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Abstract

The formation of gaseous alkali sulfates is known to yield aerosols and may also contribute to deposition and
corrosion in the combustion of solid fuels such as biomass. In the present work a model for the gaseous sulfation
of alkali hydroxide (AOH) and alkali chloride (ACIl) is developed. It relies on a detailed chemical kinetic model
for the high-temperature gas-phase interaction between alkali metals, the O/H radical pool, and chlorine/sulfur
species. Thermodynamic properties of a number of potassium and sodium species have been estimated from
Gaussian 3 ab initio calculations. Particular attention is paid to alkali hydrogen sulfates and alkali oxysulfur
chlorides as potential gas-phase precursors of A»SOy4. Rate constants have been drawn from the literature, from
analogy with known reactions, or from QRRK theory. A detailed reaction mechanism for sulfation is proposed.
The alkali transformations proceed by a number of molecule—molecule reactions, which can be expected to exhibit
ionic behavior. The sulfation is initiated by oxidation of SO, to SO3. Sulfur trioxide subsequently recombines
rapidly with AOH or ACI to form an alkali hydrogen sulfate, AHSOy4, or an alkali oxysulfur chloride, ASO3Cl.
According to the present work, both of these complexes are sufficiently stable in the gas phase to act as precursors
for alkali sulfate. Alkali hydrogen sulfate and alkali oxysulfur chloride are subsequently converted to alkali sulfate
in fast shuffle reactions such as ASO3Cl4+H;0 — AHSO4 +HCl and AHSO4 4+ ACl — A»SO4 +HCI. Modeling
predictions compare favorably with the experimental results of K. lisa et al. [Energy Fuels 13 (1999) 1184-1190]
on the gas-phase sulfation of potassium chloride at 1373 K. They investigated the degree of sulfation of KCl in a
gaseous mixture of SO, + Oy + HyO + N> as a function of reaction time and gas composition in an entrained flow
reactor. The modeling predictions are not sensitive to the estimated properties in the alkali subset (thermodynamic
data, rate constants) within the assigned error limits; the predicted degree of sulfation is influenced mainly by the
rate of oxidation of SO, and the production of chain carriers in the system.
© 2004 Published by Elsevier Inc. on behalf of The Combustion Institute.
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1. Introduction

Interest in the high-temperature gas-phase chem-
* Corresponding author. istry of alkali metals has been motivated by its impor-
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corrosion in naval engines and gas turbines [7—12]
and in the combustion of solid fuels such as biomass
[13-16], coal [17-20], and black liquor [21-23], for
in-furnace NO, control [24-27], and for acrosol for-
mation in biomass combustion [28—30]. Over the last
two decades, understanding of the thermodynamic
properties of alkali metals and of their reaction chem-
istry has improved significantly. Recent progress in
thermochemistry has relied mostly on ab initio cal-
culations [31-42], while results on elementary reac-
tions largely have been experimental, facilitated by
the development of powerful experimental techniques
[43,44]. Most of the work on reaction rates has been
motivated by interest in atmospheric chemistry and
was conducted at low temperature, but for a number
of reactions data are also available at higher tem-
peratures. However, despite extensive research in the
past, important aspects of the chemistry of sodium
and potassium are still unresolved. Alkali metals are
difficult to deal with both theoretically and experi-
mentally, and the thermochemistry for many alkali
species, as well as reaction rates for potentially im-
portant reactions, is uncertain or even unavailable.

Attempts to develop detailed reaction mechanisms
for the chemistry of K and Na have been limited in the
past. Steinberg and co-workers [11,45.46] developed
the first detailed mechanisms for alkali chemistry in
flames, focusing on alkali atom removal, catalyzed
radical recombination, and Na/S interactions impor-
tant for deposition and corrosion. This early effort has
formed the basis of subsequent mechanistic studies on
sodium transformations in coal combustion [19] and
on the effect of potassium additives on gun muzzle
flash [6]. More recent kinetic efforts have focused on
predicting the effect of alkali metals on NO, control
technologies such as selective noncatalytic reduction
of NO, N, O removal, and reburning [24-27].

The objectives of the present work are partly to up-
date the thermochemistry and high-temperature gas-
phase reaction mechanisms of sodium and potassium
and partly to identify a plausible mechanism for the
formation of gas-phase A>SO4 (A = K or Na). Al-
kali sulfates are important for aerosol formation and
deposition/corrosion in systems such as biomass com-
bustion, where sulfur, chlorine, and alkali metals may
interact. However, the formation mechanism for these
sulfates is still in dispute, and until recently it has
been questioned whether they are formed at all in
the gas phase in combustion systems. Particular at-
tention in the present work is paid to the importance
of alkali hydrogen sulfates as gas-phase precursors of
A>S0y. To determine the thermal stability of KHSOy4
and NaHSO4 we have estimated their thermodynamic
properties from ab initio computations. Also, chlo-
rinated intermediates are considered. A chemical ki-
netic model for formation of K SOy is proposed and

modeling predictions are compared with data from
entrained-flow reactor experiments [47].

2. Formation of alkali sulfates

Most previous work on alkali sulfate formation
has been motivated by the problems with deposition
and corrosion in combustion systems [19]; alkali sul-
fates are known to be very active corrosion agents.
The mechanism of formation of condensed or solid
alkali sulfates in deposits has long been in dispute.
Both homogeneous [7,9.10] and heterogeneous [11,
12,19,46.48,49] mechanisms have been advocated in
the literature. The homogeneous mechanism involves
formation of an alkali sulfate in the gas phase, fol-
lowed by condensation onto a surface. In the het-
erogeneous mechanism, a gas-phase alkali-containing
precursor is transported to the surface, where it is
sulfated by reactions in condensed or solid phase.
Even though gaseous K>SOy [18,50,51] and Nap SOy4
[52—-55] have been shown in vaporization experiments
to be stable at moderate to high temperatures, it has
been questioned [11,12,46] whether they are formed
in combustion systems. Gaseous NaySO,4 has been
detected by mass spectrometry in the postflame zone
of a CH4/O, flame doped with SO, and NaCl [8]
and in black liquor combustion experiments [21,56],
but such measurements may be affected by a deposit
forming around the sampling orifice [46].

Experiments with sodium and potassium salt de-
position in flames [12,49] support a heterogeneous
formation mechanism for alkali sulfate deposits. Sul-
fation of solid-phase alkali chloride has been studied
both experimentally [10,22.57-60] and theoretically
[61,62]. Below 900 K the sulfation is a slow, low-
activation-energy reaction [10,22,57,60], but above
this temperature a sharp increase in the rate constant
is observed [58.60]. The apparent shift in mechanism
may be caused by the presence of molten sodium
chloride; mixtures of NapSO4 + NaCl form a melt
in this temperature range. The heterogeneous sulfa-
tion reaction is promoted in the presence of SO3 [10,
59,62]. The reaction between NaCl(s), SO3, and HyO
proceeds without an activation barrier, according to
experimental results and molecular orbital calcula-
tions [62]. The mechanism is believed to involve the
formation of sodium hydrogen sulfate, which then re-
acts with solid sodium chloride, forming sodium sul-
fate in two steps: HySO4 + NaCl(s) — NaHSOu4(s) +
HCI, NaHSOy4(s) + NaCl(s) — NaySOy4(s) + HCI.
Less is known about sulfation of molten alkali chlo-
ride, but even in the presence of SO3, it is a compara-
tively slow process [47].

