically inert material capable of withstanding high tempera-
tures. This property allows placing of a fiber optic probe directly
into a harsh reaction environment. The second stage of this
work focused on developing a fiber-optic LIBS setup (FO-LIBS)
that allows intra-reactor analysis of catalysts inside fixed-bed
reactors. Since this type of configuration is not commercially
available, mainly due to the challenge of high energy fiber-laser
coupling, a custom solution was developed. The design process
was approached with a focus on simplicity, cost-effectiveness,
and robustness. We tackled it by breaking the process into two
essential tasks, delivery, and decoupling. Efforts were made to
optimize each one of the tasks. In this section, the key capabil-
ities of the optical setup are discussed, and further operational
details are included in the experimental section.

When coupling a high-energy pulsed laser into an optical
fiber, several challenges need to be addressed, such as surface
breakdown at the fiber entrance face, air breakdown in the focal
region, refocusing on the fiber entry segment, and fiber outer
face damage.’®? To address these challenges the following strat-
egy was employed. First, the coupling irradiance was ensured to
be below the damage threshold of the fiber. This was achieved
by using a large core multimode fiber (0.39 NA, 1500 um core,
Thorlabs FT1500 UMT) and tuning the laser pulse energy to a safe
level. Second, the fiber inlet and outlet face were prepared by
cleaving, providing a fault-free surface and decreasing the break-
down probability when coupling. Third, a micro-lens array (MLA)
was employed to homogenize the beam profile to a top-hat dis-
tribution, avoiding the typical high-intensity region of Gaussian
beams. Overall, this optical configuration offers the advantage
of minimizing irradiance at the fiber entrance, reducing the risk
of face or air breakdown. Additionally, it circumvents the use
of vacuum chambers at the coupling site, which are typically
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Figure 4. Schematic representation of the in situ LIBS optical setup. The
upper left magnification shows the frontal / side-fire configuration of the
fiber-optic LIBS probe.

associated with difficulties in alignment and fiber exchange.!334
LIBS is typically conducted with high-energy pulsed lasers, often
emitting at an invisible wavelength of 1064 nm. Therefore, it is
essential to adhere to all Class 4 laser safety regulations.

Figure 4 shows a general overview of the optical setup. In this
configuration the optical fiber probe is responsible for delivering
the excitation pulse to the sample and simultaneously collect-
ing the plasma LIBS signal. This single-fiber configuration offers
the advantage of automatic alignment for plasma signal collec-
tion, as the excitation pulse and the plasma are located along
the same symmetry axis. Pulse energies (E,) in the range of 90-
100 mJ were coupled into the fiber, the spot size at the coupling
site was adjusted to cover around 85% of the core of the opti-
cal fiber, reducing the irradiance at this position. The expected
irradiance at the entrance of the fiber was on the order of
I &~ 1,5 GW cm™2, a value that is below the practical breakdown
threshold reported by the fiber manufacturer (1-5 GW cm™2). We
found the coupling efficiency to be around 55%, aligning with
reported values for multimode fibers.*>=”! On the delivery side,
the fiber-sample distance ranged from 1 to 2 mm. At this point,
the expected irradiance level reached about 0,5 GW cm™2, sur-
passing the threshold for plasma formation on solid materials,
reported to be in the order of 0,01 GW cm~2.38! Fiber lifetime
was assessed by successfully shooting over 100 pulses without
any signs of fiber damage.

The selection of signal decoupling optics had a direct impact
on the amount of information that we could gain from the
plasma formation process. Therefore, the right choice of the opti-
cal element was essential at this stage. Typical options include
the use of dichroic mirrors (DM) and hole-centered mirrors. In
this design the use of an off-axis parabolic mirror (OAP) was pre-
ferred for two main reasons. The first one is because it allows
the decomposition of the signal without interposing wavelength
sensitivity, as in the case of dichroic mirrors (DM). This allows to
use the system in different spectral regions (UV and VIS), sim-
plifying the simultaneous analysis of sample elements. Second,
the hole located in the OAP allows the coupling of the excita-
tion pulse in the fiber without adding extra losses and, more
importantly, without introducing a damage threshold constraint,
which would need to be considered in the case of DM.B3%-4!
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Position / mm Optical probe

Figure 5. Determination of the spatial resolution for the in situ LIBS
experimental setup. The right-side image exemplifies the side-fire sampling
configuration between two hollow cylinders of graphite and aluminum.

2.4. Sampling Mode

The fiber-optic LIBS system (FO-LIBS) can be employed in two
configurations to perform frontal as well as side firing, as indi-
cated by the magnified view in Figure 4. Each configuration
brings advantages and disadvantages. In the case of frontal sam-
pling, better plasma formation and, therefore, a stronger LIBS
signal is obtained. However, this mode would not allow perform-
ing spatially resolved measurements in a profile because catalyst
and optical fiber would be in coaxial arrangement. The side-
fire configuration allows probing in a 90° angle to the fiber axis
and therefore even spatial measurements along the reactor axis,
but at the cost of lower collection efficiency and lower damage
threshold at the distal tip of the fiber.

