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ABSTRACT

This work represents a collection of research and reporting with the goal of improving
fundamental understanding of chromium (Cr) vapor reactive condensation, relevant in many high-
temperature (>800°C) process environments where Cr-containing alloys are used. While reactive
evaporation of Cr from stainless steels used in high-temperature solid oxide electrochemical
systems is well-documented, the dynamics of Cr condensation onto surrounding interfaces during
complex and dynamic system operation is less understood. Understanding these interactions
during operation is critical for improving system performance and safeguarding environmental,
health and safety, as some condensed species contain hexavalent chromium (Cr(V1)), a known
carcinogen. A series of studies were designed and conducted to investigate the condensation
pathways of Cr vapors within representative high-temperature system environments, simulating
extreme conditions for Cr evaporation and downstream aluminosilicate fibers used in high-
temperature insulation. The first study focuses on the influence of water vapor concentration in the
gaseous environment on reactive Cr condensation and speciation onto aluminosilicate fibers. The
second study explores the effects of alkaline oxide additives in aluminosilicate fibers on Cr
condensation and speciation. The third study investigates the effects of presence of alkaline oxides
within the Cr vapor source on reactive evaporation and condensation of Cr vapors onto
downstream aluminosilicate fibers. To accomplish the specific objectives of these studies, Cr
vapors, produced by high-temperature (>800°C) air exposures of trivalent chromium (Cr(111))
oxide (Cr203) (chromia) powder with variable moisture content, were condensed onto various
ceramic materials (aluminosilicate fibers) downstream at lower temperatures (100-500°C). Total
condensed Cr and ratios of oxidation states were measured using inductively coupled plasma
optical emission spectroscopy (ICP-OES) and diphenyl carbazide (DPC) colorimetric/direct UV-
VIS spectrophotometric analyses, respectively. Results indicate presence of both Cr(lll) and
Cr(VI) species condensed on all samples investigated. Total Cr and ratio of Cr(VI) to total Cr
detected was significantly more on those containing alkaline oxides and at higher atmospheric
water vapor concentration, while the presence of alkaline oxides in the Cr vapor source (Cr203)
decreased the evaporation and amount of Cr/Cr(VI) condensed on the samples downstream.
Computational thermodynamic equilibrium modelling helps explain experimental results showing
the relative stability of alkaline-chromate compounds.
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CHAPTER ONE - INTRODUCTION

Contents of Chapter One

Chapter One serves as a brief introduction to the problem at hand and the research
objectives developed to address it. First, the structure of this document is introduced. Next, an
overview of the problem is presented. Finally, the accompanying research questions and proposed

research to address them are presented.

Dissertation Structure Overview

This dissertation is comprised of several peer-reviewed research manuscripts written (first
author) by the author of the work. The first manuscript, “Reactive Evaporation and Condensation
of Chromium: A Review”[1], is a review article of the science and existing research into topics
related to reactive evaporation and condensation of Cr vapors and is published in the Journal of
Power Sources and is presented in Chapter Three. The second manuscript, “Influence of Water
Concentration on High-Temperature Reactive Condensation of Chromium Vapors Generated in
800°C Air’[2], is a research article published in the Journal of the Electrochemical Society and
is presented in Chapter Four. The third manuscript, “Reactive Condensation of Cr Vapors on
Aluminosilicate Fibers Containing Alkaline Oxides”, s a research article that is being prepared for
publication in the Journal of the Electrochemical Society and will be submitted in April 2024.
This manuscript is presented in Chapter Five. The fourth manuscript, “Influence of Alkaline Oxides
on Reactive Evaporation and Condensation of Cr”, is a research article that is also being prepared

for publication in the Journal of the Electrochemical Society and will be submitted in May 2024.
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This manuscript is presented in Chapter Six in the discussion and future work sections of the

conclusion.

Problem Overview

The research presented herein began as a request from an industry group, ECFIA,
representing European high-temperature insulating wool (HTIW) manufacturers. The group
approached the author of this document and their research group to request an investigation into
claims made by competitors that their products reduced or negated Cr(\VI1) formation. Specific
research objectives and experiments were developed to meet the needs of ECFIA while another
set of research objectives and experiments were developed by the author to meet the requirements
of the PhD Materials Science program at Montana State University.

High-temperature systems such as solid oxide fuel cells/electrolysis cells (SOFC/SOECs),
chemical processing plants, power plants, and exhaust systems of internal combustion engines
(ICEs) employ stainless steels due to their stability over a large temperature range. For example,
SOFC/SOECs use stainless steel as interconnects between cells due to their low cost,
machinability, electrical and thermal properties (see Fig. 1). However, reactive evaporation of Cr
from these stainless-steels when employed in high-temperature oxidizing environments with or
without water vapor (in many of these applications, it is not uncommon for the gaseous
environment to contain water vapor [3, 4]) is well-documented. In the case of SOFC/SOECs, the
stainless-steel interconnects are the source of Cr vapors that can lead to Cr poisoning of phase-

boundary points at the cathode and degrade system performance.
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Figure 1 — A diagafn of a SOFC stack (top left) [5], a SOFC stack assemby (top right)[6], and a
SOFC system with stainless steel balance of plant components covered with HTTW blankets[7].

Cr deposits in the form of hexavalent Cr(VI), a known carcinogen, have also been
identified as potentially problematic in multiple industries including electroplating, welding,
refractories in stainless steel mills, internal combustion engine exhaust systems, and, more
recently, HTIWs. However, the interactions between volatilized Cr species and surrounding
interfaces during complex and dynamic system exposures is poorly understood. Applications such
as chemical processing or power plants can employ large amounts of stainless steel due to the size

and diversity of balance of plant components (see Fig. 2).
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Figure 2 — Chemical processing plant balance of plant components are commonly built from
stainless steel [8].

The components that operate at elevated temperatures are commonly covered with HTIW
blankets to improve process efficiency, and the stainless steels in contact with these insulating
surfaces will experience reactive evaporation of Cr (see Fig. 3). Understanding the interactions
between volatilized Cr species and downstream components during operation is critical, not only
for improving system performance in the case of SOFC/SOECs, but also for safeguarding
environmental health, and safety as some condensed Cr forms water-soluble and toxic Cr(VI)

species.



?, \ . ﬁ = e s - ;V/ :

Figure 3 — HTIW blankets covering balance of plant components (left) [9]- and an exhaust
manifold of a large ICE (right) [10].

Proposed Research

The overall goal of this research is to improve fundamental understanding of reactive
condensation pathways for chromium (Cr) vapors generated in high-temperature systems such as
exhaust manifolds, steam turbines, boilers, or solid oxide fuel cell or electrolysis cell
(SOFC/SOEC) stacks. Given the conditions of such high-temperature systems, several research
objectives were proposed to meet the overall goal. The proposed research objectives included
investigating the influence of water vapor concentration in the surrounding atmosphere, the
influence of alkaline oxides in the target material on reactive condensation of Cr vapors,
investigating the influence of upstream alkaline oxides on reactive evaporation and condensation
of Cr. The specific research questions and respective hypotheses are as follows:

e Research Question 1: what is the influence of water vapor concentration on total condensed

Cr and Cr(VI1) compounds on aluminosilicate surfaces?

o Hypothesis: Increased water vapor concentration increases total condensed Cr and

Cr(VI) compounds.
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e Research Question 2: what is the influence of alkaline oxides in aluminosilicate surfaces
on total condensed Cr and Cr(VI) compounds?
o Hypothesis: Alkaline oxide presence in aluminosilicate surfaces increases total
condensed Cr and Cr(VI) compounds.
e Research Question 3: what is the influence of upstream alkaline oxides in the Cr source on
total condensed Cr and Cr(V1) compounds formed on aluminosilicate surfaces?
o Hypothesis: Alkaline oxide presence in Cr source increases total condensed Cr and
Cr(VI) compounds formed on aluminosilicate surfaces.

All three research questions were successfully addressed through experimentation and
thermodynamic equilibrium modelling. In the pursuit of answering these questions, four research
articles were produced, two of which are already published while the other two are in the process
of being submitted for publication. The methods behind the experimental design and
thermodynamic equilibrium modelling proposed and subsequently developed to achieve these

research goals are presented next in Chapter Two.
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CHAPTER TWO - METHODS

Contents of Chapter Two

Chapter two provides an in-depth look into the experimental design, analytical
methodologies, and thermodynamic equilibrium calculations developed to complete the research

for the published manuscripts.

Experimental Design

Reactive condensation of Cr vapors occurs between volatile Cr compounds that interact
with and condense on surrounding materials. To study this phenomenon, Cr vapors must be created
in a controlled environment and directed towards the target material of interest. An experiment
based on the “transpiration experiment” developed by Opila et. al (described in more detail in
Chapter 3) was developed to study reactions between high-temperature volatile Cr compounds and
a target material. This experimental design is presented in Fig. 4 as a diagram and photograph of
the experimental setup operating in the lab. Gas flow starts from laboratory bench supply as regular
air (21% O») then flows through Drierite filter or temperature-controlled water evaporator to clean
air from oils or other contaminants from laboratory bench air supply and control water vapor
concentration. The altered air supply then enters a quartz tube housed in a high-precision Thermo
Scientific Lindberg/Blue M tube furnaces calibrated to 850°C (Fig. 4 and 5). Tube furnace internal
temperature is calibrated using an Omega Engineering K type thermocouple. High-temperature
gas within tube furnace interacts with Cr source in the form of 2 g of chromia powder in a quartz

boat located in the center of the furnace (Fig. 4, bottom right).



Temperature-controlled

Water Evaporator Tube Furnace
OR Drierite Filter Flow Meter
; Heat _
Air Inlet  s— —l W —ly ) >
rap ‘
Chromia Ceramic Condenser
Source ‘ Materlal

............

Figure 4 — Experimental design diagram (top), experimental deSién setup with temperature-
controlled water evaporator at gas inlet (bottom left), and quartz crucible containing chromia
powder placed upstream from ceramic insulating fiber plug in experimental setup (bottom right).

Figure 5 — Second tube furnace experimental setup with Drierite filter attached to gas inlet to
reduce water vapor content.

High-temperature gases interact with chromia powder, forming gaseous Cr compounds.

Formed Cr compounds depend on constituents of input gas flow (O2 with or without H>O). The
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resulting Cr vapor species flow to the furnace exit where the target material (2 g of ceramic
insulating fibers) is placed with approximately half of the sample located within the furnace and
the other half located on the outside with the center of the sample placed at the furnace exit

threshold. This process is presented as a flow chart in Fig. 6.

1. Cr source is exposed to 2. Cr compounds react with gas 3. Cr vapor species condense
high-temperature oxidizing flow to form new vapor species on insulating material as
environment consisting of and flow downstream to physiosorbed Cr compounds.
air and/or water vapor. interact with ceramic insulating
material.
T>800°C T<800°C

Gas Flow (02, H;O)

P Gas Flow (CrO;, CrO,(OH),) Insulating Material

_ | (Si0,, Al,0;, MgO, Insulating Material

Ca0)
4, Physiosorbed surface 5. Some higher valency Cr 6. Cr compounds continue to
species continue to react  compounds devolve into lower condense  on insulating
and diffuse on ceramic  valence states. Note: stain material until Cr loading limit is
insulating material. colors on insulating material reached.
correspond to different species

of Cr.
T<500°C

Insulating Material Insulating Material
Insulating Material

Figure 6 — Experimental design flow chart of reactions and interactions.

The temperature gradient at the exit of the furnace, where the aluminosilicate fiber samples are
located, is measured using a k-type thermocouple. The resultant gradient starts at 800°C on the
inside edge of the furnace, decreasing to 500°C at the furnace exit threshold, and finally decreases

to 160°C on the outside edge. This temperature gradient is illustrated below in Fig. 7.
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850°C 800°C 500°C 160°C

Figure 7 — Temperature gradient of tube furnace at chromia source and ceramic insulating fiber
plug locations.

Analvtical Methods

Analysis is completed using several instruments and techniques chosen due to their
availability and practicality. Ceramic insulating fiber samples are characterized before being used
in experiments to measure fiber diameters (average and standard deviation) as well as chemical
composition. These measurements are completed using a Zeiss Supra 55VP Field Emission
Scanning Electron Microscope (FE-SEM) with Energy Dispersive X-ray Spectroscopy (EDX)
detector as seen below in Fig. 8. These measurements are cross-checked with available ceramic
insulating fiber manufacturer information. EDX analysis has its limitations, however, and these
include a lower limit to detectable concentrations (>0.01 wt%) and detecting lighter elements with
atomic numbers below eleven. Geometry and positioning of fibers also influence EDX results. To

counter this effect, each sample is prepared for analysis, positioned, and analyzed under



11
comparable conditions. Samples are coated in Iridium (IR) via sputtering at 20 mA for 90 s before

being analyzed via FE-SEM and EDX (presented below in Fig. 9).

Figure 8 — Zeiss Supra 55VP Field Emission Scanning Electron Microscope (FE-SEM) with
Energy Dispersive X-ray Spectroscopy (EDX) detector located in Imaging and Chemical
Analysis Lab (ICAL) at Montana State University.

Figure 9 — Emitech K575X Peltier cooled metal coaters used for SEM sample preparation,
located in Imaging and Chemical Analysis Lab (ICAL) at Montana State University.

The goals of post-exposure analysis of samples (after a transpiration experiment) are to
obtain measurements of total condensed Cr compounds formed and Cr(VI) condensed compounds

formed on each sample. Total Cr measurements are obtained using a SPECTROBLUE EOP TI
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Inductively Couples Plasma Optical Emission Spectroscopy (ICP-OES) as seen below in Fig. 10.
Post-exposure samples were analyzed for total Cr and Cr(VI). Cr(VI) measurements are made
using direct UV-VIS using a ThermoSci Genesys 20 spectrophotometer with a visual colorimetric
diphenyl carbazide (DPC) water test kit from Chemetrics for Cr(VI) as seen in Fig. 11 and 12
below. ICP-OES can detect metals and several non-metals in liquid samples at very low
concentrations from 1-5 ppb and up to 100 ppm. Measurements above 0.01 ppm (10 ppb) obtained
with the SPECTROBLUE EOP TI ICP-OES have an uncertainty of ~10%, however measurements
below this threshold increase in uncertainty to ~40%. DPC is a visual or spectroscopic colorimetry
technique that utilizes a reaction between DPC and Cr(VI]) in acidic conditions, creating a red-
violet color in direct proportion to the Cr(VI) concentration. Measurements were made against a
color comparator and expressed as ppm (mg/L) CrO4. DPC is limited to lower concentrations (0-
0.8 ppm) before relative standard deviation increases to 20-50% whereas direct UV-VIS can be
used for concentrations above 0.8 ppm and up to 100 ppm with relative standard deviations of
0.5%][11]. Spectrophotometer measurements are taken at A=540 nm for DPC and A=340 nm for

direct UV-VIS.
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Figure 10 — SPECTROBLUE EOP TI Inductively Couples Plasma Optical Emission
Spectroscopy (ICP-OES) instrument located in Environmental Analytical Lab (EAL) at Montana
State University.

Figure 11 — CHEMetrics diphenyl carbazide (DPC) reaction-based Cr(VI) detection kit (left) and
color comparator (right).
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Figure 12 — Thermo Spectronic Genesys 20 spectrophotometer located in Gannon Lab.

Solid samples, such as the fibers in this study, require preparation via acid digestion before
analysis via ICP-OES or DPC/Direct UV-VIS. Samples are digested using an acid digestion
process based on Method 3050B, a sample preparation acid digestion methodology developed by
the Environmental Protection Agency (EPA) for sediments and soils[12]. The modified method
used in these studies utilizes a 0.5 M nitric acid solution prepared by adding 3 mL of concentrated
68% stock HNOj acid and 100 mL distilled water in a laboratory glass vessel containing the fiber
sample. The vessel is placed on a hot plate set to 90-95°C in a chem hood and allowed to heat for
1 hour. After 1 hour, the vessel is removed from the hot plate and allowed to cool. Once cooled,
the solution is diluted to 0.1 M HNOj; concentration by adding an additional 62 mL distilled water
before being filtered through filter paper into a secondary vessel. Filtered samples are filtered a

second time using a sub-micron syringe filter before being analyzed.
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Computational Thermodynamic Equilibrium Modelling

Computational thermodynamic equilibrium modelling of the system was completed by
colleagues at Swinburne University of Technology and University of the Sunshine Coast using
FactSage 8.2. The FactSage databases used in the calculations included FactPS and FToxid, the
products selected were ideal gases, pure solids, and all solutions, and the chosen parameters used
in calculations were: 1 atm total pressure, 850°C for evaporation, 100-800°C for condensation.
The goal of the thermodynamic equilibrium calculations is to corroborate the observed trends of
total condensed Cr seen in experimentation. To achieve this goal, several calculations are required.
First, Cr evaporation from a pure, solid Cr source (2 g) with respect to water vapor content is
calculated. This calculation is repeated for 50/50 mixed, solid alkaline oxide/Cr sources (2 g). Each
resulting set of vapor species is used to calculate the condensed Cr species formed on each
aluminosilicate sample. The calculations used in computational thermodynamic equilibrium

modelling are presented below:

Cr203(s) + <A> H>0O(g) + <B> 02(Q) Eqg. 1
Gas stream of [1] + Aluminosilicate(s) Eq. 2
Cr203(s) + CaO/MgO + <A> H,0O(g) + <B> 02(Q) Eq. 3

Gas stream of [3] + Aluminosilicate(s) Eq. 4
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From the above equations, Eq. 1 was used to calculate stabilities and magnitudes of Cr
vapor species with respect to water vapor content and Eq. 2 was used to calculate the stabilities
and magnitudes of resulting condensed Cr species from Equation 1. Similarly, Eq. 3 was used to
calculate stabilities and magnitudes of Cr vapor species with respect to alkaline oxide content in
the Cr source while Eq. 4 was used to calculate the stabilities and magnitudes of resulting
condensed Cr species from Eq. 3. The reactions modelled over varied water vapor concentration
content as outlined below in Table 1. Tables of the thermodynamic equilibrium calculation results

from FactSage are presented in Appendix A: Thermodynamic Equilibrium Modelling Data.

Table 1 — The percentage of water vapor content percentage translated into water and oxygen gas
weights used in FactSage modelling.

%H20 H20 (g) 02 (9)
0% 0 1619.9
1% 43.4 1603.7
2% 86.9 1587.6
3% 130.3 157.4
4% 173.7 1555.2
5% 217.1 1539
6% 260.6 1522.8
7% 304 1506.6
8% 347.4 1490.4
9% 390.9 1474.2

10% 434.3 1458
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Abstract

The reactive evaporation of chromium (Cr) from stainless steels in high-temperature (>500
°C) service environments (e.g., air, steam) has been extensively investigated. The subsequent
condensation of Cr-containing vapors and deleterious impacts on solid oxide fuel cell components
has also received significant research attention. However, the condensation of Cr-containing
vapors onto silica-based insulation and other common materials in high-temperature applications
is poorly understood. This review briefly covers the reactive evaporation of Cr from stainless steels
but focuses on reactive condensation processes and their dependencies on materials and
environmental conditions. First, known Cr sources and associated health hazards are presented.
Next, the corrosion behaviors of stainless steels under different exposure conditions are discussed
along with the reactive evaporation of Cr species and the pathways of Cr vapor condensation on
various surfaces under differing conditions. Lastly, the effects of Cr condensation on SOFC
components and other industries in which Cr(VI) formation has been identified are discussed in
context of ongoing research into the mobility and evolution of condensed Cr species. Current
research includes expanding on the condensation mechanisms of volatile Cr species and exploring
the mobility of surface Cr species. For example, the importance of substrate surface chemistry and
morphology on Cr collection/surface speciation are of interest to researchers. Long-term saturation
conditions via transpiration experiments for high surface area substrate materials such as glass

fibers and wools are topics of investigation.
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Introduction

Hexavalent Cr, Cr(VI), is an established byproduct across multiple industries including
refractories, leather tanning, and dye pigment factories. Cr(V1) containing byproducts poses both
a risk to the environment and a health hazard to humans. Recently, Cr(V1) species generated from
stainless steels in contact with ceramic insulating materials in environments of temperatures above
500° C has become a concern prompting further investigations [13, 14].

Stainless steels are a class of materials referring to iron-based metal alloys that contain
varying amounts of elements such as nickel (Ni), molybdenum (Mo), and Cr to improve corrosion
resistance. Ni is used in alloys to increase resistance to pitting corrosion and commonly used
alongside Zinc in electroplating processes to improve overall corrosion resistance [15-17]. These
iron-based alloys are often used in extreme environments and elevated temperatures (>500°C).
Stainless steels are used in applications such as internal combustion engine systems, various
power/chemical plant process equipment, and interconnects for solid oxide fuel cells (SOFCs). Cr
plays a key role in the oxide layer of all classes of stainless-steel alloys by forming trivalent
chromia (Cr.0z3)-based oxides on the surface that protect the underlying stainless-steel alloy.
Reactive evaporation of these surface oxide layers occurs at elevated temperatures to form volatile
Cr species such as CrO2(OH)2 and CrOz. This process compromises the protection of stainless
steels and can cause detrimental effects downstream from the Cr source. Such effects include
SOFC performance degradation and hazardous materials generation.

High-temperature oxidizing environments with or without water vapor degrade surface
passivation layers by promoting reactive evaporation of surface compounds. Eventually, this

process compromises the protection of the underlying alloy by consuming the Cr reservoir required
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to reform the protective surface oxide. This applies to many oxides but is especially true for
chromia forming compounds such as those used in stainless steels. The protective chromia layer
transforms into a mobile vapor species upon reactive evaporation and interacts with the
surrounding system. These interactions form compounds that can pose risks to human health, the
environment, and degrade performance in electrochemical devices like SOFCs.

Volatile Cr species generation and deposition is influenced by environmental factors such
as temperature, time, and atmospheric water content [18-20]. However, the substrate material on
which condensation occurs is also a critical factor. Material properties such as surface hydroxyl
chemistry and available surface area of the material appear to have the most influence on
deposition [21-23]. Hydroxyl groups serve as anchoring points for volatile species and Cr

deposition increases with increasing surface hydroxyl populations and basicity.

Chromium Chemistry, Known Sources, and Health Hazards

Stable Cr compounds in nature form ionic solids and have a trivalent, Cr(lI1l), or hexavalent
oxidation state. Cr(lI1l) is naturally occurring, a necessary nutrient, and is generally not hazardous
to the environment [24]. Unlike Cr(l11), Cr(VI) releases into the environment are largely generated
from manufactured processes, is very toxic, and a known carcinogen [25, 26]. Industrial processes
such as smelting, fuel combustion, leather tanning, electroplating, and textile manufacturing are
responsible for most environmental releases of Cr(V1) [26].

Regulatory bodies governing environmental and industrial releases of Cr have prescribed
limits for safe exposure levels. In the United States, the maximum contaminant level for total Cr
(all valence states) in drinking water is 0.1 mg/L [24]. The permissible exposure limit (PEL) to

which a worker may be exposed to airborne chromic acid, and/or chromates (Cr(V1)) over the
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course of eight hours, is 5 pg/me. This limit is two orders of magnitude greater for trivalent Cr
species [24]. The recommended dietary allowance (RDA) of Cr(Ill) is 25 - 35 ug for adults [27].
OEL (operating exposure limit) for EU countries range from 5 pg/m? to 0.05 mg/m? for Cr(VI)
exposures [28]. It's also important to recognize that while Cr(111) is necessary for human health in
trace amounts, it can also be toxic at high levels. Ingestion of large amounts of Cr(ll1) can cause
nausea, vomiting, diarrhea, and ulceration of the digestive tract. Conditions exceeding prescribed
limits for either Cr(l11) or Cr(\V1) are toxic and/or carcinogenic for plants, microbes, animals, and
humans [24-26].

The toxic effects of Cr(\V1) are due to its ability to generate reactive oxygen species (ROS)
in the body, which can cause damage to DNA and other cellular components. In addition to its
potential to cause cancer, Cr(VI) exposure can also lead to a range of other health effects, including

respiratory irritation, allergic reactions, and kidney and liver damage.

Chromium in the Environment

Natural and manufactured Cr is spread to multiple environmental media including ground
water, sea water, soil and sediments, rocks, and air. In ground water and soil, Cr exists primarily
in two oxidation states: Cr(VI) and Cr(IIl). Cr(Ill) compounds are sparingly soluble in water
whereas Cr(VI) compounds are very soluble. Cr(VI) solutions are powerful oxidizing agents in
acidic conditions but are less so in basic conditions [26]. The Cr species that will form in a
particular environment depends upon the pH, redox potential, and the total concentration of Cr.
Cr(IIT) compounds are generally considered to be less toxic than Cr(VI) compounds. However,
both forms of Cr can have negative impacts on the environment, depending on the specific

circumstances and the levels of exposure.
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Wildfires create highly oxidizing environments with the potential to affect any present
chemical compounds in the soil or in residential or industrial debris. Cr species, specifically, can
be converted to their more toxic form, Cr(VI). Furthermore, the combustion of wood and wood
products form highly basic conditions resulting in the stabilization of any aqueous Cr(VI)
compounds formed. A study was performed to measure the potential effects of fire-impacted soils
and ashes on human and environmental health from samples collected after the October 2007
wildfires in Southern California [29]. Preliminary results show the Cr present from the soil and
ash was in the form of Cr(VI) and the resulting high pH stabilized Cr(VI) from reducing back to
Cr(I1I). The long-term effects of Cr(VI) on the environment can depend on the specific chemical
form of the compound and the levels of exposure. It may be necessary to take remedial action to
address elevated levels of Cr(VI) in fire-impacted soils and ashes to protect human and
environmental health.

