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Sodium and potassium salt deposition have been studied in a series of propane and hydrogen flames free of
sulfur or halogen impurities. With the collection probe in the 400 to 800 K range, samples of pure carbonate
are observed and more importantly the rates of, for example, sodium carbonate deposition measured in terms
of alkali metal are identical to those previously reported for sodium sulfate formation and also those observed
for dominant NaCl deposition. Moreover, the behavior of Na,COj; deposition mirrors exactly that of Na,SO,
in this temperature range. It shows a corresponding first order dependence on flame total sodium concentra-
tion, a zero order dependence on flame carbon, an insensitivity to fuel type, equivalence ratio, flame
temperature, flow rate, probe material, or the nature of the sodium speciation in the flame, be it atomic or the
hydroxide, or the state of the flame equilibration. A constant rate of deposition between 330 and 800 K conveys
formation kinetics with a zero activation energy and that the surface accommodates atomic sodium equally well,
be it below or above its dew point temperature and also at a seemingly approximately equal rate to that of flame
NaOH. The fact that Na,CO5 cannot exist in the gaseous state in a flame finally proves irrefutably that these
alkali deposition processes producing sulfate, carbonate or halide salts are heterogeneous in nature. The high
collection efficiencies of the surface for alkalis have been confirmed by a further independent new calibration
method for flame total alkali content. Also deposition rates are seen to be extremely similar in C;Hg /O, flames
heavily diluted with either He, Ne, or Ar and also in a very fuel rich H, or D, flame. As with sulfate deposition,
the rate of deposition is predominantly controlled by the actual flux of alkali in the flame gases that are
intercepted by the collection probe. Moreover, there is an insensitivity to probe geometry and the nature of the
flame flowfield, be it laminar or turbulent. The theoretical understanding of the complex boundary layer
penetration and deposition mechanism is still inadequate in explaining these observations. The most intriguing
results and differences from sulfate deposition have been observed on probes at lower temperatures (330-370
K). Although the formation of NaHCO;, and more so KHCOj;, was expected to compete with that of their
carbonates, in the case of sodium under fuel lean conditions only a small competing contribution of NaNOj;
formation was noted. This was very marginal for fuel rich conditions. However, with potassium the effects were
enhanced and KNO; competes significantly with K,CO; under fuel lean conditions. However, in fuel rich flames
an unexpected dominant formation of potassium oxalate, K,C,0,, was observed, along with some K,CO; and
a small amount of KHCO;. Thermodynamic expectations in this lower temperature regime tend to suggest
nitrate>bicarbonate>carbonate>oxalate. This is our first clearly observed non-equilibrium deposition behav-
ior where the flame begins to display a pivotal role in controlling the surface molecular distribution. It also
raises the possibility that low temperature surfaces in flames may be a new route for synthesizing certain
thermodynamically metastable materials. © 2002 by The Combustion Institute

INTRODUCTION

This is the second [1] in a planned series of
papers that relate to the chemical characteriza-
tion of alkali salt deposition in combustion
systems. For a long time, there has been a need
to understand in quantitative terms the control-
ling aspects of high temperature corrosion
which is known to result primarily from alkali
sulfates and chlorides [2—4]. Such salts, partic-
ularly when molten, act as a flux on the surface,
removing protective oxide layers. They invari-
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ably can lower the melting points of other
materials and generally lead to severe corrosion.
Previously, most studies have been concerned
mainly with Na,SO, formation. In this regard, a
very significant effort was made over the years
by the group at NASA Lewis Research Labora-
tory and was published in an extensive series of
NASA reports and journal articles, but a clear
understanding of the processes involved was
never realized [5-11]. Nor was the question
answered as to whether the formation of
Na,SO, was homogeneous in the flame environ-
ment or heterogeneous on ash particles or
intercepted surfaces. In recent years, particu-
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larly with newly proposed policies to emphasize
the use of biomass as an energy fuel [12-16],
and with certain problems in fluidized bed com-
bustion [17, 18], a significant renewed interest
has re-emphasized the importance of under-
standing high temperature corrosion and re-
lated deposition processes. At present, the
problem is in fact a restriction to the technolog-
ical development of gas turbines and is a major
reason for their predominant use of natural gas
fuel [19].

Our earlier work on homogeneous interac-
tions of sodium and sulfur in the burned gases
of flames implied that kinetic limitations ruled
out a flame homogeneous Na,SO, formation
mechanism [20, 21]. The initial work on Na,SO,
deposition [1] established that formation was
indeed a surface phenomenon and occurred at a
rate that was directly proportional to the flame
total sodium content. It was independent of the
chemical nature of the sodium in the burned
gases and the surface processed all the flame
sodium forms, atomic, NaOH and even NaCl as
being equivalent. Moreover, rates of Na,SO,
formation were seen to be independent of fuel
type, equivalence ratio, flame temperature and
not affected by the state of non-equilibrium in
the fuel rich or lean flames studied. The surface
domain appeared to be all-controlling, using the
flame solely as a source of any required ingre-
dients. As long as there was sufficient sulfur in
the flame to satisfy the formulation Na,SO,, or
in other words [S] = 0.5[Na], Na,SO, formation
was seen to be dominant and displayed a zero
order dependence on the sulfur flame concen-
tration. This finding clearly dashed the hopes
that reduced corrosion might result from lower-
ing fuel sulfur levels. It also raised the intriguing
question as to the nature of the behavior when
sulfur levels are reduced below those of the
alkali and when sulfur is not present at all. This
latter aspect forms the basis of the present
paper.

In practical terms, fuels that contain sodium
invariably contain sulfur and chlorine. As a
result, the deposition of sodium from relatively
‘clean’ flames has hardly been examined. Dun-
derdale and Durie’s study [22], 37 years ago, was
an important first attempt to systematically ex-
amine the nature of sodium flame deposits. By
X-ray analysis, they noted when sodium or
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calcium salts were present in stoichiometric
propane/air flames that deposition collection
probes at 723 K indicated the formation of
Na,CO; or CaCOs, respectively. More recently,
K,CO; deposits have been reported on elec-
trodes in MHD experiments using a potassium
seeded, LPG/O, combustor plasma [23]. Al-
though not directly related to corrosion prob-
lems, as will be seen, this possibility of inducing
alkali carbonate or other salt deposition has
resulted in significant additional insights into
the general behavior of sodium deposition.

