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Abstract Spectrally resolved ultraviolet (UV) absorption cross-sections of gas-phase
sodium chloride (NaCl), potassium hydroxide (KOH) and sodium hydroxide (NaOH)
were measured, for the first time, in hot flue gases at different temperatures. Homogenous
gas-phase NaCl, KCI (potassium chloride), NaOH and KOH at temperatures 1200 K,
1400 K, 1600 K and 1850 K were prepared in the post-flame zone of laminar flames by
seeding nebulized droplets out of aqueous solution of corresponding alkali species. The
amount of droplets seeded into the flame was kept constant, so the relative concentration
of different alkali species can be derived. The broadband UV absorption cross section of
KCI vapor reported by Leffler et al. (Rev. Sci. Instr. 88, 023112, 2017) was adopted to
derive the absorption cross-section curves of NaCl, NaOH and KOH with the
corresponding measured spectrally resolved absorbance spectra. No significant changes
in the spectral structures in the absorption cross-sections were found as the temperature
varied between 1200 K and 1850 K, except for NaOH at around 320 nm. The difference
between the absorption spectral curves of alkali chlorides and hydroxides is significant at
wavelengths above 300 nm, which thus can be used to distinguish and obtain the
concentrations of alkali chlorides and hydroxides in the broad band UV absorption

measurements.
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1. Introduction

Alkali species, mainly alkali chlorides can cause severe problems, e.g. corrosion,
slagging and fouling in boilers when combusting biomass fuels'* and coals.* > The
release of alkali species from burning biomass and coal has been widely studied using
different optical measurement techniques, such as planar laser-induced fluorescence,® ’

8-11

laser-induced breakdown spectroscopy, excimer laser-induced fragmentation,'?

photofragmentation and atomic absorption spectroscopy,'? tunable diode laser absorption

1415 and spontaneous emission.'® All these techniques have mainly been

spectroscopy
applied in lab-scale measurements, and the determinations of the concentrations of alkali
species in large-scale boilers and furnaces'”! are still a challenge. Ultraviolet (UV)
differential optical absorption spectroscopy (DOAS) can be a reliable and practical
method for alkali-chloride (KCl and NaCl) monitoring in boilers.?’ Quantitative
measurements, however, require accurate and precise UV absorption cross-section data
obtained at well-defined conditions.?! This data is also required for other online
measurements techniques, such as laser-induced photofragmentation spectroscopy?? and
differential absorption LIDAR.?* Previous works have targeted on the measurements of
UV absorption cross-section of alkali chlorides. Davidovits et al.>* have measured the UV
absorption cross-section for gas-phase alkali halides in the wavelength range between 200
nm and 400 nm. Forsberg et al.?° obtained the UV absorption cross-section of KCI and
NaCl at a temperature of 1133 K using an open calibration cell. In addition, Daminelli et
al.?> have investigated the spectral shape of different alkali halides. Related to the UV
absorption spectra, photolysis cross-section spectra of alkali chlorides have also been

investigated.!> Recently, a more reliable measurement of the spectrally resolved UV

absorption cross-sections of KCl at temperatures between 973 K and 1073 K was reported



by Leffler et al.?! In their work, a novel quartz calibration cell was developed, which was
characterized by a closed design with accurate control of the temperature homogeneity to
ensure well-defined and reproducible alkali vapor pressure. The cell was made with a
relatively large diameter to avoid wall effects. The absorption path length was determined
by the requirement of temperature homogeneity and the desire to make it as long as

possible to enhance absorption sensitivity.

During combustion of biomass fuels, alkali species can be released both as chlorides
and hydroxides, depending on the ratio of alkali and chlorine in the fuel, the combustion
temperature, and the fuel-oxidizer ratio.?® Alkali chlorides can be transformed into alkali
hydroxides at high temperatures, e.g. >1000 K.?” The UV absorption cross-sections of
alkali hydroxides are rarely available or in the case of KOH absent,!3 which hinders
accurate quantitative measurement of these compounds. In addition, this limits the
accurate measurements of alkali chlorides due to the fact that there is substantial spectral
overlap between alkali chlorides and alkali hydroxides. Therefore, the insufficient
knowledge of the hydroxide cross-sections makes it difficult to assess the relative
contribution of chlorides and hydroxides from the UV absorption spectrum. Obtaining
accurate spectrally resolved absorption cross-sections for alkali hydroxides is thus crucial
in UV absorption measurements.”® Compared with alkali chlorides, alkali hydroxides
melt at a lower temperature and the vapor pressures for solid-gas equilibrium are lower
than for chlorides. The typical temperatures needed for calibration in the previously
mentioned cell are therefore much higher than the melting points: 591 K for NaOH and
679 K for KOH,?! which presents a challenge for the quartz cell, science the hydroxides
are very reactive in liquid phase. The only report on absorption measurement of alkali

