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1.0 Introduction

The intent of this project is to build a fundamental knowledge base concerning the redox coupling
between Ru and Fe in heterogeneous systems with predictive applications towards the fate,
speciation, and transport of Ru in the environment and its capture using available technologies.
The former addresses the utility of Ru as a forensic tool to trace, for example, the origin and
severity of nuclear accidents as well as assessing the threat of radiotoxic Ru to the public health.
The focus on Fe stems from its ubiquity in the near-surface of the Earth, the primary control it
exerts over electron cycling in environmental systems, and its prevalence in engineered materials
whether part of the infrastructure of a nuclear power/reprocessing plant, the primary component
of steel canisters used for storage of nuclear waste, or the sorbent material used to effectively
capture Ru. The objectives neatly bookend very different forms of Ru and Fe that can occur in
the environment and reprocessing facilities, and contrasts the coupled reduction of Fe(lll) and
oxidation of Ru(lll, I1) versus the coupled oxidation of Fe(ll) and reduction of Ru(IV-VIII).

Objective 1. Determine at a fundamental predictive level why Ru®" 2" adsorbs irreversibly under
environmentally relevant conditions to Fe oxides.! We will focus on ferrihydrite (fh), nominally
Fe(OH)s, a common precursor to more stable Fe(oxy)(hydr)oxides and hematite, Fe-Os. We note
that the effective ionic radii of Ru(lll) and Ru(lV) are close to Fe(ll) and Fe(lll) respectively.
Importantly, it is often the case that the surface of steel/iron bearing structures have a variably
thick corrosion layer. Consequently, this task also has relevance to the interaction of Ru ions with
infrastructure materials (see review by Mun et al.3).

Objective 2. Determine the coordination environment of Ru associated with hematite that formed
by annealing Ru-fh synthesized in Objective 1 at elevated temperatures. This is relevant to
ascertaining the stability of Ru-Fe oxides associations during pyrogenic events as well as better
understanding why doping hematite with Ru enhances the photocatalytic properties of hematite.

Objective 3. Determine the redox reactivity of Fe**(aq) and RuNOCI; in the homogeneous
aqueous phase.

Objective 4. In contrast, starting with Fe in the aqueous phase and Ru in the solid phase
(RuO2:nH20), determine the ability of Fe?*(aq) to reduce RuO.-nH,O(s) to lower valent more
soluble species as function of pH and Fe?* activity. Our working hypothesis is that release of Ru
to the environment, in the absence of strongly complexing ligands, will depend on exceeding the
coupled proton-electron storage capacity of RuO2 which is a well-known supercapacitor.
However, complications (of interest) might arise due to the formation an inert Fe(lll) or mixed
Ru(IV,l11)-Fe(ll1,1) oxide surface coating.

Objective 5. Determine the mechanism by which different Fe(ll, 1) oxides (possibly Fe metal) trap
various forms of Ru which are transported in the vapor/aerosol phase, e.g., as RuO4 or RuOs3
depending on different redox potential conditions in the gas streams. According to Maas and
Long*: whereas iron oxides are very efficient at fixing different forms of Ru, the mechanism is not
known and could range from the simple self-reduction reaction RuOs >RuO- + O, where Fe is
just a bystander, to active redox coupling between Ru and Fe(ll, metal) and the formation of a
mixed Ru-Fe phase.

Background and Significance. Ru is major fission product that is a mix of highly radiotoxic
isotopes (primarily 'Ru and '®®Ru with a half lives of 39 and 372 days, respectively) and stable
isotopes.® Ruthenium, as '®Ru, has been identified as one of the semi-volatile nuclides requiring
the greatest degree of abatement prior to discharging the plant reprocessing off-gas to the



PNNL-32111

environment. Ruthenium can also be released during catastrophic nuclear accidents. Similar to
iodine, ruthenium has a rich and complex chemistry that spans 10 accessible redox states from -
2 to +8, with physical/chemical states that manifest low solubility in water and strong acids, high
solubility in water, lower valent cationic species that display sharp adsorption isotherms, higher
valent mobile anionic species, and the potential for efficient gas phase transport. This complexity,
particularly its redox flexibility, has secured a central role for Ru in catalysis and energy storage
devices. Of particular interest in the present context is the vast literature on the heterogenous
catalytic and energy storage properties of ruthenium dioxide.® Ru chemistry is expected to be
highly dynamic and strongly dependent on experimental/environmental conditions. Anthropogenic
Ru enters the environment primarily in four forms:

1.) Ru metal: near field UO; fragments (e.g., Chernobyl’). Release during H, induced reac-
tor explosion (e.g., Fukushima-Daiichi nuclear accident®).