Cr(VI) has significantly higher solubility in water compared to Cr(lll), resulting in
relatively more bioavailable species and persistence in the natural environment. Cr may
contaminate groundwater through leakage from chromate mines or inappropriate disposal of
mining tools and supplies [30]. Water contamination is more likely to be found in surface water
because Cr forms strong bonds with the soil and is generally contained within the silt layer
surrounding the groundwater reservoir. Cr pollution in soil and groundwater due to various human
activities has become a serious source of concern to animal and plant health over the last decade.
Some studies have shown that high levels of Cr in drinking water can cause adverse health effects,

such as digestive problems, skin irritation, and respiratory problems. Thus, it is important to
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carefully monitor and regulate the levels of Cr in water and soil to protect human and

environmental health.

Corrosion Behaviors of Stainless Steels

Stainless steels are sought after as materials for a wide range of engineering applications
due to their ease of manufacturing, low costs, and stability over a large temperature range, from
cryogenic conditions to temperatures exceeding 1000°C [31, 32]. Temperatures exceeding 1000°C
is ambitious for many grades of stainless steel, but for some alloys, such as 310 and 330 grades,
maximum operating temperatures can reach 1035 — 1150°C [33, 34]. This stability is due to the
formation of a surface oxide layer on the exterior of the material, which acts as a protective barrier
against corrosion of the alloy. Cr plays a key role in the surface oxide layer formed on most classes
of stainless-steel alloys and ranges from ~10-27 wt% in standard alloy compositions with the
exception of alumina forming austenitic alloys (AFAs) which can have as little as 2.5 wt% Cr
content [35] whereas ferritic stainless steels include grades in the 400s (e.g., 430, 441, 444, 445)
with a minimum of 10.5% Cr content [36].

Furthermore, reactive evaporation of Cr can compromise oxide scale integrity or oxide
scale reformation. Chromia may volatilize more quickly than it can be replenished, eventually
causing the formerly protective oxide to become a less protective scale such as (Fe, Cr)20z or iron
oxides [37, 38].These iron oxides may lead to breakaway corrosion of the alloy and affect the
material properties of the alloy. Spinel and perovskite phase oxides, however, are more resistant
to reactive evaporation than chromia and may help reduce the breakdown in protective behavior

of the oxide layer [39-42].
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Reactive Evaporation

Reactive evaporation occurs when a partial pressure of a reactive gas interacts with a solid
or liquid surface to form new gaseous species between the reactive gas and surface compounds.
High temperature (>500°C) oxidizing environments provide the conditions for chromia to
experience reactive evaporation [43-45]. In the presence of water vapor, the dominant

volatilization pathway will proceed [43-48]. Example reactions for chromia evaporation include:

1%Cr203(s) + %02(g) = CrO3(g) Eq. 5

Y%Cr03(s) + H20(g) + ¥02(g) = CrO2(0OH)2(g) Eq. 6

Influence of Water Vapor

Reactive evaporation of Cr from chromia occurs more often in atmospheres of oxygen and
water vapor with the respective reactions presented above in Eq. 5 and 6. For example,
thermodynamic data collected from gaseous Cr compounds reveals an equilibrium partial pressure
of 8x107° bar for CrOs(g) at 298 K [49]. An increase of 500 K increases this partial pressure by
several orders of magnitude to 1x10° bar. The partial pressure of Cr oxyhydroxide
(CrO2(OH)2(q)) is observed to be larger in the presence of water vapor by many orders of

magnitude up to 1400 K, as seen below in Fig. 13.
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Figure 13 - Partial pressures of gaseous Cr species at 1 atm 3% Pu2o and 21% Po2 humified air

[50].
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Oxide scale growth of varying compositions of Fe-Cr steel alloys was investigated by
researchers. [4]. In environments with 30% H->O and low Po2, water vapor led to rapid scaling
kinetics and higher Cr content improved their resistance. Higher Po. resulted in breakaway
oxidation and volatilization of CrO2(OH)2 coupled with increased chromia growth.

The effects of fluid dynamics play a significant role in evaporation rates of Cr from oxide
scales and impacts the limiting thicknesses for those scales [45, 46]. In a closed system, the
equilibrium partial pressures of all created vapor species at a given temperature is eventually
reached. After this point, further disturbance to the oxide scale is greatly decreased. The conditions
in question, however, do not resemble a closed system and the gaseous environment will be
flowing past the Cr source with some velocity. This velocity influences the thickness of the
boundary layer, the region closest to a surface where viscous forces distort the surrounding flow.

The Reynolds number, the ratio of inertial to viscous forces within a fluid, affects the rate of Cr
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evaporation. Researchers have observed an upper limit to this rate [45, 46]. The results of the
studies propose a limitation to Cr evaporation, even as the flow rate continues to increase.

The observed limits on Cr evaporation occur in laboratory settings that lack the proper
environmental conditions to simulate the extreme service environments of high-pressure steam
turbines or SOFCs. Evaporation rates for these conditions have been calculated in a study [48].
Calculations using conditions for an advanced steam turbine yield evaporation predictions as high
as 5.18 x 10 kg/m?/s of CrO2(OH)2(g) at 760°C and 34.5 MPa. Thermodynamic modeling and

transpiration experiments are used to confirm these assumptions.

Transpiration Experiments

Transpiration experiments involve generating a volatile species by flowing a reactant gas
over a compound of interest in a temperature-controlled environment. With respect to the topic of
this review, the compound of interest is chromia and the reactant gas is dry air or air partially
saturated with water vapor. These gases react with chromia to form volatile Cr species in the forms
of Cr trioxide and Cr oxyhydroxide, respectively. These gas species may diffuse through the
boundary layer and part of the bulk flow. As the vapor species move downstream, the temperature
decreases, and compounds begin to condense. Fig. 14 displays a diagram of the experimental setup

for the transpiration experiment used [43].
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Figure 14 - Transpiration experiment setup [43]. Reprinted (adapted) with permission from
“Theoretical and Experimental Investigation of the Thermochemistry of CrO2(OH)2(g)”,
Elizabeth J. Opila, Dwight L. Myers, Nathan S. Jacobson, Ida M. B. Nielsen, Dereck F. Johnson,
Jami K. Olminsky, and Mark D. Allendorf. The Journal of Physical Chemistry A 2007 111 (10),
1971-1980 DOI: 10.1021/jp0647380. Copyright 2007 American Chemical Society.

Some of the volatile species condense on the tube walls [43, 51].Condensed species are
washed from the quartz tube using solvents such as water, nitric acid, or hydrofluoric acid [43, 51,
52]. Dissolved Cr is quantified using materials characterization techniques such as inductively
coupled plasma mass spectroscopy (ICP-MS). The partial pressure of volatile Cr species can then
be calculated using the ideal gas law and the quantified condensate.

As for the presented study, researchers performed Cr transpiration experiments at 600°C
using chromia pellets as the Cr source [43]. The goal of the experiments was to determine the

effects of oxygen and water on Cr collection. The first experiment kept the oxygen partial pressure
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constant while varying the partial pressure of water vapor. The other experiment held the partial

pressure of water constant while varying the oxygen partial pressure. The calculated partial

pressure of volatile Cr species was plotted for each run (see Fig. 15).
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Figure 15 - Log-log plot of volatile Cr species partial pressure against

varied water partial

pressure (left), oxygen partial pressure (right), and natural log of equilibrium constants plotted
against inverse temperature [43]. Reprinted (adapted) with permission from “Theoretical and
Experimental Investigation of the Thermochemistry of CrO2(OH)2(g)”, Elizabeth J. Opila,
Dwight L. Myers, Nathan S. Jacobson, Ida M. B. Nielsen, Dereck F. Johnson, Jami K. Olminsky,
and Mark D. Allendorf. The Journal of Physical Chemistry A 2007 111 (10), 1971-1980 DOI:

10.1021/jp0647380. Copyright 2007 American Chemical Society.
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The best fit lines with slopes of 0.96 + 0.05 and 0.77 = 0.06 are indicative of monomial
relationships. The transpiration experiments were performed at temperatures between 300-900°C
and an equilibrium constant for each set was then calculated. The natural log of these equilibrium
constants is plotted against inverse temperature (see Fig. 15, bottom). The slope relates to the
enthalpy and y-intercept relates to entropy through a form of the van’t Hoff expression.

Reactive evaporation of Cr in the field often occurs in complex dynamic environments
containing a variety of chemical components. These environments and their constituent chemical
components can affect the Cr evaporation rate. A study evaluated Cr evaporation rates from
various stainless steel alloys containing varying amounts of Ni, Al, and Mn [53]. The study found
that the presence of these elements lowers the evaporation rate of Cr, indicating that the volatility
of Cr can be influenced by the presence of other elements. Another study investigated the influence
of manganese (Mn) from Ni-Cr alloys. It was found that Mn additions lead to the formation of
Mn-Cr spinels and can reduce Cr evaporation by as much as a factor of 35 at 800 °C and 55 at

700 °C [40].

Thermodynamic Modeling

Thermodynamic modeling is used to calculate the most stable condition using Gibbs free
energy according to the second law of thermodynamics. This process involves modeling a
condensed phase with a gas phase. The sum of chemical potential multiplied by their molar
quantities yields the total Gibbs free energy of the system. In the gas phase, each component
chemical potential is determined by its partial pressure and, assuming the ideal gas condition,
substituting the partial pressure for fugacity. Pure chromia in the condensed phase has an activity

equal to one and therefore requires no chemical potential adjustment.
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Figure 16 - Thermodynamic modeling [44].

Thermodynamic modeling of CrO2(OH). and CrOs over temperatures ranging from 600-
1600 K is displayed in Fig. 16. The vapor pressure of CrO2(OH)2(g) is greater than that of CrO3(g)
over chromia until ~1400 K. The disparate vapor pressure of CrO2(OH)2(g) and CrOs(g) is
unexpected as CrO2(OH)2(qg) is larger than CrOs(g). It is important to note here that there is a
discrepancy between Fig. 13 and Fig. 14 despite representing the same data. There is a lack of
sufficient empirical data to obtain accurate approximations with appropriate margins for error as
currently there are orders of magnitude difference [54]. Further experimentation and modeling are
needed to confirm the relationship between the partial pressures of CrO2(OH)2/CrOz and
temperature.

Volatility is dependent on two attributes: the stability of the resulting vapor phase
compound and the strength of intermolecular forces in the condensed phase. There is an inverse
relationship between the vapor pressure of a compound and its size due to London dispersion
forces as these forces typically increase with larger molecule with more electrons [55]. However,

this relationship does not hold for all cases such as polar molecules. For example, CFs is larger
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than CHF3, but has a lower vapor pressure than the latter [56, 57] due to Gibbs energy of
vaporization becoming less favorable with increasing molecule size. This observation applies
when comparing alkanes, alkenes, alkynes, and alcohols with other molecules within the same
family [55]. Unfavorable energy of vaporization corresponds with lower vapor pressures and
results in unstable products in the gas phase relative to the liquid phase. This agrees with the stated
inverse relationship between vapor pressure and molecule size. Differences in vapor pressure
between CrO3 and CrO2(OH): are attributable to both stability and intermolecular forces.

Researchers have proposed a mechanism for the formation of surface CrO3 species in wet
and dry conditions [58, 59]. First, oxygen reacts with chromia to form [-O-(CrO2)-O-(CrO2)-]
repeating units with a given vapor pressure at a given temperature (see Fig. 16). Conversion of
CrOz to CrO2(OH)2 occurs through hydrolysis reactions with repeat surface units that results in the
severing of Cr-O-Cr bonds to form CrO2(OH)>. If CrOz volatilizes first, then gas phase hydrolysis
occurs to form CrO2(OH).. These reactions are exothermic in nature, which coincides with the gap
between the equilibrium partial pressures of the two volatile species in Fig. 16. The gap decreases
with increasing temperature. Fig. 16 does not account for interactions between the two volatile
species and is strictly derived from thermodynamic information on stability of the two molecules.
The previously mentioned decreasing partial pressure difference is due to the already unfavorable
entropy of CrO2(OH). formation becoming less favorable with increasing temperature. The
difference in vapor pressure of CrOs and CrO2(OH): is attributed to two factors: dissociation
reactions of CrO2(OH): facilitated by hydrolysis and the thermodynamic stability of CrO2(OH):

up to 1400 K.
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Reactive Condensation

Reactive condensation is defined as a condensation reaction in which the condensate
interacts with the surface to form new compounds between the condensate and surface material.
Cr reactive condensation mechanisms have been studied regarding preparing Cr catalysts on
ceramic supports such as silica, alumina, and aluminosilicate fibers. Cr vapor condensation has
also been investigated within SOFC systems as the condensed Cr compounds formed within these
systems can degrade performance and affect the overall lifetime of the system. Studying the
reaction mechanisms between Cr and ceramic surfaces has direct application to SOFCs as these
materials are widely used in the field. For example, alumina-silica glass-ceramics are used as
sealants in SOFCs [60, 61]. These materials belong to the Si0>—Al>O3 system and contain different
compositions of oxides including CaO, Na,O, MgO, K>O, B>0O3, Y203, and BaO. Another
commonly used sealant material is compressed mica paper [62, 63]. Another sealing material used
in SOFCs is mica, a class of silicate minerals that forms into distinct layers. Two types of mica
commonly used in SOFC applications are muscovite (potassium aluminum silicate hydroxide
fluoride, KAI>(AlSi3010)(F,OH)2), and phlogopite (potassium magnesium aluminum silicate

hydroxide, KMg3(AlSizO10)(OH)»).

Ceramic Catalyst Supports

Industrial Cr catalysts are manufactured upon support materials such as silica, alumina,
and aluminosilicates [64]. Techniques such as wetness impregnation or incipient wetness
impregnation are used to produce these catalysts. Wetness impregnation involves immersing the
support in a solvent then diffusing the impregnating solution from a bulk source into the solution.

The pores of the support material are then able to receive the catalyst compounds. Incipient wetness
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impregnation drives the introduction of the impregnating solution to the pores of the support
material via capillary action. The prepared catalyst and support are dried at 120°C and calcined at
temperatures between 500-1000°C.

Deposition of Cr on catalyst supports depends on the support material, temperature, and Cr
loading. The behavior of Cr compound formation depends on temperature and whether the surface
is aqueous or nonaqueous. Cr present on a hydrated surface form ionic compounds and the most
common will be in the forms of Cr* or Cr®*. Hydrated Cr(I11) forms a complex ion that is stable
at low pH but may hydrolyze to form hydroxide ligands. At higher pH, in the range of 6-7, Cr(l1l)
exists as a solid Cr hydroxide precipitate [65]. Cr(V1) is stable over most of the pH range and is
governed by pH dependent reactions [21, 66]. Similarly, the hydroxyl populations of catalyst
support materials are also influenced by pH. Each support material has an isoelectric point (IEP)
which is the pH at which the surface of the oxide has a net zero charge. When the solution pH is
above the IEP of the catalyst support the surface has a net negative charge. Inversely, when the
solution pH is below the IEP of the catalyst support the surface has a net negative charge (see Fig.
17).

Calcined Cr species interact with catalyst supports such as alumina, silica, zirconia, titania,
and niobia [67-73] [74-76]. Cr particles undergo esterification reactions with surface hydroxyl
groups as alumina and silica supports loaded with Cr are calcined. An esterification reaction
produces an ester by replacing a hydroxyl group with an —OR group, where “R” is an unspecified
compound. Infrared spectroscopy performed on silica supports reveals that hydroxyl groups are
consumed with increasing Cr loading [74, 76, 77]. The transition between hydrated and calcined

conditions is shown in Fig. 17 as well.



35

IEP above pH IEP below pH 0o \ / fo)

0 0 9 Q N\ 7 & 0
"% ol Ao o N/

o S o cr / \ Calcination

/N AN\ )T o’ o P
o o o\ n© Hydration o o
TH;' OH;* o o TH’. TH’. /lu /|xl
Al Al Al Al Al Al

Figure 17 - Hydroxyl groups on catalyst support influenced by IEP and pH (left). Chromate
under hydrated/calcined conditions on alumina catalyst support (right) [78].

Researchers measured silanol (Si-OH) using a reaction between methyl magnesium iodide
and hydroxyl groups [79]. The results show that collected methane gas relates to hydroxyl group
concentration. Increased Cr loading decreases surface hydroxyl populations for temperatures
ranging from 200-800°C. In another study, silica exposed to CrO,Cl, was observed to release HCI
and was attributed to gas interaction with hydroxyl groups [80]. CrO2Cl, vapor was reproduced
following dry HCI exposure. Differential thermal analysis reveals an exothermal peak around
250°C attributed to the esterification reaction [64, 70, 81]. Esterification reactions may occur at
temperatures between 150-300°C [22, 82, 83].

Stability of anchored Cr depends on multiple factors including surface material,
temperature, and total Cr loading. Varying the Cr loading on the same material at the same
temperature has been observed to influence speciation. Researchers investigated Cr supported on
silica in different gas atmospheres (1-5 wt% oxygen) for two-hour exposures at 425, 650, and
870°C [84]. Resultant Cr loading was quantified using reflectance infrared spectroscopy. Total
Cr(111) was observed to increase by an order of magnitude for all spectra as loading increased.

Atmospheric conditions were also observed to have an effect. Dry oxygen resulted in more stable
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Cr surface species than wet oxygen, meaning the tendency for anchored Cr to volatilize is greater
for the latter.

Researchers have studied alumina and silica supports with Cr loading between 1-9 wt% for
alumina and 1-3 wt% for silica [74]. Chromia did not form on alumina until loading at 12 wt% and
formed at 3 wt% on silica. In a separate study, alumina loaded with 1-30 wt% Cr was exposed to
air at 550°C for four hours. Increasing the loading resulted in polymerization of surface chromate
[85].

Chromate on silica has also been shown to polymerize with increased loading, though at
lower loading weight percent. Researchers have also investigated the ability of alumina and silica
supports to stabilize the monochromate species [86]. The stability of chromate species on alumina
is due to its large monolayer coverage [84, 87]. Silica has more surface area, but a hydroxyl
population up to four times lower than alumina, resulting in alumina having double the surface
coverage [80, 88-90].

Cr species have been observed to be highly mobile on silica surfaces [91]. Chromia was
observed to spread on a silica fixed bed in an environment of flowing oxygen at 800°C and resulted
in Cr oxidation. This effect was also observed with a mix of chromia and silica powder at 900°C.
When mixed the surface Cr species re-oxidized, displaying a color change of green to yellow.

Re-oxidation behavior is related to Cr loading and mobility. A silica surface can unload Cr
through migration of surface Cr species resulting in a decrease of Cr loading on the original surface
and enabling reoxidation. Several studies have varied the temperature at a given Cr weight percent
for the same material as an alternative to varying the Cr loading. For example, researchers exposed

silica and alumina supports loaded with 10 mole% Cr to air at 300 and 600°C for five hours [92].
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UV-VIS diffuse reflectance spectroscopy and XRD were used to characterize the structure.
Temperature programmed reduction (TPR) was used to determine Cr content. Samples did not
yield a defined diffraction pattern at 300°C, but at 600°C crystalline Cr.O3 was observed.
Furthermore, the observed diffraction pattern was far weaker for alumina.

Similar behavior for alumina has been observed when loaded with 5 wt% Cr and exposed
to air from 250-1050°C for 16 hours [66]. Researchers reported similar findings for silica loaded
with 8 wt% Cr exposed to temperatures ranging from 300-600°C [67]. Analysis using Xx-ray
photoelectron spectroscopy revealed a predominance of Cré* from 300°C exposure and negligible
Cr®* from 500 and 600°C. The difference in behaviors between alumina and silica are attributed
to differences in the hydroxyl group population densities of each material. Hydroxyl populations
are up to four times as numerous on certain phases of alumina, such as y-Al.Oz, when compared
to amorphous silica.

Trivalent aluminum, AI(II1), is a harder Lewis acid than tetravalent silicon Si(1V) where
“hard” is in reference to the Hard Soft Acid Base (HSAB) theory. This theory classifies hard acids
as small molecules with high oxidation states and low polarizability. Whereas hard bases are
classified as small molecules with high polarizability and electronegativity. Interactions between
hard acids and bases result in bonding with strong ionic properties. For example, aluminum is a
harder acid than silicon and oxygen is a hard base. Bonding between aluminum and oxygen is
predicted to be more stable than that of silicon and oxygen.

Ceramic surfaces undergo de-hydroxylation as the temperature increases. The stronger
bonding between oxygen and alumina is influenced by the greater retention of hydroxyl groups by

alumina as the temperature increases. At 400°C amorphous silica has been observed with hydroxyl
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group density of 2.35 OH/nm? whereas y-Al,O3 has been observed with 4-6 OH/nm? [80, 88]. This
is important to note for alumina as it has a denser hydroxyl group population and is expected to

collect more Cr than silica.

Interactions Between Volatile Chromium Species and Ceramic Surfaces

Reactive condensation of Cr on catalysts supports, such as alumina and silica, and on SOFC
components, such as those made from manganese or strontium, are well documented. However,
there is a distinct lack of publications that focus purely on the chemical and physical processes that
occur during condensation reactions of Cr on a variety of materials and surface conditions, e.g.,
[78, 93, 94]. In this work, aluminosilicate fibers were exposed to volatile Cr species for 150 hours
at temperatures between 100-230°C. X-ray photoelectron spectroscopic (XPS) analysis was used
to characterize the condensed species, revealing that Cr(\V1) and Cr(l11) content varied by location
on the sample. The resultant condensed species were correlated with different regions and
discoloration on the exposed fibers. The experimental setup used was like the transpiration
experiment previously presented (see Fig. 14) [43]. T409 stainless steel was used to generate
volatile Cr species to contaminate aluminosilicate fibers placed downstream at the exit of the
furnace. The inlet gas enters the temperature-controlled furnace, interacts with the T409SS strips
at 700°C, and interacts with the aluminosilicate fibers outside of the furnace. Temperature zones
of 100-230°C were recorded at the location of the fibers.

XPS was used to characterize color-stained regions on the exposed aluminosilicate fibers.
Stains of varying color were observed to collect on the aluminosilicate fibers upon exposure to

volatile Cr species for 150 hours at 100-230°C. Fig. 18 shows the observed color gradient of dark
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brown to light brown (right to left) and these colors correspond with high to low temperature.

Dissecting the sample reveals three colors: brown, green, and yellow.

Figure 18 — Staining on aluminosilicate fibers post exposure (top left) and separated (middle
left). From left to right: brown (a), green (b), and yellow (c). Discoloration on quartz wool after
exposures (bottom left). From left to right: non-exposed quartz wool, yellow, light brown, and
dark brown. Discoloration on alumina after exposures (top right). From left to right: non-exposed
alumina, brown, and green. Mica samples and thicknesses post exposure (middle right and
bottom right). From left to right: non-exposed mica, 150-500°C mica, and 700-900°C mica with
top view (a) and side view (b) [78].

Some colors have been linked to different Cr oxidation states and compounds. Brown and
yellow are attributed to hexavalent Cr species and green to trivalent Cr species [18, 21, 95]. Visual
inspection provides some information into Cr oxidation states and speciation, but this method is
inadequate for distinguishing all present compounds in subtle mixtures of color. As a result, it is

expected to see a mixture of compounds in the XPS spectra generated from individual samples.
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Fig. 19 displays the Cr 2pz. energy windows ranging from about 572-582 eV for brown, green,

and yellow staining.
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Figure 19 - Cr 2p3/2 energy window for brown staining on aluminosilicate fibers. Peaks 1, 2, 4,
and 5 are trivalent multiplet-split components. Peak 3 is the hexavalent component [78].

A range of binding energies for chromate and Cr trioxide from 578.3-581.1 eV with some
conflicting reports of higher chromate or Cr trioxide binding energy has been observed [83, 96-
101]. Overlapping binding energies make it difficult to differentiate individual peaks with which
compound is present based on binding energy alone. Based on color, yellow staining is associated
more with hexavalent monochromate and brown staining with hexavalent Cr trioxide.

The peak associated with the lowest binding energy is assigned to Cr®* and represents a
contribution from chromia. The binding energy range of 576-576.3 eV agrees with literature
reports on Cr203 [66, 99, 101]. Peak contribution from Cr** is likely in the form of CrO; and the

Cr 2p3r2 peak for CrO2 has been observed to occur around 575.2 eV [100, 102]. CrO: has been
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observed to have a lower binding energy than Cr3* species repeatedly [96, 100, 102, 103]. The
peak is not easily discernible for spectra taken from any of the stains. The binding energy of CrO>
may appear larger than actuality due to de-hydroxylation of silica/alumina surfaces as the
temperature increases. Electron density at the surface decreases as more hydroxyl sites are lost and
decreased electron density results in decreased electron density of surface Cr species. This
phenomenon results in an increase of binding energy.