hydroxide at high temperature was conducted in a flame with seeding of NaOH by



Daidoji?® (Self and Plane’® have measured the photolysis cross-section of NaOH at 300
K). Its cross-section was calculated by Rowland et al. with an uncertainly of £25%.3! No
report for UV absorption cross-section of KOH has been found in literatures so far.
Sorvajérvi et al.'> have obtained the photolysis spectral structure of KOH qualitatively,
and the cross-section of NaOH was adopted to estimate the concentration of KOH. Hence,
accurately determined UV absorption cross-sections for NaOH and KOH are necessary

for quantitative measurements of alkali hydroxides.

In the present work, laminar flames from a specially designed burner were used to
prepare NaCl, KCI, NaOH and KOH in the hot flue gases with known temperature and
concentrations. The absorption cross-sections were determined for NaCl, KOH and
NaOH in the hot flue gas at temperatures ~1400 K. Their absolute cross-section values
were calibrated based on the results for KClI reported by Leffler et al.?! In addition, the
temperature dependence of the absorption spectra was investigated between 1200 K and

1850 K.
2. Measurement object and setup

A hot flue gas environment was simulated using a laminar flame burner, which has
been described in detail in a previous work?? and only a brief description is given here.
The burner is composed of two plenum chambers, a jet-flow chamber and a co-flow
chamber. There are 181 jet tubes connected to the jet-flow chamber to form an array of
laminar conical flames. The burned gas from these conical flames is mixed with the gas
from the co-flow chamber to provide a hot gas environment with a well-controlled and
evenly-distributed temperature above the burner®?. The size of the outlet of the burner is

110 mm x 60 mm. A flame stabilizer was installed 35 mm above the burner (Fig. 1a) to



maintain a stable flow field. In this study, six flame cases (detailed parameters shown in
Table 1) were used to produce hot flue gas environments at temperatures 1200, 1400,

1600 and 1850 K.

Table 1. Conditions of the premixed flames used in this work.

Co-flow
Equiva- ) . . composi TN
Case lence Jet-flow composition (1/min) tion Hot flue gas composition (%) Temge(r)ature
ratio (®) (1/min)
CHs H2 ) N2 N2 CO2 H20 ) N2

Flame 1 0.7 0.66 3.74 455 22.54 9.90 1.67 12.80 3.44 82.09 1400
Flame 2 0.7 1.83 1.83 652 21.31 9.90 452 1354 4384 77.12 1600
Flame 3 0.7 1.80 0 5.15 13.30 9.90 597 1194 5.14 7695 1600
Flame 4 0.9 226 0 5.02 1297 9.90 7.50 1499 1.66 75.85 1850
Flame 5 0.7 0 397 284 13.33 13.20 0 12.66 2.74 84.60 1200
Flame 6 1.6 0 596 1.86 12.30 13.20 - - - - 1200

Aerosols of aqueous solution of KCI, NaCl, K»CO3 and Na,CO3 were generated by
a fog generator and seeded into the jet-flow chamber by an N> flow. Gas-phase KCl, NaCl,
KOH and NaOH were distributed homogenously in the hot gas environment of the post-
flame zone (see a photo shown in Fig. 1a). The seeded K»CO3; and Na,CO3 decompose
and transform into KOH and NaOH in the hot flue gases to avoid using corrosive alkali
hydroxide solutions directly. The concentration of aqueous solutions of KCI and NaCl
was kept at 1.0 mol/l, while that of KCO3 and Na>xCO3 was kept at 0.5 mol/l to maintain
equal amounts of alkali elements seeded into the hot gas environment for each

investigated alkali seeding.



