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A B S T R A C T   

Post-flame sulfation of gaseous sodium hydroxide (NaOH) and sodium chloride (NaCl) was investigated with 
optical in situ measurements at 850 to 1475 ◦C. A multi-jet burner was used to generate well-controlled com-
bustion environments. The multi-jet burner also enabled the separate feeding of the sodium species and SO2 to 
the combustion environment where the sulfation reactions occurred. Concentrations of NaOH(g) and NaCl(g) 
were measured in the product gas using broadband UV absorption spectroscopy to follow the degree of sulfation. 
At 1475 and 1275 ◦C almost no sulfation occurred with an initial NaOH(g) concentration of 20 ppm and SO2 
concentrations between 0 and 150 ppm. At 985 ◦C, the NaOH(g) concentration decreased to less than 5 ppm with 
SO2 concentrations above 50 ppm and at 850 ◦C almost all NaOH(g) was sulfated under these conditions. The 
experimental results for the gas-phase sulfation of NaOH were compared to previous results for the sulfation of 
KOH under the same conditions and the results were shown to be similar for NaOH and KOH under these 
conditions. Sulfation of NaOH(g) generally occurred to a more significant extent than the sulfation of NaCl(g). At 
1115 to 1475 ◦C, no sulfation of NaCl(g) was observed. At the lowest investigated temperature, 850 ◦C, the NaCl 
(g) concentration decreased from 20 ppm to 12 ppm after the addition of 150 ppm SO2. Chemical equilibrium 
calculations and kinetic modeling using an updated kinetic model for the detailed Na-Cl-S chemistry were 
compared to the experimental results. Above 1100 ◦C, the system can be described by chemical equilibrium, 
implying that equilibrium is reached in less than 100 ms. At temperatures below 1100 ◦C, the measured con-
centration indicated kinetic control. Under these conditions, the kinetic model was in good agreement with the 
experimental results for NaOH(g) but over-predicted the sulfation of NaCl(g). The combined experimental data, 
chemical equilibrium calculations and kinetic modeling of the present study support that sulfation of alkali 
species can occur in the gas phase through homogeneous reactions.   

1. Introduction 

High-temperature chemistry of alkali species is of interest due to its 
importance in aerosol formation, deposition, and corrosion in combus-
tion and gasification of challenging fuels such as solid biomass, a range 
of various waste side streams and black liquor [1–4]. This range of fuels 
often contain high amounts of alkali, sulfur and chlorine, which can be 
released as alkali chloride, alkali hydroxides, hydrogen chloride (HCl) 
and sulfur dioxide (SO2) [5–8]. Alkali compounds, such as alkali 

chlorides, contribute to slagging, fouling and corrosion [9,10,11]. Both 
sodium chloride (NaCl) and potassium chloride (KCl) are highly corro-
sive towards conventional heat exchanger materials [12]. Corrosion on 
metal surfaces can be minimized and even eliminated when the alkali 
compounds are converted to alkali sulfates due to their higher melting 
points. The sulfation reactions can occur with SO2 released from the fuel. 
If the sulfur content in the fuel is low, however, additional sulfur- 
containing compounds can be added to increase the degree of sulfa-
tion. One possibility is the addition of elemental sulfur, which is then 
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oxidized to SO2 in thermal conversion [13], or the co-combustion with 
sulfur-rich fuels like peat [14]. Another possibility is the introduction of 
sulfates, e.g. ammonium or ferric sulfate, which will decompose to SO3, 
which has been shown to be more efficient for sulfation reactions with 
alkali as compared to SO2 [15–17]. 

The formation of alkali sulfates is believed to occur both in the gas 
phase and in the condensed phase, dependent on the temperature 
[18–20]. Sulfation in the gas phase may be expected to occur at faster 
rates than in the solid and liquid phases [18]. Glarborg and Marshall 
[21] proposed a detailed kinetic mechanism for the formation of gaseous 
alkali sulfates, including reactions between gaseous alkali chlorides and 
hydroxides with sulfur oxides. Predictions based on this mechanism for 
the sulfation of KCl were in good agreement with experimental results 
from an entrained flow reactor of Iisa et al. at 900–1100 ◦C [18]. Results 
of that study suggest that most of the potassium sulfation at tempera-
tures above 900 ◦C occurs in the gas phase. 