Researchers have studied the influence of temperature for hexavalent species from 100-
800°C. The binding energy was observed to increase by approximately 3 eV over the given
temperature range [83]. The effect of this phenomenon can be quantified using the binding energy
of Crb*. The binding energy of Cr®* presented in the aluminosilicate fiber study ranges from 579—
579.92 eV [94]. These values are within known values for the binding energy of Cr8* species [86,
97-99]. The observed peaks from 576—576.3 eV (lowest binding energy peak the spectra) are from
Cr3*,

A sequence of events was proposed to explain why regions display multiple colors [94]:
Aluminosilicate fiber surfaces are exposed to Cr oxyhydroxide, the dominant volatile Cr product
formed in the presence of water vapor, in an environment of 100-230°C. The volatile Cr species
is physiosorbed to the aluminosilicate fiber surface. The upper range of this temperature is near
the condensation point for Cr vapor, the boiling point of chromic acid being 250°C. Deposition in
literature at temperatures above the upper temperature range has not been observed [43].

Once physiosorbed, CrO2(OH). may dehydrate and form CrOsz allowing chromate species to then
form from reactions with the surface [76, 77, 79, 80, 82, 83, 104]. Hydroxyl groups function as

anchoring points, allowing for stabilization and diffusion of hexavalent chromate [19, 21, 74, 76,
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84, 105]. The color of the substrate material loaded with these chromate species appears to be
yellow color [19]. As Cr loading increases, available hydroxyl groups diminish and chromate
species begin to form O-Cr-O bonds that result in polychromate species formation, and eventually
CrO; [104, 106].

The resultant polychromate species are not as attached to the surface and are therefore less
stable than chromate species. At this stage, the color shifts to brown [85]. Thermal decomposition
of CrOs ensues and oxygen is lost over time. Formation of Cr3Og, then Cr,0s, followed by CrOa,
and lastly Cr.O3 follow. At this stage, the color appears to be green [107]. Decomposition of CrOs

to Cr.0O3 leaves the remaining surface chromate species as the primary hexavalent species.

Interactions with Alumina, Quartz Wool, and Mica

Alumina, quartz wool, and mica are exposed to humidified air in an environment of
temperatures ranging from 150-900°C for 24- and 100-hour exposures. The samples are then
analyzed using XPS. Temperature, material, and exposure time were observed to influence surface
Cr speciation and total Cr deposition [93].

Similar colors noted in the previously presented study appear on the quartz wool and
alumina wafers. Fig. 18 above displays the yellow, brown, and green discoloration on quartz wool
and alumina wafers. These colors were not observed on mica as the sample remained transparent
below 700°C. Above this temperature, the mica samples became opaque, grew in thickness, and
developed a silver sheen due to a de-hydroxylation effect [108]. De-hydroxylation occurs at
elevated temperatures and is the process by which a surface hydroxyl group is effectively removed

by bonding with hydrogen to form water.
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Green is indicative of trivalent species whereas brown and yellow are indicative of
hexavalent species. The previously presented study linked the following compounds to specific
colors: CrOgz (brown staining), chromate (yellow staining), and Cr.Oz (green staining).

Alumina collects more Cr than mica which collects more than quartz wool. The bottom
side of the wafers collect less Cr than the top side. Both 100- and 24-hour 250-300°C alumina
exposures created green staining on the bottom side and brown/yellow staining on the top side.
Alumina collects enough Cr at all temperatures and exposure times to meet the detection limit
whereas mica and quartz wool did not collect enough Cr to meet the detection limit for 500°C.
Quartz wool collects a negligible amount at 500°C for both exposure times. Mica collects a
detectable amount of Cr at 150-200°C for 100-hour exposure.

In the previously proposed mechanism, volatile Cr species are physiosorbed first and then
chemisorbed to the surface via esterification reactions with hydroxyl groups. Species are
chemisorbed as chromate and decompose with increased Cr loading to form several Cr compounds
including Cr203. This proposed mechanism is adjusted for high (>500°C) temperatures, as the
equilibrium of the adsorption step shifts to favor desorption. VVolatile Cr must collide with hydroxyl
groups with sufficient energy and at the correct orientation for Cr species to form on surfaces at
elevated temperature. Hydroxyl groups function as Cr anchors and their properties impact Cr
collection.

Alumina, mica, and quartz wool have different hydroxyl group properties. As evident from
the experimental results in the previously presented studies, some of these properties are beneficial
for Cr uptake and some are detrimental. Alumina has more hydroxyl groups and are of greater

basicity. Furthermore, alumina is more resistant to de-hydroxylation than silica [19] [20-23, 109]
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as silica surfaces dehydrate more easily, and Cr uptake is diminished. The volatility of silica is
greater than alumina given these conditions [54, 110].

These observations agree with HSAB theory that states hard acid-hard base interactions
have a significant difference in electronegativity and result in a bonding with strong ionic
properties. Aluminum is a harder acid than silicon and is predicted to form a more stable bond
with a hard base such as oxygen. This results in a higher electron density for hydroxyl groups on
alumina which translates to enhanced Lewis basicity. Hydroxyl groups present interaction area on
the surface for volatile Cr to anchor. The basic nature of these hydroxyls allows for a stronger bond
to form with a volatile Lewis acid such as Cr.

Chromate species condensed on alumina surfaces remain stable at higher Cr loadings than
chromate species condensed on silica. This possibly explains the trend observed for alumina
between 250-300° C, but not for the other temperature ranges. CrOs melts at approximately 200°
C and decomposes around 250° C [111]. CrOs exists as liquid in the 250-300° C temperature range,
and this increases the contact area CrOs makes with the alumina surface.

Cr is soluble in a-Al203 as both have similar atom size, crystal structure, valence state, and
electronegativity [112]. Surface hydroxyl groups act as anchoring points for volatile Cr species.
Hydroxyl populations and their basicity are determined by the material and surface conditions.
Infrared spectroscopy reveals at least five -OH stretching bands with stretching frequency
increasing with. This claim is supported by increasing preferential consumption of OH groups
upon Cr loading and noted stability at elevated temperatures [19, 105, 113, 114].

Infrared spectroscopy has also been used to identify three -OH stretching bands on silica

[115]. Observations of differences in hydroxyl group populations of alumina and silica surfaces
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are supported by pKa measurements. Silica has been observed to display bimodal behavior with
pKa values of 4.5 and 8.5. More complex behavior has been observed on alumina with pKa values
<3,4.5,6.7,and 9.5-9.8 [114, 116]. These observations lead to the conclusion that hydroxy! group
populations on material surfaces are nonhomogeneous and are not interchangeable. As a result, Cr
deposition has a preferential attachment for more basic hydroxyl groups followed by less basic

hydroxyl groups. This observation is in agreement with observations seen in literature [105].

Solid Oxide Fuel Cell Degradation

Solid oxide fuel cell (SOFC) technology provides a flexible energy source by converting
fuels into heat and electricity. These systems operate at elevated temperature (>650°C) and oxidize
carbon monoxide, hydrocarbons, or hydrogen to produce electricity and heat. Carbon dioxide or
water are produced as byproduct depending on the fuel [117].

The general structure of a SOFC consists of two electrodes separated by an ion-conducting
electrolyte, commonly yttria-stabilized zirconia (YSZ) [117]. Hydrogen is oxidized at the
anode/electrolyte interface whereas oxygen is reduced at the cathode/electrolyte interface. The
exchange of ions across the electrolyte forces electrons through an external circuit to create a
current. The cathode/electrolyte interface is referred to as the triple-phase boundary (TPB). The
TPB is the point at which the gas phase, electrolyte, and cathode meet. Individual cells, consisting
of an anode, cathode, and electrolyte, produce less than 1 Volt [118]. To achieve useful voltage
and power, cells are stacked and connected via interface materials called interconnects. SOFCs
that operate at lower temperatures (< 800°C) may use metallic interconnects, such as ferritic
stainless steel (FSS) [119]. At these temperatures, interconnects exposed to air and adjacent to the

cathode may release volatile Cr trioxide and/or Cr oxyhydroxide. These volatile species proceed
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downstream and deposit on the cathode through chemical and electrochemical deposition, an
occurrence known as “chromium poisoning” [120-123].

Cr deposition occurs at phase boundary points including the TPB as well as two-phase
boundary points (cathode/gas, electrolyte/gas). These deposits degrade SOFC performance over
time by decreasing the efficiency of ion exchange. The US Department of Energy defines
acceptable performance degradation as less than 0.2% per 1000 hours over 40,000 hours of
operation [124]. Modern SOFC designs from the Jilich Research Centre have achieved less than
0.1% performance degradation per 1000 hours for stacks operated for 17,000 and 19,000 hours
[125, 126]. There is promise for SOFC technologies, but improvements in performance leading to
longer operation times with conventional fuels are needed. Studying and understanding
degradation, such as Cr poisoning, are critical to achieving these goals.

At a stack level, degradation mechanisms include poisoning of the cathode by gaseous Cr
species from metallic interconnects and chemical interactions between glass—ceramic sealants and
ferritic steel interconnects [127]. Cr poisoning can cause electrochemical and microstructural
changes in the cathode. Some studies suggest that the driving force for the Cr poisoning is the
oxygen potential gradient caused by the cathode overpotential. Other elements present in the
environment may affect Cr poisoning mechanisms. One study examined the influence of sulfur on
(La, Sr)MnOs-(Zr, Y)O2 cathodes [128]. The authors found that formation of SrCrOa is promoted
under combined Cr and S contaminating conditions. Furthermore, Cr accumulations act as

anchoring points for sulfur and form Sr(Cr, S)Os compounds.
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Interactions between Volatile Chromium Species and Cathode/Electrolyte

As noted, volatile Cr species interact at the TPB and two-phase boundary points. Volatile
Cr species reduce and deposit as chromia via electrochemical deposition at the TPB. Two phase
boundary interactions include both gas/cathode and gas/electrolyte. Some SOFC materials show
deposition predominantly at the TPB, however others show deposition along the cathode away
from the TPB. For example, results from a study revealed Cr.Oz deposits over extended distances
(40-50 to 500 um) that are much larger than estimates of the TPB (< 1 um) [120]. Researchers
have proposed that this phenomenon extended the TPB, as the conductivity of chromia (0.2 to 0.02
S/cm at 800°C) may be comparable to the hole conducting cathode [129].

Electrochemical reduction of Cr oxyhydroxide and open circuit chemical reactions have
been observed with cathodes containing Mn or Sr [120, 130-133]. According to one study, Mn®*
at the LSM surface reduces to Mn?* during polarization and reacts with Cr oxyhydroxide to form
Cr-Mn-0 nuclei with oxygen vacancies supplied by the electrolyte [133]. The nuclei continue to
react with Cr oxyhydroxide to form chromia and (Cr, Mn)30a.

As for LSCF or SrO coated LSM, chemical deposition has been observed at the cathode/gas
interface. Strontium oxide reacts with Cr oxyhydroxide to form Cr-Sr-O nuclei leading to the
formation of chromia and strontium chromate. Researchers have also observed significant vapor
and solid-state transport of Cr through SrO and LSCF at temperatures of 700-1000°C for 150-hour
exposures [134]. Manganese oxide and LSM allowed for significant solid-state diffusion of Cr
with contacting steel, but only trace vapor deposition resulting in an undetectable amount of Cr on

LSM has been observed through vapor transport for MnO.
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Another study placed chromia-containing interconnect alloys in contact with LSM in
SOFC operating conditions. The authors observed evidence that the reaction between Cr
containing species and porous LSM at the electrode/electrolyte interface occurs due to vapor
transport of volatile Cr species [131]. Furthermore, the amount of the spinel phase and Cr.03
detected at the cathode/electrolyte interface was much greater than that within the porous layer of
LSM.

Other studies have exposed LSM, LSCF, and LNF material to SOFC operating conditions
containing volatile Cr sources. One study exposed these materials to 700°C environments
containing volatile Cr species for 300 hours [130]. A portion of the surfaces were placed in contact
with stainless steel interconnects and a chromia source. Reaction couples were also used for
experimentation and were prepared by mixing chromia and one of the cathode materials. LSM and
LSCF reaction couples were observed reacting with chromia to produce compounds such as (Cr,
Mn)304 and SrCrOas, respectively. The most vigorous reactions were observed for LSCF as no pure
chromia or LSCF was observed in the XRD pattern. On the other end of extremes, no reaction was
detected for LNF-chromia reaction couples. Similar observations were made to those made in the
previous study with respect to solid state and vapor transport: surface diffusion of Cr was observed
for LSM and LSCF whereas vapor transport was not observed for LSM but was significant for
LSCF [131, 134]. Cr was observed to collect on LNF through both solid-state diffusion and vapor

transport.

Interactions between Volatile Chromium and Sealing Glass

As mentioned previously, sealing materials in SOFCs are ceramic glasses or compressed

papers. These materials are used in SOFC stacks to protect against air and gas leaks between
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interconnects. Two such materials are classified as G18 and G#36. G18 is a barium alumino-
silicate (BCAS)-based glass—ceramic [135] and G#36 is a mixture of SrCOs, CaCOs, boric acid,
and various oxides [136].

Strontium chromate was observed to form from interactions between volatile Cr species
and LSCF and on sealing glasses containing SrO. Researchers placed G#36 pastes on 430SS
substrate surfaces and held them at 800°C for one to two weeks [136]. Yellow staining on the glass
was observed first forming around the edges before progressing inward over time. Auger electron
depth profiling revealed diffusion of Cr into the glass with a greater Cr content observed at the
edge than the content observed at the center.

Thermodynamic modeling was performed for strontium chromate formation from
interactions between chromia and SrO. The reaction is energetically favorable beyond 1000°C at
0.2 atm pO2. A pO; of ~107" atm or greater was found to be necessary for energetic favorability at
900°C. Modeling was also carried out for strontium chromate formation from CrO3(g) and SrO
and was reported to be energetically favorable over 1000°C at 0.2 atm pO2 [136].

In another study, chromia and G18 powder were mixed and heated to 950°C in dry air for
24 hours. The resultant product was stained yellow and was analyzed via XRD which confirmed
the formation of SrCrO4 [137]. The study’s authors propose that strontium chromate forms near
the edge where the pO: is higher because of interactions between chromia and/or CrOs. pO:
increases inwards as the ingress of oxygen increases due to the formation of a more porous SrCrO4
phase. The reaction follows inward and allows reactions with chromia and/or CrO:s.

Researchers have reported similar findings from barium-calcium aluminosilicate-based

glass-ceramic G18 and FSS. Reaction couples between G18 and FSS 446 coupons were heated to
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850°C for one hour then lowered to 750°C for an additional four hours. Barium oxide was observed
reacting with chromia and/or volatile Cr species to form BaCrO4 ultimately resulting in the G18
detaching from the FSS 446 coupon. Separation of the two materials was due to differences in the
respective coefficients of thermal expansion between BaCrO4 and G18/FSS 446. G18 displayed
yellow staining after experimentation and was attributed to BaCrO4 formation. While BaCrO4 was
not identified using a phase identification technique in this study, a separate study identified the
phase using XRD [138].

The presented studies show the potential for reactive condensation of volatile Cr species
onto ceramic surfaces such as chromia, Cr(111), and chromate, Cr(V1). Chromate formation was
observed to increase in the presence of Sr and Ba. With these observations in mind, it is worth
noting that chromate formation has occurred without the influence of alkaline earth metals. For
example, Cr oxide catalysts on ceramic supports often lack alkaline earth metals, but still support
chromate formation.

To combat Cr poisoning of SOFC systems, materials that readily absorb and trap volatile
Cr species have been developed and have been dubbed “chromium getters”. These materials are

those that readily react with gaseous Cr to form stationary surface species.

Chromium “Getters”

Cr getters are of interest to SOFC researchers as a means of controlling Cr poisoning of
electrodes and/or sealing glasses. Cr getters are inserted within SOFC stacks to attract gaseous Cr
and decrease the total amount of free-floating species within the system. A commonly used design

involves coating fibers, wools, or honeycomb substrates with a SrxNiyO; solution [139-142].
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Researchers have demonstrated novel methods to mitigate cathode degradation using Cr
getters manufactured from low-cost materials [140, 142]. The getters use a cordierite honeycomb
substrate coated with alkaline earth and transition metal oxides. The first getter design was tested
for 500 h under SOFC cathode exposure conditions [142]. Chemical and structural analyses show
gaseous Cr predominantly concentrated at the getter with only the end of the getter free of Cr. The
second study measured the electrochemical performance of the SOFC system for 100 h at 850°C
with and without the Cr getter [140]. Stable electrochemical performance was maintained for the
cell tests with getters, whereas the cell performance in the test without Cr getters rapidly decreased
after 10 h. Results from tests with SOFCs and getters demonstrated the high efficiency of Cr
capture technology for the preservation of cell performance.

Another SOFC-focused Cr getter design was demonstrated as a cost-effective approach for
the capture of gaseous Cr species [141]. The design incorporates a porous and electrically
conducting layer, comprising of a mixture of complex metal oxide getter, and electrically
conducting perovskite phase, into the SOFC stack. The getter layer is deposited on the cathode
surface or placed away from the cathode. Effectiveness of the design was electrically tested in a
half cell configuration at 850°C for 100 hours. After testing, cells were analyzed for composition
and changes in the morphology. Results from these tests reveal that getters both placed away from
the cathode and getter paste deposited on cathode surface successfully capture all Cr from the
incoming gas flow.

Lastly, researchers performed experiments in the presence of a Cr getter and showed stable
polarization resistance [139]. The electrochemical performance of half-cells in humid air and in

the presence of Cr getter also remained stable during 100-h tests for 550 and 650°C conditions.
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The structural and chemical qualities of the electrode, electrode-electrolyte interface and getter are
analyzed post-test by scanning- transmission electron microscopy, energy dispersive X-ray and
Raman spectroscopy. These analyses showed that the cathode bulk and cathode-electrolyte

interface remained free of Cr whereas Cr was deposited near the gas inlet region of the getter.

Cathode Restoration

Cathode poisoning can sometimes be reversed, as is the case for cathode degradation due
to acidic Cr-species poisoning. One study demonstrates the feasibility of reviving degraded SOFC
cathodes using relative acidity [143]. Experiments involved poisoning a cathode using Cr species
infiltration and subsequent revival using calcium species infiltration. Results showed no further
degradation during operation for 100 h after restoration.

Another study restored performance to Cr-poisoned SOFC cathodes by electrochemically
cleaning them [144]. The authors fabricated two cells and poisoned them under identical
conditions at 800°C in the presence of a Cr source. The electrochemical cleaning process involved
running the cell in SOEC mode for 2 h at a current of 0.15 A/cm2. 10% humidified air was supplied
to the air side and 10% humidified H2 to the fuel side to reduce cell polarization while using a
higher supplied current. Cell degradation from void formation in YSZ grain boundaries and
delamination of the air electrode can occur in higher electrolytic cell polarization conditions.
Analysis of the unrestored cell showed significant contamination of the cathode by Cr oxide and
(Cr, Mn) spinel deposits. Analysis of the restored cell showed a reduction of Cr concentration in
the cathode and at the cathode/electrolyte interface. This reduction also resulted in a substantial

reversal of the cell’s degradation in performance. Fig. 20 below depicts the mechanisms of Cr-
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poisoning at the TPB and subsequent electrochemical restoration. VVoltage current curves for each

scenario are also presented for comparison.
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Figure 20 - Diagram of Cr poisoning (top left) and electrochemical cleaning (top right) at TPB.
Voltage current curves for the Cr-poisoned cell (bottom left) and electrochemically cleaned cell
(bottom right) [144].

Hexavalent Chromium Formation in Industry

Besides SOFCs, volatile Cr has been identified as a possible issue in other industries
involving high-temperature applications of stainless steel such as power processing equipment and
large combustion engines. Many of these applications involve wrapping the high-temperature
stainless steel with insulating blankets, leading to complicated interactions between the volatile Cr
and insulating materials.

Concern with Cr(VI) formation from industrial applications is well established in areas

such as leather tanning, electroplating, anodizing, and dye production [26]. However, other
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industries have more recently recognized a potential emerging issue with hexavalent Cr formation.
Industries involved with elevated temperature environments requiring insulation such as chemical
processing plants, power processing plants, and large internal combustion engines have identified

hexavalent Cr formation.

“Hot Work” of Stainless Steels

“Hot work™ of stainless steels includes all processing techniques that elevate the
temperature of stainless steel above the recrystallization temperature, which ranges from 500 —
1300°C (e.g., welding, forging, and drawing). At these temperatures, reactive evaporation of Cr
from the stainless steel occurs and may cause the same deleterious downstream effects as
previously mentioned. It is important to accurately determine the levels of different forms of Cr in
welding fumes to understand the potential risks and to implement appropriate control measures to
protect workers and the environment from exposure.

A study for determining the quantities of the different chemical compounds of Cr in
welding fumes is presented [145]. Cr(VI) content was analyzed via spectrophotometric
measurements by the diphenyl carbazide (DPC) method. Spectrophotometric methods used for
determination of different Cr species using reagents that form absorbing species. A common
method used to determine Cr(VI) content in aqueous solutions is based on the reaction of DPC
with Cr(VI) in acidic conditions (pH of 1.0). Spectrophotometric analysis of the magenta
chromogen (A max~540 nm) which is formed by the reaction of Cr(VI) with 1,5-diphenylcarbazide
(DPC) in strongly acidic solution [146]. Cr(IIl) and Cr(0) were determined by atomic absorption
spectrometry (AAS). Cr in all the three oxidation states (hexavalent, trivalent, and metallic) was

present in the examined welding fumes with Cr(VI) being the most prevalent in all samples.
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In another study, the metal fumes emitted from stainless steel plasma cutting are
characterized for Cr content. It is not uncommon for stainless steel plasma cutting to produce
higher levels of Cr fumes compared to other hot work processes. Plasma cutting involves the use
of a high-temperature plasma arc to cut through conductive materials, and this process can generate
significant levels of fumes. The levels of Cr in the fumes can vary depending on the specific type
of stainless steel being cut and the operating conditions of the plasma cutting process. The fumes
produced from plasma cutting ER308L stainless steel plates with arc currents varying between 20
and 50 A are collected in a fume chamber using a high-volume pump. Cr(VI) and other oxides in
the collected fume were analyzed using ion chromatography. It was found that Cr(VI) emissions
(219.8 —480 pg/min) from the plasma cutting were higher than those found in welding fumes from
a previous study and higher arc currents result in higher emissions [147].

Even in less extreme environments, such as those found in one’s home kitchen, stainless
steel has been observed to leach Cr. A study examined the effects on Ni and Cr leaching from
different stainless-steel grades, cooking time, cooking cycles, and types of tomato sauces [148].
After simulating the cooking process, samples were analyzed by ICP-MS for Ni and Cr. The tenth
cooking cycle resulted in an average leaching of 88 pg of Ni and 86 pg of Cr per 126 g serving of

tomato sauce.

High-Temperature Insulating Materials

EnergyUK released a series of safety bulletins related to Cr(VI) formation and its hazards.
The bulletins identify potential for Cr(VI) to form in steam pipework, gas turbine combustion
components, combustion engine exhausts systems in contact with insulation materials [13]. The

bulletins also outline three parameters for these environments that, when met, could encourage
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Cr(VI) formation: calcium-based products present, temperature environment greater than 300° C,
and stainless-steel containing Cr present. Calcium can be present in insulation materials and anti-
seize lubricants, for example.

Kavarmat and Aletek, two producers of industrial insulation materials for elevated
temperature applications, such as steam pipes and exhaust manifolds, have acknowledged the
formation of Cr(VI) with traditional insulating materials. In response to these revelations, they
have each released products with low/no calcium and claims of reducing or eliminating hexavalent
Cr formation [149, 150]. However, Cr(VI) is also found on calcium-free insulation materials,
including silica and alumina, and thus these claims may be challenged. Eneria, a dealer of
Caterpillar engines and power systems, has also identified solid and non-volatile hexavalent Cr
deposits that can be observed on some exhaust manifolds and exhaust thermal insulations,
identifying the source of the Cr as volatilized from stainless steel components [14]. Eneria
recognizes several risks for technicians replacing, cleaning, and maintaining exhaust system
components related to Cr(V1) deposits. These include exposure to airborne Cr(V1) dust and Cr(V1)
deposits on exhaust manifold components.

Although in relatively small quantities compared with direct sources, it is important to
recognize the potential for Cr(VI) formation in industries that use high-temperature environments
as described. The presence of certain parameters, such as calcium-based products, high
temperatures, and stainless-steel containing Cr, can increase the likelihood of Cr(VI) compound
formation, although other Cr(\V1) species can form without the presence of alkaline materials. This
highlights the importance of identifying and managing potential sources of Cr(VI) in these

industries and taking appropriate precautions to protect workers and the environment from the
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hazards of Cr(VI) exposure. It's also important for industries to be aware of the potential for Cr(VI)

formation and to take steps to prevent or mitigate its formation from the stainless-steel sources.

