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A B S T R A C T

The effect of a radical pool on KCl sulfation by SO2 is investigated through flow reactor experiments on KCl
sulfation with and without the presence of CO. These experiments, together with results reported in literature,
are interpreted in terms of an updated chemical kinetic model for sulfation. In the absence of combustibles,
the rate limiting step in the sulfation of KCl is the oxidation of potassium sulfite to potassium sulfate through
the reaction KHSO3 + O2 → KHSO4 + O (R17b). Based on chemical kinetic modeling of a range of sulfation
experiments, the rate constant for the reverse, exothermic step KHSO4 + O is estimated to be k17 ∼ 2 ⋅ 1012

cm3 mol−1 s−1. Oxidation of combustibles such as CO facilitates establishment of a radical pool that strongly
promotes sulfation. In this case, the sulfation rate is controlled by the oxidation of SO2 to SO3, mostly through
SO2 + O (+M) → SO3 (+M). An alternative sulfation pathway involving KSO4 as an intermediate is discarded,
because the formation through either KO2 + SO2 or KSO2 + O2 involves significant barriers to reaction.
1. Introduction

Inorganic chemistry has important implications for thermal con-
version of biomass. During pyrolysis and combustion of biomass at
temperatures above about 1073 K, the alkali metals in the fuel (mostly
potassium) are partly released to the gas-phase [1–7], typically as
lkali chlorides. For agricultural residues, the KCl release can be sig-
ificant [2,3,7], while woody biomass contains smaller quantities of
and Cl [5,6,8]. Once released, gaseous KCl may cause formation of

deposits, corrosion of superheater materials, and emissions of submi-
cron particles and harmful gases [9–11]. Potassium chloride condenses
on particulates and heat transfer surfaces during cooling [12–15] or
forms an aerosol by homogeneous nucleation [13,14]. In deposits,
KCl acts to lower the melting temperature, forming a sticky surface
that promotes further deposition [15,16]. Furthermore, its presence
n the deposits may lead to severe corrosion by a mechanism where
oth potassium and chlorine are active in destroying the metal oxide
rotective layer [17].
The alkali partitioning in combustion of pulverized biomass has

been studied in entrained flow reactors [18–20]. Compared to alkali
chlorides, alkali sulfates are much less corrosive in deposits [21]. A
partial sulfation of alkali chlorides and hydroxides is thus desirable
to reduce corrosion. Gaseous KCl may be sulfated by reaction with
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E-mail address: pgl@kt.dtu.dk (P. Glarborg).

SO2 and SO3 [13,14,18,22–31]. Particularly SO3 is effective and ho-
mogeneous sulfation can be promoted by injection of additives that
decomposes to SO3, i.e., various sulfates [32–34] and sulfuric acid [35].
The reaction between condensed phase KCl and SO2 is too slow to affect
significantly in-flight sulfation [36], but may occur at longer time scales
in the deposits [37].

To facilitate design of biomass boilers with a low propensity of
deposition and corrosion, it is important to develop reliable models for
the fate of the alkali metals, once released to the gas phase [38–41].
A number of studies have reported results for the gas-phase sulfation
of KCl [14,23,27–29,31], while data for KOH sulfation are scarce [28].
Glarborg and Marshall [24] proposed a detailed chemical kinetic model
for the gas phase sulfation of KCl, in which the oxidation of SO2 to
SO3 was the rate-limiting step, followed by the fast sequence KCl +
SO3 (+M) → KClSO3 (+M), KClSO3 + H2O → KHSO4 + HCl, KHSO4
+ KCl → K2SO4 + HCl. This mechanism has been refined over the
years, including additional sulfation steps that do not involve SO3
and updating of rate constants for key reactions [26–28,30]. Modeling
predictions have been shown to be at least qualitatively consistent
with sulfation rates for KCl observed in entrained flow reactors [23]
and under post-flame conditions [27–29,31,42]. Also, sulfation of KCl
by SO3 is captured satisfactorily [35]. However, a recent flow reactor
study of the chemical coupling between CO oxidation and potassium
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Fig. 1. Schematic of the flow reactor setup.

transformation [43] indicates that KCl sulfation in the presence of
combustibles is strongly overpredicted by the model. Since the SO2/SO3
interconversion is well established [26,44], the shortcomings of the
model are most likely related to reactions of KOx, KSOx, and KHSOx
(x = 2–4).

The objective of the present work is to resolve these discrepancies
and provide a reliable reaction mechanism for sulfation of KCl through
a combined experimental, theoretical, and kinetic modeling study. We
examine the effect of the radical pool on KCl sulfation by SO2 by
conducting flow reactor experiments on KCl sulfation with and without
the presence of CO. Selected reactions in the alkali subset are ana-
lyzed theoretically and the reaction mechanism is updated accordingly.
The revised model is developed and validated using both the present
experimental results and data reported in literature.