2.) RuO2-nH:0: near field UO..x fragments (U needs to be oxidized to UsO; before Ru metal
oxidizes), far field condensed from RuO.(g) (release from oxidizing nuclear accident) .

3.) RuCl3-nH20

4.) Different forms of ruthenium nitrosyl or RUNO(NOs, OH, Cl)3 (purposeful/incidental
release from reprocessing nuclear fuel; e.g., Sellafield"*1%12;)

5.) RuO4(g): release into atmosphere due to oxidizing nuclear facility explosion,® release
from reprocessing nuclear fuel®. Very reactive, might undergo photocatalytic reduction to
RuO: + O,,"? or simple sorption on surfaces could catalyzes auto reduction®* to RuO; +
O2. The half -life of RuO4 at 90 °C is about 5 hours depending on other the presence of
other volatiles.

Objectives 1-3 were focused on three contrasting forms of Ru: RuO2-nH20 which is only sparingly
soluble in water, ruthenium nitrosyl which is very soluble, and the volatile tetra-oxide RuOs.
Although intermolecular and valence conversion of Ru species in the catalytic and energy storage
fields has a vast literature base (see above), the interaction of Ru with naturally occurring
materials and in particular the potential for valence state transformations of Ru coupled to redox
active elements in environmental and engineered systems has not been studied in any systematic
or fundamental way. For example, in order explain the strong and recalcitrant association of Ru
with iron minerals in certain natural sediments, Jones et al.! co-precipitated Ru (as nitrosyl) with
ferric iron which yielded irreversible sorption. However, they did not perform any solid-state
characterization or valence determination of the Ru/Fe end-product. It remains an open question
whether Ru nitrosyl oxidized to sparingly soluble RuO; or possibly became incorporated into the
structure of the Fe oxide precipitate as either Ru(lll) or Ru(lV). RuCls(aq) exhibits sharp
adsorption isotherms from pH 3-5.7 for hematite, ferrihydrite, and magnetite where adsorption on
hematite sharply decreases with increasing pH > 8 but is constant for magnetite and ferrihydrite. "
The author’s raise the possibility that Ru is incorporated into ferrihydrite whereas they suggest
that magnetite suppresses the formation of more labile higher valent anionic species. However,
there was insufficient characterization of the solid too arrive at any firm conclusions. That Ru can
be incorporated in ferric oxides (a -Fe>O3) has been demonstrated in the photocatalytic literature
albeit not under environmentally relevant conditions.’'® But even here, the valence state and
local coordination environment of Ru has not been determined. An excellent study by Luxton et
al.’® demonstrated that organic reductants can reduce RuO2.H,O but that Ru(lll) is largely trapped
in the solid phase indicating that the oxide can indeed act as a supercapacitor under simulated
environmental conditions.
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Experimental and Materials. All work will be performed with stable isotopes of Ru to avoid
unnecessary hazards. Objectives 1 and 3 were carried out in EMSL 1410 using standard stirred
batch reactors (Teflon bottles), reagent grade Fe(lll, Il) and Ru(lll, Il) salts and text book methods
for synthesizing Fe (oxy)(hydr)oxides (e.g., Schwertmann and Comnell?®). Reagent grade
RuO2-nH20 was purchased in colloidal form. Ru nitrosyl was used because it under-goes slower
hydrolysis reactions than Ru chlorides. Duplicate experiments were kept under either an inert gas
(glove box) or open to air. Reaction progress was tracked by systematic sampling of the
suspension followed by centrifuge filtration to separate liquid and solid for characterization. The
pH was monitored and titrated with a base or acid as necessary. Objective 4 was performed in
the Glass Laboratory in APEL (lead Josef Matyas). Fe functionalized aerogels were synthesized
by passing ferric nitrate solutions through thiol-functionalized aerogels. The samples were then
heated at different temperatures under Hx/Ar gas mixtures. Due to time and funding constraints
we have not yet reached the stage of reacting the aerogels with gaseous Ru and will only report
on characterization of the Fe-aerogels.

Characterization. Solid state analysis by XPS (chemical state, including valence of Ru and Fe,
at the near-surface of solids); EXAFS/XANES (local structure around Ru and Fe, oxidation states
in the bulk solid; pair distribution functions (pdf) from total scattering for both short and long range
order (Ru is a good target despite possible relatively low solubility in Fe phases because has
much greater scattering cross section than Fe or O); atomic resolution TEM with EDS and EELS
capabilities (atomic to nanoscale distribution of Ru); SEM/EDS analysis for sub micron
characterization; Solution analysis by ICP-OES and/or ICP-MS, Raman, UV-vis.