Current Developments and Summary

The general mechanism, as it is currently understood, in which Cr compounds condense is
as follows: monochromate formation from esterification reactions with surface hydroxyl groups,
Cr loading increases leading to polychromate formation up to CrOz, and finally decomposition
into Cr20s, Cr30s, CrO», and Cr.0s. Further experimentation and thermodynamic modeling are
required to verify these proposed mechanisms of condensation and speciation of Cr on ceramic
surfaces. Contemporary research includes expanding on the condensation mechanisms of volatile

Cr species and exploring the mobility of surface Cr species.

Current Developments

The effects of water vapor reactive evaporation of Cr have been well documented, but the
effects on reactive condensation of Cr have not. Reactive Cr from chromia occurs in atmospheres
of oxygen, forming CrO3(g), and increases in the presence of water vapor, forming CrO2(OH)2(qg).
Partial pressure of CrO2(OH)2(qg) is larger in the presence of water vapor by many orders of
magnitude up to 1400 K. Vapor pressure of Cr oxyhydroxide varies with temperature. For
example, at 500°C the partial pressure is three orders of magnitude less than 900°C according to
thermodynamic modeling [41, 44]. The effects of water vapor on reactive condensation of Cr can
be explored by altering the water vapor content of the gas atmosphere in a transpiration experiment

between a Cr source and a substrate material.



58

The importance of Lewis acidity could be explored by studying alumina as some phases of
alumina have similar hydroxyl populations but vary in acidity [88, 113, 151] [88, 113, 152]. More
acidic alumina phases, such as y-alumina, are expected to collect more Cr than less acidic phases,
such as 0-alumina [113, 152, 153]. Volatile Cr condensation experiments could be performed on
different alumina phases at the same temperature and exposure time. A variation on this
experiment could evaluate the same alumina phase at different temperatures as higher temperatures
increase Lewis acidity and should result in increased Cr collection. Other materials with denser
hydroxyl populations than silica, such as ceria and titania, may be evaluated for intermediate
behavior similar to mica in the presented studies [154]. Observing aluminosilicates with different
compositions like previous presented studies would also be useful [18, 22, 155].

Surface sensitive reactive condensation on materials of interest to SOFCs, such as LSCF
and its constituent element oxides, may be of value. These experiments can be modeled after the
work performed on Cr interaction with strontium and LSCF at 700-1000°C for 150-hour
exposures, but with greater attention to surface chemistry [134]. Cr has not been observed to react
with quartz wool, mica, or alumina to form new phases. However, elemental oxides from LSCF
(SrO, Lax0s, etc.) have been observed to form FeCr,04 above 600°C [156], SrCrO4 above 700°C
[130], CoCr204 [123], and LaCrOs 800°C [119]. An experiment could include exposure of SrO
and varying compositions of SrO-SiO2-Al203 glass to different elevated temperatures and Cr
loading. Varying the degree of crystallinity of SrO-SiO2-Al.O3 compounds to observe the effects
crystalline character of a ceramic has on Cr collection and subsequent surface Cr speciation.

Experiments with longer exposure times (e.g., >1000 hours) to adequately saturate

materials such as fibers and wool with high surface areas could provide an ability to verify the
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proposed condensation mechanisms. These experiments could also be used to assess long-term
saturation conditions, after which materials will no longer collect Cr. ICP-MS could be used to
quantify Cr content and characterization techniques capable of speciation identification, such as
XRD or EBSD, could support or question reaction mechanisms listed in this review. Other
techniques, such as commercial water testing kits, could be used to quantify Cr compounds with a
specific oxidation state.

The effects of alkaline additives in the insulation material Experimental series will explore.
A class of materials exist known as “chromium getters” that are designed to control Cr poisoning
of electrodes and/or sealing glasses within SOFCs. Cr getters attract gaseous Cr decrease the total
amount of free-floating species within the system and some getters use a cordierite honeycomb
substrate coated with alkaline earth and transition metal oxides. Standard temperature humidity
conditions will be used for all experiments in this category. Varying the alkaline composition of
insulating materials with similar silica or alumina content will allow the testing of the hypotheses:
Cr collection and speciation changes between pure silica/alumina and silica/alumina with alkaline
additives in addition to the hypothesis of alkaline additives increase Cr collection and hexavalent
Cr formation. It is expected that differences in total amounts of Cr and Cr speciation condensed
on the insulating material will correspond with the types and amounts of alkaline additives present
in the insulating material. Materials for this experiment include Cr203 powder, stainless steel, and
ceramic insulating materials with varying levels of alkaline additives (e.g., calcium silicate, Perlite,
mica, etc.). The evaporator used in these experiments was kept at room temperature, creating a
water vapor content of approximately 3% within the experimental control volume. The desired

information from analyses for this experiment is also total Cr collection quantification and specific
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Cr species quantification. The same techniques such as ICP-MS, XPS, or water test kits can be
used and some of the results can be obtained immediately after experimentation by observing the

color of staining on the insulating material.

Summary

This review comprises a non-exhaustive collection of 70 years of literature relevant to Cr
speciation on ceramic surfaces. Cr, a naturally occurring element found in rocks and soil, can be a
necessary nutrient or an environmental/health hazard depending on its oxidation state. Cr has
found uses in a variety of industries including textile manufacturing, leather tanning, and stainless-
steel production. Environmental release of Cr due to these industries is a concern as conditions
exceeding prescribed limits are toxic and/or carcinogenic for plants, microbes, animals, and
humans. In stainless steel, Cr is used to improve resistance to corrosion and can contribute up to
27 wt% of the total alloy. Reactive evaporation, a process by which a reactive gas interacts with a
solid or liquid surface to form a new gaseous compound, can cause Cr to volatilize from stainless
steels in high-temperature oxidizing environments. The rate of evaporation is influenced by water
vapor and fluid dynamics, generally increasing the rate for increased water vapor/fluid flow. An
experiment referred to as a transpiration experiment is used to conduct reactive evaporation and
condensation experiments. Transpiration experiments have been modified to accommodate a
variety of research interests including those associated with volatile Cr species. Reactive
condensation, the process by which a volatilized species interacts with a solid or liquid surface to
form new condensed species, can occur between volatile Cr species and the surrounding
environment. Ceramic materials, such as those that belong to the SiO—AlOs3 system, are

commonplace in SOFC systems as sealant materials and insulation. Volatile Cr experiencing
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reactive condensation with ceramic surfaces can create Cr(VI) compounds, leading to deleterious
downstream effects. These effects include system performance degradation or generation of
hazardous materials. Volatile Cr species in SOFCs can poison the electrodes and electrolyte,
causing irreversible damage to the system and degrading system performance. A novel method of
controlling Cr poisoning in SOFC systems is to introduce a “chromium getter” into the system.
These materials are used to attract and trap volatile Cr species to reduce degradation of the system’s
performance. It is also possible to restore Cr-poisoned cathodes by removing deposited Cr via
electrochemical “cleaning”. Besides SOFCs and well-established industry sources of Cr
(refractories, leather tanning, dye pigment, etc.), relatively new sources of hexavalent Cr have been
identified in industries involving high-temperature applications of stainless steel and insulating
materials. Reactive evaporation and subsequent condensation of volatile Cr species are influenced
by environmental factors such as temperature, time, atmospheric water content, and the material
on which condensation occurs. Material properties such as surface hydroxyl chemistry and

available surface area of the material have the most influence on deposition.
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Abstract

Reactive evaporation of chromium (Cr) from stainless steels used in solid oxide
electrochemical systems, such as solid oxide fuel cell (SOFC) and solid oxide electrolysis cell
(SOEC) systems, is well-documented. However, the condensation and interactions of volatilized
Cr species onto and with surrounding interfaces during complex and dynamic system exposures is
less understood. Understanding these interactions during operation is critical for improving system
performance and safeguarding environmental, health and safety, as some condensed species
contain toxic hexavalent Cr (Cr(V1)). The objective of this study is to investigate the condensation
pathways of Cr vapors within representative high-temperature system environments. To
accomplish this objective, Cr vapors, produced by high-temperature (800 °C) air exposures of
trivalent chromium (Cr(111)) oxide (Cr.O3) powder with variable moisture content, were condensed
onto various ceramic materials at lower temperatures (<400 °C). The total amount of Cr and ratios
of oxidation states were measured using inductively coupled plasma optical emission spectroscopy
(ICP-OES) and diphenyl carbazide (DPC) colorimetric/direct UV-vis spectrophotometer analyses.
Increased Cr condensation was observed with increased water content, with similar Cr(V1) to total
Cr ratios. Results and interpretations are discussed in context of improving understanding of Cr

reactive condensation in SOFC/SOEC and related high-temperature materials and systems.
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Introduction

The goal of this research is to improve fundamental understanding of reactive condensation
pathways for chromium (Cr) vapors generated in high-temperature systems such as exhaust
manifolds, steam turbines, boilers, or solid oxide fuel cell or electrolysis cell (SOFC/SOEC) stacks.
Understanding the interactions between volatilized Cr species and downstream components during
operation is critical for improving system performance, environmental health, and safety as some
condensed Cr forms toxic hexavalent Cr(VI) species, which is a known carcinogen. Reactive
evaporation of Cr from stainless steels commonly used in these systems is well-documented as the
primary Cr vapor source implicated in Cr poisoning of SOFCs; however, the interactions between
volatilized Cr species and surrounding interfaces during complex and dynamic system exposures
is poorly understood[1]. The objective of this study is to explore the effects of water vapor in the
atmosphere on Cr collection and speciation on various ceramic fiber surfaces. First, an overview
of high-temperature corrosion of stainless steels, reactive evaporation / reactive condensation of
Cr vapors, and deleterious downstream effects these processes have on systems such as
SOFCs/SOEC:s is presented. Next, the experimental methods and analytical techniques chosen for
studying the nature of reactive condensation of Cr vapors are introduced. Finally, the results of
this study are presented in relation to improving performance and safeguarding human and

environmental health associated with the forementioned representative high-temperature systems.

Corrosion of Stainless Steels

Stainless steels are sought after as materials for a wide range of engineering applications
due to their ease of manufacturing, low costs, and stability over a large temperature range, from

cryogenic conditions to temperatures exceeding 1,000°C [31, 32].This stability is due to the
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formation of a surface oxide layer on the exterior of the material, which acts as a protective barrier
against corrosion of the alloy. Cr plays a key role in the oxide layer of all classes of stainless-steel
alloys and ranges from ~10-27 wt% in standard alloy compositions.

High-temperature (>500°C) oxidizing environments (e.g., air) with or without water vapor
degrade protective passivation layers by encouraging reactive evaporation of surface compounds.
This phenomenon is true for many oxides including chromia compounds such as those used in
stainless steels. The oxide layer grows until a limiting oxide thickness is reached and the limiting
thickness increases while the time required to reach it decreases with increasing temperature. Once
this limiting thickness is reached, the rate of Cr evaporation is balanced with the rate of oxide scale
growth [157]. Chromia may volatilize at a greater rate than it is reformed, eventually causing the
oxide layer to become less protective, forming compounds such as (Fe, Cr)20s or iron oxides [37,
38]. Chromia in the oxide layer transforms into mobile vapor species upon reactive evaporation,
which interact with the surrounding system components. These interactions can form compounds
that pose risks to human health, the environment, and degrade performance in electrochemical

devices like SOFCs.

Reactive Evaporation

The reactive evaporation of Cr from chromia occurs in atmospheres of oxygen, forming
CrOs(g), and increases significantly in the presence of water vapor, forming CrO2(OH)2(g) [43-
45]. Partial pressure of CrO2(OH)2(g) is larger in the presence of water vapor by several orders of
magnitude up to ~1400 K [43-48]. At ~298 K, published thermodynamic data reveals an
equilibrium partial pressure of ~8x10° bar for CrOs(g) [49]. At ~800 K, this partial pressure

increases by several orders of magnitude to ~1x10°% bar. The partial pressure of Cr oxyhydroxide
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(CrO2(OH)2(g)) at ~800K is ~1x10” bar and increases to 1x10°® at ~1400 K [49]. Example

reactions for chromia evaporation include:

YCr03(s) + ¥02(g) = CrO3(Q) Eq. 1

1Cr203(s) + H20(g) + %02(g) = CrO2(0OH)2(g) Eqg. 2

Reactive Condensation

Reactive condensation of Cr on catalyst supports, such as alumina and silica, and on SOFC
components, such as those made from manganese or strontium, is well-documented. For example,
industrial Cr catalysts are manufactured upon support materials such as silicas, aluminas, and
aluminosilicates via aqueous impregnation. Deposition of Cr on the catalyst support depends on
the support material, processing temperature, and Cr loading. SOFCs operate at elevated
temperatures (800°C) and may use metallic interconnects, such as ferritic stainless steel. At these
temperatures, interconnects are exposed to ambient (moist) air and release volatile CrOz and/or
CrO2(OH)2. These volatile species proceed downstream and deposit on the cathode through
chemical and electrochemical deposition and impede SOFC operation, an occurrence known as
“Cr poisoning”. However, there are far fewer publications that focus on the chemical and physical
processes that occur during condensation reactions of Cr on other materials and surface conditions,
e.g., [78, 93, 94]. Condensed species can be initially identified by the color of stains appearing on
light colored ceramic substrate materials (e.g., alumina). Green is indicative of trivalent Cr species
whereas brown and yellow are indicative of hexavalent Cr species, or mixtures thereof. In one

study, the following compounds were linked to specific staining colors: CrOz (brown staining),
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chromate (yellow staining), and Cr.O3 (green staining) [95]. However, stain colors alone are
insufficient for detection and quantification of the wide variety of Cr-containing compounds often

found within the stains.

Solid Oxide Fuel Cell Degradation

SOFCs consists of two electrodes separated by an ion-conducting electrolyte [117]. In
operation, fuel (e.g., hydrogen) is oxidized at the anode/electrolyte interface and oxygen is reduced
at the cathode/electrolyte interface. Oxygen ions transport across the electrolyte and electrons
through an external circuit to create a current. SOFC systems consist of many cells each with their
own anode, cathode, and electrolyte. Individual cells typically produce less than 1 volt and to
achieve useful voltage and power, cells are stacked and connected via interface materials called
interconnects [118]. SOFCs that operate at lower temperatures (600-850 °C) may use metallic
interconnects, such as ferritic stainless steel [119]. As discussed, stainless steel interconnects
exposed to air and/or HyO may release volatile Cr trioxide (CrOs3) and/or Cr oxyhydroxide
(CrO2(OH)2), also known as chromic acid. These volatile species proceed downstream and deposit
on the cathode through chemical and electrochemical deposition, adversely impacting fuel cell
performance, an occurrence known as “Cr poisoning” [120-123].

The cathode/electrolyte interface is referred to as the triple-phase boundary (TPB), the
region at which the gas phase, electrolyte, and cathode meet. Cr deposition occurs at phase
boundary points including the TPB as well as two-phase boundary points (cathode/gas,
electrolyte/gas). These deposits degrade SOFC performance over time by decreasing the efficiency
of 1on exchange. Acceptable performance degradation is defined by the US Department of Energy

as less than 0.2% per 1000 hours over 40,000 hours of operation [124]. Modern SOFC designs
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have achieved less than 0.1% performance degradation per 1,000 hours when operated for 17,000
and 19,000 hours [125, 126]. Studying Cr reactive condensation / interaction with components
present in SOFC/SOEC systems is an important part of achieving this goal of <0.2% performance
degradation over 40,000+ hours operation time.

Cr poisoning at the TPB can be exacerbated by chemical interactions between glass—
ceramic sealants and ferritic steel interconnects, contributing to degradation of the system. Cr
poisoning at the TBP may lead to a breakdown of the ceramic sealing glass, changes in anode
porosity, separation of phases, horizontal and vertical cracking, or delamination[127]. SOFC
technology has great potential, but improvements in performance and longer operation times are
needed and investigating degradation, such as Cr poisoning, is critical to achieving these goals. A
path towards this goal includes exploring the interactions between volatile Cr and ceramic surfaces
such as aluminosilicates. These materials, used as sealants in SOFCs, belong to the Si0,—ALO;3
system and contain different compositions of oxides including CaO, Na,O, MgO, K>O, B>0s3,
Y203, and BaO [60, 61]. Another commonly used sealant material is compressed mica paper [62,
63]. Two types of mica commonly used in SOFC applications are muscovite (potassium aluminum
silicate hydroxide fluoride, KAl2(AlSi3010)(F,OH)2), and phlogopite (potassium magnesium
aluminum silicate hydroxide, KMg3(AlSi3010)(OH)2). Studying the interactions between these

materials and Cr vapors has a direct effect on the development of improved SOFC systems.

Experimental

Transpiration in biological sciences normally refers to gas exchange through plants.
However, in high-temperature oxidation studies, transpiration refers to experiments that involve

flowing a reactant gas over a compound of interest in a temperature-controlled environment[158].
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Pertaining to this investigation, the compound of interest is chromia and the reactant gas is dry air
or air saturated with water vapor at varied levels. The gases then react with chromia to form volatile
Cr species (see Egs. 1&2). As the vapor species move downstream toward the furnace exit, the
temperature decreases, and compounds begin to condense. This is where the experimental samples
were positioned, with temperatures ranging from ~100-400°C. Fig. 21 displays a schematic of
experimental design, based on experimental designs used in similar studies[43, 159]. Precision-
controlled furnace systems were used to simulate common service environments. Temperature-
controlled evaporators or a desiccant (Drierite) filter is attached to the inlet air line from a
laboratory bench to effectively dehydrate and filter incoming air, which is then controlled for water
vapor content varying from dry (~0%) to humid (>10%) conditions, before reaching the furnace.
Heat wrap is used to avoid condensation before delivery to the tube furnace system. A flow meter
is positioned near the exit of the furnace and a water-cooled condenser is used to further filter

exhaust material.
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Figure 21: Experimental design diagram (top), experimental setup (bottom left), and chromia
powder with ceramic insulation in furnace (bottom right).

A series of experiments were conducted to assess the influence of water vapor
concentration on Cr reactive evaporation and condensation onto various materials. Adjusting the
water vapor content using a Drierite filter or temperature-controlled water evaporator between dry
(0 vol% H20), room temperature saturated air (~3 vol% H20), and elevated temperature (T=45°C)
saturated air (>10 vol% H>O) conditions with different ceramic fiber insulation materials were the
variables explored in this study. The location of the laboratory in which these experiments were
conducted is at an elevation of 1,470 meters (4,820 feet) above sea level where the ambient
pressure is approximately 84.87 kPa (636.58 mmHg). The >10 vol% H>O saturation temperature
of 45°C is calculated based on ambient pressure.

Materials for the experimental series include Cr.Oz powder as a Cr vapor source and

ceramic fiber materials (e.g., silica, alumina, aluminosilicates, etc.) as substrates for Cr collection.
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Prototypical ceramic fiber materials in this study include laboratory standard quartz and alumina
wools, and quartz-based aluminosilicate fiber samples from two manufacturers of industrial
thermal insulation materials. Approximately 2 grams of chromia powder and 2 grams of insulating
material were used in each experiment. Fiber samples are placed in the tube with little resistance,
but in a way to completely encompass the quartz tube at the threshold of the furnace exit. This
manner of packing technique is repeated as closely as possible from experiment to experiment.
Multiple experiments with each sample following these protocols yielded similar results. The
temperature of the furnace is calibrated to 850° C and is also recorded at the exit in three different
locations where the ceramic material is placed using a thermocouple probe. These locations are
marked on the 2.54 cm (1 inch) diameter quartz tube to ensure repeatability and are located inside
the furnace at the exit, at the threshold of the furnace exit, and outside the furnace exit. The
temperatures at each location are ~800° C, ~500° C, and ~160° C respectively. Flow is calibrated
to ~2 cm/s at temperature for each experiment and the experiment is run for 150 hrs. The resulting
volumetric flow rate is ~10 cc/s or ~600 cc/min which places the Cr evaporation rate within the
non-equilibrium regime according to Stanislowksi et al [160] or, according to Froitzheim et al
[161], the linear evaporation rate regime. However, these Cr evaporation studies were conducted
using alloys as the Cr source and not pure chromia.

Ceramic fiber diameters as well as chemical composition were analyzed using a Zeiss
SUPRA 55VP field emission scanning electron microscope (FE-SEM) with an energy-dispersive
x-ray spectroscopy (EDX) detector. Pre-exposure analysis of the fiber samples was conducted to
verify manufacturer claims of chemical composition. EDX analysis has its limitations , however,

and these include a lower limit to detectable concentrations (>0.01 wt%) and detecting lighter
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elements with atomic numbers below eleven. Geometry and positioning of fibers also influence
EDX results. To counter this effect, each sample is prepared for analysis, positioned, and analyzed
under comparable conditions. Post-exposure samples were analyzed for total Cr and Cr(V1). These
measures were separately quantified using: 1) a SPECTROBLUE EOP TI inductively coupled
plasma optical emission spectrometry (ICP-OES) instrument for total Cr; and 2) direct UV-VIS
using a ThermoSci Genesys 20 spectrophotometer with a visual colorimetric diphenyl carbazide
(DPC) water test kit from Chemetrics for Cr(V1). ICP-OES can detect metals and several non-
metals in liquid samples at very low concentrations from 1-5 ppb and up to 100 ppm. DPC is a
visual or spectroscopic colorimetry technique that utilizes a reaction between DPC and Cr(V1) in
acidic conditions, creating a red-violet color in direct proportion to the Cr(\VI) concentration.
Measurements were made against a color comparator and expressed as ppm (mg/L) CrO4. DPC is
limited to lower concentrations (0-0.8 ppm) before relative standard deviation increases to 20-50%
whereas direct UV-VIS can be used for concentrations above 0.8 ppm and up to 100 ppm with
relative standard deviations of 0.5%][11]. ICP-OES, DPC, and direct UV-VIS under these
conditions produce uncertainties no greater than 10%. Solid samples, such as the fibers in this
study, need to be prepared via acid digestion before being analyzed. 0.5 M nitric acid is used to
digest samples on a hot-plate at 90-95°C for one hour. Resulting solutions were dilute to 0.3 M
before being analyzed via ICP-OES or DPC/direct UV-VIS at A=540 nm for DPC and A=340 nm
for direct UV-VIS. Fig. 22 below displays the three fiber samples used in this study pre-exposure.

Table 2 below presents the physical and chemical characteristics of each sample.
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Figure 22: Fibers pre-exposure photographs (top) and SEM images (bottom).

Table 2 — Information on the ceramic fibers.

Quartz Alumina Insulation#1 Insulation#2
Fiber Diameter,  21.5, 14.3 9.7,3.6 94,21 10.7,1.3
pum

(Avg, Std Dev)
EDX Chemical Si (46.3%), Al (54.2%), Si (46%), Si (44.9%),
Analysis (Wwt%) S (0.5%), Si (1.83%) Al (1.6%), Al (1.3%),

(Oxygen Na (0.3%) Na (0.5%) Na (0.7%)

Balance)

Results

Results below are presented as photos of samples as well as descriptions of observable
staining, ICP-OES measurements, and DPC/UV-VIS measurements for each sample under the
three environmental conditions: dry, normal, and humid water vapor concentration. Fig. 23 below
shows photos of each fiber sample post-exposure for dry conditions. The alumina wool sample
was photographed in a centrifuge tube. Following this figure, Table 3 contains descriptions of

observable staining on each fiber sample as well as ICP-OES and DPC/UV-VIS results for dry

conditions.
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“Dry” (~0% H>0) Air Conditions

| Mahzhf’z;'ct’ur'e;" # | =~ Manufacturer #2

Figure 23: Fibers post-exposure for dry conditions.

Table 3 — Comparison of appearance and Cr content for dry conditions.

Quartz Wool Alumina Wool Insulation #1 Insulation #2
Color Light green/ Light yellow Slightly off Light yellow,
yellow and brown and brown. colored. light brown.
Direct UV- <0.1 ppm <0.1 ppm <0.1 ppm <0.1 ppm
VIS/DPC
ICP-OES 0.467 ppm 0.179 ppm 0.135 ppm 0.073 ppm

Next, Fig. 24 shows photos of each fiber sample post-exposure for normal water vapor
concentration conditions. Following Fig. 24, Table 4 contains descriptions of observable staining

on each fiber sample as well as ICP-OES and DPC/UV-VIS results.
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“Normal” (~3% H>0) Saturated Air Conditions

Table 4 — Comparison of appearance and Cr content for “normal” conditions.

Quartz Alumina Insulation#1 Insulation#2
Color Yellow green, Yellow,red  Yellow green.  Yellow green,
red brown. brown brown.
UV- 0.74 ppm 0.40 ppm 0.17 ppm 0.36 ppm
VIS/DPC
ICP-OES 1.339 ppm 1.976 ppm 0.651 ppm 0.727 ppm

Next, Fig. 25 shows photos of each fiber sample post-exposure for humid water vapor
concentration conditions. The alumina wool sample was photographed in a centrifuge tube here as
well. Following Fig. 25, Table 5 contains descriptions observable staining on each fiber sample as

well as ICP-OES and DPC/UV-VIS results.
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“Humid” (~10% H20) Conditions

[ManufactUresitl & s Manufactitetn2 ..o 7
Figure 25: Fibers post-exposure for humid conditions, clockwise starting from top-left: quartz
wool, alumina wool, insulation #1, and insulation #2.