2. Experimental

The experimental setup is described in more detail elsewhere [35,
43,45], and only a brief introduction is provided here. The flow reactor
setup, shown in Fig. 1, consisted of a gas dosing system, an electrically
heated flow reactor, a filter, a gas-product analysis unit, a gas manome-
ter, and a cooling trap. A total gas flow rate of 2 l/min (298 K, 1 atm)
was used in all experiments. Gases with 99.995% purity were supplied
from gas cylinders through a particulate filter and a series of precise
mass flow controllers.

An atomizer (Model 3076, TSI Inc. Particle Instruments) was used
to generate an aerosol from a KCl solution. The solution was prepared
from KCl powder (≥99.9%, Sigma-Aldrich Corp.) and deionized water.
The atomizer produced a stable aerosol feeding [43]. The gaseous
reactants (CO, O2, and H2O in N2) and aerosol flows were mixed in a
vessel above the main reactor. The tubular reactor, made of quartz with
an inner diameter of 6 mm, was placed in a temperature-controlled
electrically heated oven. The length of the isothermal section (±10
K) was approximately 400 mm. With the chosen flow, this reactor
dimension secures a good approximation to plug-flow in the laminar
flow regime. The gas flow rate results in a residence time in the
isothermal zone of 92/T(K). A quartz filter downstream of the main
reactor was used to collect the fine particles. The product gas line
and the filter were maintained at 453 K by a heating element cable
to avoid the condensation of water and sulfur-containing compounds.
The concentrations of CO, CO2, SO2, HCl, and H2O in the exit gas were
monitored by FTIR (Multigas 2030, MKS instruments) at 453 K. The
uncertainty in the gas analyzer measurements was below 10%. The
error bars take into account analyzer uncertainty and formation of HCl
on the reactor wall, but not any downstream loss of HCl or SO2. It
was attempted to determine the degree of sulfation from the elemental
composition of the collected fine particles, but the samples appeared
to have been contaminated. For this reason, the degree of sulfation
was quantified based on the SO2 and HCl measurements, as described
2

below.
3. Chemical kinetic model

The detailed chemical kinetic model, i.e., the reaction mechanism
and the thermodynamic data, is available as Supplementary Informa-
tion. The core of the mechanism is based on the work of Glarborg and
Marshall [24], with subsequent modifications by Hindiyarti et al. [26],
eng et al. [28], Vilchez et al. [30], and Chanpirak and coworkers [35,
3,45]. In addition to the potassium reactions, the model includes
ubsets for chlorine [46] and sulfur [26,44,47], as well as a reaction
or homogeneous nucleation of K2SO4 [27]. Similar kinetic models are
vailable for sulfation of sodium salts [24,48].
Table 1 lists the thermodynamic properties for selected species in-

olved. Reliable thermodynamic data for the simpler potassium species
K, KO) and the salts (KCl, (KCl)2, KOH, K2SO4) are available from
valuations by Chase [49] and Gurvich et al. [50]. Also data for
O2 [51] and KSO2 [24,52] are fairly well established. However, in our
resent understanding, the sulfation reaction must involve a number of
otassium species that have never been detected in the gas phase and
or which few data are available. The thermodynamic data for these
pecies (KClSO3, KOx, KSOx, and KHSOx; x = 3–4) were calculated
heoretically by Marshall and coworkers [24,26,43]. The error margin
n the predicted heats of formation for these species is ±3–4 kcal
ol−1 [24]. This level of accuracy is sufficient to ensure that species
uch as KClSO3 and KHSO4 have the required stability in the gas phase
o act as precursors for K2SO4. However, the uncertainty affects the
odeling predictions, since a number of reactions may proceed in the
everse direction or be close to partial equilibration.
Table 2 lists rate constants for key potassium reactions in the

hemical kinetic model. The core of the alkali subset of the mechanism
onsists of reactions for which measurements are available, either for
odium or potassium [24]. The reported rate constants are typically
arge, often close to collision frequency in the exothermic direction of
he reaction. This is true even for alkali reactions not involving radicals,
uch as NaOH + HCl⇄ NaCl + H2O [55], since these steps exhibit ionic
ehavior. Based on this observation, the sulfation mechanism for KCl
roposed by Glarborg and Marshall [24] had oxidation of SO2 to SO3
s the rate limiting step (SO2 + O (+M) → SO3 (+M), SO2 + OH (+M)
HOSO2 (+M), HOSO2 + O2 → SO3 + HO2). The subsequent sulfation

teps for KCl, i.e.,

Cl + SO3(+M) → KClSO3(+M), (R13)

ClSO3 + H2O ⇄ KHSO4 + HCl (R20)

