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Abstract: The hydrothermal stability of K-Ca-Si-O glass soot oxidation catalysts has been improved
by substitution of Ce and Zr for Ca. This work demonstrates that glasses can be tailored to withstand
the challenging diesel exhaust hydrothermal environment by considering the field strengths and
partial molar free energies of the hydration reactions (AG;) of the cation species in the glass. The result
is a glass that shows less formation of precipitates after 2 h hydrothermal exposure in air with 7% H,O
at temperatures ranging from 300-700 °C. A K-Ca-Si-O glass with a soot Tsq (the temperature when
50% of the soot is oxidized) of 394 °C was found to degrade to 468 °C after a 2 h, 700 °C hydrothermal
exposure, whereas the improved K-Ce-Zr-5i-O glass only changed from 407 °C to 427 °C after the
same treatment.

Keywords: soot oxidation; potassium catalyst; glass catalyst; diesel particulate filter; glass weathering;
glass corrosion

1. Introduction

A diesel particulate filter (DPF) is used to remove harmful soot particles from the exhaust stream
of a diesel engine. With extended use, soot accumulates in the filter and must be removed to avoid a
large pressure drop in the exhaust system and maintain efficiency. So-called active filter regeneration
is accomplished by raising the temperature to a sufficiently high value (550-600 °C) to allow soot
oxidation. There is interest in developing low cost catalysts that can lower the temperature required
for soot oxidation, as well as increase its selectivity to CO; [1]. In particular, non-noble metal catalysts
are of great interest in this regard. Many catalyst formulations have been studied for the purpose of
enhancing soot combustion. Alkali containing compounds are among those that have shown promise
by exhibiting low oxidation temperatures, with potassium-based compounds being the subject of many
investigations [2-12].

Although it is well known that potassium is among the most active carbon oxidation catalysts, the
mechanistic role of K is not yet clear, and a large number of postulated mechanisms are described in the
literature, as have been recently reviewed [13]. For example, it has been suggested that potassium can
increase chemisorbed oxygen [14,15], that K* species activate oxygen to form a ketene intermediate
that is further oxidized to CO; [16], or that potassium facilitates the interaction between catalyst and
soot due to high mobility, thus resulting in good activity [17]. The high mobility is also suggested to
be responsible for the rapid degradation of potassium-based catalysts during the oxidation process
due to sublimation losses [18,19]. Use of potassium for diesel soot oxidation requires that its mobility
be accounted for in order to prolong the catalytic activity to be compatible with the lifetime of the
emissions reduction unit.
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To overcome potassium loss issues, many researchers have tried to stabilize the K ions by binding
the element to a support [20-22]. Increased stabilization of potassium can be achieved in compounds
such as perovskite- and spinel-type oxides [5,23-25] or mixed transition metal oxides [26-28]. Strong
bonding between the K* and a host compound or the substrate can hinder the mobility of the ion and
therefore slow degradation of the catalyst due to loss of potassium. The disadvantage of this method is
that catalytic activity can also be hindered by diminished mobility. The challenge in using potassium
compounds is the need to balance between activity and stability (i.e., recognizing that enhanced activity
through catalytic mobility potentially will increase the K loss rate) [8].

An approach to balance between activity and stability in K-based catalysts developed in our lab
uses a silica glass in which the K* ions present within the silicate matrix act as a catalyst [29-32]. When
the glass is exposed to water vapor, such as in diesel exhaust, ion exchange of H" and potassium
ions can occur. This causes migration of K* to the glass catalyst surface and provides a continuous
supply of potassium for catalytic soot combustion over long times. The composition of the glass can
be tuned to balance both glass degradation and catalytic activity by the incorporation of network
strengthening elements [33]. The specifics of this methodology will be discussed in a more detail below.
By optimizing the glass composition, soot combustion temperatures in the 375-400 °C range have been
achieved with this novel catalyst.