In the first place, alkali carbonates or bicar-
bonates are not particularly stable in the gas-
phase. They certainly cannot exist homoge-
neously in the burnt gases of flames.
Hildenbrand and Lau [24] endeavored to mon-
itor gaseous NaHCO; in experiments at about
1100 K in equilibrated Knudsen cell, mass spec-
trometric experiments but were unsuccessful.
Their measurements did provide an upper
bound on the stability of NaHCO;(g). This was
compatible with mesospheric models of sodium
chemistry which are at much lower tempera-
tures. In the upper atmosphere, NaHCO;(g)
currently is regarded as the major sink for
sodium to lower altitudes [25-28]. Although
Na,COj4(s) is very stable, it vaporizes predomi-
nantly by dissociation. In equilibrated vaporiza-
tion studies of Na,COj;(s) in a Knudsen cell at
its 1123 K melting point, the fraction of vapor
that is Na,COj;(g) is only about 0.01% [24]. As
a result, carbonate deposition is necessarily a
heterogeneous process. Moreover, carbonate
deposition provides an alternate and very com-
plementary system against which sulfate or ha-
lide deposition behavior can be compared. Al-
though the deposition of sodium has been
emphasized in this program, some correspond-
ing measurements also are reported for potas-
sium.

EXPERIMENTAL

The burner and flow system have been de-
scribed previously [1]. The 1-D flat flames are
premixed, have laminar vertical flows and are at
atmospheric pressure. Flames studied include
C;Hg/air with equivalence ratios of 0.8 to 1.2
and some with reduced N, content to elevate
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their temperatures. H,/O,/N, flames had fuel
lean to rich ratios of 1.4/1/5, 1.8/1/3, 2.2/1/6, and
4/1/6. These generally utilized compressed air as
their source of O, and so contained a slight
natural CO, content. Occasionally, ultra-high
purity H,/O,/N, flames were burned to more
carefully control the flame carbon content.
Flames of C;Hg/O,/Rg were compared with
Rg = He, Ne, or Ar and on one occasion fuel
rich H,/O,/N, and D,/O,/N, (6/1/5) were used.
Flame temperatures generally have been in the
range 1700 to 2650 K. The faster burning H,
flames provide for better spatial and hence time
resolution and were used primarily for an exam-
ination of possible flame non-equilibrium ef-
fects, and for examining flames of low carbon
content.

Flame concentrations of sodium in the 5 to 60
ppm range have been found adequate to pro-
duce measurable probe deposits in an accept-
able period of time (1-6 h). Sodium was intro-
duced into the premixed unburned gases as an
aqueous aerosol from an ultrasonic nebulizer.
Solution strengths up to 0.1 N with respect to
sodium have been used. The solutions con-
tained a trace of potassium (K:Na = 0.5%) to
facilitate monitoring the optically thin potas-
sium resonance line emission as a measure of
constancy of aerosol delivery into the flame.
The burner and delivery line were heated to
minimize aerosol loss. Generally, this permitted
operation for periods of up to 8 to 10 h of
constant conditions before the flow lines and
burner had to be cleaned and re-dried. For this
program, various sodium salt solutions were
used, namely the nitrate, nitrite, formate, ox-
alate, glycinate, and bicarbonate. These were all
equivalent sources of sodium being fully disso-
ciated in the flame’s reaction zone.

The deposit collection probes were cylindrical
and generally about 12 mm in diameter. The
probe essentially intercepts all of the seeded
inner core burner flow at some point. Probes
were constructed of Inconel-600 stainless steel
and had a central channel down their length for
air or water cooling. They also had a thermo-
couple within the wall to accurately monitor
probe surface temperatures. One probe was
tightly clad with a 0.05 mm thick foil of plati-
num. This was used occasionally to ensure clean
deposits that were not contaminated with probe

corrodants. The probe was mounted horizon-
tally in the vertical burned gas flow and the
burner platform raised or lowered by a comput-
erized stepper motor. In this way, the flame
could be studied as a function of downstream
times. In this paper, results are presented for
probe temperatures in the 330 to 975 K range.

Deposits have been characterized mainly by
Fourier Transform Raman spectroscopy which
is ideally suited to alkali salt analysis. A Nicolet
spectrometer has been used with a 1.06 um
Nd.YAG laser excitation source. Occasionally,
an alternate home built system based on the
shorter wavelength Ar™ laser line excitation has
been used to identify interfering crystal lumi-
nescences and confirm the true Raman spectral
features. After a sample has been collected on
the probe in the flame it is cooled in a flow of
prepurified nitrogen. The powdery sample is
easily removed from the probe and instantly
transferred into a 1.5 mm diameter glass capil-
lary tube and sealed. In this way contact with air
is very minimal. Samples of 5 to 10 mg are quite
sufficient for spectral analysis. During the
course of an experiment it is also common for a
deposit to appear as a honeycomb shape on top
of the multi-holed burner. These burner top
samples were more prevalent with the slower
burning propane flames but could occasionally
build up with time, even with the faster flow
hydrogen flames. These samples also were re-
moved and analyzed. Rates of deposition were
measured by dissolving the sample off the probe
with a known volume of de-ionized water and
analyzing for total sodium. Either a Thermo
Jarrell Ash High Resolution ICP or a flame
photometric Beckman analytical burner were
used for this purpose. Comparisons between the
two methods indicated very close agreement.

In several instances additional information
concerning deposit structure and purity was
obtained by X-ray powder crystallography and
by Na/H/C/N chemical analysis.

RESULTS AND DISCUSSION

Flames of propane or hydrogen (containing
traces of CO, in the air supply), with low levels
of sodium, produced smooth white deposits on a
probe with little difficulty. An examination of
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Fig. 1. Raman spectra of deposits collected on a probe in a
variety of flames. (a) ¢ = 0.8 C;Hy/air, stainless steel probe
at 682 K, 8 ms downstream, 60 ppm sodium flame density.
(b) ¢ = 1.2 C;Hy/air, platinum clad probe at 725 K, 3.7 ms
downstream, 40 ppm flame sodium. (c) Ultrahigh purity
D,/O,/N5(1.4/1/5), platinum clad probe at 725 K, 3 ms
downstream, 25 ppm flame sodium and Na: C = 1:1. (d)
H,/O,/N,(air), (2.2/1/6), stainless steel probe at 725 K, 4 ms
downstream, 9 ppm flame sodium and 190 ppm flame CO,,
All flames used NaNO; aqueous aerosol additive except (c)
which used sodium oxalate. The slight splitting in (d) results
from some sample absorption and crystallization of water to
produce a small amount of Na,CO;.H,0.

their Raman spectra is illustrated for various
cases in Fig. 1. For comparison, spectra of pure,
purchased samples of Na,CO; Na,CO;.H,0,
NaHCO;, and the sesquicarbonate, NaHCO;.
Na,C0O;.2H,0 are illustrated in Fig. 2. The
structural presence of the H-atom in the bicar-
bonate modifies its Raman spectrum from that
of the carbonate. As seen at higher resolution,
and even in Fig. 2, it perturbs the Raman shift
or vibrational frequency of the predominant
carbonate anion from 1080 cm™ ' for the car-
bonate to 1045 cm ™! for the bicarbonate, and
introduces other spectral frequencies that are
easily detected experimentally. In this work,
spectra generally were recorded with a spectral
resolution of 4 cm™'. It became clear almost
immediately that essentially pure Na,CO; is
deposited in all cases where the probe has an
elevated temperature. Occasionally, the very
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Fig. 2. Raman reference spectra of pure samples of
Na,CO3, Na,CO;.H,0, NaHCO; and the sesquicarbonate
salt NaHCO;.Na,CO;.2H,0.

hygroscopic pristine carbonate deposit did man-
age to absorb a little air moisture in the brief
handling procedure, apparent in the Raman
spectra, by a smaller peak shifted 10 cm ™' to
1070 cm™'. Further water absorption should
make no change as the spectrum of Na,COs.
10H,0 is identical to that of Na,CO;.H,O.