HSO4 + KCl ⇄ K2SO4 + HCl (R19)

re presumably all fast. The recombination of KCl with SO3, was
alculated from ab initio theory by Glarborg and Marshall [24] to have
high rate constant, and k20 and k19 were assumed to be similar to the
ate constant for NaOH + HCl. Notably, this sequence of alkali reactions
oes not involve radicals. However, radicals are required to promote
he oxidation of SO2 to SO3, which is otherwise very slow. Hindiyarti
t al. [26] showed that the mechanism of Glarborg and Marshall was
nable to predict sulfation reported at intermediate temperatures in the
bsence of combustibles [14].
To enhance the predicted sulfation under these conditions, Hindi-

arti et al. [26] suggested two reaction sequences that allowed the sul-
ation to take place without SO3 as an intermediate. The first sequence
A) involved KHSO3 as an intermediate:

OH + SO2(+M) → KHSO3(+M) (R11)

HSO3 + O2 → KHSO4 + O, (R17b)

ollowed by completion of the sulfation through R19. This sequence
nvolves only stable species as reactants and would be expected to have
nly a small sensitivity to the presence of combustibles such as CO. The
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Table 1
Thermodynamic properties for selected potassium species. Units are kcal mol−1 (H𝑓,298) and cal mol−1 K−1 (S298, C𝑝).

Species H𝑓,298 S298 C𝑝,300 C𝑝,400 C𝑝,500 C𝑝,600 C𝑝,800 C𝑝,1000 C𝑝,1500 Ref.

K 21.27 38.32 4.97 4.97 4.97 4.97 4.97 4.97 5.00 [49,53]
KO 14.30 56.84 8.60 8.78 8.89 8.96 9.05 9.12 9.26 [26]
KO2 −22.74 64.15 11.56 12.13 12.56 12.88 13.27 13.47 13.69 [51]
KOH −53.00 56.90 11.77 12.21 12.47 12.62 12.83 13.07 13.62 [24,54]
KCl −51.50 57.11 8.72 8.85 8.92 8.98 9.04 9.09 9.20 [24,54]
KSO2 −95.38 73.46 15.61 16.73 17.55 18.15 18.84 19.16 19.53 [24]
KSO3 −135.69 78.93 18.54 20.43 21.83 22.83 24.03 24.58 25.23 [24]
KSO4 −172.10 82.19 22.30 24.93 26.77 28.02 29.45 30.20 31.08 [43]
KHSO3 −164.69 81.01 21.56 23.85 25.45 26.55 27.87 28.69 29.93 [43]
KHSO4 −225.66 83.80 23.73 26.68 28.92 30.57 32.66 33.80 35.42 [24]
K2SO4 −261.29 90.14 26.42 29.49 31.63 33.11 34.86 35.81 36.83 [24]
KClSO3 −189.73 86.25 23.30 25.37 26.92 28.07 29.47 30.17 31.01 [43]
Table 2
Rate coefficients for key reactions in the potassium subset. Units are cm, mol, s, K.
No Reaction A n E Note

1. K + O2 +M ⇄ KO2 +M 3.3E21 −1.55 19 [51]
2. K + HCl ⇄ KCl + H 9.1E12 0.00 1180 [56],a

1.0E14 0.00 3635
3. K + SO2(+M) ⇄ KSO2(+M) 3.7E14 0.00 0 [24,52]

Low pressure limit 5.2E23 −1.50 0
4. K + SO3(+M) ⇄ KSO3(+M) 3.7E14 0.00 0 [24]

Low pressure limit 4.7E34 −4.90 0
5. KO + H2O ⇄ KOH + OH 1.4E14 0.00 0 NaO + H2O [57,58]
6. KO + SO2(+M) ⇄ KSO3(+M) 3.7E14 0.00 0 K + SO2 [24]

Low pressure limit 5.2E23 −1.50 0
7. KO2 + OH ⇄ KOH + O2 2.5E15 −0.16 0 [45]
8. KO2 + SO2(+M) ⇄ KSO4(+M) Slow pw
9. KOH + H ⇄ K + H2O 2.3E13 0.00 0 NaOH + H [59]
10. KOH + HCl ⇄ KCl + H2O 1.7E14 0.00 0 NaOH + HCl [24]
11. KOH + SO2(+M) ⇄ KHSO3(+M) 1.0E14 0.00 0 KOH + SO3 [24,26]

Low pressure limit 2.6E42 −7.60 0
12. KOH + SO3(+M) ⇄ KHSO4(+M) 1.0E14 0.00 0 [24]

Low pressure limit 2.6E42 −7.60 0
13. KCl + SO3(+M) ⇄ KClSO3(+M) 1.0E14 0.00 0 [24]