In the sulfation of KCl, SO3 plays a key role [18]. Jiménez and Bal-
lester emphasized that the kinetics of the oxidation of SO2 to SO3 has 
been the main obstacle for the complete description of sulfate formation 
[22]. SO3 initiates sulfation of alkali species [21]:  

NaCl + SO3 (+M) ⇌ NaSO3Cl (+M)                                              (R1)  

NaOH + SO3 (+M) ⇌ NaHSO4 (+M)                                             (R2)  

NaSO3Cl + H2O ⇌ NaHSO4 + HCl                                                (R3)  

NaHSO4 + NaCl ⇌ Na2SO4 + HCl                                                 (R4)  

NaHSO4 + NaOH ⇌ Na2SO4 + H2O                                               (R5) 

Hindiyarti et al. [1] suggested that the rate of SO2 oxidation to SO3 
may be too slow at lower temperatures and presented alternative sul-
fation pathways. Accordingly, sulfation can be initiated by a direct re-
action between NaOH and SO2, forming a sulfite species (R6) which can 
then be oxidized to bisulfate (R7), with the oxidation of the sulfite as the 
rate-limiting step. 

NaOH+SO2(+M)→NaHSO3(M) (R6)  

NaHSO3 +O2→NaHSO4 +O (R7) 

Various studies have investigated the details of the K-Cl-S chemistry, 
both with experimental work and modeling in laboratory and larger 
scale [23–25]. Weng et al. developed an experimental measurement 
system to study gas-phase sulfation and homogeneous nucleation of 
alkali compounds, based on a novel multi-jet burner being able to pro-
vide well-controlled conditions, using optical in situ measurements to 
quantify relevant species [26–28]. Sulfation experiments were per-
formed feeding K2CO3 or KCl together with SO2 to a hot and stable gas 
environment. Key species such as KOH, KCl and K atoms were quantified 
in the gas phase to determine their formation and consumption, and the 
sulfation was indirectly determined based on measured concentrations 
of KOH and KCl. The experimentally determined concentrations were 
compared to predictions by a detailed K-Cl-S mechanism based mostly 
on the work by Glarborg and Marshall [21]. The model predictions were 
in satisfactory agreement with the experimental results. 

Previous work on gas-phase sulfation of alkali salts have largely 
focused on potassium, which is the dominating alkali element in most 
biomass fuels. Besides high potassium contents, many biomasses and 
wastes (and also some coals [29]) have high sodium contents, e.g. algae 
and black liquor (one of the most used biomass based fuels) have high 
sodium contents. 

The objective of the present work is to clarify the homogeneous Na- 
Cl-S chemistry in the gas phase at high temperatures between 850 and 
1475 ◦C. This temperature range is relevant for most combustion pro-
cesses, ranging from grate fired combustion and fluidized bed combus-
tion to pf combustion. The sulfation of NaOH and NaCl was investigated 
experimentally in a multi-jet burner, and the consumption of NaOH and 

NaCl in the gas phase by reaction with SO2 was determined using UV 
absorption spectroscopy. The sulfation reactions of sodium species have 
not been investigated previously under such conditions. A new updated 
kinetic Na-S-Cl model is also tested under the investigated conditions. 
The model is based on the work of Glarborg and Marshall [21], but 
updated in the present work with novel thermodynamic data and added 
reaction pathways. In addition, chemical equilibrium calculations are 
performed to evaluate whether the set-up operates at non-equilibrium 
conditions. 

2. Experimental 

A multi-jet burner (see Fig. 1) was used to create well-controlled high 
temperature conditions for the sodium sulfation experiments. A more 
detailed description of the reactor setup can be found elsewhere [31]. 
The multi-jet burner consists of 181 jet tubes through which a gas 
mixture of methane, oxygen and air was fed. Above each jet, a laminar 
conical flame is formed. A co-flow is introduced through a perforated 
mask and several layers of glass beads with a diameter of 1 mm, which is 
evenly mixed with the hot gas products from the jet tubes, creating a 
fairly homogeneous hot flue gas environment above the burner outlet for 
a given temperature and oxygen concentration, depending on the 
composition of the used gas mixtures. The burner outlet is 29 mm above 
the front of the jet tubes. The burner walls are insulated to minimize heat 
loss. 