This carbonate formation, illustrated in the
four cases of Fig. 1, is independent of fuel type,
equivalence ratio, flame temperature or probe
material. As will be discussed in more detail
later, only at very low probe temperatures do
changes begin to be seen and carbonate loses
some of this dominance. Additional analyses
using X-ray powder crystallography and Na/C/
H/N chemical composition analyses confirmed
that, except at low temperatures (300—-400 K),
the carbonate was the sole predominant prod-
uct and that the sample did not contain any
other Raman inactive materials such as NaOH.
This has been further validated in work on
Na,SO, /Na,CO; deposited mixtures that will
be published in a subsequent paper. In such
cases a 100% mass balance for deposited so-
dium has been derived for the two salts, con-
firmed by a combination of ICP and Raman
measurements.
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Fig. 3. Quantity of Na,CO; deposited as a function of time
on a stainless steel probe at 750 K located 5 ms downstream.
¢ = 0.9 C;Hg/air flame, 30 ppm flame sodium from NaNO;
aqueous aerosol.

Rates of Deposition and Sodium Dependence

As indicated in Fig. 3, for a specific set of
conditions, the formation of the Na,CO; de-
posit shows a linear growth rate. Moreover, on
all the deposition probes used, new or old,
platinum or stainless steel, there appears to be
no measurable incubation period. In this case,
the rates of deposit that were measured approx-
imated to 2 mg Na,COs/h. Taking an average
density for the deposit, this implies very approx-
imately that about two molecular layers are
deposited per second. Because the exact density
of the sample remains uncertain, this is a very
rough estimate. Nevertheless, it illustrates to
some degree what is happening on the surface
at the molecular level. Consequently, within a
very short time period the deposit is growing on
its own crystal latticework. Whether the under-
lying metal substrate retains any influence re-
mains an interesting question but we observe no
probe material dependences.

By varying the solution strength in the nebu-
lizer it was possible to quantitatively vary the
sodium in the flame. In this way, rates of
deposition of Na,COj; could be accurately mea-
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Fig. 4. First-order dependences of the rates of deposition of
Na,COj; on flame sodium concentration (from NaNO;) in a
series of propane and hydrogen flames. Collected on a
stainless steel probe at about 720 K, ¢ = 0.9 (7.4 ms
downstream), ¢ = 1.2 (4.4 ms) and 2.2/1/6 (4.0 ms).

sured as a function of total flame sodium con-
tent. As illustrated in Fig. 4, a pronounced first
order dependence is evident and rates of de-
posit are directly proportional to the quantity of
sodium addition. This has been found to hold
true for any of the flames and the range of
probe temperatures reported in this paper. The
observed correlation displays unit slopes within
experimental error. The hydrogen flames con-
tained ambient air from a compressor that
introduced about 230 and 190 ppm CO,, respec-
tively, to the 1.4/1/5 and 2.2/1/6 (H,/O,/N,)
flames. As seen in Fig. 4d, addition of extra
carbon in the form of a 1% C,H, addition to the
2.2/1/6 flame made an insignificant difference.
Figure 4c shows rates of deposition at two
downstream flame locations, 1.2 and 4.0 ms
from the reaction zone of a fuel lean hydrogen
flame. This is a non-equilibrated flame and our
previous measurements have indicated that H,
OH and O atom radical densities decay by
factors of about 45, 3.6, and 15-fold, respec-
tively, between the two locations. Also, flame
sodium speciation also changes by an order of
magnitude, being close to 90% atomic sodium
at 1.2 ms and about 90% NaOH at 4.0 ms [29].
However, despite these drastic variations in
flame composition, the deposition behavior is
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Fig. 5. Zero-order dependence of the rates of deposition of Na,CO; on flame carbon content (measured as % by volume in
the unburned gases). Flames of H,/air/N, some with added C,H,, or ultra-high purity H,/O,/N, gases were used, additionally
with boiled nebulizer solutions for the ultra-low values. Stainless steel and platinum clad probes were located 4 ms
downstream and maintained at 720 K. Sodium flame content approximated to 10 ppm (1 X 107°%).

very similar at the two locations. Similar results
were seen previously for Na,SO, deposition [1].
As in that case, the observed slight variation in
the data can be adequately accounted for by the
small diffusional lateral spread with time of the
sodium concentration in the flame from the
inner seeded core flame to the outer protective
non-seeded shield flame. This reduces the inter-
cepted sodium flame density slightly and hence
its deposition rate.

Also illustrated in Fig. 4c are some direct
comparisons that were made in this flame with
the data all being collected on the same day. In
this way it is the most reliable and factors out
slight day-to-day variations. The rate of deposi-
tion of Na,CO; was directly compared to that of
Na,SO, formation (when 93 ppm SO, was
added to the flame), to NaCl deposition (220
ppm Cl, flame addition), and to Na,SO, (when
93 ppm SO, plus 200 ppm Cl, were added). As
seen, in all cases the same rates of deposition of
sodium are observed within experimental accu-
racies. The SO, experiments fall 4 to 5%, and
the Cl, addition 6% below that of Na,COj
formation. Accuracies of measurement in this
situation are in the *10%. If there are real
differences they are quite small. This is an
extremely interesting and unexpected finding
with significant implications. It is apparent that
the predominant controlling process in the dep-
osition is the rate at which the sodium interacts
with the surface. The nature of the flame so-
dium, be it Na, NaOH, or NaCl, appears irrel-
evant and the metallic or various salt surfaces

onto which the growth is occurring must have
extremely similar accommodation coefficients
for all of these. Moreover, the data imply that
the surface can convert the sodium influx into
the respective final composition by processes
that are not rate controlling in the overall
deposition mechanism.

Insensitivity to Flame Carbon Content

The variation of the rate of deposition of
Na,CO; with flame carbon content is illustrated
in Fig. 5. It was most extensively studied in a
fuel rich H,/O,/N, (2.2/1/6) flame. The quantity
of carbon was modified in the 0.24 to 4% range
by adding traces of C,H,. Values of about 187
ppm CO, addition arose by utilizing com-
pressed ambient air as the flame oxygen source.
Cleaner carbon-free flames were obtained by
turning to ultra-high purity gases and either
adding traces of ambient air or by modifying the
salt solution in the nebulizer to a sodium ni-
trate/formate mixture. CO, is very soluble in
water and the nebulized water added about 3.5
ppm CO,. This could be reduced by a factor of
seven by boiling and then carefully excluding air
from the aqueous solution. Irrespective of all
the efforts that were taken to carefully modify
the flame CO, content over a wide dynamic
range, the data clearly showed that it was irrel-
evant. As seen, the deposit rate reflects a zero
order dependence on carbon and a regression
fit to the data indicated a zero slope to within
1.5%.
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Fig. 6. Rates of deposition of Na,COj; as a function of flame
temperature in a wide variety of propane and hydrogen (air
supplemented) flames. All refer to a similar sodium flame
flux (3.2 X 10'¢ sodium atoms s~! from NaNO,) and are
collected on probes in the range 715 to 770 K located 2.7 to
9.1 ms (C;Hg flames) and 1.2 to 4.0 ms (H, flames)
downstream.