Table 5 — Comparison of appearance and Cr content for humid conditions.

Quartz Alumina Insulation#1 Insulation#2
Color Yellow green, Yellow, Yellow, Yellow, brown.
red brown. brown. brown.
UV-VIS/DPC 1.78 ppm 2.52 ppm 0.27 ppm 0.60 ppm
ICP-OES 3.113 ppm 4012 ppm  1.718 ppm 1.183 ppm

Finally, Fig. 26 below presents total Cr and Cr(VI) measurements obtained from ICP-OES
and DPC/UV-VIS as a histogram plot with error bars (10% uncertainty) for each fiber sample with
respect to water vapor concentration. To ensure repeatability, experiments for each sample have
been at least duplicated (some triplicates). However, the methodology has evolved, and more
refined characterization techniques were used in later iterations. The exact measurements have

changed but the trends/differences in total Cr/Cr(\V1) collection agree with respect to changes in
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water vapor concentration. As a result, the 10% error bars in Fig. 26 may be an underestimate of

the total error involved due to fiber packing and positioning in the quartz tube.

[ Quartz
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Figure 26: Histograms plots of total Cr (top) and Cr(VI) (bottom) for each fiber sample with
respect to vol% water vapor with error bars (10% uncertainty).
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Discussion

The post-exposure photos, ICP-OES measurements, and DPC/UV-VIS results show a
general increase in loading of total Cr and Cr(VI) with increasing water concentration for all four
sample types used in this study. Observing the staining on each sample from Fig. 23 to 24 to 25
shows a repeating pattern of color bands that becomes more evident on each sample as water
concentration increases. Measurements from ICP-OES and from DPC/UV-VIS presented in
Tables 3, 4, and 5 show an increase in total Cr and Cr(V1) with increasing water concentration. As
seen in Fig. 26, quartz collects more total Cr for dry conditions and Cr(V1) for normal water vapor
concentration conditions, but alumina collects the most Cr and Cr(VI) for humid water vapor
concentration and the manufacturer insulations collected the least amount of Cr / Cr(VI). The
differences in total Cr and Cr(V1) collection between samples could be due to differences in surface
areas and chemical composition. Among the samples investigated, the quartz wool has the largest
average and standard deviation fiber diameter in addition to a more random arrangement of fiber
orientations. The alumina fibers are also more random in orientation than the manufacturer
insulations which are more aligned and very similar in size due to their manufacturing process,
however the average and standard deviation of the alumina fiber diameters is more akin to the
manufacturer insulations than the quartz wool. Surface area (m?/kg) can be estimated from the
fiber diameter, but is also affected by the orientation, arrangement, and density of the fibers. The
average and standard deviation measurements of fiber diameters can be used to approximate
surface areas. Using this approximation, the surface areas for fibers in the alumina and
manufacturer insulations are found to be comparable. The measurements of the quartz wool,

however, reveal fibers with much smaller and larger surface areas than that of alumina or the
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manufacturer insulations. Chemical composition is more similar amongst the quartz and
manufacturer insulations, which is mostly silica. These observations are reinforced by the results
from the studies of Tatar et al [78, 93, 94] that found alumina to collect more Cr than silica. Other
studies focusing on the influences of other elements present in the substrate material, such as sulfur
or alkaline metals like sodium, have found that these elements can influence the reactive
condensation mechanics of Cr. For example, researchers observed that the formation of SrCrOs is
promoted under combined Cr and S contaminating conditions [128]. It is possible that the small
amounts of sulfur and sodium had some effect on the total Cr/Cr(VI) collected on the quartz wool
sample.

The differences in observable stain colors in Fig. 23, 24, and 25 as well as the measured
total Cr/Cr(V1) collected on the fibers as presented in Fig. 26 can be explained by a series of events
proposed by Tatar et al [78, 93, 94]. The aluminosilicate fibers are exposed to volatile Cr species
in an environment of air or air and water vapor at temperatures between 100-400°C. This
temperature range encompasses the boiling point of chromic acid (~200°C), and the vapors may
begin to become physiosorbed to the fiber surfaces at this point. Once physiosorbed, CrO2(OH):
may dehydrate and form CrOs. Further CrOz formation may occur from esterification reactions
between chromate species and the aluminosilicate surfaces. Hydroxyl groups on the surfaces of
the fibers function as anchoring points, allowing for stabilization and diffusion of Cr(\V1) species.
The color of the material loaded with these diffused chromate species at this point is yellow. As
Cr loading increases, hydroxyl groups diminish and chromate species may form O-Cr-O bonds
resulting in polychromate species, and eventually CrOz. These polychromate species are minimally

anchored to the surface and therefore minimally stabilized. At this stage, the color of the loaded
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material is brown. De-hydroxylation, the process by which surface hydroxyl groups are effectively
removed through bonding with hydrogen to form water, may also occur at elevated temperatures
(>500°C)[162]. This could help explain the color gradient seen in the samples where the stained
sections correspond to the area at which the temperature is close to the condensation point of Cr
vapor, the inner unstained section is the area above the condensation point, and the outer unstained
section is the point at which no more Cr vapor is left to condense. Fig. 27 below depicts a possible
version of the process of chromate species formation and speciation on a hydroxylated metal oxide

surface as Cr loading increases over time.

Metal Oxide Metal Oxide

Mietal Oxide m

Figure 27: Cr species condensation and speciation on hydroxylated surface.

Dehydroxylation effects are more pronounced in the “dry” conditions than the “normal” or
“humid” conditions. When water vapor is introduced into the atmosphere, rehydroxylation of
dehydroxylated surfaces can occur and the rehydroxylation effect is increased with increased water
vapor concentration. This effect can be compared to the effects of water vapor content on reactive
evaporation rates. The partial pressure of Cr oxyhydroxide is higher by several orders of magnitude
than Cr trioxide and becomes the dominant vapor species in the presence of water vapor, increasing
reactive evaporation of Cr. Reactive condensation can be affected by increased water vapor content
by preventing dehydroxylation of the surface in a high temperature environment through

rehydroxylation, preserving or restoring hydroxyl groups on the surface of the substrate material.
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This could explain the observation of condensed Cr/Cr(VI) on the surface of the fiber samples
increasing with water vapor concentration. Differences in hydroxyl population densities of
amorphous silica (2.35 OH nm2) and y-Al.O3 (4-6 OH nm2) could explain the increased Cr/Cr(V1)
collected on the alumina wool® &1, This reinforces the observation that hydroxyl groups serve as
anchoring points for volatile species and Cr deposition increases with increasing surface hydroxyl
populations and basicity. Surface area also has an effect as more available surface area translates
to more available hydroxyls. The surface area of the alumina wool is expected to be greater than
that of quartz due to its smaller average fiber diameter. Fig. 28 below depicts the process of
dehydroxylation on a hydroxylated metal oxide surface and the impact of this process on the

surface chemistry.
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Figure 28: Dehydroxylation effect on hydroxylated metal oxide surface.

On the potential role of surface hydroxyl density, a partially dehydroxylated oxide surface
has hydroxyl groups, coordinatively unsaturated metal cations, and oxygen anions. Coordinatively
unsaturated cations at the surface can accept free electron pairs of adsorbed molecules and act as
Lewis acid sites. The M+ sites behave like Lewis acids, and the O- ions are more basic than the
bulk ions. Coordinative unsaturation becomes more extensive if dehydroxylation takes place[163].
The strength of these acid sites depends on the charge and size of the cations, both of which vary

with the oxidation number of the cation. In hard soft acid base (HSAB) theory, cations of a higher
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oxidation state are harder acids. The strength of these acid sites depends on the charge and size of
the cations which vary with the oxidation state of the cation. Harder cations are smaller and less
polarizable, and they will absorb or bind hard bases stronger than soft or polarizable bases.

A study on the role of hardness in the adsorption of Cr(VI) onto metal oxide nanoparticles
indicated that the adsorption onto an oxide surface is influenced by their chemical hardness[164].
The hardness of the cation determines the basicity of surface OH groups which regulates
adsorption as well as protonation and deprotonation. The hardness match between a sorbent and a
sorbate may be interpreted as their chemical affinity and this was found to be the driving force for
adsorption of Cr(VI) anions onto the oxides. Aluminum in alumina is a harder acid than silicon in
silica, therefore the bonding between aluminum and oxygen is harder and more stable, leading to
greater affinity for adsorption of Cr anions for the alumina wool compared to quartz wool, as was

observed in this study.

Limitations of Study and Future Work Recommendations

Before presenting the conclusions, the limitations of this study need to be discussed. The
placement and packing of the fibers within the furnace exit could influence Cr condensation. The
fibers themselves are oriented differently and have varying surface areas from sample to sample,
the specific placement of each sample could have an impact on internal pressure of the reaction
tube, influencing the fluid mechanics of the gas flow across the fiber surfaces as well. Another
aspect of fiber placement is the fluid flow past the fibers, it is not uniform and Cr vapors will not
distribute equally across all fibers. This observation is reinforced by the detection of total
Cr/Cr(VI) in the furnace effluent collected by the condenser. A second limitation is the acid

digestion used for preparing samples to be analyzed via ICP-OES or DPC/UV-VIS
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spectrophotometry. The efficacy of the digestion process used was quantified by measuring the
difference in Cr(VI1) detected after 1 hour at 90-95°C hot plate assisted nitric acid digestion and
allowing the fibers to continue digesting for 12 hours unassisted. Measured Cr(VI) decreased by
~80%, meaning ~20% of the Cr remains on the fibers after hot plate assisted acid digestion. A
third limitation is the differences in analytical techniques used. A single characterization technique
that could be used for total Cr and Cr(VI1) would provide more reliable data for comparison.
Currently, the three different methods used limit the inter-sample comparisons or conclusions that
can be drawn from the data. A fourth limitation is the experimental setup. Some Cr species interact
and condense onto the surface of the quartz tubes used in the furnaces and this occurrence has been
studied to optimize the experiment[165]. The authors of the study identified a method using a
sodium carbonate coated thin alumina tube which effectively mitigates interference caused by
chemical interactions between Cr vapor species and quartz and alumina furnace tube, allowing for
improved assessment of Cr evaporation. Finally, the experiment could be improved to more
accurately replicate service environments (e.g., thermal cycling, longer exposure times up to 1000
hours). However, this study was intended to create the extreme scenario of maximum Cr
evaporation and condensation by using a pure chromia source and directly passing the vapors
through the fiber samples.

Collection of both total Cr (in all forms) and Cr(VI) increases with increasing water
concentration. As evident in Fig. 26, measurements from ICP-OES and from DPC/UV-VIS, also
presented in Tables 3, 4, and 5, show an increase in total Cr and Cr(VI) with increasing water
concentration across all samples. While the trends agree, the individual quantified data does not

experience the same rate of change. This observation warrants further investigation such as in-situ
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Cr / Cr(VI1) measurements of the fibers using IR or Raman spectroscopy as a function of time,
temperature, and Cr loading. High-temperature environments generate significant amounts of
blackbody radiation and limit the methods of in-situ characterization of reaction mechanisms.
However, advancements in IR and Raman spectroscopy in the past decade have successfully
integrated these characterization techniques into SOFCs operating above 650°C to correlate
electrochemical performance with chemical processes occurring simultaneously within the

system[166, 167].

Conclusions

In this study, silica- and alumina-based ceramic insulating fibers were exposed to Cr vapors
produced by reacting chromia powder to high-temperature air with varying water concentrations.
Similar ceramic insulating fibers from different manufacturers are tested under similar conditions
for comparison. Chemical analyses are then carried out for each sample so that the results can be
compared quantitatively. The effects of increasing water concentration have a significant impact
on total Cr collection across all samples, most notably for humid conditions.

This study confirms the known relationship of increased water content on increased Cr
vapor production, which results in a similar relationship for Cr condensation. The different
amounts and speciation of Cr observed on the ceramic substrates also suggests different Cr
condensation mechanisms for different ceramic surfaces and conditions, which invites further
investigation. Implications for high-temperature systems such as SOFC/SOECs, chemical
processing plants, steam power plants, or exhaust manifolds of large combustion engines include
material selection and system design to consider the impacts of increased water concentration on

corrosion of stainless-steel components within these systems and the resultant Cr vapor interaction
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with downstream components such as ceramic insulating surfaces, sealing glasses, and

cathode/anode materials.
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Abstract

The objective of this research is to improve fundamental understanding of reactive
condensation of Chromium (Cr) vapors, which are generated from Cr containing alloys used in
many high-temperature (>500°C) process environments and can form potentially problematic
condensed hexavalent (Cr(V1)) species downstream. This study focuses on the effects of alkaline
oxide additives in aluminosilicate fibers on Cr condensation and speciation. Cr vapors were
generated by flowing high-temperature (800°C) air containing 3% water vapor over chromia
(Cr203) powder, with aluminosilicate fiber samples positioned downstream where the temperature
decreases (<500°C). Total condensed Cr and ratios of oxidation states were measured using
inductively coupled plasma optical emission spectroscopy (ICP-OES) and diphenyl carbazide
(DPC) colorimetric/direct UV-VIS spectrophotometric analyses. Results indicate presence of
hexavalent Cr (Cr(\V1)) species condensed on all samples investigated. Total Cr and ratio of Cr(VI)
to total Cr detected was significantly more on aluminosilicate fiber samples containing alkaline
oxide (CaO and MgO) additions. Computational thermodynamic equilibrium modelling
corroborated the experimental results showing stabilities of Ca and Mg chromate compounds.
Comparative results and analyses are presented and discussed to help inform mechanistic

understanding and future related research and engineering efforts.

Introduction

Chromium (Cr) vapors are generated in high-temperature (>500°C) systems that employ
chromia (Cr.0z)-forming alloys such as stainless steels used in exhaust manifolds, steam turbines,

boilers, or solid oxide fuel/electrolysis cell (SOFC/SOEC) systems. Reactive evaporation of Cr is
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known to occur in oxygenated environments and increases in the presence of water vapor[2]. The
generated Cr oxide and hydroxide vapors proceed downstream and interact with the surfaces of
other components in the system. These component surfaces could be ceramic insulating fibers such
as those found in insulation blankets used in power and chemical plants or the ceramic sealants or
electrodes used in SOFCs. Understanding the interactions between volatilized Cr species and
downstream components during operation is critical for improving system performance,
environmental health, and safety as some condensed Cr forms carcinogenic hexavalent Cr(VI)
species. Reactive evaporation of Cr from chromia-forming alloys, like stainless steels, commonly
used in these systems is well-documented as the primary Cr vapor source implicated in Cr
poisoning of SOFCs; however, the interactions between volatilized Cr species and surrounding
interfaces during complex and dynamic system exposures is poorly understood. The objective of
this study is to explore the effects of alkaline oxide additives in aluminosilicate fibers on Cr

collection/condensation and speciation onto these ceramic fibers.

Reactive Evaporation

Reactive evaporation of chromia from the surface of stainless steels occurs in high
temperature (>500°C) in oxygenated environments with or without water vapor. These
environmental conditions degrade the otherwise protective chromia surface layers by encouraging
reactive evaporation of surface compounds interacting with the gaseous environment. Common
stainless steels containing Cr develop a Cr oxide scale when exposed to oxygen and this scale
reaches a thickness which prevents further access of oxygen to the underlying metal. The scale
thickness increases while the time required to reach it decreases with increasing temperature. Once

this limiting thickness is reached, the rate of oxide scale growth equals the rate of Cr evaporation
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at elevated temperatures [157]. Chromia in these layers may volatilize at a greater rate than it is
reformed, eventually causing the oxide layer to become less protective, forming compounds such
as (Fe, Cr)20s3 or iron oxides [37, 38]. Chromia in the oxide layer also transforms into a mobile
vapor species upon reactive evaporation and interacts with the surrounding system. These
interactions can form compounds that pose risks to human health, the environment, and degrade
performance in electrochemical devices like SOFCs.
Reactive evaporation of Cr from chromia occurs in oxygenated environments to form

CrOs;(g). Example reactions for chromia evaporation include:

YCr203(s) + ¥02(g) = CrO3(Q) Eq.1

Y2Cr203(s) + H20(g) + ¥%02(g) = CrO2(0OH)2(9) Eq. 2

The evaporation rate increases in the presence of water vapor and leads to the formation of
CrO2(OH)2(g) [43-45]. Partial pressure of CrO2(OH)2(g) is larger than that of CrOz(g) by several
orders of magnitude in the presence of water vapor up to 1400 K [43-48] and thermodynamic data
predicts an equilibrium partial pressure of Cr oxyhydroxide (CrO2(OH)2(g)) that is greater in the
presence of water vapor by several orders of magnitude up to ~1500 K [49]. Thermodynamic data
also predicts an equilibrium partial pressure of ~8x107° bar for CrOs(g) at ~298 K, which increases
by several orders of magnitude to ~1x107° bar at ~800 K [49]. Although the partial pressures from
experimental and thermodynamic data agree in general trends, they often differ in exact partial

pressure values by an order of magnitude [45, 49].
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Reactive Condensation

While reactive evaporation mechanisms of Cr are well-documented, there are relatively
few publications focusing on the chemical and physical processes that occur during downstream
reactive condensation[78, 93, 94]. Reactive condensation of Cr onto various surfaces under
different conditions such as refractory ceramic materials like alumina and silica[168, 169], and on
SOFC components, such as those made from manganese or strontium, is a well-known
occurrence[136, 138]. Cr is also commonly used as a catalyst on ceramic supports, such as silicas,
aluminas, and aluminosilicates[64, 67, 68, 70, 73, 75, 83, 85, 87, 90, 91, 104, 170]. However,
unlike reactive condensation of Cr vapor, the impregnation of Cr onto catalyst supports is
completed in an agueous environment. Speciation of Cr deposited on catalyst supports depends on
the support material, processing temperature, and Cr loading. Speciation of Cr condensed from its
vapors can be initially identified by the color of stains appearing on the ceramic substrate materials
(e.g., alumina). Green is indicative of trivalent chromium species whereas brown and yellow are
indicative of hexavalent chromium species, or mixtures thereof. In one study, the following
compounds were linked to specific staining colors: Condensed Cr2(OH)2 or CrOs (brown staining),

CrO4 (yellow staining), and Cr.O3 (green staining) [95].

Solid Oxide Fuel Cell Degradation

SOFCs operate using a series of individual cells, each consisting of two electrodes
separated by an ion-conducting electrolyte [117]. Fuel (e.g., hydrogen) is oxidized at the
anode/electrolyte interface during operation, and oxygen is then reduced at the cathode/electrolyte
interface. Oxygen ions transported across the electrolyte prompt electrons to move through an

external circuit to create a current. Individual cells, each with their own anode, cathode, and
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electrolyte, typically produce less than 1 volt. To achieve useful voltage and power, cells are
stacked and connected via interface materials called interconnects [118]. SOFCs that operate at
lower temperatures (600-850°C) may use metallic interconnects, such as ferritic stainless steel
(FSS) [119]. As discussed earlier in the introduction, chromia-forming stainless steels like FSS
may release volatile chromium trioxide (CrOs) and/or chromium oxyhydroxide (CrO2(OH)2))
when exposed to air and/or H>O. These volatile species proceed downstream and deposit on the
cathode through chemical and electrochemical deposition, an occurrence known as “chromium
poisoning” [120-123]. In addition to Cr poisoning, chemical interactions between glass—ceramic
sealants and FSS interconnects contribute to degradation of the system [127].

Cr poisoning also occurs at the cathode/electrolyte interface. This interface is referred to
as the triple-phase boundary (TPB) and is the point at which the gas phase, electrolyte, and cathode
meet. Cr deposition occurs at two-phase boundary points (cathode/gas, electrolyte/gas) as well.
These Cr deposits degrade SOFC performance over time by forming secondary phases, which
decrease the efficiency of ion exchange. Acceptable performance degradation is defined by the US
Department of Energy as less than 0.2% per 1000 hours over 40,000 hours of operation [124].
Modern SOFC designs have achieved less than 0.1% performance degradation per 1,000 hours
when operated for 17,000 and 19,000 hours [125, 126]. SOFC technology has great potential as
an energy conversion technology, but improvements in performance and longer operation times
are needed. Understanding Cr condensation reactions, such as Cr poisoning and SOFC

degradation, is critical to achieving these goals.
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Chromium Vapor Interactions with Sealing Glasses

Sealing materials in SOFC/SOEC stacks are used to protect against air and gas leaks
between interconnects. Commonly used sealing materials are ceramic glasses belonging to the
Si0,—ALOs system and contain different compositions of oxides including CaO, Na,O, MgO,
K>0, B203, Y203, and BaO [60, 61]. Another commonly used sealant material is compressed mica
paper [62, 63]. Two types commonly used in SOFC applications are muscovite (potassium
aluminum silicate hydroxide fluoride, KAIl>(AlSi3010)(F,OH)2), and phlogopite (potassium
magnesium aluminum silicate hydroxide, KMg3(Al1Si3010)(OH)z>).

Two sealing glass materials are classified as G18 and G#36. G18 is a barium alumino-
silicate (BCAS)-based glass—ceramic [135] and G#36 is a mixture of SrCO3, CaCO3, boric acid,
and various oxides [136]. Strontium chromate was observed to form from interactions between
volatile Cr species and SOFC cathode materials such as lanthanum strontium cobalt ferrite (LSCF)
and on sealing glasses containing SrO. Researchers placed G#36 pastes on 430 stainless steel
substrate surfaces and held them at 800°C for one to two weeks [136]. Yellow staining on the glass
was observed first forming around the edges before progressing inward over time. In another study,
chromia and G18 powder were mixed and heated to 950°C in dry air for 24 hours. The resultant
product was stained yellow and was analyzed via XRD which confirmed the formation of SrCrO4
[137]. Researchers have reported similar findings from barium-calcium aluminosilicate-based
glass-ceramic G18 and FSS. Reaction couples between G18 and FSS 446 coupons were heated to
850°C for one hour then lowered to 750°C for an additional four hours. Barium oxide was observed
reacting with chromia and/or volatile Cr species to form a yellow BaCrOj4 resulting in the G18
detaching from the FSS 446 coupon. Separation of the two materials was due to differences in the

respective coefficients of thermal expansion between BaCrO4 and G18/FSS 446. While BaCrOg4
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was not identified using a phase identification technique in this study, a separate study identified

this phase using XRD [138].

Chromium “Getters”

To combat Cr poisoning of SOFC systems, materials that readily absorb and trap volatile
Cr species have been developed. These materials, dubbed “chromium getters,” are those that
readily react with gaseous Cr to form thermodynamically stable surface species[50]. Cr getters are
inserted within SOFC stacks to attract gaseous Cr and decrease the total amount in the system. A
commonly used design involves coating fibers, wools, or honeycomb substrates with SrxNiyO,
[139-142].

Researchers have demonstrated novel methods to mitigate cathode degradation using Cr
getters manufactured from low-cost materials [140, 142]. The getters use a cordierite honeycomb
substrate coated with alkaline earth and transition metal oxides. The first getter design was tested
for 500 h under SOFC cathode exposure conditions [142]. Chemical and structural analyses show
gaseous Cr concentrated at the getter with only the end of the getter free of Cr. The second study
measured the electrochemical performance of the SOFC system for 100 h at 850°C with and
without the Cr getter [140]. Stable electrochemical performance was maintained for the cell tests
with getters, whereas the cell performance in the test without Cr getters rapidly decreased after 10
h. Results from tests with SOFCs and getters demonstrated the high efficiency of Cr capture
technology for the preservation of cell performance.

Of these Cr getters, few if any consider disposal/recycling methods. For example, in some
getters the thermodynamically stable Cr compounds formed are in a hexavalent oxidation state

such as SrCrOa(s) [139, 142]. The presence of Cr(VI) compounds on the getter renders it hazardous
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waste and requires further chemical processing to become recyclable. The authors of one Cr getter
study, however, did take this issue into account and developed a catalytic “Cr getter.” Using a
Ti/TiO2 surface to capture Cr compounds, captured Cr(VI) compounds are then reduced to Cr(III)
[171]. The reduction of Cr(VI) compounds to Cr(III) allows for the contaminated Cr getter to be
recycled as a regular metal at the end of its service life.

The studies presented above show the potential for volatile Cr species generated from
stainless steel in high-temperature systems to engage in reactive condensation onto ceramic
surfaces to form trivalent Cr(IlI), and hexavalent Cr(VI) species. The influence of oxides on the
surface is of interest as Cr(VI) species formation was observed to increase in the presence of Sr
and Ba. Cr(VI) species also formed without these elements for example, Cr catalysts on ceramic
supports that often lack alkaline earth metals, still support Cr(VI) formation[67, 72, 79, 80, 84].
Studying the interactions between these materials and Cr vapors has direct implications for the
development of improved high-temperature processes and systems. A path towards this goal
includes exploring the interactions between volatile Cr and ceramic surfaces such as

aluminosilicates with or without alkaline oxide additives.