Table 1 lists the compositions of the used gas mixtures and temper-
atures and concentrations in the zone above the burner where the op-
tical measurements took place. The temperature was measured using 
two-line atomic fluorescence (TLAF) thermometry using indium 
atoms, with a reported accuracy of ~ 2.7 % [32]. Additional measure-
ments were obtained with a B-type thermocouple (OMEGA) with a wire 
diameter of 0.25 mm [26], corrected for radiation loss based on a model 
reported by Weng et al. [31]. The emissivity of the thermocouple was 
adjusted so that the thermocouple gave the same temperature at 40 mm 
height as the temperature from the TLAF measurement. The tempera-
ture was measured in the hot flue gas without NaOH, NaCl or SO2 
seeding to avoid any particle deposition effect and to minimize catalytic 
effects of the thermocouple. The temperature profiles along the vertical 
axis and adiabatic flame temperatures can be found in the supplemen-
tary material. 

For the experiments with NaCl and NaOH, respectively, 1.0 M NaCl 
or 0.5 M Na2CO3 solutions were fed to the jet chamber. The Na2CO3 was 
rapidly converted to NaOH by reaction with H2O when the temperature 
increased. An ultrasonic fog generator was placed in the flask with the 
Na-containing solution, and the fog was then transported to the jet 
chamber via an air flow of 0.5 Nl/min. In the jet chamber, the Na- 
containing fog was mixed with the methane/air/oxygen mixture and 
fed to the jet outlet, where NaOH(g) or NaCl(g) was formed after passing 
the flame. To prevent SO2 and sodium reacting already in the jet 
chamber, SO2(g) was fed to the burner via the co-flow and the sulfation 
raction was limited by the mixing rate. For each experiment, the NaOH 
or NaCl concentration in the hot flue gas was measured by the below 
described UV absorption spectroscopy, before, while and after SO2 has 
been added. This was to ensure that the volume fraction of NaOH or 
NaCl transported into the flame is the same as set. Since the seeding of 
SO2 was conducted only for a short time period, the seeding fluctuation 
should be small when the NaOH or NaCl was the same for the mea-
surement before and after the SO2 addition. 

NaOH(g) and NaCl(g) were quantified 5 mm above the burner outlet 
(about 4 cm downstream of the small jet flames) using broadband UV 
absorption spectroscopy (see Fig. 1c). At this stage the gases were fully 
mixed and the gaseous NaOH and NaCl were distributed evenly, hence it 
is reliable to use the line-of sight measurement for the quantification of 
NaOH and NaCl concentrations in the flame. The distribution has been 
investigated previously [33]. The UV beam had a diameter of 10 mm and 
was generated by a deuterium lamp (L1313, Hamamatsu). The beam 
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was passed five times through the hot flue gas by five UV-enhanced 
aluminium mirrors to achieve a high sensitivity with a long optical 
path length. The light was then collected and anlyzed with a spec-
trometer (USB 2000+, Ocean Optics). 200 scans were performed for 
each experiment with an integration time of 2 ms and each experiment 
was repeated 20 times. 

The concentrations of NaOH (g) and NaCl (g) were determined using 
the Beer-Lambert law. 

Absorbance(λ) = NAσA(λ)L = − ln
(

Is(λ)
I0(λ)

)

(1) 

where λ is the wavelength; Is(λ) and I0(λ) are the intensities of the UV 
light after the hot flue gas and the UV light source, respectively, at a 
given wavelength; NA is the number density of the gas species; σA(λ) is 
the absorption cross section at a given wavelength and L is the optical 
path length. 

The cross-section data used in the present study is based on previous 
work from Weng et al. [27,34] The absorption cross sections for NaOH 
and NaCl were determined between 1125 and 1575 ◦C [27]. The tem-
perature dependence of the absorption cross section in this temperature 
range is weak and, thus, it is reasonable to also use the same absorption 
cross section for 850 and 985 ◦C. Almost the same concentrations for 

NaOH or NaCl were measured at different temperatures with the same 
feeding rate of alkali, which supports that the value for the absorption 
cross sections measured at 1125–1575 ◦C can be used for the investi-
gated temperature range in the present study. For NaOH, the absorption 
peaks occur at 230 and 320 nm with σ230 = 1.67⋅10− 17 cm2/molecule 
and σ320 = 1.29⋅10− 17 cm2/molecule. 