The three points with the lowest flame carbon
in Fig. 5 are such that there is less carbon than
sodium in the flame. As with Na,SO, formation,
there are indications that down to atomic ratios
of Na:C = 2:1, Na,CO; remains the dominant
sodium product. These lowest points therefore
are very marginal in this respect. As the amount
of carbon falls to, or below half that of the
sodium, indications are that Na,COj; is formed
to its full extent, and the remaining sodium
becomes NaOH. This was evident in additional
experiments at extremely low flame carbon lev-
els in which a known amount of deposit was
dissolved in boiled distilled water and its pH
value measured. NaOH has a greater alkalinity
than Na,CO; and the mix of NaOH/Na,CO;
could be calculated. Additionally, as such solu-
tions sat in the ambient air, the pH moderated
with time as the NaOH absorbed atmospheric
CO, and converted to Na,CO;.

Dependence of Deposition Rates on Flame
Temperature, Equivalence Ratio, or Fuel Type

Figure 6 summarizes the rates of deposition of
Na,CO; in a wide variety of flames on collection
probes at about 715 to 770 K. All data refer to
the same sodium flux intercepting the probe.
The observed scatter is not too surprising in that
these separate data were measured at various
times over a two-year period and refer to a wide

variety of flames. They have significantly differ-
ent burning velocities and the range of flow
rates spans a factor of about sevenfold. Never-
theless, it is felt that these data are sufficiently
reliable to illustrate an insensitivity to fuel type,
equivalence ratio, flame temperature, flow ve-
locities, and probe flame location. It mirrors
very similar behavior previously reported with
Na,SO, deposition [1]. It again illustrates the
paramount dominance of the surface dynamics
in the process and the fact that the flame plays
only a supporting role. Neither the speciation of
the sodium in the flame gases, nor the extent of
flame equilibration or its composition appears
relevant.

When compared to the flux of total sodium in
the flame, the rates of deposition, as with
Na,SO,, are similarly quite large. They reflect a
probe collection efficiency for sodium from the
burned gases as previously reported in the 30 to
60% range of the total intercepted sodium
flame flux [1]. Since that paper, a newly devel-
oped, independent, and alternate calibration
method for total sodium flame content has been
devised. This will be published separately, but
confirms and reaffirms the previous calibrations
and collection efficiencies. These deposition
processes do not appear to be readily explain-
able by normally expounded boundary layer
diffusion models. Moreover, the process is not
unique solely to the alkali species. In experi-
ments in which sulfur is accurately added in the
ratio of half that of the sodium, Na,SO, still is
dominantly formed, accounting for close to
100% of the sodium. In other words, traces of
sulfur must reach the surface with efficiencies
equal to those of sodium.

It may be appropriate to illustrate further at
this point this current dilemma of flame depo-
sition theory with additional related data.
Na,CO; rates of deposition were measured in
several propane flames in which the major flame
diluent was either He, Ne, or Ar. Being mona-
tomic gases, such flames have very approxi-
mately the same temperatures and are similar.
In each case a small amount of N, passed
through the ultrasonic nebulizer to introduce
the same flux of aqueous NalNOj; aerosol to the
inner flame gas flows. Reduced additions of
sodium were used to minimize this N, addition.
With hindsight, of course, a constant portion of
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Fig. 7. Rates of deposition of Na,COj; from flames in which
the predominant diluent is either He, Ne, or Ar. In all
instances the nebulizer operated with a similar low flow of
N, to maintain a constant delivery of aqueous NaNO;
aerosol. Flames have temperatures in the range 2450 to
2570 K and a sodium content of ~12 ppm. Unburned gas
flow rates are the same for ¢ = 0.83 and 1.1 and the rate
halved for ¢ = 0.78. In each case a stainless steel probe at
750 K is located at either 2.7 ms (¢ = 0.83, 1.1) or 5.6 ms
(¢ = 0.78) downstream. The burned gas content of the inert
rare gas is as indicated.

the oxygen flow could equally well have been
used to maintain a repeatability of the nebulizer
flux and remove this presence of N, altogether.
Nevertheless, these rather preliminary data,
plotted in Fig. 7, are quite sufficient to illustrate
the essentially very similar behavior in all three
cases. As indicated, the burned gases have com-
positions that are close to 60% rare gas in each
case. For the ¢ = 0.78 flame diluted with Ne
and Ar the flow rate was halved over that used
in the other flame cases. The two datum points
reflect the common trend and provide assur-
ance of no interfering problems relating to loss
in the heated line from the nebulizer or in the
burner core. These data were acquired on two
consecutive days and should be quite reliable.
They also reflect a normal range of scatter for
data so collected.

There is a 10-fold difference in mass between
He (4.003 atomic weight) and Ar (39.948).
Red’ko [30] has indicated that at these temper-
atures there should be a threefold difference in
diffusion coefficients for sodium in helium or
argon. As expected diffusion is faster in helium.
This certainly is not reflected in Fig. 7. More-
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Fig. 8. Measurements of the rates of deposition from a very
fuel rich hydrogen or deuterium flame. Flame temperatures
are about 1640 K and a solution of sodium formate is used
to ensure adequate flame carbon. Sodium flame content is
about 20 ppm. A stainless steel probe is located 3.0 ms
downstream and maintained at 845 K.

over, in the fuel lean flames the sodium is
predominantly NaOH whereas largely atomic in
the fuel rich-flame. Again, this apparently is
without consequence.

On another occasion, back-to-back measure-
ments were made in very fuel rich H, and D,
flames, burned to maximize their isotopic dif-
ferences. The burned gases contained about
36.4% H, or D,, and 18.2% H,O or D,O. The
rates of Na,CO; deposition are shown in Fig. 8.
Although there was only sufficient deuterium
for one experiment, it is considered reliable and
shows a slightly larger rate, again somewhat
contrary to mass expectations. Diffusion coeffi-
cients for sodium in D, or D,O are expected to
be smaller [31].

Also, as will be published in a subsequent
paper, deposition rates for all the alkali metals
(lithium through cesium) are surprisingly simi-
lar despite their 20-fold difference in atomic
weights.

