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ABSTRACT

Fossil fuel combustion processes generate CO,, a greenhouse gas of considerable concern. To reduce this emission, the
National Energy Technology Laboratory (NETL) is evaluating alternative combustion approaches, including chemical
looping combustion (CLC). This technique generates relatively pure CO>, suitable for subsequent capture and storage.
CLC uses oxygen-carrier particles (OCPs) such as iron oxides, copper oxides, calcium sulfates, etc. to provide oxygen for
the combustion process. Optimization of the overall combustion process requires knowledge of the oxidation state (e.g.,
content of Fe203 vs. Fe;04) of the OCPs during the different stages of the CLC process. Unfortunately, the ability to make
on-line measurements of the oxidation state of OCPs in harsh environments is lacking and new sensors need to be
developed.

We are evaluating non-contact, stand-off Raman spectroscopy to determine the relative concentrations of the oxidized and
reduced forms of OCPs at temperatures between 800 °C and 1000 °C, and pressures of about 10 atm. Using cw and pulsed
Raman spectroscopy, in combination with a pressurized high-temperature sample chamber, we have optimized the
operating parameters such as laser wavelength, laser intensity, collection optic design, focal spot size, etc. and measured
Raman spectra of various OCP materials at high temperatures. To extract from the Raman spectra relevant information
such as the concentration ratio of a material in different oxidation states, the measured data needs to be processed, and
statistical modeling and multivariate calibration need to be performed.
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1. INTRODUCTION

The need for cleaner energy systems, including CO- capture technologies, is driving the current development of new
technologies such as chemical looping combustion (CLC) and chemical looping gasification (CLG). Specific processes
that are under development for using solid fossil fuels are in-situ Gasification Chemical-Looping Combustion (iG-CLC)
and Chemical Looping with Oxygen Uncoupling (CLOU). Many authors, including Wang et al., Luo et al., and Moghtaderi
have described the development of these various processes in some excellent review articles.[1-3]

Chemical looping is based on using oxygen carriers (e.g., iron oxides, copper oxides, calcium sulfates, etc.) to repeatedly
provide the oxygen for the fuel combustion. While many different technology variations are being investigated, the typical
process uses two reactors, a fuel reactor and an air reactor. In the fuel reactor, fuel reacts with oxygen released from OCPs,
generating energy, reduced OCPs, and H2O and CO; as waste products. In the air reactor, the reduced OCPs react with the
oxygen in air and are oxidized for further use in the fuel reactor.

To optimize the overall process performance, it is critical that the properties of the OCPs are well-defined and maintained
for their specific purpose during the different stages of the CLC process. One of the critical properties of the OCPs is their
oxidation state (e.g., content of Fe,O3 vs. Fes0,) as it affects the fundamental operation of the CLC process. Unfortunately,
the ability to make on-line measurements of the oxidation state of OCPs is lacking and new sensors need to be developed.
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NETL is interested in developing and demonstrating methods to conduct online measurements of OCPs as they move past
specific locations within advanced energy systems. There are several challenges associated with these methods, including:
(i) capable of identifying different oxidation states (e.g., Fe203 vs. Fe30a); (ii) in-situ (on-line) approach that does not
interrupt the process flow; (iii) stand-off method to avoid handling high-temperature materials at elevated pressures; (iv)
fast-enough for in-situ measurements; (v) fast analysis to provide immediate feedback; (vi) capable of handling various
sample geometries; etc. These constraints rule out chemical methods such as iodometry. Also, x-ray-based or electron-
beam based techniques such as XPX, XANES, EELS, etc., besides being expensive, would be very difficult to implement.

However, one approach that has been evaluated for similar circumstances, is high-temperature Raman spectroscopy. Li et
al. studied the feasibility of this approach for on-line monitoring and product control of glass vitrification.[4] These authors
concluded that high-temperature Raman spectroscopy in combination with statistical models, is a feasible approach for
on-line process control. Using the initial findings by Li et al., we have started to develop high-temperature Raman
spectroscopy for the measurement of the oxidation state of OCPs.