Simulation and modeling: Ab initio molecular dynamic (AIMD) modeling and FEFF calculations
were used in combination to simulate EXAFS and PDF spectra that can serve as standards to fit
experimental spectra. Such an approach will draw out important details of the local environment
of the impurity component that cannot be obtained by shell-by-shell fitting of the EXAFS or
guessing structures for the PDF .12

Objective 1. In order to coprecipitate Fe and Ru, a starting solution of FeNO3 and
RuNOCI3 was prepared at pH = 1 and Ru/(Ru + Fe) = 0.02 atom %. NaOH freshly mixed
from powder stored in glove box was mixed with de-ionized water to make a stock solution
at 10 M concentration which was used to titrate the Ru + Fe solution up to pH 10.5. The
precipitate was characterized by

26h high-energy  X-ray  diffraction
(heXRD) demonstrating that co-

3 , 3 precipitation of Ru with Fe (Ru/Fe
g Figure 1. heXRD of Ru/Fe coprecipitate. See text. 1 2%) yielded 2-line ferrihydrite
TV - (Fig. 1, left panel), with only very
K\ // broad features at the 2.6 and 1.5 A

el T O FOOTTY N peaks. The same data, but

1 3 5 7q(A71)9 11 13 15 04 09 14 19 24 dZ(.Z) 34 39 44 49 54 ShOWIng the d-SpaC|ng rather than

g, is shown in the right panel of
Figure 1. The peaks commonly associated with 3- and 6-line ferrihydrite, primarily
between 2.6 and 1.5 A, only show up as broad shoulders to the two main peaks.

Vi
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, _ _ _ . XANES (Fig. 2, top panel) clearly demonstrates
==RuNOCl; ) that Ru associated with ferrihydrite (fh) is in the +4-

R0, oxidation state. Because Ru was initially divalent
A (ie. Ru*NO'Cl), Ru oxidized during

normalized xp(E)
=

Reduced upon coprecipitation. Further, the results were the
amealing | S@me whether the experiment was performed
under anoxic or oxic conditions, strongly
suggesting that Fe(lll) oxidized Ru in Ru nitrosyl.
, Unfortunately, the amount of Fe(ll) produced was
""""""""" energy 7 too low to detect. The Fourier transform data (Fig.
' 2, lower panel) shows a strong second shell peak

~ 2.9 A, after phase correction, which is likely a
Ru-Fe atomic distance, which might imply
/ incorporation of Ru(lV) into the structure of fh.
Figure 2. XAS of Ru/Fe coprecipitate However, given the uncertainty and controversy
(Rufh) and Rufh annealed at 300 surrounding the fh structure, it is difficult to arrive

(Rufh300) and 500 0C (Rufh500). The . .
annealed samples are hematite. XANES: atan unamblguous conclusion.

Top panel and FT magnitudes: Bottom
panel. : : : — 1 A second set of experiments were initiated

RO whereby Ru nitrosyl was interacted with preformed
hematite. Although adsorption occurred, interpretation of the Ru oxidation state by XPS
is uncertain because of interference of a main Ru energy level with the C 1s line that
hindered calibrating the energy scale. Here we need more standards to deconvolute the
signals and/or gain more time at the APS to perform XANES.

Rufh-500°C

ul

Objective 2. Rufh (Ru-ferrinydrate formed by coprecipitation) was annealed at 300 and
500 °C in air for 14 hours to simulate conditions commonly used for doping hematite with
Ru for improved photocatalytic performance. We also note that fire events in Nature can
often reach 500-600 °C at the near surface of a soil profile. We shall only discuss the 500
°C results as the 300 °C results have proven difficult to understand. Comparison of the
PDF profiles (Fig. 3) of undoped hematite

(FH500) and doped hematite (RuFH500) —RUFH2 500°C
shows the structures of the two materials are —FH2500 °C
nearly identical, with the exception that all

peaks corresponding to iron atom pairs are

more intense for RuFH500 (i.e., Ru is a = A l l

stronger scatterer than Fe or O). This indicates F.gure 3. PDF promes from X-ray scattering of
that Ru likely substitutes for Fe in the hematite  [Ru doped hematite (red trace) and undoped
structure. This is consistent with the FT mag- greé;ztr';z (bluo trace). Both :;?Opr']ess were
nitudes in Fig 2 (bottom panel) that show . .

strong amplitudes where one would expect ||
Ru-Fe distances corresponding to face-, edge- 0 5 10 15 20 25 30
and corner-sharing octahedra of hematite. As rid)

determined by the Rietveld fit (not shown), the

lattice parameters are almost identical between FH500 and RuFH500 and the peaks line
up in the PDF well beyond the short-range order. The differential PDF (Fig. 4, second