Low pressure limit 1.9E41 −7.80 0
14. KSO2 + O2(+M) ⇄ KSO4(+M) Slow pw
15. KSO3 + OH +M ⇄ KHSO4 +M 1.0E23 −1.50 0 [26] est
16. KHSO4 + H ⇄ KHSO3 + OH 8.4E09 1.22 22300 [28] est
17. KHSO4 + O ⇄ KHSO3 + O2 2.0E12 0.00 0 pw
18. KHSO4 + KOH ⇄ K2SO4 + H2O 1.0E14 0.00 0 [24] est
19. KHSO4 + KCl ⇄ K2SO4 + HCl 3.0E13 0.00 0 [30] est
20. KClSO3 + H2O ⇄ KHSO4 + HCl 1.0E14 0.00 0 [24] est
21. KClSO3 + KOH ⇄ K2SO4 + HCl 1.0E14 0.00 0 [24] est
22. K2SO4 → K2SO4(c) 1.0E−61 0.00 −300000 [27]

a Duplicate reaction: the rate constant is the sum of the two expressions.
ate limiting step is the KHSO3 + O2 reaction (R17b). The implication of
this pathway is that it is the conversion of sulfite to sulfate, rather than
oxidation of SO2 to SO3, which serves to oxidize SO2 SIV to a higher
oxidation state.

The second sequence (B) suggested by Hindiyarti et al. involved
KSO4 as an intermediate:

K + O2(+M) → KO2(+M) (R1)

K + SO2(+M) → KSO2(+M) (R3)

KO2 + SO2(+M) → KSO4(+M) (R8)

KSO2 + O2(+M) → KSO4(+M) (R14)

KSO4 + H2O → KHSO4 + OH,

followed by R19. As it involves several radicals, this sequence would
be promoted in the presence of CO, because its combustion would
facilitate development of a radical pool.

The rate constants for the additional sulfation steps proposed by
3

Hindiyarti et al. were largely just guesses, and several values have
been revised in subsequent work [28,30]. In the present work, we have
re-evaluated these two pathways to sulfation. In sequence A, the rate
limiting step is KHSO3 + O2 (R17b). In the mechanism, it is represented
in the reverse, exothermic direction as KHSO4 + O ⇄ KHSO3 + O2
(R17). Hindiyarti et al. assumed that k17 ∼ 1 ⋅ 1013 cm3 mol−1 s−1,
roughly equal to the rate constant for NaO2 + O→ NaO + O2 [60]. More
recently, Weng et al. [28] estimated k17 from analogy with the SO3 +
O reaction, resulting in a value several orders of magnitude lower, in
effect eliminating sequence A.

In the present work, the rate constant for R17 is estimated from
modeling of KCl sulfation experiments in the absence of combustibles.
Under these conditions, sequence A is responsible for the sulfation and
reaction 17b is the rate controlling step. As discussed further below, a
range of sulfation results obtained by different groups under different
conditions can be interpreted satisfactorily by the model in terms of k17
≈ 2 ⋅ 1012 cm3 mol−1 s−1, independent of temperature, and this value is
adopted in the mechanism.

To evaluate the importance of the KSO4 reaction pathway (sequence
B), reactions KO2 + SO2 (+M) → KSO4 (+M) (R8) and KSO2 + O2
(+M) → KSO4 (+M) (R14) were investigated with density functional
theory, at the B3LYP/6-31G(2df,p) level of theory [61]. Attempts to
find transition states for these exothermic processes yielding KSO were
4
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unsuccessful. Relaxed scans for various approaches of the reactant pairs
indicated repulsive interactions, and that collision energies above ∼20
kcal mol−1 would be needed. Accordingly we expect sequence B to
be negligibly slow. We did discover an alternative pathway, where
KO2 + SO2 is connected to KSO2 + O2 via a weakly bound SO2KO2
ntermediate. The K atom lies across the two pairs of O atoms with
-O distances of 2.7 × 10−10 m. This species could provide a path for
oupling KO2 and KSO2 exchange, but G4 calculations [61] indicate
hat SO2KO2 is endothermic relative to KO2 + SO2 by ca. 5 kcal mol−1
t 298 K. Interconversion via this metastable isomer of KSO4 will not
e fast.

. Results and discussion

.1. Present experiments

In the present work, the sulfation of KCl by SO2 was investigated in
he presence and absence of CO in a laminar flow reactor. The exper-
ments were conducted with a lean KCl/O2/H2O/SO2 mixture w/wo
O, strongly diluted in N2. The KCl inlet level was about 200 ppm,
ith 750 ppm SO2, and 0 and 500 ppm CO and 5% O2. The KCl
eeding concentration was determined from knowledge of the solution
trength together with the measured water vapor level in the outlet. The
ery fuel-lean conditions are representative for burnout conditions in a
ost-flame zone. In addition, results for 1000 ppm CO under otherwise
imilar conditions were adopted from Chanpirak et al. [43].
Fig. 2 shows experimental results for SO2 and HCl, respectively,