2. METHODOLOGY

2.1 Oxygen carrier particles

Specific OCPs and their relevant properties have been investigated by many different researchers.[1, 3-27] In general,
desired properties include: high conversion efficiency, high reactivity with the fuel, long lifetime, low agglomeration, and
low cost and environmental impact.[28] Typically, a specific type of OCP works best for a specific CLC technique. The
reactions for the OCPs occurring in the two reactors can be summarized as:[3]

Fuel + nMexOy — nMexOy.1 +H,0 + CO; @
MexOy-l + 1/2 OZ i MeXOy (2)

Some of the most promising OCPs include iron oxide, copper oxide, and calcium sulfate, as well as certain mixtures of
these materials. More detailed information about OCPs can be found in the listed references.

The samples studied in this work include calcium sulfate (Sigma Aldrich, -325 mesh), fine-powdered hematite (a-Fe;0s,
Sigma Aldrich, <5 um), coarse hematite (Alfa Aesar, 3-12 mm), and magnetite (FesO4, Sigma-Aldrich, 3 um - 70 um).
Generally, Raman measurements were collected from loose powders. Where mentioned in the text, however,
measurements were also collected from a pressed, high-density form of the 5 um hematite powder. In addition, the coarse
hematite was prepared by grinding with a mortar and pestle, followed by sieving to achieve the desired particle size
distribution.

2.2 Raman spectroscopy

Raman spectroscopy is a well-known optical analysis technique that relies on the Raman effect discovered by C. V. Raman
and K. S. Krishnan in 1928. The nature of the Raman effect, implementations and applications of Raman spectroscopy,
and its many advantages have been described in many books and review articles.[29-40] The following is a brief summary
of the most important aspects as they relate to our work, and it is based on the listed references.

Raman spectroscopy typically focuses on identifying vibrational transitions (although other types of transitions such as
rotational can also be measured) that are unique to molecules and extended solids, providing a “molecular fingerprint.”
Unlike infrared (IR) spectroscopy in which the observed vibrational transitions depend on changes in the electric dipole
moment, transitions observed in Raman spectroscopy depend on changes in the polarizability of a molecule. Raman
scattering refers to the observation of inelastically-scattered light during the interaction of light with a molecule. While the
vast majority of light is scattered elastically (i.e., the scattered light has the same wavelength as the incoming light, also
called Rayleigh scattering), a small fraction (about 1 in 107) of the incoming light is scattered at different wavelengths.

4
Also, scattering depends strongly on the wavelength of light as G) .

Scattering can be described as the excitation and de-excitation of a virtual state. In Rayleigh (elastic) scattering, the initial
and final states are identical. If the final state corresponds to a higher (lower) excited vibrational state than the initial
vibrational state, it is called Stokes (anti-Stokes) scattering, see Figure 1. The difference in wavelength between incoming
and scattered light corresponds to the energy of a vibrational transition. The probability for anti-Stokes scattering depends



on the energetic difference between the initial and final vibrational states and the temperature, as both of these parameters
determine the population of the higher-lying vibrational state. As temperature increases, the population of higher-energy
vibrational states increases, thereby increasing the anti-Stokes signal intensity. By simultaneously measuring the anti-
Stokes and Stokes scattering intensities, it is also possible to determine the temperature of the material under investigation.
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Figure 1. Rayleigh and Raman scattering.

Raman spectroscopy has been widely used to study crystalline and amorphous materials at high temperatures and at high
pressures. For example, Garces et al. studied the high temperature interactions of yttria-stabilized zirconia and calcium-
magnesium-alumino-silicate at temperatures up to 800 °C,[41] while Le Parc et al. studied the structure of SiO,-GeO,
glasses of different compositions at temperatures up to 1100 °C.[42] Mysen and Frantz studied the BaO-SiO; system at
temperatures as high as 1669 °C.[43] Simultaneous high-temperature and high-pressure Raman measurements have been
reported for YBOs:Eu®*, Mg.SiOs, CaGeOs, CaBSiO4(OH), and many other systems.[44-47] Also, in-situ in-line
monitoring using Raman spectroscopy has been reported for pharmaceutical crystallization and solids elaboration
processes.[32] Finally, Raman spectroscopy has also been used for high-temperature on-line monitoring of glass melts.[34]
In addition, statistical models have been developed for the analysis of high-temperature on-line monitoring of glass
melts.[48] Taken together, these earlier reports indicate that high-temperature Raman spectroscopy is a promising
approach for on-line monitoring of the oxidation state of OCPs.