Experimental

Transpiration experiments involve flowing a reactant gas over a compound of interest in a
temperature-controlled environment. In this investigation, the compound of interest is chromia and
the reactant gas is 800°C air saturated with ~3 vol% water vapor, intended to simulate prototypical
high-temperature system conditions. The gases then react with chromia to form volatile Cr species.
As the vapor species move downstream toward the furnace exit, the temperature decreases, and

gaseous compounds begin to condense. This is where the experimental sample fibers are
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positioned, with temperatures ranging from ~100-500°C. Fig. 29 displays a schematic of
experimental design, based on a design used by another research group [43]. Precision-controlled
furnace systems are used to simulate common service environments. A water evaporator held at
room temperature to achieve the desired water vapor content is attached to the inlet air line from a
laboratory bench air supply to effectively filter incoming air and maintain water vapor saturation
before reaching the furnace. Heat wrap controlled by a variable AC power supply is used to avoid
water condensation before delivery to the tube furnace system. A flow meter is positioned near the
exit of the furnace and a water-cooled condenser is used to further filter exhaust material.
Temperatures are recorded throughout the system during flow conditions to promote uniformity in

experiments.

Room Temperature Water
Tube Furnace

Evaporator Flow Meter
Air Inlet  s— —_— ‘
Wrap /1.
Chromia \§ Ceramic Condenser
Source Material

Figure 29: Experimntl desig iagram (top), experimental setup (bottom left), and chromia
powder with ceramic insulation in furnace (bottom right).
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A series of experiments were conducted to assess the effects of alkaline oxide additives on
Cr reactive condensation. Prototypical ceramic fiber insulation materials used in this study
included high-purity quartz and alumina fibers purchased from laboratory supply vendors Wale
Apparatus and EA Consumables, respectively, while the two silica-based alkaline earth silicate
(AES) fiber samples with varying alkaline oxide content were purchased from Lynn
Manufacturing, an industrial thermal insulation vendor. Approximately 2 g of chromia powder and
2 g of ceramic insulating fiber material are used in each experiment. This is an arbitrary amount
that is used for repeatability across samples. It could also be considered an extreme case of Cr
vapor exposure to the HTIW samples as the Cr source would be mixed with other stainless-steel
components if observed in the field. The tube furnace center where the chromia powder is placed
was calibrated to 850°C and temperature was recorded at the exit in three distinct locations where
the ceramic material is placed using a thermocouple probe. These locations include inside the
furnace at exit, at the threshold of the furnace exit, and outside the furnace exit are marked on the
2.54 cm (1 inch) quartz tube. The temperatures at each location are ~800°C, ~500°C, and ~160°C,
respectively. Flow is calibrated to a face velocity of ~2 cm/s for each experiment and the
experiment is run for 150 hrs. The resulting volumetric flow rate is ~10 cc/s or ~600 cc/min which
places the Cr evaporation rate within the non-equilibrium linear evaporation rate regime according
to other researchers [160][161], however these Cr evaporation studies were conducted using alloys
as the Cr source and not pure chromia. The location of the laboratory in which these experiments
were conducted is at an elevation of 1,470 meters (4,820 feet) above sea level where the ambient

pressure is approximately 84.9 kPa (637 mmHg).
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Pre-exposure samples are characterized using a Zeiss SUPRA 55VP field emission
scanning electron microscope (FE-SEM) with an energy-dispersive x-ray spectroscopy (EDX)
detector. Total Cr and Cr(VI1) is quantified using a SPECTROBLUE EOP TI inductively coupled
plasma optical emission spectrometry (ICP-OES) and direct UV-VIS using a ThermoSci Genesys
20 spectrophotometer with a visual colorimetric diphenyl carbazide (DPC) water test kit from
Chemetrics [172]. ICP-OES can detect metals and several non-metals in liquid samples at very
low concentrations from 1-5 ppb and up to 100 ppm. DPC is a visual or spectroscopic colorimetry
technique that utilizes a reaction between DPC and Cr(VI) in acidic conditions, creating a red-
violet color in direct proportion to the Cr(VI) concentration. Measurements are made against a
color comparator and expressed as ppm (mg/L) CrO4. DPC is limited to lower concentrations (0-
0.8 ppm) before relative standard deviation increases to 20-50% whereas direct UV-VIS can be
used for concentrations above 0.8 ppm and up to 100 ppm with relative standard deviations of
0.5%[11]. Absorbance on the spectrophotometer is measured at A=540 nm for DPC and A=340 nm
for direct UV-VIS. ICP-OES, DPC, and direct UV-VIS under these conditions produce
uncertainties no greater than 10%. The uncertainty for ICP-OES measurements under 0.01 ppm,
however, increases to 40%. Solid samples, such as the fibers in this study, need to be prepared via
acid digestion before being analyzed. 0.7 M nitric acid is used to digest samples on a hot-plate at
90-95°C for one hour. Resulting solutions are diluted to 0.3 M before being analyzed via ICP-OES
or DPC/direct UV-VIS. Fig. 30 and 31 below display the four fiber samples used in this study pre-
exposure. Table 1 below presents the physical and chemical characteristics of each sample. Pre-
exposure samples of AES #1 and AES #2 wools were also acid digested under the same conditions

outlined above and then analyzed via ICP-OES to observe changes in leached Cr, Ca, Mg, Na, and
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K. The results from ICP-OES and DPC/direct UV-VIS analyses are presented in the Results

section as histogram plots in Fig. 33, 34, and 35.

77858, 2 L

Figure 30: Fibers pre-eposure photographs (top) and SEM images (bottom) from left to right:
quartz wool, alumina wool.
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Figure 31: Fibers pre- exposure photographs (top) and SEMlmages (bottom) from left to right:
manufacturer AES #1, and manufacturer AES #2.

Table 6 — Information on the ceramic fibers.

Quartz Wool Alumina Wool AES #1 AES #2
Fiber Diameter, 21.45,14.30 9.67, 3.63 15.63, 7.03 15.05, 7.08
pm
(Avg, Std Dev)
EDX Chemical Si (46.3 wt%), Al (54.2 wt%), Si (33.4 wt%), Si (28.5 wt%),
Analysis S (0.5 wt%), Si (1.83 wt%) Ca (18.8 wt%o), Ca (21.3 wt%),
(Oxygen Balance)  and Na (0.3 wt%) K (0.6 wt%), Mg (3.0 wt%),
Al (0.5 wt%), S (0.5 wt%),
Mg (0.4 wt%), and Na (0.3 wt%)

and Na (0.3 wt%)

Computational thermodynamic equilibrium modelling of the system was completed using
FactSage 8.2, with FactSage databases FactPS and FToxid. Ideal gases, pure solids, and all
solutions were selected as products. The parameters used in the calculations include: 1 atm total
pressure, 850°C for evaporation, and 100-800°C for condensation. It is worth noting here that the

total pressure used in calculations does not match the ambient pressure where the experiments
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were conducted at altitude, but the ratios of gases (O. and H.QO) used in the calculations are the
same as those used in the experiment series. Calculations used in computational thermodynamic

equilibrium modelling are presented below:

Cr203(s) + <A> H20(g) + <B> 02(g) Eq. 3
Gas stream of [3] + Quartz/Alumina/AES#1/AES#2 Eq. 4
Results

Results below are presented in photos of samples, observed staining colors on samples, as
well as DPC/UV-VIS and ICP-OES measurements. Fig. 32 below shows the ceramic insulating
fibers post-exposure. Following this figure, Table 7 presents the resulting observed staining colors

and Cr(VI)/Total Cr measurements for each ceramic insulating fiber sample.

X

artz, AES

Figure 32: Ceramic insltin fibers post-exposure, couterlckw1se fr.orrrl‘foAp left: qli
#1, AES #2, and alumina wools.
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Table 7 — Appearance and Cr content for quartz wool.

Metric Quartz Alumina AES #1 AES #2
Color Green, yellow, Green, yellow, Yellow Yellow, brown
brown brown
DPC/UV-VIS 0.739 ppm 0.403 ppm 0.873 ppm 1.747 ppm
ICP-OES 1.339 ppm 1.976 mg/L 2.170 ppm 3.040 ppm

Next, Fig. 33 below presents total Cr and Cr(VI) measurements obtained from ICP-OES
and DPC/UV-VIS, respectively, as a histogram plot with error bars (10% uncertainty) for each
fiber sample. To ensure repeatability, experiments for each sample have been at least duplicated
(some triplicates). However, the methodology has evolved, and more refined characterization
techniques were used in later iterations. For example, total Cr collected on samples was initially
measured using inductively couples plasma mass spectroscopy (ICP-MS), but in later iterations
was measured using ICP-OES, and initial measurements of Cr(VI) collected on samples was
estimated using a visual color comparator provided with the DPC test Kit, but in later iterations
was measured directly using DPC/Direct UV-VIS with the aid of a spectrophotometer. The exact
measurements have changed but the trends/differences in total Cr/Cr(VI) collection agree with
respect to changes in water vapor concentration. As a result, the 10% error bars in Fig. 30 may be

an underestimate of the total error involved due to fiber packing and positioning in the quartz tube.



104

Cr(VI)
Cr

Cr(V1) (ppm)
Cr (ppm)

} —15
. —1.0
. T
€L
_ —-0.5
; . : 0.0
Quartz Alumina AES #1 AES #2
Fiber

Figure 33: Collected Cr/Cr(VI) comparison amongst fiber types with error bars.

It can be inferred from Fig. 33 that alkaline content in the fiber samples increases Cr and
Cr(VI) formation. A possible explanation for this observation is that alkaline-Cr compound
formation reactions are more favorable compared to those formation reactions of the quartz or
alumina fiber surface chemistries. Assuming that is the case, it is expected that leached alkaline
elements between pre- and post-exposure samples will increase. To test this hypothesis, unexposed
samples of each ceramic insulating fiber, also weighing 2g each, were acid digested under the same
conditions as described in the experimental design section. The results of this experiment are

presented below in histogram plots of ICP-OES elemental composition results for AES #1 and
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AES #2 fibers. Each histogram plot contains results in ppm for Cr, Ca, Mg, Na, and K for post-
and pre-exposure samples with error bars (10% uncertainty). Fig. 34 below displays the post- and
pre-exposure ICP-OES results for AES #1 as well as the difference between post- and pre-
exposure. The greatest difference in detected elemental concentrations between post- and pre-
exposure are Cr and Ca at 2.17 ppm and 4.20 ppm, respectively. Na and K increased from pre- to
post-exposure by 0.61 ppm and 0.35 ppm, respectively. Finally, Mg decreased from pre- to post-

exposure by 0.21 ppm.
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Figure 34: Histogram plot of ICP-OES analysis of AES#1 pre- and post-exposure reported in

Next, Figure 35 below displays the post- and pre-exposure ICP-OES results for AES #2 as
well as the difference between post- and pre-exposure. The greatest difference in detected

elemental concentrations between post- and pre-exposure are Cr and Ca at 3.03 ppm and 3.43 ppm,
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respectively. Mg increased from pre- to post-exposure by 0.12 ppm. Finally, Na and K decreased

from pre- to post-exposure by 0.23 ppm and 0.03 ppm, respectively.
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Figure 35: Histogram plot of ICP-OES analysis of AES#2 pre- and post-exposure reported in

FactSage-generated condensation reaction calculations of Cr vapor onto Quartz, Alumina,
AES #1, and AES #2 fibers as functions of water vapor concentration were completed to interpet
experimental results. Results are presented as calculated total condensed Cr species formed in
grams on each ceramic insulating fiber from 100°C to 800°C for 3% H»O water vapor content.
Condensed Cr species formed for each fiber surface in the greatest quantity are interpreted as being
the most stable.. For quartz wool, the calculated primary condensed Cr compounds formed are
Cr203, Cr2(S04)3, and Cr2(CrO4)s3 (Cr(IIT) chromate), however Cr2(CrO4)3 was calculated to only
form at 100°C. For alumina wool, the calculated primary condensed Cr compounds formed are

Cr203 (Cr(I1I)) and Cr2(CrOa)3, however Cra(CrO4); was calculated only to form at 100°C here as
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well. For AES #1, the calculated primary condensed Cr compounds formed are CaCrO4 (Cr(VI))
and CazCr2Si3012 (Cr(III) uvarovite), however CazCr2Si3012 was calculated to form only at 100°C.

Finally, the calculated primary condensed Cr compounds formed for AES # 2 is CaCrO4 (Cr(VI)).

Discussion

The photos, ICP-OES, and DPC/UV-VIS results tell a story of increasing loading of total
Cr and Cr(V1) in the presence of alkaline oxide additions. Photos of post-exposure samples show
that staining becomes more evident on each sample with greater total alkaline oxide content. Total
Cr measurements from ICP-OES and Cr(VI) measurements from DPC/Direct UV-VIS also
increase with increasing alkaline oxide content; however, they do not experience the same rate of
change. The differences in total Cr and Cr(VI) collection between samples could be due to
differences in surface areas. The alumina wool control has the finest fibers, the quartz wool has
the largest standard deviation in fiber diameter, and the two manufactured AES insulation fibers
are comparable in average and standard deviation diameter. The process, as it is understood
according to these observations, by which reactive condensation of Cr vapors occurs on ceramic
fiber surfaces is as follows: as CrOs or Cr2(OH)2 gases generated from high-temperature processes
cool and fall onto surfaces they encounter eventually forming various stable Cr compounds
depending on the surface chemistry on which they condense onto. These Cr compounds, according
to the thermodynamic equilibrium calculations and experimental observations, include trivalent
Cr compounds (Cr203, Crz(SOs)s, CasCr2Sis012), hexavalent Cr compounds (CaCrOs), and
combinations of hexavalent and trivalent Cr compounds (Cr2(CrQa4)3). Furthermore, according to
experimental observations presented in Fig. 34 and 35, it is possible that Cr compounds formed on

alkaline surfaces form chemically bonded alkaline chromates and pull the alkaline components out
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of the fiber during acid digestion. The solubility of relevant Cr compounds could also be of
importance to explaining these observations. Cr(I11) compounds are generally insoluble to slightly
soluble in water, whereas Cr(VI1) compounds are very soluble. For example, Cr(I11) oxide (Cr.03)
is completely insoluble in water at 20°C while dehydrated chromic acid has a solubility of 1000
g/L and calcium chromate has a solubility of 22.3 g/L [24].

Seen across all samples is a similar pattern in staining. Observing the samples from left to
right coordinates with the temperature zones of hot to cold, respectively, where the sample was
placed in the furnace exit. Each sample starts with unstained sections on the left side where the
temperature is >500°C. This observation agrees with expectations as the condensation point for Cr
vapor, the boiling point of chromic acid, is ~250°C, and deposition at temperatures above the
boiling point is not to be expected. Staining becomes more apparent in the middle and right side
as the sample cools down below the boiling point of chromic acid. The computational
thermodynamic equilibrium modelling also showed a variation in the species of stable condensed
Cr and in the total amount of condensed Cr formed on each fiber. Stable Cr compounds from
thermodynamic modelling are ascertained from the calculated total (in grams) of each calculated
stable Cr species. The species with the largest calculated totals are determined to be the most
stable. The calculated total Cr formed and was greater for AES #1 and AES #2 compared to quartz
and alumina across all temperatures and the most stable species were calculated to be Cr(\V1).
These results are reinforced by observing the staining on each sample. Staining on AES #1 and
AES #2 was more yellow and continuous than the stains observed on quartz or alumina. Cr(l1l)
chromate only formed at 100°C on quartz and alumina and therefore would fall towards the trailing

edge of the ceramic insulating fiber plug in the tube furnace.
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Hydroxyl populations on the surface are assumed to act as anchoring points for condensed
Cr vapor species. De-hydroxylation, the process by which surface hydroxyl groups are effectively
removed through bonding with hydrogen to form water, may also occur at elevated temperatures
(>500°C)[162]. When water vapor is introduced into the atmosphere, rehydroxylation of
dehydroxylated surfaces can occur and this rehydroxylation effect is increased with increased
water vapor concentration. A partially dehydroxylated oxide surface has hydroxyl groups,
coordinatively unsaturated metal cations, and oxygen anions. Coordinatively unsaturated cations
at the surface can accept free electron pairs of adsorbed molecules and act as Lewis acid sites. The
M+ sites behave like Lewis acids, and the O- ions are more basic than the bulk ions. Coordinative
unsaturation becomes more extensive if dehydroxylation takes place[163]. The strength of these
acid sites depends on the charge and size of the cations, both of which vary with the oxidation
number of the cation. In hard soft acid base (HSAB) theory, cations of a higher oxidation state are
harder acids. The strength of these acid sites depends on the charge and size of the cations which
vary with the oxidation state of the cation. Harder cations are smaller and less polarizable, and
they will absorb or bind hard bases stronger than soft or polarizable bases. A study on the role of
hardness in the adsorption of Cr(VI) onto metal oxide nanoparticles indicated that the adsorption
onto an oxide surface is influenced by their chemical hardness[164]. The hardness of the cation
determines the basicity of surface OH groups which regulates adsorption as well as protonation
and deprotonation. The hardness match between a sorbent and a sorbate may be interpreted as their
chemical affinity and this was found to be the driving force for adsorption of Cr(VI) anions onto
the oxides. Magnesium is a harder acid than calcium which is harder than aluminum which is

harder than silicon, therefore the bonding between magnesium / oxygen or calcium / oxygen is
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harder and more stable than that of aluminum / oxygen and silicon / oxygen, leading to a greater
affinity for adsorption of Cr anions for the AES wools compared to alumina or quartz wool.

In a study of Cr(VI) formation in stainless steel refractory slags, the authors observed
Cr(VI) formation increased in the presence of Ca [168]. The authors of the study also found that
“slag basicity”, the ratio between CaO/SiO, increases Cr(V1) formation. The replacement of Al,O3
by SiO2 in Ca-aluminate slags decreases the amount of uncombined CaO that can react with
chromite particles to form Cr(VI). This study also found that a decrease in chromite particle size
increases the content of Cr(\V1) because a larger surface area is available for the reaction to take
place. Another study of stainless-steel slag also found the main Cr compound distributed in the
soluble phase as hexavalent CaCr.0s was formed below 1200°C [173]. Increased boron oxide
content was also found to increase Cr(V1) formation. The authors of both studies also observed
that cooling rate affects the formation of Cr(VI), however the observations and conclusions drawn
from each study do not agree. In the first study, an increase in cooling rate was observed to decrease
the formation of Cr(VI) and this was assumed to be the result of limiting the Kinetics of the
formation. The second study’s results demonstrated that a faster cooling rate prohibited Cr from
entering the spinel phase and remained primarily in the silicate matrix. In this state, there was more
tendency for Cr to oxidize to Cr(V1) in the subsequent cooling process.

The Gibb’s free energy of formation for various condensed phase Cr species is presented
below in Table 8. The reactions of alkaline chromate/chromite compounds are generally more

favorable than those of oxide or hydroxide Cr compounds due to their lower Gibb’s free energy.
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Table 8 — Gibb’s free energy for relevant Cr compound formation reactions[174].
Species AG°r9s (kcal/mol)
H2CrO4 (aq.) -182.52
HCrO4 (aq.) -183.69

CrO4* (aq.) -174.81

Cr.07% (aq.) -312.79

Cr203 -254.64
CrOs -122.50
Cr2(S0a)3 -790.63
Cr2(CrOas)3 -731.84
CaCrO4 -310.2

K2CrO4 -309.82
K2Cr207 -449.33
MgCrO4 -276.17
MgCr20~ -398.92
Na>CrO4 -295.54
Na.Cr207 -431.61

The observation that alkaline oxides have a higher propensity for forming compounds with
Cr vapors is reinforced by HSAB theory, studies of refractory slags, and the relative
thermodynamic stability of alkaline chromates. Furthermore, when viewing the histogram plots in
Fig. 34 and 35, it is evident that Cr and alkaline oxides, particularly Ca, are linked. A significant
amount of Cr and Ca were detected in post-exposure samples when compared to pre-exposure
samples. This could be evidence of calcium-chromium compounds forming chemical bonds and
essentially removing Ca from the fibers during the acid digestion process. The results from
thermodynamic modelling of the system also corroborate this assertation as the primary stable Cr
compounds formed for the AES wools are Ca-based. Furthermore, the calculated thermodynamic
equilibriums for condensed Cr compounds show increasing total condensed Cr across all
temperatures and water vapor contents when comparing quartz to alumina to AES #1 and #2 fibers.
The calculated primary condensed Cr species also show an increase in Cr(\VI) compounds formed

on AES #1 and AES #2 compared to quartz and alumina fibers. This is reinforced by the
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experimental data in Fig. 33 that displays the same trend of increasing total condensed Cr

compounds from quartz and alumina to AES #1 and #2 fibers.

Limitations of Study and Future Work Recommendations

Various experimental factors in this study limited this investigation and provided context
for future work. For example, the placement and packing of the fibers within the furnace exit could
influence Cr condensation. The fibers themselves are oriented differently and have varying surface
areas from sample to sample, the specific placement of each sample could have an impact on
internal pressure of the reaction tube, influencing the fluid mechanics of the gas flow across the
fiber surfaces as well. Another aspect of fiber placement is the fluid flow past the fibers, it is not
uniform and Cr vapors will not distribute equally across all fibers. This observation is reinforced
by the detection of total Cr/Cr(VI1) in the furnace effluent collected by the condenser. A second
limitation is the acid digestion used for preparing samples to be analyzed via ICP-OES or
DPC/UV-VIS spectrophotometry. The efficacy of the digestion process used was quantified by
measuring the difference in Cr(VI) detected after 1 hour at 90-95°C hot plate assisted nitric acid
digestion and allowing the fibers to continue digesting for 12 hours unassisted. Measured Cr(VI)
decreased by ~80%, meaning ~20% of the Cr remains on the fibers after hot plate assisted acid
digestion. A third limitation is the differences in analytical techniques used. A single
characterization technique that could be used for total Cr and Cr(VI) would provide more reliable
data for comparison. Currently, the three different methods used limit the inter-sample
comparisons or conclusions that can be drawn from the data. A fourth limitation is the experimental
setup. Some Cr species interact and condense onto the surface of the quartz tubes used in the

furnaces and this occurrence has been studied to optimize the experiment [165]. The authors of the
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study identified a method using a sodium carbonate coated thin alumina tube which effectively
mitigates interference caused by chemical interactions between Cr vapor species and quartz and
alumina furnace tube, allowing for improved assessment of Cr evaporation. Another limitation is
the experimental setup, it could be improved to more accurately replicate service environments
(e.g., thermal cycling, longer exposure times up to 1000 hours). However, this study was intended
to create the extreme scenario of maximum Cr evaporation and condensation by using a relatively
large amount of a pure chromia source and directly passing the vapors through the fiber samples.
Finally, the thermodynamic equilibrium calculations and modelling could be improved. The
calculations treat the modelled scenarios as ideal and that all reactants have equal potential to react
when this is not the case in experimentation. Only the surface of the chromia source interacts with
the reactant gases. The overall trends of observed condensed Cr species from experiment can be
compared to the experimental results, but the exact amounts do not agree.

Total Cr (in all forms) and Cr(VI) collected on the ceramic insulating fiber samples
increases in the presence of alkaline oxides in the fibers, specifically calcium content. As evident
in Fig. 33, measurements from ICP-OES and from DPC/UV-VIS, also presented in Table 7, show
an increase in total Cr and Cr(V1) with increased alkaline oxide content. While the trends agree,
the individual quantified data does not experience the same rate of change. For example, alumina
collected more total Cr than quartz wool, but quartz wool collected more Cr(\V1). This could be
due to the small amounts of S (~0.5 wt%) and Na (~0.3 wt%) present in the quartz wool sample.
This observation is reinforced by the thermodynamic modelling of the quartz wool that calculated
Cr2(S04)3 as a stable compound formed in the reaction. However, further investigation into these

observations is required. In-situ Cr / Cr(VI) measurements of the fibers using IR or Raman
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spectroscopy during testing as a function of time, temperature, and Cr loading could provide more
insight into the mobility and evolution of Cr species on different surfaces. High-temperature
environments, such as those generated in the experimental system, generate significant amounts
of blackbody radiation, and limit the methods of in-situ characterization of reaction mechanisms.
However, advancements in IR and Raman spectroscopy in the past decade have successfully
integrated these characterization techniques into SOFCs operating above 650°C to correlate
electrochemical performance with chemical processes occurring simultaneously within the system
[166, 167]. These advanced spectroscopy systems could be applied to the experimental design
employed in this study to obtain a more comprehensive picture of the dynamic reactions occurring

during complex high-temperature processes.

Conclusions

In this study, silica-based aluminosilicate fibers were exposed to Cr vapors produced by
reacting chromia powder to high-temperature (800°C) air with 3% water vapor content.
Aluminosilicate fibers from different manufacturers were evaluated under similar conditions for
comparison. Chemical analyses were then conducted for each sample for quantitative comparisons.
Total Cr and Cr(V1), quantified using ICP-OES, were observed to collect on all samples including
those without an appreciable amount of alkaline oxide content. The presence of alkaline oxides in
the fiber, however, provides an opportunity to capture more Cr(V1). Total Cr collected increased
in the presence of increasing alkaline oxide content as well. Computational thermodynamic
equilibrium calculations carried out in FactSage were used to interpret these observations. The
different amounts and speciation of Cr observed on the ceramic substrates also suggests different

Cr condensation mechanisms for different ceramic surfaces and conditions, which invites further
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investigation. Implications for SOFC/SOEC systems include material selection and system design
to consider the impacts of increased alkaline oxide content on corrosion of stainless-steel
components within these systems.