Flame Case 1 Flame Case 2
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Figure 1. (a) Photo of the chemiluminescence of the hot flue gas above the burner with
NaxCOs seeding (side view); (b) photos of Mie/Rayleigh scattering from the post-flame
zone, illumiated by a green Nd:YAG laser beam (532 nm), above the burner with different
seeding species in different hot gas environments (side view).
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Figure 2. A schematic of the UV absorption setup for measurement in hot flue gas
above the burner (top view).

A schematic of the UV absorption setup is shown in Fig. 2. The UV light was
generated by a deuterium lamp and passed through the hot flue gas containing gas-phase
KCl, NaCl, KOH or NaOH to measure the absorption spectra. The light was kept at the
same height (~2 mm) above the burner. Five UV enhanced aluminum mirrors were used
to increase the absorption path length to 0.57 m. The transmitted UV light was finally

analyzed by a USB 2000+ spectrometer (Ocean Optics) with a resolution of 0.3 nm/pixel.



The spectrally resolved absorbance spectra of the hot gas with different seeding were

analyzed using the Beer-Lambert law.

Absorbance(A) = —In (%) = Nyo4(A)L (1)

where A indicates the wavelength in units of nm, I;(A) and I;(A) are the intensity of the
UV light source and UV light after the hot gas with seeding, respectively. N, is the
number density of the alkali species in the hot gas, 6,4 is the absorption cross-section of
alkali species, and L is the absorption path length. Since the flames have significant effect
on the UV light propagation direction, the UV light after the hot gas without seeding was
adopted as the light source intensity in Equation (1). For each measurement, the data were
collected and averaged for ~2 minutes. Nine measurements were performed for each case
and a standard deviation of ~10% of the absorption peak value was obtained for those
absorption peaks (as shown in Fig. 3a). The deviation is mainly attributed to the instability

of the seeding system and the UV lamp.
3. Results and discussion

To obtain absorption cross-sections of NaCl, NaOH and KOH, the following
strategies were adopted: vapors of NaCl, NaOH, KCI and KOH were prepared in the
homogenous hot gas environments at known concentration; spectrally resolved
absorbance spectra of corresponding species were obtained through UV absorption
measurements; the cross-sections of NaCl, NaOH and KOH were derived using the

12!

known cross-sections of KCl from Leffler et al.=" with using the Beer-Lambert law. To

achieve this, the following preconditions should be fulfilled:



(a). The effect of temperature on the cross-sections of KCl should be small, which is
supported by the finding of Leffler et al.?! for temperature up to 1073 K.

(b).The same amount of alkali elements should be introduced into the flue gas
regardless of the seeding of different alkali species.

(c). Alkali species are completely vaporized in the flame at the investigated region.

(d).KCl (NaCl) and KOH (NaOH) are the only form of alkali species in the hot flue

gas.

Alkali species were found to be completely vaporized as the flue gas has a
temperature above 1400 K. A 532 nm laser beam from the second harmonic of a Nd:YAG
laser (Brilliant B, Quantel) was used to detect Mie scattering from aerosol particles that
were not vaporized after the flame. The laser beam was shaped into a vertical laser sheet
passing through the hot gas region as shown in Fig. 1b. Outside the hot flow, one can see
the Rayleigh and Mie scattering from ambient air and aerosols in the lab atmosphere. No
Mie scattering was observed in the center of the hot gas at 1600 K (cf. Fig. 1b), which
indicates that the salt particles were fully vaporized. Some Mie scattering appeared at the
cooler edge regions of the hot flow due to the condensation of salt vapor. Once the
temperature was reduced to 1400 K, some scattering started to appear with the seeding of
K2SO4. Scattering from the cases with KCI and K>CO; seeding appeared negligible.
Therefore, the quantitative measurements were only made in the hot gas environment
with temperatures above 1400 K to assure the fully vaporized of the seeded alkali species
to meet precondition (c). For the case at 1200 K, the weak flame with low temperature
could not quickly vaporize the alkali species from the nebulized droplets and some
aerosol particles were observed in the flue gas. At 1200 K only the shape of the absorption

spectrum was used to compare with the results from the cases with higher temperatures



and with the results from previous work obtained at low temperatures (~1200K)?! 24 to

verify any potential temperature dependence of the spectral shape of the absorption

spectra.