2.3 Sample heating and temperature measurements

For the characterization and evaluation of our approach, we use a custom-designed stainless-steel chamber that allows us
to heat OCPs to temperatures above 1000 °C and pressures up to 10 atm. The chamber is typically filled with nitrogen
(industrial grade) or argon (Praxair, 99.9999%). The chamber uses a Raman-grade CaF. window (CrysTran) which has
been designed to have only one Raman peak at 321 cm%, minimizing interference with Raman signals from other sources.
The window is kept sufficiently cool to avoid potential problems due to the very high coefficient of thermal expansion
(CTE) of CaF,. In addition, a mechanical shutter inside the chamber is used to protect the window between measurements.
Figure 2 shows the water-cooled chamber with the heated OCPs. The OCPs are located in an alumina-coated tungsten
basket (Ted Pella) which is connected to a power supply (AmeTek). The temperature is controlled via a K or N-type
thermocouple and a PID controller (Omega).



Figure 2. High-temperature sample chamber.
2.4 Instrumentation

A schematic of the envisioned online measurement system is shown in Figure 3. A laser is directed onto the area of interest,
and scattered light is collected using a telescope, which guides the light into a spectrometer with attached detector. The
signal is constantly monitored by a computer which uses an analysis algorithm to convert the Raman spectra into
concentration data.
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Figure 3. Schematic of the envisioned online measurement system

As mentioned above, the on-line analysis of the oxidation state of OCPs poses some general challenges such as performing
this analysis from a stand-off distance, and performing the measurements and analysis fast enough to provide system
feedback. These general challenges lead to specific issues when using Raman spectroscopy. The very low probability for
Raman scattering to occur (about 1 in 10,000,000 photons impinging on the sample) combined with the loss of
directionality of Raman scattered photons, requires efficient collection of scattered light. The experimental parameters for
the Raman setup need to be optimized to maximize S/N over the desired data acquisition period. Parameters to consider
include: laser wavelength, laser operation mode (i.e., pulsed vs. cw), velocity of OCP movement vs. required acquisition
time, distance of OCPs from collection optics, type of collection optics, etc.

Many Raman measurements are conducted using cw near-infrared (NIR) laser sources (e.g., 785 nm). Using a NIR
wavelength usually prevents the generation of fluorescence from the sample, significantly improving the S/N. However,
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since scattering is proportional to (%) , using an ultraviolet wavelength (e.g., 325 nm) can increase the scattering intensity

by more than a factor of 30. While such an increase may be desirable, UV wavelengths tend to result in more fluorescence,
which can decrease the S/N. The selection of the right wavelength is often a trade-off between increasing the scattering
signal and minimizing fluorescence.



One of the main concerns for performing Raman measurements of samples at high temperature is the presence of strong
blackbody radiation. Blackbody radiation (Planck distribution) is strongly dependent on temperature, and the peak
intensity shifts to shorter wavelengths as the temperature increases. Comparing blackbody radiation at 785 nm shows that
its intensity at 1000 °C is almost 20 orders of magnitude stronger than at 20 °C, while at 325 nm the increase is almost 48
orders of magnitude. Comparing the blackbody radiation intensity at 325 nm and at 785 nm, however, shows that the
intensity at the shorter wavelength is more than 6 orders of magnitude less than at the longer wavelength. This comparison
makes a strong case for using UV wavelengths for Raman measurements at high temperatures. Li et al. compared the use
of cw 325 nm measurements with pulse/time-gated 532 nm measurements for samples at high temperature.[33] These
authors were able to measure the high-temperature Raman spectra using either approach. However, differences in the
spectra for the two wavelengths are apparent but are difficult to interpret because the temperature control for the UV
measurements appeared to be somewhat lacking in their experiments. Nevertheless, the Raman spectra measured using
the UV wavelength show a better S/N than those measured using 532 nm.