Although alkali based catalysts show promise they are not yet commercially viable as a long
life catalyst in diesel applications, as they have not demonstrated activity over multiple combustion
cycles or temperature excursions above 600 °C [34,35]. The focus of the present study is to document
hydrothermal damage in a glass diesel soot oxidation catalyst and show how composition modifications
can be used to mitigate the deterioration.

A DPF catalyst, glass or otherwise, must survive the harsh conditions of the diesel exhaust
environment for extended periods of time. This means the catalyst must have appropriate resistance to
structural changes caused by elevated temperatures and hydrothermal exposure. Glass degradation
can be classified as chemical or structural in nature [36]. Within these two categories there exist various
degradation mechanisms pertinent to a diesel exhaust environment. Although only a handful of
reports describe the use of glasses in a diesel exhaust environment, the degradation of glass has been
widely studied in the fields of nuclear waste storage and the preservation of glass artifacts [37-39].

A physical crust can develop on a glass surface due to extensive leaching and re-precipitation of
mobile elements. As described by Newton [40], and recently extensively tested by Melcher et al. [39]
and Gentaz et al. [41], potash and lime containing glasses when exposed to atmospheric gases such as
SO,, NOy, and CO, will form a ‘weathering’ crust of sulfates, nitrates, and carbonates, respectively.
This crust can become a barrier to further ion leaching and the structural reformation at the surface can
reach a limiting thickness, which is dependent upon factors including glass composition, atmospheric
gas composition, and exposure time. A glass exposed to diesel exhaust will experience a similar
environment of acidifying gases but the high flow rate of exhaust and the elevated temperatures can
be expected to greatly accelerate the weathering process. However, the presence of soot and soot
combustion on the surface may alter the development of a surface crust by consuming K that would
otherwise accumulate at the surface [22,42,43]. In fact, the presence of a soot layer has been shown to
slow degradation in catalytic activity of a glass catalyst [32].

In most applications glass degradation is to be avoided. For example, glasses for storage of nuclear
waste are expected to be stable over thousands of years. However, for biological or diesel catalysis
applications controlled glass degradation is desired. The effect of glass constituents on durability can
be predicted by considering a glass as a mixture of species with known free energies of hydration [44].
The degradation of a glass can be scaled as the sum of the free energies of hydration of the individual
glass components (AG(hydraﬁon)i) as silicates or oxides relative to their respective molar fraction (x;) [45].
Equation (1) illustrates this simple idea.

AG(hydration) = Z Xj * AG(hydration)i (1)
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To design durable glasses, glass reactant species are selected based on hydration reactions that
are anticipated to occur between the glass and an aqueous solution (acidic or basic). This is based on
expectations as to whether cations in the glass will anionically complex with silica or other oxides,
which is determined from their relative anionic force, reflecting their relative field strength (F). Network
formers are ions with high atomic field strengths (F), (calculated as the atomic charge (Z) divided by
the square of the ionic radius (r)), while network modifiers are ions with low atomic field strengths.
Potassium and sodium are examples of network modifiers that have low field strengths, so are
susceptible to leaching. Network modifier cations are oxide species which are highly anionically
associated with [SiO4] ™ tetrahedra, such as K,O + SiO,. The field strengths are considered along with
the relative partial molar free energies of the hydration reactions (AG;) of the cation species that can
occur in an aqueous environment. Figure 1 shows the range of hydration energies for common glass
additives versus their respective ionic field strength (F).
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Figure 1. Gibbs free energy of hydration of glass additives relative to their ionic field strengths.

The addition of low field strength, highly negative free energy of hydration elements will cause
greater susceptibility to chemical degradation due to increased leaching of these elements from the
glass. A hydrated, depleted surface results from the leaching and extends further into the surface with
longer exposure times. The growth of this hydrated layer is governed by a square root dependence
with respect to time since the growth of the surface layer eventually impedes further leaching through
the depleted zone [37,44,45].