The importance of alkali sulfates for submicron
particle formation has been recognized only recently
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[23,28-30]. Contrary to formation of deposits, which
may develop over long times, only a few seconds of
reaction time are available for aerosol formation. Ex-
trapolation of the results for heterogeneous sulfation
[47,58,60] indicates that even at high temperatures,
the sulfation of solid and molten alkali chloride by
SO,, HyO, and O, is too slow to play an impor-
tant role on short time scales. The detection of al-
kali sulfate aerosols in biomass combustion [28,29,
63] and in flow reactors [30.,47] supports the existence
of a gas-phase mechanism. Based on a theoretical
analysis of the measured concentration of submicron
particles in biomass combustion, Christensen et al.
[29] concluded that the gas-to-particle conversion oc-
curs by the homogeneous nucleation of K,SOy4 par-
ticles, which act as condensation nuclei for the sub-
sequent condensation of KCI. This interpretation is
supported by observations on aerosol formation from
alkali chloride in flow reactors. Jensen et al. [30]
analyzed aerosol formation during cooling of a syn-
thetic flue gas (O,/HyO/N3) with sodium or potas-
sium vapors in a laboratory flow reactor. In both the
absence and the presence of a small number of parti-
cles (to suppress alkali chloride nucleation), addition
of SO, to the feed gas led to a remarkable increase
in the number concentration of effluent particles and
caused their composition to include sulfate in addition
to chloride. The results show that alkali sulfates can
be formed by the sulfation of vapor-phase chloride
and point to homogeneous nucleation as the source
of alkali sulfate aerosols. The entrained flow reactor
experiments of lisa et al. [47], which are discussed
in greater detail below, support the interpretation that
alkali sulfate aerosols are formed by the sulfation of
vapor-phase rather than solid or molten alkali chlo-
ride.

To understand how alkali sulfates can be formed
in the gas phase, it is instructive to look at the reactiv-
ity of gaseous alkali species. Many alkali compounds,
for instance, alkaline hydroxides and halides, are po-
lar species and exhibit strongly ionic behavior; i.e.,
they act similarly to gas-phase ions. Due to attrac-
tive forces between the reactants, a number of reac-
tions involving alkali species are extremely fast. For
molecule—molecule reactions this is typically caused
by a significant dipole—dipole-induced dipole mo-
ment, while atom—diatom reactions may involve an
electron transfer mechanism, which induces a switch
from a neutral to an attractive ionic potential energy
surface when the reactants approach each other [64].

lonic behavior has been observed for association
reactions involving, for instance, NaO or NaOH. Re-
actions of these alkaline species with stable mole-
cules such as CO, and Oj proceed at rates similar
to those of ion—molecule reactions [65]. For instance,
the reactivity of sodium hydroxide resembles that of

the corresponding negative ion, OH™, and the two
reactions NaOH + CO, + M = NaHCO3 + M and
OH™ + COz + M = HCO3 + M have rate constants
that agree within a factor of 2 [65]. The ionic behav-
ior is also pronounced for reactions of alkaline halides
with other alkaline halides or hydrogen halides. Mole-
cular beam scattering experiments indicate that these
reactions involve a strong collision complex [66] and
can be expected to be fast. This has been confirmed
for dimerization reactions involving alkaline halides
[67], but a number of reactions, where the collision
complex dissociates to products, behave similarly. An
interesting example is the exothermic reaction be-
tween sodium hydroxide and hydrogen chloride,

NaOH + HCI — NaCl + H,O. (R36)

The reaction number refers to the mechanism listed
in Appendix B, which is discussed below. Both reac-
tants in this reaction are stable molecules and HCl has
a strong covalent bond. For these reasons, the reaction
would be expected to be slow and have a significant
barrier, despite its exothermicity. However, measure-
ment of k3¢ at 308 K indicates a value close to the
gas kinetic limit [68]. Similar behavior is observed for
other four-centered reactions, such as CsCl + KI —
Csl + KCI, which proceeds without any activation en-
ergy and has a large cross section [69].

The existence of a class of very fast alkali reac-
tions between stable molecules has implications for
the formation of gaseous alkali sulfate: a mechanism
involving only stable precursors is plausible. The first
step appears to be oxidation of SO, to SO3, which
has been shown to be rate-limiting [29,47]. The sub-
sequent step is most likely an association reaction in-
volving alkali hydroxide or alkali chloride (the most
abundant alkali species in combustion gases) with
SO3:

AOH + SO3(+M) = AHSO4(+M),
ACI + SO3(+M) = ASO;CI(+M).

(R44/93)
(R53/102)

If the complexes formed in these reactions, alkali hy-
drogen sulfate and an alkali oxysulfur chloride, are
sufficiently stable at high temperatures, they may con-
ceivably participate in a series of shuffle reactions
ultimately leading to the formation of alkali sulfate:

ASO;Cl + H,0 = AHSO, + HCI, (R55/104)
ASO3Cl +AOH = A,S04 + HCI, (R56/105)
AHSOy4 +AOH = A,S04 + H50, (R51/100)
AHSOy, +ACl = AyS04 + HCL (R52/101)

The association reactions (R44/93) and (R53/102)
resemble the recombination of NaOH with CO, dis-
cussed above and can be expected to have compara-
ble rate constants, at least at the high-pressure limit.
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Also, the shuffle reactions can be expected to be fast
by analogy with other reactions involving alkaline
halides and hydrogen halides, for instance, (R36).

The proposed mechanism indicates a fast and effi-
cient gas-phase sulfation process, with oxidation of
SO,, rather than alkali transformations, being rate-
limiting. This is in agreement with experimental ob-
servations from short-residence-time experiments in
flames and flow reactors. Alkali sulfation is known to
be fast, occurring in a few milliseconds during cool-
ing in a postflame environment [7.8]. It is efficient
in sulfating KCl1 [47] and it proceeds at temperatures
as low as 1085 K [29,30]; below this temperature
the conversion of SO, to SO3 becomes very slow.
The mechanism relies on stable alkali precursors, in
agreement with the observation that pathways involv-
ing alkali radicals such as ASO, and A,>SOj3 yield
insignificant amounts of sulfate [11]. It is also note-
worthy that the proposed gas-phase mechanism has
some resemblance to the mechanism derived for sul-
fation of solid sodium chloride at 873 K [62]. Both
mechanisms involve the formation of SO3 as a first
step, followed by a sequence of reactions between sta-
ble species. While hydrogen sulfate, due to its low
thermal stability in the gas phase, is not important in
the homogeneous mechanism, both schemes involve
an alkaline hydrogen sulfate as an intermediate, in ei-
ther solid or gaseous form.

The plausibility of the proposed gas-phase mech-
anism depends on the thermal stability of the alkaline
hydrogen sulfates and the alkaline oxysulfur chlo-
rides in the gas phase. To our knowledge these com-
plexes have not previously been detected in the gas
phase, and no data are available on their thermochem-
istry. In the present work we estimate the thermo-
dynamic properties of NaHSO4, KHSO4, NaSO3Cl,
and KSO3Cl as described in the following section.
Based on these results and a detailed reaction mech-
anism for the K/Na/S/Cl chemistry, we then evaluate
the proposed mechanism by comparing modeling pre-
dictions with available experimental results for potas-
sium sulfate formation.

3. Thermodynamic properties of potential alkali
sulfate precursors

The experimental database for gas-phase alkali
metal—sulfur species is sparse and is augmented here
by results from ab initio calculations made with the
Gaussian 98 and 03 program suites [70,71]. Polar
metallic species are a challenge for standard compu-
tational approaches [42]. We have selected G3 theory
[72], as modified by Curtiss et al. [73], as our model
chemistry for alkali metal compounds. Our choice is
based on the availability for third- as well as second-

row elements, notably potassium here, and the expan-
sion of the valence electron space in the correlation
treatment to include 2s and 2p orbitals for Na and
3s and 3p orbitals for K. This change should im-
prove accuracy for the largely ionic species consid-
ered here (Mulliken charges on the metal atoms are
typically +0.7 to 0.8), and core—valence correlation
is in part taken into account as well. The G3 model
chemistry relies on a series of additive calculations to
approximate the QCISD(T)/G3 Large energy, where
all electrons are correlated. G3 Large corresponds to
a contraction of a 1359 p basis set to 655 p for Na, aug-
mented with diffuse, 3d2 f, and tight d and f func-
tions. The basis set for K is a 15513 p5d basis con-
tracted to 8s7p3d, similarly augmented [73]. In G3
theory zero-point vibrational energy corrections are
derived at the HF/6-31G(d) level of theory, with fre-
quencies scaled by a standard factor of 0.8923. This
correction is combined with ab initio energy changes
at 0 K for a variety of working reactions outlined be-
low, to obtain AHg. For the atoms H, O, Na, S, and
Cl, 6-31G(d) here refers to the basis sets of Hariha-
ran and Pople [74] and Francl et al. [75], while for K
this is the basis set recently defined by Rassolov et al.
[76] (which differs from that included in the Gaussian
program suites). Geometries at the MP2/6-31G(d)
level of theory, obtained with all electrons included
in the correlation treatment, were employed for the
subsequent high-level energy calculations [72]. Ta-
ble 1 summarizes the G3 energies obtained, and the
molecular structures of KSO3, K, SO4, KHSO4, and
KSO3Cl are shown in Fig. 1.