or the investigated conditions. In the absence of CO, the SO2 con-
umption is very small (upper figure). For 500 and 1000 ppm CO,
p to a maximum of 50 ppm SO2 is consumed in the 1050–1350 K
ange. For an isolated data point, the SO2 consumption is within the
easurement uncertainty (10% of the concentration), but the relative
ifference between data points is more reliable. Based on repetitions
f experiments (see Supplementary Material), we estimate the error in
SO2 to be less than 50%.
The HCl formation (lower figure) is of the order of 0–20 ppm in

he absence of CO, while it reaches peak values of around 60 ppm
n the presence of 500–1000 ppm CO. Hydrogen chloride is primarily
ormed by the sulfation reaction. According to modeling predictions,
he KCl + H2O ⇄ KOH + HCl reaction (R10b) is rapidly equilibrated
nder the present conditions, but yields only a minor amount of HCl.
owever, HCl can also be formed from the heterogeneous reaction of
Cl with SiO2 at the quartz reactor surface. Both Krum et al. [34] and
hanpirak et al. [43] have reported formation of HCl when reacting
KCl/H2O/O2 mixture at high temperature in a quartz tube. The
Cl formation was independent of [O2] but varied with temperature,
eaking at temperatures in the 1100–1200 K range. Under conditions
imilar to the present work, Chanpirak et al. detected peak levels of
0–15 ppm HCl in the absence of SO2. The error bars shown in the
igures below account for both analyzer uncertainty and conversion of
Cl to HCl on the reactor quartz wall.
The overall reaction for sulfation of KCl can be written as 2KCl +

O2 + 1
2O2 + H2O⟶ K2SO4 + 2HCl. The sulfation thus consumes SO2

hile it yields gaseous HCl, along with potassium sulfate aerosols that
an be captured downstream in the filter. These results show that the
O oxidation, which replenishes the radical pool, serves to promote the
onversion of KCl.
Both the SO2 and HCl concentrations in the product gas and the

ontent of S in the filter sample are measures of the degree of sulfation.
n the present work, the sulfation degree could not be determined
eliably from the elemental composition of the collected fine particles
ue to problems with contamination. For this reason, the sulfation was
uantified based on the SO2 and HCl measurements.
Fig. 3 compares experimental results for the degree of KCl sulfation

s a function of temperature and CO inlet level. There is a significant
4

catter in the sulfation data, but the results based on the HCl and w
Fig. 2. Measured mole fractions of SO2 (upper figure) and HCl (lower figure) as a
function of temperature and CO inlet concentration in the CO/KCl/SO2/O2/H2O system.
Inlet conditions: 0, 500, or 1000 ppm CO, 212 ppm KCl, 750 ppm SO2, 5% O2, 3.2%

2O; N2 balance. The data for 1000 ppm CO were drawn from Chanpirak et al. [43].
he pressure was atmospheric and the residence time was 92/T(K) in the isothermal
one.

O2 measurements agree within the combined uncertainty. For the
onditions with 1000 ppm CO [43] (Fig. 3 lower), the sulfation degree
as estimated as well from chemical analysis of the aerosols captured
ownstream in the filter. This method yields slightly lower values than
he gas measurements, but the level of agreement lends credibility to
he quantification.
In the absence of CO, sulfation of KCl is small below 1300 K,

ncreasing with temperature above this value. The presence of 500 or
000 ppm CO clearly promotes the sulfation, which increases strongly
lready at 1100 K. The 500 ppm CO data suggest a plateau in the degree
f sulfation above 1100 K, while results obtained with 1000 ppm CO
how a peak, followed by lower conversion at the highest temperatures.
he difference is attributed to the experimental uncertainty, rather than
strong impact of the CO level.
Calculations are shown only for temperatures above 1000 K; below

his value the KCl feed may not be fully vaporized and there is a com-
etition between gas-phase and condensed-phase sulfation. Taking into
ccount the significant experimental uncertainty, the modeling pre-
ictions are in satisfactory agreement with observations. The strongly
mproved accuracy in the presence of CO, compared to the recent
odeling of Chanpirak et al. [43], is due to the elimination of the KSO4
athway and the updated rate constant for reaction R17 in the present
ork.
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Fig. 3. Comparison of experimental and predicted molar ratios of S/(Cl+S) in the
aerosols based on the SO2 consumption, the HCl formation, and (for 1000 ppm
CO) analysis of collected particle samples. Inlet conditions: 0, 500, or 1000 ppm
CO, 212 ppm KCl, 750 ppm SO2, 5% O2, 3.2% H2O; N2 balance. Symbols denote
experimental data; lines denote modeling predictions with the present model. The
pressure was atmospheric and the residence time was 92/T(K) in the isothermal zone.