To check preconditions (b) and (d), absorption measurements in the flue gases of
flame 3 (1600 K) were performed with seeding of NaOH/Na,CO3/K>COs. Typical
absorption spectral curves are shown in Fig. 3a. The spectra obtained for the seeding with
Na>COs show perfect overlap with the spectra obtained for the seeding with NaOH, which
indicates that alkali carbonates decompose and the same amount of alkali hydroxides are
formed in the hot flue gases (precondition (d)). It is also proved that the same amount of
alkali elements can be introduced into the flue gas regardless of the seeding of different

alkali species (precondition (b)).

The absorbance spectrum of NaOH obtained in the present study was compared to the
one obtained by Rowland et al.>! as shown in Fig. 3a. Both have two main peaks at around
230 nm and 320 nm, but the intensity difference between these two peaks is smaller in
the present work than in the results from Rowland et al.,*! which might be attributed to
the different measurement temperature. Similarly, the absorption spectrum of KOH can
be obtained with seeding of KoCO3. Comparing the absorption spectra from NaOH and
KOH, differences are observed both in intensity and structure. For KOH, the two
absorption peaks occurred at 244 nm and 327 nm and its absorbance was almost the half

that of NaOH.
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Figure 3. (a) Absorbance spectra measured in the hot flue gases of flame 3 seeded with
Na>CO3, NaOH and K>CO3 compared with the absorption cross-section curve of NaOH
from Rowland et al.;! (b) Absorbance spectra for NaxCOj3 seeding in the hot flue gas of
flame 3 and flame 6 to verify the influence of different flame conditions. (For

interpretation of the references to color in the figure legend, the reader is referred to the
web version of this article.)

The chemical reactions between the gas-phase alkali species and the hot flue gas
should be considered regarding precondition (d). When alkali chlorides and alkali
carbonates are seeded into the hot flue gas, alkali species are mainly in the form of alkali
chlorides, alkali hydroxides and alkali atoms according to chemical reaction simulation
using a mechanism containing alkali species.* High temperature and rich flame
conditions can increase the percentage of alkali atoms.?® For the fuel-lean conditions
investigated in the present work (®=0.9 and ®=0.7) the percentage of alkali atoms of the
total alkali species is less than 1%, which can be neglected considering the measurement
uncertainty. For the rich flame (®=1.6), as shown in Fig. 3 (b), a larger amount of sodium
atoms were produced in the hot flue gas and strong atomic absorption lines were observed
at wavelengths 330 nm, 285 nm, 268 nm, 259 nm and 254 nm. For the lean condition,
even though the number of atoms is small, there is still some interference from the

absorption of alkali atoms on the spectra of alkali chlorides and alkali hydroxides at



wavelength 405 nm for potassium and 330 nm for sodium (Fig. 4 (a) and (c)). This is
because the absorption cross-section of alkali atoms is about three orders of magnitude

greater than those of alkali chlorides and hydroxides.

Fig. 4 (a) and (c¢) present absorbance spectra obtained in the hot flue gas from flame
1 with K>CO3, KCl, NaxCO3 and NaCl seeding. Besides the broad-band absorption of
alkali chloride and alkali hydroxide and the atomic absorption mentioned above, some
dips on the spectrum near 283 nm and 310 nm were observed, which was induced by the
change in concentration of OH with alkali species seeding. The dips mean that the
consumption of OH radicals was enhanced by the seeded sodium and potassium?* in the
hot flame. Fortunately, the absorption spectrum of OH radical is restricted to small
wavelength regions near 310 nm and 280 nm, and the interference to the broad-band

spectra of alkali species can be removed.
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Figure 4. Absorbance spectra in the hot flue gas from flame 1 with K2CO3 and KCI
seeding (a) and Na>xCO3 and NaCl seeding (c); curves representing the process to get the
pure KCI spectrum in case of all the seeded K elements exist as KCI (b) and the pure
NaCl spectrum (d) through excluding the influence from absorption of KOH and NaOH:
ACI spectrum = (ACl seeding — A>COs seeding X Ratio)/(1-Ratio). Pure KOH and NaOH
spectrum in (a) and (c) with KoCO3; and NaxCOs seeding referring to precondition (d).
(For interpretation of the references to color in the figure legend, the reader is referred to
the web version of this article.)