Several authors have reported on stand-off Raman spectroscopy.[49-52] Hobro and Lendle review various experimental
layouts that have been used for a variety of applications including geology, chemical detection, explosives detection, art
and archaeology, etc.[53] The majority of these systems use pulsed laser sources operating in the 10 Hz to 30 Hz range
using visible and UV wavelengths, and laser pulse powers between 7 mJ and 450 mJ. For example, Gaft and Nagli report
on UV gated Raman spectroscopy for the stand-off detection of explosives, while Misra et al. report on pulsed gated
Raman spectroscopy for the identification of minerals, and compare several specific approaches.[54, 55] These authors
report the best results when using a pulse/time-gated approach.

A schematic of our laboratory-based setup is shown in Figure 4. We use a variety of cw and pulsed laser sources with
different wavelengths to evaluate the best operating conditions for our high-temperature measurements. The lasers include
a Coherent Verdi V5 cw laser operating at 532 nm, a Quanta-Ray Nd:YAG pulsed laser operating at 10 Hz at 355 nm and
532 nm; and, when coupled with an optical parametric oscillator, 785 nm, a Meredith Instruments Helium-Neon cw laser
operating at 633 nm, an Ondax single frequency cw diode laser operating at 785 nm, an Opto Engine solid state cw laser
operating at 360 nm, and a Photonics Industries pulsed laser operating at 200 kHz and 355 nm. Within the visible/NIR
wavelength region, laser light was focused using a Mitutoyo microscope objective (20x, 10x, 5x with working distances
of 20.0 mm, 30.5 mm, and 37.5 mm, respectively). In the UV, laser light was focused using a 40 mm plano-convex lens.
The same focusing optic collected the scattered light and guided it through various optical elements, including a notch
filter or bandpass filter into an Acton 2500i spectrometer with an 1800 g/mm grating with attached liquid-nitrogen-cooled
Spec-10 (PI) detector. For gated measurements, this detector was replaced with a PI Max3 camera. WinSpec (P1) is used
for the data acquisition and OriginPro (OriginLab) is used for the analysis.
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Figure 4. Schematic of our laboratory-based setup.

3. RESULTS
3.1 Calcium sulfate

The initial, envisioned approach used a pulsed laser coupled with time-gated detection to measure Raman spectra from
high-temperature OCPs during each pulse while rejecting most radiative background between pulses. For calcium sulfate,
an OCP with strong Raman scattering, this approach was successful for temperatures up to 1066 °C, resulting in spectra



with almost no thermal background and clear Raman signal (Figure 5). The temperature-shifted v1 mode of anhydrite is
clearly visible at 1000 cm®. However, the signal to noise was limited in part by the light intensity of the laser, which was
in turn limited by the appearance of laser-induced breakdown (LIBS) from the sample, accompanied by lower or usually
absent Raman signatures. This phenomenon became an increasing problem at higher temperatures. More details from this
study are available in a recent publication[56] that includes: 1) a comparison of cw results with pulsed/time gated spectra,
2) an evaluation of experimental parameters influencing LIBS at high temperature, and 3) temperature estimates from the
spectra.
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Figure 5. Single-pulse raw Raman spectrum from high-temperature calcium sulfate using the PI Max3 camera. The 0.6
mJ, 532 nm pulse was composed of a pulse train 130 us long.[56]