Clearly, our understanding remains vague of
the processes whereby the sodium manages to
penetrate the boundary layer that surrounds the
probe and deposit with such high and somewhat
constant efficiencies. With concentrations of
sodium in the burned gases, that at times can be
made quite small, it does appear that the gas-
phase has to remain homogeneous well into the
boundary layer or even onto the surface. More-
over, any heterogeneous gas-phase mechanisms
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Fig. 9. Rates of deposition of Na,CO; as a function of
probe temperature in a number of ¢ = 1.1, N, diluted C;Hg
flames. The data for each symbol were collected on the
same day and are more accurate than a comparison between
differing symbols which may have slight day-to-day varia-
tions. As N, is decreased the five compositions have approx-
imate flame temperatures and probe locations of 2200 K
(5.1 ms), 2285 (3.2), 2520 (3.0), 2650 (2.9), and 2780 (1.8),
respectively.

would undoubtedly introduce gas-phase depen-
dences and result in variations that are not
evident. The fluid dynamical analysis of such
systems is highly complex and has to necessarily
invoke certain assumptions or models. It does
appear that the previous attempts [7, 11], still
the current state of the art, are inadequate and
require a detailed re-examination.

Deposition Rates as a Function of Probe
Temperature

Cooling the probe by passing air or water
through its inner core, and by using flames of
differing temperatures (enthalpies), it has been
possible to measure the rates of deposition on
probes as a function of temperature. These data
are indicated in Fig. 9. In the range 340 to about
800 K very similar rates are obtained for car-
bonate deposition with little variance. It might
be added that this reflects and is identical to
that also seen in sulfate or chloride deposition
experiments. This constancy is quite remarkable
and implies not only that the chemistry is similar
through this regime but also that the surface
kinetic processes must be very rapid. It reflects

a zero activation energy for the chemistry down
to at least 340 K. The chemistry, per se, is not
rate controlling as evidenced by the lack of
sensitivity as to whether carbonate or sulfate is
formed. It is the influx of alkali that is governing
the overall process. This same behavior is seen
whether flames are fuel-rich or lean. This is
additionally interesting in that the ratio of gas-
eous Na to NaOH in such flames varies over a
considerable range and further implies a very
similar surface accommodation coefficient for
the two. The melting point of sodium is 371 K
and at 800 K its vapor pressure is about 9 X
10~ % atm (6.9 torr). As a result, the dew point of
gaseous atomic sodium at a flame concentration
of about 30 ppm is close to 580 K. On the other
hand, NaOH has a melting point of 591 K, is
very stable in its gaseous form, and has a boiling
point of 1663 K. Its vapor pressure is much
smaller and at 800 K is of the order 10~7 atm.
Consequently, in this present probe tempera-
ture range, atomic sodium will be both above
and below its dew point with respect to the
surface, whereas NaOH will always favor con-
densation. Although the probe surface at higher
temperatures should essentially be too hot to
retain atomic Na, the surface chemistry must be
sufficiently rapid to convert and so bind it. The
chemical rates must be faster than the normal
collisional kinetic rebound.

Above 800 K, as will be outlined in more
detail in later publications, the data begin to fall
away and become more scattered. This will not
be discussed further here other than to indicate
that for carbonate this in fact reflects the onset
of what might be termed chemical vaporization,
wherein the Na,COs(s) ablatively vaporizes and
is in a dynamic kinetic balance with gaseous
NaOH and CO.,.

Deposits Formed at Lower Probe
Temperatures and on the Burner Top

At the beginning of this program emphasis was
placed on collecting deposits on probes above
600 K and invariably the deposit was pure
Na,COj;. As mentioned already, after burning a
flame for several hours it is quite normal for a
deposit also to form as a honeycomb shape on
top of the inner core of the multiholed flat flame
burner. Such deposits are more pronounced
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with slower burning (lower flow rate) propane
flames and are much reduced for the faster flow
rates associated with hydrogen fueled flames. It
has been standard to analyze such burner top
samples along with those collected on the probe
in the flame. The burner is heated to about 50°C
by recirculating warm water to minimize aerosol
deposition within its core. Initially, in all cases,
Na,COj; deposits appeared to be dominant on
the burner top but there also were apparent
indications of some of the nebulized aerosol
salt. In most of the earlier work NaNO; solu-
tions were used as the aerosol sodium source so
it appeared reasonable that some of it might
collect on top of the burner as it was carried into
the flame. However, two things were particu-
larly noteworthy in these initial experiments.
Firstly, in all the studies that involved addition
of sulfur to the flame [1], either as a gas (SO,)
along with the NaNO; solution aerosol, or
solely as Na,SO5 or Na,S,0j5 solution aerosols,
the only component ever collected on the
burner top was Na,SO,. In such cases, the
identity of the aerosol was always absent. Sec-
ondly, even though the burner top is relatively
cool, there was never a hint in the sulfur free
experiments of NaHCOj; formation in any of the
first hundred or so experiments.

Thermodynamic data for the carbonates of
sodium and potassium now are quite accurately
known and values for AH; and S° are in close
agreement [32-35]. That for NaHCO; also ap-
pears to be consistent [34-36] although the heat
of formation in one tabulation [33] appears to
be in serious error. The situation is least certain
for KHCO;, but even so AH; appears to have
been established to within *+ 4 kJ mol ! [33, 35,
37]. The others are all known to better than = 2
kJ mole'. Also, sodium and potassium bicar-
bonates can be purchased, are stable at room
temperature, and can be made by bubbling CO,
through carbonate solutions. Gases can be pu-
rified from CO, by bubbling through hot solu-
tions of K,CO; [38]. More recently, Hayashi et
al. [39] have suggested in fact a CO, mitigation
method whereby K,CO; can be utilized to re-
move the CO, from combustion flue gases. This
invokes the reaction

K,CO5(s)+CO,(g) +H,0(g) = 2KHCO4(s)

M. STEINBERG AND K. SCHOFIELD

AH,gs x = —144 = 4 kI mol™! (1)

They indicate that this conversion of carbonate
to bicarbonate is very efficient up to 150°C for
potassium and although less efficient for sodium
(AH,o5 ¢ = —134 = 2 kJ mol ! for the corre-
sponding reaction [1]) is similarly effective at
temperatures below about 90°C. Tests with po-
tassium carbonate at 100°C using simulated flue
gases containing 13.4% CO, and 11% H,O
validated its effectiveness. Fossil fueled flames,
including the propane flames in this work, pro-
duce burned gases that are generally of the
order of 10% CO, and 15% H,O content. For
such a mix, thermodynamic calculations simi-
larly indicate that NaHCO; should be favored at
temperatures below about 350 K, and for
KHCO; below about 400 K. In hydrogen/air
flames that contain about 100 ppm CO,, these
temperature limits lower to about 310 and 345
K, respectively. These data are all consistent
with the well known fact that NaHCO; powder
should not be stored in air at temperatures
above 50°C or it decomposes [40]. Conse-
quently, although somewhat marginal, we were
surprised never to have observed NaHCO; for-
mation. Additionally, measured activation ener-
gies for the reverse of reaction [1] with sodium,
namely dissociation of NaHCO; are in the 100
to 130 kJ mol ! range [41-43] implying that an
energy barrier in reaction [1] should not be a
kinetic limitation.