To demonstrate this advantage, a straightforward experiment
was performed to determine the spatial resolution that can be
reached with a side-fire fiber. An artificial step gradient in ele-
mental composition along the axial direction was created using
two hollow cylinders made from different materials: graphite and
aluminum. Figure 5 displays the spatially resolved composition of
the cylinders as the fiber is moved relative to them. 10 positions
were measured with a 400 um step resolution in this experi-
ment (Figure S8). The peak area of the main lines of graphite (C,
band (Av = 0) at 516.5 nm) and aluminum (Al (I) at 396.15 nm)
were analyzed. By calculating the derivative of the area versus
the position, it was determined that the spatial resolution of the
system was 670 um, which is suitable for most catalytic applica-
tions where gradients occur at the millimeter to centimeter scale.
The time resolution is determined by the repetition rate of the
laser, in this work, 10 Hz, meaning that the method is capable of
measuring ten elemental spectra per second.

2.5. Propane Dehydrogenation (PDH)

As a second case study, we examined the catalytic propane
dehydrogenation (PDH) over a single cylindrical pellet of a
VOy/y-Al,03 supported catalyst. This reaction system offers sev-
eral advantages from the method development perspective
(Equation (3)). First, it is a stable catalytic system, allowing
for reproducible periodic operation between deactivation and
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Figure 6. a) Investigation of propane dehydrogenation over a 5x5 mm
catalyst pellet by combining time-resolved reactor measurements with in
situ LIBS. b) Working principle of elemental spectroscopic, species
concentration, and temperature measurements in a fixed-bed reactor.

regeneration cycles. Second, vanadium oxides exhibit distinct
visual characteristics that help identify the catalyst’s state, par-
ticularly whether it is regenerated or deactivated. This provides
a valuable source of information to validate the trends observed
in LIBS analysis. Lastly, the periodic operation of this system has
been extensively researched.!*

CsHg — C3Hs +Hy  Hlug = 124KJ/mol 3)

Propylene (C3Hg) has been identified as the main coke
precursor during propane dehydrogenation. For this reason,
propylene was fed directly as reactant in these experiments.!*
Although propylene dehydrogenation is of limited practical use,
this side reaction (Equation (4)) provides a valuable test system
for method development, due to its quick and reversible coke
formation, allowing to concentrate on method assessment and
reproducibility.

C3Hg — coke (CxHy) + H, (4)

In this last stage, the capability of the in situ LIBS methodol-
ogy to detect changes in elemental composition under reaction
conditions was evaluated. Three deactivation and regeneration
cycles were sequentially performed during which elemental,
activity and temperature temporal profiles were simultaneously
recorded. The employed methodology is summarized in Figure 6.

Similarly, to the first reaction system, we observed that
molecular lines were an excellent diagnostic tool for detection
of carbon deposits in the visible region. Therefore, we focused
on following the G, (Av = 0) Swan bands as coking indica-
tor in this set of experiments. Additionally, to avoid potential
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contributions of propylene in the gas phase to the LIBS car-
bon signal, the propylene feed was interrupted during each LIBS
measurement in the deactivation stage, and the reactor was
purged with argon. No feed changes were performed during
LIBS measurements in the regeneration stage as no propylene
was fed.

Changes in the gas phase composition were analyzed by
recording the mass-to-charge ratios of various ions, including H,
(2 amu), CGzHg (15-42 amu), CO (28 amu), O, (32 amu), Ar (40 amu),
and CO, (44 amu). Here, argon was employed as an internal stan-
dard. Signal contributions to peak 28 amu were corrected by
subtracting the contribution of CO,.

2.6. Time Resolved Experiments
2.6.1. Deactivation Stage

Figure 7 shows the gas phase composition over time on stream
for the first deactivation cycle. As expected, due to increas-
ing catalyst deactivation, the dehydrogenation activity decays
exponentially in the first 30 min producing less and less H,.
Simultaneously, the conversion of propylene decreases with time
until a plateau is reached at 120 min.

The LIBS profile from Figure 7b complements this informa-
tion by showing the elemental composition of the catalyst over
time. Here, LIBS is indeed capable of detecting carbon deposits
under in situ conditions. Deposits are detected starting at 30
min, showing a continuous increase as indicated by the G,
(Av = 0) Swan bands, until a plateau at 60 min is reached. The
spectra of the fresh catalyst at the beginning of the process
(time 0 min), display molecular bands (AIO at 507,9-514,2 nm)
coming from the alumina support.!***! Given that the catalyst
has a 1,5 wt.% vanadium loading, the presence of the emission
lines from the support material is not unexpected. Characteristic
lines of vanadium were also detected in their primary emis-
sion spectral region covering 430-450 nm (Figure S6). Regarding
the temperature profiles, the compact profile reactor exhibited
isothermal operation at 675 °C (Figure S7). These findings, along
with the results from the subsequent deactivation cycles (Figures
S2-S5), are detailed in the Supporting Information.

2.6.2. Regeneration Stage

After the deactivation stage was completed, the reactor was
cooled down under inert atmosphere to the regeneration tem-
perature of 500 °C and then purged for 20 min to remove any
gaseous hydrocarbons. Inert purging was necessary as the for-
mation of a LIBS plasma can also serve as an ignition source in
hydrocarbon-oxygen mixtures.[#>4°!