Molecular entropies, heat capacities, and temper-
ature dependence of the enthalpies were derived from
structures and vibrational frequencies. We have as-
sumed harmonic behavior for every vibrational mode.
Where literature data were unavailable, we employed
unscaled frequencies and geometries obtained at the
B3LYP/6-311G(d, p) level of hybrid density func-
tional theory (see Table 1). For all the alkaline metal—
oxysulfur molecules we find that in the lowest energy
the cation binds to a pair of O atoms in pyramidal
SO3_ or tetrahedral SOi_, in a similar way as found
earlier for NaSO; and KSO», i.e., in a planar AO;S
unit [34,77].

One example validates the thermodynamic ap-
proaches used here. Use of G3 energies to obtain
A y Hy(NaSO3) via the dissociation process,

NaSO, — Na + SO», (a)

avoids consideration of S—O bond dissociation, which
is difficult to describe accurately at moderate levels of
theory [78]. The result from reaction (a) is a bond dis-
sociation enthalpy of 205.3 kJ mol~! and Ay Hy of
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Fig. 1. Structures of (clockwise from top left) KSO3, KHSOy4, K>SOy, and KSO3Cl at the B3LYP/6-311G(d, p) level of theory.
O atoms are shown in black, S atoms in white, and K atoms in gray. The small and large textured atoms are H and CI, respectively.

Table 1

G3 energies, heats of formation, symmetries, inertia products and vibrational frequencies for alkali species in the Gaussian 3

calculations

Molecule G3 energy H%% Symmetry  Inertia product  Vibrational frequencies

(au)? (kI mol=1 (GHZ3) (em™1)

Na (ref.) —162.12981 107.3

K (ref) —599.73046 89.0

NaSO; (ref.) —710.62973  —381.7 Coy 166.2 169, 270, 322, 535, 944, 978

KSO; (ref.) —1148.23150 —399.4 Coy 60.24 129, 213,247,497, 945, 984

NaySOy (ref.) —1023.28883 —1033.6 Dyg 7.032 65(2), 269(2), 273, 360, 375, 524, 573(2),
632, 899, 1046(2), 1095

K,SOy (ref) —1898.49164 —1094.1 Dyg 1.998 42(2), 201, 215(2), 285, 387, 494, 578(2),
616, 908, 1057(2), 1095

NaSOj3 —785.81122 —538.3b Cs 58.13 103,239, 312, 440, 506, 563, 903, 986, 1132

KSO3 —1223.41596 —563.9° Cs 23.46 76,192,236, 441, 493, 557,913, 1002, 1127

NaHSOy4 —861.65045  —905.8b Cs 21.84 79, 180, 232, 300, 362, 434, 537, 544, 586,
767,995, 1100, 1154, 1297, 3796

KHSO4 —1299.25538  —945.2b Cs 9.408 56, 168, 184, 230, 366, 423, 538, 545, 572,
759, 1003, 1114, 1160, 1293, 3800

NaSO3Cl —1245.91686 —742.7° Cs 7.975 60,210, 255,274, 316, 348, 507, 558, 594,
979, 1128, 1306

KSO3Cl1 —1683.52450 —788.6° Cs 4.446 69, 99, 198, 248, 270, 283, 495, 531, 547,

991, 1196, 1328

2 Atomic units. 1 au = 2625.5 kI mol 1.

b Enthalpy of formation derived from reference species as discussed in the text.

—392.1 kJmol~!. A more accurate result is expected
from consideration of

NaSO, — Na't + SO3, (b)

because the molecule is ionic and this second process
minimizes changes in electron configuration. The
computed dissociation energy to ions is 584.2

kJ mol~! which, together with experimental data for
the ionization energy of Na and the electron affin-
ity of SO, [79], implies a AHy for reaction (a) of
195.2 kimol~! and A y Hy of —382.0 kimol~!. For
comparison, two prior estimates of the dissociation
enthalpy of NaSO, are 190 + 15 kimol~!, based
on RRKM analysis of the reverse kinetics of reac-
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tion (a) [80], and 210 % 20 kImol~!, derived from
flame modeling [46]. It may be seen that, with appro-
priate choices of working reactions, G3 results yield
usefully accurate thermochemistry. Here we choose
isogyric processes, so that conservation of electron
spin exactly cancels the influence of the empirical
“higher-level correction” terms within G3 theory.

The thermochemistry of NaHSOy is derived via
the isodesmic reaction

HpSO4 + NaySO4 — 2NaHSOy, (©)

where A ¢ H for the reactants is known [81]. Errors
arising from finite basis sets and incomplete treatment
of electron correlation tend to cancel, and the main
uncertainty for NaHSOy arises from the experimental
input data for NapSOy4. The potassium analog is used
for KHSOy4. Alkali metal atom adducts with SO3 are
characterized via the exchange

8O3 + NaSO, — SO, + NaSOs, (d)

where experimental data are available for all species
except NaSOs3. The reaction conserves the Na—O
binding interaction. We also investigated the dissocia-
tion of this adduct to NaO + SO, and found there was
no barrier beyond the endothermicity. For NaSO3Cl
we considered the working reaction

NaSO3Cl + OH — NaHSOy4 + Cl, (e)

which does not break S—O bonds. The analogous
potassium reactions were used for KSO3 and KSO3CL
For each of the working reactions the reaction en-
thalpy was corrected to 298 K by means of Hygg—H)
for each species, to derive A ¢ Hpgg for the unknown
molecules. The uncertainty in this method is at least
equal to the propagated uncertainty of the thermo-
chemistry of the reference molecules, which is on the
order of £10-15 kJmol 1.

4. Chemical kinetic model

The reaction mechanism developed in the present
work consists of subsets for hydrogen/carbon monox-
ide oxidation, sulfur chemistry, chlorine chemistry,
and potassium/sodium chemistry. The CO/H, [82]
and S/H/O [83-86] subsets are drawn from earlier
work. Of special interest are the reactions that oxidize
SO, to SO3, as they may be rate-limiting in forma-
tion of K»SOy4. These reactions are discussed further
below. The chlorine subset, which involves reactions
of HCI and Cl,, was drawn from the evaluation of
Baulch et al. [87], except for a few reactions where
more accurate data have become available.

Thermodynamic properties for selected alkaline
species are listed in Appendix A and the reaction sub-
set, in Appendix B. For the thermodynamic properties

of sodium and potassium species we have supple-
mented data from the JANAF tables [81] and other
evaluations [88,89] with recent high-level theoretical
work [35—42] and calculations done in the present
work. In addition to the alkaline metal—oxysulfur
compounds discussed in the previous section, the en-
tropies and heat capacities of NaO, and KO, were
estimated in the present work.

The alkaline subset listed in Appendix B includes
reactions of sodium and potassium with the O/H radi-
cal pool, with chlorinated species, and with sulfur ox-
ides. It is intended for use under oxidizing conditions
and does not include a number of reduced alkaline and
alkali—sulfur species. Only a few of the rate constants
in the Na/K/H/O/CO reaction subset have been deter-
mined experimentally. Most of the reactions were as-
signed estimated rate constants, but the present mod-
eling predictions are not sensitive to the values. The
interaction of sodium and chlorine species, primar-
ily the reactions of Na, NaO, NaOH, and NaO, with
HCI (or Clp) to form NaCl ((R31), (R32), (R33),
(R35), (R36), (R38)), is fairly well established. These
reactions have all been characterized experimentally
[68,93,94], and with the exception of the endother-
mic step between Na and HCI to form NaCl and H,
they are all very fast. In the potassium/chlorine sub-
set, it is only the K + HCI (R81) reaction rate that has
been measured [95]; we have estimated the other reac-
tions in this subset by analogy with the corresponding
sodium reactions.