3.2 lron oxide

Iron oxides, specifically hematite and magnetite, because of their availability, low cost, and thermal stability, are
advantageous as OCPs over calcium sulfate/sulfite, which can decompose to produce SOy pollutants. However, in the
context of developing a sensor, able to quantitatively discriminate between hematite and magnetite at high temperatures,
sufficient Raman S/N must be achieved, and these materials have proven challenging. This is in large part because of their
weak Raman cross sections, strong light absorbance, and instability to intense light. The latter two challenges might in
principle be overcome by choosing an excitation wavelength in regions in which light absorbance is minimized. In these
regions, scattered Raman light should increase, and the likelihood of sample breakdown or heating under intense
illumination is reduced. To gain a qualitative understanding of each material’s wavelength-dependent absorbance, we
measured light scattered from each material in a diffuse reflection integrating sphere, and calculated absorbance (Figure
6). For hematite, lower absorbance is present in the red/near infrared wavelengths while magnetite demonstrates relatively
high absorption at all wavelengths, though slightly less in the ultraviolet. This wavelength-dependent property of hematite
and magnetite is only one among many factors that influences Raman S/N; as mentioned earlier, thermal background is
another influential concern that is strongest in the visible/near-infrared and decreases with wavelength.
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Figure 6. Absorbance spectra from fine-powdered Fe;O3 and FesO., determined by measuring scattered light within a
diffuse reflectance chamber.

Pulsed excitation

The initial, envisioned approach using pulsed-light/time-gating would temporally filter out most of the thermal background
from the weak iron oxide Raman signals, as was successfully demonstrated in the calcium sulfate studies. However, this
approach also requires that the materials can withstand relatively high light intensities without becoming damaged. Indeed,
when we used 10 Hz laser pulses with peak intensities ranging from ~10° W/cm? to ~10*2 W/cm?, our attempts to measure
Raman signal from hematite and magnetite were unsuccessful and generally led to sample damage, evidenced by pitting
and/or laser-induced breakdown spectra (LIBS). Even at 785 nm, where hematite’s light absorbance is weaker we still
observe LIBS. Unlike Raman, LIBS cannot readily distinguish between hematite and magnetite.[57]

In contrast with the above results, a 200 kHz, 15 ns, 355 nm laser was more successful. In fact, using this method, Raman
spectra from hematite powder were measured to temperatures > 900 °C, using an ungated CCD detector. The key
difference using this pulsed laser is that the peak light intensity was much lower than earlier pulsed measurements--on the
order of 108 W/cm?, suggesting that relatively low peak powers are required to avoid LIBS and produce Raman signal. In
the calcium sulfate studies mentioned above, a threshold intensity was also identified when LIBS appeared, albeit much
higher (10 W/cm?).[56] These results also suggest that low-intensity, quasi-cw lasers at visible wavelengths may
successfully measure Raman spectra from high-temperature hematite, especially when coupled with time-gating to remove
most thermal background.

CW excitation

The greatest success for measuring Raman signals from iron oxides came by using cw excitation, rather than pulsed, at a
variety of wavelengths. This is primarily due to the lower light intensity at the sample—Ileading to no observed LIBS. In
this case, the maximum light intensity was constrained by localized heating—which can lead to high noise backgrounds,
and sample phase changes. Table 1 provides a summary of optimized light intensities determined for hematite powders at
several wavelengths (with the exception of 360 nm). For room-temperature hematite powders, the strongest Raman signals
came from excitation in the red (633 nm) and NIR (785 nm), relative to the green (532 nm), likely due to lower light
absorbance. Additionally, at 633 nm, Raman scattering is also aided by resonance enhancement.[58] Unfortunately, these
advantages in the red/NIR are lost at higher temperatures, when absorption increases dramatically, and the absorption
shoulder near 633 nm is lost.[59] Our attempts to measure Raman spectra from high-temperature hematite powder using
the 633 nm and 785 nm wavelengths were successful to at most 400 °C and 600 °C. Using the 532 nm laser, we measured
Raman signal to a maximum temperature of about 700 °C, but this benchmark increased to over 1050 °C when we replaced
the hematite powder with a high-density sample. In this case, the higher packing density allowed for higher light intensities
and stronger Raman scattering but is not realistic for CLC applications. In the ultraviolet, a cw 360 nm laser provided



relatively weak Raman signals from room-temperature hematite, but because of the low thermal background, measurable
S/N remained when we heated a high-density hematite sample to over 1000 °C (Table 1, Figure 7). Unlike the 532 nm
studies, the sample’s density did not appreciably impact the S/N in a configuration that included a 40 mm lens for light
focusing/collection. Because this UV laser was loaned to us for a limited period by Opto Engine, LLC, full optimization
of the setup, including light intensity and collection, was not completed. These preliminary results indicate that a cw
wavelength near 360 nm, once optimized, promises some of the strongest potential for Raman measurements from high-
temperature hematite powders.