According to the Beer-Lambert law, the uncertainty of the mea-
surement originated from the uncertainty of the cross section data, op-
tical path length and the measurement of the absorbance. The 
uncertainty of the cross-section data is about ± 5 % [34]. The optical 
path length was estimated based on previous visualization of KOH dis-
tribution [33], adding an additional uncertainty of ± 10 % due to un-
even distribution at the edge of the flue gas. The uncertainty from the 
absorbance measurement is small compared to the uncertainties for the 
cross section and optical path length and is hence neglected for the 
overall uncertainty. The reaction influence by the UV radiation is 
negligible as well. Since the UV light beam had a diameter of about 10 
mm and the hot flue gas was flowing at a speed of around 1 m/s, the 
molecules and radicals only experiences 10 ms radiation from the UV 
light, and the UV light only had an irradiance below 0.1 
µW•cm− 2•nm− 1. It was estimated that only about 0.001 % of the NaOH 
molecules were excited by the UV light in the experiment. Summing up, 

Fig. 1. Schematic picture of the Multi-Jet Burner at Lund University (a) (reproduction from [28]), top view on pre-mixed flames on the outlets of the jet tubes (b) and 
setup for broadband UV absorption spectroscopy system (c) (reproduction from [30]). 

Table 1 
Gas-flow composition and gas product temperature 5 mm above the burner outlet; temperature and gas concentration refer to the zone where the sulfation experiments 
take place.  

Temp. [◦C] Fuel-oxygen ratio φ Gas flow rate [Nl/min]    

Jet-flow  Co-flow  Gas conc. [%]  

CH4 Air O2 N2 Air  O2 CO2 H2O N2 

1475  0.74  2.66  17.34  1.89  10.83  7.74   4.5  6.5  13.2 75 
1275  0.70  2.47  12.23  2.58  18.97  8.90   4.6  5.4  11.0 79 
1115  0.67  2.38  11.89  2.26  22.69  9.83   4.6  4.6  9.4 81 
985  0.63  2.09  10.90  2.07  26.50  10.66   5.2  3.9  7.9 83 
850  0.60  1.71  8.91  1.69  26.92  10.25   4.6  3.4  6.9 85  
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the uncertainty of the measurement was estimated to be ± 15 %. 
Fig. 2a shows the absorption spectrum of NaOH and Fig. 2b shows 

the overlapping absorption spectrum of NaCl and NaOH present in the 
NaCl seeded flame at 1275 ◦C with the addition of 20 ppm SO2. Corre-
sponding figures at same conditions without addition of SO2 are shown 
in Fig. 2 and Fig. 3 of the supplementary material to illustrate that SO2 
does not interfere with the measurement as it is subtracted from the 
spectrum via background measurements. To quantify NaCl and NaOH 
simultaneously, in a first step the NaOH concentration was determined 
from the peak at 320 nm of the ‘raw data (NaOH + NaCl spectrum)’, as 
this peak is not overlapping with the spectrum of NaCl. Based on this 
NaOH concentration, the entire spectrum for NaOH (‘NaOH (fitted based 
on absorption at 320 nm)’ in Fig. 2b) was fitted using the cross section at 
different wavelengths obtained from [27]. In a second step, the NaOH 
absorbance was then subtracted from the combined spectrum (‘raw data 
(NaOH + NaCl spectrum)’ in Fig. 2b) to obtain the absorbance for NaCl 
(‘NaCl (difference between raw data and NaOH fit)’ in Fig. 2b). The NaCl 
concentration was then determined from the absorption peak at 238 nm 
with the absorption cross section σ238 = 2.5⋅10− 17 cm2/molecule. 

3. Model 

The thermodynamic data and reaction mechanism for sulfation of 
NaCl and NaOH were based on the work by Glarborg and Marshall [21], 
but updated as part of the present work. Glarborg et al. emphasized the 
importance of alkali hydrogen sulfates as gas-phase precursors of A2SO4, 
and estimated the thermodynamic properties of KHSO4 and NaHSO4, as 
well as chlorinated intermediates, from ab initio computations. In a later 
work, Hindiyarti et al. [1] proposed a number of additional pathways to 
sulfation of KCl and KOH, involving KHSO3 and KOSO3, and more 
recently, additional modifications were made to the potassium subset 
[25,26,28]. In the present work, these modifications have been applied 
also to the sodium subset. Using the methods described in ref. [21], with 
G3 theory replaced by G4 [35], properties for species added to the 
mechanism, i.e., NaHSO3 and NaOSO3 were calculated in the present 
work, and data for NaSO3Cl were updated. For the added reactions, rate 
constants were assumed to be similar for corresponding sodium and 
potassium reactions in the exothermic direction. Compared to the model 
of Glarborg and Marshall [21], the thermodynamic data for NaOH was 
replaced with data from the reference [36]. The novel calculated ther-
modynamic properties are listed in Table 2. In the Na-mechanism, a 
check was made to ensure that rate constants in both the forward and 
reverse direction were below the collision frequency. 