Less is known about the interaction of alka-
line species with sulfur compounds. To our knowl-
edge only the recombination reactions of Na and K
with SO, (R40), (R89) have been measured directly
[34,80]; the rest of the reactions in this subset have
estimated rate constants. Conceivably NaSO,/KSO;
behave similarly to NaO,/KO;: we expect them
mainly to be recycled to SO, by dissociation or by
reaction with O or OH. The recombination of Na and
K with SO3 to form NaSO3/KSO3 has been assigned
high-pressure limiting rate constants correspond-
ing to (R40) and (R89), respectively. QRRK theory
was employed to estimate the low-pressure limit-
ing rate constants. A second pathway to formation
of NaSO3/KSOs3, the reactions NaO + SO (+M) =
NaSO3(+M) (R43) and KO + SO(+M) = KSO3
(+M) (R92), was also included in the mechanism.
Scans of the HF/6-31G(d) potential energy surface
for reaction (R43) indicate there is no barrier to addi-
tion, which is assumed for reaction (R92) as well. We
expect NaSO3/KSO3 to be recycled largely to SO3
by dissociation or by reaction with O/OH.

In the absence of measurements, the rate constants
for reactions that form or consume NaHSO4/KHSO4
and NaSO3CI/KSO3Cl have been estimated from



28 P. Glarborg, P. Marshall / Combustion and Flame 141 (2005) 22-39
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Fig. 2. Fall-off behavior of the reaction KOH + SOz =
KHSO4. From top to bottom, the data are at 1000 K (solid
line), 1373 K (dotted line), and 2000 K (dashed line). From
QRRK calculations we find that ko (10002000 K) = 2.6 x
10227776 cmSmol 251,

analogy with other reactions between polar species.
For the reaction between KOH and SO3,

KOH + SO3(+M) = KHSO4(+M), (R93)

the rate coefficients were estimated from QRRK cal-
culations, with an assumed high-pressure limit of 1 x
10 c¢m3 mol~!'s~!. The similar reaction NaOH +
COy(+M) is very fast due to a strong attractive di-
pole to dipole-induced dipole interaction, with a high-
pressure limit estimated to be approximately 4 x
10" cm3 mol~1s™! [65]. In support of the analogy
between AOH + COy(+M) and AOH + SO3(+M),
calculations on the HF/6-31G(d) potential energy sur-
face for NaOH + SO3 show an attractive interaction
at separations of several angstroms and no barrier to
formation of the hydrogen sulfate adduct. Through
consideration of microscopic reversibility, the A fac-
tor for the dissociation (R93b) was estimated to be
1.4 x 1017 s~ The fall-off behavior is shown in
Fig. 2. At atmospheric pressure the reaction is at or
near the high-pressure limit below 1000 K, while at
higher temperatures fall-off effects are more signifi-
cant. Preliminary QRRK results indicate a remarkably
strong temperature dependence at the low-pressure
limit, where ko3 is proportional to 7" with n ~ 7-8.
This appears to arise in part from the rapidly in-
creasing vibrational partition function of the adduct,
which, in turn, reflects several low-frequency modes.
For simplicity these have been treated as harmonic os-
cillators here; a more detailed analysis of anharmonic
modes in alkali sulfates is planned in the future. The

rate coefficients for the reaction
KCl + SO3(+M) = KSO3CI(+M), (R102)

were also derived this way. The reverse A factor is
5.3 x 10!7 s~1 and the modest reaction enthalpy of

—178 ki mol~! leads to smaller rate coefficients and
third-order kinetics at atmospheric pressure and be-

low.

The shuffle reactions involving KHSO4 and

KSO5Cl,

KHSO, + KOH = K»S04 + H,0, (R100)
KHSO, + KCI = K80, + HCI, (R101)
KSO3Cl + H,0 = KHSOy4 + HCI, (R104)
KSO3Cl + KOH = K,S04 + HCI, (R105)

and the sodium analogs can be expected to ex-
hibit ionic behavior and involve a comparatively
strong collision complex, similar to reactions of alkali
halides with other alkali halides or hydrogen halides.
Rough estimates of the rate constants were made by
analogy to the reaction between sodium hydroxide
and hydrogen chloride,

NaOH + HCI = NaCl + H50. (R36)

This exothermic reaction proceeds close to colli-
sion frequency (1.7 x 10 cm? mol~!'s™1) in the
forward direction [68]. With the current thermody-
namic properties the reverse reaction has a preex-
ponential factor of about 10" ecm? mol~!s~! and
an activation energy corresponding roughly to the
endothermicity of the reaction. Consequently, we ex-
pect the shuffle reactions to be fast in the exother-
mic direction, and we assign them rate constants of
1x 10" em3 mol=1s~ 1. According to our present es-
timate for A ¢ Hy9g(KHSO4) and A ¢ Hy98 (KSO3Cl)
the reactions that form K;SO4 (R100), (R101),
(R105) are quite exothermic. These reactions, as well
as the high-pressure limits for the association steps
(R93) and (R102), can be assumed to be indepen-
dent of temperature. A conservative, broad estimate
of the uncertainty limits implies rate constants for
these reactions in the range 1 x 1013 <k <5 x
10'* cm3mol=! s~!. Reaction (R104) is exother-
mic by only 7 kJmol~!, i.e., basically thermoneutral
within the uncertainty, and ko4 has larger error limits
as there may be a barrier to reaction.

In addition to alkaline species reactions, Appen-
dix B includes a subset for SO,/SO3 interconver-
sion, as this chemistry may have important impli-
cations for the alkali sulfation. This subset includes
reactions of SO, with O (R1) and OH (R2), (R3)
to form SOj either directly or through HOSO,, as
well as reactions that recycle SOz to SO, by reac-
tion with O and SO (R4), (R5). All of these reac-
tions, either in the forward or reverse direction, are
potentially important for the SO, /SO3 ratio. For the
SOy + O(+M) = SO3(+M) reaction (R1) we have
adopted the rate coefficients determined very recently
by Naidoo et al. [86]. The reaction SO, + OH(+M) =
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HOSO,(+M) (R3) is equilibrated under the present
conditions; the rate of SO, oxidation through HOSO,
depends mainly on the thermodynamic properties for
this species and the rate of its reaction with Oj.
Among the other reactions that can contribute to
SOj3 formation are SO, + O = SO3 + O (R4b) and
SO, + SO, = SO3 + SO (R5b). The rate constants
for these reactions, which are both strongly endother-
mic, have been measured only in the reverse direction
and they are associated with considerable uncertain-
ties [83.84]. In the present work we rely on a flame
measurement [90] for the rate of the SO3 + O reaction
(R4); for SO3 + SO (R5) we adopt the room temper-
ature measurement of Chung et al. [91] and estimate
the temperature dependence to be similar to that of
SO + 0y =S50, 4+ 0O.

5. Modeling of potassium sulfate formation

A significant problem in developing reliable reac-
tion mechanisms for the high-temperature chemistry
of alkali metals is the difficulties of obtaining accurate
and well-characterized experimental data for kinetic
modeling purposes. High temperature in situ diagnos-
tics for alkali metals are limited mostly to the atomic
form of the metal, and during cooling the metals are
converted to condensable compounds that form de-
posits and/or aerosols, complicating chemical analy-
sis. Often, alkali metal compounds must be intro-
duced into the reaction system in liquid or particulate
form and the vaporization process further complicates
interpretation. For this reason many experiments on K
or Na chemistry have been performed in flames [11,
45.46,96,97] where the high temperatures facilitate
complete vaporization (and subsequent dissociation)
of the added alkali metals.