For example, for the case of a simple potassium silicate glass, Figure 1 suggests that the addition
of Al will to create a more chemically durable glass than a glass with equivalent Ca additions due to the
overall increase in free energy of hydration and ionic potential. Specifically, the isomorphic substitution
of Al for Si into the glass network brings an additional negative charge increasing the bonding strength
of the K* which locally associates with the negative charge. Thus, an overall increase in the resistance
to ion mobility is gained through the structural incorporation of Al compared to Ca. For catalytic
glasses, this type of compositional tuning can be used to strike a balance between durability (achieved
through slow ionic movement) and catalytic activity (preferring easy ionic mobility) [33].

In an earlier study the degradation of a K-Ca-Si-O glass in a hydrothermal environment analogous
to that encountered in diesel exhaust was documented [31]. In that work partial catalytic deactivation
was determined to be caused by CaCOj3 formation on the surface after prolonged exposure to humid



Catalysts 2019, 9, 684 4 of 14

gas. Ca compounds show minimal activity in carbon oxidation [46,47] so their presence of the glass
surface reduces the catalytically active area.

Replacing the Ca in the K-glass composition with another stabilizing element that also is
catalytically active in soot oxidation could improve the useful lifetime performance of the glass catalyst.
Based on the ionic field strength reasoning described above, one expects improved glass stability
(reduced corrosion) with ZrO, additions. This has been shown to be the case in several studies [48,49].
However, recent reports suggest that small additions of ZrO, to silica glass lead to an increase in
corrosion [50,51]. At low doping levels (0.4-2 mol%) it was found that because ZrO; is less soluble
than Si, it slows leaching kinetics as expected, but simultaneously it hinders structural reorganization
at the surface. This hindrance has the effect of keeping the structure open, thereby allowing corrosion
to continue. Hence, although it is well established that high levels of Zr additions enhance glass
stability, there is a maximum in the corrosion rate with low level ZrO, additions. For a catalytic glass
such a mechanism could be a source of control for catalyst leaching to prevent a thick protective
crust from forming and deactivating catalytic activity. Additions of Zr to a K-glass catalyst could
allow replenishment of K* ions to the surface during K depletion events, such as soot oxidation with
reduced humidity, by forcing the silicate structure to remain open, effectively allowing better use of the
sub-surface K.

Additionally, Ce replacement of Ca could prove beneficial, as CeO, has shown significant oxygen
storage capacity, which aids in catalytic oxidation of soot [52-55]. Cerium as a glass constituent acts as a
stronger network former than Ca, due a higher AGpydration 0f —22.0 k]J/mol [37]. Complete substitution
of Ce for Ca in the K-glass composition could negate any catalytic degradation due to inactive species
on the surface. Moreover, a higher amount of K could be stabilized in the glass since the Ce free energy
of hydration is less negative than Ca [45]. Additional K in the catalyst should promote more efficient
replenishment of the surface to compensate for any loss of K due to sublimation during soot oxidation.
In this research we examine the effects of modifying a simple potassium calcium silicate glass through
Ce and Zr substitutions to achieve improved hydrothermal stability.

2. Results and Discussion

2.1. Catalytic Activity Characterization by HR-TGA

TGA characterization of the powder samples was used as a first comparative screening parameter
for the compounds. The characteristic Tjg and Tsp values are shown in Table 1. All three KCeZr
compositions performed on par with the KCS-1 catalyst.

Table 1. Tig and Tsq values of investigated glass compositions.

Contact Condition

Composition Tight Loose
Tig Tso Tig Tso
KCS-1 367.16 376.29 382.76 405.06
KCeZr-1 365.1 372.36 39591 410.67
KCeZr-2 363.72 370.81 392.8 402.32
KCeZr-3 369.79 374.21 399.18 411.23

Small additions of Zr to the KCS-1 glass composition could improve the chemical durability of a
K-Ca-5i-O glass in a hydrothermal environment by strengthening the surface against restructuring.
However, the Ca in the glass can still leach to the surface and lower the catalyst activity by forming
inactive precipitates [31]. By replacing the Ca in the glass with Ce and a small amount of Zr, all three
KCeSZ compositions provide nearly equivalent soot oxidation performance compared to the KCS-1
composition without the catalytically inactive Ca element. Additionally, they offer the possibility of
gaining the catalytic benefit of Ce, as will be described below.