Vii



PNNL-32111

spectrum from the top) is the difference G(r)rurnsoo — G(r)rrsoo and represents the Ru-
induced difference in structure between the two samples. For example, any peaks in the
differential PDF correspond to atom pairs where Ru has substituted for Fe. Absent peaks
15 . r . . : : : or negative peaks, on the other hand, in-
A .’ N ‘ R“F“’-ﬁ‘}”t"c'ﬁfﬁ:i dicate unchanged or diminished scatter-

\ _ . ing densities due to vacancies. Compari-
In 1 son of D(r) to the calculated partial PDFs
of hematite Fe — Fe, O - O, and Fe - O
atom pairs reveals that the Fe
— Fe distances between

=1

o
J

R

A hifted

i v | / edge-sharing octahedra (3.35

%85H_500I11PDF I4 Ia Ia 1[0 1J 4 A) are m.OSt affec_ted by .Ru In-

Wavenumber—&") corporation. This indicates

'8 -_\,N,\M/m /o ¢ Ru incorporation is likely cou-
i / (&) g . . .

Hepatie Fe — P9 & [\\foeh § pled with an iron vacancy in

14 \

D(r) (A?)Jx(R)| (AKF X(K) (A?)

X o | ~—" ] an edge-sharing site. Ru K-

a— matite O — O |I . |

0 / ! ] edge XANES measurements

= E show Ru is likely in the 3+ ox-

3 /o

& |fopaue Fe N ‘ 1> idation state (Fig. 3, top
a2 g /\%@ IR ““ panel), which means the iron

02

Figure 4. D|fference bgween PDFs of ur-lzj:)ped and Ru doped hematite vacancy needs to be com-
given by grey trace compared to PDFs of undoped hematite. See textfor | Pensated by three protons or
details a proton and an oxygen va-
cancy. The iron vacancy likely occurs to accommodate the larger Ru cation — note the
longer Ru — O distance in the D(r) compared to the hematite standard. This information
is key for narrowing the search of configuration space for ab initio molecular dynamics

(AIMD) informed EXAFS, which will be discussed next.

Armed with the knowledge that Ru is likely associated with a protonated Fe vacancy(s)
at edge sharing sites we performed AIMD simulations on Ru configurations that contained
such defects. Note that whereas there are 3 identical edge sites per Ru (Fe), there are
20 ways to rearrange the protons. Of
Bl these 20 we chose 4 with the lowest OK

energies and one configuration with no

vacancy. The resulting simulated EX-

AFS are shown in Figure 5 and used in
1&’%

linear combination fits to the experi-
mental data. It is apparent that the posi-

('n"e) Aysuayu

mw AAY. ] tion of the protons does influence the

Figure 5. AIMD simulated EXAFS for different edge sharing
protonated Fe sites and the no vacancy configuration. See
text

EXAFS spectra, indicating that this is in-
deed an important parameter to con-

T ; ; , L — strain (Figure 5). The best fit to the data
Wavenumber (A) yields 45% weight to the no vacancy

configuration and 55 % weight to a combination of two distinct protonated Fe vacancy
configurations (Fig. 6). This is a remarkably good fit for such a narrow search of config-
uration space and confirms the likely presence of local protonated Fe vacancies at edge-

viii
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sharing sites. The near perfect match to the first shell Ru-O peak at around 1.6 A, un-
phased corrected, (Fig. 6, bottom panel) indicates that coupled O-Fe vacancies are un-
likely. The underestimate of peak amplitudes for Ru-Fe distances between ~2.4 and ~3
A (un-phase corrected) possibly indicates we are missing a configuration(s) as the con-
figurations used likely overestimated the thermal disorder for Ru-Fe atomic pairs. We
note that there is no guarantee that lower energy configurations will dominate. The excess
amplitude at ~5 A is likely due to correlated motions imposed by the periodic boundary
condition. This could be overcome by using a larger unit cell, but the costs rapidly become
prohibitive.

Objective 3. Experiments with FeCls(ag) and RuNOCI3(aq), the homogeneous system,
at Ru?*/Fe®* = 100 mM/180 mM and pH = 3, showed redox activity; UV-vis, using the
ferrozine method, indicated ~3 % and ~5 % of total Fe®** was reduced to Fe?* after 1 hour
and 1 week of reaction, respectively. However, FTIR indicated that Fe?*NOCI; was
formed. Indeed Fe?* can 1-bond with NO. Consequently, the degree of Fe®" reduction
might have been underestimated by the UV-vis method.