Fig. 4 shows modeling predictions for CO and HCl for a temperature
of 1273 K and 1000 ppm CO in the inlet. The reaction KCl + H2O ⇄

KOH + HCl reaction (R10b), which is rapidly equilibrated, is reponsible
for the almost instantaneous formation of about 5 ppm of HCl. The sub-
sequent HCl formation originates from the sulfation reaction. According
to the calculations, the sulfation rate peaks during CO oxidation; once
CO is depleted, the conversion of potassium is limited by the rate
of oxidation of sulfite to sulfate, which is comparatively slow. The
modeling supports a peak in sulfation at around 1300 K; above this
temperature thermodynamic constraints limit the gas-phase sulfation.

4.2. Experiments from literature

In addition to modeling the current experiments, the updated de-
tailed gas phase mechanism is used to simulate the conditions of
5

Fig. 4. Predicted concentration profiles of CO and HCl as a function of time at 1273
K for an inlet composition with 1000 ppm CO, 212 ppm KCl, 750 ppm SO2, 5% O2,
3.2% H2O (corresponding to Fig. 2 lower).

Fig. 5. Degree of vaporization of the solid KCl particles in the entrained flow reactor
at 1373 K. Symbols denote experimental results [23]; solid line denotes predictions
with a simplified vaporization model. KCl(s) feed, 0.24 g/min; total gas flow 10–20
Nl/min.

experimental work from Iisa et al. [23], Jensen et al. [14] and Jimenez
and Ballester [18].

The experiments from Iisa et al. were conducted at temperatures
of 1173, 1273, and 1373 K in an entrained flow reactor. Solid KCl
particles were introduced to the system together with a gas mixture
consisting of SO2, O2, H2O, and N2 to balance. The gas residence time
in the isothermal part of the reactor was in range from 0.3–1.5 s, after
which a quenching system was applied to avoid further reaction.

The modeling was conducted in two steps. First, the evaporation of
solid potassium chloride was modeled as three pseudo-first order reac-
tions in series, following the approach of Glarborg and Marshall [24].
The rate constants were fitted to match the experimental data by Iisa
et al. A comparison between the observed and predicted degrees of
KCl vaporization as a function of residence time is shown in Fig. 5 for
temperatures of 1173–1373 K.

The sulfation degree was then modeled using the full mechanism,
including the pseudo-reactions describing KCl evaporation. Fig. 6 com-
pares the S/(S+Cl) ratio in the captured fine particles measured by
Iisa et al. as a function of the residence time and temperature in the
entrained flow reactor with modeling predictions. The cooling rate was
not reported by Iisa et al. and an estimated value was employed in the
calculations. The aerosol formation takes place during cooling, but the
calculated sulfation degree has only a limited sensitivity to the assumed
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Fig. 6. Comparison of model predictions (solid lines) with the experimental data
(symbols) from Iisa et al. [23] for the S/(S+Cl) ratio in the fine particles as a function
of residence time in an entrained flow reactor. Experimental conditions: temperature
1173–1373 K; KCl(s) feed 0.24 g/min; total gas flow 10 Nl/min; 2% SO2, 5% O2, 10%
H2O, balance N2.

cooling rate, decreasing slightly with higher values. The conversion of
KCl is seen to decrease as a function of time, most pronounced at 1273
K and 1373 K. This is a result of the competition between vaporization
of KCl and sulfation. The sulfation rate is comparatively fast initially
but becomes slower with time, while the KCl evaporation rate is more
or less constant. The model captures almost quantitatively the degree
of sulfation at 1173 K (close to full conversion) and at 1373 K, while
at 1273 K the conversion of KCl is underpredicted.

Fig. 7 shows the effect of the inlet concentrations of SO2, O2, and
H2O, respectively, on the sulfation of KCl at 1373 K. The results show
that even though sulfur dioxide in all experiments is present in consid-
erable excess compared to the potassium concentration, the formation
of K2SO4 increases significantly with the SO2 level (Fig. 7 upper). Iisa
et al. [23] took this to indicate that formation of SO3 is a rate-limiting
step in the sulfation process. However, in our present understanding,
it is the oxidation of sulfite to sulfate that controls the sulfation rate
(in the absence of combustion). The modeling predictions are in good
agreement with the experimental results, except at the highest SO2
level, where the potassium sulfate formation is underpredicted.

Fig. 7 (middle) shows the effect of the inlet O2 concentration
on K2SO4 formation. Even though the degree of sulfation is slightly
underpredicted at the lowest oxygen level, the model captures the
experimental trend well. The degree of sulfation increases with the
oxygen level, but not as strongly as with the sulfur dioxide level. Fig. 7
(lower) shows the effect of the water vapor concentration. Here the
experimental observations indicate that the sulfation rate is largely
independent of [H2O], while the model predicts a slight increase in
[K2SO4] with increasing water vapor level. However, the discrepancy
between the experimental data and the modeling predictions is within
the experimental uncertainty.