Catalysts 2019, 9, 684 5o0f 14

2.2. Hydrothermal Testing of KCeSZ-1 Glass Composition

Based on the TGA results, the KCeSZ-1 glass was examined in more detail. To study the chemical
degradation characteristic of the KCeSZ-1 glass composition, a series of hydrothermal experiments
were conducted at temperatures ranging from 300-700 °C. The hydrothermal environment was created
by flowing air through a water bubbler to accumulate 7% H,O vapor. KCS-1 and KCeSZ-1 coated
cordierite samples were exposed to the synthetic hydrothermal environment for 2 h at 300, 500, 600,
and 700 °C. The degree of catalytic soot oxidation degradation was characterized by soot oxidation
temperatures measured by HR-TGA before and after the hydrothermal treatments in a simulated diesel
exhaust atmosphere (10% O,, 5% COy, 3% H,O with balance N;). Table 2 tabulates the corresponding
Tig and Tsp soot oxidation temperatures measured for both glasses after the hydrothermal treatments.

Table 2. Tig and Tsy of KCS-1 and KCeSZ-1 coatings on cordierite after 2 h hydrothermal exposure at
various temperatures.

KCS-1 KCeSZ-1
Hydrothermal Temperature 2 h Exposure Tig (°C) T50 (°C) Tig (°C) T50 (°C)
As-Made 388 405 390 405
300 368 380 359 384
500 387 401 388 401
600 413 430 391 406
700 425 468 410 427

For the hydrothermal treatments of 300, 500, 600, and 700 °C the measured Tjg temperatures for
the KCeSZ-1 coated cordierite samples were 359, 388, 391, and 410 °C respectively. Comparatively, for
the equivalent hydrothermal treatments, of the KCS-1 coated catalyst, the measured Tjg temperatures
for the KCS-1 catalyst were 368, 387, 413, and 425 °C respectively. For both glasses the values after
300 and 500 °C exposure are lower than the as-made values. This is the result of the humid environment
promoting ion exchange, and enriching the surface in potassium. [29] Comparatively, the KCeSZ-1
coated cordierite catalyst measured a comparable oxidation activity (~4 °C higher Ts() relative to the
KCS-1 coated cordierite after the 300 °C hydrothermal treatment, similar activity after the 500 °C
treatment, ~24 °C lower Tsy temperature after 600 °C, and ~40 °C lower Tsy after hydrothermal
exposure at 700 °C.

Flat, polished samples of the KCeSZ-1 glass composition were created and exposed to the
equivalent hydrothermal testing as the coated cordierite samples to give a sample that is easily
inspected for signs of surface degradation caused by the hydrothermal environment. SEM/EDS was
utilized to characterize the chemical degradation and to compare the surface of the KCeSZ-1 to the
previously examined KCS-1 glass. Figure 2 shows the SEM images of the KCeSZ-1 glass after 2 h
hydrothermal exposures (~7% HyO in air) at temperatures of 300, 500, 600, and 700 °C. Figure 3 shows
the comparable set of images for the KCS-1 glass.
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Figure 2. SEM images of polished KCeSZ-1 melt glass slices after 2 h hydrothermal exposures in air
with 7% H,O at (a) 300 °C, (b) 500 °C, (c) 600 °C, and (d) 700 °C. Separate samples were used for each
testing condition.

Figure 3. SEM images of polished KCS-1 melt glass slices after 2 h hydrothermal exposure in air with
7% HpO at (a) 300 °C,(b) 500 °C, (c) 600 °C, and (d) 700 °C. Separate samples were used for each testing
condition (reproduced from [31]).