To examine this lack of bicarbonate deposi-
tion further, samples were collected in the flame
with a water cooled probe at temperatures in
the 332 to 373 K range, and with a greater
variation of nebulized alkali salt solutions. Re-
sulting deposit compositions are indicated for
sodium in Fig. 10 and for potassium in Fig. 12
for fuel lean and rich propane flames. Initially
the results were unexpected and as seen with
sodium (Figs. 10 and 11), although Na,CO;
formation remains dominant, NaNO; begins to
play a role, particularly under fuel lean condi-
tions. In Fig. 10a, sodium glycinate
CH,(NH,)COONa solution is used as a source
of both flame sodium and fuel nitrogen. Mea-
sured relative Raman cross sections for sodium
carbonate and nitrate imply a 13% contribution
of NaNOs to the deposit in Fig. 10a and about
5% in Fig. 10b when sodium oxalate is used in
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Fig. 10. Raman spectra of sodium deposits collected on a
platinum clad probe cooled to low temperatures: (a) 332 K
ina ¢ = 09 (CsHg/O,/N,, 0.9/5/16) flame, 5.3 ms down-
stream, sodium glycinate, CH,(NH,)COONa, nebulized
aerosol, (b) 345 K, ¢ = 0.9 (C;Hg/air) flame, 6.2 ms
downstream, sodium oxalate nebulized aerosol, (¢ ) 373 K,
¢ = 1.1 (C3Hg/air) flame, 3.1 ms downstream, NaNO,
nebulized aerosol, (d) 355 K, ¢ = 1.2 (C;Hg/air) flame, 4.0
ms downstream, sodium oxalate nebulized aerosol.

the nebulizer. On the fuel rich side there is only
a slight indication of NaNO; being about 4% in
Fig. 10c with NaNO; in the nebulizer. This
appears very marginal as a corresponding run
but with NaNOQO, indicated no formation of
NaNO; on the probe. As seen in Fig. 10d,
aspirating sodium oxalate produced only
Na,CO;. In all these cases, the probe is at least
about 3 to 4 ms (lean) or 5 to 6 ms (rich)
downstream from the reaction zone and the
nebulized salt is known to be fully dissociated as
it leaves the reaction zone. As a result, there is
no doubt that the nitrate observed on the probe
is produced in competition and in preference to
carbonate. NaNOj is thermally stable to about
653 K. As to whether enhanced levels of flame
NO, increase the role of NaNO; has yet to be
examined but would seem to be a reasonable
expectation.

The flame data for potassium are indicated in
Fig. 12 with spectra of pure compounds shown
in Fig. 13. It is even more intriguing and quite
unexpected. Under lean conditions the nitrate

NaNOg

Y
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Fig. 11. Raman reference spectra of pure samples of
Na,CO; and NaNOj; salts.

again is clearly evident and more significant. It
is thermally stable to about 673 K. Figs. 12a and
12b both represent mixtures of about 68%
K,COj; and 32% KNOs. In this case the data are
the same whether KNO, or potassium formate
(HCOOK) is in the nebulizer. Under rich con-
ditions, however, as seen in Figs. 12c and 12d
the deposit changes its nature completely. The
Raman spectrum of potassium oxalate,
(COOK),, becomes clearly evident and in Fig.
12c¢, for the first time, there is an indication of
some KHCO; formation. Correcting the inten-
sities for the relative scattering cross sections,
Fig. 12c¢ implies a deposited mixture of 42%
K,CO3;, and 29% each of the oxalate and bicar-
bonate. The distribution in Fig. 12d shows a
more pronounced formation of the oxalate and
the composition is about 84% oxalate and 16%
carbonate. As seen clearly in Fig. 13, the Raman
spectrum of potassium oxalate is very character-
istic and easily identifiable. It is thermally stable
to about 743 K, whereas sodium oxalate, not
evident in any of these experiments, is thermally
stable to about 523 K. It is obvious at these low
temperatures that although the rate of deposi-
tion still remains the same, as to what the alkali
forms is in a more delicate balance, controlled
by flame equivalence ratio and other flame
parameters which need to be examined further.
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Fig. 12. Raman spectra of potassium deposits collected on a platinum clad probe cooled to low temperatures: (a) 332 K,
KNO, nebulized aerosol, (b) 335 K, potassium formate nebulized aerosol, both in ¢ = 0.9 (C;Hg/O,/N,, 0.9/5/16) flames, 5.3
ms downstream, (¢ ) 335 K, potassium formate nebulized aerosol, (d) 332 K, KNOj; nebulized aerosol, both in ¢ = 1.1

(C;Hg/O,/N,, 1.1/5/20) flames, 5.8 ms downstream.

It has been very fortunate that the FT Raman
spectral analysis method is so ideally suited to
analyze these more involved alkali salt mixtures.

On reflection, the concept of thermodynamic
equilibrium on the probe surface tends to hold
little meaning in the present situation. It is an
open system with the flame impinging on the
surface. From the surface’s point of view the
flame is far from equilibrium. In a system at
330 K and at equilibrium, atoms and radicals do
not exist. Table 1 examines the relative thermo-
dynamic stabilities of the carbonates, bicarbon-
ates, nitrates, and oxalates for sodium and po-
tassium. Near room temperature, indications
are that the thermodynamic preferential order-
ing is nitrate>bicarbonate>carbonate>oxalate.
Consequently, the observation of nitrate on the
probe and burner top is not unreasonable but it
appears to be controlled by flame parameters
(and possibly availability of NO,) on the fuel
lean side, and is largely suppressed under rich
conditions. Bicarbonate formation is certainly
expected over that of the carbonate but is
largely not seen. Recently, Plane et al. [46] have
noted that in the gas-phase, reaction of

NaHCO;(g) with H-atom is effective even at
low temperatures. It is possible that a similar
reaction is occurring on the probe and burner
top surfaces, the H-atom preventing
NaHCOj;(s) formation. However, a small
amount of KHCO;(s) was noted in a fuel rich-
flame, questioning to some degree the rational-
ity of such an argument.

These observations raise the question as to
whether oxides of nitrogen in realistic flue gases
will interfere with the CO, flue gas mitigation
method based on K,CO; /KHCO; conversion as
recently proposed by Hayashi et al. [39].

The most intriguing observation of potassium
oxalate formation under fuel rich conditions on
the flame probe (but not the burner top) indi-
cates that there are interesting kinetic aspects.
The flame species are undoubtedly perturbing
the surface chemistry and overriding thermody-
namic considerations. Nevertheless, the con-
stancy of deposition rate indicates that the alkali
still is retained by the surface despite everything
and the kinetic balances modify to satisfy a
preferred distribution of products.