360 nm 532 nm 633 nm 785 nm
Intensity <10 W/cm? | <10° W/em? | <10° W/cm? | <10° W/cm?
Highest Temperature 1050 °C 700 °C 400 °C 600 °C

Table 1. A summary of optimized light intensities and maximum achieved temperatures for Raman measurements from
hematite powders (600 um), with the exception of the 360 nm setup, for which the light intensity was not optimized and
only estimated, and the sample consisted of densely packed powder.
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Figure 7. Raman spectrum from Fe;Os at 1000 °C using 360 nm cw light, integrated over 240 s. The raw spectrum has

been smoothed using a 21-point, 2™ order Savitzky-Golay filter. The two indicated hematite Raman bands are
significantly red-shifted from their normal room temperature values (227 cm™* and 293 cm™).

Room-temperature measurements from magnetite under ambient conditions can be difficult, because light absorption is
very high, easily leading to local temperature increases of hundreds of degrees from a focused laser beam with power of
tens of mW,[60] resulting in oxidation to hematite. Our measurements revealed that with a 532 nm laser, 2 mW was
sufficient to initiate the oxidation process under ambient conditions, evidenced by formation of maghemite (y-Fe203),
followed by hematite. When magnetite was evaluated using the other cw wavelengths, only hematite signatures were
observed, even at very low powers. In the ultraviolet, further work is needed to test this material within a controlled (inert
or reducing) atmosphere.

Raman measurements from high-temperature mixtures of hematite and magnetite

In the above sections, we discussed efforts to optimize Raman signatures from hematite and magnetite in terms of laser
(cw/pulsed), light intensity, and wavelength. In this section, we shift our focus to present Raman spectra from high-
temperature hematite/magnetite mixtures using currently optimized parameters: cw 532 nm at low light intensity (<10°
W/cm?). To first provide benchmark data from unmixed, room-temperature powders, we collected Raman spectra from
magnetite in an argon environment (Figure 8, black trace) and from hematite in air (Figure 8, red trace). The observed
bands are consistent with published values (Table 2), but a few points are noted here: First, in the hematite spectrum, some



laser-induced heating is evident from bands that are red-shifted relative to published values, even when using low-intensity
light. Second, a weak hematite band near 659 cm™ can be easily mistaken for magnetite, but the literature provides a
convincing argument that this band indeed belongs to hematite, rather than from contamination by magnetite, and is instead
a forbidden Raman mode activated by disorder .[61] Third, an intense feature from hematite at 1320 cm (not shown) is
readily apparent at room temperature, and is likely a second-order overtone of the 660 cm™ band [62]. However, this band
disappears above a few hundred degrees Celsius. Finally, an expected, weaker magnetite band at 310 cm™ is at best very
faint in the spectrum, while an even weaker feature at 193 cm is not always reported and not evident here.
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Figure 8. Raman spectra measured from Fe,Oj3 (red) and FesO4 (black) powders using cw 532 nm at 2 x 105 W/cm? and 6
x 10* W/cm?, respectively, over 60 s. Data have been background corrected, smoothed, and vertically offset for clarity.

Species Band center, cm™ (symmetry assignment)
Hematite[61, 226.5 (A1), 245.5 (Ey), 293.5 (Eg), 300 (Eg), 413 (Eg), 498.5 (A1g), 612.5 (Eg), 659 (Eu), 1320
62] (2EY)
Magnetite[63] 193 (T2g), 306 (Eg), 538 (T2g), 668 (Aig)

Table 2. Band assignments for hematite and magnetite.