While this study confirms the preference for Cr vapors to condense on surfaces containing
alkaline oxides, the results do not represent the likelihood or quantification of concentrations of
Cr(VI) that would be found in actual industrial applications. Furthermore, as all fibers regardless
of alkaline oxide content used in these applications capture Cr(V1), workplace regulatory rules
governing the exposure to Cr(V1) should guide actions taken by users of stainless steel used at

elevated temperatures.
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CHAPTER SIX - CONCLUSION

Contents of Chapter Six

Chapter Six discusses the significance and implications results of the research detailed in
Chapters Three, Four, and Five and thematically links the individual studies in context of
improving understanding of Cr reactive condensation in SOFC/SOEC and related high-
temperature materials and systems. Limitations of the completed research and the direction of
future research are also discussed. The future work discussion includes content from a fourth first-
authored research manuscript from the author of this dissertation titled “Effects of Upstream
Presence of Alkaline Oxides on Reactive Evaporation and Condensation of Chromium Vapors
onto Aluminosilicate Fibers”. This manuscript is currently in the process of being finished and will
be submitted to the Journal of Electrochemical Society for publishing in May 2024. Co-authors
for this manuscript in the Department of Chemical and Biological Engineering at Montana State
University include Dr. Paul Gannon, undergraduate Ryan Dowdy, and undergraduate Amberly
Guerrero. Co-authors that assisted with thermodynamic equilibrium modelling include Dr. Akbar
Rhamdhani and graduate student Bima Satritama from the Department of Mechanical and Product
Design Engineering at the Swinburne University of Technology include and Dr. Geoffrey Will

from the School of Science, Technology and Engineering at Sunshine Coast University.

Discussion

This document attempts to organize and present a collection of work completed by the
author with the assistance and support of their primary investigator, research group, industry

partners, and academic colleagues to shine light on an area of scientific knowledge that was
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previously unknown. The first manuscript, a literature review titled “Reactive Evaporation and
Condensation of Chromium: A Review”[1], attempted to aggregate and organize the existing
literature on topics related to reactive evaporation and condensation of Cr. This work served as a
foundation of knowledge and reference list for the author to continue to build upon as the research
progressed. The second manuscript, a research article titled “Influence of Water Concentration on
High-Temperature Reactive Condensation of Chromium Vapors Generated in 800°C Air’[2],
presented a study on the influence of water vapor concentration on total condensed Cr and Cr(VI)
species. The results of this study confirmed the hypothesis that increased water vapor
concentration increases total condensed Cr and Cr(VI1) compounds on aluminosilicate surfaces.
The third manuscript, an in-progress research article titled “Reactive Condensation of Cr Vapors
on Aluminosilicate Fibers Containing Alkaline Oxides”, presented a study of the influence of
alkaline oxides in aluminosilicate fibers on total condensed Cr and Cr(\VI) compounds. The results
of this study confirmed the hypothesis that increased alkaline oxide content increases total
condensed Cr and Cr(VI) compounds. Thermodynamic equilibrium calculations were also

completed to explain the results of these studies.

Limitations

Limitations are discussed in each chapter in the context of the study being presented.
However, the overall limitations can be summarized as follows: unreliable placement and packing
of the fibers in the quartz tube, non-uniform fluid flow past the fibers, incomplete acid digestion
of samples, discrepancies in characterization techniques, an imperfect experimental model of

representative systems, and imperfect thermodynamic equilibrium modelling calculations.
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These limitations can be overcome or kept to a minimum by improving various aspects of
the experimental and thermodynamic equilibrium models. Some possible improvements could
include using fibers that are more similar in orientation and surface area can limit the influence of
placement and packing of fibers in the furnace exit that influence fluid dynamics and the fibers’
exposure to Cr vapors. The acid digestion protocol can be improved by increasing digestion times
or temperatures. One way to do this is using pressurized vessels that allow for increased digestion
temperatures and times without losing solution to evaporation. A single characterization technique
that could be used for total Cr and Cr(V1) would provide more reliable data for comparison such
as in-situ methods like IR or Raman spectroscopy. The experimental setup could also be improved
to more accurately replicate service environments (e.g., thermal cycling, longer exposure times up
to 1000 hours). Finally, thermodynamic equilibrium modelling could also be improved by setting
more realistic constraints on the calculations. The calculations currently treat the modelled
scenarios as ideal and that all reactants have equal potential to react when this is not the case in

experimentation. Only the surface of the chromia source interacts with the reactant gases.

Future Work

Future work is also discussed in each chapter in the context of the study being presented.
One area of future work is to continue improving the experimental and thermodynamic equilibrium
models according to the points presented in the previous section on limitations.

Another area for future work is to continue probing environmental influences on reactive
evaporation and condensation mechanisms of Cr vapors. A fourth research manuscript currently
being prepared for publication by the author of this document focuses on the influence of alkaline

oxides upstream from the aluminosilicate fibers. Preliminary results from experimentation reveal
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a decrease in condensed Cr on quartz and alumina fibers exposed to vapors generated from mixed
powders compared to those exposed to vapors generated from pure chromia. Preliminary
thermodynamic modelling reveals a decrease in Cr vapors generated from chromia-CaO/MgO
mixed powders compared to those generated from pure chromia. The thermodynamic calculations
corroborate the experimental results and paint a picture of decreased Cr vapor generation in the
presence of upstream alkaline oxides in the Cr source. Fig. 36 and 37 below show the mixed
powders before and after exposure to heat and water vapor in the experimental setup. The change
in color from Fig. 36 to 37 indicates a reaction between the chromia and alkaline oxides is
occurring. Following these figures, Fig. 38 shows the thermodynamic calculations of generated Cr
vapor species from each scenario. The raw thermodynamic modelling data is presented in

Appendix A: Thermodynamic Equilibrium Modelling Data.

Figure 36: Mixed chromia-calcium oxide (top) and chromia-magnesium oxide powder (bottom).
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Figure 37: Mixed chromia-calcium oxide (top) and chromia-magnesium oxide (bottom) powders
post-exposure to 800°C air for 100 h.
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Figure 38: Thermodynamic equilibrium calculations of partial pressure of all total Cr vapor
species generated from pure chromia, mixed chromia-CaO, and mixed chromia-MgO powders
with respect to water vapor content.

In addition to the experimental and thermodynamic equilibrium modelling already
completed, phase diagrams (such as the one presented below in Fig. 39 created by authors of a

study into stainless steel smelting processes[173]) are to be generated to further explain the
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experimental results. In this study, researchers combined Cr20O3 powders with CaCO3z powders in
a compact held at temperature for 2 h with subsequent XRD analyses for phase identification.
Reaction forming Cr(V1) species (CaCrO4) appears to occur within a temperature window of ~700-
1000C, below and above which Cr(l11) species are favored. Future experiments and modelling are
intended to verify and add context to these results.
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Figure 39: Phase diagram of calcium-chromate species stabilities with respect to
temperature[ 173].

Conclusions

While the research objective of improving understanding of reactive condensation of Cr
vapors was met, the results of the presented studies do not fully address the problem as there are
limitations to each study presented and new questions that have yet to be answered. The results
from these studies can be used to better mitigate issues associated with reactive evaporation and
condensation of Cr in high-temperature systems, they also have great potential to be improved

upon and produce more accurate models of representative systems.
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The overall results from the studies included in this document reveal that Cr vapors
condense and form stable Cr/Cr(VI) compounds on all aluminosilicate surfaces tested, regardless
of water vapor concentration in the surrounding atmosphere or the presence of alkaline oxides in
the substrate material or alkaline oxides present in the Cr source, upstream from the substrate
material. Although it is worth noting that increasing water vapor concentration and increasing
alkaline oxide presence in the fibers leads to an increase in Cr/Cr(\V1) condensed species collected
on HTIW fibers, which agrees with the author’s original hypotheses. On the other hand, alkaline
oxide presence in the Cr source, upstream from the HTIW samples, negatively impacts and
decreases the generated Cr species’ vapor pressures. This limits the amount of free Cr vapor
species that can condense on the HTIW samples, which proved the third hypothesis offered by the
author to be incorrect. These findings will facilitate further investigations to detail mechanistic

understanding and inform future high-temperature materials science and engineering.
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Condensation of Cr Vapors on Quartz Fibers (3% Water Vapor Content)

Table A.1 — Calculated condensed compounds in grams with respect to temperature generated
from FactSage 8.2. The table is broken up to fit the page but is continuous from the top 8-rows
starting from the first column of temperatures at the top and moving to the right, then repeating.

(Cr,0;+0,+3H,0) gas + Quartz fibers

T(C) Cr203(s) Cr2(Cr0O4)3(s) Cr2(S04)3(s) Total Cr SiO2(s) Si02(s2)
100 0 0.040711648 0.019719288 0.028646953 1.97 0
200 0.034217867 0 0.019719176 0.028641101 1.97 0
300 0.034126063 0 0.019695802 0.02857209 1.97 0
400 0.035486946 0 0.014775948 0.028198575 1.97 0
500 0.039383969 0 0 0.026946678 1.97 0
600 0.034890707 0 0 0.023872369 0 1.97
700 0.025958756 0 0 0.017761091 0 1.97
800 0.010655186 0 0 0.007290323 0 1.97
Na2SO4(s) Na2S04(s2) Na2S04(s3) a02(g) a H20(g) acCr(g) aCrO(g) aCrO2(g) a CrO3(g) a CrOH(g)
0 0 0.022917808 0.87163018 0.12836982 1.7601E-123 1.02559E-92 2.8138E-57 4.61024E-31 1.08834E-96
0.022917808 0 0 0.87163064 0.12836936 5.93522E-94 3.16489E-70 3.94119E-43 1.53761E-23 1.1196E-73
0 0.022917808 0 0.87163064 0.12836934 4.54594E-75 6.29082E-56 2.88258E-34 5.60627E-19 4.93168E-59
0 0.022917808 0 0.8716301 0.12836907 8.13068E-62 6.69637E-46 4.64554E-28 8.70178E-16 9.26251E-49
0 0.022917808 0 0.87162828 0.12836846 5.22894E-52 1.74475E-38 1.78519E-23 1.96918E-13 3.69917E-41
0 0.022917799 0 0.87162816 0.12836752 1.85122E-44 8.81809E-33 5.93316E-20 1.26337E-11 2.61054E-35
0 0.022916989 0 0.87162794 0.12836554 1.79834E-38 2.92316E-28 3.63798E-17 3.39579E-10 1.13223E-30
0 0.022882253 0 0.87162733 0.12836193 1.31229E-33 1.36308E-24 6.61383E-15 4.88221E-09 6.59308E-27
a CrOOH(g) a Cr(OH)2(g) a CrO20H(g) a CrO(OH)2(g) a Cr(OH)3(g) a CrO2(OH)2(g) a CrO(OH)3(g) a Cr(OH)4(g)
5.30326E-54 5.77566E-62 3.05342E-32 1.64247E-35 4.52867E-44 1.39801E-11 3.80505E-21 4.00715E-35
1.35391E-40 2.28805E-47 1.68683E-24 3.20795E-27 3.3661E-34 2.03281E-09 4.8708E-17 1.00876E-28
3.44481E-32 3.40515E-38 8.88868E-20 3.97335E-22 4.53903E-28 2.5591E-08 1.18455E-14 7.87539E-25
2.72591E-26 9.21481E-32 1.83671E-16 1.52477E-18 9.42201E-24 1.53075E-07 5.85507E-13 4.53705E-22
6.30283E-22 5.25929E-27 5.23743E-14 6.95674E-16 1.51159E-20 5.80356E-07 1.08475E-11 5.24647E-20
1.43406E-18 2.3883E-23 4.07069E-12 7.82494E-14 4.50066E-18 1.62971E-06 1.05038E-10 2.09935E-18
6.56509E-16 1.88576E-20 1.28693E-10 3.33555E-12 4.17053E-16 3.71491E-06 6.47023E-10 4.01275E-17
9.47175E-14 4.22667E-18 2.12697E-09 7.0591E-11 1.6645E-14 7.28048E-06 2.86967E-09 4.48978E-16
a CrO(OH)4(g) a Cr(OH)5(g) a Cr(OH)6(g) a CrS(g) a Na2S04(s) a Na2S04(s2) a Na2S04(s3)
4.1631E-28 1.12343E-46 5.64414E-64 2.5652E-181 0.98487342 0.41395842 1
7.03531E-24 1.34081E-38 1.34974E-53 2.5879E-136 1 0.80657622 0.99773762
2.09794E-21 1.33474E-33 4.35794E-47 3.4985E-107 0.76327361 1 0.75291595
1.2163E-19 4.72736E-30 1.81456E-42 9.15966E-87 0.53254412 1 0.52112568
2.56767E-18 2.14608E-27 5.1904E-39 4.34271E-73 0.4078673 1 0.39675869
2.77715E-17 2.50677E-25 2.53323E-36 4.35695E-63 0.33518274 1 0.32456427
1.88376E-16 1.13764E-23 3.61288E-34 3.05127E-55 0.29081759 1 0.28058205
9.10325E-16 2.60077E-22 2.11312E-32 5.4185E-49 0.26331716 1 0.25329871
a Cr2(Cr04)3(s) a Cr2(S04)3(s) aSio2(s) aSin2(s2) a Cr203(s) GAS 02(g) H20(g) Cr(g) CrO(g)

1 1 1 0.71330133 0.11027121 1701.6285 1571.3394 130.28908 0 0
0.014334204 1 1 0.8213943 1 1701.635 1571.3459 130.28908 0 1.21239E-66
2.90909E-05 1 1 0.89909506 1 1701.6351 1571.3459 130.28905 1.33168E-71 2.40987E-52
4.27031E-07 1 1 0.95376813 1 1701.6387 1571.3457 130.28885 2.38179E-58 2.56522E-42
2.10144E-08 5.8633E-05 1 0.98787757 1 1701.6495 1571.3452 130.28845 1.53176E-48 6.68376E-35
2.28295E-09 1.01145E-09 0.9945392 1 1 1701.654 1571.3439 130.28741 5.42294E-41 3.37801E-29
4.28155E-10 1.0544E-13 0.9201283 1 1 1701.663 1571.3415 130.28524 5.26804E-35 1.11979E-24
1.18847E-10 2.9464E-17 0.79760426 1 1 1701.6783 1571.337 130.2813 3.84419E-30 5.22163E-21

CrO2(g) CrO3(g) CrOH(g) CrOOH(g) Cr(OH)2(g) CrO20H(g) CrO(OH)2(g) Cr(OH)3(g)
1.33153E-53 2.59719E-27 0 2.53969E-50 2.79871E-58 1.73749E-28 9.43941E-32 2.62838E-40
1.86503E-39 8.66215E-20 4.3525E-70 6.48377E-37 1.10872E-43 9.5986E-21 1.84364E-23 1.95365E-30
1.36408E-30 3.15831E-15 1.91722E-55 1.6497E-28 1.65004E-34 5.05794E-16 2.28353E-18 2.63441E-24
2.19834E-24 4.90218E-12 3.60085E-45 1.30542E-22 4.46524E-28 1.04515E-12 8.76299E-15 5.46844E-20
8.44779E-20 1.10935E-09 1.43808E-37 3.01839E-18 2.54851E-23 2.98027E-10 3.99812E-12 8.77313E-17
2.80766E-16 7.11723E-08 1.01486E-31 6.86763E-15 1.15731E-19 2.31635E-08 4.49708E-10 2.61214E-14
1.72155E-13 1.91303E-06 4.40162E-27 3.14398E-12 9.13789E-17 7.32306E-07 1.91697E-08 2.42053E-12
3.12976E-11 2.75041E-05 2.56309E-23 4.53595E-10 2.04812E-14 1.21031E-05 4.05693E-07 9.66054E-11
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Condensation of Cr Vapors on Alumina Fibers (3% Water Vapor Content)

Table A.2 — Calculated condensed compounds in grams with respect to temperature generated
from FactSage 8.2. The table is broken up to fit the page but is continuous from the top 8-rows
starting from the first column of temperatures at the top and moving to the right, then repeating.

(Cr,03+0,+3H,0) gas + Alumina fibers

T(C) Cr203(CORU) Cr2(CrO4)3(s) Cr203(s) Total Cr Al203(H20)(s) Al2Si4010(0H)2(s)
100 o] 0.049801956 o] 0.028646686 2.2342465 0.11039874
200 0.020384611 0 0.021475475 0.028640848 o] 0
300 0.041777261 0 0 0.028584178 o] 0
400 0.041559632 0 0 0.028435276 0 0
500 0.041044352 0 o] 0.028082719 o] 0
600 0.040218948 0 o] 0.027517974 [o] 0
700 0.03902999 0 o] 0.026704484 o] 0
800 0.037501246 0 o] 0.025658511 o] 0
SiO2(s) a 02(g) a H20(g) aCr(g) a CrO(g) a CrO2(g) a CrO3(g) a CrOH(g) a CrOOH(g)
0] 0.87192338 0.12807662 1.7594E-123 1.02535E-92 2.81361E-57 4.61071E-31 1.08675E-96 5.2964E-54
0.073638387 0.87163099 0.128369 5.93522E-94 3.16489E-70 3.94119E-43 1.53761E-23 1.1196E-73 1.3539E-40
0.073638387 0.87163099 0.12836899 3.79753E-75 5.25515E-56 2.40801E-34 4.6833E-19 4.11976E-59 2.87768E-32
0.073638387 0.87163099 0.12836894 3.83539E-62 3.1588E-46 2.19139E-28 4.1048E-16 4.3693E-49 1.28586E-26
0 0.87163098 0.12836883 1.73489E-52 5.78888E-39 5.92303E-24 6.53352E-14 1.22734E-41 2.0912E-22
9] 0.87163095 0.12836865 4.37681E-45 2.08485E-33 1.40277E-20 2.98697E-12 6.17208E-36 3.39055E-19
0 0.87163087 0.12836834 3.20866E-39 5.21559E-29 6.49102E-18 6.0589E-11 2.02019E-31 1.17138E-16
0 0.87163054 0.12836768 1.83611E-34 1.90718E-25 9.25389E-16 6.83107E-10 9.22504E-28 1.32529E-14
a Cr(OH)2(g) a CrO20H(g) a CrO(OH)2(g) a Cr(OH)3(g) a CrO2(0OH)2(g) a CrO(OH)3(g) a Cr(OH)4(g)
5.76111E-62 3.04998E-32 1.63861E-35 4.51248E-44 1.39495E-11 3.79209E-21 3.98859E-35
2.28804E-47 1.68683E-24 3.20794E-27 3.36609E-34 2.0328E-09 4.87078E-17 1.00875E-28
2.84454E-38 7.42531E-20 3.3192E-22 3.79175E-28 2.13778E-08 9.89528E-15 6.57881E-25
4.34679E-32 8.6641E-17 7.1926E-19 4.44453E-24 7.22082E-08 2.76194E-13 2.14021E-22
1.74497E-27 1.73772E-14 2.30817E-16 5.01529E-21 1.92556E-07 3.5991E-12 1.74073E-20
5.64669E-24 9.62434E-13 1.85006E-14 1.0641E-18 3.85316E-07 2.48343E-11 4.96356E-19
3.36472E-21 2.29622E-11 5.95154E-13 7.44144E-17 6.62844E-07 1.15448E-10 7.16001E-18
5.9141E-19 2.97607E-10 9.87734E-12 2.32907E-15 1.01871E-06 4.01544E-10 6.28254E-17
a CrO(OH)4(g) a Cr(OH)5(g) a Cr(OH)6(g) a Cr203(CORU) a Al203(H20)(s) a Al2Si4010(0OH)2(s) a Cr2(Cr04)3(s)
4.14452E-28 1.11705E-46 5.60612E-64 0.11023836 1 1 1
7.03527E-24 1.3408E-38 1.34973E-53 1.0000037 0.16570513 0.2282013 0.014334217
1.75254E-21 1.11499E-33 3.64045E-47 0.69784145 0.003600074 0.006896772 1.18344E-05
5.73749E-20 2.22998E-30 8.5596E-43 0.22251925 0.000223536 0.00061925 9.97417E-09
8.51927E-19 7.1205E-28 1.72213E-39 0.11008333 2.61437E-05 7.15998E-05 8.4493E-11
6.56612E-18 5.92687E-26 5.98945E-37 0.055898805 4.6547E-06 9.50137E-06 1.68657E-12
3.36123E-17 2.02993E-24 6.44666E-35 0.031835022 1.10849E-06 1.91173E-06 7.74221E-14
1.27382E-16 3.63934E-23 2.95702E-33 0.019576842 3.26146E-07 5.16626E-07 6.37302E-15
aSio2(s) a Cr203(s) GAS Mull#1 CORU a Mull#1 a Mull#2 a CORU
0.98105112 0.11023783 1701.291 0 0 0.004637371 0.004637371 0.332656
1 1 1701.64 0 1.9503846 0.50301083 0.50301083 1
1 0.6978393 1701.6401 0 1.9717773 0.70884569 0.70884569 1
1 0.22251866 1701.6403 0 1.9715596 0.90791606 0.90791606 1
0.90874068 0.11008308 1701.6408 0.23959097 1.8050918 1 1 1
0.77123215 0.055898691 1701.6416 0.24399808 1.7998593 1 1 1
0.6299851 0.031834964 1701.6428 0.24847449 1.7941939 1 1 1
0.48946186 0.019576809 1701.6443 0.25303553 1.7881041 1 1 1
02(g) H20(g) Cr(g) CrO(g) CrO2(g) CrO3(g) CrOH(g) CrOOH(g)
1571.343 129.94807 0 0 1.33099E-53 2.59658E-27 0 2.53556E-50
1571.3509 130.28908 [¢] 1.2124E-66 1.86504E-39 8.66218E-20 4.35251E-70 6.48378E-37
1571.3509 130.28906 1.11244E-71 2.01313E-52 1.13951E-30 2.63836E-15 1.60158E-55 1.37811E-28
1571.3508 130.28901 1.12354E-58 1.21007E-42 1.037E-24 2.31246E-12 1.69859E-45 6.15792E-23
1571.3506 130.28888 5.08218E-49 2.21759E-35 2.80287E-20 3.68069E-10 4.77136E-38 1.00147E-18
1571.3504 130.28868 1.28214E-41 7.9866E-30 6.63814E-17 1.68272E-08 2.39944E-32 1.62372E-15
1571.3499 130.28834 9.39941E-36 1.99798E-25 3.07165E-14 3.41331E-07 7.85362E-28 5.60968E-13
1571.3491 130.28766 5.37869E-31 7.30598E-22 4.37909E-12 3.84832E-06 3.58629E-24 6.34674E-11
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Condensation of Cr Vapors on AES#1 Fibers (3% Water Vapor Content)

Table A.3 — Calculated condensed compounds in grams with respect to temperature generated
from FactSage 8.2. The table is broken up to fit the page but is continuous from the top 8-rows
starting from the first column of temperatures at the top and moving to the right, then repeating.