The formation of potassium oxalate was to-
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Fig. 13. Raman reference spectra of pure samples of KNO5;, KHCO,, potassium oxalate, (COOK),, and K,COj salts.

tally unexpected. It is our first observation of
clearly non-equilibrium deposit formation from
flames. The natural implication might be that
room temperature cooled surfaces immersed in
flames may hold promise as a technique for the
synthesis of non-equilibrated or metastable mo-
lecular structures. We plan a more detailed
study of potassium oxalate formation on 300 to
500 K probes in a variety of rich flames includ-
ing H,/O,/N, in which the flame carbon can be
controlled. Oxalate (COOK), is in essence a

double carbonate, the K:C ratio being 1:1 in-
stead of the normal 2:1 of K,CO;, and is
thermally stable to about 743 K.

Similar non-equilibrium behavior has never
been observed by us in systems containing sul-
fur. As already mentioned, Na,SO, always ap-
pears to be dominant, presumably because of its
very pronounced thermodynamic stability. We
have monitored no other sulfur-bearing com-
pound even with low collection probe tempera-
tures. Although not studied very extensively, the

TABLE 1

Relative Thermodynamic Stabilities of Solid Carbonates, Bicarbonates, Oxalates, and
Nitrates of Sodium and Potassium at 300 K*

M=Na M=K

AH(kJ mol™") K, (atm) AH(kKJ mol ™) K, (atm)
M,CO;+CO,+H,0(g) = 2MHCO, ~135 75 (5)° ~143 6.9 (7)
M,C,0,+H,0(g) +0.50, = 2MHCO, -336 — —341 —
M,C,0,+0.50, = M,CO5+CO, -201 — ~198 —
M,CO,+2N0,+0.50, = 2MNO,+CO, ~265 5.0 (31) ~298 23 (38)
2 MHCO;+2NO,+0.50, = 2MNO;+2C0,+H,0(g) ~129 6.7 (25) ~154 3.3 (30)
M,C,0,+2N0,+0, = 2MNO;+2CO, —466 — —495 —

# Based on thermochemical values for Na,CO;, CO,, H,0, NO,, O, [32], K,CO;, KHCO; [33], NaHCO; NaNO;, KNO;

[36] and Na,C,0,, K,C,0, [44, 45].
" Read 7.5(5) as 7.5 X 10°.
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same is expected to apply to K,SO, which is
significantly more stable than Na,SO, [47].

Burner Top Deposition Mechanism

With the present flat flame burner there is a
narrow stand-off distance of about 0.5 mm
between the burner top and the flat reaction
zone that is stabilized by a certain heat loss to
the burner. As outlined already, a water cooled
probe in the flame can be adjusted to have
approximately the same temperature as the
burner top (about 325 K) and the deposits on
the two compared. Figure 14 gives a represen-
tation of the nature of several burner top sam-
ples for a variety of flame equivalence ratios and
nebulized salts. Figure 14a corresponds to the
flame probe data of Fig. 10a. Unlike the probe
that displays sodium carbonate and nitrate, only
carbonate is observed on the burner top. A
solution of CH,(NH,)COONa was the aerosol
source. Figure 14b, for a lean H, flame also
shows solely carbonate and no signs of the
NaNO; aerosol. Figure 14c, a fuel rich-flame
with ¢ = 1.2 propane/air and a sodium oxalate
aerosol also indicates a pure carbonate deposit
on both the burner top and on a flame probe at
a similar temperature (Fig. 10d). Figure 14d, a
similar run but with ¢ = 1.1, indicates both
nitrate and carbonate on the burner top using
an NaNO, solution aerosol. Figure 14e that
corresponds with Fig. 12¢ shows potassium car-
bonate, nitrate and bicarbonate on the burner
top, but oxalate, carbonate and bicarbonate on
the flame probe.

The alkali on the burner top can presumably
result from both back diffusion from the reac-
tion zone and from aerosol condensation fol-
lowed by conversion. In all cases of Fig. 14 the
deposits do not reflect the aerosol in any way
and any such direct aerosol deposit, if occurring,
is modified by the differing reactive chemical
environments. The situation on the burner top
differs from the probe’s impinging flame envi-
ronment and this is apparently reflected in the
observed variations. The absence of NaNOj in
Fig. 14a may result from a lack of NO, in the
reaction zone, but is similarly lacking in Fig. 14b
when NaNOj is the aerosol, both under fuel
lean conditions. More than anything, the forma-
tion of potassium oxalate on the probe (Fig.
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12c) yet not on the burner top (Fig. 14e), where
KNOs; is favored, illustrates our present lack of
understanding of the controlling mechanisms at
these lower temperatures. The probe appears to
favor nitrate formation under fuel lean condi-
tions yet the burner top under fuel rich. The
probe favoring potassium oxalate formation yet
the burner top KNO; when the nebulizer salt
solution is potassium formate and NO, must be
quite small in the flame’s reaction zone. Some
KHCO; appears on both the probe and burner
top with HCOOK addition yet is absent on the
probe for KNOj; addition. Such disparate obser-
vations are the first results to be noted in this
work that indicate a pivotal role for the flame
rather than the surface.

Deposition Reversibility

In the temperature range 340 to 800 K deposition
occurs irreversibly. Deposition rates are insensi-
tive to flame non-equilibrium and radical ablation
is negligible. If a deposit is produced on a flame
probe and then the flame sodium addition cut off,
a slight flame coloration can be seen above the
probe indicating that some loss of sodium is
occurring but at a negligible rate in this tempera-
ture range. The eye is extremely sensitive to
resonance line emission of sodium. Deposition
loss was quantified by producing a deposit and
leaving it in a sodium free flame for a period of
time. Up to 800 K a measurable loss could not be
detected. However, 850 K appeared to be the
threshold probe temperature for the onset of
ablative loss of Na,CO; and at 870 K in one
measured case became about a 4% loss rate per
hour, gradually accelerating as temperatures in-
creased. This is reflected to some degree in the
higher temperature data of Fig. 9 and illustrates
the onset of a sensitivity of the rate to flame
temperature and also to flame equilibration. A
subsequent paper concerning the fall-off of depo-
sition rates because of ablative evaporative loss
will outline this different behavior at these more
elevated probe temperatures.