The kinetic modeling was done with Chemkin-Pro. In a first step, a 
one-dimensional free propagation model was used to determine the 

composition of the post-flame gases. The mixture of these post-flame 
gases and the co-flow was used as the inlet gases for the plug flow 
reactor model that was used to model the sulfation reactions. In this 
step, 20 ppm NaOH or NaCl was added together with 0–150 ppm SO2 to 
the hot gas products. For the plug flow model it was assumed that the 
post-flame gases and co-flow gases are mixed rapidly. The temperature 
profile in the model was adopted from the measured values. 

FACTSAGE 7.3 was used for the equilibrium calculations. The 
“Equilib” module within the FACTSAGE software calculated the equi-
librium concentrations by minimizing the Gibbs energy. All species that 
were considered for the kinetic model were also considered in the 
equilibrium calculations. The thermodynamic data was taken from the 
FACTSAGE database and extended with thermodynamic data for the 
following sodium species from reference [21] and from the present 
work: NaSO2, NaSO3, NaSO4, NaHSO3, NaHSO4 and NaSO3Cl. 

4. Experimental results 

It is a limitation in the present reactor setup, from a kinetic point of 
view, that the species could only be quantified 5 mm above the burner 
outlet and not close to the jet tubes due to the walls of the burner that are 
needed to stabilize the flames. Nevertheless, the measurements provide 
the first direct characterization of sulfation of sodium salts, and allow for 
an assessment of the relative importance of kinetic and equilibrium 
constraints. 

Fig. 3a presents the measured NaOH(g) concentrations above the 
burner outlet during the sulfation experiments at 850 to 1475 ◦C and for 
SO2 concentrations between 0 and 150 ppm. The NaOH(g) concentra-
tion, without SO2, is 20 ppm. The error bars in Fig. 3 are derived from 
the deviation of repeated experiments and from the uncertainty of the 
measurement method. At the highest investigated temperature, 1475 ◦C, 
the NaOH(g) concentration remains constant at 20 ppm, indicating that 
no sulfation reactions take place under these conditions. When the 
temperature is reduced to 1275 ◦C, the NaOH(g) concentration de-
creases slightly with the addition of > 50 ppm SO2. At 1115 ◦C, only 
little NaOH(g) was consumed with 20 ppm SO2, but up to 40 % of the 
NaOH(g) was consumed with 100 or 150 ppm SO2. Also at the lowest 
temperatures, 985 and 850 ◦C an increased NaOH(g) consumption with 
increased SO2 concentration can be observed. At 850 ◦C, almost all 
NaOH(g) is consumed at SO2 concentrations > 50 ppm. For comparison, 
experimental results from KOH sulfation under the same conditions, 
published by Weng et al [28], are shown in Fig. 3b. It can be seen that 
the consumption of the two alkali hydroxides is almost identical under 
same conditions. The consumption of NaOH(g), similar to KOH(g), can 
be explained by the sulfation of the NaOH(g) into gaseous Na2SO4 and 

Fig. 2. (a) Measured absorbance of NaOH at 1275 ◦C adding 20 ppm NaOH and 20 ppm SO2 to the flame (20 repetitions, red line showing the average absorbance) 
and (b) measured absorbance of combined NaOH and NaCl and calculated absorbance for NaOH and NaCl determined from the combined spectrum at 1275 ◦C 
adding 20 ppm NaCl and 20 ppm SO2 to the flame. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Na2SO4 aerosols, as proposed by Glarborg and Marshall [21]. 
The formation of sulfate aerosols from the sulfation of KOH(g) was 

detected previously at 985 and 850 ◦C by elastic scattering measure-
ments [28]. Due to the similar experimental results for NaOH(g) and 
KOH(g), it is assumed that aerosol formation also takes place at these 
temperatures in the sulfation of NaOH(g). These results are also in 
agreement to results by Jiménez and Ballester [37]. In their study on 
pulverized olive residue combustion, it was observed that KOH was 
consumed in the presence of SO2, and the nucleation of the formed 
K2SO4 started when temperatures decreased below 1000 ◦C. 