Unfortunately the reported flame studies are not
suitable for our purposes. Most studies on alkali/sulfur
interactions in flames are limited to the high-tempera-
ture regions, where alkali sulfate formation is not
thermodynamically favored. To our knowledge, the
only flame study to report alkali sulfate concentra-
tions in the postflame zone is that of Stearns et al. [8].
However, Stearns et al. did not characterize the reac-
tion conditions, in particular the temperature profile,
in sufficient detail for kinetic modeling purposes.

In the present work we compare modeling predic-
tions with the experimental data of lisa et al. [47]. The
experiments were conducted in a laminar entrained
flow reactor, where small, solid particles (65125 um)
of KCI were fed together with a gas consisting of
SOy, O3, HyO, and Ny. The experiments were per-
formed at 1173—-1373 K with residence times of 0.3—
1.5 s in the hot reactor, followed by rapid cooling.
In addition to temperature and residence time, the ef-
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Fig. 3. Degree of vaporization of the solid KCl particles in
the entrained flow reactor at 1373 K. Symbols denote ex-
perimental results [47]; solid line denotes predictions with
a simplified vaporization model. KCI(s) feed, 0.24 gmin_l;

total gas flow, 10-20 nL min—".

fect of [O7], [SO3], and [H,O] on the sulfation rate
was investigated. The potassium chloride particles be-
came molten in the hot zone and, depending on the
temperature, 5-50% of the KCI(s) vaporized in the re-
actor. The gas-phase conversion of KClto K, SO4 was
determined from analysis of the amount and compo-
sition of the submicron particles collected on a filter
downstream of the reactor. Sulfation of molten phase
KCl was determined from analysis of the coarse par-
ticles captured in a cyclone. In good agreement with
the results on the sulfation of NaCl particles at slightly
lower temperatures [60], only a small fraction of the
molten alkali chloride was sulfated.

In the modeling we approximate the flow in the
entrained flow reactor as plug flow and conduct the
calculations with the SENKIN code [98], which runs
in conjunction with the CHEMKIN package [99]. The
evaporation of the solid potassium chloride is mod-
eled as three pseudo-first-order reactions in series,
with rate constants k', k", and k" fitted to obtain a
match with the experimental data [47]. At 1373 K the
best fit was obtained with k' = k" =k =2.4 s~ 1.
Fig. 3 compares the measured and predicted degree of
vaporization of KCI(s) at this temperature as a func-
tion of residence time.

In the modeling we emphasize the results obtained
at the highest temperature of 1373 K, where evapora-
tion of the solid KCl is less likely to be a rate-limiting
step in the sulfation process. However, even at this
high temperature it is expected from equilibrium cal-
culations that K;SO4 condenses to form aerosols.
The equilibrium concentration of gas phase potas-
sium sulfate under these conditions is only &~ 10 ppm
[47], a value far below the predicted K»SOy4 forma-
tion if condensation is neglected. Because a detailed
model of the nucleation and condensation process is
outside the scope of the present work, we approx-
imate the drain of potassium sulfate by condensa-
tion as a simple second-order reaction in [K>SOy4].
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Fig. 4. Fractional conversion of solid KCI to K;SOy4 as
a function of residence time in an entrained flow reactor.
Symbols denote experimental results [47]; solid line de-
notes modeling predictions. Experimental conditions: tem-
perature, 1373 K; KCI(s) feed, 0.24 gmin_l; total gas flow,
10-20 nL min—'; 2% SO;, 5% O,, 10% H, O, balance Nj.

The rate constant for this pseudo-reaction was set
to 1013 cm?® mol~!s™!; this value prevents gaseous
potassium sulfate from building up to concentrations
above a few parts per million.

Chemical reaction in the cooling section following
the hot isothermal zone might conceivably affect the
partitioning of the alkali species. However, we assume
that formation of K>SOy during the rapid cooling is
insignificant, as only small amounts of SO3 would be
available. Consequently, the total predicted formation
of potassium sulfate formed in the reactor is taken as
the sum of the gas-phase and condensed phase con-
centrations leaving the hot zone.

Fig. 4 compares the observed degree of sulfation
of KCl in the entrained flow reactor as a function of
the residence time at 1373 K [47] with modeling pre-
dictions. The inlet gas contained 2% SO5, 5% O,, and
10% HO. The results are shown as the fraction of the
inlet (solid) potassium that is converted to potassium
sulfate. Even though the model slightly underpredicts
the potassium sulfate formation, the agreement be-
tween the modeling predictions, and the experimental
results is remarkably good.

To identify the reactions, which according to the
present model are important for the formation of
potassium sulfate, sensitivity analysis, and rate-of-
production analysis for the conditions of Fig. 4 were
conducted. The present calculations support earlier
suggestions [29,47] that oxidation of SO; to SO3 is
the rate-limiting step in the sulfation process. Under
the conditions investigated the oxidation of SO, pro-
ceeds mainly through the sequence

SO, + OH(+M) = HOSO,(+M), (R3)
HOSO0; + 05 = SO3 + HO,. (R6)

Minor contributions to formation of SO3 come from
direct oxidation reactions,

SO, + O(+M) = SO3(+ M), (R1)

+S0,
(KCl), KO ---»KSO;
1 4Kl +OH 1 1Ol
1 +H30 1 ”
KClI KOH
+S0;

KHSO,
KSO;Cl
%)
K,SO, KHSO,

Fig. 5. Pathway diagram for potassium transformations un-
der the conditions of Fig. 4.

+KClI

SO, + OH =SO3 + H, (R2)
SOy + O =SO3 + O, (R4b)
and from the reaction sequence,

SO, + KO(+M) = KSO3(+M), (R92)
KSO3 + OH = SO3 + KOH. (R87)

Fig. 5 is a pathway diagram for the potassium
transformations under the conditions of Fig. 4. Potas-
sium chloride is the main form of gaseous potassium
under the present conditions. After vaporization, KCl
is partly converted to KOH by the reaction

KCl + H,O = KOH + HCl. (R85b)

In the early stage of reaction this is the major con-
sumption step for KCIl. As the SO3 concentration
builds up, KCl is converted mainly to KSO3Cl:

KCI + SO3(+M) = KSO3Cl(+M). (R102)

The KSO3CI complex reacts solely with HyO, form-
ing potassium hydrogen sulfate:

KSO3Cl + Hy0 = KHSO,4 + HCL. (R104)

Potassium hydrogen sulfate is also formed by reaction
of KOH with SO3:

KOH + SO3(+M) = KHSO4(+M). (R93)

According to the thermodynamic properties for
KSO3Cl and KHSO4 estimated in the present work,
both species are sufficiently stable in the gas phase
at 1373 K to act as precursors for Ky SOy4. Potassium
sulfate is formed by the K/H exchange reaction be-

tween KHSO4 and KCI:
KHSO4 + KCl = K7S04 + HCL (R101)

Other potential routes to potassium sulfate, such as
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H+02=0+0H
HO2+OH=H20+02
HO2+H20=H202+OH
S02+0(+M)=S03(+M)
S02+0H=S03+H
S02+02=S03+0
HOS02+02=S03+HO2
HOSO(+M)=H+S02(+M)
Cl+HO2=HCI+02
KSO3(+M)=K+S03(+M)
KSO3+OH=KOH+S03 \

-1 -0,75 -0,5

-0,25 0 0,25 0,5 0,75 1
Sensitivity coefficients

Fig. 6. First-order sensitivity coeflicients for the elementary reactions with respect to formation of K,SOy for conditions corre-
sponding to Fig. 4 and a reaction time of 1.2 s. Reactions with sensitivity coefficients above 0.05 are listed.

KHSO4 + KOH = K550, + H,0,
KSO5Cl + KOH = K580, + HCl,

(R100)
(R105)

are insignificant under the present conditions because
KOH does not achieve concentrations above a few
parts per million. Potassium chloride remains the
dominant potassium species in the gas phase during
the course of reaction; a minor part of the KCI re-
combines to form the (KCl); dimer through reaction
(R83).