Interconvertability of Carbonate Deposits
In a series of experiments, flames were burned

containing traces of sodium, with and without
sulfur additions. If a flame is burned containing
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Fig. 14. Raman spectra of deposits collected as a honeycomb matrix build-up on top of the burner around the burner core
holes. The burner was warmed by circulating water to about 325 K: (a) ¢ = 0.9 (C3Hg/O,/N,, 0.9/5/16) flame, sodium glycinate
CH,(NH,)COONa solution aerosol (corresponds with Fig. 10a probe data), (b) ¢ = 0.5 (H,/O,/N,, 1/1/3) flame, NaNO;
solution aerosol, (c) ¢ = 1.2 (C;Hg/air) flame, sodium oxalate solution aerosol (corresponds with Fig. 10d probe data), (d)
¢ = 1.1 (C3Hg/O,/N,, 1.1/5/20) flame, NaNO, solution aerosol, (¢) ¢ = 1.1 (C;Hg/O,/N,, 1.1/5/20) flame, HCOOK solution
aerosol (corresponds to Fig. 12c probe data). All indicate carbonate formation, (d) and (e) nitrate, and (e) some bicarbonate.

sodium and sulfur, a deposit of Na,SO, forms
on a probe. If the sulfur addition then is turned
off, the deposit continues to grow but is now
Na,CO; layering down on top of the initial
sulfate. When removed, the Raman spectra
shows these two components as in Fig. 15a and
for equal times is a 50/50% mix. The peak at 994
cm ! is due to Na,SO, and that at 1080 cm ™",
Na,CO;. However, if the experiment is done in
reverse, first laying down a carbonate deposit
and then adding sulfur to the flame, not only is
there a continued growth of a sulfate layer, but
the flame sulfur converts the previous carbonate
sub-layer also to sulfate. With sufficient sulfur,
which implies sufficient for the formulation
Na,SO,, the total deposit becomes Na,SO,.
This is indicated in Figs. 15b and 15c¢ for lean
and rich equivalence ratios. In other words,
flame sulfur converts carbonate deposits irre-
versibly to sulfate. On the molecular level, the
flame sulfur, presumably SO,, permeates into
the Na,CO; deposit, and modifies the crystal

structure to that of Na,SO, with the CO, being
exhausted.

The other small peaks seen in Fig. 15 are
extremely interesting. As already illustrated in
Fig. 11, the Raman spectrum of Na,COj; is quite
simple and other than the strong line at 1080
cm ! has only a weak line at 702 cm ™! in this
spectral range above 400 cm . Slight hydration
of the carbonate can shift the major frequency
to 1070 cm ! for the hydrated salt. These three
features are apparent in Fig. 15a, the carbonate
having managed to pick up a little moisture
during handling. All the other spectral features
are due to Na,SO,. These, however, appear to
be somewhat different in Fig. 15a, 15b, and 15¢
and in fact reflect different low temperature
phases of Na,SO,. The Na,SO, spectrum of Fig.
15a is noisy, but is typical of purchased
Na,SO,(V) the stable phase at 0 to 458 K.
Figure 15c is a clean spectrum of Na,SO,(I1I), a
metastable structure obtained by cooling from
temperatures above 517 K in the absence of
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Fig. 15. Raman spectra of deposits collected on stainless
steel probes at 725 K: (a) ¢ = 0.9 (C;Hg/air) initially with 45
ppm sodium and 500 ppm SO, flame content. Then contin-
ued without sulfur for the same length of time. Probe 6 ms
downstream, (b) ¢ = 0.9 (CsHg/air) burned similarly but
initially with 45 ppm flame sodium only and then for the
same length of time also with 500 ppm SO, added, (¢) ¢ =
1.1 (C;Hg/air) burned initially with 30 ppm flame sodium
only and then continued for the same length of time with 50
ppm SO, also added. Probe 5 ms downstream. The major
peaks at 994 and 1081 cm™' are those of Na,SO, and
Na,CO3, respectively.

moisture. Figure 15b indicates the presence of
both (V) and (III) phases in the analyzed sam-
ple, indicating a partial structural relaxation.
These alternate crystal structures, both ortho-
rhombic, have different space group descrip-
tions and produce this variation of fine structure
frequency patterns [32, 48].

As will be outlined in subsequent papers in
this series, similar conversions to that of
Na,CO; to Na,SO, also are seen in Na/Cl
systems when Na,COj; also is readily converted
irreversibly by chlorine to NaCl. The resulting
conclusion is that sodium has a very pronounced
preference for its anion. In the 400 to 900 K
surface temperature regime this correlates with
thermodynamic stabilities and demonstrates the
ordering Na,SO,>NaCl>Na,CO;>NaOH.
However, as seen for the first time in this paper,
this very orderly behavior finally breaks down at
temperatures below about 400 K.
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CONCLUSIONS

The most noteworthy aspect of this work is the
observation that Na,CO5 flame deposition be-
havior mirrors almost exactly that of Na,SO,. In
the 400 to 800 K probe temperature range there
are no differences. In fact, rates of deposition
measured as the quantity of sodium alkali metal
are identical, indicating the controlling aspect of
the inflow of alkali and not its subsequent
chemical formulation. Consequently, rates are
seen to be first order in flame sodium concen-
tration, zero order in flame carbon concentra-
tion and show the similar independence of
flame or probe parameters, and even flame
non-equilibrium conditions. Rates of deposition
also are non-variant in the 330 to 800 K region,
establishing a zero activation energy. The flame
nature of the sodium, but it atomic, or the
hydroxide also is irrelevant and either appear to
have approximately similar surface accommoda-
tion coefficients and be converted equally to
carbonate. This similar behavior of sulfate and
carbonate deposition irrefutably establishes its
heterogeneous nature. At low probe tempera-
tures, <400 K, differences in the carbonate
system do begin to emerge with respect to the
chemical nature of the deposit but not its rate of
deposition. Presumably, this arises from the
reduced thermodynamic stabilities of Na,CO;
and K,CO; and the opportunities for other
molecules such as their nitrates, and in the case
of potassium the oxalate and bicarbonate, to
compete to be the anion of choice for the alkali.
Whereas at higher temperatures the systems
appears to be largely controlled by the thermo-
dynamic stabilities, at low probe temperatures
we see for the first time non-equilibrium behav-
ior. The expectation of observing bicarbonate
formation is not realized in the case of sodium,
where instead contributions of NaNOj; are ap-
parent. This behavior is more pronounced in the
case of potassium where under fuel lean condi-
tions the deposit can approach a 70/30% mix-
ture of K,CO; and KNO; respectively, and
under fuel rich conditions an unexpected signif-
icant presence of potassium oxalate, K,C,0,,
with carbonate and finally the observation of a
fractional bicarbonate contribution. Toward
room temperature, thermodynamic equilibrium
preferences suggest the ordering nitrate>
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bicarbonate>carbonate>oxalate. This observa-
tion of oxalate formation is extremely intriguing
and shows the possibility that low temperature
surfaces in flames may be a synthetic technique
for the formation of thermodynamically meta-
stable materials. The apparent role for the
flame under these conditions indicates that the
flame radicals are perturbing the expected ther-
modynamic chemical balances on the surface.

The collection efficiencies of alkali metals on
flame probes have been further confirmed to be
significantly large. Rates have also been studied
in several C;Hg/O, flames where the diluent was
either He, Ne or Ar. These deposition rates
remain unexplainable with current boundary
layer-fluid dynamic models which at present
appear to be an inadequate description.

Although not specifically related to high tem-
perature corrosion, this study of Na,CO5 depo-
sition has in fact added extensively to that very
topic. It is a very good example in illustrating
that research should not be micromanaged or
too restricted. Valuable information can come
from unexpected systems that are only loosely
connected to what may be considered the major
thrust.
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