Objective 4. In contrast to prior objectives, here Ru is initially in the solid state as RuO>
and Fe is in solution as Fe?*. Conditions were pH = 3, Fe?*(aq) = 179 uM, and 75 uM
RuO.. A range of potential reactions are illustrated in Figure 7. The expectation was for
Fe?* to reduce Ru** to Ru®*?* and for the resulting Fe®* to plate out on the surface of
RuO.. Initial results were somewhat surprising in that XPS analyses showed that both
Figure 6. Best fit to Rufh500 XAS. See text for details. | _Fe(lll) and Fe(ll) at th_e surface with Fe(ll)

in excess of Fe(lll) (Fig. 8). As the exper-
iments were performed at pH 3 and the solids rinsed in pH 3 deionized water after the

experiments we did not expect Figure 7. Schematic showing Figure 8. XPS of RuO; reacted with
to see Fe(ll) at the near sur- |possible reactions between Fe?*(aq) fit with Fe(lll), smooth red line,
face of RuO.. It is possible that Fe?*(aq) and RuOax(s) and Fe(ll), green line, standards..

Fe(ll) was incorporated into
the solid phase, but other tests will be required to vet this possibility. We note that the
very low concentration of Fe at the surface of RuO: precludes detecting any reduced Ru
with XPS. Solutions are awaiting analyses.

Fe 2p/4

L

RUSONNIH
Ru®* + H*
o

>
[
Fe2{ €

3 750 745 740 735 730 725 720 715 710 705
u Binding Energy (eV)
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Objective 5. Fe functionalized Si aerogels were synthesized as described in the
Experimental section and illustrated in Figure 9. SEM/EDS (not shown) showed that Fe
was distributed homogeneously at the submicron scale with no detected precipitates.
XPS analysis gave Fe/Si atom ratios = ~1%. XPS analysis of the Fe2p line for the sample
as is indicated about Fe(ll)/Fe(lll) = 62%. The sample treated with 2.5% H2/Ar at 225 °C
showed a slight increase in Fe(ll) where Fe(ll)/Fe(lll) =70% but no detectable Fe metal
(Figure 10). We posit that thiol partially reduced

¥ ¢ Fe3* during the initial impregnation step as XPS

e—&—e—e—e9  ndicates there is excess sulfate present (not

2= shown). The high binding energy for the Fe(ll)

component (~711 eV) strongly suggests that Fe(ll)
is bound to Si-O terminations. Higher T sample

prep and Ru(gas) capture tests are pending.

S S SH 4 SH Fe 2p/8
{ ( éwé B
i Si i f

Fe*-functionalized Fe’-functionalized
aerogel aerogel

Figure 9. Schematic showing steps for
functionalizing the Si-aerogels with Fe

RuNOCI; and Fe3* are redox active I e |

over a broad range of pH. Initial T g Eneray v T
assessment of effect of redox

coupling between Ru and Fe indicates that Fe(lll) in ferrinydrite can oxidize Ru?* in
RuNOCI; to Ru(1V) during coprecipitation at ambient conditions and alkaline pH. Further,
evidence suggests that Ru(IV) is incorporated in the structure of fh. Likewise, Fe®**(aq)
also reduces Ru?* in RuNOCIs in the homogenous system at acidic pH although the
kinetics of reaction appear to be slow. Rufh annealed to 500 °C transforms to Ru(lll)
doped hematite. AIMD informed EXAFS indicates that Ru substitutes for Fe(lll) in regular
octahedral sites of hematite but requires three distinct configurations involving edge-
sharing protonated Fe vacancies and straight substitution with no local defects. Fe?*(aq)
appears to oxidize at the surface of RuO2, but the amount is too low to reasonably expect
detectable reduced Ru. Future experiments at higher pH are warranted to make Fe?*(aq)
less stable (i.e., make more redox active). We also demonstrated that we can
functionalize Si aerogels with Fe(ll) and Fe(lll) but likely need to go to higher T to make
Fe® nanoparticles.
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3.0Construction and modeling

The chamber and port connections were custom-made of 304L alloy steel by Kurt J.
Leskar, Inc. The chamber design and associated instrumentation is shown in Flgure 1.

LR

P/T/RH
sensors

Exhaust

The chamber is pictured in Figure 3A and the inner volume in Figure 3C. The inner
surface was lapped to a roughness (Ra) of about 0.6 microns. Twenty-six Conflat (CF) flanged
ports were welded to the circular faces and along the top of the chamber, with a drainage port
installed in the bottom. CF ports were chosen for their superior sealing properties and their
ability to withstand exposure to the corrosive gases that are likely to be produced from iodine
photooxidation. Non-metal surfaces are minimized and largely limited to valve seals. The
circular face ports were installed off-axis to promote gas mixing; the only on-axis port was used
to illuminate the chamber air volume. All ports were sealed or plumbed to equipment to provide
a leak-tight environment for the introduction of radioactive gases and suspensions.