Fig. 6 shows the results of a first-order sensitivity
analysis of the predicted K>SO, concentration with
respect to the reaction rate constants for the condi-
tions of Fig. 4. The analysis indicates that the sul-
fation rate is sensitive mainly to the reactions that
generate or consume free radicals in the system. As
no fuel is present to induce chain branching, reac-
tion becomes very sensitive to generation of chain
carriers; the availability of chain carriers governs the
sulfur dioxide oxidation rate and thereby the rate
of sulfation. The sulfation rate is enhanced by reac-
tions that serve to replenish the radical pool, such
as H+ O, = O + OH and HO, + HyO = HyO5 +
OH, and inhibited by chain-terminating reactions like
HO; + OH = Hy0 + O3 and Cl + HO, = HC1 +
O5. Even the reactions that oxidize SO, to SO3 ex-
hibit positive sensitivity coefficients only if they are
chain propagating or chain branching. The reactions
SO, + OH = SO3 + H (R2), SO; + 0, =S03 + 0
(R4b), and HOSO; + O7 = SO3 +HO» (R6) promote
sulfation, whereas chain-terminating reactions such
as SOy 4+ O(+M) = SO3(+M) (R1) and KSO3 +
OH = KOH + SO3 (R98) exhibit negative sensitiv-
ity coefficients even though they act to oxidize SO,
to SO3. Once formed, SO3 reacts almost exclusively
with potassium species, mainly KCI (R102) but also
KOH (R93). The presence of potassium and particu-
larly reaction (R102) increase the formation of SO3
considerably. Under the conditions of Fig. 4 the rate
of formation SOj in the absence of potassium is less
than a third of the value with KCl present. It is, how-
ever, noteworthy, that neither (R102), (R93), nor the

subsequent K/H/Cl exchange reactions that convert
KSO3Cl and KHSO4 to K>SO4 show up in the sensi-
tivity analysis.

The proposed sulfation mechanism involves inter-
mediates and reactions, which have not been detected
experimentally. It is of interest to evaluate how the
uncertainty in the estimated properties in this sub-
set affects the modeling predictions. According to
our model the sulfation may occur either by the se-
quence KCl — KSO3Cl - KHSO4 — K5S04 (A)
or by KCl - KOH — KHSO4 — K3SO4 (B). First
we note that shutting off sequence (A) by removing
KSO3Cl from the mechanism has only a marginal im-
pact on the predicted sulfation rate; sequence (B) is
sufficient to explain the sulfate formation. Next we
investigate the effect of the varying the heat of for-
mation for KHSO4 and the key rate constants in the
subset on the K,SO4 prediction (Fig. 7). The up-
per part of Fig. 7 shows that even in the absence of
KSO3Cl in the model, a change in A ¢ Hpgg (KHSO4)

of more than 100 kJ mol~! is required to cause a sig-
nificant reduction in the predicted sulfation rate; this
value is far beyond the estimated uncertainty limits
of 215 kJmol~! in the ab initio calculations. The re-
actions selected for investigation were those forming
and consuming KHSO,4 and KSO3Cl, i.e., the asso-
ciation reactions ((R93) and (R102)) and the shuffle
reactions ((R100), (R101), (R104), and (R105)). The
lower part of Fig. 7 is based on calculations where
the values of the rate constants for these reactions
were systematically varied. Assuming all these reac-
tions have the same rate constant (at the high-pressure
limit), a reduction in the value of at least three or-
ders of magnitude (in the absence of KSO3Cl) was
required to reduce the predicted sulfation rate by 50%.
The fact that it requires drastic changes in the esti-
mated properties to reduce or prevent gaseous sulfate
formation in the calculations supports the credibility
of the proposed model.

Fig. 8 shows the effect of the inlet SO, concen-
tration on the sulfation of KClI at 1373 K. In this and
the following figures, it is the fractional conversion
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of the vaporized KClI that is shown. The experimen-
tal results show that even though sulfur dioxide in all
experiments is present in considerable excess com-
pared with the potassium concentration, the formation
of K»SOy increases significantly with the SO, level.

+  Full mechanism
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Fig. 7. Sensitivity of the predicted K,SOy4 concentration to
the heat of formation of KHSOy (top) and to selected rate
constants (k = kg3 00 = k100 = k101 = k102,00 = k104 =
k10s) (bottom) for conditions corresponding to Fig. 4 and
a reaction time of 1.2 s.
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Fig. 8. Fractional conversion of vaporized KCI to K>SOy
as a function of the SO, concentration in an entrained
flow reactor. Symbols denote experimental results [47]; solid
line denotes modeling predictions. Experimental conditions:
temperature, 1373 K; residence time, 1.2 s; KCI(s) feed,
0.24 gmin_l; total gas flow, 10-20 nL min—!; 5% 0y, 10%
H;O, balance Nj.

This was taken to indicate that formation of SOj3 is
a rate-limiting step in the sulfation process [47], in
agreement with the present analysis. The modeling
predictions are in good agreement with the experi-
mental results, except at the highest SO, level, where
the potassium sulfate formation is underpredicted. To
predict the observed sulfation rate at 4% SO, the cal-
culated oxidation rate for oxidation of SO, to SO3
would have to increase substantially. The SO, oxida-
tion rate is limited mainly by the availability of chain
carriers, by the SO»/HOSO; partial equilibrium, and
by the rate of the HOSO, + O, reaction to form SO3.

Fig. 9 shows the effect of the inlet Oy concentra-
tion on K»SOy4 formation. Even though the degree of
sulfation is slightly underpredicted at the lowest oxy-
gen level, the model captures the experimental trend
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Fig. 9. Fractional conversion of vaporized KCI to K,SOy4
as a function of the O, concentration in an entrained flow
reactor. Symbols denote experimental results [47]; solid
line denotes modeling predictions. Experimental conditions:
temperature, 1373 K, residence time, 1.2 s; KCI(s) feed,
0.24 gmin_l; total gas flow, 10-20 nL min_l; 2% SO,,
10% H;O, balance Nj.
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Fig. 10. Fractional conversion of vaporized KCl to K,SOy4
as a function of HpO concentration in an entrained flow
reactor. Symbols denote experimental results [47]; solid
line denotes modeling predictions. Experimental conditions:
temperature, 1373 K; residence time, 1.2 s; KCI(s) feed,
0.24 gmin_l; total gas flow, 10-20 nL min_l; 2% SO», 5%
O, balance N».
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well. The degree of sulfation increases with the oxy-
gen level, but not as strongly as with the sulfur diox-
ide level. Fig. 10 shows the effect of the water vapor
concentration. Here the experimental observations in-
dicate that the sulfation rate is largely independent of
[H2O], while the model predicts a significant increase
in [K>SO4] with increasing water vapor level. How-
ever, the discrepancy between the experimental data
and the modeling predictions is probably within ex-
perimental uncertainty.

Without adjusting any parameters (except vapor-
ization/condensation reactions) the present model of-
fers a good estimate of potassium sulfate aerosol
formation under the conditions investigated. The ob-
served discrepancies may be explained by uncertain-
ties in the SO,-t0-SO3 oxidation chemistry, the inter-
action of potassium species with the O/H radical pool,
and the simplified condensation/nucleation mecha-
nism used in the model. Even though the present
analysis and the model evaluation against the re-
sults of lisa et al. [47] do not provide evidence for
the proposed gas-phase sulfation mechanism, it ap-
pears plausible based on the estimated thermody-
namic properties and the analogies with the class of
alkali reactions that exhibits ionic behavior. There are
alternative pathways to K»SOy4, which may deserve
further investigation. The first step in the sulfation
process could be a reaction between SO3 and an al-
kali chlorine dimer such as (KCl),; alkali hydroxide
dimers are too unstable to be important at 1373 K.
However, under the conditions investigated the de-
gree of sulfation appears to be limited only by the
SO, oxidation rate. This has the implication that the
sulfation rate would be expected to be independent
of the alkali precursor (KCl, KOH, NaCl, NaOH, or
other).