For all conditions, degradation to the formerly smooth surface appears in the form of protrusions
and precipitates. By comparing the sets of images, it is obvious that the KCeSZ-1 glass experienced
less surface degradation than the KCS-1 glass at all temperatures. The KCeSZ-1 glass shows minimal
precipitate formation at 300, 600, and 700 °C, with only small precipitates forming at 500 °C. Similar to
what is seen with the KCS-1 glass composition, numerous, small precipitates nucleate on the glass
surface after 700 °C hydrothermal exposure.
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EDS compositional measurements were performed at higher magnification of 2.5 kX on these
KCeSZ-1 glass samples hydrothermally exposed at temperatures of 300-700 °C. Table S1 shows the
average compositional measurements of five point spectra of each of the precipitates and surrounding
flat glass per sample. Area EDS scans of ~1 mm were also used to compare the compositional change
of the near surface at the various hydrothermal treatment temperatures. Error shown is the standard
deviation of the measured at.% of the five point spectra.

The resulting composition was greatly dependent on the thickness of the measured precipitates.
Regardless, of the precipitates that did form on the glass surface, all precipitates measured high in
potassium content relative to the surrounding flat glass. K at% in the precipitates measured a maximum
of 20.4 after 500 °C hydrothermal treatment and a minimum of 14.1 after 700 °C hydrothermal exposure.
The flat glass surrounding the precipitates measured values between 9.49 to 16.2 at% K corresponding
to the 300 °C and 600 °C hydrothermal treatments respectively. Without including the oxygen content
in the measured at% ratio, these K values correspond to 44.5 and 39.7 for the precipitates and 40.3
and 40.4 for the flat glass areas, respectively. Comparing these values to the as made KCeSZ-1 glass
composition (without oxygen) of 39.5 at% K, the precipitates measured slightly higher in K content
while the surrounding glass was minimally effected by the hydrothermal treatment.

The 1 mm? EDS area measurements showed minimal difference in composition for all hydrothermal
temperatures. This further indicates the chemical resistance of the KCeSZ-1 glass composition and
minimal near surface restructuring caused from the hydrothermal environment. In the KCS-1 glass,
both K,CO3 and CaCO3; were found to form on the glass surface [31]. The CaCOj3 is undesired, as it
is inactive towards soot oxidation. By removing calcium, such precipitates are eliminated and any
associated catalytically inactive surface regions are removed.

The high temperature resistance to activity degradation occurs from the stronger chemical bonding
in the silicate matrix due to the inclusion of network forming elements Ce and Zr. These elements in
the glass allow the stabilization of the K in the glass while also resisting the formation of a less active
hydrated silicate layer indicative of potash-lime glasses [44,45]. The K ion exchange with adsorbed
H;O on the surface causes a contraction of the surface, essentially shielding the surface from further
chemical degradation [44]. Relaxation of the silicate surface further protects the inner glass from
extended corrosion in the KCS-1 composition [56-58]. At higher hydrothermal temperatures such
as 600 and 700 °C, the KCS-1 glass experienced greater precipitate surface coverage of carbonates
(Figure 3). During an active DPF regeneration, the temperature in the rear half of the filter can easily
reach 600-700 °C at relatively high soot loads [59,60]. The improved chemical durability of the KCeSZ-1
glass would resist the catalytic degradation imposed upon the catalyst from these high temperature
excursions compared to the KCS-1 composition. This would both extend the catalyst lifetime and
improve the filter regeneration performance over the full useful lifetime.

Characterization of the hydrothermally derived precipitates seen on the surface of the KCeSZ-1
glass was performed by ATR-FTIR. Figure 4 shows the measured spectra of the KCeSZ-1 glasses after
300, 500, 600, and 700 °C 2 h hydrothermal treatments.