Modeling predictions are also compared to the experimental data
from Jensen et al. [14] . They conducted experiments in a laboratory
tubular flow reactor using a synthetic flue gas containing a mixture of
gaseous KCl, SO2, O2, and H2O vapor, highly diluted in N2. Potassium
chloride was added to the system by saturating part of the feed stream
with a salt vapor. The peak temperature was varied between 1043 and
1273 K. The temperature profile is shown in Fig. 8.

The experimental data, presented as the S/(S+Cl) ratio in the
erosol, are shown in Fig. 9. The impact of the peak temperature on the
ulfation rate is small. The model captures well the degree of sulfation
ver the range of temperature investigated.
6

r

Fig. 7. Comparison of model predictions (solid lines) with the experimental data
(symbols) from Iisa et al. [23] for the S/(S+Cl) ratio in the fine particles as a function
of the SO2 concentration in an entrained flow reactor. Baseline experimental conditions:
temperature 1373 K; KCl(s) feed 0.24 g/min; total gas flow 10 Nl/min; 2% SO2, 5%
O2, 10% H2O, balance N2. Upper figure: 1%–5% SO2; Middle figure: 2.5–7.5% O2; Lower
figure: 5%–15% H2O. The residence time in the isothermal zone is approximately 1 s.

Finally, the model is evaluated against experimental data from
Jimenez and Ballester [18,25] for combustion of orujillo in an entrained
low reactor. The reactor involved an isothermal section with a tem-
erature of 1573 K, followed by a cooling section with a temperature
radient of ∼600 K/s. The isothermal zone residence time was about
.3 s. A comparison between modeling predictions and the observed
l/S ratio in the aerosols is presented in Fig. 10. The model predicts
orrectly full sulfation of the potassium for levels of about 200 ppm SO2
nd higher. However, it strongly underpredicts the degree of sulfation
t very low SO2 levels (10–25 ppm).
There are some experimental effects that may have promoted the

ulfation rate at low concentrations of SO2. Coal fly ash has been
eported to catalyze the oxidation of SO to SO [62–64]. To our
2 3
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Fig. 8. The measured wall temperature as a function of residence time in the flow
eactor experiments from Jensen et al. [14] and comparison with the approximated
emperature profile used in the calculations.

Fig. 9. Comparison of model predictions (solid line) with the experimental data from
Jensen et al. [14] for the S/(S+Cl) ratio in the fine particles as a function of peak
emperature in a flow reactor. The reactant gas is heated to the peak temperature,
ollowed by cooling. Inlet composition: 200 ppm KCl, 200 ppm SO2, 4% O2, 4.2%
2O; balance N2.

Fig. 10. Comparison of model predictions (solid line) with experimental data for the
ulfation degree of the captured aerosol particles in combustion of orujillo in an en-
rained flow reactor. The experimental results are from Jimenez and Ballester [18,25].
Inlet composition: 13 ppm KOH, 34 ppm HCl, 10–400 ppm SO2, 5% O2, 20% H2O, 8%
CO2; balance N2.
7

knowledge, there are no investigations of the reactivity of biomass fly
ash. However, it is conceivable that the fly ash particles could promote
SO2 oxidation in the cooling zone of the entrained flow reactor, facili-
tating sulfation. Presence of unburned char during cooling, leading to
formation of CO, could have a similar effect. The particle range used
in the entrained flow reactor experiments was 300–400 μm [18,25].
The 400 μm particles would have a char oxidation time at 1573 K
of approximately one second, assuming diffusion-limited oxidation, so
it is likely that some unburned char would remain at the end of the
isothermal region. Char oxidation in the cooling region would give
rise to formation and combustion of CO, which promotes oxidation of
SO2 to SO3 and thereby sulfation. At the lowest level of SO2 in the
experiments (10 ppm), it would take a conversion of SO2 to SO3 during
cooling of only about 25%, facilitated by either fly ash catalysis or CO
oxidation, to explain the observed degree of sulfation. However, these
effects are difficult to quantify. Controlled laboratory experiments on
sulfation of KCl at low levels of SO2 would be desirable, but they could
not be conducted as part of the present work due to the diagnostic
limitations.

4.3. Kinetic analysis

Fig. 11 shows a reaction path diagram for sulfation of KCl w/wo
presence of CO. In the absence of CO (solid lines), radical levels are low.
This inhibits the oxidation of SO2 to SO3 and in our current understand-
ing, it is the oxidation of sulfite (KHSO3) to sulfate (KHSO4), which
serves to oxidize SO2 SIV to a higher oxidation state. The sulfation takes
place mainly through the following sequence of reactions:

KCl + H2O → KOH + HCl (R10b)

KOH + SO2(+M) → KHSO3(+M) (R11)

KHSO3 + O2 → KHSO4 + O (R17b)

KHSO4 + KCl → K2SO4 + HCl (R19)

This sequence, originally proposed by Hindiyarti et al. [26], does not
involve any radicals. The rate limiting step is the oxidation of KHSO3
to KHSO4.