Figure 8 shows the time species profile, indicating how O,
is consumed during the regeneration process. Under oxidative
conditions, carbon deposits are burned off to carbon oxides
(CO,). By integrating the CO, formation curve, we were able to
quantify the amount of carbon deposits over the catalyst, as
depicted in Figure 9. As expected from this catalytic system,
the regeneration process is quite reversible. The main differ-
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Figure 7. a). Time resolved species profiles for the first deactivation cycle
(Dy) using propylene as coke precursor. b) Time resolved LIBS detection of
carbonaceous deposits during the deactivation cycle (D;). Reaction
conditions: Feed composition CzHe/Ar: 20/80, 80 mL min~', 675 °C, 1 bar,
5x5 mm catalyst pellet, 1.5 wt.% VOx/y-Al,0s. LIBS conditions: 1-shoot, 1.8
ps acquisition delay, 55 mJ /pulse, C; band (Av = 0) at 516,5 nm, and AlO
bands in the 512,8-514,8 nm range.

ences between the cycles occur in the first 20 min, with minor
variations in carbon content between cycles in the range of
5 wt.%.

In the LIBS profile of Figure 8b, the development of car-
bon deposits over the catalyst surface is reported. During the
first 40 min of regeneration, the C; (Av = 0) Swan molecu-
lar bands continuously diminish, while the AIO molecular lines
become stronger and stronger. By comparing the activity data
from mass spectrometry (MS) with the elemental composition
data from LIBS, a time shift of the point where carbon was fully
depleted is observed. The LIBS spectra suggested that the cata-
lyst was regenerated at 40 min, while the MS data indicated that
approximately 20% of residual coke deposits remained on the
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Figure 8. a). Time resolved species profiles for the first regeneration cycle
(Ry). b) Time resolved LIBS detection of carbonaceous deposits during
regeneration (R;) Reaction conditions: Feed composition O,/Ar: 5/95, 80 mL
min~', 500 °C, 1 bar, 5x5 mm catalyst pellet, 1,5 wt.% VOx/y-Al,0;. LIBS
conditions: 1-shoot, 1.8 ps acquisition delay, 55 mJ /pulse, C; band (Av = 0)
at 516,5 nm, and AlO bands in the 512,8-514,8 nm range.

catalyst. This can be explained by taking the sampling config-
uration (Figure 6b) into account. While the fiber-optic LIBS gives
elemental information about the front face of the pellet, the MS
sampling capillary sits at the back of the pellet and measures
the integral carbon burn-off from the entire pellet. The color
changes of the catalyst pellet supported this hypothesis. Vana-
dium oxide catalysts can change their color in response to the
reaction conditions. Deactivated catalysts are dark grey, while
fresh and regenerated pellets appear yellow. By employing this
visual characteristic and the optical access of the reactor, it was
observed that the regeneration process does indeed not occur
uniformly at the pellet level.
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multi-element information, with each measurement consisting
of approximately 51.000 spectral channels. In multi-element sam-
ples overlapping wavelengths add complexity to the data. This
complexity further increases as more samples are included, and
broader spectral ranges, covering the ultraviolet (UV) and visible

Additionally, heterogeneous catalysts are materials with a
complex composition including active metals, promoters, sup-
ports, and poisons. This broad chemical matrix will directly affect
laser-sample coupling during the LIBS process, which will change
the relative abundances of neutral and ionized species in the
plasma or lead to a process of self-absorption at high analyte
concentrations.7*8] In addition, by extending the methodol-
ogy to in situ conditions, the effect of the gas atmosphere
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Figure 9. VOx/y-Al,O; regeneration profiles for cycles Ry, Ry, and Rs.
Reaction conditions: Feed composition O,/Ar: 5/95, 80 mL min~", 500 °C,
1 bar, 5x5 mm catalyst pellet, 1,5 wt.% VOyx/y-Al,0s.

By the end of the campaign, no holes or cracks were
observed on the frontal pellet face. The use of a large core
optical fiber helped reducing the invasiveness of the method
compared to the ex situ case. Considering a worst-case scenario
with an average ablation rate (AAR) 10 times higher than the rate
reported in literature,®" the initial mass of the pellet and an aver-
age carbon content of 30 mg over the cycles, the LIBS sampling
rate is estimated to be in the order of 0,3% per pulse on a carbon
basis. With an increased spot size in the analysis zone, the laser
will sample a broader area with lower penetration and higher
surface sensitivity. However, as a tradeoff, the spatial resolution
of LIBS will be compromised.

In conclusion, these results show that the fiber-optic LIBS
(FO-LIBS) system could detect simultaneously multiple chemical
elements here C, V, and Al (Figure S6), under remote and high-
temperature conditions. Three deactivation/regeneration cycles
support these results, ensuring data reproducibility. The carbon
LIBS regeneration profiles correlate well with the gas phase mea-
surements obtained during oxidation. However, the gradients at
the pellet level limit a one-to-one correlation in the final stages
of regeneration. Additionally, an increased spot size in the anal-
ysis zone provided enhanced surface sensitivity and reduced the
invasiveness of the method. However, a second fundamental
limitation of the method is recognized, covering the topic of pro-
cess safety. Since LIBS plasma can serve as an ignition source, its
use in potentially flammable or explosive reaction atmospheres
is limited. If no flammable reaction mixtures are present, e.g., in
reforming, pyrolysis, and dehydrogenation reactions that involve
hydrocarbons but no oxygen, LIBS can still be applied.

2.6.3. Chemometrics

So far, the qualitative capabilities of LIBS, highlighting trends
in elemental distributions based on two reaction systems have
been demonstrated. In the next step the quality of the measure-
ments to derive quantitative statements is assessed.