The chamber was instrumented with two temperature/humidity sensors (Rototronics
model HC2-IE302) at opposite ends of the chamber, redundant pressure monitoring (MKS
model 722B Baratron and model 910 DualTrans), and gas lines for supply, sampling, and
exhaust. All gas lines are valved as close to the interior chamber as possible to provide minimal
excess surface area and dead space in the vessel. The chamber can reach a vacuum of 5x10*
Torr by sole use of a scroll pump (Edwards model nXDS15i). Hydroformed Hydra~Cool? cooling
channels piped to a Lauda Variocool VC 3000 chiller with Dynalene HC-30 heat transfer fluid,
provide temperature control for the chamber and is able to maintain a wall temperature between
-5 °C and 80 °C under the thermal load of the light source and temperatures from -15 °C to 80
°C without the light source. This cooling system is necessary as utilizing the light source without
any active cooling leads to wall temperatures exceeding 50 °C on the end faces of the chamber.
The illumination source used was a 2.5 kW xenon XBO lamp (XE2500, SKU: 650-0102)
(Osram, 2016) in a custom housing made by Science Tech, Inc. The lamp was attached to the
chamber by use of a “light pipe” (10 cm dia., 23 cm long), 6 in. CF flanges, and a fused silica
window (Kurt J. Leskar Inc. VPZL-600Q) placed on the center axis of the chamber body. The
internal optics of the reflector in the lamp housing were constructed such that the light was
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focused to the center of the light pipe and at such an angle as to miss the flanges with direct
irradiance (a half angle of 23.3°).

The chamber allows a wide variety of gases to be introduced and mixed. The gas flow
path diagram is shown in Figure 2. The primary gas is air purified by a column that removes
hydrocarbons, NO«, moisture and a limited amount of CO,. Other non-reactive gases can be
introduced using mass flow controllers. Ozone can be generated from the purified air using
ultra-violet radiation generated by the lamp. The humidity in the chamber can controlled by an
external heated, connected canister. Reactive gases (iodine, methyl and butyl iodide) can be
introduced into the chamber using a fume hood injection system.

Figure 2: G €L
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To passivate the surface to reduce wall losses and adsorption of reactive compounds as much
as possible, a SilcoNert inert amorphous silica-based coating made by chemical vapor

Figure 3: (A) Photograph of the exterior of the chamber prior to sealing of the access ports. (B)
A 10 kX UV micrograph of the inside edge of a gasket silica coated with the chamber wall. The
cutout shows the silica layer brought out with a 3 pixel Mexican-hat optical filter. (C) A
photograph of the inside of the chamber with a steel wall taken prior to silica coating, the photo
is taken from the middle access port facing side of the chamber opposite the light pipe. (D) A
photograph of the area in the chamber as (C) after silica coating, the photo is taken from the
access port seen on the left of (C).

deposition (CVD) was deposited onto the interior surfaces by SilcoTek Corporation (SilcoNert
2000, seen in Figures 3B & D) and capped with a proprietary organic capping agent. As
workpieces this large are uncommon, the silica coating thickness was unknown until the
chamber was opened and inspected at Pacific Northwest National Laboratory, Figure 3B. The
modeling effort spanned the anticipated thickness range to provide a model to account for
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thickness variations in corners as well as variability in the final film that may form if the process
was reproduced.

3.10ptical Modeling

The optical modeling had the following goals.

¢ Seek to understand the effective optical constants and reflectance of the wall materials.

e Provide a detailed three-dimensional rendering of the inner chamber for illumination
calculations.

e Combine a light source, the obtained reflectance, and the inner chamber to determine the
amount of optical energy from the direct illumination and the integral illumination from
reflected light by the chamber walls.

The initial optical constant modeling determined the effective optical constants (n and k)
using CompleteEASE version 3.65 with the standard optical packages. For the models, the steel
chamber wall was assumed to be an infinite absorber, with surface oxide and pure silica layers
added onto it. The roughness of the wall was experimentally determined by comparison to a
commercial surface finish standard for lapped and polished metals (Destiny Tools, Inc., 2021).
The effective optical constants were simulated for wavelengths from 200 to 1800 nm and from
angles of 1 to 89 degrees.