(Cr,05+0,+3H,0) gas + AES #1

T(C) g-Ca3Cr2Si3012(GARN) g-CaCrOA4(s) Total Cr g-02(g) g-H20(g) g-Cr(g)
100 3.88978E-15 0.08598613 0.028646727 1571.3377 130.28792 0
200 0 0.08598613 0.028646727 1571.3377 130.28908 0
300 0 0.08598613 0.028646727 1571.3377 130.28908 0
400 o] 0.085986101 0.028646718 1571.3377 130.28908 5.19061E-63
500 o] 0.085983648 0.0286459 1571.3377 130.28908 7.44964E-52
600 o] 0.085910458 0.028621517 1571.3377 130.28906 2.86345E-43
700 o] 0.084841172 0.028265278 1571.3376 130.28889 1.84592E-36
800 ) 0.075417573 0.025125757 1571.3373 130.28747 6.33747E-31
g-CrO(g) g-CrO2(g) g-CrO3(g) g-CrOH(g) g-CrOOH(g) g-Cr(OH)2(g) g-CrO20H(g)
0 3.3018E-66 6.44027E-40 0 6.29767E-63 6.93994E-71 4.30845E-41
[¢] 1.53973E-48 7.15131E-29 [0] 5.35289E-46 9.15345E-53 7.92443E-30
7.89638E-59 4.46965E-37 1.03488E-21 6.28214E-62 5.40556E-35 5.40669E-41 1.65733E-22
5.59036E-47 4.79082E-29 1.06833E-16 7.84732E-50 2.8449E-27 9.73112E-33 2.27768E-17
3.25062E-38 4.10854E-23 5.39527E-13 6.99406E-41 1.46799E-21 1.23947E-26 1.44945E-13
1.78367E-31 1.48252E-18 3.75808E-10 5.35877E-34 3.62631E-17 6.11099E-22 1.22311E-10
3.92376E-26 6.03232E-15 6.70329E-08 1.54236E-28 1.10167E-13 3.20203E-18 2.56605E-08
8.60829E-22 5.15967E-12 4.53429E-06 4.22557E-24 7.47809E-11 3.37667E-15 1.99536E-06
8-CrO(OH)2(g) 8-Cr(OH)3(g) 8-CrO2(OH)2(g) | g-CrO(OH)3(g) 8-Cr(OH)4(g) 8-CrO(OH)4(g) 8-Cr(OH)5(g) 8-Cr(OH)6(g)
2.34068E-44 6.51755E-53 2.30477E-20 6.32663E-30 6.71904E-44 7.91104E-37 2.15064E-55 o]
1.52208E-32 1.61291E-39 1.11579E-14 2.69637E-22 5.63157E-34 4.45113E-29 8.546E-44 9.67062E-59
7.48244E-25 8.63218E-31 5.57502E-11 2.60259E-17 1.74498E-27 5.26812E-24 3.3765E-36 1.23926E-49
1.90972E-19 1.19174E-24 2.21791E-08 8.55594E-14 6.6861E-23 2.03135E-20 7.95373E-31 3.4319E-43
1.94449E-15 4.26684E-20 1.87659E-06 3.53754E-11 1.72545E-19 9.57015E-18 8.05815E-27 2.1908E-38
2.37462E-12 1.37931E-16 5.72135E-05 3.71902E-09 7.49611E-17 1.12382E-15 1.02193E-23 1.1609E-34
6.71732E-10 8.48197E-14 0.00086547 1.52028E-07 9.50857E-15 5.05877E-14 3.07778E-21 1.09876E-31
6.68853E-08 1.59274E-11 0.007980236 3.17243E-06 5.00562E-13 1.1502E-12 3.31053E-19 3.0237E-29
g-Ca2Mg5Si8022(0OH)2(s) g-Sio2(s) g-Si02(s2) g-NaAlSi308(s) g-Na2Ca3Si6016(s) a-02(g) a-H20(g)
0.052405016 0.79355254 0 0 0.076228395 0.87163105 0.12836895
o] 0.79065116 [o] 0.019531809 0.053975225 0.87163005 0.12836995
[¢] 0.79068607 [o] 0.018820682 0.053983164 0.87163005 0.12836995
[¢] 0.79075595 [o] 0.017088851 0.053996075 0.87163005 0.12836995
o] 0.79086054 [o] o] 0.05401839 0.87163005 0.12836995
[¢] o 0.79093902 o 0.054021114 0.87163005 0.12836993
o] o] 0.79063363 o] 0.054024651 0.87163 0.12836975
o] o 0.78707417 o] 0.053979854 0.87162969 0.12836834
a-Cr(g) a-CrO(g) a-CrO2(g) a-CrO3(g) a-CrOH(g) a-CrOOH(g) a-Cr(OH)2(g) a-CrO20H(g)
4.3646E-136 2.5432E-105 6.97741E-70 1.14321E-43 2.6988E-109 1.31505E-66 1.43219E-74 7.57158E-45
4.9E-103 2.61288E-79 3.25379E-52 1.26942E-32 9.24326E-83 1.11777E-49 1.88898E-56 1.39262E-33
1.48957E-81 2.06131E-62 9.44533E-41 1.83701E-25 1.61597E-65 1.12876E-38 1.11577E-44 2.91256E-26
1.77192E-66 1.45934E-50 1.0124E-32 1.89638E-20 2.01859E-53 5.94059E-31 2.0082E-36 4.00275E-21
2.54308E-55 8.48559E-42 8.68223E-27 9.5771E-17 1.7991E-44 3.06539E-25 2.55788E-30 2.54723E-17
9.77495E-47 4.6562E-35 3.13288E-22 6.67094E-14 1.37845E-37 7.57231E-21 1.26112E-25 2.14946E-14
6.30143E-40 1.02428E-29 1.27476E-18 1.1899E-11 3.96744E-32 2.30047E-17 6.60798E-22 4.50953E-12
2.16342E-34 2.24715E-25 1.09035E-15 8.04878E-10 1.08695E-27 1.56154E-14 6.96838E-19 3.5066E-10

a-CrO(OH)2(g) a-Cr(OH)3(g) a-CrO2(0OH)2(g) a-CrO(OH)3(g) a-Cr(OH)4(g) a-CrO(OH)4(g) a-Cr(OH)5(g) a-Cr(OH)6(g)
4.07282E-48 1.12297E-56 3.46663E-24 9.43535E-34 9.93644E-48 1.03232E-40 2.78574E-59 0
2.64844E-36 2.77902E-43 1.67826E-18 4.02128E-26 8.32822E-38 5.80829E-33 1.10697E-47 1.11434E-62
1.30195E-28 1.48732E-34 8.38543E-15 3.88143E-21 2.58055E-31 6.87438E-28 4.3736E-40 1.42799E-53
3.32294E-23 2.05336E-28 3.33598E-12 1.27601E-17 9.88771E-27 2.65071E-24 1.03025E-34 3.95455E-47
3.38344E-19 7.35173E-24 2.82259E-10 5.27579E-15 2.55167E-23 1.24881E-21 1.04378E-30 2.52444E-42
4.13187E-16 2.37655E-20 8.60553E-09 5.54644E-13 1.10856E-20 1.46647E-19 1.32371E-27 1.33769E-38
1.16882E-13 1.46144E-17 1.30176E-07 2.2673E-11 1.40617E-18 6.6012E-18 3.98666E-25 1.26609E-35
1.16381E-11 2.74428E-15 1.20031E-06 4.73127E-10 7.40254E-17 1.5009E-16 4.28814E-23 3.48419E-33
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Condensation of Cr Vapors on AES#2 Fibers (3% Water Vapor Content)

Table A.4 — Calculated condensed compounds in grams with respect to temperature generated
from FactSage 8.2. The table is broken up to fit the page but is continuous from the top 8-rows
starting from the first column of temperatures at the top and moving to the right, then repeating.

(Cr,05+0,+3H,0) gas + AES #2

T(C) g-CaCrO4(s) Total Cr g-02(g) g-H20(g) g-Cr(g) g-CrO(g)
100 0.08598613 0.028646727 1571.3324 130.27996 o] o]
200 0.08598613 0.028646727 1571.3324 130.28908 o] o]
300 0.08598613 0.028646727 1571.3324 130.28908 0 7.89636E-59
400 0.085986101 0.028646718 1571.3324 130.28908 5.1906E-63 5.59035E-47
500 0.085983648 0.0286459 1571.3324 130.28908 7.44967E-52 3.25063E-38
600 0.085910455 0.028621516 1571.3324 130.28906 2.86354E-43 1.78373E-31
700 0.084841029 0.028265231 1571.3324 130.28889 1.84615E-36 3.92425E-26
800 0.07541387 0.025124524 1571.3342 130.28747 6.33974E-31 8.61137E-22
g-CrO2(g) g-CrO3(g) g-CrOH(g) g-CrOOH(g) g-Cr(OH)2(g) g-CrO20H(g) g-CrO(OH)2(g)
3.30175E-66 6.4402E-40 0 6.29741E-63 6.93947E-71 4.30828E-41 2.34053E-44
1.53973E-48 7.15128E-29 0 5.35288E-46 9.15345E-53 7.92442E-30 1.52208E-32
4.46964E-37 1.03488E-21 6.28213E-62 5.40555E-35 5.40669E-41 1.65733E-22 7.48244E-25
4.79081E-29 1.06832E-16 7.84732E-50 2.84489E-27 9.73113E-33 2.27768E-17 1.90972E-19
4.10856E-23 5.39529E-13 6.99409E-41 1.468E-21 1.23948E-26 1.44946E-13 1.9445E-15
1.48256E-18 3.7582E-10 5.35895E-34 3.62643E-17 6.1112E-22 1.22315E-10 2.3747E-12
6.03306E-15 6.70411E-08 1.54255E-28 1.10181E-13 3.20243E-18 2.56637E-08 6.71816E-10
5.1615E-12 4.53589E-06 4.22708E-24 7.48074E-11 3.37787E-15 1.99606E-06 6.69089E-08
8-Cr(OH)3(g) 8-CrO2(OH)2(g) | g-CrO(OH)3(g) g-Cr(OH)4(g) g-CrO(OH)4(g) g-Cr(OH)5(g) g-Cr(OH)6(g) 8-Crs(g)
6.51695E-53 2.30463E-20 6.32607E-30 6.71827E-44 7.91016E-37 2.15035E-55 0 0
1.61291E-39 1.11579E-14 2.69637E-22 5.63159E-34 4.45114E-29 8.54603E-44 9.67068E-59 0
8.6322E-31 5.57502E-11 2.6026E-17 1.74498E-27 5.26813E-24 3.37652E-36 1.23926E-49 0
1.19174E-24 2.21791E-08 8.55596E-14 6.68613E-23 2.03135E-20 7.95377E-31 3.43192E-43 0
4.26688E-20 1.8766E-06 3.53757E-11 1.72547E-19 9.57024E-18 8.05823E-27 2.19082E-38 0
1.37936E-16 5.72154E-05 3.71916E-09 7.49638E-17 1.12386E-15 1.02197E-23 1.16094E-34 3.58106E-65
8.48305E-14 0.000865578 1.52047E-07 9.50979E-15 5.05941E-14 3.07818E-21 1.0989E-31 1.56462E-54
1.5933E-11 0.007983032 3.17355E-06 5.00738E-13 1.1506E-12 3.31168E-19 3.02475E-29 6.68206E-46
g-Ca2Mg55i8022(0H)2(s) g-CaS04(s) g-5i02(s) g-Si02(s2) g-Na2Ca35i6016(s) a-02(g) a-H20(g) a-Cr(g)
0.41117784 0.044626647 0.4441905 0 0.076247442 0.87163751 0.12836249 4.3646E-136
0 0.044626647 0.47460206 0 0.076247442 0.87162968 0.12837032 4.9E-103
0 0.044626647 0.47460206 0 0.076247442 0.87162968 0.12837032 1.48957E-81
0 0.044626647 0.47460205 0 0.076247442 0.87162968 0.12837032 1.77192E-66
0 0.044626621 0.47460109 0 0.076247442 0.87162968 0.12837032 2.5431E-55
0 0.044619897 0 0.47456995 0.076247431 0.87162967 0.1283703 9.77529E-47
0 0.043991995 0 0.47388151 0.076246183 0.87162955 0.12837011 6.30222E-40
0 0.012174541 0 0.45623796 0.07615433 0.87162579 0.12836802 2.16419E-34
a-CrO(g) a-CrO2(g) a-CrO3(g) a-CrOH(g) a-CrOOH(g) a-Cr(OH)2(g) a-CrO20H(g) a-CrO(OH)2(g) a-Cr(OH)3(g)
2.5431E-105 6.97739E-70 1.14321E-43 2.6987E-109 1.31501E-66 1.43211E-74 7.57138E-45 4.0726E-48 1.12288E-56
2.61288E-79 3.25379E-52 1.26942E-32 9.24328E-83 1.11777E-49 1.88899E-56 1.39263E-33 2.64845E-36 2.77903E-43
2.06132E-62 9.44534E-41 1.83701E-25 1.61597E-65 1.12877E-38 1.11577E-44 2.91257E-26 1.30196E-28 1.48732E-34
1.45934E-50 1.0124E-32 1.89638E-20 2.01859E-53 5.9406E-31 2.0082E-36 4.00276E-21 3.32296E-23 2.05337E-28
8.48564E-42 8.68229E-27 9.57717E-17 1.79911E-44 3.06542E-25 2.5579E-30 2.54725E-17 3.38347E-19 7.35181E-24
4.65636E-35 3.13298E-22 6.67117E-14 1.3785E-37 7.57258E-21 1.26116E-25 2.14954E-14 4.13202E-16 2.37664E-20
1.02441E-29 1.27492E-18 1.19004E-11 3.96795E-32 2.30076E-17 6.60883E-22 4.5101E-12 1.16897E-13 1.46163E-17
2.24795E-25 1.09073E-15 8.0516E-10 1.08734E-27 1.56209E-14 6.97084E-19 3.50782E-10 1.16422E-11 2.74524E-15
a-CrO2(0OH)2(g) | a-CrO(OH)3(g) a-Cr(OH)4(g) a-CrO(OH)4(g) | a-Cr(OH)5(g) a-Cr(OH)6(g) a-CrS(g) a-Ca2Mg5Si8022(0H)2(s)
3.46646E-24 9.43462E-34 9.93541E-48 1.03221E-40 2.78539E-59 0 4.5567E-209 1
1.67827E-18 4.0213E-26 8.32827E-38 5.80832E-33 1.10697E-47 1.11435E-62 3.5584E-157 0.028582565
8.38545E-15 3.88145E-21 2.58057E-31 6.87442E-28 4.37363E-40 1.428E-53 1.9147E-123 0.001641458
3.33599E-12 1.27601E-17 9.88778E-27 2.65073E-24 1.03026E-34 3.95459E-47 8.7666E-100 0.000231802
2.82262E-10 5.27584E-15 2.55171E-23 1.24883E-21 1.04379E-30 2.52448E-42 2.73859E-82 5.66651E-05
8.60584E-09 5.54666E-13 1.1086E-20 1.46653E-19 1.32376E-27 1.33775E-38 7.5616E-69 1.97372E-05
1.30193E-07 2.26759E-11 1.40636E-18 6.60206E-18 3.98719E-25 1.26626E-35 3.30379E-58 8.82317E-06
1.20073E-06 4.73292E-10 7.40512E-17 1.50142E-16 4.28962E-23 3.48538E-33 1.41095E-49 4.76859E-06
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Evaporation of Cr Vapors from Chromia and Mixed Chromia-CaO/MgO Powders

Table A.5 — Calculated vapor species in grams generated from FactSage 8.2. The species are
calculated with respect to water vapor and total amounts are presented in the last column.

Evaporation Cr,0;+0,

%H20| aCr(g) |aCrO(g)|aCrO2(g)|aCrO3(g)|a CrOH(g)|a CrOOH(g) |a Cr(OH)2(g)|a CrO20H(g) | a CrO(OH)2(g) |a Cr(OH)3(g) | a CrO2(0H)2(g) | a CrO(OH)3(g) |a Cr(OH)4(g) | a CrO(OH)4(g) |a Cr(OH)5(g) |a Cr(OH)6(g) | Total
0 |1.50E-31)5.08E-23| 6.48E-14 | 1.71E-08 1.71E-08
1 [1.56E-31|5.14E-23| 6.40E-14 | 1.65E-08 | 1.60E-25 | 4.86E-13 | 1.53E-17 4.48E-09 9.68E-11 1.76E-14 3.73E-06 1.23E-09 1.68E-16 2.48E-16 8.13E-23 6.09E-33 | 3.75E-06!
2 |1.61E-31{5.20€-23| 6.33E-14 | 1.60E-08 | 2.28E-25 | 6.75E-13 | 2.99E-17 6.08E-09 1.85E-10 4.71E-14 6.96E-06 3.22E-09 6.18E-16 8.92E-16 4.11E-22 4.23E-32 | 6.98E-06
3 |167E-31)5.25E-23| 6.26E-14 | 1.54E-08 | 2.80E-25 | 8.13E-13 | 4.38E-17 7.16E-09 2.65E-10 8.22E-14 9.75E-06 5.49E-09 1.28E-15 1.81E-15 1.02E-21 1.24E-31 [9.78E-06
4 |172E-31)5.31E-23| 6.19E-14 | 1.49E-08 | 3.25E-25 | 9.23E-13 | 5.72E-17 7.95E-09 3.38E-10 1.20E-13 1.22E-05 7.87E-09 2.11E-15 2.92E-15 1.88E-21 2.58E-31 | 1.22E-05!
5 |1.78E-31|5.37E-23 6.13E-14 | 1.45E-08 | 3.66E-25 | 1.02E-12 6.99E-17 8.56E-09 4.04E-10 1.60E-13 1.43E-05 1.03E-08 3.06E-15 4.14E-15 2.97E-21 4.44E-31 | 1.43E-05
6 | 1.84E-31)5.42E-23| 6.06E-14 | 1.40E-08 | 4.03E-25 | 1.10E-12 | 8.22E-17 9.05E-09 4.66E-10 2.01E-13 1.61E-05 1.26E-08 4.10E-15 5.43E-15 4.24E-21 6.77€-31 | 1.61E-05!
7 |1.89E-31)5.48E-23| 6.00E-14 | 1.36E-08 | 4.37E-25 | 1.17E-12 | 9.40E-17 9.43E-09 5.22E-10 2.42E-13 1.77€-05 1.49E-08 5.20E-15 6.74E-15 5.66E-21 9.52€-31 | 1.77E-05!
8 |1.95E-31)5.54E-23| 5.94E-14 | 1.32E-08 | 4.70E-25 | 1.23E-12 | 1.05E-16 9.74E-09 5.73E-10 2.83E-13 1.90E-05 1.70E-08 6.34E-15 8.06E-15 7.20E-21 1.26E-30 [1.91E-05
9 |2.01E-31)5.59€-23 5.88E-14 | 1.28E-08 | 5.01E-25 | 1.28E-12 1.16E-16 9.98E-09 6.20E-10 3.24E-13 2.02E-05 1.91E-08 7.50E-15 9.35E-15 8.82E-21 1.60E-30 |2.02E-05
10 |2.07E-31)5.65E-23| 5.83E-14 | 1.24E-08 | 5.31E-25 | 1.33E-12 | 1.27E-16 1.02E-08 6.64E-10 3.64E-13 2.12E-05 2.10E-08 8.68E-15 1.06E-14 1.05E-20 1.976-30 [2.12E-05

Evaporation Cr,03+Ca0+0,

%H20| aCr(g) |aCrO(g)|aCrO2(g)|aCr03(g)|a CrOH(g)|a CrOOH(g) |a Cr(OH)2(g)|a CrO20H(g) |a CrO(OH)2(g) |a Cr(OH)3(g) | a CrO2(0H)2(g) | a CrO(OH)3(g) |a Cr(OH)4(g) | a CrO(OH)4(g) |a Cr(OH)5(g) [a Cr(OH)6(g) | Total
0 |3.41E-36) 1.15E-27| 1.47E-18 | 3.88E-13 3.88E-13
1 |[3.66E-36| 1.21E-27| 1.50E-18 | 3.88E-13 | 3.76E-30 [ 1.14E-17 | 3.60E-22 1.05E-13 2.27€-15 4.13E-19 8.77€-11 2.88E-14 3.94E-21 5.82€-21 1.91E-27 1.43E-37 [8.82E-11
2 |3.92€-36)1.26E-27| 1.54E-18 | 3.88E-13 | 5.54E-30 | 1.64E-17 | 7.28E-22 1.48E-13 4.49E-15 1.15E-18 1.69E-10 7.82E-14 1.50E-20 2.17E-20 1.00E-26 1.03E-36 [1.70E-10
3 |4.19E-36|1.32E-27| 1.57E-18 | 3.88E-13 | 7.05E-30 | 2.04E-17 1.10E-21 1.80E-13 6.66E-15 2.07E-18 2.45E-10 1.38E-13 3.23E-20 4.56E-20 2.56E-26 3.13E-36 | 2.46E-10
4 |4.48E-36) 1.38E-27 1.61E-18 | 3.88E-13 | 8.45E-30 | 2.40E-17 | 1.49E-21 2.07€-13 8.77E-15 3.13E-18 3.16E-10 2.04E-13 5.49E-20 7.58E-20 4.89E-26 6.72E-36 |3.17E-10
5 |4.77E-36) 1.44E-27| 1.64E-18 | 3.88E-13 | 9.81E-30 | 2.72E-17 | 1.88E-21 2.30E-13 1.08E-14 4.30E-18 3.83E-10 2.75E-13 8.22E-20 1.11E-19 7.96E-26 1.196-35 |[3.84E-10
6 |5.08E-36) 1.50E-27| 1.68E-18 | 3.88E-13 | 1.11E-29 | 3.03E-17 | 2.28E-21 2.50E-13 1.29E-14 5.57E-18 4.45E-10 3.49E-13 1.14E-19 1.50E-19 1.17E-25 1.87E-35 [4.46E-10
7 |5.40E-36) 1.56E-27| 1.71E-18 | 3.88E-13 | 1.25E-29 | 3.33E-17 | 2.68E-21 2.69E-13 1.49E-14 6.92E-18 5.04E-10 4.24E-13 1.48E-19 1.92E-19 1.62E-25 2.72€-35 | 5.05E-10
8 |5.74E-36| 1.63E-27| 1.75E-18 | 3.88E-13 | 1.38E-29 | 3.61E-17 | 3.10E-21 2.86E-13 1.69E-14 8.33E-18 5.59E-10 5.01E-13 1.87E-19 2.37E-19 2.12E-25 3.72E-35 |5.61E-10
9 |6.09E-36) 1.69-27 1.78E-18 | 3.88E-13 | 1.52E-29 | 3.89E-17 | 3.53E-21 3.02€-13 1.88E-14 9.82E-18 6.12E-10 5.79E-13 2.27E-19 2.83E-19 2.67E-25 4.86E-35 |6.13E-10
10 |[6.45E-36|1.76E-27| 1.82E-18 | 3.88E-13 | 1.66E-29 | 4.16E-17 3.96E-21 3.17E-13 2.07E-14 1.14€-17 6.61E-10 6.56E-13 2.71E-19 3.31E-19 3.28E-25 6.13E-35 |6.62E-10

Evaporation Cr,0;+Mg0+0,

%H20| aCr(g) [aCrO(g)|aCr02(g)|a CrO3(g)|a CrOH(g) |a CrOOH(g) [a Cr(OH)2(g) |a CrO20H(g) [ a CrO(OH)2(g) [a Cr(OH)3(g) | a CrO2(OH)2(g) | a CrO(OH)3(g) |a Cr(OH)4(g) | a CrO(OH)4(g) |a Cr(OH)5(g) |a Cr(OH)6(g)| Total
0 |1.37E-32|4.64E-24 5.92E-15 | 1.56E-09 1.56E-09
1 [1.42E-32|4.69E-24| 5.85E-15 | 1.51E-09 | 1.46E-26 | 4.44E-14 1.40E-18 4.09E-10 8.84E-12 1.61E-15 3.41E-07 1.12€-10 1.53E-17 2.26E-17 7.43E-24 5.56E-34 |3.43E-07
2 |147E-32|4.75E-24 5.78E-15 | 1.46E-09 | 2.08E-26 | 6.17E-14 | 2.73E-18 5.55E-10 1.69E-11 4.31E-15 6.36E-07 2.94E-10 5.65E-17 8.15E-17 3.76E-23 3.86E-33 | 6.38E-07
3 |1.52E-32|4.80E-24 5.72E-15 | 1.41E-09 | 2.56E-26 | 7.42E-14 | 4.01E-18 6.54E-10 2.42E-11 7.51E-15 8.91E-07 5.01E-10 1.17€-16 1.65E-16 9.29E-23 1.14E-32 [8.93E-07
4 |1.57E-32|4.85E-24| 5.66E-15 | 1.36E-09 | 2.97E-26 | 8.43E-14 5.22E-18 7.26E-10 3.09E-11 1.10E-14 1.11E-06 7.19E-10 1.93E-16 2.66E-16 1.72€-22 2.36E-32 | 1.11E-06
5 |1.63E-32|4.90E-24| 5.60E-15 | 1.32E-09 | 3.34E-26 | 9.28E-14 | 6.39E-18 7.82E-10 3.69E-11 1.47€-14 1.30E-06 9.37E-10 2.80E-16 3.78E-16 2.71E-22 4.06E-32 | 1.31E-06
6 | 1.68E-32|4.96E-24 5.54E-15 | 1.28E-09 | 3.68E-26 | 1.00E-13 | 7.51E-18 8.26E-10 4.25E-11 1.84E-14 1.47E-06 1.15E-09 3.75E-16 4.96E-16 3.87E-22 6.19E-32 | 1.47E-06
7 |1.73E-325.01E-24 5.48E-15 | 1.24E-09 | 3.99E-26 | 1.06E-13 | 8.59E-18 8.61E-10 4.77e-11 2.21E-14 1.61E-06 1.36E-09 4.75E-16 6.16E-16 5.17E-22 8.70E-32 | 1.62E-06
8 |1.78E-32|5.06E-24| 5.43E-15 | 1.20E-09 | 4.29E-26 | 1.12E-13 9.63E-18 8.89E-10 5.24E-11 2.59E-14 1.74E-06 1.56E-09 5.79E-16 7.36E-16 6.58E-22 1.15E-31 | 1.74E-06
9 |1.84E-32]5.11E-24 5.37E-15 | 1.17E-09 | 4.58E-26 | 1.17E-13 | 1.06E-17 9.12E-10 5.67E-11 2.96E-14 1.84E-06 1.74E-09 6.86E-16 8.54E-16 8.06E-22 1.46E-31 |1.85E-06
10 |1.89E-32)5.16E-24 5.32E-15 | 1.14E-09 | 4.85E-26 | 1.22E-13 | 1.16E-17 9.30E-10 6.07E-11 3.32E-14 1.94E-06 1.92€-09 7.93E-16 9.69E-16 9.60E-22 1.80E-31 [1.94E-06
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