In preparation for high-temperature measurements, we combined an equimolar ratio of Fe,O3 powder (<212 um) with
Fes04 powder (3 um - 70 um) using a vortex mixer. We placed the powder mixture into the chamber, and then heated it
in steps to 600 °C at ~15 °C/min, followed by incremental cooling back to room temperature. Prior to and during the
heating/cooling cycle, a high-purity argon source continuously flushed the chamber at 0.8 L/min to minimize oxidation of
the sample. The CCD camera collected Raman spectra at each step after the temperature had stabilized, and the spectra
are shown in Figures 9 and 10. These figures allow several observations: First, Raman phonon modes expectedly softened
and red-shifted with increasing temperature, leading to broader, lower-amplitude bands that can eventually become
convoluted with neighboring bands, as well as become difficult to isolate from thermal backgrounds. This is especially
true for the magnetite 538 cm™ and 668 cm™* bands, and the hematite 612 cm™ band. These observations were reversible
during the cooldown. Second, these spectra indicate that oxidation of the sample occurred during the experiment, evident
through a comparison of the relative strength of the hematite and magnetite bands before and after the experiment.
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Figure 9. Raman spectra measured from an equimolar Fe2Os/Fe3O4 mixture while heating. Spectra were collected using
the cw 532 nm at 3 x 10* W/cm?, with 240 s acquisition. Data have been background corrected, smoothed, and vertically
offset for clarity.
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Figure 10. Raman spectra measured from an equimolar Fe,Os/FesO. mixture while cooling. Spectra were collected using
the cw 532 nm at 3 x 10* W/cm?, with 240 s acquisition. Data have been background corrected, smoothed, and vertically
offset for clarity.

These results highlight some challenges moving forward. First, the magnetite S/N must be increased to ensure detection
at temperatures within the CLC operating range (800 °C — 1000 °C). Presently, as these results indicate, the highest



temperature achieved is 600 °C. In a separate experiment that investigated pure FesO. powder, the thermal background
did not begin to appreciably increase until the temperature crossed 600 °C (Figure 11), corresponding to when magnetite
signal was also lost in that experiment. As seen in Figure 9, magnetite S/N decreases with temperature even below 600
°C, and with the addition of thermal radiation declines even further. As mentioned earlier, the best path forward to
overcome this challenge will likely include fully optimized, cw excitation in the near-ultraviolet.
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Figure 11. Raw Raman spectra measured from FesO4 powder at various temperatures. Spectra were collected using cw
532 nm at 6 x 10* W/cm?, with 60 s acquisition.

A second major challenge involves the need to develop a large set of calibration spectra, for which mole fraction and
temperature must be well-known, with mole fractions of Fe,Oz and FesO. ranging from 0% to 100% and temperatures
ranging from 700 °C to 1000 °C. Identifying local temperature is not a trivial process, but can be accomplished by assessing
Stokes/anti-Stokes intensity ratios [64] or by evaluating band-center shifts against a calibration.[56, 60] Accurately
understanding the mole fraction within the laser’s probe volume is a larger challenge. The probe volume must be large
enough to represent any heterogeneity of the Fe,Os/FesO, ratio and must represent the mole fraction of the entire sample.
This means also that the probe volume must be significantly larger than the largest particle size in the sample. A relatively
large probe volume may also eliminate any polarization-dependent signal that could come about when focusing onto a
single surface of one grain. A large laser spot size (1 mm — 2 mm) coupled with light collection using a telescope may be
one solution to solve this challenge. Another related issue evident from Figures 9 and 10 is the need to “freeze” the
oxidation state, or alternatively confirm the local oxidation state in situ using an independent method, for calibration
purposes. Possibly an integrated, in situ, thermogravimetric approach would be feasible but challenging, and is presently
beyond the scope of this work. “Freezing” the oxidation state is the more likely approach, but the work presented here
indicates that even with high-purity argon (99.9999%), some oxidation of the magnetite sample to hematite occurred when
heated to 600 °C. This result is not surprising, given that at 600 °C magnetite is not stable at pO; levels above 10 Pa.[65]
Precise control and monitoring of the gas atmosphere, maintained near hematite/magnetite thermodynamic phase
boundaries will be critical in a system that likely will include a reducing agent such as hydrogen or methane [66, 67]