Fig. 4 shows the concentrations of NaCl(g) and NaOH(g) above the 
burner outlet from the experiments with NaCl-seeding without SO2. At 

low temperatures, all sodium in the gas-phase is present as NaCl(g). At 
increasing temperatures however, NaCl was partly converted to NaOH 
(g). At 1475 ◦C, around 50 % of the NaCl reacted to NaOH(g). 

The NaCl(g) concentration for the sulfation experiments with NaCl- 
feeding are presented in Fig. 5. For the temperatures between 1115 
and 1475 ◦C, it can be seen that the NaCl(g) concentration is not 
influenced by SO2, hence no sulfation of NaCl(g) occurred under these 
conditions. At 985 ◦C, the NaCl(g) concentration decreased from 
roughly 17 ppm without SO2 to roughly 12 ppm with 150 ppm SO2. At 
lower SO2 concentrations, the concentration remained at around 17 
ppm. Only at the lowest temperature, i.e. at 850 ◦C, a continuous 
decrease in the NaCl(g) concentration with increasing SO2 

Fig. 3. (a) NaOH concentrations from sulfation experiments at various temperatures with 20 ppm NaOH inlet concentration and SO2 concentrations between 0 and 
150 ppm and (b) KOH concentrations from previous sulfation experiments under same conditions for comparison (KOH results reproduced from [28], dotted lines for 
clarity only). 

Table 2 
Thermodynamic properties calculated in the present work for selected alkali species. Units are cal, mol, K.  

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

NaHSO3  − 159.84  78.54  21.25  23.66  25.32  26.46  27.82  28.66  29.92 
NaOSO3  − 159.88  79.27  22.07  24.80  26.69  27.97  29.42  30.19  31.08 
NaSO3Cl  − 178.68  82.80  22.74  25.04  26.74  27.98  29.45  30.15  31.00  

Fig. 4. Concentrations of NaCl and NaOH at 850–1475 ◦C measured in tests 
without SO2 inlet concentration in all cases 20 ppm NaCl (dotted lines for 
clarity only). 

Fig. 5. NaCl concentrations from sulfation experiments at various temperatures 
with 20 ppm NaCl inlet concentration and SO2 concentrations between 0 and 
150 ppm (dotted lines for clarity only). 
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concentrations can be observed. The concentration decreases continu-
ously from 20 ppm without SO2 addition to roughly 12 ppm with 150 
ppm SO2, which corresponds to a reduction of around 40 %. It can be 
concluded that the sulfation of NaCl(g) occurs to a much lower extent as 
compared to the sulfation of NaOH(g) under the investigated conditions. 

5. Modeling 

Kinetic modeling and equilibrium calculations were made to further 
interpret the reactions occurring during the gas phase sulfation of NaOH 
and NaCl. Fig. 6 compares NaOH concentrations (a) and NaCl concen-
trations (b) from chosen experiments with predictions from the kinetic 
model and the thermodynamic model. In these sulfation tests, it can be 
seen that predictions from the kinetic model and the equilibrium cal-
culations are almost identical at 1275 and 1475 ◦C, indicating that the 
system is already at equilibrium under the used conditions. For the cases 
at 1115 ◦C and below, the system seems not to be at equilibrium under 
the present conditions. At these temperatures, NaOH(g) are close to the 
values obtained from the kinetic model as compared to the equilibrium 
calculations. NaCl(g) concentrations in Fig. 6b are given for the cases at 
985 and 850 ◦C, which are the only temperatures at which NaCl(g) 
sulfation was observed in the experiment. According to the modeling, 
the system is almost at equilibrium at 985 ◦C, but far from equilibrium at 
850 ◦C. This is in agreement with previous findings for the sulfation of 
alkali chlorides, e.g. in the field study by Christensen and Livbjerg 
focusing on the sulfation of KCl, which also was far from equilibrium 
according to their model [38]. At 850 ◦C, where reactions seem to be 
limited by kinetics, the kinetic model does not give a good prediction 
and deviates significantly from the observations in the experiment. 

A sensitivity analysis has been performed to illustrate the effects of 
uncertainties in the experimental setup and their effect on the modeling 
results. The results are shown in Fig. 4 of the supplementary material. In 
addition to the SO2 inlet level, the flame temperature was found to be 
the most sensitive input parameter with a change of 40 ◦C sufficient to 
significantly alter the predicted NaOH concentration. 