Before conducting this analysis, it is essential to recognize
that each LIBS spectrum provides a rich data set containing
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and temperature will play a crucial role by introducing atmo-
spheric species that can interact with ablated plasma species.
The interplay of these phenomena leads to nonlinearities in
the emission process. As a result, the relationship between ana-
lyte concentration and plasma intensity is altered, complicating
any quantitative assessments. Chemometric techniques, particu-
larly partial least squares (PLS), have been reported as effective
strategies to address these challenges.[*9°]

2.6.4. Partial Least Squares (PLS)

Partial least squares (PLS) is a multivariate analytical tool com-
monly used in chemometrics. It focuses on developing math-
ematical models to analyze complex chemical data. The core
concept of PLS is to decompose both the spectral matrix (X)
(Equation (5)) and the concentration matrix (Y) (Equation (6)) into
their underlying latent structures. PLS identifies the directions in
the X-space that explain the maximum variation in the Y-space
by expressing X and Y in specific forms:

X=TxP'+E (5)

Y=UxC+G (6)

In this context, T and P represent the scores and loadings
of the spectral matrix (X), while U and C denote the scores and
loadings of the concentration matrix (Y). Two mathematical rou-
tines are typically employed to calculate these latent variables:
the NIPALS and SIMPLS algorithms. A detailed discussion of these
algorithms is beyond the scope of this work; therefore, readers
are referred to the existing literature for more comprehensive
descriptions.[>?2

U=Tx BInner (7)

T=W=xX (8)

In the following intermediate step, regression analysis is per-
formed using the T and U matrices, as indicated by equation
(Equation (7)), the so called “inner relation”. Finally, a multiple
regression model is obtained by rewriting Equations (6-8) in the
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Figure 10. Graphical representation of the partial least squares (PLS)
concept.

form:

Y=Xx%x(Wx*Bpner *C)+G 9)
Y = X % B + Error (10
B = W % Bjpner * C' (W]

The overall decomposition process is depicted schematically
in Figure 10. Here, the (X) matrix contains channel intensities
for each calibration sample, as independent variables, while the
(Y) matrix holds the elemental concentrations as the dependent
variables.

This section develops a PLS model that correlates the carbon
content (Y) determined in the regeneration phase with the LIBS
elemental profiles (X). The calibration set, represented by the
label “Measured’, included the two first regeneration cycles (R;
and R,), while the testing set was performed with the last regen-
eration cycle (R3). Model construction was performed by using
a “leave-one-out” full cross-validation method. This approach
involves removing one sample from the calibration set, recal-
culating the regression model with the remaining samples, and
then predicting the composition of the excluded sample, exem-
plified by “CV validated”. Finally, the model, including the entire
calibration set, is employed and is represented by the label
“Predicted"”. A region of interest (ROI) covering the spectral win-
dow of 388 to 517 nm was chosen for analysis since this zone
contains multiple emission lines of vanadium, aluminum, and
carbon. Finally, the applicability of the model is tested under
extrapolated conditions by predicting coking profiles in sub-
sequent deactivation experiments (D;, D,, and Ds). Additional
computational details are provided in the experimental section.

Figure 11 displays the carbon parity plot resulting from the
regression analysis. Overall, the model effectively captures the
data pattern with an average error of 10% (RMSECV = 0029).
In the lower carbon content region, some sample outliers are
observed. By plotting the data as a time profile, as indicated by
Figure 11b,c it becomes apparent that the outliers correspond
to the last samples of the regeneration stage for both cycles.
The PLS methodology additionally provides insights into the
data structure. During the regeneration phases, it identifies out-
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Figure 11. a)Parity plot of PLS model for quantitative assessment of
regeneration profiles based on LIBS data (Calibration set: Ry and Ry). b), ¢)
Measured, predicted and cross-validated regeneration profiles (Calibration
set: Ry, and R,).

lier samples, which could be due to incorrect measurements or
could have chemical significance. In this case, the second reason
applies, the outlier samples are a result of non-representative
sampling discussed in the previous section.

In addition, Figure 11a allows the determination of the limit
of quantification (LOQ) for the LIBS method. The LOQ can be
defined with the “10 o/S rule”®3** Under these conditions, the
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Figure 12. PLS model evaluation by a) prediction of the regeneration cycle
(R3), and b) prediction of deactivation cycles (D;, D,, and Ds).

LOQ of carbon is estimated to be 4 wt.%. However, it's impor-
tant to note that this value is biased due to the outliers at the
end of the regeneration cycle. It's also worth mentioning that
sensitivity varies depending on the element; for instance, in the
case of vanadium, which is present at 1,5 wt. %, emission lines
were observed in all measurements. Similarly, impurities of the
support material, such as traces of alkali metals (Ca, Na), were
commonly observed during the campaign.

In the next step, the model prediction capability was tested
with two new data sets, one for the last regeneration cycle (Rs)
and the others including all deactivation cycles (D;, D,, and Ds).
For the first data set (Rs), the model predicts reasonable cok-
ing profiles during the first hour of regeneration as indicated by
Figure 12. The trends align well with those from other regener-
ation cycles (R, and Ry), and as expected the model deviates in
the last section of the regeneration due to non-representative
pellet sampling. It is also important to highlight that the model
was tested under oxidative conditions and temperatures similar
to those in the calibration set.