The resultant optical constant data were averaged over three distinct wavelength
regions: ultraviolet (UV) at 200-400 nm, visible (Vis) at 400-700 nm, and near infrared (NIR) at
700-1800 nm. This averaging helped to gain an understanding of the overall influence of the
chamber walls on the chamber illumination. The averaged optical constants were converted to
reflectivity by the method in Kasap and Capper, 2017. The effective reflectivity for each modeled
case was then employed for optical illumination modeling.

3.2Inner Volume Rendering

AutoCAD version 2017.1.2 (N.402.0.0) was used to create a three-dimensional rendering of the
inner chamber volume. The chamber was made to scale, with a 91.5 cm (3 ft) inner diameter
and 182.9 cm (6 ft) length, with accurate port placement and sizing (for experimental
measurement predictions from the ports). A reflector panel was placed at the end of the light
pipe in lieu of a lamp body. The chamber was then rendered to a resolution factor of 10
(MINRES = 10) and exported to AGI-32 for illumination modeling.

3.3lllumination Modeling

The results of the previous two modeling efforts were loaded into AGI-32 version 18.3.2,
for illumination analysis. The first step in the modeling was to import the three-dimensional
rendering of the chamber. The rendering was then sliced down the center axis for internal
investigation and if needed, a perfect mirror was used to cover the central axis of symmetry.
Each individual wall face from the ports/caps, to the steel chamber wall, and the light pipe were
given the applicable reflectance for the simulation based on the results of the optical constant
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modeling. The rendering’s mesh level was set to 3.2, ~8.8e6 mesh elements. With the three-
dimensional rendering loaded with the correct reflectance, a light source was added to the
model.

The illumination source was modeled with a point source placed at the center of the light
pipe along the center axis and given the same emission angles as the optics of the XBO lamp in
its housing. Measurements of the lamp intensity (taken with Newport 818-UV sensor) were used
to inform the illumination source, along with standardization of intensity to conform to Michael
(2019). With the light source and chamber characterized and meshed, simulations were run
under varying the reflectivity characteristics of the chamber wall’s coating.

3.4Characterization Tools and Parameters

A power radiometer was used to measure the intensity of the light and verify the model
results. The measurements were done with a Newport 818-UV and associated single channel
data collection, and recorded with PMManager version 3.31. Optical power intensities were
calculated from the detector by means of vendor supplied calibration curves. The mean and
standard deviation were collected at each measurement point. The power intensities from the
radiometer were also accompanied by spectral measurements.

The light spectra within the chamber were recorded with an Ocean Optics Flame model
UV-Visible grating spectrometer. A 10 ft, 1 mm diameter patch cord with SMA ends and a
collimating lens (Ocean Insights 74-VIS, set at 0.5 cm from lens) were used to collect the light.
The data were recorded with OceanView version 2.0.7 with an integration time of 6-100 ms (to
maximize the signal), 10 averaged spectra, and a box car averaging set to 0.

3.5Measurement Conditions

Both the power and spectrum were recorded with the illumination source at 100 percent
power (2.5 kW). The lamp had an electrode post that cast a small shadow in the chamber, which
is not accounted for in the modeling. During the optical measurements, 10 SLPM of clean air was
piped into the chamber to maintain a clean environment and to minimize any external dust coming
into the chamber.
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4.0Results and discission

The maximum optical power measured at the fused silica window of the light pipe was
646 + 6 W. The chamber’s cross-section was 0.65 m?, making the average power density by
cross section 985 + 8 W/m?, which corresponds well to the current solar standards (Hulstrom et
al., 1985; Michael, 2019) of 875-1050 W/m?2. A comparison of the lamp’s power spectrum to
solar spectra at air mass (AM) 0-1.5, (Hulstrom et al., 1985; Michael, 2019), can be seen in
Figure 4A.

The results of the direct illumination of the air mass calculation can be seen in Figure 4B.
The direct illumination is reflected based on the optical properties of the chamber walls
(effective n, <n>shown) in Figure 4C. The combination of the direct illumination and reflected
intensity allows for the calculation of the optical intensity within the chamber.

Figure 4D presents a summary of the reflected light intensity as a function of wall coating
and wavelength range. The results are ordered on the vertical axis by the thickness of the silica
coating from 0 to 325 nm and on the horizontal by wavelength range (UV = 200-400 nm, Vis =
400-700 nm, NIR = 700-1800 nm).