Further validation of the mechanism will require
comparison with experimental results over a wider
range of conditions and alkali sulfate precursors. In
particular, sulfate formation at lower temperatures
should be investigated. However, to do this the model
must be extended with a better description of the
condensation and nucleation process that controls the
drain of the sulfates out of the gas phase.

Appendix A
Thermodynamic properties for selected alkaline species?

6. Conclusions

A detailed reaction mechanism for the sulfation
of alkali metals is proposed. It describes the high-
temperature gas-phase interaction between alkali met-
als, the O/H radical pool, and species of chlorine
and sulfur. Thermodynamic properties of a number
of potassium and sodium species, including alkali hy-
drogen sulfates and alkali oxysulfur chlorides, have
been estimated from Gaussian 3 ab initio calculations.
Rate constants have been drawn from the literature,
from analogy with known reactions, or from QRRK
theory. Sulfation is initiated by oxidation of SO, to
SO3. According to the model SO3 subsequently re-
combines with alkali hydroxide or alkali chloride to
form an alkali hydrogen sulfate or an alkali oxysulfur
chloride. The ab initio calculations indicate that both
of these complexes are sufficiently stable in the gas
phase to act as precursors for alkali sulfate. Sulfation
is completed by a number of shuffle reactions, which
are all expected to be fast, although they involve sta-
ble molecules.

Modeling predictions compare favorably with the
results from the entrained flow reactor experiments of
lisa et al. [47] on gas-phase sulfation of potassium
chloride in a SO,/0O>/HyO/N; gas at 1373 K as a
function of reaction time and gas composition. The
predicted degree of sulfation is sensitive mainly to the
rate oxidation of SO, and the production of chain car-
riers in the system, while the subsequent potassium
transformations are too fast to be rate limiting.
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Species Hy 298 S208  Cp3o0 Cpaoo Cpsoo  Cpeoo Cpgoo  Cpirooo  Cpisoo  Source

Na 107.3 153.7 20.79 20.79 20.79 20.79 20.79 20.79 20.79 [81]

NaO 92.11  229.1 35.15 36.22 36.81 37.19 37.66 37.98 38.55 [35,81]
NaOH —187.9 229.0 48.03 50.34 51.58 52.37 53.50 54.54 56.94 [38.88]
(NaOH),  —624.0  309.8 9755 1049 1089 1111 1142 1167 121.9 [88]

NaO, 460 2575 4747 5040 5239 5377 5544 56.34 5733 [31,36], pwP

(continued on next page)
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Appendix A (continued)

Species H¢ o8 S208  Cp300 Cpaoo Cpsoo Cpeoo Cpsoo  Cpiooo  Cpisoo  Source
NaSO, —381.7 2952 63.72 69.37 73.08 75.58 78.51 80.05 81.71 [80], pw
NaSO3 —538.3 318.7 76.15 85.21 91.24 95.35 100.2 102.8 105.6 pw
NaHSOy4 —905.8 338.6 97.61 111.4 121.0 127.7 136.3 141.4 148.3 pw

Nay SOy —1033.6 3532 108.3 122.4 131.8 138.1 145.7 149.8 154.2 [81]
NaCl —181.4 229.8 35.81 36.60 37.04 37.32 37.68 37.92 38.37 [81]
(NaCl), —566.1 3254 78.84 80.66 81.53 82.02 82.51 82.73 82.96 [81]
NaSO3Cl —742.7 346.8 94.77 105.2 112.2 117.1 123.0 126.2 129.8 pw

K 89.00 160.3 20.79 20.79 20.79 20.79 20.79 20.79 20.80 [81]

KO 55.18  238.0 35.98 36.78 37.22 37.51 37.91 38.19 38.76 [39,81]
KOH —229.0 2383 49.24 51.18 52.18 52.81 53.76 54.71 57.02 [41,89]
(KOH), —641.0 3429 105.7 110.1 112.4 113.7 115.7 117.7 122.3 [89]
KOy —67.0 268.7 48.32 50.85 52.64 53.92 55.51 56.38 57.34 [33.,40], pw
KSO, —399.4 307.6 65.08 70.19 73.62 75.96 78.73 80.19 81.77 [34], pw
KSO3 —563.9 330.5 77.14 85.76 91.58 95.57 100.3 102.9 105.7 pw
KHSO4 —9452 350.9 98.66 112.0 121.3 128.0 136.4 141.5 148.3 pw
K5S04 —1094.1 379.2 110.2 123.5 132.5 138.6 146.0 149.9 154.2 [81]
KClI —214.7 239.1 36.51 37.06 37.36 37.57 37.85 38.06 38.50 [81]
(KCl), —617.6 3529 80.89 81.86 82.31 82.57 82.82 82.93 83.05 [81]
KSO3C1 —788.6 361.2 97.19 106.5 112.9 117.5 123.2 126.3 129.8 pw

2 Units are J, mol, K.
b pw, present work.

Appendix B
Reaction subset for alkaline species®
A n E/R
SO, /SOj3 interconversion
1. SOy + O(+M) =SO3(+M) 3.7E11 0.00 850 [86]
Low-pressure limit 2.4E27 —3.60 2610
Troe parameters: 0.442 316 7442
Third-body efficiencies: N, = 1.3, HyO = 10, SO, = 10
2. SO + OH =803 +H 4.9E02 2.69 12000 [83]
3. SO, + OH(+M) = HOSOy(+M) 7.2E12 0.00 360 [100]
Low-pressure limit 4.5E25 -3.30 360
Troe parameters: 0.70 1E—30 1E30
Third-body efficiencies: N, = 1.5, HyO =10, SO, = 10
4. SO3+0=S0;+0,; 1.3E12 0.00 3070 [90]
5. SO3 + SO =80, 4+ SO, 7.6E03 237 1500 [91], est?
6. HOSO; 4+ Oy = S0O3 + HO, 7.8E11 0.00 330 [101]
Na/H/O subsystem
7. Na+O+ M =NaO+ M 1.5E21 —1.50 0 [102], estP
8. Na+ OH+ M =NaOH + M 5.4E21 —1.65 0 [43]
9. Na + HO, =NaOH + O 1.0E14 0.00 0 [24], est
10. Na + HO, =NaO + OH 3.0E13 0.00 0 est
11. Na + Oy(+M) =NaOy(+M) 3.6E14 0.00 0 [103]
Low-pressure limit 6.6E21 —1.52 0 [92]
12. Na + HyO, =NaOH + OH 2.5E13 0.00 0 [68]
13. Na + HyOy =NaO + HyO 1.6E13 0.00 0 [68]
14. NaO+H=Na+ OH 2.0E14 0.00 0 [24], est
15. NaO +O0=Na+ O, 2.6E14 0.00 0 [43,102]
16. NaO + OH =NaOH + O 2.0E13 0.00 0 [24], est
17. NaO + HO, =NaOH + O, 5.0E13 0.00 0 [24], est
18. NaO + HO; =NaO; + OH 5.0E13 0.00 0 [24], est
19. NaO +Hy; =NaOH +H 1.6E13 0.00 0 [104]
20. NaO + Hy =Na+H,O 3.1E12 0.00 0 [104]¢