In the second validation set, the model was evaluated under
very different reaction conditions; specifically, it was employed
to predict the coking profiles during the deactivation stages (D;,
D,, and Ds). Overall, the tendency of the deactivation profiles is
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tic tool for catalytic fixed-bed reactors. Following a systematic
approach covering ex situ catalyst characterization, remote setup
development, and in situ characterization, distributions of active
metal and poisons (Ni, V, and C) were measured in combina-
tion with activity performance and temperature profiles. The
dry reforming of methane (DRM) on supported Ni/y-Al,0; and
the propane dehydrogenation (PDH) on supported VOx/y-Al,03
were chosen as test systems.

Species, temperature and LIBS profiles during dry reforming
of methane, even though measured ex situ, provided a proof
of concept by delivering spatially resolved correlations between
activity performance, temperature, and catalyst elemental dis-
tribution along the reactor bed. Carbon deposition is already
present in the inlet-middle region of the reactor, while near
outlet positions are characterized by a less severe carbon fin-
gerprint. The higher water and hydrogen content in this region
in combination with an increased temperature seems to facili-
tate coke gasification. Scanning electron microscope images and
energy dispersive spectroscopy confirm the observed trends in
the elemental distribution of carbon and nickel.

In the second case study, the applicability of LIBS as in situ
diagnostic technique was demonstrated for the first time. In
these experiments, the periodic operation performance of sup-
ported VOyx/y-Al,O5 catalyst pellets during propylene dehydro-
genation was investigated. Multielement information of carbon
and vanadium was obtained and complemented by simultane-
ous species and temperature time profiles. Overall, the carbon
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LIBS profiles correlate well with the gas phase measurements
obtained during periodic operation. In the deactivation stage,
activity and elemental information were correlated by monitor-
ing the gas phase composition and carbon molecular emission
lines. During this stage, hydrogen production decreases expo-
nentially while carbon deposits increase with time-on-stream.
In the regeneration stage, coke deposits are burned-off under
oxidative conditions as CO and CO,, leading to a decreasing coke
loading. The application of chemometric methods, in particular,
partial least squares regression provided a good alternative to
make quantitative statements about catalyst elemental compo-
sition and to exploit the vast amount of information provided
by LIBS. The proposed PLS model allows to make quantitative
statements about the regeneration state of the catalyst. How-
ever, when the model was applied to deactivation conditions,
the carbon content was underestimated, even though the quali-
tative coking behavior was correctly predicted. One of the major
causes of this different model performance is most likely the
strong effect of gas phase atmosphere on LIBS plasma formation
and decay.

It is important to realize that in the context of “carbon
analysis’, LIBS, while providing both qualitative and quantita-
tive information about the concentration of carbon and other
elements in the ablated volume, it does not provide any infor-
mation on how these elements are chemically bound, viz., in
which chemical form they make up the sample. In contrast,
techniques such as Raman spectroscopy provide information
on the chemical state of the elements, in the case of carbon,
for example, whether the carbon is graphitic, disordered, sp2-
hybridized, sp3-hybridized, etc., information that can help to
understand the deactivation mechanism. Recent studies have
even reported localized carbonaceous characterization at the
nanoscale level.”*>! As Raman-spectroscopy is hardly quan-
tifiable, LIBS and Raman provide complementary information.
Given that both techniques employ lasers, the integration of
Raman and LIBS systems could enhance our understanding by
combining both methods.

From the methodological point of view, a simple and cost-
effective fiber-optic LIBS setup (FO-LIBS) that allows for the
examination of hard-to-reach areas, such as inside catalytic reac-
tors, was developed. The setup can perform front and side
sampling with spatial and time resolutions in the range of
700 um and seconds, respectively, which is sufficient for most
catalytic applications.

Overall, it was demonstrated that LIBS meets most of the
requirements for an in situ analysis technique. However, its par-
tially destructive behavior and the effect of gas atmosphere are
recognized as the most critical parameters limiting the univer-
sal application on fixed-bed reactors. It would be beneficial to
have a fresh position for each sample point, that allows for sig-
nal accumulation improving sampling statistics. It is anticipated
that the potential of LIBS lies in a different type of reactor con-
figuration, such as a fluidized bed reactors where the catalyst is
in continuous motion, providing fresh sample particles for each
laser shot. A second potential application involves using LIBS
in liquid phase and multiphase reactors, where the sample in
the laser focus is constantly renewed. Additionally, sampling the
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liquid phase will provide the additional advantage of sample
homogeneity at a molecular level.

Application of LIBS is not limited to the chemical sys-
tems studied in the presented work. Alternative systems could
include fossil fuel replacement technologies, such as methanol-
to-hydrocarbons, or biomass and plastic waste pyrolysis.>!
The main limitation resides in the reaction atmosphere of the
systems, where fuel/air mixtures must be avoided. In these
cases, LIBS could be applied, for example, to quantify carbona-
ceous species, either during the reaction or in the regeneration
phase,™! or alternatively, as a process diagnosis tool for evaluat-
ing elemental impurities such as CHONS, halogens, and metals
in pyrolysis oils.?8>° Table 1 provides a summary of the main
advantages and disadvantages of the method from our per-
spective, along with potential strategies to address its current
limitations.