ATR-FTIR spectroscopy of the as-made polished KCeSZ-1 glass revealed peaks at 735 and 872 cm™!.
The peak at 735 represent the symmetric Si-O-5i stretching of bridging oxygen atoms, while the
peak at 872 cm™~! corresponds to the out-of-plane bending in carbonate CO32~ groups [61-63]. Due
to the durability of this composition, there was minimal difference in spectra measured after the 2 h
exposures. Only hydrothermal treatments at 300 and 500 °C created a high enough concentration
of surface precipitates to yield a discernable change from the as made glass. In these two spectra,
small peaks measured at 1398 and 1558 cm™! can be attributed to carbonate formation as has been
previously seen [31,61,62]. SEM/EDS analysis confirms these precipitates as potassium rich and thus
can be determined to be K,COs.
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Figure 4. ATR-FTIR spectra of KCeSZ-1 glasses exposed to 2 h hydrothermal treatments in air at
temperatures between 300 and 700 °C.

Replacing the Ca in the K-glass composition with Ce and Zr maintained the stability of the glass
to hydrothermal degradation and also eliminated the formation of inactive Ca-based precipitates on
the glass surface. Cerium as a glass constituent acts as a stronger network former than Ca due to the
higher AGpydration 0f —22.0 kJ/mol [37]. By substituting Ce one not only enhances stability but also
introduces an ion that can be catalytically active for soot oxidation.

Ceria-based catalysts for soot oxidation have been recently reviewed [64,65]. In crystalline
compounds it is thought that the addition of Zr to Ce enhances thermal stability and may promote
the creation of oxygen vacancies/defects in the ceria lattice, improving the oxygen storage capacity
and redox properties of ceria [66]. It is not clear if Ce and Zr act synergistically as in crystalline
compounds [67], although both Ce and Zr help to stabilize the silica network. K promoted Ce-Zr
catalysts have been reported [68,69]. In a series of M-Ce-Zr (M = Mn, Cu, Fe, K, Ba, Sr), catalysts,
K-Ce-Zr had the highest catalytic activity under loose contact condition, which was suggested to be
due to improvement of the soot-catalyst contact [68]. Neyertz, et al. investigated potassium-promoted
Cep.652r0 350, catalysts [69]. K/Ceq ¢5Z1(350,/cordierite deactivation was observed after ten cycles of
soot combustion.

The catalytic activity of Ce additions to glasses has recently been the focus of interest in the
field of biological glasses, where it was shown Ce-containing bioactive glasses inhibit oxidative stress
(reduction of hydrogen peroxide), by mimicking the catalase enzyme activity [70-72]. Of direct
relevance for the present study of soot oxidation are studies of the local structure around cerium ions in
bioactive glasses [73]. The Ce environment in a glass matrix will determine the activity of the material,
as it depends on the ability of Ce ions to reversibly change their oxidation state between 3* and 4*.
For example, many bioglasses contain phosphorus, which can bind to cerium ions forming cerium
phosphate, stabilizing the 3* oxidation state and leading to lower catalase activity than phosphorous
free glasses [71,74]. Barring any effects from Zr, the KCeSZr-1 glass developed for soot oxidation
is chemically similar to the bioglasses studied by Benedetti [73], so it is likely the Ce ions also can
reversibly change oxidation state between 3* and 4* as in crystalline soot catalysts.
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3. Materials and Methods

Sol gel powder synthesis, dip coating of cordierite filter slices, and bulk glass slices synthesized by
high temperature melting were used to investigate the effects compositional changes on the catalytic
soot oxidation activity and hydrothermal durability. In previous testing, a K-Ca-5i-O glass (52 wt%
5i0y, 35 wt% KO, 13 wt% CaO (~At%: 47% Si, 40% K, 13% Ca)) was determined to be a promising
catalyst [29,32,75]. This composition will be referred to as KCS-1. This composition was taken as the
basis for further modification by Zr and Ce substitutions.