(continued on next page)
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Appendix B (continued)
A n E/R
21. NaO + H,O =NaOH + OH 1.3E14 0.00 0 [104]
22. NaO + CO =Na+ CO, 1.3E14 0.00 0 [105]
23. NaOH + H=Na+ H;0 5.0E13 0.00 0 estd
24. NaOH + NaOH = (NaOH), 8.0E13 0.00 0 est as k39
25. NaO,; + H=Na+ HO, 2.0E14 0.00 0 [24], est
26. NaO, + H=NaO + OH 5.0E13 0.00 0 [24], est
27. NaO; + H=NaOH + O 1.0E14 0.00 0 [24], est
28. NaO; + O =NaO + O, 1.3E13 0.00 0 [92]
29. NaO; + OH =NaOH + O, 2.0E13 0.00 0 [24], est
30. NaO; + CO =NaO + CO, 1.0E14 0.00 0 [24], est
Na/H/O/C1 subsystem
31. Na + Cl4+ M =NaCl+ M 1.1E20 —1.00 0 [106], est
32. Na+ HCl=NaCl+H 1.3E15 0.00 5030 [94]
33. Na + Cl, =NaCl + Cl 44E14 0.00 0 [107,108]
34. Na+ ClIO=NaCl+ O 1.0E14 0.00 0 est
35. NaO + HCl = NaCl + OH 1.7E14 0.00 0 [68]
36. NaOH + HCI = NaCl + H,O 1.7E14 0.00 0 [68]
37. NaO, 4+ Cl =NaCl + O, 1.0E14 0.00 0 est
38. NaO; + HCl =NaCl + HO, 1.4E14 0.00 0 [93]
39. NaCl + NaCl = (NaCl), 8.0E13 0.00 0 [67]
Na/H/O/CV/S subsystem
40. Na + SOy (+M) =NaSOr(+M) 1.2E14 0.00 0 [80]
Low-pressure limit 2.0E23 —1.50 0 [80], est®
41. Na+ SO3(+M) =NaSO3(+M) 1.2E14 0.00 0 est as k40, o0
Low-pressure limitf 1.4E35 —5.20 0 pwf
42. Na + SO3 =NaO + SO, 1.0E14 0.00 10070 est®
43. NaO + SO (+M) =NaSO3(+M) 1.0E14 0.00 0 est as k40
Low-pressure limit 2.0E23 —1.50 0
44. NaOH + SO3(+M) = NaHSO4(+M) 1.0E14 0.00 0 est as kg
Low-pressure limit 2.6E42 —7.60 0
45. NaSO; + O =NaO + SO, 1.3E13 0.00 0 est as kpg
46. NaSO; + OH =NaOH + SO, 2.0E13 0.00 0 est as kg
47. NaSO; + NaO, =Nay SOy 1.0E14 0.00 0 est
48. NaSO3 + O =NaO + SO3 1.3E13 0.00 0 est as kog
49. NaSO3 + OH = NaOH + SO3 2.0E13 0.00 0 est as kg
50. NaSO3 + NaO = Nap SOy 1.0E14 0.00 0 est
51. NaHSOy4 + NaOH = NaySO4 + H,O 1.0E14 0.00 0 est®
52. NaHSO4 + NaCl =NaSO4 + HCI 1.0E14 0.00 0 est®
53. NaCl + SO3(+M) =NaSO3CI(+M) 1.0E14 0.00 0 est as k1o
Low-pressure limit 1.9E41 —7.80 0
54. NaSO3Cl 4+ OH = NaHSO4 + Cl 1.0E14 0.00 0 est®
55. NaSO3Cl + HyO =NaHSO4 + HCI 1.0E14 0.00 0 est®
56. NaSO3Cl 4+ NaOH = Na,SO4 + HCI 1.0E14 0.00 0 est®
K/H/O subsystem
57. K+O+M=KO+M 1.5E21 —1.50 0 est as k7
58. K+OH+ M =KOH+ M 5.4E21 —1.55 0 [43]
59. K+ HOy =KOH+ O 1.0E14 0.00 0 est as kg
60. K +HO, =KO + OH 3.0E13 0.00 0 est
61. K+ Oy(+M)=KOy(+M) 3.6E14 0.00 0 estas k11,00
Low-pressure limit S5.4E21 —1.32 0 [92]
62. K+ HyO, =KOH + OH 2.5E13 0.00 0 estas ko
63. K+ Hy0y =KO + H;0 1.6E13 0.00 0 estas k3
64. KO+ H=K+ OH 2.0E14 0.00 0 estas kg
65. KO+0=K+0, 22E14 0.00 0 estas kis
66. KO+ OH=KOH+ O 2.0E13 0.00 0 estas kg

(continued on next page)
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Appendix B (continued)
A n E/R
67. KO + HOy =KOH + O, 5.0E13 0.00 0 estas ky7
68. KO +H; =KOH+H 1.6E13 0.00 0 estas kg
69. KO + H; =K+ H,O 3.1E12 0.00 0 est as kyg
70. KO + H,O =KOH + OH 1.3E14 0.00 0 est as kpp
71. KO +CO=K+CO, 1.0E14 0.00 0 est as kyp
72. KOH + H =K + H,0 5.0E13 0.00 0 estd
73. KOH + KOH = (KOH), 8.0E13 0.00 0 est as k39
74. KO; + H=K + HO, 2.0E14 0.00 0 est as kyy
75. KO, + H=KO + OH 5.0E13 0.00 0 est as kps
76. KOy + H=KOH+ O 1.0E14 0.00 0 est as kpg
77. KO; + 0=KO+ 0, 1.3E13 0.00 0 est as ky7
78. KO; + OH=KOH + O, 2.0E13 0.00 0 est as kog
79. KO, + CO=KO + CO,y 1.0E14 0.00 0 est as kyg
K/H/O/C1 subsystem
80. K+Cl+M=KCl+M 1.8E20 —1.00 0 [106], est
81. K+ HCI=KCl+H 9.1E12 0.00 594 [95]
1.0E14 0.00 1830
Duplicate reaction
82. K+ Cl, =KCl1+Cl 44E14 0.00 0 est as k3p
83. K+ ClIO=KCl+ 0O 1.0E14 0.00 0 est
84. KO + HCl=KCl+ OH 1.7E14 0.00 0 est as k34
85. KOH + HCl =KCl + H;0 1.7E14 0.00 0 est as k35
86. KOy + C1=KCI + O, 1.0E14 0.00 0 est
87. KO, + HCI =KCIl 4+ HO, 14E14 0.00 0 est as k37
88. KC1+ KCI = (KCl), 8.0E13 0.00 0 est as k3g
K/H/O/CI/S subsystem
89. K+ SOy (+M) =KSOy(+M) 3.7E14 0.00 0 [34]
Low-pressure limit 5.2E23 —1.50 0 [34], est?
90. K+ SO3 (+M)=KSO3(+M) 3.7E14 0.00 0 est as kg9 oo
Low-pressure limit 4.7E34 —4.90 0 pwf
91. K+ S0O3 =KO + SO, 1.0E14 0.00 7840 est®
92. KO + SOy (+M) =KSO3(+M) 3.7E14 0.00 0 est as kgg
Low-pressure limit 5.2E23 —1.50 0
93. KOH + SO3(+M) = KHSO4(+M) 1.0E14 0.00 0 est
Low-pressure limit 2.6E42 —7.6 0 pwf
94. KSOy; + O =KO + SO, 1.3E13 0.00 0 est as kg
95. KSO; + OH = KOH + SO, 2.0E13 0.00 0 est as kyg
96. KSO; 4+ KOy =K;S04 1.0E14 0.00 0 est
97. KSO3 + 0O =KO + SO3 1.3E13 0.00 0 est as kg
98. KSO3 4+ OH = KOH + SO3 2.0E13 0.00 0 est as kyg
99. KSO3 + KO =K;S04 1.0E14 0.00 0 est
100. KHSO4 4+ KOH =K;,S04 + H,O 1.0E14 0.00 0 est®
101. KHSO4 4+ KCI = K,SO4 + HCI 1.0E14 0.00 0 est®
102. KCl+ SO3(+M) =KSO3CI(+M) 1.0E14 0.00 0 est
Low-pressure limit 1.9E41 —7.80 0 pwf
103. KSO3Cl+ OH = KHSO4 + Cl 1.0E14 0.00 0 est®
104. KSO3Cl + HyO = KHSO4 + HCI 1.0E14 0.00 0 est®
105. KSO3Cl + KOH = K»SO4 + HCI 1.0E14 0.00 0 est®

Temperature dependence estimated to be as for SO + Oy = SO, + O [84].
Temperature exponent n estimated to be —1.5.
Rate constant is lower limit.
Estimated by analogy with LiOH + H = Li + HyO [109].
Estimated with an A factor of 1 x 10! cm3mol~! s~ and an activation energy corresponding to the endothermicity of the
reaction.
f QRRK estimate (1000-2000 K).

a
b
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d
e
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