4. Experimental Section

4.1. Methane Dry Reforming (DRM)

The methodology employed in the first case study involved two
types of measurements. First, spatially resolved species and temper-
ature measurements were performed in a semi-pilot profile reactor.
Second, ex situ LIBS characterization of samples extracted layer
by layer from the catalyst bed was performed, complemented by
scanning electron microscopy measurements on selected catalyst
spheres (Figure 1).

4.2. Activity Measurements-Spatial Species Profiles

Activity measurements were performed on 20 wt.% supported Ni/y-
Al,O; spheres of 1 mm diameter. The catalyst was prepared by
incipient wetness impregnation. The catalyst preparation followed
the procedure reported elsewhere [60-62]

Overall, the experimental setup consisted of three main parts: i)
a gas dosing system, ii) a semi-pilot spatial profile reactor, and iii)
gas analytics. The working principle of the semi-pilot profile reactor
is described in detail in a previous publication.[®® Shortly sum-
marized, the profile reactor consists of a quartz reactor tube (OD
38 mm, ID 18 mm) surrounded by a split furnace connected to a
power supply and temperature controller to heat the catalyst. High-
resolution gas species profiles are measured with a stainless-steel
capillary (OD 700 um, ID 520 pum) that runs through the center of the
quartz tube and the catalyst bed. The sampling capillary has four
small side sampling orifices (4 x 50 um), all at the same height of
the capillary and is connected to a stainless-steel holder mounted
to a rotary and linear stage, allowing for precise movement and
rotation. To the outside, the capillary is sealed with a thin layer of
grease to allow smooth movement and prevent gas bypassing. Gas
species sampling is achieved by mass spectrometry (MS, Balzers).
Inside the sampling capillary, a type-K thermocouple (OD 250 um)
(TMH GmbH), tip-aligned with the orifice, is used to measure the gas
temperature at the sampling position. By moving the sampling, cap-
illary with the thermocouple inside up and down, spatially resolved
species and temperature profiles can be recorded.

Catalyst activity profiles were measured using a catalyst bed of
30 mm in length, packed with 1 mm diameter spheres. A total flow
rate of 500 mL min~' (at standard temperature and pressure) was
employed, corresponding to a gas hourly space velocity (GHSV) of
5890 h~". The reaction mixture consisted of methane (CH,4), carbon

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

85U8017 SUOWILLOD A0 3ot dde au Ag pausenob a2 Ss il O ‘8SN JO S8|nJ o} Akeiq 1 8UljUO AB|IA LD (SUOTHIPUOD-PUB-SWLBI 0" A3 1M Ae1q | U1 Uo//:SdnL) SUOIPUOD pue sWs 1 8y} 88S *[5202/0T/90] Uo Akeiqiauljuo 4811 YeuoljaicsiseAlun BinquieH BISBAIUN 84oSIUYIe | Aq 826005202 9190/200T 0T/10p/W0d" A8 |mAxeuq1pul juo'adoane-Ais iwsyoy//:sdny woiy pepeojum@la ‘0 ‘66852981



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202500978

Figure of merit

Table 1. Overview of the figures of merit for fiber-based LIBS in heterogeneous catalysis research.

Achievements-present work

Limitations

Compatibility

Ni, C and V elemental
distributions

Multielement

Multivariate model
development for

Quantification

quantification (PLS-1)

Structure-activity elemental e Bulk-average characterization
correlations (e.g., LIBS-MS)

carbonaceous deposits

(mm-scale), no multi-scale
structure-activity correlations
(nm-scale)

Element specific detection limit,
elements in small (ppm)
concentrations might not be
detected (surface adsorbates,
promoters)

Element specific detection limit;
plasma self-absorption at higher
concentrations!6448]

destructive crater formation

e Class-4 laser safety

Remote Fiber optic pulse delivery ® Melt temperature, damage
and signal collection threshold and signal
attenuation from optical fibers
Resolution ® 1D-Spatial resolution: ® 1D-Spatial resolution: Fiber
700 pm dimensions and step-motor
® Temporal resolution: 10 Hz precision
e 2D/3D-Elemental maps not
accessible
® Time resolution: Laser repetition
rate
Figure of Disadvantages Suggestions
merit
Semi Surface invasiveness and e Single shot sampling

Atmosphere Changes in plasma
chemistry, matrix effects,
and signal overlap

Operational ® [gnition source on

safety HC’s/oxidant mixtures

Fresh position-reactor type (e.g.,
FBR)

Liquid media
analysis-multiphase reactors
(e.g., BCR)

Reactor scale (laboratory vs
industrial)

Process diagnostics tool, not
operando research

Multivariate chemometric
analysis

e Inert flush system
Laser protective equipment
(e.g., safety glasses, windows)

dioxide (CO,), and argon (Ar) as an internal standard, with a molar
composition of 25/25/50 respectively. The split furnace surrounding
the quartz reactor tube was heated to 720 °C and the reaction was
performed under atmospheric pressure. Before starting the profile
measurements, the reactor was heated at a rate of 10 °C per minute
under inert conditions. Following this, the gas feed was switched to
the reaction feed and the system was allowed to stabilize for 90 min
until a steady state was reached. Spatially resolved measurements
were then conducted with a scan rate of 440 um per second. Two
profile replicates were measured during these experiments.