As shown in Fig. 4 (a) and (¢), the absorbance spectral curves are quite different for
seeding with alkali chlorides (ACI) and alkali carbonates (A>CO3). Alkali hydroxides
(AOH) are produced when ACl are injected into the flame, and more AOH can be formed
in an environment with higher temperature according to chemical reaction simulation??.
To separate spectral contributions from chlorides and hydroxides, some data processing
was conducted, using the following equations to obtain the absorption spectra of KClI,
KOH, NaCl and NaOH. Here, the seeded alkali elements are all converted to AOH in
case of A2COs seeding, and AOH and ACl in case of ACI seeding, while the total amount

of the seeded alkali elements is the same, described as precondition (b).

Absorbancey,co,(A) = Naon0aon(M)L (2)
Absorbance,c;(A) = (Naci0act(A) + NaonOaon (M))L 3)
Ntotar = Naci + Naon = Naon 4)

Ratio = Nyop/Niotai (%)

Absorbanceyc (M) — Absorbancey,co,(A) X Ratio = (1 — Ratio) X Niytq104c1(A) L
(6)
Absorbancey,co,and Absorbance,, are the absorbance of the hot gas with seeding of
alkali carbonates and alkali chlorides, respectively, while o4, and oy4py are the
absorption cross-section of alkali chlorides and alkali hydroxides, respectively. Niy¢q 18
the total number density of the alkali species while Ny and N,y are the number

densities of alkali chlorides and alkali hydroxides in the hot gas with seeding of alkali

chlorides. N,y is the number density of alkali hydroxides in the hot gas with seeding of



alkali carbonates and Ratio is the percentage of alkali chlorides that were transformed

into alkali hydroxides in the hot gas.

The absorbance resulting from the seeding of alkali chlorides includes the absorbance
of alkali chlorides and hydroxides as expressed in Equation (3) and shown in Fig. 4 (a)
and (c). The absorbance with the seeding of alkali carbonates is expressed in Equation
(2), which comes from the absorbance of alkali hydroxides as shown in Fig. 4 (a) and (c).
It is necessary to separate the contributions of ACl and AOH to obtain the correct spectra
of KCl1 and NaCl. It was observed that there was no absorption at wavelengths between
320 nm and 400 nm for both KCl and NaCl according to cross-section measurements of
KCl and NaCl from previous research?® 2!-24 and also shown in Fig 5a. Hence, for the
cases with seeding of ACI, the absorption at wavelengths above 320 nm in Fig. 4 (a) and
(c) is attributed to AOH. The Ratio can then be obtained when the right-hand side of
Equation (6) is set to zero, i.e. c4c; = 0, as the wavelength is over 320 nm. The Ratio for
the cases (flame 1) with seeding of KCl and NaCl is 12% and 16%, respectively. As the
Ratio is known, the product N¢,¢4;04¢;L Was obtained, and pure KCl and NaCl spectra
could be obtained as shown in Fig. 4 (b) and (d). Thereby, the spectrally resolved
absorbance spectra of NaCl, KCl, NaOH and KOH with the same absorption path length
and species concentration were obtained, as shown in Fig. 4. Using the known cross-

sections of KCl, the cross-sections of the other three can be derived.
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Figure 5. Comparison of the spectrally resolved absorbance spectra of KCl obtained in
the present measurement with previous absorption cross-section curves?® 2124 (a), and
comparison of the absorption cross-section curve of NaCl derived in this study with
previous results?®:24 (b). (For interpretation of the references to color in the figure legend,
the reader is referred to the web version of this article.)

The KCI absorption data performed between 973K and 1073 K reported by Leffler

et al.?!

was used here to quantify the absorption cross-section values. One should notice
that the present measurements were performed at 1400 K. However, the effect of
temperature on the cross-section of KCl is reported to be small.?! As shown in Fig. 5 (a),
the spectra of KCI obtained in the present work in the hot flue gas overlap well with the
one from Leffler et al. measured in the sealed quartz cell. The concentration of the alkali
species in the hot gas of flame 1 was calculated to 15 ppm. The cross-sections for NaCl,
KOH, and NaOH can then be obtained with the corresponding absorbance spectra of pure
NaCl, KOH and NaOH in Fig. 4. The cross-sections of NaCl obtained in the present work
are shown in Fig. 5 (b) together with the results from the previous studies.?®?* All the

spectra present similar shapes. The cross-sections obtained in the present study are closer