Generally, the model gives a good description of the observed so-
dium sulfation reaction. However, due to the fact that reactions occur 
rapidly, the current set-up cannot be used to fully validate the kinetic 
model. Nevertheless, the model gives a good kinetic description for most 
of the cases. 

Fig. 7 shows concentrations of relevant species during NaOH(g) 
sulfation at 1115 ◦C with 50 ppm SO2 as a function of time (logarithmic 
plot) and as a function of the distance from the jet-tubes (linear plot). It 
can be seen some reactions occur rapidly within the first 1 ms/ few 

millimeters above the burner outlet. After the rapid reactions in the 
beginning, NaOH is slowly consumed, while the concentration of 
Na2SO4 is steadily increasing. The range in which the optical measure-
ment takes place (after roughly 30 ms reaction time) is marked by the 
dotted lines. Even beyond that range sulfation reactions seem to 
continue, indicating that indeed kinetics is investigated under these 
conditions and equilibrium has not been reached. 

To clarify whether sulfation reactions take place in the gas phase and 
if stable gaseous products can be formed under these conditions, equi-
librium calculations have been made to determine the ratio between 
gaseous and condensed Na2SO4. Fig. 8 shows the ratio of Na2SO4 (g) and 
Na2SO4 (l) between 890 and 1130 ◦C. Above 1080 ◦C, only the gaseous 
product seems to be stable. At below 1000 ◦C, almost all Na2SO4 is ex-
pected to be in the condensed phase. This is in agreement with the ob-
servations made by Weng et al. [28], reporting aerosol formation in 
alkali sulfation experiments at similar temperatures. The combined 
experimental data, chemical equilibrium calculations and kinetic 
modeling of the present study support that sulfation of alkali species can 
occur in the gas phase through homogenous reactions, in contrast to 
earlier reports [39]. 

6. Conclusions 

Post-flame sulfation of NaOH(g) and NaCl(g) was investigated with 
optical in-situ measurements under well-defined combustion environ-
ments. Experiments were performed under oxidizing conditions at 850 
to 1475 ◦C with initial concentrations of 20 ppm for the Na-species and 
0–150 ppm SO2. The concentrations of NaOH(g) and NaCl(g) were 
quantified using UV absorption spectroscopy. Additionally, an updated 
model for the detailed Na-Cl-S chemistry was used to describe the sul-
fation reactions. 

At the highest investigated temperatures 1475 and 1275 ◦C almost 
no sulfation of NaOH(g) was observed in the experiments while almost 
all NaOH(g) was consumed with 50 ppm SO2. The experimental results 
for the sulfation of NaOH(g) were compared to previous results for the 
sulfation of KOH(g) under the same conditions. The results for NaOH(g) 
were shown to be similar to those of KOH(g), indicating that the kinetics 
and thermodynamics are similar for those species under the investigated 
conditions. 

Sulfation of NaCl(g) occurred to a much lower extent under the 
investigated conditions as compared to sulfation of NaOH(g). Sulfation 
of NaCl(g) was observed at 985 and 850 ◦C. At 850 ◦C the NaCl(g) 
concentration decreased from 20 to 12 ppm after the addition of 150 
ppm SO2. 

Fig. 6. (a) NaOH and (b) NaCl concentrations for sulfation experiments at 850 to 1475 ◦C and varying SO2 concentrations; inlet concentration 20 ppm NaOH or 20 
ppm NaCl respectively (dotted lines = equilibrium calculations, continuous lines = kinetic modeling and symbols = experimental results). 
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Chemical equilibrium calculations and kinetic modeling using an 
updated kinetic model for the detailed Na-Cl-S chemistry were 
compared to the experimental results. Above 1275 ◦C, the system can be 
described by chemical equilibrium, implying that equilibrium is reached 
in less than 50 ms. At 1115 ◦C and below, the measured concentrations 
were in good agreement to the updated chemical kinetic model. Under 
these conditions, the kinetic model was in good agreement with the 
experimental results for NaOH(g) but over-predicted the sulfation of 
NaCl(g). The combined experimental data, chemical equilibrium cal-
culations and kinetic modeling support that sulfation of alkali species 
can occur in the gas phase through homogenous reactions. 
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