Quantifying oxidation states from Raman spectra

Once we have finalized the high-temperature measurement parameters and attained a valid set of calibration data, we will
pre-process the spectra and use them to build a multivariate statistical model that relates spectroscopic signatures to mole
fraction and temperature. Preprocessing consists of removing cosmic rays, removing thermal backgrounds (both ambient
and from laser heating) that can be fitted using a polynomial or measured thermal background, removing all optical artifacts
(which are measured and subtracted), and smoothing (typically a 2" order Savitzky-Golay filter with a 21-point window).
We performed these steps in Figures 9 and 10. To fit Raman peaks, Voigt or Gaussian functions typically perform well,
and yield three sets of Raman parameters that will be used in the model development: peak position (cmt), full-width-
half-maximum (cm1), and proportional peak areas. Using an inverse calibration approach outlined by Li et al.[33], a subset
of the Raman parameters (R;) will be related to temperature (T) and mole fraction (x) according to:



X=o0o +aiR1 + oR2 + ... + anRn
T=po+ fiR1+ foRo+ . + PRk

In practice, we may implement a slightly modified approach in which a calibration for temperature is first built from data
collected from pure materials using the smallest, best-fitting relationship shown above, determined via least-squares
analysis. Multiple linear regression (MLR), a common chemometric technique, may be useful for this purpose.
Temperature is computed first, because proportional peak areas (and certainly absolute peak areas) will be likely dependent
on both T and X, while band centers and likely full width half maximum will depend only on temperature. Several
exploratory chemometric techniques, including principle component analysis, should be able to confirm these assertions.

Next, we will relate calibration measurements performed at various temperatures (taken in increments, e.g., every 5 °C —
10 °C) to mole fraction (ranging from 0% - 100%) using the smallest, best-fitting relationship described above. Once
again, MLR may be a useful technique for this purpose. As a side point, if instead the proportional peak areas are
determined to be independent of temperature, and depend only on mole fraction, data collection and analysis for the
calibration model will be greatly simplified, and calibration data from mixtures will only be collected at room temperature,
when oxidation states are relatively stable.

As a final note, the procedure described above requires careful curve fitting of pre-processed spectra, which we will first
accomplish by hand. However, with automated data processing in view, care must be taken that an algorithm is properly
developed that correctly identifies peaks, especially in noisy spectra. This algorithm would likely involve a process that
sufficiently smooths the data and looks for a peak maximum within a defined spectral window. (For example, the
hematite’s low frequency Aq band center varies from about 216 cm™ to 210 cm™® between 700 °C and 1000 °C). The band
can be fit, the fit quality evaluated, and then reiterated until a fit improvement is no longer achieved.

4. CONCLUSIONS

In this work, an early evaluation of non-contact, stand-off Raman spectroscopy is performed to determine the relative
concentrations of oxidized and reduced forms of OCPs at high temperatures. Operating parameters such as laser type
(cwi/pulsed), wavelength and intensity are evaluated with respect to the Raman spectra collected from calcium sulfate,
hematite, and magnetite at high temperatures. Calcium sulfate provides clear Raman signatures using a pulsed/time gated
approach, to temperatures >1000 °C. In contrast, iron oxides are much more difficult to study because of their relatively
strong light absorbance and low damage thresholds, requiring low-intensity excitation. Raman spectra from hematite/
magnetite mixtures up to 600 °C are presented, using cw 532 nm excitation. However, results from this work point toward
a cw, ultraviolet laser as the most reliable approach to reach higher temperatures, to avoid strong thermal backgrounds.
Once experimental parameters are fully optimized, calibration data will need to be collected for which temperature and
mole fraction are well-known. The challenges/solutions in meeting these requirements are discussed. Finally, an approach
to creating a model that relates Raman spectral parameters with temperature and mole fraction is briefly described, using
multivariate statistical analysis and chemometric techniques.
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