The optical power intensity was measured before and after the SilcoNert coating was
applied to the chamber walls. The optical intensity measured at each port and inside the air
mass appeared to vary by about 5 percent. This was attributed to vibration in the gantry built to
hold the sensor and lines as seen in intensity variations during short time scales depending on
the configuration of the sensor support structure. In Figures 5A and B, select intensities at the
chamber wall and within the chamber volume are reported. The values next to ports were taken
at the mouth of the chamber air mass, the large blocks indicate the wall intensities integrated to
account for all the light reflected into the sensor (i.e. measurements with the sensor orientated
towards the far wall), and the arrowed values report the maximum intensity measured directly in
the air mass itself with the arrow signaling the direction of the sensor face. Figures 5A and B
report the intensity measurements as the percent of the maximum measured intensity and are
for the steel wall and silica-coated wall respectively.

Figure 5C is a comparison of the spectra of the chamber before and after the chamber
was coated with the SilcoNert coating. The light in both figures was introduced from the right of
the image through the light pipe. Both represent the average spectrum taken from the same
measurement locations within the chamber. The results were averaged to represent an overall
spectrum of the chamber.

This work involves the description of the light intensity within the air volume of the
atmospheric radioisotope chamber. Previous work (Pareek et al., 2008; Romero et al., 1997,
Huang et al., 2011; Elloumi et al., 2002) report on exhaustive research on how to best integrate
the models described in Figures 5A and B for gases only, fine particles, and how to treat the
intensity at any ports or fine features of the atmospheric radioisotope chamber.
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Figure 4: (A) The spectrum of the xenon lamp compared to the spectra for air mass (AM) 0-1.5.
(B) Direct intensity guidelines showing optical intensity in the chamber air mass. (C) The
refractive index of the inner surface of the chamber wall from a silica thickness of 0 (steel) to
325 nm. The data are simulated from 0 to 90 degrees by steps of 5 degrees. (D) Example
Optical Intensity modeling results as a function of silica wall coating thickness (rows) and light

wavelength (columns).
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Figure 5: (A) Compiled intensity power measurements

of the light at various points in the chamber before the

walls were coated with silica. All values are relativized

to the maximum intensity measured at the inlet silica
window, of 646£6 W/m2. (B) Compiled intensity
measurements of the light in the chamber after SilcoNert
coating of the inner surfaces. (C) Average chamber light
source spectra for different chamber wall material.
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As the light source is introduced at one end of the chamber with a focal length much shorter
than the length of the chamber, the largest portion of the optical irradiance comes from direct
intensity of the lamp. The second portion comes from the intensity reflected off any surface
directly opposing the direct intensity of the lamp (i.e., the opposing wall of the chamber), and
lastly by integration of intensity perpendicular to the axis of the chamber (i.e. the cylindrical wall
of the chamber). According to Elloumi et al. (2002), integration of these light sources will enable
direct calculation of the irradiance at any finite point within the chamber. As the conditions for
the light intensity will change with experimental conditions (e.g., fine particles scattering the light
versus gas-only chemistry), the exact integration method may change, but the results in Figures
A and C can be used to calculate the wall reflection component of the light intensity.

Figures 4B and D represent the results of such modeling for a case in which the
chamber is filled with clean air to demonstrate the utility of the model. The intensities reported in
Figures 4B and D are the average for each individual mesh element. These intensities are
equivalent to the configuration factors in ), whose summation accounting for angle, distance,
and air absorption factors allows for integration of the light intensity for any given point in the
internal air volume.

Figures 5A and B corroborate the model results presented in Figures 4B and D. The
measured light intensity matches the model within the given error of the measurement for each
wall section as well as each port. For a clean air case, the results of the model concur with the
experimental measurements.

Figure 4C further corroborates the modeling efforts. The calculation of the effective
optical constant (<n>) in Figure 4C shows that for most angles, SilcoNert coating of the
chamber wall enhances the light intensity in the 300 to 400 nm and 500 to 600 nm regions if the
average silica thickness ranges is 200 -250 nm. The slight enhancement of visible light from 630
to 800 nm is indicative of films from 235 to 325 nm. Figure 3B, shows a UV micrograph of the
silica layer in which the thickness varies from 200 to about 350 nm. The experimental
measurements corroborate the optical modeling and correlate to the measured intensity
enhancement upon silica coating the chamber wall.
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5.0Conclusions

Optical modeling provides the data necessary to evaluate the total optical radiation incident
on chamber gases by using models of the optical intensity inside an optical chamber at any
given point. In experiments where optical irradiance is a rate-limiting factor for photocatalytic
reactions, this model will clearly enable a means to improve the interpretation of experimental
results and assist in the translation of experimental data into an atmospheric model. Direct
measurements of optical intensity are well corroborated by optical modeling, providing validation
of the optical model used. Further analysis of chamber characteristics including wall reactivity
(wall losses) and flow modeling is ongoing and will be reported in future work.
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