4.3. Ex Situ LIBS

After the species profile measurements, the spent catalyst from dif-
ferent reactor zones was extracted and investigated by ex situ LIBS.
In total, 53 cross sections were evaluated. To ensure a representative
sampling three LIBS measurements at different radial positions were
recorded, giving a total of 159 spectra.

ChemCatChem 2025, 0, e00978 (13 of 16)

For this purpose, a commercial LIBS setup (LIBSpector, LTB
Berlin) was employed. The optical setup consists of a sample hous-
ing with a motorized XYZ stage for probe scanning. Additionally,
online video monitoring allows precise control over the sampling
position. Plasma ignition is achieved by a built-in Q-switched Nd:
YAG laser (Nano, Litron) working at 1064 nm wavelength, pulse
length of 4-7 ns, repetition rate of 20 Hz, and maximum pulse
energy of 130 mJ. A double echelle spectrograph (Aryelle Butterfly,
LTB Lasertechnik Berlin) equipped with an EMCCD detector (New-
ton, Andor) provides precise elemental analysis. The spectrograph is
equipped with two separate spectral ranges, 192-330 nm (UV) and
310-930 nm (VIS) that can be alternatively switched with each other.

In this configuration, the Nd:YAG laser is directly focused on the
sample by a lens system. Since LIBS formation is a transient process,
laser, camera, and detector must be synchronized. This is achieved
by a trigger unit (LIBS Control, LTB Lasertechnik Berlin), allowing
the acquisition of the LIBS signal at any desired plasma lifetime.
Finally, the signal is collected by a lens/mirror optical system and
coupled into a solarization-resistant optical fiber (0.22 NA, 400 um
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core, LTB Lasertechnik Berlin) that transmits the light to the spec-
trometer for dispersion and analysis. A single-shot LIBS analysis was
performed on the aged catalyst with the following parameters. Pulse
energy, 50 mJ, spot size of ~ 600 pm, and plasma lifetime of 1.8
ps. Data evaluation was assisted by employing the NIST database
in combination with PLASUS SpecLine software (PLASUS GmbH).
Spectrometer wavelength calibration was ensured by constantly
checking the calibration status of the device during experiments
with the help of a built-in Hg lamp.

4.4. Propane Dehydrogenation (PDH)

The methodology employed in this second case study included the
simultaneous measurement of activity information and in situ LIBS
analysis in a temporal-resolved manner (Figure 6). In the last part,
the results were complemented by chemometrics analysis.

4.5. Activity Measurements — Time Species Profiles

Activity measurements were performed with a 1.5 wt. % supported
VOy/y-Al,0O5 single cylindrical pellet catalyst (length x width: 5 x
5 mm). The catalyst was prepared by wetness impregnation. The
detailed catalyst preparation procedure can be found elsewhere.!"!

Overall, the setup consists of four main parts: i) LIBS optical
setup, ii) a compact profile reactor, iii) a gas dosing system, and iv)
gas analytics. The working principle of the compact profile reactor
(CPR, Reacnostics GmbH) closely resembles that of the semi-pilot
profile reactor used in the first case study. However, the major dif-
ference between the two reactors is that in the CPR, the sampling
capillary is fixed, and the catalyst bed is translated along the sam-
pling orifice (Figure 6), while in the semi-pilot profile reactor used
for methane dry reforming, the catalyst bed was fixed and the cap-
illary was translated. A more detailed description of the reactor can
be found in previous publications.'%%! In brief, the CPR consists
of a fused silica reactor tube (OD 6 mm, ID 5 mm), filled with a
catalyst bed up to 6 cm in length kept in place with quartz wool
plugs. Gases are introduced via mass flow controllers (MFC’s) and
preheated in a 4 cm preheating zone to the desired temperature
before entering the catalyst bed. A stainless-steel sampling capillary
(OD 700 pm, ID 520 um) runs through the center of the catalyst bed,
equipped with side-sampling orifices (4 x 50 um), all at the same
height of the capillary. Multiple orifices are used to reduce the risk
of plugging. Gas species sampling is achieved by mass spectrome-
try (MS, Hiden HPR 20). Inside the capillary, a type-K thermocouple
(OD 250 pm, TMH GmbH) tip-aligned with the orifices measures the
gas phase temperature.

Catalyst activity profiles were measured with a total flow rate
of 80 mL min~" (at standard temperature and pressure) resulting
in a gas hourly space velocity (GHSV) of 48900 h~". In this series
of experiments, three deactivation-regeneration cycles were con-
ducted. Each cycle consisted of a 2.5 h deactivation stage followed
by a 3.0 h regeneration stage.

During the deactivation phase, the reaction mixture consisted
of propylene (C3Hg) and argon (Ar) as an internal standard, with
a molar composition of 20/80, respectively. The reaction was car-
ried out at a temperature of 675 °C under atmospheric pressure.
Before initiating the profile measurements, the reactor was heated
at a rate of 20 °C per minute under inert conditions. Following
this, the gas feed was switched to deactivation conditions, and gas
phase deactivation profiles were measured using a mass spectrom-
eter. Simultaneously, LIBS measurements were performed every 30
min under an argon atmosphere. Once the deactivation phase was
finished, the reactor was cooled down to 500 °C under inert con-
ditions. Once the target temperature was reached, the reactor was
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purged for an additional 20 min to eliminate any residual hydrocar-
bons. Following this, the regeneration process began using a lean
mixture of oxygen (O) and argon (Ar) in a molar ratio of 5/95, with
a flow rate of 80 mL min~". During the initial minutes of regenera-
tion (at 1, 3, 5, and 10 min), a higher LIBS sampling frequency was
employed to capture the initial rate of carbon removal.