For sol gel synthesis of the KCS-1 glass composition (52 wt% SiO,, 35 wt% KO, 13 wt% CaO
(~at%: 47% Si, 40% K, 13% Ca)), tetraethylorthosilicate (TEOS) (Si(OCyHs5)4, 98%), calcium nitrate
tetrahydrate (Ca(NO3);.4H,0, ACS reagent) and potassium nitrate (KNO3, ACS reagent) were used as
starting materials, following a well-known approach [76]. TEOS was dissolved in ethanol. Calcium
nitrate and potassium nitrate were dissolved in DI water and added to the TEOS-ethanol mixture.

Sols were created for the Ce-Zr containing compositions by using Ce(NO3)3-6H,O (98% Alfa Aesar,
Haverhill, MA, USA) and Zirconium(IV) isopropanol ispropoxide complex (Alfa Aesar, Haverhill, MA,
USA) as precursors for Ce and Zr. Glacial acetic acid (J.T. Baker-Avantor, Radnor, PA, USA) was added
to Zr to act as a chelating agent to slow the zirconium condensation reaction and thus elongate the
gelation time [77,78]. Isopropanol (70% v/v in HyO, Ricca Chemical, Arlington, TX, USA ) was added
to this separate mixture. The stabilized Zr solution was then added dropwise to the TEOS sol before
the addition of the nitrate precursor solution. The excess nitrates compared to the total KCS-1 nitrate
amount, added by the Ce precursors, was stabilized in the sol by the addition of equivalent molar
amounts of excess 10 wt% malic acid. In this manner, the sol was properly stabilized.

Cordierite filter slices (8 X 8 X 3 mm (I X w X h)) were vacuum dip coated once the sol reached
10 cP. 10 cP was chosen as the coating viscosity to produce a thin glass film of ~2 um. This sample size
and mass is compatible with the TGA for catalytic activity characterization. Excess sol was blown off
with gently flowing air. The coated cordierite slices were aged at 60 C for 24 h in a capped vial, dried at
90 C for an additional 24 h in a capped vial, and then heated to 615 °C in air and held for 1 h, followed
by a 10 min hold at 650 °C before cooling to room temperature. During the high temperature stages,
remaining nitrates are decomposed. A consistent 5 wt% catalyst loading was achieved through this
method. For powder samples, after gelation was complete at 25 °C the gels were heated slowly up to
600 °C over 10 h, held for 1 h, heated to 650 C, held for 15 mins, and cooled to 25 °C. The samples were
then crushed by mortar and pestle.

Bulk samples of the KCS-1 and KCeSZ-1 glasses were synthesized by high temperature melting
of the oxide components. K;CO3, CaCO3 CeO,, SiO,, and ZrO, (98% Alfa Aesar, Haverhill, MA,
USA) were mixed in stoichiometric amounts by mortar and pestle. The glass was then created by
heating the mixture to 1400 °C for 6 h followed by subsequent furnace cooling, similar to the process
described previously [29,42]. An excess 4 mol% K was added to the precursor mixture to compensate
for K volatilization losses K during the high temperature melting process. The bulk melt glass was
then cut into 8 X 5 X 3 mm (length X width X height) samples and polished using SiC and Al,O3 pads
(SiC: 180, 600 grit; Al;O3: 12, 3, 0.5 um). These samples were then dry polished (i.e., polishing without
H,0O or other medium to ensure no leaching of K) to a scratch free surface.

Initial tailoring of the K-glass composition was performed by substituting Zr for Ca up to the 2%
Zr limit suggested by Cailleteau, et al. [51] in the KCS-1 composition. Ce additions were also made in
order to eliminate Ca, and allow for additional K while still keeping AGhydration at a reasonably stable
level. The compositions considered are shown in Table 3.
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Table 3. Synthesized glass compositions.