to the results from Davidovits et al.* than those from Forsberg et al.?? The KCI absorption



cross-section (1400 K) for wavelength A = 246.2 nm was 2.9x10"'7 ¢cm?/molecule
referring to the results of KCl reported by Leffler et al.?! The NaCl absorption cross-

section (1400 K) for wavelength A = 237.1 nm was found to be 3.0x10"'7 cm?/molecule.
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Figure 6. The absorption cross-sections of KCl (a), KOH (b), NaCl (c¢) and NaOH (d) at
different temperatures. For cases at 1200K, only the shape of the absorption spectrum

was valuable. (For interpretation of the references to color in the figure legend, the reader
is referred to the web version of this article.)



The absorption cross-sections of alkali chlorides and hydroxides obtained at
different temperatures for different flame cases are summarized in Fig. 6. The data can
be found in Supplementary Material. The absolute uncertainty for the cross-sections at
1400 K can mainly be originated from their small temperature dependence since the
referring data from Leffler et al.?! was performed between 973K and 1073 K. For the
cross-sections at temperature of 1600 K and 1850 K, the absolute uncertainty can also
come from the temperature measurement of the flue gas and the gas flow control system
for the burner. The uncertainty of the temperature measurement is around 50 K, which
can induce ~5% of uncertainty in cross-sections calculation. The uncertainty from the gas
flow control was estimated to be ~2.5% with the mass flow controllers with an accuracy
of £0.8% of the reading value plus £0.2% of the full scale value. The total error was

estimated to be ~7.5%.

When the temperature for KCl and NaCl was changed from 1400 K to 1600 K, the
change of their cross-section is small, which is within the measurement deviation and the
estimated absolute uncertainty. The shape of the spectra also shows to be independent of
temperature between 1200 K and 1600 K, except for a small change in the spectra of
NaCl at wavelengths around 250 nm. The KOH absorption cross-section (1400 K) for
wavelengths A = 244.3 nm and A = 327.3 nm was 1.7x10"!7 cm?/molecule and 1.3x107
cm?/molecule, respectively. For NaOH the absorption cross-sections (1400 K) for
wavelengths A = 230.0 nm and A = 320.6 nm were 2.6x10"'7 cm?/molecule and 2.0x10!7
cm?/molecule, respectively. The change of the hydroxide absorption cross-sections is not
significant with varying temperature from 1400 K to 1850 K, except for NaOH at around
320 nm, where the absorption can be temperature-sensitive since the absorption of

vibrationally excited NaOH starts to appear.® As a comparison, the absorption cross-



sections of NaOH at 1173 K estimated by Rowland et al.?! based on the experimental data
from Daidoji?® are also presented in Fig. 6 (d). The spectrum has a similar structure to the
one from the present study, but with different values. The difference is acceptable
considering the uncertainty of £25% estimated by Rowland et al.*! and the temperature
effect caused by hot-band absorption.’® If comparing the spectrum of ACI with that of
AOH, however, the difference is significant, especially for the absorption band at around
330 nm. This difference can be used in the distinction of KC1/NaCl from KOH/NaOH,

especially when they co-exist in hot environments.

4. Conclusion

Gas-phase KCI, NaCl, KOH and NaOH at temperatures between 1400 K and 1850
K were prepared in laminar flames with known amounts through seeding fogs of water
solution of different alkali salts. The concentration of KCl was obtained using the
absorption cross-section measured in a previous work.?! Consequently, the spectrally
resolved UV absorption cross-sections of NaCl, KOH and NaOH were obtained, using
direct absorption spectroscopy in the present work. In agreement with previous
observation, the dependence of the absorption cross-sections on the temperature was
found to be weak. There are significant differences between the absorption cross-sections
of alkali chlorides and alkali hydroxides, especially in the wavelength region between
300 nm and 400 nm, where a strong absorption band exists for alkali hydroxides, while
alkali chlorides show no absorption. This can be used in the distinction of alkali chlorides
and alkali hydroxides in concentration measurements with broadband UV absorption

spectroscopy.



Supplementary material

See supplementary material for the data of the UV absorption cross-sections of KCl,
KOH, NaCl and NaOH from 220 nm to 480 nm at temperature of 1400 K, 1600 K and

1850 K, including the interference from the absorption of OH radical, Na and K atom.
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