4.6. Intra-Reactor Profile LIBS

In contrast to ex situ LIBS, where the catalyst spheres extracted from
the profile reactor after reaction were analyzed by direct laser shots
in the commercial LIBSpector, in situ LIBS offers the advantage of
remote analysis by coupling the laser pulse into an optical fiber. This
allows access to difficult areas, for example, the interior of chem-
ical reactors, extending the application range of LIBS significantly.
Spectroscopic data were collected by introducing an optical fiber
into the CPR (Figure 6b). By keeping the fiber in a fixed position,
repetitive laser shots can be used to record temporal changes in
the elemental composition of the catalyst. Spatially resolved profiles
could be obtained by using a side-fire fiber and laterally shifting the
fiber with micrometer precision along the probe volume (Figure 5).
This technique will eventually enable measuring composition pro-
files of catalysts in fixed-bed reactors and, if combined with species-
and temperature profiling, also operando elemental profiles. In the
present work, the optical fiber was inserted through a stainless-
steel guiding capillary to hold the fiber at the center of the reactor
tube and additionally protect the distal fiber end from damage dur-
ing the assembly process. The working principle of the method is
illustrated in Figure 13.

The optical setup consisted of a Q-switched Nd:YAG laser (Bril-
liant, Quantel) working at 1064 nm wavelength, a pulse length of
4-7 ns, a repetition rate of 10 Hz, and a maximum pulse energy
of 360 mJ. Laser-fiber coupling was achieved by first adjusting the
coupling energy to a level of 100 mJ / pulse by adjusting the Q-
switch delay of the laser. Beam homogenizing was performed with
the help of a Micro Lens Array (MLA, Siiss MicroOptics 18-00183).
The beam was then focused with a high-power N-BK7 plano convex
lens of 75 mm focal length (Thorlabs LA1608-YAG) into a multimode
fused-silica fiber (Thorlabs FT1500 UMT), of 0.5 m length, a core
diameter of 1500 um, and a numerical aperture of 0.39 NA. Pre-
cise fiber alignment was assisted by an XYZ-Axis stage (Thorlabs
MB616D/M), ensuring that around 85 % of the fiber inlet face was
covered during injection.

Decoupling of the LIBS signal was achieved by a 90° off-axis
parabolic mirror (Thorlabs MPD229H-FO01). The parabolic mirror has
a hole in the center allowing the excitation laser beam to pass
through for coupling into the optical fiber. The LIBS signal return-
ing through and emitting from the same fiber is collimated by this
mirror and reflected into a UV-grade plano-convex lens of 30 mm
focal length (EKSMA optics 110-1203E) which focuses the LIBS sig-
nal into a solarization-resistant multimode fiber (0.22 NA, 400 um
core, LTB Lasertechnik Berlin) which finally guides the light into a
spectrograph (Aryelle Butterfly, LTB Lasertechnik Berlin) for disper-
sion and detection. A delay generator (LIBS control, LTB Lasertechnik
Berlin) was used to synchronize the laser triggering with the camera
detector. Similar to the ex situ experiments, wavelength calibra-
tion was ensured by consistently performing calibrations during the
measurements. Data evaluation was facilitated by utilizing the NIST
database and Plasus software.

4.7. Chemometrics

Multivariate analysis was conducted using the PLS_Toolbox from
MATLAB (Eigenvector Research, Inc.). The partial least squares (PLS)
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Figure 13. Schematic representation of the experimental setup employed on in situ LIBS measurements. (I) Remote LIBS setup; (Il) Compact profile reactor

(CPRY); (Ill) Gas delivery system (MFCs); (IV); Gas analytics system (MS).
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Figure 14. Overview of the methodology followed for PLS model
construction by combination of MS-LIBS time profiles.

routine involves creating a regression model that establishes a
correlation between two matrices: the LIBS spectra (X) and the ele-
mental concentrations (Y). In this study, the total amount of carbon
deposits was calculated by integrating the CO and CO, evolution
profiles during carbon burn-off from the VOx/y-Al,Os single pellets
after propylene dehydrogenation. The carbon content is reported
as an atomic fraction, considering the presence of vanadium (V),
aluminum (Al), and oxygen (O) in the catalyst matrix. Before model
construction, data pretreatment including total area normalization
and baseline offset removal was performed. A region of interest
(ROI) covering the spectral range from 388 to 517 nm was selected
for the PLS model development.

The multivariate analysis was conducted in two stages: model
construction and model validation. For model construction, the cal-
ibration set included 28 spectra from regeneration cycles R; and
R,. To validate the regression model, a “leave-one-out” full cross-
validation method was used. This method involves removing one
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sample from the training set, recalculating the regression model
with the remaining samples, and then predicting the composi-
tion of the excluded sample. For model validation, the prediction
set comprised 14 spectra from regeneration cycle Rs;. The validity
of the model was further tested under extrapolated deactivation
conditions. In this case, the prediction set included all 18 spec-
tra measured across three deactivation cycles: Dy, D,, and Ds. The
overall strategy is summarized in Figure 14.
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