When a combustible such as CO is added to the reactants, the
oxidation acts to replenish the radical pool and opens up other sulfation
pathways for KCl. The most significant effect is that SO2 is now partly
oxidized to SO3, mostly through the reaction,

SO2 + O(+M) → SO3(+M)

The SO3 promotes the conversion of KCl to KHSO4, either via KClSO3

KCl + SO3(+M) → KClSO3(+M), (R13)

KClSO3 + H2O → KHSO4 + HCl (R20)

or through KOH,

KOH + SO3(+M) → KHSO4 + HCl (R12)

This reaction sequence, followed by conversion of KHSO4 to K2SO4
through R19, is the sulfation pathway originally proposed by Glarborg
and Marshall [24]. However, according to the model, the increased
radical concentrations also facilitate smaller pathways to sulfation
involving K and KO, both through KSO3: KCl + H → K + HCl (R2b),
K + SO3 (+M) → KSO3 (+M) (R4) or KOH + OH → KO + H2O (R5b),
KO + SO2 (+M)→ KSO3 (+M) (R6), followed by recombination of KSO3
with OH to form KHSO4 (R15).

Notably, in the presence of CO (i.e., at higher radical levels), KHSO4
is consumed, rather than formed, from reaction R17: KHSO4 + O →
KHSO3 + O2 (R17). The KHSO3 then decomposes thermally to KOH +

SO2 (R12b).
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Fig. 11. Reaction path diagram for sulfation of KCl in the absence (solid lines) and
presence (dashed lines) of CO.

Fig. 12. Sensitivity of the predicted K2SO4 formation to key reactions in the mecha-
ism. Conditions correspond to flow reactor experiments from the present work (Fig. 3
pper (0 ppm CO) and lower (1000 ppm CO)), from Iisa et al. [23] (Fig. 6), and from
Jensen et al. [14] (Fig. 9); all for a peak temperature of 1273 K. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version
f this article.)

Fig. 12 shows a sensitivity analysis for the predicted K2SO4 for-
ation. The calculations were conducted at a temperature of 1273 K
or the conditions of Fig. 3 (present reactor experiments), Fig. 6 (Iisa
et al. [23]), and Fig. 9 (Jensen et al. [14]). The blue bars represent the
1000 ppm CO conditions of Fig. 3, while all the other coefficients are
for experiments without CO.

In the absence of CO, the sulfite to sulfate reaction, KHSO3 + O2 →
KHSO4 + O (R17b), exhibits by far the highest sensitivity coefficients,
confirming that this is the main rate limiting step when no combustion
is taking place. Reactions in the sequence K + SO3 (+M) → KSO3 (+M)
(R4), KO + SO2 (+M) → KSO3 (+M) (R6), KSO3 + OH (+M) → KHSO4
(+M) (R15), a minor sulfation pathway, also show up with positive
sensitivity coefficients.
8

In the presence of CO (blue bars), more reactions show up as
important. The most sensitive step is the recombination of SO2 with O
to form SO3. Reactions that form atomic oxygen, mainly H + O2 → O +
OH, promote sulfation, while steps that consume O (KHSO4 + O (R17))
or compete with H + O2 (H + O2 + M) exhibit negative coefficients.
The SO3 + H reaction, along with steps forming atomic hydrogen (K +
HCl, CO + OH), serve to inhibit sulfation.

5. Conclusions

Through a combined experimental, theoretical, and chemical kinetic
modeling study, the gas-phase sulfation of KCl by SO2 has been re-
examined. Particular emphasis was put on the effect of the radical
pool on the sulfation pathways. Flow reactor experiments on KCl
sulfation with and without addition of CO showed that oxidation
of combustibles, facilitating establishment of a radical pool, strongly
promotes sulfation. In this case, the sulfation rate is controlled by the
oxidation of SO2 to SO3, mostly through SO2 + O (+M) → SO3 (+M).
In the absence of combustibles, the rate limiting step in the sulfation
appears to be the oxidation of potassium sulfite to potassium sulfate
through KHSO3 + O2 → KHSO4 + O (R17b). With an estimated value of
k17 ∼ 2⋅1012 cm3 mol−1 s−1, the chemical kinetic model predicts the de-
gree of sulfation satisfactorily over a range of experimental techniques
and reaction conditions. An alternative sulfation pathway involving
KSO4 as an intermediate was discarded, because the formation through
either KO2 + SO2 or KSO2 + O2 was found to involve significant barriers
to reaction.
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