Composition Si K Ca Ce Zr AGpyq (KJ/mol)
KCs-1 47 404 12.6 0 0 -40.4
KCeSZ-1 45 45 0 8 2 -31.6
KCeSZ-2 43.7 447 0 9.71 1.94 -31.90
KCeSz-3 42.06 449 0 11.2 1.87 -34.07

Catalytic activity was assessed for the as-made coated cordierite samples by thermogravimetric
analysis using a TA Instruments 2950 high resolution thermogravimetric analyzer (HR-TGA, TA
Instruments, New Castle, DE, USA). The TGA was programmed to slow the heating ramp rate from
20 °C/min to 2 °C/min when the onset of weight loss was detected. Catalysts were characterized by the
soot ignition temperature (Tjg) and the 50% soot conversion temperature (Tsp). A mixed diesel exhaust
gas analogue of composition 10% O;, 5% CO,, 3% H,O with balance N, was used. Any activity
degradation, whether it is due to hydrothermal surface modification or a loss of active potassium, will
be detected as an increase in the soot oxidation temperature. To closely mimic the real conditions
experienced by a DPF on a diesel engine, “loose” soot contact was achieved by a flame soot deposition
technique as described elsewhere [31,79]. Klearol® white mineral oil with ~1 ppm sulfur was used as
the fuel oil for soot generation. This fuel was chosen to mitigate any degradation effects that might
result from sulfate formation. The soot collection time was controlled to result in a 10:1 catalyst to
soot ratio.

For powders, catalytic activity was also characterized using the TGA as described above. Typically,
approximately 0.5 mg of soot was combusted in each run with 5.0 mg of catalyst (10:1 catalyst/soot
ratio). This is a low enough soot mass to avoid thermal runaway concerns. Both loose (gentle shaking
of soot/catalyst mixture in a small vial) and tight (mixing soot and catalyst by mortar and pestle)
contact conditions were examined.

Hydrothermal (chemical) degradation was studied on bulk, polished glass samples exposed to
humidified gas at temperatures between 300700 °C. Flowing air (120 mL/min) was bubbled through
a heated water bath (40 °C) to accumulate ~7% HO vapor before it was fed into a quartz tube
furnace which housed the filter samples. The 7% H,O content was chosen to approximate the diesel
exhaust environment [80]. Hydrothermal tests were conducted for 2 h before the catalytic activity was
characterized by TGA.

Flat glass slices of the bulk glass samples were used for scanning electron microscopy observations
and surface characterization. Structural and chemical changes near the surface (~1-2 pm) were
characterized by SEM-EDS and attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR). SEM-EDS analysis was performed on a Carl Zeiss LEO EVO-50 with an Oxford INCA
energy dispersive spectrometer (Thornwood, NY, USA). ATR-FTIR was performed on a Bruker Tensor
27 FTIR (Ettlingen, DE) with a platinum single reflection diamond ATR module.

4. Conclusions

The hydrothermal stability of K-Ca-Si-O glass soot oxidation catalysts in a diesel exhaust
environment can be improved by considering the field strengths and partial molar free energies of
the hydration reactions (AG;) of the cation species in the glass. Substituting Zr and Ce for Ca in a
K-Ca-5i-O glass resulted in a diesel soot catalyst with improved hydrothermal stability. The catalytic
soot oxidation activity measured by TGA of the KCeSZ-1 glass composition supported on cordierite
filter slices compared equally active with the KCS-1 baseline glass composition. As-made soot oxidation
temperatures were 390 and 405 °C for Tjg and Tsg respectively. After 2h 700 °C hydrothermal exposure
in air with 7% H,0O, a K-Ca-Si-O glass with a soot Tsq of 394 °C was found to degrade to 468 °C,
whereas the improved K-Ce-Zr-5i-O glass only changed from 407 °C to 427 °C after the same treatment.
The K-Ce-Zr-5i-O glass samples showed much improved durability over the K-Ca-5i-O glass, with less
formation of precipitates on polished glass surfaces.
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